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1.1 Proteins: biological workhorses
The human genome encodes ca. 20,000 different proteins (Consortium 2001, Kim et al.
2014), nanometer-sized biological molecules that perform diverse cellular roles from
metabolizing energy sources to regulating the acidity of blood. The collective actions of
proteins and their interactions with nucleic acids at the molecular level enable life at the
macroscopic level. Each protein, while unique in composition, is synthesized from the
same set of 20 amino acids, with sequential amino acids joined by a peptide bond
involving the C-terminal carboxylic acid of amino acid i and the N-terminal amino group of
i + 1.
Linear chains of amino acids are known as polypeptides or proteins, which typically
fold into complex three-dimensional (3D) structures comprised of local secondary
structure elements (e.g. -helices (Fig. 1) and -strands (Fig. 2), among other types). The
primary sequence of a protein determines its 3D or tertiary structure, and whether it forms
higher-order oligomers, or quaternary structure (Fig. 1). Whereas DNA generally exists as
a double helix, proteins can fold into many distinct forms: helices, sheets, barrels, rings,
zippers, and polyhedra, for example. Knowledge accumulated from the many thousands
of 3D structures has enabled prediction of the structures of some proteins based on their
amino acid sequences (Baker & Sali 2001), and design of proteins (Kuhlman et al. 2003)
with specific functions (Jiang et al. 2008) or oligomeric architectures (Bale et al. 2016,
Boyken et al. 2016).

6

Figure 1. The four levels of protein structure. Human hemoglobin is used as an example (PDB
ID: 2hhb) (Fermi et al. 1984). A) Primary structure: the amino acid sequence. This is an abridged
sequence of human hemoglobin corresponding to a portion of the 6 helix in panels B and C. The
amino acids are colored according to their side-chain groups (green for polar, red for positively
charged, blue for negatively charged, and black for hydrophobic). The i to i+4 backbone hydrogen
bonding pattern of an -helix is indicated with dashed lines on the left. (B) Secondary structure:
an -helix. The corresponding -helix (6) from panel A is taken from a subunit of hemoglobin
(subunit A in panel D). The helix is shown in a transparent cartoon format, with stick
representations for backbone N (blue) and C atoms (red), and CO atoms shown as black
spheres. Backbone hydrogen bonds are shown as white dashed lines. (C) Tertiary structure: the
three-dimensional structure. A subunit of hemoglobin (subunit A) is shown in cartoon format with
the six -helices numerated. The N- and C-termini are indicated. The amino acid sequence from
panel A and helix from panel B correspond to helix 6 here. (D) Quaternary structure: the
arrangement of proteins into a larger assembly. Here, four hemoglobin subunits interact to form a
tetramer.
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1.2 Structures and functions of proteins
Structural modeling has long played a significant role in understanding the function and
assembly of biomolecules (Fersht 2008). For example, the antibiotic penicillin was
discovered from a natural source in 1929 by Alexander Fleming (Fleming 1929); by the
early 1940’s, penicillin could be mass produced, but its chemical synthesis remained
intractable, as the chemical formula and structure of penicillin were unknown. The crystal
structure of penicillin, solved by Dorothy Crowfoot Hodgkin in 1945 and published in 1949
(Crowfoot et al. 1949), illuminated the precise arrangement of atoms and the chemical
formula of this naturally existing antibiotic. Such detailed information enabled the total
chemical synthesis of penicillin in the laboratory and the development of antibiotic
derivatives, such as cephalosporins.
Atomic models based on experimental data (Franklin & Gosling 1953, Wilkins et al.
1953) were generated during the successful determination of the 3D structure of DNA
(Watson & Crick 1953). While the first 3D structures of the proteins myoglobin and
hemoglobin (Fig. 1) were respectively determined in 1958 by John Kendrew and
coworkers (Kendrew et al. 1958) and 1960 by Max Perutz and colleagues (Perutz et al.
1960), secondary structure elements of proteins had been predicted and already modeled
in 1951 by Linus Pauling and colleagues (Pauling & Corey 1951, Pauling et al. 1951).
Myoglobin and hemoglobin, the first proteins to have their structures determined, were
comprised entirely of -helices and loops (Fig. 1). (As an aside, Pauling originally named
the -helix an -spiral; one of his colleagues successfully lobbied for the former
(Eisenberg 2003)). Experimental confirmation of a protein containing -strands, however,
did not arrive until 1965 when David Phillips and colleagues determined the structure of
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hen egg-white lysozyme (Blake et al. 1965), nearly 15 years after Pauling’s original
postulation. Elegant crystallographic studies on hen egg-white lysozyme paved the way
for delineating the catalytic mechanisms of proteins and enzymes based on structural
models and biochemical assays (Johnson & Phillips 1965, Phillips 1970).
Based on the similarity of the original 3D structures from myoglobin (1958) and
hemoglobin (1960), it was evident to structural biologists, or molecular biologists at the
time, that related proteins would fold into related structures. Nearly 40 years ago, Max
Perutz was already speculating on the evolutionary conservation of the 3D structure of
hemoglobin (Perutz 1979, 1983), and yet 3D structures were only available for human and
horse hemoglobin. Perutz nevertheless surmised that, in order to have a common
function, hemoglobins from vertebrates would likely adopt the same or highly similar
structures (Perutz 1979, 1983). As Perutz wrote:
My proposal that the tertiary and quaternary structure of the hemoglobins has been
conserved throughout evolution from fish to mammals has met with disbelief
among biologists and others, but it comes to no surprise to protein
crystallographers, who have found that homologous proteins in distant species
have closely similar structures. (Perutz 1983)

It is now generally accepted that homologous proteins from closely related, or even
evolutionarily distant organisms will likely adopt the same or similar structures. For
example, the three proteins shown in Fig. 2 (PDB IDs: 4r3e, 1a58, 1oca) originate from
evolutionarily distant species, a bacterium (Escherichia coli), a nematode (Brugia malayi),
and human (Homo sapiens), yet exhibit near identical 3D structures: upon alignment to
the secondary structural elements of the human protein, the backbone root-mean-square
deviations are respectively 0.78 Å and 0.68 Å for E. coli and B. malayi (Fig. 2). Of the 165
and 177 amino acids in CycA from E. coli and B. malayi, respectively, 109 and 113 amino
9

acids have been substituted relative to the sequence of H. sapiens Cwc27. Thus, despite
conservation levels of 34% and 36%, the E. coli and B. malayi CycA structures are nearly
indistinguishable to the human Cwc27.

Figure 2. Evolutionary conservation of the 3D structure of proteins. Shown here are the 3D structures
of three peptidyl-prolyl isomerases from different organisms. (A) X-ray structure of the protein Cwc27 from
H. sapiens, (B) X-ray structure of CycA from B. malayi, and (C) Lowest energy NMR structure and (D) the
20 deposited NMR structures of CycA from E. coli. The -strands are colored dark red and -helices dark
blue. PDB IDs: 4r3e, 1a58, 1oca. Alignment of the amino acid sequences of the human and bacterial or
human and nematode proteins respectively yields 34% and 36% sequence identity. Despite differing in ca.
65% of the amino acids, the three proteins yield overall highly similar structures.
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1.3 A spectrum of protein conformational states
Preservation of functionality through the conservation of atomic structures has led to the
assumption that the 3D structure of a protein encodes its biological function. Curiously,
however, a set of proteins were discovered called intrinsically disordered proteins (IDPs),
which lack a fixed 3D structure (Fig. 3). IDPs adopt an ensemble of unfolded or transiently
folded, disordered conformations that rapidly interconvert on a pico-nanosecond
timescale (Dunker et al. 2002, Dyson & Wright 2005, Wright & Dyson 1999). In the human
proteome, ca. 30% of the proteins are anticipated to be IDPs or contain sizeable
intrinsically disordered regions (IDRs) (van der Lee et al. 2014) interspersed with folded
domains (Ward et al. 2004). Many IDPs were reported in the 1990’s and primarily
identified through nuclear magnetic resonance (NMR) spectroscopy (Eliezer et al. 1998,
Kriwacki et al. 1996, Penkett et al. 1997, Weiss et al. 1990, Zhang et al. 1994). Indeed,
NMR spectroscopy has proven to be indispensable for the biophysical characterization of
IDPs and IDRs (Dyson & Wright 2001, Jensen et al. 2014, Konrat 2014, Redfield 2004).
Various degrees of secondary structure can exist within an IDP or IDR (Conicella
et al. 2016, Marsh et al. 2006) (Fig. 3). The presence of residual secondary structure
within a compact, unfolded protein is referred to as a molten globule (Dolgikh et al. 1981,
Ohgushi & Wada 1983). Some folded proteins adopt molten globule conformations at low
pH (Redfield 2004), with some conformations reported as on-pathway folding
intermediates (Dyson & Wright 2017). It is not a prerequisite for IDPs or IDRs to remain
always disordered: numerous transcription factors are disordered in their unbound states
and fold upon binding to their cognate DNA (Dyson & Wright 2002, Weiss et al. 1990) or
other protein partners (Shammas 2017, Sugase et al. 2007). Likewise, a class of proteins
known as molecular chaperones (discussed below), which function to prevent the
11

aggregation of other proteins, contains members that are conditionally disordered
(Bardwell & Jakob 2012). That is, these proteins can exist in a disordered or partially
disordered conformation under certain conditions, and fold into a structured state under
other conditions. For example, the bacterial protein HdeA, which responds to acid stress,
exists as a stable dimer at pH 7 but dissociates and unfolds at acidic pH; the unfolded
monomeric form exhibits a significantly higher activity than the folded dimer (Tapley et al.
2009, 2010). In contrast, the protein 4E-BP2 undergoes a disorder-to-order transition. 4EBP2 inhibits translation of mRNA and exists in vitro as an IDP (Bah et al. 2015). Upon
phosphorylation at multiple sites, however, 4E-BP2 folds into a -strand-rich structure; the
disorder-to-order transition is accompanied by occlusion of a key binding motif, which
prevents 4E-BP2 from inhibiting translation (Bah et al. 2015). Therefore, post-translational
modifications of proteins can modulate structural propensities, and provide cells with the
ability to regulate the degree of order or disorder through, e.g., kinase and phosphatase
activities.
A relatively new class of proteins that lack a fixed structure, the so-called
metamorphic proteins, have recently been reported (Dishman & Volkman 2018, Tuinstra
et al. 2008). Metamorphic proteins can adopt more than one stable structure depending
on the conditions, even reversibly transitioning between -helix- and -strand-rich
conformations (Murzin 2008). Such behavior is reminiscent of the structural transitions
that accompany amyloid fibril formation, whereby proteins that are otherwise structured
or even natively unfolded undergo large-scale conformational rearrangements and
assemble into a -strand-rich fibril (Iadanza et al. 2018). While the kinetic barrier for
amyloid fibril formation significantly exceeds that associated with metamorphic proteins’
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structural transitions, it has been demonstrated that amyloid fibrils are more
thermodynamically favorable than native conformations (Baldwin et al. 2011b) under
physiological conditions. Even the all--helical protein myoglobin can form -strand-rich
amyloid fibrils (Fändrich et al. 2001), as can lysozyme (Booth et al. 1997). In some cases,
amyloid fibrils, such as those formed by the prion protein Sup35p, can confer selective
advantages to organisms and boost overall fitness (Shorter & Lindquist 2005, True et al.
2004).
Thus, the folding of proteins is not an essential prerequisite for their function and
appears to be moldable and context dependent. The degree of structural disorder (Fig. 3)
can be “tuned” to respond to cellular conditions and alter the functions of proteins as
needed. Such structural plasticity is believed to enable promiscuous interactions with a
diverse set of target proteins and nucleic acids, rather than a canonical “lock-and-key”
interaction with a specific biomolecule.

13

Figure 3. The spectrum of protein conformational states. (Top) A schematic of the protein disorder-toorder spectrum, ranging from a random coil (extended) to a fully folded protein. Disordered regions are
represented by heavy lines and structured regions by cartoon. (Bottom) Structural representations of various
states in the spectrum of protein conformational states. The random coil, pre-molten globule, and molten
globule depictions are models and not based on experimental restraints. A given protein may interconvert
between all four of the depicted forms. Images adapted from van der Lee et al. 2014 with permission from
the American Chemical Society.
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1.4 Protein misfolding and molecular chaperones
While typically left to the realm of biophysics, the folding of proteins from unstructured
chains into exquisite three-dimensional structures plays a pivotal role in human health.
Seemingly disparate diseases such as type II diabetes, cystic fibrosis, ALS, and
Alzheimer’s share a common molecular origin: the misfolding of proteins (Knowles et al.
2014). The maintenance of protein homeostasis (proteostasis) comprises an essential
biological process (Kim et al. 2013). In vivo, the concentration of macromolecules can
reach 300 mg/mL, and newly synthesized polypeptides that are released into highly
crowded environments in vivo must rapidly fold into their native three-dimensional
structures. If protein folding is delayed or has faltered, unwanted associations between
exposed hydrophobic amino acids can lead to cytotoxic protein aggregation (Knowles et
al. 2014). Moreover, during the lifetime of an organism, repeated exposures to cellular
stresses such as oxidative damage, acidosis, and heat shock disrupt proteostasis and can
culminate in cell death (Kirstein et al. 2015, Walther et al. 2015).
However, cells have armed themselves with an evolutionarily conserved defense
mechanism to combat protein misfolding: a class of proteins known as molecular
chaperones that can recognize misfolded, aggregation-prone proteins and either correctly
refold them or target them for degradation and recycling (Alderson et al. 2016, Didenko et
al. 2012, Kampinga et al. 2015, Mayer & Bukau 2005). Understanding the precise
molecular mechanisms that underpin these processes could enable future therapeutics to
be designed that help mitigate protein misfolding diseases. A particular class of molecular
chaperones known as heat shock proteins (HSPs) upholds proteostasis during basal and
stressful conditions by assisting with protein folding, unfolding, re-folding, translocation,
assembly, and degradation (Hartl 2011, Hartl & Hayer-Hartl 2002, Martin & Hartl 1994).
15

Within the family of HSPs, the small HSPs (sHSPs), named for their monomeric masses
(12–43 kDa), function to both refold non-natively folded proteins and keep such substrates
competent for subsequent binding to refoldase machinery (e.g. HSP70) (Hochberg &
Benesch 2014). These sHSP-mediated processes do not require energy liberated from
ATP binding or hydrolysis. In humans, there are 10 sHSPs (HSPB1–HSPB10) (Kampinga
et al. 2015), some of which can homo- and hetero-oligomerize into dynamic, polydisperse
assemblies ranging from dimers (40-50 kDa) to 50-mers (>1 MDa).
HSP27, the main focus of a significant portion of this thesis, is a human sHSP that
assembles into such polydisperse oligomers, which form and continuously exchange via
dimeric building blocks (Arrigo 2001). Dimerization occurs through a conserved ~80residue α-crystallin domain (ACD), which folds into a β-sheet-rich immunoglobulin-like
domain (Hochberg et al. 2014). The ACD is flanked by variable N- and C-terminal regions
with little sequence homology beyond a conserved IxI/V motif near the C-terminus
(Hochberg & Benesch 2014). This IxI/V motif serves to bridge sHSP dimers together and
regulate subunit exchange, or quaternary dynamics (Baldwin et al. 2011a,c,d; Hilton et al.
2013). More information about HSP27 will be provided in the sections below.
1.5 Summary
As outlined above, molecular chaperones and protein folding comprise an essential
aspect of human health. A thin line exists between correctly folded proteins and cytotoxic
aggregates. Understanding the biophysical properties of the folding and misfolding
processes, primarily with the aid of solution-state NMR spectroscopy, has been central to
this thesis. Various aspects of protein folding, including hydrogen exchange and cisproline formation, are examined alongside the function and dysfunction of a molecular
chaperone, human HSP27.
16

To provide a basis for many of the experimental results that follow, I begin in
Chapter 2 by introducing NMR spectroscopy and some of its theoretical underpinnings.
Topics that are discussed in detail include nuclear spin relaxation and Carr-PurcellMeiboom-Gill relaxation dispersion, which are featured heavily in Chapters 3 and 4.
In Chapter 3, I present the order-to-partially disordered transition of the HSP27 crystallin domain dimer. I discovered that the HSP27 -crystallin monomer partially
unfolds and exhibits higher chaperone activity than the structured dimeric counterpart.
Interestingly, the monomer also has a heightened tendency to self-aggregate, signifying
the delicate balance between order and disorder and function and dysfunction.
In Chapter 4, I investigate the molecular basis for the dysregulation of the HSP27
oligomer by a neuropathy-associated hereditary mutation, P182L. Pro182 resides in the
highly conserved IxI/V motif of HSP27, and its mutation to Leu is known to be implicated
in the onset of a motor neuropathy termed Charcot-Marie-Tooth disease. I demonstrate
that the P182L variant of HSP27 forms very large, soluble oligomers in vitro that are nearly
30-fold larger than the WT protein. With Carr-Purcell-Meiboom-Gill relaxation dispersion,
I probe the binding kinetics of peptides encompassing the WT and P182L IxI/V motifs, and
find that the mutant IxI/V binds nearly 10-fold weaker because of an attenuated on-rate.
In Chapter 5, the focus switches to protein folding. I outline novel pressure-jump
NMR experiments to monitor hydrogen exchange during protein folding. A pressuresensitized variant of ubiquitin is used as a model system. My results indicate that the
folding of the ubiquitin variant is limited by the formation of hydrogen bonds in a reverse
turn. Many amides become protected from solvent exchange after ca. 70-80 ms after
folding has been initiated, whereas this reverse turn only becomes protected after ca. 130
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ms. The hydrogen exchange rates in the unfolded protein prior to crossing the transition
barrier were also determined.
In Chapter 6, I outline the usage of high-pressure, pulsed field gradient NMR
spectroscopy to monitor structural changes in proteins. The same ubiquitin variant from
Chapter 5 is employed and its translational diffusion is investigated as a function of
pressure and urea concentration. The unfolded state is found to only slightly compact
under lowly denaturing conditions, with a decrease in the hydration radius of ca. 10%
relative to the fully denatured state (i.e. at 2500 bar or 8M urea). Pressure-dependent
changes to the hydration radii of tracer molecules are discussed.
Finally, in Chapter 7, I present the utility of NMR spectroscopy to characterize cisproline formation in unfolded proteins. Across a total of 15 Xaa-Pro bonds in unfolded
proteins or unfolded regions of proteins, the average cis-Pro content is ca. 6%. This value
is considerably lower than what is commonly reported in the literature. I report in this
chapter that the usage of small peptides to measure cis-Pro content, a common practice,
leads to over-estimation of the fraction of cis. For unblocked peptides, the origin of the
elevated cis content is due to electrostatic interactions between oppositely charged
termini. For blocked peptides, there appears to be a steric effect that is minimized with
increasing length of the peptide.
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2.1

NMR spectroscopy: resonating with proteins

Nuclear magnetic resonance (NMR) spectroscopy is the main experimental method capable of
probing the structures and dynamics of molecules at atomic resolution in solution (Cavanagh et
al. 2007, Ernst et al. 1991, Wüthrich 1986). While proteins and nucleic acids are typically
represented by a single static structure, many studies have demonstrated the importance of
describing the motions, plasticity, and structural ensembles of biomolecules (Boehr et al. 2009,
Fersht 2013, Karplus & Petsko 1990, McCammon et al. 1977, Wagner & Wuthrich 1978, Wuthrich
& Wagner 1975). Numerous powerful NMR experiments have been designed to characterize
molecular motions across a large range of timescales, spanning pico-nanoseconds (Jarymowycz
& Stone 2006) to micro-milliseconds (Palmer et al. 2001) to seconds-hours and longer (Kleckner
& Foster 2011). In the case of spin relaxation experiments that probe rapid ps-ns dynamics,
modelling of the relevant spectral density functions at the experimentally accessible frequencies
provides insight into the timescale and amplitude of the motions (Clore et al. 1990, Lipari & Szabo
1982). For dynamics on slower timescales such as seconds to hours, the modulation of signal
intensities due to the exchange of labile amide protons with solvent protons or deuterons yields
insight into local structural propensities and hydrogen bonding patterns (Englander & Mayne
1992).
The theoretical considerations that underlie NMR originate from nuclear spin angular
momentum, which itself is quantum mechanical. A full description of the theory of NMR
spectroscopy is outside the scope of this work, but interested readers are directed toward more
quantitative monographs (Cavanagh et al. 2007, Ernst et al. 1991, Hore et al. 2000, Rule &
Hitchens 2006).
Nuclear spin is characterized by two numbers, the spin number (I) and the magnetic
quantum number (m), with detection of an NMR signal reliant on a non-zero value of I. Nuclear
spin angular momentum is a vector, I, with its magnitude described by:
25

| 𝑰 | = √𝑰 ∙ 𝑰 = ℏ √𝐼 (𝐼 + 1)

(1)

where ℏ is Planck’s constant divided by 2. Typically, the projection of I along the z-axis is
considered:
𝐼𝑧 = ℏ𝑚

(2)

where m = [–I, –I + 1, … , I – 1, I ] and thus Iz has 2I + 1 possible energy values in the presence
of a magnetic field. For common biomolecular NMR nuclei such as 1H,

13

C, and

15

N, Iz has two

values: m = –1/2 and m = +1/2. Nuclei with odd mass numbers have half-integral spin numbers
(e.g. I = 1/2 for 1H, 13C, 15N, 19F, and 31P; I = 3/2 for 23Na), whereas nuclei with even mass numbers
and odd or even atomic numbers respectively have integral spin numbers (e.g. I = 1 for 2H,
or spin numbers equal to zero (e.g. I = 0 for

12

C,

14

N)
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S). Because of the high natural abundance of

1

H (99.99%) and its I = ½ value, biomolecules can be studied by NMR spectroscopy without

isotopic enrichment. However, to perform heteronuclear NMR on biomolecules in the solutionstate, samples are typically enriched in 13C and 15N, which respectively have natural abundancies
of 1.07 and 0.37%. Natural abundance NMR studies making use of

13

C are possible, although

isotope enrichment provides a more convenient environment for spin gymnastics.
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Table 1. Properties of some nuclei that are used in biomolecular NMR studies, including the gyromagnetic
ratio (), relative sensitivity to 1H (x), natural abundance, and spin number. Note that 3H, commonly
referred to as tritium, has a higher gyromagnetic ratio than 1H, but is radioactive and extremely rare in nature
(trace). The isotopes 2H, 13C, 15N, 17O require biosynthetic enrichment, enabling near 100% incorporation
into biomolecules.

Nucleus  (rad s−1 G−1) X  1H Natural abundance (%) Spin ( I )
1
H
26,753
1
99.980
1/2
2
H
4,106
0.153
0.016
1
3
H
28,535
1.067
trace
1/2
13
C
6,728
0.251
1.108
1/2
15
N
0.101
0.370
1/2
−2,712
17
O
0.136
0.038
5/2
−3,628
19
F
25,179
0.941
100.000
1/2
23
Na
7,081
0.265
100.000
3/2
31
P
10,841
0.405
100.000
1/2

In the absence of an applied external magnetic field, the 2I + 1 values of Iz have identical energies.
However, upon application of an external magnetic field, the energies of the 2I + 1 spin states split
into equally spaced, quantized energy levels known as the Zeeman levels:
𝐸 = −𝝁 ∙ 𝐁
𝐸𝑚 = −𝑚ℏ𝛾B0

(3)
(4)

where B is the vector associated with static magnetic field strength along, generally oriented in the
z-direction of the laboratory frame (B0),  (= I ) is a vector describing the magnetic moment, and
 is the gyromagnetic ratio of the nucleus of interest (Table 1). For example, the two spin states
associated with I = 1/2 nuclei differ in energy (E ) by ℏ𝛾B0 . When  is positive, the lower energy
state (m = 1/2) that aligns with the static magnetic field is the  state, whereas the higher energy
state (m = −1/2) is referred to as the  state. Due to the lower energy associated with the  state,
a larger number of nuclei preferentially adopt this state, leading to a population difference between
the  and  states that scales with the Boltzmann distribution:
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𝑒

−

ΔE
2𝑘𝐵 𝑇

=𝑒

−

ℏγB0
2𝑘𝐵 𝑇

On the other hand, when  is negative (e.g. for

(5)

N) the  state is lower in energy. Thus, the

15

population difference between  and  states increases with the gyromagnetic ratio and static
magnetic field strength. Such a low population difference renders NMR an insensitive
spectroscopic technique; yet, considerable methodological advances in hardware, software, pulse
programming, and biosynthetic strategies have established NMR spectroscopy as an
indispensable biophysical tool used in laboratories across the world.

2.2 Nuclear spin relaxation
Above, a formalism was outlined that describes the evolution of magnetization during a pulse
sequence. At the same time, excited nuclear spins experience relaxation back to equilibrium, and
measurement of nuclear spin relaxation rates can provide atomic-level information about
biomolecular dynamics across a wide range of timescales. Relaxation of nuclear spins occurs
through dipole-dipole (DD) and chemical shift anisotropy (CSA) interactions, which cause
fluctuations in the local magnetic field about a given nucleus. In order to induce transitions
between spin states, the magnetic field fluctuations must occur at particular frequencies.
2.2.1 Spectral density functions
One can describe the intensity of magnetic field fluctuations at a given frequency, , with the
spectral density function, J ():
∞

𝐽(𝜔) = ∫ 𝑔(𝜏) 𝑒 −𝑖𝜔𝜏 𝑑𝜏 (78)
0
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where g() is the normalized autocorrelation function, for isotropic tumbling due to Brownian
motion:
𝑔(𝜏) =

1 −𝜏𝜏
𝑒 𝑐 (79)
5

integrating the above function yields the spectral density function for isotropic tumbling:
2
𝜏𝑐
𝐽(𝜔) = (
)
5 1 + 𝜔 2 𝜏𝑐 2

(80)

which depends on the rotational correlation time (c), the time required for a molecule to rotate by
approximately one radian (Fig. 2).

The autocorrelation function depends on the rotational diffusion of the moleclue and the presence
of any internal motions that are faster than the rotational correlation time (c). Knowledge of the
rotational diffusion behavior (e.g. isotropic, axially symmetric, or anisotropic) must be determined
in order to accurately interpret relaxation data.
Motional model
Isotropic
Isotropic, fast internal
motions
Isotropic, fast/spatially
restricted internal motions
Axially symmetric

Autocorrelation function
𝑔(𝜏) =

1 −𝜏
𝑒 𝜏𝑐
5

2
𝜏𝑐
(
)
5 1 + 𝜔 2 𝜏𝑐 2

𝑔(𝜏) =

1 −𝜏
𝑒𝜏
5

2
𝜏𝑐
(
)
5 1 + 𝜔2𝜏2

−𝜏
−𝜏
1
𝑔(𝜏) = (𝑆 2 𝑒 𝜏𝑚 + (1 − 𝑆 2 )𝑒 𝜏 )
5

[1 − 𝑆 2 ]𝜏
2
𝑆 2 𝜏𝑐
+
(
)
5 1 + 𝜔 2 𝜏𝑐 2 1 + 𝜔 2 𝜏 2

−𝜏
−𝜏
−𝜏
1
𝑔(𝜏) = (𝐴1 𝑒 𝜏1 + 𝐴2 𝑒 𝜏2 + 𝐴3 𝑒 𝜏3 )
5

𝜏𝑗
2
∑ 𝐴𝑚 (
)
5
1 + 𝜔 2 𝜏𝑗 2

5

Anisotropic

−𝜏
1
𝑔(𝜏) = ∑ 𝐴𝑚 𝑒 𝜏𝑚
5
𝑚=1
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Spectral density function

3

𝑚=1
5

𝜏𝑗
2
∑ 𝐴𝑚 (
)
5
1 + 𝜔 2 𝜏𝑗 2
𝑚=1

Figure 2. Spectral density functions simulated for various correlation times. (A, B, C)
Isotropic tumbling was assumed and the J() values for a N-H vector were simulated as a function
of increasing correlation time, ranging from 1 ns (red) to 40 ns (blue) for a fixed S2 of 0.92. As can
be seen, slowly tumbling molecules have higher amplitude motions at lower frequencies (A),
whereas faster tumbling molecules have higher amplitude motions at high frequencies (B, C). The
frequencies for N, H, H-N, and H+N are indicated assuming B0 = 14.1 T.
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2.2.2 Spin interactions and transverse and longitudinal relaxation
Nuclear spin relaxation rate constants for the S spin in an I–S spin system, where I = 1H and S =
15

N in this example, are described by the following set of equations (Cavanagh et al. 2007):

𝑑=(

𝜇0 ℏ 𝛾𝑁 𝛾𝐻 2
) (81)
4 𝑟𝐻,𝑁 3

𝑐=

𝜔𝑁 2 Δ𝜎 2
3

(82)

𝑅1 = 𝑑 [ 𝐽(𝜔𝐻 − 𝜔𝑁 ) + 3 𝐽(𝜔𝑁 ) + 6 𝐽(𝜔𝐻 + 𝜔𝑁 ) ] + 𝑐 𝐽(𝜔𝑁 ) (83)

𝑅2 =

𝑑
𝑐
[4 𝐽(0) + 𝐽(𝜔𝐻 − 𝜔𝑁 ) + 3 𝐽(𝜔𝑁 ) + 6 𝐽(𝜔𝐻 ) + 6 𝐽(𝜔𝐻 + 𝜔𝑁 ) ] + [ 4 𝐽(0)
2
6
+ 3 𝐽(𝜔𝑁 ) ] (83)

𝑁𝑂𝐸 = 1 + 𝑑

𝛾𝐻
[ (6 𝐽(𝜔𝐻 + 𝜔𝑁 ) − 𝐽(𝜔𝐻 − 𝜔𝑁 ) ] 𝑇1 (84)
𝛾𝑁

𝐽(0) =

𝐽(𝜔) =

2 2
(𝑆 𝜏𝑐 + [1 − 𝑆 2 ]𝜏𝑒 ) (85)
5

[1 − 𝑆 2 ]𝜏𝑒
2
𝑆 2 𝜏𝑐
+
(
)
5 1 + 𝜔 2 𝜏𝑐 2 1 + 𝜔 2 𝜏𝑒 2

(86)

with d denoting the dipolar interaction constant that contains the terms: 𝜇0 , the permittivity of free
space; ℏ, the reduced Planck’s constant; 𝛾𝐻 and 𝛾𝑁 , the respective gyromagnetic ratios of 1H and
15

N; and 𝑟𝐻,𝑁 , the internuclear H–N bond length. The constant for CSA, c, includes 𝜔𝑁 , the Larmor

frequency (rad s-1) of

N, and  the CSA of the

15

15

N spin. R1 and R2 respectively stand for the

longitudinal relaxation rate constant (i.e. T1-1) and transverse relaxation rate constant (i.e. T2-1),
and NOE for the steady-state value of the nuclear Overhauser enhancement. S2, c, and e are
the order parameter, rotational correlation time, and fast internal correlation time.
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Transverse and longitudinal relaxation manifest via differently weighted, linear
contributions of spectral density functions at discrete frequencies, with R1 depending on J (H−N),
J (H+N), and J (N), whereas R2 depends on the same spectral density functions supplemented
by J (H) and J(0). The steady-state NOE depends on R1 and spectral density functions at high
frequencies, J (H−N) and J (H+N). The spectral density functions, of course, depend on the
rotational correlation time and rotational diffusion of the molecule. Therefore, residues within a
protein that exhibit different motional behavior can be identified based on their specific relaxation
rates. For example,

15

N relaxation studies identified a flexible linker within the protein calmodulin

that was originally thought to be a stable -helix (Barbato et al. 1992).
It is apparent from the above equations that R1, R2, and NOE values change with the static
magnetic field strength, encoded both by changes to the Larmor frequencies of I (1H) and S (15N)
spins and due to the CSA term. Additionally, because R2 depends on J(0), which increases with
the C of a macromolecule, the measurement of R1 and R2 rate constants can provide insight into
the rotational correlation time of the molecule (Kay et al. 1989) (Fig. 3). The dependence of the
R2/R1 ratio on the B0 strength is shown below (Fig. 4).
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Figure 3. Dependence of 15N transverse and longitudinal relaxation rates on the correlation
time. Relaxation rates or times are shown for an N-H bond vector at a static magnetic field strength
of 14.1 T (600 MHz), with a fixed S2 of 0.92, a bond length of 1.02 Å, and a 15N CSA of –160 ppm.
(A) The calculated T1 (black) or T2 (red, dashed) times as a function of increasing correlation time.
(B) The same as A, but the rates are plotted. (C, D) The same as A and B, except for values on
the y-axes have been computed as the logarithm.

33

Figure 4. 15N R2/R1 ratios are
sensitive to the correlation time and
magnetic field strength. (A) The
logarithm of 15N R2/R1 ratios is
computed as a function of the static
magnetic field strength (x-axis) and the
rotational correlation time (color
gradient). As can be seen, the ratio
depends on the B0 field and rotational
correlation time. (B) For each rotational
correlation time, the data in panel A
were normalized to equal 1 at the
lowest B0. The growth in 15N R2/R1
ratios with increasing magnetic field
strength differs for differing rotational
correlation times. (C) The same data in
panel B, but shown as a function of
increasing correlation time (x-axis) for
various B0 fields (color gradient).

Because NMR signals decay with an exponential factor 𝑒 −𝑅2 𝑡 , linewidths become broader as the
transverse relaxation time gets shorter, or as R2 gets larger. The c roughly scales with the
molecular mass of a biomolecule, and thus, among other factors, an estimate of c can be useful
in determining the feasibility of an NMR project. An estimate of c can be obtained from Stoke’s
34

Law, which relates the isotropic c to the solution viscosity (), the effective hydrodynamic radius
(Rh), and the temperature (T ):
4𝜋 𝜂 𝑅ℎ 3
𝜏𝑐 ≈
3 𝑘𝐵 𝑇

(87)

This expression assumes that the particle of interest is spherical and undergoes isotropic
rotational diffusion. For many proteins, neither of these assumptions will be true, as evidenced by
the experimentally observed anisotropic behavior of the small, model protein ubiquitin (76-residue,
8.4 kDa protein) (Tjandra et al. 1995). Nevertheless, using Stoke’s Law to estimate c can provide
useful preliminary insight. The Rh of a folded protein can be estimated based on its molecular
mass (M), the average density of a protein (, 1.37 g cm-1), Avogadro’s number (6.022 x 1023 mol1

), and the depth of the hydration shell (rw, ranging from one-half to one water molecule deep, 1.6

to 3.2 Å) (Cavanagh et al. 2007). Alternatively, an empirical relationship has been derived to obtain
the expected Rh based on the number of amino acids in a protein (AA) (Wilkins et al. 1999). Both
of these equations provide similar Rh values, e.g. for the 76-residue protein, the equations yield
Rh = 16.7 Å (empirical) and Rh = 15.8 Å (volume-based), with the experimentally measured Rh of
ubiquitin at 298 K equal to 15.7 Å (e.g. see Chapter 6).
𝑅ℎ ≈ 4.75 𝐴𝐴0.29

𝑅ℎ ≈

3𝑀
3

√4 𝜋 𝜌 𝑁𝐴

(88)

+ 𝑟𝑤 (89)

As can be noted from the above equations, the rotational correlation time is inversely
related to temperature; that is, c decreases at higher temperatures and increases at lower
temperatures.

Importantly, the viscosity of the solution, which also depends strongly on

temperature, additionally impacts c and therefore the relaxation rates (Fig. 5). As such, it is
sometimes favorable to collect NMR data at elevated temperatures where viscosity is lower.
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However, in some cases, e.g. when using backbone N-H-based experiments, elevated amide
exchange rates under such conditions can be prohibitive.

Figure 5. Calculation of 15N R1 and R2 rates as a function of temperature and B0 in different
solvents. Using the equations outlined above, 15N R1 and R2 rates can be calculated for a given
rotational correlation time, S2, B0 strength, N-H bond length, and 15N CSA value. Given the ability
to predict the rotational correlation time from Stoke’s Law or empirically, and assuming the change
in a solvent’s viscosity with temperature is known, one can compare the relaxation behavior of a
molecule in various solvents as a function of temperature. (A) 15N R1 rates in H2O as a function of
temperature (x-axis) and B0 strength (y-axis). The R1 values increase at lower B0 fields and higher
temperatures. The known temperature dependence of the viscosity of water was used (Huber et
al. 2009) (B) The same calculation as A, but in 2H2O, i.e. D2O. The viscosity of D2O differs from
H2O, as does the temperature dependence. (C) The difference in R1 rates (D2O – H2O). (D-F) The
same as A-C, but for 15N R2. A solvent-exposed N-H group would not be observable in D2O,
whereas a buried N-H group could be observable. This comparison is mainly for illustrative
purposes.
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2.3 Chemical exchange and NMR spectroscopy
In solution, molecules dynamically interconvert between two (or more) conformations, including
aromatic ring flips in small molecules and proteins (Wuthrich & Wagner 1975), the puckering of
nucleic acids (Al-Hashimi 2013), or conformational changes during enzymatic catalysis (Lisi &
Loria 2017). The free energy differences between such conformations are typically on the order
of a few kcal mol-1 at room temperature, leading to a highly-skewed population difference between
the lower energy (major, or ground) and higher energy (minor, or conformationally excited) state
(Baldwin & Kay 2009a, Korzhnev & Kay 2008a).
The inherent dynamics and low populations of such systems often render minor states
“invisible” to crystallographic methods and undetectable by most biophysical methods. For
example, to enable detection of a minor protein state by intrinsic tryptophan fluorescence, the
indole ring must exist in different chemical environments in each state: in proteins with one
tryptophan, however, a subtle structural rearrangement therefore might remain invisible. NMR
spectroscopy, which provides a spectroscopic probe at nearly every moiety, is highly sensitive to
dynamic processes across a wide-range of timescales, and has proven indispensable for the
characterization of biomolecular chemical exchange (Palmer 2014). Importantly, chemical
exchange-based NMR methods do not necessitate direct observation of resonances from the
lowly populated conformation; rather, indirect characterization of the minor state is enabled
through encoding or transferring of the magnetization properties from the minor state to the
resonances of the visible, major state (Palmer et al. 2001, Vallurupalli et al. 2017). This enables
detection of short-lived, minor conformations that are populated to as little as 0.5%, ranging from
atomic-level differences in protein folding intermediates (Neudecker et al. 2009, Zhuravleva &
Korzhnev 2017) to the kinetics of exchange between amyloid- monomers and proto-fibrils (Fawzi
et al. 2011). These and other applications of chemical exchange-based NMR spectroscopy in
proteins and nucleic acids have led to unprecedented atomic-level insight into transiently
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populated, minor biomolecular conformations (Bothe et al. 2011, Bouvignies et al. 2011, Hansen
et al. 2008b, Korzhnev et al. 2004, 2010; Palmer 2015, Vallurupalli et al. 2008).
The utilization of modern, chemical exchange-based NMR experiments does not require
detailed knowledge of the underlying theory (Bain 2003). However, an understanding of the
theoretical considerations provides more insight into the outcomes and potential limitations of the
experiments. As such, some theoretical considerations involving chemical exchange and its
manifestation in NMR spectroscopy are outlined below.
For a system undergoing two-state chemical exchange, 𝐴 ⇌ 𝐵 , where the forward arrow
denotes the rate constant (in s-1) kAB and the backward arrow kBA (in s-1), the linewidths, intensities,
and chemical shifts of both resonances can be significantly impacted (Palmer et al. 2001). As will
be discussed below, biomolecular NMR typically examines skewed population differences,
whereby the population of state B (pB) is far less than that of state A (pA), i.e. pB << pA or pB << 1,
with pA + pB = 1. For the discussion below, a case of equal populations is considered in which pA
= pB = 0.5. This is mainly for illustrative purposes and is not particularly common for populations
of proteins and nucleic acids.
The extent of NMR signal modulation caused by chemical exchange depends on the
𝑘

𝑒𝑥
exchange regime, defined by 𝜃 = |∆𝜔|
, where |∆𝜔| stands for the absolute value of the difference

in chemical shifts for states A and B (in rad s-1) and 𝑘𝑒𝑥 for the interconversion rate, or the sum of
kAB and kBA (s-1). A parameter termed  has been established (Millet et al. 2000), which varies
from 0 – 2 (Fig. 6) and also characterizes the exchange regime:
𝑘𝑒𝑥 2
)
|∆𝜔|
𝛼=
2
𝑘
1 + ( 𝑒𝑥 )
|∆𝜔|
2(

(90)

0 < 𝛼 < 1 = slow exchange
𝛼~1 = intermediate exchange
1 < 𝛼 < 2 = fast exchange
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Figure 6. The exchange regime as defined by the parameter . Simulations were performed using the
parameters in the upper left-hand corner as a function of varying || value (colors). The values of kex were
systematically varied to alter the exchange regime. CPMG RD experiments are only sensitive to kex values
in the range of ca. 102 to 103.8 s-1, and thus intermediate exchange is accessible to || values that are <
2.5 ppm (1H) under these conditions. Collecting data at higher B0 values will shift the curves to the right, as
increasing B0 effectively lowers the value of .

In slow exchange, when 𝑘𝑒𝑥 ≪ |∆𝜔| and 𝜃 ≪ 1, two separate resonances are observed for
states A and B, with chemical shifts at 𝜔𝐴 and 𝜔𝐵 , respectively. Under such conditions, the
intensities of each chemical shift report on the respective populations of the two states (Fig. 7 A).
Longitudinal exchange spectroscopy can be employed to investigate the rate constants
associated with slow exchange behavior. Experiments such as zz-exchange (exchange
spectroscopy, EXSY) (Farrow et al. 1994) and real-time NMR provide insight into reactions with
kex in the ca. 0.5–10 s-1 range (Kleckner & Foster 2011), including slow protein folding reactions
and interconversion between other structural forms. Chemical exchange saturation transfer
(CEST) (Vallurupalli et al. 2012, 2017) or analysis of lineshapes can also be used to characterize
exchange in the ca. 10–100 s-1 regime, e.g. by monitoring changes to resonances during a titration
with ligand. Slow exchange contributions to the linewidth of an observed resonance, Rex, scale
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independently of the magnetic field strength (Palmer et al. 2001), and vary with the rate kAB ( =
pBkex). The expression for Rex in the slow exchange regime is:
𝑅ex = 𝑝𝐵 𝑘ex

𝑘ex
→ 0 (91)
|∆𝜔|

as

As 𝑘ex further increases to fast-intermediate (𝑘𝑒𝑥 >|∆𝜔| ) and fast exchange (𝑘𝑒𝑥 >> |∆𝜔|) (Fig.
7 G–I), the resonance regains intensity and approaches the chemical shift of the populationweighted averaged (pAA + pBB), where px reflects the population of state X. When exchange is
sufficiently fast, the intensity of the population-weighted chemical shift will be equivalent to that of
the sum of the initial conditions (Fig. 7 I). For a 1H spin undergoing two-state chemical exchange
with a || of 2.5 ppm at 500 MHz (7853 rad s-1), kex must exceed ca. 7850 s-1 before  exceeds
1. When 𝑘𝑒𝑥 > |∆𝜔|, in the intermediate-fast to fast exchange regime, experiments such as
paramagnetic relaxation enhancement (PRE) and R1 relaxation dispersion offer the ability to
characterize exchange reactions in the 10,000–50,000 (R1) (Palmer & Massi 2006) and 100,000
s-1 (PRE) range (Clore et al. 2007). Rex also scales quadratically with the magnetic field strength
under fast exchange conditions (Palmer et al. 2001), providing a useful diagnostic of the exchange
regime.
𝑅ex =

𝑝𝐴 𝑝𝐵 |∆𝜔|2
𝑘ex

as

𝑘ex
→ ∞ (92)
|∆𝜔|

Between these two scenarios exists the intermediate exchange regime, in which 𝑘𝑒𝑥 ~
|∆𝜔|. Under such conditions, the intensities no longer quantitatively reflect the population of each
state (Fig. 7) and severe signal attenuation occurs due to line broadening from chemical
exchange. At 𝑘𝑒𝑥 ~ |∆𝜔|, the two signals coalesce into one, significantly broadened resonance.
Depending on the nucleus of interest, the static magnetic field strength, and the difference in
chemical shifts between the two conformations, intermediate exchange typically falls in the s–
ms regime (kex−1 = ex), a range where many interesting biological dynamics take place (Korzhnev
& Kay 2008b, Lisi & Loria 2017). Processes such as allosteric changes, loop fluctuations, protein
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folding/misfolding, and enzymatic catalysis can occur on the s–ms timescale, and thus it proves
critical to understand the structural, kinetic, and thermodynamic aspects of these molecular
fluctuations. As previously mentioned, R1 relaxation dispersion is sensitive to exchange events
in the range of 10,000–50,000 s-1 (Palmer & Massi 2006), which may encompass intermediate
exchange for nuclei with large || values and higher gyromagnetic ratios (e.g. 1H with || = 2
ppm at 900 MHz, 11309 rad s-1). For nuclei with lower gyromagnetic ratios and || values, R1
relaxation dispersion offers a route to characterize intermediate-fast/fast exchange events, as
originally outlined for 15N amides in the model protein ubiquitin.
Carr-Purcell-Meiboom-Gill relaxation dispersion (CPMG RD) (Baldwin 2014, Carr & Purcell
1954, Carver & Richards 1972, Hansen et al. 2008a, Loria et al. 1999, Meiboom & Gill 1958), in
contrast, is sensitive to kex values in the ca. 200–2000 s-1 window, with additional information from
the exchange-induced shift (Vallurupalli et al. 2011) (vide infra) and differences in chemical shifts
of HSQC and HMQC spectra (Skrynnikov et al. 2002) increasing the upper range to ca. 6000 s-1.
Therefore, CPMG RD provides an experimental method to probe dynamics in the millisecond
regime; spectroscopically, this enables characterization of intermediate exchange for nuclei of
lower gyromagnetic ratios and smaller || values (e.g.

15

N with || = 2 ppm at 900 MHz, 1146

rad s-1). CPMG RD has blossomed into a powerful NMR method to describe the structures of lowly
populated biomolecular conformations present at as little as 0.5% (Baldwin & Kay 2009b, Hansen
et al. 2008c, Korzhnev & Kay 2008b, Vallurupalli et al. 2008), and the kinetics and thermodynamics
that govern their chemical exchange with the observable ground state. CPMG RD was widely
employed in this thesis, and therefore its theoretical underpinnings will be discussed below.
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Figure 7. Simulated 1D 1H NMR spectra for a system undergoing two-state chemical exchange.
The parameters for the simulation are: pA = pB = 50%, B0 = 500 MHz, || = 1 ppm (3141.6 rad
s-1) in 1H, R2A = R2B = 10 s-1. The rate of interconversion between the two states, kex, is equal to 0
in panel A, but is increased in panels B – I. The exact kex values are listed in the upper-right corner
of each plot. The estimate of the exchange regime,  and , are included. See text for their
definitions. The semi-transparent black spectrum shown in panels (B-I) is the original spectrum in
the absence of exchange (A). Unequal populations are shown in Fig. 8 and Fig. 9.
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Figure 8. Simulated 1D NMR spectra as in Fig. 7, except that pA = 98% and pB = 2%. The dashed
line at 8 ppm indicates the original position of A, with deviations at higher kex values caused by
the exchange-induced shift (see text). Note that the lone observable resonance in panels C-G is
significantly broader than the first and last panels. This is caused by exchange-induced
broadening (see text). Zoomed-in and overlaid spectra are shown in Fig. 9.
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Figure 9. Simulated 1D NMR spectra as in Fig. 8, except with all spectra overlaid and kex reaching
only to 20,000 s-1. In addition, pA = 95% and pB = 5%. The bottom panel shows a zoomed-in region
of the top panel (boxed), revealing the exchanged-induced shift and broadening of the major
resonance. In the fast exchange regime at higher kex values (red), the population-averaged
resonance appears at 7.95 ppm (pAA + pBB = 7.95).

2.4 Carr-Purcell-Meiboom-Gill relaxation dispersion
CPMG RD experiments utilize a variable number of spin echoes during a fixed, constant-time
relaxation delay (TCPMG) to monitor the effective transverse relaxation rate constant R2,eff as a
function of the number of 180 refocusing pulses (Hansen et al. 2008a, Loria et al. 1999, Palmer
et al. 2001). CPMG RD data can be analytically modeled with the Carver-Richards equation
(Carver & Richards 1972, Palmer et al. 2001):
44

1
1
𝑅2,eff = (𝑅2,𝐴 + 𝑅2,𝐵 + 𝑘ex − ( ) cosh−1(𝐷+ cosh(𝜂+ ) − 𝐷+ cos(𝜂− )))
2
2𝜏

(93)

1
Ψ + 2Δω2
𝐷± = (±1 +
)
2
√Ψ 2 + 𝜁 2
𝜂± =

2𝜏
√2

√±Ψ + √Ψ 2 + 𝜁 2
2

Ψ = (𝑅2,𝐴 − 𝑅2,𝐵 − 𝑝𝐴 𝑘ex + 𝑝𝐵 𝑘ex ) − Δ𝜔2 + 4𝑝𝐴 𝑝𝐵 𝑘ex 2
𝜁 = 2Δ𝜔 + (𝑅2,𝐴 − 𝑅2,𝐵 − 𝑝𝐴 𝑘ex + 𝑝𝐵 𝑘ex )

where R2,eff refers to the effective transverse relaxation rate constant, R2,A to the intrinsic R2 value
of state A (also noted as R02,A in the literature), R2,B to the intrinsic R2 value of state B (also noted
as R02,B in the literature), pA to the population of state A, pB to the population of state B (pB = 1 –
pA), kex to the rate of interconversion between states A and B (kex = kAB + kBA),  to the difference
in chemical shifts between states A and B (in rad s-1), and  to the time between the centers of
successive 180 refocusing pulses. Analytical expressions for three-site (Grey et al. 2003) and Nsite chemical exchange (Koss et al. 2018) have also been reported , but will not be discussed
here.
As has been demonstrated previously (Baldwin 2014), and also below, modeling CPMG
RD data using the approximate Carver-Richards equation introduces errors into the analysis.
These errors can significantly exceed the experimental error in the experiment (Baldwin 2014),
and it is therefore not recommended to fit CPMG RD data to the Carver-Richards equation.
Nonetheless, despite the author’s opinion that it is difficult to correctly implement the CarverRichards equation (i.e. by avoiding typos due to the many signed quantities), many publications
report fitting to this equation (Narayanan et al. 2018, Nunes et al. 2018). Indeed, many softwares
that have been developed to fit CPMG RD data rely on the Carver-Richards equation (Bieri &
Gooley 2011, Kleckner & Foster 2012, Mazur et al. 2013, Sugase et al. 2013). A better solution

45

for fitting CPMG RD data is the usage of a Bloch-McConnell exchange matrix, as described in
previous publications (Hansen et al. 2008c, Vallurupalli et al. 2008). The full matrix amounts to a
square matrix of size 31-by-31, and captures all necessary spin physics, including the impact of
off-resonance effects. However, the large matrix size can lead to slow calculation times due to the
need for many iterations of matrix exponentiation.
Here, only the simplest 2-by-2 Bloch-McConnell matrix is considered, which enables
calculation of the evolution of the transverse magnetization during the constant-time period in a
CPMG RD experiment (Palmer et al. 2001). This analysis utilizes the fact that observed
̂+ = 𝑀
̂𝑥 + 𝑖𝑀
̂𝑦 and 𝑀
̂− =
magnetization at the end of the CPMG RD experiment corresponds to 𝑀
̂𝑥 − 𝑖𝑀
̂𝑦 . For two species, A and B, the Bloch equation that describes the free precession of
𝑀
transverse magnetization is:
̂ +
𝑑 𝑀
−𝑅2,𝐴 + 𝑖𝜔𝐴
[ 𝐴 +] = [
0
𝑑𝑡 𝑀
̂𝐵

̂ +
0
𝑀
] [ 𝐴+ ]
−𝑅2,𝐵 + 𝑖𝜔𝐵 𝑀
̂𝐵

(94)

̂𝐴 + and 𝑀
̂𝐵 + are the
where A and B are the chemical shifts of states A and B, respectively, and 𝑀
transverse magnetization components, as described above, from states A and B, respectively.
Calculation of a spectrum requires solving the equation with a matrix exponential:
̂ + (𝑡) = 𝑀
̂𝐴 + (0)𝑒 −(𝑅2,𝐴 +𝑖𝜔𝐴 )𝑡 + 𝑀
̂𝐵 + (0)𝑒 −(𝑅2,𝐵 +𝑖𝜔𝐵 )𝑡 (95)
𝑀
While iterating over the total acquisition time, 𝑡 = 𝑛𝑝 × 𝑑𝑡, where np is the number of
complex points and dt is the dwell time or time between points, the above solution can be
determined at each iteration and stored in a data array. Following a Fourier transform, the
resultant spectrum will contain resonances centered at A and B with linewidths related to R2,A
̂𝐴 + (0) and 𝑀
̂𝐵 + (0). To incorporate
and R2,B and intensities goverened by the initial states, 𝑀
chemical exchange between the states A and B, the Bloch equations are modified to the BlochMcConnell equation:
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̂ +
𝑑 𝑀
−𝑅2,𝐴 − 𝑘𝐴𝐵 + 𝑖𝜔𝐴
[ 𝐴 +] = [
𝑘𝐴𝐵
𝑑𝑡 𝑀
̂𝐵

̂ +
𝑘𝐵𝐴
𝑀
] [ 𝐴+ ]
−𝑅2,𝐵 −𝑘𝐵𝐴 + 𝑖𝜔𝐵 𝑀
̂𝐵

(96)

If the initial state of transverse magnetization is a matrix termed 𝑴(0) and the first matrix on the
right-hand side is termed 𝑖𝝎 − 𝑹 + 𝒌, then the solution to the Bloch-McConnell equations is
obtained by:
𝑀(𝑡) = 𝑒 (𝑖𝝎−𝑹+𝒌)𝑡 𝑴 (97)
While the solutions are typically obtained with a computer, they can be explicitly determined in this
case (Palmer et al. 2001):
̂𝐴 + (0)
̂ +
𝑎 (𝑡) 𝑎12 (𝑡) 𝑀
𝑀
[ 𝐴 + ] = [ 11
[
]
]
𝑎21 (𝑡) 𝑎22 (𝑡) 𝑀
̂𝐵
̂𝐵 + (0)
𝑀

(98)

in which:
1
𝑖Δ𝜔 − Δ𝑅2 + 𝑘𝐴𝐵 − 𝑘𝐵𝐴 −𝑡𝜆
𝑖Δ𝜔 − Δ𝑅2 + 𝑘𝐴𝐵 − 𝑘𝐵𝐴 −𝑡𝜆
𝑎11 (𝑡) = [(1 −
) 𝑒 − + (1 +
) 𝑒 +]
2
(𝜆+ − 𝜆− )
(𝜆+ − 𝜆− )
𝑎12 (𝑡) =

𝑘𝐵𝐴
(𝑒 −𝑡𝜆− − 𝑒 −𝑡𝜆+ )
(𝜆+ − 𝜆− )

𝑎21 (𝑡) =

𝑘𝐴𝐵
(𝑒 −𝑡𝜆− − 𝑒 −𝑡𝜆+ )
(𝜆+ − 𝜆− )

1
𝑖Δ𝜔 − Δ𝑅2 + 𝑘𝐴𝐵 − 𝑘𝐵𝐴 −𝑡𝜆
𝑖Δ𝜔 − Δ𝑅2 + 𝑘𝐴𝐵 − 𝑘𝐵𝐴 −𝑡𝜆
𝑎22 (𝑡) = [(1 +
) 𝑒 − + (1 −
) 𝑒 +]
(𝜆+ − 𝜆− )
(𝜆+ − 𝜆− )
2
1
𝜆± = [(−𝑖𝜔𝐴 − 𝑖𝜔𝐵 + 𝑅2,𝐴 + 𝑅2,𝐵 + 𝑘ex ) ± √[𝑖Δ𝜔 − Δ𝑅2 + 𝑘𝐴𝐵 − 𝑘𝐵𝐴 ]2 + 4𝑘𝐴𝐵 𝑘𝐵𝐴 ]
2

As above, the spectrum is obtained by iterating over time and solving the Bloch-McConnell
equations for each time step. Saving the output in a data array and taking the Fourier
transformation will yield a spectrum; however, the intensities for the chemical shifts of state A and
state B, A and B, are impacted by exchange and no longer reflect the exact populations of either
state. This is demonstrated in Fig. 10, where two-site exchange is simulated for kex = 0 s-1 as a
function of population (pA = 1 – pB), and the intensities of each peak reflect the inputted population
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𝑘

𝑒𝑥
values. In contrast, when kex = 1000 s-1, and thus the system is in intermediate exchange (|∆𝜔|
=

0.32), the intensity of the major (ground) state resonance is severely attenuated under conditions
when pB > 0%. In addition, both the linewidths and the chemical shifts contain contributions from
exchange that lead to additional line broadening (Rex) and modulation of the chemical shift (ex)
(Vallurupalli et al. 2011):
𝑅ex = 𝑘𝐴𝐵
∆𝜔

where 𝜉 = 𝑘 and 𝜌 =
ex

𝜌(1 + 𝜌) + 𝜉 2
(1 + 𝜌)2 + 𝜉 2
∆𝑅2
𝑘ex

(99𝑎)

𝛿ex = 𝑘𝐴𝐵

𝜉
(1 + 𝜌)2 + 𝜉 2

(99𝑏)

in the equations above. As can be seen in Fig. 10, ex varies from a few

hundreths of a ppm toward the population-weighted average, pAA + pBB, which occurs when in
the fast exchange limit (kex >> ||). The ex value can be used as a fitting parameter to extend the
timescale in which CPMG RD is sensitive (Vallurupalli et al. 2011). For example, fitting ex values
alongside R2,eff (and also the difference in ground state  values obtained from HMQC and HSQC
experiments) extended the timescale of accuracy from ca. 2000 s-1 to near 6000 s-1, and also
enabled extraction of accurate || values (Vallurupalli et al. 2011).
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Figure 10. 1D NMR spectra simulated as a function of the population of a second state. (A)
1D NMR spectra simulated in the absence of exchange (kex = 0 s-1) as a function of the second
state (colors). The parameters are indicated. (B) The same simulation as A except for kex was set
to 1000 s-1. (C) The exchange-induced shift plotted as a function of kex (colors) and population of
the minor state (x-axis). (D) The same as C, except for the exchange-induced broadening.

Practical aspects of CPMG RD data collection
Below, some practical considerations about CPMG RD experiments on

15

N-labeled proteins will

be discussed. Many excellent chapters have been written on the topic already, and the reader is
directed there for more information (Gopalan et al. 2018, Ishima 2014, Sauerwein & Hansen
2015).
Assuming there is evidence of conformational exchange on the ms timescale that warrants
further investigation, CPMG RD experiments can often be performed at early stages in a protein
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NMR project: resonance assignments are helpful for structural interpretation of the data, but not
required. Thus, CPMG RD data collection can proceed once conditions have been established in
which the protein remains soluble or stable inside the NMR spectrometer at a relatively high
concentration for a reasonable period of time. A reasonable experimental time to obtain 20 x 2D
spectra as a function of  is ca. 10 hours (4 scans, inter-scan delay of 3 s, maximum 1H/15N
acquisition times of 64/19 ms, TCPMG of 40 ms, 35* points in

15

N). Lower signal-to-noise samples

will of course require more experimental time.
For data analysis purposes (vide infra), generally at least two CPMG RD datasets are
collected at different static magnetic field strengths (Kovrigin et al. 2006), and thus the sample
must remain in as close to identical conditions for the duration of the experiments. Even subtle
changes to the population of the minor state or the interconversion rate can yield significant effects
on the measured dispersions. For example, if the system is a non-covalent dimer (major) in
exchange with a monomer (minor state), sample precipitation that occurred between CPMG RD
datasets collected at the first and second B0 fields will lower the effective total protein
concentration, and thereby increase the population of the monomeric form. Moreover, the
interconversion rate for a bimolecular exchange reaction (here, monomer-dimer) depends on the
concentration of the monomer (Palmer et al. 2001), and thus the kex of the system will also change
upon sample precipitation. Finally, the temperature of the sample comprises an important variable,
as both kex (the interconversion rate) and pB (the population of the minor state) can be significantly
impacted by changes in temperature. The temperature inside an NMR spectrometer is controlled
via the computer, but can be manually calibrated using a standard (e.g. d4-methanol). Thus,
caution at multiple levels is required to ensure high levels of sample integrity.
For a CPMG RD dataset of a 15N-labeled protein, typically 20 x 2D-planes are acquired in
which a variable number of spin echoes are applied in a constant-time relaxation delay (TCPMG).
For small-to-medium proteins, TCPMG ranges from about 30 to 100 ms, depending on the signal
attenuation due to transverse relaxation in the presence and absence of TCPMG. The 180 pulses
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during the spin echoes are applied as a function of varying  time, in which the more commonly
1

reported value of  is , equivalent to 2𝛿 where 𝛿 = 2𝜏 + 2𝑝𝑁 , and 2pN refers to the duration of the
180 pulse (Hansen et al. 2008a)  Generally, excluding recently developed high-power CPMG
RD experiments (Reddy et al. 2018),  values range from 50 to 1000 Hz for

15

N CPMG RD

experiments, meaning the time between successive 180 refocusing pulses ranges from 10 ms (
= 50 Hz) to 0.5 ms ( = 1000 Hz).
Evidence of conformational exchange on the millisecond timescale in CPMG RD
experiments manifests through an increase in the intensity of a given resonance as a function of
the number of spin echoes, or an increasing  value. Typically, a residue is considered to be
undergoing exchange on the millisecond timescale if R2,eff(=∞) – R2,eff(=0 Hz) > 2 s-1, or some
other cut-off value. A more rigorous test involves a statistical comparison (F-test) of a fit to the
Bloch-McConnell equation, with versus without a non-zero kex parameter. In order to generate the
effective transverse relaxation rate constant (R2,eff) values from the raw data, a reference 2D plane
is recorded in the absence of TCPMG and used to calculate:
𝑅2,eff =

−1

𝐼
ln ( )
𝑇CPMG
𝐼0

(100)

where I0 is the transverse magnetization in the absence of the constant time period and I is the
transverse magnetization present after the CPMG pulse train. Thus, higher values of R2,eff indicate
faster transverse relaxation due to conformational exchange, which manifests as lower peak
intensities. As the number of spin echoes is increased, the effect of conformational exchange on
the R2,eff value is diminished and the intensity of an exchanging peak increases. The precise
dependence of R2,eff on  varies, to differing extents, with B0, pB, kex, R2A, R2, and ||, and
therefore CPMG RD data provide detailed information about the structures (||), kinetics (kAB =
pBkex; kBA = pAkex), and thermodynamics (pB) of the exchanging system.
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In the author’s experience, predicting how various parameters impact CPMG RD can be
sometimes unituitive, e.g. it is difficult to know a priori how the off-rate will impact the observed
dispersion in a monomer-dimer equilibrium. Thus, in order to visualize how various parameters
and chemical exchange schemes impact CPMG RD data (Fig. 11), a Python software program
termed Chemical Exchange Simulator And Regression Instrument for Cpmg Analysis
(CESARICA) was written by the author. The acronym was inspired by the life and music of the
late Oliver Dragojević. The software is capable of simulating and fitting CPMG RD data, analyzing
the 2 error surface, and more. All of the figures henceforth demonstrate some of the features of
CESARICA. A publication that outlines its capability in full will be detailed in full elsewhere.
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Figure 11. Example CPMG relaxation dispersion curves. The dispersions shown here are computed as
a function of (A) the static magnetic field strength, (B) the difference in chemical shifts, (C) the population
of the minor state, (D) the interconversion rate, (E) the difference in intrinsic transverse relaxation rates, and
(F) the intrinsic relaxation rate. In all cases, the non-variable parameters are identical between panels (e.g.
|| = 3.3 ppm for panels A and C–F) to enable ease of comparison. Note that increasing the B0 field (A)
for a fixed kex/pB combination has the same impact as increasing || (B).

The interconversion rate, kex, and thus CPMG dispersions depend on the reaction order
(Palmer et al. 2001). The following dependence of kex on the reaction rates for a model of twostate exchange apply, where state A is a monomer that is in exchange with a form An , where n
describes the number of units, i.e. n=2 for a dimer, n=4 for a tetramer, etc:
′
𝑘𝑒𝑥 = 𝑘AB
+ 𝑘BA (101)
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′
𝑘AB
= 𝑛 𝑘AB [𝐴]𝑛−1 (102)
′
In the case of a simple protein-ligand interaction (A + L yielding AL), 𝑘AB
= 𝑘𝐴𝐵 [𝐿]. In the figure

below, a bimolecular exchange reaction is considered in which the major (ground or observable)
state corresponds to a dimer (A2) and the minor (excited or invisible) state is a monomer (2A).
Under such conditions:
𝑘𝑒𝑥 = 2𝑘AB [𝐴] + 𝑘BA (103)
and therefore the dispersion will depend on the total monomer concentration ([A], in units of M),
the association- or on-rate (kon, in units of M-1 s-1) and the dissociation- or off-rate (koff, in units of
s-1). The latter two values are related to the dissociation constant (Kd) by:
𝐾𝑑 =

𝑘off
𝑘on

(104)

Moreover, for a non-covalent dimeric protein the population of the free monomer will depend on
the Kd and the total monomer concentration. For a dimer with a Kd in the low micromolar range
that is present at NMR quantities (i.e. hundreds of micromolar or near millimolar), the population
of the free monomer will be rather low, e.g. for a 1 M Kd and a total protein (monomer)
concentration of 1 mM, there would exist 2.21% free monomer or 22.1 M. If the total protein
concentration was lowered to 0.1 mM, there would exist 6.83% monomer or 68.1 M. Since the
population of the free monomer comprises pB in this scenario, it has a significant impact on the
overall profile of the dispersion. Given the Kd and the total protein (monomer) concentration (MT),
the amount of free monomer (pB) can be calculated as follows:
−𝐾𝑑 + √𝐾𝑑 2 + 8𝑀𝑇 𝐾𝑑
𝑝𝐵 =

4𝑀𝑇

(105)

The figure below demonstrates how, for a non-covalent dimer, CPMG RD data can vary
widely as a function of the total protein concentration (Fig. 12A), the Kd (Fig. 12B), the dissociation
rate (Fig. 12C), or the association rate (Fig. 12D). For instance, when the Kd is 1 M and the
association and dissociation rates are 108 M-1 s-1 and 100 s-1, respectively, an experimentally
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realistic situation that may exist when the dimer is formed through electrostatically-mediated
interactions, the Rex values of the dispersions are largest when the total monomer concentration
(MT) is relatively low (e.g. 100 M) and approach 50 s-1. This is of course because the population
of the monomeric state is increased as MT is decreased. As can be seen in panel A, as MT is
increased to 1 mM and beyond, the Rex values become progressively smaller and smaller,
eventually becoming flat above 10 mM. Likewise, for a fixed MT of 0.3 mM (Fig. 12B) with variable
Kd values ranging from 10 nM to 100 M (10-8 to 10-4 M), the Rex values on the dispersions get
larger as the Kd approaches MT. The R2,eff values in panel B above ca. 60-70 s-1 would likely be
unmeasurable due to severe exchange broadening, but they are included for illustrative purposes.
Similar observations are made as the koff and kon values are varied for a fixed Kd. At low
concentrations of free monomer, [A], kex depends to a large extent on kon – e.g. for Kd = 1 M and
MT = 1 mM, where pB = 2.21% and therefore [A] = 22.1 M, typical values of 2kon[A] could be 0.442
s-1 for kon = 1 x 104 M-1 s-1, 4.42 s_1 for kon = 1 x 105 M-1 s-1, or 44.2 s-1 for kon = 1 x 106 M-1 s-1.
Under such scenarios, koff values contribute negligbly to kex, ranging from 0.01 s-1 to 1 s-1 as kon
increases from 1 x 104 M-1 s-1 to 1 x 106 M-1 s-1. Only when koff reaches 100 s-1 or higher does it
appreciably contribute to kex, and therefore the observed dispersion (Fig. 12C). Similarly, for a Kd
of 1 M and MT of 0.3 mM, kon must exceed 1 x 106 M-1 s-1 before significant dispersions are
observed. The full variation of kex for an exchanging dimeric system as a function of MT, Kd, koff,
and kon can be found in Fig. 12E and Fig. 12F.
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Figure 12. Monomer-dimer association and dissociation rates significantly impact CPMG RD
measurements. Example CPMG relaxation dispersion curves for a dimer-monomer equilibrium computed
as a function of (A) the total monomer concentration, (B) the dimer dissociation constant, and (C, D) the
dissociation and association rates. A schematic of the dimer-monomer equilibrium is depicted above panels
A and B. Dissociation of the dimer is first-order (s-1), whereas association of monomers is second-order (M1 s-1). The expressions for k and p can be calculated based on the known rates and p depending on the
ex
B
B
dissociation constant and total monomer concentration. An example 1D NMR spectrum is shown for a
system undergoing two-site chemical exchange is shown with the following parameters: kex = 500 s-1, pB =
1% (magnified by 20x for illustration), R2A = 10 s-1, R2 = 0 s-1, B0 = 500 MHz. All parameters besides kex
and pB are the same in panels A-D. (E) and (F) depict the impact of MT, Kd, koff, and kon on the observed kex.
In (E) koff is fixed and in (F) kon is fixed.
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Likewise, for a protein-ligand reaction in which the major state is the free (15N-labeled) protein, P,
and the minor state is the bound protein-ligand complex (PL), CPMG RD can also be simulated
as a function of the Kd and various reaction rates (Fig. 13). In this situation, kex and pB are described
by (note that equation 105 also applies):
𝑘𝑒𝑥 = 𝑘on [𝐿] + 𝑘off (106)
𝑝B =

[𝐿]
[𝐿] + 𝐾𝑑

(107)

Figure 13. Protein-ligand binding kinetics significantly impact CPMG RD measurements. Example
CPMG relaxation dispersion curves for a protein-ligand binding event computed as a function of (A) the total
ligand concentration, (B) the protein-ligand dissociation constant, and (C, D) the dissociation and
association rates. A schematic of the protein-ligand equilibrium is depicted above panels A and B.
Dissociation of the ligand is first-order (s-1), whereas association is second-order (M-1 s-1). As above, kex and
pB can be computed explicitly. An example 1D NMR spectrum is shown for a system undergoing two-site
chemical exchange is shown with the following parameters: kex = 500 s-1, pB = 1% (magnified by 20x for
illustration), R2A = 10 s-1, R2 = 0 s-1, B0 = 500 MHz. All parameters besides kex and pB are the same in
panels A-D.
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Fitting CPMG RD data
In order to fit the resultant R2,eff vs.  curves, the Bloch-McConnell equations can be used as a
target function. However, rather than computing the entire spectrum as above, simply the evolution
of transverse magnetization during the constant time CPMG period can be calculated using the 2by-2 Bloch-McConnell equations as follows (Libich et al. 2015):
𝑀(𝑡) = (𝐴𝐴∗ 𝐴∗ 𝐴)𝑛 𝑀(0) (108)

𝐴=𝑒

−𝑅2,𝐴 −𝑝𝐵 𝑘𝑒𝑥
−[
𝑝𝐵 𝑘𝑒𝑥

(1−𝑝𝐵 )𝑘𝑒𝑥
]𝜏
−𝑅2,𝐵 −𝑖Δ𝜔−𝑝𝐴 𝑘𝑒𝑥
2

𝐴∗ = 𝑒

−𝑅2,𝐴 −𝑝𝐵 𝑘𝑒𝑥
−[
𝑝𝐵 𝑘𝑒𝑥

(1−𝑝𝐵 )𝑘𝑒𝑥
]𝜏
−𝑅2,𝐵 +𝑖Δ𝜔−𝑝𝐴 𝑘𝑒𝑥
2

(109)

where 𝑀(𝑡) is the transverse magnetization, A is the propagator, n is the number of cycles in the
CPMG pulse train (constant time duration divided by 2), and everything else as described above.
The R2,eff value is then calculated as above, with I0 ∝ the initial transverse magnetization (i.e. pB),
and so I reflects the magnetization after a given number of spin echoes. This route enables
relatively rapid calcluation of R2,eff values for a given set of parameters, and can be implemented
with modern, non-linear optimization methods. Minimization of a target function can be
implemented by minimizing the chi-square (2) value:
𝑁

𝐹 𝑖 calc − 𝐹 𝑖 exp
𝜒 = ∑(
)
𝜎 𝑖 exp

2

2

(110)

𝑖=1

𝜒 2 red =

𝜒2
DF

(111)

where 𝐹 𝑖 calc and 𝐹 𝑖 exp are the calculated and experimental data points for data point i, and 𝜎 𝑖 exp
represents the experimental uncertainty of data point i. The sum is over all data points. The
reduced 2 (2red) is simply the 2 divided by the degrees of freedom (DF).
For a CPMG RD dataset acquired at a single static magnetic field strength, the fitting
parameters include R2A, R2B, kex, pB, and . As mentioned above, CPMG RD experiments are
only sensitive to the absolute value of the difference in chemical shifts, ||, and so the sign of 
is not obtained from fitting. Instead, the sign can be determined through recording HSQC spectra
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at multiple static magnetic field strengths and monitoring the exchange-induced shift, or, if a
chemical shift difference between major and minor states also exists for the 1H nucleus, by
recording HSQC and HMQC spectra and monitoring the difference in position of the major state
resonance (Skrynnikov et al. 2002).
Typically, unless otherwise known from inspection or by statistical analysis, residues that
show evidence of us-ms motions (i.e. dispersions, whereby R2,eff(=∞) – R2,eff(=0 Hz) > 2 s-1) are
assumed to undergo global exchange, i.e. the kex and pB values are global fitting parameters. In
addition, CPMG RD data are generally recorded at multiple, static magnetic field strengths, so as
to introduce a magnetic field-dependence to the || parameter. Therefore, for CPMG RD data
recorded at B static magnetic field strengths on a protein with M dispersions, there will be kex + pB
+ M values of || + MB values of R2A + MB values of R2B = 2 + M + 2BM fitting parameters. It has
previously been shown that the difference in transverse relaxation rate constants, R2 = R2A – R2B,
if reasonably small (i.e. same order of magnitude), does not significantly impact the fitted results,
and so it can be ignored in some cases, reducing the number of fitted parameters to 2 + M + BM.
Thus, for a protein with 20 dispersions and data recorded at two static magnetic field strengths,
there will be 102 or 82 fitted paramters, depending on if R2B values are fitted. Even for 2 + M +
2BM fitted parameters, this value is far lower than the number of data points, which for n values
of  reaches BMn, equaling 800 in this example ( = n = 20). Therefore, for data collected at B
static magnetic fields for M resonances over n values of :
𝑛

𝐵

𝑀

2

𝑅2,eff calc 𝑖,𝑗,𝑘 − 𝑅2,eff 𝑖,𝑗,𝑘
𝜒 = ∑ ∑∑(
)
𝜎 𝑖,𝑗,𝑘 𝑅2,eff
2

(112)

𝑘=1 𝑗=1 𝑖=1

and therefore, the difference between the calcluated R2,eff value and the experimentally measured
value is summed over each  value (k = 1, 2, …, n) at each B0 field (j = 1, 2, …, B) for each residue
number (i = 1, 2, …, M), i.e. resonance. A fit to both the Bloch-McConnell equation and the CarverRichards equation is shown below for a single residue undergoing two-state exchange (Fig. 14).
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CPMG RD data were generated at three static magnetic field strengths using the Bloch-McConnell
equations, with a small amount of noise added afterward to introduce deviations from ideality.

Figure 14 Fitting synthetic CPMG RD data. The solid circles represent R2,eff values generated from
numerically evaluating the Bloch-McConnell equations (B-M) for the input parameters indicated. To
introduce noise into the data points, a normal distribution was generated and centered at zero with a width
of the 4% of data point of interest. A value was then randomly selected from this distribution and added to
the synthetic data point. The error bars thus reflect the deviation from the ideal R2,eff values generated in the
absence of noise. R2,eff values were generated at three static magnetic field strengths (500, 700, and 900
MHz) and the data were fit globally (i.e. a shared kex and pB) with local fitted values of || and R2A. Data
were either fit to the B-M equation (solid line) or the Carver-Richards equation (dotted line, C-R). In both
cases, a good fit is obtained that replicates the inputted values. The 2red values are 1.076 and 1.079 for the
B-M and C-R equations, respectively.

Comparison of the Carver-Richards and Bloch-McConnell equations
Intriguingly, although the Carver-Richards equation is capable of yielding seemingly “good” fits to
CPMG RD data (Fig. 14) with similar 2 values as the Bloch-McConnell equation, a closer
inspection indicates that R2,eff values generated from Carver-Richards equation actually deviate
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from those synthesized with the Bloch-McConnell equation. This becomes especially evident at
low levels of added noise (Fig. 15), and therefore the addition of higher levels of noise slightly
obviates this effect. A previous publication on this topic has explored the deviation in more
mathematical detail (Baldwin 2014), and derived a new analytical expression. Here, the deviation
between Carver-Richards and the Bloch-McConell equation is examined across a wider range of
parameter space and also in the context of fitting. Since the Carver-Richards equation is simply
an analytical approximation of the Bloch-McConnell equation, all synthetic CPMG RD were
therefore generated by numerically evolving the Bloch-McConnell equation, as described above.
For a given set of input parameters at two static magnetic field strengths, the resultant R2,eff
values as determined by numerically evolving the Bloch-McConnell equations are shown in Fig.
15A as colored circles. For the same set of input parameters, the R2,eff values as calculated by the
Carver-Richards equation are shown as empty circles. The subtle, but significant deviation at low
 values manifests as errors in the resultant fit to the Bloch-McConnell equation (Fig. 15B). By
iteratively fitting the data at 500 and 800 MHz in the presence of a very small amount of random
noise (normal distribution centered at 0 with a width of 0.1% of R2,eff) that changes in each iteration
and plotting the outputted kex and pB values, it becomes clear that fitting to the Carver-Richards
equation introduces errors to kex and pB that significantly exceed the noise level. The input kex and
pB were 1000 s-1 and 2.5%, respectively, but the mean values obtained from fitting the data to the
Carver-Richards equation were respectively 1028 s-1 and 2.45% (Fig. 15B). These deviations from
the inputted values represent errors of 2.8% and 2% for kex and pB, respectively, whereas the
noise was inputted at a level of 0.1% of the R2,eff values. For comparison, iteratively fitting to the
Bloch-McConnell equation in the presence of 0.1% noise yields a mean kex of 1000 s-1 and pB of
2.5% (Fig. 15B), indicating the overall accuracy and precision.
This scenario represents one of many potential combinations of kex and pB, and I thus
varied systematically these parameters to assess the errors introduced by fitting to the CarverRichards equation. This is of interest as, under certain exchange regimes, the differences between
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Bloch-McConnell and Carver-Richards may become exacerbated or minimized. Therefore, a large
array of synthetic CPMG RD data were generated over 1024 combinations of kex and pB at two
static magnetic field strengths (500 and 800 MHz) in the presence of 0.1% noise, as above. The
grid of kex and pB comprised a 32 x 32 matrix with kex values ranging from 300 to 3000 and pB
values spanning 0.5 to 10%. The || and R2A values were kept the same as before, namely 4
ppm and 10 s-1, respectively. For each combination of kex and pB, the data were fit 200 times to
either the Carver-Richards equation or the Bloch-McConnell equation, and the mean value of kex,
pB, and || was saved in an array. As above, the noise, which was randomly added, varied in
each iteration of the 200 fits. A contour plot in Fig. 15 of the resultant values:
∆𝑘ex (%) = 100

∆𝑝B (%) = 100

|𝑘ex calc − 𝑘ex fit |
𝑘ex calc
|𝑝B calc − 𝑝B fit |
𝑝B calc

∆|∆𝜔|(%) = 100

|∆𝜔calc − ∆𝜔fit |
∆𝜔 calc

thus indicates the percent errors in the fitted values of kex, pB, and || relative to the input values.

The contour plots derived from fitting to the Bloch-McConnell equations (Fig. 15C) indicate
overall high levels of accuracy, with maximum errors in the low single digit values, particularly for
conditions when pB < 1%. These errors still exceed the noise threshold, likely due to the small
dispersions that are present under such conditions, but pale in comparison to errors from fitting to
the Carver-Richards equation. As can be seen in Fig. 15D, fitting to the Carver-Richards equation
over this grid of CPMG RD data introduces very large errors, especially under conditions of
intermediate/intermediate-slow exchange where errors reach and exceed 15%. The errors
introduced into || by fitting to the Carver-Richards equation are relatively smaller, but still reach
up to 5%. Therefore, it is not recommended to fit CPMG RD datat to the Carver-Richards equation,
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especially if the system is in the slow/intermediate-slow exchange regime. For low signal-to-noise
data, the errors introduced by using the Carver-Richards equation may be masked by the
experimental uncertainty; as such, my usage of high signal-to-noise, synthetic data herein
provided a convenient way to assess errors due to the choice of the target function.

Figure 15. Errors introduced by fitting CPMG RD data to the Carver-Richards equation. (A) Simulated
CPMG RD traces at two static magnetic field strengths, with the data generated using either numerical
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simulation (filled circles) or the Carver-Richards equation (empty circles). In both cases, the input
parameters were identical. The bottom inset depicts the difference in R2,eff values, i.e. Carver-Richards
minus numerical, and a static magnetic field-dependence is evident. (B) Synthetic CPMG RD data
generated numerically at two static magnetic field strengths were fit to either the Carver-Richards equation
(blue) or the 2-by-2 Bloch-McConnell matrix (red). A small amount of normally distributed noise (mean 0.1%
of R2,eff) was added to the synthetic data. The resultant 2D histogram depicts the outcome of many fits to
the data, with 1D histograms plotted on the kex and pB axes. As can be seen for the given parameters, fitting
to the Carver-Richards equation introduces errors in the fitted kex and pB values that exceed the input noise.
(C, D) CPMG RD data with a fixed were simulated numerically at two static magnetic field strengths over a
vast range of kex and pB values (1024 combinations), whereas all other parameters were held constant. The
synthetic data were then fit either to the 2x2 Bloch-McConnell matrix (C) or the Carver-Richards equation
(D). Errors in the resultant values of kex, pB, and || are respectively shown in panels i, ii, and iii. Fitting to
the Carver-Richards equation can introduce significant errors in kex and pB, in excess of 15%, whereas the
error in | | reaches only 5%.

Fitting CPMG RD data obtained at a single magnetic field strength
Having established that, for high accuracy fits, CPMG RD data should not be fit using the CarverRichards equation, I next investigated how much data are required to obtain a “good” fit. As
mentioned above, CPMG RD data are typically collected at more than one static magnetic field
strength, such that a magnetic field-dependence is introduced to the || term. Thus, while only a
single || is actually fit among the multiple datasets, the dependence of || on the static
magnetic field strength provides an independent parameter.
Previously, the importance of having datasets from multiple static magnetic fields was
investigated by Loria and coworkers (Kovrigin et al. 2006) and Kay and coworkers (Neudecker et
al. 2006). The latter publication noted the essential nature of multiple datasets when fitting to
models of chemical exchange involving three states (Neudecker et al. 2006). The former
publication demonstrated that significant correlation between fitted parameters exists when only
using data from one magnetic field strength, leading to inaccuracy in the fitted parameters
(Kovrigin et al. 2006). However, Loria and coworkers mainly investigated the impact on a single
resonance under a single condition (i.e. one exchange regime), and only probed global fitting of
three resonances that varied from slow-to-intermediate exchange (Kovrigin et al. 2006). In a
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typical protein NMR study, however, 20 or more resonances that encompass all exchange regimes
may be jointly fit to a single kex and pB combination, thus providing a large amount of data to fit.
My rationale for doing so is thus: depending on the nature of the specific NMR project that
utilizes CPMG RD, perhaps only qualitative values of kex, pB, or || are necessary in order to
move forward or obtain insightful results. Moreover, for samples that are unstable and do not
remain soluble for collection of CPMG RD data at more than one magnetic field strength, perhaps
collection of data is only feasible at a single field. Finally, for protein-ligand studies or other semihigh-throughput investigations, collecting CPMG RD data at a single field (and cutting down the
number of  values or using NUS) would diminish experimental acquisition times, and could lead
to the screening of more samples in a fixed period of time. Further gains could be acquired from
using 1D CPMG RD experiments and qualitatively fitting the data. As such, I sought to investigate
in more detail the potential pitfalls and outcomes of fitting CPMG RD data obtained at a single
static magnetic field strength.
First, I generated synthetic CPMG RD data for a single resonance using the BlochMcConnell equations at a single static magnetic field strength (Fig. 16) for kex of 1000 s-1, pB of
2.5%, 15N || of 8 ppm, at B0 of 500 MHz ( = 0.27). Noise was added to these data, as described
above, and fit using both the Carver-Richards equation and the Bloch-McConnell equations. This
fit was repeated three times while the noise varied between datasets, and indeed as found
previously, a large spread of fitted values was obtained. In all cases, the || appears relatively
well described (Hansen et al. 2008), but the kex and pB values can fluctuate considerably. Such
variation in the fitted parameters originates from the added noise, as can be seen in the bottom
panel of Fig. 16.
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Figure 16. Fitting CPMG RD data at a single
static magnetic field strength. Synthetic
CPMG RD was generated at 500 MHz for a 15N
nucleus undergoing two-state chemical
exchange. Random noise (5%) was added to
the input data three times, and the data were fit
three separate times to either the BlochMcConnell or Carver-Richards equations. The
resultant values of the fits are listed atop each
panel. Note the large variation in fitted
parameters.
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Thus, to assess the variation in the fitted parameters as a function of the added noise, I conducted
many fits for a dispersion with kex of 1000 s-1, pB of 2%, 15N || of 2 ppm, at B0 of 1200 MHz ( =
0.6); N.B. that this magnetic field strength currently does not exist, but will be available in the near
future. Noise was added to the synthetic data at 1% (Fig. 17A), 2.5% (Fig. 17B), 5% (Fig. 17C),
or 10% of R2,eff (Fig. 17D), and each fit was performed 10,000 times, with the noise randomly
varying each iteration. The 2D histograms in Fig. 17 demonstrate how increasing the noise level
increases the uncertainty in the fitted parameters, as expected. However, it is interesting to note
that, even at noise levels of 5% and 10%, the mean values of kex and pB remain close to the input
parameters. Thus, for CPMG RD data collected at a single field, conducting many fits and taking
the mean value appears to yield relatively correct outputs (Fig. 17) For example, at 5% noise, the
mean kex and pB values are 1057 s-1 and 5.4%, respectively, which correspond to errors of 5.7%
and 8%. At 10% noise, the mean values of kex and pB do not change considerably, but the width
of the distributions have significantly increased. The uncertainty in the fitted parameters increases
rapidly when using a single field to fit CPMG RD data.
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Figure 17. Distributions of fitted kex and pB values obtained from CPMG RD data at a single magnetic
field strength. Synthetic CPMG RD data were generated at a B0 of 1200 MHz (1.2 GHz, the highest
spectrometer frequency currently available at the time of writing) for a kex of 1000 s-1, pB of 5%, and 15N ||
of 2 ppm. In all panels, random noise was added to each data point, with the noise obtained from a normal
distribution centered at zero with a width proportional to the value of R2,eff at a given data point. The added
noise was equivalent to 1% (A), 2.5% (B), 5% (C), or 10% (D) of the R2,eff values. The 2D histograms depict
the distributions of fitted kex (x-axis) and pB (y-axis) values as obtained from 10,000 fits, where the random
noise varied from fit-to-fit. The red lines in the 1D histograms represent fits to a Gaussian.

As all of the above fits of CPMG RD data at a single field were for a lone dispersion, I
generated a synthetic set of CPMG RD data at a single magnetic field strength (500 MHz) for a
group of three resonances that experience a global kex and pB of 1000 s-1and 5% (Fig. 18). The
|| values were set to 2, 4, and 8 ppm ( = 1.42, 0.76, and 0.27) to ensure that a range of
exchange regimes are included. These resonances were globally fit together to a model of twostate chemical exchange with the Bloch-McConnell equations. To my surprise, the fitted values of
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kex, pB, and || all fell very close to the input values with small errors on the fit. The mean values
contained errors that ranged from 0.8% (pB) to 2.75% (|| for 8 ppm) (Fig. 18, bottom). Globally
fitting a group of dispersions significantly reduces the variation in fitted parameters.
I thus tested whether the high accuracy afforded by this fit was due to the multiple
exchange regimes present or due to the information content of three dispersions. Therefore a
second global fit was performed on synthetic data that had been generated using the same values
of kex and pB, but with || set to 4, 4, and 4 ppm ( = 0.76) (Fig. 18, top). The fits output from this
dataset were remarkably worse, with errors in || reaching up to 25%, kex to 67%, and pB to 71%.
Thus, the quality of a fit of CPMG RD data obtained at a single static magnetic field strength not
only depends on the number of dispersions, but also on the exchange regimes present (Fig. 18).
This is particularly important because residues in a protein undergoing chemical exchange will
have a variety of || values and therefore a range of exchange regimes.
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Figure 18. Globally fitting CPMG RD data obtained at a single static magnetic field strength. (Top)
Synthetic CPMG RD data were generated at 500 MHz for three resonances with 15N || values of 4 ppm
and global kex and pB values of 1000 s-1 and 5%, respectively. The exchange regime is ca. slowintermediate/intermediate ( = 0.76). R2A was set to 10 s-1 and 10% noise was added as described in the
text. The three resonances were globally fit to the Bloch-McConnell equations with the fitted values of kex,
pB, and || indicated on the plot. (Bottom) The same kex, pB, and R2A values were used to generate
synthetic CPMG RD data for three resonances with 15N || values of 2, 4, and 8 ppm, which span fast/fastintermediate, slow-intermediate/intermediate, and slow exchange regimes ( = 1.42, 0.76, and 0.27). The
fitted parameters are indicated on the plot, as above.
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Increasing the number of fitted dispersions from n = 3 to n = 8 further improved the
accuracy of the fitted parameters (Fig. 19). The input kex and pB values were kept at 1000 s-1and
5%, respectively, with B0 equal to 500 MHz, as before. Instead, however, the 15N || values were
varied from 1 to 8 ppm in 1 ppm increments, spanning all exchange regimes. Performing a global
fit with a shared kex and pB yields mean values of 1005 s-1 and 4.86%, which deviate from the input
values by 0.5% and 2.8%, respectively. In addition, the fitted || values exhibit high accuracy
and precision, with errors relative to the input values ranging from 1% (1 ppm) to 3.3% (7 ppm)
and fitted standard deviations ranging from 12% (1 ppm) to 1.8% (8 ppm) (Fig. 19).

Figure 19. Globally fitting CPMG RD data obtained at a single static magnetic field strength. Synthetic
CPMG RD data were generated at 500 MHz for eight resonances with 15N || values of 1, 2, 3 4, 5, 6, 7,
and 8 ppm and global kex and pB values of 1000 s-1 and 5%, respectively. The exchange regime varies from
fast (1 ppm,  = 1.82) to intermediate (3 ppm,  = 1.05) to slow (8 ppm,  = 0.26). The data were fitted to a
global kex and pB, with the best-fit values indicated atop the figure. The standard deviation of the fit is
determined from the variance-covariance matrix. Values for fitted || values are indicated on the right, with
input values indicated in parentheses.
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Finally, as mentioned above, in a typical protein NMR study, as many as 20 or more
dispersions from a protein may be fit globally to determine kex and pB. I therefore generated
synthetic CPMG RD datasets at one field strength as a function of increasing number of fitted
dispersions and examined the distribution of kex and pB values. As can be seen in Fig 20.,
increasing the number of globally fit dispersions from 2 to 10 to 20 and then 40 has the impact of
considerably narrowing the distribution of fitted kex and pB values. All datasets contained ||
values of 1 and 3 ppm, and datasets with n dispersions (more than two dispersions) also contained
n–2 randomly sampled values between 1 and 3 ppm. The amount of added noise in all cases was
10% of the R2,eff values, as described above, and the input kex and pB were 1000 s-1 and 5%. The
dispersions were simluated at a magnetic field strength of 500 MHz (Fig. 20).
In conclusion, CPMG RD provides highly insightful information about chemically
exchanging systems, including details about the structural changes and kinetics and
thermodynamics that accompany them. The precise dependence of dispersion profiles on the
input parameters can, at times, be unintuitive. Thus, a software named CESARICA has been
written to enable routine simulation of CPMG RD data across a wide range of parameter space
and for a range of exchaning systems. At present, these systems include unimolecular exchange
(𝐴 ⇌ 𝐵) and bimolecular exchange, encompassing both monomer-dimer exchange (2𝐴 ⇌
𝐴2 or 𝐴2 ⇌ 2𝐴) and a protein-ligand binding event (𝑃 + 𝐿 ⇌ 𝑃𝐿 or 𝑃𝐿 ⇌ 𝑃 + 𝐿), where the term
written first represents the major (observable) conformation. Future additions to the software will
include exchange between higher-order oligomers (e.g. dimer-tetramer) and three-state exchange
(e.g. linear or branched models), and a module to input thermodynamical parameters such as H
and S for the forward and backward reactions, so as to model the temperature-dependence of
CPMG RD data. Finally, CESARICA also contains modules to fit CPMG RD data to either the
Carver-Richards or the Bloch-McConnell equations at one or more static magnetic field strengths.
For now, the 2-by-2 Bloch-McConnell equation has been implemented, but future efforts will
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include implementing the full 32-by-32 matrix that takes into account off-resonance effects, and
other spin physics. The figures were not included here, but CESARICA can also conduct a grid
search over a wide-range of kex and pB parameters and map the 2 surface to analyze the true
errors. A bootstrapping procedure will also be included in future developments.
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Figure 20. Synthetic CPMG RD data were generated at 500 MHz for a range of || values between 1 and
3 ppm. For > 2 residues globally fit, a random value between 1 and 3 ppm was selected, but 1 and 3 ppm
were always included. As the number of globally fit residues is increased, the distribution of fitted parameters
becomes more narrow. 2D histograms are shown for (A) 2, (B) 10, (C) 20, (D) 40, (E) 100, and (F) 200
residues. The latter two are likely not practical, but were investigated for illustrative purposes.
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Structural and dynamical
characterization of the HSP27 monomer
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3.1

Abstract

The small heat-shock protein HSP27 is a redox-sensitive molecular chaperone that is expressed
throughout the human body. Here, I describe redox-induced changes to the structure, dynamics,
and function of HSP27 and its conserved -crystallin domain (ACD), and provide the first
structural characterization of a small heat-shock protein monomer using nuclear magnetic
resonance (NMR) spectroscopy. While HSP27 assembles into oligomers, I show that the
transiently populated monomers that are released upon reduction are highly active chaperones in
vitro, but are kinetically unstable and susceptible to uncontrolled self-aggregation. By using
relaxation dispersion and high-pressure NMR spectroscopy, I observe that the pair of -strands
that mediate dimerization partially unfold in the monomer. Strikingly, I note that numerous HSP27
mutations associated with inherited neuropathies cluster to this dynamic region. The high degree
of sequence conservation in the ACD amongst mammalian sHSPs suggests that the exposed,
disordered interface within the context of oligomers or free in solution may be a general, functional
feature of these molecular chaperones.
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3.2

Introduction

Small heat-shock proteins (sHSPs) are a class of molecular chaperones present in all kingdoms
of life and exhibit diverse functionality, from modulating protein aggregation to maintaining
cytoskeletal integrity and regulating apoptosis (Kampinga et al. 2015). The most abundant sHSP
in humans (Vos et al. 2009), HSP27 (or HSPB1), is systemically expressed under basal conditions
and upregulated by oxidative stress (Yu et al. 2008), during aging (Weindruch et al. 2000), and in
cancers (Ciocca & Calderwood 2005) and protein deposition diseases (Outeiro et al. 2006).
Numerous mutations in HSP27 have been linked to different neuropathies, including distal
hereditary motor neuropathy (dHMN) and Charcot-Marie-Tooth (CMT) disease (Evgrafov et al.
2004, Houlden et al. 2008), the most commonly inherited neuromuscular disorder. These maladies
are themselves linked to oxidative stress (Lin & Beal 2006, Niemann et al. 2014), and recent
studies have indicated that the reducing environment of the cytosol progressively transitions to an
oxidizing environment over the lifetime of an organism (Kirstein et al. 2015, Walther et al. 2015).
HSP27 is directly sensitive to the intracellular redox state via its lone cysteine residue
(C137), which controls dimerization by forming an intermolecular disulfide bond in vivo even under
the reducing conditions of the cytosol (Arrigo et al. 2005). This cysteine is highly conserved in
HSP27 orthologues but not found in other mammalian sHSPs (Diaz-Latoud et al. 2005), implying
that it plays an important functional role. Accordingly, the presence of this disulfide bond impacts
on the activity of HSP27 in vitro (Chalova et al. 2014a, Pasupuleti et al. 2010, Zavialov et al. 1998)
and on the resistance of cells to oxidative stress (Arrigo 2001, Arrigo et al. 2005, Diaz-Latoud et
al. 2005, Ye et al. 2016). Like other mammalian sHSPs, HSP27 assembles to form a wide range
of oligomers (Haslbeck & Vierling 2015) whose constituent monomers and dimers freely exchange
between oligomers (Baldwin et al. 2011, Hochberg & Benesch 2014). The chaperone activities of
many sHSPs have been characterized in vitro (Mymrikov et al. 2016), but the active sHSP species
remains unclear, with large oligomers (Bepperling et al. 2012, Franzmann et al. 2005), small
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oligomers (Fleckenstein et al. 2015, Stengel et al. 2010), and dimers (Van Montfort et al. 2001) all
implicated. Intriguingly, variants of HSP27 that have an increased tendency to form free monomers
display hyperactivity both in vitro and in vivo (Almeida-Souza et al. 2010, 2011).
Although functionally relevant, no sHSP monomer has yet been characterized at atomic
resolution, as they are typically present at low abundance in equilibrium with higher-order
oligomers. Obtaining high-resolution structural information on HSP27 is challenging, as it
assembles into a polydisperse ensemble of inter-converting oligomers ranging from approximately
12 to 36 subunits (Aquilina et al. 2013, Jovcevski et al. 2015, Rogalla et al. 1999) of average
molecular mass of ca. 500 kDa. Removal of the C-terminal region (CTR) and N-terminal domain
(NTD) leaves a conserved ~80-residue, ‘α-crystallin’ domain (ACD) that does not assemble
beyond a dimer (Fig. 1a). The subunits in the dimer adopt an immunoglobulin-like fold, and
assemble through the formation of an extended β-sheet upon pairwise association of their β6+7
strands (Baranova et al. 2011, Hochberg et al. 2014, Mchaourab et al. 1997, Rajagopal et al.
2015a). Under oxidizing conditions, the dimer interface in HSP27 is reinforced by an
intermolecular disulfide bond involving C137 from adjacent subunits centered on a two-fold axis
(Baranova et al. 2011, Hochberg et al. 2014, Rajagopal et al. 2015a). Based on evidence from the
closely related human sHSP paralog, αB-crystallin (HSPB5) (Jehle et al. 2009), the ACD is likely
structurally similar in the context of the full-length oligomeric protein and in its isolated dimeric
form. The excised ACD of both αB-crystallin and HSP27 can display chaperone activity in vitro
(Cox et al. 2016, Hochberg et al. 2014) suggesting that important aspects of sHSP function are
encoded within this domain.
Here, I have employed NMR and native mass spectrometry to interrogate the impact of
redox-induced changes to the structural features of HSP27, its excised ACD (cHSP27), and
mutants (C137S and H124K/C137S) that affect its ability to dimerize. Against a range of client
proteins including Parkinson’s disease related -synuclein (S), citrate synthase (CS), malate
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dehydrogenase (MDH),

-lactalbumin

(αLac),

insulin,

and

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), I find that HSP27 is a more active chaperone under conditions that
favor the release of free monomers. Under all conditions tested, the monomeric form of the ACD
is a more effective chaperone than its dimer counterpart, and against αLac the monomeric form
almost entirely recapitulates the activity of the full-length chaperone. I demonstrate that neither
the oligomeric distribution of HSP27, the conformations and ‘fast’ (ps/ns) dynamics of the
disordered CTR, the structure of the cHSP27 dimer, or its fast dynamics vary appreciably with
formation of the disulfide bond. Instead, reduction of the disulfide bond leads to monomerization,
whereby monomeric cHSP27 exists in a partially unfolded conformation. Taken together, I
conclude that an altered structure of the monomeric form is responsible for the redox dependent
chaperone activity.
To interrogate the structure of the transiently populated monomers, I have used a
combination of Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion (RD) and high-pressure
solution-state nuclear magnetic resonance (NMR) spectroscopy methods. My data reveal that
monomeric cHSP27 becomes highly dynamic and disordered in the region that previously
constituted the dimer interface. While I find the cHSP27 monomer to be highly chaperone-active
in vitro, I demonstrate that increasing the abundance of the monomer results in a heightened
tendency for uncontrolled self-aggregation. The importance of the unstructured region in this
delicate balance between function and malfunction can be linked by mutations in HSP27 that are
associated with hereditary neuropathies, which mainly cluster to the disordered region of the
monomer.
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3.3

Results

3.3.1

Reduction increases the population of HSP27 monomers and chaperone activity

I first examined full-length HSP27 to analyze redox-dependent changes to its oligomeric
distribution. Native mass spectra of reduced and oxidized HSP27 were highly similar, with
overlapping signals in the 5,000–15,000 m/z region (Fig. 1a), consistent with previous data
(Aquilina et al. 2013, Jovcevski et al. 2015). This reveals that HSP27 assembles into large,
polydisperse oligomers with similar oligomeric distributions under both conditions. I also observed
monomeric and dimeric HSP27 in the spectra of both oxidized and reduced forms, with a
significant increase in the population of free monomer upon reduction (Fig. 1a).
To ascertain whether the presence of monomers impacts on chaperone function, I initially
used the model substrate citrate synthase (CS) (Buchner et al. 1998, Mymrikov et al. 2016) to
probe the activity of HSP27 in vitro. The addition of 0.5 uM reduced HSP27 significantly
suppressed aggregation, a result that contrasts with oxidized HSP27, which appeared to coaggregate with CS and enhance aggregation (Fig. 1b). Other sHSPs have been found to coaggregate with substrates (Bova et al. 1999, Treweek et al. 2005, Ungelenk et al. 2016). The
oligomerization of HSP27 is concentration-dependent(Cox et al. 2016, Jovcevski et al. 2015), and
at ca. 2 μM HSP27, 50% of the populated stoichiometries are expected to be dimers when oxidized
(Jovcevski et al. 2015). At 0.5 μM, I expect the majority of HSP27 to be present either as dimers
(oxidized) or a mixture of non-covalent dimers and monomers (reduced, Fig. 1a) (Jovcevski et al.
2015) My chaperone activity data suggest that monomerization regulates the chaperone activity
of HSP27, rendering it more effective at suppressing aggregation in vitro.

84

Fig. 1: Reduction of HSP27 releases highly active monomers from the polydisperse oligomers. (a)
Domain architecture of the human molecular chaperone HSP27, which forms polydisperse oligomers that
reach >500 kDa. Native mass spectra collected at 25 μM total monomer concentration for both oxidized
(red) and reduced (blue, +250 μM dithiothreitol, DTT) HSP27 reveal the formation of polydisperse oligomers.
More monomers are present in the reduced sample, although the oligomeric distributions are highly similar.
(b) The chaperone activity of HSP27 was assayed by monitoring the increase in light scattering at 340 nm
of 10 μM of a thermo-sensitive substrate (CS) in the presence or absence of 0.5 μM reduced (blue, 5 mM
2-mercaptoethanol, BME) or oxidized (red) HSP27. At this concentration, dimeric HSP27 comprises more
than half of all populated stoichiometries.

To test the generality of this result, I examined the ability of HSP27 to suppress aggregation
for a range of aggregating proteins including the Parkinson’s disease-related protein S and
thermo-sensitive clients MDH and GAPDH (Fig. 2). Aggregation curves of MDH and GAPDH were
independent of the addition of DTT, whereas amyloid formation by S was approximately 2.5-fold
faster (Fig. 3). Normalization of the reduced and oxidized S curves led to a near perfect overlay,
suggesting that the mechanism of aggregation was accelerated, but not altered by redox changes,
thus allowing us to qualitatively compare chaperone activity. Strikingly, while the activity of HSP27
depends on the specific aggregating protein under study, HSP27 is a more effective chaperone
under conditions that favor the release of free monomers.
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Fig. 2: HSP27 monomers are potent chaperones in vitro. The aggregation of MDH and GAPDH (black)
was monitored by light scattering at 340 nm, and seeded amyloid fibril formation by S was monitored by
ThT fluorescence, each in the presence (reduced) and absence (oxidized) of 5 mM BME. The average ±
one SD of three replicates is shown in each case. The y axes were normalized for comparison, and the x
axes were scaled by a factor Tf to normalize time. The Tf values used for each substrate were 5 (a, b), 5 (d,
e), and 170 (g, h). In the case of S, fibrillation when reduced was faster by a factor of two under oxidizing
conditions. Experiments were repeated with either high (≥10 μM) or low (≤1 μM) HSP27. Chaperone activity
is quantified as one minus the ratio of average signal over the time course with and without chaperone
(Methods). The activity of HSP27 is client dependent, although in each case HSP27 showed enhanced
activity under reducing conditions that favor release of free monomers.
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Fig. 3: Effect of oxidation on the aggregation of CS, GAPDH, and MDH and fibrillation of S.
Amorphous aggregation monitored by light scattering at 340 nm versus time for (A) malate dehydrogenase
(MDH), (B) glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and (C) citrate synthase (CS). The
concentrations of the substrates are indicated in the lower-right corner. Red traces are data recorded in the
absence of reducing agent and blue traces correspond to data obtained in the presence of 5 mM reducing
agent (DTT or BME). The buffers contained either 30 mM sodium phosphate, 3 mM EDTA at pH 7 (A, B) or
30 mM sodium phosphate, 3 mM EDTA, and 100 mM NaCl at pH 7 (C). Data were obtained at 40 C (A, B)
or 37 C (C). (D) Fibril formation by -synuclein (S) over time monitored by ThT fluorescence at 485 nm
following excitation at 440 nm. The concentration of S was 200 M and the buffer was phosphate buffered
saline (PBS) at pH 7.4 with data obtained at 37 C. In the traces indicated with “+ seeds”, a small aliquot of
pre-fibrillized seeds (200 M initial concentration) was added. The samples contained either 5 mM DTT or
no reducing agent. The addition of DTT increased the total fibril amount and diminished the initial rate of
fibril formation, perhaps by altering solution conditions, e.g. ionic strength. For all data shown here, the solid
lines represent the average of n = 3 (A, B, D) or n = 2 (C) with error bars representing the standard deviation
from such measurements.

To assess if the dissociation of the dimers, rather than modulation of the oligomers, is the
major consequence of reduction, I used solution-state NMR to examine the CTR, which can
mediate the assembly of sHSPs (Basha et al. 2012, Hilton et al. 2013). As HSP27 oligomers have
an average mass of ca. 500 kDa, only the disordered CTR from
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N-labeled HSP27 can be

observed in a 2D 1H-15N heteronuclear single quantum coherence (HSQC) NMR spectrum
(Cabrita et al. 2016, Christodoulou et al. 2004, Deckert et al. 2016). To quantitatively probe the
local dynamics in this region, I recorded NMR spin relaxation experiments that characterize
motions on the ps-ns timescale (Fig. 4). No significant differences in the conformation or fast
backbone motions were detected between oxidized and reduced forms of HSP27. My combined
native MS and NMR data on the polydisperse ensemble populated by HSP27 demonstrate that
the primary impact of reduction is the release of free monomers.

Fig. 4: Analysis of NMR and mass spectra from full-length, oligomeric HSP27. (Ai) 2D 1H-15N HSQC
spectrum of oxidized (red) HSP27 at 2 mM monomer concentration in 30 mM NaH2PO4, 2 mM EDTA, 2 mM
NaN3, 100 mM NaCl, pH 7.0 at 25 °C. Observed resonances were assigned to residues E178-K205.
Residues with asterisks arise from a minor state that has been ascribed to formation of a cis-G193-P194
peptide bond. The addition of 5 mM BME (blue) had no discernible effect on either the chemical shifts of the
resonances, nor their intensities. (ii) The native electrospray mass spectra of HSP27 in oxidized and
reduced forms (Fig. 1) can be simulated (black) to estimate the underlying distribution of oligomers. The
spectra here can be well explained by assuming the oligomeric distribution follows a Gaussian distribution
with means and standard deviations for (reduced/oxidized) of 233 / 273 and 72 / 82. (B) 15N spin
relaxation data collected on a 14.1 T NMR spectrometer at 25 °C. (i) {1H}-15N NOE, (ii) 15N R1, and (iii) 15N
R2 measurements were acquired and reported here as a function of residue number and redox state. (C)
Reduced spectral density functions were calculated from the 15N relaxation data, yielding three frequencies
of the spectral density function (i) J(0), (ii) J(ωN), and (iii) J(0.87ωH). No significant differences were
observed in the spectral density functions between the two different redox states. It is likely that a
combination of reduced motional freedom and chemical exchange result in the disappearance of residues
prior to E178.
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3.3.2

HSP27 monomers are potent chaperones in vitro that readily self-aggregate

Given the potent chaperone activity of the HSP27 monomer, I sought to characterize the
monomer:dimer equilibrium in more detail. To isolate this equilibrium from higher order oligomer
assembly, I turned to truncated forms that contains only the ACD, termed cHSP27 (Fig. 5a), which
forms dimers whose structures are essentially independent of oxidation state (Baranova et al.
2011, Hochberg et al. 2014, Rajagopal et al. 2015a). In addition to the wild-type cHSP27
sequence, I produced two disulfide-incompetent variants, C137S and H124K/C137S (Clouser &
Klevit 2017). The additional H124K mutation was introduced following the observations of
Rajagopal et al. that determined mutations mimicking auto-protonation of the H124 side-chain can
destabilize the dimeric form (Clouser & Klevit 2017). Native mass spectra of these constructs at 5
μM monomer concentration revealed pure dimers (oxidized), pure monomers (H124K/C137S), or
mixtures of the two (C137S, reduced) (Fig. 5b). This redox-dependent monomerization is
consistent with the major difference I observed in the oligomeric distributions of the full-length
HSP27 (Fig. 1a).
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Fig. 5: cHSP27 monomers are potent chaperones in vitro. (a) The central α-crystallin domain (ACD)
exists as stable dimers in which residue C137 at the dimer interface can access both reduced (blue, PDB
4mjh) and oxidized (red, PDB 2n3j) states. (b) The cHSP27 variants used in this study together with their
native mass spectra at 5 μM, showing the relative populations of monomers and dimers. To generate the
reduced cHSP27 spectrum, 250 μM DTT was added to the oxidized protein. (c) Aggregation of 300 μM αlactalbumin (αLac; black) at 37 °C and (d) 80 μM insulin at 40 °C following the addition of 2 mM DTT, both
monitored by light scattering. The values of Tf are 10 (c) and 0.3 hrs (d). Aggregation of both proteins is
inhibited by C137S (green), reduced cHSP27 (blue), H124K/C137S (purple), and full length HSP27 (empty).
For αLac and insulin, the sHSP concentration was 70 μM and 40 μM, respectively. The traces represent the
average of three experiments with errors bars indicating ± one SD. Under these condition, C137S and
reduced cHSP27 are predominantly dimeric whereas H124K/C137S is monomeric (e) Relative chaperone
activity of the cHSP27 variants from panels (c) and (d), with activity defined as the ratio of the average signal
with and without chaperone. For both substrates, the core domains are chaperone-active, with the
monomeric form exhibiting more activity than the dimer. (f) The self-aggregation of 800 μM C137S and
H124K/C137S was quantified by light scattering at 340 nm at 37 °C over the course of two days. The traces
represent the average of six (C137S) or three (H124K/C137S) experiments with error bars indicating ± one
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SD. Inset: A representative transmission electron microscopy (TEM) micrograph at 40 hours reveals large,
non-fibrillar aggregates of H124K/C137S.

To directly compare the chaperone activity of the cHSP27 dimer and monomer, I assayed
the ability of C137S and H124K/C137S to suppress the aggregation of -lactalbumin (Lac)
(Hochberg et al. 2014) and insulin (Jovcevski et al. 2015), two clients whose aggregation is
initiated by the addition of DTT (Fig. 5b). For both aggregating clients, at a concentration where
H124K/C137S is predominantly a monomer and reduced and C137S are dimers, the monomeric
form (H124K/C137S) is a more active chaperone (Fig. 5b). Reduced cHSP27 and C137S
prevented aggregation nearly identically, further reflecting the similarity between the two dimeric
forms. In the case of insulin, the activity of full-length HSP27 was higher than cHSP27, but Lac
aggregation was inhibited similarly by the two HSP27 forms. These results support that HSP27
exhibits client-dependent chaperone activity to some degree (Mymrikov et al. 2016), and that,
while the ACD can be an active chaperone, other components such as the NTD are also important
for function (Jovcevski et al. 2015). Nevertheless, my results directly show that, against these
aggregating proteins, the monomeric ACD is more active than the dimer.
Interestingly, at elevated concentration (>800 μM) and neutral pH, the H124K/C137S
monomer showed a greater propensity than C137S to self-aggregate. H124K/C137S forms large
amorphous aggregates (Fig. 5f, Fig. 6) that did not display the Thioflavin-T (ThT) binding
characteristic of amyloid fibrils (Fig. 6). In addition, the thermal stabilities of both reduced cHSP27
and C137S were markedly reduced at low concentrations that favor monomer release (Fig. 6).
Taken together, these results suggest that, in addition to being more chaperone active, the
cHSP27 monomer is also kinetically unstable and aggregation prone. I note that self-aggregation
of H124K/C137S was not evident during the chaperone activity assays (Fig. 5), due to the lower
concentrations employed therein.
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Fig. 6: The H124K/C137S monomeric mutant is destabilized and has a significantly heightened
tendency to aggregate. (Ai) 2D 1H-15N HSQC spectra of C137S at 250 μM pH 7 where the protein is
substantially dimeric (green) and pH 5 where it is predominately monomeric (black). The spectrum of
H124K/C137S at pH 7 (purple) closely mimics the monomer, but many peaks are exchange-broadened and
not visible. (ii) Decreasing the total concentration of H124/C137S from 250 μM to 50 μM at pH 7 significantly
increases the relative signal intensities of many resonances, consistent with the stabilization of the
monomeric state. (B i) CD spectra of cHSP27(H124K/C137S) and C137S at 20 μM and pH 7 reveal
increased propensity for disordered conformations in the monomeric mutant. (ii) Enhanced fluorescence in
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the presence of the dye bis-ANS indicates that the H124K/C137S monomer has increased exposed
hydrophobic sites with respect to C137S at pH 7. (C) The thermal stability of cHSP27 shown as a function
of redox state and total protein concentration. (i) Nano-DSF was employed to measure the melting
temperature (Tm) of oxidised (red), reduced (blue), and C137S (green) variants of cHSP27. The protein
concentration varied logarithmically from 1000 μM to 1 μM. Data were measured in NMR buffer (methods)
at pH 7 with 5 mM BME added to the reduced sample. Reduced and C137S cHSP27 showed a marked
reduction in Tm at low concentration where monomers are favored. (ii) The change in Tm is shown as a
function of monomer population for reduced (blue) and C137S (green) cHSP27. A Kd of 0.5 μM is assumed
in these calculations, which was the average values obtained from CPMG RD data sets measured at two
different protein concentrations. The solid line depicts a fit to the equation exp(-k x). (D) Light scattering at
340 nm was monitored as a function of time to observe the self-aggregation of H124K/C137S at high
concentration. At 800 μM, the double mutant is highly aggregation-prone, whereas the C137S is kinetically
stable (Fig 6). By contrast, at 200 μM, the aggregation propensity of the double mutant is substantially
reduced under these conditions (A i, above). No significant fluorescence in the presence of ThioflavinT
suggests that amorphous aggregates are present. (E, F) Transmission electron microscopy (EM) images of
amorphous aggregates of H124K/C137S. In both panels, the scale bar is shown in the lower left corner.

3.3.3

Dynamics at the HSP27 dimer interface are redox sensitive

To obtain insight into the structural rearrangements that trigger the enhanced chaperone activity
and aggregation propensity of the cHSP27 monomer, I turned to solution-state NMR (Fig. 7a).
Backbone NMR chemical shifts from the oxidized

13

C,15N-labeled cHSP27 dimer were assigned

using standard triple-resonance experiments, including 3D HNCO, HN(CA)CO, HNCA,
HN(CO)CA, and CC(CO)NH spectra (Fig. 7b) (Sattler et al. 1999). A quantitative analysis of the
NMR data confirmed that both the secondary structure and hydrogen-bonding network (Fig. 7c)
in my construct were consistent with published structures (Baranova et al. 2011, Hochberg et al.
2014, Rajagopal et al. 2015a).
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Fig. 7: Characterization of cHSP27 by NMR. (A) The assigned 2D 1H-15N HSQC spectrum of 1 mM [U13C,15N]-oxidized cHSP27 at 25 °C, pH 7.0 in 30 mM NaH PO , 2 mM EDTA, 2 mM NaN . Horizontal lines
2
4
3
indicate resonances originating from the same side-chain. (B) 2D 1H-13C strips taken from 3D HNCA (i) and
HNCO/HN(CA)CO (ii) experiments recorded on [U-13C,15N]-oxidized cHSP27 at 1 mM used for resonance
assignments. Correlations in 13C define the sequential relationship between residues (i, red i-1 blue). Strip
plots for residues 130-139 are shown, revealing unambiguous assignment. (C i) TALOS-N-derived
secondary structure of oxidized cHSP27 using 1HN, 15N, 13Cα, 13Cβ, and 13CO chemical shifts. The
secondary structure is displayed above in a ribbon format. The secondary structure of cHSP27 largely
agrees with previously published crystal and solution structures. I note that here the β2 strand near the Nterminus is disordered and the α-helix between the β3 and β4 strands resembles a loop, with some helical
tendencies. (ii) 1H chemical shift temperature coefficients (Δδ1H/ΔT) for oxidized cHSP27. Those below –
4.6 ppb/K (grey line) indicate residues that are solvent-exposed and hydrogen bonded to water, whereas
values above this are suggestive of hydrogen bonding to atoms within the protein. Bars that are outlined in
black are resonances that are highly protected from solvent, and remain observable after exchanging into
99.9% D2O after 40 minutes (Observed in D2O). (D) 2D 1H-15N HSQC spectra of 1 mM samples of oxidized
(red), reduced (blue), or C137S (green) cHSP27 acquired in the presence of 5 mM β-mercaptoethanol
(BME) (for the reduced cHSP27 sample only) and otherwise identical solution conditions (pH 7, 25 °C, buffer
as in A). The relative HSQC peak intensities as a function of residue number for the three samples was
determined, normalized to the C-terminus (K171), which was unaffected by changes in redox state. The
significant attenuation of peak intensity in reduced cHSP27 and C137S could arise from either elevated
solvent exchange or conformational exchange between two (or more) states on the μs-ms timescale.
Elevated 15N R2 values in the in the region encompassing β5 and β6+7, and the loop between them, L 5,6+7
supports the latter.
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The above described NMR data were collected under oxidizing conditions whereby the
ACD dimer is reinforced by an inter-molecular disulfide bond. To assess potential structural and
dynamical changes to the ACD dimer under reducing conditions, 2D 1H-15N HSQC NMR spectra
of oxidized and reduced cHSP27 were recorded at 1 mM, a concentration that favors dimer
formation (Fig. 8). The NMR spectra of cHSP27 in both redox states were highly similar, a finding
that is consistent with the 2.5-Å backbone RMSD between the two forms (Fig. 5a). Moreover, 15N
spin relaxation experiments that probe backbone motions revealed that the ps-ns dynamics in
cHSP27 were essentially unaltered by changes in redox state (Fig. 9). Similarly, I confirmed that
C137S effectively mimics the reduced form, as their NMR spectra revealed very similar CSPs to
the oxidized state (Fig. 8b), apart from the residues immediately adjacent to the C137S mutation.
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Fig. 8: Redox-induced perturbations
to the structure and dynamics of
cHSP27. (a) Overlaid 2D 1H-15N HSQC
spectra of oxidized (red), reduced
(blue), and C137S (green) cHSP27
under identical conditions reveal their
similarity. The only difference in buffer
comprises 5 mM BME added to the
reduced sample. Significant CSPs are
indicated with arrows. (b) CSPs for
individual residues between reduced (i)
or C137S (ii) and the oxidized state
reveal differences that localize to the β5
and 6+7 strands. The resonance from
C137 was broadened beyond detection
in reduced cHSP27 (cyan). Proline
residues that do not contribute to this
spectrum and unassigned residues are
indicated. (c) Where Rex, approximated
here as the difference in R2,eff at the
lowest and highest CPMG pulse
frequencies in 15N CPMG experiments,
is greater than zero, there is motion on
the μs-ms timescale. Residues in the
vicinity of L5,6+7 show large Rex values in
oxidized, reduced, and C137S cHSP27.
The motion extends into the β5 and
β6+7 strands for reduced and C137S
cHSP27. (d) Rex values > 2 s-1 are
mapped onto the structure of cHSP27
(PDB 4mjh), indicating that residues
with slow dynamics cluster near the
dimer interface.
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Fig. 9: 15N spin relaxation experiments probe fast dynamics in reduced and oxidised cHSP27. (A)
Data acquired for a model-free analysis of ps-ns dynamics in oxidised cHSP27. (i) {1H}-15N NOE recorded
at 14.1 T (600 MHz 1H Larmor frequency), (ii) 15N R1 data recorded at 11.7 T (500 MHz; open circles) and
14.1 T (closed circles), and (iii) 15N R2 data recorded at 11.7 T and 14.1 T at 25 °C. (B) 15N R1, 15N R2, and
heteronuclear NOE data acquired at 11.7 and 14.1 T were used to calculate (i) generalized order parameters
(S2), (ii) effective local correlation times (τe), and (iii) exchange contributions to R2 (Rex) for backbone H–N
bond vectors. An axially symmetric diffusion tensor (Dpar/Dperp = 1.52) was used; the determined τc was
13.65 ns (see Methods). (C) Comparison of 15N relaxation measurements on 1 mM [U-13C,15N]-oxidised
(red) and reduced (blue) cHSP27. (i) {1H}-15N NOE, (ii) 15N R1, and (iii) 15N R2. All data were recorded at
14.1 T and 25 °C. The open circles in panel (iii) correspond to resonances that were too broad to accurately
quantify R2 rates, suggestive of chemical exchange on the μs-ms timescale in this region (β6+7 strand). (D)
Calculation of reduced spectral density functions from the data in panel (C) enables a comparison of fast
(ps–ns) and slow (μs–ms) dynamics in reduced and oxidised cHSP27, and provides the spectral density
function at three frequencies, (i) J(0.87ωH), (ii) J(ωN), and (iii), J(0). (E) Crystal and NMR structures of
reduced (blue, PDB 4mjh) and oxidised (red, PDB 2n3j) cHSP27 dimers are highly similar (backbone RMSD
of 2.5 Å). (F) S2 and τe values are mapped onto the structure of oxidised cHSP27 (PDB 2n3j). Low (high) S2
values are encoded by a large (small) tube radius and τ e values are indicated by a color gradient from red
(high) to blue (low). (G) 15N R2/R1 ratios for oxidised cHSP27 plotted as a function of the angle between a
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given N-H bond vector and the principal component of the cHSP27 diffusion tensor. These calculations used
the X-ray structure of cHSP27 (PDB 4mjh), and the parameters were used for the local correlation time
calculation (see B).

Although the structure of the underlying dimer (Hochberg et al. 2014, Rajagopal et al.
2015a) and fast backbone dynamics were redox-independent, when comparing either reduced or
C137S to the oxidized form of cHSP27, the NMR signal intensities for residues in the vicinity of
the dimer interface were substantially reduced (Fig. 7d), with elevated

15

N transverse relaxation

rates (Fig. 9c). These observations demonstrate that reduction of the disulfide bond leads to
dynamics on the μs-ms timescale near the dimer interface of cHSP27. Conformational fluctuations
between multiple states on this timescale can be characterized using CPMG RD NMR
spectroscopy experiments (Baldwin & Kay 2009, Palmer et al. 2001), which employ a variable
pulse frequency, νCPMG, to measure effective transverse (R2) relaxation rates (Carver & Richards
1972, J. Patrick Loria et al. 1999, Tollinger et al. 2001). The relative populations of the states that
are interconverting (pG, pE), their rate of interconversion (kex), and the chemical shift differences
(|Δω|) associated with the structural changes can be obtained through quantitative analysis of
CPMG RD data.
With 15N CPMG RD, I observed motions on the μs-ms timescale in the β5, L5,6+7, and β6+7
regions of reduced cHSP27 and C137S, with oxidized cHSP27 only exhibiting motions in L5,6+7
and near the disulfide bond (Fig. 8c, Fig. 8d, Fig. 10). H124K/C137S was insufficiently stable to
perform the CPMG RD measurements (Fig. 5f). To allow us to characterize the motions in detail I
collected an extensive set of CPMG RD data on C137S spanning multiple temperatures (25, 30,
and 35oC), concentrations (0.3 mM and 1 mM), and magnetic field strengths (11.7 and 14.1 T)
(Fig. 10). The dispersions were consistent with a global, two-state exchange between the
principally populated dimer and a sparsely populated, but partially disordered monomeric state
(Fig. 10, Fig. 11c iii). From the CPMG RD data, I calculated a Kd for the C137S monomer-dimer
equilibrium of 0.5 μM (Fig. 10), a result qualitatively consistent with results obtained by native MS
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(Fig. 5b). Activation and thermodynamic parameters of the monomer-dimer inter-conversion were
obtained by analyzing the variation in CPMG RD data with temperature. Dissociation of the dimer
was endothermic, consistent with a disruption of stabilizing interactions, and entropically favored,
consistent with an increase in structural disorder. The transition state for dissociation was more
disordered than the dimer as evidenced by a positive activation enthalpy and entropy (Fig. 10).

(Figure 10 is located on the next page)
Fig. 10: μs-ms motions in oxidised, reduced, and C137S cHSP27 characterized using CPMG
relaxation dispersion (RD) NMR methods. 15N CPMG RD data were acquired at 11.7 and 14.1 T over a
range of temperatures (25, 30, 35 oC) and concentrations (0.3 and 1 mM). CPMG RD curves were globally
fit to a model of two-site chemical exchange using CATIA. (A) In a 1.5 mM sample of oxidised cHSP27,
residues R136, C137, and F138 yielded 15N CPMG RD curves that were not well explained by the
thermodynamic parameters used to fit the group of residues in L5,6+7 (Fig 3). Analyzing R136, C137, and
F138 as a group yielded kex = ~3200 s-1 with pB = ~1 %. Such motions likely arise from gauche-trans rotations
of the inter-molecular disulphide bond. (B) The 15N chemical shift differences from C137S obtained from a
global analysis of 15N CPMG RD data at 25 oC. (C-F) 15N CPMG RD data for G122 (C), C137/S137 (D),
H124 (E) and S135 (F) in oxidised (red), reduced (blue) and C137S (green) cHSP27. Note that the
resonance for C137 in the reduced state is too broad to yield reliable measurements. These residues are
representative of the major secondary structural elements (β5 and β6+7 strands). Residues in the loop
between them (L5,6+7) are shown in Fig 3. CPMG RD curves at 600 MHz, 1 mM and 25 oC (i) reveal the
similarities in dynamics between reduced cHSP27 and C137S. For C137S, the variation of the curves with
concentration (ii 1 mM and 0.3 mM) field strength (iii 11.7 and 14.1 T) and temperature (iv 25 oC, 30 oC and
35 oC) are shown. These data were analyzed globally using CATIA to simultaneously provide local chemical
shift differences and global thermodynamic and kinetic parameters. (G i) Correlation between CPMG RDderived 15N chemical shift changes for C137S and reduced cHSP27. The RMSD and number of residues
are listed. Note that CPMG RD data on reduced cHSP27 were available at only one magnetic field strength
(14.1 T), whereas two magnetic field strengths were used to fit the C137S data (14.1, 11.7 T). However, the
overall similarity between the two datasets (G i, C-F) confirms that C137S mimics the reduced state. Inset:
the number of residues with Rex > 2 s-1 at 14.1 T, where Rex is the difference in R2,eff at the lowest and highest
CPMG pulse frequencies. (ii) Kinetic parameters derived from the concentration-dependent CPMG RD data
shown above for C137S. kon refers to the association rate of monomers (M-1 s-1) and koff to the dissociation
rate of C137S dimers (s-1) at 25 oC. See the text below for mathematical descriptions of their derivations.
(iii) Temperature variation in the kinetic and thermodynamic parameters reveals activation and thermal
properties of the exchange process.
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Similar to reduced cHSP27 and C137S, oxidized cHSP27 exhibited μs-ms dynamics in
L5,6+7 (Fig. 11a iii, Fig. 10), but motions were not observed in β5 or β6+7. Detailed analysis revealed
that the motions in L5,6+7 involve unfolding of the loop, thereby disrupting the intermolecular salt
bridge between D129 in L5,6+7 and R140 in β6+7 from the adjacent monomer (Fig. 11b), an orderto-disorder transition on the μs-ms timescale that is independent of oxidation state. In addition to
the local unfolding of L5,6+7, the oxidized form of cHSP27 showed μs-ms motions in the vicinity of
residue C137 on a faster timescale, consistent with isomerisation of the disulfide bond (Fig. 10).
3.3.4

Partially disordered monomers of cHSP27 characterized by RD NMR

Given the increased chaperone activity of the monomeric ACD (Fig. 5b, 5c) I pursued a structural
characterization of the C137S monomer. While unable to observe the C137S monomer directly,
the

15

N chemical shift differences obtained from the CPMG RD experiments (|Δω|) report on the

structure of the monomeric state. The |Δω| values that I obtained indicate that residues at the
dimer interface (β6+7, L5,6+7) adopt ‘random-coil-like’, disordered conformations (Fig. 11c iii).
Consistent with this finding, I observed that the H124K/C137S monomer displayed characteristics
of a partially disordered protein, as evidenced by its 2D 1H-15N HSQC spectrum, circular dichroism
spectrum, and bis-ANS (4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid) fluorescence (Fig. 6).
While the majority of the molecule retains its fold upon monomer release, as noted by small |Δω|
values (Fig. 10b), residues in L5,6+7 and 6+7, the region responsible for the dimer interface,
become disordered.
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Fig. 11: Relaxation dispersion reveals partial unfolding upon transient monomer formation. 15N
CPMG RD experiments quantify μs-ms motions in oxidized (red), reduced (blue), and C137S (green)
cHSP27. Fitted curves from a global analysis are shown as solid lines. Significant CPMG RD curves were
observed in the β5 strand (a), L5,6+7 loop (b), and the β6+7 strand (c). Redox-independent motions were
observed in L5,6+7, which arise from unfolding of the loop, whereas only the non-covalent dimers in C137S
and reduced cHSP27 show motions throughout β5 and β6+7. (d i) CPMG RD-derived 15N chemical shift
changes in C137S (||) plotted onto the structure (PDB: 4mjh) revealing significant changes that are
localized to L5,6+7 and the β5 and β6+7 strands. (d ii) The 15N | | values in L5,6+7 are similar in both C137S
and oxidized cHSP27, and correlate with those expected for a transition to a random coil, indicating
unfolding of L5,6+7 that is independent of oxidation state. In L5,6+7, D129 forms an intermolecular salt bridge
with R140 from an adjacent subunit, and the amide nitrogen from E130 forms a hydrogen bond with the
carbonyl of D129 within the same subunit. (d iii) 15N | | values in L5,6+7 and β6+7 upon monomerization
are compared to the changes expected for random coil formation. The agreement is reasonable, indicating
the monomer is substantially disordered in these regions. Outliers are indicated and mainly residue in the
end of β6+7.
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3.3.5

High pressures and acidic conditions enable direct detection of the cHSP27
monomer

While CPMG RD enables a direct characterization of the HSP27 monomer under near
physiological conditions, its low population (ca. 1.5% free monomer at 1 mM total monomer
concentration) renders further high-resolution analysis challenging. I thus sought to stabilize the
monomeric fold in order to directly observe it by NMR. A well-resolved resonance (G116) provided
a straightforward marker for distinguishing between the monomeric and dimeric states. Two
resonances from this residue were observed in slow exchange at low concentrations for reduced
cHSP27 and C137S (Fig. 12), and the |Δω| between the two resonances (1 ppm) matched the
value obtained from the CPMG analysis. Following the intensities of these resonances allowed us
to determine a Kd for C137S of 0.7 μM, a value consistent with the CPMG analysis. Similarly, the
concentration dependence of the intensity of the G116 monomer and dimer resonances for
H124K/C137S revealed an increase in the Kd by 3 orders of magnitude to ca. 1.1 mM.
To preserve the monomeric form at sufficiently high concentrations to render it amenable
for atomic-resolution characterization by NMR spectroscopy, increased hydrostatic pressure
(Akasaka 2006) was employed. NMR spectra of 200 μM C137S as a function of pressure from 1
bar to 2500 bar were recorded at pH 7 in a baroresistant buffer (Quinlan & Reinhart 2005) whose
pH does not change with pressure. These spectra revealed a shift in the equilibrium from folded
dimer at low pressure to entirely unfolded monomeric C137S at high pressure (Fig. 12a, Fig. 13)
via an intermediate species that was maximally populated at 1600 bar (Fig. 12b, Fig. 12c, Fig. 13).
The variation in populations of dimer, monomer, and unfolded monomer as a function of pressure
were explained quantitatively by a three-state linear equilibrium model (Fig. 12b).
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Fig. 12: High pressure and low pH stabilize the cHSP27 monomer. (a) NMR spectra of C137S,
focusing on residue G116 as a function hydrostatic pressure, pH, and concentration. Shown here
are (i) increasing pressures at pH 7 in a baroresistant buffer, (ii) increasing pressures in phosphate
buffer at pH 6.8 at 1 bar, with the pH of phosphate buffer varying with pressure and decreasing by
ca. 1 unit over 2 kbar, (iii) decreasing pH at 1 bar, and (iv) decreasing concentration at pH 7 at 1
bar. Resonances from the dimer (green), monomer (purple), and unfolded (black) state are readily
distinguishable. Decreasing concentration and increasing either pH or pressure favor the
monomer over the dimer. At pressures greater than approximately 1.5 kbar, the unfolded form
becomes the principally populated state. (b) Variations in NMR signal intensities with pressure
from four residues that were unambiguously assigned in all three conformations were well
explained (solid lines) by the quantitative 3-state equilibrium model shown. (c) The Kd for
dimerisation is shown as a function of pressure (black), pH (purple), and a combination of the two,
acquired in phosphate buffer, where the pH of the buffer varies with pressure (grey). (d) The threestate mechanism of C137S dimer dissociation, where pH and pressure favor the partially
disordered monomer, before ultimately the monomers completely unfold.
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Fig. 13: NMR spectra of C137S as a function of pressure. (A) 2D 1H-15N HSQC spectra of 2H,13C,15Nlabeled C137S at 200 M, pH 7, 25 °C, as a function of hydrostatic pressure. Peaks from the dimer are
colored green, the monomer purple, and the unfolded monomer black. Minor peaks from the intermediate
monomeric state are evident in the 1200 bar spectrum. The pressure-induced unfolding of C137S is
reversible, as demonstrated by the recovery of the folded spectrum at 1 bar after 2500 bar. The minor peaks
in the spectrum at 2500 bar arise from cis-Pro formation at the seven X-Pro bonds in C137S. (B) Zoomedin region from panel (A) showing the multiple resonances from G116: monomer (G116M), dimer (G116D),
and unfolded (G116U). Panels (i) and (iii) depict data from oxidised cHSP27 as a function of pH and
pressure, respectively, and panels (ii) and (iv) contain the corresponding data from C137S. (C) Three-state
fit to the data recorded as a function of pressure at a constant pH value. See Figure 5b for the same fit
performed on a sample in phosphate buffer, which varies pH with pressure. (D) Same as (C), but for oxidized
cHSP27 in phosphate buffer.
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Volumetric changes upon application of pressure were obtained, together with the
equilibrium constant of monomer unfolding, Ku, at 1 bar, revealing a free energy difference (ΔuG)
of 5 ± 0.4 kJ mol-1 between the monomer and unfolded species at 1 bar and pH 7. The Kd for
dimerization increased ten-fold at 1600 bar (Fig. 12c, Fig. 13), and was further increased by three
orders of magnitude upon lowering from pH 7 to 5 at 1 bar (Fig. 12a). I was able to combine the
effects using a phosphate buffer whose pH decreases with pressure, to maximally stabilize the
monomeric form of C137S (Fig. 12b ii). By contrast, no significant change in the spectrum of
oxidized cHSP27 was observed with pH, consistent with its adoption of a rigid dimer (Fig. 13b i).
Interestingly, however, the oxidized protein still undergoes pressure-induced unfolding (Fig. 13b,
Fig. 13c), with the unfolding pressure shifted by about +200 bar relative to the C137S dimer.
While the C137S monomer aggregated under acidic conditions at elevated protein
concentrations, it remained stable up to 100 M at pH 4.1 at 1 bar (Fig. 14). The monomeric nature
of this sample was confirmed by NMR translational diffusion measurements (Fig. 14a) wherein
the monomeric state diffused ca. 20% faster than the dimer. Triple-resonance NMR spectra for
backbone resonance assignments of the monomer were acquired under these conditions (Fig.
15a). All observable HN, N, C, and CO nuclei were assigned (Fig. 14c, Fig. 15a) and resonance
assignments were transferred to a 2D HSQC spectrum obtained at 20 M concentration, pH 4.5.
Similar to observations by CPMG RD, the largest CSPs relative to the C137S dimer fell in L 5,6+7
and 6+7 (Fig. 14e, Fig. 15b i, Fig. 16). A reasonable correlation was observed (RMSD 1.6 ppm,
Fig. 15d, Fig. 15e) when the 15N chemical shift differences from CPMG RD acquired at pH 7 were
compared to those measured directly at pH 4.5, indicating that the monomeric conformation is
similar in both cases. Further confirming their structural similarity despite a nearly ~3 unit change
in pH, minor resonances from the monomeric protein could be observed in a sample of C137S at
20 M at pH 7, and the observed monomeric chemical shifts were close to the values obtained
directly under acidic conditions (Fig. 14c, Fig. 15a). I transferred the majority of resonance
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assignments from the C137S monomer at pH 4.1 to the H124K/C137S monomer at pH 7 (Fig.
14e). The CSPs between the C137S dimer and H124K/C137S monomer were consistent with
those determined for the dimer-to-monomer transition at low pH (Fig. 14e, Fig. 14f), further
confirming that the H124K/C137S monomeric variant resembles the C137S monomer that is
present predominantly at low pH, but also transiently at neutral pH.
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Fig. 14: Comparison of the monomer directly observed at low pH to that observed with CPMG RD at
pH 7. (A) The Kd for C137S dimer dissociation shown as a function of pH. Note that the Kd is raised by over
four orders of magnitude upon lowering the pH from 7 to 5. (B) NMR pulsed field gradient (PFG)-based
translational diffusion measurements on the C137S dimer at pH 7 (green) and monomer at pH 4.1 (purple)
confirm that the sample at acidic pH is indeed monomeric. The diffusion constant for the monomeric sample
is ca. 25% larger than the dimer, consistent with theoretical expectations. (C) Assigned 2D 1H-15N HSQC
spectrum of the C137S monomer at pH 4.5 and 20 M total protein concentration. Resonance assignments
were transferred from data collected at pH 4.1 and 100 M total protein concentration. The sample
aggregates under acidic conditions at elevated protein concentration. Regions indicated (i) to (vi) contain
zoomed-in views of the spectrum of the C137S monomer (purple) and dimer (green) at identical total protein
concentration. Minor peaks from the C137S monomer at pH 7 are observable under these conditions, as
the monomer-dimer equilibrium exists in slow exchange. The close correspondence between C137S
monomer resonances at pH 7 and pH 4.5 indicates that the overall structures are similar. The grey
resonances arise from the major dimer peaks in the pH 7 sample. (D) To identify the conformation of the
dissociated, free monomer, four hypotheses were tested by comparing the expected (ShiftX2) or measured
(experimental) chemical shifts to those obtained from CPMG measurements under physiological conditions.
15N |Δω| values were calculated for all residues (n=74, see Methods) using the CPMG RD data acquired at
multiple fields at 25 oC and 1 mM protein concentration. (i) Hypothesis 1: the conformation of the monomer
is essentially identical to its conformation in the dimer. (ii) Hypothesis 2: the conformation of the monomer
is fully unfolded. The correlation between is relatively poor, indicating that the monomer retains (at least
some) structured elements. (iii) Hypothesis 3: the conformation of the monomer is partially unfolded in the
regions L5,6+7 and β6+7. This reasonable correlation indicates that this region of C137S has likely unfolded
in its monomeric state. (iv) Hypothesis 4: the conformation of the monomer at pH 7 is similar to the species
directly observed at acidic pH and dilute protein concentrations. The reasonable correlation between the
CPMG chemical shift changes and those measured directly from the stabilized intermediate supports this
hypothesis. In addition, the observed chemical shifts of the monomer at pH 7 (see A, above) further support
this notion. Some of the outliers on this correlation plot are due to ionization at low pH, as revealed by some
15N chemical shift changes between pH 4.1 (green) and pH 4.8 (red) (e.g. D93). Only the handful of
resonances that showed 15N chemical shift changes between pH 4.1 and pH 4.8 are indicated here. As
compared to pH 7, His residues (pKa ~ 6) will become protonated and Asp/Glu residues will depend on their
local pKa values (pKa ~3.8-4.1). The resonance from D93 shows a large, pH-dependent 15N chemical shift
change in the 4.1 – 4.8 range. Other residues near His (e.g. H90, H103, H124, H131) may show 15N
chemical shift changes closer to pH 6 and above. (E) Comparison of the C137S dimer at pH 7 to the C137S
monomer at pH 4.5 and the H124K/C137S monomer at pH 7. (i) Combined, weighted 1H and 15N CSPs
between (green) the C137S dimer at pH 7 and C137S monomer at pH 4.5 and (purple) the C137S dimer at
pH 7 and H124K/C137S monomer at pH 7. Resonance assignments for the H124K/C137S monomer were
obtained by transferring those from the fully assigned C137S monomer at pH 4.5, yielding 56 assignable
resonances. In general, the pattern of CSPs between the C137S dimer and H124K/C137S monomer
resemble those for the C137S dimer (pH 7) and C137S monomer (pH 4.5). Differences are observed near
H90, H103, and H124, which either have fully protonated side-chains that affect the backbone N-H chemical
shift (H90, H103) or have been mutated and thus resonate in a new position (H124). (ii) Comparison of 15N
|| values measured on C137S by CPMG RD, which report on monomer-dimer structural transitions, and
15N || values between the C137S dimer and the C137S monomer at pH 4.5 (green) or H124K/C137S
monomer at pH 7 (purple). The directly observed values were obtained through comparison of HSQC
spectra. The RMSD and number of analyzed residues are indicated in the legend.

3.3.6

Structural and dynamical characterization of the partially disordered cHSP27
monomer

To characterize the monomeric state of C137S structurally, I used the observed chemical shifts to
determine -strand formation in the C137S dimer and monomer using the chemical shift (Hafsa &
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Wishart 2014) and random coil indices (CSI, RCI, Fig. 15b ii, Fig. 16g). The raw chemical shift
differences and secondary chemical shifts are shown in Fig. 16c-f. This analysis confirmed that,
while the disordered L5,6+7 spans from Q128 to Q132 in the dimer, it becomes substantially
elongated in the monomer and includes residues between K123 and S137, thereby shortening the
5 and 6+7 strands. Notably, the second half of the 5 and first half of the 6+7 strands are not
formed in the monomer, implying that these regions fold upon dimerization. In addition, 1H
chemical shift temperature coefficients were measured, which revealed a significant loss of
hydrogen bonding near the interfacial region of the monomer (Fig. 16b)
Finally, I recorded the {1H}-15N heteronuclear nuclear Overhauser effect (hetNOE) for each
backbone H-N spin pair in the monomer and the dimer, which allowed a direct comparison of fast
motions on the ps-ns timescale (Kay et al. 1989). In the monomer, residues including L5,6+7, the
C-terminal portion of 5, and the N-terminal portion of 6+7 were highly dynamic (Fig. 15b iii, Fig.
16a, Fig. 16h), consistent with the random-coil-like chemical shifts observed in this area by CPMG
at pH 7 and directly at pH 4.1. The rigid dimer interface in cHSP27 therefore partially unfolds and
becomes highly dynamic in the monomeric state.
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Fig. 15: Structural and dynamical characterization of the partially disordered cHSP27 monomer. (a)
i. Overlaid NMR spectra of C137S at 20 μM and pH 7 (green) where it is predominantly dimeric or pH 4.5
(purple) where it is monomeric. The 1D projection onto the 1H dimension reveals significant disorder in the
monomer. Insets: minor resonances observable in the pH 7 sample correspond to the directly observed
monomer species at pH 4.5. D/M corresponds to dimer/monomer, respectively. (b i) Combined and
weighted 1H, 15N chemical shift perturbations (CSPs) between the C137S dimer at pH 7 and monomer at
pH 4.5. (ii) -strands in the C137S monomer (purple) and dimer (green) as identified by RCI (Berjanskii &
Wishart 2006). (iii) {1H}-15N NOEs for the C137S dimer and monomer. (c) The ACD monomeric fold from
PDB 4mjh with the difference (dimer-monomer) in {1H}-15N NOE values (tube thickness) and CSPs (color).
(d) Inherited mutations that are implicated in the onset of CMT or dHMN disease are indicated in the ACD
of HSP27. The mutations cluster to the regions that become solvent exposed upon monomer formation and
tend to lower the charge density in the region. (e) Overlaid dimer structures of human HSP27 (PDB 4mjh),
human B-crystallin (PDB 4m5s), bovine A-crystallin (PDB 3l1f), and rat HSP20 (PDB 2wj5) are shown in
ribbon format for one subunit of each dimer, and indicate the highly conserved fold of vertebrate ACDs. The
second subunit of HSP27 is shown in cartoon format. Highly conserved residues among human sHSPs
(HSPB1-HSPB6) are shown as spheres with the same color format as (d). (f) The combined results from
the CPMG RD and high pressure NMR experiments allow us to propose a hierarchical mechanism for
monomer formation. The oxidized, reduced, and C137S forms of cHSP27 exhibit similar dynamics in L 5,6+7
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and form a disordered loop. In the absence of a disulfide bond, this motion in L5,6+7 propagates, resulting in
the eventual unfolding of the β5 and β6+7 strands in the free monomer.

Fig. 16: Structural and dynamical comparison of the C137S monomer and dimer. (A) The difference
in {1H}-15N NOE values between the C137S monomer and dimer (monomer-dimer). Negative values indicate
enhanced backbone dynamics in the monomeric state. (B) The difference in 1H chemical shift temperature
coefficients (1H/T) for the C137S monomer and dimer (monomer-dimer). More negative values indicate
a progressively lower likelihood that a given amide proton is involved in a hydrogen bond to other atoms in
the protein. The region that comprises the dimer interface shows many residues with a lower likelihood of
hydrogen bond formation, consistent with the less secondary structure. Residues G147-K171 show very
little differences between the monomer and dimer. (C) and (D) show the absolute value of the difference in
13C (C) and 13CO (D) chemical shifts for the C137S monomer and dimer. From G147 to K171, there are
essentially no structural differences between the C137S monomer and dimer, indicating that the dimeric
conformation is preserved in this region. Notably, these residues yield small 15N |Δω| values in the CPMG
RD experiments at pH 7. (E, F) Secondary chemical shifts (), or the difference between the measured
chemical shift for a given nucleus within a residue and the same nucleus in a random coil conformation, are
shown for 13C and 1HN. A value of zero indicates a random coil conformation, and positive or negative
values indicate secondary structure, with the sign and magnitude depending on the nucleus and secondary
structure element. Secondary structure motifs of the cHSP27 dimer, as determined from PDB 4mjh, are
shown above for reference. (G) RCI-determined N-H S2 values for the C137S dimer (green) and monomer
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(purple). (H) {1H}-15N NOE values for the C137S monomer (purple) and dimer (green). The data in Figure
15 b iii are truncated at 0, whereas here the full data are shown.

3.4

Discussion

The function and monomerization of the molecular chaperone HSP27 is regulated by its redox
state through an inter-dimer disulfide bond (Chalova et al. 2014a, Diaz-Latoud et al. 2005,
Pasupuleti et al. 2010). Here, I identified the important role of monomerization in regulating the
chaperone activity of HSP27 (Fig. 1, Fig. 2, Fig. 5) and determined the structural basis for this
regulation (Fig. 8, Fig. 11, Fig. 15). Remarkably, the oligomeric distribution and ps-ns dynamics
within the flexible CTR in the context of full length HSP27, and both the structure ps-ns dynamics
of cHSP27 dimers were invariant to formation of the disulfide bond in the dimer interface.
Reduction of full-length HSP27 and cHSP27 leads predominantly to the release of the free
monomers (Fig. 1b). I observe enhanced chaperone activity in vitro against multiple aggregating
proteins when I increase the quantity of free monomers (Fig. 1, Fig. 2, Fig. 5), which was achieved
by manipulating the full-length HSP27 concentration to favor monomer release and by comparing
monomeric and dimeric ACDs of HSP27. I note that the core domains do not entirely recapitulate
the activity of the full-length chaperone. In the case of insulin, the activity of the full length
chaperone was significantly greater than the ACDs, likely suggesting an important role for the
NTD of the protein in chaperone activity (Jovcevski et al. 2015), whereas against Lac, both
monomeric and dimeric ACDs were more efficient chaperones than the full-length protein.
Although in general, the specific activities of HSP27 and cHSP27 vary depending on the specific
choice of aggregating protein (Mymrikov et al. 2016), from direct comparisons between the
monomeric ACD mutant H124K/C137S and the dimeric ACD (C137S and wild-type) (Fig. 5), I
conclude that the monomeric ACD is a significantly more effective chaperone than the dimer
against the aggregating proteins presented in this work.
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Using a combination of CPMG RD and high pressure NMR, I established that the
monomeric ACD of HSP27 partially unfolds upon dissociation (Fig. 10, Fig. 11, Fig. 12, Fig. 13),
such that the region responsible for the rigid interface in the dimer becomes highly dynamic. I can
attribute the difference in activity between the monomeric and dimeric forms to this structural
rearrangement. The link between heightened disorder and enhanced activity have been previously
observed for B-crystallin (ABC). Under acidic conditions (pH 2.5), ABC exists as a predominantly
unfolded monomer, where it can prevent the aggregation of 2-microglobulin (Raman et al. 2005).
Moreover, unstructured peptides from both ABC and A-crystallin (AAC), including an 8-mer
comprising the 6+7 strand, are able to prevent substrate aggregation (Ghosh et al. 2005) and
can interact with actin (Ghosh et al. 2007). Consistent with these observations, both the acidinduced unfolding of HdeA and HdeB (Tapley et al. 2009) and the oxidation dependent unfolding
of HSP33 (Groitl et al. 2016) heighten the anti-aggregation activity of these molecular chaperones.
Similarly, the homodimeric chaperone CesAB exists in a molten globule-like state with only
residual helical structure (Chen et al. 2011), but undergoes a disorder-to-order transition upon
binding to its substrate (Chen et al. 2013). More generally, the plastic nature of intrinsically
disordered proteins (IDPs) is thought to aid their ability to bind a wide variety of partners (Demarest
et al. 2002, Ferreon et al. 2013, Shammas et al. 2014, Sugase et al. 2007) via specific, yet
transient interactions (Wright & Dyson 2014). It is interesting to speculate that the same
mechanism for rapid, promiscuous recognition of binding partners by IDPs is responsible for the
heightened activity of partially unfolded chaperones. Recent reports have indicated that HSP27
interacts with substrates S and Tau in a dynamic, transient manner (Baughman et al. 2018).
Interestingly, many of the residues that are unfolded in the HSP27 monomer are charged or polar
(Fig. 15d), suggesting that electrostatics may play a significant role in substrate-recognition (Fu et
al. 2014), in addition to hydrophobic interactions (Carver & Lindner 1998). This situation is similar
to the electrostatically mediated binding for the molecular chaperone Spy (Koldewey et al. 2016,
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Salmon et al. 2016), but contrasts with the chaperones that predominantly recognize exposed
hydrophobic residues such as SecB (Huang et al. 2016), trigger factor (Saio et al. 2014),
DnaK/HSP70 (Rosenzweig et al. 2017), and ClpB/HSP100 (Rosenzweig et al. 2015).
My CPMG RD data inform on a specific mechanism for monomer release. The loop L 5,6+7
located at the dimer interface of HSP27 undergoes redox-independent motions on the ms
timescale, and exists in a minor conformation that is unfolded (Fig. 11). When the disulfide bond
is present, the local unfolding does not propagate further. However, in the reduced form and
C137S variant, the disordering process extends, on the same timescale, into both the end of the
β5 and beginning of the β6+7 strands, effectively destabilizing the interface and facilitating
monomer release (Fig. 15). Given the conservation of sHSP residues in L5,6+7 (Figure 15, Fig. 17)
and the previously observed ms motions in this region of cABC (Mainz et al. 2012, Rajagopal et
al. 2015b), transient unfolding of L5,6+7 and the adjacent strands upon monomerization is likely a
common property of mammalian sHSPs.
I analyzed the positions of 28 mutations in HSP27 that cause either CMT or dHMN (Fig.
15a), including the 17 missense mutations that reside in the ACD (Nefedova et al. 2015). My
structural and dynamical analysis of the cHSP27 monomer reveals that 14 of the 17 mutations in
the ACD are located in or near the disordered region within L5,6+7 and the β5 and β6+7 strands.
As previously noted, a number of these mutations cluster to the ACD dimer interface. My NMR
data further reveal that the mutations that occur in regions beyond the dimer interface,
predominantly fall in regions that are highly disordered in the monomer, suggesting that the
behavior of the monomer is important for understanding the molecular bases of CMT disease and
dHMN (Nefedova et al. 2015). Such significance could manifest perhaps in terms of altered
activity, abundance, or through causing uncontrolled self-aggregation (Fig. 5).
While certain mutations decrease chaperone activity, some disease-related HSP27
variants that are more monomeric (e.g. R127W, S135F) exhibit significantly elevated chaperone
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activity both in vitro and in vivo (Almeida-Souza et al. 2010, 2011), with increased affinity for
substrate proteins (e.g. R140 mutation) (Koteiche & Mchaourab 2006). Conversely, diseaserelated mutants that did not impact monomerization have shown either no change (T151I) or a
decrease (P182S/L) in activity (Almeida-Souza et al. 2010, 2011; Chalova et al. 2014b). Recent
in vitro work on CMT-related HSP27 variants has demonstrated that ACD mutations can both
enhance the dissociation of oligomers into smaller species and increase the overall size of the
oligomers (Elliott et al. 2013, Nefedova et al. 2013, Weeks et al. 2018). As the concentration of
HSP27 in healthy human cells under basal conditions should be in the high nM to low M range
(Nagaraj et al. 2014), free monomers would therefore be readily populated. These observations
suggest that the strength of the monomer/dimer interface, and the monomer/dimer/oligomer
equilibria are important factors for understanding neuropathies associated with variants of HSP27.
In light of my findings, I hypothesize that partial unfolding of sHSP ACDs upon monomer
release may be a general feature of this class of chaperone. A recent study of cABC showed that
the chemical shift changes upon monomer formation are larger for residues located at the dimer
interface (Rajagopal et al. 2015b). I analyzed the data and found a strong correlation between 15N
chemical shift changes in cABC upon monomer formation with those expected for the formation
of a random coil (Fig. 17). More generally, the dimeric structure and sequence composition of
residues at the ACD dimer interface are highly conserved in the mammalian sHSPs HSP27, ABC,
AAC, and HSP20 (Fig. 15e, Fig. 17). These results suggest that partial unfolding of monomers
upon dissociation is a common property of human sHSPs and that the dimeric building block of
sHSP oligomers is assembled first through partly unfolded monomers. Odd-numbered sHSP
oligomers (Baldwin et al. 2011), as encountered in both human sHSPs ABC and HSP27, will have
at least one monomer without a complete dimer interface, indicating that the unstructured
monomer can also exist within larger oligomers. Interestingly, for the related ABC, I observed that
the dimeric form was more chaperone-active than the monomer, particularly for an amyloidogenic
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substrate (Hochberg et al. 2014). These differences between the two sHSPs could reflect their
contrasting substrate profiles (Mymrikov et al. 2016), or multiple binding modes (Mainz et al.
2015).

Fig. 17. The human paralog αB-crystallin (ABC) likely also adopts a partially disordered
conformation in its monomeric form. (A/B) 15N chemical shift changes that were measured by CPMG
(C137S and cABC) or directly from a pH titration (cABC) are correlated with expected 15N chemical shift
changes upon the formation of random coil conformations. The ncIDP database was used to calculate
sequence-corrected 15N random coil chemical shifts, shown here as the mean ± 1 SD. The agreement
between experimentally measured 15N chemical shift changes upon monomerization with chemical shift
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changes expected for random coil conformations is reasonable (C137S RMSD: 1.6 ppm, n = 14; cABC
RMSD: 1.1 ppm, n = 15), suggesting the change in conformation reflects the formation of a disordered
monomer for both cHSP27 (A) and αB-crystallin (B). The locations of the residues that show significant
relaxation dispersion curves are indicated (cHSP27 PDB 4mjh, black; cABC PDB 4m5s, red). Data from αBcrystallin were extracted from Rajagopal et al. and originate from 15N CPMG RD data (residues 102, 106,
109, 117, 118, and 136) and 15N chemical shift changes measured in a pH titration (residues 104, 108, 113,
114, 115, 116, 120, 121, and 126). (C) Amino acid sequence comparison between the ACDs of αB-crystallin
and HSP27. The β-strands are indicated, and residues in the β5 and β6+7 strands are indicated (box).
There is significant sequence conservation in this area. The inset depicts the sequence alignment of human
sHSPs HSPB1-HSPB6 (i.e. HSP27, HSPB2, HSPB3, A-crystallin, B-crystallin, and HSP20) in the region
5-L5,6+7-6+7.

In the context of the isolated ACD, my data suggest that increased disorder in the HSP27
monomer renders it a more potent chaperone in vitro. In addition to the partially unfolded ACD,
full-length HSP27 contains a disordered 80-residue NTD (McDonald et al. 2012) and a highly
flexible CTR comprising 28 residues (Alderson et al. 2017, Carver et al. 1995). More generally,
these disordered regions are important for stabilizing the oligomeric forms (Carver et al. 2017) and
also contribute to chaperone activity. The inherent plasticity in these disordered regions, combined
with the disorder in the monomeric ACD would, in principle, allow for the sampling of a wide range
of conformational space and thereby facilitate its ability to interact with a diverse set of misfolded
target proteins. As the monomer is itself prone to aggregation (Fig. 5d), I speculate that the
aggregation-prone contacts in HSP27 are largely responsible for detecting misfolded proteins
(Bardwell & Jakob 2012, Carver et al. 2002, Jacobs et al. 2016, Meehan et al. 2007). In the context
of the cell, it is would seem undesirable to have high concentrations of aggregation-prone
monomers, making it advantageous to store them in oligomers that are sensitive to environmental
conditions. By holding monomers in this ‘storage’ form, the population of the active but unstable
monomeric form is kept both transiently low and highly available (Hilton et al. 2013, Van Montfort
et al. 2001).
In vivo, the concentration of HSP27 can be estimated in the low M range, e.g. ~10 µM in
HeLa cells (Nagaraj et al. 2014). As HeLa cells are known to express constitutively high levels of
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HSP27 (Paul et al. 2002), the concentration in non-cancerous human cells should be significantly
less under basal conditions. Therefore, in healthy human cells, a significant fraction of HSP27
monomer will exist in equilibrium with dimers and large oligomers, as the fractional population of
monomeric HSP27 will increase with decreasing total concentration. I anticipate that the
chaperone will retain its quaternary dynamics and populate sub-oligomeric states (monomers,
dimers, etc.) even under conditions of molecular crowding.
If the reduced, monomeric form of HSP27 is more potent than its oxidized counterpart,
then how can the chaperone be a redox sensor inside living cells? I speculate that the monomeric
form of HSP27 acts as a homeostatic chaperone under basal conditions, in which this highly
chaperone-active state can efficiently recognize misfolded proteins and prevent their aggregation
(Fig. 1b, Fig. 2). Upon exposure to oxidative stress, the cell rapidly upregulates the expression of
HSP27, increasing the total concentration of HSP27 and thereby shifting the equilibrium toward
large oligomers. However, the binding of monomeric HSP27 to client substrate proteins would
prevent disulfide formation and deplete the amount of free HSP27, and lower the effective
concentration of the chaperone. Finally, the lone cysteine residue in HSP27 has been shown to
be essential for its anti-apoptotic interaction with cytochrome C (Bruey et al. 2000), suggesting
that redox changes may play a role in the ability of HSP27 to influence cell death pathways.
In conclusion, my analysis combining CPMG RD and high-pressure NMR with chaperone
and aggregation assays provides the first structural characterization of the sparsely populated and
experimentally elusive monomeric form of HSP27. I demonstrate through redox- and
concentration-dependent aggregation assays that the monomeric state is particularly active in
vitro. Part of the region that forms the rigid interface in the dimer unfolds and becomes highly
dynamic in the monomer, with the additional structural plasticity in the monomer rendering it a
more effective chaperone. The monomer itself is more aggregation-prone, whereby off-pathway
self-assembly culminates in uncontrolled aggregation. A survey of extant sHSP structures
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suggests that the exposure of the disordered, yet functional dimer interface, either in the context
of oligomers or free in solution, is widespread across all sHSPs in all kingdoms of life.
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3.5

Materials and Methods

3.5.1

Protein expression and purification

HSP27
All media for growth of cells containing pET(HSP27) plasmids contained 100 mg/L of ampicillin
(Amp). Glycerol stocks of Amp-resistant (AmpR) pET(HSP27) plasmids were used to inoculate 5
mL cultures for expression of full-length HSP27. Following growth at 37 °C for 6 hours, the 5 mL
cultures were transferred to 100 mL (LB medium) or 50 mL (M9 minimal medium) cultures and
grown overnight at 37 °C, which were then used to inoculate 1 L (LB medium) or 500 mL (M9
minimal medium) cultures. When the optical density at 600 nm (OD600) of these cultures reached
between 0.6 and 0.8 units, IPTG was added to a final concentration of 1 mM and protein
expression ensued for 3 hours at 37 °C. Cells were pelleted and frozen at -80 °C until use. For
preparation of uniformly-13C, 15N-labeled ([U-13C,15N]-) HSP27, the M9 minimal medium contained
2 g L-1 of [U-13C]-glucose and 1 g L-1 of 15NH4Cl.
HSP27 was purified in a similar manner as described previously(Muranova et al. 2015)
using anion exchange chromatography (AEX) with HiTrapQ HP columns (GE Healthcare). The
column was equilibrated in 20 mM Tris-HCl, 1 mM EDTA, pH 7 (AEX buffer A), after which the
lysate was applied. The column was washed with 5% of IEX buffer B (AEX buffer A with 1 M NaCl),
and a linear gradient of 5-40% AEX Buffer B followed. HSP27 eluted around 15% AEX Buffer B
(150 mM NaCl), after which all HSP27-containing fractions were pooled and concentrated for size
exclusion chromatography (SEC). A Superdex S200 26/60 column (GE Healthcare) equilibrated
in 20 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA at pH 7 was used to separate HSP27 from the
remaining contaminants. HSP27 eluted off the Superdex S200 26/60 near 200 mL, or 0.63 column
volumes. After pooling HSP27-containing fractions after SEC, the samples were further purified
with a second AEX step using a HiTrap Capto Q ImpRes column (GE Healthcare), with AEX
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Buffers A and B as described previously. Purified HSP27 was then buffer exchanged using 10K
MWCO Amicon spin filters into 30 mM NaH2PO4, 2 mM EDTA, 2 mM NaN3, pH 7.0 with 6% D2O
(NMR buffer), with an additional 100 mM NaCl for the oxidized state. To study the reduced state,
5 mM β-mercaptoethanol (BME) was added (Fig. 1, S1). Oxidation was confirmed by both SDSPAGE and native MS under non-reducing conditions.
cHSP27
DNA encoding the residues 84–171 of HSP27 (cHSP27) was inserted into kanamycin-resistant
(KanR) pET28-b plasmids, which contained an N-terminal hexahistidine (His6)-tag followed by a
TEV protease recognition site(Hochberg et al. 2014). The residual glycine that remains after TEV
protease cleavage corresponds to G84 in the HSP27 amino acid sequence. All media for growth
of cells containing pET28-b(cHSP27) plasmids contained 30 g/mL of Kan. cHSP27 cultures were
grown as described for full length HSP27. Upon inoculation of the 1 L (LB medium) or 500 mL (M9
minimal medium) cultures, A600 was allowed to reach between 0.6 and 0.8 units, upon which
IPTG was added to a final concentration of 1 mM and protein expression continued for 3 hours at
37 °C. Cells were pelleted and frozen at -80 °C until use. For preparation of isotopically labeled
cHSP27, cells were grown in H2O-based M9 minimal medium as above, supplemented with 4 g L1

of unlabeled glucose, 2 g L-1 of [U-13C]-glucose, 1 g L-1 of

15

NH4Cl, or grown in 99.9% D2O,

respectively, for [U-15N]-, [U-13C,15N]-, or fractionally deuterated (frac2H), [U-15N]-cHSP27.
cHSP27 was purified in a similar manner as described previously(Hochberg et al. 2014),
with initial separation on a Ni2+ column that was equilibrated in 20 mM Tris, 150 mM NaCl, 30 mM
imidazole, pH 8.0 (IMAC Buffer A). Elution of bound protein from the column was achieved using
IMAC Buffer A with 300 mM imidazole, and cHSP27-containing fractions were pooled and
incubated with His6-tagged TEV protease in IMAC Buffer A at room temperature overnight with 5
mM BME to cleave the His6-tag from cHSP27. Cleaved cHSP27 was then separated from His6-
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tagged TEV protease, the cleaved His6-tag, and other contaminants using reverse Ni2+ affinity
separation and then subjected to SEC on a Superdex S75 26/60 column (GE Healthcare), eluting
at 170-180 mL, or 0.53-0.56 column volumes. The final SEC buffer contained 20 mM Tris-HCl,
150 mM NaCl, and 5 mM BME at pH 7.0. Using 3K MWCO Amicon spin filters, protein samples
were buffer exchanged into and concentrated into NMR buffer for the oxidized state at pH 7 unless
otherwise specified. 5 mM BME was added when studying the reduced state.
3.5.2

Site-directed mutagenesis in cHSP27

Primers were designed to encode the single-point mutations H124K and C137S in cHSP27. Sitedirected mutagenesis was performed using the QuikChange II Mutagenesis Kit (Agilent), and the
correct mutations were verified by DNA sequencing. Protein expression and purification was
carried out as above. The final yield of the double mutant, cHSP27(H124K/C137S) (~10 mg/L of
E. coli) was significantly lower than either WT cHSP27 or C137S (30-40 mg/L of E. coli).
3.5.3

Aggregation of substrate proteins and chaperone activity assays

All chaperone activity assays were completed using a 96-well plate and a FLUOstar Omega
Microplate Reader or Tecan Infinite M200 PRO plate reader. Chaperone activity was defined as
one minus the ratio of signal observed in the presence of chaperone to that in the absence of
chaperone, e.g. values of 1 and 0 respectively indicate complete protection against aggregation
and incapability to prevent aggregation. To avoid selecting a single time point or averaging a few
time points for the analysis of chaperone activity, I calculated the integral under the observed
curves of absorbance or fluorescence versus time. The integral under the curve was determined
for each of the replicate wells for a given substrate and substrate/chaperone combination, and the
reported chaperone activity values reflect the average and one standard deviation. The y-axes for
plots of aggregation versus time were normalized on a scale of 0−1, with 1 set to the maximum
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value obtained for substrate alone. The x axes were likewise normalized on a scale of 0−1 by
dividing time by a factor Tf, which varied for each substrate.
Porcine heart CS (Sigma-Aldrich) was buffer exchanged into NMR buffer supplemented
with 100 mM NaCl. The aggregation of CS is initiated at high temperatures and does not require
the addition of a chemical denaturant (e.g. reducing agents), which enables a direct comparison
of the chaperone activity of reduced and oxidized HSP27. However, CS aggregates faster under
reducing conditions (Fig. 2), complicating interpretation. The aggregation of 10 M CS was
monitored at 43 °C by following light scattering at 340 nm as a function of time. HSP27 was added
to a final concentration of 0.5 M, a concentration low enough for a substantial concentration of
monomers to be expected (Jovcevski et al. 2015). The assays were conducted in the absence or
presence of 5 mM BME. Assays were completed in duplicate and the mean  one standard
deviation is reported. The light scattering traces in the presence of reduced and oxidized HSP27
shown in Fig. 1 are normalized to the respective aggregation of reduced and oxidized CS alone,
and plotted on the same axis.
Porcine heart MDH and rabbit muscle GAPDH (Sigma-Aldrich) were respectively buffer
exchanged into or dissolved in NMR buffer, and aggregation assays were conducted at 40 °C at
0.2 M (MDH) or 2 M (GAPDH) final concentration. Aggregation was monitored by measuring
light scattering at 340 nm as a function of time, in the presence or absence of 5 mM BME. The
redox state of MDH and GAPDH did not affect aggregation (Fig. 2), enabling a direct comparison
between the chaperone activity of reduced and oxidized HSP27, which was added in final
concentrations of 0.5, 2, or 20 M. Assays were conducted in triplicate and the mean  one
standard deviation is reported.
Human S was recombinantly expressed and purified as previously described (Cox et al.
2016). All samples were prepared in PBS with a final concentration of 200 M S, 4 M ThT, and
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10 M S fibril seeds in the presence or absence of 1 mM DTT. The S fibril seeds were prepared
through previous ThT-based fibrillation assays and confirmed by EM. Amyloid fibril formation in
the seeded assays was determined by ThT fluorescence with excitation at 440 nm and emission
at 485 nm at 37 °C over one week. All fluorescence experiments were performed using a Corning
3881 96-well plate.
Calcium-depleted bovine -Lac and human insulin (Sigma-Aldrich) were dissolved in NMR
buffer, and aggregation was initiated by the addition of 2 mM DTT followed by incubation at high
temperatures. The aggregation of αLac (300 M) at 37 °C and insulin (80 M) at 40 °C was initiated
upon the addition of 1 mM DTT, and aggregation was monitored by measuring light scattering at
340 nm as a function of time. cHSP27 variants were added to a final concentration of 70 M (αLac)
or 40 M (insulin), a concentration where C137S and reduced cHSP27 are predominantly dimers
and H124K/C137S a monomer. Assays were conducted in triplicate and the mean  one standard
deviation is reported.
3.5.4

Aggregation of H124K/C137S

The aggregation of H124K/C137S was monitored by following the absorbance at 340 nm at 37 °C
in NMR buffer. The total volume was 100 L and the protein concentration was either 200 M or
800 M. For comparison, C137S was prepared at 800 M and subjected to identical treatment.
Notably, the sequence-based aggregation propensity predictors Tango Linding et al. 2004) and
Zyggregator (Tartaglia & Vendruscolo 2008) do not predict any notable change owning to the
choice of mutation. All concentrations had either three or six replicates, and the mean ± SD is
reported.
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3.5.5

Native MS

For native MS data acquisition, nanoelectrospray ionization (nESI) experiments were executed
according to previously published protocols using instrumental settings optimized to transmit intact
protein complexes (Hernández & Robinson 2007). A 25 M (monomer concentration) sample of
HSP27, which was purified in the absence of reducing agent, was prepared in 200 mM ammonium
acetate (pH 6.9) in the presence and absence of 250 μM DTT. cHSP27 samples (5 M) were
prepared in the same buffer with and without 250 M DTT. Data were collected on Q-ToF 2
(Micromass/Waters Corp.) and a Synapt G1 (Waters Corp.) instruments.
3.5.6

Thermal denaturation of cHSP27

A nanoDSF instrument (NanoTemper) was used to monitor the intrinsic fluorescence of cHSP27
and C137S as a function of temperature. Capillaries contained ~10 L of cHSP27 that had been
prepared in NMR buffer without (oxidized) or with 5 mM BME (reduced). C137S was prepared in
NMR buffer without BME. The concentrations of cHSP27 and C137S were 1000, 100, 10, and 1
M, with three replicates recorded at each concentration. The initial temperature was 20 °C and
was set to increase by 1 °C per minute. Fluorescence readings were recorded at 330 and 350 nm,
and the melting temperature (Tm) determined through a plot of the ratio of fluorescence (350/330
nm) versus temperature. The Tm is at the inflection point, and the reported values reflect the
average  one standard deviation from three replicates.
3.5.7

NMR spectroscopy

Backbone and side-chain resonance assignments for dimeric cHSP27
All NMR spectroscopy experiments for resonance assignments of cHSP27 and HSP27 at ambient
pressure were recorded on a 14.1 T Varian Inova spectrometer equipped with a 5 mm z-axis
gradient, triple resonance room temperature probe. 2D 1H-15N sensitivity-enhanced HSQC spectra
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(Kay et al. 1992) at 14.1 T were typically acquired with 1H (15N) 512 (64) complex points, spectral
widths of 8012 Hz (1800 Hz), maximum acquisition times of 64 ms (35.6 ms), an inter-scan delay
of 1 s, and four scans per FID for a total acquisition time of 19 minutes. Uniformly

15

N- and

13

C-

labeled cHSP27 ([U-13C,15N]-cHSP27) was prepared at a final concentration of 1 mM in NMR
buffer. Standard backbone and side-chain assignment experiments (Sattler et al. 1999) were
collected, specifically:
HNCO: 766/50/25 complex points and 85.1/39.8/23.6 ms maximum acquisition times for the H/C/N
dimensions respectively, with 8 scans per FID for a total acquisition time of 12.76 hours.
HN(CA)CO: 1024/40/30 complex points and 85.1/10.6/13.3 ms maximum acquisition times for the
H/C/N dimensions, with 16 scans per FID for a total acquisition time of 23.66 hours
HNCA: 766/40/30 complex points and 85.1/14.8/28.4 ms maximum acquisition times for the H/C/N
dimensions, with 16 scans per FID for a total acquisition time of 24.07 hours.
HN(CO)CA: 1024/50/20 complex points sampled at 25% sparsity, 85.1/18.5/18.9 ms maximum
acquisition times for the H/C/N dimensions, with 32 scans per FID for a total acquisition time 8.8
hours.
C(CO)NH: 577/40/20 complex points and 64/4.4/18.9 ms maximum acquisition times for the H/C/N
dimensions, with 64 scans per FID for a total acquisition time of 61.86 hours.
When NUS was employed, an exponentially-weighted sampling scheme was employed in the
indirect dimensions and time-domain data were reconstructed with MddNMR (Kazimierczuk &
Orekhov 2011). All 3D NMR spectra at ambient pressure were acquired at 25 °C, processed with
NMRPipe (Delaglio et al. 1995), and visualized with NMRFAM-Sparky (Lee et al. 2015). The
resultant 1HN,

127

15

N,

13

CO,

13

C, and

13

C chemical shifts were analyzed with TALOS-N (Shen &

Bax 2013) and RCI (Berjanskii & Wishart 2006) to respectively estimate the secondary structure
and N-H order parameters.
Backbone resonance assignments for monomeric C137S
Resonance assignments for monomeric C137S were obtained on a 14.1 T Bruker Avance-III
spectrometer equipped with a cryogenic probe. A [U-2H,13C,15N]-labelled sample at pH 4.1, 2 mM
sodium phosphate, 25 °C was prepared at 100 M. 3D HNCA and HNCO spectra were acquired
under these conditions. The HNCO spectrum was acquired with 10% NUS, an inter-scan delay of
1.5 s, 1024/170/140 complex points (H/C/N) with maximum acquisition times of 104/70/85.5 ms,
and 4 scans per FID for a total acquisition time of 16 hours. For the HNCA spectrum, 1024/115/84
complex points were acquired for H/C/N with maximum acquisition times of 104/20/58 ms, with 8
scans per FID and an inter-scan delay of 1.4 s for a total acquisition time of 81 hours. A similar
set of experiments was recorded on [2H,13C,15N]-labelled C137S dimer at pH 7 in order to compare
13

C chemical shifts. The NUS spectra were reconstructed with SMILE (Ying et al. 2016).

Indirectly probing hydrogen bonds in oxidized cHSP27
1

H-15N HSQC spectra of [U-15N]-oxidized cHSP27 were recorded at 293, 295, 298, and 303 K,

and the 1H chemical shift temperature coefficients (d1H/dT) were calculated. d1H/dT values that
are more negative than –4.6 ppb/K are more likely to be solvent exposed and hydrogen bonded
to water (Baxter & Williamson 1997). Residues with temperature coefficients more positive than –
4.6 ppb/K are more likely to be involved in intra- or inter-protein hydrogen bonds. However, it
should be noted that residues that are near aromatic rings can yield false positives with values
less than –4.6 ppb/K (Baxter & Williamson 1997).
To provide an independent NMR dataset that also indirectly probes hydrogen bonds, I
buffer exchanged a sample of 1 mM [U-15N]-oxidized cHSP27 into 99.9% D2O and recorded a 2D
1

H-15N HSQC spectrum at 25 °C (19-minute experimental acquisition). The dead time was ca. 40
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min for the buffer exchange process and the sample was kept at 4 °C during this time. Intra- and
inter-cHSP27 hydrogen bonds involving amide protons were assessed by the presence or
absence of signals in the D2O 1H-15N HSQC spectrum.
15

N spin relaxation experiments (T1, T2, NOE) on cHSP27 and full-length HSP27

Standard pulse sequences to measure

15

N heteronuclear nuclear Overhauser enhancements

(hetNOE), longitudinal (T1), and transverse (T2) relaxation times were employed (Palmer 1993),
using 14.1 T and 11.7 T Varian Inova spectrometers equipped with 5 mm z-axis gradient triple
resonance, room temperature probes. All experiments at 14.1 T were recorded with 576 (32)
complex points, 8992 Hz (1800 Hz) sweep widths, and 64 ms (18 ms) acquisition times, for 1H
(15N). All experiments at 11.7 T were recorded with 512 (32) complex points, 8000 Hz (1519 Hz)
sweep widths, and 64 ms (21 ms) acquisition times, for 1H (15N). T1 and T2 values are reported
as their respective inverses, i.e. rates (R1 and R2), for convenience. The spectrometer temperature
was calibrated with d4-methanol. I recorded 15N R1 (11.7, 14.1 T), R2 (11.7, 14.1 T), and hetNOE
(14.1 T only) values at 25 °C on a 1 mM sample of [U-13C,15N]-labeled oxidized cHSP27 in NMR
buffer. Upon completion of these measurements, 5 mM β-mercaptoethanol (BME) was added to
the NMR tube, and

15

N R1, R2, and hetNOE values were recorded on reduced cHSP27 at 600

MHz only (14.1 T). Similarly,

15

N R1, R2, and hetNOE experiments at 14.1 T were recorded on

oxidized [U-13C,15N]-labeled full-length HSP27, after which 5 mM BME was added to obtain
relaxation measurements on the reduced species. For data acquired exclusively at 14.1 T,
reduced spectral density functions were calculated as described previously (Lefevre et al. 1996).
For data acquired at multiple magnetic field strengths (oxidized cHSP27), a model-free analysis
was conducted (see below). All data sets mentioned here were processed with NMRPipe (Delaglio
et al. 1995), visualized with NMRFAM-Sparky (Lee et al. 2015), and peak shapes were fit and
analyzed with FuDA (Vallurupalli et al. 2008). hetNOE experiments on the C137S monomer and
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dimer were performed on a 14.1 T Bruker Avance-III spectrometer equipped with a cryogenically
cooled probe using a previously published pulse sequence (Lakomek et al. 2012).
Model-free analysis of 15N spin relaxation data from oxidized cHSP27
I analyzed the

15

N relaxation data from oxidized cHSP27 at 11.7 T (500 MHz) and 14.1 T (600

MHz) using Lipari-Szabo models (Clore et al. 1990, Lipari & Szabo 1982). Prior to fitting the
relaxation data with various Lipari-Szabo models, I first determined the rotational diffusion
behavior of cHSP27. Residues with evidence of enhanced ps–ns or μs-ms dynamics, as
respectively determined by hetNOE values < 0.65 and R2 values > 1 S.D. from the mean, were
excluded from the diffusion tensor analysis according to Tjandra et al. (Tjandra et al. 1995). After
removing dynamic residues, the remaining

15

N R2/R1 ratios were fit to isotropic (Dxx = Dyy = Dzz),

axially symmetric (Dxx = Dyy ≠ Dzz), and anisotropic (Dxx ≠ Dyy ≠ Dzz) diffusion tensors, which were
statistically validated by comparing values of χ2red and by using F-tests. A crystal structure of
cHSP27 (Hochberg et al. 2014) was rotated into the frame of the diagonalized diffusion tensor to
determine the angle of the N-H bond vectors with respect to the principle component of the
rotational diffusion tensor. This analysis indicated that axial symmetry provided the most
appropriate diffusion model for cHSP27, which was used to fit 15N R2/R1 ratios with ModelFree4.15
(Mandel et al. 1995) to determine a global correlation time (τc) of 13.65 ns. This value was
consistent with a ~20 kDa dimer that exhibits slower rotational diffusion of the axis parallel to the
principal component of the diffusion tensor (D∥/D⊥ = 1.52). Values for τc and D∥/D⊥ were fixed in
the subsequent model-free analysis, in which the N–H bond length was set to 1.02 Å and the 15N
CSA was set to −160 ppm. Using the five aforementioned values of 15N relaxation rates from two
magnetic fields, I fit these data using ModelFree4.15 (Mandel et al. 1995) to four models: model
1 (optimized S2), model 2 (S2 and τe), model 3 (S2 and Rex), and model 4 (S2, τe, and Rex). No
further benefit was obtained when S2f was included in the fitting, and thus was not required for this
analysis.
130

Analysis of 15N CPMG RD data
15

N CPMG relaxation dispersion (RD) experiments were recorded on 11.7 and 14.1 T NMR

spectrometers at 25, 30, and 35 °C using standard, relaxation-compensated pulse sequences
(Sauerwein & Hansen 2015). Each data set was recorded with 1H (15N) 615 (35) complex points
(512/29 at 11.7 T), sweep widths of 9615 Hz (1800 Hz) (8000 Hz/1519 Hz), acquisitions times of
64 ms (19 ms) (64 ms/19 ms), and an inter-scan delay of 3 seconds. Each experiment was
recorded as a pseudo-3D spectrum with the third dimension encoded by the variable delay
between pulses in the CPMG pulse train (PMG = 4CPMG-1). For these measurements, 2H, [U-15N]labeled samples of cHSP27 (1 mM) or C137S (1 mM and 0.3 mM) were prepared. The
experiments contained a fixed constant time of 39 ms for the CPMG period and 20 values of CPMG
ranging from 54 Hz to 950 Hz. Four scans (1 mM) or eight scans (0.3 mM) per FID were recorded
for a total acquisition time of ~10 hours (1 mM) or ~20 hours (0.3 mM). Peak shapes were fit with
FuDA (Vallurupalli et al. 2008) to extract peak intensities, which were then converted into R2,eff
values using the following relation: R2,eff(CPMG) = −ln(ICPMG/I0) * 1/Trelax, where ICPMG is the
intensity of a peak at CPMG, Trelax is the constant relaxation delay of 39 ms that was absent in the
reference spectrum, and I0 is the intensity of a peak in the reference spectrum. Two duplicate
CPMG points were recorded in each dispersion data set for error analysis, and uncertainties in R2,eff
were calculated using the standard deviation of peak intensities from such duplicate
measurements. From plots of R2,eff as a function of νCPMG, Rex was estimated by taking the
difference of R2(54 Hz) and R2(950 Hz). The program CATIA (Vallurupalli et al. 2008) was used
for analysis, which accounts for all relevant spin physics including imperfect 180o pulses and
differential relaxation between spin states, factors that are not accounted for when using closed
form analytical solutions (Baldwin 2014). For each combination of concentration and temperature,
data were analyzed over multiple field strengths for all residues where Rex > 2 s-1. All residues
were assumed to experience a ‘two-state’ equilibrium between a majorly populated ‘ground’ state
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and a sparsely populated ‘excited’ conformational state, and so the same interconversion rates
were applied to all residues during the analysis. Uncertainties in fitted parameters were estimated
by a boot-strapping procedure where synthetic datasets were created by sampling residues with
replacement, re-analyzing the new dataset and storing the result. The distribution of parameters
achieved from 1,000 such operations provided a measure of experimental uncertainty.
Twenty-six residues with Rex > 2 s-1 at 600 MHz were selected for further analysis, and
their

15

N CPMG RD data at 14.1 T and 11.7 T were globally fit to a model of two-site chemical

exchange using the program CATIA (Vallurupalli et al. 2008). This analysis enabled extraction of
kex, pE, and || values. The global fit from all 25 residues yielded a reduced χ2 of 1.46. These
residues comprised V101, D107, T110, D115, G116, V117, T121, G122, H124, E125, E126,
R127, D129, E130, G132, Y133, I134, S135, R136, S137, F138, T139, R140, K141, and T143.
The resultant

15

N ||CPMG values from C137S were compared to

15

N chemical shift changes

between the folded C137S dimer and random coil conformations (15N ||RC). The four random
coil

15

N chemical shift databases within the neighbor-corrected intrinsically disordered library

(ncIDP (Tamiola et al. 2010)) were employed, and the average 15N random coil chemical shift and
standard deviation was used as the

15

N ||RC, which was then correlated with the measured

values of 15N ||CPMG.
For oxidized cHSP27, residues D129, E130, R136, C137 and F138 showed significant
variation in R2,eff with νCPMG (Rex > 2s-1). Analysis assuming each residue had independent
exchange rates revealed that D129 and E130 clustered with a kex ~1250s-1, whereas R136, C137
and F138 formed a cluster with kex > 3000s-1. This distinction was apparent from the raw data as
CPMG RD curves from the latter group showed variation in R2eff with νCPMG at high pulse
frequencies, whereas those from the first group were effectively in the fast exchange limit at much
lower CPMG frequencies. The reduced chi squared value, χ2red of the first group was 1.01, and
that of the second group was 1.02.
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For reduced cHSP27, CPMG RD data were acquired at 14.1 T exclusively. Residues with
Rex > 2 s-1 were globally fit to a model of two-site chemical exchange, assuming a monomer-dimer
exchange event, as above. Twenty-three residues were included in the fit, comprising V101, D107,
T110, D115, G116, V118, T121, G122, K123, H124, E125, E126, R127, D129, E130, Y133, I134,
S135, F138, T139, R140, K141, and T143. Residues R136 and C137 were not analyzed because
these resonances were too broad to provide reliable measurements. The χ2red value from the
global fit at one magnetic field strength was 1.45, with kex of ~1500 s-1 and pE of ~2%.
Determination of the dimerization dissociation constant (Kd) from 15N CPMG RD data

The CPMG data were analyzed according to a two-state equilibrium scheme where

kge

¾¾
¾¾
® E.
G¬
keg

As described in the text, keg was found to be concentration dependent, allowing identification of
koff

¾¾
¾¾
® 2A . The
the minor state E to be monomeric, suggesting the equilibrium has the form A2 ¬
kon

two-state rate constants derived from CPMG measurements, keg and kge, were converted to Kd,
kon and koff measurements. The Kd values obtained from CPMG analysis from C137S using data
acquired at 1 mM and 0.3 mM were highly similar, supporting the identification of the equilibrium
to be monomer/dimer exchange.
Thermal equilibrium and activation analysis of the cHSP27 dimer-to-monomer transition
15

N CPMG RD data were recorded on 1 mM 2H, [U-15N]-C137S at 25, 30, and 35 °C at both 11.7

T and 14.1 T and analyzed globally, assuming the forward and backward rates can be described
by

the

Eyring

(

equation

such

(

that keg = AT exp -(DH eg - T DSeg ) / RT

)

and

)

kge = AT exp -(DH ge - T DSge ) / RT . A is the reaction frequency, set here to be 3000 s-1 K-1 and
T is the thermodynamic temperature (Fersht 1985). Similarly, the equilibrium constant is given by
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Keq = [E] / [G] = exp ( -(DH - T DS) / RT ) . Justifying this, locally obtained values of keg, kge, and
Keq vary with temperature in a manner consistent with these equations.
pH-induced dissociation and unfolding of C137S dimers
A 2D 1H-15N HSQC spectrum was recorded on a sample of [U-15N]-C137S at 250 M in NMR
buffer at pH 7 at 25 °C. Separate samples were independently prepared in NMR buffer at pH 6.5,
6.0, and 5.0 and NMR spectra were recorded to assess the effect of pH on dimerization. The wellresolved peak from G116 was used to calculate the dimerization Kd as a function of pH. At pH 5,
no dimer was observed, and thus the Kd at pH 5 (~5 mM) is four orders of magnitude larger than
that at pH 7 (0.5 μM). Below pH 6.5, the sample was highly unstable and white precipitant was
evident by the end of the NMR experiments (20-40 minutes). Similar pH titrations were performed
on oxidized cHSP27.
Analysis of the pressure-induced dissociation and unfolding of C137S dimers
A sample of 200 M [U-15N]-C137S was prepared in a baroresistant buffer at pH 7 as described
previously (Quinlan & Reinhart 2005) in order to prevent changes in pH with increasing pressure.
The buffer contained a mixture of 100 mM Tris-HCl and 100 mM phosphate buffer, both at pH 7,
and yields a negligible change in pH between 1 bar and 2500 bar. The standard NMR buffer used
throughout this work (30 mM sodium phosphate, 2 mM EDTA, pH 7) experiences a change in pH
of –0.9 units between 1 bar and 2500 bar due to the change in the pKa of phosphate with pressure.
Similarly, the change in the pKw of water with pressure amounts to a ~5.4-fold increase in the
concentration of hydroxide ions at 2500 bar relative to 1 bar, leading to faster hydrogen exchange
rates. This is evident in the unfolded spectrum at 2500 bar where some peaks have become
weaker than anticipated for an unfolded protein. Spectra recorded in phosphate buffer at 2500
bar, where the pH change of −0.9 units somewhat offsets the increase in hydroxide ions, reveal
more uniform intensities, as expected for an unfolded protein (data not shown). 2D 1H-15N HSQC
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spectra were recorded with 1H (15N) 1024 (100) complex points, 8417 Hz (2083 Hz) sweep widths,
121.7 ms (48 ms) acquisition times at 14.1 T at 25 °C as a function of hydrostatic pressure between
1 bar to 2500 bar. Manipulation of the hydrostatic pressure was carried out using a commercial
ceramic high-pressure NMR cell and an automatic pump system (Daedalus Innovations,
Philadelphia, PA). Peak intensities from non-overlapping signals arising from the dimer, monomer,
and unfolded species were quantified at each pressure and fit to a model of three-state unfolding.
Similar pressure titrations were performed on oxidized cHSP27, with no evidence for population
of a monomeric intermediate, although complete and reversible unfolding was observed.
3.5.8

CD spectroscopy and bis-ANS fluorescence of C137S and H124K/C137S

Samples for CD spectroscopy were prepared at 20 µM in NMR buffer and placed into cuvettes
with a 1 cm path length. Data were recorded using a Jasco Model J720 CD spectrophotometer at
wavelengths between 200 and 260 nm. The fluorescent probe bis-ANS (Sigma Aldrich) was
dissolved in NMR buffer and added to a final concentration of 10 M to wells containing a final
volume of 100 L of 40 M C137S or H124K/C137S in NMR buffer. Under these conditions,
C137S is primarily a dimer and H124K/C137S is primarily a monomer. Fluorescence at 500 nm
was recorded following excitation at 350 nm.
3.5.9

Random Coil Index

To identify  strands in the C137S monomer and dimer, I utilized the software Random Coil Index
(Berjanskii & Wishart 2006) and Chemical Shift Index (Hafsa & Wishart 2014) with default settings.
1

HN, 13CO, 13C, and 15N chemical shifts from the C137S dimer (pH 7) and monomer (pH 4.1) were

used as input values. The deuterium isotope effect was corrected for using established values
(Cavanagh et al. 2007).
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Abstract

In humans, HSP27 is a systemically expressed small heat-shock protein with myriad cellular roles
under both stressful and basal conditions. Numerous heritable mutations in HSP27 have been
identified that contribute to the onset of neuromuscular maladies, including Charcot-Marie-Tooth
(CMT) disease, the most commonly inherited disorder of the peripheral nervous system. At the
molecular level, HSP27 assembles into large, dynamic oligomers, in part, through intermolecular
contacts between the structured -crystallin domain (ACD) and a highly conserved IxI/V motif
(IPV) in the disordered C-terminal region. Here, I investigated the structural, dynamical, and
functional impact of the CMT-associated P182L mutation, which involves the central Pro residue
of the IxI/V motif of HSP27. The P182L mutation increased the average oligomeric mass of fulllength HSP27 by nearly 30-fold, from ca. 500 kDa to 15 MDa. Accompanying this large increase
in molecular mass, the mutant protein was unable to prevent the heat-induced aggregation of a
substrate. Using NMR spectroscopy, I determined that a peptide bearing the mutant ILV motif from
the P182L variant binds to the isolated ACD markedly weaker than the corresponding wild-type
peptide. Peptide binding kinetics were determined by relaxation dispersion NMR studies on the
ACD in the presence of sub-stoichiometric amounts of P182L peptide, and reveal an attenuated
association rate with altered enthalpic and entropic contributions to binding. My results indicate
that the kinetics and thermodynamics of the sparsely bound IxI/V motif significantly modulate the
oligomerization state, quaternary structure, and chaperone function of HSP27.
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4.2

Introduction

HSP27 is a systemically expressed, human small heat-shock protein (sHSP) that performs diverse
functions under basal and stressful cellular conditions (Kampinga et al. 2015). With significant
roles in the maintenance of protein homeostasis, regulation of the redox environment, prevention
of apoptosis, and stabilization of the cytoskeletal network, the biological activity of HSP27 is critical
to overall cellular health (Arrigo 2001, Basha et al. 2012, Bruey et al. 2000, Gusev et al. 2002,
Haslbeck & Vierling 2015). The malfunction or dysregulation of HSP27 activity can result in
debilitating diseases: numerous heritable mutations are implicated in the onset of neuromuscular
disorders (Nefedova et al. 2015), including Charcot-Marie-Tooth (CMT) disease, the most
commonly inherited disorder involving the peripheral nervous system (Barisic et al. 2008). CMT
disease is a group of neuropathies that affects approximately 1 in 2500 individuals and is
characterized by progressive demyelination (type 1 CMT), axonal loss (type 2 CMT), or their
combination (Rossor et al. 2013). When the affected axons exclusively include motor neurons, the
disease is referred to as distal hereditary motor neuropathy (dHMN). Over 30 heritable mutations
in the hspB1 gene that encodes for HSP27 have been identified in patients with CMT (EchanizLaguna et al. 2017, Nefedova et al. 2015), rendering it among the most commonly mutated genes
in CMT (DiVincenzo et al. 2014, Dohrn et al. 2017). In addition, transgenic mouse models bearing
clinically observed mutations in hspB1 develop CMT disease-like symptoms (D’Ydewalle et al.
2011), thereby implicating HSP27 as a direct driver of CMT disease onset.
At the molecular level, HSP27 is comprised of three domains: a conserved, ca. 80-residue
-crystallin domain (ACD) that is flanked by a ca. 90-residue N-terminal region (NTR) and a 30residue C-terminal region (CTR), which contains the highly conserved IxI/V tripeptide motif (Fig.
1A). The CMT- and dHMN-associated mutations are dispersed throughout the amino acid
sequence of HSP27 (Fig. 1A). While the ACD folds into a -strand-rich immunoglobulin-like
domain (Fig. 1B) (Hochberg et al. 2014, Rajagopal et al. 2015), the CTR is intrinsically disordered
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and the NTR is predicted to lack a fixed structure. Similar to other metazoan sHSPs (Haslbeck &
Vierling 2015, Hochberg & Benesch 2014), intermolecular contacts between all three domains of
HSP27 facilitate its assembly into large oligomers (Hochberg et al. 2014, McDonald et al. 2012).
In a related protein, B-crystallin, results from solution- and solid-state NMR spectroscopy have
revealed transient interactions in the full-length protein between the NTR and ACD (Jehle et al.
2010) and the IxI/V motif of one CTR and the ACD of an adjacent subunit (Baldwin et al. 2011a,
2012). HSP27 oligomers display an average mass of ca. 500 kDa, but dynamically exchange
subunits, and these quaternary dynamics have hindered atomic-level investigations of the
structure and dynamics of full-length HSP27.
High-resolution structures have been obtained on the isolated ACD (Hochberg et al. 2014,
Rajagopal et al. 2015), which forms stable dimers (Fig. 1B, Fig. 1C). A crystal structure of the
HSP27 ACD bound to a fragment of the CTR containing the highly conserved IxI/V motif (I181P182-V183) provided detailed molecular insight, revealing the formation of hydrogen bonds
between the peptide and ACD (Fig. 1D) and also penetration of the Ile and Val residues into a
hydrophobic groove created by the 4/8 strands of the ACD (Hochberg et al. 2014). In Bcrystallin, an allosteric network exists between the 4/8 groove and the ACD dimer interface
(Delbecq et al. 2012), with IxI/V binding consequently increasing the Kd of the dimer (Hilton et al.
2013). Moreover, combined insights from NMR and native mass spectrometry (MS) experiments
performed on full length B-crystallin, observed that the rate associated with the binding of two
IxI/V motifs to an ACD is correlated with the rate of subunit exchange (Baldwin et al. 2011b).
Therefore, when two IxI/V motifs dock into the hydrophobic 4/8 groove in the ACD, an allosteric
signal weakens the dimer interface and culminates in ejection of the CTR-bound subunit from the
oligomer (Baldwin et al. 2011b).
Notably, two dHMN-causing mutations in HSP27 reside within the highly conserved IxI/V
motif (P182L, P182S) (Evgrafov et al. 2004), with the P182L variant comprising one of the most
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clinically severe HSP27 variants. A transgenic mouse model expressing the mutant P182L protein
in neurons progressively displayed motor defects and axonal loss in motor neurons (D’Ydewalle
et al. 2011), while an in vitro study demonstrated that the P182S mutation led to a large increase
in the average molecular mass of HSP27 with diminished chaperone activity (Chalova et al. 2014).
The molecular basis for the disease-causing mutations involving P182, however, remains
unknown. When bound to the ACD, the affected Pro residue (P182) does not make direct
intermolecular contacts (Hochberg et al. 2014) (Fig. 1E), thus the impact of its mutation to Leu
remains unclear and may arise through indirect effects.
In this chapter, I summarize my efforts to determine the biophysical significance of the
P182L mutation and its impact on the interaction of the CTR with the ACD. I observed that the
P182L mutation increases the average molecular mass of soluble HSP27 oligomers to near 15
MDa, an increase over the WT protein by a factor of 30, and nearly five times the mass of the
eukaryotic 80S ribosome. With a minimalistic system comprising the ACD and a peptide containing
the IxI/V motif, I determined that the binding affinity of the IxI/V motif is drastically attenuated in
the P182L variant, with the Kd increased by an order of magnitude. The origin of this weakened
affinity was investigated using Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion (RD)
experiments, providing detailed insight into the kinetics and thermodynamics of IxI/V binding.
Given the highly conserved nature of the IxI/V motif, my findings should be generally relevant for
sHSPs that harbor this tripeptide motif.

149

Figure 1. (A) Domain architecture of human HSP27: N-terminal domain (N-term), -crystallin domain (ACD), and Cterminal region (C-term). The conserved IxI/V motif in the C-terminal region is indicated. Mutations associated with CMT
disease, dHMN, and other motor neuropathies are shown. The P182L mutation in the IxI/V motif is blue. Residues with
multiple mutations are italicized (e.g. P182S has also been reported). (B) Three-dimensional structure of the ACD dimer
(black) bound to a peptide from the C-terminal region (red) containing the IxI/V motif. The -strands of the ACD are
numbered. (C) Domain boundaries of the ACD used in this study, cHSP27, and residues in the C-terminal peptide. (D,
E) Zoomed-in region from (B) showing the contacts made between the C-terminal peptide and the ACD for the wildtype peptide (D) and if P182 was mutated to Leu (E). Other disease-causing mutations in the ACD are indicated with
blue spheres (e.g. T164A, T151I).

4.3

Results

4.3.1

P182L forms very large, soluble oligomers that are chaperone-inactive

I purified recombinant human HSP27 and the dHMN-implicated P182L variant from E. coli, and
characterized both proteins by size exclusion chromatography coupled to multi-angle light
scattering (SEC-MALS). For WT HSP27, the SEC-MALS data revealed an average mass near
500 kDa (Fig. 2A), consistent with previous data. In contrast, the SEC-MALS profile of the P182L
variant revealed significantly larger oligomers that exhibited an average mass near 15 MDa (Fig.
2A), a 30-fold increase over the WT protein. With a monomeric mass of 22.7 kDa, the P182L
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variant therefore contains an average of ca. 660 subunits, whereas the WT protein comprises ca.
24 subunits. The average radius of hydration of the P182L variant increased from ca. 9 nm to ca.
38 nm, indicating that the single point-mutation P182L in the CTR drastically shifts the oligomeric
distribution of HSP27 toward larger species. The isolated ACD, in contrast, exists as a dimer with
a molecular mass of ca. 20 kDa (Fig. 2A).
In support of these SEC-MALS data, negative-stain electron microscopy (EM)
demonstrated that the P182L variant assembles into much larger oligomeric forms than the WT
protein (Fig. 2B). Negative-stain EM data were collected at a protein concentration of ca. 4 M,
10-fold lower than the SEC-MALS experiments, indicating that both WT and P182L HSP27 can
form large oligomers in this concentration regime. Interestingly, the polydispersity of both the
P182L variant and the WT protein was also evident from the negative-stain EM images (Fig. 2B).
To compare the chaperone activity of the WT and P182L forms of HSP27, I assayed their
ability to prevent the aggregation of two model substrate proteins, malate dehydrogenase (MDH)
and insulin. The WT form of HSP27 proved highly effective at inhibiting the aggregation of both
substrates (Fig. 2C, Fig. 2D), indicative of its potent molecular chaperone activity. However, the
P182L variant did not prevent the aggregation of either substrate (Fig. 2C, Fig. 2D), revealing a
drastic loss of function. Indeed, the P182L form of HSP27 appeared to co-aggregate with MDH
and insulin, based on the elevated absorbance signal in the presence of the chaperone. Control
aggregation assays using P182L or HSP27 alone indicated the absence of appreciable
aggregation, suggesting that the loss of P182L chaperone activity is not due to self-aggregation.
The P182L mutation thus drastically alters the oligomeric properties of HSP27, shifts the
oligomeric equilibrium to very large states, and is coupled to a concomitant loss of chaperone
activity.

151

Figure 2. The P182L variant of HSP27 forms large oligomers that are chaperone-inactive. (A) SEC-MALS data
from WT HSP27 and the P182L variant. Both samples were injected at 40 M concentration (monomer) in 30 mM
sodium phosphate, 2 mM EDTA, 100 mM NaCl buffer at pH 7. The UV signals are plotted on the right y-axis as solid
lines and the molecular masses are plotted on the left y-axis as circles. (B) Negative-stain EM images show that the
P182L variant (left) forms much larger oligomeric assemblies than the WT form (right). Both samples were loaded on
the grids at the same concentration (4.5 M). (C, D) Chaperone activity assays monitor the increase in light scattering
at 340 nm due to the formation of large aggregates. The solid lines represent the average of three replicates with the
filled area reflecting ± one standard deviation. In (C), MDH (0.2 M) was incubated at 40 C in the absence (black) or
presence of 0.5 M WT HSP27 (red) or 0.5 M P182L HSP27 (blue). In (D), 40 M insulin was incubated at 40 C in
the absence (black) or presence of 20 M WT HSP27 (red) or 20 M P182L HSP27 (blue). The buffer used for both (C)
and (D) was the same as in A).

4.3.2 The P182L mutation significantly lowers binding affinity for the IxI motif
Because the CTRs of sHSPs are implicated in oligomerization, I sought to compare the binding
affinities of IxI/V motifs in HSP27 (IPV) and the P182L variant (ILV). A previous solution-state NMR
study of WT HSP27 only observed resonances from the disordered CTR, and thus could not probe
CTR binding to the ACD in the context of the full-length protein (Alderson et al. 2017) (e.g. see
Chapter 7). I thus turned to the isolated ACD, which forms stable dimers (2 x 10 kDa) that are
known to bind to a peptide encompassing the IxI/V motif of the CTR (Hochberg et al. 2014).
cHSP27 contains an intermolecular disulfide bond that locks the dimer in place. I employed
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solution-state NMR spectroscopy and first determined the Kd of the interaction between the ACD
of HSP27 and a peptide comprising the WT IPV motif (Fig. 3A). Since the ACD was uniformly 15N
labeled, each amide bond in the protein contributed a signal in the 2D 1H-15N heteronuclear single
quantum coherence (HSQC) spectrum (Fig. 3A, bottom). During the peptide titration, an increase
in concentration of the IPV-containing peptide with respect to the ACD led to progressive changes
in the chemical shifts of specific ACD residues (Fig. 3B). The chemical shift perturbations (CSPs)
from resonances in fast exchange were globally fit to equation 1 to determine the Kd of this binding
interaction, yielding a value of ca. 125 M (Fig. 3C).

Δ𝛿 = Δ𝛿max

(([𝑃]𝑡 + [𝐿]𝑡 + 𝐾𝑑 ) − √([𝑃]𝑡 + [𝐿]𝑡 + 𝐾𝑑 )2 − 4[𝑃]𝑡 [𝐿]𝑡 )
2[𝑃]𝑡

(1)

Similar results were obtained with the software TITAN (Fig. 4) (Waudby et al. 2016). This Kd is
consistent with, though slightly higher than, previous NMR titration data on B-crystallin (80 M)
(Delbecq et al. 2012), perhaps due to the absence of a palindromic sequence in HSP27 that
enables bi-directional binding of the IxI/V motif in B-crystallin, as noted by Delbecq et al.
The high-quality of the fits of the NMR data to a two-state model suggests that two IxI/Vcontaining peptides bind concurrently to the ACD dimer in the following manner:
𝑀2 + 2𝑃 ⇌ 𝑀2 𝑃2

(2)

where M stands for an ACD monomer and P for a peptide. Note that the reaction rates are not
indicated, but kon and koff would appear above and below the equilibrium arrow, respectively. I
cannot rule out a sequential binding model, however, as the observed NMR signals could also
contain contributions from singly bound peptide forms of the ACD. For resonances in fast
exchange, the chemical shift would reflect an ensemble-averaged position of the free, singly
bound, and double bound forms of the ACD
𝑀2 + 𝑃 ⇌ 𝑀2 𝑃 + 𝑃 ⇌ 𝑀2 𝑃2

(3)

My CSP data cannot differentiate between concurrent and sequential binding models; however, I
note that previous native mass spectrometry experiments, which can resolve individual
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components in a heterogenous mixture, detected singly-bound forms of the ADC from ABC (Hilton
et al. 2013).

Figure 3. NMR characterization of IxI/V binding to the ACD of HSP27. (A) 2D 1H-15N HSQC spectra of 15N-labeled
cHSP27 (black) in the presence of increasing amounts of IxI/V-containing CTP (red). The ratio of CTP:cHSP27 is
indicated by the black-to-red color bar. (B, i-iv) Zoomed-in regions of (A) displaying cHSP27 resonances that are in fast
exchange. (C) The combined 1HN and 15N chemical shift changes, denoted as chemical shift perturbation (CSP), are
plotted as a function of the CTP:cHSP27 molar ratio. The concentration of cHSP27 was 0.4 mM for all points except the
10:1 ratio, where a cHSP27 concentration of 0.2 mM was employed. Lines indicate the best fit to Eqn 1. The average
KD  one standard deviation is shown in the upper left. (D) X-ray structure of cHSP27 bound to its CTP (PDB: 4mjh),
shown in white sticks. At a 10:1 molar ratio of CTP:cHSP27, residues experiencing CSPs > 0.08 ppm are colored
orange, whereas residues whose resonances have become broadened are red. Proline residues are colored grey.

In addition to providing information about the strength of the binding interaction between
the IPV peptide and the ACD, the NMR data also indicated residues whose chemical environments
changed upon peptide binding. As expected from the crystal structure of the ACD-CTP complex
(Hochberg et al. 2014), resonances from residues near the 4/8 groove are significantly impacted
by CTP binding. Notably, these resonances became severely broadened due to intermediate
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exchange and their large chemical shift differences between the free and bound states (Fig. 3D).
However, residues in the 5 and 6+7 strands also displayed significant CSPs (Fig. 3D), which is
likely due to structural changes upon peptide binding. In particular, E130 and Y142, both of which
make intermolecular contacts that stabilize the dimer interface, exhibited relatively large CSPs.
(Fig. 3D).

Figure 4. Analysis of the peptide binding titration data with the TITAN software. (A), Experimental 2D
1H-15N HSQC spectra of 15N-ACD (black) in the presence of increasing amounts of unlabeled CTP (red color
gradient). The globally determined Kd from fitting resonances in fast exchange to Eqn 1 is listed in the upperright corner. The koff listed is derived from CPMG RD experiments (vide infra). (B) Using resonances in fast,
intermediate, and slow exchange, the software TITAN fits NMR titration data to the Bloch-McConnell
equations. For the selected resonances in the ACD, the reconstructed spectra is shown as fitted by the
software. The Kd and koff fitted by TITAN are listed in the upper-right corner. The color scheme is the same
as panel A. (C) Same as panel A except for the peptide for the P182L variant. (D) Same as panel B for the
peptide P182L. (E, F) For the resonances in panels A and C, selected peak shapes (grey lines) and the
corresponding fits (colored lines) by TITAN are shown. Note that the intensities of the resonances at 10:1
peptide:cHSP27 ratio are significantly lower than those at 0:1 ratio.

I next compared the binding affinity and the uncovered allosteric changes in the ACD to
the effects of the ILV motif binding within the P182L mutant peptide that is implicated in the onset
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of dHMN (Fig. 5). Surprisingly, even though the central Pro residue in the IPV motif does not
contact the ACD, its mutation to Leu (P182L) lowers the binding affinity for the ACD by nearly one
order of magnitude (from ca. 125 M to 1.2 mM, Fig. 3C, Fig. 5B). A comparison of CSPs between
the WT and mutant peptides revealed that many of the same residues were impacted by peptide
binding (Fig. 3D), with residues in the 4/8 groove also becoming broadened in the P182L mutant
(Fig. 5D-F). The overall similarity of the CSPs between the two peptides suggests that the P182L
peptide binds in a similar site and conformation as the WT peptide (Fig. 5E, F), with common
allosteric changes that manifest upon binding. Therefore, the main difference between the WT
and P182L mutant peptides corresponds to a drastically lowered binding affinity of the mutant.
Unfortunately, the weak interaction between the P182L peptide and the ACD, coupled with
relatively low solubility of the peptide, prevented the preparation of a nearly-saturated complex.
Consequently, 15N spin relaxation experiments that probe dynamical changes on the fast (ps-ns)
timescale could not be recorded.
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Figure 5. Impact of the P182L mutation on binding of the IxI/V motif to the ACD. (A) Left, Primary sequences from
the WT (red) and P182L (blue) peptides. The IxI/V motif is indicated with white text. Right, example NMR titration data.
The resonance from D93 in 15N-cHSP27 is shown as a function of increasing concentration of WT (top) or P182L
(bottom) peptides. (B) CSPs in cHSP27 residues L99 and Y142 as a function of increasing peptide concentration. The
CSPs were fit to Eqn 1 in order to derive a KD for the peptide-cHSP27 interaction. (C, D) CSPs shown as a function of
residue number for the WT (red) and P182L (blue) peptides at a 10:1 peptide:cHSP27 molar ratio. (E, F) The results
from (C, D) are plotted onto the structure of IxI/V-bound cHSP27 (PDB ID: 4mjh).

4.3.3 Mutant and WT IxI/V binding kinetics probed by relaxation dispersion NMR
To determine the origin of the weakened binding interaction in the P182L mutant, I instead turned
to Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion (RD), which enables quantification of
the binding kinetics and thermodynamics involved in a protein-ligand interaction if kex is in the
micro-millisecond timescale (Demers & Mittermaier 2009, Hansen et al. 2008b, Palmer et al. 2001,
Sugase et al. 2007). Importantly, if the interconversion rates are favorable, CPMG RD experiments
can provide such information when as little as 0.5% of a peptide-ligand complex is present (Palmer
et al. 2001). In CPMG RD experiments, the rate of interconversion between a ground state (pA)
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and a sparsely populated state (pB > ca. 0.5%) can be determined by fitting the measured effective
R2 relaxation rates (R2,eff) as a function of the number of 180° refocusing pulses employed during
a fixed relaxation delay in the experiment (Hansen et al. 2008a, Palmer et al. 2001). In a reaction
involving the association of a protein (A) and a ligand (B), the values obtained from fitting the
CPMG data (kex = kAB + [L]freekBA, pB, and ||) together provide a detailed characterization of the
kinetics (kex), thermodynamics (pB), and structural changes (||) that occur upon the transition
from the visible ground state (i.e. the free ACD) to the sparsely populated state (i.e. the ACDpeptide complex).
I interrogated peptide binding kinetics and thermodynamics with 15N CPMG RD by adding
a small amount of WT or P182L peptide to a solution of 2H,15N-labeled ACD. With ca. 2% of the
WT peptide-ACD complex present, large Rex (R2,eff(0 Hz) – R2,eff(∞)) values were observed for
residues in the 4/ 8 groove (Fig. 6). Importantly, in the absence of peptide, these residues did
not yield significant Rex (Fig. 6A, Fig. 6B i.), indicating that the observed effects are specific to the
peptide-bound state. In addition, the magnitude of Rex depended on the amount of added peptide
(Fig. 7), which revealed that the conformational exchange arises from an intermolecular binding
event, i.e. the minor state is the ACD-peptide complex. In conclusion, the observed dispersions in
the presence of ca. 2% of the ACD-peptide complex reflect chemical exchange between the
peptide-free and peptide-bound states. Similar data were obtained for the P182L peptide-ACD
complex, albeit with more peptide added to reach ca. 2% of the complex, as expected from the
significantly elevated Kd (Fig. 4, Fig. 5).
CPMG RD data for the WT and P182L peptides (Fig. 6A, Fig. 6B, ii. and iii.) were recorded
at two static magnetic field strengths and analyzed using a two-state model of chemical exchange.
Similar ACD regions experienced conformational exchange in both peptide-bound states (Fig. 6C
ii., iii.), further supporting the notion that both the WT and P182L peptides recognize and bind to
the same site on the ACD. The dissociation rates of the bound peptides from the ACD-peptide
complexes were highly similar and differed by less than a factor of two (Fig. 6C i.). However, the
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association rates (kon) for the two peptides differed by a factor of 10 (Fig. 6C i.), suggesting that
the nearly 10-fold difference in binding affinity largely originates from an attenuated kon rate for the
P182L peptide binding.

Figure 6. CPMG RD-based measurement of IxI/V binding kinetics. (A, B) i. 15N CPMG RD data for a residue in the
4 strand (T113) and the 8 strand (S154) in the absence of added peptide. CPMG data are shown for the same
residues in the presence of ii. ca. 2% cHSP27-WT peptide complex or iii. ca. 2% of the cHSP27-P182L peptide complex.
(C) i. The association (kon) and dissociation (koff) rates for IxI/V binding derived from the CPMG RD data collected on
the WT (red) and P182L (blue) peptides. Note that koff was calculated directly from the CPMG RD data (pAkex), whereas
kon was calculated using the Kd derived from the CSP titration. Residues that are impacted by the presence of a small
amount of peptide are indicated by red (ii., WT) and blue (iii., P182L) spheres. In both cases, residues in similar ACD
regions show enhanced Rex.
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Figure 7. Concentration-dependence of dispersions from peptide-bound cHSP27 (A, B) i. 15N CPMG RD data for
a residue in the 4 strand (T113) and the 8 strand (S154) in the presence of ii. ca. 2% (red) or ca. 0.2% cHSP27-WT
peptide complex. (C, D) Dispersions from residues in the 4 (C) or 8 strand (D) as a function of added P182L peptide.
In dark blue is ca. 2% of the cHSP27-P182L peptide complex and in light blue is ca. 4% of the cHSP27-P182L peptide
complex.
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4.3.4 Altered thermodynamic properties of the P182L variant
In order to obtain a holistic description of the binding interactions, I analyzed the thermodynamics
governing the WT and P182L peptide dissociation reactions as a function of temperature over the
range from 20 to 45 °C in 5 °C increments (Fig. 8A, 8B). Under identical buffer conditions, the
melting temperature for the ACD is near 70 °C (see Chapter 3), ensuring that the protein is stable
up to 45 °C. The multi-temperature CPMG RD data provide the change in activation enthalpy (H‡)
and entropy (S‡) for the dissociation event, enabling a direct comparison of the thermodynamics.
An Eyring plot of these data (Fig. 8C) revealed only small differences in the H‡ and S‡ of
dissociation for the WT and P182L peptides, indicating that the primary differences arise from the
association reaction.
Together with the CSP and kinetic analyses above, these thermodynamic data suggest
that the WT and P182L peptides behave nearly identically when bound to the 4/ 8 groove in the
ACD. Remarkably, however, I observed opposite behavior regarding the fractional change of the
two peptide-ACD complexes as a function of temperature (Fig. 8D). The fraction of the WT
peptide-ACD complex increased as the temperature increased, whereas the P182L peptide-ACD
complex decreased with increasing temperature. These distinct thermodynamics therefore
modulate the extent of IxI/V binding and overall oligomerization of HSP27, and further investigation
will unravel which thermodynamic parameters modulate the distinct behavior. Likely there involves
a change in the sign of the difference in entropy (S) upon binding.
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Figure 8. CPMG RD-based measurement of IxI/V binding thermodynamics. (A, B) i. 15N CPMG RD data for a
residue in the 8 strand (S154) in the presence of a small amount of added WT (A) or P182L (B) peptide shown as a
function of temperature. (C) Eyring plot (ln (koff/T) vs 1/T) showing the temperature dependence of the off-rate of WT
(red) and P182) (blue) peptides. The activation enthalpy and activation entropy are indicated in the upper-right corner.
(D) At a fixed concentration of added peptide, the CPMG RD-derived percentage of the peptide-bound cHSP27 state
(i.e. pB) is shown as a function of temperature for both the WT and P182L peptides.

4.3.5 Summary and Conclusions
The work presented in this chapter revealed that the clinically severe P182L mutation in HSP27
significantly increases the average molecular mass of the oligomers (Fig. 2). In my in vitro assay,
the ca. 15 MDa oligomer formed by the P182L variant is also devoid of chaperone activity (Fig. 2).
This result is consistent with previous data on the P182S variant (Chalova et al. 2014), although
the P182L variant appears to form much larger oligomers. To my knowledge, the P182L variant
of HSP27 therefore assembles into the largest sHSP oligomers to-date, surpassing the mass of
E. coli IbpB (2-3 MDa) (Strózecka et al. 2012) and sHSP-substrate complexes (several MDa)
(Strózecka et al. 2012).
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To provide molecular details regarding the impact of this single amino acid mutation, I
utilized NMR spectroscopy (Fig. 3, Fig. 4, Fig. 5) and CPMG RD (Fig. 6, Fig. 7) to quantify the
kinetics and thermodynamics of the IxI/V binding to the ACD. The P182L mutation drastically
lowers the binding affinity of the IxI/V motif for the ACD (Fig. 5), largely through attenuation of the
association rate (Fig. 6). Interestingly, the dissociation rate and CSPs induced by peptide binding
to the ACD were similar for both the WT and P182L forms (Fig. 5), suggesting that the mutant ILV
motif behaves like the WT IPV motif once bound to the ACD. As compared to the WT form, IxI/V
binding in the P182L variant is thermodynamically reversed (Fig. 8), with negative enthalpic and
positive entropic contributions to binding. These results, combined with the significantly slower
association rate, could indicate that the P182L variant exposes its dynamic CTR to solution more
frequently than the WT protein, especially at physiological temperatures.
If the P182L variant decreases the overall binding affinity for the IxI/V motif, how then does
the protein form larger oligomers than the WT protein? Previous work on the similar protein ABC
established that concomitant binding of two IxI/V motifs facilitates subunit exchange via ejection
of a monomeric subunit from the oligomer (Baldwin et al. 2011a, 2012). Thus, were the IxI/V
binding affinity to be lowered, subunit exchange would occur more slowly and the average
oligomer size would increase (Baldwin et al. 2011a, 2012). In addition, other HSP27 mutants in
the IxI/V motif have been shown to increase the molecular mass, including P182S (Chalova et al.
2014) and GPG variants (Gestwicki et al. unpublished). Together, these data imply that alteration
of the binding properties of the IxI/V motif significantly affects the oligomeric landscape of HSP27.
Finally, multiple lines of evidence point to the significance of the NTR in regulating oligomeric
assembly, with oligomerization still observed for CTR-truncated forms of HSP27, but not NTRtruncated forms (Hochberg & Benesch 2014).
Given the high level of conservation in the IxI/V motif across various mammalian sHSPs, I
anticipate that my results contained herein will be generally applicable to other sHSP systems.
Finally, I note that the BAG3 co-chaperone interacts with HSP27 by binding to the latter’s IxI/V
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motif (Rauch et al. 2017). This chaperone/chaperone interaction promotes new protein-protein
interactions, in part by bringing together HSP27 with other BAG3-bound chaperones, including
HSP70 (Rauch et al. 2017). Thus, the P182L mutation in HSP27 is expected to also lower the
affinity of HSP27 binding to BAG3, and potentially disrupt this chaperone network of interactions.
Finally, it is interesting to note that BAG3 itself contains two IxI/V motifs (IPV), one of which
contains a Pro-to-Leu mutation implicated in myofibrillar myopathy (Selcen et al. 2008).

4.4 Methods
4.4.1 Proteins and peptides
Peptides were synthesized by Biomatik with N-terminal acetylation and C-terminal amidation. The
peptides were dissolved in NMR buffer (30 mM sodium phosphate, 2 mM EDTA, pH 7), with
solubility levels around the ca. 5 mM range. Despite the addition of pH 7 buffer, the pH of the
peptide solutions was found to be in the 4-5 range. This is likely caused by residual trifluoroacetic
acid (TFA) used in the peptide purification steps; such low pH values cause complications for
titrations into cHSP27, as the protein is highly pH-sensitive (e.g. see Chapter 3). As such, the pH
of all peptide solutions was corrected to 7 using NaOH.
All proteins were expressed and purified as described in Chapter 3 of this work. WT HSP27
comprises residues 1–205, encompassing the entire amino acid sequence, whereas cHSP27
contains residues 84–171. Importantly, cHSP27 contains an intermolecular disulfide bond
involving C137 from adjacent subunits. This disulfide was left intact, so as to minimize
contributions from exchange between dimer and monomer. The formation of the disulfide bond is
readily identifiable in the 2D 1H-15N HSQC spectra of

15

N-cHSP27 via the resonances from R136

and C137; upon reduction, these resonances disappear (e.g. see Chapter 3). If cHSP27 were to
be reduced or contain the C137S mutation, exchange between the non-covalent dimer and free
monomer (e.g. see Chapter 3) would lead to additional signal broadening. In addition, the oxidized
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dimer simplifies the analysis of titration and CPMG RD data, as only a single state of the protein
is present, rather than a mixture of two forms.
Natural abundance proteins were used for chaperone activity assays, EM, and SECMALS. 15N-labeled cHSP27 was used for the CSP studies with WT and P182L peptides. 2H, 15Nlabeled cHSP27 was used for all CPMG studies, with isotope incorporation as described in
Chapter 3. The full-length P182L variant of HSP27 was expressed as the WT version, but went
into inclusion bodies. The inclusion bodies were solubilized in 8M urea, spun at 20k x g for 20
minutes, and then dialyzed into 30 mM sodium phosphate, 100 mM NaCl, 2 mM EDTA, pH 7
buffer. Some precipitation was evident, and thus the solution was filtered with a 0.22 m filter to
remove particulate matter. The dialysis step could likely be further optimized to minimize losses
due to precipitation. The filtrate was then loaded onto a S200 26/60 gel filtration column
equilibrated in 30 mM sodium phosphate buffer, 100 mM NaCl, 2 mM EDTA at pH 7. The P182L
protein eluted in the column void, earlier than WT HSP27, already indicating its large oligomeric
size.
4.4.2 SEC-MALS, negative-stain EM, and chaperone activity assays
SEC-MALS data were conducted and analyzed by Dr. J. M. Louis (NIH) on a Wyatt Technologies
instrument using a S200 column (P182L, HSP27) or an S75 column (cHSP27 with the C137S
mutation in this case). The instrument was equipped with ASTRA 6 software. In all cases, 250 g
of protein was injected onto the column, which had been equilibrated in 30 mM sodium phosphate,
100 mM NaCl, 2 mM EDTA buffer at pH 7. The calculated molar masses of HSP27, P182L, and
cHSP27(C137S) were 470 kDa, 13600 kDa (i.e. 13.6 MDa), and 17.5 kDa, respectively. The
theoretical mass of the cHSP27(C137S) dimer is 19.8 kDa, so the slightly lower value as
determined by SEC-MALS likely reflects contributions from exchange with the free monomer. Note
that the C137S mutation does not impact the overall structure of the cHSP27 dimer (e.g. see
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Chapter 3). The molecular mass of HSP27 is in good agreement with previous publications
(Jovcevski et al. 2015, Mishra et al. 2018), with the former reference indicating 670 kDa by
analytical SEC and the latter 400 kDa by SEC-MALS. Some sample heterogeneity is therefore to
be expected.
Negative-stain EM data were collected by Dr. Marielle Wälti (NIH) with assistance from the
author. Samples were prepared at 4.5 M in 30 mM sodium phosphate, 100 mM NaCl, 2 mM
EDTA at pH 7. Samples were loaded onto carbon-coated copper EM grids (Ultrathin Carbon
Film/Holey Carbon; Ted Pella) and incubated there for 60 seconds. Excess sample was blotted
off the grid, and then the grids were stained with 4% uranyl formate for 15 seconds. Excess stain
was removed by blotting. Negative-stain EM images were then collected on a FEI Tecnai T12
electron microscope operating at 120 kV, which was equipped with a Gatan US1000 CCD camera.
Chaperone activity assays were conducted as in Chapter 3. Briefly, all chaperone activity
assays were completed in triplicate, with the mean and one standard deviation reported. Assays
were performed using a 96-well plate and a FLUOstar Omega Microplate Reader or Tecan Infinite
M200 PRO plate reader. 0.2 M porcine heart MDH (Sigma-Aldrich) was incubated at 40 C in 30
mM sodium phosphate, 100 mM NaCl, 2 mM EDTA at pH 7. The increase in absorbance at 340
nm was monitored over time in the absence and presence of 0.5 M WT or P182L HSP27.
Likewise, the aggregation of 40 M human insulin (Sigma-Aldrich) at 40 C in the same buffer as
above was monitored by the increase in absorbance at 340 nm upon the addition of 1 mM DTT.
Aggregation reactions were monitored in the absence or presence of 20 M WT or P182L HSP27.
4.4.3 NMR spectroscopy
All NMR spectra were recorded on a 14.1 T Varian Inova spectrometer equipped with a 5 mm zaxis gradient, triple resonance room temperature probe. Experimental parameters for 2D 1H-15N
HSQC,
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15

N T1 relaxation,

15

N T2 relaxation, {1H}-15N heteronuclear NOE, and

15

N CPMG RD

spectra were identical to Chapter 3. All NMR data were processed with NMRPipe (Delaglio et al.
1995), visualized with NMRFAM-Sparky (Lee et al. 2015), and peak shapes were fit with FuDA
(Vallurupalli et al. 2008).
15

N CPMG RD data were recorded on 2H,15N-cHSP27 (oxidized) at both 500 and 600 MHz

at 298 K, and analyzed as in Chapter 3. WT peptide was added to a final concentration of 80 M,
whereas P182L peptide was added at 200 M. The expected percentage of bound peptides were
calculated as follows:

𝑝Bcalc =

𝐾𝑑 +[𝐿]𝑡 + [𝑃]𝑡 − √(𝐾𝑑 +[𝐿]𝑡 + [𝑃]𝑡 )2 − 4[𝐿]𝑡 [𝑃]𝑡
2[𝑃]𝑡

(3)

where [𝐿]𝑡 and [𝑃]𝑡 refer to the total concentration of ligand (peptide) and protein (cHSP27),
respectively. Thus, at 80 M of added WT peptide in the presence of 1.5 mM protein for a Kd of
125 M, approximately 4.9% of cHSP27 should be bound. For the P182L peptide at a
concentration of 200 M in the presence of 1.5 mM protein for a Kd of 1200 M, approximately
7.2% of cHSP27 should be bound. These calculations are significantly larger than what was
experimentally measured by CPMG RD: 2.0% and 1.7% for WT and P182L, respectively. See
below for a possible discussion on why.
Dispersions were fit to a model of two-state chemical exchange using the CATIA software
(Vallurupalli et al. 2008). A total of 10 residues each from the WT and P182L peptide datasets
were included in the global fit: T110, K112, T113, K114, T151, V153, S154, S156, L157, and
S158 (Table 1). In oxidized cHSP27, residues D129, E130, R136, C137, and F138 also show
dispersions (e.g. see Chapter 3), but these residues were not included in the fit, as they arise from
separate, non-peptide-binding related processes. Between the two CPMG RD datasets derived
from WT and P182L peptides, a large degree of similarity in the fitted || values is observed (Fig.
9), with an RMSD of 0.27 ppm. Since the || values reflect the chemical shift changes upon
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binding to peptide, this agreement between the two independently fit datasets further highlights
the similarity of the conformations of the peptide-bound states.
Table 1. 15N || values in cHSP27 derived from CPMG RD analysis in the presence of a small amount of
WT or P182L peptide. Dispersions at 298K at 500 and 600 MHz were included in the global fit; WT and
P182L datasets were analyzed independently. The superscripts WT and mut refer to values obtained in the
presence of WT peptide and P182L peptide, respectively.

Residue
T110
K112
T113
K114
T151
V153
S154
S156
L157
S158

N WT (ppm)
1.45
2.32
4.61
2.51
3.16
1.11
2.69
3.96
2.10
1.27

15

ErrorWT (ppm)
0.09
0.10
0.16
0.09
0.12
0.08
0.10
0.14
0.09
0.08

N mut (ppm)
1.58
2.40
4.96
2.42
3.03
0.82
2.15
4.32
2.17
1.08

15

Errormut (ppm)
0.07
0.08
0.19
0.09
0.22
0.14
0.10
0.15
0.09
0.07

`Figure 9. The overall similarity between the independently fit dispersions at 298K, RMSD = 0.27 ppm, suggests that
cHSP27 adopts a relatively similar conformation when bound to the WT or P182L peptide. The superscript mut refers to
P182L. Dispersions from 500 and 600 MHz were analyzed.
15

N CPMG RD data were then acquired at a range of temperatures on cHSP27 sparsely

bound to WT and P182L peptides. These data were obtained at 14.1 T (600 MHz) exclusively at
293, 303, 308, 313, and 318 K. Since only a single B0 field was employed for the multi-temperature
study, || values were fixed to their values obtained from the 298 K dataset, which utilized
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dispersions at 500 and 600 MHz. This ensures higher accuracy in the fitted kex and pB values (e.g.
see Chapter 2), as relatively larger errors can be introduced from fitting CPMG RD data at a single
field.
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Table 2. Fitted values of kex and pB derived from CPMG RD data recorded on the sparsely bound states of
cHSP27 in the presence of WT or P182L (Mut) peptides. Data at 25 C were included dispersions at both
500 and 600 MHz, whereas all other temperatures utilized 600 MHz data only. However, the || values
determined at 25 C were then fixed in the analysis of all one-field data. Errors indicate +/- one standard
deviation from the mean.

T (C)
20
25
30
35
40
45

WT kex (s-1)
564  110
774  44
685  31
1035  51
1466  67
2542  184

WT pB (%)
1.82  0.24
1.97  0.06
3.03  0.07
3.34  0.05
3.36  0.06
3.35  0.23

Mut kex (s-1)
489  56
854  48
1111  40
1580  81
1967  190
4225  817

Mut pB (%)
2.74  0.24
1.69  0.05
1.76  0.03
1.55  0.03
1.04  0.05
1.08  0.27

4.4.4 Two- or three-state binding model
While both the CSP (Fig. 3, Fig. 4, Fig. 5) and CPMG RD (Fig. 6, Fig. 7, Fig. 8) data fit well to a
model of two-state binding, the potential presence of a third-state is evident from both the
discrepancy between pB calculated from theory (eqn 3) and that measured by CPMG RD, and
also from incomplete recovery of peak intensities from many resonances in cHSP27 during the
peptide titrations. For the CPMG RD data, the measured pB values are lower than the expected
values given the Kd values and the concentrations of ligand and protein. The back-calculated Kd
values are significantly higher than those measured by CSPs: namely, for the WT peptide the
CPMG-derived Kd is 2.51 mM and for the P182L peptide the Kd is 10.2 mM. The respective koff
and kon values for WT (P182L) are 759 s-1 (840 s-1) and 3.02 x 105 M-1 s-1 (8.26 x 104 M-1 s-1). To
convert the fitted kex values into kon and koff, and calculate the Kd, the following equations were
used:
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𝑘ex = 𝑘on [𝐿]free + 𝑘off

(4)

[𝐿]free = [𝐿]𝑡 − 𝑝B [𝑃]𝑡

(5)

𝐾𝑑 =

𝑘off
𝑘on

(6)

A table of kon, koff, and Kd values derived from CPMG RD at all temperatures is below. As seen,
the Kd for the WT peptide decreases with increasing temperature, seemingly plateauing at a value
of ca. 850 M. This value remains ca. 7-fold higher than that determined by CSPs, whereas the
CPMG RD-derived Kd is ca. 20-fold larger at lower temperatures. Likewise, the P182L Kd
determined by CPMG RD is ca. 8-fold larger than the CSP-derived Kd at 25 C, further increasing
to near 15-fold larger at 40 C. It should be noted, however, that the CSP-derived Kd values were
only obtained at 25 C, and therefore a full temperature dependence of the Kd is not available.

Table 3. Values of kon (M-1 s-1), koff (s-1), and Kd (M) as derived from CPMG RD studies on sparsely peptidebound cHSP27. The Kd refers to the peptide-cHSP27 equilibrium, with koff and kon the dissociation and
association rates, respectively. Note that the CSP-derived Kd for WT and P182L peptides are 125 M and
1200 M, respectively.
WT
Kdmut (M)
T (C) konWT (M-1 s-1) koffWT (s-1) Kd (M) konmut (M-1 s-1) koffmut (s-1)

20
25
30
35
40
45

1.95 x 105
3.02 x 105
6.00 x 105
1.15 x 106
1.66 x 106
2.86 x 106

554
759
664
1000
1416
2457

2,843
2,510
1,106
856
851
858

8.43 x 104
8.26 x 104
1.12 x 105
1.39 x 105
1.10 x 105
2.48 x 105

475
840
1091
1555
1946
4179

5,640
10,160
9,690
11,226
17,546
16,835

From the CSP titration standpoint, chemical shifts from cHSP27 do not recover their
intensities in the presence of 10-fold excess peptide (data not shown). Another potential source
of broadening could arise from transient oligomerization. This was ruled out by recording

15

N

relaxation date, namely measuring T1 and T2 relaxation times, in both the absence and presence
of near-saturating peptide (95% bound). The fitted c values from 15N T1/T2 ratios (Kay et al. 1989)
in both cases are consistent with a dimer of 20 kDa in mass at 310 K (ca. 10 ns) (Fig. 10). As
such, I speculate that multiple conformations of the peptide-bound form may exist, with significant
conformational interconversion on the millisecond timescale, as discussed below.
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This discrepancy in binding affinity as measured by CSPs and CPMG RD could arise from
a third state. The source of the broadening and lower than expected pB values could be significant
heterogeneity of the peptide when bound to cHSP27, leading to multiple interconverting states on
the millisecond timescale. However, the fact that both CSP and CPMG RD data are well-fit to a
model of two-state chemical exchange thus implies that the third state rapidly interconverts with
one of the two states probed here. Therefore, a plausible binding model may look like one of the
schemes below:
𝑀2 + 2𝑃 ⇌ {𝑀2 𝑃2 }A ⇌ {𝑀2 𝑃2 }B

(7)

where the second arrows would have very fast rates associated with them.
To confirm or reject the two-state model, I plan to globally fit the CSP, linewidth broadening,
and CPMG RD data together, as outlined previously (Korzhnev et al. 2009), to a model of threestate chemical exchange, and examine if the discrepancy can be resolved.
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Figure 10. 15N relaxation of peptide-free and peptide-bound cHSP27. 2H, 15N-labeled cHSP27 was prepared at a
concentration of 0.3 mM in 30 mM sodium phosphate, 2 mM EDTA buffer at pH 7 and 37 C. 15N R1 (i ) and 15N R2 (ii )
relaxation rates were measured at 600 MHz (A) and 500 MHz (B). In the figure, apo means peptide-free cHSP27 and
+CTP refers to the peptide-bound form. To generate the peptide bound form, 3.8 mM WT peptide (CTP) was added to
0.3 mM cHSP27. For a Kd of 125 M, this corresponds to 96.8% of bound cHSP27. The elevated R2 values in A i and
B i reflect contributions due to chemical exchange.
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5
Development of pressure-jump
hydrogen exchange for protein folding
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5.1

Abstract

A method is introduced that permits direct observation of the rates at which backbone amide
hydrogens become protected from solvent exchange after rapidly dropping the hydrostatic
pressure inside the NMR sample cell from denaturing (2.5 kbar) to native (1 bar) conditions. The
method is demonstrated for a ubiquitin variant that contains two Val to Ala mutations to create
small hydrophobic cavities, which make the protein more susceptible to pressure-induced
unfolding while retaining its native structure. Increased protection against hydrogen exchange with
solvent is monitored as a function of time during the folding process. Results for 53 backbone
amides show narrow clustering with protection occurring with a time constant of ca. 85 ms, but
slower protection is observed around a reverse turn near the C-terminus of the protein.
Remarkably, the native NMR spectrum returns with this slower time constant of ca. 150 ms,
indicating that the almost fully folded protein retains molten globule characteristics with severe
NMR line broadening until the final hydrogen bonds are formed. Prior to crossing the transition
state barrier, hydrogen exchange protection factors are close to unity, but with slightly elevated
values in the 1−2 hairpin, previously shown to be already lowly populated in the urea-denatured
state.
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5.2

Introduction

Rapid mixing experiments, where proteins are switched from a denaturing to a folding
environment, have long been coupled with studies of the rates at which amide protons exchange
with solvent deuterons, or vice versa, to capture information on the time sequence involved in
hydrogen bond (H-bond) formation during the protein folding process (Dyson & Wright 2017,
Englander & Mayne 1992). In these so called quenched-flow hydrogen exchange (HX)
experiments, samples are harvested and subsequently analyzed by NMR or mass spectrometry
(MS) in order to determine the degree to which a given residue (NMR) or group of residues (MS)
has undergone hydrogen exchange with solvent during the mixing process (Bai et al. 1995,
Baldwin 1993, Miranker et al. 1993). These experiments have provided valuable insights into the
time course at which individual amides become engaged in H-bond formation, and thereby
protected from exchange with solvent, revealing remarkable details on kinetic intermediates that
can occur during the folding pathway (Briggs & Roder 1992, Dyson & Wright 2017, Englander &
Mayne 1992, Liu et al. 2014, Panick et al. 1999). Recently, a
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C-detected NMR experiment to

monitor HX rates in arginine guanidinium groups has been introduced (Mackenzie & Flemming
Hansen 2018), as well as methods to measure HX rates in invisible protein states (Long et al.
2014, Yuwen et al. 2018).
Here, I introduce a more direct NMR method for monitoring the time course of HX
protection during the folding process. By unfolding the protein under high hydrostatic pressure
inside the NMR sample cell, followed by a rapid drop in pressure to initiate the protein folding
process, the rate at which hydrogens exchange with solvent can be monitored directly by
exploiting the resonance frequency difference between amide protons and bulk solvent.
Conceptually, these experiments are analogous to pressure-jump fluorescence measurements
(Liu et al. 2014, Panick et al. 1999), but the combination with two-dimensional NMR spectroscopy
provides a separate spectroscopic probe at every backbone amide moiety. Here, I provide the
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first such example of following the switch between a fully pressure-denatured state to the fully
folded state with millisecond resolution, using the change in HX rate during the folding process as
the experimentally probed parameter. I note, however, that it is also feasible to probe multiple
other parameters during the folding process, including NOEs, chemical shifts, relaxation rates,
and possibly residual dipolar couplings.
Over the past 25 years, NMR spectroscopy has explored extensively proteins under high
hydrostatic pressure, and has provided site-specific information on folding intermediates as well
as thermodynamic parameters (Akasaka et al. 2000, Nash & Jonas 1997, Royer et al. 1993,
Samarasinghe et al. 1992, Yamaguchi et al. 1995). Most of these studies were carried out under
static pressure conditions, but more recent studies have also utilized a sudden change in pressure
to explore kinetic behavior (Kremer et al. 2011, Roche et al. 2013). Here, I show that rapidly and
repeatedly switching the pressure in the NMR sample cell between 2.5 kbar and 1 bar allows
atomic-level characterization of the protein at millisecond resolution during the actual folding
process.
I measure f, the mean time between the initiation of protein folding (when pressure drops
from 2.5 kbar to 1 bar) and the time at which individual backbone amides become protected from
HX. Protection from HX typically occurs because a given amide has either engaged in a stable Hbond or has otherwise become solvent inaccessible due to the formation of locally folded structure.
The ability to denature a protein at high pressure is critical to the experiments outlined below. The
negative change in volume between the folded and unfolded states is the primary cause of
pressure-induced protein unfolding. This mechanism can be magnified by introducing small
hydrophobic cavities in the interior of the protein through mutagenesis. Here, two Val to Ala
mutations (V17A/V26A) are used to lower the mid-point of ubiquitin pressure denaturation from
>5 kbar to ca 1.4 kbar at 298 K. The structure of ubiquitin is minimally affected by these mutations,
as indicated by the very similar values of the structurally sensitive 13C and 13Cʹ chemical shifts of
the wild type and double mutant protein (Charlier et al. 2018). The midpoint of pressure
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denaturation can also be lowered by decreasing the temperature (Panick et al. 1999), but this
results in much slower kinetics of both folding and unfolding.

5.3

Results and Discussion

Following the rapid drop in pressure from 2.5 kbar to 1 bar, and a concomitant 3 K drop in
temperature due to adiabatic solvent expansion, the return of the pressure-denatured protein to
its native, folded state can be monitored by simply recording 1D NMR spectra (Fig. 1, Fig. 2). A
plot of the intensity of the most downfield shifted amides (I13 and L67) as a function of refolding
time shows bi-exponential behavior with about two thirds refolding with a time constant of ca 150
ms, and one third refolding more than an order of magnitude slower (Fig. 1). The same time
constants apply to all other well resolved amide resonances, indicating that the I13 and L67
intensities are representative of the final, native state of the protein. The slowly recovering
component is attributable to an off-pathway oligomeric intermediate, with subsequent work
demonstrating a clear concentration-dependence to the fraction of the slow phase. The offpathway oligomeric species contributes minimally to my measurements of HX protection, which
only observe signals from proteins that fold on the faster time scale.
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Figure 1. Recovery of the ubiquitin amide signals after dropping the pressure from 2.5 kbar to 1 bar. (A,B)
1D NMR spectra recorded at different times after the pressure drop. A larger set of such spectra is shown
in Figure 1. (C) Plot of the ratio of the time-dependent intensity (I(t)) of the two most downfield shifted amides
(I13 and L67) over their equilibrium value (measured 10 s after pressure drop, Ieq). The 0.04 offset in the
exponential fits is the fraction of protein, measured in a separate high S/N HSQC spectrum, that remains
folded at 2.5 kbar and 298 K. Reproduced from the American Chemical Society with permission.
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Figure 2. 1D NMR spectra of ubiquitin after dropping the pressure from 2.5 kbar to 1 bar to initiate folding.
Sample: 0.3 mM 15N/13C/2H V17A/V26A ubiquitin in 250 L H2O/D2O (93/7%), 25 mM phosphate buffer, pH
7.5, 295 K (at 1 bar). (A-H) 1D NMR spectra recorded at different times after the pressure drop. Reproduced
from the American Chemical Society with permission.

In the fully unfolded state, the intrinsic HX rates (kintr) depend strongly on residue type and
that of the immediate neighbors (Bai et al. 1993). Values of kintr at 2.5 kbar were measured using
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0.3 mM uniformly

13

C/15N/2H-enriched ubiquitin. Perdeuteration avoided any complications from

potential NOE transfer of magnetization from H protons, and the absence of NOE effects through
rapidly exchanging hydroxyl protons was verified by carrying out measurements at three pH
values: 6.4, 7.1, and 7.5.
To measure HX with bulk solvent during the folding process, I essentially follow the
procedure of Grzesiek and Fitzkee (Fitzkee et al. 2011, Grzesiek & Bax 1993). In my experiments,
a duration Tex = 125 ms, where water magnetization is either inverted or left unchanged, precedes
the start of the 2D 1H-15N heteronuclear single quantum correlation (HSQC) experiment. A
refolding delay, r , separates the start of the Tex period from the time when the pressure suddenly
drops to 1 bar (Fig. 3). Each pulse sequence is executed twice: once with a water-selective
inversion pulse and a subsequent water-flip-back pulse immediately prior to the start of the HSQC,
and a second, reference experiment where these water inversion pulses are not applied. The
ratio between corresponding intensities in the two HSQC spectra therefore provides a measure
for the fraction of any amide hydrogen in the ensemble that exchanged with solvent during Tex.
Amide hydrogens that rapidly exchange with solvent (kex ≥ ~1/Tex) will appear inverted relative to
the reference spectrum, while those that exchange more slowly will simply be attenuated (Fig. 4,
Fig. 5).

Figure 3. Schematic diagram of the pressure jump NMR experiment used to measure HX rates during
protein folding. Hydrostatic pressure is marked in green. G marks a weak magnetic field gradient (0.5 G/cm),
needed to prevent radiation damping of the inverted H2O magnetization. HSQC refers to the standard,
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gradient-enhanced HSQC experiment,11 including water flip-back to +z. A long delay (12 s at 298 K and 2.5
kbar) between scans was used to unfold the protein prior to the pressure drop. Reproduced from the
American Chemical Society with permission.

Using the experiment of Figure 2 (r = 0), the difference in intensity of a given amide signal,
recorded without and with water inversion, normalized to the signal without water inversion, Sf(Tex),
was derived by D.A. Torchia by extending the derivations of Grzesiek and Fitzkee (Fitzkee et al.
2011, Grzesiek & Bax 1993) to include non-equilibrium chemical exchange (Helgstrand et al.
2000). In the limit that R1u (unfolded state R1), R1f (folded state R1), R1W (water R1), and kf (HX rate
in the folded state) are all much smaller than 1/Tex, Sf(Tex) simplifies to:

S f (Tex ) = f {1 − [ /( + k u )][(1 − e − (  + ku )Tex ) /(1 − e − Tex )]}

(1)

where f denotes the difference in H2O magnetization before and after the selective 180° pulse
(f ≈1.8);  is the inverse of f, the mean time at which a given amide becomes HX-protected; ku
is the HX rate at 1 bar, prior to crossing the transition state; and Tex is the duration that the water
remains inverted. Note that extracting  from eq 1 requires knowledge of ku, which may well differ
from kintr, the intrinsic, random coil exchange rate (see below).
Nevertheless, the scheme of Fig. 3 can be used to detect f provided that ku » kf. By
inserting a refolding delay, r, prior to the first water inversion pulse, a fraction e−r/f of the amides
remain in the HX-unprotected state prior to the first water inversion pulse. Sf therefore scales as
Sf(r,Tex) = Sf(0,Tex)e−r/f and since it must approach the value obtained at 1 bar for r →∞ Sf(r,Tex)
is well described by the function Ae−r/f + B.
Spectra were collected in an interleaved manner for six r values: 0, 50, 100, 200, 300, and
400 ms. For r = 0, a number of amide signals appear inverted due to rapid exchange with solvent
during the Tex period when water is inverted, whereas others are strongly attenuated (Fig. 5).
However, when HX is impeded by protein folding during the delay r, attenuation due to HX with
solvent becomes progressively less (Fig. 5), and Sf(r,Tex) follows the expected Ae−r/f + B
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dependence (Fig. 5, Fig. 6). Residues that are not significantly protected in the folded protein (e.g.,
G10-T12) will show very little change in intensity when r is increased.

Figure 4. Ubiquitin 2D HSQC NMR spectra, measured at various refolding intervals, r, with application of
the water inversion pulses. The inset corresponds to the cross peak of H68. Negative signals are in red.
The assignment of K11, representative of a residue with fast HX in the folded state (kf = 5.4 s-1), is marked
in (A). Reproduced with permission from the American Chemical Society.
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Figure 5. Refolding time (r) dependence of NMR intensities. (A-D) Sections of ubiquitin 2D HSQC NMR
spectra (with application of the water inversion pulses), measured at various r values. Sample conditions
are as in Fig. 1 and Fig. 2. The sample temperature was set at 298 K during the high pressure (2.5 kbar)
period (12 s). (E,F) Fits of the Sf(r,Tex) to Ae−r/f + B, for T7, S65, Q40, and Q41. Reproduced with
permission from the American Chemical Society.

187

Figure 6. Fits of Sf(r,Tex) = I(r)/I0 to Ae-r/f + B for all of the residues analyzed. The sample
contained 300 M of V17A/V26A ubiquitin (2H,13C,15N) dissolved at pH 7.5 thermostated at 298 K
when at 2.5 kbar. An exchange time (Tex) of 125 ms was used in this experiment, with τr values of
0, 50, 100, 200, 300, and 400 ms. Intensities of residues with fast HX in both the unfolded and
folded states (G10, K11, T12) show no significant decay and were not fitted. Reproduced with
permission from the American Chemical Society.
Values for f could be extracted for 53 amides whose HX rates differ substantially between
the unfolded and folded states of the protein (Fig. 6, Fig. 7). Time constants for the entire -sheet
(86 ± 8 ms; N = 18) and the long -helix (88 ± 6 ms; N = 11) show narrow clustering (Fig. 7, Fig.
8). The highly homogeneous set of time constants, seen for most of the protein, gives it the
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appearance of being a classic two-state folder, in agreement with previous denaturant-based
studies (Krantz & Sosnick 2000, Went et al. 2004). However, the loop/turn region (I61−T66) shows
longer and more heterogeneous time constants, most notably for I61 (f = 126 ms) and S65 (f =
131 ms) (Fig. 7, Fig. 8). The amide of I61 shares an H-bond to the carbonyl of L56, and S65 Hbonds to Q62, stabilizing a type-II -turn (Fig. 8). These observations indicate that protein folding
is not fully complete until the final type-II -turn, centered at residues K63-E64, has formed.
Remarkably, prior to the formation of this turn, the NMR spectrum of the entire protein is impacted
by dynamic processes that cause severe line broadening, essentially rendering it invisible, until
this last native element has formed (Fig. 1, Fig. 2).

Figure 7. Protection times, f = 1/ for HX during protein folding. Fitted time constants as a function of
residue number in the V17A/V26A ubiquitin mutant at 295 K. Error bars reflect the uncertainty as obtained
from the covariance matrix of the fit. A color map of the rates on the ubiquitin ribbon diagram highlights
spatial proximity of I61 and S65 (Fig. 8). Reproduced with permission from the American Chemical Society.
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Figure 8. Protection times, f = 1/ for HX during protein folding mapped on the ribbon diagram of the
ubiquitin structure (PDB entry 2MJB). Grey indicates residues for which no protection times were obtained.
Reproduced with permission from the American Chemical Society.

This penultimate state during the folding process therefore resembles what is sometimes
called a “dry molten globule”, where the vast majority of backbone H-bonds are properly in place,
but dynamic conformational exchange prevents coalescence to a sharply defined folded structure
(Baldwin et al. 2010, Neumaier & Kiefhaber 2014, Shakhnovich & Finkelstein 1989). The NMR
resonances are exceptionally sensitive to such dynamic processes, effectively broadening them
to an extent that they escape detection, in particular when recording 2D HSQC spectra that involve
fixed magnetization transfer delays.
Besides the fast folding component, the double-mutant ubiquitin also shows a much
slower folding component (Fig. 1): about two thirds fold at a relatively rapid rate of ca 7 s-1, whereas
one-third folds at a rate that is more than an order of magnitude slower and is not significantly
probed by my HX experiments. A similar biphasic recovery in ubiquitin has previously been
attributed to the fraction of unfolded chains for which one or more of the three Pro residues starts
in the cis conformation (Briggs & Roder 1992). However, as shown later, the fraction of cis-Pro in
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unfolded VA2-ubq is 2% and 10% for the bonds involving Pro38 and Pro39 (Alderson et al. 2018);
thus, the slower time constant may be caused by an oligomeric off-pathway intermediate (Went et
al. 2004), caused by aggregation of the unfolded chain that exposes a large number of
hydrophobic residues. Indeed, a pronounced increase in the fraction of slowly recovering protein
is observed when the sample concentration is raised from 0.3 mM to 1 mM, confirming the
presence of an oligomeric species. This was investigated in more detail in a follow-up publication
(Charlier et al. 2018). This off-pathway oligomerization therefore limits the concentration at which
pressure jump NMR experiments of the type described here can be carried out. Alternatively,
working at a pH where the protein carries a large net charge, or the use of a small volume fraction
of a mild organic co-solvent such as ethanol, can mitigate the self-association process (Eliezer et
al. 1998, Redfield 2004).
My results provide the residue-specific time constants at which the HX rate switches from
that of the unfolded to that of the folded state. Their measurements therefore do not require a
high degree of protection in the folded state, and indeed time constants are also obtained for
residues that do not engage in H-bonding in the final structure, simply reflecting the change in
accessibility to OH− catalyzed hydrogen exchange. For example, the solvent-exposed amides of
the 2 strand yield time constants very similar to their immediate H-bonded neighboring residues
(Fig. 7, Fig. 8). However, the smaller difference in HX rate between the folded and unfolded states
makes their uncertainty somewhat larger. The pressure jump approach therefore provides access
to a larger number of probes than can be evaluated by quenched-flow rapid mixing experiments.
My pressure jump experiment also yields information on the average degree of HX
protection prior to crossing the transition state: to a first approximation, for r = 0 and kf, R1W, R1u,
and R1f « 1/Tex, the HX rate of the protein at 1 bar, ku, can be extracted from eq 1. Comparison
of ku with the intrinsic HX rates, kintr, measured at high pressure in the fully unfolded state, shows
a close correlation with a slope of ca 1 (Fig. 9), indicative of essentially no HX protection prior to
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the point where the protein crosses the transition state. A possible exception to this observation
is seen for residues in the first two -strands, which account for five of the six highest kintr/ku ratios,
ranging from 1.75 to 1.85 (Fig. 9). A caveat in determining these ratios is that kintr values were
measured at 2.5 kbar, and conversion to 1 bar requires scaling to account for the pressure
dependence of the phosphate buffer pH, lowering it by approximately 1 unit, i.e. 10-fold lower
[OH−]. This effect is largely, but not completely, offset by the five-fold increased water dissociation
at 2.5 kbar which, combined with the pH effect, results in a net lowering of the effective [OH −]
concentration, and therefore HX rates, by about 2-fold relative to 1 bar (Fuentes & Wand 1998,
Zhang et al. 1995).
The small degree of HX protection seen for amides involved in formation of the first hairpin is consistent with the transient presence of this structural element even in the ureadenatured protein, albeit to substantially less than 25% (Meier et al. 2007). Its formation is
expected to be essentially instantaneous (~6 s) on the time scale of my NMR experiment, judging
by measurements on the analogous hairpin of the structurally homologous GB1 protein (Muñoz et
al. 1997). Regardless, my observation indicates that in my ubiquitin mutant, prior to crossing the
transition state, dynamic H-bonds are remarkably lowly populated, in agreement with prior work
by Gladwin and Evans (Gladwin & Evans 1996).
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Figure 9.Comparison of the intrinsic HX rates (kintr) in the pressure-denatured state of V17A/V26A
ubiquitin with the HX rates in the pre-transition state (ku) measured during the pressure-jump
experiments. (a) Correlation plot of the pressure-corrected kintr rates (rates multiplied by 2.0 (to
account for the 1 unit decrease in the pH of phosphate buffer, prepared at pH 7.5, when pressure
is raised to 2.5 kbar, an effect that is partially offset by a five-fold increase in OH- concentration
resulting from pressure-induced water ionization) and ku rates determined from the pressure-jump
experiments. In both cases, the sample contained 300 μM of 2H,13C,15N-labeled sample, in 25 mM
sodium phosphate buffer, pH 7.5 at 1 bar. Static experiments at 2.5 kbar were carried out at 295
K (kintr). Pressure jump experiments (ku) were carried out with the 2.5 kbar sample thermostated
at 298 K, corresponding to 295K after the pressure drop to 1 bar. (b) The ratio of kintr over ku shown
as a function of residue number. (c) Data from panel (b) shown on the structure of ubiquitin (PDB
2mjb). Residues that are colored gray have no data available. Reproduced with permission from
the American Chemical Society.
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5.4

Methods

5.4.1 Protein expression and purification
A codon-optimized plasmid encoding residues 1-76 of human ubiquitin bearing the V17A/V26A
mutations (ATUM) was transformed into E. coli BL21(DE3) competent cells (New England
Biolabs). All bacterial media for protein expression contained 100 μg/L of ampicillin. Following
overnight growth at 37 °C in 5 mL of LB media, the culture was spun down and transferred to 100
mL of M9 minimal medium. This culture grew at 37 °C for 3-5 hours, and then the cells were
pelleted and transferred to 1 L of M9 minimal media containing 1 g L-1 of 15NH4Cl and either 2 g L1

of [U-13C]-glucose or 6 g L-1 of natural abundance glucose. For perdeuteration, the M9 minimal

media was prepared in 99.8% D2O and [U-2H,13C]-glucose was used. All media for isotopic
labeling was supplemented with 1 g L-1 of appropriately isotopically labeled ISOGRO (SigmaAldrich). When the optical density of these cultures reached ca 0.6-0.8 units, protein expression
was initiated by addition of 1 mM IPTG and allowed to proceed for 4 hours at 37 °C. The cells
were then harvested and stored at -80 °C until used.
Cell pellets were resuspended in 50 mM Tris-HCl buffer, pH 7.6, and then lysed using a
Cell Disruptor (Constant Systems Ltd), with multiple passages of the cells at 2.2 kbar. The lysed
cells were then spun at 50,000 x g for 20 minutes at 4 °C. The supernatant was collected and the
pH was brought to 3.3 using acetic acid in order to precipitate contaminants. The pH 3.3 sample
was then spun at 50,000 x g for 20 minutes at 4 °C, and the supernatant was concentrated and
loaded onto a Superdex S75 26/60 column (GE Healthcare) equilibrated in 10 mM potassium
buffer at pH 6.8. The ubiquitin-containing fractions were collected, concentrated, and then
subjected to reverse-phase HPLC using a Vydac 214TP C4 column. Ubiquitin V17A/V26A eluted
near 35% acetonitrile with 0.1% trifluoroacetic acid, and this sample was then dialyzed twice into
four liters of 25 mM potassium phosphate buffer (pH 6.4), concentrated, and stored until use. All
samples for NMR spectroscopy contained 7% D2O in 25 mM potassium phosphate buffer at pH
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6.4, 7.1, or 7.5. The ionic strength was slightly changed in the elevated pH samples due to the
addition of NaOH.

5.4.2 NMR spectroscopy
The unfolded state of ubiquitin V17A/V26A was assigned using non-uniformly sampled 3D HNCA
and HNCO spectra acquired on a Bruker Avance III 800 MHz spectrometer equipped with a
cryogenically cooled probe. The pressure inside the NMR tube was maintained at 2.5 kbar
(Daedalus Innovations, LLC), and NMR spectra were processed and NUS-reconstructed with
NMRPipe (Delaglio et al. 1995) and SMILE (Ying et al. 2016). All hydrogen exchange (HX) NMR
spectra were collected on a Bruker Avance III 600 MHz spectrometer equipped with a 3-axis
gradient, room temperature probe, modified with a home-built apparatus enabling fast pressure
changes (see below). The pulse sequence to measure HX during the refolding process is
analogous to that of Fitzkee et al. (Fitzkee et al. 2011).

5.4.3 Pressure jump apparatus
The detailed design and performance characteristics of a home-built pressure-jump apparatus will
be reported elsewhere, with some details already published (Charlier et al. 2018). Briefly, a
ceramic NMR tube is connected via a high-pressure transfer tube to a “T” fitting mounted above
the magnet. Pneumatic valves connected to the “T” fitting open to an adjustable high-pressure oil
reservoir (≤ 3 kbar) or an atmospheric pressure vessel. Spectrometer-generated TTL signals
trigger the valve openings to alternately pressurize and depressurize the protein sample. Pressure
rise and fall times can be adjusted from ca 1 ms to several ms by restricting flow to the NMR tube.
Reported data used switching times of ca. 4 ms.
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5.4.4 Pressure-induced changes to the pKw of water
To calculate the pKw of water analytically, such that the pKw can be obtained at any pressure and
temperature, the following equation was used (Bandura & Lvov 2006, Dooley 2007):
𝑝𝐾𝑤 𝐺 = 𝛾0 + 𝛾1 𝑇 −1 + 𝛾2 𝑇 −2 + 𝛾3 𝑇 −3
𝑝𝐾𝑤 = −2𝑛 [ log10 1 + 𝑄) −
𝑄=

(2)

𝑄
𝑚0 𝑀𝑤
𝜌(𝛽0 + 𝛽1 𝑇 −1 + 𝛽2 𝜌) ] + 𝑝𝐾𝑤 𝐺 + 2 log
𝑄+1
𝐺

2
𝜌
exp (𝛼0 + 𝛼1 𝑇 −1 + 𝛼2 𝑇 −2 𝜌3 )
𝜌0

(3)

(4)

where n n, and n (n = [0,3]) are empirically derived factors, T is the temperature, n is the ion
coordination number,  is the mass density,  is the normalizing mass density, m0 is the absolute
molality, Mw is the molar mass of water, and G is a conversion factor for g to kg. The actual values
utilized for the calculation are presented in Table 1.
The density of water () changes with temperature and pressure, and thus must be
calculated explicitly to avoid errors that propagate into the pKw of water. The dependence on 
with pressure and temperature is:
𝜌(𝑃) =

𝜌0
∆𝑃
1−
𝐾

(5)

𝜌(𝑇) =

𝜌0
1 + ∆𝑇𝛼

(6)

where P is the difference in pressure (P – P0), K is the bulk modulus of water, T is the difference
in temperature (T0 – T ), and  is the coefficient of thermal expansion. For a given P and T
combination, the density of water is then calculated as (T )(P ) The variation in the bulk modulus
of water with pressure and the coefficient of thermal expansion with temperature were determined
empirically by the author through fitting tabulated values (Fig. 10). The solid lines in Fig. 10
represent best-fit lines to a linear equation (y = mx + b, panel A) or an exponential (y = A exp(-x/T)
+ B, panel B) for K and , respectively.
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Figure 10. Variations in the bulk modulus of water (A) and coefficient of thermal expansion (B) with pressure
and temperature, respectively. The red data points represent tabulated values and black lines are best-fit
lines derived from a linear equation (K = 5.971 P + 2210681814) or an exponential equation ( = −0.001053
exp(−P/75.63) + 0.001006 ).

Failure to account for the changes in K and  yielded incorrect values of the pKw versus pressure
at T=298 K (Fig. 11, top). The black dotted line represents eqn 3 calculated with (T ) and (P )
using K = K0 and  = 0, neglecting other changes. The correct value for the pKw of water at 2500
bar is 13.265, and failure to correct for changes in K and  yielded a pKw of 13.05. Inclusion of the
empirically derived parameters in turn yields a pKw of 13.265 (Fig. 11, bottom).

5.4.5 Pressure-induced changes to the pKa of phosphoric acid
In this study, phosphate buffer was employed, which is a polyprotic acid where the second
protonation event has a pKa value (7.21) in the range of physiological pH values. The first and
third protonation events have pKa values far outside this regime, 2.15 and 12.35, respectively, are
are neglected in the henceforth analysis. pKa values are the negative logarithm of the associated
equilibrium constant (K ), with G related to an equilibrium constant through the following
expression:
Δ𝐺 = −𝑅𝑇 ln 𝐾

(7)

For a two-state transition at fixed temperature, changes in pressure, compressibility, and
volume impact the free energy as follows:
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Δ𝐺 =

Δ𝛽
(𝑃 − 𝑃0 )2 + Δ𝑉(𝑃 − 𝑃0 ) + Δ𝐺0
2

(8)

where G stands for the difference in free energy at pressure P, G0 for the difference in free
energy at the initial pressure P0,  for the difference in compressibility, and V for the difference
in volume. Thus, in the presence of an appreciably large negative change in volume or
compressibility, high pressures can alter the thermodynamic equilibrium and therefore the relative
proportions of two different states. Typically for protein folding/unfolding studies, the V associated
with unfolding ranges from −20 to –100 cm3 mol-1 due to the collapse of hydrophobic cavities and

 has a much smaller negative value, on the order of 10−3 to 10−4 cm3 mol−1 bar−1. The pKa value
for the second protonation event of phosphoric acid (HPO42− → H2PO4−) has a V of −25.85 cm3
mol−1 and  of −40.9 x 10−4 cm3 mol−1 bar−1. This means that the equilibrium constant associated
with the protonation of phosphoric acid is pressure-dependent, resulting in a change in pH of the
buffer with increasing pressures. The pKa for the second protonation event of phosphoric acid is
defined as pK2:
𝑝𝐾2 = − log (

[H + ][HPO4 2− ]
)
[H2 PO4 − ]

(9)

where the equilibrium constant K2 has a value of 6.2 x 10−8 at 1 bar and 298 K, yielding a G value
of 41.1 kJ mol-1. At 2500 bar, however, the G value is lowered to 35.9 kJ mol-1, resulting in an
increase of K2 to 5.0 x 10−7. This manifests as a decrease in the pH of the phosphate buffer with
pressure, as the pH can be calculated from the Henderson-Hasselbalch equation:
𝑝𝐻 = 𝑝𝐾2 + log(

[HPO4 2− ]
)
[H2 PO4 − ]

(10)

for a phosphate buffer prepared at pH0 = 6.40 at 1 bar, where the amount of added
[HPO42−]:[H2PO4−] is equal to 0.15488, the effective pH at 2500 bar becomes 5.49 – a decrease of
0.89 pH units. This calculation is consistent with previous analyses, which indicated that
phosphate buffer decreases by ca. –0.4 pH units every 100 MPa (1000 bar) (Gayán et al. 2013).
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This decrease in pH with increasing pressure impacts the measured HX rates accordingly.
In the pH regime where HX is catalyzed by hydroxide ions, the measured rates scale according to
the following changes in pH and hydroxide concentration:
𝐻𝑋𝐵 = 𝐻𝑋𝐴 ∆[𝑂𝐻 − ]10∆pH

(11)

where  stands for the difference between condition B and condition A. Therefore, HX scales
linearly with hydroxide concentration and logarithmically with pH.
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Figure 11. Variation in the pKw of water, pH of a phosphate buffer, and relative OH- concentration as a
function of pressure at 298 K. (Top) Calculation of the pKw of water using eqn 3 and correcting for the
change in K and  with pressure and temperature (blue line) or by scaling relative to K0 and 0 (black line,
dotted). The correct value for the pKw of water at 298 K and 2500 bar is 13.265 (Dooley 2007). (Bottom)
Change in the pH of phosphate buffer with pressure. Given the pKw of water at each pressure and the
calculate change in pH of a phosphate buffer (pH0 = 6.4 at 1 bar), the OH- concentration is calculated is
relative to that at 1 bar. At 2500 bar, the concentration of hydroxide ions is 5.37-fold increased relative to 1
bar. Values for pKw are plotted on the left y-axis, whereas values of relative OH- concentration are shown
on the right y-axis.
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Table 1. Values and units used to calculate the pKw of water
Parameter
0
1
2
0
1
2
0
1
2
3
n
0
298K

G
m0
Mw
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Value
−0.864671
8659.19
−22786.2
0.642044
−56.8534
−0.375754
6.141500 x 10−1
4.825133 x 104
−6.770793 x 104
1.010210 x 107
6
1.0000
0.9971
1000
1
18.015268

Units
−
K
(g cm−3)−2/3 K2
(g cm−3)−1
(g cm−3)−1 K
(g cm−3)−2
−
K
K2
K3
−
g cm−3
g cm−3
g kg−1
mol kg−1
g mol−1

Table 2. Protection times ( = 1/f) for HX during protein folding. The time constants below were
obtained at 295 K for the refolding of V17A/V26A ubiquitin using a sample prepared at pH 7.5 (at
1 bar) in 25 mM potassium phosphate buffer. Refolding delays (r) of 0, 50, 100, 200, 300, and
400 ms were employed with a constant exchange time (Tex) of 125 ms. Uncertainties in the
reported values are those obtained from the covariance matrix of the fit.

Q2
I3
F4
V5
K6
T7
I13
L15
E16
A17
E18
S20
D21
T22
I23
N25
A26
K27
A28
K29
I30
Q31
D32
K33
E34
G35
I36
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74.6
84.4
87.6
85.2
85.8
80.2
93.9
83.2
100.2
68.7
73.9
81.6
78.4
91.4
85.9
83.6
81.1
91.6
85.7
92.7
103.8
86.8
82.6
84.0
86.1
78.9
77.8

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

4.2
6.4
3.3
6.2
6.5
4.2
1.7
9.1
14.9
9.2
18.6
6.3
8.6
7.5
3.9
6.5
8.5
7.2
7.7
3.6
6.9
9.0
7.8
4.6
3.4
4.4
10.5

Q40
Q41
R42
L43
I44
F45
K48
L50
E51
D52
R54
T55
L56
S57
D58
Y59
N60
I61
Q62
E64
S65
T66
L67
H68
L69
V70

83.3
79.9
85.8
90.3
73.7
79.4
86.2
93.3
94.2
75.4
101.9
80.1
87.4
74.2
84.5
97.3
95.0
125.5
96.2
95.7
130.8
102.5
87.3
93.6
87.5
77.5

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

8.7
5.8
3.4
10.0
16.1
3.5
5.4
7.2
2.4
5.1
5.0
4.5
4.3
5.6
8.6
5.1
6.3
14.4
7.5
8.7
13.6
9.9
7.7
5.5
6.2
20.5

- S 203 Table 3. Intrinsic HX rates (kintr) at 2.5 kbar, 295 K, of the unfolded state of V17A/V26A ubiquitin
for a sample prepared at pH 7.5 (at 1 bar) in 25 mM potassium phosphate buffer.a
I3
F4
V5b
K6
T7
L8
T9
G10
K11
T12
I13
T14
L15
E16
A17
E18
S20
D21
T22
I23
E24
N25
A26b
K27
A28
K29
I30
Q31
D32
K33
E34b
G35
I36
D39
Q40
a Note

17
17
30
29
44
54
77
88
53
53
13
19
13
8.3
7.2
4.4
32
25
14
5.8
8.1
42
12.2
15
14
15
6.1
20
23
16
12
17
3.2
14
16

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1
1
1
2
3
3
4
5
3
3
0.6
0.9
0.6
0.4
0.4
0.3
2
1.2
0.6
0.3
0.4
3
0.3
1
1
1
0.3
1
1
1
1
1
0.2
1
1

Q41
R42
L43
I44
F45
A46
G47
K48
Q49
L50
E51
G53
R54
T55
L56
S57
D58
Y59
N60
I61
Q62
K63
E64
S65
T66
L67
H68b
L69
V70
L71
R72
L73
R74
G75
G76

18
19
10.3
3.4
16
39
32
27
20
9.3
13.3
24
13
27
17
40
32
10.9
39
6.3
14
26
25
71
80
20
183
36
6.6
10
26
23
40
82
3.9

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1
1
0.5
0.2
1
2
2
2
1
0.5
0.6
1
1
1
1
2
2
0.5
2
0.3
0.6
1
1
4
5
1
5
2
0.3
0.5
1
1
2
5
0.3

that these values have not been corrected for the effect of pressure, and the 1 bar rates will be ca 2fold faster, due to the lower pH at 2.5 kbar, partially offset by the increase in [OH-].7 Measurements were
carried out at three pH values (6.4, 7.1, and 7.5), with reported values pertaining to pH 7.5. Residues for
which accurate values were only available at pH 7.1 and 6.4, or 6.4 only, were converted to pH 7.5 using
the known dependence of kintr on pH.
b Values measured only at pH 6.4 but converted to pH 7.5 using the known pH dependence of HX.

.

Table 4. HX rates (kf) for the folded V17A/V26A ubiquitin mutant at 1 bar, pH 7.5, 295 K.
a
Values measured only at pH 6.4 but converted to pH 7.5 using the known pH dependence of HX

Q2
I3
F4
V5
K6
T7
L8
T9a
G10
K11
T12
I13
T14
L15
E16
V17
E18
S20
D21
T22
I23
N25
V26
K27
A28
K29
I30
Q31
D32
K33
E34
G35
I36
D39
Q40
Q41
R42
L43
I44
F45
A46

.

1.5 ± 0.1
0.06 ± 0.1
0.03 ± 0.1
0.03 ± 0.1
0.06 ± 0.1
0.5 ± 0.1
4.0 ± 1.3
56 ± 3
4.5 ± 1
5.4 ± 1
4.1 ± 1
0.11 ± 0.1
1.6 ± 0.1
0.07 ± 0.1
0.55 ± 0.1
0.57 ± 0.1
0.07 ± 0.1
0.82 ± 0.1
0.13 ± 0.1
0.27 ± 0.1
0.15 ± 0.1
0.43 ± 0.1
0.06 ± 0.1
0.05 ± 0.1
0.06 ± 0.1
0.02 ± 0.1
0.04 ± 0.1
0.07 ± 0.1
0.24 ± 0.1
0.72 ± 0.1
0.19 ± 0.1
0.17 ± 0.01
0.08 ± 0.1
2.4 ± 0. 2
0.32 ± 0.1
0.16 ± 0.1
0.11 ± 0.1
0.39 ± 0.1
0.05 ± 0.1
0.08 ± 0.1
2.8 ± 2.2

G47
K48
Q49
L50
E51
D52
R54
T55
L56
S57
D58
Y59
N60
I61
Q62
K63
E64
S65
T66
L67
H68
L69
V70
L71
R72
L73
R74
G75a
G76

3.3 ± 0.3
0.21 ± 0.1
3.5 ± 0.3
0.12 ± 0.1
0.79 ± 0.1
0.53 ± 0.1
0.20 ± 0.1
0.30 ± 0.1
0.12 ± 0.1
0.29 ± 0.1
0.50 ± 0.1
0.14 ± 0.1
0.41 ± 0.1
0.07 ± 0.1
0.50 ± 0.1
2.31 ± 0.1
0.23 ± 0.1
0.60 ± 0.1
0.58 ± 0.1
0.05 ± 0.1
0.03 ± 0.1
0.06 ± 0.1
0.04 ± 0.1
0.34 ± 0.1
2.3 ± 0.2
4.8 ± 0.8
3.2 ± 2.3
59 ± 15
4 ± 0.2
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6
Monitoring protein structure by highpressure, pulsed field gradient diffusion
NMR spectroscopy
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6.1 Abstract
Pulsed-field gradient (PFG) NMR spectroscopy is used extensively to measure translational
diffusion of biomolecules in solution. From such measurements, their hydrodynamic radius (Rh)
can be calculated, often using a small amount of dioxane as an internal reference. For proteins,
Rh provides important structural information regarding the oligomeric state and the extent to which
an unfolded chain may have collapsed. The latter often requires the measurement of Rh
throughout a titration of denaturant, requiring different sample preparations for each
measurement. Hydrostatic pressure provides a convenient and relatively benign alternative
method for denaturation of proteins and dissociation of oligomers. I employed PFG NMR to study
the translational diffusion of wild-type (WT) and mutant ubiquitin as a function of hydrostatic
pressure. The Rh of the commonly used dioxane reference was found to increase with pressure,
by up to 8% at 3000 bar. Somewhat smaller increases in Rh values of methanol, ethanol, and
DMSO suggest that the increased hydration of such molecules is a general phenomenon, which
may be correlated with the strong non-linearity in the pressure dependence of their chemical shifts.
Using the newly calibrated pressure dependence of the Rh of dioxane, the Rh values of both the
folded and the unfolded state of a pressure-sensitized ubiquitin mutant remain nearly invariant,
either by the application of pressure or addition of urea. At 24.2 Å, the Rh of the pressure-denatured
state is only slightly smaller than that of the urea-denatured state, and close to the value expected
for an idealized random coil of 76 residues. Translational diffusion of -synuclein confirms the
previously reported compaction relative to an idealized random coil but shows no detectable
pressure dependence of Rh.
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6.2 Introduction
Pulsed-field gradient (PFG) NMR spectroscopy enables the measurement of translational
diffusion of biomolecules in solution (Johnson 1999, Price 1997, Price 1998, Price 2009). Through
the Stokes-Einstein equation (eq 1, Methods), the translational diffusion coefficient is inversely
related to the hydration radius (Rh) of a molecule. Therefore, Rh provides insight into molecular
size, including alterations upon oligomerization (Altieri et al. 1995, Dingley et al. 1995, Bernado et
al. 2003, Jansma et al. 2010, Huang et al. 2016, Price et al. 1999), ligand binding (Weljie et al.
2003), or folding and unfolding (Wilkins et al. 1999, Jones et al. 1997, Kamatari et al. 2001, Choy
et al. 2002, Buevich and Baum 2002). As the initial biophysical characterization of a protein often
entails determining its oligomeric state in solution, PFG NMR provides a simple and robust method
to discriminate between monomers and oligomers, without the need for isotope labeling and
measurement of spin relaxation to derive a measure of the rotational correlation time (Kay et al.
1989, Lee et al. 2006). Pulsed field gradients are widely used in modern NMR spectroscopy, and
availability of the requisite hardware now enables routine measurement of translational diffusion
constants for a wide range of systems, spanning molecules as small as tens of Da [19] to complex
protein assemblies that approach 1 MDa (Huang et al. 2016, Baldwin et al. 2011), amyloid fibrils
(Baldwin et al. 2008), virus-like particles (Leung et al. 2017), and phase-separated membraneless organelles (Brady et al. 2017, Huang et al. 2017).
In addition to determining the oligomeric state of a protein in solution, PFG translational
diffusion measurements offer insight into structural ensembles populated by denatured,
intrinsically disordered, or partially folded proteins (Weljie et al. 2003, Jones et al. 1997, Choy et
al. 2003, Wilkins et al. 1999). Empirical measurements have established a relationship between
the number of amino acids in a fully denatured protein and its expected Rh (Wilkins et al. 1999),
and comparison to the Rh measured for the protein of interest then reports on the overall
compaction or, in rare cases, expansion of the polypeptide chain. Compaction or expansion of the
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chain can result from the presence of transiently structured elements or weak hydrophobic or
electrostatic interactions within the unfolded polypeptide. While studies performed under high
denaturant conditions (e.g. 8 M urea or 6 M guanidine hydrochloride) generally yield Rh values that
closely follow the empirical relation between chain length and Rh, the magnitude of the change in
the structural ensemble populated by unfolded proteins at lower denaturant conditions,
approaching the folding threshold, remains controversial: Under such conditions, both significantly
collapsed and fully expanded conformations were deduced from Förster resonance energy
transfer (FRET) and small-angle X-ray scattering (SAXS) methods (Yoo et al. 2012, Watkins et al.
2015, Borgia et al. 2016, Riback et al. 2017). Previous solution-state NMR studies demonstrated
that Rh of the unfolded state of the N-terminal SH3 domain of drk, which exists in a slow equilibrium
with its folded state, is ca. 30% larger than its folded state, but ca 10% smaller than the Rh of the
guanidine-hydrochloride, fully denatured state (Choy et al. 2003, Mok et al. 1999). Following a
recent, renewed debate about discrepancies between the denaturant dependence of the unfolded
state measured by SAXS and FRET (Best et al. 2018, Riback et al. 2018), another group
confirmed that such differences are consistent with a decoupling of size and shape fluctuations in
finite-sized, heteropolymeric disordered systems (Fuertes et al. 2018); i.e., the FRET-derived
distance distributions, SAXS-derived radii of gyration, and diffusion-derived Rh contain semiindependent constraints on the ensemble distribution (Choy et al. 2003).
Here, I set out to further investigate the effect of pressure on protein structure near its
pressure denaturation transition. Under conditions where there is an appreciably negative volume
change between the folded and unfolded states, on the order of ≥ 50 mL/mol, high-pressure can
drive the thermodynamic equilibrium of a folded protein to that of the unfolded state. Hydrophobic
cavities present in the folded protein but absent in the unfolded state often provide an important
component of this volume difference (Roche et al. 2012, Roche et al. 2017). Similarly, elevated
pressures can shift an oligomeric equilibrium toward smaller subunits or monomers (Silva et al.
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1993). In comparison to high temperatures and chemical denaturation, elevated hydrostatic
pressure represents a relatively benign and often reversible denaturing mechanism (Caro and
Wand 2018), which has been extensively applied to the investigation of protein folding (Roche et
al. 2017, Royer et al. 1993, Nucci et al. 2014). Proteins that unfold at high pressure typically exist
in slow exchange with the folded state when studied at intermediate pressures, enabling
observation of signals from both states. This situation applies for the previously characterized
pressure-sensitized double mutant of ubiquitin, V17A/V26A (VA2-ubiquitin), used as a model
system in the present study (Alderson et al. 2017, Charlier et al. 2018a, Charlier et al. 2018b).
Therefore, high-pressure PFG NMR provides simultaneous access to the measurement of
translational diffusion coefficients for both the folded and unfolded states that are in equilibrium
with one another over a range of conditions.
PFG translational diffusion rates are commonly extracted from an array of 1D or 2D NMR
spectra in which signal attenuation resulting from the application of increased gradient strengths
enables quantification of the diffusion coefficient (Price et al. 1999, Stilbs et al. 1987, Stejskal and
Tanner 1965, Tanner 1970). In such experiments, the magnetization of interest is stored along the
z-axis for a fixed diffusion delay time, which is preceded and followed by the respective application
of encoding and decoding gradients of increasing strengths (Dingley et al. 1995, Wu et al. 1995,
Chou et al. 2004). Translational diffusion manifests as incomplete gradient decoding and
concomitant signal attenuation, from which the diffusion coefficient can be calculated based on
the Stejskal-Tanner equation (eq 2, Methods). Large proteins that suffer from rapid signal decay
or insufficient signal attenuation during the diffusion delay can be studied using relaxationoptimized pulse sequences (Horst et al. 2011, Didenko et al. 2011) or newly developed methylbased triple quantum experiments (Brady et al. 2017, Huang et al. 2017), respectively.
Determination of Rh from PFG NMR experiments requires accurate knowledge of the
solution viscosity and gradient strength in G cm-1 (if using the Stejskal-Tanner equation, eq 2).
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With water viscosity being strongly dependent on temperature, and inhomogeneity in the gradient
across the sample making this parameter sensitive to the sample size and position, the use of an
internal standard is often preferred (Wilkins et al. 1999). In this case, the diffusion of a reference
molecule of known Rh is determined alongside that of a protein of unknown Rh (eqn 3, Methods).
Dioxane is a commonly used reference molecule (Rh = 2.12 Å under ambient conditions) as it
conveniently resonates near 3.5 ppm, upfield of most H resonances and downfield of most H
signals, and was found not to interact with folded or unfolded proteins [12].
Here, I employ high-pressure PFG NMR spectroscopy to measure the translational
diffusion coefficients and Rh values at hydrostatic pressures ranging from 1 to 3000 bar. Although
the

diffusivity

of

water

follows

the

known

pressure

dependence

of

its

viscosity

(https://webbook.nist.gov/chemistry/fluid/), dioxane and other small molecules show a significant
expansion in their Rh values with increasing pressure. When using dioxane as an internal
reference to derive the Rh of a protein, failure to correct for this effect results in underestimates in
the protein Rh. Taking the newly calibrated pressure dependence of Rh into account restores
accuracy of the internal referencing method, and the unfolded chain of VA2-ubiquitin is then found
to compact only slightly near its pressure denaturation transition, corresponding to a ca. 10%
smaller Rh relative to its fully denatured state, with similar results also obtained when using urea
to denature the protein. By contrast, wild type ubiquitin, which requires much higher pressures for
denaturation, shows virtually no change in its Rh for pressures up to 3 kbar.

6.3 Results and Discussion
6.3.1 Pressure-induced changes to chemical shifts and hydration radii of tracer molecules
Translational diffusion measurements as a function of pressure were performed using a
commercially available high-pressure NMR tube rated for pressures up to 3000 bar. Simultaneous
measurement of the diffusion constants for a protein and reference molecule of known Rh
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eliminates the need for accurate knowledge of solution viscosity as Rh of the protein can then be
obtained directly from the ratio of the diffusion constants. However, this procedure requires that
Rh of the reference molecule is independent of pressure, which I find not to be the case. However,
as described below for dioxane and several other reference compounds, the pressure
dependence of the reference Rh can easily be calibrated, thereby resolving this issue.
The substantial variation in translational diffusivity as a function of pressure for various
small molecules can be visualized by comparing the levels of attenuation seen in the NMR signal
intensities obtained at the maximum PFG strength employed in the diffusion experiments (Fig.
1A). Notably, all tracer molecules also exhibit significant non-linear 1H chemical shift changes
with pressure (Fig. 1A, Fig. 1B). Chemical shift changes with pressure are typically described by
a second-order polynomial function:
𝛿 = 𝛿0 + 𝐵1 (𝑃 − 𝑃0 ) + 𝐵2 (𝑃 − 𝑃0 )2

(4)

where  refers to the observed chemical shift,  to the chemical shift at atmospheric pressure (P0),
P to the applied pressure, and B1 and B2 to coefficients that respectively scale the first- and
second-order terms. Prior NMR studies on a wide range of proteins and peptides have
documented pressure-induced, non-linear chemical shift changes that vary in magnitude and sign
depending on the type of nucleus and the location of the atom in the peptide or protein structure
(Akasaka 2006, Akasaka & Li 2001, Kalbitzer 2015, Kitahara et al. 2013, Li & Kamatari 2015). The
second order term is often attributed to large conformational fluctuations associated with an
increased population of a low-lying conformationally excited state or ensemble of states (Nucci et
al. 2014, Kitahara et al. 2013, Kalbitzer et al. 2013, Maeno et al. 2015). For a two-state transition
at fixed temperature, pressure, and compressibility, volume changes impact the free energy as
follows:

Δ𝐺 =

Δ𝛽
(𝑃
2

− 𝑃0 )2 + Δ𝑉(𝑃 − 𝑃0 ) + Δ𝐺0
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(5)

where  indicates the difference,  is the isothermal compressibility, V the partial molar volume,
and G0 the free energy at a reference pressure. For a two-state reaction, the B2/B1 ratio was
previously related to the ratio of  and V, with negative B2/B1 ratios indicative of a positive value
of /V (Beck et al. 2014). The small molecules used in my study also yield negative B2/B1 ratios
of comparable values to proteins and peptides analyzed previously (Beck et al. 2014). However,
it is more difficult to envision such molecules being subject to an equilibrium between two
conformational states of different compressibility. Alternatively, it is likely that pressure impacts
details of the hydration/packing of water molecules around the solute, and that such differentially
hydrated forms have different compressibility and total volume as well as different chemical shifts.
My results therefore imply that factors other than traditional volume or compressibility changes
can cause the non-linear chemical shift dependencies on pressure, and the structural
interpretation of non-linear chemical shift changes in proteins in the absence of other diagnostic
features (e.g. intensity loss related to exchange line broadening) is cautioned.
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Figure 1 | 1D PFG NMR spectra of tracer molecules reveal pressure dependence of
chemical shifts at 293 K. (A) For each of the five molecules shown here, seven 1D PFG NMR
spectra are shown at hydrostatic pressures ranging from 1 bar (light) to 3000 bar (dark) in 500 bar
steps. The spectra are shown at the maximum gradient strength used in the PFG diffusion
experiments and scaled such that the intensity at 1 bar equals 1. Rh values extracted from decay
rates as a function of gradient strength are shown in Fig. 2. (B) 1H chemical shift changes with
pressure for water, dioxane, and the methyl groups of methanol, ethanol, and dimethylsulfoxide
(DMSO). Solid lines represent best-fits to eq 4. The water chemical shift follows reference [63].
(C) The ratios of fitted B2 and B1 values from the data in panel B. Error bars represent one standard
deviation.

The diffusivity of water as a function of pressure at a fixed temperature is readily extracted
from the data shown in Fig. 1. Note, however, that strong detuning of the 1H coil as well as a weak
(ca 1 G/cm) z gradient during the diffusion delay were needed to prevent radiation damping. The
relative diffusivity as a function of pressure (DH2Ox bar / DH2O1 bar) shows the maximum near 1200
bar, expected on the basis of the known pressure dependence of its viscosity (Fig. 2A). Although
the agreement is much closer than seen in early NMR PFG studies of water diffusion (Benedek
and Purcell 1954, Defries and Jonas 1977), a small but systematic difference, approaching 1.5%
at 3 kbar is reproducibly seen. This difference relative to the known pressure dependence of water
viscosity (https://webbook.nist.gov/chemistry/fluid/) does not arise from the presence of 4% D2O
and 4% tracer molecules (dioxane, methanol, ethanol, and DMSO), as repeating the measurement
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with 2% D2O and 2% total volume for the tracer molecules yielded the same, small systematic
difference (Fig. 2A). It is conceivable that a small increase in the H-O-H bond angle with pressure,
resulting from the pressure dependence of water H-bonding (Soper and Ricci 2000), could
increase the effective water diameter, and thereby be responsible for this effect.

Figure 2 | Pressure-dependent corrections to the hydration radii of tracer molecules. (A) The relative
diffusion (Dx-bar / D1-bar) at 293 K for water and the four tracer molecules plotted as a function of the
hydrostatic pressure. Solid symbols correspond to a sample of 92% H2O, 4% D2O, 1% each (v/v) of dioxane,
DMSO, methanol and ethanol. The solid line depicts the inverse relative viscosity (1bar/Xbar) as obtained
from the NIST website for water at 293 K (https://webbook.nist.gov/chemistry/fluid/). The relative diffusion
of water follows the expected pressure dependence of the water viscosity. Slight differences do not result
from the use 4% D2O and 4% tracers (v/v), as a repeat using a sample with 2% D 2O and 2% tracers (v/v)
yielded essentially indistinguishable results (cyan circles). (B) The relative Rh values (RhP / Rh1 bar) of dioxane
(red), ethanol (black), methanol (purple), and DMSO (green) increase as a function of pressure. Rh values
were derived relative to dioxane, which was scaled at each pressure to correct for the pressure dependence
of the water viscosity known from the NIST website. The solid lines indicate best fit lines to second-order
polynomial functions. The Rh values at 1 bar for methanol, ethanol, DMSO, and dioxane are respectively
1.50, 1.95, 2.01, and 2.12 Å.
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Interestingly, all tracer molecules exhibit a decrease in diffusivity with increasing pressure
that is far greater than expected based on the change in solvent viscosity (Fig. 2, Fig. 3). These
results therefore point to increases in their hydration radii with pressure. For dioxane, the best fit
of Rh as a function of pressure yields:
𝑃

𝑃

0

0

𝑅ℎdioxane = 2.12 Å + (1.028 𝑥 10−4 ) 𝑃 − (1.566 𝑥 10−8 )(𝑃 )2
𝑅ℎDMSO = 2.01 Å + (8.181 𝑥 10−5 )
𝑅ℎEtOH = 1.95 Å + (5.608 𝑥 10−5 )

(6)

𝑃
𝑃
− (1.377 𝑥 10−8 )( )2
𝑃0
𝑃0

𝑃
𝑃 2
− (1.017 𝑥 10−8 ) ( )
𝑃0
𝑃0

𝑅ℎMeOH = 1.51 Å + (4.956 𝑥 10−5 )

𝑃
𝑃
− (8.88 𝑥 10−9 )( )2
𝑃0
𝑃0

where P is the applied pressure, and Po = 1 bar.
If the pressure-dependence of Rh of the internal dioxane reference were neglected, both
folded wild-type ubiquitin and the intrinsically disordered protein S would show substantial
decreases in their Rh with increasing pressure (Fig. 4, red symbols), which could be misinterpreted
as a dramatic compaction or loss of hydration for folded ubiquitin, or a collapse of the disordered
S chain with pressure. Although folded proteins are slightly compressible (Gavish et al. 1983),
resulting in a volume loss of ca. 3% at 3 kbar, this would yield a reduction of Rh by only ~1%.
Indeed, when accounting for the pressure dependence of the dioxane Rh, the Rh values obtained
for ubiquitin and S remain nearly independent of pressure up to 2.5 kbar (Fig. 4, black symbols).
For ubiquitin, the absence of any significant structural change at pressures ≤ 2.5 kbar is consistent
with excellent fits of the backbone residual dipolar couplings, measured at these elevated
pressures, to the solution NMR structure derived at 1 bar (Roche et al. 2015). The onset of a
small increase in Rh seen at 3 kbar, well below the unfolding pressure threshold, may reflect a
structural change previously deduced from substantial changes in chemical shifts and
measurement of NOEs (Kitahara et al. 2005). For S, Rh is found to remain essentially unchanged
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over the entire 1−3000 bar range, provided that the change of the dioxane Rh is taken into account.
In the absence of such a correction, a substantial decrease in the radius of hydration for this
intrinsically disordered protein with increasing pressure would be obtained. The latter would
appear counter-intuitive considering that at 1 bar the opposing charges of the N- and C-terminal
regions of the protein are responsible for a modest degree of electrostatic compaction (Bertoncini
et al. 2005). The ca. 10% increase in the water dielectric constant at 3 kbar would then be
expected to perhaps slightly decrease this electrostatic compaction, counter to observation.
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Figure 3 | PFG NMR data used to determine the solution viscosity and pressure-induced changes to
the hydration radii of tracer molecules. (A-F) Natural logarithm of the intensity ratio (I/I0) and best-fit line
to y = exp(-Ax) through the data points. Note that the x-axis depicts the normalized gradient strength
squared, where G0 is the weakest gradient. Panels A-F show data measured at seven different pressures
for five different molecules, including H2O, methanol, ethanol, dioxane, and DMSO, respectively. I is the
peak intensity recorded in a given spectrum and I0 is the peak intensity at the weakest gradient strength.
See Methods for experimental details. The relative diffusion of H 2O was used to calculate relative changes
in solution viscosity with pressure. (G) The Rh value of dioxane at 1 bar is 2.12 Å, which was used to
calculate Rh values for all other tracer molecules at atmospheric pressure (indicated with text and sphere
size). The increases in Rh with pressure are shown as dotted spheres with colors matching panels A-F. The
black dotted spheres for methanol, ethanol, and DMSO indicate the Rh of dioxane at 1 bar for comparison.
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Figure 4 | Pressure-dependent corrections to the hydration radii of proteins. Rh values of
(A) the IDP S and (B) folded, wild-type ubiquitin are plotted as a function of hydrostatic pressure.
The ubiquitin mid-point of pressure-induced unfolding of ubiquitin is 5.4 kbar [71], and my
measurements therefore pertain to the folded state. When using a fixed 2.12-Å radius for the
internal dioxane reference (red symbols), systematically smaller Rh values are obtained due to the
increased hydration radius of dioxane with pressure (Fig. 2). Accounting for the pressure
dependence of the dioxane Rh yields protein Rh values (black symbols) that are nearly invariant
between 1 bar and 2500 bar. The raw data are included in Fig. 5.

Figure 5 | Diffusion measurements on model proteins as a function of pressure. The natural
logarithm of the intensity ratio (I/I0), where I0 refers to the intensity in the BPP-LED spectrum
acquired at the weakest gradient, plotted vs the squared gradient strength, with G0 referring to the
weakest gradient strength. Shown here are results for (A) WT-ubq and (B) S as a function of
pressure. Note that WT-ubq experiences a more pronounced change in diffusion at higher
pressures in comparison to S, likely reflecting a small increase in Rh of WT-ubq at very high
pressures.
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6.3.2 Pressure- and urea-denatured VA2-ubiquitin have similar hydrodynamic properties
To investigate the ubiquitin Rh near its mid-point of unfolding, I utilized a previously introduced
cavity mutant (V17A/V26A), VA2-ubiquitin, which unfolds at lower pressures due to a decreased
volume of the unfolded state, but a volume of the folded state that is very close to that of the wildtype protein (Alderson et al. 2017).
At 1 bar, VA2-ubiquitin and the wild-type protein show indistinguishable translational
diffusion (Fig. 6), confirming their very similar 3D structures. At 3 kbar, where folded VA2-ubiquitin
is no longer appreciably populated, the diffusion-derived Rh of the unfolded chain is 24.2 Å (Fig.
7). Both the experimentally derived Rh of the folded protein at 1 bar (15.7 Å) and the Rh of the
unfolded chain are in good agreement with the empirical equations of Wilkins et al. (Wilkins et al.
1999), which predict values of 16.7 and 26.1 Å, respectively for this 76-residue protein. If instead
of high pressure, 8M urea is used to denature VA2-ubiquitin, translational diffusion measurements
at 1 bar yield Rh = 25.3 Å, very close to the value seen in the pressure-denatured state (Fig. 7).

Figure 6 | Comparison of the diffusion of 2VA- (black) and WT-ubq (red). The Rh values obtained
from comparison to dioxane are listed in the lower left corner. BPP-LED measurements were
recorded at 288 K and 1 bar.
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Figure 7 | Urea- and pressure-denatured VA2-ubiquitin have similar hydration radii. (A)
Small regions of 2D 1H-15N HSQC spectra of 15N-VA2-ubiquitin recorded as a function of
hydrostatic pressure. Shown are resonances from the folded state (I13, L67) at 1, 1000, 1400,
1800, and 2100 bar. (B) Example of the decrease in cross peak intensity with increasing gradient
strength, G, in 2D PFG NMR spectra of folded (top, A17 resonance) and unfolded (bottom, G35
resonance) VA2-ubiquitin recorded at 1400 bar where both states are about equally populated.
Corresponding 2D PFG NMR data from the urea-denatured state are shown in Fig. 8. (C) Rh
values determined for unfolded VA2-ubiquitin in 8M urea (light blue) and at 3000 bar (dark blue)
are close to the value predicted by the empirical equation of Wilkins et al.[12] for a 76-residue
unfolded protein (black).
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Figure 8 | 2D PFG NMR translational diffusion measurements in the presence of increasing
urea concentrations. Pseudo-3D PFG NMR experiments were employed to measure the
translational diffusion of the unfolded and folded states of 2VA-ubq simultaneously in the same
sample. (A) The decay of signal intensity, ln(I/I0), for both the folded (red) and unfolded (blue)
states, where I0 is the intensity in the plane with the weakest gradient. Resonances from each
state with signal-to-noise ratios > 10 were selected and pooled, with a single exponential fit to the
summed intensities at each gradient strength. The solid lines represent best-fit lines to the data
points. (B) A jackknife procedure was employed to estimate the errors associated with the fitted
slopes in panel A. For each state, resonances were randomly split into two groups, with the
intensities from the two groups then separately summed and fit to a best-fit line, as in panel A.
This procedure was repeated 1000 times to generate 2 x 1000 best-fit lines for both the folded
and unfolded states. The error was derived by computing the root-mean-square deviation between
the two sets of best-fit lines and dividing by the square root of two. The results are plotted in a
histogram format with the two groups depicted for each state in darker and lighter shades of blue
(unfolded) and red (folded). The value of the slope derived from fitting all summed intensities is
indicated in the upper right, with the errors derived as described. (C) The population of unfolded
(blue) and folded (red) 2VA-ubq at each urea concentration, as estimated from resolved
resonances in both states. The population of unfolded was computed as [U] / ([U]+[F]), with [F]
then equal to 1-[U], where the square brackets represent the peak intensity associated with a
resonance from either the unfolded (U) or folded (F) state of 2VA-ubq.

6.3.3 PFG NMR diffusion experiments indicate minimal compaction of the unfolded state in
low denaturant conditions
To determine if the Rh of unfolded VA2-ubiquitin decreases with decreasing denaturant levels, I
measured its diffusion across a range of pressures and urea concentrations where both the folded
and unfolded states are appreciably populated. The two forms exist in slow exchange on the NMR
timescale, and thus separate resonances for each state are observed. The presence of both the
folded and unfolded state in a single sample complicates analysis of PFG NMR diffusion data due
to extensive resonance overlap of their one-dimensional 1H NMR spectra. This can be safely
mitigated by utilizing a 2D 1H-15N HSQC version of the PFG diffusion experiment (Choy et al.
2003), providing enhanced resolution to separate folded from unfolded resonances. A second
complication arises from potential exchange between the two states during the long diffusion
delay, which could introduce cross-talk between the measured diffusion rates. I ruled out this
possibility by measuring high signal-to-noise 15N ZZ-exchange spectra (Farrow et al. 1994) at 288
K with the exchange time set equal to the diffusion delay. The absence of cross-peaks between
folded and unfolded resonances, even when the spectra are recorded at a very high signal-to-
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noise ratio (>100:1) rules out the presence of appreciable exchange at this temperature.
Moreover, by encoding the

15

N t1 chemical shift evolution right after the gradient encoding, the

presence of exchange between the folded and unfolded states, to first order, would not impact the
decay of the auto peaks even if exchange were present (Choy et al. 2003). Thus, each resonance
for folded and unfolded VA2-ubiquitin reports faithfully on the respective state without
contamination from exchange.
Analogous diffusion measurements were also carried out under urea concentrations where
both the folded and unfolded states of VA2-ubiquitin remain significantly populated. With the
denaturation mid-point at 3.5 M urea, I collected diffusion data in 250 mM increments around this
concentration. At 4 M urea, where the protein is predominantly unfolded, the Rh of the unfolded
state (24.7 Å), remains very close to the value measured at 8 M urea (25.3 Å). Likewise, at 3 M
urea where the unfolded state is populated to ca. 10%, the Rh only slightly decreases to 23.5 Å
while the experimental uncertainty in the measurement increases due to the lower concentration
of the unfolded species (Fig. 9B). Overall, only an 8% decrease in Rh between 8 M and 3 M urea
was observed, whereas the unfolded state population drops from 100% to 20% over this range.
Performing the same experiments on VA2-ubiquitin at 1000 bar (ca. 10% unfolded) and 3000 bar
(100% unfolded) reveals a slightly larger, ca. 12% decrease in Rh at the lower pressure, where
the folded state is favored (Fig. 9A). My results therefore indicate that the unfolded state of VA2ubiquitin shows only a small degree of collapse when denaturing conditions are adjusted such that
both folded and unfolded states are significantly populated (Fig. 9).
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Figure 9 | Determination of the Rh of folded and unfolded VA2-ubiquitin under a range of
denaturant conditions. The Rh values for both folded (black) and unfolded (red) VA2-ubiquitin
were measured over a range of hydrostatic pressures (A) and urea concentrations (B). In general,
only a small decrease in the Rh of the unfolded state is observed in low denaturant conditions
(<10%). The folded protein does not exhibit significant changes in Rh, as its diffusion was only
measurable to ca. 1800 bar and 4 M urea.

6.3.4 Diffusion measurements on equilibria of folded and unfolded protein by 1D PFG NMR
As a result of relaxation losses during the relatively long diffusion delay, coupled with the loss
associated with the stimulated echo which refocuses only half of the initial magnetization, 2D PFG
NMR diffusion experiments are intrinsically of rather low sensitivity. Coupled with the requirement
to measure the weakest spectrum, i.e., recoded with the strongest gradient, at adequate signal to
noise, and reduced sample volumes available in high pressure measurements that require thick
wall sample tubes, the above 2D PFG measurements were carried out at relatively high protein
concentrations. For small molecules, conventional DOSY measurements can be applied to
mixtures of molecules that contain overlapping resonances, or at selected resonances free of
overlap between molecular species. For proteins, I find that even though this approach works well
for the folded fraction of the sample, which typically contains well dispersed methyl resonances
that resonate upfield of 0.5 ppm, no unique resonances of the unfolded protein, free of overlap
with folded protein resonances, are available for diffusion measurements. In particular when the
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unfolded fraction of protein is small, e.g. ca 10% at 1000 bar (0 M urea) or 3 M urea (1 bar) for
VA2-ubiquitin, the effective concentration of unfolded protein is low even while using a quite
concentrated sample (e.g. 1 mM). Consequently, such 2D PFG diffusion measurements can
become prohibitively long. As such, I explored the feasibility of faster 1D NMR alternatives for
diffusion measurements of such mixtures. The method, outlined below, requires a reference 1D
NMR spectrum for the folded state (e.g., 1 bar, 0 M urea) to measure diffusion for samples where
both folded and unfolded states are populated. Except for the number of scans, all experimental
parameters were otherwise kept constant. An in-house Python script that utilizes the software
Nmrglue [54] was then used to automatically execute the steps outlined below.
Commonly, folded proteins contain upfield shifted methyl resonances that are free of
overlap with unfolded protein resonances. If not, invariably weaker, downfield shifted amide
protons can be used. Shifting of the reference spectrum to match the resonance position of a
unique resonance in the mixed sample (Fig. 10A), followed by downscaling of the reference
spectrum such that the selected resonance (L50-C2H3 for my VA2-ubiquitin sample) in the folded
reference spectrum matches the intensity in the mixed sample (Fig. 10B), then allows generation
of a difference spectrum (Fig. 10C) that no longer contains a net integral of folded protein
resonance intensity. Of course, it is critical that relative resonance intensities in the 1D reference
spectrum are the same as those recorded with the 1D BPP-LED experiment for the folded
component of the mixed sample. For this reason, the reference spectrum of the fully folded protein
is also recorded with the 1D BPP-LED pulse sequence, using a weak encoding/decoding gradient
combination. Even though resonances of the folded protein may have shifted somewhat relative
to the reference spectrum, either due to the effect of pressure or weak interactions of denaturant
with the folded protein, thereby generating a difference spectrum that contains negative
components (Fig. 10C), the integral of the methyl region is minimally affected by such shifting,
provided no resonances move outside of the integrated region. Integration regions were chosen
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to include the methyl signals for the artificially reconstructed unfolded state, typically 0.7 – 0.9 ppm
but results were found rather insensitive to the limits of the chosen region. Using this procedure
to generate difference spectra for the unfolded state (Fig. 10D) then permits measuring the
integrated unfolded protein intensity over the methyl region, at rather high sensitivity. The clean,
single exponential decay of the integrated intensity with increased gradient strength (Fig. 10E)
implies the method is reliable. Close agreement of the diffusion decay ratios with corresponding
values extracted from ca. 7.5- to 15-fold lengthier 2D PFG diffusion measurements confirms
robustness of the method (Fig. 10F).
Application of the 1D BPP-LED experiment to mixed samples above is demonstrated for
the case of pressure-induced unfolding, where changes in pressure cause non-negligible shifts in
peak positions. This application is more challenging than the study of, for example, denaturation
by the addition of urea, where shifts in peak positions of the folded protein tend to be much smaller,
thereby allowing a cleaner difference spectrum to be generated for the unfolded component. This
was also applied on 2VA-ubq at 1400 bar at a total concentration of ca. 100 M, where the amount
of unfolded protein is near 50 M. The higher sensitivity afforded by 1D experiments enabled
acquisition of high S:N diffusion data at this low protein concentration (data not shown). The fitted
Rh agrees with data obtained at 0.75 mM. Notably, a 50 M total 2VA-ubq concentration (ca. 0.6
mg/mL) is lower than that typically encountered in SAXS (ca. 1 mg/mL).
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Figure 10 | Measurement of translational diffusion of the unfolded VA2-ubiquitin under
conditions where a fraction is stably folded (A) The 1D NMR spectrum at 1400 bar reveals
signals from both folded and unfolded protein (blue). The L50 C2H3 resonance at -0.3 ppm serves
as a reference for the folded protein spectrum (orange). (B) The spectrum of the folded state is
aligned and scaled such that L50 C2H3 matches that of the mixed sample. (C) Subtraction of the
scaled, folded spectrum then yields an artificial spectrum of the unfolded state. (D) Repeating the
procedure for spectra generated at different gradient strengths yields the series of 1D spectra for
which integrals are over the methyl region are obtained. (E) Natural log plot of the decay in
integrated resonance intensity is found to be highly linear. (F) Correlation plot showing the
agreement between ln(I/I0) values calculated from the 2D PFG NMR diffusion data set (x-axis) and
those determined from the 1D method outlined above (y-axis). Data collected at 1000 bar (blue)
and 1400 bar (green) are presented, and the solid line indicates y = x. Pairwise RMSD values
between the respective ln(I/I0) for the two datasets are 0.017 and 0.001, respectively, with the
higher RMSD at 1000 bar dominated by the low S/N ratio of the 2D PFG spectra.
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6.4 Conclusions
My work confirms that precise measurement of translational diffusion of proteins under elevated
hydrostatic pressures is readily feasible, but that care needs to be exercised when following the
common procedure of using an internal reference such as dioxane to derive the radius of
hydration. My results for dioxane and a number of other small molecules indicate that their
effective Rh values vary substantially with pressure, an effect that may be related to the strongly
non-linear pressure dependence of their 1H chemical shifts.
Probing the translational diffusion of both the folded and unfolded states of VA2-ubiquitin
across a range where both states are significantly populated reveals only minor variation in their
respective Rh values, both for the cases where high pressure and urea are used to induce the
unfolding of the protein. Wild-type ubiquitin, which requires pressures much higher than 3 kbar to
unfold, retains a nearly invariant Rh up to 2.5 kbar, but show a minor expansion at the highest
pressure (3 kbar) attainable in the instrument, consistent with earlier structural work that showed
the onset of large chemical shift changes at this pressure (Kitahara et al. 2005). The absence of
any similarly large chemical shift changes in the folded VA2-ubiquitin spectrum upon traversing
the unfolding range of conditions suggests the absence of any analogous pre-unfolding structural
transition. The absence of any detectable change in Rh for the folded fraction of this protein
therefore is not surprising, in particular in view of the low compressibility of folded globular proteins
(Gavish et al. 1983).
More remarkable is the absence of significant compaction of the unfolded protein when
conditions start favoring the folded state. This contrasts with earlier work on an SH3 domain,
where PFG NMR diffusion found significant compaction relative to the fully denatured chain in the
region where both folded and unfolded proteins co-exist (Choy et al. 2003). A number of single
molecule FRET studies also provide strong evidence for compaction when the concentration of
denaturant is reduced (Deniz et al. 2000, Schuler et al. 2002, Michalet et al. 2006, Moglich et al.
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2006) as did two-focus correlation spectroscopy (Hofmann et al. 2012), an effect that potentially
could be attributed to transient H-bond formation (Holthauzen et al. 2010). However, whereas a
small degree of compaction, as indicted by a 10-12% reduction in Rh, is observed for VA2-ubiquitin
in the transition region, no further expansion of Rh is seen when moving further from the denaturing
threshold. This latter observation suggests that transient sampling of states that might lead to a
folded structure does not significantly impact the overall shape of the unfolded VA2-ubiquitin.
Similar conclusions were reached for several other systems using small angle X-ray scattering
(SAXS) measurements (Yoo et al. 2012, Watkins et al. 2015). Analogous to a prior study that
found no effect of urea on the SAXS-derived Rg of an intrinsically disordered protein (IDP), I also
find no significant effect of pressure on the Rh of S. I note, however, that measurements for S
needed to be carried out at a relatively low concentration of 250 M. Above 1 mM, a concentrationdependent increase in Rh is seen, indicative of transient intermolecular interaction, an effect
previously noted for other disordered systems (Noppert et al. 1996).
As recently discussed, differences in conclusions regarding the degree of collapse of
unfolded proteins derived from FRET and SAXS measurements results from the decoupling of
size and shape fluctuations, and such measurements therefore contain complementary, semiindependent information. The same applies for SAXS- and PFG NMR-derived Rg and Rh values,
an effect previously exploited to generate improved ensembles for an unfolded SH3 domain (Choy
et al. 2003).
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6.5 Methods
6.5.1 Protein expression and purification
N-labeled VA2-ubiquitin and S were expressed and purified as described previously (Alderson
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et al. 2018). For VA2-ubiquitin, a final HPLC purification step was essential to avoid protease
contamination, which efficiently degrades sample at high pressures where VA2-ubiquitin unfolds.
WT ubiquitin was purchased from Sigma-Aldrich (USA). All protein NMR samples were prepared
in 30 mM sodium phosphate at pH 6.4. Protein concentrations ranged from 0.25 mM (S) to 0.75
mM (WT-ubiquitin, and VA2-ubiquitin used for urea studies) or 1.35 mM (VA2-ubiquitin for analysis
of diffusion variation with pressure ). Samples were doped with 0.1% dioxane (v/v) to facilitate the
comparison of diffusion coefficients under otherwise identical conditions, enabling calculation of
the hydration radius for the protein (eqn 3), as outlined previously (Wilkins et al. 1999):
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(3)

where in eqn 1, D refers to the diffusion coefficient, kB to Boltzmann’s constant, T to the
temperature,  to the solution viscosity; in eq 2, Ij refers to the intensity in spectrum j, I0 to the
intensity in the reference spectrum,  to the gyromagnetic ratio, Gj to the gradient strength in
spectrum j,  to the duration of the gradient pulse,  to the gradient recovery delay, and  is defined
as the diffusion time, T, plus 2 and  as in Fig. 1B of reference (Chou et al. 2004) ; and in eqn 3,
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Dreference refers to the diffusion coefficient of the molecule of known Rh, with Dunknown and Rhunknown
respectively referring to the diffusion coefficient and hydration radius of the target molecule.
6.5.2 NMR spectroscopy
All NMR spectra were recorded on a 700-MHz Bruker Avance-III spectrometer equipped with a
room-temperature, triple-axis gradient TXI probe, using a ceramic NMR tube rated for pressures
up to 3000 bar (Daedalus Innovations, Philadelphia, PA) that was linked to an automatic pump
system to regulate the hydrostatic pressure inside the sample cell [50].
To measure self-diffusion coefficients (D), the 1D stimulated echo longitudinal encodedecode pulse sequence with bipolar pulse paired gradients (BPP-LED) pulse sequence (Wu et al.
1995, Chou et al. 2004) was used. BPP gradients (Wider et al. 1994) strongly reduce eddy currents
and thereby the requisite gradient recovery delays, while also minimizing 1H-1H NOE losses during
the diffusion delay (Chou et al. 2004). In my BPP-LED experiments, the strongest encode and
decode gradient strengths were respectively set to 53% and -47% (VA2-ubiquitin, WT-ubiquitin,
tracers) or 60% and -56% (S) from their maximum value, with the x and y gradients applied at
identical percentages. The maximum gradient strengths were measured at 52 G/cm for x and 55
G/cm for y, yielding a combined total of 76.4 G/cm. Transverse gradients were employed to
minimize complications that arise from convection when using the z-axis gradient in isolation
(Kiraly et al. 2016]. The encoding and decoding bipolar gradients were applied for 2×1.5 ms, with
the diffusion delay typically set to 375 ms, 400 ms, or 200 ms to ensure sufficient signal attenuation
of the unfolded state of WT- or VA2-ubiquitin, S, and tracer molecules, respectively, with the BPP
pulse pair slightly (ca. 12%) imbalanced (Pelta et al. 2002).
For diffusion measurement of the tracer molecules at 293 K, a solution of 92% H2O, 4%
D2O, and 1% each (v/v) of dioxane, ethanol, methanol, and DMSO was prepared, to which 0.4
mg/mL of CuCl2 was added. In addition, a second sample was prepared with 96% H2O, 2% D2O,
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and 0.5% each (v/v) of dioxane, ethanol, methanol, and DMSO. The Cu2+ ions served to
paramagnetically shorten the T1 time of water to ca. 1 s and the other molecules to ca. 2 s. Eight
1D spectra with different encoding and decoding gradient strengths were recorded in an
interleaved manner, with the diffusion delay set to 200 ms. The average of the 12% imbalanced
encoding/decoding gradients strengths were set to 6.7, 10, 16, 22, 26, 32, 36, and 40% of the
maximum value (76.4 G/cm combined x and y gradients). For encoding and decoding both x and
y gradients were used at the same percentage of their maximum. Eight scans per FID were
recorded, yielding a total experimental time of 15 minutes, and strong detuning of the probe was
used to prevent radiation damping effects, thereby removing the need for presaturating or
otherwise suppressing the H2O signal. These 1D PFG NMR diffusion spectra were recorded at
hydrostatic pressures of 1, 500, 1000, 1500, 2000, 2500, and 3000 bar. Data were processed with
NMRPipe (Delaglio et al. 1995) and analyzed using in-house Python and Nmrglue (Helmus et al.
2013) scripts to automatically extract the attenuation of intensities resulting from translational
diffusion (Igrad,/ I0), where I0 refers to the intensity in the spectrum with the weakest
encoding/decoding gradients and Igrad to the intensities in the spectra with higher gradient
strengths. Errors were obtained from the variance-covariance matrix derived from a fit of ln(Igrad /
I0) versus gradient strength squared. The time domain data were apodized with a 3 Hz exponential
line broadening function, zero-filled to four times the number of data points, and then baseline
corrected. Representative NMR resonances of the tracer molecules at the maximum
encode/decode gradient strength for each pressure are shown in Fig. 1.
For 1D PFG NMR diffusion measurements on VA2-ubiquitin, WT ubiquitin, and S a similar
procedure was performed, except for usage of a 7 Hz exponential line broadening function. The
range of encode/decode gradient strengths were adjusted to enable accurate measurement of the
diffusion coefficients of both protein and dioxane molecules, and using only the data attenuated
by less than 10-fold for fitting the diffusion decay constants. To this end, 11 spectra were recorded
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with gradient strengths varied between 4 and 50% (WT, VA2-ubiquitin) or 58% (S) of the
maximum value. Typically, 80 (S) or 160 (WT- and VA2-ubiquitin) scans per FID were recorded
with a recycle delay of 1.5 s, yielding a total experimental time of 34 (S) or 68 minutes (WT-,
VA2-ubiquitin) per set of 11 spectra. Errors were obtained as above. Diffusion delays of 375 and
400 ms were used for ubiquitin and S, respectively. For samples where the unfolded state of
VA2-ubiquitin was lowly populated (e.g. 1000, 1200 bar), 320 scans per FID were collected for an
experimental acquisition time of 136 minutes. 1D PFG NMR diffusion spectra were recorded for
each protein at pressures ranging from 1 bar to 3000 bar in 500 bar increments, with finer pressure
increments used in the pressure range where both folded and unfolded VA2-ubiquitin can be
observed. For VA2-ubiquitin, diffusion data were also collected at urea concentrations of 0, 1, 2,
3, 3.25, 3.5, 3.75, 4, 5, 7, and 8 M.
2D PFG NMR diffusion data were collected as pseudo-3D spectra, comprising eight
interleaved datasets of 40* × 1024* points (where N* indicates N complex data points) with
acquisition times of 26 and 113 ms (t1, t2) and a recycle delay of 1 s. Depending on the population
of the unfolded state, either 8, 16, or 64 scans were acquired per FID, yielding a total experimental
duration of 2.15 h (8 scans), 4.3 h (16 scans), or 17.2 h (64 scans). The diffusion delay (375 ms),
maximum x/y gradient strengths, and gradient durations (2×1.5 ms) were set identically to those
in the 1D PFG NMR datasets, to facilitate quantitative comparison of the results (Fig. 11). To
decouple
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N spins during t2 acquisition, WALTZ-16 decoupling with a 1.39 kHz field was

employed. Decreasing the decoupling field to 0.69 kHz had no impact on the measured diffusion
coefficient, indicating that potential sample heating from decoupling pulses did not affect the
analysis (Fig. 11). 2D data were processed with NMRPipe (Delaglio et al. 1995) with the time
domain of the indirect dimension extended by 50% using the SMILE program (Ying et al. 2017),
followed by apodization with a cosine-squared window. Spectra were visualized with NMRFAMSparky (Lee et al. 2015), and peak shapes were fit with FuDA (Vallurupalli et al. 2008). Intensities
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from resonances that arose from the folded or unfolded states were grouped together and fit to a
single exponential decay, with errors in the fitted diffusion coefficient estimated from a standard
jackknife procedure when using different combinations of peaks to represent the folded or
unfolded protein.

Figure 11 | Calibration of 1D and 2D PFG diffusion experiments. (A) The translational diffusion
of hen egg white lysozyme (HEWL, 2.5 mM concentration, 30 mM sodium phosphate, pH 7, 288
K) was measured using the BPP-LED pulse sequence. A final concentration of 0.1% dioxane (v/v)
was included for reference. The diffusion delay was set to 200 ms and the duration of the
encoding/decoding gradients was 1.5 ms. The x-, y-, and z-components of the encoding and
decoding gradients were set to either  27% (x/y/z) or  50% (x/y). In the experiment that utilized
the z-gradient, significant deviations from mono-exponential signal decay were observed (red
points), whereas x/y gradients produced mono-exponential behavior (blue points). Presumably
this manifestation is due to convection, the effect of which is exacerbated by z-gradients (Kiraly et
al. 2016, Swan et al. 2015). All translational diffusion experiments henceforth utilized x/y gradients
only. (B) Data from (A) fit to exponential functions, either bi- or mono-exponential. (C) ln(I/I0)
values determined for 2VA-ubq using either a 2D (x-axis) or 1D (y-axis) PFG NMR diffusion
experiment with the diffusion time set to 280 ms and the gradient duration set to 1.5 ms. The near
identical signal attenuation enables direct comparisons to be made between 2D and 1D diffusion
experiments. (D) Lowering the power level by a factor of four (1.39 kHz to 0.69 kHz, WALTZ-16
decoupling scheme) in the 2D PFG NMR diffusion experiment had no impact on the measured
signal attenuation. Thus, a negligible amount of sample heating from 15N decoupling occurs during
t2 acquisition, with no impact on translational diffusion. In (C) and (D), m refers to the fitted slope.
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7.1

Abstract

In unfolded proteins, peptide bonds involving Pro residues exist in an equilibrium between the
minor cis and major trans conformations. Folded proteins predominantly contain trans-Pro bonds,
and slow cis-trans Pro isomerization in the unfolded state is often found to be a rate limiting step
in protein folding. Moreover, kinases and phosphatases that act upon Ser/Thr-Pro motifs exhibit
preferential recognition of either the cis- or trans-Pro conformer. Here, I determined the fraction of
cis-Pro in four proteins that are intrinsically disordered or pressure-denatured. At both atmospheric
and elevated pressures, the population of cis-Pro falls well below previous estimates, an effect
attributed to the use of short peptides with charged termini in most prior model studies. For the
intrinsically disordered protein α-synuclein, cis-Pro populations at all five of its X-Pro bonds are
less than 5%, with only modest ionic strength dependence and no detectable effect of the
previously demonstrated interaction between the N- and C-terminal halves of the protein.
Comparison to small peptides with the same amino acid sequence indicates that peptides,
particularly those with unblocked, oppositely charged amino and carboxyl end groups, strongly
overestimate the amount of cis-Pro. Across 15 different X-Pro bonds measured in four proteins,
the fractions of cis-Pro are 10% or less.

15

N spin relaxation experiments further indicate that cis-

and trans-Pro conformers exhibit similar backbone dynamics. My data reveal that cis-Pro
formation is an inherent property of unfolded polypeptide chains, with limited structural or
dynamical differences between the trans- or cis-Pro-containing regions.
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7.2

Introduction

Within proteins, the vast majority (>99.5%) of peptide bonds not involving proline exist in the trans
conformation, in which the dihedral angle ω is 180°. The lowly populated cis conformer requires a
180° rotation about the planar CO(i-1)–N(i) peptide bond (ω = 0°), but such a rotation induces a
steric clash between the Cα(i-1) and Cα(i) atoms. This creates a free energy difference between
the trans and cis conformations of ca. 2-6 kcal/mol in non-Pro peptide bonds, and a high-energy
barrier to rotation of the partial double bond (ca. 20 kcal/mol) overwhelmingly favors the trans state
(Dugave & Demange 2003, Wedemeyer et al. 2002, Weiss et al. 1998). However, in peptide bonds
between any amino acid (X) and proline (X-Pro), the trans and cis conformers have a substantially
lower energy difference, owing to the cyclic nature of the proline side-chain. Thus, cis-peptidylprolyl (cis-Pro) conformations in unfolded polypeptide chains are populated to significantly higher
levels, with values that range from 5 to 80% in model peptides (Deber et al. 1972, Dyson et al.
1988, Grathwohl & Wüthrich 1976, 1981; Osváth & Gruebele 2003, Raleigh et al. 1992, Reimer et
al. 1998, Sarkar et al. 1984, Torchia 1972, Yao et al. 1994), depending on the precise amino acid
composition, with little dependence on temperature (Ahuja et al. 2016, Osváth & Gruebele 2003,
Raleigh et al. 1992, Reimer et al. 1998). In folded proteins, local interactions around X-Pro bonds
typically induce 100% population of either the cis or trans conformation (Capaldi et al. 1999, Lu et
al. 2007, Sarkar et al. 2007, Walport et al. 2015).
Cis-Pro bonds and their slow isomerization to the trans state, ca. 10-3 to 10-2 s-1 at room
temperature, depending on the types of adjacent residues (Reimer et al. 1998), can be the ratelimiting step in protein folding (Wedemeyer et al. 2002), as most non-native cis-Pro bonds in the
unfolded protein require isomerization to the native trans conformations in order for folding to
proceed. Indeed, a class of molecular chaperones has evolved to catalyze cis-trans proline
isomerization in nascent polypeptides (Schmid 1993), and in vitro refolding studies have
demonstrated that such peptidyl-prolyl isomerases, including the ribosome-localized trigger factor
(Hesterkamp et al. 1996), enhance the rate of protein folding (Lang et al. 1987).
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The human proteome contains 6.3% proline residues (Morgan et al. 2013), and intrinsically
disordered proteins (IDPs) generally contain primary sequences that are enriched in proline by
nearly 2-fold over folded proteins (Theillet et al. 2014). Biologically relevant post-translational
modifications occur at numerous Ser-/Thr-Pro motifs, with some kinases and phosphatases
specifically recognizing either the cis- or trans-proline conformation (Werner-Allen et al. 2011).
Moreover, in chemically denatured proteins used for in vitro folding studies, native trans-Pro bonds
will isomerize to the cis state upon denaturation and equilibration. For proteins with multiple Pro
residues, knowledge of the fraction of cis-Pro at each X-Pro bond is critical for the resultant
analysis of refolding, which typically contains multiple phases. However, the quantification of cisPro propensity in intact, denatured proteins or intrinsically disordered regions has remained limited
(Ahuja et al. 2016, Alderson et al. 2017, Follis et al. 2015, Gibbs et al. 2017, Sarkar et al. 2007),
with most studies instead opting to quantify cis-Pro populations in small, model peptides (Deber
et al. 1972, Dyson et al. 1988, Grathwohl & Wüthrich 1976, 1981; Osváth & Gruebele 2003,
Raleigh et al. 1992, Reimer et al. 1998, Sarkar et al. 1984, Torchia 1972, Yao et al. 1994).
Despite the often low abundance of cis-Pro conformers, NMR is well suited to characterize
these states, as cis-trans Pro isomerization is in the slow exchange regime on the NMR timescale
(>>1 s-1) (e.g. see Chapter 2). Therefore, separate resonances for the minor cis states are
observable, with the respective peak intensities reporting on the concentrations of each conformer.
Multi-dimensional NMR provides a spectroscopic probe at every backbone amide moiety, thereby
enabling accurate, quantitative analysis of cis-Pro populations from multiple residues affected by
the same Pro, as well as the structural impact of this isomerization. Here, I have employed twoand three-dimensional solution-state NMR to accurately quantify the fractions of cis-Pro at 15
different X-Pro bonds in three unfolded proteins, an IDP (α-synuclein) and two pressure-denatured
proteins, the α-crystallin domain of HSP27 (cHSP27) and ubiquitin V17A/V26A (VA2-ubq).
Comparison of these fractions to those measured for small peptides of identical sequence reveal
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that peptides tend to overestimate the fraction of cis-Pro, in particular when the peptides contain
oppositely charged N-terminal amino and C-terminal carboxyl groups. The relatively uniform
impact of cis-Pro on the chemical shifts of nearby residues will facilitate identification of cis-Pro
conformers in future NMR studies of IDPs and intrinsically disordered regions (IDRs) of proteins.

7.3

Results

7.3.1

Measurement of cis-proline fractions in the IDP α-synuclein

IDPs typically yield a single set of intense cross-peaks in the two-dimensional (2D) 1H-15N HSQC
spectrum. The HSQC spectrum of α-synuclein (αS) exemplifies such behavior, but weak signals
from alternate conformers are observable at low contour levels (Fig. 1, Fig. 2). There are five Pro
residues in the acidic C-terminal region of αS, and the minor signals corresponding to cis-Pro
bonds cluster near resonances of residues that are close in sequence to Pro. To assign the
chemical shifts from the cis-Pro conformers in αS, triple resonance NMR spectra were acquired
on a 0.9 mM [U-13C,15N]-labeled sample. High signal-to-noise ratios in these spectra afforded
unambiguous assignment of the residues in the vicinity of all cis-Pro conformers (P108, P117,
P120, P128, P138), despite the low population of these states (3-4.5%, i.e., 27-40 μM effective
sample concentration).
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Figure 1. Identification of cis-Pro bonds in αS. (A) 2D 1H-15N HSQC of 0.9 mM 13C,15N-αS at pH 6, 288 K.
Resonances impacted by the cis/trans state of nearby Pro residues are colored (P108, red; P117, P120,
orange; P128, green; P138, blue). (B-E) Zoomed-in regions corresponding to the boxed areas from (A) are
shown at a lower contour level. The major trans- and minor cis-Pro peaks are indicated with their
assignments. See Figure 2 for the full, low-contour spectrum. Reproduced with permission from John Wiley
and Sons.
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Figure 2. 2D 1H-15N HSQC NMR spectrum of αS, with resonance assignments marked for residues
impacted by cis-Pro formation. The sample contained 0.9 mM S in 20 mM NaH2PO4 at pH 6, 2 mM EDTA,
2 mM benzamidine, 288 K. Assignments for resonances affected by cis-Pro formation are colored red
whereas resonances corresponding to trans-Pro are shown in black. For each of the five Pro residues, the
fraction of cis was less than 5%, resulting in an effective NMR-observable concentration of ≤40 M protein.
A total of 27 out of 140 residues are visibly impacted by cis-Pro formation (including the Pro residues, which
are not observable in the spectrum above). The peak labeled F4* corresponds to a ~3.5% fraction of protein
that has been oxidized at M5. Reproduced with permission from John Wiley and Sons.
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In the cis-Pro state, the i-1 residue with respect to Pro shows significant upfield changes
in chemical shifts for 1HN (ca. 0.2-0.4 ppm) and 15N (ca. 2-4 ppm), with a smaller and usually upfield
shift for 13Cα (Fig. 3). The small, downfield shift of E137 13Cα, in close proximity to the C-terminus,
is an exception to this rule. Another diagnostic chemical shift change of the cis state is seen for
the i-2

Cʹ resonance, which exhibits a substantial upfield change (ca. 0.4-1 ppm) that is similar

13

in sign and magnitude to the 13Cʹ chemical shift change of the isomerizing Pro (Fig. 3). Residues
in the i+1 and i+2 positions show downfield 1HN chemical shift changes in the cis state (up to 0.2
ppm), but variable 15N chemical shift differences. The chemical shift differences typically become
vanishingly small for residues in the i±4 positions and beyond.
Using the peak intensities from resonances impacted by the cis and trans states, the cisPro population was calculated as [cis]/([cis] + [trans]). In αS, the fraction of cis-Pro ranged from
3% to 4.5%, significantly lower than values generally reported in the literature (e.g. 10-20%)
(Osváth & Gruebele 2003). The fraction of cis-Pro is highly consistent among the various impacted
residues near a given Pro, and the signal-to-noise ratio for each cis-Pro-impacted cross peak was
near ca. 80:1, indicating the high precision of these measurements. For de novo assignment
purposes, peak intensities from the minor cis resonances can be used to alleviate potential
ambiguities, in the absence of unambiguous triple resonance data.
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Figure 3. Chemical shift differences (trans − cis) between the trans- and cis-Pro-affected resonances in S.
Shown here are the differences for (1st column) 1HN, (2nd column) 15N, (3rd column) 13Cʹ, and (4th column)
13C. Diagnostic chemical shift changes include 1HN and 15N for the i-1 residue with respect to the isomerizing
Pro, which show large positive values. Since these resonances are readily observed in 2D 1H-15N HSQC
spectra, together with the constraint that the cis/trans intensity ratio must be the same for amides affected
by a given Pro isomerization, can often be used for assigning the cis-isomer resonances to their nearby
trans counterparts. 13Cʹ chemical shifts of i and i-2 residues show large upfield shifts for the cis isomer, and
the same applies for the Pro 13C. Reproduced with permission from John Wiley and Sons.

7.3.2

Small peptides from α-synuclein overestimate the fraction of cis-proline

To compare the cis-Pro values in αS to values of cis-Pro in small peptides of identical sequence,
natural abundance NMR spectra were acquired on a set of tetra-peptides (Ac-XXPX-NH2) that
were N-terminally acetylated and C-terminally amidated. All of the blocked, tetra-peptides, except
that corresponding to P120, displayed a significantly higher population of cis-Pro than full-length
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αS (Fig. 4), indicating that longer-range interactions, presumably steric clashing or repulsive
electrostatic interactions of the chains, are unfavorable to the formation of the cis state at P108,
P117, P128, and P138. The highly negatively charged nature of the C-terminal tail of αS (net
charge of −14 for the last 40 residues) is expected to enhance the electrostatic contribution.
Indeed, at very high ionic strength (1.1 M NaCl), increased cis fractions are observed, albeit
remaining below those of the blocked tetra-peptides (Fig. 4). NMR spectra were collected at such
high salt concentrations by using a thick-walled tube with a smaller inner diameter (Methods).

Figure 4. Fractions of cis-Pro bonds in αS and comparison to oligo-peptides. All samples were at pH 6, 288
K. The fraction of cis-Pro is shown for each Pro residue in αS (red), with error bars representing one standard
deviation from the mean. Upon the addition of 1160 mM NaCl, the fraction of cis-Pro increases (grey),
indicative of decreased electrostatic repulsion in the acidic C-terminal region of αS. Blocked, tetra-peptides
(blue) in general contain elevated levels of cis-Pro, whereas hexa- (teal) and octa-peptides (cyan) approach
the values seen in full length αS. Reproduced with permission from John Wiley and Sons.

High fractions of cis-Pro previously have been reported for peptides with an aromatic
residue in the i-1 position (Thomas et al. 2006); however, these peptides mostly were studied with
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unblocked, charged terminal residues. For example, a high cis fraction was previously reported
for the FPA tri-peptide (Grathwohl & Wüthrich 1981). However, charge neutralization by N-terminal
acetylation and C-terminal amidation reduces the cis-Pro fraction by more than one-fifth (Fig. 5).
Analogously, the addition of 1.1 M NaCl to the unblocked peptide decreases cis-Pro by nearly the
same fraction (Fig. 5). In the tri-peptide MPS, I observe even larger reductions in the cis fraction
upon the addition of blocking groups at the termini or 1.1 M NaCl, which decrease the cis-Pro
fraction by about a third and a quarter, respectively (Fig. 5). Similar results were obtained for the
peptide APQ, which displayed fractional changes in cis content of 43% and 17% upon terminal
blockage or the addition of 1.1 M NaCl (Fig. 5). Therefore, electrostatic attraction between
oppositely charged termini enhances the cis-Pro fraction in oligo-peptides.
7.3.3

Long-range interactions not involving inter-domain contacts influence cis-proline

propensity in α-synuclein
As P128 showed the largest discrepancy between values obtained for full-length αS and its
corresponding blocked tetra-peptide (Fig. 4), the impact of longer range interactions on cis-Pro
was assessed by comparing the fraction of cis-Pro at P128 as a function of peptide length. Upon
increasing the length of the peptide from four to six to eight residues (Fig. 4), a progressive
decrease in the fraction of cis-Pro was observed. However, even though the blocked octa-peptide
exhibited a cis-Pro fraction that approached that of full-length αS, the remaining significant
difference of 1.5% must result from weak interactions that extend beyond the ±4 residue range.
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Figure 5. Impact of charged termini on cis-Pro formation. (A) Fraction of cis-Pro in a tri-peptide (FPA) without
(red) or with (blue) acetylation and amidation of the N- and C-termini, respectively. Addition of 1.1 M NaCl
to the unblocked FPA peptide (orange) significantly diminishes the fraction of cis-Pro, lowering it to levels
essentially identical to the blocked peptide. Extending the peptide chain from a blocked tri-peptide to a
blocked hepta-peptide (cyan) further decreases the fraction of cis-Pro. (B) Fraction of cis-Pro in S tripeptides MPS and APQ. The unblocked tri-peptides (red, green) show elevated cis-Pro fractions as
compared to their blocked counterparts (blue, cyan). The addition of 1.1 M NaCl lowers the cis-Pro fraction
of the unblocked MPS peptide to that of the blocked peptide. In both cases, the fractional change in cis-Pro
upon blocking the termini and adding 1.1 M NaCl is ca. 40% and 20%, respectively. Reproduced with
permission from John Wiley and Sons.

I therefore also evaluated the impact on cis-Pro formation in full-length αS from potential
inter-domain contacts. Previous NMR measurements have indicated that the oppositely charged
N- and C-terminal regions of αS transiently contact each other (Bertoncini et al. 2005), an effect
held responsible for the compaction of the radius of hydration of this molecule relative to that of a
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fully random coil (Uversky et al. 2001) and decreased amyloidogenicity relative to sequences that
lack the C-terminal tail (Thomas et al. 2006, van der Wateren et al. 2018). Moreover, the N- and
C-termini have been observed to make transiently intermolecular contacts (Wu & Baum 2010).
Depending on the nature of such contacts, they could either restrict or favor cis-Pro formation.
However, a construct comprising residues 87–140 of αS showed no detectable differences in the
populations of cis-Pro between the full-length and truncated proteins (Fig. 6), indicating that the
N-terminal region does not measurably impact cis-Pro propensities in the C-terminal region.
Nevertheless, the small chemical shift differences between the full-length protein and this Cterminal 54-residue peptide (Fig. 6) are consistent with the previously noted interactions between
the two domains, but are too weak to cause a detectable impact on the fraction of cis-Pro.
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Figure 6. The isolated C-terminal region of αS retains its native cis-Pro fractions. (A) Depiction of αS and
its three regions: the amphipathic N-terminal region (NTR), the hydrophobic NAC region, and the acidic Cterminal region (CTR). The isolated CTR (bottom) contains an S87C mutation. (B) 2D 1H-15N HSQC spectra
of full-length αS (red) and the isolated CTR (black). Buffer conditions were as in Figure 1, except that 5 mM
BME was added to the isolated CTR to prevent disulfide formation. The peak indicated with an asterisk
arises from an impurity. (C) Quantification of the cis-Pro fractions in both full-length αS and its isolated CTR.
(D) Zoomed-in region from panel (B) showing resonances affected by cis-Pro. (E) Combined and weighted
HN and 15N chemical shift perturbations (CSPs) between full-length αS and its isolated CTR. Reproduced
with permission from John Wiley and Sons.
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7.3.4

High-pressure NMR to measure cis-proline fractions in unfolded proteins

To compare the amount of cis-Pro in αS with other unfolded proteins, I used high-pressure NMR,
which was previously shown to have no significant effect on the structure and dynamics of αS. To
verify that hydrostatic pressure does not impact the cis-Pro content in an unfolded protein, I also
measured the fraction of cis-Pro in αS at 2.5 kbar. Indeed, these values were found to be
unchanged with respect to their 1 bar counterparts (Fig. 7).

Figure 7. Impact of hydrostatic pressure on cis-Pro formation in S. The fraction of cis-Pro was measured
at 1 bar (black) and at 2.5 kbar (green). Agreement to within experimental uncertainty between the two
datasets indicates that high pressures has no detectable impact on cis-Pro formation. Reproduced with
permission from John Wiley and Sons.

Two proteins were denatured at 2.5 kbar and their NMR signals corresponding to residues
impacted by cis-Pro were assigned. The -crystallin domain of HSP27 (cHSP27), a 2×10 kDa
non-covalent dimer, contains seven Pro residues per subunit that all adopt the trans conformation

258

in the native state. cHSP27 readily unfolds at high pressures (Fig. 8), and 3D NMR spectra were
recorded at 2.5 kbar in order to assign the chemical shifts of the pressure-denatured state at pH
7 and 288 K. Previous data indicated that cis-Pro populations were independent of pH for all XPro bonds excluding His-Pro and Tyr-Pro, neither of which exist in cHSP27. At least 32 out of 86
1

H-15N correlations in cHSP27 are visibly impacted by cis-Pro formation (Fig. 8). Interestingly,

cHSP27 contains Pro clustering, with a P145-P146 pair close to P150, and P168 near P170. As
a result, nearby residues are affected by cis-trans isomerization from multiple X-Pro bonds. For
example, four signals are observed for G147: all trans, cis-P145, cis-P146, and cis-P150 (Fig. 8),
with sequential assignments providing unambiguous identification of each X-Pro bond of interest.
As compared to αS, the amount of cis-Pro in pressure-denatured cHSP27 varied widely, from 5%
to 10% across the seven X-Pro bonds (Fig. 8).

259

Figure 8. Quantification of cis-Pro bonds in two pressure-denatured proteins. (A) 1.6 mM 13C,15N-labeled
α-crystallin domain of HSP27 (cHSP27) at 2.5 kbar in 30 mM sodium phosphate, pH 7, 2 mM EDTA, 2 mM
benzamidine, 288 K. (B) 0.75 mM 2H,13C,15N-labeled ubiquitin-(V17A/V26A) at 2.5 kbar in 20 mM potassium
phosphate buffer, pH 6.4, 2 mM benzamidine, 288 K. In both (A) and (B), colored resonances have
distinguishable assignments for the trans and cis conformations. (C) Boxed region of (A) at a lower contour
level; c and t denote cis and trans, respectively. (D,E) Average cis-Pro fraction at each Pro residue for the
samples in (A) and (B). Reproduced with permission from John Wiley and Sons.
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Ubiquitin contains three Pro residues, but the wild-type protein does not easily unfold at
high pressure. Therefore, a cavity-containing double mutant (V17A/V26A) (Alderson et al. 2017b)
was prepared in order to facilitate pressure-induced unfolding. These mutations lowered the midpoint of pressure denaturation from >5 kbar to ca. 1.4 kbar, enabling acquisition of a set of 3D
NMR spectra to assign the minor signals corresponding to cis-Pro (Fig. 8). The cis-Pro fraction
varied by a factor of three across the Pro residues, from as low as 2.5% at P38, which follows
P37, to 8% at P19 (Fig. 8). A hepta-peptide of the same amino acid composition centered around
P19 exhibited the same fraction of cis-Pro as full-length, pressure-unfolded ubiquitin (Fig. 8). The
P37-P38 bond in ubiquitin-(V17A/V26A) displays the lowest cis-Pro value (2.5%) across all 15 XPro bonds. However, the chemically similar P145-P146 bond in cHSP27 contains ca. 6% cis-Pro,
highlighting the importance of residues remote from the Pro-Pro bond.
7.3.5

Similar backbone dynamics in the cis- and trans-proline conformers

Finally, to characterize the potential impact of cis-Pro formation on the internal dynamics of the
polypeptide chain, I recorded 15N spin relaxation data that probe motions on the pico-nanosecond
timescale (Jarymowycz & Stone 2006). These rapid motions reflect fluctuations of N–H bond
vectors over time, providing insight into the conformational entropy and local dynamics of the
involved residues. For this purpose, I studied the intrinsically disordered C-terminal region (CTR)
of HSP27, which comprises the final ca. 30 residues and contains two Pro residues. While the
average molecular mass of HSP27 oligomers is ca. 500 kDa (Fig. 9a), the unfolded CTR remains
highly dynamic and tumbles independently of the large oligomers, thus giving rise to sharp NMR
signals (Fig. 9b). Recently, a solution-state NMR publication attributed the observation of multiple
sets of peaks in the CTR of B-crystallin to an equilibrium between the bound and unbound forms
(Mainz et al. 2015). However, the oligomer-bound CTR would tumble with a rotational correlation
time that is similar to, if not equal to, that of the large B-crystallin oligomers, and would thus be
invisible in conventional 1H-15N HSQC spectra.
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The native mass spectrum of HSP27 at 25 M monomer concentration reveals many
overlapping signals in the region between ca. 5000-12000 m/z (Fig. 9a), diagnostic of the
assembly of polydisperse oligomers. However, excluding the minor resonances caused by cis-Pro
formation (see below), the 2D 1H-15N HSQC spectrum of 15N-labeled HSP27 revealed a single set
of peaks, suggesting that the dynamic CTR remains unfolded in the heterogeneous ensemble of
HSP27 oligomers. NMR signals from the disordered CTR were assigned by standard methods
(Sattler et al. 1999), with multiple resonances observed for residues near P194 (Fig. 9b, Fig. 9c).
The minor peaks were attributed to formation of a cis-Pro conformation, as evidenced by the 13C
and

13

C chemical shifts from P194 (Fig. 9d). Formation of a cis-Pro conformation increases the

difference between Pro 13C and 13C chemical shifts to ca. 10 ppm, whereas this value is closer
to 5 ppm in the trans conformation. I recorded a 3D C(CO)NH spectrum to measure the
chemical shifts for Pro side-chains, and the anticipated ca. 10 ppm difference in
chemical shifts was observed for the minor state (Fig. 9d).
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Figure 9. Cis-trans proline isomerization about the G193-P194 peptide bond in HSP27. (a) Native
mass spectrum of 25 μM HSP27 in 200 mM ammonium acetate, pH 6.9. The y-axis depicts signal intensity
and the x-axis displays the mass-to-charge ratio. (b) 2D 1H-15N HSQC spectrum of 2 mM [U-13C,15N]-HSP27
at 298 K in 30 mM NaH2PO4, 100 mM NaCl, 2 mM EDTA, 2 mM NaN3, pH 7. Each peak corresponds to an
N-H bond and resonance assignments are listed next to each peak. Residues that are colored in red and
labeled with an asterisk (*) indicate doubled peaks. The dashed circles indicate resonances that are weak
and not observable at the plotted contour level. (c) Residues that exhibit two peaks are shown with asterisks
(*) above their one-letter amino acid code. A zoomed-in region from (b), which shows the major (black) and
minor (red) peaks that arise from E195. (d) 2D 1H-13C strip plots taken from 3D HNCACB (i. and iv.) and
C(CO)NH (ii. and iii.) spectra at the 15N frequency corresponding to E195 or E195*. In the HNCACB
spectrum, the 13Cα and 13Cβ nuclei from E195 (red/black) and P194 (grey) are indicated with dashed lines
to reveal their corresponding positions in the C(CO)NH spectrum taken at the E195 15N frequency. The
difference between 13Cβ and 13C chemical shifts in proline residues is diagnostic of cis- or trans-proline
bonds. In the minor state the 13Cβ and 13C chemical shift difference is ~10 ppm (red), indicative of a cisconformation, whereas in the major state this difference is only ~5 ppm (black), indicative of a transconformation. Reproduced freely under a Creative Commons CC BY license.
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With resonance assignments for both the cis- and trans-Pro conformers in hand, I recorded
15

N spin relaxation experiments to probe backbone dynamics. Namely, I measured {1H}-15N

Overhauser enhancement (hetNOE) value and longitudinal (R1) and transverse (R2) 15N relaxation
rates (Fig. 10). While these data collectively provide a description of the fast dynamics associated
with each N–H bond vector, the hetNOE is most sensitive to picosecond dynamics (Kay et al.
1989). For folded proteins, hetNOE values typically range from ca. 0.65–0.85 at 600 MHz, while
relatively flexible loops and regions with enhanced picosecond dynamics exhibit lower values.
Consistent with this, the hetNOE measures I obtained for the trans-P194 state of the CTR at 600
MHz are near zero for residues 178–188, and decrease toward a minimum of -1.2 at the Cterminus (Fig. 10a). This enhanced flexibility with increased distance from the ACD is similar to
observations made in αA- and αB-crystallin (Treweek et al. 2010). The cis-P194 hetNOE values
are nearly identical to those for the trans-P194 state, except for residues E195 and K198, which
are somewhat smaller. The overall resemblance of hetNOE values for both proline isomer states,
however, demonstrates similar dynamic behavior, with picosecond-timescale motions throughout
the CTR that increase toward the C-terminus for both conformations.
Both 15N R1 and 15N R2 are less sensitive to rapid internal dynamics than the hetNOE, yet
provide information regarding motions on the nanosecond timescale that are faster than the
rotational correlation time. The values obtained for the cis- and trans-P194 forms are very similar
(Fig. 10b, Fig. 10c), with the average values of R1 and R2 of ca. 1.2 and 5 s-1, respectively indicating
that both cis- and trans-P194 conformational ensembles are also highly dynamic. In addition to
these motions in the CTR of HSP27, it is possible, as in the case of αB-crystallin (Baldwin et al.
2011a), that there are contributions from conformational exchange to the observed R2 values in
the IPV motif. Taken together, my data have revealed that the CTR, including the cis-P194
conformer, is highly dynamic on the picosecond-nanosecond timescale, with the magnitude of
these motions increasing upon moving away from the ACD towards the C-terminus.
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Figure 10. Comparison of backbone motions for the cis- and trans-Pro conformations in the Cterminal region of HSP27. (a-c) 15N spin relaxation data obtained for both cis- (red) and trans-P194 (black)
HSP27. In panels (a), the {1H}-15N nuclear Overhauser effect (NOE), (b) 15N longitudinal relaxation rate (R1),
and (c) the 15N transverse relaxation rate are shown. All data were recorded at 600 MHz and 298 K.
Reproduced freely under a Creative Commons CC BY license.
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7.4

Conclusions

My results indicate that populations of cis-Pro conformers in unfolded proteins are considerably
lower than for corresponding short peptides that were previously used. The presence of cis-Pro is
often considered a hurdle in protein folding, and with multiple Pro residues per chain, the fraction
of all-trans X-Pro chains can be strongly impacted by even a modest change in the cis-Pro ratios.
I attribute the lower cis-Pro fractions in the longer polypeptides to increased steric clashing
between the segments of the chain preceding and following the cis peptide bond, which effectively
reverses the chain direction and reduces conformational space available to the two segments.
Electrostatic repulsion between these segments, as applies in S, can enhance this effect. The
utility of high-pressure NMR to accurately quantify cis-Pro populations in proteins is key to ongoing studies of protein folding by pressure-jump NMR, and the reported cis/trans chemical shift
differences serve as convenient guides for identifying cis-Pro related resonances in NMR-based
studies of IDPs and denatured proteins.
Antibody data have implicated elevated cis-Pro levels in toxic fibril formation of the
intrinsically disordered Tau protein, associated with traumatic brain injury (Thomas et al. 2006),
but NMR data refuted this conclusion (Ahuja et al. 2016). In context of S and its formation of
amyloid fibrils, mutation of its Pro residues to Ala accelerates fibril formation (Meuvis et al. 2010).
Considering that the C-terminal region does not become embedded in the fibril core (Tuttle et al.
2016), this points to a possible inhibitory role of cis-Pro in fibril elongation, where a low cis fraction
would suffice for such a role. NMR spectra of S obtained in living bacterial and mammalian cells
(Binolfi et al. 2012, 2016; Theillet et al. 2016) indicate that S retains its predominantly trans-Pro
conformation, implying that in vivo interactions do not drastically alter the inherent cis-Pro
propensities of S.
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7.5

Methods

7.5.1 Proteins and peptides
Isotopically labelled proteins were expressed in E. coli and purified as described previously
(Masuda et al. 2006, Chapter 3, Chapter 6). All NMR spectra were acquired on Bruker Avance III
spectrometers (700 and 800 MHz) equipped with cryogenically cooled probes. The amino acid
sequences of oligo-peptides and proteins used in this study are listed in Table 1 and Table 2,
respectively.
Codon-optimized human αS (Masuda et al. 2006) but lacking the post-translational aminoterminal acetylation, was expressed and purified from E. coli BL21(DE3) using standard methods.
Briefly, αS expression was induced with 1 mM IPTG when the OD of 1 L of

13

C,15N-M9 minimal

medium at 37 C reached 0.6-0.8 units. Protein expression proceeded for 3 hours, upon which
cells were pelleted and stored at -80 C until use. Cell pellets were resuspended in 15 mL of 20
mM Tris-HCl, 2 mM EDTA, 2 mM benzamidine, pH 7, and then placed in a water bath at 90 C for
10 minutes. One protease inhibitor tablet (Roche) was included in the initial buffer, with only EDTA
and benzamidine used in subsequent buffers. The resultant solution was centrifuged at 20,000 x
g for 20 minutes, and the supernatant was loaded onto a HiTrap Q column equilibrated in the
resuspension buffer. αS was eluted using a linear gradient of 1M NaCl from 7%-20%, with elution
near 15% NaCl. All αS-containing fractions were pooled and then purified further by size exclusion
chromatography and a Superdex S75 26/60 column (GE Healthcare) equilibrated in 20 mM
NaH2PO4, pH 6, 2 mM EDTA, and 2 mM benzamidine as a broad spectrum protease inhibitor.
The C-terminal fragment of human αS (87-140), including an S87C mutation (Jiang et al.
2017), was purified from E. coli BL21(DE3) as above, except that 5 mM -mercaptoethanol (BME)
was included in all buffers to keep the Cys residue reduced.
7.5.2 Preparation of peptide solutions
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Oligo-peptides used are listed in Table 1 and were kindly synthesized by Galina Abdoulaeva at
the Center for Biologics Evaluation and Research (CBER) of the Food and Drug Administration
(FDA). The N- and C-termini of αS peptides were blocked with acetylation and amidation, and the
tri-peptides FPA, MPS, and APQ were synthesized with and without blocked termini. All peptides
were dissolved at a concentration of 40-50 mM in 20 mM NaH2PO4 and the pH of the solution was
adjusted to 6 using concentrated NaOH. To match protein samples, the solution also contained 2
mM EDTA and 2 mM benzamidine.
Table 1. Peptides used to quantify cis-Pro fractions. Ac and NH2 refer to acetylation and amidation,
respectively. The bolded proline numbers correspond to those in S and are included for clarity.
Peptide sequencea
% cis-Pro
FPA
27.7  1.1%
FPA + 1.1 M NaCl
22.5  1.5%
Ac-FPA-NH2
21.7  1.2%
Ac-EGFPAEG-NH2
18.7  0.4%
P108: Ac-GAPQ-NH2
5.6  0.2%
GAPQb
4.5  0.2
Ac-GGPQ-NH2
7.7  0.2%
APQ
9.5  0.7%
APQ + 1.1 M NaCl
8.0  0.8%
Ac-APQ-NH2
5.4  0.4%
P117: Ac-DMPV-NH2
7.6  0.2%
b
DMPV
3.9  0.2%
P120: Ac-VDPD-NH2
4.0  0.1%
VDPDb
4.0  0.2%
P128: Ac-EMPS-NH2
7.1  0.1%
b
EMPS
3.0  0.1%
MPS
12.1  0.6%
MPS + 1.1 M NaCl
9.0  0.8%
Ac-MPS-NH2
7.6  0.5%
Ac-YEMPSE-NH2
4.5  0.2%
Ac-AYEMPSEE-NH2
4.1  0.3%
P138: Ac-YEPE-NH2
4.3  0.3%
YEPEb
3.1  0.2%
Ac-EAEPSDT-NH2c
7.9  0.4%
a. Unless otherwise indicated, all peptides were prepared in 20 mM sodium phosphate, 2 mM EDTA,
2 mM benzamidine, pH 6, and some contained 1.1M NaCl as noted.b
Data obtained on fulllength S in the same buffer as above.
b. 25 mM potassium phosphate, pH 6.4. This peptide corresponds to P18 in human ubiquitin bearing
the V17A mutation to match the protein used in this study (V17A/V26A ubiquitin).
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Table 2. Amino acid sequences for the four proteins used in this study.
Human S (Uniprot: P37840)
MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTAVA
QKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA

Human S S87C-140
CIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNEAYEMPSEEGYQDYEPEA
cHSP27(C137S), the -crystallin domain of human HSP27 (Uniprot: P04792)
GVSEIRHTADRWRVSLDVNHFAPDELTVKTKDGVVEITGKHEERQDEHGYISRSFTRKYTLPPGVDPTQVSSSLSPEG
TLTVEAPMPK
Human ubiquitin(V17A/V26A) (Uniprot: P0CG48)
MQIFVKTLTGKTITLEAEPSDTIENAKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

7.5.3 NMR spectroscopy
All samples for NMR spectroscopy included 7% D2O and NMR spectra were recorded at 288 K.
C,15N-αS was concentrated to 0.9 mM in 20 mM NaH2PO4, pH 6, 2 mM EDTA, 2 mM

13

benzamidine, with 290 L loaded into a Shigemi micro NMR cell. A separate sample was prepared
with 1.1 M NaCl, using a thick-walled, 2.2 mm ID NMR tube (New Era Enterprises, Inc.). Spectra
were recorded on a Bruker Avance III 700 MHz spectrometer equipped with a cryogenically cooled
probe.
13

C,15N-ACD(C137S) was concentrated to 1.6 mM in 30 mM NaH2PO4, pH 7, 2 mM EDTA,

2 mM benzamidine. 280 L of the sample was loaded into a high-pressure tube (Daedalus
Innovations) and pressurized to 2.5 kbar. 2H,13C,15N-ubiquitin(V17A/V26A) was concentrated to
0.7 mM in 25 mM potassium phosphate buffer at pH 6.4, loaded into a high-pressure tube, and
pressurized to 2.5 kbar. Spectra were recorded on a Bruker Avance III 800 MHz spectrometer
equipped with a cryogenically cooled probe.
3D HNCO and HNCA spectra were recorded to facilitate identification and assignment of
the lowly populated cis-Pro conformations. When non-uniform sampling was used, the spectra
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were reconstructed using the SMILE program (Ying et al. 2016) and all NMR spectra were
processed and analyzed with NMRPipe (Delaglio et al. 1995) and Sparky (Lee et al. 2015). Finally,
Chemical

shift

perturbations

were calculated

using the following

equation:

eff =

√(∆𝛿𝐻)2 + (∆𝛿𝑁/5)2
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8.1 Concluding remarks
In this thesis, I have outlined new nuclear magnetic resonance (NMR) methodology that has
provided novel insight into protein folding. In addition, I have described applications of NMR that
have offered new biological insight into the mechanism and regulation of the molecular chaperone
HSP27.
In Chapter 1, I provided a brief overview of protein folding and the importance of structural
modeling in biochemical research. Protein folding plays a critical role in human health and disease,
as the misfolding of proteins contributes to numerous so-called protein misfolding diseases,
including Alzheimer’s and Parkinson’s diseases. I present a short description of molecular
chaperones, namely the small heat shock proteins that were the focus of a large portion of this
thesis.
In Chapter 2, I introduced NMR and its utility in biochemical research. I provide a brief
theoretical overview before focusing on aspects of NMR that were particularly relevant to this
thesis: nuclear spin relaxation and chemical exchange. Results from Carr-Purcell-Meiboom-Gill
relaxation dispersion experiment were analyzed in detail by simulating and fitting data.
In Chapter 3, I presented an NMR-driven study of the small heat shock protein HSP27. I
found that the stable, structured HSP27 dimer partially unfolds upon monomerization. This orderto-partial-disorder transition had not been previously known. I found that the partially disordered
HSP27 monomer is a more effective molecular chaperone than its structured dimeric counterpart,
suggesting that structural plasticity in HSP27 is important for its chaperone function. However, the
partially disordered monomer was found to be unstable and prone to aggregation, thus highlighting
the delicate balance between protein folding and function/dysfunction.
In Chapter 4, I used NMR spectroscopy to investigate the impact of a mutation in HSP27
that is implicated in the onset of a motor neuropathy, Charcot-Marie-Tooth disease. A highly
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conserved region of HSP27, the IxI/V motif, binds to the structured core domain. A single amino
acid variation in the IxI/V motif (P182L) causes Charcot-Marie-Tooth disease. I used Carr-PurcellMeiboom-Gill relaxation dispersion to compare the binding kinetics of peptides from the WT and
disease mutant forms, and found that the disease mutation causes a drastic attenuation in the
association rate. The mutant form of the protein is chaperone-inactive and forms very large,
soluble oligomers that are ca. 30-fold larger than the WT form. These results highlight the
importance of the IxI/V motif in HSP27’s chaperone function and molecular organization.
In Chapter 5, I outlined a new NMR method that provides insight into protein folding via
hydrogen exchange coupled to fast pressure-jump NMR spectroscopy. The method is not
presently generally applicable, as it requires a protein that can be quickly and reversibly unfolded
at pressures below 3 kbar. Nevertheless, I show in this proof-of-principle study that amide-specific
time constants for hydrogen-bond formation can be measured as the protein folds. A variant of
the model system ubiquitin was used for this study.
In Chapter 6, I utilized translational diffusion NMR measurements to monitor hydration radii
of proteins as the fraction of unfolded protein is progressively lowered by removing denaturant. I
used both high pressures and urea to facilitate denaturation. In both cases, I observed that the
polypeptide chain only marginally collapses under the lowest denaturant conditions. In addition, I
outlined the necessary corrections for usage of dioxane in high-pressure diffusion NMR studies.
In Chapter 7, I reported on measurements of cis-proline fractions in unfolded and
disordered proteins. I first demonstrated that the intrinsically disordered protein α-synuclein
contains values of cis-proline in the 3.5-5% range, and that elevated pressures have no impact on
these fractions. I then used high-pressure to denature two other proteins, and found that the 10
Xaa-Pro bonds in these proteins all contains values of cis-proline ranging from 2-10%. I
determined that small oligo-peptides tend to overestimate the fraction of cis-proline, and so these
results on intact proteins provide more accurate values.
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