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CHAPTER 1

Introduction

The mechanism by which a protein folds to its biologically active state
after biosynthesis remains one of the central unresolved puzzle in natural science.
How does a protein make the transition from a diverse ensemble of unfolded
structures into a unique conformation in the native form? One possibility would
be that all possible conformations are tried out to find the energetically most

favorable one. How long would such a random search take?

Figure 1 Structure of Horse cytochrome c.
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For a hypothetical small protein with 100 residues, Cyrus Levinthal calculated
that if each residue can assume three different conformations, the total number of
structures would be 3'%, which is equal to 5 x 10%". If it takes 107" s to convert
one structure into another, the total search time would be 5 % 10" x 1071 s, which
is equal to 5 x 10°* s, or 1.6 x 10?7 years. Clearly, it would take much too long for
even a small protein to fold properly by randomly trying out all possible
conformations. The enormous difference between calculated and actual folding
times is called Levinthal’s paradox (1). In the early 1960s, Anfinsen and co-
workers observed that small protein molecules could fold spontaneously to the
native state. This observation led to a thermodynamic hypothesis: the native state
has the lowest free energy (2).

Proteins fold and unfold depending on the physical and chemical
conditions of the environment. Protein folding can be studied in the test tube by
dissolving a purified protein in aqueous solution and denaturing it by using
chaotropic agents which are polar or charged
molecules.  Diluting  this  chaotropic
molecules induces a spontaneous refolding
of the polypeptide into its original, native
fold. There are several spectroscopic
methods  available, including NMR,

fluorescence labeling, and circular dichroism

(CD), to study the structural changes

N
Figure 2 Funnel model for protein
folding

associated with the folding reaction.
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Many models have been proposed to explain the protein folding problem.
The framework model describes a stepwise mechanism to greatly narrow down
the conformational search (3-5). The nucleation model suggests that tertiary
structure forms through the formation of native secondary structure by only a few
residues (e.g. a beta-turn, or the first turn of an alpha-helix), and structure
propagates out from this nucleus (6, 7). The hydrophobic collapse model proposes
that the native protein conformation forms by rearrangement of a compact
collapsed structure (8, 9). The framework and hydrophobic collapse models
suggest the formation of kinetic intermediates, whereas the nucleation model does
not (10). Modifications of the nucleation model, whereby a diffused folding
nucleus is formed and consolidated through the transition state concomitant with
tertiary structure formation, leads to the nucleation-condensation model proposed
by Fersht (10, 11).

A more general protein folding theory is the funnel theory (12, 13), which
describes the energy profile of protein folding as a funnel with unfolded
confirmations at the rim (Figure 2, 14). According to this view, the existence of
intermediates is not essential for unfolded molecules to reach the native state;
rather, these intermediates populate as a result of the ruggedness of the energy
landscape (15). In earlier experimental studies, intermediates were commonly
found, supporting the classical view (4). The neutral and alkaline pH forms of
horse cytochrome ¢, which are greatly different in thermodynamic stability, have
been used to demonstrate that folding is under thermodynamic control and that an
initial search regime limits the folding speed. Biologically relevant folding time

of small two-state proteins can be approximately equated to the time needed for
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the nascent polypeptide to find a stable but less native like rate limiting barrier

(16).

1.1 Molten globule in protein folding

Molten globule (MG) is a compact denatured state with a significant
amount of native-like secondary structure, but largely disordered  tertiary
structure, which is known to be shaped during the highly cooperative process of
folding. Understanding of structures and thermodynamics of such states should
facilitate resolving the mechanism of folding (17). Molten globule can be
obtained by titrating pH or heat denatured states of a protein with salt. Salt-
induced formation of MG is explained in terms of preferential binding of counter
ions to molten globule compared with the unfolded protein (18). Ptitsyn and
coworkers represents (19, 20) MG was earlier taken to be a common early
intermediate in the folding pathway, but later studies suggest that they correspond
to late folding intermediates (21, 22). A highly ordered alkali molten globule state

of ferrocyt ¢ represents an off-pathway intermediate (chapter 3).

1.2 NMR Investigations of protein folding

Starting from its discovery in the laboratories of Purcell and Bloch in
1945-46, NMR has become the single most powerful technique in both chemistry
and biology. The first NMR spectrum of a protein was recorded about 10 years
after the discovery of NMR signals, but it was another 25 years to assign the
resonances to individual atoms and the prospect of a complete structure

determination (23). NMR spectroscopy began to make major contributions to
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biology only when it was developed to the extent to solve macromolecular
structures. In molecular biology and pharmaceutical research, 3D structures of
biological macromolecules provide necessary information for detailed
understanding of molecular functions and intermolecular interactions, and a
foundation for protein engineering and drug design. NMR not only provides
structural data, but also explores information on dynamics, conformation, and
folding of a protein (24, 25). Along with many other applications, NMR became a
powerful technique for drug discovery in pharmaceutical industry (26).

Most of the protein folding reactions are too fast to be monitored directly
by NMR spectroscopy (27, 28), because the time required to record one 1D 'H
spectrum of a protein is at least 100 ms. Therefore, fast protein folding reactions
have been measured by lineshape analysis of spectra recorded under equilibrium
conditions. However progress has been made in recent years, and NMR is
emerging as a major technique for real time observation of structure and
dynamics of polypeptides in the course of protein folding (for example, 29).

The first application of NMR in protein folding involved site specific H/D
exchange experiments (30), and the calculation of protection factors, P (the ratio
of exchange rates in an unfolded model peptide to the interested protein) revealed
the thermodynamics of local and global unfolding of the native state as well as
intermediates (31). Protection factors in the hydrophobic core of native proteins
can exceed 10%, P<5 suggests that site is either extremely fluctuating between
secondary structure and random coil or is entirely unfolded (32). Amide protons
exchange with solvent by proton transfer reactions (33) that depend on a number

of factors such as pH, temperature, neighboring side chains, and the involving



Introduction

isotopes. After calibration of all these factors, H/D exchange experiments can
define the presence or absence of hydrogen bonding at a large number of
identifiable amide sites in a protein (34). Linderstrom-Lang and colleagues (35,
36) described the kinetic and thermodynamic relationships for a comprehensive
analysis of structural unfolding reactions by using the measured H/D exchange
rates.

Protein folding intermediates can be also described by pulse labeled
hydrogen exchange. Baldwin and coworkers (37) have developed the pulse
labeled hydrogen exchange experiments to describe the folding of many proteins.
Kinetic H/D labeling has been applied to a number of proteins with similar and
non-controversial results (38-45). In the case of two-state folding, all amides gain
protection at the folding rate. In three-state folding, one generally sees behavior of
showing the population of a discrete native-like intermediate (34). Sometimes
intermediates revisit the unfolded state in order to reach its native confirmation,
as seen in the refolding of alkaline ferrocyt ¢ (46). Carbonmonoxycyt ¢ refolds to
native state via an off-pathway intermediate.

NMR line shape analysis and transverse relaxation measurements allow
protein folding studies on a microsecond to millisecond time scale (47). Dynamic
NMR opens up a large number of experimental opportunities to define the
mechanism of fast protein folding reactions (48, 49). When a protein folds in a
two state manner, any NMR resonance in a well dispersed spectrum and assigned
in both folded and unfolded confirmations can be used to find the folding and
unfolding rates. NMR can detect the specific contacts between residues as

unfolded protein convert to native protein by monitoring the NOE enhancement
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in a 2D experiment (50).The idea here is to allow the reaction to occur during the
accumulation of a single 2D experiment. By recording the appropriate NMR
spectrum, the kinetic history of the events occurring during the reaction can be
deduced. Defining the structural and energetic properties of protein intermediates
is important to understand the nature of protein folding pathways, and NMR is the
only method that can provide the structural details, unless the intermediates can
be trapped and crystallized for X-ray analysis. Recent advances in NMR
relaxation dispersion methods along with the stopped-flow kinetic measurements

can probe the folding and unfolding processes (51).

1.3 Side-chain and main-chain motions studied by NMR

All Biological processes that involve motions find their origin in protein
dynamics (52). The mechanism by which a protein folds to its native confirmation
is a highly dynamic process (53). Proteins without motion are biologically
inactive. Enzyme catalysis is accompanied by the movement and rearrangement
of protein segments (54). Biophysical experimental techniques, such as enzyme
kinetics (55), Hydrogen exchange (56), kinetic studies of folding (53), NMR
analysis of spin relaxation (57) and residual couplings (58), and single molecule
spectroscopy (59) have provided evidences for different types of motions in
proteins. Depending on their amplitude, internal motions are classified as small
amplitude collective motions, large amplitude breathing modes, structural
fluctuations, and deformations at sub-global level (60).

A special class of side-chain motions involving aromatic ring flips in

proteins has been addressed by the use of NMR. These are 180° flips between two
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equivalent confirmations, crossing an energy barrier due to the interactions
between ring and protein matrix. A free aromatic ring in solution is expected to
show only two symmetric lines in NMR spectrum; this is because flipping
process is too fast on NMR timescale. However side chain interactions and
hydrogen bonding decelerate the aromatic ring-flip in protein. The transition from
slow to fast rotation can be observed by changing the temperature. Aromatic side
chains of BPTI (figure 7 of 64), shows two peaks in 1D NMR spectrum at low
temperature and averaged peak appeared at high temperature. This suggests that
the ring spent more time at equilibrium than the time spent to cross the barrier.
From many years ring flip is considered as two site exchange. The rates of these
two site exchange process can be determined quantitatively by line shape analysis
(65), saturation transfer techniques (66) and EXSY (chapter 4, 67) Aromatic ring
flip introduces conformational exchange-mediated magnetization transfer cross
peaks into NOESY spectra (68). That suggests

7 that if the ring motion is fast enough to transfer

the longitudinal magnetization during NOESY

0 H mixing time, it can lead to a pure exchange

cross peak. In such cases, NOESY spectrum is a

combination of both NOE and exchange peaks.

The rate process of such aromatic ring flip can
be determined by introducing a pulse train

F X during mixing time to suppress the cross-
Figure 3 N-H vector in 3D
making an angle 0 with
reference plane of these ring motions in proteins is elaborately

relaxation effects in NOESY. The complexity
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explained in chapter 4.

Spin relaxation rate measurements provide information about site-specific
fast internal dynamics that occur on subnanosecond time scale. NMR relaxation
measurements are highly informative in finding which part of protein is flexible
or rigid during protein-protein (69) or protein-ligand (70) interactions, or in the
native state (71). "°N relaxation studies on barstar (72) suggest rigid body
movement of helix and twisting of C-terminal end of the B sheet. These large
amplitude motions are perhaps relevant to making the complex with barnase.

Model free analysis (76) of relaxation rates (R1 & R2) and the
heteronuclear NOE provides the order parameter (S®) and effective correlation
time (t.). S* and 1. characterize the internal motions of bond vectors (N-H, C-H
and C-C). Protein internal dynamics often changes with ligand binding that
suggests that ligand binding involves a change in conformational entropy. Several
Biological process including macromolecules interaction and protein folding
involves change in entropy and enthalpy (77). Several independent studies
suggest that changes in conformational entropy facilitate the ligand binding
process. Stone and co-workers (79, 80) suggest that backbone conformational
entropy may increase upon binding of a ligand. At the same time, there can be a
change in the conformational entropy of side chains. Wand and co-workers (81)
observed the increase in conformational entropy of Met 72 and Met 124 when a
substrate binds to calcium-loaded calmodulin. This reduced entropy is perhaps
compensated by enthalpy due to enhanced interactions with substrate. These
resources in NMR with improved pulse sequences and labeling strategies make it

practical to monitor the full range of time scales of protein motions.
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CHAPTER 2

Dad-end Intermediate(s) in the Refolding of Alkaline
Ferrocytochrome c: a Pulse-labeling HX NMR Study

2.1 Abstract

Proteins meet with the stipulations of Levinthal. The classical mechanism
involving a pre-transition search topology step can explain adequately how the
biologically relevant time scale is achieved. Association of the classical
mechanism of chemical kinetics naturally allows depiction of folding pathways
with dead-end intermediates. By using the approach of hydrogen exchange (HX)
pulse labeling in conjunction with NMR spectroscopy, it is shown here that
carbonmonoxycytochrome ¢ when allowed to refold from a strongly alkaline
medium to neutral pH folds via a highly misfolded state. The misfolded state
placed at the dead end of the folding pathway must then melt to the initial

unfolded state to have a chance to refold to the correct native state.

2.2 Introduction

Emerging ideas of landscape perspective or the funnel model (1-6) were
first used to interpret both two-state folding kinetics and accumulation of
misfolded structures on the basis of size, slope, and roughness of energy
landscapes (7, 8). Corroboration between experimental and simulation results has
also been shown regarding the fractional ¢ values for CI2 (9). The landscape view
holds that the funneled organization of the energy landscape dominates the

folding kinetics, because the great variety of detailed mechanisms existing on the
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funnel influences the folding trajectories (6). The emerging ideas, however, often
appear to undermine some of the strongly established empirical patterns of
folding kinetics. These patterns, including the energy and the location of the
folding barrier, that form the key elements of the classical view of folding, are not
reproduced in the new paradigm. Overlooking empirical results is difficult. A
number of recent studies have demonstrated the involvement of sequential
intermediates in the folding pathway of cyt ¢ (10-13). It has also been shown that
the misfold organization of the folding intermediate is associated with an optional
event, and it does not negate the classical description of folding (1). Application
of the classical paradigm to a number of proteins exhibiting diverse folding
behavior has been discussed (14).

Supported by empirical observations on ferrocytochrome ¢ (ferrocyt c),
this work shows extreme misfolding when alkaline ferrocytochrome ¢ liganded
with CO is allowed to refold to a final pH of 7. Earlier reports of misfold
organization of a kinetic intermediate of ferricytochrome c¢ (ferricyt c¢) also raised
the question of how conducive intermediates are to folding (15, 16). Whether it is
conducive or not, polypeptides have the option to make mistake and misfold. If a
misfolded state is blocked from further folding, it has to go back to the initial

unfolded state to start afresh. Results presented here elucidate this situation.

2.3 Materials and Methods
Cyt ¢ was from Sigma (Type VI). GdnHCI and sodium dithionite were
obtained from USB and Merck, respectively. Experiments were done in strictly

anaerobic atmosphere at 22°C using 0.1 M sodium phosphate buffer for pH 7
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conditions, and NaOH or NaOD (with or without 1 mM CAPS) for pH 12.7
conditions. Solutions contained 0.5-3 mM freshly prepared sodium dithionite, and
experiments were completed within 2 hours of exposing the protein to high pH.
High-pH fluorescence changes were corrected by using NATA fluorescence.
2.3.1 Equilibrium unfolding

Cyt ¢ solutions with or without ImM CO, prepared in the 0-7 M range of
GdnHCI or 7-13.25 range of pH, were deaerated and reduced under nitrogen with
~2 mM sodium dithionite, and incubated in tightly capped quartz cuvettes or
rubber-capped small glass tubes for ~30 minutes. Tryptophan fluorescence
emission spectra (ex: 280 nm) were taken in a FluoroMax-3 instrument (Jobin-
Yvon, Horiba). Optical absorption spectra were recorded in a Cary 100 (Varian)
spectrophotometer. Data were analyzed using the standard two-state equations
(17).
2.3.2 Stopped-flow Kinetics

Cyt ¢ initially dissolved at pH 13 in the presence or absence of 4 M
GdnHCI, was reduced under nitrogen by adding a concentrated solution of
sodium dithionate to a final concentration of ~3mM. The solution was then
saturated with CO under 1 atm of the gas. The resulting carbonmonoxycyt c is
unfolded under the conditions used. Refolding was initiated by eight-fold dilution
of the protein solution with the refolding buffer. The final protein concentration in
the refolding mixture was in 5-50 uM range. For unfolding experiments, the
native state of carbonmonoxycyt ¢ (NCO) was prepared by manual dilution of the
alkali-unfolded protein with the refolding buffer in 1:40 ratio. NCO was then
unfolded by eight-fold dilution into the unfolding buffer (0.1 M phosphate, 3 mM
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sodium dithionite, pH 7) containing different concentrations of GdnHCI. The final
protein concentration in these experiments was ~4 uM. A Bio-Logic SFM 400
instrument was used for these experiments.
2.3.3 Hydrogen exchange pulse labeling and NMR spectroscopy

Cyt ¢ with fully deuterated backbone amide sites was dissolved in NaOD
at pD 12.9 with or without 3 M GdnDCI, reduced with sodium dithionite (3 mM),
and unfolded by adding 1 atm CO. Initial protein concentration was 6 mM.
Refolding was initiated by 6-fold dilution into a H,O buffer containing 75 mM
phosphate, pH 6.4. The final pH of the refolding medium was 7.3. After variable
times of refolding, the solution was mixed with an equal volume of the H,O pulse
buffer containing 50 mM CAPS, pH 10.4. The pH of the mixture at this stage was
9.6. After 50 ms of pulse time, the solution was combined with 0.7 volume of an
H,O quench buffer containing 0.5 M sodium acetate and 0.35 M ascorbate, pH 5.
The pH at this stage was 5.05. The quenched solution was washed and
concentrated at 5°C using a D,O buffer consisting of 7 mM citrate and 7 mM
ascorbate, pH 5. The samples were then subjected to NMR analysis by recording
magnitude COSY and TOCSY spectra in 400 MHz (Bruker) or 600 MHz
(Varian) spectrometers. Proton occupancies at individual amide sites were
calculated by using the cross peak intensities of a control unfolded sample whose
amide sites were labeled maximally. Rates were extracted from plots of proton
occupancies as a function of refolding time. Pulse-labeled samples were prepared
using the Bio-Logic instrument in the quench-flow mode.

For samples not subjected to pulse labeling, D,O solutions of 1 mM cyt c,

the amides of which were preexchanged, were adjusted to pH 7 (0.1 M
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phosphate) or pH 12.7 using NaOD. Unfolded protein was prepared in GdnDCI.
For reduction solid sodium dithionite was added under nitrogen to obtain a final
concentration of 20 mM. The tubes were sealed with sleeved rubber stoppers.

Spectra were taken at 22°C in a 400 MHz Bruker spectrometer (AV400).

2.4 Results
Ferrocytochrome ¢ (cyt ¢) unfolds in alkaline aqueous medium when

carbonmonoxide is allowed to bind to its

ferrous heme iron (Figure 1).

Figure 1 The alkaline pH-induced unfolding
of ferrocyt ¢ in the presence CO. The pH-
midpoint for the transition is ~12.5.

The unfolding of the resultant CO-bound

Fluorescence

protein, called carbonmonoxycytochrome

3 Yo O Y O I c (Cyt-CO) 1s substantial even in the
8 10 12 14
pH aqueous medium, because the addition of

the denaturant guanidinium hydrochloride (GdnHCI) to the protein solution at pH
13 or higher does not produce any considerable change in the fluorescence
emission by lone tryptophan (W59). This however suggests little that the alkaline
Cyt-CO is random coil-like. Completeness of unfolding is a controversial issue

and cannot be shown unequivocally with a number of techniques.
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2.4.1 Neutral and alkaline forms of ferrocyt c

On the other hand, ferrocyt ¢ at pH 12.7 (alkaline ferrocyt c) is
substantially structured. The NMR spectrum in Figure 2a shows chemical shift
dispersion characteristic of a secondary- and tertiary-structured protein. Minor
changes in both intensities and chemical shifts of resonances, relative to those
seen for the native protein at pH 7 (neutral ferrocyt c¢), indicate some
readjustments of side chains. The spectrum does not hint at molecular
aggregation. In fact, TOF mass spectra and extensive ligand- binding experiments
(data not shown) indicate no deamidation or aggregation at alkaline pH. A large
number of NOE peaks seen at neutral pH appear at alkaline pH also, albeit
somewhat shifted (Figure 2b, c). Figure 2a also compares the GdnDCl-unfolded
NMR spectra of neutral- and alkaline ferrocyt c¢. Chemical shift dispersion is lost
in both, but differences between the two are apparent, indicating differences in
unfolded chain configuration. The latter also shows base-catalyzed fast exchange
of residual hydrogens of GdnDCI with residual water protons coalesce as the

exchange rate approaches the difference of the two chemical shifts.
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Figure 2 NMR spectra of ferrocytochrome c. (a) Native states at pH 7 (N) and pH 12.7
(N12.7), and GdnDCl-unfolded states at pH 7 (U 7) and pH 12.7 (U112.7). (b and c)

Regions native-state NOESY spectra of neutral and alkaline ferrocyt c.
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2.4.2 Stability of neutral and alkaline ferrocyt ¢

Figure 3a compares GdnHCI unfolding transitions of the two forms. Two-
state analysis of data yields a AGp° value of 18(+0.3) kcal mol™ and 3(+0.5) kcal
mol™ for neutral and alkaline ferrocyt ¢ respectively. Such a large difference in
AGp° for the neutral and alkaline ferrocyt ¢ indicates drastic reduction of aqueous
stability of the latter. The equilibrium m-values, m,, for the neutral and alkaline
forms are 3.6(£0.1) and 1.2(+0.1) kcal mol”" M, respectively. Since the native-
state NMR spectra indicate that significant portions of secondary and tertiary
structures are similar in neutral and alkaline ferrocyt ¢, the observed disparity in
the m, value is likely due to relatively small solvent accessible surface area in the
denatured state of the alkaline form.
2.4.3 Folding and unfolding kinetics

In general, kinetic traces were fitted to 1-exponential. In some cases 2-
exponentials were needed to improve the overall quality of fits. The slow minor
phase, the amplitude of which averages to ~10% of the observed signal,
represents most likely the fraction of the oxidized protein. Figure 3b shows
denaturant dependences of the logarithm of the fast refolding (unfolding) phase
for the two proteins. In each case, the relaxation minimum closely matches the

midpoint of the individual equilibrium unfolding transition (Figure 3a).
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Figure 3 (a) GdnHCl unfolding of
ferrocytochrome ¢ at pH 7 (e), and pH 12.7
(A). (b) GdnHCI dependence of rates for the
pH 7—pH 7 (e, folding and A, unfolding) and
pH 12.7—>pH12.7 (e, folding and A,
unfolding) equilibria. (c) Observed relaxation
rate constants versus GdnHCI. The symbols (e)
and (e) represent refolding rates when the
alkali-unfolded CO-bound protein solution
contained 0 M and 4 M GdnHCI, respectively.

(®) represents the unfolding rates.

2.4.4 Chevron inversion in strongly native
like condition

Curiously enough, when Cyt-CO is
allowed to refold from pH 13 to pH 7 with
or without 4 M GdnHCI in the intial
unfolded solution, the measured millisecond
refolding rate constant under strongly native
like conditions (<2 M GdnHCI) decreases

linearly with decreasing concentrations of

denaturant, producing a sharp inversion in the folding limp of the chevron (Figure

3c). The accentuated inversion of the rate-denaturant profile is taken as an

evidence for extensive misfolding: the misfolded species is increasingly stabilized
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and hence accumulates as the denaturant concentration in the refolding medium
falls lower. The misfolded product cannot, however, achieve forward folding
because of the preponderance of non-native interactions. In this sense it is a dead
end intermediate, and it needs to unfold extensively in order to find a native like

topology which can facilitate correct folding.

Figure 4 The protein does not aggregate

L| or dimerize at different stages of folding.

Al

b* b, _ﬂ'l{.}" 1Iil‘l]«"'.rlll

‘J;J | Here, it is necessary to show that the

1 b
-—A—J_——-J'J"t‘_'"“-jw” _13 _ W ""~"L"-_——~—~ 4| observed misfolding is not related to

T — T
10 8 ] 4 2 o PR

l|| The nmr spectrum of ferrocyt ¢ at pH 12.9
'rk soon after sample preparation (a), and 38
Wh— | hlater (b).

protein dimerization or aggregation at

any stage of folding, since short-lived
aggregates may cause a downward curvature in the folding limb of the chevron
plot (18). Protein aggregation at extreme pH was checked by several methods,
including NMR and optical absorption (data not shown). Since, the sharp and
well resolved resonances of the NMR spectrum of alkaline ferrocyt ¢ (pH 12.9)
do not change at all even after tens of hours of sample preparation (figure 4), the

evidence is compelling that the protein is monomeric all the time.
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S1 S2 S3 S4
A
v —317— V1, sample_
i g collection
M1 M2 M3
pH 13 pH7.3 pH 9.6 pH 5.05
Mixing ratio 200: 40: 200: 325
S1 S2 S3 S4

Figure 5 Schematic representation of the mixing sequence for the hydrogen exchange
pulse labeling experiment. The mixing ratio was designed to achieve the pH values at

different stages indicated.

2.4.5 Pulse labeled hydrogen exchange kinetics

The misfolding is better shown by using the pulse labeled hydrogen
exchange strategy for probing structure formation during refolding. A Cyt-CO
solution unfolded in the alkaline medium in the presence of GdnHCI was allowed
to refold to a final condition of pH 7 and 0.5 M GdnHCI using the quench-flow
protocol as shown in Figure 5. The pH of the solutions at different stages of
refolding and the delay-times (aging time) were standardized to maximize

labeling during refolding but to minimize exchange in the final refolded state.
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Control samples to check for pulse leakage were prepared by manual mixing
instead of using the quench-flow mixing. Both TOCSY and COSY spectra were
run on the concentrated and washed samples. Figure 6 shows the NH fingerprint
regions of representative COSY spectra depicting the H/D exchange as folding
progresses.

For all NMR-resolved NH sites, only moderate protection against proton
labeling was seen at ~14 ms of refolding time, although at 55ms the proton
occupancy dropped to about 60-70% in a lone kinetic phase corresponding to the
I — N transition via U.

The rate extracted from the time course of protection against H-exchange
labeling at four representative NH sites is 30 + 2 s™' (figure 6D). This rate is also
seen in stopped-flow interrupted refolding experiments (data not shown). The
single rate for protection suggests that no transient structure accumulates during

the folding.
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Figure 6 NMR analysis of representative samples prepared by hydrogen exchange pulse
labeling. (4) NH-C,H region of the magnitude COSY (J-correlated) spectrum of ferrocyt
catpH 5.1. (B) As in (4) for a pulse-labeled sample at 14 ms of refolding time. (C) As in
(B) at 55 ms of refolding time. (D) Time course of protection against hydrogen exchange
for a set of four representative amide sites. Single-exponential fits to the data give 30 = 2

s for the refolding rate constant.
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2.5 Discussion
2.5.1 Folding models and the reality

The principles and the relaxation mechanisms by which the unfolded
polypeptide acquires the native state are not understood. There are models,
classical and contemporary, for the description of the folding phenomenon. While
the classicals are deeply rooted into the principles of chemical kinetics and the
law of mass action, the contemporaries are fundamentally based on the principles
of statistical mechanics. It must be kept in mind though that a model, whatever is
the basis of that, is simply a representation of the event. It could be considered a
principle provided it facilitates rational interpretation of experimental results
overwhelmingly. Thus, experimental results of folding kinetics for numerous
proteins are viewed in model perspectives in order to examine the success of a
model. The task here is to examine which model best explains the observation of
the misfolded protein elucidated in this work.
2.5.2 Theory-based models and protein misfolding

These models subtly elude the misfolding phenomenon. Although the
funnel model held right from the beginning that proteins in the folding run may
become trapped in shallow minima at later stages because of certain non-native
contacts (19, 20), occurrence of large scale misfolding is not explained. In the
case of cytochrome c for example, the NCO species (see results) is actually a
trapped misfold, because structurally NCO and N are virtually identical except for
the heme ligand. The ligand is the extrinsic CO for the former and M80 for the

latter. The NCO—N folding transition whose rate is limited by the thermal
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dissociation of CO has actually been studied by laser photolysis and interpreted in
terms of glassy trapped dynamics as held by the funnel model (21). However, the
large scale misfolding in the refolding of alkaline cyt-CO shown here is difficult
to interpret in the funnel perspective.

Quick and large-scale misfolding is difficult to envisage in the theoretical
models. Also, these models refrain from using on-pathway and off-pathway
terminologies. Nonetheless, an intermediate may be called off-pathway if the
structure does not increasingly resemble the native state while on the folding run
(2). For example, numerical results of Monte Carlo simulations of protein-like
polymers on a lattice (22-27), and molecualrt dynamics simulations of
heteropolymers in continuum (28, 29) show that a heteropolymer/protein quickly
acquires a compact structure carrying native as well as non-native contacts. In the
course of further evolution, some native-like structural elements are dissolved
while others are formed. Experimental results for folding of B-lactoglobulin for
which a non-native oa-helical conformation formed during the burst folding is
transformed to the native B-sheet conformation have been interpreted in this
scenario (30). Similarly, transient formation and disappearance of non-native [3-
sheet during the folding of a-lactalbumin has been reported (31). Thus,
overwhelming unfolding of a misfolded state appears not considered by

theoretical models.
2.5.3 Classical models and protein misfolding

Being based on the principle of microscopic reversibility and the law of

mass action, all of such models allow misfolding of various degrees. In the
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classical realm, an off-pathway intermediate can be operationally defined as the
one that has to undergo, because of its arrival at the dead-end, a large scale
unfolding to resemble the initial unfolded state both structurally and energetically.
In the present case, a comparison of the chevron gradients for the unfolding and
pretransition regions of GdnHCI concentration (Figure 3c) illustrates this point.
An on-pathway intermediate, on the other hand, does not have to unfold
structurally except for occasional rupture of a few long range interactions or
rearrangements of folding chain segments such that it can continue to fold to the
native state. Both off- and on-pathway intermediates can result from the initial
chain collapse and the formation of local interactions such that both states are
lower in energy relative to the unfolded state, and both of them would appear to
reduce the conformational search problem.

It should be mentioned though that the phenomenon of the deviation from
the predicted linear dependence of logarithm of folding rate constant on
denaturant can be both qualitatively interpreted and quantitatively modeled in
terms of on-pathway as well as off-pathway placement of an intermediate (32,
33). Whether intermediates are on the pathway or are merely side precuts is one
of the longest-running controversies (34). While the on-pathway intermediates
would appear conducive to folding because they are expected to speed up folding
by guiding the polypeptide chain to the native state, the role of off-pathway
intermediates becomes less obvious. Here, experimental record of a fundamental
kinetic criterion, namely, inversion of the denaturant dependence of the observed

folding rate constant reveals the off-pathway dead-end mechanism.
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2.5.4 How could a polypeptide fold to the dead end?

The arrival of a protein chain at the dead-end is possibly a consequence of
unsuccessful search for the correct transition state for folding. This possibility is
best illustrated by the topology search model of folding advanced by several
laboratories in recent years (for example, 14-16, 35, 36). As soon as a refolding
condition is created, the unfolded chains (U) initially at low-energy equilibrium
states are driven instantaneously to new higher energy level(s) (37). The excited
chains, now in a nonequilibrium state, respond to the new solvent condition where
only a few, if any, denaturant molecules can affect the nascent polypeptides (U").
This ultrafast relaxation process that may involve collapse or chain contraction,
desolvation, and/or redistribution of backbone dihedral ¢,y angles (16, 35, 38,
39) are missed out in millisecond stopped-flow measurements, and is termed burst
folding phase. Because the U—U’ is a submillisecond process and the
experimentally observed folding time falls in millisecond to seconds range, it is
the U'—>N transition that sets the folding time. Further, for apparently two-state
fast-folding proteins like ferrocyt ¢ (40, 35) and Csp B (41), where post-barrier
kinetic intermediates do not accumulate, folding from the transition state to the
native state will be rapid and barrier-free. These considerations imply that almost
the entire length of the observed folding time is the time needed for the U’ state to
find a transition state. It consumes time because of the search-find nature of the
process (11, 14, 16, 35). It is thermodynamically constrained because a stable
transition state that can support forward folding is to be found. Search continues
until a relatively low-energy transition state stabilized by a few correctly formed

native-like tertiary contacts is achieved. This is the essence of the topology search
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model (14, 16, 35, 42) that draws support from observations that folding rates and
mechanisms often appear to be largely determined by the native-state topology or
contact order (43, 44). Native-like chain topology stipulates certain long-range
interactions, not local contacts as viewed by theory (37, 45). In addition, being
supported by only a few tertiary contacts the transition state barrier must be less
organized and therefore more unfolded-like, consistent with «<0.3. Finally,
because the topology search is an unsystematic process, the possibility of error
commitment is not excluded. A wrong transition state should lead to an off-
pathway structure, a convincing experimental evidence of which is provided in
this work.

The abortive structure then unfolds, and the latter searches for the correct
transition state. When found, folding to the native state is rapid. Achieving the
transition state is analogous to the assumption of transition state theory that the
systems that have surmounted the col in the direction of products do not turn
back. Kinetic intermediates, I,, of sufficient lifetime, when present, populate the
post-barrier pathway.

Finally, inadequacy of data at hand does not allow a structural description
of the abortive intermediate. It is also clear that a single-exponential decay of
proton occupancy as a function of time (Fig. 6) means accumulation of no other
structural intermediate. Thus, the refolding of alkaline cyt-CO can be schematized

classically as the following:
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2.6 Conclusion

The folding time of cytochrome c is the time taken for nascent unfolded

poly peptide chain to search the correct transition state topology. The search is

unsystematic, and in this regime the polypeptide may achieve a wrong transition

state leading to a dead-end structure. The polypeptide can nearly or completely

misfold in the test tube as some do in vivo.
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CHAPTER 3

The Alkali Molten Globule State of Ferrocytochrome c:
Extraordinary Stability, Persistent Structure, and Constrained
Overall Dynamics

3.1 Abstract
This chapter describes the structural and dynamic properties of a hitherto

uncovered alkali molten globule state of horse “ferrocytochrome c”. Several
experimental difficulties due mainly to heme autooxidation and extraordinary
stability of ferrocytochrome ¢ have been overcome by working with the
carbonmonoxide-bound molecule under extremely basic condition (pH 13) in a
strictly anaerobic atmosphere. Structural and molecular properties extracted from
basic spectroscopic experiments suggest that cations drive the base-denatured
CO-liganded protein to the molten globule state. The stability of this state is ~5.2
kcal mol”, and the guanidinium-induced unfolding transition is sharp (mg~2.3
keal mol™ M™), suggesting persistent rigid tertiary structure. NMR chemical shift
dispersion and NOE also supports the long range interactions and rigid tertiary
structure. Strategic experiments involving the measurement of CO association
rate to the base-denatured protein indicate substantially restricted overall motion
and stiffness of the polypeptide chain in the molten globule state. Possible
placement of the state in the folding coordinate of ferrocytochrome c is discussed.
3.2 Introduction

During the past thirty years or so a large volume of literature has most
definitely indicated the existence of the molten globule state, which, viewing
from the classical perspective of protein folding, has been referred to as the third

thermodynamic state of proteins; the native and the unfolded state are the other
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two (1). The concept of the molten globule (MG) state emerged at a time when
the view of the two-state nature of folding of small globular proteins (2-4) had
appeared to break down. ‘Compact molecular states containing native-like
secondary structure’ were temporally resolved in the early stages of folding of an
increasingly large set of proteins (5-7). These intermediate folding structures
appeared to fit nearly flawlessly into the molecular organizational definition of
the classic MG state (1), and thus provided the basis to propose that the MG state
correspond to early kinetic intermediates in protein folding. Several concerns
arise, however. How can the unfolded chain achieve so native-like structural
organization so early, in perhaps the submillisecond regime? Where along the
reaction coordinate the transition state positioned? Does the transition from the
unfolded to the MG state involve a rate-limiting barrier crossing event? About the
same time, theoretical and computer simulation studies of protein folding detected
ensembles of MG-like structures that occur very late in the folding course (8). It
is now generally accepted that the MG state characterized by the presence of
native-like secondary structure and molecular compactness but lack both native-
like side chain packing and solvation of the partially hydrophobic core,
corresponds to late folding intermediates (9-11).
While the classic MG state was detected in anion-containing acid medium
(12), stabilization under diverse solvent conditions of equilibrium protein states
that broadly meet with the definition of the MG state has been reported in due
course (1, 13-16, for example). These developments throw open the issue of the

importance of the MG-like states in the protein folding problem. It is thus
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necessary to not only look at different aspect of their structure, dynamics, and
molecular organization, but also locate their positions in the folding coordinate.

The acid MG state is known for numerous proteins, particularly well
known for ferricytochrome ¢ (12). The complementary alkali state has however
been reported for only a few proteins, including B-lactamase (17), and barstar
(18). Many reports on the nature of the alkaline transition and the properties of
the alkali-unfolded state of ferricytochrome ¢ (ferricyt c) have appeared (19-25),
but the alkali MG state remained elusive.

Being aware of the extraordinary native-state stability and apparent two-
state fast folding of the reduced form of horse cytochrome ¢ (26-28), it is of
interest to know if a MG-like state exists for this oxidation state of cyt c. There
are experimental difficulties though, particularly because of enhanced
autooxidation rate of the ferrous heme in acid solutions. To counter this problem
and to suppress the excessive stability of the protein, the protein was test-tube
engineered by liganding the ferrous heme iron with extrinsically added CO at pH
13. Under these conditions the reduced state of cytochorme ¢ (to be called
ferrocyt ¢ henceforth) is fully denatured. Upon addition of cations to the medium,
the protein undergoes transition to the MG state as judged from spectroscopic
signatures. Specifically, the aspects of tertiary structural organization, folding
stability, and the dynamic nature of the alkali MG state were examined by
employing a set of strategic experiments. Very interestingly, the properties
observed are atypical of the MG state, although the basic requirements of the
definition are met with. This alkali molten globule state has significant relevance

in explaining ferrocyt ¢ folding.
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3.3 Materials and Methods

Cyt ¢ from Sigma (type VI) was used without further purification. Sodium
dithionate was from Merck. All experiments were done in controlled anaerobic
atmosphere at 22° C.

3.3.1 Equilibrium unfolding and NaCl titration studies
For pH unfolding studies, an 8 uM solution of cyt ¢, prepared in an

aqueous medium containing 10 mM each of Tris, disodium hydrogen phosphate,
and CAPS (3-[Cyclohexylamino]-1-propanesulfonic acid), was titrated to
different pH values in the 7-13.25 range by the use of NaOH. The titration did not
upset the uniformity of the protein concentration in the samples. Samples were
deaerated by using nitrogen or argon gas, and reduced by adding a small volume
of freshly prepared dithionite to obtain a final concentration of 2-3 mM. The
samples were then incubated for ~30 minutes under 1 atm CO gas pressure in
tightly capped cuvettes or glass tubes. Fluorescence emission spectra (ex: 280
nm) were taken in a FluoroMax-3 instrument (Jobin-Yvon, Horiba). Optical
absorption spectra were recorded in a Cary 100 instrument. The pH titration
curves were analyzed using the following transformed Henderson-Hasselbalch
equation

e, + cf[IO“("H‘Cm)] |
T 11070 U

where, ¢, and ¢, are normalized fluorescence signals for the unfolded and the

refolded state, respectively, n is the number of OH titrated, and ¢, is the pH-
midpoint for the transition. The procedure for GdnHCl-induced unfolding

experiments, where the pH was held constant at 12.9(£0.1) by using NaOH, was
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same as described. The data were analyzed using the two-state equation (29).
NaCl titration studies were carried out with protein solutions (6-8 uM) prepared
in NaOH containing the salt in 0-1.5 M range. pH of the solutions were adjusted
t012.9(£0.1). Protein reduction and CO ligation were carried out using the
protocol detailed above. CD spectra were taken in a JASCO J-710
spectropolarimeter using 1 mm light path length cuvettes.
3.3.2 NMR spectroscopy

NaCl-containing D,O solutions of 2 mM cyt ¢, the backbone amides of
which were preexchanged, were adjusted to the pH meter reading of 12.9(0.1)
by adding NaOD. Protein solutions contained in NMR tubes were reduced by
adding solid sodium dithionite (20 mM) under nitrogen. A gentle stream of CO
was bubbled into the solutions. The tubes were then sealed with sleeved rubber
stoppers and equilibrated at 22°C for ~30 minutes. Spectra were taken at 22°C in
a 400 MHz Bruker spectrometer (AV400). 90°-pulse length was calibrated for
each concentration of salt used. For phase sensitive NOESY spectra (1,=150 ms)
512 t; were used. Spectral width was 7184 Hz.
3.3.3 Kinetic measurements of association of CO

Cyt ¢ (1 mM) dissolved in aqueous NaOH, pH 12.9(£0.1) is deaerated and
reduced by adding sodium dithionite (2 mM). 25 ul of this ferrocyt ¢ solution is
mixed rapidly with 2 ml of NaOH solution containing 2 mM dithionite, a given
amount of NaCl, and 1 mM CO. Association kinetics of CO were followed at 550
nm (dead time ~5 s) at a peltier-controlled temperature of 22°C in a Cary 100

spectrophotometer.
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3.4 Results

3.4.1 NaCl-induced resistance toward alkali denaturation of
carbonmonoxide-bound ferrocytochrome c (Cyt-CO)

Because low pH enhances autooxidation of the ferrous heme, experiments
with ferrocyt ¢ are best performed at neutral to alkaline range of pH. Therefore
the choice was to work under highly basic pH conditions in which a MG-like state
of ferrocyt ¢ could possibly be found. But, due to its extraordinary stability,
ferrocyt ¢ does not denature even in extreme alkaline conditions unless CO is
allowed to bind to the ferrous heme (32). Figurela shows fluorescence-monitored
base titrations of cyt-CO in the absence and the presence of 0.03, 0.1, and 1 M
NaCl. In saltless medium the titration is nearly complete at pH 13. The fit to the
data by the use of eq 1 indicates that three OH  are titrated. The titration curve
clearly shifts toward higher pH values as NaCl is included incrementally; in the
presence of 1 M NaCl hardly any sign of denaturation appears within the limit of
achievable pH. This suggests that cations increase the stability of the protein

under conditions fully denaturing otherwise.

3.4.2 Alkali-denatured cyt-CO and its molecular compaction in the presence
of NaCl

Fluorescence emission intensity due to the lone tryptophan (W59)
provides a reliable marker for the molecular compactness of cyt c. Native cyt ¢ is
fluorescence-silent due to excitation energy transfer from W59 to the heme (33).

Unfolding results in an increase in the heme-tryptophan distance due to molecular
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expansion, and hence a dramatic increase in the fluorescence quantum yield (33,
34). Figure 1b shows fluorescence emission spectra of alkali-denatured cyt-CO
with increments of NaCl concentration. Clearly, the denatured polypeptide
becomes increasingly compact as the salt concentration increases. Figure lc
shows this result even more clearly- the molecular compactness of alkali-
denatured cyt-CO in the presence of >0.5 M NaCl is very close to that of native
cyt ¢, indicating salt-induced transition of the alkali-unfolded cyt-CO to the MG

state.

3.4.3 Far-UV CD-monitored secondary structure in the presence of NaCl
Typically, far-UV CD spectra of proteins in the MG state are similar to
those of the native state (5). Figure 1(d) shows changes in the far-UV CD
spectrum of alkali-unfolded cyt-CO induced by added NaCl. Figure 1(e) shows
the variation of the 222-nm ellipticity with salt in the 0-1.1 M range. Clearly, cyt-
CO at pH 13 acquires substantial secondary structure in the presence of >0.5 M

NaCl, suggesting transformation to the MG state.
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Figure 1 Basic results indicating cation-induced transformation of base-unfolded cyt-CO

into the molten globule state. (a) Alkaline pH-induced unfolding of cyt-CO at 22°C: (®)

45



The alkali molten globule state of ferrocyt ¢

no salt; (®) in 30 mM NaCl; (4) in 0.1 M NaCl; (4) in 1 M NaCl. (b) Fluorescence
emission spectra of cyt-CO at 22°C. the NaCl concentrations and pH values are 1, 0 M at
pH 13; 2, 0.005 Mat pH 13; 3, 0.01 M at pH13; 4, 0.15 M pH 13; 5, 0.5 M at pH 13; 6,
IM at pH13; 7, 0 M at pH6.3 and 6.8 M GdnHCI; 8, 0 M NaCl at pH 13and 3.7 M
GdnHCIL; 9, 1M at pHI3 and 3.7 M GdnHCI.The native state at pH 7 is fluroscence-
silent. (c) Relative quenching of W59 fluorescence as a function of salt (®). In control
experiments, fluorescence of ferrocyt ¢ without CO ligation (O) and NATA (4A) were
recorded. (d) Far-UV CD spectra of cyt-CO at 22 °C. NaCl concentrations and pH values
are 1,0 M NaCl at pH 13 ;2,0.2 M NaCl at pH 13; 3,04 M NaClatpH 13 and 4, 1.1 M
NaCl at pH 13. The CD spectra in the presence of high pH and GdnHCI is obscured and
is not shown. (e) Variation of CD absorption at 222 nm with salt. (f) Near-UV CD
spectra: ¢yt-CO at pH 13, 1 M NacCl, 22°C (O); native ferrocyt ¢ at pH 7, 1 M NaCl,
22°C (==); unfolded ferrocyt ¢ liganded with CO at pH 7 and 7M GdnHCI (e).

3.4.4 Absence of near-UV CD signal

Molten globules are generally distinguished by a dramatic loss of near-UV
CD signal (1, 35). Figure 1f compares the aromatic CD signals of native ferrocyt
¢ and base-denatured cyt-CO in the presence of 1 M NaCl. The 282- and 290-nm
bands of native ferrocyt ¢ (pH 7, 1 M NaCl) that arise from the coupling of the
electric transition dipole moments of the W59 indole and the heme are not
traceable in the salt-containing alkaline medium (pH 13, 1 M NaCl), apparently
indicating some loosening of tertiary structure. It does not however necessarily
mean an increased fluctuation and conformational averaging for the W59 side

chain (see Discussion).
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3.4.5 NMR spectral features of alkali-denatured cyt-CO in the presence of
NaCl
Increased internal mobility and side-chain environmental averaging, a
documented characteristic of the MG state, is better checked by '"H NMR (12, 36).
Ferrocyt ¢ as such is native at pH 13, and the NMR lines are narrow and well-
dispersed (Figure 2a). Upon addition of CO to the same solution under identical
conditions, the protein unfolds as indicated by the loss of both chemical shift
dispersion and lineshape (Figure 2b). When NaCl is included in the unfolded
protein solution, the spectrum appears to regain partly both dispersion and
sharpness of resonances all over the spectral width (parts c-e of Figure 2). This
result is inconsistent with the generic observation that NMR spectra of the MG
state and the unfolded state are similar (37-39). Line broadening of the
resonances, associated characteristically with the MG state (40), is not seen either.
The spectra presented show that the MG being interrogated here -carries
reasonable traces of rigid tertiary structure involving both aliphatic and aromatic
side-chains. Sections of phase-sensitive NOESY spectra presented at the bottom
of figure 2 (pH 13, 1 M NaCl) substantiate the claim. A good number of long-
range NOE interactions involving aliphatic (Figure 2, bottom right), and aliphatic
and aromatic side chains (Figure 2, bottom left) indicates the presence of

considerable tertiary structure.
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Figure 2 400 MHz NMR spectra. (a) Native state of ferrocyt ¢, pH 13, no salt. (b)
Unfolded cyt-CO, pH 13, no salt. (¢) Cyt-CO, pH 13, 0.02 M NaCl. (d) Cyt-CO, pH 13,
0.5 M NaCl. (e) Cyt-CO, pH 13, 1 M NaCl. The boxed panels at the bottom present
sections of phase-sensitive NOESY spectra showing interactions involving aliphatics and

aliphatic-aromatic side chains in native ferrocyt ¢, pH 7 (N 7), and in the molten globule

state of cyt-CO, pH 13, 1 M NaCl (MG 13). All spectra were taken at 22°C.
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3.4.6 Charge screening by Na' ions also leads to dynamic constraints: A
general effect
In terms of internal mobility, the MG exhibits increased fluctuations of the
side chains relative to that native state (37, 41). Although the overall motional
freedom is restrained when compared with the dynamics of the denatured state
held in the absence of the stabilizing counterions. To show how the charge-
screening effect of counterions generally reduces the fluctuations of groups of
atoms, experiments involving kinetics of association of CO with ferrocyt ¢ were
conducted at pH 13 in the presence of variable concentration of NaCl. The
rationale of the experiment is the following. Destabilized ferrocyt ¢ binds CO
when the latter is used in saturating concentration (=1 mM) (42, 43). Since
intramolecular thermal collisions provide the energy for barrier crossing in the
association reaction, cyt + CO — cyt-CO, the rate coefficient for the reaction
(kass) 1s expected to decrease if the amplitudes of thermal fluctuations are reduced
as a result of constraints on the collective modes of intramolecular motion (30,
31). The association kinetics are slow, and can be conveniently measured by
monitoring the absorbance at 550 nm following the addition of a small volume of
the protein solution to a CO-saturated aqueous alkali solution containing the salt.
The two representative traces for single-phase CO association kinetics shown in
Figure 3a indicate that the association rate is much slower in the presence of 1 M
NaCl relative to that in the absence of the salt. Figure 3b shows the variation of
the association rate coefficient, k., with molar concentration of NaCl. Also
plotted is NaCl-dependent variation of k. for native ferrocyt ¢ in the presence of

0.5 M GdnHCI, pH 7. Clearly, the internal dynamics of alkaline ferrocyt c is
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substantially constrained relative to that of the initial state in the absence of salt. It
is important to note that the experiment described here monitors the salt-induced
constraints in the internal motion of the alkaline ferrocyt ¢ only, not the molten
globule state, since it is not until CO binds that the molten globule forms at pH
13. From the temperature dependence of a series of association reactions (Figure
3c¢), the activation enthalpy (H=E,) for CO association at different concentrations
of NaCl in the 0-1 M range (Figure 3d) were determined. Expectedly, E, for CO
association to the alkali denatured state of cyt ¢ increases with salt concentration,
and approaches the value measured for the native-like protein at pH 7. This is due
to reduced motional freedom of the charge-shielded alkaline ferrocyt c. In terms
of internal dynamics, the charge-screened state closely matches the native state.
Thus, the reduced mobility is a consequence of reduced charge-charge repulsion.
3.4.7 Stability of the molten globule state to unfolding by GdnHCI
Encouraged by the observations of the compactness, and dynamic control
in the MG state, tryptophan fluorescence was used to monitor GdnHCl-induced
unfolding of cyt-CO at pH 13, 1 M NaCl. Figure 4 shows the highly cooperative
transition. Since an all-or-none type transition operates between the native and the
MG state of small proteins (48-50), a two-state analysis was carried out to extract

the thermodynamic parameters. The fit yields AG°=5.2(x1) kcal mol™.
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Figure 3 Results for the CO association reaction, cyt ¢c+CO — cyt—CO monitored by
550-nm heme absorbance. (a) Representative kinetic traces showing the influence of
NaCl on the CO association rate at pH 13. (b) NaCl dependence of the association rate
constant, k., at pH 13 (). In the control experiment, dependence of k,,, on NaCl was
measured for native ferrocyt ¢ at pH 7, 0.5 M GdnHCI1 (<). (¢) Arrhenius plots for the
CO association reaction, pH 13. (d) Dependence of the activation energy, £, for CO
association reactions on the concentration of NaCl at pH 13 (A), and pH 7, 0.5 M
GdnHCI (A).
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This is enormous stability, comparable to the unfolding free energy of many small
proteins (51). Equally interesting is the magnitude of the surface area associated
with the unfolding transition. The fit yields my=2.3(x0.6) kcal mol" M™. This
value, by comparison with 2.95(£0.28) kcal mol"M™ for GdnHCI unfolding of
ferrocyt c¢ in the presence of CO at pH 7, indicates a large amount of solvent
exposure of amino acid residues accompanying the unfolding of the molten
globule, suggestive of a significant hydrophobic core rather than patches of

exposed and buried hydrophobic surfaces.

Fluorescence

0 1 2 3 4 5
[GAnHCI)/M

Figure 4. GdnHCl-induced equilibrium unfolding of cyt-CO at pH 13, 1 M NaCl, 22°C.
The solid line is the standard two-state fit to data (santoro 1988, 29). The fit yields
AG°=5.2(%1) kcal mol™ and mg=2.3(30.6) kcal mol' M), respectively.
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3.5 Discussion

3.5.1 The alkali- and acid-denatured forms of cytochrome c

pH-denatured states are structurally not comparable with urea- or
GdnHCl-unfolded states (52). But how different are the acid- and base-denatured
forms (U and Ug states, respectively)? Since these conformations represent
starting points for the transitions to the corresponding molten globule states, a
comparison of their structural features is essential. Unfortunately, a detailed
comparison is not feasible with the limited results available for the Uy state. Table
1 lists a few properties based on the available data for the Uy state of ferricyt ¢
(12, 53-56), and results from this work (Figures 1, 2). Both states are maximally
expanded, but are different in terms of environmental polarity and water exposure
of the fluorophore. The secondary structural content is similar. The NMR
resonances for both U and Ug states are exchanged-broadened due to motions in
the 100-1000 s range, the latter being relatively much slower (compare Figure 2
with Figure 1 of ref. 56). This qualitative sketch suggests relatively constrained
dynamics for alkali-denatured cyt-CO where the W59 indole and certain other
side-chains perhaps, form apolar clusters. It is also note that several control
experiments, including NMR spectroscopy (chapter 2), have indicated that the Ug
state is monomeric and is stable for at least 9 hours.
3.5.2 The alkali MG (B state) of ferrocyt ¢

Results presented show that a MG state of ferrocyt ¢ populates in the
highly alkaline salt-containing aqueous medium. Transformation of the
destabilized states of many proteins to MG-like forms by a wide variety of

solution conditions, solvent additives, and cosolvents have been documented (1,
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13-16, 50, 53). All of these forms exhibit generally similar overall properties (1,
57), although the mechanism of stabilization depends on the specific action of the
additive employed. Since ions fundamentally influence protein electrostatics, the
mechanism of ion-induced stabilization of denatured proteins at both extremes of
pH is expected to be the same. Judging by the pK, values of ionizable groups of
amino acids, the net charges of cyt ¢ at pH<2 and pH>12.5 are +24 and 17,
respectively. Under these conditions, the extrinsically added counterions can exert
effect on the protein by either reducing the electrostatic repulsion or direct
binding to form ion pairs (53, 54, 58), or possibly by both. Looking from this
perspective, the acid MG state, extensively studied for a large number of proteins,
including the paradigmatic “ferricyt ¢” (53-56), and the alkali MG state of
“ferrocyt ¢” are expected to share at least qualitatively similar structural and
dynamic properties. The molecular compactness and secondary structure content
of the alkali state observed here are qualitatively comparable with those reported
for the acid MG state of ferricyt ¢ (12, 56, 59, 60; see Table 1)). Certain other
properties observed for the alkali MG form of ferrocyt ¢, however, do not concur
with the generic prescription for the acid state. In the following, the customary
labels ‘A’ and ‘B’ states will be used for the acid and alkali molten globule states,

respectively.
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Table 1. Properties of Ug and Uy states of horse cytochrome ¢

Us Ua
Fluorescence emission, Amax 350 nm 356 nm
Molecular expansion Equivalent to the U state simulates the U state
Peptide CD (MRE) ~5900 ~3800
Near-UV CD weak weak
'H NMR resonances Relatively more Undispersed and
dispersed and sharp broad

3.5.3 Moderately rigid tertiary structure in the B state of ferrocyt c.
Disordered nature or apparent absence of tertiary structure is a hallmark of
the MG state for all the proteins studied (1, 5). The B state of ferrocyt ¢ however
contains definite traces of tertiary interactions. For cyt ¢, the absence of the near-
UV CD signal, as seen in the present study also (Figure 1f), is tacitly assumed to
be an indication of the loss of tertiary structure (1, 12), while it does not need
always be so. The near-UV CD signal of cyt ¢ originates from the rotational
strength of W59 side chain due to the coupling of its electric transition dipole
moment with that of the heme group (61), and since the dipole interaction
potential depends on the geometric relationship between the two participating
groups, the absence of the near-UV CD signal is a sure indication of a
perturbation in the relative orientation and the distance between the two
chromophores. It does not necessarily mean a general loss of the tertiary structure
leading to an increased fluctuation and conformational averaging of the side

chain. The NMR spectra (Figure 2) provide the most convincing evidence for the
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presence of some defined tertiary interactions. NaCl encourages the growth of a
number of both aromatic and aliphatic resonances associated with tertiary
interactions, and the observation of long-range NOE interactions strengthens the
fact. The cooperativity observed for the GdnHCl-induced unfolding transition for
the B state (Figure 5) also points to the presence of ordered tertiary structure,
because the steepness of denaturant-induced unfolding curves depends strongly
on the content of rigid tertiary structure (49, 62). Moderately rigid tertiary
interactions, when present, as in the case of B states of ferrocyt ¢ and -lactamase
(17), can not only contribute to molecular compaction, but also results in
restricted environmental averaging for the side chains as indicated by the fairly
narrow NMR lines (Figure 2e).

3.5.4 Constrained overall dynamics in the Ug state of ferrocyt ¢ induced by
NacCl.
Spatial displacement of thermal fluctuations, and hence collisions between

different groups of atoms each exhibiting collective motions is dramatically
reduced in the Ug state of ferrocyt c. The inference is drawn from the results of a
set of specific experiments designed to observe the rate constant for association of
CO with the alkali-denatured ferrocyt ¢ (kuss). This reaction is not diffusion or
encounter controlled. It rather involves substantial energy barrier or steric
requirements, and hence many collisions between the CO and protein groups,
particularly the heme ring, are required before the reaction ensues. The value of
kass under a given solution condition then depends on the frequency of collisions
involving the CO and the heme side chains that exhibit highly collective motions
(63). The rate constant for the CO association reaction, k., decreases

dramatically as the base-denatured polypeptide is held in the presence increments
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of salt (Figure 3b). Accordingly, the activation energy for the reaction, £,, also
goes up (Figure 3d). In fact, in the presence of NaCl concentration sufficient to
fully populated B state, values for both k,s and E, match those observed for the
native state (Figure 3b, d). Such hindered collective motions are not commonly
associated with the U, state. Because of dynamic disorder in the tertiary structure,
the A state is known to be highly mobile (64) with low energetic barriers for
conformational fluctuations in the millisecond timescale (65). Absence of non-
helical hydrogen bonds due to a high degree of disorder in the side chain of
majority of residues has been observed for the A state of ferricyt ¢ (55, 56). On
the other hand, restricted mobility of aromatic side chains has also been reported
for the A state of other proteins (37, 41). The conclusion that the collective
motions involving the side chains of the B state of ferrrocyt ¢ are relatively
restrained is consistent with the indications of organized tertiary structure
discussed above.

To summarize, the B state of ferrocyt ¢ is distinguished by an appreciable
level of ordered tertiary interactions, restrained collective motions that cover
larger length scales, and a stiff backbone, and it shares with other molten globules
the common property of being compact and having similar secondary structure
content to the native state.

3.5.5 Stability of the B state of ferrocyt c.

The B state is expected to be sufficiently stable, since it is braced by a
native-like structural order, modest dynamics, and a compact molecular
organization. The measured stability to unfolding by GdnHCI is 5.2(%1) kcal mol
' (Figure 5), substantially higher than the reported free energy of unfolding of

S7
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molten globules in water (1, 51, 68-70). Several non-structural auxiliary factors
can determine the energetic stability of molten globules. For example, time-
averaged internalization of any uncompensated charge can reduce the stability,
since charge burial in the low dielectric protein interior is energetically not
preferred. The charge on the heme group of cytochrome c itself provides an
illustrative example. Ferricyt ¢ A state has a mixed-spin ferric iron (12), meaning
that a fraction of the A state molecules carries a +ve charge, whereas the charge
on the persistent low spin ferrous heme is zero due to the pairing of all six d-
orbital electrons. Thus the A state of ferricyt c is less stable than the B state of
ferrocyt c¢. Charge density in relation to protein motions can also play a role. High
frequency atomic fluctuations at the site of a protein charge can decrease the
charge density by distorting the Debye-Huckel ion sphere leading to relatively
weaker ion-protein interaction. The variable strength of interaction of ions with
the molten globule states of different proteins can explain the observed
differences in stability.

In the context of stability it is worthwhile considering the relative
cooperativity of GdnHCI unfolding transitions of A and B states. For GdnHCl
unfolding of the A state of ferricyt ¢ and several acetylated forms of the protein,
Goto and coworkers report a m, value of 1.85 kcal mol! M (54). Apparently, the
cooperativity of the unfolding transition is independent of the extent of
acetylation. The corresponding value for the B state is 2.3(+0.6) kcal mol' M
(Figure 5) which is fairly comparable. These comparisons suggest that the amount

of solvent exposure of amino acid residues accompanying the unfolding of A and
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B states is similar. Thus the two states appear equivalent in terms of the content
of buried hydrophobic surfaces.
3.5.6 How ordered is the B state?

Molten globules of different proteins are structurally different.
Furthermore, even for a given protein molten globules stabilized by different
conditions could be very different. For example, at least three structurally distinct
A states each separated by significant energy barriers has been shown for
staphylococcal nuclease (71, 72). The two A states for ferricyt ¢ have similar
secondary structure (35, 53) but different molecular compactness (24). In general,
molten globules could be divided into three major classes: highly ordered,
classical, and disordered. Taking specific tertiary structure as the orderly mark
(73), the classical molten globules that exhibit reduced tertiary structure and
increased fluctuations of side chains are in between the highly ordered and
disordered categories. In this perspective, the B state of cyt ¢ could be described
as an ordered molten globule, since it exhibits fairly ordered tertiary interactions.
By considering secondary structure content for the description of structural order
(71), the B state can be categorized as a highly ordered molten globule, since it
retains near-native secondary structure, and nearly half of the folding stability of
the native state.

3.5.7 B state simulates the dead end intermediate in folding of alkaline
ferrocyt c.

The classical view proposes that the molten globule state represents a

common early intermediate in the folding pathway of all proteins (1, 74). Later

advances in the field indicate that in some cases they correspond to late folding
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intermediates (10, 11). Horse cyt c is an apparent two-state folder with no
detectable accumulation of intermediates in both equilibrium and kinetic
pathways (28). Kinetic studies have indicated that due to a downhill-biased run in
the post-barrier course of folding, the reaction coordinate shows no minima
appreciably low in energy (27, 28). However, real-time NMR measurement of
amide hydrogen exchange in the presence of subdenaturing concentrations of
GdnHCI (75), and the native-state equilibrium hydrogen exchange experiments
developed by Englander and colleagues (76, 77) have demonstrated the existence
of short-lived native-like intermediates, I,, in the late or post-transition stages of
folding. They are transient because no appreciable energy barrier separates them
from the globally folded native state, and hence they do not populate the kinetic
pathway unless fortuitous barriers due to bad intramolecular contacts frustrate
folding in the post-transition stages (78). But studied in this work may not appear
to match such a late short-lived intermediate. Stopped-flow kinetics of B state
suggests this molten globule simulates the off-path way intermediate (79) in

refolding of alkaline ferrocyt c.

3.6 Conclusions

The molten globule of alkaline ferrocyt ¢ is distinguished by an
appreciable level of ordered tertiary interactions, restrained collective motions
that cover larger length scales, and stiff backbone, and it shares with other MGs
the common property of being compact and having similar secondary structure.
Kinetic data suggests that highly ordered alkaline molten globule simulates the

dead end intermediate in folding of alkaline ferrocyt c.
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CHAPTER 4

Complexity of Aromatic Ring-flip Motions in Proteins: Y97 Ring
Dynamics in Cytochrome ¢ Observed by Cross-relaxation
Suppressed Exchange NMR Spectroscopy

4.1 Abstract

Dynamics of large-amplitude conformational motions in proteins are
complex and less understood, although these processes are intimately associated
with structure, folding, stability, and function of proteins. A large set of spectra
obtained by cross-relaxation suppressed exchange NMR spectroscopy (EXSY) is
used to study the 180° flipping motion of the Y97 ring of horse ferricytochrome ¢
as a function of near-physiological temperature in the 288-308 K range. With
rising temperature, the ring-flip rate constant makes a continuous transition from
Arrhenius to anti-Arrhenius behavior through a narrow Arrhenius-like zone. This
behavior is seen not only for the native state of the protein, but also for native-like
states generated by adding subdenaturing amounts of guanidine deuterochloride
(GdnDCl). Moderately destabilizing concentrations of the denaturant (1.5 M
GdnDCl) completely removes the Arrhenius-like feature from the temperature
window employed. The Arrhenius to anti-Arrhenius transition can be explained
by the heat capacity model where temperature strengthens ground state
interactions, perhaps hydrophobic in nature. The effect of the denaturant may
appear to arise from direct protein-denaturant interactions that are structure-
stabilizing under subdenaturing conditions. The temperature distribution of rate

constants under different stability conditions also suggests that the prefactor in
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Arrhenius-like relations is temperature dependent. Although the use of the
transition state theory (TST) offers several challenges associated with data
interpretation, the present results and a consideration of others published earlier

provide evidence for complexity of ring-flip dynamics in proteins.

4.2 Introduction

In recent years, structural studies by X-ray techniques (1) and NMR
spectroscopy (2, 3), and mutational analyses (4, 5) have greatly facilitated relating
structure, conformational changes, function, and stability of proteins.
Investigations of protein dynamics are still in its infancy though (6). Internal
dynamics that include small amplitude collective motions (7) and large amplitude
cooperative breathing modes (8), and other structural fluctuations and
deformations at the subglobal level (9) are relatively less understood. The
complexity of certain of these processes has been recognized for quite some time
in both experimental (6, 10, 11) and theoretical studies (12, 13). For analytical
solutions of experimental data, they often appear complex because of either
unusual time evolution or complex temperature dependence or both. In theoretical
studies, the complexity surfaces when a suitable reaction coordinate and an
appropriate transition state along the coordinate is difficult to define. There, of
course, is the problem of current atomistic simulations not reaching times longer
than microseconds. However, a comprehensive description of protein motions is
important not only for connecting structure and function to dynamics, but also for
understanding their role in folding and stability of native and natively unfolded

states (14-16).
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This chapter presents the temperature and denaturant related complexity
of the ring motion of Y97 side chain (180° rotational jump of the ring about the
Cp—C, bond axis) of horse ferricytochrome c¢ observed by cross-relaxation
suppressed exchange NMR spectroscopy (EXSY). The rate of the process does
not follow Arrhenius temperature dependence under native and native-like
conditions. The changes in the rate-temperature trend under different conditions
of protein stability appear to indicate temperature dependence of the Arrhenius-
type prefactor. Data are analyzed invoking a heat capacity model that assumes a
considerable change in the ground-state heat capacity with temperature.

Starting with the seminal work of Wiithrich and Wagner (1975) on BPTI,
the rate-temperature relationship for aromatic ring flip has been reported for just
about four proteins to date: BPTI (17-20), ferrocytochrome c¢ (21), iso-2-
cytochrome ¢ (22), and HPr protein (23). Although the activation parameters from
all data sets, generated largely by simulation of variable temperature NMR
spectra, were extracted by assuming temperature independence of enthalpy and
entropy in the Eyring equation, it is believed that they are generally temperature
dependent to different extents, and hence could be modeled better by using
temperature dependent functions. Indeed, this was indirectly observed in a revisit
to the BPTI Y35 ring-flip dynamics (18). Also, rate-temperature curves calculated
for several cases (20) using activation parameters published earlier indicate
visibly non-Arrhenius behavior. Together with the observations of the present

study of ferricytochrome c, ring-flip dynamics appear generally complex.

69



Chapter 4

4.3 Materials and Methods

All experiments were performed using cytochrome ¢ (Type VI from
Sigma) and GdnHCI (from USB, GE Healthcare). The labile hydrogens of both of
which were preexchanged for deuterium. Exposure of D,O solutions of
cytochrome ¢ to pH 10 at 60°C for an hour followed by lyophilization of the
neutralized solution caused complete deuteration of the labile proton sites.
GdnDCI was prepared by repeated lyophilization of D,O solutions of the
denaturant.
4.3.1 NMR Spectroscopy

A 2-mM solution of cytochrome ¢ containing a desired concentration of
GdnDCI was prepared in 50 mM phosphate buffer in D,O, pH 6.5. The same
sample was used to take variable-temperature NOESY and EXSY spectra. Each
2D spectrum was of 400 ¢, increments and 2048 #, data points over a spectral
width of 18 ppm. Quadrature detection along the indirectly detected dimension
was achieved by the States-TPPI method. For exchange rate measurement at a
given concentration of GdnDCl and temperature, EXSY spectra (24) were
recorded using five mixing times (10, 20, 30, 40, and 50 ms). The details of the
mixing pulse scheme are shown in Figure 1. With 128 scans averaged for each 1,
the time required for a 2D spectrum was over 16 hours at 400 MHz. Spectra were
recorded using a Bruker spectrometer, and processed and analyzed with XWIN

NMR (Bruker) and Felix (Accelrys) softwares.
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4.4 Results and Discussion

4.4.1 Y97 ring-flip rate constant as a function of protein stability coordinate
measured by NMR spectroscopy

The earliest NMR investigations of protein dynamics that employed
techniques of 1D time-resolved saturation transfer, isotope-edited spectroscopy in
conjunction with spectra simulation, and analysis of temperature dependence of
resonances have made several fundamental contributions to the understanding of
aromatic ring rotational motions in proteins (17, 20, 22, 25). The advent of 2D
NMR spectroscopy has greatly facilitated studies of such dynamic processes that
are too slow to affect the lineshapes (26, 27). Subsequent introduction of pulse
sequences designed to produce chemical exchange cross-peaks by elimination of
cross-relaxation and spin coupling-induced coherence transfer effects in 2D
spectra (24, 28) has further augmented the NMR approach to studies of exchange
dynamics in proteins. Indeed, numerous recent work have employed EXSY to
investigate dynamic effects; particularly, the ring inversion phenomenon in

biology and chemistry (20, 29-32).
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Figure 1 Relaxation suppressed EXSY largely eliminates NOESY peaks. (a) The
aromatic region of a NOESY spectrum of ferricyt ¢ at 22°C, pH 6.3. The same region of
EXSY spectra recorded with the same sample at 20°C (b), 30°C (c), and 35°C (d). Cross
peak labels in (b) are 1: Y97;55; 2: Y9726; 3: F10,6; and 4: F10;5. The pulse sequences
shown at the left are for NOESY (top) and EXSY (bottom).

With the objective of characterizing the NMR-defined slow dynamic
processes in cytochrome ¢ under native to mild denaturing conditions, It has
collected a large set of exchange spectra recorded at several low concentrations of
GdnDCI, each as a function of temperature, and in turn as a function of mixing
time in the 0-50 ms range. This approach allows mapping the activation
parameters for the rate processes, as the protein is progressively destabilized.
Figure 1 presents excerpts from the data set showing the extraction and

temperature dependence of cross peaks due to rotational motions of Y97 and F10
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rings in native cytochrome c. Another ten cross peaks assigned to P30 CgH, L68
CsHs, Y48/T42 C,H, T28 CH, F36/T47 CgH, K22/G23 C.H, C14/Q16 CH,
F82,¢, F46 C3H, and H26 CP appear in the aliphatic region of the native-state
spectrum at 22°C.

To calculate the rate coefficients and activation parameters of the dynamic
processes along the protein stability coordinate, it is necessary that the set of
exchange-connected cross peaks in the NMR spectrum consistently appear at all
concentrations of the denaturant in a suitable range of temperature. However,
since both temperature and denaturant affect the dynamics, those processes the
interconversion times of which are shorter or longer than the mixing time of the
NMR experiment fail to produce cross peaks; shorter interconversion times lead
to exchange broadening, and longer interconversion times make only a minute
fraction of exchanging population available for interrogation. Such conditions do
not produce quantifiable cross peaks. The requirement of the suitable exchange
time severely constrains the number of cross peaks, and hence the dynamic
processes that can be examined in detail. Two cross peaks, Y9755 and Y974,
(peaks 1 and 2, respectively, in Figure 1b) corresponding to 180° rotational
motion of the Y97 ring are consistently observed in the 288-313 K temperature
range at 0-1.5 M GdnDCI concentration, and were used for further analysis. The

ring-flipping rate constant, kqi,, was calculated according to Ernst et al. (26).
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(1)

where I'=V/(V. + V4) with V4 and V. the diagonal and cross-peak volumes,

respectively, and 1y, is the mixing time.

Figure 2 shows an example of the plot of In(-2I'+1) vs Ty,

0 [ T | T | T ]
= -1+ —
+
5 .
= i 4

2+ —

| | | | |
0.00 0.02 0.04 0.06
T, (sec)

Figure 2 Extraction of
the flip rate constant for
the Y97 ring in the native
protein at 20°C, pH 6.3.
The experimental

procedure and  data
analyses are detailed in
the text. Results are in
table 1.

thus

should

Values of knip
obtained
preferably be corrected

for the viscosity effect

due to GdnDCI. Although the relative viscosity of the medium increases only

marginally in the range of denaturant concentrations used in this study (0-1.5 M),

a correction can be introduced according to kgipocl/n, where m is the bulk

viscosity. To eliminate the effect of viscosity due to GdnDCI on the ring-flip rate

constant, it has simply used relative viscosity n/m,, where 1, is the viscosity in the

absence of GdnDCI. The corrected kgip 1s then given by the relation
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2)

To obtain the values of m/n,, viscosity values of aqueous solutions of GdnDCI

from literature (33) were used to find the following empirical relation

L = 140.005[DP*"* +0.018[D]°*™* +0.01213[D]**** ,

Mo

where [D] represents molar concentration of GdnDCI.

3)

Table 1. Values of knip (s'l) as a function of temperature and GdnDCI

concentration
GdnDCI (M)
Temperature (K)
0 0.5 1.0 1.5

289 4.60 7.56 9.47 10.66
293 13.25 11.85 10.41 9.39
298 22.30 14.56 15.75 2.10
303 33.40 13.91 3.36 0.89
306 26.48 - - -
308 - 3.38 - -
313 - 0.68 - -

Error in determination of rates: 2-20%
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4.4.2 Non-Arrhenius behavior for the ring-flip rate constant

The temperature dependence of kg, for Y97 at four concentrations of
GdnDCl is presented in Figure 3. The plots of In(kqip/T) against 1000/T are not at
all linear. The gradients for the curves at 0, 0.5, and 1 M GdnDCl make
continuous transition from negative at low temperatures to positive at high
temperatures, more accentuated for the latter two concentrations of the denaturant.
In general, it has identified the curved temperature dependence of rate constants
with non-Arrhenius behavior, which could be operationally termed Arrhenius-like
(negative slope) or anti-Arrhenius (positive slope) for a small segment of the
temperature axis. Indeed, one notices a gradual turn from Arrhenius-like to anti-
Arrhenius behavior as the temperature is raised from 15 to 40 °C. At 1.5 M
GdnDCIl, where the protein is still native-like but denaturing conditions are
approached (34), the flip rate constant shows only anti-Arrhenius temperature
dependence.

To explain the diminishing enthalpic but growing entropic contribution to
the ring isomerization barrier with increasing temperature, it is chose to use the
transition state theory (TST) rate expression. For justification of this choice, a
detailed consideration of reaction rate theory more appropriate for protein
reactions is required, a general understanding of which is still not available. It is
also uncertain if the ring motion is fully in the diffusive regime, so a Kramers-like
rate description becomes essential. The magnitude of the internal friction, and the
extent of influence of system-solvent collisions on the ring-flip reactive
trajectories across the barrier are other uncertainties. Further, the ring motion is

unlikely to be associated with a low and flat barrier for which one might expect a
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diffusive rate. On the other hand, within the limitations of presently available

reaction rate theories and microscopic models, a full justification for the adequacy

of TST is difficult to achieve.

In (Kgio/ T)
IS
I

3.3

(1/T)x1000, K™

Figure 3 Temperature
dependence of the Y97
ring-flip rate constant at
four concentrations of
GdnDCl: 0 M (black),
05 M (red), 1.0 M
(yellow), and 1.5 M
(blue). Solid lines are
fits to data by equation
6. Values of AH", ACpi,
and AS* obtained from
the
Table 2.

fits are listed in

To make progress with the data at hand, the analysis was continued with the

Eyring-type expression

I
Ink, =In A—ﬂ,
P RT

“)

where AG*=AH*-~TAS* is the barrier free-energy. The exact nature of the prefactor

A 1s not known; it is perhaps determined by microscopic dynamics entailed in
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barrier crossing (14). AG* is expanded by casting the enthalpy and entropy

changes in their basic forms

T T dT
I i 1 I _Agl i
AH; —AHT0+ITOACp dT, and AS; —ASTO+ITOACp 7 ©)

which allow evaluation of enthalpy and entropy changes at temperatures 7" with
respect to a reference temperature 7. ACpI is the difference in heat capacity of the
transition state and the initial state.

Table 2. Activation parameter for flipping motion of the Y97 ring

Thermodynamic Parameters

GdnDCI/M AH AC,* AS*
(kcal mol™) (kcal mol™ 1000K™")  (kcal mol™ 1000K™)
0.0 153 -3.448 0.019
0.5 4.9 -4.697 -0.049
1.0 -25 -6.645 -0.117
1.5 -38 -2.196 -0.165

Estimated error range for these values is 3-5%

Ty is set at 25°C (see below), although for accurate calculations of heat-induced
conformational transitions, the midpoint temperature should be used. Thus, the

equation

Ink, =InA-—— AH*TO+ACPI(T—T")‘T(Asgt“)wcpi IH[TLB } ©

0

was used to fit the data shown in Figure 3. Values of AHI, ASi, and ACpi for all

four curves are listed in Table 2.
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4.4.3 Variation of the activation parameters along the protein stability
coordinate

The details of the ring-flip activation parameters in the presence of low
concentrations of GdnDCl could potentially provide important information
regarding collective motion, stability, and interactions of the relevant structural
elements under subdenaturing to denaturing conditions. For scaling the activation
parameter, it is reasonable to assume that the changes of the differences in
thermodynamic properties between the transition state and the ground state under
different conditions of temperature and stability are largely due to effects at the
ground state level (35), because the state variables are expected to cause relatively
less changes in the thermodynamic properties of a changing transition state which
is structurally diminished and distorted.

The temperature gradient of AH? (Figure 4a) is negative for all
concentrations of GdnDCI. The curves precisely indicate the turn from Arrhenius
to anti-Arrhenius through a relatively smaller Arrhenius-like zone of temperature.
For all conditions, the value of AH* passes from positive to negative with
increasing temperature registering ‘zero’ at 298 K, a consequence of choosing
T,=298 K. Obviously, T, cannot be 298 K all along the stability coordinate. Even
for the native state, the chosen 7, may be way off. It is hard to determine the
melting temperature for the specific subglobal part of the protein that is involved

in the ring isomerization process. Nonetheless, the arbitrary choice of 7, can still
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provide qualitative information and relative values of activation parameters, since
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the temperature gradient
of AH* will depend little

on Ty.

Figure 4 Thermodynamic
parameters for the Y97 ring-
flip dynamics calculated
from the data shown in Fig.
3. Temperature distribution
of (a) AH*, (b) AS*, and (c)
AG* for the four
concentrations of GdnDCI
indicated. = The  vertical
dotted lines in panel (c)
show the temperature range
this study. (d)

GdnDCI distribution of the
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The increase in the slope of the enthalpy curves with increments of
GdnDCI up to 1 M (Figure 4a) suggests that in the subdenaturing limit of its
concentration, the denaturant acts to increase the difference in heat capacity
between the transition state and the ground state (ACpi). At 1.5 M GdnDCI,
denaturing conditions are approached, and ACp1 begins to shrink. This is also seen
from the values listed in Table 2, where the —ve sign for ACp1 indicates larger
values for the ground state C,. An interpretation of this result could be that within
the subdenaturing limit of its concentration, GdnDCl somehow modulates the
solvent properties and introduces additional interactions by virtue of its
mechanism of action on proteins. This aspect of GdnDCl-protein interaction and
the consequences thereof is being discussed in detail in a later section.

Like the temperature dependence of AH*, the value of AS* passes from
positive to negative with increasing temperature for all concentrations of GdnDCl
(Figure 4b). Clearly, the entropic contribution to the barrier energy dominates in
the respective anti-Arrhenius temperature zones (Figure 3). The slope of the
entropy-temperature curve increases in going from 0 to 1 M denaturant,
suggesting that in the presence of increasing subdenaturing concentrations of
GdnDCI, relatively large-scale conformational constraint must be negotiated to
make to the transition state. The constraint is generated by the binding interaction
of the denaturant with the protein. The decrease of the slope at 1.5 M denaturant
is due to the onset of denaturation, where entropy-lowering restraints in the
ground state begin to weaken because of increasing structure-breaking action of
the denaturant in at least that part of the protein molecule which harbors the

flipping ring.
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Temperature variation of AG* for different concentrations of GdnDCI,
plotted in figure 4c, shows vertical shift of energy and horizontal shift of the
temperature corresponding to the energy minimum. The magnitude and the sign
of these shifts are specific to the reference temperature chosen (7,=298 K). For
the same reason, AG* value for the native-state protein comes out as negative, and
therefore, the shifts obtained from Figure 4c must be scaled relatively. Figure 4d
shows how the temperature corresponding to minimal AG* decreases with
increasing amount of GdnDCI; this is due to the general destabilizing action of the
denaturant. On the other hand, the increase in the minimal AG* with denaturant
(Figure 4e), implying a lowering of the free energy of the ground state relative to
the transition state, is due to the stabilizing action of the denaturant. The increase
is nonlinear though, suggesting that the initial protein stabilization caused by
subdenaturing amounts of GdnDCI withers as denaturation begins to set in (see
below). By magnitude, the increase of AG* as a function of GdnDCl is nearly the
same within the temperature range employed in our experiment (marked by dotted
line in Figure 4c). The observed variation of rates in this temperature range,
however, appears complex. For example, the kqi, value for 0 M GdnDCI relative
to that for I M GdnDCI is an order of magnitude larger at 30°C, is matching at
~20°C, and is smaller at lower temperature. These differences are not due to error
of measurement. They rather originate from a temperature dependence of the
prefactor 4, possibly compounded by the effect of GAnDCI on the internal friction

of the protein.
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4.4.4 Temperature dependence of AG*

In Arrhenius-type rate expressions, AG* should be virtually independent of
temperature. However, variable degrees of temperature dependence of AG* have
been described for different systems, including simple metathesis reactions (36,
37) enzyme mechanisms (38), DNA fluctuations (39), protein-ligand reactions
(10), and protein refolding kinetics in general (35, 40). The unusual temperature
dependence of certain gas-phase reactions has been explained by a modified
transition state theory (37). For protein reactions, folding processes in particular,
two explanations are provided to account for temperature dependence of AG*. The
first, explicable by statistical mechanical principles, is derived for a random walk
of an activation within a Gaussian distribution of conformations (41), and is often
referred to as super-Arrhenius temperature dependence where exp—(AGi/RT)2 is
used instead of exp—(AG*/RT) in the rate-temperature expression (42, 43). The
second, based on foolproof experimental evidence for strong temperature
dependence of hydrophobic interactions (44, 45), proposes that temperature
dependence of AG* is due to the disruption of large buried apolar surfaces in
going from the ground state to the transition state; the associated heat capacity
change ACpi, and hence AG*, is strongly temperature dependent (35, 40). Another
explanation, more appropriate for bimolecular protein reactions, accords complex
temperature dependence of AG* when the binding rate competes with the rates of

conformational fluctuations or relaxations of the target site. A well-documented

83



Chapter 4

example is rebinding of CO after flash photolysis of carbonmonoxymyoglobin at
low temperature (10, 46).

Of these, the second explanation corresponds to the heat capacity model
used here for analyzing the ring-flip data. The heat capacity model draws support
from strong connections recognized for large amplitude breathing motions of the
protein and the ring isomerization event (17, 18, 20, 23, 47). Since deformations
of structure and interactions are involved in large amplitude breathing modes (8,
48), a difference in heat capacity between the transition state and the ground state
(ACPT') is expected. It is also generally accepted that ACpI contributes at least in
part to non-Arrhenius temperature dependence of protein reactions. The less
preference for the use of a super Arrhenius-type model for ring-flip analysis rests
on two considerations. First, unlike the folding of protein chains, ring-flip
dynamics is not quite a diffusive process in configurational space. Second, the
super-Arrhenius relation applies better for an extended temperature range. At
temperatures well above the glass transition, the rate coefficient is smaller than
the relation predicts (46).

4.4.5 Challenges associated with data interpretation

The analyses and discussions presented above also illustrate some of the
major difficulties associated with data interpretation and calculation of heat
capacity differences between ground and excited states. Fundamentally, the use of
a kinetic theory and an Eyring-like expression modeled on simple chemical
reaction may not necessarily lead to uncontestable insight. Even when granted,
the use of an arbitrarily chosen constant reference temperature (7,=298 K)

provides at best a qualitative picture, because the value of 7, must change
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according to the protein stability influenced by the denaturant. Accurate values
for 7, relevant for the subglobal part harboring the ring are often difficult to
obtain. Another concern is that the ground and excited states vary greatly as a
function of denaturant concentration and temperature. Clearly, a detailed
knowledge of the landscape topography under denaturing to native-like conditions
(i.e., near the bottom of the funnel) is essential for a more quantitative description
of the problem. It should mention that the strong temperature dependence of
exchange rate of a buried water molecule in BPTI has been previously associated
with internal motions involving multiple conformational substate interconversions
in a rugged energy landscape (49).
4.4.6 Structural basis for non-Arrhenius ring-flip dynamics in cytochrome c
As mentioned already, fairly good evidence exists for the concerted
control of large-scale protein motions on the ring isomerization process.
Assuming generality of this, numerous influential work on structure and folding
of cytochrome c facilitates surmising the motional mode that could drive the Y97
ring-flip process. Y97 is a resident of the C-terminal helix, and it is near this
residue that the N- and C-terminal helices form a tight contact to produce an

orthogonal geometry of helix docking (Figure 5; see also ref. 50, 51).
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This contact region is made of predominantly hydrophobic residues that

are highly conserved, and the majority of the very slowly exchanging amide

protons, including residues 94-99, are found on the N-and C-terminal helices (49).

Sufficient exposure of
the hydrophobic
surface may be
required to  allow
flipping motion of the
Y97 ring.

Figure 5 The N- and C-
terminal  helices  of
cytochrome ¢ with the
disposition of the Y97
ring as seen in the crystal
structure  (PDB file:
IHRC). Also shown is

the heme ring.

It does not have a direct evidence to show how the motion of the helices arranges

for the ring-flip. Reports that an early kinetic intermediate of cytochrome c

comprises the structures of these two helices (50, 52), the corresponding peptides

in solution self-associate (53), and that the associated structure of these helices in

the native protein forms a low-energy cooperative unfolding unit simulating the
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global unfolding behavior (54), all provide a seeming basis to assume that
intrinsic association and dissociation or relative sliding motions of the docked
helices render Y97 ring flipping. In thermodynamic terms, the relative motions of
the helices that expose the hydrophobic surface in the vicinity of Y97 involve a
sizable heat capacity C,, the magnitude of which increases with strengthening of
the hydrophobic interactions by temperature. This motional mechanism must be
treated as a possibility. The ACpi value is negative for all curves (Table 2),
implying that an extensive hydrophobic surface characterizes the ground state,
and a large heat is involved in the dissolution of the surface.
4.4.7 Complex action of GdnDCI and temperature on protein stability and
ring-flip rate
One of the major objectives of this study was to learn how the rates of
slow dynamic processes, Y97 ring-flip in the context, change as the protein is
placed in incrementally destabilizing conditions. A gradual decrease of ki, occurs
with increments of GdnDCI, clearly noticeable at temperatures higher than ~20°C.
This general decrease can be explained by constrained dynamics of the protein as
a result of its interaction with the denaturant. An explanation and the illustration
of this effect in the case of cytochrome ¢ have been provided from our lab with
different set of experiments (55, 56). Briefly, GdnDCIl can interact directly with
protein backbone and side-chains by variable-length hydrogen bonding and van
der Waals interactions (57-60). Such interactions produce cross-links or non-
specific network of intraprotein interactions (57), leading to protein stiffening,
reduction of motional freedom, increased internal friction, and thus entropic

stabilization. In the present case also, GdnDCl-induced constraints on the motions
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of N- and C-terminal helices of cytochrome c is likely to retard the ring-flip
motion. The protein stabilizing effect of subdenaturing amount of GdnDCI is
overrun by its structure unfolding action when used at higher concentrations. The
present results indicate that the denaturing effect begins to appear at ~1.5 M
GdnDCI.

But the observed ki, dependence on GdnDCl is more complex when the
temperature variable is brought into picture. The kqi,-temperature curves appear to
meet near 20°C, and diverge on either side showing a reversal of temperature
dependence (Figure 3), suggesting that the ring flip rate constant near this
temperature does not change with GdnDCIl as long as the latter is present in
subdenaturing concentrations. The slight difference in the behavior of the curve
for 1.5 M GdnDCI is likely due to approach of denaturing conditions. This
behavior of kni, as a function of denaturant and temperature (Figure 3) is
inconsistent with the temperature distribution of AG* at the four GdnDCI
concentrations (Figure 4c). The vertical dotted lines in Figure 4c show the
temperature range used in our experiments, and within this range the variation of
AG* with denaturant is very similar for all temperatures, suggesting that the kgip
curves for different denaturant concentrations should not converge at any
temperature within this range. This observation should mean that the prefactor 4
is acting in a temperature dependent manner leading to the coalescence of kgip
values at ~20°C. But why this happens near 20°C is not clear at present. In
Eyring-type relations, 4 generally shows only weak temperature dependence.
However, the fits of the data to the heat capacity model with three floating

parameters (AH, ACPI, AS¥) cannot rule out a significant nonlinear dependence of
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A on temperature in a denaturant dependent manner. Studies on the effect of
GdnDCl on 4 in Eyring-type expressions will shed light on this issue.
4.4.8 Aromatic ring-flip motions in other proteins

Following the earliest study with BPTI (25), ring-flip dynamics of only
four proteins, namely, ferrocytochrome ¢ (21 ), fd bacteriophase (60), yeast iso-2-
cytochrome ¢ (22), and S. carnosus HPr (23) have been studied in some detail,
although the problem in BPTI has been revisited on several occasions (17, 18, 20,
47). In general, the rate strongly varies with packing and dynamics of the ring
environment. This is the likely reason why the rates for different aromatic rings
within a protein, and for one protein from another could differ, often very
significantly, under identical experimental conditions. For example, the rates for
Y35 and Y23 of BPTI near room temperature may vary by an order of magnitude,
from ~10% to ~10° s™ (17), and the aromatic rings of fd bacteriophage flip at ~10°
s (61).

Even more interesting is the complex temperature dependence, which the
present study exposes in some detail. A review of earlier rate-temperature data for
ring dynamics in different proteins also reveals some deviation from simple
Arrhenius behavior. The temperature dependence of Y35 flip rate constant in
BPTI (17), for example, would appear nonlinear unless large errors in data are
allowed. As Karplus points out (13), in the reinvestigation of Y35 flip rate by the
use of high resolution EXSY, Otting et al. (18) tie the activation parameters for
the flipping process with those for disulfide conformational exchange motion at
high temperature. The flip rate at low temperature (<20°C) was not measured.

However, since the temperature graph for the activation energy of the disulfide
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exchange motion shows different dependences at low and high temperatures
registering a sharp inflection centered around 20°C, and because the
conformational motion and flip motion are linked, the latter should also follow the
trend for the former process and hence a nonlinear function of temperature. In a
more recent paper, Skalicky et al. (20) used activation parameters published
earlier to calculate rate-temperature curves for several residues of BPTI, iso-2-
cytochrome ¢, and horse cytochrome c. The curves in their semilogarithmic plot
of kqip versus T, calculated using l/kﬂip:h/(kBT)eXp[(AHI/RT _AS*/R)], are clearly
not linear. The flip dynamics of Y6 in S. carnosus HPr deduced from spectra
simulation (23) has been analyzed assuming temperature independence of the
activation parameters. Here also, the rate-temperature behavior, especially at 200
Mpa, may not simply be linear; an even closer look is perhaps worth considering.
Thus, evidences are rather strong that aromatic ring dynamics in proteins are

complex, and they do not follow an Arrhenius-like equation.

4.5 Conclusions

Unusual temperature dependence for dynamic processes like ring rotation
within a temperature range where spectroscopic measurements do not reveal any
change in the time-averaged native structure of the protein is a complex
phenomenon by itself. The complexity is compounded when subdenaturing
amounts of denaturant act on the protein. Aromatic ring isomerization in dense
systems like proteins and polymers involves large amplitude cooperative motion
of the ring and certain structural elements, often engaging the chain backbone (18,

62). It has used the heat capacity model to explain the cytochrome c results.
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Further studies may reveal alternative, perhaps even better models for such

phenomena. Irrespective of the merit of the model, the data and evidences

presented are compelling that aromatic ring motions are complex.
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CHAPTER 5

Dependence of >N NMR Backbone Dynamic Parameters on
Secondary Structure and Amino acid Type

5.1 Abstract
Delineating the determinants of backbone motions of small proteins is

essential to decode the connections amongst structure, motions, and function.
Analyses carried out using literature data for backbone "N NMR relaxation of 20
proteins that differ widely in their sequence, structure, and function show that the
segments with defined secondary structural elements are generally stiff relative to
less structured or unstructured regions. A fairly strong positive correlation
between steady-state {'H}-'"N NOE (Nuclear Overhauser Enhancement) and S is
observed for all regions of proteins, suggesting that values for the latter should be
predictable from measured NOEs. Both size and polarity of amino acid correlate
very weakly with backbone dynamics parameters, indicating that amino acid side

chains do not influence backbone motions.

5.2 Introduction

That NMR could provide the best picture of protein motions was
recognized as early as 1971 when Allerhand’s laboratory showed the utility of '*C
and "N nuclear relaxation parameters to study dynamic processes in
macromolecules (1, 2). NMR dynamics studies of these nuclei is facilitated by the
fact that they relax principally by virtue of dipolar interactions with the directly
bonded protons; the chemical shift anisotropy (CSA) relaxation mechanism

making only marginal contribution (3). Indeed, "N and "C relaxation
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measurements by one-dimensional NMR at natural abundance were reported for a
large number of biopolymers and peptides in the following years. Obviously,
limited resolution provided by 1D NMR and lower sensitivity of these
heteronuclei stood as real problems in the endeavor of protein NMR dynamics
studies. The advent of 2D pulse schemes specifically designed for indirect
measurement of relaxations of insensitive nuclei (4-7) made it possible to
overcome the problems that earlier workers struggled with.

The first comprehensive NMR backbone dynamics study was reported
from Ad Bax’s laboratory in 1989. The authors employed "N inverse detected
heteronuclear spectroscopy to study the dynamics of Staphylococcal nuclease (8).
Since then the backbone dynamics of a large set of proteins, a partial list of which
is found in Table 1, has been worked out. Experimentally, recombinant proteins
are isotopically labeled with '°N, and longitudinal relaxation (R1) and transverse
relaxation (R2) rate constants and the nuclear Overhauser enhancement (NOE) of
the amide "°N spin relaxed by dipolar coupling to the bonded proton is measured
by proton detected 2D {'H}-'"N NMR spectroscopy. The measurements are
performed by using inversion recovery for R1, Carr-Purcell-Meiboom-Gill
(CPMG) sequence for R2, and steady-state {'H}-'"N NOE by using appropriate
pulse sequences (9, for example). Data analyses and parameter calculations
involve the following general considerations.

Intensities for the amide '’N-'H cross peaks are fitted to the experimental

time series employed for R1 and R2 by using the following equation

I(1)= A+ Be ™ (D
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where ¢ refers to the inversion recovery delays for R1 measurement, and CPMG
delays for R2 measurement. 4+B is the intensity at time ¢ = 0, and 4 is the steady
state value which is the intensity at # = 0. The {'H}-"°N heteronuclear NOE is
calculated from the equation

lsat

eq

NOE = ?)

where Igat and Igq are the intensities of a peak in the spectra collected with and
without proton saturation, respectively.
The movement of the NH bond axis is characterized by the spectral density

function J(®), which is related to three parameters that describe the R1, R2, and

NOE enhancement for the °N spin (10)
R1 =id2 {J(0n—0x)+3T(0x)+6T (0u+oy)}+c*T(ov) 3

R2=:§d2 {4J(O)+J((Du—(Dr\)+3J((0N)+6J(0)1[)+6J((Dn+(DN)}+

2

%{4J(O)+3J(03N)}+R“ )
d2 Va:!
NOE= 7{6J(COH+CON)—J(COH—CUN)}+1 5)
4R, PN
where
d :&J/HVN L(”f3
4 27 M (6)
Cc= (DN(G§§ - GJ_)/\/? (7)

where L is the permeability of the free space, vy, and v, are the gyromagnetic

ratios of 'H and "N (2.6752x10® and -2.712x10" rad s™ T, respectively); oy and
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oy are the Larmor frequencies of 'H and "°N respectively, I, 18 the N-H bond
length (taken here to be 1.02 A), and J(@;) are the spectral densities at the angular

frequencies ; Generally, an axially symmetric chemical shift tensor is assumed

for N with O - 6. = -160 ppm (11). Re is included in equation 4 to
accommodate chemical exchange and other pseudo-first-order processes that
contribute to the decay of transverse magnetization (12). The R¢ term in equation
4 represents line broadening due to chemical exchange and/or conformational
averaging on a time scale slower than the overall rotational correlation time, Ty,.
The amplitudes and effective correlation times of the internal motions of
protein are determined from the relaxation data by using the model-free formalism
pioneered by Lipari & Szabo (13, 14) and extended by Clore et al. (15, 16). In this
analysis, the spectral density function, J(®), is modeled differently depending
upon whether the rotational diffusion tensor is isotropic or anisotropic. In the
former case, when the internal motions of the NH bond occur on two fast but
significantly different time scales so that they are characterized by two effective

correlation times, 7, and tg, with 7, << 1g <<z, (15)

2 S’r, (1- S;)z'_'/. (S; -SHr,
J(w)=— >t 2 T "\2 (&)
5| 1+(wz,)” 1+(w7)) 1+ (wrt,)
in which,
Lo o
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L1t (10)
T T T

§* = $%4S% is the square of the generalized order parameter characterizing the
amplitude of internal motions of each NH bond, and Szf and st are the squares of
the order parameters for the internal motions on the fast and slower time scales,
respectively. The model-free spectral density function in equation 8 assumes that
the overall tumbling motion of the molecule is isotropic. The order parameter
specifies the degree of spatial restriction of the NH bond; $°=1 for completely
restricted motion and $*=0 for completely free motion. S* can also have a value of
zero when the NH bond vector is static and points along the magic angle with
respect to the principal diffusion axis.

In the case of axially symmetric tensor, the spectral density function is
approximated for the situations where the internal motions are much faster than
overall tumbling rate as (17)

(1-52)7

3
T2 s2 5 ATk, (11)
5 k:11+(an'k)2 1+(an')2

where, A; = (1.5 cos’a - 0.5)%, A, = 3sin“acos’o and As = 0.75sin*a. o is the
angle between the NH bond vector and the unique axis of the principal frame of
the diffusion tensor, 1, = (6D,) ", 1, = Dy + 5D))", 3= 4Dy + 2D and 1! =
6D + re'l. D is the isotropic diffusion constant, D and D are the components of
the diffusional tensor parallel and perpendicular to the principal axis of the axial
symmetry, respectively. The isotropic correlation time, z,, is related to D by the

relation z,= (6D)".
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The availability of backbone dynamics data for a sizable set of proteins
provides an opportunity to search for general patterns and structural determinants
of protein dynamics. The strategy of database search and correlation amongst
NMR parameters, including chemical shifts and scalar couplings, has been widely
adopted to delineate the determinants of protein phenomena such as structure fold
(18) backbone angle restraints (19), and sequence homology (20). To determine
the common patterns of backbone motions and interdependence of dynamic
parameters a database of 20 of those proteins whose backbone dynamics have
been published was searched (Table 1, Figure 1, and ref 21-38). This chapter

briefly presents the analyses and observations.

5.3 Materials and Methods

Protein "N dynamics parameters and their uncertainties for 20 different
proteins were collected from corresponding articles and supplied supporting
information along with conditions and pulse sequences they have applied.
Backbone dihedral angles were obtained from PDB (www.rcsb.org) using
corresponding pdb ids. The dynamic parameters for all 20 amino acids were
separated, and listed according to their location in different structural regions like
a-helix, B-strand, H-bonded turns, and unstructured parts of proteins. Each amino
acid in different structural parts is averaged to 99% level of confidence. Simple

graphical analyses were performed using SigmaPlot.
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Figure 1. Structural representation of the proteins used for analysis in this work. The
protein names corresponding to the labels, the pdb IDs, and some minor details are given

in Table 1.
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Table 1. Minor details of proteins used in this database

NMR backbone dynamics

‘ Number of Type of  Experiment
Protein Pdb residues Structure  al Method
1. Oxalocrotonate Tautomerase”' 10TF 62 a &P Crystal
2. Apo S100B* 1B4C 92 a NMR
3. Barstar™ IBTA 89 a&pP NMR
4. Calcium Vector Protein®* 1CTW 81 a&p NMR
5. Curcurbita Maxima
Trypsin Inhibitor V> IMIT 69 a& B NMR
6. Human low density lipo
protein receptor-® 1HZS 82 a& B NMR
7. Major cold shock grotein27 3MEF 69 a&pB NMR
8. Adenylate kinase” 4AKE 214 a& P Crystal
9. Cytochrome bse, > 1QPU 106 a&p NMR
10. Flavodoxin®® 10FV 169 a&p Crystal
11. 3-Oxo0-Delta 5 Steroid
isomerase! ISK 125 a& B NMR
12. GAL4™ 1D66 66 @  NMR
13. Human prolactin®® IN9D 199 a NMR
14. 5-5-3- Ketosteroid isomerase
Complex’! 1BUQ 125 a&p NMR
15. Major coat protein of filamentous
Bacteriophage M13* 2CPS 50 o NMR
16. Rat Olfactory maker protein®>  1ZRI 163 a&fp NMR
17. Ribonuclease H* IRNH 155 a &P Crystal
18. N-terminal SH3 domain of
DRK?’ 2A36 59 B NMR
19. Thioredoxin oxidized*® 1XOa 108 0o&p NMR
20. Thioredoxin reduced™® 1XOb 108 a&pfp NMR
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5.4 Results and Discussion

Twenty proteins (Figure 1) whose NMR or X-ray structures as well as
backbone dynamics have been worked out are considered. The proteins used in
the database have 50-200 amino acid residues, and all are folded and

conformationally ordered. Table 1 provides their minor details.

180 TT §TTw LU TTrTTT T T TTrTTT - .
Lo NSer el e A ] Figure 2. The backbone torsion
120 F ... _f angles obtained from the dataset
¥ L : of 20 proteins, showing that the
60 [ g - . : :
" S ’ dihedral angles may lie outside the
C T ]
S 0 st 3'3.;’ ‘,’ - allowed regions. The outliers need
E A :g not always be glycines and
-60 = L, . .
n ’ prolines.
SR 5
-120 = - E
-180 Edd‘.bbl rl I’"“I 1 I 111l I.I L1l I L111® I 1 I:I I:
-180 -120 -60 0 60 120 180
¢

5.4.1 Distortions of secondary structures in proteins

To correlate the internal dynamic parameters with backbone torsion
angles, the gy angles corresponding to the individual NH vectors were noted from
NMR and crystal structures. This also provides an opportunity to examine how
concentrated the dihedral angles are in the allowed regions of the @y map (39).
Figure 2 simply shows a plot of @ vs i for all pairs of dihedral angles available in

the database. Clearly, a considerable set of @y pairs does not lie in the strictly
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canonical regions corresponding to the secondary structure types. Some @y pairs
are even outliers with respect to the allowed regions, indicating a general
distortion of structures in proteins, in addition to the fact that structures different

from either a-helix and B-sheet exist.

Figure 3. R, and R, relaxation rate constants projected from the @y space to show that
structured regions generally have higher values of both R, and R,.
5.4.2 Relaxation parameters and dihedral angles

The database provides a total of 1908, 1906, and 1832 values for R1, R2,
and NOE, respectively. The R1 and R2 values cannot be used directly to sense the
motional properties of protein chains; the reason being the sensitivity of these two
relaxation parameters to different motional frequencies. The '°N R1 values across
individual protein sequences generally appear uniform (for example, ref. 32, 40).
This is often not the case with R2 though, since slow conformational exchange

motions and other pseudo first-order processes (faster than the CPMG repetition
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rate) contribute to the decay of transverse magnetization. Thus, it cannot apriori be
assumed that residues in the segments of secondary structures and turns would
have larger relaxation rate constants. However, as Figure 3 indicates, the survey
using the database of 20 proteins indicates that the backbone nitrogens of those
segments that are relatively more structured as defined by the backbone torsion
angles show higher values for both R1 and R2.

The interpretation of NOE data is also not straightforward, because the
long relaxation time (small R1 value) for water provides sufficient duration for
chemical exchanges between the water and backbone amide protons producing
NOEs, and thus effectively decreasing the measured {'H}-'°"N NOEs. They can
still be used for qualitatively sensing fast internal motions. The measured NOEs
for all 20 proteins as a function of torsion angles for the individual amino acid
residues (Figure 4) shows some intense negative NOEs mostly concentrated in the
a-helical region of the gy space. Negative NOEs in the regions of B-structures are
relatively fewer, apparently suggesting that rapid internal motions are present in
the structured regions also, and are relatively more frequent within helical
segments. The data also indicates that the NOEs in the less structured segments of

proteins are generally lower.
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Figure 4. NOEs in the less structured regions are lower. However, negative NOEs are also

observed in segments of secondary structure, suggesting that rapid internal motions may be

present in these regions too.

5.4.3 Order parameter and dihedral angles

S? characterizes the amplitude of internal motions of the NH bond

specifying the degree of its spatial restriction. Studies with individual proteins

have indicated a general independence of S* on secondary structures (for example,

41, 42). The database of the 20 proteins now does indicate a discernible

dependence of S* on dihedral angles (Figure 5). NH bonds in the a-helical

segments on an average are more rigid than in the B-sheets. In less structured

regions, the motions are not as constrained (Figure 5a, b).

The dependences of dynamic parameters on the secondary structure type

have been examined by projecting the parameter values in the backbone torsion

angle space. Attempt was also made to distinguish the secondary structure type

quantitatively.
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Figure 5. (a) Values of $* projected from the @y space. Two-dimensional plots of ¢ vs > and

wvs S* are also shown for clearer comparison (b, c).
For example, the frequencies of occurrence of different values of all four dynamic
parameters were determined separately for a-helical and 3-sheet regions of all 20
proteins (data not shown). However, more rigorous statistical analyses will be
needed in order to establish the dependences quantitatively.
5.4.4 S vs NOE

Both NOE and S® describe internal motions. While the {'H}-""N
heteronuclear NOE is obtained directly from experiments as a relaxation
parameter (NOE=Ig/Ioq, Where Iy and Iq are the intensities of a peak with and

without proton saturation, respectively), the latter is determined from the
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relaxation data by using the model-free formalism of Lipari and Szabo (13-16,
42). A positive correlation of these two parameters should therefore provide a
strong basis for using the model free expressions for calculating the spectral
density function J(w). Figure 7 shows the plot of {'"H}-""N NOE vs S for 1359
data points (correlation coefficient 7=0.42). A close scrutiny of the data showed
nearly 100 outliers near 0.3 NOE (gray colored in Figure 7), the exclusion of
which improved the correlation coefficient to 0.71. Thus, it should be possible to
use experimental values of steady-state NOE to extract the order parameter, and
hence the semiangle for angular rotation of the NH vectors, S=[0.5
cosO(1+cosh)]*.

5.4.5 Backbone dynamic parameters do not provide a basis for classification

of amino acids

In the next stage of analyses, the averaged values of dynamic parameters
for all amino acids in different structural regions of proteins were examined. The
rationale was to find out if individual amino acids have any dominating role in the
resident parts of protein structures. The results shown in Figure 6 do not provide
any striking contrast amongst the amino acid types in terms of their dynamic
behavior, suggesting that the size of the side chain does not influence the dipolar

relaxation of '’N. Additionally, the following indications are noted.
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1. In general, the S* values for all amino acids display the order: a-helix > f-
sheet > loop region > unstructured or less structured segments.

2. Steady-state {'H}-"’N NOEs for the amino acids in o-helix and B-sheet
regions are similar, but tend to be lower in other regions. Of all, Gln, Tyr, and
Val show smaller NOEs in the loop and less structured regions. Averaged
NOE value for Met in loop is found to be negative, the significance of which
is hard to tell even if the bar is not an outlier. Otherwise, none of the residues
register negative NOE value in apparent contrast with the results shown in
Figure 4. The averaging process has yielded positive values for all amino
acids, suggesting that rather fewer number of a residue type exhibit the
mobility of the magnitude observed in Figure 4. It is concluded that the type of
residue and the structure type for its residence do not determine the magnitude
and sign of NOE.

3. R2 values are fairly uniform for all types of amino acids in the o-helical
segments, and the uniformity is less pronounced for the other parts. In B-
sheets, loops, and less structured regions, Trp and Tyr exhibit consistently low
values of R2.

4. R1 values are also nearly uniform for all types of residues in the a-helical
region.

These results do not allow a classification of amino acid types on the basis
of dynamic parameters. The observation that all amino acids consistently display
higher S* value in the o-helical region merely reflects the fact that the rotational
motion of amide vectors is generally more constrained in these regions, consistent

with the inference made earlier (see Figure 5).
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Figure 7. Correlation between S

T T T ]
+0 N ;Z%Eom : and NOE for 20 proteins. The solid
n=1259 | gray line is the best fit for the entire
N B 7 dataset, and the solid black line is
» 05 __ __ obtained after exclusion of the
D e 7 apparent outliers.
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5.4.6 Correlations amongst backbone dynamic parameters

Of the five dynamic parameters, R;, R2, NOE, S%, and 7, the first three are
obtained directly from experiments, and the latter two are obtained in a model-
independent way, although interpretable within the formalism of physically
plausible models (13, 14). The dependence of the three relaxation parameters (R},

R2, and NOE) on the two internal mobility parameters (8* and ) is seen from the

equations
— 2 N
R1=S"R1, 1+ 40O ZS [T“)(mxrm)z 12)
B+o) S T
_ Q2
R2-SR2,., 1, (10+1.168) (15 (rj 13
(2+0.678) | S* \t.
50 |(1-S* ) 1.
NOE=NOE,  -—— Tw)’ 14
E‘(lsot) 3+8|:( 82 J(ij(m T ) :| ( )

derived by Kay et al. (8) assuming that [(@atax) 7] «1, (@x7m)*>»1, and
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[(waTay) z'm]z»(a)x Tm)z. Here, wa and @y are Larmor frequencies for 'H and ISN,
respectively, 7, is the correlation time for the overall motion of the protein, and
5=(c/d)*, where the expressions for ¢ and d are as defined earlier in the context of
equations 3-5. The subscript ‘isot’ (isotropic) refers to the value when there is no

internal motion.

At megahertz frequencies, and with typical values of nano- and
picoseconds for 7, and 7., respectively, the second term for all three Equations
makes little contribution to the N relaxation parameters, and therefore 7. need
not be considered as an influencing factor. Hence, analyses were carried out to
check for R1 vs §°, R1 vs NOE, R2 vs §°, R2 vs NOE, S° vs NOE, and R1 vs R2
correlations for all amino acid types irrespective of their presence in different
structural regions of proteins. The correlation plots provided in Figure 8, where
the coefficient ‘»° (outside the parentheses) in the ordinate label refers to

correlation coefficient, suggest the following.

1. The R1 and $* values for none of the amino acids correlate significantly.
Further, consideration of r-values for Trp and Tyr, and Asn and Gln, for
example, shows that the bulk of the side chain is not a factor for the observed
correlations.

2. The r(R1-NOE) values for Asn, Asp, Glu, Ile, Met, Phe, and Tyr are
considerable (>0.5). It is possible that the side chain size influences these two
relaxation parameters to a similar extent, but more work will be needed to
substantiate the claim.

3. R2 and S are poorly correlated for all amino acids.
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4. Similarly, R2 and NOE are hardly correlated.

5. Better correlation of NOE and $* is observed for Ala, Gly, His, and Tyr.

r (R1-NOE) r R1-8%)

r (R1-R2)

Figure 8. Linear correlations (» values) for (R1-R2), (R1-NOE), (R1-S%), (R2-NOE), (R2-
S?%), and (NOE-S?) for individual amino acid types. The type and size of side chains are
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not determinants of any of the observed correlations between the parameters.
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6. r(R1-R2)>0.5 for all amino acids. The overall improved correlation in this case
relative to the other correlations considered could arise from the fact that
under extreme narrowing conditions for fast internal motions and in the
absence of conformational exchanging motions, the correlation frequencies for
internal motions affect R1 and R2 to the same extent.

The results in general do not indicate the influence of side chains on dynamic

parameters. In particular, the type and size of side chains are not determinants of

any of the observed correlations between the parameters.

5.5 Conclusions

The observed pattern of influence of backbone torsion angles on "N relaxation
and "NH motions for 20 proteins suggest that protein parts consisting of
secondary structural elements are generally stiff relative to less structured or
unstructured regions. There is a considerable positive correlation between {'H}-
®N NOE and §7, suggesting that both are functions of rapid internal motions, and
values for the latter should be predictable from measured NOEs. The size and
polarity of amino acid side chains do not appear to influence backbone dynamics
directly; rather their ability to support a particular structure type may dictate the

terms of protein backbone dynamics.
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