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Chapter-1

1.1 Introduction

The protein folding problem is a difficult one, mbi because it is a many-
body problem in aqueous solvent involving hundredhousands of atoms engaged
in both protein intramolecular and protein-solvamtermolecular interactions by a
variety of weak forces. The unfolded chain somehmllapses to acquire these
interactions to give rise to secondary and tertisiyctures whose amount and
architectural details vary from one protein to &eot The structured protein thrives
with a range of less understood motional featutegl@bal, subglobal, and atomic
levels that occur on different timescales rangiramf picoseconds to seconds with
varying frequency and amplitude. Whereas inhereotians provide functional
abilities to proteins, the folded native state asnarkably compact - mean packing
densities for all atom types fall between 0.7 ar&f0'he packing density, which is
the ratio of the volume enclosed by van der Waalse®pe of an atom or group of
atoms to the corresponding volume of space actuadigupied, is thus closely
comparable to those for small-molecule organic teigsand metals like calcium,
aluminium and lead. Consistent with such packiriigiehcies are several reports of
small intrinsic compressibility of globular protsinwhich suggests a solid-like
interio but contrasts the large-scale subglobal fluctaationplying a liquid-like
interior. As a synthesis of solid- and liquid-likehaviors, one might think that large-
amplitude motions are highly correlated.

In oblivion of such complexity one could treat g@tein folding reaction in
terms of theories of elementary chemical reactiwhgere the native and unfolded

states are in equilibrium, $8lU, and the free energy change across the transgion



modeled by

AG = AG(H,0) — mgD (D
where AG(H,0) is the change in Gibbs free energy change inth@®eous milieu,
often also called conformational stabilityy is the change in protein surface area
across N and U states, abds the concentrations of the chemical denaturaatiuo
perturb the equilibrium® Guanidinium chloride (GdnHCI) and urea are the
universally adopted chemical denaturants to untble protein, the former being
roughly three-times more effective. Because of ithwlvement of weak forces of
interaction in protein structure, the unfolding gges carried out by increments of a
denaturant appears as a sharp cooperative tramswibich is limited to provide
values ofKy=U/N within the transition zone. A widely used pedare is to read out
the value ofAG(H,O) by linearly extrapolating thAG dependence oD to the
ordinate. Another linear extrapolation method fetedmination oAG(H-0) is based
on the details of protein groups that are solvespiesed in the unfolded state and not

in the native statéThus, in the equatioh’

AG = AG(H,0) + ) matihgy, @)

1

n; is the total number of type of groups present in the protem,represents the
fraction of thei-type group exposed to the solvent in the U state Ag,imeasures
the free energy of transfer of theype group from water to a given level of the
chemical denaturant used. These linear free-eneztations (LFERS), especially
equation 1, have been used to analyze equilibriafolding transitions of virtually
all small single-domain proteins with the assumptileat only the two states, N and

U, exist across the equilibrium.



Literature reports many such two-state proteins sehdolding reaction
involves only the N and U stat&¢? allowing simple thermodynamic analyses using
LFER. Some proteins, however small they may be, ial¢olve one or more specific
folding intermediates in the folding reactibh*® Such multi-state proteins have been
tabulated from time to tinfé Inclusion of intermediates and often complex déeia
from the simple two-state behavior complicatesahalysis of the folding reaction.

Clearly, all such classical models attach discesterto the native, unfolded,
and intermediate states, and the discreteness salomwphysical description of the
reaction in terms of phase behavior. Indeed, genghiase diagrams of discrete
thermodynamic states of the folding reaction haeenbdescribet*! By simple
thoughts of structure and atoms packing in crystalsa vis proteins, one is tempted
to subscribe to these models, the phase behavida@alyses.

However, the models and analysis procedures disdussbove need
reconsideration based on two issues regardingntieepretation of sigmoidal protein
folding curves. One, the interpretation above assuthat the end states (N and U)
are structurally invariant to denaturing variabsesthat the only information about
folding is contained in the transition region oétburve defined as the region around
the denaturation midpoint. Two, how valid is thaelr free energy relationship
(LFER) to describe the thermodynamics of proteifdifg as a function of the
denaturing agent? Does the simplicity of LFER deseenough merit for wide
adaptability? Both these issues are tightly coteteand have critical consequences
to the understanding of the protein folding prohlduth are tightly roped in regard
to accuracy, validity, and interpretation of thedywoamic parameters obtained from
a two-state analysis of folding data, and both rieitee the extent to which important



changes that can take place during the unfoldiagtien are ignored for the sake of
simplicity.

The insufficiency of LFER can be judged from maeparts of the past few
years that have shown that the conformational l#gbAG(H,O), does not vary
linearly with the concentrations of the denaturaggent, suggesting a breakdown of
the two-state unfolding. Although a large parttioése reports are based on fast-
folding proteins, the nature of observations, teaagal implications for the analysis
of folding data, and the interpretation of resufiderms of non-classical multistate
behavior are all similar irrespective of equilibrivand kinetic nature of studies. For
example, it has been shown that the pre- and passition regions of sigmoidal
unfolding curves can include large structural clesntpat are ignored in a two-state
analysis?># Differential scanning calorimetric studies havewh that during the
pre-transition unfolding region many proteins umgetarge structural fluctuations
and partial unfolding as determined by the heatacdy changes with
temperaturé*® Cleverly designed experiments and improved seitsiti of
monitoring probes can provide more information nalerstand the action of pre- and
post-unfolding levels of denaturants on structdgmamics, and energetics.

Singularity or discreteness of end states demasctate high-energy barrier
and relatively firm undeformable energy surfaceerghtransition from one state to
another requires the crossing of at least oneeneegy barrief® However, many fast
folding experiments suggest that proteins passigironarginal barriers, and in some
occasions transitions may occur with barrier sippr@aching zero. The protein is
then said to fold globally downhili*® which does not reconcile with specific-state

folding models where states are separated by sizat@rgy barrier.



Models and interpretations must also include stmatt dynamic, and
energetic variation of the protein state in thety@nsition region where the solvent
quality improves substantially due to the large amoof denaturant(s) included in
the mediunf? Residual structure of the denaturant-specific laefd state has been
determined for a few proteins by NM&*® To this end, studies on dynamics,
dimension, and energy of the post-transition protstate have been really scarce,
mainly due to lack of well-defined structure andghter level of denaturant.
Denaturant-dependent hydrodynamic properties of uhlded protein chain for
some proteins have been studied by single-molesxperiments?=>® and the results
corroborate with the polymer theory-based argunmnthe similarity of global
properties of homopolymers and denatured prot&ifisThe results provide evidence
for continuous expansion of the denatured chainthes solvent quality turns
increasingly bettef®

This thesis thematically delves into dynamic andrgatic responses of both
N and U states to denaturant perturbation durireguhfolding of three proteins -
lysozyme, cytochrome, and AtPP1 @Arabidopsisthaliana phloem protein 1). The
former two are paradigms for protein folding stdiend indeed numerous studies on
these proteins have used LFER analysis for bottitig equilibrium thermodynamic
data, and describing a few kinetic intermediate(gpse number depends on the
solution conditionsAtPP1 is a least studied protein. In fact, the atostnaecture and
folding of this protein are unknown, and no funofibstudies have been carried out
to date. Based on known functions of closely relatieloem protein homolo§Atppl
is thought to transport nutrients and deliver mRK&Athe phloem translocation
system. Determination of the solution structure Abppl is in progress in this



laboratory, and the NMR resonance assignmentsreztjto carry out the work of this
thesis have been completed already.

The properties of N-like states of lysozyme algppl have been studied
under subdenaturing conditions created by includioger levels of chemical
denaturants where the protein does not denatuballjjo Global properties of U-like
states are measured under conditions of high coratems of GdnHCI limited by its
aqueous solubility. Most of the experiments invobasic spectroscopic and NMR-
based measurements, includiftN relaxation, global translational diffusion, and
temperature dependence of amide proton chemictib.sistudies on the unfolded
state were limited to cytochromg for which the method of pulsed laser-based
photodissociation of heme-bound CO was employedhEzhapter of the thesis
provides an introduction section, and is preseimed self-consistent manner with

relevant citations.
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Chapter-2
Free Energy Landscape of Lysozyme: Multiple Near-Native
Conformational States and Rollover in the Urea Dependence of
Folding Energy.

2.1 Abstract

Deviation from linearity of the equilibrium foldindree energy 4G) of
proteins along the reaction coordinate is scardalgwn. Optical spectroscopic
observables and NMR-measured average molecular ndioveal property of
lysozyme with urea at pH 5 reveal ths® rolls over from linearity under mild to
strongly native-like conditions. The urea depen@eoicAG is graphed in the 0-7 M
range of the denaturant by employing a series ahigline hydrochloride (GdnHCI)-
induced equilibrium unfolding transitions, eachtie presence of a fixed level of
urea. The observed linear dependenc@fon urea under denaturing conditions
begins to deviate as moderately native-like coodgiare approached, and eventually
rolls over under strongly native-like conditionshi¥ is atypical of the upward
curvature in thé\G vs denaturant plot predicted by the denaturardibgymodel. On
increasing the denaturant concentration from 0 td,3he hydrodynamic radius of
lysozyme shrinks by ~2 A. We suggest subdenatukawgls of urea affect the
population distribution amongst multiple near-natiisoenergetic conformational
states so as to promote them sequentially witrements of the denaturant. We use a
multiple-state sequential model to show that thel keer ofAG occurs due to these

near-native alternative states in the native entemded for defining the unfolding
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equilibrium constantKy), which we assume to vary linearly with urea. Tasults
and the model appear to indicate a rugged flabboin the free energy landscape
wherein population distribution of native-like ssatis modulated by urea-affected

interstate motions.

2.2 Introduction

Naively, it is easy to understand the protein foddequilibrium transition. If
atom packing in a typical native-state protein mole is likened to the atom packing
in a metal or crystal-like solid substance, themnielting of the solid protein should
be described by a highly cooperative biphasic ttimmswhere the initial and final
states, called end states, are individually inverta the temperature or the chemical
denaturant employed to induce the transition. Theught gains footage from the
compilation of a sizable set of proteins that apgdeafold-unfold, as judged from
published reports, in a biphasic two-state manfieBome relatively recent studies
however state that the two-state unfolding prodesssnany proteins could just be an
appearance. Closer examination often reveals smalcind dimensional changes in
both end states in response to denaturing agermggesting a breakdown of the two-
state approximation. Denaturant-dependent changesd states in parallel to their
two-state-like interconversion in the equilibriumfolding of the slow folder alpha-
spectrin SH3 have been reported recently by NMR @aidgle-molecule
spectroscopy. Large structural changes in the pre- and possitian regions of the
sigmoidal unfolding curve of the hitherto acclaimedo-state folder BBL® and
partial unfolding and structural fluctuations iretpre-transition region as determined

by the heat capacity changes with temperature Hasen shown for some
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proteins’*°The deviation from the two-state approximationB&L unfolding is also
observed in experiments that employ both chemieahtlirant and temperature.
Different unfolding curves depending on the spextopic probe can provide
more direct evidence for non-compliance with twatstunfolding approximatioh™>
1> However, multiple measurement probes applied tallgmoteins most often report

on the same unfolding transition providing no ewnick for intermediate population,

and data are then simply analyzed by a two-statdeh{dl=U) where the free energy

difference between the U and N state ensemié$ ic assumed to vary linearly with
denaturant concentratidh although other assumptions of the free energy:desat
relationship remain open to scrutify*°The basic insufficiency of such data arises
from the general silence or poor response of comspectroscopic probes, including
fluorescence, CD, visible optical, and UV differenabsorbance, to changes in the
properties of native and unfolded ensembles outsieelobal transition region. The
probes report on the denaturant-induced changdseimproportion of U and N end
states from which th&G dependence on the denaturant is conveniently gcaph
within the narrow cooperative transition regiontloé unfolding curve. Values &fG
in the pretransition region can be obtained froseaes of extended experiments in
which unfolding is carried out isothermally by ugianother denaturant while holding
the test denaturant level fixed at concentrationghiwv the pretransition
region!"*#2%21 gych analyses reveal not only the functional depece ofAG on
denaturant, but could also provide insight of rastate ensemble properties.
Occasionally denaturant response of structuraltaednodynamic properties
of an end-state ensemble under favorable condiwdnEH and temperature can be

observed by one or more of the common spectrosamgithods, or by a careful
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choice of a global observabieSuch intra-state data may not provide informatan
the functional dependence &€ on denaturant per se, but are invaluable to legrni
about structural intermediates, conformational dneny, and free energy landscape.
For example, the occurrence of a near-native dxuiin intermediate of the protein
G B1 domain was observed by the record of the globservable Stokes radits,
partially unfolded forms (PUFs) of cytochrontewere uncovered by native-state
hydrogen exchang@;?® and continuous expansion of the cytochramhain within
the unfolded state has been reported by probingnksemble average hydrodynamic
radius with increasingly unfolding concentratiortioé denaturarft:

Both of the above, changes within the native staid mapping oAG under
near-native conditions, are studied here with hsodyme at pH 5, 2&. Folding
studies of lysozyme are generally carried out bggu&dnHCI as the denaturant, and
since the common spectroscopic observables do ewdrtr on changes in the

pretransition region of the equilibrium unfoldingree, data are analyzed by the two-

state N=U transition**?°even though solution X-ray scattering studiesiiefa-

induced unfolding at pH 2.9 appeared to reveal amuilibrium

intermediaté’Unfolding of lysozyme is largely incomplete withine solubility limit

of urea in the pH 4-9 region. However, fluoresceand near-UV CD signals and
associated spectral parameters undergo pronourn@yes even in subdenaturing
concentrations of urea. These changes are accoatpblyishrinkage in the molecular
dimension and substantial loss of lysozyme enzychigity. The urea dependence of
AG, which is linear under denaturing conditions, galver as native-like conditions
are approached. These results are explained bkimy@hanges in the native state

ensemble so that alternative near-native statepaelated with increments of urea.
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The model retains the linear free energy-denatufamhalism, but expresses the
unfolding equilibrium constantK(,) in terms of the U state and a large number
native-like isoenergetic conformational states. @iaga and the model are discussed
in the perspective of multiple conformational ssatef the native free energy
landscapé®An alternative simpler model based on one-dimemsidree energy

surface approaé?®is also cited.

2.3 Experimental Section

2.3.1 Equilibrium Unfolding. Samples for equilibrium unfolding
measurement were prepared by mixing appropriatanves of the native and the
unfolded protein stock solutions. The two stockusohs were identical in protein
concentration, which was 5, 10, and 1M for fluorescence, near-UV, and far-Uv
measurements, respectively. The stock solution® veerffered in 20 mM sodium
acetate, pH 5. In experiments involving titrationthw GdnHCI holding urea
concentration constant, the two stock solutionseweade identical in terms of urea
content as well. The mixed samples were incubate2beC for about 12 h before
fluorescence and CD measurements. Emission speeterecorded in the 320-375
nm region by exciting at 280 nm in a Fluoromax #®er{ba) instrument. CD spectra
in the 290 and 225 nm regions were recorded usiAy® 420SF spectrometer.
Denaturant concentrations in samples were detedrirmm their refractive index

readings.

2.3.2 Enzyme Kinetics.The rate of lysozyme-catalyzed hydrolysis of
(GIcNAc);-MeU  (4-methylumbelliferyl p-D-N,N’,N"-acetylchitotroside) in the
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presence of different concentrations of urea waasenmed following the procedure of
Yang and Hamaguch?.Briefly, the reaction mixture consisted of 041M! lysozyme,
12.73uM (GIcNAc);-MeU, and a given amount of urea in 20 mM acetake 5.3.
After mixing lysozyme with the substrate at 41.5dllgquotes of the mixture were
withdrawn at various times in the 0-80 min regiraed the reaction was stopped by
adding 50 mM glycine, pH 13. The cleavage proddanethylumbelliferone, in its
negatively charged state was quantified by flueese emission at 450 nm
(excitation, 360 nm). As described earfiltm linear calibration curve was used to
determine the amount of 4-methylumbelliferone fodmExperimental values of the
product formed were corrected for the effect ofaune control experiments that
excluded lysozyme. Initial velocity of the reactieras determined from the initial

linear region of the product-time graph.

23.3 NMR Measurements. All experiments were done using 2 mM
lysozyme in 10 mM sodium acetate, pH 5, 25°C usirt0 MHz Avance Il Bruker
spectrometer. Deuterated urea was prepared bytegpdaying of urea from D
solutions under pure nitrogen gas. HydrodynamidusadRy) of lysozyme in the
presence of variable amount of urea was determusadg the sLED-PFG pulse
sequenc¥ with diffusion gradient Zgradient) strength in the range of 3-50 Gauss
cm™®. The samples also contained 0.5 mM 1,4-dioxaneirfarnal Ry standard?
Two-dimensional experiments were performed usirglthsic sequences. Values of

Ry were calculated by
I(g) = A exp(—kg?) (D
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Rgrotein — R%ioxane <kdioxane> (2)

kprotein

where,l and g are NMR signal intensity and gradient stilgngspectively.
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Figure 1. Changes in common spectroscopic observables ofyyse with urea in 20 mM sodium
acetate, pH 5, and 26. (a) Tryptophan fluorescence emission is increfggi quenched with
denaturant increment in the pretransition (subdeira) region, and is entirely quenched before
global unfolding sets in. (b) The wavelength maximof fluorescence emission blue shifts by ~ 3 nm
in the subdenaturing region, but shifts largelyldager wavelength in the transition region. (c)
Inhomogeneous broadening of the emission bandeirstivdenaturing regions. (d) Accentuated near-
UV CD signal in the pretransition region also irad&s tertiary structural changes before global
unfolding. (e) Far-UV CD provides no indication sécondary structural changes at subdenaturing

concentrations of urea.
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2.4 Results

2.4.1 Tertiary Structural Changesin Subdenatured Lysozymein Urea at
pH 5. The large body of lysozyme folding studies hasegaity employed GdnHCI
due to inability of urea to disrupt the structudequately. Indeed, lysozyme remains
largely folded within the aqueous solubility linof urea, especially in the pH 4-9
zone (Supporting Information, Sl Figure 1). At pH the experimental condition
employed in this study, the urea dependence ofgtlentum yield of tryptophan
fluorescence is quenched almost completely asehatdrant level is raised up to ~7
M, but increases thereafter (Figure 1a). Similatyg emission wavelength maximum
decreases systematically from 338 nm by ~3 nm en(#¥ M range of urea, but
increases with higher urea (Figure 1b). This wawglle shift probably originates
from greater burial of the fluorophores in the ladielectric protein interior.
Concomitantly, the FWHM of the Gaussian emissioncbcreases by ~1 nm up to
~7 M urea, and decreases at higher concentratleigaré 1c). The increase in the
inhomogeneous spectral broadening reflects incdeas®lisional quenching of
fluorophores, the distribution of whose small chesgin the urea-dependent
environment shifts with increasing denaturing ctinds. These results suggest
changes in the protein tertiary structure up toM-rea followed by large-scale
structure unfolding. The conjecture is supportedCity results. The large increase in
the near-UV CD signal in the 0-7 M range of uregfe 1d) indicatescontinuous
changes in geometry and decrease in interchromeptiistances so as to augment
rotational strengths of aromatic side chains bydased coupling of theirelectric
transition dipole moments - an explanation basedswiilator coupling mechanist.

On the other hand, urea-dependent changes in th&lMaCD signalindicates
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disruption of secondary structures only when theatigrant level is raised above 7 M
(Figure 1e). Overall, urea induced unfolding cddgyme at pH 5 seems to involve
tertiary structural changes before the major coatpey transition sets in. The nature
and magnitude of changes in spectral parametergaap hint at molecular

contraction of native lysozyme in the denaturingniti of urea.The basis of

spectroscopic probe-dependent unfolding cuf¢éd® can often be used to perform
an atomic resolution analysis of equilibrium unfolyl processes of fast-folding

proteins using NMR?

2.4.2 Urea Dependent Hydrodynamic Radius of Lysozyme. To test the
possibility of shrinkage of the average moleculamehsion in denaturing
concentrations of urea, the average hydrodynandwsa <R;>, of lysozyme was
determined by pulsed field gradient NMR. The&Rlecreases from ~21.5 to 19.6 A
in the 0-6 M range of urea and increases at highea level (Figure 2). While <R
is expected to increase at higher urea due to-srgke unfolding of the protein, the
initial decrease of ~2 A, observed by others asl,¥euggests a contraction of
molecular dimension as it is placed in increasinggnaturing conditions. It thus
appears that subdenaturing levels of urea at pdt®mly altersthe tertiary structure

of lysozyme, but also causes molecular dimensisimahkage.

24.3 Enzyme Activity of Lysozyme Under Denaturing Conditions.
Because enzyme activity is sensitive to molecutenfarmation, lysozyme-catalyzed
hydrolysis of the synthetic substrate (GIcNAMeU was determined in the presence

of urea. The initial velocity of the reaction demses gradually and is reduced by
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~60% of the native state before global unfoldings sa. This observation further
indicates gradual alteration of lysozyme conforomativith increasing denaturing

conditions.

22% T T T | T T T | T T T | T T T | T
/E\ b i Figure 2. NMR-determined average
o 21 B E __ hydrodynamic radius of lysozyme in 10
% L . .
g’ L N mM sodium acetate, pH 5, 25 decreases
< i E ° - by ~2 A in going from 0 to 6 M urea, but
A - ® - . . .
D:I 20 i E ° i increases upon approaching the unfolding
v i ° E ] transition region. Error bars are drawn

19 I e from multiple repeats of the experiment.
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2.4.4 Absence of Equilibrium Intermediates. None of the spectroscopic
measurements however suggest distinct populatibeguwlibrium intermediates. The
examination of a series of NOESY spectra acrossstitielenaturing region of urea
concentration (0-7 M) does show some minor chaimgpsak intensities and distance
constraints (Supporting Information, S| Figure B)t they may not be adequate to
draw any conclusion about equilibrium intermediptgulations. They nonetheless
are sufficient to allow for the inference of proggre changes in tertiary structure

under increasing subdenaturing conditions.
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2.4.5 GdnHCI-Induced Unfolding of Urea-Denatured Lysozyme at pH 5.
To further understand the process of lysozyme deatidn we performed a series of
experiments where the protein denatured to variaktent in the presence of low
concentrations of urea at pH 5 was titrated by Gdinldnd unfolding was monitored
by fluorescence and far-UV CD (Supporting Inforrati SI Figure 3). Because no
evidence for equilibrium intermediate of lysozynestbeen found here and reported
in earlier studies®* the unfolding data were analyzed by the two-statglel to
extract the urea dependence of the folding freeegnAG (Figure 4). Strictly, these
AG values need correction for the effect of urea odniBCl unfolding of
lysozyme®The correction could not beintroduced here becatiseeffectiveness of
urea to completelyunfold theprotein at pH 5 even tire presence of low

concentrations of
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Figure 4. Free energy of lysozyme folding
as a function of urea in 20 mM sodium

acetate, pH 5, 2&. Values ofAG plotted

were extracted from two-state analysis of
GdnHCI denaturation curves, each for a

different concentration of urea. Monitoring

probes were fluorescenc®) and far-uv
CD (®). The curved solid line (blue) is the

best fit of the data according to equation 3

AG (kcal mol™)

of the sequential near-native states of the

B 7 model. The straight dashed line (red) is

0 2 4 6 8 according to equation 4, which accounts
for a single native state instead of multiple
near-native states. The rollover region of

the plot is enlarged in theset.

GdnHCI, and we assume no significant effect woutd groduced without the
correction. Figure 4 shows thAG conspicuously rolls over at lower concentrations
of urea. The deviation is reproducible irrespectdiehe monitoring probe, and is
outside the estimated error limit. This result pde¢ evidence that urea dependence
of AG is inconsistent with the linear free-energy modebllover in the AG-
denaturant isotherm should imply the presence tivexike isoenergetic species
across the folding-unfolding equilibrium. In therdymamic terms, different states of
the protein are constituted by different numbergl@faturant binding. Although no
definitive indication of stable intermediate pogidas have been found, we utilize

the evidences for progressive changes in tertianycteire and <> under
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increasingly denaturing conditions to suggest thxéstence of several rapidly
interconverting conformations that have tertiarjuctiures destabilized to variable
extent but native-specific chain topology. With pest to these species under
subdenaturing conditions, the urea-induced unfglgirocess of lysozyme at pH 5 is

given by the following equilibria

K K K
N 1 Nl* 2 N2~k 3 [ U

where, N% are native-like denatured states. We define ararapp equilibrium
constant,K,pp Which assumes more significance under subdengturonditions
where the protein ensemble is strongly native-likelow concentrations of urea,

Kap, = K1 + K1K; + K1Ky;K3 + -+ Ky(1+ Ky + K1K; + K1K;K3+ ) 3)

app
where, the equilibrium constant for global unfolgliKy, is given by

~ K{K5Kj5 ... @
1+ K+ KKy + K{K,K3+ -+

Using this expression fd€y in equation 3, the free-energy of unfoldidg;, can be

Ky

written as

mglurea]

AG = —RTIn {a + Kle” Rt (1+ a)} (5)

where, a=K;+K;Ko+- - - +K1Ky- - K1) for n equilibrium constants corresponding to
n+1l states, and(U:KU°exp(n'ug[urea]/RT), which is the usual linear free energy
relation.

Equation 3 simulates the observed nonlinear depeedef AG at low urea
(Figure 4). Under subdenaturing to native-like dbads, the lower order equilibrium

constants are little dependent on the denaturavel.leAs strongly denaturing
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conditions are approached, the value Kj turns largely dependent on urea
concentration, and is much larger than those of e@failibrium constantsK;.

Equation 5 then reduces to

AG = —RTIn {K{}e@} (6)
The results and the model thus imply a rough freergy surface under native-like or
subdenaturing conditions consisting of a large memMmiof interconverting
conformational states, which share native chairltayy and secondary structures,
but are different from each other in terms of &etistructure, side-chain geometry,
and average molecular dimension. In the contex, ttho-denaturant (urea and
GdnHCI) experiment performed here is similar to tloeible-perturbation unfolding
(denaturant and temperature) of the protein BBLcWhilso showed non-linearity in

the urea dependence of temperature parameters.

2.5 Discussion
The native-state ensemble of a protein consistmualtiple conformational
states, which are often not sensed by common gisecipic methods that generally

report on the relative population of end statethentransition region of the unfolding

equilibrium, N=U. Although such results provide the denaturanieddpnce of free

energy reasonably correctly for most proteins, twnformational and global
properties of end-state ensembles remain largelignawmn. Under favorable
conditions, however, denaturant-induced change®nd-state properties can be
measured by ensemble average experiments usingispecal and global probes.

Reports of GdnHCI-induced molecular expansion & tative-state ensemble of
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protein 81,*° and the unfolded ensemble of horse cytochraffeprovide earlier
examples of such measurements. For lysozyme at perd both fluorescence and
near-UV CD signals are highly sensitive to promartof the native-like ensemble
which characterizes the pretransition region inatineluced denaturation (Figure 1).
It is also significant that the pretransition regics associated with a gradual
shrinkage of the ensemble average molecular dimenby ~2 A (Figure 2),
consistent with our earlier observation with reléo@ dispersion NMR
spectroscopy” These changes expectedly abrogate the enzymétystitstantially
(Figure 3). It emerges that conformational, thergmasic and functional properties
of proteins can undergo dramatic changes evendgfobal chain unfolding ensues.
The variable properties of the native-like ensembust be taken into account

in the determination of the free energy differebetween the end states at various

points across the WU equilibrium. Generally, the graphed denaturamethelence of

AG in the cooperative transition region is linearlxtrapolated toward the
pretransition region (linear extrapolation metha&M) to obtain the free energy
difference between the unfolded and native st&t€s-*****The LEM is particularly
suited for graphingAG dependence on urea because the alternative birsiieg
modef’ appears fraught with several problefisThe analysis presented here
(equations 2-4, Figure 4) indeed assumes lineactifumal dependence of the
unfolding equilibrium constanky, on urea. HowevekKy in the model includes not
only the N and U end states, but also the ensewiblstive-like conformational
states () whose properties and relative population areiseaso subdenaturing
concentrations of urea. It is this inclusion Kf in the expression foKy which

produces the rollover in the free energy-denatuyeagph. The distinct conformational
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states of the native-like ensemble disappear intthesition region wherd&y is
defined by the relative population of end statearld U alone, and thehG varies
linearly with urea. Thus, variable plasticity, acohformational and thermodynamic
properties of the native-like ensemble can prodheedownward curvature in the plot
of denaturant dependence of folding free energy.

The free energy roll over is not just an oddiityited to equilibrium unfolding
results for lysozyme here. A large body of workamed in the recent past has
consistently provided evidence for rollover of ttedding limb of kinetic chevron
plots when the proper time-resolution is achiexerkesolve the burst-phase of folding
intermediates. Such rollovers need not always inthly presence of free-energy
barriers® because the folding reaction may be limited bymestessarily barriers but
very low diffusion rate¥ or longer chain reconfiguration time under nafike-
folding conditions™® Folding limb rollover without significant energyatsier implies
that the denaturant dependence of free energyt isnear in general terms.

Regarding the native-like ensemble model preddtere, a discussion on the
details of the near-native conformational states)(dhd their distribution is beyond
the scope due to complexity and hyperdimensionaityprotein conformational
spaces. The results do however point to some isgetiaty of the native-like states,
often also called substat&swhose distributions are modulated continuouslyeund
variable subdenaturing conditions. The similarityenergies of these states produces
some flatness in the overly simplified two-dimemsib free energy surface under
native-like conditions (Figure 5). If these confa@tional states constitute a
corrugated harmonic surface where the state popuolet modulated by the presence

of urea, the energy needed for their conversiothéounfolded state will be higher
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relative to the threshold energy of conformationafolding from an anharmonic
surface. Such a free energy surface of singly-rtareal modes has been described
in the theoretical investigation of jumping-amongima (JAM) model of energy
landscape of native lysozyme, where transitionsvéet conformational states may
arise from fluctuations in side chain dihedral as§t We assume that these
fluctuations are widespread, and are affected bgtepr-urea interactions at
subdenaturing levels of the denaturant, akin to mthedulation of population
distribution in the microstate ensemble of stapbgtwal nuclease caused by proton
binding#? Such fluctuations can be thermodynamically treasdlocal unfolding
processe&’ Because the features of the energy landscape etiesrg one condition
to the other, the distribution and interstate titgors dynamics in the case of lysozyme
are also expected to vary with different pH andaterant. Associated with these
transitions is a continuous decrease in hydrodyoaadius (Figure 2) the origin of
which cannot be ascertained at present, but maedynamics simulation studies
have also indicated that gyration radius is an ingm global parameter for
description of energy landscape and conformaticmtales of native proteirfd®*
These global changes require large-scale motidrackbone ¢ atoms, but we have
obtained little evidence for collective motion. Nheless, as depicted in the free
energy surface as a function of unfolding reactioordinate (Figure 5), the measured
folding free energy reports on the free energyeddhce between the end states U and
N if subdenaturing levels of the denaturant prodiittie change in properties and
population distribution of the N-state ensemble.eWIseveral near-native states are
present and the interstate dynamics and populatismibution are influenced by

subdenaturing levels of the denaturant, unfoldirgasarements would sample the



28

free energy difference between the U state andNthstate ensemble along the

reaction coordinate.
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Figure 5. Highly simplified schematic of
free energy-reaction coordinate space for
lysozyme unfolding. The upper part of the
figure shows the rugged harmonic surface
along the reaction coordinate along which
N;" states in equilibrium are sequentially
populated as depicted by the model in the
text. The N conformational states are like N
in terms of free energy, and interstate
transition rates are affected by subdenaturing
concentrations of the denaturant. Th&
value measured for such a system would be
the difference in free energies of the
unfolded state and the Nstate populated at
the given denaturant concentration (the blue
curved line in the center panel). The lower

part of the figure depicts the expectation

when N states are not populated or when the energy sui$atot rugged. The measu®@ value in

this case will be equal to the difference in freergies of U and N states (the orange straightifine

the center panel).

The complexity of lysozyme energy landscapesipbg consisting of many

high-energy structural intermediates has been sedniarlief’ Under favorable

conditions these hidden intermediates should bectdile by native state hydrogen
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exchange (HX) and analogous meth&tS:***" but pulse-labeling HX studies on
lysozyme have not revealed much other than theatiper of parallel folding

pathway§>+°

and the population of a near-native state on tloev gefolding
pathway?° implying that lysozyme landscape probably consistsnore near-native
low-energy conformations than high-energy interratgli. Unlike the detection of
high-energy equilibrium intermediates by HX-basedtimods, probing dynamical
nature of near-native conformational states requitleer approaches, including
relaxation dispersion-based NMR, and Mossbauer and neutron scattering
strategiesS? While the discussion here invokes the multiple foonational state
model to interpret the rollover in the free enedgnaturant space, dynamical details
of the ensemble and the catalytic function of lysoe under subdenaturing
conditions are open to investigation.

An alternative model that can explain the effectnative-state structural
change on the folding barrier is due to Mun&z amaarkers®?® The model is based
on one-dimensional free energy surface for foldiagg was initially developed to
respond to the apparent but unrealistic two-s@ltérfg of diffusion-limited downhill
folders®® Here, the size of the folding barrier is deterrdity the exponent of the
stabilization energy. The model assumes that tlieroparameter for nativeness
(scaled from 0 to 1 to denote completely unfoldad aompletely native structure,
respectively) can serve as a reaction coordinateletJthis assumption the folding
barriers are fully determined by the free energyase, and the thermodynamic and
kinetic barriers are indistinguishatife The interpretation, applied recently to the
folding of a-spectrin SH3 domain, assigns the denaturant-depenstructural

changes in the native and unfolded states to tf@rdation of the inherent folding
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free energy landscapeThese deformations of the folding free energy $@age are
expected from a purely physical standpoint, ancc@éaould be quite general (Figure
6). The perturbation in the magnitude of the foidibarrier as a function of
stabilization energy and other aspects of the mbdeé been studied theoreticaly.
The results obtained in this study do not allow doedistinguish between the

conformational substate model and the surface defibton model.

Figure 6. Deformations and shifts in the one-
dimensional free energy surface when the N and U
states under two-state approximation (red curve)

become sensitive, both structurally and

Free Energy

dimensionally, to the variation in denaturant level

(black curve). The surfaces are redrawn after

Campos et .

N U

Reaction Coordinate

The ensemble-average experiments of the presedy stave focused on
dimensional, structural, conformational, and engcrgehanges under native-like
conditions. But equally important are responseshef denatured state to different
levels of the denaturing agent. Expansion of tHeldad protein chain and associated
internal frictional properties under variable demeitg conditions have been studied
in sufficient details during the past decade or I using single-molecule
spectroscopy?***®'and to a lesser extent by ensemble-average exgmesfii The
compactness and dimension of the unfolded staterumative-like conditions will

affect folding thermodynamics,becausethese parametietermine the chain-
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configurational entropy of the unfolded state,amthde the relative energies of the
end states. Diminishing configurational entropy tife unfolded state with
increasingly native-like conditions will obviousfyroduce a roll over in thAG vs
denaturant plot. We thus see that the denaturgrerdient variability of not only the
native state but also the unfolded state of lysayould be the reason for the
observed nonlinearity in th®G vs urea graph (Figure 4). To this end, the deedtur
state of lysozyme remains to be studied in detadsto learn about its contribution

to the free energy roll over.
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Fig. S1. Urea dependence of tryptophan fluorescence intgeresnission wavelength maximum, and
the full width at half maximum (FWHM) of the emissi spectrum at indicated values of pH.

Incomplete unfolding at pH 4, 7, 9, and 11 withie solubility limit of urea is evident.
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Fig. S2. Screen shots of regions of NOESY spectra of lysezgt indicated urea concentrations, pH 5,
and 28C. The crowded aliphatic region is not shown. Safh¢he minor changes at the indicated

subdenaturing concentrations of urea are shownrbyheads and circles.
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Chapter-3
Disorder-to-Order Collapse of the Intrinsically Disordered Protein
AtPP1 Under Subdenaturing Conditions of Urea: A N NMR
Relaxation Study

3.1 Abstract

Conformationally ill-defined regions of most of iimsically disordered
proteins (IDPs) are known to undergo disorder-tbeortransition upon binding to
other proteins and ligands. Many IDPs also exhhmt propensity to undergo chain
collapse transitions in aqueous milieu. This studgs®N NMR relaxation-based
backbone dynamics to demonstrate collapse anddgistw-order transition for the
IDP Arabidopsis thaliana phloem protein 1 AtPP1) when it is placed under
subdenaturing solution conditions created by lovele of urea. Nonspecific binding
of urea to the protein dramatically reduces thekbawge fluctuations giving rise to
rigidity. The rotational correlation time étPP1 marginally decreases from 9.1(+0.4)
ns in the absence of urea to 7.9(x0.7) in the psef 0.4 M urea. Polyfunctional
interactions of urea molecules to protein atomsnfrdifferent parts may serve to
produce intramolecular cross-links forcing the pnoto collapse. Dynamic stiffening
and dimensional shrinkage in the presence of swtdeng levels of urea should be
general effects for all proteins, but are more prorted in the case of IDP because of
the high measurable contrast in dynamic disordexden the initial natively folded

state and the urea induced collapsed state.
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3.2Introduction

Disorder in some protein structures and their irtgpare in functional
regulation have been described since the early daysray crystallography. But
disorder in solution structure of many proteins besn most decisively established in
later years by NMR spectroscopy which is more conteti to describing
conformational and dynamic disorder Proteins containing disordered regions,
generically termed intrinsically disordered progiiDPs), are widespread in the
cellular milieu accounting for at least a third lmiman proteind? The disorder is
believed to be required for binding with interagtiproteins and ligands. A large body
of reports have provided evidence that binding witteracting ligands leads to

folding of the disordered regiors;*>2°

although some studies have found significant
disorder in IDPs even when ligands are bound totH& In addition to serving as
effector molecules for the interacting ligands, #)kave diverse functional roles, for
all of which the disordered region required in somag or the othef?

An important aspect regarding folding and solufwoperties of IDPs is their
propensity to collapse in waté¥>? The net charge per residue appears to be a major
factor for the tendency to collapSewhich has been observed when IDP charges are
screened by solution ions dissociated from simale® non-denaturing levels of the
ionic denaturant GdnHGP. IDP collapse has also been reported in the presehihe
ionic detergent SD&. In view of the myriad of structural, folding, aridnctional
importance of IDP, a detailed understanding ofgheesses involving their folding
upon binding, disorder-to-order transition, andiclwllapse is imperative.

This study describes disorder-to-order and collapassitions of the IDP

AtPP1, a phloem protein froArabidopsis thaliana. Phloem proteins are suspected to
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be involved in a number of processes, including ttamsport and delivery of
nutrients, hormones, and RNA to the phloem tramglon systeni* In fact, no
structural and functional characterizationAt¥®P1 has been reported till date, and the
putative functions listed are based on studieshenhbmologoug£ucurbita maxima
phloem protein 16 GmPP16). It was therefore sought to determine thetisol
structure ofAtppl, in the course of which the protein has beemdoto be an IDP.
Deferring the structural description here, the amiglsonance assignments are used
for backbone relaxation studies using, T, and {H}-°N NOE. Relaxation
parameters indicate that whatPP1 is subdentured in the presence of very low urea
levels, it collapses and undergoes a disorderderotransition. It is argued that all
proteins must stiffen and shrink due to nonspediinding interaction with urea when
the latter is used at subdenatuirng concentratibggamic and dimensional changes
associated with IDP collapse are enhanced and tadralde because unlike folded
single-domain native proteins, the initial nativdlylded state of IDP is largely

disordered.

3.3 Experimental Section
Procedures for overexpression dm labeling of Atppl have been described in the
next chapter. NMR samples were ~150 uM in proteincentration prepared in 7
mM sodium acetate buffer, 10%,0, pH 3.5. All experiments were performed at
25°C in a 500 MHz Bruker spectrometer using a 5 tmphe resonance inverse probe
equipped with actively shielded field gradient soil

T1, T2, and NOE experiments were performed by sequenue®priate for

inversion recovery, CPMG, and steady-statelH-'>N NOE>® respectively. Eight
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inversion recovery delays from 10 ms to 1200 msewesed for T measurements.
For T, measurements 7 CPMG delays with multiple of 16186from 16.96 ms to
169.6 ms were employed. Spectra were recorded&s2028 complex matrices with
32 scans per complex tl1 point. Steady-state NOEtispavith and without proton
saturation were recorded as 28624 complex matrices with 64 scans for each
complex t1 point. Proton presaturation in NOE ekpents was achieved by the use
of the standard 120*H pulses® In all experiments echo-antiecho was used in the
indirect dimension. To extract the relaxation tioomstants T peak intensities of all
resolved resonances in @nd T spectra were plotted with relevant recovery delays

and fitted to single exponential decays

t

I(t) = Ae ™ €))
Values of {H}—""N NOE were determined from
I
NOE = =& 2)
[unsat

where, Ly and lnsat @re resonance intensities with and without pragaturation,

respectively.

3.4 Results

3.4.1 ANS Binding, Structural Collapse and Equilibrium Unfolding.
Disorder in the structure &tPP1 has been evident to us because of the diffioflt
resolving a large number of side-chain and a fewinrohain resonances in
multidimensional NMR experiments that have beenfogpered to determine the
solution structure of the protein. For the prestdg,result for the basic experiment of

binding of the dye ANS (8-anilino naphthalene soi#te) to the native protein is
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shown in Figure la. The idea is ANS binding woudddubstantial if the protein is
structurally disordered allowing larger accesdipibf the dye toward hydrophobic
surfaces in the protein interior>® As the protein is titrated with urea up to 1 Mfie
presence of constant M ANS, the ANS fluorescence decreases to half with
concomitant red shift, (Figure 1a), suggestingeaumediated transition by which the
protein acquires structure and turns compact. Tiassition is reminiscent of a
disorder-to-order transition, and provides a basitink thatAtPP1 is an IDP.

To examine protein stability, urea denaturation wagnitored by intrinsic
tryptophan fluorescence and 228-nm CD absorptiddOimM acetate buffer, pH 3.5.
The tryptophan fluorescence initially decreasesnaditecally in the 0-2 M urea range,
and increases with further addition of the denaiu(&igure 1b). The sharp initial
decrease has no baseline, and is clearly atypfcal amoperative transition (Figure
1c). The fluorescence increase at higher urea (yampears to be due to structure
unfolding, because the CD-monitored unfolding tiéms, which is reversible and
cooperative and has clear pre- and post-transh@selines, provides a transition
midpoint of ~2.74 M ureaAG°~ 7.5¢0.1) kcal mot). Hence, the intrinsic protein
fluorescence decrease in the 0-1 M range of unsat(i Figure 1c) together with ANS
fluorescence quenching in the same range of thatdemt can be taken as primary
indications of structural collapse of intrinsicatlisorderedAtPP1.
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Figure 1. Basic results for IDP attribute and urea-
mediated collapse oAtPP1. (a) ANS binding to
AtPP1 in the 0-1 M range of urea. Red-shift and
fluorescence decrease with higher urea in this
range indicates a structural collapse. Theiteftt
ANS

fluorescence with protein (solid symbols). The

shows urea-dependent decreases in
data in the absence of the protein (open symbols)
serves as the control. The righset depicts ANS
titration of the native protein, i.e., in the absen

of urea. (b) Tryptophan emission spectra are red-
shifted with decreasing fluorescence as urea level
is incremented from 0 to 2 M (solid colored
symbols), but are blue-shifted with increasing
fluorescence (cross symbols) at urea higher than 2
M. The fluorescence decrease and increase
processes are due to initial collapse and eventual
protein unfolding, respectively. (c) In urea
unfolding, the sharp fluorescence decrease without
a native-state baseline (cyan squares) indicates a
protein collapse. This phase is also shown in the
inset. At higher urea, the fluorescence increase
(black squares) suggests structure unfolding, albei
a clear unfolded baseline is not obtained. The far-
UV CD-monitored urea titration (grey circles)
provides the evidence for a cooperative unfolding
process. The solid line represents a two-statef fit
data with transition midpoint £~2.74 M urea,

andAG°~7.5 kcal mot.
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3.4.2 T, and T, of Backbone *N. Standard pulse schenie® were used to
record'H-">N correlation spectra, from which, Bnd T time constants are readily
extracted by exponential fit of the decaying crpssk intensity with incremented
relaxation delay (Figure 2). Although one exped4 backbone amide cross peaks
for the sequence of 156 residues with 4 prolinesjesmay not appear because of
exchange broadening. Even amongst the observables gueaks in théH-'°N
spectrum, only the non-overlapping ones could besidered useful. Thus, intensities
of only 93, 70, and 54 cross peaks for spectraesponding to 0, 0.2, and 0.4 M urea,
respectively, were quantified for further analysdsssurvey of T values across the
sequence (Figure 3) does not provide any direcbrimhtion about backbone
dynamics, but the values in general appear to dsera little that at best may suggest
some increase in high-frequency motions. Thevdlues for C-terminal residues are
clearly larger irrespective of the content of ufegure 3). Because smaller values of
transverse relaxation times are related to chemicaconformational exchange
processes whose frequencies are higher than the GCRdetition ratedlarge
amplitude exchange motions are not prevalent irCtterminal segment of about 25
residues. This less flexible stretch singles oainfithe rest of the sequence, and its
dynamic rigidity relative to rest of the residuesthe sequence is preserved even

when the protein is subdenatured in the presenfeadr 0.4 M urea (Figure 3).
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Figure 3. T1 and T2 values dfN resonances for resolved residues across the rsegjae indicated

urea concentrations.

The Ti/T, ratio can be used to estimate the global cormelaime () of the
protein subject to conditions that fast internaltioms affect both Tand T, to the
same extent and slow conformational averaging psEs do not shorten the T
values. Adopting the statistical criteria for séil@e of residues whose, /T, ratio is

40,41

useful forz; estimation; """ the overall correlation time @&tPP1 was estimated by
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1 6T
T =g (o7 3)

2wy
where wy is the Larmor frequency ofN
(=50.68 MHz). Ther; value of 9.1 ns for

the native state decreases to 8.4 and 7.9 ns

gg
2 r in the presence of 0.2 and 0.4 M urea,
= 8 N respectively (Figure 4), suggesting that the
I overall dimension of the protein shrinks
7 1 1 1 1 1 . . - g
00 01 02 03 o4 under increasingly subdenaturing conditi-

Urea (M) ons.

Figure 4. Decrease in the global correlation timeas the protein is subdenatured/collapsed in the

presence of 0.2 and 0.4 M urea.

3.4.3 {*H}->N NOE. The measured heteronuclear NOE for residues across

the sequence cAtPP1 occasionally shows a few values exceeding (FBRire 4).
Considering contributions of bottH-'>N dipolar interactions and chemical shift
anisotropy, the NOE value aby=50.68 MHz varies from -3.6 under extreme
narrowing conditions ¢nTte<< 1) to 0.82 whentc well-exceeds the Larmor
frequency’®** meaning excess NOE values for a few residues Ferdue to
measurement error (Figure 5). Residues that regstealler NOE values are
generally highly mobile, where the internal cortiela time also contributes sizably.
Absence of negative NOEs indicates no overwhelmsmgribution of rapid internal
motions at any measured site. The pattern of vaniatf NOEs across the protein
backbone is not strictly maintained amongst difiéreubdenatured states of the
protein. For example, NOE values for the last 2@ inal residues are uniformly
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smaller for the protein in water when compared witbse in 0.2 and 0.4 M urea
solutions (Figure 5), which qualitatively suggesiffening of these C-terminal
residues in the subdenatured state of the protéiis. inference is consistent with T
and T, results obtained above that subdenatured statelsiged with increments of

the denaturant are dynamically constrained.

3.4.4 Model-Free Analysis of Relaxation Data. Procedures for extraction of
parameters defining the motion of the—">N bond vector and internal and global

'3,44,45,46,47,48,4%“eﬂy, the strengths of the two

correlation times are well develop&t
relaxation mechanisms for the backbdré spin, namely, dipolar coupling to the
directly bonded amide proton and chemical shifsaimopy, are incorporated in the

expressions relating spectral density functions @ndT,, and NOE enhancement

by?942
1
T—1=d2[](w1-1 — wy) + 3/ (wy) + 6/ (wy + wy)] + c?J(wy) 4)
2
T, =3 [4](0)] (wy — wy) + 3] (wy) + 6] (wp) + 6] (wy + wy)]
2

+ 3 [3](wn) + 4J(0)] 5)

NOE = 1+ | (1) d?(6 (wn + wn) = J (@i — 0x)}Ty ©)
YN

h 1 . .
whered = Z—;yHyNz(m) andc = %(a" — 0,), with |, andyy andyy beingthe

permeability of free space, and gyromagnetic ratio$4 and™®N, respectively. The
N-H bond length,ryy=1.02 A. The difference of the parallel and perpeuldir

components of the axially symmetritN chemical shift tensor as applicable to the
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peptide bond is generally taken as -160 Fpmi.When the overall rotational
diffusion is isotropic (=D1=D), the relaxation data are conveniently analyagd
expressing the spectral densities at angular fregesw, J(w), in terms of minimal

motional parameters according to Lipari and SZatfo
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Figure 5. {"H}-"*N heteronuclear NOE for residues resolved in tlesgmce of 0, 0.2, and 0.4 M urea.

The dotted line in each panel indicates the maximahae of NOE possible, which is 0.82. Any value

larger than 0.82 is due to measurement error.
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2 _ Q2
J(wi>={ 5% }+{(1 S)T} %

1+ w?t? 1+ w?t?

where S is the generalized order parameter desgrithe amplitude of internal
motion of the N-H bond, 1£ 1h. +1/e with T representing the correlation time for
rapid internal motion. A chemical exchange or comi@tional exchange parameter,
1/Tex (FRey) is sometimes added to improve the overall agreeimetween theory and
experiments. Thus, th#w) function can have a minimum of two?*&ndt.) and a
maximum of four (§ 1., Te, and 1/%,) dynamical parameters. Which of the four
J(wy) functions best describe the relaxation pararadt@reach residue of the protein
is determined by using the Model-free program dgved by Palmer and
coworkers®’ This analysis is convenient for an axially symreeprotein undergoing
isotropic rotational diffusion with defined compane of the diffusion tensor parallel
and perpendicular to the principal axis of the syatryn

The S values across th&PP1 sequence extracted from relaxation data using
the Model-free program are plotted in Figures @&kBigly, for the protein in aqueous
medium all residues across the sequence, exceptlR238, and H162 from the His
tag, register unusually low values, actually apphirag zero for some, suggesting a
highly mobile backbone. Although the result is nnexpected for an IDP lik&tPP1,
unusually low values of Sis remarkable. Even more interesting is the dramat
increase of $values under increasingly subdenaturing conditimesited by adding
urea. Average values of’ @re 0.12, 0.59, and 0.82 for 0, 0.2, and 0.4 Maure
respectively, suggesting gradual dynamic conssamnt the protein chain. The high
degree of reduced mobility, essentially a disordeosordered structural transition,

appears to suggest denaturant-induced collapseaitPP1 chain.



1.0

0.5

0.0

1.0

0.0

o

20 40

60 80

Residue #

100

100

120

120

140

160

0 M Urea

140

0.2 M

0.4 M

160

56

Figure 6. The square of the generalized order paramefeffpSresolved resonances at the indicated

concentrations of urea. Values of @ere determined by using the Model-free programdli

provided by Arthur Palmer.

The parameter for internal correlation timg, was explicitly included to fit

the relaxation data for a few residues (Figure)7d4ee values, which fall in the 0.5-9

ps range in the absence of urea, are much largetio(165 ps) in the presence of 0.4

M urea, notwithstanding the lack of residue-wisgegpondence. The significance of
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this result is not considered here, because therpirdtation of 1o is not
straightforward especially in the absence of a sdeflned motional model. The
inclusion of the R term was not needed for any residue under 0 M coedition,
but its inclusion for a few residues in the subderesl states improved the overall fit
(Figure 7d,e). Even though the accuracy and siifie of these values are often not
certain, residues associated withx Rire generally taken to undergo chemical
exchange and other pseudo-first order processdsctmribute to the transverse

magnetization decay.

100 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

0 M Urea Figure 7. Internal
correlation time, T,
and chemical

exchange rate, R

for those residues

15 - 15 . .
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= N—r
. n:é 5 analyzing the
I respective relaxation
0 0 .
o T data. Inclusion of B
200 0 20 40 60 80 100 120 140
L 04M
- Residue # was not necessary for
i any residue when
100 .
- there was no urea in
i the solution.
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3.4.5 Reduced Spectral Density Mapping. Relaxation data for intrinsically
disordered proteins likatPP1 that may lack a well-defined topology can bedyered
more appropriately by spectral density mapping. satibpic tumbling, as might
occur for partly structured, denatured or unfolgedteins, gives rise to a large
number of uncorrelated motions and a clear separatfi internal and global motions
is often not feasible. In this sense, the assumgta the model- free formalism are
not strictly valid. Hence, the method of spectrahsity mapping is employed where
relaxation rate constants are analyzed by firstrdginingJ(w).>*>* When only three
>N relaxation parameters are available, reducedtispedensity mappirfy>*°2>3
provides a way to extract some features of motitneaids and correlation times. The

assumption od(w)=J(wy+wn)= J(wy—wy) at high frequencies provides the following

relations
3 1 1 3
](0)=m[—2—n+T—z—§RNOE] 3
1 1 7
Jo=37"10 [T_1 —z RNOE] )
]((UH)=57112RN0E (10)

whereRyop=(8 — 1) % (Z—:) with 8 for the heteronuclear NOE*~®.9x10° (rad/s} at

500 MHz of proton frequency/,and d~1.35¢<10° (rad/s¥.

Calculated spectral densities J(0)n)( and J¢y) for many residues of
AtPP1 in the presence of 0, 0.2, and 0.4 M urearenersin Figure 8. The J(0) value
is fairly high for some residues, often approachingor more, which is due
tocontributions from exchange motions and otheug@serder processes te.But

the C-terminal residues register relatively small§) values consistently irrespective



59

ofthe presence of urea. Since J(0) is the domimgantributor and is inversely
proportional values (Figure 3) do not appear to gama large number of
conformations and are to transverse relaxation, {fhtieese residues that are already
seen to have larger,Malues (Figure 3) do not appear to sample a latgeber of
conformations and are hence relatively rigid. Stopad intercepts of plots of J(0)
and J(u), and J(0) and dg,) (Figure 9) can be used to estimate the correldiioes,

Ti, according t&*>°

g0 40 8 10 10 0 40 8 10 10 0 40 8 10 160
6 0 M Urea [ 0 M Urea [ 0 M Urea
4 05| 01f
2 i
0 00 00
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o > 00 > 00
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6 [
4 05 o1l
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0 40 8 120 160 0 40 8 120 160 0 40 8 120 160
Residue # Residue # Residue #

Figure 8. Spectral densities J(0),u)(), and J@) at indicated concentrations of urea.
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2awi i +5pwiti+2(a — 1)1; + 58=0 (11D
whereg andf3 are slope and intercept, respectively anchn be taken either agor

as T depending on the situation. Excluding the negatre®ts of 1; from
consideration, the subnanosecond times are assignatdernal correlation times.
But, the large values af do not correspond to tumbling times of molecules gize

of AtPP1; even the value of 20 ns obtained froay)J¢s J¢oy) plot is distantly close

to 1. estimated from T T, ratios. One of the reasons for such huge disagrees
corrupt values of J(0) due to pseudo-first ordet erchange processes. Hence, the
overall tumbling time ofAtPP1 determined from1T, ratios (Figure 4) and model-

free calculations are more reliable.

3.4.6 Conformational Entropy of AtPP1. For ps time-scale motion of a NH
bond vector such that the vector motion is confit@d cone, the conformational

entropy of a bond vector is given®By

Seont = RIn |7 (3 = /(1 +85))]| (12)
The calculated value &.n: for all resolved NH sites of native-staktPP1 are
positive, averaging to ~2.5 cal molK™® (Figure 10a), indicating intrinsically
disordered topology. The values are however sizably for urea-induced
subdenatured states, averaging to -0.31 and 1lIhald K in the presence of 0.2
and 0.4 M urea, respectively (Figure 10a). Suchstsuithial loss of conformational
entropy suggests urea-induced stiffening of theibaige, which is a manifest of the

collapse of the intrinsically disordered structurgler subdenaturing conditions. The
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change irSqns of backbone NHs caused by the addition of ureative to theS.ons Iin

the absence of urea (Figure 10b) ranges from 0-%té cal mol K™ for different

residues. ThesASns values may be used to extract the backbone coatanal

free-energy changes at residue level when the engtigtein is subdenatured in urea
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(AG=—TASn), and summation of th&G values should give the total conformational
free energy changhG..ns associated with the transition of the IDP from tiagive to
urea-induced subdenatured (collapsed) state. Hawthie provision can be availed
only if each NH vector is motionally independéhtyhich is difficult to ascertain.
Furthermore, estimation &G requires the availability of th&S..,¢ value for all
residues and under all solvent conditions. Theegfquantification ofAG¢.,s at the
molecular level needs caution. The results, howewekzarly indicate that the
subdenatured protein produced by the addition e us thermodynamically more
stable than that in the absence of urea.

3.5 Discussion

3.5.1 Atpplisan IDP. Whereas the basic experimental results, inclutheg
response of the protein fluorescence to denatanahtANS, provided the initial clue
to the content of intrinsically disordered regigiiBRs) in AtPP1, the compelling
evidence for its IDP attribute came from the diffty of assigning side chain
resonances in several stretches of amino aciduesith the course of NMR structure
determination. The putative residue segments faynire IDRs inAtPP1, namely,
17-19, 24-26, 33, 47-57, 70-75, 79-86, 113-131, 6t 149, are in accordance with
the idea that the presence of larger number ot stieordered regions compared with
long ones is a general feature of IDP#t the experimental pH of 3.6 the protein is
highly soluble and stable, and has a net charge20fof which 11 are due to basic
side chains in the IDRs. The high charge densitjchvis a characteristic of IDPS,
presumably gives rise to random coil-like strucsune the IDRs. The finding of

disordered regions in the plant protéitPP1 is hardly a surprise, because a large
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number of cellular proteins - larger in eukaryotasge more or less intrinsically
disorderef®®* The important aspects in the IDP context howevertleir dynamic
behavior which is closely related to energetic ifitgb and the mechanism of
disorder-to-collapse transition, both of which hawet been studied in detalil.
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Figure 10. (a) Decrease in conformational entropy,.Sfor various N-H vectors oAtPP1 in the
presence of 0 (black squares), 0.2 (grey squaass),0.4 M (open squares) urea. (b) Variation of
AS.onp, the difference of Gy between 0 and 0.2 M urea (grey cicrcles), andd @A M urea (open

circles).
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3.5.2 Backbone Dynamics of AtPP1. Dynamic disorder and fluctuations in
IDRs, the degree of both of which should dependaonno acid types and their
relative locations in the disordered segments, ha@en recognized for a long
time2!%? The conformational fluctuations may often be lamad within the
disordered regions that serve as target sites fuecular interaction akin to local
order-disorder dynamic fluctuations involving aetigite residues of single-domain
proteins®® Here, both ¥ and $ have shown high degree of widespread dynamic
flexibility across theAtPP1 backbone, not restricted to the putative desediregions
alone. The length of 25 residues at the C-termthas exhibit larger T and lower
J(0) values, both relative to the respective valoeghe rest of the sequence, is the
only region that appears consistently inflexiblebwth the native and subdenatured
states. The segmental inflexibility does not impbjdity of individual NH vectors,
because the “Svalues for these residues is uniformly small whisfovide no
indication for rigidity of the NH sites. This C-tamal segment presumably does not
access as many conformational states as other ségmde. Since structurally
disordered fluctuating regions of IDP are belietedcaffold and interact with other
molecules to execute functiols’*®°the C-terminal region oAtPP1 is probably not

involved in the supposed binding with mRNA.

3.5.3 Motional and Structural Collapse of AtPP1 in Subdenatured States.
The dynamic disorder-to-order transition upon pigcthe protein in increasingly
subdenaturing conditions starting from O M urethescentral result of this study. The
transition entails progressive diminution in polgpde fluctuations leading to an
increasingly compact protein state. The reductionallective motions of atoms and
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fluctuations of chain segments stiffens the stmgtwvhich is reminiscent of the
collapse of an intrinsically disordered proteinaaelatively ordered compact state
brought about by restrictions on conformational glmg of the former. This is a
chemical denaturant-induced collapse of IDP whicaynbe distinguished from
folding coupled to biological ligand binding. Inethatter, structurally disordered
regions of IDPs mediate interactions with ligandtpins or effector molecules whose

binding brings about disorder-to-order transitidithim them®*°97°

3.5.4 The Mechanism of Urea-Induced Collapse. The basis for urea-induced
collapse of IDP, indeed proteins in general, ist tthee denaturant serves as an
honorary ligand. The mechanism of action of chehdematurants on proteins might
appear controversial, because evidences exisbtbrdirect effect exerted by binding
of denaturants to the proteifi’® and indirect effect caused by shifting the
(H20)buiky> (H20)gense€quilibrium toward the righ ®>#* It might as well as be that
both direct and indirect effects operate in the ati@ant-containing protein
solution®®” Whether or not chemical denaturants alter watercstre and surface
hydration, experimental evidences based on isotletalorimetric studf’ and x-ray
crystallograph§?°* are compelling to believe that they directly bindproteins. The
nature of binding with native-like or subdenaturguloteins often involves
polyfunctional interactions of denaturants with tpin side-chain and backbone
atoms’>®9 van der Waals and dispersive interactioh,and multiple hydrogen
bonding interactions between denaturant and pr8t€inhave been described.
Chemical denaturants can thus be regarded an hrgimands which do not require
a particular pocket or target site on a proteinbind to. When used in low
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concentrations, their widespread networking intéoas effectively cross-link
different parts of the molecule leading to a suladiered state which is dynamically
and conformationally collapsed. The denaturant-teducollapsed state is stiff and
hydrodynamically shrun&***and is smothered in terms of entropy, but may gain
thermodynamic stability due to the interactionsieished with the denaturafft’® It

is important to note that such a collapse is ddfioely when the denaturant level
used is low and within the subdenaturing limit. Afigher concentrations,
destabilizing and eventual unfolding effect of whenaturant will overrun its own
initial deed of collapse.

The protein stiffening and collapse discussed h&ra completely general
effect. It becomes distinct and is amplified in tbase of IDPs because of the
occurrence of a high degree of dynamic restrictiosing some of the typical
thermodynamic and binding parameters for single@omprotein-denaturant
interactions published by Makhatadze and Priv8fdvjs estimated that two to three
urea molecules would bind to each molecul&fP1 under experimental conditions
of 0.2 or 0.4 M urea employed in this study. Thetirmate may vary because the
flexibility of disordered binding regions of IDP mallow for broad specificity, but
the binding affinity is reduced by a loss of comfiational entropy (Figure 10) due to
the ensuing collapse’® The collapse protein is also expected to have eslomternal
diffusion arising from entropy loss and increasedtnaints on non-bonded atom

repulsions*9

3.5.5 The Mechanism of GdnHCI-Induced Collapse. A relatively recent
study reported IDP collapse in the presence of dowcentrations of GdnHCI with
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the correct interpretation that Gdhitations shield the negative charges on the
IDPs3 which is consistent with the idea that expansiédDP chains and their
hydrodynamic dimensions depend on the mean negeheontent®®’ However,
from the preceding discussion on the bindning @&ncical denaturants to proteins it
is clear that the effect of GdnHCI is produced ooty by charge screening action of
GdnH', but also the direct binding interactions thaffesti and shrink the protein
globally. Hence, the interpretations of the resokdviiller-Spath et af® must also
include the direct effect of GdriHbinding that would contribute to IDP collapse.

3.5.6 Protein Unfolding by Chemical Denaturants. The dynamic and
structural collapse of proteins under subdenatudogditions discussed here is a
general phenomenon as far as chemical denaturaeteraployed to study the
unfolding reaction, and bears obvious relevancesttactural and thermodynamic
properties of end-state ensembles across the umgjolequilibrium (N—U). To
recapitulate the idea, increments of subdenatuamgunt of chemical denaturants
takes the protein through a large number of ndikesor subdenatured states which
are increasingly constrained both locally and dllgbarhese constraints cease to
occur in the presence of unfolding levels of theaderant, because binding of a large
number of denaturants unfolds the structure glgballhe unfolded chain then
continues to expand because additional denaturamtting increases the chain
volume. These changes often escape detection,vattemighly sensitive monitoring
probes, and the resulting unfolding transition isdeled as a cooperative two-state
transition. The insufficiency of such analysis dae easily checked by multiple
perturbation experiments that employ more thandematuring variabl&®*! Results
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from such studies now provide compelling evidentat thative-state free energy
surfaces of proteins are vastly rough consistingusherous subdenatured stAt&&**

that are alike in chain topology and secondarycsiine content, but are distinct in
terms of tertiary structure, dynamic flexibility, nd average molecular

dimension®>°#4100
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Chapter-4
Thermal Effect on Amide Proton Chemical Shifts and Linear
Expansion Coefficient of Hydrogen-Bonds in an Intrinsically
Disordered Plant Protein, AtPP1

4.1 Abstract

Although temperature effect on chemical shifts gtifogen-bonded amide
hydrogens in peptides and proteins is widely usestudy hydrogen bond geometry,
type and stability of secondary structures, andlloafolding processes in proteins, a
clear understanding of the magnitude and direatiol@mperature-influenced shift is
lacking. For theArabidopsis thaliana phloem protein 1 AtPP1) studied here,
chemical shifts of hydrogen-bonded amide protonomaaces move linearly
downfield with temperature increments in the 293-&lrange. The downfield linear
shift is invariable with respect ta-helix and/-sheet structure types, and remains the
same even when the protein is placed in subdengtaanditions by using low levels
of urea. Such changes may arise from temperatysendent changes in hydrogen
bond geometry. Linear thermal expansion coeffigefitTEC) for the hydrogen
bonds are larger by an order of magnitude when apedpto those for other proteins,
likely due to intrinsic structural disorder AtiPP1. The mean LTEC slightly decreases
as the native protein is taken to subdenaturinglitons, suggesting some stiffening
of structural regions containing urea binding sidslume shrinkage and segmental

stiffening might be general phenomena for subdeadtproteins.
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4.2 Introduction

Hydrogen bonding has been studied with a consteait for a little less than
hundred years now because of ‘'something unknownttathe bond and the key role
it plays in structure stabilization in chemistrydabiology. Emerging ideas, types of
hydrogen bonds, and their occurrence in differemictures have been discussed from
time to time*™ To focus on NMR studies, temperature dependencaerhical shifts
(&) of amide proton*H") resonances in peptides and proteins have ofteedén
the past as a marker of hydrogen bonding statussidues’® although the generality
of this marker has been questioddd. fact, the response @ of hydrogen-bonded
amide protons to temperature and solvent conditi@ssbeen difficult to understand,
even though the general idea for shift interpretatis based on thermally driven
distortion of the hydrogen bond geometry, directadrthe lone pair orbitals on the
acceptor oxygen, and waning of the hydrogen bondtle A new idea came to the
fore with the description dfJyc scalar interaction in f\H---O=C of protein€° The
observation of hydrogen bond-mediated scalar iotienas not only associates
covalency with the bond, but also provides a wayafssignment of acceptor carbon
resonances. The temperature dependence of thefsiZic has been shown to be
extremely useful to derive geometry, thermal exmangoefficient, and chemical
Shift.3'8’1l’12

In spite of these advances the reasons for a sizhtférence indy of a free
amide hydrogen in the random coil state asags hydrogen bonded in a secondary
structural segment remains poorly understood. Abmmof factors that determine the
electron density around the hydrogen atom and tmel lyeometry itself appear to

work in a complicated manner to produce the obske The random-coildy
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generally shifts upfield when thgi" is hydrogen bonded in amhelical segment,

and shifts downfield when it becomes a part gksheet structur& Weakening of

the hydrogen bond at higher temperature is expetdedeverse the shifts, but
temperature coefficient of amide hydrogens may algtube a poor indicator of
intramolecular hydrogen bondirig.

This chapter investigates the thermal effect omubal shifts of hydrogen
bonded amide hydrogens of the phloem protein 1 ffoabidopsis thaliana, called
AtPP1, involved in a variety of functions, includieglcium binding and nutrient
transport. It is also likely to play a role in mRN#elivery, as suggested by studies
with phloem protein homolog$.Reasons for choosing this protein are the ongoing
solution structure studies in this laboratory amel intrinsic structural disorder in the
protein. The latter provides an opportunity to ekaarif disordered tertiary structure
is reflected in temperature coefficients and linda@rmal expansion coefficient
(LTEC) of hydrogen bondetH".

We also determine the temperature coefficients am&C of resolved
resonances under subdenaturing conditions by imgudery low concentrations of
urea. The idea here is based on reports that tetuperdependent shifts are sensitive
to local fluctuations and can often detect accdggibof locally destabilized
structural regions to high-energy intermediate-kitates=>® The chemical shift for
all hydrogen bondedH™ under all conditions are observed to shift dowdfie
exhibiting linear temperature dependence. ValuesLBEC for all resonances
determined over 283 to 313 K are larger than regofidr other proteins. Comparison
of LTEC values under different urea concentratimiécate mild stiffening of protein

segments as the solvent conditions migrate fromven& subdenatuirng.
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4.3 Experimental Section

4.3.1 Cloning, Expression and Purification. Recombinant AtPP1 was
overexpressed in BL21(DE3)RIL strain d&. coli cells harboring the protein
expression vector pET28a(+). F3N-labeling of amide hydrogens, cells were grown
in the standard M9 medium whel®H,Cl was the sole nitrogen source. Harvested
cells were pelleted, suspended in a pH 8 buffesisting of 20 mM Tris, 50 mM
NaCl, and 4 mM imidazole, sonicated, and centriflge 15,000 rpm to remove the
cell debris. The supernatant was loaded in a naielity column equilibrated in the
same buffer, and the protein was eluted by pas¥hmM Tris containing 150 mM
imidazole at pH 8. The protein was then dialyzettesively against 100 mM acetic
acid (pH~ 3.5). All steps from cell harvesting talgsis are carried out at 4°C, and
protein purity is ascertained by SDS polyacrylangédeelectrophoresis.

4.3.2 Equilibrium Urea Denaturation Measurements. Variable urea samples
were prepared by mixing appropriate volumes of twiform protein solutions (2
H1M), one containing 3 M urea and the other withbath prepared in 50 mM sodium
acetate buffer, pH 3.5. Samples were incubated 58C 2for 3-6 hours, and
fluorescence emission spectra (excitation at 28) were recorded using a Horiba
FluoroMax 4P fluorometer peltier-thermostated &t5The same samples were used
to record CD spectra in a AVIV SF420 instrumentriastated at 25°C. Urea
dependence of fluorescence intensities at 335 rhCénellipticity values at 228 nm,
both normalized with respect to the correspondiggads of the native state sample,

were used for analyses of the transitions.
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4.3.3 Thermal Denaturation Measurements. Temperature denatuartion of
AtPP1 was monitored by both fluorescence and far-U¥Y @&ing thermoelectric
peltiers. Equilibration time at each temperatures vda minutes. Reversibility of
thermal denaturation was checked by a repeat ichwtiie sample initially heated
from 283 to 343 K was cooled to 283 K.

4.3.4 NMR Spectroscopy.'H-*N HSQC spectra were recorded with ~18@
protein in 7 mM sodium acetate buffer, pH 3.5, egnng variable urea in the 0-0.4
M range. For each concentration of urea, spectra waken at temperatures in the
283-303 K range with 5 K increment. Reversibility the protein conformational
transition in this range of temperature was congarby comparing the 283-K spectra
before raising the temperature and after cooling 8ample. Typically, 128
experiments each of 32 scans in ffid dimension were recorded in a 500 MHz

Bruker spectrometer (AVIII).

4.4 Results and Discussion

4.4.1 Intrinsically Disordered Structure and Conformational Stability of
AtPP1. Disorder in the structure @&tPP1 has been evident because of the difficulty
of resolving a large number of side-chain and samen-chain resonances in
multidimensional NMR experiments that have beenfgoered to determine the
solution structure of the protein. This has alrebdgn discussed in Chapter 3. For
the sake of completeness here, a few relevanttsesiuRANS binding and equilibrium

unfolding are presented here as well. The resulthi® basic experiment of binding of
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the dye ANS (8-anilino naphthalene sulfonate) te ttative protein is shown in

Figure la. The idea is the same as mentioned ipt€ha that ANS binding would be

substantial if the protein is structurally disorel@llowing larger accessibility of the

dye toward hydrophobic surfaces in the proteinriaté’ Indeed, ANS fluoresces

even when no structure-destabilizing agents arseptein the solution, suggesting

structural disorder i&tPP1.
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Figure 1. Intrinsic disorder and folding of
AtPP1 at pH 3.5, 2&. (a) Binding of ANS

to the native state suggests the presence of
intrinsically disordered structure.
Fluorescence was monitored at the emission
maximum of ANS. (b) Tryptophan
fluorescence emission spectra in 0-3 M
range of urea to show quenching of
emission, and hence protein unfolding. (c)
Urea-induced transition ¢ftPP1 monitored

by tryptophan fluorescence (open circles)
and CD at 228 nm (grey-filled circles).
Two-state fit to the CD-monitored data
yields AG® values of ~1.3 and 78(.1)
kcal mol* for unfolding. The solid line
through the fluorescence data has been
drawn by inspection only, and has no

physical meaning.
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To examine protein stability, urea denaturation wasnitored by intrinsic
tryptophan fluorescence and 228-nm CD absorptiddOimM acetate buffer, pH 3.5.
The tertiary structure appears highly unstable isralmost completely lost in ~1 M
urea, but the transition for secondary structureuox only above 2 M urea (Figure
1b,c). As already discussed in Chapter 3, theainiiertiary structure is almost
completely removed when urea is added up to ~1 Mghwhas been interpreted to be
an indication of IDP collapse. The transitions eneersibly cooperative, and the CD-
monitored global unfolding transition yields a comhational stability of 7.5(0.1)
kcal mol*. To ensure that the protein does not aggregateaapdhermally induced
conformational change is reversible, tertiary aadosdary structure contents were
monitored by successive heating and cooling optiogein in the 283-343 K range of
temperature. While the tertiary structure changeensibly and entirely in this range
of temperature (Figure 2a), the secondary strucinaages by ~20% (Figure 2b).

4.4.2 Temperature-Dependent Downfield Chemical Shift of Hydrogen
Bonded Amide Protons.*H" chemical shifts 4;) were measured b{H->N HSQC
spectra at variable temperature and urea (Figurét8jty three residues whose NH
resonances are away from the crowded regions amddantified unambiguously
(Figure 3a) were selected for further analysishélighd, values for resonances shift
little within the 0-0.4 M range of urea, increasithg temperature from 283 up to 313
K at any urea level invariably produces a lineawanlteld trend, indicating

temperature-induced high-frequency shift or deslimel of hydrogen-bonded amide
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Figure 2. Thermal stability ofAtPP1 at pH
3.5. (a) Fluorescence-monitored reversible
thermal denaturation carried out by heating
(®) and cooling ¥&) the sample. (b)
Temperature dependence of secondary
structure content measured by heati®) §nd
cooling (X). About 8 minutes were allowed
for the sample to equilibrate at each

temperature.

protons (Figure 4).The gradient for
temperature-dependent chemical shift
observed here is positive, which is
atypical of the commonly observed
negative gradient produced by upfiled

shift of &. The shift pattern cannot be

related directly to specific structural and confatmnal transitions, because

downfield shifts may arise from a number of factomscluding transitions of

relatively less structured region to /Astranded configuratidn and temperature-

dependent excursions of local sites to alternatorgformational state’s. The general

understanding is that increasing thermal motiongker the hydrogen bond by

expanding the average bond length, thus leadingréater electron density at the

hydrogen and larger shielding generated by thetrel@ic currents of the acceptor

carbonyl group. Since thermal motions are not etqueto reduce the hydrogen bond
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length so as to produce a downfield shift, one o@nsider temperature effects on the

geometry of the bond donor and acceptor shown below

Earlier work has significantly advanced the unterding of the relation
between amide proton shifts and length and geonuéthydrogen bond§*4%4A
general dependence &f on the structural parametets, o, and& due to Barfield?
is given by
8y = [4.81c0s%6, + {3.01cos?p — 0.84cosp + 1.75}sin?8,] e[~2(on=176)]

+ 4.06 ppm (D
according to which the balance of the effects efttiree parameters @p determines
the effective chemical shift. The positive temperatgradient observed in the present
study (Figure 4) would be allowed if the expectefiald shift of &, due to largeron
at higher temperature is overcompensated by depadiueither or both op and
6.Larger hydrogen bond length at higher temperapnesumably increases the
transverse vibrations of ‘HO=C so as to alter the equilibrium value of
6.Temperature-induced changes in the dihedral apglhich has its origin in the

protein conformation, can affect tldg values by polarizing the electron density and



changing the NH distance?
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Figure 3. *®N-1H HSQC spectrum oktpp1 at pH 3.5 and 298 K, at the urea concentraiintisated.

Only labeled resonances were used for chemical slgdsurements.

To check if temperature affects the secondary strecof AtPP1, CD
measurements were carried out within the rangesmmiperature and urea that were
employed to measurd,y. For all concentrations of urea, the ellipticity 228 nm
becomes more negative as the temperature is ra@ed283 to 298 K (Figure 5),
suggesting a gain in th&sheet character, but gradual loss of ellipticityhegher
temperatures indicate§-sheet weakening. Temperature is known to causé suc
changes and redistribution of secondary structleahent in intrinsically disordered
proteins®? Since AtPP1 belongs to structurally disordered class ofteme, the
observed thermal effects may be related to chamgesecondary structure and
conformation, although data are insufficient tol €l such changes are due to

continuous variation o, and p. The resident sites of these hydrogen bonds are
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apparently highly stable both structurally and geécally so that the secondary
structural parameters are at least preserved iretliee temperature range. Since
chemical shifts and temperature-dependent trendsy vainimally at low
concentrations of urea (Figure 3), any thermallyedr structural alteration which

may produce downfield shifts dH" resonances is not affected under subdentauring

conditions.
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Figure 4. Temperature dependence of chemical shifts of sufrtiee resolved hydrogen-bonded amide

protons at the indicated concentrations of urea, 35 Thermal reversibility of peak shifts was

checked for each sample. The resonances correspdnose labeled in Figure 3.

The above discussion is defensive of hydrogen baedkening due to

thermal motions in spite of downfield shifts &f for all hydrogen bonds. In the case
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of ubiquitin however, where Brsheet'H" exhibits such a downfield shift, the authors

deliberate that higher temperature truly reducedehgth of this hydrogen bond, and

hence strengthensit.In the present study, alH" irrespective of their location in

secondary structure type show the downfield si8ttould this mean a negative

thermal expansion for aj-sheet hydrogen bonds rather than the speculatbns

temperature dependent changes in bond geometrgaridrmation remains open to

investigation.

- Urea (M)
-0 - e 04 Figure 5. Effect of 283-313 K range
B ° 0.3
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4.4.3 Hydrogen Bond Length and Thermal Expansion Coefficient. Even

for downfield shift ofdy, the arguments above maintain the basic tenetthleatnal

motions increase the lengtby. Simple approaches have been provided to calculate

the average value oby when the geometric parametgrand &, and/or the trans H-
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bond coupling ¥Ine) are knownt®'?2°23we did not determine th&Jyc values,
because highly accurate measurements are warraftedlerive meaningful

correlations. Hence, the following linear relatioetweend, androy due to Wagner

et af’®
19.2

ASH - T - 23 (2)
Ton

was used to determine the hydrogen bond distafidesAd, value is obtained by
subtracting the corresponding random coil shifinfrthe observed chemical shift.
Figure 6a shows the increase in avenageas the protein is heated from 283 to 313
K, from which the linear thermal expansion coe#idi of the amide hydrogen bond
can be determined by the relation

1 OTOH

a(Ty,T,) = o) T

(3)

where,€o>=2.1 A is the average hydrogen bond length.Residsteitilition of a
over the temperatures from 283 to 313 K for théveaitate of the protein (Figure 6b)
shows a general trend of higher values for hydrdgemds inf-sheet regions. The
mean values, &, are 2.20410° and 2.42810° K for hydrogen bonds in all
structural regions angsheets alone, respectively. The><value determined for
AtPP1 here is about an order of magnitude larger thase for proteins ubiquitth
and GB3'? all measured within comparable temperature ranfs. reflects weaker
hydrogen bonding idtPP1 which could be due to intrinsically disordesedcture of

the protein.
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Figure 6. Influence of temperature on amide
hydrogen bond expansion in natis&P1, pH
3.5. (a) Increase in hydrogen bond length with
temperature calculated by applying the relation
of Wagner et al (18)(ref) to measured data. (b)
Linear thermal expansion coefficient far-
helical andB-sheet residues (red and black

bars, respectively).

444 Variation of a Under

Subdenaturing  Conditions. To
examine thermal expansion of the
hydrogen bonds in the pretransition
region of the unfolding transition
Figure 7a shows the range @fvalues

for all hydrogen bonds at different

levels of urea in the 0-0.4 M range, where the agiia o ((13.5x10* to ~3x10° K™%

seems comparable from one urea concentration tthemoBut the mean of the

spread, shown for hydrogen bonds in all regions @na$e inSsheet segments

(Figure 7b), indicates a slight decrease in theievalf <a> as the urea level is
increased from 0 to 0.2 M. The decrease from %403 to 1.71%10° K™ for 3

sheet hydrogen bonds, for example, appears maydinalcircumstantial evidences
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exist to suggest that proteins might actually shimthe presence of subdenaturing
levels of urea and guanidinium hydrochloride (GdhH@olyfunctional interactions
between denaturant molecules and protein groupsseare to cross-link different
parts of the latter through noncovalent interacticsp as to stiffen thefi?®
Contraction of proteins at subdenaturing amountsh&mical dentaturants can be
inferred from appropriate functional assays or igal relaxation measurements. For
example, shrinkage of hydrodynamic volumes of lysez and BSA at subdenaturing
GdnHCI has been observed #y NMR relaxation dispersion measuremefitdlore
recent studies confirm that hydrodynamic radiusyebzyme at pH 5 and low urea
decrease$’ Decrease in the apparent thermal expansion cizeffiof subdenatured
staphylococcal nuclease at low urea has also begorted?® Considering these
reports, we suspect from the results of urea degresedof <> that pretranstion state
of AtPP1 is slightly more contracted than the nativeestatrengthening of hydrogen
bonds, and hence smaller values @f><in the presence of urea, is a manifest of
denaturant-induced protein contraction. It is int@ot to note however that the
binding effect of urea on the stiffness and motiofhdifferent parts of the protein is
highly irregular. Hence, expansion of hydrogen [®uadder a given condition of the
denaturant is expected to vary from one segmeiintdher. The denaturant effect
presented here by the mean expansion coefficiamt)(ts marginal because the urea
increment is rather small. At 0.4 M urea, for exéamgust about one or two urea
molecules will bind to the protefii,which is not expected to produce a large degree
of intraprotein cross links. To summarize, suppas®f hydrogen bond thermal
expansion coefficient over 283 to 313 K at subdemag levels of urea arises from

denaturant-imposed restraints on segmental motibtige protein.



98

3x10°3 |- . [
S I I
_ 2x10° ‘ ] 3 l ) Figure 7. Variation of thermal expansion
g/ 4 ' ° ] coefficient at subdenaturing concentrati-
°
S 109 7' [ : ons of urea, pH 3.5. (a) The total spread
L ‘ ' ‘ in values of expansion coefficient of all
0 | | | , @ measured hydrogen bonds as a function
4x10° - of urea concentration. (b) The mean of
the spread, &>, for (-sheet hydrogen
a0 bonds (black bars) and the protein
X
é’ 2x10°% |- average hydrogen bonds (grey bars).
\Y Error bars represent standard deviations.
b

00 01 02 03 04
Urea, M

4.4.5 Residues of AtPP1Do Not Access Alternative Conformational States
Under Subdenaturing Conditions. Since the'H" chemical shifts are studied with
temperature and urea variables, the shift reshtisld also be considered in terms of
perturbation of secondary and tertiary structurgddmperature and urea variables
(Figure 1). At 313 K, which is the highest temperatused here, ~50% of the native-
state (O M Urea) tertiary structure is lost, anel libss is greater as the urea content is
raised up to 0.4 M. Increment of urea from 0 to Bl4lso perturbs the secondary

structure to a small extent (Figure 5). In spitetloése perturbationsy; for all
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resonances vary linearly rather than curving oigyie 3), indicating no influence of
tertiary structure content on the hydrogen bondngeoy. The results also suggest
that any structural readjustment with varying sotveonditions do not produce
locally unfolded alternative conformations, or foduced are not accessible to the
amide sites. Accessibility and population of suajhkenergy alternative states are
expected to produce curvatures in the temperajurgraphs, a proposal due to
Williamson and coworker§®*® Apparently, the temperature and denaturant
conditions employed to measure the chemical shitsrather mild when compared
with the denaturant concentration required for globnfolding characterized by
secondary structure dissolution (Figure 1), which rbt allow for population of

alternative conformational states.

4.5 Summary and Conclusion

Temperature increment in the 283-313 K range presldmear downfield
shift of hydrogen-bondedH" resonances irrespective of their location in déffe
types and segments of secondary structure. Thag/mcal of Zsheet amide protons
whose resonances generally move upfield due to evealg of hydrogen bonds at
high temperature. The reason for this behaviootsguite understood, but could rest
on the details of hydrogen bond geometry. In paldic thermally driven transverse
vibrations could change the-HO=C angle &) affecting the direction of oxygen lone
pair orbitals. The absence of detectable curvatnrehemical shift-temperature
graphs may be due to non-accessibility of the amgiies to alternative
conformational states. The protein-average valueliméar thermal expansion

coefficient over 283 to 313 K is 2.200° K™, which is somewhat larger than
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observed for other proteins under matching tempegatonditions. This is possibly
due to intrinsically disordered characterAPP1. The detectable decrease in average
thermal expansion coefficient &PP1 upon incrementing urea from 0 to 0.4 M urea
supports the general idea that denaturant bindiffgrs segments of the protein to
an extent depending on the location of bindingssired the number of urea molecules

bound.
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Chapter-5
Expansion and Internal Friction in Unfolded Protein Chain

5.1 Abstract

Similarities in global properties of homopolymeradaunfolded proteins
provide approaches to mechanistic description obtgm folding. Here,
hydrodynamic properties and relaxation rates of thafolded state of
carbonmonoxide-liganded cytochromgcyt-CO) have been measured using NMR
and laser photolysis methods. Hydrodynamic radifuth® unfolded chain gradually
increases as the solvent turns increasingly beattarsistent with theory. Curiously,
however, the rate of intrachain contact formatidsoaincreases with increasing
denaturant concentration, which, by Szabo, Schuéted Schulten theory for the rate
of intramolecular contact formation in a Gaussiaslymer, indicates growing
intramolecular diffusion. It is argued that dimimisg non-bonded atom interactions
with increasing denaturant reduces internal frictiand thus increases the rate of
polypeptide relaxation. Qualitative scaling of tbgtent of unfolding with non-
bonded repulsions allows description of internattion by a phenomenological
model. The degree of non-bonded atom interactiargely determines the extent of

internal friction.

5.2 Introduction
Polymer theory suggests that denatured proteinnshshould continue to
expand gradually even after completion of the $tmat transition as denaturant

concentration is increased furtHehis should happen because the chain volume
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increases when the solvent quality becomes inarggsibetter, favoring stronger
chain-solvent interactiorfsThe increment of hydrated chain volume gives tise
higher intrinsic viscosity of the protein samplaucB expansion would obviously
affect thermodynamic and transport properties ef uhfolded chain ensemble in a
denaturant dependent manner that in turn wouldcctatfgnamics of desolvation and
chain contraction processes during folding. Dethildormation of the influence of
denaturants on unfolded chain hydrodynamics arfdsiNte properties are therefore
necessary. This area has been illuminated duriagést decade largely by single-
molecule fluorescence studi&s.Another related subject of emerging interest is
internal friction, whose role in protein conforn@atal changes and folding has been
recognized by a relatively fewer studi€d® Recent findings indicate that chain
compaction from the unfolded state of a protein &tuce intramolecular diffusion
coefficient hundreds of timés, although the coefficient need not be uniformly
distributed within the molecuf€. Thus, understanding intramolecular friction, which
can originate from diverse non-bonded atomic imtgvas and barriers to torsional
motions of bonded atoms, is necessary for a faléscription of dynamics, folding,
and function of proteins.

To study the effect of increasingly better solventhydrated chain volume in
the random coil state of a protein, and the beatiegeof on intramolecular friction,
we examine here ensemble average results of NMR paiskd laser photolysis
experiments with the carbonmonoxide complex of cytomec, both as a function
of unfolding concentrations of guanidinium hydramide (GdnHCI) up to the limit
of its aqueous solubility. The NMR experiments pdevinformation about chain

expansion, quantified by the global parameter hygnamic radius, Ry>, and the
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laser photolysis data show the variation in the @t intrachain contact formation.
Cytochromec was chosen for these experiments, because itnhpioan exemplary
protein system, but also allows for extrinsic ligamnding to the heme group which
facilitates observation of chain dynamics followipbotolysis of the ligan®f The
ligand photolysis approach has, in fact, been us@dnumber of studies pertaining to
ultrafast folding and diffusive dynamics of the f@ia chain'’?! The present study
shows continuous expansion of the random coil chathgrowing rate of intrachain
contact formation when the protein is subjectethtweasingly unfolding conditions
by incrementing the denaturant concentration. Bysmering the growth of non-
bonded atomic repulsions with loss of protein dtriee we provide a
phenomenological model of internal friction. Ovdinig importance of van der Waals
and hydrophobic interactions in intramoleculartfdo is discussed.

5.3 Experimental Section

Deuterated guanidinium chloride (GdnDCI) was predarby repeated
lyophilization of DO solution of the denaturant. All experiments weeeformed in
100 mM phosphate buffer, pH 7, 22(x£0.5)°C, contagri-20 mM sodium dithionite.
For non-NMR experiments the dithionite concentratweas reduced to ~2 mM, and
GdnDCI was replaced by GdnHCI. Denaturant conceatrawas determined by

using an Abbe-type refractometer.

5.3.1 Equilibrium Unfolding Measurements. Fluorescence-monitored

equilibrium unfolding experiments involved GdnH@rdtion of dithionite-reduced
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cytochrome ¢ under 1 atm CO pressure. The final protein ancdidatite
concentrations were ~10 angqu®, respectively. The sample vials sealed with rubbe
septa were incubated at ~23°C for 1 hour befor@d@scence measurement. Emission
spectra (excitation: 280 nm) were recorded usinglumroMax 4P fluorimeter at
22(+0.5)°C. Normalized intensity dt,ax as a function of GdnHCI was fitted to a two-

state folding-unfolding modéf.

5.3.2 NMR Spectroscopy. Details of pulsed field-gradient (PFG) NMR
measurements have been described previGtisBriefly, ~1 mM cytochromec
unfolded in 4.5-8.1 M range of GdnDCI was takerihe NMR tube, deaerated, and
reduced under argon or nitrogen by adding ~20 mMliuso dithionite.
Carbonmonoxide was gently bubbled into the redungdchromec solution for a
minute, and the tube was sealed by using rubbepstoand teflon. PFG-NMR
diffusion measurements were done in a 500 MHz Brsgectrometer. The diffusion
gradient ¢-gradient) was varied from 3 to 50 Gauss'cibout 1 mM 1,4-dioxane
was included in the unfolded protein solution asnéernal standard fdRy. Values of

Ry were calculated by
1(g) = A exp(—kg?)(1)

Rﬁrotein — Rglioxane <kdioxane> (2)

kprotein

where, | is the NMR signal intensity, g is the gradientesgith, and the decay
constantk, is proportional to the diffusion coefficient.

5.3.3 Flash Photolysis. Kinetics of intrachain contact formation was



109

measured by laser photolysis.The sample {0 contained in a quartz cuvette was
liganded with CO by the same procedure as abowepexhat the concentration of
dithionite was cut down to ~2 mM. Heme-bound CO hsetolyzed by irradiating
with 50 uJ pulses of the second harmonic of a Spectra-Phsiddz YAG laser. To
ensure photolysis each time in fresh volume of damihe protein solution was
circulated by a pump arrangement. Chain relaxaditer each photolysis pulse was
probed by employing a pulsed Xe lamp at a singlevelegth. The basic
configuration of the spectrometer is based on AggpPhotophysics flash photolysis

instrument. Relaxation traces were analyzed by eepibal fits of time-base data.

5.4 Results and Discussion

5.4.1 Unfolding of Ferrocyt c in the Presence of CO. The experimental
system used here was developed initially to stulirafast protein folding. The
system relies on binding of carbonmonoxide to themé& of denatured

ferrocytochrome so as to shift the folding-unfolding equilibriutd£U) toward the

unfolded state through mass action eff&cBriefly, CO preferentially binds to

unfolded ferrocytochrome, and the N=U transition under 1 atm CO pressure is
characterized by a transition midpoint of ~3.8 MnG€I| at ~23°C (Figure 1a). The
unfolded chain of ferrocyt bound with CO, called cyt-CO, is being used here t
study the dimensional properties and intramolecdiaramics in the 4.4 to 8.3 M

range of GAnHCI, marked by heavy line in Figure la.
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Figure 1. Continuous expansion of the unfolded chain of
cyt-CO. (a) In the guanidinium chloride (GdnHClIdirced
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5.4.2 Expansion of Unfolded cyt-CO Chain. Global properties such as
gyration radius Rz) and end-to-end distance are widely used to desarnfolded
chain relaxation dynamics and coil-globule trawositin protein collaps&. While
determination oRs has relied largely on fluorescefidé>?® and small-angle x-ray
scattering (SAXS) method§3° we used pulsed field gradient NMR (see Supporting
Information Figure S1) to directly measure the loggnamic radiusRy, which is
roughly 0.64&; for a Gaussian chain in good solvent. The denatungrement from
4.4 to 8.3 M GdnDCI increases th&s of cyt-CO from 23.25 to 29.28 A (Figure
1b), suggesting progressive weakening of intertesiateractions and hydrophobic

forces between side chains. The denaturant depeagpansion of the unfolded cyt-
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CO chain is consistent with polymer thedrgnd has also been reported for some
proteins by single-molecule fluorescence studiewmelsas by all-atom simulatioh’
Commendably, a hint at the denaturant dependerdansign of unfolded cyt was
also provided nearly 40 years ago by Tstngowever, a SAXS study has shown
that Rs of unfolded cytc is little sensitive to GdnHCI concentratiGhinconsistent
with the present result as well as the mountingdewe for continuous chain
expansion with increasing concentration of the deaat. The reason for this
discrepancy between NMR and x-ray scattering ressiltincertain at present, even as
a recent study finds that denaturant dependend®s; afetermined by fluorescence
methods is incongruent with that obtained from S&AXS$he results presented here
nonetheless are consistent with the polymer tesevell as the general belief that
polypeptide chains should expand and contract witheasing and decreasing level

of the denaturant.

5.4.3 Higher Rate of Intrachain Contact Formation with Better Quality of
Solvent. How does expansion of the unfolded chain affetamolecular diffusive
dynamics? This is addressed by probing the rat@tcdchain contact formation at
increasing concentrations of the denaturant. Tipemxent involves monitoring the
chain dynamics after photodissociation of the Gfard of cyt-CO by a laser pulse.
Based on earlier studié$?°the scheme below depicts post-photolysis eventseh
record provides the rate of intramolecular confagnhation between two sites of the

polypeptide chain.
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cyt-Fé@*-H26  cyt-F&*— M80

(6{0) photoI;SB\k /CO reblndlng

cyt-F&*- CO b cyt-Fe* cyt-Fé*- CO

/\

cyt-Fé*— H33 cyt-Fe&*— M65

Following photodissociation, side chains of all fantrapolypeptide ligands can bind
to the heme iron, a process that involves loop &tion between H18, to which the
heme is bound, and the respective residues.Thepposblysis chain relaxation
processes were probed in the time bin straddlingp rend microsecond regimes.
Kinetics in this bin are due to binding of intrachanethionines (M65 and M80) and
histidine (H26 and H33) ligands to the sixth coosadion site of the heme iron made
available by photolyzing the CO. Bimolecular rebngdof CO that sets in much later
and extends into milliseconds does not interfert wie kinetics of chain relaxation
considered here (see Supporting Information Fi@#e The trace for the 0.06-26
bin shows that relaxation of the unfolded chaicharacterized by two exponentials
(Figure 2a), the faster onds] is associated with binding of M80 and M65, and th
slower one 4,) due to binding of H26 and H33?° These transient association-
dissociation events cease to occur after CO rebirms the solvent (Scheme 1).

Figure 2b shows the dependence Af and A, on unfolding concentrations of
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GdnHCI. Since concentrated solutions of GdnHCI @seous, the data presented
were corrected for the effect of solvent viscositythe relaxation rate constants (see
Supporting Information for the procedure).

For an intuitive interpretation, we consider th@idgon in Figure 2c based on
the NMR results of denaturant-induced chain exmemswhere the heme-ligand
distances gradually increase as the protein iasingly unfolded. These distances
can be approximated if the mean-square end-to-istahde, £>>, according to Flory
characteristic ratio is assumed to provide alsonkan-square distance between two
residues of a Gaussian segment of the polypephidimt’ The distance is then given
by <r>>~L?~C.nl?, where G is the characteristic ratio, atr.8, which is the length
between successive-carbons along the backbone chin. their original study,
Brant and Flory simulated ‘good solvent’ conditidnsusing aqueous, phenolic, and
acidic solvents to determine,@alues of homopolymers of aspartate, lysine, and
glutamate. For the three polymers in aqueous aeidit basic solvents, they arrived
at numerical values ofdn the 8.3-8.8 range, each with ~10% effoFhe G, ratio is
related to the intrinsic viscosity of the proteangple,/7in=(/s/C) for the limitc- 0,
where the specific viscositys=(/7-170)/17., 7 and 1), being bulk viscosity of the
protein solution, and the solvent viscosity, respety. In the range of GdnHCI
concentration used in our experiments (4.4 to 8)3where the protein is already in
the unfolded state, the variation i, across the denaturant range may not
besubstantial. Assuming that the increase /m: with GdnHCI will be
accommodatedwithin the uncertainty range of 10%ckase to use £8.5, which is
the average of the values for the three homopolynmeagueous medium that Brant

and Flory prescribetf
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Figure 2. Relaxation kinetics and chain expansion. (a) -photolysis kinetics is described by t-

exponentials corresponding to he-methionine (fast) and henfestidine (slow) contact formation. (
The observed relaxation rater both fast (black) and slow (blue) phases incressk increasing
denaturant concentration. (c) The distance betwé#d, to which the heme is bonded, and N
increases with increasing unfoldedness (from left right). (d) Relative H1-M80 distance

approximated by ¥>~L2~6(R./0.64Y.
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By using G~8.5, the distance between H18, to which the hemetgnas
bound, and M80 is estimated to ~86 A in the randoihstate. In the present context,
the random coll state is somewhat arbitrary becailsenfolding concentrations of
the denaturant produce random coil states. Foraditgiive scaling of denaturant
dependence of the distance between H18 and M8@emrrandom coil states, we
operationally use the empirical relatiom®<6Rs?>, where Rs is the radius of
gyration!” as ¢?>~L>~6(Ru/0.64¥ and obtain the denaturant dependence of the
distance between H18 and M80 on a relative scalgu(®& 2d). These estimates
strongly suggest gradually growing distance betwten heme and M80 as the
denaturant level is incremented.

The present result of denaturant dependenceraicimin contact formation in
unfolded cytc chain is totally inconsistent with that provided an earlier study,
which suggested that the rate actually decreasetheasGdnHCI| concentration
increased® In that study, singular value decomposition (SV@as used to
reformulate sets of transient spectra, while thes@nt work relied on single-
wavelength real-time signals recorded by the use miotomultiplier tube. Although
such differences are unlikely to contribute to tliecrepancy, that study argued that
decreasing rate of intrachain loop formation withreasing denaturant concentration
observed there was consistent with the SAXS resuiegel et af® But as discussed
already, SAXS reveals little dependence Ry on denaturant level. The present
results of ®,> and intrachain contact formation rate, both grmwvith denaturant
concentration, are consistent with each other tsamiernal diffusion is expected to

increase as the protein is incrementally unfolded.
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5.4.4 Intrachain Contact Formation Rate Increases Due to Increased
Internal Diffusion. Binding of an intrapolypeptide ligand, say M80, ttee heme
involves large-scale diffusive motion of the chtiat brings the heme and the ligand
to the appropriate contact distaneg,defined by the potential of mean force. The
contacting heme and M80 can now form a bond, oclizén segments may part away
by diffusion. The rate of actual chemical bond fation is generally faster than the
rate of diffusion because the bond between a gempsr of reactants can form very
rapidly with a7 value of the order of a nanosecond or leésglying that it is the
diffusion rate which limits the association proceSsnilarly, the dissociation process
entails bond breaking to produce a geminate pdirghwmay form the bond again or
diffuse away. Details of these processes can hedfuearlier photolysis studiés*
For the present, we simply takeas a combination of limiting rate constants for
association and dissociatioh { k.+k.).

The rate of contact formation between two sitesa @lymer chain depends
on several factors, including stiffness, chain woduand dimension, and relative
diffusion of chain sites. For an ideal (Gaussiamie lacking intrachain interactions,
the rate of contact formation is obtained from theory of Szabo, Schulten, and
Schulter® For a contact distance much smaller the»*2, the rate constant is given
by
1=3 (E)l/z _Da_ 3)

) 2y’
where the contact distanae4 A, andD is the end-to-end diffusion constant. Bdih
and A, measured in our experiment increase as the prténtreasingly unfolded at

higher denaturant concentration (Figure 2b), whimph,the equation above, means
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that the diffusive motions of the chain segment thring the interacting sites to
within the contact distance must also increaseerAfemoving the contribution of
solvent-dependend by correcting for solvent viscosity effect, onads a 6-fold
increase in values of both andA, as GdnHCI concentration is increased from 4.4 to
8.3 M (Figure 2b). Thus, the increase of intrachlantact formation rates originates
from increased internal diffusive motions of theichas it expands in higher levels of

the denaturant.

5.4.5 Chain Expansion, Non-bonded Atom Interactions and Internal
Diffusion. The result above prompts one to consider the aabfiD in view of
conformational and configurational aspects of pnstexcross the folding-unfolding
equilibrium. It is generally believed that protéoiding and conformational changes
are affected by not only solvent friction, but aleternal friction'®***3**To invoke
the importance of internal friction in our problemve assume that attractive
interactions between non-bonded atoms within thgpeptide backbone as well as
side chains decrease as the protein is progregsivéblded by incrementing the
denaturant. This is conceivable because hydrophiidezactions are increasingly
weakened and any residual structure is largely iefited at higher denaturant
concentration. The importance of van der WaalsIsému in the rotational potential
about the polypeptide backbone was, in fact, redlimany years ag8.

To provide an analytical model, we consider nondsshatom interactions to
be the major factor which scale internal diffusidihese interactions are removed as
the protein unfolds, and we assume that the uppetr of non-bonded repulsions is

reached when the protein is ‘absolutely unfolded’, when the chain density),
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defined as the number of monomers per unit voluapgroaches zero. Now, the
functional dependence of internal friction on namtled atom attraction§{n), can
be represented by the series
f) = fo+ fin+ fon® + - (4)
wheref, is the internal friction when no non-bonded atdimaation exists 4 — 0), n
is the extent of non-bonded attraction, dndre coefficients. Fon- 0, f(n)=f,, the
situation of ‘absolute unfoldednessa {0). Protein unfolding is associated with
decrease oh, while refolding proceeds with growth of The overall diffusion
coefficient is simply

kgT
ext fo+ fin+ fon? + -

where,Dey: is the solvent-damped external diffusion.

D=D (5)

To apply this model of internal diffusion, one nee&d have a reference where
0 -0, so thaf(0)=f,. Experimental conditions where- 0 may be difficult to obtain,
because the protein chain continues to expand.th@®rpurpose here, such ideal
behavior may be assumed at best when GdnHCI caatientis 8.3 M, which is the
limit of aqueous solubility of the denaturant (Figul). If non-bonded atom
attractions grow as the denaturant concentratidtmwsred, by corollary, non-bonded
repulsions should increase as the denaturant isedsed. By normalizing the
experimental concentrations of GdnHCI with refeeenc the highest concentration
employed (8.3 M) one can set thscale in 0 to 1 interval. In the native state, sehe
non-bonded interactions are all attractive, therea repulsion¥=0 andn=1), and in
the ‘absolutely unfolded’ state, all interactionre aepulsive X=1 andn=0). Thex-

dependence of normalizet] with the first two coefficientsf; andf, is shown in
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Figure 3. The fit indicates that the first-ordeeffeient f; is double the value fd.
Inclusion of higher order coefficients will produadit approaching the origin where

highly overdamped internal dynamics contributédito the chain relaxation rate.

5.4.6 Phenomenological Nature of the Internal Diffusion Model. The
premise of friction-dependent relaxation discudser is similar to that of de Gennes
who suggested that relaxation times in polymerrchhiave contributions from both
solvent damped motions and intramolecular dynaiits>® While intramolecular
drag forces could originate from several mechanisn@uding torsional potentials
for bond rotations, collisions between neighboraigms, and transient long-range
interactions within the molecufé;*>*”the model of internal friction here considers
interactions amongst non-bonded atoms in a gemveagl based on the fact that
protein unfolding removes the van der Waals andrdpfibbic interactions in a
denaturant dependent manner. The rationale forethphasis on short- and long-
range non-boding interactions arises from the eéméile these interactions play in
folding and structure acquisition. The origin aratune of bond rotational potentials,
on the other hand, are less understood. Recentestundicate that Coulombic
interactions between bonded atoms are the majaceswf torsional potentiafs.
However, electrostatic interactions between boratedhs are unlikely to undergo a
drastic change across the folding-unfolding tramsitso as to produce a huge
difference in internal friction. To summarize, ttni@del here weighs internal friction

with ‘concentration’ of non-bonded interactions.
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) ) _ Figure 3. Non-bonded atom interaction model
Chain density approaching zero

for internal friction. The observed rate of heme-

1.0 [ M80 intrachain contact formationl{) decreases
i with decreasing non-bonded repulsions (or
increasing intramolecular interactions) which is
0.5 [ the hallmark of protein folding. The denaturant
i concentration is along the abscissa. The highest

11 (Relative)

concentration of GdnHCI achievable in this

0.0 F _ work was 8.3 M, which has been taken to

0.0 0.5 1.0

X, non-bonded repulsion
condition approaches zero. The solid line througteemental data is drawn as described in the text.

produce the absolutely unfolded protein, and the

density of the unfolded chain under this

Attractive interactions between non-bonded atomsative proteins can make
internal friction a major factor in functional amignamical properties of proteins. A
point of particular interest would be the effect@fmperature, which reduces external
protein-solvent friction because solvent viscosgyhighly temperature dependent.
However, intramolecular van der Waals and hydrophotteractions, both of which
share similar qualitative featur&sare strengthened within the functional limit of
temperature, implying higher internal friction.i$t now certain that compaction of
proteins accompanied by attractive non-bonded atderactions increases internal
friction substantially, implying the existence ofdefinite relation with entropy. To

this end, a detailed theoretical treatment of maéfriction is due.
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5.6 Supporting Information
Correction of relaxation rates for viscosity effe€tGdnHCI. The following empirical
equation was obtained by fitting the viscosity daft&dnHCI solutions published by

Kawahara and Tanfort,
=1+ (0.005x2-6144)+ (0.018x0'6594)+ (0.01213<°-6636)

wheren andn, are viscosities in the presence and absence, ctesgg, of the

denaturant concentration The observed chain relaxation rates were thereciad
by
log Acor=l0g A + log (7/17o)

Stack plots of PFG-NMR spectra

Figure S1. Aliphatic regions of PFG-sLED spectra of CO-ligad cytochrome (cyt-CO) unfolded in
4.5 M GdnDCI (a) and 8.3 M GdnDCI (b). The magnditedd gradient strength (Gauss per cm)

increases with the stack height.
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Figure S2. Post-photolysis relaxation kinetics. (A) Kinetiogbed at 421 nm are described by three-

exponentials, of which the slowest one (incompletee) is assigned to rebinding of CO. The vertical

dotted line provides rough indication where CO melbig sets in. (B) The CO rebinding kinetics is

better probed at 427.5 nm under the experimentalitions employed (8 M GdnHCI).
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