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ABSTRACT: Protein folding kinetic data have been obtained for the marginally stable N-terminal Src
homology 3 domain of th®rosophilaprotein drk (drkN SH3) in an investigation of the hydrodynamic
properties of its folding transition state. Due to the presence of NMR resonances of both folded and
unfolded states at equilibrium, kinetic data can be derived from NMR magnetization transfer techniques
under equilibrium conditions. Kinetic analysis as a function of urea (less#iav) and glycerol enables
determination ofx values, measures of the energetic sensitivity of the transition state to the perturbation
relative to the end states of the protein folding reaction (the folded and unfolded states). Both end states
have previously been studied experimentally by NMR spectroscopic and other biophysical methods in
great detail and under nondenaturing conditions. Combining these results with the kinetic folding data
obtained here, we can characterize the folding transition state without requiring empirical models for the
unfolded state structure. We are thus able to give a reliable measure of the solvent-accessible surface area
of the transition state of the drkN SH3 domain (47860 A?) based on urea titration data. Glycerol
titration data give similar results and additionally demonstrate that folding of this SH3 domain is dependent
on solvent viscosity, which is indicative of at least partial hydration of the transition state. Because SH3
domains appear to fold by a common folding mechanism, the data presented here provide valuable insight
into the transition states of the drkN and other SH3 domains.

Small proteins that fold without a significant accumulation It is difficult to analyze the protein folding transition state
of folding intermediates (nominally “two-state” folding by conventional experimental techniques, because the TSE
proteins) have been the focus of intense experimental andis only transiently populated. The protein engineering
computational studies in recent yeark—@). For these method, pioneered by Fersht and co-work&jscan provide
proteins, interconversion between the two end (folded and detailed structural information about the rate-limiting step
unfolded) states is limited by the formation of a transition of folding. In this approach, changes in kinetic and thermo-
state, representing the ensemble of conformations of highestdynamic parameters upon mutation of residues in different
free energy along the protein folding pathway. (Together regions of a protein are used to calculgtevalues, which
with detailed analyses of the structures and biophysical provide residue-specific structural information about interac-
properties of folded and unfolded proteins, the characteriza- tions that are present in the folding transition state. Comple-

tion of the transition state ensembles (TSHs) vital in mentary information about global parameters of the TSE,
obtaining a comprehensive view of folding pathways and such as its compactness, thermodynamic parameters, or
understanding the mechanisms by which proteins fold. hydration, has been obtained by monitoring changes in

kinetic folding or unfolding rate constants upon perturbation

of the folding—unfolding equilibrium with denaturing co-
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requiring a large number of specific interactions in the mental and computational studies of various SH3 domains
conformational search process. suggest a common folding pathway and because TSEs of
Src homology 3 (SH3) domains are among the most different SH3 domains appear to have very similar topologies
extensively investigated models for protein folding, using (14), our results can be readily transferred to other SH3
both experimental and computational methods and combina-domains. ) _ N
tions thereof. In the folded state, SH3 domains are small In this article, qurmatlon a_b.out th_e fold|r)g transition state
globular proteins that are composed of tisheets, which ~ Under nondenaturing conditions is derived from rate
pack orthogonally to each other to form a hydrophobic core equm.b.rlum free energy relatllonshlps by varlgtlon of solvgnt
(21). Experimental studies on SH3 domain folding have cond|t|ons_6)_. We hqve _preV|oust characterized aspecm_c
focused onps value analysis and have provided a wealth of electrostatic interaction in the TSE of the drkN SH3 domain
information about the structure of the TSE2¢-29). These  thatis conserved in SH3 domaing0} from pH-dependent
studies have revealed a structurally polarized folding transi- measurementst(, 41) using this approach. Very recently,
tion state in which part of the native (folded) structure is We have investigated the. gffect of moderate pressure to probe
almost completely formed, whereas a number of residuesthe volume of the transition statéd). We now focus on
are considerably less structured. This is consistent with acomplementary hydrodynamic properties of the TSE by
nucleatior-condensation mechanism for folding, where early Mmeans of denaturant and glycerol titrations. Due to the low
nucleation appears to be the rate-limiting step and formation thérmodynamic stability of the drkN' SH3 domain, which
of the hydrophobic core occurs after the folding transition renders the unfold_ed state under n_ondenatqrmg conditions
state 80). Experimentals values have been used as input amenable to detailed spectroscopic analysis, the solvent-
restraints for the calculation of structures that represent the@ccessible surface area of the unfolded state can be deter-

TSE of SH3 domainsl(l, 14, 17, 20), showing that the TSE mined. Utilizing this information in conjunction with the
exhibits a high degrée of nativelike topology. It was Kinetic data reported here, we obtain a reliable estimate of

concluded that solvent water is only partially exciuded from the size of the solvent-accessible surface area of the folding
the folding transition state, indicating a partially hydrated transition state that is based on existing structural ensembles
TSE (14, 20). In addition, computational folding studies of the end states of the protein folding reaction and does

performed on SH3 domain8, 32) also suggest a common not require the use of empirical relationships to estimate the
folding mechanism for SHé domains, where the fully size of the unfolded state solvent-accessible surface area. In

solvated unfolded polypeptide chain undergoes an initial ddition, we have obtained information about the viscosity

structural collapse to form a fairly compact folding TSE, dependence of folding, providing information about the

followed by further rearrangements to complete the folded Nature of the rate-limiting step(s) involving the transition

state structure, including the formation of the hydrophobic Stété, which is consistent with results from computational

core, and the expulsion of water from the core region only SH3 domain folding studies.

late in the folding process. It was again concluded that,

despite its compactness, the SH3 domain TSE is partially MATERIALS AND METHODS

hydrated. The drkN SH3 domain was expressed and purified as
Here, we endeavor to complement the experimental datadescribed previously8@). NMR experiments were performed

on SH3 domain folding transition states by studying the On 1.0 mM samples ofN-labeled SH3 domain containing

folding and unfolding kinetics of the N-terminal SH3 domain 50 MM sodium phosphate in a 92%®{8% DO mixture

(residues $59) of theDrosophilaprotein drk (drkN SH3). @t 15°C on a Varian UNITY spectrometer with a room-

For a number of reasons, the drkN SH3 domain is a model lémperature triple-resonance probehead at 500 Mz (

particularly well-suited for folding kinetic studies and frequency). Folding and unfolding rate constants of the drkN

investigation of transition state properties. Due to the low SH3 domain were determined by simultaneously fitting the

thermodynamic stability of the drkN SH3 domain, the €XPerimental data from a series of two-dimensidhit™N

unfolded state of this protein is significantly populated under exchange correlation spectra with mixing tim&sranging

nondenaturing conditions and can be studied in detail by ffom 11 to 451 ms to analytical expressions describing the

standard NMR and other spectroscopic methods. Previoustime course of Iongltudlne_ll magnetization, including chemical

experimental data that have been collected for the unfolded®Xchange between two sitet3]. The dependence of the auto

drkN SH3 domain showed it to be an ensemble of rapidly (ff;uu) and exchange (fu,uf) cross-peak volumes on the

interconverting, structurally and dynamically diverse con- Variable mixing time is given by

formers that exhibit considerable amounts of nonrandom , (M/1,(0) =

structure. Much of this residual structure becomes disrupted ff ff

when denaturant is adde8X-38). The structure of the drkN Al—(, — a)e T+ (A, — a;)e NI, — A,)

SH3 domain folded state has also been determig&d &nd

its two-state folding mechanism has been experimentally LM, (0) =

established39). Since this SH3 domain is thermodynami- Al-(, — 8.22)67/111— + (A, — 8.22)67}'21—]/(/11 —2)

cally marginally stable under nondenaturing conditions [the

unfolding free energyAGe-u) = 0.4 kcal/mol at pH 6.0 | (T)/I,(0) = Au(a21e7’m - 321e*’~2T)/(,11 — 1)

and 15°C], NMR spectroscopic relaxation methods can be

used to obtain accurate kinetic data under equilibrium qu(T)/qu(O)zAf(alze’llT—alze”'zT)/(/ll—,lz) Q)

conditions that do not require the perturbation of the foleling

unfolding equilibrium. (Note that kinetic analysis by con- wherel; > = Y{ (a11 + @22 =+ [(a11 — a22)? + 4kik]¥3, an

ventional stopped-flow kinetic experiments is not possible = Ry + ky, @12 = —k;, a2 = Ry + ki, anday; = —ky. Ry

without high-salt stabilizing conditions.) Because experi- and Ry; are the longitudinal relaxation rate constants of
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magnetization in sites U and F, respectively, &p(D) and pseudo-energy minimization algorithns0f. The two con-
I#(0) denote the longitudinal magnetization associated with former pools were (1) random structures generated from
the unfolded and folded states, respectively; &t 0. Factors TraDES 61) using GOR3 %2) sampling and (2) a mixture
As andA, represent the efficiency of coherence transfer after of input structures including (a) those from multiple CNS
the mixing periodT, and were determined as described (53) structure calculations using a randomly chosen 80% of
previously @4). Values ofk, andk;, along withRy, and Ry, total unfolded state NOEs, (b) those generated from AMBER
were extracted by least-squares fitting the experimental data,(54) high-temperature unfolding trajectories from the folded
lu(T), 1%(T), 11(T), andlu(T), simultaneously to the expres- drkN SH3 domain (M. Philippopoulos, J. D. Forman-Kay,
sions given above, using in-house written software (available and R. Poms, unpublished data), (c) structures generated
on request). The longitudinal exchange experiment yielded within ROSETTA 65), (d) random and compact structures
residue-specific rate constants that were uniform for well- from TraDES with GOR3, amino acid-biased or unifogm
resolved residues within 10%. Averages of residue-specific andy sampling, (e) those from TraDES unfolding trajectories
values ofk; andk, were employed in all analyses and errors from the folded drkN SH3 domain, and (f) those from
in rate constants estimated on the basis of the standardTRADES unfolding trajectories of the drkN SH3 domain
deviation of the values over the residues that were included sequence misthreaded onto dissimilar folds using ESyPred3D
in the average. (56). Following minimization with three different algorithms
The urea titration data were recorded at pH 6.0 and eight of the population weights for each of the 1006G&D0000
urea concentrations (0, 0.19, 0.28, 0.40, 0.57, 0.73, 0.89, andconformers within these two large sets of structures to best
1.04 M). Analytical grade urea was purified with Amberlite  fit experimental data, a total of six ensembles of more highly
MB-150 (Sigma) mixed bed ion-exchange resin, and con- populated conformers were obtained, each consisting-of 60
centrations were verified by refractometry. The glycerol 150 structures. The total solvent-accessible surface area
titration data were recorded at pH 6.0 in the absence of (SASA) of heavy atoms was calculated for the resulting
glycerol as well as at five glycerol concentrations [2.5, 5.0, Unfolded state ensembles and for the salt-stabilized folded
7.5, 10.0, and 12.5% (w/v)] usingds-glycerol (Cambridge  structure 1) using CNS with a water probe radius of 1.4
Isotope Laboratories) without further purification. The protein A. Prior to ENSEMBLE minimization, hydrodynamic radii
concentration and the pH were kept constant throughout thewere predicted using HYDROPRGY) as outlined in ref
titration experiments. 36. The calculated SASA was consistent among the six
Relative solvent viscosities/o (Wherenois the viscosity ~ €nsembles (with a standard deviation of only 26, Akely
of the sample with no cosolvent present), for the urea and 9U€ o0 @ strong correlation between SASA and the experi-
glycerol titrations were determined using a pulsed-field- mental hydrodynamic restraints utilized in the minimization.

gradient NMR experiment designed to measure translational Efor bounds for the folded state were obtained from the 20
diffusion coefficients 86) from the ratio of diffusion best structures of the recently calculated fqlded state structure
constants measured at different viscogen concentrations. Thé21)- In @ddition, upper and lower boundaries for the solvent-

analysis assumes that the hydrodynamic radius of the proteingcceESible surfa(;:e area ogthe lénfOId.Ed dstate derived from a
is invariant with viscogen concentration, which was con- database were determined as described previogly (

firmed experimentally for CspB in glycerod$) and is likely
true for drkN SH3 considering the relatively low concentra- RESULTS AND DISCUSSION

tions of viscogen used. Only diffusion data for residues from  Rate-Equilibrium Free Energy Relationship$rotein

the folded state were analyzed, and averages over 17 wellfolding transition states are routinely investigated viafate
resolved residues were taken. For the urea titration (up toequilibrium free energy relationship$8) in which the
1.04 M urea), only small viscosity changes were observed thermodynamic stability of a protein is perturbed and changes
in this experimentif/no = 1.07 at 1.04 M urea), in agreement in kinetic folding and unfolding rate constants upon perturba-
with ref 46, due to the low concentrations of urea that were tion are monitored (reviewed in res and 7). A propor-
used. For the glycerol titration, relative solvent viscosities tionality constanto can be defined by relating changes in
(n/no) of 1.10, 1.15, 1.31, 1.49, and 1.62 were obtained. activation free energy for foldingAAGy—4, to changes in

Analysis of the Kinetic DataFor the analysis of kinetic ~ the equilibrium free energy (folding free energ@AGy—,
data, errors irk; andk, were estimated as described above upon perturbation as
and subsequently propagated to errorA®—y, —RTIn ki,
and —RTIn k,. Linear least-squares fits were employed to o= AAGy_4 2
extract equilibrium and kinetian values anda values. AAG, ¢
Experimental uncertainties im values were estimated via a

Monte Carlo approach{) in which 1000 synthetic data sets  \jithin the framework of transition state theony, values
were generated using the extractedalues and; andk, at provide a measure of the energetic sensitivity of the TSE
zero denaturant concentration along with the experimental with respect to a perturbation relative to the sensitivity of
error in the rates, and the fit was repeated for all data sets.the folded and unfolded states. The most frequently used
The errors quoted in the paper are standard deviations inmethod for altering the thermodynamic stability of a protein
fitted mvalues that were obtained in this procedure. A similar for the purpose of studying the TSE is site-directed mu-
approach was employed for the reportedalues. tagenesis §9). Typically, single mutations are made at
Calculation of Salent-Accessible Surface Aredor the various positions in the protein to yielgk values, which
calculation of the solvent-accessible surface area of therepresent the change in stability of the TSE relative to the
unfolded state, structural ensembles consistent with unfoldedchange in stability of the folded state by taking the unfolded
state experimental restrain®3( 36—38, 48) were generated  state as a reference, and which are interpreted as a measure
using two conformer pools and three ENSEMBLE9Y of the extent of nativelike structure in the TSE. Thugja
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of 1 indicates that a particular residue is involved in a highly values of >30 s* (much greater tharky,,g. Such slow
structured region in the TSE, whereagaf O suggests that  processes can be measured using NMR spectroscopic
a residue forms few interactions with other residues in the relaxation techniques that monitor the exchange of longitu-
TSE. Intermediatep; values are more difficult to interpret  dinal nitrogen magnetizatiodg, 64). These experiments do
because they can be caused by partial formation of contactsnot require a perturbation from equilibrium but directly
in a single dominant folding pathway or by distinctive monitor the interconversion of the two states under equilib-
parallel pathways in which interactions are either fully rium conditions. Exchange cross-peaks are observed, which
formed or absent6(). result from the transfer of magnetization from the folded to
Other frequently used methods of altering the stability of the unfolded state (and vice versa) due to the dynamic nature
a protein include changes in solvent conditions, such as theof the equilibrium. Microscopic folding and unfolding rate
addition of chemical denaturants. For example, variation of constants can be obtained simultaneously without requiring
the denaturant concentration and calculation of the corre- 3 denaturant and extrapolation. We have recently used this

spondingo value from kinetic data yield information about  method to characterize a specific electrostatic interaction in
the compactness of the TSE relative to the folded and the TSE of the drkN SH3 domair{).

unfolded states (commonly termed the Tanf@rdvalue).
Changes in kinetic data with changes in solvent conditions
are usually measured under a number of different solvent
conditions, allowing for the determination of accurate
values from plots oAAGy—; versusAAGy-—¢. In addition,
nonlinearities in rate equilibrium free energy relationships

which are indicative of changes in the folding mechanism :
or in the rate-limiting step can be detectéd §0, 61). unfolding free energyAGe-y| < ~1 kcal/mol. Apart from

Equilibrium NMR Kinetic ExperimentdJnfolding and marginally stable .proteins such as the drkN SH3 domain,
refolding kinetics of proteins are typically studied by transient for various proteins exchange between the folded and
methods in which the thermodynamic equilibrium between unfolded states is slow on the NMR chemical shift time scale
folded and unfolded states is rapidly perturbed by chemical @t Or near the denaturation midpoint or near the melting point
denaturants, pH, temperature, or pressure shd@Xs60). (45, 65, 66). Alternatively, line shape analysis can be
Subsequently, the recovery of equilibrium is monitored by employed to extract folding and unfolding rate constants from

observing optical properties as a function of time. For a two- Proton resonance frequencies and line broadening that results
state folding protein from the contribution of the interconversion of species to

NMR spin relaxation§7). In addition, NMR spin relaxation
dispersion techniques have been used to study protein folding
under equilibrium conditionsd). Spin relaxation dispersion
methods are inherently more sensitive than line shape
ki and k, are the microscopic folding and unfolding rate analysis and can even be employed in cases where the

constants, respectively. The rate by which equilibrium is populations of the involved states are loAGe-y| < ~3
approachedkops is given by the sum of the folding and  kcal/mol).

unfolding rate constantkdy,s = ki + ky). Microscopic rate
constantgk andk, cannot be separately determined but are
obtained in an indirect manner from a plot of the dependence
of the logarithm ok.ps 0N denaturant concentration (chevron
plot), for example, by extrapolation of the refolding and
unfolding limbs b 0 M denaturant, respectively. For

thermodynamically unstable proteins such as the drkN SH .
domain, however, measurement of refolding kinetics by unfolded states in the absence of denaturants are generally

transient experiments is not possible because the refolding™ere structured than unfolded proteins under denaturing
limb of the chevron plot cannot be sampled sufficiently to COI’!dItIQnS. Structural_prqpensmes sgch as transiently formgd
determineks by extrapolation. nativelike or non-nativelike interactions that are present in

NMR equilibrium techniques are ideally suited for kinetic the unfolded state only under nondenaturing conditions can
measurements of marginally stable (or unstable) proteins_potentw_ﬂly affect the folding kinetics of a protein by biasing
The relative values okops and the change in resonance the folding processd@, 70). In fact, the unfolded drkN SH3
frequency,Aw, between the two states define whether an domain under nondenaturing conditions contains rather
exchange process is termed fash{> Aw), intermediate compact conformations that exhibit transiently populated
(Kobs ~ Aw), or Slow (obs < Aw) on the NMR chemical ~ secondary structure and tertiary contacts, whereas under
shift time scale. For the great majority of residues in the denaturing conditions, the unfolded state ensemble appears
drkN SH3 domain, the interconversion between the folded to comprise more extended conformations and displays
and unfolded states is slow on the NMR chemical shift time significantly fewer intramolecular interactior35 38). Some
scale k andk,, at pH 6.0 and 13C, are 0.99+ 0.05 and of the interactions that are present in the unfolded state under
0.47 4+ 0.04 s, respectively, for &qps of 1.5 s1), giving nondenaturing conditions are cooperatively disrupted upon
rise to separate sets of resonances for more than 90% ofaddition of denaturants3f). Since residual structure in
residues of the two protein states in NMR spectra. The unfolded states of proteins can be relevant for protein folding,
minimum difference in resonance frequency for which spectroscopic methods that do not require denaturing of the
separate peaks are observed intHeor N dimension of protein can potentially be more informative for providing a
the HSQC spectrum at 500 MHz i85 Hz, leading toAw description of protein folding pathways.

This method can be applied to systems where exchange
between the folded and unfolded states is slow enough to
observe a discrete set for each state in NMR spectra yet fast
enough to give exchange cross-peaks, and the populations
of both states are large enough to generate observable signals
for both states. It is therefore particularly useful where the

ke
U*k—u—F

For a number of reasons, kinetic experiments that do not
require a perturbation of the foldirgunfolding equilibrium
are an attractive alternative to transient methods. For
example, structural differences between unfolded states of
proteins under nondenaturing and denaturing conditions have
3been observed experimentall$3( 37, 68), indicating that
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Ficure 1. Longitudinal exchange NMR experiment at three 0 X
different urea concentrations (0, 0.28, and 0.57 M) showing for
each backbone amide a pair of auto peaks corresponding to the
folded and unfolded states as well as a pair of exchange cross- 0.89 M urea
peaks resulting from the transfer of magnetization due to folding 0.10
and unfolding transitions. Only the high-fieléPl) portions of 2D I
spectra with the two glycine residues of the drkN SH3 domain w7
(Gly43 and Gly46) are shown. 0.05 "
pat e Pt
. L J P Ny
In addition, the assumption is frequently made that the ) s86®
folding and unfolding pathways are identical so that, for 0.05 0.10 0.15 0.20 0.25 0.30 0.35
example, the TSE for protein folding can be studied via time [s]

unfolding experiments. As dictated by the principle of o N ) ]
microscopic reversibility, this is necessarily true if both Ficure 2: Relative intensities of the folding (red) and unfolding

. . . (blue) cross-peaks for residue Gly43 as a function of time
folding and unfolding experiments are performed under the (normalized to the intensity of the corresponding auto peak) together

same conditions. _Since eqUi”brium experime_n}s_do NOL with best-fit curves at four different urea concentrations (0, 0.28,
require a perturbation of the foldirginfolding equilibrium, 0.57, and 0.89 M).

the kinetic parameters for folding and unfolding that are
obtained simultaneously and under identical experimental with minimal perturbation of the properties of the unfolded
conditions are indeed determined by identical pathways. state. Folding and unfolding rate constants were determined
However, by employing transient methods, folding experi- by analysis of the intensities of the folded, unfolded, and
ments are usually performed by refolding of a denatured stateexchange cross-peaks as a function of urea concentration
into conditions under which the protein is stable, whereas (Figure 3). Figure 3a shows a plot of the drkN SH3 domain
kinetic unfolding experiments are performed under denatur- unfolding free energyAGe.y, = —RTIn(k/k)] versus urea
ing conditions, in which case unfolding does not necessarily concentration. The equilibrium value for urea denaturation
occur by the same pathways as foldind,(72). (meg) determined from these data-i9.85+ 0.03 kcal mot?
Urea Titration ExperimentUrea was added to the drkN  M™1, consistent with urea denaturation data from other SH3
SH3 domain (from O to 1.04 M) and magnetization transfer domains (neq ranges from—0.75 t0—0.90) @8, 29, 73). A
between the folded and unfolded states monitored (Figuressignificant curvature in Figure 3a is not apparent, which
1 and 2). For a thermodynamically marginally stable protein confirms the validity of the empirical linear extrapolation
(such as the drkN SH3 domain), only low concentrations of method {4) for the drkN SH3 domain even at low denaturant
denaturant are required to produce a sufficiently large changeconcentrations.
in stability to determine the denaturant-relatedralue by By plotting In ki and In k, as a function of urea
our equilibrium experimental approach (leading to an effect concentration, we can reconstitute the folding and unfolding
on the equilibrium ratio between the folded and unfolded limbs of the chevron plot as shown in Figure 3b, and kinetic
states and intensities of the folded and unfolded state peaks)m valuesmy andmy, can be derived from the slopesy =
Note that the highest concentration of urea that was used—1.13+ 0.04 M~* andmy, = 0.35+ 0.03 M™%). The urea-
(1.04 M) is lower than the guanidinium chloride denaturant relateda value is given byourea= |Mi|/(Imy| + |my|) and
concentrations for which a cooperative melt of residual is 0.76+ 0.04 for the drkN SH3 domain. Kinetim values
structure in the unfolded state was report8d) consistent and the urea-related value are similar to those of other
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FIGURe 3: (@) Plot ofAGe—y = —RTIn(k/ks) vs urea concentration. The equilibriumvalue (o) as determined from the slope in a linear
least-squares fit (dashed line) equal.85+ 0.03 kcal moit M1, (b) Kinetic folding and unfolding data of the drkN SH3 domain for

urea concentrations between 0 and 1.04 M. Plot &f (blue circles) and Ik, (green circles) vs urea concentration. At each urea concentration,

both microscopic folding and unfolding rate constaktgndk,, respectively, were obtained simultaneously from the longitudinal exchange
experiment. Experimental rate constants were corrected for the very small (at the concentrations used) effect of urea concentration on
viscosity using eq 4. Linear least-squares fits of the folding (blue dashed line) and unfolding (green dashed line) experimental data give the
following: my¢ = —1.13 4+ 0.04 Mt andm,, = 0.35+ 0.03 M™% The black dashed line shows the urea dependence okl@s

calculated fronk: andk, at 0 M urea usingns andmy,. This corresponds to data that would be observed in stopped-flow transient experiments
(reconstituted chevron plot). The inset shows the expansion of the chevron plot.

SH3 domains (0-70.8) 26—29, 73). It should be noted that  is solvent-accessible in the transition state. To relate this

using NMR magnetization transfer techniques blgtland relative number into an absolute estimate of the solvent-

k, are obtained independently and at each urea concentrationaccessible surface area of the folding transition state, the
This is conceptually different from line shape analysis, where solvent-accessible surface areas of both folded and unfolded
data are commonly analyzed by fitting shapes and frequen-states have to be known.

cies of resonances in multiple spectra that are obtained from Erom pulsed-field gradient NMR spectroscopic experi-
a denaturation serie§7, 75, 76). _ _ ments (yielding translational diffusion coefficients) in com-
Of note, no significant deviations of either the folding or  pination with small-angle X-ray scattering (SAXS) data, the
the unfolding limb of the chevron plot from linearity are  sjze distribution of the unfolded state ensemble of the drkN
observed in Figure 3b. Curvatures in chevron plots can ariseSH3 domain has been studied previously, revealing that the
due to formation of intermediates along the folding pathway ynfolded state of this protein under nondenaturing conditions
(kinetic rollover), as well as other effects, including solvent contains fairly compact conformations with the average size
viscosity changes7(/, 78). Because NMR equilibrium  of conformers within the unfolded state ensemble orBd—
techniques can sample both the folding and the unfolding 40% larger than the folded state structugé)( Using this
limb of the chevron plot simultaneously, intermediates that jnformation together with detailed site-specific structural
affect unfolding rates at low denaturant concentrations can jnformation based on tryptophan solvent accessibiliy),(
potentially be detected, whereas for most proteins, transientexperimema| NOE38), chemical shift 83), J coupling @3),
Stopped-fIOW data (IOQobs) at low denaturant concentrations and paramagnetic relaxation enhancement dﬁm (en_
(left of the minimum in the chevron plot) are dominated by sembles of representative structures of the drkN SH3
folding rates. Considering that intermediates appear to beynfolded state were calculated that are consistent with the
most populated at low denaturant concentrations, this is aexperimental data, using the software program ENSEMBLE
particularly useful feature of NMR equilibrium kinetic  (49). From these structures and from the NMR solution
experiments. For the drkN SH3 domain, the linearity of the structure of the folded drkN SH3 domai21), we calculate
unfolding limb at low urea concentrations is, however, clearly the solvent-accessible surface area of the unfolded and folded
consistent with two-state folding. states: SASA = 6650+ 260 A? and SASA = 4120+
Denaturantx values are a measure of the “compactness” 130 A2 Note that the SASA s largely restrained by the
of the folding TSE as they reflect the difference in solvent- hydrodynamic data (translational diffusion coefficient ratio
accessible surface area (SASA) between the TSE and theand tryptophan solvent accessibility) such that there was
unfolded state scaled by the increase in solvent-accessibleninimal variability depending on input structures biased

surface area upon unfolding, as given by either by nativelike conformations or by highly random
structures. On the basis of these figures, we obtain a measure
. = SASA, — SASA, 3 of the average solvent-accessible surface area of the transition

state ensemble from eq 3 (SASA 4730+ 360 A?).

Viscosity Dependence of Folding and Unfolding Kinetics.
where# represents the transition state. Tigea value of For two-state folding proteins, transition state theory yields
0.76+ 0.04 for the drkN SH3 domain indicates tha25% simple monoexponential rate laws for a reaction across an
of the surface area that is exposed to solvent upon unfoldingenergy barrier of the form

urea SASA- — SASA,
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—AGy 4
ki =k ex “RT (4) 0% glycerol
0.10} _’_.—"----.- -----
wherek; is the folding rate constan\Gy— is the activation Pt
free energy for folding, and is a transmission coefficient, .’," e
related to the probability that the reaction proceeds to product 0.05 RGP S )
from the transition state. The corresponding equatiorkfor ool
is obtained by replacing U with F. An alternative theory that ul‘g"
was developed by Kramers for reactions in solution describes
Brownian motion over potential energy barriers in viscous 2.5% glycerol
solvents 79). Kramers’ formalism takes viscosity effects into ’ Pl A
account, as solvent collisions can impede the movement of 0.10 LT
a reactant molecule along a reaction coordinate in high- r
friction media (such as aqueous solutions), rendering the pre- g 0.05 oo
K . . . -~ P S T
exponential term solvent viscosity-dependent (inversely = o o
proportional to the solvent viscosity). % I‘,:..-"'
1 '{_AGuﬁx) € 0
K~ 7 CATRT ®) 2 | 5.0% glycerol PR
-— ’_, -
The principle of microscopic reversibility dictates that the 20 e
viscosity dependence of a barrier-crossing process is inde- = o~
pendent of the direction of the crossing (i.e., both folding 0.05 “‘
and unfolding are equally affected by viscosity, and an o SRR Hommmme
analogous expression holds f&). For protein folding A
studies, Kramers’ formalism appears to be more appropriate olaa®
than the original transition state formalism because protein I
folding necessarily involves diffusional events, as the 7.5% glycerol __.--""" e
expanded and hydrated unfolded state polypeptide chain 0.10 Lo
collapses toward a more compact and conformationally ,,."
restricted folded protein. During this compaction, solvent R
water is being displaced relative to the polypeptide chain as 0.05 _eee
water is expelled from the interior of the protein. According ," [ -
to eq 5, in cases where the rate-limiting step involves such . 4 _wntfe

diffusive processes, a 7l/dependence ok:; (and k;) on 0.05 0.10 0.15 020 0.25 0.30 035
solvent viscosity is expected, whereas rate constants will be time [s]
independent of solvent viscosity if the rate-limiting step

involves only rearrangements that are limited by the internal FIGURE 4 Relative intensities of the folding (red) and unfolding
friction of the protein (blue) cross-peaks in the longitudinal exchange NMR experiment

; . . . for residue Gly43 as a function of time for four glycerol concentra-
The viscosity dependence of protein folding can be testedjons (0, 2.5, 5.0, and 7.5%, wiv), together with best-fit curves.
experimentally by comparing changes in folding or unfolding

rate constants with changes in solvent viscosity mediated The commonly used approach to deconvoluting the dual
by the addition of viscogenic cosolvents. Because viscosity effects of viscogenic agents is the isostability technique,
affects both folding and unfolding to the same exteng, 1/ which assumes that the effect of viscogenic cosolvents on
it does not change the equilibrium of the folding reaction folding and unfolding rate constants due to the stabilizing
(i.e., protein stability). However, viscogenic agents do affect effect can be exactly counterbalanced by denaturant (i.e.,
protein stability due to differential interactions with the folded viscogen-related and denaturant-relatedalues are identi-
and unfolded state ensembles. While denaturants (urea andal). Folding rate constants are determined under conditions
guanidine) as cosolvents are known to favorably interact with that produce equivalent stabilities, by counteracting the effect
the protein surface and therefore result in a destabilization of viscogenic agents on stability by adding destabilizing
of the folded state relative to the unfolded state, polyols such cosolvents such as denaturants. Proteins with viscosity-
as sugars or glycerol, which are frequently used as viscogenicdependent folding will then show al/dependence of
cosolvents, stabilize folded proteins due to preferential folding rate constants on solvent viscosig2).

exclusion from the protein surfac&0). The effect of a Glycerol Titration Experimentlo measure folding kinetics
cosolvent, whether it is stabilizing or destabilizating, is as a function of viscogen, we added glycerol to the drkN
defined by the balance between the affinities of the protein SH3 domain (6-12.5%, w/v) and recorded magnetization
for water and the cosolvent. Because preferential exclusiontransfer between the folded and unfolded states (Figure 4).
is thermodynamically unfavorable, the system will tend to In our approach, we do not add denaturant to counterbalance
minimize the effect by decreasing the area of protaiolvent the effect of viscogen on stability, but we simply determine
contact and the equilibrium will shift to the smaller (folded) folding and unfolding rate constants with different amounts
protein @1). To a first approximation, both viscogen- and of glycerol in the absence of denaturant. To separate the dual
denaturant-related. values therefore reflect the relative effects of glycerol on the kinetic data, we take advantage of
solvent exposure of the folding transition state and should the fact that folding and unfolding rate constants can be used
be similar in magnitude. to calculateAGg.y at different viscogen concentrations.
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Ficure5: (@) Plot ofAGk—.y, = —RTIn(k/ks) vs glycerol concentration. The dashed line represents a linear least-squares fit to the experimental
data. (b) Kinetic folding and unfolding data of the drkN SH3 domain for various glycerol concentratid@vs. Experimentally determined
values of—RTIn k; (blue circles) and-RTIn k, (green circles) are shown along with results obtained from linear least-squares fits of the
experimental data (dashed blue and green lines). (c) PletRdfIn ks and—RT In k, vs AGg_.y after correction for the effect of viscosity

on ks andk, using eq 5. The viscosity-corrected glycerol-relatestalue derived from these data is 0.730.05. (d) Dependence of the
inverse of the folding rate constantkg/on solvent viscosityy, where each axis in the plot is normalized to values in the absence of
glycerol ;o andno, respectively). Experimental values kyfwere corrected for the effect of glycerol é&Gg—y as described in the text.

A line with a slope of 1 is drawn to indicate they/k: vs /1o dependence that is expected for a viscosity-dependent fotdinfplding
transition.

Upon addition of viscogen, the foldirgunfolding equilib- energy relationshipo(gyc) of 0.73+ 0.06 (Figure 5c¢), which
rium for the drkN SH3 domain is shifted toward the folded is equivalent toayuea Within experimental uncertainty,
state and\Ggy is linearly dependent on glycerol concentra- consistent with the effects of both glycerol and urea in

tion (Figure 5a), consistent with other proteir&3{85). modulating protein stability by interactions with the protein
Plotting the kinetic data (Figure 5b) asRT In k and surface. We can thus use thgy. value of 0.73 to correct
—RTIn ky versusAGgy, according to linear rateequilib- experimental rate constants for the glycerol-induced stability

rium free energy relationships (eq 2), leadsxtoalues for change by multiplyingdg values with expf-ogyc x AAGe-.u/
folding and unfolding given by the slopes of 0.23 and 0.77, RT] at each concentration of glycerol (Whes&\Gg— is the
respectively, but which do not take into account any potential change in folding free energy caused by the addition of that
effect of viscosity. (Note that values for folding are most ~ concentration of viscogen) and obtain a negrdépendence
commonly reported in the literature, anghging + Ctunfolding of folding rate constants on solvent viscosity as shown in
= 1.) The fact that theo value for folding is 0.23, Figure 5d. Such a correlation is consistent with a viscosity
significantly different from theoyea value of 0.76, is dependence of folding. Our approach is conceptually similar
indicative of an additional contribution to the folding kinetics to the method proposed by Plaxco and Bak&s),( who
apart from the stabilizing effect of viscogen. assumed an explicit model for the effect of viscogen
Assuming that folding and unfolding of the drkN SH3 concentration on the transition state energy to show the
domain are indeed viscosity-dependent, we can account forcorrespondence of values and viscosity dependence of
the effect of viscosity using eq 5 and correct the experimental refolding.
values ofk; and k, by multiplication with n/n, at each It should be noted that underlying these approaches is the
viscosity. This leads to a glycerol-related (and viscosity- assumption that the addition of viscogen does not alter the
corrected)a. value from the linear rateequilibrium free folding pathway. The linearity of plots of RT In ki and
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—RTIn k, versusAGg-y (Figure 5c) is in agreement with  calculations that have been published to date, denaturant-
the assumption (but not conclusive proof) that alternative relateda values were employed in only a few cases to tune
folding pathways are not significantly populated upon the compactness of the structure® (@4). To translate
addition of viscogen. denaturant-related values into an absolute estimate of the
Structural Models of SH3 Domain Transition Statke solvent-accessible surface area of the folding transition state,
measures presented here complemgntvalue analysis  the solvent-accessible surface areas of both folded and

obtained by the protein engineering method. Comprehensiveunfolded states have to be known. Because structures of the
experimental studies by value analysis have provided a unfolded states are not generally known, the solvent-
fairly detailed structural characterization of the folding TSEs accessible surface areas of the unfolded states of these
of various SH3 domains, revealing a markedly polarized proteins have been estimated by modeling the unfolded state
folding transition state. A number of residues wjtvalues ~ as random-coil ensemble8) (or based on models that yield
close to 1 have been identified that correspond to a folding Upper and lower boundaries for the solvent-accessible surface
nucleus, and a large number of residues displaying interme-area of the unfolded state derived from databas} ¢f
diate ¢ values are participating in the folding nucleus to a extended and compact conformers, respectively, and the
lesser extentq2—27). These data suggest that in the folding solvent-accessible surface area of the unfolded state was
TSE of SH3 domains part of the final folded structure is assumed to lie between those two valugéd).(It is well
preformed, whereas other parts are considerably less strucestablished in the literature that a number of proteins that
tured, corresponding to a nucleatiecondensation mecha- are unfolded under nondenaturing conditions possess tran-
nism of protein folding 80). The most structured regions siently populated secondary structure and tertiary contacts,
include the well-ordered three-stranded cenfraheet and ~ whereas under denaturing conditions, these proteins can
a particularly well-structure@-turn region that is commonly ~ (cooperatively) lose such residual structure and approach
called the distal loop. Experimental studies ondhgpectrin,  random-coil-like behavior33, 37, 65, 66, 68, 91). Generally,

src, and drkN SH3 domain folding kinetics employing unfolded states in the absence of denaturants are more
multiple amino acid substitutions indicate that intermediate compact (and more structured) than extended or random-
¢r values arise from fractional contact formation in a single coil-like polypeptides. Comparing the solvent-accessible
dominant folding pathway and that parallel folding pathways surface area of the unfolded state of the drkN SH3 domain
involving distinct transition states are not significantly thatwe derive from the its representative structure ensemble
populated 24, 26, 39, 73). determined previously2() with boundary values that are

These experimental studies of SH3 domain folding have obtained from the commonly used model databasg (
been complemented by computational studies employing areveals that the experimental solvent-accessible surface area
variety of different techniques, including high-temperature (6650 £ 260 A?) is practically identical to the lower
molecular dynamics (MD) unfolding trajectorie86j, MD boundary (6653 A and significantly smaller than the upper
simulations employing Genodels and subsequent identifica- oundary of 8629 A
tion of the folding TSE 87), native-centric models8g), and In computational studies aimed at the determination of
MD folding and unfolding studies in explicit solven89, TSE structures, the choice of parameters that determine the
90). Generally, these studies have been able to reproducecompactness is crucial for obtaining a reliable set of
the experimental data and have provided valuable insightstructures that correctly represents the transition state en-
into the (un)folding process, including the order of events semble, just as for the calculation of conformers representing
along the (un)folding pathway. the unfolded state of the drkN SH3 domain. In our experience

More recently, experimentak values have been used as With computational studies on unfolded states, the size
input restraints for the calculation of ensembles of structures distribution and the level of compactness of the calculated
that represent the transition state of the src, fyn, and conformers depend critically on experimental restraints that
a-spectrin SH3 domaindl(, 14, 20). In this approach, MD report on the molecular size of the unfolded state ensemble
or Monte Carlo (MC) unfolding simulations are performed (refs36 and49, as well as unpublished results of C. Neale,

using the structure of the folded state as a starting point W. Y. Choy, and J. D. Forman-Kay). The estimation of the
where, for residues whose experimental values are  Size of the solvent-accessible surface area of the folding TSE

available, the fraction of native contacts (assuming no of the drkN SH3 domain that we present here is based on
contacts in the unfolded state) is restrained to remain closean extensive set of experimental data on both folded and
to the experimentap; values. A large number of conforma- unfolded SH3 domains that have been collected over the past
tions are generated, and representative structures are chosegeveral years and does not rely on empirical models for the
by clustering techniques, which involve the selection of unfolded state structure. Given the fact that the high
structures with small mean deviations between experimentalcompactness of the unfolded drkN SH3 domain appears not
and calculatedp; values as putative members of the TSE to be a unique feature of this particular SH3 domain [the
(10, 11). unfolded state of thex-spectrin SH3 domain is equally

Because the determination of TSE structures dependstompact, as was shown by pulsed-field gradient NMR
critically on the reliability and quality of experimental input  diffusion experiments (F. A. A. Mulder et al., unpublished
restraints, calculations can be significantly enhanced by results)], we suggest that the lower bound for the solvent-
incorporation of experimental data in additiongpvalues. access!ble surface_are_,-a of the unfolded state s_hould be used
Since denaturant-relatedvalues are related to the solvent- s the input restraint in TSE structure calculations of SH3
accessible surface area of the TSE, such data can complemerftomains.
information that is derived fromy; values and serve to Role of Water in SH3 Domain Foldin@ur kinetic data
correctly define the compactness of the ensemble of struc-on the drkN SH3 domain strongly suggest that the rate-
tures that represent the folding TSE. In TSE structure limiting step(s) for the protein foldingunfolding process
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is dependent on solvent water viscosity, i.e., that solvent
water is being displaced relative to the polypeptide chain
and/or side chains as folding passes through the TSE. A
viscosity dependence of protein folding and unfolding implies
that the rate-limiting steps that are encompassing the forma-
tion of the transition state are indeed opposed predominantly
by solvent-derived rather than internal frictional forces. On
a microscopic level, the precise nature of diffusional

processes that can lead to a solvent viscosity dependence of11.

protein folding is poorly understood, and it is not known
how extensive motions have to be to produce a solvent
viscosity dependence of folding. Note that complementary
information supportive of partial hydration of the TSE of
the drkN SH3 domain has been very recently obtained from
pressure-dependent folding studid®)(

CONCLUSIONS

To obtain physically meaningful estimates of the solvent-
accessible surface area of folding transition states, it is vitally
important to obtain estimates of the solvent-accessible surface
area of unfolded proteins under nondenaturing conditions, 15
and it is favorable to study protein folding kinetics without
denaturant or with as little denaturant present as possible.
The information about the solvent-accessible surface area 14
of the folding TSE of the drkN SH3 domain that is presented
here is derived from experimental data and provides impor-
tant insights into the transition state of the protein. In
addition, it constitutes a reliable input restraint for future
TSE structure calculations and other computational studies
of the folding pathway(s) of SH3 domains. Our kinetic data
on the drkN SH3 domain folding are consistent with a folding
mechanism that involves formation of a (partially) hydrated
folding transition state. Given the fact that the folding
pathways of SH3 domains appear to be conserved within
the SH3 domain family and computational studies suggest a
common folding mechanism for SH3 domains, these results

are likely a common feature of SH3 domains. 1
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