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ABSTRACT. Src homology 3 (SH3) domains are small modules that are thought to fold via a two-state
mechanism, without the accumulation of significant populations of intermediate states. Relaxation dispersion
NMR studies of the folding of G48V and G48M mutants of the Fyn SH3 domain have established that,
at least for these modules, folding proceeds through the formation of a transient on-pathway intermediate
with an equilibrium population of 42% that can be readily detected [Korzhnev, D. M., et al. (2004)
Nature 430586-590]. To investigate the generality of this result, we presenitmelaxation dispersion

NMR study of a pair of additional SH3 domains, including a G48V mutant of a stabilized Abplp SH3
domain that shares 36% sequence identity with the Fyn SH3 module, and a A39V/N53P/V55L mutant
Fyn SH3 domain. A transient folding intermediate is detected for both of the proteins studied here, and
the dispersion data are well fit to a folding model of the forne>H < U, where F, I, and U correspond

to folded, intermediate, and unfolded states, respectively. The temperature dependencies of the folding/
unfolding rate constants were obtained so that the thermodynamic properties of each of F, I, and U could
be established. The detection of | states in folding pathways of all SH3 domains examined to date via
relaxation dispersion NMR spectroscopy indicates that such intermediates may well be a conserved feature
in the folding of such domains in general but that their transient nature along with their low population
makes detection difficult using more well-established approaches to the study of folding.

An understanding of how an unfolded polypeptide chain Cks1 that have a high sequence similarity and share the same
achieves its native conformation can only be obtained o/ fold possess very different transition state structut€ (

through characterization of the intermediate and transition g, homology 3 (SH3) domains are smalg0 residue)
states that participate in the folding reaction, as well as protein modules that fold into five-strandgdsandwiches
elucidation of how the properties of these states depend ONcomprised of two orthogongd-sheets. These modules are
amino acid composition a_nd on the native state 'tertiary fo!d. found in a number of multidomain proteins, primarily those
A number of recent experimental and computational studies iy glved in cellular signaling1). The folding behavior of

of protein folding have focused on addressing whether 5 n mper of SH3 domains has been characterized in detail
profcelns belonging to the same family and/or sharing a similar by protein engineering methods and found to be consistent
tertiary structure fold through the same pathwhy). These iy 3 two-state process according to calorimetric, equilib-
studies primarily |_nvolved comparison of folding transition  iym and kinetic folding/refolding experiments, (L2—18).
states (as detgrmmed byva}lqe analy§|s4, 5) of fam|l|es' These studies have provided a detailed picture of a highly
of small proteins that exhibit reversible two-state folding polarized transition state that is conserved within SH3

behavior §). Some protein families such as SH3 domains 4, ains, in which a portion of the centyassheet including

(E.S' .7) and Ig-like domains§, 9) were ;hown to fold via strands52, 33, andp4 is formed, while N- and C-terminal
similar pathways, however other proteins such as Sucl andﬂ-strands 61 and35) and the RT-src loop remain largely
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ms) time-scale exchange processes linking the ground statevas cleaved using TEV protease, while the C-terminal tag
to multiple excited confirmations2@). H, N, and 3C on the Fyn module was retained in this study. Samples were
experiments of this sor2@—28) have been performed to 1.0 mM in protein, 50 mM sodium phosphate, 0.05% NaN
study the millisecond time-scale folding of G48V and G48M 0.2 mM EDTA, pH 7, 10% BRO. Backbone'H and *N
Fyn SH3 domains using nearly all backbone amide and side-resonance assignments for both proteins were obtained from
chain methyl groups of lle, Leu, and Val residues as probes[*H, ™N]-NOESY-HSQC and 'H, ™N]-TOCSY-HSQC
of the folding process. A transient folding intermediate (I) experiments 34).
populated at the level 0f-12% in exchange with the folded 15N single-quantum Carr-Purcell-Meiboom-Gill (CPMG)
(F) and unfolded (U) states has been observed for bothdispersion profiles for G48V Abplp SH3 (A39V/N53P/V55L
mutants examined. Structural models of the folding inter- Fyn SH3) were recorded at field strengths of 11.7 and 18.8
mediate of the Fyn SH3 domain based on the extrat®éd T at temperatures of 40, 43, and 46 (35, 40, and 45C)
chemical shift differences between F, I, and U state® ( using the pulse scheme of Tollinger et &8). Relaxation
are remarkably similar to the folding transition state that dispersion profiles were generated from peak intensities,
emerges fromg-value analysis 1, 14, 17). Relaxation l1(vcpme), measured in a series of 17 2B-N correlation
dispersion measurements have been performed as a functiomaps employing 14 values of the CPMG field strength,
of temperature¥9) and pressure2@) and on samples with  vcpug, ranging from 50 (41.7 for A39V/N53P/V55L Fyn
varying levels of protein deuteratio@1) to characterize the ~ SH3) to 1000 Hz, with a constant-time relaxation delByfsx
thermodynamic and volumetric properties of F, I, and U of 40 (48) ms, and with a pair of duplicate points recorded
states, providing insight into the changes in both chain for error analysis. Peak intensities were extracted using the
hydration and packing along the folding pathway of the Fyn MUNIN approach 85, 36) and were converted into effective
SH3 domain. relaxation rate$ et = — LTreiadN(11(vepma)/lo), Wherelg is

To date, only the G48V and G48M mutants of the Fyn the peak intensity in the reference spectrum obtained with
SH3 domain have been studied by NMR relaxation disper- Trelax = 0 (37). Uncertainties irR; « values were estimated
sion methods19—21), and the generality of the | < U as described previousl2Q). In cases where calculated errors
folding model for SH3 domain folding is open to question. of R, were less than 2% (1.5%), a minimum value of 2%
For example, (i) is the presence of a detected intermediate(1.5%) was used.
simply an “artifact” of mutations at position 48 or (ii) perhaps Relaxation dispersion data foy = 37 (45) residues of
a reflection of some special sequence properties that areG48V Abplp SH3 (A39V/N53P/V55L Fyn SH3) that have
unique to the Fyn SH3 domain, or (iii) are such intermediates non-overlapped cross-peaksfii—1°N correlation spectra
common to SH3 domain folding in general but not detected and with exchange contributionrB.x = Ry (50 Hz) —
by less sensitive techniques? To address these questions, W, (1000 Hz)> 2.5 s'!, measured at, = 3 temperatures
studied an additional pair of SH3 domains, including a A39V/ andn; = 2 magnetic fields (a total ofig;; = 3108 (3780)
N53P/V55L mutant of the SH3 domain from the Fyn tyrosine data points) were fit together to models of two-<F U,
kinase (referred to in what follows as A39V/N53P/V55L Fyn and three-, =~ | < U, site exchange as described in detail
SH3) where the conserved Gly (G48) is retained and a G48V elsewhereX9, 20. Briefly, fits were performed by adjusting
mutant of an otherwise stabilized SH3 domain from Abplp exchange parameters, described below, to minimize a func-
(G48V Abplp SH3; see Materials and Method3))( a 592- tion of the formy? = Z(R‘;ffﬁ”’e"— thsi%ulatejz/aszeﬁz, where
residue protein that plays important roles in regulating the o, . is the experimental uncertainty of eaher value and
actin cytoskeleton in yeasB{, 32). Notably, G48V Abplp  the sum extends over all measurements included in the fit.
SH3 has only 36% sequence identity to the Fyn SH3 domain. géaculated 51 e5 were obtained from numerical integration
Relaxation dispersion experiments indicate conclusively that of the Bloch-McConnell equations38) using in-house
these two proteins also fold through an on-pathway inter- written software. The data were analyzed under the assump-
mediate state, . In addition, we present here an analysis oftions that (i) the chemical shift differences between the
the structure of the | state for G48V Abplp SH3 Showing exchanging state&w—ij = w; — wj, are independent of
that it is very similar to the | states that have been temperature, (i) the folding process at each site can be
characterized for G48M and G48V Fyn SHBY), as well  described with the same exchange rate constants, with the
as the “one-dimensional energy landscape” of the G48V temperature dependence of the rate constant for the transition
Abplp folding reaction derived from the temperature de- from statei to statej (i,j € {F, I, U}) given by transition-
pendence of the folding/unfolding kinetics. The results from state theory

the present study suggest that formation of the | state
observed originally in studies of G48V and G48M Fyn SH3 k; = (kgc'T/h) exp(—AG*ij/(R‘l)) (D)

may be a general feature of SH3 domain folding.
and (iii) the intrinsic relaxation rates are the same for a given

MATERIALS AND METHODS probe in states F, |, and U (simulations have established that

Samples of thé>N-labeled G48V mutant of a hyperstable this is a valid approximation for the exchange parameters
Abplp SH3 domain fronSaccharomyces cerisiae (the here). In eq 1AGH; = AH¥j — TAS'j is the activation free
hyperstable protein is generated from WT with E7L, V21K, energy for the process of conversion from state j, AS;
and N23G mutations) and the A39V/N53P/V55L mutant of and AH¥; are the activation entropy and enthalpy, respec-
the Fyn SH3 domain were expresseddscherichia colias tively, kg, h, andR are Boltzman'’s, Plank’s, and the universal
amino- and carboxyl-terminal hexa-histidine fusions, respec- gas constants, andis a transmission coefficient. A value
tively, and purified as described previousi33|. The of k = 1.6 x 107 was used as an empirical estimate for
N-terminal tag associated with the Abplp G48V SH3 domain protein folding reactions3@), corresponding t&g«/h = 3000
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s 1 K™%, but thermodynamic parameters obtained witi 42). As protein folding is accompanied by large chemical
1 are reported as well. The model of two-site exchange, shift changes (generally between 1 and 10 ppm for backbone
F < U, for G48V Abplp SH3 (A39V/N53P/V55L Fyn SH3)  3N), relaxation dispersion methods have emerged as an ideal
includesnye = nine + N + 4 = 263 (319) adjustable  tool for studying folding/unfolding equilibria in marginally
parametersrin:n, values of intrinsic relaxation rates that are stable proteins/destabilized mutants with unfolding free
assumed to be the same for F and U states along mwvith  energiesAGyg, of 1—3 kcal/mol and folding rates on the
values ofAwry and the four activation parametetsd*sy, millisecond time-scalel@, 43, 44). The stability of the wild-
ASru, AH*UE, and ASug). There arenga — Npar = 2845 type Fyn SH3 domain is well outside this range (4.4 kcal/
(3461) degrees of freedom. The three-site exchange modelmol, 25°C) (45), and althouglAGyr for the wild-type Abplp
F < | = U, includesnyy = ningn, + 2n, + 8 = 304 (368) SH3 module is 3.1 kcal/mol (28C) (30), the folding/
adjustable parametersun, values of intrinsic relaxation  unfolding rates for this domain are too slow to give rise to
rates assumed to be the same for the F, |, and U states, 2 quantifiable dispersions. As a result, we have studied
values ofAwr and Awry, and the eight activation param- mutational variants of these modules that satisfy the stability
etersAH¥,, AS, AHY e, ASHE, AHY, AShy, AH¥,, and and folding rate requirements indicated above over the
ASy) corresponding to 2804 (3412) degrees of freedom. temperature range investigated {38 °C), resulting in high-
Extensive minimizations with different initial conditions were quality >SN CPMG dispersion profiles for the majority of
performed using the optimization protocol described previ- the backboné®N probes (see below). In the case of the Fyn
ously for G48V and G48M Fyn SH3 that involves both grid SH3 domain, mutation of A39 and V55 to V and L,
searches and optimizations based on a Leverbdayquardt respectively, increases both folding and unfolding rates by
algorithm @0), to ensure that the minimum energy solution an order of magnitude, while substitution of P for N at
is found (9, 20). Uncertainties in the extracted model position 53 decreasesGyr to 2.6 kcal/mol (40°C), so that
parameters were estimated using the covariance matrixthe folding kinetics and thermodynamics are optimal for
method 40). Errors in Awg and Awry values for G48V detection by the CPMG dispersion class of experiment. To
Abplp SH3 were obtained by a bootstrap proceddds in increase the folding rate of the Abplp SH3 module, three
which some fraction of the 3108 experimen®ales values substitutions were made, E7L, V21K, and N23G, that elevate
was removed from the original data set. In this approach, the folding rate by 10-fold and also stabilize the protein,
each of the 3108 experiment®} . values was numbered followed by the G48V mutation that increases the rate of
consecutively, 3108 random numbers were generated fromfolding still further, yet decreasesGye to within the range
1 to 3108, and an experimental data point was retained forindicated above30).
analysis if its designated number was in the set of 3108 Two-Sitevs Three-Site Exchange ModelBhe folding
random numbers chosen. Note that in this approach somereaction of G48V Abplp SH3 and A39V/N53P/V55L Fyn
data points can be selected multiple times, while others areSH3 have been analyzed usitiy CPMG dispersion profiles
not chosen. The resulting dispersions were subsequently remeasured at two static magnetic field strengths and three
fit starting from the best fit solution to the complete data temperatures for 37 (Abplp SH3) and 45 (Fyn SH3) amide
set. The process was repeated 50 times, and the errors igroups that show considerable exchange contributions to the
Aw were calculated as one standard deviation of the N transverse relaxation rates (see Materials and Methods).
distribution of values obtained. Initially, relaxation dispersion data are fit on a per-residue
basis to a two-site exchange model,<F U, to extract
RESULTS AND DISCUSSION unfolding, ke—y, and folding k¢ rates as reported by each
NMR MethodologylIn this work, we used®N relaxation amide®N probe. Since a folding/unfolding process described
dispersion NMR methods to study the folding reactions of a by the model, F> U, is a cooperative global event involving
pair of SH3 domains, referred to in what follows as G48V all residues in the protein, all backbone amides should report
Abplp SH3 and A39V/N53P/V55L Fyn SH3. The goal is the same folding and unfolding rates (to within uncertainties).
to extend our original studies of the G48M and G48V Fyn If different rates are, in fact, observed experimentally then
SH3 domains, showing that the folding of both of these this is strong evidence that the two-state model is not
mutants proceeds through an intermediate on-pathway statexppropriate.
(19—21) with structural properties similar to those elucidated  Figure 1 shows distributions of foldingy—r, and unfold-
for the transition state of the assumed two-state folding ing, ke—y, rates for selected residues of stabilized G48V
reaction ¥, 14, 17). Abplp SH3 (panel a) and A39V/N53P/V55L Fyn SH3 (panel
5N CPMG relaxation dispersion experiments are ex- b). Here parameters have been estimated via a jackknife
tremely sensitive to millisecond time-scale exchange pro- procedure40) in which 25% of the data from each dispersion
cesses between ground and excited state conformations, sprofile was removed and the resultant curves were fit to
long as the later are populated at a level of approximately obtain exchange parameters. This process was repeated 25
0.5% or higher and there are distinct chemical shifts betweentimes to generate a distribution (i.e., 25 sets) of parameters
the exchanging conformers24). The experiments are that provides a measure of the rangelef ¢, ke—u) values
particularly powerful because there is no requirement that that are consistent with the experimental data. It is clear that
correlations from excited states be visible in NMR spectra for G48V Abplp SHXy-r values can differ by as much as
(indeed they are usually not, as in the present case). Alongan order of magnitude (for data recorded at°4), while
with the kinetics (exchange rate constants) and the thermo-k-—y rates vary severalfold, with variations in the rates far
dynamics (populations of exchanging states) of the process,exceeding those predicted on the basis of the error bounds.
the technique also can provide structural information about Differences in per-residue values of folding and unfolding
minor conformations in the form dPN chemical shifts 22, rates for A39V/N53P/V55L Fyn SH3 are even greater,
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Ficure 1: Distributions of folding ky—r, and unfoldingke—y, rates obtained on a per-residue basis from an analy$isl@PMG dispersion

profiles for selected residues (labeled with residue numbers) of (a) stabilized G48V Abplp SH3Gatfdled boxes) and 46C (open

circles) and (b) A39V/N53P/V55L Fyn SH3 at 3% (filled boxes) and 45C (open circles). Dispersion curves for each residue were
analyzed independently, as described in the text, and distributions of parameters obtained via a jackknife pA@}eldsiribed previously

(43) and in the text; rate constant distributions for a given residue are shown with the same color. For each residue, data measured at two
magnetic fields and three temperatures were fit together using a model of two-site excharndeatong with the assumptions that (i) the

15N chemical shift differenceAwry are independent of temperature and that (ii) the temperature dependence of the rate constants is given
by transition state theory (eq 1). (c,d) Typical fits of dispersion data using a global three-site exchange model (solid lines) for residues (c)
lle27 of G48V Abplp SH3 and (d) Leu55 of A39V/N53P/V55L Fyn SH3. Although the fits are shown for only select residues, data from
all residues, all temperatures, and all magnetic fields were included in the analysis. Dispersion profiles (circles) in red and green were
recorded at spectrometer fields of 18.8 and 11.7 T, respectively.

approaching 1 and 2 orders of magnitudekgrr andke—, Table 1: ¥ Target Functions Obtained In Global Fits 6K
respectively, at 38C. These results indicate tHaN CPMG Single-Quantum CPMG Dispersion Profiles for 37 (45) Residues of
dispersion data for both SH3 domains are not consistent withA°P1 SH3 (Fyn SH3) Mutants Measured at Three Temperatures and

. . Two Magnetic Fields Using Two- and Three-Site Exchange Mddels
a two-state folding/unfolding process.

Additional evidence for a more complex folding pathway G48V (E7LIV21K/NZ3G)  A39VINS3PVS5L

for both G48V Abplp SH3 and A39V/N53P/V55L Fyn SH3 Abp1 SH3 Fyn SH3
is also provided from a statistical analysis of global fits of no. degrees no. degrees
158 o0 - . - . model 22 of freedom 22 of freedom
N dispersion data using two-site and three-site exchange _ So13 845 52456 2961
i two-site
models (Table 1). Here a single set of exchange parameters threo-site 2975 2804 2131 3412

was used to fit all of thé>N dispersion data simultaneously _ _ .
(profiles measured at two magnetic fields and three temper-__° See Materials and Methods for details of data fits.

atures; see Materials and Methods) for all of the residues

showing dispersions in each of the proteins (approximately accepting the modeP(y?) is close to 0). In contrast, the
40). In the case of data from G48V Abplp SH3 and A39V/ global three-site exchange model<FI < U, was able to
N53P/V55L Fyn SH3 poor fits were obtained to the two- reproduce the data well with reducgtivalues of 1.06 and
site exchange model + U; reducedy? values (i.e., ratios ~ 0.92 for the Abplp and Fyn SH3 domains, respectively.

of they? target function to the number of degrees of freedom values are very sensitive to estimates of experimental errors.
of the model) of 2.4 and 6.5 were obtained (probability of Therefore, the quality of data fitting also has been established
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Table 2: Folding Kinetics Parameters Obtained in Global Fit®fSingle-Quantum CPMG Dispersion Data for 37 (45) Residues of Abplp
SH3 (Fyn SH3) Mutants Using Two- and Three-Site Exchange Madels

G48V (E7L/V21K/N23G) Abpl SH3

two-site model three-site model
temp PC] ke—u + ku—r [s7Y pu [%] ke + ki~ [s7Y] ki—u + ky— [s7Y] pi [%] pu [%]
40 360+ 15 1.42+ 0.06 1460+ 112 1797+ 101 0.67+ 0.04 1.55+ 0.07
43 348+ 6 2.45+ 0.06 1486+ 96 2012+ 98 1.05+ 0.04 2.624+0.08
46 339+ 2 4.15+ 0.02 1520+ 101 2252+ 111 1.614+ 0.07 4,344+ 0.12
A39V/N53P/V55L Fyn SH3
two-site model three-site model
temp PC] ke—u + ku—e [s7Y] pu [%] ke + ki~ [s7Y] ki—u + ky—i [s7Y] pi [%] pu [%]
35 9404 25 0.89+ 0.01 2656+ 47 14284 27 1.64+ 0.03 0.65+ 0.01
40 892+ 14 1.63+ 0.02 4396+ 110 1912+ 41 1.53+ 0.03 1.39+ 0.01
45 853+ 13 2.91+0.03 7162+ 294 2975+ 130 1.43+ 0.05 2.88+ 0.02

a See Materials and Methods for details of data fits.

by F-test analysesA(Q), showing that the three-site model decreases to the point where dispersion profiles obtained for
provides a statistically significant improvement in fit relative this system can be well fit to a global two-site exchange
to that obtained via the two-site model, with the glopal model corresponding to + | (data not shown). Below we
value decreased by 2.3(7.2) fold, i.e., by 3938 (19325), with focus on the G48V Abplp SH3 domain and a comparison
only 41 (49) additional adjustable parameters added for of the folding parameters for this protein with those obtained
G48V Abplp SH3 (A39V/N53P/V55L Fyn SH3). It is  from our previous studies of G48V and G48M Fyn SHY)(
important to emphasize that the three-site exchange modela detailed analysis of the folding of A39V/N53P/V55L Fyn
that was used in all fits of the data makes no assumption asSH3 will be presented elsewhere.
to whether | is on-pathway. That is, a model of the form  Structural Properties of the Folding Intermediate of G48V
F < A < B was employed, where A,B{l, U}. As described ~ Abplp SH3Backbone!sN chemical shifts are a sensitive
above, among the parameters extracted from fits of the function of the electronic environment surrounding the
relaxation dispersion data are chemical shift differences nitrogen nuclei and can be used as qualitative reporters of
between exchanging statésp, that can be extremely useful  |ocal backbone conformatior ). Therefore >N chemical
in defining the nature of the process that is studied. For both shift differences Awr (wr — @) and Awry (e — @),
systems considered here the lowest energy solutions are thosgptained from an analysis N CPMG relaxation dispersion
for which the chemical shifts of state B correspond very data using the three-site exchange model contain structural
closely to random-coil values as predicted by the CSI module jnformation about the conformational ensemble of the folding
of the program NMRView 46, 47), confirming that the  intermediate I. Previously, we have derived structural models
exchange process studied is one that derives from a folding/for the | states of G48V and G48M Fyn SH3 based on the
unfolding reaction and consistent with an on-pathway folding ratio A = Awr/Awr, measured at each backbone amide
intermediate, |. site for which dispersion data was availabl®) A value
Examples of fits of'®SN CPMG dispersion data to the of A = 0 indicates that th&’N chemical shift at a particular
global three-site exchange model are provided in Figure 1cbackbone site in the folding intermediate | coincides with
(lle 27 of G48V Abplp SH3) and 1d (Leu55 of A39V/N53P/ that of the folded state F, suggesting similar backbone
V55L Fyn SH3), showing that the relaxation profiles can be conformations for the | and F states at this site. By contrast,
well fit to the F< | < U model. In principle, more complex A = 1 indicates that®N chemical shifts for a particular site
folding models than the linear three-site scheme can bein states | and U coincide, consistent with an “unfolded-
employed, and statistical criteria used to establish whetherlike” intermediate state at this position.
improvements in the fits justify the increased number of  Figure 2 shows\ = Awr/Awey ratios for G48V Abplp
fitting parameters. However, the F~ | < U model  SH3 plotted as a function of residue number (panel a) and
considered here fits the data to within error (Table 1), and color-coded on the structure of the wild-type protein (panel
we do not feel that further insight into the foIdlng mechanism b; Spheres Correspond to the backbone amide nitrogens)_ For
would be derived through more complex analyses. comparisonA values for G48V Fyn SH3 that are available
Global Two-Site and Three-Site Exchange Parameters from a previous studyl@) are coded on its structure (panel
Table 2 shows populations of the exchanging states and rateg). TheA ratios for G48V Abplp SH3 point to a reasonably
of interconversion between states for G48V Abplp SH3 and well organized intermediate state |, with formation of
A39V/N53P/V55L Fyn SH3 obtained from fits to the three- nativelike secondary structure in most regions with the
site exchange model. For completeness, the parametergxception of the extended RT-src loop. For exampid,
generated from the two-site fits are also indicated. For G48V values below 0.3 are observed for most backbone amide
Abplp SH3, the population of the | statg, is less than groups, with the exception of GlaA/al21 of the RT-src
that of the U statepy, at all temperatures considered. In loop and residues Leu49 and Val55 that are spatially close
contrast, for A39V/N53P/V55L Fyn SH3py < p at to the loop in the folded state. Residues of the RT-src loop
temperatures lower than 49 and for temperatures of haveA ratios higher than 0:30.4, with A very close to 1.0
approximately 25C or lower, the population of the U state  for Aspl1, Glul4, Aspl5, and Phe20. Locally “structured”
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a Figure 2, panels b and c, respectively), witstrandss2—
Bl Bhae B2 Yo p3 Diswl g 3, Bs p4 at least partially formed in the | state. It is notable,
however, that residues corresponding to the N- and C-

Aay, a8V A.bpllp SH3 | terminalg-strands g1 andg5) in the folded domain are in
AWy 1 po @ e SRR a more nativelike conformation in the | state of G48V Abplp

than in | states of either G48V or G48M Fyn SH3. It may
well be that the | state of G48V Abplp SH3 corresponds to
a later stage intermediate than either of the intermediate states
that have been observed in dispersion studies of G48V or
G48M Fyn SH3. In this context, repeating the dispersion

i - analysis described above and elsewh&fe-@1) on a series

O g R T gy of mutants provides an opportunity to obtain snapshots of
I ] structure formation along the folding trajectory. As a final
point, it is worth noting again that regions of nativelike

0.8
0.6 -
04

02

. contacts observed in the | states of both G48V Abplp and
Residue Fyn SH3 (Figure 2b,c) from dispersion studies are similar
to what has been seen frogivalue analysis®, 14, 17),
b RT-src loop providing additional evidence that the | states observed in

the NMR work are on-pathway.
Thermodynamic Parameters along the Folding Pathway

of G48V Abplp SH3By recording®N CPMG relaxation
G48V Abplp SH3 dispersion profiles as a function of temperature, it is possible
to extract the enthalpi@d\H, and entropicTAS contributions
to the free energy changeAG between states F, I, and U
along the three-site folding trajectory. Moreover, the tem-
perature dependence of the exchange rates can be used to
obtain the activation parametetdd¥j, ASj, and AG¥; (i,j
e{F, I, U}), as described in detail previousiyq, 43).
However, their interpretation must be made with caution
because unlik\G, AH, andASthat do not depend on the
Nt 0.5 transmission coefficientx, in eq 1 (see Materials and
Methods),AS% and AG¥; do (43). Figure 3a shows, H,

Distal loop 4 - N-src loop

:.; and TS profiles for the folding reaction of the Abplp SH3

domain that have been obtained from the temperature study
c RT-src loop 02 reported here (at 43C). For comparison, similar profiles

01 for G48V Fyn SH3 (at 17.5C) obtained in a previous study

0 (19) are provided in Figure 3b. Curves with solid lines are
generated using = 1.6 x 107/, a value obtained based on

G48V Fyn SH3 an empirical estimate for protein folding3g), whereas

profiles shown with dashed lines correspondkte= 1. It

Distal loop p4 i N-src loop
_ i has been assumed thaAtS, AH¥; (and AS;j, AH;) are

independent of temperature over the small temperature range
examined in both studies (4@6 °C and 10-25 °C for
Abplp and Fyn SH3 domains, respectively). The thermo-
dynamic and activation parameters for the folding of G48V
Abplp and G48V Fyn SH3 domains derived from the
F < 1 = U model and their associated errors are listed in
tabular form in Supporting Information.

Not surprisingly, the relatively small free energy difference
FIGURE 2: Ratio of'>N chemical shift differenced = Awr/Awry between the folded and unfolded states of G48V Abplp SH3
for G48V Abplp SH3 (a) plotted as a function of residue number (G48v Fyn SH3)AGr, = Gr — Gy = —2.3 (—1.8) kcal/

(errors indicated by vertical lines) and (b) color coded on the . - .
structure of the wild-type proteirb8) (PDB identifier 1JO8), where mol, is the result of large, mutually compensating enthalpic

each sphere in the diagram is a backbone amide nitrogen position@nd entropic termsAHg, = —35.3 (~6.7) kcal/mol and
The secondary structure of the Apblp SH3 domain is included in TASsy = —33.0 (—4.9) kcal/mol. InterestinglyAHyr and
(?)-d(c) \ffétlLueSé 31% \;Dtgain%:ﬂHig 3 pfev_ﬁlé)?N CI:PMGddijperSit%n TAS,r values measured for G48V Abplp SH3 at43are
siudy ot the Lasy: Fyn _domairly) color coded on the  gjgnificantly larger than those obtained for G48V Fyn SH3
fégghuerse %ngﬂg"zpi_grgtgr'nmg)réﬁr?gdgggf'f'er 1SHF). Only at 1?.5°C _(19) (see Figure 3). We have also notec_j a similar
relationship betwee\Hyr and TASr values obtained for
backbone regions of the | state ensemble of G48V Abplp the folding reactions of F61A/A90G and F61A/I72A mutants
SH3 are similar to those identified in our previous studies of a redesigned apocytochrorbg, protein that were studied
of G48V and G48M Fyn SH3 (compare, for exampl&| over temperature ranges of 3747.5 and 17.532.5°C,
ratios for G48V mutants of Abplp and Fyn SH3 domains in respectively; namely, much larger values are obtained for
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Ficure 3: Profiles of free energyAG (green), in addition to the enthalpitH (red) and entropid@AS (blue) contributions toAG along
the folding pathway of (a) G48V Abplp SH3 at 43 and (b) G48V Fyn SH3 at 17% (19). AG andTAS profiles shown with solid lines
are generated using the transmission coefficient 1.6 x 1077, while profiles shown with dashed lines are obtained witlr 1 (eq 1).
The U state is taken as the reference.

the protein studied at elevated temperatd®.(Differences trajectory. This result and the discussion presented above
in thermodynamics parameters between the pairs of SH3provide a rationale for the large differences in observed
domains in Figure 3 or between the apocyctochrome mutantsvalues ofAHr and ASg between the Abplp and Fyn SH3
studied previously no doubt reflect changes in primary domains quantified at temperatures of 43 and 175
structure between each of the domains (recall that 64% of respectively. Note that while the ami#fN chemical shifts

the residues in Abplp and Fyn SH3 domains are different). of the | states in the folding pathways for both of these
However, the differences also reflect the delicate balanceproteins are consistent with the formation of significant
between contributions to enthalpy and entropy of folding nativelike backbone structure, it is most likely that the side-
from both the protein and the solvent and the changes in thechain conformations are highly disordered, as has been
relative importance of each of the contributions with tem- observed in a recent study involvit relaxation dispersion
perature. Focusing first on entropy, there is a significant spectroscopy of the lle, Leu, and Val methyl groups in G48M
penalty associated with protein compaction and with rigidi- Fyn SH3 @1). Thus, a large fraction of the “ordering” that
fication of side-chain positions, and this penalty is expected accompanies the | to F transition for both proteins and that
to increase with temperature because the entropy of thecontributes to the differences in theiH,r and ASk values
unfolded state ensemble increases more rapidly with tem-very likely derives from the side-chains.

perature than that of the folded sta#8,(49). On the other Although activation free energiesG¥;, enthalpies\H;,
hand, release of water that accompanies folding results inang entropiesAS;, (ij € {F, I, U}) can in principle be

an increase in the entropy of the system that favors the extracted from the temperature dependence of the folding
folding process. This effect becomes less favorable, however,rates k_;, we prefer not to analyze these values in detail
with increasing temperature because hydration water thathecause they depend on the model used to interpret the
surrounds exposed hydrophobic groups in the U statetemperaturerate dependence in the first place (eq 1) and
becomes less well ordered},(50). Thus, the entropy  for ASF;, AG; on the choice ok. Nevertheless, even a very
difference between *bound” and free water is less pro- conservative analysis suggests that the folding barrier from
nounced at higher temperatures. The net effect (i.e., sum of| o F in the G48V Abplp SH3 domain (Figure 3a) is
contributions from protein and solvent) produces the large entropic, since this result is obtained over the range 1
change inASur observed for Abplp SH3 (experiments ang is in keeping with the picture that emerges from the

recorded at the higher temperature) and the comparativelyinterpretaﬂon ofAHr andASk for Abplp SH3 given above.
smaller difference noted for Fyn SH3 at the lower temper-

ature. In a similar manner, the decrease in ordering of waterSCONCLUDING REMARKS
of hydration in the U state and the concomitant higher
enthalpy of hydration that accompanies an increase in We have presented results BN relaxation dispersion
temperature (i.e., nonpolar hydration is opposed by enthalpystudies of protein folding for a pair of SH3 domains,
at higher temperatures) contributes to the more negativeincluding the G48V mutant of a stabilized SH3 module from
change in enthalpy of folding that is observed in the Abplp andthe A39V/N53P/V55L mutant of an SH3 domain
comparison between the two SH3 domains of Figure 3. Of from Fyn. The data are not consistent with a two-state model
course, the solvent effects described above are captured irof protein folding, F~ U, but are well explained by a three-
the large and negative heat capacity change that accompaniestate model, > | < U, where the transient intermediate
protein folding @) that leads taAHry (He — Hy) andASey state is populated at a level of-2%, depending on the
becoming more negative with temperature. temperature. The presence of an intermediate state in the
Molecular dynamics simulations of protein folding of SH3 folding pathway of a pair of SH3 domains, G48M and G48V
domains 1, 52), as well as volumetric studies of Fyn SH3 mutants of Fyn SH3, has been observed previously in
domain folding from our laboratory20), suggest that a  dispersion studiesl@—21); the results presented here based
significant fraction of water release upon folding in this class on studies of two additional SH3 modules establish that (i)
of molecule occurs between states | and F along the folding the | state detected previously is not an “artifact” of mutations
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at the highly conserved G48 position (ii) nor a specific feature
that is unique to the primary sequence of the Fyn SH3
domain but rather very likely a general feature of SH3
domain folding and (iii) that the folding of different SH3
domains likely proceeds through similar pathways, as has
been suggested previousl, (7). From the temperature
dependence of the folding kinetics of G48V Abplp SH3 a
“one-dimensional” energy landscape of the folding reaction
of the protein was obtained. The thermodynamics data and
the N chemical shift differences between the F, I, and U
states support a model of an intermediate state that is
significantly hydrated and that contains “nativelike” back-
bone structure, with the exception of the RT-src loop that is
largely unfolded. Although the details of the | folding
intermediate of A39V/N53P/V55L Fyn SH3 will be pre-
sented elsewhere, it is noteworthy that this intermediate
shares many of the same structural features with those
observed for G48M and G48V Fyn and G48V Abplp SH3
domains, including formation of the centfasheet. Finally,

it is worth restating that previous experimental studies of
the folding of SH3 domains that are based on the addition
of denaturant and/or that make use of only a very small
number of probes of folding are consistent with a two-state
mechanism 7, 12—18). The present work along with
previous NMR dispersion studies from our laboratdtg-{

21) establishes that the folding reaction is more complex and
that by using many probes (in this ca8® backbone amide
sites for nearly every position in the protein) it is possible
to obtain much more detailed information than is available
from other more ‘traditional’ methodologies that have been
used to study protein folding in the past.

SUPPORTING INFORMATION AVAILABLE

Table S1 listing the thermodynamic and activation pa-
rameters for the folding of G48V Abplp and G48V Fyn SH3
domains derived from the + | <= U model. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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