JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Multiple-Site Exchange in Proteins Studied with a Suite
of Six NMR Relaxation Dispersion Experiments: An
Application to the Folding of a Fyn SH3 Domain Mutant
Dmitry M. Korzhnev, Philipp Neudecker, Anthony Mittermaier, Vladislav Yu. Orekhov, and Lewis E. Kay

J. Am. Chem. Soc., 2005, 127 (44), 15602-15611+ DOI: 10.1021/ja054550e « Publication Date (Web): 12 October 2005
Downloaded from http://pubs.acs.org on March 25, 2009

"N 108 *

(peml, o : ) ' .
114 g .o o
118 DK e s
122 f" - ¥y
126 e .
130 L,
134

1 10 71 10 T 1 10

9 8 9 8 9 8 7
F (94.2%) ==———> 1 (0.7%) =———> U (5.1%) "P™"

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 12 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja054550e

JIAICIS

ARTICLES

Published on Web 10/12/2005

Multiple-Site Exchange in Proteins Studied with a Suite of Six
NMR Relaxation Dispersion Experiments: An Application to
the Folding of a Fyn SH3 Domain Mutant
Dmitry M. Korzhnev," Philipp Neudecker,™ Anthony Mittermaier,*
Vladislav Yu. Orekhov,* and Lewis E. Kay* T

Contribution from the Departments of Medical Genetics, Biochemistry, and Chemistry,
The Unbersity of Toronto, Toronto, Ontario M5S 1A8, Canada, and
Swedish NMR Center at @borg Unversity, Box 465, 405 30 Geborg, Sweden

Received July 8, 2005; E-mail: kay@pound.med.utoronto.ca

Abstract: The three-site exchange folding reaction of an **N-labeled, highly deuterated Gly48Met mutant
of the Fyn SH3 domain has been characterized at 25 °C using a suite of six CPMG-type relaxation dispersion
experiments that measure exchange contributions to backbone *H and *°N transverse relaxation rates in
proteins. It is shown that this suite of experiments allows the extraction of all the parameters of this multisite
exchange process in a robust manner, including chemical shift differences between exchanging states,
from a data set recorded at only a single temperature. The populations of the exchanging folded,
intermediate, and unfolded states that are fit are 94, 0.7, and 5%, respectively. Despite the small fraction
of the intermediate, structural information is obtained for this state that is consistent with the picture of SH3
domain folding that has emerged from other studies. Taken together, the six dispersion experiments facilitate
the complete reconstruction of *H—'N correlation spectra for the unfolded and intermediate states that
are “invisible” in even the most sensitive of NMR experiments.

1. Introduction trains of eitherH or 1N refocusing pulses are applied. It is

Many biological processes, including enzyme catalysisl thus possible to record a suite of six dispersion profiles for each
molecular recognitioRjnvolve conformational rearrangements ~ Packbone amide site, providing the opportunity to characterize
that occur on a micro- to millisecond time scale. NMR relaxation €xchange dynamics in some detail. _
dispersion techniques such as CaPurcel-Meiboom-Gill The extraction of accurate kinetic parameters that characterize
(CPMG)-typé# and rotating-frame relaxatiorR{(,)56 experi- a multi- (>two) site exchange process from relaxation dispersion
ments are powerful probes for the study of such dynamics. In data remains, however, a major challenge. In most studies of
the past few years, there have been significant advances in the®roteins published to date using this technique, the data have
development of relaxation dispersion methéd&or example, ~ P€en analyzed under the assumption of two-site exchange.
the existing'H and?N single-quantum (SQ) CPMG dispersion Although in some cases the two-site exchange model is
schemes that quantify microsecerillisecond dynamics at justified }* in many cases of interest thq dynamcs are'llkely to
backbone amide positions of protéin® have been supple- P& more complex. For exampléN dispersion studies of
mented by complementary experiments that measure relaxatio/Somerization of disulfide linkages in BPTI showed clearly that
dispersion ofH—15N zero- (ZQ) and double- (DQ) quantum the process involves a third stdfeand similar experiments
coherencéd12 and by experiments that operate on multiple- quantifying the folding kinetics of the drkN SH3 domain could

quantum (MQ, equal sums of ZQ and DQ) cohererideghere only be interpreted in terms of a pair of exchange processes
— with rates that differed by more than 1 order of magnitfide.
! University of Toronto. Enzyme function can often be described as a series of several
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complex have been reported in &N relaxation dispersion  temperature. In contrast, a data set comprising a number of
study of human prothrombin interacting with an antithrombic temperatures was necessary for the analysi$’NfSQ data
peptide!” In recent work from our laboratory, low populated (exclusively) recorded on a fully protonated sample of Gly48Met
folding intermediates along the (assumed) three-step folding Fyn SH3!8 Fitting the data together requires a number of
trajectories of a pair of destabilized mutants of the Fyn SH3 assumptions regarding the temperature dependence of rates and
domain have been characterized usiilg SQ CPMG experi- chemical shift differences, that in a single temperature, six
ments!8 dispersion study can be completely avoided. Most importantly,

In “favorable” cases of multisite exchange, where the kinetics the use of ZQ and DQ dispersion profiles allows calculation of
of each exchange process differ by at least 1 order of magnitude the relative signs oAy andAwy. 1112 A central result of this
it may be possible to extract the exchange parameters from fitsarticle is that when this information is combined with the sign
of 15N SQ data derived from a single residt¥ften, however, of Awy, obtained using a generalization of the method of
kinetic parameters are more similar and fits must rely on data Skrynnikov et ak® developed for two-site exchangé, is
recorded for multiple sites that are interpreted in the context of possible to reconstruct thH—5N correlation spectra of the
a global exchange model. Even in cases wh& SQ two invisible minor conformations of Gly48Met Fyn SH3, | and
dispersion profiles for many residues can be fit simultaneously, U, that are populated at 0.7 and 5%, respeety. This
it is not uncommon to obtain multiple solutions that fit the data significantly extends our previous methodology based%®h
(nearly) equally well. In such cases it is necessary to record SQ data sets where only the signs BN chemical shift
data over a range of experimental conditions, such as temper-differences between major and minor conformers could be
ature or substrate concentrations (in the case of binding obtained?®
reactions), to ensure that a try&minimum in solution space
is found. For example, in the case of our studies of the folding
of the Gly48Met and Gly48Val mutants of the Fyn SH3 domain, ~ NMR Spectroscopy.'H SQ* N SQJ 'H—"N ZQ,"* 'H—'N DQ,"*
15N SQ dispersion data were collected at multiple temperatures, *H MQ (i.e., *H—**N multiple-quantum wittH CPMG pulses}’ and
and three-site exchange parameters were obtained assuming (f)s’r'a)?gﬁorg'-zi*s;';;;': F'::;‘][it;zlse;esz”?é?om‘;zlsyn;i'}giere“(;sfz
::rgttldtht?e tggi?ifetzriydﬁ gﬁgictjiizcsta?:e ?ﬁgg?gﬁ drag;[i()e %;?Stant%iuteratedllezH) Gly48Met mutant of the Fyn SH3 domai(0.8

. o . mM protein, 50 mM sodium phosphate, 0.2 mM EDTA, 0.05% bdaN
chemical shift differences between the exchanging states,, 10% DO, pH 7) using pulse schemes and experimental parameters

are independent of temperatdfeln studies of the human  gescribed in detail in the cited references. All data sets were measured
prothrombin/antithrombic peptide syste®iN SQ dispersion g field strengths of 11.7, 14.1, and 18.8 T, TS (Figure 1), using
measurements were performed at different molar ratios of varianinova spectrometers. The intensities of cross-peaks derived from
protein and peptide, and the data were analyzed using threethe folded state of Gly48Met Fyn SH3 were quantified using the
site exchange models taking into account the concentration MUNIN approact?? Peak intensities obtained from 2BA—N

2. Materials and Methods

dependence of the exchange rate constdnts. spectra were converted into effective relaxation raegy, via
The analysis of multisite exchange processes is significantly

more complex than that for two-site exchanging systems, and _ 1 l1(vepmo)

o R, ei(Vepma) In 1)

it is clearly advantageous, therefore, to record as much ’ T lo

complementary data as possible. Here we analyze a data set _ _ o
based on a suite of sBH—15N CPMG-type dispersion experi- whgrevcpMG = 1/(40), with 20 thg time between app!lcatlon_ of puls_es
ments (recorded on a@iN-labeled perdeuterated sample) that 9uring the CPMG-type refocusing sequence that is applied during a
use backbone amide groups as probes to study the equilibriumConStant relaxation delay of duratidnand lx(vceue) andlo are the
foldina/unfolding reaction of the Glv48Met Fvn SH3 domain peak intensities in spectra recorded with and without the relaxation
olding/untoiding reaction of the y. etry oma delayT, respectively?* Uncertainties inR .« were calculated as
that proceeds through the formation of a low populated

intermediate state. Since all of the dispersion data are sensitive 1 AILO

to the same set of exchange parameters (i.e., the same exchange ARy oi(Vepmd) = $m

rate constants and chemical shift differences between the nrcem

exchanging states fqr both nUCIeI,Of the—IN spin pa}lr,Azer . where[Al,[is the average (over allcpmc Values) root-mean-squared
andAwN), Fhe. combined use of six types of dls.per5|0n profiles deviation of peak intensities estimated from repeat measurenénts.
provides distinct advantages over the analysis of'Qand  cases where calculated errors were less than 226Q, N SQ, 'H

1H data. Simulations that will be presented elsewhere establish,MQ, and®N MQ experiments) or 4% (ZQ and DQ experiments) of
not surprisingly, that the addition of data, without the introduc- R,ex, @ minimum value of 2 or 4%, respectively, was used.

tion of further adjustable exchange parameters, leads to a Fitting Relaxation Dispersion Data. TheoreticalRS values were
significant improvement in the precision of extracted parameters calculated by explicit numerical modeling of magnetization evolution
and in the convergence of the optimization protocol. We show, - _ -

here, through both experiment and computations, that robustggg g:ﬁ;‘,ﬂ,kﬁv ﬁ?”éﬁtbiﬁ.-qﬁ'ig{j‘ (F"_-&‘,,“;"E%;‘y’?‘ﬁ_lg; e S0@002
three-site exchange parameters characterizing the reaction(21) %2i4’,\|;r2d3052;1§?{6£6r2hnev D, M.: Stogios. P. 1. Zarine-Afsar. A Ka
F <= | < U between a highly populated folded state (F) and “ L E: Davidson, A RProc. Natl. Acad. Sci. U.S./2004 101, 7954
two .mmor states, Inte.rmedlate (I) and unfolded (U)’ can be (22) Z)%5e?<hov, V. Y.; Ibraghimov, I. V.; Billeter, MJ. Biomol. NMR2001, 20,
obtained on the basis of a dataset measured aingle 49—60

@

(23) Korzhriev, D. M.; Ibraghimov, I. V.; Billeter, M.; Orekhov, V. Y. Biomol.

(17) Tolkatchev, D.; Xu, P.; Ni, K. Am. Chem. So@003 125, 12432-12442. NMR 2001, 21, 263-268.
(18) Korzhnev, D. M.; Salvatella, X.; Vendruscolo, M.; Di Nardo, A. A; (24) Mulder, F. A. A.; Skrynnikov, N. R.; Hon, B.; Dahlquist, F. W.; Kay, L.
Davidson, A. R.; Dobson, C. M.; Kay, L. BENature2004 430, 586—-590. E. J. Am. Chem. So@001, 123 967-975.
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Figure 1. Experimental'H SQ° (TROSY-baseH) (a), 1N SQ° (b), tH—15N zZQ™Y (c), H—15N DQY (d), 'H MQ? (e), and>N MQ?*3 (f) relaxation

dispersion profiles for Asp 9 of th&N/2H-labeled Gly48Met Fyn SH3 domain (open circles with error bars; 18.8 T red, 14.1T green, 11.7 T blue) and best
fits using the “global” three-site exchange model (solid lines). Insets to the plots show simplified schematics of the CPMG-type refocusisguskeanent
in each of the experiments as well as the coherences that evolve during the constant time relaxation period.

during the CPMG-type sequences described above using (i) a model(Rx(vcpme) measured in at least three of six dispersion experiments
of two-site exchange between folded (F) and unfolded (U) states, is constant with &2 confidence of 1% or higher), and residues 2 and
F < U, and (ii) a model of three-site exchange that involves an 53. Dispersion profiles fom; = 47 residues measured im = 6
intermediate, |, along the folding trajectoryF1 < U. Details of the relaxation dispersion experiments, eachsat 3 magnetic fields, were
R.ei calculation for the case of two-site exchange are given else- fit together using models of two-site and three-site exchange as

where?18 with RS% calculated for three-site exchange in direct
analogy with the two-site cadéthe theory is summarized in Supporting

described above. Minimization of the “globgf? target function was
performed in a space ofsr = 11 186 experimental data points with

Information. The parameters of the two-site and three-site exchange nya, = ne'n-ns + 2n; + 2 = 942 adjustable parameters, corresponding

models were extracted by least-squares fits of the calculﬂgk—gq
values toR3%; rates measured it SQ, 15N SQ,'H—*N ZQ, IH—*N
DQ, *H MQ, and™N MQ experiments by minimization of the following
»? target function

ro=3

wherel = {x, ...,X,,} denotes the set of adjustable model parameters,

(RESHE) — RE%?

(ARGEY ©

Npar IS the number of adjustable model parameters, and the summation

in eq 3 is over the number of experimental data pomis If the errors

in the experimental data are small, normally distributed and uncorrelated chemical shift differencea .

with each othery?(¢) at its minimum follows g2 distribution withv

t0 ¥ = Ngat — Npar = 10 244 degrees of freedom (two-site exchange
model) and withyar = ne'ne*ny + 4n, + 4 = 1038 adjustable parameters
andv = ngar — Npar = 10 148 degrees of freedom (three-site exchange
model). The adjustable parameters for the “global” two-state model
(F <= U) include n¢nen; intrinsic (transverse relaxatiorf, rates
(assumed to be the same in F and U states), cBemical shift
differences (in ppm) between the exchanging stétes;ry (= @hr

— whu) andAwneu (= e — @), the population of the unfolded
statepy, and the exchange rate const&atry (sum of folding and
unfolding rate constants). The adjustable parameters for the “global”
three-state model (> | < U) are ne-nen; intrinsic R, rates, 4,
AwNH, Aw’vau, AwN,Fu, populations

pi, pu, and exchange rate constaktgr, kexu (Sums of forward and

= Nuat — Noar degrees of freedom. The quality of data fits was assessed reverse rate constants for the reactiors Fand | <> U, respectively).

usingy? statistics, with model selection (two- versus three-site exchange
based onF-test criteri2?® Uncertainties in the extracted model
parameters were estimated using the covariance matrix mé&tboltgss
indicated otherwise.

) Extensive minimizations with different initial conditions were performed

to ensure that global minimug? solutions to fits of dispersion profiles
were found, as described below. It is worth noting that we have also
fitted the data to a two-site model where the intrinsic transverse

The analysis of relaxation dispersion data was performed for 47 of 'élaxation rates differ between sites; however, the reductigfi was

55 assigned amide resonances of'find?H-labeled Gly48Met mutant
of the Fyn SH3 domain. Excluded from the analysis were two pairs of
residues whose resonances overlappetHin®>N correlation spectra

marginal relative to the number of additional parameters that are
required, and the model was rejected.

Initial “global” data fits were performed assuming a two-site

(residues 4, 6 and 16, 32), residues 18 and 25 that show flat dispersiongxchange model using a two-step optimization procedure. First,

(25) Zar, Z. H.Biostatistical AnalysisPrentice Hall Inc.: Englewood Cliffs,
NJ, 1984.

(26) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, WN@imerical
Recipes in CCambridge University Press: Cambridge, 1988.
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extensive fits of relaxation dispersion data were performed on a per-
residue basis for each of the 47 selected residues. Specifically,
experimentalH SQ, N SQ,H—*N ZQ, *H—"N DQ, *H MQ, and

N MQ profiles were fit together starting from different initial values
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of Awy ey and Awy ey (ranging from—1.0 to 1.0 ppm with 0.1 ppm  SQ (b),*H—15N ZQ (c), *H—15N DQ (d), *H MQ (e), and'>N

steps for'H, and from—10 to 10 ppm with 1 ppm steps féiN) and MQ (f) dispersion profiles for Asp9 of®N/2H, Gly48Met Fyn

with reasonable initial estimates kf ruandpy (e.g., 300 st and 3%). SH3. The coherences that evolve during the CPMG period,

Once initial parameters were obtained, relaxation dispersion data for along with the type of CPMG-refocusing schemes that have

all 47 residues were fit together, using the opta!ngd Valumﬂf’ been used in each of the relaxation dispersion experiments, are
Amyu, and mean values d&xry andpy from individual residue fits 0004 a5 insets in each of the panels. In the conventional

as starting points. 1 15 10,27 ; 27
In the case of data fits to the three-site exchange modet (F> H and**N SQ scheme$;®or their TROSY counterparﬂé;

U), a more complex optimization protocol than the one presented above® CPMG pulse train is applied to eithé or **N spins after
was necessary. First, to find rough estimates of the exchange ratecreating the desired single-quantum coherence (for simplicity
constantske e, kexiu and populationgy, py, an extensive sampling of ~ labeled asH; and N+ in Figure 1a,b). In théH—1N ZQ and
individual residuey? surfaces as a function of the exchange parameters IH—1N DQ scheme$! a CPMG-type refocusing sequence with
was performed. Namely, for each residue, a serieg optimizations simultaneougH and!>N 180 pulses is applied to either zero-

were carried out on a grid with fixed values &g, Kexiu, Pi, Pu quantum HN_ + H_N; or double-quantum HN; + H_N_
(log(kex ), l0g(kex,u) ranging from 2.0 to 4.4 in step sizes of O, coherences (Figure 1c,d). 1 MQ and!N MQ experiments3
pu ranging from 0.5 to 10% in steps of 0.5%,< pu) and withAwy i, CPMG trains ofH 18C° (*H MQ) or 15N 180° (13N MQ) pulses

Awyru, Aone, Awnry, and intrinsic R, rates minimized. Initial

approximations for chemical shift differences in these minimizations of a 1:1 combination of double- and zero-quantum coherences
were taken from the data analysis using the two-site exchange model ’ q

F < U (see above). Specifically? minimizations were started either (H+N+ 4+ HeN- + H-N- +1 H-N-)/4, with ? single*N 18C°
from the point where the chemical shifts of the F and | states are Pulse {H MQ scheme) o*H 180" pulse {*N MQ scheme)

are applied to multiple-quantum coherencgNk that consists

identical, Awyr = 0, Aone = 0, Awpy = Awiar, Amney = applied at the midpoint of the constant relaxation time CPMG
Awg S (referred to in what follows as “01” starts) or from the point  interval to refocus evolution due &N or *H chemical shift,
where the shifts of states | and U are identidstyip = Awuey = respectively (Figure le,f).

AwL S Aone = Aowru = Aog sy (‘117 starts). A “global” The CPMG frequencyvcpmc) dependence of th, ¢ rates

22(Kex.F1, Kex,u, P, Pu) surface (sampled at 27 360 discrete points) was gbtained inlH SQ, 15N SQ, IH—15N ZQ, andH—15N DQ
subsequently generated for all 47 residues of Gly48Met Fyn SH3 by dispersion experiments can be expressed by a set of analogous
adding the per-residyg values (two separate “globaf” surfaces were o4, /a1i0n229 that depend on exchange parameters in the same
obtained, corresponding to “01” and “11” starts). Note that, at this point, way (see Supporting Information). Thus, in the case of two-

values of chemical shift differences and intrinsic rates have been site exchange between states E and U. the dispersion profiles
minimized using the three-site model for each of the points on the grid. ! X 9 W ’ ISpersion profi

The 20 combinations ofexrs Kecus Py Pu (for each “01” and *11” R2 et(vepme) depend on the forward and reverse rate constants
start) that resulted in the lowest “globay® values, along with the  Kru andkyr (or, equivalently, on the population of state jbJ,
corresponding shift valuesAwy e, Awnru, Awne, Awneu, and and the exchange rate const&at = key + kur) and on the
intrinsic R; rates obtained from the per-residue three-site fits, were used absolute value of the frequency difference between the exchang-
as starting points for subsequent optimizations of the “glogatarget ing states|Aw|, where Aw is Awpru, AonrFu, Awpry —

function that involved all 47 residues (six coherences, three fields) and Awy ruy, andAwy ru + Awn ru for dispersion curves of theH

for which all model parameters were adjusted. Most “global” minimiza- SQ,!N SQ,H—15N ZQ, andH—!5N DQ variety, respectively.
tions performed in this way converge to the same solution locus (i.e., |5 \what follows, we will distinguish between chemical shift
result in about the sam values and in very similar three-site exchange differences in rad/sw) from those in ppm &), with the
parameters). The parameters generated from the “global” '[hree-siterelation between the two defined according z&}wH o =

solution with the lowesj? were used in all subsequent analyses. A A — onA ith don the L
Simulations To Establish the Robustness of the Three-Site ~ @HATHFU AONFU = ONADNFy, WIth oy andawy the Larmor
d!®N nuclei, respectively. In contrast, the

Solution. To ensure that the exchange parameters that were obtainedfrequencIes otH an
from the fits described above were not the result of one or two description of MQ dispersion profiles is slightly more complex
pathological residues, we have carried out 25 jackknife simulaffons. (See Supporting Information), since evolution of békh and

In each of these computations, the experimental relaxation dispersion®N spins occurs during the CPMG element and a refocusing
data for a random subset of residues (10 out of 47) were excluded pulse train is applied to eithé#H or 15N (but not both). Not
from data analysis, and the protocol described in the previous sectionsurprisingly, MQ dispersion profiles are sensitive to changes
was repeated for the reduced set of residues (‘01" starts only); for eachin the chemical environments bbth *H and 15N spinst330|n
simulation the solution with the lowest “globaf? value was retained the special case wherewy ry = 0, Awnru Z 0 (Awnru Z 0,

forSfiL:T:ti?aer[ a?r?;yifllfi;ence of random errors in experimerRals values Awnpy = 0) N (H) MQ dispersion profiles are identical to
. P i those obtained int°N (*H) SQ experiments (see figures in

on the “global” three-site solution was assessed by 20 Monte Carlo S ing Inf ion): h hen ~ IA
simulations? For each of these 20 runs, exact synthetic dispersion data upporting Information); however, whefwi,rul ~ [Awn rul

were generated for 47 residues based on the parameters obtained in N and*H MQ profiles behave quite differently than their SQ
the “global” fit of the experimental data (see above), and to these data COunterparts and can even increase as a functiopspic™® (e.9.,

was added random noise with a standard deviation of 2#5Q, 1N Figure 1e,f).

SQ,™H MQ, and®N MQ data) or 4% {H—1N ZQ and'H—!N DQ As mentioned in the Introduction, the combined analysis of
data). Again, global optimization was performed according to the above the six relaxation dispersion profiles that have been obtained

protocol (*01” starts only), with the lowest “globa*® solution retained  for each residue in the case of th&/2H Gly48Met domain
from each run.

(27) Loria, J. P.; Rance, M.; Palmer, A. G. Biomol. NMR1999 15, 151—

3. Results and Discussion 155. .
(28) Carver, J. P.; Richards, R. E.Magn. Resonl972 6, 89—105.

; ; ; ; (29) Jen, JJ. Magn. Reson1978 30, 111-128.
Six Types of Relaxation DISperSIOn Data for Backbone (30) Korzhnev, D. M.; Kloiber, K.; Kanelis, V.; Tugarinov, V.; Kay, L. B.

Amide Groups of Proteins. Figure 1 showsH SQ (a),*N Am. Chem. So2004 126, 3964-3973.
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Table 1. Conformational Exchange Parameters Obtained from an (the “global” two-sitey? value exceeds the number of degrees
Analysis of Six Dispersion Profiles/Residue for 47 Residues of 2 - N ~ . i

15N/2H Gly48Met Fyn SH3 Using “Global” Two-Site and Three-Site pf freedomy? confidenceP(y?) ~ 0), while the three-site model
Exchange Models? is able to account for the dat®(§?) ~ 1). Because the actual

value of they? target function (eq 3) strongly depends on the
estimated uncertainties in the experimental data, a comparison
of the data fits has been made using fh¢est criterior?®

model p (%) kex (571 Y2HDFP P
two-site  5.214+0.04 (U) 378+ 3 (FU) 13542/10244 0

three-site  0.73:0.04 () 4673+ 382 (FI)  9651/10148 0.9998 : o : e
bestfit 513+ 0.05(U) 6756 231 (IU) showing that the three-site model provides a statistically

three-site 0.690.06 (I) 5324+ 665 (F) S|gn|f|_cant m&pzovzergent |nbf|t Lrl(zlggve _tcr)] thalt ogz;un(caj(cjj via tklme
jackknife 5.18+0.06 (U) 6795k 774 (IU) two-site model ¢* drops by with only 96 additiona
adjustable parameters addé&dtest confidencer 1, see Table

aShown are the best-fit values for the populations of the exchanging 1).

statespy (two-site model) andy, pu (three-site model), exchange rate . . .
CONStaNtske, ru (tWo-site) andkex i Kexru (three-site), “global’y? target Previous experiments have clearly shown that deuteration of

functions and the number of degrees of freedom, #DF, and confidence level carbon positions reduces the stability of folded proteins, due to
for the y2 values at the given number of degrees of freedB(p?). Also a decrease in the polarizability HC—2H versust3C—1H bonds
included are the mean parameters obtained from the jackknife simulation . . -—

+ standard deviations (see Materials and Methods for det8ifs). F-test that leads to a weakening of van der Waals interactions.
analysis shows that the probability that the observed reductighdbtained Such an effect is clearly observed in the data presented here.
when the data is fit to the more complex (three-site) model being due to Fqr deuterated Gly48Met Fyn SH3, a decrease in stability of

h i . . . . .
chance Is zero both the folded (F) and intermediate (I) states (relative to U) is

provides a more quantitative picture of the exchange dynamics noted in comp_arison with the protonat_ed version of t_he molecule.
than that obtained from our previo&&\ dispersion study of a For example, in the protonated prqteln the popul_anons of states
fully protonated version of the protef.First, the use of |andUare1.2and 1.9%, respe_cnv’élyzs °C), while I and U
deuteration facilitates the measurement of dispersion profiles € Populated to 0.7 and 5.1% in the deuterated sample (Table
involving the application ofH refocusing pulses during the 1). The corresponding exchange rate ponstants between F a'nd
CPMG pulse train; the effects 8H—!H cross-relaxation and | and between | and U become faster in the deuterated protein
scalar coupling that manifest in protonated samples and that(Kexfi = 4673 5™, kexju = 6756 S versusker = 1546 s,
can vary as a function of the number &f pulses can be  Kexiu = 5026 s in protonated form). The overall folding
significantly minimized or eliminated in highly deuterated '€&ction, as viewed from the perspective of a two-state B
sampleg? Second, it is possible to employ valuesigbyg in model, becomes slower as a result of deuteration, k@j@[‘f
IH SQ and MQ schemes (50 Hz to 2.8 kHz) that are values of 378 and 532-% measured for the deuterated and
severalfold larger than generally used'fN SQ experiments ~ Protonated molecules, respectively, atZs
(50 Hz to 1 kHz). This increases the sensitivity of thé Reconstruction of Spectra of the Low Populated | and U
experiments to exchange processes over a wider range of timeStates. The first step in any NMR study involves recording
scales. On a related note, amide proton chemical shifts can bespectra and assigning the resulting correlations to specific sites
more sensitive to the changes in protein conformation than their in the molecul€? These assignments then serve as the starting
15N counterparts, since, for example, the dispersion‘t¥ point for detailed structural, dynamic, and thermodynamic
chemical shifts for amino acids of the same type (expressed ininvestigations of the system in hand. In the case of studies of
Hz) is, on average, 1.6 times higher than¥ nuclei3! Third, “invisible” excited protein states, it is evident that the situation
all six types of dispersion profiles depend on the same set ofiS more complex. Clearly, an approach for tikemplete
parameters that are required to f@N and 'H SQ data. reconstruction ofH—15N (or tH—13C) correlation maps of these
Computations have clearly shown that the additional data leadslow populated states would be of great interest. To put our
to more robust estimates of the exchange parameters (manuscrippproach into context, consider first a two-site exchange process,
in progress), with data sets composedtdfand?5N dispersion F < U, and suppose that all six dispersion profiles discussed
profiles exclusively already representing a significant improve- above have been recorded. The 15N SQ, and théH,’>N MQ
ment relative to the case where offiN data is considered.  data sets are sensitive to the absolute values of chemical shift
Finally, the ZQ/DQ dispersion profiles are uniquely sensitive differences between the exchanging sta#s|Awry| and
to the relative signs ofAwy and Awy,2® and this sign  [A@nrul. Thus, if the>N SQ data were to be fit independently,
information is an important component in the reconstruction of @ pair of solutions with equivalen# values corresponding to
1H—15N correlation spectra of the invisible, excited states (see shift differences of+Awn ey would be obtained. Likewise,
below). simultaneous fits ofH, N SQ and!H, N MQ dispersion
Optimal Parameters of the Two-Site and Three-Site profiles yield four chemical shift combinations that are indis-
Exchange Models.As described in Materials and Methods, a tinguishable in terms of goodness of fit: 1A# ru, Ao Fu),
global fit involving six relaxation dispersion profiles measured 2: (Awwry, —Awonrey), 30 (CAwwry, Aoney), and 4
at three static magnetic fields for 47 well-resolved residues of (—A@hru, —Aw@nru). The 4-fold ambiguity can be reduced
15N/2H Gly48Met Fyn SH3 was performed using models of two- by a factor of 2 by recordingH—*N ZQ, DQ dispersion
site, F< U, and three-site, - | < U, exchange. Conforma-
tional exchange parameters apé values obtained in the (32) II““?gﬁngﬂNYa%%"rﬁ‘t’gi'\‘E “é;?”i?ﬁ'&ﬁi”ﬁ%!fé&é%gf% T atosoya,
“global” data fits are summarized in Table 1. Accordingyfo 13849, . _ ‘
statistical criteria, the data are not well fit to a two-site model gig gg‘ktg{)'; é g’:jgg'; LH Iﬁaﬁgtei g'occhrgs‘}')ft?_i’lgf5 éaziz%3£%5c-him_
Biophys. Actal969 191, 707—715.

(31) Doreleijers, J. F.; Mading, S.; Maziuk, D.; Sojourner, K.; Yin, L.; Zhu, J.;  (35) Withrich, K. NMR of Proteins and Nucleic AcigsViley & Sons: New
Markley, J. L.; Ulrich, E. L.J. Biomol. NMR2003 26, 139-146. York, 1986.
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curvedt?that depend on absolute values of frequency differ- wn = —ynBo is the field-dependent Larmor frequency of the
ences|Aw,§8| and |AwES| given by |Awpru — Awnryl and 15N spin, and the resonance frequency of state F is assumed to
|Awn ru + Awnrul, respectively. In this way, the ZQ and DQ be equal to 0. The JFresonance frequency of a correlation
profiles establish the relative signsdtoy ry, Ay rut SO that, derived from the major state (F) in the spectrum is givenby

if solution 1 satisfies the ZQ and DQ data then so will solution = Im(41)/wn, Whereds, 42, and; are the eigenvalues of the
4, but not 2 and 3. Thus, the combined analysis of six types of evolution matrix of eq 4 anfm(41)| < [Im(42)|, Im(43)|. Thus,
dispersion data results itwo indistinguishable combinations the k peak position of the major state is shifted with respect to
of chemical shift differences between the exchanging statesthe resonance frequency of state F (i.e., in the absence of
where if A@zuru, Awnry) IS @ solution, then so too is  exchange) in a manner dependent on the frequencies of states
(—Awy ru, —ADNFU). | and U and on the parameters that describe the exchange
The two solutions mentioned above can be discriminated by process. It is this dependence that provides the information
measuring the signs of th&®N chemical shift differences  necessary to distinguish between the two remaining solutions.
between corresponding resonances in states F adday,ru, For each of the two possible solutionAdfy i, Awy ru,
using the approach of Skrynnikov et Zl.(recall that the Awn p, Ao eu) and CAoy p, —Awnry, —Aon e, — A o)
resonances in state U are invisible!). In this method, the signs discussed above, the; peak position of the major state is
of Awy Fu are obtained from a comparison of peak positions in calculated fromA; (eq 4) using the exchange parameters
IH—15N HSQC spectra recorded at different magnetic fields, obtained from the “global” three-site fit of the relaxation
noting that the correlation from the F state will move closer to dispersion data. This process is repeated for a pair of spectrom-
the U state (in ppm) in the lower field map. Thus, the difference eter field strengths (in our case 11.7 and 18.8 T), and the
betweent>N chemical shifts of the resonances of state F obtained expected field-dependent shift in peak positions (ppha)c,

in HSQC spectra recorded at 18.8 and 11.7 T fielilsp = is obtained. The value afc,c is compared with that observed

wigs — w117 Will have the same sign aSonry = ong — experimentally Ogxp = w188 — @117 (Ppm); only one of the

WN,U- chemical shift solutions will produce @ c value that agrees
Consider now the case of three-site exchange; F< U. with experiment. A comparison @fc.c and dexp is made for

In an analogous manner to what is observed in the two-site casegach of the 47 selected residues of thg¢/?H Gly48Met Fyn
fits involving ®N SQ data exclusively give two solutions with  SH3 domain, providing the signed shift differences for each
the samey? value so that if Awnp, Awnry) iS one such backbone'H—15N spin pair.

solution then € Awn r, —Awn ru) Will be the second (note that To minimize any systematic shifts in the HSQC data sets
if (Awn,F, Ao o) IS @ solution thenAwy p, —Awy ru) and recorded at the two fields that might originate from subtle
(—Aw@n 1, Aonry) Will not be). Simultaneous fits ofH,5N differences in experimental conditions, a set of amide resonances

SQ and!H,’>N MQ data sets yield four equivalent solutions, from the His-tag region of the SH3 domain construct that
and if (Awnr, Aoy ru, Aonr, Aoey) IS one then so too produces flat dispersion profiles was used as a reference, with

will be (Awnp, Awury, —Aonp, —Aonry), (—Awwe, the difference between shifts of these residues in the two HSQCs
—Awy ru, Aone, Aoneu), and CAww p, — Ao ey, — Ao, minimized. Values oDexp, ranging from—0.02 to 0.02 ppm
—Awn ru).- Two of these solutions can be eliminated based on have been observed, with an excellent correlation betwegn
IH-1N ZQ and DQ profiles. Again, if Awnyr, AwwFu, anddcyc (inset to Figure 2a). Thus, the signsXdry 1, Aoy Fu,
Awn r, Aoy pu) is a solution based on a combined analysis of Awnp, Awnru can be unambiguously obtained, even for
all six dispersion profiles then{Awy g, —A@n ru, —AwnF, residues with small values @y ru. The signs ofAw were

—Awy ru) Will also satisfy the dispersions with an equivalent confirmed by the'H chemical shifts of state U obtained from
x? value. These two solutions, can, however, be distinguished Az gy that, of course, must correspond to the values expected
by calculating the signs dkawn r and Awy, ry On the basis of for an unfolded protein. Unreasonablé chemical shifts in state
an extension of the approach of Skrynnikov e¥’as explained U have been observed for only two of six residues Withy gy
below. < 0.5 ppm, shown in red in Figure 2. For these residues (Lys

The evolution of'>N transverse magnetization during the 22 and Met 48 that havR\wn ru| < 0.32 ppm), the signs of
period of an HSQC experiment (neglectifgl—1°N scalar all Aw have been corrected (i.e., inverted). In principle, the
coupling) in a system undergoing exchange between a populatedsigns ofAwy r andAwy ry could also be calculated from peak
state F and a pair of minor states | and U<H < U) is given shifts along thé'H dimension of HSQC spectra; however, for
by yet unknown reasons a very poor correlation betwgtdexp
anddcic has been observed.

Figure 2a shows the experimental—15N correlation map
dt = of the F state of thé>N/?H Gly48Met Fyn SH3 domain, with
the reconstructedtH—°N correlation spectra for states | and

RZEF Key R~k —k":lq A k?, U shown in parts b and c of Figure 2, respectively (for the 47
ol 2 F K u N Ry k, " iAo selected amide resonances with reliable dispersion data). Also
u 20 U Y shown as insets (Figure 2b,c) are the correlations of the
M::: 4) experimental>N chemical shifts of states | and ) exp and
My, wy,exp, With the 15N chemical shifts of the unfolded state of

Gly48Met Fyn SH3my cLc, calculated using the CSI module

where M; is the magnetization associated with statélj, = in the NMRView progran?®37 1t is clear that the spectrum of

My + iMy, the frequency difference between corresponding
resonances in states k andui(— w)) is Aonk = onAwN , (36) Johnson, B. A.; Blevins, R. Al. Biomol. NMR1994 4, 603-614.
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! T - i T T T T Figure 3. (a) Deviations from unfolded backbone chemical shifts for the
w6 _ m C intermediate |, 20) = (Awu,u? + Ao ud)!2 (solid lines, open circles)
rE o8 23, M 1 and folded F, 2o = (Awnr? + Awnrud)Y?2 (dashed lines, open boxes),
1 3 e 120 40 i states oftSN/2H Gly48Met Fyn SH3, respectively, expressed in absolute
B 8a® e ] frequency units at a magnetic field of 18.8 T. (b) Ribbon diagram of the
el 130 2 1 folded structure of the WT Fyn SH3 domain, PDB accession number
oL i 1 1SHF38
18 L 130 120 110 4
L Wy, e [PPM] __’,_——" o -’I..% .
2t [ " ol mS|C J Awn f, Aoy ru, andAwy ry Obtained from the “global” fit of
3 A0 6a’, Y - the six relaxation dispersion profiles per residue using the three-
126 | :*' f -szg%ss o B0 s 1 site exchange model are summarized in Table 2. It bears
sl |9 2-‘:!% Lo 200 S, ] repeating at this stage that both | (0.7%) and U (5.1%) states
L o9 Qe v ] are invisible in spectra; nevertheless, the approach described
1341 2 o P - above has allowed the near-complete reconstruction offHeir
h s — ’ 7 15N correlation maps.
'H |ppm] Structural Information about the | State from Chemical
Figure 2. ExperimentallH—15N HSQC spectrum of the F state (a), and  Shifts. The chemical shifts and chemical shift differences shown
reconstructed spectra of states | (b) and U (c}®f’H Gly48Met Fyn in Table 2 provide structural information about the low

SH3, 25°C. For | and U states, 47 correlations (out of a total of 55 assigned JJOpUlated | and U states of tHEN/2H Gly48Met Fyn SH3

amide resonances) were used in the analysis of relaxation dispersion dat . . .
(green and red residue numbers, with red marking those residues with domain. For example, tHéN chemical shifts of state Uy exe,

|Awnrul < 0.5; black numbers in plat identify residues that were excluded ~ derived from the chemical shifts of state F and the chemical
from the analysis; see text for details). Spectra of states I and U were shift differencesAmy ru, are very similar to those of a random

reconstructed as described in the text. Inset to @ktiows the correlation : : : : :
between peak shifts along f HSQC spectra measured at 11.7 and 18.8 coil (see inset to Figure 2c). Insight into the structure of the |

T, dexp, With peak shifts calculated using eq 4 based on exchange parametersState can be obtained from a comparison of the chemical shifts
obtained in the “global” three-site fit of relaxation dispersion datac. of state | with the shifts of states F and U, in a manner similar

Insets to plotd andc show correlations of®N chemical shifts for states to that described previously in the context of A8 dispersion
| and U, @ exp and wy exp, With 15N chemical shifts of the unfolded state tudy of t ted Glv48Met Evn SH3 doméir
of Gly48Met Fyn SH3 predicted using the CSI module of NMRV&#7 study or a protonated Gly etryn omairowever,

wy,cLe. the new information obtained in this work, namely the amide
proton chemical shift differences between the exchanging states,

the U state resembles that of an unfolded protein, and a goodAwy F, Ay, is potentially more sensitive to changes in

correlation betweenoy exp and wycLc is observed, whereas

the spectrum of the | state is well-dispersed. THeand 1N (37) Schwarzinger, S.; Kroon, G. J.; Foss, T. R.; Chung, J.; Wright, P. E.; Dyson,
; ; ; ; ; H. J.J. Am. Chem. So@001, 123 2970-2978.

ch_em|pal shifts of the F state along with the Slgned chemical (38) Noble, M. E.; Musacchio, A.; Saraste, M.; Courtneidge, S. A.; Wierenga,

shift differences between states F and I, and F and &y, , R. K. EMBO J.1993 12, 2617-2624.
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Table 2.

15N and H Chemical Shifts, @y and @, of the Folded State (F) and °N and 'H Chemical Shift Differences between Folded and

Intermediate (Awnr and Ay r) and between Folded and Unfolded States (Awnru and Awy ry) for 47 Residues of 1°N/2H-Labeled G48M

Fyn SH3 Obtained in the Analysis of H SQ, *N SQ, H—1N zQ, H-1
Using a Three-Site Exchange Model (F < | < U)

N DQ, H MQ, and >N MQ Relaxation Dispersion Data at 25 °C

residue oy @y Awyp Awyry Awyg Ay residue @y wy Ay Ay Awyp Awyry
3 124.52 8.166 0.44 1.01 0.445 0.151 34 108.30 8.264 3.43-0.97 0.435 0.131
5 118.40 9.514 —1.94 —3.66 0.391 1.463 35 118.53 8.475 —0.98 —1.95 0.124 0.397
7 126.57 9.432 2.03 5.91 0.563 1.587 36 120.62 7.772 1.50-0.27 0.253 —0.150
8 111.68 7.068 —3.47 —8.57 —-0.414 —-0.873 37 124.10 9.205 0.78 2.99 —1.324 1.525
9 117.24 8.342 —1.48 —4.57 0.093 0.281 38 123.86 8.533 0.75 2.35—-0.416 0.681
10 123.20 8.200 —2.81 2.90 0.021 0.315 39 131.53 9.331 0.22 7.85—0.246 1.332
11 127.43 7.533 2.77 6.06 —0.595 —0.593 40 120.26 9.106 0.02 0.83 —0.186 1.066
12 126.34 8.120 2.63 1.92 0.303 0.138 41 120.24 8.508-2.85 3.76 —0.233 0.303
13 121.98 9.375 1.63 1.73 1.385 1.267 42 130.75 8.866-1.62 6.54 —0.115 0.632
14 110.99 8.002 —-0.26 —4.58 —0.254 —0.226 43 116.36 8.382 1.71 2.80 0.148 0.265
15 118.89 8.758 —2.93 —3.33 0.367 0.297 44 108.14 7.963 0.49 —6.20 0.044 —0.050
17 120.18 7.689 1.23 —-0.34 —0.584 —0.429 45 111.09 7.944 1.39 0.28 0.266 —0.281
19 114.69 8.010 -—-0.89 —0.68 —0.365 —0.155 46 120.18 7912 -0.34 —-0.39 0.074 —0.258
20 114.78 8.262 —2.20 —6.51 0.085 0.375 47 117.35 8.584 —1.26 1.72 —0.080 0.361
21 118.13 9.011 -0.56 —2.21 —0.016 0.954 48 123.37 9.269 —0.66 0.32 0.003 0.962
22 121.96 9.258 0.12 0.21 0.267 1.166 49 120.62 8.524 1.41-1.80 —0.057 0.363
23 115.65 9.094 1.64 6.36 0.084 0.845 50 116.51 8.999-1.97 —9.09 —0.353 0.985
24 124.08 8.242 1.74 3.47 0.304 0.054 52 120.85 7.725-0.08 5.49 0.340 —0.483
26 116.68 9.218 -—-1.16 —3.69 0.324 1.201 54 118.26 7.835 —3.07 —2.65 0.299 —-0.124
27 120.74 8.790 0.32 —0.99 —0.196 0.665 55 109.23 7.187 —2.32 —16.51 —0.095 —0.481
28 127.02 9.377 —0.45 4.46 0.073 1.287 56 121.22 8.667 —4.99 —8.72 0.338 0.464
29 128.17 8.842 —-0.51 2.16 —0.303 0.573 58 120.75 8.004 4.49 1.78 0.253—-0.042
30 115.23 7.686 049 —4.12 0.038 —0.639 59 121.89 8.263 —0.66 —-1.23 —0.286 0.045
33 121.50 8.558 1.93 —-0.61 0.300 0.275

protein structure than tHéN shift differencesAwy ri, Az Fu®t
that were obtained before (see discussion above).

Figure 3a shows deviations of the chemical shifts of the
intermediate | (Zo; = (Awnu? + Ao ud)Yd and folded F
(2o = (Awn pi? + Aon pAY?) states relative to the U state,

both IH and N chemical shift differences, is in qualitative
agreement with the results of our previdas study of a fully
protonated domait?

Figure 4 compares tHéN chemical shift differences (in ppm),
Awn ru, Aoy p, Obtained from analyses of the relaxation data

expressed in absolute frequency units (Hz) at a magnetic field measured on the deuterated (six dispersion profiles per residue,

of 18.8 T. A reasonably good correlation betwegnand o
values is observed if-strands 2, 3, and 4 (Figure 3b) and in
the distal and N-src loops (except for several residue83in
whereo; > oF), suggesting the formation of a nativelike structure
in this region of the | state (i.e., the small chemical shift
differences between states | and F are locali®eth contrast,
values ofg; < of obtained for residues ifi1, 35, and the RT-
src loop imply that the structure in these regions is likely more

25 °C) and fully protonatedfN SQ data, five temperatures)
Gly48Met Fyn SH3 domains. The agreement betwa&en, ru
values (Figure 4a) is excellent, with a much more modest
correlation observed foAwn g (Figure 4b). Notably, values

of Awn are considerably smaller for the deuterated protein
relative to those obtained for the protonated molecule, indicating
that the | state shifts are more nativelike in the former case. To
understand if this effect is the result of measurements on separate

disordered in the | state. This picture, based on the analysis ofsamples, reflecting perhaps the different labeling schemes (i.e.,

Aw,,, ("N SQ) A, (°N SQ)
-15}¢ j -15 a,'o' 15} 'o 15 O b/‘
33/ N ef:‘
-10f i 5 a0} ¥
V4 5 P g
& )
St 5 ’ 5t !
15 5 -5 -15 ﬁ 15 5 5 -15
or 0}
ﬁ 08
5r g.-o 5t
6
101 10}
15 10 5 0 5 -10 -15 15 10 5 0 5 -0 -15

Aw, . (6 disp.)

Aw,; (6 disp.)

Figure 4. Comparison of chemical shift differencéson ru (@) andAwn g (b) obtained from the combined analysis of six types of dispersion data measured

at 25°C for deuterated Gly48Met Fyn SHS éxis) with the values obtained

from an analysis®f SQ data measured at five temperatures for protonated

Gly48Met Fyn SH38 (y axis). Insets to the plots a and b, respectively, show a similar comparison (with the exceptiSh tB&t data is measured at three
temperatures) for a subset of 26 residues of a partially deuterated Gly48Met Fyn SH3 domain (manuscript in prepaiafiQnilata were analyzed with
the assumptions of (i) temperature dependence of the exchange rates governed by transition state theory and (ii) temperature Awgpemoenton Fu

values, as described elsewhéte.
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IH versus?H), we used an additional sample &fN/2H a /w,, [ppm] A, 1, [ppm]
Gly48Met Fyn SH3 for which the complete data set comprising L5l RMSD: 1 1.5 RMSD: e
the six types ofH—15N dispersion profiles had been measured | 0098 ppm /! 0.008 ppm /
at three temperatures. This sample also included protonation at

" 0.5 0.5
the lle, Leu, Val methyl positions and at Phe and Trp for reasons y /
that are not important to the present work (to be published). 0 . 0 ,
Two analyses have been performed on data obtained from this -0.5 g | 0.5 P4
single sample, including one where the six dispersions at 25 Af o -1 ’
°C were simultaneously fit (as for the perdeuterated protein) £ .14 ! -5
and a second where only theN SQ profiles were analyzed, é AL5-1-05 0 05 1 15 -L5-1-05 0 05 1 15
although all three temperatures were included (as for the fully g A, [ppm] A, . [ppm]
protonated protef§). Simultaneous analysis of the six dispersion = RMSD: 18 rvso.
profiles (25°C) produced values oh@n i, Awn Fu, A FI, 4| 045ppm . j/ Lol 0:04 ppm /
andAwy ry that are very close to those obtained in the present 't ’
study of the perdeuterated construct. This emphasizes the 2 3
robustness of the data and lends confidence in the extracted 0 3 0
parameters obtained from the suite of six experiments. The insets 2 -5 »
to Figure 4a,b compare th®N chemical shift differences -4 -10 ’
obtained from the analysis of the six dispersions at one -6 /I -15 ,
temperature versus those generated ffefiSQ data measured 6 4 2 0 2 4 6 1510 5 0 5 10 15
at three temperatures; it is clear that only a modest correlation All experimental data
in values ofAwy r is produced from measurements on a single
sample as well (inset to Figure 4b). This argues that the b 4w, ppml A, py [PPM]

. . - L L5 1.5 r
differences im @y r values observed in Figure 4b (and its inset) RMSD: l RMSD: '
are likely due to the assumptions made in the analysis of the 1 0.082ppm 0 1 00Beem ,,o/
15N SQ data and may also reflect the importance of recording 0.5 . L 0.5 yss@DI7
a large number of dispersion data sets at a single set of 0 0
conditions (temperature) for a robust estimate of chemical shift N !
differences in the case of multisite exchange (see below). 03 /C 03 .l'

Robustness of the Three-Site Solution Obtained Using Six ] ! ' 1 Ve
Types _of D|sper3|on P_rofllesA concern in any multl_ple residue = -1»5_1:; T3 -1-5_1:; T3
fit of dispersion data is that the results could be influenced by =
a few outlying residues that may not be reporting faithfully on E A [ppn:] fatpLopml —
the global process. To ascertain that this is not the case here, 6 RMSD;‘ 1 19 RMSD: '
we have performed a series of jackknife simulations in which 4|5 yss " 1y O07PPT y
approximately 20% of the residues are removed randomly from 2 ' | 5
the analysis to establish what influence (if any) individual 0 G3a of
residues have on the solution. In addition, Monte Carlo 2 | 5 N
simulations have been performed to evaluate the effect of 4 ‘ ') 20l
experimental uncertainties on the extracted exchange parameters | o 15 l
(see Materials and Methods). flle ®

6 -4 2 0 2 4 6 -15-10 -5 0 5 10 15

The mean values of the exchange rate constlants and
k‘?X’FU a.nd populationsp .and pg obtained in the jackknife Figure 5. (a) Distributions of the chemical shift differencAsoy r1, Ao Fu,
simulations, Whgre the dispersion data for a random §ubset .OwaN,FIy andAwy y from the solutions with the lowest “globa? values
10 out of 47 residues were excluded from the analysis, are in obtained using a jackknife simulation protocol (described in Materials and
good agreement with the best-fit parameters obtained for all of Mh?ftthg_?fs) that Wasl):e_pezt‘f?d ZSIEmeIv E'OI}}?_? asa function of :I;e chemical

. . _ _ P I Irrerences obtained from the “global” it ot dispersion profiles using
the residues, with root-mean-squared deviations of these valUS i (il st of 47 residues (Table 2). (b) Distributions of the chemical shift
somewhat higher than the uncertainties of the best-fit parameters gifterences from the solutions with the lowest “globa® values obtained
as estimated using the covariance matrix me%ﬁ()‘ﬂable 1). in a Monte Carlo simulation that involved 20 separate computations (see
The chemical shift differences (Figure 5a) are also reproduced Mater!als and Metho_ds), as a function of the chemical shift dlﬁergnces from

. S . .. data fits of all 47 residues (Table 2). In a number of cases the signs of shift
with reasonable accuracy, establishing that the combined fitting giterences are inverted (see text) giving rise to anti-diagonals in the plots.
of six types of dispersion profiles per residue is robust with These outliers were excluded from the calculation of the root-mean-squared
respect to selection of the residue set. Similar results are obtainedleviations.
in Monte Carlo simulatior?§ (20 runs) where normally distrib-  and Aw ry values that were obtained are shown in Figure 5b.
uted random noise was added to exact synthetic dispersion dataNot surprisingly, in both jackknife and Monte Carlo simulations,
generated for 47 residues of Gly48Met Fyn SH3 using the best- the parameters that describe the unfolded state U (5.13%) are
fit parameters listed in Tables 1 and 2. Uncertainties of 2% were obtained with better precision than the parameters of the low

All experimental data

assumed fotH,'>N SQ, and'H,'>N MQ data and 4% fotH— populated intermediate | (0.73%). Thus, for the vast majority
15N ZQ, DQ data. The targdty r, Kex.ru, pi, andpy values were of residues, root-mean-squared deviations of the chemical shift
reproduced to within 20%, and thewy r, AwnrFu, ADH A, differencesAwy r (Awn g) are about 0.1 (0.5) ppm, 1 order
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of magnitude higher than 0.01 ppm (0.1 ppm) obtained for parameters fixed, discrimination between two- and three-site
Awyru (Aonru) (see Figure 5a,b). InterestinglWeon ri, exchange becomes increasingly difficult ks u becomes
Awy ru are less well determined for Val55. For this residue, significantly smaller or larger thanwy, as expected.
the exchange kinetics are in the slow regimeofyry = —16.5
ppm), and CPMG methods are not optimal for the extraction
of parameters. In approximately half of the Monte Carlo  The three-site folding of al?N-labeled deuterated Gly48Met
simulations the sign ohmy g (along with the signs oA ), mutant of the Fyn SH3 domain has been studied using a suite
Awyru and Amy ) is inverted for Gly 34 (Figure 5b) and  Of Six relaxation dispersion experiments that measure exchange
sign inversion occurs for residues Asp 17, Lys 22, and Met 48, contributions to spin relaxation of backbone amitieand**N
reflecting the small values chay ry for these residues (see  SPiNs. The combined analysis of the dispersion curves exploits
section on spectral reconstruction). the fact that they report on the same set of physical parameters.
Discrimination between Two- and Three-Site Exchange [N contrast to the quantification of three-site exchangédy
Models on a per-Residue Basisin the Gly48Met Fyn SH3 ~ SQ measurements exclusivéfythe analysis of siXH—1N
domain, all residues participate in the same exchange pﬁécess dispersion experiments does not require an extensive sampling
(i-e., folding), so that the combined analysis of dispersion data ©f €xperimental conditions (e.g., temperature) nor does it depend
for multiple sites is well-justified. In many cases of interest, ON the set of assumptions that often accompanies such a
however, exchange processes are local (i.e., involve only a fewS@mpling (e.g., some functional form for the temperature
residues with significantN and/or'H SQ dispersions). The  dependence of both exchange rates and chemical shift differ-
uncertainties in experiment&b e rates (1 to 2% or more) are ~ €nces). The fits benefit significantly from the combined use of
usually too high for the effective discrimination between two- data measured for multiple residues, although in some cases
site and three-site exchange on the basi$NfSQ dispersion ~ robust three-site exchange parameters can be extracted for
data exclusively, if data from only aingle amide group is  individual amide groups. Significantly, the experiments facilitate
considered. To establish whether reliable residue-specific pa-the extraction of the absolute signs'éfand**N chemical shift
rameters of three-site exchange can be extracted from thedifferences between exchanging sites and allow the near
extended data set used in this work, we have performed anCOMplete reconstruction dH—1N correlation maps for the
analysis involving the six dispersions for individual residues. nvisible I (o = 0.7%) and U fy = 5%) states.

To our surprise, the three-site exchange model produced superior - Acknowledgment. This work was supported by a grant from
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14 residues withAwn,rul > 2.0 ppm orlAwyeul > 0.2 ppm the CIHR, the Deutsche Forschungsgemeinschaft (NE 1197/1-
(out of a total of 40). The ratiqé,sitelxg,sne, was greater than 1), and the Natural Sciences and Engineering Research Council
1.5 for only three residues (Trp37, lle50, and Ser52). Numerical of Canada, respectively. L.E.K. holds a Canada Research Chair
simulations show that the discrimination between two-site and in Biochemistry.

three-site models of chemical exchange improves with increasing
frequency separation between the low populated | and U states
Furthermore, for the exchange parameters of tA&/?H
Gly48Met Fyn SH3 domain (Table 2) the three-site exchange
model provides no improvement in data fits with respect to the
two-site model ifAw;r/Awjru is close to 1 for botHH and

15N, irrespective of the values dfw;r andAwm;jey. Finally, in
simulations wherdey y values are varied, with other exchange JA054550E

4. Concluding Remarks

Supporting Information Available: Three figures, similar to
Figure 1, showing the six dispersion profiles of residues Glul1,
Lys22, and Val58 and a summary of the theory involved in
calculating dispersion profiles assuming either two- or three-
site chemical exchange. This material is available free of charge
via the Internet at http://pubs.acs.org.
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