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Abstract: 1°N relaxation dispersion experiments were applied to the isolated N-terminal SH3 domain of the
Drosophilaprotein drk (drkN SH3) to study microsecond to second time scale exchange processes. The drkN
SH3 domain exists in equilibrium between folded.,d9 and unfolded (. States under nondenaturing
conditions in a ratio of 2:1 at 20C, with an average exchange rate constlgt,of 2.2 s (slow exchange

on the NMR chemical shift time scale). Consequently a discrete set of resonances is observed for each state
in NMR spectra. Within thé&Jexcnensemble there is a contiguous stretch of residues undergoing conformational
exchange on as/ms time scale, likely due to local, non-native hydrophobic collapse. For these residues both
the Fexch <> UexchCOnformational exchange process anditbns exchange event within thi.nState contribute

to the 5N line width and can be analyzed using CPMG-baS®&trelaxation dispersion measurements. The
contribution of both processes to the apparent relaxation rate can be deconvoluted numerically by combining
the experimental®N relaxation dispersion data with results from 8N longitudinal relaxation experiment

that accurately quantifies exchange rates in slow exchanging systems (Farrow, N. A.; Zhang, O.; Forman-
Kay, J. D.; Kay, L. E J. Biomol. NMRL994 4, 727-734). A simple, generally applicable analytical expression

for the dependence of the effective transverse relaxation rate constant on the pulse spacing in CPMG experiments
has been derived for a two-state exchange process in the slow exchange limit, which can be used to fit the
experimental data on the global folding/unfolding transition. The results illustrate that relaxation dispersion
experiments provide an extremely sensitive tool to probe conformational exchange processes in unfolded states
and to obtain information on the free energy landscape of such systems.

Introduction ms conformational exchange processes are an inherent feature

The structural and dynamic characterization of the ensemble pf disordered states of proteins, since significant line broadening

of conformations in unfolded states of proteins can provide s often observed in NMR spectroscopic studies of these mole-

valuable information on the nature of the free energy IandscapeCU|eS’ r_eflectwe Of_ SIOW interconversion betwelgn structures
of these molecules. The molecular motions of unfolded and pop;_ulatllng Ior(]:al minima cz[n the t(_anergy Sl;urlféég' tConfor-d
partially unfolded proteins are highly heterogeneous, with lma_l |onaf EXC snge; Olnwhs.ﬁo ;nf] |mf$ scade ea|§ oa |”?° U
dynamic processes occurring on multiple time scaf®slution ation of the chemical shift of the affected nuclei, resulting in
NMR spin relaxation measurements provide a powerful tool for an m_creased contributioey, to the effe_ctlve transv%rse re-
investigating dynamic properties of proteins over a wide range Iaxatlon. rate constanRz,.and concurrent Ilne—broa(jen! By

of time scale$* The majority of NMR spectroscopic studies measuringRe, s a function of variable pulse spacing in CPMG
characterizing the dynamic processes in unfolded states of (9) Lefevre, J. F.; Dayie, K. T.; Peng, J. W.; Wagner,Biochemistry
proteins hgve fOCL,JSEd on very f,aSt time scale motions (ps to 19??(’))3%h2a?t7a‘(1:h:8?f.8.; Falzone, C. J.; Lecomte, Bidchemistry1l 999,
ns)>~13 while relatively few studies have reported on slower 38 2577-2589.

(us to s) time scale dynamié$lt is clear, however, thats to (11) Brutscher, B.; Bruschweiler, R.; Ernst, R. Biochemistry1997,
36, 13043—13053.

T Structural Biology and Biochemistry Program, Hospital for Sick (12) Schwalbe, H.; Fiebig, K. M.; Buck, M.; Jones, J. A.; Grimshaw, S.

Children. B.; Spencer, A.; Glaser, S. J.; Smith, L. J.; Dobson, C.Bibchemistry
* Protein Engineering Network Center of Excellence and Departments 1997,36, 8977—8991.
of Medical Genetics and Chemistry, University of Toronto. (13) Eliezer, D.; Yao, J.; Dyson, H. J.; Wright, P. Eat. Struct. Biol.
§ Department of Biochemistry, University of Toronto. 1998,5, 148—155.
(1) Dyson, H. J.; Wright, P. BNat. Struct. Biol.1998,5, 499—503. (14) Barbar, E.; Hare, M.; Daragan, V.; Barany, G.; Woodward, C.
(2) Palmer, A. GCurr. Opin. Struct. Biol.1997,7, 732—737. Biochemistry1998,37, 7822—7833.
(3) Kay, L. E.Nat. Struct. Biol.1998,5, 513—517. (15) Alexandrescu, A. T.; Abeygunawardana, C.; ShortleBibchemistry
(4) Ishima, R.; Torchia, D. ANat. Struct. Biol.2000,7, 740—3. 1994,33, 1063—1072.
(5) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L.Eochemistry (16) Eliezer, D.; Wright, P. EJ. Mol. Biol. 1996,263, 531—-538.
1995,34, 868—878. (17) Wang, Y.; Shortle, DBiochemistry1995,34, 15895—15905.
(6) Ochsenbein, F.; Guerois, R.; Neumann, J. M.; Sanson, A.; Guittet,  (18) Fong, S.; Bycroft, M.; Clarke, J.; Freund, S. 3.Mol. Biol. 1998,
E.; van Heijenoort, CJ. Biomol. NMR2001,19, 3-18. 278, 417—429.
(7) Buck, M.; Schwalbe, H.; Dobson, C. M. Mol. Biol. 1996, 257, (19) Schulman, B. A.; Kim, P. S.; Dobson, C. M.; Redfield, Mat.
669—683. Struct. Biol.1997,4, 630—634.
(8) Orekhov, V. Y.; Pervushin, K. V.; Arseniev, A. §ur. J. Biochem. (20) Palmer, A. G.; Williams, J.; McDermott, Al. Phys. Chem1996,
1994,219, 887—896. 100, 13293—13310.
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experiment$;?-23 or as a function of effective spin-lock field  the line broadening of these resonances indhgn, state of the
strengthg~26 relaxation dispersion curves are obtained which protein.

then can be further analyzed under the assumption of a simple The 15N relaxation dispersion measurements performed on
two-state exchange process. Depending on the time scale of thehe exchangingrexc{Uexch Sample have allowed the character-
exchange process, both kinetic (exchange rate con&tgrand ization of the slow interconversion processx(~ 500 ms)
thermodynamic (populations of the involved states) parameters
along with the chemical shift differencéw, between the two
states, may be extracted. The relative valudg,gdinddw define
whether an exchange process is referred to as kgst( dw),
intermediate Kex ~ 0w), or slow kex < dw) on the NMR
chemical shift time scale.

The isolated N-terminal SH3 domain of tHerosophila
protein drk (drkN SH3 domain) provides an excellent mode
for the study of disordered states. Under nondenaturing condi-
tions in aqueous buffer near neutral pH this protein exists in
equilibrium between foldedFgxc) and unfolded state$Jgxcr) ko
in a 2:1 ratio at 20C 2728 The interconversion between folded F <— U <— U* (see below). The results indicate the existence
and unfolded states of the drkN SH3 domain is slow on the of a locally stable conformational substate*( within the
NMR chemical shift time scale, giving rise to distinct sets of unfolded state ensemble, likely due to non-native hydrophobic
resonances for both thEexch and theUexch States. The rate  collapse.
constants underlying the folding/unfolding transition can be
investigated by monitoring the exchange of longitudinal nitrogen Results
Qiﬁgﬂﬁ?&%&??ﬂﬂ;ﬁﬁ%prteovlaisv;lzteeczEggﬂzﬂagggg d 15N relaxation dispersion measurements were performed on

9 xch the exchanging Rexc{Uexc) Sample using a relaxation-

on the structural data available to datPT he}ve establls_hed thatcompensated CPMG pulse sequéAedth the CPMG period
relatively compact structures with nativelike properties are

. - implemented in a constant tim T) manferEffectiv
significantly populated in thelenstate?%!In addition to slow traﬂsve?seegalaxatioﬁorasteaconst:lﬂéf(': vzlereamﬁeéasurifj ai a
exchange with th&exc State, structures belonging to thieych "

ensemble also interconvert rapidly (in the fast exchange regimewi?ﬁgon ct)r]:glierr?é [)feftl\illgef]tiﬁggctgrﬁgrysV;P:Jiggg;vé/ (4“725
on the chemical shift time scale). Heteronuclear NMR relaxation . tep . . pats
n the CPMG sequence. Figure 1 illustrates the pulse scheme

studies have been used to investigate backbone dynamics i hat was used to measure dispersion profiles; the sequence is
the Ueych State by evaluating the spectral density function ata ~.~. disp P! ’ quen
similar to a recently published experiment for measuring

number of frequenciesThese studies indicate that thiycn ST . ; . )
state exhibits extensive and very diverse dynamic behavior e>_<change contributions &N l"f].e W'.dths n A>.(2 spin system§_
with a small number of modifications required for application

relative to theFexch State, with motional properties similar to 10 backbond™N—1H spin pairs. Residues in boaenandUe.n

those of disordered regions in folded proteins. states exhibit small but statistically significant exchange con-
The aim of the present work is to characterize intermediate tributions,Rey, to the effective transzersge relaxation rategwhich
to fast time scale conformational exchange processes Withinthed ve f ’ t?’] lobal foldina/unfolding t tion betw ’
drkN SH3 domain unfolded state ensembl&.g, state). Our erive from the giobal foldingluntoiding transition be efen
motivation to study intermediate time scale dynamics within and U?XC“ states. Flggre 2.show§, as representative examples,
experimental relaxation dispersion data for resonances Glu16

this unfolded state is based on the significant line-broadening ) -
observed for the backbone amide resonances of a contiguousanOI Thr22in thd:exc*.‘ state and fo_r resm_iues S_erlO and Tyr52
In the Uexcn State. Similar relaxation dispersion curves were

Zgggg)mir?élitcg?inpgmt);\peegtrlgseﬁzzlgfITotc;Eixigsrtr? Stetigisfclﬁ: found for all residues in the folded state and for all but three
! . : o - residues (see below) in the unfolded state.
dynamics for these residuési addition to the global folding Relaxation Dispersion Profiles in the Slow Exchange Limit

unfolding process. In the current study, CPMG-bagded X . . .
: . . Can Be Described by a Simple EquationTo extract informa-
relaxation dispersion measurements are performed to further on on the drkN SH3 domain folding/unfolding transition from

analyze and characterize the exchange processes which lead tﬁ] L o . .
y gep e profiles illustrated in Figure 2 an analytical expression has

(21) Millet, O.; Loria, J. P.; Kroenke, C. D.; Pons, M.; Palmer, A.JG. been derived describing the dependence of the effective
Anz.zg)hfg;iéSCJJQSQQRgZHZCEZBI\Tfégrrz.er A G.Am. Chem. Soqggq lransverse relaxation rate ogein the slow exchange limit. A
121 2331-2332. T T ' two-site exchange process is considered according to the scheme

(23) Mulder, F. A. A.; Skrynnikov, N. R.; Hon, B.; Dahlquist, F. W.;

'betweerFeychandUexch States denoted by < U. The general
features of relaxation dispersion profiles for slowly exchanging
systems are discussed in the context of a simple analytical
expression that has been derived describing the dependence of
the effective transverse relaxation ra@ﬁ, on the CPMG
pulse spacing in the case of a two-state slow exchange process.
| For residues Leu25Leu28 an additional intermediate time scale
conformational exchange process within the unfolded state
ensemble e &~ 500 us) has been identified. In this case the
dynamic equilibrium can be modeled most simply as

Kay, L. E.J. Am. Chem. So001 123 967-975. K,
(24) Akke, M.; Palmer, A. GJ. Am. Chem. S0d.996 118 911-912. A—B
(25) Mulder, F. A. A;; van Tilborg, P. J.; Kaptein, R.; Boelens, R. ko

Biomol. NMR1999 13, 275-288.
(26) Zinn-Justin, S.; Berthault, P.; Guenneugues, M.; Desvaux].H.

Biomol. NMR1997 10, 363-372 where the chemical shift difference between site®dgin units
(27) zhang, O.; Kay, L. E.; Olivier, J. P.; Forman-Kay, J..DBiomol. of angular frequency), the equilibrium populations of staies
NMR 1994 4, 845-858. _ _ and B are p, and p, with p, + p, = 1, and the forward and
ggg ggrar’;g\; ?\{;X‘?mﬁg%’-Jﬁ?ﬁﬂﬂf?@*@‘i ?_73354&%7"?3"- reverse first-order rate constants are denotedkbynd kp,
NMR1994 4, 727-734. o ' respectively. The exchange rate constigg, is defined askex
~(30) Mok, Y. K;; Kay, C. M.; Kay, L. E.; Forman-Kay, J. Dl. Mol. = ks + kp, and the exchange lifetime ag« = 1/Kex.
Blo(léll)ggﬁo?%(9\}\/9-_?:%?fnan-r<ay 3. DL Mol. Biol. 2001 308 1011 In work by Allerhand and Gutowsky, an approximate
1032, o P e functional form for the dependence of the effective decay rate,

(32) zhang, O.; Forman-Kay, J. Biochemistry1997, 36, 3959-3970. Rgﬁ, on the spacing between 18@ulses in CPMG experi-
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Figure 1. Pulse scheme of the constant relaxation time CPMG dispersion experiment. Narrow (wide) bars correspdnd 86 P& pulses
applied with phase, unless indicated otherwise. Filled rectangdtdmpulses are applied with a field of 34 kHz, centered on the water resonance.
The shapedH pulse at the start of the sequence is a 6.5 ms EBURP-1 pulse to selectively excite the water réédienopen square bars
represent 1.6 m&¥ 90° pulses, applied selectively to the water resonance, as in WATER®&AGENsure that the water magnetization is along
the +z axis during both relaxation periods (from a to b and c to d).*2\ pulses between points a and d (including the flanking @@ises of
phasepl andy) are applied with a field strength of 5.5 kHz. CPM{&dicates a string ofi/2 elementsifcp—180,°—1cp], whereTed/2 = n/2(2tcp

+ pwie?) andpwi? is the nitrogen 18Dpulse width. All other!SN pulses are applied with a field of 6.3 kH& 1 kHz (500 and 600 MHz) or 1.5
kHz (800 MHz) Waltz16 decoupling fietélis applied during acquisition. Values of the delays arg= 2.25 ms;7, = 1/(4Jyn) = 2.677 ms;p =

0.5 ms;Tcp = 80.0 ms. The phase cycling employedpis= {x, —x}, ¢> =

My H -y} b3 = (X, 0 = 204, 2A 3, ¢5 = 2{ . 2{X}, drec =

2 x, —x},2{ —x, x}. Gradient strengths in G/cm (lengths in ms) gbe= 0.5 {/2), gl = 5.0 (1.0),g2 = 4.0 (0.5),g3 = —6.0 (1.0),g4 = 18.0 (0.5),

g5 = 15.0 (0.8),g6 = 15.0 (1.1),g7 = 3.5 (0.4),g8 = 2.5 (0.3),g9 = 28.9 (0.11). For each increment axial peaks are shifted to the border of
the spectrum by inversion @f, in concert with the receiver pha$eQuadrature detection iR is achieved by the enhanced sensitivity approach
whereby separate sets of spectra corresponding3pg®) and ¢3 + 180°, —g9) are recorded for each value Bf*¢4°

ments was derived for systems comprised of two exchanging occuf® (see below). Here we derive an expression for the

sites with arbitrary equilibrium populations but equal spin
spin relaxation rated:,.3 These results were later extended by

dependence oR‘§ff on tcp Which is applicable in the limit of
slow exchange and whejiRys — Rap| < K kp < 1/tcp (SEE

Carver and Richards, who derived a similar expression without Appendix) that correctly represents the oscillations observed

the restrictive assumption of equal spispin relaxation rates
for the two site$? In both cases, the decay in echo amplitude
for a CPMG pulse train could be described by the sum of two
exponential terms. To obtain a relatively simple analytical
expression forR‘;ﬁ, only one exponential term was retained,
giving the expression (for the more populated ife the above
exchange schemé}:3>

1
Rgg:é(R2a+R2b+ka+kb_

L cosi¥D, coshg,) — D_ cos@_)]) )

2tcp
where
D =1 Lyt 200°
=7 9 2 2\1/2
W +&)

N =V 2reddy + (v + )"

¥ = (Roa — Rop + Ky — kp)* — 000° + 4k,
§=20w(Ry, — Ry + ky — k)
and Ry, Rop are transverse relaxation rates of spins in sites

andB in the absence of exchange.
Allerhand and Gutowsk} and later Carver and Richafds

in the slow pulsing limit.

As described in the Appendix the derivation is based on a
first-order perturbation theory solution of the equations of
evolution of the spin density matrix (equivalent to the Bloch
equations) which include magnetization transfer effects due to
chemical exchang®.The analytical expression obtained for the
dependence oRgff on the CPMG pulse spacing in the slow
exchange limit is (for sitéA in the above exchange scheme):

sinPwtcp)

sze;f = R2a+ ka - ka 6wTCP 2

whereRy;, is the transverse relaxation rate of ke the absence

of exchange (resulting from mechanisms such as dipolar or CSA
interactions) and Zp is the time between successive 180
pulses. Plots of the dependenceR?gﬂ on the CPMG field
strength,vcp, are shown for various values ot andkj in
Figure 3, focusing on the exchange contribution to the effective
transverse relaxation rate (i.e. assumityg = Rop = 0).

Since eq 2 is rather simple, it is very useful for illustrating
the major functional features of dispersion curves in the slow
exchange regime. A particularly interesting feature of the
dispersion curves shown in Figure 3 is the damped oscillations,
which occur at low CPMG field strengths (slow pulsing limit).
The frequency of the oscillations is determined by the sinusoidal
term in eq 2 and is solely a function of the chemical shift
difference between the two sites (i.e., independent of the rate

showed analytically that the decay can be well approximated of exchange)_ Extrema of the SiMTCP) term occur forTCP:
by a single exponential in the case of fast or intermediate (1/0w)tan@wrcp).

exchange but not for slow exchange. In the latter case significant

discrepancies between exact numerical valuegibfand rates

Figure 4 illustrates the physical origin of the oscillations
predicted by eq 2 and shown in Figure 3. Without loss in

calculated from eq 1 above can be found in regions where generality we have assumed that (i) spiris on resonance,

oscillations in the plots OR‘Eff versus the CPMG field strength

(33) Allerhand, A.; Gutowsky, H. SJ. Chem. Phys1965 42, 1587
1599.

(34) Carver, J. P.; Richards, R. E. Magn. Reson1972 6, 89—105.

(35) Davis, D. G.; Periman, M. E.; London, R. E.Magn. Resor1994
B104 266-275.

while spinB evolves at a frequency offset 6t with respect

to A, that (ii) A andB spin magnetization is initially along the
x-axis, and that (iii) the intrinsic relaxation rates of magnetization
at sitesA andB are equal. Suppose for a moment that refocusing

(36) McConnell, H. M.J. Chem. Phys1958 28, 430-431.
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Figure 2. Effective transversé®N relaxation ratesRS", as a function of the CPMG field strengtigp, for Serl0 in theeycn State, Glul6 Kexcr),

Thr22 (Fexcy), and Tyr52 Uexen). The best-fit dispersion curves using eq 2 are shown (solid lines). Data recorded at 800 (500 Meiznor

frequency are indicated with squares (circles). Dispersion profiles have also been measured at 600 MHz (not shown) and used in all analyses. Error
bars are estimated from the repeat experiments. Valuéagf (dwur) for these residues are [ppm]: 6.27 (6.20) for Serl0, 2.45 (2.19) for Glul6,

3.00 (3.30) for Thr22, 2.31 (1.76) for Tyr52.

pulses are not applied (free precession limit). Due to the If, however, the relative phase difference betwéénand
difference in chemical shifts a phase difference between the two My, prior to the application of the first 18Qoulse isdwzcp =
vectors,M, and My, describing the magnetization of spifs (n + 1)7 magnetization will not accumulate at sifedue to
andB, respectively, is generated and the instantaneous flow of transfer fromB and R‘;;f = Roa + ka. Further, iféwtcp= (2n +
X-magnetization from sit8 to A due to exchange can therefore  1/2)7 the amplitude ofM,x detected at the end of the,—

be positive (the pair of vectors is in-phase; that is, the projection 180°—27cp—180°—7cp period due to transfer from sitB is

of vector B on A is positive), zero (the two vectors are increased, leading to a decreag8livalue. For other values of
orthogonal) or negative (the pair of vectors is anti-phase; that 5,7, there is either an increase or decreasgifh(depending
is, the projection of vecto on A is negative). Averaged over  on the value ofrcp), resulting in the observed oscillations in
an integral number of precession cycles the net transfer of pefi,, )y |t is interesting that the amplitude of the oscillations
magnetization fronB to A is zero, and the effect of exchange ¢qgjes linearly wittk, at any CPMG field strength. Hence, the

is simply to increase the rate of decayMf by k, (due to the remarkable situation arises that the effective relaxation rate,

flow of magnetization fromAto_B). _ R‘;ﬁ, can be considerably higher at nonzero CPMG field
The situation when refocusing pulses are applied is more

complex as shown in Figure 4 where the evolution of magne strengths than in the free precession limiv-gh = 0.
tization at sitesA and B during the periodrer—180—2zco— The existence of the damped oscillations at low CPMG field

180°—rcpis illustrated. In this example we have considered the strengths can indeed be verified experimentally for the slow
case wﬁZre the relative phase betwbkrandM, immediately exchange between unfolded and folded states of the drkN SH3

. h lication of the first 18(ulse iséb oo = 3072 domain, as shown in Figure 2. The oscillations are particularly
prior to the applic . (200TCP . pronounced in dispersion profiles of residues where the chemical
(top part of the figure). The middie panel |Ilqstrates the time shift difference between the exchanging sites is large, such as
dependence of the andy-components oMy, during the course

of the sequence, while the net amount of magnetization accumu in Serl0, since in this case it is possible to obtain a good
1 ' o ; “sampling of the dispersion curve in the regiogp < dw.
lated at siteA due to transfer fronB is illustrated in the bottom sampling of the dispersion curve € reg ow

X , . As noted previously-3"the chemical exchange contribution
portion of the diagram. It is noteworthy that the net amount of o transverse relaxatioRe, defined as the difference between
x-magnetization transferred at the end of g-180°—2rcp— X

180°—7cp interval is negative (bottom part of the plot). Con- the apparent transverse relaxation rate in the slow and fast

. .o _ ff . _ ff . .
sequently, the amplitude of magnetizatibi detected at the plfjlsmg gm'tts’%x - [Fé§ (hl/TCP cf))th Rﬁt (tl./TCP °°)t] '?. "
end of this period is reduced, which results in an increa®fd Qr:r?etu sn ir? ti?;: ?srllov'v e?(r(‘:%?noe Iir(:\its Eli;:igﬁnze I;erﬁl
value. The situation illustrated in Figure 4 corresponds to the gth.Bo. 9 - = y

i . . . shows thatRex is indeed independent adw but is solely
largest maximum in theR‘zﬁ profile (see Figure 3, a and b), : SN .
which is the first maximum in the dispersion curve from right determined by the forward rate constaRi(= ki) in the limit

. . of slow exchange. Another useful parameter is the half-ste
to left, occurring atdwtcp ~ 37/2. Note that there is no net 9 P P

transfer ofy-magnetization from sit8 to A in this same period. (37) Ishima, R.; Torchia, D. AJ. Biomol. NMR1999 14, 369-372.
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Figure 3. Theoretical dispersion curves derived from eq 2 illustrating
the dependence oFagff on the CPMG field strengthyce. The
parameters used to simulate the dispersion curves are similar to thos
characterizing the slowly exchanging drkN SH3 domain. (a) Effect of
the chemical shift differencejw, on relaxation dispersion curves in

the slow exchange regime. Simulations assume a forward rate constan

(A — B) of ky= 1.0 s** and the chemical shift differencéy, is varied
from 1.0 to 9.0 ppm in 2.0 ppm steps. (b) Effect of the forward rate
constant,kys = pp/Tex ON the relaxation dispersion profilézgg(vcp),
assumingdw = 6.0 ppm. Values ok, [s™!] are: 0.5, 0.75, 1.0, 1.25,

and 1.5. The dispersion curves corresponding to state A are shown.

Curves were calculated for%d Larmor frequency of 800 MHz, and
only the exchange contribution Rgg is shown (i.e.Rea = Rap = 0).

frequency,viz, which is defined as thecp value for which
half of the exchange contribution to tHéN line width is
quenched, that iSE" = R, + Yx(Rey). From eq 2 it is clear
that the half-step in the dispersion curve will occur when
sinc(0.29w/v12) = 0.5, which uniquely definegy .. In the slow
exchange limit the value aofy; depends, therefore, linearly on
the chemical shift differencejw, and hence on the static
magnetic field strengthBy.

Itis important to note that eq 1, in the limit of slow exchange,

J. Am. Chem. Soc., Vol. 123, No. 4612804
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due to exchange transfer from site B:
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Figure 4. Schematic representation of the evolution of spin magnetiza-
tion at siteA through a periodzce—180°—27cp—180°—1cp, Starting
from x-magnetization, with spif\ on resonance and spBievolving

with a frequency ofdw (top). The middle panel shows the and
y-components of magnetization from s@nduring the course of the
sequence, while the bottom panels illustrate the accumulation of

emagnetization at sit@ due to the transfeMpx — Max, Mpy — May. In

this exampledwrcp is chosen to be /82. Note that there is no net
ccumulation of-magnetization due to exchange (i.e., the net transfer
by — May is zero).

gives the wrong impression that in the slow exchange case
populations,p, and p,, and exchange lifetimes,x, can be
separated by fitting data from one state measured at multiple
static magnetic field strengths. Figure 5b illustrates that eq 2 is
still a very good approximation for exchange lifetimes on the
order of 100 ms, even in cases of highly skewed site populations
(as long a$a = Rap, see Appendix). Simulations establish that
when the condition|Rxa — Rap| < kaks no longer holds
deviations betweerR‘;” rates predicted by eq 2 and actual
values emerge for large-p values. For example, fdg = kp, =
1standRx; = 10 s'1, Ry, = 5 st differences 0f~0.2 st are
calculated fongg(vcp = 750 Hz), corresponding to 18% of the
total dispersion (1.278).

Slow Exchange betweeffr gxch and Uexcn Relaxation disper-
sion profiles describing the slow exchange betwEgg, and

is not identical to eq 2. Figure 5 compares relaxation dispersion UechStates have been fit using eq 2 and using an exact analytical
curves, which are calculated using eqgs 1 oRz & Rzx) with formula for RE"(vcp) (this formula requires approximately 40
profiles obtained by solving the system of coupled differential lines, see Appendix) which retains both exponents necessary
equations that exactly describe the exchange process (se&o describe evolution of magnetization in a two-site, slowly
Appendix). Whereas eq 2 describes the dispersion curvesexchanging system. Similar results were obtained with both
correctly, relaxation rates calculated using eq 1 clearly deviate approaches (essentially identicad values and exchange rates
from numerically calculated values. Figure 5a establishes thatthat differ by less than 10%, on average), and therefore results
Rgﬁ values calculated using eq 2 are in excellent agreementfrom the fit using eq 2 only are reported. As illustrated in Figure
with the exact, numerically calculated values for a slow two- 3a, relaxation dispersion curves in the slow two-site exchange
state process with an exchange lifetime of 500 ms (correspond-limit are very sensitive to the chemical shift difference between
ing to kex = 2 s71), assuming a chemical shift differenaky, the exchanging statedw. Figure 6 shows the excellent corre-

of 6.0 ppm and variable equilibrium populations of the states. lation between thé>N chemical shift differences for unfolded

In contrast, eq 1 fails to describe the oscillations correctly and and folded states obtained froRax measurementsi{rex) and
predicts a dependence of» on bothdw and the populations  directly from the two sets of resonances in spectra of the SH3
of the exchanging states. As mentioned above, the value of thedomain fwyg). Slopes of 1.01 and 1.02 are obtained for residues
half-step frequencyyi,, is solely a function oBw in the slow in the Uexch andFexch States, respectively. (It is noteworthy that
exchange limit. It is interesting to note that for this reason eq 1 significantly worse correlations were obtained betwéenex
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Figure 6. Correlation betweedw;e, Obtained from fits of dispersion
profiles to eq 2, and the actual chemical shift differerdee,r, obtained
directly from HSQC spectra for (a) residues in tbgcn state and (b)
residues in théexn State. The pairwise rmsd betweéi.x anddwyr
values are 0.19 and 0.29 ppm for residues inlbg, and Fexcn States,
respectively. Only residues for which 1.0 ppmdwye < 9.0 ppm and
with an offset from thé®N carrier of less than 10 ppm (to avoid off-
resonance effects) have been used in the analysis. Residu&8.25
which exhibit additional intermediate time scale exchange irl&e,

. . ) . ) . _ state, are not included in (a).
Figure 5. Comparison of relaxation dispersion curves simulated using

eq 2 (solid lines) and eq 1 (dastotted lines) with values off, The slow exchange process between folded and unfolded
calculated using the exact solution of the Bloch equations including

the effects of chemical exchange (circles; see eq Al and discussion inStateslIn the drkN SHS doma'” (exchang_e rgte constar

the Appendix). (a) Values i, = 0.1, 0.3, and 0.5 antk, = 500 ms 22s )_car_1 also _be mvestlgated_ by_monltorlng the gxchange
(corresponding td [s~1] = 0.2, 0.6, and 1.0) have been used. §p) of longitudinal nitrogen magnetization, ;Nbecause in this

= 0.1, 0.3, 0.5z = 100 ms (corresponding tky [s"Y] = 1.0, 3.0, system the equilibrium populations of both statEs,, and

5.0). All plots were prepared assumié@ = 6.0 ppm and aH Larmor Uexch are large enough to generate observable signals. The
frequency of 800 MHz. Only the contribution & due to exchange details of the experimental approach have been described
is shown (i.e.Rea = Rap = 0). previously?® Briefly, a pair of auto peakdf(anduu) is observed

for each residue as well as a pair of exchange cross-péaks (
anddwyr when eq 1 was used to fit the data, with slopes on anduf), which result from the transfer of magnetization between
the order of 0.8.) Residues witlwyr < 1.0 ppm were omitted  the folded and unfolded states during the mixing time. This
from the analysis because it is not possible to obtain a sufficient experiment enables the quantitation of slow exchange processes,

sampling of the relaxation dispersion curve in the regi@rs1< where separate resonances for the involved states are observed,
vi2- Note that for thevce values used in the experimentg¢ but not of intermediate-to-fast exchange processes, where only
= 25 Hz; see Materials and Methods) ad@ur = 1.0 ppm, a single resonance line is obtained at the population-weighted

vz is 42.0 Hz for data recorded at 500 MHz. Conversely, average chemical shift. In the exchangifgxé{Uexch) sample,
parameters extracted from dispersion profiles for residues with the unfolding and folding rate constanks, andk,s (along with
dwyr > 9.0 ppm are error prone because the CPMG field the !N longitudinal relaxation rate constarf andRy,) can
strengths employed in our experiments{ < 750 Hz) are not  pe determined simultaneously by fitting the experimental data

sufficiently high to allow measurable changesR§f with vcp from the N experiment to the appropriate analytical expressions
in the high-field region of the relaxation dispersion curve. which are obtained from solution of the Bloch equations
Note that for slow exchange thi&y contributions td?ﬁ“ de- including the effects of chemical excharyésee Materials and

pend only on a single rate constant {@r~ ppkex for the forward Methods). Examples of the experimental data obtained from
reaction) so that the equilibrium populations and the exchangethe N, experiment together with fitted curves are shown in
rates cannot be disentangled by analyzing relaxation dispersionFigure 7 for the same residues as in Figure 2. Note that in the
curves for only one of the two states. To quantify both popu- representation chosen here, that is when the intensitié$La
lations and exchange rates resonances from the folded and unauto peaks andu (uf) cross-peaks are normalized by the
folded forms of the SH3 domain must be amenable to analysis. intensity of theff (uu) auto peak at zero mixing time, the initial
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Figure 7. Time profiles of the intensities of the autoy andff) and exchangeuf andfu) peaks in the NMexperiment for residues Ser10, Glul6,

Thr22, and Tyr52. Solid lines indicate the best-fit curves for magnetization originating in the folded state corresponding to the auto- and cross-
peaks ff andfu, while dashed lines are the best-fit curves for magnetization originating in the unfoldedustateduf). Solid and open symbols

are used to distinguish data derived from the auto peaks and from exchange cross-peaks, respectively. The infeqsiiasdiu (uf) correlations

are normalized such that the intensity of fhéuu) auto peak at zero mixing time is 1.0 and corrected for relaxation during the pulse sequence, as
described in Materials and Methods. The folding and unfolding rate con¥afis) extracted from the data aref§ 1.51+ 0.24 (0.64+ 0.06)

for Ser10, 1.50t 0.25 (0.76+ 0.02) for Glul6, 1.25+ 0.10 (0.74+ 0.09) for Thr22, 1.59 0.13 (0.82+ 0.07) for Tyr52.

slopes of the buildup curves are equal to the unfolding (folding) fitting dispersion profiles to an analytical formula f8§"(vcp)
rate constants. which is exact. For all residues in th&ycn StateARey is ~0,
Values for the folding and unfolding rate constarkg,and indicating that exchange processes other than the slow global
ki, which are extracted from the relaxation dispersion data are, folding/unfolding transition are not present. A similar situation
in many cases, in qualitative agreement with results from the is observed for all residues in th&,cn state excluding Leu25
N experiment. Due to the small exchange contributions to the Leu28. For these residugddiex deviates significantly from zero,
transverse relaxation rates (on average 1.5 ®r Uexch suggesting that intermediate to fast exchange processes con-
resonances and 0.7%sfor Fexch resonances), however, values tribute to their 1N line widths. Another way to identify
extracted from the relaxation dispersion data are much lessintermediate or fast exchange contributions'i#d transverse
accurate than those from the, experiment. Because the relaxation is by calculating the static magnetic field strength
positions of the maxima in the dispersion curves of slowly dependence of the half-step frequenay;.?* In the slow
exchanging spins vary witB,, accuratedwrex values can be exchange limity1, scales linearly withbw and, hence, with
obtained from fits of dispersion data recorded at a number of By, whereas in the fast exchange limii, is independent of
differentB, fields. In contrast, exchange rate constants derived the chemical shift difference. The ratio of»(800)#1,2(500) is
from fits of the same data are significantly less accurate. plotted as a function of residue number for thgc, and the
Intermediate Time Scale Exchange within the Uexch Uexch States in Figure 8b. Residues with additional exchange
Ensemble. Unlike the N, experiment the CPMG method is  contributions in the.s—ms regime can be identified by values
sensitive not only to slow but also to intermediate-to-fast time of v12(800)/12(500) that are smaller than 1.6 and correspond
scale exchange processes. As noted by Millet et al., the de-to those amino acids for which nonzemR. values are
pendence of the exchange contributi®a,, on the static mag-  observed.
netic field strength provides a method of distinguishing between  We have used the fact that the Bixperiment senses only
slow and fast time scale exchange procedsés discussed the slow folding/unfolding transition, whereas #! relaxation
above, in the slow exchange limRe is independent of the  dispersion experiment is sensitive to the folding/unfolding transi-
chemical shift difference (and hence of the static magnetic tion andother intermediate-to-fast exchange events, to separate

field strength,B,), whereas generalliRx depends ow and these processes for residues LetPBu28 in theUexcn State of
scales quadratically with the static magnetic field strength in the drkN SH3 domain. Note that the chemical shift differences
the limit of fast exchange. A plot oARex = Rex(800 MHZz) — between residues in the folded and unfolded statesgy, are

Rex(500 MHz) obtained from relaxation dispersion measure- known and that the unfolding and folding rate constakgs,
ments as a function of residue number is shown in Figure 8a andk, can be obtained from the ldxperiment on a per-residue
for Uexch and Fexch States (represented as squares and circles,basis. These values have been used directly in a numerical
respectively). In this analysRex values have been obtained by optimization procedure in which the difference between ex-
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a 1 simple F ﬁf» U exchange process. In this case noticeable
residual dispersion is found after subtracting the computed
dispersion curves corresponding to the slow folding/unfolding
. transition (dasheddot lines) from the experimental relaxation
a dispersion data. The resulting residual dispersion curves, 800
0.8} 1 MHz data (Figure 9e) and 500 MHz data (Figure 9f), reflect
conformational exchange processes other than the slow folding/
unfolding transition. The residues with statistically significant
Rex contributions from intermediate time scale exchange within
the Uexch State are part of a contiguous segment (Leu25, lle27,
and Leu28). Preliminary studies indicate that the dispersion
0.0! ,onsoaggoaogoo B R T L L profile of the subsequent residue, Asn29, also includes con-
i ° tributions from exchange within the unfolded ensemble at
10 20 30 40 50 60 temperatures below 20C. Unfortunately Lys26 is not amen-
. able to analysis in thBeych State at 20C due to spectral over-
residue lap. To rule out intermolecular aggregation as the source of the
line-broadening observed for residues Let28u28 in the
Uexch €nsemble a concentration dependence study of peak line
1.6 eo o0 0g-0-6008% Boy0-5;00--0--0F-0 po-B---808-800, -1 width was performed, with the line width found to be inde-
pendent of protein concentration over the range examined
b (2-0.5 mM).

A summary of the exchange parameters obtained by simul-
taneously fitting the relaxation dispersion profiles (upper panels
of Figure 9) recorded atH Larmor frequencies of 500, 600,
1.5 ] and 800 MHz (for Leu25, lle27, and Leu28) to a three-site
exchange model (see above) is given in Table 1. The static
a magnetic field dependence & in the free precession limit
(cf. a = d(In Rey/d(In By) valueg! in Table 1), indicates that
these residues are in intermediate exchange on the NMR
1.4 ‘ ) ‘ ) ) chemical shift time scale. For the three residues, Leu?25, lle27,

10 20 30 40 50 60 and Leu28, exchange lifetimes vary from 48080 to 670+
residue 130 us, and the average fractional population of the minor
speciespy, is 0.23+ 0.02%. The similarity okex andpy values
among residues 2528 in the Uexch State suggests that these
line drawn atAR:x = 0.0 indicates the value &Re« expected if onl amino a.lCIdS are involved in a common exchange process. On
slow exchange processes contribute to*fizeline widt?m (b) Value>5/ the basis of th? extractgd pppulatlom({: Po/pa = 0.0023)
of 1800 MHZ)h1,A500 MHz) as a function of residue number for @t 20°C the minor species is 14.8 kJ mél(3.5 kcal mof™)
residues in th&Je.n (Squares) anBecn (Circles) states, respectively. A higher in free energy than the unfolded state ensemble at large.
straight line is drawn at;2(800 MHZz)h12(500 MHz)= 1.6 to indicate
the ratio of v1(800 MHz)12(500 MHz) expected for residues  Discussion
exhibiting only slow exchange. Values B, andvy; in all cases were
determined by fitting dispersion profiles to the exact equation for 1N CPMG-based relaxation dispersion experiments have been
RE"(vce) which does not neglect one of the two exponentials describ- employed to study slow dynamic processes in an exchanging
ing the evolution of the magnetization (see text). Fexct{ Uexch SH3 domain. Excellent agreement between chemical
shift differences of resonances in the two states extracted from
perimental dispersion profiles (500, 600, and 800 MHz) and the 15N relaxation dispersion datéwrex, and the true chemical
calculated profiles describing the three-site exchange processshift differences,dwue, is observed (Figure 6). This result
= S U Al U* has been minimized to extract parameters validates the use of the two-state model in fits of the experi-

Kur Koru Ko mental data and indicates the surprising sensitivity of CPMG
describing theU <~ U* exchange (see Table 1). The calcu- dispersion profiles to slow exchange processes in cases where
lated dispersion curves were obtained, in turn, by solving the the populations of the interconverting species are nearly equal
modified Bloch equations for a three-site exchange system. even when exchange contributioi&,, are small (on average

Figure 9a shows relaxation dispersion profiles measured at1.5 s for Uexchnand 0.7 s for Fexcr). Values for the folding
800 MHz (squares) and 500 MHz (circles) for Thr22 in thecn and unfolding rate constants; andks, can be extracted from
state, as a representative example of a residue for which nothe relaxation dispersion data since the exchange contributions
exchange process other than that associated with global folding/to R‘;ﬁ (and the oscillations observed in the slow pulsing limit)
unfolding is observed. In this case the contributionsRSB scale linearly with the rate of interconversion in the slow
exchange regime. However, for slowly exchanging systems with
small exchange contributions t@ﬁ, heteronuclear longitudi-

Ky nal exchange experiments are generally far better suited for
to the exchange modek <— U. This situation is to be obtaining rate constants.

contrasted with that observed for Leu23\ relaxation disper- Intermediate Time Scale Dynamics within the Uexch

sion curves for this residue in thee.c, State are illustrated in -~ Ensemble. In previous studies significantN line-broad-
Figure 9d, along with compute(ﬂ?’jff profiles assuming a  ening has been observed for a contiguous stretch of residues

1.2}

0.4;

AR, (s7)

v,, (800)/v,, (500)

Figure 8. (a) Values 0fARex = Re(800 MHz) — Re(500 MHz) for
residues in théJeyen (Squares) andrexch States (circles). The straight

kuu’ . .
from theU <— U* process, illustrated in b (800 MHz) and ¢
(500 MHz) are negligible, and the experimental data is well fit
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Figure 9. CPMG relaxation dispersion curves for residues Thr22cjaand

Leu25 (e+f) in the drkN SH3 domaitJeych State. Panels a and d show

experimental values darzg“ as a function of the CPMG field strength with data recorded at 800 (500) MHzarmor frequency indicated with

squares (circles); data recorded at 600 MHz are not shown but used
kfu
F—U

ané’fkfu &

for the analysis. A three-site exchange model corresponding to the process

KJu' . . . . . . .
~— U*is used to fit the experlmenteﬂgﬁ(vcp) profiles. Values fokyys, ku+u, dwuu+, andRy(e) are obtained from the fits usiniur, K,
sét to values determined for each residue individually from thexperiment. The best-fit values (Table 1) are subsequently used to

calculate dispersion profiles corresponding to the slow foletmgfolding transition only. To calculate these curves, Bloch equations for three-site
chemical exchange are solved wittvyy+ set to zero. The resulting profiles are illustrated with dastdat lines in panels a and d with the upper
line corresponding tﬁgz,ow(vcp) at 800 MHz and the lower line ﬁgf;w(vcp) at 500 MHz. Panels b, ¢ (Thr22) and e, f (Leu25) show the difference
between experimental dispersion data and computed dispersion contributions due to the slow-fmifbiting transition (dasheedot lines in
panels a and d) at 800 MHz (squares) and 500 MHz (circles), refleangns time scale events only. For Thr22 (no local exchange on an

intermediate time scale), a dashed straight line is drawn to guide the eye. For Leu25, contributions
solving Bloch equations for three-site exchange with,r set to zero (solid lines; e, 800 MHz data and f,

tmé“{—'me* equilibrium are modeled by
k"5“00 MHz data). Only residue285

in the Uexcn State were found to show statistically significant contributions to'#Ndine width from the intermediate time scale exchange process.

Table 1. *>N Relaxation Dispersion Parameters for the
Intermediate Time Scale Exchange Process inlthg, State of the
drkN SH3 Domain at 20C?

Po (%0)° Tex (MS) dwuur (ppm) o-values
Leu25 0.25£0.01 0.47+0.08 6.6+ 1.9 0.93+ 0.09
lle27 0.21+ 0.03 0.67+0.13 59+ 2.0 0.68+ 0.19
Leu28 0.22+£0.02 0.60+ 0.08 7.2+ 23 0.544+ 0.12

a Parameters were extracted by fitting the relaxation dispersion data
at 500, 600, and 800 MHH Larmor frequencies simultaneously to a

The similarity of the exchange parameters obtained for
residues in the contiguous region between Leti2&u28 in the
UexchState indicates that these residues are involved in a common
exchange process and that the relevant motions are locally
collective. We have noted previously that residues between 24
and 28 correspond to a local minimum in a hydrophilicity gfot.
Hydrophobic residues are more likely to be restricted in their
motion in aqueous solution than hydrophilic residues, with a
tendency for local hydrophobic collapse. In the folded state

model of the 3-site chemical exchange process using the known Valuesresidues 2528 form aB-strand that makes interstrand hydrogen

of dwur, kur, andks, for the slow folding/unfolding transition. A Monte
Carlo approach was used to obtain the errors in the parameters extracte

from the fit, estimating experimental uncertaintiesF&ﬁf’ from the
three duplicate measuremerit®opulation of the minor conformeén.

= d(In Re)/d(In Bg) whereRe, = [RE"(1/zcp— 0) — RE"(1/zcp— w)] 2
(see Figure 9, e and f).

(23—28) in theUexchensemble of the drkN SH3 domain under
nondenaturing conditions, which is increased by reducing the
temperaturé? The presence gfs—ms time scale dynamics for
this segment of the protein is supported'®ly relaxation studies

on a guanidinium chloride destabilized state of the molecule
(Ugan), in which spectral density mapping analysis established
that spectral density values evaluated at zero frequency for
Leu25 and Leu28 are noticeably larger than those of neighboring
residues, consistent with a contribution to &l transverse
relaxation rate from conformational exchari§e.

(38) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L. E.
Biochemistryl997, 36, 2390-2402.

Bponds with two neighboring strands. Together these three strands

comprise a regular three-stranded antiparghsheet, with the
side chains of residues 228 oriented toward opposite faces
of the 5-sheet. Hence, a local hydrophobic collapse involving
these residues in tHéeycn State would be non-native. Such non-
native interactions could slow the exchange of these confor-
mational states with the rest of the unfolded ensemble, which
likely consists of more nativelike conformations rapidly inter-
converting. The low population of the minor substate (423
0.02%) indicates that its free energy~8.5 kcal mot? higher
than for the major component of thk&ycnState with the probable
gain in stabilization due to enthalpic interactions in this substate
presumably overcome by lowering of entropy.

The low population of the minor substate makes it difficult
to study by conventional NMR methods; indeed, relaxation
dispersion spectroscopy is one of the few methods that is
sensitive to the presence of such low-populated states. Other
NMR data on the drkN SH3 domain and computational
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predictions using the program AGADIRfsindicate a pro-
nounceda-helical propensity ¥10%) for residues 152840
This is consistent with Hand C secondary chemical shifts,
3Junn, coupling constants, and NOE data which provide

Tollinger et al.

the utility of the approach for quantitative characterization of
dynamic ensembles.

Materials and Methods

evidence that residues in this region of the protein indeed sample  sample Conditions and NMR Measurements Samples of5N-

the a-region of ¢,y-space’? However, the intermediate time

labeled drkN SH3 domain were prepared as described previgusly.

scale exchange process in the region encompassing residueSample conditions were: 1.9 mM protei®N CT-CPMG relaxation

Leu25-Leu28, which is sensed by tHeN CPMG relaxation

dispersion experiments) or 1.1 mM protein, @change experiments),

dispersion experiment, almost certainly does not correspond t00.05 M sodium phosphate, 90%®/10% RO, pH 6. All NMR spectra

the interconversion between random-coil structurescaiheli-
cal-like conformation. This is because (i) the populations
obtained from fitting the experimental data are too small to
explain the chemical shift}-coupling, or NOE data and (ii)
15N line-broadening is not observed for residues-23. The
extremely low value of th&Jynn, coupling constant found for
Leu28 in theUexcn State (at 30°C), for instance, cannot be
explained by the presence of a minor species with a population
<0.3%28 In addition, helix-coil transitions most likely occur
on a time scale too fast(l 4s) to be amenable to investigation
by 15N CPMG relaxation dispersion experimefitdt is interest-

ing to note, however, that several clusters of hydrophobic
residues were found in a structure calculated forldbg state,
from long-range NOE data, with one of these hydrophobic
clusters comprising the side chains of residues Hel2gu283°

It should be mentioned thatN relaxation dispersion experi-

were recorded at 20C on Varian Inova spectrometers. Relaxation
dispersion data were obtained at three static magnetic fields, corre-
sponding to proton Larmor frequencies of 500, 600, and 800 MHz using
a relaxation-compensated CPMG dispersion experith@atrformed

in a constant time manner (Figure 1). Spectra were collected as a series
of 14 2D data sets with CPMG field strengthrsp, of 25, 50, 75, 100,

125, 150, 175, 200, 250, 325, 400, 500, 625, and 750 Hz, with repeat
experiments performed at CPMG field strengths of 100, 250, and 500
Hz and reference spectra obtained by omitting the CPMG period in
the pulse sequence, as described by Mulder &&ach 2D spectrum
was recorded as a complex data matrix comprised of F%8 points,

108 x 768 points, or 116« 768 points at 500, 600, and 800 MHid
Larmor frequencies, respectively. 24 scans per FID were recorded, with
arecycle delay of 2.2 s, giving rise to a net acquisition time of approxi-
mately 3 h/data set. The CT delay was set¢p= 80 ms to allow for
sufficient sampling of the relaxation dispersion curves at low CPMG
field strengths. Data were processed and analyzed using NMRPipe
software?? Peak intensities were measured as the sum of the intensities

ments which make use of the CPMG approach are most sensitiven a 3 x 3 grid centered on the peak maximum. The intensities of
to exchange processes with time constants on the order of msgcross-peaks were then converted into decay ré&gs, for a given

with appreciable populations of the minor state(s) and with

reasonably large chemical shift differences between the corre-

sponding states. It is likely that other transient interactions are
present in théJeych State of the drkN SH3 domain but that the
corresponding exchange processes cannot be sensedi the

CPMG field strengthycp, as described previousty.F-test criterid®

were used to assess the statistical significance of includiri®,aerm

in the fit as opposed to flat-line fits, using 99.9% confidence limits.
The N, experiment used for simultaneous measurement of chemical

exchange and longitudin®N decay rate8 was performed at 800 MHz.

A series of 13 2D spectra was collected with mixing times ranging

relaxation dispersion experiments performed in this study. fom 11 to 691 ms, with four repeat experiments. Each 2D spectrum
Nevertheless, the technique remains an extremely useful toolwas recorded as a complex data matrix composed 0f1268 points.

for characterizing conformational ensembles with a remarkable
sensitivity to very small populations of substates.

Conclusions

We have utilized the CPMG relaxation dispersion technique
to study conformational exchange processes inRfg{Uexch
system of the drkN SH3 domain. Results demonstrate the
applicability of this approach for the investigation of exchange
processes on a time scale 600 ms involving sites with
similar equilibrium populations. Typically these events are
studied by monitoring the exchange of longitudinal magnetiza-
tion. An analytical expression for the dependence of the effective
transverse relaxation rate on the CPMG field strength for a two-
site exchanging system in the limit of slow exchange has been
derived and used to analyze the global folding/unfolding
transition between thEeych and Uexch States.

In addition, the relaxation dispersion experiments indicate the

presence of intermediate time scale exchange involving a very

sparsely populated substate within tbig.n ensemble com-
posed of several contiguous hydrophobic residues which is
likely formed due to local hydrophobic collapse. The rate of

Forty-eight scans per FID were obtained, with a recycle delay of 1.2 s
(3—4.5 h/data set). To analyze the data properly the different relaxation
properties of magnetization associated with the unfolded and folded
states must be taken into account. With reference to the pulse sequence
shown in Figure 1 of Farrow et &°,we can write the dependence of
auto (f,uu)- and cross f(,uf)-peak volumes on the variable mixing
period, T, as:

L(MN4(0) = A(—(A, — ay)) €T+ (A, — ayy) € NI(A, — 4,)

Lu(M/10) = A= (L — 85p) € T+ (Ay — 8,) € N)I(A, — Ay)
3)
L(MN(0) = Ay, e T — 8, e )4, — 4y
1.(MN,,(0) = Alay, e — P eilzT)/ (A, — 1)

whered; » = Yof (a11 + az2) + [(a11 — a22)? + 4 kku] 3, 811 = Ry +
Ku, @12 = —kur, @2 = R + ki, @1 = —ku. Ruw and Ry are the
longitudinal relaxation rate constants of magnetization in sitesdf,

(42) Delaglio, F.; Torchia, D. A.; Bax, Al. Biomol. NMRL991, 1, 439~
(4'13) Bevington, P. R.; Robinson, D. KData Reduction and Error
Analysis for the Physical Scien¢cé¥CB/McGraw-Hill: New York, 1992.

exchange and the fractional population have been determined (44) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.

for this substate. The high sensitivity of the CPMG disper-
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respectively, and,(0) and I«(0) denote the longitudinal nitrogen Ry Ropy Koy Ky < 1t p (A3.2)
magnetization associated with the unfolded and folded states at the

start of the mixmg};ime-facmﬁu andA represent the efficiency of —|htegrating the first line from the system of equations, eq A1,
coherence transfe{N — H, during the reverse INEPT steps (the final - : :

two periods of the sequence of Figure 1 in Farrow éf alith delays over the firstrcp interval we obtain
2t and Z,) for magnetization associated with the unfolded and folded op
state, respectively. As long as the delays @nd 2, are multiples of M,(tcp) = My(0) — (R, + ka)f0 M,(0)dt +

1/(23n), A andA; are given byA; = exp[—(Ro\i2tc + R3i2r2)] and _— isot

Ao = expl- (R, 2re + R9,20a)], whereRy% (R2) and e (RA%, ko Jy My(0) €"*dlt (A4.1)

are averages of the transverse relaxation rates for in-phase and anti-

phase*N and*HN magnetization associated with the folded (unfolded) to |inear approximation. In eq A4.1 it has been assumed that to
state R, Row, can be obtained on a per-residue basis by recording a the zeroth order the evolution dfly(t) is given by My(t) =

pair of spectra with & = 2r, = 1/(2n) and 2 = 3/(2h), 2ra = Mu(0) exp(-idwt). The 180 pulse has the effect of converting
1/(23x) and comparing peak intensities. In a similar g, R, I+(a), 1+(b) into |_(a), |-(b) with concomitant reversal of the

can be measured by recording a set of spectra where therlaitldy . . - . - .

i . ) chemical shift evolution. Hence, extending the integration to
F lof F o 1 h 2t = . . !

in Figure 1 of Farrow et & is set to{ 1/(2Jnn), 3/(2Inn)}, With 2z the seconttcp interval yields

1/(2Jym) in both cases. Note that the delays and Z, must be set to
exactly 1/(Jwn) or 3/(2wn) to ensure complete averaging of in-phase
and anti-phase relaxation during each of theghd Z. periods; these M,(27cp) = M,(0) — (R,, + ka)j(’)
values were also employed in the Bixperiment. Differential relax- . B . B
ation losses prior to the mixing period do not need to be accounted for ki ( fo “M,(0) e 0t + fo “My(0) e el Vet (A4.2)
in the same way since they are subsumed in the condia(@ and
1#(0). . L .
To extract values forky, ku, Riw and Ry we have fitted the gfitr%r ;I:]%I?;E?trhatlOr;r:tseffggrrtr;]eedr:]natzi\s(ime)meang\ezr c::\;?]r the
experimental curves fol(T), 1u(T), I(T) andl(T) simultaneously Tcp ' Tcp), €4 As,

using a least-squares fitting procedure, with errors estimated by a MonteP€ expressed as
Carlo analysis based on the four repeat experiments. In principle, peak

2tcp

M_(O)dt +

volumes, not heights, must be used fF) values, since differences Aldre) = 1- 4Ry T K)tep 4k/ow)sinOwrcp)
in line widths between peaks originating from magnetization associated P14k SOw)sinOwtep) 1 — 4Ry, + Ky)Tep
with the folded and unfolded states do arise. We have found that it is (A5)

difficult to extract accurate peak volumes for short values aind
have therefore used the product of measured peak heights with residu
specific*HN line widths obtained by fitting a Lorentzian function to
the auto peaks to approximate the volumes. Note that differences in
15N line widths are taken into account automatically by including the
residue-specific fitting parameteis,(0) andl«(0). Because exchange
cross-peaks were not observed in experiments with zero mixing time, Ma(znfcp) -
magnetization transfer between the folded and unfolded states due to| M(2n7cp) | —

exchange during the reverse INEPT elements after the mixing period fq _ ;
was not taken into account in our analysis. 1 2n(R23_+ ka)TCP Zn(kbléw)SIn(éwTCP) Ma(O) (A6)
2n(k/ow)sinwrep) 1 — 2n(Ry, + Ky)tep || M(0)

Finally, utilizing the chemical balance conditiok,M4(0) =
koMp(0) and recalling that + At ~ exp(—A4t), we obtain from

the first line of eq A6 the expression for the effective relaxation
rate constant which describes the attenuation of magnetization
during the variable-spacing constant-time CPMG period,

fRaising this matrix to the powev2, eq A2, we retain only the
terms linear with respect to the paramet@sg Rop, Ka, ko, (SE€
eq A3) arriving at,

Appendix: Derivation of Equation 2

Consider a spin exchanging between two site&,and B,
with magnetization modeM, and My, corresponding to the
single-quantum coherencés(a) andl(b), respectively. The
evolution of My and My, is given by the solution to

Q[Ma(t)] _ ’_(RZa + ko) kb ”Ma(t) sinBwtcp)
dMy(0) |~ [k ~(Rey + Ky +100) [[My(t) Roa=Rea T ko — kg = (A7)
(A1)

wheredw is the offset between the two resonance frequencies "€ conditions of validity for the above equations are given in
and Re., Ry are the respective relaxation rates of modks ~ €d A3. Itis worth noting that in the I|mf|ft thatcp — oo (spin-
andM,. We shall now seek the approximate solution of eq A1 locking condition), eq A7 predicts th&, = Re.. In fact, this

in the following form case can be treated separately by assuming that the chemical
shift difference is quenched by a strong spin-locking field. Such
M,(2ntep) | w2l Ma(0) a treatment predicts a correction B! in this limit that is
My(2ntep) | {A(47cp)} M,(0) (A2) dependent orRy,. From this consideration it follows that eq

A7 holds for largevcp values only for the case thiR, — Rapl
where the matrix\(4zcp) describes the evolution of the system < KaKo.

during the ¢cp—180°—2tcp—180°—1¢p) element of the CPMG Equation A7 has been verified using the exact analytical
sequence. In the derivation it is assumed that the slow exchangesolution of eq A2 generated with the help of the symbolic
condition is fulfilled computation program Maple (Waterloo Maple Inc.). This

solution was obtained using the analytical expressions for the

K.k, < ow (A3.1) eigenvalues and eigenvectors of the matrix in eq Al. The

evolution matrixA(4zcp) calculated in this manner was subse-
and that thercp interval is short enough to justify the use of quently transformed into diagonal form and raised to the power
the following approximations, n/2. The resulting analytical formula fdﬁgﬁ was stored as
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