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Abstract: An >N NMR R, relaxation experiment is presented for the measurement of millisecond time
scale exchange processes in proteins. On- and off-resonance Ry, relaxation profiles are recorded one
residue at a time using a series of one-dimensional experiments in concert with selective Hartmann—Hahn
polarization transfers. The experiment can be performed using low spin-lock field strengths (values as low
as 25 Hz have been tested), with excellent alignment of magnetization along the effective field achieved.
Additionally, suppression of the effects of cross-correlated relaxation between dipolar and chemical shift
anisotropy interactions and *H—1°N scalar coupled evolution is straightforward to implement, independent
of the strength of the >N spin-locking field. The methodology is applied to study the folding of a G48M
mutant of the Fyn SH3 domain that has been characterized previously by CPMG dispersion experiments.
It is demonstrated through experiment that off-resonance R;, data measured at a single magnetic field
and one or more spin-lock field strengths, with amplitudes on the order of the rate of exchange, allow a
complete characterization of a two-site exchange process. This is possible even in the case of slow exchange
on the NMR time scale, where complementary approaches involving CPMG-based experiments fail.
Advantages of this methodology in relation to other approaches are described.

Introduction of effective field strengths that can be applfeBor example,
Protein function often depends on conformational rearrange- YPically CPMG-type experiments usepwg fields ranging from
50 Hz to +-2 kHz, wherevcpme = 1/(2r) andrt is the delay

ments occurring on a micro- to millisecond time scedeand i ! )
nuclear magnetic resonance (NMR) spectroscopy is a sensitivePetween consecutive refocusing pulses. The methodology is thus

tool for the detection and analysis of such procedsegractice, ~ Well suited for the study of exchange processes on the
NMR methods for measurement of such dynamics are basedMillisecond time scale, witlhex ~ 27vceme, Wherekex is the
on the quantification of line broadening that results from Sum of forward and reverse rate constants for a two-site
exchange, and two classes of relaxation dispersion experimentEXchange process. In contrdg{, measurements probe exchange
have emerged. The first set of experiments involve measurementVEN!S V‘{'thkex ~ we and most often emplloy. relatively strong
of the apparent transverse relaxation r&eer, as a function ~ ©/(27) fields of 1-2 kHz so thaiwd/(27) is in the range of
of the delay between refocusing pulses in Ca&urcelt- ~1-6 kHz (e = w:? + 07 with , the amplitude of the
Meibum—Gill (CPMG)-type sequenceés The second class of applied RF fleld and th_e offset of the resonance freque_r@y
experiment measures the rotating-frame relaxation Rife as from the spin-lock carrier frequen@:_;L). Becguse relatively
a function of the strength and/or offset of applied radio large fields have been usedf, experlmen'gs, it has generally
frequency (RF) field§. bgen the case thab;2 > Aw? whgre Aw is the frequency
The time scale of the exchange process that can be studiedifférence between the exchanging states. Moreover, most

using relaxation dispersion techniques is determined by the range?PPlications to date have focused on systems in the fast exchange
limit, k2, > Aw?2. In both limits,w:? > Aw? or K, > Aw?, it

lThe gniversity of Toronto. is not possible to extract all parameters describing a two-site
Goteborg University. : ; 7
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14,910 13\ 11713 gnd 13C14 single-quantum CPMG dispersion fine, necessitating the measurement of a large number of 2D
schemes that probe microseceimillisecond dynamics at both  data sets. The extensive measurement of the spin-lock field and/
backbone and side-chain positions in suitably labeled proteinsor the offset dependence RBi, for multiple spins in a protein
have been supplemented by sequences in which decays otan be excessively time-consuming using conventional multi-
zero-1915double-1915 and multiple-quantuft coherences are  dimensional techniques.
measured. It is thus possible to record a suite of six dispersion Here we describe a new experiment for measutithg Ry,
profiles for each backbone amide site, providing the opportunity values at weak spin-lock fields; fields as low as 25 Hertz have
to characterize exchange dynamics in some detail (in prepara-been employed. Rather than recordRg rates using conven-
tion). In the case oR;, measurements, a theoretical formalism tional 2D spectroscopy, we prefer to use a 1D scheme with
has been developed that describes rotating frame relaxationselective HartmanaHahn polarization transfed®24in which
outside the fast exchange limit®and improved experimental  the relaxation properties of a single site are probed. Because
schemes have been suggested that implement new methods fasnly a single spin is queried, it is easy to completely suppress
IH decoupling during the heteronuclear spin-lock peffo#. the effects of cross-correlation adecoupling during the'>N
The basic features of the theory have been verified experimen-spin-lock using amn-resonancéH CW field, and magnetization
tally on a cavity mutant of T4 lyzosyrdk that exchanges  alignment along the appropriate effective field is readily
between two states witkex ~ 1500 s. Because spin-lock  achieved by!*N pulses with suitably tuned flip angles. The
fields, wd/(27), greater than 800 Hz were employeg? > k§X, proposed methodology is applied to a G48M mutant of the Fyn
it was not possible to independently separksg from the SH3 domain, which exchanges between folded and unfolded
populations of each of the exchanging stdt8eparation of rates  states at 25°C.1625 We show that off-resonancBy, rates
and populations in this case requires the use of significantly measured at a single magnetic field strength allow independent
weakerw; fields. extraction of all parameters of the exchange process. Advantages
One of the main difficulties in using weak RF fields fBf, of the Ry, technique over CPMG-type methods have also been
measurements is suppression of cross-correlation betweemoted for processes approaching the slow exchange limit.
dipole—dipole, chemical shift anisotropy interactions as well
as elimination of evolution frond-coupling during the spin- ~ Materials and Methods

lock. Vgry re_cently, new_methodplogy for measuremerRof Protein Sample.All Ry, measurements were performed onta\t
relaxation with weak spin-lock fields has been proposed and |apeled, perdeuterated, amide protonat&d/ZH) sample of the G48M
demonstrated by Massi and co-work&tsyith accurate values  mutant of the Fyn SH3 domain (0.8 mM in protein, 50 mM sodium
for 15N Ry, rates obtained using field strengths as low as 150 phosphate, 0.2 mM EDTA, 0.05% NaNL0% DO, pH 7), prepared
Hz. The ability to measur&y, rates with weakw; fields is as described previousk2°It is noteworthy that the methodology can
significant since it becomes possible, in principle, to extract all be equally well applied to protonated proteins.
parameters of a two-state exchange process from a set of NMR Spectroscopy.On- and off-resonanck;, experiments were
measurements at a single static magnetic field. That this is, in carried out at 25C for selected®N nuclei of the!*N/’H G48M Fyn
fact, the case is one of the central results of this article. SH3 domain using Varian Inova spectrometers operating at field
There are additional problems involving the application of Srengths of 14.1 and 18.8 T. The pulse sequence shown in Figure 1
low w; fields, however. For nuclei with offsets)| > s, and described below was employed. Selective Hartm&fahn po-

R | h liciibl tributi f ¢ larization transfers fromH to >N and back®?*were performed with
measured~;, values nave negligible contrioutions irom trans- matched!H and 15N CW fields w1ci/(277) ~ 90 Hz and with'H and

verse relaxation and, therefore, also from exchange, since inisy carrier frequencies set to the resonance frequencies of the selected
this limit Ry, ~ Ry. Moreover, it becomes increasingly difficult  amide (measured with a high-resolution HSQC spectrum recorded prior
to align magnetization of different spins along their effective to R, measurements)!N RF field strengths were calibrated as
fields when spin-locking fields are wedk?? It is therefore described elsewhef®. The H RF field strength used for cross
necessary to perform measurements on a limited set of nuclei,polarization was adjusted to maximize the efficiency of magnetization
with similar heteronuclear resonance frequencies. In addition, transfer. On-resonandg,, experiments were performed at spin-lock

because weak fields are employed, sampling of offsets must befield strengthsw./(27) ranging from 25 Hz to 1 kHz in 25 Hz steps.
Off-resonance experiments at each magnetic field were recorded with

(9) Ishima, R.; Torchia, DJ. Biomol. NMR2003 25, 243-248. four to six spin-lock field strength&./(27) ranging from 25 to 500
(10) fzfgkfggé_\/l-s\éi Korzhnev, D. M.; Kay, L. EJ. Am. Chem. So2004 Hz and with 4151 offsets selected individually for each spin. The
(11) Loria, J. P.; Rahce, M.: Palmer, A. G. Biomol. NMR1999 15, 151— minimal w; value used in off-resonance experiments was chosen

according to the chemical-shift difference between the exchanging states
known from previous worl1625so thatR;, rates recorded at the

(12) Loria, J. P.; Rance, M.; Palmer, A. G. Am. Chem. Sod999 121, 2331~
2332.
(13) Tollinger, M.; Skrynnikov, N. R.; Mulder, F. A. A.; Forman-Kay, J. D.;  frequency of the minor state had measurable contributions from

Kay, L. E.J. Am. Chem. So200], 123 11341-11352. i .
(14) Skiynnikov. N. R.; Mulder F. A A.. Hon. B.: Dahlquist, F. W.: Kay, L. chemlcal_ exchange,_ offsedswere selectgd so that the frequency range
E. J. Am. Chem. So@001 123 4556-4566. of the spin-lock carrier extends approximately fréda + w1 to Qg —
(15) Dittmer, J.; Bodenhausen, G. Am. Chem. So@004 126, 1314-1315. w1 (Qa > Qp) or Qg + w1 t0 Qa — w1 (RLe > Qa). All on- (off-)
(16) Korzhnev, D. M.; Kloiber, K.; Kay, L. EJ. Am. Chem. SoQ004 126,
7320-7329.
(17) Trott, O.; Palmer, A. GJ. Magn. Reson2002 154, 157—-160. (23) Pelupessy, P.; Chiarparin, E.; Bodenhaused, ®lagn. Resorll999 138
(18) Abergel, D.; Palmer, A. @ChemPhysCher2004 5, 787—793. 178-181.
(19) Korzhnev, D. M.; Skrynnikov, N. R.; Millet, O.; Torchia, D. A.; Kay, L. (24) Pelupessy, P.; Chiarparin, Eoncepts Magn. Reso®00Q 12, 103-124.
E.J. Am. Chem. SoQ002 124, 10743-10753. (25) Korzhnev, D. M.; Salvatella, X.; Vendruscolo, M.; Di Nardo, A. A.;
(20) Massi, F.; Johnson, E.; Wang, C.; Rance, M.; Palmer, A. G.JIIAm. Davidson, A. R.; Dobson, C. M.; Kay, L. BENature2004 430, 586-590.
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Figure 1. Selective 1D pulse scheme for recording on- and off-resonance
Ry, dispersions for backbon®N nuclei in proteins. Narrow (wide) filled
rectangular pulses are applied with a tip angle of @IBC°). Open!N

(*H) rectangular pulses are given with a tip angle of argégff)
(arccot(dw|/w19), wherews is the 15N spin-lock field strengthy is the

15N resonance offset from the spin-lock carriens is strength of théH

CW field applied during thé®N spin-lock, anddw is the 'H resonance
offset from the frequency of water. The shaped proton pulses are selective
for water (90) and are typically implemented with “rectangular” shapes
(~1.5 ms). The open rectangular boxes deriéteand!H spin-lock and

CW irradiation periods. All high power pulses, water selective pulses, and
spin-locks are given with phasaunless indicated otherwis€N high power
pulses are applied with a field of 5.8 kHz, withtN WALTZ16 decoupling®
achieved usig a 1 kHz field (at 14.1 T)H high power pulses are applied
with a 36 kHz field. MatchedH and!®N CW fields, wicd(27) ~ 90 Hz,

are applied during polarization transfer periads 1/|J| ~ 10.8 ms. AH

CW field, w1d/(27) ~ 3900 Hz, is used to suppress the effects of cross-
correlation and-coupling during thé>N spin-lock periodT. After the first
water-selective pulse (phasex), the H carrier is moved to the amide

resonance of interest and subsequently placed back on water prior to the

water-gate elemert.All >N rectangular pulses, along with the polarization
transfer CW field (1cp), are applied with the carrier set to tH& resonance
frequency of the selected amide, whereasine spin-lock field 1) is
applied at an offset from the 15N resonance. The optional deldyis
discussed in the text. The phase cycle employed is as follapys=
{8(1).8(-W}, ¢2 = {—xx}; ¢s = {4(),4(=X)}; d6 = {2(X).2(—X)}; rec=
{X=X,=X%X, —XX.X,—X, —X,X,X,—X, X,—X,—X,X}, for & < O (carrier downfield

of resonance of interesfys = —y and¢s =y, for 6 > 0 ¢3 =y and¢s =

—y. The durations and strengths of the gradients are as follows:
01 (1ms,3G/cm), g(50us,15G/cm), g (50Qus,20G/cm).

resonancd,, experiments were performed in a constant-time manner,
i.e., a series of 1D spectra were recorded at diffedgritelds (offsets)

with a constant relaxation periodof 30 (40) ms, along with a single
reference spectrum with the spin-lock peribdmitted. The 1D spectra
were Fourier transformed, baseline corrected, and integrated using
VNMR software. Peak integrals were converted iRtprates according

to Ry, = —1/T-In(l4/lg), wherel, is the integral all = 30 (40) ms, and

lo the integral in the absence of thieperiod? Errors inRy, rates were
calculated from signal-to-noise ratios in 1D specg.measurements

for different amides were performed using-9866 transients and with

associated with states A and B has two real negative and four complex
eigenvalues with large imaginary components. Thus, in principle, the
evolution of magnetization during the spin-lock is given by the sum of
six exponentialsM(t) = M(0) Yia expidit) (3 a = 1). As described
previously by Palmer and co-workersn many cases of experimental
interest, all but one of the terms in the summation above are negligible.
For example, the two real negative eigenvalues are often significantly
different in magnitudé’ with one very small (large in absolute value).
In addition, for strong spin-lock fields the four terms that evolve with
complexi; values deteriorate rapidly becausegffield inhomogeneity.
Thus, shortly after application of the spin-lock RF field five of the six
components oM(t) have decayed to zero so that the only remaining
term relaxes monoexponentially with a rate given by the least negative
real eigenvalué, of the matrix Ry, = —11). In the case of weak spin-
lock fields @/(27) ~ 100 Hz, such as those applied in the present
study), thew; field inhomogeneity may not be sufficient to cause a
rapid decay of the oscillatory terms (compléx that compriseM(t).
Simulations have established, however, that when magnetization from
state A pa > ps) is placed along the effective field given by the vector
(01,00) att = 0, the coefficients &) of the complex terms are
negligibly small. Thus, to excellent approximation the decay of
magnetization is single exponential in the limit of weak applied spin-
lock fields as well.

Although calculations oRy, are easily done numerically (see below),
it is useful to consider the analytical expression Ry so that the
interplay between exchange parameters andod; (i = A,B) can be
better understood. An expression fBi, in the case of exchange
occurring much faster than relaxatid.{(> Ri, R;) has been derived
by Trott and Palme¥’

R, =R, co$ 6 + (R, + R,) sin’ 6 1)

where

pA pBszkex

2 2, 2
Wpe Wpe /we + kgx

Rex= )

0= arccot@a\/wl), wAez = w12 + 6A2, a)Bez = (1)12 + 6]32, we2 = w12

+ (551\,2, (33\, = pA(SA + pBéB. andéA = QA — QSL; (SB = QB — QSL are
resonance offsets from the spin-lock carrier for states A and B,
respectively. In the asymmetric population linp, > pg, €q 2 can be
written as:

— pBszkex — pBszkex
wBe2 + ktzax (5A + Aw)z + a)lz + kﬁx

Rex ©)

with Aw = Qg — Qa. In this limit day = 4, SO that the tilt angl® in

a delay between scans of 1.1 s, ensuring signal-to-noise values of 50gq 1 is the angle between the direction of the effective field for state

to 150 in spectra obtained a = 0. The resulting measuring times
were 1.5 to 4.5 h per dispersion profile (40 to 50 points).

Theoretical Considerations.Consider an exchange process in which
molecules interconvert between a ground state A and an excited
conformation B with populationp, andps, respectively, forward and
reverse rate constanka andkg (Ka = Kexps, ks = Kexpa, Kex = Ka+
ks), and with a frequency separation between states\@f The
evolution of magnetization in such a system due to chemical shift offset
0i (i = A,B), the effects of an applied RF field of strength, as well
as relaxation and chemical exchange, is given by the BidatConnell
equatiod”? (see, for example, eq 4 of Trott and Palfferlt can be
shown for most cases of interest that thex @ matrix that describes
the time evolution of theX, Y, andZ components of magnetization

(28) Mulder, F. A. A.; Skrynnikov, N. R.; Hon, B.; Dahlquist, F. W.; Kay, L.
E.J. Am. Chem. SoQ00Q 123 967-975.
(29) McConnell, H. M.J. Chem. Phys1958 28, 430-431.

A and theZ axis. An important result from eq 3 is that fpx > pg the
maximum inRex occurs when the spin-lock field is resonant with the
frequency of the minor staté(i.e., at an offsethy = Qa — QgL =
—Aw from the position of resonance of the major state).

Data Analysis. Measured®™N Ry, relaxation rates for selected
residues oftN/?H G48M Fyn SH3 were analyzed using a model in
which exchange occurs between states A and B, as described above.
Specifically, experimentalR;, rates were fit toR;, values calculated
from the Bloch-McConnell equation!?°

dM (t)/dt = R-M(t) 4)
whereRis a6x 6 evolution matrixM = (MAx,MBx,MAY,ng,MAz,MBz)T
is a vector consisting of the magnetization components for
states A and B, and the superscript T denotes the transpose
operation. Ry, for magnetization in state A is calculated directly

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 715
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from eq 4 according to

Ry, 1/T-In(u-expRT)-v)

vi=

u=(sin#,0,0,0, cod, 0), 6=arccotp,/w,) (5)
wherev is a unit vector with elements proportional to the initial values
of M (i.e., at the start of the spin-lock] (0)), andu is a unit vector in
the direction of the effective field of state A. Equation 5 holds for a
spin-lock field applied along th¥ axis with the carrier at an offset of
0ad(27) Hz from the resonance position of spin pa(>> ps). In the
derivation of eq 5, it is assumed tH&N magnetization from state A

only is present at the start of the spin-lock element since, as described

below, aselectve Hartmann-Hahn transfer of magnetization frothl
to 1N is employed. In principle, exchange during the magnetization
transfer period can generateN magnetization on state B as well.
However, simulations have established that for the valuesmwfind
kex in the present application this exchange transfer effect is small for
the majority of the residues. In addition, we have assumed that the
effective field for spin A is given by1,0,0,). This assumption holds
for spin-lock fields,w1, much greater thaR; — R;. A detailed analysis
that includes the effects of relaxation (but neglects chemical exchange)
shows that the direction of the effective field is given by
(wll(wlz + (32)1/2, —(R — Rl)éa)ll(w12 + (32)3/2, (3/((1)12 + 62)1/2), for
(R — R)/(w? + 035 <1. For R, — Ry) = 10 s'%, w4/(27) = 25 Hz,
the direction of the effective field is (0.82,0.02, 0.58) (obtained with
w1? = 202 for which theY component is maximal); the assumption
that the effective field is given by a vector along1(004) is thus
quite reasonable, even for the low spin-lock fields used in this work.
Off-resonancdr;, data measured at two magnetic fields and-a64
spin-lock fields were fit on a per residue basis with the following
adjustable parameters: exchange rate constanpopulation of the
minor statepg, (signed) chemical shift difference, in parts per million,
between the exchanging statesr (Aw = 10 %y\BoAw, whereAw is
the frequency difference between the exchanging stateis, the >N
gyromagnetic ratio, an@, is the static magnetic field strength) and
intrinsic transverseR;) and longitudinal R;) relaxation rates at 14.1
and 18.8 T. We have assumed that the intrinsic relaxation properties
are the same for spins in each of the two states. It can be Shdva
in the limit thatpa > pg the position of the major conformer is &'
= Qa + peklAw/(, + Aw?); in the case of théSN/2H G48M Fyn
SH3 domain, however, the differences betwe®p' and Q. are
reasonably small<7.6 Hz forAw > 2 ppm,ps = 0.05, kex = 400
s, 18.8 T field) and in what follows we have assumed tfat =
Qa and therefore thaba = Qa' — Qsi. Different combinations of
off-resonancer;, data measured at different magnetic fields and spin-
lock values were fit together to establish what the minimum experi-

locked magnetization becomes effectively single-exponential shortly
after application of the spin-lockM(T) = aiM(0)exp@iT), (see
discussion above), the coefficient, varies with the offset of th&N
spin-lock carrier from the resonance positions of spins in states A and
B. The offset dependence of the prefactpisaa function of the initial
state of magnetization at ¥ 0. In the experiments performed here, to
good assumption, only magnetization associated with state A is present
at the start of the spin-lock period, because of the selective nature of
the Hartmanr-Hahn transfer that precedes it (see discussion below).
During the spin-lock period, a rapid equilibration of magnetization can
ensue (with a time constant on the order dfe)/ with the ratio of
magnetization of states A and B approachmgps, so long as the
magnetization vectors for the two states are (near) collinear. Consider,
for example, the case of &k, experiment where th€N carrier is far
off-resonance so that magnetization from states A and B have large
components along thg axis (and hence magnetization vectors are
collinear). Exchange leads to a rapid equilibration of magnetization so
that the magnetization associated with state A approguid®), where

M(0) is the initial magnetization in state A. Subsequent evolution of
magnetization in state A is well described b(T)
paM(0) exp@iT) (i.e., a1 = pa). A similar situation occurs in the case

of transverse magnetization associated with state A so long as the
chemical shift difference between sites A and B is small. In contrast,
if the carrier is on-resonance for state A, akd is large, magnetization

is transferred from A to B because of exchange (i.e., lost from state
A), but there is littlenetmagnetization returned (since the phase relation
between magnetization in states A and B varies rapidly in time). In
this case, the magnetization of state A does not rapidly proceed to
paM(0), and simulations show th&d(T) = M(0) exp@.T) (i.e.,ay =

1). The offset dependencerns fully taken into account in eq 5, using
the appropriate initial conditions foi (0). Notably, values ofRy,
estimated on the basis of a sindlevalue according to-1/T-In(14/1o),

differ from —1; (the least negative eigenvalue of the BledicConnell
exchange matrix), with the differences increasing for large values of
offsets from the spin-lock carrier. The value Rf, can be related to

—A1 via the empirical relatior-1/T-In(11/lg) = —A1 — 1/T-In(a,), where

a; =1 — pg coS(0a — Og), Oa = arccotPa/w1), g = arccotPe/ws),

with approximate expressions ferd, derived by Trott and Palméf,

as discussed above. The offset dependend® oéstimated from this
empirical formula reproduces almost exactly the dependence obtained
from eq 5. Of interest, we have found that in the case of CPMG
experiments the pre-exponent describing the decay of magnetization
varies with CPMG frequencyycpms, SO thatR:er (CPMG) values
generated from a single constant-time experiment are relatdrates
calculated from the Carver and Richards equéatitimough a correction
term as wellé

As described above, the correction that must be appli&d,tealues

mental data set is (in the present case) for which accurate exchangePbtained from data sets recorded with a single constant-time spin-lock

parameters can be extracted. On-resondgelata for each residue
measured at two magnetic fields were fit together with five adjustable
parameterskey, ps, Az along withR; at 14.1 and 18.8 T. Correlation

period depends on the initial conditions at the start of the spin-lock.
With a slight modification of the sequence of Figure 1, it is possible to
change the initial conditions so that the magnetization associated with

coefficients between the extracted exchange parameters and uncertainstateés A and B reflects the equilibrium distribution (i, ps). This

ties of the parameters were calculated using the covariance matrix
method®! Parameters frorRy, data analyses were compared to those
obtained from fits of single-quantufN CPMG data measured using
the same sample and analyzed as described previusly.
Constant-Time vs Non-Constant-Time ExperimentsAs described

can be achieved by insertion of a delay (on the orderkf)lafter the

first 90, 1N pulse (when magnetization is along thexis) that allows
equilibration to occur. Simulations have established that in this case
correction ofRy, values is not necessary (i.e., to good approximation
Ry, is given by—A1), and although this approach was not used in the

above Ry, values have been obtained by measuring peak integrals (statePresent study, it has been verified experimentally. Finally, in the case

A) with and without a constant time period of duratidnand Ry,
calculated as-1/T-In(l1/lg). ObtainingRy, values from a singld& period

has the advantage that a large number of offsetsfiglds) can be
explored. A disadvantage, however, is that while the decay of the spin-

(30) Skrynnikov, N. R.; Dahlquist, F. W.; Kay, L. B. Am. Chem. So2002
124, 12352-12360.

(31) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, WNUimerical
Recipes in CCambridge University Press: Cambridge, 1988.
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of experiments wher®y, values are estimated on the basis of several
T points (non-constant-time experiments), the decay rate, is
extracted directly from th@ dependence of magnetization intensity.
Thus, initial conditions of magnetization are not required for the
analysis, and a correction factor is unnecessary figvalue measured
directly from the decay of magnetization +ist,).

(32) Carver, J. P.; Richards, R. E.Magn. Resonl972 6, 89—105.
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Results and Discussion 5y
3 34' 44q
NMR Experiment for Measurement of Ry, Figure 1 [pp";]]o' o
illustrates the 1D NMR pulse scheme that has been developed Heet T
for recording on- and off-resonanBg, dispersions of backbone 12 f °
15N nuclei in proteins with low spin-lock fields. The experiment 114 J& 20 0 ° ; ®
is based on selective excitation of amide resonances using 116 —E?’. o R
Hartmanr-Hahn polarization transfers with weak CW fields s . o 47.3 9 :15,3
and is designed to measuf® Ry, rates for one NH group at ° 5 ¢
a time. The excitation scheme used in the experiment is similar 12 R 4, XU
to that described by Bodenhausen and co-workeist the 122 %56.33 o8
beginning of the pulse sequence equilibridfN magnetization 124 L MPleus s Lo
is destroyed by the firstSsN 90° pulse and the gradient gi. 126 e SRt JL
Subsequently, transversél magnetization,—Hy, is created a2 A
(point @) and transferred takNx using matchedH and 15N 28y e % a
on-resonance CW fieldg)icp, by adjusting the phases and 130 4245
¢, respectively. The CW fields are applied for a duratior of 132 3%, o
= 1/]J | (whereJ ~ —93 Hz is the HN scalar coupling constant; 100 95 90 85 80 715 70 65
here we usewicd(27) ~ 90 Hz; see below). Prior to the 'H [ppm]

application of the!>N spin-lock of lengthT (point b), nitrogen
magnetization is aligned along the direction of the effective field
in the rotating frame given by the vectar{,0,0) using a pair
of 15N pulses, 96,0°3, 8 = arccot(dal/w1), with w, the spin-
lock field strength ands the resonance offset of the major
state from the spin-lock carrier. The effectsJefoupling and
cross-correlation between dipeldipole and CSA relaxation
mechanisms are suppressed duringthespin-lock by a strong
1H CW field wis > w1 (w1d/(27) ~ 4 kHz) applied on-resonance
for the spin of interest. After the spin-lock periof 5N
magnetization is returned to thé€axis by ad°4 90°—y pulse
pair (3 = —¢4, pointc) and transferred back to protons for
observation. (The optional deldywill be described below.)

It is well-known that presaturation or dephasing of the water

resonance can cause significant sensitivity losses in NMR

Figure 2. *H—15N correlation spectrum of th#N?H G48M mutant of

the Fyn SH3 domain, 18.8 T, 2%, with cross-peaks labeled by residue
number. 1D spectra for the amide groups of Glu 11, Thr 14, Gly 23, Trp
37, and Leu 42 obtained using the pulse sequence of Figure 1 are shown,
with the positions of théH, >N carriers for the selective Hartmanhiahn
transfers indicated by arrows (on-resonance for a given residue).

To obtain accurat&y, rates using the scheme of Figure 1,
very selective HartmanrnHahn transfers are required since only
1D amide proton spectra are recorded. Pelupessy and co-workers
have shown that polarization can lempletelytransferred
between'H and>N spins int = 1/|J] using weak fieldspicp

= 7JW/ 4n°—1/2, wheren is a positive intege?324However, so
long as there is very little mismatch betweghand®N fields,
the transfer efficiency is high for any value @fcH#(27) larger

experiment$3 and we have measured intensity decreases on than |91v/3/424 To minimize losses due to conformational

the order of 36-40% for the G48M Fyn SH3 domain. The pulse

exchange during transfer periods, we suggest using the highest

sequence of Figure 1 is designed to minimally perturb the @icpfield that ensures good selectivity with little dephasing of
solvent magnetization. Thus, a water-selective pulse is appliedWater magnetization (here we have useg/(27) ~ 90 Hz).

before the firstH nonselective pulse so that at poanthe water
magnetization is aligned along theZ axis. Application of a
weak!H CW field, wicp, used to transfer polarization frothi

to 1N (and back) has a minimal effect on water magnetization
provided thaiwicp < |dw|, wheredy is the amidéH resonance
offset from the frequency of water (i.e., carrier offset from
water). This condition is not maintained for thid CW field,
w1s, used to suppress the effects dtoupling and cross-
correlation during thé®N spin-lock periodT, sincew;sis chosen

to be larger thame, we® = w1? + 942, to avoid the Hartmann
Hahn matching conditioff: Therefore, water magnetization
during this period is preserved by locking it along the direction
of the!H effective field in the rotating frame given by{s,0,0w)
using a'H pulse of phase-y and flip angle of arccotdw|/
w1g). After TH CW irradiation, the water magnetization is
returned to thetZ axis in a similar manner. Any remaining

It is worth noting that for>N and'H RF fields on the order of
90 Hz the transfer efficiency is not very sensitive to mismatch
in fields so long as the mismatch does not exceed 5%.

Figure 2 shows a 2BH—N correlation plot of the G48M
Fyn SH3 domain recorded at a field strength of 18.8 T, along
with 1D spectra obtained using the scheme of Figure 1. The
selectivity of each 1D spectrum depends on the strength of the
Hartman-Hahn field (1cp) used in polarization transfers. Offset
profiles for the efficiency of cross-polarization are given by
Pelupessy and Chiarparitifor wicd(2) ~ 90 Hz, correlations
outside approximately-1.5/J| Hz from thelH/'5N carriers are
completely suppressed. In general, one salectiely excite
the resonance of interest if its separation from neighboring peaks
along either thé>N or *H dimension exceeds1.5w1cH(27)

(for example, Leu 42, Glu 11, and Gly 23 in Figure 2). Of
course, for the experiments proposed here, wHdrehemical

water magnetization in the transverse plane is destroyed byshifts are recorded, separation of correlations in'thelimen-

gradient g and the water-gate blogkso that flat baselines and
hence accurate peak integrals can be obtained.

(33) Grzesiek, S.; Bax, Al. Am. Chem. S0d.993 115 12593-12594.

(34) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of Nuclear Magnetic
Resonance in One and Two Dimensiddsgford University Press: Oxford,
1987.

(35) Piotto, M.; Saudek, V.; Sklenar, \J. Biomol. NMR1992 2, 661—665.

sion is sufficient, irrespective of the degree of overlagad
(see, for example, Trp 37 or Thr 14 in Figure 2). In cases where
correlations have the santél, but different!>N frequencies,
residuals from unwanted signals (in the 3B spectrum) may
affect the measureR, rates (unless the separation in f%
dimension is larger tharn1.5w1cd/(27) Hz). If the selectivity
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of the Hartmanr-Hahn polarization transfers is not sufficient,
a purge element can be included in the scheme of Figure 1 to
eliminate the unwanted signal. This is achieved through the
addition of a delay. = 71/(20), whered/(27) is the offset (Hz)
of the unwanted peak from the resonance of interest. During
the periods, the magnetization of interest remains alofgvhile
the magnetization that is to be eliminated rotates Iy(89the
Y axis) and is subsequently dephased by gradient g

At first glance, it might seem that measuring relaxation rates
one residue at a time is inefficient relative to a 2D approach,
and indeed for many application$® Ry, R, and 1H—15N
steady state NOE, for example) this is, of course, true. However,
in studies of chemical exchange outside the fast regime, it is
often necessary to use weak spin-lock fields to extract the full

complement of parameters describing the exchange process (se

below), and many of the advantages normally associated with
2D measurements (i.e., specifically that all residues can be
studied at once) are lost. For example, measuremerRyof

relaxation rates requires that magnetization be spin-locked along

the appropriate effective field (which varies as a function of
15N chemical shift). This is often done using adiabatic pufdes,
but such pulses become prohibitively long, and concomitant
relaxation losses significant, in cases where the spin-lock field
is weak. An alternative approach makes use of a pulse/free
precession elemef?:3” However, alignment errors become
significant for|d|/w1 > 0.42° Thus, even if a series of 2D spectra
were recorded, only magnetization associated with correlations
confined to relatively small regions of chemical shift would be
effectively locked, necessitating acquisition of a large number
of data sets to obtain a complete set of relaxation rates. Further
a complete sampling of the offset-dependence Ryf is
predicated on offset increments significantly less than the
strength of the spin-lock field, again requiring that a large

number of data sets be acquired. In some cases, this could be

prohibitive. The advantages of the proposed 1D scheme are
several-fold. First, in many applications only a select number
of residues report on the exchange event, and these residue
can be studied far more effectively by 1D NMR. In many cases,
these residues may be identified readily by recording CPMG
dispersion experiments with a small numberngpyc values.
Once the resonances are identified, a series of 3/riRasure-
ments can be performed at a number of fields using a
relatively small number of offsets to estimate exchange param-
eters prior to a more careful analysis for which the approximate
exchange values are useful. Second, the experiment time ca
be adjusted appropriately for each amide, along with the optimal
selection of spin-lock fields and/or offsets. Third, it is straight-
forward to spin-lock magnetization using pulses with ap-
propriately adjusted flip angles, and unlike the approach that
makes use of adiabatic pulses, the procedure is effectively
instantaneous. Fourth, because residues are queried one at a ti
cross-correlation and scalar coupling effects can be suppresse
simply by on-resonanctH CW decoupling. In the case of 2D
applications, more complex schemes are requitéelFinally,

as described above, dephasing of water can be minimized very

effectively in the present scheme; this is more difficult to

(36) Griesinger, C.; Ernst, R. R. Magn. Resonl987, 75, 261-271.

(37) Yamazaki, T.; Muhandiram, R.; Kay, L. E. Am. Chem. S0d.994 116,
8266-8278.

(38) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRViagn. Resonl1983
52, 335-338.
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m&o be 1.2, 2% and 1.8, 5% for the G48M and G48V mutants,
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'Figure 3. Experimental on-resonancééN Ry, (a) andRyer CPMG (b)

dispersion profiles®) and best fits (solid curves) for Glu 11 of G48M
Fyn SH3, as a function of the applied spin-lock field/(2) (R, data) or
pulse repetition frequencyepmc (Reef CPMG data). Profiles measured at
magnetic fields of 14.1 and 18.8 T are shown in green and red, respectively.

accomplish efficiently in the case of 2D approaches, and notably,
Enethods in the literature at the present time dephase water
completely!920
Application to the G48M Fyn SH3 Domain. The pulse

sequence described above (Figure 1) has been applied to
measure the exchange dynamics of a G48M mutant of the SH3
domain from the Fyn tyrosine kinase. This domain has been
shown by a variety techniques, including fluorescence spec-
troscopy® and CPMG-based NMR relaxation dispersion meth-
0ds10:16.25.26tg exchange between folded and unfolded states.

n\/ery recently, we have shown that the exchange process

involves an intermediate stagebut in what follows here a two-
state model of folding will be used to analyze the data. Our
previous work made use &iN/*H samples of G48M and G48V
mutants of the Fyn SH3 domain, and at Z5 the populations
8f the intermediate (I) and unfolded (U) states were determined

respectively?® In contrast, at 25C a similar three-site exchange
analysis for the deuterated G48M sample considered here shows
that the | and U states are at populations of 0.7 and 5%,
respectively (in preparation). Thus, the level of the | state is
significantly reduced with respect to the U state in the deuterated
sample, and a two-state analysis is adequate for what we wish
to discuss here. A more detailed analysis will follo\®N, *H
single-quantum, zero- and double-quantum, and multiple-
quantum CPMG dispersion experiments (six types of dispersion
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Figure 4. Experimental off-resonanééN Ry, profiles (O) and best fits (solid lines) for Thr 14 (a), Glu 11 (b), and Val 55 (c) measured at a magnetic field
of 14.1 T (top plots), and the correspondiRgs + R, contributions toRy,, bottom plots, Ry, + 1/T*In(a;) — Ry cog 0)/sir? 0, wherea; = 1 — pg co$(0a

— 0g), 65 = arccotPalwi), O = arccotPs/ws) as a function of resonance offset from the spin-lock caié2r) ~ d4/(27). The best fit parameters were
obtained from fits of theRy, offset profiles to eq 5. The color coding for the different spin-lock fietd#(2) (indicated in the top plots) is used in the
bottom plots as well. All data for a given residue, four or five spin-lock fields at each of two static magnetic fields (14.1 and 18.8 T) are fit sinsiyftane

(data recorded at 18.8 T not shown).

profiles have been measured for 47 residues, each at threaused in theR;, experiment. In contrast, in constant relaxation

magnetic fields) have been recorded oni/?H sample used
in the present study, 28C. A fit of this extensive data set to a
two-site exchange model givéis, = 377 s, ps = 5.2%, and

time CPMG experimentgcpmc frequencies can only be sampled
at certain values. For example, in a typi¢a single-quantum
CPMG experiment with two constant time periods, each of

these parameters are used as a reference to evaluate the accuragyration 20 m& and separated by an element that interconverts

of values extracted from thigy, data sets.

Figure 3a shows experimental on-resonafteR;, disper-
sion profiles (open circles) for Glu 11 of G48M Fyn SHA |
~ 5.8 ppm) recorded at magnetic fields of 14.1 and 18.8 T,
along with best fits of the data (solid curves). By means of
comparisoni®N single-quantum CPMG dispersion profiles for
the same residue are shown in Figure 3b. On-resonihte
Ry, profiles have been measured at spin-lock field strengths,
w1/(27), ranging from 25 Hz to 1 kHz in steps of 25 Hz,
corresponding approximately to the rangerefuc frequencies
that have been used in theN CPMG experiment. Similar on-
resonancéry, andR; .« CPMG dispersion profiles for Glu 11
are obtained, with a difference of approximately 15lsetween
Ri, (Reef) values at the lowest and highesi/(27) (vcpme)
fields. As predicted by egs-13, the on-resonanciy, vs w1/
(27) profile is Lorentzian. Note that the maximum spin-lock
field strength that can be applied®N Ry, experiments depends
on the length,T, of the spin-lock period. AT = 30—40 ms,
w1/(27) fields up to 2-2.5 kHz can be safely employed
(although we did not use spin-lock fields higher than 1 kHz in
this work). Thus, the range @#1/(27) fields accessible to on-
resonancé®N Ry, measurements (fromy10—20 Hz to 2-2.5
kHz) is approximately a factor of 2 larger than the range of
vepme frequencies normally used #iN single-quantum CPMG
experiments (50 Hz1 kHz). It is noteworthy that any value of
spin-lock fieldw1/(27) from the range indicated above can be

inphase and antipha$®\ magnetizatiot? the smallest multiple
of vcpme that can be employed is 50 Hz.

Figure 4a-c shows experimental off-resonanéeN Ry,
profiles (open circles) and best fits (solid lines) as a function
of offset from the spin-lock carried ~ o for Thr 14 Aw ~
4.3 ppm), Glu 11 Ao ~ —5.8 ppm), and Val 554w ~ 16.2
ppm) measured at 14.1 T (top plots), and the corresponding
Rex + R contributions taRy, calculated asRy, + 1/T*In(ay) —

Ry cog 0)/sir? 0, wherea; = 1 — pg coS(0a — Og), Oa =
arccotPa/wi), and 6g = arccotPg/wi) (bottom plots). As
described above, each valueRyf is calculated using only one
value of T. We have verified, however, that the decay!eM
magnetization as a function dfis exponential (starting from

T values of a few milliseconds), with the profile of the intensity
of Thr 14 vs time shown in Figure 5 obtained using a spin-lock
field of 100 Hz (on-resonance and-A100 Hz off-resonance).
Note that the decay profiles are very different for the two offsets
(£100 Hz). In the absence of exchange or if the time scale of
the exchange process was very fast, identical decays would be
expected.

In the absence of exchange, the offset profileRef has a
maximum at and is symmetric abodf = O, with a charac-
teristic width on the order ab; (eq 1). In the case of exchange
between a populated state A and a minor conformatioRyB,
profiles are modified by the exchange contributigg to R,
that exhibits a maximum at the position of state B (eqs 2 and
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Figure 5. Decay of spin-locked magnetization for Thrl4 of the G48M
Fyn SH3 domain, 18.8 T, 2%5C as a function of (in intervals of 10 ms)

using 100 Hz spin-locking fields with offsets of O, +100 @), and—100
(©) Hz.

3), resulting in an asymmetric offset dependencBigf(Figure

4). Thus, off-resonandg,, profiles for Thr 14 (Figure 4a) have

a single maximum shifted toward the position of the minor state
(0/(27) ~ 260 Hz) atwi/(27) of 150 and 200 Hz, and they
develop a flat shoulder extending frodi(27) ~ 100 to 300

Hz for wi/(27) values of 50, 75, and 100 Hz. Similar profiles
are observed for Glu 11 (Figure 4b), but at the loweg(2r)

of 100 Hz used for this residue the secoRg, maximum
becomes clearly visible at the position of the minor state (
(2m) ~ —350 Hz). Most striking are th&,, profiles for Val

55, for which an unusually largAw is observed: 16.2 ppm
(Figure 4c). Forw/(2x) fields ranging from 150 to 300 Hz,
the Ry, profiles show two distinct maxima of comparable
amplitude, one at the position of state &/(@) ~ 0 Hz) and

the other near the frequency of the minor statedB2r) ~

980 Hz), where the contribution &% + R> to Ry, is scaled by
the factor sif 6 ~ (w1/0)? (equal to 0.023 aiv,/(2) of 150
Hz). As expected from eqgs 2 and 3, profiles Ry, extracted
from Ry, data (bottom plots in Figure 4), have Lorentzian shapes,
centered at the positions of the minor state B, and for low values
of w1/(2r) the line widths of the profiles are determined by the
exchange rate constaky.

A potential point of confusion in any comparisonR¥ values
measured from CPMG arfg, data sets relates to the definition
of Rex in both cases. In the case of CPMG measurements, one
can defineRef(vcpma) as Roei(vepma) — Reer(0).8 That is,
Rex(vepmo) is the contribution tdR, from the exchange process
at a givernvcpwe value. In contrast, the contribution Ry, from
exchange is given bRe Sinf0. Thus, in the case of the G48M
Fyn SH3 domain, values & at the frequency of state Bs.
= Qg, 0o = —Aw) typically exceedRe«(0) values measured in
either on-resonanc&;, (Qs. = R, 0o = 0) or CPMG
experiments by 42 orders of magnitude. For example, the value
of Rex + Ry at Qg = Qg is approximately 3007 for Thr 14
at w1/(27) = 50 Hz, 210 s for Glu 11 atw,/(27) = 100 Hz
and 850 s! for Val 55 atwi/(27) = 150 Hz (14.1 T magnetic
field). Clearly the only reason that one can observe such fast
rates is thatRe, is scaled by sit9, a value that is small for
large offsets from the resonance of the major state> w;.

Table 1 presents the extracted exchange parameters from on
and off-resonanc&,, data for Thr 14, Glu 11, and Val 55 of
15N/2H G48M Fyn SH3, 25°C, along with a comparison of
parameters extracted frofN single-quantum CPMG dispersion
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data. For these three residuk@,« Aw? (slow exchange), and

in this limit the off-resonance experiments are particularly
powerful in relation to their on-resonance and CPMG counter-
parts. For example, when on-resonaritig and CPMG data
sets are fit, values dé.«(pg) for these residues are in error by
several hundred % (several percent), with a correlation
coefficient betweelkex andpg always less thar-0.99 (greater
than 0.99 in absolute value, data not shown). Onpgiis fixed

to a value of 5% (obtained from fits of CPMG dispersion profiles
from 47 residues, see above) are reasonable valudgyof
obtained, without any loss in the quality of fits (see Table 1;
note that on-resonanéy, andR; e CPMG data do not provide
the sign of Aw). In addition, parameters extracted from off-
resonancdr;, data sets for a number of additional residues are
also presented in the table. For all the residues, exchange
parameters have been obtained from fits using eq 5 (see
Materials and Methods section). It is worth mentioning that if
the offset dependence &%, (measured from single constant
time experiments) is fit to the empirical relationl; —
1/T*In(ay), wherea; = 1 — pg co(0a — 0g), O = arccota/

w1), O = arccotPp/ws), parameters very close to those obtained
using eq 5 are obtained. Finally, if the offset dependence of
Ry, is fit to —A1 similar parameters are obtained, with slight
differences inpg andkex noted (but with overestimation d%;
values extracted from the fits).

In contrast to fits of on-resonand®y, and Ry e CPMG
profiles where only a limited set of exchange parameters are
available in the slow exchange limit, extraction of all parameters
can be obtained from fits of off-resonanBg, data, even for
residues with extremely largkw values (i.e., for Val 55 with
Aw = 16.2 ppm; see Table 1). This is possible by recording
Ry, rates using a spin-lock field on the orderlgf placed near
the frequency of the minor state B so thiat + Aw ~ 0 (see
eq 3). It is worth mentioning in this context that the offset
dependence dRex (eqs 2 and 3; Figure 4, bottom plots) can be
related in a simple way to the parameters of a two-site
conformational exchange process. The position of g
maximum with respect to the frequency of the major state A
defines the value ofAw (and its sign), with the width and
amplitude of theRe, profile related tokex andpg, respectively.

More insight into the sensitivity of CPMG-based dispersion
profiles and off-resonancly, curves to exchange parameters
can be obtained by comparing eq 3 with a simple approximate
expressiofthat has been proposed for the exchange contribution
Rex 10 Roerf in CPMG experiments that reproduces the exact
rates within 15% for all exchange regimesi/pa < 0.15:

pApBszkex
Voler T PAAG" + G,

In eq 6w e = 121/21/CPMG ~ 3.46vcpma vepme = 1/(2r), with

7 the delay between successive refocusing pulses. Equations 3
and 6 share many common features. For example, in the fast
exchange limitkex > |Aw|, and/or in the limit of large spin-
lock (CPMGQ) fieldsw1 (w1er) = |Aw]|, the Aw terms in the
denominators of egs 2, 3, and 6 are negligible. Thus, the only
parameters that can be extracted from fits ofdhelependence

of Ry, or the w ¢f dependence oRyerf in the case of CPMG
data arekex and the productpapsAw? (which is the only
combination ofpa, ps, andAw in egs 2, 3, and 6 in this case).

Rex= (6)
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Table 1. Conformational Exchange Parameters Obtained from Least-Square Fits of Different Sets of On-Resonance (R1, On) and
Off-Resonance (R, off) Rotating Frame Relaxation Data for Thr 14, Glu 11, and Val 55 of the *>N/?H Labeled G48M Fyn SH3 Domain (25
°C), along with Exchange Parameters Obtained from Fits of 15N Single-Quantum CPMG Dispersion Data Recorded at 14.1 and 18.8 T2

data set Kex (579) s (%) Aw (ppm)

T14 Ry, off: 14.1 T (50, 75, 100, 150, 200 Hz) 345+ 6 6.05+ 0.09 4.30+ 0.01
18.8 T (100, 200, 400 Hz)
Ry, off: 14.1 T (50, 75, 100, 150, 200 Hz) 335 6.02+ 0.08 4.28+ 0.01
Ry, off: 14.1 T (50, 75 Hz) 346 8 5.82+ 0.09 4.28+ 0.01
Ry, off: 14.1 T (50 Hz) 365+ 8 5.94+ 0.09 4.32+ 0.02
Ri,on: 14.1,18.8T 3955 5.00 (f) 4,19+ 0.10*
Roerf CPMG: 14.1,18.8 T 3965 5.00 (f) 4.41+ 0.06*

E11l Ry, off: 14.1 T (100, 150, 200, 300 Hz) 379+ 12 5.78+ 0.16 —5.78+0.01
18.8 T (100, 150, 200, 400 Hz)
Ry, off: 14.1 T (100, 150, 200, 300 Hz) 35617 5.97+0.25 —5.78+ 0.02
Ry, off: 14.1 T (100, 150 Hz) 32618 6.26+ 0.30 —5.79+ 0.02
Ry, off: 14.1 T (100 Hz) 279 23 7.01+ 0.51 —5.74+0.02
Ri,on: 14.1,18.8 T 4264 5.00 (f) 5.604+ 0.11*
Roerf CPMG: 14.1,18.8 T 43% 4 5.00 (f) 5.864 0.07*

V55 Ry, off: 14.1 T (150, 200, 250, 300, 400 Hz) 316+ 20 6.88+ 0.44 16.214+0.02
18.8 T (200, 250, 300, 400, 500 Hz)
Ry, off: 14.1 T (150, 200, 250, 300, 400 Hz) 36824 7.00+ 0.56 16.22+ 0.02
Ry, off: 14.1 T (150, 200 Hz) 37x 31 5.93+0.44 16.24+ 0.03
Ry, off: 14.1 T (150 Hz) 323t 53 6.66+ 0.96 16.24+ 0.04
Ri,on: 141,188 T 39& 54 5.00 (f) 18.34+ 2.22*
Roef CPMG: 14.1,18.8 T 374 23 5.00 (f) 15.49+ 0.35*

G23 Ry, off: 14.1 T (100, 150, 200, 300 Hz) 355+ 12 5.77+ 0.17 —6.14+0.01
18.8 T (100, 150, 200, 400 Hz)

L29 Ry, off: 14.1 T (25, 50, 75, 100, 150, 200 Hz) 437+ 12 5.174+ 0.07 —1.93+0.02
18.8 T (75, 100, 200 Hz)

w37 Ry, off: 14.1 T (75, 100, 150, 200 Hz) 423+ 17 5.37+£0.13 —2.794+ 0.02
18.8 T (75, 100, 200 Hz)

A39 Ry, off: 14.1 T (100, 150, 200, 300 Hz) 42816 4.92+ 0.15 —7.30+ 0.02

L42 Ry, off: 14.1 T (100, 150, 200, 300 Hz) 4494 12 4.65+ 0.10 —6.22+0.01
18.8 T (100, 150, 200, 400 Hz)

T44 Ry, off: 14.1 T (100, 150, 200, 300 Hz) 444+ 12 4.75+ 0.10 6.03+ 0.01

18.8 T (100, 150, 200, 400 Hz)

a Additionally, exchange parameters are shown extracted from off-resofapckata for Gly 23, Leu 29, Trp 37, Ala 39, Leu 42, and Thr 44. Static
magnetic fields and spin-lock fields/(2) (for off-resonancdry, data only) at which the data have been collected are listed under “data set”. On-resonance
Ry, data and CPMG data were fit with the population of the minor sfaefixed to 5.0%, marked by the letter f (see text for discussion). Valuesf
from fits of on-resonanc&®;, or CPMG data (marked by *) are unsigned. Uncertainties in the exchange parameters were calculated from the covariance
matrix of the optimized modét
In contrast, in the limit wher&, < w2 + Aw? , only Aw and In summary, we have presented a new selectivehNDRy,
ka = kexpe can be obtained from on-resonariRg (eq 3, Qs experiment for the measurement of rotating frame relaxation
= Qp, 0a = 0, atpa > pg) or from CPMG data, eq e@x < rates in proteins at low spin-lock fields/(2), with values as
low as 25 Hz tested. The experiment is designed to study one

Vo1 tPaAe®), even for small values aby. However, it is : , ,  designe
’ resonance at a time using selective excitation with Hartmann

still possible to extract all exchange parameters in this case from arc
off-resonance R measurements so long as ~ ke and Hahn polarization transfers at low match#d and >N CwW

provided thatR;, values are well sampled near the frequency fi€lds. The methodology has been applied toWH labeled
of the minor state BQ@s, = Qg, 04 = —Aw) and that the sample of the G48M mutant of the Fyn SH3 domain which
contribution of R, + Rey) Sir?6 to Ry, is still measurable at exchanges between folded and unfolded states. A number of

this frequency (see eq 1). In this regard, the present experiment2dvantages of this experiment relative to on-reson&gcand

is complementary to CPMG approaches. A protocol in which CPMG measurements have emerged. Specifically, it is shown
dispersion profiles are first generated using CPMG-based that even in the limit wheré\w > ke it is possible to extract
experiments, followed by selective off-resonaiigmeasure-  accurate parameters characterizing the exchange process in a
ments for residues whose exchange parameters cannot be fulljWo-Siteé exchanging system from off-resonance dispersion

obtained in this manner, is likely to be appropriate in many Profiles recorded at spin-lock field&; ~ ke The ideas
applications. described in this article may be applied to the design of other

Finally, to establish what the minim&, data set might be selecti\(e 1Q relaxation Qispersion experiments, and work along
for the extraction of accurate exchange parameters, severafhese lines is currently in progress.
different combinations of off-resonand®, data collected at
different magnetic field and spin-lock field strengths were fit
for a number of the residues in Table 1. It appears that there is
no need to record an extensive off-resonaRggdata set at
multiple static magnetic field strengths. In fact, valueskgf
andpg, deviating by no more than 35% from reference values
obtained from fits involving extensive CPMG data sets, were
obtained from data measured at a single spin-lock field strength
w1 ~ kex @and at a single magnetic field. JA0446855
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