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Abstract: The static magnetic field dependence of chemical exchange linebroadening in NMR spectroscopy
is investigated theoretically and experimentally. Two-site exchange-(B) is considered with site A more

highly populated than site Bpf > py), a shift difference between sites equalA@, and an exchange rate
constant given b¥.x. The exchange contribution to the transverse relaxation rate constant for the more highly
populated site is denotd®.. The dependence & on the static magnetic field strength is characterized by

a scaling parameter = d In Re,/d In Aw, in which 0< a < 2 for p, > 0.7. The value ofx depends on the

NMR chemical shift time scale for the exchange process: for slow exch&agad < 1), 0 < a < 1; for
intermediate exchangéd/Aw = 1), a = 1; and for fast exchangéd/Aw > 1), 1 < o < 2. Consequently,

the static magnetic field dependenceRyf defines the chemical shift time scale for an exchange process even

if the populations are so highly skewep, ¢ py) that the minor resonance is not observable in the slow
exchange limit. The theoretical results are verified by measufiNgtransverse relaxation rate constants at
static magnetic fields of 11.7 and 14.1 T and temperatures of 300 and 313 K for the protein basic pancreatic
trypsin inhibitor. At each combination of static magnetic field and temperature, the rate constants were measured
using Carr-Purcel-Meiboom—Gill and Hahn echo techniques with spiacho delays ranging from 1.0 to

64.5 ms.15N resonances for residues in the region of the Cys14-Cys38 disulfide bond are broadened due to
chemical exchange. Values afobtained from the relaxation rate constants range from £.2617 for Arg39

at 300 K to 1.96+ 0.25 for Cys38 at 313 K. For Cys38 and Arg39, the two residues most strongly affected
by chemical exchange, valueslaf were determined to be 380 70 s and 530+ 90 s'! at 300 K and 1300

+ 290 st and 1370+ 160 st at 313 K by global analysis of the relaxation rate constants. The scaling
parameters. indicate that chemical exchange for most residues in basic pancreatic trypsin inhibitor does not
satisfy ke/Aw > 1. Consequently, the assumption of fast-limit quadratic scaling of exchange broadening in
proteins and other macromolecules may be incorrect, even if a single broadened resonance is observed for a
nuclear spin. The theoretical results for the static magnetic field dependence of chemical exchange broadening
in NMR spectroscopy are applicable to other nuclei and to other techniques for measuring chemical exchange
linebroadening.

Introduction on the role of conformational entropy in ligand bindirfigand
protein folding®° Chemical or conformational kinetic processes
on microseconégmillisecond time scales that stochastically
transfer nuclear spins between magnetic environments with

Knowledge of molecular dynamics is essential for under-
standing the biophysical properties and biological functions of

P ) :
proteins:*NMR spin relaxation measurements have proven to different isotropic chemical shifts, referred to generically as

be a powerful tool for the characterization of dynamic processes chemical exchange, also can be studied by NMR spectrogcopy.

in proteins in solution over a wide range of time scaléfast Chemical exchange contributes to the transverse relaxation rate
motions on picoseconthanosecond time scales that modulate . 9

the chemical shift, dipolar coupling, and quadrupolar coupling Icr:]otr?:elit;%rstor)éhfgzr?fa%zajgﬁalnn ;hi;gtz’gg]gcggr;];z‘r’;)z'e d b
can be characterized by heteronucléét, (3C, and!®N) spin q thy’ ributi 9 o the t i y
relaxation NMR spectroscopy using established experimental measuring the excess contribution to the transverse relaxation

protocols? Recent applications of these techniques have focused'ate constant, commor_ﬂy callel@e_x. AIthough exper|m_er_1tal
methods for characterizing motions on microsecenlli-
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second time scales are not as well-established as the experi- In the following, the dependence of the exchange contribution
mental methods for faster motions, a number of new techniquesto the transverse relaxation rate constant on the static magnetic
have been developed that are reinvigorating the investigationfield strength is investigated. In contrast to statements in the

of chemical exchange in protei%:15 Recent applications of
these techniques include investigations of ligand binéfigop
and domain motions in enzymatic catalySisand protein
conformational changé€4:'®

For simplicity in the following, only the two-site exchange

reaction is considered:
Ky
A o~ B @)
in which the exchange rate constaky, is defined a¥
Kex =Ky + ko3 = ky/p, = K_4/p, (2)
pais the equilibrium population of site Ay, is the equilibrium

population of site Bp, + pp, = 1, ky is the forward first-order
kinetic rate constant, ankl, is the reverse first-order kinetic

literature that exchange broadening depends quadratically on
the static magnetic field strength,2* R for the more highly
populated site A is demonstrated to depend on the static
magnetic field strength through the scaling relationsbifa,/

Rex = o 0By/By, in which 0 < o < 2 for p, > 0.7. The value

of oo depends on the NMR chemical shift time scale for the
exchange process. Quadratic scalindRgfis obtained only for

o — 2, andRey is independent of the static magnetic field for
o.— 0. Thus, the static magnetic field dependencBgflefines

the chemical shift time scale for a chemical exchange process
even if the populations are highly skewed wigh> p,. The
theoretical results are verified usindN Carr—Purcel
Meiboom-Gill (CPMG)?526 measurements of transverse
relaxation for basic pancreatic trypsin inhibitor (BPTI). A
conformational exchange process in the region of the Cys14-
Cys38 disulfide bond has been studied extensively by NMR
spectroscopy*27-2° Over the temperature range from 300 to

rate constant. The two sites are assumed to have distinct313 K, most of the exchange-broadened resonances in BPTI

chemical shiftsw, andwp, respectively. The frequency differ-
ence between the chemical shifts of the two site&ds= |w,

— wp| = |yAoByl, in whichy is the gyromagnetic ratio for the
exchanging nuclear spimdo is the difference in chemical
shielding of the two sites, anBy is the static magnetic field

have values oft between 0.5 and 1.6; thus, exchange is neither
very slow ke/Aw < 1) nor very fast ke/Aw > 1) on the
chemical shift time scale. The results suggest that the assumption
of fast-limit quadratic scaling of exchange broadening in proteins
and other macromolecules generally is not tenable.

strength. The transverse relaxation rate constants for sites A
and B in the absence of conformational exchange are denotedrheory

R, and R, respectively. The contribution to the line width or
transverse relaxation rate constant from a chemical kinetic

The contributions to transverse relaxation rate constants from

process depends critically on whether the exchange process ighemical exchange processes in macromolecules most com-

slow KexAw < 1), intermediatele/Aw ~ 1), or fast ke/Aw
> 1) on the NMR chemical shift time scad@If the populations

monly are measured using CPM&° or R;, measure-
ments'®11.28The theoretical treatment of chemical exchange is

of the two sites are similar, then slow exchange is recognized more highly developed for the CPMG experimiérit than for
easily by the presence of two resolved resonances with frequen-the Ry, experimen€?33In addition, the experimental results

cies w, and wp, while fast exchange is recognized by the

presence of a single averaged resonance with frequegpgy

reported herein use the CPMG method to measure the effects
of chemical exchange diN transverse relaxation rate constants
in BPTI. Accordingly, the theoretical presentation below focuses

+ ppwp. Unfortunately, as emphasized by Ishima and Toréhia, / pre 0 ¢
in many cases of interest, the populations of the sites are highlyon the CPMG technique; however, similar conclusions regarding
unequal. For example, if site A is more stable than site B by the static magnetic field dependence of conformational exchange

only 2kgT, in which kg is the Boltzmann constant, thgn =

0.88 andp, = 0.12. In the slow exchange limit, the resonance

atwy is both lower intensity, by a factq/p,, and significantly
broader, by a factoiR, + pakex)/(Ra + pPokex), than the resonance
atw, As a result, ifpa > pp, then the resonance at, may be

are applicable td&?;, measurements.
A general expression for the phenomenological transverse
relaxation rate constant for site Ro(1/rcp), is given byt

Ry(L/g) =

undetectable. Thus, the mere observation of a single exchange-1 1 .
broadened resonance does not necessarily indicate that the/Z(Ra-F Ry + Koy — T—cosh [D, coshg,) — D_ cos@_)])

exchange process is fast on the chemical shift time scale.
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Definition of NMR Chemical Shift Time Scale

Rex / Rex(kex/Am = 1)
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Figure 1. Chemical exchange and the NMR chemical shift time scale.
The values of (aRex, calculated from eq 8, and (l), calculated from

eq 13, are shown as functionslaf. Values ofR.x are normalized by
the value ofRex at coalescencek{/Aw 1), and thex-axis is
normalized by Aw for presentation. The slow exchange regime
corresponds té/Aw <1, and the fast exchange regime corresponds
to keyAw > 1. Curves are drawn for site populatiops— 1 (heavy
line), 0.9, 0.8, and 0.7. Calculations were performed assumRirg

R, andAw = 628 s* (100 Hz), but the shapes of the resulting curves
depend weakly on these assumptions. The results faith p, — 1

are identical to eq 14.

pulse train,
+ 2Aw?
Di=1/2:i:1+(15)T€2)a1/2 (4)
TC
ne= P+ 7+ (5)

¥ = (Ry— Ry = Pex T Poked)” — Aw® + 4p, &, (6)
£ =2Aw(R, = Ry = Pakey T Ppkey (1)

Evaluation of these equations for particular sets of parameters
can depend on the proper choice of positive or negative square

roots in egs 4 and 5. The variation Rf(1/z¢p) as a function of
1/rep is called relaxation dispersion.
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slow and fast exchange are
©)

(10)

(kef/Aw —0)
(ke/ A — )

Rex = pbkex
Rex = papbszl kex

respectively. The limiting results thB:« depends quadratically
on the static field strength for very fast exchatigé?*and that
Rex is independent of the static field strength for very slow
exchang# are known. The functional form d®ex given by eq

8 is not overly sensitive to the values Bf and R, provided
that |Ry — Rol/Aw < (pa — pu)- In the case of interest herein,
Pa>> pp and assumingr, = Ry:

REX ~ pa pbkex

T 1+ (K JAw)? (11

For small changes in the static magnetic field, the fractional
change in the chemical exchange broadeniRy,/Rex, and the
fractional change in the static fieldBy/Bo, are related by

oR,, 0B,
= 00—
Rex BO

(12)
The constant of proportionality or scaling factris defined
by

_dInR,
= dInAw

(13)

Provided thatp, > py,, o satisfies the constraints 8 a < 2,
which generalizes the limiting cases of egsl®. For example,
using eqs 11 and 13,

2(kef D)’

7T (k.,/Aw)? (14)

in the limit p, — 1. As shown by eq 14y is a function only of
ke Aw and therefore defines the NMR chemical shift time scale:

0<a <1 slowexchange
intermediate exchange
fast exchange

a=1 (15)

l1<oax<2

The chemical exchange contribution to transverse relaxation, Numerical calculations based on egs 8 and 13, shown in Figure
Rex is defined as the difference between the apparent relaxationib, confirm the central result that the value wfis bounded

rate constants in the slow and fast pulsing limfts:
Rex = ARZ(OaOO) = R2(1/Tch 0) — R2(1/‘L'Cp_’ ) =
1
e (AR PR NC

in which ARy(1/t¢py,llrepy) is the difference between the
transverse relaxation rate constants for two values af,.1/
Figure la presents calculated valueRRgfas a function okex
using eq 8, assuminBy = Ry. The limiting values ofRex in
(31) Jen, JJ. Magn. Reson1978 30, 111-128.
(32) Meiboom, SJ. Chem. Physl1961, 34, 375-388.

(33) Deverell, C.; Morgan, R. E.; Strange, J. Mol. Phys.197Q 18,
553-559.

between 0 and 2 and defines the chemical exchange kinetic
regime provided thap, > 0.7. Most importantly, eq 14 and
Figure 1b indicate that the chemical shift time regime can be
determined from the static field dependence of the exchange
contribution to the transverse relaxation rate constant for the
dominant line (site A) even if the population of site B is so low
as to be unobservable in the slow exchange limit.
DeterminingRex experimentally using eq 8 requires measuring
Ro(1/r¢p) over a wide range ofp values, which may be difficult
empirically, and requires extrapolation, usually by curve-fitting.
An alternative approach is based on the static magnetic field
dependence d®x(1/rcp) for two experimentally accessible values

(34) Ishima, R.; Torchia, D. AJ. Biomol. NMR1999 15, 369-372.
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sola , , 0) + Ro(1/rep — )]/2; this value will be defined as ). For
Dy =07 eq 17,
b Pa—1 11172
3y 1y, = (1—2) [(2p.Aw? + )2 — pPAwT™  (18)
05 1 The value of 1#;,, and therefore the decay profile of the
relaxation dispersion curve, depends on the chemical shift time
0 . e scale. In the limit of fast exchangks,/Aw — o, 1/r1/2 = Key
R . 1212js independent of the static magnetic field, and in the limit
20+b of slow exchangeke/Aw — 0, 1fr12 = Aw pa'448Y* depends
Pa =07 linearly on the static magnetic field. Thus, if chemical exchange
15 Pa =1 1 does not approach the fast limit, the decay of the relaxation
s 10 / dispersion curve is more gradual at higher static magnetic fields
’ due to the increase iw. As discussed below, the field
05l | dependence of relaxation dispersion has important practical
consequences for experimental investigations of chemical
0 | exchange in macromolecules.
- : A ; Materials and Methods
20r¢c pa=0.7 The N Ry(1/rcp) measurements were performed at two static
151 pa— 1 ] magnetic fields,B, = 11.7 T (corresponding to a proton Larmor
frequency of 500.13 MHz) and 14.1 T (corresponding to a proton
1.0 Larmor frequency of 600.13 MHz), and two temperatufles; 300 K
and 313 K, using a 2.6 mM BPTI (U-98%N) sample in 90% KD/
05l ] 10% D,O. Data were recorded at 11.7 T using a Bruker DRX-500
spectrometer and at 14.1 T using a Bruker DRX-600 spectrometer. Both
0 i spectrometers were equipped with triple-resonance three-axis gradient

probeheads. Sample temperatures were calibrated using an 80% ethylene
glycol sample inds-DMSO and a calibration curve provided by Bruker
Instruments.

Figure 2. Comparison ofx anda’. The limiting result foro. asp, — The relaxation-compensated CPMG pulse sequénsigown in

1 (eq 14) is shown as a heavy line. Valuesxgfdefined by eq 16, are Figure 3a was used to record CPMG experiments for most values of
shown as thin lines for site populatiops = 0.9, 0.8, and 0.7. The 7ep. The conventional pulse sequeffc®r measuring®N R, shown in
results are calculated as functionslef, the x-axis is normalized by Figure 3b was used to record the CPMG experiments for valueg of

-20 1.5 —1‘.0 —015 0 0:5 1I.O 1:5 2.0
log(kex / Aw)

Aw for presentation. The slow exchange regime corresponds,/to =10.8 ms and 21.5 ms. Both sequences average in-phase and antiphase
Aw < 1, and the fast exchange regime correspondfdw > 1. coherences in order to eliminate any-dependent effects arising from
Calculations were performed for valuesfd equal to (a) 1575 (25 differential relaxation of these coherences and apiglt80° pulses to

Hz), (b) 314 s* (50 Hz), and (c) 6283 (100 Hz). All calculations eliminate 'H—15N dipolarf°N chemical shift anisotropy relaxation
assumedR, = R,. interference®®3In contrast to the sequence of Figure 3a, the sequence

of Figure 3b begins with a refocused INEPT element to generate in-

phase magnetization at the beginning of the CPMG period so that the
of 7¢p. In the present work, values &&(1/zcp) for 7cp = 64.5 IH 180 pulses used to eliminate relaxation interference are applied
ms andrc, = 1.0 ms were used to define only when thesN coherence is in-phase. In the sequence of Figure

3a, the averaging of coherences is performed explicitly during the U

period; in the sequence of Figure 3b, the averaging is performed

o' =dInAR,(0.016 ms?, 1.00 m§1)/d InAw (16) implicitly by settingzep, = m/Jyp, in which Jys = 93 Hz is the average
value of the one-bon#H—'°N scalar coupling constant amd= 1 or
237 The sequence of Figure 3b is advantageous for values,cf

As shown in Figure 2¢’ is a good approximation ta. only if 10.8 ms and 21.5 ms because the first nonzero time point can be
pa>> pp andAw is sufficiently large. However, a value of < recorded at 2, rather than 4., as necessary for the sequence of Figure
1 is never observed K./Aw > 1. Therefore, a value af’ < 3a. At each combination ofep, T and By, Rx(1/7cp) was determined

1 always indicates that the system is in slow exchange, but afrom a time series in whichrk, for the sequence of Figure 3a or

value ofa’ > 1 does not definitively indicate the chemical shift 2" for the sequence of Figure 3b were varied between 0 and 320 ms
time scale. by varying the integen. Typically, 910 individual time points were

. recorded plus two duplicate time points. The time pointsrfer 0O
The complexity of eq 3 obfuscates the form of the dependencewere recorded by omitting the bracketed segments in Figure 3a and

of Ry(1/rcp) on 1. Ishima and Torchia have proposed a simple 3,

function that approximates eq 3 over all time scales prOVided The value ofRx(1/zp) for 7, = 64.5 ms was obtained using the

Pa > pp:34 Hahn-echo pulse sequence shown in Figure 3c. Only two time points
were recorded to determine the relaxation rate constant: one at zero
time obtained with the bracketed segments omitted, and ong &t

Ry(1/7¢p) = Ry(Lfrg,— o) 64.5 ms. The value of., was set to G to ensure that théH 18C°

+ PP A0k, + (PAD” + 144/r§p)1/2] a7 (35) Farrow, N. A.; Zhang, O.; Forman-Kay, J. D.; Kay, L. E.
Biochemistryl1995 34, 868-878.
(36) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.
. . . . J. Magn. Reson1992 97, 359-375.
A simple measure of the,-dependence of relaxation dispersion (37) Palmer, A. G.; Skelton, N. J.; Chazin, W. J.: Wright, P. E.; Rance,
is given by the value of 1{, for which Ry(1/r¢p) = [Re(1/rcp— M. Mol. Phys.1992 75, 699-711.
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Figure 3. Pulse sequences for measurily Rx(1/z). (a) Relaxation
compensated CPMG experim&rfor recording data wittre, < 10 ms.

(b) CPMG experiment for recording data wit = 10.8 or 21.6 m$®

(c) Hahn-echo pulse sequence for recording data wjtk= 64.5 ms.

In (a), averaging of the relaxation rate constants for in-phase and
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7ep = 1.0, 1.5, and 2.0 ms were reported earlier and used a variant of
the pulse sequence in Figure BaAt each other combination of
temperature and static field strength, data were collectet,forlues
of 1.0, 1.5, 2.0, 4.0, 6.6, 10.8, and 65.4 ms.

Spectra were acquired using (128 2048) complex points and
spectral widths of (250& 12500) Hz in thetq x t;) dimensions. The
IH carrier frequency was set coincident with the water resonance; the
N carrier frequency was set to 115.5 ppm. The recycle delay was 3
s. A total of 16 transients were recorded for each complex point for
spectra recorded using the pulse sequences of Figure 3a and 3b. For
the pulse sequence of Figure 3c, the spectrum at time zero was recorded
with a total of 16 transients for each complex point while the spectrum
atz, = 65.4 ms was recorded as 8 duplicate spectra with 16 transients
per complex point. FELIX97 (MSI) was used for the processing of all
spectra. The free induction decays were processed in F2 by applying a
convolution filter to suppress the solvent signal, apodizing with an
exponential window function, zero-filling once, and Fourier transform-
ing. The resulting spectra were phase-corrected and baseline-corrected.
The F1 interferograms were apodized with a Kaiser window function,
zero-filled once, Fourier-transformed, and phase-corrected. Peak in-
tensities were measured as the sum of the intensities fox 83yrid
centered on the peak maxima.

Time series data obtained using Figure 3a and 3b were fit using the
in-house program CurveFit to a monoexponential decay funck{on,
= 1(0) exp[-Rx(1/rcp)t], in which I(t) is the intensity of the resonance
in the spectrum recorded at tirhe= 4nz, or t = 2nr., for data recorded
with the sequence of Figure 3a or 3b, respectively. Experimental
uncertainties in the peak intensities were estimated from duplicate
spectra®3°Uncertainties in the fitted rate constants were obtained from
jackknife simulationg? For the Hahn-echo experiment of Figure 3c,
rate constants were obtained fraRa(1/zcp) = In[1(0)/M(zcp) W zep N
which 7, = 64.5 ms,1(0) is the intensity in the spectrum recorded
with a relaxation delay of zero, arfii{zcp)CIs the trimmed mean intensity
calculated after eliminating the maximum and minimum intensities from
the 8 spectra recorded at the nonzero relaxation delay. Uncertainties in
(zcp)Dwere taken to be the standard error in the timmed mEa.
was assumed to have the same relative uncertainty as the trimmed set
of I(z¢p) values. The experimental uncertaintiesiil/zc,) determined
by this method were confirmed by recording duplicate data séts-at
313 K andBy = 11.7 T and aff = 300 K andB, = 14.1 T.

antiphase coherences is performed by interchanging the coherences Dispersion curves foRyx(1/rcp) were fit to eq 3 or to the fast-limit

during U In (b), averaging is performed by setting, = m/Juu, in
which m is an integer andl is the one-bondH—%N scalar coupling
constan’ m = 1 for 7, = 10.8 ms andn = 2 for 7, = 21.6 ms. In
(c), averaging is performed by setting, = 2m/Jyy; m = 3 for ¢, =
64.5 ms. Relaxation delays are {aF 4nzp and (b)t = 2nz, in which

n = 0 is an integer; decay curves are obtained by recording a series of
spectra for different values of. In (c) spectra are recorded only at
values oft = 0 andt = 7, Spectra fot = 0 are obtained by omitting
the bracketed elements in(a). Narrow and wide bars depict 9and
180 pulses, respectively. All pulses asephase unless otherwise
indicated.'>N decoupling during acquisition was achieved with a 2
kHz GARP sequenc®.Delays arer = 1¢y/2, A = 2.7 ms,0, = 750
us, 02 = 2.05 ms,03 = 384 us. The phase cycle ig1 = X, —X; ¢ =
4(X), 4(—X); d3 =X X Y, Y, =X =X, Y, =V ¢a = X, —X; receiver=

X, —X, =X, X. The gradients are sine shaped with durat@i+-G7 =
1,0.4,2,0.5, 1.8, 0.6, and 0.184 ms and amplitGdg, = 8; G2y, =

6; G3, = 15; G4y, = 7; G5y, = 24, G6, = 21; andG7yy, = 24 G/cm.
Coherence selection was achieved by inverting the amplituda5of
and phaseps;®? ¢; and the receiver phases were inverted for each
increment to shift axial peaks to the edge of the spectum.

pulses used to eliminatél—1°N dipolar>N chemical shift anisotropy
relaxation interference are applied when #id coherences are in-
phase. The zero time point must be acquired with'th&.80° pulses

formula#t

Ry(1ftop) = Ry(Llrey— ) + R[1 — 2 tanhk,, 7/ 2)/ (Kextop)]
(19)

All data points were weighted equally in performing the curve-fitting,
using the mean uncertainty for ti®(1/zc,) values in the dispersion
curve and uncertainties in fitted parameters were obtained from
jackknife simulations. The value d&¥(1/r, — ) obtained from the
pulse sequences in Figure 3 is the average of the relaxation rate
constants for in-phase and antiphd®¢ magnetizatiort*

Values ofo. were calculated from values &, measured for two
values ofBy using the following expression:

)

in which Rex1 and Rex, are the values measured at the lower fidgl,
(11.7 T) and the higher fieldBo, (14.1 T). The value ot calculated
by eq 20 is a numerical approximation to eq 13 and is associated with

an effective field Bos + Bo)/2. Values of o’ were obtained by
substitutingAR»(0.016 ms?, 1.00 ms?) for Rexin eq 20. Uncertainties

By, + By
Boz - Bo

RexZ - Rex
I:zex2 + Rex

(20)

removed from the sequence; otherwise, these pulses would be applied (38) Palmer, A. G.; Rance, M.; Wright, P. E. Am. Chem. Sod.99],
to antiphase coherence, and imperfections in the pulses would lead to113 4371-4380.

loss of signal intensity compared with spectra acquired vk 64.5
ms.
At a temperature of 300 K arl8, = 11.7 T, data were recorded for

7epvalues of 1.0, 1.5, 2.0, 4.0, 6.6, 10.8, 21.5, and 64.5 ms; the data at

(39) Skelton, N. J.; Palmer, A. G.; Akke, M.; Kael, J.; Rance, M.;
Chazin, W. JJ. Magn. Reson., Ser. B993 102 253-264.

(40) Mosteller, F.; Tukey, J. WData Analysis and Regression. A Second
Course in StatisticsAddison-Wesley: Reading, MA, 1977.

(41) Luz, Z.; Meiboom, SJ. Chem. Phys1963 39, 366—-370.
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in o and o' were obtained by propagation of the uncertaintieRin 10 — 77—
and AR,(0.016 ms?, 1.00 ms?), respectively. s 1
= heo o &0 -
Results 3 (e 1
~ °He o B a o]
Backbone amide®™N spin relaxation rate constants were & .
determined for 44 residues in BPTI whose resonances were not = i ]
overlapped in the two-dimensiondl—1°N correlation spectra T« L[ ]
at any of the temperatures (300 and 313 K) or fields (11.7 and :
14.1 T) used. All measured rate constants are provided in ottt 1l
00 02 04 06 08 10

Supporting Information. Backbone amide assignments were
taken from Glushka et &k
Relaxation rate constants were recorded using three differentFigure 4. Relaxation rate constants for GIn31. Valuesgfl/z.p) are

pulse sequences, shown in Figure 3, to obtain the widest rangeshown for ®) T=300K,Bo =11.7T; ©) T=300K,By = 14.1T;
of 7¢p values with optimal sensitivity. The average experimental (M) T=313K,Bo=11.7T;and) T =313 K,Bo = 14.1T. Lines
uncertainty for the experiments of a, b, and ¢ in Figure 3 are drawn at the average values of_the rate constants at 300 K_and at
averaged over all combinations of temperature and static field 313 K. 7.34 s* and 5.51 s, respectively and simply serve to guide
strengths were 0.10, 0.09, and 0.33,gespectively. A series the eye. Sma!l dn‘ferenpes between relaxation rate constants at 11.7

f control experiments were performed to ensure that relaxation and 14.1 T arise from field dependence of chemical shift anisotropy.
0 P . P . . The average uncertainty in the relaxation rate constants is 012 s
rate constants obtained from the different experimental methods g the average standard deviation for the relaxation rate constants with
were commensurate. Both a and b in Figure 3 are CPMG respect to the average values is 0.21 Fhe former reflects within-
experiments; however, different strategies are used for averagingexperiment variation and the latter reflects both within-experiment and
the relaxation contributions from in-phase and antiphase co- between-experiment variation.
herences. The accuracy of the experiment of Figure 3b relative
to the experiment of Figure 3a was assessed by recording a
second relaxation curve at= 300 K andBy = 11.7 T using
the experiment of Figure 3a and, = 10.8 ms. The mean
pairwise deviation between the data recorded using a and b in
Figure 3 was 0.16°$ with a standard deviation of 0.29%
The value ofRy(1/t¢p) for the smallest value of &, (tep =
64.5 ms) was obtained with the Hahn echo sequence of Figure
3c as opposed to the CPMG sequences of a and b of Figure 3.
The reproducibility of the Hahn echo experiment was assessed
by calculating paired differences between duplicate spectra. For
data recorded al = 300 K andBy = 14.1 T, the mean
difference was 0.1773 with a standard deviation of 0.15% 12 §
The standard deviation divided by/2agrees well with the
average experimental uncertainty of 0.08 sbtained by the
error analysis method described in Materials and Methods. For 10r-
data recorded af = 313 K andBy = 11.7 T, the mean L T g — .
difference was 0.06 8 with a standard deviation of 0.25% P T
The standard deviation divided by/2agrees well with the 00 02 04 06 08 10
average experimental uncertainty of 0.18.sThe accuracy of 1/t (ms™)
the Ha}hn echo experiment was te§ted by comparing the Figure 5. Relaxation dispersion curves for (a) Alal6 and (b) Gly36
relaxation rate constants obtained using b and c of Figurs 3. 34300 K. values OR:(L/c;) at @) Bo=11.7 Tand ©) By=14.1 T
The mean differencé®;(1/rcp = 0.016 ms?) — Ry(1/ry = 0.092 are shown for each residue. The lines are the best fit of eq 19 to the
ms 1) was 0.44+ 0.45 st averaged over all residues not subject data. Fitted parameters are given in Table 1.
to conformational exchange linebroadening (for this calculation, BPTI, including residues Ala16, Gly36, Cys38, Arg39, and

residues 1218 and 35-42 were excluded as potentially subject Ala40. As discussed previously, residues Cys14 and Lys15 are

to_(l::‘;](change_teffefctbs). KbonéN sites in BPTI t subiect subject to exchange broadening, but decay of the relaxation
€ majonty of backbon Sites n areé not subjec dispersion curves was not observed in the present experiftfents.

to chemical exchange processes, and the relaxation rate constants " oin estimates ey, dispersion curves recorded for each

Ry(L/rcy) were independent .O'fCP and'of. the pulse. SEqUENCES -, mbination of temperature and static magnetic field strength
used to measurBy(1/rc). This result is illustrated in Figure 4 o it independently. In most cases, eq 19, the fast-limit
for GIn31. The standard deviation of &(UTCP) values with approximation, gave adequate fits to the experimental data, and
respect to j[he mean value for each r.es'd”e at each temperaturgy o ) form of eq 3, which requires an additional adjustable
and static field strength was 0.28'sThis value represents both parameter, offered ,no advantages. However, the relaxation
the within-experiment and experiment-to-experiment variability dispersion,curves for Arg39 & = 3'00 K coula not be fit

ar_ld i_s 1_ .3'f°|d Iarger_ than the random uncertainty a_ssc_)qiated acceptably by eq 19 and the dispersion curves were fit with eq
with |nd|V|duaI' relaxation rate constants recorded for individual 3. Dispersion curves are shown in Figure 5 for Ala16 and Gly36
values ofrep, given above. ) at T = 300 K. Rey values for Alal6 and Gly36 were2 s™1 at
Strong dependence dRy(1/tcp) on 1fcp is observed for 393 i ang could not be measured with sufficient precision for
residues in the vicinity of the Cys}4Cys38 disulfide bond in - getermination of; dispersion curves for these residues at 313
(42) Glushka, J.; Lee, M.; Coffin, S.; Cowburn, D. Am. Chem. Soc. K are not shown. Dispersion curvesTat= 300 and 313 K for
1989 111, 7716-7722. residues Cys38, Arg39, and Ala40 are shown in Figure8,6

1, (ms™)

[« ]
o

R,(1/z,) (s)
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p

Figure 6. Relaxation dispersion curves for Cys38 at (a) 313 K and Figure 8. Relaxation dispersion curves for Ala40 at (a) 313 K and
(b) 300 K. Values ofRy(1/z¢) at (@) By = 11.7 T and ©) By = 14.1 (b) 300 K. Values ofRy(1/tcp) at @) Bo = 11.7 T and ©) Bo = 14.1

T are shown at each temperature. The lines are the best fit of eq 19 toT are shown at each temperature. The lines are the best fit of eq 19 to
the data. Fitted parameters are given in Tables 1 and 2. the data. Fitted parameters are given in Tables 1 and 2.

Table 1. Relaxation Dispersion Parameters for BPTI at 360 K

60 [ T T T T T T T 7T T
sof residue Bo (T) Rex (s71) e (5 Ro(llrgg— ) (1)
; Alal6 11.7 3.22-0.16 46+ 3 6.60+ 0.06
40 14.1 3.85+ 0.08 92+ 2 6.54+ 0.04
r Gly36 11.7 3.4H 0.26 47+ 5 8.98+ 0.09
30 141 4.32+0.08 82+ 2 8.68+ 0.04
[ Cys38 11.7 12.130.15 156+ 3 8.26+ 0.11
—~ 0r 141 13.22£0.13 221+4 8.11+0.11
o ot Arg3® 11.7 1574-0.36 389+ 6 7.78+ 0.30
& 141 16.50+0.36 536+ 8 7.41+0.32
£ 30 — . Ala40 11.7 4.92+0.18 76+ 4 7.43+0.08
E\, 3 3 14.1 5.77+ 0.10 102+ 2 7.53+ 0.05
25 kL
3 a Parameters were obtained by fitting eq 19 toRbd. /) relaxation
20 E dispersion data, unless otherwise indicateélarameters were obtained
E by fitting eq 3 to theRy(1/zy) relaxation dispersion data.
15 |
Table 2. Relaxation Dispersion Parameters for BPTI at 33 K
10 : ] residue Bo (T) Rex (s71) e (5 Ro(lhrgp— ) (s7Y)
bttt Alale®  11.7 1.12+0.08 79+ 8 4.90+ 0.03
00 02 04 06 08 1.0 Glys6  11.7  1.24£0.10 168+24 6.53+ 0.08
/7, (ms™) 141  1.67£023 172+36 6.80+ 0.18
Figure 7. Relaxation dispersion curves for Arg39 at (a) 313 K and Cys38 1141'17 155(); 8}1; g;ﬁ %g gggi 8;1
(b) 300 K. Values oRy(1/1¢y) at (@) Bo = 11.7 T and ©) By = 14.1 Arg39 11'7 4'0 5t 0.8 480+ 12 ' [7F '
T are shown at each temperature. In (a) the lines are the best fit of eq 14.1 47.8+ 0.9 585+ 13 (7
19 and fitted parameters are given in Table 2. In (b) the lines are the aja40 11.7 3.24-0.11 318+ 19 5.58+ 0.12
best fit of eq 3 and fitted parameters are given in Table 1. 14.1 4.34+0.30 227+ 29 6.60+ 0.28

; ; ; ; a Parameters were obtained by fitting eq 19 toRbd /z.;) relaxation
respectively. The relaxation dispersion curves for Arg3d at dispersion data’ Dispersion data could not be analyzed for Alal6 at

= 313 K do n.ot.de.flne the value chl(lchp — o) due to 14.1 T due to limited precision of the fitteRb(1/zc,) values.c The value
experimental limitations on the maximum value ofrg}/ of Ry(1/tey — ) was fixed at 7 sL.

Accordingly, fitting of the dispersion curves assumed values

of Ry(lfrep — ) = 7.0 st at T = 313 K. Variations in the in 1/ty, at large fields is indicative of chemical exchange
assumed limiting value by:2 s™! changeda by +0.04, a processes outside the fast limit. Valuesxodnda' determined
variation less than the overall uncertainty. Fitted valueRgf from the relaxation data are given in Table 3.

1lr1, and Ry(1/re—0) are given in Table 1 fof = 300 K Dispersion curves recorded at static magnetic fields of 11.7
and in Table 2 foif = 313 K. At each temperature studied, the and 14.1 T for Cys38 and Arg39 also were fit globally. In these
data recorded at the two static magnetic fields yield very similar analysesAw was scaled linearly wittBy, while other fitting
values ofRy(1/tcp — ); a slight increase in the limiting value  parameters were assumed to be independent of the field (the
atBo = 14.1 T is due to the field dependence of chemical shift small field dependence d®(1/rcp — ) was not considered
anisotropy. The values of 44, obtained from fitting either eqs  for simplicity). The measured values afindicate that Cys38

3 or 19 to the dispersion curves are somewhat larger at 14.1 Tat T = 300 K, Arg39 atT = 300 K, and Arg39 afl = 313 K
than 11.7 T for most residues. As predicted by eq 18, an increaseare subject to exchange that is slow to intermediate on the
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Table 3. Scaling Factorsx anda' for BPTI 60 r

T=300K T=313K sof
residue o o a o ok
Alalé  0.98+0.29 1.0+ 0.6 N.A2 N.A. [
Gly36 1.2+ 04 N.A. N.A. N A. 30 F
Cys38  0.47£0.09 0.02£0.23 1.96+0.25 1.6+0.3 .
Arg39  0.26+0.17 -0.34+0.22 091+0.15 0.7+0.3 20 ¢

Ala4d0  0.87+0.31 0.6+ 0.6 1.6£04 2.2+ 0.7 10 [

aNot Available. Values ot or o’ are reported only if the uncertainty
in the value is<0.8.

30 ——————1——1——

R (1) (57)

25 h

20 ——r—— 11—
i a ] 20 |

15 |

10

5: 1 1 L 1 L 1 1 1 1 1
00 02 04 06 08 10

o -3 S TR SR R 1/1‘,Cp (ms™")
£ 25 — — — Figure 10. Global analysis of relaxation dispersion curves for Arg39
% b at (a) 313 K and (b) 300 K. Values &%(1/r,) at (@) Bo=11.7 T and

(©) Bo = 14.1 T are shown at each temperature. The lines are the best
simultaneous fit of eq 3 to data recordedBat= 11.7 and 14.1 T and
fitted parameters are given in Table 4.

Table 4. Chemical Exchange Parameters for Cys38 and Arg39 in

BPTR
5 . P SR NPU SN S| ] X T 1 - RZ(]:/fcp)
00 02 04 06 08 10 residue (K) Pa Aw (57 Kex (S7) 9
1/t (ms™) Cys38 300 0.9530.004 452+ 20 380+ 70 8.6+0.1
°p 31C 0.9444+0.014 N.A. 1300t 290 6.4+ 0.7
Figure 9. Global analysis of relaxation dispersion curves for Cys38 Arg39 300 0.965+0.004 1180k 50 530+ 90 7.6+03
at (a) 313 K and (b) 300 K. Values &(1/zc,) at (@) Bo=11.7 T and 310 0.940+ 0.006 1280+ 160 1370+ 160 6.44+2.4

(O) Bo=14.1 T are shown at each temperature. In (a) the lines are the — Results obtained by simultaneously fiting eq 3 Ro(1/zer)
. ; ”
_tl)_.e_st sl;mlrjlltalﬂeous fit r?f Eq 19.t0 (Ijata reco;defﬂ@tslllz.j e(;nd 14.1 dispersion curves recorded at 11.7 and 14.1 T, unless otherwise
+in (b) the lines are the best simultaneous fit of eq 3. Fitted parameters i jicated b Aw is reported foiBo = 11.7 T.¢ Results for Cys38 at 313
are given in Table 4. K were obtained by fitting eq 19 t8(1/zc;) dispersion curves recorded
at11.7 and 14.1 T. The value pfwas obtained from eq 10 assuming

chemical shift time scale. In accordance with these results, atAw was unchanged from the value obtained at 300 K.

least a 5-fold reduction of the residyélstatistic was obtained magnetic field strength for very slow exchange in which~

using eq 3 compared with the fast-limit result of eq 19 when ¢ ihe site populations for a spin subject to chemical exchange

performing global fits. In contrasty indicates that exchange  4re highly skewed, the resonance for the minor population can

for Cys38 approaches the fast limit &t= 313 K and nearly o nohservable even in slow exchange: thus, mere observation

identical global fits were obtained using eqs 3 and 19. Fitted ¢ 5 single exchange-broadened resonance does not confirm that

dispersion curves for Cys38 and Arg39 are shown in Figures 9 g, change is in the fast limit. Nonetheless, the scaling factor

and 10, respectively. Fitted parameters are given in Table 4., the more highly populated site A defines the chemical shift

Values ofRexwere at least 2-fold greater for Cys38 and Arg39  ima scale for a chemical exchange process even for highly

than for other residues in BPTI, and global fits to residues with ¢, a\ved site populations.

Rex < 6 57 were less successful. Herein,a was calculated using the numerical approximation

given in eq 20 forRe values measured at two static magnetic

field strengths. As shown by this equatian,s a function of
Detailed analyses of chemical exchange linebroadening effectsthe ratio of the exchange contributions at the two fieRisy/

to determine kinetic rate constants rely on curve-fitting of Rex. Thus, this ratio also can be used to characterize the

appropriate functional forms to experimental data. In most chemical shift time scale because<lRexJdRex1 < Bo2/Bos for

instances, if a single exchange broadened resonance is observeslow exchangeRexdRex1 = Bo2/Bos for intermediate exchange,

for a nuclear spin, fast limit chemical exchange is assumed to andBoy/Bo1 < RexdRex1 < (Boo/Boy)? for fast exchange. However,

be applicable with a quadratic dependence on the static magnetiax has two advantages compared wWiths/Rex1 for characterizing

field strength?'=24 In contrast to these usual suppositions, the chemical exchange: firsty has a fundamental mathematical

major result of the present work is tHaty depends on the static  definition and physical interpretation given by eq 12, and second,

magnetic field strength through the scaling relationshifa,/ o has a range of values that is independent of the static magnetic

Rex = a(0Bo/By), in which 0< o < 2 for p, > 0.7. The value field strengths used to measuRe:; and Rexo.

of o depends on the NMR chemical shift time scale for the  Use of the three pulse sequences shown in Figure 3 were

exchange process. Quadratic dependencB.pbn the static necessary to access the widest possible rangg vélues with

magnetic field strength is observed only for very fast limit optimal sensitivity. Pulse sequences employed in the present

exchange in whiclh — 2. Rex is independent of the static  work to measury(1/rep) average the relaxation rate constants

Discussion
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x X a shift to fast exchange even thougttould not be measured

s o precisely for these residues Bt= 313 K.

3 § As shown by Figure 1a, a given value Rfx can arise from

' ‘ either slow or fast chemical exchange on the NMR chemical
shift time scale. Thus, a single measured valu&kgfcannot

be used to ascertain the NMR time scale. This point is illustrated

C38, 300 K
A40, 300 K
R39, 313K

1.0+

0.8+

— — — —|R39,300K

H
3
is 0.6t by the results for Cys38 &, = 14.1 T. Very similar values of
% 04l Rey = 13.224+ 0.13 s at 300 K andRey = 11.5+ 0.5 st at
o - 313 K are observed. Nonetheless, the very different values of
0:35 0.2 o = 0.47 4+ 0.09 at 300 K andx = 1.96 + 0.25 at 313 K
clearly demonstrate that chemical exchange is slow at 300 K
0 o5 10 15 20 and fast at 313 K. The temperature dependendg.ptan be
o used in some circumstances to determine the time scale of

Figure 11. Temperature dependenceRyf,anda. for BPTI. The values chemical exchang®.An increase in temperature will increase
of Rex, calculated from eq 8 are plotted versuscalculated from eq  Kex through the Arrhenius equation and shift/Aw toward

13. This graph is a transformation of Figure 1a and illustrates the larger values. Thus, as shown by Figure Rg, will increase
dependence dRex on o.. The slow exchange regime corresponds to 0 with temperature if the exchange process is in the slow limit
= a <1, and the fast exchange regime corresponds to d < 2. (Arg39 for example) and decrease with temperature if the
Values ofRex are normalized by the value at coalescenze<( 1). exchange process is in the fast limit (Ala40). Unfortunately,
Curves are drawn for site populatiops— 1 (heavy line), 0.9, 0.8, temperature changes also perturb the site populagigasdps,

and 0.7. Calculations were performed assunftag= R, and Aw = through the Boltzmann equation, can affests through

628 s (100 Hz), but the shapes of the resulting curves depend weakly t t d dent f ti | ch d b
on these assumptions. The results dowith p, — 1 are essentially emperature-depenadent conformational changes, and can be

identical to eq 14. The experimentally determined valuesfof Cys38, incompatible with sample stability. The use of the static
Arg39, and Ala40 af = 300 K andT = 313 K, taken from Table 3, ~ Magnetic field dependence Bfx to determinex does not suffer
are indicated by dashed vertical lines to illustrate the different positions from any of these limitations.
on the NMR chemical shift time scale exhibited by #i spins of In principle, curve-fitting of the relaxation dispersion curve
these residues in BPTI at the two temperatures. with functional forms applicable to all time scales (eqs 3 or 17,
for example) can be used to determine whether a given exchange

for antiphase and in-phase coherences in order to remove anyprocess is fast or slow on the NMR chemical shift time sé&le.
rcp-dependent effects arising from the difference between the At 300 K, the chemical exchange processes forlfhkamide
relaxation rates of these two coherente€¥Because antiphase spin of Cys38, Arg39, and Ala40 were in slow exchange with
relaxation usually is substantially larger than in-phase relaxation . < 1, while the!SN spin of Ala1l6 and Gly36 were close to
due to a contribution from proterproton dipolar relaxation,  coalescence witkx ~ 1. Nonetheless, only Arg39 displayed a
these sequences suffer in sensitivity for larger proteins. Trans-relaxation dispersion curve that deviated substantially from the
verse relaxation optimized spectroscopy (TRO$M)ased on  functional form assumed for fast limit exchange (eq 19). Thus,
the interference between chemical shift anisotropy and dipolar for the majority of the exchange-broadened sites in BPTI, curve-
relaxation mechanisms, has been used to develop a variant ofitting relaxation dispersion data acquired at a single magnetic
the pulse sequence of Figure 3a that performs substantially bettefield strength cannot distinguish the fast and slow exchange
for larger moleculed? Similar TROSY-based variants of the  regimes.
pulse sequences given in b and c of Figure 3 can be designed | the present cas®xwas determined by extrapolating the
using the same approach. relaxation dispersion curves tordf = 0 and 1tc, — c. This

The NMR chemical shift time scale depends on bagtand rocedure requires acquisition of relaxation decay curves for a
Aw; consequently, the same kinetic process can be manifestedarge number ofr, values, which is time-consuming experi-
in different motional regimes for different nuclear spins, mentally. As shown by Figure 2 and Table 3, valuesadf
depending on the magnitude afw. In agreement with this  measured from the difference Ry(1/z¢,) measured at one long
observation, a range of motional properties are observed for and one short value af,, are useful, but imperfect, indicators
the residues subject to conformational exchange broadening ingf the NMR time scale. A value af’ < 1 is definitive evidence
BPTI at the two temperatures studied. The relationship betweenfor sjow exchange; however, a value af > 1 does not
chemical exchange linebroadening and the NMR chemical shift gistinguish between fast and slow exchange. This approach also
time scale for Cys38, Arg39, and Ala40 is illustrated graphically oes not require fitting a functional form to the dispersion curve
in Figure 11. This figure depicts the dependenc&kgfon o and consequently is applicable to cases, such as Arg39, in which
and represents a transformation of the independent variable ofthe dispersion curve is difficult to fit. A practical approach is
Figure 1la. Cys38 was in slow exchange at 300 K and fast t first measureRex for the longest and shortest experimentally
exchange at 313 K. Ala40 was close to coalescence at 300 Kachijevable values ofe, and calculater’. The full dispersion
and in fast exchange at 313 K. In contrast, Arg39 was in slow cyrve then only needs to be measured! ifs found to be greater
exchange at 300 K and close to coalescence at 313 K; thethgn unity.
dramatic increase iRex for Arg39 from ~15 s at 300 K to
>40 s! at 313 K results from the near-coalescence conditions
at 313 K. Alal6 and Gly36 were close to coalescence at 300
K, at which pointRey is maximal, and the reduction iRex to
very small values<2 s71, at 313 K (Table 2) is consistent with

The principal shortcoming in determining is obtaining an
estimate ofRy(1/rcp — ) due to experimental limitations on
the minimum value ofrc,. As indicated by eq 18, outside of
the fast exchange limit, the decay of the relaxation dispersion
curve is slower at higher static magnetic field. Consequently,

(43) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. the value ofRx(1.00 ms?) at By = 14.1 T generally is larger
Sci. U.S.A1997 94, 12366-12371.

(44) Loria, J. P.; Rance, M.; Palmer, A. G. Biomol. NMR1999 15, (45) Mandel, A. M.; Akke, M.; Palmer, A. GBiochemistry1996 35,
151-155. 16009-16023.
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=45 —— at apparent quadratic scaling, indicate aratio o .

: 1 that app t quadrati ling, indicated by tio of (14.1/
T Aw= 628 11.7¢ ~ 1.44, is obtained for all values d&/Aw provided

g 14 1571 51 1 that Aw =< 1.5f¢p. In practical terms, the apparent field
m% 13t A dependence oRy(1/tcp)) measured for a single value ofrdd

) 3142 51 under conditions of rapid pulsing4 < 1 ms) does not provide

3 1er 1 any evidence for the time scale of chemical exchange. As shown
b by eq 16, at least two measurementsRafl/rcp) with 7, as

e 1.1 4 ) :

- long and as short as possible are needed at each field to
og“ e 0 15 20 characterize the chemical shift time scale for an exchange

process.

) ) o . The present data comprise an extensive set of relaxation
Figure 12. Chemical exchange for fast pulsing in CPMG experiments. dispersion decays as a function of static field and temperature
The apparent exchange contribution to transverse relaxation for fastfor BPTI. For the residues with the largest exchange contribu-

pulsing withzc, = 1 ms is defined aARy(1 ms,0) = Ry(1 ms?) — . - . .
R(1/re, — ), and is calculated using eq 3. The thin lines depict the tions to transverse relaxation, Cys38 and Arg39, dispersion data

log(kex / Aw)

ratio ARx(1 ms 1,00)/ ARy(1 ms 1,e0)1, in which ARy(1 ms%); andAR,- at _bO[h Bp = 11.7 and 14.1 T were fit globally to provide
(1 ms), are calculated foBy = 11.7 T andBo = 14.1 T, respectively.  €stimates of the exchange parametggsiw, andkex. The fitted
Each line is labeled with the value &fw = 628, 1571, and 3142°% values ofAw for Cys 38 and Arg39 given in Table 4 are in

used in the calculation foBy = 11.7 T; Aw was scaled by a factor  excellent agreement with values afv = 0.54 x 10° s™* (86
(14.1/11.7) for calculations & = 14.1 T. The heavy line depicts the  Hz) and 1.15x 10® s™! (183 Hz), respectively, estimated by
ideal ratioRexdRexs, in Which Rexz and Rexy are calculated using eq 8 Wiithrich and co-workers from zz-exchange spectra recorded
for Bo=14.1T andBo = 11.7 T, respectively. The results are presented at T = 289 K andB, = 11.7 T274% The values of, given in

as functions ofkey the x-axis is normalized byAw for presentation Table 4 also agree with, = 0.96 estimated by Warich and

The slow exchange regime correspondsddiw = 1, and the fast ., \riers n contrast to earlier reports using data recorded at

exchange regime corresponds ke/Aw > 1. Calculations were . . e e
performed assuming. = R, and p, = 0.95, but the results depend & single static magnetic field;?8 Cys38 and Arg39 exhibit very

weakly on these assumptions. similar values ofkex &~ 450 s at 300 K and 1340 at 313

K when data from two static magnetic fields is analyzed
than atBo = 11.7 T, andARy(0.016 ms,1.00 ms?) will be globglly. The activation barrier for the reverse exchan.ge reaction,
underestimated a8y =14.1 T compared witiBy = 11.7 T. obtalne_d from the temperature dependencekgfusing the_
Improved estimates af’ are obtained by using,(1.00 ms?) Arrhenius equation, is~64 k_J/moI. These valu_es agree with
measured aBo = 11.7 T for calculatingAR»(0.016 ms2,1.00 apparent activation energies for conformational exchange

ms-1) at both values oBo. For example, values of calculated measured previously in BPTI at Iower_ temperatures using zz-
by this approach for Cys38 and Arg39 are 0:240.23 and exchange spectroscopy.While the similar exchange rate _
—0.10+ 0.20 atT = 300 K and 2.10+ 0.20 and 1.2% 0.16 constants observed for Cys38 and Arg39 support the assumption
atT = 313 K, respectively, and agree better with valuestof of a two-state exchange process involving isomerization of the
given in Table 3. Relaxation interference experiments also can disulfide linkagekex or Aw for Cys14 and Lys15 must be very

be used to obtain an estimate of the transverse relaxation ratd@9€, because elevated valuespfl/zc,) were observed at all
constant for in-phase coherences that does not contain contribuFee Values for these residues. This observation suggests that more
tions from chemical exchange effedf” To first approxima- than one kinetic exchange process may be active in BF¥I.
tion, the average relaxation rate constant for in-phase and!n general, simultaneous fitting of dispersion data obtained at
antiphase coherences is the in-phase relaxation rate constant plu@ultiple static magnetic fields will be essential for interpreting
one-half of the amide proton longitudinal relaxation rate exchange ph_enome_na_out3|de of either the slow or fast limits
constant. Combining relaxation interference experiments with On the chemical shift time scale; however, such analyses can
experiments for measuring the amide proton longitudinal P& hindered by small magnitudes B, lack of data over a
relaxatior® may provide an alternative approach for obtaining sufficient range of I values, and violations of the assumption
Rx(1/rcp — o) for determination of'. of a two-state exchange process.

Most investigations of molecular dynamic properties of
macromolecules using spin relaxation measure the transvers
relaxation rate constant using CPMG experiments with a single  Chemical exchange is a ubiquitous phenomenon in NMR
value of 1t = 1 ms ™15 In some of these studies, quadratic spectroscopy that is used for characterizing conformational and
field dependence of the exchange contributiofi(l/zc,) has kinetic dynamics in molecules ranging from small organic
been observed and taken as evidence for fast-limit chemicalmolecules to biological macromolecules. In many cases of
exchange kineticd:232*However, the different.,-dependence  practical interest, particularly for macromolecules, the site
of the dispersion curves predicted by eq 18 for slow and fast populations of exchanging chemical species are highly unequal
chemical exchange complicates the interpretation of suchas a consequence of the Boltzmann distribution. Under these
measurements. Figure 12 compares the static magnetic fieldconditions, the static magnetic field dependence of the chemical
dependence oRex given by eq 8 and the apparent exchange exchange contribution to the transverse relaxation rate constant
broadening obtained by the conventional approasR.(1
ms~1,00). In accordance with the usual experimental practice, 9
the figure shows the ratio of the exchange contributions at two  (50) Beeser, S. A.; Oas, T. G.; Goldenberg, D.JPMol. Biol. 199§

magnetic field strengths, 11.7 and 14.1 T. The main result is 284 1581-1596.
(51) Shaka, A. J.; Barker, P. B.; Freeman JRMagn. Resonl985 64,

eConclusions

(49) Wider, G.; Neri, D.; Wthrich, K. J. Biomol. NMR1991 1, 93—
8

(46) Tjandra, N.; Szabo, A.; Bax, A. Am. Chem. So2996 118 6986- 547—-552.

6991. (52) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114
(47) Kroenke, C. D.; Loria, J. P.; Lee, L. K.; Rance, M.; Palmer, A. G. 10663-10665.

J. Am. Chem. S0d.998 120, 7905-7915. (53) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resorl1989

(48) Peng, J. W.; Wagner, G@. Magn. Reson1992 98, 308-332. 85, 393-399.
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varies a®Rex/Rex = a(0Bo/Bp), in which 0 < a < 2 for p, > M. Rance (University of Cincinnati) that clarified the theoretical
0.7. The value ofx depends on the NMR chemical shift time  results and with L. E. Kay (University of Toronto), concerning
scale for the exchange process. Slow exchakgb\w < 1) is the global analysis of dispersion curves. We thank D. A. Torchia
defined by 0< a < 1, intermediate exchang&{Aw = 1) is and R. Ishima for a preprint of reference 34. O.M. was supported

defined bya = 1, fast exchangek{,/Aw > 1) is defined by 1 by a predoctoral fellowship awarded by the Ministerio de
< a =< 2. Therefore, the static magnetic field dependence of Educaciony Ciencia (Spain), J.P.L was supported by a National
Rex determines the chemical shift time scale even if the site Institutes of Health postdoctoral NRSA (1F32 GM 19247), and
populations are so highly skewed that the minor resonance isC.D.K. was supported by a National Institutes of Health Training
not observable in the slow exchange limit. The range of values Grant (T32 GM08281). M.P. acknowledges a grant from the
for o observed in basic pancreatic trypsin inhibitor demonstrate Direccion General de Endanza Superior (PB 97-0933), and
that simple assumptions about the field dependence of confor-A.G.P. acknowledges a grant from the National Institutes of
mational exchange are frequently erroneous. The scaling factorHealth (GM 59273).

o is a unigue parameter characterizing chemical exchange in

NMR spectroscopy apd is essentjal for th.e interpretation of spin Supporting Information Available: Four tables containing
relaxation data acquired at multiple static field strengths. the measured values B(1/z.;) at static magnetic field strengths
of 11.7 and 14.1 T and temperatures of 300 and 313 K for basic
pancreatic trypsin inhibitor (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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