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_ _ _Biochemistry, and Microbiology  otherwise indicated. Narrow and wide bars depict 90 and Hlses,
University of Cincinnati, Cincinnati, Ohio 45267  respectively. The 180N pulses in the spinecho sequence had durations
. of 97 us. Delays aré\ = 2.7 ms,t = 0.57¢p, ando = 200us. Decoupling
Revised M R?(I:Qe”ed. lc;k'):/erbnber 1:73' iggg during acquisition used GARP phase modulation with a field strength of
ise anuscript keceed February o, 1000 Hz. The phase cycle §g = X, —X; ¢2 = 4(X), 4(—X); p3 =X, X, Y,
Functions of biological macromolecules, including enzyme % ;Xt'hfx'r:y' 7y]ﬁ ‘3;‘ R4 rtecel'vtfrz ]f( X ﬂf(’ X {he géad:fnt flélsest.
catalysis, allostery, and ligand recognition, in some circumstances Gal_ G‘; :V e?geloms eocf%esr é’ nfso 035322 T%C r'g’g o gam";no fgj ':;23
can be rate-limited by dynamic processes that couple nonproduc- - : - L T e ’
: . . . ! . Gradient amplitudes wer@lyy, = 10 G/cm;G2,y,= 7 G/cm;G3, = 34
tive and productive conformatiodg.Delineating the amplitudes, GIem; Gy = 8 GIem; G5z = 28 G/cm;G6, = 14 Glem; andGTye=
H : H : ’ yz — ’ z— ) z — ’ Xyz —
ra_ltes, _and mechanl_ssms Qf these mOtlonS IS necess:a}ry to exphcat%s G/ecm. Coherence selection was achieved by inverting the amplitude
biological function3~® This paper describes a modified proton-

- - - of G5 and phas@;; the receiver phase argd were inverted for each
detected®N Carr—Purcel-Meiboom-Gill®” (CPMG) spin-echo .incremen®223The inset (b) shows a modification of the pulse sequence
pulse sequence that overcomes the disadvantages associated Wityed to measurBy(z.;) for longerze, values.
pulsing rates comparable to the one-bahg scalar coupling
constant. The new experiment permits measurement of chemicaleychange between sites. For two exchanging ‘Sites
or conformational exchange time constants from approximately
0.5 to 5 ms. This range of time scales fills an important gap =d

; . . =& 1.1 — (2t Jr tanh /27 2
between microsecond time scales that are accessible by the off- Rex extel (2reTep) €e/27e0)] 2)
resonance rotating-frame experinférand millisecond time scales . . N .
that are accessible by tlzzexchange experimefft:1? in which ®ex = (w1 — w2)*pap; andp; andw; are the populations
Conformational or chemical kinetic processes that transfer a @nd Larmor frequencies for the nuclear spin in sitandzex is
nuclear spin between sites with different magnetic environments the reduced lifetime of the exchanging sites. -
contribute to the adiabatic decay of transverse magnetization. The " Principle, exchange kinetics can be determined by fitting

phenomenological transverse relaxation rate constant measure(ﬁqs 1 and 2 tdR,(zcp) data obtained for different values of;;
in a CPMG experimentR,(re,), is given by: owever, both andRe, depend on, which renders the analysis

intractable. This difficulty is circumventedif;, is limited to small
— R _ _ values €1/(4Jwn)), becausee ~ 117 In this case, only fast
RZ(TCP) €Rn T (1~ ORani + R @) exchange processes can be studied, and the resulting high radio
. . . . , frequency duty cycle poses a significant drawback compared with
in which 7c, is the delay between pulses in the spetho pulse ¢ off.resonance rotating-frame experiméhBroadband proton
train; Ry, andRan; are the transverse relaxation rate constants for yecopling during., prevents evolution of in-phase into antiphase
in-phase and antiphase coherences averaged over the pOpU|at'°r|ﬁagnetization and makes= 1; however, decoupling interferes

of each chemical or conformational state, respectively; &< with spin—echo formation and accentuates the decay of transverse
1 reflects the averaging between in-phase and antiphase coherp,agnetizatior4 1518 In the approach adopted herein, the rate
ences due to evolution under the scalar coupling Hamiltonian ¢qnstants for in-phase and antiphase coherences are averaged
during 7c;; ™ andRex is the rate constant for damping due to gy pjicitly during the CPMG sequence to render 0.5 for all
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Figure 2. Conformational exchange in BPTI. The differenc®x(zcp) Figure 3. CPMG dispersion curves for BPTI. Values ob(Ry) are

= Ry(10 ms) — R(1 ms) are plotted versus the residue number. piotted versus i, for C14 (), Q31 (), C38 #), and R39 @). Solid
Uncertainties usually are smaller than the size of the data points. Data|ines for C38 and R39 are the best fits to egs 1 and 2; fitted parameters

were recorded on a 2.6 mM [U-98%N] BPTI sample (pH=5.1,T = are given in Table 1. The solid lines for C14 and Q31 are drawn at the
300 K) using a Bruker DRX500 NMR spectrometer witA®§ Larmor mean value oRx(z;) and are only meant to guide the eye. The pulse
frequency of 50.68 MHz. Spectra were acquired using (¥8@096) sequence of Figure 1a was used for most experiments; a duplicate data
complex points and spectral widths of (25@012500) Hz in the t§ x set at 1#;, = 0.5 ms and all data for I, < 0.1 ms™ were obtained

tz) dimensions. The recycle delay &8 s and a total of 16 transients  ysing the pulse sequence shown in Figure 1b.

were recorded for each compléxpoint. Relaxation decay curves were

measured for eight values of, ranging from 1 to 20 ms. From 10to 15  Table 1. Conformational Exchange Parameters for BPTI
relaxation time points (including duplicates) were acquired for each decay

i 1 B 1
curve by varyingn in Figure 1. Uncertainties in the relaxation rate residue Tex(MS) PexTex(S€CT) R(sec?)
constants were obtained from jackknife simulatighs. Al6 4.524+0.22 3.36+ 0.10 6.61+ 0.03

G36 3.42+0.28 2.82+ 0.15 8.98+ 0.04
: . : G37 3.21+ 0.63 3.90+ 0.72 8.62+ 0.06
decay of the magnitude of the density operator between points a c38 5381 0.09 14.08% 037 8.61% 0.53

and d is given by R39 0.89+ 0.06 15.40+ 0.61 8.19+ 0.24

A40 3.324+0.21 3.97+ 0.15 7.444 0.04
I(8nt..) = I, exp[—4nt. (e, R +{1—¢ -+ X
(8n7ep) = lo XPI epl€alin *{ at Rani 1 Red)] Isomerization of the disulfide bond between C14 and C38 at

eXp[_4nTcp(€cdRin {1 = € Roni T Reyl the active site of BPTI provides at least one mechanism for
_ 5 conformational exchang®2' The values oty reported in Table
=l exp[—SnTCp(R + R 3) 1 for C38 and R39 are in excellent agreement with exchange rates
_ determined using an on-resonance rotating frame experithent;
in which n> 0 is an integerR = 0.5 (R + Rani), and the transfer however, the precision of the present results is approximately 10-
efficiency ofU is incorporated intdo. Thus, the effectivy(rcp) fold greater. Results for other spins have not been reported
= R+ Rex. After point d, the magnetization is frequency labeled previously. The range of exchange time constants observed vary
during t; and transferred to thé spins for detection. The  from <0.5 ms for C14 and K15 to 4.52 ms for A16. These results
modification of the pulse sequence shown in Figure 1b reduces suggest that the conformational exchange process is not a simple
the minimum increment between time points from,&0 4z¢, two-state disulfide isomerization. Either the time dependence of
which facilitates measurements using long values. In this the exchange process is not well-described by a single-exponential
sequencel serves the dual role of interchanging in-phase and correlation function, or multiple dynamic processes give rise to
antiphase magnetization and suppressing CSA/dipolar interfer-exchange effects.
ence; however, the suppression is not as efficient as in Figure In conclusion, the modified CPMG experiment compensates

la. for evolution between in-phase and antiphase transverse coher-
The relaxation-compensated CPMG experiment was performedences during the spirecho pulse train and thereby allows
on a 2.6 mM [U-98%'°N] BPTI sample at 300 K? other guantitative measurement of conformational exchange processes

experimental conditions are given in the caption to Figure 2. The on 0.5 to 5 ms time scales. Together with the off-resonance
differences betweeRy(z) measured atc, values of 10.0 and  rotating framé&°® and zzexchange experiment$;'? the new

1.0 ms for BPTI are presented in Figure 2. No significant technique enables kinetic processes over biologically significant
differences in relaxation rate constants are observed for thetime scales from 1 s to 10! s to be investigated in
majority of the backbon&N spins, which confirms the robustness macromolecules.

of the averaging procedures incorporated into the pulse sequences. ) )
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dependent dispersion and are not subject to conformational
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was observed for residues A16, G36, G37, and A40. The results jao983961A
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