JIAIC[S

COMMUNICATIONS

Published on Web 01/17/2004

Evidence for Slow Motion in Proteins by Multiple Refocusing of
Heteronuclear Nitrogen/Proton Multiple Quantum Coherences in NMR
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A novel NMR cross-correlation experiment for characterizing if the refocusing pulses are imperfectly calibrated since Idgth
protein dynamics is based on the application of a Carr-Purcell- and H, components are parallel to the phases of the refocusing
Meiboom-Gill (CPMG) multiple refocusing sequedde two-spin pulses, in accordance with the Meiboom-Gill idea. If the DQC and
coherence B,Hy, involving a backbone amide proton and the ZQC components have unequal decay rates, howegk,avill
neighboring nitrogeA.The experiment provides new insight into  be partly converted intolH,. If the RF pulses are not ideal, either
internal dynamics of proteins and may thus help to improve our because of miscalibrations or because of offset effects, and if the
understanding of protein function. The relaxation rates of double- Jyy coupling were negligible, Hx would not be refocused
and zero-quantum coherences D&C(Y/,)(N*HT + N"H™) and properly, preventing its build-up. However the presence of the scalar
ZQC = (Y;)(N"H~ + N~H™) depend on the pulse repetition rate if  coupling restores proper refocusing. This effect will be discussed
there are local motions on slow timescales-ns). Thidispersion elsewheré. The DQC or ZQC components are selected by phase

effect occurs when the two nuclei experienslew correlated cycling of the receive?.By way of example, Figure 1 shows ZQC
modulationsof their isotropic chemical shifts. Compared to the and DQC decays of isoleucine 23 in ubiquitin. The cross-correlation
triple-quantum method recently developed by Wist étfat. C’'NHN rate is negativeR.. < 0) in this residue since the ZQC decays
subsystems, which is sensitive to concerted fluctuations @G faster than the DQC.

N shifts, the new experiment is sensitive to modulations of the N

and HN shifts. In our new experiment, the sensitivity of either DQC 10 .
or ZQC signals for the first poinfl{(~ 0) is half as good as ordinary Isoleucine 23
HSQC. In ubiquitin, the new method reveals dynamic features that 0.8 1
could not be identified with conventional nitrogen-I5 CPMG >
dispersion experimengs. £ 06 bQc
The difference of the decay rates of DQC and ZQC is given by é
the sum of chemical shift anisotropy cross-correlation (CSA/CSA) 3 04 4
and isotropic chemical shift modulation effects (CSM/CSM) as well £
as additional dipole/dipole cross-correlation contributions due to -
couplings to neighboring®C nuclei: 021
R = (1/2)(RDQC - R = ° 0 20 40 60 80 100
Rf(\ZLSHAICSA + RﬁiM/CSM + 2 Rgi[,zl/’%?H 1) T [ms]

Figure 1. Decays of DQC and ZQC of isoleucine 23 in ubiquitin fepvc
= 1/(4r) = 200 Hz. A 300uL sample of a 1.5 mM solution of triply labeled
The CSA/CSA rate does not depend on the frequereyic = 15N, 13C, 2H ubiquitin (VLI) in H,0:D;0 = 9:1 with phosphate buffer at

1/(47) of a Carr-Purcell-Meiboom-Gill sequencer(® defined as PpH 6.8 was investigated in a Shigemi tube at 600 MHz and 296 K using
the interval between the centers of two consecutiyrilses) while tlhseoopu'sle sequence Sz?VHV” in the Supporting Information with 40 aps 20
the CSM/CSM rate is attenuated with increasingwe, like the pulses for=N and-H.
Rex contribution in a conventional nitrogen-I5 CPMG dispersion Figure 2 shows cross-correlation rat8s, measured at three
experiment. The new DQC/ZQC experiment has been applied 10 yjfferent fields. Most residues show slightly negative rates at 300
triply labeled*N, 1*C, 2H ubiquitin. Deuteration is necessary t0  pHz. The rates increase by aboti0.2 s at 400 MHz and again
avoid effects due (o homonuclear dipeléipole*H—H couplings. by ahout+0.5 s at 600 MHz. The general pattern is maintained
Most couplings toC' and*3C* nuclei enhance autorelaxation of 5 most residues. There is a negative field-independent contribution

both DQC and ZQC. However, four dipole/dipole cross-correlations, ; ; " ; A/CSA
bbb “EPDIDD’ “RBDIDD. 5 pDDIDD oy o imilar effect as (thg dlpolar terms in 2eq 1), anq a poslgls\ivecé:/?ntrlbutl@ﬁfH
'N.CH» “CaN,CoHr TC'N,CaH aN,CH which increases witl;. We predict theRyH rate to be about

RCSCS, Although each of these four rates is estimated to contribute 1 g1 5t 600 MHz depending on the proton CSAhe CSHM/CSM

only about—0.2 s, their combined effect cannot be neglected. o nibution can be either positive or negative and also scales with
The experimental rates should therefore be more accurate in theBS. At 600 MHz the residues 123. L43. F45 and T55 deviate
absence ofl3C labeling The pulse sequence (see Supporting significantly from the average, indicating the presence of a

Information) generates two-spin coheren®gt2, via longitudinal CSMICSM_ o ntribution. 123 stands out in the new DQC/ZQC

. . H
two-spin order Rl,H,. The 2NyH, term is properly refocused even experiment, although it&N R, (= 1/T,) relaxation rate is only

' EPEL Lausanne. slightly above averageAsparagine 25 however shows a r&g
*ENS Paris. that is not higher than average, although this residue is the only
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Figure 2. Cross-correlation rateR in ubiquitin, determined at different

fields with vepme = 100 Hz.
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Figure 3. Relaxation dispersion of cross-correlation raigs of a few
typical residues in ubiquitin as a function of the pulse repetition frequency
veeme = 1/(4rceme) measured at 300 (circles), 400 (triangles), and 600
(squares) MHz. The lines show the curve fit to eqs 1 and 2.

one knowf to have a distinctly enhancééN R; relaxation rate
due toRe It also has been showro have a very rapid cross-
correlation raterRg "™

The rates in Figure 2 were measured at 300, 400, and 600 MHz
with Bruker Avance spectrometers, using a CPMG sequence with
vepme = 1/(4t) = 100 Hz. The time requirement at 600 MHz was
2 h (1 h each for DQC and ZQC) for each interviausing 16

scans, a recovery delay of 2 s, andtbhcrements. Differences in

detectable at 300 or 400 MHz. With increasingwgc the relaxation
ratesRe; approachR{}1'“>* + YRENZY,, since the second term in
eq 1 is averaged out.

For a two-site system in fast exchange, the dependence of the

cross-correlation rate orcpyc is given by

B tanh k., Zcpme)
(1 KexTcpmo ) @)

with the populationgp, and pg of the two sites A and B, the
exchange ratk.,, and the isotropic chemical shift differenckey
= wh — wy andAwy = of) — of.

By simultaneously fitting the rates observed for isoleucine 23 at
400 and 600 MHz to eq 2, assumipg = ps = 0.5, R}/ % =
1.0 st at 600 MHz andyRe}ay = —0.8 s, we obtained
kex(123) = 4200 st and £(123) = AwnAwpl(wonwo ) = 0.027
ppne. For D21 and 144 we tentatively obtained similar exchange
rateske(D21) = 3300 s, key(144) = 2700 s but much smaller
chemical shift difference€(D21) = —0.0036 pprd, £(144) =
—0.0034 ppm.

The average of the DQC and ZQC decay rates gives the
autocorrelated relaxation rate,. However, this rate is more
sensitive to dissipative effects such as exchange with water protons.

It is noteworthy that the residues 123 and T55 which show the
strongest CSM/CSM effect are quite close in space in different loops
of the protein.

In conclusion, we propose a hew DQC/ZQC experiment which
complements the widely used nitrogen-LECPMG experiments.
The new method reveals some residues that are subject to slow
motion that could not be detected by conventional methods.
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decay rates as small &, = 0.15 s are significant. To explore
6 T intervals and Scpyg rates, one needs 60 experiments (about
2 1/, days.)

For a few selected residues, the dependence of the cross-

correlation rate®R.. on vcpme is shown in Figure 3. Isoleucine 23,
the residue with the strongest CSM/CSM contribution, shows a
strong relaxation dispersion at 600 MHz, which is still detectable
at 400 MHz. (At 300 MHz spectral overlap prevents reliable
quantification.) At the opposite end of the scale, isoleucine 3
provides an example where relaxation dispersion is not detectable.
Aspartate 21 and isoleucine 44 provide intermediate examples:
there is a slight dependence agpnc at 600 MHz, but it is barely
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