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Abstract: Multiple-quantum spin relaxation is a sensitive probe for correlated conformational exchange
dynamics on microsecond to millisecond time scales in biomolecules. We measured differential *H—1°N
multiple-quantum relaxation rates for the backbone amide groups of the E140Q mutant of the C-terminal
domain of calmodulin at three static magnetic field strengths. The differential multiple-quantum relaxation
rates range between —88.7 and 92.7 s7%, and the mean and standard deviation are 7.0 + 24 s7%, at a
static magnetic field strength of 14.1 T. Together with values of the *H and >N chemical shift anisotropies
(CSA) determined separately, the field-dependent data enable separation of the different contributions from
dipolar—dipolar, CSA—CSA, and conformational exchange cross-correlated relaxation mechanisms to the
differential multiple-quantum relaxation rates. The procedure yields precise quantitative information on the
dominant conformational exchange contributions observed in this protein. The field-dependent differences
between double- and zero-quantum relaxation rates directly benchmark the rates of conformational
exchange, showing that these are fast on the chemical shift time scale for the large majority of residues in
the protein. Further analysis of the differential *H—'5N multiple-quantum relaxation rates using previously
determined exchange rate constants and populations, obtained from °N off-resonance rotating-frame
relaxation data, enables extraction of the product of the chemical shift differences between the resonance
frequencies of the 'H and *°N spins in the exchanging conformations, dondon. Thus, information on the *H
chemical shift differences is obtained, while circumventing complications associated with direct measure-
ments of conformational exchange effects on 'H single-quantum coherences in nondeuterated proteins.
The method significantly increases the information content available for structural interpretation of the
conformational exchange process, partly because dondoy is a signed quantity, and partly because two
chemical shifts are probed simultaneously. The present results support the hypothesis that the exchange
in the calcium-loaded state of the E140Q mutant involves conformations similar to those of the wild-type
apo (closed) and calcium-loaded (open) states.

Introduction between substates with different chemical shifts is manifested

Function is encoded in the structural and dynamical properties PY @ dispersion of the transverse relaxation rate as a function
of biomolecules. A deep understanding of protein function will Of the effective field strengthOngoing methods development
be reached only by combined analysis of these propésties. and applications in this area are motlvatgq by the |mp||cat|0n.
NMR spin relaxation is a powerful tool for characterizing that processes such as allosteric transitions and enzymatic
biomolecular dynamics. Motions on a wide range of time scales Catalysis may involve motions on these slower time scalée
may be probed, from the very rapid fluctuations of bond vectors, Majority of studies have monitored the relaxation of single-
that take place on pico- to nanosecond time scales, to slowerduantum coherences, most commonly involvity or *°C,
collective motions in the micro- to millisecond regiméThe which report on the chemical shift modulation of a single nuclear
latter type of dynamics may be characterized quantitatively using SPin- The extracted information typically consists of the

Carr—Purcel-Meiboom-Gill (CPMG) or rotating-frame spin-  €xchange rate,_the relgtive_ populations of the different substates,
lock (Ty,) experiments, in which conformational exchange and the chemical shift difference between these. Structural
interpretation of chemical shifts is far from straightforward.
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can be compared to differences between chemical shifts exchanging conformations for the backbone antideaand!°N
observed separately for different states of a highly similar system spins. The method is based on a combined analysis of results
(e.g., free and ligand-bound states, or different mutants), it may obtained from 5N off-resonanceT;, experiment¥:3° and
be possible to infer what structural changes are associated withmeasurements of differential multiple-quantum relaxation rates
the exchange proce&st! Also, measurements of chemical shift  of the backbone amide grodihThis approach enables extraction
differences for sets of different nuclides increase the information of the additional structural information contained in thé
content significantly and aid in structural interpretatis3 chemical shifts, while circumventing complications associated
During the past few years, relaxation studies of multiple- with direct measurements of conformational exchange contribu-
quantum coherences for characterization of conformational tions to the relaxation rates #fl single-quantum coherencts-3
exchange have become increasingly poptfiat® Exchange- In the present application, the various contributions to dif-
mediated relaxation of multiple-quantum coherences contains ferential multiple-quantum relaxation are separated by determin-
a contribution from correlated chemical shift modulation of the ing the field-dependence of the relaxation rates, and by
different spins involved®2! Clearly, this provides a comple- measuring the chemical shift anisotropies of the amidl@and
mentary and more extensive picture of the protein dynamics. 15N spins. Previous reports on differential multiple-quantum
Cross-correlated relaxation of multiple-quantum coherences isrelaxation have settled for qualitative evaluations, where the
also a rich source of structural information, as demonstrated in existence of conformational exchange was inferred by compar-
a large number of applicatioR3. ing the magnitudes of the measured relaxation rates with the
The calcium-saturated E140Q mutant of the C-terminal maximal values expected for exchange-free relaxafiéhl’The
domain of calmodulin (E140Q-Tr2C) exchanges between con- extracted product of chemical shift differences is compared to
formations that resemble the apo and calcium-saturated stateshe values calculated from the observed shift changes between
of the wild-type domain (wt-Tr2C), as gauged from the chemical the wild-type protein in the apo and calcium-loaded states. The
shifts and pattern of NOESY cross-pedk8The conformational new experimental results effectively double the amount of
changes between apo and calcium-saturated wt-Tr2C includeinformation describing the structural changes of the exchange
extensive repacking of the hydrophobic core, reorientations of process. In addition, the field-dependent data directly benchmark
theo-helices, and exposure of a hydrophobic surfdcé’ This the exchange process on the chemical shift time scale, showing
conformational switch is essential for binding to a large number unequivocally that the exchange is fast for the large majority
of target proteing®2° Off-resonancé®N T;, measurements on  of residues in E140Q-Tr2C.
E140Q-Tr2C have revealed that the average exchange correla-

tion time istex = 21 us at 28°C and that the two dominating
populations are approximately eqi@Because of the sizable

Theory
The spin states described by the density operatogsiahd

exchange contributions to the transverse relaxation rates, E140Q2NyHy are linear combinations of double-quantum (DQ) and
Tr2C is a good model system for studying the dynamics of large- zero-quantum (ZQ) coherences. Thus, if the DQ and ZQ
scale structural transitions in general, as well as the biologically relaxation rates are not equal, 2 and 2NH, will be partially

relevant process of calmodulin activation in particlar.

interconverted during a relaxation deldy, Starting from pure

In the present study, we characterize further the exchange2N«Hx, the ratio of expectation values for M, and 2NHx
process connecting the open and closed states by measuringvill evolve as a function of the difference between the DQ and
the (signed) product of chemical shift differences between the ZQ relaxation ratesARuq = Rog — Rz
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Itis readily shown that all active relaxation mechanisms, viz.
the cross-correlation between the two chemical shift anisotropy
tensors 4o, the dipolar cross-relaxationo{y), the cross-
correlated dipolar relaxation with external spimgd, and the
cross-correlated modulation of the isotropic chemical shijftg,(
result in different relaxation rates for the DQ and ZQ coher-
ences!

ARvq = Rog —~

where the different terms are given by the expressions below:

Ryo = 2(cc t Mag T Oga T e (2)
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(30) Akke, M.; Palmer, A. GJ. Am. Chem. S0d.996 118 911-912.
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1/ 1\2 )/-2 a second-order polynomial, the (negative) slope of whicliat 0
— 2 : ields ARvo/2. The robustness of this approach was verified b
M= —| rni®y ——{230) +3)(@)]  (5)  YIelIS ARucl2. The robusiness of tis approach was verified by
2\dx =3 3 comparing a similarly recorded data set at 11.7 T with the one recorded
HiTNi using a selective RE-BURP pulse; these two data sets yielded
— 2 indistinguishable results (not shown). Decoupling offfixespins during
Tex = 2PoPcTex Y NBo 0000 ©) acquisition was performed using the GARP sequéheith a field-
. ) strength of 1.0 kHz. Reference and cross experiments were recorded
and the spectral density may be modeled as: with relaxation delays of 10, 20, 30, 40, and 50 ms at all three values
of Bo.
_ 2 Tc NMR Data Processing and AnalysisAll data were processed using
Jw) = 5 1+ tzwz)PZ(Cose) @) nmrPipe3® Two apodization schemes were employed to enhance either
[

sensitivity or resolution. The former scheme used exponential and
. . . . . . . cosine-bell apodization ity andt;, respectively, while the latter used
in which yi is the gyromagnetic ratio of nucleusBo is the a Lorentziar-Gaussian window function i, and linear prediction to
static magnetic field strengtio; is the chemical shift anisot- 256 points followed by a cosine bell fn The final size of each matrix
ropy (assumed to be axially symmetrid)y; is the difference  was 1024x 1024 real points after zero filling and Fourier transforma-
in isotropic chemical shift of nucleusetween the exchanging tion. Peak intensities were evaluated as peak heights. The uncertainty
substates, the populations of which are dengtgdndpg; rj; is of the peak heights was estimated as the standard deviation of the
the distance between nucléiand j; 7 is the exchange baseline noise. The intensity ratio between the cross and reference
correlation timey. is the correlation time for overall rotational ~ €xPeriments was evaluated for all relaxation delays.
diffusion; Px(x) = (3x2 — 1)/2 is the second-order Legendre It should be _noted that the referenc_e and cross spectra are out of
polynomial; andd is the angle between the relevant interaction phase by 180 if perfo(me‘j as des.cnbéﬂ on a V"’.‘“an INOVA .

. . - L spectrometer. In experiments involving nuclides with gyromagnetic
tensors. Equation 6 is only valid in the fast exchange limit, where

) - 5 ; : . ratios of different signs, the implementation of RF phases is not
lex 1 proportional tBe”. In the intermediate exchange regime,  ongistent with the definition usually assumed in spin dynamics

1exis linearly dependent o, and in the slow exchange regime,  cajculations® This has the practical consequence that for nuclei with
Nex is independent oBo.>1° Equation 7 applies to a rigid  positive gyromagnetic ratios, an RF-pulse with phage(4ccording
molecule undergoing isotropic rotational diffusion; deviations to the phase table of the pulse sequence) in reality is delivered with
from the former condition are usually treated using the model- phase “-y", and vice versa, while all other pulses have the expected
free formalism32-34 Because all relaxation mechanisms de- phases (as given in the phase table). In the present case, this implies
scribed by eqs-36 are predicted to cause differential multiple-  that the reference experiment correspondsit@NHyrather than
quantum relaxation, the effect should be readily detectable, ZNh(@ssuming thai2NyH,[is measured in the cross experiment).
unless cancellation of terms occurs as a consequence of t|,":}Talk|ng these considerations into account, the appropriate expression

. ) . . to fit against the experimental data is thus
different field dependence of the various mechanisms. g P

Material and Methods [T e To) = tanh (AR T/2) (8)
NMR Spectroscopy.The sample consisted of uniformi3N-labeled . . . . .
E140Q-Tr2C at a crc)))llwcentratioﬁ of 2.0 mM and 16 eq?j\ilv oA C in which l.(Tc) andl.(Tc) are the intensities at tim&: of the cross

and reference experiments, respectively. This treatment ensures that
the signs of the extracted relaxation rates of eg$ vill be correct.
Errors in the fitted parameters were estimated by Monte Carlo
simulations*

Chemical Shift Calculations. Ring-current shifts of the amidéd
resonance frequencies were calculated using SHIFT$2#dhd were
based on the NMR structure ensembles of apo and calcium-loaded wt-
Tr2C25 The average difference in ring-current shifts between apo and
calcium-loaded wt-Tr2C was calculated using 20 structures of each
ensemble.

Hydrogen Bond Calculations. Hydrogen bonds involving the
backbone amide groups were calculated from structures of the apo and
calcium-loaded wild-type protein (PDB entries 1CE41CMF 2 and
1CFC®) using MOLMOL # with distance and angle cutoffs of 2.4 A
and 35, respectively.

pH 6.0 (unbuffered solution). Thid and**N assignments have been
reported previously33® The differential multiple-quantum relaxation
experiment was performed essentially as reportdgtiefly, the spin
state 2NHy is created using a modified INEPT sequeffde.the middle

of the subsequent relaxation delay of durati) simultaneous 180
pulses on>N andH are applied to refocus chemical shift evolution
and scalar couplings to remote spins. At the end of the relaxation delay,
either the 2NH, operator (“reference” experiment) or the 2N
operator (“cross” experiment) is converted into longitudinal magnetiza-
tion. The rest of the experiment encodesiresonance frequencies
during the indirect evolution period and subsequently transfers mag-
netization back to protons for detection. All experiments were performed
on Varian Unity INOVA spectrometers at static magnetic field strengths
of 11.7, 14.1, and 18.8 T, and a temperature of#28.1 °C. In the
experiments recorded at 11.7 and 14.1 T, the protori p8Ge in the
middle of the relaxation delay was implemented as a RE-BURP{ulse Results and Discussion

centered at 8.5 ppm, which provides 98% inversion over the amide . . )

range. The experiment performed at 18.8 T employed a nonselective We have measured the difference in relaxation rates of DQ
proton 180 pulse during the relaxation delay: that is, the scalar coupling and ZQ coherences of the backbone antidend*N spins in

to H* was not refocused. In this case, eqs 1 and 8 are valid only in the
limit that Tc approaches zero. Accordingly, this data set was fitted with  (38) ssé‘z""ka' A.J.; Barker, P. B.. FreemanJRMagn. Resonl985 64, 547-

(39) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax) A.

(32) Lipari, G.; Szabo, ABiochemistryl981, 20, 6250-6256. Biomol. NMR1995 6, 277—293.

(33) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559. (40) Levitt, M. H.J. Magn. Reson1997 126, 164-182.

(34) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn, (41) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, WNUimerical
A. M. J. Am. Chem. S0d.99Q 112, 4989-4991. Recipes. The Art of Scientific Computir@ambridge University Press:

(35) Everns, J.; Malmendal, A.; Thulin, E.; Carlsimg G.; Forse, S.Biochem- Cambridge, 1986.
istry 1998 37, 13744-13754. (42) Gsapay, K.; Case, D. Al. Biomol. NMR1994 4, 215-230.

(36) Morris, G. A.; Freeman, Rl. Am. Chem. S0d.979 101, 760-762. (43) Xu, X. P.; Case, D. AJ. Biomol. NMR2001, 21, 321—333.

(37) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—-141. (44) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14, 51—55.
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Figure 1. Representative spectra for (A) the reference and (B) the cross experiments. Red contour levels indicate negative intensities, and blue contours
indicate positive intensities. For clarity, peak intensities in the cross spectrum have been scaled by a factor of 8 relative to those in thepefatence
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Figure 2. Representative build-up curves following the functidigd o e S I BN B
Mref0= tanh(~ARwqTc/2) for residues F89, K94, L112, and G134 at 14.1 80 90 100 10 120 130 140
T. The fitted values ofARyq are 50+ 1, —31.5+ 0.1, 6.10+ 0.07, and Residue

1 .
20.9% 0.6 s, respectively. Figure 3. Differential multiple-quantum relaxation rate’sRuo, for E140Q-

. Tr2C at 11.7 T (black), 14.1 T (cyan), and 18.8 T (magenta). The structural
E140Q-Tr2C at 2&C. Representative reference and cross- elements and calcium-binding loops of the protein are indicated above the

relaxation spectra are shown in Figure 1. The resonances Ofgraph.

the N-terminal residues M76 and K77 were not observed in

the spectra, presumably due to fast amide proton exchange withcontribution from correlated dipolar interactions with remote
the solvent. Extraction of data was not possible for N97 and protons {49 is always negative (eqs 5 and 7; note that a
Q140 because of resonance overlap. For the remaining 69negative value oP,(cosf) would require that the remote spin
residues, the difference in relaxation rate constants between DQi is closer to both the amide nitrogen and the proton than
and ZQ coherencesARvq) was obtained from the build-up  1.094y, which is physically impossible). The relaxation caused
curves, as described by eq 8 and exemplified in Figure 2. No by the interaction between thel and'>N CSA tensorsifc) is
attenuation of the intensity ratios due to amide proton exchangefield-dependent, but always leads to faster relaxation of DQ than
with solvent was observed at longer relaxation delays, in ZQ coherences, as can be seen from eq 3 using expected values
agreement with numerical calculations based on measured amid@f Aoy, Aoy, and 0.45-4° The dipolar contributions may be
proton exchange rates (not shown). Figures 2 and 3 reveal aestimated on the basis of a structural model of the protein,
wide distribution of ARug with both positive and negative  together with values ofJ(w) at the relevant frequencies.
values. Figure 3 displayARvo obtained at each of the three Likewise, the CSA contribution may be calculated on the basis
static magnetic field strengths, plotted against the amino acid of measured values oAoy and Aoy, together with J(w).
residue number. The mean values ARy are —6.2 £ 17, Approximate calculations using the measured correlation time
—7.0+ 24, and—9.9 + 42 s! at 11.7, 14.1, and 18.8 T, for rotational diffusion at 28C, 7. = 4.2 ns, predict that the
respectively. The largest magnitudes/tfiug are found in the dipolar and CSA contributions nearly cancel at the static
two calcium-binding loops, corresponding to residues 934

and 129-140, and for residues F89, R90, and F141. (45) g’é%rldra, N.; Szabo, A.; Bax, Al. Am. Chem. Sod996 118 6986
In the absence of conformational exchang&vq results (46) Tjandra, N.; Bax, AJ. Am. Chem. Sod.997, 119, 8076-8082.
H (47) Tessari, M.; Mulder, F. A. A.; Boelens, R.; Vuister, G. WMagn. Reson.
from the balance of the dipolandy and o4q) and CSA fco) 1067157 128-133.

contributions. As is evident from eq 4, the contribution\iBug (48) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Socl998 120,
; N : ; . 10947-10952.
from dipolar cross-relaxatior{g) is positive but small, due to (49) Kroenke, C. D.: Rance, M. Palmer, A. G.Am. Chem. S04.999 121

its dependence on high-frequency spectral densities only. The * 10119-10125.
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Figure 4. Differential multiple-quantum relaxation rateARvq, (A) measured at 14.1 T plotted against data at 11.7 T. The equation of the fitted line is
y = —0.96+ 1.43%. (B) ARug measured at 18.8 T plotted against data at 14.1 T. The equation of the fitted yire is1.7 + 1.75.

magnetic field strengths employed here. Chemical exchange is 100 —

thus the only mechanism that can account for the wide range .

of ARuo values observed for E140Q-Tr2C (Figures 2 and 3). 50 —

Equation 6 shows that the conformational exchange rat¢ ( G134
may be negative or positive, depending on whether the isotropic ’ L112

12}
chemical shift changes of the two nuclei are correlated or anti- m% 0
correlated. The observation of negative valuesA\&yq thus <
directly reveals anti-correlated modulation of the anfideand Ko4
15N chemical shifts during the exchange process for a subset of ’
residues in E140Q-Tr2C. T T T T T T v

The Conformational Exchange Is Fast on the Chemical 100 200 300 400
Shift Time Scale.Using ARyq data obtained at multiple static B2 (T?)

magnetic field strengths, it is possible to separaieirom se Figure 5. Differential multiple-quantum relaxation rateARuq, plotted

andrex provided that the latter is intermediate to fast on the ag'a function of the static magnetic field strength squaiédRepresentative
chemical shift time scale (such that it depend<$Bgn Figure 4 data are shown for residues F89, K94, L112, and G134. The intercept
shows the data from the different fields plotted against each Co”espongs to tﬁe dipo'a; ChO”t”bU“_g'?d&) to fARMovh W'é”;ége slope

. . . . . . . - corresponds to the sum of the contributions from the Cross-
other, W'th the straight lines 'r_]dlcat'ng _“near_leaSt'Squares fits correlation {¢c) and correlated chemical shift modulatiopy). The fitted
that take into account errors in both dimensiéhg the case  intercepts are 5.% 2, 1.2+ 0.5, 1.6+ 0.2, and 2.3k 0.9 s for residues
of fast conformational exchange and equal contributions from F89, K94, L112, and G134, respectively, and the 1slog)zes are0.031,
the field-independent termsydy and o¢g) for all residues, the ~ —0-170+ 0.005, 0.025 0.001, and 0.0% 0.01 s* T respectively.
expected slope of the lines should scale quadratically with thef diool lation i . L Th
ratio of the two fields. The fitted lines have slopes of 1:43  1om dipolar cross-correlation igjqg /= —1.2+ 2.0 . The
0.01 (plotting 14.1 T versus 11.7 T) and 1.750.01 (18.8 T density of remote spins surrounding the amide group dominates
versus 14.1 T). Comparing these results to the theoretical valued!® variability of the dipolar contribution, making it mainly a
of 1.44 and 1.78, we conclude that the process is in the fast Structural pfo?’e- The mean Va"fe 1S apprommgtely 5_0% lower
exchange limit at all three values Bf for the large majority ~ than that predicted2.2+ 0.5 s) from population-weighted

of residues. Residues 1100. Y138. and F141. which have the(l:l) calculations based on internuclear distances measured in
largest magnitudes @fRyo, are the ones most likely not to be the apo and calcium-loaded wt-Tr2C structufemgether with

in fast exchange. The data for these residues fall outside of theexperirr:lentally_ determined values m"l) (Figure 6ay: HQ\;]V_'
95% prediction interval obtained by linear regression that ever,_t e predicted and_ measured va uesjgdlagree within
excludes these outlief8. experimental errors, which are relatively large due to extrapola-

Cross-Correlated Dipole-Dipole Relaxation. Given that ~ toN- | i o
conformational exchange is fast, linear regressiomA&o Cross-Correlated CSA-CSA Relaxation. In the fast ex-

versusBy? for each residue yields the dipolar cross-correlation Shange limit, the CSA and exchange contributions cannot be
contribution toARwq as the intercept (Figure 5). This approach separated by t_helr_ dependenceBar(ct., egs 3 and 6). _However,
safely neglects the contributions from high-frequency spectral the CSA contribution may be calculated accuratelydt, Ao,
densities toyqq, cf. eq 5, which amount to 1.5% @Ryo (at and the anglé® between the two tensor§ are known. In (_:o_ntrast
Bo = 14.1 T). Similarly, the cross-relaxationg) between the 10 the case for théN CSA® the amide’H CSA exhibits

15\ and *H spins can be neglected, becausg]= 0.06 + considerable vangblllty that dep.ends primarily on the hydrogen
0.02 .9 corresponding to 5% of the total dipolar relaxation 20nd lengtfand ring-current shifts; the mean values reported
(a0 + 0ad) in the present experiment. Residues 1100, Y138, for a-helices aan-stran_ds are7.2 ar_1d 11.2 ppm, respectidely.
and F141 have unreasonably large valueggf(Figure 6a), & measured the amidél CSA using the method proposed

which may again imply that they are outside the fast exchange by Tessari et a? (data not shown). Using these data, together

! X ) 5
limit. Excluding these three residues, the average contribution With Previously determined®N CSA values and spectral
densities, we calculated the CSA contribution fRyq (Figure

o

(50) Devore, J. LProbability and Statistics for Engineering and the Sciences
5th ed.; Brooks/Cole Publishing Company: Monterey, 1999. (51) Boyd, J.; Skrynnikov, N. RJ. Am. Chem. So@002 124, 1832-1833.
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— - - e in an extended conf;)rmatlon, as observed in the solution
6 structures of wt-Tr2C> However, then.. data are scattered,
A 1100 visg | |f fF141 precluding extraction of any conclusive structural information

from these data alone. This is consistent with the observations
by Tessari and Vuisté?, who could measurg. directly from

the field-dependence @Rwq, because chemical exchange was
insignificant in that system.

Cross-Correlated Chemical Shift Modulation. In the
present case, the most interesting information lies in the
exchange contribution. The slope of the fitted line in Figure 5
A N L B B B B B yieldsnex following subtraction of the CSA contribution. With

80 %0 100 110 120 130 140 a mean magnitude offlje B2 = 0.03 £ 0.05 st T2,
corresponding to 6= 10 st at 14.1 T,7ex is the dominant

B N contribution toARwq for the majority of residues even at 11.7
T = T (Figure 6¢). Thusyex is more accurately determined than
— the other contributions and can be used reliably to extract
= information on the conformational exchange process. Residues
N with large magnitudes ofjex are clustered in the amino acid
élf
&

-ndd (5-1)

0.03

&
B 002 - 4

sequence (Figure 6¢). The two calcium-binding loops (residues
93—104 and 129-140), together with residues F89, R90, and
F141, exhibit particularly high values dfey/. Figure 7 shows
oO-T—T——T T 71 T T "~ 17 1 ° the values of|ney color coded onto the wild-type apo and

80 9 100 110 120 130 140 calcium-saturated structures of Tr2C. It is evident from Figure
7 that residues with large values jgf,| cluster also in space.

Extracted Chemical Shift Differences.Provided that the
- o exchange correlation times and populations of the two exchang-
E— - 20 ing conformations are known, it is possible to extract the product
) E of the chemical shift difference¢noon) between the two
o - o conformations, using eq 6. Exchange correlation times and
~ - populations have been determined previously for 43 residues
& --20 95 in E140Q-Tr2C, using®N off-resonancd,-experiments? In
o principle, the correlation time for modulation of a singhl
0 T IY'3,8 — chemical shift could be different from that for correlated
80 9 100 110 120 130 140 modulation of théH and'>N chemical shifts. However, because
Residue the two nuclei are covalently linked, we expect thag
Figure 6. The different contributions taARug plotted versus residue determined fo#*N should provide an excellent approximation.
number: (A)7q4, dipole—dipole cross-correlation relaxation rate; (&), The weighted mean values die,[ = 21 £+ 3 us, with a range

CSA—IcsdA crodssl-cqrrela:iorr]'l éﬁllaxa(tjim rate; (G eﬁchangf fﬁ_tft du{_?hto of 13—46 us, andpol= 0.5 + 0.171° The populations are
gg’[jgts:gl eﬁg%eun?stlg?ldocatlciumiri]ndinglslgg:spgf lt:heer;rlg?eir? e{reS'indiceated less well determined than the exchange. correlation times.
above the graphs. However, the produgbopc = po(1 — po) varies by less than
12% within the range given by the relative error (34%) of the
6b). For residues that are not involved in conformational estimated mean population, and the average value can be used
exchange, the slope of the fitted line in Figure 5 directly for all residues. In contrast, the variability i3, has a larger
corresponds to the CSA contribution. However, the sensitivity effect on the extracted chemical shift differences, even though
of the measurement is in general poor for these cases, becausthe statistical site-to-site variability is relatively sm&IUsing
1d4d andzec have opposite signs and are approximately equal in the average population and either the residue-specific exchange
magnitude, as noted above. The calculated mean value of thetimes, for those residues where this value is available, or the

CSA—CSA contribution isc[1By? = (8.7 & 3.5) x 103s1 average exchange time, for those residues where it is not, we
T2, corresponding to 1.Z 0.7 st at 14.1 T. The variation in calculated the produaiondon from the ARyq results for 69

the CSA-mediated relaxation depends primarily ontth€SA, residues. In Figure &ondoy extracted from theARyq data
which in turn depends on structural factors, most notably the are superimposed on the values calculated from the chemical
hydrogen bond length. As a result, the CSBSA cross- shift differences between the apo and calcium-saturated states
correlation is expected to yield higher values SRyq for of wt-Tr2C 25 The linear correlation coefficient for the two data
residues inf-sheet structures than for those &rhelical sets was evaluated for the different segments: helix-£0.69

conformatiort®-52The highest values of. in E140Q-Tr2C are (10 residues); helix F; = 0.47 (11); helix Gr = 0.57 (10);
observed for 1100 and V136, which are the central residues in helix H, r = 0.71 (10); loop lll,r = 0.83 (8); loop IV,r =
the short3-sheet (Figure 6b). Also, the surrounding residues —0.07 (9); linker,r = 0.94 (6); and all residues,= 0.57 (69).
show larger than average valuesgf, indicating that they are As discussed abovéondoy may be positive or negative,

(52) Tessari, M.; Vis, H.; Boelens, R.; Kaptain, R.; Vuister, G.JVAM. Chem. deper_1ding on whether the 9hemical shift chan_ges of the wo
Soc.1997, 119, 8985-8990. nuclei are correlated or anti-correlated. The signdofidon
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Figure 7. Magnitudes of the correlated chemical shift modulatigpy/, color coded onto the structures of the apo and calcium-loaded states of wt-Tr2C

(PDB entries 1cmf and 1cmg, respectiv@&)y The color scale ranges continuously from yellow to red, correspondipg,fo< 2 st and|ne] > 32 st at

14.1 T. Residues for which data were not obtained are shown in gray. The side chains of the aromatic residues (F89, F92, Y99, Y138, and F141) are shown
in green. The figure was prepared using MOLM&L.

- — N — S101 to E104, 1130 to E140, and G134 to D129; in addition,
— —ol — - — F141 is hydrogen bonded to the backbone carbonyl group of
8 11001 N137 in the calcium-loaded state, but not in the apo state. In
| contrast, reasonably good agreement is observed for a number
/ of residues with smaller chemical shift differences: A102, A103,
G132, D133, none of which is hydrogen bonded in either the
apo or calcium-loaded states, and also for residues K94, G96,
and Y99, which are hydrogen bonded in both states. These
observations (agreements and disagreements alike) indicate that
the hydrogen bonding patterns in the calcium-binding loops of
E140Q-Tr2C remain largely intact during the exchange, which
may be expected, because E140Q-Tr2C is 98% calcium
saturated under the present experimental conditions. Thus, the
R LAY IR S B R A L R present results provide further evidence that the exchange
. contributions to relaxation in E140Q-Tr2C are not caused

Residue primarily by chemical exchange of the calcium ions in and out

Figure 8. Extracted values odondow, obtained fromyex and previously of the binding sites, in agreement with previous conclusfdfis.

determined values ofex and po,° plotted versus residue number. Filled . .
circles indicate experimental valuesdfydoy obtained for E140Q-Tr2C. Residues Q135-E139 provide counterexamples whex@or

The continuous line in magenta connects the valuesmboy calculated agrees relatively well with the wild-type value. A possible
from the measured chemical_shifts of the apo and calcium-loaded states ofinterpretation is that this part of the calcium-binding loop
wt-Tr2C22% The continuous line in cyan represenisyoon calculated as iy ctyates between conformations with Caoordination and
the ring-current contribution tdoy (see the text for details), multiplied L . .
with the measuredoy between the apo and calcium-loaded states of wt- hydfoge“ bond_s similar to those in th_e_ ap_o and caIcmm-Iogded
Tr2C. For clarity,dondoy for 1100 of wt-Tr2C (21 pprd) is not shown. wild-type protein. Such a local destabilization may be explained
The structural elements and calcium-binding loops of the protein are py the mutation E140Q, which perturbs both the2Ga
indicated above the graph. P . - .
coordination and the hydrogen bonding pattern in this part of
obtained for E140Q-Tr2C agrees with the wild-type data for the loop. This interprgtation mirrors \{vhat hgs previously been
50 residues, while 19 residues differ in sign. However, the suggested on the basis of ﬂ’f’N chemical shift differences of
magnitude OfCSGN(SOH is small for the |arge majority of cases 11200 and V136|‘,0 both of which show Slgnlflcant dlfferen(?es
that deviate; the set of such residues withdoy > 0.3 ppn? from the wild-typedondon. We emphasize that the detailed
is limited to S101, V108, 1130, and V136. The correspondence Structures of E140Q-Tr2C have not yet been determined and
of the sign ofdondoy is a critical piece of evidence that the that there may well be additional differences as compared to
protein is exchanging between conformations that closely Wi-Tr2C.
resemble the apo and calcium-loaded states of wt-Tr2C. For comparison, Figure 8 includes valuesdofdoy calcu-

For several residues located in the calcium-binding sites lated as the ring-current contribution dow, multiplied by the
(residues 93104 and 129-140), the observed values of measureddoy between the apo and calcium-loaded states of
dondoy agree poorly with those calculated from the measured wt-Tr2C. Clearly, ring-current effects provide a dominant
wild-type protein shifts (Figure 8). Key examples are those contribution to the chemical shift changes for a subset of the
backbone amides that exhibit €adependent hydrogen bond amide protons, whereas for other residues additional contribu-
formation to C&"-ligating side chains: D95 is hydrogen bonded tions are clearly important. Inspection of the wild-type structures
to the side chain of E104, G98 is hydrogen bonded to D93, indicates that, outside of the calcium-binding loops, these
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additional contributions are associated with local changes in valuable information on the structural change of exchange
helical structure (e.g., betweeno3and o). The experimental processes. In combination with published methods to derive the
oonooy agrees well with what is expected on the basis of ring- sign of doy,>3 the present method enables extraction of both
current shifts for several residues in the calcium-binding loops, the magnitude and the sign &y. In the case of E140Q-Tr2C,
including A128-1130. the new data strongly support the notion that the protein
Taken together, the present results suggest that the globalexchanges between two major conformations that are similar
conformational exchange, including repacking of the hydro- to the apo and calcium-saturated forms of the wild-type protein.
phobic core (Figure 7), in E140Q-Tr2C is similar to the The static magnetic field dependence of the differential multiple-
structural change observed between apo and calcium-loaded wtgquantum relaxation rates directly shows that the conformational
Tr2C. The current results provide important new information exchange is fast on the chemical shift time scale for the large
on the exchange process that goes beyond what was previouslynajority of residues. The present study illustrates the power of
known from15N relaxation aloné&:1° using a combination of different relaxation methods to probe

Conclusions protein dynamics.
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Measurement of the static magnetic field dependenékl ef
15N differential multiple-quantum relaxation rates, together with
the CSA of the two nuclei, enable quantitative evaluation of
the conformational exchange contributions to the differential
relaxation rates and provide an assessment of the time scale o
the exchange process. Combined analysis of differetitial
15N multiple-quantum relaxation rates andN relaxation JA037529R
dispersion should be of general use for extractiigand N (53) Skrynnikov, N. R.; Dahlquist, F. W.; Kay, L. B. Am. Chem. So@002
chemical shift differences between exchanging states, which add  ~ 124 12352-12360.
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