Microsecond Protein Dynamics Measured by
>C* Rotating-Frame Spin Relaxation

Patrik Lundstrom and Mikael Akke*™

NMR spin relaxation in the rotating frame (R;,) is a unique
method for atomic-resolution characterization of conformational
(chemical) exchange processes occurring on the microsecond
timescale. We present a rotating-frame C* relaxation dispersion
experiment for measuring conformational dynamics in uniformly
C-labeled proteins. The experiment was validated by using the
E140Q mutant of the C-terminal fragment of calmodulin, which
exhibits significant conformational exchange between two major
conformations, as gauged from previous "N and 'H relaxation
studies. Consistent with previous work, the present "C* R,, ex-

Introduction

The intramolecular dynamics of biomolecules are intimately
connected to their biological function. In addition to the time-
averaged structure, the conformational dynamics around the
mean atomic positions and transitions between distinct sub-
states are critically important for a complete description of bio-
molecular function. Dynamics on different timescales have dif-
ferent biological significance. For example, motions on the
picosecond-to-nanosecond timescale can make significant en-
tropic contributions to the free energy,"™ while slower events
in the microsecond-to-millisecond range are important for
processes such as enzymatic catalysis™* or ligand binding and
allosteric regulation.®™ NMR spin-relaxation experiments are
uniquely suited for the characterization of intramolecular dy-
namics of small-to-medium-sized biomolecules in solution,
since they provides a means to monitor dynamics at virtually
every atomic position in the molecule. Slow dynamics can be
characterized by Carr-Purcell-Meiboom-Gill (CPMG) or rotat-
ing-frame spin-lock (R;,) relaxation experiments." In both
classes of experiments, conformational (chemical) exchange is
manifested as dispersion in the transverse-relaxation rate as a
function of the applied radio frequency (RF) effective field
strength." Typically, Ry, is the method of choice for studying
exchange processes on timescales in the order of 100 ps or
shorter, which are normally not accessible by CPMG experi-
ments due to limits on the achievable effective fields. Ex-
change rates, populations, and the chemical-shift difference
between the exchanging states can be extracted by fitting
model functions to the relaxation dispersion profile.*'? In
cases in which the exchange rate is fast on the chemical-shift
timescale, the extracted parameters comprise the exchange
rate and the product of the populations and chemical-shift dif-
ference (see Experimental Section for details). In principle, the
chemical-shift difference can be interpreted in structural terms,
although this is rarely straightforward unless suitable reference

ChemBioChem 2005, 6, 1685-1692 DOIl: 10.1002/cbic.200500086 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

periment detects conformational-exchange dynamics throughout
the protein. The average correlation time of (t.)=25+8us is in
excellent agreement with those determined previously from 'H
and "N R,, relaxation data: (t.,)=19+7 and 21+ 3 us, respec-
tively. The extracted chemical-shift differences between the ex-
changing states reveal significant fluctuations in dihedral angles
within single regions of Ramachandran @—\ space, that were
not identified from the 'H and "N relaxation data. The present
results underscore the advantage of using several types of nuclei
to probe exchange dynamics in biomolecules.

states exist.*"""'¥ Since the chemical shifts of different types of
nuclei depend on different conformational parameters,'®'” a
more complete picture of the underlying motions can be ob-
tained by monitoring relaxation dispersions of multiple nuclei
(e.g., 'H, C, N)."*2 The majority of reports published to
date have utilized N to probe microsecond-to-millisecond
motions of the protein backbone, while a limited number of
studies have been performed on the amide 'H,"®?*?" carbonyl
B3C,22% and methyl *C spins.”” The "°N chemical shift is an in-
tricate function of several conformational parameters, includ-
ing local backbone (i—1), @(), and () dihedral angles, side
chain y,(i—1) and y,() dihedral angles, and hydrogen bond-
ing.l'"”? Likewise, the amide 'H chemical shift is governed by
the combined effects of local secondary structure, hydrogen
bonding, and long-range ring-current interactions."® In con-
trast, the *C’ and '3C* chemical shifts depend primarily on the
local @() and () angles."” The average root-mean-square
(rms) deviation from the mean of the *C* chemical shift varies
between 1.34 ppm (for Gly) and 3.44 ppm (for Cys), as gauged
from the BioMagResBank (www.bmrb.wisc.edu). Converted to
frequency units, this is comparable to the shift differences ob-
served for "°N; this implies that dihedral-angle fluctuations on
the us-ms timescale should be amenable to study by *C* re-
laxation dispersion experiments. Given the clear dependence
of the *C* chemical shift on the (¢, ¥) dihedral angles, >C* R,,
experiments are particularly powerful for studying fast folding
events, such as helix formation, as reported previously for sam-
ples specifically labeled with *C in the a-position.”® Pioneer-
ing work by Yamazaki et al. has shown that accurate measure-
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ment of Ry, can also be attained for uniformly 3C-labeled pro-
teins.””) However, to the best of our knowledge, the full poten-
tial of >)C* R,, dispersion experiments for characterizing confor-
mational exchange in uniformly *C-labeled proteins has not
been demonstrated previously.

In this paper, we present an approach for measuring *C*
on- and off-resonance R, rates that yield exchange rates and
estimated chemical-shift differences. The pulse sequence was
validated by using the E140Q mutant of the C-terminal frag-
ment (Tr2C; M, =8 kDa) of calmodulin (CaM) and benchmarked
against previous results obtained from "N and 'H R,, experi-
ments.""?? The calcium-saturated state of E140Q-Tr2C ex-
changes between conformations that resemble the closed
(apo) and open (calcium-saturated) states of the wild-type
domain (wt-Tr2C), as gauged from the 'H/"®N chemical shifts
and pattern of NOESY cross peaks.'"*? The conformational
changes between apo and calcium-saturated wt-Tr2C include
extensive repacking of the hydrophobic core, changes in side-
chain dihedral angles, reorientations of the a-helices, and ex-
posure of a hydrophobic surface, but no significant change in
secondary structure.?®=3 This conformational switch is essen-
tial for target recognition of a large number of proteins by
CaM.B*3 Previous "N relaxation dispersion experiments yield-
ed an exchange correlation time of 7,,=21 ps at 28°C, and fur-
ther suggested that the two dominating populations are ap-
proximately equal.’"’ The exchange correlation time matches
approximately with the inverse of the calcium dissociation rate
from wild-type CaM; this suggests that ion release is gated by
conformational changes in the protein."" In addition to provid-
ing insights into the molecular basis for the biological function
of calmodulin, studies on E140Q-Tr2C also provide valuable
biophysical data on large-scale conformational transitions be-
tween different native states, and serve as a test bed for devel-
oping relaxation dispersion methods that target microsecond
timescale dynamics.

Results and Discussion

We designed an experiment for measuring on- and off-reso-
nance R;, decay rates of *C* spin magnetizations in uniformly
3C-labeled proteins. A representative 'H,">C correlation spec-
trum of E140Q-Tr2C, obtained by using a relaxation delay of
t; =40 ms, is shown in Figure 1. As observed, the spectral res-
olution in the C* region is satisfactory for a protein of this
size. We analyzed 50 out of the 73 residues of E140Q-Tr2C.
Residues that were not analyzed suffered from either extensive
line broadening (F89, 1125, D133, Y138), severe spectral overlap
with other residues (R106/E139, M124/R126, Q140/M144, E82/
E120/E123), or with residual intensity from the solvent (D80,
N97, L116, N137). In addition, all five glycines (G96, G98, G113,
G132, G134) were excluded from the analysis, because optimal
magnetization transfer cannot be achieved simultaneously for
spin systems with one or two attached protons.>®
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Figure 1. Representative R;, spectrum obtained with a relaxation delay of
40 ms. 'H,"C correlations are observed for all carbons with an odd number
of protons attached, while glycine residues are rejected. Folded peaks of op-
posite phase are marked with arrows and represent side-chain carbons that
are covalently connected to an even number of aliphatic '*C spins. The
lowest contour is plotted above the noise level.

R,, decay curves

The strong scalar couplings and similar chemical shifts among
aliphatic *C spins, between *C* and *C’, and between neigh-
boring *C* spins can cause detrimental magnetization transfer
due to Hartmann-Hahn matching throughout the coupled net-
work of "*C spins.?” Provided that the spin-lock fields are cali-
brated accurately and that all resonances are assigned, Hart-
mann-Hahn matching conditions can be identified from Equa-
tion (5) to exclude any data points that are subject to signifi-
cant magnetization transfer. In the present application, in
which the spin-lock carrier is positioned in the middle of or
downfield from the *C® region, problems are mainly due to
Hartmann-Hahn transfer through the one-bond ('J.c=55 Hz)
to the "*C’ spins of the backbone, and three-bond (J..=5 Hz)
couplings to neighboring *C* spins and *C’ in Glu/GIn side
chains. The large one-bond coupling constant renders Hart-
mann-Hahn transfer active even for relatively large differences
in resonance frequencies (“mismatching”) between the cou-
pled spins. Additional problems can be anticipated for Ser and
Thr, since their *CP resonates in the same spectral region as
13C(x.

Representative decay curves are shown in Figure 2. The
large majority of decays are well represented by monoexpo-
nential functions, as exemplified for S81 at nominal spin-lock
carrier offsets of 8000 and 4000 Hz (Figure 2A, B), but for a
subset of spin-lock parameters (6, w.s) some residues have
decays that are convoluted with the Hartmann-Hahn transfer
function, as exemplified for S81 with the spin-lock carrier on
resonance (Figure 2C; see also Equation (5)). Our criterion
based on Equation (5) correctly pinpointed all such R;,(6, w.¢)
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Figure 2. Decay rates for residue S81 at offsets of 2 =7934 Hz (A), 3974 Hz
(B), and —26 Hz (C) at a spin-lock field strength of yB,/2;t=2572 Hz. The line
represents the best fit to a monoexponential decay. The estimated errors in
intensity are approximately the same size as the symbols. Significant effects
from Hartmann-Hahn matching are evident in C.

data points (open symbols in Figure 3C, below), which were
excluded from the relaxation dispersion data sets prior to fit-
ting exchange parameters. On average, five R, (0, w.) data
points were excluded from the relaxation dispersion curve in
the case of Thr and Ser residues, and one data point (in many
cases zero) in the case of all other amino acid residues. In
agreement with our predictions, there are no signs of multi-
exponential decays arising from dipolar cross-relaxation with
the '*C’ spin (cf. Theory and experimental design).

Relaxation dispersion curves

Figure 3 shows representative relaxation dispersion curves,
plotted either as R;, versus 6 (A-D), or R, versus w./2m (E-H).
Quantitative analyses involving F tests were performed to de-
termine whether a given residue was best represented by a
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four-parameter model including conformational exchange (R;,
Ryor Tew @Pods OF @ two-parameter model excluding exchange
(Ri, Ry0); p<0.05 was considered significant. Figure 3B-D and
F-H exemplify relaxation dispersion curves for residues with
significant exchange, as evidenced by the clearly decaying pro-
files in panels F-H. For comparison, Figure 3A and E exemplify
relaxation dispersion curves for a residue without exchange,
which has a flat profile in E. Conformational exchange was
identified for 33 residues. The fraction of residues showing ex-
change (45%) is on par with the numbers obtained from the
"N and 'H R,, experiments."*” The reduced y’ values of the
fits range between 0.2-8.5, with an average of 1.2; this indi-
cates that the relaxation dispersion curves are well represented
by the selected models.

Laboratory-frame relaxation rates

The weighted average values of R, and R,, are (R;)=2.6+
035" and (R,,)=1044s"", when the average is taken over
all residues. On restricting the average to include only residues
located in a-helices and the Ca’*-binding loops, the values
become (R;)=2540.1s5" and (R,,) =16+3s . These num-
bers agree well with the rates expected for a protein with an
isotropic rotational diffusion time constant of 7.=4.2 ns and
an order parameter of $>=0.8: B;=2.6 5" and R,,=17 57" The
good agreement between the calculated and experimentally
determined laboratory-frame relaxation rates further indicates
that the *C* R, method is robust. The relatively large standard
deviations are due to variation across the protein in fluctuation
amplitudes on the picosecond-to-nanosecond timescale, with
the helices and Ca’*-binding loops having significantly lower
mobility than the linker loop and N and C termini; these re-
sults are perfectly consistent with previous results from "N lab-
oratory-frame relaxation.””

Exchange correlation times, 7,

Figure 4 A shows the optimized exchange correlation times, t.,,
for all residues with significant exchange contributions to R..
As expected for a global process, 7., exhibits limited variation
across the protein. The weighted-average exchange correlation
time is (7.,) =25+8 ps, in excellent agreement with the previ-
ously determined values of 21+3 and 1947 pus from "N and
'H R,, experiments, respectively.""*” The apparent site-to-site
variability in 7., is 13 ps, compared with 3 ps for N.'"! Global
optimization of 7., against the relaxation dispersion curves of
all residues exhibiting exchange yields 7.,,=27 £ 1 ps.

Populations and chemical-shift differences, ¢,

Figure 4B shows the fitted parameter ¢., which carries infor-
mation on the relative populations of the exchanging confor-
mations and the chemical-shift difference between them:
Qo = (paps)*Aw. As observed, @, ranges between (0.6-6.0) x
10° s7% Given a global two-state exchange model, the variation
in @, corresponds to the variation in residue-specific chemi-

cal-shift differences. As mentioned above, '*C* chemical shifts
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Figure 3. Representative ’C* R, , relaxation dispersion curves. A)-D) R,, plotted as a function of the tilt angle, 6.
o: data recorded with w,/27=2572 Hz and different nominal spin-lock carrier offsets (€2/27x) from the midpoint
of the spectrum, covering the range from —0.5 to 20 kHz. o: data that are subject to Hartmann-Hahn matching
conditions, cf. Equation (5). E)-H) R, plotted as a function of the effective field strength, w/27. R, was calculated

from the R,, data: R, =R, /sin*0—R,/tan’0. The full line represents the best-fit model, which comprises four param-

eters (including conformational exchange) in the case of residues E83 (panels B, F), S101 (C, G), and Q143 (D, H)

and two parameters (without exchange) for M76 (A, E). Note that the vertical scale is different in E. For clarity, on-

resonance R;, values obtained with varying B, field strengths were omitted from these plots.
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depend strongly on the ¢ and
1 dihedral angles. All of the
twenty different types of amino
acid residue show the same de-
pendence on ¢ and 1 in that
the chemical shift decreases
upon going from a-helical,
through random coil, to f-
strand conformation. Previous
work on E140Q-Tr2C has indi-

cated that the exchanging
populations are nearly
equal."22%38 Hence, the chem-

ical-shift differences can be ob-
tained as Aw=2¢,,"% or Ade =
2¢e"*/vcB, in units of ppm. The
weighted average thus ob-
tained for E140Q-Tr2C s
(Ade) =1.31£0.4 ppm, with in-
dividual shift differences cover-
ing the range from 0.6 to
1.9 ppm. Global optimization of
T results in residue-specific
Ade, values that differ by 27 %,
on average, from those ob-
tained for the residue-specific
fits of 7., (data not shown).
These values can be compared
to the maximum secondary
shifts of approximately +4 ppm
for a-helices and —4 ppm for f3-
sheets in Tr2C. Another point of
reference is the 2.2 ppm aver-
age rms deviation from the
mean for '*C* chemical shifts in
the BioMagResBank (see above).
Clearly, the extracted Ad,,
values are physically reasonable,
and their absolute magnitudes
suggest that the conformational
fluctuations correspond to ex-
cursions within a single region
of the Ramachandran diagram,
that is, there is no evidence of
large-scale transitions between
either a-helical or (-sheet con-
formations and random coil.
However, the extracted shift dif-
ferences agree poorly with
those expected from the wild-
type chemical shifts of the apo
and Ca’'-loaded states, Ad,,
which are very small; the rms
difference between Ad., and
Ady is 1.3 ppm, with Ad,, gen-
erally being larger than Ad,,.
This observation is in contrast

ChemBioChem 2005, 6, 1685 - 1692
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Figure 4. The fitted exchange parameters A) 7., and B) ¢., plotted against
residue number. The secondary-structure elements and calcium-binding
loops are indicated above the graph.

with previous results from N experiments, for which good
agreement was generally obtained between Ad,, and Ad,,[™
The variation in Ad,, across E140Q-Tr2C indicates that certain
regions experience significantly larger conformational changes
than others (Figure 4B). Notably, a segment of helix E and all
of helix F appear to undergo larger changes in chemical shifts
than the other helices. ANOVA analyses®® indicate that Ad,,
varies significantly between helices (p=0.0057). Furthermore,
multiple comparison ANOVA by using Tukey’s method shows
that helix F has significantly larger Ad,, than the other three
helices (at level a=0.05), which are not significantly different
from one another. Interestingly, both the N R,, and "N,'H
multiple-quantum relaxation rates of residues in helix F agree
relatively poorly with the model predicting exchange exclu-
sively between wild-type-like conformations.""*® However, the
discrepancies between Ad,, and AJd,, are much more promi-
nent in the *C data than in the °N or 'H data. Apparently, the
exchange in E140Q-Tr2C involves larger fluctuations in back-
bone dihedral angles than expected from the simple open-
closed model, in which the secondary-structure elements
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remain essentially intact. The increased chemical-shift differen-
ces observed for helix F suggest that it samples partially frayed
conformations.

Conclusion

The C“ off-resonance R, experiment presented here signifi-
cantly extends the timescale of exchange dynamics that can
be studied by using *C, compared to previously described
CPMG approaches. By using on-resonance spin-lock field
strengths of 2500 Hz, it is possible to sample the dispersion
profile beyond the inflection point for exchange correlation
times in the order of 70 ps. By including off-resonance R,
data, we reliably quantitated conformational exchange with
T < 30 ps. This is in contrast to the case for N, in which addi-
tional laboratory-frame relaxation data are required to deter-
mine the exchange parameters’ reliably.

The different dependencies of '*C% N, and 'H chemical
shifts on conformational parameters—such as backbone and
side-chain dihedral angles, hydrogen bonds, long-range ring-
currents, and electrostatic interactions—provide highly com-
plementary information on the structure of the exchanging
states. The present results underscore the advantage of using
several types of nuclei to probe exchange dynamics in bio-
molecules.

Experimental Section

Theory and experimental design: The rotating-frame autorelaxa-

tion rate is given by:©®4”

Ri, = Ry c0s’0 + (Ryo+Re)sin’é )

Here R, is the longitudinal relaxation rate, R,, and R., are the ex-
change-free and exchange contributions to the transverse relaxa-
tion rate, respectively, 6 =arctan(w,/Q) is the tilt angle between
the static magnetic field and the RF field w,, and Q is the reso-
nance offset from the carrier frequency. For *C* the auto-relaxa-
tion rates R, and R,, are dominated by the dipolar interaction with
the attached proton, but also depend on the chemical-shift aniso-
tropy as shown by the following expressions:

Ry = (d*/4)(3J(wc) + 6J(wy+oc) + J(oy—wc)) + (o) (2)

Ryo = (d*/8)(4J(0) + 3J(wc) + 6J(wy) + 6J(wy+wc)

3
+ S(oy—00)) + (€/6)(4)(0) + 3J(wc)) 2
Here d=hugycyw(r>)/4m is the strength of the dipolar interaction
between "C* and 'H, c=yB,Ac./3"? is the strength of the inter-
action between the *C* magnetic dipole and the anisotropic local
field due to chemical shielding, J(w)=2/5xS7/(1+w’7?) is the
spectral density function, S? is the square of the generalized order
parameter,“*? 7_is the correlation time of overall rotational diffu-
sion, h is Planck’s constant divided by 27, y; is the gyromagnetic
ratio of spin i, r is the distance between the 'H* and *C“ nuclei, B,
is the static magnetic-field strength, and Ao. is the chemical-
shielding anisotropy of *C“ In principle, cross-relaxation with the
3C’ spin renders the '*C* rotating-frame relaxation multiexponen-
tial. However, calculations indicate that this effect introduces less
than 1% error into the extracted R,, values, thus indicating that it
can safely be neglected.

1o
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R, arises from stochastic modulation of the isotropic chemical shift
due to motions slower than overall rotational diffusion. The func-
tional form of R, depends primarily on the ratio between the rate
of exchange, k.,=1/7.,, and the chemical-shift difference between
the exchanging states, Aw.”'¥ For fast conformational exchange
(kex/ Ac» > 1) between two states A and B, R., is given by:*>*¥

_ PexTex
IR A 4)

1 %ex

ex

Here ¢.,=papsAw? p, and pg are the populations of the substates,
and o= (@>+Q?)"? is the effective field strength of the spin-lock.
By performing experiments at different effective fields, it is thus
possible to determine the parameters 7., and @,,.

The large scalar couplings to C’' and CP of 55 and 35 Hz, respective-
ly, is a serious concern in the present R;, experiments. In contrast
to CPMG-type experiments, R, measurements do not suffer from
COSY-type transfer to scalar coupled spins.”*¥ However, in the
presence of a spin-lock field, homonuclear Hartmann-Hahn match-
ing can be realized for certain tilt angles and effective fields;*” this
complicates the extraction of reliable relaxation rates.?? The Hart-
mann-Hahn transfer function between two scalar coupled spins, |
and S, is given by:*

Fim sin?(Dtg /2) = Ay sin®(Dtg /2) (5)

1
T+H(A/Jerr)
Here A, is the amplitude of the transfer function, D=(A%4+J¢)'?,
A=w4—wes is the mismatch, we, is the effective field strength
experienced by spin i, Jos=J[14cos(6,—05)]/2 is the effective cou-
pling constant, J is the scalar coupling constant, and t; is the
mixing time. Given the parameters of the present continuous-wave
spin-lock experiments (see below), Hartmann-Hahn transfer is
highly efficient for certain combinations of tilt angles and effective
fields, and it is crucial to exclude these data points from the analy-
sis. We excluded any R,,(0, wy) data points for which Ay, >0.01.

Glycine residues cannot be analyzed in the case of non-deuterated
samples, since cross correlation between the two dipolar C—H in-
teractions leads to multiexponential decays, and since the present
pulse sequence rejects signals from '*C-H, spin systems. By con-
trast, it would be straightforward to measure R,, for *C* of Gly res-
idues in partially deuterated samples, because the selected *C-H-D
spin system does not suffer from dipolar cross correlation. By using
this approach it is possible, in principle, to measure R;, of virtually
any CHD or CHD, group in a protein, although Hartmann-Hahn
matching is expected to pose severe restraints on the values of 6
and w. that can be used for a given methylene or methyl group.
It should also be pointed out that the present R, experiment is
useful for probing other methine carbons besides *C¢, that is '*C?
of lle, Thr, and Val and *CY of Leu. However, the spin-lock carrier
offsets might need to be optimized in each specific case.

One drawback of the *C“ R:, experiment, compared to the equiva-
lent N experiment,*? is that transverse relaxation is significantly
larger for 3C%; this reduces the sensitivity to conformational ex-
change. However, since CSA-mediated autorelaxation is small for
13C% the experiment can be advantageously run at higher static
fields without a significant increase in the exchange-free autorelax-
ation rate, leading to improved sensitivity towards conformational
exchange. The resolution in a >N HSQC is typically superior to that
in the C* region of a '*C HSQC. However, overlap problems can be
overcome by extending the experiment to include the carbonyl
resonance frequency in a third dimension. Magnetization transfer
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to C’ is efficient due to the 55 Hz scalar coupling constant, and
the relaxation rate of *C’ is modest. Reverse accordion strategies
may be employed to alleviate the increase in acquisition time
required for three-dimensional experiments.*” Overlap in the 'H
dimension with the residual solvent resonance is hard to avoid
unless extreme care is taken to obtain a proton-free sample. In the
present case, we dissolved the sample in 100% D,O, but used
protonated chemicals to adjust the pH.

Sample preparation: Uniformly "*C/"*N-enriched E140Q-Tr2C was
obtained by overexpression in Escherichia coli MM294 by using '*C-
glucose and "NH,CI as the sole carbon and nitrogen sources. The
NMR sample consisted of '*C/"N-labeled E140Q-Tr2C (1.0 mm)
supplemented with CaCl, (20 equiv), 2,2-dimethyl-2-silapentane-5-
sulfonic acid (DSS; 100 pm) and NaN; (200 pum) in 100% D,O at
pH 6.0.Under these conditions, the calcium-saturated state is popu-
lated to >98%.*

NMR spectroscopy: All experiments were performed on a Varian
INOVA spectrometer operating at a 'H Larmor frequency of
499.86 MHz. The temperature set point was 28.0°C. The tempera-
ture was calibrated by measuring the frequency difference be-
tween the DSS and solvent resonances. Heat-compensation pulses
were implemented as described to avoid differential heating for
different RF field strengths and relaxation delays.*® In all experi-
ments, 67 and 512 complex points were recorded in evolution pe-
riods t; and t,, respectively. The recycle delay was 1s. Ry, rate con-
stants were measured by using the pulse sequence shown in
Figure 5. The experiment is similar to previously described "N Rip
experiments,’""*) but includes constant-time evolution in t, to re-
focus scalar couplings with covalently attached aliphatic carbons.”
The data were recorded in an interleaved fashion as three-dimen-
sional arrays, where the first and second dimensions correspond to
the t, and t, evolution periods, and the third dimension to the re-
laxation delay ty. Adiabatic alignment of the magnetizations with
their respective effective fields during the spin-lock relaxation
period and subsequent return to the z-axis were achieved by using
tan/tanh RF frequency/amplitude ramps;®"*? this provides satisfac-
tory alignment at high-RF field strengths.*? On-resonance experi-
ments were performed with the carrier placed at 58.0 ppm and RF
field strengths of 1026 +19 and 2572+ 109 Hz. In addition, we re-
corded off-resonance experiments using a constant RF spin-lock
field strength of w,=2572 Hz and offsets of 2 =—-500, —250, 250,
500, 1000, 2000, 3000, 4000, 5000, 6000, 8000, 10000, 12000,
15000, and 18000 Hz. Spin-lock field strengths were calibrated as
described previously.”? For each effective field, the decay was sam-
pled by using nine or ten data points, with the longest relaxation
delay (t;; =300 ms) selected so as to sample the decay beyond
1/R,,. Thus, the maximum value of ty_is kept shorter than 1/R,.*”

Data processing and analysis: All data were processed by using
nmrPipe.*¥ The data were extended by 30 points in t; by using
linear prediction, apodized in t; and t, with cosine and Lorentzian-
to-Gaussian window functions, respectively, and zero-filled to 512
and 4096 points prior to Fourier transformation. Peak volumes
were estimated by summing 3 x5 (t;xt,) points centered on the
peak maximum. Extraction of R;, decay rates and exchange param-
eters was performed with in-house software. Monoexponential
functions were fitted to the decays at each tilt angle. The R,, dis-
persion curves were fitted by using both a two-parameter model
that included R, and R,,, corresponding to Equation (1) with R, =
0, and a four-parameter model that included R;, R,o Tew and @
corresponding to Equations (1) and (4). Individual R,,(0, w.s) data
points for which Hartmann-Hahn transfer to either C’ or CP exceed-
ed 1%, as determined from Equation (5), were not included in the
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Figure 5. Pulse sequence to measure methine '>C R, relaxation rates. Narrow and broad pulses correspond to flip angles of 90° and 180°, respectively. Proton
pulses were centered at 4.74 ppm, and carbon pulses were centered at 58.0 ppm. The carbon carrier was moved to the spin-lock offset after gradient g4 and
back before gradient g5. The shaped pulse in the constant time evolution period is used to invert the carbonyl spins and was implemented as a G3 pulse of
514 ps duration centered at 177 ppm.*® A rectangular inversion pulse was applied on °N simultaneously with the carbonyl pulse (not shown). A continuous-
wave RF field was applied far off resonance on the C channel to avoid differential heating for different relaxation delays and field strengths (not shown).“®
Decoupling during acquisition utilized the GARP-1 sequence with a field strength of vB,/2r = 2350 Hz.*” The delays were 7, =1/(4'J,), Tc=13.3 ms, and 4=
0.6 ms. The phase cycle was @, =X, —X; @.=X; ©3=X, X, Y, ¥, =X, =X, =Y, —Y; @a=X; Pec=X, —X, —X, X. Gradient strengths (lengths) were g0=5000 (1.0 ms),
g1=4000 (0.8), g2=13000 (1.0), g3 =5000 (0.8), g4=—17000 (1.2), g5= 13000 (0.8), g6= 15000 (1.0), g7 = 4000 (1.0), g8 =4000 (1.0), g9=14920 Gcm""’
(0.25). Quadrature detection in t, was implemented by inverting the phase ¢, together with the gradient g9. The phases of ¢, and ¢,.. were inverted in every

other increment to achieve states-TPPI| phase cycling.”®

optimization of the exchange parameters. F tests were used to
determine the appropriate model; p <0.05 was considered signifi-
cant.?? Errors in fitted parameters were estimated by Monte-Carlo
simulations®™ or the jack-knife procedure.”
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