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Abstract

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 time scale. Here, we use
amide 'H off-resonance R, relaxation experiments to determine exchange parameters for processes that are
significantly faster than those that can be probed using '°N or '°C relaxation. The new pulse sequence is
validated using the E140Q mutant of the C-terminal domain of calmodulin, which exhibits significant
conformational exchange contributions to the transverse relaxation rates. The 'H off-resonance R, data
sample the entire relaxation dispersion profiles for the large majority of residues in this protein, which
exchanges between conformations with a time constant of approximately 20 ps. This is in contrast to the
case for >N, where additional laboratory-frame relaxation data are required to determine the exchange
parameters reliably. Experiments were performed on uniformly '"N-enriched samples that were either
highly enriched in *H or fully protonated. In the latter case, dipolar cross-relaxation with aliphatic protons
were effectively decoupled to first order using a selective inversion pulse. Deuterated and protonated
samples gave the same results, within experimental errors. The use of deuterated samples increases the
sensitivity towards exchange contributions to the 'H transverse relaxation rates, since dipolar relaxation is
greatly reduced. The exchange correlation times determined from the present 'H off-resonance Ry,
experiments are in excellent agreement with those determined previously using a combination of "N
laboratory-frame and off-resonance R;, relaxation data, with average values of (7e)=19+7 and
21 £ 3 ps, respectively.

Abbreviations: DSS — 2,2-dimethyl-2-silapentane-5-sulfonic acid; Tr2C — the C-terminal domain of bovine
calmodulin (residues 76-148).

Introduction millisecond regime. The latter type of dynamics

may be important for enzymatic catalysis (Eisen-

Nuclear spin relaxation is a powerful method for
characterizing biomolecular dynamics. Motions on
a wide range of time scales may be studied, from the
very rapid fluctuations of bond vectors that take
place on picosecond to nanosecond time scales, to
slower collective motions in the microsecond to
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messer et al., 2002; Wolf-Watz et al., 2004), ligand
binding (Malmendal et al., 1999), and allosteric
regulation (Akke, 2002; Palmer, 2004; Yan et al.,
2004). These types of processes may be character-
ized quantitatively using Carr—Purcell-Meiboom—
Gill (CPMG) or rotating-frame spin-lock (R;,)
experiments, in which conformational (or chemi-
cal) exchange between substates with different
chemical shifts is manifested by a dispersion of the
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transverse relaxation rate as a function of the
effective radio-frequency (RF) field strength (Pal-
mer et al., 2001). Typically, the frequency of nuta-
tion around the effective field should match the
exchange rate of the molecular process studied.

In the past, Ry, experiments have been used
predominantly to characterize motions with time
scales on the order of 10-100 us, where CPMG
experiments start to fail due to limitations on the
achievable effective field. In addition, recent theo-
retical and methodological advances have shown
that R;, experiments are very useful also for
significantly slower motions, since all exchange
parameters (viz. rates, populations, and chemical
shift differences) can be determined at a single static
magnetic field strength (Trott and Palmer, 2002;
Trottetal., 2003; Korzhnev et al., 2005). The large
majority of reports have measured exchange via '°N
relaxation dispersion (Akke and Palmer, 1996), but
methods have been developed also for the backbone
amide 'H (Almeida and Opella, 1997; Ishima et al.,
1998), and backbone carbonyl '*C (Mulder and
Akke, 2003). The major advantage of '*N is that its
relaxation is totally dominated by the dipolar
interaction with the covalently attached proton,
which contributes approximately 80% of the total
auto-relaxation, and by its chemical shift anisot-
ropy (CSA), which contributes 20% (at
By = 11.7 T), while other mechanisms contribute
very little (<1%). The significant cross-relaxation
pathways affecting '’N are readily decoupled
(Palmer et al., 1992; Kay et al., 1992; Korzhnev
et al., 2002; Massi et al., 2004). In addition, the
three-bond scalar coupling between backbone '°N
spins in adjacent residues is negligible, making
coherent magnetization transfer by Hartmann—
Hahn matching during the relaxation period highly
inefficient. By comparison, Hartmann—Hahn
transfer may cause significant problems in relaxa-
tion dispersion experiments on 'H and '*C that
require careful consideration of the experimental
design (Mulder et al., 2002; Mulder and Akke,
2003). The main disadvantage with '°N is its low
gyromagnetic ratio, which puts an upper limit on
the RF field strengths that can be applied without
encountering technical problems, such as probe
arcing (Keifer, 1999). The practical limits on RF
field strengths currently achievable for '*C and '°N
spin-lock experiments are around 5 and 2 kHz,
respectively. Since characterization of fast confor-
mational exchange requires high spin-lock field

strengths, these limitations impose an upper limit
on the exchange rates that are accessible to study. In
our experience, quantitative analysis of motional
time scales on the order of 20 ps requires additional
experimental data besides the '°N R, prates todefine
the high-frequency limit of the dispersion curve,
which corresponds to the exchange-free contribu-
tion to Ry, denoted R, . While R, o can be estimated
readily by measurement of cross-relaxation rates
due to interference effects between the '’N CSA and
SN-'H dipolar interactions (Kroenke et al., 1998),
itishighly desirable that the R;, data in itself sample
the entire dispersion profile. In the case of 'H, it is
possible to achieve RF field strengths exceeding
10 kHz, which enables full sampling of the disper-
sion profile for spins that exchange on a time scale
on the order of 10 ps. For these reasons, we turned
to 'H off-resonance R;, experiments (Desvaux
et al., 1994, 1995). Here we focus on the relaxation
dispersion of backbone amide protons, using
>N-labeled samples to edit the proton spectrum.
Previous work along these lines, using on-resonance
'H R, experiments on perdeuterated samples, has
mapped out structural regions exhibiting exchange
in the HIV-1 protease (Ishima et al., 1998).

The present pulse sequence is validated using
the E140Q mutant of the C-terminal domain of
calmodulin (M, 8 kDa), which exhibits significant
conformational exchange contributions to the
transverse relaxation rates. The calcium-saturated
state of E140Q-Tr2C exchanges between confor-
mations that resemble the apo and calcium-satu-
rated states of the wild-type domain (wt-Tr2C), as
gauged from the chemical shifts and pattern of
NOESY cross-peaks (Evends et al., 1997, 1999,
2001). The conformational changes between apo
and calcium-saturated wt-Tr2C include extensive
repacking of the hydrophobic core, reorientations
of the o-helices and exposure of a hydrophobic
surface (Chattopadhyaya et al., 1992; Finn et al.,
1995; Kuboniwa et al., 1995; Zhang et al., 1995).
This conformational switch is essential for binding
to a large number of target proteins (Vogel, 1994;
Crivici and Ikura, 1995). Measurements of '°N off-
resonance R, together with laboratory-frame
relaxation data (R;, R,, and R, ), on E140Q-Tr2C
have revealed that the average exchange correla-
tion time is (te) = 21 ps at 28 °C, and that the
two dominating populations are approximately
equal (Evenis et al., 2001). The sizeable exchange
contribution to the transverse relaxation rates



makes E140Q-Tr2C is a good model system for
studying the dynamics of large-scale structural
transitions.

Theory and experimental design
Relaxation in the rotating frame

The auto-relaxation rate of a spin magnetization
locked in a tilted rotating frame is given by
(Cavanagh et al., 1995; Palmer, 2004):

Ry, = Ry cos® 0+ (Rao + Rex) sin® 0 (1)

where R, is the longitudinal relaxation rate, R,
and R., are the exchange-free and exchange con-
tributions to the transverse relaxation rate,
respectively, 0 = arctan(m;/Q) is the tilt angle
between the static magnetic field and the effective
field, with ®; being the spin-lock field strength
(expressed in frequency units) and Q being the
resonance offset from the carrier frequency. The
auto-relaxation rates R, and R, for spin / can be
expressed as linear combinations of spectral den-
sities, according to
19775
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where J(w) = 2/5 x t/(1 + ©*t); fi is Planck’s
constant divided by 2m; o is the permeability of
free space, y; and yg are the gyromagnetic ratios of
spins [ and S, r;g is the internuclear distance be-
tween the two spins, B is the static magnetic field,
and Aoy is the chemical shift anisotropy of an

axially symmetric chemical shift tensor.

R arises from stochastic modulation of the
isotropic chemical shift due to motions slower than
overall rotational diffusion. The functional form
of Rex depends primarily on the ratio between the
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rate of exchange, ko, = 1/te, and the chemical
shift difference between the exchanging states Aw®
(Palmer et al., 2001; Palmer, 2004). For fast con-
formational exchange (k.x/Aw > 1) between two
states A and B, R., is given by (Davis et al., 1994;
Desvaux et al., 1994):

Pex Tex

Ry = ———
2 22
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(4)
where dox = pappA®’, pa and py are the popu-
lations of the substates, and w.r = (> + Q2)'?
is the effective field strength of the spin-lock. By
performing experiments at different effective fields,
it is thus possible to characterize the exchange
and determine the parameters T, and ¢¢y. The
lorentzian form of Equation 4 directly shows that
high effective fields are required to sample ade-
quately the relaxation dispersion for processes
with short values of T.,.

The rotating-frame cross-relaxation rates G;g
are given by expressions analogous to those for the
auto-relaxation rates, Equation 1. The weighting
of longitudinal and transverse dipolar cross-
relaxation rates (osCC and o O, respectively) are
given by the product of the projections of each
spin operator on their respective alignment axis
(Desvaux et al., 1994; Cavanagh et al., 1995):

o1s = 0)$F cosUycos 05 + a}o" sinfysinfs,  (5)

h2222
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(6)
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o5 = 64mrS, [2J(w; — ws) +3J(wp)].  (7)

Dipolar cross relaxation occurs between spin / and
all spins S included in the sums of Equations 2 and
3. o5 constitutes an efficient relaxation pathway
when I and S have the same gyromagnetic ratio,
such that J(w; — wg) ~ J(0), and particularly for
nuclides with high v, such as protons.

The effect of cross relaxation

The amide proton R;, pulse sequence used here is
shown in Figure 1. The experiment is essentially a
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>N-filtered "H ROESY, in which the spin system
evolves during the relaxation delay according to

I(¢) = exp[—RisL]1(0), (8)

where I(7) is the magnetization vector and R is
the relaxation matrix, with diagonal elements Rj;
given by Equation 1, and off-diagonal elements
R;; given by Equation 5. Thus, relaxation is multi-
exponential in general due to cross relaxation
within the network of coupled protons. However,
for sufficiently short spin-lock relaxation delays,
such that R;Ry3;, < 1, both auto- and cross-
relaxation are mono-exponential, and the latter
includes only single magnetization transfer steps
between pairs of spins. In the present experiment
(Figure 1), the amide proton magnetizations relax
as diagonal peaks in a ROESY spectrum
(Desvaux et al., 1994; Ishima et al., 1998), and
ROESY-type cross peaks build up during the

spin-lock period (Desvaux et al., 1994). Magne-
tization transfer to non-amide protons is greatly
reduced in highly deuterated protein samples. In
contrast, cross relaxation between amide protons
still remains in perdeuterated samples. It is thus
essential to verify that cross relaxation does not
introduce any significant errors in the extracted
relaxation rates. We performed model calcula-
tions based on internuclear distances in regular
secondary structure elements including the amide
nitrogen and proton and additional amide pro-
tons within 5 A. For a-helices this includes H, ,
HY ,, and HY,;, with interproton distances of
2.70, 4.16, and 4.70 A, respectively, as calculated
from the average coordinates of the helical resi-
dues in the C-terminal domain of calcium-loaded
calmodulin (pdb id: 1J7P; Chou et al., 2001). For
p-sheets the distance to the closest amide proton
shows significant variation, but in general it is
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Figure 1. Pulse sequence used to measure 'H R;,. Narrow and wide bars indicate 90° and 180° pulses, respectively. All pulses are
applied with phase x unless otherwise indicated. All 'H pulses are applied with the carrier frequency centered on the water resonance,
except for between time points @ and » when it is moved to the desired offset. Low power pulses are used to excite the water resonance
selectively, and are given as rectangular pulses with a field strength of yB;/2n = 125 Hz. The phase of these pulses should be fine-tuned
to optimize water suppression. The final element is a 3-9-19 binomial WATERGATE sequence (Sklenar et al., 1993). '*N pulses are
centered at 119 ppm. *N-decoupling during acquisition employs the WALTZ-16 sequence (Shaka et al., 1983) with a field strength of
vBy/2n = 1100 Hz. The phase cycle is ¢; = x,—x; &2 = X, X,0,0,—X,—X,—V,—V; Orec = X,—X,—X,X. Quadrature detection in ¢, is obtained
by the States-TPPI method (Marion et al., 1989). The spin-echo following #; allows for an initial sampling delay of zero. The INEPT
refocusing delay was set to 2t, = 1/(2/nu). Gradient strengths (G cem™Y), lengths (ms): gl = 15,000 (1.0), g2 = 6000 (1.0),
g3 = 15,000 (1.0), g4 = —g5 = 500 (;/2), g6 = 11,000 (1.0), g7 = 6000 (0.5), g8 = 7000 (1.0), g9 = —13,000 (1.0), and
g10 = 19,000 (0.9). Heat compensation is achieved using continuous wave radiation, applied far off-resonance prior to the first
pulse of the sequence (not shown) (Wang and Bax, 1993). A 90,-180,-90,. composite 180° pulse is applied on 13C in the middle of ¢, in
order to refocus scalar couplings to C” and C* (not shown). This pulse was centered at 119 ppm and had a field strength of yB,/
2n = 8800 Hz, which gives 98% inversion at 58 and 176 ppm. Filled bars indicate the basic pulse sequence, while open bars represent
optional pulses that may be included to implement TROSY type detection (Pervushin et al., 1997). In this case, two separate
experiments are recorded: one that includes the 180° pulses represented by open rectangles, and one that does not include any pulses on
15N from point a to the end of the sequence. The resulting spectra are added/subtracted to select the slowly relaxing component
(Ottiger et al., 1998).



larger than in the case of helices. The protein was
assumed to be rigid with isotropic rotational
diffusion. Calculations were performed as a
function of 1., for each value of t., the maximal
relaxation delay was adjusted so as to monitor
the decay to the same extent as in the present
work (see below). The numerical calculations
show that the mono-exponential approximation
of the decay results in relative errors in extracted
rates, &(R;p), as follows. In the limit 6 = 0, the
error scales approximately linearly with 1
&(Rip) = 0.017,/10 ns, over a range from 1. = 0—
20 ns; at longer correlation times, &(R;,) levels off
towards a constant value of 2.5% at the point
where the 'H-'H dipolar contribution to R,
starts to dominate over the dipolar interactions
with '°N, such that auto- and cross-relaxation
both increase linearly with t.. In the limit
0 = 90°, &(R;,) reaches a plateau of 0.7% at
t. = 10 ns. Thus, &(R,,) < 3% for any tilt angle
and 1.. However, for increasing values of 1,
complications arise due to overlap between RO-
ESY-type cross-peaks and auto peaks, and by
increasingly faster relaxation. In the case of
E140Q-Tr2C, &(R;,) < 0.5% for both helices and
sheets, in the case of on-resonance spin-locks.
The error will be smaller if the spin is relaxed
additionally by conformational exchange. In the
case of spin-lock fields applied far off resonance,
the error will be less than 0.3% and essentially
independent of conformational exchange. Inclu-
sion of additional spins in the model does not
alter the results significantly, due to the strong
distance dependence of the dipolar interaction.

Cross correlations between the '>’N-"H dipolar
and '"H CSA interactions, and between '’N-'H
and '"H-'H dipolar interactions, lead to cross
relaxation between in-phase (H, ,) and anti-phase
operators (H, ,N.). These interference effects are
suppressed by inverting the '>N dipolar field in the
middle of the relaxation delay (Palmer et al., 1992;
Kay et al., 1992). The 'H-"H dipolar interaction is
6% of that between protons, making auto- and
cross-correlated mechanisms involving these spins
insignificant.

In cases where deuteration is not feasible,
cross relaxation involving aliphatic protons may
still be effectively decoupled if a selective 180°
pulse is applied on the aliphatic or amide pro-
tons at the mid-point of the relaxation period.
Inversion of the aliphatic protons is preferred,
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since it also suppresses cross correlation between
the 'H CSA and '"H-'H dipolar interactions
involving aliphatic spins. In combination with
the use of short relaxation delays, this approach
achieves effective suppression of cross relaxation.
However, the high auto-relaxation rate in pro-
tonated samples causes a loss in overall sensi-
tivity.

The effect of Hartmann-Hahn magnetization
transfer

The efficiency of Hartmann—Hahn coherence
transfer is given by (van de Ven, 1995):

= _sin*(Dtg /2 9

r (A7) (D1sL/2), 9)
where D = (A + Jog)'"% A = Oemr — Oeps is the
mismatch, o.m = (0,2 + Q)2 is the effective
field strength experienced by spin i, Jog =
J[1 + cos(6; — 65)]/2 the effective coupling con-
stant, J the scalar coupling constant, and 75 is
the relaxation delay (corresponding to the “mix-
ing time”’). Given the parameters of the present
continuous-wave spin-lock experiments (see be-
low), Hartmann—-Hahn transfer is inefficient be-
tween the amide and alpha protons, as long as
the spin-lock carrier is placed in the center, or
downfield, of the amide region. The maximum
amplitude of F encountered in the present study
is less than 2% in the case of a fully protonated
sample, and is completely negligible for the large
majority of spins.

Materials and methods
Sample preparation

Highly deuterated (approximately 85%) and
uniformly '*C/"*N-enriched E140Q-Tr2C was
obtained by over-expression in Escherichia coli
MM294 using '*C-glucose and '"NH,4CI as the sole
carbon and nitrogen sources, and 97% DO in the
culture medium. The NMR sample consisted of
1.5 mM protein dissolved in 90%/10% H,O/D,O
containing 20 equivalents of calcium, 100 uM
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS)
and 200 M NaNj. The pH was set to 6.0. Under
these conditions, the calcium-saturated state is
populated to >98% (Evenis et al., 1997).



168

NMR spectroscopy

All experiments were performed on a Varian
INOVA spectrometer operating at a 'H Larmor
frequency of 499.86 MHz. The temperature was
set to 27.1°C to obtain a nominal temperature of
28°C during the spin-lock experiments. The tem-
perature was calibrated by measuring the fre-
quency difference between the DSS and solvent
resonances. Heat compensation pulses were
implemented as described (Wang and Bax, 1993)
to avoid differential heating for different RF field
strengths and relaxation delays. In all experiments,
128 and 512 complex points were recorded in
and 1,, respectively. The recycle delay was 1 s.
Amide 'H R, , rate constants were measured
using the pulse sequence shown in Figure 1.
Briefly, the pulse sequence consists of an INEPT
polarization transfer step, "N chemical shift evo-
lution during ¢;, a reverse INEPT transfer, a 'H
spin-lock relaxation period of total length g1, and
a WATERGATE scheme (Sklenar et al., 1993),
followed by 'H detection during #,. The spin-lock
relaxation period was bracketed by tan/tanh adi-
abatic sequences (Garwood and Ke, 1991; Ugurbil
et al., 1988) to align the magnetizations with their
respective effective fields (Mulder et al., 1998). The
tan/tanh adiabatic pulses had durations of 4 ms,
and the frequency sweep was initiated at 25 kHz
from the spin-lock carrier frequency. The data
were recorded in fully interleaved fashion as four-
dimensional arrays, where the first and second
dimensions correspond to the ¢; and ¢, evolution
periods, the third dimension to the relaxation de-
lay ts;, and the fourth to either the spin-lock field
strength m;, or offset Q. On-resonance experiments
were performed with the carrier placed at 8.0 ppm
and RF field strengths of 3041, 3401 3864, 4237,
4808, 5435, 6219, 6667, 7752, 8621, 9842, 10864,
12136, and 13587 Hz; with the carrier placed at
8.5 ppm and RF field strengths of 1053 and
1938 Hz; or with the carrier placed at 7.5, 8.5, 9.0,
or 10.0 ppm and a field strength of 602 Hz. Off-
resonance experiments used a constant RF spin-
lock field strength of m;/2n = 9842 Hz and and 12
different offsets ranging from 1 to 24 kHz, corre-
sponding to a range of . from 1.4m; to 2.6;. In
addition, two offsets of 50 and 200 kHz were in-
cluded to sample the dispersion curve at small tilt
angles (down to 0 = 3°). Spin-lock field strengths
were measured as the inverse of the 360°-pulse

length. For each effective field strength, the decay
was sampled between 0 and 30 ms, using six to ten
data points, including duplicates. The experiment
was repeated on a fully protonated sample using
similar RF field strengths and offsets. For these
experiments, band-selective inversion was applied
to the amide protons in the middle of the relaxa-
tion delay using a 1990 ps I-BURP pulse centered
at 9 ppm (Geen and Freeman, 1991). The amide
"H magnetization was returned to the z-axis and
the spin-lock field was turned off prior to the
I-BURP pulse; subsequently, the amide '"H mag-
netization was realigned with the effective field and
spin-locking resumed.

Data processing and analysis

All data were processed using nmrPipe (Delaglio
et al., 1995). The data were apodized in f; and ¢,
with cosine and lorentzian-to-gaussian window
functions, respectively, and zero filled to 512 and
4096 points prior to Fourier transformation. Peak
intensities were measured by summing 3 X 5
(t; X t5) points centered on the peak maximum.
Extraction of R;, decay rates and exchange
parameters was performed using in-house software
employing the Levenberg—-Marquardt algorithm
(Press et al., 1988). Mono-exponential functions
were fitted to the decays at each tilt angle. The R,
dispersion curves were fitted using both a
2-parameter model that included R; and R,
corresponding to Equation 1 with R.x = 0, and a
4-parameter model that included Rj, R, , Tex, and
bex, corresponding to Equations 1 and 4. F-tests
were used to determine the appropriate model;
p < 0.05 was considered significant. The
4-parameter model was also rejected if the uncer-
tainty in the fitted parameters exceeded the
parameter values. Global optimization of t., was
achieved using simulated annealing (Press et al.,
1988). Errors in fitted parameters were estimated
by the Monte—Carlo procedure (Press et al., 1988),
using 1000 synthetic data sets.

Results and discussion

The experimental scheme for measuring 'H R, o
relaxation rate constants is shown in Figure 1. This
pulse sequence is based on previous methods re-
ported by Ishima et al. (1998). Our approach



incorporates off-resonance R;, measurements,
which significantly extend o, towards higher field
strengths, and hence enable studies of faster ex-
change processes. In addition, the present pulse
sequence includes modifications to improve resto-
ration of the water magnetization along the
positive z-axis, resulting in excellent solvent
suppression.

Significant auto relaxation, as observed in
fully protonated samples, reduces the sensitivity of
relaxation  dispersion  experiments towards
exchange. Methods for mitigating this problem
have been presented, including constant relaxation
time strategies (Akke and Palmer, 1996; Wang et
al., 2001), TROSY-based detection (Ishima et al.,
1998), and combinations thereof (Kempf et al.,
2003). In the present case, the optional TROSY
scheme (Figure 1) is unfavorable, due to the
relatively low molecular weight of E140Q-Tr2C
and the nominal reduction in sensitivity by a factor
of 2!/

Figure 2 shows the effect of cross relaxation for
a protonated sample. Build-up of ROESY-and
NOESY-type cross-peaks is evident at large and
small tilt angles, respectively (Figure 2a and b). As
shown by Equations 5-7, the opposite sign of
o9 and o™OF results in cancellation of cross-
relaxation at 0 = 35° (Figure 2C). In principle, it
is therefore possible to perform 'H R, dispersion
experiments without any complications due to
cross-relaxation by varying the spin-lock field
strength while maintaining the tilt angle at 35°
(Desvaux et al., 1995). However, in practice it is
not possible to achieve satisfactory alignment of
all spins at 6 = 35° simultancously, using low
effective fields. Furthermore, using a constant
value of 6 = 35° the sensitivity to exchange is
reduced by a factor of sin*(35°) = 0.33. For these
reasons, we prefer to suppress cross-relaxation in
protonated samples by applying a band-selective
inversion pulse to the amide protons, as shown in
Figure 2D. Cross-relaxation is further minimized
by using short relaxation delays as discussed
above.

We obtained relaxation dispersion data for 59
out of the 73 residues of E140Q-Tr2C. Data for
the remaining residues could not be extracted
reliably due to either spectral overlap or severe
line broadening. Figure 3 shows representative
R, decays at two different tilt angles. As can be
seen, the decays are well represented by mono-
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Figure 2. One-dimensional spectra showing the effects of cross
relaxation in the 'H R, sequence applied to a protonated
sample. Spectra are shown for tilt-angles of (A) 90°, (B) 3°, (C)
35°, and (D) 90°. Spectra A—C were acquired using the pulse
sequence shown in Figure 1, while spectrum D was acquired
with a band-selective inversion pulse applied to the aliphatic
protons in the middle of the relaxation delay. ROESY and
NOESY type cross-peaks are clearly visible in spectra A and B,
respectively, while cross relaxation is effectively eliminated in C,
cf. Equation 5. Spectrum D illustrates the efficient cancellation
of cross relaxation between amide and aliphatic protons
achieved by inverting the former at zg; /2. The lower signal-to-
noise ratio in D is due to reduced signal averaging (eight
transients, as compared to 128 for the other spectra).
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Figure 3. Representative R, relaxation decays obtained using
a spin-lock field strength of ®; = 9842 Hz and nominal offsets
of Q = 0 Hz (filled circles) and 18 kHz (open circles). The
different panels show data for different residues, as indicated:
K94, G96, M 124, and D131. The lines represent the best fit of
mono-exponential functions to the data. The estimated error in
intensity is approximately of the same the size as the symbols.

exponential functions. To determine the param-
eters Ry, Rap, dex, and T, we measured R, at
31 different effective fields (Figure 4). For 17 of
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those, the spin-lock field was positioned at
8.0 ppm and the field strength was varied from
602 to 13587 Hz. Previous '°N R;, experiments
have shown that 1. is approximately 20 us
(Evends et al., 2001). Consequently, the present
range of effective fields achieved with the carrier
positioned on resonance suffices to sample the
dispersion curve from a point very close to the
free precession limit (. = 0) to points well
beyond the inflection point at ®.s/2m =~ 8 kHz.
Including 12 off-resonance data points with
effective field strengths in the range ®eg/
2w = 10-26 kHz (corresponding to tilt angles of
0 = 84-22°), the 'H R,, data alone is sufficient
to define the entire relaxation dispersion curve
for the large majority of residues, Figure 4. This
is in contrast to the '°N R, experiments applied
to E140Q-Tr2C, which need to be supplemented
with additional relaxation data, e.g., Ry, ob-
tained from separate experiments. Figure 4A
shows the R, rates plotted vs. the tilt angle for
the same residues as in Figure 3. The existence
of conformational exchange is clearly identified
from variation with ®; of the on-resonance R,
rates (around 6 = 90°), as exemplified by resi-
dues K94 and D131. In the absence of confor-
mational exchange, the on-resonance R;, rates
should not vary, provided that the small differ-
ence in tilt angles for different field strengths
may be neglected, as exemplified by residues G96
and MI124 (Figure 4A). Quantitative analyses
involving F-tests were performed to determine
whether a given residue was best represented by
a model including or excluding conformational
exchange. We identified conformational exchange
for 32 of the 59 residues analyzed (Figure 5).
The average time constant was (tex) = 19 £ 7 ps,
which is in excellent agreement with the previous
result (tex) =21 £ 3 ps, obtained from SN Ry,
dispersion data (Evends et al., 2001). For the
protonated sample the average time constant was
(tex) = 22 £ 4 ps. This result verifies that the ex-
change is fast on the chemical shift time scale, in
agreement with previous results from Bj-depen-
dent 'N-'H multiple-quantum relaxation
experiments (Lundstrém and Akke, 2004). From
the determined parameters Ry Rz, Tex, and ¢ey,
we calculated R, as a function of @, resulting
in the dispersion curves shown in Figure 4B. As
expected from Figure 4A, the relaxation disper-
sion due to conformational exchange is readily
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Figure 4. Representative relaxation—dispersion curves. (A)
R;, plotted as a function of the tilt angle. Filled circles
represent data recorded with different spin-lock fields cover-
ing the range ®,/2n = 602-13587 Hz, and with the spin-lock
carrier positioned at 8.0 ppm. Open circles represent data
recorded with ®;/2n = 9842 Hz, and different nominal spin-
lock carrier offsets covering the range Q/2m = 1-200 kHz.
Note that R;, obtained at a given 0 will depend on the B,
field strength for those residues that experience exchange, viz.
K94 and DI131. Thus, the different data points (filled circles)
at 0 = 90° and the differences between filled and empty
circles at lower 0 reflect the dependence of R, on w.q in the
presence of exchange. The fitted line is plotted using ,/
21t = 9842 Hz, and includes conformational exchange for
residues K94 and D131, but not for G96 and M124. Tilt
angles greater than 90° occur whenever the adiabatic
frequency sweep passes through the offset of a given
resonance, such that the effective field has a component
along the negative z-axis. The resulting data points are
equivalent to those obtained with the effective field vector
reflected in the x—y plane. (B) R, plotted as a function of the
effective field strength. R, was calculated from the R,, data:
R, = Rlp/sinzﬁ — Ry/tan?0. Due to the increasing uncertainty
in R, with decreasing 6, only effective field strengths with
Weg/2n < 25 kHz (0 > 40°) are shown here; data obtained
at smaller tilt angles primarily serve to determine R;. The
variation in the size of the error bars arises in part because
the relaxation decays were sampled with varying numbers (6—
10) of data points.



detected for K94 and D131. In contrast, residues
G96 and M124 are not subject to exchange, as
verified by F-tests.

Simultaneous optimization of a global T,
together with the three residue-specific parameters
Ry, Ryy, and ¢ yielded 1o = 19 = 1 ps
(20 £ 1 ps for the protonated sample), which
agrees very well with the value of 23 + 1 ps, ob-
tained from a global fit to the '’N R, data. For half
of the residues (16 out of 32), the globally deter-
mined 7., represents the data better than the results
from residue-specific optimizations, as gauged by
F-tests; the remaining 16 residues have significantly
lower residuals in the residue-specific fits of t.,. The
residue-specific 1., values range between 8 and
42 ps and display a relatively minor site-to-site
variability (Kroenke et al., 1998; Evends et al.,
2001) of 9 ps. Together, these results indicate that
the conformational exchange is dominated by a
global two-state process, with minor contributions
from additional states (Evends et al., 2001). The
simplest model that can account for this observa-
tion is three-site exchange involving a sparsely
populated intermediate state (Grey et al., 2003;
Korzhnev et al., 2004).

As mentioned above, it is not possible to
separate the populations from the chemical shift
differences in the present case, since the exchange
is fast on the chemical shift time scale. The NO-
ESY cross peak patterns and chemical shifts of
E140Q-Tr2C indicate that the populations of the
two major states are approximately equal (Evenés
et al., 1999, 2001). Assuming equal populations
and global two-site exchange, we calculated the
magnitude of the chemical shift differences, |Ad],
from ¢.. These may be compared with the ob-
served chemical shift differences, Ad,ps, between
the apo and calcium-loaded states of wild-type
Tr2C, as shown in Figure 5B. Linear regression of
|AS| vs. Adgps yields a correlation coefficient of
re = 0.45 (n = 32). Previous work has revealed a
significant correlation between |Ad| and Ad,ps for
N, with r. = 0.66 (Evenis et al., 2001). Simi-
larly, the product of "H and "N chemical shift
differences, obtained from '"H-'’N multiple-quan-
tum relaxation data, correlate reasonably well,
with r. = 0.57 (Lundstrom and Akke, 2004).
Together, these results indicate that the proton
chemical shifts are more sensitive to small devia-
tions in conformation of the exchanging states of
E140Q-Tr2C from the structures of the apo and
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Figure 5. Exchange parameters obtained for E140Q-Tr2C
from fits to the R;, dispersion curves. (A) Exchange time
constants plotted vs. residue number. Results are shown only
for those residues where the four-parameter model resulted in a
statistically significant improvement in the fit (p < 0.05),
compared to the two-parameter model, as assessed by the
F-test (Devore, 1999). The dashed line represents the globally
optimized exchange time constant. (B) Chemical shift differ-
ences between the exchanging states plotted vs. residue number.
Values of Ad = Aw/yB, were calculated from the optimized
parameter ¢y, obtained from the residue-specific fits, assuming
pa = pp (filled circles), and from the observed chemical shift
differences between the apo- and (Ca>"),-states of wild-type
Tr2C (open circles).

calcium-loaded wild-type protein. This may be
expected because the '’N chemical shift reports
mainly on local backbone dihedral angles (.1, ¢,
and \5;), as well as the sidechain y; dihedral angle
of the residue itself and the preceeding residue
(i — 1), and hydrogen bonding (Le and Oldfield,
1994; Xu and Case, 2002). In contrast, the amide
"H chemical shift is not particularly sensitive to
local secondary structure, but is often dominated
by hydrogen bonds and long-range effects, such as
ring-currents and electrostatics (Wishart and Case,
2001). Against this background, the estimated 'H
and "N chemical shift differences between the
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exchanging states in E140Q-Tr2C suggest that
these resemble the open and closed states of the
wild-type protein in terms of secondary structure
and hydrogen bonding, but that the detailed
packing of aromatic side chains may differ. The
present results emphasize the advantage of per-
forming multinuclear relaxation dispersion mea-
surements to obtain complementary information
on the underlying conformational exchange pro-
cess and the conformations involved.

In conclusion, we have presented an experi-
ment that extends the range of time scales that can
be characterized completely by R;, dispersions.
The "H off-resonance R, data sample the entire
relaxation dispersion profiles for the large majority
of residues in E140Q-Tr2C, and exchange param-
eters can be fitted without relying on additional
relaxation data, such as estimates of R, . The
exchange correlation times determined from the
present 'H off-resonance R, experiments are in
excellent agreement with those determined previ-
ously using a combination of "N laboratory-
frame and off-resonance R, relaxation data. The
experimental data thus verify model calculations
showing that cross relaxation with other amide
protons leads to only marginal errors in the mea-
sured R;, for a small protein, such as the
C-terminal domain of calmodulin. Moreover,
using a simple scheme to suppress cross-relaxation
with aliphatic protons, accurate measurements can
be obtained also on fully protonated samples.
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