Journal of Biomolecular NMR (2005) 32: 281-293
DOI 10.1007/s10858-005-0658-y

© Springer 2005

Article

A new amide proton R, experiment permits accurate characterization
of microsecond time-scale conformational exchange

Christian Eichmiiller & Nikolai R. Skrynnikov*
Department of Chemistry, Purdue University, 560 Oval Drive, West Lafayette, IN, 47907-2084, USA

Received 4 April 2005; Accepted 19 June 2005

Key words: cardiac troponin C, chemical exchange, deuteration, ps-ms protein dynamics, off-resonance

spin lock, proton relaxation, relaxation dispersion

Abstract

A new off-resonance spin-lock experiment to record relaxation dispersion profiles of amide protons is
presented. The sensitivity-enhanced HSQC-type sequence is designed to minimize the interference from
cross-relaxation effects and ensure that the dispersion profiles in the absence of ps-ms time-scale dynamics
are flat. Toward this end (i) the proton background is eliminated by sample deuteration (Ishima et al.,
1998), (ii) 'H spin lock is applied to two-spin modes 2(H, sin® + H.cos0)N., and (iii) the tilt angle
0 =~ 35° is maintained throughout the series of measurements (Desvaux et al., 1995). The relaxation
dispersion profiles recorded in this manner sample a wide range of effective rf field strengths (up to and in
excess of 20 kHz) which makes them particularly suitable for studies of motions on the time scale
< 100 ps. The new experiment has been tested on the Ca?*-loaded regulatory domain of cardiac troponin
C. Many residues show pronounced dispersions with remarkably similar correlation times of ~30 ps.
Furthermore, these residues are localized in the regions that have been previously implicated in confor-

mational changes (Spyracopoulos et al., 1997).

Introduction

Nuclear magnetic resonance (NMR) spectroscopy
has become a powerful tool for probing dynamics
of biological macromolecules on a wide range of
time scales. Over the last 15 years a number of
strategies have been developed to measure various
auto- and cross-relaxation rates and interpret the
data in terms of molecular motions (Palmer, 2004).
The results of these studies have contributed sub-
stantially to our understanding of biomolecular
systems.

Of all the motional time scales amenable to
NMR studies, the micro- to millisecond range is
especially important from a biological perspective.
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Recent relaxation dispersion studies in this field
provided insight into molecular mechanisms of
enzymatic catalysis (Ishima et al., 1999; Wang
et al., 2001b; Eisenmesser et al., 2002), regulation
of ligand binding (van Tilborg et al., 2000;
Kristensen et al., 2000; Tolkatchev et al., 2003)
including entropy-driven cooperativity effects
(Stevens et al., 2001; Yung et al., 2003), the origin
of protein stability (Mulder et al., 2001; Butter-
wick et al., 2004), and folding pathways (Grey
et al., 2003; Korzhnev et al., 2004; Kuwata et al.,
2004; Platt et al., 2005).

Motions in the micro- to millisecond timeframe
lead to modulation of isotropic chemical shifts and
thus give rise to broadening of spectral lines. The
Redfield-theory treatment of this effect, when
applicable, determines the corresponding contri-
bution to transverse relaxation rate, R.,. Since
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chemical shift evolution can be partially or fully
refocused by application of rf fields, the magnitude
of R., decreases under spin-lock conditions.
Measurements of R., in the presence of an rf field
of variable strength provides, therefore, an efficient
tool for studies of ps-ms motions.

Most of the work in this field has focused on
SN spin probe, with only a few studies making use
of 'H probe (Ishima et al., 1998, 1999; Kojima
et al., 2001; Ishima and Torchia, 2003). The lack
of proton data is especially conspicuous given the
potential benefits from such measurements. In-
deed, proton chemical shifts in proteins are better
indicators of the tertiary structure than heteronu-
clear shifts (Osapay and Case, 1991; Asakura
et al., 1995). This makes them potentially highly
useful for modeling the structure of transient
(‘excited’) states (Mulder et al., 2001). Note that
relaxation dispersion measurements are often the
only source of information on sparsely populated
‘excited’ states since these states cannot be directly
observed in the spectra or adequately character-
ized by NOE data. An additional argument for the
use of proton dispersions is the high gyromagnetic
ratio of protons which makes it possible to
generate much stronger effective rf fields. This
facilitates the studies of faster exchange processes
(Ishima and Torchia, 2003).

The reason for the limited use of 'H dispersion
experiments lies, primarily, in the complicated
relaxation behavior of protons. Protons inside a
protein form an extensive relaxation-coupled net-
work (Kalk and Berendsen, 1976). In this situation
the outcome of the spin-lock relaxation experiment
shows a complex dependence on the strength
of the applied rf field. We use the term pseudo-
dispersion to describe the variation of R;, with the
strength of rf field ®; which has its origin in
dipolar cross-relaxation and not in R.. For
example, consider a series of off-resonance exper-
iments where the direction of the effective rf field
changes from x to nearly z. The proton relaxation
context changes accordingly from ROE to NOE
which brings about pronounced pseudo-dispersion
effects. In order to counter these effects we
implemented the following three strategies:

(i) Use of deuterated sample. Deuteration of
non-labile proton sites has a long history in pro-
tein NMR (Matthews et al., 1977; LeMaster, 1987;
Torchia et al.,, 1988). In their ground-breaking
relaxation dispersion experiment, Ishima and

Torchia used a deuterated sample with protons
introduced in amide positions via exchange with
solvent (Ishima et al., 1998). The high degree of
deuteration eliminates Hartmann-Hahn (TOCSY)
transfer between scalarly coupled protons that
otherwise causes severe pseudo-dispersion effects.
Furthermore, deuteration leads to a substantial
drop in the "HN relaxation rates which facilitates
the observation of R., terms. Finally, deuteration
greatly dilutes the proton pool and therefore re-
duces the pseudo-dispersion effects associated with
cross-relaxation. Nonetheless, the remaining cross-
relaxation among 'HY and other protons
(appearing due to exchange with solvent and
incomplete deuteration) is sufficient to compro-
mise the relaxation dispersion measurements. This
problem can be circumvented when both sample
and solvent have a very high proportion of deu-
terium (e.g. 98-99%), but at the expense of dra-
matic decrease in sensitivity (Ulmer et al., 2004).

(if) Use of selective initial conditions. In the
situation when only one magnetization mode out
of many is excited, the relaxation initially proceeds
in a selective fashion, i.e. it is insensitive to cross-
relaxation effects over short f, intervals. On the
other hand, at longer ¢, intervals the combination
of selective initial conditions with ROE cross-
relaxation transfer ensures a relatively slow mag-
netization decay which is advantageous for R..
measurements. The experiment by Ishima and
Torchia relies on ‘dephasing’ of individual proton
magnetizations during the evolution time to gen-
erate selective initial conditions (Ishima et al.,
1998). In this work we demonstrate how two-spin
proton-nitrogen modes can be used to enforce the
selective relaxation regime. The selective condi-
tions are superior to non-selective in that they help
to minimize the pseudo-dispersion effects.

(iii) Constant tilt angle measurements. For a
large molecule in the slow tumbling limit cancel-
lation of NOE and ROE cross-terms occurs when
the spin magnetizations are locked at the angle
0 = arctan(1/v/2) = 35.3°. This property has been
previously exploited in a number of different
applications (Griesinger and Ernst, 1987; Cava-
nagh and Rance, 1992; Hwang et al., 1997).
Clearly, it can also be used to minimize the pseu-
do-dispersion effects associated with cross-relaxa-
tion. Desvaux and co-authors proposed an
experiment where the strength of the rf field, o,
and the rf carrier offset, Q, are changed in concert



such that the angle 0 is maintained constant,
0=35.3° (Desvaux et al., 1995). Note that the
angle 6=35° represents a good choice for off-res-
onance measurements. Indeed, on one hand it
produces large effective rf fields, off = /30,
while on the other hand it retains sufficiently large
transverse magnetization component which en-
sures good sensitivity toward R.,. In addition, the
small amount of TOCSY transfer that may be
present due to residual 'H* content is essentially
eliminated at 6 = 35° (Briischweiler et al., 1989).
Here we implement the concept of a constant tilt
angle experiment for the two-spin proton-nitrogen
modes. In order to minimize the effect of the
spread in "HN chemical shifts and ensure 6 ~ 35°
conditions for all amide protons we combine the
results of the two measurements where the rf field
carrier is placed up- and down-field from the center
of "HN spectrum (Schleucher et al., 1995; Desvaux
and Goldman, 1996). An additional improvement is
obtained from the use of the constant relaxation
time scheme (Akke and Palmer, 1996).

In this work we utilize concepts (i—iii) to design
a clean, simple, and sensitive experiment for
measuring 'HY relaxation dispersions. The appli-
cation to Ca’"-loaded N-terminal domain of
cardiac troponin C (Ca?"-NcTnC) is presented. A
dynamic process with characteristic time ~30 ps
(12.4 °C) has been identified in this system using
the results from proton dispersion measurements.
The results are in good agreement with the mo-
tional model developed by Sykes and others
(Spyracopoulos et al., 1997; Pddkkonen et al.,
1998; McKay et al., 2000).

Pulse sequence for recording proton dispersions

The new pulse sequence shown in Figure 1 allows
recording of off-resonance R;, proton relaxation
dispersion profiles. The sequence is a standard
sensitivity-enhanced "N-HSQC (Kay et al., 1992;
Schleucher et al., 1993) with an inserted relaxa-
tion period which extends from point ¢ to point b
in the scheme. Following point @, the magneti-
zation H.N. is aligned with the effective proton
spin-lock field by means of an adiabatic half-
passage pulse (Garwood and Ke, 1991; Mulder
et al., 1998). The resulting coherence, (H, sin 0+
H.cos0)N., relaxes under proton spin-lock con-
ditions for a period of time ¢, before being
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restored to H.N. by means of a time-reversed
half-passage pulse. This is followed by a relaxa-
tion compensation period of duration 7-f, that
extends to point b in the sequence (Akke and
Palmer, 1996).

In what follows we concentrate on the
relaxation behavior of the spin system during the
spin-lock period .. We begin by considering
proton cross-relaxation and its effect on the
dispersion profiles, and Ilater discuss the ex-
change term, Rey.

The coherence of interest during the spin-lock
period of the pulse sequence Figure 1 can be rep-
resented as V") = (H"sin 0 + H" cos 0) N, where
index n denotes the residue number. It is
straightforward to show that there is no cross-
relaxation between the coherences from two resi-
dues, V™ and V). However, there are cross-
relaxation terms that couple V" to V™ where
the latter represents the correlation between the
N spin from residue n and the "HYN spin from
residue i, VU = (H sin®+ H. cosO)N". This
coherence is somewhat unusual in that it is long-
range and accessible only via cross-relaxation
transfer, and not via scalar coupling.

Thus, the operator basis required for the
analysis of the amide group » is comprised of the
coherences V" where i runs over all non-proline
residues in the protein, i=1,2,... ,m,... (for the
moment we assume that only amide sites contain
protons). The relaxation matrix elements 1“5.;7)
evaluated in this basis are listed below:

I'" = (Rani + Rex) sin” 0; + R.. cos® 0;

.CSA CSA di
Runi = RS2+ RYE + SRy
HH di
+ Z R2.Hx ®
CSA ,CSA di
R.: = R{{Hz + RJI\,INZ + Sm'RZiszlp
HH di
+ Z Rips " (1)
Fl(j”) =RHIHAP 6050, cos 6
+ RAMAD Gin 9;5in 0, (i # ) (2)
ROE i J J

The relaxation terms comprising R,,; and R.. are
defined in a standard fashion (Peng and Wagner,
1992) and include the summation over all proximal
protons. Note that dipolar auto-relaxation contri-
butions R™4P are zero in all elements of I'™
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Figure 1. Pulse sequence for 'HY relaxation dispersion measurements. All narrow (wide) rectangular pulses are applied with a flip
angle of 90° (180°) along the x-axis unless indicated otherwise. The spin-lock period 7. is flanked by adiabatic half-passage pulses
(amplitude tailored according to the ranh function, frequency sweep controlled by the tan function, sweep width 100 kHz, duration
4 ms, the two half-passage pulses are related via time reversal (Mulder et al., 1998)). These pulses are integrated in the spin-lock period
such that their maximum amplitude is equal to the spin-lock amplitude (up to 12.3 kHz). The proton rf field is applied at water line,
except for the interval between points @ and b where the carrier is positioned at 8.19 ppm £ A. Nitrogen decoupling during the
acquisition is achieved using a WURST sequence (Kupce and Freeman, 1995) with maximum rf field strength of 1.2 kHz. The phase
cycle is: ¢ = {x, —x}, ¢r = {2x,29,2(—x),2(=»)}, &3 = {x}, ¢y = {x}, and rec = {x, —x, —x, x}. Quadrature detection in F1 is
achieved using the sensitivity enhancement scheme (Kay et al., 1992; Schleucher et al., 1993) by recording two datasets with (¢4, g5)
and (¢4 + 180°, —g5) for each ¢, increment. Phase ¢, is incremented in concert with receiver phase to shift axial peaks to the edge of the

spectrum (Marion et al.,

1989) Gradient pulses gl to g7 are applied with durations 1.0, 0.5, 1.0, 1.0, 1.25, 0.5, and 0.125 ms and

amplitudes 5.0, 4.0, 20.0, 12.0, 15.0, 4.0, and 14.86 G/cm, respectively. The delays are 7, = 2.25 ms, §;=1.5 ms, 6,=0.5 ms.

except F1 because of the long distances between
>N and "HN residing in different residues (as indi-
cated by the Kronecker delta, 3,,;, in Eq. (1)). For the
same reason we can safely neglect cross correlated
dipole-dipolar contributions into F (not listed in
Eq. (2)). '"HN-"N dipolar — '"HN CSA cross-corre-
lations are suppressed in a standard fashion by
applying a nitrogen 180° pulse during ¢, (Palmer
et al., 1992; Korzhnev et al., 2002). We choose,
however, not to suppress 'HN-'"N dipolar — '°N
CSA cross-correlations to avoid interfering with
the spin lock. These cross-correlated terms are of
longitudinal type, i.e. relatively small; our simu-
lations indicate that they have vanishingly small
effect (less than 0.1s7') on the obtainable
dispersion profiles.

Equations (1) and (2) set the stage for a com-
plete relaxation matrix analysis similar to the
treatment of off-resonance ROESY (Kuwata
et al., 1997). Unlike in the standard procedure,
however, the coherences of interest represent two-
spin operators. Importantly, in the context of two-
spin modes the relaxation occurs in a selective
manner. Indeed, while the coherence V" is ex-
cited at the beginning of the spin-lock period,
other coherences V(") (i# n) at this point are
strictly zero (which is the equilibrium value for

two-spin modes). Note also that complete relaxa-
tion matrix analysis should be executed for each
amide group individually since the matrices I'")
differ with regard to the placement of R4P term
as discussed above.

As described in the introduction, the sequence
Figure 1 is intended to be run with the fixed 0
value, 6=235°. If this condition is met and if the
system is in the slow tumbling regime, then cross-
relaxation terms, Eq. (2), disappear. The relaxa-
tion of ¥ in this case is monoexponential and
can be directly used to monitor proton dispersions.
Specifically, a series of measurements can be per-
formed using the sequence Figure 1 where the rf
carrier offset and the strength of rf field are
changed in concert such that Q= +2w,. The
relaxation rate obtained in this experiment,
Eq. (1), consists of two parts: R., which is sensi-
tive to the magnitude of the effective rf field,

o = y/o? + Q* = V3w, and all other terms that

remain constant provided that 6 does not change.
Thus, the relaxation dispersion profile can be re-
corded in this fashion (Desvaux et al., 1995).
One technical difficulty remains to be addressed,
however. Given the spread in "H™ chemical shifts, it
is strictly speaking not possible to lock all spin



modes at 0=35°, especially when o, is relatively
weak. In order to deal with this problem, we
implemented two solutions: a constant relaxation
time scheme and the symmetric placement of the rf
carrier relative to the center of the 'H™ spectrum.

The constant relaxation time scheme (Akke
and Palmer, 1996; Wang et al., 2001a), where peak
intensities are monitored as a function of f.,
yields the following observable decay rates:

R?:s = (Ranti + Rex) sin? 0 + R, cos>  — R
3)

In formulating this result we assume that 0 is
reasonably close to 35° so that the cross-relaxation
effects, Eq. (2), can be neglected during the time 7.
On the other hand, during the interval 7—f, cross-
relaxation is active so that the effective decay rate RS
is, generally speaking, different from R_., Eq. (1).

Since 0 can deviate somewhat from the desired
value of 35°, the effect of these deviations is min-
imized by computing a modified rate (Akke and
Palmer, 1996):

REYY = R/ sin” 0 = (Runi — Rez + Rex)

+ (R.. — Ry /sin? @ (4)

In R‘l‘})"d the dependence on 6 appears in the last
term, which is small. Indeed, R describes the
selective relaxation of H_N. over a relatively short
period of time T — t. (T is chosen to accommo-
date a faster relaxation process, R,n)- As a result,
cross-relaxation effects have little impact on R
and the difference R, — R is small (confirmed by
numerical simulations; see below). This ensures
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that er“p"d is to a good approximation insensitive to
small variations in 0.

On top of the constant relaxation time scheme
we implement yet another solution (Schleucher
et al., 1995; Desvaux and Goldman, 1996) to bring
the system closer to the desired 6=35° conditions.
Specifically, two copies of the spectrum are re-
corded: with rf field carrier set up- and down-field
from the center of 'HN region. The scheme is
illustrated in Figure 2, where ,r is the center of
"HN region (8.19 ppm in our experimental study)
and o is the carrier frequency, ® = . £ A. The
magnitude of the offset A is varied according to
A =20, so that the 6=235° condition is strictly
met for a proton resonating at .. On the other
hand, for a peak that resonates at ®, (shown in
Figure 2) two experiments with symmetric posi-
tioning of the carrier result in two distinct tilt angles,
0. <35°<0_, and ultimately in two distinct rates,
R‘f:?di Inasmuch as the problem can be linearized
over a small interval in 6 and ®" (Desvaux and
Goldman, 1996), the averaging of the two rates
effectively achieves the 0 = 35° condition. Hence, we
suggest the following data processing scheme:

B R(])bs R(])bs
R?p°d=<R?“p?i+R?;?d>/z:( e, R ) /-

sin0,  sin’6_
(5)

o = (ot + of! )2

= (Ve voi @ at) /2 ©)

Sv

2 2 wref
—
Q

Figure 2. Symmetric placement of the rf carrier, ® = o, = A, in the off-resonance spin-lock experiment Figure 1. Consider an
example where (09 — @) /27 = 0.5 kHz, ®; /21 = 3.0 kHz, A = |0 — 0f| = V20, . The two complementary tilt angles in this case are
0, =32.3° and 6_ = 38.7°. This corresponds to the effective mean angle of 35.5° which is very close to the desired value of 35.3°.
(While it makes no difference for the present experimental scheme, in general Q should be treated as a signed quantity and the 6 angles

should be determined using the four-quadrant arctan function).
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where 0, and Q. are determined for individual
peaks based on the "HN chemical shift values. It
should be noted that the experiment is run in an
interleaved manner so that R{*, and R{P  are
obtained concurrently. For both tilt angles, 6 and
0_, adiabatic pulses achieve near-perfect alignment
of the magnetization with the effective rf field.
The results Equations (1-6) establish a frame-
work for analyzing the outcome of the experiment
Figure 1. In order to verify that the proposed scheme
eliminates pseudo-dispersion effects we undertook a
series of numerical simulations. At first, the data were
simulated in the absence of chemical exchange,
R =0, so that the dispersion profiles R‘f}f’d(c‘o?ff)
were expected to be flat. The high-resolution NMR
structure of Ca’®"-loaded N-terminal domain of
cardiac troponin C PDB-Id 1AP4 (Spyracopoulos
et al., 1997) was used for the simulations. A version
of the complete relaxation matrix analysis based on
Equations (1, 2) supplemented with selective initial
conditions was performed for each residue in the
protein. In addition to the backbone 'HY, the
exchangeable side-chain protons were included in the
analyses. The relaxation rates R?Bs were evaluated
from the simulated peak intensities at two points,
t,q=0 and t,=T, where T was adjusted for each
individual residue to obtain a reasonable amount of
decay. The rates R‘f“’d were subsequently calculated
according to Egs. (5, 6). "HN chemical shifts used in
these calculations were taken from the experimental
data (Spyracopoulos et al., 1997). In the case of
exchangeable side-chain protons, chemical shift val-
ues were obtained from SHIFTX (Neal et al., 2003).
Figure 3 shows the three worst (i.e. farthest from
flat) dispersion profiles simulated for Ca* " -NcTnC.
In each of these cases, pseudo-dispersion is caused
by a combination of strong cross-relaxation and
‘extreme’ chemical shifts. In Asp-62, 'HY interacts
with a nearby proton from a glutamine side chain
(interproton distance 2.04 A) whose chemical shift
is at the low end of the amide range (6.8 ppm). In a
pair of sequential residues, Ser-69 and Gly-70, there
is a strong interaction between the two amide pro-
tons (2.35 A) and the "HN resonance of Gly-70 is
shifted far downfield (10.8 ppm). These are the most
unfavorable cases, which provide a stringent test for
our experimental scheme. Nonetheless, the simu-
lated relaxation dispersion profiles are entirely sat-
isfactory: the magnitude of the pseudo-dispersion
effects does not exceed 2.5 s™!, and starting from
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Figure 3. Relaxation dispersion profiles simulated for the
experiment Figure 1. The curves in the absence of chemical
exchange are expected to be flat. The simulations used the
coordinates PDB-Id 1AP4 of Ca®*-NcTnC (first structure from
the ensemble) (Spyracopoulos et al., 1997). Of all the dispersion
curves simulated for 86 non-proline residues, the three worst
(i.e. farthest from flat) profiles are shown in the plot. The
calculations assumed operational frequency w/2n = 600 MHz,
rotational correlation time 7., = 10 ns, rf field range
®1/2n = 0.5 — 12.5 kHz, and solvent composition 90% H,O —
10% D,O. The complete relaxation matrix analysis was carried
out for each individual amide group in Ca®>*-NcTnC and the
relaxation rates R‘]‘}f’d were evaluated from the intensities of
simulated peaks at 7,4=0 and 7.=7. The delays T were
adjusted to 66, 115, and 103 ms for Asp-62, Ser-69, and Gly-70,
respectively, to ensure the decay of magnetization to the level of
30%. A total of 136 protons were included in the simulations.
Backbone 'HN spins and 'H®?'/%22 'H21/2 gpins from
asparagine and glutamine side chains were represented by the
modes V. With regard to other labile protons such as Ser/
Thr 'H?, Lys 'H¢, etc,, we note that under the present
experimental conditions (pH 7) they undergo fast exchange
with solvent (Wiithrich, 1986) so that the corresponding modes
V& rapidly decay (Skrynnikov and Ernst, 1999) and therefore
effectively ‘self-decouple’. Consequently, these protons were
taken into account only in calculating R7*%P auto-relaxation
rates. Finally, note that although the described simulations
provide a realistic picture of the pseudo-dispersion effects they
are unlikely to achieve a quantitative agreement with the
experimental data because of the uncertainty in interproton
distances.



@ /21 ~ 2.5 kHz the profiles are practically flat. It
is noteworthy that no other residues in our simula-
tions show pseudo-dispersion effects in excess of
1 57!, and for the large majority the effect is less than
0.1s7".

In the analyses described above we have
established that the pulse sequence Figure 1is, to a
very good approximation, insensitive to cross-
relaxation effects. When 0=35° the relaxation
matrix T is diagonal and the exchange contri-
butions R.x can be obtained directly from the
measured relaxation rates, cf. Eq. (4). To demon-
strate the robust nature of our approach with re-
spect to dispersion measurements we repeated the
simulations of Figure 3 with the exchange terms
included. A simple two-site fast-exchange model
was adopted:

_ B S S
Rex —Pan(Ba 817) @ 1+ ((D?fffex)z (7>

where p, and p, are the populations of the two
species, 6, and 9, are the intrinsic chemical shifts,
and 7 1s the exchange correlation time. The re-
sults (not shown) demonstrated that the target
values of p.py(8, — 8;7)20)(2) =1.3-10°s2 and
Tex = 30 us can be recovered from the simulated
dispersion data with a very good accuracy. A small
error, never exceeding 7%, is due to the residual
pseudo-dispersion effects visible in Figure 3.
Finally, it is instructive to compare the useful-
ness of different elements used in our experimental
strategy: sample deuteration, use of the two-spin
modes, constant 6 scheme, constant relaxation
time scheme, and symmetric carrier placement. To
address this problem, we carried out a series of
simulations where these elements were removed,
one at a time. The results are illustrated in the
Supplementary Material in Figure S1. In brief, all
the elements proved to be important; the absence
of any one of them led to substantial increase in
pseudo-dispersion effects. Especially important is
the use of constant 6 scheme. Of interest, less-than-
complete deuteration has only modest deleterious
effect on the dispersion profiles. In our simula-
tions, at 75% deuteration level the amplitude of
pseudo-dispersion did not exceed 4 s™', with the
affected region extending to ca. 5 kHz. It is
therefore conceivable that our experiment can be
used with a wide range of samples (Fiaux et al.,
2004), including lower-cost samples expressed in
SN-enriched, D,O-based minimal media.
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Application to Ca®>" -loaded N-terminal domain
of cardiac troponin C

Cardiac troponin C is a signaling protein that
regulates heart muscle contraction. The 89-residue
N-terminal domain of this protein has been
extensively investigated by NMR methods. It has
been suggested that upon binding the calcium ion
NcTnC establishes a dynamic equilibrium involv-
ing closed and open forms. The open form appar-
ently represents a transient state with low
population that cannot be easily characterized. It
has been directly observed, however, in the com-
plex of Ca®> " -NcTnC with a fragment of troponin I
(Li et al., 1999) and in the Ca?"-loaded skeletal
isoform of troponin C (Gagné et al., 1995).
According to these data, the opening involves
translocation of the two helices that move as a rigid
unit. The hinge residues identified from structural
analyses display significant nitrogen line-broaden-
ing in Ca®"-NcTnC spectra (Spyracopoulos et al.,
1998; Paidkkonen et al., 1998; Abbott et al., 2000).
However, to the best of our knowledge, no relax-
ation dispersion studies have been performed on
Ca®"-NcTnC, and the time scale of the presumed
conformational exchange remains unknown.

The pulse sequence Figure 1 was used to record
proton relaxation dispersions in a 1.5 mM sample
of Ca®>"-NcTnC at 12.4 °C. Figure 4 shows the
regions of the spectral map recorded with @;/2n=
12.35 kHz, t.=0 (reference experiment) and
t.es=T=80 ms. Despite the fact that the peaks
showing the evidence of conformational exchange
have low intensity (e.g. Ser-37 and Thr-38 in
Figure 4), high-quality data have been obtained in
a short period of time (1 h 15 min per HSQC plane
which corresponds to a single point in the disper-
sion curve). The sample deuteration (Ishima et al.,
1998), use of the ramped spin lock (Mulder et al.,
1998), and the sensitivity enhancement scheme
(Kay et al., 1992) all contribute to the high sensi-
tivity of the experiment. The spectral maps contain
only HSQC correlations and are free of any
additional cross-peaks.

Using the experiment of Figure 1, proton
relaxation dispersion data were obtained for 81
out of 89 residues (absent are two prolines, the
N-terminal residue, and several severely over-
lapped signals). The data recorded at 600 and
800 MHz were fitted on a per-residue basis to one
of the two models: straight line (two fitting
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Figure 4. A region from the spectral map obtained with the pulse sequence of Figure 1. Experimental conditions: 1.5 mM sample of
2H(IHN)-, SN-labeled Ca®"-NcTnC, temperature 12.4 °C, static field 600 MHz, room temperature probe, ©;/2n =12.35 kHz. The
spectra with #,.;=0 (left panel) and 7= 7=80 ms (right panel) were recorded in 1 h 15 min each.

parameters, R%% — RS0 and R3O — R¥0) or

Lorentzian curve, Eq. (7) (four fitting parameters,
Pups(8, — 51)’. v RIS — RO and R, — R)
The Akaike information criterion was used to
determine which of the two models is appropriate
(Motulsky and Christopoulos, 2004). The data
from all 81 residues, together with fitted curves and
best-fit values of p,pp(d, — 81,)2 and 1., are shown
in the Supplementary material.

Of all the measured residues, 20 display statis-
tically significant dispersions and the remaining 61
are perfectly flat. Figure 5 shows examples of the
five residues with largest dispersions (i.e. highest
fitted pops(8, — 85)° values). In addition, this
figure shows a typical fit where there is no evidence
of dispersion. In order to produce this typical
example, the data from all residues were sorted
according to the fit rmsd > and one residue, Ala-
22, was picked precisely from the middle of the list.
Of note, the five residues showing dispersions in
Figure 5 report very similar t.x values, 27-30 ps.
In fact, 16 out of 20 available dispersion curves
yield 7 between 24 and 32 ps (four other curves
produce somewhat higher 7., values, see Table S1).
This is a remarkable degree of agreement which
strongly points toward a concerted motion such as
envisioned in the previous studies (Pddkkdnen
et al., 1998; McKay et al., 2000).

The largest dispersion effects, Figure 5, are
observed at the sites that have been previously
identified as dynamic: hinge residues associated

with opening-closure (Leu-41, Val-64) and the so-
called defunct Ca”*-binding site (Leu-29, Gly-30)
(Spyracopoulos et al., 1998; Pididkkonen et al.,
1998). In Figure 6 we mapped the determined
PapPp (84 — 6;,)2 values onto three-dimensional
structure of Ca®>"-Nc¢TnC (PDB-Id 1AP4, closed
conformation). Both hinge regions (marked by
arrows) and the defunct calcium-binding site (da-
shed outline) appear as hot spots in the plot. The
structural ramifications of these findings are cur-
rently under investigation and the results will be
reported elsewhere.

While there is no straightforward way to sep-
arate p, and p, = 1 — p, from 3, — §, in the case of
fast chemical exchange, some instructive estimates
can be casily obtained. Given the conformity of
the 7., values, it can be suggested that the motion
occurs as a true two-site exchange characterized by
a single p, value. Assuming for the moment that
p.=0.2, we obtain 5,-9, values in the range from
0.2 to 0.7 ppm for twenty residues showing sta-
tistically significant proton dispersions (see Table
S1). These 6, — &, values appear to be reasonable
given the scale of changes in chemical shifts
observed upon calcium titration (Li et al., 1999).
Previously, McKay et al. estimated that the open
state of Ca’>"-NcTnC may be populated at the
level of 5-15% (McKay et al., 2000).

For the sake of comparison, we also recorded a
N off-resonance R,, experiment. The standard
pulse sequence (Korzhnev et al., 2002) with an
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Figure 5. Proton relaxation dispersion profiles measured in 2H('HV)-, "N-labeled Ca?*-Nc¢TnC at 600 and 800 MHz (blue and red
symbols, respectively). The data are for the five residues showing the largest dispersion effects, plus a single representative residue
which has no detectable dispersion (Ala-22). Monte-Carlo simulations have been performed for each residue to determine the
uncertainty in the fitted parameters (see Materials and methods for details). At the 90% confidence level, the following confidence
intervals were obtained for tey: 25-35 ps (Leu-41), 23-32 ps (Gly-30), 26-34 ps (Leu-29), 19-52 us (Val-64), and 24-31 ps (Val-79).
The data for all residues in Ca?*-Nc¢TnC can be found in the Supplementary Materials.

added ramped "°N spin lock (Mulder et al., 1998)
was used for these measurements. Clearly, due to
the low gyromagnetic ratio, the magnitude of ®;
for nitrogen is much lower than for protons. In our
measurements the limiting rf field strength was
1.8 kHz for nitrogen vs. 12.3 kHz for protons (in
fact, the proton power level could be comfortably

raised further, whereas the nitrogen setting ap-
peared close to a critical level).

The limited of™ range in '’N experiments re-
sults in poor sampling of the dispersion curves
which, in turn, leads to a large uncertainty in the
Tex determination (Wang and Palmer, 2003). Note
also that '°N chemical shifts are relatively insen-
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Figure 6. Main chain of Ca>*-Nc¢TnC (NMR structure 1AP4
(Spyracopoulos et al., 1997)) colored according to the values of
Papb(dq — Sb)2 obtained from the fitting of the proton relaxation
dispersion data (Table S1). The hinge residues implicated in
conformational exchange are indicated by the arrows and the
defunct calcium-binding site is marked by a dashed contour.
The figure was prepared using MOLMOL (Koradi et al., 1996).

sitive to changes in distant environment (Le and
Oldfield, 1996). This restricts nitrogen dispersion
observations to a handful of hinge residues where
the changes in backbone dihedral angles are
presumed to occur. The examples of such residues
are Ser-37 and Thr-38 that give rise to weak peaks
broadened both in the '°N and '"H dimensions (see
Figure 4). Given the difficulties in studying
~ 30 ps dynamics with '°N relaxation dispersion
experiments, extra careful measurements are nee-
ded if quantitative analyses are intended. Such
studies are currently underway in our group.

Concluding remarks

The proposed off-resonance spin-lock experiment
allows for measurements of proton relaxation
dispersion profiles over a wide range of offff. If
desired, the pulse sequence Figure 1 can also be
executed as an on-resonance experiment with
varied ®; and fixed rf carrier setting, A=0. Our
simulations demonstrate that pseudo-dispersion
effects remain small and the errors in the deter-
mination of p,pp(d, — 6/,)2 and 7, are comparable
to the =35° experiment. On the other hand, an
attempt to run the sequence with fixed ®; and

varied rf carrier offset A leads to severe pseudo-
dispersion effects (observed both in simulations
and experimentally). Thus, the use of the constant
tilt angle is essential for the proposed experiment.

It is worth noting that the use of two-spin
modes in the pulse sequence Figure 1 ensures
selective relaxation conditions while at the same
time avoiding the build-up of ROESY cross-peaks
noted in other experimental schemes (Ishima et al.,
1998). Indeed, the ROESY-type transfer in our
experiment gives rise to long-range spin correla-
tions that are never transformed into observables.
It should also be pointed out that the auto-relax-
ation rates of the two-spin modes employed in this
experiment are very similar to the rates of the
corresponding single-spin proton modes. In our
simulations we estimated that the difference be-
tween the two rates on average amounts to 1-2%,
depending on the static field. Note also that two-
spin modes decay to zero in off-resonance spin-
lock measurements — unlike single-spin modes that
relax toward a non-trivial equilibrium state
(Desvaux and Goldman, 1994).

Comparing 'HN experiment with its '°N
counterpart, it can be argued that a proton con-
stitutes a more versatile probe for conformational
exchange. It is well-known that 'HN chemical
shifts are more sensitive to the changes in distant
environment (Osapay and Case, 1991; Asakura
et al., 1995). For instance, because of the higher
gyromagnetic ratio of proton the shift of the 'HN
resonances caused by the rearrangement of the
side-chain aromatic rings is an order of magnitude
larger than the corresponding >N shift. Analysis
of ten randomly selected entries from BioMag-
ResBank (Doreleijers et al., 2003) showed that the
dispersion in chemical shifts of glycines, as ex-
pressed in the units of Hz, is 2.3 times greater in
the '"HN dimension than in the "N dimension.
After averaging over all types of amino acids, the
ratio of 1.8 in favor of protons has been obtained.
It is therefore expected that '"HN probe provides
more extensive coverage of conformational chan-
ges compared to '’N. Nitrogen chemical shifts, on
the other hand, mainly depend on backbone
torsional angles y and ¢, and to a lesser extent on
other factors (Le and Oldfield, 1996; Wishart and
Nip, 1998). The two probes, therefore, can be
viewed as complementary. It can be suggested, for
example, that nitrogen measurements can be
helpful in studying helix-coil transitions, whereas



proton dispersions are better suited for investiga-
tion of ligand binding or conformational exchange
in the presence of paramagnetic centers. Further-
more, a combination of 'HN and "N probes
(Kloiber and Konrat, 2000; Orekhov et al., 2004;
Korzhnev et al., 2004) offers new insight into ps-
ms time-scale events in proteins.

Materials and methods
Sample preparation

The C35S5/C84S variant of N-terminal domain of
human cardiac Troponin C, NcTnC, comprising
residues 1-89 was expressed and purified as de-
scribed previously (Li et al., 1995). NMR experi-
ments were performed on a sample of 1.5 mM 2H-,
I5N-labeled NcTnC in solution containing 6 mM
CaCl,, 10 mM imidazole (pH 7.0), 0.01% NaNG3,
90%H,0, and 10%D,0. The deuteration level of
NcTnC obtained with Martek-9dN media (Spectra
Stable Isotopes) was verified by mass spectrometry
and estimated to be ~97%.

NMR spectroscopy

The spectra were recorded at 12.4°C on Varian
Unity Inova 600 and 800 MHz spectrometers
equipped with room-temperature and cryogenic
triple-resonance probes, respectively. The reso-
nance assignments for C35S/C84S Ca’"-Nc¢TnC
were kindly provided by Monica Li. The proton
relaxation dispersion data were acquired using the
pulse sequence shown in Figure 1. The 2D spectra
at 600 MHz were recorded with spectral widths of
10,000 and 1800 Hz in the "H and >N dimensions,
respectively, using a recycling delay of 2.0 s and 8
scans per ¢; increment. The data were stored as
960x 128 complex matrices. Proton spin lock field
strength was varied from 1.59 to 12.35 kHz (cali-
brated using a variable-width rectangular pulse
inserted in the HSQC sequence). The rf carrier
offsets relative to the center of the amide spectral
region, 8.19 ppm, were adjusted according to
A = +v2w,. Prior to the beginning of the spin-
lock period the magnetization was aligned along
the effective magnetic field using a 4 ms adiabatic
half-passage pulse with a sweep width of 100 kHz
(the directions of the sweep are shown with not-
ched arrows in Figure 2) (Mulder et al., 1998).
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The 800 MHz data were acquired with an essen-
tially identical set of parameters. All experiments
were recorded in an interleaved manner using
(linked) arrays to increment ®;, A, and f,. The
script for separating the interleaved spectra is
available upon request from the authors. To
minimize the effects of rf heating, the o, array was
arranged in a random order and loaded in the
innermost loop of the interleaved experiment (in-
side the #; cycle). In this manner, a thermal steady
state is established and maintained in the sample
throughout the experimental run. By examining
'HN chemical shifts in the series of spectra re-
corded on the Ca?* -NcTnC sample, we found that
the heating from the proton spin lock was, in fact,
negligible (less than 0.1°C), which is consistent
with the low ionic strength of the solvent.

The reference experiments (7, =0) recorded
with different ®; and A settings differ from each
other only by the amplitude and carrier frequency
of the adiabatic half-passage pulses. If the adiabatic
pulses perform ideally then all reference spectra
should be identical. Indeed, the deviations between
multiple reference experiments were found to be
less than 1%. Therefore, the measurements were
conducted with reduced number of reference
experiments (in principle, a single reference spec-
trum should suffice). The rates were obtained from
peak intensities at two points, f,q;=0and t,.;=T. In
a separate series of measurements with variable 7,
we verified that the decay curves are monoexpo-
nential.

As a sidenote, in the case of ~ 1 ms time-scale
exchange one has to be mindful of ‘asymmetric’
exchange contributions into R{P, and R{p*
(Korzhnev et al., 2003).

Spectra processing

The spectra were processed using nmrPipe
software (Delaglio et al., 1995). Lorentz-to-Gauss
window function was applied in both dimensions
and the data were zero-filled to 1024 x 512 complex
points. The peaks were subsequently integrated
using nlinLS (Delaglio et al., 1995). The following
method was used for error analyses. The spectral
map was divided into two halves, up- and down-
field from the water signal. The upfield part of the
spectrum, which contains nothing but spectral
noise, was subjected to a cyclical shift in the '°N
dimension and then added to the left half. The
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resulting spectrum was processed using nlinLS
and the relaxation rates R‘f}f’d were obtained for
all peaks. By repeating this procedure over a
series of cyclical shifts we estimated the rmsd of
R?};’d due to spectral noise. The error bars in
Figure 5 correspond to +1.96 of the rmsd values
determined in this fashion. The advantage of this
method is that it directly models the effect of
spectral noise on the peak fitting procedure, thus
leading to a more realistic representation of er-
rors. The results were further used to estimate the
uncertainty in the best-fit parameters such as ey.
Specifically, a series of Monte-Carlo simulations
was conducted using the rmsd values described
above. The confidence intervals containing 90% of
the fitted t.x values were determined from these
simulations.

Electronic Supplementary material is available at
http://dx.doi.org/10.1007/s10858-005-0658-y
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