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Abstract Simulation and experiment have been used
to establish that significant artifacts can be generated in
X-pulse CPMG relaxation dispersion experiments re-
corded on heteronuclear ABX spin-systems, such as
13 C,—BC]—]H, where °C; and C; are strongly coupled.
A qualitative explanation of the origin of these arti-
facts is presented along with a simple method to sig-
nificantly reduce them. An application to the
measurement of 'H CPMG relaxation dispersion pro-
files in an HIV-2 TAR RNA molecule where all ribose
sugars are protonated at the 2’ position, deuterated at
all other sugar positions and "°C labeled at all sugar
carbons is presented to illustrate the problems that
strong >C-'*C coupling introduces and a simple solu-
tion is proposed.

Keywords Strong scalar coupling - '"H CPMG
relaxation dispersion - Spin-lock - ABX heteronuclear
spin-system - RNA

Introduction

Relaxation dispersion NMR spectroscopy has become
a powerful tool for studying conformational dynamics
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of biomolecules on the ps—ms time-scale (Palmer 2004;
Eisenmesser et al. 2005; Korzhnev et al. 2004; Ishima
et al. 1998). For molecules undergoing ms dynamics,
Carr—Purcell-Meiboom-Gill based experiments are
particularly useful (Palmer 2004). Here the evolution
of transverse magnetization under a series of refocus-
ing 180° pulses is quantified to obtain information on
the time-scale of the exchange process as well as on the
population(s) and chemical shifts of the excited
state(s). In addition, experiments can be repeated as a
function of temperature or pressure to obtain insight
into the energy landscape of the system (Bezsonova
et al. 2006; Korzhnev et al. 2004). A variety of CPMG-
based experiments have been developed for the study
of exchange in proteins, including those that make use
of 'H, *C and N nuclei (Ishima and Torchia 2003;
Orekhov et al. 2004; Loria et al. 1999; Tollinger et al.
2001; Hill et al. 2000; Skrynnikov et al. 2001) focusing
on single-, zero-, double- and multiple-quantum co-
herences (Dittmer and Bodenhausen 2004; Loria et al.
1999; Tollinger et al. 2001; Korzhnev et al. 2005) as
reporters of exchange.

Recently, our laboratories have initiated studies of
dynamics in RNA. Here we have made use of the
deuteron as a spin-spy probe of motion, using a label-
ing scheme where all of the ribose carbons are uni-
formly 'C labeled and all of the ribose hydrogens
labeled with *H, with the exception of the H2’ hydro-
gen (Vallurupalli et al. 2006; Scott et al. 2000), Fig. 1.
A series of 'H — *C — ?H out-and-back experiments
have been developed for quantifying “H spin relaxation
(Vallurupalli et al. 2006). This labeling scheme pro-
duces an H2’ proton that is isolated from scalar (J)
couplings to other ribose protons and our goal was to
exploit the “apparent” "H2’-'>C2’ AX spin system on
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Fig. 1 Labeling scheme used to study both ps-ns (Vallurupalli
et al. 2006; Scott et al. 2000) and ms dynamics in ribose units of
RNA. All ribose carbons are *C labeled and all the protons
except H2' are replaced by *H. In the HIV-2 TAR RNA
construct under study (Brodsky and Williamson 1997; Dayie
et al. 2002) the C2’ and C3’ carbons can have very similar
chemical shifts (74.8-76.8 ppm) and (71.9-77.6 ppm), respec-
tively (Brodsky and Williamson 1997; Dayie et al. 2002), so that
strong coupling between the carbons is a distinct possibility in
many cases (1]Cl,C2,~ 40 Hz; 8 C2-C3’ pairs with UcrcrlAv >
0.27, where Av is the difference in shifts between C2” and C3’ at
600 MHz 'H frequency). The C1’ chemical shifts (89.2-
94.5 ppm) are well separated from C2’ (Brodsky and Williamson
1997; Dayie et al. 2002)

each of the ribose sugars to record "H CPMG experi-
ments measuring exchange in RNA. To our initial
surprise, however, many more ‘“‘dispersions’ were ob-
served than expected in the HIV-2 TAR RNA system
studied here, and all of these were artifactual. At the
root of the problem is the fact that the C2’ and the
adjacent C3’ carbons can have very similar chemical
shifts, with differences <lppm for eight of the 30 nu-
cleotides in HIV-2 TAR (Brodsky and Williamson
1997; Dayie et al. 2002), and since ey ey ~ 40 Hz the
two carbons become strongly coupled in cases where
the shift differences are small. The strong coupling
introduces artifacts in X-pulse CPMG based experi-
ments recorded on heteronuclear ABX spin systems
that one might not initially anticipate, and in what
follows we provide a theoretical description of the
problem, simulations to illustrate how large the effects
can be, followed by a simple pulse element that largely
suppresses the artifacts.

Results and discussion

We first consider a 3-spin heteronuclear ABX spin-
system and evaluate the response of transverse X
magnetization to the application of an X-pulse CPMG
train. This spin system is sufficient to describe the
artifacts that are observed in 'H CPMG relaxation
dispersion experiments recorded on RNA samples la-
beled as in Fig. 1 (Vallurupalli et al. 2006), where spins
A and B are '*C2’" and '*C3', respectively, and spin X is
H2’. In what follows we first examine the spin echo
pulse element, -—nx—1, that forms the basis of the X-
pulse CPMG scheme. The Hamiltonian of interest
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during the evolution time z, neglecting both the effects
of relaxation and chemical exchange, is given by,

Hupx = waAz + wpBz + ox Xz +2n) axAz X7

1
+ 21 ap(AxBx + AyBy + AzBy) M)

where w4, wp and wy are the Larmor frequencies of
spins A, B and X, respectively, C, je{X, Y, Z} is the J-

component of the Ce{A, B, X} spin-angular
momentum operator, J4x is the one bond
heteronuclear scalar coupling constant between

directly attached spins A and X, Jup is the
homonuclear coupling constant connecting spins A
and B and we assume that Jgx = 0. In the case of a
heteronuclear AMX spin system where homonuclear
spins A and M are only weakly coupled and starting
from Xy (proportional to the x-component of X
magnetization), the density matrix at the completion
of the -—nxy—7 echo is given by

p(20) = UamxXx Uppix (2)

where Uy y = e Hamxte—inXxe—illauxt Since all of the
terms comprising the Hamiltonian commute U 4,,x can
be replaced by e ™¥x. Thus both chemical shift and
scalar coupled evolution during 7 are refocused and the
starting magnetization is completely recovered. In the
case of an ABX system, evolution of X magnetization
during the spin echo leads to,

p(21) = UyUapx Xx U5 U, " (3.1)
where
U, =e o7, (3.2)
UABX — efiHABXrefinXxefiH:‘er’ (33)
HO — @f‘zﬂ (Az +By) +24pAzBy and  (3.4)
H! Zw(Az—Bz)-‘rZTCJA)(AZxZ

ABX 2 (3.5)

+2nJ45(AxBx + AyBy).

Equation (3.1) can be simplified by noting that
[Ho, HlAB)(] = 0 so that

: ff,—1
p(27) = zf;aXXXUZéX (36)
where

Ut = e Mhnxte~Minxte—inXx and (3.7)
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(w4 — wB)
2
+ ZEIAB(AxBX +AyBy).

Higy = (Az = Bz) —2nJsaxAz Xz

(3.8)

Note that the unitary operator U,y cannot be re-

placed by e~ in Eq. (3.6) because [AxBx + AyBy,
2AzXz] # 0. Thus, X spin magnetization is incom-
pletely refocused after a spin echo in this case. More
quantitatively, in the limiting case where dw = w —wp
= 0 and starting from XY, the fraction of transverse X
magnetization at the completion of a single spin echo is
given by

1+ (JApTax/Th) <8 cos (@) —2cos(2nJt) — 6),

S =4, + Ty (4)

and the general case where dw # 0 is illustrated in
Fig. 2. In the limit that dw > J 45 an AMX spin system
results and Fig. 2 shows that there is complete refo-
cusing of magnetization, as expected.

The loss of X spin magnetization in the ABX system
after a single spin echo can lead to artifacts in CPMG
experiments that are comprised of multiple echo trains.
In the constant time (CT) variant of the CPMG
experiment (Mulder et al. 2001), a series of spin echo
elements, (=—nx—7)y, Where N is even, is applied during
a constant relaxation delay, Tcpmg = N X 2t. The
magnitude of the x-component of transverse X mag-
netization (/) is measured in a series of experiments in
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Fig. 2 Fraction of transverse X magnetization, Xy, in a
heteronuclear ABX spin system at the completion of a single
spin echo, t —-my —1, as a function of 7 and Jdw, the difference in
chemical shifts between spins A and B (ppm). The initial
magnetization is Xy. A static magnetic field strength of 14.1T
(600 MHz "H frequency and 150 MHz '*C frequency) is assumed
along with X = 'H2", A = 3C2", B = *C3, Jup =40 Hz, J4x =
160 Hz.

which the number of = pulses is varied in the constant
time interval. Subsequently, relaxation dispersion
curves are generated from the variation of the effective
relaxation rate Rpepr(vepmG) = ﬁlnw with
vepmGg, wWhere vepmg = i and I, is measured from a
reference spectrum with Tcpyg = 0. Note that in the
absence of chemical exchange and neglecting spin
relaxation R, ¢s(vepmc) profiles are expected to be flat
since I(vepmg) should be independent of vepmg.
However, for an isolated ABX spin system the loss of
X-transverse magnetization that can result from A-B
strong coupling effects during the Tcpmg interval
ultimately leads to “‘spikes’ in CPMG dispersion pro-
files corresponding to elevated R, ¢ values that have
nothing do with chemical exchange, Fig. 3A. It is
noteworthy that artifacts are also produced using a
scheme in which in-phase (Xx) and anti-phase
(2A ,Xy) transverse magnetization are interchanged in
the middle of the CPMG element that eliminates
contributions to dispersion profiles from differential
relaxation of these two modes (Loria et al. 1999),
Fig. 3B.

Certain aspects of the profiles of Fig. 3A can be
understood by comparing the evolution of X-spin
transverse magnetization during CPMG elements with
very short delays, 7, (large vcpmg) relative to the
evolution for longer values of t. In the limit that
HYyzxt < 1, Higx t < 1, the relevant propagator for

the evolution of transverse X magnetization,
yagl T2 i .
e Hapxre~HapxTe~"Xx (see above) can be approxi-

mated by e (HisxtHisx)Te~mXx: since [HYpx + Hapx
Xx ] =0, X transverse magnetization is preserved. For
longer 1 values e iisxTe~Hanx™ £ e~iHanxtHipx)® and
the incomplete refocusing can lead to large R, ¢ rates
for certain vepyg values. This can be appreciated on an
intuitive level by noting that transverse X magnetiza-
tion, Xy, evolves due to A-X scalar coupling (24 zXz;
Eq. (3.5)) to produce 2A Xy which in turn evolves
under (2AxBx + 2AyBy, Eq. (3.5)) to generate other
magnetization modes which are not refocused (see Eq.
(3.7)). Thus, a simple solution to the problem becomes
apparent: the strong coupling artifacts can be elimi-
nated using the scheme of Fig. 3A if the buildup of
anti-phase magnetization, 2A z Xy, is prevented. Inter-
estingly, in the case where the starting coherence
is 2AzXy, Fig. 2B, evolution due to strong coupling
occurs even in the limit of large vcpmg values,
leading to loss of magnetization and thus non-zero
R, ri(vepma = o°) rates even though intrinsic relaxation
times are assumed infinite in the simulations.

Figure 3C shows that by decoupling spins A and B,
and hence preventing the scalar coupled evolution of
Xy, artifacts disappear (note the z-axis scale). Here a
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Fig. 3 Constant time X-pulse CPMG schemes along with
simulated relaxation dispersion profiles for a heteronuclear
ABX spin system with X ='H2, A =13C2, B=13C3,
Jap =40 Hz, J4x = 160 Hz, as a function of dw = wy—wp. The
strength of the CPMG field is given by vepmg = 417, where 27 is
the time between the 180° pulses and RF inhomogeneity is not
taken into account. The length of the constant time CPMG
element, Tcppmg = 40 ms, is 2Nt in A and C and 4Nt in B. The

100 kHz CW field was employed to illustrate the con-
cept and to ensure complete decoupling; such field
strengths are, of course, not of any practical interest.
When more reasonable fields are used artifacts do re-
sult, however, as illustrated in Fig. 4A where a 3 kHz
CW field is employed and dispersion profiles simulated
as a function of offset from the resonance frequencies
of spins A and B that are degenerate. This again can be
understood intuitively by noting that a CW field of
strength Z kHz can be thought of as a series of 180°
pulses (one immediately following the other), each of
duration 1/(2Z) ms. If the field strength is such that ““an
integer number of such pulses” can be applied for each
7 interval in the CPMG train then A—X scalar coupled
evolution is refocused. By contrast, if a half integer
number of pulses is applied then the centers of the A/B
and X 180° pulses coincide, leading to scalar evolution
that for certain Tcppg values produces spikes. Thus,
spikes in R, . can be realized for t values (ms) of {0.5,
1.5,2.5,3.5, ..../(2Z), although the details do very much
depend on Tcpmg, and on the parameters of the spin
system including couplings and chemical shift offsets,
as well as on the offset of the CW field from the spins;
indeed spikes can also be obtained for other t values as
well. For example, for a 3 kHz CW field and
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starting magnetization is Xy in schemes A, C and 24Xy in B.
The element in the center of the CPMG interval of scheme B
interchanges 2A Xy and Xy with 1, set to 1/(4/4x) (Loria et al.
1999). A CW spin lock field of 100 kHz, on resonance for spin A,
has been assumed in C. The intrinsic relaxation rates of all spins
are set to zero and chemical exchange effects are not included.
Highlighted are dispersion curves for particular dw values for
which large artifacts (very high R, ¢ values) were obtained

Tcpmc = 30 ms considered in Fig. 4A, large artifacts
are obtained for vcpmg values of 200, 333, 433 and
600 Hz, corresponding to t values that ‘““accommodate
7.5, 4.5, 3.5 and 2.5 pulses”, respectively. Similar arti-
facts are observed at veppmg values of 200, 333, 429 and
600 Hz even when J,p = 0. Thus, it is important to
choose the decoupling field strength with care. This can
be done by simulating strong coupling effects prior to
the experiment and subsequently avoiding vepymg val-
ues that lead to artifacts. However, the approach that
we favor is to vary the CW field strength, vcw, for each
vepmg value in such a way so as to ensure that an
integral number of decoupling pulses is present in ev-
ery 7 element. This is accomplished by choosing
vew = 2kvepmg Where k is an integer, Fig. 4B. Flat
dispersion profiles are obtained, with the exception of
the first point (vepmg = 33 Hz) in the case of large Aw
values where the limited bandwidth of the CW field
becomes an issue. Thus, dispersion curves can be
faithfully recorded in this manner for values of
vepmg >50 Hz, using CW fields that vary between
2.1 kHz and 3 kHz (see legend to Fig. 4). Detailed
simulations with Tcpymg values that vary from 20 ms to
100 ms establish that, in general, for veppg >60 Hz,
artifacts in Rpep are less than 1 s Finally, it is
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Fig. 4 Relaxation dispersion curves obtained using the pulse
sequence of Fig. 3C, with Tcpymg = 30 ms, dw = 0 and Aw is the
offset of C2//C3’ resonance frequencies from the *C carrier (see
legend to Fig. 3 for additional parameters used in the simulations
of the non-exchanging heteronuclear spin system). (A) A
constant 3 kHz CW field is used for all vepypg values, producing
large artifacts at a number of frequencies, as described in the

straightforward to compensate for the differential
heating that may result from this approach by including
a short variable A/B spin decoupling element imme-
diately prior to the start of sequence so that the aver-
age power dissipated in the sample is independent of
VCPMG-

Figure 5 shows experimental dispersion profiles
generated for A35 (A) and G34 (B) of HIV-2TAR RNA
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30

26

Roer (87)

22

18 }—-H—kl/{-h{——h_{,___i__]____;_ —3

100 200 300 400 500 600 T7TOO

Veena (HZ)

Fig. 5 Comparison of experimental relaxation dispersion curves
recorded on a 30 nucleotide, 1 mM HIV-2 TAR RNA sample
(Vallurupalli et al. 2006) described previously, 25°C, 600 MHz.
The schemes of Fig. 3B (green; Tcpmg = 40 ms) and 3C (red;
Tcpmc = 30 ms) have been used. The CW decoupling field (vew)
for each vcpmg value was chosen according to the relation

8 Aw=2ppm
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text. RF inhomogeneity is not taken into account. (B) CW fields
are varied with each value of vcpvg, SO as to satisfy
vew = 2kvepma, With &k an integer, eliminating the artifacts in
A (vew values ranging between 2.1 kHz and 3 kHz are
employed). Values of R larger than 1 s™ are only observed
in the first point (vepmc = 33.3 Hz) for large Aw due to the
limited bandwidth of the CW field.

using the schemes of Fig. 3B (green) and 3C (red). The
dispersion profiles generated with a standard sequence
(Fig. 3B) could easily (and erroneously) be interpreted
in terms of exchange, yet clearly reflect the effects of
strong coupling. Reasonably flat dispersions are ob-
tained when a CW field satisfying vew = 2kvepmc 1S
applied during the CPMG pulse train, as expected on the
basis of the simulations discussed above. A measure of
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vew = 2kvepmc (With k an integer, as described in the text) and
varied between 2.8 kHz and 2.27 kHz. The *C and 'H carriers
were placed at 75.5 ppm and 4.5 ppm, respectively. (A) Residue
A35 with |5wcz'c3'| = 0.1 ppm. (B) Residue G34, |(chz/c3" =
0.7 ppm
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how “‘flat” such dispersions are can be obtained from the

2
1 N [ REx _ pBestFit .
N 72{:; 2eti ) where N is
N Xp
i=1

2.effi

quantity RMSD =

the number of vcpyg points defining the dispersion,
R;’;‘f’ﬂi is the measured relaxation rate for the ith
vepma value, RPN is the value of the horizontal
line which best approximates the data and OpEe 18
the error in the measured Rj.q; rate. Valués' of
RMSD were 0.9 and 0.6 for A35 and G34, respec-
tively, and varied between 0.5 and 0.9 for the range
of strongly coupled residues that could be quantified
in spectra.

In summary we have presented an example of
where strong coupling effects can lead to sub-
stantial artifacts in relaxation dispersion profiles.
Dispersion curves generated from 'H CPMG
experiments using *C-">C-'H spin system probes,
that are not undergoing chemical exchange but
where the pair of '*C spins are strongly coupled,
can be produced that are not dissimilar from those
that might be obtained in cases with exchange. A
simple solution involving the use of CW decoupling
fields during the CPMG interval substantially
reduces the artifacts so that robust measures of

exchange can be obtained.
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