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Abstract: An enhanced sensitivity zero-quantum correlation experiment is proposed for recording *H-3C
correlations of methyl groups in highly deuterated, methyl protonated large proteins. The zero-quantum
spectra benefit from TROSY-effects in which both intra- and inter-methyl dipolar relaxation interactions are

minimized. Applications to malate synthase G at 5 °C (81
time of 118 ns) and lysine decarboxylase at 45 °C (810

kDa single polypeptide chain enzyme, correlation
kDa decameric enzyme) are presented showing

significant improvements in resolution relative to corresponding HMQC data sets, with only slight decreases

(~10%) in sensitivity.

NMR spectroscopy has emerged as a powerful method for

the study of molecular structure and dynamics. A major reason

Although deuteration does significantly improve the quality
of methyl correlations itH-13C spectra, it is clear that dipolar

for the success of the technology is the relative ease of interactions between the methyl spins and the surrounding pool
manipulation of the interactions and local fields that determine of deuterons, and dilute proton spins on neighboring methyl
the evolution properties of the spins from which the observed groups, do still contribute to the relaxation of the coherences
signal is derived.One important example of where local fields  of interest. Minimization of these external fields would lead to

can be minimized and hence relaxation times increased is theline narrowing in spectra (relative to HMQC data sets) that might
case of TROSY oftH-15N spin pairs attached to macromol- well be important in applications to high molecular weight

ecules? Here the partial cancellation of fields due to the interplay particles where resolution is critical. Here we show that a zero-

between chemical shift anisotropy (CSA) and dipolar interac-
tions leads to line narrowing, resulting in spectra with signifi-
cantly improved resolution and sensitivity Recently we have
shown that it is also possible to record TROSY-bak¢d3C
correlation spectra of rapidly rotating methyl groups attached
to large, highly deuterated protein&using the well-established
HMQC pulse schemé?® In this experiment cancellation of
intramethyl'H-'H andH-13C dipolar interactions is maximized
so that high quality spectra can be obtained. Contributions to
relaxation from spins external to the methyl in question are
minimized through the use of highly deuterated samples with
protonation restricted to methyls of 116%), Leu, and Val. We
have recently shown that in the case of Leu and Val, far better
spectra can be obtained with samples in which only one of the
two methyls is of the®*CHjz variety, with the othet?CDs.°
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guantum (ZQ) analogue of the HMQC experiment, HZQC,
provides the desired suppression, leading to noticeable improve-
ments in spectral resolution, with only slight decreases in
sensitivity. Applications to malate synthase G (MSG), an 81
kDa single polypeptide chain enzyme, and lysine decarboxylase
(LDC), an 810 kDa decameric enzyme, are presented, establish-
ing the utility of the methodology.

Materials and Methods

NMR Samples. U-[?H,**N] lled1-[*3CHg], Leu,Val-[**CHz,*2CD3]
samples of MSG and protein L were prepared usig@-Dased minimal
growth media and'fC2H]-d-glucose as the main carbon source as
described previouslyOne hundred milligrams each of 2-keto-3,3-d
4-13C-butyrate and 2-keto-3-methyk-8-di-4-13C-butyrate was added
to 1L growth media 1 h prior to induction, leading to the selective
incorporation of'3CHz groups intod1 positions of lle and selective
[*3CH3,*2CDg] labeling of Leu/Val isopropyl moieties A U-[?H,*5N]
lled1-[*3CHs] sample of LDCG® was obtained by protein overexpression
from a culture ofEscherichia coliBL21(DE3) pLysS cells (pET3
vector) in 500 mL of DO M9 medium, using*fC?H]-d-glucose as
the main carbon source, supplemented by the addition of 40 mg of
2-keto-3,3-@-4-13C-butyrate 1 h prior to induction. After cell-lysis in
the presence of excess cofactor pyridoxal phosphate, LDC was purified
to homogeneity by heating the cell supernatant t6@@or 8 min and
applying the soluble fraction to a size-exclusion chromatography
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column. The fraction containing LDC was exchanged into 99.9%,D
50 mM sodium phosphate, pH 6.8 (uncorrected), 20 mM NaCl, 3mM
DTT, and concentrated to 0.8 mM in monomer (8@ in complex).
The sample of protein L was 1.2 mM in protein, 99.9%) 50 mM
NaPOs, pH 6.0 (uncorrected), 0.05% NgNvhile a 1.0 mM MSG
sample (99.9% BD, 25 mM sodium phosphate, pH 7.1 (uncorrected),
20 mM MgCh, 0.05% NaN, 0.1 mg/mL Pefabloc, 5 mM DTT) was
employed. All biosynthetic precursors were obtained from Isotec
(Miamisburg, OH) and quantitatively exchanged?t at position 3
according to Goto et af.

NMR Spectroscopy. All NMR experiments were performed on
Varian Inova spectrometers equipped with pulsed-field gradient room-

temperature triple resonance probes. Measurements of the relaxation

rates for the slowly relaxing DQ and ZQ components (see below) were
carried out at 600 and 800 MHz spectrometer fields using a pulse
scheme that will be described elsewhere, with parametrically varied
relaxation delays between 2 and 40(60) ms for MSG at 20{@7@nd

with delays between 1 and 150 ms for protein L at 25 af@.3HMQC

and HZQC data sets were recorded on?d:°N] lled1-[*3CHg],
Leu,Val-[*3CH,,*?CD3] MSG at 5°C, with (ts,t) acquisition times of

(47 ms, 64 ms), 16 scans/FID, and a 1.5 s recycle delay (net
experimental time of approximatel h per spectrum at 600 MHz).
Corresponding data sets for BH*N] lled1-[**CHs] LDC were
obtained at 45C, 800 MHz, with (,t;) acquisition times of (24 ms,

64 ms), 224 scans/FID and a recycle delay of 1.5 s, giving rise to net
acquisition times of 10 hours/spectrum. All NMR spectra were
processed using NMRPipe/NMRDraw softwat&0° shifted squared
sine-bell functions injtwere employed for MSG, while for LDC 36
shifted sine-bell functions were used, with forward-backward linear
predictiort® in t; for all data sets.

Results and Discussion

Before discussing some of the important features of'the

13C zero-quantum-based experiment that partially suppresses

dipolar interactions involving external spins, it is worthwhile
to review very briefly some of the elements of methyl-TROSY
spectroscopy, focusing on the HMQC experiment. The transfer
of magnetization during this scheme can be described succinctly
as H— H,Cugq (t1) — H (t2), where H,Guq refers to the multiple-
quantum coherences that evolve durtpglt has been shown
that in the macromolecular limit and assuming very fast methyl
rotation, 50% of the'H transitions relax slowly (independent

of intramethyl *H-H dipolar interactions) and that 50% of
coherences that contribute to Hygrelax in a manner inde-
pendent of intramethyiH-'H andH-12C dipolar interactions.
Moreover, the flow of magnetization throughout the experiment
ensures that the slowly relaxifdyl signal is transferred to the
slowly relaxing MQ elements and back to the slowly relaxing
1H transitions for detection; a second pathway involving fast
relaxing components also exists, but for applications involving
large proteins, this pathway makes little or no contribution to
the final signal and will be ignored in what follows. All
relaxation rates discussed below refer, therefore, to those
describing the decay of the slowly relaxing components. The
double- (DQ) and zero-quantum (ZQ) coherences that comprise
H,Cuq are interconverted by #1 18C° pulse in the middle of
thet; period so that, to excellent approximation, the effective
relaxation rate during this interval is given b + Rzq)/2,
whereRpo and Rzq are the relaxation rates of tHel,**C DQ
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and ZQ coherences, respectively. In the macromolecular limit
and assuming very rapid methyl rotation, these re®gs,(Rzq)

do not depend on intra-methyl dipolar interactiértbey are,
however, influenced by external spins, wih6 — Rzq)/2 well
approximated in the absence of chemical exchange by

(Rog = Reg) 16 AV074YcSandte .,
2 154 3 3
ff,CDEl eff, HDE

e

2
axist c

2 Rive

3 3
V' Teft cHEl eff HHE

where terms 1 and 2 account for cross-correlations beti&en
°HE, 1H-2HE and betweeA3C-HE, H-'HE dipolar interactions,
respectively, with C and H denoting methyl carbon and proton
spins. In eq 1S.isis the order parameter describing the ampli-
tude of motions of the bond connecting the methyl and its
directly attached carbong is the correlation time for overall
tumbling (assumed isotropic) angky are effective distances
between C, H and external deuterons or protdn8,and H;E
(E refers to an external spin). Factors which depend on the
relative orientations of the interacting dipole vectors and contri-
butions from methyl rotation which can modulate both the dis-
tance and angular parts of the dipolar Hamiltonian are implicitly
included in 1f2ﬁ’k. Equation 1 includes only terms propor-
tional to zc and neglects contributions frof CSA-13C CSA
cross-correlationt? however, such terms are small (estimated
at less than 1§ at 800 MHz forzc = 45 ns). Expressions
very similar to eq 1 have been derived previously by Konrat
and Sterk* and Norwood® in the case of AX spin systems.
Figure 1a shows experimental values Bh§ — Rzg)/2 for
U-[2H,5N] lle 61-[*3CHj], Leu,Val-[*3CHs,?CDs]-labeled samples
of protein L (7 kDa, 25C, 5°C) and malate synthase G (MSG,
81 kDa, 37°C, 20°C; decay rates could not be well quantified
at lower temperatures) recorded at 600 MHz using a pulse
scheme in whicliRpg andRzq are recorded separately. It is clear
that Rog > Rzg, SO that line narrowing can be achieved in
spectra recording ZQ (decay rakeg) relative to MQ (effective
decay rate of 0.%pq + Rzq)) coherences ity. Of note, on the
basis of distances measured from the X-ray structures of protein
L1 and MSG!” contributions from external deuterons are
estimated to make up greater than 50%Rid — Rzg) in the
samples used here (dominated by intraresidue spins). Figure 1b
plots histograms of 0.8oo + Rzq)/Rzq, obtained from mea-
surements on MSG samples, at 600 and 800 MHz and at 37,
20°C, corresponding to the ratio &f line widths of correlations
in HMQC versus HZQC data sets acquired with lohg
acquisition times. This ratio is independent of the molecular
tumbling correlation time, so long as the tumbling is in the
macromolecular limit, and is also independent of spectrometer
field (see eq 1) in the limit that chemical exchange effects are
small. Thus, gains in resolution associated with HZQC spectra
relative to HMQC data sets will be observed at any field, so
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Figure 2. HZQC pulse scheme used to record high-resolution*BE3C

~70 ns
40 99+38 MSG 601 1415022 (37°C) spectra of protonated methyl groups in deuterated proteins. All narrow (wide)
(20°C) 40 800 M rectangular pulses are applied with flip angles df @BC’) along thex-axis
unless indicated otherwise. AH and3C pulses are applied with the highest
20 20 available power, witH3C WALTZ-16 decoupling® achieved using a 2-3
kHz field. Two separate data sets are recorded for éagqioint corre-
sponding to (i) the composiféd pulse at positiora and (i) the composite
0 10 20 0o 1 2 3 4 1H pulse at positiorb. Subsequently the spectra are added and subtracted

TR, + R to generate sensitivity enhanced hypercomplex data as described by Kay et
l[RD - Ry, |(s7) _[_u] all® The phase cycling employed is as followgl = xy; ¢2 = X,y,—X,—
20 bo Q 2 Rzg y; rec = x,—Xx,—X,Xx when the'H composite pulse is applied at positian
- v e - o 5
Figure 1. (a) Histograms ofRoq — Rzq)/2 measured for protein L (top 2 and rec= x,x,—x,—x when it is applied at positiom. The use of’H

. - decoupling is optional (we have found sensitivity gains 636 when it
panels) and MSG at different temperatures, 600 Midzalues are indicated h 2 A - h
in the top right corner of each panel. Rates have been measured for lle,'s used)?H decoupling is achieved with a 500 Hz GARP-1 ffélflanked

Leu, and Val methyls in U¥N 2H], lled1-[3CHy], Leu,Val-[3CHs, 12CDs] by 9C¢° (2.0 kHz)2H pulsgs. Delayg is set to_3.6 ms. The_durations_and
protein samples. Mean values &b — Rzo)/2 (53), along with standard strengths of the pulseg field gradients applied alongzthgis are: g1 =
deviations, are shown above each histogram. (b) Histograms &g, ¢ (1.0 ms, 7.5 Glem)g, = (0.5 ms, 10 G/cm).

Rzq)/Rzq showing that in the macromolecular limit, the ratio fef line . . .

widths obtained from HMQC and HZQC correlations is independentof ~ HMQC experiment, and less when relaxation is considered (the
as well as of external magnetic field _(in the absence of_ e_xchange). Mean corresponding “enhanced” HMQC experiment is not an option
values of 0.5Roq + Rzq)/Rzq and associated standard deviations, are shown ¢ it involves additionalH 90° pulses, leading to losses in

above each histogram. Histograms of data for protein L are based on a o . £ f lowl laxi
sample size of 15, while those for MSG are derived on the basis of data SENSitivity due to mixing of fast and slowly re axing4

from 109 (600 MHz, 20°C), 131 (600 MHz, 37C), 141 (800 MHz, 20 coherencey. Provided that; acquisition times are sufficiently

°C), and 150 (800 MHz, 37C) residues. long, the lower relaxation rates of the ZQ coherences compen-
sate for much of the/2 loss in sensitivity relative to HMQC,

long as applications involve high molecular weight systems regyiting in ZQ spectra of close to the same sensitivity and

(octe > 1, whererc is the overall correlation time). significantly better resolution than their HMQC counterparts
Figure 2 shows an enhanced sensitivity HZQC pulse sequence(see below).
that has been used to record Z@-'3C methyl correlation maps The lle regions of HMQC and HZQC spectra recorded on a

of methyl protonated, highly deuterated proteins, with both U-[2H,15N] Iled1-[*3CH3), Leu,Val-[**CH3,2CDs] sample of
cosine and sine modulatédcomponents obtained in each scan. MSG at 5°C (z. ~ 118 ns), 600 MHz, are compared in Figure
Quadrature detection in this scheme is achieved by alternatingza—d. As described above, the process of addition and subtrac-
the position of théH refocusing pulse between poirgsandb, tion of the enhanced sensitivity data sets leads to an increased
changing the phase cycle concomitantly (see legend to Figurenoise floor by a factor of/2 for HZQC maps. We have there-
2), and storing the resultant signals in separate memory fore multiplied the HZQC data set by~I2 so that the root-
locations. Thus, immediately prior to acquisition, the signal is mean-squared-noise is the same in both HMQC and HZQC
proportional toHy cos@w-wc)ts — Hx sin(@w-wc)ts (a) or to maps and in what follows all comparisons involve data sets with
Hy cos@n-wc)ti + Hx sin(ww-oc)ty (b), whereH; is the i the same noise floor. In the absence of relaxation effects, corre-
component of proton magnetization. Processing the data sefiations in the ZQ data set are expected tofZlower in intens-
using the enhanced sensitivity protdédPleads to correlation ity than the corresponding cross-peaks in the HMQC data set
maps which are/2 more sensitive than schemes which record (after multiplication of the HZQC by 1/2). Figure 3a-d makes
cosine and sine modulated quadrature components indiviéfially it clear, however, that the correlations in the HZQC spectrum
since the signal intensities are doubled, while the noise floor is gre of comparable intensity to those in the HMQC, with an
increased by/2. Therefore, in the absence of relaxation, only overall decrease in signal intensity of-82% in HZQC maps

a factor of+/2 in sensitivity is lost compared to the regular acquired with long; times. The differences iRvo and Rzq,
illustrated in Figure 1, explain the absence of substantial differ-

88; Eg;,’a[‘agh:}gé?ifsf’;f?'s";‘;r’i‘heﬁe% R T e o1 14 1006- ences in signal intensities in the two data sets, Figure 3, and
10665. concomitant line narrowing~30% of the HMQC line width).
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Figure 3. (a—d) Comparison of the lle regions of high-resolutitit-13C HMQC (a) and HZQC (b) correlation maps recorded on a®LgH] lled1-

[13CHjz], Leu,Val-[*3CH3,12CDs] sample of MSG (81 kDa) at &C (600 MHz). The spectra were processed identically and are displayed at the same contour
levels; the noise floor in each data set is the same, see text. The region enclosed in dashed boxes in panels a and b is shown in panels ¢ and d for HMQC
and HZQC spectra, respectively. Dashed vertical lines connect the peaks corresponding to the same methyl groups in the HMQC and HZQC spectra.
Correlations in HZQC spectra are located-nat the differences ofH and!3C shifts (Hz) from their respective carriers. For simplicity we have labeled the

axis exactly as was done for the HMQC data set. The position of the carrier in thetirdzhension (0.76 ppm) is shown with an arrow below panel d.

(e—h) Comparison of Leu/Val regions &fl-13C HMQC and HZQC correlation maps (same data set as for Ile above). Contours are plotted at the same levels

in HMQC and HZQC spectra and both data sets have the same noise floor. Cross-sections at points g, and h are shown in the two panels to the right of the

spectra.
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Figure 4. (a—d) Comparison of high-resolutiotd-13C HMQC (a) and HZQC (b) maps recorded on aeN|2H], lled1-[*3CHz] sample of LDC (810 kDa)

at 45°C (800 MHz). Both data sets have the same noise floor (see text) and are plotted with the same contour levels. S/N is approximately 10% lower in
the HZQC data set, and not the 30% that would be expected in the absence of differential relaxation of ZQ and MQ coherences. The position of the
carrier (0.8 ppm) is indicated by the vertical arrow below panel d.

Figure 3e-h shows the Leu,Val regions from the same set This implies that exchange contributions can at least be partially
of spectra illustrated in Figure 3al, establishing that similar ~ suppressed in one of either double- or zero- quantum correlation
gains in resolution and small losses in sensitivityl0%) are maps, although a priori it is not possible to predict in which
observed for Leu and Val methyls as well. It is noteworthy that one for a given exchanging resonance. By recording both DQ/
the gains in resolution obtained at 600 MHz have also been ZQ data sets, however, correlations with significantly improved
observed in spectra recorded at 800 MHz, as expected fromintensity can be obtained in one of the spectra, demonstrated

Figure 1b. recently by Pervushi?f

Figure 4 compares HMQC and HZQC spectra recorded ona In summary, we have described a ZQ methyl-TROSY
U-[2H,15N] lled1-[*3CHjz], 810 kDa decamer, LDC, at 4%C, experiment that protects against intra-methyl dipolar interactions
800 MHz. On the basis of electron microscopy of Lid@nd in a manner similar to the HMQC scheme and, in addition,

X-ray studies of a homologu#,ornithine decarboxylase, it is  minimizes contributions from relaxation interactions involving
expected that the 10 monomers of LDC are equivalent, with 49 external*H or 2H spins in highly deuterated, methyl protonated
lle/monomer. Conservatively, approximately 40 peaks can be large proteins. The line narrowing observed in the HZQC
quantified in HZQC/HMQC spectra, and the ZQ data set is only experiment relative to the HMQC scheme more than compen-
slightly lower in signal-to-noise (S/N) with relative S/N values sates for the marginal reduction in sensitivity, especially for
of 0.944 0.22 (0.22 is the standard deviation of the S/N among applications to high molecular weight particles where resolution
the quantified peaks). Although there is a significant decrease considerations are critical.

in absolute sensitivity of these data sets in relation to the corre-
sponding spectra recorded on MSG, it is clear that resolution
gains are obtained in ZQ maps for this system as well.

As described above, the gains in resolution in HZQC spectra
relative to HMQC (or double-quantum data sets for that matter)
are a direct consequence of the fact that external spins (i.e.
those spins outside of the methyl group in question) relax
1H,13C DQ coherences more efficiently than the corresponding
ZQ elements, eq 1Rpo — Rzg > 0). It is also the case that
IRoQ — Rzql > 0 when relaxation is dominated by chemical (21) Kioiber, K.; Konrat, RJ. Biomol. NMR200Q 18, 33-42.
exchange. Unlike the situation involving dipolar relaxation (22) ZF(f)grl‘ ?ééTféTg]igig'; Bodenhausen, G.; Zwahlerl.@m. Chem. Soc.
described here, howeveRdq — Rzq) can be either positive or  (23) wang, C. Y.; Palmer, A. GI. Biomol. NMR2003 24, 263-268.
g
)
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