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Abstract: Near complete stereospecific assignments of the prochiral methyl carbons of Leu and Val residues
in malate synthase G, a 723 residue enzyme, are reported. Assignments were obtained on the basis of a
10% fractional **C-labeling strategy developed by Wiithrich and co-workers [Neri, D; Szyperski, T; Otting,
G; Senn, H; Wthrich, K. Biochemistry 1989, 28, 7510—7516] and, in the case of Val residues, supplemented
with results from a series of new methyl-TROSY quantitative J experiments for measuring 3Jc,n and 3Jc,c
couplings. The measured 2J couplings were also used to probe Val side chain dynamics. A strong correlation
is observed between rotamer averaging established on the basis of the couplings and side chain millisecond
time scale dynamics measured using methyl-TROSY based *H—3C multiple quantum relaxation dispersion
experiments.

Introduction of this size can be obtained from a limited set of NOEs involving
h | h h . backbone amides and side chain methyls and supplemented by

The development of TROSY-based methods for the assign- o ar couplings. To make full use of NOE data, it is clear
ment O,f high mplecular weight protems has hz_id a significant that stereospecific assignments of Leu and Val methyls are a
effect in lowering th_e molecular weight _barrlers tha; have prerequisité® and in the present work, we wish to obtain such
hampered NMR studies of large systems in the pzfzzsmg assignments for as many of the 70 Leu and 46 Val residues
a series of 4D-TROSY t_nple resonance experim tsur (232 methyls) as possible. The large number of methyls and
laboratory has succeeded in assigning over 95% of the backbongyq gignificant size of the protein (correlation times of 37 and
1 15 1 13 i i i i
HN, 1N, 13C%, 1C" and the side chait’C/ chemical sh|f.ts of 45 ns in HO and DO, respectively) present serious challenges
malate synthase G (MSG), an 82 kDa enzyme comprised of afor the assignment
single polypeptide chaihThese assignments have been used | . . 0
as a s_tart_ing point to addre_ss _issues relgting tq the gnergeticgkvi?ag%%r;ng[;ﬁ:garrrjgﬁ?)gho\;v\.?\;gzCTla;e;Cuos_(\alvg:k('e) éhfz 10%
gnd k|n§t|c§ of sub;trate binding, .domaln reorientation upon which has been so successful in applications involving small-
ligand binding, and internal dyn§m|ERecently we have also to-medium sized proteins in the past and (ii) a quantitafive
r(;port_edl thhgﬂneirllcczﬁr;\)p) lite ass:?(}n}ent .?jf me%hlyrt]a nd*C . based strated§!* for the measurement oflc,n and 3Jc,c
chemical shifts of lle§1), Leu, and Val residues in the protein, . e
using a series of experiments and a labeling scheme that weCOUp“ngS initially developed by the Bax group for the stereo-

. - . assignment of Val methyl$:16 We present new methyl-
h f | f | high lecul . . .
Wi\i/ghtosrr:)?e:r?;e optimal for applications to high molecular TROSY!" 18 quantitativeJ experiments that exploit the cancel-

lation of intra-methy"H—1H and'H—3C dipolar interactions

With thg chemical Sh'ft a53|gn.ments of an important SUF’SE‘ that would otherwise significantly degrade resolution and
of the available NMR spins now in hand, we turn our attention

to structural studies of MSG. In particular, our long-term goal

N i . . (10) Hilty, C.; Wider, G.; Fernandez, C.; Whrich, K. J. Biomol. NMR2003
is to establish whether useful structural information on a system 27, 377-82.
(11) Neri, D.; Szyperski, T.; Otting, G.; Senn, H.; Wtich, K. Biochemistry
1989 28, 7510-7516.
(1) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. Sci. (12) Szyperski, T.; Neri, D.; Leiting, B.; Otting, G.; Whrich, K. J. Biomol.
U.S.A.1997, 94, 12366-12371. NMR 1992 2, 323-334.
(2) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K.J. Am. Chem. S0d998 (13) Bax, A.; Max, D.; Zax, DJ. Am. Chem. S0d.992 114, 6923-6925.
120, 6394-6400. (14) Bax, A.; Vuister, G. W.; Grzesiek, S.; Delaglio, F.; Wang, A. C.; Tschudin,
(3) Yang, D.; Kay, L. EJ. Biomol. NMR1999 13, 3—10. R.; Zhu, G.Methods Enzymoll994 239 79-105.
(4) Pervushin, KQ. Rev. Biophys.200Q 33, 161-197. (15) Vuister, G. W.; Wang, A. C.; Bax, Al. Am. Chem. S04993 115, 5334-
(5) Yang, D.; Kay, L. EJ. Am. Chem. S0d.999 121, 2571-2575. 5335.
(6) Konrat, R.; Yang, D.; Kay, L. EJ. Biomol. NMR1999 15, 309-313. (16) Grzesiek, S.; Vuister, G. W.; Bax, A. Biomol. NMR1993 3, 487—493.
(7) Tugarinov, V.; Muhandiram, R.; Ayed, A.; Kay, L. B. Am. Chem. Soc. (17) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, LJEAm. Chem.
2002 124, 10025-10035. So0c.2003 125, 10420-10428.
(8) Tugarinov, V.; Kay, L. EJ. Mol. Biol. 2003 327, 1121-1133. (18) Ollerenshaw, J. E.; Tugarinov, V.; Kay, L. Magn. Reson. Chen2003
(9) Tugarinov, V.; Kay, L. EJ. Am. Chem. So@003 125 13868-78. 41, 843-852.
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sensitivity. A combination of these two approaches has provided in the (3C, *H) dimensions andt{, t;) acquisition times of 76.7 ms
stereospecific assignments for90% of the Val methyls in ~ and 64 ms. A relaxation delay of 1.1 s and a constant-time detafy
MSG, while~80% of the Leu methyls in the protein have been 80 ms were used in both experiments along with 72 scans/FID, giving

assigned exclusively using the Neri metHédhe two meth- rise to a total acquisition time of 18.5 h for each complete interleaved
odologies are shown to be complementary. F&5% of the data set. 2D MQ'SE.D spectra for .the measuremeﬁl@b.couplings .
Val residues, data from both the fractional labeling and (pulse schemes of Figure 3b and Figure 1 of the Supporting Information)

o . . _were acquired in an interleaved manner on the’t3fN,*3C] lled1-
guantitative] approaches are available and both data sets predlct[13CH3] Leu,Val-[°CHs,2CD,] sample of MSG, using (124, 768)

the same stereoassignment. The remaining 30% of the Valcomplex points in the'{C, H) dimensions, t, t,) acquisition times of
stereoassignments are derived from data generated by only ongs1 ms, 64 ms) and 80 transients/FID resulting in a total experimental
of the two methods+15% from each). Finally3Jc,n and3Jc,c time of 18 h for an interleaved matrix (relaxation delay of 1.5 s;
couplings have been used to provide information abgut constant-time delaf§ = 54 ms).'H—13C CT-HSQC spectra?® were
rotamer averaging in valiné86.1%nd a significant correlation  recorded on the fully protonated, 10% fractionafi¢-labeled sample
betweery; averaging established on the basis of these couplings©f MSG (see above) with constant-time delays of 28%(&"Jec) and

and millisecond time scale side chain dynamics probed by 42 Ms:”and with , ;) acquisition times of (27 ms, 64 ms) and (42

methyl-TROSY relaxation dispersion experiméfts noted. ms, 64 ms) in {¢C, H) dimensions, respectively. 186 scans/FID were
recorded, resulting in net experimental times of 16 and 25 h (re-

Materials and Methods laxation delay of 1.3 s). NMR data sets were processed using NMRPipe/
NMRDraw softwaré? with peak intensities measured with the program
NMR Samples A U-[?H,*N,"*C] lled1-[**CHy], Leu,Val- PIPP?2 NMR spectra were analyzed with NMRViéwusing the
[**CHs,?CDs] sample of MSG was prepared using@based minimal assignments of Leu and Val methyl groups obtained previdusly.

growth media with *C2H]-p-glucose as the main carbon source,
described in detail previoush2-Keto-3,3-d-1,2,3,41%C-butyrate (120 Results and Discussion

mg) and 2-keto-3-methyds-3-d;-1,2,3,4433C-butyrate (200 mg) were . . . ) .
both addedd 2 L of growth medim 1 h prior to induction, which Stereospecific Methyl Assignments in MSG via Fractional

13C. ; oo I
led to the methyl labeling pattern indicated above (note that the °C-Labeling. An elegant method for the ste.reospeCIfIC assign
labeling of the Leu and Val methyls is not stereospecific). A 0.9 mm Ment of prochiral methyls of Leu and Val residues was proposed

sample was prepared in 92%,®/8% DO, 25 mM sodium phos- by the Withrich group over a decade ago based on fractional
phate, pH 7.1, 20 mM MgG] 0.05% NaN, 0.1 mg/mL Pefabloc, and (10%)*3C-labeling of proteins using a carbon source consisting
5 mM DTT. A second MSG sample, UH,*N,12C] lled1-[**CHj] of a 1:10 combination oftC-glucosel’C-glucoset12 The
Leu,Val-[*CH;,2CDs] MSG, with 1°C labeling restricted to the methyl  approach relies on the fact that the pro-R and directly bonded
positions indicated above was prepared as described elséhhgrg carbon (G1,Cs in Val and G31,C, in Leu) derive from the same

[*2CH]-p-glucose as the main carbon source. In this case, 2-keto-3,3- pyryvate molecule, while the pro-S methyl and the adjacent

E‘[21'34C' ﬁcl-z%]gﬁ;iéllliiélc))fal_nei zbﬁ;xi}rgi?ﬁ'iﬁg i:sn?':;”grgt;'w carbon originate from different pyruvates. As a consequence,

in protZin) w;s prepa?ed in gé%zo buffer contéining 25 rr?M sodium Wlt.h. the rgtlo of *C- to 1.2C-glucos¢ |nd|ca.ted above, the prob-
ability of simultaneous incorporation &¥C into the G(Val) or

phosphate, pH 7.1 (uncorrected), 20 mM Mg@.05% NaN, 0.1 . . . .
mg/mL Pefabloc, and 5 mM DTT. All biosynthetic precursors were Cv (L€U) and pro-R methyl carbon positions is 10 times higher

obtained from Isotec (Miamisburg, OH) and quantitatively exchanged than that for the corresponding labeling pattern involving the
to 2H at position 3 according to Gardner and Ragind Goto et al? pro-S methyl carbon. It is possible, therefore, to distinguish in
A fully protonated, fractionally'3C-labeled (10%C) sample of a straightforward manner between the pro-R and pro-S methyls
MSG was preparechi1l L of H,0-based minimal media with 10%  based on the presence or absence36f-13C 1J couplings
[*C]/90% [°C]-p-glucose as the main carbon source. To eliminate between one of the diastereotopic methyls and the adjacent
potential overlap of Val methyl resonances WitCH; groups of Lys carbon usingH—13C based correlation experiments. Applica-
andy2 methyls of Thrand lle, unlabeled lle, Thr, and Lys amino acids tjons of this methodology to relatively large proteins or protein
(400 mg each) were added to the growth medium 45 min prior 0 complexes include the near complete stereospecific assignments
|nduct|on_ of protein oy_erexpress@ﬁ_The fractl_onally”C-IabeIed MSG of Leu, Val methyls in maltose binding protéi(42 kDa, 370
preparation was purified as described earliand a 0.9 mM sample, residues) and in the OmpX membrane protein in DHPC
99% D,O, 25 mM sodium phosphate, pH 7.1 (uncorrected), 20 mM . o . .
MgCl,, 0.05% NaN, 0.1 mg/mL Pefabloc, and 5 mM DTT, was mlcel]esl (apprquately 60 qu for the complex of .I|p|d and.
prepared. protein, 148 residues). Our goal in the present work is to obtain
NMR Spectroscopy All NMR experiments were performed on an  SUch assignments for malate synthase G (82 kDa, 723 residues),
800 MHz four-channel Varian Inova spectrometer operating #t37 ~ a single polypeptide enzyme that includes 70 Leu and 46 Val
and equipped with a room-temperature pulsed-field gradient triple residues.
resonance probe. Each of the 2D ZQ-SED (zero-quantum-ggino Figure 1a illustrates a constant-time (CT, 28 mid)-13C
difference), Figure 2, and MQ (multiple-quantum)-SED, Figure 3a, HSQC spectrum recorded on a 0.9 mM, 1&%-labeled sample
experiments for the measurementdg,n couplings were recorded in of MSG that has been used to obtain Leu, Val stereospecific

an interleaved manner (see below) on theedPN,*%C] lled 1-[*3CH;z] assignments. A number of different CT delays were em-
Leu,Val-['3CHs,*?CD3] MSG sample with (186, 768) complex points

(25) Vuister, G. W.; Bax, AJ. Magn. Reson1992 98, 428-435.

(19) Chou, J. J.; Case, D. A,; Bax, A. Am. Chem. SoQ003 125 8959- (26) Santoro, J.; King, G. Cl. Magn. Reson1992 97, 202—-207.
8966. (27) Hu, W.; Zuiderweg, E. RJ. Magn. Reson. B996 113 70-75.

(20) Korzhnev, D. M.; Klober, K.; Kanelis, V.; Tugarinov, V.; Kay, L. B. (28) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
Am. Chem. SoQ004 126, 3964-3973. Biomol. NMR1995 6, 277—293.

(21) Tugarinov, V.; Kay, L. EJ. Biomol. NMR2004 28, 165-172. (29) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, G. MMagn.

(22) Gardner, K. H.; Kay, L. EJ. Am. Chem. S0d.997, 119, 7599-7600. Reson1991, 95, 214-220.

(23) Goto, N. K.; Gardner, K. H.; Mueller, G. A.; Willis, R. C.; Kay, L. B. (30) Johnson, B. A.; Blevins, R. Al. Biomol. NMR1994 4, 603-614.
Biomol. NMR1999 13, 369-374. (31) Gardner, K. H.; Zhang, X.; Gehring, K.; Kay, L. B. Am. Chem. Soc.

(24) Atreya, H. S.; Chary, K. VJ. Biomol. NMR2001, 19, 267—-272. 1998 120, 11738-11748.
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Figure 1. (a) Leu, Val methyl region of &H—13C CT-HSQC correlation spectri#f?® (800 MHz) recorded on a protonated, fractiondf¢-labeled sample

of MSG with selective “unlabeling” of lle, Thr, and Lys residéeésee Materials and Methods). The data set was acquired with a constant-time period of

28 ms (11cc). Negative cross-peaks are shown in red and correspopd(éd) methyls of Val(Leu); the negative cross-peaks in the upper left corner of

the spectrum arise from alanine methyl groups, while several positive peaks in the same region and in the uppermost portion of the plot correspond to
methyls of methionines. Total acquisition time of 16 h. (b) Leu, Val methyl region'sf-e:3C HMQC spectrurf35(800 MHz) acquired on a U2H,'*N,2C]
lled1-[*3CHz] Leu,Val-[3CH3,12CD3] sample of MSG {; acquisition time of 105 ms) in 35 min.

ployed!®27includingT = 28 and 42 ms, but in practice, a delay strategy described above and a methyl-TR®3¥%based
of 28 ms proved to be the best compromise between sensitivity quantitativeJ approachk* for Val, to maximize the number of
and resolution. Stereospecific assignments can be obtainedesidues for which such assignments could be obtained.
directly by inspection of this spectrum, since correlations derived  Merging Methyl-TROSY and Quantitative J Spectros-
from 13C methyls that are one-bond coupled t3%& partner copy. Figure 1billustrates a region from thid—13C HMQC3435
are of opposite phase (red) relative to cross-peaks from isolatedcorrelation map recorded on a &-[!>N,'2C] lled1-[13CHj],
13C spins. Although the quality of the spectrum is rather Leu,Val-[3CHs,2CDs] sample of MSG (R0O), and it is quite
marginal, stereospecific assignments for 58 Leu (83%) and 34 clear from a comparison of the data sets of Figure la,b that
Val (76%) were obtained using this approach. The large numberthere are significant improvements both in resolution and in
of assignments obtained reflects the fact that for each Leu/Val sensitivity that can be obtained when suitable labeling and the
only one of the two expected methyl correlations must be appropriate pulse scheme is ugé@ur goal here is to exploit
observed in spectra, since the phase of the observed correlationhe high quality of the data set illustrated in Figure 1b and to
automatically gives the stereoassignment, although independentievelop a set of methyl-TROSY, quantitatilebased ex-
stereospecific assignment of each methyl is of course preferred.periments to quantifyJc,n and3Jc,c couplings in Val resi-
54% of Leu and 35% of Val methyls were stereospecifically dues. Together, this pair of couplings is used to supplement
assigned on the basis of observation of only a single correlationstereospecific assignments of Val residues from the fractionally
(the remaining assignments were made by observing correlations'3C-labeled sample. In addition, such couplings can also used
from both prochiral methyls). Stereospecific methyl assignments to probe side chain dynamié$2®as described below. Regret-
of the Leu residues are listed in the Supporting Information. tably, a similar set of experiments is not possible for Leu
During the course of the assignments, we encountered a num-+esidues in the case of MSG for reasons that are listed below.
ber of difficulties beyond those related to the issue of sensitivity. ~ Before we proceed with a description of the quantitative
First, since the sample produced is fully protonated and our based pulse schemes that have been developed, it is worthwhile
previous assignments were based on methyl protonated, highlyto briefly summarize the main features of methyl-TROSY
deuterated preparatiofhere are slight shifts in peak positions  spectroscopy that are germane for the present application. In a
in the HSQC relative to those predicted from our assignment series of publications we have emphasized that the benefits of
table due to two- and three-bond deuterium isotope effects HMQC relative to HSQC derive from the fact that one of the
(~0.3-0.4 ppm in'3C) 3233|n the present application involving  two magnetization pathways in the HMQC scheme, and the only
232 Leu, Val methyls, even small (and quite predictable) shifts path that contributes to observed correlations in applications to
can add complexity. Second, it is worth mentioning that cross- large proteins such as MSG, involves coherences that relax
peaks derived from Thr and Ilg2-methyls as well ag-CH; slowly throughout the sequen&&!® Particularly important for
groups of Lys can, in some cases, interfere with the correlationsthe applications considered here is that, for an isolated methyl
of interest. We have, therefore, simplified the methyl region group tumbling in the macromolecular limit and assuming
by selective “unlabeling” of these amino acitiésee Materials
and Methods), although cross-peaks from Blkmethyls and ~ (32) Y;;éeésefi l%i_Fl"ilf%eﬂ B. T.; Fierke, C. A.; Spicer, L..D.Mol. Biol.
possiblyy-methines of Leu can interfere with the analysis and (33) Gardner, K. H.; Rosen, M. K.; Kay, L. Biochemistryl997, 36, 1389
cannot be eliminated from spectra. Both the large number of (34) |1v|4L?el|ier, L.3. Am. Chem. Sod979 101 44814484,
methyls and the high molecular weight of the system pose (35) Bax, A.; Griffey, R. H.; Hawkings, B. LJ. Magn. Resonl983 55, 301~
serious challenges for stereospecific assignments. We have(3 315.
therefore turned to a combination of both the biosynthetic 551-563.

5)
6) Millet, O.; Mittermaier, A.; Baker, D.; Kay, L. EJ. Mol. Biol. 2003 329,

J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004 9829
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Figure 2. ZQ-SED pulse scheme for the measuremeritlgfs couplings in U-fH,15N,1%C] lled1-[*3CHj], Leu,Val-[**CHs;,1?CDs] labeled samples in fD.
(Note that'3C-labeling is restricted to the methyl positions only.) Narrow (wide) pulses are applied with flip angles (if8@0) along thex-axis, unless
indicated otherwise. Th&H pulse shown with dashed lines is of the composite variet§,-9080°,—90°,.*° rf pulses are centered at 0.7, 23, and 119 ppm
for 1H, 13C, and>N, respectively. All pulses are applied at the highest field possible, #®@hdecouplin§® during acquisition achieved using a 2.5 kHz
field. = 1.8 ms, withT set to approximately B zq, whereR, zq is the relaxation rate of the slowly decaying ZQ element (L2, see t€x$),80 ms in

the application to MSG. The phase cycle is as followd:= —y,—x; ¢2 = x,y,—X,—Y; rec= 2(x),2(—x). Quadrature detection im ks achieved by recording
two separate FIDS for eadh point, with and without théH composite 180 pulse shown with dashed linééThe resulting data sets are manipulated
according to the enhanced sensitivity proté®8}to obtain pure absorptive line shapes. A pair of subspectra are recorded in an interleaved maniger with (
the 15N 180 pulse at positiora and with (i) the 15N 180° pulse at positiorb. Values of3Jc,n couplings are obtained from the relatioty € Ip)/la=1 —
cos@3Jc,nT), wherel, and |, are peak intensities in the two separate subspectra withthd80° pulse applied a& or b, respectively (see text). The
durations and strengths of the pulsed field gradients (applied alorgakis) are as follows: G# (1.0 ms, 15 G/cm), G= (0.8 ms, 7.5 G/cm), G2 (0.6

ms, 12 G/cm), G4= (1.0 ms,—5 G/cm).

infinitely fast methyl rotation, the slowly relaxing multiple- feasible to easily produce samples wii€ enrichment con-
quantum (MQ) elements decay in a manner that is independentfined to methyl and carbonyl positions only. We have, therefore,
of intra-methyl '1H—H and 'H—3C dipolar fields!” It is used a sample with the labeling pattern indicated above (i.e.,
instructive to write the!H—13C MQ coherences of a methyl  1led1-[*3CHjz], Leu,Val-[}3CH3,12CD3]), with uniform 3C-label-
group, kCx (Ij is thej = {xy,Z} component of magnetization ing at all nonmethyl positions for measurement!é€—3C

for spin I, | = 1H, C = 13C), in terms of components L1, L2, couplings. Since a sample of this type in®{was available
and L3 that separate the coherences on the basis of their differenfrom our previous work involving lle, Leu, Val methyl
relaxation properties (i.e., fast vs slow). We writeC] as assignment8,it was used to measufdc,c (see below). Our
ZqlxeCx Whereq = {1,2,3 is an index which distinguishes  preference is to measuté,n coupling constants using samples
each of the methyl protons,JCx = L1 + L2 + L3, with L1 = of the type described above (Leu,VabH3,12CD;]) dissolved
Ix1Cx (Joo> <aat])?3 L2 = I51Cx (JaS> <af| + |fa> <pa)?P, in D20 solvent, with13C-labeling restricted to methyl posi-
L3 = 1,1Cx (188> <pBPBI)?3, and|st> are spin states of methyl  tions in the protein. Replacement of amide protons with
protons 2,3. Similar relations hold fogJCy and k sCy. Coher- deuterons helps minimize external relaxation sources, while

ences L1, L3 are part of the “fast relaxing pathway”and decay limiting 13C-labeling to methyl sites ensures that experiments
with time constants on the order of a few milliseconds for can be optimized with respect to the relaxation properties of
proteins the size of MS®&.In contrast, L2 is part of the slowly  the participating spins, without the need to refocus one-bond
decaying path and relaxes predominantly from contributions 13C—13C couplings. Sensitivity issues are particularly acute for
involving external deuteron and proton spins; these contributions measurement ofJc,n in large proteins, since these couplings
can be minimized by recording zero-quantum (ZQ) data sets, are typically smaller than 2.5 F21%3%and any improvements
as discussed recently Only coherences described by L2 will  in experiment design are important.
be important in what follows. Measurement of3Jc,n and 3Jc,c for Valine Residues in

In contrast to the HMQC scheme which sequesters fast andMSG Using Zero-Quantum and Multiple-Quantum Spec-
slowly relaxing coherences throughout the sequence, the HSQAroscopy. The methods of quantitatiispectroscopy developed
experiment interconverts both fast and slowly relaxing elements by Bax and co-workers for the measurement of scalar couplings
which significantly compromises the resultant sensiti¥itpl- in moderately sized proteiffs can be easily modified for
though HMQC spectra of high intensity and resolution can be applications to large molecules. For proteins with molecular
recorded on large proteins, it is critical that samples be preparedweights less than approximately 380 kDa,3Jc,n and3Jc,c
that fully take advantage of the potential of the experiment. In scalar couplings involvingy-methyls of Val are commonly
particular, high levels of deuteration are essential. The high measured using CT-HSQC-type pulse schethéApplications
proton density in protonated samples leads to spin-flips involving involving larger proteins would clearly benefit from M&-or
external protons that would seriously undermine the TROSY ZQ%-based sequences, as described above.
effect?! much like in applications involving backbone amide ~ Figure 2 shows the HZQC (zero-quantum) quantitative
15\, 1HN spin systems3? In addition, homonuclear scalar cou- Scheme for the measurementad,n in high molecular weight
plings involving methyl and side chain protons would degrade Systems in BO with *3C-labeling restricted to methyl groups
the sensitivity of the experiment still further. We have recently (Leu-,Val-[*CHs,**CDs]). Zero-quantum*H—13C coherences
shown that methyl-TROSY experiments can be optimally

(37) Tugarinov, V.; Sprangers, R.; Kay, L. E. Am. Chem. SoQ004 126,

recorded using U%H,'*N] lled1-[3CHjz], Leu,Val-[13CHs,}2CDq] 4921-4925. _ .
preparationg! Applications that measurélc,c scalar cou- ggg phider, G.: Q’gﬁ';"ghyﬁ*;ggg- e o 02
plings require uniformt3C-labeling, since it is currently not 123 7081-7093. Y '
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evolve for a constant-time period of duratidnduring which employ HMQC schemes. These sequences refocus the two-,
time net evolution due t8Jc,n either does®N 18C° pulse at three-, and four-bontH,,—*2C scalar couplings described above
positionb) or does not occur (positioa). Following Bax and and can therefore be used with uniformfZ-labeled samples
co-workers!® the ratio of cross-peak intensities measured in (or 3C-methyl-labeled samples whefdc,n is measured).
spectra recorded with tH&N 180° pulse in position® (1) and Figures 3a and b show the HMQC-based quantitaliyeilse

a (1) is given byly/la = cos3Jc,nT) cosfIu,nT); assuming schemes that have been developed for meastidag and
4N ~ O (see below)3Jc,n can be calculated directly from  3Jc,c, respectively. As with the ZQ scheme, a pair of data sets
I/l A number of features of this experiment are worthy of are recorded with evolution 8fC, magnetization due to thd
comment. First, only'H—13C zero-quantum coherences are of interest for a timeT (dashed pulses applied at positibin
selected as opposed to both zero- and double-quantum elementsither sequence) or where net evolution is refocused (dashed
in HMQC versions. In the absence of relaxation, this translates pulses applied &) and the value ofJ calculated directly from

into a factor of 2 sensitivity loss relative to HMQC-based Iv/la = cos¢3JT). The experiments are optimized for samples
approaches. Some of the sensitivity 10§€2] can be recovered  in H2O by ensuring that water magnetization is alongztzeis

by recording both cosine and sibemodulated components in  throughout the sequence. Preserving water magnetization is
each scan using an “enhanced sensitivity schethehere two particularly important in applications involving very high
separate FIDs are obtained for eaglpoint, one with and a molecular weight protein®*where exchange between water
second without the compositel 180° pulse immediately before ~ and labile hydrogens followed by magnetization transfer can
the final 2 elemeng’ In this regard, it is noteworthy that we  significantly attenuate even those correlations that derive from
have been unable to develop a comparable enhanced sensitivitppionlabile sites (such as methyl groups). For example, in the
scheme for the HMQC experiment, since all versions include case of maltose binding protein (correlation time 17 nsiOH
additional H 90° pulses which lead to a mixing of fast and PH 7.2, 37°C), dephasing of water at the start ofd—*°C
slowly relaxing proton transitions and subsequent sensitivity and correlation experiment leads to a decrease in the intensity of
resolution losses. There is a second important factor of enhancemethyl correlations by 10%, on average. In the case of MSG
ment, deriving from the differences in decay ratestf-13C (correlation time of 37 ns in O, pH 7.1, 37°C), dephasing
double- and zero-quantum methyl coherences. We have recentlyesults in a larger decrease in sensitivity20—25%.

shown that, for MSG labeled as described abd¥gy/R.q ~ Figure 4a shows a difference data set, obtained by subtracting
1.8, whereRpq andRzq are the relaxation rates for the slowly @ pair of maps recorded with the pulse scheme of Figure 2,
relaxing transverse double- and zero-quantum compctigtite with the 15N 180 pulse in either positiom or b. Correlations

fast relaxing components make essentially no contribution to in the difference spectrum are restricted to Val residues, with
HMQC or HZQC spectra for molecules the size of MSG). Using 41 of the 46 valines contributing at least one peak. The
a value of T = 80 ms, a relaxation raté/(Roo + Rzg) = 25 corresponding spinecho difference map (SED) obtained from

s 1 for multiple quantum element, and R, = 18 st data sets measured using the sequence of Figure 3b is shown
(correlation time of 45 ns in @D) and taking into account that  in Figure 4b, with correlations from 37 Val residues observed.
the HMQC scheme is/2 more sensitive than the enhanced [n general, cross-peaks from only one of the two possible
HZQC experiment in the absence of relaxation, a gain in sen- diastereotopic methyls are found in the difference maps, except
sitivity of approximately 25% is predicted for correlations in for a number of cases that very likely involve rotameric
the HZQC relative to the HMQC experiment. We have observed averaging.

exactly this gain, on average, in a comparison of data sets As described above, in the case of the ZQ-SED experiment,
recorded on MSG which make use of the sequences of Figuresthe spin-echo difference intensity is modulated by the product
2 and 3a (HMQC scheme for measuritlg,n, see below). cos@Jc,nT) cos@@Iu,nT). Although“J values are likely to be

It is worth noting that the HZQC map described above must Nedligible, it is important to confirm thatdy,n ~ 0, an
be recorded on samples witfC-labeling restricted to one of ~ 2Ssumption that has been used in the quantification of cross-

the two methy! positions. In experiments recorded on uniformly Peak inténsities in ZQ data sets. Figure 5a plots the correlation
13C-labeled samples, the pair of simultaneddsand3C 180 betWe_erf’JCyN couplings measured using the HZQC and HMQC
pulses applied during the constant-tifielement would lead experiments. Recall that the MQ scheme refocus_es_evoluhon
to intensity modulation from a series dHpu—13C scalar 1O “Juyn, While the ZQ scheme does not. The pairwise rmsd
couplings including2Jy,, s 3J,.cor e @Nd*J1,, . Note betweer?Jc,n values is 0.12 Hz which is smaller than the errors

that the coherence of interest, L2, does not evolve dég: in the measurements (average errors are 0.21 and 0.25 Hz for
Three-bondHm—13C couplings can be as large asBLHzﬁ'l"‘Z ZQ-SED a