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Abstract: New NMR experiments are presented for the assignment of methyl 3C and *H chemical shifts
from lle, Leu, and Val residues in high molecular weight proteins. The first class of pulse schemes transfers
magnetization from the methyl group to the backbone amide spins for detection, while the second more
sensitive class uses an “out-and-back” transfer scheme in which side-chain carbons or backbone carbonyls
are correlated with methyl *3C and *H spins. Both groups of experiments benefit from a new isotopic labeling
scheme for protonation of Leu and Val methyl groups in large deuterated proteins. The approach makes
use of a-ketoisovalerate that is 13C-labeled and protonated in one of its methyl groups (**CHjs), while the
other methyl is 2CD3. The use of this biosynthetic precursor leads to production of Leu and Val residues
that are 3CHjs-labeled at only a single methyl position. Although this labeling pattern effectively reduces by
2-fold the concentration of Leu and Val methyls in NMR samples, it ensures linearity of Val and Leu side-
chain 3C spin-systems, leading to higher sensitivity and, for certain classes of experiments, substantial
simplification of NMR spectra. Very near complete assignments of the 276 lle (61 only), Leu, and Val
methyl groups in the single-chain 723-residue enzyme malate synthase G (MSG, molecular tumbling time
37 £ 2 ns at 37 °C) have been obtained using the proposed isotopic labeling strategy in combination with
the new NMR experiments.

Introduction 279 residues)! New technologies have recently emerged,
holding promise for the study of supramolecular structures as
well. For example, Wihrich and co-workers have published a
CRIPT-based!H—1°N correlation spectrum oftN-labeled
GroES bound to GroEL, a complex of 900 kFaand our
laboratory has shown that high-qualitdi—3C TROSY cor-
relation spectra of lle methyls in the protease ClpP, a 305 kDa

In the decade since the initial development of triple resonance
multidimensional NMR methodology, the size limitations as-
sociated with the study of biomolecules by NMR spectroscopy
have significantly decreased. A major advance in this regard
has been the use of highly deuteraféhl-,13C-labeled samples,
leading to attenuation of the relaxation rates of NMR active . X
nuclei and concomitant sensitivity and resolution gains in 1_4-m?£, can be recorded () in very modest measuring
spectral:?2 A second, important contribution, building on the times:
labeling scheme mentioned above, has been the development The great majority of the methodology that has been
of TROSY-based spectroscopypplications include the near developed to date has focused on correlation spectroscopy
complete backbone assignment of a 110 kDa homooctamericinvolving backbone protein spins. Building on the success of
protein, 7,8-dihydroneopterin aldolakeletailed NMR studies ~ Such developments, our laboratory has now turned to the
of the 723-residue monomeric enzyme malate synthase G fromassignment of side chains. Our focus, however, has been to
E. coli (81.4 kDa)?® studies of membrane proteins such as restrict analysis to the methyls of lle, Leu, and Val for a number
OmpX,8OmpA? and PagP? and the assignment of a dimeric
construct of the human tumor suppressor protein p53 (67 kDa,

(7) Fernandez, C.; Hilty, C.; Bonjour, S.; Adeishvili, K.; Pervushin, K.;
Wiithrich, K. FEBS Lett.2001, 504, 173-8.
(8) Fernandez, C.; Adeishvili, K.; Whrich, K. Proc. Natl. Acad. Sci. U.S.A.

(1) Gardner, K. H.; Kay, L. EAnnu. Re. Biophys. Biomol. Strucf.998 27, 2001, 98, 2358-63.

357-406. (9) Arora, A.; Abildgaard, F.; Bushweller, J. H.; Tamm, L. Kat. Struct.
(2) Farmer, B. T.; Venters, R. A. INMR of perdeuterated large proteins Biol. 2001, 8, 334-8.

Krishna, N. R., Berliner, L. J., Eds.; Kluwer Academic/Plenum Publish- (10) Hwang, P. M.; Choy, W.-Y.; Lo, E. |.; Chen, L.; Forman-Kay, J. D.; Raetz,

ers: New York, 1998; Vol. 16, pp #5120. C. R. H,; Prive, G. G.; Bishop, R. E.; Kay, L. Proc. Natl. Acad. Sci.
(3) Pervushin, K.; Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. Sci. U.S.A.2002 99, 13560-13565.

U.S.A.1997 94, 12366-12371. (11) Mulder, F. A. A.; Ayed, A.; Yang, D.; Arrowsmith, C. H.; Kay, L. B.
(4) Salzmann, M.; Pervushin, K.; Wider, G.; Senn, H.;tfich, K. J. Am. Biomol. NMR200Q 18, 173-6.

Chem. Soc200Q 122 7543-7548. (12) Fiaux, J.; Bertelsen, E. B.; Horwich, A. L.; Whuich, K. Nature 2002
(5) Tugarinov, V.; Muhandiram, R.; Ayed, A.; Kay, L. H. Am. Chem. Soc. 418 207-221.

2002 124, 10025-10035. (13) Tugarinov, V.; Hwang, P. M.; Ollerenshaw, J. E.; Kay, LJEAm. Chem.
(6) Tugarinov, V.; Kay, L. EJ. Mol. Biol. 2003 327, 1121-1133. S0c.2003 125 10420-10428.
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of reasons. First, methyl groups give rise to intense correlations good-quality COSY-based methyHN correlation spectra can
and have favorable relaxation properties so that even for be obtained for these residues in addition to lle. New correlation
applications involving high molecular weight systems methyl experiments which relay magnetization in an out-and-back
spectra are of good qualit§.Second, methyls are most often manner from methyl spins to aliphatic carbons (HMCM[CG]-
localized to hydrophobic cores of proteins so that methyl CBCA) and from methyls to carbonyls and back (Val-HMCM-
distances measured from NOESY experiments provide valuable(CBCA)CO and lle,Leu-HMCM(CGCBCA)CO) are presented
restraints for structure determinatidtnil” Third, methyls are and applied to MSG. Using data from both classes of experi-
excellent reporters of dynamics in protei#ig? Fourth, robust ments, along with the HN2N, 13CO, 13Ce, and!3CF assignments
approaches for the production of ll@1), Leu, Val-methyl obtained previousf/with 4D TROSY-based NMR spectro-
protonated, highly deuteratéeN,13C-labeled proteins are avail-  scopy2® we have been able to obtain near complete assignments
able?° This labeling pattern preserves many of the important of the 276 lle 61 only), Leu, and Val methyls in the protein.
features of perdeuteration with respect to relaxation benefits, _

while maintaining a critical number of protons at important side- Materials and Methods

chain positions for further structural and dynamics studies.  gample Preparation. A methyl protonated (61 only), L(2CHs,
Finally, it seems quite clear that, for high molecular weight 12cp,) v(13CH,12CDs)} U-[15N,1C 2H] sample of MSG was obtained
proteins, strategies based on the complete assignment of sidey protein overexpression from a culture®f coli BL21(DE3)pLysS
chains will fail due to issues involving poor sensitivity and cells transformed with the plasmid pMSG-B encoding all of the residues
resolution. of MSG with (i) the substitution of Ser 2 with an alanine, (ii) the
In a recent publication, we have discussed the difficulties addition of an N-terminal methionine, and (jii) the addition of an eight-
associated with the assignment of Ile, Leu, and Val methyls in residue C-terminal hexa-histidine tag(E—HHHHHH). The protein
large proteins where both sensitivity and resolution issues areVaS expressedni2 L of DO |\2/|9 medium as described in detall
critical 2! In particular, the nonlinearity associated with these previously using 2 g/L of U-[*C *H]-glucose (CIL, Andover, MA) as

b hed id . the effici f the t f the main carbon source and 1 g/L*&RH,CI (CIL, Andover, MA) as
ranched residues compromises the eticiency of the transtery, . nitrogen source. One hour prior to induction, 120 mg of 2-keto-

of magnetization from the methyl at the periphery of the side 3 34,1 5 3 413c-butyrate and 200 mg of 2-keto-3-methig-3-dy-
chain to the backbon&C® using the popular TOCSY-based 17 3 413C-butyrate FC-labeleda-ketoisovalerate deuterated at the
schemes which are employed so effectively in applications g-position and with one of the two methyl groups2CDs; see Figure
involving small proteing?—27 This is due to the fact that at the 1) were added to the growth medium. The growth was continued for
branch point the magnetization can go in two separate directions;7 h at 37°C. The sodium salt of 2-keto-1,2,3!&-butyric acid was
only one leads to productive transfer to the backbone. We obtained from Isotec (Miamisburg, OH), and the 3{3}[positions were
showed further that, in the case of lle residues, the use of COSY-quantitatively exchanged & by incubation of a 2.7 mM solution of
type magnetization transfers results in substantial sensitivity % ketobutyrate in 99.9% D at 45°C, pH 10.5 (uncorrected) for 20
gains because it is possible to direct the magnetization anngg’ follor:/v:r{;g thg grogseéitgre of Gardner ef&lThe sodlurr]n salt gf 2-keto-
the desired trajectory to the backbdieSensitivity gains on ‘methyld:-1,2,3,47°C-butyrate was custom synthesized at Isotec

; . o (Miamisburg, OH), and the 34f] position was exchanged & by
the order of 50% were realized in an application to maltose .. hation of a 25 mM solution in 99.9%.D at 45°C, pH 12.4

binding protein at 5°C (correlation time of 46 ns). The  (yncorrected) for 3 h, as described by Goto é0&oth reactions were
assignment of the methyls of Leu and Val remains an issue, followed to completion byH NMR. After initial purification on a nickel
however, because it is not possible to “steer” the magnetization affinity column (Ni-NTA Agarose, Qiagen), the protein was fully
from 13CHjz to 13C* using either COSY or TOCSY approaches denatured and refolded in vitro to protonate all amide positions. The
for these residues in proteins with unifoA¥C labeling. details of the in vitro refolding protocol and subsequent purification
We present new labeling methods that linearize spin systemssteps were described previouSifhe NMR sample was 0.9 mM in
of Leu and Val by replacing one of tH8CH; methyls by a protein, 92% HO/8% D,O, 25 mM sodium phosphate, pH 7.1, 20 mM
120D, group and show that, for the 723 residue enzyme malate M9Cl2 0.05% NaN, 0.1 mg/mL Pefabloc, and 5 mM DTT, 3TC.

S Protonation of non-ILV methyl groups was not observed, and isoto-
5
synthase G (MSG, molecular tumbling time of 37 ns afG}, pomers other than the GHvariety were not detected. A methyl

(14) Gardner, K. H.; Rosen, M. K.; Kay, L. Biochemistry1997, 36, 1389- protonated{ L(*3CHs,**CHz),V(*3CH3,'%CH3)} U-[**N,2H] sample of
1401. MSG in D;O was also prepared (0.8 mM) as described above, except

15) R M. K.; K. H.; Willis, R. C.; Parris, W. E.; P T . X ’

(15) K;); eﬂ‘ E.J. ,\',,S_agﬁ’gﬁ rl'gga 263 é2's7’_635 ;rarms, P AWSOM T hat 2-keto-3-methykC-butyric-34;-4-1°C acid (Isotec, OH) was used

(16) R/Iu?("er, IEB EAJ C'\Elmly,BW.I \;(;)o\gagngis;a foerzan-Kay, J. D.; Venters, R.  as a precursor (i.eqg-ketoisovalerate with both methyls of tA#&H;
.; Kay, L. E. J. Mol. Biol. —212. 247 :
(17) Metzler, W. J.; Wittekind, M.; Goldfarb, V.; Mueller, L.; Farmer, B. I. type, all other Carb0n§C) and EZC' HJ-glucose was used a.s the m{;\ln
Am. Chem. Soc996 118 6800-6801. carbon source. All of the above compounds are commercially available
(18) Nicholson, L. K.; Kay, L. E.; Baldisseri, D. M.; Arango, J.; Young, P. E.; from Isotec
Bax, A.; Torchia, D. A.Biochemistry1l992 31, 5253-5263. '

(19) Mulder, F. A. A.; Mittermaier, A.; Hon, B.; Dahlquist, F. W.; Kay, L. E. NMR Spectroscopy.NMR experiments were performed on an 800
Nat. Struct. Biol.2001, 8, 932-935. - i i i -
(20) Goto, N. K.; Gardner, K. H.; Mueller, G. A.; Willis, R. C.; Kay, L. B. MHZ four.channel Var_lan Inova spectrometer quUIpped with a pulsed
Biomol. NMR1999 13, 369-374. field gradient conventional room-temperature triple resonance probe.
83 ’\Tﬂuqz;lrilpov, \é; _llfaxt L. EJB AAm. EChem. S%Q%O3T12?1'57%;57(§H 2D H—13C constant time (CT) HMQC experiments were acquired with
ontelione, G. T.; Lyons, B. A.; Emerson, S. D.; Tashiro, MAm. Chem. . . f
S0c.1992 114 10974-10975. the constant_ tlmg period adjusted_to 28_ ms]((a)_/ and (116, 76%_3)
(23) Logan, T. M.; Olejniczak, E. T.; Xu, R. X.; Fesik, S. \4/.Biomol. NMR complex points in the $¥C, *H) dimensions with corresponding
1993 3, 225-231. acquisition times of (27.2, 64 ms) and a net experimental time of 50
24) Grzesiek, S.; Anglister, J.; Bax, A. Magn. R ., Ser. B993 10 . B '
(24) 11%3?139, naster ax agn. Reson., Ser. B993 101 min (relaxation delay of 1.5 s). 3D lle,Leu-(HM)CM(CGCBCA)NH
(25) lz-ggnsy B. A.; Montelione, G. TJ. Magn. Reson., Ser. 8993 101, 206 and 3D Val-(HM)CM(CBCA)NH experiments providing correlations
(26) Gardner, K. H.; Konrat, R.; Rosen, M. K.; Kay, L. E. Biomol. NMR
1996 8, 351-356. (28) Yang, D.; Kay, L. EJ. Am. Chem. Sod999 121, 2571-2575.
(27) Lin, Y.; Wagner, GJ. Biomol. NMR1999 15, 227-239. (29) Gardner, K. H.; Kay, L. EJ. Am. Chem. S0d.997, 119, 7599-7600.
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Figure 1. *H—13C CT-HMQC spectrum of the methyl region of a methyl protondtid1 only), L(:3CHs,12CD3),V(13CHsz,12CD3)} U-[15N,13C 2H] sample
of MSG recorded at 800 MHz, 3C, with a 28 ms constant time period. The biosynthetic precursors used for production of methyl-protonatedrilg)(
Leu, and Val with the methyl labeling pattern described in the text are shown. Assignments for selected lle residues are indicated.

of the form Rcm(i), 2n(i), Run(i)] (and in some casesdcm(i),
Qn(i+1), Qun(i+1)]) were recorded with (56, 40, 768) and (28, 42,
768) complex points in the!YC, **N, *HN) dimensions, respectively,
with corresponding acquisition times of (13.3, 17.2, 64 ms) and (13.4,
18.1, 64 ms). A relaxation delay of 1.35 s was used in both experiments
along with 48 and 32 scans/FID, giving rise to net acquisition times of
117 and 93 h, respectively. The 3D lle,Leu-(HM)CM(CGCBCA)NH
pulse scheme was adapted from the lle-(HM)CM(CGCBCA)NH
described earlier (and referred to previously as lle-(H)C(CA)NH-
COSYY! by (i) omission of the lled1-selective RE-BURP pulsé (ii)
adjustment of the5-selective RE-BURP pulse, and (iii) modification
of phase-cycling as indicated in the legend to Figure 2a. The 3D Val-
(HM)CM(CBCA)NH experiment was obtained by a trivial modification
to the lle,Leu sequence (see legend to Figure 2). 3D lle,Leu-HM-
(CMCGCBCA)NH and 3D Val-HM(CMCBCA)NH experiments pro-
viding correlations of the formum(i), n(i), Lun(i)] (and in some
cases Rum(i), n(i+1), Qun(i+1)]) were both recorded with (18, 40,
768) complex points in theld, °N, *HN) dimensions with corre-
sponding acquisition times of (14.2, 17.2, 64 ms). Relaxation delays
of 1.35(1.30) s were used along with 96(80) scans/FID, giving rise to
net acquisition times of 113(95) h for 3D lle,Leu-HM(CMCGCBCA)-
NH (3D Val-HM(CMCBCA)NH). Selection of théH—'N TROSY
component in all HN-detected NMR experiments was achieved
passively by relying exclusively on the efficient relaxation of the anti-
TROSY component during the transfer delays in the pulse sch&ies.
The HMCM[CG]CBCA experiment, providing correlations of the
form [Qcaipr(i), Rcm(i), Rum(i)], was recorded with (60, 50, 768)
complex points in the*Caiiph, **Cm, *Hm) dimensions with correspond-
ing acquisition times of (5.13, 13.6, 64 ms). A relaxation delay of 1.0
s was used along with 16 scans/FID, giving rise to a net acquisition
time of 59 h. The lle,Leu-HMCM(CGCBCA)CO and Val-HMCM-
(CBCA)CO experiments (correlations of the forrfdo(i), Qcnli),
Qum(i)]) were both acquired with (16, 50, 768) complex points in the

(30) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.
(31) Yang, D.; Kay, L. EJ. Biomol. NMR1999 13, 3—10.

13870 J. AM. CHEM. SOC. = VOL. 125, NO. 45, 2003

(*3CO, 13C, *Hm) dimensions with corresponding acquisition times of

(7.7, 13.6, 64 ms). A relaxation delay of 1.2 s along with 48 and 16
scans/FID resulted in net acquisition times of 58 and 21 h, for lle,-
Leu-HMCM(CGCBCA)CO and Val-HMCM(CBCA)CO, respectively.

A [1C-Fy, 13C-F,]-edited NOESY (30 ms mixing time) was recorded
on a methyl protonateflL(*3CHs,*CHjz),V(*3CHs,*CHz)} U-[**N,%H]
sample of MSG in RO to confirm the assignments obtained via
through-bond experiments and, in a number of cases where assignments
for only 1 of the 2 methyls of Leu were available, to obtain assignments
of the second methyl. Correlations of the forfdu(i), QLcm(j), Lum(j)]
were obtained, where methyl protonandj are proximal, with (70,
70, 768) complex points and acquisition times of (30, 30, 64 ms). A
relaxation delay of 1.3 s was employed, along with 8 scans/FID for a
net acquisition time of 63 h.

All NMR spectra were processed using the suite of programs
provided in the NMRPipe/NMRDraw software packag@&riefly, the
15N time domains of all of the HN-detected spectra were doubled using
mirror image linear predictiof?, before apodization with a squared
cosine window function, and subsequent Fourier transformation. The
methyl carbon*¢C,,) and proton {Hy,) indirect-detected time domains
of all of the spectra were doubled using mirror-image linear prediction
and apodized with cosine window functions. The nonconstant time
aliphatic ¢3Caipr) and carbonyl ¢CO) dimensions of HMCM[CG]-
CBCA, Val-HMCM(CBCA)CO, and lle,Leu-HMCM(CGCBCA)CO
data sets as well as both methyl carbon dimensions of the NOESY
data set were doubled using forwatidackward linear predictioff.
Linear prediction in a given dimension was performed only after all of
the other spectral dimensions were transformed as described by Kay
et al®®> The transformed data sets were reduced to include only the

(32) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277—293.

(33) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405-410.

(34) zZhu, G.; Bax, AJ. Magn. Reson1992 98, 192-199.

(35) Kay, L. E.; Ikura, M.; Zhu, G.; Bax, AJ. Magn. Reson1991, 91, 422—
428.
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Figure 2. Methyl—HN correlation experiments for methyl protonafe(1 only), L(3CHs,'2CDs),V(*3CH3,*2CD3)} U-[1N,13C 2H] protein samples. Omission

of the pulse scheme element enclosed in the dashed rectangle in (a) provides correlations for Val (Val-(HM)CM(CBCA)NH), while the complete scheme
is employed for lle and Leu (lle,Leu-(HM)CM(CGCBCA)NH). All narrow (wide) rectangular pulses are applied with flip angle$ ¢f&8B) along the

x-axis unless indicated otherwise. ThHé and!>N carriers are positioned at 4.7 (water) and 119 ppm, respectively. All proton pulses are applied with a field
strength of 40 kHz, with the exception of the WALTZ-1642 decoupling field and flanking pulses which use a 7.0 kHz field and the water flip-back pulses
(~1.2 ms rectangular pulses). AfN(?H) pulses employ a 6.9(1.9) kHz field, wiflil decoupling achieved using a 0.6 kHz GAR#-leld. The3C carrier

is set to 20 ppm until prior t6°C 9C° pulses of phasl (a) andy2 (b) when it is moved to 40 ppm and then switched to 58 ppm prior t83W&0° pulse

of phasep6. Rectangular 90and 180 13C pulses applied prior to gradient g4 use the highest available power, #%@ilgabeled with &") and 13CO 9¢°

(180°) pulses are applied thereafter with a field &f/15 (A/v/3), whereA is the difference (Hz) betweeliC* (58 ppm) and*CO (176 ppm) shift¢4
RE-BURP? shaped pulses indicated bg™(1.3 ms, bandwidth oft1.5 kHz, centered at 38.5 ppm for lle,Leu; 1.88 ms, bandwidth:@80 Hz, centered

at 31.5 ppm for Val) andy2” (3 ms, bandwidth ot£600 Hz, centered at 16 ppm) invgttcarbons and2 carbons (lle), respectively. RE-BURP pulses
labeled with asterisks are centered at 38 ppm (3§)0 The phases of these pulses are carefully adjusted to maximize sensitivity. The vertical arrow at the
end of delayr. indicates the position of application of thg™Bloch-Siegert shift compensation pulétlf the experiment is performed at a field other than

800 MHz, the duration of all selective pulses should be scaled byyBQ@herey is the spectrometer field. (a) lle,Leu-(HM)CM(CGCBCA)NH. The phase
cycling employed is:¢p1l = y; ¢p2 = 2(X), 2(y); ¢3 = 4(y), 4(—Y); ¢4 = 8(y), 8(—Y); ¢5 =y, —V; ¢6 = 8(y), 8(—Y); ¢7 = 2(X), 2(—X); ¢$8 = X; rec =
2(x,X,—X,—X), 2(—x,—Xx,X,X). Quadrature detection i, is achieved with States-TPPlof phasepl, while quadrature iff; employs the enhanced sensitivity
pulsed field gradient methd®;*”where for each value df separate data sets are recorded with ¢g,and g5, $8 + 18C°). For each successitgvalue,

¢6 and the phase of the receiver are incremented by. 8% delays used aré = 1.8 ms,x = 1.562 ms,Tc =7 ms,T' = T¢c — k, Ta= 5 ms,7, = 2.5

ms (the total duration between pulses of ph@adeand¢5 is 4rp), 7c = 10 ms,zqg = 7.3 ms,A = 2.7 ms, Ty = 12.4 ms,te = 2.25 ms,e = 250 us. The
durations and strengths of the pulsed field gradients are §1.0 ms, 4 G/cm), g2= (0.2 ms, 8 G/cm), g3= (1.0 ms, 4 G/cm), g4 (0.5 ms, 10 G/cm),

g5= (1.25 ms, 30 G/cm), g6 (0.2 ms, 5 G/cm), g7 (0.25 ms, 3.5 G/cm), g& (62.5us, 28.7 G/cm). All gradients are applied along #hexis. (b) The

initial part of the pulse scheme for assignment of methyl protons: lle,Leu-HM(CMCGCBCA)NH and Val-HM(CMCBCA)NH (omit the portion in dashed
rectangle). The delays and evolution periods/are To/2 — t1/4; B= (Tc + 1)/2 — t/4, C = (Tc + 10)/2 + t/4; D =Td2 + /4, E=17 + /12, F =

7 — t'/2, wheret’ = 1.8 ms;Tc = 5.7 ms;7qg = 1.52 ms. The value dfi’ = 0 for A > 0; whenA = 0, the value ot is set to Z¢ and subsequently’

is incremented by 1 dwell time for each successivaoint. Only whenF = 0 does the duration of the pulse scheme increase. The phase cycling employed
is ¢l = X, =X ¢2 = 2(y), 2(-y); ¢3 = 4(y), 4(-Y); ¢4 = 8(), 8(-Y); #5 =V, —¥; ¢6 = 8(y), B(-Y); ¢7 = 2(X), 2(—X); $8 = X; 9 = —X, X; rec=
2(X,—%,—%,X), 2(—=x,x,x,—X). Quadrature detection iR; is achieved with States-TPPI of phasglsand$9. The durations and strengths of the pulsed field
gradients are g2 (50 us, 8 G/cm), g9= (50 us, 18 G/cm). All of the other pulses, delays, gradient strengths, and durations are as in scheme (a). (c)
Schematic diagrams of the intraresidue magnetization transfer steps employeddargtetonated), Leu and Val (with only one methyl group of t#eH;
variety). The pulse sequence code is available from the authors upon request.

regions of interest and analyzed using the NMRView progfam protonation is achieved through the addition of a pair of
conjunction with tcl/tk scripts written in-house. precursors to the growth medium, 8],13C o-ketoisovalerate
(methyl protonation of Val and Leu) and [3%8#],13C a-keto-
butyrate §1 methyl protonation of 11€3%2° Proteins prepared

Several years ago, our laboratory introduced a labeling jn this manner retain a high level of deuteration, facilitating
scheme for the production of ll&1), Leu, Val-methyl proto-

nated, highly deuterated®N,'3C-labeled proteins in which  (36) Johnson, B. A.; Blevins, R. Al Biomol. NMR1994 4, 603-614.

Results and Discussion
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assignments of both backbone nuclei and side-chain methylused as a precursor for Leu and Val in this study is a racemic
positions. As the size of proteins studied by NMR has increased, mixture of [R-13CH;, S12CD;] and [S13CH3, R-12CDs] enan-
so too have the difficulties with assignment of the side-chain tiomers, the'3CH; and?CDs groups are incorporated nonster-
methyls. For example, near complete assignments of the methyleospecifically into theR and S methyl positions of Leu and
1H and 13C chemical shifts were obtained for a complex of Val.
maltose binding protein (MBP) angicyclodextrin (37°C, 370 Assignments of lle, Leu, and Val Methyl Groups in MSG
residues, 17 ns tumbling tinf)as well as the membrane protein  from HN-Detected Experiments. The 3D (HM)CM(CGCB-
OmpX dissolved in micelles (30C, 148 residues, 21 ns CA)NH pulse scheme designed earlier for the assignment of
tumbling time¥® using conventional TOCSY-based magnetiza- Ile 51 methyl groups in methyl protonated, highly deuterated
tion transfer experiments. In contrast, such experiments failed large proteind has been modified as described in Materials
in applications involving MBP at 3C (correlation time of 46 and Methods to provide correlations of the for€dy(i), (i),
ns)2LIn this case, the large effective size of the system and the Q,\(i)] (and in some case€dem(i), Qn(i+1), Lun(i-+1)]) for
inherent losses in the magnetization transfer between methylboth Ile and Leu residues. Figure 2a illustrates this lle,Leu-
and alpha carbons due to the branched structure of lle, Leu,(HM)CM(CGCBCA)NH sequence. A similar scheme for re-
and Val residues are extremely detrimental. For example, in cording correlations of Val can be obtained by omission of the
the case of an lle residue, the competing pathh#ayety! — element enclosed in the dashed rectangle in the figure (Val-
13Cr2 decreases the net transfer of magnetization to the backbongHM)CM(CBCA)NH). The magnetization transfer steps in the
(*3cmethyl — 13C%) by a factor of close to 2.5. An alternative  experiment have been described in detail previously for the case
approach for lle residues has been developed on the basis of @f Ile2! and will not be repeated here. We have, however,
directed COSY-transfer of the signal up the side chain that included a diagram of the intraresidue magnetization flow for
exploits the favorable distribution 8fC chemical shifts atthe lle, Leu, and Val residues in Figure 2c. Importantly, no evolution
branch point so that the “dead end” pathway'i6”? can be of magnetization occurs due to passiveouplings betweetC?
blocked?! Significant improvements (50%) in sensitivity relative  and 13C (Val) or 13C” and 13C? (Leu) due to the absence of
to TOCSY schemes have been demonstrated in applications!3C enrichment in the second methyl group of these residues,
involving MBP at 5°C. This same strategy is, unfortunately, while J-evolution from the13Cf—13Cr2 coupling in lle is
not possible for Leu and Val, and we have, therefore, modified refocused. The “linearization” of the magnetization transfer
our labeling approach slightly to address this problem. pathways in all three cases provides a gain of a factor of 2.6 in
Our new method effectively linearizes the spin systems of sensitivity (neglecting relaxation) relative to the situation for
Leu and Val by introducing &CDs group at one of the two  fully 13C-labeled side chains (Leu, Val) or where selecti@y2
methyl positions, while the second'#-labeled and protonated.  pulses (lle) are not employed. The 2-fold decrease in concentra-

In this approachq-ketoisovalerate with one meth{ACHz and tion of Leu,Val methyl groups is, therefore, more than balanced
onel’CDs is used as a precursor, along witkketobutyrate as by the gain in sensitivity from the labeling scheme employed.
before. Figure 1 shows an 800 MHH-3C CT-HMQC Figure 2b shows the modification of the pulse sequence
spectrum of a methyl protonatéd(d1 only), L(**CHs,*2CDsy), required for assignment of methyl protons (lle,Leu-HM(CM-

V(**CHs,?CDg)} U-[**N,13C,2H] sample of MSG prepared using CGCBCA)NH and Val-HM(CMCBCA)NH experiments). The
the biosynthetic precursors mentioned above and described inexperiment is designed to recotti evolution in a (semi-)-
Materials and Methods. The 723-residue MSG has a high constant time manner so as to minimize sensitivity losses. For
content of lle, Leu, and Val residues: 44 II&@! only example, forH evolution times ) less than approximatek

protonated), 46 Val, and 70 Leu (276 methyl groups intotal). + B + C + D in Figure 2b, durationsE and F
Most of these methyls are located in the hydrophobic core of
the molecule and represent potentially important sources of
structural and dynamical informatiéf.The assignment of  and evolution proceeds in a constant time mode. For laiger
methyl groups in such a large system is, however, challenging values, simultaneous movement of the fitsk and 13C 180
not only due to the issue of sensitivity but also because of the pulses during the initiatH—13C transfer period ensures that
large number of such moieties and, therefore, the need for high
resolution. . . ) - o
It is important to emphasize at the outset tH&H; groups increasing the length of the experiment. Only if longer acquisi-

are present at only one of two methyl positions, for Leu and tion Fimes than approximatelf + B + C + D +E+Fare )
Val, effectively reducing their concentration 2-fold. Indeed, 'eduired does the length of the sequence increase (for details,
intensities of 136 Leu and Val cross-peaks in the CT-HMQC S€€ legend to Figure 2); in our applications, we have tisesk
spectrum are on average 2.3-fold lower than intensities of 39 values that are within this duration. In addition to maximizing
lle 61 methyl cross-peaks that could be accurately quantified. ;enh5|t|V|ty, the constant time nature of theevolution perlloq
Nevertheless, as shown below, the proposed isotopic Iabeling'nt e HM(CM[CG]CBCA)NH sequences optimizes resolution

method leads to substantial gains in sensitivity and in spectral " thiS dimension, an important consideration in the application
simplicity relative to approaches in which both methyls are of to MSG.

the 13CH; type. Of note, because theketoisovalerate that is The main strength of the HN-detected approach is the
excellent dispersion of chemical shifts in the HN a#ill

37) Gardner, K. H.; Zhang, X.; Gehring, K.; Kay, L. H. Am. Chem. Soc. i i _
@7 1998 120 11738_11728. 9 Yy dimensions of the (HM)CM([CG]CBCA)NH and HM(CM[CG]

are set tOv(ﬁHc) , WhereJyc is thelH—13C coupling constant,

evolution can proceed for an additional(i), without

(38) Hilty, C.; Fernandez, C.; Wider, G.; Whirich, K. J. Biomol. NMR2002 CBCA)NH data sets. Even for a protein as large as MSG, the
23, 289-301. : ; ;

(39) Howard, B. R.; Endrizzi, J. A.; Remington, S.Blochemistry200Q 39, assignment of_observ_ed resonances Is unamblguoys when HN
3156-68. and 15N chemical shifts of lle, Leu, and Val residues are
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Figure 3. Selected regions frod¥fC™—HN planes of HN-detected 3D data sets recorded on a methyl protdiédéconly), L(3CHs,12CDs),V(13CH;,12CD3)}
U-[15N,13C 2H] sample of MSG at 800 MHz, 37C. Correlations establishing th&Cm(*Hm) chemical shifts of V607 are shown in (a) and (b), respectively,
and are linked together using a CT-HMQC spectrum, as in (c) and (d)**TheandHny, chemical shifts of cross-peaks from the 3D spectra in panels (a,b)
indicated with solid and dashed lines correspond to the shifts of cross-peaks in CT-HMQC spectra (c,d) that are also indicated with solid andglashed li
respectively, illustrating how the protertarbon correlation information missing from the 3D (HM)CM([CG]CBCA)NH and HM(CM[CG]CBCA)NH data
sets can be retrieved from the 2ZB—13C correlation maps. Panels-b illustrate the procedure for assigning methyl shifts for L202.

available. There are, unfortunately, several disadvantages asll three methyl protons up the side chain. The periods denoted
well. First, there is, inherently, no protetcarbon correlation by « andzy in Figure 2a and b, respectively, are set to optimize
information for CH groups in HN-detected spectfa® This transfer, but the optimum efficiency is only 38%, effectively

is an important consideration in linking assigned methyl proton throwing away polarization from 2 of the 3 protons. An
and carbon resonances to a specific methyl group for Leu andalternative strategy is one in which the total polarization from
Val (residues with pairs of methyls; recall that only one of the the methyl protons is utilized, and this can be achieved most
two lle methyls §1) is observed using our labeling scheme). readily in out-and-back type experiments in which magnetization
In principle, it is possible to design 4D experiments which both originates from and is transferred back to methyl protons.
circumvent this problem; however, sensitivity and resolution A detailed analysis shows that such experiments are significantly
considerations preclude such experiments in the case of MSG better in terms of both sensitivity and resolution than corre-
Figure 3a-h illustrates selected regions of data sets from MSG sponding TOCSY-based schemes in which magnetization orig-
obtained using HN-detected experiments. TiHe-13C correla- inating on aliphatic carbons is transferred to methyl groups for
tions for each methyl in a Leu or Val residue must be established detection. Figure 4a,b shows the methyl-detected out-and-back
with the help of alH—13C correlation map. Although this is  pulse schemes that have been developed for the assignment of
straightforward for most residues in MSG, as illustrated in methyl groups in proteins, with the magnetization flow il-
Figure 3, the substantial overlap in the Leval region of the lustrated for each of the three side chains in Figure 4c. The
CT-HMQC spectrum makes the establishment of unambiguousflow between pointa andb in Figure 4a can be summarized
proton—carbon correlations difficult in some cases. A second by

and more serious disadvantage of the HN-detected approach is

the low sensitivity of some of the methyHN correlations in o C™ 2Tc. 90, 41.CTC 21,90, a.cck 47,9054
applications involving large proteins. Even after prolonged ~'z7Y z7z =X 72X

acquisition times (see Materials and Methods), only 50% of Leu 8l ZCiC{fC;‘ — 4.0 + 2IZC€ + 41.C°C* (1)
methyls could be reliably assigned from the HN-detected data
sets. The higher intrinsic sensitivity of the data for Val and the for Ile (y = y1) and Leu residues whetgandC,? are thea =
2-fold higher concentration of llé1 3CH; methyl groups {x,y,Z} components of methyl proton and carb&r= { o.,3,y})
facilitated the assignment of 80 Val (87%) and 40 lle (97%) magnetization, respectively. For simplicity, factors describing
methyl groups for which the amides had been previously the efficacy of magnetization transfer during each of the delays
assigned. Clearly, an alternative more sensitive and robusthave been omitted. As in the HN-detected set of experiments,
approach is required for complete methyl assignments in large magnetization is relayed up the side chain using COSY-type
proteins. transfers, and it is, therefore, possible to refocus #é—13Cr2
Assignments of lle, Leu, and Val Methyls in MSG from J-coupling in lle side chains, as before. For the case of Val, the
Out-and-Back Methyl-Detected Experiments. One of the transfer betweem andb is given by
main reasons for the low sensitivity of the HN detected

experiments is that it is not possible to transfer polarization from 27,90, 27,90, 47,90,
ZC;/n 4 zCrzn Cg 4 zC/zicgL
(40) Uhrin, D.; Uhrinova, S.; Leadbeater, C.; Nairn, J.; Price, N. C.; Barlow, P. _ B o o
N. J. Magn. Reson200Q 142, 288-293. 4.CC, +2.C (2)
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Figure 4. Pulse schemes of methyl-detected “out-and-back” experiments for assignment of methyl groups in methyl prdt§dateshly),
L(13CH3,12CD3),V(13CH3,12CD3)} U-[15N,13C 2H] protein samples. Many of the details of the pulse schemes are similar to those described in the legend to
Figure 2 and will be omitted here. (a) HMCM[CG]CBCA pulse scheme. Fecarrier is placed at 19.5 ppm (the center of the methyl region), switched
to 40 ppm before théC pulse with phase1, and then returned to 19.5 ppm after the pulse with pp&8sSEDUCE decouplirf§ is implemented with 280

us seduce-shaped puls€syith 136 ppm cosine-modulation of the wavefort#C decoupling during acquisition is achieved using a 2.5 kHz WALTZ216
field. Delays arer, = 1.8 ms;Tc = 7 ms;7, = 1.75 ms (note that# is the total duration between pulses of pha8g5] and¢4[¢6]). The phase cycling
employed ispl = X, —X; ¢p2 = ¢3 = ¢4 = 2(y), 2(-Y); ¢5 = ¢6 = ¢p7 = 4(y), 4(—y); $8 = X; rec = X, —x. Quadrature irf1 is achieved by incrementing

the phase®1, ¢2, $3, and¢4 by 9C, with 180 added to the phase ¢fL and the receiver for each successive complepoint,*> while quadrature irF;

is achieved by States-TPPI of phag® The durations and strengths of the pulsed field gradients are @10 ms, 5 G/cm), g2 (0.3 ms, 10 G/cm), g3

= (1.0 ms, 12 G/cm), g4 (1.4 ms, 12 G/cm), g5 (0.5 ms, 5 G/cm). ThéH 180 pulse in the center of the period is optional. (b) lle,Leu-HMCM-
(CGCBCA)CO pulse scheme. The Val-sequence is obtained by removing the elements enclosed in rectangles (dashedfdes)riEmnés placed at 19.5

ppm (the center of the methyl region), switched to 40 ppm beforéXDeulse with phasel, to 176 ppm (the center of tH&CO chemical shift region)
before the pulse with phagss, and then returned to 40 ppm prior to the pulse with plglsand 19.5 ppm after the pulse with phaskl. 90 (180°) 3C

pulses shown with open rectangles are applied with a field strengtd15 (A/+/3), whereA is the difference (in Hz) betweeiC* (58 ppm) and3CO

(176 ppm) chemical shift¥: The pulses with phasess andg7 and the pulse markedr" are applied at 58 ppm by phase modulation of the caffietThe
vertical arrows at the start and end of they Belays indicate the positions of application of #8€0 Bloch-Siegert shift compensation puléé3he 13CO
shaped pulses are 308 RE-BURP pulses applied at 176 ppm by phase-modulation of the carrier. It is critical that the phases of the highGhower
RE-BURP pulses (marked with asterisks) be adjusted to maximize sensitivity. Typically, we find that the first three and last three RE-BURP @ulses hav
phases close to°Qwhile the pulse in the first (second}#period has phase 1%8°) for the power levels that we employ (800 MHz). Delays are= 1.8

ms; Tc = 7 ms; 7. = 3.5 ms (4. is the total duration between puls¢3/p4 and¢$8/¢9); Tq = 4.75 ms. The phase-cycle employedls= x, —X; ¢2 = ¢3

= ¢4 =2(y), 2(-y); $5=; $6 = 4(X), 4(=X); ¢7 = 8(Y), 8(-Y), $8 = ¢9 = ¢10= 4(y), 4(-y); 11 = X; rec= (X,—XX%,~X), 2(=XX,—XX), (X,~XX,~X).
Quadrature irF, F2 is achieved by States-TPPI of phagé&sand¢l1, respectively. Durations and strengths of the pulsed-field gradients arg D ms,

5 G/cm), g2= (0.3 ms, 10 G/cm), g3= (1.0 ms, 12 G/cm), g4 (0.8 ms, 15 G/cm), g5 (0.6 ms, 8 G/cm), g6= (1.4 ms, 12 G/cm), g (0.5 ms, 5
G/cm). (c) Schematic diagrams of the magnetization transfer steps along the carbon skeletonlgbriieohated), Leu, and Val (with a single methyl of

the 13CHj; variety) side chains. The final transfer frof¥C to 13CO shown with dashed lines occurs only in pulse scheme (b). In the case where lle, Leu,
and Val methyl protonated samples with f&f{C-labeling are used, the phasg® and¢6 should be incremented by2 in (a).

Magnetization is subsequently allowed to evolve duringtthe  the form =Y [—Qca — Qs — Qcy, Rem Ruml, —Ya[Qca +
period and then transferred back to the methyl carbon by reversalQcs — Qc,,QcmQuml, —YalQcox — Qcp + Rcy, Rem e,
of the above pathway. It can be shown that the four terms in =%4[—Qcy + Qcp + Qe QemRuml, 1[Rc), Rem, Ruml,
scheme (1) give rise to intraresidue correlations (lle, Leu) of —1[Qcs,Rcm,um], 1[Rco,RcmRum], Where the coefficients
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Figure 5. Selected"*Cajiph—'Hm and 1*CO—1Hy, strips from 3D HMCM[CG]CBCA (upper row, solid frame) and 3D HMCM([CG]CBCA)CO spectra

(lower row, dashed-lined frame), respectively, for (a) lle, (b) Leu, and (c) Val residues of methyl protpifatednly), LE3CHs,12CDs),V(*3CH3,12CD3)}
U-[15N,13C 2H] MSG at 800 MHz, 37°C. Negative correlations3C? for lle and Leu,3C for Val) are shown in gray. Relevaf¥CO chemical shifts are
indicated in the upper right corner of the HMCM([CG]JCBCA)CO panels. The peak marked with an asterisk belongs to another spin-system and is more
intense on an adjacent slice. Strips are labeled according to the identity of the methyl-containing residue.

preceding each of the square brackets indicate the relativeto those available from earlier NMR studies of M8@king

) . . b
intensities of the correlations {gis set to(4\]1 , whereJcc is Into accourlt ”}e two-bondA—p) isotope shift o~-0.3 pprr-#:

the one bond aliphatit®C—13C scalar coupllng constant). The at the Val 30/ position resulting from the d|ffe_rent labeling
first four correlations above derive from the triple-spin term @pproaches used in each study. One of the main advantages of

8| C/CﬁC“ while the remaining three originate fromuZ@VCﬁ the out-and-back experiments, in addition to their high sensitiv-
2|zCﬁ: and 4ZC’SC“ In the case of Val, coherences@BC |ty,_|s that they correlate protercarbon methyl shifts directly,
C® (Scheme (2)) lead to correlations of the form unlike the HN-detected data sets_ (see above). Note_alsc_) that
1f’gc QomQuml, —1[Qca,Rem Q. 13Ce and13CP cross-peaks of Val (Figure 5¢) have opposite signs
The magnetization flow from pointa to b in the HMCM- from those of lle and Leu in the HMCM[CG]CBCA data set

([CG]CBCA)CO experiments of Figure 4b can be summarized (see above), making it straightforward to distinguish between
as correlations belonging to different amino acids.

21,90, 21,90, It is of interest to compare (at least theoretically) the gains
C;',"—» 2C)Cl 2C! ff ZCﬂ " associated with the labeling strategy introduced here relative

o " P o o to our previous approach where both methyls in Leu and Val
2Cjc; + Cy + 4Ccyc, — 2CXCZ - 2C; G (3 are of the3CHs variety. In the case of the HN-detected
experiments, the 2-fold decrease in methyl concentration is

and compensated by the gain of2.6-fold in sensitivity due to
m ZTe®p o 290, o 2t “linearization” of the side chain using the present labeling
oy 2C, C, 2C§ x scheme (see above) so that modest sensitivity increases of
90,590, approximately 30% are expected with methyl protondt¢dl
B0 a B0~ oy #5796 QL pp y p yl p
2GC+ G +4GGC — GG "2C,C) only), L(3CHs,12CDs),V(XCHs,2CD3)} U-[15N,12C 2H] samples.

In the case of HMCM[CG]CBCA spectra, sensitivities of both
Leu and Val correlations are calculated to be essentially
independent of the methyl labeling scheme employed. (Note
that phase#3 and¢6 in Figure 4a must be incremented by
7/2 in the case where Leu and Val methyls are Bé@labeled

for lle,Leu-HMCM(CGCBCA)CO and Val-HMCM(CBCA)CO
pulse schemes, respectively, where théerm in each of the
operators has been omitted. Carbonyl magnetization (final terms
listed in each of the schemes) evolves during the subsetuent
period and is returned to the originating methyl by reversal of
the pathway, so that correlations of the for@do(i), Qcm(i),

(41) Venters, R. A,; Farmer, B. T.; Fierke, C. A.; Spicer, L.DD.Mol. Biol.

Qum(i)] are obtained. 1996 264, 1101-1116.
Figure 5 shows'H™—13Cyjipn and *H™—13CO strips from (42) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJ RMlagn. Reson1983

52, 335-338.
HMCM[CG]CBCA and HMCM([CG]CBCA)CO data sets for ) Shaka, A. J.; Lee, C. J.; Pines, A.Magn. Reson1988 64, 547.
selected lle, Leu, and Val residues of MSG. Four frequencies (44) Kag_5Ll4E lkura, M.; Tschudin, R.; Bax, Al. Magn. Reson199Q 89,
(*3C, 13CF, 13, and**CO) can be used for identification of (45) Marion, D.; Ikura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 85,
methyl groups belonging to the same Leu residue, Wi, 393-390.
; ; o 46) Kay, L. E.; Keifer, P.; S T. Am. Chem. S0d992 114, 10663~
13CF, and3CO shifts are matched to obtain methyl pairs in Val. (48) 1(?8/65 eren aarinen, 3. Am. Chem. 04992
The sequence-specific assignments of lle, Leu, and Val methyls(47) Schleucher, J.; Sattler, M.; Griesinger, Ahgew. Chem.Int. Ed. Engl.
)
)
)
)

(43
(44

. . 1993 32, 1489-1491.
have been made by matching thté@ frequencies- 13C*, 13C# (48) McCoy, M. A; Mueller, L.J. Magn. Resonl992 98, 674-679.

; (49 McCoy M. A.; Mueller, L.J. Am. Chem. S0d.992 114, 2108-2112.
(from the HMCM[CG]CBCA data set), an#CO (from either (50) Boyd.J.. Soffe, NJ. Magn. Resoni989 85, 406413,

lle,Leu-HMCM(CGCBCA)CO or Val-HMCM(CBCA)CO)— (51) Pait, S. LJ. Magn. Reson1992 96, 94-102.
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pulse imperfections and off-resonance effects show that single
13CH; labeling of Val and Leu side chains increases the
sensitivities of both HMCM(CGCBCA)CO (for Leu) and
HMCM(CBCA)CO (Val) data sets by at least a factor of 1.5
relative to spectra recorded on samples where both methyls of
Val and Leu are*C-labeled. The increase derives from the
transfer functions that are involved during the 8elay in the
sequence of Figure 4b. In the case of sirf§{eH; labeling, the
transfer function is given bysin(mJcc2rq) sin(rJcacorq)}?,
while if both methyls are of th&CHj variety a transfer function

of the form J cos@rlcc2ty) sin(rlcc2ry) Sin@rdcaco2rd)}? is
appropriate (neglecting relaxation). Note that the factor of 2 in
the second expression above takes into account that magnetiza-
tion from both methyls is transferred to the carbonyl. In addition,
we have not been able to develop a pulse scheme which is
simultaneously optimal for both Leu and lle residues in the case
of complete!3C labeling; any sequence which creates pure
transverse'®CO magnetization for one of the two residues
generates multispin coherences for the other. Thus, separate data
sets for Leu and lle would be necessary in the case of uniformly
| 13C-labeled samples, further compromising the effective sen-
H (ppm) sitivity. It is quite clear that thd3CHs,12CD; labeling strategy

Figure 6. Triple-spin peaks in the HMCM[CG]CBCA spectrum recorded  is much preferred.

on methyl protonated{I(d1 only), L(3CHs,*2CD3),V(*CHs,'?°CDs)} . e .
U-[1N,13C2H] MSG. (a) A Caiph—Hp Strip at thel*Cry (01) chemical The relative sensitivities of each of the experiments, on a

shift of lle 200 of MSG. Negative peaks are shown in gray. (b) Trace along residue-type basis, are indicated in Figure 7. To account for
the 1°C dimension. The chemical shifts of, 8, andy (y1) nuclei are the differences in net acquisition times between the experiments,

indicated on top of the corresponding peaks. The position of the carrier (at PR . L
40 ppm) is shown with a dashed horizontal line. The positions of triple- each is divided by the factor'f, wheref is the net acquisition

spin peaks labeled 34 relative to the position of thé3C carrier are time of the experiment in question divided by the net acquisition
calculated using the following linear combination£2.(+ Qs — Q1) for time for the Val-HMCM(CBCA)CO. The average normalized
peak 1,=(Qq + O + Q1) for peak 2; Qq — Qp + Q) forpeak 3;and - gjgnal-to-noise (S/N) is indicated in each panel, along with the

—(Qo — Qp — Qy1) for peak 4, where&,, Qg, andQ,; are offsets ofx, . e .
f3, andy1 resonances from the carbon carrier, respectively. Triple-spin cross- percentage of the total residues that were quantified (in brackets).

peaks marked with asterisks are folded in ¥#@ dimension. Note tha®,, Residues with low S/N values (less than 4) that could not be
Qp, and€2,; are equal to 20.6;-0.2, and—11.5 ppm, respectively. accurately quantified or with correlations that were overlapped

_ _ _ were not included, so that a very conservative estimate of the
relative to sequences used to record data sets on side chaingaction of residues that could be quantified is obtained. In the
that are “linearized”.) Despite the fact that sensitivity gains are ¢ase of the HMCM[CG]CBCA data set, only those residues with
not expected in the HMCM[CG]CBCA experiment, there are g||-resolved @ and C* correlations were counted, with the
still considerable benefits associated with the new labeling g/N defined as the average over both correlations. It is clear
scheme. These benefits arise from the simplicity of the resulting that the methyl out-and-back spectra are significantly more
spectra. For example, in the case of Val residues, correlationssensitive than the corresponding HN-detected correlation maps.
atF; frequencies of2c, andQc; are obtained in HMCM[CG]-  The HMCM[CG]CBCA experiment (Figure 7c) is 5-8 times
CBCA data sets, while for lle and Leu, in addition to correlations more sensitive than the corresponding (HM)CM([CG]CBCA)-
at Qc,, Qcp, andQc,, there are four correlations that result  NH experiment (Figure 7gi), depending on the residue, while
from the triple spin term, BC,C)C} (see above). This is  the sensitivity of the HMCM([CG]CBCA)CO (Figure 7) is
illustrated with experimental data in Figure 6 for [1e200. The 4-5 times higher than that of (HM)CM([CG]JCBCA)NH.
four “multispin resonances” are 4 times lower in intensity than pespite the higher sensitivity of the out-and-back experiments
the cross-peaks of interest (BC*, 3Cf, and'*C’* chemical  relative to the HN-detected schemes, the fraction of residues
shifts, Figure 6b), can be easily identified, and do not interfere that could be unequivocally identified in each of the data sets
with analysis. In contrast, in the case where both methyls in js similar for each type of residue the higher S/N in the
Leu and Val are!*C-labeled ¢3 and$6 are incremented by ~ HMCM[CG]CBCA, for example, is offset to some extent by
/2 relative to the case where only a single methyl is labeled), the increased dispersion of the correlations in the HN-observed
it can be shown that for magnetization originating on methyl 1 experiments. It is worth emphasizing that three methyl out-and-
(m1), multiple spin coherences of the typ&Q“C,C; are back data sets were recorded in under 6 days of measuring
generated for Val and of the typdzﬁ;"ZCZC‘g, 8|zC§12C§,3C§, time: a single HMCM[CG]CBCA correlation map, as well as
16IZCL“2C§CQC§‘, and 16ZCL“ZC,{C€C§ for Leu. Moreover, apair  a pair of data sets linking methyl and carbonyl spins (Val-
of multispin terms, 8C)C)'C]] and 18,C;C]'C.Cy, is gener-  HMCM(CBCA)CO and lle,Leu-HMCM(CGCBCA)CO). In the
ated for lle. Therefore, 4 triple spin peaks would be observed case of the HN-detected experiments, a pair of data sets were
for each Val methyl, 16 peaks for each Leu methyl, and 8 for obtained correlating methy#C and backbone amide shifts (lle,-
each lled1 methyl, significantly increasing the complexity of Leu-(HM)CM(CGCBCA)NH and Val-(HM)CM(CBCA)NH)
NMR spectra. Finally, straightforward calculations which neglect and a second set correlating methyl proton shifts (lle,Leu-HM-
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Figure 7. Histograms of normalized signal-to-noise ratios (S/N) for spectra used to assign the methyl group® dfolfdy}, Leu, and Val residues in

MSG. The signal-to-noise ratios of each data set were scaled by dividing the Siff| lsheref = net acquisition time of the experiment in question/net
acquisition time for the Val-HMCM(CBCA)CO data set. Several residues with extremely high S/N ratios were excluded from each histogram for better
visualization. Average signal-to-noise ratios'&€®* and*3C# correlations observed in the HMCM[CG]CBCA experiment are shown for lle (a), Val (b), and

Leu (c). SIN ratios of methyl-carbonyl correlations are indicated for lle from the lle,Leu-HMCM(CGCBCA)CO data set (d), Val from Val-HMCM(CBCA)-

CO (e), and Leu from lle,Leu-HMCM(CGCBCA)CO (f). S/N ratios of lle correlations in lle,Leu-(HM)CM(CGCBCA)NH (g), Val correlations in Val-
(HM)CM(CBCA)NH (h), and Leu correlations in lle,Leu-(HM)CM(CGCBCA)NH (i) were calculated for intraresidue peaks only. Also shown below experimen
names in each panel are weighted averages of S/N ratios and, in parentheses, the percent of the total number of expected cross-peaks whosgdS/N ratios co
be reliably quantified (S/N- 4 and only well resolved correlations; note in the case of the HMCM[CG]CBCA spectrum only those residues for which both

C» and @ correlations could be quantified were included in the analysis).

(CMCGCBCA)NH and Val-HM(CMCBCA)NH) for a total of more than sufficient. As a final check of our assignments, we
17 days of machine time (conventional room-temperature have recorded a 30:C-F, °C-F,]-edited NOESY spectrum
probe). of a{ L(*3CHa,*3CHjz),V(**CHjs,13CHa)} U-[**N,2H] MSG sample
Using only the methyl-detected experiments, we were able (Mixing time of 30 ms) to obtain intraresidue methyl NOE

to assign 42 lley1 methyls (out of 44, 95%), 86 methyls of correlations. In addition to confirming our assignments, we have
Val (out of 92, 93%), and 90 methyls of Leu (out of 140, 64%) use_d this data set to assign Leu methyls in_cases_where
in MSG. Near complete assignment of Leu residues was assignment of onlyll of the 2 methyls was avall'able via the
precluded by the fact that onk60% of Leu resonances (i) through-bond experiments described above. In this manner, an

had S/N values greater than 4 in the lle,Leu-HMCM(CGCBCA)- additional 7 Leu methyls were assigned, bringing the total
. . . number to 127 (91%).
CO experiment or (ii) were sufficiently well resolved so that

unique correlations could be identified unequivocally in this data N SUmmary, near complete assignments ofdie¢nly), Leu,
set, and (iii) by the significant degeneracy in LEC¥/CP and Val methyl groups in MSG have been made using new

chemical shift pairs. Strong scalar coupling betw&&? and !abehng strategies in concert with new !\IM.R experiments. These
1 S . include COSY-based methyHN magnetization transfer schemes
3Cr spins in some of the Leu residues may have prevented

. . 1 .
their observation in many of the spectra recorded. However, along with sequences which correlate metti and'H spins

the combination of HN-based and methyl-detected data sets le Wlth aliphatic carbon chemical shifts or backbone carbonyl spins

. in an out-and-back manner. The experiments significantl
to near complete assignments of MSG methyl groups: 42 lle P g y

o1 hvls (95%). 90 Val hvls (98% 41201 hvi increase the size of proteins that can be studied by NMR and
methyls (95%), a met y_s( ), an eu met yis open up the possibility of using side-chain methyl groups to
(86%). (Note that tentative assignments were not included in

i _probe molecular structure and dynamics in high molecular
the percentages listed above.) Although both classes of eXperiyyeight systems.
ments were necessary in the case of MSG, for smaller proteins
it is very likely that the out-and-back data sets alone will suffice  Acknowledgment. This work was supported by a grant from
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