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Abstract: A three-dimensional NMR experiment is presented for correlating NOEs between methyl groups in
protonated!®N,'3C-labeled or methyl protonated, highly deuterdf®t|’3C-labeled proteins. The high resolution

of this experiment facilitates the assignment of NOEs between methyls that can be poorly resolved in other
three- and four-dimensional experiments and extends the utility of solution-based NMR structural studies to
proteins in the 40 kDa molecular weight regime. Applications to methyl protonated, highly deuterated samples
of the 370 residue maltose binding protein (122 methyl groups) and the dimer of the 124 residue amino terminal
domain of human STAT-4 (59 methyls) are presented. The method is also well suited for studies of fully
protonated proteins, as demonstrated with an application involving the 160 residue phosphotyrosine binding
domain fromDrosophilaNumb. Distance restraints obtained from the present experiment are particularly

useful in the generation of global protein folds since

many methyls are located in hydrophobic protein cores

and inter-methyl restraints therefore link elements of secondary structure that are often distant in the primary

sequence.

Introduction
The development of multidimensional, multinuclear NMR

ment of these multidimensional spectra. This is a major
limitation, since in the absence of a critical number of distance

spectroscopy over the past decade has significantly emargeocorrelations resultant structures are both imprecise and inac-

the scope of problems that are now studied by NMR ap-
proached:? Assignment of resonances #N,*C-labeled or
15N, 18C 2H-labeled proteins of sizes on the order of- 3D kDa

or even larger can often be accomplished in relatively short order
with use of a large number of powerful experiments. With the
advances in techniques for resonance assignment, the mo
difficult and time-consuming portion of the structure determi-

curate’

In principle, there are at least two approaches for overcoming
the problem of ambiguous distance restraints arising from
overlap of cross-peaks in NOE spectra. Recently Nilges et al.
have described an elegant computational method that makes use

<pf an iterative automated assignment strategy for the interpreta-

tion of ambiguous restrainfs. In our laboratories we have

nation processes is the assignment of NOE cross-peaks tcfPplied this methodology with success to the solution structure

specific, proximal proton pairs. In this regard the development
of 13C-edited threé-and four-dimension4t® NOE experiments
has been particularly useful.
biological importance are of a size and complexity such that
solution structure determination by existing NMR methods
remains difficult. For example, overlap in NOE spectra of even
modestly sized proteins is significant and complicates assign-
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determination of a peptide complex of a 160-residue phospho-
tyrosine binding domain (PTB) fromrosophilaNumb (dNumb)

Nevertheless, many proteins of and to the NusB protein (139 residues). An alternative and

complementary approach is to design additional NMR experi-
ments, often in combination with novel isotopic labeling
strategie$% 2 which provide improved resolution in the hopes
of assigning a larger fraction of NOEs prior to structure
calculation. To this end we have recently described an
experiment for measuring NOE correlations involving protons

(7) Gardner, K. H.; Rosen, M. K.; Kay, L. Biochemistry1997, 36,
1389-1401.

(8) Nilges, M.J. Mol. Biol. 1995 245, 645-660.

(9) Nilges, M.; Macias, M. J.; O'Donoghue, S. I.; Oschkinat,JHMol.
Biol. 1997, 269 408-422.

(10) Gardner, K. H.; Kay, L. EJ. Am. Chem. S0d.997, 119 7599-
7600.

(11) Smith, B. O.; lto, Y.; Raine, A.; Teichmann, S.; Ben-Tovim, L;
Nietlispach, D.; Broadhurst, R. W.; Terada, T.; Kelly, M.; Oschkinat, K.;
Shibata, T.; Yokoyama, S.; Laue, E. D. Biomol. NMR1996 8, 360—
368.

(12) Metzler, W. J.; Wittekind, M.; Goldfarb, V.; Mueller, L.; Farmer,
B. T. J. Am. Chem. S0d.996 118 6800-6801.

© 1998 American Chemical Society

Published on Web 07/18/1998



7618 J. Am. Chem. Soc., Vol. 120, No. 30, 1998 Zwahlen et al.

from C’ methyl groups of Val and lle if®N,13C-labeled or The pulse sequence of Figure 1a was employed in recording the
methyl-protonated®N,13C 2H-labeled proteing® Schemes for data set on the MBBfcyclodextrin complex at 37C (Varian 600 MHz
measuring NOEs connecting methyl groups are particularly Inova). A matrix consisting of (60, 60, 448) complex points, spectral
important since methyls are often in the hydrophobic cores of widths of (2445 Hz, 2445 Hz, 9000 Hz) and acquisition times of (24.5

; ; S, 24.5 ms, 50 ms) was recorded. A mixing time of 100 ms was
g:gts\;gﬁ 223;';?3 dt(i)r?%t:i]rira?;/e?e%nutz Ia?gesecondary structure tha{L.Jnsed along with 32 scans/FID and a repetition delay of 0.85 s to give

) ) a net measuring time of 122 h. A 4BC—13C NOESY data set was

In this paper we present an experiment that addresses thecorded with spectral widths of 3600 Hz in eactFefF., andFs and
sensitivity and resolution requirements for obtaining NOE 9000 Hz inF,. Acquisition times of (13.9 ms, 4.4 ms, 4.4 ms, 50 ms)
connectivities between pairs of methyl groups in proteins. The in (ty, ta, ts, ts), @ mixing time of 100 ms, 4 scans/FID, and a recycle
utility of the method is demonstrated by applications to methyl- delay of 1.0 s were used, giving rise to a total collection time of 125
protonated,15N,13C 2H-labeled samples of both a 42 kDa h.
complex consisting of maltose binding protein (MBP, 370  The scheme of Figure 1b was used to record thé*8I3°C methyl
residues) ang-cyclodextrin as well as a 29 kDa symmetric NOESY spectrum of hSTATd 12, with @ number of modifications.
dimer comprising the amino-terminal domain (residued 24) All 13C', 15[\_1, and?H pulses were eliminated and the I-BURP2 selectnye
of the intact human STAT-4 proteih (WSTAT4_ 124, Signal pulses during the INEPT transfers as well as the RE-BURP pulse during

- L . the constant timé period were replaced with high-power rectangular
Transducers and Activators of Transcription). In addition to pulses. A data matrix consisting of (50, 32, 512) complex points,

the usefulness of the experiment for applications to systems gpectral widths of (2111.8 Hz, 2111.8 Hz, 9000 Hz), and acquisition
involving methyl-protonated, highly deuterated proteins, the times of (23.7 ms, 15.2 ms, 57 ms) was utilized for the experiment
methodology is also valuable for fully protonated proteins or performed at 25°C on a Varian Unity- 600 MHz spectrometer
protein complexes, as illustrated with an application to an equipped with a Z-spec triple resonance probe (Nalorac Corp., Martinez,
15N,13C-labeled sample of a complex of the dNumb PTB CA). Note that the net acquisition time of 15 mstinused in this
domair}® (17.9 kDa) with a high affinity binding, unlabeled experiment is somewhat longer than optimal because of the evolution
peptide. of magnetization from the one-borfdC—*3C coupling that occurs
during this period. In principletz;max ~ 9.5 ms followed by linear
prediction results in spectra of higher signal-to-noise for the same
acquisition time (see below). A mixing time of 175 ms was used along

A sample of the protonatedN,*C-labeled dNumb PTB domain vyith 64 scans/FID and a 1.0 s recycle delay, resulting in an acquisition
in complex with a high affinity binding seven residue peptide (Ac- time of 147 h.
AYIGPpYL) was prepared as described previou$lySample condi- All data sets were processed with NMRPipe/NMRDt&software
tions were 1.5 mM protein with equimolar peptide, 20 mM sodium and analyzed with either ANSR& or NMRView?! In the case of
phosphate, 150 mM sodium chloride, 0.1 mM benzamidine, 0.1 mM spectra recorded on the PTB domain mirror image linear pred?étion
EDTA, 20 mM deuterated DTT;99% DO, and pD 6.0. was employed to extend the (constant time) domain by a factor of

15N, 13C, 2H, methy! protonated (Val, Leu and 11€°¢) E. coli MBP 1.5 and forwarekbackward.linear predictic}’ﬁyvas used to extend the
was generated as described previotisiynd a final sample consisting 2 domain (nonconstant time) by 50% with use of the procedure
of 1.4 mM protein, 2.0 mMB-cyclodextrin, 20 mM sodium phosphate described in Kay et & and in more deta_ll recentl. In the case of
(pH 7.2), 3 mM NaN, 100 mM EDTA, 0.1 mg/mL Pefabloc, dg/uL th_e MBP data_set, _tha and_tz time do_me_uns were gxtended by 50%
pepstatin, and 10% 4D was prepared. As described in some detail with use of mirror image linear predlctlor_1, Whlle_ln the case of the
elsewheré3 omission of a step where th-labeled bacteria are diluted ~ SPectrum recorded on the hSTAT44 protein thef; time domain was
in deuterium rich media coupled with the use of an inappropriately doubled with mirror image linear prediction. Thé, (tz, t;) time
long induction time in the overexpression of this sample resulted jn domains were apodized with 98hifted sine-bell squared, 98hifted
the production of protein with small amounts of @Hand CHD sme-be!l squargd, and 7@h|fted sine-bell _squared window f_unctlons,
methy! isotopomers. Cross-peaks arising from these groups were l'espectively, prior to Fourler'transformatlon. The absorptive parts of
eliminated with use of the purging scheme described below. the resultant data sets consisted of 12828 x 448, 128x 128 x

15N, 13C, 2H, methyl protonated (Val, Leu, and 1€ hSTAT4 14 448, and 256« 64_x 512 real points for spectra of the PTB, MBP and
was prepared as described by Gardner and’Rafhe details of sample hSTAT4.-124 proteins, respectively. The 4D data set of the MBP/
production will be given elsewhere. Th¥C CT-HSQC"'® of CVC"?"?X”'F‘ complex was proc_essed W'th fonmahhckward Im_ear_
hSTAT4._1. showed the expected 59 methyl groups (Val, Leu, and prediction int, to double the time domain. Gaussian apodization

e 2w o svidrce of any CIbor . stopomers. Sample 41€107 WEreused 1 he caren dmensions o minimize ncaton
conditions were 0.7 mM protein (monomer concentration), 20 mM . P P p

sodium acetates (pH 5.3), 50 mM sodium chloride, 5 mM DTT, and 128 x 64 x 32 x 448 points. Note that_for .bOth the 3D and 4D spectra
90% H0/10% D,O. the final data matrices were reduced in size (from the numbers given

A 3D 13C 1°C methyl NOESY spectrum of the fully protonated PTB 2?;!:3'[.1)}/ considering only those regions where correlations were
domain was recorded at 3C with use of the scheme of Figure 1b on
a Varian 600 MHz Inova spectrometer. A matrix comprised of (78,
30, 448) complex data points in each bf €, ts) was obtained with
spectral widths of (3200 Hz, 3200 Hz, 9000 Hz) in,(fF~, F3), Figure 1 illustrates the 3B3C13C methyl NOESY pulse
CO.".eSpc.’”di"% g%acquissi;tion tim/es of (23"4 ms, 9.4 mds,|50 ";Sg'gA sequences that were developed for recording NOEs between
vrclexrg]%stg?je;iving ?:Sse t40 ;%i?sa;ﬁi’sﬁ%n e:iéeepitfltllozr; he ayorl.=s methyl groups with high resolution. The pulse schemes consist

’ ' of elements that have been well described in the literature and

Materials and Methods

Results and Discussion
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Figure 1. Pulse sequences for recording the 80,13C methyl NOESY experiment. (a) Double constant time version of the pulse scheme. All narrow
(wide) pulses have flip angles of 9QL8C°). ThelH, 13C, 15N, and?H carriers are centered at 4.7 (water), 19.6, 119, and 2.0 ppm, respectively. Rectangular
1H, 13C, 15N, and?H pulses are applied with field strengths of 30, 21, 5.3, and 1.9 kHz, respective#CAdhaped pulses applied during the INBPT
periods (of duration &) are 1.2 ms in length with the I-BURP2profile ({1.2 x 6004} ms, for experiments recorded ytMHz), while the shaped
refocusing pulses applied during the constant tii@ evolution periodst{ andt; in parts a and ct; in parts b and d) are of 35@s duration {350 x

6004} us, for experiments recorded wMHz) and have the RE-BURPprofile, with the center of excitation at 25 ppm (5.4 ppm phase modulation of
the carrier334for applications on fully protonated samples the center of excitation is moved to 35 ppm so th¥/tisarbons of Thr are properly
inverted). The chemical shifts 6BC* carbons are within the excitation bandwidth of the RE-BURP pulses. The phases of the RE-BURP pulses are
adjusted independently so that fiar= 0 ort, = 0 only one of the quadrature components has nonzero signalt3Thpulses have the SEDUCEL

profile and are of 23@s duration. These pulses are centered at 176 ppm by phase modulation of the&&rFer.fully protonated samples or methyl
protonated, deuterated samples where only thei€blopomer is present tiel pulses are eliminatedC decoupling during acquisition is achieved with

use of a 2.7 kHz WALTZ-16 field® Note that the'>N rectangular pulses indicated by shading are applied only when'iéthAnd3C chemical shifts

are recorded during (parts ¢ and d). (b) Single constant time version of the!&C methyl NOESY 13C' decoupling is achieved durirtg with use

of a 156.4 ppm cosine-modulated WALTZ-16 schethehere each element of the profile consists of pulses with the SEDUCE-1 shape. (c) Simultaneous
recording oft3C and>N chemical shifts duringz in a constant time mode. The delag is set to 0.5(pwn- pwc), where pwn and pwc are theN and

13C 90 pulse widths. The3C* selective pulses have the I-BURP2 profile (1.2 ms for applications at 600 §IH2;x 6004} ms, for experiments
recorded ay MHz) and are centered at 54.5 ppm by phase modulation of the carrier. The séCemlise is time inverted relative to the fir§iC»

pulse. (d) Simultaneous recording8€ and'*N chemical shifts duringz in a nonconstant time mode. The delay&sandd3 are set to ff — 2)/7](pwn

— pwc) and (2f)(pwn — pwc), respectively. Note that it is possible to adjust the duration of thetfigsbint, to(0), so that a 180first-order phase
correction inF; for both15N and®C is obtained? In parts ¢ and d!>N decoupling during acquisition is achieved with use of a0 ® kHz WALTZ-16

field. The delays used are2= 4.5 ms andl' = 26 ms, where &, is the time between successitte 90° pulses of the INEPT and includes the time for
application of the I-BURP2 pulse. Note that because evolution of magnetization due to the oré468@ccoupling proceeds at a rate that is smaller
thanJcn during the simultaneous application of the I-BURPRL8C refocusing pulses, the optimal value afvill be greater than 1/(Ric). The value

of 27, used was obtained by optimizing the signal in 1D spectra. In the case where the I-BURP2 pulses are replaced by high-power rectangular pulses
the values of 2, must be adjusted (shortened) accordingly. When Bathand*3C chemical shifts are recorded durigthe INEPT periods flanking

thet, period can be adjusted to maximize transfer betwigtand3C and'HN and°N, as described previoustj.However, we prefer to optimize the
experiment to achieve maximum sensitivity for methgiethyl correlations. Quadrature Fy and F; is obtained by STATES-TPF of ¢1 and¢2,
respectively. The phase cycling employedis= 2(x),2(—X); ¢2 = 4(x),4(—X); $3 = x,—X; Acq = X,2(—X),x,—X,2(X),—x. The duration and strengths of

the gradients are as follows: g0 (500us, 10 G/cm); g¥ (400us, 5 G/cm); g2= (1 ms, 15 G/cm); g3= (400us, 18 G/cm); g4= (800us, 15 G/cm);

g5 = (500us, 6 G/cm); g6= (1 ms, 8 G/cm); g7 (200us, 7 G/cm); g8= (500us, 10 G/cm); g9= (400us, 25 G/cm); g1G= (800us, —15 G/cm);

gl1l= (700us, 8 G/cm). In the case whef#l pulses are applied tiél lock channel is interrupted at the start of the sequence and re-engaged at the end.
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Figure 2. F;—F; strips from the 3D"C3C methyl NOESY spectrum recorded on the methyl-protonated-(Val, Leu,’)le'®l,13C, 2H sample

of the MBPp-cyclodextrin complex (mixing time 100 ms) with the pulse scheme of Figure 1la. NOE correlations linking rasahgsare

observed atdci,wcj,wwj); the identity of the destination methyl carbonj@ indicated in the top of each trace. Diagonal peaks are marked “d”,
ambiguous peaks are indicated by “a”, and cross-peaks with greater intensity in adjacent slices are marked with an asterisk. Symmetry related
correlations are connected by dashed horizontal lines.

provided. The transfer steps can be summarized by, inverse of the one-bond aliphati@aliphatic coupling constant,
1/Jcc (26 ms). Thus, evolution due tlzc during theT delay
1H-£13C- (CTt)ﬁlH. NOE 1, e does not attenuate the signal. The second carbon evolution
: ' L ! ! J period can be recorded in either a constant time or nonconstant
13C]- (CTt, or non-CTt,) LY 1Hj (t) (1) time mode, depending on resolution and sensitivity consider-

ations (see below). Fourier transformation of the resultant data

where the active couplings involved in each transfer are Setyields cross-peaks aidj,wcjwwj), i # j, and diagonal peaks

indicated above the arrows ang(n = 1, 2, 3) is an evolution  at (@ci,wci,wHi). Note that a related experiment for recording
period. Note that the; period is recorded in constant time NOEs between amide protonsitN-labeled proteins has been
modé7”18 (CT ty), with the constant time delayl,, set to the described in the literatur®:26
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To limit the magnetization flow to transfers involving methyl
groups in cases where protonation in the sample is not restricted
to methyls, the!3C 180 pulses employed during the INEPT
transfer periods are applied with the I-BURP2hape profile
(2.2 ms). Thus, with the carbon carrier frequency at 19.6 ppm,
the inversion profile £ 97%) of the I-BURP2 pulse extends from
8.6 to 30.6 ppm, while resonances downfield of 37.5 ppm are
not affected (600 MHZH frequency). Note that because there
is some overlap of chemical shifts of methyl carbons with other
carbons, NOEs involving a limited number of non-methyl
protons, including Arg Mand Lys H, can also be observed in
applications on protonated proteins. Finally, for applications
to methyl-protonated, highly deuterated proteins where proto- %
nation of the methyl positions is not complete, i purge Figure 3. Schematic diagrams showing (a) heliae3, a9, anda16
pulses applied during the constant tiff€ evolution periods  and (b) strandg5 andj12 and the loop connectingl5/cc16 from the
ensure that magnetization only frodiCH; isotopomers is X-ray structure of the complex of MBP anﬂicyclodextrir?oindicating
retained. In this regard it is worth mentioning that ofigHs how the observed methylmethyl NOEs define important struptural
methyl groups could be detected in high signal-to-noise spectrac2Macts: () NOES between lle 161, Leu 192, and Val 347 (Figure 2a)
of hSTAT4,_124, while in the case of the MBP sample small ?Vr;i (bg:;t;/\t/ggnw\iiﬁl hl/ll(?l,_'\\/l/gléel, and lle 329 (Figure 2c). The figure
levels of3CH,D and'3CHD; isotopomers were observed. The g '
origin of these isotopomers was traced to a number of errors
during protein production (see above), and it is noteworthy that
only the 13CHj3; isotopomer was observed in spectra recorded
on previous samples of the protein.

As described above, the second evolution pertgdc@n be
recorded in a constant time or a nonconstant time mode.
Cleatrly, resolution is significantly improved by maximizing the
acquisition time, albeit at the expense of sensitivity. For equa
net measuring times, the gain in sensitivity for the experiment
in which magnetization is not recorded in a constant time mode
duringt; relative to the double constant time scheme is given

& loop between
% .. o15/a1e
ke e i

5

between € and C carbons which may be present in the case
of Leu residues. Where strong coupling is important the
constant time version of the experiment will suffer additional
losses in a manner that depends on theCE chemical shift
difference vs coupling ratio.

The basic experimental scheme described in Figure 1 can, in
| principle, also be used to record NOEs connecting any pair of
proximal protons. In this case the I-BURP2 pulses must be
replaced by nonselective inversion pulses. Because the relax-
ation properties of non-methyl carbons are not nearly as
favorable as their methyl counterparts it is especially advisable

by G, where to record thet; evolution period in honconstant time mode in
this case. In addition care must be taken to ensure that spectral
G = (1/AT) AT cos@mlety) exp(—ty/T,) di/exp(=T/T,) widths are properly adjusted so that overlap between folded and
(2.2) unfolded cross-peaks is minimal. In applications discussed in
) the present paper we focus exclusively on experiments optimized
= (T/AT)[L/(1 + (0 T)){ T, exp(~AT/T,) for measuring methytmethyl correlations.
SinAT) + [1 — exp(—AT/T,) coswAT)]}expT/T,) It is also possible to simultaneously record NOEs between

2.2) proximal methyls and between neighboring methyl and NH
protons by a number of simple modifications to the pulse

In eq 2, AT is the total acquisition time in thiedimension of ~ Schemes in parts a and b of Figure 1. In this case the INEPT
the nonconstant time experimedéc is the one-bond aliphatic ~ fransfers that sandwich the evolution period must relay
13C—13C homonuclear scalar coupling constafi,is a time magnetization between NH ariéN in addition to the CHZC
constant that describes the decayaftransverse magnetization ~ ransfers that occur in the sequences of parts a and b of Figure
during the evolution periody = 7Jcc, andT is the duration of 1. A pulse sequence for recording correlations of the form
the constant time period. The value®fincludes contributions ~ (@Hi@ck@cr) and @ri,on;j,wnkj), where residuesandk and
from the spin flips of the methy! protons and from the transverse | @ndj are close in space, has already been desciilaedi the
relaxation of in-phase methyl carbon magnetization. Assuming Puilding blocks in that sequence can simply be inserted into
values of (9.5 ms, 35 Hz, 40 ms, 26 ms) for (Alec, T2, T), the present experiment. Parts ¢ and d in Figure 1 illustrate the
a value ofG =1.4 is obtained. Note that the expression@r  Necessary modifications, allowing cross-peaks.af,{ci.wcrk)
in eq 2 does assume that AZ Y,Jcc, so that doublet and @ci,wnjwnw;) to be recorded.

components derived from tH&C—13C coupling are not resolved. Figure 2 illustrates £~Fs strips from the 30°°C,*C methy/|
All other things being equal, the value & will of course ~ NOESY spectrum recorded on MBP in complex wfittyclo-
decrease with increasir. Although larger values o6 could dextrin (mixing time of 100 ms) with use of the scheme of

be obtained for shorter values of AT, the sensitivity gains would Figure 1a. Each slice is taken at the Ehemical shift
come at the expense of the already limited resolution in the corresponding to the resonance frequency of the carbon indicated
nonconstant time version of the experiment. The above atthe top of each slice. Our choice of the double constant time
calculation does not include the effects of strong coupling version of the experiment in this application was motivated by
: : the fact that MBP is comprised of 370 residues containing 122
Re(SZOSr? féggkée(')’ Zéﬁ’l{%’ C.; Carr, M. D.; Birdsall, B.; Feeneyl.Magn. Val, Leu, and lle (€ methyl groups and issues of cross-peak
(26)'|kura, M.; Bax, A.: Clore, G. M.: Gronenborn, A. M. Am. Chem. overlap are therefore very significant. Note that only Val, Leu,

So0c.199Q 112, 9020-2022. and lle (C1) methyls are protonated in the scheme that weltise.
(27) Morris, G. A.; Freeman, Rl. Am. Chem. Sod 979 101, 760—
762. (29) Pascal, S. M.; Muhandiram, D. R.; Yamazaki, T.; Forman-Kay, J.

(28) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141. D.; Kay, L. E.J. Magn. Reson. Ser. B993 103 197—-201.
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Figure 4. Comparison of slices from the 45C—3C NOESY (a, d) and the 3B*C,'3C methyl NOESY (b, c, e, f) of the MBPB{cyclodextrin
complex showing NOEs between Leu 122 and Leu 135 (a, b, c) and Leu 361 and Val 357 (d, e, f). The location of the correlation peaks in each
of the slices from the 4D data set is indicated with circles.

Moreover, the high quality of spectra obtained with this observed in Figure 2a are shown, superimposed on the X-ray
molecule suggest that a trade of sensitivity for resolution in this structure of the comple¥. These NOEs provide critical
case would be worthwhile. In Figure 2a correlations connecting restraints for establishing the correct orientation of heliz@s
residues Val 347, lle 161, and Leu 192 (diagonal peaks are a9, anda16. As we have discussed in some detail previously,
marked with “d”) are shown along with symmetry-related distances between amide protons on proximal helices generally
connectivities, denoted by the horizontal lines in the set of exceed 56 A7 and it is therefore often not possible to obtain
figures. These contacts bring together three helieés, (Val sufficient restraints to link these elements from backbone-NH
347),08 (lle 161), anda9 (Leu 192). In Figure 2b, contacts NH NOE correlations alone. The situation is even more acute
between Val 183, located in a loop connectiwith a9, and for helicesa8 anda9, which are close to perpendicular to each
Val 343 ona16 are illustrated. Correlations between Val 110, other. The present example provides a powerful illustration of
Val 261, and lle 329, located ¢#b, 512, and the loop between  the utility of methyl-methyl correlations for structure deter-
15 andal16, respectively, are illustrated in Figure 2c. Finally, mination in general, and in the particular case where only a
NOEs connecting loops joining4/o5 (Leu 89) andn12/013 limited subset of distances are available, such as in the case of
(Leu 285) are indicated in Figure 2d. A large number of highly deuterated molecules. Figure 3b shows the contacts
additional long-range contacts are shown in Figure 2. It is between Val 110, Val 261, and lle 329 (see Figure 2c), which
important to emphasize that the X-ray derived strucfunes help orient strand85 and$12 with respect to the loop between
not used in the assignment of any of the 3D NOE data. Over helicesal5 andal6.
120 medium and long-range correlations were assigned exclu- |t s of interest to compare the present 3D data set with the
sively on the basis of the high spectral resolution of the data corresponding 4B33C1°C edited NOESY recorded on MBP. It
and the symmetry-related connections provided in the spectrum.js clear that resolution will be limiting given the short acquisition
The utility of the long-range NOEs obtained in the present times employed in the 4D spectrum (4.4 ms in each of the
experiment for structure determination is illustrated in Figure carbon dimensions) and the large number of methyl groups in
3. In Figure 3a the methyl groups involved in the correlations \mBP. This is particularly the case for correlations linking Leu
(30) Sharff, A. J.; Rodseth, L. E.; Quiocho, F. Biochemistry1993 and/or Val residues since the large numbers of these amino acids
32, 10553-10559. coupled with their particularly poor dispersion makes assignment
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Figure 5. Selected —Fs; strips from the'3C,13C methyl NOESY of methyl-protonated-(Val, Leu, II)CN,13C, 2H-labeled STAT4-1,4recorded
with the sequence of Figure 1b (mixing time of 175 ms).

of connectivities involving these residues extremely challenging. constant time version of the experiment was sufficient to allow
Parts a and d of Figure 4 illustrate the problems associated withthe unambiguous assignment of close to 50 long-range methyl
the 4D data set, as described above. In Figure 4a a portion ofmethyl contacts. Long-range correlations connecting lle 38, Leu
a 2D correlation map from the 4D spectrum with connectivities 60, Val 101, and lle 105 are shown in Figure 5a. The excellent
arising from the K2 proton of Leu 122 is shown. The high resolution in Fr allows separation of NOEs between lle 38'H
degree of overlap limits the utility of the data. Parts b and ¢ of Leu 60 H* and lle 38 H!, lle 105 H! as well as the NOEs
Figure 4 illustrate correlations between Leu 135 and 122, where correlating Leu 60 Ff, Leu 60 H! and Leu 60 M2, Ile 105
the excellent resolution allows the straightforward assignment H°L. In particular, Leu 60 P&, Leu 60 H! and Leu 60 K2, lle
of the Leu 135, Leu 122 NOE. The location of this NOE in 105 H! correlations would be superimposed in spectra acquired
the 4D data set is illustrated by the circle. A similar situation with low digital resolution, such as 4EC—13C NOESY data
occurs in Figure 4d where the position of the correlation between sets. In such spectra the connectivity between Leu 60 and lle
Leu 361 H! and Val 357 H! is circled. Symmetry related 105 would most likely not be assigned, since the correlation
peaks for the Leu 361, Val 357 correlation are observed in parts between geminal methyls would be expected and assigned to
e and f of Figure 4. the composite cross-peak. Correlations between lle 30, Val 71,
Figure 5 illustrates F-F5 Strips from the 3D3C,13C methy| Leu 79, Leu 83, and ||e 86 are illustrated in Figure 5b. The
NOESY (mixing time of 175 ms) recorded on hSTAT4. NOEs between Leu 8342I(destination) and the source protons
with use of the scheme of Figure 1b with modifications as lle 30 H%, Leu 33 H', Leu 60 H? and Leu 79 K are
described in the Materials and Methods section. Because thisParticularly noteworthy since all of the carbon shifts of the
complex is comprised of a symmetric homodimer there are source methyls lie within 2.3 ppm.
approximately half the number of methyl groups relative to MBP ~ The long-range NOEs depicted in Figure 5 are critical for
(59 vs 122). As such, the resolution available in the single determining the structural topology of hSTAiI 4,4 which is
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Figure 6. Strips from the*C,13C methyl NOESY of a fully protonated®N,*3C-labeled complex of the dNumb PTB domain with peptide (unlabeled)

recorded with the scheme of Figure 1b (mixing time of 90 ms).

highly helical’®>3! The contacts in panel a connect helices
(lle 38), a8 (lle 105, Val 101), andx6 (Leu 60) while the
correlations in panel b link helicas3 (lle 30),0.7 (lle 86, Leu
83, and Leu 79) and6 (Val 71). As in the case of MBP,

the benefits of improved resolution provided by the double
constant timé3C evolution periods. Analysis of the spectra of
the PTB domain and of hSTAT4i,4 indicates that for

applications involving many protein systems typically studied

assignment of methyl NOEs was based exclusively on databy NMR the resolution provided by the single constant time

available from the'3C 3C methyl NOESY data set. The 46
long-range methytmethyl contacts provided in the present data
greatly facilitated the calculation of the global fold of the

version of the experiment (Figure 1, parts b and d) will suffice.
Figure 6 shows a number of cross sections from a 90 ms 3D
13C 13C methyl NOESY spectrum recorded on the PTB domain.

monomer (Sarma and Byrd, unpublished data), which is in |y Figure 6a correlations linking Val 76 (helix1), Val 123
agreement with the recently reported X-ray structure of a similar (srangg2), and Ala 194 (helix3) are illustrated. A significant

N-terminal domain of murine STAT2
The utility of the 3D 13C'3C methyl NOESY experiment

(Figure 1) for protonated molecules has also been establishe

by recording spectra on a protonatéf\,’*C dNumb PTB
domain in complex with a high affinity binding seven-residue

peptide. Although this molecule is of moderate size (160

residues), the overall correlation time established 8y
relaxation experiment3on the complex is 13.5 ns. Many of

the triple resonance experiments, as well as the 4D NOE-base
experiments, have yielded spectra of poor sensitivity, and spectr
recorded on this molecule provide, therefore, an excellent test
case to establish the efficacy of the present methodology. A
comparison of data sets with use of the schemes of parts a an

a

number of long-range NOEs are observed, including a con-
nectivity between Val 123 (4) and Cys 193 (H). Note that

%he chemical shift of the €carbon of Cys 193 (25.85 ppm) is

well within the excitation bandwidth of the selective I-BURP2

pulses used during the INEPT transfer schemes. In general,
we have found that cross-peaks arising from non-methyl protons
do not complicate data analysis. Figure 6b shows symmetry-

Jelated correlations between Val 91"iand Leu 109 (P)

connecting secondary structure elemepts (Val 91) anda2
(Leu 109). A complete analysis of theC,13C methyl NOESY
spectrum of the protonated PTB domain establishes that high-

fluality data connecting proximal methyl groups are obtained

b of Figure 1 indicate that for this molecule the sensitivity gains Tom this experiment.

of the nonconstant time version of the experiment far outweigh

(31) Vinkemeir, U.; Moarefi, I.; Darnell, J. E.; Kuriyan, Sciencel998
279 1048-1052.

(32) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay,
C. M,; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L.
E. Biochemistry1994 33, 5984-6003.

(33) Patt, S. LJ. Magn. Reson1992 96, 94—102.

(34) Boyd, J.; Scoffe, NJ. Magn. Reson1989 85, 406-413.

(35) McCoy, M.; Mueller, LJ. Am. Chem. S04992 114, 2108-2110.

(36) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJ Rviagn. Reson.
1983 52, 335-338.

(37) McCoy, M. A.; Mueller, L.J. Magn. Reson1992 98, 674-679.

(38) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resoril989
85, 393-399.

(39) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14,
51-55.

In summary, a pulse scheme for correlating methyl groups
in proteins has been presented which provides high-quality data
for both protonated and methyl-protonated, highly deuterated
samples. The methodology is useful for applications to high
molecular weight proteins or to proteins where spectral overlap
is significant. Distances connecting methyl groups are ex-
tremely valuable restraints for obtaining global folds of proteins
and initial structures generated from these connectivities can
subsequently be used in refinement involving a larger body of
NOE information. In this regard th&C3C methyl NOESY
is an important addition to the array of multidimensional
NOE experiments that has been developed over the past several
years.
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