JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Article

Amino Acid-Type Edited NMR Experiments for

Methyl-Methyl Distance Measurement in C-Labeled Proteins
Hine Van Melckebeke, Jean-Pierre Simorre, and Bernhard Brutscher
J. Am. Chem. Soc., 2004, 126 (31), 9584-9591« DOI: 10.1021/ja0489644 « Publication Date (Web): 17 July 2004
Downloaded from http://pubs.acs.org on April 1, 2009

Methyl-1 = V16
o
= |2z
£ =
[1}]
S - | I
N - =15
s Al =2
. Ad V16
Aminc-acid =
tyre W |50 ||2

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact.

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0489644

JIAICIS

ARTICLES

Published on Web 07/17/2004

Amino Acid-Type Edited NMR Experiments for Methyl =~ —Methyl
Distance Measurement in 13C-Labeled Proteins

Hélene Van Melckebeke, Jean-Pierre Simorre, and Bernhard Brutscher*

Contribution from the Institut de Biologie Structurale, Jean-Pierre Ebel CNRS-CEA-UJF,
41, rue Jules Horowitz, 38027 Grenoble Cedex, France

Received February 24, 2004; E-mail: Bernhard.Brutscher@ibs.fr

Abstract: New NMR experiments are presented for the measurement of methyl—methyl distances in 13C-
labeled proteins from a series of amino acid-type separated 2D or 3D NOESY spectra. Hadamard amino
acid-type encoding of the proximal methyl groups provides the high spectral resolution required for
unambiguous methyl—-methyl NOE assignment, which is particularly important for fast global fold
determination of proteins. The experiments can be applied to a wide range of protein systems, as exemplified
for two small proteins, ubiquitin and MerAa, and the 30 kDa BRP—BIm complex.

Introduction and time-consuming step of the NMR structure determina-

_ . tion process remains the measurement and unambiguous as-
Liquid-state NMR spectroscopy has been established as a P g

s ; signment of NOE cross-peaks to specific, proximal pairs of
powerful method for structure determination of proteins. The pr%tons P P P P
development of many multidimensional triple-resonance NMR M th.I " | luabl b ¢ molecul
experiments over the past decade, combined with advanced ethyl groups are extremely valuable probes ol molecuiar

isotope-labeling strategies, has significantly enlarged the SCopestructure and dynamics. Methyl-containing residues are generally

of NMR problems that can now be studied by NMR. On one well-dispersed throughout the primary sequence, and thg methyl
hand, TROSY-type experimeAthiave increased the size of groups are preferably Iocat_ed in the hy(_jrophob|c protein core.
molecules amenable to an NMR investigation. Recently, near- Therefor(ta, methy;rmethy! (::stances defnvled from NOEt m?a' |
complete backbone assignments have been reported for the 7232urements Bprow € a rich source of long-range structura
residue malate synthase G protein fré&scherichia colf the Eformatlotrrl]. For. NM.R StIUdleS’ mett):lyls alllre adl\éggf?s%eous
110 kDa homo-octameric protein 7,8-dihydroneolpterin aldo- ecause hey give rise 1o reasonably Well-reso

lase? and the membrane proteins OmpX and Onfp@n the correlation spectra Wl'th good sensitivity even for Iarger mol-
other hand, the development of new acquisition schemes hasecules‘? The high sensitivity of methyl correlation experiments,

sped up NMR data collectiohSuch techniques are especially fas coglp;?;ed (tﬁag]?t of CH or IQI-QI_OUDS, 'S; etﬁpl?m(tad b% |
promising in the context of fast NMR fold determination of avora an ransverse relaxation due to the fast methy

moderately sized proteins<@00 residues). Recently, we have rotation and the presence of three equivalent protons attached

obtained complete backbone and methyl side-chain assignmenf0 the methyl carbon. In addition, robust labeling strategies

of two proteins, the 68-residue protein fragment MerAa from developed for obtaining uniformly _deu_terated proteins with
Ralstonia metalliduransind the 167-residue protein fragment protonated methyl groufisallow application of methyl-based

SiR—FP18 fromE. coli, from a set of two-dimensional NMR NMR methods_to h'gT rr;]oleculsr we|gl;1tt _syzte][ns. M?thyll
spectra acquired in an overall experimental time of less than res?nance.tr?sstlgnrglt.an S avlet. ein 0 fa'm?[ Zglrmgo ecular
48 h87 With these experimental advances, the most limiting SYS'cms WIth a tumbling correfation ime ot up to Ing
standard3C-TOCSY-based magnetization transfer experiments.
(1) Pervushin, K. Riek, R.; Wider, G.; Whrich, K. Proc. Natl. Acad. Sci. More recently, Kay and co-workers have achieved near-complete

U.S.A.1997, 94, 12366-12371. methyl assignments for lle, Val, and Leu side chains of the 723-
(2) Tugarinov, V.; Muhandiram, R.; Ayed, A.; Kay, L. B. Am. Chem. Soc.
2002 124, 10025-10035.
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Wiithrich, K. FEBS Lett2001, 504, 173-178. (b) Fernandez, C.; Fernandez, 6800-6901. (c) Mueller, G. A.; Choy, W. Y.; Yang, D.; Forman-Kay, J.
C.; Withrich, K. Proc. Natl. Acad. Sci. U.S.£001, 98, 2358-2363. (c) D.; Venters, R. A.; Kay, L. EJ. Mol. Biol. 200Q 300, 197-212.
Arora, A.; Abilgaard, F.; Bushweller, J. H.; Tamm, L. Kat. Struct. Biol. (9) Gardner, K. H.; Rosen, M. K.; Kay, L. Biochemistry1997, 36, 1389~
2001, 8, 334-338. 1401.

(5) (a) Freeman, R.; Kupce, B. Biomol. NMR2003 27, 101-113. (b) Kupce, (10) (a) Gardner, K. H.; Kay, L. EAnnu. Re. Biophys. Biomol. Struct.998
E.; Nishida, T.; Freeman, Rerog. Nucl. Magn. Reson. Spectro2003 27, 357-406. (b) Goto, N. K.; Gardner, K. H.; Mueller, G. A.; Willis, R.
42, 95-122. C.; Kay, L. E.J. Biomol. NMR1999 13, 369-374.

(6) (a) Bersch, B.; Rossy, E.; Ctsel.; Brutscher, BJ. Biomol. NMR2003 (11) (a) Gardner, K. H.; Zhang, X.; Gehring, K.; Kay, L. E.Am. Chem. Soc.
27, 57—67. (b) Brutscher, BJ. Biomol. NMR2004 29, 57—64. 1998 120 11738-11748. (b) Hilty, C.; Fernandez, C.; Wider, G.; Wirich,

(7) Brutscher, BJ. Magn. Resorn2004 167, 178-184. K. J. Biomol. NMR2002, 23, 289-301.
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residue malate synthase G protein using a new isotopic labelingMaterials and Methods

strategy in Combina_tion with a set OT COSY'WPG transfer NMR Samples. Uniformly 13C, *N-labeledhumanubiquitin was
experimentd? 13C-edited NOESY experiments using constant purchased from VLI (Southeastern, PA). A sample was prepared
time (CT) *3C frequency labeling have been proposed in the containing 2 mM ubiquitin in 45 mM sodium acetate buffer at pH 4.7
past® to record high-resolution methymethyl correlation (90% H0, 10% D). 13C, 5N-labeled MerAa fronR. metallidurans
spectra. Such experiments have been successfully applied tovas prepared as described previod8lgample conditions were 1.5
fully or methyl-only protonated protein samples in the molecular MM protein in 50 mM Tris buffer at pH 7 (90% 40, 10% DQO). A
weight range of up to 40 kDa. The main limitations of the total of 1.2 molar equivalent of Hgevas added to form the metal
experiment of Zwahlen et &b.are that it does not allow fast ~ Protein complex. A“C, N-labeled sample of the Complex_betwee”
data collection and that the spectral resolution may still not be S. hindustanusleomycin resistance protein (BRP) and*Zigated

" . . . bleomycine (BIm) was prepared as described previotfskhe final
sufficient for unambiguous NOE assignment in the case of larger BRP_BIm concentration was 1 mM in 20 mM deuterated MES buffer

molecules. As demonstrated here, these limitations may be gt h 6.5 999 D,0), supplemented with 100 mM NaCl and 0.02%
overcome by the addition of amino acid-type editing filters to sodium azide.

the original sequence, which spreads the methyéthyl cor- NMR Data Acquisition and Processing.All NMR experiments

relation peaks along additional dimensions according to the were performed on a Varian INOVA 800 spectrometer, equipped with

amino acid type of the methyl-containing residue. a triple-resonancékl, 5N, 3C) probe and shielded three-axes gradients.
In this article, we propose netiC-edited HSQE-NOESY— Additional (2s+ 1a9)-D CT-HSQC spectra were acquired on a Varian

. . . ... INOVA 600 spectrometer to calibrate the Bloch-Siegert frequency shifts
HSQC-type experiments, where one amino acid-type editing at 600 MHzH frequency. The sample temperature was set t6@25

filter is added to the standai‘H_I and:C frequency dimensiorls for MerAa and to 30°C for ubiquitin and the BRPBIm complex.
for each of the two methyls involved in the NOE interaction. pata processing and determination of peak positions were performed
This yields fics + nag-dimensional NOESY spectra, witfis using the FELIX program version 2000 (Accelrys, Inc.). Mirror image
and naa the number of chemical shift and amino acid-type linear predictiof® was applied to th&C CT dimensions. Squared cosine
dimensions, respectively. These amino acid-type edited methylapodization was used in all dimensions prior to zero-filling and Fourier
NOESY experiments are equally useful for application to small transformation.
and |arge molecular Systems_ For Sma”er moleculecg, {2 For the (%s + 1aa)'D CT'HSQC .Spectra recorded for uquUItln and
2.9-D methyl NOESY spectra are recorded in a short acquisition MerAa, the pulse sequence of Figure 1a was used without the NOE
time, typically a few hours on a modern high field NMR mixing and the secontH—*C HSQC transffer bloc. Data sets of 4

. times (AA) 110(°C) x 512(H) complex points were recorded for
spectrometer. In these spectra, one of the proximal methyl

. . : . spectral widths of 4000 HZ'{C) and 9000 Hz ') in an overall
groups is labeled by it33C frequency and amino acid type, experimental time of 30 min.

Whgreas.the other one is.identified by #d4 frequency a_md The amino acid-type editing filters were implemented using continu-
amino acid type. The resultingd2t 2.9-D NOESY correlation  ous e band-selective decoupling. As shown in Figure 1 dilated
maps provide a set of mostly unambiguous mettmgethyl evolution timesA"t; and A, were used to compensate Bloch-Siegert

distance restraints, which is important for the validation of a shifts induced by the band-selectivé*€decoupling. The B field-
structural homology model or for de novo protein fold deter- dependent scaling factois were calibrated experimentally fromc(2
mination. The amino acid-type selective methyl NOESY experi- T 1ed-D CT-HSQC spectra of ubiquitin and MerAa recorded at two
ment is demonstrated 3AC, 15N-labeled samples of two small By field strengths of 14.4T and 18.8T, correspondingHdrequencies
L Lo - of 600 and 800 MHz. The following optimized scaling factors were
proteins: (i) MerAa, a protein fragment consisting of the 68 used for the four Hadamard experiments(t Jeos — 1.0, deo =
N-terminal residues of the cytosolic mercuric reductase MerA Py

. . : e 1.0046,4¢06> = 1.0181, andigos* = 1.0162 at 600 MHz, andgos' =
from R. metalliduransand (i) the 76-residuaumanubiquitin. 1.0, Ago = 1.0026,450¢ = 1.0102, andigog® = 1.0091 at 800 MHz.

For the two proteins, the set of intermethyl distance restraints The same €xtdecoupling patterns and scaling factors were then used
extracted from the (+ 2.9-D NOESY spectra, recorded in a
short experimental time, proved sufficient for molecular fold (14) Vanbelle, C.; Brutscher, B.; Blackledge, M.; Muhle-Goll, C'nfRe M.-

)
. . e H.; Masson, J.-M.; Marion, DBiochemistry2003 42, 651—-663.
determination. For larger molecular systems, acquisition@f (3 (15) zhu, G: Bax, AJ. Magn. Reson199Q 90, 405—410.
)
)

- - i i (16) Weigelt, J.; Hammarsino, A.; Bermel, W.; Otting, GJ. Magn. Reson.
+ 1a9-D or (s + 2.9-D correlation maps provides the T o

necessary spectral resolution for methgiethyl NOE assign- (17) (a) Clore, G. M.; Kay, L. E.; Bax, A.; Gronenborn, A. MBiochemistry

5 i H i id- 1991, 130 12—-18. (b) Zuiderweg, E. R. P.; Petros, A. M.; Fesik, S. W.;
ment and an gttractlve speptroscopm alternative to amino aC|d. Olejniczak. E. T.J. Am. Chem. S0a991 113 370-371.
type selective isotope labeling approaches. Such spectra can stil{18) (a) Schubert, M.; Oschkinat, H.; Schmieder] PMagn. Resor2001, 148
be recorded in a reasonable experimental time of a few days, 5742 (b) Piisch. V.; Oswald, R. E.; Wagner, G. Magn. Resorl 996
thus presenting an attractive way of collecting long-range (193 Hadamard, JBull. Sci. Math.1893 17, 240-248.

distance restraints of larger protein systems with assigned methylg% ﬁﬂggg; E Ei)ey%'?fj‘ﬂ'gén%%%ﬂ" ',?'Efo,\')lla%%s éﬁi’gﬁggﬁf&a 300-

resonances. A 3+ 1,9-D methyl NOESY spectrum, acquired 303. ) o
on a 13C. 15N-labeled sampl f the 30 kDa bl o (22) Kupce, E.; Freeman, R; Wider, G.;' Wuch, K. J. Magn. Reson1996
. ple of the a bleomycine 1224 81-84.
i i i u (23) zZhang, S.; Gorenstein, D. G. Magn. Reson1999 138 281-287.
resistance protetﬁlbleomy'cme (Zﬁ ) complex (BRP_BIm) (24) Millet, O.; Muhandiram, D. R.; Skrynnikov, N. R.; Kay, L. E.Am. Chem.
from Streptoalloteichus hindustanudemonstrates the perfor- S0c.2002 124 6439-6448.

H i ; (25) Hajduk, P. J.; Augeri, D. J.; Mack, J.; Mendoza, R.; Yang, J.; Betz, S. F.;
mance of the new experiment for application to larger molecular Fosk. S. W.J. Am. Chemn. S0@000 122, 7896- 7904,

systems. (26) Tjandra, N.; Bax, AJ. Magn. Reson1997, 124 512-515.
(27) Sibille, N.; Bersch, B.; Co J.; Blackledge, M.; Brutscher, B. Am.
Chem. Soc2002 124, 14616-14625.
(12) Tugarinov, V.; Kay, L. E.J. Am. Chem. Soc2003 125 13868- (28) Pervushin, K.; Vgeli, B.J. Am. Chem. So2003 125 9566-9567.
13878. (29) Meissner, A.; Sgrensen, O. \Il. Biomol. NMR2001, 19, 69—73.
(13) Zwahlen, C.; Gardner, K. H.; Siddharta, P. S.; Horita, D. A.; Byrd, R. A.;  (30) Rossy, E.; Champier, L.; Bersch, B.; Brutscher, B.; Blackledge, M.; ove
Kay, L. E.J. Am. Chem. S0d.998 120, 7617-7625. J. J. Biol. Inorg. Chem2004 9, 49-58.
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Figure 1. Pulse sequences for amino acid-type edited { nag)-D methyl NOESY experiments. The pulse sequence in (a) allows recordingsof (2
2.9-D NOESY spectra. Higher-dimensional experiments; {31a9-D or (3:s + 2a9-D NOESY, are generated by inserting one of the pulse sequence blocks
labeled (b) and (c) into the brackets of sequence (a). All radio frequency (rf) pulses are applied aloagithenless indicated. 9@nd 180 rf pulses are
represented by filled and open pulse symbols, respectively. The proton carrier is set to the water resonance (4.7 ppriC adribeis set to the center

of the methyl region (19 ppm) throughout the experimé¥@. pulses drawn on the®®" or C*e*tlines are frequency-shifted to 35 ppma(e) and the center

of the corresponding ' bands, respectively, by a linear phase ramp. The selective @80 pulses are applied with an i-SNOB-5 shé&jpeovering a
bandwidth of 18 ppm. For application at high magnetic field strengths, an offset-compensgifihge®cusing pulse 58-140_,—344—140,—5832 is

used during the CT delayBto properly invert all @tand C'®* carbon spins over a bandwidth of 80 ppm. The CT delay was sEtta28 ms, and the
INEPT transfer delays were setto= 1.6 ms. The small delay in (c) compensates for the length of the 188 pulse.13C decoupling during acquisition

is achieved using a WALTZ-16 sequef€at a field strength ofB1/27 = 3 kHz. Pulsed field gradients,:Gs10, are applied along theaxis (PFG) with

a gradient strength of approximately 20 G/cm and lengths ranging from 100 tes;@6llowed by a recovery delay of 1Q6. The phase cycle employed

is @1 = X,—X, andgrec = X,—X. Quadrature detection ifn andt; is obtained by incrementing the phagesand ¢, according to STATES-TPPI. Constant-
adiabaticity (CA) WURST-2 pulses are used as the basic elements fof¢tel€oupling. The CA-WURST-2 pulses have a lengthof 5 ms and cover

a bandwidth of 12 ppm. They are centered at 37(1),-585), and 70 ppm-32 ppm) for the Val-llg, Ala, and Thr Cbands, respectively. The values

in parentheses indicate the center of the symmetric off-resonance decoupling applied for each band using the same amplitude modulation but opposite
frequency sweep? Multiple-band-selective decoupling is achieved by vector addition of the individual WURST géi§hes.final decoupling sequence is
phase-cycled according to a TPG-5 supercyelehe Ce*tdecoupling is restarted at the beginning after the®88rh refocusing pulse. For the four-step
Hadamard amino acid-type selection filter, four experiments are recorded u¥ifigécoupling of different bands: /1) none, H(2) Ala and Thr, H(3)

Ala and (Val-llg)), Ha(4) Thr and (Val-llg). At 800 MHz 'H frequency, the scaling factofgod® were set tolgogt = 1.0, Ago? = 1.0026,4g06> = 1.0102,
and/gog* = 1.0091. At 600 MHZH frequency, the following optimized scaling factors were usighst = 1.0, Aso? = 1.0046,4600* = 1.0181, andieog’

= 1.0162. A Hadamard transformatfol{ is applied along the filter dimensions to disentangle the NMR signals from the individual frequency bands.
Crextdecoupling during: in (c) is realized using the same WURST-2 based sequence described above applied to the Ala, Thr, anjl Q?&tftequency
bands simultaneously. Bloch-Siegert shift compensation is achieved by skfirg 1.0111 (origoo = 1.0195). For modulation sideband suppression the
decoupling sequence is shifted in time by an amount& for each second scahPulse sequences in Varian pulse sequence language and transformation
protocols in Felix macro language can be obtained from the authors upon request.

without any further optimization for the amino acid-type edited NOESY NOESY spectra for methylmethyl distance measurement. The
experiments, described below. pulse sequence is of tAEC-HSQC-NOESYRC-HSQC typé31?

(2cs + 229-D methyl NOESY spectra were recorded using the pulse \yith the flow of magnetization for two proximal methyl groups
sequence of Figure 1a. Different NOE mixing times were tested ranging (i) and (j) given as follows:

from 75 to 200 ms. The highest NOE cross-peak intensities were

observed in the spectra recorded witlbe = 200 ms. Four-step amino Jen Jen NOE
acid-type editing was used during the two &C-evolution periods H, — C[t,,AA, — filter] —H,— HJ.
before and after the NOE mixing. Chemical shift evolution was sampled o

with 110¢;) and 512{;) complex points for spectral widths of 4000 Clt,, AA; —filter] — Hi[t)] (1)
and 9000 Hz, respectively, yielding a final matrix of 22Q(< 1024(H)

x 4(AA)) x 4(AA)) data points. The total acquisition time was set to . . . . —
2 h for ubiquitin ardl 4 h for MerAa. The active spirspin couplings are indicated above the

A (3cs+ 1a)-D methyl NOESY spectrum was acquired for the BRP ~ arrows. While ¢ frequency labeling is performed in a CT
BIm complex using the pulse sequence of Figure 1a with the insert of manner durind,, with the constant time delay set to the inverse
Figure 1c. The NOE mixing time was set to 100 ms. Multiple-band- 0f the scalar carboncarbon coupling constant & 1/Jcc), for
selective C>tdecoupling was applied during using two different C; either CT (Figure 1b), real-time (Figure 1c), or no (Figure
decoupling schemes for alternating sc&n€hemical shift evolution 1a) frequency labeling is used ta. Two AA filters can be
was sampled with 98, 90¢2), and 512) complex points for spectral  applied, one before and one after the NOE mixing, thus allowing
widths of 4000 (§), 4000 (), and 9000 Hz (), respectively, yielding  zqditional amino acid-type identification of both interacting
afinal matrix of 180(Q) x 180 (G) x 1024 (H) x 4(AA) datapoints. — methyi groups. The pulse sequence of Figure la allows
Q simple two-step phase cyc!e, two scans pgr_l_:ID, _and a repetition recording of fast (& + 2.9-D (Ci, AA;, Hj, AA))-NOESY

elay of 0.9 s were used to yield a total acquisition time of 80 h. o . . .
spectra for application to small and medium-sized proteins under
high-sensitivity experimental conditions (concentrated protein

Figure 1 illustrates the ne®?C and amino acid-type edited sample, high magnetic field strength, cryogenic probe, etc.). For
methyl NOESY experiment developed to record high-resolution application to larger proteins, both methyl carbonsa@d G

‘JCH
e

Results and Discussion

9586 J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004
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are frequency-labeled, using the inserts of Figure 1b or 1c to full NMR signal is detected (sign-modulated) in each of the
record (3s + 2a9-D (Ci, AA;, G;, H;, AAj)-NOESY or (3s + four Hadamard experiments. Therefore, the amino acid-type
1.9-D (C;, AA|, G, H;)-NOESY spectra, respectively. The major edited'H—13C correlation experiment retains the full sensitivity
modification with respect to pulse sequences proposed previ-of the conventional experiment of the same duration.

ously’® is the addition of amino acid-type editing filters  crextgecoupling can be achieved in two alternative ways:
(AA -ﬁlters), which will be discussed in detail in the f0||OWing either by continuous band-selective decoup”ng or by band-
section. selective spin inversion. The latter implementation has the
Amino Acid-Type Editing of Methyl Groups. Amino acid-  advantage that no Bloch-Siegert shifts or modulation sidebands
type selective experiments have been proposed in thépast  are created, but it reduces the available time féft€hemical
simplify the *H—*N correlation spectra ot*C**N labeled  ghift labeling, and thus the spectral resolution. We have tested

proteins. These experiments exploit the different spin-coupling poth approaches experimentally, ugpia 5 msconstant adia-
topologies of amino acid side chains. Here, a different concept baticity (CA) WURST-2 puls® as the repeated element of the

is used for amino acid-type editing based on frequency-selectivedecoup”ng sequence and an i-SNOB-pulse shape for &t
Hadamard spectroscopy? Methyl groups are located at the  gpin inversion. We obtained a much better filter performance
side-chain ends, and thus the meth§¥*ls only bound to one  (proper selection of the individual AA bands) in the case of
other carbon, which we will refer to as"@. The C*  continuous band-selective decoupling, provided that the Bloch-
corresponds to carbon sites with distinct chemical shift ranges Siegert shifts and modulation sidebands were correctly sup-
for different amino acid types. This feature is exploited in the pressed. Therefore, we have chosen the continuous decoupling
Hadamard amino acid-type selection filters of Figure 1. Four option for all the experiments presented here. Bloch-Siegert shift
Crexfrequency bands were defined as follows: AAd: 64— compensation is crucial for the amino acid-type editing filter,
76 ppm (Thr), AA= 3: 31-43 ppm (Val-lley), AA = 2: 47— which relies on the addition and subtraction of different
59 ppm (Ala), and AA= 1: 10-30 ppm (Leu-lig). The 5C ~ subspectra. Additional off-resonance decoupling is applied for
spins resonating within these frequency bands can be manipu-g5cp @ext band, symmetrically with respect to the center of the
lated independently by means of band-selective radio frequencymethw spectrum with the same shape and opposite frequency
(rf) pulses. A binary Hadamard-type'@frequency encoding  gyee?2 This eliminates the Bloch-Siegert shifts forme
scheme, consisting in a series of “plus” and “minus” signs, is yegnances close to the spectral center. The remaining shifts,
used to disperse the methyl correlations along an additional\yhich are a linear function of the"@ frequency offset, can be
amino acid-type dimension. The sign encoding is realized by compensated by appropriately adjusting thefild-dependent

Wi ” « ” _ t | i i i
the presence (‘minus”) or absence (“plus”) offC— C"* scaling factorsi” in the pulse sequence of Figuré3Experi-
scalar—couphrl? Jec) evpluuon during the CT deI.aV.. In the mentally optimizedieod® and Agod" values are given in the
absence of C*tdecoupling, thelec coupling evolutionis active  \1aterials and Methods section and in the caption to Figure 1.

during T = 1cc, resulting in a sign inversion of the detected Modulation sidebands are suppressed by properly adjusting the

NMR signal (‘minus”-encoding): WURST-2 pulse length and the constant time d&lag detailed
J theoretical and experimental evaluation of these effects on the
cret—=5 — cmet filter performance is presented elsewhere (Van Melckebeke, H.;
Simorre, J.-P.; Brutscher, B. Magn. Reson2004 in press).
Additional band-selective ©®tdecoupling allows switching off To demonstrate the performance of the new amino acid-type
the C"et — C"®*t scalar coupling evolution for a given amino  methyl-editing filter, a (2 + 1a9-D CT-HSQC spectrum was
acid type (“plus™-encoding): recorded on the MerAa sample. The,(&;, AA;) correlation
spectrum was acquired using the pulse sequence of Figure 1a
Cg"erd—ec» + C;"e‘ without the NOE mixing and the secofd—13C HSQC transfer

block. The four 2D planes extracted along the;Al#mension
Four spectra are recorded, where the sign of the NMR signalsare shown in Figure 2ad. A few small residual peaks (marked
originating from methyl groups with ¢ corresponding to by a star) are observed in the spectra of Figure 2a,c with an
different frequency bands is changed according to a Hadamardintensity of less than 5% of the normal cross-peak intensity.

matrix of order 4: H(1): without C'®tdecoupling, H(2): with These peaks are due to slightly different peak intensities of the
Ala-Thr C"®tdecoupling, H(3): with Ala-(Val-lle,) C"&t particular cross-peak in the four data sets recorded for the filter,
decoupling, and k4): with Thr-(Val-lle,) C"®*tdecoupling. because of small variations in tllec coupling constants and

The four bands (AA= 1, 2, 3, and 4), corresponding to different  differential relaxation of €* and 2 C)*" coherence. A
amino acid types, are then disentangled by a Hadamardclean separation of methyls from Ala and Thr side chains is
transformation performing linear combinations of the four obtained by the filter sequence. While the alanine (#A2)
recorded data sets;d), ..., H(4). In this Hadamard filter, the ~ and threonine (AA= 4) bands cover more than 95% of the
methionine methyl groups, which have no directly attached corresponding & chemical shifts found for diamagnetic
carbon, are detected in the AA 1 band together with the  proteins in the BMRB data bank, only about 70% of the valine
methyls from Leu and lleresidues, but with negative intensity. and 85% of the lle methyls have their corresponding'®®
Hadamard spectroscopy provides a time-saving alternative tofrequencies inside the AA 3 band. This leads to some “cross-
Crext chemical shift labeling along an additional frequency talk” between theAA = 1 (Met-Leu-llg) and AA= 3 (Val-
dimension, because only four points need to be recorded forlle,) bands, as shown in Figure 2a,c for MerAa. Therefore, some
the Hadamard AA-type dimension. It is also more sensitive ambiguities may remain when using such methyl correlation
because no additional spin evolution period is required, and the spectra for amino acid-type identification.
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Figure 2. (2cs + 1a9-D methyl CT-HSQC spectrum recorded for MerAa ~ peaks are spread along two additional dimensions;(AA)
using the pulse sequence of Figure 1a without the NOE mixing and the according to the amino acid-type of the involved methyl groups

second HSQC. The four ((H;) spectra extracted along the Hadamard filter - -
dimension are shown in (a) (Met-Leu-jeband, (b) Ala band, (c) (Val- (see above). Diagonal peaks are detected in only four out of

lle,) band, and (d) Thr band. The corresponding amino acid type and residuethe 16 (G, H;) planes, while the 12 remaining planes are (mostly)
number assigns the bona fide cross-peaks, and a star indicates a residuafiagonal-free. The concept of double-editing for diagonal

peak due to filter imperfections. suppression has been proposed in the past foFi@titiplicity
editing in HCCH correlation spectra of proteitftExamples of

In conclusion, spectral resolution of the methyd—1C 2D (G, Hj) planes, extracted from the £2+ 2.9-D NOESY
correlation spectrum is significantly enhanced by the amino acid- spectrum of MerAa at different (AAAA;) coordinates, are
type selection filter, without a significant increase in experi- shown in Figure 3ac. The observed correlation peaks cor-
mental time. We therefore expect that the amino acid-type respond to NOEs between methyl groups of Ala and either (a)
editing filter, presented here, will improve many existing NMR  Val-lle,, (b) Met-Leu-ll, or (c) Thr residues. Most of the peaks
experiments based on the resolutiortldf-13C methyl correla- are well-resolved, and the few residual diagonal peaks (indicated
tion spectra, especially for application to larger molecules. by a star in Figure 3) are of the same or lower intensity than
Examples are the study of side-chain dynamfcsjolecular the observed cross-peaks. The high spectral resolution allows
interfaces by chemical shift mappifgor the measurement of  fast and straightforward NOE peak assignment. The remaining
residual dipolar or scalar coupling constants for structure ambiguities are resolved by exploiting the intrinsic symmetry
determinatiorfs-28 of the methyl NOESY spectrum. The spatial proximity of two

Application to Smaller Molecules: Fast Methyl NOE methyls gives rise to a first cross-peak at, (8;, AA;, AA))
Measurement.As a first application of interest, highly resolved and a second one at j(GH;, AA;, AA)) in the (Zs + 2a9-D
methyl (Zs + 2.9-D NOESY spectra of moderately sized NOESY data set. A simple protocol allows extraction of (almost)
proteins can be recorded in a short experimental time, usingunambiguous methylmethyl distance restraints from peak
the pulse sequence of Figure 1a. Acquisition timeg & for picking lists of the (2 + 2.9-D NOESY data set and the
ubiquitin ard 4 h for MerAa proved sufficient on a standard assigned (& + 1la9-D CT-HSQC spectrum (C-program avail-
800 MHz spectrometer to detect a large number of methyl able from the authors upon request). The low time requirement
methyl correlation peaks. The experiment is basically a 2D for recording a (& + 2.9-D NOESY spectrum also makes it
NOESY experiment where one of the proximal methyls (methyl- attractive to run a series of experiments varying the NOE mixing
i) is identified by its 13C, and the other one (methyl-j) is time Tyoe to detect and quantify a larger number of long-range
identified by itsH frequency. CT'3C editing removes line  methyl NOEs.
splitting due to scaladcc couplings yielding narrow lines. In Figure 4 shows connectivity plots of observed short methyl
general, such 2D (C H;)-NOESY spectra suffer from the methyl distances in the proteins (a) ubiquitin and (b) MerAa.
presence of strong diagonal peaks with intensities 1 order of Different symbols represent NOE peaks detected in distingt (C
magnitude higher than observed for the cross-peaks and, inH;) planes of the (2 + 2a9-D NOESY spectra. The cross-peaks
addition, from severe signal overlap among cross-peaks. Bothwere assigned without relying on the existing structures of the
problems were addressed in the present experiment by aminawo molecules. A total of 52 and 58 medium- and long-range
acid-type spectral editing filters, described in the previous contactsi(> j + 2) were observed for ubiquitin and MerAa,
section, and applied before and after the NOE mixing. In the respectively. A large number of the relevant NOE peaks were
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Figure 4. Methyl NOE connectivity plot for (a) ubiquitin and (b) MerAa. oy o .
All NOEs were extracted and assigned from a singlg €22.9-D methyl L LS
NOESY spectrum recorded 2 h for ubiquitin ad 4 h for MerAa. The LS o . (e)
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also detected in the symmetrit; k) plane. A cross indicates a diagonal 13C (ppm)

plane &, k). Figure 5. H—13C methyl correlation spectra of the BRBIm complex
recorded at 800 MH2H frequency using (a) real-tim&C labeling and
Crextdecoupling of the Ala, (Val-llg), and Thr bands, (b) real-tim&C

extracted from “diagonal-free” NOESY planes. Because of the labeling, and (c) constant tim&C labeling. Identical acquisition and

different amino acid-type composition of the two proteins, the processing parameters were used for all three experiments; dtguisition
dispersion of the NOE cross-peaks along the additional time was set taf® = 28 ms, which ensures reaso_nably well-resolved
. . . . . correlation spectra even for non-CT frequency labeling. The three spectra

Hadamard AA dimensions differs for the two proteins. While ere plotted using the same contour levels. For a better appreciation of the
for MerAa a large number of observed NOEs involve alanine relative line width and intensity, 1D spectra were extracted alongbe
residues, for ubiquitin mostly valine, leucine, and isoleucine dimension at 0.8 ppriH frequency from (d) €*-decoupled HSQC, (e)
residues are found in the hydrophobic protein core. The HSQC, and (f) CT-HSQC spectra.
experiment works well for both proteins, yielding a large number
of long-range distance restraints in a short experimental time.
The set of proximal methyimethyl contacts obtained for
MerAa (Figure 4b) is very similar to previous results obtained
from a standard 3D CT-HSQC-NOESY-CT-HSQC data set
acquired in an overall time of 60%,as comparedot 4 h for
the new (25 + 239)-D NOESY experiment. Combined with
additional restraints defining the local structure of the two
o-helices and theg-sheet, the methylmethyl NOEs proved
sufficient to define the fold of the protein with an _rmsd@l.z coupling. For larger proteins, CT frequency labeling ensures
A calculated over the heavy atoms of the protein back8ne. oo lines in thet3C dimensions, albeit at the expense of
Compared to standard 3D NMR techniques, measurement timeseitivity. We have experimentally evaluated the relative
are reduced by roughly 1 order of magnitude, as long as sensitivity of 'TH—13C methyl HSQC spectra, using either CT
sensitivity is not the Iimiting factor. The new 2+ 2,9-D or real-time 13C labeling, for a sample of the Bleomycin
methyl NOESY experiment complements the set of NMR regjstance protein (BRP, 2 14 kDa) fromS. hindustanusn
experiments proposed for fast backbone and methyl S|de-cha|ncomp|ex with Z@+-ligated bleomycine (BIm). This 30 kDa
resonance assignment.This makes it possible to record a  pgtein complex was used as a model system for a larger protein.
complete set of NMR data required for resonance aSSig”mentSpectra acquired at 3C (. = 12.7 ns) yield an average signal
and molecular fold determination in typically a few days or less gain of a factor of 1.5 for real tim&C labeling (Figure 5a,c).
on a modern high field NMR spectrometer. Fast data acquisition at 10 °C (r, = 22.4 ns), an average signal enhancement of a
will be particularly important for high-throughput molecular fold  t5ctor of 2.5 is obtained (data not shown).
screening of small proteins and for the study of unstable protein  a|though the homonuclealec couplings are not resolved in
systems by NMR. the spectra acquired without CT labeling (Figure 5b), they

Application to Larger Molecules: Optimized Resolution represent a significant contribution to tH&C line width.
and Sensitivity of Methyl NOE Experiments. For larger Homonuclear decoupling thus offers an attractive way to further
proteins, a third chemical shift dimension;@& added to the increase the resolution and sensitivity of the experimeff¢tC
methyl NOE experiment (inserts of Figure 1b,c) to retain the decoupling during; in the pulse sequence element of Figure
high spectral resolution required for unambiguous NOE assign- 1c is applied as described above for the amino acid-type
ment. Because the sensitivity of the pulse sequence of Figureselection filter, with simultaneous decoupling of the Ala, Thr,
la decreases very quickly with increasing molecular weight, and (Val-llg) bands. Symmetrically applied off-resonance
both sensitivity and spectral resolution of the experiment need decoupling combined with a dilated evolution tind®, using

to be optimized to detect and unambiguously assign a sufficient
number of methyl NOEs for molecular fold determination.

The relative sensitivity of real-time versus CT techniques
depends on the molecular tumbling correlation tirpand the
total acquisition timet{®*13 For small molecules or highly
mobile side chains, CT3C-labeling presents a resolution and
sensitivity advantage with respect to real-time frequency labeling
because the relaxation loss during the CT delay is compensated
by the removal of the line splitting due to thk&c scalar
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an optimized scaling factot, compensates the Bloch-Siegert (a)

L 3 :
shifts in the methy!3C spectrunt To suppress the modulation Vien View Vioy | V20, Von VEow

sidebands, a different decoupling sequence is used for odd- and 11 -
even-numbered scans. As shown previodlthe sign of the 1505 | - 171 505 =
sidebands can be inverted by#2 time shift of one decoupling Lo
sequence with respect to the other, whgyés the length of a Ao | fiso | | __|[a1e |0, | E
single inversion pulse as defined above. Addition of the two =1 771177 [ &
spectra yields efficient sideband suppression, as illustrated in * AS2 | | VibplQ §
Figure S1 of the Supporting Information. Thés&decoupled | PN B = o~
1H—13C methyl HSQC correlation spectrum, recorded for BRP vies | = | |vis,| |V20n VaDy [
Blm, is shown in Figure 5a. Compared to the standard HSQC =T <

. . . . A39 | V20, * A3g| | * o
spectrum shown in Figure 5b, a considerable resolution en- =|-|-ToF === e
hancement is observed in the crowded central spectral region 07 07 07 09 09 009

that comprises mostly alanine, threonine, valine, and iso-
leuciney methyl cross-peaks. This resolution enhancement is
accompanied by an increase in signal intensity, which is on
average 50%. This gain is slightly reduced to 30% for spectra
recorded at 10C (data not shown). Cross-peaks from methyl
groups in methionine, leucine, and theosition of isoleucines
are not affected by the"®©tdecoupling. The multiple-band"&t
decoupledH—13C HSQC sequence (Figure 1c) offers a good
compromise between spectral resolution and sensitivity for
application to larger proteins, as long as th& coupling [34
presents a nonnegligible contribution to tHE line width. Figure 6. (2) (G, H) strips extracted from a (3. 1uJ-D methyl NOESY
The structure of BRP SOIVed_ by.X-ray CryStaHO.graWd s;iqectrum record’edJ for tr?e BRMBIm complex. The ;pectrum v{as recorded

confirmed by solution NMR* highlights a homodimeric fold with the pulse sequence of Figure 1a and the insert of Figure 1c. The NOE
stabilized by an exchangetistrand, binding one bleomycine  mixing time was set to 100 ms. The strips were taken at {ifeeGuencies
molecule per monomer. BRP is rich in methyl-containing side z;‘_’a"”e methyls V16 and V20, and from different AA planes. Only

) L i planes with detected NOE peaks are shown. Diagonal peaks are marked
chains (50 out of 124) resulting in a total of 77 methyl groups py a star, and cross-peaks detected a &) are assigned to the
per monomer, which are mainly located in the hydrophobic corresponding methyl group. The methyl NOEs detected in (a) define a
pockets of the protein. The detection of long-range methyl _ NASPRRE e rrce ek e St ndfoioun
m_ethyl contacts is_thus essential for structure determination of ¢ i Ben dimett usmgpthe INSIGHT software (Accelrys). 4
this 30 kDa protein complex by NMR. To demonstrate the
performance of the new methyl NOESY experiment for ap- . i i .
plication to a larger protein system, we have recordec:a3 resolution by dispersing the NOE peaks along the additional

1,)-D data set of the BRPBIm complex at 3C°C using the AA; dimension. This allows, for example, to distinguish the
pulse sequence of Figure 1a with the insert of Figure 1c. A Cross-peak between the methyls of Vaizénd Ala39 (high-

basic two-step phase cycle allows recording of spectra with high l9hted by bold letters in Fi%‘ére 6a) from the strong diagonal
resolution in the*C dimensions in a reasonable experimental P&k although both methyfC have very similar resonance

time of about 3 days. In the (3+ 1.)-D spectrum, one of the frequencies. For the BR_LFBIm complex: the high spe_ctral
proximal methyls is identified by it&H and3C chemical shift resolution allowed unambiguous and stralghtforward assignment
(Hi, C), whereas the other one is characterized by of most of the observed methyl NOEs in the(3- 1a-D

frequency and amino acid type j(@A)). A selection of (i, spectrum.

wyy) strips extracted form the (3+ 1.9-D data set is shown in _ If sensit@vity allows fgr a s_econd CTSC-_evqution perioql
Figure 6a. Each slice is taken at thg frequency corresponding (insert of Figure 1b), amino acid-type selection for both proximal

to the 13C chemical shift of the methyl group indicated at the methyls further increases spectral resolution. Because sensitivity
top. Only AA slices corresponding to the (Met-Leud)eAla, may be increased by the use of higher field spectrometers and
and (Val-llg) bands are shown, as no threonine residues are cryogenic probes, the high spectral resolution provided by the

found in this particular hydrophobic patch (Figure 6b). A number "€V a@mino acid-type edited NOESY experiment may become
of long-range contacts are observed in the spectra of Figure 6a Particularly helpful for measuring a set of unambiguous long-
defining the spatial proximity of the first-helix (o) and part range distances for larger molecular systems.

of the B-sheet comprising strangis and 54, forming one of Conclusions

the structural subunits of the BRP monoriefhe additional
amino acid-type selection filter clearly provides a gain in spectral

Methyl groups are valuable probes of molecular structure and
dynamics. It is therefore important to have NMR tools to record
high-resolution spectra of methyl groups. Here, a new NMR

(31) Dumas, P.; Berdoll, M.; Cagnon, C.; Masson, J.BMBO J 1994 13

2483-2492. filter sequence has been presented that allows amino acid-type
(32) Shaka, A. J.; Pines, Al. Magn. Reson1987 71, 495-503. it i _1 i ; i fi
(33) Shaka, A 3. Keelor. J: Fronkiel T.. FreemanJRviagn. Resorl983 editing of methyls inH 3C correlathn expenments'. This f||ter
52, 335-338. presents a spectroscopic alternative to expensive and time-
(34) Kupce, E.; Freeman, R. Magn. Reson1993 105A 234-238. i i i - i~ i
(35) Tycko, R.; Pines, A.; Gluckenheimer, R.Chem. Phys1985 83, 2775- Consqmm_g amino acid type SpeC_IfIC Isotope l_abe“n_g of the
2802. protein to increase spectral resolution. As a particular important
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especially important in the context of high-throughput structural
genomics or the study of unstable molecular systems by NMR.
Higher-dimensional (@ + 1a9-D or (&s + 2a9-D NOESY
spectra provide the high resolution required for unambiguous
NOE assignment of larger proteins, which is a crucial step for
protein fold determination by NMR. We therefore expect that
the methyl NOESY experiments proposed here will become
widespread in liquid-state NMR of proteins. JA0489644

Supporting Information Available: One figure illustrating
sideband suppression foP€tdecoupling during real-tim&C
labeling using a time-shifted decoupling sequence for alternating
scans. This material is available free of charge via the Internet
at http://pubs.acs.org.
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