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Abstract: The use of deuteration in concert with unifofiN,13C-labeling has been critical for the chemical

shift assignment of several proteins and protein complexes over 30 kDa. Unfortunately, deuteration reduces
the number of interproton distance restraints available for structure determination, compromising the precision
and accuracy of the NMR-derived structures determined from these samples. We have recently described an
isotopic labeling strategy that addresses this problem by generating proteins labeled uniformNpite,

and extensively witiH with high levels of protonation at exchangeable sites and the methyl groups of Val,
Leu, and lle §1 only) (Gardner, K. H.; Kay, L. EJ. Am. Chem. S0d.997,119, 7599—7600). This labeling
pattern maintains the high efficiency of triple resonance methods while retaining sufficient protons to establish
long-range NOEs between secondary structure elements. We demonstrate the utility of samples labeled in
this manner by presenting the chemical shift assignments of one of the largest monomeric proteins assigned
to date, the 370 residugscherichia colimaltose binding protein in complex withrcyclodextrin (42 kDa).

The high level of @ and Cpdeuteration provided by our labeling scheme enabled the collection of triple
resonance data with high sensitivity and resolution, allowing assignment of over 95% of the batkthone

13Cq, HN, and side chaid®Cp nuclei. By using a combination of existing experiments and a new pulse
scheme described here for correlating methyl chemical shifts #®@p (Val), 13Cy (Leu), or BCy1 (lle)

carbons, over 98% of methy#C and'H assignments from Val, Leu, and lle C only) have been obtained.
Analysis of the backbone chemical shifts and qualitative HN exchange data have confirmed that the MBP/
B-cyclodextrin complex has a secondary structure similar to that previously observed in a 1.8 A crystal structure.

Introduction teins larger than 25 kD#;,° rapid aliphatict3C relaxation rates
limit the sensitivity, and hence the utility, of many triple
resonance methods.

Deuterium labeling significantly alleviates the molecular
weight limitations associated with NMR studies of fully

Over the past forty years, solution NMR spectroscopy has
emerged as a powerful technique for the study of macromo-
lecular structure and dynamics. To successfully apply this

methodology to progressively larger and more complex SyStemS’protonatedf5N,13C-Iabeled proteins sinéél substitution reduces

it has been necessary to develop combinations of new isotopicthe maanitude of carbon—hvdroaen dioolar interactions that
labeling strategies and NMR pulse sequences to address 9 ydrog P

. X -~ . .
problems with spectral resolution and sensitivity. For example, dominate aliphatic'®C relaxation processes in protonated

poor chemical shift dispersion and small homonuclear coupling vn\:i(t)rlleggllj‘ijra{igi 't?]fjr:?:;stg:ecstrﬁgr;éi';ﬁi;“Or;ft'tr:;el‘z Tzzgﬁ':;ii
constants restri¢H NMR-based studies of protein structure to ty P

relatively small systems under 100 amino acid¥his limit methods that tran;fer magnetization through carbon n?ﬂﬂéi.. '
was extended approximately 2-fold through the SubsequentAs such, many triple resonance methods have been modified

development of heteronuclear triple resonance NMR methods | (a).R:_?gerOWékin.- L %Omk\f;y T-;FGFJOEA%EV\{B?QG“,I AﬁhﬁsfgéTinsy H.
optimized for application to uniformly®N,%C-labeled protein 57, 7gPers: & T van den vem . 2 A% Elomot o

sampleg. Although chemical shift assignments have been — (4) Fogh, R. H.: Schipper, D.; Boelens, R.; Kaptein,JRBiomol. NMR

obtained for a number of fully protonatéeN,*3C-labeled pro- 1995,5, 259—-270.
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for use with?H, 15N, 13C-labeled protein samplé3. The success  establishes that solution NMR-based methods are capable of
of these methods has been amply demonstrated by the chemicahssigning the chemical shifts of large proteins, a prerequisite
shift assignments of several large proteins and protein com-to any study of the structure or dynamics of such systems.
plexes, including the protein components of two large Trp
repressor/DNA complexes of 37 and 64 ki¥dthe 340 residue  Materials and Methods
MurB protein;* a 2,9 kDa rRNA methyltransferase the ,29 Unless otherwise noted, all of the NMR experiments used samples
kDa human Carboln'c anhydrase Il protéfand the 2_59 .reSIdu.e of E. coli maltose binding protein (MBP) that were uniforniyN and
N-terminal domain from enzyme | of th&scherichia coli 13C labeled and extensively deuterated at aliphatic and aromatic
phosphoenolpyruvate:sugar phosphotransferase system. positions except for the methyl groups of Val, Leu, and di& tnethy!

Unfortunately, while uniforn?H substitution does improve  only) [referred to here &N,*C,2H (*H-methyl)-labelingF® *N,**C2H
the sensitivity of many experiments, it also lowers the number (*H-methyl)-labeled samples of MBP were generated by overexpression
of protons that can be used to obtain NOE-based distancefrom culture_s ofE. coIistrain_BLZl(DEB) transformed With the plas_mid
restraints. In the limit of a fully deuterated protein, NOEs are PMal- which encodes residues-870 of mature MBP with substitu-
only observed between pairs of exchangeable protons, Chieflytlon of lle 2 by threo_nme and the a_ddlt_lon of an N-t_ermlnal methlor_une

. . . . (J.-M. Clement, private communication). Following transformation,

those at backbone amide po_sm(_)ns. Given the he_avy rehanceMBP was produced from a bacterial culture grown using the scheme
of current structure determination methods on internuclear gpown in Figure 1. Approximatgll h pre-induction, 40 mg/L of [2,3-
distance restraints, decreasing their total number and distributionz,} 15N 13c-valine (see below) and 50 mg/L of [32Bk], 13C a-ke-
in this way can compromise the precision and accuracy of tobutyrate were provided as precursors for deuterated, methyl-protonated
solution structures determined from highly deuterated pro- forms of Val, Leu, and lle. Purification of MBP was achieved using
teins1819 In light of this significant drawback, we have recently a combination of amylose affinity, anion-exchange, and size-exclusion
developed an isotopic-labeling method to generate highly chromatography, resulting in yields of approximately 20 mg/L. In
deuterated proteins that are protonated in the methyl groups ofcomparing®N—H HSQC spectra recorded on these highly deuterated
Val, Leu, and lle 61 methyl group only) residuéd. This s_am_p_les with spectra from fully protonated_ molecules, we n_oted that a
labeling pattern maintains a sufficient level of deuteration to significant number £50) of backbone amide groups remained deu-

. . . . . terated throughout the purification procesS@ 7—10 days). To fully
facilitate the collection of triple resonance spectra with high protonate these sites, the protein was partially unfoldeg foatroom

sensitivity and resolution while introducing protons at the methyl eyperature in a buffer containing 2.5 M guanidinium hydrochloride
positions of hydrophobic residues that often bridge elements (GuHCI) and subsequently refolded by rapid dilution into GuHCI-free
of secondary structu®. Long-range NOE-based restraints puffer containing 2 mV3-cyclodextrin. Two 30Q:L samples were
between methyl groups can be obtained from these samples thaprepared in this manner and contained either 0.7 or 0.9 mM MBP, 2
are critical for the determination of global protein folds. mM B-cyclodextrin, 20 mM sodium phosphate buffer (pH 7.2), 3 mM
Here we demonstrate the utility of th,13C,2H (*H-methyl)- ’I‘g)’)bbzlgoﬂ'\" EDTA, 0.1 mg/mL Pefabloc, LgiuL pepstatin, and
labeling str hat we hav vel reporting th o L2
;beemi(?alséﬁitf?gaysstigerlltmeﬁt 061} ae 25 IfDoap ic(j)n?glef IF:';)‘ I:olsig e Constant-time (CT) 2B°C—'H HSQC2#and CT-HN(COCA)CE®

A . . . spectra of these samples, produced using 40 mg/L off2;B°N,3C-
maltose binding protein (MBP, 370 residues) and a cyclic valine, established that the Val, Leu, and #i& methyl groups were

heptasaccharidg-cyclodextrin.  The uniformly high level of ) oionated to levels of approximately 85, 50, and 95%, respectively.
deuteration at the € and @3 positions allowed the collection  nore recent studies have shown that significantly higher levels of Val
of triple resonance data with excellent sensitivity and resolution, and Leu methyl protonation can be obtained by supplying the final
facilitating the rapid assignment of virtually all of the backbone bacterial culture with a larger quantity of [22Bk],15N,'3C-valine
15N, 13Cq, IHN and side chaid3CA chemical shifts of the 370  (unpublished results). For example, by adding 80 mg/L of valine 4 h
residue protein. The high level of protonation at the methyl Pprior to induction, we were able to generate samples of the [dBP/
positions of Val, Leu, and lle (€1 only) residues allowed the ~ cyclodextrin complex with 92= 2% (Val) and 8&k 1% (Leu) methyl
assignment of the methyl groups of these residues using sensitivérotonation. Alternatively, 5?) mg/L of valine SUppg'e h pre-induction
experiments. An analysis of the backbone chemical shifts and €4 [0 @ sample with 88 2% (Val) and 80+ 2% (Leu) labeling,

. . consistent with previous result$.In any regard, it is clear that greater
HN exchange protection dgta .has' chf|rmed that the seco'ndary,[han 40 mg/L of [2,3H,],15N,13C-valine must be added to ensure high
structure of MBP in solution is similar to that observed in a

! . level labeling of Val and Leu methyl groups (N. Goto et al., manuscript
crystal structure of the MBPfcyclodextrin complex. Thiswork iy preparation).

CT BC—'H HSQC spectra also demonstrated that all of the
protonated Val, Leu, and 1161 methyl groups are of the GHype,

(11) Farmer, B. T., ll; Venters, R. AlJ. Am. Chem. Sod995 117,

4187-4188. . . .

(12) For a review, see: Gardner, K. H.; Kay, L.&nnu. Re. Biophys. with no evidence of the partially protonated &M and CHD
Biomol. Struct.1998 27, 357—406. isotopomers that had been observed in Val, Leu, and lle residues of
(13) Shan, X.; Gardner, K. H.; Muhandiram, D. R.; Rao, N. S.; one previously prepared sampfe We attribute the absence of these
Arrowsmith, C. H.; Kay, L. EJ. Am. Chem. Sod.996 118 6570-6579. unwanted isotopomers in the samples used in this work to a more

(14) Constantine, K. L.; Mueller, L.; Goldfarb, V.; Wittekind, M.;

Metzler, W. J.; Yanuchas, J. J.; Robertson, J. G.; Malley, M. F.; Friedrichs, complete dilution of the pa”"'?‘”y prpton_ated bacteria at one of the
M. S.: Farmer, B. T., IL.J. Mol. Biol. 1997 267, 1223-1246. transfer steps and the shqrter induction time usgd for_ the_se samples (4
(15) Yu, L.; Petros, A. M.; Schnuchel, A.; Zhong, P.; Severin, J. M.; h, compared to 8 h). Using the protocol described in Figure 1, two
Walter, K.; Holzman, T. F.; Fesik, S. WNat. Struct. Biol.1997, 4, 483~ other groups have also recently produced proteins free of partially
489. ) ) deuterated isotopomers (R. A. Byrd, NCI, private communication; M.
M ﬁlig)-\ﬂe%eég’zFéaAﬂgfrTf{éB' T., II; Fierke, C. A.; Spicer, L. D. K. Rosen, Sloan Kettering, private communication). In this regard, it
0('17)'%'3"‘3“‘ D. S Seok. Y.- Liao, D.: Peterkofsky, A.; Gronenborn, A. is worth m_entlonlng that previous NMR stuq!es that measured the level
M.; Clore, G. M. Biochemistryl997, 36, 2517-2530. of proton incorporation at the methyl positions of Val, Leu, and lle
(18) Venters, R. A.; Metzler, W. J.; Spicer, L. D.; Mueller, L.; Farmer, (CA1 only) established an isotopomer distribution of 92%@kb CDs
B. T., Il. 3. Am. Chem. S0d.995 117, 9592-9593. for Val and Leu, while for lle>98% CHy/<2% CD; was observed’
(19) Gardner, K. H.; Rosen, M. K.; Kay, L. Biochemistry1997, 36,
1389-1401. (22) Santoro, J.; King, G. Cl. Magn. Reson1992 97, 202-207.
(20) Gardner, K. H.; Kay, L. EJ. Am. Chem. S0d.997, 119, 7599~ (23) Vuister, G. W.; Bax, AJ. Magn. Reson1992 98, 428-435.
7600. (24) Zwahlen, C.; Vincent, S. J. F.; Gardner, K. H.; Kay, L.JEAm.

(21) Janin, J.; Miller, S.; Chothia, Q. Mol. Biol. 1988 204, 155-164. Chem. Soc1998 120, 4825-4831.
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Figure 1. Growth scheme used to produt®l,**CH (*H-methyl)-labeled protein samples. All cultures were grown at@G#vith the indicated
doubling times. All steps in M9 minimal media contained 0.%%H,Cl and 0.3% glucose, with the listed isotopic composition, as the sole nitrogen
and carbon sources, respectively. All isotopically labeled compounds (exdegtbbutyrate, which was generated as described previSuslgre
purchased from Cambridge Isotope Labs. Transfer steps were achieved by briefly centrifugingdaafficient amount of the culture to start
the next growth step with alse = 0.1, discarding the supernatant and resuspending the cell pellet in the listed volume of fresh media. As
discussed in the Materials and Methods section, the concentration ofH{z,$N,3C-valine (*) added in this study (40 mg/L) was lower than
optimal, resulting in only~85% (Val) and~50% (Leu) methyl protonation. We recommend the use of higher levels as described pré¥amncly
described in Materials and Methods. The timing of the addition obtthetobutyrate/valineo-kb/Val) mixture is dependent on its volume: when
prepared using our previously described meffdilese compounds are in a dilute mixture, composing a significant portiaf9%) of the final
volume of the bacterial culture after addition. As such, ¢hkb/Val mixture should be added &0 ~ 0.35, initially diluting the culture but
allowing it to return to this density during the following hour before induction. In contrast, by using commercially available tateletutyrate
(Cambridge Isotope Labs), one can add the required amouistsbf\Val in a smaller volume, diluting the bacterial culture to a lesser degree. In
this case, these compounds should be addédoat~ 0.25 (assuming a doubling time of 130 min) to account for growth of the bacterial culture
in the following hour-long incubation. The-kb/Val mixture is provided in complete M94D media, including 0.1%°NH,CI and 0.3% U-J°C,

2H] glucose. Induction was triggered by the addition of 250 mg/L of IPTG. The approximate cost of the final labeling mediaQ{M&{D
15NH,4CI, 0.3% U-[°C, 2H] glucose and 80 mg/L of [2,2H,],13N,'3C-valine, and 50 mg/L of [3,3H], 13C a-ketobutyrate) is $3000/liter. Note that
some cost savings can be achieved by recycling @ &ntent of used media by flash distillation.

The isotopomer distribution observed for Val was confirmed in CT- times of (13.6, 24.7, and 64.0 ms). Four scans per FID were recorded
HN(COCA)CB experiments, described below. corresponding to a net acquisition time of 63 h. Acquisition parameters

A [U-15N, U-10% 23C] sample of MBP was also generated to for all of the remaining side-chain experiments (which have been
facilitate the stereospecific assignment of Val and Leu methyl groups published previously) are listed in Table 1 of the Supporting Informa-
by the method of Neri et & This sample was produced by tion. Val and Leu methyl groups were stereospecifically assigned from
overexpression using a culture of BL21(DE3) cells transformed with the relative phases of cross-peaks observed®@H CT-HSQC
the pmal-g vector and grown in M9 media containifgNH,Cl and spectr&® acquired on the [UN, U-10% **C] labeled MBPS-
10% “3C-enriched/90%43C-natural abundance glucose. The sample cyclodextrin complex and recorded with a constant-time delayJat1/
was purified as described above. (~29 ms), wherélcc is the one-bond3C—1%C coupling. Assignments

All NMR experiments were performed on a four-channel Varian Were also facilitated by recording a CT-HSQC with a delay set to 1.5/
Inova 600 MHz spectrometer operating at&and equipped with an ~ Jcc, SO that only pro-S methyls are obsgr\?éd. _
actively shielded triple resonance probe withzaxis pulsed field All NMR spectra were processed using the NMRPipe pacRége.
gradient coil. Backbone chemical shift assignments were obtained by Details concerning processing of the constant-time triple resonance
recording 3D CT-HNCA, CT-HN(CO)CA, CT-HN(CA)CB, and CT-  spectra for backbone assignment are similar to those given in Yamazaki
HN(COCA)CB and HNCO experiments using previously described et al® and Shan et df Briefly, residual water in the acquisition
pulse sequencéd32627yjith the parameters indicated in Table 1 of dimension was minimized by a time-domain deconvolution procedure,
the Supporting Information. MethyH and*C chemical shifts were ~ followed by apodization with a 70shifted sine-squared window
obtained from a (H)C(CO)NH-TOCS%, which has been optimized  function, zero filling, Fourier transformation, phasing, and elimination
for application to highly deuterated, methyl-protonated samples, and of the imaginary component of the signal. TH# dimension was
H(C)(CO)NH-TOCSY and (H)C(CA)NH-TOCSY experiments, derived doubled using mirror image linear predicti#hapodized with an 80
from the (H)C(CO)NH-TOCSY. In addition, a new pulse scheme, the shifted sine-squared function, zero filled, Fourier transformed, and
(HM)CMC(CM)HM experiment, was developed to correlate the methyl phased. Thé&C dimension in each of these experiments was processed
IH and®3C chemical shifts with the chemical shift of the immediately similarly, with the exception that the linear prediction step was omitted.
adjacent carbon. Details concerning the magnetization transfer stepsThe TOCSY-based side-chain experiments were processed in a manner
of this pulse sequence will be described in Results and Discussion. Similar to that of the backbone schemes, with the exception that
The (HM)CMC(CM)HM data set was comprised of (49, 89, 576) forward-backward linear predictidfiwas employed in th&C or *H
complex points in each oty t, t3), corresponding to net acquisition ~ dimensions k1), rather than if*N. The methyl carbon dimension of
the (HM)CMC(CM)HM data set was doubled using mirror image linear

(25) Neri, D.; Szyperski, T.; Otting, G.; Senn, H.; Wduch, K.

Biochemistry1989 28, 7510-7516. (29) Hu, W. D.; Zuiderweg, E. R. B. Magn. Reson. 8996 113 70—
(26) Yamazaki, T.; Lee, W.; Revington, M.; Mattiello, D. L.; Dahlquist, ~ 75.
F. W.; Arrowsmith, C. H.; Kay, L. EJ. Am. Chem. S04994 116, 6464 (30) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
6465. A. J. Biomol. NMR1995 6, 277—293.
(27) Kay, L. E.; Xu, G. Y.; Yamazaki, TJ. Magn. Reson. A994 109 (31) Marion, D.; Ikura, M.; Bax, AJ. Magn. Reson1989 84, 425—
129-133. 430.
(28) Gardner, K. H.; Konrat, R.; Rosen, M. K.; Kay, L. E. Biomol. (32) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405-410.

NMR 1996 8, 351—-356. (33) Zhu, G.; Bax, AJ. Magn. Reson1992 100, 202—207.
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prediction, apodized with a 50 Hz Gaussian window, Fourier trans- B-cyclodaxtin
formed, and phased, while the second carbon dimension was processe
similarly but without linear prediction. After each of the transformed
data sets were reduced to include only the spectral regions of interest,
the spectra were analyzed using the program NMR¥@wconjunction
with Tcl scripts provided by Bruce Johnson or written in-house,
designed to interface with the database facilities of NMRView.
The'3Ca/*3Cp chemical shifts of MBP were analyzed using a hybrid
approach based on tHéC chemical shift inde¥® and the method of
Metzler et al® where AC* — AC)smootnedS Calculated for each residue
[(AC* — ACP) = (B3Caobs — 13Ca¢)—(13CRobs — 13CA)], where obs
and rc refer to the observed and residue-specific random coil chemical
shifts, respectively. The table of random coil carbon chemical shifts
provided by Wishart and Syk&swvas corrected fotH-isotope effects-
expected of 8H (*H-methyl)-labeled sample. The valua@* — ACP),
was plotted as a function of residue, and a three-point binomial
smoothing function was applied to generate the valde&y —
AC)smoomed(Se€ below). The locations of secondary structure elements |y
were determined by identifying groups of residues wi(hC* —
ACP)smootnedt > 1.4 ppm and applying th&C CSI empirical filtering
rules®

a

glycerolrasidual maltose

I

Results and Discussion

Backbone Assignments. It is well established that the
sensitivity of triple resonance experiments recorded on large
proteins and protein complexes can be significantly improved
through the use oiH-labeled sample® This improvement is
based on the reduction of line widths of carbons that would
normally be one-bond coupled to protons as well as a decrease
in line widths of remaining protons, such as those at backbone H (ppm)
amide positiong® For experiments which rely on magnetization
transfer through proton-bearing carbon nuclei, such as those usedfigure 2. Specificity of protonation if®N,*3C,2H (*H-methyl)-labeled
to assign the @ and @@ chemical shifts in the MBPB: samples. One-dimensiondH NMR spectra were recor.ded of the
cyclodextrin complex, this slowed relaxation resulting from the *“N"C:?H (*H-methyl)-MBPf-cyclodextrin complex (a, withN,**C-

substitution of deuterons for protons translates into diminished 96¢0uPling) and of fre€N,*C,*H (*H-methyl)-MBP (b, no decoupling).
o . . Peaks fromB-cyclodextrin (a) and glycerol or residual maltose (b) are

m_agne_tlzatlon Iosses_. . AS _SUCh’ _h'gh level (_jeuteratlon _Of located below the appropriately labeled black bars; the peaks identified

aliphatic carbon positions is particularly desirable_and ity the black bar labeled with an asterisk in (a) originated &6

achieved by thé>N,**C H (*H-methyl)-labeling method (Figure  contaminants that were not present in all samples.

1). In particular, no significant protein resonances are visible

in the chemical shift range typical ofddor HS protons, as sensitivity and resolution were obtained for the MBP/
shown in Figure 2. In contrast, intense signals are observed incyclodextrin complex. Backbone chemical shift assignments
both the methyl and amide regions, resulting from dghketo- were made using an approach similar to that used to assign the
butyrate/valine-labeling procedure described in Figure 1 and the protein components of a 64 kDa trp repressor/DNA compiex.
unfolding/refolding steps used to generate this sample. Notelt is likely that the sensitivity and resolution of spectra of the
that complete protonation at the backbone amide protons is MBP/3-cyclodextrin complex (e.g., Figure 3) are better than
necessary for the use of the out-and-back type HN-detected triplewould be expected for those of many proteins of similar
resonance methods that have been developed for backbonenolecular weight, facilitating the rapid assignment of the MBP

T
1"

chemical shift assignments of highly deuterated proteins.
Figure 3 illustrates thé®N—1HN HSQC spectrum of the
15N,13C 2H (*H-methyl)-MBP/protonategs-cyclodextrin com-

backbone chemical shifts. Through the use of automated scripts
provided with NMRView* combined with occasional manual
intervention, one person was able to complete the bulk of the

plex. The uniform intensities and line widths of cross-peaks backbone assignments §0%) in approximately 7 days. We

throughout the spectrum indicate that there are no large regionsanticipate that this time could be significantly decreased with

involved in intermediate time scale exchange processes, althougithe continued development of tools designed to automate the

a more thorough analysis identified broadening of amide assignment process.

resonances located in two short sections of the protein near the Figure 4 presents slices of CT-HNCA and CT-HN(CA)CB

boundp-cyclodextrin (see below). spectra used in the assignment of backbone chemical shifts for
As was observed in previous applications of the CT-triple amino acids 2839, which includes residues axr-helical, turn,

resonance methodolody2 high quality spectra with excellent ~andg-strand conformations. Despite the relatively low protein
concentration €1 mM) used to acquire these spectra, all of

the possible inter- and intraresidue cross-peaks for the residues
shown here are observed. (THE* chemical shifts of E28
and K29 are degenerate, as are those of T36 and V37). The

(34) Johnson, B. A.; Blevins, R. Al. Biomol. NMR1994 4, 603-614.
(35) Wishart, D. S.; Sykes, B. OJ. Biomol. NMR1994 4, 171-180.
(36) Metzler, W. J.; Constantine, K. L.; Friedrichs, M. S.; Bell, A.
Ernst, E. G.; Lavoie, T. B.; Mueller, LBiochemistry1993 32, 13818~

13829. sensitivity of the correlations observed in Figure 4 is representa-
[ 7) Hansen, P. Erog. Nucl. Magn. Reson. Spectros658 20, 207 tive of the signal-to-noise observed throughout the bulk of the

protein. Both inter- and intraresidue cross-peaks were obtained

(38) Markus, M. A.; Kayie, K. T.; Matsudaira, P.; Wagner, 5 Magn.
for 90.3% (HNCA) and 72.8% (HN(CA)CB) of the non-Pro

Reson. B1994 105 192-195.
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Figure 3. N—'H HSQC spectrum of the MBP#cyclodextrin complex. Peaks assigned to backbone amides are labeled by residue number, while
those tentatively assigned to side-chainNtd Trp side-chain indole protons are designated by * and W, respectively.

amino acids, whereas intraresidue correlations were noted forable sensitivity losses occur from relaxation during relatively

94.6 and 93.7% of non-Pro residues in HNCA and HN(CA)CB
spectra, respectively. Similarly, complete HN(CO)CA and HN-
(COCA)CB data were obtained with 94.6 and 94.0% of the
possible correlations observed, respectively. It is worth em-
phasizing that all of the spectra were recorded at@and at
this temperaturé®N relaxation measuremeftof the MBPf3-
cyclodextrin complex indicate an overall correlation time of 16.2
+ 1.0 ns.

Aside from improving the sensitivity of these triple resonance
methods, the decreas&( relaxation rates in highly deuterated

long constant-time periods. In this regard it is noteworthy that
in the case of the CT-HN(COCA)CB and CT-HN(CA)CB
experiments, complete or near-complete levels of deuteration
at both the @ and @3 positions are necessaty?

In addition to improved resolution, CT-HN(COCA)CB and
CT-HN(CA)CB experiments also provide valuable assignment
information encoded in the sign of cross-peaks. As discussed
previously*® evolution of 13C5 magnetization from one-bond
13C—13C scalar couplings during the carbon constant-time
evolution period leads to a modulation of the signal intensity

systems facilitate the use of constant-time spectroscopy to recordaccording to cd{zJccTc) where Te is the length of the

13C chemical shifts, providing a number of benefits in the
analysis of spectra of large proteins. Most importantly, as
discussed in detail previoushi? CT-based methods offer

significantly better resolution than their non-CT counterparts.
This is particularly critical in the analysis of spectra of molecules

constant-time period and is the number of aliphatit’C nuclei
attached to the carbon of interest. Thus by choo$ing 1/Jcc,
cross-peaks from £carbons with an even number of attached
aliphatic carbons are of opposite phase relative to peaks
originating from residues with an odd number of aliphatic

with close to 400 residues, such as in the case of MBP, andcarbons attached to thef(osition. By combining this sign

enables the resolution of peaks separated ifdGedimension

by as little as 0.4 ppm. This is shown in Figure 4b, where
correlations to valine £ nuclei (circled) show a main peak
flanked by a weak upfield shoulder with intensity of £36%

of the main peak, corresponding to Val residues with CD{gH
and CD(CDR); side chains, respectively. For each Val, these

information along with a comparison of the observed/Cp5
shifts to the averagedCand @3 shifts of the 20 amino acid$,
we were able to quickly make residue-specific assignments
throughout most of the protein.

On the basis of the CT-HNCA, CT-HN(CO)CA, CT-HN-
(CA)CB, and CT-HN(COCA)CB experiments, a total of 96.5%

two peaks are well-resolved despite the small chemical shift (95.6%) of all’®Ca. (13Cf) chemical shifts were assigned along

difference between themA¢ = 0.48 + 0.02 ppm). The

with a comparable fraction dIN—'HN pairs (94.6% of all non-

increased resolution provided by CT-based spectroscopy isproline amino acids). A slightly lower fraction é#CO shifts

particularly crucial in establishing connections between sequen-

tial residues that have simil&tCa. or 13CA chemical shifts. This
is illustrated in Figure 5 with slices from thep&lirected CT-

were assigned (89.2%) based solely on HNCO data. This lower
number reflects the fact that the shifts of the carbonyl carbons
of the 21 amino acids N-terminal to proline residues cannot be

HN(COCA)CB and CT-HN(CA)CB experiments where one can obtained from the HNCO experiment. The majority of the
clearly distinguish peaks separated by approximately 0.4 ppm. missing assignments cluster in one section from P229 to K239,
Itis important to emphasize that these CT methods require highwhere cross-peaks were not observed in spectra. Cross-peaks
levels of deuteration; with fully protonated systems, unaccept- from two other regions that are close to this segment either in
primary sequence (V240Y242) or tertiary structure (A215

(40) Seavey, B. R.; Farr, E. A.; Westler, W. M.; Markley, JJLBiomol.
NMR 1991 1, 217-236.

(39) Farrow, N. A.; Muhandiram, D. 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.
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@ CT-HNCA methyl-protonated samples (Figure 6). This comparison also

45 W R | ] shows that the reduction of proteproton dipolar and scalar
é ﬂ lr_ﬂ Gﬂ ﬁ ﬂ ﬂ ﬂ H ﬂ ﬂiﬂi couplings in such highly deuterated samples leads to a significant

51 d i narrowing of the methytH line widths (from 23.64 1.8 Hz
l [H] to 16.5 £ 1.2 Hz PH, H-methyl] for lle 61, with
54 ) 4 Sl comparable results for Val and Leu). Figure 6 also shows that
Leu methyl groups are relatively underprotonated inttetH-
methyl sample, as discussed in the Materials and Methods
section.
l . - In contrast to the case of perdeuterated samples, where
® & > G| experiments for side-chain assignment must of necessity begin
) ﬂ with magnetization on side-chain carbon spgihthie high degree
133 K34 V35 T3 V37 E38 H39 of protonation on the methyl groups of Val, Leu, and ll&{¢
residues in samples produced with the scheme of Figure 1 allows
b cr-hHNcacB the use of experiments where signal originates on protons.
a1 T ] Because intervening carbons between the protonated methyl
s ¥ groups and side-chain backbone positions are highly deuterated,
- - magnetization can be relayed from the methyl position to the
32 ol e backbone!®N, HN spins in a very efficient manné#.
Side-chain methyl correlations were obtained from a suite
BB of ¥C—13C TOCSY-based experiments which have been
' T optimized for use with deuterated, methyl-protonated proteins.
) - ] Experiments include the (H)C(CO)NH-TOCS¥which links
- = methyl 3C chemical shifts of residuie (*3C™) with N/*HN
. P | shifts of residué + 1 (**Ni+1,"HNi+1), the H{CCO)NH-TOCSY
s I I (*H™ 15N 11,"HNj1 correlations) and the (H)C(CA)NH-TOCSY
o N | (33CM; 15N;,IHN;, and 13CM; 15N;.1,HN;11 correlations). The
44 had ;E: z i latter experiment was performed in order to obtain methyl shifts
58 a5 Do T3 ng o5 Ked VeE T Va7 Ess e of .re5|dues that immediately precede Pro. Figure 7 presents
. . . strips from the (H)C(CO)NH-TOCSY and H(CCO)NH-TOCSY
Figure 4. Reprsentaivesicesfom CT-HNCA (o) and CTHNCA) Goser lustating he hgh sensitty of the enperimens.
: Although the TOCSY-based experiments described above

F1(33C)—F3(*HN) slice is labeled by the amino acid whd8h chemicall . ) X
shiftis at theF, frequency of the slice. Circled HN(CA)CB peaks arise  allow the assignment ofC and'H methyl chemical shifts to

from correlations to Val 8 nuclei. The weak upfieldF;) shoulders specific Val, Leu,_ and lle re_sidues_, in th_e case of Val a_nd Leu
associated with the main peaks arise from the presence of a smalithey do not a priori establish which pairs 8™ H™ shifts
fraction of valine residues with3CD; methyl groups & 10%) as correspond to a given methyl group. This information could
discussed in the text. Positive peaks are drawn with black contours, be obtained from a 4D HC(CO)NH-TOCS;however, we
negative peaks with gray. Peaks marked with an asterisk (*) are aliasedprefer to use a new experiment, the (HM)CMC(CM)HM, which
in Fi. correlates chemical shifts of the methyl proton and carbon with
. - the shift of the carbon adjacent to the methyl group. One
AZl.G) wer? OL:IOV\; tur:tensny '3 spectra recordeqt f?[r ?ﬁclébon% particular advantage of this new experiment relates to its higher
ass'glnrge”t D esetfes'th“ets a“? n pr:.’x'm;% f c °“.t” sensitivity relative to the 4D HC(CO)NH-TOCSY method.
B-cyclodextrin}®**suggesting that conformational heterogeneity Figure 8 illustrates the (HM)CMC(CM)HM pulse scheme that

of residues in the binding site could be responsible for the : .
o 9 ; was developed. The sequence is comprised of elements that
hm|ssmg tcrglgsr;pza}(lés.t ThIS.fI.S sutpportfeOBIHyE!MRlstudll;al.st that. ¢ have been described in detail previously in the literature, and
ave establisned that signiticant conformational mobility eXiSs e therefore provide only a brief description here. The

mth'g the MBP maltodextrin binding ?"t@.‘ Itis n(_)te\_/vorthy . __magnetization transfer steps in the pulse scheme can be
at roadenmg has been observed in ligand-binding reg'onsschematically diagrammed as
of other proteing4

Side-Chain Assignments. Once the backbon&N, 13Ca, 3 3 3 3
4N, and side chain®C8 chemical shifts were obtained, *H™—>C™(CTt,) — C (CTt,) — *C™—>H" (t,)
assignment of methylH and 13C shifts of Val, Leu, and lle 1)
(Co1) residues followed. Central to this effort was the high
efficiency and specificity of methyl protonation provided by whereH™, 13C™ and!3C are methyl protons, methyl carbons,
the 15N, 13C 2H (*H-methyl)-labeling protocol (Figure 1). This  and the methylene/methine carbons that are adjacent to methyl
resulted in the production of samples of MBP with protonated carbons,Jcy and Jec are the scalar couplings active in each
Val, Leu, and lled1 methyl group® in an otherwise highly  transfer stept; (i = 1—3) is an acquisition time, and CfTis a
deuterated background. The specificity of the protonation in constant-time indirect acquisition period. Fourier transformation
these samples is nicely illustrated in a comparison of-€F of the resultant data set gives rise to cross-peakedt, (wc,
!H HSQC spectra recorded on protonated and deuterated,mym).

(41) Spurlino, J. C.; Liu, G.-Y.; Quiocho, F. AL Biol. Chem.1991, As indicated in eq 1, magnetization originating on methyl
266, 5202-5219. protons is transferred to the directly attached carbons and the

32(41%)5?511%@53. J.; Rodseth, L. E.; Quiocho, F. Biochemistry1993 carbon chemical shift recorded in a constant-time manner for a
Y(43) Gehring, K Williams, P. G.; Pelton, J. G.; Morimoto, H.; Wemmer, (44) Logan, T. M,; Olejniczak, E. T.; Xu, R. X.; Fesik, S. WEBS
D. E. Biochemistry1991, 30, 5524-5531. Lett. 1992 314, 413-418.
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Figure 6. Efficiency and selectivity ofH (*H-methyl)-labeling at side chain positions. GIC—'H HSQC spectra were acquired on MBP/
cyclodextrin complexes, usingC,'H-(a) or*3C?H (*H-methyl)-labeled MBP. Spectra are plotted at equivalent levels, accounting for differences
in sample concentration. Two Il cross-peaks (circled) with upfieldC chemical shifts are located in the B& box of spectrum a. Peaks marked
with an m in spectrum b are from a small fraction of maltose-bound MBB%) present in the sample after tfiecyclodextrin exchange step.

duration of T ~ YJcc. During this period, evolution of  Magnetization is returned to the methyl proton for detection by
magnetization due to the one-boRC—'2C coupling occurs retracing the steps described above. A number of additional
so that immediately prior to th®C 90 pulse of phases, the features of the pulse scheme are noteworthy. Correlations from
signal of interest is given by HC™C,, whereX; corresponds Val are readily separated from cross-peaks originating from Leu
to thei component oX magnetization. Subsequent application or lle using a scheme in which spectra are recorded with the
of the 90,3 pulse creates signal of the forn"i®CM,C,, which Ca. selective pulse applied at either point A or B in Figure 8.
evolves for a period of P during the second constant-time Note that during the P (~1/Jcc) period 1¥C magnetization
acquisition interval, extending from a to b in Figure 8. evolves from homonuclear couplings originating from each
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Figure 7. (H)C(CO)NH-TOCSY (a) and H(C)(CO)NH-TOCSY (b)
spectra of thé®N,3C2H (*H-methyl)-MBPf3-cyclodextrin complex.
Strips are labeled with the identity of the methyl-containing residue.

directly coupled carbon spin. In the case of Val residues, the
selectivel®Ca. pulse at point A results in a net refocusing of
the evolution due tdcycs for the 2T interval. In contrast, if
the selective pulse is applied at position B in the sequence,
evolution from Jcecp proceeds for the entireT2period, in-
verting the sign of the magnetization at point b. The signals
from Leu and lle are not affected by th&Ca selective pulses.
Hence, linear combinations of the A and B experiments pro-
vide subspectra containing cross-peaks from only VaHR)

or Leu/lle@1) (A + B). A second point of note is that %

18C° pulse is included after an interval t§2 + 7, from the
start of the second constant-time period. This pulse elimi-

nates signal originating from molecules where carbons adjacent

to methyl groups have small levels of residual protonatfon.
It is important to emphasize that we have no evidence to sug-
gest residual protonation at carbon positions on methyl-

containing residues in samples that have been prepared accord;,

ing to Figure 1.

The utility of this experiment is demonstrated in Figure 9
where several slices from the (HM)CMC(CM)HM data set
recorded on the MBBLcyclodextrin complex are illustrated.
The combination of the tw&*C constant-time indirect detection

periods and residue-specific editing provides spectra that areduring the purification process (&, 7—

relatively free of cross-peak overlap, critically important for the
successful analysis of data from a molecule containing 122 Val,
Leu, and lle §1) methyl groups. On the basis of results from
the (HM)CMC(CM)HM experiment alone, many of the Val
methyl groups could be assigned by compafi#@3 chemical
shifts obtained from this experiment with the ACS assign-

J. Am. Chem. Soc., Vol. 120, No. 45, 199845

Val and Leu residues which have at least one methyl group
with chemical shifts within 0.2 ppm¥C) or 0.05 ppm ¥H) of
other methyls int3C—1H HSQC spectra (approximately 50%
of the Val and Leu in the MBBfcyclodextrin complex). In
these cases, the resolution in the methyl carbon and proton
dimensions of the TOCSY-based experiments may not be
sufficient to uniquely identify a singl@3C-'H HSQC cross-
peak. These ambiguities were resolved using (HM)CMC(CM)-
HM spectra, taking advantage of the high resolution afforded
by the13CpB (Val) or 13Cy (Leu) chemical shifts.

In total, 119 of the 122 Val, Leu, and llé1) methyl groups
were assigned in the MBB/-cyclodextrin complex (Figure 10).
The three missing methyl groups are from two residues (lle 235,
Val 240) that are in an exchange-broadened region oftkie
IHN HSQC, wheré®N—!HN correlations are either very weak
or are not observed. We have tentatively assigné#CaH
HSQC peak to the Val 240 methyl group since th&C and
IH chemical shifts of this cross-peak are in the region of the
spectrum where Val methyls are found and since all of the other
peaks in this region were accounted for. The stereospecific
assignment of this methyl was obtained from the sign of its
cross-peak in @3C—1H HSQC spectrum recorded on a 10%
13C—labeled samplé® Finally, assignment of the LeuyCand
lle Cy1 carbons followed directly from the (HM)CMC(CM)-
HM spectrum, once the identity of all of the methyl peaks was
established. Table 2 in Supporting Information provides a listing
of all of the 15N,13Ca,13CB, andHN shifts as well as of the
methyl 'H and13C chemical shifts of Val, Leu, and lle ()
residues in the MBIBEcyclodextrin complex.

Analysis. The chemical shift assignments that we have
obtained form the basis for identifying structural elements within
the MBPpS—cyclodextrin complex through an analysis of the
deviations of the observédCo and'3Cf chemical shifts from
their residue-dependent random coil valée®:*> In Figure 11a,
the parameterAC* — ACP)smoothed® is plotted for each residue
for which chemical shift data is available. Multiple regions are
observed where consecutivA@* — ACP) values exceed a
threshold level, identifying helical XC* — ACF)>1.4] and
strand [AC* — ACF) < 1.4] secondary structure elements.
Examining the locations of these elements (Figure 11b) shows
them to be well correlated with the positions of comparable
structural elements in a 1.8 A crystal structure of the MBP/
cyclodextrin complex (Figure 11¢5.

Additional information on the presence of secondary structure
elements is provided by qualitatifel —H exchange protection
ata that can be easily obtained from highly deuterated proteins.

hen such proteins are biosynthetically produced i@Bich
media, all of the exchangeable sites (including backbone amides)
are fully deuterated. Many of these sites become protonated
by exchange processes during the subsequent purification in
H,0-based buffers. However, a significant number of backbone
amides (approximately 50 in our system) exchange too slowly
10 days) to become
highly protonated, suggesting that these sites are protected from
exchange by their involvement in stable hydrogen bonds as
might be found in elements of regular secondary structure.
Exchange protection was assessed in a qualitative manner by
recording two™N—'H HSQC spectra of the MBB/cyclodex-
trin complex, one prior to the guanidinium unfolding/refolding

ments previously generated as part of the backbone assignmen%,[ep in our sample preparation and one afterward. Residues

The assignment of the remaining Val and of all of the Leu and
lle (1) residues was achieved using data from the TOCSY-
based experiments described above and the (HM)CMC(CM)-
HM. The combination of data from the TOCSY-based and
(HM)CMC(CM)HM experiments was particularly valuable for

that were absent or severely attenuated in the first spectrum

(compared to the second) were scored as protected and are
indicated with dots in Figure 11b. Most of these protected

(45) Spera, S.; Bax, Al. Am. Chem. S0d.991 113 5490-5492.
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and?H rectangular pulses are centered at 4.66 (water), 25.0, and 2.5 ppm, respectively, and are applied with 31, 21, and 1.9 kHz rf fields, respectively.
The single shaped pulse (358) on the’*C channel has the RE-BURP profffeand is centered at 38 ppm by a 13 ppm phase-modulation of the
carrier frequency?®° Note that this pulse is of sufficient strength to cover the entire range of alipt@tichemical shifts. Thé3Ca selective

pulses are 1.3 ms long and have the I-BURP2 priffiléth a center of excitation at 62.5 ppm (37.5 ppm modulation of the carflérlecoupling

was achieved using a 0.7 kHz WALTZ-16 fillwhereas*C decoupling during acquisition employed a 2.2 kHz GARP-1 fi#él#H decoupling

is interrupted prior to the application of gradient pul®esThe location of the first*Ca selective pulse was alternated between points A and B and

data recorded in an interleaved manner. Postacquisition combination of FIDs from experiments recorded with the pulse at A and B was achieved
using in-house written software. The following delays were used= 1.9 ms,T = 14.5 ms §& 1/2)cc) and, = 1.92 ms. The phase cycle
employed is: ¢1 = (X,—X); ¢2 = X; ¢3 = 2(¥),2(=Y); ¢da = 2(X),2(—X); s = 4(X),4(—X); ¢s = 4(Y),4(—Y); ¢r = (X,—X). F1 and F, quadrature

detection was achieved by States-TPRF ¢, (F1) and of¢1, ¢2, ¢3 (F2), respectively. The duration and strengths of the gradientghre (500

us, 10 G/cm);g2 = (400us, 5 G/cm);g3 = (1 ms, 15 G/cm)g4 = (200us, 18 G/cm),gs = (600 us, 10 G/cm);g6 = (500us, 5 G/cm);g7 =

(800 us, 8 G/cm) andy8 = (200us, 3 G/cm). ThelH lock channel is interrupted at the start of each transient and re-engaged immediately prior

to acquisition.
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Figure 9. (HM)CMC(CM)HM spectra of the'®N,*C2H (*H-methyl)-MBPJ-cyclodextrin complex. Regions df; (**C™)—Fsz (*H™) slices are
illustrated from planes with th&; frequency indicated at the top of each slice. Peaks marked with * are more intense on an ddjatamé.

residues are located in secondary structure elements identifiedresidue MBP component of a 42 kDa MBPé¢yclodextrin
by analysis of the AC* — ACP)smootneaparameter or from the  complex. Near complete assignments for the methyl carbon

X-ray structure of the MBR#-cyclodextrin complex. and proton chemical shifts of Val, Leu, and lle{D) residues
_ have been obtained as well. These chemical shift assignments
Concluding Remarks were made in the absence of any information derived from the

Using the!N,13C 2H (*H-methyl)-labeling protocol described ~ Crystal structure of this compléX. This structure was examined
in Figure 1 in concert with a suite of triple resonance, only after the assignment was completed, allowing a comparison
multidimensional experiments optimized for use with such of the NMR- and crystallographically determined locations of
samples, we have been able to assign the chemical shifts ofsecondary structure elements within the protein. In addition,
virtually all of the 15N,13Cq,*3CB, andHN nuclei in the 370 analysis of the crystal structure proved useful for rationalizing
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Figure 11. Identification of secondary structure elements in the MB&/clodextrin complex by NMR chemical shift methods. AL — AC)smoothed
index plot®® The dashed lines indicate the 1.4 ppm threshold for identification of secondary structure elements. (b,c) Comparison of the secondary

structure elements identified by thAC* —

ACP) index (b) and those in the crystal structure of the MBByclodextrin complex (c) (PDB code

1dmb?). Helical and strand segments are indicated by filled and unfilled bars, respectively. The secondary structure assignments used in panel ¢
were made with the program MOLMO®E. The dots in panel b indicate residues protected from HN exchange as determined by a qualitative
analysis of*N—!H HSQC spectra recorded on the MBRJyclodextrin complex before and after the unfolding/refolding step described in Materials

and Methods.

the locations of the few nonassigned regions in light of possible NOE and heteronuclear coupling dédfaWwith the backbone

ligand-related exchange processes.

and side-chain chemical shifts of this complex now available,

Our analysis here shows that MBP in this complex has a we are proceeding with the collection and assignment of NOE-

similar global structure in solution and crystalline forms,

based distance restraints. Here, the (*H-methyl)-labeling

although local structural differences have been identified from pattern provides the opportunity to obtain €HHN and CH—
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CHs distance restraints between residues that are widely (University of Toronto) for preparation of samples used in this

separated in primary sequence. Central to this effort has beenwork, and Dr. Bruce Johnson (Merck) for providing scripts and

the development of a number of new NOESY experintérifs advice regarding the use of NMRView. K.H.G. gratefully

that incorporate constant-time chemical shift evolution periods acknowledges a postdoctoral fellowship from the Helen Hay

so thatl3C chemical shifts can be recorded with high resolution. Whitney Foundation. L.E.K. is an International Howard Hughes

It is anticipated that the present labeling methodology and the Research Scholar.

NOE- and dipolar couplirfd-based NMR experiments that have

recently been developed will play an important role in facilitat- Supporting Information Available: One table listing the

ing NMR-based structural studies of proteins in the-38 kDa experimental parameters used for the NMR experiments de-

molecular weight range. scribed in the text and a table listing theN,*Ca,'3CS,*HN

chemical shifts as well as the methyl carbon and proton chemical
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