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Abstract: The near complete=(90%) NMR assignment dN, 13C*, 13C#, and HN chemical shifts is presented for

a 64 kDa trp repressetoperator complex consisting of two tandem dimer&i13C,>90%2H labeled trp repressor,
unlabeled 22-base-pair DNA, and unlabeled corepressor, 5-methyltryptophan. The DNA sequence employed contains
three copies of the palindromic sequent&€FAG-3', allowing two dimers of trp repressor to bind to each duplex
operator DNA. Chemical shift data establish that each subunit within a given dimer in the complex is in a chemically
distinct environment, and the pattern of chemical shift differences between subunits provides information regarding
interdimer contacts. Because of the large size of the complex, a number of modifications were made to existing
enhanced sensitivity triple-resonance correlation experiments whicht3@tk 15N, and HN chemical shifts; the

pulse sequences which include these changes are presented. The experiments make use of constant-time chemica
shift evolution of the carbon magnetization, resulting in significant improvements in spectral resolution compared to
non-constant-time versions of the pulse schemes. An analysis of the utility of the enhanced sensitivity method for
recording spectra of high molecular weight deuterated proteins indicates that this approach produces reasonable
sensitivity gains for the 64 kDa trp repressaperator complex studied here.

Introduction protein by NMR standard&,. colithioredoxin (108 residuesy.
- . . L To obtain a balance between reduced line widths and reduce
_Th‘fSUt'l'ty of partial or complete protein deuteration in concert  ggnsitivity, LeMaster prepared a 75% deuterium labeled sampls
with *N,1C multidimensional NMR techniques has rezcently of thioredoxin. Torchia et al. demonstrated in the case of the
been established througg studies on a numbetMef*C 2H protein Staphylococcal nuclease that extremely high quality
labeled protein systenis® However, the idea of usinfH  |N—HN NOE spectra could be recorded on a sample with
labeling of proteins as a means of improving spectral quality complete deuteration of aliphatic/aromatic side ch&in¥en-
dates back to the late 1960s with the experiments of Crespi etiars and co-worketé and Grzesiek et 4F have extended this
all® and Markley et ak* In the late 1980s, the work of  \yor in the development of four-dimension#N-separated
LeMaster demonstrated the importance of random fractional Nogsy experiments for proteins highly enriched in b&iN
deuteration of proteins to aid in the NOE-based sequential 5nq2H. Jardetzky, Arrowsmith, and co-workers have used a
assignment of what was then considered to be a rather largegy ateqy based on selective deuteration to assign the 25 kDa tr
repressdf molecule. Subsequently these workers used an
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 Ontario Cancer Institute and Department of Medical Biophysics. approach based on deuteration and heteronuclear-edited NM

* Protein Engineering Centers of Excellence and Departments of Medical methods to determine the structure of a ternary 37 kDa comple:
Genetics, Biochemistry, and Chemistry. consisting of trp repressor (trpR), tryptophan, and a 20-base
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a v of HNCO?® spectra measured using gradient, sensitivity en-
=37 kD hanced and gradient, unenhanced triple-resonance pulse schen
Al A are compared.
5/ CGTACTAGTTAACTAGTACG 3° Experimental Section
3 GCATGATCAATTGATCATGC 5*
A Triply (**N,13C, >90%°2H) labeled trpR protein was prepared from
b the overproducinge. coli strain CY1507& containing the plasmid
pJPR2. The cells were adapted to growth g©using the following
h scheme. Cells were first grown in M9 media with 209/mL ampicillin
5'ACTAGTTAACTAGTTAACTAGT 3- and 33% DO as the solvent at 37C and then plated onto an M9 agar
3* TGATCAATTGATCAATTGATCA 5' plate made from 33% . A colony from the 33% plate was used to

inoculate M9 media with 56% D, cultured overnight at 37C. A
frozen stock was prepared from 1 mL of this culture and later plated
onto an M9 agar plate made with 99.9%M@with sodium acetate as
Figure 1. (a) Schematic drawing of the 1:1 trpRperator complex, the carbon source instead of glucose. For large-scale purification of
37 kDa, studied previously® and (b) the tandem 2:1 trpFoperator triply labeled trpR, a single colony from the 99.9%@acetate plate
complex, 64 kDa, studied here. TheGTAG-3 sequences that are ~ was used to inoculate 2 25 mL of 99.9% DO M9 media with
most sensitive to mutation in natural operators and which can share **CH;'3COONa and®NH.Cl as the sole carbon and nitrogen sources,
two helix—turn—helix DNA-binding motif€° in the tandem complex respectively. Following 5 days of growth at 3€, each 25 mL culture
are shown in bold. Each subunit of trpR recognizes th6 5-3 bases (ODsoo = 0.73) was used to inocukatl L of thesame triply labeled
of the 3-CTAG-3 sequencé? In the 1:1 complex, both subunits are M9 media (1 g/L¥®NH,CI, 4 g/L B*CH;*COONa) containing 10 mL
in equivalent chemical environments and therefore have identical of a mixture of vitamins (100 mL stock solution contains 1 mg of
chemical shifts. In the 2:1 tandem complex, the two subunits of each riboflavin, 20 mg of biotin, 10 mg of folic acid, 10 mg of-
dimer are no longer equivalent and have different chemical shifts (A pantothenate, and 50 mg of thiamin). After an additional 3.2 days of
= B). We do not suggest that the structures of the two subunits are growth the culture reached an absorbance of 0.71 at 600 nm
significantly different, but only present this diagram to illustrate how Subsequently, trpR production was induced by the addition of isopropy!-
the asymmetry in chemical shifts within each dimer arises. The 2-fold S-p-thiogalactopyranoside (IPTG) to a concentration of 1 mM. The
axis of symmetry in each of the complexes is indicated. cells were harvested 18 h later at a final &fof 1.1. The yield of
wet cells was 3.19 g/L. Purification was as described previé&ly
chemical evidence indicates that multiple trpR dimers bind to With an additional elution through a Perceptive Biosystem BioCAD
natural trp operator sites and that one, two, or three trpR dimers“”l't' The p.:_obte'” (‘j"’as. rl]oaded onto %.PORﬁS HhQ amog exchange
can bind to an operator depending on the sequence andCN0 glmt eg“;'sgati_hw't t12.'5 mM Tot 'gm.t‘; osp g.te ?nfilzﬁg mM
lengthl”1° Therefore, we have recently initiated an NMR study oy oo b (oo 1° PrO/eIn was SULse Vi & gracien: o

- . mM NacCl in the same buffer. The final yield fmo2 L of culture was
of a 64 kDa complex consisting of two trpR homodimers bound 4¢ mg of 5N, 13C 2H labeled trpR which appeared as a single band on

MW = 64 kDa

to a symmetrized operator DNA 'GCTAGTTAACTAGT- a Coomassie Blue stained SDS gel. Mass spectroscopic analysi
TAACTAGT3, see below and Figure 1b) and stabilized by indicated that the level of deuteration in the protein was 91%.
the corepressor analog, 5-methytryptophan. A crystal The protein-DNA complex was prepared by the addition of a one-

structure of trpR bound in tandem to DNA has recently been fourth subunit equivalent of double-stranded synthetic operater (5
publishect® and on the basis of this structure, it is clear that ACTAGTTAACTAGTTAACTAGT-3") to trpR followed by dialysis
the axis of symmetry of the complex considered here (see Figurednd concentration into a pH 6 solution of 10 mM sodium phosphate
1b) no longer bisects the trpR dimer, as is the case for the 1:12nd @ 6.0 mM racemic mixture of 5-methyltryptophan. Only the
complex (Figure 1a). Because of the close contacts between-"'Somer binds with significant affinity to trpR Final NMR sample
two of the four trpR subunits at the centratGTAG-3 site conditions were 2.4 mM trpR (monomer), 0.6 mM double-strgnded
. - operator DNA, 3.0 mM 5-methyl-tryptophan, and 10 mM sodium
a_nd truncation of the_: DN_A near the two fIa_nklngGTAG-B’ phosphate adjusted to pH 6, 7%@93% HO, 45°C.
sites, the two subunits within each of the dimers are no longer =y experiments were performed on a four-channel Varian UN#TY
equivalent. As a result, the number of cross peaks observed in500 MHz spectrometer equipped with a pulsed field gradient unit and
spectra recorded on this system is nearly doubled relative toan actively shielded triple-resonance probe head. A separate rf chann
spectra recorded on the 37 kDa, single trpR dimer complex. was used for each of thiH, 13C, 15N, and?H pulses. The’H lock
Analysis of spectra recorded on this tandem dimer system is, receiver was disabled during application?f pulses/decoupling and
therefore, significantly more difficult than for the case of the during field gradient pulses.
37 kDa complex. The constant-time HNCA experiment (CT-HNCA) was recorded as
In this paper we describe a number of nE,13C 2H-based an 84* x 28* x 512* matrix (the * indicates complex points);

. . L 13~ 211 trimlo. acquisition times of 25.7, 23.0, and 64.0 ms in eaclof,, andts
experiments which are similar to theN,'3C 2H triple-resonance were utilized. The corresponding spectral widthsFin F», and Fs

scheme$>that we originally proposed for correlatifg’, **N, were 3268, 1217, and 8000 Hz. The data set was acquired with 1€
and HN chemical shifts, but offer significantly improved spectral scans per FID and a repetition delay of 2 s, giving rise to a total
resolution. The utility of these pulse sequences is demonstratedacquisition time of 90 h. For the CT-HN(CO)CA experiment, a matrix
in the assignment of the backbone resonances of the 64 kDaof 84* x 26* x 512* points was acquired with acquisition times of
trpR ternary complex. The backbof®N,'3C%, HN, and3C# - — :

chemical shifts are tabulated, and a comparison of the chemicaIRe(szolrz_ﬁgvlagel‘?Q’zg:’ Palmer, A. G.; Wright, P. E.; Rance JMMagn.
shifts observed for the two unique subunits within each trpR  (22) Paimer, A. G.; Cavanagh, Wright, P. E. RanceJMMagn. Reson.
dimer is presented. The high molecular weight of the trpR 1991 93, 151. ) .

system has led to an analysis of the efficiency of the enhancedloé%‘? Kay, L. E.; Keiffer, P.; Saarinen, 0. Am. Chem. S04992 114
sensitivity’>??pulsed field gradient approa&h?> for recording (24)' Schleucher, J.; Sattler, M.; Griesinger, gew. Chem., Int. Ed.

spectra of large deuterated proteins. To this end the sensitivitiesEngl. 1993 10, 32.
(25) Muhandiram, D. R.; Kay, L. El. Magn. Reson. B994 103 203.

(17) Kumamoto, A.; Miller, W.; Gunsalus, Renes De. 1987, 1, 556. (26) Kay, L. E.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resorll990

(18) Liu, Y. C.; Matthews, K. SJ. Biol. Chem1993 268 23239. 89, 496.

(19) Yang, J.; Gunasekera, A.; Lavoi, T. A; Jin, L.; Lewis, D. E. A, (27) Paluh, J. L.; Yanofsky, QNucleic Acids Resl986 14, 7851.
Carey, JJ. Mol. Biol. 1996 in press. (28) Marmostein, R. Q.; Joachimiak, A.; Sprinzl, M.; Sigler, P.3B.

(20) Lawson, C. L.; Carey, Nature 1993 366, 178. Biol. Chem.1987, 262 4922.
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25.7, 21.4, and 64.0 md( t;, andts) and spectral widths of 3268,
1217, and 8000 HzHy, F; andF3). The total measuring time with 16
scans per FID and a repetition delaly2ds was 84 h. Both the CT-
HN(COCA)CB and the CT-HN(CA)CB experiments were acquired
with 80* x 28* x 512* complex matrices and with acquisition times
of 22.9, 23.0, and 64.0 md( t;, andts). Spectral widths of 3500,
1217, and 8000 Hz iifr;, F2, andF; were employed. Each FID was
recorded with 16 scans and with a repetition delay of 2.0 s to give
total acquisition times of 86 h.

All spectra were processed using nmrPipe/nmrDraw softfarel
analyzed using the program PIFPIn the HN dimension of all data
sets a solvent suppression fitewas employed to minimize distortions
from the residual water signal prior to apodization with &-6Bifted

Shan et al.

SH2 was varied by including either 15% or 30% glycerol in the sample,
and spectra were obtained at temperatures of 30, 20, af@.10he
correlation time describing the molecular tumbling was estimated for
each sample at each of the temperatures by recording backbdne
T1, T2, and steady statéd—5N NOE experiments and simultaneously
fitting all of the data, using procedures described previotfslfhe
signal-to-noise valueS(N) of cross peaks were calculated by measuring
the peak volumes and dividing by the estimated rms noise intensity
obtained from nmrDraw? The SN of the “enhanced-sensitivity”
experiment 1 relative to the “unenhanced” experiment 2 is defined as
the ratio (1h)=k [(SIN)1/(SIN)2], wheren is the number of cross peaks
considered and3/N); is the SN of peakk in experiment.

squared sine-bell window function. The data were subsequently zero Results and Discussion

filled to twice the size and Fourier transformed, retaining only the
downfield half of the spectrum. A 85hifted squared sine-bell window

function was applied to the carbon dimensions of all the data sets

followed by zero filling to 256 complex points, Fourier transformation,
phasing, and elimination of the imaginary half of the signal. The size
of the>N time domain was doubled via mirror image linear predicton,
apodized using a cosine-bell function, zero filled to 128 complex points,

In a previous publication we have described a number of
experiments, CT-HNCA, CT-HN(CO)CA, HN(CA)CB, HN-
(COCA)CB, and 4D HNCACSB, for obtaining backbone assign-
ments ofl5N,13C, fractionally?H labeled proteiné> The first
pair of experiments in the set link HNSN and13C* chemical
shifts, while the next two experiments correlate HR\, and

Fourier transformed, and phased, and the imaginaries were eliminated.13CA shifts. The 4D HNCACB scheme links HN arfdN,

The absorptive part of each of the 3D data sets from the CT-HNCA,
CT-HN(CO)CA, CT-HN(CA)CB, and CT-HN(COCA)CB experiments
consisted of 256< 128 x 512 real points.

In order to assess the efficiency of enhanced sensiiAtypulsed
field gradient method& 2 for recording spectra on proteins with high
levels of deuteration, a sample of the C-terminal SH2 domain of
phospholipase & (PLCC SH2, 105 amino acids) was prepafed.
Briefly, $5N,3C 2H-labeled PLCC SH2 was generated by overexpression
from E. coliBL21(DE3) cells transformed with a previously described
PLCC clone® Cells were grown at 37C in LB media overnight and
then transferred into 50 mL of M9 media containing 1 gfNH.CI
and 3 g/L*3C-glucose and grown to Q= 0.5. An aliquot sufficient
to start a subsequent culture at P= 0.1 was centrifuged and
resuspended in 50 mL of M9 media in 99.9%@® This growth/
centrifuge cycle was repeated two further times with volumes of 100
and 500 mL. Protein expression was induced with 0.25 g/L IPTG and
continued at a reduced temperature of@Cfor 27 h prior to harvesting
and cell lysis with sonication. The overexpressed protein was purified
with phosphotyrosine affinity chromatographyt®5% homogeneity
(estimated by Coomassie Blue stained SDS-PAGE), giving a final yield
of 15 mg/L. On the basis of mass spectroscopic analysis of similarly
preparedN,*2C 2H samples, the protein is approximately 80% deu-

chemical shifts with both intra- and inter-residuéQ,13Cf)
pairs. Both CT-HNCA and CT-HN(CO)CA provide spectra
with high sensitivity and high resolution. This latter feature is
achieved by recording the€C* and the!®N shifts in constant-
time mode®®3° The use of constant-time (CT) spectroscopy
offers significant benefits in terms of resolution for the recording
of carbon chemical shifts of proteins. The relatively poor carbon
chemical shift dispersion, the presence of substantial one-bon:
carbon-carbon couplings, and the short carbon transverse
relaxation times in protonated proteins significantly degrade the
resolution in the carbon dimension of spectra recorded in a non
CT mode. Unfortunately, efficient carbon transverse relaxation
often precludes the use of CT-carbon acquisition in triple-
resonance experiments recorded on protonated samples. Hou
ever, the substitution of deuterons for protons at the carbor
positions significantly increases tHéC transverse relaxation
times (from an average of 16.5 to 130 ms €% in the 37
kDa trpR complex), allowing the use of CT spectroscopy with
high sensitivity and a significant improvement in resoluttén.
Our previoustN,13C 2H studies of trpR were conducted on

terated at aliphatic positions. The lower level of deuteration compared an approximately 70% fractionally deuterated sample with the
to the trpR case is due to the use of protonated glucose, as opposed tgntent that this NMR sample would be used to carry out both
(protonated) acetate, and will lead to decreased amounts of de“teraﬂonsequential assignments and, subsequently, structural analysi
at specific side chain positions of several amino acid types. Samplesln constructing this sample we hoped to achieve a reasonabl
were concentrated 0.7 mM in a buffer containing 100 mM sodium compromise between a sufficiently high level of deuteration with
phosphate (pH 6.0), 0.1 mM EDTA, 0.1 mM DTT, and 0%, 15%, or promise b : yhig T
o concomitant increase in carbohy values and retaining an
30% (volume) glycerol. A i
adequate supply of protons for the establishment of distance

HNCO spectra employing the “water flip back” appro#cF to . : 1 . .
minimize saturation/dephasing of water were recorded with (i) the CONStraints via measurement'sf—H NOEs. With this level

enhanced sensitivity pulse scheme of Figure 1 of ref 34 and (ii) with Of deuteration £70% at the3C* position), high sensitivity

a “water flip-back water-gate sequence” that does not make use of SPectra can be recorded using &C* carbon acquisition. In
gradients for coherence transfer selection and does not employ thethe case of experiments which record #€# chemical shift,
enhanced sensitivity scheme. Sequence ii is essentially as is illustratedsuch as the HN(COCA)CB and the HN(CA)CB, cross peaks
in Figure 1b of ref 25 with the exception that the flip-back approach arise from magnetization which is transferred fr&@* to 13¢p
discussed by Grzesiek and Bakas been added, a number of gradients  and subsequently back #8C* after the3C# chemical shift
are included to minimize artifacts and the coherence Fran;fer selectiongyolution. This process dictates that magnetization reside or
gradients, and g3 and g4, are removed. The correlation time of PLCC the13C spin in the transverse plane for a time interval gk/
(~28 ms), wherelcc is the aliphatic one-bond carbegarbon
scalar coupling constant,35 Hz. Moreover, if thé3C? shift

is recorded in a constant-time manner, magnetization reside
on theB-carbon for an additional-28 ms. The use of CFC
spectroscopy for recordindg3C? shift evolution, therefore,
requires a high level of deuteration at bettand 5 positions.

(29) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,
A. J. Biomol. NMR1995 6, 277.

(30) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, GJMJagn.
Reson.1991 95, 214.

(31) Marion, D.; Ikura, M.; Bax, AJ. Magn. Resonl989 84, 425.

(32) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405.

(33) Pascal, S. M.; Singer, A. U.; Gish, G.; Yamazaki, T.; Shoelson, S.
E.; Pawson, T.; Kay, L. E.; Forman-Kay, J. Bell 1994 77, 461.

(34) Kay, L. E.; Xu, G. Y.; Yamazaki, TJ. Magn. Reson. A994 109
129.

(35) Grzesiek, S.; Bax, Al. Am. Chem. So0d.993 115 12593.

(36) Stonehouse, J.; Shaw, G., L.; Keeler, J.; Lauel. Bagn. Reson.
A. 1994 107, 178.

(37) 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. Biochemistry1l992 33, 5984.

(38) Santoro, J.; King, G. Cl. Magn. Reson1992 97, 202.

(39) Vuister, G. W.; Bax, AJ. Magn. Reson1993 101, 201.
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In the case of 70% deuteration this condition is not met, pulsed field gradient method®-2> An evaluation of the utility
precluding the efficient use of CT spectroscopy for the recording of such an approach for application to high molecular weight
of 13C# chemical shifts. For this reason the HN(CA)CB and deuterated proteins is presented below. In these experimen
HN(COCA)CB pulse sequences that we developed previously saturation/dephasing of water is kept to a minimum by making
record!3CF shifts in a non-constant-time manner. The relatively use of a strategy that has been described in detail previgtsfy.
short acquisition times in the carbon dimension in these original It is also noted that improved lock stability can be achieved in
experiments, 78 ms, limit the resolution available and are a these experiments by sandwiching fireWALTZ-16 decou-
significant problem in the application of the methodology to pling element between a §80_, ?H pulse pai#*! (i.e., 99—
proteins of increasing size, such as the 64 kDa tandem trpRWALTZ-16,—90-y) in a manner analogous to the procedure
complex. employed for the minimization of water saturation/dephasing
Figure 1 provides a comparative illustration of the 37 kDa during*H decoupling applied during pulse schemes recorded
and the 64 kDa trpRoperator complexes. The presence of an on samples dissolved in #3* In this way deuterium
additional 3-CTAG-3 site on each DNA strand in Figure 1b magnetization is returned to theZ axis prior to acquisition,
allows a second trpR dimer to bind to the compl&éxNote ensuring that the lock functions with maximum sensitivity.
that, in the tandem dimer (Figure 1b), two of the four trpR The13C# chemical shift is recorded in a constant-time manner,
subunits interact with each other (molecules labeled “B” in the during the delay 2c (2Tc = 1/Jcc ~ 28 ms) in the sequences
figure; see discussion belowf. Each of the subunits within a  of Figure 2a,b. The success of the constant time period in
dimer are, therefore, no longer symmetry related, leading to a eliminating the effects of the one-bond carbon couplings rests
near doubling of the numbers of cross peaks in spectra relativeon the fact that aliphatic carbon couplings are relatively uniform
to the 37 kDa trpR complex. That is, in the tandem complex, in magnitude £35 Hz). However, thé3C/—13C” couplings in
each “A” subunit gives identical spectra which differ from the aromatic residues or in Asp/Asn are somewhat ladzer,
spectra of the identical “B” subunits. The large molecular ~ 43—55 Hz, and in constant-time carbon evolution experi-
weight of the tandem trpR complex and especially the ap- ments, with the value offc optimized for aliphatic carbon
proximate 2-fold increase in the number of cross peaks relative couplings, this difference leads to a net evolution of the
to the 37 kDa complex has forced us to reconsider our original aromatic/Asp/Asrit*C# magnetization. A subsequent decrease
strategy of using a 6670% fractionally deuterated sample for in the sensitivity of ¥3C#,1N,HN) cross peaks of these residues
the complete NMR analysis. In the present case we haveresults. Inorder to avoid this loss in sensitivity, a G3-inversion
increased the level of deuteration of the sample so thaf@te pulse? is applied at point a in each of the sequences. The
chemical shift could be recorded in constant-time mode, excitation profile of this pulse is centered at the midpoint
allowing high-resolution HN(COCA)CB and HN(CA)CB spec- between the carbonyl shifts in Asp and Asn180 ppm) and
tra to be obtained. While the minimum level of deuteration the aromatict3C” shifts (~130 ppm), and the pulse is applied
necessary for the success of these experiments will likely vary with sufficient power that thé*C» carbons of the aromatic
for different proteins, a 90%H labeled trpR sample was residues and of Asp/Asn are inverted. TRe” carbons of all
employed in the experiments described below. other residues are unaffected by this pulse or the subsequel
Figure 2 illustrates the CT-HN(COCA)CB (a) and CT-HN- Bloch—Siegert compensati8hG3-inversion pulse applied im-
(CACB (b) pulse sequences that we have developed. Themediately prior to thé3C*/ pulse of phase4 in Figure 2. The
sequences are similar in many details to their non-constant-application of these pulses ensures that#€—3C” couplings
time counterparts and are therefore only described briefly here.are refocused at the end of th&2period for these residues
The flow of magnetization in these experiments can be and there is thus no loss in sensitivity of cross peaks from

summarized as follows: aromatic or Asp/Asn amino acids. Note that Grzesiek and Bax
have exploited the differences ¥Cf—13C” couplings to record
3D CT-HN(COCA)CB (13CP,*HP) correlation maps with cross peaks exclusively from
aromatic residues or from Asp/Ada.
HN ﬂ 15\ ﬂ, 18300, ﬂ, 130 M An additional point of interest in these sequences is that a
J("l) J('fl) . H 180 pulse is applied at a timey = 1/(4J4c) after point a
18cp (CTt) Jed B e Beo, |, —= (see Figure 2). This ensures th&t’ carbons coupled to either
=1 =1 ¢ Jl) one or more protons will not contribute to the observed signal.
N (CTt,) NOHN (ty) Note thatj-carbon magnetization evolves to give terms which
are antiphase with respect to proton magnetization during this
3D CT-HN(CA)CB interval (2Ic) and such terms are not refocused by the

subsequent application of pulses in the sequence. The majorit
of the carbons are completely deuterated and hence will be
unaffected by this purging scheme. However, it may well be
13 et s Jin the case that the protein is not completely deuterated at th
C'—— "N (CTt) —HN(t S-position and the application of this purge pulse ensures tha

_ o _ the resulting spectra are not complicated by additional cross
The relevant active couplings involved in each transfer step arepeaks arising from the deuterium isotope shift.

indicated above the arrows. To emphasize that botHifé

J Jyes Jeagh Joach
HN — 15y X 1300 ZC0F, 136 (CTt) <o

s ; | . - An 15N—HN correlation map of the tandem trpR complex is
and**N chemical shifts are recorded in constant-time mode, jjystrated in Figure 3, showing doubling of many of the cross

we denote the, andt, acquisition times by CT, and CTt, peaks, as expected from Figure 1. Note, therefore, that while
respectively. As in the previous family of experiments, pulsed ¢ (rpR monomer concentration in the sample employed in the
f|el(_1 gradients have been emp_I(_)yed to minimize artifacts and present study is 2.4 mM the “effective” concentration is in fact
re5|d_ual water in spectfd. Additionally, we have employed _only 1.2 mM for regions of the molecule showing duplication

gradients to select for the coherence transfer pathway with
magnetization passing throudgfN during the CTt, period in (41) Muhandiram, D. R.; Yamazaki, T.; Sykes, B. D.; Kay, LJEAM.

each of the sequences, making use of an “enhanced sensitivityChem. Soc1995 117, 11536.
(42) Emsley, L.; Bodenhausen Ghem. Phys. Lettl987, 165 469.
(40) Bax, A.; Pochapsky, Sl. Magn. Reson1992 99, 638. (43) Grzesiek, S.; Bax, Al. Biomol. NMR1993 3, 185.
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Assignment of Resonances in Repres§perator Complex
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Figure 3. >N—H correlation map of the 64 kDa tandem trpR complex
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Figure 4. Strip plot showing3C*(i)/*3C*(i—1), >N(i), and HN{)
chemical shift correlations extending from Arg 21 to Leu 36 of a single

with selected resonances labeled, illustrating the doubling of cross peakssubunit in CT-HNCA (black) and CT-HN(CO)CA (red) spectra.

observed for the majority of the residues.

of resonances~85% of trpR). Furthermore, the high content

Residues which are underlined have identi¢¥d®, >N, and HN
chemical shifts in both subunits of the dimer.

of a-helical secondary structure in this protein combined with available from the CT-HN(CA)CB data set, while 87% of the
the doubling of cross peaks results in severe overlap in the expected cross peaks are observed in the CT-HN(COCA)CE
central part of thé>N-HN HSQC spectrum. In order to assign  spectrum.

the backbone resonances of both the “A” and “B” subunits, we

Figures 6 and 7 show strip plots from CT-HNCA/CT-HN-

made use of the four constant-time triple-resonance experimentyCO)CA (Figure 6) and CT-HN(CA)CB/CT-HN(COCA)CB

discussed below.
Figures 4-7 illustrate the application of the various triple-

(Figure 7) spectra, focusing on the region from Asn 73 to Ala
80. These residues lie within the helisurn—helix DNA-

resonance pulse schemes that we have developed to obtain thbinding motif. Note that cross peaks for both “A” and “B”

13Ce 13Cf 15N, and HN assignments of the 64 kDa complex of

subunits can clearly be identified for this region.

trpR, 5-methyltryptophan, and the 22-base-pair DNA sequence The sensitivities of the two new experiments, CT-HN-

indicated in Figure 1b. Figure 4 shows a strip plot of data from
the CT-HNCA and CT-HN(CO)CA experiments extending from
Arg 21 to Leu 36. In this region of the protein, the chemical
shift differences between subunits “A” and “B” are small and
therefore the connectivity pattern for only a single subunit is
shown. In the case of the CT-HN(CO)CA scheme only inter-
residue correlations of the fort3C*(i—1),15N(i),HN(i)} are
observed, while in principle, both intra- and inter-residue
correlations linking*3C%,15N, and HN are obtained in the CT-
HNCA experiment. In practice, however, we find that only

(COCA)CB and CT-HN(CA)CB, have been quantitated by
measuring the signal-to-noise rati&N) of each cross peak,
and the percentage of residues having a defined sensitivity i
plotted in Figure 8. A fairly substantial variation in peak
intensity is expected on the basis of the 2-fold difference in
effective concentration between residues that are or are nc
doubled. Nevertheless the average valueS/Nffor the CT-
HN(COCA)CB and CT-HN(CA)CB experiments;20 and 12
(intra-residue correlations), respectively, are relatively high. An
averageS/N value of~7 for the inter-residue connectivities in

approximately 37% of the inter-residue correlations are observedthe CT-HN(CA)CB was measured, and as indicated above, ir

in the CT-HNCA experiment (see GIn 31 and Asn 32, for

many cases, inter-residue correlations were not observed in thi

example) for the 64 kDa tandem trpR complex, while over 88% experiment. Note that the values reportedStt were obtained
of the expected intra-residue cross peaks are recorded. In theby excluding the terminal residues, Ala-2la 12 and Trp 99-

case of the CT-HN(CO)CA experiment, over 88% of the
correlations are observed.

In Figure 5, strip plots from the CT-HN(CA)CB and CT-
HN(COCA)CB are indicated for residues Arg 21 to Leu 36.
The CT-HN(CA)CB experiment correlates both intra- and inter-
residuel3C? chemical shifts with N,HN) pairs, while only
inter-residue correlations are provided by the CT-HN(COCA)-
CB experiment. Approximately 85% of the intra-residue

Asp 108, which give cross peaks of very high intensity.

As discussed previously, the use of &C# chemical shift
evolution greatly improves the resolution available in the carbon
dimension of HN(COCA)CB and HN(CA)CB spectra. How-
ever, there is an additional benefit in that the sign of the cross
peaks can be used in the assignment process. For example,
is straightforward to show that residues with an odd number of
aliphatic carbons attached to th&carbon position will give

correlations and 27% of the inter-residue connectivities are rise to{13C#15N,HN} correlations of one sign, while residues
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Figure 5. Strip plot of CT-HN(CA)CB (black) and CT-HN(COCA)- Residue
CB (red) spectra illustrating®CA(i)/*3CA(i—1), *5N(i), and HN() Figure 6. Strip plot of CT-HNCA (black) and CT-HN(CO)CA (red)
correlations extending from Arg 21 to Leu 36. Square boxes indicate spectra for residues Asn #3\la 80. The solid line shows the inter-
cross peaks of negative phase, while residues with iderifical >N, residue connectivity within one subunit, and the dashed line shows the

and HN chemical shifts in both subunits of the dimer are underlined. connectivity within the other. Peaks that are negative are indicated by
the square boxes. Note that the correlations involving Gly 78 are folded

with 13C# carbons directly coupled to twaliphatic carbons ~ once in the*C* dimension.

generate cross peaks of opposite phase. Glycine residues als

contribute{13C%,15N,HN} peaks in these spectra with the same

phase properties as cross peaks arising f#2f coupled to an

odd number of aliphatic carbons. Note that approximately equal

numbers of amino acids contain either an odd or an even set of

aliphatic carbons attached to thé fosition. Montelione and differences between the two subunits (*A” and “B”, Figure 1b)
co-workers have commented on the utility of the cross peak Figure 9 illustrates that the largest differences in FﬁNI 13ca.

phase information of the sort described above in the assignmentand 1308 chemical shifts arise from residues that are either in
of side chain correlations in CT-HCC(CO)NH-TOCSY experi- the N-terminal portion of the structure (Glu-Beu 25) or

4 ) . . :
ments* In the present set of experiments this phqse information present in the helixturn—helix region (Glu 65-Lys 90).
proved extremely useful as a check of the assignments. FOrResidues which face away from the DNA, Tyr-3asn 40
example, consider the stretch of residues extending from Tyr corresponding to the end of helix A and m(;st of helix B, and

30 (tj(.) Lzu 33' 'I;he intrg- ari:d int;ar-rglsidgtle cAorre:L’z;ticI)_ns 223 Glu 95-Asp 108, show, on average, much smaller shift
predicted to be of opposite phase for Gln 31, Asn 32, Leu 34, gitrarences. These results are consistent with a recent cryste

_His 35, ind Leu 3%’ fvvitfélth%:rLeIEtiveszhaszsLof tgg intlra_- and structure of trpR bound in tandem to DNA, in which two helix
:Ar\lter%(za sollre;'/_ers?g ?r n s, %u o an eg Sore at"_’g 1 turn—helix DNA binding motifs, one each from adjacent trpR
sn 32 and His 35. In contrast, both intra- and inter-residue qierq (g in Figure 1b), are bound in the major groove of

correlations will be of the same phase for residues Tyr 30 and the palindromic 5CTAG-3 site2® Protein-protein contacts

Asp 33. Eigure 5 shows t?atlthii is inclieed what. is obgerved. were seen between adjacent dimers involving residues at th
The assignments of HNN, 13C%, and*3C7 chemical shifts  \_terminus and in the DNA binding domain. When interpreted
provided by the CT-HNCA, CT-HN(CO)CA, CT-HN(COCA)- i, tarms of this crystal structure, the chemical shift differences
CB, and CT-HN(CA)C_B experiments are presented in Table 1 observed between subunits “A” and “B” arise from protein
There are several points in each sequence, such as at prolingstein contacts between the “B” subunits of adjacent dimers
residues, where the sequential connectivities are broken. In they; the central 5SCTAG-3 site of the operator. In contrast, the
absence of additional data it is not possible to place the pgjix_tym-helix of the “A” subunit in each of the dimers binds
assignments of the intervening sequence within an individual separately to the two oute-ETAG-3 sites. The “A” subunit
subunit. In principle, NOESY data would allow such assign- ig therefore not involved in interdimer contacts. These results
ments to be made, assuming that the residues surrounding theggest that, at least in terms of global features, the solutior

break points in the connectivity have different chemical shifts 5.4 X-ray derived structures of the complex are likely to be
in the two distinct subunits. Unfortunately, the requifedt2} very similar.

(44) Tashiro, M. Rios, C. B.: Montelione, G. J. Biomol. NMRL995 As discussed above, all of the experiments used in the preser
6, 211. study have been recorded with the “enhanced sensitivity” pulsec

8nd longer range connectivities were not observétNredited

NOE data sets of the tandem trpR complex, precluding subunit
specific assignments. However, even in the absence of infor
mation regarding the placement of these sequences within th
proper strand, it is possible to compare absolute chemical shif
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Figure 7. Strip plot of CT-HN(CA)CB (black) and CT-HN(COCA)- 2 *H 4
CB (red) spectra extending from Asn 73 to Ala 80. Connectivities for 0 T 1 M I_
the two subunits are distinguished by solid and dashed lines. The square 0 20 40 60 80 100
boxes mark the peaks with negative phase. S/N

field gradient scheme. In this approach, gradients are applied Figure 8. Histograms showing the signal-to-nois#) of inter-residue

(13,13 in CT-HN(COCA)CB, Figure 2a; 9;9n CT-HN(CA)-

CB, Figure 2b) to select for the coherence transfer pathway with

transversé®N magnetization present during G7 and where

correlations in the CT-HN(CO)CACB and intra-residue correlations
in the CT-HN(CA)CB. TheSN of each cross peak was obtained from
the peak height using the program P#P&nd the rms noise measured
using nmrPipé&? Overlapped peaks are not included in the histograms,

the magnetization of interest resides on HN immediately prior 504 3 number of the peaks from C-terminal residues are off s8le (
to detection. In the absence of relaxation and pulse imperfec- > 100).

tions the enhanced sensitivity method gives rise to spectra with

a+/2 increase in signal-to-noise over Statésr TPPF-type

experiments which do not use gradients for transfer pathway

selectior?3-25 In practice, sensitivity gains of'2 are seldom

realized because of the efficient relaxation which occurs in the 159,
final portions of such pulse sequences during which time both '

cosine- and sine-modulaté&8N components of magnetization

offer advantages, or in fact gives spectra of lower sensitivity,
relative to noncoherence transfer selection versions of the
experiments. In order to address these questions we prepare
an15N,13C ~80%2H PLCC SH2 sample dissolved in either 0%,

or 30% glycerol. The steep viscosity dependence of
glycerol with temperature provides a straightforward approach
for manipulating the correlation time of the protein in solution

are refocused for detection. Since the rate of relaxation increases, 4 hence comparing the quality of data obtained on a sampl

with molecular weight it is not cleaa priori whether the

“enhanced sensitivity” methodology is worthwhile for a protein planes from the

as a function of “effective molecular size”. A series of N,-
enhanced sensitivity” HN&Qand an

complex the size of the tandem trpR system studied here. NorpNco scheme that does not employ the sensitivity enhancemer

is it clear at what molecular weight limit this technique fails to

(45) States, D. J.; Haberkorn, R. A.; Ruben, DJ.MMagn. Resorll982
48, 286.

(46) Marion, D.; Wuthrich, KBiochem. Biophys., Res. Commi883
113 967.

(47) Zar, Z. H.Biostatistical Analysis2nd ed., Prentice-Hall: Englewood
Cliffs, NJ, 1984.

(48) Morris, G. A.; Freeman, RI. Am. Chem. Sod 979 101, 760.

(49) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJ Rvagn. Reson.
1983 52, 335.

(50) Kay, L. E.J. Am. Chem. Sod 993 115 2055.

(51) McCoy, M.; Mueller, L.J. Am. Chem. S0d.992 114, 2108.

(52) Boyd, J.; Scoffe, NJ. Magn. Reson1989 85, 406.

(53) Patt, S. LJ. Magn. Reson1992 96, 94.

(54) Geen, H.; Freeman R. Magn. Reson1991, 93, 93.

(55) McCoy, M.; Mueller, L.J. Magn. Resonl992 98, 674.

(56) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resorl989
85, 393.

(57) Joachimiak, A.; Kelley, R. L.; Gunsalus, R. P.; Yanofsky, C.; Sigler,
P. B.Proc. Natl. Acad. Sci. U.S.A983 80, 668.

method or gradients to select for coherence transfer pathway
were recorded as a function of temperature, and the averag
SIN of cross peaks in each of the experiments was establishec
as described in the Experimental Section. Note that both pulse
schemes minimized saturation/dephasing of the water resonanc
using the water flip-back strategy, first described by Grzesiek
and Bax3® The choice of using the HNCO experiment to
evaluate the sensitivities of these two different approaches fo
recording!®N,HN resolved triple-resonance spectra is based or
the excellent sensitivity of this experiment. This allows high-
quality data sets to be obtained in reasonable amounts o
measuring time. In principle, however, other pulse schemes
such as the CT-HNCA or CT-HN(CA)CB could be used.
Figure 10 illustrates the enhancements obtained as a functio
of molecular correlation time for the PLCC SH2 domain. It
must be emphasized that t8# vs correlation time profile will



6578 J. Am. Chem. Soc., Vol. 118, No. 28, 1996 Shan et al.

Table 1. 'HN, 15N, 3C*, and'3Cf Chemical Shifts for the Tandem Trp Repressor Complex at@5

subunit ® subunit 2 subunit 2 subunit 2
residué *HN 15N 15Ca BCA HN BN 13Ca 13CF  residud 'HN 15N 1B3Ce  13CF IHN N 1B3Cx 13
A2P R56 7.36 120.85 58.11 28.24 7.36 121.42 57.35 27.35
E3 8.68 120.14 55.79 28.65 157 8.32 118.72 65.92 36.79 8.13 118.52 66.13 36.¢
E4 8.44 122.37 55.36 28.82 849 122.21 55.35 28.69 Vv58* 8.14 118.99 67.14 30.29 8.14 118.99 67.14 3(
S5 8.26 118.75 55.75 62.77 837 118.69 55.84 62.82 ES59 8.32 117.52 59.51 29.01 8.42 118.27 59.81 2
P6 — 63.15 30.87 — (63.32 (31.1% E60 8.31 114.04 56.83 28.11 8.11 114.88 57.32 28.40
Y7 7.92 119.52 5749 3751 (7.84 116.39 56.82 3F*.03)161 8.98 123.68 57.47 39.41 8.85 122.91 57.19
S8 7.86 117.46 58.05 63.19 751 116.43 57.60 63.68 L62 7.88 116.83 56.75 40.88 8.16 119.11 56.47 4
A9 8.45 126.36 53.92 17.34 9.00 128.22 54.35 17.53 R63 8.27 119.08 58.77 29.75 8.08 119.24 58.58 2
Al10 8.07 121.08 53.67 17.42 8.34 120.48 54.35 17.40 G64 755 102.31 46.59 7.52 103.26 46.14—
M11 (7.86 118.57 56.39 31.43)7.68 117.60 56.06 30.78 E65 7.99 118.86 56.66 30.23 7.90 119.44 56.79 29.¢
Al2 8.06 123.13 54.49 17.40 7.97 12254 5466 17.14 M66 8.53 119.12 5451 34.79 8.25 118.87 55.25 3

E13 8.15 119.19 58.34 28.27 (58.18 28°30)S67 8.66 118.70 57.12 63.55 8.61 117.73 57.07 63.91
Q14 794 121.11 58.75 27.49 (8.09 120.92 58.32 27.61Q68 10.06 122.24 60.01 25.61 8.68 120.49 59.41 27.31
R15 855 117.21 58.03 28.83 R69 8.65 119.94 58.94 28.65 8.09 117.89 58.01 29..
H16 (58.90 28.24) (8.32 120.59 59.23 28.41) E70 7.63 120.18 58.42 28.56 7.63 119.80 58.17 28.87

Q17 (8.31 118.21 58.30 27.22)8.18 117.84 58.45 27.16 L71 8.29 12294 57.46 41.01 8.36 121.71 57.17 41.0
E18 (8.39 120.47 58.42 27.45)3.13 119.92 58.58 27.83 K72 8.82 119.69 59.44 29.27 7.91 120.27 58.69 31.3
w19 59.09 27.56 8.29 122.77 58.65 28.16 N73 7.78 118.99 55.10 37.37 7.63 117.21 54.80 37
L20 7.75 117.76 57.10 39.23 8.03 118.12 56.98 39.29 E74 8.22 121.27 58.46 28.12 8.35 119.79 57.70 2
R21  7.89 120.64 59.02 28.64 7.71 119.80 58.99 28.62 L75 7.85 114.39 54.39 42.22 8.15 11551 54.62 4
F22 8.11 121.36 61.09 36.38 7.74 120.55 61.42 36.35 G76 8.02 111.09 46.41 7.89 109.75 46.37—

V23 7.77 11950 66.10 30.08 7.89 119.46 65.93 30.24 AT7 7.39 118.46 49.73 20.81 7.06 119.45 49.43 2
D24 774 12148 56.75 40.56 8.02 121.59 56.76 40.59 G78 9.40 105.83 43.64 9.73 106.79 45.76—

L25 8.24 12439 57.38 4147 7.96 124.14 57.47 41.12 179 9.34 127.23 61.56 37.10 8.74 123.34 62.46 3
L26  8.34 119.93 56.65 38.88 56.60 38.85 A80 9.04 120.86 53.92 18.65 9.14 124.21 54.77 17.
K27 7.42 120.88 59.44 31.15 7.29 120.86 59.51 31.14 T81 7.54 118.59 65.09 67.51 7.20 117.05 64.59 6
N28* 7.57 116.73 55.42 38.06 7.57 116.73 55.42 38.06 182 7.14 122.14 64.47 35.15 7.68 121.78 64.73 3¢
A29 8.88 126.72 55.27 16.70 8.97 126.74 55.18 16.66 T83 9.29 118.63 66.00 67.54 8.64 117.09 66.19 6
Y30* 8.38 119.31 61.28 37.27 8.38 119.31 61.28 37.27 R84 7.82 121.20 59.67 7.97 123.57 59.24 28
Q31 7.32 117.29 5757 27.44 7.28 117.21 57.51 27.43 G85 7.19 110.23 48.44 7.96 110.42 48.19—

N32* 7.30 115.76 52.71 39.62 7.30 115.76 52.71 39.62 S86 8.65 117.03 59.97 62.99 8.48 117.55 60.90 6
D33* 7.88 117.57 55.91 39.08 7.88 117.57 55.91 39.08 N87 9.03 116.20 55.41 36.56 8.51 119.30 55.34 3t
L34* 8.24 118.08 53.11 42.09 8.24 118.08 53.11 42.09 S88

H35* 9.03 121.08 58.80 27.75 9.03 121.08 58.80 27.75 L89 8.30 124.81 57.61 41.35 8.46 124.28 57.46 4]
L36* 7.46 119.62 59.24 36.42 7.46 119.62 59.24 36.42 K90 7.82 117.10 59.02 31.87 7.92 118.43 58.60 31

P37 64.79 29.80 — 64.86 29.85 A9l 7.10 118.23 51.21 18.45 7.04 118.41 51.29 18.3C
L38* 7.93 120.26 58.03 40.13 7.93 120.26 58.03 40.13 A92 7.36 124.07 49.90 16.92 7.34 123.83 49.68 1¢
L39 8.86 120.99 57.92 4043 891 121.23 57.95 40.30 P93— 62.04 31.25— 61.97 31.22

N40 8.06 118.61 54.38 37.29 8.16 118.50 54.39 37.24 Vo4 8.80 125.07 65.54 30.56 8.89 125.03 65.96 3
L41  7.66 120.29 57.90 57.93 41.20 E95 9.75 119.29 59.52 27.27 9.85 119.15 59.50 27.

M42 8.63 115.22 55.47 31.06 8.44 114.73 55.36 30.82 L96* 7.24 117.65 56.73 40.77 7.24 117.65 56.73 A4(
L43  7.68 115.88 53.49 43.64 7.57 115.50 53.24 44.02 R97 7.84 119.78 60.65 29.00 7.75 118.96 60.85 2
T44  9.45 11752 58.82 66.99 9.66 118.09 58.81 66.66 Q98* 8.68 116.49 58.43 27.65 8.68 116.49 58.43 2
65.27 30.79 —

P45  — (62.91 30.88) W99 7.45 12138 61.26 27.77 7.40 121.41 61.25 27.77
D46 8.26 116.54 56.48 38.06 (7.83 119.20 56.91 37.65)100* 8.80 117.74 57.09 41.40 8.80 117.74 57.09 41.40
E47 E101* 7.88 117.00 59.34 28.44 7.88 117.00 59.34 28.44
R48 7.62 117.12 59.92 7.51 116.81 59.82 29.37 E102* 7.38 118.17 58.33 28.49 7.38 118.17 58.33 2¢

E49 7.61 117.00 58.80 28.08 7.74 118.01 58.62 28.05 V103 7.92 113.73 63.64 30.94 7.87 113.70 63.64 3
A50 8.06 122.08 54.64 16.27 8.35 122.83 54.52 16.31 L104* 8.22 117.88 55.56 41.26 8.22 117.88 55.56 4]
L51 8.02 118.85 58.02 40.32 7.88 119.14 58.02 39.94 L105* 7.03 115.89 54.54 39.90 7.03 115.89 54.54 3¢

G52 8.01 105.88 46.82— 8.00 105.14 46.78 — K106* 7.18 119.78 55.85 31.75 7.18 119.78 55.85 31.75
T53 7.94 120.34 66.13 67.98 S107* 8.15 117.74 57.62 63.42 8.15 117.74 57.62 63.4
R54 8.34 121.07 60.34 29.31 8.19 119.83 60.64 D108* 7.92 127.70 55.11 41.13 7.92 127.70 55.11 41

V55 7..86 118.20 66.17 30.34 8.08 118.84 65.77 30.30

a2 There are several points in each sequence (subunit 1 and 2) where the sequential connectivities are broken (for example at Pro resid
text). It has not been possible to place the assignments of the intervening sequence within a given subunit. In addition, stretches of sec
surrounded by residues with identical chemical shifts in each chain (e.g., A29) could also not be assigned to specific subunits. Additional
peaks for residues EE13 have been observed in triple resonance spectra. These peaks may be due to additional conformations of the N-te
region of the protein? ~90% of the amino-terminal methionine of the original trpR translation product is renfdveédentative assignment.
d*indicates residues for which the chemical shifts of both chains are identical.

vary from protein to protein and the curve in Figure 10 serves, an enhancement factor of 1.G8 0.12 was noted for the 64
therefore, only as a guide as to the enhancements that one mighkDa complex (correlation time of 20:5 1.5 ns at 45C) using
expect. While the sensitivity of the “enhanced” approach only peaks corresponding to residues located in the interior of
relative to the “unenhanced” method is less than a full factor the protein in the analysis. It should be emphasized that the
of v/2 even at the smallest of correlation times, this method enhancements in triple-resonance experiments are likely to b
gives measurable sensitivity gains for molecules with correlation somewhat larger than i#PN—HN HSQC based experiments
times until at least 20 ns. Analysis of the data using Student’s which do not record théN chemical shift in a constant-time

t test indicates that at the 95% confidence level enhancementsmode. In this case additional delays must be included during
are observed for correlation times less thah6 ns while at 15N evolution to allow for coherence transfer selection without
the 80% confidence limit a sensitivity gain is observed for a the introduction of chemical shift evolutidd. Of course, even
correlation time of 21 ns. In this context, it is noteworthy that in the absence of notable gains¥N there are advantages in
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Figure 10. Comparison of the sensitivities of crosspeaks in’2m),-
NH planes of HNCO spectra recorded (1) with the enhanced-sensitivity,

2 water flip-back approacéh and (2) without enhanced sensitivity but
1 13¢B I ‘ II l with water flip-back®® The SN of the “enhanced-sensitivity” experiment

1 relative to the “unenhanced” experiment 2 is defined as the ratio
0 (/N2 (SIN)/(SIN)2], wheren is the number of cross peaks considered

and &/N); is the SN of peakk in experimeni. The data from PLCC
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20 40 60 80 100 SH2 (105 residues) dissolved in either 100% waler=(30 °C), 15%
. glycerol (T=30°C), or 30% glycerol T = 30, 20, 10°C) is indicated
Residue
by @, while the relativeSN values for the proteins CheY (14 kDa,

Figure 9. Absolute value of chemical shift differences between the ~80% 2H, T = 30 °C), the 37 kDa trp repressor complex studied
two unique subunits in the tandem trpR complex. Residue number is previously® (~70%?2H, 37 °C), and the 64 kDa trpR complex described
indicated along theX axis, and the absolute value of the difference in in the present paper are indicated ®y A, andd, respectively. Note
chemical shift between the two chains is shown onreis for the that the CheY and the trp repressor samples were dissolved in wate
amide proton, amide nitrogen, carbon, ang carbon. The positions  and a temperature study was not performed. The standard deviatior
of the six helixes (A-F) of trpR are indicated across the top. Helixes in measured values &N and error bars for the derived correlation

D and E comprise the helixturn—helix DNA binding motif which times are indicated. The number of cross peaksjsed in eactgN

contacts the adjacent subunit. analysis is indicated in brackets adjacent to each of the measured value
The best fit line to theSN data from all of the samples is indicated

gradient-based coherence transfer selection approaches espérelative SN = —0.077 x correlation time+ 1.24, correlation

cially in terms of artifact suppression and the use of minimal coefficient= 0.97).

phase cycling schem@;2>
Therefore, it may well be the case that different samples will

Concluding Remarks prove optimal at various stages in the structure determinatior
process. Alternatively, samples with high levels of deuterium
enrichment at the!3C%# positions but retaining sufficient
numbers of protons at other positions might prove useful. We
jare currently pursuing the construction of such samples.

In this paper two constant-time triple-resonance experiments
are presented for recording th&C# chemical shift of
15N,13C,>90% 2H labeled proteins with high resolution. The
experiments have proven extremely useful in the sequentia
assignment of backbone chemical shifts of a 64 kDa complex
consisting of'>N,13C, >90%?2H trpR, 5- methyltryptophan and
a 22-base-pair trp operator DNA fragment which allows for
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