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Abstract: The near complete (>90%) NMR assignment of15N, 13CR, 13Câ, and HN chemical shifts is presented for
a 64 kDa trp repressor-operator complex consisting of two tandem dimers of15N,13C,>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 sequence 5′-CTAG-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 which link13Câ, 15N, and HN chemical shifts; the
pulse sequences which include these changes are presented. The experiments make use of constant-time chemical
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 repressor-operator complex studied here.

Introduction

The utility of partial or complete protein deuteration in concert
with 15N,13C multidimensional NMR techniques has recently
been established through studies on a number of15N,13C,2H
labeled protein systems.1-9 However, the idea of using2H
labeling of proteins as a means of improving spectral quality
dates back to the late 1960s with the experiments of Crespi et
al.10 and Markley et al.11 In the late 1980s, the work of
LeMaster demonstrated the importance of random fractional
deuteration of proteins to aid in the NOE-based sequential
assignment of what was then considered to be a rather large

protein by NMR standards,E. coli thioredoxin (108 residues).12

To obtain a balance between reduced line widths and reduced
sensitivity, LeMaster prepared a 75% deuterium labeled sample
of thioredoxin. Torchia et al. demonstrated in the case of the
protein Staphylococcal nuclease that extremely high quality
HN-HN NOE spectra could be recorded on a sample with
complete deuteration of aliphatic/aromatic side chains.13 Ven-
ters and co-workers14 and Grzesiek et al.15 have extended this
work in the development of four-dimensional15N-separated
NOESY experiments for proteins highly enriched in both15N
and2H. Jardetzky, Arrowsmith, and co-workers have used a
strategy based on selective deuteration to assign the 25 kDa trp
repressor16 molecule. Subsequently these workers used an
approach based on deuteration and heteronuclear-edited NMR
methods to determine the structure of a ternary 37 kDa complex
consisting of trp repressor (trpR), tryptophan, and a 20-base-
pair trp operator DNA fragment.1

Recently we developed a suite of triple-resonance NMR
experiments for the assignment of backbone15N, 13CR and HN
resonances as well as the side chain13Câ carbons in fully15N,13C
labeled and fractionally deuterated proteins.4,5 The methods
were demonstrated on an15N,13C, ∼70% 2H, 37 kDa trpR
complex of a single trpR homodimer bound to a 20-base-pair
consensus sequence (Figure 1a). However, genetic and bio-
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chemical evidence indicates that multiple trpR dimers bind to
natural trp operator sites and that one, two, or three trpR dimers
can bind to an operator depending on the sequence and
length.17-19 Therefore, we have recently initiated an NMR study
of a 64 kDa complex consisting of two trpR homodimers bound
to a symmetrized operator DNA (5′ACTAGTTAACTAGT-
TAACTAGT3′, see below and Figure 1b) and stabilized by
the corepressor analog, 5-methyl-L-tryptophan. A crystal
structure of trpR bound in tandem to DNA has recently been
published,20 and on the basis of this structure, it is clear that
the axis of symmetry of the complex considered here (see Figure
1b) no longer bisects the trpR dimer, as is the case for the 1:1
complex (Figure 1a). Because of the close contacts between
two of the four trpR subunits at the central 5′-CTAG-3′ site
and truncation of the DNA near the two flanking 5′-CTAG-3′
sites, the two subunits within each of the dimers are no longer
equivalent. As a result, the number of cross peaks observed in
spectra recorded on this system is nearly doubled relative to
spectra recorded on the 37 kDa, single trpR dimer complex.
Analysis of spectra recorded on this tandem dimer system is,
therefore, significantly more difficult than for the case of the
37 kDa complex.
In this paper we describe a number of new15N,13C,2H-based

experiments which are similar to the15N,13C,2H triple-resonance
schemes4,5 that we originally proposed for correlating13Câ, 15N,
and HN chemical shifts, but offer significantly improved spectral
resolution. The utility of these pulse sequences is demonstrated
in the assignment of the backbone resonances of the 64 kDa
trpR ternary complex. The backbone15N,13CR, HN, and13Câ

chemical shifts are tabulated, and a comparison of the chemical
shifts observed for the two unique subunits within each trpR
dimer is presented. The high molecular weight of the trpR
system has led to an analysis of the efficiency of the enhanced
sensitivity21,22pulsed field gradient approach23-25 for recording
spectra of large deuterated proteins. To this end the sensitivities

of HNCO26 spectra measured using gradient, sensitivity en-
hanced and gradient, unenhanced triple-resonance pulse schemes
are compared.

Experimental Section

Triply (15N,13C,>90%2H) labeled trpR protein was prepared from
the overproducingE. coli strain CY1507027 containing the plasmid
pJPR2. The cells were adapted to growth in D2O using the following
scheme. Cells were first grown in M9 media with 200µg/mL ampicillin
and 33% D2O as the solvent at 37°C and then plated onto an M9 agar
plate made from 33% D2O. A colony from the 33% plate was used to
inoculate M9 media with 56% D2O, cultured overnight at 37°C. A
frozen stock was prepared from 1 mL of this culture and later plated
onto an M9 agar plate made with 99.9% D2O with sodium acetate as
the carbon source instead of glucose. For large-scale purification of
triply labeled trpR, a single colony from the 99.9% D2O/acetate plate
was used to inoculate 2× 25 mL of 99.9% D2O M9 media with
13CH3

13COONa and15NH4Cl as the sole carbon and nitrogen sources,
respectively. Following 5 days of growth at 37°C, each 25 mL culture
(OD600 ) 0.73) was used to inoculate 1 L of thesame triply labeled
M9 media (1 g/L15NH4Cl, 4 g/L 13CH3

13COONa) containing 10 mL
of a mixture of vitamins (100 mL stock solution contains 1 mg of
riboflavin, 20 mg of biotin, 10 mg of folic acid, 10 mg ofd-
pantothenate, and 50 mg of thiamin). After an additional 3.2 days of
growth the culture reached an absorbance of 0.71 at 600 nm.
Subsequently, trpR production was induced by the addition of isopropyl-
â-D-thiogalactopyranoside (IPTG) to a concentration of 1 mM. The
cells were harvested 18 h later at a final OD600 of 1.1. The yield of
wet cells was 3.19 g/L. Purification was as described previously16,27

with an additional elution through a Perceptive Biosystem BioCAD
unit. The protein was loaded onto a POROS HQ anion exchange
column equilibrated with 12.5 mM sodium phosphate and 12.5 mM
NaCl at pH 7.36. The protein was eluted with a gradient of 12.5-400
mM NaCl in the same buffer. The final yield from 2 L of culture was
15 mg of15N,13C,2H labeled trpR which appeared as a single band on
a Coomassie Blue stained SDS gel. Mass spectroscopic analysis
indicated that the level of deuteration in the protein was 91%.
The protein-DNA complex was prepared by the addition of a one-

fourth subunit equivalent of double-stranded synthetic operator (5′-
ACTAGTTAACTAGTTAACTAGT-3′) to trpR followed by dialysis
and concentration into a pH 6 solution of 10 mM sodium phosphate
and a 6.0 mM racemic mixture of 5-methyltryptophan. Only the
L-isomer binds with significant affinity to trpR.28 Final NMR sample
conditions were 2.4 mM trpR (monomer), 0.6 mM double-stranded
operator DNA, 3.0 mM 5-methyl-L-tryptophan, and 10 mM sodium
phosphate adjusted to pH 6, 7% D2O/93% H2O, 45 °C.
All experiments were performed on a four-channel Varian UNITY+

500 MHz spectrometer equipped with a pulsed field gradient unit and
an actively shielded triple-resonance probe head. A separate rf channel
was used for each of the1H, 13C, 15N, and 2H pulses. The2H lock
receiver was disabled during application of2H pulses/decoupling and
during field gradient pulses.
The constant-time HNCA experiment (CT-HNCA) was recorded as

an 84* × 28* × 512* matrix (the * indicates complex points);
acquisition times of 25.7, 23.0, and 64.0 ms in each oft1, t2, and t3
were utilized. The corresponding spectral widths inF1, F2, andF3
were 3268, 1217, and 8000 Hz. The data set was acquired with 16
scans per FID and a repetition delay of 2 s, giving rise to a total
acquisition time of 90 h. For the CT-HN(CO)CA experiment, a matrix
of 84* × 26* × 512* points was acquired with acquisition times of
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Figure 1. (a) Schematic drawing of the 1:1 trpR-operator complex,
37 kDa, studied previously1,4,5 and (b) the tandem 2:1 trpR-operator
complex, 64 kDa, studied here. The 5′-CTAG-3′ sequences that are
most sensitive to mutation in natural operators and which can share
two helix-turn-helix DNA-binding motifs20 in the tandem complex
are shown in bold. Each subunit of trpR recognizes the 5′-CT-3′ bases
of the 5′-CTAG-3′ sequence.20 In the 1:1 complex, both subunits are
in equivalent chemical environments and therefore have identical
chemical shifts. In the 2:1 tandem complex, the two subunits of each
dimer are no longer equivalent and have different chemical shifts (A
* B). We do not suggest that the structures of the two subunits are
significantly different, but only present this diagram to illustrate how
the asymmetry in chemical shifts within each dimer arises. The 2-fold
axis of symmetry in each of the complexes is indicated.
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25.7, 21.4, and 64.0 ms (t1, t2, and t3) and spectral widths of 3268,
1217, and 8000 Hz (F1, F2 andF3). The total measuring time with 16
scans per FID and a repetition delay of 2 s was 84 h. Both the CT-
HN(COCA)CB and the CT-HN(CA)CB experiments were acquired
with 80* × 28* × 512* complex matrices and with acquisition times
of 22.9, 23.0, and 64.0 ms (t1, t2, and t3). Spectral widths of 3500,
1217, and 8000 Hz inF1, F2, andF3 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 software29 and

analyzed using the program PIPP.30 In the HN dimension of all data
sets a solvent suppression filter31 was employed to minimize distortions
from the residual water signal prior to apodization with a 65°-shifted
squared sine-bell window function. The data were subsequently zero
filled to twice the size and Fourier transformed, retaining only the
downfield half of the spectrum. A 65°-shifted 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 the15N time domain was doubled via mirror image linear prediction,32

apodized using a cosine-bell function, zero filled to 128 complex points,
Fourier transformed, and phased, and the imaginaries were eliminated.
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× 512 real points.
In order to assess the efficiency of enhanced sensitivity21,22 pulsed

field gradient methods23-25 for recording spectra on proteins with high
levels of deuteration, a sample of the C-terminal SH2 domain of
phospholipase Cγ1 (PLCC SH2, 105 amino acids) was prepared.33

Briefly, 15N,13C,2H-labeled PLCC SH2 was generated by overexpression
fromE. coliBL21(DE3) cells transformed with a previously described
PLCC clone.33 Cells were grown at 37°C in LB media overnight and
then transferred into 50 mL of M9 media containing 1 g/L15NH4Cl
and 3 g/L13C-glucose and grown to OD600) 0.5. An aliquot sufficient
to start a subsequent culture at OD600 ) 0.1 was centrifuged and
resuspended in 50 mL of M9 media in 99.9% D2O. 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 30°C for 27 h prior to harvesting
and cell lysis with sonication. The overexpressed protein was purified
with phosphotyrosine affinity chromatography to>95% 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
prepared14N,12C,2H samples, the protein is approximately 80% deu-
terated at aliphatic positions. The lower level of deuteration compared
to the trpR case is due to the use of protonated glucose, as opposed to
(protonated) acetate, and will lead to decreased amounts of deuteration
at specific side chain positions of several amino acid types. Samples
were concentrated to∼0.7 mM in a buffer containing 100 mM sodium
phosphate (pH 6.0), 0.1 mM EDTA, 0.1 mM DTT, and 0%, 15%, or
30% (volume) glycerol.
HNCO spectra employing the “water flip back” approach34-36 to

minimize saturation/dephasing of water were recorded with (i) the
enhanced sensitivity pulse scheme of Figure 1 of ref 34 and (ii) with
a “water flip-back water-gate sequence” that does not make use of
gradients for coherence transfer selection and does not employ the
enhanced sensitivity scheme. Sequence ii is essentially as is illustrated
in Figure 1b of ref 25 with the exception that the flip-back approach
discussed by Grzesiek and Bax35 has been added, a number of gradients
are included to minimize artifacts and the coherence transfer selection
gradients, and g3 and g4, are removed. The correlation time of PLCC

SH2 was varied by including either 15% or 30% glycerol in the sample,
and spectra were obtained at temperatures of 30, 20, and 10°C. The
correlation time describing the molecular tumbling was estimated for
each sample at each of the temperatures by recording backbone15N
T1, T2, and steady state1H-15N NOE experiments and simultaneously
fitting all of the data, using procedures described previously.37 The
signal-to-noise values (S/N) of cross peaks were calculated by measuring
the peak volumes and dividing by the estimated rms noise intensity
obtained from nmrDraw.29 The S/N of the “enhanced-sensitivity”
experiment 1 relative to the “unenhanced” experiment 2 is defined as
the ratio (1/n)Σk [(Sk/N)1/(Sk/N)2], wheren is the number of cross peaks
considered and (Sk/N)i is theS/N of peakk in experimenti.

Results and Discussion

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 HNCACB, for obtaining backbone assign-
ments of15N,13C, fractionally2H labeled proteins.4,5 The first
pair of experiments in the set link HN,15N and13CR chemical
shifts, while the next two experiments correlate HN,15N, and
13Câ shifts. The 4D HNCACB scheme links HN and15N,
chemical shifts with both intra- and inter-residue (13CR,13Câ)
pairs. Both CT-HNCA and CT-HN(CO)CA provide spectra
with high sensitivity and high resolution. This latter feature is
achieved by recording the13CR and the15N shifts in constant-
time mode.38,39 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-bond
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. How-
ever, the substitution of deuterons for protons at the carbon
positions significantly increases the13C transverse relaxation
times (from an average of 16.5 to 130 ms for13CR in the 37
kDa trpR complex), allowing the use of CT spectroscopy with
high sensitivity and a significant improvement in resolution.4,5

Our previous15N,13C,2H studies of trpR were conducted on
an approximately 70% fractionally deuterated sample with the
intent that this NMR sample would be used to carry out both
sequential assignments and, subsequently, structural analysis.
In constructing this sample we hoped to achieve a reasonable
compromise between a sufficiently high level of deuteration with
concomitant increase in carbonT2 values and retaining an
adequate supply of protons for the establishment of distance
constraints via measurement of1H-1H NOEs. With this level
of deuteration (∼70% at the13CR position), high sensitivity
spectra can be recorded using CT13CR carbon acquisition. In
the case of experiments which record the13Câ chemical shift,
such as the HN(COCA)CB and the HN(CA)CB, cross peaks
arise from magnetization which is transferred from13CR to 13Câ

and subsequently back to13CR after the13Câ chemical shift
evolution. This process dictates that magnetization reside on
the13CR spin in the transverse plane for a time interval of 1/JCC
(∼28 ms), whereJCC is the aliphatic one-bond carbon-carbon
scalar coupling constant,∼35 Hz. Moreover, if the13Câ shift
is recorded in a constant-time manner, magnetization resides
on theâ-carbon for an additional∼28 ms. The use of CT-13C
spectroscopy for recording13Câ shift evolution, therefore,
requires a high level of deuteration at bothR andâ positions.
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In the case of 70% deuteration this condition is not met,
precluding the efficient use of CT spectroscopy for the recording
of 13Câ chemical shifts. For this reason the HN(CA)CB and
HN(COCA)CB pulse sequences that we developed previously
record13Câ shifts in a non-constant-time manner. The relatively
short acquisition times in the carbon dimension in these original
experiments, 7-8 ms, limit the resolution available and are a
significant problem in the application of the methodology to
proteins of increasing size, such as the 64 kDa tandem trpR
complex.
Figure 1 provides a comparative illustration of the 37 kDa

and the 64 kDa trpR-operator complexes. The presence of an
additional 5′-CTAG-3′ site on each DNA strand in Figure 1b
allows a second trpR dimer to bind to the complex.18 Note
that, in the tandem dimer (Figure 1b), two of the four trpR
subunits interact with each other (molecules labeled “B” in the
figure; see discussion below).20 Each of the subunits within a
dimer are, therefore, no longer symmetry related, leading to a
near doubling of the numbers of cross peaks in spectra relative
to the 37 kDa trpR complex. That is, in the tandem complex,
each “A” subunit gives identical spectra which differ from
spectra of the identical “B” subunits. The large molecular
weight of the tandem trpR complex and especially the ap-
proximate 2-fold increase in the number of cross peaks relative
to the 37 kDa complex has forced us to reconsider our original
strategy of using a 60-70% fractionally deuterated sample for
the complete NMR analysis. In the present case we have
increased the level of deuteration of the sample so that the13Câ

chemical shift could be recorded in constant-time mode,
allowing high-resolution HN(COCA)CB and HN(CA)CB spec-
tra to be obtained. While the minimum level of deuteration
necessary for the success of these experiments will likely vary
for different proteins, a 90%2H labeled trpR sample was
employed in the experiments described below.
Figure 2 illustrates the CT-HN(COCA)CB (a) and CT-HN-

(CA)CB (b) pulse sequences that we have developed. The
sequences are similar in many details to their non-constant-
time counterparts and are therefore only described briefly here.
The flow of magnetization in these experiments can be
summarized as follows:

The relevant active couplings involved in each transfer step are
indicated above the arrows. To emphasize that both the13Câ

and 15N chemical shifts are recorded in constant-time mode,
we denote thet1 and t2 acquisition times by CTt1 and CTt2,
respectively. As in the previous family of experiments, pulsed
field gradients have been employed to minimize artifacts and
residual water in spectra.40 Additionally, we have employed
gradients to select for the coherence transfer pathway with
magnetization passing through15N during the CTt2 period in
each of the sequences, making use of an “enhanced sensitivity

pulsed field gradient method”.23-25 An evaluation of the utility
of such an approach for application to high molecular weight
deuterated proteins is presented below. In these experiments
saturation/dephasing of water is kept to a minimum by making
use of a strategy that has been described in detail previously.34-36

It is also noted that improved lock stability can be achieved in
these experiments by sandwiching the2H WALTZ-16x decou-
pling element between a 90y,90-y

2H pulse pair8,41 (i.e., 90y-
WALTZ-16x-90-y) in a manner analogous to the procedure
employed for the minimization of water saturation/dephasing
during 1H decoupling applied during pulse schemes recorded
on samples dissolved in H2O.34 In this way deuterium
magnetization is returned to the+Z axis prior to acquisition,
ensuring that the lock functions with maximum sensitivity.
The13Câ chemical shift is recorded in a constant-time manner,

during the delay 2TC (2TC ) 1/JCC∼ 28 ms) in the sequences
of Figure 2a,b. The success of the constant time period in
eliminating the effects of the one-bond carbon couplings rests
on the fact that aliphatic carbon couplings are relatively uniform
in magnitude (∼35 Hz). However, the13Câ-13Cγ couplings in
the aromatic residues or in Asp/Asn are somewhat larger,JCC
∼ 43-55 Hz, and in constant-time carbon evolution experi-
ments, with the value ofTC optimized for aliphatic carbon
couplings, this difference leads to a net evolution of the
aromatic/Asp/Asn13Câ magnetization. A subsequent decrease
in the sensitivity of (13Câ,15N,HN) cross peaks of these residues
results. In order to avoid this loss in sensitivity, a G3-inversion
pulse42 is applied at point a in each of the sequences. The
excitation profile of this pulse is centered at the midpoint
between the carbonyl shifts in Asp and Asn (∼180 ppm) and
the aromatic13Cγ shifts (∼130 ppm), and the pulse is applied
with sufficient power that the13Cγ carbons of the aromatic
residues and of Asp/Asn are inverted. The13Cγ carbons of all
other residues are unaffected by this pulse or the subsequent
Bloch-Siegert compensation39 G3-inversion pulse applied im-
mediately prior to the13CR/â pulse of phaseφ4 in Figure 2. The
application of these pulses ensures that the13Câ-13Cγ couplings
are refocused at the end of the 2TC period for these residues
and there is thus no loss in sensitivity of cross peaks from
aromatic or Asp/Asn amino acids. Note that Grzesiek and Bax
have exploited the differences in13Câ-13Cγ couplings to record
(13Câ,1Hâ) correlation maps with cross peaks exclusively from
aromatic residues or from Asp/Asn.43

An additional point of interest in these sequences is that a
1H 180° pulse is applied at a timeτd ) 1/(4JHC) after point a
(see Figure 2). This ensures that13Câ carbons coupled to either
one or more protons will not contribute to the observed signal.4

Note thatâ-carbon magnetization evolves to give terms which
are antiphase with respect to proton magnetization during this
interval (2TC) and such terms are not refocused by the
subsequent application of pulses in the sequence. The majority
of the carbons are completely deuterated and hence will be
unaffected by this purging scheme. However, it may well be
the case that the protein is not completely deuterated at the
â-position and the application of this purge pulse ensures that
the resulting spectra are not complicated by additional cross
peaks arising from the deuterium isotope shift.2

An 15N-HN correlation map of the tandem trpR complex is
illustrated in Figure 3, showing doubling of many of the cross
peaks, as expected from Figure 1. Note, therefore, that while
the trpR monomer concentration in the sample employed in the
present study is 2.4 mM the “effective” concentration is in fact
only 1.2 mM for regions of the molecule showing duplication

(40) Bax, A.; Pochapsky, S.J. Magn. Reson.1992, 99, 638.

(41) Muhandiram, D. R.; Yamazaki, T.; Sykes, B. D.; Kay, L. E.J. Am.
Chem. Soc.1995, 117, 11536.

(42) Emsley, L.; Bodenhausen G.Chem. Phys. Lett.1987, 165, 469.
(43) Grzesiek, S.; Bax, A.J. Biomol. NMR1993, 3, 185.

3D CT-HN(COCA)CB

HN98
JHN 15N98

JNC′ 13CO(i-1)98
JC′CR 13CR

(i-1)98
JCRCâ

13Câ
(i-1) (CT t1)98

JCRCâ 13CR
(i-1)98

JC′CR 13CO(i-1)98
JNC′

15N (CT t2)98
JHN

HN (t3)

3D CT-HN(CA)CB

HN98
JHN 15N98

JNCR 13CR98
JCRCâ 13Câ (CT t1)98

JCRCâ

13CR98
JNCR 15N (CT t2)98

JHN
HN (t3)

Assignment of Resonances in Repressor-Operator Complex J. Am. Chem. Soc., Vol. 118, No. 28, 19966573

+ +



F
ig
ur
e
2.

P
ul
se

sc
he
m
es

of
th
e
(a
)
3D

C
T
-H
N
(C
O
C
A
)C
B
an
d
(b
)
C
T
-H
N
(C
A
)C
B
ex
pe
rim

en
ts
.
A
ll

na
rr
ow

(w
id
e)
pu
ls
es

ha
ve

a
fli
p
an
gl
e
of
90°
(1
80

°)
an
d
un
le
ss

in
di
ca
te
d
ot
he
rw
is
e
ar
e
ap
pl
ie
d
al
on
g

th
e
x
ax
is
.
T
he

1 H
,
15
N
,
an
d
2 H

ca
rr
ie
rs

ar
e
ce
nt
er
ed

at
4.
6
(w
at
er
),
11
9,

an
d
3
pp
m
,
re
sp
ec
tiv
el
y.

P
ro
to
n
pu
ls
es

ar
e
ap
pl
ie
d
us
in
g
a
30

kH
z
fie
ld
w
ith

th
e
ex
ce
pt
io
n
of

th
e
w
at
er
-s
el
ec
tiv
e
90

°
pu
ls
e

du
rin
g
th
e
fir
st
IN
E
P
T48
w
hi
ch

is
a
2
m
sr
ec
ta
ng
ul
ar
pu
ls
e,
th
e
6.
8
kH

z(
y
pu
ls
es

fla
nk
in
g
th
e
W
A
LT
Z
-

16
x4
9
de
co
up
lin
g
pe
rio
ds
,
an
d
th
e
6.
8
kH

z
1 H

de
co
up
lin
g
pe
rio
ds
.
A
ll15
N
pu
ls
es

ar
e
ap
pl
ie
d
us
in
g
a

5.
8
kH

z
fie
ld
,w

ith
th
e
ex
ce
pt
io
n
of1
5 N

de
co
up
lin
g
du
rin
g
ac
qu
is
iti
on

w
hi
ch

em
pl
oys
a
1
kH

z
W
A
LT
Z
-

16
de
co
up
lin
g
fie
ld
.A

ll
ca
rb
on

pu
ls
es

m
ak
e
us
e
of
on
ly
a
si
ng
le
fr
eq
ue
nc
y
so
ur
ce
.T
he

90
(
y
2 H

pu
ls
es

w
hi
ch

sa
nd
w
ic
h
th
e
0.
9
kH

z2 H
W
A
LT
Z
-1
6 x
de
co
up
lin
g
se
qu
en
ce

ar
e
ap
pl
ie
d
at
2.
1
kH

z.
A
ll
de
co
up
lin
g

is
in
te
rr
u
p
te
d
p
rio
r
to
th
e
a
p
p
lic
a
tio
n
o
fg
ra
d
ie
n
tp
u
ls
e
s.

50
S
eq
ue
nc
e
a,
C
T
-H
N
(C
O
C
A
)C
B
:
A
ll
ca
rb
on

pu
ls
es

on
th
e
lin
e
in
di
ca
te
d
by13
C

d
O
ar
e
ap
pl
ie
d
as

“o
n-
re
so
na
nc
e”
pu
ls
es

ce
nt
er
ed

at
17
8
pp
m
,w

ith
th
e
ex
ce
pt
io
n
of
th
e
sh
ap
ed

pu
ls
es

ap
pl
ie
d
du
rin
g
th
e
co
ns
ta
nt
-t
im
e

13
C

â
ev
ol
ut
io
n
pe
rio
d
(in
di
ca
te
d

by
*,
se
e
be
lo
w
).
C
ar
bo
ny
l1
80o
pu
ls
es

(f
irs
t
tw
o
an
d
la
st
tw
o
sh
ap
ed

pu
ls
es

on
13
C

d
O
lin
e)

us
e
th
e

S
E
D
U
C
E
-15

1
pr
of
ile

w
ith

a
le
ng
th
of
23
0µ
s
an
d
a
pe
ak

am
pl
itu
de

of
4.
72

kH
z.
Im
m
ed
ia
te
ly
pr
io
r
to

th
e

13
C

R
/â
pu
ls
e
of

ph
as
eφ
2,

th
e
ca
rb
on

ca
rr
ie
r
is
ju
m
pe
d
fr
om

17
8
to

43
pp
m

an
d
su
bs
eq
ue
nt
ly

ju
m
pe
d
ba
ck

to
17
8
af
te
r
th
e
fin
al
2τ f
pe
rio
d.
T
he

“d
ia
go
na
l”
ar
ro
w
s
in
di
ca
te
th
e
po
si
tio
ns

w
he
re

th
e

ca
rr
ie
r
is
ju
m
pe
d.

T
he

tw
o
ca
rb
on

pu
ls
es

in
di
ca
te
d
by

*
ar
e
ap
pl
ie
d
as

37
0

µs
(9
.7
3
kH

z
at

pe
ak

am
pl
itu
de
)
G
3-
in
ve
rs
io
n
pu
ls
es42
ce
nt
er
ed

at
15
0
pp
m
an
d
in
ve
rt
bo
th
ca
rb
on
yl
(C

′)
an
d
ar
om

at
ic
Cγ

ca
rb
on
s.
B
ec
au
se

th
e
ca
rb
on

ca
rr
ie
r
is
at
43

pp
m
at
th
is
po
in
ti
n
th
e
se
qu
en
ce

th
es
e
pu
ls
es

ar
e
ap
pl
ie
d

as
10
7
pp
m
ph
as
e
m
od
ul
at
ed

pu
ls
es
.

52
,5
3
T
he

13
C

R
/â
18
0°
pu
ls
es

m
ar
ke
d
by

R
ar
e
ap
pl
ie
d
as

12
0
pp
m

ph
as
e
m
od
ul
at
ed

pu
ls
es

(i.
e.
,
ce
nt
er

of
ex
ci
ta
tio
n
is
at

58
pp
m
)
w
ith

an
8.
7
kH

z
fie
ld
to

m
in
im
iz
e

ex
ci
ta
tio
n
of
C′
sp
in
s,
w
hi
le
th
e
90°

C
′p
ul
se
s
ar
e
ap
pl
ie
d
w
ith

a
3.
9
kH

z
fie
ld
to
av
oi
d
ex
ci
ta
tio
n
of

13
C

R
m
ag
ne
tiz
at
io
n.

T
he

90°
13
C

R
/â
pu
ls
es

m
ak
e
us
e
of

a
4.
4
kH

z
fie
ld
to

m
in
im
iz
e
ex
ci
ta
tio
n
of

C
′

sp
in
s.
T
he

th
re
e
sh
ap
ed13
C

R/
â
18
0°
pu
ls
es

ar
e
ap
pl
ie
d
as

40
0µs
R
E
-B
U
R
P5
4
pu
ls
es

w
ith

pe
ak

am
pl
itu
de
s

of
15
.7
kH

z
an
d
w
ith

ad
ju
st
m
en
to
fp
ha
se

so
as

to
co
m
pe
ns
at
e
fo
r
an
y
ph
as
e
ch
an
ge
s
th
at
ac
co
m
pa
ny

th
e
di
ffe
re
nc
es

in
po
w
er
us
ed

fo
r
th
es
e
pu
ls
es

an
d
th
e
fla
nk
in
g
90

°1
3 C

R/
â
pu
ls
es
.S

E
D
U
C
E
-1
de
co
up
lin
g

is
ap
pl
ie
d
us
in
g
a
12
0
pp
m
co
si
ne

m
od
ul
at
ed

W
A
LT
Z
-1
6
fie
ld

55
(i.
e.
,c
en
te
re
d
at
58

pp
m
)
em

pl
oy
in
g

pu
ls
es

ha
vi
ng

th
e
S
E
D
U
C
E
-1

pr
of
ile

(3
30µ
s
90

°
pu
ls
es
).
T
he

po
si
tio
ns

of
th
e
B
lo
ch-
S
ie
ge
rt

co
m
pe
ns
at
io
n
pu
ls
es39
ar
e
in
di
ca
te
d
by

ar
ro
w
he
ad
s.
T
he

de
la
ys

em
pl
oy
ed

ar
e

τ a
)
2.
4
m
s,

τ b
)
5.
5

m
s,

τ c
)
12

m
s,

τ d
)
1.
7
m
s,

τ e
)
4.
1
m
s,

τ f
)
7.
0
m
s,
T
C

)
14
.0
m
s,
T

)
12
.0
m
s,
an
dδ

)
0.
5
m
s.

N
ot
e
th
at
th
is
tim

in
g
di
ag
ra
m
is
no
tt
o
sc
al
e.
T
he1 H
18
0°
pu
ls
e
of
ph
as
e
-x
is
ap
pl
ie
d
at
a
tim

eτ d
af
te
r

po
in
ta
.T
he
re
fo
re
,t
he
re
is
a
de
la
y
of
T

C
-

τ d
be
tw
ee
n
th
is
pu
ls
e
an
d
th
e
su
bs
eq
ue
nt

13
C

R
/â
R
E
-B
U
R
P

pu
ls
e.
T
he

ph
as
e
cy
cl
in
g
em

pl
oy
ed

is
φ
1

)
(x
,-
x)
;φ
2

)
2(
x)
,2
(-
x)
;φ
3

)
4(
y)
,4
(-
y)
;φ
4

)
y;
φ
5

)
x;
φ
6

)
4(
x)
,4
(-
x)
;φ
7

)
x;
re
c

)
(x
,-
x,

-
x,
x)
.Q

ua
dr
at
ur
e
inF

1
is
ac
hi
ev
ed

vi
a
S
ta
te
s-
T
P
P
I56
of
φ
2

an
d
φ
3.

T
he

ph
as
eφ
5
an
d
th
e
ph
as
e
of

th
e
re
ce
iv
er

ar
e
in
cr
em

en
te
d
fo
r
ea
ch

di
st
in
ct
va
lu
e
of

t 2
.5
6

Q
ua
dr
at
ur
e
in
F
2
is

ac
hi
ev
ed

vi
a
th
e
“e
nh
an
ce
d
se
ns
iti
vi
ty
”
P
F
G

m
et
ho
d
di
sc
us
se
d
in

de
ta
il

pr
ev
io
us
ly
.23

-
25
T
he

du
ra
tio
ns

an
d
st
re
ng
th
s
of
th
e
gr
ad
ie
nt
s
(r
ec
ta
ng
ul
ar
)
ar
e
g1

)
(0
.5
m
s,
16

G
/c
m
),

g2
)
(0
.5
m
s,
8
G
/c
m
),
g3

)
(1
.0
m
s,
20

G
/c
m
),
g4

)
(1
.0
m
s,
2G

/c
m
),
g5

)
(1
.0
m
s,
14

G
/c
m
),

g6
)
(1
.0
m
s,
30

G
/c
m
),
g7

)
(1
.0
m
s,
2
G
/c
m
),
g8

)
(0
.1
50

m
s,
16

G
/c
m
),
g9)

(0
.5
m
s,
20

G
/c
m
),

g1
0

)
(1
.0

m
s,
16

G
/c
m
),
g1
1)

(1
.0

m
s,
1
G
/c
m
),
g1
2)

(0
.6

m
s,
20

G
/c
m
),
g1
3)

(1
.2
5
m
s,
60

G
/c
m
),
g1
3′

)
(0
.1
25

m
s,
58

G
/c
m
),
g1
4)
(0
.5
m
s,
3
G
/c
m
),
g1
5)

(0
.3
m
s,
4
G
/c
m
).
S
eq
ue
nc
e
b,

C
T
-H
N
(C
A
)C
B
:
M
an
y
of
th
e
de
ta
ils

of
th
is
se
qu
en
ce

ar
e
as

de
sc
rib
ed

fo
r
C
T
-H
N
(C
O
C
A
)C
B
.
O
nl
y

th
e
di
ffe
re
nc
es

ar
e
in
di
ca
te
d
he
re
.
T
he

ca
rb
on

ca
rr
ie
r
is
po
si
tio
ne
d
at
43

pp
m
fo
r
th
e
du
ra
tio
n
of
th
e

ex
pe
rim

en
t.
A
ll1

3 C
R
/â
pu
ls
es

ar
e
ap
pl
ie
d
w
ith

a
21

kH
z
fie
ld
w
ith

th
e
ex
ce
pt
io
n
of
th
e
sh
ap
ed

pu
ls
es

w
hi
ch

ar
e
40
0µ
s
R
E
-B
U
R
P5
4
pu
ls
es

w
ith

pe
ak

am
pl
itu
de
s
of

15
.7

kH
z.

A
s
be
fo
re
,
th
e
ph
as
es

of
th
es
e
pu
ls
es

ar
e
ad
ju
st
ed

so
as

to
co
m
pe
ns
at
e
fo
r
an
y
ch
an
ge
s
in
ph
as
e
be
tw
ee
n
th
e
re
ct
an
gu
la
r
an
d

sh
ap
ed

pu
ls
es

th
at
ac
co
m
pa
ny

th
e
di
ffe
re
nc
es

in
po
w
er

le
ve
ls
us
ed
.
T
he

sh
ap
ed

pu
ls
es

in
di
ca
te
d
w
ith

*
(G
3
)4
2
a
re

ce
n
te
re
d
a
t
1
5
0
p
p
m

a
n
d
a
p
p
lie
d
a
s
1
0
7
p
p
m

p
h
a
se
-m

o
d
u
la
te
d
p
u
ls
e
s.

5
2
,5
3
C
a
rb
o
n
yl

de
co
up
lin
g
is
ac
hi
ev
ed

by
13
5
pp
m

co
si
ne

m
od
ul
at
io
n
of

a
W
A
LT
Z
-1
6
se
qu
en
ce

49
by

em
pl
oy
in
g

pu
ls
es

ha
vi
ng

th
e
S
E
D
U
C
E
-1

pr
of
ile51
(3
30

µs
90

°
pu
ls
e)
.
A
s
in
F
ig
ur
e
1a

th
e
tim

in
g
di
ag
ra
m
is
no
t

to
sc
al
e.
N
ot
e
th
at
th
er
e
is
a
de
la
y
ofT C

-
τ d
be
tw
ee
n
th
e1 H

18
0°
pu
ls
e
of
ph
as
e-
x
an
d
th
e
su
bs
eq
ue
nt

1
3 C

R
/â
R
E
-B
U
R
P

p
u
ls
e
.
T
h
e
p
h
a
se

cy
cl
in
g
e
m
p
lo
ye
d
is
φ
1

)
(x
,-
x)
;
φ
2

)
2
(x
),
2
(-
x)
;
φ
3

)
4(
y)
,4
(-
y)
;
φ
4

)
y;
φ
5

)
x;
φ
6

)
4(
x)
,4
(-
x)
,φ
7

)
x;
re
c

)
(x
,-
x,

-
x,
x)
.
Q
ua
dr
at
ur
e
inF

1
an
d
F
2
is

ac
hi
ev
ed

in
th
e
m
an
ne
r
de
sc
rib
ed

in
a.
T
he

du
ra
tio
ns

an
d
st
re
ng
th
s
of
th
e
gr
ad
ie
nt
s
(r
ec
ta
ng
ul
ar
)
ar
e

g1
)
(0
.5
m
s,
16

G
/c
m
),
g2

)
(0
.5
m
s,
8
G
/c
m
),
g3

)
(1
.0
m
s,
20

G
/c
m
),
g4

)
(0
.5
m
s,
16

G
/c
m
),

g5
)
(0
.1

m
s,
60

G
/c
m
),
g6

)
(0
.1
50

m
s,
16

G
/c
m
),
g7

)
(0
.1
0
m
s,
60

G
/c
m
),
g8

)
(0
.6

m
s,
20

G
/c
m
),
g9

)
(1
.2
5
m
s,
60

G
/c
m
),
g9′

)
(0
.1
25

m
s,
58

G
/c
m
),
g1
0)
(0
.5
m
s,
3
G
/c
m
),
g1
1)

(0
.3

m
s,
4
G
/c
m
).

6574 J. Am. Chem. Soc., Vol. 118, No. 28, 1996 Shan et al.

+ +



of resonances (∼85% of trpR). Furthermore, the high content
of R-helical secondary structure in this protein combined with
the doubling of cross peaks results in severe overlap in the
central part of the15N-HN HSQC spectrum. In order to assign
the backbone resonances of both the “A” and “B” subunits, we
made use of the four constant-time triple-resonance experiments
discussed below.
Figures 4-7 illustrate the application of the various triple-

resonance pulse schemes that we have developed to obtain the
13CR,13Câ,15N, and HN assignments of the 64 kDa complex of
trpR, 5-methyltryptophan, and the 22-base-pair DNA sequence
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 form{13CR(i-1),15N(i),HN(i)} are
observed, while in principle, both intra- and inter-residue
correlations linking13CR,15N, and HN are obtained in the CT-
HNCA experiment. In practice, however, we find that only
approximately 37% of the inter-residue correlations are observed
in the CT-HNCA experiment (see Gln 31 and Asn 32, for
example) for the 64 kDa tandem trpR complex, while over 88%
of the expected intra-residue cross peaks are recorded. In the
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-
residue13Câ chemical shifts with (15N,HN) pairs, while only
inter-residue correlations are provided by the CT-HN(COCA)-
CB experiment. Approximately 85% of the intra-residue
correlations and 27% of the inter-residue connectivities are

available from the CT-HN(CA)CB data set, while 87% of the
expected cross peaks are observed in the CT-HN(COCA)CB
spectrum.
Figures 6 and 7 show strip plots from CT-HNCA/CT-HN-

(CO)CA (Figure 6) and CT-HN(CA)CB/CT-HN(COCA)CB
(Figure 7) spectra, focusing on the region from Asn 73 to Ala
80. These residues lie within the helix-turn-helix DNA-
binding motif. Note that cross peaks for both “A” and “B”
subunits can clearly be identified for this region.
The sensitivities of the two new experiments, CT-HN-

(COCA)CB and CT-HN(CA)CB, have been quantitated by
measuring the signal-to-noise ratio (S/N) of each cross peak,
and the percentage of residues having a defined sensitivity is
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 not
doubled. Nevertheless the average values ofS/N for 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
the CT-HN(CA)CB was measured, and as indicated above, in
many cases, inter-residue correlations were not observed in this
experiment. Note that the values reported forS/Nwere obtained
by excluding the terminal residues, Ala 2-Ala 12 and Trp 99-
Asp 108, which give cross peaks of very high intensity.
As discussed previously, the use of CT13Câ 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, it
is straightforward to show that residues with an odd number of
aliphatic carbons attached to theâ-carbon position will give
rise to{13Câ,15N,HN} correlations of one sign, while residues

Figure 3. 15N-1H correlation map of the 64 kDa tandem trpR complex
with selected resonances labeled, illustrating the doubling of cross peaks
observed for the majority of the residues.

Figure 4. Strip plot showing13CR(i)/13CR(i-1), 15N(i), and HN(i)
chemical shift correlations extending from Arg 21 to Leu 36 of a single
subunit in CT-HNCA (black) and CT-HN(CO)CA (red) spectra.
Residues which are underlined have identical13CR, 15N, and HN
chemical shifts in both subunits of the dimer.
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with 13Câ carbons directly coupled to twoaliphatic carbons
generate cross peaks of opposite phase. Glycine residues also
contribute{13CR,15N,HN} peaks in these spectra with the same
phase properties as cross peaks arising from13Câ 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 the Câ position. Montelione and
co-workers have commented on the utility of the cross peak
phase information of the sort described above in the assignment
of side chain correlations in CT-HCC(CO)NH-TOCSY experi-
ments.44 In the present set of experiments this phase information
proved extremely useful as a check of the assignments. For
example, consider the stretch of residues extending from Tyr
30 to Leu 36. The intra- and inter-residue correlations are
predicted to be of opposite phase for Gln 31, Asn 32, Leu 34,
His 35, and Leu 36, with the relative phases of the intra- and
interpeaks reversed for Gln 31, Leu 34, and Leu 36 relative to
Asn 32 and His 35. In contrast, both intra- and inter-residue
correlations will be of the same phase for residues Tyr 30 and
Asp 33. Figure 5 shows that this is indeed what is observed.
The assignments of HN,15N, 13CR, and13Câ chemical shifts

provided by the CT-HNCA, CT-HN(CO)CA, CT-HN(COCA)-
CB, and CT-HN(CA)CB experiments are presented in Table 1.
There are several points in each sequence, such as at proline
residues, where the sequential connectivities are broken. In the
absence of additional data it is not possible to place the
assignments of the intervening sequence within an individual
subunit. In principle, NOESY data would allow such assign-
ments to be made, assuming that the residues surrounding the
break points in the connectivity have different chemical shifts
in the two distinct subunits. Unfortunately, the required{i,i+2}

and longer range connectivities were not observed in15N-edited
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 the
proper strand, it is possible to compare absolute chemical shift
differences between the two subunits (“A” and “B”, Figure 1b).
Figure 9 illustrates that the largest differences in HN,15N, 13CR,
and13Câ chemical shifts arise from residues that are either in
the N-terminal portion of the structure (Glu 3-Leu 25) or
present in the helix-turn-helix region (Glu 65-Lys 90).
Residues which face away from the DNA, Tyr 30-Asn 40
corresponding to the end of helix A and most of helix B, and
Glu 95-Asp 108, show, on average, much smaller shift
differences. These results are consistent with a recent crystal
structure of trpR bound in tandem to DNA, in which two helix-
turn-helix DNA binding motifs, one each from adjacent trpR
dimers (“B” in Figure 1b), are bound in the major groove of
the palindromic 5′-CTAG-3′ site.20 Protein-protein contacts
were seen between adjacent dimers involving residues at the
N-terminus and in the DNA binding domain. When interpreted
in terms of this crystal structure, the chemical shift differences
observed between subunits “A” and “B” arise from protein-
protein contacts between the “B” subunits of adjacent dimers
at the central 5′-CTAG-3′ site of the operator. In contrast, the
helix-turn-helix of the “A” subunit in each of the dimers binds
separately to the two outer 5′-CTAG-3′ sites. The “A” subunit
is therefore not involved in interdimer contacts. These results
suggest that, at least in terms of global features, the solution
and X-ray derived structures of the complex are likely to be
very similar.
As discussed above, all of the experiments used in the present

study have been recorded with the “enhanced sensitivity” pulsed
(44) Tashiro, M.; Rios, C. B.; Montelione, G. T.J. Biomol. NMR1995,

6, 211.

Figure 5. Strip plot of CT-HN(CA)CB (black) and CT-HN(COCA)-
CB (red) spectra illustrating13Câ(i)/13Câ(i-1), 15N(i), and HN(i)
correlations extending from Arg 21 to Leu 36. Square boxes indicate
cross peaks of negative phase, while residues with identical13Câ, 15N,
and HN chemical shifts in both subunits of the dimer are underlined.

Figure 6. Strip plot of CT-HNCA (black) and CT-HN(CO)CA (red)
spectra for residues Asn 73-Ala 80. The solid line shows the inter-
residue connectivity within one subunit, and the dashed line shows the
connectivity within the other. Peaks that are negative are indicated by
the square boxes. Note that the correlations involving Gly 78 are folded
once in the13CR dimension.
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field gradient scheme. In this approach, gradients are applied
(13,13′ in CT-HN(COCA)CB, Figure 2a; 9,9′ in CT-HN(CA)-
CB, Figure 2b) to select for the coherence transfer pathway with
transverse15N magnetization present during CTt2 and where
the magnetization of interest resides on HN immediately prior
to detection. In the absence of relaxation and pulse imperfec-
tions the enhanced sensitivity method gives rise to spectra with
ax2 increase in signal-to-noise over States-45 or TPPI46-type
experiments which do not use gradients for transfer pathway
selection.23-25 In practice, sensitivity gains ofx2 are seldom
realized because of the efficient relaxation which occurs in the
final portions of such pulse sequences during which time both
cosine- and sine-modulated15N components of magnetization
are refocused for detection. Since the rate of relaxation increases
with molecular weight it is not cleara priori whether the
“enhanced sensitivity” methodology is worthwhile for a protein
complex the size of the tandem trpR system studied here. Nor
is it clear at what molecular weight limit this technique fails to

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 prepared
an15N,13C,∼80%2H PLCC SH2 sample dissolved in either 0%,
15%, 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
and hence comparing the quality of data obtained on a sample
as a function of “effective molecular size”. A series of 2D15N,-
HN planes from the “enhanced sensitivity” HNCO34 and an
HNCO scheme that does not employ the sensitivity enhancement
method or gradients to select for coherence transfer pathways
were recorded as a function of temperature, and the average
S/N of cross peaks in each of the experiments was established,
as described in the Experimental Section. Note that both pulse
schemes minimized saturation/dephasing of the water resonance
using the water flip-back strategy, first described by Grzesiek
and Bax.35 The choice of using the HNCO experiment to
evaluate the sensitivities of these two different approaches for
recording15N,HN resolved triple-resonance spectra is based on
the excellent sensitivity of this experiment. This allows high-
quality data sets to be obtained in reasonable amounts of
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 function
of molecular correlation time for the PLCC SH2 domain. It
must be emphasized that theS/N vs correlation time profile will

(45) States, D. J.; Haberkorn, R. A.; Ruben, D. J.J. Magn. Reson.1982,
48, 286.

(46) Marion, D.; Wuthrich, K.Biochem. Biophys., Res. Commun.1983,
113, 967.

(47) Zar, Z. H.Biostatistical Analysis, 2nd ed., Prentice-Hall: Englewood
Cliffs, NJ, 1984.

(48) Morris, G. A.; Freeman, R.J. Am. Chem. Soc. 1979, 101, 760.
(49) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman, R.J. Magn. Reson.

1983, 52, 335.
(50) Kay, L. E.J. Am. Chem. Soc. 1993, 115, 2055.
(51) McCoy, M.; Mueller, L.J. Am. Chem. Soc.1992, 114, 2108.
(52) Boyd, J.; Scoffe, N.J. Magn. Reson.1989, 85, 406.
(53) Patt, S. L.J. Magn. Reson. 1992, 96, 94.
(54) Geen, H.; Freeman R.J. Magn. Reson. 1991, 93, 93.
(55) McCoy, M.; Mueller, L.J. Magn. Reson.1992, 98, 674.
(56) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A.J. Magn. Reson.1989,

85, 393.
(57) Joachimiak, A.; Kelley, R. L.; Gunsalus, R. P.; Yanofsky, C.; Sigler,

P. B.Proc. Natl. Acad. Sci. U.S.A.1983, 80, 668.

Figure 7. Strip plot of CT-HN(CA)CB (black) and CT-HN(COCA)-
CB (red) spectra extending from Asn 73 to Ala 80. Connectivities for
the two subunits are distinguished by solid and dashed lines. The square
boxes mark the peaks with negative phase.

Figure 8. Histograms showing the signal-to-noise (S/N) of inter-residue
correlations in the CT-HN(CO)CACB and intra-residue correlations
in the CT-HN(CA)CB. TheS/N of each cross peak was obtained from
the peak height using the program PIPP30 and the rms noise measured
using nmrPipe.29 Overlapped peaks are not included in the histograms,
and a number of the peaks from C-terminal residues are off scale (S/N
> 100).
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vary from protein to protein and the curve in Figure 10 serves,
therefore, only as a guide as to the enhancements that one might
expect. While the sensitivity of the “enhanced” approach
relative to the “unenhanced” method is less than a full factor
of x2 even at the smallest of correlation times, this method
gives measurable sensitivity gains for molecules with correlation
times until at least 20 ns. Analysis of the data using Student’s
t test indicates that at the 95% confidence level enhancements
are observed for correlation times less than∼16 ns while at
the 80% confidence limit a sensitivity gain is observed for a
correlation time of 21 ns. In this context, it is noteworthy that

an enhancement factor of 1.08( 0.12 was noted for the 64
kDa complex (correlation time of 20.5( 1.5 ns at 45°C) using
only peaks corresponding to residues located in the interior of
the protein in the analysis. It should be emphasized that the
enhancements in triple-resonance experiments are likely to be
somewhat larger than in15N-1HN HSQC based experiments
which do not record the15N chemical shift in a constant-time
mode. In this case additional delays must be included during
15N evolution to allow for coherence transfer selection without
the introduction of chemical shift evolution.23 Of course, even
in the absence of notable gains inS/N there are advantages in

Table 1. 1HN, 15N, 13CR, and13Câ Chemical Shifts for the Tandem Trp Repressor Complex at 45°C

subunit 1a subunit 2a subunit 1a subunit 2a

residued 1HN 15N 13CR 13Câ 1HN 15N 13CR 13Câ residued 1HN 15N 13CR 13Câ 1HN 15N 13CR 13Câ

A2b 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 I57 8.32 118.72 65.92 36.79 8.13 118.52 66.13 36.61
E4 8.44 122.37 55.36 28.82 8.49 122.21 55.35 28.69 V58* 8.14 118.99 67.14 30.29 8.14 118.99 67.14 30.29
S5 8.26 118.75 55.75 62.77 8.37 118.69 55.84 62.82 E59 8.32 117.52 59.51 29.01 8.42 118.27 59.81 28.91
P6 s 63.15 30.87 s (63.32 (31.12)c E60 8.31 114.04 56.83 28.11 8.11 114.88 57.32 28.40
Y7 7.92 119.52 57.49 37.51 (7.84 116.39 56.82 37.03)c L61 8.98 123.68 57.47 39.41 8.85 122.91 57.19
S8 7.86 117.46 58.05 63.19 7.51 116.43 57.60 63.68 L62 7.88 116.83 56.75 40.88 8.16 119.11 56.47 40.97
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 29.51
A10 8.07 121.08 53.67 17.42 8.34 120.48 54.35 17.40 G64 7.55 102.31 46.59s 7.52 103.26 46.14s
M11 (7.86 118.57 56.39 31.43)c 7.68 117.60 56.06 30.78 E65 7.99 118.86 56.66 30.23 7.90 119.44 56.79 29.88
A12 8.06 123.13 54.49 17.40 7.97 122.54 54.66 17.14 M66 8.53 119.12 54.51 34.79 8.25 118.87 55.25 34.01
E13 8.15 119.19 58.34 28.27 (58.18 28.30)c S67 8.66 118.70 57.12 63.55 8.61 117.73 57.07 63.91
Q14 7.94 121.11 58.75 27.49 (8.09 120.92 58.32 27.61)c Q68 10.06 122.24 60.01 25.61 8.68 120.49 59.41 27.31
R15 8.55 117.21 58.03 28.83 R69 8.65 119.94 58.94 28.65 8.09 117.89 58.01 29.10
H16 (58.90 28.24)c (8.32 120.59 59.23 28.41)c 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)c 8.18 117.84 58.45 27.16 L71 8.29 122.94 57.46 41.01 8.36 121.71 57.17 41.02
E18 (8.39 120.47 58.42 27.45)c 8.13 119.92 58.58 27.83 K72 8.82 119.69 59.44 29.27 7.91 120.27 58.69 31.33
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 37.93
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 28.71
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 8.15 115.51 54.62 41.85
F22 8.11 121.36 61.09 36.38 7.74 120.55 61.42 36.35 G76 8.02 111.09 46.41s 7.89 109.75 46.37s
V23 7.77 119.50 66.10 30.08 7.89 119.46 65.93 30.24 A77 7.39 118.46 49.73 20.81 7.06 119.45 49.43 20.69
D24 7.74 121.48 56.75 40.56 8.02 121.59 56.76 40.59 G78 9.40 105.83 43.64s 9.73 106.79 45.76s
L25 8.24 124.39 57.38 41.47 7.96 124.14 57.47 41.12 I79 9.34 127.23 61.56 37.10 8.74 123.34 62.46 36.43
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 17.45
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 67.68
N28* 7.57 116.73 55.42 38.06 7.57 116.73 55.42 38.06 I82 7.14 122.14 64.47 35.15 7.68 121.78 64.73 36.83
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 67.93
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 28.67
Q31 7.32 117.29 57.57 27.44 7.28 117.21 57.51 27.43 G85 7.19 110.23 48.44s 7.96 110.42 48.19s
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 61.87
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 36.76
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 41.08
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 31.28
P37 s 64.79 29.80 s 64.86 29.85 A91 7.10 118.23 51.21 18.45 7.04 118.41 51.29 18.30
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 16.92
L39 8.86 120.99 57.92 40.43 8.91 121.23 57.95 40.30 P93s 62.04 31.25 s 61.97 31.22
N40 8.06 118.61 54.38 37.29 8.16 118.50 54.39 37.24 V94 8.80 125.07 65.54 30.56 8.89 125.03 65.96 30.60
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 27.35
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 40.77
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 29.22
T44 9.45 117.52 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 27.65
P45 s 65.27 30.79 s (62.91 30.88)c W99 7.45 121.38 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)c L100* 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 28.49
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 30.95
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 41.26
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 39.90
G52 8.01 105.88 46.82s 8.00 105.14 46.78 s 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 63.42
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 41.13
V55 7.86 118.20 66.17 30.34 8.08 118.84 65.77 30.30

a There are several points in each sequence (subunit 1 and 2) where the sequential connectivities are broken (for example at Pro residues, see
text). It has not been possible to place the assignments of the intervening sequence within a given subunit. In addition, stretches of sequences
surrounded by residues with identical chemical shifts in each chain (e.g., A29) could also not be assigned to specific subunits. Additional sets of
peaks for residues E3-E13 have been observed in triple resonance spectra. These peaks may be due to additional conformations of the N-terminal
region of the protein.b∼90% of the amino-terminal methionine of the original trpR translation product is removed.57 c Tentative assignment.
d * indicates residues for which the chemical shifts of both chains are identical.
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gradient-based coherence transfer selection approaches espe-
cially in terms of artifact suppression and the use of minimal
phase cycling schemes.23-25

Concluding Remarks

In this paper two constant-time triple-resonance experiments
are presented for recording the13Câ chemical shift of
15N,13C,>90% 2H labeled proteins with high resolution. The
experiments have proven extremely useful in the sequential
assignment of backbone chemical shifts of a 64 kDa complex
consisting of15N,13C,>90%2H trpR, 5- methyltryptophan and
a 22-base-pair trp operator DNA fragment which allows for
binding of two trpR dimers per operator. The chemical shifts
establish that each subunit within a dimer is no longer equivalent
and a near doubling of chemical shifts is observed relative to
the 37 kDa complex consisting of one trpR dimer per operator.
The results of the present study are consistent with a recently
derived X-ray structure of a tandem trpR complex. The
differences in chemical shifts between subunits observed in the
present study reflect regions of protein-protein contacts between
tandem trpR dimers observed in the crystal structure. Since it
is necessary to use samples with very high levels of enrichment
of 2H for assignment, it may not be possible to obtain three-
dimensional NMR derived solution structures of high molecular
weight systems using only a single sample. In the present case,
for example, it will be necessary to rely on protein-protein
and protein-DNA NOEs obtained from partially protonated
samples for the establishment of subunit specific assignments.

Therefore, it may well be the case that different samples will
prove optimal at various stages in the structure determination
process. Alternatively, samples with high levels of deuterium
enrichment at the13CR/â positions but retaining sufficient
numbers of protons at other positions might prove useful. We
are currently pursuing the construction of such samples.
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Figure 9. Absolute value of chemical shift differences between the
two unique subunits in the tandem trpR complex. Residue number is
indicated along theX axis, and the absolute value of the difference in
chemical shift between the two chains is shown on theY axis for the
amide proton, amide nitrogen,R carbon, andâ carbon. The positions
of the six helixes (A-F) of trpR are indicated across the top. Helixes
D and E comprise the helix-turn-helix DNA binding motif which
contacts the adjacent subunit.

Figure 10. Comparison of the sensitivities of crosspeaks in 2D15N,-
NH planes of HNCO spectra recorded (1) with the enhanced-sensitivity,
water flip-back approach34 and (2) without enhanced sensitivity but
with water flip-back.35 TheS/N of the “enhanced-sensitivity” experiment
1 relative to the “unenhanced” experiment 2 is defined as the ratio
(1/n)Σk[(Sk/N)1/(Sk/N)2], wheren is the number of cross peaks considered
and (Sk/N)i is theS/N of peakk in experimenti. The data from PLCC
SH2 (105 residues) dissolved in either 100% water (T ) 30 °C), 15%
glycerol (T) 30 °C), or 30% glycerol (T) 30, 20, 10°C) is indicated
by b, while the relativeS/N values for the proteins CheY (14 kDa,
∼80% 2H, T ) 30 °C), the 37 kDa trp repressor complex studied
previously4,5 (∼70%2H, 37°C), and the 64 kDa trpR complex described
in the present paper are indicated byO, 4, and0, respectively. Note
that the CheY and the trp repressor samples were dissolved in water
and a temperature study was not performed. The standard deviations
in measured values ofS/N and error bars for the derived correlation
times are indicated. The number of cross peaks,n, used in eachS/N
analysis is indicated in brackets adjacent to each of the measured values.
The best fit line to theS/N data from all of the samples is indicated
(relative S/N ) -0.077 × correlation time+ 1.24, correlation
coefficient) 0.97).
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