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Abstract: A suite of triple resonance NMR experiments for the assignment of backbone resonances of a larger
protein using selective§H, labeling to a sample uniformly labeled witfC, 15N, and?H is described. The relaxation

time of 1H,—13C,, zero/double quantum coherence was more than 4 times as long as #at sfngle quantum
coherence. Three-dimensional HACAN, HACACB, HACACO, and HACA(N)CO experiments were newly designed
to utilize selectively labeletH, nuclei. HACAN provides intraresidue and sequential connectivities through amide
15N spins. HACACO and HACA(N)CO provide intraresidue and sequential connectivities thfdGgh spins.
HACACB provides connectivity t8°C, giving the type of amino acid. Long-liftH,—*3C, zero/double quantum
coherence provides high sensitivity in these NMR experiments. Except for a few amino acid type-specific problems,
all sequential connectivities were obtained for a test sample of a 98 amino acid proteifGytviBich rotationally
diffuses with a correlation time of 17 ns, corresponding to an over 30 kDa proteir-d03C. Zero/double quantum

based triple resonance experiments &g selective labeling provide a new approach for NMR studies on larger

proteins.

Introduction

Recent progress in triple resonance NMR techniques has
allowed the assignment of individual resonances and the

determination of the solution structures of proteins of up &%
kDa. One of the problems with proteins larger than this is that

the faster relaxation of transverse magnetization impairs the
resolution of resonance peaks and the efficiency of magnetiza-

tion transfer in complicated triple resonance experiments. As
a solution of this problem, fractional and nonselectik
labeling as well as uniforiC and!*N labeling was proposed,
first for backbone resonance assignmerit. The assignment

of side chain resonanced? and the measurement of structural
informatiori®12 were also partly achieved usirfgf-labeled

samples. Measurement of the relaxation of deuteron magnetiza-

tion has also shown great capability as to the elucidation of
side chain dynamic¥

A large part of the relaxation of3C magnetization is
attributed to the dipoledipole interaction betweetH and3C
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spins. By replacingH, which has a large magnetic moment,
by 2H, which has a smaller one, a great reduction in the
transverse relaxation rate dfC magnetization has been
obtained. As demonstrated for a 37 kDa protein/DNA complex,
the averagd, of 13C, magnetization was 16 ms for a protonated
sample and 130 ms for a deuterated &n€he increased life
time of magnetization was fully utilized in modified triple
resonance experiments, CT-HNCA, CT-HN(CO)CA, HN(CA)-
CB, and HN(COCA)CB. This set of triple resonance experi-
ments allowed us to assign the backbone resonatidgs N,

13C,, and 13Cp) of a 37 kDa Trp repressor/operator DNA
complex. Recently, the assignment of backbone resonances of
a 64 kDa complex was also achieved with this set of experiments
and an extension of them.

A drawback of?H labeling is the loss ofH nuclei, which
provide structural information through NOE experiments.
Though nonselective deuteration gave excellent results for the
backbone resonance assignment, a strategy for the resonance
assignment ofC-attachedH spins and structure determina-
tion has not yet been established. As the first step, this paper
shows that alH—13C pair can exhibit long-life coherence

if all IH spins around a selectédl are replaced byH. New
methods involving a'He-labeled protein are demonstrated
here because of the ease of labeling atand their useful-
ness for backbone assignment. Selectik labeling is a
possible approach for obtainidfl resonance assignments and
structural information on the basis of thel resonances for
larger proteins.
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Assignment of Backbone Resonances for Larger Proteins

Transverse magnetization B attached byH decays very

J. Am. Chem. Soc., Vol. 119, No. B78997

the magnetization decays completely during these periods.

quickly, as mentioned above, but the double and zero quantumBYy replacing the HSQC scheme in these pulse sequences by

coherences of #C—1H pair can survive longer. THEC—1H

the HMQC scheme utilizing the long-lifé3C—H double/

dipolar interaction causes little relaxation of the double/zero zero quantum coherence obtained!bi, selective labeling, a
guantum coherence in the case of a large molecule, becausdighly sensitive version of HACAN was designed. On the other
the secular part of the dipolar Hamiltonian does not cause hand, HA(CACO)N still fails even with modification with the

splitting of these coherences of the heteronuclear half-spirtfpair.

HMQC scheme, because the fast relaxation of @O spin

The advantage of the double/zero quantum coherence wasproduced by chemical shift anisotropy cannot be reduced by

originally demonstrated fd®N—1H spin pairst> Greater benefit
was expected fol¥C—1H spin pairs. These long-life coherences

deuteration of protein samples or any pulse techniques. Instead,
a 3D HACA(N)CO experiment is proposed here, which con-

can be used in many types of triple resonance experimentsnects!3C, through!®N to 13CO in the previous residue. Be-
simply by replacing the heteronuclear single quantum correlation cause thé®N spin relaxes slower than théCO spin, especial-
(HSQC) scheme by the heteronuclear multiple quantum cor- ly when 2H is attached to it and decoupled B irradia-

relation (HMQC) schemé& However, a problem with this idea
is that the transversé! component of the double/zero quantum
coherence is coupled with other surroundtrgnuclei through
dipole—dipole and scalar coupling mechanisms, as the Hre

tion, the correlation from>N to 13CO used in HACA(N)CO
is much more sensitive than that froltfCO to 15N used in
HA(CACO)N. IntraresiduéH—13C,—13CO connectivities are
given by HACACO, which is also modified with tHéC—1H

transverse magnetization is. The scalar coupling interaction double/zero quantum coherence for sensitivity improvement for

causes a cosine-shaped signal decay, and the didigdele

large proteins. Through these two experimetts-13C pairs

interaction causes an exponential decay. The scalar couplingin the neighboring residues are connected throdgRO.

interaction can be largely suppressed by spin-locking, by

Additionally, an HMQC version of HACACB is proposed here,

which the'H, component of the double/zero quantum coherence which gives intraresiduéH,—*3C,—3Cs connectivities for

is spin-locked and decoupled froftg nuclei. Using this
scheme, several useful applications have been demonstfated.

identification of the amino acid type. A combination of the
four experiments yields enough information for backbone

The suppression of the homonuclear scalar coupling interactionresonance assignments.

depends strongly on the offsets of resonance frequencies of the The sample we used is the C-terminal domain ofatrseibunit
coupled spins from the irradiation frequency. When absolute of Escherichia coliRNA polymerase consisting of 98 amino
values of offsets of the coupled spins are similar to each other, acid residued! To test the effectiveness of the newly developed

so called the HartmanrfHahn matching condition, the signal

isotope labeling and NMR methods for larger proteins, all the

will be lost through magnetization transfer to neighboring spins. experiments were performed at a low temperature’CL0 As

Decoupling by spin-locking has also been usety relaxation
measurement experimerifswhich gave successful results
except for some Ser residues. In the casétbfuclei, the
distributions of H, and H; chemical shifts overlap each other.
Undesired magnetization transfer can occur for someait

judged from theT, values of!3C, nuclei, the overall tumbling
rate of this molecule at 18C was similar to that of an over 30
kDa protein at 36-40°C. We demonstrate the newly developed
methods using this molecule.

H;s pairs. On the other hand, the transverse relaxation causedviethods

by the'H—H dipolar interaction cannot be suppressed by any
pulse techniques. The only perfect way to achieve long-life

double/zero quantum coherence is the deuteration oftall
nuclei other thaAH,. A H,—13C, correlation experiment with
high resolution in both th&C and'H dimensions with 43C,'H-

An amino acid mixture triply labeled with°N, 3C, and?H was
purchased from Cambridge Isotope Laboratory Inc. ¥rlabeling,
we followed the procedure developed fér labeling for determination
of the C-terminal amino acid of a polypeptfdé®usingH,0 in place
of ®H,0. To a solution of 0.25 g of the labeled amino acid mixture in

dual constant time scheme was also achieved using this sampleg mL of 1H,0 and 12 mL of pyridine in an ice bath was added 12 mL

which will be reported separately.
The long-life coherence d€C, can be used for the correla-

of acetic anhydride, followed by incubation in a water bath af@0
for 15 min. After cooling again in the ice bath, 24 mL of pyridine and

tion of neighboring spins through scalar coupling such as 24 mL of acetic anhydride were added, and the mixture was incubated

13C,—15N and13C,—13CO. By combining correlation experi-

in the water bath at 20C for 1 h. Then 6 mL of HO was added, and

ments for different backbone nuclei, the sequential assignmentsthe incubation was continued for a further 1 h. The solvent was

of backbone resonances are made. Experiments for obtaining(N

sequential connectivities starting fro¥C,, 2D HA(CA)N and
HA(CACO)N, have already been propos€dHA(CA)N gives
connectivity from'H, to amide'®N in the same residue and to
that in the next residue. HA(CACO)N gives connectivity to
the amide!®N in the next residue exclusively. These pulse
sequences includ®C, single quantum coherence periods of
about 50 ms. Since the relaxation time of tH€, single

emoved using a rotary evaporator. The acetylated amino acid mixture
as dissolvedri 6 N hydrogen chloride, degassed, and then sealed in
glass tubes. The deacetylation reaction was performed at@@06r
10 h. The solvent was removed by evaporation. Fhelabeled amino
acid mixture was dissolved inJ®, its pH was adjusted to 7, and then
it was mixed into the culture medium.

The C-terminal domain of the subunit ofE. coli RNA polymerase
was overexpressed using a pGEM/BL21(DE3) system and purified as
described previous: This fragment consists of 98 amino acids

guantum coherence is as short as 13 ms for the current samplestarting from Asp233, with Met at the N-terminus. A sample labeled
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with 13C and**N was produced using M9 culture medium with 1.5 g/L
[*C]glucose and 0.5 g/L*{NJammonium chloride. A sample labeled
selectively at H with *H as well as uniformly with*3C, 15N, and?H
was produced as followsE. coli was amplified to an absorbance of
close to 0.8 at 600 nm in 200 mL of M9 culture medium containing
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1.5 g/L [**C]glucose and 0.5 g/L*{N]Jammonium chloride. The cells
were collected by centrifugation, and then resuspended in 50 mL of
M9 culture medium containing 0.5 g/l*¥{]glucose, 0.5 g/L PN]-
ammonium chloride, and 5 g/tH,-labeled [°C]-, [**N]-, and PH]-
amino acid mixture. After 30 min of incubation, induction was initiated
by adding IPTG and continued for 3 h. For each sample, the protein
was dissolved to a concentration of 1.5 mM3d,0 with 20 mM
potassium phosphate and 30 mM KCI adjusted to pH 6.0.

All relaxation experiments were performed with a 600 MHz JEOL

Yamazaki et al.

Results and Discussion

Preparation of a Selectively!H,-Labeled Protein. A
protein sample labeled selectively at, Mith H as well as
uniformly with 13C, 15N, and?H was produced by using tHe
coli overproduction system in M9 minimal culture medium
containing amino acids selectivelif, labeled and uniformly
labeled with!3C, 1°N, and?H. The amino acids were obtained
by replacing?H, with H in the uniformly?3C-, -'5N-, and

Alpha spectrometer. The relaxation rates of the transverse magnetiza--2H-|abeled amino acid mixture. Several methods are available

tion of 13C, nuclei were measured in a series of #0—!H correlation

for the replacement of 4 We chose racemization ac-

experiments using the pulse sequence explained under Results a”‘&ompanied by acetylation. A mixture of acetylated amino acids

Discussion. Each 2D experiment was performed Wi, transverse
magnetization relaxation periods of 6, 12, 18, and 30 ms. The common

parameters were as follows. The spectral center and width were 4.45

ppm and 10 000 Hz for thiH axis and 58.2 ppm and 5000 Hz for the
13C axis. For the'H and'3C axes, respectively, 512 128 hyper-

was converted to amino acids by hydrolysis. The yield of each
type of amino acid was estimated from thé—H COSY and
1H—13C HSQC spectra of the amino acid mixture in whith,

was replaced byH, starting from an unlabeled amino acid

complex points were collected, giving resolutions of 9.8 and 19.5 Hz Mixture. Cys, Trp, GIn, and Asn had already been lost, because
after zero filling. For each 1D FID, 32 transients were accumulated the commercially obtained amino acid mixture was produced

with a 1.5 s repetition interval, the total experiment time for four 2D by hydrolysis of protein. The racemization reaction cannot be

experiments being 14 h. applied to Pro, Ser, and Thr. The hydroxyl groups of Ser and
The relaxation rates of the zero/double quantum coherences of Thr were degraded. For Pro, nothing happened because the

13C,—H, pairs were measured under the same conditions except for oxazolone ring as a racemization intermediate cannot be formed.

the following parameters. The lengths of the zero/double quantum

More than 70% of | of Glu and Asp remained unchanged.

relaxation period were 10, 20, 30, and 50 ms. Three sets of experimentsFor 11 other amino acid$H, selective labeling was achieved.

with different3C carrier positions, i.e., 51.2, 58.2, and 65.2 ppm, were
performed to eliminate the offset problem explained under Results and
Discussion. Peak intensities were taken from the spectrum giving the
smallest offset. For each 1D FID, 16 transients were accumulated with
a 1.5 s repetition interval, giving a total time of 21 h for 12 2D
experiments.

All backbone correlation experiments were performed with a 500
MHz Bruker DMX500 spectrometer. For the HACAN experiment, the
spectral center and width were 4.28 ppm and 8012.8 H#;f(H,,),
57.5 ppm and 2000 Hz fdi (**C,), and 118.3 ppm and 1000 Hz for
f, (N). A total of 32 ¢1) x 64 () x 512 {3) 3D complex points
were collected. For each 1D FID, eight transients were accumulated
with a 2 srepetition interval. The total experiment time was 40 h.
Thet; dimension was extrapolated to 64 points by mirror image linear
prediction. Data were zero-filled and Fourier transformed, giving
resolutions of 15.6 HZf{), 7.8 Hz {,), and 7.8 Hz ;). The same data
processing was applied to all the following 3D experiments.

For the HACACO experiment, the spectral center and width were
4.28 ppm and 8012.8 Hz fdg (*H,), 57.5 ppm and 2000 Hz fdk
(*3Cq), and 176.5 ppm and 1200 Hz fr(*3CO). A total of 50 (1) x
32 (t2) x 512 3) 3D complex points were collected. For each 1D
FID, eight transients were accumulated lwia 1 srepetition in-
terval. The total experiment time was 10 h. The resolutiofy @fas
18.8 Hz.

For the HACACB experiment, the spectral center and width were
4.28 ppm and 8012.8 Hz fdg (*H,), 58.4 ppm and 2000 Hz fdk
(BCy), and 42.5 ppm and 8000 Hz féy (*3Cg). A total of 32 (1) x
64 () x 512 ¢3) 3D complex data points were collected. For each
1D FID, eight transients were accumulatedhatl srepetition interval.
The total experiment time was 20 h. The resolutiof,efas 62.5 Hz.

For the HACA(N)CO experiment, the spectral center and width were
4.28 ppm and 8012.8 Hz fdg (*H,), 57.5 ppm and 2000 Hz fdk
(*3Cq), and 176.5 ppm and 1200 Hz for(*3CO). A total of 32 (1) x
32 () x 512 3) 3D complex points were collected. A total of 16
transients were accumulated for each 1D FIDhwat 2 srepetition
interval. The total experiment time was 40 h. The resolutior, of
was 18.8 Hz.

Because of the dilution of protons for the deuterated sample, the
longitudinal relaxation time becomes longer. For all the above
experimentsa 2 srepetition interval would give the highest sensitivity
per experimental time, which was determined in HMQC experiments
with different repetition intervals. A larger number of increments for
the 13C,, axis, up to 84 points for HACACB and up to 50 points for

others, is acceptable for higher resolution, though it was shortened for

reduction of the experimental times in this study.

At least 80% of the I of these amino acids was replaced.
Another method of acetylation using acetic anhydride and water
at a higher temperature (17Q)?°was also tested. As reported,
Pro was also acetylated and Hf Pro was also replaced. The
reported reaction time of 2 min, however, was not sufficient
for the complete replacement 8fl,. Ser and Thr were again
lost. Several unknown degradation products were generated
from other amino acids, but they were not fully analyzed. This
method might be better than the former one if the conditions
for the reaction of the amino acid mixture are optimized, but
we did not attempt this in the current study.

The intake of amino acids from the culture medium By
coli is another hurdle in the labeling of proteins. To determine
the minimal concentration of the labeled amino acid mixture in
the culture medium required for sufficient intake, we measured
the reduction of the peak intensities iA3€—H 2D correlation
spectrum of a protein sample made in the culture medium with
various amounts of a deuterated amino acid mixture. We found
that 3 g of theamino acid mixture per liter of culture was
required for more than 80% labeling of most amino acids,
though Glu, Asp, and Ser were labeled less than 20%, and half
of Ala and three-quarters of Thr were labelecPblyamino acids
in the culture. Note that we did not observe position-specific
protonation (e.g., k), which could be caused by metabolism
of amino acids. All the peaks for the same amino acid decreased
in their intensity similarly. For the preparation of &N]-,
[X3C]-, [2H]-, and [*H]protein, double the amount of the labeled
amino acids, which was racemized, would be required in the
culture medium for the same level of labeling, simeamino
acids (stereoisomers) would not be incorporated. Though a few
D-amino acids could be used after interconversion by racemases,
we did not perform experiments to estimate this effect. In an
actual sample preparatiph g of amino acid mixture per liter
of culture was used. To reduce the consumption of expensive
labeled amino acid€;. coli was amplified in 200 mL of3C-
and!*N-labeled M9 medium without amino acids, collected by
centrifugation, and then resuspended in 50 mL of the culture
medium containing the labeled amino acids. This gave 4 mg
of protein. Whether each residue is protonated or deuterated

(24) LeMaster, D. MProg. NMR Spectrosd 994 26, 371-419.
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2330.
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at Hg can be judged from the two-bond isotope shift'e€,
(roughly —0.1 ppm/substitution of fj and the three-bond
isotope shift of'H, (roughly —0.01 ppm/substitution of k)
observed if3C—1H correlation spectra recorded with loHt
acquisition times. These isotope shifts were not evident in the

3D spectra described below. Probably because of the hlgher”CO/‘sN

concentration ofE. coli, the supply of Arg did not seem
sufficient. Only half of the Arg was taken from the culture
medium and labeled. The rest of the Arg was protonated at
Hg, probably fully. For Phe, His, lle, Lys, Leu, Met, Val, and
Tyr, peaks of those protonated at Were not observed, which

means they were labeled at least 80%, as expected. Ala and

Thr were labeled similarly to those in the test run. Pro was
completely deuterated. For Gly residues, bothridclei were
protonated. The double/zero quantum coherencE@f and
one of the twd'H,, spins of Gly relax quickly due to the dipolar
interaction with the othetH, spin. The stereospecific deu-
teration of H, nuclei of GIy?627 must be useful, but it was not
applied in this study.

Relaxation Measurements. The transverse relaxation times
of the 13C, single quantum coherence afC,—H, double/

J. Am. Chem. Soc., Vol. 119, No. B75997
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Figure 1. (a, top) Pulse sequence for measuri#@, single quantum

relaxation rates. Th&#H channel is positioned at 4.45 ppm and @
channel at 58.2 ppm. The thin and thick bars representtbendx

zero quantum coherence were measured using newly developed@ulses, respectively. All pulses without phase are applied along the

pulse sequences, as shown in Figure 1, giving 20-H
correlation spectra. For the measurement of @&, single
guantum coherence relaxation time, the previously designed
pulse sequenégwas modified by employing the double/zero
guantum coherence instead of ##€ single quantum coherence
during the constant tim&C chemical shift evolution period,
giving higher sensitivity. The relaxation rates for the double/
zero quantum coherences &iC,—!H, were measured by
applying continuous waves for locking both spins and removing
IH—1H and3C—13C homonuclear scalar couplings. As pointed
out, partial scalar coupling of th#d—13C spin pair caused by
an off-resonance effect can evolve, whilkd only spin-locking

is applied to the double/zero quantum coherence. However, in!

the case of double spin-locking &#C and'H nuclei, the double/
zero quantum coherence is locked along the effective rotation
axes. If the amplitudes of bof8C andH spin-locking are far
greater than théH—13C scalar coupling, the locked product
term, of which the'3C and'H components are along tRéC
and*H effective fields, is not perturbed by the scalar coupling.
This is true even when the rates of the two effective rotations
are similar. The Hamiltonian is written as

H=oH;, + oHy + ©C; + 0 Cx + JH,C,

whereJ is the coupling constant between the H and C spins,
oy and wc are their offsets from the applied RF féd and
13C, andwn andwic are the amplitudes of the applied RF. In
the doubly tilted frame, the Hamiltonian is approximated as

H =~ 04Hz + 0ecCsrr + I(SiNO)(sin O,)H,C,. +
J(cosb)(cosh:)(HyCy + H\C\)/2

whereZ' andZ" represent the directions of the effective rota-
tion axes for'H and 13C, respectively,wemn and wesrc are
the effective rotation rates foiH and 3C, respectively, and
0y and ¢ represent the tilt angles from théaxis as to theZ’
andZ' axes, respectively. All other scalar coupling terms are
nonsecular and neglected under the condition thakc,
wein > |J|. The last term can also be neglected when the

(26) Kushlan, D. M.; LeMaster, D. M]. Biomol. NMR1993 3, 701—
708.

(27) Curley Jr., R. W.; Panigot, M. J.; Hansen, A. P.; Fesik, S.JW.
Biomol. NMR1994 4, 335-340.

x-axis. The delays are set as follows; = 1.7 ms,Tc = 14.3 ms,tp

= 3.4 ms,tc = 1.5 ms,Tree = 6 mMs,d = lwcs. — (4/JT)Tcgo, d =
llwcsi, wherewcs, is the amplitude of3C spin-locking in theT, period
andtcgo is the'3C 7/2 pulse width. ThéH 7/2 pulse width is 6.5us

and the'3C /2 pulse width is 18.5xs at the full power of each channel.
The amplitude ofH spin-locking by a continuous wave during tie
period is 5.2 kHz. The amplitude &fC spin-locking by a continuous
wave during theTe period is 3.1 kHz. The MPF33C decoupling
sequenc®3during the'H acquisition period is applied at an amplitude
of 2.1 kHz. The'3CO pulses are generated from tH€ channel by
phase modulation and are centered at 179.2 ppm. The seleqiivise
with a Gaussian shape is applied, of which the peak amplitude is 4.7
kHz. The®N channel is positioned at 120 ppm, and thpulses of 68

us at the full power are applied. Both tA&0O and'>N x pulses are
located at the midpoints dfc + t/2 andTc — t1/2. The!H scrambling
pulses withx andy phases before gradient 4 are applied with an
amplitude of 20 kHz and lengths of 1 and 0.2 ms. The gradient pulses
with a half-sine shape are applied along thaxis. The amplitudes
and lengths are as follows: G+ (3.6 G/cm, 2 ms), Gr= (3 G/cm,

0.5 ms), Gs = (18 G/cm, 2 ms), Gr= (3 G/cm, 2 ms), &&= (21
G/cm, 0.5 ms), Gr= (6 G/cm , 2 ms), Gr= (6 G/cm, 0.5 ms). The
phase cycling is as followsyp: = (X, —X), ¢2 = (4(X), 4(—X)), ¢z =

2Y), 2(-y)), ¢1 = (8(X), 8(—X)), ¢a = (X, =X, —X, X). Quadrature
detection of the; dimension is performed by changiggin the TPPI-
States manner. The number of repetitionsTeris changed, i.e., 1, 2,

3, and 5. (b, bottom) Pulse sequence for measufieg—H, zero/
double quantum relaxation rates. The amplitudé-bgpin-locking by

a continuous wave during the. period was 5.2 kHZT¢; was changed,
i.e., 10, 20, 30, and 50 ms. Three different carrier positions for the
13C,, channel were used, as described in the text. All other parameters
were the same as in (a), except = (2(x), 2(—X)).

effective rotation rates ofH and 13C differ greatly. The
HzCz term is not perturbed by the effective Hamiltonian in
either case.

However, the relaxation rates of the tilted components are
the averages of those of four orthogonal components:

R(HzCz) = (co$ 6,,)(co$ O)R(HxCx) +
(sirf 6,,)(cos O )R(H,Cy) +
(cog 6,)(SI? O)R(HyC,) +
(sirf 6,,)(sin 6)R(H,C,)
whereR(X) is the relaxation rate of th®& component. Since
R(HxyCxy) is expected to be smaller thaR(H.Cxy) and
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Table 1. Relaxation Rates (3) of the °C, Single Quantum*Cy)
and*3C,—'H, Zero/Double Quantum*§Cy'Hy) Coherences of
Selected Peaks of the C-Terminal Domain of th&ubunit ofE. . %

coli RNA Polymerase at 16C in 2H,0? OV ©

1H, and otherH all 'H
residue 13Cy 13Cy!Hy 13Cy 13CyHy

V264* 104.3 (8.0) 14.0 (2.0) 94.4 (15.7) 29.9 (2.6)
A267* 87.9 (8.5) 18.1(2.5) 81.3(11.0) 39.0(4.6)
T285 76.7 (7.3) 38.6 (2.9) 82.3(8.5) 46.7 (5.3)
E286 77.9(10.1) 22.7(2.0) 51.5(10.2) 36.2(8.1)
V287* 91.6 (7.7) 13.9(1.9) 95.8 (13.8) 36.2(3.0) ©
E288 73.3(6.0) 28.0(3.3) 74.4 (8.7) 36.9 (3.6)
L295* 67.9 (7.9) 20.4(1.1) 83.3(14.4) 46.2(3.6) -

K297* 81.8(9.4) 146 (1.3) 111.8(12.0) 46.5(4.9) D305 0 E288
K298* 60.5 (8.4) 19.6 (1.6) 719 (7.7) 41.5(3.9) LY

D305 57.4 (7.0) 26.8 (2.5) 62.4 (8.2) 34.5(2.9) /© , ®/?29876 | so
V306* 67.7 (4.8) 15.3 (1.6) 75.1(6.2) 34.2(2.8) 7285
A324* 58.7 (6.8) 15.5(1.7) 56.4 (4.3) 23.6 (1.8)
average 75.5 20.6 78.4 37.6
average* 77.5 16.4 83.7 37.1

55

(®)
P
1))

Ppm

aThe left two columns are for the selectivelyl,- and uniformly-
13C-, BN-, and 2H-labeled sample. The right two columns are for
the uniformly23C- and °N-labeled sample. The values in parentheses D L
are the errors of the relaxation rates. The average values are simple
averages of all the 12 residues. The average* values are averages 0 ” v287 les
the eight residues indicated by an asterisk, of which seledtie G _ .
labeling was achieved. v306— &
v26a"

R(HxyCz), sufficiently small 64 and 6c are recommended .
for accurate measurement &(HxyCxy). This is why we ©
performed three experiments with differe¥C offsets. Be- 5.0 a5 40 35
cause the purpose of these experiments was to show a large 1

difference between the relaxation rates of single and double/ H ppm

zero quantum coherences, we made the rough assumption thatigure 2. First 2D *H,—3C, correlation spectrum for th8C,—H,

R(Cz) = 0, R(HxvCz) = R(HzCxy) = R(Cxy), andR(HzCz) = 0, zero/double quantum relaxation rate measurement. The sample was
instead of measuring individual rates. The relaxation rates of the *H,-selectively-labeled?H]-, [**C]-, and [N]protein. The relax-
pure Sing|e and double/zero quantum coherences were Ca|cu.ati0n rates were determined from the peaks labeled with their residue

lated as names.

R(Cy) = R(C,) /cod 0. correlation time of _17 nsis a_ppropriate for te_sting the effective-
ness of the following experiments for proteins larger than 30
. kDa. The correlation time of a 37 kDa Trp repressor/operator
R(HxCx) = [R(HZC7) — R(CXY)(SmZ On cos Oc+ DNA complex was 13.4 ns at 37TC. If it E; dig,solved iﬁ a
cos 6, sirt .))/(cos 6,, cos ) 2H,0 solution, the correlation time can be calculated to be 16
ns by multiplying by the ratio of the viscosities. Our test sam-
The relaxation rates offC, nuclei in the rigid part of the ple at 10°C is similarly challenging as a 37 kDa molecule at
molecule and of which the signals are separated well in the 37 °C.
spectra are listed in Table 1. As an example, the first 2D  The relaxation rates of the double/zero quantum coherences
spectrum on zero/double quantum relaxation measurement forfor the 13C, 15N labeled protein, which has &H nuclei, were
the deuterated sample is shown in Figure 2. The single quantumsubstantially slower than those € transverse magnetization,
relaxation experiment gave weaker peaks than this because ofis shown in Table 1. The contribution by #8€—H dipole—
the losses in the additional conversion time f¢ < 13C—1H dipole interaction is very small, i.e., only 1%, in this case. A
states. The protonated sample gave even worse spectra becausarge contribution is made by théH—'H dipole—dipole
of more relaxation caused by tHd—H dipolar interaction and interaction with surroundingH nuclei. The simulated value
magnetization transfer through the—H scalar coupling when  for a 17 ns correlation time was 523 as shown in Figure 3.
the Hartmanar-Hahn matching condition is accidentally satis- The relaxation rates obtained experimentally are considerably
fied. This is why so few relaxation rates were obtained. The smaller than the simulated ones. The difference could be
average transverse relaxation rateTgl/of in-phase 13C explained by the dynamics of interproton vectors, which is not
magnetization was 75.5% Since the!H—13C dipole—dipole considered in the simulation.
interaction contributes predominantly to this value, it should  For the'H,-selectively-labele@H sample, the relaxation rates
not and actually did not depend on the type of labeling. This again became slower. Because of the statistical distribution of
number corresponds to a rotational correlation time of 17 ns, 'H and?H in the side chains, which could be generated through
as judged from the numerical simulation given in Figure 3, with the metabolism of amino acids, the relaxation curve may not
the assumption of complete rigidity of the molecule. The be single exponential. The relaxation rates obtained here were
correlation time calculated from thé°N relaxation times statistical averages. Especially for the amino acids labeled
measured at 30C in a 'H,O solution was 8.4 ns. The properly, i.e., Lys, Leu, and Val, the relaxation rates became
correlation time is simply proportional to the viscosity of the half those of the fully protonated sample. Even for Glu and
solvent in this case. The viscosity #f,0 at 10°C is 1.7 cP Asp, considerable improvement was observed. This is probably
and that of!H,O at 30°C is 0.8 cP. This sample with the due to dilution of surroundinéH spins, though it is not easy to
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obtain a good estimate of the contribution by the residtil 150
spins. The simulated value for the fully deuterated molecule 1
except for thetH, spin was 9.4 st, as shown in Figure 3. In 1
this simulation, a large contribution is made by the dipole ]
dipole interaction between tA&l spin in a zero/double quantum
state and'3C spins other than the counterpart of #té spin.

The 13CO and3C; nuclei are relatively close to thi spin.
However, half of the relaxation remains unexplained. This is
probably due to residualH spins, and!H, spins in other
residues. Perfect selectivel, labeling for all of the amino
acids may give relaxation times as long as the simulated values.
Even with incomplete labeling, long enough relaxation times
of thelH,—13C, double/zero quantum coherences were obtained
for application to correlation experiments for backbone nuclei
which need mixing times of 50 ms.

Backbone Resonance AssignmentThe 3D HACAN ex-
periment connects th¥C,—1H, zero/double quantum coher-
ences to amidé®N spins. The pulse sequence is shown in
Figure 4a. Two cross peaks arise frof#@,—!H, pair, which
correspond to intraresiddéN and'®N in the succeeding residue.

1004

relaxation rate (1/s)

%
N,
N

a
o o
Ode—t—Lt 1

10 20 30
correlation time (ns)

Figure 3. Simulation of the relaxation rates of tf€, single quantum

and 13C,—'H,, zero/double quantum states. Complete rigidity of the
molecule and isotropic overall tumbling are assumed. The correlation
time represents the life time of the second-order spherical harmonic

The coherence transfer pathway is described as distribution of the molecular orientation, as usual. The solid line is the
average relaxation rate of tHéC,—'H, zero and double quantum
) o o i . i . 13~ 15N 2.
HY(I) — HY(I)CY(I)(tl) — HZ(I)CZ(I)NY(I)(tZ) — coherences in the selectivelih,- and uniformly3*C-, N-, and 2H

N ) labeled sample. The broken line is the average relaxation rate of the
HY(')CY(') - HX(')(t3) 13C,—'H, zero and double quantum coherences in the unifofidy-
and **N-labeled sample. The dotted line is the relaxation rate of the

" . " . . . 13C, single quantum coherence. The dipetiépole interactions between
Hy" — H,%C, %ty — HC,ONS e, — 1H,—13C,, He-surrounding H ¥H or 2H) nuclei, *Hq-surroundingt3C
H (i)CY(i) —~H (i)(ta) nuclei, 3C,-surrounding H {H or 2H) nuclei, and'3C,-neighboring
Y X 13C nuclei are included. The chemical shift anisotropy*3, is also

included. A distance betwe€i, and '3C, of 0.109 nm, a distance

whereH denotes théH, spin, C denotes thé3C, spin, andN between!3C, and neighboringC nuclei of 0.153 nm, an effective
denotes thé®N spin. The superscripts,)@nd (+1), represent  distance of the surrounding FH or ?H) nuclei from*H, of 0.197 nm,
residue numbers. Since during the mixing time e, — an effective distance of the surrounding H nuclei fréi@, of 0.181

15N O scalar coupling théC, magnetization is dephased to the nm,lan effect.ive di;tanqe of surrogndih“g: from H, of 0.179 nm,

antiphase term with respect €, and is refocused during each ~ 21d"*C chemical shift anisotropy with a difference of 34 ppm between

of the two mixing periods. th&C..—13C, counling should also paraIIeJ and perpendlcu'lar compor_lents are used. The effective distance
. gp I piing is (Ziri~9)%, wherer; are interspin distances. The resonance frequency

ll)e take.n.'nto ?‘CCOUT for th'm'z?'t'or.‘ of the_length Qfm‘k_ of H is set at 600 M Hz. The cross-correlations between different

%Co mixing times. *H spin-locking is applied during these  mechanisms are ignored.

periods to suppres$Hi—1H scalar coupling evolution for the

amino acid residues which are protonated at Buringt,, the The 3D HACACO experiment connects th€,—H, zero/

15N chemical shift evolution period,ld,CzNy state is generated.  double quantum coherence to the intraresith@O spin as

For a fully protonated sample, this term relaxes relatively fast

through'H—H cross relaxation to the surroundifg spins. Hy — H\Cy(t) — H,C,C'\(t,) — HCy — Hy(ty)
However, for a deuterated sample, tHe component can sur-
vive long. Another choice for the state during theperiod  \yhereC represents th&CO spin and other spins are the same

is the CZNy term, by refocusing thé*C, antiphase term with a5 in the case of HACAN. All spins are in the same residue.
respect tdH, at the end of thé*C,—**N mixing period. This  The pulse sequence is shown in Figure 4b. Most of the features
term is not affected by the problem caused'blycross relaxa- are the same as in the case of HACAN, except ffit is
tion even for the protonated sample. But the former type of replaced by*3CO. Note that selective pulses are used for the
pulse sequence is preferable. Since the single quantum cooherence transfer betwe#iC, and13CO. Also note that the
herence of3C, decays very quickly, even the period of refocusing pulses dfC, during 2Tc must cover the chemical
3.4 ms for refocusing of the antiphase term reduces the signalshift range of-3C; spins. The length of th&C,—13CO mixing
intensity. Deuterium decoupling is applied during tH time is adjusted to T&c for refocusing of the antiphase term
chemical evolution time using a continuous wave flanked by with respect td3Cs, wherelecis the coupling constant between
7/2 pulses to maintain the magnetization of hespin of the 13c, and 13(;/3, As 13C,—13CO scalar coupling is larger than
solvent. This treatment gives smoother recovery of #e  Jc, the selectivé3CO x pulse is positioned so as to maximize
signal for the static field lock system. The lock is trapped the antiphase term with respect®®0O. Thex pulses at the
during the deuterium decoupling and restarted after gradient 6. beginning of the first Zc period and at the end of the second
At the midpoint of thet, period, a pair of*3C, 7/2 pulses  2T¢ period are applied to compensate for the phase shift of the
are applied which invert3C, and $3CO simultaneously for  13C, signals caused by the oth&CO 7 pulses. Because of
decoupling the™N—13C, and ®N—13CO couplings. The  the same effect during tHCO chemical shift evolution caused

1 . . ;
Ia}st H28pulse is applied for better suppression of the solvent (29) Fujiwara, T.. Nagayama, KL Magn. Resonl988 77, 5363,
signal: (30) Fujiwara, T.; Nagayama, Kl. Magn. Reson1993 A104 103

105.
(28) Kay, L. E.J. Am. Chem. S0d.993 115 2055. (31) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.
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Figure 4. (a, top left) Pulse sequence for the HACAN experiment. The carriers of the four channéts #8€, 1°N, and?H were positioned at
4.48, 57.5, 118.3, and 8 ppm, respectively. Thin and thick bars represerithads pulses. All pulses without phase are applied inxtdrection.
The 72/2 pulse width of'H pulses is 6.6:s, and the amplitude dH spin-locking by a continuous wave is 6.8 kHz. T pulse width of'3C,
pulses is 15.%s, and the amplitude of decoupling by the WALTZ16 sequence is 2.1 kHZ:3T@ selectiver pulses are generated from the same
13C channel by phase modulation centered at 176.5 ppm. They are applied at the midpoinfBcof-th&2, Tc + t1/2, andTc periods. A Gaussian
shape with a maximum amplitude of 5.2 kHz is used. & pulse width of'*N pulses is 43:s. The?H pulses and decoupling by a continuous
wave are applied with an amplitude of 1.25 kHz. The delays are as follaw: 1.7 ms,Tc = 13 ms,d = 47.2us (=1/(fca — fco) — (4/m)Tcon
wherefc, andfco are the offsets of*C, and**CO, andrcy is the'3C /2 pulse width). The phases of pulses are cyclegias (2(X), 2(—X)), ¢2

= (% —X), 3= (4(Y), 4(=Y)), ¢a = (X, —=X), da= (X, =X, =X, X, =X, X, X, —X). The quadrature detection tfis achieved by TPPI-States with,

and that oft, with ¢4. The gradients with a half-sine shape are &r(y, 2.5 G/cm, 1 ms), Gr= (y, 10 G/cm, 1 ms), Gr= (z, 30 G/cm, 1 ms),
Gry = (%, 25 G/cm, 1 ms), Gr= (x, —10 G/cm, 1 ms), Gr= (z, —10 G/cm, 1 ms), Gr= (z, 17.5 G/cm, 1 ms). (b, top right) Pulse sequence for
the HACACO experiment. Th¥H carrier is positioned at 4.28 ppm. THE carrier is first positioned at 57.5 ppm, then moved to 176.5 ppm before
gradient 4, and finally moved back to 57.5 ppm before gradient 5.'Tearrier is positioned at 118.3 ppm. The pulse and spin-locking are
the same as in the case of HACAN. THE, selectiverr/2 pulses, represented by short thin bars, are applied with an amplitude of 3.9 kHz. The
taller shapedr pulses ont3C, during the J¢ periods are REBURP pulsBsvith a maximum amplitude of 15.4 kHz. The shorter shapeulilse

on 3C, at the midpoint of the; period is a Gaussian-shaped pulse with a maximum amplitude of 5.2 kHz and phase modulation certt&ged on
The short'*CO selectiver pulses are Gaussian-shaped pulses with a maximum amplitude of 5.2 kHz and phase modulation celie@edrbe
13CO shortz/2 pulses are rectangular pulses with an amplitude of 3.9 kHz.Ther pulses with the same amplitude as in the case of HACAN
are applied at the midpoints of tAe — t1/2, Tc + t1/2, andTc periods. The delays, andTc are the same as in the case of HACAdis 9.7 ms.
The gradients and the quadrature detection are the same as in the case of HACAN. The phases of pulses areseyeléas 2(—x)) in
addition to those for HACAN. (c, bottom left) Pulse sequence for HACACB. The condition$Hfare the same as in the case of HACAN. The
13C carrier is first positioned at 57.5 ppm, then moved to 42.5 ppm before gradient 3, and finally moved back to 57.5 ppm before gradient 6. The
2H carrier is positioned at 3 ppm. The other conditions'f@, *°N, and?H are the same as for HACAN¢ = 21.5 ms;ta= 1.5 ms, andy, = 7.2

ms. The!3CO selectiver pulses and®N x pulses are applied at the midpointsTaf — t/2, Tc + t1/2, andzy,. The3CO selectiver pulse is the
same as in the case of HACAN. The conditions 3drare the same as for HACAN. The phase cyclingis= (x, —X), ¢2 = (4(y), 4(—Y)), ¢z =

X, —X), ¢a = (2(X), 2(—X)), $a = (X, =X, —X, X). The quadrature detection tfis made by TPPI-States wigh. The quadrature detection tfis
made by TPPI-States wit/2 |ncrements ofp; and ¢, simultaneously. The gradients are;Gr (y, 2.5 G/cm, 1 ms), Gr= (y, 10 G/cm, 0.5 ms),
Gr; = (z, 30 G/cm, 1 ms), Gr= (x, 10 g/cm, 0.5 ms), Gr= (x, 30 G/cm, 0.5 ms), Gr= (z, 10 G/cm, 1 ms), Gr= (z, 17.5 G/cm, 0.5). (d, bottom
right) Pulse sequence for HACA(N)CO. THd pulses and spin-lockings are the same as in the case of HACAN:=Charrier is first positioned

at 57.5 ppm, then moved to 176.5 ppm before gradient 4, and finally moved back to 57.5 ppm afté pldse at the end ofy. The 74 delay

is 12 ms. All rectangular pulses and shaped pulses are the same as for HACACO. The condiffdhsamoi’H are the same as for HACAN. The
phase cycling of pulses and quadrature detection are the same as for HACACO. The gradients=afg &5 G/cm, 1 ms), Gr= (y, 10 G/cm,

1 ms), Gg = (z 30 G/cm, 1 ms), Gr= (z, —15 G/cm, 1 ms), Gr= (x, 25 G/cm, 1 ms), Gr= (x, 10 G/cm, 1 ms), Gr= (z, 10 G/cm, 1 ms),
Grg = (z, 12.5 G/cm, 1 ms).
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by the 13C, selectivex pulse, the phase shift should be as in the case of HACAN. All spins are in the same residue.
compensated for in the data processing. Deuterium decouplingThe pulse sequence is shown in Figure 4c. Most of the features

is not required in this experiment. are the same as in the case of the HACAN and HACACO
The 3D HACACB experiment connects th€,—1H, zero/ experiments. For optimal sensitivity of th#; peak, the length
double quantum coherence to the intraresiti@ spin as of the 13C,—13C; mixing period should be {2+ 1)/(2Jcc). The
. . . . first mixing period is 3/(2cc) for obtaining a longer*C,
Hy = H/C(t) — HZCBW(L) — H\Cy — Hy(t) chemical shift evolution time. During th€Cz chemical shift

whereB represents th&*Cg spin and other spins are the same evolution time, deuterium decoupling is applied to the aliphatic
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Figure 5. Strip plots for the residues from A267 to Y277. The contour levels exponentially increase by a factor of 1.41. (a, top left) A strip plot
of the 3D HACAN spectrum. (b, top right) An overlaid strip plot of the 3D HACACO spectrum, solid contour lines, and the 3D HACA(N)CO
spectrum, broken ones. (c, bottom) A strip plot of the 3D HACACB spectrum. Arrows indicate the corresptiagipgaks.

?H spins using the same scheme as described above. Aattached td3Cs, because some of the amino acids héden
IH 7 pulse is also applied at the midpointtefto decoupleH their side chains.
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The 3D HACA(N)CO experiment connects tA&C,—1H,
zero/double quantum coherence through the intrarediilspin
to the previoud3CO spin, and through tHéN of the succeeding
residue to the'*CO spin in the same residue &C,. The
coherence transfer pathway is

H,O — H,0c.O(t) — H,OC,ON O —
H,0C,ON,0c (-It,) —
H,OC,ON,0 — H,0c,® — H,0t,)
H,O — H,0C,0(t) — H,0C,ON, D —
H,0C,ON Ve Ot) —
H,OC,ON, (D — H,0c O — H,Ot,)

The total length of the pulse sequence is more than 100 ms,

Yamazaki et al.

could be explained by the fact that most of the protonated
residues are located on the surface of the molecule and exhibit
less relaxation due to their dynamics, because these residues
are hydrophilic.

A strip plot of the HACAN spectrum is shown in Figure 5a.
In the column for eachA3C,—H,, pair, a stronger intraresidue
15N peak and a weaker one connecting to e spin in the
succeeding residue appeared. The sequential peak exhibits a
quarter or a third of the intensity of the intraresidue peak. These
peaks can be traced along the primary sequence, as shown in
the figure. An overlap display of strip plots of the HACACO
and HACA(N)CO spectra is shown in Figure 5b. In each
column, HACACO gives an intraresidd&CO peak, as shown
by solid contours, and HACA(N)CO gives théCO peak of
the preceding residue shown by broken contours. HACA(N)-
CO gave much weaker intraresid&#0O peaks as well, but
they are covered by HACACO peaks in the plot. The
intraresidue and sequenti#CO peaks can be traced along the

because coherence is transferred in a relayed manner througiprimary sequence as shown in Figure 5b. A strip plot of the

relatively smalll3C,—1°N and 15N—13CO coupling constants.

HACACB spectrum is shown in Figure 5c. This experiment

Nevertheless, most of the correlation peaks to the precedinggave similarly good sensitivity to that of the HACACO

residues, which are given by the upper transfer pathway,
appeared with good sensitivity. As th#\ nuclei are attached
by 2H, the relaxation time of thé&°N transverse magnetization

is considerably long. As calculated from tH& chemical shift
anisotropy and thé®N—2H dipolar interaction, the relaxation
time is expected to be more than 200 ms for this molecule. For
this reason, the efficiency of the correlation frdphl to 1CO,
which is governed by th®N relaxation rate, is high, compared
with that in the case of the HA(CACO)N experiment. Deute-
rium decoupling is applied while tHéN transverse component

is being generated.

experiment.

The intensities of intraresidue peaks in the HACAN, HACA-
CO, and HACACB spectra were very high. For the backbone
sequential assignment, either sequential peaks on HACAN or
peaks on HACA(N)CO were also required. Most of them were
observed, though they were weaker than intraresidue peaks.
Except for the amino acid-specific incompleteness mentioned
above, only two of the sequential connectivities of Thr301 and
Glu302 in the HACAN spectrum were missing, and none of
the sequential peaks were missing in the HCA(N)CO spectrum.
The 13CO sequential connectivities obtained on HACA(N)CO

The spectra obtained in the above four experiments showedwere more intense than tHéN sequential connectivities on

signals of good quality. The sequential connectivities to the
15N and 13CO spins were weaker, but most of them appeared

clearly. However, they also had several common shortcomings.
Pro and Gly residues gave no signals. Pro residues were fuIIyIa

deuterated, including 4 The magnetization of Gly residues
decayed because of the fast relaxation caused by the %ktra

spin. Ser266 and Ser299 gave almost no signals. The assign

ments made at 30C suggest that for these Ser residues, the
13C, and 13C; spins have similar chemical shifts. During the
constant time period, th®C, magnetization was lost through
a strong coupling effect. Peaks of thd,—13C, spins in the
residues preceding Pro were always weaker.
not identified, but higher rigidity of this part of the molecule
or a special scalar coupling network of the spins could cause
the decrease of the peak intensity. 11e278 gave weaker peak
because it$H, offset (3.39 ppm) was far from thi#H spin-
locking frequency. As mentioned by Grzesiek and Bag,
relatively strong spin locking field was required to suppress the
1H,—13C, coupling for the full range otH, chemical shifts.
TheH, chemical shift range of this protein is relatively small
because it is mainly composedmielices. For proteins having
B-sheets, a strongelH spin-locking field is recommended.
Interestingly, most residues that were not properly labeled, which
were probably fully protonated, also gave good signals. This

HACAN.

Conclusion

Using a selectivelyH,-and uniformly?3C-, 15N-, and 2H-
beled protein, and the newly developed triple resonance
experiments, the sequential connectivitie$3af,—1H,, spin pairs

were obtained in duplicate throug®N and throughH3CO spins.

Actual assignments were successfully made for the C-terminal

domain of thea subunit ofE. coli RNA polymerase under the
condition that the molecule tumbles slowly. Through improve-
ment of the labeling method, further sensitivity improvement

The reason Wag/vould be expected. For larger proteins in a high pH solution

or at high temperature, where the amide protons exchange too
fast, the present method is the only realistic means of backbone
resonance assignment. The success of these experiments implies

She following future directions. Starting froffC,—'H, as-

signments, side chait*C assignments can be made with the
13C TOCSY scheme using the same sample. This would give
higher sensitivity than that of the CC(CO)NH experiment, which
is used for a nonselectiveRH-labeled sample. Selectivid
labeling of other side chain nuclei would be useful for the
assignment of the'H nuclei and for obtaining structural
information from the'H spins for larger proteins.
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