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Summary

It is demonstrated that sequential resonance assignment of the backbone 'H” and "N resonances of
proteins can be obtained without recourse to the backbone amide protons, an approach which should
be useful for assignment of regions with rapidly exchanging backbone amide protons and for proteins
rich in proline residues. The method relies on the combined use of two 2D experiments, HA(CA)N and
HA(CACO)N or their 3D analogs, which correlate '"H* with the intraresidue N and with the N
resonance of the next residue. The experiments are preferably conducted in D,0O, where very high
resolution in the ’N dimension can be achieved by using *H decoupling. The approach is demonstrated
for a sample of human ubiquitin, uniformly enriched in ’C and "*N. Complete backbone and "*C*/'HP

resonance assignments are presented.

Introduction

Backbone amide protons play a pivotal role in all
homonuclear and heteronuclear protein sequential reson-
ance assignment strategies proposed to date. They owe
this role to their intraresidue J connectivity to H* and to
the fact that they frequently exhibit both intraresidue and
sequential NOEs (Wiithrich, 1986), and in isotopically
enriched proteins they can be conveniently correlated with
many of the other backbone and side-chain atoms (Ikura
et al., 1990). However, neither assignment strategy is
applicable if the amide proton cannot be observed and
this has been a primary reason why many protein NMR
studies are restricted to a solvent pH of less than about
7, a value at which amide protons exchange sufficiently
slowly to allow observation of their resonances. The pres-
ent paper describes an alternative triple-resonance pro-
cedure which does not make use of backbone amide pro-
tons and which therefore can be used to study proteins at
any pH.

The new procedure relies on the use of two triple-res-
onance experiments, HCAN and HCA(CO)N. Both
schemes are of the so-called ‘out-and-back’ type, where
magnetization originates on 'H® and is transferred to *N
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where it evolves during an evolution period, t,, prior to
being transferred back to 'H” for detection. The HCA-
(CO)N experiment has been described previously (Kay et
al., 1990; Powers et al., 1991) and correlates '"H%"*C* of
one residue with the backbone amide N of the next
residue, using relay of magnetization via the well-resolved
Jeaco and oy couplings. The analogous HCAN experi-
ment transfers magnetization between *C* and “N via
'Jcay (intraresidue) and Jeay (interresidue) and correlates
'H* and "C* with the intraresidue and sequential "N
resonances. The transfer in this latter experiment is rela-
tively inefficient, not only because of the relatively small
values of Jeon (~10 Hz) and *Jeuy (~7 Hz) (Delaglio et
al., 1991) but also because *C* magnetization decays
rapidly during the correspondingly long de- and rephasing
delays, owing to its inherently short transverse relaxation
time. Nevertheless, for proteins with rotational correlation
times of less than ~ 8 ns we find that both the HCAN and
the HCA(CO)N experiments, as described here, are read-
ily applicable.

The HCAN experiment provides intraresidue (and
weaker interresidue) connectivities between the 'H*, ’C*
and N nuclei, whereas the HCA(CO)N correlates the
"H®, *C* of one residue with the N of the next residue.



Use of these two experiments for sequential resonance
assignment relies on the uniqueness of the "N chemical
shift for making the sequential connectivity, i.e., it is
critical that the N chemical shift is measured with the
highest possible precision. Backbone amide deuterons in
proteins with a rotational correlation time shorter than 8
ns have T, relaxation times in the 2-20 ms range, owing
to their ~ 200 kHz quadrupole coupling. In the absence of
H decoupling, scalar relaxation of the second kind there-
fore severely broadens the "N resonance (Pople, 1958;
Abragam, 1961) and the lack of high "N resolution has
previously discouraged the use of the HCA(CO)N experi-
ment. It is therefore desirable to narrow the '°N reson-
ances by the use of broadband ’H decoupling. Deuterated
"N nuclei are not subject to the otherwise dominant one-
bond 'H-""N dipolar relaxation mechanism and, as dem-
onstrated in the present study, excellent "N resolution
can be obtained when using “H decoupling.

Experimental

Two-dimensional HA(CA)N and HA(CACO)N experi-
ments have been recorded on a sample of 4.1 mg of com-
mercially obtained human ubiquitin, uniformly enriched
in ®C and "N (VLI Research, Southeastern, PA). The
sample was lyophilized from D,0, pH 9, after incubation
at 35 °C for 24 h to ensure complete backbone amide
exchange. It then was dissolved in 250 pl D,O, containing
deuterated acetate buffer, and the pH was adjusted to 4.7
(uncorrected for the isotope effect) by addition of a small
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amount of DCI, after which the sample was transferred
into a Shigemi microcell NMR tube (Shigemi Inc., Alli-
son Park, PA). The final buffer concentration was 20 mM
acetic acid, 17 mM sodium acetate and 32 mM sodium
chloride. Additional 3D triple-resonance experiments were
carried out on a sample containing 3 mg *C/"*N-ubiquitin
dissolved in 250 pl 90% H,0/10% D,0, deuterated acetic
acid buffer (36 mM acetic acid, 27 mM sodium acetate),
pH 4.7.

All NMR experiments were conducted at 30 °C on a
Bruker AMX-600 spectrometer, equipped with an exter-
nal 150-W class A/B power amplifier for *C and a Bruker
digital lock and triple-resonance probehead with a self-
shielded z-gradient. Pulsed field gradients were generated
with an in-house developed gradient pulse-shaping unit
and amplifier. All gradient pulses were sine-bell shaped,
with a strength of 25 G/cm at the center of the sine bell.
’H decoupling was applied using the regular *H lock
probehead circuitry and the rf power was produced using
a home-built rf channel, shown schematically in Fig. 1.
The *H decoupling rf originated from a PTS 300 synthe-
sizer that was switched from the local mode, when *H
decoupling is desired, to remote control when no output
is needed, thereby switching its output frequency to 0 Hz
and minimal power. The 10 MHz reference for this syn-
thesizer was derived from the console. After additional
gating and amplification, the ?H decoupling power was
sent to the probe through a 3 dB coupler (Merrimac
PDH-20-250). The regular lock signal was sent through
the other port of the coupler via an active dual gate
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Fig. 1. Simplified block diagram of the deuterium decoupling hardware used in this work.
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Fig. 2. Pulse sequences of the (A) HA(CA)N and (B) HA(CACO)N experiments. Narrow and wide pulses correspond to 90° and 180° flip angles,
respectively. Pulses for which the phase is not indicated are applied along the x-axis. The 'H carrier is placed at the H,O frequency. 'H broadband
decoupling is accomplished with a synchronous GARP sequence (Shaka et al., 1985) using a 1 kHz rf field. 2H decoupling (2 W) utilized a
WALTZ-modulated (Shaka et al., 1983) composite pulse sequence and a 1.7 kHz rf field, centered in the amide region. '*C decoupling during data
acquisition was performed with a GARP sequence using a 5 kHz 1f field. The carriers for the *C* and "*C' pulses are positioned at 56 and 177
ppm, respectively. The power levels of the 90° and 180° C" pulses, 4.7 and 10.6 kHz, are adjusted such that they do not excite the *C' nuclei.
Carbonyl pulses have a shaped amplitude profile, corresponding to the center lobe of a sinx/x function, and a duration of 157 and 84 us for the
180° and 90° pulses, respectively. Phase cycling is as follows: (A) ¢, =y; 6, =X,y; ¢, =X,X,—X,—X; Acq. = X,—X,-X,x; and (B) ¢, =y; ¢, =80°,170°; ¢, =48°;
0, =X,X,—X,~X; §5=132° ¢,=80° Acq.=x,—X,-X,X. Quadrature detection in the t, domain is obtained by changing the phases ¢, (A) and ¢, (B) in
the usual States-TPPI manner (Marion et al., 1989). Delay durations for (A) are T=1.5 ms, A=1.55 ms and 8=14.28 ms, and those for (B) are
t=1.5 ms, A=1.55 ms, §=3.2 ms, €=4.5 ms and T=13.1 ms. Pulsed field gradient durations for (A) are G1=1.5 ms, G2=0.5 ms (negative
polarity), G3=0.75 ms (negative polarity) and G4=1.25 ms, and those for (B) are G1=1.5 ms, G2=0.5 ms (negative polarity), G3=0.1 ms,
G4=0.25 ms, G5=0.75 ms (negative polarity) and G6=1.25 ms.

which terminates both the combiner and the lock channel
in 50 Q. This dual gate protects the lock circuitry during
the *H decoupling period. In addition, the *H lock re-
ceiver is blanked during “H decoupling. A home-built
WALTZ (Shaka et al., 1983) modulator circuit was used
to ensure uniform *H decoupling over the amide region.
In practice, however, we found the use of this WALTZ
modulation scheme to be only of marginal benefit be-
cause the short T, of the ubiquitin amide deuterons (6-9
ms) acts as ‘noise modulation’. Even when using a con-
tinuous-wave *H decoupling field, this T, modulation

therefore results in adequate *H decoupling over a 4 ppm
’H bandwidth when using a 2H rf field strength of 1.7
kHz 2 W).

The 2D HA(CA)N and HA(CACO)N spectra were
collected as 512* (t,) x 256* (t,) data sets (where n* refers
to n complex data points), with acquisition times of 389
ms (t,) and 85 ms (t,). With a relaxation delay of 1.2 s,
the total measuring time was 2 h for each experiment.
The *H lock receiver and lock transmitter are active only
during the 1.2 s relaxation delay. Prior to Fourier trans-
formation, the data were apodized with a squared sine-
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Fig. 3. Superimposed regions of the 2D HA(CA)N and HA(CACO)N
spectra of human ubiquitin. (A) View of all resonances; (B) expansion
of a selected region. The entire HA(CACO)N spectrum was multiplied
by -1 prior to superposition; positive correlations are shown with
multiple contours and negative peaks are drawn with a single contour.
Therefore, HA(CA)N correlations are mostly positive and HA(CACO)N
correlations are mostly negative, with peaks aliased in the "N dimension
having the opposite sign (e.g. Ser™). Intraresidue 'H*"*N correlations are
identified by residue number. Weaker interresidue 'H*-"*N correlations
are also observed in the HA(CA)N spectrum and their position
coincides with that of the more intense HA(CACO)N cross peaks.
Horizontal lines connect ['H*(1)/'*N(i)] and ["H*(i~1)/"*N(i)] correlations
and vertical lines connect ['H*(i—1)/**N(i)] and ['H%(i-1)/"*N(i-1)] correla-
tions; together they trace out the sequential "H*/"*N assignment of the
protein backbone.

bell function shifted by 59° in both dimensions, and then
zero-filled to 2048* along t, and 1024* along t,. Data
were processed using the package nmrPipe (Delaglio, F.,
unpublished results) and peak positions and intensities for
non-overlapping resonances were determined interactively
using the program PIPP (Garrett et al., 1991).

Results and Discussion
Figure 2 shows the pulse sequences of the 2D HA-

(CA)N and HA(CACO)N experiments used in the present
work. For proteins as small as ubiquitin (8.5 kDa) there
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is little degeneracy in the 'H* chemical shifts and the 2D
versions provide sufficient resonance dispersion. For
larger proteins, or for proteins with less resolved 'H*
shifts, the experiments can be recorded in a 3D manner
by converting the '*C* dephasing period into a constant-
time type evolution period.

The magnetization transfer pathway pertinent to the
HA(CA)N experiment will be briefly outlined below. For
simplicity, only terms that contribute to the final spec-
trum are retained and the effects of relaxation are ig-
nored. The first 90°(‘H)-1-180°('H,"*C)—1-90° ('H,
C) comprises an INEPT transfer (Morris and Freeman,
1979) from 'H* to *C% and the magnetization at time
point a is described by 2H;C}. During the subsequent
delay of duration 23, 'Jyuca rephasing is active for a
period 2A and "*C®-"*N dephasing occurs due to 'Joay and
Jcan. During this period, *C* also dephases with respect
to 1*CP, but by setting 23 to 1/ T the net effect is mere-
ly an inversion of the *C* magnetization, which will be
ignored in the following discussion. At the end of period
28, *C* magnetization is transferred by INEPT partly to
the intraresidue "N (N} and also to the sequential '*N
(N™"). Magnetization at time point b is then described by
the sum of two terms, i.e., 2 sin(278 'J coni) COS(2TS T coit1)
CINL +2 cos(218 T cong) sin(218 2J capie) Co NI, For reasons
of brevity only the fate of the first term will be discussed
below, although, of course, the second term undergoes the
same type of transfer. At the end of the t, period, a frac-
tion cos(Qyit,) of the N' magnetization is transferred back
to “C” (time ¢) where, after a refocusing period 29, it is
transferred by reverse INEPT back to 'H® for detection.
The observed 'H” signal then originates from the follow-
ing term:

S(t,,t,) = sin’(2md 'Jani) cOS* (218 T canis)
X cos(Quity) expli Q) (M
which after 2D Fourier transformation yields the intra-
residue '"H*-"°N correlation. The last 90° 'H pulse, applied
at time point d, does not affect the 'H* magnetization,
which is aligned parallel to the x-axis at this time (Mad-
sen et al., 1993), but it returns any transverse HDO mag-
netization back to the z-axis, thereby significantly reduc-
ing the t, noise originating from this intense signal.

The HA(CACO)N experiment (Fig. 2B) used in the
present work is a 2D analog of a previously described
scheme (Kay et al., 1990; Powers et al., 1991; Palmer et
al., 1992), slightly modified by the added *H decoupling,
incorporation of pulsed field gradients, and a final water-
flip-back pulse immediately prior to detection. Also,
magnetization transfer from “C' to "N is accomplished
with an INEPT instead of an HMQC scheme. One other
detail concerns the compensation of the effects of the
Bloch-Siegert shift (Freeman, 1988) induced by the appli-
cation of a "*C' 180° pulse during *C* evolution, and vice
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TABLE 1
BACKBONE AND "“C’/'H? RESONANCE ASSIGNMENTS OF HUMAN UBIQUITIN®

Residue “N *C=0 e *cP 'H" 'H* 'HP

Mi - 170.54 54.54 33.29 b 422 213, 2.11°
Q2 12322 175.92 55.19 30.76 8.90 5.26 1.86, 1.66
13 115.34 17245 59.65 4221 8.32 4.19 1.79

F4 118.11 175.32 55.29 41.43 8.61 5.64 3.05, 2.88
\& 121.00 174.87 60.69 3425 9.30 474 1.92

K6 127.52 177.14 54.61 34.86 8.82 5.36 1.68, 1.35
T7 115.40 17691 60.64 70.63 8.73 4.95 4.83

L8 121.33 178.80 57.69 42.04 9.10 431 1.93,1.78
T9 105.59 175.52 61.51 69.18 7.63 443 4.59

G10 108.89 174.07 45.46 - 7.81 435 3.61°

K1l 121.60° 175.94 56.43 33.37 7.28 4.35 1.82, 1.72
Ti2 120.44 17432 62.51 69.93 8.65 5.03 3.95

n3 127.11 175.22 60.10 40.92 9.45 4.53 1.88

T4 121.52 173.79 62.16 69.70 8.71 497 4.04

L15 124.80 174.67 52.93 47.05 8.71 4.76 136, 1.22
El6 122.16 175.86 54.96 29.61 8.14 4.90 1.94, 1.84
V17 117.21 174.16 58.53 36.40 8.90 4.72 233

E18 118.99 176.14° 52.80 30.47 8.64 5.08 218, 1.62
P19 133.94° 175.31 65.42 31.96 - 4.14° 2.45,2.01°
$20 103.40° 174.66 57.48 63.51 7.04 437 4.17, 3.80
D21 123.48 176.36 55.83 40.87 8.03 470 295,255
T22 108.80 176.75 59.83 71.32 7.90 491 4.82

123 121.19 179.04 62.40 34.51 8.56 3.65 2.54

E24 120.83 178.64 60.48 28.43 9.72 3.92 2.05, 2.05°
N2s5 120.57 178.38 56.18 38.58 7.92 453 3.22,2.88
V26 12171 177.95 67.75 30.87 8.07 3.40 2.36

K27 118.86 180.55 59.36 33.78 8.56 4.57 2.04, 145
A28 123.44 180.30 55.46 17.78 8.06 4.16 1.64

K29 119.94 180.32 59.86 33.36 7.85 420 2.14, 1.94°f
130 121.08 178.31 66.20 36.88 8.28 3.51 237

Q31 123.49 178.89 60.12 27.82 8.58 3.83 2.50, 1.99°
D32 119.36 177.25 57.39 40.78 8.01 4.36 2.88°, 2.80
K33 115.13 177.87 58.16 34.11 7.43 434 2.01% 1.86
E34 113.87 177.84 55.36 32.95 8.74 4.61 228,171
G35 108.65 173.96 46.19 - 8.53 414 3.93¢

136 119.88 173.57° 57.85 40.62 6.15 444 1.43

P37 141.40° 176.92° 61.76° b - 4.60° b

P38 135.09° 178.32 66.25 32.90 - 412 2.23,2.06
D39 11338 177.09 55.82 39.69 8.55 4.42 2.80, 2.70
Q40 116.78 175.38 55.69 30.18 7.82 447 247, 1.84
Q41 117.72 176.30 56.68 31.65 7.48 424 1.93,1.93
R42 122.68 174.05 55.19 31.81 8.53 4.50 1.72, 1.61°
L43 124.04 175.29 53.10 45.80 8.82 5.35 1.58, 1.15°
144 121.92 176.06 59.05 4135 9.03 499 170

F45 125.39 174.47 57.02 43.85 8.83 5.03 3.04, 2.82
Ad6 132.20 177.29 52.67 16.61 8.81 3.69 0.91

G47 102.34 173.81 45.46 - 8.13 4.09 3.45¢

K48 121.57 174.70 54.72 34.60 7.98 4.62 1.90, 1.96%/
Q49 122.41 175.67 55.86 29.18 8.60 4.56 1.99, 1.99%'
L50 125.52 176.66 54.36 41.53 8.53 4.08 1.50, 1.03
ESl 122.94 175.87 56.07 31.72 8.40 4.49 224, 2.01
D52 120.03 177.33 56.98 40.91 8.16 437 2.68', 2.56°
GS3 106.66 174.87 45.33 - 9.36 414 3.98¢

RS54 119.05 17535 54.44 3273 7.46° 47° 224, 2.09°
TS5 108.40 176.56 59.82 72.43 8.73 5.24 4.56

Ls6 117.92 180.81 58.82 40.39 8.14 4.06 212,123
$57 113.33 178.31 61.19 62.64 8.47 426 3.85,3.76
D58 124.19 177.40 57.40 40.18 7.93 430 3.02, 2.31
Y59 115.51 174.70 58.35 40.09 7.25 4.66 347,254
N60 115.90 174.34 54.24 37.50 8.15 436 3.32, 2.80
161 118.60 174.61 62.52 36.71 7.25 3.40 1.41

Q62 124.74 175.97 53.73 31.72 7.61 4.50 227, 1.91
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TABLE 1

(continued)

Residue N 3C=0 13Ce 13CP 'HN H* 'HP

K63 120.30 175.81 58.00 32,70 8.49 3.99 2.05, 1.91
E64 113.95 175.25 58.14 2597 9.28 343 2.58, 2.45
S65 114.73 172.16 61.08 65.04 7.67 4.64 3.90, 3.65
T66 117.11 173.95 62.49 70.24 8.73 5.28 4.08

L67 127.11 175.77 53.93 44.34 941 5.07 1.63, 1.63
H68 118.38 173.15 55.25 30.88 9.23 5.20 3.20° 3.00
L69 124.46 175.27 54.04 44 41 8.34 5.19 1.62, 1.11°
V70 126.94 174.00 60.83 34.94 9.20 436 2.03

L71 123.13 177.83 54.08 4293 8.12 5.05 1.68%, 1.55
R72 123.49 175.35 55.79 31.37 8.58 4.28 1.76, 1.54
L73 124.22 177.45 54.97 42.60 8.32 440 1.63, 1.58"
R74 121.45 176.87 56.71 30.71 8.39 4.29 1.86, 1.81
G75 110.78 173.68 45.35 - 8.45 3.98 3.98¢

G76 114.68 179.13° 46.10 - 7.92 3.82 3.75¢

* The sample was 1.4 mM in H,0, acetic acid buffer (36 mM acetic acid, 27 mM sodium acetate), pH 4.7, 30 °C. 'H chemical shifts are indirectly
referenced to TSP by using the water reference as an internal standard at 4.72 ppm. "*C chemical shifts are also relative to TSP, where the 0 ppm
value has been obtained by multiplication of the 'H TSP frequency by 0.25144954 (Bax and Subramanian, 1986). °N chemical shifts are relative
to liquid ammonia at 25 °C, where the 0 ppm value has been obtained by multiplication of the 'H TSP frequency by 0.10132914 (Live et al.,

1984). Except for prolines, chemical shifts correspond to protonated '*N.

® Not assigned.

¢ Chemical shift differs from that given in DiStefano and Wand (1987).

4 Chemical shift of the second glycine 'H*

° Shifts obtained from the HA(CA)N, HA(CACO)N or HCACO experiments, recorded in D,0.

f Chemical shift differs from that given in Weber et al. (1987).

versa (McCoy and Mueller, 1992; Vuister and Bax, 1992),
which occurs at four different points in the pulse sequence
(the midpoints of the 28 and 2T durations). During appli-
cation of a 3C' 180° pulse, the '*C* spin changes its pre-
cession frequency, resulting in an additional rotation
about the z-axis which, to a first approximation, is pro-
portional to the strength of the 180° *C' pulse, i.e., in-
versely proportional to its width. This additional rotation
by an angle 6 can be compensated for by reducing the
phase of the 180° “C* pulse by 6/2 (as done for the *C*
1805y, pulses), by increasing the phase of the 90° pulse at
the end of this period by 6 (as done for *C' 905,) or by
decreasing the phase of the 90° pulse at the beginning of
the de-/rephasing period (905;).

The two-dimensional *H-decoupled HA(CA)N and
HA(CACO)N spectra of ubiquitin are shown superim-
posed in Fig. 3. The long "N T, relaxation times (~ 300
ms as measured from *H-decoupled CPMG T, measure-
ments; data not shown) allow the spectra to be recorded
with very high "N resolution, removing any spectral
degeneracy in this dimension. Due to the choice of the
duration of A (~1/4 'Jcaya), glycine *C* magnetization is
not refocused with respect to its attached protons at the
end of the first 28 period in either the HA(CA)N or HA-
(CACO)N schemes and glycine signals are therefore van-
ishingly weak in Fig. 3 (Burum and Ernst, 1980). The re-
sulting glycine ‘gaps’ in the HA(CA)N and HA(CACO)N
sequential assignment pathway can actually facilitate the
assignment process: knowledge of the primary sequence
allows Gly' to Gly"™" stretches to be easily identified, as

long as no two stretches are of identical length. Reson-
ance assignments are summarized in Table 1.

Ubiquitin is a stable and well-characterized protein and
it is presently the only protein commercially available in
a uniformly *C/"*N-enriched form. It is commonly used
in a number of laboratories to optimize the performance
of multidimensional multinuclear experiments. Therefore,
also listed in Table 1 are the 'H*, 'HP, *C?, *CP and "*C'
chemical shifts, obtained from two-scan versions of the
HBHA(CO)NH (Grzesiek and Bax, 1993), HBHANH
(Wang et al., 1994), CBCA(CO)NH (Grzesiek and Bax,
1992a), CBCANH (Grzesiek and Bax, 1992b), HCACO
(Grzesiek and Bax, 1993) and HNCO (Grzesiek and Bax,
1992¢) experiments which were optimized on a 1.4 mM
ubiquitin sample dissolved in H,O. In the course of this
work, we noticed that several of the N, 'HY and 'H*
chemical shifts are quite sensitive to sample concentra-
tion, pH and ionic strength. However, except for the °N
shifts of Lys'' and Ser® and several of the 'HP resonances,
assignments are in general agreement with those reported
previously (DiStefano and Wand, 1987; Weber et al.,
1987; Schneider et al., 1992).

For proteins dissolved in D,0, the °N line narrowing
resulting from 2H" decoupling allows the collection of
highly resolved '°N spectra, thereby facilitating the assign-
ment process. For small proteins such as ubiquitin, vir-
tually complete sequential assignment of the '"H* and *N
spectra can be made on the basis of two triple-resonance
2D spectra, HA(CA)N and HA(CACO)N, requiring a
combined measuring time of only 4 h. For proteins at
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high pH or rich in proline residues, this type of D,0
experiments provides a valuable complement to the large
range of amide proton-based triple-resonance J connectiv-
ity experiments.
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