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We illustrate an approach that uses the backbone carbonyl chemi-
cal shift to relieve resonance overlaps in triple-resonance assign-
ment experiments conducted on protein samples. We apply this
approach to two cases of simultaneous overlaps: those of (1HN, 15N)
spin pairs and those of (1Hα, 13Cα) spin pairs in residues preceding
prolines. For these cases we employed respectively CBCACO(N)H
and H(CA)CON experiments, simple variants of the commonly
used CBCA(CO)NH and HCA(CO)N experiments obtained by re-
placing one of the indirect dimensions with a carbonyl dimension.
We present data collected on ribosomal protein S4 using these ex-
periments, along with overlap statistics for four other polypeptides
ranging in size from 76 to 263 residues. These data indicate that
the CBCACO(N)H, in combination with the CBCA(CO)NH, can
relieve >83% of the (1HN, 15N) and (1HN, 13C′) overlaps for these
proteins. The data also reveal how the H(CA)CON experiment suc-
cessfully completed the assignment of triply and quadruply degen-
erate X-Pro spin systems in a mobile, proline-rich region of S4,
even when X was a glycine. Finally, we discuss the relative sensitiv-
ities of these experiments compared to those of existing sequences,
an analysis that reinforces the usefulness of these experiments in
assigning extensively overlapped and/or proline-rich sequences in
proteins.

Key Words: carbonyl chemical shift; CBCACO(N)H; H(CA)
CON; proline; ribosomal protein S4; resonance overlap.
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INTRODUCTION

A combination of triple-resonance experiments, such
HNCACB (1), CBCA(CO)NH (2), HNCO (3), and HCACO (4),
is an efficient means of assigning the NMR signals of prot
backbone atoms. However, because several of these experim
depend upon correlating13C′, 13Cα, and13Cβ resonances to thos
of a (1HN, 15N) spin pair, assignment bottlenecks can arise
two cases: (a) when the amide proton and15N resonances of
two (or more) residues simultaneously overlap, and (b) when
amino acid occurs immediately N-terminal to a proline, whi
lacks an amide proton. While isolated occurrences of simulta
ous (1HN, 15N) overlap are usually not a serious problem, wh
such cases are numerous, as found in unfolded proteins or
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α-helical proteins, these overlaps can become a severe imp
ment. Likewise, isolated prolines rarely present assignment
ficulties; however, cases of multiple adjacent prolines or seve
X-Pro elements in which the resonances of X are overlapped w
one another or with other resonances present significant c
lenges. In this paper, we present approaches that overcome t
problems by using the carbonyl carbon (13C′) chemical shift to
relieve degeneracies among the other backbone spins. We i
trate this general strategy with two 3D experiments: first, t
CBCACO(N)H as an aid for multiple (1HN, 15N) overlaps, and
second, the H(CA)CON as an aid for overlaps in proline-ric
sequences. We further show that the use of these experim
in conjunction with existing (1HN, 15N) and (1Hα, 13Cα) experi-
ments is a simple, convenient, and yet powerful approach
overcome assignment bottlenecks in proteins.

The protein that motivated this work was the ribosomal pr
tein S4 fromB. stearothermophilus(200 aa, 23.2 kDa). The
159 C-terminal residues of S4, S4141, form a highly ordered
tertiary structure in crystals (5) and in solution (6, 7). In con-
trast, the 41 N-terminal residues of S4, which are absent fr
S4141, are quite flexible in solution (8). The radical difference
in dynamics between these two regions (τc∼ 1 ns vsτc∼ 12 ns)
resulted in spectra that resembled an overlay of the individ
spectra of a folded protein and a flexible peptide, causing num
ous cases of resonance overlap, particularly in (1HN, 15N) and
(1Hα,13Cα) spin pairs. In addition, the N-terminus contains fiv
prolines, two of which are adjacent, complicating the assig
ment of surrounding residues by conventional experiments t
require amide protons. In response to these issues, we mod
existing pulse sequences, taking advantage of the dispersio
the13C′ chemical shifts to facilitate signal assignments.

Recent years have witnessed a growing interest in pu
sequences that use the13C′ chemical shift as an assignmen
tool. These include the HCACO-CBHB (9), CBCACO(CA)HA
(10), (HCA)CONH (11, 12), COHNNCA (13), CO H(N)CACB
(14), and 4D HNCOi−1CAi (15) experiments. Taking a lead
from this work, we found that a CBCACO(N)H experiment,
variant of the CBCA(CO)NH experiment previously suggest
6
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becomes antiphase with respect to its amide proton. This an-
USING CARBONYL SHIFTS

by other authors (14), was a convenient solution to our a
signment problem. Unlike the (HCA)CONH, COHNNCA, and
CO H(N)CACB experiments, which yield both intra- and i
terresidue connectivities, the CBCACO(N)H is advantage
in that it provides only sequential interresidue connectivit
eliminating potential ambiguities. In this way it is similar
the HCACO-CBHB and CBCACO(CA)HA, except that it e
tablishes a sequential connectivity from the13Cα and13Cβ of
residuei to the amide proton of residuei + 1 rather than an
intraresidue connectivity to the1Hα of residuei .

Likewise, a growing number of pulse sequences for o
coming the problems associated with assigning proline-
regions of polypeptides have been developed, and these in
the CDCA(NCO)CAHA (16), HACAN (17, 18), CBCA(CO)-
N(CA)HA (18), and the family of four “proline neighbo
selective” experiments (19). However, the former three of thes
experiments all label the resulting signals with the frequen
of the (1Hα,13Cα) spin pair, and therefore fail when these pa
simultaneously overlap those of other residues, as is extens
the case with S4. While the proline neighbor experiments a
this problem, they use the amide protons of the amino a
immediately preceding and succeeding the target proline,
thus cannot be used for sequences of adjacent prolines

therefore found that a 3D H(CA)CON experiment, a simple

TERGATE

1.3-kHz

ngular
)
n

tiphase magnetization is then transferred to the amide proton

variant of the 3D HCA(CO)N (20, 21) and 4D HCACON (21)

FIG. 1. Pulse sequence used to record the CBCACO(N)H experiment. Narrow and wide pulses were applied with flip angles of 90◦ and 180◦, respectively
along thex axis unless indicated otherwise. Proton pulses were applied using a field strength of 27 kHz, except for the water-selective pulses of the WA
sequence (27), which were 1.0 ms in duration and applied using a 250-Hz field, and the pulses of the DIPSI-2 decoupling sequence (28), which were applied
using a 5.0-kHz field. All15N pulses were applied using a 4.9-kHz field, except for those of the GARP decoupling sequence, which were applied using a
field. 13Cαβ pulses were applied at fields of1αβ/

√
15 for 90◦ pulses and1αβ/

√
3 for 180◦ pulses (filled bars), where1αβ is the frequency difference in

hertz between the centers of the aliphatic (43 ppm) and carbonyl (177 ppm) spectral regions. Arrows underneath the13Cαβ line indicate times when the13C
frequency was shifted between 43 (13Cαβ ) and 177 (13C′) ppm. The13Cαβ 180◦ pulse represented by the open bar was applied as a frequency-shifted recta
pulse at 56 ppm using a field of1α/

√
3, where1α is the frequency difference in hertz between the centers of the13Cα (56 ppm) and carbonyl (177 ppm

spectral regions. Rectangular13C′ pulses (betweenb andc) were applied at fields of1α/
√

15 for 90◦ pulses and1α/
√

3 for 180◦ pulses. Shaped pulses (betwee
a andb) were applied with a sinc profile for a duration of 300µs. Pulses labeled with an asterisk were applied to compensate for Bloch–Siegert effects (29). The
values of the delays were as follows:δ1 = 1.5 ms,δ2 = 3.5 ms,δ3 = 13.0 ms,δ4 = 2.35 ms,τa= 2.1 ms,τb = 5.4 ms,τ1 = 4.5 ms,τ2 = 6.5 ms, andTc = 3.1 ms.

and detected.
The strengths and durations of the gradient pulses were as follows: G1= (1.0 m
cycle used was as follows:φ1 = 8(x), 8(–x); φ2 = x + States–TPPI(t1); φ3 = 2(x
φ7 = x, x, –x, –x; and rec= (x, –x, –x, x), 2(–x, x, x, –x), (x, –x, –x, x).
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experiments, could successfully use the13C′ spins to alleviate
these problems of multiple degeneracies so that we c
achieve a complete resonance assignment.

RESULTS AND DISCUSSION

Simultaneous (1HN, 15N) Overlap

We first describe how the problem of simultaneous ove
of (1HN, 15N) spin pairs is relieved by the CBCACO(N)H e
periment, displayed in Fig. 1. Between pointsa and b, the
CBCA(CO)NH experiment is duplicated, producing at po
b terms−2Cα

z C′y that are frequency labeled with the chem
cal shift of either the13Cα or the 13Cβspin. Between point
b and c, as in the CBCA(CO)NH experiment,13Cα/13C′ and
13C′i /

15Ni+1 scalar couplings are active for 2τ1 and 2(τ1+ τ2);
however, the13C′ chemical shift also evolves during this p
riod in a constant-time fashion. Thus, at pointc terms−2C′zNy

are generated that are frequency labeled with the13C′ chemi-
cal shift. Following pointc, the constant-time15N evolution pe-
riod of the CBCA(CO)NH is replaced with a fixed delay duri
which the15N magnetization refocuses with respect to13C′ and
s, 25 G/cm), G2= (1.5 ms, 25 G/cm), and G3= (0.4 ms, 25 G/cm). The phase
), 2(y), 2(–x), 2(–y); φ4 = x, –x; φ5 = 4(x), 4(–x)+ States–TPPI(t2); φ6 = 48◦;
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FIG. 2. F1–F3 strips taken from a 3D CBCA(CO)NH spectrum (strips labeled15Ni+1) and a 3D CBCACO(N)H spectrum (strips labeled13C′i ) at the
common1HN

i+1 frequencies of three residue pairs of S4: (A) L89 and E184, (B) Q35 and R66, and (C) K28 and K43. The strips are further labeled w
15N or 13C′ chemical shift. Both spectra were recorded at 310 K on a sample containing 0.7 mM [U -13C; U -15N]-S4, 20 mM sodium acetate, pH 5.4, 250 m
KCl, and 1 mM EDTA in a volume of 300µl 90% H2O/10% D2O. The CBCA(CO)NH spectrum was recorded on a Bruker DMX 750 MHz spectrometer, res
5 ker
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in a 66× 50× 512 matrix corresponding to acquisition times of (6.6, 20.0,
DMX 500 MHz spectrometer, resulting in a 45× 38× 512 matrix with acquisi

Selected F1–F3 strips from 3D CBCA(CO)NH and CBC
CO(N)H spectra of S4, Fig. 2, illustrate the progressiv
difficult kinds of overlap that are relieved by using both e
periments. In all of the cases shown, both the15N and1HN reso-
nances of the two selected spin systems are simultaneousl

generate. In Fig. 2A, four peaks appear along a given (1HN, 15N)
strip, clearly announcing the presence of overlap, which is ea
4.1 ms) for (t1, t2, t3), while the CBCACO(N)H spectrum was recorded on a Bru
ion times of (6.7, 22.0, 80.5 ms).

-
ly

x-

de-

relieved by13C′ chemical shifts. A somewhat more interest
case is depicted in Fig. 2B, in which only three peaks ap
along the (1HN, 15N) strip, two of which are much more inten
than the third. This case arose from two residues with mark
different dynamic behavior (one from the flexible N-termin
sily
and the other from the well-structured region) and with spin
systems that are triply degenerate, having overlapping13Cβi
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USING CARBONYL SHIFTS

resonances in addition to15Ni+1 and 1HN
i+1. While this over-

lap is not conclusive from the CBCA(CO)NH alone, t
CBCACO(N)H spectrum demonstrates it clearly, and allo
a definitive assignment of the13Cβ spins. Finally, in Fig.
2C the overlap of two quadruply degenerate (13Cβi ,13Cαi ,
15Ni+1, and1HN

i+1) spin systems is almost undetectable in
CBCA(CO)NH spectrum. Again the CBCACO(N)H spectru
both relieves and confirms this degeneracy, enabling the acc
assignment of both spin systems.

From a more general perspective, the usefulness of a (1HN
i+1,

13C′i ) experiment such as the CBCACO(N)H in relieving ov
lap in (1HN, 15N) experiments such as the CBCA(CO)NH d
pends upon the number of residues that have the same1HN

i+1,
15Ni+1, and13C′i chemical shifts. Clearly, the HNCO experime
identifies such residue pairs directly, since the degeneraci
spin systems that are fully overlapped in 3D HNCO spe
cannot be relieved by using (1HN, 15N) and (1HN

i+1, 13C′i ) ex-
periments together. To illustrate these ideas, we have colle
some statistics of relevant overlaps in Table 1 for three prote
(1) human ubiquitin, representing a small, well-ordered prot
(2) B. stearothermophilusS4, representing a moderately siz
(23 kDa) protein with both well-structured and highly flex
ble regions; and (3)M. charantiaMAP30, representing a re
atively large (30 kDa), well-ordered protein that also conta
a short disordered region of 19 residues. In addition, we h
listed statistics for S4141 and MAP30-C19, which correspon
to fragments of S4 and MAP30 that lack the flexible regio
of the full-length proteins. The first group of overlaps rep
sents those that would be observed in a CBCA(CO)NH s
trum, the second group are those that would be observed
CBCACO(N)H spectrum, and the third group are those
would be observed in both spectra. First, these data ind
that the resolving power of (1HN, 15N) and (1HN

i+1, 13C′i ) ex-
periments are essentially equal for these proteins. Second
number of fully overlapped HNCO peaks (1HN

i+1–15Ni+1–13C′i
overlaps) is no more than 17% of the total number of (1HN,
15N) and (1HN

i+1, 13C′i ) overlaps, thereby allowing these dege
eracies to be relieved for the great majority of these pairs
using the two experiments together. Indeed, this near uni
ness of their sets of overlapped peaks is the main advanta
using these experiments in combination. This uniqueness
result from the fact that the13C′ and15N of the1HN

i+1–15Ni+1–
3C′i spin system lie in different amino acids, minimizing a
correlation between the shifts of these three spins. Making
of additional spins, particularly the1Hα in the HCACO experi-
ment, will often relieve the degeneracies of the remaining u
solved pairs. Notably, there are no cases of quintuply degen
(1Hα

i , 13Cαi , 13C′i ,
15Ni+1, 1HN

i+1) spin systems in any of the liste
proteins.

We also note that the flexible regions of S4 and MAP30 c
tribute significantly to the overlapped sets. Even though

N-terminus comprises only 20% of the S4 sequence, it is r
ponsible for 58 and 39% of the (1HN, 15N) and (1HN

i+1, 13C′i )
overlaps, respectively. Similarly, the C-terminal 19 residues
RELIEVE PEAK OVERLAPS 249
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TABLE 1
Overlapping Spin Systems Observed in CBCA(CO)NH and

CBCACO(N)H Experimentsa

Ubiquitin S4141 S4 MAP30-C19 MAP30
Spin system 76 aa 159 aa 200 aa 239 aa 263b

HN
i+1–Ni+1 only 2 11 29 37 51

HN
i+1–Ni+1–Cαi 1 5 7 3 3

HN
i+1–Ni+1–Cβi 0 1 3 1 3

HN
i+1–Ni+1–Cα/βi 0 0 0 1 1

HN
i+1–Ni+1–Cαi –Cβi 0 1 4 0 0

Total HN
i+1–Ni+1 3 18 43 41 58

overlaps

HN
i+1–C′i only 4 17 28 48 61

HN
i+1–C′i –Cαi 1 4 5 5 6

HN
i+1–C′i –Cβi 0 5 5 1 3

HN
i+1–C′i –Cα/βi 0 0 0 0 0

HN
i+1–C′i –Cαi –Cβi 0 2 8 1 1

Total HN
i+1–C′i 5 28 46 55 71

overlaps

HN
i+1–Ni+1–C′i only 0 1 1 6 7

HN
i+1–Ni+1–C′i –Cαi 0 1 1 1 1

HN
i+1–Ni+1–C′i –Cβi 0 1 1 0 1

HN
i+1–Ni+1–C′i –Cαi –Cβi 0 0 1 0 0

Total HN
i+1–Ni+1–C′i 0 3 4 7 9

overlaps

a A given spin system ofnspins, (A1, A2, . . . ,An), in residueAwas considered
to be overlapped with the same spin system, (B1, B2, . . . ,Bn), of residueB if
|(δAi − δBi )|< 21i (i = 1, . . . , n) for all n spins, whereδ values are chemica
shifts in ppm taken from chemical shift tables and1i is the final digital resolution
of spini after processing. Values of1i were as follows (in ppm):1HN = 0.02,
115N = 0.25,113Cα = 0.40, and113C′ = 0.10. The numbers in the tabl
indicate the total number of such overlaps between residue pairs observ
each listed spin system. Numbers in bold are sums of the overlaps of spin sy
sharing the indicated spin pair or triplet in common.

b Signals for residues 240–245 were weak or absent (26).

MAP30 compose only 7.2% of the MAP30 sequence, yet c
tribute 29 and 22% of the (1HN, 15N) and (1HN

i+1, 13C′i ) overlaps,
respectively. In addition, for these proteins the size of the flex
region as a percentage of the total sequence seems to scale
well with the number of new overlaps it contributes, expres
as a percentage of the number of overlaps in the well-struct
region. The evidence thus suggests both that flexible reg
contribute more overlap difficulties than ordered regions
that these difficulties increase simply in proportion to the fr
tional size of the flexible region in a given protein. However
only the ordered regions of S4 and MAP30 are conside
(S4141 and MAP30-C19), one finds that S4141 (a predomi-
natelyα-helical protein) generates a significantly higher perc
tage of high multiplicity overlaps involving three or more spi

es-

of

than does MAP30-C19 (a mixedα-helical/β-sheet protein). For
example, 39% of the (1HN, 15N) overlaps in S4141 involve three
or more spins, while only 12% do the same for MAP30-C19.
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These percentages are almost identical for (1HN
i+1, 13C′i ) over-

laps involving three or more spins: 39% for S4141 and 13% for
MAP30-C19. Thus, while the combined use of the two expe
ments clearly seems to benefit the analysis of flexible region
proteins, this strategy may also be useful for a number of w
structured proteins that have significant inherent signal over

Simultaneous (1Hα, 13Cα) Overlap in Residues
Preceding Prolines

We next turn to how the H(CA)CON experiment (Fig. 3
can be used to relieve the problem of simultaneous ove
of (1Hα,13Cα) spin pairs, particularly in proline residues an
amino acids immediately N-terminal to proline residues. T
H(CA)CON experiment was derived from both the 3D consta
time HCA(CO)N (4, 22) and the 4D HCACON (21) experiments.
Between pointsa andb, the experiment is fundamentally equiv
alent to the HCA(CO)N experiment, except that the consta
time13Cα evolution period is replaced with a fixed delay perio
during which the antiphase13Cα magnetization refocuses with
respect to1Hα and becomes antiphase with respect to its direc
bonded13C′. This antiphase13Cα magnetization is then trans
ferred to the13C′, generating at pointb the term 2Cα

z C′x. At this
point the13C′ chemical shifts are allowed to evolve during
constant-time period whose length was chosen to maxim
antiphase13C′ magnetization with respect to the15N of the
as

egert
G1

exi-
ide
following residue. Thus at pointc the INEPT transfer gen-
erates the term−4Cα

z C′zNy, labeled with the chemical shift

FIG. 3. Pulse sequence used to record the H(CA)CON experiment. Narrow and wide pulses were applied with flip angles of 90◦ and 180◦, respectively, along
the x axis unless indicated otherwise. Proton and15N pulses were applied using field strengths of 27 and 4.9 kHz, respectively. Rectangular13Cα pulses were
applied at fields of1α/

√
15 for 90◦ pulses and1α/

√
3 for 180◦ pulses (filled bars), where1α is the frequency difference in hertz between the centers of the13Cα

(56 ppm) and13C′ (177 ppm) spectral regions. Pulses for the GARP decoupling sequence were applied using a 2.9-kHz field. Arrows underneath the13Cα line
indicate times when the13C frequency was shifted between 56 (13Cα ) and 177 (13C′) ppm. The13Cα 180◦ pulses represented by the open bars were applied
frequency-shifted rectangular pulses at 56 ppm using a field of1α/

√
3. Rectangular13C′ pulses were applied at fields of1α/

√
15 for 90◦ pulses and1α/

√
3 for

180◦ pulses. Shaped pulses were applied with a sinc profile for a duration of 240µs. Pulses labeled with an asterisk were applied to compensate for Bloch–Si
effects (29). The values of the delays were as follows:δ1 = 1.7 ms andTc = 12.5 ms. The strengths and durations of the gradient pulses were as follows:=
(0.75 ms, –25 G/cm), G2= (2.1 ms, 25 G/cm), G3= (0.5 ms, –25 G/cm), G4= (0.3 ms, 25 G/cm), G5= (0.45 ms, –25 G/cm), G6= (0.5 ms, –25 G/cm), G7=

signment of P33 and P38. However, in the general case of a fl
ble, proline-rich peptide with numerous adjacent prolines, am
(0.8 ms, 25 G/cm), G8= (0.3 ms, 25 G/cm). The phase cycle used was as folloφ
States–TPPI(t2); φ4 = –x, x; φ5 = 8(x), 8(–x); and rec= x, –x, –x, x, –x, x, x, –
TORCHIA
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of the 13C′ spin. We note that this term is an antiphase15N
single-quantum coherence, in contrast to the two-spin13C′–15N
multiple-quantum coherences generated by the HMQC-s
transfer employed in the 3D HCA(CO)N and 4D HCACON e
periments. The15N chemical shift evolves duringt2, after which
the 15N magnetization is transferred back to the13C′. The re-
mainder of the sequence essentially reverses the magnetiz
transfers accomplished to this point, ultimately returning t
magnetization to the original1Hα, which is then detected.

Selected F1–F3 strips from a 3D H(CA)CON spectru
recorded on S4 are shown in Fig. 4 alongside F2–F3 st
from a 3D HCACO spectrum. Figure 4A illustrates the kin
of situation where resolving spin systems using spins other t
the13Cα can be useful. The resonances of four proline resid
of the N-terminus are displayed, all of which have simultan
ously degenerate (1Hα,13Cα) spin pairs. In addition, the spin
systems of P7, P33, and P38 are triply degenerate, also sh
the same13C′ chemical shift. The H(CA)CON was partly abl
to relieve this degeneracy, separating P7 from P33/P38 on
basis of the15Ni+1 shift. Notably, these data highlight the fac
that P7 and P30 are also triply degenerate, with equivalent1Hα

i ,
13Cαi , and15Ni+1 shifts, indicating that these spin systems wou
be completely overlapped in an HCA(CO)N spectrum. Al
revealed is the quadruple degeneracy of P33 and P38, which
equivalent1Hα

i , 13Cαi , 13C′i , and15Ni+1 shifts. Fortunately, the
1HN shifts of G34 and G39 differ by 0.05 ppm, allowing the a
ws:1= y, –y+ States–TPPI(t1); φ2= 4(x), 4(y), 4(–x), 4(–y); φ3= x, x, –x, –x +
x.
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FIG. 4. F2–F3 strips taken from a 3D HCACO spectrum (strips labeled13Cαi ) alongside F1–F3 strips from a 3D H(CA)CON spectrum (strips labeled15Ni+1)
at the common1Hα frequencies of two residue sets of S4: (A) P7, P30, P33, and P38 and (B) G6 and G37. The strips are further labeled with thei13Cα or
15N chemical shift, with italic type indicating folding in the15N dimension. Negative contours resulting from such folding are indicated by dashed lines

spectra were recorded at 310 K using a Bruker DMX 500 MHz spectrometer, and the sample conditions were the same as those described in the legend to
Fig. 2, except that the solvent was 100% DO. The HCACO spectrum was co .1,

tion

s
n
are

.

s.

H –C –C overlaps 1 5 24 11 11
2

102.4 ms) for (t1, t2, t3), while the H(CA)CON spectrum was collected as a×

protons may well be unavailable, suggesting the need to us
resolving power of all available spins. A related case is show
Fig. 4B, which involves another pair of residues, G6 and G
which both have simultaneously degenerate (1Hα,13Cα) spin
pairs and are N-terminal to a proline. Therefore, the only av
ablei to i +1 connectivity for these residues involves the prol
15N, and since the13C′ spins of G6 and G37 are well resolve
this connectivity is clearly provided by the H(CA)CON expe
ment. Unfortunately, this did not complete the assignment, s
the availablei−1 toi connectivities for G6 and G37 involve the
15N and1HN spins, not their1Hα or13C′ spins. Ultimately a care
ful comparison of the HNCACB, HCACO, and HNHA spect
to the H(CA)CON spectrum was able to finalize these ass
ments. While the recently proposed version of the HACAN
periment (18) would in principle be a straightforward solution
this problem, given that it would correlate the15N spins of both
G6 and P7 to the G6 (1Hα,13Cα) pair (and equivalently for G37
and P38), in this and similar cases the experiment would be

1 α 13 α
cult to interpret due to the simultaneous (H , C ) degeneracy
Moreover, as is the case with the CBCA(CO)N(CA)HA expe
ment (discussed below), these connectivities would be sev
llected as a 23× 128× 512 matrix corresponding to acquisition times of (7.0, 84
3360× 384 matrix with acquisition times of (21.7, 36.0, 76.8 ms).

e the
n in
37,

ail-
ine
d,
ri-
ince
ir
-
ra
ign-
ex-
to

diffi-

attenuated in the HACAN spectrum because the magnetiza
in question originates on glycine residues (18).

The general usefulness of (1Hα,13C′) experiments such a
the H(CA)CON in relieving (1Hα,13Cα) overlaps can be see
from the data in Table 2, where relevant overlap statistics
presented for ubiquitin, S4, S4141, MAP30, and MAP30-C19
Again the data suggest that the resolving power of the (1Hα,13Cα)
and (1Hα,13C′) experiments is very similar for these protein
What is notable is that unlike the data for the (1HN, 15N)

TABLE 2
Overlapping Spin Systems Observed in HCA(CO)N

and H(CA)CON Experimentsa

Spin system Ubiquitin S4141 S4 MAP30-C19 MAP30

Hαi –Cαi overlaps 7 55 116 60 81
Hαi –C′i overlaps 7 47 88 59 80
α α ′
.

ri-
erely

i i i

aSpin systems are considered overlapped as defined in the footnote to Table 1.
Values of1 are also the same, with the addition that11Hα = 0.02 ppm.
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and (1HN
i+1, 13C′i ) experiments, in which the number of ove

laps increased with the size of the protein, S4 has the g
est number of overlaps for the (1Hα,13Cα) and (1Hα,13C′) ex-
periments. Moreover, the flexible regions of S4 (and MAP
contribute significantly to these overlaps, accounting for
and 46% of the (1Hα,13Cα) and (1Hα,13C′) overlaps in the
case of S4, respectively, and 26% of both classes of over
in the case of MAP30. Because many proline-rich regions
proteins tend to be similarly flexible in solution, we expe
that (1Hα,13C′) experiments such as the H(CA)CON shou
prove quite useful in overcoming the extensive overlap in s
regions.

Experimental Considerations

In an attempt to compare the CBCACO(N)H and H(CA)CO
experiments to existing pulse sequences, we collected a s
of 2D planes from relevant experiments on a sample contai
[U-13C; U-15N]-human ubiquitin. We then quantitated the i
tensities of as many well-resolved peaks as possible in e
spectrum and determined the average signal-to-noise ratio. T
ing first to the CBCACO(N)H and CBCA(CO)NH experiment
these measurements on1HN–13Cαβ planes indicated that fo
ubiquitin the sensitivities of these experiments were statistic
equivalent (data not shown), as expected given that the ex
ments share essentially the same magnetization tran
pathway. This equivalence appears to extend to larger
teins as well, based on the data acquired on S4. Simil
the sensitivities of the CBCA(CO)N(CA)HA, HCA(CO)N, an
H(CA)CON experiments as measured from1Hα–13Cα or 1Hα–
13C′ planes were also found to be statistically equivalent, e
being roughly one-third as sensitive as the HCACO (data
shown). However, when analyzing1Hα

i –15Ni+1 planes from
these latter experiments, we noted that the15N linewidths in
the HCA(CO)N were uniformly broader than those of t
H(CA)CON and CBCA(CO)N(CA)HA, likely resulting in par
from the enhanced relaxation of the multiple-quantum te
produced in the HCA(CO)N duringt2. If we used the peak
volumes from 1Hα

i –15Ni+1 planes rather than the peak i
tensities to measure the sensitivity, we again found that
sensitivities of the HCA(CO)N and H(CA)CON were statis
cally equivalent. Nevertheless, when applied to larger prote
the improved15N lineshape of the H(CA)CON experiment ma
well be advantageous.

In general, it should be noted that the15N lineshapes in
the H(CA)CON (and HCA(CO)N) would also be improved b
amide2H decoupling during the15N evolution time for samples
in D2O. Such decoupling was not used in the case of the
N-terminus because efficient amide2H spin–lattice relaxation
nearly eliminates the15N–2H J-coupling. A straightforward cal-
culation (17, 23, 24) showed that forτc∼ 1 ns (the approximate
correlation time of the S4 N-terminus) andT1(2H)∼ 2.5 ms, the

15N line broadening due to the residual15N–2H J-coupling is
less than∼5 Hz. However, when the H(CA)CON experiment
D TORCHIA
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applied to proteins having amide2H T1 values>7 ms, e.g., when
τc> ∼8 ns atBo = 12 T,2H decoupling duringt2 is highly rec-
ommended. Indeed, the sensitivity for the well-ordered resid
of S4 (τc∼ 12 ns) was markedly reduced in the H(CA)CO
supporting the use of2H decoupling. If circumstances requir
the sensitivity of the H(CA)CON could be further improved
gradient enhanced detection (25).

The H(CA)CON experiment offers additional advantages
well. First, the H(CA)CON offers improved resolution rel
tive to the (1Hα,13Cα) experiments that arises simply fro
the greater length of the constant-time13C′ dimension of the
H(CA)CON (21.7 ms) compared to that of the13Cα dimension
of the HCA(CO)N and CBCA(CO)N(CA)HA (7.0 ms). There
fore, the resolution in ppm/pt of the13C′ dimension (before
any post-acquisition processing) will be higher than that of
13Cα dimensions by a factor of 3.1 (at 500 MHz, 0.37 ppm
for 13C′ and 1.1 ppm/pt for13Cα). Second, we note tha
the H(CA)CON and the HCA(CO)N experiments both pr
vide sequential connectivities for all dipeptide units, unlike
CBCA(CO)N(CA)HA experiment, which severely attenua
magnetization originating on glycines (18). This is particularly
important for assigning occurrences of the Gly–Pro dipept
which is quite common in many proteins.

Finally, the strategy presented here of using 3D experim
with 13C′ dimensions, either alone or paired with related
experiments, offers advantages over other approaches. W
one might consider that 4D CBCACONH or HCACON expe
ments would provide an equivalent solution to the overlap pr
lems addressed here, such spectra would suffer a signifi
loss of resolution and would require more experimental ti
than their 3D analogues. For example, the 3D CBCA(CO)
and CBCACO(N)H each require∼36 h of instrument time for
0.5–1.0 mM samples, so that both experiments can be acq
in less time than one 4D CBCACONH experiment. One mi
also change sample conditions (temperature, pH) to relieve o
lap problems; however, such changes may be problemat
impossible for some samples, and in any case may create
overlap problems that did not otherwise exist. Our approac
using the13C′ spin requires only a single sample, and thus i
simple and convenient method for relieving overlap problem
protein spectra.

CONCLUSIONS

We have presented data showing that two modified pulse
quences, the CBCACO(N)H and H(CA)CON, can successf
employ the carbonyl chemical shift to relieve simultaneous (1HN,
15N) and (1Hα,13Cα) degeneracies in spectra of S4. Based on
overlaps found in ubiquitin, S4, and MAP30, the data sugg
that the benefits of using the carbonyl chemical shift may w
extend to many proteins that either are large or contain fl
ble regions. Moreover, the utility of the carbonyl chemical sh
is
is general, and extends to other related experiments, suggest-
ing the benefits of additional variants such as the HCCO(N)H,
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CCO(N)H, and HBHACO(N)H. These experiments should
useful additions to the current armament of assignment exp
ments, particularly as proteins with increasing amounts of re
nance overlap are studied.
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