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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 ('HN, 1°N)
spin pairs and those of ("H®, 13C?) 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 (‘HY, N) and ("HN, 1*C’) 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.

INTRODUCTION

a-helical proteins, these overlaps can become a severe impe«
ment. Likewise, isolated prolines rarely present assignment dif
ficulties; however, cases of multiple adjacent prolines or sever:
X-Pro elementsinwhich the resonances of X are overlapped wit
one another or with other resonances present significant che
lenges. In this paper, we present approaches that overcome the
problems by using the carbonyl carbdd@') chemical shift to
relieve degeneracies among the other backbone spins. We illu
trate this general strategy with two 3D experiments: first, the
CBCACO(N)H as an aid for multiple‘HdN, *>N) overlaps, and
second, the H(CA)CON as an aid for overlaps in proline-rich
sequences. We further show that the use of these experimer
in conjunction with existing'HN, 1°N) and ¢H*, 13C*) experi-
ments is a simple, convenient, and yet powerful approach t
overcome assignment bottlenecks in proteins.

The protein that motivated this work was the ribosomal pro-
tein S4 fromB. stearothermophilu§200 aa, 23.2 kDa). The
159 C-terminal residues of S4, 241, form a highly ordered
tertiary structure in crystal$) and in solution §, 7). In con-
trast, the 41 N-terminal residues of S4, which are absent fror
S4 A41, are quite flexible in solutior8). The radical difference
in dynamics between these two regions{ 1 ns vsr, ~ 12 ns)
resulted in spectra that resembled an overlay of the individue
spectra of a folded protein and a flexible peptide, causing nume
ous cases of resonance overlap, particularly*HN( °N) and
(*H«,13C) spin pairs. In addition, the N-terminus contains five

A combination of triple-resonance experiments, such asolines, two of which are adjacent, complicating the assign

HNCACB (1), CBCA(CO)NH @), HNCO (3), and HCACO &),

ment of surrounding residues by conventional experiments th:

is an efficient means of assigning the NMR signals of protefiequire amide protons. In response to these issues, we modifi
backbone atoms. However, because several of these experimenxisting pulse sequences, taking advantage of the dispersion
depend upon correlatidgC’, 13C, and'3C” resonances to thosethe 3C’ chemical shifts to facilitate signal assignments.

of a (HN, 15N) spin pair, assignment bottlenecks can arise in Recent years have witnessed a growing interest in puls
two cases: (a) when the amide proton a@f resonances of sequences that use théC' chemical shift as an assignment
two (or more) residues simultaneously overlap, and (b) when &ol. These include the HCACO-CBHB), CBCACO(CA)HA
amino acid occurs immediately N-terminal to a proline, whicfiL0), (HCA)CONH (11, 12, COHNNCA (13), COH(N)CACB
lacks an amide proton. While isolated occurrences of simultar(é4), and 4D HNCQ_1CA; (15) experiments. Taking a lead
ous ¢HN, 15N) overlap are usually not a serious problem, whefnom this work, we found that a CBCACO(N)H experiment, a
such cases are numerous, as found in unfolded proteins or larggant of the CBCA(CO)NH experiment previously suggestec
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by other authors1(4), was a convenient solution to our asexperiments, could successfully use i€’ spins to alleviate
signment problem. Unlike the (HCA)CONH, GMINCA, and these problems of multiple degeneracies so that we coul
COH(N)CACB experiments, which yield both intra- and in-achieve a complete resonance assignment.
terresidue connectivities, the CBCACO(N)H is advantageous
in that it provides only sequential interresidue connectivities,
eliminating potential ambiguities. In this way it is similar to
the HCACO-CBHB and CBCACO(CA)HA, except that it es—. N 15
tablishes a sequential connectivity from tH€* and3C? of Simultaneous'H™, *N) Overlap
residuei to the amide proton of residue+ 1 rather than an  We first describe how the problem of simultaneous overlaf
intraresidue connectivity to thié4* of residue . of (*HN, 1°N) spin pairs is relieved by the CBCACO(N)H ex-
Likewise, a growing number of pulse sequences for ovegperiment, displayed in Fig. 1. Between poirgsand b, the
coming the problems associated with assigning proline-ri€6BCA(CO)NH experiment is duplicated, producing at point
regions of polypeptides have been developed, and these incloderms —2C7C{ that are frequency labeled with the chemi-
the CDCA(NCO)CAHA (16), HACAN (17, 18§, CBCA(CO)- cal shift of either the*C* or the *CPspin. Between points
N(CA)HA (18), and the family of four “proline neighbor b andc, as in the CBCA(CO)NH experiment®C*/*3C’ and
selective” experimentsl@). However, the former three of these'*C//*°N; ;1 scalar couplings are active forRand 2¢; + t2);
experiments all label the resulting signals with the frequencieswever, the'3C’ chemical shift also evolves during this pe-
of the ¢H,13C%) spin pair, and therefore fail when these pairsod in a constant-time fashion. Thus, at pairterms—2C,N,
simultaneously overlap those of other residues, as is extensivatg generated that are frequency labeled with'#® chemi-
the case with S4. While the proline neighbor experiments avaidl shift. Following point, the constant-timéN evolution pe-
this problem, they use the amide protons of the amino acidsed of the CBCA(CO)NH is replaced with a fixed delay during
immediately preceding and succeeding the target proline, amtlich the’>N magnetization refocuses with respectié’ and
thus cannot be used for sequences of adjacent prolines. Méeomes antiphase with respect to its amide proton. This ar
therefore found that a 3D H(CA)CON experiment, a simpliéphase magnetization is then transferred to the amide proto
variant of the 3D HCA(CO)NZ0, 21 and 4D HCACON 21) and detected.

RESULTS AND DISCUSSION
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FIG. 1. Pulse sequence used to record the CBCACO(N)H experiment. Narrow and wide pulses were applied with flip anglasdf80, 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 WATEF
sequenceZ7), which were 1.0 ms in duration and applied using a 250-Hz field, and the pulses of the DIPSI-2 decoupling s&@Jewbéch were applied
using a 5.0-kHz field. AItSN pulses were applied using a 4.9-kHz field, except for those of the GARP decoupling sequence, which were applied using a 1.
field. 13C*# pulses were applied at fields @f,4/+/15 for 90 pulses andA,z/+/3 for 180 pulses (filled bars), where,z is the frequency difference in
hertz between the centers of the aliphatic (43 ppm) and carbonyl (177 ppm) spectral regions. Arrows underf&ath tire indicate times when th&C
frequency was shifted between 43¢ ) and 177 £3C’) ppm. The'3C*# 180" pulse represented by the open bar was applied as a frequency-shifted rectangu
pulse at 56 ppm using a field af,/+/3, whereA, is the frequency difference in hertz between the centers ot36# (56 ppm) and carbonyl (177 ppm)
spectral regions. RectangulgC’ pulses (betweeh andc) were applied at fields of, /+/15 for 90 pulses and\, /+/3 for 180 pulses. Shaped pulses (between
a andb) were applied with a sinc profile for a duration of 3@6. Pulses labeled with an asterisk were applied to compensate for Bloch—Siegert 2fedihé
values of the delays were as followsg:= 1.5 ms 8> = 3.5 ms,§3 = 13.0 msss = 2.35 msS;t3 = 2.1 ms,tp = 5.4 ms,r; = 4.5 ms,r; = 6.5 ms, and = 3.1 ms.

The strengths and durations of the gradient pulses were as follows: (D ms, 25 G/cm), G2 (1.5 ms, 25 G/cm), and G3 (0.4 ms, 25 G/cm). The phase
cycle used was as follows; = 8(x), 8(—x); ¢2 = X + States—TPPI(); ¢3 = 2(x), 2(Y), 2(X), 2(=Y); pa = X, =X; ¢5 = 4(X), 4(—X) + States—TPP1f); pg = 48°;
$7 = X, X, =X, =X; and rec= (X, —X, =X, X), 2(=X, X, X, =X), (X, =X, =X, X).
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FIG. 2. F1-F3 strips taken from a 3D CBCA(CO)NH spectrum (strips labéf 1) and a 3D CBCACO(N)H spectrum (strips Iabelbﬂ:i’) at the

commoani'\‘+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 with

15N or 13C’ chemical shift. Both spectra were recorded at 310 K on a sample containing 0. URIRC] U-1°N]-S4, 20 mM sodium acetate, pH 5.4, 250 mM
KCI, and 1 mM EDTA in a volume of 3021 90% H,0/10% D,O. The CBCA(CO)NH spectrum was recorded on a Bruker DMX 750 MHz spectrometer, resultir
ina 66x 50 x 512 matrix corresponding to acquisition times of (6.6, 20.0, 54.1 ms}ifo( t3), while the CBCACO(N)H spectrum was recorded on a Bruker
DMX 500 MHz spectrometer, resulting in a 4538 x 512 matrix with acquisition times of (6.7, 22.0, 80.5 ms).

Selected F1-F3 strips from 3D CBCA(CO)NH and CBCArelieved by**C’ chemical shifts. A somewhat more interesting
CO(N)H spectra of S4, Fig. 2, illustrate the progressivelyase is depicted in Fig. 2B, in which only three peaks appec
difficult kinds of overlap that are relieved by using both exalong the tHN, 15N) strip, two of which are much more intense
periments. In all of the cases shown, bothti¢ and*HN reso- than the third. This case arose from two residues with marked!
nances of the two selected spin systems are simultaneouslydi#erent dynamic behavior (one from the flexible N-terminus
generate. In Fig. 2A, four peaks appear along a givel (1°N) and the other from the well-structured region) and with spin
strip, clearly announcing the presence of overlap, which is easslystems that are triply degenerate, having overlapﬁ’mﬁ
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resonances in addition t8N;; and*H, ;. While this over- TABLE 1

lap is not conclusive from the CBCA(CO)NH alone, the Overlapping Spin Systems Observed in CBCA(CO)NH and
CBCACO(N)H spectrum demonstrates it clearly, and allows CBCACO(N)H Experiments®

a definitive assignment of th&*C# spins. Finally, in Fig. Ubiquitin S4A41 S4 MAP30-C19 MAP30
2C the overlap of two quadruply degeneraféc{,'3ce, Spin system 76aa 159aa 200aa 239aa  2B3aa

5N; 41, and*HN

i+1) Spin systems is almost undetectable in theg

CBCA(CO)NH spectrum. Again the CBCACO(N)H spectrunﬂﬁl_mf“ only i 151 279 37 >
both relieves and confirms this degeneracy, enabling the accurge '*1_22
assignment of both spin systems. HiN+1‘Ni+1‘ i 0 1

From a more general perspective, the usefulness]tbi{\g{, HiN+l‘Ni+1‘q1 0 0 0
13C!) experiment such as the CBCACO(N)H in relieving over’jwl"\'wl‘qy‘cf 0 1 4
lap in CHN, 25N) experiments such as the CBCA(CO)NH deT®®@ Hli+1_Ni+1 3 18 43 4 58
pends upon the number of residues that have the Satig, Noveraps
N; 11, and:*C/ chemical shifts. Clearly, the HNCO experimenf'iNﬂ‘q only 4 17 28 48 61
identifies such residue pairs directly, since the degeneraciesHpF_q_g; ! 4 5
spin systems that are fully overlapped in 3D HNCO spectF&',\Jl_q_ i 0 5 5 !
cannot be relieved by usingH™, °N) and ¢HY, ;, 13C)) ex- H.-G-C 0 0 0
periments together. To illustrate these ideas, we have coIIeclrilt‘csll‘q‘cul‘qS 0 8
some statistics of relevant overlaps in Table 1 for three proteirf& HIiN+1‘Ci' 5 28 46 55 71
(1) human ubiquitin, representing a small, well-ordered protein,':’veraps
(2) B. stearothermophilu$4, representing a moderately sizefi'iNH_'\'i“_qonly 0 1 1 6 7
(23 kDa) protein with both well-structured and highly flexi+ =N +1~G=% 0 1 1 1 1
ble regions; and (3M. charantiaMAP30, representing a rel- HY 1N -G =€ 0 1 1 0 1
atively large (30 kDa), well-ordered protein that also contairfdti—N+1-G-C'~¢/ 8 2 i f7) (9)

a short disordered region of 19 residues. In addition, we halR® HIiN+1‘Ni+1‘Ci'
listed statistics for S&41 and MAP30-C19, which correspond_>'c >

to fragments of S4 and MAP30 that lack the flexible regions®Agivenspinsystemaispins, ¢, Az, .., An), inresidueAwas considered
of the full-length proteins. The first group of overlaps reprjjébe overlapped with the same spin systeBy, Bz, ... ,Bn), of residueB if

. A —38Bi)<2Ai(i=1,..., n) for all n spins, wheré values are chemical
sents those that would be observed in a CBCA(CO)NH Sp_ ifts in ppm taken from chemical shift tables amds the final digital resolution
trum, the second group are those that would be observed iss Spini after processing. Values af; were as follows (in ppm)AHN = 0.02,
CBCACO(N)H spectrum, and the third group are those thafsN = 0.25, A3C* = 0.40, andA3C’ = 0.10. The numbers in the table

would be observed in both spectra. First, these data indicHgicate the total number of such overlaps between residue pairs observed f

that the resolving power Ofll('lN, 15N) and eH_N N 13C-’) ex- each_ listed s.pln'system.!\luml')ersm' bolqaresumsoftheoverlapsofspln syster
. . +1 ! sharing the indicated spin pair or triplet in common.

periments are essentially equal for these proteins. Second, th%ignals for residues 240245 were weak or abs26)t (

number of fully overlapped HNCO peakd{" ;—**N;1—C/
overlaps) is no more than 17% of the total number {\,
5N) and ¢HY, ;, *C) overlaps, thereby allowing these degen-
eracies to be relieved for the great majority of these pairs BYAP30 compose only 7.2% of the MAP30 sequence, yet con:
using the two experiments together. Indeed, this near uniguebute 29 and 22% of théiN, N) and ¢HY,,, *C/) overlaps,
ness of their sets of overlapped peaks is the main advantageesipectively. In addition, for these proteins the size of the flexible
using these experiments in combination. This uniqueness nmragion as a percentage of the total sequence seems to scale gL
result from the fact that th€C’ and**N of the*HN, ,—**N;,,—  well with the number of new overlaps it contributes, expressec
3C/ spin system lie in different amino acids, minimizing anys a percentage of the number of overlaps in the well-structure
correlation between the shifts of these three spins. Making usgion. The evidence thus suggests both that flexible region
of additional spins, particularly th#H in the HCACO experi- contribute more overlap difficulties than ordered regions anc
ment, will often relieve the degeneracies of the remaining unrfat these difficulties increase simply in proportion to the frac-
solved pairs. Notably, there are no cases of quintuply degenettideal size of the flexible region in a given protein. However, if
(*Hx, B3¢, 137, 2N 11, *HY, ;) spin systems in any of the listedonly the ordered regions of S4 and MAP30 are consideret
proteins. (S4 A41 and MAP30-C19), one finds that 341 (a predomi-
We also note that the flexible regions of S4 and MAP30 conatelya-helical protein) generates a significantly higher percen-
tribute significantly to the overlapped sets. Even though thage of high multiplicity overlaps involving three or more spins
N-terminus comprises only 20% of the S4 sequence, it is rdban does MAP30-C19 (a mixeghelical/-sheet protein). For
ponsible for 58 and 39% of théHN, °N) and ¢HN ,, 13C/) example, 39% of thé N, °N) overlaps in SA41involve three

i+1?
overlaps, respectively. Similarly, the C-terminal 19 residues of more spins, while only 12% do the same for MAP30-C19.



250 SAYERS AND TORCHIA

These percentages are almost identical ToifY(;, 1*C;) over- of the 1*C’ spin. We note that this term is an antiphd$hi
laps involving three or more spins: 39% for 841 and 13% for single-quantum coherence, in contrast to the two-§in->N
MAP30-C19. Thus, while the combined use of the two expeninultiple-quantum coherences generated by the HMQC-styl
ments clearly seems to benefit the analysis of flexible regionstEnsfer employed in the 3D HCA(CO)N and 4D HCACON ex-
proteins, this strategy may also be useful for a number of wefleriments. Thé>N chemical shift evolves durintg, after which
structured proteins that have significant inherent signal overldpe >N magnetization is transferred back to tH€'. The re-
mainder of the sequence essentially reverses the magnetizati
transfers accomplished to this point, ultimately returning the
magnetization to the origindH®, which is then detected.
Selected F1-F3 strips from a 3D H(CA)CON spectrum
We next turn to how the H(CA)CON experiment (Fig. 3yecorded on S4 are shown in Fig. 4 alongside F2—F3 strip
can be used to relieve the problem of simultaneous overlipm a 3D HCACO spectrum. Figure 4A illustrates the kind
of (*H*,13C¥) spin pairs, particularly in proline residues anaf situation where resolving spin systems using spins other tha
amino acids immediately N-terminal to proline residues. THbe*C* can be useful. The resonances of four proline residue
H(CA)CON experiment was derived from both the 3D constanef the N-terminus are displayed, all of which have simultane-
time HCA(CO)N @, 22 and the 4D HCACONZ1) experiments. ously degenerate'i®,13C*) spin pairs. In addition, the spin
Between pointa andb, the experiment is fundamentally equiv-systems of P7, P33, and P38 are triply degenerate, also shari
alent to the HCA(CO)N experiment, except that the constarthe samée3C’ chemical shift. The H(CA)CON was partly able
time 13C* evolution period is replaced with a fixed delay periodo relieve this degeneracy, separating P7 from P33/P38 on tt
during which the antiphas€C* magnetization refocuses withbasis of the">N; ,; shift. Notably, these data highlight the fact
respect tdH® and becomes antiphase with respect to its directljat P7 and P30 are also triply degenerate, with equivatéht
bonded'®C'. This antiphasé3C* magnetization is then trans-3C?, and'®N; 4 shifts, indicating that these spin systems would
ferred to the"*C’, generating at poirit the term Z¢C/,. Atthis be completely overlapped in an HCA(CO)N spectrum. Also
point the'3C’ chemical shifts are allowed to evolve during aevealed isthe quadruple degeneracy of P33 and P38, which ha
constant-time period whose length was chosen to maximigquivalent'H®, 1*C?, 13C/, and*®N;_, shifts. Fortunately, the
antiphase'3C’ magnetization with respect to tHEN of the HN shifts of G34 and G39 differ by 0.05 ppm, allowing the as-
following residue. Thus at point the INEPT transfer gen- signmentof P33 and P38. However, in the general case of a flex
erates the term-4CyC,Ny, labeled with the chemical shift ble, proline-rich peptide with numerous adjacent prolines, amid
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FIG. 3. Pulse sequence used to record the H({CA)CON experiment. Narrow and wide pulses were applied with flip angesd180, respectively, along
the x axis unless indicated otherwise. Proton &Pl pulses were applied using field strengths of 27 and 4.9 kHz, respectively. Rectaliglanulses were
applied at fields ofA, /+/15 for 90 pulses and\, /+/3 for 180 pulses (filled bars), whera, is the frequency difference in hertz between the centers dftefe
(56 ppm) and3C’ (177 ppm) spectral regions. Pulses for the GARP decoupling sequence were applied using a 2.9-kHz field. Arrows undeff@atimthe
indicate times when th&C frequency was shifted between 38G* ) and 177 {3C’) ppm. Thel3C¥ 180 pulses represented by the open bars were applied a:
frequency-shifted rectangular pulses at 56 ppm using a field,g%/3. Rectangulat®C’ pulses were applied at fields af, /+/15 for 90° pulses and\, /+/3 for
180 pulses. Shaped pulses were applied with a sinc profile for a duration ef24Rulses labeled with an asterisk were applied to compensate for Bloch-Sieg
effects @9). The values of the delays were as follows:= 1.7 ms andl; = 12.5 ms. The strengths and durations of the gradient pulses were as follows: G1
(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), G& (0.5 ms, —25 G/cm), G#

(0.8 ms, 25 G/cm), G& (0.3 ms, 25 G/cm). The phase cycle used was as follpws: y, —y + States—TPPI(); ¢2 = 4(X), 4(y), 4(X), 4(-Y); $3 =X, X, X, X +
States—TPPt§); ¢4 = —X, X; ¢5 = 8(X), 8(=); and rec= x, —X, =X, X, =X, X, X, —X.
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FIG.4. F2-F3 strips taken from a 3D HCACO spectrum (strips Iabé?eﬁ ) alongside F1—F3 strips from a 3D H(CA)CON spectrum (strips lab&hd, 1)
at the commortH® frequencies of two residue sets of S4: (A) P7, P30, P33, and P38 and (B) G6 and G37. The strips are further labeled ‘% tiveir
15N chemical shift, with italic type indicating folding in thH€N dimension. Negative contours resulting from such folding are indicated by dashed lines. Bo
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 le
Fig. 2, except that the solvent was 100%@ The HCACO spectrum was collected as a2328 x 512 matrix corresponding to acquisition times of (7.0, 84.1,
102.4 ms) for {4, t2, t3), while the H({CA)CON spectrum was collected as a380 x 384 matrix with acquisition times of (21.7, 36.0, 76.8 ms).

protons may well be unavailable, suggesting the need to use dftenuated in the HACAN spectrum because the magnetizatio
resolving power of all available spins. A related case is shownimquestion originates on glycine residués)

Fig. 4B, which involves another pair of residues, G6 and G37, The general usefulness ofH*,13C’) experiments such as
which both have simultaneously degeneratd*(*3C*) spin the H(CA)CON in relieving YH*,13C%) overlaps can be seen
pairs and are N-terminal to a proline. Therefore, the only avaffom the data in Table 2, where relevant overlap statistics ar
ablei toi+1 connectivity for these residues involves the prolinpresented for ubiquitin, S4, S¥41, MAP30, and MAP30-C19.
15N, and since thé3C’ spins of G6 and G37 are well resolved Again the data suggest that the resolving power oftHe (3C*)

this connectivity is clearly provided by the H{CA)CON experiand £H*,13C") experiments is very similar for these proteins.
ment. Unfortunately, this did not complete the assignment, sindéhat is notable is that unlike the data for theHY, 1°N)

the availablé—1toi connectivities for G6 and G37 involve their
15N and*HN spins, not theitH* or 13C’ spins. Ultimately a care-
ful comparison of the HNCACB, HCACO, and HNHA spectra

o . TABLE 2
to the H(CA)CON spectrum was able to_ finalize these assign- Overlapping Spin Systems Observed in HCA(CO)N
mepts. While the repent_ly proposed version of the HACAN ex- and H(CA)CON Experiments?
periment (8) would in principle be a straightforward solution to : —
this problem, given that it would correlate th\ spins of both ~ Spin system Ubiquiin - SA41  S4  MAP30-C19  MAP30
G6 and P7 to the G6*,*3C*) pair (and equivalently for G37 He—C overlaps 7 55 116 60 81
and P38), in this and similar cases the experiment would be diffi—C overlaps 7 47 88 59 80
cult to interpret due to the simultaneodblf,*3C*) degeneracy. H{-C'-C overlaps 1 5 24 1 1

Moreovgr, as is the case with the CBCA((;Q)N(CA)HA eXperi- agpin systems are considered overlapped as defined in the footnote to Table
ment (discussed below), these connectivities would be severedyies ofA are also the same, with the addition tdtH* = 0.02 ppm.
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and €~HiN+l, 13C’) experiments, in which the number of over-applied to proteins having amidel T; values>7 ms, e.g., when
laps increased with the size of the protein, S4 has the great> ~8 ns atB, = 12 T,?H decoupling during, is highly rec-
est number of overlaps for théH*,23C*) and ¢H*,13C") ex- ommended. Indeed, the sensitivity for the well-ordered residue
periments. Moreover, the flexible regions of S4 (and MAP3®@f S4 (.~ 12 ns) was markedly reduced in the H(CA)CON,
contribute significantly to these overlaps, accounting for Sipporting the use dH decoupling. If circumstances require,
and 46% of the (H*,13C¥) and #H*,'3C") overlaps in the the sensitivity of the H(CA)CON could be further improved by
case of S4, respectively, and 26% of both classes of overlapadient enhanced detectidzgy.

in the case of MAP30. Because many proline-rich regions in The H({CA)CON experiment offers additional advantages a:
proteins tend to be similarly flexible in solution, we expeatell. First, the H(CA)CON offers improved resolution rela-
that (H*,13C’) experiments such as the H(CA)CON shouldive to the ¢H*,'3C¥) experiments that arises simply from
prove quite useful in overcoming the extensive overlap in sutihe greater length of the constant-tifiC’ dimension of the
regions. H(CA)CON (21.7 ms) compared to that of th&c* dimension

of the HCA(CO)N and CBCA(CO)N(CA)HA (7.0 ms). There-
fore, the resolution in ppm/pt of th&C’ dimension (before
any post-acquisition processing) will be higher than that of the

In an attempt to compare the CBCACO(N)H and H(CA)COMEC* dimensions by a factor of 3.1 (at 500 MHz, 0.37 ppm/pt
experiments to existing pulse sequences, we collected a sefigs'3C’ and 1.1 ppm/pt for'3C*). Second, we note that
of 2D planes from relevant experiments on a sample containigig H(CA)CON and the HCA(CO)N experiments both pro-
[U-13C; U-'*N]-human ubiquitin. We then quantitated the invide sequential connectivities for all dipeptide units, unlike the
tensities of as many well-resolved peaks as possible in ea@BCA(CO)N(CA)HA experiment, which severely attenuates
spectrum and determined the average signal-to-noise ratio. Tufignetization originating on glycine$8). This is particularly
ing first to the CBCACO(N)H and CBCA(CO)NH experimentsimportant for assigning occurrences of the Gly—Pro dipeptide
these measurements 8RN-3C*# planes indicated that for which is quite common in many proteins.
ubiquitin the sensitivities of these experiments were statistically Finally, the strategy presented here of using 3D experiment
equivalent (data not shown), as expected given that the exp@yith 13C’ dimensions, either alone or paired with related 3D
ments share essentially the same magnetization transigperiments, offers advantages over other approaches. Whi
pathway. This equivalence appears to extend to larger pghe might consider that 4D CBCACONH or HCACON experi-
teins as well, based on the data acquired on S4. Similarients would provide an equivalent solution to the overlap prob
the sensitivities of the CBCA(CO)N(CA)HA, HCA(CO)N, andlems addressed here, such spectra would suffer a significa
H(CA)CON experiments as measured frérf—3C* or 'H*—  |oss of resolution and would require more experimental time
13¢C’ planes were also found to be statistically equivalent, eagfan their 3D analogues. For example, the 3D CBCA(CO)NHK
being roughly one-third as sensitive as the HCACO (data n@td CBCACO(N)H each require36 h of instrument time for
shown). However, when analyzingH?—'°N;,1 planes from 0.5-1.0 mM samples, so that both experiments can be acquire
these latter experiments, we noted that P linewidths in  in less time than one 4D CBCACONH experiment. One might
the HCA(CO)N were uniformly broader than those of thalso change sample conditions (temperature, pH) to relieve ove
H(CA)CON and CBCA(CO)N(CA)HA, likely resulting in part |ap problems; however, such changes may be problematic ¢
from the enhanced relaxation of the multiple-quantum term@possible for some samples, and in any case may create ne
produced in the HCA(CO)N during. If we used the peak overlap problems that did not otherwise exist. Our approach c
volumes from'H*—'*N;,; planes rather than the peak inusing the'3C’ spin requires only a single sample, and thus is
tensities to measure the sensitivity, we again found that tsgnple and convenient method for relieving overlap problems ir
sensitivities of the HCA(CO)N and H(CA)CON were StatiStiprotein spectra.
cally equivalent. Nevertheless, when applied to larger proteins,
the improved®N lineshape of the H(CA)CON experiment may CONCLUSIONS
well be advantageous.

In general, it should be noted that tHeN lineshapes in  We have presented data showing that two modified pulse st
the H(CA)CON (and HCA(CO)N) would also be improved byguences, the CBCACO(N)H and H(CA)CON, can successfully
amide?H decoupling during thé®N evolution time for samples employ the carbonyl chemical shiftto relieve simultanedb$'(
in D,O. Such decoupling was not used in the case of the $N)and ¢H*,13C¥) degeneracies in spectra of S4. Based on the
N-terminus because efficient amidle spin—lattice relaxation overlaps found in ubiquitin, S4, and MAP30, the data sugges
nearly eliminates th®N—?H J-coupling. A straightforward cal- that the benefits of using the carbonyl chemical shift may wel
culation (L7, 23, 23 showed that fot; ~ 1 ns (the approximate extend to many proteins that either are large or contain flexi
correlation time of the S4 N-terminus) afig(?H) ~ 2.5 ms, the ble regions. Moreover, the utility of the carbonyl chemical shift
15N line broadening due to the residddN-?H J-coupling is is general, and extends to other related experiments, sugge
less than~5 Hz. However, when the H{CA)CON experiment isng the benefits of additional variants such as the HCCO(N)H

Experimental Considerations
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