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Summary

A new protocol is described for obtaining intraresidual and sequential correlations between carbonyl
carbons and amide 'H and “N resonances of amino acids. Frequency labeling of "CO spins occurs
during a period required for the “C*-'"N polarization transfer, leading to an optimized transfer effi-
ciency. In a four-dimensional version of the experiment, “C* chemical shifts arc used to improve the
dispersion of signals. The resonance {requencies of all backbone nuclei can be detected in a 3D variant
in which cross peaks are split along two frequency axes. This pulse scheme is the equivalent of a five-
dimensional experiment. The novel pulse sequences are applied to flavodoxin from Desulfovibrio vulgaris.

Introduction

The ariginal set of triple-resonance experiments (Tkura
et al.,, 1990; Kay et al., 1990) should in principle vicld
sufficient correlations for the assignment of all backbone
resonances in isotopically enriched proteins. Only inter-
residual connectivities between carbonyl carbons and
amide 'H and N nuclei are provided by the HNCO
experiment. However, intraresidual correlations can only
be obtained indirectly by 4 combination of the HNCA
and HCACO experiments. Thus, ambiguities due to C*
chemical shift degeneracy are transferred to the assign-
ment of “CO resonances and linkages between intra- and
interresidual correlations are based solely on the informa-
tion present in the HNCA spectrum. Further difficulties
may arise from isotope shifis if the HCACO experiment
is recorded using a sample in D,O solution. These prob-
lems can be overcome with the HN(CA)YCO experiment
(Clubb et al., 1992) by making use of 'J(C*N) and *J-
(C°N) couplings for intra- and interresidual corrclations
between 'H, N and PCO. A disadvantage of this method
is the relatively low sensitivity compared to other triple-
resonance experiments, so that usually only a relatively
small fraction of the interresidual connectivities can be
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observed. We present here a new method which provides
the same correlations as the HN(CA)CQ experiment but
with improved sensitivity, allowing for a sequential as-
sighment by alignment of 'CO resonances. In this experi-
ment “CO chemical shifts are exploited as a way to estab-
lish connectivities between adjacent amide groups, inde-
pendent of HNCA-type correlations. Furthermore, their
assignment can be useful for a separation of side-chain
CH cross peaks (Kay et al., 1992; Kay, 1993). Remaining
overlap in the three-dimensional version can he resolved
by detecting *C® chemical shifts in a fourth dimension. In
cases where overlap in three dimensions is not & serious
problem, the chemical shifts of all backhone nuclei can be
obtained in a 3D version by applying the principle of
dimensionality reduction (Szyperski et al., 1993a) twice.
A drawback of the HN(CA)YCO experiment is the loss
of observable magnetization dug to an incomplete buildup
of "C" antiphase magnetization with respect to *CO, and
ta the evolution of the passive 'J(C*C®} coupling during
the polarization transfer from o-carbons to carbonyl car-
bons. This could be circumvented by adjusting the dur-
ation of the C* relay steps to 1/'J(C*CP) (~27-28 ms).
Transverse relaxation of *C® however, would then lead to
a severe reduction 1n sensitivity, since this period appears
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twice in the HN{CA)CO sequence. Recently we have pro-
posed a modified HCACO experiment (Léhr and Riiter-
jans, 1993) where “CO chemical shifls are observed in a
C*"-CO ‘HMQC’ manner. In this pulse sequence the total
duration of "C™ transverse magnetization is 1/'J(C"C") and
the delays for de- and rephasing of “C* magnetization
with respect to the coupled *CO spin are tuned to 1/[2]-
(C*CN), resulting in an oplimized transfer cfliciency. This
protocol is employed for the correlation of carbonyl car-
bons with amide nitrogens and protons in the pulse se-
quences depicted in Fig. 1. The period of “C® transverse
magnetization in which the correlation with *CO chemical
shifts takes place can simultaneously be exploited for de-
phasing with respect to "N spins. Thus, il is appropriate
to refrain from the *out-and-back’ concept and start with
excitation of a-protons instead, leading to a shorter pulse
sequence when compared to the HN(CA)CO scheme. The
new pulse sequences, which we will refer to as HCACOCA-
NH, essentially are combinations of a modified HCACO
sequence with the HCANNH experiment (Montelione and
Wagner, 1990; Kay ct al., 1991; Boucher ¢t al., 1992).

Methods

In the following, a brief description of the 3D (HCA)-
CO(CA)NH sequence, which correlates carbonyl carbons
with amide "N and 'H nuclei of the same and the sequen-
tially following amino acid residue, will be given in terms
of the product operator formalism (Sercnsen et al., 1983),
using the spin operators H®, C*, C', N and H" for the
magnetization components of the 'H®, C* "CO, N and
"H™ nuclei, respectively, Nonrelevant 2J and °J 'H,'H,
"H."*C and "H,'*N scalar interactions, as well as relaxation
effects, are not considered and only terms that result in
obscrvable magnetization during the detection period are
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retained. The initial INEPT transfer (Morris and Free-
man, 1979) converts longitudinal alpha-proton magneti-

13

zation (HY) into antiphase “C® magnetization:
o(a) = -2HICY sin (21 Jeaya 1) (n

The constant multiplicative factor is close to 1 and will be
omitted in the following. Temporarily neglecting *C",*C"
and "*C*,"*N couplings, transverse *C* magnetization has
become antiphasc with respect to carbonyl carbons while
it has been rephased with respect to protons at the end of
the first delay &:

6(b) = —2C}C, sin (7 'Jcapga M) €08™ (' Jcagra M)
$in ('S e E)

(2)

The exponent 1 1s 1 for glycine and zero for all other res-
idues. The first 90° “CO pulse transfers this term into
C%CO two-spin coherence. During the subsequent con-
stant-time period T, carbonyl chemical shifts are allowed
to evolve while those of a-carbons are refocused, yielding:

a(c) = —2CEC,, sin (T Jeoyge M) €08" (T ' J i) 3)
$in (') e €) €08 (Qeoly)

where (., is the angular “CO frequency. Following the

second 90° *CO pulse, rephasing of CIC, transverse mag-

netization occurs according to:

o(d) = Cy sin (T Joae ) €OS™ (T Teapa ) 4
sin? (T o0 €) cos (€ ot (42
Homonuclear “C*PC* as well as one- and two-bond
heteronuclear C* "N couplings are active throughout the
period 2¢ + T, whereas the 'J(C'N) coupling is refocused
during T, Considering only intraresidual correlations,

«—

Fig. 1. Pulse schemes of the HCACOCANH experiment. (A) Three-dimensional version; (B) four-dimensional version; (C) three-dimensional
version with twefold reduced dimensionality. The insets show the magnetization transfer pathways, where the boxes mark the nuclei that are
involved in two-spin coherence. Narrow and wide bars denote pulses with 90° and 180° flip angles, respectively, Positions of the "’C carrier are
177.3 ppm (A), 60.1 ppm (B) and 170.0 ppm (C). Off-resonance square pulses on aliphatic carbons are centred at 58 ppmn (\'C®) and 48 ppm
("C™), with their rf field strengths adjusted to provide a null in the excitation profile at the “CO region. Carbonyl 90° and [80° pulses are
implemented as phase-modulated pulses with an amplitude profile corresponding to the central lobe of a sinc function and durations of 124 ps
(600 MHz spectrometer) and 150 ps (500 MHz spectrometer). In all sequences the carbonyl pulses are applicd at 177.3 ppm. In the first part of
variants A and B, the proton carrier frequency is placed on the water resonance and at 6.4 ppm in the case of sequence C. It is moved to the centre
of the amide region immediately before application of the first ‘*N 90° pulse. A synchronous WALTZ-16 scheme (Shaka et al., 1983) with rf fields
of 4.5 and 4.0 kHz is used for proton decoupling at 600 and 500 MHz, respectively. Water suppression is accomplished by a pair of orthogonal
spin-lock purge pulses (s} applied for 3 and 2 ms, and for pulse sequences B and C additionally by weak (5 Hz field) presaturation. GARP-1
moedulation (Shaka et al., 1985) with field sirengths of 0.9 and 0.8 kHz are employed for "N decoupling during acquisition at 2 600 and a 500
MHz spectrometer, respectively. Delay durations and phase cycles are as follows: (A} t=1.7ms, =24 ms, e=8 ms, Ton=11 ms, a=1.54, b=0.46,
Tu=22 ms, x=54 ms, §=23 ms, §;=x~X, 0;=y¥-y. §,=2(x},2(-x), d,=4x).4=X), 0;=x+43°, $,=x+67°, 0,=¥y, h=H(x),8(~x}, Rec.:
bbb bt (B) T= 1.7 ms, Tea=18 ms, =24 ms, To=9 ms, Ty =22 ms, k=54 ms, §=2.3 ms, ¢, =X,~X, 0,=y~y. ¢,=2(x),
2(=x} 0. = Hx}A—x), §;=x +80%, 0, =x— 45, ¢, =7, 0, = 8(x),8(-x), Rev.: +,—— 4 —# 4+ — — 4+ —+——+ (C)TH=3.5ms, a=0.58, b=042, x=0.625,
Tea=18ms, Teo=11ms, y=02, =22 ms. T =22 ms, k=54 ms, §=2.3 ms, ¢, =x,—X, O =¥y, §1=2(x0.2{-x). 9, =40).4(=x}. p,={16x),16(—x),
0 =;=x+70°, 0; =y, ¢y =B8(x).8(—x), Rec : +,——+—++,— —++—+,—,—,+. Non-labeled pulses are applied along the x-axis. The phases of the pulses
labeled ¢; and ¢, in sequences A and B and of the pulses labeled ¢, and 0, in sequence C are adjusted 1o compensate for Bloch-Siegert phase errors
as indicated. Quadrature detection in the indirectly sampled dimensions is achieved by altering the phases ¢, (1,) and ¢, {1,) in sequence A, 9, (1)),
04 (t,) and 0, (1) In sequence B, and ¢, (t,) and @, (1) in sequence C in the States-TPPI manner (Marion et al.. 1989).
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Fig. 2. Two-dimensional (HCAYCO{CAN}H (left) and HINCA)CQ (right) spectra of D). vulgaris flavodoxin, recorded under identical experimental
conditions on a Bruker DMX-500 spectrometer. Acquisition times were 19.7 ms in t, and 106.7 ms in 1,. The measuring time for each of the
44 » 512 complex data sets was 32 min, accumulating 16 scans per FID. Positive and negative contour lines are drawn without distinction. The
heights of the contour levels are chosen cqual for the two specta, using a spacing factor of 22, F1 and F2 traces are taken at the positions
indicated by the arrows. The cross sections are plotted at the same noise level within each pair belonging te a particular F1 or F2 position.

these effects are summarized by:

o(d) = 2C;N, sin (' Jcapga ) €05 (T Jcopam)
sin® (7t J e £) sin 1t Tean(2e + Teo)]
08 [T T can(26 + Teo)]
cos [TE IJCO'-CB(ZE‘ + T(IO)] cos (CQeoty)

The pair of 90° PC***N pulses, separated by two proton
spin-lock purge pulses, converts the '*C” antiphase mag-
netization into "N antiphase magnetization which is re-

focused with respect to g-carbons during the subsequent
"N constant-time chemical shift evolution period. Finally,
a reverse INEPT sequence creates observable magnetiza-
tion of amide protons described by Eq. 5:

o(e} = HY sin (1t Jeega M) cos™ (1 Jeagam)
$in® (T 'Jcac €) sin [10 Jean(2€ + Teod
cos [T Tcan(2€ + Teo)] cos [ Tacp(2e + Teg)] (5)
sin (7T 'Toan Tyy) €05 (T T o To)
cos ($2ot,) cos (€yty)



where incomplete de- and rephasing of "N and 'H" trans-
verse magnetization in the last polarization transfer step
is neglected. An almost identical expression is oblained
for the interresidual correlations, the only difference being
the mutual exchange of sine and cosine functions in the
terms with the 'J(C*N) and *J(C*N) couplings.

The signal amplitude of the HCACOCANH experiment
can be optimized by adjusting the delays € and T, to
1/[2 ' I(C*CO)] and [1/'I(C"CM] - 2¢, respectively, i.e., any
reduction asseciated with the evolution of active and pass-
1ve carbon—carbon couplings is avoided. The disadvantage
of an extended period of “C” transverse magnetization
when compared to the HN(CA)CO experiment 1s partially
compensated by the reduced overall duration of the HCA-
COCANH pulse sequence and the smaller number of
pulses. In the latter sequence, the duration for which the
magnetization resides on "C* is prolonged by approxi-
mately 14 ms, but a 25 ms period of "N transverse mag-
netization has been saved. Assuming a C*-CO transfer ef-
ficiency of 1 for the HCACOCANH and cos® (x'J(C™-
CHA) xsin? [n 'T(C*CO)A]=0.45 (A=7 ms, HCCH =33
Hz, 'J{C*CO) =55 Hz), the theorelical ratio of sensitivities
for a medium-sized protein can be calculated to be 1.66,
using T, values of 28 and 120 ms for “C® and "N, respect-
ively. For larger proteins (MW > 30 kDa) with transverse
relaxation times around 16 ms ("*C%) and 70 ms ("*N), the
theoretical sensitivity gain in favour of the HCACOCANH
experiment is 1.32, implying that the method proposed
here might still be useful in the resonance assignment
process in cases where the HN{CA)CO experiment fails.

Experimental

The various versions of the HCACOCANH sequence
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are demonstrated on a 2.2 mM sample of uniformly “C,
"N-labeled Desulfovibrio vulgaris flavodoxin (147 amino
acids) in its oxidized state (Knauf et al., 1993).The pro-
tein was dissolved in 0.5 ml 10 mM potassium phosphate
buffer, pH 7, containing 5% D,0. Processing of 3D spec-
tra was performed using the TRITON software, while the
4D data set was processed with the FELTX 1.1 program.
The 3D (HCA)CO(CA)NH spectrum was acquired at 27
°C on a Bruker AMX-600 spectrometer equipped with a
multichannel interface and a triple-resonance 'H/"C/" N
probe. Spectral widths were 2128, 1488 and 4808 Hz in
Fl, F2 and F3, respectively. The spectrum was recorded
as a 48 (complex) x 32 (complex) x 1024 {rcal) points data
set, corresponding to acquisition times of 22.9 ms (t)),
20.8 ms (t,) and [06.5 ms (t,). Time-domain data were
extended to 560 and 42 points in t, and t, by linear predic-
tion. The size of the absorptive part of the 3D spectrum
was 128 x 64 x 1024. The total measuring time, using 16
scans per FID, was 36 h,

The 4D (H)YCACOCANH was recorded at 600 MHz
as an 18 (complex)x 14 (complex)x 8 (complex)x 512
(real) points data set, with acquisition times of 5.6, 6.7,
4.7 and 59 ms in t, t,, t, and t,, respectively. Spectral
widths covered 3012 Hz in F1, 1932 Hz in F2, 1488 Hz
in F3 and 4348 Hz in F4. In the F2 ("*CO) domain, res-
onances arc folded nine times because the carbon carrier
frequency was not switched to the carbonyl region prior
to the *CO evolution time. A frequency jump would
have resulted in a loss of phase coherence on cur spec-
trometer. The measuring time, using 16 transients per
FID, was 79.5 h. After Fourier transformation in the °N
and 'H" dimensions, lime-domain data were extended to
26 points in t; and 22 points in t, and Fourier trans-
formed as well. Then, inverse Fourier (ransformation,
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Fig. 3. Sequentizl assignment of residues Leu™-Phe*' of oxidized D. vulgaris flavodoxin from a 3D (HCAYCO(CA)NH spectrum. The CO (F1),' H”
("3} strips are taken at the "N (F2) chemical shifts indicaled at the Lop of cach panel. Cross peaks at the *CG chemical shifts of glycine residues
have a negative sign due to the "C* transverse magnetization period of 1/'I{C"C?). Sequential connectivities are indicated by horizontal lines.
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Fig. 4. Top: F1.F3slice from the 3D (HCAYCO(CA)NH spectrum of D vulgaris flavodoxin. Bottom: selected F2.b4-slices from the 4D
(H)CACOCANH spectrum taken at the F3 ("*N) chemical shift that is nearest to the F2 ("*N) position of the planc at the top. Unlabeled cross
peaks are due Lo the poorer digital resolution in the *N dimension of the 4D spectrum and appear in adjacent slices of the 3D spectrum.

linear prediction yielding 14 complex points, and Fourier
transformation was applied to the F3 dimension. The
final size of the 4D matrix was 64x 64x32x 512 real
points.

The 3D HCACOCANH spectrum was recorded on a
Bruker DMX-300 spectromeler-equipped with three chan-
nels and a triple-resonance probe tuned to 'H, “*C and
"N. For each FID of 512 complex points, 32 scans were
accumulated and 64 (1,) % 32 (t,) complex increments were
coliected, resulting in a measuring time of 88.5 h. Spectral
widths in the 'H®, *C*, “CO, "N and 'H” domains com-
prised 7542, 4712, 8562, 1712 and 3501 Hz, respectively.
Resonances were folded three times in the *C® domain,

such that the centre of the spectral region corresponded
to 57.5 ppm. Acquisition times were 8.4 ms (t,, '"H*), 13.5
ms (t,, *C%), 3.9 ms (t,, "CQ), 19.8 ms (t,, "N) and 73.4
mSs (t,, "H™). The transfer time of the initial INEPT step
was incorporaled into the "H” evolution period in a semi-
constant-time manner. Thus, the appurent relaxation rate
and the passive proton—proton J-couplings were scaled
down with a factor [t, ('H%),,,.—T"}/t, (H%),,. in the t,
dimension (Grzesick and Bax, 1993). Linear prediction
was applied to extend the time-domain data to 80 and 44
complex points in t, and t,, respectively. The size of the
absorptive part of the 3D spectrum was 256 128 <512
points.



Results and Discussion

The superior sensitivily of the HCACOCANH experi-
ment is verified experimentally in Fig. 2, which shows 2D
'HM."CO correlation maps obtained with the pulse sc-
quence of Fig, 1A and the sequence described by Clubb
et al. (1992). These two-dimensional spectra correspond
to the first point in the "N time domain of the respective
3D versions. In order to ensure a fair comparison, the
original HIN(CA)CQO puise scheme was slightly modified.
The following changes have been made: (i) the periods in
which "N magnetization rephases with respect to 'H™ and
dephases with respect to "C" and vice versa were concat-
cnated, such that lour 180° pulses and two 5.4 ms delay
durations could be saved; (ii) during the time that the
magnetization is on the "N nuclei, the offset for proton
decoupling was centered in the amide region; and (iii)
spin-lock pulses for water suppression were implemented
in the same way as in the HCACOCANH pulse sequen-
ces of Fig. 1. Clearly, the intensity of nearly all cross
peaks, excluding those for glycine residucs, is considerably
higher in the (HCA)YCO(CAN)H spectrum. Several corre-
lations can be identified that do not emerge from the
noise level in the HINCA)CO spectrum. One-dimensional
cross scctions through well-resolved cross peaks are
shown at the bottom of Fig. 2. The gain in the S/N ratio
observed for the (HCA)CO(CAN)H in comparison to the
H(NCA)CO spectrum ranged from 1.1 to 2.0. The largest
value was found for the C-terminal amino acid (Ile™*),
indicating a relatively long T, ("*C™ time due to its in-
creased mobility.

For simplicity, the evaluation of the sensitivity as well
as the product operator description are given for a con-
stant-time version (a=b=1) in which the "CO chemical
shift evolution time will be limited o approximately 10
ms. In order to improve the experimental resolution, the
carbonyl evolution period has to be implemented in a
semi-constant-time manner {Grzesiek and Bax, 1993;
Logan et al., 1993) with 1 <a<2 and b=2-a. Note that
in this case modulations with 'J{C*C"), 'J(C®N) and 2J-
(C"N) scaled down with a factor of a— | (=(a—b)/2) will
be imposed on the *CO dimension.

The (HCA)YCO(CA)NH experiment provides a means
for the sequential assignment of backbone resanances in
analogy to the HNCA experiment, ie., pairs of *CO
chemical shifts are linked by common correlations to
amide proton and nitrogen chemical shifts. This is dem-
onstrated in Fig. 3 for residues Leu™ to Phe” of D. vui-
garis flavodoxin. The relatively high sensitivity of this
experiment permits the identification of all intraresidual
and sequential cross peaks. Even for glycine residucs (e.g.
Gly®, Gly*) these correlations are still present, although
the signal amplitudes arc atlenuated by the passive 'J-
(H*C®) coupling in the refocused INEPT step at the be-
ginning of the pulse sequence. In other cases, the identi-
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fication of sequential connectivities for flavodoxin was
prevented by overlap. This problem can easily be circum-
vented by introducing a fourth dimension, vielding a
better dispersion and more information for the process of
resonance assignment, In the four-dimensional version of
the HCACOCANTII experiment (Fig. 1B), constant-time
1*C* chemical shift evalution is achieved by simultaneous-
ly moving 180° pulses on *C**, *CO and '*N through the
first £ period of the 3D (HCA)YCO(CA)YNH. Since ¢-car-
bons and carbonyl carbons are correlated in an ‘HMQC’
manner, both the delays for the buildup and the refocus-
ing of C” antiphase magnetization with respect to *CO
spins can be exploited for chemical shift evolution of ¢-
carbons (Madsen and Serensen, 1992), allowing for a
maximal ¢volution time of 1/ J(C*CQO) ~ 1§ ms. Although
this feature is not of any significance for the 4D (H)CA-
COCANH experiment due 1o the limited number of incre-
ments, it could be useful in a 3D (H)YCACOCAN)H
version which would supply the same correlations as the
H(N)CACO pulse sequence (Seip et al., 1993), with im-
proved resolution in the ®C® domain.

Figure 4 shows one of the most crowded F1,F3-slices
trom the 3D (HCA)YCO(CA)INH and several F2,F4-slices
from the 4D (ICACOCANH spectrum, taken at ap-
proximately the same "N chemical shift as the plane from
the three-dimensional spectrum. Any overlap present in
the three-dimensional (HCA)CO(CA)NH spectrum of
flavodoxin was completely removed in its four-dimension-
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Fig. 5. Expansion of an F1,F2-slice of the HCACOCANH spectrum
obtained with the pulse sequence from Fig. 1C. The intraresidual cor-
relation for Cys® (residue i) of D. vulgaris flavodoxin and the sequen-
tial Ala®/Cys™ corrclation are shown. The midpoints of the rectangles
appear at the "N chemical shift of Cys™ and the *C* chemical shifts
of Cys™ and Ala®, which can be read directly from the scales at the
F1 and F2 axes. 'H" and "CO chemical shifts are obrained from the
splittings along the two indirectly detected dimensions. The splittings
(in Hz) are scaled down using the factors x=0.625 and y=0.2, such
that 1 ppm splitting in F1 corresponds to AQ(H")=0.2 ppm and |
ppm splitting in F2 corresponds to AQ(CO)=1 ppm,
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plotted, the intraresidual signals for Gly'* cannot be seen here.

al version. For example, the sequential connectivitics be-
tween residues Phe™ and Asp® and between Ala'® and
Arg' could not be identified unambiguously from the 3D
spectrum, due to the degeneracy of the "CO resonances
within the sequential pairs. In contrast, the intra- and in-
terresidual cross peaks are resolved in the 4D spectrum by
their different chemical shifts in the F1 (**C* dimension.

Recently it has been shown by Szyperski et al. (1993a,
b,1994) and by Simorre et al. (1994) that the chemical
shift information of 4D and 3D triple-resonance experi-
ments can be preserved in three-dimensional and two-
dimensional variants, respectively. This is achieved by
simultaneously incrementing two evolution periods while
applying quadrature detection only to one nucleus. Fail-
ure of discriminating between positive and negative {re-
quencies for the second species leads to a splitting of the
cross peaks, from which the offset from the carrier can be
determined. Since the HCACOCANH experiment poten-
tially comprises five frequency domains, the principle of
dimensionality reduction can be employed twice, leading

to the pulse sequence of Fig. 1C, where chemical shift
evolution of four different nuclei is monitored in two
indirect dimensions. The resonance frequencies of "H* and
BC® can be observed in F1 and those of "CO and "N in
F2. Quadrature detection is applied to the *C* and "N
domains, such that signals appear at the sum and the
difference of *C" and "H® chemical shifts in F1 and at the
sum and the difference of *N and "CO chemical shifts in
F2. As depicted in Fig. 5, the resulting cross peaks consist
of four components, arranged in a rectangular pattern in
the planes perpendicular to the acquisition domain F3.
The position of the centre along Fl and F2 is determined
by the *C”" and "*N chemical shifts, while the distances
between the components reflect the 'H* and "CO offsets
trom the respective carrier frequencies, which were placed
at the edges of the spectral regions (6.4 ppm for 'H* and
170 ppm for *CO). To simplify the extraction of 'H* and
BCO resonance frequencies, the scaling factors x=At,
('H%/ At, (°C") and y=At, (P*CO)/At, ("*N) were intro-
duced in a way that the splittings still have a suitable size.



The distribution of signal intensity on four cross-peak
components in the 3D HCACOCANH version leads to a
theoretical reduction of the signal-to-noise ratio by a
factor of two when compared to the five-dimensional
experiment from which it is derived. However, as pointed
out by Simorre et al. (1994) for the case of two-dimen-
sional versions of the HNCA and HNCQO experiments,
the identification of a pair of signals with known symme-
try properties is easier than the identification of a single
peak at the same signal-to-noise ratio. This advantage
should be even more significant for patterns of four sig-
nals that result from the pulse scheme described here.
More important is that a 3D spectrum can of course be
obtained with a much better digital resclution and less
demanding data handling and processing than the corre-
sponding 5D spectrum recorded within the same measur-
ing time. Figure 6 shows two typical examples for F1,F2-
slices of a 3D HCACOCANH spectrum. Despite the
relatively large number of signals, it was not difficult to
identify the components that belong to the individual
correlations and overlap appears not to be a serious prob-
lem for a protein the size of flavodoxin. Sequential con-
nectivitics within the planes can be detected by the com-
mon F2 positions of the midpoints of the intra- and inter-
residual rectangular patterns. Thus, in principle, the com-
plete sequential assignment of all backbone 'H, "C and
YN resonances can be achieved with a single 3D experi-
ment.

Conclusions

An efficient experiment has been presented which pro-
vides intra- as well as interresidual carbonyl-to-amide
correlations in proteins, The 3D (HCA)CO({CA)NH se-
quence can be used to resolve ambiguities in the standard
set of spectra in which the detection of sequential con-
nectivities relies on common correlations to o-carbons,
For flavodoxin, the three versions of the new experiment
revealed alt expected intra- and interresidual correlations,
with the exception of a few cases in the 3D (HCA)YCO-
(CAYNH and 3D HCACOCANH spectra, where cross
peaks were obscured by overlap. In favourable cases, the
total number of experiments for the backbone resonance
assignment might be reduced with the help of 4D (H)CA-
COCANH or 3D HCACOCANH spectra.
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