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ABSTRACT: A novel approach is described for obtaining sequential assignment of the backbone 'H, 13C,
and PN resonances of larger proteins. The approach is demonstrated for the protein calmodulin (16.7 kDa),
uniformly (~95%) labeled with *N and 3C. Sequential assignment of the backbone residues by standard
methods was not possible because of the very narrow chemical shift distribution range of both NH and C*H
protons in this largely a-helical protein. We demonstrate that the combined use of four new types of
heteronuclear 3D NMR spectra together with the previously described HOHAHA-HMQC 3D experiment
[Marion, D., et al. (1989) Biochemistry 28, 6150—-6156] can provide unambiguous sequential assignment
of protein backbone resonances. Sequential connectivity is derived from one-bond J couplings and the
procedure is therefore independent of the backbone conformation. All the new 3D NMR experiments use
'H detection and rely on multiple-step magnetization transfers via well-resolved one-bond J couplings, offering
high sensitivity and requiring a total of only 9 days for the recording of all five 3D spectra. Because the
combination of 3D spectra offers at least two and often three independent pathways for determining sequential
connectivity, the new assignment procedure is easily automated. Complete assignments are reported for

the proton, carbon, and nitrogen backbone resonances of calmodulin, complexed with calcium.

Sequential resonance assignment of the backbone protons
of a protein forms the basis for further solution structure
studies by NMR.! This sequential assignment is most com-
monly accomplished by means of homonuclear 'H 2D ex-
periments that identify intraresidue through-bond 3J(NH, H%)
connectivity and sequential interresidue through-space (NOE)
connectivity (Wiithrich, 1986; Kaptein et al., 1988; Clore &
Gronenborn, 1989; Bax, 1989). Use of the interresidue NOE
is essential in this approach because of the absence of a sig-
nificant '"H-'H J coupling between protons of adjacent amino
acids. This short-range interresidue NOE interaction depends
strongly on the local conformation. In addition, many of these
protons can also exhibit long-range NOE interactions, making
unambiguous identification of sequential NOEs even more
difficult.

In recent years, the sequential assignment procedure has
been applied successfully to a large number of small proteins.
For larger proteins (M; > 10 kDa), or for proteins with a very
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narrow chemical shift distribution of the backbone proton
resonances, the standard sequential assignment procedure may
not yield unambiguous answers because of very extensive
overlap in critical regions of the 'H 2D NMR spectra. This
overlap problem can be alleviated dramatically by the re-
cording of isotope-edited 2D NMR experiments of proteins
in which specific amino acids are isotopically labeled
(Mclntosh et al., 1987a,b; Senn et al., 1987; LeMaster &
Richards, 1988; Fesik et al., 1988; Torchia et al. 1989). In
a related double-labeling technique, one type of amino acid
is labeled with 13C in the carbonyl position and a second amino
acid is labeled with 'SN. Any dipeptide fragment in which
the amino acid labeled with 3C precedes the !N-labeled
residue can be easily identified on the basis of the Jcy splitting

! Abbreviations: INEPT, insensitive nuclei enhanced by polarization
transfer; HCACO, proton to a-carbon to carbonyl correlation; HCA-
(CO)N, proton to a-carbon (via carbonyl) to nitrogen correlation;
HMQC, heteronuclear multiple quantum correlation; HNCO, amide
proton to nitrogen to carbonyl correlation; HNCA, amide proton to
nitrogen to a-carbon correlation; HOHAHA, homonuclear Hartmann—
Hahn; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
enhancement; 2D, two-dimensional; 3D, three-dimensional.

This article not subject to U.S. Copyright. Published 1990 by the American Chemical Society
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(~15 Hz) observed in the 'H-'*N shift correlation spectrum
(Kainosho & Tsuji, 1982; Griffey & Redfield, 1987; Torchia
et al.,, 1989). More recently, nonselective three-dimensional
experiments have been developed that separate the NOESY
or J correlation spectra into a third dimension, the N
chemical shift (Fesik & Zuiderweg, 1988; Marion et al.,
1989a; Zuiderweg & Fesik, 1989; Marion et al., 1989b). This
approach is very useful for unraveling NOE and J correlations
involving overlapping amide protons. However, when there
is extensive overlap in the C_H region, even this 3D approach
may not be sufficient for making unambiguous sequential
assignments for all residues.

For the protein calmodulin, which we have previously in-
vestigated with a combination of all experiments mentioned
above (Ikura et al., 1990a), we were unable to assign more
than ~80% of the backbone protons on the basis of these
experiments alone. Calmodulin presents a particularly difficult
case, despite its modest molecular weight (16.7 kDa), because
it appears to be largely a-helical, with correspondingly narrow
chemical shift distributions for the amide and C*H protons;
76% of the backbone amide protons resonate in a spectral
region of 1 ppm, and 50% of the C*H protons resonate within
a 0.52 ppm spectral region. Moreover, because calmodulin
consists of four domains with substantial sequence homology,
many connectivity patterns for these domains partially overlap,
complicating their analysis.

It has long been recognized that sequential assignments can
also be made based on backbone scalar connectivities (Llinas
et al,, 1977). Recently, experiments were proposed for making
resonance assignments based on 1*C-1*C J couplings (Oh et
al., 1988) and for obtaining sequential connectivity information
from 'J(C’,N) couplings (Westler et al., 1988; Stockman et
al., 1989; Niemczura et al., 1989). These experiments were
performed in a two-dimensional fashion with direct observation
of the 1*C resonances, resulting in relatively low sensitivity and
substantial resonance overlap. Here we demonstrate that these
limitations can be overcome by 3D experiments that integrate
the Jec and Joy connectivity experiments with the high sen-
sitivity of indirect detection. The new 3D methods yield
high-sensitivity spectra almost free of spectral overlap that
provide sufficient information for making complete and un-
equivocal sequential backbone 'H, 13C, and N assignments
of calmodulin, without relying on NOE information.

Assignment Approach. Our new assignment approach ex-
ploits the relatively large one-bond J couplings between the
backbone '*C and "N nuclei and between the backbone
protons and the *N and C¢ nuclei to which they are directly
attached. The first 3D experiment (HNCO) correlates NH
and '*N chemical shifts of an amino acid with the carbonyl
(C’) shift of the preceding residue. The second experiment
(HNCA) correlates the NH shift with the '*N shift and the
intraresidue C* shift. In addition, this experiment frequently
also provides interresidue connectivity via the two-bond SN-
13C« coupling. The third experiment (HCACQ) correlates
intraresidue H%, C%, and C’ shifts. The previously published
HOHAHA-HMQC experiment (Marion et al., 1989b) cor-
relates H* with NH and '*N shifts. Finally, a HCA(CO)N
relay experiment correlates the H® shift and the C shift via
the carbonyl resonance with the !N shift of the next amino
acid residue. These five types of connectivity are schematically
represented in Figure 1.

The HNCA and HOHAHA-HMQC experiments firmly
establish intraresidue correlations between pairs of "N-NH
and C*-H” backbone resonances. Note that these pairs of
resonances are linked through two separate and independent
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FIGURE 1: Connectivities observed in the five different types of 3D
NMR experiments. (a) The HNCO experiment correlates the peptide
bond C’ and '*N resonances with the NH chemical shift. (b) The
HNCA experiment correlates the NH and *N shifts with the in-
traresidue C® shift. For ~60% of the residues in calmodulin, also
a two-bond connectivity to the C* resonance of the preceding residue
is observed (broken line). (¢) The HCACO experiment correlates
intraresidue H, C%, and C’ chemical shifts. (d) The N HOH-
AHA-HMQC experiment correlates intraresidue N, NH, and H*
shifts. (e) The HCA(CO)N experiment correlates the H* and C*
shifts of one residue with the '*N shift of the next residue.

a) HNCO

b) HNCA

pathways: via '"H-'H J coupling (HOHAHA-HMQC) and
via IJ(N, C%) (HNCA). For almost all residues this provides
unambiguous correlation of the NH, H®, N, and C¢ shifts,
despite moderate overlap present in the "'N-'H and 3C*-'H
2D correlation spectra.

The HCACO 3D spectrum links the C’ chemical shifts with
the intraresidue C* and H* shifts. This experiment requires
detection of the H* protons during the ¢, period of the pulse
scheme and is therefore most easily conducted in D,O solution.
The HNCO 3D experiment provides crucial sequential con-
nectivity information, linking the '>’N—'H pair of one residue
to the C’ shift of the preceding residue. The HNCO exper-
iment requires recording in H,O. When the absolute shifts
of the C’ resonances in H,O and D,O solutions are compared,
a small isotope shift (~0.08 ppm) has to be taken into account.
A more serious problem in comparing these shifts originates
from small differences in pH values for the two samples, and
from the limited digital resolution in the 3D spectra. In
practice we find that, for the vast majority of nonoverlapping
carbonyl resonances in the 3D spectra, C’ shifts reproduce to
better than £0.05 ppm. For resonances that show partial
overlap, the reproducibility is ~#0.1 ppm. It should be noted,
however, that the latter number may improve significantly if
deconvolution of overlapping resonances is used instead of
simple peak picking of local extrema.

The HCA(CO)N experiment presents a second independent
source of sequential connectivity information, by correlating
the H* and C* shifts of one amino acid with the "N shift of
the next amino acid. This spectrum is recorded in D,O so-
lution, and in comparing the N shifts measured in this ex-
periment with values obtained from spetra recorded in H,O,
an upfield isotope shift of ~0.7 ppm must be taken into ac-
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count. After this correction has been applied, "N chemical
shift values measured for identical resonances in the different
3D spectra reproduce to better than £0.2 ppm for nonover-
lapping resonances and to better than £0.3 ppm for resonances
that exhibit partial overlap.

Finally, two-bond *C2-'3N connectivity observed in the
HNCA spectrum provides an additional and independent
source of sequential connectivity information. Literature data
suggest that this two-bond coupling (~7Hz) is somewhat
smaller than the one-bond '*N-13C= coupling (7-11 Hz)
(Bystrov, 1976). It is clear from the variation in the intensities
of the two-bond correlations in our 3D HNCA spectra that
there is a substantial variation in the size of this two-bond
coupling. So far, however, we have been unable to correlate
the presence or absence of the two-bond *C*—!*N J connec-
tivity with secondary structure.

Figure 2 shows the pulse sequences of the 3D experiments
used. These pulse schemes have been optimized with regard
to removal of passive couplings and minimization of the
number of required radiofrequency pulses. A detailed
treatment of the mechanisms on which these pulse sequences
rely and a discussion of their implentation on a commercial
spectrometer are presented elsewhere (Kay et al., 1990a). The
success of the methods used in the present work relies on the
relatively narrow line widths of the backbone *N and carbonyl
resonances, which permit detection of J coupling and con-
nectivity via relatively small 'J(C’, N) (~15 Hz), J(C%, N)
(~10 Hz), and 2J(C=, N) (<7 Hz) couplings. For example,
the HNCA scheme (Figure 1b) uses an INEPT-type transfer
(Maudsley & Ernst, 1977; Morris & Freeman, 1979) to
transfer 'H polarization to the '*N. The efficiency of a sub-
sequent HMQC-type correlation (Bax et al., 1983; Bendall
et al., 1983) between !N and C= depends on the size of the
J(C=, N) coupling relative to the narrow >N line width,

The pulse schemes of Figure 2 all rely on multple-step
magnetization transfers via well-resolved J couplings. In
addition, the number of resonances observed in each 3D
spectrum is relatively small, on the same order of magnitude
as the total number of amino acids in the protein. As expected
(Aue et al., 1978; Griesinger et al., 1989), the sensitivity of
such experiments is therefore very high. Because of the
moderate spectral dispersion of !N, C?, and C’ resonances
(28, 22, and 10 ppm, respectively) the F, and F, spectral
widths that have to be covered in the experiments of Figure
1 are narrow, despite the fact that these experiments are re-
corded in a nonselective manner. This makes it possible to
use relatively small numbers of #, and f, increments, permitting
extensive phase cycling for the removal of undesired coherence
transfer pathways (Bodenhausen et al., 1984) while keeping
the total measuring time within reasonable limits (1-2 days
per 3D spectrum). Moreover, in experiments where the NH
proton is detected during z; (Figure 2a,b), the t, spectral width
can be restricted to the spectral width of the amide region of
the spectrum. In Figure 2c and d, the spectral window only
has to include the H® resonances. As a consequence, the data
matrix sizes used for such 3D spectra (before processing and
zero filling) are quite small (~2-4 Mword), permitting rapid
processing without introducing unusual demands on computer
CPU time or disk storage.

EXPERIMENTAL PROCEDURES

The Drosophila calmodulin gene (Smith et al., 1987) was
overexpressed in Escherichia coli (strain AR58) using the pAS
expression vector (Shatman et al., 1985). The amino acid
sequence of Drosophila calmodulin is identical with vertebrate
calmodulin except for three residues in the C-terminal domain:
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FIGURE 2: Pulse sequences of (a) the HNCO experiment, (b) the
HNCA experiment, (c) the HCACO experiment, and (d) the
HCA(CO)N experiment. For schemes a and b, H,O presaturation
is used and in addition, in (a) low-power water irradiation is used
during the intervals § (low solid bars). For the HNCO experiment
the phase cycling is as follows: ¢, = x, -x; ¢; = 2(¥), 2(-y); ¢3 =
4(x), 4(-=x); ¢4 = B(x), 8(p), 8(=x), 8(-y); receiver = 2(x), 4(-x),
2(x), 2(=x), 4(x), 2(-x). For HNCA, the phase cycling is ¢, = x,
=X, 62 = Y, Vs 63 = 2(x), 2(=x); b4 = 4(x), 4(»), 4(-x), 4(-y); receiver
=x, -x, X, X, =X, X, x, =x. Quadrature in the t; and ¢, domains is
obtained by changing the phase of the first 90° I°N pulse (HNCO)
or the first 90° C* pulse (HNCA) and by changing the phase ¢, by
90°, respectively. For HCACO, the phase cycling used is as follows:
¢y = X, =X; ¢y = ¥, =y; $3 = 2(x), 2(=x); ¢4 = 4(x), 4(-x); ¢s = B(x),
8(—x); receiver = 2(x, —x, -x, x), 2(-x, x, x, -x). For HCA(CO)N
the phase cycling used is as follows: ¢; = x, —x; ¢, = V63 =
2(x), 2(=x), ¢4 = 4(x), 4(~x); ¢s = 8(x), 8(»), 8(—x), 8(—y) recelver
= x, 2(-x), x, =x, 2(x), 2(-x), 2(x), x, =x, 2(-x), x. For both the
HCACO and HCA(CO)N experiments, quadrature in the ¢; and ¢,
domains is obtained by changing the phase of the first 90° C* pulse
and by changing the phase ¢; (HCACO) or ¢, (HCA(CO)N) by
90°, respectively.

Y99 — F99, Q143 — T143, and A147 — S147. In addition,
the E. coli expressed calmodulin lacks a trimethyl group at
Lys-115, and an N-terminal acetyl group. Calmodulin labeled
uniformly with N and 13C was obtained by growing the cells
in M9 minimal medium with "NH,CI (1 g/L) and -
glucose-1*C¢ (3 g/L; Merck Isotopes) (Ikura et al., 1990a).
No supplemental amino acids were required for growing the
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cells. The cells were harvested by centrifugation and the pellets
were lysed by hen egg white lysozyme (200 ug/mL). The
protein was purified by employing two chromatography steps,
phenyl-Sepharose and DEAE-Sephacel (Gopalakrishna &
Anserson, 1982; Klee, 1977), combined with the TCA pre-
cipitation method (Yazawa et al., 1980). Purity of the protein
was checked by SDS—polyacrylamide gel electrophoresis and
UV and NMR spectroscopy. Typically, the yield was 15-20
mg from 2.4 L of bacterial culture, sufficient for two NMR
samples (one D,0O and one H,O sample). NMR experiments
were performed on a sample of 1.5 mM calmodulin, complexed
with Ca?* (6.2 mM), in a 93:7 H,O to D,O mixture, pH 6.3,
100 mM KClI, and on a sample of 0.98 mM calmodulin (4.1
mM Ca?") in 99.9% D,0, pH 6.3, 100 mM KCl. All ex-
periments were performed on a Bruker AM-500 spectrometer,
equipped with a triple-resonance probe optimized for 'H de-
tection.

All 3D spectra were recorded with sequential quadrature
detection during the detection period. In all experiments 512
real t; data points were sampled. In the ¢, and ¢, dimensions,
complex data were acquired in a hybrid states—TPPI manner
(Marion et al., 1989¢). Processing of the 3D data sets was
accomplished in two steps. First, for processing in the 1,
dimension, routines previously developed in our laboratory
(Kay et al., 1989a) were used. Subsequently, commercially
available software (NMRI, Syracuse, NY) was used to process
data in the ¢, and 1, dimensions. Doubly phase shifted sine-bell
digital filtering (Kay et al., 1989) and zero filling were used
in all dimensions and for all data sets. The sine-bell window
typically extended from 30 or 60° on the left side of the
window, to ~165° on the right side.

For the HNCO experiment (Figure 2a), acquisition times
in the ¢, (1*N), ¢, (C"), and t; (NH) dimensions were 30, 23,
and 64 ms, respectively. The fixed delay period, 8, was set
to 18 ms. For the HNCA experiment, acquisition times in
the ¢, ('°N), 1, (C*), and t; (NH) dimensions were 30, 14.8,
and 64 ms, respectively. The fixed delay period, 8, was set
to 33 ms. For both the HNCA and the HNCO experiments
the delay times, 7, were set to 2.25 ms. For the HNCO
experiment, a 32-step phase cycle was repeated four times to
obtain complex data in both the ) and ¢, dimensions, resulting
in 128 scans per complex (¢, ;) pair. With a relaxation delay
between scans of 1 s, the total measuring time was 42 h and
the size of the acquired matrix was (32 complex) X (32 com-
plex) X (512 real). For the HNCA experiment, a 16-step
phase cycle was repeated four times to obtain complex data
in both the ¢, and 7, dimensions. The total measuring time
was 43 h and the size of the acquired matrix was (32 complex)
X (64 complex) X (512 real).

The HCACO 3D spectrum resulted from a (32 complex)
X (64 complex) X (512 real) data matrix with acquisition
times of 11.5, 46, and 64 ms for the ¢, (C*), ¢, (C’), and 1,
(H%) dimension, respectively. With a 16-step phase cycle (64
scans per complex (1, ¢,) increment) and a 0.75-s relaxation
delay, the total measuring time was 32 h. The HCA(CO)N
spectrum resulted from a (32 complex) X (32 complex) X (512
real) data matrix with acquisition times of 11.5, 30, and 64
ms for the ¢, (C9), t; (!’N), and ¢; (H*) dimensions, respec-
tively. With a 32-step phase cycle (128 scans per complex (#;,
t,) increment) and a 0.75-s relaxation delay, the total meas-
uring time was 32 h. The delay & was set to 18 ms. For both
the HCACO and the HCA(CO)N experiments the delay
times 7 and A were set to 1.5 and 3 ms, respectively.

The HOHAHA-HMQC 3D spectrum was recorded for a
sample uniformly labeled with '*N, without *C enrichment.
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Further experimental details can be found elsewhere (Marion
et al., 1989b; Tkura et al., 1990a).

RESULTS AND DISCUSSION

The 3D experiments sketched in Figure 2 can be recorded
as 2D experiments, yielding the more familiar looking 2D
correlation spectra. Indeed, we have recorded such spectra
(supplementary material) but, unfortunately, for calmodulin
resonance overlap in these 2D spectra is too severe to allow
extensive resonance assignments. Nevertheless, these 2D
spectra give a good impression of the chemical shift distribution
of NH, H#, C’, and C“ resonances. In addition, recording of
a 2D spectrum just prior to recording the corresponding 3D
spectrum provides a rapid method for verifying the correct
experimental hardware setup.

Although recording and processing of 3D spectra do not
present any particular difficulty once appropriate hard- and
software have been developed, display of 3D spectra remains
a practical problem. Here we follow the commonly used
format of illustrating the use of the 3D methods by selecting
2D slices taken from the 3D spectra. Figure 3 shows small
sections of the slices that are relevant for making the sequential
connectivities involving residues Lys-21 and Asp-22. The solid
and dotted lines in Figure 3 outline the pattern of correlations
that has to be analyzed.

Figure 3A is a region of the (C’, NH) slice taken from the
HNCO spectrum at an SN frequency of 117.4 ppm, showing
a correlation between the NH of Lys-21 and the C’ frequency
of Asp-20. Figure 3B is part of the corresponding slice of the
HNCA spectrum, identifying the Lys-21 C= chemical shift
(58.5 ppm). The corresponding slice from the HOHAHA-
HMQC spectrum (Figure 3C) identifies the H* shift (4.01
ppm) of Lys-21. Note that this slice is not taken at exactly
the same "N frequency because the digitization in the 1*N
dimension of the HOHAHA-HMQC spectrum is slightly
different from that in the HNCA and HNCO spectra.

Figure 3D is part of the (H%, C’) slice of the HCACO
spectrum, taken at a C* shift nearest to 58.5 ppm, identifying
the C’ chemical shift (178.29 ppm) of K21. A slice taken at
the same C* frequency from the HCA(CO)N spectrum
(Figure 3E) identifies the '*N shift (114.1 ppm) of the next
amino acid, Asp-22. A slice from the HNCO spectrum
(Figure 3F) taken at 114.1 ppm confirms the connectivity by
identifying the previously assigned (Figure 3D) C’ shift of
Lys-21 at 178.24 ppm. The assignment process then continues
in a similar manner, identifying the C* shift of Asp-22 (Figure
3G) and the H* shift of Asp-22 (Figure 3H). Note that the
slice of Figure 3G also shows a weak two-bond connectivity
between the Asp-22 amide nitrogen and the C* carbon of
Lys-21, providing yet another confirmation of the connectivity
between- Lys-21 and Asp-22.

The broken lines in Figure 3 represent fragments of con-
nectivity patterns observed for other amino acids. For example,
parts A—C of Figure 3 also show the connectivity patterns for
Leu-116, yielding the Lys-115 C’ shift (Figure 3A), the
Leu-116 and Lys-115 C# shifts (Figure 3B), and the Leu-116
H* shift (Figure 3C).

In the conventional sequential assignment of homonuclear
2D NMR spectra, ambiguities occur if there is spectral overlap
in the amide region or in the C*H or C#H region of the 1D
'H NMR spectrum. With the present procedure, analogous
ambiguities are much rarer since they only occur for cases
where SN-'H or C*-H® correlations in the 2D spectra overlap
with other such correlations. For amides, such overlap occurs
when two amides have !N chemical shifts that differ by less
than 0.2 ppm and NH shifts that differ by less than 0.02 ppm.
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FIGURE 3: Selected regions of slices from five separate 3D NMR experiments discussed in the text. These regions illustrate the J correlation
between Lys-21 and Asp-22. Solid and dotted lines trace the connectivity patterns for these two residues. Broken lines correspond to parts
of the connectivity patterns observed for other residues. Slices A—C are taken at the Lys-21 N chemical shift. Slices D and E are taken
at the Lys-21 C@ shift, observed in B. Slices F~H are taken at the *N frequency of Asp-22, as measured in E. The analysis of the connectivity
patterns is discussed in the text. No base-line correction or any other cosmetic procedures were used for any of the 3D spectra.

In calmodulin there are 19 residues that, according to this
definition, do not have a unique "*N-'H correlation. For
Ce—H* correlations, using a similar definition of overlap (H®
shifts differing by less than 0.02 ppm and C= shifts by less than
0.2 ppm), there are 40 such nonunique H*-C# correlations,
and this type of 2-fold chemical shift degeneracy constitutes
the most common source of ambiguity in the sequential as-
signment process.

Finally, ambiguities in the sequential linking process can
also occur if both the C’ and '*N chemical shifts of one par-
ticular peptide bond overlap with those of a second peptide
bond. There are seven such cases in calmodulin. However,
for all of these cases a two-bond 2J(N, C*) connection was
observed, eliminating any ambiguity in the sequential con-
nectivity.

There are only two proline residues in calmodulin, Pro-43
and Pro-66. Connecting proline C%, H®, and C’ shifts to its
succeeding residue does not constitute any unusual problems
and is conducted in the same manner as for all other residues.
The Pro *N shift can be identified from the correlation with
the preceding residue in the HCA(CO)N spectrum. However,
because no HNCA correlation can be obtained for proline,
determination of connectivity to the preceding residue is not
possible.

Semiautomated Assignment Strategy. The actual assign-
ment process is largely done by several small computer pro-
grams, as schematically shown in Figure 4. In the first step
of analysis, a peak-picking program determines resonance
positions in all five 3D spectra and in strongly resolution
enhanced 2D 'H-**N and 'H*-13C# correlation spectra, pro-
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3D SPECTRA

1

2D TH-15N AND TH-13C
CORRELATION SPECTRA

<

CHEMICAL SHIFT LIST
FOR EACH SPECTRUM

\4

GROUPS OF CORRELATED CHEMICAL SHIFTS
[N15, NH, Cat, Hat, €', Caj_q, C'j.q, N15,4]

L STRETCHES OF J-LINKED GROUPS  /

__{AMINO ACID TYPE ASSIGN./
N PRIMARY STRUCTURE /

SEQUENCE-SPECIFIC ASSIGNMENT OF
THE ENTIRE PROTEIN BACKBONE

END

FIGURE 4: Flow diagram of the semiautomated assignment procedure.

ducing a list of chemical shifts for each data set. A sorting
program then generates all possible groups of correlated
chemical shifts, i.e., the "N, NH, C¢, H®, and C’ shifts of
residue i, the C%._, (if observed) and C’,; shifts of the preceding
residue, and the SN, shift of the next residue.

In the first stage of the linking phase, a third program
searches for groups of chemical shifts (corresponding to in-
dividual amino acids) that are linked unequivocally. Thus,
residue m and r are adjacent and unique if there is only one
pair of residues for which §('*N)™ = §(1*N)”, §(C)™ =
8(C%.y)", and 6(C")™ = 8(C’i.))". In this way, stretches of
J-linked amino acids are generated. For the first and last
amino acid of each such backbone fragment there are multiple
possibilities for connecting another amino acid.

At this stage, in addition to knowledge of the primary
structure, knowledge of the residue types of some of the linked
amino acids is required for putting the stretches in the correct
order. This final step in the linking procedure proceeds in
much the same manner as in linking the various NOE-con-
nected fragments in regular homonuclear 'H NMR studies
(Wiithrich, 1986). However, because the average number of
unequivocally J-linked amino acids is typically much larger
than the fragment sizes obtained in homonuclear NOE studies,
the number of amino acids for which the residue type must
be known can be quite small. For example, if for any of the
J-linked fragments two amino acids can be identified, for
example, two Ala residues that are separated by five peptide
bonds, this makes it possible to position this fragment along
the polypeptide backbone, provided that the Ala-X-X-X-X-Ala
sequence only occurs once in the protein. At either end of this
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Table I. The Number of Sequential Connectivity Possibilities for
Dipeptide Sequences in the Third Calcium Binding Domain of
Calmodulin

dipeptide (6

86-87
87-88
88-89
89-90
90-91
91-92
92-93
93-94
94-95
95-96
96-97
97-98
98-99
99-100
100-101
101-102
102-103
103-104
104-105
105-106
106-107
107-108
108-109
109-110
110-111
111-112 4

¢Number of sequential connectivities possible when comparing C’
chemical shifts, assuming error margins of +£0.02 ppm for the NH
proton and £0.1 ppm for the C’ 13C chemical shift. 2 Number of se-
quential connectivities possible when comparing both C’ and *N shifts.
The SN shift error margin is assumed to be £0.2 ppm. ¢Number of
sequential connectivities possible when, in addition to the C’ and *N
shifts, the 2J(N, C®) connectity is observed. 3Ce shift error margin is
assumed to be £0.2 ppm. ¢Number of sequential connectivities possi-
ble based on NH-NH and H*-NH NOE connectivities as observed in
the N 3D NOE-HMQC spectrum after the pertinent sequential
NOE cross peaks were identified. Error margins for both NH and H*
are assumed to be £0.02 ppm.

C+ N C+N+C*  dyy+dey?

—
[= =]

—
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—
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fragment, which now has been positioned along the polypeptide
backbone, there are two or sometimes three possibilities for
connecting a second fragment. However, even if only a single
amino acid type is known in one of the connecting fragments,
this usually is sufficient for connecting the two fragments; the
unconnecting fragment would not have the identified amino
acid in a position that would align with the known amino acid
sequence of the protein. This process is repeated until all
fragments have been connected and the polypeptide backbone
assignment has been completed. For calmodulin, we previously
have obtained a large number of residue-type assignments by
selective isotope labeling (Tkura et al., 1990a), and positioning
the fragments along the backbone was straightforward, even
without using a computer program.

Table I shows the number of possible interresidue connec-
tions that are found during the first linking phase for amino
acids of the third calcium binding region of calmodulin. Note
that the position of these residues (86—112) is not known at
this stage of the assignment process. The second column
indicates that up to a dozen sequential connectivities may be
possible if only the C’ chemical shift value is used for linking
two amino acids. However, if both the !N and the C’ shifts
are used, for most dipeptide fragments there is only one
possibility for sequential assignment (third column of Table
I). In addition, for ~50% of the residues, a two-bond con-
nectivity is observed between '’N and the 1*C? of the preceding
residue. As can be seen in the fourth column of Table I, only
two dipeptides remain with ambiguous linkage. Chemical
shifts of the three residues involved (later assigned to Asp-93,
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Table 11: Polypeptide Backbone 'H, 1*C, and '*N Chemical Shifts for Drosophila Calmodulin (1.5 mM) at pH 6.3 and 47 °C, 6.1 mM CaCl,
and 0.1 M KCI°

BN C* C NH H* BN C*+ C NH H* BN C* C NH He

Al 51.9 1740 4.15 M51 119.3 59.5 178.8 7.84 4.09 1100 127.3 60.5 1758 10.15 4.87
D2 1205 54.7 1758 4.67 52 118.0 650 1779 7.74 3.57 S101 123.8 56.0 175.5 9.01 4.90
Q3 119.6 557 175.8 8.24 442 NS53 117.5 56.0 177.5 8.47 4.42 Al02 123.0 56.1 179.4 95.16 3.97
L4 1228 546 1777 8.16 4.70 E54 1164 59.0 1778 7.58 4.09 Al03 118.1 553 181.3 8.15 4.08
TS 1129 60.7 1758 8.56 4.52 V55 1089 61.1 1760 7.22 4.47 E104 1194 594 1799 17.79 4.09
E6 1205 60.2 1794 893 4.03 D56 121.6 540 1764 17.72 4.67 L105 1208 58.5 178.7 8.53 4.16
E7 1193 60.0 179.1 8.63 4.12 AS57 1317 543 1788 8.47 4.25 R106 117.3 60.0 178.8 8.51 3.85
Q8 119.8 58.7 1783 7.67 3.93 D58 1139 528 178.1 8.18 4.67 H107 118.6 59.5 1774 791 438
19 1194 66.1 1779 831 3.77 G59 108.2 474 1752 7.55 395/3.85 V108 118.7 66.2 178.1 7.93 3.56
Al0 121.3 55.6 1809 7.97 4.15 N60 118.4 52.7 177.0 8.07 4.67 M109 116.5 57.8 178.7 8.18 4.37
EIl 119.1 554 1802 17.78 4.17 G61 1133 458 173.6 10.51 4.22/355 TI10 1144 658 177.6 8.10 4.22
F12 119.6 59.5 178.8 8.52 5.01 T62 109.0 59.7 1735 7.68 4.79 N111 1219 55.7 176.5 17.85 4.54
K13 123.1 603 1794 9.09 4.06 163 1240 60.0 1756 890 5.19 L112 118.7 55.6 1775 17.78 4.37
El4 120.2 59.5 179.5 782 4.20 D64 1283 52.4 176.7 8.87 5.39 G113 106.3 456 1746 17.79 4.27/3.78
Al5 1222 554 1790 8.01 4.28 F65 119.0 63.7 173.8 890 4.04 El14 1203 555 1758 790 4.46
Fl6 119.0 62.1 1774 8.73 3.31 P66 117.2 66.7 180.1 3.95 K115 123.5 55.8 1757 8.41 441
S17 1124 61.6 1752 790 4.18 E67 117.4 588 1788 7.80 4.15 Li116 1242 544 1780 7.92 478
L18 1208 57.3 178.0 7.45 4.04 F68 1233 613 177.1 8.76 4.00 T117 1140 60.8 175.6 8.91 4.52
F19 1150 59.3 1766 7.29 4.29 L69 1188 581 179.1 8.31 3.39 D118 122.5 58.5 1779 844 4.22
D20 117.5 525 1773 17.74 4.52 T70 1149 66.5 176.2 7.47 3.83 E119 119.8 59.5 178.6 8.27 4.11
K21 1244 586 1783 7.66 4.01 M71 1214 59.0 1781 7.75 3.84 E120 118.7 59.5 1799 8.15 4.19
D22 1140 53.0 1779 8.10 4.62 M72 116.4 56.0 1784 798 4.06 V121 120.8 67.0 1774 8.02 3.68
G23 109.1 474 1754 7.65 394/394 A73 1218 545 1796 8.08 413 D122 119.6 57.8 179.2 8.02 4.38
D24 120.8 53.8 177.7 8.37 4.54 R74 1165 58.1 1778 17.52 4.15 E123 119.2 59.2 178.1 17.89 4.05
G25 113.1 456 1740 10.57 4.38/3.74 K75 1187 57.1 1776 17.71 428 M124 119.4 59.5 179.1 7.80 4.06
T26 1129 60.1 173.2 8.14 531 M76 118.4 565 1765 7.85 4.42 1125 118.2 642 177.3 7.92 3.55
127 127.1 60.5 1763 9.71 5.00 K77 1203 60.2 1765 7.81 4.37 R126 1184 59.9 179.3 8.13 4.05
T28 1166 59.8 176.8 8.53 4.86 D78 121.4 54.6 1767 8121 4.74 E127 1158 585 1774 7.87 4.05
T29 1128 66.8 177.2 8.99 383 T79 1140 62.3 1747 8.01 437 Al128 119.1 523 1778 17.37 4.45
K30 120.4 59.3 1799 7.65 4.22 D80 1228 54.8 1769 8.35 475 N129 117.3 542 1764 7.83 457
E31 121.3 59.4 179.2 7.60 4.10 S81 1167 59.9 1757 8.30 4.50 1130 1274 63.2 178.0 8.50 4.03
L32 1204 582 179.1 8.64 4.13 E82 1209 582 1787 876 4.26 D131 117.1 53.8 178.5 8127 461
G33 1053 484 1755 859 4.00/3.62 E83 1188 60.0 179.2 8.63 4.13 G132 108.3 47.6 1755 7.57 4.01/3.85
T34 1178 67.0 177.2 1785 3.99 E84 120.2 59.3 1794 17.68 4.06 D133 120.6 53.8 177.8 8.34 4.51
V35 1222 66.5 179.1 7.64 3.50 185 121.3 64.5 178.0 7.93 4.07 G134 1128 46.0 173.2 10.27 4.07/3.47
M36 1179 59.1 1792 838 4.16 R86 121.6 60.2 1793 8.32 4.20 QI35 1154 53.3 175.0 7.96 4.88
R37 1189 592 181.1 8.38 481 E87 118.4 59.1 1787 8.07 4.18 V136 1252 61.8 176.1 9.12 5.24
S38 118.4 618 1749 17.93 4.42 AB8 121.8 552 1792 793 4.23 N137 129.0 51.4 1752 9.62 5.28
L39 120.1 54.7 177.6 738 4.52 F89 1185 622 176.7 8.47 3.23 Y138 1182 629 176.3 836 3.50
G40 106.4 457 1747 17.82 4.24/381 R90 1154 589 1783 17.64 3.94 E139 118.2 60.5 180.5 8.00 3.72
Q41 1184 546 1744 7.82 4.53 V91 118.1 657 1774 17.52 3.56 E140 120.1 58.7 179.2 8.73 4.08
N42 116.5 514 1723 859 5.20 F92 116.4 60.0 177.0 7.47 4.25 F141 1240 61.6 1770 886 4.05
P43 1156 627 1719 4.80 D93 1169 524 1776 17.74 4.59 V142 1194 67.2 179.6 8.48 3.21
T44 1126 60.7 1754 8.60 4.50 K94 1258 59.0 1784 7.66 3.97 T143 1165 66.7 176.1 7.67 3.81
E45 1207 603 179.0 8.74 4.02 D95 1142 532 1779 8.24 4.62 M144 121.8 58.7 178.0 7.93 4.13
Ad46 1205 552 180.2 8.16 4.14 G96 109.1 47.3 1754 17.76 3.86/3.82 MI145 1148 557 177.8 7.89 4.34
E47 118.6 59.2 180.1 7.63 4.08 N97 119.4 528 1762 8.32 4.68 T146 110.0 62.5 1751 7.64 4.45
L48 1202 58.0 178.6 8.11 4.12 G98 112.8 453 172.8 10.59 4.04/3.44 S147 1178 59.1 173.7 7.74 452
Q49 118.1 58.8 178.6 8.13 3.89 F99 1156 56.0 1749 7.64 5.19 K148 127.7 $7.7 181.2 7.65 4.21
DSO 1200 577 178.8 8.01 4.46

¢1H Chemical shifts are expressed relative to (trimethylsilyl)propionic-d, acid, *N shifts relative to liquid NH, (Live et al., 1984), and 1*C shifts
relative to hypothetical internal (trimethylsilyl)propionic acid (Bax & Subramanian, 1986).

Lys-94, and Asp-95) overlap with those of three other residues,
later assigned to the homologous region of the first calcium
binding loop (Asp-20, Lys-21, and Asp-22). Visual inspection
of the pertinent regions of the 3D spectra often suggests the
solution to such an ambiguity. For example, although the
difference in C’ shifts of Asp-95 and Asp-22 is too small for
the search program to make an unambiguous distinction, in-
spection of Figure 3F suggests that Asp-95 does not correlate
with Lys-21. Moreover, Asp-22 has been unequivocally cor-
related with Lys-21 via the 2J(N, C) correlation in Figure 3G,
excluding the possibility of Lys-21 to Asp-95 connectivity.
Thus, the numbers presented in Table I are upper estimates
for the number of possible sequential connectivities, before any
additional reasoning or visual inspection of the 3D spectra is
used.

The last column of Table I shows the number of sequential
assignment possibilities that remain open if the conventional
NOE connectivity method is used, with data obtained from

the NOESY-HMQC and HOHAHA-HMQC 3D spectra.
In preparing the number of linking possibilities shown in this
column, it is assumed that the correct sequential NOE cross
peaks has already been identified, although in practice we were
only able to do this after the 3D triple-resonance spectra
revealed the correct assignments. Nevertheless, even in this
case, only a relatively small number of dipeptide and tripeptide
sequences can be identified unambiguously and for the ma-
jority of the peptide linkages no unique assignments can be
made.

Positioning the stretch of 29 amino acids presented in Table
I at the correct position along the backbone can be done on
the basis of the multitude of Ala and Gly residues in this
sequence for which the residue type is apparent from the
HOHAHA-HMQC spectrum or from selective labeling ex-
periments. Moreover, the resolved resonances of Gly-98 and
Ile-100 were assigned previously (Ikura et al., 1985).

The H*, NH, N, C%, and C’ chemical shifts of calmodulin
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are summarized in Table II. These assignments are in general
agreement with partial (~30%) assignments published for the
C-terminal domain of calmodulin (Ikura et al., 1985) and the
assignments of eight NH protons for the N-terminal domain
(Ikura et al., 1987). Differences were found for Asp-97 H®
(misassignment) and NH protons of Leu-116, Thr-117, and
Asp-118. The previous H* assignments for Leu-116, Thr-117,
and Asp-118 agree with our present results, however. Since
the C-terminal domain used in the previous study is a tryptic
fragment of natural scallop testis calmodulin, it has a tri-
methyllysine residue in position 115, whereas E. coli expressed
calmodulin has a regular lysine in this position. The differences
in NH chemical shift for residues 116~118 may therefore be
attributed to the differences in the primary sequence of the
protein.

For intact bovine calmodulin, a limited number (~18%)
of backbone proton resonances were reported recently (See-
holzer & Wand, 1989). Since no data were reported for
residues 104-132, we are unable to compare the chemical shifts
we observed in the vicinity of Lys-115 with those of natural
calmodulin. Comparison of chemical shifts for bovine cal-
modulin with our present results shows generally good
agreement, with the exception of the H* resonances of Thr-29,
Gly-132, and Tyr-138, and the NH resonance of Lys-30. Since
these residues are not close to any of the residues that differ
between the two types of calmodulin, these differences most
likely must be attributed to misassignments caused by the
limitations of the conventional 2D NMR techniques for
studying proteins with the spectral complexity of calmodulin.

Concluding Remarks. We have demonstrated that our new
approach can yield complete backbone resonance assignments
for proteins of considerably complexity, without recourse to
the sometimes ambiguous NOE connectivity information.
Comparison of the chemical shift values shown in Figure 1
with the secondary structure as determine by X-ray crystal-
lography (Babu et al., 1985) suggests that carbonyl resonances
that are part of a-helical segments are shifted toward higher
frequency (downfield) relative to nonhelical residues. How-
ever, to obtain more rigorous information about the secondary
structure of the protein in solution, interpretaton of 2D or 3D
NOESY spectra is required. With complete and unambiguous
assignments of the backbone resonances in hand, this is rel-
atively straightforward. Moreover, recently it also has become
feasible to make complete side-chain assignments for proteins
of the complexity of calmodulin (Fesik et al., 1990; Kay et
al., 1990b; Bax et al., 1990a,b; Ikura et al., 1990b; Zuiderweg
et al., 1990). This latter methodology requires knowledge of
the C* chemical shift assignments, provided by the HNCA
experiment discussed above. Using this information, we are
currently in the process of determining a detailed calmodulin
solution structure.

As discussed above, analysis of the 3D spectra can be au-
tomated more easily than the analysis of 2D NMR spectra
since overlap is much less of a problem. We have analyzed
our data only in a very coarse manner, using Fourier trans-
formations of truncated signals that resulted in poorly digitized
spectra. It is expected that better spectra can be obtained in
even shorter measurement times if more sophisticated data-
processing algorithms are used that are based on linear pre-
dictions or maximum entropy methods.

The sequential assignment approach outlined above provides
a very powerful and direct method for analyzing the NMR
spectra of proteins that can be isotopically enriched with I°N
and *C. The sensitivity of the new pulse schemes presented
is sufficient to permit the recording of a 3D spectrum with
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a high signal-to-noise ratio in less than 2 days for 1| mM protein
sample concentrations. However, it is expected that for the
HNCA experiment sensitivity will become a limiting factor
if the protein size exceeds 25 kDa. For these large proteins,
the 1*N line width becomes greater than the 1J(N, C#) scalar
coupling, decreasing the efficiency of the N-C* J-correlation
step of the HNCA experiment. The HCA(CO)N experiment,
which includes an extra relay step, also suffers significantly
in sensitivity when molecular weight is increased. However,
on the basis of our experience with calmodulin, we expect that
sequential assignment of proteins smaller than 200 amino acids
will be quite straightforward with the methodology outlined
in this paper.
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SUPPLEMENTARY MATERIAL AVAILABLE

Five 2D correlation spectra showing NH-C*, NH-C'(i -
1), H*-C’, H*-N(i + 1), and NH-H# correlations (6 pages).
Ordering information is given on any current masthead page.
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