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Concerted Two-Dimensional NMR Approaches to Hydrogen-1, Carbon-13, and
Nitrogen-15 Resonance Assignments in Proteins’
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ABSTRACT: When used in concert, one-bond carbon—carbon correlations, one-bond and multiple-bond
proton—carbon correlations, and multiple-bond proton—nitrogen correlations, derived from two-dimensional
(2D) NMR spectra of isotopically enriched proteins, provide a reliable method of assigning proton, carbon,
and nitrogen resonances. In contrast to procedures that simply extend proton assignments to carbon or
nitrogen resonances, this technique assigns proton, carbon, and nitrogen resonances coordinately on the basis
of their integrated coupling networks. Redundant spin coupling pathways provide ways of resolving overlaps
frequently encountered in homonuclear 'H 2D NMR spectra and facilitate the elucidation of complex proton
spin systems. Carbon—carbon and proton—carbon couplings can be used to bridge the aromatic and aliphatic
parts of proton spin systems; this avoids possible ambiguities that may result from the use of nuclear
Overhauser effects to assign aromatic amino acid signals. The technique is illustrated for Arabaena 7120
flavodoxin and cytochrome ¢-553, both uniformly enriched with carbon-13 (26%) or nitrogen-15 (98%).

N uclear magnetic resonance is the only serious competitor
to X-ray crystallography for detailed structural studies of
proteins. NMR! structures determined in solution are of low
resolution, but they may better represent the physiological
conformations or the dynamic properties of proteins than
structures derived from crystals. In addition, NMR can be
used to investigate conformational equilibria, interactions of
proteins with other proteins or small molecules, and reaction
pathways involving covalent protein modification.

The key step in protein NMR investigations is the assign-
ment of proton, carbon, and nitrogen resonances to specific
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amino acids in the protein. The most successful approach in
small proteins has been to first assign the proton spin systems
by using a combination of two-dimensional (2D) homonuclear
proton NMR experiments (Billeter, 1982; Wiithrich et al.,
1982; Wiithrich, 1986), such as COSY (Nagayama et al.,
1980), NOESY (Kumar et al., 1980), RELAY (Bax &
Drobny, 1985), and HOHAHA (Davis & Bax, 1985). Proton
assignments are then extended to carbon or nitrogen resonances
by using heteronuclear correlation experiments (Chan &
Markley, 1982; Kojiro & Markley, 1983; Ortiz-Polo et al,,
1986; Glushka & Cowburn, 1987; Sklenar & Bax, 1987). The
complexity and overlaps in homonuclear 'H{'H} 2D spectra,
however, make this approach difficult with larger proteins (M,
>10000).

Heteronuclei can be used to resolve overlaps in 2D proton
spectra. Examples include spectral editing techniques for

! Abbreviations: 2D, two dimensional; COSY, correlated spectros-
copy; DQC, double quantum correlation, HOHAHA, homonuclear
Hartmann-Hahn; INADEQUATE, incredible natural abundance double
quantum transfer; MBC, multiple-bond correlation; NMR, nuclear
magnetic resonance; NOESY, nuclear Overhauser spectroscopy; RE-
LAY, relayed correlated spectroscopy; SBC, single-bond correlation;
TMS, tetramethylsilane; TSP, (trimethylsilyl)propionic acid.

© 1989 American Chemical Society
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observing nuclear Overhauser effects to or from protons bound
to selectively enriched nuclei (Griffey et al., 1985; Griffey &
Redfield, 1987; Rance et al., 1987; MclIntosh et al., 1987; Senn
et al., 1987) and 'H{'3CJRELAY experiments (Briihwiler &
Wagner, 1986). Proton, carbon, or nitrogen assignments made
with these techniques, however, are limited to correlations with
resonances previously assigned.

The procedure presented here enables the concerted as-
signment of proton, carbon, and nitrogen resonances in pro-
teins. The technique relies on a combination of one-bond
13C-13C, one-bond 'H-13C, multiple-bond 'H-'*C, and mul-
tiple-bond 'H-!°N correlations. Coupling constant magnitudes
for these correlations observed in peptides are as follows
(Bystrov, 1976): Jcy, 120-170 Hz; 2Jcy, 2-8 Hz; 3Jcy, 0-7
Hz; Uce, 35-65 Hz; 2Uny, 0-2 Hz; 3Jny, 0-4 Hz. The angular
dependence of 3J ¢y and 3Jyy (and to a lesser extent 2/ and
2Jxn) can be correlated with molecular structure (Karplus &
Karplus, 1972; Bystrov, 1976). 13C correlations are obtained
from *C{!*C}JDQC spectra (Oh et al., 1988; Stockman et al.,
1988b; Westler et al., 1988a). 'H-13C correlations are ob-
tained from 'H{!3C}SBC spectra (Bax et al., 1983). Multi-
ple-bond 'H-'3C and 'H-!N correlations are obtained from
TH{!3CIMBC and 'H{"*N}MBC spectra (Bax & Summers,
1986). The full information content of these four types of
spectra is realized only when they are analyzed simultaneously.
Each complements the others by resolving spectral overlap or
by adding redundancy to well-resolved regions, thereby in-
creasing the reliability of the assignments. The technique is
demonstrated for two cyanobacterial proteins, oxidized fla-
vodoxin (M, 21000) and reduced cytochrome ¢-553 (M,
11 000) from Anabaena 7120.

MATERIALS AND METHODS

Protein Enrichment and Purification. The proteins studied
were enriched uniformly with 13C (26%) or '*N (98%). With
proteins, carbon-13 enrichment at a level of 20-30 atom %
is required for the 3C{1*CJDQC experiment, since low con-
centrations must be used and the occurrence of adjacent
carbon-13 atoms at natural abundance is only 0.012%.
Anabaena 7120 was grown as described previously (Stockman
et al., 1988a). To obtain protein uniformly enriched with 1SN,
K!*NO, (98+ atom % isotopic purity) was used as the sole
nitrogen source. Protein enriched uniformly with 13C was
obtained by supplying 1*CO, (26 atom % isotopic purity) as
the sole carbon source. Flavodoxin was purified by the pro-
cedure of D. W. Krogmann (personal communication).
Protein fractions with A4/ 4576 ratio greater than 0.14 were
considered to be pure. Cytochrome ¢-553 was purified ac-
cording to Ulrich (1978). Cytochrome ¢-553 samples were
reduced by adding an excess of dithionite just prior to NMR
measurements. Air above the sample was replaced with argon
to prevent oxidation during NMR experiments.

Chemicals. K'NO, (98+ atom %) was purchased from
the Mound Facility of the Monsanto Research Corp. *CO,
(99+ atom %) was purchased from Isotec, Inc. The 13*CO,
was diluted with natural abundance CO, to 26 atom % isotopic
purity (as measured by '3C satellite intensities in the 'H NMR
spectra of individual amino acids) and mixed with air to 10%
CO,. Other chemicals were of reagent grade or better.

NMR Spectroscopy. All spectra were obtained on a Bruker
AM-500 (11.7 T) spectrometer. Proton chemical shifts are
referenced to internal TSP. Experimental carbon chemical
shifts were determined relative to external dioxane, which was
assigned a chemical shift of 67.8 ppm relative to TMS. Ex-
perimental nitrogen chemical shifts were determined relative
to external ammonium sulfate, which was assigned a chemical
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shift of 22.3 ppm relative to liquid ammonia.

BC{BCIDQC spectra (125.77 MHz) were collected with a
Bruker 5-mm broad-band probe and a *C-selective pream-
plifier. The pulse sequence used was a modification (Westler
et al., 1988a) of the resonance-offset-compensated INADE-
QUATE experiment (Levitt & Ernst 1983). WALTZ-16
(Shaka et al., 1983) composite pulse decoupling was used
during acquisition to decouple attached protons.

The 'H{**C|SBC, H{**C}MBC, and 'H{**N}MBC spectra
were collected with a Bruker 5-mm inverse broad-band probe,
using Bruker reverse electronics. Protons were pulsed with
the decoupler, while the other nuclei were pulsed with the
transmitter. The pulse sequence used for the 'H{*CJSBC
experiments was that of Bax et al. (1983). WALTZ-16 de-
coupling at the carbon frequency was used during acquisition
to collapse proton—carbon couplings. The 'H{*C}MBC and
TH{!’>NJMBC experiments used the pulse sequence of Bax and
Summers (1986). See the figure legends for additional ex-
perimental parameters.

RESULTS

Aliphatic Side Chains. Comparisons of spectral regions
illustrate how the information content of one type of spectrum
can be used to sort out or confirm information available in the
other types of spectra. Figure 1 shows corresponding aliphatic
regions of the BC{3C}DQC and 'H{*C}MBC spectra of fla-
vodoxin. The carbon dimension (vertical axis) is identical in
each spectrum. In Figure 1A, each pair of coupled carbon
atoms is represented by a pair of antiphase doublets located
at their double-quantum frequency on the horizontal axis; each
individual antiphase doublet is located at its single-quantum
frequency on the vertical axis. Vertical lines in this spectrum
connect resonances from single-bond coupled carbon atoms.
Many amino acid carbon spin systems can be identified easily
by their characteristic connectivity patterns (Oh et al., 1988;
Stockman et al., 1988b).

Some regions of the 3C{**CJDQC spectrum, however, are
very crowded. This overlap can be resolved by spreading the
carbon chemical shifts out in the proton dimension by means
of the 'H{**C}MBC (Figure 1B) and ‘H{*C}SBC (Figure 2)
coupling patterns characteristic for a given amino acid. The
use of information from one spectrum to analyze another is
exemplified by the outlined leucine connectivities. In Figure
1A, the leucine *C{13CJDQC correlations are not resolved. In
Figure 1B, however, long-range proton—carbon coupling
patterns characteristic of the pairs of leucine §-methyl protons
are observed. These connectivities assign the 8-, -, ;-, and
8,-carbon resonances in the 3C{*CJDQC spectrum (Figure
1A). The positions of the §,- and é,-carbon and §;- and 6,-
proton resonances are confirmed in Figure 2, which shows the
TH{!*C}SBC correlations for these and other methyl groups.

The outlined alanine, threonine, and valine spin systems
illustrate how redundant connectivities can be obtained from
information in each type of 2D spectrum. Each carbon spin
system is resolved in Figure 1A. The long-range coupling
patterns of the methyl protons seen in Figure 1B confirm the
carbon spin system assignments as well as assign the methyl
proton chemical shifts. The methyl proton and carbon
chemical shifts are also verified in Figure 2.

The carbonyl carbon region of the 'H{!3CJMBC spectrum
(Figure 3A) and the amide nitrogen region of the !H{**NJMBC
spectrum (Figure 3B) of flavodoxin show several correlations
with alanine a- or -protons. These spectra allow the extension
of side-chain assignments to the main-chain carbonyl carbon
and amide nitrogen resonances. Representative aliphatic
proton and carbon spin system assignments in flavodoxin and
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FIGURE 1: Composite 11.7-T NMR spectra of flavodoxin showing a portion of the aliphatic proton and carbon region. The same region of
the carbon spectrum (vertical axis) is shown in both contour plots. The sample was 7 mM [!3C]flavodoxin (26% uniformly labeled) in 2H,0O
containing 150 mM phosphate buffer at pH 7.5; the total sample volume was 0.4 mL in a 5-mm (0.d.) NMR tube. Labeled positions along
the horizontal and vertical axes identify cross peaks located at their intersection. The notation used in the labels is Pr, where P is the single-letter
amino acid abbreviation and r is the Greek letter(s) identifying the atom(s) involved in the correlation. Only selected spin systems are outlined
in the figure; they correspond to the first spin system of each type of amino acid listed in Table I. (A) A small region of the *C{**C}DQC
spectrum. The total experiment time (96 h) consisted of 512 blocks each containing the average of 384 free induction decays (8192 data points
each). The 90° carbon pulse was 6.6 us. The sweep width was 22727 Hz. The total delay for the double-quantum propagator was set to
9.1 ms. The acquisition time was 0.18 s with a relaxation delay of 1.5 s. The single-quantum frequency is plotted along the vertical axis,
and the double-quantum frequency is plotted along the horizontal axis. (B) A region of the 'H{'*CJMBC spectrum. A total of 512 blocks
containing the average of 104 free induction decays (4096 data points each) were collected. The 90° proton pulse was 9.3 us; the 90° carbon
pulse was 11 us. The proton sweep width was 7246 Hz, and the carbon sweep width was 22727 Hz. The delay time used to suppress one-bond
correlations was 3.57 ms. The delay time used to optimize for 7-Hz carbon-proton couplings was 70 ms. The acquisition time was 0.283 s

with a relaxation delay of 1.8 s.

cytochrome ¢-553 obtained from these data are presented in
Table 1.

Aromatic Side Chains. The aromatic portions of the proton
and carbon spin systems for each of the six aromatic side
chains in cytochrome ¢-553 and most of the aromatic residues
in flavodoxin have been elucidated. Figure 4A illustrates the
one-bond carbon—carbon correlations observed in the !*C-
{3CJDQC spectrum for the 3-carbons and aromatic carbons
of the single tryptophan, one of the two tyrosine, and one of
the two phenylalanine residues, along with the one-bond
carbon—carbon correlations observed for the 8-, v-, and §;-
carbons of the iron-ligated histidine residue in cytochrome
¢-553. The characteristic *C{*3CJDQC connectivity patterns
(Oh et al., 1988) allow easy identification of each carbon
resonance. The tryptophan carbon chemical shifts in both
flavodoxin and cytochrome ¢-553 are in general agreement
with those observed in model peptides.?

Extension of the carbon assignments obtained from the
BBC{13CIDQC data to the corresponding 3-protons (Figure 4B)
and aromatic ring protons (Figure 5A) was accomplished by
using 'H{!*C}SBC data. Many of the carbon and proton
resonance assignments were verified by cross peaks in the

2 The tryptophan n,- and {;-carbon chemical shifts in Anabaena 7120
flavodoxin and cytochrome ¢-553 are reversed with respect to the chem-
ical shifts reported by Richarz and Wiithrich (1978). A reinvestigation
of the tryptophan !>C spectrum using a model peptide (K-W-K) indicated
that the 5,- and {;-carbon assignments of Richarz and Wiithrich should
be reversed (B. H. Oh and J. L. Markley, unpublished experiments).

'H{'3CIMBC spectrum (Figure 5B); characteristic long-range
coupling patterns were observed for several types of aromatic
protons. Note that redundancy in the 'H and *C chemical
shifts for the pair of symmetric 8- or e-atoms of the phenyl-
alanine and tyrosine rings (presumably from ring flips that
are rapid on the NMR time scale) results in identical cross
peaks for the 8 or € correlations in 'H{**C}SBC and 'H{'3C}-
MBC spectra.

Figure 6 illustrates how 'H{!’NJMBC data were used to
assign the aromatic nitrogen resonances in flavodoxin. The
tryptophan e-nitrogen assignments were based on proton
assignments made according to the method outlined in Figures
4 and 5. Tryptophan ¢;-nitrogens are difficult to assign by
other methods because they resonate near the amide backbone
region (100-135 ppm), but since no other cross peaks occur
in this region of the 'H{!>N}MBC spectrum, the assignments
here are unambiguous. Histidine §,- and ¢;-proton correlations
to both of the é,- and ¢,-nitrogens are observed as a charac-
teristic box-shaped pattern. 'H{NJMBC presents an alter-
native to '*N decoupling (Smith et al., 1987) for indentifying
histidine 8,- and ¢;-proton and tryptophan §,-proton resonances
in N-enriched proteins. Table II summarizes the aromatic
amino acid proton, carbon, and nitrogen chemical shifts in
flavodoxin and cytochrome ¢-553.

DiISCUSSION

The experiments outlined above demonstrate the usefulness
of 2D homonuclear *C and 2D heteronuclear NMR in sim-
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FIGURE 2: Methyl region of the 11,7-T NMR 'H{!*C}SBC spectrum
of flavodoxin. The notation is P, where P is the single-letter amino
acid abbreviation, g corresponds to the amino acid lettering in the
data tables, and 7 is the Greek letter identifying the carbon and proton
atoms involved in the correlation. A total of 552 blocks containing
the average of 72 free induction decays (2048 data points each) were
collected. The 90° proton pulse was 6.7 us; the 90° carbon pulse was
71 us. The proton sweep width was 6944 Hz, and the carbon sweep
width was 9433 Hz. The carbon sweep width covered only the aliphatic
region so that higher digital resolution in the 13C dimension could
be obtained. The spectrum of the aromatic region was collected
separately. The delay time used was 3.57 ms to optimize for 140-Hz
carbon~proton couplings. The acquisition time was 0.147 s with a
relaxation delay of 1.8 s.

plifying the assignment of 'H spin systems in proteins, as well
as in assigning carbon and nitrogen resonances. To date, these
techniques have been used to assign complete 'H, *C, and N
spin systems for 41 amino acid side chains in flavodoxin and
for 39 amino acid side chains in cytochrome ¢-553. In addition,
complete 3C spin systems have been assigned for 36 side
chains in flavodoxin (Stockman et al., 1988b). The increased
expense of obtaining uniformly carbon-13- or nitrogen-15-
labeled proteins is offset by the increased efficiency and re-
liability of assignments. The approach automatically provides
extensive 13C and N resonance assignments in proteins, which
heretofore have been unavailable. These assignments can be
utilized in a number of ways.

Previous assignments of quaternary carbons required indirect
techniques, such as chemical modification, relaxation probes,
or the use of variant proteins (Allerhand, 1979; Chan et al.,
1983). They are assigned directly by the methods described
here. Specific assignments of tyrosine {-carbons, which fre-
quently can be resolved in the one-dimensional *C spectrum,
will be useful in investigations of tyrosine pK, values or enzyme
mechanisms thought to involve tyrosine.

This assignment strategy will facilitate 3C and '°N relax-
ation studies of protein dynamics in solution. 7} measurements
for the backbone atoms can lead to a better understanding of
the local mobilities of each region of the protein (McCain et
al., 1988). T, measurements for side-chain atoms can reflect
local mobility and thus can give clues as to whether side chains
are located on the surface or are buried within the protein
(Jardetzky, 1981; Smith et al., 1987).

The four-bond coupling between the aliphatic 3-protons and
aromatic §-protons of aromatic amino acids usually is too
small, compared with the line width, for practical correlations
in proteins. One exception has been the use of long-range
proton—proton couplings to assign some histidine side-chain
protons in a myoglobin (Dalvit et al., 1987). The usual pro-
cedure (Billeter et al., 1982) for cross assigning the aromatic
and aliphatic portions of the proton spin systems of aromatic
amino acids relies on the observation of NOESY cross peaks
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FIGURE 3: Peptide backbone spectral regions in the multiple-bond
correlation NMR spectra (at 11.7 T) of flavodoxin. The proton
dimension (horizontal axis) is identical in the two contour plots. Peaks
are labeled as in Figure 2, except that r is the Greek letter identifying
the type of proton involved in the correlation. The vertical axis
corresponds to the chemical shifts of the main-chain carbonyl carbon
or amide nitrogen. (A) A region of the H{'*C}MBC spectrum.
Sample conditions and experimental parameters were as described
in Figure 1. (B) A region of the 'H{!*NJMBC spectrum. The sample
was 10 mM [SN]flavodoxin (95% uniformly labeled) in 2H,O con-
taining 150 mM ghosphate buffer at pH 7.5. The sample had been
preexchanged in “H,O for 2 h at 65 °C to deuteriate all NH, NH,,
and NH; groups. The total sample volume was 0.4 mL in a 5-mm
(0.d.) NMR tube. A total of 512 blocks containing the average of
80 free induction decays (4096 data points each) were collected. The
90° proton pulse was 8.2 us; the 90° nitrogen pulse was 20 us. The
proton sweep width was 7246 Hz, and the nitrogen sweep width was
11111 Hz. No pulse was used to suppress one-bond couplings since
the sample had been preexchanged with 2H,0. A 70-ms delay time
was used to optimize for 7-Hz couplings. The acquisition time was
0.283 s with a relaxation delay of 2.0 s.

between one or two ring protons (8 in phenylalanine, tyrosine,
and histidine; 6 and/or ¢ in tryptophan) and the 8-protons of
the side chain. In theory, the distance in all possible ring
orientations between at least one ring proton and the 8-protons
is short enough to result in a NOESY cross peak, except for
some orientations of the histidine ring (Billeter et al., 1982).
Ambiguities arise, however, when NOESY cross peaks are
observed between one set of S-protons and more than one
aromatic spin system, or vice versa. Specific assignments are
difficult in these circumstances, because one may not be able
to distinguish the desired intraresidue cross peak(s) from in-
terresidue cross peak(s). The alternative approach presented
here is based on one-bond scalar coupling. The aromatic ring
carbon spin systems can be entered via their proton resonances;
then, by following carbon—carbon correlations around the ring,
the B-carbon can be assigned. Proton—carbon correlations to



234 Biochemistry, Vol. 28, No. 1, 1989 Stockman et al.

Table I: Representative Aliphatic Amino Acid Proton, Carbon, and Nitrogen Chemical Shifts in Anabaena 7120 Flavodoxin and Cytochrome
c-553

carbon proton

nitrogen
amino acid? 0 « 8 v ) o 8 o 5t a
Flavodoxin

Ala-a 173.9 49.3 19.1 4.65 1.39 122.8
Ala-b 177.4 53.1 18.3 4.29 1.52 121.6
Ala-c 173.8 49.7 17.5 1.47 122.1
Ala-d 173.1 47.3 17.2 3.95 0.14 128.6
Ala-e 176.7 53.2 16.3 3.83 1.23 124.9
Ala-f 178.6 53.7 15.6 3.98 1.58 121.8
Ala-g 47.2 23.4 5.60 1.48
Ala-h 177.6 54.2 18.3 1.27 118.7
Thr-a 58.3 66.1 21.8 1.49
Thr-b 59.5 68.4 20.4 441 4.08 0.96
Thr-¢ 61.1 65.9 20.3 3.89 1.25
Thr-d 60.1 67.2 19.1 4.48 0.43
Leu-a 42.7 26.1 22.3, 24.6 1.17, 1.37
Leu-b 40.8 26.0 23.3, 23.6 0.53, 0.59
Leu-c 41.5 25.8 24.6, 21.5 0.94, 0.73
Val-a 59.4 32.1 20.2, 189 4.10 0.74, 0.05
Val-b 62.7 28.3 20.1, 15.5 0.07, ~0.14
Val-¢ 60.9 30.2 19.1, 19.1 0.65, 0.65
Val-d 65.2 28.6 22.4,17.5 0.89, -0.19

Cytochrome ¢-553
Ala-a 175.2 49.7 17.4 4.44 1.29 118.8
Ala-b 177.3 52.3 16.2 3.88 1.58 117.1
Ala-c 177.4 54.6 15.5 3.91 1.39 125.9
Gly-a 171.4 44.2 3.71
Gly-b 175.8 45.1 3.73
Gly-¢ 174.4 45.8 4.09, 4.14
Ser-a 174.3 59.9 61.4 4,19
Ser-b 174.1 60.2 61.2 3.72 4.09
Thr-a 172.4 60.6 67.1 19.3 3.50 4,52 1.11
Thr-b 172.9 66.7 67.5 19.4 3.32 4.05 1.05

“Since the primary sequence has not been determined for either of these proteins, amino acids of a given type have been assigned a letter here and
in the figures. ®Leucine é-proton and valine vy-proton chemical shifts are listed in the same order as their respective carbon chemical shifts.

F¥  We2 Y8 Fe YV F5 W82 HY Wiy Wl Wez Ye wp Wi2 HB WwhB
i e e e ¥ Il el G |

A ||"v,.
wWhy — ' e

| . 140
HﬁV—\_ ) ' ) o N
. C. L .
Y8y 1" | [N o BN | " i
FBy R ‘
A

160
Wil ‘

WV(S] 'Aj‘ lFB l o M.‘.\ L
W‘gﬁa\ " by, o '
Whs, -

ngﬂz-‘\\\\

b

Wr‘)zea

HPS,-\
2
Ybe\—

Wezgz
Fe (—

FB(jF
YVE/
W52(2[

32 e

T r 1 1 T 71 T LI
ved 130 120 6
CARBON CHEMICAL SHIFT & PPM

FIGURE 4: Composite 11.7-T NMR spectra of cytochrome ¢-553 showing the proton 8, carbon 83, and carbon aromatic regions. Peaks are
labeled as in Figure 1. Only selected spin systems are outlined; they correspond to the first example of each type of amino acid listed in Table
II. The sample was 15 mM [*Clcytochrome ¢-553 (26% uniformly labeled) in 2H,O containing 50 mM phosphate buffer at pH 5.6 at 40
°C; the total sample volume was 0.15 mL in a 5-mm (o.d.) cylindrical microcell. (A) Selected regions of the 3C{!*C}DQC spectrum. A total
of 314 blocks containing the average of 256 free induction decays (8192 data points each) were collected. The 90° carbon pulse was 7 us.
The sweep width used was 25000 Hz. The total delay for the double-quantum propagator was set to 9.08 ms. The acquisition time was 0.163
s with a relaxation delay of 1.7 s. (B) 8 region of the 'H{!*CJSBC spectrum. A total of 512 blocks each containing the average of 32 free
induction decays (4096 data points each) were collected. The 90° proton pulse was 7 us, while the 90° carbon pulse was 73 us. The proton
sweep width was 7462 Hz, and the carbon sweep width was 8929 Hz (covering only the aliphatic region). The delay time used was 3.57 ms
to optimize for 140-Hz carbon—proton couplings. The acquisition time was (0.274 s with a relaxation delay of 1.6 s.
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FIGURE 5: Composite 11.7-T NMR spectra of cytochrome ¢-553 E @ ‘:. : B E
showing the aromatic region. Sample conditions were as described = o % E 2
in the legend to Figure 4. Each identified cross peak is associated g i "<
with the outlined spin systems in Figure 4. (A) Region of the 'H- £ oo ¢ E <| &S
{13CJSBC spectrum. Peak notation is Pr, where P is the single-letter = sl dgdd ¢ N
amino acid abbreviation and r is the Greek letter identifying the type 5 5 ———— g — < 5
of carbon and proton atoms involved in the correlation. Experimental '§ § amem 2 BT
parameters were as described in the legend to Figure 4, except that g N coage g S|E 4
the carbon sweep width was 7172 Hz (covering only the aromatic o —_——— 5 —“|2s
region) and the delay time used was 2.94 ms to ogutimize for 170-Hz s ~oom © ~|5 ¢
carbon—proton couplings. (B) Region of the 'H{*>*C}MBC spectrum. E & v al82
Peaks are labeled according to the notation Prs, where P is the ] - |5t
single-letter amino acid abbreviation and r and s are Greek letters 2 o N m oea | §
identifying the atoms whose resonances along the horizontal and 3 e V- & VY | &
vertical frequency axes, respectively, give rise to the cross peaks. A E - - 77 B¢
total of 1024 blocks each containing the average of 32 free induction P <o n -~ ol B'E
decays (4096 data points each) were collected. The 90° proton pulse E & =RER =1¢5
was 7 us, while the 90° carbon pulse was 8 us. The proton sweep v - E: 2
width was 7462 Hz, and the carbon sweep width was 22266 Hz. A 3 _§ e © —<To|B s
2.94-ms delay was used to suppress one-bond couplings. A 70-ms g 5 & § & 5o § = ‘:’ E o g
delay was used to optimize for 7-Hz carbon—proton couplings. The 5 25
acquisition time was 0.274 s with a relaxation delay of 1.6 s. e © 9T n < 2=
o || Imen & S g
3 it mpa - g
. . = Ea
the B-carbons then can be used to exit the carbon spin system z “ e N % |E.g
and assign the 8-proton resonances. In this way, aromatic ring 2| <] & &8&8 & Sl 8
. et
proton resonances can be correlated with 3-proton resonances g g
8 Qe a8 M - Bt s B Al
by utilizing only through-bond connectivities. SIS S88832% S88m8|5E
Elucidation of intraresidue (*H, 13C, '*N) spin systems by 2 5E
the methods outlined here can be combined with various se- gl |~ S23ns83 S8 Zeesa - < E
A . . s o - = - <
quential assignment strategies: the conventional approach & inkniaiaiake el A B
based on interresidue nuclear Overhauser effects (Billeter et § a| 2 SAST 292ean é s
al., 1982) or methods based on interresidue heteronuclear g N Nead  Nemmoa gy
scalar coupling (Kainosho & Tsuji, 1982; Kainosho et al.,, < 5 §_;
1987; Westler et al,, 1988a,b). Assignment of main-chain = S FLRILYT L FTOFR (&5 .
L : : 5| gl gsiseges RE2LLelE g
carbonyl carbon and amide nitrogen resonances (Figure 3) is 5| §| TEFFEFREF TEEEFE ST S
required for the heteronuclear scalar coupling strategies. The = ! <3

methods described here are being applied in our laboratory
to proteins that have been cloned and overproduced in Es-
cherichia coli. This concerted heteronuclear approach to
resonance assignments in proteins will enable larger proteins
(M, >20000) to be subjected to comprehensive NMR analysis.
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FIGURE 6: Aromatic correlations in the 11.7-T NMR 'H{**N}MBC
spectrum of flavodoxin. Peaks are labeled according to the notation
Pys, where P is the single-letter amino acid abbreviation, g corresponds
to the amino acid lettering in the data tables, and  and s are Greek
letters identifying the atoms whose resonances along the horizontal
and vertical frequency axes, respectively, give rise to the cross peak.
Only the proton chemical shift is given for the histidine correlations.
Sample conditions and experimental parameters were as described
in the legend to Figure 3.
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