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ABSTRACT: The 'H  and I5N resonances of uniformly enriched apocytochrome b562 (106 residues) have been 
assigned. The assignment work began with the identification of the majority of HN-HLH@ subspin systems 
in two-dimensional DQF-COSY and TOCSY spectra of unlabeled protein in D 2 0  and in 95% H20/5% 
D 2 0  buffer. Intraresidue and interresidue N O E  connectivities were then searched for in two-dimensional 
homonuclear NOESY spectra recorded on unlabeled protein and in the three-dimensional NOESY-HMQC 
spectrum recorded on uniformly 15N-enriched protein. Those data, combined with the main-chain-directed 
assignment strategy (MCD), led to the assignment of the main-chain and many side-chain resonances of 
103 of the 106 residues. Qualitatively, the helical conformation is found to be the dominant secondary 
structure in apocytochrome b562 as it is in holocytochrome b562. The helical segments in apocytochrome 
b562 overlap extensively with the helical regions defined in the crystal structure of ferricytochrome b562. In 
addition, a number of tertiary NOES have been identified which indicate that the global fold of the apoprotein 
at  least partially resembles the four-helix bundle of the holoprotein. The results presented here, together 
with the evidence obtained with other methods [Feng and Sligar (1991) Biochemistry (submitted)], support 
the notion that the interior of the protein is fluid and may correspond to a molten globule state. 

Cytochrome bS62 found in Escherichia coli is a small soluble 
protein consisting of 106 amino acid residues (Itagaki & 
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Hager, 1966; Lederer et al., 1981). It is classified as an 
electron transfer protein, although its biological partners in 
E .  coli remain elusive. X-ray crystallographic studies of 
ferricytochrome b,,, indicate that the molecule is composed 
of four nearly antiparallel helices packed to form a bundle 
(Mathews et al., 1979; Lederer et al., 1981). A type b heme 
is ligated to the polypeptide chain through methionine 7 on 
the N-terminal helix and histidine 102 on the C-terminal helix. 
This relatively simple structure makes cytochrome b562 an 
attractive model for protein-folding studies. An important task 
in protein-folding studies is to determine the structure of partly 
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folded intermediates, which will shed light on the folding 
process and the forces that stabilize proteins. Such interme- 
diates are often difficult to study due to their transient nature. 
An increasing number of reports have emerged recently 
showing that partly folded structures can be trapped by 
modifying the covalent structure of proteins (Creighton, 1977), 
changing the solvent conditions (Baum et al., 1989; Jeng et 
al., 1990), altering the primary sequence of proteins (Oas & 
Kim, 1988; Hughson & Baldwin, 1989), or removing a ligand 
or a prosthetic group (Ikeguchi et al., 1986; Moore & Lecomte, 
1990; Cocco & Lecomte, 1990; Hughson et al., 1990). 

As an initial effort in our investigation of the folding and 
stability of cytochrome bS62, we have focused on the role of 
the heme in maintaining the integrity of the native structure. 
Structures of similar systems, such as apohemoglobin [e.g., 
Yip et al. (1972)], apomyoglobin [e.g., Griko et al. (1988) and 
Cocco and Lecomte (1990)], and apocytochrome bs [e.g., 
Huntley and Strittmatter (1972) and Moore and Lecomte 
(1990)], have been investigated with a variety of techniques. 
Several lines of evidence suggest the existence of significant, 
albeit relatively unstable, structural elements in these apo- 
proteins. In the case of cytochrome b,,,, we have shown that 
the apoprotein maintains a relatively high helical content (ca. 
60% by circular dichroism) and unfolds under denaturing 
conditions cooperatively (Feng & Sligar, 1991). As is the case 
with other apoproteins, the stability of apocytochrome b562 is 
decreased relative to the holoprotein. To date, no detailed 
structural descriptions of these apoproteins have been available. 
Consequently, it remains unclear whether or how the residual 
structure of the apoprotein is related to the structure of the 
holoprotein. Here we present a high-resolution multidimen- 
sional NMR spectroscopic study of the structure of apo- 
cytochrome 6562. The assignments of 'H and ISN resonances 
of apocytochrome bS62, which provide the foundation reqauired 
to determine the solution structure of this protein, are reported. 
In  addition, it is shown that the type and distribution of sec- 
ondary structure elements remain very similar in the apo- 
protein as in the holoprotein. Finally, evidence is also presented 
that supports a "molten globule" model for the interior of 
apocytochrome bS62. 

Feng et al. 

1984), TOCSY (mixing time 40-70 ms) (Braunschweiler & 
Ernst, 1983; Bax & Davis, 1985), and NOESY (mixing time 
120-140 ms) (Macura & Ernst, 1980; Kumar et al., 1980) 
spectra of the unlabeled protein were recorded on a Bruker 
AM500 spectrometer at 20 OC and on a Bruker AM600 
spectrometer at 15 and 25 OC. For the uniformly "N-labeled 
sample, two-dimensional 'H-15N HMQC (Muller, 1979; Bax 
et al., 1983), HMQC-TOCSY (Gronenborn et al., 1989), 
'5N-decoupled 'H-'H DQF-COSY, and three-dimensional 
NOESY-HMQC spectra (Kay et al., 1989) were recorded on 
Bruker AM600 at 20 O C .  Spectral widths used were 
6024-7042 Hz in the 'H dimension and 2347 Hz in the I5N 
dimension. A recycle time of at least 1.4 s including acquisition 
was used for all experiments. Time-proportional phase in- 
crementation was used to obtain quadrature detection in all 
incremented time domains (Redfield & Kuntz, 1975; Marion 
& Wiithrich, 1983). Solvent suppression was achieved by 
direct on-resonance presaturation in all experiments. The data 
were processed with FTNMR and FELIX (Hare Research, 
Woodinville, WA). 

Typically, 5 12-700 t l  increments with 1024 complex points 
in t2 were collected for the 2D homonuclear experiments. The 
data were zero-filled once in t2  and twice in t l  to achieve a 
digital resolution of 2.9-3.4 Hz/point. For NOESY and 
TOCSY data, a Gaussian-Lorentzian filter function was used 
in t2  and a shifted sine function was used in tl. For DQF- 
COSY spectra, unshifted sine and exponential digital filters 
were used in both dimensions. 

Typically, 700 tl  and 300 t l  increments were collected in 
2D HMQC and HMQC-TOCSY experiments, respectively. 
A delay of 5.3 ms was used as nominal 1/(2JNH) time period. 
A Gaussian-Lorentzian apodization function was used in tzr 
and a shifted sine function was used in t l .  The spectra have 
a final digital resolution of 6.9 Hz/point in the 'H dimension 
and 2.3 Hz/point in the I5N dimension (zero-filled). Three- 
dimensional NOESY-HMQC spectra were obtained essen- 
tially as described by Kay et al. (1989) except that time- 
proportional phase incrementation was used to provide qua- 
drature detection during the incremented time domains, I5N 
nuclei were decoupled from protons during the 'H incremented 
time domain by an inversion pulse rather than by composite 
decoupling, and solvent elimination was achieved by direct 
rather than by off-resonance presaturation. The primary data 
set of the 3D spectrum show here consisted of 128 points in 
the incremented 'H dimension and 86 points in the ISN di- 
mension with 256 complex points collected during acquisition. 
The data was processed to 256 X 128 X 256 giving a final 
resolution of 27.5 Hz/point in both 'H dimensions and 18.3 
Hz/point in the I5N dimension. 

RESULTS 
HN-Hu Fingerprint and HN-Ha-@ Subspin System 

Identification. The fingerprint region of the DQF-COSY 
spectrum of apocytochrome b562 is shown in Figure 1. This 
region contains the backbone HN-Ha cross peaks as well as 
cross peaks arising from some labile side-chain hydrogens. A 
total of 107 cross peaks were identified in this region when 
the spectra recorded in D 2 0  buffer and in HzO buffer at 
different temperatures were compared. Cytochrome bsaz 
contains 106 amino acid residues, including three glycines and 

MATERIALS AND METHODS 

Protein Preparation. Unlabeled cytochrome bs62 was ob- 
tained and purified from E .  coli cells (TB-1 harboring 
pNS207) as previously described (Nikkila et al., 1991) except 
that cytochrome b562 was released from periplasmic space by 
chloroform treatment (Ames et al., 1984). The uniformly 
IsN-labeled cytochrome b562 was produced from E .  coli 
BL21 (DE3) harboring pNS207 grown in a medium containing 
(per liter): 0.204 g of MgC12, 0.6 mg of FeS04, 5.46 g of 
KH2P04, 1 1.4 g of K,HP04, 1.5 g of NaCl, 4.0 g of glucose, 
3.35 mg of 6-aminolevulinic acid, 0.2 mg of vitamin B1, and 
1 .O g of ('5NH4)2S04 (Cambridge Isotope Laboratories). 
About 12 mg of purified protein per liter was obtained with 
the BL21 (DE3)/pNS207 expression system in the above 
minimal medium. Apocytochrome bS62 was prepared by the 
methyl ethyl ketone extraction method (Teale, 1959) followed 
by extensive dialysis and concentration. 

N M R  Spectroscopy. NMR samples were approximately 
1.0-4.0 mM in either 95% H20/5% D 2 0  or DzO buffer 
containing 100 mM potassium phosphate and 20 pM sodium 
azide at pH 5.1-5.2 (uncorrected reading). Two-dimensional 
'H-IH DQF-COSY' (Shaka & Freeman, 1983; Rance et al., 

Abbreviations: MCD, main chain directed; NOE, nuclear Over- 
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; DQF- 
COSY, double-quantum-filtered correlation spectroscopy; TOCSY, total 
correlation spectroscopy; HMQC, heteronuclear multiple-quantum 
COSY. 
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FIGURE 1: Fingerprint region of the DQF-COSY spectrum of un- 
labeled apocytochrome bSb2 in 95% H20/5% D20 buffer at 20 OC 
(500-MHz proton frequency). Assigned cross peaks are labeled. 
Assigned side-chain resonances are indicated by S.C. 

four prolines. A total of 104 cross peaks are therefore expected 
from the protein backbone (the N-terminus amino group is 
usually unobservable). At the conclusion of the assignment 
work, all amide proton resonances but those of A1 and E49 
were assigned, which account for 100 cross peaks in this region. 
Most of the remaining cross peaks, arising from labile side- 
chain hydrogens, were not assigned to specific residues. 

The DQF-COSY and TOCSY spectra, recorded under a 
variety of conditions, allowed the identification of amide 
HN-H"-H@ subspin systems [NAB sets, Englander and Wand 
(1987) and Wand and Nelson (1991)] for 75 of the 99 residues 
expected. The NAB sets for the remaining residues, for which 
the Ha-Hfl connectivities remained ambiguous, were completed 
by reference to the NOESY spectra. Three residues (at 
positions 21, 52, and 63) presented problems because their 
HN-Ha resonances frequencies are similar and also the Ha 
resonance frequencies coincide with the solvent resonance 
frequency. These degeneracies were not removed by recording 
the spectrum at different temperatures (Le., 15-25 "C). 
Nevertheless, the presence of these residues could be estab- 
lished by Ha-H@ correlations in the DQF-COSY spectrum 
recorded in D 2 0  buffer and by HN-H@ correlations in the 
TOCSY spectra recorded in H 2 0  buffer. 

Spin System Identification. Due to the complexity of the 
spectra of apocytochrome bSb2, only simple spin systems could 
be unambiguously identified at  the initial stage of the as- 
signment. These include alanines, glycines, threonines, and 
valines. Cytochrome b562 contains 17 alanines, 5 threonines, 
4 valines, and 3 glycines. A total of 16 alanines were identified 
in the TOCSY spectra. All five of the threonine spin systems 
displayed correlation of the complete spin system to the amide 
proton in the TOCSY spectra, making their identification 
straightforward. Three of the four valines displayed cross 
peaks from the p proton and from both y methyls to the amide 
protons in the TOCSY spectra. The side chain of the re- 
maining valine was unambiguously identified in the upfield 
region of the DQF-COSY and TOCSY spectra, and the amide 
proton was traced to in the DQF-COSY spectra. The search 
for glycines was less successful. Among the three glycines, 
only one displayed a pair of cross peaks characteristic of 
glycines in the fingerprint region. A second glycine, identified 
at  a later stage, has nearly degenerate a proton resonances. 

1 

E l  

"0 

FIGURE 2: Section of the HMQC spectrum of uniformly ISN-labeled 
apocytochrome 6562 in H 2 0  buffer (600-MHz proton frequency). 
Assigned HN-I5N cross peaks are indicated. For assigned side-chain 
I5NH2 groups, the two peaks with a common "N chemical shift are 
connected by the horizontal lines. 

A third glycine was observed only in the TOCSY spectra. A 
pair of glycine-like cross peaks in the fingerprint region was 
found to arise from an unassigned side chain. Their identity 
as side-chain resonances was confirmed by the extremely 
upfield ISN chemical shift (88.5 ppm). 

IH-I5N Correlation Spectra of Uniformly lsN-Labeled 
Protein. The IH-lSN HMQC spectrum of uniformly ISN- 
labeled apocytochrome bs62 is presented in Figure 2. Cor- 
relations between lSN and directly bonded hydrogens are se- 
lected in this experiment. This spectrum, which provides 
correlation between ISNH pairs, serves as a bridge between 
the 2D homonuclear spectra and the 3D NOESY-HMQC 
spectrum. In order to identify the lSN resonance frequency 
associated with each of the cross peaks in Figure 1, a matching 
of the cross peaks in the HMQC spectrum (HN-I5N) and those 
in the fingerprint region of the DQF-COSY spectrum 
(HN-Ha) was carried out via two steps. First, an ISN-de- 
coupled DQF-COSY spectrum was recorded on the labeled 
sample, and the amide proton chemical shifts were compared 
with those in the HMQC spectrum. This procedure offers the 
resolution of one dimension only and often leaves ambiguities 
due to degenerate HN frequencies. The ambiguities were 
partly resolved in the second step by appealing to the 2D 
HMQC-TOCSY spectrum. Under the spin-lock time used 
here (27.4 ms), the HMQC-TOCSY experiment manifests 
long-range correlations between Ha-I5N pairs, and in some 
cases between H@-IsN pairs, which allow the matching to be 
carried out with a second frequency or even a third frequency. 
In the case of apocytochrome b,,,, 88 residues were unam- 
biguously identified in the two steps described above. The 
remaining HN-lSN cross peaks were identified through sub- 
sequent examination of the 2D NOESY and 3D NOESY- 
HMQC spectra. 

Three-dimensional NOESY-HMQC spectra were obtained 
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Table I: E. coli Apocytochrome 6952 Proton and Nitrogen Resonance Assignments' 
residue I5N HN Ha HB others residue IsN HN H" He others 

Feng et al. 

AI 
D2 
L3 
E4 
D5 
N6 
M7 
E8 
T9 
LIO 
NI 1 
D12 
N13 
L14 
K15 
VI6 
I17 
El8 
K19 
A20 
D2 1 
N22 
A23 
A24 
Q25 

V26 
K27 

D28 
A29 
L30 
T3 1 
K32 
M33 
R34 
A35 
A36 
A37 
L38 
D39 
A40 
4 4  1 
K42 
A43 
T44 
P45 
P46 
K47 
L48 
E49 
D50 
K5 1 
S52 
P53 
D54 
s55 

4.18 1.57 
124.0 8.98 4.68 3.04, 2.91 
126.4 8.76 4.09 1.92, 1.62 H7 1.73; H6 1.04, 1.18 
121.6 8.77 4.10 2.05, 2.52 
123.9 8.06 4.52 2.83 
121.9 8.08 4.61 2.77, 2.61 H' 6.37, 8.42; 15N' 118.5 
122.3 8.67 4.55 2.41 
126.3 8.35 4.28 2.33, 2.57 
121.6 8.43 4.12 4.46 H' 1.20 
126.8 8.24 4.06 2.23, 1.98 H6 1.01 
121.5 8.14 4.46 2.90, 3.02 H'7.90, 7.09; l5N7 118.8 
123.6 9.32 4.43 2.90, 2.75 
120.9 7.94 4.58 2.71, 2.58 
127.1 8.15 4.15 1.87, 1.76 
122.0 7.42 4.17 2.07, 1.94 
122.6 7.30 3.60 2.47 H7 1.15, 0.99 
123.2 7.97 3.43 2.17 mH7 1.01; H6 0.89 
121.5 8.05 3.98 2.34 
118.9 7.26 4.48 1.82, 2.04 H' 1.57, 1.71 
127.5 7.37 4.20 1.52 
120.1 8.83 4.85 2.87, 2.73 
116.4 7.73 5.01 3.04, 2.95 
126.1 9.13 3.83 1.55 
125.8 8.53 4.09 1.54 
121.1 8.16 4.19 2.40 H' 1.95, 2.67; H6 7.47, 7.16; 

lsNb 114.9 
121.9 7.26 3.55 2.22 H' 1.11, 0.94 
123.3 8.86 3.78 2.03, 1.83 H7 1.37, 1.34; Ha 1.69; H' 

124.5 8.31 4.40 2.85, 2.73 
125.3 7.64 4.25 1.63 
121.8 8.63 4.18 2.14 H' 1.35; H* 0.74, 0.99 
120.3 8.42 3.82 4.53 H7 1.34 
126.8 7.76 4.15 1.68, 1.78 
122.9 8.50 3.78 2.45 HY 2.2Ib 
124.6 8.70 3.70 2.08 H' 1.95b 
121.4 7.30 4.13 1.56 
124.6 7.74 4.20 1.56 
124.4 8.60 3.92 1.54 
119.9 7.86 3.98 1.88 H6 0.94 
123.7 7.82 4.42 2.68, 2.73 
127.6 8.38 3.82 0.94 
116.9 7.09 3.36 2.20, 1.79 H'2.48 
118.1 7.12 4.33 1.91,2.08 H'1.54,1.73b 
127.7 7.83 4.45 1.61 
118.1 8.21 4.37 3.95 HV 1.14 

2.97 

4.35 2.44, 2.03 H' 2.16, H6 3.81 
118.6 8.59 4.23 1.94, 2.00 
121.8 7.89 4.55 1.69 H' 1.46; H* 0.83, 0.72 

3.98 
120.2 8.50 4.70 2.83 
123.6 7.77 4.55 2.02 
121.1 8.85 4.79 4.23, 4.01 

117.8 8.05 4.83 2.84, 2.66 
120.5 7.90 4.64 

P56 
E57 
M58 
K59 
D60 
F6 1 
R62 
H63 
G64 
F65 
D66 
I67 

L68 
V69 
G70 
Q7 1 

I72 
D73 
D74 
A75 
L76 
K77 
L78 
A79 
N80 
E8 1 
G82 
K83 
V84 
K8 5 
E86 
A87 
Q88 
A89 
A90 
A9 1 
E92 
493  

L94 
K95 
T96 
T97 
R98 
N99 
AI00 
YlOl 
HI02 
Q103 

K104 
Y105 
R106 

4.00 
120.5 9.62 4.22 2.08 H' 2.47 
123.3 7.84 4.80 
124.7 8.68 4.11 1.97, 1.68 
124.2 8.52 4.64 2.94 
125.4 8.23 4.40 3.29, 3.49 H2v6 7.23; H3s5 7.49; H4 7.29 
121.3 8.73 4.05 2.19, 2.39 H' 2.05 
122.9 8.85 4.71 3.57, 3.62 H2 8.77; H5 7.49 
109.5 8.10 3.64, 3.30 
121.2 7.10 4.20 2.80, 3.02 H2s6 6.94; H3s5 6.69; H4 7.04 
125.5 7.70 4.50 2.76, 2.89 
124.0 7.66 3.69 1.85 mH7 0.84; H' 1.20, 0.95; H6 

0.70 
124.8 7.46 4.26 1.72, 1.82 H* 0.93 
122.6 8.78 3.48 2.25 H' 1.12 0.99 
109.7 7.94 3.94, 3.96 
124.8 7.99 4.23 2.52, 1.99 H' 2.38; H6 7.37, 6.26; 15N6 

127.2 8.77 3.56 2.13 mH7 1.01; H6 0.75 
125.6 9.09 4.65 2.96, 2.65 
126.2 8.21 4.53 2.90, 2.73 
127.1 7.96 4.13 1.54 
125.2 9.27 3.88 2.04, 1.70 H' 1.34; Hd 0.99, 0.74 
124.2 7.94 4.09 2.05, 1.64 H' 1.77 
121.3 7.12 4.15 2.05 H6 0.83 
125.9 8.58 3.73 1.40 
122.1 9.01 4.52 3.04, 2.88 HY 7.46, 6.95; ISN' 114.7 
121.3 7.57 4.48 2.26, 2.68 H' 2.48 
110.8 7.98 3.61, 4.34 
127.6 7.99 4.55 1.83 H' 1.35 
125.8 7.73 3.28 2.10 H' 0.92, 0.80 
123.6 8.64 4.51 1.94, 1.83 
125.1 9.45 4.10 2.13, 2.09 H* 2.38, 2.58 
128.2 8.59 4.12 1.52 
120.5 8.77 3.78 2.54 
126.2 8.21 4.23 1.56 
125.3 8.16 4.20 1.55 
124.6 8.42 4.00 1.54 
119.6 7.80 4.14 
120.3 7.53 4.25 2.16, 2.29 HT 2.51, 2.57; H6 7.61, 6.99; 

122.9 7.84 4.19 2.01 
121.6 7.78 4.00 1.98 
116.4 7.72 4.22 4.44 H' 1.28 
121.6 7.82 4.12 4.24 H7 1.16 
125.1 8.46 4.12 1.97, 1.82 
122.0 8.37 4.58 2.92 
126.3 8.07 4.14 1.30 
120.6 8.15 4.39 3.18, 2.92 H2v6 7.16, H3v5 6.74 
122.8 8.25 4.56 3.42, 3.38 H2 8.44, H5 7.34 
121.9 8.20 4.14 2.07 H7 2.37; H6 6.63, 7.44; 15N6 

122.9 7.84 4.13 1.49 H7 1.21; H* 1.58; H'2.90 
122.1 8.09 4.74 3.28, 2.85 H2s6 7.21; H3s5 6.91 

111.5 

15N6 116.0 

114.7 

129.2 7.59 4.21 1.74, 1.61 HY 1.81; Ha 3.15; He 7.35; 
15Nf 89.1 

'Chemical shifts for apocytochrome b562 in 100 mM KP04 at 20 O C ,  pH 5.1-5.2. Proton chemical shifts referenced to internal [*H]TSP [sodium 
3-(trimethylsilyl) [2,2,3,3-2H,]propionate] at 0.00 ppm. Nitrogen-15 chemical shifts are referenced to external ISNH4CI at 24.93 ppm. Methyl 
groups are not indicated explicitly except for isoleucine where ambiguity exists. "Tentative assignment to a specific proton in the spin system. 

during the later stages of the assignment and therefore served 
to resolve ambiguities arising from degeneracies of HN reso- 
nances in two-dimensional 'H-lH NOESY spectra. Although 
the aliphatic region of the 'H spectrum of apocytochrome b562 
shows less dispersion than is expected from a structured protein 
(see Discussion, Table I), the amide 'H and 15N spectra remain 
relatively resolved. Accordingly, the full benefit of using 
chemical shift correlations of amide HN NOEs with their 
associated amide I5N chemical shift is maintained in apo- 
cytochrome 6562. The additional resolution provided served 
to reveal many main-chain NOEs involving amide hydrogens 
that would have otherwise been obscured by degeneracy. 
Examples are given below. 

Sequence-Specific Residue Assignments. The assignment 
began by searching for groups of NAB sets that displayed 
specific MCD NOE patterns (Englander & Wand, 1987; 
Wand & Nelson, 1991). The 16 identified alanines, along with 
the 5 threonines and 4 valines, were used as markers to place 
the segments in the primary sequence. Figure 3 is a summary 
of the main-chain NOE connectivities identified in the 2D 
NOESY spectra (15, 20, and 25 "C) and/or in the 3D 
NOESY-HMQC spectrum (20 "C). The residue-specific 
assignments are listed in Table I. The following is a de- 
scription of the crucial aspects of the assignment process. 

( A )  Residues 1-20. The assignment of this region pro- 
ceeded by placement of a 17-residue MCD-defined helical 



NMR Study of Apocytochrome bS6* 

A1 D2 L3 E4 D5 N6 M7 E8 T9 L10 N11 D12 N13 

Biochemistry, Vol. 30, No. 31, 1991 77 15 

Ala-Ala-Ala was assigned to residues 35-37 on the basis of 
the absence of an expected alanine at position 87. The MCD 
extension from residue 35 to residue 22 was staightforward 
and was confirmed by alanines at positions 23,24, and 29, a 
valine at position 26, and a threonine at position 3 1 .  The 
ambiguity of HN NOEs arising from the triple degeneracy of 
D21, ,952, and H63 was resolved in the 3D NOESY-HMQC 
spectrum. The extension from residue 37 to residue 44 was 
partially hampered by the near degeneracy of the amide 
protons of leucine 38 and aspartate 39, those of glutamine 41 
and lysine 42, and those of threonine 44 and phenylalanine 
61. In the first two cases, the difficulties were overcome by 
observing the medium-range NOEs to these residues (Wand 
& Nelson, 1991), while the 3D approach proved useful in the 
third case. The assignment for residues 42-44 was further 
confirmed by observing Ala-Thr, which is unique in the pri- 
mary sequence. Figure 4 presents the main-chain NOE 
connectivities for residues 24-30 in the 3D NOESY-HMQC 
spectrum. 

(C) Residues 46-55. This segment was the most difficult 
to assign due to a combination of the lack of extensive NOE 
connectivities and the lack of easily recognizable spin systems. 
It was assigned at the late stage of the assignment process when 
the number of remaining residues was limited. The remaining 
NAB sets, corresponding to residues 1-3, 47-52, and 54-55, 
were classified to two categories based on the H@ chemical shift 
values (Bundi & Wuthrich, 1979). The main-chain NOE 
connectivities further group them into several segments and 
allowed the assignment of this region to be completed. 

(D)  Residues 56-82. The alignment of this segment within 
this region of the primary sequence was initiated at residues 
75-79, with residues 75 and 79 being alanines. A survey over 
the primary sequence shows that this is the only Ala-X-X-X- 
Ala fragment present in apocytochrome bSb2. The assignment 
was confirmed by an expected glycine residue at position 82. 
Extending to the N-terminus revealed glycine 70 with nearly 
degenerate CY proton resonances. The assignment for this 
glycine was made unambiguous because of the presence of a 
neighboring valine (at position 69). The remaining glycine 
at position 64, which is absent in DQF-COSY spectra but 
present in TOCSY spectra, was revealed through the NOE 
connectivity search. 

( E )  Residues 83-106. Although this segment contains the 
other Ala-Ala-Ala fragment at positions 89-91, no such 
fragment could be identified initially. Rather, two fragments 
Ala-X-Ala and Ala-Ala were found where the third alanine 
in the first fragment and the first alanine in the second one 
share similar HN chemical shifts and essentially identical Ha 
and HP chemical shifts. Since the sequence of Ala-Ala at this 
stage of the assignment can only occur at position 89-90 or 
90-91 and Ala-X-Ala can only occur at position 87-89, these 
two fragments were assigned to residues 87-9 1 ,  assuming that 
alanine 89 and 90 are degenerate. The observation of a valine 
at position 84 confirmed the assignments. The NOE con- 
nectivity search toward the C-terminus was stopped at leucine 
94 but could be resumed at  threonines 96 and 97, the only 
Thr-Thr in the sequence, and was soon confirmed by alanine 
100. Lysine 95 was assigned, by induction, at the last stage 
of the assignment, assuming the extensive degeneracy. The 
assignments at the C-terminus were further confirmed by 
NOE connectivities between the main-chain resonances and 
the tyrosine side-chain resonances. 

Side-Chain Assignments. Cytochrome b562 contains two 
phenylalanines, two tyrosines, and two histidines. The phe- 
nylalanines and tyrosines are all at the fast-flipping limit so 
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HB 

N13 L14 K15 V16 117 E16 K19 A20 021 N22 A23 A24 Q25 

Q25 V26 IK27) D28 11301 K32 m1 
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[A371 11381 ID391 m1 Q41 K42 A43 T44 P45 P46 K47 L48 E49 
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FIGURE 3: Summary of NOE connectivities observed in 2D and 3D 
spectra for backbone and j3-protons at 20 and 25 OC. Open circles 
indicates unassigned resonances. Solid lines indicate resolved and 
unambiguously identified NOEs. Dashed lines indicate ambiguous 
NOEs due to either degeneracy or proximity of the involved resonance 
to the solvent signal. For prolines, the Cs protons are in the position 
of the amide protons. Residues that exhibit relatively slow hydro- 
gen-exchange rates are highlighted by boxes (see text). 

segment that bridged threonine 9, valine 16, and alanine 20. 
The degeneracy of the HN-Ha resonance shifts of residues 3 
and 4 prevented further extension of the assignment to the 
N-terminus of the protein at this point. Residues 1-3 were 
assigned at the final stage, when assignment of the protein was 
largely complete. 

( B )  Residues 21-44. The presence of 8 of the 16 identified 
alanines, in particular the presence of three sequential alanines 
(Ala-Ala-Ala) in this segment, made it the first segment to 
be assigned within the primary sequence of apocytochrome 
bS62. The three alanine repeat occurs twice in the primary 
sequence at residues 35-37 and residues 89-91. The current 
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15N chemical shift 
125.8 ppm 121.1 ppm 121.9 ppm 123.3 ppm 124.5 ppm 125.3 ppm 121.8 ppm 

A24 Q25 V28 K27 D28 A29 L30 

'H  
FIGURE 4: Selected 2D IH-IH NOESY planes from the 3D NOESY-HMQC spectrum (600-MHz proton frequency) of uniformly ISN-enriched 
apocytochrome b,62. Main-chain NOE connectivities for the helical segment between residue 24 and 30 are indicated. Solid lines and dashed 
lines are used for short-range and medium-range NOEs, respectively. 

they present only motion-averaged resonances. The se- 
quence-specific assignment of these aromatic side-chain res- 
onances became straightforward when the main-chain reso- 
nances were assigned. Assignments for phenylalanines and 
tyrosines were based on the intensity of the NOES between 
the side chain and the P protons. For both histidines, the NOE 
connectivities between the P protons and H5 were observed, 
and the side chains were assigned accordingly. The aliphatic 
resonances in apocytochrome b562 display only limited chemical 
shift dispersion (see Discussion). The assignments for aliphatic 
side chains listed in Table I are based mainly on TOCSY 
correlations and occasionally on NOE connectivities. In only 
rare cases can an entire long aliphatic side chain spin system 
be identified. Each I5N2 group in asparagines and glutamines 
displays two cross peaks in the HMQC spectrum with a 
common I5N chemical shift. Seven of twelve such groups in 
apocytochrome b562 have been assigned to specific residues on 
the basis of the NOES between the I5NH2 group and the Ha 
(asparagines) or HY (glutamines) resonances. 

Tertiary NOEs. Given the main-chain and many side-chain 
assignments, a number of long-range NOEs can be identified 
unambiguously. For example, the aromatic side chain of F65 
exhibits NOES to A37, A40, and 441, and the methyl of A29 
displays NOES to N13, V16, and 117. The majority of the 
tertiary NOES identified thus far are located between the first 
and the second helices, or between the second and the third 
helices, indicating the close spatial proximity of these pairs 
of helices. 

Amide Hydrogen Exchange. Hydrogen-exchange behavior 
of the amide protons serves as a useful tool to probe the 
structure and dynamics of proteins, in addition to the utility 
of simplifying spectra. A total of 3 1 backbone amide protons 
are present in the 2D 'H-IH spectra of apocytochrome bSa2 
freshly transferred into D 2 0  buffer at pD 5.1 and 20 "C, as 
a result of their relatively slow hydrogen-exchange rates. These 
residues are indicated in Figure 3. 

DISCUSSION 
The essentially complete assignment of the IH and 15N 

resonances arising from the backbone of apocytochrome b562, 

along with the assignment of many side chains, has been de- 
scribed. The application of two- and three-dimensional NMR 
spectroscopy to this problem has allowed the resonance as- 
signments reported here to be firmly established. Accordingly, 
a qualitative description of the secondary structure can be given 
based on the pattern of NOE connectivities documented in 
Figure 3. The NOE pattern reveals four helical segments in 
the regions spanned by residues 3-18, 23-43, 59-80, and 
84-103. Although many of the medium range Ha(i)-HN(i+3) 
and Ha(i)-H@(i+3) NOES characteristic of the helical con- 
formation are obscured in residues 91-103, due to the extensive 
degeneracy of the resonances involved, further support for the 
presence of a helical-like conformation in this region is provided 
by the small magnitude of the 3JHNa coupling constants (un- 
published data). The placement of helices in apocytochrome 
b5,, corresponds closely to that observed in the holoprotein 
(residues 3-19,23-40,56-80, and 84-105; Mathews, personal 
communication). These results demonstrate that the apo- 
protein is able to adopt a structure having similar content and 
placement of secondary structure elements as the holoprotein. 
The amide hydrogens that exchange relatively slowly with the 
solvent are found in all the helices but the first one, suggesting 
these three helices are reasonably stable. In the crystal 
structure of ferricytochrome b562, the heme makes extensive 
contacts with the first, the fourth, and, to a lesser extent, the 
third helix of the four-helix bundle. The presence of a sig- 
nificant number of NOES between residues of the first and 
the second helices as well as between residues of the second 
and the third helices suggests that a significant fraction of the 
tertiary structure of the holoprotein is retained in the apo- 
protein. 

Though the majority of side-chain spin systems have been 
completely assigned, a number remain incompletely charac- 
terized. This is due to the fact that the chemical shift dis- 
persion observed for aliphatic hydrogens is poor. In general, 
the chemical shifts of aliphatic side-chain hydrogens of apo- 
cytochrome b5a2 tend to cluster much more closely to their 
values in unstructured peptides than is usually seen in stable 
globular proteins (e.g., ubiquitin, plastocyanin, thioredoxin, 
and hen egg white lysozyme). In contrast, both amide nitrogen 
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and hydrogen spectra are reasonably well resolved and show 
dispersion typical of a protein the size of apocytochrome b562 
In addition, the aromatic rings of Phe 61 and Phe 65, which 
are tightly packed against the heme prosthetic group in the 
holoprotein, display completely averaged ortho and meta hy- 
drogens. This is indicative of free rotation of the rings in the 
interior of the protein. These observations, coupled with the 
essentially identical secondary structure between the apoprotein 
and the holoprotein, lead to the suggestion that, in the absence 
of the heme, the interior of apocytochrome b562 is indeed fluid 
or “molten”. This phenomenon presumably arises from the 
absence of suitable packing constraints, normally provided by 
the heme prosthetic group. The presence of numerous me- 
dium-range periodic NOES among the backbone amide HN, 
Ha, and Ha hydrogens within helical regions of the molecule 
are consistent with tight and regular helical structure 
(Wuthrich et al., 1984; Wand & Nelson, 1991) and argue 
against significant disorder of the backbgone of the protein. 
Together with a smaller enthalpy change accompanying the 
unfolding of the apoprotein than the holoprotein, and the 
slightly larger molecular dimension of the apoprotein than the 
holoprotein (Feng & Sligar, 1991), apocytochrome b562 dis- 
plays many of the characteristics associated with the so-called 
“molten globule” or the A-state [reviewed by Ptitsyn (1987) 
and Kuwajima (1989)l. What is unclear at this time is 
whether the dynamic averaging of interior side-chain reso- 
nances arises from fluctuations in tertiary structure or from 
a general expansion of the molecle that is sufficient to allow 
free mobility within the core of the protein. The library of 
resonance assignments presented here should allow the tertiary 
structure of the molecule to be determined by distance geom- 
etry and related methods and therefore shed light on this 
question. Such studies are in progress and will be presented 
elsewhere. 
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SUPPLEMENTARY MATERIAL AVAILABLE 
Three figures showing spin system identification in ‘H-lH 

TOCSY spectra, Ha-I5N correlations in HMQC-TOCSY 
spectra, and ‘H-’H NOESY spectrum with main-chain NOES 
from 9 to 20 indicated (4 pages). Ordering information is 
given on any current masthead page. 
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