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ABSTRACT: In an effort to gain greater insight into the molecular mechanism of the electron-transfer reactions
of cytochromeb5, the bovine cytochromeb5-horse cytochromec complex has been investigated by high-
resolution multidimensional NMR spectroscopy using13C, 15N-labeled cytochromeb5 expressed from a
synthetic gene. Chemical shifts of the backbone15N, 1H, and13C resonances for 81 of the 82 residues of
[U-90%13C,U-90%15N]-ferrous cytochromeb5 in a 1:1 complex with ferrous cytochromec were compared
with those of ferrous cytochromeb5 in the absence of cytochromec. A total of 51% of these residues
showed small, but significant, changes in chemical shifts (the largest shifts were 0.1 ppm for the amide
1H, 1.15 for13CR, 1.03 ppm for the amide15N, and 0.15 ppm for the1HR resonances). Some of the residues
exhibiting chemical shift changes are located in a region that has been implicated as the binding surface
to cyt c [Salemme, F. R. (1976)J. Mol. Biol. 10, 563-568]. Surprisingly, many of the residues with
changes are not located on this surface. Instead, they are located within and around a cleft observed to
form in a molecular dynamics study of cytochromeb5 [Storch, E. M., and Daggett, V. (1995)Biochemistry
34, 9682-9693]. The rim of this cleft can readily accommodate cytochromec. Molecular dynamics
simulations of the Salemme and cleft complexes were performed for 2 ns and both complexes were stable.

The cytochromeb5 (cyt b5)-cytochrome c (cyt c)1

electron-transfer complex has been the subject of numerous
studies, including NMR spectroscopy (1) and molecular
dynamics (MD) simulations (2). For a recent review, see ref
3. The availability of high-resolution structures of each of
the proteins, determined by crystallography (4, 5) and more
recently by NMR (6), as well as the relatively small sizes of
the proteins, has made this complex an important model for
the investigation of biological electron-transfer reactions.

A model of the cytb5-cyt c complex was proposed by
Salemme (7). For this model, the crystal structures of the
component proteins were docked using a least-squares fitting
procedure to optimize the intermolecular interactions, surface
packing and placement of the hemes. The key features in
this static model of the complex include (1) a 1:1 binding
stoichiometry in the complex; (2) four intermolecular
complementary charge interactions (E48, E44, D60, the heme

6-propionate of cytb5 with K13, K27, K72, K79, respec-
tively, of cyt c), where the separation between a lysine side-
chain nitrogen and a carboxylic oxygen in the charge-pair
is approximately 3 Å; (3) the heme prosthetic groups of the
molecules are oriented in nearly the same plane with a tilt
of approximately 15°; (4) bulk water is excluded at the
interface. This model has provided a basis for development
of experimental strategies to evaluate the mechanism by
which cyt b5 and cytc bind and subsequently undergo an
electron-transfer reaction. Cytb5 is the low potential protein
and transfers an electron to cytc. Although the general
features of the Salemme model have been supported by
subsequent experimental work (see below), as well as
theoretical studies, such as molecular dynamics simulations
(2) and Brownian dynamics simulations (8, 9) a definitive
identification of the inter-cytochrome binding surface has
not been obtained.

Steady-state kinetic measurements indicate that complex
formation and the subsequent transfer of an electron from
cyt b5 to cyt c is dependent on pH and ionic strength (10-
12). At ionic strengths greater than 0.2 M, the reaction is
bimolecular and therefore second order. The complex is
maximally stable at pH 7, midway between the isoelectric
points of the individual proteins. The binding between cyt
b5 and cytc is largely entropy driven presumably due to
extensive solvent reorganization upon complexation (10).

The productive electron-transfer complex forms from an
unproductive orientation by a diffusion mechanism (8, 9).
Previous NMR studies of the cytb5-cyt c complex have
supported the model proposed by Salemme (7, 13, 14, 15,
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1, 16), but have not been of sufficiently high resolution to
precisely define the interprotein binding surfaces. The
binding stoichiometry of cytb5 and cytc has been determined
by optical difference spectroscopy (10) and NMR (13).
Although one investigator has suggested a ternary complex
between two molecules of cytc and one of cytb5 (15, 17),
Mauk and co-workers (3) suggested that this ternary complex
was the result of the use of nonuniform ionic strength and
cyt c concentrations throughout the titration experiments, as
well as phosphate ion, which was present at a relatively high
and variable concentration.

In the experiments reported herein, an attempt has been
made to identify and characterize in greater detail the binding
interface between cytb5 and cytc. The bovine cytb5 gene
has been synthesized, and a13C-15N labeled cytb5 has been
purified from anEscherichia colioverexpression system. All
proton,13C and15N, resonances have been assigned in cyt
b5, and the cytb5 residues whose chemical shifts change in
the presence of cytc have been identified. The results support
Salemme’s model (7), but intriguingly raise the possibility
that cyt c may also bind in a cleft in cytb5 predicted by
molecular dynamics (18).

MATERIALS AND METHODS

Unless specified otherwise, all restriction endonucleases
and DNA-modifying enzymes were purchased from Gibco
BRL and all chemicals were obtained from Sigma. The DNA
sequencing kit and pUC 19 plasmid were from United States
Biochemicals.13C, 15N-labeled Celtone was from Martek,
Columbia, MD, and13C-sodium acetate was from Cambridge
Isotope Laboratory. Standard protocols for plasmid isolation,
transformation, restriction endonuclease digestion and DNA
ligation, as well as culture media preparations, were used
unless stated otherwise (19). E. coli strains BL21(DE3) and
BL21(DE3) pLysS were purchased from Novagen.E. coli
JM109 was from Promega. Horse heart cytc (Type IV) was
purchased from Sigma and used without further purification.

Design and Synthesis of the BoVine Cyt b5 Gene. The DNA
sequence of our synthetic cytb5 gene was based on the cDNA
sequence of the bovine cytb5 (20). To ensure maximum
expression of the cytb5 gene, the codons most frequently
used byE. coli were substituted for the codons in the natural
bovine gene (21). Predicted stem loop structures with stems
longer than four base pairs on the mRNA sequence were
identified with the program Eugene and an effort was made
to eliminate such structures in the final gene. The program
Pincer was used to generate a restriction map of the gene.
Eugene and Pincer are programs obtained from and used in
Dr. Daniel Santi’s laboratory, University of California, San
Francisco. To facilitate synthesis and assembly of the gene,
four unique restriction sites were encoded in the gene (Figure
1). The oligonucleotides were synthesized at the Bio-
molecular Resource Center, University of California, San
Francisco. The complementary oligonucleotide pairs were
individually purified on an 8% polyacrylamide/8 M urea gel,
phosphorylated with polynucleotide kinase, and annealed to
form a double-stranded DNA fragment. Each of the five
oligonucleotide fragments was sequentially cloned into the
pUC 19 vector beginning with fragment 5. The pUC 19
vector was cleaved in the polylinker region by the two
restriction enzymes that corresponded to the two restriction
sites flanking the double-stranded DNA fragment. The
linearized vector was dephosphorylated with calf intestine
phosphatase and ligated to one of the double-stranded DNA
oligonucleotides. The vector containing the cytb5 oligo-
nucleotide insert was then used to transformE. coli JM109.
This amplified plasmid was then used as the vector for the
insertion of the next cytb5 oligonucleotide. When all five
fragments had been sequentially assembled into the pUC 19
vector, the resulting plasmid, pUCb5, was sequenced by both
the conventional dideoxy DNA sequencing method and by
an automatic DNA sequencer (Applied Biosystems, model
373A) at the Biomolecular Resource Center at the University
of California, San Francisco. The DNA and amino acid

FIGURE 1: Nucleotide and amino acid sequence of the synthetic cytochromeb5 gene. The five synthetic oligonucleotide fragments are
underlined and numbered. The unique restriction sites are shown and the oligonucleotide boundaries are indicated by vertical lines. The
stop codons are specified by asterisks.
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sequence of the synthetic cytb5 gene are illustrated in Figure
1. The gene is composed of a ribosome binding site, start
and stop codons, a transcription terminator, and four unique
restriction sites. It codes for the trypsin-solubilized form of
bovine cytochromeb5 from amino acids A3 to R84 according
to the cytb5 numbering system used by Mathews and co-
workers (4). In the nontrypsin treated native protein, A3
corresponds to A7 (20).

Expression, Purification, and Characterization of Cyt b5.
To obtain high levels of expression, the cytb5 gene was
excised from pUCb5 at theNde/EcoR1 restriction sites and
subcloned into the T7 expression vector pHB40P (gift of
Dr. Daniel Santi, University of California, San Francisco).
The resulting plasmid, pHBb5 was used to transformE. coli
strain BL21(DE3) and BL21(DE3) pLysS for the production
of unlabeled and13C, 15N-labeled cytb5, respectively. The
transformed bacteria were then plated on plates prepared with
LB medium containing 50 mg/L of ampicillin and incubated
at 37 °C for 10 h. A single colony was inoculated into a
500 mL flask containing 100 mL of LB medium and
ampicillin at 50 mg/L. The flask was incubated at 37°C
with shaking at 250 rpm until the absorbance at 600 nm was
between 1.5 and 2 (approximately 8 h). IPTG (isopropylâ-D-
thiogalactopyranoside) was added to a final concentration
of 0.5 mM, and the cells were allowed to grow overnight
for approximately 12 h under the same conditions. The
culture was centrifuged at 5000 rpm in a JA-10 rotor to pellet
the cells. Apocytochromeb5 was found in the supernatant.
Holo cyt b5 was reconstituted by adding 2 mL of a solution
of 1 mM hemin, 50% ethanol, and 0.1 N NaOH, to 100 mL
of supernatant. Hemin was added in an approximately 1.5
molar excess over apocytb5. The supernatant containing the
reconstituted holo cytb5 was dialyzed against 50 mM
potassium phosphate buffer (pH 7.2) using Spectra/Por 3
dialysis tubing with a 3000 molecular weight cut off. The
dialyzed supernatant was purified with minor modifications
of the previously described procedure (22). The supernatant
from 10 500 mL flasks was typically pooled and loaded onto
a DE 52 cellulose column (Pharmacia) preequilibrated with
the same phosphate buffer. A 3× 20 cm column was used
with a prep of 1 L of supernatant. The column was eluted
with a linear gradient of 1 L phosphate buffer, pH 7.2, from
50 to 170 mM and the red colored fractions were pooled
and concentrated to 2 mL using an Amicon Y3 membrane.
The concentrated cytb5 was loaded onto a Sephadex G75
(Pharmacia) column (1.5× 70 cm) preequilibrated with 100
mM Tris-HCl buffer, pH 7.6, at 25°C and eluted with the
same buffer. The fractions with an A413/A280 ratio greater
than 5.9 were pooled, concentrated on an Amicon Y3
membrane and characterized. The cytb5 concentration of
the purified protein was determined using an extinction
coefficient of 117 mM-1 cm-1 at 412 nm (23). The spectrum
of the expressed, purified protein was indistinguishable from
that of an authentic sample of cytb5. The cytb5 ran as a
single band on a 15% SDS-polyacrylamide gel and comi-
grated with an authentic sample of bovine cytb5. Electrospray
mass spectrometry determined the molecular weight of the
cyt b5 to be 9460( 1, as expected. The concentration of cyt
b5 in the culture medium ranged from 120 to 213 mg/L.

Isolation and Characterization of the13C, 15N-labeled Cyt
b5. To obtain the13C, 15N-labeled cytb5, the plasmid pHB
b5 was expressed in BL21 (DE3) pLysS (pHBb5 was not

stable in BL21[DE3]). TheE. coli were grown in the same
manner as for the unlabeled protein, except that the bacteria
were grown in a medium which contained13C, 15N-labeled
Celtone (a hydrolysate of13C, 15N-labeled seaweed), 5 g/L;
13C-labeled sodium acetate, 2 g/L; FeCl3, 1 µM; ZnSO4, 25
µM; MnC12, 3.9µg/mL; MgSO4‚7H2O, 10 mg/mL; K2HPO4,
18 mg/mL; KH2PO4, 14 mg/mL; NaCl, 17 mM; thiamine, 5
µg/mL; and vitamin mix (biotin, choline chloride, folic acid,
niacinamide,D-pentothanate, pyridoxal HCl, riboflavin), 0.5
µg/mL each. When the protein was expressed in the13C,
15N-labeled Celtone, the expression of cytb5 was somewhat
less at approximately 100 mg/L cell culture. The labeled
protein was purified in the same manner as the unlabeled
native protein. A total of 48 mg of pure protein was obtained
from 450 mL cell culture which contained 5.2 g of13C,15N-
Celtone.

The extent of incorporation of13C and15N into cytb5 was
determined by electrospray mass spectrometry. The average
mass of the labeled cytb5 was 9966( 1.5 Da. The calculated
mass for 100% incorporation of the two heavy isotopes is
10 014.3 Da and the mass of the native protein is 9482.4
Da. This means the average labeling of cytb5 is 90.9( 0.3%.
A Fisons/VG (Manchester, U.K.) Bio-Q electrospray mass
spectrometer, equipped with a Lab-Base data system, was
used for the molecular weight determinations.

Quantitation of Cyt b5 Expression in the Culture Medium.
Due to the endogenous cytochromes present inE. coli, cyt
b5 was quantitated in the crude culture medium supernatant
as previously described (24). Briefly, the supernatant con-
taining the holo cytb5 was reduced in the sample cuvette
with a few grains of sodium dithionite. The oxidized cytb5

was placed in the reference cuvette. The holo cytb5 content
was calculated from the difference spectrum of the reduced
minus oxidized cytb5 using a molar extinction coefficient
of 185 mM-1 cm-1 for the absorbance difference at 425
minus that at 409 nm.

Sample Preparation.The unbound ferrous cytb5 sample
contained 9 mM protein in 100 mM potassium phosphate at
pH 6.5 and was prepared as follows. Cytb5 which had been
lyophilized from a NH4HCO3 buffer was dissolved in 100
mM, pH 7, potassium phosphate buffer and the pH was
adjusted to 6.5. The protein solution in the NMR tube was
first purged with argon, and subsequently reduced by addition
of a small aliquot of solid sodium dithionite; the NMR tube
was sealed under vacuum with a gas-oxygen torch. After
completion of the NMR experiments, the sealed NMR tube
was opened and the pH was measured; it was 6.5. The 9
mM cyt b5 sample was dialyzed thoroughly against 1 mM
phosphate buffer (pH 7) or deionized water (pH 7) and then
used for preparing additional samples: the ferric cytb5-
cyt c complex, as well as the free ferric cytb5. The sample
of the ferrous cytb5-ferrous cytc complex (1 mM:1.2 mM)
in 1 mM potassium phosphate was prepared from the original
lyophilized cytb5 by adding 1.2 times the molar amount of
solid cytc to a 1 mMsolution of cytb5 in 1 mM potassium
phosphate. The pH of the protein complex was adjusted to
6.5 and reduced to the ferrous state as described above. After
completion of the NMR experiments, the sealed tube was
opened and the pH of the sample was determined to be 6.5.

For the pH titration study on ferric cytb5, a 1 mMsample
in water was prepared from a concentrated solution of cyt
b5 in deionized water. The pH of the sample was first
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adjusted from 6.5 in approximately 0.5 pH unit steps toward
the alkaline range and then lowered to the acidic range. To
minimize the amount of salt formed during the course of
pH adjustments, the sample at the alkaline pH extreme of
9.0, was dialyzed against water and then brought to the acidic
range by adding small amounts of concentrated HCl. The
ferric cyt b5 sample was studied at pH 6.0, 6.5, 7.0, 7.6, 7.9,
8.4, and 9.0.

A solution of ferric cytb5-ferric cyt c (1 mM:1.2 mM)
complex was prepared for pH titration study by combining
appropriate amounts of concentrated cytb5 and cyt c
solutions, both dialyzed against deionized water (pH 7), and
adjusting the pH to appropriate values. The ferric cytb5-
ferric cyt c complex was studied at pH 5.5, 6.1, 6.5, 7.0,
7.6, 8.0, and 8.4. A small precipitate was formed at pH 5.5,
presumably due to the limited solubility of cytb5 near its
isoelectric point (25). NMR spectra were obtained after the
precipitate was removed by microcentrifugation. All pH
adjustments were made with concentrated HCl or KOH. All
samples contained 10% D2O and appropriate amounts of
trimethylsilylpropionic acid (TSP) as an internal chemical
shift reference.

NMR Spectroscopy. All NMR experiments were performed
at 25°C, on a Varian Unity-plus 600 or a Varian Inova 600
MHz spectrometer, both equipped with a triple-resonance
probe. Water suppression was accomplished with the use of
pulsed-field gradients. The following 14 experiments were
performed on free ferrous13C, 15N-labeled cytb5: (1) 15N-
1H refocused gradient-enhanced HSQC (26); (2) 13C-1H
gradient-enhanced HSQC optimized for aromatic carbon
(27); (3) (HB)CB(CGCD)(28); (4) (HB)CB(CGCDCE)HE
(28); (5) 1H-TOCSY-relayed ct-[13C,1H]-HMQC (29); (6)
HNCO (30); (7) HNCA (31,32); (8) HNCACB (33;30); (9)
CBCA(CO)NNH (34); (10) HBHA(CO)NNH (35); (11)
HCCH-TOCSY (36); (12) ct-HCACO (37) and (12) a 2D
version of the ct-HCACO experiment witht1 evolution on
C′; (13) 13C-edited NOESY-HMQC (30); (14) 15N-edited
NOESY-HMQC (modified from the13C-edited NOESY-
HMQC experiment above.

The following seven experiments were performed on the
ferrous cytb5-ferrous cytc complex: (1)15N-1H refocused
gradient-enhanced HSQC; (2)13C-1H gradient-enhanced
HSQC optimized for aromatic carbon; (3) HNCA; (4)
HCCH-TOCSY; (5) 2D version of ct-HCACO witht1
evolution on C′; (6) a 2D version of HNCOCA witht1
evolution on C′ (32); (7) mq-HNCO (38).

For the pH titration studies on the free ferric cytb5 and
ferric cytb5-ferric cytc complex,15N-1H refocused gradient-
enhanced HSQC and13C-1H gradient-enhanced HSQC
optimized for aromatic carbon experiments were performed
at each pH value. A 2D version of HNCOCA witht1
evolution on CR experiment was performed at selected pHs.
To assign the resonances of cytb5 in both free and complexed
forms in the ferric state, HNCA and HCCH-TOCSY spectra
were obtained for both the free and bound samples.

Identical NMR spectrum acquisition parameters (given
below) were used for both the free and complexed cytb5 in
the two oxidation states, where applicable. The1H spectral
width in the directly detected dimension for these experi-
ments was 8000 Hz (reduced samples) and 10,000 Hz
(oxidized samples). The proton spectral width was 5500 Hz
in the indirectly detected dimension of HCCH-TOCSY and

5000 Hz for 1H-TOCSY-relayed ct-[13C,1H]-HMQC. The
15N-1H HSQC spectra were acquired with a15N spectral
width of 5000 Hz (oxidized samples) and 3000 Hz (reduced
samples), and reduced to 2400 Hz for all other experiments.
The13C spectral widths were 6500 Hz for CBCA(CO)NNH,
6300 Hz for HNCACB, 6000 Hz for HNCA, HNCO, (HB)-
CB(CGCD)HD and (HB)CB(CGCDCE)HE, 5000 Hz for
13C-1H HSQC, F1 (CR) of ct-HCACO and1H-TOCSY-relayed
ct-[13C,1H]-HMQC, 3500 Hz for HCCH-TOCSY, 3000 Hz
for 13C-edited NOESY-HMQC and the F2 (C′) of ct-
HCACO. Quadrature detection for the indirectly detected
dimensions in all experiments was achieved by States-TPPI
method (39), with the exception of15N-1H HSQC, in which
TPPI was used. The number of complex points collected in
the directly detected dimension was: 4096 for15N-1H HSQC,
13C-1H HSQC, the 2D version of ct-HCACO witht1
evolution on C′, the 2D version of HNCOCA witht1
evolution on CR and mq-HNCO; 2048 for (HB)CB(CGCD)-
HD, (HB)CB(CGCD)HD, HNCA, and ct-HCACO; 1024 for
all other experiments. The number of real points collected
for the indirectly detected dimensions was 1024 in15N-1H
HSQC spectra, 1024 in13C-1H HSQC and the 2D versions
of ct-HCACO and HNCOCA; 700 in mq-HNCO; 45 in
(HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE; 68 (F1)
and 40 (F2) in 1H-TOCSY-relayed ct-[13C,1H]-HMQC; 70
(F1) and 24(F2) in HNCO; 59 (F1) and 20 (F2) in HNCA;
60 (F1) and 20 (F2) in HNCACB; 43 (F1) and 26 (F2) in
CBCA(CO)NNH; 80 (F1) and 24 (F2) in HBHA(CO)NNH;
128 (F1) and 64 (F2) in HCCH-TOCSY; 16 (F1) and 55 (F2)
in ct-HCACO, 128 (F1) and 49 (F2) in 13C-edited NOESY-
HMQC and15N-edited NOESY-HMQC.

The number of transients acquired for each FID was 16
for all experiments on the free cytb5 except for the HCCH-
TOCSY and CBCA(CO)NNH spectra, in which 8 and 32
transients were acquired, respectively, and 512 transients/
FID for the (HB)CB(CGCD)HD and (HB)CB(CGCDCE)-
HE spectra. For the cytb5-cyt c complex samples, 16
transients were acquired per FID for all experiments except
for the following: 32 for13C-1H HSQC, 64 for HNCA, and
96 for the 2D version of ct-HCACO. The mixing time used
for all experiments, which included a NOESY transfer step,
was 100 ms.

Spectra were processed using either our in-house program,
Striker (40), or nmrPipe (41). Interactive spectral display and
analyses were accomplished with our in-house program,
Sparky (42, 43). Low-frequency filtering of the water signal
in the directly detected dimension was used when appropri-
ate. An apodization function of 70 or 80°-shifted sine-squared
or a Gaussian window with 1-8 Hz of line broadening
centering the maximum at the first 3-5% of the FID was
applied to all dimensions before Fourier transformation.
Linear prediction extension of the indirectly detected dimen-
sions were used in HCCH-TOCSY and HBHA(CO)NNH.

For comparison between the free and complexed cytb5

in the ferrous state, the chemical shifts of the backbone amide
15N and proton,13CR and HR were used. For the free cytb5,
backbone amide15N and proton resonances were obtained
from 15N HSQC, while the13CR, as well as HR resonances
were from theF2 and F3 dimensions of HCCHTOCSY,
respectively. The effects of low digital resolution and low
signal-to-noise ratio on the accuracy of our chemical shifts
were minimized by averaging the chemical shifts from
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different spectra. For the complex, the backbone amide15N
resonances were averaged from the15N-HSQC and the mq-
HNCO spectra; the13CR resonances were obtained from a
2D version of HNCOCA (t1 evolution on13CR), the HR shifts
were from the directly detected proton dimension (F3) of
HCCHTOCSY, and the backbone amide1H resonances were
averaged from15N-HSQC, mq-HNCO, and HNCOCA. The
spectral resolution in15N-HSQC, mq-HNCO, and HNCOCA
(calculated without zero-filling) was 0.007 ppm (8000 Hz,
2048 real points), and 0.026 ppm (8000 Hz, 512 real points)
in HCCH-TOCSY. The digital resolution was 0.05 ppm
(3000 Hz, 1024 real points) in15N-1H HSQC; 0.07 ppm
(5000 Hz, 700 real points) in HNCOCA; 0.16 ppm (5000
Hz, 520 real points) in mq-HNCO (15N); 0.072 ppm (5500
Hz, 128 real points) inF1 (the indirectly detected proton
dimension); and 0.365 ppm (3500 Hz, 64 real points) in the
F2 (carbon dimension) of HCCH-TOCSY.

The composite chemical shift change for the resonances
of the backbone nuclei in each residue was calculated as the
square root of the sum of the squares of the differences
between the free and bound chemical shifts for each of the
four backbone nuclei, with the differences in15N and 13C
divided by 4. The15N and13C differences were divided by
4 in order to put equal weight to all chemical shifts, since
the chemical shift range of the amide protons is ap-
proximately one-fourth the chemical shift range for the amide
15N shifts and the13CR shifts.

Measurement of the Diffusion Coefficients.Diffusion
measurements were carried out with the sequence presented
by Altieri and co-workers (44), using pulse field-gradient
strengths of 2-45 G/cm applied for 7.5 ms each. Attenuation
of the 1H signal for each of the components in the sample
of the complex of cytb5 with cyt c was determined by
following well resolved peak heights for resonances that
could clearly be identified as coming from either cytb5 or
cyt c. The results were analyzed by a least-squares fit to eq
1:

as a function and of gradient strength (Γ) using a time
between gradients of 28 ms.

In eq 1,A(τ) is the signal intensity at timeτ (s) between
gradients,δ is the pulsed-field gradient duration (s),Ds is
the diffusion coefficient (cm2/s), andγ is the1H gyromag-
netic ratio.

Molecular Dynamics Simulations.The “cleft complex” was
formed by docking the heme-exposed face of cytc into the
hydrophobic cleft of cytb5 (18), observing proper steric
packing at the complex interface. The “Salemme complex”
was based on the original Salemme model utilizing electro-
static charge pairing of cytc lysine residues (K13, K27, K72,
and K79) and acidic residues in cytb5 (E48, E44, and D60)
including the heme propionate) (7). The starting structure
for the cleft complex simulation was a 1600 ps snapshot
(“cleft opened” conformation) from the oxidized wild-type
cyt b5 bovine MD simulation (see ref18 for a detailed
description) and the NMR-derived solution structure of
reduced horse heart cytc [PDB accession number 2frc (45)].
To match the NMR studies, the iron atom was reduced in
cyt b5. The starting structures for the Salemme complex
simulation were a 300 ps snapshot (“cleft closed” conforma-

tion) from the wild-type cytb5 bovine structure (18) and the
same cytc structure as used in the cleft complex simulation.
Deamidation at Asn 17 occurs during the purification process,
as described later in this paper. Therefore, an Asn17 to Asp
modification was made to the cytb5 starting coordinates. In
both simulations, cytb5 and cyt c were in the ferrous
oxidation state, and ionization states corresponded to neutral
pH.

Energy minimization and the MD simulations were
performed using the program ENCAD (46). The potential
energy function and associated protocols have been described
(47). The heme parameters of Henry and co-workers (48)
were used, except that the iron was reduced. The system
consisted of the protein complex in a rectangular box of water
molecules with walls at least 8 Å from any protein atom
resulting in the addition of 6381 and 5854 water molecules,
respectively, in the cleft complex and Salemme complex.
The water density was set to the experimental value of 0.997
g/mL at 298 K by adjusting the volume of the box (49).
The systems were subjected to a variety of preparatory steps
as described elsewhere (18). Each simulation was carried
out for 2 ns. An 8 Å force-shifted nonbonded cutoff was
used, and the nonbonded list was updated every five steps.
Structures were saved every 0.2 ps for analysis, resulting in
10 000 structures for each complex.

RESULTS

Resonance Assignment Strategy.Resonance assignments
were first obtained for ferrous cytb5, and the results were
used as the starting point for the backbone assignments of
cyt b5 in the ferrous cytb5-ferrous cytc complex. For ferric
cyt b5, both free and complexed to ferric cytc, the resonance
assignments were initially transferred from diamagnetic
ferrous cyt b5, as described previously (50), and then
expanded using the experimental results from the ferric
system.

The scheme used in assigning the resonances in free
ferrous cytb5, was to extend the15N-1H backbone amide
correlation, first to other backbone nuclei, HR, CR, and C′,
and then to the side-chain nuclei. Initially, arbitrarily
numbered backbone amide peaks in15N-1H HSQC spectra
were used, followed by a search for peaks with the same
amide resonances in the HNCACB, CBCA(CO)NNH, HB-
HA(CO)NNH, and HNCO spectra. By use of these four 3D
spectra in concert, almost all of the sequential backbone
nuclei assignments were identified. A majority of the HR and
CR resonances were assigned, as well. NOE spectra were
used to close the remaining gaps in the sequential assignment
process.

The assignment of side-chain nuclei was accomplished by
extending the correlations from the CR and Câ nuclei. The
aliphatic 13C-1H assignments were based on the HCCH-
TOCSY experiment. The assignment of side-chain carbonyl
(as in Asn and Gln) and carboxyl carbons (as in Asp and
Glu) were obtained from a 2D version of the HCACO
experiments witht1 evolution on the C′ resonance; this
experiment correlated the Hâ or Hγ protons with the side-
chain carbonyl or carboxyl atom. A modified HCACO
experiment, using a 13 ms spin lock pulse on the proton
applied immediately before acquisition, was used to relay
the Hâ or Hγ proton magnetization to the HR and Hâ protons,

A(τ) ) A(0) exp[-(γδΓ)2τDs] (1)
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respectively. This experiment helped to resolve some of the
overlapped side-chain carbonyl or carboxyl carbon reso-
nances of Asn, Asp, Glu, and Gln. The side-chain15N-1H
assignments, namely those of the amides of Asn and Gln;
the ε-NH of Arg; the ε-amino group of Lys; theε-NH of
Trp, were based on15N-1H HSQC, HBHA(CO)NNH, and
HNCACB experiments. The aromatic residue side-chain
assignments were accomplished by first correlating the
known Câ resonances to their respective Hδ or Hε resonances
in the 2D (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE
spectra. The assignments were then extended to other
protonated carbons correlated to the Hδ or Hε resonances in
each of the aromatic rings with the combined use of the13C-
1H HSQC (optimized for aromatic carbons) and 3D1H-
TOCSY-relayed ct-[13C,1H]-HMQC experiments. Results
from a 13C-edited NOESY-HMQC experiment optimized
for aromatic carbons were used to confirm some of the
aromatic side-chain assignments.

Assignment of Backbone Nuclei in Free Ferrous Cyt b5.
All of the 79 protonated backbone amide resonances expected
for the 82 residue recombinant15N and13C-uniformly labeled
cyt b5 were observed in the15N-1H HSQC spectrum. With
the exception of overlap between the resonances of E56 with
F58, in both the15N and1H dimensions, all amide resonances
were resolved in this spectrum. However, 27 additional amide
resonances at smaller peak intensities were also observed.
The origin of these extra peaks will be discussed later.
Complete backbone assignments for the observable15N, 13C,
and 1H resonances of 78 of the 82 residues were obtained
from scalar connectivities while the remaining 4, S20 to T21,
H26 to Y27, H39 to P40, and H80 to P81, were determined
by the connectivities observed in13C-edited and15N-edited
NOESY spectra.

The current assignments on the13C-15N labeled ferrous
cyt b5 are in good agreement with the previous proton
assignments with the unlabeled protein (51). Of the 78 amide
proton resonances assigned in both of our studies, 76 differed
by 0.2 ppm or less. The two exceptions were the amide
protons of S18 and G41, which differed by 0.84 and 5.15
ppm, respectively. The previous assignments of S18 and G41
were complicated because the “fingerprint” amide proton-R
proton correlation peak of S18 was not observed, and the
G41 amide was assigned to be coincident with that of G42.
These ambiguities have now been resolved based on scalar
connectivities to their respective preceding and succeeding
residues, through the use of heteronuclear correlations.

Assignment of the Resonances of the Side-Chain Nuclei
in Free Ferrous Cyt b5. (a) Aliphatic side chains. The
assignment of the aliphatic13C and1H side-chain resonances
in free ferrous cytb5 was straightforward, and almost all
were assigned except for the following: Cδ and Hδ of K5;
Cδ1, Hδ, Cγ2, and Hγ of I12; Cε and Hε of K14; Cγ of Q59;
Cγ of R68; Cε and Hε of K72. The assignment of Lys and
Arg side chains was difficult due to severe overlap. The
degeneracy between Hδ and Hγ of I12 could not be resolved.

(b) Aromatic Side Chains. The correlation peak observed
between the Hδ and Câ resonances of W22 in the (HB)CB-
(CGCD)HD spectrum established the linkage from the main
chain to its aromatic side chain. The resonances in the
benzene ring of W22 were assigned to a set of five relay
peaks, identified in the1H-TOCSY-relayed ct-[13C,1H]-
HMQC spectrum. In addition, minor peaks were observed

for W22, which may be the result of a 180° rotation of the
indole ring. Relay peaks between the Hδ of W22 and the
remaining aromatic protons of W22 were not observed.
However, an intraresidue NOE peak observed between the
Hâ and Hú2 protons of W22 in the13C-edited NOESY
spectrum optimized for aromatic carbons provided the
confirmation that these resonances belong to W22. The indole
NH resonance was observed only in the15N-1H HSQC
spectrum; this assignment was based on a comparison with
previous results (51).

The Hδ resonances of the five histidines (H15, H26, H39,
H63, and H80) were identified in the (HB)CB(CGCD)HD
spectrum from correlation peaks to the their respective Câ

resonances. The assignment of the Cε and Hε resonances of
the nonaxial histidines (H15, H26, and H80) observed in the
gradient-enhanced13C-1H HSQC spectrum optimized for
aromatic carbons were based on previous results with ferric
cyt b5 from reference (25); these residues are away from the
paramagnetic site, and their chemical shifts are expected to
be the same in both the oxidized and reduced states. A cross-
peak with 131.84 ppm13C shift and 1.31 ppm1H shift and
another with13C and1H shifts at 132.21 and 0.82 ppm were
observed in the gradient-enhanced13C-1H spectrum optimized
for aromatic carbons, but were not assigned; however, the
large upfield shifts of the ring protons, for these cross-peaks
to carbon shifts in the aromatic range, are consistent with
the large heme-induced shift effect expected for the axial
histidines, and they correspond, most likely, to the Cε-Hε of
H39 and H63. No NOESY peaks were observed from these
resonances, so they are not assigned.

The tyrosine (Y6, Y7, Y27, and Y30) aromatic side chains
were assigned. The aromatic side-chain assignments for the
phenylalanines (F35, F58, and F74) are less complete: F35
has been completely assigned, the F74 side chain has been
assigned except for the Cδ resonance, and F58 has been
assigned tentatively, based on comparison with results from
(51). The difficulty in assigning the F58 side chain was due
to the lack of a Câ-Hδ correlation peak in the (HB)CB-
(CGCD)HD spectrum. Several13C-1H aromatic resonances
(129.4-7.42, 129.4-7.34, 112.29-7.50, and 127.92-7.38)
were not assigned due to the lack of cross-peaks to
resonances that could be linked to the backbone atoms.

Two Hε resonances were observed for the axial histidines,
H39 and H63, with their chemical shifts near 1 ppm, which
is upfield of the corresponding random-coil shifts by about
7 ppm. This is consistent with a large ring current shift due
to their location immediately above and below the heme. It
was not possible, however, to conclude which of these two
histidines gave rise to which resonance. Recently, Guiles and
co-workers (52) reported a similar large ring current shift in
rat cytb5, with its G41 amide proton at 1.1 ppm. A complete
list of resonance assignments for ferrous cytb5 is given in
Table 1 of Supporting Information.

ObserVation and Identification of Resonances Due to
Heterogeneity of the Free Ferrous Cyt b5. As mentioned
earlier, 27 extra cross-peaks, with lower intensity than the
other cross-peaks, were observed in the15N-1H HSQC
spectrum. Sequential assignments could be made for most
of these cross-peaks as they correlated to previous or
subsequent residues of the major component.

Previous NMR experiments have established that bovine
cyt b5 exists in two forms which occur in a 1:9 ratio. These
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two forms arise from a 180° rotation of the heme about its
R,γ-meso axis (53). In our spectra, several of the extra cross-
peaks had their intensities in approximately a 1:8 ratio to
the corresponding major peaks, in agreement with this heme
reorientation hypothesis. A “double-half-filtered” NOESY
experiment (54), observing only the unlabeled resonances
in free ferrous cytb5, showed a major and a minor set of
heme resonances at a ratio of 8.5:1. This is because cytb5 is
expressed as the apo protein and exogenous unlabeled heme
was added to reconstitute the holoprotein. On the basis of
the intensities in the15N-1H HSQC spectrum, the major-to-
minor ratios of L32, H39, G42, V61, L36, K72, and L70
ranged from 6.1 (G41) to 12.6 (S64). All of these residues
are located near the heme. The wide range of these ratios
could be due to the proximity of these peaks to the major
peaks or to underlying unresolved minor peaks.

Many of the extra cross-peaks, however, were much more
intense with a ratio around 1:2 to the major component.
Examination of all chemical shift differences between the
major and minor components that were not due to heme
reorientation revealed the largest such shift difference of 1.9
ppm between theâ-carbon shifts of the minor and major
forms for N17. This suggests that deamidation could be the
source of these extra resonances. To determine whether this
residue was an asparagine or an aspartate, we obtained 2D
versions of the ct-HCACO experiment with and without15N
decoupling. The characteristic 14 Hz coupling between the
C′ and N nuclei in the amide bond of asparagine and
glutamine residues was observed in the experiment without
15N decoupling. This coupling was not observed for residue
17 in the major species, identifying the major component as
the N17D variant. The 14 Hz coupling was observed for the
minor component for residue 17, identifying it as N17, as
expected for wild-type cytb5. This splitting disappeared with
15N decoupling. Several residues in the vicinity of residue
17 (Y6, T8, E11, I12, K14, H15, T21, and W22) were
affected by the deamidation, as they had an average of about
1-1.6 for the ratio of the minor to major species. The ratios
for N16 and S20 were 1:2 and 1:3, respectively.

The relative amount of N17D to the wild-type protein was
assessed by comparing the15N-1H correlation peak height
ratios of N17 and D17. The extent of deamidation increases
with the amount of time in the oxidized form. While there
was no change in the reduced sample of cytb5 over a period
of a few years, the N17D to wild-type protein ratio in the
first ferrous cytb5 sample was about 1.5:1. In the second
ferrous cytb5 and other oxidized cytb5 samples, the ratios
were 2 to 1 and 3.5 to 1, respectively. As described in
Materials and Methods, the second ferrous cytb5 NMR
sample, as well as oxidized cytb5 NMR samples were
prepared with material from the first 9 mM ferrous cytb5

sample. The cytb5 in the ferrous cytb5-cyt c complex
sample was prepared from material that had been stored at
-70 °C in the oxidized form for more than a year and
appears to be fully deamidated. All of the cytb5 protein
studied was derived from a single preparation of cytb5.

To compare the chemical shifts of cytb5 in the free and
bound states, only the deamidated species is considered, since
the wild-type protein is not present in the ferrous cytb5-
ferrous cytc sample and only at a very small proportion in
the oxidized system. The assumption that the deamidated
and the wild-type proteins are similar is made, and it is based

on the following observations. A comparison of the second-
ary structure of N17D, as obtained from analysis of the
NOESY spectra, with that of the reduced crystal indicates a
good agreement between the two. In addition, the equilibrium
heme isomer ratio in ferrous cytb5, measured directly from
the heme resonances in ferrous cytb5, was 8.5:1, which is
not significantly different from that of the reported ratio of
about 9:1 for the wild-type protein. These data suggest that
the overall structure and the equilibrium heme-binding
properties of N17D are similar to that of the wild-type
protein.

Resonance Assignments of Backbone and Side-Chain
Nuclei in the Ferrous Cyt b5-Ferrous Cyt c Complex.
Backbone and side-chain assignments in ferrous cytb5 in
complex with ferrous cytc (1 mM:1.2 mM, at pH∼6.5)
were based on our assignments of free ferrous cytb5. The
backbone amide assignments for the complex were first
obtained from overlaid15N-1H HSQC and 2D-HNCOCA
spectra from free and complexed cytb5 and then confirmed
in the HNCA experiment on the bound cytb5. A mq-HNCO
spectrum was used to help resolve overlap in the15N and
1H amide dimensions. The side-chain assignments were
obtained from the HCCH-TOCSY and13C-1H HSQC spectra
optimized for aromatic carbons. As expected from a decrease
in transverse relaxation time of cytb5 when complexed with
cyt c, many cytb5 peaks, especially those of the side chains,
have broadened. This resulted in peak overlaps and disap-
pearance of peaks. As a result, the resonance assignments
of cyt b5 in the ferrous complex are less complete than those
of the free ferrous cytb5. Nevertheless, backbone assignments
were made for all residues in the ferrous cytb5 complex
with cyt c, except for the N-terminal amine at A3 and the
amide of S18. It should be noted that cytb5 is almost
completely deamidated at residue 17 in the ferrous cytb5-
cyt c complex, and residue 17 is referred to as “D17”.

The 15N-1H cyt b5 amide peaks of T33, E48, D53, T55,
E56, N57, F58, E59, and D83 in the ferrous complex could
not be resolved from overlapping peaks in the HSQC
spectrum. However, with the exception of D53 and T55, all
of these peaks were resolved in the mq-HNCO spectrum. In
a 2D-HN(CO)CA experiment (witht1 evolution on CR), the
correlation peaks between the amide proton of D53 and T55
and the CR of their respective preceding residues were
identified. The amide resonance of S18 was not observed,
possibly due to an increase in line width from exchange
between different forms of the complex. Line-broadening
effects rendered the assignment of the following peaks very
difficult: Cγ of T8; Cδ1,Cδ2,Cγ of L9;Cγ1, Cγ2 of I12; Câ,
Cγ, Cδ and Cε, of K19; Câ of K34; Câ, Cγ, Cδ and Cε, of
R47; Câ of F58; CR of S64; CR, Cγ and Cδ of R68; CR and
Cγ of E69; Cδ of K72. These peaks could not be resolved
from other peaks in the HCCH-TOCSY spectrum. In
addition, the HCCH-TOCSY peaks of the following residues
in cyt b5 became so weak or disappeared upon complexation
with cyt c that they were not assigned: Câ of Y7; CR and
Câ of H15; Câ of N16; CR and Câ of S20; Câ and Cγ of T21;
Câ of L25; K28; Câ of Y30; Câ of D31; P40; Câ and Cγ of
Q49; Câ of D53; Câ of N57; E59; Câ of H63; S71; Cγ of
K72; Câ of F74; Câ of L79; Câ of D83; R84. Moreover, with
the exception of D60, it was not possible to detect the side-
chain carbonyl or carboxyl resonances of other Asn, Gln,
Asp, and Glu residues in cytb5 in the ferrous complex 2D-
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H(CA)CO spectrum, which correlates protons to the adjacent
carbonyl or carboxyl carbon. The inability to observe these
peaks is presumably due to an increase in line widths via
the chemical shift anisotropy mechanism for the carbonyl
or carboxyl carbons. The efficiency of this relaxation
pathway is particularly enhanced as the correlation time of
the molecule increases upon complexation. A general line-
broadening effect was also observed in the13C-1H HSQC
spectrum optimized for the aromatic carbons of ferrous cyt
b5. The broadening was so severe that the following peaks
could not be assigned: the Cη2-Hη2 peak of W22; Cδ and
Cε peaks of Y30; Cδ and Cε peaks of F35; Cδ peaks of H63,
F58, and F74; the Cε of F35. The complete listing of
resonance assignments of ferrous cytb5 in complex with cyt
c is given in Table 2 of the Supporting Information.

Assignment of the Backbone Resonances of Ferric Cyt b5.
The resonance assignments of ferric cytb5 were obtained
for the backbone nuclei (N, HN, CR) and the histidine side
chains only. The assignment of the backbone nuclei of
paramagnetic ferric cytb5 was accomplished by transferring
all possible assignments from the diamagnetic system (50).
These starting points were then used to complete the
sequential assignments with the use of the HNCA spectrum.
Side-chain assignments for the histidines were based on
previous experiments from this laboratory (25). The rationale
for the assignment transfer technique from the diamagnetic
ferrous cytb5 to the paramagnetic ferric cytb5 is based on
a variety of observations: assuming that the structure is the
same in the oxidized and reduced states (55), the pseudo-
contact shifts experienced by the protons and the heteronu-
clei, 13C and15N, are of the same absolute magnitude for a
given location in the molecule. However, the pseudocontact
shifts for the 13C and 15N nuclei are small (=0.1 ppm)
compared to the usual13C and15N nuclei chemical shifts of
several parts per million caused by differences in the local
magnetic environment. Such apparent insensitivity of the
heteronuclei chemical shifts to oxidation states can be
exploited for resonance assignment purposes: analogous
resonances in the two oxidation states might be related by a
small shift in the heteronuclear dimensions, accompanied by
possibly a larger shift, generally in the same direction, in
the proton dimension.

In the current work, an initial set of backbone assignments
for ferric cyt b5 was obtained by studying the magnitude
and directions of relative shifts in both the proton and
heteronuclear dimensions in the overlaid sets of15N-1H
HSQC and 2D-H(NCO)CA spectra in the diamagnetic and
paramagnetic states. Using the HNCA spectrum and the
above initial set of backbone assignments, we have obtained
backbone assignments for all ferric cytb5 residues, except
for A3 and P40. The terminal amine of A3 was not observed,
as expected due to rapid hydrogen exchange with the solvent.
The amide resonances of S20, G41, and L70 were not
observed, but their respectiveR-carbons were assigned. The
CR resonances of K19, H39, E69, and H80 were not
observed, but their amide resonances were assigned.

A comparison of our ferric cytb5 backbone assignments
with those reported by Whitford and co-workers (6) on a
103 residue uniformly15N-labeled bovine ferric cytb5

indicates general agreement in view of the differences in
sample conditions between the two studies. However, there
are some assignment differences that should be noted since

some of the backbone amide chemical shifts assigned by
Whitford and co-workers differed from ours in the15N
dimension by more than 4 ppm and in the1H dimension by
more than 1 ppm. In the following enumeration of the
discrepancies between some of our assignments and those
of Whitford, the assignments of Whitford are given in square
brackets followed by the differences between their chemical
shift and ours: I12 ([114.9, 7.96],-6.7,-0.44); Q13 ([114.4,
6.94], -1.1, -1.27); N16 ([122.4, 8.17], 5.1, 0.85); S18
([125.2, 7.89], 11.9,-0.29); K34 ([120.0, 7.41], 2.9,-1.5);
H39 ([114.9, 8.88],-5.8, 0.27); E69 ([119.6, 7.01],-3.8,
-2).

The differences at N16 and S18 might be due to deami-
dation in our cytb5 at position 17. However, if the backbone
15N-1H assignment of N17 by Whitford and co-workers (6)
at 118.7 and 7.74 ppm were transposed with their N16
assignments, then the shift discrepancies of the backbone
amide at residues 16 and 17 between the two studies would
be (1.4, 0) and (1.4, 0.42), respectively, which are within
the range attributable to differences in sample conditions.
All resonance assignments of ferric cytb5 are listed in Table
3 of the Supporting Information.

Assignment of the backbone resonances of ferric cytb5

bound to ferric cytc. Resonance assignments in ferric cyt
b5-ferric cyt c were transferred directly from the free ferric
cyt b5. The sequential assignments were confirmed with
results from the HNCA experiment. The chemical shift
assignments of ferric cytb5 complexed to ferric cytb5 are
listed in Table 4 of the Supporting Information.

Determination of the pH Dependence of the Chemical
Shifts in Free Ferric Cyt b5 and in Complex with Ferric Cyt
c. The chemical shift changes observed between the free and
bound forms could originate not only from complex-induced
mechanisms, including pseudocontact shifts, but also from
a small variation in the pH of the two samples, especially if
the pH of both samples are at or near the pKa of the titratable
group. To control for these possible pKa-induced chemical
shift changes in the free and bound ferrous cytb5, the
chemical shifts of the ionizable residues and their neighboring
amino acids in ferric free and bound cytb5 were measured
as a function of pH between pH 6 and 9 in the15N-1H HSQC
spectra and the13C-1H HSQC spectra optimized for aromatic
residues. We assume that the pKas are the same in both
oxidation states. The pH titrations were performed on ferric
proteins because the pH of the ferrous samples could not be
controlled. The residues whose side chains titrate near pH
6.5, as well as their neighbors, could then be excluded from
subsequent analysis on complex-induced chemical shift
changes, since the contributions from these two mechanisms
could not be quantitated.

Only four residues in bovine cytb5 (H15, H26, H80, are
A3) are expected to titrate between pH 6.5 and 8.5. The pKa

values of the nonaxial histidines in bovine ferric cytb5 had
been previously determined to be 8.47, 6.92, and<5.5,
respectively (25). Extremely efficient relaxation by the
paramagnetic iron rendered the13Cε-1H correlation peaks of
the axial histidines unobservable in the oxidized cytb5

samples. Our results indicate that the titration profiles of the
nonaxial histidines, determined from the imidazole Cε1H
resonances (Figure 2), are similar in the free and complexed
cyt b5. In addition, the experimentally determined pKas agree
with the previous results (25). The amide resonances of all
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residues undergo negligible perturbations near pH 6.5 in both
the free and complexed ferric cytb5, except for H26, since
its pKa is 6.92 (25). On the basis of the above findings, H26
is excluded from consideration in complex-induced chemical
shift changes.

Analysis of the Chemical Shift Changes Which Occur upon
Binding of Ferrous Cyt c to Ferrous Cyt b5. To determine
which cyt b5 amino acids were involved in complex
formation to cytc, the chemical shifts of backbone amide
15N and proton and13CR and HR of the ferrous cytb5 in
complex with cytc were compared with those of ferrous
cyt b5. The concentrations of cytb5 and cytc were 1 and
1.2 mM, respectively. Small chemical shift changes (less than
0.10 ppm for backbone proton, less than 1.03 ppm for
backbone nitrogen, less than 1.15 ppm for backbone13 CR

and less than 0.16 ppm for the HR), were observed for a
number of residues in cytb5. To combine the results of all
the backbone resonances, a composite chemical shift differ-
ence was calculated as the weighed mean of the differences
between the free and bound chemical shifts for each of the
four backbone nuclei, as described in the Experimental
Section. The composite differences between ferrous cytb5

free and bound to ferrous cytc, as well as the differences
between ferric cytb5 free and bound to ferric cytc, are shown
in Figure 3. Composite differences greater than the geometric
mean of the values for all residues in cytb5 in the reduced
species were considered to be of significant magnitude to
indicate the effects of cytc binding. The residues that fell
into this category are indicated on the structures shown in
Figure 4.

Although the side-chain resonances of cytb5 were assigned
in the free and bound ferrous state, they were not included
in the above chemical shift comparisons for the following
reasons. The chemical shift information of many cytb5 side-

chain peaks in the complex was obliterated by the broadening
of the peak due to the increase in rotational correlation time
of cyt b5 in the protein complex. To assign a single chemical
shift change value to each residue, a composite chemical
shift change upon binding must be generated. Including side-
chain resonances would magnify the changes in the residues
containing long side chains. Using only the backbone atoms
ensures that there is no bias in the resulting composite
calculated. The cytb5 residues that showed composite
chemical shift changes of greater than 0.06 ppm (the
geometric mean of all the composite shift differences) are
divided into two classes. The first class contained residues
whose composite changes were greater than or equal to 0.06
but less than 0.117 ppm (this value corresponds to the
geometric mean of all the composite shift differences plus
one standard deviation), while the second class of residues
exhibited a change of greater than or equal to 0.117 ppm.
The residues that showed changes of more than 0.117 were
Y6 of helix R1, H15, D17, S18, K19, and S20 in the loop
region connecting helixR1 andâ strandâ4; W22 in â4;
H26 in the loop region that connects strandsâ4 andâ3; E37
in R2; G51 inâ5, T55 at the end of strandâ5 (see Figures
3 and 4).

Most of the residues that showed smaller composite shift
changes, between 0.06 and 0.117 ppm, upon complex
formation, are located either in the four helices that form
the heme-binding pocket (T33, K34, F35, L36, E38 inR2,
V45 and R47 inR3, E59 inR4, L70 inR5), or in theâ-sheet
that forms the bottom of the pocket (T21 and L23 inâ4;
G50 in â5). In addition, G62, the axial ligand H63 and the
loop linking R3 andâ5 (E48, Q49, and A50), as well as
A54 at the end of strandb5, are affected. D82 also showed
significant changes. A chemical shift perturbation was
observed for H26. However, the pKa of H26 has been

FIGURE 2: pH titration of the histidines (H15, H26, and H80) of cytochromeb5 in ferric cytochromeb5 (closed circle, square and triangle,
respectively) and ferric cytochromeb5-ferric cytochromec (opened circle, square, and triangle, respectively). The imidazole Cε and Hε

chemical shift changes relative to values observed at the lowest pH are plotted as functions of pH, respectively, in the upper and lower
panels.
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determined to be approximately 6.5-7.0 in the free or bound
oxidized form, near the pH at which the NMR spectra were
obtained. Therefore, slight changes in experimental condi-
tions could affect the chemical shifts for H26, so its shift
changes were excluded from our analysis. The only other
residue whose side-chain titrates in the range of 6-8 is H15;
its pKa, in both free and complex forms, has been determined
to be greater than 7.5. The amine group at the N-terminus
A3 has been predicted to titrate in the range of pH 6-8, but
this does not affect our study since this amine group was
not observed.

Measurement of Chemical Shift Changes That Occur on
Ferric Cyt b5 upon Binding Ferric Cyt c.The chemical shift
differences between free and complexed ferric cytb5 are
much smaller than those observed for the ferrous state. The
largest complex-induced chemical shift change was 0.24 ppm
observed for G51, while smaller differences (greater than
0.06 ppm) were observed for H26, A54, and I76. The
composite chemical shift change of 0.09 ppm observed at
H26 was not considered since the pH of the sample is in the
titration range of its imidazole side chain. It should be noted
that the following resonances were not observed in the ferric
complex, presumably due to broadening of the peaks upon
complex formation with cyt c:13CR of K19; 15N amide of
S20; 13CR of L32; 13CR of T33; 13CR of H39; 13CR of P40;
G41; 13CR of F58; 13CR of G62; 13CR of H63; 13CR of I75.

Determination of the Diffusion Coefficients of the Free
and Bound Forms of Ferrous Cyt b5. The stoichiometry of
the cyt b5-cyt c complex was estimated by measuring the
diffusion of free and bound cytb5 using pulsed field gradients
as described in previous experiments (54). The results were
the following: for free ferrous cytb5, the diffusion coefficient
was (1.13( 0.01) × 10-6 cm2/s; for ferrous cytb5 in our
1:1.2 mixture with ferrous cytc, it was (0.72( 0.01) ×
10-6 cm2/s, and for complexed ferrous cytc it was (0.82(
0.01)× 10-6 cm2/s. Assuming the molecular weight of 9966
for cyt b5 (determined by mass spectrometry), we can

estimate the apparent molecular weight for cytb5 in the
complex with cytc as approximately 23 880. The sum of
the molecular weights of cytb5 and cytc is 22 666, which
is very close to the estimated molecular weight of the
complex, and therefore these two molecules are bound in
approximately a 1:1 stoichiometry. Complexed cytc has a
somewhat faster diffusion coefficient than complexed cytb5.
This is presumably due to the existence of free cytc, which
was added in 20% excess, in fast equilibrium with cytc
bound to cyt b5. It should be noted that this diffusion
measurement is a bulk measurement and only reflects the
equilibrium dissociation constant,Kd. This measurement is
not sensitive to the exchange rates of the complex.

Molecular Dynamics Simulations of Two Cyt b5-Cyt c
Complexes.The amino acids in ferrous cytb5 whose
backbones undergo chemical shift changes of 0.06 ppm or
greater upon complexation with cytc are illustrated in Figure
4. There are two main areas on ferrous cytb5 that exhibit
significant changes. The first is the negatively charged
anionic surface surrounding the heme. This is where Sale-
mme (7) predicted the cationic surface of cytc would bind
(see the center panel at the top and the Salemme binding
surface in Figure 4). The second area exhibiting noteworthy
chemical shift changes on the left side of the molecule is
depicted at the top of Figure 4, which is a region that
exhibited heightened mobility in a molecular dynamics
simulation of cytb5 (18). The mobility in this area leads to
formation of a cleft that allows access to the hydrophobic
core and the heme. In addition, it has been demonstrated
that a genetically engineered salt bridge and disulfide bond
designed to limit the motion of the loop was effective in
dampening the cleft fluctuations (56, 57). To explore the
possibility that cytc might bind to cytb5 in this transient
cleft area, molecular dynamics simulations of cytc bound
to cytb5 at both the Salemme and cleft binding surfaces were
performed (Figures 4 and 5). The starting structures for each
simulation were either the cleft closed (for the Salemme

FIGURE 3: Composite chemical shift changes of backbone atoms in reduced and oxidized cytb5 upon binding to cytc. The changes
observed for the reduced and oxidized cytb5 upon complex formation to cytc are shown in filled and open bars, respectively. The composite
shift changes are calculated as indicated in the Experimental Section. Residues with composite chemical shift changes greater than 0.06
ppm (the mean of all composite chemical shift difference values in the reduced state) are considered significantly affected upon complex
formation. Many residues were observed with composite shift changes greater than 0.117 ppm (i.e., greater than the mean composite
difference plus one standard deviation from the mean).
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model) or cleft opened (for the cleft complex) conformations
of cyt b5 and the NMR-derived solution structure of cytc
(45). The starting structures for the complexes were hand
docked, and packing at the interface was optimized. To test
the stability of the complexes as a function of time and in
the presence of water, MD simulations were performed for
2 ns. Equilibration of the simulations was judged by analysis
of different structural characteristics (radius of gyration,
change in accessible surface area, CR root-mean-square
deviation, etc.) and was deemed to have occurred when a

plateau in the values was reached, which occurred between
0.5 and 1.0 ns (Figure 6).

The Salemme complex in Figure 5 was docked with
optimal distances between four salt bridges, K13, K27, K72,
and K79, in cyt c and E48, E44, D60, and the heme
propionates in cytb5, as described previously (7). The salt
bridges were maintained throughout the simulation and the
hydrophobic packing at the interface became more favorable
over time, as evidenced by a decrease in the interatomic Fe
distances from 17 to 15 Å (SD≈ 0.5 Å), and an increase in

FIGURE 4: Observed chemical shift changes of cytb5 upon complex formation with cytc and their distribution on the surface of the protein.
The observed chemical shift changes from Figure 3 are displayed on the surface of cytb5 (note that some residues are below the surface).
Moderate changes (0.06-0.12 ppm) are colored pink and larger changes (>0.12 ppm) are in purple. In every case the heme is red. The bulk
of the residues affected fall near the heme on the Salemme binding surface (center structure) or the left side, which is the proposed cleft
region. Residues displayed on the right side are near His 26 (shown in purple). The residues predicted to comprise the binding surface in
the Salemme model are shown in cyan in the center strip. The residues that actually display shifts upon complex formation are colored
magenta in the structure to the right. Finally, the predicted cleft surface is shown at the bottom in cyan and the residues actually undergoing
a change are shown in the neighboring structure in magenta.
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the buried surface area at the complex interface (Figure 6).
In the complex, the average CR root-mean-squared (RMS)
deviation from the starting structure was∼2 Å. The highest
deviations were due to residues 15-18, 40-43, and 49-
53.

In the cleft complex, the exposed heme edge of cytc was
manually docked into the opened cleft of cytb5 (Figure 5).
No salt bridges were present in the starting complex. By 100
ps, however, two intermolecular salt bridges (E10-K27 and
E43-K72 in cytb5 and cytc, respectively) had formed, each
flanking one side of the binding surface. These residues were
also involved in additional ionic interactions: K14 (cytb5)-
E10 (cytb5); K27 (cyt c)-E21 (cytc), and R47 (cytb5)-
E43 (cytb5)-K72 (cytc). As the simulation progressed, the
packing at the interface became more favorable (Figures 5
and 6), and the interatomic Fe distance decreased from 25
to 21 Å (SD≈ 1.0 Å). While the iron distances are longer

in this complex, the path between the iron centers is
hydrophobic and lined with aromatic residues (Figure 7). The
buried surface area at the interface in the cleft complex was
considerably larger than in the Salemme complex 1500 Å2

versus 1000 Å2, respectively (Figure 6). The difference is
evident when comparing the binding surfaces of the two
complexes (Figure 5). The average CR RMS deviation of
cyt b5 from the starting structure was∼1.7 Å (SD≈ 0.2 Å).
The highest deviations were located at the complex interface
(residues 8-22 and 43-55) and were the result of optimiza-
tion of packing interactions with cytc.

DISCUSSION

In the work presented here, we sought to identify the
surface of cytb5 that binds to cytc. The use of proton NMR
chemical shift analysis to characterize the binding surfaces
in a protein complex between plastocyanin and cytc has
been demonstrated (58). The observed shift differences were
small in the plastocyanin-cyt c complex and were interpreted
as a dynamic ensemble of structures in fast exchange. For
the cytb5-cyt c complex, the observed shift differences are
also small, with our largest proton shift difference of 0.15
ppm, about three times as large as the largest shift differences
observed for the plastocyanin-cyt c complex. Previous
studies have shown that, for the ferric cytb5-ferric cyt c
complex, the proteins are in fast exchange (13, 15). In our
NOESY spectra, we do not detect any cross-peaks between
cyt b5 and cyt c, suggesting that the complex is in fast
exchange, and that the complex consists of a dynamic
ensemble of structures. The static binary model of the cyt
b5-cyt c complex proposed by Salemme (7) has been used
as the basis for subsequent studies of the interactions between
cyt b5 and cytc; however, current opinion suggests that the

FIGURE 5: Simulated cytb5-cyt c complexes. The starting and final, 2 ns structures are displayed. Cytc is shown in green. The residues
predicted and observed to change upon complex formation are displayed in magenta and those that are predicted to change but do not are
colored cyan (coloring as per Figure 4).

FIGURE 6: Buried surface area at the protein complex interface as
a function of simulation time. The “Salemme complex” is shown
in open squares and the “Cleft complex” is represented by filled
circles.
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complex between cytb5 and cytc can be better described as
an ensemble of dynamic complexes (3, 59). In this study,
we sought to identify the binding site of these complex
ensembles. To this end, heteronuclear NMR experiments
were used to determine which residues on cytb5 were
affected upon binding to cytc.

Residues whose chemical shifts change upon binding
cluster into two regions. The first is the anionic surface
surrounding the heme where Salemme predicted cytc would
bind. (Figure 4). Previous NMR studies from this laboratory
using pseudocontact shifts as restraints in the solution
structure between cytb5 and cytc provided direct experi-
mental data that cytc bound to cytb5 in the area predicted
by Salemme (1). Indeed numerous other studies from a
variety of investigators also support the existence of the
Salemme complex (60, 61, 9, 3).

The second region that experiences large chemical shift
changes in the ferrous complex is the flexible loop region
between residues 10-20 (18). It has been observed in other
NMR studies of protein-protein interactions that complex
formation can induce direct effects at the contact site as well
as indirect effects due to small structural changes transmitted
through the protein. These secondary changes frequently
extend outside of the direct interaction surface (62, 63, 58).
At present, the precise cause of the chemical shift changes
observed here is unknown. There are several possible
explanations for these chemical shift changes no one of which
can be unambiguously demonstrated experimentally with the
available data. The first possibility is that the binding of cyt
c at the anionic surface of cytb5 induces conformational
changes in one or more of the fourR helices andâ4 sheet
comprising the hydrophobic heme binding pocket. The
structurally perturbedâ 4 sheet, beginning with residue 21,
could subsequently propagate a conformational change to
the adjacent loop between residues 10-20. The crystal
structure of the Asn57Asp, Gln13Glu, Glu11Gln, triple
mutant of cytb5, shows the largest difference between the
mutant and wild-type protein in the vicinity of Ser18. The
main-chain atoms of Ser18 have an average deviation of over
2 Å between the triple mutant and wild-type structure (64).
The amino acid residues in the loop (10-20), which contains
two type I turns (residues 12-15 and 17-20), also exhibit
extensive hydrogen bonding to other amino acids in the loop.
Thus, minimal structural changes in the loop might be

propagated to other amino acids in the loop leading to large
chemical shifts. Because of the small energies being moni-
tored by NMR, a small conformational change can cause a
relatively large chemical shift change. The second possible
mechanism is that Salemme complex formation could induce
dynamic changes in the loop region, perhaps altering the
conformational mix of structures, from which we get a single
averaged chemical shift for each resonance. There is no
evidence, however, for such a mechanism from either the
NMR experiments or the simulations. In the crystal structure
of cyt b5, the side chains and the backbone atoms of this
loop possess the largest isotropic thermal parameters, orB
factors, which reflect internal mobility among other factors
(55).

A third mechanism by which the chemical shift changes
in the loop region may occur is by the binding of cytc in
the cleft predicted to form when the loop moves, exposing
the underlying heme. In a previous MD simulation of cytb5

(18), a large number of residues underwent cyclical confor-
mational changes, which caused the protein to display
different patterns of residues at the surface with time. The
simulation also predicted that a large cleft partially exposing
the hydrophobic core lining the heme pocket becomes
transiently exposed. In that simulation study, the following
residues were identified as the surface residues along the
rim of the cleft: N16, N17, S18, K19, I24, T33, L36, E37,
R47, A50, G51, and G52; interestingly, all of these residues
displayed significant chemical shift changes (∆δ ≈ 0.06 Hz)
upon binding cytc in this study, except I24 (with∆δ ≈
0.05 Hz) and G52. A number of residues (T21, L23, L32,
L46, and A54) were calculated to become exposed to solvent
only upon cleft formation in the simulation. With the
exception of L46, these residues also undergo significant
chemical shift changes upon complexation. However, alanine
54 also has minimal solvent exposure on the Salemme site.
The molecular dynamics simulation of the cleft complex
presented here suggests that such a complex is feasible. Of
the 28 residues predicted to be near cytc in the simulation
of the cleft complex, 23 exhibited changes in chemical shift
upon binding (Figure 4). Furthermore, there are experiments
that also point toward the existence of a second binding site
for cyt c on cyt b5 (10, 65, 15, 14). A “rolling ball” model
for cyt b5-cyt c interactions in which cytc could roll along
the surface of cytb5 between different binding modes has

FIGURE 7: Final structure from the 2 ns simulation of the “cleft complex”. The complex on the left shows how the path between the heme
groups (in red) is lined by aromatic amino acids (in orange). The structure on the right is a space filling model of a slice through the same
complex with the nonpolar residues colored gray and the polar in blue. The nonpolar path between the hemes suggests a potential electron-
transfer route.
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been proposed (14). In this regard, it is interesting to note
that the Salemme and cleft binding surfaces are near in space
and overlap at residues 48 and 49 (Figure 4).

The smaller complex-induced chemical shift differences
observed in the ferric system suggest that binding could be
weaker in the oxidized state. The weaker binding may reflect
an increase in the dynamics of free and complexed ferric
cyt b5 and cytc compared to their reduced counterparts. This
suggestion is consistent with results from recent studies on
the backbone dynamics of rat cytb5 and cytc in the reduced
and oxidized states (66, 67) where the oxidized proteins were
observed to be more flexible than the reduced form. So, aside
from dynamic behavior affecting binding surfaces, as with
the cleft, more subtle forms of mobility may also be
important in recognition and regulation. For example, if cyt
b5 gains flexibility after transferring its electron to its redox
partner, which then becomes more rigid upon reduction, then
the dependence of a protein’s flexibility on oxidation state
might be a mechanism for modulating interactions with other
proteins. Additional studies are underway which would
confirm or refute a second binding site for cytc on cyt b5

under our experimental conditions.
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