
Conversion of theEscherichia coliCytochromeb562 to an Archetype
Cytochromeb: A Mutant with Bis-Histidine Ligation of Heme Iron†

Sam Hay* and Tom Wydrzynski

Photobioenergetics, Research School of Biological Sciences, The Australian National UniVersity, Canberra ACT 0200, Australia

ReceiVed April 19, 2004; ReVised Manuscript ReceiVed July 1, 2004

ABSTRACT: A mutant of theEscherichia colicytochromeb562 has been created in which the heme-ligating
methionine (Met) at position 7 has been replaced with a histidine (His) (M7H). This protein is a double
mutant that also has the His 63 to asparagine (H63N) mutation, which removes a solvent-exposed His.
While the H63N mutation has no measurable effect on the cytochrome, the M7H mutation converts the
atypical His/Met heme ligation in cytochromeb562 to the classic cytochromeb-type bis-His ligation. This
mutation has little effect on theKd of heme binding but significantly reduces the chemical and thermal
stability of the mutant cytochrome relative to the wild type (wt). Both proteins have similar absorbance
(Abs) and electron paramagnetic resonance (EPR) properties characteristic of 6-coordinate low-spin heme.
The Abs spectra of the oxidized and reduced bis-His cytochrome are slightly blue-shifted relative to the
wt, and theR Abs band of ferrous M7H mutant is unusually split. The M7H mutation decreases the
midpoint potential of the bound heme by 260 mV at pH 7 and considerably alters the pH dependence of
the Em, which becomes dominated by a single pKred ) 6.8.

Cytochromeb562 is a small, soluble four-helix-bundle
protein with a singleb-type heme cofactor originally
described by Itagaki and Hagar (1). This protein is found in
the periplasm ofEscherichia coliand, while its postulated
role is in electron transfer, no physiological partners nor
biological function have been assigned to it. Cytochromeb562

is quite enigmatic because it is the only soluble cytochrome
without a covalently attached heme and one of only two
knownb-type cytochromes with methionine/histidine (Met/
His)1 heme iron ligation (the other protein being the fungal
extracellular flavocytochrome cellobiose dehydrogenase
[rCDH) (2)]. Cytochromeb562 has been well-characterized
both structurally (3, 4) and biophysically (for example, see
refs 5, 6, 7, and 8). This makes cytochromeb562 a good
candidate for the study of protein-porphyrin binding inter-
actions. Upon binding to a protein, heme forms axial ligands
with one or two protein side chains. The amino acid side
chains of His, Met, lysine, asparagine, tyrosine, proline, and
cysteine are able to act as such ligands forming nitrogen-,
sulfur-, or oxygen-iron bonds. The amino terminus has also
been shown to act as a ligand. This bonding has a major
role in regulating the properties of the ligated heme as well
as potentially playing a significant role in the stabilization
of the heme-protein complex. In the cytochromes, bis-His
and Met/His ligation are much more common than the other
forms of ligation, where bis-His ligation predominates in the

b-type cytochromes and Met/His ligation is generally found
in thec-type cytochromes. TheE. coli cytochromeb562 has
atypical Met/His ligation, and this work describes the
mutation of of the iron-ligating Met to a His, forming a
protein capable of bis-His ligation of the heme iron. Heme
reconstitution, optical spectroscopy, guanidine and thermal
denaturation, redox potentiometry, low-temperature electron
paramagnetic resonance (EPR), and molecular modeling have
been used to characterize this mutant protein relative to the
wild type (wt).

MATERIALS AND METHODS

Cloning and Mutagenesis.The CybC gene encoding
cytochrome b562 was cloned fromE. coli strain BL21
(Novagen Inc.). The primers were designed not to amplify
the region encoding the N-terminal periplasmic signaling
sequence and had the following forward and reverse se-
quences, respectively: GGTATTGAGG GTCGCATGGC
TGATCTTGAA GACAATATGG AAACC and AGAG-
GAGAGT TAGAGCCTCA TTAACGATAC TTCTGGT-
GAT AGGCG. The gene was ligated into the Novagen vector
pET-30 Xa/LIC, which encodes an N-terminal His tag in-
frame. These primers also inserted a Met at the N terminus
of the cytochrome (the numbering referred to here keeps with
convention, and thus, this Met is at position 0 and not 1).
Once ligated, the plasmid was transformed into NovaBlue
(Novagen Inc.) and all constructs were screened by sequenc-
ing. E. coli strain BL21 pLysS DE3 (Novagen) was then
transformed with this vector for protein expression. First, to
eliminate any possibility of nonspecific heme binding to the
protein, the H63N mutant was made by site-directed mu-
tagenesis of the clonedCybC gene using the forward and
reverse primers, respectively: GATTTCCGCA ACGGTTTC-
GA C and GTCGAAACCG TTGCGGAAAT C. The M7H
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mutation was then created by subsequent mutagenesis of the
H63N mutant using the forward and reverse primers,
respectively: CTTGAAGACA ATCATGAAAC CCTCAAC
and GTTGAGGGTT TCATGATTGT CTTCAAG. All mo-
lecular biology enzymes and reagents were from New
England Biolabs, Roche, Novagen, or Qiagen.

Protein Expression and Purification.The recombinant
proteins were expressed and initially purified by imobilized
metal-affinity chromatography with Fractogel (Novagen)
essentially as described previously (9). The His-tagged
protein generally eluted in a volume of about 50-80 mL
and was dialyzed against 4 L of water overnight to remove
the imidazole. It was then concentrated in a Centriprep YM-
10 (Millipore) filtration unit (typically to a final volume of
10-20 mL). The buffer was adjusted to 20 mM Tris, 100
mM NaCl, and 5 mM CaCl2 at pH 8.0, and the protein was
incubated with 30 units of the site-specific protease Factor
Xa (Novagen) at 37°C with gentle shaking for 24-48 h.
The cleavage was monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Once
cleavage was complete, the protein was loaded onto a 5 cm
diameter column containing Ni-NTA resin (QIAGEN) pre-
equilibrated with 50 mM Tris and 100 mM NaCl at pH 8.0.
The flow-through containing the cytochrome was collected
and again concentrated in a Centriprep YM-10.

Generally, at this stage, the protein was considered to be
pure, because only one band was visible on an overloaded
SDS-PAGE gel stained with Coomassie brilliant blue. The
apparent size of the cytochrome on the gel was consistent
with expectations, and N-terminal sequencing confirmed
cleavage of the N-terminal His tag/linker. If contamination
was present, then the protein was dialyzed against 10 mM
potassium phosphate at pH 7.0. This was loaded onto a
DEAE Sepharose (Amersham Pharmacia Biotech) column
and eluted with 50 mM NaCl and 10 mM potassium
phosphate at pH 7.0. This was sufficient to remove any
remaining contaminants.

When necessary, heme was removed from the holoproteins
by the method of Teale (10). The apoprotein was reconsti-
tuted with freshly prepared hemin chloride or other porphy-
rins by standard literature methods (11, 12), by the slow
addition of<1 µM aliquots of porphyrin to the apoprotien
with constant mixing.Kd values for heme binding were
determined by the careful titration of small aliquots of hemin
or hemin and sodium dithionite into a solution of the
apoprotein with the extent of binding monitored by heme
absorbance (Abs). Titrations were fit to

where∆Abs is the change in Abs at a wavelength of interest
(e.g., Soret maxima),εb andεs are the absorption coefficient
of protein-bound heme and heme in solution, respectively,
at this wavelength, [E0] is the protein concentration, and [L]
is the total heme concentration. Typically, [E0] was deter-
mined by titration of 200 nM aliquots of hemin into>2 µM

apoprotein ([E0] . [L] . Kd), andKd was determined by
titration of 10 or 100 nM aliquots of hemin or hemin and
dithionite into known concentrations of apoprotein at∼10-
20× the aliquot concentration. For circular dichroism (CD)
and denaturation experiments, protein was reconstituted with
equimolar hemin, but for other experiments, generally, a total
hemin concentration no greater than 80% of the protein was
used to minimize unbound heme. Hemin chloride was
purchased from Sigma and free-base protoporphyrin IX from
Porphyrin Products (Frontier Scientific). Both porphyrins
were used as supplied and only fresh stock solutions in
dimethylsulfoxide where used. Hemin concentration was
determined byε385 nm ) 58.4 mM- 1 in water.

Chromatography and Denaturation.Size-exclusion chro-
matography was performed on two Protein Pak 300sw
columns (Waters) at 1 mL min-1 in 10 mM potassium
phosphate at pH 7.0, with detection at 220 nm. The column
was calibrated using insulin (5.7 kDa), ribonuclease S (11.5/
2.2 kDa), horse heart cytochromec (12.3 kDa), lysozyme
(14.4 kDa), myoglobin (17 kDa), chymotrypsenogen A (25.7
kDa), pepsin (36 kDa), catalase (60 kDa), and bovine serum
albumin (67 kDa).

Guanidine denaturation was performed by incubation of
oxidized cytochrome in guanidine for at least 1 h at 20°C
before measurement. The sample also contained 50 mM
potassium phosphate and 100 mM KCl at pH 7.0. The degree
of denaturation was followed by bound heme Soret Abs and
fit to a two-state transition of the form: fraction folded)
1/[1 + exp(-(∆GH2O - m[Gdn])/RT)], according to the
method of Pace (13). Thermal denaturation was performed
with the aid of a circulating waterbath. The temperature was
increased in 2-5 °C increments, and the samples were
equilibrated for>5 min before measurement. The extent of
unfolding was determined by Soret Abs for holoproteins or
second-derivative UV Abs for the apoprotein. The data were
corrected with first-order baselines, and∆H and TM were
determined from the derivative of the data in Figure 3.∆G
was calulated from this using the Gibbs-Helmholtz equation

with ∆Cp values of 0.56 for apoprotein and 0.92 for
holoprotien, which were determined previously for apo- and
holo-wt cytochromeb562, respectively (14).

Spectroscopy.CD spectroscopy was performed on a ISA
Jobin Yvon CD 6 spectropolarimeter (Instruments S. A. Inc.)
at room temperature using a 0.1 or 1 cm quartz cell for the
UV and Soret region, respectively. Abs measurements were
made on a Varian Cary 300 spectrophotometer with 1 cm
path-length cuvettes.

EPR measurements were performed on a Bruker ESP 300E
spectrometer at 9.4 GHz. Instrument details are given in the
Figure 4 caption. All measurements were made at 10 K, and
20% glycerol was used as a cryoprotectant in all samples.
When necessary,gx values were calculated by the method
described in ref17 by gx

2 + gy
2 + gz

2 - gxgy - gxgz + gygz +
4gx - 4gy - 4gz ) 0. The ligand field parametersV (rhombic
splitting) and∆ (tetragonal splitting) were calculated using
the method described in ref18 from the 3 low-spin (LS)g
tensors. These were calculated in units ofλ (spin-orbit-
coupling constant), whereV/λ ) gx/(gz + gy) + gy/(gz - gx)

∆Abs ) εb[bound]+ εs[unbound]

[bound]) 1
2

(([E0] + [L] + Kd) -

x([E0] + [L] + Kd)
2 - 4([E0][L]))

[unbound]) [L] - [bound] (1)

∆G ) HvH(1 - T/TM) - ∆Cp(TM - T - T ln(T/TM)) (2)
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and∆/λ ) gx/(gz + gy) + gz/(gy - gx) - 1/2V/λ, with gz >
gy > gx.

Redox potentiometry was performed essentially by the
method of Dutton (15) in an anaerobic cell continuously
flushed with nitrogen. The mediators (10µM) used were a
mixture of some or all of the following depending on the
potential scanned: 1,4-benzoquinone, diamino duroquinone,
phenazine methosulfate, phenazine ethosulfate, duroquinone,
1,2-naphthoquinone, 1,4-naphthoquinone, trimethyl hydro-
quinone, juglone, and riboflavin-5′-monophosphate. The
titrations were performed in an oxidizing direction by the
addition of ferricyanide and in the reducing direction with
buffered sodium dithionite. The samples were in 100 mM
KCl and buffered with 50 mM sodium acetate, potassium
phosphate, or Tris, as required. Bis-imidazole-ligated heme
was prepared by the addition of 100 mM imidazole to fresh-
stirred hemin in solution weakly buffered to pH 8. The
concentration of hemin was kept below∼20 µM to reduce
aggregation. The sample was then buffered with 50 mM
potassium phosphate, and the pH was adjusted to 7.0. The
redox titration data was fit to a single Nernst curve of the
form: fraction reduced) 1/[1 + 10(E-Em)/(59/n)], whereE is
the solution redox potential in units of millivolts versus the
standard hydrogen electrode (SHE). The data were fit with
n as a free variable, yet it always fit withn in the range of
∼0.9-1.1.

RESULTS

Protein Expression and Purification.wt cytochromeb562

has a solvent-exposed His residue at position 63, which we
replaced with an asparagine, creating the H63N mutant. Both
the H63N and M7H proteins also have an N-terminus Met
as a result of the expression plasmid used. This additional
Met is expected to be>15 Å from the heme iron, and we
have seen no evidence for it playing any role in heme
binding. The rationale for the H63N mutation was to prevent
the adventitious binding of heme to this solvent-exposed
residue upon reconstitution of the apoprotein. Additionally,
His 63 has been mutated in cytochromeb562 by other groups
(16) without problems. The Met and H63N mutations did
not effect the absorption, redox, or EPR properties of the
protein relative to the wt (see Table 1) and had no measurable
effect on the chemical stability of the protein. M7H is a
double mutant that also contains the H63N mutation.
Recombinant cytochromeb562 and the H63N and M7H
mutants were overexpressed inE. coli using the pET-30 Xa/
LIC system. This yielded pure cytochrome up to about 50
mg of pure protein per liter of culture, and typically, about
20-30% of the protein contained bound heme. It is interest-
ing to note that the cytochrome was expressed with an N

terminus consisting of a∼4-kDa fused His tag/linker in place
of the usual periplasmic signaling sequence, yet heme was
still incorporated into the recombinant protein to a level of
over 1µmol of heme per liter of culture, which resulted in
distinctive red/pink-coloredE. coli after several hours of
protein expression. When necessary, the heme was removed
from the purified cytochromes by the method of Teale (10),
and reconstitution of the apoproteins with hemin resulted in
indistinguishable characteristics relative to those of the
endogenous heme-containing cytochromes.

Gel-Filtration Chromatography.The apo form of M7H
elutes from a size-exclusion gel-filtration column with an
apparent mass of 23.6 kDa. Hemin-reconstituted M7H eluted
slightly later with an apparent mass of 22.9 kDa. This
reduction in apparent mass upon hemin-binding is consistent
with reports for the wt protein (20) and, on this column, the
wt apo- and ferricytochrome elute with apparent masses of
20.1 and 19.9 kDa, respectively. The slightly later elution
time of M7H relative to the wt is consistent with M7H having
a more disordered or less compact fold. It was previously
noted that cytochromeb562 has a larger than expected
apparent molecular weight (∼18 kDa) relative to that of the
molecular weight of the cytochrome of 12.3 kDa (20), and
the authors postulated that this is due to the highly asym-
metric shape of the protein. Despite the large apparent size
of apo and holo M7H, the elution times of these proteins
are independent of the protein concentration (<1-500µM)
and elute much later than a covalently dimerized cytochrome
b562 variant (Hay, unpublished data), confirming the mono-
meric state of the M7H protein.

Absorption Spectroscopy.The Abs spectra of H63N and
wt cytochrome are indistinguishable (data not shown). The
Abs spectra of oxidized and reduced H63N and M7H are
shown in Figure 1, and the peak maxima are listed in Table
1. The spectra are all typical of LS cytochromes. The Soret
band is blue-shifted by 3 and 1 nm, respectively, in ferri
and ferrous M7H, relative to H63N. Additionally, ferrous
M7H auto-oxidizes very quickly. TheR band of reduced
M7H is broadened and somewhat split relative to wt and
also shows a decreased intensity from 32 to 24 mM-1 cm-1.
This is shown in the inset of Figure 1 relative to that of
H63N. A weak charge-transfer band is visible in the wt (and
H63N) cytochrome at about 720 nm at pH 7 but is not visible
in M7H (data not shown). This Abs is thought to arise from
the Met (7) S f Fe charge transfer and thus is not expected
in the bis-His variant (19). The careful titration of hemin
into apo M7H yielded binding with aKd too small to measure
(<1 nM), while the titration of heme yielded aKd value of
20 ( 3 nM (not shown). Similar titrations performed with
apo H63N give aKd value of 13( 3 nM for hemin binding

Table 1: Abs, EPR, and Redox Properties of wt, H63N, and M7H Cytochromeb562 and bis-Im-heme

Abs maxima (nm)

ligationa oxidized reduced EPR (gz, gy, gx) Em7
b

wt cyt b562 H/M 418, 529, 558 (i) 427, 531, 562 (i) 3.04, 2.18 (ii) +189 (iv)
H63N H/M 418, 530, 560 427, 531, 561 3.04, 2.18, 1.40c +187
M7H H/H 415, 537, 566 426, 531, 558/561d 3.02, 2.20, 1.41c -73
bis-Im-heme Im/Im 409, 534, 563 421, 526, 556 3.02, 2.24,1.51 (v) -143

a Heme ligation by bis-His (H/H), His/Met (H/M), or bis-imidazole (Im/Im).b The midpoint potentials were measured in millivolts versus the
SHE at pH 7.c Thesegx values were calculated, see text for details.d The R band of M7H is partially split. Additional data taken from (i) Itagaki
and Hagar (1), (ii) Walker et al. (17), (iii) Barker et al. (46), and (iv) Peisach et al. (39).
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andKd value of 2.8( 0.6 nM for heme (see Table 2). Hemin-
binding to wt cytochromeb562 was measured by calorimetry
to have aKd of 9 nM (7), and agreement with the value
obtained for H63N further suggests that the N-terminus Met
and H63N mutations have little effect on cytochromeb562.
Interestingly, both the wt and M7H apoproteins bind a free-
base protoporphyrin IX with micromolar affinity, shifting
the Soret Abs from 393 to 408 nm despite the lack of any
metal ligation (data not shown).

CD. The far-UV CD spectra of the apo- and hemin-
reconstituted M7H are shown in Figure 2. Upon fitting of
the CD spectra, the helical content of the apo form of M7H
was estimated to be 54%. This is similar to the value of 57%
reported for wt apocytochrome (20). Upon reconstitution of
M7H with hemin, there was a small increase in helicity to
∼60%, and this was sensitive to buffer conditions, requiring
100 mM KCl for maximal increase. This contrasts with the
increase in the helicity of wt cytochrome to 82% upon hemin
binding (20). Theθ222/θ208 ratios of the apo- and ferri-M7H
mutant are 1.02 and 1.03, respectively, indicating these
proteins have a coiled-coil conformation (21), but this is less

so than for the apo-H63N protein, which has aθ222/θ208 ratio
of 1.14. The Soret-region CD of ferri and ferrous M7H
confirmed that, despite only a small increase in helicity, the
heme was bound to M7H in these experiments. These spectra
are also shown in Figure 2 and are similar to those reported
for wt cytochromeb562 (22).

Denaturation.The stability of the ferri-M7H and ferri-
H63N proteins was investigated using guanidine denaturation
at pH 7.0. The guanidine-induced unfolding of the ferri-
cytochromes was monitored by loss of bound heme (data
not shown). It has been shown that heme loss occurs
concurrently with the loss of the secondary structure in wt
cytochromeb562 (20), and this was assumed to be the case
for H63N and M7H. The energetics of the unfolding process
were fit to a two-state linear denaturant binding model (13)
with a ∆GH2O of 7.0 for ferri-wt cytochromeb562 (with
N-terminus Met), 6.8 kcal mol-1 for ferri H63N and 4.3 kcal
mol-1 for ferri M7H. A ∆GH2O of 6.6 kcal mol-1 has
previously been reported for the wt ferricytochrome dena-
tured in urea by Feng and Sligar (20), who also determined
a ∆GH2O of 3.2 kcal mol-1 for the apocytochrome. The
stabilization of heme-binding to M7H was further investi-
gated by thermal denaturation, which is shown in Figure 3
for the apo-, ferrous-, and ferri-M7H proteins. This is
compared to data from similar experiments for the wt protein
(14, 20) in Table 3.

EPR Measurements.The low-temperature X-band EPR
spectra of ferri H63N and ferri M7H are shown in Figure 4.
The features atg ∼ 3 andg ∼ 2.2 arise from LS heme. The

FIGURE 1: Abs spectra of oxidized and reduced H63N (‚‚‚) and
M7H (s) mutants of cytochromeb562. The inset shows theR and
â bands of the ferrous cytochromes and highlights the splitting of
the M7H R band. The peak postions are given in Table 1.

Table 2: Heme-Binding Constants

Kd
a (nM)

protein FeIII-heme FeII-heme ∆∆Gb (kcal mol-1)

H63N 13( 3 2.8( 0.6 0.9
M7H <1 20( 3 >-1.7
a Determined by optical titrations fit to eq 1 as described in the text.

b Difference in the energetics of FeIII-heme binding relative to FeII-
heme binding to each protein.

FIGURE 2: CD spectra. Left, apo- (9) and hemin-reconstituted (O)
M7H. Right, the Soret region of oxidized (s) and reduced (‚‚‚)
holo M7H. The protein concentration was 5µM (far UV) or 20
µM in 10 mM potassium phosphate and 100 mM KCl at pH 7.0
and room temperature.

FIGURE 3: Thermal denaturation of apo M7H (2), measured by
second-derivative UV Abs, and ferrous (O) and ferri (9) M7H
measured by the loss of the bound heme Soret Abs. Samples were
in 100 mM KCl and 50 mM potassium phosphate at pH 7. The
thermodynamic parameters obtained are given in Table 3.

Table 3: Thermal Denaturation Parameters

protein
TM

(°C)
∆Ha

(kcal mol-1)
∆Gb

(kcal mol-1)

apo M7H 54.3( 0.3 44.5( 5 3.6
ferrous M7H 58.5( 0.3 56.4( 4 4.4
ferri M7H 61.4( 0.3 55.2( 3 4.4
apo wtc 54.04( 0.02 47.4( 2.8 3.9
holo wtc 66.99( 0.15 104.2( 2.5 11.3

a The enthalpy of unfolding,∆H, from this work was determined
by the method described in ref47. b The free energy of unfolding,∆G,
was estimated using the Gibbs-Helmholtz equation (eq 2) with∆Cp

) 0.56 kcal mol-1 K-1 for apoproteins and∆Cp ) 0.92 kcal mol-1

K-1 for holoproteins (14). c Additional data taken from Robinson et
al. (14) were measured by differential-scanning calorimetry and are
similar to those reported by Feng and Sligar (20) as measured by the
loss of Abs or CD.
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sharp feature atg ) 5.9 is a high-spin (HS) heme and
accounts for less than 10% of the spins in the system. This
resonance is possibly an artifact brought about by the
denaturation of the proteins upon freezing, whereby at least
one of the heme ligands is displaced. The M7H spectrum
shows a shoulder atg ∼ 6.3, which becomes much more
pronounced at pH 9 (data not shown). The LS resonances
of wt cytochromeb562 H63N and M7H are listed in Table 1.
Thegz,y, of wt and H63N are indistinguishable and are almost
identical to those of M7H. The resonances are also similar
to those of bis-imidazole-ligated hemin in solution (bis-Im-
heme), which are also shown in the table. A precisegx value
for either cytochrome was difficult to determine because of
the weak and broad nature of this feature; therefore,gx values
of 1.40 and 1.41 were calculated for H63N and M7H,
respectively, by the method of Walker et al. (17) as described
in the Materials and Methods.

Redox Potentiometry.The redox properties of the hemin-
reconstituted H63N and M7H mutants and also bis-Im-heme
were examined by redox potentiometry, and the redox
titration curves are shown in Figure 5A. The H63N mutation
has no effect on the midpoint potential, but the conversion
of the heme-ligating methione to a His reduced the midpoint
potential of the M7H cytochrome by 260 mV from+187
mV to -73 mV at pH 7.0. Despite this, theEm7 of M7H is
70 mV more positive than that of bis-Im-heme (-143 mV).
Assuming that bis-Im-heme obeys a redox Bohr effect of
-60 mV/pH unit (1 electron/1 proton), then theEm7 that we
have measured is in good agreement with theEm8.5 of -235
mV measured for bis-Im-heme previously (23).

The pH dependence of the M7H midpoint potential was
examined, and the data are shown in Figure 5B. Similar data
for the wt protein taken from ref5 is also shown for
comparison. The M7H data is fit to the following equation:

where pKred and pKox describe a protonation event when the
heme is reduced and oxidized, respectively, andElow is the
Em at pH, pKox (24). The data were fit to pKred ) 6.8 and
pKox , 5 (where the protein heme complex is not sufficiently
stable to measure theEm).

DISCUSSION

Molecular modeling of M7H suggests that the substitution
of the heme-ligation Met at position 7 with His will disrupt
the heme-binding pocket of the protein. Figure 6A shows a
model of the mutant, and Figure 6B shows the disruption
that the M7H mutation is thought to have on the heme-

FIGURE 4: X-band EPR spectra at 10 K of ferri M7H (top) and
ferri H63N (bottom). The portion of the spectra to the right of the
arrow is magnified 5×. The proteins were at 100µM concentration
in 50 mM potassium phosphate, 100 mM KCl, and 20% glycerol
at pH 7. Spectra were recorded at a microwave power of 2 mW
and a modulation amplitude of 10 G. Theg values mentioned in
the text are marked.

E ) Elow + 59 log
[H+] + Kred

[H+] + Kox

(3)

FIGURE 5: (A) Redox titration curves for bis-Im-heme and the
hemin-reconstituted cytochromeb562 mutants M7H and H63N at
pH 7.0. The fraction of reduced heme was determined by the change
in Abs of theR band at∼560 nm. The data are fit to a single
Nernst curve withn ) 1.0, and the midpoint potentials are given
in Table 1. (B) pH dependence of the midpoint potential of M7H
(O) fit to eq 3 with pKred ) 6.8 ( 0.1 and pKox fixed at 0. (9),
Data for the wt taken from ref5 and are fit to a line with a slope
of -30 mV/pH unit.

FIGURE 6: (A) Molecular model of the M7H mutant of cytochrome
b562. The model is an energy-minimized structure based on PDB
file 256B created in HyperChem (Hypercube Inc.) using the
Amber94 force field with a periodic box. (B) The heme-ligating
side chains of M7H and wt cytochromeb562. In gray is the
coordinates from the wt protein. The two structures were aligned
using the heme molecule. The backbone of the two amino acids
on either side of Met/His 7 and His 102 are shown to highlight the
perturbations that the M7H mutation is thought to create near His
7.
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binding site. The bulkier His is expected to disrupt the
N-terminal R-helix around position 7. Additionally, the
C-terminal helix is more disordered because of the movement
of the heme to accommodate the additional His. Together,
this will probably result in a more solvent-exposed heme.
The modeling also indicates that the two His imidazole
moieties will not be in-plane, and this is further discussed
below with regard to the EPR data.

The far-UV CD spectra of apo and holo M7H (Figure 2)
suggests that upon hemin binding less structural rearrange-
ment occurs than in the wt. The solution structure of
apocytochromeb562 shows that the C-terminal helix is largely
unstructured (4) and, presumably, in the wt, helix formation
only occurs upon heme binding. Gel-filtration chromatog-
raphy shows that both apo and holo M7H have a larger
hydrodynamic radius than H63N, suggesting a more dis-
ordered fold. However, as for the wt protein, there is a
decrease in the apparent size of M7H upon hemin binding,
which suggests that there is some conformational change.
This may simply be due to the formation of the heme-His
102 ligation, which will anchor the C-terminal helix region
of the protein. With the CD data, this suggests that there is
little C-terminal helix formation in M7H upon heme binding,
which will result in a potentially more solvent-exposed
porphyrin and a less stable protein.

Thermal denaturation of apo-M7H and apo-wt cytochrome
b562 occur with a similar∆G (Table 3), suggesting that the
N-terminal Met and H63N and M7H mutations do not
significantly destabilize the apoprotein. There have been
some differences in the reported chemical and thermal
stabilities of holo-wt cytochromeb562 (14, 16, 20). The
calculation of∆G from thermal denaturation data requires
an accurate∆Cp value, and this may account for some of
this disparity between values determined by thermal and
chemical denaturation. The guanidine denaturation of ferri
wt and ferri H63N yielded very similar∆G values (7.0 and
6.8 kcal mol-1) further confirming the minimal impact the
H63N mutation has had on the stability of the cytochrome.
The stability of holo M7H measured by both thermal and
guanidine denaturation is in remarkably good agreement and
shows only a small∼1 kcal mol-1 stabilization of the protein
upon heme binding. The difference in chemical stability
between holo M7H and H63N was measured to be∼2.5 kcal
mol-1 [∆G(H63N) ) 6.8 kcal mol-1 and∆G(M7H) ) 4.3
kcal mol-1]. It is reasonable to assume that this difference
does not reflect the difference in bond strength between Met
7 S-Fe and His 7 N-Fe but rather that the M7H has
disrupted hydrophobic contacts between the protein and the
heme. The extent of the hydrophobic effect has been
estimated to be∼9.9 kJ/nm2 of the water-excluded surface
(30). The surface area of one side of a porphyrin is∼1.0
nm2; therefore, the difference in stability of H63N and M7H
could be explained by the heme in M7H having additionally
one-half of one side of the porphyrin solvent exposed relative
to H63N (if the side chains also become solvent-exposed),
and this could be achieved by the disruption of heme contacts
of only two or three side chains in the binding pocket. This
is consistent with the model of M7H (Figure 6), and it seems
that the difference in stability between holo H63N and M7H
is likely due to the disruption of the residues on either side
of postion 7 and/or the disruption of heme contacts in the
C-terminal helix. Interestingly, M7A mutants of the wt

protein have been created, and these bind HS (5-coordinate)
heme through His 102 with the∆GH2O of the holo- and
apoprotein very similar (∆∆G ∼ 1/2 kcal mol-1) (27, 28).
This suggests that once the Met ligand in the wt protein is
displaced, then the His-bound heme offers little additional
stability to the protein. It also appears that bis-His ligation
of heme in M7H offers little additional stability to the protein
relative to ligation by a single His.

The difference in stability of the oxidized and reduced
holocytochrome is directly related to the difference in redox
potential (∆Ef) between the folded (Table 1) (EF) and
unfolded (EU) protein (reviewed in ref31). As an exposed
heme in solution, i.e.,Ef has a midpoint of about-100 mV
(31, 32), in the wt cytochromeb562, ∆Ef is ∼300 mV, and
thus,∆∆G ∼ 7 kcal mol-1. This difference in stability has
been observed (16). The difference in the stability between
ferri and ferrous M7H should be much smaller asEF ∼ EU,
and this was confirmed by thermal denaturation, where no
significant difference in∆G between oxidized and reduced
holo M7H was observed.

Ferric and ferrous heme binding to apo M7H was
measured to occur withKd values of <1 and 20 nM,
respectively. Conversely, binding to apo H63N occurred with
Kd values of 13 and 3 nM for ferric and ferrous heme,
respectively. This reversal in affinity for ferric over ferrous
heme binding to M7H is expected because in solution FeIII-
porphyrins generally bind imidazoles and basic pyridines
more tightly than FeII-porphyrins (see ref26and references
within). These values are only estimates because it is possible
that they were not measured at equilibrium because of ferric
or ferrous heme being kinetically trapped in either H63N or
M7H in an analogous manner to that reported for cytochrome
b5 (29). Nevertheless, the M7H has altered the energetics of
heme binding in a predictable fashion, and to our knowledge,
this is the first example of a comparison between the heme-
binding energetics in equivalent cytochromes with bis-His
and His/Met ligation.

Both apo H63N and apo M7H can bind free-base proto-
porphyrin IX, which implies that the heme-binding pocket,
i.e., those amino acids in the vicinity of the bound heme, is
not seriously compromised by the M7H mutation and plays
a role in heme binding. This suggests that the destabilization
of holo M7H is due to subtle conformational changes that
leave the binding pocket relatively intact. The experiments
of Huffman et al. (25) showed that the presence of non-
coordinating hydrophobic residues flanking the heme-binding
His can increase heme binding to a synthetic peptide by>20
kJ mol-1 (4.8 kcal mol-1). Because the differences between
the energetics of binding of heme or hemin to H63N or M7H
are probably smaller than this (<2 kcal mol-1, Table 2), this
also suggests that the heme-binding pocket is not significantly
altered in M7H. The Soret-region CD spectra (Figure 2) of
ferri and ferrous M7H are qualitatively similar to those
reported for wt cytochromeb562 (22), and it is unlikely that
this would be the case if the binding pocket in M7H was
significantly altered.

The Abs spectra of oxidized and reduced M7H are not
remarkable except for the unusually broad and partially split
R band of ferrous M7H (Figure 1 and Table 1). Splitting of
the R band is uncommon but is seen in the splitR
cytochromes (33). Such splitting was recently reported for
a heme-ligating Met to His mutant ofPseudomonascyto-

436 Biochemistry, Vol. 44, No. 1, 2005 Hay and Wydrzynski



chromec551 (34) and may be a characteristic of the perturbed
ligand environment of Met to His cytochromeb mutants.
Interestingly, no splitting of thisR band has been reported
for the synthetic heme-binding peptides of Dutton and others,
yet these peptides are expected to have an unusual heme-
binding environment (reviewed in ref11). We do not think
that this splitting is due to heme orientation disorder, and
no changes in the Abs spectra of freshly reconstituted holo
M7H are observed on the minutes-days time frame. Rather,
this splitting is probably due to asymmetry of the bound heme
(for example, see ref35) perhaps because of iron movement
out of the porphyrin plane or slight deformation of the
porphyrin because of steric strain. The Abs bands of both
ferri and ferrous M7H are blue-shifted relative to those of
H63N. This is consistent with previous experiments, which
have shown that axial ligation can shift the Abs maxima of
bound heme. TheN-acetylmethionine complex of ferric
microperoxidase-8, which contains His/Met-ligated hemin,
has a Soret Abs maxima 1.5 and 3.0 nm to the red of the
respectiveN-acetylhistidine and imidazole complexes (36,
37). An alternate explanation for these shifts is the observa-
tion that increasing the solvent polarity causes blue-shifting
of the Abs maxima of model heme complexes (38). Thus,
the shifts observed between M7H and H63N are probably
due to both the different axial ligation and additional solvent
exposure of heme in M7H.

The H63N and M7H EPR data (Figure 4) are very similar
and consitant with the hemin in a predominantly LS
6-coordinate configuration. Both spectra show some HS
signal atg ∼ 5.9, which is probably due to freezing-induced
dissociation of the heme from the cytochrome. However, the
M7H spectrum has some broadening and splitting of the
heme g ∼ 5.9 resonance, which becomes much more
pronounced at pH 9 (not shown). This splitting has been
attributed to the paramagnetic electron no longer having equal
interaction with the four nitrogen atoms of the porphyrin (i.e.,
the porphyrin ring is no longer planar) and is observed in
some HS globins and cytochromes (39). This would suggest
that the HS heme is still bound to M7H and is nonplanar.
There is no evidence of HS M7H-bound hemin at room
temperature, because there are no typical HS Abs peaks, but
it is interesting to speculate that the M7H mutation may place
the bound heme under some steric strain. This could account
for the splitR Abs band of ferrous M7H. Using the measured
LS gz, gy, and calculatedgx tensors of H63N and M7H (Table
1), the rhombic and tetragonal splittings were calculated with
V/λ ) 1.60 and 1.64 and∆/λ ) 3.37 and 3.27, respectively.
When these are plotted by the method of Peisach et al. (39)
as rhombicity (V/∆) versus tetragonal field (∆/λ), they both
fall within the H group of heme EPR spectra, which is
assigned to ligation of the heme iron by two His iminoni-
trogens. This is obviously not the case for H63N. Interest-
ingly the M7HV/λ value of 1.64 is considerably less thanV
) 2λ (which occurs when the two His imidazole groups are
parallel to each other), suggesting that the orientation of the
two ligating His imidazole planes is somewhat twisted
relative to each other and is in agreement with the molecular
model of Figure 6.

It has been experimentally shown that heme bound through
His/Met ligation has a midpoint potential of∼150 mV more
positive than its bis-His equivalent (40). This difference is
due to the greater electron-withdrawing ability of the Met

sulfur, which destabilizes the positively charged oxidized
heme. This effect is exemplified in thec-type cytochromes,
where the redox potentials of His/Met and bis-His-ligated
heme range between 0 to+400 and-400 to -100 mV,
respectively (reviewed in ref41). In addition, this effect is
additive because H102M mutants of cytochromeb562, which
bind heme through bis-Met ligation, have midpoint potentials
about 180-200 mV higher than the wt cytochrome (6). The
∆Em7 of M7H versus H63N (Figure 5A and Table 1) is 260
mV, ∼100 mV greater than the 150 mV predicted (40).
rCDH, the only other knownb-type cytochrome with His/
Met ligation, has anEm4.5 of +164 mV, while the bis-His
mutant of this protein has anEm4.5of -53 mV (2). This∆Em

of 217 mV is more similar to that observed for wt and M7H
cytochromeb562 than that suggested by model compounds
(40). The bis-His mutant of rCDH has unusual ligation
through His imidazole Nδ1 and Nε2 nitrogens. This form of
ligation is very rare but is observed in one of the four hemes
of cytochromec554 from Nitrosomonas europaea. This heme
has been assigned an unusually high (for bis-His ligation)
midpoint potential of+47mV (42), and it seems that Nε/
Nδ-ligated heme can have a higher midpoint potential than
an equivalent Nε/Nε-ligated heme (see ref42 for a discussion
of this). While this type of ligation cannot be ruled out in
M7H, there are other explanations as to why there is such a
large difference in midpoint potentials between H63N and
M7H. One explanation for this is consistent with the
observation that the M7H mutation leaves the bound heme
more solvent-exposed than in the wt. It has been experi-
mentally shown using synthetic heme-binding peptides that
the protein hydrophobicity can exert a(∼50 mV effect on
the heme redox potential (43), but this presumably accounts
for at least some of the 70 mV difference between theEm7

of bis-imidazole and M7H-ligated heme. The difference in
Kd values for ferric and ferrous heme-binding to H63N and
M7H (Table 2) will play a role in the difference in midpoint
potentials (∆Em) between these two cytochromes. The
stability of ferric over ferrous heme binding in M7H
stabilizes the oxidized state by at least∼1.7 kcal mol-1 or
75 mV (see ref44 for a complete description of this effect).
Similarly, the difference in binding energetics in H63N also
contributes to this, and∆E becomes∼110 mV between M7H
and H63N because of this preferential binding. The magni-
tude of this effect can account for the unexplained difference
between the∆Em of H63N and M7H, but it should be stated
that some of the 150 mV difference between the∆Em of
His/Met and bis-His-ligated heme observed by Harbury and
Loach (40) can probably also be explained by this argument.
A range of midpoint potentials spanning>160 mV was
observed in a library ofin Vitro-evolved cytochromeb562

variants (8, 45). In 2 generations of mutants, which all
maintained His/Met heme ligation, only one mutant displayed
a midpoint potential more positive than the wt protein. This
led the authors to suggest that cytochromeb562 has evolved
to have a midpoint potential at the positive extreme allowed
by the architecture of the protein, and almost any alteration
to the protein will lower this potential. Thus, the M7H
mutation, which has a potential in the upper range of bis-
His-ligated cytochromes, is expected to disrupt some of the
mechanisms that cytochromeb562 has perfected to produce
the most positive midpoint potential that the protein archi-
tecture will allow. This will result in a lowering of the
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midpoint of M7H through protein-porphyrin interactions in
addition to those manifested through the axial ligands.

The pH dependence of the midpoint potential of M7H is
dominated by a single ionization in the reduced state (Figure
5B). A pK of 6.8 has previously been assigned to a heme
propionate in wt cytochromeb562 by using NMR chemical
shifts (5), and this propionate is most likely the ionizable
group responsible for the pKred. The pH dependence of the
wt Em is unusual with a approximately linear dependence
with a slope of∼30 mV per pH unit. The pH dependence
from pH 5.0 to 8.5 has been described as arising from at
least 5 single proton ionizations including both heme
propionates (5). Direct electrochemistry of cytochromeb562

gave similar results (46), and the authors fit their data to
two pKred and two pKox. The data for M7H do not contain
enough data points to reliably exclude other pKred and pKox

events, but the dominance of the single propionate on the
measuredEm is evident. One of the ionizable groups in the
wt cytochromeb562 is probably His 102, which appears to
get deprotonated at an unusually low pH (pKa ∼ 9) because
of the stabilization of the histidinate anion by arginine 98
and 106 (5). This appears to be disrupted in M7H, where
presumbably this stabilization is lost and the pKa of His 102
becomes>9. This is consistent with structural pertubation
of the C-terminal helix as previously suggested but could
also be achieved through a relatively small twist of the plane
of the imidazole of His 102, which is consistent with EPR.
Interestingly, the bis-Met mutants of cytochromeb562 have
a qualitatively similarEm pH dependence as the wt protein
described by two of each pKred and pKox events (46). These
mutants were generated by replacing the His at position 102
and indicate that other ionizable groups play a significant
role in the unusual pH behavior of the redox properties of
the wt cytochromeb562.

Many of our arguments could be resolved by knowledge
of the structure of the M7H cytochrome; therefore, we are
currently attempting to crystalize this protein for X-ray
diffraction. We have generated small crystals thus far, which
although are too small for measurements, give us hope that
the protein is reasonably well-structured and has a dominant
conformer. The M7H mutant cytochrome that we have
described is a small, soluble, single-heme-binding protein.
With bis-His ligation, the protein becomes a good minimal-
istic example of a typicalb-type cytochrome.
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