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Unlike their mitochondrial counterparts, the c-type
cytochromes typically isolated from photosynthetic
nonsulfur purple bacteria display a wide range of oxidation –reduction potentials. Here we describe the Xray crystallographic analysis of the cytochrome c2 isolated from Rhodopila globiformis. This particular ctype cytochrome was selected for study because of its
anomalously high redox potential of /450 mV. Crystals
employed in the investigation belonged to the space
group I41 with unit cell dimensions of a Å b Å 79.2 Å,
c Å 75.2 Å, and two molecules in the asymmetric unit.
The structure was solved by the techniques of multiple
isomorphous replacement with two heavy-atom derivatives and electron density modification procedures.
Least-squares refinement of the model reduced the Rfactor to 18.7% for all measured X-ray data from 30.0
to 2.2 Å. The overall structural motif of the protein is
composed of five a-helices, one type I turn, and six
type II turns. As in other cytochromes c, there are two
conserved water molecules located in the heme-binding pocket. Overall, the three-dimensional structure
of the R. globiformis molecule is more similar to the
eukaryotic c-type cytochromes than to other bacterial
proteins. q 1996 Academic Press, Inc.
Key Words: bacterial cytochromes; electron transport; redox potentials; X-ray crystallography.

The c-type cytochromes have been the subject of intense investigation for decades due to their ease of isolation and their relatively small size. These predominantly a-helical proteins are characterized by a heme
prosthetic group covalently attached to the polypeptide
chain via two thioether linkages. In addition, the iron
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of the heme is ligated to the protein through histidine
and methionine residues. The c-type cytochromes are
ubiquitous in nearly all living organisms and are involved in a wide variety of electron transport pathways.
Most photosynthetic nonsulfur purple bacteria and
some nonphototrophic bacteria contain c-type cytochromes, referred to as c2 , which are structurally most
similar to the mitochondrial cytochromes c but functionally distinct in their dual role as electron carriers
in both photosynthesis and respiration (1).
While the c-type cytochromes isolated from eukaryotic sources such as yeast, tuna, and horse have similar
oxidation–reduction potentials near /260 mV, their
bacterial counterparts display a wide range of values
from /250 for the protein isolated from Paracoccus denitrificans to /450 for the cytochrome obtained from
Rhodopila globiformis (2 –4). Consequently, the bacterial cytochromes c2 , as a group of proteins, provide a
unique opportunity to study those factors thought to
be important in the modulation of redox potentials and
electron transfer rates.
The first structure to be solved of a bacterial cytochrome c2 was that isolated from Rhodospirillum rubrum (5, 6). The two evolutionarily conserved water
molecules observed in the heme binding pockets of the
eukaryotic c-type proteins were absent in the R. rubrum protein. It was thus postulated that the typically
higher redox potentials of the bacterial cytochromes c
resulted from a more hydrophobic heme-binding pocket
lacking buried solvents (7). The subsequent structural
determination of the cytochrome c2 from Rhodobacter
capsulatus (8) and the refinement of the model for the
protein isolated from P. denitrificans (9, 10) demonstrated that in these proteins the evolutionarily conserved waters were, indeed, present and that the R.
rubrum structure was an exception to the general rule.
In addition to these above-mentioned bacterial cytochromes, the structures of the proteins isolated from
Rhodobacter sphaeroides and Rhodopseudomonas vir-
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idis have been recently determined as well (11, 12). On
the basis of all these bacterial cytochrome c structures
it can be concluded that buried solvent molecules are
not the sole determinants of redox potential. Other
qualitative factors thought to control redox potential
include local dielectric effects arising from the amount
of heme exposed to the solvent, the presence of either
hydrophobic or hydrophilic residues near the heme, the
orientation of the fifth and sixth ligands relative to the
heme plane, and the extent of hydrogen bonding to the
heme ligands and the heme propionates (13).
Here we describe the crystallization and structural
determination of the bacterial cytochrome c2 obtained
from R. globiformis, a bacterium isolated from a warm
acidic sulfur spring in Yellowstone National Park (14).
This cytochrome c2 was selected for study because of
its anomalously high redox potential (/450 mV). In
addition, its amino acid sequence suggests that it may
be structurally more similar to several mitochondrial
cytochromes c than to any known bacterial cytochrome
(15). X-ray coordinates have been deposited in the
Brookhaven Protein Data Bank or may be obtained
immediately via HOLDEN@ENZYME.WISC.EDU.
EXPERIMENTAL PROCEDURES
Crystallization and search for heavy-atom derivatives. The protein employed in this investigation was purified according to published procedures (15). Crystals were grown routinely by the hanging
drop method of vapor diffusion. For such crystallization experiments,
5 ml of a protein solution at 15 mg/ml was mixed with 5 ml of a
precipitant solution containing 2.4 M ammonium sulfate, 3% 2methyl-2,4-pentanediol, 50 mM 2-(N-morpholino)ethanesulfonic acid,
and 5 mM sodium azide (pH 6.0). These droplets were suspended
over the same precipitant solution and allowed to equilibrate at room
temperature and atmospheric pressure. Diamond-shaped crystals
generally appeared within 1 week and achieved typical dimensions
of 0.5 1 0.5 1 0.2 mm. It was determined by precession photography
that the crystals belonged to the space group I4 1 with unit cell dimensions of a Å b Å 79.2 Å, c Å 75.2 Å. Assuming two molecules per
asymmetric unit, the solvent parameter or Vm for these crystals was
calculated to be 2.5 Å3/Da, thus corresponding to a solvent content
of approximately 51% (16).
Two isomorphous heavy-atom derivatives were prepared by transferring native crystals to solutions containing 2.8 M ammonium sulfate, 3% 2-methyl-2,4-pentanediol, 50 mM 2-(N-morpholino)ethanesulfonic acid and 5 mM sodium azide (pH 6.0), and either 10 mM
uranyl acetate or 5 mM potassium dicyanoaurate (I).
X-ray data collection and processing. For X-ray data collection,
crystals were mounted in quartz capillary tubes. A native X-ray data
set was collected to 2.2 Å resolution from a single crystal at 47C
with a Siemens X1000D area detector system. The X-ray source was
nickel-filtered copper Ka radiation from a Rigaku RU200 X-ray generator operated at 50 kV and 50 mA and equipped with a 200-mm
focal cup. A crystal-to-detector distance of 12 cm was employed together with a step size of 0.157 per frame. The heavy-atom-derivative
X-ray data sets were collected in a similar manner. Friedel pairs
were measured for all reflections in the heavy-atom-derivative data
sets. These X-ray data were processed with the data reduction software package XDS (17, 18) and internally scaled according to a procedure developed in the laboratory by Dr. Gary Wesenberg. Relevant
X-ray data collection statistics can be found in Table I. The native

AID

ARCH 9615

/

6b20$$$262

08-20-96 13:26:23

339

X-ray data set was 98% complete to 2.2 Å resolution. Each heavyatom-derivative X-ray data set was placed on the same scale as the
native X-ray data set by a ‘‘local’’ scaling procedure developed by
Drs. G. Wesenberg, W. Rypniewski, and I. Rayment.
Structure determination and least-squares refinement. The positions of the heavy-atom-binding sites for the two derivatives were
determined by inspection of difference Patterson maps calculated
with all X-ray data from 30 to 5 Å resolution. In the space group I4 1 ,
the z-coordinate cannot be obtained directly from Harker peaks on
the Patterson map but rather must be determined from cross-vectors
between heavy-atom sites. For both the gold and uranium derivatives, only one heavy-atom binding site could be located. Thus, in
order to place the two derivatives on a common origin and to determine the relationship between their z-coordinates, another X-ray
data set was collected from a crystal soaked in a solution containing
both the gold and uranium compounds. As expected, this heavy-atom
derivative contained two sites. One site was arbitrarily set at z Å
0.000 and the z-coordinate for the second site was determined from
appropriate cross-vectors. The positions and occupancies of these
sites were refined by the origin-removed Patterson-function correlation method and are listed in Table II (19, 20). Anomalous difference
Fourier maps calculated from 30 to 5 Å resolution were employed
for determining the correct hand of the heavy-atom constellation.
Protein phases were calculated with the program HEAVY (20) and
relevant phase calculation statistics can be found in Table III.
The initial electron density map calculated to 3.0 Å resolution was
of sufficient quality to locate the two molecules in the asymmetric
unit. To further improve the quality of the electron density, one cycle
of molecular averaging and solvent flattening to 2.2 Å resolution was
conducted according to the algorithm of Bricogne (21). From this
‘‘averaged’’ map it was possible to construct a complete model of the
cytochrome using the program, FRODO (22), and the amino acid
sequence as determined by Ambler et al. (15). The ‘‘averaged’’ model
coordinates were placed back into the unit cell and subjected to alternate cycles of least-squares refinement with the software package,
TNT (23), and manual model building to 2.2 Å resolution. Relevant
refinement statistics can be found in Table IV.

RESULTS AND DISCUSSION

Quality of the structure. No attempt was made during the structure determination to maintain either the
reduced or oxidized state of the protein. However, because the R. globiformis cytochrome c2 has a high oxidation–reduction potential and the crystals were
grown at atmospheric pressure, the model presented
here is most likely that of the reduced form of the protein. The mean main-chain temperature factors for
both molecules, Mol I and Mol II, in the asymmetric
unit are displayed in Fig. 1. For the most part, the
electron densities corresponding to the polypeptide
chain backbones for both molecules in the asymmetric
unit were very well-defined. Exceptions to this include
amino acid residues Ser 2 to Pro 5 in both Mol I and
Mol II, the carbonyl oxygen of Gly 85 in Mol I, and the
carbonyl carbon of Met 84 in Mol II. No electron density
was observed in either Mol I or Mol II for their Ntermini. In addition to the above, the following side
chains were partially disordered: Lys 27, Arg 29, Glu
54, and Lys 58 in Mol I and Glu 10, Ile 26, Lys 27, Arg
29, Glu 54, Lys 58, Lys 70, Lys 77, and Lys 106 in Mol
II. Amino acid residue 21 is reported to be a leucine
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TABLE I

Intensity Statistics for Native and Heavy-Atom-Derivative Data
Resolution range (Å)
Overall

100.00–4.40

3.49

3.05

2.77

2.57

2.42

2.30

2.20

Native
No. of measurements
No. of independent reflections
Average intensity
Average s
R factor (%)a

59,562
11,996
4645
226
3.7

9077
1561
10,000
305
2.6

9366
1540
9020
314
3.1

8686
1508
5229
240
3.8

7917
1514
2692
192
5.1

7137
1475
1917
180
5.8

6501
1477
1444
172
6.9

5954
1488
1138
164
7.8

4924
1433
980
155
8.5

KAu(CN)2
No. of measurements
No. of independent reflections
Average intensity
Average s
R factor (%)

28,890
9916
5517
347
4.4

5398
1398
10,000
350
3.4

5191
1419
9489
407
3.5

4471
1418
5610
350
4.5

4082
1450
3094
315
6.1

3606
1397
2312
316
7.3

3062
1325
1891
325
8.7

2372
1116
1432
333
11.2

708
393
1296
342
12.6

UO 2(OCOCH3)2
No. of measurements
No. of independent reflections
Average intensity
Average s
R factor (%)

19,775
9920
5423
254
5.5

3823
1504
10,000
306
4.5

3606
1500
8943
320
4.9

3090
1449
5451
256
6.2

2840
1456
2903
210
7.6

2501
1395
2189
205
8.6

2086
1326
1771
206
9.4

1568
1082
1393
206
11.3

261
208
1232
208
12.3

UO 2(OCOCH3)2 and KAu(CN)2
No. of measurements
No. of independent reflections
Average intensity
Average s
R factor (%)

35,219
10,676
5326
321
5.2

6632
1504
10,000
339
4.2

6484
1495
9060
378
4.2

5535
1473
5123
317
5.5

5031
1491
2844
287
7.4

4427
1461
2114
288
8.8

3672
1449
1596
294
10.4

2852
1413
1368
304
11.8

586
390
1213
311
12.9

a

Rfactor Å (( É I 0 IV É /( I) 1 100.

(15). The electron density in both Mol I and Mol II
suggests that this residue might be a threonine or valine. However, the N-terminal sequence analysis was
repeated through position 21, verifying all the original
assignments in this region including Leu 21.
A Ramachandran plot of the nonglycinyl residues is

given in Fig. 2. The only significant outlier is Lys 31
in both Mol I and Mol II. The electron density for this
region of the map is unambiguous as can be seen in
Fig. 3. Rather than extending into the solvent, the side
chain of Lys 31 folds back such that its e-amino group
lies within hydrogen-bonding distance to the carbonyl

TABLE II

Refined Heavy-Atom Parameters
B
(Å2)

Riso a
(%)

0.000

25.0

18.1

00.151

00.073

25.0

21.2

00.153
00.020

00.073
0.000

25.0
25.0

20.5
—

Site

Relative
occupancy

x

y

KAu(CN)2

1

5.40

0.213

00.018

UO 2(OCOCH3)2
UO 2(OCOCH3)2 and
KAu(CN)2
UO 2
Au

1

6.50

0.028

1
2

4.24
5.04

0.028
0.214

Derivative

z

Location
Carbonyl oxygen
of Lys 83
Oh of Tyr 37

same as above

a
Riso Å (( É É FN É - É FH É É/(ÉFN É) 1 100, where FN is the native structure factor amplitude and FH is the heavy-atom-derivative
structure factor amplitude. Temperature factors were not refined. x, y, and z are the fractional atomic coordinates.
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TABLE III

Phase Calculation Statistics
Resolution range (Å)
`–8.86

5.64

4.42

3.76

3.32

3.01

2.77

2.58

367
0.72

661
0.74

865
0.67

987
0.67

1133
0.63

1256
0.60

1329
0.60

1427
0.53

1.20
1.34

1.15
1.47

0.85
1.24

1.08
1.16

0.65
1.12

0.90
1.17

1.10
1.21

0.75
1.05

1.16
1.67

1.34
1.76

0.88
1.34

0.94
1.12

0.77
1.04

0.66
1.04

0.76
1.08

0.70
0.98

1.49
1.64

1.45
1.86

0.76
1.37

0.60
1.21

0.54
1.20

0.67
1.16

0.61
1.23

0.69
1.07

No. of reflections
Figure of merit
Phasing powera
KAu(CN)2
Centric reflections
Acentric reflections
UO 2(OCOCH3)2
Centric reflections
Acentric reflections
UO 2(OCOCH3)2 and KAu(CN)2
Centric reflections
Acentric reflections

a
Phasing power is the ratio of the root-mean-square heavy-atom-scattering factor amplitude to the root-mean-square lack of closure
error.

oxygens of Ile 20 and His 23. The a-carbons for Mol I
and Mol II superimpose with a root-mean-square deviation of 0.33 Å. For the sake of simplicity, the following
discussion will refer only to Mol I unless otherwise indicated.
Overall tertiary structure. A ribbon representation
of the R. globiformis cytochrome c2 is shown in Fig. 4.
The heme iron is ligated to the protein via His 23 and
Met 84. A list of the secondary structural elements,
based upon visual inspection of the model, is given in
Table V. The overall fold is characterized by five ahelices referred to as A–E, one type I turn, and six type
II turns. Interestingly, four of the a-helices, namely A,
C, D, and E, are initiated by proline residues. Cys 19
and Cys 22 form thioether linkages to the prosthetic
group. Five of the six type II turns in the protein occur

TABLE IV

Refinement Statistics
Resolution limits (Å)
R factor (%)a
No. of reflections used
No. of protein atoms
No. of solvent atoms

30.0– 2.2
18.7
11,996
1717
136

Weighted root-mean-square deviations from ideality
Bond length (Å)
Bond angle (deg)
Planarity (trigonal) (Å)
Planarity (other planes) (Å)
Torsional angle (deg)b

0.016
2.38
0.007
0.013
15.6

a
R factor Å (ÉFo 0 FcÉ/(ÉFoÉ, where Fo is the observed structurefactor amplitude and Fc is the calculated structure-factor amplitude.
b
The torsional angles were not restrained during the refinement.
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immediately after this ‘‘cysteine’’ loop. Helices C and
D, connected by only one residue, His 74, lie nearly at
right angles to one another. The sixth Type II turn in
the R. globiformis cytochrome terminates helix D. Helix E, which contains 12 amino acid residues, is the
longest secondary structural element.
Heme-binding pocket. A close-up view of the hemebinding pocket is shown in Fig. 5a. As typically observed in other c-type cytochromes, the bond distance
between Sd of Met 84 and Fe/2 in the R. globiformis
protein is 2.2 Å, while that between N e2 of His 23 and
the heme iron is 2.0 Å. The angle formed by His 23
Ne2 –Fe/2 –Met 84 Sd is 173.77. There are five aromatic
residues, Tyr 50, Tyr 52, Trp 63, Tyr 71, and Tyr 86,
within 5 Å of the prosthetic group. Tyr 71 is one of
several highly conserved amino acids in c-type cytochromes. It has been suggested that this amino acid
residue may be involved in hydrogen bonding to the
sulfur of the methionine heme ligand and consequently
may play a role in modulation of the redox potential of
the prosthetic group (25, 26). By interacting with the
methionine ligand, it has been postulated that this conserved tyrosine serves to stabilize the oxidized state
(5). Any structural factor that stabilizes the oxidized
state relative to the reduced state should decrease the
redox potential. In the ‘‘reduced’’ tuna cytochrome c
model, the distance between Oh of the conserved tyrosine and Sd of the methionine ligand is 3.0 Å. In the
Rb. capsulatus protein, which has a higher redox potential by approximately 100 mV, the corresponding distance is 3.8 Å (8). Because the R. globiformis protein
has such a high redox potential, it was expected that
this distance between the tyrosine and methionine side
chains would be similar to or even longer than that
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FIG. 1. Plot of the mean B-value versus amino acid residue for all main-chain atoms. The mean B-values for Mol I and Mol II are shown
in (a) and (b), respectively. Excluding the first five residues from the calculation, the average temperature factor of all backbone atoms was
16.3 Å2 for Mol I and 15.9 Å2 for Mol II.

observed in the Rb. capsulatus cytochrome c2 . In fact,
the distance between these atoms in the R. globiformis
protein is 3.1 and 3.2 Å in Mol I and Mol II, respectively. Most likely the interaction between the hydroxyl
group of the conserved tyrosine and the sulfur of the
methionine heme ligand has a limited role in the modulation of redox potentials.
There are three water molecules located within 4.0
Å of the prosthetic group in the R. globiformis cytochrome c2 , two of which are located near the propionates of the heme. These two water molecules likewise

FIG. 2. A Ramachandran plot of all nonglycinyl main chain dihedral angles. The f,c-angles for both Mol I and Mol II are included.
Fully and partially allowed dihedral angles are enclosed by the solid
and dashed lines, respectively.
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have been observed in the Rb. capsulatus cytochrome
c2 (8) and in various eukaryotic cytochromes c including
those isolated from tuna (25, 26), yeast (27), and horse
heart (28). The hydrogen-bonding patterns displayed
by these two solvents in the R. globiformis cytochrome
c2 are shown in Fig. 6. The water molecule located on
the left-hand side of Fig. 6 interacts with Oh of Tyr 71
(3.1 Å), Og of Thr 82 (2.7 Å), and N d2 of Asn 56 (3.2 Å).
The conserved water molecule on the right-hand side
of the heme pocket is wedged between Oh of Tyr 52 (3.1
Å), N of Ile 46 (2.9 Å), Ne of Arg 42 (2.8 Å), O of His
43 (2.7 Å), and one of the buried propionate oxygens
(referred to as O1a) of the heme group (2.8 Å). In addition to interacting with the conserved water molecule,
O1a of the heme propionate lies within hydrogen-bonding distance of Oh of Tyr 52 (2.5 Å) and Nh2 of Arg
42 (3.2 Å). The other buried propionate oxygen, O2a,
interacts with Ne1 of Trp 63 (2.9 Å) and N d2 of Asn 56
(3.1 Å). As can be seen in Fig. 5a, one of the more
exposed propionate oxygens, O2d, lies within hydrogenbonding distance of Og of Thr 82 (2.8 Å), Og of Ser 53
(2.7 Å), and the backbone nitrogen of Lys 83 (2.9 Å),
while the other, O1d, forms a hydrogen bond with the
backbone nitrogen of Ser 53 (2.7 Å). The third water
molecule, located in the heme-binding site of Mol I,
forms a hydrogen bond with the carbonyl oxygen of Ile
18 (2.9 Å). Due to slight conformational differences,
this particular solvent is missing in Mol II.
Solvent structure. There are 59 and 77 water molecules associated with Mol I and Mol II, respectively, for
the R. globiformis cytochrome c2 . Of these, 12 superimpose within 0.5 Å of each other. An a-carbon trace showing the location of these structurally conserved water
molecules is displayed in Fig. 7. As described above, two
are located in the heme-binding pocket. Four of these
conserved waters serve to stabilize a-helical regions.

arca

AP: Archives

STRUCTURE OF A BACTERIAL CYTOCHROME c2

343

FIG. 3. Electron density corresponding to Arg 29, Asn 30, Lys 31, and Val 32 in Mol I. The electron density shown was calculated to 2.2Å resolution with coefficients of the form (2F0 0 Fc), where F0 and Fc were the native and calculated structure factor amplitudes, respectively.
The map was contoured at 1s. Arg 29 was truncated to an alanine residue because its side chain was disordered.

Specifically, two sit at the N-terminal regions of helices
A and B, respectively, and two are associated with helix
E, where one interacts with the side chain of Asp 97
at the N-terminus and the other serves to cap the Cterminus. There are also four surface waters conserved
between Mol I and Mol II although their structural roles
are not clear. Three of these form a string of solvents

and are located on the left-hand side of the protein as
displayed in Fig. 7. Finally, two waters serve to stabilize
reverse turns. One of these is directly involved in the
type II turn formed by Glu 47 to Tyr 50. The other
interacts with the carbonyl oxygens of Arg 29 and Gly
33 thereby stabilizing a nonclassical reverse turn in the
polypeptide chain.

FIG. 4. Ribbon representation of the R. globiformis cytochrome c2 . This figure was prepared with the program MOLSCRIPT (24). The
heme and iron ligands are displayed in a ball-and-stick representation.

AID

ARCH 9615

/

6b20$$$263

08-20-96 13:26:23

arca

AP: Archives

344

BENNING, MEYER, AND HOLDEN

FIG. 5. Close-up view of the heme binding pockets for the R. globiformis and the tuna c-type cytochromes. Those residues that lie within
4.0 Å of the heme atoms are shown. The positions of ordered water molecules in the heme-binding pocket are depicted as large red spheres.
(a) The heme-binding pocket for the R. globiformis cytochrome is shown. Those amino acid residues displayed but not labeled include Gly
33, Leu 36, Arg 42, Ser 44, Gly 45, and Lys 83. (b) Coordinates for the tuna cytochrome c were determined by Takano and Dickerson (25)
and obtained from the Brookhaven Protein Data Bank. Those amino acid residues displayed but not labeled include Gly 29, Arg 38, Thr
40, Gly 41, and Lys 79.
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FIG. 6. Hydrogen-bonding pattern around the two conserved water molecules. The water molecules are drawn as large spheres to aid in
viewing. Possible hydrogen bonds are indicated by the dashed lines.
FIG. 8. a-carbon trace of the R. globiformis cytochrome c2 . Those side chains depicted in ball-and-stick representation are typically not
hydrophobic in other c-type cytochromes. The heme ligands, Met 84 and His 23, are also shown.

Comparison with the c-type cytochrome from tuna.
The R. globiformis cytochrome c2 was selected for study
because of the anomalously high oxidation –reduction
potential of /450 mV. Overall, its three-dimensional
structure is more similar to various eukaryotic c-type
cytochromes than to its bacterial counterparts. For example, the a-carbon positions for the cytochromes c2
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isolated from R. globiformis and Rb. capsulatus superimpose with a root-mean-square deviation of 0.90 Å for
72 structurally equivalent positions according to the
algorithm of Rossmann and Argos (29). On the other
hand, superposition of the a-carbons for the R. globiformis protein and the tuna cytochrome results in a
root-mean-square deviation of 0.72 Å for 81 structur-
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FIG. 7. a-carbon trace of the R. globiformis cytochrome c2 with conserved water molecules. There are 12 structurally conserved water
molecules between the two cytochrome molecules in the asymmetric unit. Their positions are indicated by the large spheres.

ally equivalent positions. In addition, the amino acid
sequence identity between these structurally equivalent positions in the tuna and R. globiformis proteins
is 44%.
A close-up view of the heme binding pocket for the
reduced form of the tuna cytochrome c is given in Fig.
5b. Of the 12 water molecules conserved between the
2 R. globiformis molecules in the asymmetric unit, 3
are also structurally conserved within 1 Å in the tuna
cytochrome c. As shown in Fig. 5b, 2 of these waters
are located in the heme-binding site and display the
same hydrogen-bonding pattern as observed in the R.
globiformis protein. A list of the hydrogen bond lengths
for these solvents in the tuna and R. globiformis cytochromes is given in Table VI. The third conserved water between the R. globiformis cytochrome and the tuna
protein serves to stabilize the nonclassical turn between Arg 29 and Gly 33 which precedes the strictly
conserved Pro 34 (R. globiformis numbering). This particular water molecule is also found in both the P. denitrificans and the Rb. capsulatus cytochromes c2 . As can
be seen from Table VI, the hydrogen-bonding patterns
about the heme propionates in both the R. globiformis
and the tuna cytochromes are nearly identical within
experimental error. Consequently the extent of hydrogen bonding to the heme propionates most likely plays
little role in the modulation of oxidation –reduction potentials. The only noticeable difference in the hemebinding region between the R. globiformis protein and
the tuna cytochrome is the number of ordered water
molecules located within 4.0 Å of the heme atoms. In
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the R. globiformis protein there are three while in the
tuna cytochrome there are five waters.
Redox potential. The above analysis demonstrates
that the presence of internal water molecules and the
amino acid residues participating in hydrogen bonds
to the heme propionates are fairly well conserved elements in the bacterial cytochromes c2 and the mitochondrial cytochromes c. Thus, it is highly unlikely that
these factors play a significant role in establishing the
high redox potential exhibited by the R. globiformis
cytochrome c2 . On the other hand, it has been suggested that hydrophobic residues surrounding the

TABLE V

List of Secondary Structural Elements

Amino acid residues

Type of
structure

Pro 8 –Phe 15
Ile 20– His 23
Ile 26– Arg 29
Leu 36– Val 39
Val 39– Arg 42
His 43 –Ile 46
Glu 47– Tyr 50
Glu 54– Ser 59
Pro 65 –Glu 73
Pro 75 –Ile 78
Val 79– Thr 82
Pro 92 –Leu 102

a-Helix (A)
ÇType I turn
Type II turn
Type II turn
Type II turn
Type II turn
Type II turn
a-Helix (B)
a-Helix (C)
a-Helix (D)
Type II turn
a-Helix (E)
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TABLE VI

Comparison of the Hydrogen-Bonding Patterns about the Conserved Waters and the Heme Propionates
R. globiformis cytochrome

Conserved solvents
OH4

OH6

Heme propionates
O1a
O2a
O1d
O2d

Residue

Distance (Å)

Residue

Distance (Å)

R42 Ne
H43 O
I46 N
Y52 Oh
Heme O1a
N56 Nd2
Y71 Oh
T82 Og

2.8
2.7
2.9
3.1
2.8
3.2
3.1
2.7

R38 Ne
K39 O
Q42 N
Y48 Oh
Heme O 1a
N52 Nd2
Y67 Oh
T78 O g

2.5
2.8
2.9
2.7
2.6
2.9
2.9
2.9

Arg42 Nh2
Y52 Oh
N56 Nd2
W63 Ne1
S53 N
S53 Og
T82 Og
K83 N

3.2
2.5
3.1
2.9
2.7
2.7
2.8
2.9

Arg38 Nh1
Y48 Oh
N52 Nd2
W59 Ne1
T49 N
T49 O g
T78 O g
K79 N

2.8
2.7
3.2
3.0
3.0
2.7
2.7
3.1

heme and the thickness of this shell can be important
factors in establishing redox potentials in cytochromes
(30). Accordingly, because the formal charge on the
heme group in the oxidized and reduced states is /1
and 0, respectively, a more hydrophobic environment
will stabilize the reduced state.
The R. globiformis cytochrome c2 has a higher percentage of hydrophobic residues than do other cytochromes c2 and this in part may help to explain its
higher redox potential. The average cytochrome c2 has
25 mol% hydrophobic residues (L, I, V, M, W, Y, and
F) with a standard deviation of 2.8%. In comparison,
the R. globiformis molecule has 33 mol% hydrophobic
residues or an excess of approximately 5 amino acid
residues. Positions Ile 18, Ile 20, Ile 26, Ile 46, Ile 57,
Val 67, and Phe 69 are not typically occupied by hydrophobic residues in other species of cytochromes, although positions Leu 21 and Val 32 are occasionally
occupied with hydrophobic moieties. The positions of
these residues are indicated in Fig. 8. There are only
two hydrophobic positions in other species which are
substituted in the R. globiformis protein. Some of these
nonconserved hydrophobic residues in the R. globiformis cytochrome c2 are fairly close to the heme, in
particular Ile 18, Leu 21, and Val 32. Ile 18 is typically
a lysine residue, as in the horse cytochrome c, Leu 21
is usually an alanine or a threonine (or glutamine in
the horse cytochrome c), and Val 32 is as often a threonine as it is a valine. Ile 20 is somewhat more distant
from the heme group, but is usually a lysine residue
(or an alanine in the horse protein). Therefore, of the
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extra hydrophobic residues in the R. globiformis cytochrome c2 , three are within contact distance of the
heme. None of these three residues alone would have
much effect on the redox potential, such as in those
cytochromes having Val 32, but taken together, they
are probably responsible for the higher than average
redox potential in the R. globiformis cytochrome c2 . It
should be mentioned that not all of the substitutions
near the heme are consistent with a more hydrophobic
environment and a higher redox potential. For example, Gly 85 immediately follows the sixth heme ligand
methionine in the R. globiformis cytochrome c2 , but is
an isoleucine in the horse cytochrome c.
The close proximity to the heme group of three extra
hydrophobic residues in the R. globiformis cytochrome
c2 is an attractive working hypothesis to explain the
high redox potential, but must now be tested by sitedirected mutagenesis experiments. Other cytochromes
may employ different mechanisms or a combination of
mechanisms for adjusting redox potentials. The substitution of isoleucine for a tryptophan which hydrogen
bonds the rear heme propionate (Trp 63 in the R. globiformis protein) may be responsible for the large difference in redox potential of the Rhodospirillum molischianum isocytochromes c2 (3). A substitution of a glutamine or an asparagine for the arginine that hydrogen
bonds the propionate (Arg 42 in the R. globiformis cytochrome c2) may also have a large effect in the Rhodomicrobium vannielii and the R. rubrum cytochromes c2 .
Replacement of the phenylalanine in the N-terminal
helix (Phe 15 in the R. globiformis cytochrome c2 ) for
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serine may have an equally large but opposite compensating effect in the R. rubrum cytochrome c2 because
the phenylalanine residue normally packs against the
heme group.
In conclusion, the structure of the R. globiformis cytochrome c2 is in agreement with the postulate that the
number of hydrophobic residues near the heme and the
thickness of the hydrophobic shell around the prosthetic group may be one reason that its redox potential
is more than 100 mV higher than the average observed
value for other c-type cytochromes.
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