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Abstract

The three-dimensional X-ray structures of cytochrome ¢ from Desulfovibrio vulgaris Hildenborough and from Desulfovibrio desulfuricans
ATCC 27774 were previously determined at 1.9 and 1.75 A resolution, respectively. More recently, higher resolution data were collected (at
1.67 and 1.6 A respectively) using synchrotron radiation. The refinement of the previously determined three-dimensional structures using the
new data resulted in more accurate structural models, with no significant changes of the initial structures. In cytochrome ¢; from D. vulgaris
Hildenborough, the R-factor was lowered from 19.6 to 15.3% using SHELXL-93, complemented with inspection and correction of the model
relative to the electron density. This cytochrome crystallises in space group P6, with a=77.3, b=77.3, c=77.1 A, Z=12. Cytochrome c;
from D. desulfuricans ATCC 27774 crystallises in space group P6,22 with a=62.71, b=62.71, c=111.09 A, Z=12. The R-factor was
lowered from 17.8 to 16.6% using the same refinement procedure. In this cytochrome the 71-74 loop region was rearranged with no evidence
of the previously found disorder, and disorder models were introduced in the terminal regions of residues serine 84 and lysine 90. The resulting
higher-resolution structural models for both cytochromes are analyzed and compared with those previously obtained. © 1998 Elsevier
Science S.A. All rights reserved.
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1. Introduction the four heme irons [3]. This small protein is found in all
Desulfovibrio species with some common structural features:

Sulfate- and sulfur-reducing bacteria contain a rich array four heme prosthetic groups covalently bound to a single
of cytochromes ¢ ranging from molecules with a single heme polypeptide chain through thioether bridges to cysteine resi-
to others having a total of sixteeen heme groups [1]. The dues; all axial ligands are histidine residues, rather than his-

understanding of the function and mechanism of action of
these unusual cytochromes is becoming increasingly impor-
tant because of the unique implications of these bacteria in
biological energy conservation and environmental problems
linked to sulfate and nitrate reduction. The best studied mul-
tiheme is the tetraheme cytochrome c¢; which is considered
to be a co-factor of hydrogenase. A role in energy conversion
of the bacteria which are capable of using di-hydrogen as an

tidine and methionine as found in other c-type cytochromes.
Crystal structures of several cytochrome ¢ molecules have
been determined. These include the cytochromes from Desul-
fovibrio vulgaris strain Miyazaki F at 1.8 A [4], Desulfo-
microbium bacularus strain Norway 4 at 1.7 A [5], D. vul-
garis strain Hildenborough for orthorhombic crystal forms at
2.0 A [6,7] and hexagonal at 1.9 A [8], D. gigas at 1.8 A
. [9], Desulfovibrio desulfuricans ATCC 27774 at 1.75 A

i has been proposed for this cytochrome [2]. [10] and finally D. baculatus ATCC 9974 at 1.8 A [11]. All

ytochromes ¢; have unusually low and pH dependent . .

redox potentials, in the range — 120 to —400 mV. and there show the same general fold of the polypeptide chain except

is evidence of fast intramolecular electron transfer between where deletions and insertions occur. R
The sequence homology between D. vulgaris Hildenbo-

* Corresponding author. Tel.: +351 1441 7823; fax: +351 1 441 1277; rough and D. desulfuricans ATCC 27774 cytochromes c; is
e-mail: carrondo@itgb.unl.pt 42% and the sequence alignment is shown in Fig. 1. Both
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Fig. 1. Sequence alignment of D. vulgaris Hildenborough and D. desulfur-
icans ATCC 27774 cytochromes c;. The shaded boxes indicate the ami-
noacid residues common to the two sequences. The open boxes represent

loop regions where there can be residue insertions or deletions between ¢,
molecules from different organisms.

molecules are monomers with 13.5 kDa and 107 amino acid
residues.

In this report, more accurate structural models for D. vul-
garis Hildenborough and D. desulfuricans ATCC 27774
cytochrome c5, obtained from refinement against higher res-
olution diffraction data, are presented and discussed.

2. Experimental
2.1. Crystallisation

Crystals of D. vulgaris Hildenborough cytochrome ¢,
(c;DvH) and of D. desulfuricans ATCC 27774 cytochrome
¢3 (c;Dd) were obtained using conditions previously
described [8,10]. c;DvH crystallises in hexagonal space
group P6,, with cell parameters a=h=77.3, c=77.1 A and
two molecules in the asymmetric unit, while ¢;Dd crystallises
in hexagonal space group P6,22, with cell parameters
a=b=6271, c=111.09 A and one molecule in the asym-
metric unit. These cell parameters are slightly different from
those previously reported [8,10].

2.2. Data collection

Diffraction data from crystals of ¢;DvH and ¢;Dd were
collected at room temperature on an imaging plate detector
(RED scanner) at the DESY Hamburg synchrotron using
beam line X31. No cryo-crystallographic techniques were
attempted since, at the time of the data collection, there were
no facilities available either at our home laboratory or at the
synchrotron beam line. In order to record data to the highest
possible resolution and still obtain unsaturated intensities for
the very intense reflections at low resolution, each data col-
lection was carried out in three steps, using three separate
crystal-to-film distances: the high resolution data were
collected on the first step, next the medium resolution data

Table |
Summary of data collection and processing statistics

¢;DVH c;Dd
X-ray source DESY X31 DESY X31
Detector RED scanner RED scanner
Wavelength (A) 0.92 0.92
High resolution pass d,,,,, (A) 1.67 1.41
Medium resolution pass d,,,, (A) 2.00 2.51
Low resolution pass d,,,, (A) 2.80 4.26
Overall d,,,, (A) 25.3 38.8
Overall d,,, (A) 1.67 1.60
Nopservations 234,014 88.838
Neetrections 28,861 17,593
Completeness (%) 94.3 (89.6) 99.1 (98.4)
Multiplicity 8.1 (4.0) 5.1(4.3)
Merging R-factor 0.079 (0.265) 0.063 (0.305)
1/o(l) 8.1(2.8) 8.7(2.4)
Last resolution shell (A) 1.71>d > 1.67 1.68>d = 1.60

Values in parentheses refer to the last resolution shell.

were recorded, and finally a low resolution pass was carried
out. In this latter pass, it was necessary to attenuate the pri-
mary beam with aluminium foil in order to avoid instrumental
problems. The diffraction images were processed with
MOSFLM [12] to extract diffraction intensities; scaling,
merging of equivalent reflections and conversion of intensi-
ties into structure factors were carried out within the CCP4
[13] program package. The statistics of the data collection
and processing are summarised in Table 1.

2.3. Structure determination and refinement

2.3.1. D. vulgaris Hildenborough cytochrome c;

The initial R-factor calculated using the previously deter-
mined model and the new data set and cell parameters was
25.5%. The model refinement was first carried out using X-
PLOR [ 14]. The first refinement step using the new data set
was a rigid body refinement of that model without water
molecules, using data from 8 to 1.7 A resolution, which
resulted in lowering the R-factor to 23.5%. The overall B-
factor was refined, followed by a 3000 K simulated annealing
refinement using the standard X-PLOR protocol. Then, the
overall B-factor was refined again, followed by 15 cycles of
grouped B-factors refinement ( main-chain and side-chain for
protein atoms, iron and non-iron atoms for the heme groups)
and 15 cycles of restrained individual B-factors. Finally, 50
cycles of positional refinement were carried out. At the end
of this procedure, the R-factor was 21.5%.

Fourier 2| F,|-|F.| and |F,|-|F.| maps were calculated
and inspected on a graphics workstation using TOM [15].
Some side-chain positions were corrected and 51 water mol-
ecules were included in the model at this stage. Four more
refinement steps were then carried out. Each step consisted
of 50 cycles of positional refinement followed by a B-factor
refinement using the protocol described above, followed by
another 50 cycles of positional refinement; to avoid over-
refinement, at the beginning of each B-factor refinement stage
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the individual B-values were reset to a value close to that of
the overall B-factor obtained in the previous B-factor refine-
ment stage. After each refinement step, new 2| F |-|F.| and
|F,I=1F.| electron density maps were calculated and
inspected on a graphics workstation to carry out model cor-
rections and addition of further water molecules. The R-factor
was thus reduced to 17.8%.

The final refinement cycles were performed with
SHELXL-93 [16] using a restrained conjugated gradient
weighted least-squares procedure on FZ2. Each of the two
SHELXL-93 runs consisted of 10 cycles of restrained least-
squares refinement, and during each cycle of refinement an
Ry coefficient [ 16] was calculated from 10% (2857) of the
input 28 861 reflections. This Ry,.. coefficient was not used
in the X-PLOR refinement because it was carried out just
before the version of X-PLOR which allowed the use of Ry,..
became available in our laboratory. Following each refine-
ment run, 2| F,|-|F.| and |F,|-|F.| electron density maps
were calculated and inspected on a graphics workstation as
above to adjust incorrect side-chain positions to the electron
density, check for previously unseen side-chains and to add
further water molecules to the model. The criteria followed
throughout for including a water molecule were that the cor-
responding peak should be visible on both the 2| F,|-|F.|
and | F,|-|F.| Fourier maps and that there should be at least
one hydrogen bond (between 2.5 and 3.2 /D\). As a result of
this procedure, the R-factor was lowered from 17.8 to 15.3%
and the final R.. was 19.0%. The refinement statistics are
presented in Table 2. It should be mentioned that an attempt
was made to refine the non-hydrogen atoms anisotropically
with SHELXL-93 (while restraining the anisotropic thermal
motion parameters of the solvent molecules to be nearly iso-
tropic). However, although both the conventional R-factor
and Ry, dropped (to 12.1 and 17.0%, respectively) the drop
in R;... was deemed insufficient due to the large increase in
the number of parameters (from 8226 to 18 596) with a
consequent substantial decrease in the ratio between the num-
ber of observations (including geometrical restraints) and
the number of parameters from 6.8 to 3.8. Therefore, the final
1.67 A model was taken as that resulting from the last isotro-
pic SHELXL-93 refinement. The final atomic coordinates
have been deposited in the Protein Data Bank [ 18,19] with
id-code 2CTH.

2.3.2. D. desulfuricans ATCC 27774 cytochrome c;

The initial R-factor calculated using the previously deter-
mined model with the new data set and cell parameters was
49.2%. All the water molecules included in the initial model
were deleted and rigid body refinement was undertaken using
data to 2.5 A resolution only, lowering the R-factor to 30.5%.
The data set was then split into a test set (1025 reflections,
i.e., a random sample containing approximately 6% of the
17 593 measured independent reflections), used to calculate
Riee [17], and a working set (the remaining 16 568 reflec-
tions), used in the structure refinement. Overall B refinement
using 1.6 A resolution data was followed by an X-PLOR

Table 2
Summary of the refinement statistics for ¢;DvH and ¢;Dd

c;DVH c;Dd
Resolution limits (A) 8.0-1.67 8.0-1.6
Final R, (%) (testset) * 19.0 21.0
Final R-factor (%) (working set, F,> o F.,) 15.3 16.6
Final R-factor (%) (all 28 861 reflections) 16.1
No. refinement cycles
X-PLOR ~ 400 ~200
SHELXL-93 20 120
No. reflections used
X-PLOR 27 065 16 996
SHELXL-93 (working set, F,> oF,,) 25741 16 390
SHELXL-93 (test set, F,> o F,) 2857 1018
No. non-hydrogen protein atoms 1964 981
No. solvent molecules 124 79

Model r.m.s. deviations from ideal "
Bond lengths (A«
Bond angles (°) ¢

0.030 (0.033)  0.031
2.700 (2.944) 2.874

Numbering scheme c;DVH A ¢;:DVHB ¢ ¢;Dd
Protein chain 1---107 113---219 1---107
Heme | 111 223 201
Heme I1 110 222 202
Heme 111 112 224 203
Heme IV 109 221 204
Solvent molecules 225---348 205---288

YF,>oF, for c;Dd.

" Calculations with X-PLOR using the final SHELXL-93 model.

“ Values in parentheses refer to ¢;DvH molecule B.

“In the text, residues 113---219 are referred to as 1B---107B and residues
223--:221 as hemes IB---1VB.

[ 14] simulated annealing refinement at 3000 K using the
standard protocol, another overall B refinement run, 15 cycles
of grouped B-factors refinement (as described above for the
¢;DvH refinement) and 15 cycles of individual restrained
individual B-factors. At this point, the R-factor was 24.7%
and the Ry, was 29.8%.

Fourier 2| F,|-|F.| and | F,|-|F.| maps were calculated
and inspected on a workstation using TOM [ 15] and TURBO
[20]. Some side-chain positions were corrected but no water
molecules were included at this stage. The alternate confor-
mations for residues 71-75 present in the 1.75 A model were
not observed in these maps, and a single conformation was
adopted for this region. The refinement was continued with
SHELXL-93 [16] using a restrained conjugated gradient
weighted least-squares procedure on F2. All the subsequent
SHELXL-93 runs consisted of 20 cycles of restrained least-
squares refinement. In order to ensure that the same reflection
test set was used in X-PLOR and SHELXIL.-93, and because
the two programs have incompatible test set generation algo-
rithms, the working set and the test set obtained from X-
PLOR were kept in separate files. After each SHELXL-93
run, the test set data were used to calculate the R;,.. based on
the final refined coordinates, new 2| F |—|F_| and | F,|-|F.|
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maps were calculated, water molecules were included in the
model, according to the rules mentioned above, and model
adjustments were made taking into account the best fit
between the model and the electron density. Disorder was
modelled in residues Ser 84 and Lys 90. On the basis of the
features observed in the electron density maps, Ser 84 Oy
was modelled in three alternate positions with occupation
factors set to 1/3 and not refined, due to a limitation in
SHELXL-93 which does not allow the refinement of site
occupation factors for more than two alternate atomic posi-
tions. Lys 90 N{ was also modelled in two alternate positions
with occupation factors v and 1 — v, whichrefinedto v =0.41.
The main chain positions of loop 70-73 were not clear, so an
omit map was made and the loop was rebuilt (using O [21])
with a new conformation, using the electron density which
resulted from the loop omission. This refinement lowered the
R-factor to 16.6% and the final R;,.. was 21.0%. The refine-
ment statistics are included in Table 2. As for c;DvH above,
an anisotropic refinement of the thermal motion parameters
of the non-hydrogen protein and solvent atoms in ¢;Dd did
not prove to be statistically significant at the data resolution
available. Both R and Ry,.. were reduced to 13.8 and 20.1%,
respectively. However, the number of parameters more than
doubled, from 4263 to 9586, leading to a drop in the ratio
between the number of observations (including restraints)
from 6.2 to 3.6. Therefore, the final 1.6 A model was that
resulting from the last isotropic SHELXL-93 refinement. The
final atomic coordinates have been deposited in the Protein
Data Bank [ 18,19] with id-code 3CYR.

3. Structure analysis and discussion
3.1. General features of c;DvH and c;Dd cytochromes

MOLSCRIPT [22] stereo diagrams of c;DvH molecule A
and c;Dd molecule are represented in Figs. 2 and 3, respec-
tively. The two cytochromes have similar tertiary structures,
keeping the overall architecture found for the previous studies
of these proteins [8,10] and for all other ¢; cytochromes
already determined [4-7,9,11]. In each of these molecules,
the polypeptide chain wraps around four heme groups which
are held in their positions through thioether bridges to cys-
teine residues. The octahedral environment of the iron atoms
is completed via coordination to histidine residues on both
sides of the hemes. The relative position of the four hemes is
maintained in all ¢; cytochrome structures with similar intra-
molecular heme iron—iron distances, edge-to-edge ring dis-
tances and interplanar angles. Table 3 lists those values for
¢;DvH and ¢;Dd molecules, respectively. As noticed before
[4-11], these values are distributed between two groups.
Shorter iron-iron distances correspond to interplanar angles
close to orthogonality, while longer distances correspond to
those hemes that form more acute interplanar angles.

The vicinity of the axial ligands to the hemes is also con-
served through hydrogen bonding patterns involving these
residues. Tables 4 and 5 list, for the present study, hydrogen
bonds and interplanar angles involving axial histidines in
c3DvH and ¢;Dd molecules. In particular, three waters appear
co-crystallised in similar positions in all known cytochromes,
and through hydrogen bonds in both sides of heme I and in

Fig. 3. MOLSCRIPT stereo diagram of the ¢;Dd molecule showing the secondary structure elements of the polypeptide chain and the heme groups. The

molecule is drawn in the same orientation as ¢;DvH in Fig. 2.
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Table 3
Intramolecular iron—iron distances and heme~heme angles

Table 5
Hydrogen bonds and interplanar angles involving ligated histidines in ¢;Dd

Heme " Angles (°)/Distances (A) * Donor atom Hydrogen bond distance  His-His angle **
N®'-..donor * )
I 11 I v (A)

I c;DVH A 124 (6.6) 11.1(59) 17.8(9.8) Heme I
c;DVH B 12.4 (6.6) 11.1(59) 17.8(9.7) His 22 O (Wat210) 2.74 (2.78) 7.7 (9.8)
c;Dd 125 (6.5) 11.2(59) 17.8(9.8) His 34 O (Wat206) 2.88 (2.73)

II c;DVH A 89.7 16.1 (8.7) 16.7 (10.3) Heme 11
c;DVH B 89.2 16.2 (8.8) 16.6 (10.3) His 35 O (Leu 36) 2.92 (2.77) 69.1 (60.2)
c;Dd 86.4 16.3 (8.7) 169 (10.7) His 52 O (Glu6l) 2.74 (2.65)

111 c;:DVH A 826  60.2 12.0 (5.4) Heme II1
¢;DVH B 82.1 60.2 12.0 (5.4) His 25 O (Pro21) 2.87 (2.74) 4.8 (5.3)
c;Dd 85.0 597 12.3 (5.8) His 83 O (Leu97) 2.83 (2.75)

1\Y c;DVH A 213 73.0 81.3 Heme IV
c;:DVH B 206 727 80.6 His69¢ O (Tyr65)¢ 2.76 (2.77) 43(1.4)
c;Dd 209  69.8 83.6 His 106 O (Wat 232) 2.88 (2.87)

* Distances in parentheses refer to the nearest distance between porphin
atoms.
" Heme planes are calculated for all atoms in the porphin ring.

one side of heme IV, help to maintain the internal environ-
ment of the four hemes and eventually provide pathways for
intra- and intermolecular electron transfer events.

The angles between the histidine planes on both sides of
the hemes are considered significant structural parameters.
The angle relating histidines coordinated to heme II is in all
cases ~ 30 to 40° away from orthogonality, while the other
three angles in all cytochromes are in a range close to zero
degrees.

3.2. D. vulgaris Hildenborough cytochrome c;

Ramachandran [23] plots for the refined model of the
polypeptide chains of each of the two independent molecules
in the crystal structure are shown in Fig. 4. Cys 51 in molecule
A lies slightly outside the normally allowed regions for non-
glycine residues, but the same residue in molecule B has a

Table 4

Hydrogen bonds and interplanar angles involving ligated histidines in ¢;DvH

* Values in parentheses are for the 1.75 A model (Ref. [10]).

" Acute angle between the normals to the least-squares planes of the imid-
azole rings.

¢ Corresponds to His 70 in ¢;DvH.

4 Corresponds to Tyr 66 in ¢;DVH.

very similar conformation. All known cytochrome c; struc-
tures have this feature. Cys 51 binds heme II and is involved
in a hydrogen bond that holds a B-turn, as can be seen in
Fig. 5. The geometrical constraints imposed by these two
bonds distort the conformation of Cys 51, pushing it outside
the normally allowed regions for non-glycine residues. This
is further supported by the observation that no other heme-
binding cysteine is involved in a B-turn, although all of them
have hydrogen bonds to other residues.

Asn 38 in molecule B is also slightly outside the most
favoured regions for non-glycine residues. This residue is
located in a surface loop (its counterpart in molecule A is
sitting in the middle of the ‘L’ region in Fig. 4(a)) and,
furthermore, this loop has a poor electron density, hence a
slight conformational error in the model is likely, which is

Donor atom/hydrogen bond distance N®'...donor (/c\) 4

His—His angle (°) **

c;DVH A c;DvH B c;:DvH A c;DVH B
Heme 1
His 22 O (Wat 228) 2.82 (2.77) O (Wat 227) 2.76 (2.71) 4.8 (3.7) 2.42 (6.3)
His 34 O (Wat 232) 2.80 (2.61) O (Wat 225) 2.86 (2.77)
Heme I1
His 35 O (Pro 36) 3.04 (3.12) O (Pro 36) 2.90 (2.82) 55.4 (53.5) 72.1(72.2)
His 52 O (Ala62) 2.62 (2.64) 0O (Ala 62) 2.65 (2.62)
Heme III
His 25 O (Asn 21) 2.88 (2.74) O (Asn21) 2.94 (2.92) 11.2 (16.0) 13.5 (6.1)
His 83 O (Leu97) 2.83 (2.69) O (Leu97) 2.90 (2.79)
Heme IV
His 70 O (Tyr 66) 2.76 (2.79) O (Tyr 66) 2.87 (2.81) 8.2 (9.0) 7.4(9.2)
His 106 O (Wat 238) 2.83 (2.92) O (Wat 230) 2.83 (2.85)

* Values in parentheses are for the 1.9 A model (Ref. [8]).

" Acute angle between the normal to the least-squares planes of the imidazole rings.
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Fig. 4. Ramachandran plots for ¢c;DVH molecules A and B. (a) and (b) are standard Ramachandran plots for molecules A and B, respectively, where glycine
residues are represented by triangles and other residues by squares: (c¢) is a multi-model Ramachandran plot of molecules A and B where the symbols for
equivalent residues in each molecule are connected. In this plot, glycine residues are represented by squares, other residues by crosses.
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Fig. 5. MOLSCRIPT stereo diagram showing the CXXXXCH binding loop to heme I in ¢;DvH molecule A. Cys 51 is part of this loop, and is involved in a

{3-turn that distorts its ¢,i conformation.

revealed by the Ramachandran plot. Since the structural
model contains two copies of the same molecule, itis possible
to compute a Multiple-Model Ramachandran plot [ 24 ] where
the symbols for the same residue in each of the two molecules

are connected. This plot is represented in Fig. 4(c) and it can
be seen that the equivalent residues in molecules A and B
have reasonably similar conformations. Indeed, analysis of
the (¢.¢) data shows that the maximum variation in ¢ is
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26.6° for Asn 38, and 89% of the residues have ¢ variations
of less than 10°, while the maximum variation in ¢ is 28.4°
for Ala 89, and 94% of the residues have ¢ variations which
are below 10°. Also, most of the residues with higher ( ¢,¢)
variations are located in surface loops, where conformational
changes due to crystal packing contacts are more likely to
occur.

The stereochemical quality of the final model was assessed
with program package PROCHECK [ 25], and all parameters
were found to be within their confidence intervals. Although
some of the side-chain atoms, which could not be located

Table 6
Average B values and r.m.s. differences for the heme groups
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from the final 1.9 A Fourier maps (see Table 8in [8]), were
located during the refinement against 1.67 A data, in the final
Fourier maps it was still not possible to locate the side-chain
atoms of some residues, a few of which had been fully deter-
mined from the 1.9 A refinement. All these atoms were
included in the model, but given zero occupancy. With a few
exceptions, all the residues with side-chain atomic positions
not completely known either have long side-chains and/or
are located at the protein surface. These are then likely to be
mobile, leading to disorder which prevents their location by
X-ray crystallography.

The r.m.s. error in the final atomic coordinates was esti-
mated by means of a SIGMAA plot [26] to be 0.08 A. A
similar calculation was carried out for the 1.9 A model, giving
0.32 A, larger but close to the value (between 0.2 and 0.3 A)
which had been previously estimated (Fig. 4 in Ref. [8]) by
means of a Luzatti [27] plot. The variation in average main-
chain and side-chain B-factors along the protein chains of
molecules A and B are represented in Fig. 6, and show a
similar pattern to that observed for the 1.9 A model (Fig. 5
in Ref. [8]). Also, as was the case in the 1.9 A model.
molecule B has a higher average B-factor (26.4 A%) than
molecule A (239 Az). The average values for the heme
groups are given in Table 6. The corresponding heme groups
in both molecules have similar values, and the average B
variation is similar to that observed in the previous model
(Table 9 in Ref. [8]). The B-factor values for the solvent
molecules ranged between 15.6 and 81.1 A, with an average
value of 43.5 A2,

The calculation of r.m.s. main-chain and side-chain coor-
dinate deviations was performed with X-PLOR [14] after
superimposing the 1.67 A and 1.9 A models and the results
are illustrated in Fig. 7. Molecules A and B were compared
at 1.67 A, and each molecule at 1.67 A was compared with
the corresponding 1.9 A model. These results show that the

Molecule A R.m.s. difference (A)

c:DvH B (1.67 A. this work)

¢;DVH A (1.9 A, Ref. [8])

Heme

Average B Overall Heme ring * Propionate " Overall Heme ring * Propionate "
(A%)
[ 20.5 0.33 0.33 0.32 0.17 0.17 0.17
I 229 0.58 0.17 1.15 0.47 0.12 0.97
I 19.9 0.32 0.19 0.56 0.37 0.12 0.72
v 16.0 0.22 0.16 0.34 0.16 0.15 0.18
Molecule B R.m.s. difference (A) toc;DvH B (1.9 A, Ref. 181)
I 19.2 0.21 0.13 0.37
11 23.8 0.48 0.15 0.97
I 19.6 0.15 0.12 0.21
8% 16.2 0.15 0.15 0.16

* The heme ring includes the 4 pyrrole ring atoms and all atoms directly attached to them.

" The propionate side chain atoms except C** and C*P.
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Fig. 7. R.m.s. main-chain and side-chain coordinate deviations for c;DvH. (a) Between molecules A and B at 1.67 A; (b) between the 1.9 A (lower resolution)
and the 1.67 A (higher resolution) models of molecule A: (¢) between the 1.9 A (lower resolution) and the 1.67 A (higher resolution) models of molecule

B.

difference pattern between molecules A and B is similar at
1.67 and 1.9 A (Fig. 9(a) in Ref. [8]). The large r.m.s.
deviation observed between the N-terminal regions of both
molecules arises from a different position of that region in
each molecule, due to different crystal packing interactions:
in molecule A, the N-terminal interacts with a loop in a
symmetry-related B-molecule containing the residues 71-78
(closest main-chain interaction, Lys 3A Ca---Lys 75B Ca,
5.3 A), while in molecule B the N-terminal interacts with a
loop in a symmetry-related A-molecule containing the resi-
dues 87-93 (closest main-chain interaction, Pro 2B Ca--- Asp
90A Ca. 4.2 A). Most of the differences greater than 1.0 A
that are observed between the models for each molecule at
the two different resolutions occur for side-chains with
atomic positions not completely known, with a few excep-
tions: in molecule A, Ala 1 has a slightly different confor-
mation for the N-terminal, Val 37 side-chain is in a different
rotamer conformation, and Lys 45 has a different side-chain
conformation beyond C9; in molecule B, the N-terminal is
flipped by about 180°, Leu 9 side-chain is in a different rota-
mer conformation, and Lys 15 has a different side-chain con-
formation. These differences are probably not significant in
terms of the biological properties of this molecule, as they
occur in surface regions of the protein, and are likely to be
caused by crystal packing interactions. The results of this
comparison for the heme groups are included in Table 6, and
show that the main differences between the corresponding

heme groups in the two independent molecules occur for the
propionate groups in heme 1I, as was already true in the
previous model (results not shown). This is also the case
when the models at the two different resolutions for the same
molecule are compared.

The relative solvent accessibility was calculated with X-
PLOR [ 14] using the Lee and Richards algorithm [28] with
an H,O probe radius of 1.6 A. First, the solvent accessible
surface was calculated for each residue in the structure and
next the same calculation was performed for the same residue,
in the same conformation as in the molecule but isolated from
the rest of the structure. The ratio of these two numbers for
each residue is then its relative solvent accessibility. Com-
paring these results with those previously obtained for the 1.9
A model, the differences in relative solvent accessibility for
the polypeptide chain (not shown) are all less than 10%. and
only a few residues have variations by more than 5%. Some
of these variations occur for residues for which there are
undetermined side-chain atomic positions (Lys 29 A, Lys 75
A, Lys 77 B, Lys 102 B). Of the remainder variations, Asp
32 A (—5.5%) is due to neighbouring Lys 29 A, which has
undetermined side-chain atoms but the others are genuine
variations (Ala 1B, +9.0%: Ala92 B, + 6.3%) arising from
a residue conformational change (Ala 1 B) or from a posi-
tional shift in a neighbouring residue (Lis 95 B, near Ala 92
B, which also has undetermined side-chain atoms but bearing
no impact on the solvent accessibility of Ala 92 B). The
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Table 7
Relative percentage of solvent accessibility for the heme groups

Heme c;DVHA* c;:DVHB* c;Dd "

1 129 (12.6) 11.7 (12.2) 10.9 (10.3)
11 14.8 (14.7) 14.6 (14.5) 13.1 (11.7)
11 14.8 (14.4) 13.9 (13.5) 18.0 (17.6)
v 13.8 (14.0) 12.6 (12.9) 12.8 (11.6)

* Values in parentheses are for the 1.9 A model (Ref. [8]).
" Values in parentheses are for the 1.75 A model (Ref. [10]).

results for the heme groups are listed in Table 7 and are very
similar to those obtained previously for the 1.9 A model.

3.3. D. desulfuricans ATCC 27774 cytochrome c;

A MOLSCRIPT [22] stereo diagram of the ¢;Dd molecule
is represented in Fig. 3 and the Ramachandran [23] plot for
the refined model of the polypeptide is shown in Fig. 8. No
residue lies outside the normally allowed regions for non-
glycine residues, although Cys 51 is only marginally inside

1RO

Psi (degrees)

(180 <138 .80 .43 0 41 90 s 180
Phi {degrees)
Fig. 8. Ramachandran plot for the ¢;Dd molecule. Glycine residues are
represented by triangles, other residues by squares. Drawing made with
PROCHECK.

70

those regions. This situation is analogous to what was dis-
cussed above about the same residue in ¢;DvH.

The stereochemical quality of the final model was analysed
with program package PROCHECK [25], and all parameters
were found to be within their confidence intervals. Although
some of the side-chain atoms which could not be located from
the final 1.75 A Fourier maps (see Table 4 in [10]) were
located during the refinement against 1.6 A data, in the final
Fourier maps it was not possible to locate the side-chain atoms
of some residues, a few of which had been fully determined
from the 1.75 A refinement. As in the ¢;DvH refinement, all
these atoms were included in the model, but given zero occu-
pancy. Like for c;DvH, with a few exceptions, all the residues
with side-chain atomic positions not completely known either
have long side-chains and/or are located at the protein sur-
face. The surface loop containing Gly 72 shows some missing
electron density, especially for Glu 73, possibly because of
loop flexibility. As a consequence, this loop conformation is
poorly defined.

The r.m.s. error in the final atomic coordinates was esti-
mated as 0.09 A by means of a SIGMAA plot [ 26]. A similar
calculation for the 1.75 A model gave 0.13 A as result, in
agreement with the value (between 0.1 and 0.2 A) which had
been previously estimated (Fig. 5 in Ref. [ 10]) by means of
a Luzatti [27] plot. The variation in average main-chain and
side-chain B-factors along the protein chain is represented in
Fig. 9, and shows a similar pattern to that observed for the
1.75 A model (Fig. 7inRef. [10]), except for the loop region
comprising residues 71 to 75. This region had been previously
modelled as having two alternate conformations, and
although there was no clear evidence of this kind of static
disorder in the 1.6 A model, it has nevertheless the highest
B-factors, suggesting a high mobility for this loop within a
single conformation. Also, the 1.6 A model for the c,Dd
molecule has an higher average B (20.5 versus 16.5 A%).
Like for c;DvH, all the higher B-factor regions are located at
the protein surface. The average values for the heme groups
are given in Table 8. The corresponding heme groups have
higher B-values for the 1.6 A model, and although the pattern
is similar for hemes I, II and III (heme II has the highest B,
and hemes I and III have similar, lower B-values) heme IV

50 & side chain
O main chain
30
10

-10

Average B

-30

-50

-70
0 10 20 30 40

50 60
Residue Nr.

70 80 90 100

Fig. 9. Variation in average main-chain (above x-axis) and side-chain (below x-axis) B-factors along the protein chain of ¢;Dd molecule.
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Table 8
Average B values and r.m.s. differences for the heme groups in ¢;Dd

R.m.s. difference (;\) to c;Dd (1.75 /B\, Ref. [9])

Heme Average B Overall Heme ring Propionate ©
(A%) @

I 159 (11.7) 0.18 0.15 0.27

II 204 (14.7)  0.54 0.16 1.08

111 14.1(11.3) 044 0.13 0.87

v 17.4 (10.7)  0.20 0.18 0.24

* Values in parentheses refer to the 1.75 A model (Ref. [10]).

" The heme ring includes the 4 pyrrole ring atoms and all atoms directly
attached to them.

“ The propionate side-chain atoms except C** and CAP.

now has the second highest B instead of the lowest as was
the case in the 1.75 A model [10]. The B-factor values for
the solvent molecules ranged between 14.4 and 78.9 A2, with
an average value of 37.8 A%

R.m.s. main-chain and side-chain coordinate deviations
were calculated with X-PLOR [ 14] after superimposing the
1.6 and the 1.75 A models and the results are illustrated in
Fig. 10. This calculation was performed for both alternate
conformations of loop 7175 in the 1.75 A model, and that
which gave the lower deviations was chosen for inclusion in
Fig. 10. Not surprisingly, the most significant main-chain
r.m.s. deviations occur in the loop region 71-75. While most
of the side-chain r.m.s. deviations greater than 1.0 A occur
for residues with side-chain atomic positions not completely
known, where the main contribution to the r.m.s. deviation
arises mainly from the differences in the atomic positions
which were given a zero occupation factor, there are a few
exceptions: in Val 4, the side-chain is in a different rotamer
conformation, in Asn 6, the main-chain has a slightly different
conformation, in Ser 48, the side-chain is in a different rota-
mer conformation and the main-chain is also in a slightly
different conformation, and finally Ser 49 has the side-chain
in a different rotamer conformation. The results of this com-
parison for the heme groups are shown in Table 8, where it
can be seen that the largest deviations occur in the propionate
groups of hemes II and III.

6

5t —— main chain
side chain

41

r.m.s. deviation
w

0 T -+
0 10 20 30 40

50 60 70 80 90 100
residue nr.

Fig. 10. R.m.s. main-chain and side-chain coordinate deviations for the ¢;Dd
molecule, between the 1.9 A and the 1.67 A models.

The relative solvent accessibility was calculated with X-
PLOR [14] as described above for ¢c;DvH. Comparison of
these results with a similar calculation on the 1.75 A model
(not shown) reveals that only four residues have variations
larger than 5%, and for the most part these variations are
likely to be artifacts caused by residues with undetermined
side-chain atomic positions (Lys 40, Lys 62 and Lys 75).
The remaining variation (Ala 23, +6.1%) is mainly due to
the side-chain conformation change in neighbouring residue
Glu 26, which has the terminal carboxyl group with undeter-
mined atomic positions. The results of this calculation for the
heme groups are included in Table 7 and are comparable to
those previously obtained for the 1.75 A model.

3.4. Comparison between the two cytochrome c; structures

The two refined cytochromes ¢, despite the relatively low
sequence analogy, have similar tertiary structures overall, as
can be seen in Fig. 11, where the superimposed Ca-traces
and heme groups of ¢;DVH A and ¢;Dd are represented. This
fold is characteristic of tetraheme cytochrome c¢; molecules,
with the four heme groups covalently bound to a single pol-
ypeptide chain through thioether bridges to cysteine residues
and all heme axial ligands are histidine residues. Furthermore,
as illustrated in Table 3, the geometrical arrangement of the
heme groups is very similar in c;DvH (both molecules A and
B) and ¢;Dd, although Fig. 11 shows some differences for
some of the propionate groups. Probably because these four
heme groups form a bulky core around which the folding of
a relatively short polypeptide chain takes place, the elements
of secondary structure present are few, mainly a-helices. The
secondary structure was analyzed with PROCHECK [25]
using the Kabsch and Sander method [29] and revealed some
detailed differences between the three-dimensional structures
of ¢;DVH and ¢;Dd. The initial short B-sheet in ¢;DvH (Leu
9-Met 11 to Val 18-Phe 20) is longer in ¢;Dd (Val 9-Lys 12
to Thr 17-Phe 20), leading to a more ordered conformation
of the initial loop in the structure. His 25, which coordinates
heme III, is located in both molecules at the end of a very
short 3, helix (Ala 23-His 25). While the first heme-binding
loop (Cys 30-X-X-Cys 33-His 34) in ¢;Dd constitutes a short
o-helix, in DvH it defines a shorter 3,, helix, which does not
include His 34. On the other hand, the second short B-sheet

Fig. 11. Stereo view of the superimposed Ca-trace and heme groups of
¢;DvH molecule A (thin line) and ¢;Dd (thick line). Drawing made with
TURBO. The molecules are drawn in approximately the same orientation as
in Figs. 2 and 3.
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in ¢;DvH (Pro 36-Val 37 to Lys 40-Glu 41) is absent in
¢;Dd. As mentioned above, the second heme-binding loop
(Cys46-X-X-X-X-Cys 51-His 52) is in aregion that contains
an hydrogen-bonded 3-turn in both molecules. Although both
cytochromes have polypeptide chains which are 107 amino
acid residues long, in ¢;Dd there is one deletion and one
insertion with respect to ¢;DvH as shown in Fig. 1. This
occurs between Ser 61 and Phe 76 in ¢;DvH, and as a result
in this region the two sequences are out of register. Never-
theless, there is a conserved a-helix in this region (Tyr 65-
His 70 in ¢;DvH, Leu 64-His 69 in ¢;Dd), which contains
one of the histidine residues that coordinate heme IV. The
final secondary structure elements are two a-helices (Cys 79-
Ala 87 and Ala 91-Thr 98 in ¢;DvH, Cys 79-Glu 89 and Lys
94-Thr 98 in ¢;Dd) connected by a short loop. The first of
these helices contains the third heme-binding region (Cys
79-X-X-Cys 82-His 83) and is longer in ¢;Dd than in ¢;DvH
while the second is longer in ¢;DvH than in ¢;Dd. The final
heme-binding region (Cys 100-X-X-X-X-Cys 105-His 106)
is located in a loop at the end of the second helix near the C-
terminal of the protein chain. The two molecules as shown in
Fig. 11 were superimposed with TURBO [20], using all Ca
atoms less than 1.0 A apart to derive a superposition rotation-
translation operator. As a result of this distance criterion, 69
out of the 107 Ca atoms were used in the calculation, with
anr.m.s. Ca distance between corresponding residues of 0.23
A. Also, the matching between the two sequences obtained
from this calculation is in agreement with the a priori
sequence alignment represented in Fig. 1. The zones where
the two structures are most different are mainly the loops
which are the most variable regions between different tetra-
heme cytochrome c; molecules.

4. Conclusions

More accurate structural models were obtained for the
three-dimensional structures of cytochromes ¢ from D. vul-
garis Hildenborough and D. desulfuricans ATCC 27774 by
refinement against higher resolution diffraction data meas-
ured with synchrotron radiation, while at the same time the
crystallographic R-factors were improved. The comparison
between the new and the previous structural models for each
molecule showed that there were no significant differences
between them. The comparison between the two different
cytochrome c¢; molecules showed that the differences were
consistent with the a priori sequence alignment and were
mainly concentrated in the variable loop regions common to
all the tetraheme cytochrome ¢; molecules.
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