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The structure of cytochrome ¢-550 from the nonphotosynthetic bacteria
Paraccocus versutus has been solved by X-ray crystallography to 1.90 A
resolution, and reveals a high structural homology to other bacterial cyto-
chromes ¢,. The effect of replacing the axial heme-iron methionine ligand
with a lysine residue on protein structure and unfolding has been assessed
using the M100K variant. From X-ray structures at 1.95 and 1.55 A reso-
lution it became clear that the amino group of the lysine side chain coordi-
nates to the heme-iron. Structural differences compared to the wild-type
protein are confined to the lysine ligand loop connecting helices four and
five. In the heme cavity an additional water molecule is found which parti-
cipates in an H-bonding interaction with the lysine ligand. Under cryo-con-
ditions extra electron density in the lysine ligand loop is revealed, leading
to residues K97 to T101 being modeled with a double main-chain confor-
mation. Upon unfolding, dissociation of the lysine ligand from the heme-
iron is shown to be pH dependent, with NMR data consistent with the
occurrence of a ligand exchange mechanism similar to that seen for the

wild-type protein.

The Gram-negative, nonphotosynthetic bacterium
Paracoccus versutus (formerly Thiobacillus versutus [1])
has a repertoire of respiratory chains and regulatory
systems that allow it to cope with a variety of environ-
ments and different substrates as energy sources [2].
Regardless of which energy source is utilized, a class I
c-type cytochrome, cyt ¢-550, acting as an electron-car-
rier is present in the respiratory chain which is homol-
ogous to the cyts ¢, found in photosynthetic bacteria
[2,3]. A number of biochemical and biophysical studies
on P. versutus cyt ¢-550 have been reported [4-14].
However, throughout these studies no 3D structure of
the protein was available and a model based on the
known structure of the cyt ¢-550 from P. dentirificans
[15] was constructed to aid in interpretation of data.
All class I c-type cyts so far studied, undergo a
dynamic equilibrium process in their ferric state which

Abbreviations
cc, cryo-cooled; cyt, cytochrome; rt, room temperature; wt, wild type.
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involves the dissociation of the weak methionine-
S®-heme-iron bond. Such a process results in an equili-
brium between low- and high-spin heme species and
allows for exogenous ligands such as imidazole to bind
the heme-iron [16,17]. This equilibrium also leads to
cyts ¢ possessing residual peroxidase activity under
native conditions [18]. For exogenous ligands to gain
access to the heme, sufficient movement of the loop
containing the Met ligand connecting helices four and
five must occur [19-22]. At present two X-ray struc-
tures of cyts ¢, exist in which the coordinating Met-
iron bond is broken and the vacant heme coordination
site is filled by an exogenous ligand; the imidazole
adduct of Rhodobacter sphaeroides cyt ¢, [23] and the
ammonia adduct of Rhodopseudomonas palustris cyt ¢,
[24]. In both structures loss of Met ligation does not
result in wholesale structural changes but is localized
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X-ray and unfolding studies of cyt ¢-550

to a few residues adjacent to the now noncoordinating
Met residue.

Methionine heme-iron dissociation in ferricyts ¢ is
enhanced under alkaline conditions (pH = 9.0) and is
accompanied by a large structural rearrangement of
the ligand loop [25], resulting in a Lys residue coordi-
nating to the heme-iron [26]. For P. versutus ferri-
cyt ¢-550 NMR evidence is consistent with the presence
of a single alkaline species with a de-protonated amino
group of a side-chain Lys replacing the native M100
[3]. This contrasts with the mitochondrial cyts ¢ where
a heterogenous mixture of alkaline species exists,
reported to have a different coordinating Lys [26,27].
Unfolding studies on ferricyts ¢ reveal that dissociation
of the Met heme-iron bond is the first step on the
unfolding pathway. At pH values >7.0 certain ligand
exchange events occur during unfolding which are akin
to those for the ‘alkaline transition’. Moreover, it has
been proposed that the structural units of cyts ¢ which
are responsible for the release of the Met ligand under
alkaline conditions [28] are the same as those in the
first step of the unfolding process [29-31].

The spectroscopic properties of a cyt ¢ with a Lys
residue replacing the native Met ligand were investi-
gated with the M100K variant of P. versutus cyt c-550
[7]. This mutation resulted in a mature protein which
at neutral pH and in its ferric state exhibits similar
spectroscopic properties to the single species observed
at alkaline pH. This amongst other evidence suggested
that K100 was coordinating the heme-iron [7]. Interest-
ingly, ligand exchange for the M100K variant at alka-
line pH was not observed [7], suggesting that the
‘alkaline transition’ involving the dissociation of the
axial ligand no longer occurs.

The present study addresses the effect on structure
and unfolding upon replacing the axial Met ligand
with a Lys in the M100K variant of cyt ¢-550 from
P. versutus. We describe three X-ray structures, one of
the ferric wild type (wt) and two of the ferric M100K
variant. The Ilatter confirm Lys—heme coordination.
Also the effect Lys—heme coordination has on the
unfolding of the M100K variant is established by way
of peroxidase activity assays and NMR spectroscopy.

Results

Structure determination and overall structure
of the various ferricyt ¢-550 models

For the M100K variant two X-ray datasets were col-
lected. One at 295 K designated M100K room tem-
perature (rt) to 1.95 A resolution and one on a crystal
at 100 K protected by a cryo-salt [32], and designated
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MI100K cryo-cooled (cc) to 1.55 A resolution. The
structure was easily determined by molecular replace-
ment using the structure of cyt ¢-550 from P. denitrifi-
cans (Protein Data Bank code: lcot) strain LMD
22.21 [15,33]. P. versutus cyt ¢-550 has a high homo-
logy with the cyt ¢-550 from P. denitrificans with only
22 amino acids differing of which 12 are conservative
changes [4]. The final models contained 121 amino
acids, 32 (rt) and 138 (cc) water molecules and one
heme group.

An X-ray dataset was collected for the wt protein
from a single crystal at room temperature to 1.90 A
resolution. Structure determination by molecular
replacement was straightforward by using the
M100K(rt) structure as a search model. Crystals of the
wt protein contain one monomer in the asymmetric
unit with the final wt model consisting of 119 amino
acids, 50 water molecules and one heme group. In all
models no density was observed for the N-terminal
GIn. For the wt and M100K models density up to
P120 and A122, respectively, was observed. No elec-
tron-density for the 13 residues after the C-terminal
helix (helix 5, residues 108-117) starting at A122 was
present. This part has been reported to be highly
dynamic in solution [10]. The statistics for data collec-
tion and refinement are summarized in Table 1. The
program PROCHECK [34] was used to analyse conforma-
tional variations from the defined norms, with the
quality of the Ramachandran plots [35] reported in
Table 1. Electron density for the majority of side-chain
atoms was clearly visible, although a number of sur-
face exposed Lys residues have poor density and high
thermal factors at the end of their side chain.

The polypeptide fold of ferricyt ¢-550 observed in
the crystal is composed of five a-helices (residues 514,
57-65, 73-81, 83-90 and 108-117) and two short stret-
ches of B-strand (21-23 and 28-30), very similar to
what was reported for the ferrous form in the solution
state [10]. A number of turns, consisting of two type I
and four type II B-turns enable the polypeptide to
wrap around the heme, Fig. 1. The average tempera-
ture factor fluctuations for the backbone atoms of the
wt and M100K models are presented in Fig. 2. In all
models, five regions exhibit above-average temperature
fluctuations. In the wt protein these correspond to resi-
dues 23-35, 49-54, 64-65, 89-93 and 103-106 and are
coloured blue in Fig. 1. For the M100K(rt) model a
similar pattern of B-factors is observed although values
are elevated compared to the wt and MI00K (cc)
model. This is most likely due to a less ordered crystal,
which is also reflected in a slightly lower resolution of
the data. After comparing the B-value patterns of the
M100K(rt) and the wt-model, a noticeable difference
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Table 1. Data processing and refinement statistics for wt and
M100K structures of ferricyt ¢-650 from P. versutus.

Wild-type M100K(rt) ~ M100K(cc)

Data collection and processing
Space group P4,2,2 P2,2:2, P2,2:2,
Unit cell parameters (A)
a=>571 a=315 a=2309
b =571 b =43.0 b=429

c =66.6 c=2388.0 c=2875

No. of measured 143664 56678 63104
reflections

No. of unique reflections 9898 9207 17450

Rmerge (%)° 13.3(33.3° 11.8(39.3) 3.9 (5.0

Average |/o(l) 20.5(1.24) 13.6 (2.8) 20.6 (11.7)

Multiplicity 14.5 (6.6) 6.2 (5.0) 3.7 (1.9)

Completeness (%) 99.9 (97.7) 99.3 (92.5) 97.7 (82.6)

Refinement statistics

Resolution range (A) 43.44-1.90 43.85-1.95 43.85-1.55

(1.95-1.90) (1.99-1.95) (1.568-1.55)

R-factor (%) 15.8 (14.4) 185(22.2) 14.7(11.0)
Rfree-factor (%) 19.1 (20.7) 23.3(36.8) 20.2(17.0)
Quality of model

r.m.s.d bond lengths (A) 0.013 0.009 0.012

r.m.s.d. bond angles (°) 1.16 1.16 1.44
Ramachandran plot quality

% in most favourable 90.9 91.0 92.0

region

% in additional 9.1 9.0 8.0

allowed regions

? Rmerge = Zi ll- < I > I/Z < | > where < | > is the mean intensity
of N reflections with intensities |; and common indices h, k and |
(scalepack output). ® Values of reflections recorded in the highest
resolution shell are shown in parentheses.

can be observed for residues 90-100 (Fig. 2). This sug-
gests enhanced flexibility in the ligand-loop region
upon replacing M100 with a Lys residue. For the wt
structure the regions exhibiting elevated B-values show
good agreement with the dynamic data obtained in
solution for both oxidation states of the protein
[10,11].

Fig. 1. Stereo view of the overall structure
of wt ferricyt ¢-5650 from P. versutus with
the heme, axial ligands and the two cyste-
ines involved in covalent linkage to the
heme represented in sticks and the heme-
iron shown as a sphere. The blue colouring
represents regions with above average
temperature fluctuations as referred to in
the text. The picture was created using
pPymoL Molecular Graphics System (DelLano,
W.L. 2002, http://www.pymol.org).

FEBS Journal 272 (2005) 2441-2455 © 2005 FEBS
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The heme environment of wt ferricyt ¢-550 and
the M100K variant

As in all cyts ¢ the CXXCH heme binding motif is pre-
sent. In P. versutus cyt ¢-550 the side-chain thiol
groups of C15 and CI18 form thioether linkages with
the two vinyl groups of the heme. The N-terminal
a-helix (helix 1) is distorted so the thioether bond from
C15 to the heme can form (Fig. 1). Such a distortion
appears unique to bacterial cyts ¢, as it is not observed
in the mitochondrial proteins where an additional
amino acid residue in the helix is present [36]. The N
atom of the H19 side chain provides the fifth ligand to
the heme-iron with a distance to the heme-iron of
2.0l A and a H19 N®-iron-S® M100 angle of 175°.
H19 is further stabilized by a H-bond between the N°'
atom and the carbonyl oxygen of P37. In the wt struc-
ture the S° atom of M100 occupies the sixth coordina-
tion position to the heme-iron with a distance of
2.4 A. This S° atom is also H-bonded to the hydroxyl
group of Y79. This feature has been suggested to play
a role in modulating the reduction potential. The
length of this H-bond for P. versutus cyt ¢-550 is
3.8 A. For cyt ¢ from Rhodobacter capsulatus a sim-
ilar distance is observed, yet the reduction potential is
higher by 100 mV. In cyt ¢, of Rhodophila globiformis
this distance is 3.2 A, yet the potential is almost
200 mV higher. Thus it would appear that a clear cor-
relation regarding the strength of this H-bonding inter-
action and the modulation of the reduction potential
cannot easily be made.

The heme group in the wt and MI100K structures
deviates from planarity and can be described as sad-
dle shaped. Such a feature appears common to all
cyts ¢, regardless of the nature of the sixth ligand to
the heme-iron. In both the M100K structures clear
electron density to the heme-iron is seen for the side
chain of K100, confirming spectroscopic evidence that
K100 is acting as a ligand to the heme-iron, Fig. 3.
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Fig. 2. Average main-chain temperature factors vs. residue number
for the various structures of P. versutus ferricyt ¢-5650.
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Fig. 3. 2F,-2F. electron density map contoured at 1.0 o for part of
the M100K(rt) structure indicating coordination of K100 to the
heme-iron. The picture was created with xTALVIEW [59].

The bond lengths for the coordinating N° and N°
atoms of K100 and H19 are 1.92 and 1.96 A, respect-
ively. For both coordinating atoms, the distance to
the heme-iron is shorter than in the wt structure
along with a decreased H19 N®-iron-N° K100 angle
of 171°. Despite the shorter axial ligand distances the
iron-pyrole nitrogen angles (175°) in the porphyrin
ring remain approximately the same as in the wt
structure (177°).
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The heme environment is further characterized by
an extensive network of H-bonds involving buried
water molecules, the heme propionate groups and side-
and main-chain atoms of nearby residues (Fig. 4,
Table 2). A noticeable difference in the heme cavity
between the wt and both MI100K structures is the
presence in the latter of an additional water molecule
adjacent to K100 (Fig. 4B). This water, wat6, is within
H-bonding distance to the coordinating K100 N©
atom and also to wat3 (Table 2). Wat3 makes further
H-bonding interactions with the carbonyl groups of
V80 and F102 as noted also in the wt structure. The
presence of wat6 therefore results in the formation of
a buried two-water chain connecting the K100 ligand
to two different backbone substructures of the protein
(helix 3, V80 and the ligand loop, F102; Fig. 4B).

Structural differences between wt ferricyt ¢-550
and the M100K(rt) variant

The overall polypeptide fold of the wt protein is main-
tained for the M100K variant, with an r.m.s.d. for the
backbone atoms of 0.4 A. Significant deviations for
main- and side-chain atoms in the ligand loop contain-
ing the K100 are however, observed. To accommodate
K100 as a ligand a number of main-chain atoms are
displaced relative to their positions in the wt structure.
Although backbone deviations are detected at the start
of the ligand loop, the largest changes are observed in
the region between the amide nitrogen of K100 and
the amide nitrogen of L104 (Fig. 4C). This movement
results in a positional change of a surface water mole-
cule (watl2). Watl2, found also in the wt structure,
makes H-bonds to the backbone amides of T101 and
F102. In the M100K structure watl2 moves 1.24 A rel-
ative to its position in the wt structure and therefore
maintains its H-bonding interactions with this region
of the ligand loop (Fig. 4C).

For a number of Lys residues complete electron den-
sity for the side chain was not observed. Nevertheless,
for K97 density is observed up to the Cy atom in wt
and both M100K structures, allowing for good posi-
tional visualization of the side chain. From this density
it is clear that the side-chain orientation of K97 in the
two structures is different. In the wt structure the side
chain slithers along the side of the protein surface,
whereas in the M100K structure it points out into the
solvent (Fig. 4C). The position of the K99 side chain
is also different. In the wt structure a H-bonding inter-
action is made with the carbonyl oxygen of K54
(2.8 A). Final refinement of the MIO00K(rt) struc-
ture positions the K99 side chain in such a way so as
to increase this H-bonding distance to 3.1 A. The
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X-ray and unfolding studies of cyt c-550

Fig. 4. Close up of the heme binding pocket of (A) wt and (B) the M100K(rt) variant of ferricyt ¢-650, with the positions of the buried water
molecules found around the heme cavity depicted as blue spheres. H-bonding interactions are indicated with dashed lines and can be fur-
ther referred to in Table 2. (C) Overlay of part of the axial ligand loop (residues 92-107) for the wt (red) and M100K(rt) (yellow) structures of
cyt ¢-550. Two surface water molecules in each structure are indicated as spheres [red wt; green M100K(rt)] with the H-bonding interactions
indicated for the M100K structure (w12:backbone amides of T101 and F102, w29:N* of K99). (D) Overlay of part of the K100 ligand binding
loop for M100K(rt) and (cc) structures showing the double conformation modeled in the latter. In yellow is the (rt) structure, with red and
green conformer A and B of the (cc) structure, respectively. The position of watb which H-bonds to the side chain of T98 is indicated [blue

(rt) structure; yellow, conformer A; green, conformer (B)].

different orientation of the K99 side chain now allows
for an H-bonding interaction to a surface water mole-
cule (wat29) with a distance of 2.9 A (Fig. 4C). This
water is also present in the wt structure and raises the
possibility that the K99 side chain in both proteins can
adopt two conformations stabilized by H-bond inter-
actions. Finally, a change in the side-chain orientation
of F102 is observed. In the wt model the ring is planar
with respect to the heme, whereas in the M100K struc-
ture it is rotated away (Fig. 4C).

Dynamics in the K100 ligand loop detected
at cryo-temperatures

The trapping of different conformations in protein seg-
ments which are dynamic in solution can be visualized
by X-ray crystallography [37]. This is illustrated for
the M100K variant from a dataset measured at 100 K.
Following a number of refinement cycles, positive dif-
ference density was clearly visible in the vicinity of
K99. The final results of model building and refine-
ment led to a model with residues 97-101 situated in

FEBS Journal 272 (2005) 2441-2455 © 2005 FEBS

the Lys-ligand loop having a double main-chain con-
formation (assigned A and B; Fig. 4D). Refinement of
each conformer with half occupancy resulted in the
lowest Rpe.. Although no complete side-chain density
is observed for K99 it is still possible to visualize its
orientation in both conformers. For the M100K(rt)
structure, above average B-factors compared with the
wt model were seen in this region, indicating increased
mobility (Fig. 2). Also the pattern of B-factors in this
region for the M100K(cc) model is no longer above
average which is most likely due to the modeling of
two conformations [37] (Fig. 2). Data at 100 K for a
cryo-cooled wt crystal protected in the same cryo-salt,
resulted in no extra electron density in this region
(data to 1.8 A resolution, not shown). It would there-
fore appear that the coordination of K100 to the
heme-iron has an effect on the dynamics in this region
of the protein, which at cryo-temperatures leads to the
visualization of two conformers.

On comparing the main-chain torsion angles and
coordinates of the two conformers it is apparent that
conformer B has almost identical geometry and coordi-
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Table 2. Hydrogen bonding interactions involving buried water mol-
ecules (w) and the carboxylates of the heme propionates (6 and 7)
found in the heme cavity of wt and M100K(rt) structures of
P. versutus ferricyt ¢-550.

wt Donor/acceptor A M100K  Donor/acceptor A
wi N Ser49 3.2 w4 N Ser49 3.2
N® Arg45 2.8 N® Arg45 2.8
CO Lys46 2.7 CO Lys46 2.7
N Ala48 3.3 N Ala48 3.2
OH Tyr55 3.8 OH Tyrb55 3.7
w2 N lle59 29 w2 N lleb9 2.9
N Gly58 3.3 N Gly58 3.4
CO Lys97 2.7 CO Lys97 2.7
wbhb OH Tyr79 28 wbhb OH Tyr79 2.7
0" Throg 28 0" Throg 2.9
w3 CO Phe102 3.0 w3 CO Phe102 2.7
CO Val80 2.8 CO Valg0o 2.7
w6 N® Lys100 2.8
w3 2.9
7-01A w4 28 7-01A w4 2.7
OH Tyrb5 2.6 OH Tyrb5 2.6
NH, Arg45s 3.0 NH, Arg45 2.9
7-02A w4 32 7-02A w4 3.2
Ne' Trp71 2.9 Ne! Trp71 2.9
N Ala48 3.2 N Ala48 3.0
6-01D N Gly56 2.8 6-01D N Gly56 2.8
6-02D w2 27 602D w2 2.7
wb 2.9 wb 2.9
N K99 3.0 N K99 3.0

nates as the M100K model determined at room tem-
perature (Table 3, Fig. 4D). Conformer A, on the
other hand, has an r.m.s.d. of 1.4 A for the main-chain
atoms of residues 97-101 relative to the wt structure
and exhibits significant geometry changes particularly
for T98 and K99 (Table 3). Furthermore, the side-
chain position of K99 is different, with the final refine-
ment positioning it in such a way so as to no longer
cover part of the heme (Fig. 4D). From solvent acces-
sibility calculations using the program NACCESS v2.1.1
(http://wolf.bms.umist.ac.uk/naccess) the position of
the K99 side chain in conformer A results in the heme
having an increased accessible surface area (ASA):

J. A. R. Worrall et al.

148 A2 compared to 64 and 68 A? for the wt and the
M100K(rt) structures, respectively. A further change as
a result of trapping conformer A is observed for a bur-
ied water molecule, wat5 which moves 1.6 A relative
to its position in conformer B so as to maintain its
H-bonding interactions (Fig. 4D).

Effect of the M100K mutation on the stability
of the native state

The effect on protein stability upon introduction of a
Lys ligand to the heme-iron has been assessed for the
MI100K variant. At pH 4.5 the UV/Vis spectrum of
the ferric M100K variant displays a number of differ-
ences compared to wt [7], the most prominent being
the absence of the 695-nm band, indicative of Met-S°-
iron coordination. Upon titrating increasing amounts
of guanidinium hydrochloride (GdmHCI) the protein
unfolds resulting in the perturbation of a number of
electronic absorption bands and the appearance in the
spectrum of new ones. One of these, a band at
623 nm, grows into the spectrum indicating a change
from low- to high-spin heme. In analogy to a previous
study with the wt protein [11], we ascribe this to loss
of the sixth ligand to the heme. Therefore, K100 like
M100 dissociates from the heme as the protein
unfolds. However, it is apparent from Fig. SA and
from the equilibrium unfolding parameters (midpoint
concentrations, Cy,, slopes, m, and the derived free
energy in the absence of denaturant, AGy,, see Experi-
mental procedures; Table 4) that substitution of the
M100 ligand for a Lys results in a significant change
in the thermodynamic stability, with a decrease in Cy,
corresponding to a 3.1 kcal'mol™ decrease in AG
compared to the wt protein.

Peroxidase activity of the M100K variant

In the native state ferricyt ¢-550 is able to catalyse
H,0, reduction with concomitant oxidation of a redu-
cing substrate albeit with an extremely low rate [18].
Unfolding by addition of chemical denaturants [12,13]

Table 3. Main-chain torsion angles for part of the ligand loop of wt ferricyt ¢-650, the M100K(rt) structure and the two conformers, A and B,

of the M100K(cc) structure.

Wild-type M100K(rt) M100K(cc) conformer (A) M100K(cc) conformer (B)
Residue o/ o/ o/ o/
K97 -76.9/133.2 -88.1/137.6 -99.8/125.7 -90.5/138.5
T98 -117.5/134.7 -133.0/144.5 -162.8/146.9 -129.7/142.8
K99 -90.4/-7.5 -89.0/9.8 -104.4/0.72 -87.6/2.3
M/K100 -117.8/120.9 -163.7/145.3 -94.5/100.67 -160.5/154.9
T101 -117.5/-3.3 -124.9/0.48 -119.8/-2.7 -129.9/-9.1
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Fig. 5. Equilibrium unfolding parameters at 298 K plotted as a func-
tion of [GdmHCI] for the M100K ferricyt ¢-550. (A) Intensity change
of the electronic absorption band at 623 nm at pH 4.5. (B) The per-
oxidase activity, pH 4.5 and (C) peroxidase activity at pH 7.0. Data
for the ferric wt protein is included for comparison, and all data are
fitted to a two-state equilibrium unfolding model.

or detergents [14] enhances the rate due to the release
of the sixth axial ligand from the heme-iron which
allows for the peroxide anion to bind. At pH 4.5 the
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mid-point of the unfolding transition (C,,) for the
MI100K variant monitored by peroxidase activity is
again considerably shifted compared to that of the wt
protein (Fig. 5B). Furthermore, in the absence of
denaturant the second-order rate constant for peroxi-
dase activity is some three times higher for the M100K
variant than for the wt protein (6.1 £ 0.1 vs.
2.1 + 0.3 M~"s7!). These results imply that Lys heme-
iron coordination is weaker than Met heme-iron
coordination at pH 4.5 in cyt ¢-550. Moreover, the
observation of peroxidase activity in the absence of
denaturant for the M100K variant provides further
evidence that the equilibrium process involving the
sixth ligand dissociating from the heme-iron is not
exclusive to Met coordination.

At pH 7.0 despite the unfolding curves being very
similar (Fig. 5C), the activity at zero denaturant is
some 20 times lower for the MI00K variant
(~ 0.1 M "s7") than for the wt protein. This implies
that peroxidase activity is now much more inhibited by
the presence of the coordinating amino group of the
Lys at pH 7.0, i.e. there is less of the five-coordinate
peroxidase active species present due to a stronger lig-
and interaction with the heme-iron suppressing the
bond-breaking equilibrium.

Unfolding of the M100K variant monitored
by '"H NMR at pH 7.0

At pH 7.0 the unfolding of ferricyts ¢ involves coup-
ling between structural transitions and heme-ligand
exchange events [30]. The latter occur as a direct result
of the dynamic equilibrium involving dissociation of
the axial Met ligand. This results in deprotonated pro-
tein based ligands such as Lys, His and if available
the N-terminal o-amino group competing for the
vacant coordination site [11,31,38-40]. Owing to the
paramagnetic properties of a low-spin ferriheme, misli-
gated heme species can be readily identified by 'H
NMR. Hyperfine shifted resonances belonging to pro-
tons of heme substituents are extremely sensitive to
the chemical nature of the axial ligands to the heme-
iron [41]. Upon replacing the native Met ligand with
either an exogenous or protein-based ligand a change
in the distribution of the unpaired electron-spin den-
sity on the heme occurs resulting in changes in the
chemical shifts and 7 relaxation times of the hyper-
fine shifted signals [42]. This is illustrated by the com-
parison of the 'H spectrum of wt ferricyt ¢-550 with
that of the M100K variant (Fig. 6) and from the pro-
ton 7 relaxation times derived from the heme-methyl
peaks (180 vs. 95 ms for the M100K and wt proteins,
respectively).
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Table 4. Thermodynamic parameters (298 K) for the equilibrium unfolding of wt ferricyt ¢-650 and the M100K variant in the presence
of GdmHCI monitored by the intensity change of the electronic absorbance band at 623 nm, and the peroxidase activity. AG,n¢ units are

-1

kcal'mol™", m are kcal'mol™"m~" and C,, are m.

AbSg23nm Peroxidase assays
Protein pH AGnt m Cm AGnf m Cm
wit 4.5 6.4+16 32 +038 20+1.0 45 +05 23+03 20+05
7.0 32+04 1.4 +£0.2 1.6 + 0.6
M100K 4.5 3.3+09 25+ 06 1.3+0.7 3.1+03 20+0.2 16 +03
7.0 3.0+04 1.4 +£0.2 20+06

Upon addition of GdmHCI the changes in the spec-
trum of the M100K variant are reminiscent of those
observed previously with wt cyt ¢-550 [11]. The native
heme-methyl signals decrease in intensity and are
replaced by peaks of lower intensity arising from parti-
ally unfolded low-spin forms of the protein. At low
[GdmHCI] native and partially unfolded protein spe-
cies are visible. This indicates that these forms are in
slow-exchange with one another on the NMR time-
scale with a k., < 6000 s™!, estimated from the rela-
tionship kex = 27A8/+v/2. The new low-spin peaks were
identified as arising from heme-methyl signals by meas-
uring the proton 7 relaxation times as described pre-
viously for the wt and two site-directed variants, K99E
and H118Q [11]. The peaks labelled 4,/4, in Fig. 6B
have 7, times of 146 ms falling into the range for
heme-methyl protons with Lys/His heme-iron coordi-
nation. For signals B1/B, T; times were lower and are
in the region of 57 ms. These were assigned to heme-
methyl protons belonging to a species with His/His
coordinated heme. Therefore a mixture of non-native
Lys/His, His/His and ‘native’ Lys/His heme coordina-
tion is present at low [GdmHCI]. These results indicate
that dissociation of the K100 occurs in a similar
manner as for M100 coordination and that unlike at
alkaline pH, unfolding using GdmHCI induces a
ligand-exchange mechanism.

Discussion

Bacterial cytochromes ¢, show a greater diversity in
amino acid homology, size and reduction potentials
compared to their mitochondrial counterparts. As part
of the present work the structure of cyt ¢-550 from
P. versutus has been determined by X-ray crystallogra-
phy, allowing for a comparison in terms of overall
structure and heme environment to be made with other
members of the class I monoheme cyt ¢ family. In
addition, the effect on structural and unfolding proper-
ties of replacing the axial methionine ligand with a
lysine residue has been further assessed.

2448

Cyt ¢-550 from P. versutus exhibits high a structural
homology with the cyts ¢, from P. denitrificans [15],
R. capsulatus [43], and R. sphaeriodes [23] (Fig. 7) with
R. capsulatus a high-potential cyt ¢,. Cyt ¢-550, on the
other hand, is a low-potential cyt ¢, with a reduction
potential of +250 mV vs. NHE, pH 7.0 [3]. The recent
structures of a high-potential cyt ¢, (E = +350—
450 mV vs. NHE) in both oxidation states have given
insight into a possible explanation for their elevated
reduction potentials [24,44], assigned to a lack of
movement of a highly conserved water molecule upon
oxidation of the heme to the Fe’" state. This water is
present as wat5 in the cyt ¢-550 structure (Fig. 4A).
For mitochondrial and low-potential bacterial cyts,
this water moves closer to the heme-iron upon oxida-
tion which along with the subsequent alteration of the
surrounding H-bonding network serves to stabilize the
positive charge on the heme due to the negative end of
the water dipole pointing towards it [45]. The H-bond-
ing rearrangement abolishes the interaction of wat5
with the N of N52 (yeast cyt ¢ numbering). Such an
interaction is not present in cyt ¢-550 due to residue 59
(residue 52 in yeast) being an Ile. Interestingly, muta-
genesis of N52 in yeast iso-1-cyt ¢ to an Ile results in
the loss of wat5 and a resulting decrease in reduction
potential attributed to the elimination of a repulsive
interaction between the N52 dipole and the positively
charged heme group [46]. On average the distance of
wat5 from the heme-iron in the ferrous form for the
mitochondrial and low-potential proteins is ~ 6.6 A,
decreasing to =~ 5.0 A in the ferric form. In high-
potential cyts ¢, the average distance in either oxida-
tion state is ~ 6.8 A. In P. versutus ferricyt ¢-550 wat5
has a distance to the heme-iron of 7.5 A, considerably
longer than the above and suggesting a weaker interac-
tion with the positive charge on the heme-iron. It
could be speculated that wat3, adjacent to the M100
ligand at a distance of 6.0 A to the heme-iron helps to
compensate for the somewhat longer distance of wat5.
Wat3 is present also in P. denitrificans cyt ¢-550, but is
absent in all other cyt ¢, species and mitochondrial
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Fig. 6. Down-field region of the 'H NMR spectra at 600 MHz,
298 K, pH 7.0 of (A) wt ferricyt ¢-650 in the absence of GdmHCI
and (B) the ferric M100K variant in the presence of increasing
amounts of GdmHCI. In A the signals arising from the four hyper-
fine shifted heme-methyl groups are labeled accordingly. For the
M100K variant, peaks corresponding to three hyperfine shifted
heme-methyl substituents are labeled, with the fourth, heme-
methyl 3, found in the diamagnetic region of the spectrum [9]. The
signals labeled A/A, and B,/B, arise from non-native heme liga-
tion as the protein unfolds.

cyts ¢ for which structures are reported. Furthermore,
the H-bonding pattern of wat5 has a higher similarity
to the cyt ¢, from R. capsulatus than to other bacterial
or mitochondrial proteins due to the absence of the
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Fig. 7. Overlay of the main-chains of three bacterial c-type cyto-
chromes with the highest structural homology to P. versutus cyt c-
550. Yellow P. denitrificans cyt ¢-650 (1cot, 1.7 A [15]), blue R. cap-
sulatus cyt ¢, (Ic2r, 2.5 A 143]), green R. sphaeriodes cyt ¢, (1cxc,
1.6 A [23]) and red P. versutus cyt ¢-b50 (2bgv, 1.90 A).

above mentioned Asn residue. The fact that R. capsul-
atus cyt ¢, is high-potential and lacks both the Asn
and wat3, further suggests a role for wat3 in P. versu-
tus and P. denitrificans in stabilizing the oxidized form.
To assess the effect on the ligand loop in c¢-type cyts
upon replacing the Met ligand with another protein
based ligand, the structure of the M100K variant was
determined. The refined M100K structure confirmed
previous spectroscopic evidence that the Lys side chain
is buried in the protein interior with the amino group
coordinating to the ferric heme-iron [7]. The K100 N
iron distance of 1.9 A is considerably shorter than the
Fe-N distance in Fe-NH; model complexes (2.1 A)
and in the cyt ¢, ammonia adduct (2.1 A) [24]. Fur-
thermore, the distance is longer for Lys heme-iron
coordination in the octaheme tetrathionate reductase
from Shewanella oneidensis MR-1, 2.2 A [47], and also
for the N-terminal amino coordination in cyto-
chromes f, 2.1 A [48]. The distance is closer to the
Fe-O distance in Fe-OH complexes and five coordinate
hydroxo-iron(IIl) porphyrins (=~ 1.9 A) [49,50].
Structural changes in the loop connecting helices 4
and 5 are observed upon accommodating a Lys ligand.
These involve both side- and main-chain atoms with
residues which exhibit the largest changes located
either side of the K100 ligand (Fig. 4C). The changes
in this region are not as large as those observed in the
imidazole or ammonia cyt ¢, adducts [23,24] which
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show peptide bond flipping and 180° rotation of side
chains. This is most likely due to the fact that in the
latter the absence of coordination by the Met does not
impose any conformational constraints and the locali-
zed region of the loop affected by release of the Met
ligand is then free to adopt a new low energy confor-
mation. For the M100K(cc) structure residues 98—100
in conformer A display quite large deviations and
geometry changes (Table 3, Fig. 4D). Interestingly,
these residues have been singled out in R. capsulatus
cyt ¢, to be involved in ‘hinge’ dynamics [19]. This
study indicated that the dynamic equilibrium of Met-
S®iron bond breaking, allowing access to the heme-
iron of exogenous ligands, involves residues 93-100
(97-104 in P. versutus). In particular residues 93 and
95 of R. capsulatus cyt ¢, have a profound effect on
the kinetics of the rearrangement of the ‘open’ and
‘closed’ forms of the ligand loop [19]. Therefore, con-
former A may be considered as the open form, albeit
with the axial ligand still intact, with the main- and
side-chain atoms of K99 flipped up and away from the
heme resulting in an increased solvent exposure of the
heme.

The presence of an additional water molecule, wat6,
in the heme cavity for the M100K variant is a new fea-
ture in this region of the structure compared to wt
(Fig. 4A,B). Whether this water molecule, which
makes H-bonding interactions with the N° atom of
K100 and wat3, influences any physical property of
the variant is open to speculation. The reduction
potential of the M100K variant is =77 mV vs. the
NHE, which lies between bis-histidine coordinated
cyt ¢ (+41 mV vs. SHE [51]) and the alkaline form
with Lys-His coordination (205 mV vs. SHE [52]).
An increased solvent exposure of the heme has been
shown to contribute significantly to lowering the
reduction potential of the latter form [25,52,53], and it
was noted that conformer A of the M100K variant dis-
played a substantially increased heme ASA. The lower
reduction potential compared to the bis-His cyt ¢ is
probably a reflection of the more basic {-amino group
of the coordinating K100, with the H-bonded water
molecule found in the X-ray structure increasing the
electron donating power of the coordinating amino
group which in turn can decrease the reduction poten-
tial more than may be expected for this type of ligand
interaction.

Substitution of the axial Met ligand with a Lys influ-
ences ligand dissociation and protein stability. The lat-
ter point is illustrated at acidic pH where a decreased
unfolding mid-point compared to wt is observed
(Fig. 5). This indicates a weaker Lys—N°-iron inter-
action which is also inferred from the enhanced
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peroxidase activity in the absence of denaturant. At
pH 7.0, the mid-point of the unfolding transition for
the M100K variant and wt are almost identical yet the
rate in the absence of denaturant is some 20-times
lower for the variant. This indicates a stronger ligand
interaction leading to a lower percentage of high-spin
peroxidase active species. As unfolding monitored
through peroxidase activity can be interpreted as a
measure of localized unfolding of the axial ligand loop,
i.e. the lowest free-energy intermediate [12], the obser-
vation that both proteins display similar unfolding
curves at pH 7.0, yet have different ligand strengths,
may indicate that the local unfolding of this region is
not under sole control of the axial ligand. If so then
this suggests the region around the K100 ligand is less
stable than in the wt protein. This is also inferred from
the structural data, where despite structural changes
being minimal the trapping of two main-chain confor-
mations and increased B-factors at 295 K suggests that
the presence of the coordinating Lys in some way can
influence the dynamics of the ligand loop.

Hoang et al. [28] have demonstrated that the same
structural units which govern the early cooperative
unfolding events of horse heart cyt ¢ are also involved
in triggering the conformational change resulting in
ligand-exchange at alkaline conditions. Despite this, no
conformational ligand switching is observed at alkaline
pH for the MI00K variant. This contrasts with the
unfolding data accumulated in this study which show
that the early unfolding of the M100K variant involves
the breaking of the Lys-N*-iron bond coupled with the
dynamic process of ligand exchange. It thus seems
likely that the mechanism of release of the axial ligand
under alkaline conditions and in the presence of
GdmHCl is different. Under alkaline conditions release
of the axial ligand is postulated to arise from the
deprotonation of an ionizable group (the ‘trigger’) the
nature of which is as yet unknown. For the M100K
variant it seems likely that the deprotonation of the
trigger is simply not enough to initiate release of the
strong Lys-N‘-iron bond. In the case of unfolding with
GdmHCI, it may be that the disruption of electrostatic
interactions due to its ionic nature is enough to trigger
the release of the Lys ligand.

In summary, the structure of ferric wt cyt ¢-550
from P. versutus shows a high structural homology
with both low- and high-potential bacterial c-type cyts
of similar size with a possible role for a nonconserved
water (wat3) in stabilizing the cationic ferriheme pro-
posed. The structure of the MI100K variant clearly
indicates that the lysine coordinates the heme-iron,
with slight structural changes in the ligand loop
brought about so as to accommodate the longer side
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chain. This appears also to translate into increased
dynamics in the ligand loop, which under cryo-cooled
conditions results in the trapping of two main-chain
conformations. A further difference found in the
MI100K structures compared to the wt is the presence
of wat6 in the heme cavity. This water H-bonds to the
K100 ligand most likely increasing the basicity of the
N-donor to the heme-iron and lowering the reduction
potential further than may be expected for such an inter-
action. Finally, from peroxidase activity assays in the
absence of denaturant the dynamic equilibrium of Met
ligand dissociation observed in all c¢-type cyts occurs
also with Lys-heme-iron coordination. Nevertheless
this does not result in a ligand-exchange mechanism at
alkaline pH for the M100K variant which contrasts to
what occurs in the presence of the chemical denaturant
GdmHCI as ascertained in this study by NMR.

Experimental procedures

Expression and purification of P. versutus
cyt ¢-550 and the M100K variant

Wild-type cyt ¢-550 was heterologously expressed in
P. denitrificans strain 2131 containing the pEG400.Tv1
plasmid [18]. The M100K variant was constructed as previ-
ously reported [7] and expressed in Escherichia coli. Purifi-
cation of both proteins was carried out as reported [18].
Purity of samples for crystallization experiments and
unfolding studies was checked by SDS/PAGE and from
absorbance ratios in the UV-vis spectrum; As,s/Asgy = 0.4
for ferric wt protein and Asys/Asgy = 0.4 for the ferric
MI100K variant.

Crystallization trials and X-ray data collection

Prior to crystallization trials protein solutions were oxidized
with a 1 mM solution of K;[Fe(CN)¢]. Samples were then
concentrated and exchanged into water (MilliQ) by ultra-fil-
tration methods (Amicon), followed by filtering through a
low-protein binding filter (0.22 um; Millipore) to remove
dust particles and protein aggregates. Protein concentra-
tions were determined spectrophotometrically from the
absorbance at 409 nm (¢ = 132 mm™') for wt [3] and
406 nm (e = 187 mM™') for the M100K variant [7]. Final
protein concentrations ranged between 5 and 8 mgmL™'.
Crystallization experiments for the wt and M100K variant
of ferricyt ¢-550 were carried out using the sitting drop
vapour diffusion method at 295 K using equal volumes of
protein and reservoir solutions. Dark red crystals of the
MI100K variant suitable for X-ray crystallography were
grown within 24-48 h, from 1 pL of protein solution mixed
with 1 pL of reservoir solution containing 0.1 M bicine
pH 9.0 and 3.2 M ammonium sulfate. For the wt protein
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obtaining suitable crystals was more difficult. Crystalline
networks of protein were constantly observed in the drops
and these were repeatedly dissolved by addition of 1 pL of
water. Attempts to slow down the crystallization process
with 8.7% glycerol in the reservoir solutions [54] were to
no avail. After 2-3 weeks and repeated dissolving of the
crystalline networks a single dark red crystal suitable for
X-ray diffraction was obtained grown from 0.1 M bicine
pH 9.0 and 3.2 M ammonium sulfate.

X-ray diffraction data of the wt and M100K crystals
were collected on an in-house beam using a MAR345
Image Plate detector. The crystals were mounted in a capil-
lary and datasets at 295 K and were measured to 1.90 and
1.95 A resolution for the wt and M100K proteins, respecti-
vely. For cryo-cooled M100K crystals, data was obtained
at the European Synchotron Radiation Facility at beam-
line BM30a using a MARCCD detector. A suitable cryo-
protectant was found consisting of a 20 : 10 (v/v) lithium
sulfate:ammonium sulfate solution. The crystals were
mounted in cryo-loops (Hamilton) and passed quickly
through the cryo-protectant solution, followed by flash-
freezing in a nitrogen gas stream at 100 K. A dataset was
collected to 1.55-A resolution. All collected data were
indexed, integrated and scaled with HK1.2000 [55].

Structure determination and refinement

The structure of the M100K(rt) was solved by molecular
replacement using the program MOLREP [56] from the CCP4
program suite [57] using the ferricyt ¢-550 structure from
P. denitrificans (PDB code Icot [15]) as the search model. A
solution was obtained with an R-factor of 36.3% and a
correlation coefficient of 65.9. After several rounds of rigid
body and restrained refinement with REFMAC5 [58], the cor-
rect amino acids were built in manually using XTALVIEW
[59], followed by automatic solvent building using ARP/
WARP [60]. Final restrained refinement resulted in a model
having an R-factor of 17.5% (Rgee 23.1%). This refined
model was used for further refinement using the high reso-
lution data of the M100K obtained at 100 K, keeping the
same Rp.. set as the M100K(rt). Upon inspection of a F,-
F. difference density map, a double conformation of the
main chain running from residue K97 to T101 could be
modeled and refined. After final refinement of the model,
including refinement of anisotropic B-factors, a model was
obtained having an Rge. of 20%. The unrealistic value of
the I/o(I) for the highest resolution shell is because the
crystal would apparently diffract to a much higher resolu-
tion but due to technical difficulties at the beamline the col-
lection of higher resolution data was not possible. The
structure of wt ferricyt ¢-550 was solved by molecular
replacement using the M100K(rt) structure as the search
model (R-factor 39.3% and correlation coefficient 62.7).
Refinement and solvent building was carried out as des-
cribed for the M100K(rt) with a final R-factor of 15.5%
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(Riree 19.0%). The quality of all models was checked by
PROCHECK [33] and WHATIF [61]. The coordinates and struc-
tural factors have been deposited in the Protein Data Bank
under the accession codes 2bgv, wt, 2bh5, M100K(r¢) and
2bh4, M 100K (cc).

Unfolding monitored by UV/Vis spectroscopy
and peroxidase activity

GdmHCI (Aldrich 99%) was dissolved to 8 M in water
(Milli-Q) and filtered before use. Solutions ranging from 0
to 6 M GdmHCI were buffered with 100 mm sodium phos-
phate and the pH of each solution was measured sepa-
rately. Protein samples were oxidized by addition of 1 mMm
K;[Fe(CN)g] followed by exchange into water by ultra-fil-
tration methods (Amicon). UV/Vis spectroscopy was car-
ried out on a Shimadzu UVPC-2101PC spectrophotometer
fitted with a thermostat. Protein concentrations of ~ 5 um
were used. Peroxidase activity was assayed using hydrogen
peroxide and guaiacol (O-methoxyphenol, Sigma). The syn-
thesis of the fourfold oxidized product of guiacol, 3,3’-di-
methoxy-4,4"-biphenoquinone [62] (g479 = 26.6 mM lem™
[63]) was monitored on the above mentioned spectropho-
tometer. The resulting activity profiles were analysed as pre-
viously described, with the reaction rate depending linearly
on [H,0,] [12,18]. For coherent graphical representation,
the activities are expressed as the biomolecular rate con-
stant of the H,O;-cyt ¢-550 reaction. All assays were per-
formed at 298 K with a [guaiacol] of 10 mM, a [cyt ¢-550]
between 0.9 and 1.6 pMm, and the [H,O»] between 0.1 mMm
and 100 mM.

Unfolding curves were assessed by the two-state model of
equilibrium unfolding assuming linear baselines for native
and unfolded protein, according to the method of Santoro
and Bolen [64]:

observable

a+ b[Gdm.HCI] + (c+d[Gdm. HCI] ) exp (~2GurmGdm.HCT)
B (2 G T
RT

1+exp

(1)

where a and ¢ correspond to the values of native and fully
unfolded protein at zero denaturant concentration, respect-
ively, and b and d to their respective dependence on
[GAmHCI]. AGy,y is the Gibbs’ free energy of unfolding in
the absence of denaturant and m represents the dependence
of the unfolding free energy on [GdmHCI]. For the fitting
of the peroxidase activity data the following modification
was applied. Because the native state is assumed fully inac-
tive due to the six coordinate heme-iron being unable to
react with H,O, its activity cannot change linearly with
increasing [GdmHCI]. Therefore a and b (pretransitional
baseline) in Eqn (1) were set to zero. The fits (nonlinear
least-squares fitting) were generated using the algorithm of
Levenberg and Marquardt and performed in the program

2452

J. A. R. Worrall et al.

Origin, version 6.0 (Microcal Software, Northampton, MA,
USA).

NMR spectroscopy

Samples to be analysed by NMR contained the desired con-
centrations of protein (0.5-1.0 mM), GdmHCl1 (0-4.5 m),
100 mM sodium phosphate and 6% D,O for lock. The pH
of each sample was adjusted to 7.0 by addition of 0.05—
1.0 M stock solutions of HCl or NaOH and measured with
an NMR pH electrode (Hamilton). All experiments were
performed on a Bruker DMX600 spectrometer operating at
a 'H frequency of 600.1 MHz and a temperature of 298 K.
ID 'H spectra were acquired with presaturation of the
residual water signal and a spectral window of 70 p.p.m.
Proton T values were measured using an inversion recov-
ery pulse sequence with variable delay times ranging
between 0.05 and 0.9 s. All 1D spectra were processed in
XWINNMR with exponential multiplication (50 Hz) being
applied to each free induction decay before Fourier trans-
formation. Proton T; relaxation times were obtained by fit-
ting the peak intensity as a function of the variable delay
time to a single-exponential decay in the program Origin.
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