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ABSTRACT. Replacement of tyrosine 64 by alanine in cytochrome from Desulfaibrio wvulgaris
Hildenborough prevents electron transfer with the formate dehydrogenase. Biophysical and biochemical
studies show that the protein is correctly folded and that the oxidoreduction potential is not modified.
The solution structure of the mutant cytochrome determined by two-dimensional (2D) NMR clearly
establishes that the overall fold of the molecule is nearly identical to that of the wild-type cytochrome.
The electrostatic surface charge distributions for the wild-type and mutant cytochrome are similar, suggesting
that the interaction site of the physiological partners is not modified by the mutation. The lack of the
aromatic ring induces slight destabilization of the hydrophobic core of the molecule and modifications of
the hydrogen bond at position 64, as well as conformational disorder of the side chain of K63. The loss
of the hydrogen bond from tyrosine 64 and the increase of the solvent exposure of the heme are probably
responsible of the loss of electron transfer between formate dehydrogenase and cytashsome

The mechanism of electron exchange in oxidoreduction property has been established which controls the physico-
complexes is a current matter of considerable interest in chemical characteristics of oxidoreduction and electron
structural biology and genetics. The physical basis of long- transfer in these molecules.

range electron transfer in metalloproteins has been described A recent structural comparison of a cytochrome involved
by many groupsX). Two principal mechanisms of electron  jn anaerobic metabolism with eukaryotic and prokaryotic
exchange have been proposed, which follow through-bond cytochromes has shown this molecule to be an interesting
or through-space pathway2)( Numerous crystallographic  model for the study of the control of oxidoreduction potential
structures of membrane complexes such as cytochromejp cytochromes §, 10). We have therefore focused our
oxidase ) and the reaction cented)(have been solved.  research on the cytochromsgsisolated from the anaerobic

However, conclusive evidence has not yet been provided pacteria, Desulfaibrio, to increase the knowledge of the

regarding the relative importance of the polypeptide chain strycture-function relationships in the cytochroradamily.
or noncovalent interactions for the transfer of an electron Cytochromecsss is a small cytochrome isolated from

fro”? dor_10r to acceptor W't.h"? these complexes. ) . anaerobic bacteria involved in sulfate reduction. The oxi-
. Slte—d!rected mutagenesis Is a useful toql for pmt?'”g this goreduction potential of this molecule is particularly low (40
kind of information, and cytochrome provides an ideal 1,y compared to those of mitochondrial or photosynthetic
focus for investigating factors that influence the rate of cytochromes (356250 mV). Despite low sequence homol-
electron transfer within a complex. While the biochemical ogy between cytochromess and other cytochromes, inter-
and physical characteristics of this family of proteins have esting similarities have been found between the recently
been studied in detaib}, little information about electron determined solution structure of this protefy £0) and the

transfer in complexes involving. cytochromess available. structure of cytochrome from aerobic organismsl(, 12).
It has nevertheless been established that the electron transfefhe helical core is still present, and the hydrogen bonding

reaction is driven by electrostatic interactions involving the o1k is similar to that found in tuna cytochrome The
highly conserved lysine residues of cytochronee, 6). presence of an additional helix induces structural modifica-
The general folding is conserved in all class | cytochromes tions around the axial methionine ligand. The major
¢, and structural studies and site-directed mutagenesisgycyyral variation is an increase in heme accessibility in
developed for mltochondr]al or photosynthetic c_ytochrome the molecule which may be responsible for the low oxi-
models have been combined in an attempt to identify the 45104y ction potential. Due to its unusual sequence, this

essential residues necessary for electron transfer to take placg, 1ochrome has been considered a natural variant of this class
(7, 8). Despite considerable effort, no unique structural of molecules, permitting a better understanding of the

structure-function relationship in the cytochronoefamily.
* Corresponding author. Phone: 33491 16 43 79. Fax: 33491 16 ; ;
45 78. E-mail: F.Guerlesquin@ibsm.cnrs-mrsfr Cytochromesss has been reported to interact with formate
+IBSM-CNRS. dehydrogenase. These molecules are both located in the
8 CEA-CNRS. periplasm of the same bacteria. This enzyme has been
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previously purified and characterizedl3j; it is a trimeric I1H NMR Experiments.For NMR experiments, wild-type

protein of 120 kDa comprising aa subunit of 83.5 kDa and Y64A cytochromesss were dissolved in 0.1 M potas-

containing the molybdenum cofactor, probably involved in sium phosphate buffer (pH 5.9) containing 10%4(Dto a

the catalytic process of formate oxidation3 aubunit of 27 final concentration of 8 mM. Full reduction of the samples

kDa which contains the FeS centers, and @ subunit of was obtained by addition of disodium dithionite in 0.1 M

14 kDa which holds &-type heme. potassium phosphate at pH 8.0 under an argon atmosphere,
We have undertaken Cytochr‘orngj3 engineering in an at a final concentration of 30 mM. To avoid reoxidation of

attempt to understand the electron transfer pathway from thethe ferrocytochrome, the NMR tubes were sealed under an
electron donor center of formate dehydrogenase to the hemeargon atmosphere.

electron acceptor in cytochromggss The interaction site All NMR data were recorded at 310 K on a Bruker AMX-
between the two proteins has recently been investigated by600 instrument operating at a proton frequency of 600 MHz
site-directed mutagenesis. Mutation of the highly conserved equipped with a standard 5 mm Bruker probe with an internal
K62 by a glutamic residue revealed the importance of Bg gradient coil. Data were processed on Silicon Graphics
electrostatic interactions between the two oxidoreduction workstations using Felix software provided by Molecular
partners {4). The Y64 residue located between the interact- Simulation Inc. (MSI).

ing site and the heme has been proposed to be involved in  J-correlated spectra were obtained by TOCGSKperi-

the electron transfer pathway. Previous biophysical studiesments (8) and nOe-correlated spectra by NOESY experi-
of substituted Y64F, Y64L, Y64S, and Y64V mutants have ments (9) in the phase sensitive mode with Stat@®PI
demonstrated a modification of the dynamics of the molecule detection. These experiments were obtained under conditions
after Y64 replacementlf, 16). In this work, we have  previously described9j. NOESY experiments were col-
carried out the Y64A substitution to determine if the aromatic lected with different mixing times of 50, 75, and 100 ms.

ring is involved in electron exchange bet\/\_/een formate Computer-Aided AssignmenfA computer-aided assign-
dehydrogenase and cytochromes A conformational study  ment was used for the assignment of distance restraints. The
of the Y64A mutant has been performed by NMR structure same protocol was performed in parallel for both the wild-
determination, and the functional effects of the substitution type and the mutant cytochromes, to reduce the bias in the
have been analyzed by kinetic measurements of electronsypsequent structure comparison. The assignment of the
exchange with formate dehydrogenase. proton resonances was obtained using the Assign module of
FELIX software, on the basis of the previously reported
proton assignment for the wild-type cytochron® énd the
previous manual assignment of the Y64A cytochrome. The
nOe distance restraint calibration was performed using cross-
relaxation volumes between atoms of known separation in
rigid parts of the molecule. A factor of 20% was added to

Y64A cytochromecsss was obtained by site-directed mu- the resulting distance, to account for the inherent uncertainty

tagenesis. A mutagenic oligonucleotids35CAAGAAAGC- ?n the distance calibra_tion. On_ly upper boungls were “?ed
CTCTGATGAG3) was designed to replace codon TAC in the structure calcula’qon. Assignment, res';ramt.generatlon,
encoding Y64 at positions 36169 (Y) by codon GCC for and_ structure caICL_JIatlon were performed !teratl_vely. Re-
alanine. The change was confirmed by dideoxynucleotide straints that were violated, resulting from misassignment or
DNA sequencing. Thédindlll —EccRI fragment from the overlapped peaks, were corrected after the first step of the
replicative form of the altered M13cyf was inserted into calculation. ) )

pJRD215, previously digested with the same two enzymes, Structure Calculations Structure calculations were per-
to give pRC41Y64A. This recombinant plasmid was trans- formed using the DISCOVER program (MS]) interfaced to
formed intoEscherichia coliDH5a. cells and subsequently ~ INSIGHTII for visualization and analytical purposes. The
transferred td. desulfuricansG200 as previously reported ~ force field of AMBER4 was used as previously reported for
(15). The YB4A cytochromesss was purified from 350 g ferrocytochromecsss structure calculations1(). The dif-

of wet cells ofD. desulfurican€s200 (prc41Y64A) obtained feren'_t steps of the structure calculation were |dent|<_:al for
from fermentation of 300 L of Postgate medium C supple- the wild-type and the mutant cytochrome. The determination
mented with 0.28 mM kanamycin. The protein purification ©f @ global fold was obtained by a simulated annealing (SA)

was the same as that for the wild-type protei)( protocol from randomized initial coordinates, as previously
reported 10). Nine structures were obtained for both the

wild-type and mutant cytochromes. A two-stage -SA

restraint molecular dynamic (rMD) protocol was then applied
to search the local conformation space available from the
§:xperimenta| constraints using the nine structures as initial
coordinates. This two-step protocol is composed of a SA
calculation using a simplified nonbonded term to facilitate

MATERIALS AND METHODS

Protein Purification. Desulfeibrio vulgaris Hildenbor-
ough cytochromecsss was purified from Desulfaibrio
desulfuricans5200 as previously reported), and formate
dehydrogenase was prepared as previously descriis®d (

Activity Assays. The activity assays were carried out by
optical spectroscopy using the absorption at 553 nm of
reduced cytochromesss, in the presence of 20 mM formate
in 10 mM glycine/NaOH buffer at pH 8.3 and 2%C.
Formate dehydrogenase concentrations were 0.3, 0.6, and
nM, and the cytochromess; concentration ranged from 2
to 70 uM. The solution was incubated under an argon
atmosphere for 15 min. To prevent oxygen oxidation,
catalase (250 units/mL), glucose (25 mM), and glucose 1 Abbreviations: NOESY, nuclear Overhauser correlation spectros-
oxidase (0.5 unit/mL) were added to the solution. Optical COPY; TOCSY, total correlation spectroscopy (by scalar coupling); SA,

’ . ' simulated annealing; rMD, restraint molecular dynamics; rmsd, root-
measurements were carried out on a Beckman DU 7500 mean-square deviation;sQubihydroguinone oxidase site; WT, wild-
Instrument. type.
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exploration of conformational space and a high-temperature 08
rMD refinement calculation using the AMBERA4 force field |
with reduced charge and distance-dependent dielectric non-
bonded interaction. The final minimized ensembles of 39
structures were used for structural analysis of both wild-
type and mutant cytochromes. The coordinates of these 39
structures have been deposited in the Brookhaven Protein
Data Bank (PDB code 2dvh).

Structure Analysis.An experimental violation function

Vi was created and represented the sum of the energetic
contributions from each distance constraint violated by more
than 0.1 A in the final minimized structure. The root-mean-
square deviation (rmsd) of the structures was calculated over
the specified atoms using INSIGHTII (MSI). The mean 04
backbone structure was used for statistical characterization | e YO4A
of the ensembles. The rmsds of the backbone dihedral angles
from the ensemble means have been analyzed to give a
guantitative measure of the backbone definition. The rmsd 0.0 ! T , | | ] |
of the backbone conformation from the mean was calculated 0 50 100 150 200 250 300 350
using the superimposition of backbone atoms from all Time (s)

residues and the deviation per residue calculated from th|sFIGURE 1: Time course of the reduction of cytochromgs from

superimposition. D. wulgaris Hildenborough and the Y64A mutant by formate
Hydrogen bonding analysis was performed with the 39 dehydrogenase. The experiments were carried out using the
structures, using INSIGHTII. Two atoms were considered ?obrfn";?é'%”eﬁ;g’%% o, in tgﬁ dpféeggg g:"%?g'eugtf(gggtefﬁf nM
to form a hydrogen bond if the distance was less than 2.5 A buffer is 10 mM glyciné/NaOH at pH 8.3 (obtimal pH of the
and the hydrogen bond angle was not less thar?.135 enzymatic activity).
Electrostatic calculations were performed to give mean |ine width of most resonances in Y64A is comparable to
values over 12 randomly selected structures from eachihat in the wild-type protein. Some other mutants (for

Css3

0.7 4

Absorbance at 553nm

P Y

ensemble using Delphi as previously reportet)( Solvent  jnstance Y64S) exhibit line broadening for backbone reso-
algorithm as implemented in INSIGHTII. chemical exchange processes between several conformations

occurring at rates near the NMR time scake~ 10°—10°
s 1. Partially denatured proteins (such as molten globules)
usually exhibit broader resonances than tightly folded
molecules20). The lack of exchange broadening for Y64A
can be interpreted as evidence for a deep minimum on the
Although E. coli can express cytochromesss in a conformational energy surface, while other mutants cor-
functional form, the yield upon purification from cells was respond to flat energy surface. The similar spectral quality
found to be much higher in a differeBesulfaibrio strain ~ for both Y64A and the wild-type protein is a prerequisite
(D. desulfuricansG200) (L7). Y64A ferricytochromecsss for obtaining structural information with the same precision.
was isolated as previously reported for Y64F, -L, -S, and , ,
-V (15), with the same overproduction level b desulfu-  Functional Properties of Y64A Cytochromg
ricans G200 as in other mutants (0.6 mg of pure protein per  The functional effect induced by Y64A substitution was
gram of cells). The mass spectrometry data (8830 Da) anddeduced from electron exchange measurements with the
the optical spectras{ss = 29 500 M"* cm™) were consistent  physiological partner, the formate dehydrogenase. Figure 1
with a mature cytochromesss production after the Y64A  presents the time course of the wild-type and Y64A cyto-
substitution. The redox potential (40 mV) was found to be chrome reduction in the presence of formate dehydrogenase.
almost unaffected by the mutation. On the other hand, the Study of the wild-type cytochromess reduction by formate
alkaline and acidic K transitions of the axial methionine dehydrogenase has allowed us to determine the kinetic
are notably affected;n = 2.7 for Y64A instead of 1.9 for  parameters of electron transfer within the complex. The
the wild-type protein, andi, = 10.0 for the mutant instead initial reduction velocity for different wild-type cytochrome
of 10.9 for the wild-type protein. These values observed cy;concentrations (from 2 to 74M) was determined. From
for the Y64A mutant ofD. wulgaris Hildenborough cyto- the sigmoidal curve, the Hill parameteig{= 111+ 2 51
chromecsss show however a high stability for the molecule, and [S}s = 5.3+ 1.8 uM) were established. The kinetics

RESULTS

Biochemical and Biophysical Characterization of Y64A
Cytochrome g3

close to the properties of the wild-type cytochrocsg from experiments performed with Y64A mutant cytochrome were

D. desulfuricansNorway (K. = 2.8 and K, = 10.3). inefficient whatever the cytochroneconcentration (270
Aromatic flip rates have been previously used to compare uM) or formate dehydrogenase concentration {8HhM).

the internal flexibility of the cytochromesss mutants 15); The time course of reduction of Y64A cytochrome did not

an increase of the internal flexibility is observed for Y64A present a reduction process even after incubation for 12 h.
(on Y7 and Y44, data not shown) as already reported for We were unable to determine the kinetic constants of the
Y64L, -S, and -V mutants. Except for aromatic rings, the complex involving the Y64A mutant.
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A for the mutant. Analysis of the two ensembles is given
in Table 1. For the two proteins, the secondary structure
elements, in particular the four helices, are similarly well
defined. The ensemble of secondary structural motifs is
identical to that described by Blackledge et al0)(for the
] wild-type protein. The two molecules are composed of four
B e helices: helix 1 for the N-terminal helix (residues 14),
10 helix 2 for residues 3546, helix 3 for the methionine ligand-
] containing helix (residues 5%1), and helix 4 for the
C-terminal helix (residues 6779). Helix 1, helix 2, and
helix 4 are preserved in the vast majority of the cytochrome
¢, as well as theQ-loop comprising residues +28.
] Local Backbone VariationThe conformational dispersion
7 T T T T T of the ensemble for wild-type and Y64A mutant cytochromes
L is illustrated by the rmsd of the backbone atomic coordinates
residue number for the 39 structures in comparison to the mean structure
Ficure 2: NH and GH chemical shift variations induced by Y64A (Figure 4A’B) For both proteinsl the same regions of local
replacement. disorder were observed at residues-&# and the middle
section of theQ-loop (residues G24S25), as previously

The reduction of the other mutants (Y64F, Y64L, and " :
’ ’ reported 10). At position 64, the backbone rmsd value is
Y64V) by formate dehydrogenase has also been studied. For Aaf : .
YB4F cytochrome, the kinetic parametekgd= 35+ 5 51 correlated to a well-defined structure for the long side chain

and [Shs = 12.4 4 3 uM) were found o be significantly of tyrosine and a less well-defined structure of the short side

S chain for alanine.
affected. But for Y.64L and .Y64V' the klnetl_c parameters The superimposition of the backbone coordinates for the
were greatly modified and it was not possible to clearly "

establish the kinetic parameters from our experimental data. ;oo structures is shown in Figure 5. The backbone
P P "deviation between the mean structures from the two proteins

is 0.91 and 1.25 A for heavy atoms, with significant
variations in the vicinity of residues G24 and G31. In both
Two-dimensional NMR is a useful method for comparing cases, it is impossible to solve the real structural difference
structural modifications in mutant cytochromezl), We between wild-type and mutant protein, due to the reduced
have compared the proton chemical shifts of the mutant andstructural information available from glycine residues (no
the wild-type ferrocytochromesss.  Figure 2 illustrates the  side chain and, in our case, no stereospecific assignment of
effect of Y64 substitution on the NH and*8 chemical the C protons) that leads to regions that are poorly
shifts. We note that in the reduced state the chemical shift determined by the structure calculations.
change occurs only in the vicinity of Y64 and affects the N-  No significant difference between thE dihedral angle
and C-terminal helices of the protein. From chemical shift mean values is observed between the two proteins. Standard
variations, it was not possible to determine fine structural deviations reproduce the observations noted for the backbone
changes induced by the mutation, so on the basis of thermsd. The same analysis can be performeddfatihedral
NOESY experiments, we have measured distance restraintsangle values (data not shown).

A8 NH (ppm)

A C H(ppm)

NMR Chemical Shift Variations

for the wild-type and mutant ferrocytochromess to Hydrogen Bonding Networks The hydrogen bonding
elucidate the three-dimensional structure modifications in- networks present in the ensemble of structures for both
duced by the mutation. proteins are shown in the two-dimensional plot in Figure 6.
The plot identifies the presence of hydrogen bonds between
Structure Determination two residues in more than 25% of the structures. The

ensemble of hydrogen bonds was similar for mutant and
wild-type proteins and has been described previously for the
wild-type cytochrome10). Nevertheless, the few differences
are worth noting. (1) In the wild-type protein, Y64 forms
hydrogen bonds with L6 and S9. The absence of the Y64
side chain in the Y64A mutant decreases the number of
hydrogen bonds but does not appear to create structural
variations or new hydrogen bonding (Figure 7A). The
absence of hydrogen bonds with the N-terminal helix in the
mutant is probably the cause of the protein destabilization
observed through the acidic and badictpansition measure-
ment and the chemical shift variations observed at the N-
and C-terminal helices. Moreover, the absence of these
hydrogen bonds probably has an effect on the ring mobility
of Y7, as previously reported. (2) The mutation also induces
a loss of hydrogen bonds in the heme pocket (Figure 7B).
The backbone rmsd of the whole ensemble of 39 structuresin wild-type cytochromeesss, hydrogen bonds are observed
was 0.83 £0.12) A for the native protein and 0.7%0.12) between the heme and residues S25, K27, Q32, K40, Y44,

Using the computer-aided assignment from the module
Assign from Felix software, we have quantified 767 restraints
for the wild-type protein and 807 for the Y64A mutant. These
restraints were used to generate structural models for both
molecules. The restraint variations between native and
mutant cytochromesss are presented in Figure 3. The nOe
distribution is equivalent for both molecules except for Y7
which is better resolved in the mutant protein spectra and
Y64 which has a long side chain compared to A64. The
backbone coordinates of the 39 structures calculated for the
wild-type cytochrome and for the Y64A mutant were
obtained from a protocol previously developed for the
ferrocytochromecsss structure elucidation1().

Structure Analysis
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25
1 long range

20 medium range

i short range

15 "7 intraresidue

A(Number of Restraints)
Wild-Type - Mutant

0 10 20 30 40 50 60 70 80

Residue Number

Ficure 3: Difference in the distance restraints obtained for the wild type and the mutant ferrocytootyganiene number of distance
restraints per residue used for the structure calculations of wild-type and Y64A cytoctygyiseas follows: long-range distances between
residues andi + n (n > 4), 194 for the wild type and 206 for the mutant; medium-range distances for residnds + n (1 < n < 5),
150 and 163 for the WT and the Y64A mutant, respectively; and short-range distances for residdes- 1, 216 for the WT and 237
for the mutant. Residue 80 is the heme moiety.

Table 1 A 1
wild type Y64A 3 b
Energetic Statistiés z ]
bond 12.85+ 0.63 13.71+ 0.60 = 2]
angle 91.87-6.75 100.76+ 5.19 g
dihedral 79.56t 5.8 87.00+ 5.35 ]
out of plane 2.84k 0.63 3.26+ 0.68 17 ;
H bond —35.38+ 1.58 —35.82+1.93 ] {
VDW —248.51+ 7.69 —244.124+6.31 04 T ; T . ; T y
electric static —1009.17+ 15.75 —959.28+ 16.28 4
total —1104.82+ 20.46 —1033.43+ 18.26 i|B
Experimental Statistics 37
no. of distance violations < ]
>0.1A 18.36+ 4.27 24.64+ 3.98 - 23
>0.2A 3.15+ 1.58 7.02+ 1.75 g 1
>0.3A 0.31+£0.52 1.20+ 1.03 .
violation energy ¢0.1 A) 16.25+ 3.92 25.41+3.34 1
Structural Statistics ]
backbone atof(residues +79) 0.83+£0.12 0.7740.12 0T T T T T T T T
rmsd to meah 47 p
heavy atom (residuesT79) rmsd  1.23+ 0.12 1.20+0.17 ]
to mean 34
backbone atom (residues-37) 0.69+ 0.08 0.68+ 0.12 - ]
rmsd to mean <
heavy atom (residues-¥7) rmsd  1.17+0.11 1.17+0.18 T 27
to mean g
a All values are in kilocalories per molé Backbone atoms used for 14
superposition are N,<Cand C.¢ rmsd values are the average pairwise p
rmsd for the residue and atoms shown. 0] | ; T Y ; T T
0 10 20 30 40 50 60 70 80
Y49, and K54 (Table 2). The differences observed at the residue number

heme cleft between K54 and ti§¢-loop (S25) are located  Ficure 4: Positional backbone rmsd and variance for (A) wild-
in this flexible region of the molecule. It is difficult to  type cytochromessss (B) Y64A cytochromecsss and (C) both.
determine whether these variations in hydrogen bonding between cytochromess; and formate dehydrogenase has
network correspond to real structural changes or just to arecently been demonstrated4f. Y64 is situated in the
variation in statistical repartition of the hydrogen bond in region of the proposed encounter surface of the profet) (
the different structures. The absence of hydrogen bonds withand its substitution may induce electrostatic or solvent
Y44 could explain the increase in the internal mobility found accessibility changes. The heme exposure is shown for the
in the mutants. two NMR ensembles in Figure 8A. This clearly demon-
Electrostatic Distribution and Heme Seint Accessibility strates that in the absence of the aromatic ring there is an
The ionic strength dependence of the complex formation increase in heme solvent accessibility at the C10 edge. The
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FiGurRe 5: Stereoview of the superimposition of the backbone coordinates of the representative structures of the wild-type (red) and Y64A
(blue) cytochromessss.
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FiGUure 6: Matrix representation of the hydrogen bonding networks in wild-type and Y64A ferrocytoctuggn€he numbers refer to the
discussion of the hydrogen bonding networks identified in the text. Only those hydrogen bonds occurring in more than 10 of the 39 structures
are shown. The heme is indicated as residue 0.

increased accessibility appears to be due not only to theresidue 64 (Figure 8B). It should be noted that, in the case
absence of the aromatic side chain but also to the increasedf D. desulfuricansNorway cytochromecsss (22), Y64 is
disorder present in the ensemble for the side chain of K63. replaced by a leucine residue and S9 is replaced by a
This also affects the mean electrostatic surface shown inmethionine residue. The methionine residue might offer a
Figure 8B, resulting in a more diffuse positive charge above compensatory effect for Y64L replacement in obtaining an
the cysteine edge. overall packing and hydrophobicity in the pocket between
Cavity Induced by Y64A SubstitutionY64 is contained residues 6 and 64.
in a large turn region which forms an important hydrophobic
pocket in the interior of the molecule. This aromatic residue DISCUSSION
makes a linkage between the heme and the encounter surface. The physical basis of electron transfer in oxidoreduction
Tyrosine replacement by a phenylalanine residue removescomplexes is a subject of considerable debate. Two mech-
the hydrogen bond between the tyrosine hydroxide and S9anisms have been proposed, incorporating through-bond and
HG and L6 CO. The ring substitution in the case of Y64L, through-space pathways. The through-space path is probably
-V, and -A mutants affects the hydrophobic heme environ- the least efficient because of the exponential decay of the
ment progressively. Moreover, the Y64A substitution in- interaction with distance. The covalently bonded path can
creases the size of the cavity adjacent to the position of be extremely long compared to the direct through-space path,
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Ficure 7: Hydrogen bonding networks. Hydrogen bonds are noted by broken lines. Representation of hydrogen bonds (A) with residue 64

and (B) in the heme pocket (left) for the wild-type cytochrome and (right) for the Y64A mutant.

Table 2: Heme Pocket and Related Hydrogen Bonds

donor group acceptor group WT Y64A
Ser25 HG heme ocC 7/39 0/39
Lys27 NH heme ocC 27/39 38/39
Lys27 HN3 heme ocC 18/39 13/39
Lys27 HN3 heme oD 34/39 17/39
GIn32 HE* heme HD 37/39 34/39
Lys40 HN3 heme oD 39/39 25/39
Tyrd4 HH heme ocC 18/39 0/39
Tyr49 HH heme ocC 4/39 11/39
Tyr49 HH heme (0]} 26/39 30/39
Lys54 HN3 heme ocC 13/39 7/39

is considered completely delocalized), (ii) covalerionded
bridges which connect the donor and acceptor (1.5 A), and
(iii) nonbonded exchange which associates donor and ac-
ceptor in an interaction through nonbonded groups. Several
groups have investigated potential electron transfer pathways
in proteins, although the identification of a unique through-
bond pathway is complicated by the large number of possible
combinations. It is therefore very important to identify
residues which can be shown to participate in the electron
transfer process and, if possible, to establish the physico-
chemical properties necessary at a given point in the electron
transfer pathway.

but in this case, the electron transfer rates depend on the In this work, we have demonstrated the functional role of
number of covalent bonds separating the donor and theY64 in D. wpulgaris Hildenborough cytochromesss the
acceptor rather than on the direct separation distance. Thesubstitution was drastic for the electron exchange between
through-bond pathway involves different mechanisms: (i) cytochromecsszand the formate dehydrogenase but does not
direct coupling of metal and ligands (in this case, the electron affect the oxidoreduction potential or the stability of the
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Ficure 8: (A, top two pairs of structures) Electrostatic charge distribution of the encounter surface of wild-type (left) and Y64A (right)
ferrocytochromessss. The mean values is taken for 12 randomly selected structures from the two ensembles. The values of the electrostatic
grids are shown at the surface of the molecule, calculated using the Conolly algorithm for the closest structure to the mean of the two
ensembles. The heme solvent accessibility is shown in orange. The remaining color sheme for the surfaces is scabelTamred,

through white, to blue for 3 kT. The ribbon is shown above each molecule in the same orientation. (B, bottom) Heme pocket architecture
of NMR ensembles of wild-type (left) and Y64A (right) cytochromgs The backbones of residues-44 and 55-70 are shown in blue

and the heavy atoms of residues 6, 63, and 64 in yellow, and the heme is shown in red. The accessibility of the heme of the structure closest
to the mean of each ensemble is shown in black.

protein. Kinetic studies of Y64F, Y64L, and Y64V mutants induced either an inhibition of complex formation or a loss
provide evidence that the substitution decreases drasticallyof the electron transfer pathway within the complex. We
the electron exchange. The Y64A mutant was not reducedhave undertaken the structure determination of the Y64A
after incubation for 12 h with the redox partner. It appears mutant to investigate these possibilities. From the two-
therefore that substitution of the Y64 with alanine has dimensional (2D)'H NMR study, we could solve the
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structure of both the wild-type and Y64A ferrocytochromes tion of oxidoreduction states through a hydrogen bond
Css3 With the same protocol. The NMR spectral quality and network involving a structural water molecule was proposed
chemical shift variations were consistent with a highly by the authors Z8). However, the modification of the
conserved structure for both the wild-type and mutant oxidoreduction potential induced by the mutation is 50 mV,
proteins. The structural analysis of the mutant protein suggesting a second role for Y67 in setting the value of the
demonstrates that in general the structure of the wild type is midpoint reduction potential.

highly conserved in the Y64A mutant and that the electro-
static charge at the surface is conserved and the hydroge
bonding network virtually unaffected. The major differences
between the two molecules are in the heraelvent inter-
face, a region already implicated in the electron transfer
process involving cytochromes(5, 11). Two significant

effects are observed: an increase in the accessibility of the . ;
cysteine edge of the heme and a redistribution of the meanfound to be dramatically altered in Y147A and -S mutants.

charge at the surface of the molecule. The former effect These mutations affect the electron exchange but do not

appears to be due both to the increased disorder of the surfac&"2nge the oxidoreduction potential of the redox centers and
K63 and to the absence of Y64. The reason for this increasedd® Not modify either their accessibility or the substrate
disorder is possibly the rupture of the catiem interaction ~ Pinding site £9). Two pseudorevertants at the highly
(23) between the charged side chain and the aromatic ring.conserved M154 position (M154l and -V) were found to
Although this interaction is not observed throughout the wild- "estore the electron exchange rates from thesi@ to the
type ensemble, possibly due to the absence of this type ofc¢ytochromeb. The compensatory effects of M154 substitu-
attraction in the rMD force field, the proximity of the two  tions were only needed when position 147 is occupied by a
side chains suggests the existence of a catiorbond ~ small amino acid side chain (A or S). These spatial
between Y64 and K63. The consequent reorientation of theinteractions between positions 147 and 154 suggest that to
K63 side chain modifies slightly the cluster of positive be efficient, electron transfer requires either a bulky side
charges around the heme pocket. We have already reporte¢hain at position 147 or a hydrophobic side chain at position
that the substitutions K62E and K62E/K63E affect the 154 when the former residue is occupied with small residues.
association constant of the complex formation by factors of This result is consistent with our data d@esulfaibrio

3 and 5, respectivelyld), but do not inhibit the electron  cytochromessss, indicating that the electron exchange takes
transfer between formate dehydrogenase and cytochcome place only if some important amino acid side chains form
Consequently, in the case of Y64A substitution, the reori- hydrogen bonds to allow a through-bond pathway.

entation of K63 is not sufficient to explain the loss of electron v results clearly show that the difference in kinetics rates
transfer between the two partners. We conclude that Y64 ponveen Y64 and F64 cytochromes; is correlated with

is required for the electron transfer pathway. _the loss of a hydrogen bond involving the hydroxide group
Different authors have developed site-directed mutagenesisys ihea tyrosine and L6 and SO residues. The replacement of

studies %f cy:)oc_hronlm (ijn_ W?]iCh laromatic rﬁsiduesp\r/]veé; Y64 by L, V, or Alincreases the distance between the amino
supposed to be Involved in the electron pathway. €92 IN 56id side chain of the substitute residue and both the L6 and

mitochondrial cytochromes is structurally equivalent to Y64 S9 side chains.D. desulfuricansNorway cytochromeesss

in_cytochrome Css3 (11). The kinetic measurements of may be considered a natural revertant of the Y64L mutant

electrpn exchange between. yeast cytochrome gnd Zr]'where the S9 side chain is substituted by the M9 side chain,
substituted cytochrome peroxidase have been carried out . :
producing an active cytochrome. The next step of our study

for five mutants (F82Y, -G, -S, -L, and -IP@). Theauthors pu " " o 10 Getermine the structure of this natural
reported that, for four variants with an aliphatic residue at revertant or to make a double SOM/Y64L mutant bf

position 82, the rate of electron exchange wa$ tihes o :
slower at 0°C than for the two molecules with aromatic vulgaris Hildenborough cytochrome to check the involve-
ment of these two residues in the electron transfer pathway.

residues. However, the midpoint potentials were also . . )
significantly affected by the substitution. Structural studies Many groups have attempted to provide direct experimental

by either 2D NMR (F82Y) 25) or X-ray crystallography  €vidence of electronic coupling mediated by hydrogen bonds
(F82S and -G) 26, 27) reveal some conformational varia- (30 31). On the basis of these results, we have studied the
tions. From the study of F82 variants, it was suggested that &lectron pathway within cytochrontes; using the Greenpath
F82 has at least three roles: (i) limiting solvent accessibility Software 82). From Y64 to the heme iron, four residues
to the heme, thereby regulating the reduction potential of are proposed to be involved in a through-bond electron
the protein, (ii) facilitating the rate of electron transfer by transfer (L6, Y7, C10, and H14). After Y64F, -L, -S, and
providing the optimal medium along the electron pathway, -V substitutions, the through-bond electron path is forced to
and (iii) forming a contact face interaction with the redox become a less efficient through-space electron path. In the
partners to assist in the formation of the productive electron case of Y64A replacement, the through-space electron
transfer complex. transfer becomes unproductive. Our results demonstrate that

Y67 involvement in electron transfer in mitochondrial D. vulgaris Hildenborough cytochromesss is an excellent
cytochromes was also studied with site-directed mutagenesigcandidate for evaluating this electronic coupling in cyto-
(7). Conversion of Y67F results in a substantial increase in chromesc, and further investigation using protein engineering
the size of an already existing internal cavity adjacent to will be undertaken to elucidate the different intermediates
residue 67. The involvement of this residue in the stabiliza- of the through-bond electron path in cytochronees

Evidence of the role of an aromatic residue in electron
Yransfer has been obtained in the cytochrdorgubunit of
the cytochromebg, complex. Y147 is a highly conserved
residue; Y147F and -V replacements significantly affect the
electron transfer between the ubihydroquinone oxidagg (Q
site and the cytochromie, and the electron exchange was
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