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ABSTRACT. Rusticyanin from the extremophil€hiobacillus ferrooxidanss a blue copper protein with
unusually high redox potential and acid stability. We present the crystal structures of native rusticyanin
and of its Cu site mutant His143Met at 1.27 and 1.10 A, respectively. The very high resolution of these
structures allows a direct comparison with EXAFS data and with quantum chemical models of the oxidized
and reduced forms of the proteins, based upon both isolated and embedded clusters and density functional
theory (DFT) methods. We further predict the structure of the Cu(ll) form of the Hisl43Met mutant
which has been experimentally inaccessible due to its very high redox potential. We also present metrical
EXAFS data and quantum chemical calculations for the oxidized and reduced states of the Met148GIn
mutant, this protein having the lowest redox potential of all currently characterized mutants of rusticyanin.
These data offer new insights into the structural factors which affect the redox potential in this important
class of proteins. Calculations successfully predict the structure and the order of redox potentials for the
three proteins. The calculated redox potential of H143M@0 mV greater than native rusticyanin) is
consistent with the failure of readily available chemical oxidants to restore a Cu(ll) species of this mutant.
The structural and energetic effects of mutating the equatorial cysteine to serine, yet to be studied
experimentally, are predicted to be considerable by our calculations.

Rusticyanin is a monomeric type | “blue” copper protein at this position in other blue copper proteins, may provide
of 155 amino acids and is thought to be a principal some protection for the Cu in highly acidic med&-(11).
component in the iron respiratory electron transport chain Unigue to rusticyanin is a 35-residue N-terminal extension
of the Gram-negative, acidophilic bacteriufiobacillus containing three additiongl-strands.
ferrooxidans(1), also known a#\cidothiobacillus ferrooxi- Studies by Guidici-Orticoni and co-workerd?) have
dans(2). The protein is tolerant of an extremely wide pH shown that rusticyanin forms a tight complex with cyto-
range (1.5-9.0) and exhibits optimal redox activity around chromec,, and the exposed histidine ligand (His143) is likely
pH 2 with some activity even at pH 0.83)( In addition to to be a key residue in the formation of the complex,
this remarkable property, rusticyanin has a CuQ@u(ll) consistent with observations of other blue copper proteins
redox couple of~680 mV @, 5) whereas more typical redox  (13—15). The redox potential of rusticyanin in the complex
potentials for the type 1 copper proteins are around 300 mV.was lowered by 100 mV compared to its value in free
Crystallographic and NMRstudies 6—8) of native rusti- rusticyanin, leading to the suggestion that His143 acts as a
cyanin have shown that the protein is composed of a ‘redox switch”. The solvent-exposed histidine has been a
B-sandwich core with a Cu site very similar to that of other subject of site-directed mutagenesis in azufif) (@nd the
blue copper proteins, having a distorted trigonal planar type 1 Cu site ofAlcaligenes xylosoxidanstrite reductase

geometry with three strong ligands, His83'NCys138 $, © Abbreviati ADE. adiabatic detachment AMBER

; 1 ; ~ ; reviations: , adiabatic detachment energy; ,
HI$143 N) ! and a relatively weaker Met148 gand in an assisted model building with energy refinement; AxNid¢aligenes
axial position. Ser86, rather than the conserved Asn found xylosoxidansiitrite reductase; C138S, cysteine 138 mutated by serine;

DFT, density functional theory; BP86, Becke and Perdew, 1986; EE,
electronic embedding; EXAFS, extended X-ray absorption fine struc-
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B14224) to S.S.H. liquid chromatography; H143M, histidine 143 mutated by methionine;
* Coordinates and structure factors have been deposited in the Proteidm, imidazole; M148Q, methionine 148 mutated by glutamine; ME,
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(AxNIR) (17). In both cases, a substantial increase in redox metrical data for H143M and also for the Cu(l) and Cu(ll)
potential has been reported. states of the native rusticyanin and the Met148GIn mutant

There have been a number of experimental and theoretical(M148Q), for which a crystal structure was recently deter-
studies of the members of the family of blue copper proteins, mined (L5). We also report new computational studies of
azurin, plastocyanin, and stellacyanit8{-24). The role of native rusticyanin and both the axial M148Q and equatorial
different ligands coordinated to the copper center in deter- H143M mutants in order to gain more insight into the
mining the active site structure and redox properties of type structure-function relationships of blue copper proteins and
1 Cu proteins is generally understood, at least qualitatively the determinants of redox potential. We have studied this
(25—27). These proteins have in common three equatorial latter mutant, since although there have been a number of
ligands, two histidines and one cysteine, but have different studies of the effect of axial mutations on both the structure
ligands in their axial positions, either methionine, glycine, and redox potential, corresponding studies on equatorial
or glutamine 24, 28, 29). The different electronic nature of ~mutants have been lacking.
these sulfur and oxygen binding ligands is responsible for
modulating the properties of the copper center. Thus, the EXPERIMENTAL PROCEDURES
harder ligands (more strongly bound) GIn and Gly favor the
trigonal and tetragonal structures for Cu(l) and Cu(ll),
respectively, while the softer methionine ligand does not
favor either structure. These trends have been substantiate
by theoretical studies by Ryde et al. on model compounds
(30). The hard ligands also preferentially stabilize the higher
oxidation states compared to the effect of the sulfur-
containing ligands, leading to plastocyanin having the larger
and stellacyanin the smaller redox potential of the three
proteins, with azurin, which has both methionine and glycine
in the axial positions, being intermediat&g( 31).

Mutation studies have provided additional insight into the
structure-function relationships of these blue copper proteins
(11, 28, 29, 31). In particular, structural studies of increasing
resolution have shown that quite large geometrical changes
may arise from changes in the axial ligand3,(32).
However, it might be expected that mutation of the more
strongly bound equatorial ligands will have a greater effect 27> o .
on thgeyprotein prqoperties. I% addition, to fuII)? understand d|pyr_|dyl _d|sulf|de). The Worklng_elect_rode was prepared b_y
the relationship between structure and redox properties, Wesoaklng n concgnt(ateq SUIm”C. acid for at Iea;t 30 min
require accurate structural data for the protein in both follpwgd by sonlca.t|on n delon!zed wa;er (5 min 2),
oxidation states, which is often lacking. Computational poh;hmg with glumlna (0.075 unit), and finally wo furthgr
studies of the geometric and electronic structures of proteinsson'cat'_ons' Thls_gave_a yalue of 600 mV vs SHE for native
have advanced considerably over the past decade so th ecomb_ma_nt_rustlcyanln In phosphate butfer, 10 mM at PH
predictions of active site geometry and energetics can be .2, which is in good agreement with the rgsults of HaIat;lpan
made to an accuracy which rivals experimet8, (19, 33). etal. @7) of 570 mV at pH 6.2 for the wild-type protein.
Since it is obviously not feasible to treat the whole protein ~ EXAFS Data Collection and Processirigie proteins were
at an acceptable level of quantum mechanics (QM), we usePuffer exchanged into 50 mM citric acid and 100 mM MES,
a hybrid method combining a QM description of the copper pH 4.0 (the same as that us_ed in qrystalh;auon), and loaded
center and the ligands directly bonded to it with a molecular iNto & EXAFS cell for freezing in liquid nitrogen. Fluores-
mechanical (MM) description of the rest of the protein. Such ¢énce EXAFS data were collected on station 9.2 at the SRS,
hybrid QM/MM models have been used quite successfully Daresbury Lgboratory using methods qlescrlbed p_rewously
in an attempt to understand structufenction relationships ~ (38). Analysis of the data was carried out using the
in many enzymes34—36). With the increasing availability crystallographic coordinates with the program EXCURVE98.
of higher resolution protein structures, and the increasing Protein CrystallizationCrystals of native rusticyanin were
accuracy of QM/MM calculations, there can now be much grown in the reduced form (Cin space groufP2; using
greater interaction between theory and experiment in orderconditions similar to those described previous3g)( Plate-
to probe the relationship between protein structure and like colorless crystals of H143M were grown using the
function. hanging drop vapor diffusion method at 293 K. Two

We here report two crystal structures of rusticyanin, the microliters of 10 mg mLt* protein in 10 mM HSO;, pH
wild-type native protein at 1.27 A resolution and a single 3.8, was mixed with an equal volume of reservoir solution
point mutation of the solvent-accessible His143 Cu ligand, consisting of 30% PEG 12K, 50 mM citric acid, and 100
also referred to as the redox switch, His143Met (H143M) at MM MES, pH 4.0, and suspended over a %@0reservoir.
atomic (1.10 A) resolution. This is the first atomic resolution X-ray Data Collection and Processing. High-Resolution
crystal structure for rusticyanin. We also present EXAFS Data Collection.For native rusticyanin, data were collected
at room temperature on a single crystal using a MAR 345

2 Atomic resolution, 1.2 A or better, refers to that resolution where iMage plate detector on station 9.6 at the SRS, Daresbury
the carbor-carbon bond of the polypeptide is resolved. Laboratory at a wavelength of 0.87 A. The crystal was

Protein Expression and Purificatiolhe native protein
was extracted directly frori. ferrooxidansand purified as

escribed previously4j, while the recombinant native and

143M and M148Q mutant proteins were prepared as
described by Hall et al.2Q). Prior to any crystallization,
the proteins were further purified using fast-performance
liquid chromatography (FPLC). Gel electrophoresis (SDS
PAGE) was performed to assess the purity of the protein
fractions. Oxidation of the colorless H143M protein was
attempted using KrClg and HO, with small aliquots of
CuSQ added. No color change was observed, suggesting a
redox potential in excess of 800 mV. The presence of Cu
was confirmed by EXAFS.

Redox Measuremen®Byclic voltammetry was performed
on an Autolab PGSTAT30 potentiostat. The electrode system
consisted of an Ag/AgGleference, Pt counter, and Au (BAS
systems) working electrode modified with Aldrithiol (4.4
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Table 1: Summary of Data Collection Statistics, Final Model, and
Refinement Results

native H143M
collection statistics
space group P2; P2,
resolution (A) 12-1.27 35.6-1.1
unit cell dimensions
a(Ah) 32,5 32.3
b (A) 60.8 60.1
c(A) 38.1 37.2
p (deg) 108.0 107.4
solvent content (%) 50.1 43.4
no. of obsd reflections 148206 824495
no. of unique reflections 37281 48379
completeness (%) 99.7 (100) 89.4 (72.6)
Rinerge (%0)2 4.6 (39.4) 8.1(19.9)
1/a(1)2 9.7 (2.2) 11.0 (2.9)
multiplicity?® 4.0 (3.2) 17.0(1.7)
refinement and model quality
F\’wcrkb 12.0 14.0
Riree” 13.5 17.0
no. of protein atoms 1197 1185
no. of water atoms 86 274
temperature factors
Wilson (A2) 15.3 11.8
protein (A2 18.3 16.2
Cu (A2 13.4 15.0
water (A2) 35.2 39.7
RMS deviations
bond distances (A) 0.014 0.013
bond angles (deg) 1.702 1.621
Ramachandran plot
residues in most favored regions 91.7 90.9

aFigures in parentheses are for the outer resolution shell,—1.30
1.27 A (native) and 1.121.10 A (H143M).? Ryoi calculated after
inclusion of Ryee reflections.® Ryee was calculated for 4310 and 1486
reflections, respectively.

mounted in a capillary with the spindle slightly aligned along
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libraries. Simulated annealing anB-factor refinement
resulted in arR-factor of 20.5%. Refinement proceeded in
SHELX97 @5) using conjugate gradient least-squares refine-
ment. Several cycles of refinement and model building in
“O” (46) and the inclusion of waters reduced tRdactors

t0 Reyst = 19.4% andRyee = 21.1%. Moving to restrained
anisotropic refinement at this point reduced Biéactors by
approximately 6% Reryst = 13.3%, Rree = 15.4%). The
electron density map was significantly improved, allowing
modeling of residue 2. The entire data set to 1.27 A,
including the 8% of reflections which were set aside for
calculatingRyee Was then used for a final cycle least-squares
full-matrix inversion, which yielded a finaReys; of 12.0%
(Table 1). The final model consists of residues1®5, 1
Cu, and 86 waters. Analysis with PROCHECK/7] shows
good stereochemistry with 91.7% of the residues within the
Ramachandran most favored region and all other residues
within the allowed region (Table 1).

H143M. Prior to any refinement, 3% (1450) of all
reflections were set aside for calculation of the fiRefactor.
The model was refined using the maximum likelihood
method implemented in REFMACH8) and rebuilt using
O (46). A total of 274 water molecules were added using
ARP/WARP @9). No restraints were applied to the copper
ligand distances or bond angles during refinement. Stereo-
chemical checks were performed using PROCHECK and
OOPS B0). Several rounds of refinement and rebuilding
produced a model with aR-factor of 16.2% Ryee = 18.1%)
using data to 1.1 A. At this point anisotropic displacement
parameters (ADP) were introduced using REFMACS5, which
produced a 1.7% drop iR-factor (1.2% drop ifRyes). Further
refinement and the introduction of riding hydrogen atom
positions then proceeded using SHELX9®)( until the
model converged to a finaR-factor of 14.0% for all

its b-axis so that most Friedel pairs were collected on the reflections. Ryee = 17.0%). Refinement statistics are sum-
same image. For H143M, a single crystal was flash-cooled marized in Table 1.

to 100 K in a nitrogen cryostream after being soaked for
approximately 1 min in cryoprotectant solution consisting

of 75% mother liquor with 25% glycerol. Data were collected

COMPUTATIONAL DETAILS
We have studied models of both the isolated active site

on a single crystal using a Mar 165 CCD detector on station of each protein, using density functional theory (DFT), and

9.5 at the SRS using an X-ray wavelength of 0.85 A.
In both cases data were integrated using DENZQ) &nd
scaled and merged using either SCALEPACKJ)(or the

of the protein itself. The latter employ a hybrid QM/MM
model combining a DFT description of the active site, with
a MM description of the remainder of the protein. In all QM

CCP4 suite41). Data reduction parameters are summarized calculations we have chosen to use the hybrid functional

in Table 1. Both proteins crystallize in space gr@# with
unit cell parametera = 32.5 A,b = 60.8 A,c = 38.1 A,
andp = 108.0 for native rusticyanin and = 32.3 A,b =
60.1 A,c =37.2 A, andB = 107.4 for H143M.
Structure Solution and Refinemerthe two structures

(BP86) having 38% exchange, as suggested by Szilagyi et
al. (51) in conjunction with TZV* and 6-31G* basis sets
for copper and the remaining atoms. This combination was
found to give a good description of the electronic structure
of [CuCly]?>~. We have used two variants of the hybrid QM/

were solved using the molecular replacement method imple-MM model, depending upon whether the MM region

mented in AMoRe42) using the 2.1 A resolution structure
of native rusticyanin (PDB accession code 1A82) \ith

polarizes the QM region via the effective point charges on
the MM atoms. These methods, with or without such

the waters removed as the search model. In the case ofpolarization, are termed electronic embedding (EE) and
H143M residue 143 was also truncated to alanine. The mechanical embedding (ME), respectiveéd®,(53). The QM/
solutions to the rotation and translation functions confirmed MM calculations were carried out employing the ONIOM
a single molecule in the asymmetric units and yielded an scheme as implemented in GAUSSIANQ24) using the
R-factor of 21.0% and 28.0% and a correlation coefficient AMBER force field 65) for the MM region. Our compu-

of 88.3% and 80.3% for the native and H143M structures, tational procedure is to take the appropriate crystal structure,

respectively.
Native RusticyaninFor native rusticyanin, refinement of

solvate it with a large number{(7500) of TIP3P %6) water
molecules, and relax the protein using the AMBER force

the molecular replacement model was carried out initially field augmented with the copper parameters developed by

with X-PLOR (43) and the Engh and Hube#4) parameter

Comba and Remenyb{). Thus, for native rusticyanin and
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H143M, respectively (reported herein), the [Cu@(BCH)S-
(CHy)2] (Im = imidazole) and [Cu(Im)(SCEI(S(CH)2)2]
entity was the QM part of the QM/MM model and was
described at the DFT level of theory. Here the cysteine,
histidines, and methionine are partitioned as follows. Cysteine
is terminated betweenfGand C* bonds (SCH); histidines
and methionine are partitioned between &hd @ bonds
[Im and S(CH),]. For M148Q (PDB code 1E30), the axial
glutamine is partitioned between’@nd C* bonds (NH-
COCH,CHg). The QM/MM partitioning of rusticyanin and
the two mutants is shown in Figure 1. All atoms in the QM
region, together with some important MM residues, listed
in Table 2, were optimized, while the remainder of the
protein and solvating waters were held fixed.

In view of the problems of calculating absolute redox
potentials, it is usual to compute the relative values for similar (a) Native rusticyanin
proteins (8) using simplified models in the hope that
contributions such as entropy and other effects, for example,
the differential solvation energy of the two oxidation states,
will effectively cancel. In this paper we are mainly concerned
with active site structures, and we wish to see if the trends
in the redox potentials which accompany mutations can be
predicted in terms of the measured and predicted structural
changes at the active site. This could well be so, since no
changes in the actual residues outside the active site have
been made. We have calculated a number of energetic
quantities related to the redox potential of the copper core.
The vertical electron detachment and attachment energies
(VDE, VAE) are the energy differences between the Cu(l)
and Cu(ll) species. The VDE is computed at the equilibrium
geometry of the Cu(l) species and the VAE at the geometry
of the Cu(ll) species. The adiabatic electron detachment
energy (ADE) is the difference between the energies of the
Cu(l) and Cu(ll) species, each at their equilibrium geometry.
The one-electron oxidation reaction corresponds to the ADE
which may thus be used as an estimate of the redox potential.
The difference between the ADE and the VDE and VAE,
respectively, gives the inner-sphere reorganization energy for
the oxidized fox) and reduced statesi{y), the total
reorganization energyl{) being the sum of these values.

RESULTS AND DISCUSSION

Spectroscopic and Redox Properties of the Proteins.
common with other type 1 Cu-containing proteins rusticyanin
exhibits absorbance at 592 and 449 nm at a ratio of 2.08,
with a further band at 700 nm. Rusticyanin has a rhombic
EPR spectrum witly, = 2.015,g, = 2.052,9, = 2.211,A«
=6.5mT,A,=1.3mT, andA, = 5.0 mT @8). As has been
seen previously with other T1 Cu proteins (His117Gly in
azurin etc.), the mutation of the surface-exposed His ligand
resulted in a colorless protein. The H143M mutant exhibits .
only a single absorbance band at 280 nm arising from (c) Met148Gln mutant
aromatic residues. No EPR-active species was detectedFIGURE 1: QM/MM partitioning for (a) native rusticyanin, (b) the
indicating that the protein was in the reduced state. Attempts H143M mutant, and (c) the M148Q mutant.

to oxidize the protein using chemical methods;I(Kle) contain 1 molecule in thB2; asymmetric unit and comprise
proved unsuccessful, suggesting that the potential could be154/153 residues and 86/274 water molecules, respectively.
in excess of 800 mV. XRF data (not shown) and EXAFS The final crystallographi& Ry factors were 12.0%/13.5%
confirmed that Cu was present in the sample in the Cu(l) (native) and 14.0%/17.0% (H143M). The first residue at the
state. N-terminus is disordered in both structures and has been
Atomic Resolution Crystal Structure$he 1.27/1.1 A omitted from the models, as is residue 2 in the H143M
resolution structures of native and H143M rusticyanin both structure. The C-terminal Lys in the native structure is
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Table 2: QM (in Bold) and MM Residues Optimized in QM/MM Calculations
system amino acid residues

native Rc Alad4, Val45, Phe51, Phe52, Ser53, Phe54, Asn80, GHisd5, Ser86, Phelll, Ser11Rys138 Vall37, GIn139, lle140,
Prol41, Gly142His143 Alal44,Met148

H143M Phe51, Pro52, Ser53, Phe54, Phe83, Glig85, Ser86,Cys13§ Val137, GIn139, lle140, Prol41, Glyl4@et143, Alal44,
Met148, Phel49

M148Q Phe51, Pro52, Ser53, Phe54, Phe83, GIM#B5, Ser86,Cys138 GIn139, lle140, Prol41, Gly14Blis143 Alal44, Alal45,
Thrl46, Gly147GIn148

C138S Alad4, Val45, Phe51, Phe52, Ser53, Phe54, Asn80, G885, Ser86, Phelll, Ser112er138 Vall37, GIn139, lle140,

Prol41, Gly142His143 Alal44,Met148

modeled in two conformations, while the side chafakdms

of residues 20 and 101 (native) and Lys25 and Lys36
(H143M) were not clear in the electron density and so were
assigned an occupancy of zero. In the H143M model, the
side chains of 10 residues were modeled in alternative
conformations.

There are two structures of native rusticyanin at 1.9 A
(PDB code 1RCY;6) and 2.1 A (PDB code 1A8Z7)
resolutions in the Protein Data Bank. The current structure
of the native protein to 1.27 A resolution thus represents a
significant improvement in the quality of the structural
information. The H143M mutant retains the overall structural
features of native rusticyanin. Both fold as a Greek key
pB-sandwich core consisting of twg-sheets and the N-
terminal extension, unique to rusticyanin, connected by
several loops and coils. Superposition of the &oms of
the H143M structure with the native structure gives an RMS
deviation of 0.25 A. Although the overall RMS deviation is
modest, there are significant differences between the H143M
and native rusticyanin structures. Structural differences
appear in the loop regions of 489, 114-119, and in
particular the proline-rich loop 94106. This loop packs
against thes-turn and 3q-helix which is responsible for
providing the C-terminal cluster of Cu-coordinating residues
(6). The side chain orientations of amino acids also show
the most deviation in this area. Residue 93 is modeled as a
Gly in H143M and Val in the 1.27 A native structure. This
has resulted from a deviation in the sequences of the wild-
type protein and the recombinant proteins. The His143Met
mutation also results in a positional difference of between
0.3 and 0.4 A for the neighboring residues Pro141 and
Gly142, which are located in a type B-turn. The mean
anisotropy values for the H143M and native Rc structures
were calculated to be 0.48 and 0.43 for protein atoms and
0.50 and 0.35 for solvent atoms, respectively. This mean
protein value is close to the average for protein structures at
atomic resolution §8). In both cases the Cu atom has an
anisotropy of~0.4. With the exception of a number of
surface residues and small loop regions, the molecules did
not exhibit significant anisotropy.

Native and H143M Cu SitesThe copper site of native  oxidant KilrClg proved the crystals contained Cu and were
rusticyanin in the 1.27 A structure is similar to that reported redox-active; however, after treatment with the oxidant
previously at lower resolutions( 7) (Figure 2A, Table 3). crystalline order was lost, possibly due to the formation of
Cuis coordinated by three strong ligands, His85%, igys138 a heavy atom derivative. The comparatively long (2.23 A)
S, and His143 N, in a trigonal planar geometry and an Cu—Cys138 S distance is consistent with this oxidation state
axial ligand Met148 & TheB-factors for the ligating atoms  and is confirmed by EXAFS data on the oxidized and
are between 11.5 and 13.12Avhich compares well with  reduced states of the enzyme (Table 3). A superposition
that of the Cu atom at 13.4%AThe Cu site is comparatively  between the 1.27 and 1.9 A structures is given in Figure
stable, as shown by anisotropic thermal probability ellipsoids 4A. In the 1.9 A structuref), a short (1.89 A) Cu His143
(Figure 3A). Crystals of the native protein could only be N°! bond length was observed. It was suggested that this
obtained in the reduced, Cu(l) form. Tests with the chemical strong interaction might be in part responsible for the

FiGurRe 2: Active site electron density for (A) native and (B)
H143M rusticyanin.
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B ' B
FiGure 3: Anisotropic thermal probability ellipsoids for the active g re 4 Least-squares superposition of the 1.27 A rusticyanin

site and cupredoxin core of (A) native and (B) H143M rusticyanin. ¢y, sjte (yellow) with (A) the previous 1.9 A structure (magenta)
As expected, the core shows no significant areas of anisotropy in g (B) the His143Met Cu site (green).

either structure whereas in the mutant structure the highly aniso-

tropic nature of the closer sulfur position and methyl groups of the e . .
MeFt)143 side chain can clearly b'Z seen. yigroup the second sulfur position is too distant to interact at 4.24 A

from Cu. The temperature factor of the distant sulfur is 11.9
elevated redox potential of rusticyanin. The near-atomic A2 compared to 15.1 Afor the Cu atom. The closer sulfur
resolution of the 1.27 A structure allows these interpretations atom has &-factor of 21.1 &, almost double that of the
to be revisited. We observe a much more typica-Gigand distant sulfur, indicating that the atom in this position is more
bond length of 2.08 A for CtHis143 N'.. The Cu-Cys138 disordered. The occupancies of the two sulfur positions were
S bond length is similar to that in the 1.9 A structure. A refined using the free-variable option in SHELX97 and are
3D EXAFS simulation of the reduced protein is consistent equivalent. The high anisotropy of the closer sulfur position
with the Cu site depicted by the near-atomic resolution is illustrated using 50% probability thermal ellipsoids (Figure
crystallographic data, with a GtHis143 N* bond length 3B). Superposition of the H143M Cu site with that of the
of 2.02 A (Table 3). The observation that the Cu center native protein (Figure 4B) shows close similarity except for
parameters are in fact fairly typical for cupredoxins suggests a small (0.17 A) movement of His85. The Cu position itself
that the structural factors which lead to the unusually high is shifted ~0.6 A toward the two sulfurs of Cys138 and
redox potential of rusticyanin may lie outside of the first Met148. The His85 Rt—Cu—His(Met %143 N’* angle
coordination sphere. shows a decrease from 10® 86° and 89 (the near and

In the H143M structure, the side chain of the mutated far sulfur positions, respectively) relative to the native
Met143 residue has been modeled in two conformations with protein. In addition, the Met148°SCu—Cys138 $ angle
equal occupancies (Figure 2B). One sulfur atom is at 2.87 is increased from 105to 119. In the H143M structure a
A from Cu, thus forming a weak ligand interaction while half-occupancy solvent molecule has been modeled which

Table 3: Experimental MetalLigand Bond Lengths and Angles

native Rc native Rc native Rc native Rc H143M 3D EXAFS EXAFS EXAFS M148Q
1.27 A 1.9A  EXAFS EXAFS 1.1A H143M M148Q M148Q 15A

(red) (red) (ox) (red) (red) (red) (ox) (red) (red)

bond length (A)

Cu—His85 N 2.06 2.04 2.05 212 1.89 1.94 1.95 1.92 1.98

Cu—His143 Nt 2.08 1.89 1.93 2.02 1.95 2.06 2.02

Cu—Met143 3t 2.87,4.24 2.88,4.24

Cu—Cys138 8 2.23 2.26 2.16 221 2.14 2.15 2.15 2.20 2.18

Cu—Met148 3 2.92 2.88 3.12 3.03 2.50 2.46

Cu—GIn148 O 2.30 2.33
bond angle (deg)

His85 N'*—Cu—Cys138 3 126 128 126 125 133 133 118 119 119

His85 N''—Cu—Met148 S 86 85 86 86 96 96 97 96 96

His85 N'*—Cu—His(Met 9%)143 N** 103 105 103 103 86, 89 86, 89 100 101 101

His(Met 31143 N"*~Cu—Cys138 8 125 119 125 124 122,121 122,121 134 133 133

His(Met 31143 N'’—Cu—Met148 101 106 101 101 90, 86 90, 86 95 93 93

Met(GIn148 0)148 5-Cu—Cys138 3 105 106 105 105 119 119 105 105 105
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interacts with the closer conformation of Met143 and refines A
with a B-factor of 24.6 & compared to 21.1 Afor the
corresponding sulfur of the methionine. Thus this water is

in this position when the sulfur atom is nearer the Cu atom. 2
This surface water is in turn weakly bonded (3.5 A) to a
number of other solvent molecules. When Met143sSin

its more distant position (more ordered), the Cu site adopts
a 3-coordinate geometry.

The replacement of the His143 ligand with a Met has a
relatively small effect on the collection of hydrophobic
residues that are in the vicinity of the usual His143 residue
and the Cu site. The outward flipping of the distant position -
of the Met143 side chain away from Cu results in small
changes in the positions of Phe51, Pro52, Phel11, and lle140. 5
The 1le140 C position is essentially the same and maintains
its close position to the Cu atom. The largest change occurs B
in the Phe83 position where the ring is rotated-bg0° in
the direction of the Cu atom and has also moved closer to
the Cu by some 0.8 A.

Sobent Structureln the native structure of rusticyanin at
1.9 A (PDB code 1RCY) a total of 128 solvent molecules
were modeled; this is considerably more than in the native
structure presented here. This apparent discrepancy could
be due to dehydration of the crystal used for native data
collection as a result of prolonged X-ray exposure at room
temperature. In contrast, the H143M structure with similar
unit cell dimensions has a total of 274 solvent molecules. In
the H143M structure the side chain of GIn139 which is
adjacent to the Cu ligand Cys138 is how seen to be bonded
to a solvent molecule, Wat2285, which is observed to be 2 RIA
involved with an outer Cu-sphere hydrogen-bonding network. Ficure 5: Simulation (dashed line) of the (Af-weighted Cu K
In both the native (1.27 and 1.9 A) and His143Met structures, edge EXAFS data for H143M using 1.1 A crystal coordinates and
two solvent molecules (Wat2002 and Wat2004) are involved (B) the corresponding Fourier transforms.
in hydrogen bonding, helping to stabilize the main chain
carbonyl atoms of Cys138 and Ile140 along with Ala144, confirming that the crystallographic structures reported here
Val98, and Ala99. The observation of these solvent mol- are for the reduced state. There is also an overall increase in
ecules in the lower resolution structures is consistent with the Cu-histidine distances (by 0.05 A) in going from
them exhibiting among the lowe&factors of all solvent ~ OXidized to reduced copper. The position of the Met148
molecules in the current structures. Residues Val98 andligand is less well defined because its contribution to the
Ala99 are located in the hydrophobic proline-rich loop that EXAFS data is much weaker than for the other ligands.
forms a close interaction with théturn and the 3-helix For reduced H143M, a close agreement between the 3D
which provide the C-terminal cluster of Cu residuék (t EXAFS results and the 1.1 A crystallographic structure is
would be tempting to suggest that this close interaction of clearly evident (Figure 5, Table 3). The Cys138-&u and
the loop brings the backbone atoms of Val98 and Ala99 into Met143 $'—Cu distances are within 0.01 A of their values
a position to form a tight hydrogen-bonding arrangement, in the crystal structure where the Met148-SCu distance
ideal for holding solvent molecules. It is possible that this of the more distant sulfur atom is identical at 4.24 Both
is a structural arrangement that exists in order to preventsulfur positions of the mutated Metl43 side chain were
the hydrolysis of the Cu ligand, Cys138. accounted for during 3D EXAFS refinement. The-Gtis85

EXAFS Data and Comparison with Crystal Structu@s. ~ N°* distance is slightly longer at 1.94 A compared to 1.89
K-edge EXAFS data for native and M148Q rusticyanin in A in the crystal structure whereas the €\et148 S
solution at 100 K were collected for both the oxidized and distance is shorter by 0.04 A at 2.46 A compared to the
reduced forms of the proteins. For H143M, data were crystallographic value of 2.50 A.
collected only for the reduced form. Data were analyzed with EXAFS-derived distances for the coppdigand bond
the crystal structure coordinates, using the 3D EXAFS lengths in M148Q rusticyanin are also given in Table 3. The
refinement methodb@). The use of this method of refinement  crystal structure of M148Q was previously determined to
in providing metrical accuracy for metaligand stereochem- 1.5 A resolution {5), and this was used as the starting model
istry using crystallographic coordinates has recently beenfor 3D EXAFS refinement. The EXAFS data show reason-
highlighted in the case of the copper nitrite reducts&@® (  able agreement with the crystal structure for the three
and MoFe nitrogenase proteirgil). EXAFS-derived values  equatorial ligands. A 0.03 A reduction in the €His85 Nt
for copper-ligand bond distances are given in Table 3.

For reduced native rusticyanin, the €0ys138 & distance 3Such a distance would not have been incorporated in XAFS
is 2.21 A, compared to 2.16 A in the oxidized protein, refinement without the crystallographic information.

EXAFS x k*

FT Amplitude




2934 Biochemistry, Vol. 45, No. 9, 2006

Barrett et al.

Table 4: Structures of Isolated (Gas Phase) and Embedded Cluster Models of Reduced Rusticyanin, the H143M Mutant, and the Met148Q

Mutant
native Rc H143M M148Q
QmM/ QM/ QM/ QM/ QmM/ QMm/
gas MM MM gas MM MM gas MM MM
X-ray?2 phase (EE) (ME) X-ray? phase (EE) (ME) X-ray>¢ phase (EE) (ME)
bond length (A)
Cu—His85 Nt 2.06 213 213 212 1.89 212 196 201 198(22) 204 211 2.09
Cu—His(Met 91143 Nt 2.08 207 218 222 424 245 473 459 202(2.1) 210 208 2.07
Cu—Cys138 8 2.23 227 223 224 2.14 229 216 218 218(23) 221 223 224
Cu—Met(GIn 0)148 3t 2.92 254 274 251 2.50 267 241 230 233(25) 349 242 247
bond angle (deg)
His85 N1—Cu—Cys138 8 126 108 127 123 134 106 147 131 119(132) 133 124 124
His85 N’1—Cu—Met(GIn 0)148 3 86 100 85 90 96 104 89 81 96 (88) 79 87 87
His85 N’1—Cu—His(Met 31143 N 103 114 95 95 89 105 80 81 101 (98) 104 107 108
His(Met 31)143 N1-Cu—Cys138 3 125 124 127 120 121 106 120 116 133(125) 122 124 122
His(Met 1143 N1—Cu—Met148(GIn0) 8 101 103 100 105 86 115 81 87 93 (91) 81 92 91
Met(GIn 0)148 8—Cu—Cys138 3 105 105 113 119 119 120 118 128 105(110) 101 112 114

aDenotes X-ray structures reported heréiX-ray structure of M148Q (1E30¥.Denotes structure (in parentheses) of reduced stellacyanin

(1X9U).

Table 5: Structures of Isolated (Gas Phase) and Embedded Cluster Models of Oxidized Rusticyanin, the H143M Mutant, and the M148Q

Mutant
native Rc H143M M148Q
QM/ QM/ QM/ QM/ QM/ QM/
gas MM MM gas MM MM gas MM MM
EXAFS* phase (EE) (ME) phase (EE) (ME) X-ray® phase (EE) (ME)
bond length (A)
Cu—His85 Nt 2.05 209 202 202 201 200 200 2.02 204 199 2.00
Cu—His(Met 91143 N* 1.93 202 206 211 250 245 251 1.98 203 203 2.02
Cu—Cysl138 3 2.16 217 216 217 216 216 217 2.18 224 216 218
Cu—Met(GIn 0)148 &' 3.12 242 272 253 240 245 238 2.34 201 214 220
bond angle (deg)
His85 N'*~Cu—Cys138 3 126 100 135 141 138 142 139 133 95 136 130
His85 N''—Cu—Met(GIn 0)148 8 86 104 87 90 99 89 94 93 141 97 94
His85 N’1—Cu—His(Met 31143 N** 103 100 99 98 100 91 90 101 94 99 105
His(Met 91143 N'—Cu—Cys138 3 125 139 114 100 99 111 102 119 151 119 122
His(Met 91143 N'—Cu—Met148(GIn O) 8 101 98 105 108 102 100 102 96 89 102 98
Met(GIn 0)148 3—Cu—Cys138 8 105 111 111 116 113 116 121 105 102 97 99

aDenotes the EXAFS structure (reported hebd)enotes the X-ray structure (1X9R, oxidized stellacyanin).

bond length and increases of 0.11 and 0.05 A in the-Cu
His143 N* and Cu-Cys138 3 distances occur between the
Cu(ll) and Cu(l) states. The axial GIn148 O in the reduced
protein is some 2.3 A from Cu. In the oxidized M148Q
protein, GIn148 did not contribute significantly to the EXAFS
spectrum, indicating that it had moved significantly further
away from Cu and/or become disordered.

In our previous 1.5 A crystal structure of the M148Q

2.54 A) in the native protein is predicted to be considerably
shorter, an effect reflected in the shorter-@Lys138 8
distance (2.21 A), compared to the value in the native protein
(2.27 A). Mutation of an equatorial histidine ligand of
rusticyanin by methionine (H143M) has little effect on the
bond lengths involving the remaining two equatorial ligands.
In this mutant the equatorial methionine (M143) has a long
Cu—S bond (2.45 A), and this value for the axial methionine,

mutant, the protein was assessed to be in the oxidized statéM148 (2.67 A), is somewhat longer than that in the native
on the basis of the blue color of the crystal prior to data protein. The inadequacy of isolated cluster models for
collection. The structure showed a €6In148 O distance  predicting the Cwrligand coordination in the actual protein
of 2.33 A. In light of the EXAFS data presented here, it is highlighted by a comparison with our structural data for
appears likely that photoreduction of the crystal had taken the Cu(l) state of the H143M mutant, where the-Qiet143
place during X-ray data collection and that the structure was S°* distance is in error by negr A (Table 4). There is a
in fact that of Cu(1>>M148Q. similar discrepancy between the experimental structure of
reduced M148Q and our cluster geometry where the mea-
COMPUTATIONAL RESULTS sured Cu-GIn148 O distance is~1 A shorter than the

Cluster StudiesWe first describe the predicted structures Predicted value.
and redox properties of the three proteins given by the The structures of the Cu(ll) states as described by the
isolated cluster, namely, the gas-phase model. In the Cu(l)cluster model (Table 5) are tetragonal with bond lengths
state, the three clusters have a trigonal structure with Cu  which are generally shorter than those for the Cu(l) states,
ligand bond lengths which vary upon mutation (Table 4). which is particularly evident for the methionine and glutamine
The M148Q mutant has a long €&In148 O bond length  ligands. In the axial M148Q mutant the short-©68In148
(3.49 A), whereas the corresponding length{®4et148 S, O bond (2.01 A) leads to a longer ECys138 S bond (2.24
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Table 6: Vertical Detachment and Attachment Energy (VDE, calculations. . . o
VAE), Adiabatic Detachment Energy (ADE), and Reorganization QM/MM StudiesWe now consider the predictions of the
Energy @) (kcal mol?) of Native Rusticyanin and the H143M, active site structure and first focus on the M148Q mutant
M148Q, and C138S Mutants where there are EXAFS data for both oxidation states and
VDE VAE ADE  Adox  Ared i X-ray data for the reduced protein. For comparison with our
gas phase calculated structures, we also take the X-ray data for the
native Rc 1295 1120 1195 100 7.5 17,5 reduced and oxidized state of stellacyanin (TableS)3The
H143M 1382 1217 1282 100 65 16.6  major change from the cluster model is for the-GEin148
'\C"llggg ﬁi% %76'% 111161'% 216257 11%29 ‘;‘;76 O bond length, which has increased by-6012 A in the
QM/MM (EE) ' ' ' ' ' " oxidized state and decreased #yL A in the Cu(l) state.
native Rc 1195 1119 1156 39 3.7 7.6 The actual bond length predicted for the reduced stafe4?2
H143M 1442 1215 1257 185 42 227  A)isnow close to the experimental value-e.30 A (Table
?:"148(3 1171 1007 1137~ 3.4 130 164 4). The predicted axial bond length is 2.14 A in the Cu(ll)
138S 1415 98.0 1094 321 114 434 . ; - .
QM/MM (ME) species, whereas in the EXAFS data the axial ligand did not
native Rc 1204 1119 1162 42 43 85 contribute to the EXAFS spectrum, suggesting that the bond
H143M 1431 1223 1261 170 38 208 |ength had increased significantly and/or that the ligand had
M148Q 1182 1030 1139 43 109 152  phacome disordered. Previous EXAFS studies on the Cu
C138S 141.4 981 1095 319 114 433 LT g ; h
coordination site irRhusverniciferastellacyanin §2), carried
out at pH 6.4, showed a similar behavior, with an increase
Table 7: Relative Reduction Potentials (mV) of the Cu-GIn O distance from 2.45 A in the reduced protein
protein  experiment gas phase QM/MM (EE) QM/MM (ME) to 2.7 A in the oxidized protein. The predicted €0ys138
native Rc 0 0 0 0 S lengths of 2.3 and 2.16 A for the reduced and oxidized
H143M n/a +379 +438 +429 states, respectively, are in good agreement with the experi-
M148Q —117 —152 —81 —101 mental values of 2.3 and 2.18 A, respectively, as are the
C138S n/a —334 —269 —291 Cu—His85(143) N! distances.

For the H143M mutant our 1.1 A X-ray data for the

A), whereas in the equatorial H143M mutant replacing a reduced state have suggested that the equatorial methionine
strongly bound histidine with a methionine leads to a short may occupy two different positions (2.87 and 4.24 A, Table
Cu—Cys138 8 bond (2.16 A). A similar effect has been 3). For QM/MM calculation, we started with each of these
noted by others for stellacyanin and rusticyar8)( two possibilities for our optimization procedure. We find that

These differences in the geometric structure of the active both give the same optimized structure for the reduced state
site between the Cu(l) and Cu(ll) species are clearly central (Table 4) which shows a long CiMet143 3! distance (4.73
to understanding the effect that mutations have on the redoxA) and correspondingly short GtCys138 $ (2.16 A) and
properties. The reorganization energies (Tablelg)which Cu—His85 N’! distances (1.96 A). There is some difference
are also central to understanding the rate of electron transferjn the Cu-His85 N’ distance given by EXAFS and the 1.1
are particularly large for the cluster model, due to the lack A crystal structure (Table 3). Our predicted value (1.96 A)
of the geometric constraints of the protein (entatic effect) is closer to the EXAFS value (1.94 A). For the remaining
(21). The large value for the M148Q mutant (44.7 kcal copper-ligand distances, except for the long-€M143 31
mol~1) reflects the considerable reduction in the axial bond distance, there is good agreement with the 1.1 A crystal data.
length occurring upon oxidation. The calculated CeM143 S distance (4.73 A) departs from

For the other two proteins (native and H143M) the values the experimental values obtained from the crystal structure
of J; are still substantial but are quite similar in magnitude and EXAFS data, both being 4.24 A. The observation of
(17.5 and 16.6 kcal mot). Despite the lack of the protein  only the distal Ca-M143 S in the calculations together with
environment, the order of the redox potentials compared to the higheB-factor for the proximal position of M143S and
the native protein is correctly given by the cluster calculations greater anisotropy in the 1.1 A structure suggests that the
(Table 7). The large reorganization energy of the Met148Q closer conformer is unstable when the protein is reduced. It
mutant is responsible for this protein having the smallest is thus likely that the distant M143S in the experimental
redox potential of all three, despite it having the largest structure has an occupancy higher than 50% as is reflected
vertical ionization energy. It is of interest that the reorganiza- by its low B-value compared to the Cu atom.
tion energy for the native protein and H143M mutant is very  In the case of native rusticyanin, when compared to our
similar for the cluster model. Thus, the difference in the redox 1.27 A structure of the reduced protein, the QM/MM model
potentials for these two proteins is found in the vertical yields reasonably accurate bond lengths for-Elis85 N!
ionization energies. This can be attributed to the hardness(Tables 4 and 5), while the GtHis143 N'* length is a little
of the histidine ligand compared to methionine, where the overestimated~<0.1 A), and the CtCys138 $ length is
higher oxidation state is stabilized by the large nitrogen excellently reproduced (2.23 A). It is interesting to note that
negative charge. Thus, the isolated cluster calculations havewe find the long Cu-Met148 S bond to be rather sensitive
shown a number of important effects, both structural and to the QM/MM model used. In the EE method, this dis-
energetic, arising from mutation. Of course, isolated clusterstance is 2.74 A, about 0.2 A longer than that found by the
cannot differentiate the two conformers of H143M evident ME method (2.51 A). This reflects the relatively shallow
in the crystal structure and the effect of the protein backbone. potential energy curve for this weakly bound ligand in this
We now examine how these effects are modified by the case. However, both of these values are shorter than the
protein, by describing the predictions of the hybrid QM/MM  experimental value (2.92 A). We again find that the largest
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Table 8: Structures of Isolated (Gas Phase) and Embedded Cluster Models of the Reduced and Oxidized Forms of the C138S Mutant of
Rusticyanin

reduced oxidized
gas phase QM/MM (EE) QM/MM (ME) gas phase QM/MM (EE) QM/MM (ME)

bond length (A)

Cu—His85 Nt 2.08 1.90 1.92 2.07 2.04 2.04
Cu—His143 N* 2.03 4.06 3.92 2.01 212 2.15
Cu—Serl380 2.03 1.80 1.82 1.80 1.80 1.81
Cu—Met148 3! 2.49 3.19 3.14 2.42 2.52 2.48
bond angle (deg)
His85 N''—Cu—Ser138 0 97 175 173 92 151 155
His85 N'—Cu—His143 N* 128 74 7 98 94 93
His85 N''—Cu—Met148 S 107 80 80 115 88 88
Ser138 O—Cu—His143 Nt 116 109 100 149 102 97
Ser138 O—Cu—Met148 3 92 104 105 105 109 110
His143 N'—Cu—Met148 S 110 71 74 98 111 110

bond length change on switching from the isolated cluster M148Q mutant having the smallest redox potential and the
to the QM/MM model is for the CuMet148 S interac- actual relative values being little changed from those given
tion. by the isolated cluster.

In the comparison of our structures predicted by the QM/  Mutation of cysteine residues to serine has been much
MM model with new structural data described herein (Tables studied, particularly for irorrsulfur electron transfer proteins
3—5) and with some published data, we see there is generallysuch as rubredoxing8, 64). In view of the large structural
guite good agreement, but not at the level found for a similar and energetic effects that we find for the equatorial mutation
comparison for small gas-phase species. It may be that, instudied here (H143M), it is of interest to examine compu-
contrast to small gas-phase species, the potential energyationally the effect of mutating the equatorial cysteine to
surface for the protein is quite shallow in some regions. Thus, serine in the native rusticyanin (C138S). Both isolated and
an alternative way of judging our predicted structures is to embedded cluster calculations were performed for this
compare their energy with that of the corresponding cluster theoretical mutant (Table 8). The isolated cluster model
excised from the crystal data. To do this, we have first predicts a 4-coordinate species for both the oxidized and
optimized the positions of the hydrogen atoms in the X-ray reduced state, which is similar to H143M. However, in the
structure at the QM level. For the reduced state of the M148Q QM/MM model the oxidized form remains tetracoordinate,
mutant, the two structures are within8 kcal mol?®. This as in the native protein, but there is extreme distortion of
value is decreased te3 kcal mol? for the reduced state of the reduced form. The axial methionine (Met148) and
the native protein and is- 9 kcal mol? for the reduced equatorial histidine (His143) are dissociated, giving an
state of the H143M mutant. essentially linear 2-coordinate structure in the QM/MM

Prediction of the Oxidized Cu Site of the H143M Mutant. model. As in the case of rubredoxing5], the substitution
We have previously found that the H143M mutant was not of oxygen for sulfur leads to a preferential stabilization of
oxidized by KIrCls, and experimental data are thus available the oxidized form and a smaller ADE for C138S compared
only for the reduced state. We have used the QM/MM model to native rusticyanin (109.5 compared to 116.2 kcal thol
to predict the structure of the oxidized state. We find that Table 6). However, the large structural changes occurring
when we start with the two conformers found experimentally, upon ionization lead to the largest predicted reorganization
two corresponding oxidized structures are obtained. We hereenergy (43.3 kcal mol, Table 6) of the four rusticyanins
report the lower energy structure (by 13 kcal miplwhich studied here, which must militate against electron transfer.
has the shorter CuMet143 3! length. We find that the  The corresponding redox potential is calculated to-290
major change in the structure of the oxidized compared to mV lower than for native rusticyanin (Table 7) and is thus
the reduced state is a considerable reduction in the Cu predicted to be the lowest in the family of cupredoxins. These
Metl143 3! length, the other metaligand lengths being  predictions have yet to be tested experimentally.
largely unchanged (Table 5).

Prediction of Redox PropertiedVe now consider the CONCLUSIONS
prediction of the ionization energies of the three proteins  The crystal structures of native rusticyanin, a cupredoxin
given by the QM/MM model. We have previously discussed with extreme properties, and of its redox-switch ligand
their prediction by the cluster model. The generally smaller mutant, H143M rusticyanin, have been solved to 1.27 and
changes in the bond lengths between the Cu(l) and Cu(ll) 1.1 A, respectively. The metrical accuracy of the 1.27 A
species found for the QM/MM compared to the cluster native rusticyanin structure shows that, contrary to the earlier
models, for the native protein and axial mutant, lead to 1.9 A structure of this protein, the GtHis143 N and Cu-
correspondingly smaller inner-sphere reorganization energiesCys138 3 distances and the His8%u—Cys138 angle are
(Table 6). The reverse is found for the equatorial mutant typical to those observed in other cupredoxins, and, as such,
where the larger bond length change for the equatorial these features in themselves are not responsible for the
methionine leads to a somewhat larger reorganization energyunusual redox properties of this cupredoxin. Thus, the high
As far as the actual redox potentials are concerned, theredox potential of rusticyanin must arise from structural
experimental order which was correctly given by the cluster elements outside the first coordination sphere. The 1.1 A
model is again given by the QM/MM model (Table 7), the atomic resolution H143M structure yields very similar
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metal-ligand bond distances to those determined by EXAFS
data, highlighting the importance of atomic resolution
structure determination for accurate structural information. g
EXAFS data for the M148Q mutant show that the axial GIn
ligand is lost from the first coordination shell on oxidation
of Cu. This indicates that the previously determined crystal
structure of this mutant was in fact that of the reduced ¢
protein, rather than the oxidized state as had been thought.
The calculated (QM/MM) active site structures for the
native and mutant proteins are in good agreement with the

high-resolution experimental data, particularly when the 7.

complexity of the systems being studied is considered. We
note that the two variants of the embedding models which
we have considered lead to very similar quantitative conclu- g
sions. These calculations have allowed a model to be
determined for the experimentally inaccessible Cu(ll) state
of the H143M mutant. Calculations based on the computed

structures correctly predict the experimentally observed order 9.

of redox potentials: H143M> native > M148Q. The
calculated redox potential of HL143M-@00 mV greater than
rusticyanin) is consistent with the failure of chemical oxidants
to restore a Cu(ll) species of this mutant. Furthermore, we
find that this equatorial mutant has a considerably greater
reorganization energy than the native protein and also a
somewhat greater value than the axial mutant (M148Q). This
strongly suggests that electron transfer will be unfavorable
in H143M. Our calculations on a C138S mutant, as yet not

studied experimentally, suggest a low redox potential, buta 1,

large inner-sphere reorganization energy, suggesting that
electron transfer could again be unfavorable.

An interesting outcome of the combination of theoretical
and atomic resolution experimental data has been in the case
of the H143M structure where many double conformations
including that of the mutated residue have been observed.
Calculations suggest that in the reduced form only the distal
conformer is stable, which in fact turns out to be consistent
with the highB-value and greater anisotropy for the proximal
position. With increased availability of atomic resolution
structural information, it should become possible to use these
in conjunction with the theoretical approaches to provide
additional structurefunction information as well as shed
light on intractable redox states as was the case here for the
oxidized form of H143M.
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