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John K. Maf F. Scott Mathews$,and Victor L. Davidson#

Department of Biochemistry, The Usrsity of Mississippi Medical Center, Jackson, Mississippi 39216-4505, and
Department of Biochemistry and Molecular Biophysics, Washingtomddsity School of Medicine, St. Louis, Missouri 63110

Receied February 13, 2007; Résed Manuscript Receéd May 21, 2007

ABSTRACT. Mutation of the axial Met ligand of the type 1 copper site of amicyanin to Ala or GIn yielded
M98A amicyanin, which exhibits typical axial type 1 ligation geometry but with a water molecule providing
the axial ligand, and M98Q amicyanin, which exhibits significant rhombic distortion of the type 1 site
(Carrell, C. J., Ma, J. K., Antholine, W. E., Hosler, J. P., Mathews, F. S., and Davidson, V. L. (2007)
Biochemistry 461900-1912). Despite the change of the axial ligand, the M98Q and M98A mutations
had little effect on the redox potential of copper. The true electron transfer (ET) reaction®fguimol
methylamine dehydrogenase to oxidized native and mutant amicyanins revealed that the M98A mutation
had little effect orker, but the M98Q mutation reducegdr 45-fold. Thermodynamic analysis of the latter
showed that the decreaséeds was due to an increase of 0.4 eV in the reorganization engjgséociated

with the ET reaction to M98Q amicyanin. No change in the experimentally determined electronic coupling
or ET distance was observed, confirming that the mutation had not altered the rate-determining step for
ET and that this was still a true ET reaction. The basis for the increhgedot the nature of the atom

that provides the axial ligand because each uses an oxygen from GIn in M98Q amicyanin and from water
in M98A amicyanin. Comparisons of the distance of the axial copper ligand from the equatorial plane
that is formed by the other three copper ligands in isomorphous crystals of native and mutant amicyanins
at atomic resolution indicate an increase in distance from 0.20 A in the native to 0.42 A in M98Q amicyanin
and a slight decrease in distance for M98A amicyanin. This correlates with the rhombic distortion caused
by the M98Q mutation that is clearly evident in the EPR and visible absorption spectra of the protein and
suggests that the extent of rhombicity of the type 1 copper site influences the magnitude of

Type 1 copper sites are found in a wide variety of electron
transfer (ET) proteins, including cupredoxins in bacteria and His95
plants, and multicopper proteins such as ascorbate oxidase
and ceruloplasmin, which is found in animals as wé)l. (
The active site of type 1 copper proteins typically consists Cy392
of three strong equatorial ligands, two nitrogens of two His &
and a sulfur of a Cys forming a trigonal plane, plus an
additional axial ligand usually provided by the sulfur of a .
Met (1). In amicyanin fromP. denitrificans the three strong -
equatorial copper ligands are provided by residues His53,
His95, and Cys92 and the weak axial ligand is provided by
Met98 (Figure 1) 2).

Amicyanin is the electron acceptor for methylamine
dehydrogenase (MADH3BJ. MADH and amicyanin4) from
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amicyanin. It was demonstrated by single-crystal polarized oxidized and reduced forms. The data were analyzed
absorption microspectroscop§) @nd EPR spectroscop)( according to eq 1 to determirig, values.

that in the crystalline state, these complexes can catalyze

the oxidation of methylamine and subsequent ET from TTQ E = E, + (2.3RTnF) log[Amicyanin],,;gi;ed

to copper and from copper to heme. The steady-state kinetic [Amicyanin].eqyceq (1)
parameters for methylamine-dependent cytochrerb&li

reduction by the MADH-amicyanin complex in solution For determination of th&, values of native amicyanin
have been characterized as wal0 and M98Q amicyanins in complex with MADH, the reaction

ET reactions can be classified as true, gated, or coupledMixture contained 2&M amicyanin and 6cM MADH in

(11, 12). In a true ET reaction, the rate-limiting reaction step °0-01 M potassium phosphate at pH 7.5, af@5 Potassium

is the ET event, and therefore, the observed rate and the trud€ricyanide (40Q:M), quinhydrone (20Q:M), and phena-
rate of ET k1) are the same. In solution, the interprotein 2in€ ethosulfate (4&M) were present as mediators. The
ET from the reduce®-quinol tryptophan tryptophylquinone absorptlon spectrum of the cqmplex was repprded at different
(TTQ) cofactor of MADH to the oxidized type 1 copper site potentials and the concentrations of.the ox@zed and reduced
of amicyanin has been shown to be a true ET reacti@a-( forms were determ!ned by comparison Wlth the spectra of
15). Analysis by ET theory6) of the temperature antiGo- the completely oxidized complex_and a mixture of ox_ldlzed
dependence of this reaction yielded values for the reorga-MADH with fully reduced amicyanin as described previously

nization energy A) and electronic couplingHxg) that are o , ) .
associated with the true ET reactiabé( 15). Kinetic Studies of Electron-Transfer Reactions of Ami-

cyanins The rates of ET reactions fro@-quinol MADH

to oxidized amicyanins were determined using an On-Line
Instruments (OLIS, Bogard, GA) RSM stopped-flow rapid
scanning spectrophotometer as described previo@ly (
Experiments were performed in 10 mM potassium phosphate
at pH 7.5. Prior to mixing, one stopped-flow syringe
contained reduced-quinol MADH, whereas the other
contained oxidized amicyanin. Experiments were performed
under pseudo-first-order conditions with a fixed concentration
of 1 uM MADH and varied concentrations of excess
amicyanin. The data are fit to the simple kinetic model in
eq 2 using eq 3.

It has been argued that the so-called rack-induced folding
of type 1 copper proteins and protein-enforced constraints
on the copper ligation of the type 1 copper geometry play
an important role in reducing the for the ET reaction of
the copper relative to that of copper in an unconstrained
complex (7). Met98 was previously mutated to either Gin
or Ala, and crystal structures were obtained for the oxidized
and reduced forms of M98A and M98Q amicyaniis)(
M98A and M98Q amicyanins exhibit highly unusual type 1
copper sites. M98A amicyanin exhibits a typical axial type
1 ligation geometry, but a mobile water rather than a rigid
amino acid side-chain provides the axial ligad8)( M98Q

amicyanin exhibits a rhombic distorted type 1 sit&)( The Kq Ky

ET reactions of these amicyanins with MADH were studied Aox T Brea™ Aod/Brea T, AredBox )
to determine the effects of these structural perturbations on

the oxidatior-reduction midpoint potentialg,) value and Kops = Ks[Amicyanin]/(Ky + [Amicyanin]) + k,  (3)

the rate and ET parameters for their respective ET reactions.

The only parameter that exhibited significant variation as a  Analysis of Electron-Transfer Reactions by Electron-
consequence of these mutations was the valuk fof the Transfer TheoryValues forks for each ET reaction were
ET reaction to M98Q amicyanin. The results suggest that obtained at different temperatures, and the temperature
the extent of rhombicity of the type 1 copper site is an dependence dt; was analyzed using egs 4 and 5, whére

important determinant of. is the reorganization energitas is the electronic coupling
constant,h is Plank’s constant] is temperatureR is the
EXPERIMENTAL PROCEDURES gas constant, arkj is the characteristic frequency of nuclei

) L ) . (10" s71), which is the maximum ET rate when donor and
Protein Purification Previously described procedures were acceptor are in van der Waals’ contact dnet —AG®.

used to purify MADH (L9) and wild-type amicyanind) from

P. denitrificans(ATCC 13543). M98Q and M98A amicya- Ker = [4n2HAleh(4ﬂ/’{ RT)%9 exp [-(AG® + )44 RT] (4)
nins were expressed ifE. coli and purified from the

periplasmic fraction and reconstituted with copper as de- ke = k, exp[=A(r — r)lexp[—(AG® + )%4iRT]  (5)
scribed previouslyX8).

Redox Potential Determinatiok, values of the amicya-  The donor to acceptor distance jandr, is the close contact
nin mutants were determined by spectrochemical titration distance (3 A).3 is used to quantitate the nature of the
as described previousl2@). The reaction mixture contained  intervening medium with respect to its efficiency to mediate
130xM amicyanin in 50 mM BisTris propane (BTP) buffer ET.AG°is determined from thAE,, value using eq 6, where
at the indicated pH, at 25C with potassium ferricyanide  F is the Faraday constant, ands the number of electrons
(520 uM) present as a mediator. The mixture was titrated transferred. There is no significant vatiationAB° over the
by the addition of incremental amounts of ascorbate, which temperature range used in these studids 22).
was used as a reductant, and which had been previously
adjusted to the set pH. The absorption spectrum of amicyanin AG°’ = —nFAE,, (6)
was recorded at different potentials, and the concentrations
of oxidized amicyanin and reduced amicyanin were deter- Crystallographic CalculationsGeometrical calculations
mined by comparison with the spectra of the completely were made using GEOMCALC of the CCP4 packag®).(



M98Q Amicyanin Electron Transfer

Table 1: E, Values of Native, M98A, and M98Q Amicyanins

native M98A M98Q

amicyanin  amicyanin  amicyanin
Enat pH 7 (MV) 2944 72 297+ 1 251+ 4
Emnat pH 9 (mV) 240+ 72 NDP 229+7
En in complex with 224+ 1 NDP 225+ 1

MADH at pH 7.5 (mV)

aTaken from ref20. ° Not determined because of the instability of
this protein during titration.
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Structures used in these calculations were pdb entries 20VOFRicure 2: Spectrochemical redox titrations of native and M98Q

for native amicyanin (0.75 A resolution), 2IDQ for M98A
amicyanin (0.90 A resolution), and 2IDT for M98Q ami-
cyanin (1.00 A resolution).

RESULTS

Redox PropertiesNe previously showed that g, value
of native amicyanin is pH dependent with &jvalue of

7.7 because reduced amicyanin exhibits a pH-dependent

conformational change in which the His95 copper ligand
rotates out of the coordination sphere of the copper when
protonated 20). As such, if a mutation causes a change in
the Eq, value determined at a single pH in the pH-dependent
region, one must distinguish whether it is due to a true
electronic effect on the intrinsiE, value of the protein-
bound copper or a change in th& of the E, value. It is
desirable to obtairk,, values from at least two values of
pH, one in the pH-dependent region and one at pH 9.0, which
is in the pH-independent region. At pH 9.0, amicyanin adopts
the redox-active 4-coordinate geometry, which mimics that
which is maintained when amicyanin is in complex with
MADH, even at neutral pH. That is because when amicyanin
is in complex with MADH, the redox and pH-dependent
conformational change of His95 is restricted. Therefore, the
En value of free amicyanin in the pH-independent region
(i.e., pH 9.0) approximates thi, value of amicyanin in
complex with MADH, which does not vary with pH in the
physiological range20).

Em values were determined for each mutant amicyanin
(Table 1). TheE,, value of M98Q amicyanin at pH 7.0 is
43 mV less positive than that of native amicyanin. However,
the En, value of M98Q amicyanin at pH 9.0 is only 11 mV
less positive and within experimental error of that of native
amicyanin. TheE, value of M98Q amicyanin in complex
with MADH at pH 7.5 (+225+ 1 mV) is essentially the
same as that of native amicyanin in complekx2@4 +
1 mV) (Figure 2). This indicates that the M98Q mutation
has had minimal effect on the electronic properties of the
copper site but has shifted th&pfor the E,, value to a
slightly more acidic value. ThEy, value of M98A amicyanin
at pH 7.0 is nearly identical to that of native amicyanin.
Unfortunately, M98A amicyanin is unstable at higher pH
(18). It was not possible to determine i, value in the
pH-independent region or in complex with MADH because
of the instability of the protein during these redox titrations.
However, the fact that thE,, value of MO98A amicyanin at
pH 7.0 is nearly identical to that of native amicyanin strongly

amicyanins in complex with methylamine dehydrogenase. Titrations
were performed as described under Experimental Procedures. Data
for native amicyaninM) and M98Q amicyaninL{) are overlaid.

The solid line is the fit of the data for the titration of M98Q
amicyanin to eq 1.
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Ficure 3: Dependence of the rate of the ET reaction from reduced

O-quinol MADH on amicyanin concentration. The solid line
represents fits of the data to eq 3.

in M98A amicyanin or GIn in M98Q amicyanin has minimal
effect on the intrinsice,, value of the type 1 copper site.

ET from MADH to Amicyanin The dependence on
amicyanin concentration of the rate of the ET reaction from
O-quinol MADH to wild-type and mutant amicyanins is
shown in Figure 3. From these data, it is possible to extract
values ofKy andks, the limiting first-order rate constant for
the ET reaction, according to eq 2. An analysis of the data
revealed that neither the M98A nor the M98Q mutation had
any significant effect on thig, value for complex formation

suggests that this mutation has had no effect on either thewith MADH (Table 2). The rate of ET fromO-quinol

electronic properties or the pH dependence ofEhevalue
of the type 1 copper site. Thus, replacement of the axial Met
sulfur ligand with an oxygen ligand provided by either water

MADH to M98A is nearly identical to that of native
amicyanin, but the rate of ET to M98Q amicyanin is 45-
fold slower than that of native amicyanin. Given the
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Table 2: Kinetic and ET Parameters for the Reactions of Native
and Mutant Amicyanins witlfD-Quinol MADH

reaction native M98A M98Q

parameters amicyanit amicyanin amicyanin
ks30°C (s’ 9.8 9.6 0.22
Kg (UM) 5 4 5
AG° (kd/mol) —3.37+0.08 —3.37+0.08 —3.47+0.09
A (kJ/moly 222+ 10 202+ 7 261+ 6
A (eV) 2.30+0.10 2.09+ 0.08 2.70+ 0.07
Hag (cm1) 12+7 6.1+ 2 12+ 4
r (A) for 9.5 10.8+ 0.7 9.6+ 0.6
p=10A"

aTaken from refl4. In that reference, a range of values A&°
was used to yield a range of values/obecause at that time it was
uncertain as to whether it was most appropriate to us&thealue of
free amicyanin or amicyanin in complex with MADH. The data in this

Table were recalculated using what is now known to be the appropriate

AG° as well as g3 value of 1.0 A, which is generally accepted as
reasonable for protejfi sheets41). ® 1 is sometimes expressed in units
of kJ/mol and sometimes as eV; therefore, both values are given.
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of A andHag for the ET reaction fronO-quinol MADH to
M98A amicyanin were within experimental error of those
for the ET reaction fronO-quinol MADH to native ami-
cyanin (Table 2). Thus, the replacement of the Met98 ligand
with a water did not influence the parameters for the ET
reaction of the oxidized type 1 copper site.

The reaction with M98Q amicyanin was performed over
a temperature range of £40 °C (Figure 4B). An analysis
of the temperature dependence of the rate of the reaction
with M98Q amicyanin according to egs 4 and 5 indicated
that the values dflag and ET distancer] for the ET reaction
from O-quinol MADH to M98Q amicyanin were the same
as those for the reaction with native amicyanin and consistent
with this still being a true ET reaction. However, the value
of 1 was 0.4 eV (39 kJ/mol) greater than that for the reaction
with native amicyanin. This accounts for the observed
decrease in rate and indicates that the M98Q mutation has
decreaseder specifically by increasing the reorganization
energy for this true ET reaction.

DISCUSSION

Despite numerous studies, it remains unclear as to exactly
how the protein determines tlig, value of the type 1 copper
center.E,, values range fromt+680 mV for rusticyanin to
+184 mV for stellacyanin. It is tempting to think that the
differences irEn, values among type 1 copper proteins could
be related solely to the fine tuning by axial ligands.
Stellacyanin, which possesses an axial GIn ligand, exhibits
a lowerE, value than other type | copper proteins with an
axial Met ligand 24). Mutation of the axial GIn to Met in
stellacyanin increased thg, value by 160 mV 24).
Conversely, mutation of the axial Met ligand to GIn in
plastocyanin decreased thg, value by 35 mV 25).
However, we observed no significant change inEhesalue
of either M98Q amicyanin or M98A amicyanin, in which
the axial ligand is provided by a water molecule. The data
presented here indicate that in the absence of other factors,
the identity and position of the axial ligand alone does not
influence theEy, value of amicyanin. Other factors that have
been shown to influence thE, value of type | copper
proteins include rack-induced constraints on metal binding
(17), H-bonding pattern around the metal site, desolvation
or hydrophobic effects, and electrostatic interactions. We
have previously shown that the mutation of Pro94 of
amicyanin to Phe increases i, value by 150 mV 26)
despite there being no change in the copper ligand geometry

Ficure 4: Dependence of the rate of the ET reaction from reduced (27). An inspection of the crystal structure revealed that this

O-quinol MADH to amicyanins on temperature. The solid lines
represent fits of the data to eq 4.

similarities in the E, values of the native and mutant

is due to the formation of a H-bond between the amide
nitrogen of Phe94 (not present in Pro94 in native amicyanin)
and the sulfur of the Cys92 copper ligand7). It was

subsequently reported that the mutation of Phe114 of azurin

amicyanins, the much slower observed rate for M98Q to Pro removed a H-bond to the Cys copper ligand and
amicyanin indicated that the mutation had affected an ET decreased thE, value by 60 mV 28). Rusticyanin possesses

parameter other than th&G° value for the reaction. To
determine the values d¢iag andA that are associated with
these ET reactions, the temperature dependence dfsthe
values for the ET reaction fror®-quinol MADH to each
amicyanin was analyzed.

The reaction with M98A amicyanin was performed over
a temperature range of £40 °C (Figure 4A). Analysis of

an axial Met ligand yet exhibits alB, value of +680 mV,
which is 390 mV greater than that of native amicyanin. This
was attributed to highly hydrophobic residues in the im-
mediate vicinity of the copper site, which would preferen-
tially stabilize the Cu(l) state2@, 30). Mutation of the axial
Met ligand of azurin to hydrophobic residues (Ala, lle, Val,
or Leu) increased thEy, value 31). This was attributed to

the temperature dependence of the rate of the reaction withthe exclusion of water or other groups with electronegative
M98A amicyanin according to eq 4 indicated that the values ligand atoms from the metal site by these hydrophobic
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residues. In contrast, M98A amicyanin permits the presence 06- A
of a water molecule in the axial position that apparently helps
to stabilize Cu(ll) to the same extent as Met98, and it
maintains arky, value similar to that of native amicyanin.

In summary, axial ligand distances and identity alone are
poor predictors of thé&, value of type 1 copper sites in
proteins.

ET reactions can be classified as true, gated, or coupled
(11, 12). In a true ET reaction, the rate-limiting reaction step
is an ET event, and therefore, the observed ratekapdre
the same. Excessively high values #f and Hpag are L

300

o
'S

Abgorbance

suggestive of a gated ET reactioh?( 32). The ET from

O-quinol MADH to oxidized amicyanin exhibits a relatively 0.0
; 400

large value ofl but has been shown to be a true ET reaction Wavel

on the basis of an analysis of the temperature dependence

(14) and AG°-dependencel@, 15) of the rate of reaction.

Essentially, the same values bfand Hag were obtained 4+ B M98Q

from each analysis. Furthermore, alteratiom\@° by site-

directed mutagenesis of amicyanin caused changédsrin —N\’/./—

that were consistent with the predictions of ET the@$)( 24

It is likely that the large magnitude of is more a

consequence of the TTQ cofactor of MADH than of the

copper center of amicyanir34). The ET rate and values of

A andHag for the reaction of M98A amicyanin with MADH

are similar to those of native amicyanin. HoweMes; for

the reaction with M98Q amicyanin is much less than that

for native amicyanin, and an analysis of the temperature

dependence of the reaction indicates that this is correlated -4+

with an increase ilj of 0.4 e\/. Wg have preyiously shqwn " 2800 | 3200 | 3800 4000

that a P52G mutation of amicyanin caused increases in both .

A and Hag that were attributed to a change in kinetic Field (G)

mechanism that caused the reaction to become g&8&d ( FiGURES: Spectroscopic properties of native and M98Q amicyanin.

M98Q amicyanin is the first amicyanin mutant for which (A) Visible absorption spectra of oxidized M98Q (red line) and

we have observed an increase Anwithout concurrent nagvlaéglack line) amicyanins. (%)] EFP.R spectra OO‘; ”?“‘d’ef (Iowgr)t
changes inHas. Thus, the effects of the M98Q muta- i ref 18'Q(quer) amicyanins. The Figure was adapted from cata

tion cannot be attributed to a change in kinetic mechanism
but rather indicate a true increaselifor a true ET reaction.

In accord with the concept of rack-induced folding of type Table 3: Properties of Native and Mutant Amicyanins
1 copper proteinsi(7), the protein constraints allow very amicyanirt
little change in structure on reduction of the copper center.

" 500 600 700

ength (nm)

0 Native

2

Relative Intensi

. - . X t ti M98A M98
This facilitates rapid ET by reducing. The most notable property natve Q
change in the structural and electronic properties of the type dﬁﬁ:ﬁ;&;\) 217 214 2.16
1_site that is caused by the_M98Q njutg_tion, anq not seen ,yial ligand-Cu 3.07 241 212
with other mutant amicyanins, is significantly increased distance (A)
rhombicity of the type 1 geometry. The rhombic nature of trigonal plane-Cu 0.20 0.14 0.42
the type 1 site of M98Q amicyanin is clearly evident and ‘é‘;‘g”%e A 504 507
defined by its atypical EPR and visible absorption spectra EPR%:. Gy 53 23
(Figure 5) (Table 3) 18). These features of the EPR and  Absorbancessdese? 0.11 0.12 017
absorption spectra arise from changes in the electronic 4 (eV) 2.30+0.10 2.09+0.08 2.70+0.07

properties associated with the interaction between Cu(ll) and  a structures used to determine distances were pdb entries 20V0 for
the Cys ligand. The broad absorption band around-450 native amicyanin (0.75 A resolution), 2IDQ for M98A amicyanin (0.90
700 nm of amicyanin is assigned to the charge transfer from A resolution), and 2IDT for M98Q amicyanin (1.00 A resolution). These
St and S of Cys92 to the @, orbital of Cu(ll). In native structures are all isomorphous, in space gré2p and contain one

. . . LN . . molecule in the asymmetric unit. The crystal contacts are weak and
amicyanin, the interaction is predomlnani_tyln cha_\racter._ very similar among ther. Taken from refl8.
When GIn replaces Met as the axial ligand, increasing
competition by oxygen for the Cu d orbital results in the . '
Cys92 charge transfer toede to becoming moreo in distances. Other mutants of the axial residue of type 1 copper
character, causing an increaseAgs/Asss (18). However, proteins, such as M121Q azurigg] and M148Q rusticyanin
this electronic property is not related solely to the use of O (37), display a similar increase in rhombicity without
as an axial ligand because M98A amicyanin does not exhibit significant elongation of the ligareCu distance. It has been
increased rhombicity or changeAnThe change in electronic ~ suggested that increase in the axial electronic interactions
properties is also not necessarily related to the ligabd of copper involves contribution froma,z, di,, and ¢ orbitals
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Met/Ala/GIn98 Met/Ala/GIn98
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FiGUurRe 6: Stereoview of the position of copper relative to the equatorial plane formed by ligands from Cys92, His 95, and His53 in native,
M98A, and M98Q amicyanins. The three structures are superimposed on the copper-coordinated ligand atoms ND1 of His53 and His95,
and the SG of Cys92. These atoms are connected by dashed lines to illustrate the equatorial plane. The carbon and copper atoms of native,
M98A and M98Q amicyanins are yellow, pink, and purple, respectively. The sulfur, oxygens, and nitrogens are green, red, and blue,
respectively.

(38). Therefore, the large rhombicity of tlgetensor, which of relative rhombicity with structures of other type 1 copper
is reflected in the EPR spectrum, may result from a small proteins in the literature having different resolutions and
amount of Cu g character in the ground-state wave function crystal packing constraints.
of the unpaired electron. Such deviations from the native  There is very little information available on the correlation
electronic structure may result in an increase in inner sphereof the nature of the axial ligand of the type 1 copper site
reorganization energy and account for the observed increaseand the experimentally determinédvalue associated with
in A for the ET reaction with MADH. ET reactions of the host protein. It was recently reported
The rhombic distortion of the type 1 copper site in M98Q that mutagenesis of the axial Met ligand of the type 1 copper
amicyanin is also evident from a comparison of its structure in nitrite reductase to Gly or Thr increased the reorganization
with that of native amicyanin. To be sure that these relatively energy by 0.3 eV39). Extensive quantum chemical calcula-
small differences in distance from copper to the equatorial tions of thel of type 1 copper proteins have been performed
plane were not an artifact of crystal packing, isomorphous using model compounds. The effect of replacing the Met
structures of native, M98Q, and M98A amicyanins at atomic ligand with a GIn ligand, as naturally occurs in stellacyanin,
resolution were compared (Figure 6). This increased rhom-was examined by comparing a Cu(k{§CHs)(CHsCONH,)
bicity is well correlated with a doubling (from 0.20 to model with a Cu(Im}SCHs)(SCHs). model @0). The
0.42 A) of the distance of the copper atom to the equatorial calculated inner sphet for the former (GIn) model was
plane defined by the His53 ND1, Cys92 SG, and His95 ND 90 kJ/mol (0.94 eV), compared to 62 kJ/mol (0.64 eV) for
atoms among the three isomorphous crystal structures ofthe latter model. This difference of approximately 0.3 eV
wild-type, M98A, and M98Q amicyanins whose structures from the computational study correlates very well with our
have been determined to a resolution of 1.0 A or below experimentally determined increase inof 0.4 eV and
(Table 3). For the M98Q amicyanin oxidized structure supports the idea that the introduction of Gln as an axial
determined at 1.0 A resolution, the estimated standardligand of the type 1 copper in amicyanin is responsible for
deviations of the three coordination bonds from the Cys and the increased. It is important to note that the structural
the two His ligands range from 0.005 to 0.013 A and for basis for the increasetfor M98Q amicyanin is not simply
the native structure at 0.75 A resolution, from 0.002 to the nature of the atom that provides the axial ligand. M98A
0.006 A. Because the calculated distance from the copperamicyanin also uses an oxygen for the axial ligand. There is
to the equatorial plane in these structures is a linear also no significant change in the distances and orientations
combination of these distances, it is estimated that their of the three equatorial copper ligands.
standard deviations are about 0.017 and 0.010 A, respec- The feature that most clearly distinguishes M98Q ami-
tively. This leads to an estimate of the precision of the cyanin from native and M98A amicyanin as well as all other
difference between the copper-to-plane distances of aboutamicyanin mutants that we have studied is the extent of
0.020 A, about 10-fold lower than the observed difference rhombicity, which is manifestly evident from its spectro-
of 0.22 A (Table 3). These structures are all isomorphous, scopic properties (Figure 518). Ideally, one would like to
in space group2;, and each contains one molecule in the compare the extent of rhombic distortion in the oxidized and
asymmetric unit. The crystal contacts are weak and very reduced amicyanins rather than relying solely on the
similar among them. This ensures that the relatively small comparison of the oxidized forms. Unfortunately, on reduc-
differences in relative distances are real and not a conse-tion, amicyanin becomes EPR silent, and the visible absorp-
quence of the differences in crystal packing or resolution. tion is lost; therefore, these techniques cannot be applied.
For these reasons, it is difficult to make valid comparisons Furthermore, because of differences in the crystals of
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oxidized and reduced amicyanin, a comparable precise 18
measurement of the copper to equatorial plane for reduced
amicyanin was not possible. We feel that the most reasonable
explanation consistent with our data showing the increased

A for the true ET reaction of M98Q amicyanin is that it  19.

correlates with the rhombic distortion of the type 1 copper
site. This is a rare example of a structdtfanction relation- 2
ship that describes how the protein may influence the
associated with a protein ET reaction. The results also begin

to delineate the structural and physical properties that 21.

specifically modulaté independent oE,, value for a redox-
active metalloprotein.

22.
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