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ABSTRACT: Mutation of the axial Met ligand of the type 1 copper site of amicyanin to Ala or Gln 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 46, 1900-1912). 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) reactions fromO-quinol
methylamine dehydrogenase to oxidized native and mutant amicyanins revealed that the M98A mutation
had little effect onkET, but the M98Q mutation reducedkET 45-fold. Thermodynamic analysis of the latter
showed that the decrease inkET was due to an increase of 0.4 eV in the reorganization energy (λ) associated
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 increasedλ is not the nature of the atom
that provides the axial ligand because each uses an oxygen from Gln 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 Å in the native to 0.42 Å 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 ofλ.

Type 1 copper sites are found in a wide variety of electron
transfer (ET1) proteins, including cupredoxins in bacteria and
plants, and multicopper proteins such as ascorbate oxidase
and ceruloplasmin, which is found in animals as well (1).
The active site of type 1 copper proteins typically consists
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 (MADH) (3). MADH and amicyanin (4) from

P. denitrificansform one of the best characterized physi-
ologic ET complexes of proteins. X-ray crystal structures
are available for the binary complex of MADH and ami-
cyanin (5) and for a ternary protein complex (6), which
includes cytochromec-551i (7), the electron acceptor for

* Corresponding author. Department of Biochemistry, University of
Mississippi Medical Center, 2500 N. State St., Jackson, MS 39216-
4505.Tel: 601-984-1516.Fax: 601-984-1501.E-mail: vdavidson@biochem.
umsmed.edu.

† This work was supported by NIH Grant GM-41574 (V.I.D.) and
NSF Grant MCB0343374 (F.S.M.).

‡ The University of Mississippi Medical Center.
§ Washington University School of Medicine.
1 Abbreviations: MADH, methylamine dehydrogenase; TTQ, tryp-

tophan tryptophylquinone; ET, electron transfer;HAB, electronic
coupling;λ, reorganization energy;Em, oxidation-reduction midpoint
potential.

FIGURE 1: Type 1 copper center of native amicyanin.
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amicyanin. It was demonstrated by single-crystal polarized
absorption microspectroscopy (8) and EPR spectroscopy (9)
that in the crystalline state, these complexes can catalyze
the oxidation of methylamine and subsequent ET from TTQ
to copper and from copper to heme. The steady-state kinetic
parameters for methylamine-dependent cytochromec-551i
reduction by the MADH-amicyanin complex in solution
have been characterized as well (10).

ET reactions can be classified as true, gated, or coupled
(11, 12). In a true ET reaction, the rate-limiting reaction step
is the ET event, and therefore, the observed rate and the true
rate of ET (kET) are the same. In solution, the interprotein
ET from the reducedO-quinol tryptophan tryptophylquinone
(TTQ) cofactor of MADH to the oxidized type 1 copper site
of amicyanin has been shown to be a true ET reaction (13-
15). Analysis by ET theory (16) of the temperature and∆Go-
dependence of this reaction yielded values for the reorga-
nization energy (λ) and electronic coupling (HAB) that are
associated with the true ET reaction (14, 15).

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 theλ for the ET reaction of
the copper relative to that of copper in an unconstrained
complex (17). Met98 was previously mutated to either Gln
or Ala, and crystal structures were obtained for the oxidized
and reduced forms of M98A and M98Q amicyanins (18).
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 ligand (18). M98Q
amicyanin exhibits a rhombic distorted type 1 site (18). The
ET reactions of these amicyanins with MADH were studied
to determine the effects of these structural perturbations on
the oxidation-reduction midpoint potential (Em) value and
the rate and ET parameters for their respective ET reactions.
The only parameter that exhibited significant variation as a
consequence of these mutations was the value ofλ for the
ET reaction to M98Q amicyanin. The results suggest that
the extent of rhombicity of the type 1 copper site is an
important determinant ofλ.

EXPERIMENTAL PROCEDURES

Protein Purification. Previously described procedures were
used to purify MADH (19) and wild-type amicyanin (4) from
P. denitrificans(ATCC 13543). M98Q and M98A amicya-
nins were expressed inE. coli and purified from the
periplasmic fraction and reconstituted with copper as de-
scribed previously (18).

Redox Potential Determination. Em values of the amicya-
nin mutants were determined by spectrochemical titration
as described previously (20). The reaction mixture contained
130µM amicyanin in 50 mM BisTris propane (BTP) buffer
at the indicated pH, at 25°C with potassium ferricyanide
(520 µM) present as a mediator. The mixture was titrated
by the addition of incremental amounts of ascorbate, which
was used as a reductant, and which had been previously
adjusted to the set pH. The absorption spectrum of amicyanin
was recorded at different potentials, and the concentrations
of oxidized amicyanin and reduced amicyanin were deter-
mined by comparison with the spectra of the completely

oxidized and reduced forms. The data were analyzed
according to eq 1 to determineEm values.

For determination of theEm values of native amicyanin
and M98Q amicyanins in complex with MADH, the reaction
mixture contained 20µM amicyanin and 60µM MADH in
0.01 M potassium phosphate at pH 7.5, at 25°C. Potassium
ferricyanide (400µM), quinhydrone (200µM), and phena-
zine ethosulfate (40µM) were present as mediators. The
absorption spectrum of the complex was recorded at different
potentials and the concentrations of the oxidized and reduced
forms were determined by comparison with the spectra of
the completely oxidized complex and a mixture of oxidized
MADH with fully reduced amicyanin as described previously
(20).

Kinetic Studies of Electron-Transfer Reactions of Ami-
cyanins. The rates of ET reactions fromO-quinol MADH
to oxidized amicyanins were determined using an On-Line
Instruments (OLIS, Bogard, GA) RSM stopped-flow rapid
scanning spectrophotometer as described previously (21).
Experiments were performed in 10 mM potassium phosphate
at pH 7.5. Prior to mixing, one stopped-flow syringe
contained reducedO-quinol MADH, whereas the other
contained oxidized amicyanin. Experiments were performed
under pseudo-first-order conditions with a fixed concentration
of 1 µM MADH and varied concentrations of excess
amicyanin. The data are fit to the simple kinetic model in
eq 2 using eq 3.

Analysis of Electron-Transfer Reactions by Electron-
Transfer Theory. Values fork3 for each ET reaction were
obtained at different temperatures, and the temperature
dependence ofk3 was analyzed using eqs 4 and 5, whereλ
is the reorganization energy;HAB is the electronic coupling
constant,h is Plank’s constant,T is temperature,R is the
gas constant, andko is the characteristic frequency of nuclei
(1013 s-1), which is the maximum ET rate when donor and
acceptor are in van der Waals’ contact andλ ) -∆Go.

The donor to acceptor distance isr, andro is the close contact
distance (3 Å).â is used to quantitate the nature of the
intervening medium with respect to its efficiency to mediate
ET. ∆Go is determined from the∆Em value using eq 6, where
F is the Faraday constant, andn is the number of electrons
transferred. There is no significant vatiation in∆Go over the
temperature range used in these studies (11, 22).

Crystallographic Calculations.Geometrical calculations
were made using GEOMCALC of the CCP4 package (23).

E ) Em + (2.3RT/nF) log[Amicyanin]oxidized/
[Amicyanin]reduced (1)

Aox + Bred y\z
Kd

Aox/Bred y\z
k3

k4
Ared/Box (2)

kobs) k3[Amicyanin]/(Kd + [Amicyanin]) + k4 (3)

kET ) [4π2HAB
2/h(4πλ RT)0.5] exp [-(∆G° + λ)2/4λ RT] (4)

kET ) ko exp[-â(r - ro)]exp[-(∆Go + λ)2/4λRT] (5)

∆Go ) -nF∆Em (6)
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Structures used in these calculations were pdb entries 2OV0
for native amicyanin (0.75 Å resolution), 2IDQ for M98A
amicyanin (0.90 Å resolution), and 2IDT for M98Q ami-
cyanin (1.00 Å resolution).

RESULTS

Redox Properties. We previously showed that theEm value
of native amicyanin is pH dependent with a pKa value 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
theEm 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 intrinsicEm value of the protein-
bound copper or a change in the pKa of the Em value. It is
desirable to obtainEm 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
Em value of free amicyanin in the pH-independent region
(i.e., pH 9.0) approximates theEm value of amicyanin in
complex with MADH, which does not vary with pH in the
physiological range (20).

Em values were determined for each mutant amicyanin
(Table 1). TheEm value of M98Q amicyanin at pH 7.0 is
43 mV less positive than that of native amicyanin. However,
the Em value of M98Q amicyanin at pH 9.0 is only 11 mV
less positive and within experimental error of that of native
amicyanin. TheEm 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 complex (+224 (
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 the pKa for the Em value to a
slightly more acidic value. TheEm 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 itsEm 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 theEm value of M98A amicyanin at
pH 7.0 is nearly identical to that of native amicyanin strongly
suggests that this mutation has had no effect on either the
electronic properties or the pH dependence of theEm value
of the type 1 copper site. Thus, replacement of the axial Met
sulfur ligand with an oxygen ligand provided by either water

in M98A amicyanin or Gln in M98Q amicyanin has minimal
effect on the intrinsicEm 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 ofKd andk3, 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 theKd value for complex formation
with MADH (Table 2). The rate of ET fromO-quinol
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

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

native
amicyanin

M98A
amicyanin

M98Q
amicyanin

Em at pH 7 (mV) 294( 7a 297( 1 251( 4
Em at pH 9 (mV) 240( 7a NDb 229( 7
Em in complex with
MADH at pH 7.5 (mV)

224( 1 NDb 225( 1

a Taken from ref20. b Not determined because of the instability of
this protein during titration.

FIGURE 2: Spectrochemical redox titrations of native and M98Q
amicyanins in complex with methylamine dehydrogenase. Titrations
were performed as described under Experimental Procedures. Data
for native amicyanin (9) and M98Q amicyanin (0) are overlaid.
The solid line is the fit of the data for the titration of M98Q
amicyanin to eq 1.

FIGURE 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.
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similarities in the Em values of the native and mutant
amicyanins, the much slower observed rate for M98Q
amicyanin indicated that the mutation had affected an ET
parameter other than the∆Go value for the reaction. To
determine the values ofHAB andλ that are associated with
these ET reactions, the temperature dependence of thek3

values for the ET reaction fromO-quinol MADH to each
amicyanin was analyzed.

The reaction with M98A amicyanin was performed over
a temperature range of 17-40 °C (Figure 4A). Analysis of
the temperature dependence of the rate of the reaction with
M98A amicyanin according to eq 4 indicated that the values

of λ andHAB for the ET reaction fromO-quinol MADH to
M98A amicyanin were within experimental error of those
for the ET reaction fromO-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 11-40 °C (Figure 4B). An analysis
of the temperature dependence of the rate of the reaction
with M98Q amicyanin according to eqs 4 and 5 indicated
that the values ofHAB and ET distance (r) 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 λ 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
decreasedkET 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 theEm value of the type 1 copper
center.Em values range from+680 mV for rusticyanin to
+184 mV for stellacyanin. It is tempting to think that the
differences inEm values among type 1 copper proteins could
be related solely to the fine tuning by axial ligands.
Stellacyanin, which possesses an axial Gln ligand, exhibits
a lowerEm value than other type I copper proteins with an
axial Met ligand (24). Mutation of the axial Gln to Met in
stellacyanin increased theEm value by 160 mV (24).
Conversely, mutation of the axial Met ligand to Gln in
plastocyanin decreased theEm value by 35 mV (25).
However, we observed no significant change in theEm value
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 theEm value of amicyanin. Other factors that have
been shown to influence theEm value of type I 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 itsEm value by 150 mV (26)
despite there being no change in the copper ligand geometry
(27). An inspection of the crystal structure revealed that this
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 ligand (27). It was
subsequently reported that the mutation of Phe114 of azurin
to Pro removed a H-bond to the Cys copper ligand and
decreased theEm value by 60 mV (28). Rusticyanin possesses
an axial Met ligand yet exhibits anEm 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(I) state (29, 30). Mutation of the axial
Met ligand of azurin to hydrophobic residues (Ala, Ile, Val,
or Leu) increased theEm value (31). This was attributed to
the exclusion of water or other groups with electronegative
ligand atoms from the metal site by these hydrophobic

Table 2: Kinetic and ET Parameters for the Reactions of Native
and Mutant Amicyanins withO-Quinol MADH

reaction
parameters

native
amicyanina

M98A
amicyanin

M98Q
amicyanin

k3 30 ˚C (s-1) 9.8 9.6 0.22
Kd (uM) 5 4 5
∆Go (kJ/mol) -3.37( 0.08 -3.37( 0.08 -3.47( 0.09
λ (kJ/mol)b 222( 10 202( 7 261( 6
λ (eV) 2.30( 0.10 2.09( 0.08 2.70( 0.07
HAB (cm-1) 12 ( 7 6.1( 2 12( 4
r (Å) for
â ) 1.0 Å-1

9.5 10.8( 0.7 9.6( 0.6

a Taken from ref14. In that reference, a range of values of∆Go

was used to yield a range of values ofλ because at that time it was
uncertain as to whether it was most appropriate to use theEm value 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
∆Go as well as aâ value of 1.0 Å-1, which is generally accepted as
reasonable for proteinâ sheets (41). b λ is sometimes expressed in units
of kJ/mol and sometimes as eV; therefore, both values are given.

FIGURE 4: Dependence of the rate of the ET reaction from reduced
O-quinol MADH to amicyanins on temperature. The solid lines
represent fits of the data to eq 4.
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residues. In contrast, M98A amicyanin permits the presence
of a water molecule in the axial position that apparently helps
to stabilize Cu(II) to the same extent as Met98, and it
maintains anEm value similar to that of native amicyanin.
In summary, axial ligand distances and identity alone are
poor predictors of theEm 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 rate andkET are
the same. Excessively high values ofλ and HAB are
suggestive of a gated ET reaction (12, 32). The ET from
O-quinol MADH to oxidized amicyanin exhibits a relatively
large value ofλ but has been shown to be a true ET reaction
on the basis of an analysis of the temperature dependence
(14) and ∆Go-dependence (13, 15) of the rate of reaction.
Essentially, the same values ofλ and HAB were obtained
from each analysis. Furthermore, alteration of∆Go by site-
directed mutagenesis of amicyanin caused changes inkET

that were consistent with the predictions of ET theory (33).
It is likely that the large magnitude ofλ is more a
consequence of the TTQ cofactor of MADH than of the
copper center of amicyanin (34). The ET rate and values of
λ andHAB for the reaction of M98A amicyanin with MADH
are similar to those of native amicyanin. However,kET 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
with an increase inλ of 0.4 eV. We have previously shown
that a P52G mutation of amicyanin caused increases in both
λ and HAB that were attributed to a change in kinetic
mechanism that caused the reaction to become gated (35).
M98Q amicyanin is the first amicyanin mutant for which
we have observed an increase inλ without concurrent
changes inHAB. Thus, the effects of the M98Q muta-
tion cannot be attributed to a change in kinetic mechanism
but rather indicate a true increase inλ for a true ET reaction.

In accord with the concept of rack-induced folding of type
1 copper proteins (17), the protein constraints allow very
little change in structure on reduction of the copper center.
This facilitates rapid ET by reducingλ. The most notable
change in the structural and electronic properties of the type
1 site that is caused by the M98Q mutation, and not seen
with other mutant amicyanins, is significantly increased
rhombicity of the type 1 geometry. The rhombic nature of
the type 1 site of M98Q amicyanin is clearly evident and
defined by its atypical EPR and visible absorption spectra
(Figure 5) (Table 3) (18). These features of the EPR and
absorption spectra arise from changes in the electronic
properties associated with the interaction between Cu(II) and
the Cys ligand. The broad absorption band around 450-
700 nm of amicyanin is assigned to the charge transfer from
Sπ and Sσ of Cys92 to the dx2-y2 orbital of Cu(II). In native
amicyanin, the interaction is predominantlyπ in character.
When Gln replaces Met as the axial ligand, increasing
competition by oxygen for the Cu d orbital results in the
Cys92 charge transfer to dx2-y2 to becoming moreσ in
character, causing an increase inA462/A595 (18). However,
this electronic property is not related solely to the use of O
as an axial ligand because M98A amicyanin does not exhibit
increased rhombicity or change inλ. The change in electronic
properties is also not necessarily related to the ligand-Cu

distances. Other mutants of the axial residue of type 1 copper
proteins, such as M121Q azurin (36) and M148Q rusticyanin
(37), display a similar increase in rhombicity without
significant elongation of the ligand-Cu distance. It has been
suggested that increase in the axial electronic interactions
of copper involves contribution from dx2-y2, dxz, and dy orbitals

FIGURE 5: Spectroscopic properties of native and M98Q amicyanin.
(A) Visible absorption spectra of oxidized M98Q (red line) and
native (black line) amicyanins. (B) EPR spectra of native (lower)
and M98Q (upper) amicyanins. The Figure was adapted from data
in ref 18.

Table 3: Properties of Native and Mutant Amicyanins

amicyanina

property native M98A M98Q

Cys92-Cu
distance (Å)

2.17 2.14 2.16

axial ligand-Cu
distance (Å)

3.07 2.41 2.12

trigonal plane-Cu
distance (Å)

0.20 0.14 0.42

EPRgll
b 2.24 2.27

EPRAll (G)b 53 23
Absorbanceε464/ε595

b 0.11 0.12 0.17
λ (eV) 2.30( 0.10 2.09( 0.08 2.70( 0.07

a Structures used to determine distances were pdb entries 2OV0 for
native amicyanin (0.75 Å resolution), 2IDQ for M98A amicyanin (0.90
Å resolution), and 2IDT for M98Q amicyanin (1.00 Å resolution). These
structures are all isomorphous, in space groupP21, and contain one
molecule in the asymmetric unit. The crystal contacts are weak and
very similar among them.b Taken from ref18.
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(38). Therefore, the large rhombicity of theg-tensor, which
is reflected in the EPR spectrum, may result from a small
amount of Cu dz2 character in the ground-state wave function
of the unpaired electron. Such deviations from the native
electronic structure may result in an increase in inner sphere
reorganization energy and account for the observed increase
in λ for the ET reaction with MADH.

The rhombic distortion of the type 1 copper site in M98Q
amicyanin is also evident from a comparison of its structure
with that of native amicyanin. To be sure that these relatively
small differences in distance from copper to the equatorial
plane were not an artifact of crystal packing, isomorphous
structures of native, M98Q, and M98A amicyanins at atomic
resolution were compared (Figure 6). This increased rhom-
bicity is well correlated with a doubling (from 0.20 to
0.42 Å) of the distance of the copper atom to the equatorial
plane defined by the His53 ND1, Cys92 SG, and His95 ND
atoms among the three isomorphous crystal structures of
wild-type, M98A, and M98Q amicyanins whose structures
have been determined to a resolution of 1.0 Å or below
(Table 3). For the M98Q amicyanin oxidized structure
determined at 1.0 Å resolution, the estimated standard
deviations of the three coordination bonds from the Cys and
the two His ligands range from 0.005 to 0.013 Å and for
the native structure at 0.75 Å resolution, from 0.002 to
0.006 Å. Because the calculated distance from the copper
to the equatorial plane in these structures is a linear
combination of these distances, it is estimated that their
standard deviations are about 0.017 and 0.010 Å, respec-
tively. This leads to an estimate of the precision of the
difference between the copper-to-plane distances of about
0.020 Å, about 10-fold lower than the observed difference
of 0.22 Å (Table 3). These structures are all isomorphous,
in space groupP21, and each contains one molecule in the
asymmetric unit. The crystal contacts are weak and very
similar among them. This ensures that the relatively small
differences in relative distances are real and not a conse-
quence of the differences in crystal packing or resolution.
For these reasons, it is difficult to make valid comparisons

of relative rhombicity with structures of other type 1 copper
proteins in the literature having different resolutions and
crystal packing constraints.

There is very little information available on the correlation
of the nature of the axial ligand of the type 1 copper site
and the experimentally determinedλ value associated with
ET reactions of the host protein. It was recently reported
that mutagenesis of the axial Met ligand of the type 1 copper
in nitrite reductase to Gly or Thr increased the reorganization
energy by 0.3 eV (39). Extensive quantum chemical calcula-
tions of theλ of type 1 copper proteins have been performed
using model compounds. The effect of replacing the Met
ligand with a Gln ligand, as naturally occurs in stellacyanin,
was examined by comparing a Cu(Im)2(SCH3)(CH3CONH2)
model with a Cu(Im)2(SCH3)(SCH3)2 model (40). The
calculated inner sphereλ for the former (Gln) model was
90 kJ/mol (0.94 eV), compared to 62 kJ/mol (0.64 eV) for
the latter model. This difference of approximately 0.3 eV
from the computational study correlates very well with our
experimentally determined increase inλ of 0.4 eV and
supports the idea that the introduction of Gln as an axial
ligand of the type 1 copper in amicyanin is responsible for
the increasedλ. It is important to note that the structural
basis for the increasedλ for M98Q amicyanin is not simply
the nature of the atom that provides the axial ligand. M98A
amicyanin also uses an oxygen for the axial ligand. There is
also no significant change in the distances and orientations
of the three equatorial copper ligands.

The feature that most clearly distinguishes M98Q ami-
cyanin from native and M98A amicyanin as well as all other
amicyanin mutants that we have studied is the extent of
rhombicity, which is manifestly evident from its spectro-
scopic properties (Figure 5) (18). Ideally, one would like to
compare the extent of rhombic distortion in the oxidized and
reduced amicyanins rather than relying solely on the
comparison of the oxidized forms. Unfortunately, on reduc-
tion, amicyanin becomes EPR silent, and the visible absorp-
tion is lost; therefore, these techniques cannot be applied.
Furthermore, because of differences in the crystals of

FIGURE 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.
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oxidized and reduced amicyanin, a comparable precise
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
λ for the true ET reaction of M98Q amicyanin is that it
correlates with the rhombic distortion of the type 1 copper
site. This is a rare example of a structure-function relation-
ship that describes how the protein may influence theλ
associated with a protein ET reaction. The results also begin
to delineate the structural and physical properties that
specifically modulateλ independent ofEm value for a redox-
active metalloprotein.
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