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ABSTRACT: Amicyanin is a type 1 copper protein that is the natural electron acceptor for the quinoprotein
methylamine dehydrogenase (MADH). A P52G amicyanin mutation increased theKd for complex formation
and caused the normally true electron transfer (ET) reaction fromO-quinol MADH to amicyanin to become
a gated ET reaction (Ma, J. K., Carrell, C. J., Mathews, F. S., and Davidson, V. L. (2006)Biochemistry
45, 8284-8293). One consequence of the P52G mutation was to reposition the side chain of Met51,
which is present at the MADH-amicyanin interface. To examine the precise role of Met51 in this
interprotein ET reaction, Met51 was converted to Ala, Lys, and Leu. TheKd for complex formation of
M51A amicyanin was unchanged but the experimentally determined electronic coupling increased from
12 cm-1 to 142 cm-1, and the reorganization energy increased from 2.3 to 3.1 eV. The rate and salt
dependence of the proton transfer-gated ET reaction fromN-quinol MADH to amicyanin is also changed
by the M51A mutation. These changes in ET parameters and rates for the reactions with M51A amicyanin
were similar to those caused by the P52G mutation and indicated that the ET reaction had become gated
by a similar process, most likely a conformational rearrangement of the protein ET complex. The results
of the M51K and M51L mutations also have consequences on the kinetic mechanism of regulation of the
interprotein ET with effects that are intermediate between what is observed for the reaction of the native
amicyanin and M51A amicyanin. These data indicate that the loss of the interactions involving Pro52
were primarily responsible for the change inKd for P52G amicyanin, while the interactions involving the
Met51 side chain are entirely responsible for the change in ET parameters and conversion of the true ET
reaction of native amicyanin into a conformationally gated ET reaction.

Long-range electron transfer (ET)1 between proteins is a
process that is fundamental to respiration, photosynthesis,
and redox reactions of intermediary metabolism. Many
physiological long-range biological ET reactions are bimo-
lecular processes involving donor and acceptor proteins. The
overall redox reaction may require several steps, including
specific binding of proteins, protein rearrangements that
optimize the coupling between redox centers, chemical
transformations such as proton transfer, and the actual ET
step. Such interprotein ET reactions may be classified
according to the nature of the rate-limiting step for the overall

reaction (1, 2). If the actual ET step is rate limiting for the
overall process, the overall reaction is considered a true ET
reaction. Alternatively, if another reaction step that precedes
ET is completely rate limiting so that the observed rate is
actually that of a non-ET event, then the overall reaction is
considered gated ET (3, 4). It is also possible that a reaction
step that precedes ET is rapid relative to ET but very
unfavorable so that the observed rate is influenced by the
equilibrium constant for that non-ET process. This is
considered kinetically coupled ET (5-7).

Methylamine dehydrogenase (MADH) (8), amicyanin (9),
and cytochromec-551i (10) from Paracoccus denitrificans
form one of the best characterized physiological ET com-
plexes of proteins. X-ray crystal structures are available for
the binary complex of MADH (11) and amicyanin, and for
a ternary protein complex (12), which includes cytochrome
c-551i, the electron acceptor for amicyanin. It was demon-
strated by single-crystal polarized absorption microspectros-
copy (13) and EPR spectroscopy (14) that in the crystalline
state, these complexes can catalyze the oxidation of methy-
lamine and subsequent ET from MADH to amicyanin and
from amicyanin to the cytochrome. ET between the tryp-
tophan tryptophylquinone (TTQ) (15) prosthetic group of
MADH and the type 1 copper center of amicyanin has been
studied in solution in the steady state (16) and by stopped-
flow spectroscopy (17-20). It is possible to study ET from
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different reduced forms of MADH to amicyanin (Figure 1)
(21). The product of the reduction of MADH by the substrate
amine is anN-quinol, which retains the covalently bound
substrate-derived amino group after release of the aldehyde
product. AnO-quinol form of MADH may be generated by
reduction by dithionite. The reaction ofO-quinol MADH
with amicyanin is a true ET reaction (17-19), which yields
values of reorganization energy (λ) of 2.3 eV, electronic
coupling (HAB) of 12 cm-1, and a predicted ET distance that
approximates that seen in the crystal structure. The values
of the ET parameters were determined from the temperature
dependence (17) and the∆Go dependence (18, 19) of the
redox reaction. In contrast, under physiological conditions
ET fromN-quinol MADH to amicyanin is a chemically gated
reaction (4), which yields unreasonable values ofλ of
3.5 eV andHAB of 23,000 cm-1 (20). It was subsequently
shown that the observed rate of this reaction is that of the
deprotonation of theN-quinol amino group, which is
dependent on the presence of a monovalent cation (22, 23).

The copper center of oxidized amicyanin possesses four
coordinating ligands: two Nδ of His95 and His53, sulfur of
Cys92, and sulfur of Met98 at a longer distance forming a
distorted tetrahedral geometry (24). We have previously
shown that mutation of residues near the copper center and
its ligands affects the ET reactions from TTQ to copper in
a variety of ways. P94F and P94A mutations of amicyanin
significantly increase theEm value of copper, thus increasing
∆Go for the true ET reaction, which results in an increase in
the ET rate constant (kET) (25, 26). An F97E mutation
decreases theHAB for the true ET reaction by perturbing the
protein-protein interface, thus decreasingkET (27). A P52G
mutation altered the observed rate for the ET transfer from
TTQ to copper by changing the rate-limiting step in the
overall redox reaction such that the true ET reaction was
converted to one which was conformationally gated (28). It
was concluded that the P52G mutation altered the positions
of residues involved in protein-protein interactions within
the ET protein complex such that a rate-limiting conforma-
tional rearrangement of proteins within the complex was
required to poise the system for the true ET event. In addition
to the loss of three carbons of Pro52 in P52G amicyanin, it
was noted the P52G mutation resulted in a change in position
of the side chain of Met51, which eliminated the contacts
with the side chain ofâVal58 of MADH that are seen in the
structure of the complex of native amicyanin with MADH
(28).

In this article, Met51 was mutated to alanine to mimic
the loss of interactions involving the Met51 side chain that
was observed in P52G amicyanin so that the significance of
this residue in determining the kinetic regulation of the
interprotein ET reaction could be determined independent
of the change Pro52. Met51 was also mutated to lysine and
leucine to provide further insight into the mechanism of this
regulation. The results indicate that the conformational gating
of the ET reaction that was caused by the P52G mutation
may be attributed completely to the loss of interprotein
interactions involving the side chain of Met51. The hydro-
phobic interactions of that single residue with MADH at the
protein-protein interface dictate the kinetic mechanism of
this interprotein ET reaction.

EXPERIMENTAL PROCEDURES

Protein Preparation.MADH (29) and amicyanin (9) were
purified fromP. denitrificansas previously described. Protein
concentrations were calculated from known extinction coef-
ficients of oxidized amicyanin (ε595 ) 4610 cm-1 M-1) and
oxidized MADH (ε440 ) 26,200 cm-1 M-1). O-quinol
MADH and reduced amicyanin were generated by titration
of the oxidized proteins with stoichiometric amounts of
dithionite. N-quinol MADH is formed by stoichiometric
reduction by methylamine.

Protein Expression.Site-directed mutagenesis to create
M51A, M51K, and M51L amicyanins were performed on
double stranded pMEG201 (30), which contains the gene
mauC(31) that encodes amicyanin, using mutagenic primers
with QuikChange Site-Directed Mutagenesis Kit (Stratagene).
The oligonucleotide sequences used to construct the M51A
mutant were 5′-CGCGAGGCGGCGCCGCACAATGTC-
CATTTCG -3′ and its complementary DNA; for the M51K
mutant, 5′-CGCGAGGCGAAGCCGCACAATGTC-
CATTTCG -3′ and its complementary DNA; and for the
M51L mutant, 5′-CGCGAGGCGCTGCCGCACAATGTC-
CATTTCG -3′ and its complementary DNA. The underlined
bases are those that were changed to create the desired
change in the amino acid sequence and to generate a new
restriction site that was used to facilitate screening. The entire
555-basemauC-containing fragment was sequenced to ensure
that no second site mutations were present, and none were
found. The mutant amicyanins were expressed inE. coli and
purified from the periplasmic fraction as described for other
recombinant amicyanin mutants (30).

Spectrochemical Redox Potential Determination. TheEm

values of M51A, M51L, and M51K amicyanins were
determined by spectrochemical titration as described previ-
ously for native amicyanin (32). The ambient potential was
measured directly with a Corning combination redox elec-
trode, which was calibrated using quinhydrone (a 1:1 mixture
of hydroquinone and benzoquinone) as a standard with an
Em value of+286 mV at pH 7.0 (33). The reaction mixture
contained 340µM amicyanin in 0.05 M BisTris propane
(BTP) buffer at the indicated pH, at 25°C. Ferricyanide (1
mM) and quinhydrone (200µM) were used as mediators,
and the mixture was titrated by addition of incremental
amounts of ascorbate, which was used as a reductant. In the
oxidative direction, titration by addition of potassium ferri-
cyanide was performed. The absorption spectrum of ami-
cyanin was recorded at different ambient potentials (E), and

FIGURE 1: Different forms of reduced TTQ in methylamine
dehydrogenase. Chemical reduction of MADH by dithionite yields
the O-quinol form of TTQ. Reduction of MADH by the amine
substrate yields anN-quinol form of TTQ in which the substrate-
derived nitrogen has displaced the oxygen at the C6 position.
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the concentrations of oxidized amicyanin and reduced
amicyanin were determined by comparison with the spectra
of the completely oxidized and reduced forms.Em was
determined from the fit of the data to eq 1.

Electron Paramagnetic Resonance Spectroscopy.X-band
EPR spectra were recorded on a Bruker EMX spectrometer
equipped with an ESR910 liquid helium cryostat at 20 K
with a frequency of 9.38388 GHz, power of 0.2 mW, and
modulation frequency of 100 kHz. The sample contained 200
µM of M51A, M51K, or M51L amicyanin in 5% glycerol
and 10 mM potassium phosphate at pH 7.4.

Differential Scanning Calorimetry. Solution DSC was
performed, and data was analyzed as described previously
for native amicyanin (34) with a Calorimetry Sciences
Corporation 6100 Nano II DSC with tantalum cells with a
nominal volume of 0.33 mL. The buffer and the sample were
scanned from 25 to 100°C. As was reported for native
amicyanin, it was not possible to obtain∆H values for the
calorimetric enthalpy of unfolding because of the irrevers-
ibility of the thermal denaturation, but it was possible to
accurately determineTm values, which define the midpoint
temperature for the thermal transition.

Electron Transfer Reactions. An On-Line Instruments
(OLIS, Bogard, GA) RSM rapid scanning stopped-flow
spectrophotometer was used for kinetic measurements.
Experiments were performed in 0.01 M potassium phosphate
buffer at pH 7.5. The experimental details and methods of
data analysis have been previously described (35). To study
the ET reaction from MADH to amicyanin, prior to mixing
one syringe contained either 2µM reducedO-quinol or 2
µM N-quinol MADH, while the other contained varying
concentrations of oxidized amicyanin. Pseudo-first-order
conditions were maintained with excess amicyanin to
MADH. ET reactions were fit to the simple kinetic model
in eq 2 using eq 3 where A and B are the contents of the
mixing syringes described above.

Analysis of the Temperature Dependence of Reaction
Rates.The temperature dependence ofk3 was analyzed
according to ET theory (36) (eqs 4 and 5).HAB is the
electronic coupling constant,λ is the reorganization energy,
h is Plank’s constant,T is temperature,R is the gas constant,
and ko 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 for the reaction from eq 6.

X-ray Structure Determination. Crystals of M51A ami-
cyanin were grown by macroseeding using a 9-to-1 mixture
of monobasic sodium (3 M) and dibasic potassium (3 M)
phosphate solutions as precipitant as described previously
(37). The crystals are monoclinic, space groupP21, contain
one molecule per asymmetric unit, and are isomorphous with
crystals of the native protein. Cell dimensions are given in
Table 1. X-ray diffraction data from a dark blue oxidized
M51A amicyanin crystal and a colorless reduced protein
crystal were recorded at the BIOCARS beamline 14-BM-C
with an ADSC-Q4 CCD detector; for crystal reduction, the
crystal was incubated for about 30 min in a solution of
10 mM sodium ascorbate in 4 M monobasic sodium/dibasic
potassium phosphate buffer in the ratio 4:1 (pH∼5.5) prior
to data collection. For both crystals, the data were recorded
at 100 K, using paratone-N oil (Hampton Research, Laguna
Hills, CA) as a cryoprotectant, to 0.89 Å and 0.92 Å
resolution, respectively. The data from the oxidized crystal
were collected approximately 1 week after crystallization and
from the reduced crystal approximately 1 month after growth
of the crystal. Both data sets were processed using DENZO

Table 1: Data Collection and Refinement Statistics

sample M51A Cu(II) M51A Cu(I)

data collection
wavelength (Å) 0.9000 0.9000
space group P21 P21

a (Å) 28.36 28.21
b (Å) 55.39 55.36
c (Å) 27.01 27.27
â (°) 94.82 95.75
max. resolution (outer shell) (Å) 0.89 (0.91-0.89) 0.92 (0.94-0.92)
I/σ (I)a 27.2 (7.7) 12.0 (4.8)
no. of observations 207933 382587
no. unique reflections 52990 53675
percent completion (outer shell) 83.3 (41.2) 92.2 (45.3)
redundancy 3.9 (3.4) 7.1 (3.2)
Rmerge

b (outer shell) 0.040 (0.183) 0.081 (0.259)

refinement
data range (Å) 30-0.89 30-0.92
no. of reflections/free set 50307/2671 39881/2117
Rwork

c 0.110 0.108
Rfree

c 0.135 0.148
Rtotal

c 0.111 0.111
no. protein atoms 829 817
no. copper ions 1 2
no. solvent molecules 196 163
no. other atoms 5 10
〈B〉 protein atoms (Å2)d 8.3 10.6
〈B〉 anion atoms (Å2)d 31.2 25.2
〈B〉 solvent atoms (Å2)d 21.9 27.3
rms∆B (m/m, Å2)d,e 1.4 1.7
rms∆B (m/s, Å2)d,e 1.9 3.0
rms∆B (s/s, Å2)d,e 3.9 4.9

a I/σ(I) is the average signal-to-noise ratio for merged reflection
intensities.b Rmerge) ΣhΣI |I(h) - I i(h)|/ΣhΣiI i(h), whereI i(h) is theith
measurement, andI(h) are the mean measurements of reflectionh.
c R ) Σh |Fo - Fc|/Σh |Fo|, whereFo and Fc are the observed and
calculated structure factor amplitudes, respectively, of reflectionh. Rfree

is R for the test reflection data set (5% of the observed reflections) for
cross validation of the refinement (45), Rwork is R for the working
reflection set, andRtotal is R for all the data.d TheB-values shown refer
to the isotropic equivalent of the anisotropic thermal parameters used
during the refinement.e Root-mean-square difference inB-factor for
bonded atoms; m/m, m/s, and s/s represent main chain-main chain,
main chain-side chain, and side chain-side chain bonds, respectively.

E ) Em + 2.3RT/nF log [amicyanin]ox/[amicyanin]red (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

hx4πλRT
e-(∆G0+λ)2/4λRT (4)

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

∆Go ) -nF∆Em (6)
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and SCALEPACK (38). The data collection statistics are
presented in Table 1.

The structures of both forms of M51A amicyanin were
refined directly from the oxidized wild-type protein structure
determined at 0.75 Å resolution (PDB ID 2OV0; unpublished
results) after prior removal of solvent molecules and alternate
amino acid conformations using SHELX (39). Alternating
cycles of refinement and model building in XtalView were
carried out. Hydrogen atoms, positioned as a riding model,
were included in the refinements in SHELX. The temperature
factors of all non-hydrogen atoms were refined anisotropi-
cally. The refinement statistics can be found in Table 1.

Modeling and Surface Area Calculations. Structural
comparisons of CR positions were carried out using LSQ-
MAN (40). In comparing mutant and native amicyanin
structures, residues 1-21 were omitted from the calculations
since they are known to be quite flexible, and only the
remaining, relatively rigid, 85 residue C-terminal portions
of the structures were retained.

RESULTS

Physical Properties of M51A, M51L, and M51K Amicya-
nins. Despite the pronounced effects of the mutations of
residue Met51 on the ET reaction from MADH to amicyanin
(discussed later), the physical properties of M51A, M51L,
and M51K amicyanins are very similar to those of native
amicyanin (Table 2). The visible absorption spectrum of
oxidized M51A, M51L, and M51K amicyanins are es-
sentially identical to that of native amicyanin and exhibit a
broad peak centered at 595 nm with an extinction coefficient
of about 4600 cm-1 M-1. The EPR spectra of oxidized native,
M51A, M51L, and M51K amicyanins exhibit similar values
of gll and hyperfine splittingAll , which are typical of a type
1 copper site with axial symmetry characterized by four
hyperfine lines. We have previously studied the stability of
native amicyanin using solution DSC and demonstrated that
the major thermal transition that occurs in the DSC profile
correlates with disruption of the type 1 copper geometry (34).
TheTm values for the major transitions of the oxidized and
reduced M51A, M51L, and M51K amicyanins at pH 7.5 are
very similar to the respective values obtained previously for
oxidized and reduced native amicyanin. TheEm values
determined for M51A, M51L, and M51K amicyanins in
solution at pH 7.4 and pH 9 are very similar to those of
native amicyanin. 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 reduced copper

when protonated (32). These results indicate that the muta-
tions of residue Met51 had no significant effect on either
the magnitude or the pH dependence of theEm value.

ET from O-Quinol MADH to M51A, M51L, and M51K
Amicyanins. The ET reactions fromO-quinol MADH to each
of the Met51 mutant amicyanins each exhibited a hyperbolic
dependence ofkobs on amicyanin concentration (Figure 2).
As such, it was possible to determine values ofKd and the
limiting first-order rate constant for the redox reaction (k3

in eq 2). The ET reaction fromO-quinol MADH to oxidized
native amicyanin is a true ET reaction (17-19). On the basis
of the ∆G° values determined from∆Em, if ET from
O-quinol MADH to M51A amicyanin were also a true ET
reaction, thenkET should be only slightly less than that
observed for the reaction with native amicyanin. Instead, the
k3 value determined at 30°C is about 8-fold less than that
of the native reaction (Table 3). Interestingly, this rate is
much more similar to the rate previously determined for the
reaction with P52G amicyanin, which is not a true ET
reaction but one which is conformationally gated (28). In
contrast to thek3 values, theKd value determined for complex
formation betweenO-quinol MADH and M51A amicyanin
is similar to that of the native amicyanin and much lower
than for P52G amicyanin (Table 3). The rates of ET from
O-quinol MADH to M51K and M51L amicyanins are
intermediate between that of M51A amicyanin and native
amicyanin.

Thek3 values for the ET reaction fromO-quinol MADH
to each oxidized amicyanin were determined over a range
of temperatures from 15 to 44°C, and the data were analyzed
using eqs 4 and 5 (Figure 3 and Table 3). The values ofλ,
HAB, andr determined for the ET reactions fromO-quinol
MADH to M51A and M51K amicyanins were significantly
different from those that describe the reaction with native
amicyanin but were similar to the parameters that describe
the gated ET reaction fromO-quinol MADH to P52G
amicyanin. In particular, the values ofHAB for the reactions
of M51A and M51K amicyanins appear to exceed the non-
adiabatic limit, often taken to be<80 cm-1 (41). The
corresponding fitted values ofr are also unreasonably small
given the known structure of the complex. These observations
as well as the large increase in values ofλ for these two
reactions all indicate that the M51A and M51K mutations
have caused a change in the kinetic mechanism of regulation
of the ET reaction such that the reactions with M51A and

Table 2: Physical Properties of Native and Met51 Mutant
Amicyanins

property
native

amicyanin
M51A

amicyanin
M51K

amicyanin
M51L

amicyanin

absorptionλmax (nm) 595 595 595 595
EPR- gll 2.239 2.247 2.243 2.256
EPR- All (G) 53 62 56 54
Tm oxidized (°C) 67.7( 0.1a 66.4( 0.1 61.8( 0.31 64.2( 0.1
Tm reduced (°C) 62.4( 0.1a 63.6( 0.1 63.8( 0.1 63.3( 0.1
Em pH 7.4 (mV) 266( 7b 256( 1 267( 1 257( 1
Em pH 9.0 (mV) 240( 7b 232( 1 242( 1 245( 1

a Ref 34. b Ref 32.

FIGURE 2: Dependence of the rate of the ET reaction fromO-quinol
MADH on amicyanin concentration. Native amicyanin (1), M51A
amicyanin (9), M51K amicyanin (2), and M51L amicyanin (().
The solid lines represent fits of the data to eq 3.

11140 Biochemistry, Vol. 46, No. 39, 2007 Ma et al.



M51K amicyanins are gated ET reactions. Furthermore, the
process that is now rate determining for the overall redox
reaction with M51A amicyanin appears to be the same as
that which gates the ET reaction with P52G amicyanin
(discussed later). The values ofλ, HAB, and r determined
for the ET reaction fromO-quinol MADH to M51L
amicyanin were intermediate between those determined in
the reactions of M51A amicyanin and native amicyanin.

ET from N-Quinol MADH to M51A, M51L, and M51K
Amicyanins. The ET reaction fromN-quinol MADH to
amicyanin is not a true ET reaction but one which is
chemically gated (4) by a rate-limiting deprotonation of the
N-quinol to generate an activated intermediate from which
very rapid ET occurs (20, 23). Thus, this reaction is much
faster than the reaction of theO-quinol MADH, despite being
a gated ET reaction. The limiting first-order rate constant
for the chemically gated ET reaction ofN-quinol amicyanin
is sensitive to salt concentration since the rate-limiting proton
transfer requires the presence of a monovalent cation at the
active site (23). It exhibits a linear dependence on [KCl] up
to 200 mM. The reactions ofN-quinol MADH with oxidized
M51A, M51L, and M51K amicyanins were also salt de-
pendent (Figure 4) but to a different extent than the reaction
with native amicyanin. The rate of the reaction with M51A
amicyanin increases with salt and plateaus at about 100 mM
KCl. The observed rates and salt dependence of the reaction
with M51A amicyanin are nearly identical to those previously
reported for the reaction with P52G amicyanin (28) (Figure
4). The rate of the reaction with M51K amicyanin also

increases with salt and plateaus at about 100 mM KCl. The
rate of the reaction with M51L amicyanin exhibits a gradual
hyperbolic increase that has not yet reached a plateau at a
200 mM KCl. It is not possible test higher salt concentrations
because this disrupts complex formation between MADH
and amicyanin.

Crystal Structure. It was possible to crystallize and obtain
the structures of the oxidized and reduced forms of M51A
amicyanin refined to 0.89 and 0.90 Å, respectively. Analysis
of the structural quality of these crystals using PROCHECK
indicates that all the residues are in either the most favored
or the additionally allowed regions of the Ramachandran plot
(42). The oxidized M51A amicyanin structure exhibits
alternate conformations for five side chains (Val16, Lys38,
Met71, Thr87, and Asp89), while the reduced M51A
amicyanin exhibits alternate conformations for three side
chains (Met71, Asp89, and His95) plus the copper ion; the
latter also binds a phosphate anion. In addition, both
structures contain a modified Met28 side chain in which an
oxygen atom has been added at the SG position to form a
sulfoxide product. In both structures, the residue at this
position is in two alternate conformations: one of which (at
55% occupancy in the oxidized and 25% occupancy in the
reduced) is the unmodified form of Met28, and the other (at
45% occupancy oxidized, 75% occupancy in the reduced)
is the methoxy form of that side chain.

The oxidized and reduced M51A amicyanin structures are
very similar to each other, with a rmsd between equivalent
CR atoms of 0.18 Å for all 105 residues. The largest
deviation occurs near position Asp18 (0.74 Å), which is
located within a very flexible loop segment near the

Table 3: Electron Transfer Parameters for the Reactions ofO-quinol MADH with Native and Mutant Amicyanins

parameters
native

amicyanina
P52G

amicyaninb
M51A

amicyanin
M51K

amicyanin
M51L

amicyanin

Kd (µM) 4.5 38 6.8 11 6.8
k3, 30°C (s-1) 10 3.0 1.3 4.9 6.8
∆Go (kJ mol-1) -3.18 -4.82 -2.84 -3.37 -3.66
λ (kJ mol-1)c 222( 10 270( 10 296( 3 290( 4 246( 10
λ (eV) 2.30( 0.1 2.8( 0.1 3.07( 0.03 3.0( 0.04 2.55( 0.1
HAB (cm-1) 12 ( 7 78( 30 142( 20 194( 40 23.3( 10
r (Å) â ) 1.0 Å-1 9.5( 0.8 6( 0.9 4.7( 0.3 4.1( 1 8.3( 0.4

a Taken from ref17. 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 (46) to fit for r. b Taken from ref28. c λ is sometimes expressed in units of kJ/mol and sometimes as eV; therefore, both values
are given.

FIGURE 3: Dependence of the rate of the ET reaction from reduced
O-quinol MADH to amicyanins on temperature. Native amicyanin
(9), M51A amicyanin (0), M51K amicyanin (2), and M51L
amicyanin (4). The solid lines represent fits of the data to eq 5.

FIGURE 4: Dependence of the rate of the ET reaction fromN-quinol
MADH to mutant amicyanins on [KCl]. The line for native
amicyanin (b) is a fit to linear regression. The curves for M51L
amicyanin (9), M51K amicyanin (3), M51A amicyanin (O), and
P52G amicyanin (0) are fits to a hyperbolic function. Data for P52G
amicyanin is taken from ref28.
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N-terminus (residues 1-21) of variable conformation (25).
When residues 1-21 are omitted from the calculation, the
rmsd reduces to 0.15 Å for 84 CR atoms. Consequently,
subsequent amicyanin comparisons are limited to the rela-
tively rigid 84-residue C-terminal portion of the molecule
(discussed in Experimental Procedures). Two other segments
show discernible differences with two or more residues
differing by 0.2 Å or greater, one at Ala51 (0.49 Å) and the
other at Pro94 (0.47 Å), which are, respectively, the site of
the M51A mutation and the site adjacent to His95, one of
the copper ligands. In reduced M51A amicyanin, one
conformer of His 95 (at about half occupancy) is coordinated
to one of the alternate copper sites (also at about half
occupancy), which is also coordinated to the side chains of
His53, Cys92, and Met98, similar to the copper coordination
in the oxidized M51A amicyanin structure. The other His95
side chain conformer is in a flipped configuration (32),
unbound to copper and instead hydrogen bonded to water
molecules. The corresponding alternate copper site is 3-co-
ordinate, bound to the side chains of His53, Cys92, and
Met98 and is located 1.14 Å from the first copper site. This
situation is very similar to that observed in the crystal
structures of reduced forms of native amicyanin (PDB ID
2RAC) (32) as well as other site-directed mutants of
amicyanin (25, 43).

When the oxidized M51A, P52G, and native amicyanin
structures are compared (Table 4), the native and P52G
amicyanin structures are most similar (0.13 Å rmsd), while
the M51A and native amicyanin structures are most deviant
(0.25 Å rmsd). The differences between the two mutant
structures are intermediate (0.18 Å rmsd). In these compari-
sons, only the relatively rigid 84-residue portions (22-105)
have been compared, and only the M51A amicyanin form
containing unmodified Met28 was used. On further com-
parison of the structures (Table 5), there are four segments
that show significant deviations between them containing two

or more adjacent residues differing by 0.2 Å or greater. These
are Ala26-Met28 (0.74 Å rmsd), Arg48-Pro52 (0.58 Å
rmsd), Lys73-Lys74 (0.28 Å rmsd), and Thr83-Gly86
(0.30 Å rmsd). Comparison of M51A with P52G amicyanins
shows deviations of 0.45, 0.43, and 0.28 Å, respectively,
for the first three segments and less than 0.2 Å for the fourth.
The comparison of P52G with native amicyanin shows
smaller deviations of 0.31, 0.26, and 0.25 for the first, second,
and fourth segments and less than 0.2 Å for the third
segment.

Only the first three of these segments are within or close
to the MADH/amicyanin interface in the native complex.
Unfortunately, it has not been possible to obtain crystals of
either the M51A and P52G amicyanins in complex with
MADH as was done previously with native amicyanin (11,
12). The second segment, Arg48-Pro52, contains the sites
of mutation for both M51A and P52G amicyanins and would
be expected to differ to a similar extent from native
amicyanin for both mutants. However, the difference is
considerably larger for M51A amicyanin than for P52G
amicyanin and is significant between them. Unexpectedly,
the first segment, Ala26-Met28 also differs to a large extent
between M51A amicyanin and both native and P52G
amicyanins. The third and fourth segments show considerably
smaller deviations among the three forms, with the third
segment behaving similarly in P52G and native amicyanins,
while the fourth segment behaves differently in the native
amicyanin compared to the M51A and P52G amicyanin
structures.

DISCUSSION

Both hydrophobic and electrostatic forces are important
in the interactions between native MADH and amicyanin
(30). The side chain ofRAsp180 of the MADH large subunit
forms a salt bridge with Arg99 of amicyanin. It was
demonstrated by site-directed mutagenesis of each of these
two residues that this salt bridge accounts for the stabilization
of the complex at low ionic strength and decreases theKd

for the MADH amicyanin complex at low ionic strength by
about 100-fold (30, 44). Hydrophobic residues that have been
implicated to play a vital role at the binding interface of
MADH and amicyanin include Met71, Met51, Met28, Pro52,
Pro94, Pro96, and Phe97 of amicyanin (Figure 5). A
significant role of Phe97 in stabilizing the complex was
demonstrated by site-directed mutagenesis of this residue (27,
30). It was recently shown that a P52G mutation altered the
positions of residues 52 and 51, which are both involved in
protein-protein interactions within the ET protein complex,
such that a rate-limiting conformational rearrangement of
proteins within the complex was required to poise the system
for the true ET event. A portion of Pro52 is present at the
surface of amicyanin in close proximity toâV127 of MADH.
In addition to the loss of three carbons of Pro52, the other
consequence of the P52G mutation was a change in the
position of the side chain of Met51, which prevented it from
making close contacts with the side chain ofâVal58 of
MADH that are seen in the structure of the complex of native
amicyanin with MADH (28).

The crystal structure of M51A amicyanin confirms the loss
of three atoms of the Met51 side chain that contributes to
hydrophobic interaction with the side chain ofâVal58 of

Table 4: Root-Mean-Square Deviations (rmsd) between Three
Aligned Amicyanin Structuresa

proteins aligned
native

amicyanin
P52G

amicyanin

M51A amicyanin(Å) 0.25 Å 0.18 Å
P52G amicyanin (Å) 0.13 Å

a The structures used in this comparison were oxidized M51A
amicyanin (PDB ID 2QDV), oxidized P52G amicyanin (PDB ID
2GB2), and oxidized native amicyanin (PDB ID 2OV0). Structural
alignments were based on the relatively rigid 85-residue C-terminal
fragments of each protein with the flexible peptide fragment 1-21
omitted.

Table 5: Root-Mean-Square Deviations (rmsd) between Peptide
Segments of Three Aligned Amicyanin Structuresa

peptide segmentb 26-28 48-52 73-74 83-86

M51A vs native (Å) 0.74 0.58 0.29 0.30
P52G vs native (Å) 0.31 0.21 0.17 0.22
M51A vs P52G (Å) 0.45 0.43 0.30 0.14

a The structures used in this comparison were oxidized M51A
amicyanin (PDB ID 2QDV), oxidized P52G amicyanin (PDB ID
2GB2), and oxidized native amicyanin (PDB ID 2OV0). Structural
alignments were based on the relatively rigid 85-residue C-terminal
fragment with the flexible peptide fragment 1-21 omitted.b The peptide
segments identified show differences between aligned CR atoms of 0.20
Å or greater for two or more consecutive residues between M51A and
native amicyanins.
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MADH within the protein complex (Figure 6). It is note-
worthy that while the P52G mutation caused about a 10-
fold increase in theKd for complex formation, theKd for
M51A is similar to that of native amicyanin. This means
that the increase inKd seen with the P52G mutation may be
attributed to the specific change of residue 52 and not the
accompanying change in the position of Met51. In contrast
to this, the observedkET and values ofλ andHAB that describe
the reaction of M51A amicyanin withO-quinol MADH are
very similar to the reaction of P52G amicyanin and much
different from that of native amicyanin (Table 3). This means
that the decrease ink3 and changes in ET parameters that
were seen with the P52G mutation may be attributed to the
change in position of the side chain of Met51 and not the
loss of interactions involving Pro52.

Correct interpretation of the basis of the change in a rate
constant and experimentally determined parameters for an
ET reaction that results from site-directed mutagenesis
depends on whether the observed reaction is true, gated, or
coupled ET (1, 2, 4, 5). We have previously shown that under
physiological conditions, the reaction ofO-quinol MADH
to amicyanin is a true ET reaction (17, 18), whereas the ET
reaction fromN-quinol MADH to amicyanin is chemically
gated (22). The rate of theN-quinol reaction is that of the
deprotonation of theN-quinol amino group, which is
dependent on the presence of a monovalent cation (20, 23).
The rate of this reaction is actually much greater than that
of the O-quinol reaction because the deprotonation results
in a highly reactive, activated intermediate, which is opti-
mized for ET (23).

The results of the thermodynamic analysis of ET indicate
that the M51A amicyanin mutation converted the true ET
reaction fromO-quinol MADH into a conformationally gated
ET reaction. Furthermore, this mutation decreased the rate
of the reaction withN-quinol MADH to a value similar to
that for the reaction withO-quinol MADH. This indicates
that the same reaction step that gates the true ET reaction
from O-quinol MADH also gates the otherwise rate-limiting
proton-transfer reaction during the ET reaction fromN-quinol

MADH (Scheme 1). This is similar to what was observed
previously as a consequence of the P52G mutation of
amicyanin (28). For the M51A and P52G mutations to each
convert a true ET reaction to one which is gated, each
mutation must either introduce a new relatively slow reaction
step that precedes ET, which is needed to optimize the system
for the ET reaction, or cause a decrease in the rate of a
relatively rapid pre-existing non-ET reaction step that is
needed to optimize the system for the ET reaction. Since
the P52G mutation also significantly altered theKd value
for the complex, that suggested that the protein-protein
interface had been perturbed and thus supported the notion
that for P52G amicyanin a conformational rearrangement
would be required to switch from a redox-inactive stable
complex (that with the largerKd) to a redox-active but
unstable complex ([Aox-Bred]* in Scheme 1) (28). For M51A
amicyanin, however, theKd for complex formation is similar
to native amicyanin, yet the values forλ andHAB are very
similar to that of P52G amicyanin. It is not obvious how the
M51A mutation could introduce a new reaction step as was
suggested for the P52G mutation since the binding process
seems not to be perturbed. Therefore, it is likely that this
mutation has slowed the rate of an existing but previously
unrecognized conformational rearrangement that normally
occurs in the native amicyanin-MADH complex subsequent
to binding and prior to ET.

The results of the M51K and M51L mutations indicate
that these also have consequences on the kinetic mechanism
of regulation of the interprotein ET (Scheme 1). Their effects
are intermediate between what is observed for the reactions
of native amicyanin and M51A amicyanins (Figures 3 and
4). The ET parameters and the rate for the reaction of M51K
amicyanin withO-quinol MADH are very similar to those
for the reaction with M51A amicyanin. However,k3 is greater
than that for M51A amicyanin and less than that observed
with native amicyanin. The salt dependence of the rate of
the reaction of M51K amicyanin withN-quinol MADH
plateaus at approximately the same salt concentration as that
of the reaction of M51A but exhibits a greater rate. An
explanation for these results is that the kinetic mechanism
of interprotein ET is the same for M51K amicyanin as it is
for M51A amicyanin, but that the value ofkx (kobs for the
gated reaction) for this mutant protein is greater than that
for M51A amicyanin. In other words, the presence of a Lys
as residue 52 slows the conformational rearrangement relative
to Met but not to as great a degree as does Ala. The ET
parameters and rate for the reaction of M51L withO-quinol
MADH are very similar to the reaction with native amicya-
nin, and the salt dependence of the rate of the reaction with
N-quinol MADH is somewhat intermediate between that of
native and M51A amicyanins. Clearly, this conservative
mutation has had the smallest effect on ET. The effect of
this mutation on the conformational rearrangement denoted
by kx seems to be intermediary between those of the native
complex withN-quinol MADH and the M51A complex with
MADH. These relative profiles for the salt dependence of
the rate withN-quinol MADH and the similarities in ET rate
and parameters of the reactions of M51L amicyanin and
native amicyanin withO-quinol MADH suggest for M51L
amicyanin either that the values ofkx andk3 are in the same
range or that perhaps the equilibrium constant for the
conformational changeKx is less favorable so that the

FIGURE 5: Hydrophobic residues of amicyanin that interact with
MADH. The hydrophobic residues that surround the surface-
exposed His95 which provides a ligand for copper (blue sphere)
are shown.
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attenuation of rate could be attributed to a conversion to a
kinetically coupled mechanism (5) wherekobs ) Kx × kET.

Another surprising and interesting observation is that the
M51A mutation more so than the P52G mutation alters the
position of residues 26-28 including Met28, which is also
at the interface with MADH. While the ET parameters for
the reaction of M51A amicyanin are much more similar to
that of P52G amicyanin than to that of native amicyanin,
there are some differences (Table 1). Thek3 for the reaction
with M51A amicyanin is less than half that of the rate of
P52G amicyanin, and the experimentally determinedλ is
0.2 eV larger. Thus, it is possible that the perturbation of
the position of Met28 is also affecting the rate and energy
barrier of the conformational rearrangement (kx in
Scheme 1).

Summary. The strong similarity in the ET parameters and
salt dependence of the rates for the reactions of P52G and
M51A amicyanins with MADH strongly suggests that the

reaction step that gates the ET reaction to M51A amicyanin
is the same as that which gates the ET reaction to P52G
amicyanin. In P52G amicyanin, close contacts are lost
involving the three carbons of Pro52, the loss of which does
not occur in the M51A mutant. The critical common feature
of these two mutant amicyanins is that the interactions of
the Met51 side chain with MADH are lost. The data
presented here indicate that the loss of the interactions
involving residue Pro52 is primarily responsible for the
change in Kd for complex formation. The interactions
involving the Met51 side chain are entirely responsible for
the change in ET parameters and conversion of the true ET
reaction of native amicyanin into the conformationally gated
ET reaction. Since theKd for complex formation is not
affected by the M51A mutation, it follows that the change
in the kinetic mechanism of the reaction is to reduce the
rate of a pre-existing normally rapid conformational rear-
rangement rather than to introduce a new slow reaction step.

For soluble redox proteins to perform their physiological
role, it is critical that they be able to recognize and
specifically interact with their redox partners. Misdirected
ET will result not only in the loss of energy for the cell but
also the generation of reactive oxygen species or free radicals
that will damage cellular components. We had previously
shown that the stability of the amicyanin-MADH complex
depended upon a unique combination of hydrophobic and
electrostatic interactions between residues from each protein
(27, 30, 44). We show here that subtle perturbations of these
protein-protein interactions also have significant effects on
the rates of ET with the protein complex. In fact, subtle
changes in the identity of one specific amino acid residue,
in this case Met51, is sufficient to dictate the mechanism
and consequently the rate of a physiologic interprotein ET
reaction. These results show that surface residues of redox

FIGURE 6: Changes in structure and position of residues that are located at the MADH-amicyanin interface in the complex caused by the
M51A amicyanin (PDB ID 2QDV) mutation with respect to native amicyanin (PDB ID 2OV0). It should be noted that this is not a crystal
structure of the complex of MADH with M51A amicyanin. For the purpose of illustration, the superimposed amicyanin structures are
shown in relation to the MADH structure after alignment with the amicyanin portion of the MADH/amicyanin binary complex (PDB ID
2GC4). The two amicyanin structures are shown as ribbon cartoons with M51A red, native gold, and the affected residues of each as ball
and stick with the same color code. The copper ion and the four coordinating side chains of M51A are shown as ball (purple) and stick
(black), respectively. The MADHR-subunit (green) andâ-subunit (cyan) are shown as ribbon cartoons and as partially transparent molecular
surfaces with the TTQ side chains drawn as black sticks.

Scheme 1
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proteins may not only dictate specificity for their redox
protein partners but also be critical to optimize the orienta-
tions of the redox centers and intervening media within the
protein complex for the ET event.
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