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To elucidate the kinetic properties of the methylamine dehydrogenase (MADH) redox chain of 
Thiobacillus versutus the reduction of cytochrome c-550 by MADH and amicyanin has been studied. 
Under steady state conditions, the rate constants of the reactions have been determined as a function 
of the ionic strength, both for wild type cytochrome c-550 and for mutants in which the conserved 
residue Lysl4 has been replaced as follows : Lysl4+Gln (mutant [K14Q]cytochrome c-550) and 
Lysl44Glu (mutant [K14E]cytochrome c-550). 

The second-order rate constant of the reduction of cytochrome c-550 by MADH shows a bipha- 
sic ionic-strength dependence. At low ionic strength the rate constant remains unchanged (wild 
type) or increases ([K14Q]cytochrome c-550) with increasing ionic strength, while at high salt 
concentrations the rate constant decreases monotonically as the ionic strength increases. It is sug- 
gested that conformational freedom exists in the association complex and that this is favourable for 
electron transfer. [Kl4Q]cytochrome c-550 and [K14E]cytochrome c-550 are reduced at rates 20- 
fold and 500-fold slower than wild-type cytochrome c-550 by MADH, due to a lower association 
constant. It is concluded that MADH possesses a negative patch with which cytochrome c-550 
associates. Lysl4 plays an important role in the formation of the reaction complex. 

The midpoint potentials of wild-type and mutant cytochrome c-550 have been determined by 
using cyclic voltammetry. [K14Q]cytochrome c-550 and [K14E]cytochrome c-550 show an increase 
in Eo of only 2 mV and 8 mV, respectively, compared to wild-type cytochrome c-550 (241 mV at 
pH 8.1). 

[K14Q]cytochrome c-550 and [K14E]cytochrome c-550 cytochrome c-550 are reduced by ami- 
cyanin at rates that are only slightly faster than for wild-type cytochrome c-550. The difference is 
partly attributable to the change in Eo. High ionic strength results in a threefold increase in the rate 
in all three cases. These results indicate that charge interactions do not play a major role in the 
formation of the amicyanidcytochrome c-550 reaction complex, suggesting an interaction at the 
hydrophobic patch of amicyanin. 

The reduction of cytochrome c-550 by MADH can be inhibited by Zn2+-substituted amicyanin. 
Ag+-amicyanin, however, has little effect on the reduction rate. These results suggest that MADH 
has a much higher affinity for Cu2+-amicyanin (substrate) than for Cu+-amicyanin (product). 

On the basis of these findings the roles of the components of the MADH redox chain are 
discussed. 

The Gram-negative bacterium Thiobacillus versutus is 
capable of using methylamine as a carbon and energy source. 
This substrate induces the production of two periplasmic pro- 
teins, methylamine dehydrogenase (MADH) and amicyanin, 
which are involved in the conversion of methylamine to 
methanal and in the subsequent respiratory electron transfer, 
respectively [ 1, 21. MADH catalyzes the oxidation reaction 
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Lysl4-Glu; [K14Q]cytochrome c-550, mutant with mutation 
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Enzyme. Methylamine dehydrogenase (EC 1.4.99.3). 

and can reduce amicyanin [3]. It has been proposed [3] that 
amicyanin reduces cytochrome c-550, one of the soluble cy- 
tochromes found in 7: versutus grown on methylamine. Re- 
duced cytochrome c-550 can be reoxidized by a membrane- 
bound cytochrome aa3. For other bacteria that produce 
MADH, similar redox chains have been suggested. For Para- 
coccus denitrificans it has been shown that amicyanin is 
essential for growth on methylamine [4]. Controversy still 
exists concerning the identity of the physiological redox part- 
ner of amicyanin in this organism [5-81. In Methylophilus 
sp. W3A1 the presence of amicyanin cannot be demonstrated 
and a cytochrome c presumably functions as the redox part- 
ner of MADH 191. In Methylobacterium extorquens AM1, 
MADH probably donates electrons via amicyanin to a c-type 
cytochrome (c,) although direct reduction of this cytochrome 
by MADH also appears to be possible [lo]. 
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Fig. 1. Spacefilling model of cytochrome c-550 from Z versutus 
based on the crystal structure data of cytochrome c-550 from I! 
denitrificans [57]. Black spheres, N, of lysine residues; dark-grey 
spheres, Lysl4; light-grey spheres, heme. The picture was produced 
with MOLSCRIF'T [%I. 

MADH consists of four subunits (a2p2) comprising two 
functional dimers (am 111. Amicyanin is a small (11.7 kDa) 
monomeric Cu-protein [2, 111. Both proteins are under 
extensive study. The crystal structures of T. versutus MADH 
[12] and amicyanin from l? denitrificuns [13] have been 
solved; the structure of the complex of l? denitrificans ami- 
cyanin and MADH is also established [14, 151. Furthermore, 
a solution structure of amicyanin from 7: versutus has been 
determined by NMR methods 1161 (Kalverda, A. P., unpub- 
lished results). The /3 subunit of MADH contains a cofactor 
consisting of two covalently linked tryptophan residues with 
a tryptophan tryptophylquinone group [ 11, 171. From genetic 
studies 14, 11, 18, 19, 201 it has emerged that the genes for 
amicyanin and MADH are part of one operon, together with 
other genes that may be involved in the post-translational 
modification of MADH. The gene for cytochrome c-550 is 
located on another part of the chromosome and is just up- 
stream of a gene coding for a subunit of cytochrome uu3 
(COXI) [7, 211. 

The gene encoding cytochrome c-550 from I: versutus 
has been expressed in Escherichia coli under semi-anaerobic 
conditions and the holo-protein can be isolated from the peri- 
plasmic space [21]. This expression system has been used to 
make site-specific mutants of cytochrome c-550. Lysl4 has 
been mutated into an uncharged (glutamine) residue and a 
negatively charged (glutamate) residue [22]. This lysine resi- 
due is conserved as K13 in mitochondria1 cytochrome c. It 
is located near the site where the heme penetrates the protein 
surface (Fig. 1) and is part of the ring of positive charges 
around this site. Many investigations have indicated that K13 
plays a key role in the electrostatic interactions with other 
redox proteins 123-281, small molecules [29] and in the 
electron self-exchange reaction 1301. The analogous lysine 
residue in cytochrome c, is involved in the complex forma- 
tion with cytochrome bc, [31] and the photosynthetic reac- 

tion center [32]. The construction of the mutants [K14Q]cy- 
tochrome c-550 (Lysl4-Gln) and [K14E]cytochrome c-550 
(Lysl4+Glu) has enabled the study of the importance of 
Lysl4 in the electron self-exchange reaction of cytochrome 

In this study, the mutants are used to investigate the reac- 
tions of MADH and amicyanin with cytochrome c-550. 
While the reduction of amicyanin by MADH is fast the re- 
oxidation of amicyanin by cytochrome c-550 appears to be 
slow, although cytochrome c-550 is believed to be the redox 
partner of amicyanin [3]. To obtain more insight into this 
paradox, the steady-state kinetics of the reduction of cyto- 
chrome c-550 by amicyanin and by MADH have been 
studied with both wild-type cytochrome c-550, [K14Q]cy- 
tochrome c-550 and [K14E]cytochrome c-550; the rate con- 
stants have been determined as a function of the ionic 
strength (0. Also, the effects of possible complex formation 
of MADH and amicyanin on the reaction with cytochrome 
c-550 have been studied, using redox-inactive amicyanin 
substitutes. Finally, the midpoint potentials of wild-type and 
mutant cytochrome c-550 have been measured with cyclic 
voltammetry to enable interpretation of the kinetic results. 

C-550 [22]. 

MATERIALS AND METHODS 
Mutagenesis 

The construction of mutants [K14Q]cytochrome c-550 
and [K14E]cytochrome c-550 has been described elsewhere 
P21. 

Protein expression and purification 
Wild-type cytochrome c-550 was isolated from I: versu- 

tus grown on methylamine or from E. coli after heterologous 
expression. [K14Q]cytochrome c-550 and [K14E]cyto- 
chrome c-550 were expressed in E. coli and were subsequ- 
ently isolated. Growth conditions and purification procedures 
have been described [21, 221. Heterologously expressed 1111 
and purified T. versutus amicyanin was a kind gift of A. P. 
Kalverda. 

Partially purified 7: versutus MADH was kindly provided 
by F. Huitema. To remove potential traces of cytochrome c- 
550 and amicyanin, MADH was applied (65 mg/1.5 ml) to a 
Sephacryl S-200 gel-filtration column (2.6 cmX5O cm) and 
eluted with 20 mM sodium phosphate (pH 7.0), containing 
200 mM NaCl. After SDS/PAGE, the purity was estimated 
to be 90% with no bands smaller than 20 kDa. 

Preparation of apo-, Zn- and Ag-amicyanin 
For the preparation of apo-amicyanin, 0.4-2 pmol 

Cu(I1)-amicyanin was incubated overnight in 10 ml 100 mM 
KCN and 150mM Tris/HCl, pH8, at 5°C [33]. Subse- 
quently, the protein was concentrated and diluted extensively 
with 20 mM Hepes/NaOH, pH 7.5, and 1 mM EDTA in an 
Amicon stirred cell to remove Tris and KCN. 

To obtain metal-substituted amicyanin, apo-protein was 
incubated for 1 h with 1 mM ZnC1, or AgNO, in 20 mM 
HepesNaOH, pH 7.5, followed by several cycles of concen- 
tration and dilution with the buffer to remove excess metal 
ions. Apo-amicyanin could be reconstituted with Cu(I1) to 
> 85% according to the 280/596 nm absorption ratio. Zn- 
amicyanin and Ag-amicyanin could not be reconstituted with 
Cu(I1) to any extent. On an IEF gel apo-, Zn- and Ag-amicy- 
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anin migrated with native amicyanin [which has the same PI 
for the Cu(I1)-form and Cu(1)-form]. Denatured amicyanin 
showed a broad band at a much higher PI value. 

MADH activity 

Some variation in activity (vide infru) between MADH 
samples was observed. Samples were stored at -20°C for 
over a year with little decrease in activity. Therefore, the 
variation in activity is not (fully) attributable to aging. This 
variability may have been caused by contaminants in the 
buffer since the MADH concentrations used were quite low. 
It was observed that Tris/HCl partly inhibits MADH activity. 
The presence of Zn2+ appeared to enhance the activity. How- 
ever, this was not investigated further. 

The activity of the most active sample was quantified by 
measuring the reduction rate of Wurster's blue [ l ]  by MADH 
in the presence of excess methylamine (1OmM). The con- 
centration of MADH in this sample was determined optically 
using the absorbance at 440 nm of the fully oxidized MADH 
with cw0 = 21 X103 M-' . cm-' [34]. The specific activity of 
this sample was 455 U/pmol. The rate at which wild-type 
cytochrome c-550 was reduced by this MADH solution was 
used as a secondary standard to establish the MADH concen- 
tration in the samples used in subsequent experiments. 

Kinetic measurements 

All measurements were performed in 20 mM Hepes/ 
NaOH, pH 8.2, with 10 mM methylamine/HCl at 29 2 2°C. 
KC1 was added to adjust the ionic strength (I). I values in- 
clude the contributions of Hepes/NaOH and methylamine/ 
HCl ( I  = 27 mM). The total sample volume was 2.5 ml. Sub- 
sequently, concentrated solutions with known concentrations 
of MADH, methylamine, and amicyanin (if required) were 
added; the added amounts were determined by weighing. Fi- 
nally, concentrated cytochrome c-550 was added, immedi- 
ately followed by mixing and measurement of the absorbance 
increase (A,) at 550 nm as a function of time ( t ) .  Under these 
conditions, MADH and amicyanin are fully reduced at the 
beginning of the experiment and do not contribute to the 
absorbance at 550 nm while reduced cytochrome c-550 has 
an absorbance maximum at this wavelength. Afterwards, the 
sample was fully reduced with solid dithionite to obtain A,. 
The initial reaction rate ui was obtained by determining the 
initial slope of the A, versus t plot. The steady state reduction 
rate constant (kobs) was derived from the slope of a plot of 
ln{A,-A,) versus t. 

Cyclic voltammetry 

Cyclic voltammetry was performed in a 400-pl standard 
electrochemical cell utilising an edge-plane graphite working 
electrode, a platinum gauze counter electrode and a saturated 
calomel reference electrode [35]. The protein concentration 
was 0.1 mM in 50 mM Hepes/NaOH, pH 8.1 ( I  = 40 mM). 
The ionic strength was adjusted with concentrated NaC1. 
Oxygen was removed from the working compartment by 
passing humidified oxygen-free argon through the sealed 
cell. Voltammograms were obtained, at room temperature, by 
cycling at 50-450 mV, with the use of a computer-controlled 
potentiostat (Oxsys Ltd.). All the potentials reported in this 
study are with respect to the normal hydrogen electrode. 

RESULTS 
Steady state reduction of cytochrome c-550 by MADH 

To describe the reduction of oxidized cytochrome c-550 
by reduced MADH a simple two-step reaction model is used: 

cytc-55P + MADHd & cytc-550"". MADHd 

(1) 
where cytc-550 is cytochrome c-550 and MADHq is the 
semiquinone form of MADH. MADHSq can be oxidized 
further to MADH"" by another equivalent of cytochrome 
c-550"". No distinction is made between the first and the 
second oxidation reaction of MADH in this study. 

The second backward reaction (k-J is neglected; the se- 
cond equilibrium lies firmly to the right because of the differ- 
ence in midpoint potential between MADH (estimated to be 
100 mV on the basis of homology [36, 371) and cytochrome 
c-550 (241 -+2 mV at pH 8.1, see below). 

To observe steady-state reduction it is necessary that [cy- 
tochrome c-5501 B [MADH] and that [MADHd] is constant. 
MADH"" is reduced back as follows: 

kz - cytc-55Pd + MADH', 

MA + MADH"" 2 MA.  MADH"" 

MADHd + methanal + NH,' + H+,  (2) 

where MA represents methylamine. 
In the experiments described in this study, the [methyl- 

amine] was 10 mM while [MADH] is up to 250 nM. Under 
this saturating condition [3], k, is the limiting factor in the 
back-reduction of MADH"". This rate constant is approxi- 
mately 50 s-' at 20°C [3] (A. C. F. Gorren, unpublished re- 
sults]. Therefore, the rate calculated for the reduction of 
MADH"" is at least 100-fold greater than the fastest oxidation 
rate observed under the experimental conditions used in this 
study. Thus: 

[MADH], z= [MADHd] + [cyt~-550"" . MADHd] , (3) 
where [MADH], is the total concentration of MADH. Under 
these conditions ([cytochrome c-5501 4 [MADHI, and Eqn. 
(3)}, reaction 1 can be described with Michaelis-Menten ki- 
netics as follows: 

3 (4 4 k2 [MADH], [cytc - 550""l 
K,  + [cytc - 550""l 

V =  

where v is the steady-state reduction rate of cytochrome c- 
55OoX, determined by the absorbance increase at 550 nm, and 
K ,  is the Michaelis-Menten constant. 

Fig. 2 shows a plot of the initial u (0,) as a function of 
the initial [cytochrome c-55PI (open circles). The data have 
been fitted using Eqn (4a) for K,  = 42 * 3 pM and kz = 
2.3 2 0.2 s-' (Fig. 2). 

When [cytochrome c-550""] < K,  Eqn (4) simplifies to: 

k2 

Km 
( 5 )  u = - [MADH], [~yt~-550""] 

and thus u oc [cytochrome c-550°x]. The straight solid line in 
Fig. 2 indicates that this simplification is valid up to [cyto- 
chrome c-550""] = 8 pM. This is confirmed by the logarith- 
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Fig. 2. Reduction of cytochrome c-550 by MADH. The initial 
velocity (vi) of the reduction is plotted against the concentration of 
cytochrome c-550. Wild-type cytochrome c-550 at I = 27 mM (0); 
[MADH], = 7 nM; best fit of Eqn (4) to these data points with K,  = 
42 2 3 pM and k, = 2.3 5 0.2 s-' (. . . . . .); best linear fit to the data 
points <5 pM (-). Wild-type cytochrome c-550 at I = 
0.42 M (0); [MADH], = 76 nM; best linear fit to these datapoints 
(- -). [K14Q]cytochrome c-550 at I = 27 mM (0); [MADH], = 
90 nM; best linear fit to these datapoints (-----). [Methylamine] = 
10 mM in all experiments. 

mic behaviour of the absorbance at 550 nm in a 8.1 pM 
sample, as shown in Fig. 3. Fig. 3A shows the observed ab- 
sorbance (A,) and Fig. 3B shows ln(A,-A,) versus time. A, 
is the absorbance of the fully reduced sample. The slope of 
the straight line is -kobs. According to Eqn ( 5 )  

In Fig. 4, kobs is plotted as a function of [MADH], for wild- 
type and [K14Q]cytochrome c-550, showing a linear correla- 
tion. The slope kMADH (= k2/K,,,) is the steady-state reduction 
rate constant. 

The single-charge mutation [K14Q]cytochrome c-5-50 has 
a large effect: kMADH is 20-fold lower for the mutant (Table 
1). The reduction of [K14E]cytochrome c-550 is even 
slower, approximately another 25-fold decrease, although the 
rates were so slow that it proved difficult to obtain reliable 
results. The reaction between MADH and [K14E]cytoch- 
rome c-550 was therefore not studied any further. 

Since 

(7) 

the decrease in kMADH can be caused by a decrease in k2 or k, 
or an increase in k- l .  The changes in k, and k- ,  would both 
result in a lower association constant K,  (k,/k-'). Obviously, 
k2 depends on the driving force AG, which in its turn is de- 
pendent on the midpoint potentials of MADH and cyto- 
chrome c-550. The midpoint potentials of wild-type and mu- 
tant cytochrome c-550 were determined with cyclic voltam- 
metry. Fig. 5 shows a representive voltammogram of cyto- 
chrome c-550. Although cytochrome c-550 has a net negative 
charge at pH 8.1 (PI = 4.6 [38]) it gives an excellent re- 

A I 

+ + + + + -  

0 

+ + + I + - -  

/ 
0 200 400 600 800 

Time (s) 

B i  

-2.6 1 
-2.8 ' I I I I 

0 400 2oo Time (s) 600 800 

Fig. 3. Reduction of wild-type cytochrome c-550 by MADH. The 
absorbance (A,) at 550 nm (A) and ln(A,-A,) (B) are plotted against 
time. [Cytochrome c-5501 = 8.1 pM, [MADH], = 31 nM, [methyl- 
amine] = 10 mM, I = 27 mM. In B, the best linear fit to the data 
points with kobs= 1.50X10-3 s-'is shown. 

sponse with an edge-plane graphite electrode, suggesting that 
a positive interaction site on the protein surface is utilised. 

The midpoint potential of wild-type cytochrome c-550 is 
241 2 2 mV which compares well with the potentiometrically 
determined value of 245k5 mV [38]. The mutations 
Lysl44Gln and Lysl4+Glu have only small effects on the 
midpoint potential: E" = 243 2 2 mV ([K14Q]cytochrome 
c-550) and 249 2 4  mV ([K14E]cytochrome c-550). Since 
these values are slightly higher than the values of the wild 
type, thus increasing the driving force, these changes in the 
midpoint potentials cannot explain the differences in kMADH 
between wild-type and mutants. 

Furthermore, a plot of u, versus the concentration of 
[ K14Qlcytochrome c-550"" indicates that K,,, has increased 
(Fig. 2, squares) since Eqn ( 5 )  applies up to higher cyto- 
chrome c-550 concentrations than for wild-type cytochrome 
c-550 (Fig. 2). Since kMADH has decreased, this K,  increase 
must be caused by a decrease in K, [either an increase of k-, 
or a decrease of k,, see Eqn (7)]. Therefore, a decrease in the 
affinity of cytochrome c-550 for MADH is the major cause 
for the low k,,,, values of the mutants. 
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[MADHI, (PM) 
Fig. 4. Reduction of wild-type and [K14Q]cytochrome c-550 by 
MADH. The kobs [see Eqn (6)] is plotted against the total concentra- 
tion of MADH. [Methylamine] = 10 mM, I = 27 mM. 0, left axis: 
wild-type cytochrome c-550 (5-7 pM); 0, right axis: [K14Q]cy- 
tochrome c-550 (7-9 pM). The best linear fits to the data points 
with kM,,, (wild type) = 52?5X103 and CAD, ([K14Q]cyto- 
chrome c-550) = 2.5 +O.3X1O3 M-' s-' are shown (-). 

T 
c c 
2 
L 

3 

50 150 250 350 

Potential (mv) 
Fig. 5. Cyclic voltammogram of wild-type cytochrome c-550. 
[Cytochrome c-5501 = 0.1 mM in 50 mM HepesNaOH, pH 8.1 ; 
scan speed 5 mV/s. The small spikes around 240 mV are system 
artefacts. 

Ionic strength effects on k,,, 
Since the removal of a single charge has such a large 

effect on kMADH, it was considered to be of interest to study 
the ionic-strength dependence of kM,DH for wild-type and 
[K14Q]cytochrome c-550 (Fig. 6). It is clear that the ionic- 
strength dependence of kMADH is biphasic ; while strongly 
decreasing towards high values of 1, kMADH is constant (wild 
type) or even increasing ([K14Q]cytochrome c-550) at low 
1. This biphasic behaviour suggests that both k2 and K,  
change with I. It also indicates that k2 cannot be much larger 
than k - ,  otherwise k,,,, would only depend on the rate of 
one reaction, the association of cytochrome c-550 with 

monophasic. 
MADH [kMADH = kl,  see Eqn (7)] and the curve would be 

0 
10 1 0 

n 0 

7-1 
b. ..., 

Q... 
'"D, I 

D 1 
6 ' 1  I I I I I I 

0 0.2 0.4 0.6 0.8 
(M/'2 

Fig. 6. Ionic-strength dependence of kMMADH for wild-type and 
[K14Q]cytochrome c-550. Wild-type cytochrome c-550 (0) ; 
[K14Q]cytochrome c-550 (0). The best fits of Eqn (9) to the data 
points with P2 > 0.3 are shown (......; r = 0.8 nm, n = 8.8, 
k, = 550 M-' s-' (wild type) and r = 0.8 nm, n = 6.1, k, = 258 
M-' s-' ([K14Q]cytochrome c-550). [MADH], = 23-34 nM (wild 
type) and 33-48 nM ([K14Q]cytochrome c-550); [cytochrome 
c-5501 = 7-8 pM (wild type) and 5-7 pM ([K14Q]cytochrome 
c-550); [methylamine] = 1OmM. 

In Fig. 2, a plot is presented of ui versus wild-type cyto- 
chrome c-550 at 0.42mM ionic strength (solid circles), 
showing that K ,  has increased compared to the reaction at 
low ionic strength (although it does not allow determination 
of K,,, and k2 values). Thus, like the decrease observed for 
[K14Q]cytochrome c-550, the ionic-strength-dependent 
decrease in k,,,, is due to a lower affinity between cyto- 
chrome c-550 and MADH. Smith et al. [39] have derived an 
expression describing the Z dependence of the rate constant 
( k )  for reactions where the association of two proteins is rate 
limiting : 

In this relationship, k, is k at infinite Z, C = 0.7057 nm (at 
302 K), a = 0.17 nm, the effective radius of amino and car- 
boxylate groups (assumed to be responsible for the electro- 
static interactions), r, is the distance between such a charge 
pair and K = 3.27 Prim-' (at 302 K). The summation runs 
over all charges i with a total of n. An important assumption 
is that each of the n charges only interacts with one opposite 
charge. The strength of the interaction then depends on r,. 
This allows for the single summation of all these charge in- 
teractions. As indicated by Smith et al. [39] this is normally 
only true for pairs of proteins that have evolved a set of 
complementary charges. The r, for every pair should be de- 
termined separately to enable calculation of the curve. The 
authors were able to do so using preparations of cytochrome 
c modified at single lysine residues. However, often Eqn (8) 
is simplified to Eqn (9) [40-431: 

n exp { ~ ( a  - r)} 
(1 + Ka)r 

In (klk,) = C (9) 

An equation very similar to Eqn (9) has also been derived by 
Caffrey et al. [32], based on a slightly different concept. In 
Eqn (9), r is an average over the ri values. Theoretically, 
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Eqn (8) transforms into Eqn (9) only if all ri values are iden- 
tical. However, Eqn (9) still gives a good fit to ionic-strength 
dependencies, probably because fitting of three parameters 
(n,  r and k,) allows sufficient freedom to obtain a good fit 
on any data set. Therefore, fits with Eqn (9) should only be 
interpreted in a qualitative manner. Low r values ( r  < 0.4 nm) 
indicate that strong, complementary interactions dominate 
the electrostatic interaction in the complex. The number n 
then gives a reasonable estimate of the number of charge 
pairs involved. In the case of the MADWcytochrome c-550 
complex the data are best fitted with high r values 
( r  2 0.8 nm), as shown in Fig. 6, which suggests that specific 
complementary interactions do not. play a major role. 

According to Eqn (8), ln(k/km)"i'd type - ln(k/k,)K14Q gives 
the contribution of Lysl4 to the ionic-strength dependence 
of ItMADH, assuming that the mutation has only affected the 
charge of residue 14. The difference of both curves in Fig. 6 
was calculated and fitted with Eqn (8) with n = 1 (data not 
shown). This gives rKI4 = 0.31 nm, which is much lower 
than the average of r = 0.8 nm; according to this analysis 
Lysl4 is in close contact with negative charge(s). 

Steady-state reduction of cytochrome c-550 by amicyanin 

To establish the effects of the mutations Lysl4+Gln and 
Lysl4+Glu on the interaction between cytochrome c-550 
and amicyanin, the steady-state reduction rate constant k,,, 
was determined for wild-type and mutant cytochrome c-550. 
In reaction 10 the overall reactions are given: 

amPd + cytc-55o"n * ami"" + cytc-550"d, (10) 

where ami is amicyanin. 
For a steady-state reduction amicyanin"" must be reduced 

back. Since AEO between amicyanin and cytochrome c-550 
is small (19 mV), the backward reaction (k-4 can only be 
neglected if the back reduction is very quick and thus [ami- 
cyanin""] is negligible. Then pseudo-first-order kinetics apply 
with the total amicyanin concentration, [amicyanin], = [ami- 
cyaninred] and k,,, = k5: 

(11) 
For this reason, methylamine and MADH were added to the 
reaction mixture. Since amicyanin is reduced at a high rate 
by MADH (2X107 M-' s-' at 20°C, pH 8; A. C. F. Gorren, 
unpublished results) the inequality [ami~yanin"~]/[amicya- 
nin""] > 10 is valid even for the fastest reaction of amicyanin 
with cytochrome c-550. 

However, MADWd can also reduce cytc"" (reaction 1). 
As shown above, this is also a pseudo-first-order reaction. 
Thus, for the overall cytochrome c-550 reduction: 

u = {k,,,[ami], + kMA,,[MADH],}[cytc-55Oo"], (12a) 

(12b) 

u = k,,,, [amil, [cytc-550]. 

kobs = krn,[ami]t + klADHIMADHlt. 
In Fig. 7, kobs is plotted versus [amicyanin], for wild-type 
cytochrome c-550 at low ionic strength. At [amicya- 
nin], > 2 pM, kobs starts to deviate froin linear behaviour, 
probably because the association of amicyanin and cyto- 
chrome c-550 is no longer the sole rate-limiting reaction and 
the concentration of amicyaninkytochrome c-550 complex 
becomes significant. For this reason [amicyanin], was kept at 
6 1 pM in further experiments. Fig. 8 shows plots of kObJ 
[MADH], versus [amicyanin],/[MADH], for wild-type cyto- 
chrome c-550 at low and high ionic strength. In these plots, 

0 5 10 
[amicyanin], CM) 

Fig. 7. Reduction of wild-type cytochrome c-550 by amicyanin 
and MADH. kubs [Eqn (12b)l is plotted against the total concentra- 
tion of amicyanin. [Cytochrome c-5501 = 3-4 pM, [MADH], = 
45 nM, [methylamine] = 10 mM, I = 27 mM. The best linear fit to 
the data points < 2 pM is shown (-). 

I I I I 

0 10 20 30 40 
[amicyanin], /[MADHI, 

Fig. 8. Reduction of wild-type cytochrome c-550 by amicyanin 
and MADH at low and high ionic strength. k,,,,I[MADH], 
[Eqn (12b)l is plotted against the total-concentration ratio of amicy- 
anin and MADH. [Cytochrome c-5501 = 3-4 pM, [MADH], = 20 
or 45 nM (I = 27 mM) and 29 nM (I = 0.41 M), [methylamine] = 
10 mM. I = 27 mM (0); I = 0.41 M (0). Best linear fit to data 
points with Z = 27 mM (-); best linear fit to data points with 
I = 0.41 M (- - -); the predicted behavionr of k,,,I[MADH], on the 
basis of Eqn (14a) with k,, = 6.4X103, k, = 2.6X104, k, = 
2.0X103 M-' s-', [s], = 90 nM and Kd = 0.5 pM (see text) is shown 
(. . . . . .). 

the slope equals karni, while the intercept is k,,,, [see 
Eqn (12b)l. Table 1 summarizes the steady-state rate con- 
stants of the reduction of wild-type and mutant cytochrome 
c-550 by amicyanin at low (27 mM) and high (0.42 M) ionic 
strength. The charge mutants show an increased reaction rate 
(wild type < [kl4Q]cytochrome c-550 < [kl4E]cytochrome 
c-550). The values at high I are approximately threefold 
higher than at low I .  The salt and mutation effects are inde- 
pendent. 
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Table 1. Steady-state rate constants of the reduction of cytochrome c-550 by MADH and amicyanin. The rate constants have been 
determined at 302 K in 20 mM HepesNaOH, pH 8.2, +10 mM methylamine without ( I  = 27 mM) or with 0.39 M KCl ( I  = 0.42 M). n.d., 
not determined. 

Cytochrome c-550 Rate constant 

kmm, k,, 

I = 2 7 m M  I = 0.42 M Z=27mM I = 0.42 M 

Wild type 
[K14Q] cytc-550 
[K14E] CY~C-550 

52 ? 5 2.3 2 0.2 
0.7 2 0.1 2.5 5 0.3 

< 0.1 n.d. 

6.4 ? 0.4 
8.6 ? 0.6 

11.9 2 0.8 

20 5 2 
28 2 2 
32 2 2 

Complex formation between amicyanin and MADH 
Evidence exists that amicyanin and MADH from P. denit- 

rificans, which is related to 7: versutus, can associate to form 
a complex [14, 151. From the experiments described above, 
it is unclear whether complex formation takes place between 
amicyanin and MADH from T versutus with the concentra- 
tions used (30nM MADH, 0-1 pM amicyanin). Several 
possibilities exist: first, the dissociation constant for this 
complex is high and thus no complex formation occurs at 
these concentrations ; secondly, the dissociation constant is 
very low and the MADH is complexed even at the lowest 
amicyanin concentration (0.2 pM) ; thirdly, partial complex 
formation takes place. In the latter case, Eqn (12b) would 
have to include a third reducing species, namely the 
MADHd/amicyaninred complex. The MADH molecule is a 
functional dimer; it has two binding sites for amicyanin. The 
binding of amicyanin to a site can be described with a disso- 
ciation constant Kd: 

where [s] is the concentration of unoccupied binding sites, 
[as] is the concentration of amicyanin molecules bound to 
sites and [ami] the concentration of unbound amicyanin. If 
no co-operativity exists between the binding sites, then the 
total concentration of sites, [s], = 2X[MADH], and the rate 
constant for the reduction of a cytochrome c-550 by one site, 
k,, is half the value of the rate constant of one MADH mole- 
cule (two sites), k, = 1/2XkM,,,. Including the MADHd/ 
amicyaninred species transforms Eqn (1 2 b) into : 

(14a) 

[ami], = [ami] + [as], (14b) 
[sl, = [sl + [as], (14c) 

where ka, is the rate constant of the reduction of cytochrome 
c-550 by the MADHd/amicyaninred complex. When k,, # k, 
+ k,,,, a non-linear behaviour is predicted by Eqns 13 and 
14 for the plot in Fig. 8, as indicated by the dotted line for 
k,, < k, + k,,, (vide infra). 

It seems unlikely that all MADH is bound to amicyanin 
since the Kd would be in the 10 nM range which is rather 
low for an enzyme/enzyme complex. To decide between the 
first and third possibilities the cytochrome c-550 reduction 
system was simplified by using redox-inactive amicyanin. 
Then k,,, = 0 and Eqn (14a) converts to 

kobs = kami [amil, + ks [sl, + (kas - kam, -ks> [as], 
with 

kobs = k s  [Sit + ( k s  - kJ [as]. (15) 
Substitution of Eqns (13), (14b) and (14c) into (15) and di- 
viding by [s], gives the following relationships : 

A = K d  + S, f a,, 
where s, = [s], and a, = [amicyanin],. Eqn (16) can be refor- 
mulated using basic algebra as: 

(16b) 

(17) 

Ag+-amicyanin and Zn2+-amicyanin were prepared as de- 
scribed in the Materials and Methods section, to serve as 
redox inactive analogues of Cu+-amicyanin and Cu2+- 
amicyanin, respectively. Both metals were readily incorpo- 
rated into apo-amicyanin. The products behaved as native 
amicyanin on a IEF gel and inhibited reconstitution with Cu 
ions completely. Apo-amicyanin was not used as a redox- 
inactive analogue in the reduction experiments since it can 
incorporate even traces of Cu ions and thus form redox- 
active amicyanin. 

The reduction rate of cytochrome c-550 by MADH was 
studied in the presence of Ag+-amicyanin and Zn2+-amicya- 
nin as shown in Fig. 9, where kob,/[s], is plotted versus [Zn2+- 
amicyanin], and [Ag '-amicyanin],. Remarkably, Zn2+-amicy- 
anin shows a strong inhibition of the reduction while Ag+- 
amicyanin hardly has any effect on the rate. All compounds 
used in the preparation of Ag+-amicyanin and Zn2+-amicya- 
nin were thoroughly removed by washing. To confirm that 
no inhibitors are present however, reduction reactions in the 
absence of amicyanin but in the presence of 20pM Zn", 
CN- or EDTA were performed. No inhibition was observed. 
These results indicate that MADH binds Zn2+-amicyanin 
much stronger than Ag+-amicyanin. The solid line in Fig. 9 
was fitted to the data points of Zn"-amicyanin by variation 
of k,, in Eqn (16) with k, = 2.6X104 M-Is-' and [s], = 
0.10 pM. When k,, = 2.0X103 M-' s-' the best fit is ob- 
tained with Kd = 0.5 ? 0.1 pM. The dotted line represents 
k,, = 0 M-' s-l which gives Kd = 0.8 2 0.3 pM. This curve 
clearly does not fit the data as well as in the previous case. 
The reduction of cytochrome c-550"" by MADHd bound to 
Zn*+-amicyanin is thus severely hindered (1 3-fold) although 
not completely prevented. 

Since the electronic properties, charge and ionic radius 
of Znz+ and Ag+, resemble those of Cu2+ and Cu', respec- 

kobs - k 3 S c  - atIkobs - ksstl 
k., - k, kobs - k S t  

Kd = 
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30 I 

0 2 4 6 8 10 
[amicyanin], (pM) 

Fig. 9. Inhibition with redox-inactive amicyanin of wild-type cy- 
tochrome c-550 reduction by MADH. k,,,l[s], [Eqn (16)] is plotted 
against the concentrations of Zn2+-amicyanin (0) and Ag+-amicya- 
nin (0). [Cytochrome c-5501 = 3-4 pM; [MADH], = 50 nM 
(Zn2'-amicyanin) and 60 nM (Ag+-amicyanin); [methylamine] = 
10 mM; I = 27 mM. Best linear fit to the Ag+-amicyanin data points 
(- - -). Best fit of Eqn (16) to the Zn2+-amicyanin data points with 
k, = 2.6X104 M-' s-' and [s], = 100 nM (-); the optimal value 
of ka, = 2.0X103 M-'s-' gives Kd = 0.5 kO.1 pM; best fit of 
Eqn (16) to the Zn2'-amicyanin data points with k,, = 0 and [s], = 
100 nM, which gives Kd = 0.8 5 0.3 pM (. . . . . .). 

tively, these results suggest that MADH can form a much 
stronger complex with Cu2+-amicyanin than with Cu+-ami- 
cyanin. Under the conditions used in the experiments with 
Cu-amicyanin, (almost) all amicyanin is present as Cu+-ami- 
cyanin (as discussed above). Therefore no amicyanin/MADH 
complexes are present, which explains the linear behaviour 
in Fig. 8. If Cu+-amicyanin would have formed a complex 
with MADH with the parameters found for Zn2+-amicyanid 
MADH (Kd = 0.5 pM; k,, = 2.0X103 M-Is-') the dotted 
line in Fig. 8 would have been obtained. 

DISCUSSION 
The steady-state rate constant of the reduction of wild- 

type cytochrome c-550 by MADH (k,,,,) that has been de- 
termined in this study is higher than the (non-steady state) 
rate constant reported by van Wielink et al. [3], 33 5 3X lo3 
versus 1 X lo3 M-' SS', respectively, at I = 60 mM. This dif- 
ference may be related to the high specific activity of the 
MADH used in this study and to a difference in environmen- 
tal conditions: a higher pH and temperature used in our ex- 
periments (pH 8.2 versus 7.0 and temperature 29°C versus 
20°C). 

The ionic-strength dependence of k,,,, is biphasic 
(Fig. 6) .  The large decrease at high I reflects an increase in 
K,. Thus, the affinity of both proteins for each other has 
diminished (Ka is lower) due to screening of protein charges 
by salt ions. This suggests the presence of a charged binding 
site on MADH, which is expected to be negative given the 
ring of positive charges around the heme crevice of cyto- 
chrome c-550 (see Fig. 1). 

If kMADH values were solely dependent on the association 
rate of cytochrome c-550 with MADH (k , )  then a monoton- 
ical behaviour would be expected for the ionic-strength de- 
pendence (Fig. 6) .  At low I values, the data clearly deviate 

from this, which is tentatively ascribed to changes in k2 [see 
Eqn (7)l. The k2 value increases with I but only over a lim- 
ited range of 25 -90 mM. This behaviour has been observed 
in other protein complexes [44-461 and is thought to indi- 
cate that the proteins in the complex need some conforma- 
tional freedom to achieve optimal electron transfer. At low 
ionic strength, the proteins are fixed in a less productive ori- 
entation while partial screening of electrostatic forces by ions 
allows for rearrangement in the complex resulting in more 
productive orientations. This model implies the absence of 
permanent specific complementary charge pairs, which is in 
agreement with the finding that ionic-strength dependence of 
kMMADH can be fitted best with high r values [see Eqn (9)]. 

Mutation of Lysl4 has considerable effect on the reduc- 
tion rate of cytochrome c-550 by MADH. Removal of the 
positive charge (Lysl4+Gln) lowers k M A D ,  20-fold while 
substitution with a negative charge results in a 500-fold 
decrease of k,,,,. These changes must be ascribed to 
decreases in the affinity between cytochrome c-550 and 
MADH since the K ,  is much larger for [K14Q]cytochrome 
c-550. This supports the suggestion of a negative binding site 
on MADH. 

Lysl4 plays an important role in the interaction between 
both proteins. The ionic-strength dependence of [K14Q]cy- 
tochrome c-550 is 30% lower (1 -nK14QInw,,d type with r = 
0.8 nm) and rK14 = 0.31 nm, much lower than the average of 
0.8 nm. Thus, Lysl4 is probably in close contact with nega- 
tive groups in many or all possible orientations of cyto- 
chrome c-550 in the complex. It has been shown for other 
c-type cytochromes in many studies that this conserved ly- 
sine residue often, if not always, is involved in electrostatic 
interactions in complexes with other proteins. Clearly, this is 
also true for cytochrome c-550 from 7: versutus [22, this 
study]. 

The midpoint potential of cytochrome c-550 is only 
slightly influenced by mutation of Lysl4. Conversion to a 
negative charge raises E 8 mV. This increase is somewhat 
surprising since intuitively negative charge would be ex- 
pected to stabilize the oxidized form relative to the reduced 
form, as observed for cytochrome c [47] and cytochrome c2 
[48]. NMR studies have shown that the heme environment is 
subtly perturbed in the Lysl4 mutants [22], which can per- 
haps explain this phenomenon. No ionic-strength dependence 
is observed for Eo in the range of 40 mM to 0.7 M (data 
not shown), in agreement with the finding that Eo of c-type 
cytochromes only shows significant ionic-strength depen- 
dence at small I values 147-501. 

The reduction rate by amicyanin is higher for mutant than 
for wild-type cytochrome c-550 ([K14E]cytochrome c-550 
> [K14Q]cytochrome c-550 > wild type). The effects are 
smaller than in the case of MADH. They may partly be 
caused by the increase in Eo of the mutants. The finding that 
the mutation effects are not masked at high I is compatible 
with this and suggests that the mutations have little influence 
on electrostatic interactions. The reduction rates increase 
with increasing ionic strength, although the increase is small 
(threefold). These effects could be due to screening of unfa- 
vourable electrostatic interactions or a decrease of Eo of ami- 
cyanin with I .  It is clear from both mutation and ionic 
strength effects that electrostatic interactions do not play an 
important role in the formation of the complex of amicyanin 
and cytochrome c-550. This is in agreement with the fact 
that amicyanin has no evident negative patch on its surface 
(contrary to plastocyanin). Therefore, the most obvious reac- 
tion site for cytochrome c-550 would be near His96 in anal- 
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ogy with azurin [51, 521. This would give the shortest Cu- 
Fe distance for electron transfer and this patch has a hy- 
drophobic nature; it is surrounded only by few charged resi- 
dues. 

A remarkable result from this study is that wild-type cy- 
tochrome c-550 is reduced eightfold quicker by MADH than 
by amicyanin, although amicyanin is a proposed redox part- 
ner of cytochrome c-550 [3]. Still, it can be expected that 
under physiological conditions electrons flow from MADH 
via amicyanin to cytochrome c-550 since amicyanin is 
reduced by MADH much faster than cytochrome c-550 
(1 Othreefold). The inhibition experiments with redox-inactive 
amicyanin suggest a high binding affinity of MADH for sub- 
strate (Cu2+-amicyanin) and low affinity for product (Cu'- 
amicyanin). Interestingly, Davidson et al. [53] have recently 
found that a complex of P. denitrificans MADH with Cu2+- 
amicyanin has a much lower Kd compared to a complex of 
MADH with apo-amicyanin. Considering the fact that Cu2+- 
amicyanin and apo-amicyanin, like Cu2+-amicyanin and 
Cu+-amicyanin, have a charge difference of one on the Cu 
site, this result supports the findings described in this study. 
The difference in affinity of MADH for Cu2'-amicyanin and 
Cu+-amicyanin could well contribute to the high reduction 
rate of amicyanin because the association rate of substrate 
can be high without causing product inhibition. Why Cu2+- 
amicyanin binds better to MADH than Cu+-amicyanin is un- 
clear. It has been shown that protonation of His96 of amicya- 
nin causes loss of the ligation of the histidine residue to the 
Cu when amicyanin is in the reduced form, probably due 
to rotation of the side chain [54]. Perhaps this histidine is 
protonated in the amicyanin/MADH complex upon reduction 
of the Cu. His96 is in the middle of the contact site of amicy- 
anin and MADH in the crystal structure of the complex and 
in between the Cu and the tryptophan tryptophylquinone co- 
factor [14]. Rotation of the histidine residue could therefore 
affect the stability of the complex. 

It has been proposed that MADH, amicyanin and cyto- 
chrome c-550 off?  denitr$cuns can form a ternary complex 
[55]. The assumed instability of the reduced MADWamicya- 
nin complex is difficult to reconcile with a physiological role 
for such a ternary complex. It would fall apart upon reduction 
of amicyanin, unless the electron is very rapidly transferred 
from the Cu to the heme Fe. 

The question arises why the reduction rate of cytochrome 
c-550 by amicyanin is so poor while the reduction of amicya- 
nin by MADH appears to be evolutionarily optimized. It is 
possible that amicyanin does not normally donate electrons 
to cytochrome c-550 but to another protein. The only other 
soluble cytochrome found in methylamine-grown T versutus 
is cytochrome c-552, which does not show any reaction with 
MADH or amicyanin [3]. Amicyanin may donate electrons 
directly to cytochrome aa,. However, it is expected that cyto- 
chrome c-550 (which is homologous to mitochondria1 cyto- 
chrome c)  is optimized for the reaction with cytochrome uu3 
and will react much faster than amicyanin. Therefore, the 
electron transfer route from MADH via amicyanin to cyto- 
chrome c-550 and then to cytochrome uu3 is the most prob- 
able one. It may be that cytochrome c-550 is not optimized 
for the reaction with amicyanin because amicyanin is not its 
usual redox partner (expression of cytochrome c-550 is not 
limited to growth on methylamine [56] and cytochrome 
c-550 could well be involved in other redox reactions) or 
because a fast reaction is unnecessary. The latter explanation 
is quite feasible since in the bacterium the concentrations 
of all components are as important as the rate constants in 

determining the overall electron-transfer rate. Speculatively, 
it is proposed that under natural conditions the [methyl- 
amine] is rate limiting. The concentration of MADH"" should 
then be as high as possible to bind large amounts of methyl- 
amine. This would explain the high induction levels of ami- 
cyanin and MADH [3] and the optimization of the reduction 
of amicyanin by MADH; quick regeneration of reduced 
MADH to the oxidized form by amicyanin would be a neces- 
sity. Amicyanin would then serve as a 'buffer' for electrons 
from where they can flow via cytochrome c-550 to cyto- 
chrome uu3. 

Prof. Dr J. A. Duine and Dr A. C. F. Gorren are acknowledged 
for their critical comments on the manuscript. Support to M.U. from 
NATO travel grant number CRG 900603 is gratefully acknowl- 
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