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ABSTRACT: The crystal structure of the complex between the quinoprotein methylamine dehydrogenase 
(MADH) and the type I blue copper protein amicyanin, both from Paracoccus denitrifcans, has been 
determined at  2.5-8L resolution using molecular replacement. The search model was MADH from Thio- 
bacillus versutus. The "aicyanin could be located in an averaged electron density difference map and the 
model improved by refinement and model building procedures. Nine 8-strands are observed within the 
amicyanin molecule. The copper atom is located between three antiparallel strands and is about 2.5 8L below 
the protein surface. The major intermolecular interactions occur between amicyanin and the light subunit 
of MADH where the interface is largely hydrophobic. The copper atom of amicyanin and the redox cofactor 
of MADH are about 9.4 8L apart. One of the copper ligands, His 95, lies between the two redox centers 
and may facilitate electron transfer between them. 

M a n y  methylotrophic bacteria, when grown on methyl- 
amine as the sole source of carbon and energy, synthesize a 
soluble periplasmic methylamine dehydrogenase (MADH) 
(de Beer et al., 1980). MADH catalyzes the oxidative 
deamination of primary amines and donates electrons to one 
or more c-type cytochromes, through a mediating blue copper 
protein called amicyanin (Husain & Davidson, 1985, 1986). 

MADH is a heterotetramer consisting of two identical heavy 
(H) and two identical light (L) subunits. The enzyme from 
Paracoccus denitrificans (PD-MADH) has subunit molecular 
masses of 46.7 and 15.5 kDa, respectively (Husain & 
Davidson, 1987). The redox cofactor of MADH has been 
shown to be tryptophan tryptophylquinone (TTQ, Figure 1 ), 
which is composed of a pair of posttranslationally modified 
tryptophan residues of the L subunit which are cross-linked 
and contain an o-quinone group on one of them (McIntire et 
al., 1991; Chen et al., 1991). 

To date no complete amino acid sequence of MADH from 
any source has been reported. The amino acid sequence (Ishii 
et al., 1983) and DNA sequence (Chistoserdov et al., 1990) 
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of the L subunit of the enzyme from Methylobacterium ex- 
torquens AM 1 (formerly called Pseudomonas AM 1) have 
been determined. The crystal structure of MADH from 
Thiobacillus versutus (TV-MADH) has been reported re- 
cently and an amino acid sequence deduced from the electron 
density at 2.25-%1 resolution of both the H and L subunits 
(Vellieux et al., 1989, 1990). The latter structure was used 
as the search model for molecular replacement to solve the 
crystal structure of MADH from P. denitrifcans (Chen et 
al., 1992). 

The amino acid sequence of the amicyanin of P. denitri- 
ficans has been determined (van Spanning et al., 1990), and 
the protein was shown to have a molecular mass of 12.5 kDa. 
Most of the physical, redox, and spectroscopic properties of 
amicyanin are very similar to those of other small blue copper 
proteins such as azurin and plastocyanin. Available amino 
acid sequence data indicate that amicyanins are a separate 
and unique class of copper proteins bearing closest similarity 
with plastocyanin (van Beeumen et al., 1991). Resonance 
Raman spectroscopic studies (Sharma et al., 1988) and two- 
dimensional NMR studies (Lommen et al., 1988) support this 
claim. 

The specificity of interaction between amicyanin and 
MADH has been best demonstrated by studies of the proteins 
isolated from P. denitrificans. Each of these proteins is in- 
duced in this bacterium only during growth on methylamine 

Abbreviations: MADH, methylamine dehydrogenase; PD-MADH, 
Paracoccus denitrifcans methylamine dehydrogenase; rms, root mean 
square; TV-MADH, Thiobacillus uersutus methylamine dehydrogenase; 
TTQ, tryptophan tryptophylquinone. 
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FIGURE 1: Tryptophan tryptophylquinone (TTQ). TrpA and Trp-B 
correspond to positions 57 and 107 of the L subunit of MADH. 

as the sole carbon source (Husain & Davidson, 1985, 1987). 
Furthermore, the amicyanin gene is located immediately 
downstream of that for the small subunit of MADH, and 
inactivation of the former by means of gene replacement results 
in complete loss of the ability to grow on methylamine (van 
Spanning et al., 1990). 

Complex formation between MADH and amicyanin causes 
perturbation of the absorption spectrum of TTQ and a -73-mV 
shift in the redox potential of the copper center of amicyanin 
(Gray et al., 1988). This shift in potential is critical because 
it facilitates an otherwise thermodynamically unfavorable 
electron transfer from free amicyanin ( E ,  = 295 mV) to 
cytochrome cssl i  ( E ,  = 190 mV). The complex between 
MADH and amicyanin has been further characterized by 
steady-state kinetic analysis (Davidson & Jones, 1991), 
chemical cross-linking studies (Kumar & Davidson, 1990), 
and resonance Raman spectroscopy (Backes et al., 1991). 
Kinetic studies indicated that the K, value for amicyanin as 
an electron acceptor for MADH increased 10-fold on addition 
of 0.2 M NaC1, suggesting a role for electrostatic interactions 
in stabilizing complex formation. Chemical cross-linking 
studies of these proteins suggested that complex formation was 
stabilized in part by hydrophobic interactions between the large 
subunit of MADH and amicyanin and by a combination of 
hydrophobic and electrostatic interactions between the small 
subunit and amicyanin. Resonance Raman studies revealed 
no change in the spectra of either the protein-bound TTQ or 
copper upon complex formation, suggesting that no structural 
change in either site had occurred and that the observed 
perturbations in the absorption spectrum of TTQ and the redox 
potential of amicyanin were probably due to long-range 
electrostatic effects. 

EXPERIMENTAL PROCEDURES 
Crystals of the complex between MADH and amicyanin, 

both isolated from P. denitrificans, were grown by vapor 
diffusion against 2.4 M sodium/potassium phosphate buffer, 
pH 6.5 (Chen et al., 1988). The complex is a heterohexamer 
composed of three types of subunits, the heavy (H) and light 
(L) subunits of MADH and amicyanin (A). The crystals are 
tetragonal, space group P41212, with cell parameters a = 124.6 
A and c = 247.3 A, and contain one heterohexamer of about 
150 kDa per asymmetric unit. Crystals of the complex be- 
tween MADH and copper-free apoamicyanin were prepared 
under identical conditions. 

Initial data collection from several crystals of the complex 
between MADH and amicyanin, and of the isomorphous 
complex between MADH and apoamicyanin, was carried out 
using image plates at the synchrotron facilities of the Photon 
Factory in Japan. The raw data from imaging plates were 
processed using a modified version of the film-scanning pro- 
gram DENZO (Otwinowski, personal communication) and 
merged into discrete data sets using the crystallographic 

computing package ROCKS (Reeke, 1984) as adapted for the 
VAX computer (Bethge, 1984). Because some of the plates 
were badly overexposed, neither the holo nor the apo data sets 
were more than 77% complete at 3.0-8, resolution, and the 
number of reflections in common to the two data sets was only 
about 60%. However, a nearly complete data set could be 
obtained by combining the data from both types of crystals, 
which differ by only 2 atoms of copper of a total of about 
10 000 non-hydrogen atoms. For the combined synchrotron 
data the Rmerge was 8.4% to 3.0-A resolution, where Rmerge is 
defined as Rmerge = ClZ- q/CZ, summed over all reflections, 
and Z is the intensity. Further data collection from the ho- 
loamicyanin complex was carried out using the area detector 
facility at the University of California at San Diego (UCSD). 
The UCSD data were recorded from six crystals and combined 
into a single data set (Howard et al., 1985) which is about 83% 
complete to 2.5-A resolution. For the UCSD data, Rmerge = 
8.3% to 2.5-A resolution. 

The position and orientation of the H2L2 portion of the 
complex were determined unambiguously by molecular re- 
placement with MERLOT (Fitzgerald, 1988) using the syn- 
chrotron data and the heterotetramer of TV-MADH as the 
search probe (Vellieux et al., 1989, 1990). Data between 8 
and 4 in resolution were used and the Patterson search 
radius was 23.5 A. The largest peak in the rotation function 
was 2.9 times the rms value of the function while the second 
highest peak was 85% as large. The translation function gave 
a single peak in each of three Harker sections with secondary 
peaks all below 70% of the major ones. An R-factor search, 
where R = CIF, - F,I/CFa, summed over all reflections, and 
Fa and F, are the observed and calculated structure factors, 
respectively, was also carried out. The lowest value of R = 
50.9% corresponded to the translation function result. Rigid 
body refinement yielded an R-factor of 43.7%, also in the same 
resolution range. Restrained refinement with PROLSQ (Hen- 
drickson & Konnert, 1980) gave an R-factor of 41.5% from 
10- to 2.75-A resolution. 

In order to locate the copper atoms, a difference Fourier 
was calculated at 3.0-A resolution between the holo and the 
apo complex data sets. The H2L2 tetramer of MADH, ex- 
cluding TTQ, was used in the structure factor calculation. The 
highest peak lay just outside of the molecular boundary of 
MADH and was strongly suspected to be one of the copper 
positions. The peak at the site related by the molecular sym- 
metry of MADH was considerably lower. The copper positions 
subsequently turned out to be correct. 

Since the synchrotron data were less complete than the 
UCSD data at higher resolution and had poorer internal 
agreement, subsequent analysis utilized the UCSD data. 
Restrained refinement of the MADH tetramer alone gave an 
R-factor of 38% (lo-2.5-A resolution). The (Fa - F,) dif- 
ference map showed both copper atoms lying in strong electron 
density, with the second site about 80% as high as the first. 
In addition, the electron density for the cofactor of MADH 
corresponded well to the model of TTQ (Figure 2). Using 
plastocyanin (Guss & Freeman, 1983) as a guide, residues 
21-105 of amicyanin could be traced in the difference map 
after it had been averaged about the molecular 2-fold axis 
(Bricogne, 1976). For the averaging, the molecular symmetry 
transformation matrix was obtained by superimposing the C, 
positions of both pairs of subunits of MADH using the pro- 
gram HOMO (Argos & Rossmann, 1975). Subsequent re- 
building of the amicyanin portion of the complex and re- 
finement of the complex using TNT (Tronrud et al., 1987) with 
residues 21-105 of amicyanin and the TTQ cofactor included 
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FIGURE 2: Difference electron density (F, - F,) of the MADH-amicyanin complex corresponding to the site of TTQ in one of the L subunits 
of MADH. The density is contoured at about two times the rms difference density. The map was computed after refinement of the starting 
model of MADH obtained by molecular replacement against the UCSD data to an R-factor of 0.38 as described in the text. TTQ was not 
included, and the two tryptophans at positions 57 and 107 were replaced by alanine for this calculation. 

A 

FIGURE 3: Heterohexamer of the MADH-ztmicyanin complex. (a, top) The H2L2A2 hexamer of the complex contains two 
(in blue) attached to MADH. Each one interacts with an L subunit (in green) and to a lesser extent with an H subu 
TTQ cofactors and the copper atoms are shown in red. (b, bottom) Stereo diagram of the C, backbone of the complex. 
drawn in thin lines, and the H subunits (top and bottom subunits) and amicyanin molecules (left and right subunits) are drawn in thick lines. 
The copper atoms and TTQ prosthetic groups are also shown. 

' the model reduced the R-factor to 31.0%. For this and 
bsequent refinement and model building no additional 2-fold 

averaging was carried out. 
A new (F, - F,) difference map indicated positions for 

residues 4-20 of amicyanin, consistent with weak density in 
the averaged map, which were included in subsequent re- 

finement. At this point, two major refinement stages were 
carried out with TNT consisting of ten cycles of positional 
refinement followed by three cycles of thermal factor refine- 
ment. In between the two stages of refinement, both models 
of amicyanin were refitted to a (2F, - F,) difference map on 
the graphics system. No refitting of the MADH portion of 
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the complex was carried out since the true amino acid sequence 
was not known. In the second refinement stage, restraints on 
the Cu-ligand bond distances and the cross-link between the 
indole rings of TTQ were introduced to prevent distortion of 
the structure. Numerical values for the Cu-ligand restraints 
were taken from those observed in plastocyanin (Guss & 
Freeman, 1983). At the end of refinement, the R-factor was 
28.5% with rms deviations from ideal bond lengths and angles 
of 0.015 A and 3.2', respectively. The average thermal factors 
were about 25 A2 for the MADH models and about 45 A2 for 
the amicyanin models. No water molecules were included in 
the refinement. Further refinement will be postponed until 
the true amino acid sequence of PD-MADH becomes avail- 
able. 

RESULTS AND DISCUSSION 
The complex of MADH with amicyanin consists of a het- 

erohexamer of the type H2L2A2 as shown in Figure 3. The 
H2L2 unit corresponds to the H2L2 tetramer of MADH re- 
ported previously (Vellieux et al., 1989; Chen et al., 1992). 
This tetramer can most easily be described as a dimer of HL 
dimers with strong subunit interactions within the HL dimer 
and weaker interactions between dimers. Each amicyanin 
molecule is in contact with both H and L subunits of a single 
HL dimer. The most extensive interactions are between am- 
icyanin and the L subunit. 

The structure of the MADH portion of the complex is 
virtually the same as that of the TV- and PD-MADH mole- 
cules determined previously (Vellieux et al., 1989; Chen et al., 
1992). Each H subunit consists of a disk-shaped domain 
composed of seven four-stranded antiparallel @-sheets arranged 
in pseudo-7-fold symmetry, preceded by a 3 I-residue extended 
arm. Each L subunit contains ten antiparallel @-strands and 
six disulfide cross-links. Of particular importance is the fact 
that the electron density for the TTQ cofactor (Figure 2), 
which was not included in the calculation of structure factors 
for the complex in the early stages of refinement, is consistent 
with the shape of TTQ (Chen et al., 1991). Also, the N- 
terminal arm of the H subunit appears to be intact, in contrast 
to that of the uncomplexed crystalline PD-MADH (Chen et 
al., 1992), which undergoes proteolytic degradation of the first 
18 residues during crystallization. 

The current model of amicyanin consists of 102 residues, 
corresponding to positions 4-105 of the amino acid sequence. 
A ribbon drawing of the amicyanin backbone is shown in 
Figure 4. The backbone forms a nine-stranded @-sandwich 
topologically similar to plastocyanin (Guss & Freeman, 1983). 
The 8-sandwich of amicyanin consists of a four-stranded mixed 
@-sheet facing a five-stranded mixed @-sheet. Strand 1 forms 
the outside strand of the four-stranded sheet and is absent in 
plastocyanin. 

The interior of amicyanin is hydrophobic while the surface 
is relatively polar. The copper atom is located close to one 
end of the molecule near the top in Figure 4. There are four 
ligands to the copper atom, His 53, Cys 92, His 95, and Met 
98. The pattern of copper ligation is similar to that found in 
plastocyanin (Guss & Freeman, 1983) and azurin (Baker, 
1988) as predicted from the amino acid sequence when com- 
pared to other copper proteins (van Spanning et al., 1990). 
His 53 is located near the N-terminal end of @-strand 5 while 
the remaining ligands are located on a loop connecting strands 
8 and 9. Figure 5 shows the copper and the four ligand 
residues superimposed on the electron density. The copper 
ligands are arranged approximately as a tetrahedron. Three 
of the ligands are buried within the protein but a fourth, His 
95, lies on the protein surface, with its N6 nitrogen atom bound 
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FIGURE 4: Ribbon diagram of amicyanin in the MADH-amicyanin 
complex. The overall structure is a nine-stranded P-barrel which is 
folded into two mixed P-sheets, a four-stranded sheet (strands 1, 7, 
4, 2) facing a five-stranded sheet (strands 6 ,  5 ,  8,9,  3). The copper 
is located at one end of the molecule (the so-called northern end). 
One copper ligand, His 53, is located on strand 5 ,  while the others, 
Cys 92, His 95, and Met 98, are in the loop region between strands 
8 and 9. 

to the copper and its N' atom exposed to the surface. 
Surrounding His 95 on the protein surface is a cluster of 

seven hydrophobic residues which together form a patch. This 
patch includes three Met, three Pro, and one Phe in addition 
to His 95, with the copper atom just underneath (Figure 6). 
Upon complex formation, each amicyanin molecule loses ap- 
proximately 600 A2 of accessible surface area (Kabsch & 
Sander, 1983). About 375 A2 (63%) of this area is contained 
in this patch. Approximately 12 nonpolar or neutral side 
chains on the MADH molecule are involved in the interface 
with each amicyanin according to the X-ray sequence from 
TV-MADH. Three of these are on the H subunit and nine 
on the L subunit. Included in the latter is the Trp 107 moiety 
of the TTQ cofactor. However, detailed identification of these 
residues is uncertain since the complete sequence of PD- 
MADH has not been reported. 

The relative positions of the TTQ cofactor and the copper 
atom of amicyanin are shown in Figure 7. The TTQ is 
oriented so that the o-quinol portion of Trp 57 is pointed away 
from the copper atom while the Trp 107 portion lies closest 
to the copper, with its indole moiety exposed at the surface 
of the L subunit and facing the copper region of amicyanin. 
The closest approach of the TTQ to the copper atom, about 
9.3 A, is from the Cqz portion of Trp 107. Thus, the active 
site of MADH, centered on the o-quinol of Trp 57 of the TTQ 
is located quite far from the amicyanin binding site, allowing 
substrate binding and product release to occur without in- 
terfering with the electron transfer to the copper atom. 

His 95 of amicyanin, one of the copper ligands, is situated 
between the copper and the TTQ group. The closest distance 
between the two groups is about 5.4 A, from C6 of His 95 of 
amicyanin (residue 5095 in Figure 7) to Cq2 of the Trp 107 
portion of TTQ in the MADH L subunit (residue 2107 in 
Figure 7). Thus, His 95 of amicyanin is in a good position 
to mediate the electron transfer. 

The presence of a histidine residue surrounded by a surface 
hydrophobic patch analogous to His 95 of amicyanin is a 
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FIGURE 5: Final electron density of the MADH-amicyanin complex centered on the copper atom of one of the two independent molecules 
of amicyanin (subunit A,). For purposes of illustration, an "omit" map was calculated in which the copper as well as 13 residues around the 
copper was excluded from the phase calculation. The contour level corresponds to about two times the rms difference density. The side chains 
of't'he four copper ligands aredrawn in thick lines. 
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FIGURE 6: The hydrophobic surface of amicyanin at the amicya- 
nin-MADH interface region. In the diagram, His 95 sits in the center 
and the copper is located underneath. Around His 95 is a highly 
nonpolar ring consisting of seven residues. 

conserved feature of azurin and plastocyanin (Baker, 1988; 
Guss & Freeman, 1983). It has long been speculated that this 
region may be involved in mediating electron transfer to copper 

(Farver & Pecht, 1991). Support for this view is provided by 
studies of electron self-exchange rates (Groeneveld, 1988) and 
by mutagenesis (van der Kamp, 1991) of azurin. The present 
data provide direct evidence that this is true. 

That Trp 107 is exposed on the surface of MADH and lies 
close to His 95 of amicyanin implies that it may be involved 
in mediating electron transfer to this His from the o-quinone 
of Trp 57. Although the planes of the two tryptophan residues 
in TTQ are inclined by about 45O, electron transfer through 
Trp 107 to His 95 of amicyanin is likely to be much more 
efficient than through-space electron transfer directly from 
Trp 57 (Beratan et al., 1990). 

Electrostatic interactions have long been thought to play 
a critical role in stabilizing protein-protein interactions between 
soluble redox partners. For amicyanin and MADH, it was 
previously observed that the degree of cross-linking between 
them (Kumar & Davidson, 1990) and the complex-dependent 
changes in the absorption spectrum of TTQ and in the redox 
potential of amicyanin (Gray et al., 1988), as well as the kinetic 
efficiency (Davidson & Jones, 1991) of this complex, are 
sensitive to ionic strength in a manner that suggests a role for 
electrostatic interactions. However, the current data indicate 
that many of the interactions which stabilize this complex are 
hydrophobic. Given these structural results, an important 
question to be addressed in subsequent studies is the nature 
of the molecular interactions between amicyanin and MADH 
which can account for these observed ionic strength dependent 

; phenomena. Further, the underlying cause of the -73-mV 

FIGURE 7: The amicyanin-MADH interface. Relative positions and distances between TTQ and the copper ligand are shown. The side chains 
of only the TTQ and the copper ligands are shown. All other residues are shown as CA backbone. The H subunit is omitted for clarity. The 
o-quinol portion of TTQ (Trp 57, labeled 2057) is pointed away from the interface while the indole moiety of Trp 107 (labeled 2107) is exposed 
to the interface. The copper is buried in amicyanin. His 95 (labeled 5095) is situated between TTQ and copper. 
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redox potential shift of amicyanin (Gray et al., 1988) which 
attends complex formation remains to be determined. 

Since the complex was crystallized in high salt, one would 
expect such conditions to favor hydrophobic and deter hy- 
drophilic interactions. It is not surprising then that we see 
primarily hydrophobic interactions in the structure. Oppositely 
charged groups which may normally interact in solution may 
not be oriented in the same manner in the crystalline complex 
but may point away from each other. However, this would 
not necessarily mean that the orientation of TTQ and copper 
and the path between them are any different in this structure. 
While we cannot exclude the possibility that this structure is 
not identical to that which is truly required for electron 
transfer, it would seem at worst to be a very close approxi- 
mation. We consider the present results to provide a working 
model; additional biochemical studies as well as better refined 
structural information will be required to absolutely prove its 
validity. 

The most significant aspect of the MADH-amicyanin 
complex structure is the arrangement of the two electron- 
transfer partners. Although two other structures of inter- 
molecular electron-transfer complexes are known, namely, the 
photosynthetic reaction center (Deisenhofer et al., 1984) and 
p-cresol methylhydroxylase (Mathews et al., 1991), this is the 
first structure of such a complex between partners which as- 
sociate weakly in solution. It is also the first structural example 
of a copper protein or quinoprotein involved in a complex. The 
copper and TTQ atoms are separated by a reasonable distance 
for efficient electron transfer, consistent with that observed 
in other inter- and intramolecular electron-transfer complexes 
(Deisenhofer et al., 1984; Mathews et al., 1991; Xia et al., 
1990). Electron transfer appears to be mediated by a histidine 
side chain, which is liganded to copper. The intermolecular 
recognition and interaction site appears to be mainly hydro- 
phobic in nature, consistent with certain observations from 
solution studies. 
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