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Abstract

The crystal structure of amicyanin, a cupredoxin isolated from Paracoccus denitrificans, has been determined by
molecular replacement. The structure has been refined at 2.0 A resolution using energy-restrained least-squares
procedures to a crystallographic residual of 15.7%. The copper-free protein, apoamicyanin, has also been refined
to 1.8 A resolution with residual 15.5%.

The protein is found to have a 8-sandwich topology with nine 3-strands forming two mixed §-sheets. The sec-
ondary structure is very similar to that observed in the other classes of cupredoxins, such as plastocyanin and azurin.
Amicyanin has approximately 20 residues at the N-terminus that have no equivalents in the other proteins; a por-
tion of these residues forms the first 3-strand of the structure.

The copper atom is located in a pocket between the 8-sheets and is found to have four coordinating ligands:
two histidine nitrogens, one cysteine sulfur, and, at a longer distance, one methionine sulfur. The geometry of
the copper coordination is very similar to that in the plant plastocyanins. Three of the four copper ligands are
located in the loop between 3-strands eight and nine. This loop is shorter than that in the other cupredoxins, hav-
ing only two residues each between the cysteine and histidine and the histidine and methionine ligands. The ami-
cyanin and apoamicyanin structures are very similar; in particular, there is little difference in the positions of the
coordinating ligands with or without copper.

One of the copper ligands, a histidine, lies close to the protein surface and is surrounded on that surface by
seven hydrophobic residues. This hydrophobic patch is thought to be important as an electron transfer site.

Keywords: amicyanin; electron transfer; methylamine dehydrogenase; Paracoccus denitrificans; type I blue cop-
per protein

Amicyanins are one class of type I copper proteins (cu-
predoxins; Adman, 1985), which contain a single copper
site and transfer a single electron along an electron trans-
fer pathway. Several excellent reviews have covered the
type I proteins, notably by Ryden (1984), Adman (1985),
and Chapman (1991). The amicyanins play a critical role
in the respiratory chains of certain methylotrophic bac-
teria. Their primary role appears to be acceptance of
an electron from methylamine dehydrogenase (MADH)
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and transfer of an electron to one or more c-type cyto-
chromes. Amicyanin was first isolated from Methylobac-
terium extorquens AM1 (then known as Pseudomonas
AM1), grown on methylamine (Tobari & Harada, 1981).
It has subsequently been isolated from other bacteria
grown on methylamine (Husain & Davidson, 1985). The
amino acid sequences of amicyanin from three bacteria,
M. extorquens AM1 (Ambler & Tobari, 1985), Thioba-
cillus versutus (van Beeumen et al., 1991), and Paracoc-
cus denitrificans (van Spanning et al., 1990), have been
determined and are shown in Figure 1.

Several classes of cupredoxins, namely, azurin, plasto-
cyanin, pseudoazurin, and cucumber basic protein, have



740 R. Durley et al.
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Fig. 1. The sequences of amicyanin from Methylobacterium extorquens AM1, Thiobacillus versutus, and Paracoccus denitri-
ficans aligned to the sequence of poplar plastocyanin (Guss & Freeman, 1983). The alignment with plastocyanin is based on
comparisons of the backbone structures. Three segments in the plastocyanin structure—7-11, 42-65, and 89-91 —correspond-
ing to position 27, segment 58-73, and position 97 in the amicyanin structure, were omitted from the alignment along with the
first 20 residues of amicyanin. All of the omitted residues are shown in italics. Mismatched segments were identified where the
equivalent C, atoms deviated by more than 2.0 A. The running sequence numbering refers to the P. denitrificans sequence with
an asterisk representing every 10th residue. The boxed residues indicate sequence identities either for poplar plastocyanin with
P. denitrificans amicyanin, for the three amicyanin sequences, or for all four sequences together.

now been studied by X-ray crystallography. Two of these,
plastocyanin and azurin, have been investigated most ex-
tensively. High-resolution structures (2.0 A or better) of
plastocyanin from poplar (Guss & Freeman, 1983) and
from Enteromorpha prolifera (Collyer et al., 1990) and of
azurin from Alcaligenes denitrificans (Baker, 1988) and
from Pseudomonas aeruginosa (Nar et al., 1991) have
been reported. Furthermore, high-resolution crystallog-
raphy has been used to study the plastocyanin structure
over a considerable range of pH (Guss et al., 1986), as
well as the structures of apoplastocyanin (Garrett et al.,
1984) and apoazurin (Nar et al., 1992). The structure of
pseudoazurin from Alcaligenes faecalis S-6 has been de-
termined at 1.55 A resolution (Petratos et al., 1988) and
of the cucumber basic protein at 3.0 A resolution (Guss
et al., 1988). These studies have led to the conclusion that
the folding of the polypeptide chain imposes a character-
istic geometry on the type I copper site. The copper co-
ordination of plastocyanin, pseudoazurin, and cucumber
basic protein can be described as distorted tetrahedral
with two histidine ligands binding through the N° of the
imidazole ring, one cysteine ligand binding through its
sulfur atom, and one methionine ligand, also binding
through its sulfur atom, but at a longer distance. The cop-
per coordination in azurin includes a fifth ligand formed
by the main-chain carbonyl oxygen atom, which precedes
the first sequential histidine ligand.

The amicyanins have been found to comprise a distinct
subclass of cupredoxins. This class has absorption and
electron paramagnetic resonance spectra characteristic of
the type I copper proteins (Husain & Davidson, 1985),
and resonance Raman studies (Sharma et al., 1988) indi-
cate a copper coordination, which is similar to, but distinct
from, plastocyanin. A further similarity to the plastocy-
anins is observed in the lability of the copper site at low
pH, where one of the histidines of reduced plastocyanin
becomes protonated, causing dissociation from the cop-

per with resultant loss of redox activity. Sequence com-
parisons also suggest similarity to the plastocyanins based
on the alignment of putative copper ligands (van Beeu-
men et al., 1991), even though there is little sequence ho-
mology (approximately 20% identity). Furthermore, the
alignment indicates that the amicyanins are approximately
20 residues longer at the amino-terminal end. In addition,
the loop containing three of the four copper ligands in
amicyanin is somewhat shorter, as compared to the plas-
tocyanins of green plants and the azurins of bacteria.

We present herein the X-ray crystal structure determi-
nation of an amicyanin, isolated from P. denitrificans
(Husain & Davidson, 1985) and crystallized by Lim et al.
(1986). This protein contains 105 amino acid residues of
known sequence (Fig. 1) plus a single copper atom for a
total molecular mass of 11.6 kDa. It is hoped that inves-
tigation of the amicyanin structure will help further our
understanding of this characteristic copper environment
and how the amicyanins transfer electrons from MADH
to their cytochrome partners.

Results and discussion

Overall description of the molecule

The Ramachandran diagrams (Ramachandran & Sasisek-
haran, 1968) for both amicyanin and apoamicyanin are
shown in Figure 2A and B, respectively. Three of the res-
idues have conformational angles in the left-handed 3,,-
helical region. A high 3-sheet content is reflected in the
Ramachandran plot where the majority of (¢, y) angles
are clustered around (—120°, +135°). The temperature
factors for the main-chain and side-chain atoms of each
protein, averaged over the individual atoms of each resi-
due, are shown in Figure 3A and B. The region of the
structure with the highest B values (residues 15-20) cor-
responds to a loop with weak electron density. This por-
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Fig. 2. Ramachandran diagram for amicyanin (A) and for apoamicy-
anin (B). Glycine residues are represented by squares, and all other amino
acids are represented by crosses.

tion of the structure is not involved in any B-sheets and
is not stabilized by ordered solvent.

The topology of the amicyanin backbone is shown in
Figure 4A. Figure 5 and Kinemage 1 show the C, struc-
ture with the copper ligands included. Amicyanin consists
of nine 3-strands that form a 3-sandwich structure. The
protein topology is very similar to that of plastocyanin,
azurin, and pseudoazurin. However, the extended N-
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Fig. 3. The temperature factors, in A2, plotted against residue number.
The average of the temperature factors for main-chain atoms of each
residue is shown with filled circles, and the average of the temperature
factors for the side chain of each residue is shown with open circles. A:
Amicyanin. B: Apoamicyanin.

terminal portion of amicyanin forms an irregular outer
B-strand, strand 1, which is not present in the other cu-
predoxins that have been studied so far. Strands 1, 7, 4,
2, 3 form a mixed sheet A, and strands 3/, 9, 8, 5, 6 form
the mixed sheet B. There are no helical regions in amicy-
anin. The copper atom is situated in a pocket between the
two sheets at one end of the molecule (often called the
“northern” end, at the top of Fig. 5). The interior of the
B-sandwich is lined with hydrophobic groups and is rich
with aromatic residues. There are several polar residues
in the interior. Two of these, Tyr’® and Tyr®®, which are
conserved in the amicyanins (Fig. 1; Kinemage 2), flank
Trp®, located in the center of the molecule, with Tyr®
forming a hydrogen bond to N¢ of the tryptophan.
The copper site of amicyanin, illustrated in Figure 6,
primarily has N,S coordination at relatively close dis-
tances with a fourth sulfur ligand at a longer distance.
These findings are in agreement with results obtained by
Raman spectroscopy (Sharma et al., 1988) and extended
X-ray absorption fine structure (EXAFS) spectroscopy
(Lommen et al., 1991a). One close ligand, His>* N°®!, is
found at the beginning of strand 5, and the other two
close ligands, Cys”? S* and His®> N®!, are found between
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Fig. 4. Schematic folding pattern and numbering scheme for the
B-strands of amicyanin (A) and for plastocyanin (B). The numbering
scheme for plastocyanin is taken from Guss and Freeman (1983; repro-
duced with modification with permission from Nature).

strands 8 and 9. The fourth (more distant) ligand, Met®®
S?%, is also found on this loop. The geometry of coordi-
nation may be described as distorted trigonal pyramidal
or distorted tetrahedral. The bond lengths and angles are
given in Table 1.
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Table 1. Copper site geometry

Cu-ligand bond lengths (A)

Cu-NDI1(53) 1.95
Cu-SG(92) 2.15
Cu-ND1(95) 2.00
Cu-SD(98) 2.89
Ligand-Cu-ligand bond angles (°)
ND1(53)-Cu-SG(92) 135
NDI1(53)-Cu-ND1(95) 109
NDI1(53)-Cu-SD(98) 83
SG(92)-Cu-ND1(95) 109
SG(92)-Cu-SD(98) 109
NDI1(95)-Cu-SD(98) 104

Deviations from plane through NDI1(53),

SG(92), ND1(95) (A)
Cu 0.30
SD(98) 3.08

Secondary structure

The secondary structure of amicyanin and apoamicyanin
is dominated by nine §-strands that form two $-sheets.
The B-strands and turns are summarized in Table 2, and
the main-chain hydrogen-bonding pattern of the 3-sheets
is illustrated in Figure 7 and Kinemage 2. The procedure
of Kabsch and Sander (1983) was used to identify the 3-
strands and turns. One additional turn, 92-95, was iden-
tified by inspection of the model. The first 3-strand lies
on one edge of 3-sheet A but loops away from the sheet
between residues 5 and 10. The third 3-strand, on the
other edge, is shared between the two sheets and has a
kink where the hydrogen bonding shifts from sheet A to
sheet B. Residue 32, at this kink, is a conserved threonine
(Fig. 1; Kinemage 2). Both 3-sheets have mixed parallel
and antiparallel strands. Most main-chain C=0 and NH
groups are hydrogen bonded to other strands. All inter-
nal polar side chains are also involved in hydrogen bonds.
Of these, Ser” and Tyr*® are hydrogen bonded to sur-
face and buried water molecules, respectively.

Fig. 5. Stereo diagram of the C, back-
bone of amicyanin. The copper atom and
four copper ligand side chains are included.
The molecule forms a 3-sandwich with two
mixed 3-sheets facing each other. The cop-
per is located between the two sheets to-
ward the top of the molecule, often referred
to as the northern end. Several of the resi-
dues are numbered to help in following the
polypeptide chain.
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Fig. 6. The copper-binding site of amicyanin showing the bond distances
(in A) for the N,S; coordination. Side chains shown in thick lines are
for amicyanin and those in thin lines are for apoamicyanin. Also shown
is the solvent molecule that forms a hydrogen bond to the N¢ atom of
His®®, in both the amicyanin and the apoamicyanin structure.

The seven 8-turns are listed in Table 2. Located within
the turns are the three non-glycine residues (27, 28, and
75) with conformational angles near ¢ = +60°, y = +35°,
in the left-handed 3,, region of the Ramachandran dia-
gram (Fig. 2). Lys?” and Met?® are involved in a type 111’
turn, and Glu” is involved in a type II turn. Type 111’
and type II turns normally contain Gly at the second or
third position of the turn in order to minimize steric re-
pulsion. However, many exceptions to these generaliza-
tions occur (Chou & Fasman, 1977). For example, the
turn at 73-76, consisting of Lys”®, Lys’¥, Glu’>, and
GIn’®, is associated with clear electron density (Fig. 8),
and its geometry looks remarkably unhindered. The back-
bone N of Glu”® hydrogen bonds to Asn*’, which is con-
served in all three amicyanins. The O of Glu” is hydrogen

Table 2. Secondary structure of both
amicyanin and apoamicyanin

B-Strand No. Sheet Turns Type?
2-13 1 A 17-20 I

21-26 2 A 26-29 1r
29-31 3 A 38-41 11
33-37 3 B 58-61 11
41-48 4 A 73-76 11
53-57 5 B 92-95° I
67-72 6 B 95-98 I
75-83 7 A
86-91 8 B

100-105 9 B

2 Classified according to Venkatachalam (1968) and Crawford et al.
(1973), based on the (¢, ) conformational angles.

® This turn is of the “near reverse turn” type (Crawford et al., 1973)
because the n to n + 3 hydrogen bond has poor angular geometry.

Fig. 7. The hydrogen-bonding pattern of the 8-sheet structure of ami-
cyanin. Hydrogen bonds are represented by dashed lines, with bonds
from NH appearing on the N-terminal side of the residue while bonds
to O appear toward the C-terminus. Residues that are invariant among
all three amicyanins of known sequence are marked with a @, while
those that are conserved in two of the three are marked with a ®. All
four internal waters have been included in this figure with their hydro-
gen bonds represented by dotted lines. The copper coordination is also
shown.

bonded to the main-chain N of Ala!?. These bonds may
help to further stabilize the turn.

The geometry of the seven-residue loop containing
three of the four copper ligands in amicyanin, 92-98, has
been of special interest since in all other cupredoxins this
loop is two to four residues longer (Chapman, 1991). The
amino acid sequence in this segment is identical in the
three amicyanin sequences thus far determined (Fig. 1).
This polypeptide loop, shown in Figure 9, contains two
reverse turns in tandem (92-95 and 95-98), the ends of
which contain the copper ligands. The 92-95 turn is a type
I “near reverse turn” (Crawford et al., 1973) containing
a weak hydrogen bond with poor angular geometry. The
second reverse turn, 95-98, is a normal type I reverse turn
with good hydrogen-bonding geometry. The efficient use
of two tight turns separating the three copper ligands en-
ables the copper coordination to be achieved with a min-
imum number of residues. Also shown in Figure 9, for
comparison, are the copper-binding loops of azurin and
plastocyanin. The four-residue turn linking Cys®? and
His® in amicyanin is nearly identical to that in plastocy-
anin (and in pseudoazurin) but is augmented to a six-res-
idue turn in azurin, which extends further out into
solution. On the other hand, the four-residue turn link-
ing His* and Met® is shorter by one and two residues,
respectively, than the corresponding loops in azurin and
plastocyanin (and pseudoazurin).

The secondary structure of 7. versutus amicyanin had
been proposed from 'H NMR experiments (Lommen
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et al., 1991b). Sequence comparisons with plastocyanin
were used in assignment of the 'H NMR spectrum. A
secondary structure analysis was then performed. This
study correctly identified the initial 8-strand of amicya-
nin, which forms a part of sheet A and has no equivalence
in the plastocyanin structure. The hydrogen-bonding pat-
terns identified in this study are confirmed in the X-ray
analysis. Only the hydrogen bonding between §3-strands
5 and 6 had not been observed in the NMR studies. How-
ever, as noted below, this part of the crystal structure is
stabilized by two solvent molecules and may be more mo-
bile in solution.

R. Durley et al.

Fig. 8. Stereo diagram of the 2F, — F,. map,
contoured at 1o, showing the region of the
turn involving residues 73-76. This is a type
11 turn that would normally contain a Gly at
the third position. In amicyanin this position
is occupied by Glu”.

RN

Side-chain to main-chain hydrogen bonding

Table 3 lists the side-chain to main-chain hydrogen bonds
for amicyanin and apoamicyanin. There are 12 side chains
involved in these interactions. Six of these are conserved
in all three amicyanin sequences, whereas only two are
unique to the Paracoccus amicyanin. This level of con-
servation illustrates the importance of this type of inter-
action in stabilizing the structure. Of these 12 side chains,
five are internal and the other seven are surface residues.
Of particular interest are bonds where the side-chain and
main-chain atoms link sequentially different parts of the

Fig. 9. Stereo diagram of the copper
atom and the copper-binding loop of ami-
cyanin (heavy lines) compared with those
of plastocyanin (light lines) and azurin
(dashed lines) superimposed. The seven
residues, which are identified for amicy-
anin, form two reverse turns in tandem.
For the first loop, 92-95, the plastocya-
nin backbone is identical in length and
nearly congruent to amicyanin, while azu-
rin contains two additional residues. The
second loop, 95-98, is longer in both plas-
tocyanin and azurin, by one and two res-
idues, respectively.
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Table 3. Side-chain-main-chain hydrogen bonds® Table 4. Side-chain-side-chain hydrogen bonds

Distance (A) Distance (A)
Atom 1 Atom 2 Amicyanin Apoamicyanin Atom 1 Atom 2 Amicyanin Apoamicyanin
Glu'® OE2 Ala'? N 3.03 3.02 Asp? OD2 Arg® NE 2.86 2.85
Tyr*° OH Asn** O 2.83 2.77 Asp? OD2 Arg*® NH2 3.21 3.14
Asp*! OD2 Lys*® N 2.99 2.96 His3¢ NDI Glu'%*® OE1 3.04 3.03
Asn*” ODI1 Met’! O 3.03 3.09 Thr*? 0G1 Thr8! OG1 2.92 2.79
Asn*” ODI Met” O 3.01 3.01 Thr* OG1 Ser” OG 2.85 2.77
Glu* OEI Lys” N 3.10 3.09 Trp** NE1 Tyr*® OH 3.04 3.05
Glu* OE2 Met® N 2.92 2.96 Arg*® OD2 Glu™ OE1 3.16 2.75
Asn>* ND2 Gly®® O 3.00 2.97 Glu*® OE2 His** NE2 2.7 2.75
Asn** ODI Thr® N 2.85 2.83 Asn** ND2 Thr® 0OGl 2.93 2.90
Lys™ NZ Arg® O 3.10 3.36 His*¢ ND1 Thr”* 0G1 2.7t 2.74
GIn® OE1 Lys” N 3.19 3.07
Thr®? OG1 Lys2 O 3.26 3.07 s - . - .
Tyr 88 OH Glu®* O 2.80 2.88 i I}Jnngier:;?:? residues are invariant in the three sequenced amicya-
Cys” SG AsnS* N 3.66 3.61 gure 1.
Arg” NE Pro® O 2.73 2.79

a A distance cut-off of 3.25 A for N to O or O to O hydrogen bonds
was used for each protein. However, if a hydrogen bond was observed
in one model, then the equivalent distance is given for the other protein.

b Invariant residues for Paracoccus denitrificans, Thiobacillus ver-
sutus, and Methylobacterium extorquens AM1 amicyanin are under-
lined.

polypeptide chain. Seven side chains are involved in such
bonds. Four of these are conserved in all three amicya-
nin sequences while the other three are conserved in two
of the sequences. The most important such hydrogen bond
is between S” of Cys®? and the NH of Asn** (Kinemage 1).
This hydrogen bond had been predicted from the Raman
spectrum (Sharma et al., 1988) and helps stabilize the ori-
entation of the cysteine ligand. The side-chain oxygen
atoms of conserved Glu*® hydrogen bond with NH of
residues 27 and 28. Asn*’ hydrogen bonds with carbonyl
oxygens of residues 51 and 72, and Asn> binds with res-
idues 69 and 93. The hydroxyl OH of Tyr*® hydrogen
bonds with the carbonyl O of residue 54. This Tyr is re-
tained in P. denitrificans and T. versutus but has been re-
placed by a Phe in M. extorquens AMI1. The Phe is
aromatic and has a similar size to Tyr but would not have
an available hydrogen to cross-link the structure. The two
remaining partially conserved side chains linking distant
parts of the molecule are Thr®}, which is linked to resi-
due 2 near the N-terminus, and Lys’#, which binds to the
carbonyl O of residue 48. Thr®® is replaced by Asn in
both the other species while Lys’, conserved in 7. ver-
sutus, is replaced by Ser in M. extorquens AM1,

Side-chain to side-chain hydrogen bonds

Of the 10 side-chain to side-chain hydrogen bonds listed
in Table 4, three are formed by pairs of invariant residues.
The bond from His*? to the carboxyl oxygen of Glu*
and the bonds from the N° atoms of Asn>* and His*® to

the hydroxyl of Thr®® are close to the copper-binding
pocket, helping to link the A and B sheets and stabilize
the metal site. These bond distances are very similar in
the holo and apo proteins. The bond formed between the
invariant residues Trp* and Tyr® is significant in that
it also links the two B-sheets (Kinemage 2). Arg*® of 3-
strand 4 forms bonds to side chains on two neighboring
strands, Asp?* on strand 2, and Glu’> on strand 7. All
the other interactions are between side chains on adjacent
strands.

Features of the molecular surface

The copper site with the ligand His* exposed at the pro-
tein surface is shown in Figure 6. This portion of the mo-
lecular surface is of particular interest, as it maintains
contact with the MADH molecule in the crystalline com-
plex (Chen et al., 1992) and is thought to be a potential
electron transfer site. Surrounding the His® of amicyanin
are seven hydrophobic residues —Met’!, Met>!, Met28,
Pro*2, Pro®, Pro®, and Phe®” —all of which form most
of the interface in the complex (Kinemage 1). Six of these
residues are conserved in all three amicyanins, while the
seventh, Met’!, is conserved in 7. versutus and conserva-
tively replaced by Leu in AMI.

There are three other surface features of note. The
lower end of the molecule is composed of three loops, be-
tween B-strands 3-4, 5-6, and 7-8, and contains both the
N- and C-termini of the structure. The loops are rich in
acidic groups and include three Glu and three Asp side
chains that extend from the bottom surface to form an
acidic cluster.

One side of the amicyanin is distinctive, having a line
of four positively charged residues lying just below the
level of the copper site. These four surface residues are
His®!, His*®, Lys®®, and Arg®. The remainder of this
face consists of nonpolar or hydrophobic residues.
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The opposite face to that described above contains sev-
eral polar residues. The upper part of the surface has a
mixture of charged groups, while the mid plane is hydro-
phobic and the lower portion, like the upper part, has a
number of polar groups.

Crystal packing

The crystal lattice of amicyanin is very tightly packed,
with no solvent-filled channels between molecules appar-
ent in the lattice. This is consistent with the relatively
small fractional solvent content of the crystals, 32%.

The intermolecular hydrogen-bonding interactions for
amicyanin and apoamicyanin are given in Table 5. There
are a total of 10 discrete hydrogen bonds per molecule,
involving 17 separate residues. Four of these hydrogen
bonds are main-chain to side-chain interactions, two of
which involve charged side chains. Of the remaining, four
are salt bridges between oppositely charged side chains
and two are interactions between acidic side chains. In or-
der for the latter interactions to be true hydrogen bonds,
at least one of the carboxylate oxygens in each of these
pairs should be protonated.

The 17 residues are clustered into six groups, each of
which interacts with one other molecule in the lattice so
that each amicyanin molecule is in contact with six of its
neighbors. The crystallographic symmetry precludes in-
teraction between the copper ligands of any two molecules
in the lattice.

The atoms in the 3-turn from residue 17-20 have a
much higher temperature factor than the other atoms in
the amicyanin structure (Fig. 2). This loop is on the pro-
tein surface and extends into a solvent-filled region of the
lattice. Interestingly, the residue at position 18, Asp,
forms a salt bridge with Lys?® on another molecule. The
linkage seems to be too weak, however, to immobilize the
17-20 loop.

Solvent structure

Eighty-nine water molecules were included in the amicy-
anin and 98 in the apoamicyanin models. Of the 89 water
molecules included for amicyanin, 78 have an equivalent
position in the apoamicyanin structure. The water mole-
cules were initially identified by ranking their peak heights
as observed in the F, — F, electron density maps. Conse-
quently, the numbering of the water molecules reflects
their initial electron density. Between the two proteins the
equivalent waters generally appear at similar levels of elec-
tron density. For the purposes of discussion the waters of
amicyanin have been numbered from 201 while those of
apoamicyanin have numbers starting with 501.

Several of the water molecules are situated in the inte-
rior of the protein (Figs. 7, 10). Water 201 forms three hy-
drogen bonds at distances of 2.77, 2.71, and 2.88 A with

R. Durley et al.

Table S. Intermolecular hydrogen bonds

Distance (A)

Atom 1 Atom 2 Amicyanin Apoamicyanin
Lys? NZ Glu's OEI 2.82 2.78
Pro® O Arg” NH 2.97 3.15
Ser? OG Ala® N 2.99 3.12
Ala? N Glu®* OE2 3.04 3.11
Glu'® OE2 Glu® OE1 2.62 2.70
Asp!® OD2 Lys?®* NZ 3.13 3.26
Asp®* OD1 Lys® NZ 3.18 2.98
Glu?! OE1 Lys® Nz 2.90 2.90
Asp*' OD2 Glu® OE2 2.67 2.66
Gln’¢ NE2 Thr® O 2.99 3.02

0%, TyrOH*, and O'", respectively, each of these at-
oms being located on a different 3-strand. It is at residue
32 that 3-strand 3 twists to form part of sheet B. Water
202 also forms three hydrogen bonds, at distances of 2.79,
2.76, and 2.98 A with O, N2 and O%, respectively.
This water appears to stabilize the loop containing resi-
dues 57-67. Water 203 forms four hydrogen bonds, at dis-
tances of 2.87, 2.73, 3.11, and 2.92 A with N7 and O,
and N7 and O. Residue 7 is central to the segment in
81, which loops out from the sheet while residue 79 lies
in 37. Also in the interior of amicyanin is found water 207
(506), which forms two hydrogen bonds, 3.20 and 2.82 A
to N> and O, thus bridging 8-strands 5 and 6.

The internal waters appear to play a crucial role in
maintaining the tertiary structure of the protein (Fig. 7).
In particular strand 86 forms only three main-chain hy-
drogen bonds to 35; however, two waters, 202 and 207
(503 and 506), bridge these strands and help to stabilize
the loop containing residues 58-66. Water 201 seems to
harness 3-sheet B, whereas water 203 harnesses the irreg-
ular region of the first -strand.

Another water of particular interest is 261 of amicya-
nin, which is hydrogen bonded at a distance of 3.05 A
with N<? of His”, the copper ligand (Fig. 6). In azurin a
similarly bound water has been postulated to play a func-
tional role in electron transfer (van de Kamp et al., 1991).
The equivalent water in apoamicyanin, 559, also hydro-
gen bonds with N2 of His* at a distance 2.80 A. It is
noteworthy that His®®> appears to be in the same orienta-
tion in apoamicyanin as in amicyanin, because the water
molecule bound to the N¢ of this histidine is retained in
both structures (waters 559 and 261, respectively). The
difference in position between the waters of the two struc-
tures is 0.06 A. This situation differs from that in plas-
tocyanin where the analogous water is located differently
in the holo and apo forms, indicating that the histidine
ligand is in different orientations in the two forms (Gar-
rett et al., 1984).
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Apoamicyanin structure

The removal of the copper atom from amicyanin seems
to cause few structural changes, amounting to a differ-
ence in root mean square (rms) of 0.09 A between C,, at-
oms. The copper site region (Fig. 6) shows few significant
changes, although there appears to be a slight, but con-
certed, displacement of the copper ligand side chains, to-
ward the protein surface.

Comparison to other cupredoxins

The topologies of the 3-sheets are quite similar among the
five classes of type I copper proteins. When all five struc-
tures are aligned, they have eight 8-strands in common,
Amicyanin has approximately 20 extra residues at the
amino-terminal end, pseudoazurin has about 25 extra at
the carboxy-terminal end, and azurin has about 30 resi-
dues inserted between strands 5 and 6 of the common bar-
rel. Of the eight strands in common, the fifth strand
differs most among the five families of copper proteins.
The kink in strand 3 of amicyanin, which results in the
first half being part of sheet A while the second half (3")
is part of sheet B, has been observed in all of the cupre-
doxins. Amicyanin is most similar in structure to plasto-
cyanin and pseudoazurin, except for the N-terminal and
C-terminal extensions described above. It differs to a
greater extent from azurin and cucumber basic protein;
a greater number of insertions and deletions is required
to optimize structural alignment.

Examination of the copper-binding region of amicya-
nin, azurin, plastocyanin, and pseudoazurin reveals some
interesting features. The hydrogen bond between the
Cys®? ligand and the peptide NH of Asn®*, which stabi-
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Fig. 10. Stereo diagram showing the
four internal waters of amicyanin and
their hydrogen-bonding interactions,
which help to stabilize the tertiary struc-
ture of the molecule. The C, chain is
shown along with the side chains in-
volved in the hydrogen bonding. The
copper and copper ligands can also be
seen at the top of the diagram.

lizes the orientation of the cysteine, is a conserved struc-
tural feature in all of these proteins and the identity of the
asparagine is also conserved. The side-chain to side-chain
hydrogen bond between Asn®* and Thr®? of amicyanin is
also a conserved structural feature in these proteins ex-
cept that the Asn is replaced by Ser in the azurins and one
of the pseudoazurins contains Ala in place of Thr (Ad-
man et al., 1989). On the other hand, the orientation of
the first His ligand to copper (His*? in amicyanin) is sta-
bilized by side-chain to side-chain interactions in amicy-
anin and pseudoazurin and by main-chain to side-chain
interactions in azurin and plastocyanin.

The structural similarity between amicyanin and plas-
tocyanin is striking (Fig. 11A). Generally the segments of
polypeptide corresponding to 3-strands 2, 3, 4, 5, 7, 8,
and 9 of amicyanin (Fig. 4A) can be matched closely to
the analogous segments of 8-strands 1, 2, 3, 4, 6, 7, and
8 of plastocyanin (Fig. 4B). Specifically, 67 residues in
four separate segments in each of the two proteins can be
aligned with an rms difference between equivalent C,, at-
oms of 1.02 A. When the aligned sequences of P. deni-
trificans amicyanin and poplar plastocyanin are compared
(Fig. 1), 20 of the 67 residues (30%) are identical. Eigh-
teen of these identities are maintained in all three amicy-
anins, four of which correspond to the copper ligands.
The most significant nonmatched regions of amicyanin
are segment 1-20, which has no counterpart in plastocy-
anin, segment 58-73 (approximately 86), which is in quite
a different conformation from the corresponding segment
42-65 of plastocyanin (approximately 35), and position
97, where residues 89-91 of plastocyanin are inserted.

Amicyanin and pseudoazurin are also very similar in
structure (Fig. 11B), even though the latter has 26 addi-
tional residues at the C-terminal end of the molecule.



Alignment of 65 residues in the two proteins (Fig. 12), in
six separate segments, yields an rms difference between
equivalent C, atoms of 0.84 A and a sequence identity of
37% (24 out of 65). Fifteen of the 24 identities are main-
tained in all three amicyanin sequences. However, it is un-
clear whether or not amicyanin is significantly more
similar to pseudoazurin than it is to plastocyanin given the
greater segmentation of pseudoazurin required for align-
ment and the lower retention rate of sequence homology
to it among the amicyanins.

The similarity of amicyanin to azurin is less pronounced.
Alignment of the strands indicates that there are consid-
erably more insertions and deletions in the two sequences
and that the two structures show greater deviation than
do the amicyanin-plastocyanin or amicyanin-pseudo-
azurin pairs. As with plastocyanin, strands 2-9 of ami-
cyanin correspond approximately to strands 1-8 of azurin,
but strand 85 of azurin and its preceding turn differ from
strand 36 of amicyanin.

Based on the presence of a titratable histidine copper
ligand and lack of disulfide bridges in amicyanin, it was
postulated (van Beeumen et al., 1991) that amicyanin has
a plastocyanin-type copper coordination rather than an
azurin type. A comparison of their three-dimensional
structures (Figs. 9, 11) confirms this hypothesis. However,
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Fig. 11. Stereo diagrams of the C,
backbones of amicyanin (thick lines) su-
perimposed on the poplar plastocyanin
backbone (A) (thin lines) and the pseu-
doazurin backbone (B) (thin lines). The
copper site for amicyanin is shown at
the top of each diagram. The initial 20
residues of amicyanin, which, in part,
form the large “loop” seen at the left of
the two diagrams, have no counterpart
in the plastocyanin nor pseudoazurin
structures. Similarly, the last 26 residues
of pseudoazurin, shown at the right in
B, have no counterpart in amicyanin.

the shorter loop between His** and Met®® in amicyanin
(Fig. 1) is clearly evident when its backbone conformation
is compared to the longer loop in plastocyanin (Fig. 9).
Despite this, the copper environments of the two proteins
are practically superimposable. Like plastocyanin and un-
like azurin the carbonyl oxygen of the residue preceding
the first histidine ligand is too far from the copper (3.90 A)
to form a fifth ligand.

One of the most important surface features of amicy-
anin is the hydrophobic patch surrounding the exposed
N¢ of the His®’ ligand on the “northern” surface of the
molecule. The conserved feature of an exposed histidine
ligand surrounded by hydrophobic residues is considered
of great importance as a potential electron transfer site.
For amicyanin from 7. versutus (Lommen & Canters,
1990) the titration and deuteration of His®* (pK, = 6.95)
had suggested a plastocyanin-like coordination of the cop-
per, but the magnitude of the electron self-exchange rate
and corresponding activation parameters suggested that
the surface of amicyanin involved in electron transfer is
more similar to azurin than to plastocyanin. In the ami-
cyanin structure this patch contains seven residues, three
Met, three Pro, and one Phe. The analogous hydropho-
bic surface patch in azurin consists of two Met, one Pro,
one Phe, and one Gly surrounding the N¢ of the His 117,
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Fig. 12. The sequence of amicyanin from Paracoccus denitrificans aligned to the sequence of pseudoazurin from Alcaligenes
Jaecalis S-6 (Petratos et al., 1988). The alignment with pseudoazurin is based on comparison of the backbone structures. Five
segments in the pseudoazurin structure, 9-16, 38, 45-57, 62, and 83-85 corresponding to segments 27-28, 50-51, 58-68, 73-76,
and 98 in the amicyanin structure, were omitted from the alignment along with the first 2 and the last 27 residues of pseudo-
azurin and the first 20 residues of amicyanin. All of the omitted residues are shown in italics. Mismatched segments were iden-
tified where the equivalent C,, atoms deviated by more than 2.0 A. The upper running sequence numbering refers to amicyanin
and the lower numbering to pseudoazurin, with * representing every 10th residue. The boxed residues indicate sequence identi-

ties between the two proteins.

which is coordinated to the copper. This ring of hydro-
phobic residues is conserved in all the azurins and is
surrounded by a second concentric ring of surface hydro-
phobic residues beyond this patch. In the azurins this
patch contributes many of the intermolecular interactions
between the molecules in the crystal. Plastocyanin also
has a hydrophobic north surface, although the corre-
sponding patch is smaller than that observed in the azur-
ins or in amicyanin. Notably, Phe®” of amicyanin has no
counterpart in the hydrophobic surface of plastocyanin.
This leaves the copper of plastocyanin more exposed to
solvent than in azurin or amicyanin. However, the phys-
ical boundaries of the north surface of amicyanin are in
fact more similar to those of plastocyanin since in azu-
rin two loops (containing residues 39-44 and 114-117,
which are equivalent to segments 50-52 and 94-95 of ami-
cyanin) extend beyond the hydrophobic surface. The dif-
ferences between these northern surfaces may be related
to the receptor sites on their electron transfer partners. It
has previously been noted that despite the similarities of
structure, plastocyanin is a very poor electron acceptor
for P. denitrificans MADH and does not form a complex
with that protein (Gray et al., 1988).

A second “remote” electron transfer site has been stud-
ied extensively in the plastocyanins and azurins (He et al.,
1991). The site consists of an acidic patch surrounding
Tyr® of plastocyanin. When the amicyanin and plasto-
cyanin structures are superimposed, Tyr®? of plastocya-
nin is found to lie in a similar position to His®' of
amicyanin. This histidine is not surrounded by acidic res-
idues but rather lies next to a second histidine in the lin-
ear array of positively charged residues, His”', His>®,
Lys®, and Arg®, as described above. The two histidines
are oriented in a similar manner to two of the histidine
ligands of the type II copper site in ascorbate oxidase
(Messerschmidt et al., 1992) and to two histidines of ni-
trite reductase (Godden et al., 1991). This line of posi-
tively charged residues runs along the surface just below
the level of the copper-binding site. The remainder of this

face consists of hydrophobic residues. The possibility of
the histidine residues at this site acting as a second or al-
ternate electron transfer site, in the amicyanin pathway,
is somewhat diminished when it is noted that these histi-
dines are not invariant or even maintained as aromatic
residues in the other amicyanins.

Conclusions

The structure of a member of the amicyanin family of cu-
predoxins has now been solved. Although generally sim-
ilar to other cupredoxins, amicyanin is most similar to
plastocyanin and pseudoazurin, both in terms of the ge-
ometry of its copper coordination and its overall second-
ary structure. However, its structure is distinct from other
cupredoxins in a number of ways, making the amicyanin
family unique. First, there are approximately 20 residues
at the N-terminal end that have no counterpart in the
other well-characterized cupredoxins. Some of these form
a new first 8-strand of the 8-sandwich. Second, the loop
containing three of the four copper ligands, between the
last two @-strands, is the shortest among the cupredoxins,
with only two residues separating each of the ligands. This
shortened loop creates the tightest geometry with minimal
disruption of the coordination sphere. Third, the arrange-
ment of surface residues on amicyanin is unique. The hy-
drophobic patch surrounding the exposed histidine ligand
to copper is most similar to azurin, but differs substan-
tially in detail. Other groupings of hydrophobic acidic or
basic residues also differ from other cupredoxins and
probably reflect the biological diversity among their re-
dox partners.

Materials and methods

Crystallization

Amicyanin was prepared from cells of P. denitrificans
grown with methylamine as the sole source of carbon
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(Husain & Davidson, 1985). Apoamicyanin was prepared
by extraction of the copper from the reduced protein by
dialysis against KCN (Husain et al., 1986). Crystals of
amicyanin and apoamicyanin were prepared by the mac-
roseeding method as described previously (Lim et al.,
1986). Prismatic crystals grow to 0.3-0.4 mm average di-
mension in 3.0 M (Na/K) phosphate solution, pH 6.5,
from 1% protein solution under mineral oil. Seeds of
approximately 0.05 mm dimension were used. For apo-
amicyanin, seeds of the holo protein were used, which
represented less than 1% of the final crystal volume. The
crystals of amicyanin and apoamicyanin are isomorphous,
space group P2,, with cell parameters @ =28.90 A, b =
56.61 A, c =27.55 A, and 8 = 96.41°. The crystals con-
tain one molecule per asymmetric unit, have a solvent
content of 32%, and diffract beyond 1.3 A resolution.

Data collection

X-ray diffraction data from amicyanin and apoamicya-
nin were collected at 2.0 and 1.8 A resolution, respec-
tively, on a Picker 4-circle diffractometer as described
previously (Lim et al., 1982). Friedel-related reflections
were collected for the holo but not for the apo protein.
A total of 6,030 reflections were recorded for amicyanin
and 8,221 reflections for apoamicyanin. The overall crys-
tal decay was approximately 18% for amicyanin and 14%
for apoamicyanin. The data were corrected for Lorentz
and polarization effects, radiation damage, and absorp-
tion effects as described previously. The apoamicyanin
data were then locally scaled to the amicyanin data (Mat-
thews & Czerwinski, 1975).

Structure analysis

Location of the copper position

A difference Patterson function was calculated at 2.5 A
resolution, using the holo minus the apoamicyanin struc-
ture factors as coefficients (see Table 6). The highest peak
on the Harker section was observed at greater than nine
times the background and was more than five times the
magnitude of the next highest peak. This peak was located
on the v = | Harker section and was interpreted as the
vector between the two copper atoms in the unit cell of
the holo protein. It thus defined the copper position.

Table 6. Isomorphous difference Patterson peaks

Peak % Maximum
u v w rank peak height
0.06 0.5 0.23 1 100
0.12 0.5 0.48 2 18
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Single isomorphous replacement phases calculated from
the copper position gave a highly ambiguous, centrosym-
metric map, which could not be interpreted. Attempts to
prepare heavy atom derivatives were unsuccessful.

Molecular replacement solution

Because plastocyanin and amicyanin were known to have
some degree of sequence homology (van Beeumen et al.,
1991), particularly in the copper-binding and §3-sheet re-
gions of the structure, molecular replacement methods
(Crowther & Blow, 1967) were attempted using the pro-
gram suite MERLOT (Fitzgerald, 1988). Initially the full
model for the poplar plastocyanin, based on the 1.6-A
resolution model (Guss & Freeman, 1983), was used as a
search probe. Later the plastocyanin search model was
stripped down to include only the 8-sheet structure, and
later still, only the main chain and conserved side chains.
None of these search probes produced a consistent rota-
tion function solution. The resolution range of the data
and Patterson search radius were also varied, but to no
avail.

Meanwhile, a binary complex of MADH and amicya-
nin had been crystallized (Chen et al., 1988). This struc-
ture was solved by molecular replacement using native
MADH from T. versutus as the search probe, and the
amicyanin molecule was subsequently traced (Chen et al.,
1992). The amicyanin structure from the complex was
then used as a search probe in the present study. Only one
resolution range was used, 4-8 A, with a Patterson search
radius of 20 A. The search model was initially translated
in order to place the copper atom at the origin. This
meant that the translation function solution should equate
to the copper vector already observed in the amicyanin
difference map. Table 7 shows the results of molecular re-
placement. The highest rotation peaks show the clear su-
periority of one rotation vector. The translation search
was performed after rotation by the Euler angles from
peak 1 of the rotation search. Application of the three Eu-
ler angles and the translation vector to the starting search
coordinates gave a model having a structure factor resid-
ual of 0.506. Six cycles of rigid body refinement (resolu-
tion 4-8 A), still within Merlot, reduced the residual to
0.437.

Least-squares refinement of the native protein

The program X-PLOR (Brunger, 1990) was used for re-
finement.! Only positional refinement in X-PLOR was

! The copper force field used in the program was defined by Dr.
Neena Summers, Monsanto Corporation, who verified the parameters
with seven type I copper proteins retrieved from the Brookhaven Pro-
tein Data Bank. The force field maintained the ligation state of the metal,
in the test structures, during energy minimization and simulated anneal-
ing without significantly altering the resulting geometry. The parameters
will be included in future releases of X-PLOR.
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Table 7. Molecular replacement results of amicyanin

Peak % Maximum® Relative
Program rank  or R-factor® a¢ « 8 ¥ x4 yd A
CROSUM® 1 100.00 8.5 57.5 42.0 185.0 - — —
2 96.52 4.2 75.0 62.0 160.0 — — —
TRNSUM' 1 100.0 6.1 — - — 0.46 0.50 0.38
2 47.0 2.8 — — - 0.18 0.50 0.34
RMINIMS® — 0.437 - 57.57 41.93 184.23 0.460 0.000 0.383

2 Percentage of the maximum peak height in the program CROSUM.

b R-factor found by program RMINIM.

¢ Ratio of peak height to the root mean square value of the rotation function.

4 X, Y, and Z are the fractional coordinates of the search model in the amicyanin cell.

¢ Crowther rotation function. The increments in «, 8, and v were 2.5°, 2°, and 5°, respectively.
f Crowther-Blow translation function (Crowther & Blow, 1967).

2 Rigid body R-factor minimization program (Fitzgerald, 1988).

used for the analysis, which is equivalent to the conven-
tional restrained least-squares procedure (Hendrickson &
Konnert, 1980}). The initial refinement was done for the
native protein at 3-8 A resolution with all B-factors fixed
at 15 A2. After 160 steps of positional refinement the R-
factor had dropped from 44.9% to 26.3%. The F, — F,
and 2F, — F_ difference maps were examined and a loop
consisting of residues 17-21 and the side chain of residue
31 were adjusted. After 40 more cycles of positional re-
finement this model gave an R-factor of 25.1%. The re-
finement was extended to 2.0 A resolution in several
stages and included refinement of individual atomic tem-
perature factors in the later stages. At this point the R-
factor was 26.1% for data between 2.0 and 8.0 A. The
model was again compared to its F, — F, and 2F, — F,
maps, several regions were readjusted, and the model was
refined to a residual R-factor of 23.9%. At this point sol-
vent molecules were introduced to the model. Peaks on
the F, — F. map above a 4¢ contour level were examined
for their chemical suitability as the oxygens of water mol-
ecules. If the peak shape and interatomic contacts were
reasonable, the peak was modeled as a water molecule.
At this stage the peaks close to the 17-21 loop region were
not included, as this loop still showed broken density in
the 2F, — F. map at 1o contour level. Peaks close to the
N- or C-terminal regions also were not modelled as sol-
vent until the R-factor fell below 18%. A total of 89 wa-
ter molecules were added after minor remodelling. A total
of 5,910 reflections between 2.0 and 8.0 A resolution were
used to refine the positions and temperature factors of 897
atoms. The final R-factor was 15.7% with rms deviations
from ideal bond lengths and angles of 0.014 A and 2.9°,
respectively.

Refinement of apoamicyanin

Because amicyanin and apoamicyanin are isomorphous,
the copper atom could be removed from the amicyanin

model and the polypeptide coordinates refined directly
with the apoamicyanin data. The model of amicyanin that
was used to initiate refinement was one that had been re-
fined to 2.0 A but had undergone only minimal refitting
and only one cycle of temperature factor refinement. Po-
sitional refinement at a resolution of 3.0-8.0 A reduced
the R-factor from an initial value of 22.9% to 18.3%.
The resolution was gradually extended to 1.8 A, the limit
of data collection, by restrained positional and tempera-
ture factor refinement, but with no manual refitting. Be-
fore the addition of any waters the R-factor was 23.1%
for the data between 1.8 and 8 A. After minor readjust-
ment of the model and the addition of 95 water molecules,
a final R-factor of 15.5% was achieved using 8,221 re-
flections between 1.8 and 8 A resolution. The total num-
ber of atoms included in the final refinement was 905.
The deviations from ideal bond lengths and angles were
0.011 A and 2.8°, respectively.
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