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Protonation of the Copper(I) Form of the Blue Copper Proteins Plastocyanin
and Amicyanin — A Molecular Dynamics Study
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The conformational space of the copper(l) forms of the cupre-
doxines amicyanin (ami) (Paracoccus versutus) and plastocy-
anin (pla) (Populus nigra) with a protonated histidine donor
close to the C-terminus (“C-terminal histidine” ami: His96;
pla: His87) was investigated with force field calculations that
involve the experimentally determined structures of the pro-
tonated or unprotonated copper(I/Il) forms: a setup of 36 con-
formers with a constrained torsional angle that involves the
Cimidazole=Cmethylene (C"-CP) bond (chi2; 10° increments);
strain energy minimization of all constrained conformers; a
10 ps molecular dynamics search around each conformer;

constrained, followed by unconstrained optimization of each
of the resulting low energy structures; cluster analysis of the
resulting conformations. For both cupredoxines there are two
major conformers which differ in their solvent accessibility.
The plastocyanin and amicyanin structures are in excellent
agreement with the experimentally observed crystallo-
graphic data; the two analyses lead to the proposal for a gen-
eral mechanism for the protonation of reduced blue copper
proteins. This is also in agreement with the results of a con-
formational analysis of a complex of the protonated copper(I)
form of amicyanin with phosphate.

Introduction

Blue copper proteins (cupredoxines) are relatively small
metalloproteins (approximately 10-14 kDa, 100150 amino
acid residues) with a single copper center in a trigonal pyr-
amidal coordination geometry (two histidines, a cysteine,
and an axial methionine; type 1 copper center). Cupredox-
ines are one-clectron transfer centers which are part of
redox chains in plants and bacteria.l! Among the most
prominent properties are the typical intense blue color in
the oxidized form [¢ (=600 nm) =~ 5000 Lihol 'cm™'; pro-
teins with rhombic sites have increasing intensity of a se-
cond transition at =460 nm], attributed to charge transfer
from the cysteinate donor, a small A4, hyperfine coupling
in the EPR spectrum (4, =~ 5000 * cm™), relatively high
reduction potentials [=200 to =680 mV vs. 150 mV for the
aqueous copper(II/T) couple] and fast electron self-exchange
rates [10° to 10® m's™' vs. 5007 m's™! for the aqueous
copper(II/T) couple].>1 A plot of the structure of amicy-
anin from Paracoccus versutus is shown in Figure 1.

An interesting feature is that for some of the blue copper
proteins the reduction potential is strongly pH-dependent,
and this has been attributed to the protonation of the coor-
dinating histidine residue close to the C-terminus (“C-ter-
minal histidine’’; His96 in amicyanin shown in Figure 1).
This histidine is supposed to be the gate for electron trans-
fer, and protonation/deprotonation (i.e. bond breakage/
bond formation may then be a switch to turn off and on
the electron transfer reactivity.l’)). There is experimental
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Figure 1. Representation of the tertiary structure and of the copper
chromophore of amicyanin (Paracoccus versutus)i>3]

electrochemical evidence for this protonation in plastocy-
anin, pseudoazurin, and amicyanin.[®° Structural support
for the protonation has been obtained from X-ray studies
of plastocyanin, pseudoazurin, and amicyanin.!® ' [see
Figure 2 for plastocyanin (His87)].
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Figure 2. Overlay of the [Protonated and the unprotonated Cu!-
structures of plastocyanin!'!!
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There are two known structures for the protonated cop-
per(l) form of plastocyanin.!''l The major difference is the
conformation of the corresponding histidine side chain.
One of the structures has the protonated N° directed to-
wards the copper center whereas in the other structure the
residue is rotated around chi2 by 180° (see Table 1 for no-
menclature of the torsional angles), so that the protonated
N?® becomes solvent accessible and forms a hydrogen bond
with a water molecule. During the protonation the geo-
metry around the copper center changes from trigonal pyr-
amidal to trigonal planar (see Figure 2). The distance to S®
from the methionine decreases from 2.9 A to 2.5 A in the
trigonal planar form, the bond distances to S* from the
cysteine and to N® from the histidine do not change signi-
ficantly. The trigonal planar geometry as well as the pres-
ence of two soft donors disfavors the copper(Il) oxidation
state, and this leads to the observed increase of the reduc-
tion potential.

Table 1. Definition of the torsion angles

Torsion Atom type

[0} C Cce N C
g N C Cce N
Q Ce N C Ce
x1 N Cce Ch Cr
12 (o CP Cv Nd!
Tor Ce Ch cr C

For amicyanin there are detailed kinetic studies, sug-
gesting that two protonated forms (His96) with different
structures are involved!® (Scheme 1). The rearrangement
(k») is slow compared to the protonation (k;). The observed
pK, value depends on the phosphate ion concentration,
suggesting that some phosphate coordination is involved.
Structural information on the protonated forms is available
from an EXAFS study of amicyanin at variable pH.['3] This
indicates the loss of one histidine donor at low pH and a
reorganization of the copper site towards a trigonal planar
geometry. There are also recent X-ray studies of the pro-
tonated form of amicyanin.l'” These indicate that, for am-
icyanin, there are two conformers for the protonated side
chain of the C-terminal histidine.

[H'] k ks
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Scheme 1. Three site exchange equilibrium describing the pro-
tonation of Cu'-amicyanin

A pH-dependent electrochemical study of azurin
(Pseudomonas aeruginosa) indicates that, in this cupredox-
ine, the coordinating histidine residues may not be pro-
tonated.['41® Factors that might prevent protonation are:
(i) the length of the C-terminal loop: based on the observa-
tion that only those wildtype cupredoxines protonate which
have two spacing amino acids between the Cys and the
Hisl"! it was suggested that the length of the C-terminal
loop is the determining factor for the protonation; (ii) the
presence of the sterically demanding side chain Phell4
(azurin) in close proximity to the C-terminal His might pre-
vent the rotation around chi2;/>!”! (iii) the absence of a pro-
line residue next to the C-terminal His (Pro95 in amicy-
anin):>7-18 for all wildtype cupredoxines that protonate
there is a Pro residue in the i-1 position with respect to the
C-terminal histidine; this proline is known to interact with
the protonated His of plastocyanin.l''l Recent loop-muta-
tion studies yielded an amicyanin mutant with an azurin C-
terminal loop (AmiAzu), where the coordinating C-ter-
minal histidine may be protonated in the copper(I) form.[!°]
This mutant is the first cupredoxine which undergoes a pro-
tonation of the C-terminal histidine and which has more
than two noncoordinating amino acids between the Cys
and His donors in the C-terminal loop and no proline res-
idue in the i-1 position which might interact with the pro-
tonated histidine side chain.

We have used molecular dynamics calculations to analyze
the structural details of the protonated copper(I) forms of
two blue copper proteins, plastocyanin and amicyanin,
which are known to have protonated coordinating histidine
groups (His96, pK, = 6.8; His87, pK, = 4.7, respectively).
The results of the two MD calculations were also used to
propose a detailed, general mechanism for the protonation
of reduced cupredoxines. For amicyanin, an MD calcula-
tion of an amicyanin/phosphate complex was used to model
the phosphate-dependence of the proton transfer reaction.

Computational Details

Force Field and Structural Models

DISCOVER 2.9.5.1291 with the force field AMBERP! was
used for all MM and MD calculations. The chromophore
[copper(I) center and the three donor atoms of the coordin-
ated amino acid residues (S, S, N)], the protein backbone
outside a shell with a radius of 10 A around C¥ of the C-
terminal histidine (see Table 2), on the basis of entire amino
acid residues, and the water molecules outside a shell with
a radius of 7 A were held at fixed positions. A distance-

Table 2. Amino acid sequences of the C-terminal loops of several blue copper proteins

Protein Origin Sequence of the C-terminal loop

Amicyanin Paracoccus versutus Cys Thr Pro His Pro Phe Met
Plastocyanin Populus nigra Cys Ser Pro His Gln Gly Ala Gly Met
Pseudoazurin Alcaligenes faecalis Cys Thr Pro His Tyr Ala Met Gly Met
Azurin Pseudomonas aeroginosa Cys Thr Phe Pro Gly His Ser Ala Leu Met
1268 Eur. J. Inorg. Chem. 2000, 1267—1273
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dependent dielectric constant (¢ = 1 X r) and a cutoff of
12 A for the nonbonded interactions were used. The point
charges were those of the AMBER force field,?!! except for
the copper(I) chromophore, where the charge distribution
was computed with GAUSSIAN94.??l [Merz-Kollmann
scheme; B3LYP, D{pdf/6-31G* basis set; model compound:
Cu'(SCH3){S(CH3;),}(Im) with experimental coordinates of
copper(I) plastocyanin, PDB-code 6pcy!' !l]. The parameters
for the chromophore are [copper(I) was treated as a cation,
i.e. no bonds to the donor atoms; point charge, R, ¢]: Cu',
0.118, 2.4, 0.05; Sy, —0.546, 4.0, 0.2; Ny, —0.163, 3.5, 0.16.
The point charges of the entire model compound are given
as supplementary material.

Conformations of the Protonated Copper(I) Form of
Plastocyanin and Amicyanin

The starting structures for the conformational searches
were based on experimentally determined crystallographic
data; plastocyanin: Populus nigra, copper(I) pH = 3.8;
PDB-code 6pcy;!'!l amicyanin: Paracoccus versutus, cop-
per(Il) form;?3 the trigonal copper(I) chromophore of am-
icyanin was set up from this structure, based on published
EXAFS data:l'¥ dey, scys) = 2.18 A, dey somery = 241 A,
dey Naisy = 1.89 A; assigned pH = 5.5. The copper chrom-
ophores were constrained to the experimentally observed
geometries in all MD calculations. The experimentally ob-
served water molecules were deleted from the structural
data files and a solvation shell with a radius of 17 A around
C" of the C-terminal histidine (see Table 2) was constructed
with a simple point charge model (SPC).

A set of 36 structures for each of the two protonated
copper(I) proteins was created by a variation (10° incre-
ments) of the C*~CP—CY—C? torsional angle (tor) of the C-
terminal histidine (see Table 1). The resulting structures
were optimized (constrained angle tor, 1000 cycles, steepest
descent). A 10 ps MD simulation was then performed for
each of these structures (constrained angle tor, 7 = 600 K,
10 structures each were collected). During the MD simula-
tion the temperature was regulated with a temperature re-
laxation time 1 of 0.1 ps. In all calculations a time step of
1 fs was used.[>* The resulting 360 structures for each of the
two copper proteins were then optimized with a constrained
angle tor (10000 cycles conjugate gradient), followed by a
full optimization without constraints (10000 cycles conjug-
ate gradient).

A cluster analysis was performed for the fully energy
minimized structures. The protein backbone torsions of the
C-terminal loop and the side chain torsions of the pro-
tonated histidine were taken as criteria for the clustering;
plastocyanin: chil/chi2 His87, phi/psi Ala90, phi/psi Gly89,
chil/chi2 Pro86, and phi/psi Gly91; amicyanin: chil/chi2
His96, phi/psi His96, chil/chi2 Pro95, chil/chi2 Pro97, and
phi/psi Met99 (see Table 1 for the definition of the torsional
angles and Table 2 for the amino acid sequences of the C-
terminal loops of plastocyanin and amicyanin). A clus-
tering according to these torsions allowed the definition of
12 families for amicyanin and 21 families for plastocyanin
(only the highest populated clusters were examined in de-

Eur. J. Inorg. Chem. 2000, 1267—1273

tail; the assignment to a cluster was based on a graphical
analysis of the corresponding phi/psi plots and chil/chi2
plots, respectively).

MET 92
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CYS 84

MET 92

\
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GLY 89

CYS 84 MET 92

Figure 3. Representatives of the determined plastocyanin cluster:
plastol (zop), plasto2 (middle), plasto3 (bottom). The protein back-
bone of the C-terminal loop is shown plus the side chain of His 87
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The Amicyanin Phosphate Complex

The structure of the protonated copper(I) amicyanin, as
defined above, was used as the starting structure. Hydrogen-
phosphate was put in a position favorable for hydrogen
bonding to N° of His96 and N-H of Argl00. The hydrogen
bonds were constrained to a value of 2.5 A. This model was
energy-minimized using 10000 steps of conjugate gradient.
An MD simulation at 900 K, taking 80 ps dynamics and 15
ps equilibration time was performed (t = 0.1 ps, time step
of 1 fs, see above). 80 conformations were collected and
energy-minimized, using 10000 steps of conjugate gradient.

Results and Discussion

Plastocyanin

Three clusters of plastocyanin (plastol, plasto2, plasto3)
and two of amicyanin (amil, ami2) were identified, each of
which had a high population and characteristic features
with respect to the histidine side chain and the C-terminal
loop conformation (details of the cluster analyses are avail-
able as Supplementary Material); representative structures
of the C-terminal loops are shown in Figure 3 and Figure 4,
respectively. Table 3 gives detailed information on the con-
formation of the C-terminal loop and the protonated histid-
ine side chain for the computed clusters and relevant experi-
mental structures. From a comparison of the chil/chi2
values of the three plastocyanin clusters with experimental
data from X-ray studies!'!! it emerges that plastol is very
similar to the copper(I) structure at pH = 7 (deprotonated)
and plasto2 is equivalent to the structure at pH = 3.8 (pro-
tonated). For plasto3 with a chi2 value of —11° there is no
corresponding experimental data, and it appears that pla-
sto3 is an intermediate between the two experimentally ob-
served conformations. It is interesting to note here that the
results of the crystallographic study of the low pH copper(I)

form of plastocyanin suggest that this could be a mixture
of two different conformations.''l Thus, plasto3 might be a

HIS 96

MET 99

PRO 95
HIS 96

g PHE 98

MET 99

CYS 93

Figure 4. Representatives of the determined amicyanin cluster:
amil (top), ami2 (bottom). The protein backbone of the C-terminal
loop is shown plus the side chain of His 96 (hydrogen bonds are
indicated by a dotted line)

Table 3. Comparison of the computed psi/psi torsion angles from the plastocyanin and amicyanin clusters and the chil/chi2 angles from

the protonated histidines with experimental data

histidine turn 10 turn 20l turn 3l

chil/chi2 i+1 i+2 it+1 i+2 i+1 i+2
MD plasto1M] —64°/130° -56°/-60° —66°/-28° —66°/-28° —108°/29° -56°/-40° —1°/-27°
MD plasto2[b] —-59°/-71°  —61°/-47°  -48°/-40°  -48°/-40°  -117°/39°  -54°/-36°  -91°/14°
MD plasto3M] -59°/-11° —55°/-48° -48°/-41° -48°/-41° —116°/25° -55°/-37° -87°/4°
X-ray  Plastocyaninl -66°/-50°  -60°/-49°  —66°/-25°  —66°/-25°  -121°/24°  —69°/-25°  -70°/-8°
X-ray Plastocyanin!d] —60°/128° —63°/-50° —67°/-22° —67°/-22° —118°/14° —67°/-29° ~70°/-8°
MD amillb] —74°/142° —46°/-56° —73°/-12° —53°/-34° —58°/-27° - -
MD ami2[®! 36°/-168°  —47°/-47°  —65°/-22°  -83°/34° -73°/-28° - -
X-ray Amicyaninl® -49°/120° -50°/-56° —73°/-15° -61°/-18° —69°/-13° - -
NMR Amicyaninf (A) - —63°/-32° —74°/-33° -51°/-41° -67°/-19° - -
NMR Amicyanin!l (B) - -41°/107° -2°/62° -51°/-41° —67°/-19° - -
MD Amicyanin phosphate complex ~ —176°/52°  —-67°/-57° —66°/82° —78°/57° —100°/30° - -
X-ray  Pseudoazurinle -52°/96° =57°/-57°  -59°/-42°  —60°/-23°  -90°/1° - -

[l Definition of the turns: plastocyanin turns 1-3: ¢ g/s84 -his87, ser85-gIn88, gIn88-gly9l; amlcyanln turns 1-2: cys93-his96, his96-met99;

Pseudoazurm turns 1-2: cys78-his81, t?/r82 gl[y
a1 Populus nigra [Cul] pH =7 (ref th | Parac
faecalis [Cu"] (ref'?])."

1270
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proposal for the second of these conformations at pH =
3.8.

Amicyanin

The good agreement between the computed and observed
copper(I) structures of plastocyanin (see above) indicates
that, based on the same MD scheme, a reasonable and ac-
curate structural model for the protonated copper(I) form
of amicyanin should be available. The cluster amil with a
chil/chi2 combination of —74°/142° has, in terms of the con-
formation of the histidine side chain, a structure that is sim-
ilar to the copper(Il) crystal structure.[>’] In the other clus-
ter, ami2, the protonated N° is directed towards the solvent;
this conformation is similar to that of plasto2. Thus, for
amicyanin there are conformations of the histidine side
chain that are very similar to those of plastocyanin (see
Table 3). Very recently, some experimental data on the pro-
tonated form of amicyanin became available.['”] These are
in full agreement with our computed structural data.

It is instructive to extend the structural comparisons for
amicyanin and plastocyanin [copper(I), unprotonated and
protonated forms, experimental and computed data] to the
first turn of the loop (see Table 3). A type 1 geometry is
conserved in all structures. Overlay plots of all relevant
structures are presented in Figure 5. The most significant
structural differences for amicyanin are those of the con-
formations of the second turn and, for plastocyanin, those
of the conformations of the third turn.

The Amicyanin/Phosphate Complex

The fact that the pK, of amicyanin depends strongly on
the phosphate anion concentration!® suggests that an am-
icyanin/phosphate complex mediates the proton transfer.
Published experimental datal® indicate that the protonation
rate, based on a mechanism that does not involve phos-
phate-protein interactions (k; in Scheme 1), is about two
orders of magnitude faster than the diffusion-controlled
limit and that, in the presence of phosphate, the proton is
transferred from phosphate to the histidine nitrogen with-
out any involvement of water molecules. A possible inter-
pretation of these observations is that a phosphate anion
binds to the positively charged Argl00 side chain. The fixed
phosphate anion could then act as an anchor for protons,
leading to a high local concentration. Furthermore, the
Argl00-coordinated phosphate might have an ideal geo-
metry for the stabilization of the protonated form C in
Scheme 1, where the protonated N° of His96 is directed to-
wards the solvent. There are experimental data that support
a histidine/phosphate complex formation. X-ray data are
available for structures which contain the motif of a phos-
phate or sulfate anion forming a salt bridge between a pro-
tonated histidine and a second basic amino acid.[>>2% For
amicyanin, these structural and mechanistic hypotheses
were examined by MD. The most favorable optimized struc-
ture of a corresponding amicyanin/phosphate complex is
shown in Figure 6.

The structural model visualizes the feasibility of the dis-
cussed protonation mechanism and the stabilization of the

Eur. J. Inorg. Chem. 2000, 1267—1273

Figure 5. Top: Overlay of the clusters from amicyanin and plasto-
cyanin with the protonated N?® directing towards the Cu center;
middle: Overlay of the clusters from amicyanin and plastocyanin
with the N® directing into the solvent; bottom: Overlay of the pro-
tonated Cu' structures from plastocyanin and pseudoazurin show-
ing the protein backbone of the C-terminal loop and the side chain
of the protonate histidine and the proline from the first turn

protonated form. The hydrogen bonds between the phos-
phate anion and the protein are around 1.6 (* 0.1) A (OH
distances), which is at the shorter limit of the expected
range. The main structural differences in the C-terminal
loop of this structure, in comparison with the experiment-
ally observed structure!?®! are conformational changes at
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ARG 100

CYS 93

Figure 6. Calculated structure of the possible His 96-phosphate-
Arg 100 complex for amicyanin from Paracoccus versutus (hydrogen
bonds are indicated by dotted lines)

Pro95, His96, and Pro97. The conformation of His96, en-
forced by the coordinated phosphate anion, leads to chil/
chi2 values of —176°/52° (¢/g*). This is different from the
X-ray structure of the unprotonated form®* but one of the
theoretically favored conformations (see above and Supple-
mentary Material;, g*/g"; g¥/g; tlg"; g/g*t; k'1k). Espe-
cially notable, however, are the phi/psi combinations for the
two proline and the histidine residues (His96: 69°/100°,
Pro95: —66°/82°, Pro97: —78°/57). The computed torsional
angle combinations are in the ranges that are usually ob-
served for left-handed helices (His96) or PB-sheets (Pro95,
Pro97), i.e., this is a reasonable conformation for the pro-
tonated C-terminal loop of the copper(I) form of amicy-
anin.

Conclusion

The general MD scheme used here is validated by the
observation that, for plastocyanin, the experimentally ob-
served structures are accurately reproduced. Therefore, the
computed structures of the protonated copper(I) forms of
amicyanin are a reliable model. The corresponding amicy-
anin/phosphate complex indicates how phosphate may me-
diate the proton transfer. All published experimental data
and the computational results presented here indicate that
the following steps are involved in the protonation of the
C-terminal histidine in reduced blue copper proteins (see
Figure 7):

(1) Decomplexation of the C-terminal histidine (structure
B); (ii) isomerization to structure C with a solvent accessible
histidine; (iii) protonation of the C-terminal histidine
(structure D); (iv) isomerization to structure E (stabilization
of the protonated structure). The rotational barrier involved
in the first isomerization (B—C) and the solvent accessibil-
ity of structure C determine whether a protonation takes

1272
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Figure 7. Schematic representation of the basic steps during the
protonation of the histidine in a blue copper protein

stabilization

place or not. The second rotational barrier (D—E) and the
stabilization of structure E have a strong influence on the
pK, value.

Supporting Information

Details of the cluster analysis and the point charges (4
pages) are given as Supporting Information.
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