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ABSTRACT: Atomic resolution structures of the pseudoazurin (PAZ) variant into which the shorter ligand-
containing loop of amicyanin (AMI) is introduced have been determined. The mutated loop adopts a
different conformation in PAZAMI than in AMI. The copper site structure is affected, with the major
influence being an increased axial interaction resulting in the shortest €8()et) bond observed for

the cupredoxin family of electron-transfer proteins. This is accompanied by a lengthening of the important
Cu—S(Cys) bond and enhanced tetragonal distortion, consistent with the influence of the PAZAMI loop
contraction on the UV/vis spectrum. The change in active site geometry is the major cause of the 50 mV
decrease in reduction potential. The copper site structure changes very little upon reduction, consistent
with the distorted site still possessing the properties required to facilitate rapid electron transfer. The
exposed His ligand on the loop protonates in the reduced protein and reasons for the iné¢gesatppred

to that of PAZ are discussed. The area surrounding the His ligand is more hydrophobic in PAZAMI than
in PAZ, while electron self-exchange, which involves homodimer formation via this surface patch, is
decreased. The nature of the side chains in this region, as dictated by the sequence of the ligand-containing
loop, is a more significant factor than hydrophobicity for facilitating transient protein interactions in PAZ.
The structure of PAZAMI demonstrates the importance of tesgaffold interactions for metal sites in
proteins.

The small blue copper proteins (cupredoxins) have mo-
lecular weights of approximately 10 to 14 kDa and consist
of a singlef-barrel domain with a Greek-key fold. These
proteins function as electron transfer #Thuttles and
contain a type 1 (T1) copper site with peculiar spectroscopic
properties 1). Cupredoxin domains also occur in a range of
enzymes including the copper-containing nitrite reductases
(NiRs) and the multi-copper oxidased—3). The four
canonical T1 copper ligands are a His, donated from a
pB-strand in the core of the fold, and Cys, His, and usually
Met on the loop linking the C-terminal strands of {hvarrel
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'Newcastle University. (Figure 1). This site appears perfectly adapted to its function

' Abbreviations: ET, electron transfer; T1, type/l,inner-sphere  pecause the geometry is a compromise between those
reorganization energy; AMI, amicyanin; AZ, azurin; PAZ, pseudoa-

zurin; PC, plastocyanin; WT, wild type; AZAMI, azurin chimera in preferred by Cu(ll) a“‘?' Cu(l¥4( 5), "_’md there is very ”tﬂe
which the amicyanin loop has been introduced; AZPC, azurin chimera change upon redox interconversiofi, (4). The protein
in which the plastocyanin loop has been introduced; PAZAMI, scaffold is thought to constrain the metal site and therefore

pseudoazurin chimera in which the amicyanin loop has been introduced;faci”tate rapid ET 4). However, theoretical studies have
m, reduction potential; ESE, electron self excharges electron self ) !

exchange rate constant; rmsd, root mean square deviation; ESU,duestioned this role of the cupredoxin domain in minimizing
estimated standard uncertainty. the inner-sphere reorganization energy) ((5—8). The
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5T electron self-exchange (ESE) rate const&atdj, is 8-fold
lower in PAZAMI than in PAZ. These changes are the most
significant of the cupredoxin variants in which the AMI loop
has been introduced {, 12). The crystal structures of the
Cu(ll) and Cu(l) forms of PAZAMI have been determined
at two pH values to facilitate understanding of these
effects and highlight that loepscaffold interactions can have
a significant influence on the active-site structure of a

cupredoxin.
0 . . . . EXPERIMENTAL PROCEDURES
350 450 550 650 750 . . o
wavelength / nm Cloning, Expression, and Purification of PAZAMIhe
FiGURE 2. UV/vis spectra of PAZ (thin line) and PAZAMI (thick ~ Plasmid pTrcPazAmi harboring the gene for PAZAMI
line) at 25°C in 10 mM phosphate buffer at pH 8.0. (Achromobacter cycloclasteRAZ variant in which the

C-terminal ligand-containing loop d?aracoccusversutus
C-terminal metal binding loop has different lengths in AMI has been introduced)1(, 12) was expressed in
cupredoxin domains and ranges from 7 to 15 amino acid Escherichia coliBL21 cells. Cell growth, protein isolation,
residues. These proteins therefore provide a suitable systenand purification were performed as described previously
for investigating the importance of loop length and structure (11, 12), except that prior to the first extraction step using
for the active-site integrity of a metalloprotein, and loop- carboxymethyl (CM) sepharose (GE Healthcare) the protein
directed mutagenesis has been used to investigate the rolsvas dialyzed against 30 mM Tris at pH 6.5 containing
of this important region94—16). 500 uM Cu(NO:3)a.

The consequences of introducing the shortest C-terminal Crystallization, Data Collection, and Structure Determi-
T1 copper binding loop (that with the sequence CTPHPFM nation. Crystals of PAZAMI were obtained by the hanging
from amicyanin, AMI) into the3-barrel scaffolds of azurin  drop vapor diffusion method mixingAL of protein (20 mg/
(AZ), pseudoazurin (PAZ), and plastocyanin (PC), all with mL in 50 mM Tris at pH 7.5 plus 30 mM NacCl) with ZL
longer naturally occurring active site loops has been studiedof reservoir solution (10 mM Tris pH 7.5 plus 2 M
(11—-15). The resulting loop-contraction variants possess T1 ammonium sulfate ah2 M NaCl). Blue oxidized crystals
copper centers and are redox active. The structure of the AZof PAZAMI were reduced by adding 50 mM mercaptoet-
mutant (AZAMI) demonstrates that its active site is very hanol to the reservoir solution (the crystals became colorless
similar to that of the wild type (WT) proteinlf). The after~3 h). X-ray diffraction data sets were collected at the
introduced AMI loop adopts a conformation almost identical DESY beamline BW6 at 100 K after transferring the crystals
to that found in the native protein. A similar outcome is into a cryo-protectant solution (made by adding 25% glycerol
obtained when the PC loop is introduced into Al&), The to the reservoir solution). A MarCCD165 detector (Mar
AZAMI mutation lowers the reduction potentidt) of AZ Research, Norderstedt, Germany) was used, and the wave-
to that of AMI (12), while the AZPC variant has &, value length for data collection was 1.05 A. Two data sets of the
100 mV higher than that of AZ, which matches that of PC same crystal of Cu(ll) PAZAMI were collected, the first one
(16). These studies demonstrate that the structure of theat a crystal to detector distance that allowed an evaluation
active-site loop is a key feature for controlling this physi- to 1.35 A. The second data set could be integrated to the
ologically important parameter in cupredoxins. full resolution of 1.30 A. Both data sets revealed data

All of the structures of chimeric cupredoxins that have collection statistics in the same range (details for the lower
been determined to date have utilized the AZ scaffal ( resolution data are not shown). The crystal remained blue
16) In order to assess the influence of the scaffold onto throughout the collection of both data sets indicating that
which the loop is grafted, it is essential to have structural feduction of the metal site by the X-ray photons had not
information on chimeras based on other cupredoxins. PAZAM| occurred. The space group was determineB3switha =
(the PAZ variant in which the BTPHYYGMGM® loop has ~ 105.63 Ab = 105.63 A,c = 57.93 A,a = # = 90°, and
been replaced with the’®T PH!PE2F83M84 sequence of AMI) y = 12(0°. Data sets from two different reduced crystals were
(11, 12) provides the ideal option as the PAZ scaffold (See obtained with resolutions of 1.30 A and 1.35 A with Sllghtly
Figure 1), is distinct from that of AZ (PAZ is therefore a altered cell constants @ = 105.76 A,b = 105.76 A,c =
misnomer for this protein), and is unique among the 57-28 A (space grou32). These two data sets of Cu()
cupredoxins in possessing a C-terminal extension consisting®AZAMI were collected to check the estimated precision
of two a-helices that pack onto the surface of fharrel, of the structures determined in this work, and particularly
one of which interacts with the copper-binding lodlv), that of the copper site geometry.

The PAZAMI mutation influences the UV/vis spectrum of Crystals were obtained for Cu(ll) PAZAMI at pH 5.5 also
the Cu(ll) protein (see Figure 2) and lowétg by ~50 mV using the hanging drop vapor diffusion method mixingL1

(11, 12). The K, value for the C-terminal His81 ligand, of protein (20 mg/mL in 100 mM Mes at pH 5.5 and
which protonates and dissociates in the Cu(l) protein, a 30 mM NacCl) with 1uL of reservoir solution (100 mM Mes
feature that occurs in certain cupredoxins and is thought toat pH 5.5, 2 M ammonium sulfate, dr2 M NacCl). After
have a physiological regulatory rol&8—21), is raised by 2 cryo-protection, a data set was acquired at 100 K on a
pH units to 6.7 in PAZAMI to match the value for AMI  Mar345 Image Plate system (Mar Research, Norderstedt,
(11, 12). The intrinsic ET reactivity, measured using the Germany) mounted on a rotating anode generator (MSC
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Table 1: Crystallographic Data Collection and Refinement Statistics

Cu(ll) PAZAMI, Cu(l) PAZAMI, Cu(ll) PAZAMI, Cu(l) PAZAMI,
pH 7.5 pH 7.5 pH 5.5 pH 5.5
data collection

wavelength, A 1.050 1.050 1.542 1.542

space group R32 R32 R32 R32

resolution range, A 50:01.30 50.0-1.30 50.0-2.00 50.0-1.98
(1.35-1.30) (1.35-1.30) (2.07-2.00) (2.05-1.98)

unit cell parameters, A a=b=105.63, a=b=105.76, a=b=105.57, a=b=105.36,
c=57.93 c=57.28 c=57.29 c=56.49

no. of unique reflections 28824 (2149) 29429 (2780) 8274 (775) 8140 (541)

redundancy 3.6(3.2) 15.2 (11.7) 4.2 (3.5) 7.1(3.8)

Io(l) 14.3 (3.1) 15.7 (3.6) 23.3(6.3) 18.5(2.8)

completeness, % 94.5 (71.4) 97.6 (94.0) 98.6 (94.4) 95.6 (64.3)

Rmerga® % 6.4 (29.0) 9.4 (39.1) 5.6 (18.6) 5.7 (22.0)

refinement

resolution, A 20.6-1.30 30.0-1.30 30.0-2.00 30.0-1.99
(1.33-1.30) (1.34-1.30) (2.05-2.00) (2.04-1.99)

Reacton® %0 19.5(23.8) 19.2 (23.6) 16.6 (19.8) 16.3(19.3)

Riree, %0, test set 5% 22.6 (29.4) 20.1 (21.8) 20.4 (20.8) 23.0(30.2)

rmsd bond lengths, A 0.010 0.008 0.017 0.016

total number of atoms 1023 1026 991 1018

rmsd bond angles, 1.2 1.2 15 1.6

Av. B-factor 25.6 18.1 38.7 40.0

(protein, £2)

Av. B-factor 30.9 30.0 40.0 43.8

(water, &)

B-factor 23.8 25.2 36.3 65.9

(Cu, A3

rmsd bonded’s? 1.4 1.4 1.8 2.0

ESU based 0.057 0.053 0.171 0.175

on Reacton A

ESU based 0.061 0.052 0.149 0.171

ON Ryree, A

ESU based on 0.043 0.032 0.103 0.107

maximum

likelihood, A

aThe figures in parantheses represent data for the highest-resolution shell (asgRrr= Z(I — DDV/ZI. © Riacior= Z(|Fobd — |Feaid)/Z|Fob-

4 The root-mean-square deviation of bond&dactors is a measure of the smoothness ofBkactor refinement.

Rigaku, the Woodlands, TX) operated at 5.4 KIS CuK, and one Ct ion were identified. All other crystallographic
=1.5418 A). The crystal was still blue after data collection. refinements were performed in REFMAC5. Some residues
The reduced form was prepared as described above, and thehow electron density due to alternate main chain or side
crystal, which was completely colorless after 3 h, was cryo- chain conformations, which were incorporated in the refine-
protected and a data set collected at 100 K. Data evaluationment. Because of the high resolution of all of the structures,
for all intensity sets was performed with the program copper site geometries have been refined without any
HKL2000 (22) and revealedRnerge Values below 0.10 with  constraints. The crystallographic refinement converged in all
completeness values of better than 94%. Detailed datacases giving satisfactofg-values, and detailed refinement
collection statistics are shown in Table 1. statistics are listed in Table 1. The stereochemistry of the
The crystal structure of the Cu(ll) PAZAMI at pH 7.5 was models was analyzed with PROCHECR7]. For the
solved by molecular replacement with the program MOLREP superimposition of structures, the program LSQMA28)(
(23) using the structure of PAZ frorA. cycloclastegPDB was used. The solvent accessibility of active sites was
code 1BQK) (7) as a search model. Solvent molecules, the calculated with SurfRace using a probe radius of 1.2%) (
ligand-containing loop (residues #86), and the copperion  Figures of protein structures were prepared with BOB-
were omitted to avoid model bias. MOLREP delivered a SCRIPT B0) and Raster3D 31). The coordinates and
prominent solution, which was subjected to a first round of structure factors have been submitted to the Protein Data
crystallographic refinement with REFMAC24). The cor- Bank with PDB ID codes 2UX6 [Cu(ll) PAZAMI, pH 7.5],
responding E,—F. andF,—F; maps showed clear electron 2UX7 [Cu(l) PAZAMI, pH 7.5], 2UXF [Cu(ll) PAZAMI,
density for the missing polypeptide loop and the copper ion. pH 5.5], and 2UXG [Cu(ll) PAZAMI, pH 5.5].
Model building of the loop and all subsequent model building
were performed with the program @5). For the other RESULTS
structures, the refined model of the pH 7.5 Cu(ll) form  Owerall StructuresAll of the PAZAMI structures are very
without the copper ion and solvent molecules was used for similar and retain the overall fold of the scaffold protein PAZ
an initial rigid body refinement with REFMAC5. Water (17) with an 8-strande@-barrel and a 30 residue C-terminal
molecules were generated with the automated Arp/Warp extension consisting of twa-helices that pack onto the
procedure available in REFMACS5 when run with the CCP4i surface of theg-barrel (see Figure 3). The first helix is small
user interface46). In all structures, one glycerol molecule (~1.5 turns), while the more C-terminal helix consists of
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Ficure 4: Stereoview showing a model of the Cu(ll) site and the
ligand-containing loop region of PAZAMI at pH 7.5 including the
2F,—F. electron density map contoured at L.0The ligands and
the mutated residues on the loop are labeled.

Ficure 3: Superimposed ribbon representations of the structures
of Cu(ll) PAZ at pH 6.0 (1BQK in greenl(7)) and PAZAMI at changes at a metal site can sometimes result in only subtle
e iy ok Sk s o v e and e copes yerences in geomety, for exampl, he reduction of Cu»
. ’ [I) to Cu(l) in a cupredoxin, which typically increases the
's represented by a gray sphere for PAZAMI. metal ligand bond distances by as little as 0.1 A. When
approximately four turns. The conformation of the main chain comparing metal sites in proteins, it is important to know
fold was checked with a Ramachandran plot calculated with the estimated standard uncertainty (ESU) of the bond
PROCHECK. In all cases, 91.9% of the residues lie in the distances and angles. Table 1 shows three ESUs determined
most favored regions and the remaining 8.1% in additionally in different ways for the four structures reported in this work
allowed areas. The PAZAMI structures superimpose with and refers to coordinate errors and not to bond distances or
root-mean-square deviations (rmsds) below 0.15 A for the angles. To obtain the values for bond distances, one must
C* atoms of residues-9, 16-50, and 53-122. (The loops first multiply the ESU by 32 to obtain the positional error
between residues 10 and 15 and 51 and 52 have been omittedf a single atom and then by*2to take into account the
from this comparison because they display disorder in the error propagation for the bond distance. The ESUs of the
Cu(ll) structure at pH 7.5 and have been modeled with two metat-ligand bond distances based on maximum likelihood
main chain conformations.) Certain Met and Lys residues (justified because the metal site is located in a well-defined
show electron density for alternate side chain conformations part of the protein structure) are0.1 A for the 1.30 A
that have been modeled. The rmsd for the superimpositionstructures and-0.3 A for the 2.0 A resolution structures.
of the C* atoms of residues-19, 16-50, 53-78, and 85 The ESUs of the bond distances for the 1.30 A resolution
122 of PAZAMI with the corresponding amino acids of PAZ  structures are therefore in the range of the expected active
(PDB code 1BQK) {7) is 0.94 A. This relatively high value  site changes upon reduction of the copper ion, while the
is partly due to movement of the C-terminahelix (residues precision of the quoted bond distances in the 2.00 A
91-122), which arises from the positioning of the phenyl resolution structures is 3-fold lower.
ring of Phe83 close to the first turn of this region (see  The precision of the structure determinations in this work
Figure 3). Furthermore, in PAZAMI, a glycerol molecule has been further assessed by the analysis of two crystals of
binds between the Phe68 to Val73 loop and the Gly52 to Cu(l) PAZAMI at pH 7.5. The resolution of the diffraction
Phe56 region via a number of hydrogen-bonding contacts. data for the second crystal (1.35 A) was only slightly worse
These interactions result in backbone alterations in thesethan that reported (1.30 A) with comparable ESU values for
regions compared to PAZ. The crystal packing in the the metat-ligand bond lengths (data not shown). The largest
PAZAMI structure is different from that for PAZ, resulting deviation between the individual metdlgand bonds is
in adjacent molecules interacting via the hydrophobic patch 0.07 A, which is below the precision level for these
that surrounds the solvent-exposed His81 ligand as observedtructures. This analysis demonstrates that reliable copper
in other cupredoxins and in particular AZZ—34). This site geometries have been determined for the high resolution
arrangement has not previously been observed in any PAZ(1.30 A) structures.
crystal structure and is actually slightly different from that ~ Cu(ll) PAZAMI at pH 7.5.The model of the copper site
observed for AZ. (The two molecules in the dimer are rotated of oxidized PAZAMI at pH 7.5 along with the R—F.
relative to each other with the angle between the barrel axeselectron density map contoured at b.@s shown in Figure
and the Cu to Cu separation (12.3 A) both less than that in 4. At the resolution of this structure (1.30 A), there are
AZ.) The altered packing of PAZAMI generates a different contractions in the electron density between the individual
conformation of the C-terminal Asn122, which forms weak atoms and holes in the aromatic ring systems. The bond
hydrogen bonds with the Nof Lys101 via a C-terminal O  distances and angles at the distorted tetrahedral copper site
atom and between its®®land the @' of GIn89. are listed in Table 2. (The copper site geometry is identical
Copper Site Structures. General Remarkise geometry in the 1.35 A resolution structure of Cu(ll) PAZAMI at this
of a metal site in a protein is determined by a number of pH 7.5 (data not shown) which provides additional proof
different factors, and it correlates with its spectroscopic and for the integrity of the Cu(ll) site during data collection.)
functional properties. Remarkably, significant chemical The superposition of the active sites, ligand-containing loops,
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FicurRe 5: Stereoview showing an overlay of the Cu(ll) sites, the C-terminal ligand-containing loops, and the adjacent regions of PAZAMI
at pH 7.5 (blue) and PAZ at pH 6.0 (1BQK in greehr)). Important amino acids are labeled, including the ligating residues that are
numbered as in PAZAMI.

Table 2: Active Site Geometry of Cu(ll) and Cu(l) PAZAMI and Those of Cu(ll) PAZ, AMI, AZ, and AZAMI

cu(ll) Cu(ll) cu(l) cu(l) cu(ln) cu(l) cu(ll)  Cu(ll)  Cu(l)  Cu(ll)
PAZAMI  PAZAMI PAZAMI  PAZAMI PAZ PAZ AMI AZAMI AZ AZ
pH7.3%  pH55 pH7.5  pH53 (1BQKP (1IBQRP (IAAC) (2FTAY (4AZU)° (LIZF)

Cu-ligand bond distances (A)

Cu—N?%(His40) 2.09 2.10 2.05 2.16 1.95 2.04 1.95 1.98 2.08 2.02
Cu—9(Cys78) 2.22 2.27 2.10 2.14 2.13 2.19 211 2.14 2.24 221
Cu—N%(His81) 2.09 2.24 2.50 2.64 1.92 2.11 2.03 2.09 2.01 2.08
Cu—S’(Met84) 2.39 2.38 2.37 2.43 2.71 2.85 2.90 3.29 3.15 3.32
Cu to O(Gly39) 4.41 4.50 4.62 3.94 4.04 3.92 3.19 2.97 2.60
Cuto NS plane 0.65 0.64 0.76 0.81 0.36 0.38 0.30 0.14 0.08 0.01
ESU 0.10 0.30 0.10 0.30

angles (deg.)
His40-Cu-Cys78 129 134 130 129 135 132 136 134 132 132
His40-Cu-His81 95 92 89 85 100 102 104 102 105 105
His40-Cu-Met84 90 88 95 95 87 90 85 76 77 72
Cys78-Cu-His81 108 107 101 104 114 116 113 123 123 123
Cys78-Cu-Met84 116 116 123 124 107 107 111 112 110 110
His81-Cu-Met84 118 118 117 115 107 104 100 92 87 85
Gly45-Cu-His46 79 74 80
Gly45-Cu-Cys112 97 99 97
Gly45-Cu-His117 81 89 92
Gly45-Cu-Met121 151 148 150
oh 71 68 76 79 81 84 83

a Data for the PAZAMI loop-contraction variant determined in this work. The ligands listed are for PAZAMI. Gly39 is too far from the copper
ion to be considered a ligand in PAZAMI (and PAZ and AMI) but is much closer to the metal in AZ and its loop-contraction variants (AZAMI
shown here)® WT Cu(ll) PAZ from Achromobacter cycloclastest pH 6.0 in which the ligands are the same as those for PAZAMI except that
Met86 is found in place of Met84.AMI from Paracoccus denitrificanat pH 5-6 in which the ligands are His53, Cys92, His95, and Met98, and
Pro52 is found in place of Gly39.The AZAMI loop contraction variant at pH7 (average of all four chains) in which the ligands are His46,
Cysl112, His115, and Met118, and Gly45 is found in place of Gly&u(ll) Pseudomonas aeruginogeZ at pH 5.5 (average of all four chains)
in which His46, Cys112, His117, and Met121 are the ligands, and Gly45 is found in place of GR@3)(tpy)(phen)-modified AZ fromP.
aeruginosad Estimated standard uncertainty of bond distafidéhe angle between thedNCuNyis and %,<CuSye: planes.

and their environments in PAZAMI and PAZ is shown in ligands (0.65 A) than in PAZ (0.36 A) in the direction of
Figure 5. The hydrogen bond (see Table 3) between the O the axial Met ligand. This results in a shorter axial-€3i-

of Asn9 and M of His40, which stabilizes the position of (Met) bond of 2.39 A in PAZAMI compared to that found
this copper ligand, is retained in PAZAMI (the imidazole in PAZ (2.71 A) (17), AMI (2.90 A) (35), AZAMI (2.95 A)
ring of His40 rotates slightly). The region between the Cys (15), and all other cupredoxins. The only T1 copper site with
and His ligands is highly similar in the two proteins, which a comparably short CuS(Met) bond is found in the NiRs
is not surprising given the sequence identity. Shortening the (2.45-2.49 A) 36, 37). A second axial interaction involving
His to Met stretch and the amino acid changes in this region the backbone carbonyl oxygen of the residue adjacent to the
have a considerable effect on active site structure. However,N-terminal His ligand is found at the active site of AZ (Gly45
the side chains of the Cys78 and Met84 ligands adopt which neighbors His46Y32—34). The corresponding residue
positions virtually the same as those in PAZ (Cys78 and in PAZ is Gly39 whose backbone carbonyl is situated
Met86). The tight turn of the introduced AMI loop between considerably further from the copper (3.94 A)7). The
His81 and Met84, along with the rigidity imposed by the movement of the copper in PAZAMI further weakens this
introduced Pro82, results in a slight rotation of the side chain interaction (4.41 A).

of His81 toward the Cys and Met ligands, which pushes the = The superposition of the active sites of PAZAMI and AMI
copper ion further out of the plane of the three equatorial (35) is shown in Figure 6. The loop structure (which has the
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Table 3: Hydrogen-Bonding Patterns around the C-terminal
Ligand-Containing Loops of PAZAMI, PAZ, and AMI

PAZ AMI
atom X atom Y PAZAME  (1BQK)®  (LAAC)®
main-chair-main-chaif
Cys78 N Met84 O 3.0 3.0 3.2
His81 N Cys78 O 3.3 3.2 3.1
Met84 N His81 O 3.0 34 2.9
Gly85 N Tyr82 0 3.0
Met84 N His81 O 3.0
Tyr82 N Cys78 O 3.9
Tyr82 N Thr79 O 3.6
main-chain-side-chain
Thr79 N Asn41l &t 2.8 2.8 2.8
Asn4l N Cys78 8 3.5 3.6 3.6
His81 N Cys78 & 4.2 4.0 4.0
Phe83 O Argll2 W 2.9 3.0
Pro96 O Arg99 Nt 2.7
Pro96 O Arg99 N? 3.2
side-chain-side-chain
Asn9 Ot His40 N2 2.8 2.8 2.7
Asn4l N2 Thr79 Ot 3.0 3.0 2.9
Glu43 02 Thr79 O* 2.7 2.8 2.7

aCu(ll) PAZAMI at pH 7.5; this work.? Achromobacter cycloclastes
Cu(ll) PAZ at pH 6.¢ AMI from Paracoccus denitrificanat pH 5-6.
4 The residue numbering is mainly as found in PAZAMI. In PAZ Gly85,
Met86, and Argl114 replace Phe83, Met84 ,and Argl112, respectively,
while PAZ also has a Met residue at position 84. In AMI Glu49, Asn54,
His56, Cys92, Thr93, His95, and Met98 replace Asn9, Asn4l, Glu43,
Cys78, Thr79, His81, and Met84, respectiveélyocated in the longer
C-terminal ligand loop of PAZ, which includes Met84 and Met86.
f Specific to AMI, and in the case of His56 (which corresponds to Glu43
in PAZAMI), the N°! atom is involved.
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loop. Additionally, the loop containing Met28 in AMI is
sufficiently distant to allow Phe97 to adopt the observed
conformation. In PAZAMI, the region containing Alal5 and
Metl16 is shifted toward the C-terminal ligand-containing
loop with the Met16 side chain preventing Phe83 being in
the same conformation as that of Phe97 in AMI. The side
chain of the axial Met ligand adopts an all trans conformation
at C*—C* (torsion angley;) and C—S° (y3) in PAZAMI,
while a gauche arrangement is found in AMA5|. (The
arrangement in PAZAMI is the same as that found in PAZ
(17); see Figures 5 and 6.) The altered Met conformation is
probably due to the position of the turn in the region around
residue 15. The distance between theo€Met84 and the
backbone carbonyl oxygen of Met16 would only be 2.5 A
if the side chain of Met84 adopted a gauche conformation
in PAZAMI (see Figure 6). The conformation of the metal
binding loop in AMI (35 moves the Cys92 and His95
ligands further away from the coordinating &f the axial
Met98 generating a T1 copper site with different-Gigand
bond lengths (see Table 2).

There are significantly fewer hydrogen bonds around the
active site of PAZAMI than in PAZ (see Table 3), resulting
in a number similar to that found in AMI. (The AZAMULG)
and AZPC (6) loop variants possess hydrogen-bonding
patterns in the vicinity of the active site loop similar to those
of AMI and PC, respectively.) A particularly important
hydrogen bond is that to the coordinating Cys from the
backbone amide of the residue (usually Asn) adjacent to the
N-terminal His ligand, which is present in PAZAMI and all
other cupredoxins. There also appear to be weak interactions

same sequence) is quite distinct in these two proteins, andbetween the coordinating thiolate and the backbone amide

this is particularly significant for the His ligand and the

of the His ligand on the loop (this interaction is slightly

subsequent Pro and Phe residues. The first sizable changweaker in PAZAMI; see Table 3). The solvent structure in

in the loop is found at His81 witlkp/y backbone dihedral
angles of—122/—76° for PAZAMI compared to—132
/—108 for AMI, followed by alterations in the conformation
of Pro82 ¢ is 148 in PAZAMI and 169 in AMI).

the vicinity of the active site is very similar in PAZAMI
and PAZ and is quite different from that seen in AMI. The
surface exposed His81 and its symmetry related residue are
hydrogen bonded via theirfNatoms to a well-defined water

Considerable differences are also observed for Phe83, withmolecule (W16), which is located on the 2-fold crystal-

main-chain dihedrals of96°/17% in PAZAMI and —70°/
166° in AMI. The y./y. side chain dihedral angles of Phe83
are also quite different in PAZAMI«53°/26°; close to the

lographic axis. PAZ17) and other cupredoxins such as PC
(19) and AZ 32—34) exhibit a similar water molecule in
their oxidized forms, but this is not commonly bound to two

values most common for Phe residues) compared to thosesymmetry related C-terminal His ligands. The water molecule

in AMI (51°/82°; third most frequent conformation). The
main chain conformation for the Met ligand is similar, but
the side chain conformation is distinctide infra). The

different conformation and position of the loop in PAZAMI

that hydrogen bonds to the backbone carbonyl oxygen of
Gly39 is slightly further from the copper in PAZAMI than

in PAZ (6.4 A compared to 6.0 A, respectively) consistent
with the movement of the metal ion away from this residue.

and AMI seems to be caused by the hydrogen-bonding Additionally, a water molecule hydrogen bonded to the

pattern around Argl12 and Arg99 in PAZAMI and AMI,
respectively. In PAZAMI, the M atom of Arg112 forms a

backbone carbonyl oxygen of Pro80 is also more distant from
the copper in PAZAMI than in the WT protein.

hydrogen bond with the backbone carbonyl oxygens of Phe83 Cu(ll) PAZAMI at pH 5.5.The copper site geometry of

and Met16, while the B atom hydrogen bonds to the
backbone carbonyl oxygen of Alal5 (see Figure 6). The first

interaction generates the rotation of the copper-binding loop,

and the latter two are responsible for fixing the turn in the
region around residue 15 in both PAZAMI and PAZ. In AMI,
which lacks the C-terminal extension of PAZAMI from
which Arg112 originates, Arg99 forms two hydrogen bonds
between its Kland N'* atoms and the main chain carbonyl

Cu(ll) PAZAMI at pH 5.5 changes very little compared to
that in the high pH structure (see Table 2). The only real
difference is the small increase in the-EN°(His81) bond
distance from 2.09 A at high pH to 2.24 A in the low pH
form, which is accompanied by an increase of the His40
Cu—Cys78 bond angle from 1290 13#. The pH change
generates a decrease of tbecell constant by~ 0.6 A.
However, this minimal increase in the density of crystal

oxygen of Pro96 (see Figure 6 and Table 3), which fixes packing in this direction should have no influence on the
the conformation of the loop. The differences in the main Cu—N°%(His81) bond distance because the crystal contacts
chains of PAZAMI and AMI are partly responsible for the of this surface exposed ligand are mediated via water W16
altered side chain conformations of the Phe residue on theto the His81 of the symmetry related neighboring molecule.
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Ficure 6: Stereoview showing an overlay of the Cu(ll) sites, the C-terminal copper binding loops, and the adjacent regions of PAZAMI

at pH 7.5 (blue) and AMI (1AAC in red35)). A number of important amino acids in the vicinity of the active site are labeled, and certain
important hydrogen bonds are displayed by dashed lines. The putative close contact between the main chain carbonyl oxygen of Met16 in
PAZAMI and the C of Met98 of AMI, which would arise if the side chain of this ligand adopted a gauche arrangement in PAZAMI, is
shown as a dotted line.

Ficure 7: Stereoview showing a model of the Cu(l) site and the ligand-containing loop region of PAZAMI at pH 7.5 includirig e, 2
(contoured at 1.@, blue) and thé=,—F (contoured at-3.0 g, green) electron densities. The ligands and the mutated residues on the loop
are labeled.

Copper has not been lost from the protein as indicated by aHis81 protonated as only three ligands remain bound to the
B-factor in the range of those for protein atoms (see metal. The observation of the dissociated form is consistent
Table 1). Significant active site changes in this pH range with a pK, value of 6.7 for His81 determined from studies
for the Cu(ll) protein would not be anticipated, and the in solution on Cu(l) PAZAMI (1, 12), which is close to
apparent CaN°%(His81) bond distance increase arises from the pH of this crystal form (the exact pH value in the crystals
the lower precision of this structure. is difficult to determine precisely). A more flexible metal
Cu(l) PAZAMI at pH 7.5The model of the copper site of  binding loop in the protonated form is identified by less well-
Cu(l) PAZAMI at pH 7.5, along with the R,— F. electron defined electron density for the side chains of Pro82 and
density map contoured at 1) is shown in Figure 7, and  Phe83 in Cu(l) PAZAMI (see Figure 7). Furthermore, the
the bond distances and angles are listed in Table 2. It wouldwater molecule hydrogen bonded to theé KNtom of His81
be expected from the larger ionic radius of Cu(l) compared [W16 in Cu(ll) PAZAMI at pH 7.5] is less well defined in
to that of Cu(ll) that reduction should slightly increase the Cu(l) PAZAMI at pH 7.5 as indicated by an increase in its
metak-ligand bond distances. In PAZAMI, the €¥- B-factor from 17 & to 34 A2. This can be explained by
(Cys78) bond decreases by 0.12 A upon reduction, while partial occupancy of this water position caused by the
the Cu to N(His81) distance increases from 2.09 A to 2.50 proportion of molecules in which the C-terminal His ligand
A. Careful analysis of the electron density highlights that is protonated. The water molecule that is hydrogen bonded
there is residual negative difference density at the copperto the main chain carbonyl oxygen of Pro80 in the Cu(ll)
site (see Figure 7) and that the density between the copperform is found at a position that is sterically incompatible
ion and the imidazole ring of His81 is interrupted. This with the normal His ring position, unless the imidazole
indicates that the copper site structure exists as a mixture ofmoiety is rotated by 180about the ¢—C” bond. The K¢
two forms, one with His81 protonated and dissociated from atom forms a hydrogen bond to this shifted water molecule
Cu(l) and the other with His81 as a ligand. The negative and the former water molecule (W16) can no longer interact
difference electron density at the Cu(l) site points to copper with the imidazole ring. Such a ring rotation and water
depletion, which will most probably occur in the form with  structure rearrangement was first observed in reduced PC at
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Ficure 8: Stereoview showing an overlay of the Cu(ll) sites, the C-terminal copper binding loops, and the adjacent regions of PAZAMI
at pH 7.5 (blue) and AZAMI (2FTA in light greerlLf)). A number of important amino acids in the vicinity of the active site are labeled.
(Some labels present in Figures 5 and 6 and the side chains of residues around Metl5 of PAZAMI have been omitted for the sake of
clarity.)

low pH (19). As the His ligand protonates, the €&- S(Met) axial interaction, resulting in the shortest bond length
(Cys78) bond shortens to satisfy the coordination require- observed for a T1 copper site (2.39 A), and gives rise to a
ments of the cuprous ion. The Cu t848 plane distance is  more tetragonal active site structure as indicated by a 5
still in the range of the Cu(ll) PAZAMI structures-Q.7 A) decrease in the dihedral angkg) between the NsCuNyis
in contrast to reduced PC at pH 3.8, where the copper is inand $,CuSye: planes (see Table 2). These geometric
this plane (9). changes are in agreement with the coupled distortion model,
Cu(l) PAZAMI at pH 5.5At this pH, the Cu to R(His81)  which has been derived to explain the spectroscopic differ-
distance has increased to 2.64 A, indicating that the degreeances between distorted and classic T1 copper §889).
of protonation is greater than that at pH 7.5. The water This model assigns the differences seen in distorted T1
strupture around the imidazole ring of His81 is rearranged copper sites (those with enhanced absorption at around 460
as in Cu(l) PAZAMI at pH 7.5, and the water molecule m and usually more rhombic EPR spectra) to an initial
correspondmg to W16 |n'Cu(II) PAZAMI at pH 7.5 is even shortening of the CaS(Met) bond, which results in a
less occupied than that in the reduced structure at pH 7.5.¢a4340nal JahnTeller distortion involving coupled rotation

Thif is tf_urth;zrt F:{]O?irfhatﬁthei _imidz:zole riln? of F(;istﬁl g of the Cys and Met ligands. It is perhaps a little surprising
protonating but that the etfect 1S not complete, and the LU=y, 16 active site geometry is so different in PAZAMI as

() crystals were not sufficiently stable at lower pH values compared to PAZ considering that certain properties in

to allow data to be acquwed. Again partial deplgthn of the particular the EPR and NMR spectra of the Cu(ll) protein
copper has taken place in this structure as indicated by S
are on the whole very similar to those of PAZ. However,

negative residual electron density at the Cu(l) site, which : . .
most probably occurs in the protonated form (see above)..mOSt of the directly observed hyperfine .Sh'fted resonances
in the'H NMR spectra of the Cu(ll) proteins are not highly
DISCUSSION sensitive to structural variations at T1 sitd®43). It has
been observed previously that the correlation between the
dihedral anglep and the rhombicity of the EPR spectra of
T1 copper proteins is not clear-cut4). Furthermore, the
Met182Thr axial ligand mutation at the T1 site Rhodo-
bacter sphaeroidesNiR, which influences the UV/vis
spectrum, has almost no effect on the EPR proper#igp (

Atomic resolution structures of PAZAMI have been
determined by X-ray crystallography in order to understand
the effect of this loop shortening experiment on the functional
properties of the protein. The introduction of the short AMI
loop has been compared in a number of different cupredoxin
scaffolds (1, 12), and the overall influence is greatest in The | fast ial ligand i ted for b
PAZAMI. We have previously determined the structure of . € 10Ss of a strong axial igand IS compensated Tor by an
AZAMI as well as other loop contraction variants based on increased C+S(Cys) bond in this variant, resulting in a

the AZ scaffold. The structures of PAZAMI determined in 19and field strength similar to that in the WT proteid]. .
this study allows the influence of introducing the same AM| 't should also not be overlooked that blue and green NiRs,

loop into two quite different cupredoxin folds to be assessed Which possess classic and distorted T1 copper sites, respec-
in molecular detail (see Figure 8). tively, have very similar CuS.(Met) bond lengthsA7). The

The relative intensities of the two Cys(S)Cu(ll) LMCT ~ Very short Ca-S(Met) bond in PAZAMI results from the
bands (A4sdA-s00) in the visible spectrum of PAZAMI introduction of the AMI loop into the PAZ scaffold that has
(0.54, see Figure 2) indicates that its T1 Cu(ll) site is more to adopt a different conformation than that in AMI, which
distorted than that of PAZ (0.45). The displacement of the is particularly the case for the His to Met region (see Figure
copper ion from the NS’ plane almost doubles in PAZAMI  6). In AZAMI, the introduced loop can be accommodated
compared to that in PAZ, which increases the lengths of the with a conformation as in AMI, and the influence on the
bonds to these three equatorial ligands, including the active site structure is minimal$). The comparison of the
coordinating Cys, which is pivotal for the spectroscopic structures of PAZAMI and AZAMI demonstrates that the
properties displayed by T1 copper sitds13, 38, 39). This scaffold can influence the geometry of a metal site in a
is consistent with the greatly increased strength of the-Cu protein (see Figure 8).
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An approximately 50 mV decreasekl is observed when  toward the thioether sulfur would be expected to stabilize
the AMI loop is introduced into AZ, which results in avalue Cu(l), but this is accompanied by an increase in the
almost identical to that of AMI12, 15). The introduction Cu—S(Cys) bond, which probably has the opposite effect.
of the PC loop into AZ raiseEn, to a value almost identical ~ The modification from three strong equatorial ligands in PAZ
to that of PC 16). In these AZ chimeras, the introduced AMI  toward a more tetragonal arrangement in PAZAMI would
and PC loops adopt conformations almost identical to those stabilize Cu(ll), and it is therefore suggested that this is one
in AMI and PC, respectivelyl5, 16). There are only limited ~ of the major factors influencinge,,. The fact that the
active site structural changes in these variants, and thus thePAZAMI and AZAMI loop mutations have a similar
loop structure has been identified as playing an important influence onky, seems to be purely coincidental.
role in tuning theE, values of T1 copper sites, with The kese value for PAZAMI is 8-fold smaller than that
contributions from protein dipoles in this region being the for PAZ at pH 7.6 (1, 12). The structural studies reported
most important featurelg, 48). When the AMI loop is here show that His81 protonation is partly observed at pH
grafted onto the PAZ scaffol&, is lowered by an amount 7.5, and therefore, a possible reason for the observed decrease
similar to that in AZAMI, but the resulting value is in intrinsic ET reactivity is an increaset caused by this
significantly lower than that of AMI (PAZ and AMI have effect. However, studies performed in solution demonstrate
similar E, values) (1, 12). The structure of the AMI loop  that the |K, for His81 is 6.7, which is considerably lower
in PAZAMI is quite different from that found in AMI and  than the pH of the structural studies (the exact pH values in
AZAMI. Major differences are found for the conformations the crystals is difficult to know)X1, 12). Becausekesg was
of the Pro and Phe residues in this region, the latter of which determined by analyzing the relaxation behavior of His ligand
packs against the top of the long C-terminahelix present H NMR resonances (including His81), whose chemical shift
in PAZAMI. It would therefore be anticipated that the values are dependent on the protonation state, it is known
influence of the protein dipoles in the loop region will be that deprotonated His81 was mainly present in these experi-
different in PAZAMI as compared to that in AZAMI. The  ments. An alternative reason for the decreased intrinsic ET
loop alterations result in a large decrease in the solventreactivity is the influence of the loop mutation on the
accessibility of the Phe residue in PAZAMI compared to structure and properties of the hydrophobic patch that
AMI, which is a major contributor to the lowered solvent surrounds the His81 ligand, which is known to be the
accessibility of this region. (The loop is even less solvent recognition site for ESE52—-55). The influence of loop
accessible in AZAMI, particularly in the Cys to His section.) contractions in AZ on ESE has been interpreted by their
However, the solvent accessibility of the ligating residues impact on the hydrophobicity in this region, which is minimal
is similar in PAZAMI, PAZ, AZAMI, and AMI. These for AZAMI, resulting in akgse value almost identical to that
comparisons are important because the thermodynamics obf AZ (15, 16). The accessible nonpolar area in this region
reduction of T1 copper sites has been found to be dominatedis increased from 220%in PAZ (made up of Met16, Pro80,
by solvent reorganization effect4q). However, the solvent  His81, Tyr82, Gly83, and Met84) to 2602An PAZAMI
arrangement near the active site of PAZAMI and PAZ are (consisting of Met16, Pro80, His81, Pro82, and Phe83). The
similar, which is quite different from that in AMI (and  major effect is the introduction of the Pro and Phe residues
AZAMI). The arrangement of solvent molecules seen close between the His and Met ligands in PAZAMI, which have
to T1 copper sites in crystal structures and the solvent a significantly greater contribution to the hydrophobicity of
accessibility of the ligating residues probably has little this area than Tyr82 and Met84 in PAZ. The enhanced
influence onEy, (16). hydrophobicity is probably the reason for adjacent molecules

Other factors that can influence tkg values of T1 copper  packing via this region in the crystal lattice of PAZAMI (not
sites are the active site structure and the hydrogen-bondingseen before in any other PAZ structure) and would be
pattern in this vicinity $0, 51). This latter aspect of PAZAMI  expected to enhance the association constant for the PAZAMI
is comparable to AMI and AZAMI and is quite distinct from homodimer as compared to the WT protebib); However,
the arrangement seen in PAZ (see Table 3). The hydrogen-the loss of the flexible Met side chain and particularly the
bonding pattern involving the Cys ligand has been identified Tyr in this region, which has been identified as a commonly
(50) as a key feature controllingm,, which is similar in found residue at the interfaces of proteins involved in
PAZAMI, AZAMI, AMI, and PAZ. Another active site transient interaction$g), could be a more significant factor.
property that has been predicted to influerieg is the The K, value for the His81 ligand in Cu(l) PAZAMI is
presence of a second weak axial interaction at the active site,~2 pH units higher than that in PABT) and almost exactly
trans to the Met ligand, from a backbone carbonyl oxygen matches that for His96 in AMIQ, 11, 12, 58). Given the
atom 60), and this is thought to be particularly important altered arrangements of the loops and copper sites in
in AZ where the oxygen atom is onty3 A from the copper PAZAMI and AMI, it would appear that the detailed structure
ion (32—34). In PAZ (17) and AMI (35), the corresponding  in this region is not a main determinant of thi€,pvalue for
atom is~4 A from the metal, and because of the movement the His ligand on the loop. An identical change iKads
of the copper toward the axial Met ligand, the distance is seen when the AMI loop is introduced into PC2). In the
even greater in PAZAMI (see Table 2). However, at this case of AZAMI, a (K, value~1 pH unit lower than that in
distance from the metal, this change probably has little AMI, PAZAMI, and PCAMI is observed12). However, this
influence. The further displacement of the copper from the is considerably higher than that for AZ. (Kpof < 2 has
N?,S plane toward the axial Met ligand must have an effect been estimateds@).) The introduction of the longer PAZ
on En. The lowerE,, observed for PAZAMI would indicate  and PC loops into AMI results in decreases in the His ligand
that the geometry changes at the active site have led to apK, in the Cu(l) protein to match those of PAZ and PC,
stabilization of the Cu(ll) form of the protein. The movement whereas introduction of the AZ loop has little effe8t L0,
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58). Detailed thermodynamic studies of these AMI variants
have identified that decreases in the,fhave an important
entropic contribution §8). The favored formation of the
Cu()—N(His) bond upon lengthening the loop has been
suggested as arising from increased flexibility in this region
in the reduced proteinb@). The hydrogen-bonding pattern
around the active site is similar in PAZAMI, AMBE§), and
also AZAMI (15), which would indicate that this feature does
not influence the i, value. The length of the loop does affect
the K, for the His ligand, but the structural features that
regulate this effect remain unknown. The loop mutations may
lead to structural alterations that influence rotational barriers
involved in the dissociation and protonation of the His
ligand, which can have a significant effect on the observed
pKa value 60).

CONCLUSIONS

When the short AMI loop is grafted onto the PAZ scaffold,
it adopts a conformation distinct from that in AMI and also
the related AZAMI loop contraction variant. This leads to a
different active site structure for PAZAMI as compared to
that for PAZ, which is more tetragonal with a very short
axial Cu-S(Met) interaction and an increased -€s(Cys)
bond. These changes give rise to an altered UV/vis spectrum
and are responsible for the influence of this loop mutation
on En. The different active site and loop structures do not
seem to influence thely for the His ligand on the loop
because PAZAMI exhibits a value identical to that for AMI.
The structures of PAZAMI demonstrate that interactions
between a metal binding loop and the protein scaffold onto
which it is grafted can appreciably influence active site
geometry, which do not necessarily give rise to dramatically
altered spectroscopy for the Cu(ll) proteins. The residues
on the copper binding loop have a sizable influence on
transient protein interactions because they influence the
nature of the important recognition patch that surrounds the
exposed His ligand.
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