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Crystal structure of horseradish peroxidase C
at 2.15 A resolution

Michael Gajhede', David J. Schuller?, Anette Henriksen!, Andrew T. Smith3 and Thomas L. Poulos?

The crystal structure of horseradish peroxidase isozyme C (HRPC) has been solved to 2.15 A resolution. An impor-
tant feature unique to the class lll peroxidases is a long insertion, 34 residues in HRPC, between helices F and G.
This region, which defines part of the substrate access channel, is not present in the core conserved fold typical of
peroxidases from classes | and Il. Comparison of HRPC and peanut peroxidase (PNP), the only other class lll (high-
er plant) peroxidase for which an X-ray structure has been completed, reveals that the structure in this region is
highly variable even within class ill. For peroxidases of the HRPC type, characterized by a larger FG insertion
(seven residues relative to PNP) and a shorter F' helix, we have identified the key residue involved in direct inter-
actions with aromatic donor molecules. HRPC is unique in having a ring of three peripheral Phe residues, 142, 68
and 179. These guard the entrance to the exposed haem edge. We predict that this aromatic region is important

for the ability of HRPC to bind aromatic substrates.

Classical horseradish peroxidase isozyme C (HRPC) is the arche-
typal enzyme for the biochemical study of peroxidases and is
probably the most thoroughly studied member of the plant per-
oxidase superfamily!. Within the superfamily, HRPC belongs to
class I11, the plant extracellular peroxidases?.

The resting ferric enzyme reacts rapidly with hydrogen perox-
ide to form compound I (ref. 3), an oxy-ferryl species in which
one electron has been withdrawn from the haem group to form a
porphyrin w cation radical. This intermediate is reduced in two
sequential one electron steps through compound II (in which
the porphyrin cation radical has been reduced):

(i) HRPC(Fe**)Porp + H,0, - HRPC(Fe** = O)Porp* + H,O
Compound I

(ii) HRPC(Fet* = O)Porp=* + AH— HRPC(Fe** = O)Porp + A-
Compound II

(iii) HRPC(Fe** = O)Porp + AH— HRPC(Fe**)Porp + A+ + H,0

The role of the key catalytic residues of the distal haem pocket
in mediating peroxide activation and compound I formation is
well understood in terms of a general acid base mechanism* but
less is known about the factors that determine the nature and
rate at which substrates are oxidized. In general the rates of reac-
tion of compound [ with substrates correlate well with the reduc-
tion potentials of their respective cation radical products® and
the highest occupied and lowest unoccupied molecular orbitals
energy levels of substrates'®, Class III peroxidases and HRPC in
particular are notable in that the resting enzyme forms stable 1:1
complexes with reducing substrates, several of which have been
extensively characterized by 2D NMR spectroscopy!!-!>. These
and more recent studies!*!® have shown that aromatic donor
molecules interact with the haem C18 methyl and a key unas-
signed Phe residue thought to be either Phe 179 or Phe 221.The

topological characteristics of the haem-linked architecture asso-
ciated with aromatic substrate oxidation have also been exam-
ined using alkyl hydrazines as suicide substrates's!’, In the light
of the structure of yeast cytochrome ¢ peroxidase, these results
were interpreted as suggesting that electron transfer is mediated
at or close to a solvent accessible, reactive haem edge, and that
direct access by bulky substrates to the ferryl intermediate is
restricted by a closed haem architecture!7'8.

More recently, the availability of recombinant expression sys-
tems'>? has resulted in a renewed interest in HRPC as a vehicle
for studying the effect of protein environment on the modula-
tion of haem-protein reactivity?-?>. A serious limitation in our
ability to interpret both kinetic’#24?5 and spectroscopic!42627
data for this model system has been the lack of a crystal structure
for this classical peroxidase.

Schuller et al2® published a 2.7 A resolution structure of
peanut peroxidase (PNP), which is the first complete structure of
a class III peroxidase. In this paper we report the structure of
recombinant HRPC to a resolution of 2.15 A. Although the
structure of HRPC is similar to PNP, sequence alignments of
over 60 members of class III suggest that sequence variability is
confined to several ‘hot spots’ in the structure which include part
of the region bounding the aromatic donor molecule interaction
site and substrate access channel. These features exhibit small
but distinct differences from those of peanut peroxidase, affect-
ing the accessibility of the reactive haem edge to aromatic sub-
strates. Taken together, the structures of horseradish and peanut
peroxidases, which belong to opposite ends of the plant peroxi-
dase phylogenetic tree?’, will provide a close structural represen-
tative for many of the class III plant peroxidase sequences
currently identified.

Overall structure and comparison to other peroxidases
HRPC was expressed in E. coli from the synthetic gene compris-
ing 309 amino acid residues including the additional N-terminal
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Fig. 1 a, Stereo Co trace of HRPC with the haem C20 edge in the foreground. Every 20t
residue is labelled. This figure was prepared with program SETOR®. b, The relative posi-
tions of the secondary structural elements (a-helices and B-sheets) in HRPC. The helices are

labelled with their conventional names.

Met required to initiate translation'®. Only 306 residues are visi-
ble in the crystal structure. The N-terminal Met and the extreme
C terminus (residues Asn 307-Ser 308) are disordered. A num-
bered Ca trace of HRPC is shown in Fig. 1a, and the overall fold
in Richardson representation is shown in Fig. 1. HRPC has the
same overall fold typical of the peroxidase superfamily, with the
haem group and calcium binding sites in similar positions.

Structurally derived amino acid sequence alignments of repre-
sentative members of the various peroxidase classes are shown in
Fig. 2. Representative peroxidases from the three classes have
been included: cytochrome ¢ peroxidase (CCP)*® and ascorbate
peroxidase (APX)*! from class I, arthroniyces ramosus peroxidase
(ARP)* and lignin peroxidase (LIP)*** from class II and finally
PNP2 and HRPC from class I11. The ten prominent helices, A,
are all found in similar positions, and there are 13 structurally
conserved regions (SCRs; Fig. 2) that have a root-mean-square
(r.m.s.) deviation with respect to the Co. position in the six
structures of less than 2.5 A, Notably not all the SCRs are helices;
for example the extended strand connecting helices D and D' is
conserved in all six structures, while the short B' helix found in
class I and class II peroxidases has become a 3,,-helix in HRPC
and PNP.

A pair-wise r.m.s. comparison for six representative peroxi-
dase structures using only the SCRs identified in the structural
alignment (Fig. 2) is shown in Table 1. This shows that APX has
the most average core fold of any peroxidase, accounting for its
success as a search model for the molecular replacement solution
of PNP.

A superposition of the ribbon representations of HRPC and
PNP is shown in Fig. 3. The regions exhibiting the greatest
degree of structural variation are labelled. PNP contains a glyco-
sylation site located at Asn 60, which is right at the most exposed
end of a loop. The nearest glycosylation site in wild type HRPC is
at Asn 57 which is positioned to one side of the loop, thus proba-
bly causing the difference in structure. HRPC has a single inser-
tion relative to PNP at residue Leu 157, leading to differences in
main chain conformation. HRPC and PNP both contain three
helices, the D', F' and F'" helices, which are additional to the core
peroxidase fold and are not found in class I or II. The D' helix is
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identical in length to that seen in PNP. The class III peroxidases
contain a long insertion between helices F and G maintained by a
disulphide bridge, Cys 176-Cys 209 (HRPC numbers). This
insertion is seven residues longer in HRPC than in PNP and is
generally hypervariable within class III. The insertion contains
the F' and F" helices, as suggested by secondary structure predic-
tions*. The F" helices are of identical length in PNP and HRPC,
whereas in HRPC the F' helix is slightly shorter and the surface
loop connecting these two helices is seven residues longer. The
shortened F' helix and altered side chain composition relative to
PNP modulate the character and accessibility of the substrate
access channel in this vicinity. HRPC also contains a short
antiparallel B-sheet, immediately preceding the disulphide
bridge Cys 176—Cys 209. The loop region Pro 210-Asn 214 in
HRPC differs significantly from the equivalent region in PNP,
Pro 202—Asn 206. This variation was unexpected since Pro 210
and Gly 213 occur at the corresponding positions in PNP. A three
residue insertion in HRPC between helices H and I (Fig. 1) is
partly accommodated by a relative prolongation of the H helix,
which is eight residues long in HRPC, but only five in PNP. Apart
from these differences, the structures of these two class III perox-
idases are quite similar. A structural alignment using 292 Cal
atoms carried out with the program O gives an overall rm.s.
deviation of 1.02 A.

The glycosylation sites of wild type HRPC are also shown in
Fig. 3 (ref. 37). All sites are N-glycosylation sites, positioned in
loop regions that are exterior to the core, except for Asn 268
which, although solvent accessible, is located right at the end of
helix I. All glycosylation sites point away from the molecule, and
are evenly distributed over the entire surface suggesting that the
main purpose of glycosylation is to increase the solubility of the
enzyme in water and perhaps to increase resistance to free radical
induced protein crosslinking. This may account for the
enhanced sensitivity of the recombinant enzyme to inactivation
by high hydrogen peroxide concentration®.

Distal haem pocket and distal Ca?* site

The distal pocket of HRPC has a very strong resemblance to that
of PNP. The disposition of the key conserved catalytic residues
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Arg 38, Phe 41 and His 42 are very similar. The His 42 dihedral
angles defined by atoms Cor-C(-Cy-N31 differ by ~ 30° but this
leaves the Ne2’s in the same positions relative to the iron. The
distal pocket found in HRPC conforms to expectations from the
proposed three-step reaction mechanism for compound 1 for-
mation***%, The Fe(III) ion of resting HRPC has been shown by
resonance Raman spectroscopy to be in a five-coordinate, high
spin state®, This is in agreement with results obtained for wild-
type plant HRPC*! where it was reported that the Fe(III) ion was
a mixture of five-coordinated and six-coordinated high spin
states with the five-coordinate state predominating. As indicated
on Fig. 4a the closest water molecule in the distal pocket is 3.2 &
from the Fe(III) position. This distance indicates that the iron of
the haem is pentacoordinate. The closest water molecule, Wat
92, is hydrogen bonded to the Ne of Arg 38 (3.0 A), the Ne2 of
His 42 (2.9 A) and also to another water molecule Wat 123. Wat
123 makes a hydrogen bond to Nm2 of Arg 38 (2.75 A) and prob-
ably also to a disordered water, not included in the model. The
distal cavity of PNP has a water molecule at the same position as
Wat 92 in HRPC; Wat 123 of HRPC is absent in PNP. The
Fe(III}-ion does not seem to be significantly displaced from the
haem plane.

Mutagenesis studies at Asn 70 (ref. 25) have highlighted the
role of this residue in maintaining the basicity of the distal His.
A structural explanation for this can be seen in the HRPC crys-
tal structure. The O81 of N70 is hydrogen bonded to N&1 of the
distal histidine (His 42) and the N&2 is hydrogen bonded to the
backbone oxygen of Glu 64. N82 of
N70 is also hydrogen bonded
through Wat 14 to Glu 64 Oel. Glu
64, which is conserved amongst all
members of the plant peroxidase
family, hydrogen bonds to Wat 15,
which is also a ligand of the distal
Ca?* site. This hydrogen bond net-
work is shown in Fig. 4a.

The Ca?* site is seven-coordinate,
and the ligands are carbonyl and
side chain oxygens. Additionally,
Ca?* is structurally coupled to the
active site through Asp 43, which
provides two ligands to the ion, and
which is adjacent in sequence to His
42. Note that Ca?* is required for
formation of the structural environ-
ment of the haem, and during in
vitro folding of the denatured
apoprotein'®%. Extremes of pH or
Ca?* depletion is expected to affect

Fig. 2 Structural alignment of representa-
tive members of the peroxidase superfami-
ly. Coordinate files were obtained from the [y,
Protein Data Bank at Brookhaven. The HRPC

alignment was made with the programs HAPC20
STAMPSs, AMPSS2 and ALSCRIPTés Boxed,
capitalized regions exhibit less than 2.5 A
r.m.s. deviation for Co in all six structures.
The last line, in gray, indicates secondary
structure of HRPC. Cys residues are shown
in black boxes, with pairings for HRPC (and
PNP) indicated by numerals. Some impor-
tant active site residues are highlighted in
gray boxes. Calcium ligands are indicated
by ‘+, and glycosylation sites of native S’AEC

HRPC by ‘&'. HRPC 2D

ccP

APX

ARP

LIP

PNP

HRPC
HRPC2D &
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the position of the distal histidine and affect catalytic perfor-
mance of the enzyme®’.

Proximal haem pocket and hydrogen bonding networks
A view of the surroundings of the haem in HRPC, including the
hydrogen-bonding network, is shown in Fig. 4b. His 170 (the prox-
imal His) is covalently bonded to the iron as in the other known
haem peroxidase structures. Direct hydrogen bonds exist between
the protein and the haem propionates through Gln 176, Ser 73, Ser
35 and Arg 31. The proximal His is indirectly coupled to the proxi-
mal Ca?* site through the side chain of an adjacent residue, Thr
171, which is a Ca?* ligand.

Both Ca?* sites are in the same relative positions with respect to
the haem group as in the other class IT and class I1I peroxidases and
are identical to those found in PNP2. The presence of the two Ca2*
sites, although not obviously required to achieve a stable peroxi-
dase fold (see, for example, APX and CCP), has been suggested to
relate to a gene duplication at a early stage in the evolution of the
plant peroxidase superfamily*.

The distal pocket is coupled to the proximal side by a hydro-
gen-bonding network involving Arg 38, which is hydrogen-
bonded through Wat 41 to a haem propionate (Fig. 4b). Gln 176
appears to play an analogous role to that of His 181 in CCP by
connecting the two halves of the extended hydrogen-bonding
network above and below the haem group. Confirmation of this
structural connection explains the complex chemical shift per-
turbations exhibited by protons of haem-linked proximal
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Table 1 a, Pairwise r.m.s distances! and b, % sequence

identities?
a CcCcp APX ARP LIP PNP
APX 1.06
ARP 1.78 1.68
LIP 1.76 1.69 0.75
PNP 2.02 1.93 2.29 2.31
HRPC 1.94 1.88 2.24 2.29 0.81
b CCP APX ARP LIP PNP
APX 38.7
ARP 17.4 27.5
LIP 19.5 24.6 43.9
PNP 16.6 25.5 19.2 15.9
HRPC 20.8 24.9 19.6 18.5 493

tPairwise r.m.s distances for six structures representative of the super-
family based on the 183 structurally conserved residues (Co atoms only)
boxed in the amino acid sequence alignment in Fig. 2 (CCP4 program
POLYPOSES.). Notes for Table legend RMS distances between all struc-
tures: 1.83, from mean structure:1.18 note that once again APX is the
best ‘average’ or 'representative’ structure.

2Pure sequence based % amino acid identity reported by the AMPS pro-
gram with default parameterss3.

residues detected in the 1D- and 2D-NMR spectra of cyanide-
ligated HRPC distal cavity mutants* and the weakening of the
Fe-imidazolate bond detected by Raman spectroscopy in
mutants where this hydrogen-bond network is likely to be dis-
rupted?®.

The N31 of the proximal haem ligand His 170 is seen to be
hydrogen bonded to Asp 247 (2.8 A). The presence of a strong
hydrogen bond is believed to increase the basicity of the His 170
proximal ligand relative to the globins, thus helping to stabilize
high oxidation state intermediates by a charge relay system
while helping to maintain the haem in a five-coordinate state.
The functional significance of an imidazolate proximal ligand
in the formation of compound I has been questioned by the
finding that proximal ligand mutations in CCP are largely
functional®. His 170 is seen to be ‘stacking’ in a hydrophobic
interaction with Phe 221. The corresponding aromatic residue
in the CCP sequence is Trp 191; it also stacks against the proxi-
mal histidine. CCP Trp 191 is known to be the free radical site
in compound 1448 and is held in a local hydrogen-bonding net-
work involving the conserved aspartate residue (Asp 235) and
the axial ligand (His 175). These alternate structural arrange-
ments plus the lower oxidation potential of Trp rela-
tive to Phe could explain the properties of CCP.
However, APX also has a Trp at this position, and yet
APX forms a compound I porphyrin radical®4.
Hence CCP’s unique compound I radical site has
been attributed to the lack of a proximal Ca?* bind-
ing site in CCP?\. Other class III peroxidases contain
either a Leu or occasionally a Met at this position,
suggesting that an aromatic interaction at this site is
not essential.

Substrate access channel

The general electrostatic character of the substrate
access channel can be described as having a periph-
eral hydrophobic layer, contributed by Phe residues
and the haem C18 methyl, while the inner channel
and lining of the haem cavity has an overall positive-
ly charged character due primarily to the distal Arg

252-258
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38. Phe 68, Phe 142 and Phe 179 form a distinctive hydropho-
bic patch near the exposed haem edge (Fig. 5a). Two of these,
Phe 68 and Phe 179, are either absent or shifted in position in
PNP. Several NMR studies have long implicated two Phe
residues situated towards the entrance of the aromatic
donor-interaction site'">'2. One of these in particular exhibits
distinct NOEs to para-cresol and ferulic acid while both exhib-
it NOEs to indole-3-propionic acid!!. The former exhibits
strong NOEs to the haem C18 methyl. The HRPC crystal
structure strongly suggests that the critical Phe residue is Phe
179, a suggestion confirmed by recent analysis of Phe 179
mutants®. [t seems reasonable to suggest that this proposed
site is the site of the pre-electron transfer complex formed
between substrates and high oxidation state intermediates. It is
precisely this region of the structure that has proven
intractable to molecular modelling due to the lack of a homol-
ogous template?”35,

HRPC and ARP show many common enzymatic properties
including a broad pH optimum for phenolic compounds®!. As
shown in the solvent accessible surface diagrams in Fig. 5b, the
haem periphery of both peroxidases is well exposed to solvent.
However, Phe 179 in HRPC is positioned close to the haem
edge sterically hindering the access channel. ARP contains no
such structurally analogous Phe residue, since class II enzymes
lack the additional F' helix. For the majority of class III perox-
idases, like for example PNP, the Phe at position 179 is dis-
placed one position in sequence where it points away from the
channel and does not occlude it. This region of the protein is
also largely responsible for the superior ability of HRPC to
form stable 1:1 complexes with reducing-substrates amd pre-
sumably product radicals.

Conclusion

Horseradish peroxidase (HRPC) has been the archetypal exam-
ple of a class III, higher plant peroxidase, partly due to its avail-
ability and worldwide use in immunodiagnostic kits and assays
as a reporter enzyme. Within class I1I, HRPC and PNP (peanut
peroxidase) occupy distant branches of the phylogenetic tree and
therefore provide a close structural representative for the many
class III sequences currently identified, which should facilitate
future rationalization of structure-function relationships. The
availability of this new structure for HRPC and a number of site-
directed mutants will give a fresh impetus to the investigation of
haem protein structure-function relationships using this model
system. For example, it has been possible to engineer peroxyge-

58-61

210-214

Fig. 3 Superposition of the ribbon representations of HRPC (magenta) and PNP (cyan).
Regions of greatest structural deviation are labelled. Glycosylation sites identified in
native HRPC are coloured yellow. This figure was made with program VMD®’.
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Fig. 4 a, Distal haem cavity and associated hydrogen
bonding network . The protein backbone is shown in
a ribbon representation, coloured after secondary
structure classification: purple for a-helix, yellow for
B-strand, green for turns and gray for coil. Side chains
of distal pocket residues (above haem in this view)
from helix A, Phe 41, Arg 38 and His 42, and proximal
histidine His 170 are also shown along with the distal
waters. The extended hydrogen-bonding network
from His 42 through Asn 70, water, Glu 64 and coordi-
nating water to distal Co. (green) is also shown. An only
partially occupied distal water molecule, also hydrogen
bonding to the distal Pro 139 O, is not shown. This fig-
ure was made with program VMDE#”. b, Anchoring of
the haem group, linkage from distal pocket to proxi-
mal pocket and linkage from proximal pocket to proxi-
mal  calcium site. This figure shows the
hydrogen-bonding network from the distal Arg,
through water, to the propionate of the haem. From
helix A, in the background, Arg 31 and Ser 35 make
hydrogen bonds to the propionate deepest in the cavi-
ty. In the foreground, Ser 73 and Gln 176 make hydro-
gen bonds to the other propionate. The backbone
oxygen of GIn 176, making the fink to the hydrogen-
bonding network of the proximal pocket is not
shown. The two water molecules of the proximal
pocket are shown. Phe 221 is seen to ‘stack’ with the
proximal histidine His 170. Thr 171 which is a ligand to
the proximal calcium is also shown. This figure was
made with program VMD#®7.

nase-like activity by increasing the accessibility of the ferryl inter-
mediate to substrates such as styrene or substituted thioanisoles?'.
Substitutions of the distal Arg have allowed the detection of tran-
sient intermediates formed during peroxide activation and decay

HRF
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of oxy peroxidase?*. The key aromatic residue involved in the com-
plex formed between aromatic donors and the resting enzyme has
been identified®. This structure will facilitate the construction of
models of aromatic donor—-HRPC complexes, which should guide

future attempts to tailor peroxidase specificity.

Methods

Purification. HRPC is a monomeric haem pro-
tein of 308 residues containing two structural Ca
ions and eight N-linked neutral glycans®’. The
enzyme was initially crystallized by Braithwaites2,
but since the crystals had 32 molecules in the unit
cell, detailed X-ray analysis was not pursued. The
plant enzyme has been shown to contain 21 com-
ponents, most of which are glycovariants®3. In con-
trast, the recombinant enzyme produced by in
vitro refolding of material isolated from E. coli
inclusion bodies", is 96% homogeneous. However,
the recombinant enzyme also crystallized in a unit
cell with a large number of symmetry indepen-
dent moleculess.

Fig. 5 a, Critical Phe residues guarding the substrate
access channel with their accessible surfaces con-
toured. The entrance to the reactive haem edge is
viewed edge on showing the presumptive substrate
interaction site. Phe 68 is situated above the distal
pocket, Phe 142 to the left and Phe 179 to the right of
the substrate access channel. This figure was made
with program VMD¥#’. b, Comparison of the substrate
access channels of HRPC (left) and ARP (right) showing
a view of the molecular surfaces. The peripheral Phe
residues that guard access to the reactive haem edge
are shown in green. The view is orthogonal to the
view in (a) with Phe 142 toward the bottom of the
panel and Phe 179 at the top. Note the more open

ARPICIF nature of the access channel in ARP.
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Table 2 Progress of molecular replacement solution' and data
collection statistics

#mols CcC R-factor
1 0.113 0.693
2 0.455 0.580
3 0.531 0.546
4 0.590 0.517
6 0.697 0.444
Data collection statistics

Maximum resolution (A) 2.15

Outer shell (A) 2.19-2.15

No. of observations 142,833

No. of unique reflections 73,216

Completeness (%)

All data 82.6

Outer shell 65.4

Rsym

All data 0.070

Outer shell 0.401

Numbers reported are following RBR. Molecular replacement and RBR
carried out with AMoRe. using data in the 20.0-4.0 A resolution range.

Crystallization. Crystals were prepared as described. The space
group was determined to be P3,12 or the enantiomorphic P3,12 and
it was suggested that the unit cell contained up to six molecules relat-
ed by non-crystallographic symmetry (NCS). A lack of non crystallo-
graphic peaks on the self-rotation function, along with centering
peaks in the native Patterson function led to the conclusion that the
non crystallographic symmetry consisted of translations only. This
knowledge proved to be crucial during pursuit of the molecular
replacement solution. In addition, the lattice was sparsely populated
at low resolution due to an approximate superlattice, a phenomenon
related to the translation-only NCS.]

Data collection. Data were collected from a single native crystal
using a Rigaku R-axis 1IC image plate system with a Rigaku RU200
rotating anode operating at 180 mA and 50 kV as the X-ray source.
The system was equipped with a graphite monochromator and a 0.5
mm collimator. The crystal was rotated through 52 frames, each with
an oscillation of 1.2°, The distance between crystal and detector was
140 mm and a 28 offset of 20° was used. Data integration and reduc-
tion were performed with Denzo and Scalepack3s. X-ray data statistics
are listed in Table 2.

Molecular replacement. Molecular replacement was carried out
with AMoRe5. The most successful search model consisted of a full
molecule of peanut peroxidase (PNP)2. No successful molecular
replacement solutions were obtained with a resolution range of 20-5
A in either space group P3,12 or P3,12, and the R-factor for transla-
tion function solutions was consistently above 0.75. The superlattice
approximation described above was causing sparse population of the
lattice at low-resolution®4, so the resolution range for molecular
replacement was broadened. A rotation search at 20-3.5 A resolution
produced a top solution with a correlation coefficient (CC) of 20.8,
with the next best solution being 12.5.

Translation searches were carried out at 204 A resolution in space
groups P312, P3,12, and P3,12. The top solution for space group P3,12
had a CC of 0.091 with an R-factor of 0.697. The best CC of the other
space groups was 0.075 and the best R-factor 0.694. With rigid body
refinement (RBR) the P3,12 solution improved to a CC of 0.113 with
an R-factor of 0.693, while the top solutions of the other space groups
did not improve beyond a CC of 0.079 and an R-factor of 0.693.
Subsequent molecules were added in space group P3;12 according to
one of two strategies: (i) We fixed the first solution and searched for
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additional solutions with a translation function search. (i) We posi-
tioned additional subunits according to the centering peaks of the
native Patterson map. Happily these two strategies converged to the
same solutions. As additional molecules were added the CC improved
rapidly and the R-factor more slowly as detailed in Table 2. A total of
six molecules were placed in the asymmetric unit with only slight
rotational differences and these approximate translations: (0, 0, 0);
(173, 2/3, 0); (273, 1/3, 0); (0, 0, 1/2); (1/3, 2/3, 1/2); (2/3, 1/3, 1/2). This
explains the superlattice seen in the initial analysis of diffraction data.
The calculated solvent content is approximately 0.392 (ref. 57).

The six molecules were stripfed to poly-alanine chains and used to
calculate model phases at 3.5 A resolution with CCP4 programs SFALL
and SIGMAA®. These phases, along with phases from a monoclinic
crystal form with two molecules in its asymmetric unit (a complex of
HRPC and benzhydroxamic acid, results to be published separately),
were refined and extended to 2.3 A resolution using solvent leveling,
histogram matching, eight-fold non crystallographic symmetry (NCS)
averaging and partial structural information with program MAGIC-
SQUASH?S.

Model building and refinement. Electron density maps for model
building were calculated either with the extended phases or using
conventional 2F, - F. and F, - F, methods (including simulated anneal-
ing omit-maps). Model building was done with the program 0% and
the OOPS procedures® for locating and correcting suspicious regions.
Minimization and simulated annealing were performed using pro-
gram X-PLORS!, with the Engh-Huber parametersé? and no formal
charges on any residues. 10% of the data were set aside for a free-R
test set. At all stages strict NCS constraints were applied. Apart from
the translational components, rotations of up to approximately 10°
are involved in the relationships of the NCS-related molecules. Water
molecules were included in the model if they obeyed hydrogen-
bonding criteria, displayed difference electron density above 3¢ and
returned 2F, - F, electron density. At later stages a bulk-solvent cor-
rection was included with the optimal scale factor and temperature
factor was empirically determined to be 0.32 and 80 A2, With the cor-
rection, all low-order data measured (no o-cutoff was applied) could
be applied with no increase in the conventional R-factor and a
decrease in the free R-factor, while the quality of the electron density
map improved. A total of 306 amino acid residues were located.

During the strict NCS refinement cycles the OOPS procedure point-
ed out the following residues: Val 46, Asn 50 and Ala 51 have distort-
ed geometry, all are involved in forming the proximal calcium binding
site. Arg 75 and Leu 121 show high pep-flip® values but the electron
density is consistent with the model. Phe 172 likewise has a high pep-
flip indicator, but this residue is part of the distal calcium binding site.
Asn 182 displays a real space (RS)60 R-factor (0.31). The region Asn
189-Thr 190 has high RS R-factor and bad pep-flip values. This
appears to be a mobile loop, consequently with a less well-defined
electron density. Similarly the region Leu 211-Gly 213 has relatively
high RS R-factors, also consistent with a mobile region. Thr 288 has
poor phi/psi angles. Asp 300 is found to have a high pep-flip value,
probably due to the hydrogen-bonding interaction with Wat 56.
After the strict refinement an R-value of 21% and a free R-value of
23% were obtained. This model contains 150 water molecules.

A cluster of five very high peaks in the electron density was found
between two symmetry related molecules. They formed a trigonal
bipyramid with the three-fold axis parallel to the crystallographic
three-fold screw axis. One peak was on a crystallographic two-fold
giving a total of three symmetry independent peaks. The distances
between the peaks were found to be around 2.2 A. The peaks could
be a cluster of heavy atoms (for example, zinc ions from the crystal-
lization medium) or an experimental artifact. Since no satisfying
model could be obtained, and the position indicates no biological sig-
nificance, no description of these peaks was included in the model.
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