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ABSTRACT: Prolyl 4-hydroxylases (P4H) catalyze the post-translational hydroxylation of proline residues and
play a role in collagen production, hypoxia response, and cell wall development. P4Hs belong to the group of
Fe(II)/aK G oxygenases and require Fe(Il), a-ketoglutarate (aKG), and O, for activity. We report the 1.40 A
structure of a P4H from Bacillus anthracis, the causative agent of anthrax, whose immunodominant
exosporium protein BclA contains collagen-like repeat sequences. The structure reveals the double-stranded
B-helix core fold characteristic of Fe(II)/aKG oxygenases. This fold positions Fe-binding and aKG-binding
residues in what is expected to be catalytically competent orientations and is consistent with proline peptide
substrate binding at the active site mouth. Comparisons of the anthrax P4H structure with Cr P4H-1
structures reveal similarities in a peptide surface groove. However, sequence and structural comparisons
suggest differences in conformation of adjacent loops may change the interaction with peptide substrates.
These differences may be the basis of a substantial disparity between the Ky values for the Cr P4H-1
compared to the anthrax and human P4H enzymes. Additionally, while previous structures of P4H enzymes
are monomers, B. anthracis P4H forms an a, homodimer and suggests residues important for interactions
between the a, subunits of a3, human collagen P4H. Thus, the anthrax P4H structure provides insight into
the structure and function of the o-subunit of human P4H, which may aid in the development of selective

inhibitors of the human P4H enzyme involved in fibrotic disease.

Prolyl 4-hydroxylase (P4H)' enzymes are involved in the post-
translational formation of trans-4-hydroxyproline (Hyp) from
peptidyl proline. In plants, P4H enzymes act on prolines present
in extensins, in proline-rich proteins, and in arabinogalactan
proteins to form hydroxyproline-rich glycoproteins (HRGPs)
that stabilize plant cell walls (1, 2). Vertebrates have two types of
P4H enzymes with different functions. One form of P4H (HIF
P4H) hydroxylates proline residues in the hypoxia-inducible
transcription factor (HIF) and is responsible for changes in gene
expression in response to hypoxic conditions (3). The second
form of vertebrate P4H (C-P4H) is responsible for modification
of the third proline of (Gly-Pro-Pro), repeats in collagen and
collagen-like proteins. In collagen, the hydroxylation of proline
to Hyp is essential for stabilizing the collagen triple-helical
structure (4). This process occurs in the lumen of the endoplasmic
reticulum (5) and is the rate-limiting step in collagen biosynthesis.
For this reason, human P4H has attracted much attention as a
potential therapeutic target for inhibitors of fibrotic disease.
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Mammalian C-P4H enzymes exist as opf, tetramers. The
a-subunit consists of an N-terminal peptide substrate binding
domain (6) and a C-terminal catalytic domain, which is respon-
sible for proline hydroxylation. The f-subunit has protein
disulfide isomerase activity and is responsible for retention and
solubility of the a-subunit in the endoplasmic reticulum. Without
the f-subunit, the a-subunit aggregate (5) and formation of the
tetramer is required for stability and activity. Although there is a
structure of the peptide binding domain of the human type I
C-P4H o-subunit [Gly138—Ser244 (5, 7)], no structures of the
full-length a-subunit of human type I C-P4H have been reported.
This lack hinders our understanding of substrate positioning, the
hydroxylation mechanism, and the design of inhibitors. Deter-
mination of the structure of the full-length human type I C-P4H
a-subunit has been frustrated by the insolubility of the o-subunit
in the absence of the S-subunit and the difficulty in generating an
aLf, tetramer suitable for crystallographic studies. The structure
of the other vertebrate P4H, HIF P4H-2, has been determined
(PDB entry 2G1M) but was found to belong to a structural
subgroup distinct from C-P4H enzymes (8, 9).

P4Hs belong to a class of enzymes known as the a-ketoglu-
tarate-dependent non-heme iron oxygenases [Fe(II)/oaKG oxy-
genases] (10). In all Fe(Il)/aKG oxygenases, aKG undergoes
decarboxylation to form succinate and CO, concomitant with the
hydroxylation of the substrate, which is proline in the case of P4AH
enzymes (Scheme 1) (11, 12). The structures of the Fe(Il)/aK G-
dependent oxygenases all share a common motif, a double-
stranded f-helix core fold also termed a jellyroll or double-Greek
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Scheme 1: Proposed Reaction Mechanism of Collagen P4H”
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“Hydroxylation of the substrate is coupled to the decarboxyla-
tion of a-ketoglutarate to yield succinate and CO,.

key motif (13). These enzymes require Fe(II) for catalytic activity,
which binds in a conserved facial triad binding site, His;-X-Asp/
Glu-X,-His, (10).

Several structures are available of a P4H catalytic domain
from Chlamydomonas reinhardtii (Cr P4H-1). This algal enzyme
shares 30% sequence identity with the C-terminal catalytic
domain of the type I human C-P4H o-subunit and has provided
the first insights into the structure and function of the catalytic
domain of P4H enzymes. Complexes of the algal PAH with Zn(II)
and inhibitor 2.4-dicarboxylate pyridine have revealed the
metal and cofactor binding sites (9) within a jellyroll core fold,
as expected for an Fe(II)/aKG-dependent oxygenase. Very
recently, a structure of this same algal PAH complexed with a
(Ser-Pro)s peptide substrate also elucidated the binding interac-
tions that place the proline substrate in the proper location in the
active site (/4). While these structures have significantly advanced
our understanding of P4H active sites, the algal P4H is strictly
monomeric and thus is silent on the relationship of quaternary
structure interactions that might be informative in terms of the
human enzyme.

A C-P4H from Bacillus anthracis (anthrax P4H) has been
identified and characterized as an o, homodimer (unpublished
work). Like the monomeric Cr P4H-1, anthrax P4H also shares
30% sequence identity with the C-terminal end of human C-P4H.
Anthrax P4H is the first C-P4H found in prokaryotes, and its
specific role in B. anthracis is currently being investigated.
B. anthracis is an endospore-forming, Gram-positive bacterium
that is the causative agent of anthrax. Under starvation conditions,
the vegetative cells develop a hardy spore whose immunodominant
protein is the glycoprotein BclA (Bacillus collagen-like protein of
anthracis) (15). BclA possesses an internal collagen-like region of
Gly-Xaa-Yaa repeats of varying length, many of which contain
Gly-Pro-Thr triplets. BclA has also been shown to assemble
into triple-helical structures similar to animal collagens (16).
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Together, this information hints that the physiological role of
anthrax P4H may be associated with sporulation.

In addition to similarities in their quaternary states, in
vitro studies have shown that anthrax P4H binds the substrate
(Gly-Pro-Pro),o with a Ky, value similar to that of human type I
C-P4H (unpublished data). In contrast, Cr P4H-1 acts on this
common substrate with a Ky; 83-fold higher than that of the
human enzyme (/7). This functional similarity and the presence
of a higher oligomeric state make the anthrax P4H an improved
model for human C-P4H. We report here the X-ray crystal
structure of the homodimeric anthrax P4H and interpret the
data to provide insights into the structure and function of human
P4H.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Selenomethio-
nine-Labeled Anthrax P4H. Cloning, expression, and purifica-
tion of anthrax P4H and selenomethionine anthrax P4H (SeMet
anthrax P4H) were performed as described previously (/8).

MALDI-TOF mass spectrometry analysis revealed the mean
incorporation of selenium atoms in three of the four possible
methionines per P4H monomer.

Protein Crystallization. The crystallization of SeMet an-
thrax P4H was described previously (/8). Briefly, the purified
SeMet anthrax P4H was concentrated to 24 mg/mL in 50 mM
Tris buffer (pH 7.4) containing 150 mM KCl and 5 mM
p-mercaptoethanol. The hanging-drop vapor-diffusion method
was used at 20 °C under aerobic conditions. Crystals grew from a
mixture of equal volumes of protein in the solution described
above and well solution [16% (w/v) PEG-8000, 40 mM potas-
sium phosphate (monobasic) (pH 4.0—4.2), and 20% (v/v)
glycerol]. A typical size of 0.8 mm x 0.5 mm x 0. mm was
reached over 1—2 weeks. Crystals were cryocooled by direct
immersion in liquid nitrogen.

Data Collection. A three-wavelength anomalous data set of
SeMet anthrax P4H was collected at beamline BL9-2 at the
Stanford Synchrotron Radiation Laboratory (SSRL) to 1.4 A
resolution and was solved using multiwavelength anomalous
dispersion (MAD) phasing (/9). The data set was collected at
remote, peak, and inflection wavelengths (0.912, 0.9793, and
0.9795 A, respectively). All images were processed using
MOSFLM and SCALA of the CCP4 suite (20, 21). The space
group was determined to be P2, with the following cell dimen-
sions: a = 41.38 A, b = 63.80 A, ¢ = 98.50 A, and f = 98.74°.
Data collection statistics are summarized in Table 1.

Structure Determination and Validation. Shelx (22) was
used to calculate the heavy atom substructure. Phases were
calculated using SOLVE (23), which was followed by electron
density modification using RESOLVE (24). The model was built
using COOT (25) and Arp/wArp 6.1 (26, 27), and crystallo-
graphic refinement was performed with REFMACS (28).
Refinement statistics are summarized in Table 1. The final
structure was validated using Procheck (29), WHATIF (30),
and Molprobity (37). The secondary structure was assigned using
DSSP (32). The Ramachandran plot showed 90.5% of the amino
acids in the most favored region and 9.5% in the allowed region.
All molecular figures were produced with PyYMOL (33).

RESULTS

Composition of the Structure. Anthrax P4H crystallized
with two molecules in the asymmetric unit. The N-terminal
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Table 1: Data Collection and Refinement Statistics for (SeMet) Anthrax P4H
peak inflection remote
Data Collection

space group P2,
cell dimensions

a, b, ¢ (A) 41.38, 63.80, 98.50

a, 3, v (deg) 90.00, 98.73, 90.00
wavelength 0.9793 0.9795 0.912
resolution (A) 53.38—1.40 (1.44—1.40)° 53.38—1.40 (1.44—1.40)" 53.38—1.40 (1.44—1.40)“
Ryym 0.044 (0.219)“ 0.050 (0.222)“ 0.041 (0.188)"
1ol 16.7 (4.8)" 14.9 (4.3)¢ 18.1 (5.9)¢
completeness (%) 100 (100)“ 100 (100)“ 100 (100)“
redundancy 3.8 (3.7)¢ 3.8 (3.7)¢ 3.8(3.7)¢

Refinement

resolution (A) 32.5-14
no. of reflections 94664
Ryork/Rivee 0.195/0.210
no. of atoms

protein 3192

glycerol 12

water 193

phosphate 10
B-factor

protein 15.1

glycerol 27.9

water 22.8

phosphate 33.6
root-mean-square deviation

bond lengths (A) 0.016

bond angles (deg) 1.54

“Highest-resolution shell shown in parentheses.

portions of both molecule A (residues Metl—Asn10) and mole-
cule B (residues Metl—Lysl1) had poor electron density and
could not be modeled. In addition, there is one disordered loop
region present in both monomers. This missing region corre-
sponds to residues Arg66—Arg73 for molecule A and Arg66—
Asp74 for molecule B. Thus, the final models consist of amino
acids Lysl1—Ala65 and Asp74—Lys216 for molecule A and
Glul2—Ala65 and Val75—Lys216 for molecule B. As molecules
A and B are very similar, differing by a core root-mean-square
deviation (rmsd) of only 0.285 A, only molecule B is discussed in
most cases.

Overall Structure. The core structure of anthrax P4H
consists of a double-stranded f-helix (DSBH or “jellyroll”)
motif (Figure 1), characteristic of the larger family of Fe(II)/
oK G-dependent oxygenases (/3). This DSBH core is com-
posed of eight f-strands (I=VIII), which typically form the
structural basis for positioning a conserved triad of iron-
binding residues in the active site. The major sheet of the
DSBH motif is comprised of fS-strands I, VIII, III, and VI,
while the minor sheet is made up of -strands I1, VII, IV, and
V. In anthrax P4H, the major sheet of this conserved core is
extended at the N-terminus by three additional -strands (51,
p1, and $2) and at the opposite end by a short two-residue
p-strand (65). Additionally, the DSBH is flanked by three
a-helices (al—a3) and three 34-helices (al’—a3’). Three of
these helices (al, 02, and a2') form one side of the DSBH
major sheet, as commonly seen among the Fe(Il)/aKG-
dependent oxygenases (/3). Additional helices are located on
the solvent-exposed loop between strands II and III, in a loop
created by strands VI and VII, and prior to f35.

Active Site of Anthrax P4H. In aKG/Fe(II) oxygenases,
the residues responsible for binding Fe(II) are found within the
minor -sheet of the DSBH fold as the facial triad within the
conserved H;-X-D/E-X,-H, motif (/3). In anthrax P4H, these
facial triad residues are His127, Asp129, and His193 (Figure 2A).
The H;-X-D portion of this motif is located at the end of the
second strand of the DSBH (II) motif, and the distal histidine
(H,) is located at the start of the seventh strand of the DSBH
(VII) motif. Positioning of the Asp129 side chain is constrained
by hydrogen bonds with Thr145 (2.7 A) of strand I1I and Trp209
(3.2 A) of strand VIII. The imidazole ring of His193 is oriented by
interactions between the d-nitrogen and two different backbone
carbonyls, while the imidazole of His127 is less constrained by
interactions with the rest of the protein. Comparison of the
anthrax P4H structure with the Cr P4H-1 and oKG/Fe(II)-
dependent taurine dioxygenase (TauD) reveals that the positions
of these three facial triad residues are highly conserved
(Figure 2B), as would be expected for the preservation of its iron
binding function.

In our structure, all three facial triad side chains interact with
electron density consistent with a well-defined glycerol molecule
in the active site (Figure 2A). In addition, there is also one water
molecule present in each active site that interacts with the side
chains of Thrl59, Lys203, and Tyr124. TauD is the closest
structure with Fe and aKG in the active site, and alignment
with anthrax P4H reveals that the glycerol and water molecule
locations within the anthrax P4H active site overlap the regions
where Fe and aKG would be expected to bind in the catalytically
competent enzyme. The central oxygen of the glycerol molecule
occupies essentially the same space as iron in the TauD structure
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FIGURE 1: Structure of the anthrax P4H monomer. The eight
p-strands of the DSBH core fold are shown as gold arrows labeled
with Roman numerals, with strands I, VIII, 11, and VI making up the
major sheet and strands V, IV, VII, and II making up the minor
strand. Additional strands are shown as blue arrows. Yellow helices
are labeled as regular helices (a1 —0a3) or 3;¢-helices (ol’—a3’). The
loop that could not be modeled due to poor electron density is shown
as a dotted line.

and interacts with all three facial triad residues in nearly the same
manner. Another of the glycerol oxygens interacts with both
His193 and Asp129 to form a very stable arrangement.

In TauD, the 2-oxo and one of the adjacent carboxylate
oxygens coordinate the active site iron. The latter carboxylate
oxygen also interacts with the facial triad Asp and Arg270
(Figure 2B). In the anthrax P4H active site, each of these
interactions with aKG is likely to be preserved, except that the
residue corresponding to Arg270 is the much shorter Thr207,
which does not extend far enough to interact with aKG. Instead,
in the anthrax structure, Trp209 occupies this location and is likely
to fulfill the role of interacting with aKG (Figure 2A). In the
TauD structure, the carboxylate at the opposite end of aKG
forms a bidentate interaction with Arg266 but also interacts with a
water molecule and Thr126. In anthrax P4H, the active site water
occupies the approximate location of the carboxylate CS5 atom and
interacts with Tyr124. It also interacts with a conserved Thr (159)
and Lys203, which replaces Arg266. Lys203 is a conserved basic
residue corresponding to Lys493 in human type I C-P4H, which is
essential for binding aKG at the 5-carboxylate moiety (34).

Putative Peptide Binding Groove. Since P4H enzymes
catalyze the hydroxylation of prolines in collagen or collagen-
like peptides, understanding the binding of these substrates is
critical to understanding protein function. The mode of binding
of such peptides to P4H enzymes has been poorly understood,
but recently, a structure of Cr P4H-1 was determined with bound
(Ser-Pro)s (14). This structure confirmed that a number of
residues with previously suspected roles in collagen-like peptide
recognition and/or binding (9) were indeed found in the peptide
binding groove, including Arg93, Ser95, Glul27, Tyrl40,
Argl6l, and His245 (Cr P4H-1 numbering). The corresponding
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FIGURE 2: Active site of anthrax P4H. (A) Anthrax P4H active site
highlighting facial triad residues (cyan sticks), residues that coordi-
nate the facial triad Aspl29 (green sticks), bound glycerol (green
sticks), an active site water (cyan sphere), and other important active
site residues (orange sticks). (B) Comparison of anthrax P4H active
site residues (blue sticks) with the corresponding residues in the algal
P4H active site (red sticks) including active site Zn (gray sphere), and
with the TauD active site (yellow sticks) including Fe(II) (red sphere)
and oK G (yellow sticks). Facial triad residues are labeled without the
position numbers as they differ among the three enzymes.

residues are strictly conserved in anthrax P4H [Arg79, Ser§l,
Glulll, Tyr124, and Argl42 (anthrax P4H numbering)], sug-
gesting that comparison of these structures can be used to draw
inferences about peptide binding in anthrax P4H.

At the position where the peptide binds within a groove of Cr
P4H-1, a distinct groove also extends across the face of anthrax
P4H. In anthrax P4H, this groove extends from Phe85 of 55 to
Lys125 of strand II (Figure 3A). This groove is of sufficient size
for a large peptide substrate such as (GlyProPro);, to bind.
Viewed in cross section, the groove in the current anthrax P4H
structure appears deeper than the corresponding groove in the
algal P4H (Figure 3B vs Figure 3C), though this may be because
the algal enzyme is missing more residues due to poor or missing
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A.

FIGURE 3: Peptide binding. (A) Anthrax peptide binding groove in stereo with groove residues colored yellow over the invagination into the active
site with the glycerol shown as cyan sticks. (B) Anthrax P4H groove, side view from the 85 end with groove residues shown as a yellow surface.
(C) Corresponding side view of the algal P4H peptide binding groove. In both panels B and C, dotted lines indicate missing structure.
(D) Structural alignment of the algal structure (red ribbons) with the bound (Ser-Pro)s peptide (sticks with gray carbon atoms) with the anthrax
P4H structure (blue ribbons) shows the complementarity of the surfaces, and the overlap between the channel water and the proline that is
hydroxylated. (E) View of anthrax P4H and algal P4H overlap in panel D, but with the surface removed and individual groove residues of anthrax
P4H shown as sticks with yellow carbons. Ser81 (anthrax P4H numbering) is not shown for the sake of simplicity.

density (Figure 1 of the Supporting Information). The anthrax 310-helix 1 (a1’) and the unmodeled region on the opposite site.
P4H groove is flanked by projections consisting of 3;(-helix The unmodeled region may become ordered upon peptide
3 (a3") on one side and by the extended sequence between substrate binding.



F1GURE 4: Oligomeric state of anthrax P4H. (A) Overview of inter-
actions between molecule A (green) and molecule B (blue), with the
facial triad residues shown as magenta sticks. (B) Detailed view of
half of the symmetrical network of interactions between molecule A
(green carbons) and molecule B (blue carbons).

This groove in the anthrax P4H protein surface is centered
above the active site such that an invagination of this surface
connects this groove to the active site cavity containing glycerol
and the facial triad (Figure 4A,D). The short channel between the
groove and the active site proper contains a water molecule
(Figure 3D). This water molecule is just distal to the facial triad
His127 and forms a hydrogen bond to facial triad residue Asp129
and to Argl42. An overlay of the Cr P4H-1—(Ser-Pro)s peptide
complex with the anthrax P4H structure reveals that there is good
overall complementarity between the conformation of the pep-
tide and the anthrax P4H surface (Figure 3D). Additionally, the
substrate proline that would be hydroxylated is positioned
directly over the active site cleft. Finally, a channel water overlaps
with the Cy atom of the ring of this proline. In the algal P4H
structures, an equivalent water is displaced by peptide binding.
Additionally, in structures of the Fe(Il)/oaKG enzymes clavami-
nate synthase, factor inhibiting hypoxia inducing factor (FTH),
and TauD, a similarly located water is displaced by binding of the
respective substrates (/3). Thus, this water marks the proposed
site of the proline that is hydroxylated by anthrax P4H.

Individual amino acids composing the anthrax P4H groove
include Ser81, Phe85, Glulll, His114, Tyr124, Lys125, Tyr128,
Argl42, Lys163, Trp209, and Arg211 (Figure 3E). Four of these
groove residues are completely conserved in the algal, human,
and anthrax P4H proteins: Glul11, Tyr124, Argl142, and Trp209.
The position and orientation of the Glulll side chain are
conserved in the anthrax structure compared with the algal
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structure, but it does not appear to be positioned to interact
directly with the peptide. Instead, it forms a hydrogen bond with
both Ne and NH, of the adjacent conserved Argl42 and may
stabilize the interactions of Argl42 with the peptide. In the
anthrax structure, Argl42 interacts with two waters that overlap
the peptide position in the algal complex. One of these waters is
the water that overlaps the proline ring that is hydroxylated. A
third conserved amino acid in the groove, Trp209 (Trp243 in
algal), may also play an indirect role in peptide binding by
packing against Argl42, in addition to forming a hydrogen bond
with facial triad residue Aspl129. The fourth conserved amino
acid in the groove is Tyr124 (Tyr140, algal numbering). In the
anthrax structure, this Tyr side chain is flipped by ~65° “down”
toward into the active site adjacent to the glycerol. This side chain
is flipped “up” toward the peptide substrate position in the algal
apo, Zn—inhibitor, and Zn—peptide substrate structures. In the
latter case, the side chain hydroxyl interacts with both the amide
N atom of the proline being hydroxylated and the carbonyl of the
next residue in the peptide substrate. However, in the SeMet and
Zn algal structures, Tyr140 is flipped “out” toward the solvent-
exposed surface. Thus, the orientation of this residue may play an
important role in binding and positioning of cofactors and
substrate. This residue may be repositioned in anthrax P4H when
the substrate is bound. The remaining (nonconserved) groove
residues are generally positioned and oriented similarly in
anthrax P4H and the algal P4H. Since anthrax P4H and human
P4H have much lower Ky values for the (Gly-Pro-Pro)i,
substrate compared to Cr P4H-1, the remaining groove residues
were examined to determine if any are conserved in the human
and anthrax enzymes, but not the algal P4H, but none of the
residues fit this profile.

Oligomerization of Anthrax P4H. Anthrax P4H is a dimer
in solution (unpublished data) and crystallizes with extensive
interactions between molecules A and B in the asymmetric unit.
The two molecules pack against each other so that the S-sheet
cores form a two-layer extended f3-sheet unit across the faces of
both molecules (Figure 4A). The short strand V of the DSBH
major sheet and the subsequent coil of one molecule pack up
against the longer 1 strand on the major sheet side of the DSBH
motif in the opposite molecule. The interface primarily consists of
residues GIn31—Glu37 from one molecule (A1 side) interacting
with Asn165—Argl71 from the other side (V side) in a symme-
trical arrangement that buries 789 A* per monomer (Figure 4B).
Smaller contributions to the interface are made by interactions
between residues 19—22 in one monomer and residues 153—158
in the other monomer.

This dimer interface is stabilized by an extensive network of
interactions, including van der Waals interactions and hydrogen
bonding. There are hydrogen bonds between backbone residues
as the two 3-sheets pack next to each other as well as a number of
interactions mediated by side chains. In half of the symmetric
interactions between monomers, there are nine direct hydrogen
bonds and four additional interactions mediated by two water
molecules (Figure 4B), for a total of 26 such interchain interac-
tions in the dimer. The side chains of Asn21, Glu37, Serl67,
His169, and Argl71 contribute to one or more of these interchain
bonds. None of these side chains are conserved in monomeric Cr
P4H-1, but all five are conserved or have a similar amino acid at
each corresponding position in human P4H (Figure 1 of the
Supporting Information). The human residues corresponding to
anthrax Asn2l and Argl71 retain terminal amines at these
positions with Arg and Lys residues, respectively. Anthrax
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Glu37 is substituted with Asp in human P4H, conserving the
carboxylic acid moiety involved in dimerization with Serl67.
Anthrax Ser167 is identical in human P4H. Finally, anthrax
His169 is also a large nitrogen-containing heterocycle in the
human enzyme, Trp. Additionally, the side chain of Ser34
forms an additional water-mediated interaction with itself across
the dimer interface, but this residue is not conserved in
human P4H.

DISCUSSION

Overall Structure. Though Fe(II)/aKG-dependent oxyge-
nases catalyze a wide range of reactions, all of the known
structures contain most components of a characteristic core fold
consisting of a double-stranded f-helix (9, 13, 35). The structure
of the Fe(IT)/aKG-dependent oxygenase prolyl 4-hydroxylase
from anthrax is also consistent with this core fold, containing a
p-sandwich made of major and minor sheets each consisting of
four antiparallel §-strands. The second f3-strand in the DSBH (II)
motif of anthrax P4H is short but ordered, unlike a number of
oxygenases, including the algal P4H-1/Zn structure (PDB entry
2JIG), where it is missing altogether (/3, 36). Thus, all eight
p-strands of the DSBH motif are present in the anthrax P4H
structure. Within Fe(IT)/aKG-dependent oxygenases, however,
there is often significant diversity outside of this core fold.

Comparison of anthrax P4H with other aKG/Fe oxygenases
revealed that the closest structural homologue of anthrax P4H is
the algal P4H from C. reinhardtii, specifically the algal Cr P4H-
1—Zn—peptide structure (PDB entry 3GZE). These two enzymes
have a Z-score of 23.2 using the DALI server and an rmsd of
1.47 A. By comparison, structural alignment with HIF P4H-2
involved in hypoxic response yielded a score of 13.6 and an rmsd
of 2.53 A. Anthrax P4H and Cr P4H-1 share some similar
structural characteristics beyond the DSBH core fold (Figure 5),
including the 2, al, o2, and a2’ units. Similarly, neither
structure has secondary structure after S-sheet VIII of the DSBH.
In some aKG/Fe(Il) oxygenase structures, this C-terminus is
involved in oligomerization (37, 38); however, Cr P4H-1 is a
monomer, and the anthrax P4H dimer involves other interactions
discussed below.

There are also many differences between the algal and anthrax
structures that may contribute to the differences in their function
and oligomeric states. The most substantial differences occur
either on the face of the protein involved in peptide substrate
binding or on the face of the protein involved in dimerization. As
part of the dimerization face, anthrax P4H has an additional
p-strand (B1') at its N-terminus that is not present in the algal
structure, and 1 appears to be considerably longer than in the
algal structure, although this may be due to a lack of electron
density at the N-terminus of the algal structure. The internal
region that could not be modeled in anthrax P4H corresponds to
a region that also could not be modeled in the algal PAH—Zn
complex but which forms two f-strands (53—/4) in the algal
Zn—inhibitor and Zn—peptide complexes. Thus, it is likely that
these strands are involved in peptide binding and recognition and
may become ordered in anthrax P4H when a peptide is bound.
The loop between strand IT in the minor sheet and strand III in
the major sheet has also been noted to play a role in substrate
binding and recognition and differs between the anthrax PAH and
Cr P4H-1 structures. In the algal structure, this loop undergoes a
19 A conformational change from an “open” conformation to a
“closed” one upon binding of Zn(IT) and an oKG analogue
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N-Terminus

peptide
binding
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FIGURE 5: Overall comparison of structures of anthrax P4H
(blue ribbons), the Cr P4H-1—Zn complex (yellow ribbons), the
Cr P4H-1—Zn—inhibitor complex (orange ribbons), and the
Cr P4H-1—Zn—(Ser-Pro)s complex (red ribbons with the peptide
as sticks with cyan carbon atoms and Zn as a cyan sphere). Highly
conserved regions are colored gray.

inhibitor. In this region, the anthrax P4H structure is similar to
the open algal structure, with the central cavity exposed to
solvent. This loop in anthrax P4H is four residues shorter than
in Cr P4H-1, which may result in less flexibility and conforma-
tional change upon binding of the cofactors or substrate. Finally,
in anthrax P4H, the loop between strands IV and V is a tight
hairpin turn similar to that seen with some members of Fe(II)/
oK G-dependent oxygenases such as deacetoxycephalosporin
C(DAOCS) (37). Cr P4H-1 has an extended loop at this position,
formed by 15 additional residues, some of which form a short
3 0-helix (a3’) not present in the anthrax P4H structure. Con-
servation of the structures begins after the loop.

Active Site. One of the roles of the DSBH motif is to provide
a rigid scaffold for Fe(I) binding. The canonical facial triad
residues involved in Fe(II) binding are conserved among all
members of the aKG/Fe(II) oxygenases, including anthrax P4H.
In addition to the H;-X-D-X,-H; facial triad involved in Fe(II)
binding, the Lys residue (Lys203, anthrax P4H numbering)
required for stabilizing the C5 carboxylate of aKG is also
spatially conserved. In the anthrax structure, a water occupies
the approximate position where the C5 carboxylate is thought to
bind, interacting not only with Lys203 and a conserved Thr but
also with Tyr124. In the anthrax structure, the Tyr124 side chain
is oriented with the hydroxyl directed into the active site. This
differs significantly from the orientation of the corresponding
Tyr140 in the algal structures. In the Cr PAH-1—Zn complex, the
peptide backbone containing Tyr140 is positioned very differ-
ently so that this side chain is pointing toward the solvent.
However, in the algal apo, Zn—inhibitor, and Zn—peptide
complexes, the backbone is rearranged in a manner similar to
that seen in the anthrax structure, although the Tyr140 side chain
is rotated by ~90° with respect to anthrax P4H to interact with
the (Ser-Pro)s peptide backbone (9, 74) instead of projecting into
the active site. It is likely that in the catalytic state of anthrax PAH
this side chain is rotated out of the anthrax active site to provide
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the space for K G binding and to adopt a similar role in peptide
substrate binding at the enzyme—substrate surface interface.

Self-Hydroxylation at the Active Site Leads to Inactiva-
tion. In anthrax P4H (unpublished work) and other members of
the Fe(I1)/aKG oxygenases, the addition of aKG and Fe(Il) in
the absence of O causes inhibition due to self-hydroxylation. The
formation of the characteristic chromophore is attributed to the
self-hydroxylation of a Phe, Tyr, or Trp residue in the active
site (39—41). The alkylated DNA repair protein (AlkB) is self-
inactivated by hydroxylation of Trp178. Comparison of the AlkB
structure (PDB entry 2FDS8) with the current anthrax P4H
structure suggests that in the anthrax enzyme Phel78
(Figure 2B) may be the target for self-hydroxylation, a hypothesis
that is currently being examined experimentally.

Peptide Binding Site. Comparison of the structures of
anthrax P4H and algal P4H shows grooves extending from /35
to strand Il in both structures where the peptide binds to Cr P4H-1.
Structural alignment of the Cr P4H-1—(Ser-Pro)s complex with
the anthrax P4H structure reveals significant complementarity
between the peptide and the anthrax groove surface, as well as
placing the proline to be hydroxylated in the right position for
catalysis.

However, several regions flanking this groove are the primary
large-scale structural differences between the two enzymes and
may be partially responsible for the very different Ky values for
the substrate (Gly-Pro-Pro),o. These regions may be involved in
packing around large peptide substrates when they are bound.
Adjacent to the groove region, the f3—f4 loop is only ordered in
the algal structures with Zn and inhibitor or with the peptide
substrate. In the algal inhibitor complex, the $3—/(4 unit is
extended and forms around the peptide when it is present. This
region in anthrax P4H may become ordered when substrate is
present, but a number of indicators suggest that the interactions
will be substantially different than in the algal enzyme. First,
there are four-amino acid residue deletions in anthrax P4H
compared to algal P4H in both 53—/4 and II1-III flexible loop
regions. These deletions may make the loops in anthrax P4H less
flexible and shorter. Second, the sequence identity between
anthrax P4H and Cr P4H-1 in the remaining loop regions is
minimal. Third, Koski et al. (/4) suggest that two often-con-
served sequences are structurally important in this region, but
neither is highly conserved in the anthrax enzyme. However, viral
P4H (Paramecium bursaria Chlorella virus-1 P4H), HIF P4H-2
(PDB entry 1H2L), AlkB (PDB entry 2FDS8), and PAHX
(phytanoyl-coa 2-hydroxylase) (PDB entry 2A1X) are also
missing one or both of these sequences, and in cases where
structures are available, these enzymes still reveal a topologically
similar 53—[4 loop region. Thus, either the loop conformation
and not the specific sequence is important for peptide binding or
the specific interactions this region might make with the peptide
are different in anthrax P4H.

However, because both the f3—p4 and 1I-11I loops are in a
substrate-free open conformation in the anthrax P4H structure,
there are no observed interactions between the peptide substrate
and residues in these loops. A substrate-bound anthrax P4H
structure would be expected to significantly improve our under-
standing of this interaction.

Oligomerization. Members of the o KG/Fe(Il) oxygenase
family of enzymes exist in a wide range of oligomeric forms.
Structures of proline 3-hydroxylase (PDB entry 1ESS) and factor
inhibiting HIF (PDB entry 1H2L) reveal dimeric oligomerization
that is stabilized through hydrophobic interactions (42, 43).
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Members of the collagen P4H subfamily also exist in various
oligomeric forms. Plant C-P4H from Arabidopsis thaliana and
viral P4H forms are monomeric, while the C-P4H forms from
Caenorhabditis elegans are heterodimers (44). Anthrax P4H is
the first C-P4H known to form an o, homodimer, while human
C-P4H is an a,f, heterotetramer (45—47). Little is known
structurally about the a, dimer interaction of human C-P4H.
The structure of a portion of human C-P4H is known (PDB entry
1TIC) and forms tetratricopeptide repeat domains that are found
in protein—protein interactions, but in C-P4H, these repeats are
thought to be involved in peptide substrate binding rather than
dimerization (6, 7). Site-directed mutagenesis studies have sug-
gested that the human a, dimer may be stabilized by two
intrachain disulfide bonds (C486—C511 and C276—C293)
(48,49). These disulfide bonds are required for tetramer assembly
with PDI (49), and additional interactions such as those identified
in the anthrax P4H o, dimer may also support interactions
between human C-P4H o-subunits.

In anthrax P4H, the extensive dimer interface buries almost
790 A? per monomer. The arrangement packs the double-layer
p-sheets alongside each other such that each 1 sheet interacts
with the DSBH sheet V of the opposite monomer. A network of
hydrogen bonding interactions exists between the monomers.
Sequence alignment (Figure 1 of the Supporting Information)
shows that five of the six amino acid side chains that form the
anthrax o, dimer interface are identical or homologous between
anthrax and the human C-P4H a-subunits, but not in monomeric
Cr P4H-1. This strongly suggests that these residues are also
likely to be important in formation of the human P4H a,
interactions within the larger a,f3, tetramer.

In conclusion, we have determined the crystal structure of
dimeric anthrax P4H . Although attempts to crystallize it in the
presence of metal, cofactor, or substrate have been unsuccessful
to date, the apoenzyme retains the canonical Fe(Il) and aKG
binding sites and is consistent with proline peptide substrate
binding adjacent to the active site. Additionally, the structure
suggests that self-hydroxylation in the absence of substrate may
modify Phel78. This enzyme is functionally and structurally
similar to the human collagen P4H catalytic subunit, for which
structures beyond the putative peptide binding site are not
known. Since anthrax P4H and human P4H-1 have comparable
binding affinity for (Gly-Pro-Pro);o, a structure of the
anthrax complex with this substrate may provide additional
insight into the details of substrate recognition, binding, and
specificity among the different members of the C-P4H family.
Finally, sequence and structural comparisons have identified
a set of five amino acids proposed to play key roles in dimeriza-
tion. The design of molecules that inhibit dimerization of human
P4H is a potential direction for inhibition of excessive fibrotic
diseases.
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NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published ASAP December 8, 2009, a

correction was made to the last paragraph before Experimental
Procedures; the corrected version was reposted December 14,
2009.

SUPPORTING INFORMATION AVAILABLE

An alignment of the anthrax, human, and algal prolyl

4-hydroxylase amino acid sequences is provided. This alignment
is annotated with conserved amino acids, secondary structure,
important functional and structural features, and missing seg-
ments from the various structures available. This material is
available free of charge via the Internet at http://pubs.acs.org.
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