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ABSTRACT: Lipoprotein e (P4) from Haemophilus influenzaebelongs to the “DDDD” superfamily of
phosphohydrolases and is the prototype of class C nonspecific acid phosphatases. P4 is also a component
of a H. influenzaevaccine. We report the crystal structures of recombinant P4 in the ligand-free and
tungstate-inhibited forms, which are the first structures of a class C phosphatase. P4 has a two-domain
architecture consisting of a coreR/â domain and a smallerR domain. The core domain features a five-
strandedâ-sheet flanked by helices on both sides that is reminiscent of the haloacid dehalogenase
superfamily. TheR domain appears to be unique and plays roles in substrate binding and dimerization.
The active site is solvent accessible and located in a cleft between the two domains. The structure shows
that P4 is a metalloenzyme and that magnesium is the most likely metal ion in the crystalline recombinant
enzyme. The ligands of the metal ion are the carboxyl groups of the first and third Asp residues of the
DDDD motif, the backbone carbonyl of the second Asp of the DDDD motif, and two water molecules.
The structure of the tungstate-bound enzyme suggests that Asp64 is the nucleophile that attacks the substrate
P atom. Dimerization appears to be important for catalysis because intersubunit contacts stabilize the
active site. Analysis of the structural context of mutations engineered for vaccine studies shows that the
most promising mutations are located in the dimer interface. This observation suggests a structure-based
vaccine design strategy in which the dimer interface is disrupted in order to expose epitopes that are
buried in dimeric P4.

Lipoproteine (P4) is one of six highly conserved major
outer membrane proteins ofHaemophilus influenzae, a Gram-
negative facultatively anaerobic coccobacillus. The organism
is a common commensal inhabitant of the human nasophar-
ynx and the etiologic agent of local and invasive infections
in both pediatric and adult populations.H. influenzaestrains
cause a variety of infections including otitis media, sinusitis,
bronchitis, conjunctivitis, and pneumonia. In particular,H.
influenzaeinfections of the lower respiratory tract are a major
cause of mortality in both infants and children in developing
countries (1).

An obvious prelude to clinical infection is colonization
of the host. Colonization and survival of the microbe on the
mucosal surface is dependent on the activity of proteins
located at the periphery of the bacterium, juxtaposed to the
host’s mucosal surface. These outer membrane proteins have

been under intensive investigation as vaccine candidates and
as targets for development of chemotherapeutic agents. Many
of the 36 different protein species found in theH. influenzae
envelope have been characterized with regard to immuno-
genicity, antigenicity, and protective attributes (2).

Lipoproteine (P4), the subject of this study, is a highly
conserved 28 kDa acid phosphatase found in all strains of
H. influenzae(1, 3). The immature protein has a lipoprotein
signal peptide at the N-terminus, which results in anchoring
of the mature protein in the outer membrane surface by a
lipidated N-terminal cysteine. P4 is currently being inves-
tigated for use in a vaccine against nontypeableH. influenzae
(4-6). Recombinant P4 and P4 mutants are highly im-
munogenic, and anti-P4 antibodies exhibit bacteriocidal
activity against nontypeableH. influenzaestrains (6). More-
over, in a nasal challenge mouse model, intranasal im-
munization with formulations containing recombinant P4 and
other proteins resulted in greater than 100× reduction of
nasal colonization of nontypeableH. influenzae strain
SR7332 (5).

Wild-type e (P4) and the recombinant enzyme (denoted
rP4)1 exhibit phosphomonoesterase activity with aryl phos-
phate substrates including nicotinamide mononucleotide
(NMN), tyrosine phosphate, phenyl phosphate,p-nitrophenyl
phosphate, and 4-methylumbelliferyl phosphate (3, 7). De-
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phosphorylation of NMN by P4 is biologically relevant
becauseH. influenzae lacks almost all of the enzymes
necessary for biosynthesis of NAD+ and therefore requires
NAD+, NMN, and nicotinamide riboside as necessary growth
factors. The role of P4 in NAD+ uptake appears to be the
dephosphorylation of NMN to nicotinamide riboside, which
is subsequently taken up by the organism (7). Additionally,
P4 is important for uptake of hemin (8) under aerobic
conditions, although the molecular mechanism of this func-
tion remains obscure.

Amino acid sequence analysis has provided insights into
the relationship of P4 to other phosphoryl transfer enzymes.
P4 belongs to the “DDDD” superfamily of phosphohydro-
lases, which is distinguished by a bipartite sequence motif
consisting of two pairs of essential aspartic acid residues
separated by a linker region (9). The DDDD motif ofe (P4)
corresponds to Asp64, Asp66, Asp181, and Asp185. The
DDDD superfamily comprises diverse phosphatases from
bacteria, archaea, and eukaryotes, including nonspecific acid
phosphatases, phosphoglycolate phosphatases, histidinol
phosphatases, phosphoserine phosphatases, and threalose-6-
phosphatases (9).

Within the DDDD superfamily, P4 is the prototype of a
group of secreted bacterial enzymes known as class C
nonspecific acid phosphatases (NSAPs). Class C NSAPs are
distinguished by the bipartite sequence motif [IV]-[VAL]-
D-[IL]-D-E-T-[VM]-L-X-[NT]-X(2)-Y in the N-terminus and
[IV]-[LM]-X(2)-G-D-[NT]-L-X-D-F in the C-terminus (9).
Genes encoding class C NSAPs have been identified in
Chryseobacterium meningosepticum(OlpA) (10), Strepto-
coccus equisimilis(LppC) (11), H. influenzae(hel) (12),
Helicobacter pylori(HP1285) (13), Staphylococcus aureus
(14), Francisella tularensis(unpublished data),Pasteurella
multocida(15), andBacillus anthracis(16). Several of these
class C enzymes have been purified and characterized, but
three-dimensional structures have not been reported. To
understand the structural basis of phosphatase activity and
to aid in vaccine development, we have solved the crystal
structure of rP4.

MATERIALS AND METHODS

Crystallization and HeaVy Atom DeriVatiVe Preparation.
Preparation of the plasmid encoding rP4 was described
previously (17). Initially, the hel gene was cloned fromH.
influenzaestrain Rd KW20 (18). The recombinant gene was
subsequently modified to replace the N-terminal signal
sequence with thepelB leader sequence fromErwinia
chrysanthemiand to replace the N-terminal Cys with Met-
Val (17). As a result, the rP4 protein used here for
crystallization is free of lipid modification and targeted to
the Escherichia coliperiplasm.

Expression, purification, and crystallization of rP4 have
been previously described (19). Briefly, crystals were grown
in sitting drops using a reservoir solution of 0.2 M MgCl2,
0.1 M Tris-HCl, pH 8.1-8.5, and 28-36% (w/v) PEG 4000.
The space group isP42212 with unit cell dimensions ofa )
65.6 Å andc ) 101.4 Å and one rP4 chain per asymmetric
unit. The structure was solved using single isomorphous
replacement with anomalous scattering phasing based on a
tungstate (Na2WO4) derivative. The derivative used for
phasing was obtained as follows. A native crystal was

transferred into cryobuffer consisting of 0.2 M MgCl2, 0.1
M Tris-HCl, pH 8.5, 40% (w/v) PEG 4000, and 15% (w/v)
PEG 200. The crystal was then transferred into 20µL of the
cryobuffer supplemented with 50 mM Na2WO4. After
soaking in the tungstate solution for 40 min, the crystal was
picked up with a mounting loop and plunged into liquid
nitrogen.

X-ray Diffraction Data Collection.Diffraction data were
collected at Advanced Light Source beamline 4.2.2. Acquisi-
tion of a 1.7 Å resolution native data set was described
previously (19). A data set for the tungstate derivative was
collected with λ ) 1.0052 Å (E ) 12335 eV), which
corresponds to an energy slightly higher than the LI absorp-
tion edge of W (E ) 12100 eV). We note that the theoretical
value of f′′ is approximately 12 electrons atλ ) 1.0052 Å.
The tungstate data set consisted of 90° of data collected with
an oscillation angle of 1°, exposure time of 5 s/frame, and
detector distance of 140 mm. The tungstate data set was
processed to 2.0 Å resolution using d*TREK (20). Data
collection statistics for the native and derivative data sets
are listed in Table 1.

An anomalous difference Patterson map (15-3.5 Å
resolution) was calculated to assess the suitability of the
tungstate data set for phasing. Thew ) 0.5 Harker section
displayed a 15σ peak at (u, V) ) (0.15, 0.33), suggesting
the presence of one high-occupancy tungstate site per
asymmetric unit.

Phasing and Refinement Calculations.Phasing calculations
were performed with SOLVE (21) using the tungstate and
native data sets. One heavy atom site was identified by
SOLVE and resulted in a figure of merit of 0.27 for data to

Table 1: Data Collection and Refinement Statisticsa

native tungstate derivative

wavelength (Å) 1.0359 1.0052
space group P42212 P42212
unit cell dimensions (Å) a ) 65.6,c ) 101.4 a ) 65.8,c ) 101.9
resolution (Å) 42-1.70 (1.79-1.70) 47-2.00 (2.07-2.00)
no. of observations 158442 111384
no. of unique reflections 25076 15761
average redundancy 6.3 (3.6) 7.1 (7.1)
completeness (%) 99.8 (98.3) 99.7 (99.9)
meanI/σ(I) 17.5 (2.6) 9.1 (3.8)
Rmerge(I) 0.071 (0.410) 0.117 (0.416)
no. of protein atoms 1941 1933
no. of water molecules 184 146
no. of PEG fragments 1 1
no. of Mg2+ ions 1 1
no. of tungstate ions 0 1
Rcryst 0.186 (0.262) 0.182 (0.220)
Rfree

b 0.222 (0.329) 0.225 (0.282)
rmsdc

bond lengths (Å) 0.010 0.013
bond angles (deg) 1.14 1.31

Ramachandran plotd

favored (%) 97.3 97.3
allowed (%) 3.7 3.7

averageB-factors (Å2)
protein 24 19
Mg2+ 16 16
PEG fragment 38 28
water molecules 27 22
tungstate ion 10

PDB accession code 2HLK 2HLL
a Values for the outer resolution shell are in parentheses.b 5%

random test set.c Compared to Engh and Huber parameters (39). d The
Ramachandran plot was generated with RAMPAGE (40).
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2.0 Å resolution. Density modification and phase extension
to 1.7 Å resolution were performed with RESOLVE (21).
The figure of merit from RESOLVE was 0.60 for reflections
to 1.7 Å resolution. The density-modified phases were input
to ARP/wARP (22) for automated backbone tracing. Gui-
SIDE (22) was used to add side chains to the ARP/wARP
backbone model. The resulting model included 211 residues
with side chains out of the expected 254 residues in the
asymmetric unit.

The model from ARP/wARP/GuiSIDE was improved
through several rounds of model building in COOT (23)
followed by refinement to 1.7 Å resolution with REFMAC5
(24). The final model includes residues 11-254, 1 Mg2+ ion
bound in the active site, 184 water molecules, and 1 PEG
fragment. Residues of the structure have been numbered so
that the first two residues of the expressed protein are Met0
and Val1. Hence, the four aspartate residues of the DDDD
motif have residue numbers 64, 66, 181, and 185, in
agreement with the numbering convention of Green and co-
workers (3). See Table 1 for refinement statistics.

The 1.7 Å resolution native structure, with selected active
site residues, Mg2+, and solvent omitted, served as the
starting point for refinement of the tungstate complex at 2.0
Å resolution. The selection of test reflections for cross-
validation was based on the native data set. The final model
of the tungstate-bound enzyme includes residues 11-254, 1
Mg2+ ion, 1 tungstate ion, 146 water molecules, and 1 PEG
fragment. Refinement statistics are listed in Table 1.

PyMol (25) and COOT were used to analyze structures.
PyMol was used to prepare figures.

RESULTS

P4: A New Member of the HAD Superfamily. The 1.7 Å
resolution structure of rP4 was solved using single isomor-
phous replacement with anomalous scattering phasing based
on a high-occupancy single-site tungstate derivative. The
structure of the tungstate-bound enzyme was subsequently
solved at 2.0 Å resolution using the native structure as the
starting model.

The rP4 structure comprises two domains: anR/â core
domain and anR domain (Figure 1). The core domain
contains the residues responsible for catalysis and binding
the active site metal ion. The active site is located in a cleft
between the two domains, as denoted by the tungstate and
Mg2+ ions in Figure 1a,b. The core domain (residues 31-
70, 106-216) consists of a central five-stranded parallel
â-sheet flanked by threeR-helices (RB, RE, RF) on one side
and twoR-helices (RG, RH) on the other side. Theâ-sheet
has strand order of 3, 2, 1, 4, 5 (Figure 1c). Note that the
topology of theR/â core domain resembles that of the
Rossmann dinucleotide-binding fold.

TheR domain is located above the carboxyl-terminal edge
of the strands of theâ-sheet and has three components
(Figure 1). The first component is a longR-helix at the
N-terminus of the polypeptide chain (RA, residues 11-30).
This helix connects to another long helix (RB), which is part
of the core domain, and togetherRA and RB form a long
helical elbow that spans the entire length of rP4 (Figure 1b).
The second component of theR domain is a helix-loop-
helix substructure (RC andRD, residues 71-105) inserted
betweenâ1 andRE of the core domain. The third component

consists of 38 residues at the C-terminus (residues 217-
254) that form two helices (RI, RJ) followed by a six-residue
extension (residues 249-254). As discussed below, theR
domain is involved in dimerization.

FIGURE 1: Overall structure of rP4. (a) Ribbon drawing of the rP4
subunit. The tungstate inhibitor (blue/red) and the active site Mg2+

ion (purple) are drawn as spheres. The aspartate side chains of the
DDDD motif are shown in yellow. Strands are colored pink and
labeled 1-5. Helices are colored blue and labeled A-J. Active
site loops are colored green and labeled I-IV. The N- and C-termini
are labeled. (b) Another view of the rP4 subunit highlighting the
long helical elbow formed byRA and RB. Compared to (a), this
view is rotated by about 90° around the vertical axis. (c) Secondary
structure topology diagram of rP4. Circles denote the conserved
aspartate residues of the DDDD superfamily motif. Secondary
structure elements below the dotted line constitute the core domain.
Those above the line constitute theR domain.
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Comparison of the rP4 structure with structures in the
Protein Data Bank (PDB) (26) using DALI (27) revealed
that rP4 is a member of the haloacid dehalogenase (HAD)
enzyme superfamily. The closest structural homologues are
HAD superfamily enzymes and include the class B NSAP
AphA [DALI Z-score) 9.8; PDB code 2B8J (28)], bacte-
riophage T4 polynucleotide kinase [Z ) 9.7; PDB code
1LTQ (29)], mitochondrial 5′(3′)-deoxyribonucleotidase [Z
) 8.1; PDB code 1Z4Q (30)], phosphotyrosine phosphatase
MDP-1 fromMus musculus[Z ) 7.6; PDB code 1U7P (31)],
andBacillus cereusphosphonoacetaldehyde hydrolase [Z )
7.6; PDB code 1FEZ (32)]. Despite negligible overall amino
acid sequence identity to rP4 (<19% for aligned residues),
these five enzymes share with rP4 a common core domain
(Figure 2a) and active site (Figure 2b). The structural
homology is highest for strands 1-5 of rP4 and helices B,
E, F, and G (Figure 2a).

There are also three notable differences between rP4 and
the other HAD enzymes within the core domains. First, none
of the rP4 homologues have a helix analogous toRH (Figure
2a). Second, rP4 lacks a helix found in AphA, T4 poly-

nucleotide kinase, MDP-1, and phosphonoacetaldehyde hy-
drolase (Figure 2a). This helix follows the strand analogous
to â4 of rP4 in the latter four enzymes and is replaced by a
short loop in rP4 and the 5′(3′)-deoxyribonucleotidase. Third,
three of the enzymes pictured in Figure 2a [AphA, the 5′-
(3′)-deoxyribonucleotidase, and phosphonoacetaldehyde hy-
drolase] have one to two additionalâ-strands not found in
rP4, T4 polynucleotide kinase, and MDP-1.

Structure of the ActiVe Site.The active site of rP4 is located
in a cleft between the core andR domains. The cleft has
approximate dimensions of 29 Å× 25 Å × 22 Å and is
accessible to solvent. In the native structure, the cleft is filled
with a PEG fragment and over 2 dozen water molecules.
The tungstate ion binds in the lower part of the cleft, atop
the carboxyl-terminal edge of theâ-sheet. There is a large
space in the upper part of the cleft that is presumably the
binding site for the leaving groups of substrates (Figure 1a).
Comparison of rP4 to structures of human mitochondrial
deoxyribonucleotidase complexed with nucleoside mono-
phosphate substrates (30) suggests that this open space is
large enough to bind substrates such as NMN.

FIGURE 2: Comparison of rP4 with five other HAD superfamily enzymes. The structures shown are the class B NSAP AphA [PDB code
2B8J (28)], bacteriophage T4 polynucleotide kinase [PDB code 1LTQ (29)], mitochondrial 5′(3′)-deoxyribonucleotidase 1 [PDB code
1Z4Q (30)], phosphotyrosine phosphatase MDP-1 [PDB code 1U7P (31)], and phosphonoacetaldehyde hydrolase [PDB code 1FEZ (32)].
(a) Ribbon drawing of the conserved core domains, with rP4 shown in pink and the other enzymes in silver. The Mg2+ ion (blue) and the
tungstate (blue/red) of rP4 are drawn as spheres. The proposed nucleophile, Asp64, is shown in stick form and is located at the C-terminus
of strandâ1. The strands and helices are labeled in accordance with the topology diagram in Figure 1. (b) Stereoview of the active sites,
with rP4 shown in yellow and the other enzymes shown in various colors. The Mg2+ ion (blue) and residue labels correspond to rP4.
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Following the nomenclature used for HAD superfamily
enzymes, the active site consists primarily of four catalytic
loops, labeled I- IV (Figure 1a,c). The catalytic loops of
rP4 connect secondary structure elementsâ1 andRC (loop
I, residues 63-73),â2 andRF (loop II, residues 124-132),
â3 andRG (loop III, residues 155-161), andâ4 andRH
(loop IV, residues 180-186).

Electron density maps suggested the presence of a
6-coordinate metal ion in the active site (Figure 3a), which
is consistent with the fact that most HAD superfamily
members are metalloenzymes (33). Mg2+ is a logical
candidate because the crystallization solution contains 0.2
M MgCl2. Also, N ) 6 is the most common coordination
number of Mg2+ in proteins (34). Structure refinement with
Mg2+ modeled in the active site producedFo - Fc electron
density maps having negligible residual density at the metal
site and a reasonableB-value for the metal ion (16 Å2). It is
concluded that Mg2+ is the most likely candidate for the
active site metal ion of crystalline rP4. We note that Mg2+

is the catalytic metal ion of AphA (35).

The Mg2+ ion has octahedral geometry, and the conserved
DDDD motif plays a prominent role in metal binding (Figure
3). The protein provides three of the six ligands for the metal
ion, which are the carboxyl groups of Asp64 and Asp181
and the main chain carbonyl of Asp66. All three residues
are part of the DDDD motif. Water molecules serve as the
other three ligands in the inhibitor-free conformation. These
water molecules bridge the metal ion with Asp64, Asp181,
Asp185, and Tyr221 (Figure 3a). We note that it has been
reported that the activity of wild-typee (P4) purified from
H. influenzaeis optimal in the presence of CuSO4 (18). The
metal ion site described here is atypical for Cu, which tends
to have coordination numbers ofN ) 3-5, with His, Cys,
and Met as the most common ligands (34).

The tungstate-bound structure provides insights into the
roles of active site residues because tungstate mimics the
phosphate moiety of phosphomonoester substrates. The
tungstate ion is bound by the Mg2+ ion and catalytic loops
I-III. The oxygen atoms of the tungstate interact with the
side chains of Asp66, Thr124, and Lys161 (Figure 3b,c), as

FIGURE 3: Active site of rP4. (a) Stereographic drawing of the active site of the native enzyme. Mg2+ is represented by the purple sphere.
The mesh represents the experimental electron density map from RESOLVE after solvent flattening and phase extension to 1.7 Å. The
contour level is 1σ. (b) Stereographic drawing of the active site of rP4 complexed with the inhibitor tungstate. The dashed lines indicate
electrostatic interactions. The tungstate ion is shown in blue/red, and the Mg2+ ion is colored purple. (c) Schematic diagram of the active
site.
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well as the backbone amine groups of Leu65, Asp66, and
Asn125. The binding of tungstate displaces four water
molecules but causes no major conformational changes in
the protein. The four displaced water molecules occupy the
same locations in the native structure as the tungstate oxygen
atoms in the inhibitor-bound structure.

The rP4/tungstate structure suggests that Asp64 is the
nucleophile that attacks the P atom of the substrate. A
carboxyl oxygen atom of Asp64 is only 2.4 Å from the W
atom of the inhibitor, which is the closest contact observed
between the protein and the W atom (Figure 3b,c). Moreover,
the other carboxyl oxygen atom of Asp64 is bound to the
Mg2+ ion, which would depress the pKa and increase the
nucleophilicity of Asp64.

The constellation of residues in the active site of rP4 is
similar to those of close homologues from the HAD
superfamily, as shown in Figure 2b. In particular, visual
inspection of superimposed structures shows that there is high
structural similarity among these enzymes in the location of
the metal ion and the four Asp residues of the DDDD motif.
Moreover, two residues that interact with the substrate
phosphoryl group, corresponding to rP4 residues Thr124 of
catalytic loop II and Lys161 of catalytic loop III, are also
structurally conserved by this group of enzymes.

Dimeric Structure of rP4.Purified rP4 forms an apparent
homodimer in solution based on gel filtration chromatogra-
phy (18). The asymmetric unit contains one rP4 chain, so
interfaces generated by crystallographic symmetry were
analyzed with the PISA server (36) to gain insight into the
dimeric structure of rP4. The largest interface in the crystal
lattice is generated by 2-fold rotation around the crystal-
lographicc-axis. This interface buries 3053 Å2 of surface
area, while the other interfaces each bury less than 350 Å2

of surface area. There are 44 hydrogen bonds and 4 ion pairs
in this interface, implying substantial electrostatic comple-
mentarity. On the basis of this analysis, we propose that the
assembly generated by 2-fold rotation around thec-axis
represents the dimer formed in solution (Figure 4a).

The primary dimer interface is formed byRA, RB, RH,
â5, RI, and RJ. These elements form a large groove
containing two pronounced holes separated by a crosspiece
(Figure 4b). The crosspiece is formed byRH and its
preceding loop. In the dimer, theRA-RB elbow of one
subunit packs into the groove of the other subunit (Figure
4c), which allows side chains ofRA and RB to poke into
the holes of the groove and interact with the active site of
the other subunit. The side chains of Glu32 and Leu22 seem
to be particularly important in this regard, as described below.

In addition to this large interface, there is a smaller
intersubunit interface formed by interaction of the C-terminal
extension (residues 248-254) of one subunit with the helix-
loop-helix insert of the other subunit (Figure 4a). Here,
Trp251 of the extension packs againstRC andRD, making
nonpolar contacts with the side chains of Tyr75, Trp78,
Arg93, and Trp94.

Dimerization appears to be important for catalysis because
side chains fromRA and RB of one subunit poke through
the holes in the dimer interface into the active site of the
opposite subunit. Most notably, Glu32 forms direct and
indirect electrostatic interactions with catalytic loop IV of
the opposite subunit (Figure 5a). The direct interaction is a
hydrogen bond between the carboxyl of Glu32 and the amine

of Leu183 of loop IV. In the indirect interaction, Glu32 forms
an intersubunit ion pair with Arg198, which, in turn, interacts
with Asn182 and Asp184 of loop IV. We note that Glu32
and Arg198 are highly conserved among class C NSAPs.
These interactions most likely help to define and stabilize
the conformation of catalytic loop IV, which contributes two
of the metal-binding ligands, Asp181 and Asp185.

The second place where dimerization appears to be
important for catalysis is the upper part of the active site
cleft in the region bounded by the helix-loop-helix insert
on one side and byRA, RI, andRJ on the other side. In this
region, Leu22 of one subunit pokes into the active site of
the other subunit and fills a hole surrounded byRA, RI, and
RJ (Figure 5b). As discussed above, it is possible that the
upper part of the active site is involved in binding substrates
and so this intersubunit contact may be important for
substrate recognition.

Structural Context of rP4 Mutations Designed for Vaccine
Studies.Recombinant P4 is a promising vaccine candidate
against nontypeableH. influenzaeinfections, and several rP4
mutant enzymes have been generated in an effort to engineer

FIGURE 4: Dimeric structure of rP4. (a) Ribbon drawing of the
rP4 dimer. The two subunits are colored blue and pink. Selected
secondary structure elements are labeled. The green spheres
represent Mg2+. (b) Surface topography of the dimer interface. This
view corresponds to the blue subunit from (a) rotated by 90° about
the vertical axis so that the intersubunit surface faces the reader.
The pink subunit has been removed to reveal the intersubunit
surface. The dotted curve indicates the large groove that forms
intersubunit contacts with the helical elbow of the opposite subunit.
Note the two large holes in the groove, which lead to the active
site. (c) Depiction of the helical elbow of one subunit fitting into
the groove of the opposite subunit.
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catalytically inactive proteins for use in a vaccine. Green
and co-workers recently measured the immune responses of
mice vaccinated individually with 12 different rP4 mutants
(3). The mutated residues are mapped onto the three-
dimensional structure in Figure 6a. The structure shows that
the mutations are largely confined to a swath passing through
the upper part of the core domain, with none of the mutated
residues appearing in theR domain (Figure 6a).

Three of the 12 mutants are of particular interest
(Asn218Gln, Gln39Glu, Phe48Cys) because they displayed
the best combination of reduced phosphatase activity and
favorable immune response as measured by titer and bac-
teriocidal activity (3). Interestingly, the structure shows that
these three residues do not participate directly in catalysis
or binding the phosphoryl group of the substrate.

Asn218 is located in the dimer interface in the loop that
connectsâ5 to RI (Figure 6a). It forms a hydrogen bond
with Asp181, which is one of the Mg2+ ligands (Figure 3b).
Thus, the role of Asn218 may be to help orient Asp181 for
interaction with the metal ion. Mutation of Asn218 to Gln
lengthens the side chain by one methylene, which may
disrupt the hydrogen bond to Asp181 and adversely affect
metal binding. Furthermore, the backbone carbonyl of
Asn218 forms a hydrogen bond with the indole amine of
Trp26 of the opposite subunit, which forms nonpolar
intersubunit contacts in the dimer interface. Mutation of
Asn218 may also disrupt interactions in the dimer interface.

Gln39 is located in the middle ofRB (Figure 6a) and forms
hydrogen bonds withâ5 of the opposite subunit (Figure 6b).
The side chain of Gln39 forms a bidentate intersubunit
hydrogen bond interaction with the backbone of Met215
(Figure 6b). Mutation of Gln39 to Glu would disrupt this
intersubunit interaction. In addition, becauseRB is close to
and nearly parallel with the 2-fold axis of the dimer, Gln39
side chains of opposite subunits are only 5 Å apart (Figure
6b). Thus, mutation of Gln39 to Glu buries two carboxyl
groups close together in the dimer interface, which is
unfavorable. We suggest that the diminished activity of
Gln39Glu results from disruption of the dimer interface.

Lastly, Phe48 is located at the C-terminus ofRB (Figure
6a), and its side chain makes nonpolar contacts with Val61,
Val113, and Lys59 (Figure 6c). The side chain of Lys59
reaches under the phenyl ring of Phe48 to form a hydrogen
bond with the carbonyl of Phe48 thus cappingRB. Mutation
of Phe48 to Cys would certainly affect the tight packing in
this region. SinceRB is involved in dimerization, this
mutation, like Gln39Glu and Asn218Gln, may diminish
activity by disrupting the dimer interface.

FIGURE 5: Stabilization of the active site through intersubunit
interactions. (a) Intersubunit interactions formed between Glu32
and catalytic loop IV. Active site residues of one subunit are colored
magenta. Residues of the adjacent subunit are colored yellow. (b)
Intersubunit interactions involving Leu22. The two subunits are
colored magenta and yellow.

FIGURE 6: Structural context of mutations from Green and
co-workers (3). (a) Locations of the 12 residues that were mutated.
The CR atoms of mutated residues are drawn as spheres. The yellow
spheres belong to the pink subunit, and the green spheres belong
to the blue subunit. The three most promising mutations for vaccine
development are shown in orange (Asn218Gln), red (Gln39Glu),
and white (Phe48Cys). The magnesium ion is shown as a purple
sphere. (b) Close-up view of Gln39. Residues from the two subunits
are colored pink and yellow. (c) Close-up view of Phe48.
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Structural Context of the Proposed KVAFDH Hemin
Binding Motif. P4 is thought to be important for aerobic
growth of H. influenzaeand may mediate uptake of hemin
from the environment (37, 38). The hemin binding domain
was originally proposed by Reidl and Mekalanos (37) as the
six-residue sequence motif KVAFDH in residues 45-50 due
to its similarity to the heme binding motifs found in
hemoglobin, cytochromec3, HbpA, and HAP-1.

Residues 45-50 are located near the C-terminus ofRB
(Figure 7). Because this helix is near the 2-fold axis of the
dimer, theRB helices of the two subunits pack against each
other in the dimer interface (Figure 4a). As a result, the two
KVAFDH motifs of the dimer form a V-shaped intersubunit
cleft with the side chains of Val46 and His50 pointing into
the cleft (Figure 7). The two His50 residues of the motif
face each other with imidazole N atoms separated by 5.3 Å.
It is tempting to speculate that a molecule of hemin could
bind in this cleft edgewise and engage in bishistidinyl
coordination to His50 in a manner similar to that found in
cytochromec3.

DISCUSSION

The structure of rP4 revealed a two-domain architecture
consisting of the quintessential HAD superfamily core
domain and a smallerR-helical domain that is involved in
dimerization. AphA, the prototype of class B NSAPs, also
has a HAD superfamily core domain (35), and we found
that AphA is a close structural homologue of rP4. Class B
and C NSAPs are distantly related (<20% identity), but both
feature the DDDD motif. In their paper describing the first
structure of a class B NSAP, Calderone and co-workers
suggested that the HAD fold might be conserved throughout
the DDDD superfamily (35). The rP4 structure supports this
idea.

The R domain distinguishes P4 from other HAD super-
family enzymes, including class B NSAPs. This domain
mediates the unique dimeric assembly of P4. In particular,

the protein-protein interaction surface observed in the rP4
dimer is not seen in AphA. Class B NSAPs form homotet-
ramers in which the subunits interact via intermolecular
â-sheet formation involving an N-terminal extension (35).
It thus appears that the mode of self-association is a major
structural difference between class B and C NSAPs.

TheR domain might also function as a cap over the active
site of the core domain. Two types of cap domains are
commonly observed in HAD superfamily enzymes. HAD
subclass I enzymes have a smallR-helical bundle cap domain
inserted between catalytic loops I and II, whereas subclass
II enzymes have a largerâ-sandwich cap domain inserted
between loops II and III (33). The primary role of cap
domains is to facilitate binding of the substrate leaving group
and control accessibility of the active site to solvent (33).
The helix-loop-helix substructure inserted between loops
I and II of rP4 (RC, RD) is reminiscent of type I caps.
However, this subdomain would only partially enclose the
leaving group, based on comparison of rP4 to structures of
human mitochondrial deoxyribonucleotidase complexed with
nucleoside monophosphate substrates (30). It is possible that
the insert of rP4 moves in response to substrate binding in
order to increase interaction with the leaving group. Indeed,
rigid body movements of cap domains have been described
for subclass I HAD enzymes (33). Another possibility is that
other parts of theR domain combine with theRC-RD insert
to form a “split” cap domain. For example, helix I, and its
adjacent loops, could potentially play this role.

Considerable effort has been focused on designing mutants
of rP4 for use in a vaccine against nontypeableH. influenzae
strains (3-5). An important design constraint is that the
protein should lack catalytic activity because vaccination with
an active phosphatase could affect host metabolism and
signaling pathways. The four aspartate residues of the DDDD
motif are obvious candidates for mutagenesis since these
residues directly participate in catalysis and metal binding.
Interestingly, Green and co-workers showed that such Asp
mutants, while devoid of activity, do not elicit the best
immune responses compared to the mutants Asn218Gln,
Gln39Glu, and Phe48Cys (3).

We used the rP4 structures to help us understand why
Asn218Gln, Gln39Glu, and Phe48Cys have diminished
activity. All three residues are located in the dimer interface,
and we reason that mutation of these sites might adversely
affect activity by disrupting dimerization. Thus, the enhanced
immunogenicity of these mutants may result from exposing
epitopes that are buried in the dimer.

These results suggest a potential structure-based vaccine
design strategy involving dimer-destabilizing mutagenesis.
The dimer interface is large and offers many possibilities
for mutagenesis. In fact, the entireR domain represents new
territory to be explored, as shown in Figure 6a. Leu22 and
Glu32 are two intriguing candidates since they stabilize the
active site via intersubunit contacts. Also, Trp26 side chains
from the two subunits interact with each other. Mutation of
Trp26 to Ala would likely result in a destabilizing cavity
buried in the dimer interface. Finally, a truncation mutation
that removes the C-terminal extension may have a significant
effect on dimerization and hence activity. An important
prerequisite for implementing this strategy will be to verify
that dimerization is compromised in rP4 mutants Asn218Gln,
Gln39Glu, and Phe48Cys.

FIGURE 7: Structural context of the proposed KVAFDH heme
binding motif. The location of this motif in the dimer can be seen
in Figure 4a.
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