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Abstract
The crystal structure of the YrbI protein from Haemophilus influenzae (HI1679) was determined
at a 1.67-Å resolution. The function of the protein had not been assigned previously, and it is
annotated as hypothetical in sequence databases. The protein exhibits the α/β-hydrolase fold (also
termed the Rossmann fold) and resembles most closely the fold of the L-2-haloacid dehalogenase
(HAD) superfamily. Following this observation, a detailed sequence analysis revealed remote
homology to two members of the HAD superfamily, the P-domain of Ca2+ ATPase and
phosphoserine phosphatase. The 19-kDa chains of HI1679 form a tetramer both in solution and in
the crystalline form. The four monomers are arranged in a ring such that four β-hairpin loops, each
inserted after the first β-strand of the core α/β-fold, form an eight-stranded barrel at the center of
the assembly. Four active sites are located at the subunit interfaces. Each active site is occupied by
a cobalt ion, a metal used for crystallization. The cobalt is octahedrally coordinated to two
aspartate side-chains, a backbone oxygen, and three solvent molecules, indicating that the
physiological metal may be magnesium. HI1679 hydrolyzes a number of phosphates, including 6-
phosphogluconate and phosphotyrosine, suggesting that it functions as a phosphatase in vivo. The
physiological substrate is yet to be identified; however the location of the gene on the yrb operon
suggests involvement in sugar metabolism.
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INTRODUCTION
It has recently become apparent that a large family of magnesium-dependent phosphatase/
phosphotransferase enzymes exists in both prokaryotic and eukaryotic organisms.1–4 These
enzymes belong to the L-2-haloacid dehalogenase (HAD) superfamily and are characterized
by three conserved sequence motifs and a common mechanism of action. Motif 1, DXDX(T/
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V), is generally close to the N-terminus, and the first aspartic acid of this sequence forms a
phosphoaspartate intermediate with the substrate.3 Motif 2 contains a conserved serine or
threonine, which has been proposed to hydrogen-bond to a phosphoryl oxygen.5 Motif 3, K-
(X)18–30-(G/S)(D/S)XXX(D/N),6 also contains elements of the active site, including the
metal ligands and a conserved active-site lysine. The structures of several members of the
HAD superfamily have been determined, and all share the α/β-hydrolase fold.5–9.

Members of this magnesium-dependent phosphatase/phosphotransferase family with known
functions include phosphoserine phosphatase (PSPase),6 phosphoglycolate phosphatase,10

phosphomannomutase,3,11,12 and β-phosphoglucomutase.3 Sequence analysis indicates that
this protein family contains a HAD-like α/β-hydrolase catalytic domain, and many members
contain a so-called cap domain, often inserted after the N-terminal β-strand of the core α/β-
structure.

There are also many presumed members of the family whose physiological substrate is not
known. One of these is HI1679, a 180-residue protein encoded by the genome of
Haemophilus influenzae. It has been annotated as hypothetical because the sequence motifs
that are the hallmark of the HAD superfamily have been identified only recently. HI1679
was selected for structural studies with the hope that the structure would provide clues about
the function. With this accomplished, the function of other close sequence relatives of
HI1679 would also be defined. These sequences comprise the YrbI protein family present in
many species of bacteria and archaea. To date, no structure has been reported for any
member of the family.

Here we report the crystal structure of HI1679, which was determined in two crystal forms.
The realization that the protein adopts the α/β-hydrolase or HAD fold led to testing a
number of possible activities and to revealing that yrbI genes code for magnesium-
dependent phosphatases. Possible cellular roles for HI1679 are discussed in light of
sequence and structural data and the possibility that it is part of an operon.

EXPERIMENTAL
Materials

Oligonucleotide primers were purchased from Life Technologies; restriction enzymes,
ligase, and polymerases were from New England BioLabs; isopropylthio-β-galactoside
(IPTG) was from Gold Biotechnology; and all other materials were reagent-grade-quality
and were obtained from Sigma (St. Louis, MO) or Fluka Chemical Corp. (Milwaukee, WI).

Cloning
The gene encoding HI1679 was amplified from H. influenzae KW20 genomic DNA with
primers designed according to the published sequence and compatible with the Gateway
(Invitrogen) cloning system. After amplification, the fragment was cloned into the pDest14
vector according to the manufacturers protocol. The sequence of the resulting clone was
confirmed to be identical to the published sequence.13

Expression and Purification
Recombinant HI1679 was purified from Escherichia coli BL-21(DE3) cells. Cells were
grown in LB media at 37° until A600 reached 1.0 when IPTG was added to a final
concentration of 1 mM. Cells were harvested by centrifugation after 4 h. Cell pellets were
resuspended in 10 mM Mops, 1 mM DTT, and 1 mM ethylenediaminetetraacetic acid
(EDTA; pH 7.2) and were lysed by sonication. Cell debris was removed by centrifugation at
35,000 × g for 30 min. The soluble fraction was dialyzed versus 2 × 4 L of 10 mM Tris, 1
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mM DTT, and 1 mM EDTA (pH 8.0). The dialysate was applied to a Poros HQ50 column
(172 mL; Perseptive Biosystems) attached to a BioCad 700E workstation (Perseptive
Biosystems) and eluted with a linear 0–1 M gradient of KCL in the same buffer. Fractions
containing HI1679 were identified by gel electrophoresis, pooled, and dialyzed versus 2 × 2
L of 10 mM Mops, 1 mM DTT, and 1 mM EDTA (pH 6.5). The dialysate was applied to a
Poros HS20 (25 mL) column, and HI1679 was recovered from the through flow. Substantial
contaminants were bound and could be eluted with a salt gradient. The HI1679-containing
material was then applied to a hydroxyapatite column (25 mL; Biorad) equilibrated at pH
7.2 with 5 mM potassium phosphate. Again, HI1679 flowed through, but substantial
contaminants were bound. After dialysis versus 10 mM Hepes, 1 mM DTT, and 1 mM
EDTA (pH 7.5), HI1679 was applied to a 56-mL Poros HQ20 column and eluted with a
linear gradient of 0–0.3 M KCl in the same buffer. Fractions judged to be homogeneous
were pooled, dialyzed versus 10 mM Hepes, 50 mM NaCl, 1 mM DTT, and 1 mM EDTA
(pH 7.5), and concentrated to 25 mg/mL. The protein was filter-sterilized and stored at 4 or
−80°C. The yield was 70 mg of purified HI1679/L of culture. Selenomethionine-labeled
protein was obtained in a similar manner as previously described,14 yielding approximately
20 mg/L of culture.

Crystallization and Data Collection
Crystals of HI1679 were obtained by vapor diffusion in hanging drops. Two forms were
crystallized, native and SeMet-containing protein. The SeMet protein crystals were obtained
at 4°C. Drops were equilibrated against reservoir solutions containing 22% poly(ethylene
glycol) (PEG) 4000 (w/v), 0.2 M LiSO4, and 0.1 M Tris-HCL (pH 8.5). The hanging drops
contained equal volumes of the reservoir solution and a 29 mg/mL protein solution in 10
mM Hepes buffer (pH 7.5), 50 mM NaCl, 1 mM EDTA, and 1 mM DTT. Small crystals (0.1
mm × 0.1 mm × 0.1 mm) appeared within 2 days. The crystals belonged to the space group
I222, with the cell dimensions a = 67.8 Å, b = 132.3 Å, and c = 141.0 Å. There were four
molecules in the asymmetric unit, and the solvent comprised 36% of the cell (Table I). The
crystals were flash-cooled in liquid propane cooled by liquid nitrogen with mother liquor
with 20% glycerol added.

Multiwavelength anomalous diffraction (MAD) data, exploiting the absorption edge of Se
(inflection point, peak, and high-energy remote wavelength), were collected at the X12C
beamline of the National Synchrotron Light Source (Brookhaven National Laboratory,
Upton, NY). For data acquisition, the X12C beamline was equipped with a Brandais 2 × 2
charge coupled device (CCD) detector. Data collected at a 2.3-Å resolution were processed
with the program HKL (Table I).15

The native crystals were grown at room temperature, with the drops equilibrated against 1.5
M ammonium sulfate, 10 mM CoCl2, and 0.1 M MES (pH 6.5). They reached 0.8 mm × 0.8
mm × 0.5 mm after 1 week. The 25 mg/mL protein solution included the same ingredients as
the Se-Met containing protein. A single crystal was pre-soaked in mother liquor containing 1
mM mercury acetate for 3 days and flash-cooled in mother liquor supplemented by 10%
glycerol. The crystals belonged to the space group C2 with the cell dimensions a = 109.3 Å,
b = 109,1 Å, and c = 179.1 Å. There were 12 molecules in the asymmetric unit (three
tetramers), and the solvent comprised 41% of the cell. Data were collected at a single
wavelength at the X12C beamline. The resolution of the data extended to 1.67 Å, although
the completion was low between 1.8 and 1.67 Å because of the crystal-to-detector distance
requirement (Table I). These data were also processed with HKL.
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Structure Determination
The structure of HI1679 was determined with the 2.3-Å Se MAD data set. The molecule
contained seven methionines, so at most 28 Se sites were expected. The program
SHELXD16 was used to identify the Se sites. The noncrystallographic symmetry
relationship between the four molecules in the asymmetric unit was established with four Se
sites in each molecule.

Phase calculation and refinement with the Se sites were carried out with the CCP4 suite of
programs at a resolution of 2.5 Å: MLPHARE17 to refine the positions and occupancies of
the Se atoms and to calculate initial phases and DM18 to improve phases by solvent-
flattening and noncrystallographic averaging. The resulting electron-density map provided
the basis for building a model of one HI1679 molecule with the interactive computer
graphics program O.19 The remaining three molecules of the asymmetric unit were
generated by the application of the noncrystallographic symmetry operators.

Refinement of the structure was carried out with the program CNS,20 with the data between
20.0 and 2.3 Å, for which F ≥ 2σ(F). The four molecules in the asymmetric unit were
refined independently. A simulated annealing molecular dynamics cycle at 4000 K was
followed by alternating cycles of positional and individual temperature factor refinement.
The resulting model was inspected and modified with the program O. In the final stages of
the refinement, water molecules were added to the model with electron-density acceptance
criteria of δ ≥ 3σ(δ) in the Fo−Fc difference electron-density map (Fo and Fc are the
observed and calculated structure factors, respectively). Continuous density in the central
cavity of the tetramer was clearly more extensive than that of a water molecule. This was
modeled as a glycerol molecule, consistent with the shape of the density and the
composition of the cryogenic solution used for flash cooling of the crystal.

The structure of native HI1679, soaked with mercury acetate, was determined at a 3.5Å
resolution by the molecular replacement method with the program XPLOR.21 The search
model was the tetramer of the SeMet-containing protein, leading to a clear solution for three
tetramers; the peak height of the correct solution was 8σ above the mean, and the R-factor
was 0.465. After rigid body minimization, including data up to 3Å resolution, the R-factor
value was 0.355.

Refinement at a 1.67-Å resolution was carried out with the program CNS according to a
protocol similar to that described previously and with the computer graphics program
Turbo-Frodo for model inspection and adjustments.22 In addition to water molecules,
mercury, cobalt, sulfate ions, glycerol molecules, and MES buffer molecules (the latter
found in the central cavity of each tetramer) were added to the model.

Structure Analysis
Structure analysis was carried out with the following programs: PROCHECK23 for
geometry analysis, XROT for structure superposition (K. Lim, 2001, unpublished work),
MS24 for solvent-accessible surface-area calculations, Mol-script25 and Raster3D26,27 for
structure depiction, and Turbo-Frodo22 for the docking of possible substrates. Most
structural analysis was carried out with the Hg-containing native protein structure because
the resolution is higher for this data and because the active site is occupied by a cation
(cobalt), which better depicts the structure under physiological conditions. A comparison of
the Hg-bound and Hg-free structures shows that the mercury does not cause structural
perturbation beyond the covalent bond it forms with the cysteine residues.
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Enzyme Assays
The activity of HI1679 toward p-nitrophenyl phosphate (pNPP) was assessed with a Cary 4
ultraviolet–visible spectrophotometer to continuously follow the production of p-
nitrophenolate at 405 nm (Δε = 18,000 M−1 cm−1). Kinetic parameters for the hydrolysis of
pNPP were determined at 25° by an analysis of the initial velocity versus the substrate
concentration with the Michaelis–Menten equation. All reactions included 10 mM MgCl2
and were run at pH 6.0 in a 100 mM MES buffer. Nucleotides were assayed discontinuously
by quenching reaction mixtures and separating of the products on a 10-mm × 100-mm Poros
QE20 column (Perseptive Biosystems) with a mobile phase of 0.01–1.0 M ammonium
acetate (pH 6.0). The malachite green assay for free phosphate28 was used to assay other
potential substrates. Briefly, reaction mixtures containing HI1679, buffer, metal, and
substrate were assembled in 1 well of a 96-well microtiter plate in a volume of 200 μL. At
various times, 30-μL aliquots were moved to an empty well and quenched with 10 μL of a
color reagent. The development of a green color representing hydrolysis and complex
formation with the liberated phosphate was easily detectable by visual inspection for those
compounds hydrolyzed by HI1679. Relative rates of hydrolysis were estimated by reactions
being run at equal substrate concentrations, usually 10 mM. Control reactions lacking
enzymes were used in all cases. For phospho-tyrosine (P-Tyr) and 6-phosphogluconate,
which were judged to be the best substrates among the compounds surveyed, the reaction
was scaled up for spectrophotometric analysis in 1-mL cuvettes. Km and Vmax were
determined by an analysis of the reaction rate over a range of substrate concentrations.
HI1679 was assayed for dehalogenase activity with 2-chloropropionic as a substrate. HI1679
was assayed for sugar isomerase activity with glucose–1-phosphate as the substrate and
coupling the reaction to glucose–6-phosphate dehydrogenase.

Sequence Alignments
PSI-BLAST29 was used to search the nonredundant National Center for Biotechnology
Information (NCBI) sequence database. ClustalW30 and ESPript (http://www-pgm1.ipbs.fr:
8080/cgi-bin/ESPript_exe.cgi) were used to construct multiple sequence alignments.

RESULTS AND DISCUSSION
Quality of the Model

The quality of the electron-density map in the vicinity of the active-site cobalt ion is shown
in Figure 1. Crystallographic and stereochemical quality values for both SeMet-containing
and Hg-bound native protein structures are provided in Table II. Native HI1679 crystals
contain three tetramers in the asymmetric unit. The N- and C-termini of the 12
independently refined monomers exhibit variable degrees of disorder. Accordingly, between
zero and five amino-terminal residues and between zero and seven carboxy-terminal
residues are not included in the final model. The model contains 12 cobalt atoms, 12
mercury atoms, 18 sulfate molecules, 3 MES molecules, 6 glycerol molecules, and 1414
water molecules. The root-mean-square deviation (RMSD) between the Cα positions of the
four monomers within tetramers is 0.3 Å, and the RMSD for whole tetramers is 0.2 Å.

Overall Structure
HI1679 forms a tetramer with the subunits arranged in a ringlike fashion around a central
channel (Fig. 2). Sedimentation equilibrium with the Beckman XL-A Optima ultracentrifuge
shows that the tetramer is the predominant solution species as well (data not shown). The
approximate dimensions of the tetramer are 75 Å × 75 Å × 43 Å. The central channel is
approximately 10 Å across at its widest, becoming essentially sealed off at the opposite end.
The identical monomers exhibit the α/β-hydrolase fold (the classic Rossmann fold31)
characterizing the HAD superfamily (Fig. 3). Six α-helices, three on each side, flank the six-
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stranded parallel β-sheet of HI1679. The strands are arranged in the order 6, 5, 4, 1, 2, and 3
with right-handed β–α–β-connectivity between the helices and β-strands, except that the
sixth helix breaks the right-handed connectivity. The ensuing meandering chain contains
another helix, which mediates monomer–monomer interaction. A loop consisting of residues
15–37 is inserted between β1 and α1 of the core Rossmann fold, in a location that is
topologically equivalent to the insertion site of cap domains in the HAD superfamily. The
insertion contains a perturbed β-hairpin (labeled β1′ and β2′ in Fig. 3), and four of these
hairpin loops, one from each subunit, form an eight-stranded barrel at the center of the
tetramer. The barrel opening narrows at one end, becoming almost sealed off by the side-
chains of four isoleucine residues at position 33 of each polypeptide chain. The narrowing is
due to a bulge in each β-hairpin loop. Electron density, consistent with a single molecule of
MES buffer, is evident inside the barrel in the native structure, whereas in the SeMet-
containing HI1679 structure, electron density consistent with a glycerol molecule is located
at the equivalent position. The binding of molecules in the central barrel does not need to be
biologically significant because there is no accessible channel to the active site unless large
conformational changes are invoked.

Subunit Interface
Each monomer within the tetramer contacts two other monomers (Fig. 2). The buried
surface area per monomer is 1424 Å2, or roughly 20% of the monomer surface area. The
four hairpin loops and the C-terminal segment mediate much of the intersubunit contacts.
There are also contacts between the hairpin of one monomer and α2 of another monomer,
notably between Tyr26 of β1′ and Arg68 and Asp71 of α2 in an adjacent molecule. At the
bottom of the central barrel, His25 (β1′) and Ser35 (β2′) interact with each other and with
an adjacent His25 or Ser35 from a neighboring subunit. Active sites are located at the
subunit interfaces.

Active-Site Architecture
The tetramer contains four active sites, whose accessibility to solvents depends on the extent
of disorder of the C-termini. Both hydrophobic and hydrophilic residues are associated with
the active sites. Arg39 is involved in an intricate ion-pair network, which is presumably
important for structural integrity and activity. It interacts with Asp107 of an adjacent
molecule, which, in turn, coordinates to a cation essential for activity. The network is
extended further through the intramolecular interaction of Arg39 with Asp126 (Fig. 4).
Several hydrophobic residues, Leu82 and Val110 from one molecule and Val38 and Leu42
from a neighboring molecule, project into the crevice. Asp14 (Fig. 5) is the first residue of
motif 1 characterizing the HAD superfamily. It is located at the C-terminus of the first β-
strand, as is typical of the active sites of the enzyme family. Asp14 is implicated in catalysis,
as an analysis of other α/β-hydrolase enzymes has shown that this residue forms a covalent
intermediate with the substrate.4,10

Electron density consistent with an octahedrally coordinated metal ion is seen close to
Asp14 (Fig. 1). The crystallization solution contained Co2+, and the refinement is consistent
with the occupancy of cobalt rather than magnesium, the likely physiological metal (the
crystallographic temperature factors were unreasonably low when refined as magnesium).
The binding of calcium in the crystal was excluded because the metal–ligand distances were
2.0–2.1 Å, too short for such a cation (Table III).

In addition to the carboxylate group of Asp14, the Co2+coordinates the side-chain
carboxylate of Asp107 and the carbonyl oxygen of Asp16 (Fig. 5). Three water molecules
complete the nearly perfect octahedral coordination. Also nearby and interacting with other
active-site water molecules are the conserved residues Ser58 from motif 2 and Asp111 and
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Lys84 from motif 3. Finally, a sulfate ion is present in the active site, indicative of a
favorable niche for a phosphate (Fig. 5). The sulfate is located close to Asp14 Oδ and
interacts with the Nε atom of Lys84, the main-chain nitrogen of Gly59 (not shown in
figure), with two of the three water molecules coordinated to the Co2+ and with a third water
molecule. In 4 of the 12 HI1679 molecules in the asymmetric unit, the sulfate forms an
additional ion pair with Arg60, whereas in the remaining 8 molecules Arg60 adopts an
alternate conformation (Table III). Interestingly, in the related crystal structures of PSPase
and phosphonoacetaldehyde hydrolase, a tetrahedral anion coordinates directly to the metal
in the crystal (phosphate or tungstate, respectively). This discrepancy may be related to the
lower affinity of sulfate to divalent cations in comparison with the affinity of phosphate.

Catalytic Properties
The overall α/β-hydrolase fold of HI1679 and the presence of the HAD superfamily
sequence motifs provided the first indication of its activity. An inspection of the active-site
architecture together with the presence of cations led to the prediction that HI1679 belongs
to the phosphatase/phosphotransferase subfamily of the HAD superfamily. The nonmetal-
dependent dehalogenases and epoxide hydrolases differ in that they lack the cation and an
aspartate residue at the position corresponding to the metal ligand Asp107 of HI1679.

Various assays showed that HI1679 did not exhibit dehalogenase activity or sugar isomerase
activity toward the selected potential substrates. However, it hydrolyzed several phosphate
substrates at measurable rates (Table IV). Qualitative screening of possible substrates by the
malachite green assay suggested that, under the conditions of the assay (usually a 10 mM
substrate), pNPP, 6-phosphogluconate, and P-Tyr were the best substrates among the
molecules tested. The kinetic constants for these three compounds were then determined as
described previously. Other potential substrates appeared to exhibit lower catalytic rates and
were not analyzed quantitatively. Other compounds were not detectably hydrolyzed (Table
IV). With the available data, some reasonable conclusions may be drawn regarding the
substrate preference of HI1679. No activity was detected toward secondary phosphates or
nucleotides. Phosphoserine was not a substrate, whereas P-Tyr was hydrolyzed at a
significant rate, consistent with the activity toward the aromatic compound pNPP. Cyclic
hexose monophosphates such as glucose–6-phosphate, glucose–1-phosphate, glucosamine–
6-phosphate, and mannose–1-phosphate were not hydrolyzed, whereas 6-phosphogluconate,
which exists primarily in an extended conformation, was readily hydrolyzed. Surprisingly,
sorbitol–6-phosphate, a compound that differs from 6-phosphogluconate only by the lack of
a carboxylic acid at the 1-position, showed little if any hydrolysis. Furthermore, α-
glycerophosphate was hydrolyzed, whereas β-glycerophosphate was not. Taken together,
these observations suggest that the enzyme prefers terminal (primary) phosphates attached
either to an open chain (gluconate–6-phosphate) or a planar ring system (pNPP and P-Tyr).
This is likely a consequence of the limited space available around the Asp14 nucleophile
and the occluded active site. Finally, large substrates such as nucleotides or proteins are
unlikely to be accommodated by the somewhat small active-site crevice. That the substrate
is not a protein, i.e., that HI1679 is not a protein tyrosine phosphatase, is also supported by
the lack of a large patch of hydrophobic residues surrounding the active side, a feature
characteristic of protein–protein interactions, and by the lack of a large cluster of invariant
residues around the active site in addition to those directly involved in catalysis.

The apparent preference for an acidic group on the opposite end of the molecule, as occurs
with pNPP, P-Tyr, and 6-phosphogluconate but not with sorbitol–6-phosphate, may be
rationalized by modeling of the enzyme–6-phosphogluconate complex (Fig. 6). The model
indicates that after positioning of the substrate’s phosphate group for inline attack by Asp14,
the carboxylate group of the substrate may interact with two invariant arginine residues,
Arg60 of one molecule and Arg68 of a neighboring molecule.
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Proposed Catalytic Mechanism
It is generally accepted that the HAD α/β-hydrolase enzymes catalyze reactions via covalent
enzyme–substrate intermediates.2,3,32 By analogy, in HI1679 and other related Mg-
dependent phosphatases, the covalent species is a phosphoaspartate intermediate resulting
from inline nucleophilic attack of Asp14 on the phosphorus atom of the substrate. The
resulting phosphoaspartate intermediate is then hydrolyzed by an activated water molecule
to regenerate the free enzyme. The identities of both the hydrolytic water and the residues
that position it for hydrolysis have not been identified experimentally. However, the
structural insight and the assumption of an associative mechanism for phosphoryl transfer33

indicate how hydrolysis may proceed. Spatial considerations imply that the cation-
coordinated water molecule that interacts with Asp14 must be displaced by a phosphoryl
oxygen. The octahedral coordination is maintained, and the inherently unstable
phosphoaspartate moiety is stabilized by the cation charge. The phosphoryl group is further
stabilized by the side-chain of Lys84 and by the main-chain nitrogen atom of Gly59.

Next, a hydrolytic water molecule attacks the phosphorus atom inline from the side opposite
the C—O—P bond. An inspection of the structure reveals a water molecule that is located in
the appropriate position for this role and interacts with the side-chains of Asp16 and Ser58.
Indeed, Asp16 is invariant in the sequence family of HI1679, and position 58 is occupied by
a serine or threonine (Fig. 7).

Sequence Relatives
On the basis of the PSI-Blast sequence analysis, one may differentiate between a set of
sequences with high sequence identity to HI1679 and another more remotely related group
of protein sequences. The most significant hits are from a large group of bacterial proteins
(11 genomes at the time of writing), all annotated as hypothetical and sharing 34–72%
sequence identity with HI1679. Figure 7 illustrates the conservation of residues among these
proteins. Of the 11 proteins, 10 were identified through genomic sequencing projects. The
hypothetical protein from T. aromatica was recently identified in the course of a functional
study of anaerobic phenol metabolism in this organism.34 The authors identified this protein,
which they designated F4, as having its expression upregulated when the cells were cultured
in the presence of phenol. The gene encoding F4 resided in a cluster of genes, all
upregulated by phenol and presumably important for anaerobic growth on phenol. Several of
the phenol-metabolizing proteins were tentatively identified, but at the time the function of
F4 was unknown. The structure of HI1679 and its identification as a phosphatase now
permit a reevaluation. Anaerobic phenol metabolism is proposed to proceed from phenol to
p-hydroxybenzoate through a phenyl phosphate intermediate that serves as a substrate for a
carboxylase.35–37 A reasonable hypothesis is that, after the CO2-dependent carboxylation of
phenyl phosphate, F4 removes the phosphate, yielding p-hyroxybenzoate. This proposal is
consistent with both the observed activity of HI1679, an F4 homolog, and the requirement
that the phosphate be removed to form p-hyroxybenzoate.

Following the aforementioned bacterial proteins and still sharing quite high sequence
identity with HI1679 is cytidine monophosphate–N-acetylneuraminic acid synthase (CMP–
NeuAcS) from three vertebrate sources (human, mouse, and trout) and a bacteria
(Streptomyces coelicolor). HI1679 is similar to the C-terminal polypeptide segment of this
large protein (~30% identity), whereas HI1279 is similar to the N-terminal segment (also
~30% identity). This raises the possibility that HI1279 and HI1679 associate or act in
consort to carry out the same function as CMP–NeuAcS. However, the recently published
three-dimensional structure of the HI1279 homolog from Neisseria meningitidis suggests
that this is unlikely38 because that enzyme lacks the domain homologous to the C-terminal
domain of the eukaryotic enzyme, yet it is apparently capable of producing CMP–N-
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acetylneuraminic acid from cytidine triphosphate (CTP) and N-acetylneuraminic acid. The
role of the C-terminal domain of CMP–NeuAcS is unknown and provides no obvious clues
to the function of HI1679.39 The sequence alignment (Fig. 7) suggests that whereas the C-
terminal domain of CMP–NeuAcS may well exhibit the α/β-hydrolase fold, two key
residues corresponding to the active-site aspartates (14 and 107 in HI1679) are asparagines
in the human, mouse, and trout enzymes. In the Streptomyces CMP–NeuAcS, the
nucleophile is conserved, whereas the residue corresponding to Asp107 is again an
asparagine (Fig. 7). Therefore, it may be that the C-terminal domain of CMP–NeuAcS lost
its catalytic role in the course of evolution, or it acts by a different mechanism or carries out
a different chemistry.

Beyond the sequence relatives obtained in the first PSI-BLAST iteration, other α/β-
hydrolase family members are picked up in subsequent iterations. These include a domain of
the P-type ATPases (the P-domain), the PSPases, and the phosphoglycolate phosphatases.
All exhibit a weaker but significant sequence relationship to HI1679 (E ~ 10−16 to 10−11 at
the third iteration cycle).

Structure Relatives
The automated structure superposition of HI1679 against the Protein Data Bank (PDB)
database with the DALI program40 revealed clear similarities to numerous other α/β-
hydrolases. The most significant hits are shown in Table V. HI1679 bears the highest
structural similarity to PSPase (Fig. 8). However, HI1679 exhibits no PSPase activity.

The relationship between α/β-hydrolase enzymes and the evolutionary schemes used to
achieve catalytic diversity has been elegantly discussed. Morais et al.5 described catalytic
stations positioned on four loops throughout the core α/β-domain that contribute the
necessary catalytic machinery. These sites also correspond to the primary sequence motifs of
the HAD family, with the exception that motif 3 should actually be broken into two motifs
as the lysine residue is located on a different loop and is also remote from the remaining
residues along the primary sequence. Loop 1 provides the nucleophilic aspartate in all HAD
family members (Asp14 in HI1679), and in the phosphatase subfamily, the second aspartate
may play a role in activating the hydrolytic water molecule (Asp16 in HI1679). It has also
been suggested that this second aspartate acts as a general acid catalyst, protonating the
leaving-group oxygen atom after hydrolysis.2 Loop 2 is also generally conserved, providing
a serine or threonine (Ser58 in HI1679) that is in an appropriate position to interact with the
substrate phosphoryl oxygen, and may have a role in positioning the hydrolytic water in
HI1679. Loop 3 provides either a lysine or arginine (Lys84 in HI1679) that interacts with
the nucleophile and substrate and may increase the electrophilicity of the substrate. Residues
on loop 4 are proposed to provide much of the catalytic diversity exhibited by the HAD
superfamily, and the evidence suggests this is correct. The phosphatase/phosphotransferase
uses an aspartate residue on loop 4 as a ligand for the essential metal cofactor (Asp107 in
HI1679), whereas the haloacid dehalogenase, which lacks the metal, uses an asparagine
residue to position the hydrolytic water for attack on the ester intermediate of the reaction.

HI1679 then clearly resembles other members of the HAD α/β-hydrolase family, and the
remaining question becomes what factors account for the differences in substrate specificity.
Some are obvious, such as the role of Lys53 in phosphonoacetaldehyde hydrolase, which
forms a Schiff base with the substrate.5 In other cases, a cap domain may account for the
selectivity, as in PSPase, where the active site is essentially buried under the cap domain. It
was suggested that for that enzyme a conformational change triggered by substrate binding
closes the active site.6 For HI1679, the β-hairpin loop that promotes tetramer association is
in a location topologically equivalent to that of the cap domains, but its spatial position is
remote from the active-site crevice. The exquisite integrity of the tetramer central barrel
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suggests that the hairpin loop is not directly involved in catalysis unless the overall
tetrameric association is grossly perturbed upon substrate binding.

The role of the C-terminus is unclear in HI1679. It exhibits various degrees of disorder in
the 12 independently determined versions of the Co2+-bound form, and it is fully ordered in
the metal-free form. An ordered C-terminus restricts access to the active site and hinders
substrate interaction with the two conserved arginine residues, Arg60 and Arg68. Moreover,
the C-terminus is among the least conserved parts of the protein. Therefore, it is unlikely
that it plays a crucial role in activity.

Relationship to kpsF/gutQ
Often, genes found adjacent to each other on the chromosome form an operon or are related
in some way. They may perform sequential reactions in a metabolic pathway, one may have
a regulatory role over the other, or they may form a stable multiprotein complex. This
provides insight into possible biological functions once the biochemical function of a protein
is determined.

In H. influenzae, the gene encoding HI1679 occurs adjacent to a gene (yrbH, encoding
HI1678). HI1678 is annotated variously as KpsF, GutQ, or polysialic acid expression
protein. This observation may be significant in terms of a role for HI1679 for several
reasons. First, homologs of HI1678/HI1679 (YrbH/YrbI) occur together in numerous
bacterial species, including Neisseria, Pseudomonas, Escherichia, and Vibrio. Indeed, in E.
coli 0157:H7 yrbH and yrbI reside on an operon comprising the yrbABC-DEFGHIK genes.
Second, the construction of a kpsF knockout strain in E. coli K1 resulted in the disruption of
polysialic acid export from the cell.41 Third, a hidden Markov model sequence analysis of
the three E. coli homologs of HI1678, KpsF, GutQ, and GmhA led to the proposal that the
YrbH homologs KpsF and GutQ contain N-terminal domains homologous to GmhA, which
is a phosphosugar isomerase.42 Because of the extremely weak sequence homology between
GmhA and the YrbH family proteins, which is revealed only by the hidden Markov model
analysis, the proposed biochemical function for YrbH (phosphosugar isomerase) should be
taken with caution. However, yet again, activity toward a sugar is implicated, and the
possibility exists that HI1679 is a sugar phosphatase, acting in the same metabolic pathway
as HI1678. None of the yrb operon genes have been functionally characterized, except that
YrbF has been annotated as part of an ABC transport system.

CONCLUSIONS
The studies of HI1679 reported here demonstrate the strength of targeting proteins annotated
as hypothetical for structural studies. The crystal structure, along with primary sequence
comparisons, clearly identifies HI1679 as a phosphatase, and enzymatic assays confirm this
conclusion. The physiologic substrate remains unknown, but it is reasonable to assume that
the substrate is a small molecule and not, for example, a protein. The modest available
evidence, including the similarity to human CMP–NeuAcS, and the phenotype of kpsF
mutants seem to point to a role in polysialic acid biosynthesis, but this is by no means
certain. The interesting similarity to the T. aromatica F4 protein again suggests that the
physiologic substrate is a small, possibly cyclic, possibly planar molecule. The current
literature does not contain data regarding the essentiality of H. influenzae proteins.
Nonetheless, the highly conserved nature of the HI1679 sequence family and other proteins
on the yrb operon, especially yrbH (HI1678), suggest an important role for these genes. The
full resolution of this issue rests on studies of the other yrb operon proteins.
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Fig. 1.
Electron-density maps (1.67-Å resolution) together with the final model. The active-site
Co2+ region is shown. The coefficients (2Fo − Fc) and calculated phases are used. The map
is contoured at the 1σ level.
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Fig. 2.
Crystal structure of HI1679 and ribbon diagram of the tetramer. The cobalt atoms are shown
as blue spheres. The figure was generated with Molscript and Raster3D.
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Fig. 3.
(A) Schematic diagram of the secondary structure topology of the HI1679 monomer.
Triangles represent β-strands, and circles represent α-helices; The location of the key
catalytic residue, Asp14, is indicated by an arrow. (B) Stereoscopic view of the Cα-trace.
Every 20th residue is labeled.
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Fig. 4.
Stereoscopic view of the monomer–monomer interface, highlighting the network of charged
residues, and some hydrophobic interactions. Atomic colors are as follows: red, oxygen
atoms; blue, nitrogen atoms; and gray or green, carbon atoms of the two neighboring
molecules.

Parsons et al. Page 17

Proteins. Author manuscript; available in PMC 2013 September 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Stereoscopic view of key residues in the active site. The coloring is the same used in Figure
4.
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Fig. 6.
Molecular surface of the active site, together with key residues, and modeled 6-
phosphogluconate, a substrate of HI1679. The transparent blue surface delineates the second
molecule associated with the active-site formation. Atomic colors are as follows: red,
oxygen atoms; blue, nitrogen atoms; gray, protein carbon atoms; green, substrate carbon
atoms; and yellow, phosphorus. The molecular surface was generated by the program
MSMS43 and was incorporated into Molscript.25. Raster3D27 was used to render the figure.
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Fig. 7.
Multiple sequence alignment of HI1679 with sequences obtained from the first iteration of a
PSI-BLAST search. The alignment was constructed with ClustalW.32 Aligned sequences are
identified by their designation in the Comprehensive Microbial Resource (www.tigr.org/
CMR) with the following exceptions: TaroF4, the F4 protein from T. aromatica,34 and
ScNeuAc, HsNeuAc, OmNeuAc, and MmNeuAc, the CMP–NeuAcS enzymes from S.
coelicolor, H. sapiens, O. mykiss, and M. musculus, respectively. The secondary structural
elements of HI1679 are shown as arrows (β-strands) and corkscrews (α-helices). Invariant
residues are shaded in red. The catalytic residue (D14 of HI1679) and the metal ligands
(D107 of HI1679) are shaded in yellow for those sequences in which they are conserved.
Conserved HAD family sequence motifs 1–3 are indicated by circles, triangles, and inverted
triangles, respectively.
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Fig. 8.
Ribbon representation of a HI1679 monomer (sky blue) superimposed on PSPase (yellow).
The Co2+ ion bound to HI1679 and the Mg2+ ion bound to PSPase are shown as blue and red
spheres, respectively.
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TABLE I

Data Collection and Phasing Statistics

Space group I222 C2

Cell dimension (Å) a = 69.8, b = 132.3, c = 141.0 a = 109.3, b = 109.1, c = 179.1, β = 107.6°

Number of molecules in the asymmetric unit 4 12

MAD data statistics λ1 λ2 λ3 λ4

 Wavelength (Å) 0.9790 0.9787 0.9500 0.9500

 Resolution (Å) 2.3 2.3 2.3 1.67

 Observed reflections 152,088 158,161 156,359 661,828

 Unique reflections 28,175 28,788 28,823 199,616

 Completeness (%)a 97.4 (94.7) 97.8 (95.9) 97.4 (94.6) 86.1 (49.3)

 Rmerge (%)b 8.7 (9.7) 8.9 (17.1) 7.3 (17.6) 7.4 (21.3)

 〈I/σ(I)〉 9.5 10.0 9.9 12.0

MAD phasing statistics (reference data set at λ2)

 Phasing powerc 1.02 — 1.04

 Dispersive Rd 0.92 — 0.94

 Anomalous Re 0.72 0.72 0.77

Figure of merit 0.49

a
The values in parentheses are for the highest resolution shell: 2.40–2.30 Å for the I222 space group and 1.75–1.67 Å for the C2 space group.

b
Rmerge = Σhkl[(Σj|Ij − 〈I〉|)/Σj|Ij|].

c
Phasing power = Σj|FH|/Σj|E|, where E is the lack of closure error.

d
Dispersive R = Σhkl||FP + FH(calc)| − FPH|/Σhkl|FPH − FP|, where FP corresponds to the reference data set λ2 and FPH corresponds to data

collected at λ1 or λ3.

e
Anomalous , where ΔF± is the structure factor difference between Friedel pairs.
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TABLE II

Refinement Statistics

Space group I222 C2

Resolution (Å) 20.0–2.3 20.0–1.67

Wavelength (Å) 0.9787 0.9500

Unique reflections, F ≥ 2σ(F) 26,906 190,806

Completeness (%)a 94.3 (87.5) 82.5 (37.1)

Protein atoms 5448 15,793

Nonprotein atoms 259 H2O, 6 glycerol 1414 H2O, 12 Co, 12 Hg, 36 glycerol, 36 MES, 90 SO4

Rwork
b 0.176 (0.198) 0.178 (0.206)

Rfree
c 0.258 (0.302) 22.5 (26.9)

RMS from ideal geometry

 Bond length (Å) 0.012 0.021

 Bond angle (°) 1.6 1.9

Average B-factor (Å2)

 Protein 35 20

 H2O 34 28

 Others 44 28

Ramachandran plot (%)

 Most favored 92.4 93.3

 Allowed 7.6 6.7

 Generously allowed 0.0 0.0

 Disallowed 0.0 0.0

a
The values in parentheses are for the highest resolution shell.

b
Rwork = Σhkl||Fo| − |Fc||/Σhkl|Fo|.

c
Rfree is computed for reflections that were randomly selected and omitted from the refinement (1581 for space group I222 and 11,439 for space

group C2).
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TABLE III

Key Active-Site Interactions†

Atom pair Distance (Å)

Asp14 Oδ–Co2+ 2.0 ± 0.04

Asp107 Oδ–Co2+ 2.0 ± 0.06

Asp16O–Co2+ 2.1 ± 0.04

Water–Co2+ 2.1 ± 0.06

Asp14 Oδ–Lys84 Nε 2.8 ± 0.20

Lys84 Nε–sulfate O 2.8 ± 0.11

Water–sulfate O 2.8 ± 0.17

Arg60 Nε–sulfate O 2.8 ± 0.13a

†
Average distances for 12 monomers in the asymmetric unit.

a
Arg60 interacts with the sulfate in only 4 of the 12 subunits.
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TABLE IV

Assay Results for HI1679†

Compound Hydrolysisa kcat (s−1) Km (mM)

6-Phosphogluconate Yes 2 ± 0.1 3.8 ± 0.4

Phosphotyrosine Yes 28 ± 3 15 ± 4

p-Nitrophenylphosphate Yes 0.1 ± 0.01 4.1 ± 0.3

Ribose–5-phosphate Yes —b —b

Phosphoglycolate Yes —b —b

α-Glycerophosphate Yes —b —b

β-Glycerophosphate No — —

Glucose–6-phosphate No — —

Glucose–1-phosphate No — —

Sorbitol–6-phosphate No — —

Glucosamine–6-phosphate No — —

Mannose–1-phosphate No — —

ATP, GTP, CTP, TTP No — —

Phosphoserine No — —

2-Chloropropionic acid No — —

†
Compounds judged to be the best substrates were analyzed more thoroughly to obtain kinetic constants.

a
Indicates hydrolysis detectable via the appropriate assay as described in the text.

b
Not determined.
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