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ABSTRACT: The BT4131 gene from the bacteriumBacteroides thetaiotaomicronVPI-5482 has been cloned
and overexpressed inEscherichia coli. The protein, a member of the haloalkanoate dehalogenase
superfamily (subfamily IIB), was purified to homogeneity, and its X-ray crystal structure was determined
to1.9 Å resolution using the molecular replacement phasing method. BT4131 was shown by an extensive
substrate screen to be a broad-range sugar phosphate phosphatase. On the basis of substrate specificity
and gene context, the physiological function of BT4131 in chitin metabolism has been tentatively assigned.
Comparison of the BT4131 structureR/â cap domain structure with those of other type IIB enzymes
(phosphoglycolate phosphatase, trehalose-6-phosphate phosphatase, and proteins of unknown function
known as PDB entries 1NF2, 1NRW, and 1RKQ) identified two conserved loops (BT4131 residues
172-182 and 118-130) in theRââ(RâRâ)Rââ type caps and one conserved loop in theRââRââ type
caps, which contribute residues for contact with the substrate leaving group. In BT4131, the two loops
contribute one polar and two nonpolar residues to encase the displaced sugar. This finding is consistent
with the lax specificity BT4131 has for the ring size and stereochemistry of the sugar phosphate. In
contrast, substrate docking showed that the high-specificity phosphoglycolate phosphatase (PDB entry
1L6R) uses a single substrate specificity loop to position three polar residues for interaction with the
glycolate leaving group. We show how active site “solvent cages” derived from analysis of the structures
of the type IIB HAD phosphatases could be used in conjunction with the identity of the residues stationed
along the cap domain substrate specificity loops, as a means of substrate identification.

The haloalkanoic acid dehalogenase (HAD)1 superfamily
(1) consists of more than 3000 members in organisms ranging
from prokaryotes to humans [for a recent review, see the
work of Allen and Dunaway-Mariano (2)]. Although the
superfamily was named after the first family member
structurally characterized, 2-haloacid dehalogenase (3, 4), the
vast majority of known catalytic activities carried out by
family members are directed at phosphoryl transfer. The
phosphohydrolase activities of the ATPases and the phos-
phomonoesterases are the most prevalent. Diversification of
the HAD superfamily (HADSF) catalytic scaffold to include

phosphonate (P-C bond) hydrolysis [phosphonoacetaldehyde
hydrolase (5)] and the transfer of phosphoryl groups between
hexose hydroxyl substituents [phosphomutases (6)] has
occurred less frequently but is, nonetheless, remarkable.
Because the HAD fold is found in many different phospho-
hydrolases within a given organism [with 58 HAD homo-
logues inHomo sapiensfor instance (J. Selengut, personal
communication)], it is evident that substrate diversification
is the focus of the evolutionary expansion of this large
superfamily. Identification of the structural features of the
HAD members that underlie substrate specificity is a key to
the assignment of function in this superfamily and a major
goal of our work.

How then do HAD phosphohydrolases distinguish their
substrates? All members of the HADSF possess anR,â-core
domain consisting of a modified Rossmann fold, one face
of which houses the active site. The core domain catalyzes
the transfer of the phosphoryl group from a specific
phosphate ester or anhydride to an active site Asp, and then
to a water molecule (Figure 1A). The catalytic scaffold of
the active site is formed by four loops (Figure 1B) comprised
of the four consensus motifs (motifs I-IV) by which family
members are recognized. The Asp nucleophile is located on
loop 1. Loop 2 positions a conserved Ser/Thr that binds the
substrate phosphoryl group, whereas loop 3 positions a
conserved Arg/Lys that orients and shields charge in the Asp
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nucleophile and the phosphoryl group. Finally, loop 4
positions two or three Asp residues that bind the Mg2+

cofactor (in phosphohydrolases). The main roles of the core
domain are thus binding, orienting, and activating the
substrate phosphoryl group for transfer and the phosphoryl
group acceptor for nucleophilic attack. The conserved “core
residues” form the standard equipment for catalysis found
in all HAD phosphotransferases examined to date.

Substrate recognition derives from structural accessorizing,
which for a majority of the HAD members involves the
addition of a second domain [for a discussion of substrate
recognition in single-domain HAD members, see the work
of Peisach et al. (7)]. Typically, this second domain is a
smaller cap domain, the nature and location of which are
used to divide the HADSF into subfamilies (8) (Figure 2A).
Subfamily I has a smallR-helical bundle cap domain located
between motif I and motif II in the primary sequence;
subfamily II has a mixedR/â domain located between motif
II and motif III (Figure 2B), whereas subfamily III has no
cap domain.

Studies of cap function have focused on the subfamily I
enzymes, such as phosphoserine phosphatase (PSP) (9, 10),
phosphonoacetaldehyde hydrolase (phosphonatase) (11, 12),
and â-phosphoglucomutase (â-PGM) (13). X-ray crystal-
lographic studies of these three enzymes have revealed two
functionally important conformational states (Figure 3) that
differ in the disposition of the cap domain and the core
domain. In the “cap-closed” conformation, the cap domain
is interfaced with the active site of the core domain. Residues
from a specific cap segment termed the “substrate specificity
loop” (12) enter the active site where they participate in
substrate binding and catalysis. For instance, the substrate
specificity loop of phosphonatase pictured in Figure 3

contributes the catalytic Lys53 residue that forms a Schiff
base with the phosphonoacetaldehyde substrate as well as
the Met49 residue, which contributes to the hydrophobic
environment proposed to modulate Lys53 ionization (11, 14).
The cap-open conformation allows the active site access to
solvent, thus facilitating substrate binding and product
release. Interconversion between conformational states is
based on hinge motion in the solvated domain linkers and is
regulated by substrate binding (14).

Cap function among members of HAD subfamily II, the
topic of this paper, has not been previously described. Herein,
we report the structure and biochemical function of BT4131
from the human gut bacteriumBacteroides thetaiotaomicron.
On the basis of an analysis of this enzyme, and the recently
reported structures of several other HAD subfamily II
enzymes [PDB entries 1NF2 (15), 1L6R (16), 1NRW,
1RKQ, and 1U02], we identify the cap-open and cap-closed
conformational states, and the two substrate specificity loops,
used in substrate recognition. BT4131 serves as an example
of how residues stationed on substrate specificity loops can
be used in conjunction with the active site solvent cage and
the genome context (17) of the encoding gene as an inroad
to the identification of biochemical function in “unknown”
HAD subfamily II members.

EXPERIMENTAL PROCEDURES

Materials. Except where indicated, all chemicals were
obtained from Sigma-Aldrich. The Biolmol green phosphate
assay kit was purchased from Biolmol Research Laboratories
Inc. Primers, T4 DNA ligase, and restriction enzymes were
from Invitrogen.Pfu, Pfu Turbo polymerases, and the pET3
vector kit were from Stratagene. The Geneclean Spin Kit
and the Qiaprep Spin Miniprep Kit were from Qiagen. Host
cells were purchased from Novagen. Genomic DNA from
B. thetaiotaomicronVPI-5482 (ATCC 29148) was a kind
gift from J. Gordon (Washington University, St. Louis, MO).

Cloning, Expression, and Purification.The cDNA encod-
ing the BT4131 gene fromB. thetaiotaomicronVPI-5482
was amplified by PCR using the genomic DNA fromB.
thetaiotaomicronVPI-5482 andPfuTurbo DNA polymerase.
Oligonucleotide primers (5′-GGACTAAAAGGAACATAT-
GACGAAAG and 5′-CAGATGTGCTGACCGGATCCAT-
GAA), containing restriction endonuclease cleavage sites
NdeI andBamHI, were used in the PCRs. The pET-3a vector,
cut by restriction enzymesNdeI andBamHI, was ligated to
the PCR product that had been isolated and digested
with the same restriction enzymes. The ligation product
(pET-3A-042) was used to transformEscherichia coliJM109
competent cells (Stratagene) to prepare plasmid DNA for
sequencing. Plasmid DNA was purified using a Qiaprep Spin
Miniprep Kit. The gene sequence was confirmed by DNA
sequencing carried out by the Molecular Genetics Core
Facility at the Boston University School of Medicine.

The recombinant plasmid DNA, pET-3A-042, was used
to transform competentE. coli BL21(DE3)pLysS cells. The
transformed cells (4 L) were grown at 37°C with agitation
at 250 rpm in Luria broth containing 50µg/mL ampicillin
for 4-6 h to an OD600 of ∼0.6-1.0 and then induced for
4 h at 37°C at a final concentration of 0.4 mM isopropyl
â-D-thiogalactopyranoside (IPTG). The cells were harvested
by centrifugation [6500 rpm (7350g)] for 15 min at 4°C to

FIGURE 1: (A) Two-step reaction catalyzed by HADSF phospho-
hydrolases and (B) the supporting catalytic scaffold of the prototype
phosphoserine phosphatase (PSP) (PDB entry 1L8L). The nucleo-
philic Asp (side chain shown) is located on loop 1 (red). Loop 2
(green) positions a Ser/Thr to bind substrate (phosphate group
colored magenta); loop 3 (cyan) positions an Arg/Lys to orient the
nucleophile, and loop 4 (gold) positions an Asp residue that
coordinates the Mg2+ cofactor (gray sphere).
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yield 2 g/L of culture medium. The cell pellet (8 g) was
suspended in 80 mL of ice-cold lysis buffer consisting of
50 mM Na+-Hepes (pH 7.5 at 25°C) and 5 mM DTT. The
cells were lysed by sonication (6× 6 min at 50% power
and 30% duty cycle) with a Branson 250 sonifier (VWR
Scientific Inc.). The cell lysate was centrifuged at 4°C for
120 min at 38384g. The supernatant was fractionated by
ammonium sulfate-induced protein precipitation. The protein
precipitated with 75-100% ammonium sulfate was harvested
by centrifugation at 26895g for 15 min. Following dissolution
in 25 mL of lysis buffer, the protein was loaded onto a
50 mL Butyl-Sepharose (Amersham Biosciences) column
pre-equilibrated with 1 M ammonium sulfate in buffer A
[50 mM Hepes (pH 7.5 and 25°C) and 0.5 mM DTT]. The
column was first washed with 200 mL of 1 M ammonium
sulfate in buffer A and then eluted with a 1 Llinear gradient
of 1 to 0 M ammonium sulfate in buffer A. The column
fractions were analyzed by SDS-PAGE. The desired protein
eluted at∼0.1 M ammonium sulfate. The fractions were
combined and concentrated at 4°C using a 10K Amicon
Ultra Centrifugal filter (Millipore) and then stored at
-80 °C. The protein, shown to be homogeneous by SDS-
PAGE, was obtained in a yield of 10 mg of protein/g wet
cells.

Kinetic Constant Determinations.The purified recombi-
nant enzyme was concentrated with an Amicon Ultrafiltration
apparatus (PM10) or Centricon-10 (Millipore), and dialyzed
against buffer A before being used in kinetic studies. The
steady-state kinetic parameters (Km and kcat) of phosphor-
ylated substrates were determined from initial reaction
velocities measured at varying substrate concentrations
(ranging from 0.5Km to 5Km). The initial velocities were
measured for reaction mixtures containing 5 mM MgCl2 in
50 mM Hepes buffer (pH 7.0) at 25 or 37°C. The assay
methods used for the various substrates are described below.
Protein concentrations were determined by the Bradford
method (18), and absorbance measurements were performed
with a Perkin-Elmerλ25 UV-vis spectrophotometer. Data
were fitted to eq 1 with KinetAsystI

whereV0 is the initial velocity,Vmax the maximum velocity,
[S] the substrate concentration, andKm the Michaelis-
Menten constant for the substrate. Thekcat value was
calculated fromVmax and [E] according to the equation
kcat ) Vmax/[E], where [E] is the protein subunit concentration
in the assay reaction.

FIGURE 2: Representative structures of subfamily I (â-PGM), subfamily II type A (NagD), subfamily II type B (phosphoglycolate phosphatase),
and subfamily III (magnesium-dependent phosphatase 1) (shown left to right). Subfamily members share a common core domain (cyan) but
are distinguished by the presence and location of cap domains with differing topologies (magenta). (A) The entire structures are depicted
as ribbon diagrams, and the cap domains of only (B) type I, (C) type IIA, and (D) type IIB are depicted as topology diagrams.

V0 ) Vmax[S]/(Km + [S]) (1)
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The sulfate inhibition constant was determined from initial
velocity data measured in the presence and absence of sulfate
and fitted to eq 2 (for competitive inhibition)

where I is the concentration of the inhibitor andKi is the
inhibition constant.

ActiVity Assays.The rate of p-nitrophenyl phosphate
(PNPP) hydrolysis was determined by monitoring the
increase in absorbance at 410 nm (∆ε ) 18.4 mM-1 cm-1)
(15) at 25 or 37°C. The 0.5 mL assay mixtures contained
50 mM Hepes buffer (pH 7.0), 5 mM MgCl2, and various
concentrations of PNPP.

The rate of â-D-glucose 6-phosphate hydrolysis was
determined by monitoring the rate of NADPH (340 nm;
∆ε ) 6.22 mM-1 cm-1) formation in a 0.5 mL coupled assay
solution initially containing 50 mM Hepes buffer (pH 7.0
and 25°C), 5 mM MgCl2, 0.2 mM NADP+, and 1 unit of
glucose dehydrogenase (EC 1.1.1.119). The kinetic constants
determined with this assay agreed with those determined
using the fixed time phosphate assay described below.

Phosphate Assays.Phosphate ester hydrolysis for all
substrates except PNPP was monitored using the Biolmol
green kit to detect the total level of phosphate release. The
1 mL assay mixture, containing 50 mM Hepes buffer
(pH 7.0), 5 mM MgCl2, 1 mM substrate, and 1.2µM BT4131

was incubated at 37°C for 10 min. In parallel, the
background level of phosphate was measured using a control
reaction mixture, which excluded the BT4131. For analysis,
100µL of the mixture was added to 1 mL of Biomol green
reagent. After a 30 min incubation at room temperature, the
absorbance of the solution at 620 nm was measured. Steady-
state kinetic constant determinations were carried out using
reaction solutions containing lower BT4131 concentrations
(from 0.1 to 1.2µM depending on the reactant) and varying
concentrations of phosphate ester (0.5-5Km).

Metal ActiVation. The metal cofactor specificity was
examined using PNPP as a substrate. The BT4131 was first
dialyzed at 4°C against 1 L of 10 mM EDTA in 50 mM
Hepes (pH 7.5) and then against 1 L of 1 mM Hepes
(pH 7.0). Reaction solutions contained∼0.5 µM BT4131,
1 mM PNPP, and varying concentrations of MgCl2, MnCl2,
CoCl2, NiCl2, FeSO4, ZnCl2, CuBr2, and CaCl2 in 50 mM
Hepes (pH 7.0 and 25°C). The initial velocity data were
fitted with eq 1 using KinetAsystI.

Molecular Mass Determination.The theoretical molecular
mass was calculated from the amino acid composition, which
was derived from the gene sequence, by using the EXPASY
Molecular Biology Server program Compute pI/MW (19).
The molecular mass was measured by MALDI mass spec-
trometry (Dana Farber Cancer Institute, Boston, MA) and
by SDS-PAGE (4% stacking gel and 12% separating gel).
The molecular mass of native BT4131 was estimated by
FPLC gel filtration column chromatography against protein
standards (25-232 kDa from Amersham Pharmacia Biotech).
The 2.5 cm × 120 cm Amersham Pharmacia Biotech
Sephacryl S-200 column was eluted at 25°C with 50 mM
Hepes and 100 mM NaCl (pH 7.5). The native mass was
calculated from a plot of the logarithm of the molecular mass
versus elution volume from the column.

Crystallization and Diffraction Data Collection.The
purified protein (∼17 mg/mL), exchanged into 1 mM Hepes
buffer (pH 7.5), was screened for crystallization by sparse
matrix screening (20) with Crystal Screen Kits I and II
(Hampton Research). After 10 days at room temperature
(∼25 °C), large orthorhombic crystals with overall dimen-
sions of 0.5 mm× 0.4 mm × 0.4 mm appeared in the
presence of 30% (w/v) polyethelene glycol 1500.

Crystals were frozen for data collection by passing them
through 100% Paratone-N (Hampton Research) and then
placing them directly in a stream of nitrogen gas cooled by
liquid nitrogen. Diffraction data were collected at-180 °C
to 1.6 Å resolution using Cu KR radiation from a Rigaku
RU-300 generator equipped with an R-Axis IV++ image plate
located at the Boston University School of Medicine. Data
were indexed and scaled using DENZO and SCALEPACK
(21). Data collection statistics are summarized in Table 1.
The crystals are orthorhombic, belonging to space group
P212121, with the following unit cell dimensions:
a ) 49.35 Å,b ) 55.74 Å, andc ) 94.80 Å. The unit cell
volume is consistent with the presence of a monomer in the
asymmetric unit assuming a Matthews coefficient of 2.3.

Phase Determination, Refinement, and the Final Model.
The phase problem was solved using the molecular replace-
ment method. The monomeric structure of a hypothetical
phosphatase from the HADSF member whose sequence is
22.5% identical and 42.5% similar to that of BT4131
[PDB entry 1NRW (deposited as to be published)] was used

FIGURE 3: Overlay of the cap-open (gray) and cap-closed (cyan)
structures of phosphonoacetaldehyde hydrolase. The Schiff base-
forming Lys and essential Met contributed to the active site from
the substrate specificity loop on the cap domain are depicted as
sticks.

V0 ) Vmax[S]/[Km(1 + I/Ki) + [S]] (2)
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as the search model. Side chains except Gly were mutated
to Ala, and ligands were omitted. MOLREP in the CCP4
program suite was used to solve the rotation and translation
functions, yielding a correct solution with a correlation
coefficient of 31.9% and anR-factor 53.8% at 3.5 Å
resolution. Although theR-factor was high, the difference
in the correlation coefficient between this solution and the
next best solution was large, and the resulting model gave
no overlap between symmetry mates. The model obtained
from Molrep was further refined using CNS (22).

Successive rounds of manual rebuilding were performed
using the molecular graphics program O (23) followed by
minimization and simulated annealing in CNS with data to
1.9 Å resolution. Because the initial model had 27 more
amino acid residues than BT4131, these extra residues were
gradually removed from the model. To avoid model bias,
ligand molecules were added whenRfree (24) was less than
30%. Waters were also added at this stage. The N-terminal
methionine did not have clear electron density, and was
removed from the model. The final model comprises 260
amino acids, two magnesium ions, one sulfate ion, and 183
water molecules, with anRfree of 21.0% and anRwork of
17.2%. Analysis of the Ramachadran plot as defined by
PROCHECK (25) showed that 90.0% of residues fall in the
most favored regions with 10.0% in the additionally allowed
regions and no residues falling in the generously allowed or
disallowed regions. Refinement statistics are summarized in
Table 1.

Generation of an ActiVe Site CaVity Plot and Model
Docking.VOIDOO (26) and O were used to calculate the
BT4131 active site cavity plot and to dock the potential

BT4131 substrate in the calculated active site volume. For
the calculation of the cavity, a probe radius of 1.4 Å was
utilized. The models of the substrates used for docking were
obtained from the Protein Data Bank (PDB entries 1HOT,
1FXQ, 1C9C, and 1JXA), and docking was manually
performed in O. Allowed torsions were made to the ligands
to give the conformer that best fit the shape of the active
site volume.

RESULTS AND DISCUSSION

The goal of this work was to develop a strategy that could
be used by investigators in the identification of biochemical
function in unknown members of the HADSF subfamily II
phosphohydrolases. The first step was to determine the
structure of a subfamily II member and analyze this structure
in the context of its known physiological substrate. HADSF
subfamily II member BT4131 fromB. thetaiotaomicron
VPI-5482 was selected for structure-function analysis
because its function as a phosphosugar phosphatase could
be inferred from the genome context of its encoding gene
(27) (see below). Thus, we had an inroad to the determination
of the BT4131 physiological substrate and hence to the
identification of the cap domain residues conferring substrate
specificity. Several structures sharing the same cap topology
(RââRâRâRââ) as BT4131 had been recently deposited in
the Protein Data Bank [PDB entries 1NF2 (15), 1L6R (16),
1NRW, 1RKQ, and 1U02]. Following structure-function
analysis of BT4131, the structures of these homologues were
analyzed to define substrate specificity determinants in the
type II subfamily. Finally, the structures of the homologues
were employed to explore the use of the active site solvent
cage in the identification of substrate structure.

Cloning and Expression of BT4131.The BT4131 gene
from B. thetaiotaomicronVPI-5482 was cloned and ex-
pressed inE. coli BL21(DE3)pLysS competent cells using
the pET-3A vector. The protein was purified to homogeneity
in a yield of 10 mg/g wet cells using a column chromatog-
raphy-based protocol. The subunit mass of BT4131 was
determined by MALDI mass spectroscopy to be 28 726 Da.
The theoretical mass of the native protein was calculated as
28 856 Da, while that of the native protein without the
N-terminal Met residue, 28 725 Da, agrees well with the
experimental mass. The SDS-PAGE analysis gives an
estimated subunit mass of 29 kDa, while the native mass
determined by gel filtration analysis is 30 kDa. Thus,
recombinant BT4131 is monomeric, and its N-terminal Met
has been removed by post-translational modification.

OVerall Structure and Fold.The final model of BT4131,
including all residues except the first Met residue, was refined
at 1.9 Å resolution to anRwork of 17.2% and anRfree of 21.0%.
All residues are well-defined except cap domain residues
121-131, which have a highB-factor (57.5) compared to
the averageB-factor of the entire protein (26.0), indicative
of conformational flexibility. There is one molecule in the
asymmetric unit. There are two bound divalent metal cations,
one which occupies the cofactor binding site found in all
HAD phosphotransferases (28) and the other which is bound
outside of the active site near the C-terminus (Figure 4A).
The latter is coordinated to one oxygen atom of the Asp240
side chain, the backbone oxygen atoms of Leu219, Arg220,
and Ala220, and two water molecules.

Table 1: Summarized Crystallographic Data Collection and
Refinement Statistics

data collection statistics
space group P212121

unit cell dimensions a ) 49.35,b ) 55.74,
c ) 94.80

X-ray source Cu KR
wavelength (Å) 1.54
resolution range (Å) 94.8-1.9
no. of total/unique reflections 458 204/21 335
completeness (%) 99.7 (99.4)a

I/σ(I) 32.7 (4.4)a

Rmerge(%)b 5.5 (35)a

volume fraction of protein (%) 62
data redundancy 4.7

refinement statistics
no. of protein atoms 2017
no. of waters 183
no. of Mg(II) ions/no. of sulfate ions 2/1
no. of total reflections (working set/free set) 20794/2054
Rwork/Rfree (%) 17.2/21.0
averageB-factor (Å2) 27.4

protein 26.0
Mg2+ atoms 11.2
solvent 38.6
main chain atoms 22.3
SO4 atoms 36.1

Luzzati coordinate error (Å) 0.17
rmsd

bond length (Å) 0.0018
dihedrals (deg) 23.81
angles (deg) 1.71
impropers (deg) 1.27

a Values in parentheses represent values for the high-resolution shell
(2.02-1.90 Å). b R ) (I - I)2/I2.
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BT4131 is composed of two distinct domains connected
by two linker regions (Figure 4A,B). The larger domain is
the “conserved core” domain that houses the active site. The
slightly smaller domain is the cap domain, which docks on
the core domain to cover its active site. The core domain is
a modified Rossmann fold comprised of a six-stranded
parallelâ sheet (â1-â3 andâ11-â13) surrounded by six
helices (R1, R2, and R7-R10). Two additionalâ sheets
(â4 andâ5) following â3 are part of the connection between
the core domain and cap domain. The cap domain topology
is of theRââ(RâRâ)Rââ type (see a further description in
the section below).

The disposition of the cap domain relative to the core
domain reflects a cap-closed conformation, wherein the core
domain active site is sequestered from bulk solvent. In
BT4131, the closed conformation might be attributed to the
presence of the anionic (probably sulfate) ligand in the active
site (see below). In other HAD enzymes, bound sulfate,
phosphate, and tungstate ligands have been correlated with

closed enzyme structures (5, 10, 29), whereas both open and
closed conformations have been observed with the un-
liganded enzymes (5). It has been suggested that the anion
mimics the phosphoryl group of the substrate and by
shielding the positive charge of the bound Mg2+ facilitates
cap domain-core domain association (5).

The R/â core domain is similar in structure to the core
domain common to all other HADSF members. The cap
domain topology places BT4131 in the HAD subfamily II
type B category (subclass IIB). A search of the DALI
database (30) identified 19 HADSF members withZ scores
greater than 6.0. Because HADSF members share the core
domain, the “hits” represent all three subfamilies. These
structures share 4-24% overall amino acid sequence identity
and rms deviations of 1.9-3.8 Å compared to BT4131. The
HAD structures having the highestZ scores, however, are
those which share cap topology with BT4131 and assume
the same domain-domain conformation (i.e., open vs
closed). The most closely related fold belongs to 1NF2

FIGURE 4: (A) Stereoview of the structure of BT4131 colored from the N-terminus (blue) to the C-terminus (red). Mg2+ ions are shown
as magenta spheres. Sulfate ion bound in the active site is shown as a ball and stick. (B) Topological diagram of the secondary structure
of BT4131. The red area represents the BT4131 core domain, the pink area the linker, and the blue area the cap domain. There is an
extended segment inserted betweenR5 andR6 (residues 133-137) which in other subfamily II type B enzymes is aâ strand. (C) BT4131
active site with conserved catalytic segments colored as in Figure 1B.
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(Z ) 26), which is a subclass II type B HAD phosphatase
with unknown function (15). The next most related structure
is 1L6R (Z ) 20), another subclass IIB HAD enzyme, which
functions as a phosphoglycolate phosphatase (16). Both
structures are, like BT4131, observed in the cap-closed
conformation (see further discussion below). From the DALI
search results, we anticipated that BT4131 is a phosphatase,
a prediction that was confirmed by the observed catalyzed
hydrolysis of PNPP (Table 2).

BT4131 Core Domain.The four-loop catalytic platform
of the BT4131 core domain is shown in Figure 4C, and the
residues that closely surround the bound metal ion and sulfate
ligands are shown in Figure 5. In general, the structure of
the core domain active site in BT4131 is essentially the same
as the core domain active sites that have been reported for
numerous other HADSF phosphotransferases (for example,
compare the BT4131 structure in Figure 4C to the PSP
structure in Figure 1B). However, there are two features of
the BT4131 active site that are of special note that will be
discussed here.

The first point of interest is the metal cofactor binding
site. BT4131-catalyzed hydrolysis of PNPP was assessed in
the presence and absence of Mg2+. Whereas no activity above
background was observed for metal-free BT4131 (prepared
using EDTA; see Experimental Procedures) in the absence
of added Mg2+, the apparentkcat (PNPP concentration∼ Km)
and Km values (hereKm is equivalent to the dissociation
constant for binding to the free enzyme in the presence of
PNPP) for Mg2+-activated BT4131 are 0.05 s-1 and 111µM,
respectively (Table 2). The purified enzyme which was not
treated with EDTA retained a small amount of activity
(6% of the activity measured in the presence of Mg2+),
indicating metal ion contamination in the enzyme preparation
and/or assay solution. In fact, although divalent metal ions
were not added to the crystallization buffer, electron density
corresponding to a metal ion appeared in the BT4131
structure at a contour level of 11σ in an Fo - Fc electron
density map. The density was tentatively assigned as Mg2+

for two reasons. First, the anomalous peak at the metal ion
binding site should show a very low-magnitude signal for
magnesium (0.18 anomalous electron) and a significant peak
for a transition metal such as Mn2+ (2.79 anomalous
electrons) compared to the anomalous signal from a S atom
in the protein (0.56 anomalous electron). The peak at the
metal binding site is visible when the anomalous electron
density map is contoured to 12.5σ, whereas the peak from
the S atom of a Met residue with a lowB-factor (14 Å2) is
visible up to 7.6σ. We assume a high total occupancy of the
site (close to 100%) because of the lowB-factors (all less
than the averageB-factor of the protein) of the liganding

carboxylates (i.e., there is no evidence of a mix of occupied
and unoccupied sites). Thus, from a weighted average, the
amount of anomalous scattering at the metal site is consistent
with 75% occupancy by a metal with the scattering properties
of Mg2+ and 25% occupancy by a metal with the scattering
properties of Mn2+. Indeed, little residual density appeared
after refinement of this metal in that position. Second, the
kinetic constants derived from the metal ion specificity study
reported in Table 2 suggested that Mg2+ is the physiological
activator (i.e., it yields the highest activity). Of the other
divalent metal cations which are activators and bind with
higher affinity than Mg2+ (see Table 2), only Ni2+ has similar
anomalous scattering to Mg2+ (but it results in one-third of
the activity). Thus, although we cannot completely rule out
Ni2+, the metal cofactor is probably Mg2+.

Regardless of the true metal ion identity, the position of
the metal defines the core domain residues that bind it (Figure
5). As expected for enzyme-bound Mg2+, there are six
ligands with octahedral geometry. One of these ligands is
assigned as a sulfate ion, and the basis for this assignment
is described below. We suggest that by analogy to other HAD
phosphotransferase structures, the sulfate ligand that we
observe in the BT4131 active site is replaced with the
phosphoryl group of the substrate in the enzyme-substrate
complex (9, 14, 31). Thus, as with other HAD phospho-
transferases, the Mg2+ cofactor serves to bind the transferring
phosphoryl group. The observed coordination of the metal
ion to the carboxylate of the loop 1 Asp8 nucleophile and
to the backbone carbonyl of the loop 1 Asp10 acid/base
residue is also common to the other HAD phosphotrans-
ferases. It is the manner in which loop 4 binds to the Mg2+

that makes the BT4131 catalytic site unique. In a previous
analysis of loop 4-mediated metal ion binding in HAD
phosphotransferases (28), a seven-station template that
functions to position metal binding residues was described.
The HAD phosphotransferases differ in the number and
position of binding residues along this template as well in
the type of binding (inner sphere vs outer sphere) that is
involved. In BT4131, Asp211 at station 3 provides one metal
ligand, Asn214 at station 6 binds the metal ion via formation
of a hydrogen bond with one water ligand, and Asp215 at
station 7 binds the metal via formation of a hydrogen bond
with the second water ligand. This configuration is unique
among those previously described (28) and serves as further
evidence of the plasticity in configuration of the metal-
binding loop of the HADSF phosphotransferases.

The assignment of the above-mentioned sulfate ligand is
based on the scattering properties of sulfate and the presence
of sulfate in the crystallization milieu. Specifically, electron
density at a 2.5σ contour level in anFo - Fc map appeared
in the enzyme active site in a region overlapping the region
identified as the phosphate-binding site in other HADSF
members (5-7, 10, 29). An anomalous difference map
calculated with the Cu KR data (1.54 Å) showed the intensity
of the peak corresponding to the sulfate sulfur position is
equivalent to that of a nearby sulfur atom in Met. Because
no phosphate ion had been used in BT4131 purification and
crystallization, but ammonium sulfate had been used in the
purification, we suspected that the electron density derived
from a bound sulfate ion. Sulfate ion was tested as a
competitive inhibitor versus PNPP and found to have aKi

of 1.1 ( 0.1 mM, indicative of modest affinity for the

Table 2: Steady-State Kinetic Constants Measured for
BT4131-Catalyzed Cleavage of PNPP at pH 7.0 and 25°C in the
Presence of Various Divalent Metal Ions

metal ion (Me) kcat (s-1) Km (µM) kcat(Me)/kcat(Mg2+)

Mg2+ 0.051( 0.001 111( 8 1.0
Mn2+ 0.0284( 0.0008 9( 1 0.56
Co2+ 0.0077( 0.001 6.2( 0.3 0.15
Zn2+ 0.0044( 0.0003 13( 2 0.086
Ca2+ 0.00104( 0.00003 85( 7 0.02
Ni2+ 0.0017( 0.00003 1.5( 0.1 0.33
Cu2+ no activation
Fe2+ no activation
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phosphate-binding site. The nearest significant neighbors to
the assigned sulfate ion are the Mg2+, loop 1 Asp8 (the
nucleophile), loop 1 Asp10 (the acid/base), loop 2 Thr43
(phosphate-binding residue), loop 3 Lys188 (phosphate-
binding residue), and loop 4 Asn214 (metal-binding residue)
(Figure 5). Note that Asp8 and Asp10 are proximal to the
sulfate but do not participate in hydrogen bonds. This sulfate
position is identical to that of sulfate or phosphate ligands
in other HAD phosphotransferases (6, 10, 29).

The second feature of the BT4131 active site of special
interest relates to the Asp10 acid/base residue. This residue
is conserved among HAD phosphate ester hydrolases to
protonate the alkoxide leaving group formed in the first
partial reaction (Figure 1A). In the second partial reaction,
involving the hydrolysis of the aspartyl-phosphate inter-
mediate, it may also serve to deprotonate the water nucleo-
phile. In the HAD subfamily I phosphotransferases examined
to date, the Asp10 acid/base is positioned by the substrate
(6, 9, 29). In contrast, Asp10 of BT4131 is positioned for
its role in acid/base catalysis by loop 2 residue Arg45 (Figure
5). Inspection of all reported HAD phosphotransferase
structures revealed that in subfamily IIB and III members,
the Asp acid/base residue is bound by an electropositive
residue which occupies the same spatial position as the Arg45
of BT4131 but can vary in sequence position. At present, it

is not known why the Asp acid/base is “pinned down” by
an active site residue in these subfamilies, but not in
subfamily I, but this appears to be a general phenomenon
that warrants future investigation.

Substrate Specificity and Biochemical Function.BT4131
activated with Mg2+ was found to catalyze the hydrolysis
of PNPP with reasonable efficiency [kcat/Km ) 0.11 ×
103 M-1 s-1 (Table 3)]. The physiological substrate of
BT4131 was, however, unknown. On the basis of the location
of the encoding gene near the chitobiase (â-N-acetylhexo-
saminidase) gene (32), we thought that BT4131 might be
involved in sugar catabolism and thus might be a sugar
phosphate phosphatase. To test this proposal, we examined
the size and shape of the substrate-binding site in BT4131
as defined by the active site cavity in the catalytically active,
domain-domain closed conformation of the enzyme. By
using VOIDOO (26) to generate a surface plot of the cavity
available to a probe the size of a water molecule (1.4 Å
radius), a solvent cage was created. Common phosphorylated
metabolites, including pyridoxal 5-phosphate and the sugar
phosphates glucose 6-phosphate, arabinose 5-phosphate, and
N-acetylglucosamine 6-phosphate (NAG6P), were evaluated
for “goodness of fit” by manually docking their structures
into the solvent cage. Of the metabolites screened, NAG6P
gave the best fit (Figure 6) in that it filled the cage without

FIGURE 5: Sulfate binding site and hydrogen bond network in the BT4131 active site (A) and the 2(Fo - Fc) electron density map shown
in stereo (B) contoured at 1.2σ. Mg2+ is colored magenta, and waters are colored red [one water ligand to Mg2+ (held by Asn214) is not
shown for clarity].
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extending beyond it. The glucose 6-phosphate and arabinose
5-phosphate were also good matches but left small regions
of the cage empty. We note that in the BT4131 structure,
four water molecules occupy the space filled by the sugar
motif of the docked NAG6P.

Using the results of our “virtual” substrate screen as a
guide, a focused activity screen was devised. On the basis
of the shape of the solvent cage, we predicted that hexose
6-phosphates or pentose 5-phosphates would be good
substrates whereas ring isomers such as glucose 1-phosphate
would not be. This is because direct attachment of the ring
to the transferring phosphoryl group prevents the latter from
extending through the narrow pocket to the Asp8 nucleophile
(see Figure 6). Consistent with this prediction, we found that
the cyclic sugarsâ-D-glucose 6-phosphate, 2-deoxy-D-glucose
6-phosphate,N-acetylglucosamine 6-phosphate,D-fructose
6-phosphate,D-mannose 6-phosphate,D-arabinose 5-phos-
phate,D-ribose 5-phosphate, and deoxyribose 5-phosphate
are active substrates (kcat ) 1-26 s-1; kcat/Km ∼ 1 ×
103 M-1 s-1) and that the cyclic sugarsR-D-galactose
1-phosphate,R-D-glucose 1-phosphate, andR-D-(+)-mannose
1-phosphate are not (kcat is under the detection limit of
0.01 s-1) (Table 3). Similarly, pyridoxal phosphate, in which

the phosphoryl group is extended from the planar ring by a
methylene group, is significantly more reactive than
PNPP, in which the phosphate group is attached directly to
the ring (kcat/Km ) 2 × 103 M-1 s-1 vs kcat/Km ) 0.11 ×
103 M-1 s-1).

A second obvious feature of the substrate binding site in
BT4131 is the hydrophobic nature of the residues (most of
which derive from the cap domain) surrounding the sugar
unit of the docked sugar-phosphate ligand (Figure 6).
Because these nonpolar residues cannot offer hydrogen
bonding interactions with the substrate hydroxyl groups, the
interaction between the charged phosphoryl group and the
electropositive groups of the core domain will be the
principle source of favorable ligand binding energy (see
Figure 5A). Thus, as long as the transferring phosphoryl
group can access the Asp8 in the absence of a steric clash,
catalysis is anticipated. Consequently, the ability of BT4131
to distinguish between most (monosaccharide) sugar phos-
phate substrates will be limited. Indeed, the values of the
substrate specificity constantkcat/Km for D-glucose 6-phos-
phate,D-fructose 6-phosphate,D-mannose 6-phosphate,D-
arabinose 5-phosphate,D-ribose 5-phosphate,DL-glycerol
3-phosphate, and sorbitol 6-phosphate are within a factor

Table 3: Phosphorylated Compounds Tested as Substrates for BT4131 (50 mM Hepes buffer, pH 7.0, 5 mM MgCl2, and 37°C)

substrate kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

p-nitrophenyl phosphate (PNPP) 0.083( 0.002 0.77( 0.05 0.11× 103

â-D-glucose 6-phosphate 3.6( 0.2 10.7( 1.7 0.34× 103

2-deoxy-D-glucose 6-phosphate 26( 1 3.9( 0.4 6.7× 103

trehalose 6-phosphate ∼0.06
D-glucosamine 6-phosphate 0.27( 0.02 6.0( 0.9 0.045× 103

N-acetyl-D-glucosamine 6-phosphate 3.6( 0.5 17( 5 0.21× 103

D-fructose 6-phosphate 0.9( 0.1 4( 1 0.27× 103

D-fructose 1,6-(bis)phopsphate 0.014( 0.002 4( 1 0.004× 103

sucrose 6′-monophosphate 0.013( 0.001 3.1( 0.1 0.004× 103

D-mannose 6-phosphate 1.3( 0.1 1.9( 0.3 0.7× 103

D-arabinose 5-phosphate 9.6( 0.7 3.5( 0.5 3.2× 103

D-ribose 5-phosphate 8.7( 0.4 4.9( 0.6 1.8× 103

deoxyribose 5-phophate 1.45( 0.03 3.0( 0.1 0.48× 103

ADP 0.016( 0.001 1.6( 0.4 0.01× 103

DL-R-glycerol 3-phosphate 10.4( 0.2 8.7( 0.4 1.2× 103

glyceraldehyde 3-phosphate ∼1.0
pyridoxal 5′-phosphate 1.75( 0.06 0.88( 0.08 2× 103

sorbitol 6-phosphate 5.4( 0.2 6.8( 0.5 0.8× 103

D-gluconate 6-phosphate 0.040( 0.005 2.2( 0.7 0.018× 103

FIGURE 6: Stereodiagram of the active site of BT4131 with the substrateN-acetylglucosamine 6-phosphate (NAG6P, green) docked in a
cage representing the accessible surface of the active site [calculated with VOIDOO (34)].
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of 10 in magnitude, with a meankcat/Km value equal to
1 × 103 M-1 s-1 (Table 3).

A second corollary to the spatially confined, hydrophobic
sugar-binding site is that phosphate esters that have charged
substituents or that are simply too large to fit in the active
site of the enzyme in the catalytically active, closed
conformation will not be efficient substrates. Indeed,L-
tyrosineO-phosphate,L-serineO-phosphate, ethanolamine
O-phosphate, AMP, ATP,D-fructose 2,6-(bis)phosphate, and
pyrophosphate are not active substrates, andD-gluconate
6-phosphate,D-glucosamine 6-phosphate, andD-fructose 1,6-
(bis)phosphate are very poor substrates as are the disaccha-
rides trehalose 6-phosphate and sucrose 6′-monophosphate.

On the basis of the substrate activity profile and the size,
shape, and hydrophobicity of the substrate-binding site, we
conclude that BT4131 might function in the catalysis of
release of phosphate from hexose 6-phosphates and pentose
5-phosphates. The catalytic efficiency is low:kcat/Km

∼ 1 × 103 M-1 s-1 compared to the 1× 106 to 1 ×
108 M-1 s-1 “gold-standard” for single-substrate enzymes
involved in primary metabolism (33). The modest catalytic
efficiency and the broad substrate range are strong indicators
that BT4131 functions in a secondary pathway.

Indeed, the (annotated) gene context of BT4131 in
B. thetaiotaomicronas well as that of the ortholog BF0989
(69% identical sequences) inBacteroides fragilisis sugges-
tive of its role in recycling nitrogen and carbon from the
cell wall polymer chitin. InB. thetaiotaomicron, neighbor
gene BT4132 encodes chitobiase, an enzyme that catalyzes
the hydrolysis of chitin-derived chitobiose (N-acetylgluco-
samine disaccharide) toN-acetylglucosamine. Another neigh-
bor, BT4127, encodes glucosamine-6-phosphate isomerase.
This enzyme recycles “NH3” via the catalyzed conversion
of glucosamine 6-phosphate andL-glutamate to fructose
6-phosphate andL-glutamine, respectively. The gene context
prompts the speculation that BT4131 might function as
fructose-6-phosphate phosphatase for chitin catabolism.

Enzymes that function in secondary pathways are not
subjected to the selection pressure for catalytic perfection,
and theirkcat/Km values often reflect this. Moreover, broad
substrate range is not compatible with catalytic perfection
because the enzyme must accommodate a variety of substrate
structures. There is in fact some evidence to suggest that
the BT4131 active site accommodates rather than comple-
ments its intended sugar phosphate substrate. Whereas the
optimal fit is observed with NAG6P (kcat/Km ) 0.2 ×
103 M-1 s-1), the best substrate activity is observed with
2-deoxyglucose 6-phosphate (kcat/Km ) 7 × 103 M-1 s-1).
Because 2-deoxyglucose 6-phosphate is not a known bacterial
metabolite, it cannot be the physiological substrate and the
10-fold higher kcat that is observed for 2-deoxyglucose
6-phosphate is not predicted by interaction between the ligand
and the active site. Together, these observations suggest that
the catalytic site of BT4131 is not specially tailored or honed
for substrate specificity or catalytic efficiency. Thus, BT4131
appears to be an all-purpose sugar phosphate phosphatase
that has been recruited for the purpose of recycling carbon
and nitrogen from the cell wall polysaccharide chitin. In this
capacity, exceptional speed and specificity are not required
and are not features that will be cultivated by natural
selection. Alternatively, it is always possible that in the panel
of substrates that were tested in vitro, the true substrate has

been missed. Such an omission might also be expected to
result in the measurement of a relatively lowkcat/Km for a
number of the “nearest neighbor” substrates. However, if
fructose 6-phosphate is not the “correct substrate”, then it is
at least a close structural analogue, and the specificity
determinants found from interactions of the enzyme with this
substrate model will still be valid. In the following section,
we compare the structure and function of BT4131 with those
of other HAD subfamily II type B enzymes to identify
features of the type B cap domain that underlie catalytic
efficiency and substrate specificity.

Comparison of Cap Domain Structure and Function in
HAD Subfamily II Type B Phosphatases.HAD subfamily II
enzymes display two topologically different cap domains
indicative of two separate pathways of evolution. Subfamily
II type A has the cap domain topologyRâRââRâRâ, and
type B has the cap domain topologyRââ(RâRâ)Rââ (see
panels A and B of Figure 2). BT4131 is type B. There is
only one type A structure currently reported (PDB entry
1PW5, NagD gene product fromThermotoga maritima),
whereas several subfamily II type B structures [phospho-
glycolate phosphatase, TA0175 fromThermotoga acido-
philium (PDB entry 1L6R) (16), trehalose-6-phosphate
phosphatase fromT. acidophilium (PDB entry 1U02),
“hypothetical phosphatase” TM0651 fromT. maritima
(PDB entry 1NF2) (15), “HAD-like hydrolase” fromBacillus
subtilis (PDB entry 1NRW), and NYSGRC Target T1436
from E. coli (PDB entry 1RKQ)] have been reported. The
type B cap domains, compared in Figure 2B, are the focus
of this structure-function analysis.

As outlined in the previous discussion, the comparison of
cap-open and cap-closed structures of the HADSF type I
enzymes painted a picture of the catalytic cycle, starting with
substrate binding (cap-open), proceeding through the chemi-
cal steps (cap-closed), and ending with product release (cap-
open). Although we do not at present have a structure of
BT4131 in the cap-open conformation, by overlaying the cap-
closed BT4131 structure with the cap-open structure of the
unknown phosphatase 1NF2, we can infer the cap domain
motion required for a catalytic cycle in the type IIB HAD
enzymes (Figure 7A). This analysis is allowed by the
conservation of the fold in the core domains and in the cap
domains of the type IIB enzymes (i.e., the gross differences
between the structures are due to differences in the relative
positions of the cap and core domains). TheR/â fold of the
cap domain of the type IIB members shows little variation
in the relative orientation of structural elements within the
domain (unlike the type I HADSF members where there is
significant variation in the angles between theR helices in
the helical bundle cap). Accordingly, cap domain movement
in BT4131 is likely to occur through backbone rotation in
the two solvated peptide linkers at or near residues 83-85
(linker 1, sequence SAI) and residues 184-186 (linker 2,
sequence KGD). The caveat exists that a bulky residue in
one structure may change the relative orientation of the core
to cap and thus the analysis of the changes when comparing
two different proteins. However, it is probable such changes
would be more subtle than entire domain movements. Indeed,
the fact that the active site in the closed form of BT4131 is
completely solvent inaccessible necessitates domain-domain
movement. In a more general sense, we anticipate that the
same type of “hinge motion” in the interdomain linkers which
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mediates cap association and dissociation in the HAD
subfamily I enzymes (9, 11) will also operate in the subfamily
IIB enzymes.

The HAD subfamily IIB cap domains can be subclassified
into the small RââRââ domain group or the large
Rââ(RâRâ)Rââ domain group. The small domain lacks the
(RâRâ) insert of the large domain and as a consequence uses
a single loop to cover the core domain active site, while the
larger domain uses two loops (Figure 7B). The small
RââRââ domain group includes phosphoglycolate phos-
phatase (PDB entry 1LR6) and trehalose-6-phosphate phos-
phatase (PDB entry 1U02). The largeRââ(RâRâ)Rââ
domain group includes BT4131 and unknown phosphatases
1NF2, 1NRW, and 1RKQ. These structures have been
analyzed with two goals in mind: (1) to identify the structural
motifs of the cap domains that contribute to the substrate-
binding site of the enzyme in the cap-closed conformation
and (2) to link the sequences of these motifs to substrate
structure and biochemical function.

We started first with phosphoglycolate phosphatase in
which high catalytic efficiency and substrate specificity are
operative [kcat/Km ) 2.2× 105 M-1 s-1 (16)]. The unliganded
phosphoglycolate phosphatase structure reveals the cap-
closed conformation. In this study, we generated a solvent
cage and docked the phosphoglycolate ligand into the cage,
thereby demonstrating a very good fit and identifying the
residues that might, on the basis of this model of the liganded
enzyme, function in substrate binding. In addition to the
standard core domain interactions with the phosphoryl
moiety, an interaction between the carboxylate substituent
of the phosphoglycolate ligand and a cap domain His143 is
evident (see Figure 8). We anticipate that His143 plays a
key role in phosphoglycolate recognition. Significantly,

His143 is located on the substrate specificity loop spanning
residues 136-145 in the phosphoglycolate phosphatase. This
loop, formed by residues 172-182 in BT4131, is present in
all subfamily II type B enzymes (i.e., a structural motif
common to the small and large cap domains). Notably, the
specificity loop His143 of phosphoglycolate phosphatase is
replaced with an Asp or Glu in all other subfamily II type B
members of known structure. In the case of BT4131, the
corresponding Asp180 may form a hydrogen bond with the
C(1)OH group of the sugar phosphate substrate (see Figure
6). Other residues originating from the substrate specificity
loop of phosphoglycolate phosphatase are Ser138 and Ser141
[corresponding to Trp174 and Phe178, respectively, in
BT4131 (Figure 6)]. These polar residues contribute to the
polar phosphoglycolate binding site (as Trp174 and Phe178
contribute to the nonpolar sugar phosphate binding site in
BT4131).

Of the largeRââ(RâRâ)Rââ domain group, BT4131 and
unknown phosphatases 1NRW and 1RKQ exist in a cap-
closed conformation, which provides a “snapshot” of the
composite active site formed by cap and core domain
residues. Comparison of the active site solvent cages
generated for 1NRW and 1RKQ shows that while 1NRW
has a small cavity, 1RKQ has a cavity similar in size to that
of BT4131. Both structures contain the previously noted
substrate specificity loop (residues 172-182 in BT4131
numbering), hereafter termed the “primary substrate specific-
ity loop”. In addition, it is evident that a second loop
(residues 118-130 in BT4131) contained within theRâRâ
insert of all large domain enzymes also contributes to the
active site. We denote this loop as the “secondary substrate
specificity loop”. 1NRW positions small polar residues
Ser200 and Asn204 on the primary substrate specificity loop
and Arg125 on the secondary loop (attaining the same
position relative to the substrate as Phe125 in BT4131). In
contrast to BT4131, 1NRW is structured to interact with a
phosphate monoester that has a polar leaving group. In
1RKQ, the residue contributed to the binding site by the
secondary substrate specificity loop is His129, whereas the
residues contributed by the common substrate specificity loop
are Ser184 and Phe188. In BT4131, the corresponding
substrate specificity loop residues are Trp174 and Phe178.
As with 1NRW, 1RKQ is compatible with a polar substrate.
The ligand size and shape suggested by the solvent cage and
the placement of the residues from the specificity loops
suggest likely substrates for 1NRW and 1RKQ, which will
be evaluated with a focused substrate screen.

Summary.BT4131, a representative of the HAD subfamily
IIB class of phosphatases, was analyzed in terms of active
site structure and substrate specificity. The potential applica-
tion of the active site solvent cage in conjunction with the
identity of the residues stationed along the cap domain
substrate specificity loop(s) in predicting substrate structure
was discovered. This “solvent cage”-based method was
applied to virtual substrate screening in the known enzyme
phosphoglycolate phosphatase to verify predictive power. In
future studies, the method will be used to predict the
substrates of unknown HAD subfamily IIB class phos-
phatases and their functions confirmed by applying focused
substrate screens to the purified proteins.

FIGURE 7: (A) Superposition of BT4131 (red and magenta for the
core and cap, respectively) and 1NF2 (green and blue for the core
and cap, respectively) to compare the cap-closed and -open forms,
respectively, of this subgroup. (B) Superposition of the backbone
of BT4131 (red) and phosphoglycolate phosphatase (1L6R, blue)
with the proposed substrate specificity loops depicted in gold and
green, respectively. In BT4131, the secondary substrate specificity
loop originating from the cap domain (labeled 118-133) also
contributes some residues to the active site and excludes bulk
solvent. The Mg2+ cofactor and sulfate ligand from BT4131 are
depicted as a ball and stick. This overlay of BT4131 and
phosphoglycolate phosphatase also serves to compare the large cap
and small cap topologies within subfamily II type B.
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