








assuming the occupancy equals 1, we speculate the bound
metal ions should have more electrons than Ca2� and are most
likely to be transition metal ions, as is also supported by the

anomalous difference signal at the wavelength of 0.9250 Å (Fig.
4A). By using the inductively coupled plasma-mass spectrome-
trymethod, we further determined that themolar ratio of Zn2�

FIGURE 2. Overall structure of PhlG dimer. A, schematic representation of the PhlG dimer. The metal ions are denoted as gray spheres. B, multisequence
alignment of PhlG homologs. The alignment was performed using ClustalW and ESPript. The residues involved in coordinating zinc ions are marked by black
filled circles, and residues involved in catalysis are marked by black stars.

Structural Analysis of DAPG Hydrolase PhlG

FEBRUARY 12, 2010 • VOLUME 285 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4607

 at U
niversity of Illinois - U

rbana, on A
ugust 30, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 



to the protein is 1.15:1, which strongly suggests that the Zn2�

ion is the cognate metal ion of PhlG.
Besides a structural role, this metal ion may also be essential

for catalytic activity because most hydrolytic enzymes such as
metalloprotease and phosphatase utilize zinc ions to either sta-
bilize the transition intermediate or activate a water molecule
as a nucleophile for catalysis (36–38). To confirm the catalytic

role of the zinc ion, threemetal ligand residues, namelyH270A,
E274A, and E160A, were constructed, and enzyme kinetics
were measured using an HPLC-based assay (Table 2). Because
H270A has no detectable activities, further kinetic character-
ization of this enzyme was not attempted. All these mutants
showed at least by 10�5-fold reduced kcat values comparedwith
the kcat value of the wild-type enzyme, indicating that the

FIGURE 3. Structure and topology of PhlG monomer. A, schematic representation of PhlG monomer, colored and labeled according to secondary structural
elements. The metal ion is denoted as a gray sphere. B, topology diagram of the C-terminal Bet v1-like domain of PhlG. Compared with the prototypic Bet v1-like
fold, the PhlG C-terminal domain has an additional �-strand (�3) in the �-barrel and several insertions of helices (helices �6, �7, �8, and �9).

FIGURE 4. Active site, substrate docking model, and mutational analysis of PhlG. A, anomalous difference Fourier map confirms the zinc ion. The anom-
alous difference map density of the metal is comparable with that of selenium atoms of SeMet residues (Mse, SeMet). The anomalous difference Fourier map
calculated with data collected at the wavelength of 0.9250 Å is shown in pink contoured at 5�. At this wavelength, zinc has a modest anomalous signal (f
 �
2.24), whereas magnesium (f
 � 0.06) and calcium (f
 � 0.52) do not. The 2Fo � Fc �A-weighted map is shown in gray and contoured at 1.5�. B, model of DAPG
intermediate bound to the active site of PhlG. The docked DAPG intermediate is shown in ball and stick format, and the residues within 4 Å of DAPG are shown
in stick format. The distance between the hydroxyl group of the acetyl group and the zinc ion is 2.2 Å. The water molecule coordinated to the zinc ion may serve
as the attacking nucleophile because its distance to the carbon atom of the carbonyl group is 2.3 Å. Hydrogen bonds between the active site and docked DAPG
are also shown in black dashes and the distances are labeled.
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boundmetal ion was essential for the conversion of DAPG into
MAPG. The Km values for the mutants E270A and E160A were
also decreased, implying that the metal ion does not play a key
role in immobilizing the substrate.
To further explore substrate binding in the interior pocket of

PhlG, we docked the two reaction tetrahedral intermediates of
opposite chirality, because it was unknown in which direction
the nucleophilic hydroxyl attacks the electrophilic carbonyl.
The energy of the best docked poses of both DAPG intermedi-
ates was evaluated, and one of the intermediates obviously sur-
passed the other, strongly suggesting that our docking results
approximately represent the productive binding pose of the
reaction intermediate. The docked DAPG intermediate struc-
ture shows that the oxygen atom of the attacking hydroxyl is
coordinated by the bound zinc ion at a distance of 2.2 Å. The
water molecule (Wat1) in the PhlG structure is very close to
the docked attacking hydroxyl, suggesting that it could act as
the nucleophile in the hydrolysis reaction (Fig. 4B). Several aro-
matic residues such as Phe111, Trp124, Phe173, and Phe267 stabi-
lize the phenyl group of DAPG via aromatic	-	 stacking inter-
actions and hydrophobic interactions. In addition, several polar
residues interact with the intermediate through hydrogen
bonds as follows: (i) Tyr121 forms a hydrogen bond with one of
the three DAPG hydroxyls near the reacting acetyl group; (ii)
His214 and Tyr229 position the substrate by forming hydrogen
bonds with another DAPG hydroxyl group near the reaction
center; and (iii) Asn132 forms a hydrogen bond with the oxygen
atom of the unhydrolyzed acetyl group.
Based on the above docking results, we constructed six single

mutants of PhlG, including Y229A, Y229F, H214A, H214Q,
Y121A, and N132A, the altered residues of which are polar
residues that were predicted to form hydrogen bonds with the
polar groups of DAPG. The enzyme kinetic parameters of those
mutants are listed in Table 2. Apparently, all of these mutants
have decreased kcat values, confirming that all these predicted
residues are relevant to the catalytic activity. Prominently, the
kcat value of Y121A was decreased by 2 orders of magnitude,
whereas itsKm valuewas barely affected, implying an important
role forTyr121 in the catalytic reaction. It is tempting to propose
that Asn132 participates in positioning and orienting the sub-
strate because theKm value of themutantN132Awas increased
by 	2-fold. To investigate the role of Tyr229, we constructed
the Y229F and Y229A mutant and measured their catalytic

kinetic parameters. The kcat of Y229F decreased by 	4-fold,
although the Km value is barely affected, suggesting Tyr229 is
involved in facilitating the catalytic conversion of DAPG into
MAPG.However, Tyr229 is not essential for the catalysis, for the
Y229F retains 	30% activity compared with the wild-type
enzyme. Furthermore, from the decreased Km value of the
mutant Y229A, we can infer that Tyr229 is most likely to
be involved in immobilizing and positioning the substrate via
	-	 stacking interactions or hydrophobic interactions, for
the loss of aromaticity at Tyr229 causes loosened binding of the
substrate. For mutants H214A and H214Q, the Km values were
not significantly different from that of the wild-type enzyme,
indicating that His214 does not play a key role in the catalytic
reaction.
Putative Substrate Access Tunnel and Its Implication in Glu-

tathionylation-induced Inhibition of PhlG Activity—Because
the catalytic zinc ion is buriedmore than 15 Å from the protein
surface, there should be a direct path connecting the catalytic
site with the exterior solvent. A putative substrate tunnel start-
ing from the bound zinc ion to the exposed protein surface was
identified by using the on-line version of the CAVER program.
The tunnel is dumbbell-shaped, with a small opening formed
between helix �4 and the loop linking strand �5 and helix �6
(Fig. 5A). This small opening is only about 2 Å wide, which is
not wide enough for the substrate DAPG to pass through, sug-
gesting that the residues around this opening should undergo
conformational changes to allow the substrate access to the
active site during catalysis. The residues participating in guard-
ing this opening include His114 and Pro115 from helix �4 and
Asn132, Pro133, and Cys134 from the loop linking strand �5 and
helix �6 (Fig. 5B). In the CRET SMART domain, incorporation
of the ligand ceramide is also limited by a small opening, which
is guarded by two helices (one corresponds to the helix �4 in
PhlG) and a loop (39). In the phosphatidylinositol transfer pro-
teins, there is an additional helix (corresponding to the helix �4
in PhlG) adjacent to the C-terminal helix, which can undergo
large conformational changes between a closed, ligand-bound
structure and an open, membrane-bound structure, thus ena-
bling the binding and release of large phospholipid molecules
(40). All these examples suggest thatmembers of the Bet v1-like
superfamily regulate the entry/release of ligand/substrate by
controlling an opening of limited size to the interior pocket.
Of the four cysteine residues in one PhlG monomer, Cys157

and Cys273 are buried and far away from the active site. The
other two cysteines, namely Cys134 and Cys157, are around the
opening of the calculated tunnel. Thus, to confirm the signifi-
cance of the tunnel opening calculated by CAVER, we
attempted to modify Cys134 and Cys157 with excessive GSSG to
sterically block the opening of this substrate access tunnel. Both
of these two residues were detected to form mixed disulfide
bonds with GSH using liquid chromatography-mass spectrom-
etry (data not shown). As shown in Fig. 3C, the GSSG-modified
PhlG showed significantly abolished activity, which is in agree-
ment with our inference from the calculated substrate access
tunnel. However, we do not have available structural evidence
at present to rule out the possibility that the conformation of
the finely arranged active site was not also altered upon the
GSSG treatment.

TABLE 2
Enzyme kinetics of PhlG wild type and mutants
The activity assays were performed at 25 °C in 100 mMNaH2PO4/Na2HPO4 buffer,
pH 7.1. The values were from at least three independent assays. The Km and kcat
values were calculated using linear regression of a Lineweaver-Burk plot.

Enzyme Km kcat kcat/Km

�M s�1 �M�1s�1

Wild type 272 � 42 4.7 � 0.1 17,000
E274A 42 � 7 0.000026 � 0.000001 0.62
E160A 41 � 7 0.000081 � 0.00001 2
H270A NDa ND ND
Y121A 242 � 60 0.050 � 0.010 210
N132A 610 � 50 0.74 � 0.05 1200
Y229A 873 � 97 0.21 � 0.03 1100
Y229F 268 � 63 1.4 � 0.1 5200
H214A 320 � 54 1.4 � 0.1 4300
H214Q 180 � 24 0.58 � 0.01 3300

aThe activity of H270A cannot be detected.
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DISCUSSION

PhlGDefines aNovel Family ofC–CBond-cleavingHydrolase—
We showed that the overall structure of a C–C bond hydrolase,
PhlG, uses the Bet v1-like fold as the catalytic domain, which is
distinct from the classical �/�-fold hydrolases. To the best of
our knowledge, this is the first identified hydrolytic enzyme
with the Bet v1-like fold.
The penta-coordinated catalytic zinc ion bound in the pocket

of PhlG is a unique feature among the proteins with the Bet
v1-like fold and other C–C bond hydrolases. For those Bet
v1-like fold proteins such as plant PR-10, human START5, and
tetracenomycin aromatase/cyclase, although one or more metal-
binding sites are located in the conserved internal pocket,
none of these bound metal ions play catalytic roles or have the
similar coordination geometry to the zinc ion found in PhlG.
Rather, the reported C–C bond hydrolases either hexa-coordi-
nate Ca2� to stabilize the reaction intermediates or use the
strictly conserved triad (His, Asp, and Ser) of �/� fold for catal-
ysis. Using the protein metal site data base MESPEUS, we
searched for the hydrolases containing catalyticmetal ionswith
similar coordination residues and geometry as the zinc ion of
PhlG. The phosphodiesterase was identified to coordinate a
Zn2� with two histidines, two aspartates, and a solvent mole-

cule in pentagonal bipyramidal con-
figuration, quite similar to PhlG (36,
41). Because it has been widely
accepted that phosphodiesterases
as well as other Zn2�-dependent
hydrolases, such as alkaline phos-
phatase (42) and carboxypeptidase
A (43), possess a zinc-bound water
or hydroxyl ion to execute the
nucleophilic attack, we hypothe-
sized that this metal ion bound in
PhlG may play an essential role in
catalysis and consequently per-
formed the computational docking
studies.
Structural Basis of Strict Sub-

strate Specificity—Themain feature
of the Bet v1-like fold is a deep inte-
rior pocket formed between a sev-
en- or eight-stranded antiparallel
�-sheet and a longC-terminal�-he-
lix, yet the volume of this pocket
shows remarkable variability in dif-
ferent members of this superfamily.
For instance, a plant pathogenesis-
related protein of class 10 (PR-10)
(PDB code 2QIM) that binds plant
hormones such as zeatin and cytoki-
nin has an internal pocket of 4500
Å3 in volume (44), START5 (the
human star-related lipid transfer
protein 5 (PDB code 2R55)) that
binds cholesterol or other sterols
has a pocket of 800 Å3, and tetra-
cenomycin aromatase/cyclase (PDB

code 2REZ) that catalyzes the cyclization of polyketide has a
pocket of 600 Å3 (45). In contrast, PhlG has a much smaller
pocket of less than 500 Å3 in volume, which can barely accom-
modate a DAPG molecule but not a triacetylphloroglucinol
molecule or other larger analogs of DAPG, providing a struc-
tural interpretation of the strict substrate specificity of the
enzyme.
Based on the results from computational docking, site-di-

rected mutagenesis, and enzymatic assays, we propose that
cleavage of the C–C bond in DAPG proceeds via nucleophilic
attack at the carbonyl group of one of the two acetyl groups by
a water molecule coordinated by a zinc ion. This zinc ion can
effectively activate the coordinated water molecule by dramat-
ically lowering its pKa. The two zinc ion ligands Glu160 and
Glu270, both of which are hydrogen-bonded to the coordinated
water, can be great candidates for conveying the released pro-
ton from water to the keto-O of the departing acetyl group.
Aromatic residues such as Phe111, Trp124, Phe173, and Phe267
can be essential in shaping the substrate binding pocket and
positioning the phenyl group of DAPG via aromatic 	-	 stack-
ing interactions andhydrophobic interactions. ResiduesTyr121,
Tyr229, andAsn132, which are predicted to be hydrogen-bonded
to the hydroxyl groups and unhydrolyzed acetyl group, can

FIGURE 5. Putative substrate access tunnel calculated by CAVER. A, front view of the substrate access tunnel
denoted in mesh. B, close-up side view of the substrate access tunnel; residues in the vicinity are shown as sticks
and labeled. C, overlay of HPLCs of glutathionylated PhlG enzyme and untreated PhlG wild-type (WT) enzyme:
from top to bottom, PhlG wild-type enzyme treated with 10 mM GSSG, wild-type enzyme, DAPG, and MAPG.
mAU, milliabsorbance unit.
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finely tune and position the bound substrate in a reactive ori-
entation. It is noteworthy that Asn132 is not preserved in phlor-
etin hydrolase (Fig. 2B), which is consistent with the fact the
phloretin molecule does not have an acetyl group (12).
Although multiple sequence alignment of distantly related
PhlG homologs reveals that the His214 is strictly conserved and
the docking simulation also suggests a catalytic/substrate bind-
ing role for His214, site mutagenesis analysis indicates that this
residue does not play a key role in the catalysis of the enzyme.
Structural Implication of the Substrate Entry—The entrance

to the active site appears to be rather restricted in the PhlG
structure, as indicated by the dumbbell-shaped substrate access
tunnel. A small opening to the active site is defined by the finely
arranged His114 and Pro115 on one side and Asn132, Pro133, and
Cys134 on the other side, separated by distances of 	2 Å when
hydrogen atoms are added to the protein structure (Fig. 5B).
Considering the size of DAPG and MAPG, this opening is not
large enough to allow substrate entry and product release.
Therefore, conformational changes near the openingmust hap-
pen in order for the substrate to access the active site. Because
proline residues usually have exceptional rigidity compared
with other amino acids due to their locked
 backbone dihedral
angle at approximately �75° (46), it is more likely residues
His114 and Asn132 serve as tunnel gatekeepers that control the
substrate entry through conformational changes of their side
chains. It is also possible that the substrate can induce confor-
mational changes near the opening of the substrate access
tunnel. However, because DAPG and MAPG are molecules of
relatively small sizes, we speculate that the side-chain confor-
mational changes of His114 and Asn132 are sufficient for sub-
strate entry and product release.
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2. Haas, D., and Défago, G. (2005) Nat. Rev. Microbiol. 3, 307–319
3. Broadbent, D., Mabelis, R. P., and Spencer, H. (1976) Phytochemistry 15,

1785
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