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ABSTRACT: Escherichia colithioesterase I/protease I/lysophospholipase L1 (TAP) is a multifunctional
lysophospholipase and acyl-CoA thioesterase with a SGNH-hydrolase fold. The relationship between TAP’s
structure and its versatile substrate specificity, however, is unclear. Here, we present the crystal structure
of TAP in complex with octanoic acid (TAP-OCA; OCA, a free fatty acid with eight carbon atoms, C8).
A structural comparison of native TAP with TAP-OCA reveals a remarkable conformational change in
loop75-80, called “switch loop movement”, upon OCA binding to the substrate-binding crevice of TAP.
OCA binding to the substrate-binding crevice results in a continuous hydrophobic surface, which triggers
switch loop movement. The switch loop movement is acyl chain length dependent, with an effect of
stabilizing the Michaelis complex (MC) of TAP during catalysis, and is essential for TAP’s substrate
preference. The finding of a sulfate ion binding site in the TAP structures, together with previous enzyme
kinetic analyses, leads us to postulate that a putative CoA binding site is essential for efficient catalysis
of thioesters in TAP. We also present the crystal structure of L109P-OCA (TAP’s L109P mutant in
complex with OCA), in which Leu109 mutated to Pro109 abolishes switch loop movement. This result
strengthens our hypothesis that the switch loop movement is induced by hydrophobic interactions.

The enormous biotechnological potential of microbial
esterases, proteases, and lipases has been extensively studied
in the past two decades (1-3). The reactive products,
generated by hydrolysis or synthesis, are ubiquitously used
in pharmaceuticals, food sciences, and chemical industries
(1-3). Structural studies on these enzymes have provided
information leading to the elucidation of their substrate
specificities, functions, and reactive mechanisms (4). Es-
cherichia colithioesterase I/protease I/lysophospholipase L1

(TAP),1 exhibiting versatile enzymatic activities, including
the thioesterase, lysophospholipase, esterase, arylesterase, and
protease activities, and stereoselectivity for amino acid
derivatives (5-10), has been predicted to have industrial
potential. There have been many enzymatic analyses of TAP
reported. With regard to the thioesterase activity of TAP, it
has been revealed that TAP preferentially catalyzes the
hydrolysis of thioesters having an acyl chain longer than 10
carbon atoms (C10), such ascis-vaccenyl-CoA (∆11C18:1), cis-
palmitoleyl-CoA (∆9C16:1), and palmitoyl-CoA (C16:0 or C16-

CoA) (5). The hydrolytic activity for thioesters having an
acyl chain of 10 or fewer carbons was, however, not detected
(5). By contrast, TAP shows higher activity for short or
middle acyl chain ester derivatives and arylesters than for
long acyl chain esters (9). With regard to lysophospholipase
activity, TAP can hydrolyze monoacylglycerylphosphoryl-
ethanolamine, -glycerol, or -choline, especially those 1-
acyllysophospholipids with acyl chain lengths of more than
14 carbons, but it cannot hydrolyze di- or triacylphospho-
lipids (11). These results imply that the substrate binding or
catalytic mechanism of TAP is quite complicated.

Recently, we have reported the tertiary structure of native
TAP, which represents the first known structure of a
multifunctional lysophospholipase (EC 3.1.1.5), and acyl-
CoA thioesterase (EC 3.1.2.2), and identified it as a SGNH-
hydrolase, which has the fourth identified tertiary fold
utilizing a nucleophilic Ser, a His, and a carboxylic acid
residue as a catalytic triad (12). To date, only four structures
with the SGNH-hydrolase fold, TAP (12), SsEst (13), PAF-
AH(Ib)R1 (14), and RGAH (15), are known. A structural
comparison of these four structures has revealed that a
conserved hydrogen bond network stabilizes their catalytic
centers and they may employ a unique catalytic mechanism
different from those of most serine hydrolases (12). However,
the detailed substrate binding and catalytic mechanisms of
SGNH-hydrolases are poorly understood, which is in contrast
to comprehensive investigations on serine hydrolases having
the other three folds, the subtilisin-like fold, the trypsin-like
fold, or theR/â-hydrolase fold. Therefore, structural studies
on TAP in complex with different substrates are needed to
improve our understanding of the substrate binding, substrate
specificity, and catalytic mechanisms of SGNH-hydrolases.
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Here we present the crystal structure of TAP in complex
with octanoic acid (TAP-OCA; OCA, a free fatty acid with
eight carbon atoms, C8), in which OCA mimics the hydrolytic
product of lysophospholipid/thioester/ester. A structural
comparison of native TAP and TAP-OCA revealed a switch
loop around the acyl chain-binding crevice of TAP, which
plays an important role in stabilizing the TAP-substrate
intermediates during catalysis. In addition, we also present
the crystal structure of TAP’s L109P mutant, a cloning
artifact (12), in complex with OCA (L109P-OCA). Since
the L109P mutant possesses an altered substrate specificity
profile (16), structural differences between native TAP and
its L109P mutant are examined in an attempt to elucidate
the role of Leu109 during TAP’s catalysis and the relation-
ship between the L109P mutation and TAP’s altered substrate
specificity.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, Crystallization, and
X-ray Data Collection. The expression, purification, crystal-
lization, X-ray data collection, structure determination, and
structural refinement statistics of native TAP and its L109P
mutant have been fully described elsewhere (12). In this
paper, we obtained two additional crystal structures, TAP-
OCA and L109P-OCA. Crystals of the TAP-OCA and
L109P-OCA complexes were obtained by soaking native
TAP and L109P mutant crystals with 1.5 mM OCA for 4 h,
respectively. The diffraction data of TAP-OCA crystals
were collected using an ADSC Quantum 4 CCD detector
on beamline 38B1 at the Super Photon ring-8 synchrotron
radiation center in Japan. The diffraction data of the L109P-
OCA crystals were collected using a MAC image plate
detector on beamline 17B at the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan. All crystals
were soaked in the solution containing 15% glycerol as a
cryoprotectant. The data were integrated and scaled using
the HKL package (17). Data collection statistics are given
in Table 1.

Structural Determination, Refinement, and Model Quality.
Using the native TAP structure (Protein Data Bank entry
1IVN) as a search model, the crystal structures of TAP-
OCA and L109P-OCA were determined by molecular
replacement (MR) as implemented in CNS (18). Structural
refinement and automatic water searching were conducted
with CNS using maximum likelihood and bulk-solvent
correction. The model was adjusted and rebuilt with O (20).
OCA was added to the TAP model using O, and the model
was refined as described above. The geometric parameters
were checked with PROCHECK (19). Coordinates and
structural factors have been deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ, as entries 1U8U
(TAP-OCA) and 1V2G (L109P-OCA).

RESULTS AND DISCUSSION

The recombinant His6-tagged TAP and L109P mutant
contain 190 residues. However, the final models of the TAP-
OCA and L109P-OCA structures only contain 178 (82%
of total residues) of 182 residues of TAP. Residues 179-
182 of TAP and cloning artifact residues 183-190 were
omitted because there were no interpretable electron density

maps. Also, there are three flexible loops, residues 31-35
(loop31-35), 75-80 (loop75-80), and 111-120 (loop111-120),
as suggested by their high temperature factors (Figure 1) (12).
Since there are 12 residues with uninterpretable electron
density maps and 21 residues with high temperature factors,
the TAP-OCA and L109P-OCA structures were refined
to slightly higherR factors of 22.8 and 22.3%, respectively,
for all data without aσ cutoff, of which 10% randomly
distributed reflections were assigned to calculateRfree (25.9
and 26.3%, respectively). Refinement statistics appear in

Table 1: Data Collection and Refinement Statistics

TAP-OCA L109P-OCA

data collection
space group P43212 P43212
cell parameters (Å) 50.4, 50.4, 172.0 50.0, 50.0, 171.5
resolution range (Å) 19.78-2.08 24.8-2.0
no. of unique reflections

(observed)
13812 14724

multiplicity 11.6 9.2
I/σ ratiosa 15.3 (6.0) 12.1 (3.7)
completeness (%)a 96.4 (98.2) 97.1 (98.9)
Rmerge(%)a 4.0 (25.0) 5.6 (43.7)

refinement
R factor (%)/Rfree (%)b 22.8/25.9 22.5/26.5
no. of non-hydrogen atoms

protein 1413 1411
heterogeneous 38 20
water 112 107

rmsd for bond distances (Å)c 0.009 0.007
rmsd for bond angles (Å)c 1.3 1.1
a The values in parentheses refer to theI/σ, completeness, andRmerge

of the highest-resolution shell: 2.08-2.17 and 2.00-2.09 Å for TAP-
OCA and L109P-OCA, respectively.Rmerge) ∑|Ii - 〈I〉|/∑|Ii| × 100.
b R factor ) ∑|Fo - Fc|/∑|Fo| × 100 for all available data.Rfree )
∑|Fo - Fc|/∑|Fo| × 100 for a 10% subset of X-ray diffraction data
omitted from refinement calculations.c Root-mean-square deviation
from the ideal values calculated with CNS.

FIGURE 1: Plot of temperature factors along the polypeptide chain
of native TAP, TAP-OCA, L109P, and L109P-OCA. The
temperature factors of native TAP, TAP-OCA, L109P mutant, and
L109P-OCA structures are shown in green, red, blue, and orange,
respectively. This plot was generated using BPLOT (25).
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Table 1. The Ramachandran plot showed that more than 90%
of the residues were in the most favored regions with no
amino acids in disallowed regions.

Identification of a “Switch Loop”. The crystal structure
of native TAP, comprising a core of five parallelâ-strands,
flanked by sevenR-helices and four 310-helices, has been
reported (12). There are three flexible loops, loop31-35,
loop75-80, and loop111-120 (Figure 1) (12). Two of them,
loop75-80 and loop111-120, are located in the vicinity of the
substrate-binding crevice (Figure 2). To investigate the
catalytic mechanism of TAP, we cocrystallized or soaked
TAP crystals with the substrates or the substrate analogues
of thioesterase, protease, lysophospholipase, or esterase, or
fatty acids as hydrolytic products. TAP crystals soaked with
OCA were the only crystals (TAP-OCA) obtained with
diffraction quality.

In the TAP-OCA structure, OCA lodges in the expected
substrate-binding crevice; its carboxylic group and the
hydrocarbon moiety face the catalytic Ser10 and residue
Arg108, respectively (Figure 2). The O2 atom of the
carboxylic group of OCA is hydrogen bonded to the nitrogen
atoms of the oxyanion acceptors, including the amide groups
(NH) of Ser10 and Gly44 and Nδ2 of Asn73, and its O1 atom
is hydrogen bonded to Nε2 of the catalytic His157 of TAP

(Figure 3). According to the position of OCA in TAP, the
TAP-OCA structure may mimic a TAP-product complex.

Significantly, in the TAP-OCA structure, one of the
aforementioned flexible loops, loop75-80 (75GLRGFQ80),
undergoes a remarkable conformational change and moves
toward the substrate-binding crevice and loop111-120 (Figure
2), and with an ordered electron density map in comparison
to that of the native TAP structure, even their overall foldings
are very similar with a root-mean-square derivation (rmsd)
of 0.4 Å over 174 CR atoms. Also, residues Gly72-Asp74
are folded as a part of aâ-turn in native TAP, but together
with residues Gly75 and Leu76, folded as a helix (named
helix RD′) in the TAP-OCA complex, although residues
Gly72-Asp74 do not have any movement. Notably, in all
the TAP structures, Asp74 at the N-terminus of loop75-80 is
highly constrained by three H-bonds, including the Asp74
Oδ1-Ser47 Oγ bond, the Asp74 Oδ1-Thr84 Oγ1 bond, and
the Asp74 Oδ2-Ser47 NH bond (Figure 2). In addition, the
C-terminus of loop75-80 of all the TAP structures is restrained
by Pro81 (Figure 2), which is a rigid residue because of its
physical property, and by two hydrogen bonds, the Gln80
O-Gln83 NH bond and the Gln80 O-Thr84 NH bond.
These results thus reveal that Asp74, Gln80, and Pro81 play
significant roles in fastening both the N-terminus and the

FIGURE 2: Structural comparison of native TAP, TAP-OCA, L109P, and L109P-OCA. The CR traces of the superimposed native TAP,
TAP-OCA, L109P, mutant, L109P-OCA structures are shown in green, red, blue, and yellow, respectively. The opaque CR traces indicate
two flexible loops, the switch loop and loop111-120. The H-bonds restraining the N-terminus and C-terminus of the switch loop in the TAP
structures are shown as cyan dotted lines. The catalytic triad, Ser10, Asp154, and His157, oxyanion acceptors, Ser10, Gly44, and Asn73,
and OCA are presented as balls and sticks. This figure was generated using Raster3D (26).

FIGURE 3: Stereo representation of the active sites of the TAP-OCA and TAP-DEP structures. Superimposition of the TAP-OCA and
TAP-DEP structures was performed using four atoms, three CR atoms of Ser10, Gly44, and Asn73 and the oxyanion atom of the substrate.
The violet and green sticks represent the TAP-OCA and TAP-DEP structures, respectively. The dashed lines indicate the H-bonds between
the oxyanion atom, the oxyanion acceptors, and the catalytic triad.
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C-terminus of loop75-80, respectively, and also in controlling
the movement of loop75-80 upon substrate binding. Since the
main chain NH group of Gln80 in the TAP-OCA structure
shifts 0.88 Å compared to that of native TAP, Gln80 is thus
involved in the movement of loop75-80. Here, we designated
this well-controlled loop75-80 as a “switch loop”.

TAP’s Switch Loop MoVement Is Acyl Chain Length
Dependent. We have mentioned that the conformational
change in TAP’s switch loop results from the binding of
OCA. However, in our previously reported TAP-DEP
structure (12) (DEP, diethyl phosphono moiety, a serine
hydrolase inhibitor), the binding of DEP does not induce a
conformational change in the switch loop. The length of the
ethyloxy moiety of DEP in TAP’s substrate-binding crevice
approximately corresponds to the length of a C4 acyl chain
(Figure 3), which is shorter than the C8 acyl chain of OCA
by four hydrocarbon atoms. This shows a lower hydropho-

bicity in the substrate-binding crevice of the TAP-DEP
complex than in that of the TAP-OCA complex. These
observations reveal that short acyl chain substrates could not
trigger TAP’s switch loop movement and suggest that switch
loop movement is acyl chain length dependent.

Switch Loop MoVement Is Triggered by Hydrophobic
Interactions. In the native TAP structure, both flanks of the
substrate-binding crevice are comprised of mainly hydro-
phobic residues, forming two separated hydrophobic clusters;
one contains Leu11, Phe139, Phe140, Met141, Ile156, and
Pro158 (named the Leu11 hydrophobic cluster), and the other
contains Gly72, Gly75, Leu76, Ile107, Leu109, Pro110, and
Phe121 (named the Pro110 hydrophobic cluster) (Figures 4
and 5a). Notably, in the TAP-DEP structure, the ethyloxy
moiety of DEP is only in close contact with residues in the
Leu11 hydrophobic cluster, not the Pro110 hydrophobic
cluster. However, in the TAP-OCA structure, the C3 and

FIGURE 4: Structural comparison of native TAP and TAP-OCA around the substrate-binding crevice. The CR traces of native TAP and
TAP-OCA structures are shown in green and pink, respectively. The opaque CR traces represent the switch loops of the TAP structures.
The residues of the Leu11 and Pro110 hydrophobic clusters are labeled in purple and black, respectively, and presented as balls and sticks.
The location of Ser10 is labeled in red. The carbon atoms of the residues in close contact with OCA are colored yellow. The 2Fo - Fc
electron density map of OCA is countered at the 1σ level. The electron density map was created using MINIMAGE (27).

FIGURE 5: Comparison of the molecular surfaces of the native TAP and TAP-OCA structures around the substrate-binding crevice. (a)
Surfaces of the Leu11 and Pro110 hydrophobic clusters of native TAP, shown in purple and cyan, respectively. (b) Continuous hydrophobic
surface in the TAP-OCA structure. The surfaces of the other hydrophobic residues of the TAP structures are shown in green. This figure
was prepared with GRASP (28).
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C4 atoms of OCA are in close contact (<4.1 Å) with residues
in the Leu11 hydrophobic cluster, while the C5-C8 atoms
of OCA are in close contact with those in the Pro110
hydrophobic cluster (Table 2 and Figure 4;21, 22). They
form a continuous hydrophobic surface (Figure 5b), thereby
increasing the hydrophobicity around the substrate-binding
crevice of TAP. We postulate that hydrophobic interactions
could be a predominant force triggering such a movement
of the switch loop. Thus, not only a middle or long acyl
chain substrate but a continuous hydrophobic surface is
probably essential for switch loop movement.

Carefully examining the switch loop, we find Leu76, a
hydrophobic residue on the switch loop, shows the largest
movement when OCA binds to TAP. It moves toward Ile156
in the Leu11 hydrophobic cluster (Figure 5b), and the
distance between them changes from 8.4 Å in the native TAP
structure to 4.7 Å in the TAP-OCA structure, thereby
leading to the formation of a hydrophobic bridge across the
substrate-binding crevice that covers the C4-C8 atoms of
OCA (Figure 5b). In addition, Leu76 exhibits close contacts
with Pro110 and Tyr113 (Table 3) and van der Waals
interactions with the C7 and C8 atoms of OCA in the TAP-
OCA structure (lengths of 4.2 and 4.3 Å, respectively).
Switch loop movement also makes Gly75 form close contacts
with Leu109, Tyr113, Tyr117, and Phe121 (Table 3). These
results show that OCA binding induces switch loop move-

ment mainly through the interactions between nonpolar
carbon atoms and suggest that TAP’s switch loop movement
is triggered by hydrophobic interactions and Leu76 plays
the pivotal role in them.

Besides these hydrophobic interactions, switch loop move-
ment also results in six intraloop H-bonds (the main chain
O-N H-bonds, Gly71-Gly75, Gly72-Leu76, Asn73-
Arg77, Asp74-Arg77, Asp74-Phe79, and Gly75-Gly78)
and two interloop H-bonds (the O atom of Leu76 with the
OH group of Tyr113 and the O atom of Phe79 with the OH
group of Tyr117) being generated in comparison with the
native TAP structure. However, none of these H-bonds is
located between the switch loop and OCA. This indicates
that these H-bonds are possibly not the direct force for
triggering switch loop movement. It is noteworthy that most
of the intraloop H-bonds are involved in the formation of
helix RD′. Gly72, one residue in helixRD′, is in close contact
with the C5 and C6 atoms of OCA. Thus, the possibility of
OCA binding driving the formation of helixRD′ which
triggers the switch loop movement needs to be examined.
However, no structural evidence shows that the OCA binding
could induce a conformational change in Gly72 to generate
helix RD′. Therefore, switch loop movement is not triggered
through the formation of helixRD′. However, the question
of why, if there are so many H-bonds in this conformation,
the native protein does not adopt this conformation needs to
be asked. One possible answer is waters occupy the substrate-
binding crevice, which destabilizes this conformation and
makes it both enthalpy and entropy unfavorable. The OCA
binding depletes the water molecules and removes the
destabilization factor.

Taken together, the binding of a middle or long acyl chain
substrate results in a continuous hydrophobic surface, con-
necting the Leu11 and Pro110 hydrophobic clusters, and
subsequently drives the Leu76 to interact with them and
triggers switch loop movement by hydrophobic stabilizations.
Switch loop movement further increases the hydrophobicity
around the substrate-binding crevice. Therefore, the effect
of switch loop movement could also increase the stability
of a bound substrate with an acyl chain length of more than
four carbons.

TAP’s Switch Loop MoVement Is Abolished in the L109P
Mutant. The first structure of TAP determined by us was its
L109P mutant (12). The crystal structure of the L109P mutant
shows almost the same overall architecture and spatial
dispositions of the catalytic triad and oxyanion acceptors as
the native TAP structure with a rmsd of 0.6 Å over 178 CR

atoms. Notably, the switch loop of the L109P mutant shows
an ordered conformation with a well-defined electron density,
which is apparently unlike that of either native TAP or TAP-
OCA. The crystallization conditions and diffraction quality
of native TAP and L109P mutant crystals are very similar,
and their space groups, unit cell parameters, and crystal
packing are the same (12). Therefore, the switch loop of the
L109P mutant, with a conformation different from that of
native TAP, is not a crystallization artifact. In comparison
to the native TAP structure, the switch loop in the L109P
mutant structure is apparently stabilized by two additional
main chain O-N H-bonds, from the carbonyl of G75 to the
NH groups of G78 and F79, and four water-mediated
interloop H-bonds, mainly connecting the residues of the
switch loop and two tyrosine residues, Tyr113 and Tyr117,

Table 2: Close Contacts between OCA and Interacting Residues As
Calculated with HBPLUS

ligand residue distance (Å)

OCA (C1) Asp9 (Cγ) 4.1
Ser10 (CR) 4.0
Ser10 (Câ) 3.2
Asn73 (Cγ) 3.7

OCA (C2) Asp9 (Cγ) 3.6
Asn73 (Cγ) 3.6

OCA (C3) Leu11 (Cγ) 3.7
Leu11 (Cδ2) 4.0

OCA (C5) Leu11 (Cγ) 4.0
Leu11 (Cδ1) 3.6
Gly72 (CR) 4.0

OCA (C6) Gly72 (CR) 3.6
Gly72 (C) 4.1

OCA (C7) Phe139 (Cú) 3.9
OCA (C8) Pro110 (Cγ) 3.9

Pro110 (Cδ) 3.6

Table 3: Close Contacts between Switch Loop and Interacting
Residues As Calculated with HBPLUS

residue distance (Å)

Gly75 (CR) Leu109 (Cδ1) 3.7
Leu109 (Cδ2) 3.9
Tyr117 (Cε2) 3.8
Tyr117 (Cú) 3.8
Phe121 (Cε1) 4.0

Gly75 (C) Leu109 (Cδ1) 3.8
Leu109 (Cδ2) 3.7
Tyr113 (Cε2) 4.0
Tyr117 (Cε2) 3.8

Leu76 (Cδ1) Pro110 (Cδ) 3.9
Leu76 (CR) Tyr113 (Cε2) 3.5

Tyr113 (Cú) 3.7
Leu76 (C) Tyr113 (Cε2) 3.7

Tyr113 (Cú) 3.9
Leu76 (Cγ) Tyr113 (Cú) 4.1
Leu76 (Cδ1) Tyr113 (Cε1) 4.0

Tyr113 (Cú) 3.7
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in loop110-120. In other words, loop110-120 moves toward the
switch loop to form the water-mediated H-bonds to stabilize
the switch loop of the L109P mutant. It seems that Leu109
mutated to a more rigid and smaller Pro109 not only provides
a space to allow movement of loop110-120 but also coinci-
dentally generates the binding sites for water molecules,
which create the water-mediated H-bonds, which stabilize
both loop110-120 and switch loop and make both loops more
rigid.

As we mentioned, Leu109 is a hydrophobic residue located
at the Pro110 hydrophobic cluster of TAP and is involved
in the hydrophobic interactions which trigger switch loop
movement. We thus are interested in the relationship between
residue 109 and the switch loop in the L109P mutant. To
decipher this question, we obtained the crystals of the L109P
mutant in complex with OCA. The L109P-OCA crystal
structure shows us OCA lodges in the substrate-binding
crevice of the L109P mutant in the same way as in native
TAP. Interestingly, switch loop movement observed in the
TAP-OCA structure is abolished in the L109P-OCA
structure. Also, the water-mediated H-bonds stabilizing the
L109P’s switch loop are absent. The electron density map
of the switch loop becomes disordered and the conformation
of the switch loop becomes flexible in the L109P-OCA
structure like that in TAP structure. These observations
suggest that Leu109 is essential for OCA-induced switch loop
movement. Leucine and proline differ in hydrophobicity, side
chain size, and geometry, which may be the factors causing
defective switch loop movement in the L109P mutant.

As for geometry, proline is more rigid than leucine. The
φ andψ angles of residue 109 in the native TAP and L109P
mutant structures differ by 22.7° and 6.4°, respectively.
Additionally, the CR atom of Pro109 moves∼0.6 Å toward
the cavity in comparison with that of Leu109 in native TAP
due to the cavity generated between Pro109 and Phe121 in
the L109P mutant. Nonetheless, when OCA binds to the
L109P mutant, the temperature factors of loop111-120 in the
L109P-OCA structure increase and are comparable with
those of loop111-120 in the native TAP and TAP-OCA
structures (Figure 1). In addition, a shift in loop111-120 was
observed when OCA binds to the L109P mutant as shown
in Figure 2. Loop111-120 in the L109P-OCA structure adopts
a conformation similar to that in the TAP-OCA structure.
These imply that loop111-120 is still movable in the L109P
mutant. Moreover, inspection of the L109P-OCA structure
revealed that there is no possible steric hindrance to prevent
switch loop movement. Therefore, the more rigid property
of Pro109 is probably not a major factor abolishing TAP’s
switch loop movement.

With regard to hydrophobicity, the hydrophobicity values
of leucine and proline are 3.8 and-1.6, respectively,
according to the most frequently used hydrophobicity scale
(24). Leu109 mutated to Pro109 should decrease the hydro-
phobicity of TAP’s Pro110 hydrophobic cluster, and thus
weaken the hydrophobicity of the continuous hydrophobic
surface generated by OCA binding. Thus, weakened hydro-
phobicity around the substrate-binding crevice by the L109P
substitution could be a reason OCA binding cannot induce
switch loop movement in the L109P-OCA complex.

As mentioned before, Leu109 forms close contacts with
Gly75 when OCA binds to native TAP. The close contacts
between residue 109 and Gly75, however, no longer exist

in the L109P-OCA structure because of a smaller side chain
of Pro109. Also, a smaller side chain of Pro109 results in a
cavity between Pro109 and Phe121, which disrupts the
integrity of the hydrophobic surface of the Pro110 hydro-
phobic cluster in the L109P mutant (Figure 6). Therefore, a
shorter side chain of Pro109 could also be a reason that
switch loop movement is abolished in L109P-OCA com-
plex.

When OCA binds to L109P, loop111-120 tries to move
toward the binding crevice, and this withdraws two tyrosine
residues and abolishes four water-mediated H-bonds. With
the balance of OCA binding driving force on one side and
L109P switch loop stabilization forces on the other side, the
L109P-OCA complex acts like native TAP around the
switch loop, which is flexible and has highB factors. In
conclusion, the hydrophobicity of Leu109 and the length of
its side chain are critical for TAP’s switch loop movement.
These results also support our aforementioned elucidation
that TAP’s switch loop movement is induced by hydrophobic
interactions.

Role of the Switch Loop in the Catalytic Mechanism of
TAP. The L109P mutant has an alternative substrate specific-
ity profile compared to that of wild-type TAP, which was
originally thought to be caused by its C-terminal His6 tag
(16). However, when the L109P structure was determined,
it was found that the C-terminal His6 tag could not possibly
interfere with the substrate-binding crevice due to steric
hindrance (12). Therefore, the differences in substrate
specificity between wild-type TAP and its L109P mutant may
be caused by the mutation at residue 109. Nevertheless, our
structures show that residue 109 is not in close contact with
OCA. In addition, residue 109 is buried under Gly75 by
switch loop movement (Figure 5b). These facts suggest that
the L109P mutation may not significantly affect TAP’s
substrate binding affinity. This hypothesis is supported by
previous enzyme kinetic analyses showing that native TAP
and its L109P mutant display comparableKm values for C16-
CoA, p-nitrophenyl dodecanoate (C12), and p-nitrophenyl

FIGURE 6: GRASP presentation of the electrostatic potential surface
of L109P-OCA. The cavity generated between Pro109 and Phe121
in the L109P-OCA structure is indicated.
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hexanoate (Table 4) (16). In this study, we have shown that
the L109P mutation abolished switch loop movement induced
by OCA binding. We thus are interested in how Leu109 was
mutated to Pro109 and the consequent defect in switch loop
movement affects the substrate specificity of TAP.

In general, the catalytic efficiency of an enzyme is
determined by its ability to stabilize the transition state
intermediates and is best defined by thekcat/Km ratio. Previous
enzyme kinetic analyses showed that thekcat/Km values of
the L109P mutant for two long acyl chain substrates, C16-
CoA andp-nitrophenyl dodecanoate (C12), are 7.2- and 10-
fold lower than those of wild-type TAP, respectively (Table
4) (16). By contrast, for a middle acyl chain substrate,
p-nitrophenyl hexanoate, thekcat/Km values of wild-type TAP
and its L109P mutant are very similar (Table 4) (16). These
results reveal that the L109P mutation decreases TAP’s
catalytic efficiency for long acyl chain substrates, not middle
acyl chain substrates. This also means that the L109P
mutation could decrease the stability of the transition state
intermediates of long acyl chain substrates, not middle acyl
chain substrates. In the TAP-OCA structure, residue 109 is
buried under Gly75 by switch loop movement (Figure 5b).
Thus, the possibility that residue 109 directly stabilizes the
transition state intermediates can be ruled out due to steric
hindrance. However, the switch loop joins and expands the
continuous hydrophobic surface of the substrate-binding
crevice, which could provide additional force to stabilize
transition state intermediates. Therefore, the decreasing
catalytic efficiency of the L109P mutant for long acyl chain
substrates could result from the defect in switch loop
movement.

Notably, the switch loop is not in close contact with the
catalytic triad and oxyanion acceptors of TAP. This reveals
that the role of the switch loop could not be to stabilize a
tetrahedral oxyanion intermediate. This is also supported by
the fact that the L109P mutation does not alter TAP’s
catalytic efficiency for middle acyl chain substrates. In
addition, the calculated activation energy in the L109P
mutant significantly increases by 5.09 and 5.93 kJ/mol for
C16-CoA andp-nitrophenyl dodecanoate, respectively, when
compared to that of wild-type TAP (Table 4) (16). In
contrast, the calculated activation energy for middle acyl
chain substrates is very similar in wild-type TAP and the
L109P mutant. Because the enhancement of catalytic ef-
ficiency can be contributed by the binding energy of
Michaelis complex (MC) formation, we thus propose that
the effect of switch loop movement in TAP’s catalytic
mechanism could be to stabilize the TAP-substrate complex
(as a MC). Also, switch loop movement is essential for
TAP’s substrate preference for the long acyl chain substrate
molecules.

Enzymes in catalysis use numerous detailed chemical
mechanisms to achieve transition state stabilization. The
studies on the catalytic efficiency and major catalytic power
of enzymes are focused mainly on the stabilization of
tetrahedral intermediates. Herein, we provide valuable struc-
tural evidence for elucidating MC stabilization, a less
discussed step in the catalytic mechanisms of serine hydro-
lases and SGNH-hydrolases, by TAP’s switch loop, which
enhances TAP’s catalytic efficiency.

PutatiVe CoA Binding Site. The TAP-OCA structure
reported here identified a crevice for acyl chain binding.

Table 4: Kinetic Parameters for Wild-Type TAP (WT-TAP) and Its L109P Mutant (L109P)a

WT-TAP L109P

substrate Km (µM) kcat (s-1) kcat/Km (s-1 µM-1) Km kcat (s-1) kcat/Km (s-1 µM-1) ∆∆G* b (kJ/mol)

thioester
palmitoyl-CoA 6.38 19.1 2.99 5.95 2.46 0.413 5.09

ester
p-nitrophenyl dodecanoate 1448.6 10.2 0.007 1312.3 0.9 0.0007 5.93
p-nitrophenyl hexanoate 1360.3 30.5 0.022 1690.0 50.2 0.03 -0.80

a From ref16. b ∆∆G* is the change in the free energy of transition state stabilization.∆∆G* ) -RT ln[(kcat/Km)L109P/(kcat/Km)WT-TAP].

FIGURE 7: Putative CoA binding site of TAP. A stereoview of the molecular surface of the TAP-OCA structure is presented with positive
(blue) and negative (red) electrostatic potential. The diagram shows a C8-CoA model in the putative CoA binding site of the TAP-OCA
structure. The C8-CoA model was generated using O and subjected to energy minimization using CNS. C8-CoA is shown as sticks, while
OCA and a sulfate ion are shown as balls and sticks.
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However, enzyme kinetic analyses revealed that TAP shows
apparently different binding affinity for long acyl thioesters
and long acyl esters (9, 16). TAP’s Km values are∼7 µM
for C16-CoA and>1000 µM for p-nitrophenyl esters. The
difference in the substrate binding affinity of TAP for C16-
CoA and p-nitrophenyl esters probably results from their
different alcohol moieties, CoA andp-nitrophenol, respec-
tively. A CoA moiety, comprised of pantetheine, adenosine,
and phosphoric acid, may make more contacts with TAP
than a p-nitrophenol moiety does. Although there is no
apparent CoA binding pocket in the TAP structures, a sulfate
ion was found at the surface of the TAP structures and
hydrogen bonded to Ser18 and the positively charged Arg160
of TAP. Moreover, the location of the sulfate ion and the
distance between the sulfate ion and the catalytic residues
in the TAP structure allow us to model an octanoyl-CoA
(C8-CoA) in the TAP structure (Figure 7). Thus, the sulfate
ion may be comparable to the phosphate portion of CoA.
These data imply that TAP could have a CoA binding site
besides a substrate-binding crevice for acyl moieties. We also
propose that residues Ser18 and Arg160 could be involved
in CoA recognition or binding.

In addition, Karasawa et al. (23) have reported that the
reaction rate declines to one-eighth at substrate concentrations
greater than 1 mM in the hydrolysis of palmitoyl-CoA, a
phenomenon known as negative feedback. The observed
negative feedback in the hydrolysis of palmitoyl-CoA (23)
could be explained by substrate inhibition in that two
substrate molecules may bind to different subsites of the
enzyme active site when the concentration of the substrates
is high. This result could support our prediction that TAP
has a CoA binding site besides a substrate-binding crevice
for acyl moieties. This could also explain why the catalytic
efficiencies of TAP forp-nitrophenyl esters with the long
acyl chain length are significantly lower than that for
palmitoyl-CoA (9, 16), because the CoA binding site helps
to stabilize the transition state intermediates of thioesters with
long acyl chains, thereby enhancing the catalytic efficiency.

In this study, we have shown that OCA induces TAP’s
switch loop movement by increasing the hydrophobicity of
the substrate-binding crevice. Together with previous enzyme
kinetic analyses, we suggest that the effect of switch loop
movement is to stabilize the TAP-substrate complex (MC)
during catalysis and that the switch loop movement is
essential for TAP’s substrate preference for thioesters with
long acyl chains. Structural analyses of the L109P mutant
also support this hypothesis. In the serine hydrolases with
typical catalytic triads of known structures, the best known
flexible loop movement is observed in fungal lipases. In the
close form of the lipases, a surface loop, called flap or lid,
shields the active site of the lipases from the solvent. When
it encounters an oil-water interface, the flap displays a
drastically conformational movement to expose the buried
active site under the flap and, in some cases, to rearrange
the position of the oxyanion acceptors to accommodate
substrates, a phenomenon known as interfacial activation.
However, TAP does not display interfacial activation. The
active site of TAP is preformed and exposed to the solvent.
Also, TAP’s switch loop moves toward the substrate-binding
crevice to interact with the substrate. Past reports have shown
that some lipases, esterases, or thioesterases do not display
interfacial activation and also do not have a lid domain or

switch loop governing substrate binding. Switch loop move-
ment is unobserved in these enzymes because a suitable
enzyme-substrate complex is not available or crystal
contacts prevent such a movement. Thus, TAP’s switch loop
movement reported here, with significant differences com-
pared to those of lipases, would be a possible step in the
catalytic mechanism of those enzymes. So far, there is no
structural evidence for elucidating such a new relationship
between the flexible loop movement and the catalytic
efficiency of serine hydrolases for long acyl chain substrates.
This study provides valuable insights into understanding
TAP’s catalytic mechanism, a mechanism which is novel in
the lipolytic enzymes and thioesterases.
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