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Hormone sensitive lipase (HSL) plays a major role in energy homeostasis and lipid metabolism. Several crystal structures
of HSL-homolog proteins have been identified, which has led to a better understanding of its molecular function. HSL-
homolog proteins exit as both monomer and dimer, but the biochemical and structural basis for such oligomeric states
has not been successfully elucidated. Therefore, we determined the crystal structure of HSL-homolog protein EstE7 from
ametagenome library at 2.2 A resolution and characterized the oligomeric states of EstE7 both structurally and biochemi-
cally. EstE7 protein prefers the dimeric state in solution, which is supported by its higher enzymatic activity in the dimeric
state. In the crystal form, EstE7 protein shows two-types of dimeric interface. Specifically, dimerization via the external
B8-strand occurred through tight association between two pseudosymmetric folds via salt bridges, hydrogen bonds and
van der Waals interactions. This dimer formation was similar to that of other HSL-homolog protein structures such as
AFEST, BEFA, and EstEl. We anticipate that our results will provide insight into the oligomeric state of HSL-

homolog proteins.
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Introduction

Fatty acids that are released as a result of HSL (hormone sen-
sitive lipase)-and MGL (monoglyceride lipase)-catalyzed lipo-
lysis are exported to the circulatory system and eventually pro-
vide energy to other tissues. Because fatty acids are the major
energy source in mammals, HSL plays a major role in energy
homeostasis and metabolism. In addition to this pivotal role,
HSL may play several important roles in other tissues in which
it is expressed. The majority of HSL expression is observed in
white adipose tissue; however, significant expression is also
observed in muscle, the testis, adrenal glands, brown adipose
tissue, mammary glands, the pancreas and other tissues in which
HSL likely plays more restricted, localized roles. The primary
enzymatic activities of HSL are in the formation of triacyl and
diaclz}zfl3 glycerol, cholesteryl, steroids and retinyl ester hydroly-
sis.”™”

Quantitatively, adipose tissue triacylglycerol is the most
important energy store in mammals. Hydrolysis of this triacyl-
glycerol is tightly controlled by a variety of hormonal and neural
influences that allow the release of this energy to be regulated
in response to the changing energy requirements of the animal.
The key enzyme involved in this release (lipolysis) is hormone-
sensitive lipase (HSL) (EC 3.1.1.3).> Mobilization of fatty acids
from rat and human fat cells is selective according to the mole-
cular structure and carbon atom chain length. This study was
conducted to determine if the release of individual fatty acids
from triacylglycerols (TAG) by hormone-sensitive lipase (HSL)
plays a role in the selectivity of fatty acid mobilization.” The
structural and biochemical characteristics of several HSL homo-
log proteins isolated from bacteria or uncultured bacterium
have been reported, including EstES and EstE7 from uncultured
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bacterium, EST2 from Alicyclobacillus acidocaldarius, EstEl
from an uncultured archacon, AFEST from Archaeoglobus ful-
gidus and brefeldin A esterase from Bacillus subtilis.*"" These
proteins all contain the N-terminal regulatory (CAP) and C-ter-
minal catalytic (CAT) domain. In addition, the catalytic triad by
charge-relay system of Ser-His-Glu/Asp, in which each residue
acts as a nucleophile, proton carrier and charge relay, is conserv-
ed among these proteins. Thus, these proteins share a common
structural configuration, even though they exist as dimers or
monomers in solution. As a result, the molecular function of
these proteins has not been successfully elucidated until now.**’

We recently reported the biological and structural analysis
of EstE7 from a metagenome library,” in which EstE7 was eluted
as both a monomer and dimer upon size exclusion chromato-
graphy. For crystallization, we used the monomeric protein,
but the crystal structure at a resolution of 2.8 A revealed a
dimeric arrangement in the asymmetric unit. Accordingly, we
considered dimer formation for the crystallographic results,
but this information also did not enable successful elucidation
of the molecular characteristics of this molecule.” In this study,
we determined the crystal structure of EstE7 at a resolution of
2.2 A. We also investigated the oligomeric states of EstE7 by
size exclusion chromatography and dynamic light scattering,
combined with an enzyme activity assay. Structural comparison
with other HSL-homolog proteins revealed that HSL proteins
show various oligomeric states with no biological correlation.
The results presented here will provide useful structural infor-
mation for future studies.

Materials and Methods
Protein preparation and size determination. EstE7 (Accession

no. QOGMU1) was cloned, purified and crystallized from the
metagenome library as previously described.” Briefly, after



2628  Bull. Korean Chem. Soc. 2010, Vol. 31, No. 9

Table 1. Data collection and refinement statistics for EstE7

Data collection statistics

Space group 1212,2,

. a=117.157,b=127.699,
Unit cell parameters (A) c=232.870
Wavelength (A) 1.230

Resolution range (A) 50.0-2.2(2.28 - 2.20)

Measured reflections 420468
Unique reflections 84721
Completeness 95.6 (82.5)
Redundancy 5.0(.0)
Average /o (I) 11.1(1.83)
Ruerge (%0)° 9.5(33.2)
Refinement statistics
Resolution (A) 48.26 - 2.20
Reflections in working set 80451
Reflections in test set 4253
Ryvork/Riree (%0)° 22.26/28.22
r.m.s.d. bonds (A) 0.020
r.m.s.d. angles (°) 1.976
Ramachandran plot (%)d
favored 94.6
allowed 54

“Runerge = Y0 Y| 1 (h,0) - <1 (h)> | /X0 Yl (h,i), where I (h,i) is the intensity
of the 7 th measurement of reflection h and <1 (/) is the mean value of 7 (/,i)
for all i measurements. “Refinement resolutions were recalculated by Sfch-
eck. Ryork = Y||Fobs| - |[Featel| / Y|Fops|, where Fobs and Fcalc are the observed
and calculated structure-factor amplitudes, respectively. Reee was calculat-
ed as Ryork using a randomly selected subset of ~5% of the unique reflections
not used for structure refinement. “Categories were defined by MolProbity.

the His Trap purification step, the EStE7 protein were further
purified on a Hi-Load 26/60 Superdex 200 prepgrade column
(GE healthcare) in buffer composed of 10 mM Tris-HCI (pH
8.0) and 50 mM NaCl. Based on the gel filtration results, the
eluted peak samples were evaluated for esterase activity. In
addition, the eluted peaks were analyzed by dynamic light scatt-
ering (DLS) to confirm the oligomeric state. Prior to the DLS
experiment, aggregated, dimer and monomer EstE7 proteins
were concentrated at 1, 3 and 3 mg/mL, respectively. DLS mea-
surements were performed using the DYNAPRO TITAN dyna-
mic light scattering systems (Wyatt Technologies) at 25 °C and
data were analyzed using the DYNAMICS (version 6.9.2.9)
software provided by the manufacturer.

Enzyme activity. The enzyme activity of the EstE7 proteins
in various oligomeric states was measured using p-nitrophenyl
butyrate.'” The esterase activity was measured by spectrophoto-
metric assay at pH 7.5 and 30 °C for 5 min using 5 mM p-nitro-
phenyl butyrate as the substrate. Larger aggregates (void volume
in size exclusion chromatography), aggregated, dimer and mono-
mer EstE7 proteins were concentrated to 3 mg/mL and then
used for subsequent analyses. The p-nitrophenol released from
the ester substrates was monitored by measuring the absorbance
at 350 - 450 nm. The enzyme activity was determined based on
the absorbance at 400 nm.

Crystallization, data collection and structure determination.
The purified protein was concentrated to 30 mg/mL and suitable
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crystals for X-ray diffraction were then obtained with 0.1 M
Bis-Tris propane at pH 7.0, 0.2 M ammonium sulfate and 1 M
lithium sulfate using the hanging-drop vapor-diffusion method
at 22 °C. X-ray diffraction data were collected at beamline 6C
using the Pohang Light Source (PLS, Korea). Crystals were
flash-frozen in a liquid nitrogen stream using 25% (v/v) glycerol
or ethylene glycol as a cryoprotectant. Both solutions revealed
nearly identical X-ray diffraction patterns. The diffraction data
were then processed and scaled using the HKIL.2000 program. "
The initial phases were obtained using molecular replacement.
The MOLREP program within the CCP4 program suite was
employed along with a model of EstE7 (PDB code 3DMN).”"*
The structure was refined using restrained refinement without
TLS refinement from the Refimac5," after which the refinement
resolutions were recalculated by Sfcheck. ' The model was
adjusted using the WinCoot program,'” and the final models
were validated with MolProbity.18 Structural analyses were
conducted using the CCP4 program, CNS program, PISA and
DaliLite sever. > Molecular graphic figures were generated
using PyMOL (www.pymol.org). The data collection and struc-
tural refinement statistics are shown in Table 1. The coordinates
and structural factors for EstE7 from the metagenome library
have been deposited in the Protein Data Bank under accession
code 3K6K.

Results and Discussion

Oligomeric state and enzyme activity of EstE7. Size exclu-
sion chromatography through HiLoad 26/60 Superdex 200
revealed that EstE7 (36 kDa, including the expression tag) at
an initial concentration of 30 mg/mL was eluted in three peaks,
which reflected the presence of an aggregated (400 kDa),
dimeric (75 kDa) and monomeric (40 kDa) form (Fig. 1A). The
enzyme activities of the EstE7 proteins in different oligomeric
states (No. 2, 3 and 4 in Fig 1A; including the void volume
sample as No.1) were measured on a spectrophotometer within
24 hours of elution using p-nitrophenyl butyrate as a model
substrate. We found that all of the oligomeric states of EstE7
exhibited esterase activity, with the activity of highly aggregat-
ed, aggregated, dimeric and monomeric EstE7 proteins being
approximately 20, 15, 100 and 40%, respectively (Fig. 1B). In-
terestingly, the dimeric EstE7 protein showed a higher enzyme
activity than proteins in the other oligomeric states. Although
we have not found clear evidence of the high activity of the
dimer form of the protein based on biological studies, the EstE7
activity observed here is similar to that of the HSL protein, in
which dimeric HSL has an activity 40-fold greater than that of
the monomeric HSL protein.23 Based on several purification
batches (data not shown), we found that the EstE7 proteins
eluted atypical elution sizes and that aggregated, dimeric and
monomeric EstE7 proteins had various ratios of elution peaks
upon size exclusion chromatography. We conducted DLS ex-
periments to confirm the accuracy of the size of the eluted EstE7
proteins as aggregated, dimer and monomer proteins from the
purification batch used to generate Fig. 1A (No 2, 3 and 4 in Fig.
1A). DLS analysis indicated that all three samples, which were
in different oligomeric states following size exclusion chro-
matography, had the same molecular weight with the dimeric
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Figure 1. Analysis of the oligomeric state of EstE7 (A) Size determination using gel filtration chromatography. 0.83 mM protein solution was applied
to a HiLoad 26/60 Superdex 200 column that was pre-equilibrated with buffers containing 10 mM Tris-HCl at pH 7.0 and 50 mM NaCl. Numbers
1, 2, 3 and 4 indicate the void, aggregated, dimer and monomer size. In the SDS-PAGE gel, ‘His’ indicates the sample injected before size exclusion
chromatography. (B) The relative activity of the EstE7 protein measured at 400 nmusing a spectrophotometer to evaluate the various oligomeric
states. All oligomeric states showed esterase activity.
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Figure 2. Crystal structure of EstE7 (A) EstE7 molecules in the asymmetric unit. Each molecule in the asymmetric unit has an identical overall
structure with an r.m.s. deviation of approximately 0.15 A. (B) Interface I between molecules A and B (or, C and D). Analysis revealed that approxi-
mately 14.8% of the monomer surface area was buried, and that it was stabilized by hydrophobic, hydrophilic and van der waals interactions. Both
molecules form the five main chain (hydrogen bond) interactions in $8-strands. In addition, hydrophobic and hydrophilic residues are arranged
into up and down of strands. (C) Interface Il between molecules B and C. Analysis revealed that approximately 4.4% of the monomer surface area
was buried, and that it was stabilized by hydrophobic and hydrophilic interactions. Both molecules formed three main chain (hydrogen bond)
interactions in 1-strands. Based on the structure, the dimer interface between molecules A and B is more stable than the interface between molecules
Band C.

(60 - 80 kDa) (data now shown). These DLS results were not
consistent with the size exclusion chromatography results of
the aggregated form and monomer form of the EstE7 protein.
It has been reported the aggregated form of EStE7 may exist in
a self-association/aggregation state at high concentrations.”*
Based on our findings, the aggregated form of EstE7 is capable
of dissociation and subsequent dimer formation; thus, the aggre-
gated form is a temporary state. However, the monomer form
of EstE7 is more likely to undergo dimerization because EstE7
is thermodynamically stabilized based on the structure (discuss-
ed below). Taken together, our results revealed an unusual
oligomeric state of EstE7 in solution. EstE7 proteins prefer the

dimeric formation, which results in the aggregated form disso-
ciating into the dimer form under diluted conditions, and mono-
mer forms eventually forming dimers under natural conditions.
This is the first report of the reversible oligomeric state of EstE7,
and we believe that this biological observation will enable a
better understanding of the oligomeric state of HSL-homolog
proteins.

Stabilized dimerization of EstE7. We determined the crystal
structure of EstE7 at a resolution of 2.2 A, which extends the
resolution of 2.8 A that was used in a previous study.” The EstE7
protein features an o/p-hydrolase fold consisting of nine a-heli-
ces, an eight-stranded -sheet and several long loops. The protein
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Table 2. Structural alignment with other HSL-homolog proteins
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Portein name Strains Z-score

r.m.s.d. Aligned residues  Identity (%) PDB code

EstES
EST2
EstEl
AFEST
BFAE

Uncultured bacterium 45.8
A. acidocaldarius 38.7
Uncultured archacon 38.5
A. fulgidus 383
B. subtilis 33.8

1.6 293 38 3FAK
2.1 291 28 1QZ3
1.8 276 25 2C7B
2.1 290 25 11

2.2 281 21 1JKM

consists of a CAP (regulatory) and a CAT (o/f fold; catalytic)
domain. This structure has an overall structure identical to
that of a previously reported EstE7 structure with an r.m.s.
deviation of approximately 0.15 A for 294 Co. (Met16-Ser309).
In the crystallographic packing, four molecules in the asymm-
etric unit of EstE7 were found to have a nearly identical confor-
mation, which upon superposition results in a Co r.m.s. devia-
tion of 1.0 A. In the asymmetric unit, each EstE7 protein formed
three buried surface regions, and two types of dimerization
interface were observed. The two dimers were found to be relat-
ed by a non-crystallographic two-fold pseudosymmetry (Fig.
2A). The first dimerization interface (Interface I in Fig. 2A) is
located between molecules A and B and is similar to the interface
between molecules C and D with an r.m.s. deviation of 0.15 A
for 294 Ca (Met16-Ser309). In dimeric interface I, the B8-
strands in both molecules A and B play a key role in the tightly
associated dimer formation. Six residues (Val271, Glu272,
Leu273, Lys274,11e275, and Trp276) are involved in the dim-
erization (Fig. 2B). This dimer formation by interface I results
in an extensive interface that buries approximately 1,800 A?
(14.8%) of the total monomer surface area of 12,200 A% Among
these interactions, both 8-strands in molecules A and B formed
an antiparallel association via the B8-strand that was stabilized
by six hydrogen bonds of the main chain of Val271, Leu273 and
11275 within 2.8 ~ 3.4 A. Moreover, the hydrophobic (Val271,
Leu273 and Ile275) and hydrophilic (Glu272 and Lys274)
residues are located along different faces in the 8-strand. Thus,
dimerization of the EstE7 between molecules A and B is strong-
ly stabilized by several interactions based on the structure.
The second dimerization interface (Interface II in Fig. 2A) is
located between molecules B and C. This dimer formation was
formed by antiparallel association of the 1-strands (Fig. 2C)
and formed a less tightly associated dimer than the interface
between molecules A and B (or molecules C and D). This dimer
formation results in an interface that buries approximately
540 A® (4.4%) of the 12,200 A’ total monomer surface area.
Among the dimer interface residues of molecules B and C of
EstE7, the amino- and carboxyl group of the main-chain in
Leu60, Thr61 and Leu62 formed the short B-strand within 2.7 -
3.2 A. Moreover, both Glu59 and Arg72 formed a salt bridge
of approximately 3.2 A. Taken together, molecules A-B (or
C-D) have a larger buried surface region than molecules B-C,
and also contain preferred amino-acid arrangements based on
the structure analysis. Hydrophobic or hydrophilic interactions
are distributed in both dimerization interfaces; thus, the dimer
formation of EstE7 indicates that there are salt bridges, hydrogen
bonds and van der Waals interactions. Conversely, evaluation
of'the interface energy of Interface I and II using the interface

)

EstE1 AFEST

_CAP domain (C)

CAT domain

Figure 3. Structural comparison of HSIL.-homolog proteins. (A) Mono-
mer structure of HSL-homolog proteins. All structures contain the
CAP- and CAT- domain. (B) Superimposition of the HSL-homolog
proteins. The EstE7 proteins were structurally similar with a Z-score
and r.m.s. deviation of >35 and <2.5, respectively. (C) Superimposition
of the catalytic triad of HSL-homolog proteins. The charge relay system
in EstE7 and EstES5 utilizes glutamic acid, whereas other HSL-homolog
proteins utilize aspartic acid. Although charge related residues have
different amino acid sequences, they have the same molecular function.

calculation through the PISA server revealed solvation free
energies (A'G) of approximately —10.0 and —0.6 kcal/mol, res-
pectively.” These findings suggest that A-B formation may
be the preferred dimer formed by EstE7 in solution, and that it
will be highly stabilized based on its structure.

Structural comparison with HSL homolog proteins. A search
for structural homologues of EstE7 using the DALI program
identified several candidate proteins. Among these structures,
we selected five HSL-homolog proteins, EstES from an uncul-
tured bacterium, EST?2 from Alicyclobacillus acidocaldarius,
EstE1 from an uncultured archacon, AFEST from Archaeoglo-
bus fulgidus and brefeldin A esterase from Bacillus subti lis. !
Detailed structural alignment results are shown in Table. 2. The
CAP and CAT domains were conserved among structures,
which is supported by Z scores and r.m.s. deviations of > 35 and
<2.5, respectively (Fig. 3A and 3B). Each of these proteins also
contains a typical charge-relay system in the catalytic triad,
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Figure 4. Sequential and structural comparisons with other members of the HSL family. (A) Representative sequences from a multiple alignment
of the EstE7 (QOGMU1) sequence using CLUSTAL W. The three sequences shown are from the SWISSPROT database: EstES is from the
metagenome library (QOGMU?2), carboxylesterase is from an uncultured archacon (Q5G935), EST2 is from Alicyclobacillus acidocaldarius
(Q7SIG1), AFEST is from Archaeoglobus fulgidus (028558) and BFAE is from Bacillus subtilis (O68884).

Figure 5. Dimer formation of HSL-homolog proteins. (A) EstE7 (B) EstE1 (C) AFFEST and (D) BFAE showed dimer formation in the crystal
structure and the solution state. These HSL-homolog proteins produced similar dimer forms using the edge 8-strand for dimerization. The overall
dimer forms of these proteins were similar; however, each monomer had surface regions that were buried by different secondary structures. The
a-helix and B-strand in the buried surface in the dimer formation are colored green and yellow, respectively.

although some proteins contain a different charge relay residue
on the catalytic triad (glutamate or aspartate). Nevertheless,
both combinations maintain a functional charge-relay system
(Fig. 3C).”"° The EstE5 and EST2 proteins exist as monomers in
solution, which was confirmed by crystallographic biochemical
tests. Based on the results of the structural analysis of EstE7,
the B1- and B8-strands of EstES and EST2 were also exposed
in solution; however, in these two proteins the strands had dift-
erent sequences than in EstE7. Specifically, they consisted of a
random-mixture of hydrophobic and hydrophilic residues when
compared with EstE7 (Fig 4). These findings suggest that EstES
and EST2 do not prefer dimerization induced by their $1- or
B8-strands in solution. Recently, we evaluated the structural
and biological characteristics of EstES, and we did not detect
the dimeric species of EstES in solution, which is consistent
with our interpretation above. 10 Conversely, the AFEST, BFAE
and EstE| proteins exist as dimers in solution and in the crystal

(Fig. 5). The results of detailed structural analysis of the buried
residues in the dimer interface of the EstE7 homologues are
shown in Table 3. Additionally, the dimer formations of the
EstE7, AFEST, BFAE and EstEl proteins were commonly
stabilized by salt bridges, hydrogen bonds and van der Waals
interactions. The dimer interfaces of those proteins show low
sequence homology, as well as dimer conformations with unique
configurations (Fig. 4 and Fig. 5). In previous studies, AFEST
and BFAE were reported to be active as monomers in solution,
and both had active sites that remained fully accessible to the
substrate, indicating that their dimerization should not be
related to catalytic function.*® In the EStE7 structure, dimeriza-
tion interfaces of EstE7 are separated by the substrate entrance
pore (CAP domain) and catalytic triad (CAT domain) by a dis-
tance of approximately 20 - 30 A. This structure suggests that the
molecular function of the dimer will not affect the catalytic
activity of EstE7 because the CAP domain and active sites of



2632  Bull. Korean Chem. Soc. 2010, Vol. 31, No. 9

Ki Hyun Nam et al.

Table 3. Residues in buried-surface of dimer formation of HSL-homolog proteins

Interaction

Residues in buried-surface of the dimer formation

EstE7 Hydrophobic (12)

Trpl95, Leu254, Ala261, Gly265, Ala266, Gly268, Val269, Val271, Leu273, 1le275, Asp276, Pro277

(A-B) " Hydrophobic (10)

Arg203, Ser249, Ser255, Thr258, Glu262, Arg263, Ser270, Glu272, Lys274, Asp278

Hydrophobic (16) | o\ 1357 V1309, Phe310

Pro5, Pro8, Val9, Leul08, Pro246, Leu248, Ala275, 11e277, Val278, Val293, Lys295, Ala296, Ala306,

AFEST
Hydrophobic (17)

Asp7, Argl04, Argl07, His183, Glu262, GIn266, Arg269, Glu274, Ser276, Arg279, Tyr280, Arg281,
Arg298, Asp299, Asn302, GIn303, Asp311

Hydrophobic (18)
BFAE

Pro27, Pro31, Leu246, Pro250, Val301, Ile315, Ala322, Val328, Ala329, Ala330, Val332, Ile334, Pro349,
Ala350, Ala351, Gly361, Phe362, Leu369

Hydrophobic (17) A (7353 "Asp365, Arg366, Arg368

Arg28, Ser30, Thr84, Arg86, Glu306, Arg319, Arg323, Asp327, Arg331, Asn333, Glu353, Ser354, Arg357,

Hydrophobic (11)

Trpl95, Leu254, Ala261, Gly265, Ala266, Gly268, Val269, Val271, Leu273, 1le275, Pro277

EstEl
Hydrophobic (10)

Arg203, Ser249, Ser255, Thr258, Glu262, Arg263, Ser270, Glu272, Lys274, Asp278

all molecules in the EstE7 structure remain fully accessible to
the substrate. Thus, the structure of EstE7 is similar to that of
other dimeric HSL-homolog proteins.

Conclusion

Here, we reported the structural and biological analysis of
the HSL-homolog EstE7. In the solution state, oligomeric states
of EstE7 have differential molecular masses and occur as aggre-
gated, dimer and monomer molecules. The results of this study
indicate that the preferred oligomeric state of the EstE7 protein
is the dimer formation. Based on the structure, this dimerization
is stabilized by B8-strands using salt bridges, hydrogen bonds
and van der Waals interactions as in other dimerized HSL-
homolog proteins. Thus, the biochemical and structural results
presented here may follow the enzyme stability of the dimer
formation. We anticipate that these results will provide useful
information that enables a better understanding of the oligo-
meric state of HSL-homolog proteins.
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