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Abstract
Several mammalian carboxylesterases were shown to activate the prodrug irinotecan (CPT-11) to
produce SN-38, a topoisomerase inhibitor used in cancer therapy. However, the potential use of
bacterial carboxylesterases, which have the advantage of high stability, has not been explored. We
present the crystal structure of the carboxyesterase Est55 from Geobacillus stearothermophilus and
evaluation of its enzyme activity on CPT-11. Crystal structures were determined at pH 6.2 and 6.8
and resolution of 2.0 and 1.58 Å, respectively. Est55 folds into three domains, a catalytic domain,
an α/β domain and a regulatory domain. The structure is in an inactive form; the side chain of His409,
one of the catalytic triad residues, is directed away from the other catalytic residues Ser194 and
Glu310. Moreover, the adjacent Cys408 is triply oxidized and lies in the oxyanion hole, which would
block the binding of substrate, suggesting a regulatory role. However, Cys408 is not essential for
enzyme activity. Mutation of Cys408 showed that hydrophobic side chains were favorable, while
polar serine was unfavorable for enzyme activity. Est55 was shown to hydrolyze CPT-11 into the
active form SN-38. The mutant C408V provided a more stable enzyme for activation of CPT-11.
Therefore, engineered thermostable Est55 is a candidate for use with irinotecan in enzyme-prodrug
cancer therapy.
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Introduction
Carboxylesterases (carboxylic ester hydrolase, EC 3.1.1.1) are members of the α/β hydrolase
family that hydrolyze short chain aliphatic and aromatic esters.1 They share a common α/β
hydrolase fold,2; 3; 4 and the catalytic triad of Ser, His, and Asp/Glu. We are characterizing
two carboxylesterases Est30 and Est55 from the Gram-positive bacterium Geobacillus
stearothermophilus. These enzymes are stable and catalytically active at high temperatures.5
The crystal structure of the 248 residue Est30 contained a tetrahedral reaction intermediate,
which provided information about the reaction mechanism of serine hydrolases. 6 Est30 and
Est55 are only distantly related with 14.3% sequence identity. The 498 residue Est55 showed
optimal activity for short chain acyl derivatives at a temperature of 60°C.5 Interestingly, Est55
shares 32% sequence identity with human carboxylesterase CE1 (hCE1) and 31% with rabbit
liver carboxylesterase (rCE).
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Human carboxylesterases are important for the hydrolysis and detoxification of peptides and
many drugs containing ester groups, such as cocaine, heroin, aspirin, and steroids. 7
Carboxylesterases have been evaluated for activation of the prodrug CPT-11 (Irinotecan) in
cancer gene therapy. CPT-11 is activated by a carboxylesterase to generate SN-38 (7-ethyl-10-
hydroxycamptothecin), a topoisomerase I poison used in cancer therapy. CPT-11 has shown
significant anti-tumor activity in human tumor xenograft models, especially for colon cancer.
8 Although SN-38 can be detected in the plasma of patients within minutes after administration
of CPT-11,9 only a small percentage of CPT-11 is converted into SN-38.10 Therefore, cDNAs
encoding carboxylesterases from rabbit liver (rCE), human small intestine (hiCE) and human
liver (hCE2) were isolated and their enzymatic roles for CPT-11 activation were explored.11;
12; 13 To date, rCE is the most efficient enzyme, activating CPT-11 within 22 hours under the
conditions of applying 2000 units of the enzyme.14 The possibility of using a bacterial enzyme
to activate CPT-11 has not been explored previously. Mammalian enzymes have the advantage
of low immunogenicity, which supports longer periods of prodrug activation.15 However, they
lack the advantage of the large therapeutic index and high thermostability that can be achieved
with enzymes from thermostable bacterial origins. While immunoreactivity may be a general
concern, several bacterial enzymes have been used in cancer gene therapy, for example, E.
coli cytosine deaminase for activation of 5-fluorocytosine, E. coli purine nucleoside
phosphorylase for 6 methyl purine -2′-deoxynucleoside and E. coli nitroreductase for 5-
aziridn-1-yl-2–4-dinitrobenzamide. 15

The crystal structures of the mammalian carboxylesterases hCE1 and rCE and Bacillus
subtilis carboxylesterase (pnb CE) have been determined. 16; 17; 18; 19; 20; 21 These enzymes
share similar sequences, three structural domains: a catalytic domain, an α/β domain and a
regulatory domain, and can activate CPT-11. The hCE1 structures were determined in
complexes with various substrates, substrate analogues and inhibitors. 18; 19; 20; 21 However,
no human carboxylesterase structure has been determined with the substrate CPT-11 or
products SN38 and 4PP. The rCE crystal structure has been determined with the product 4-
piperdino-piperdine (4PP).17 However, 4PP is bound on the rCE surface, rather than in the
active site, and the active site is partially disordered. The crystal structure of Torpedo
californica acetylcholinesterase (TcAChE) was determined with CPT-11, which is an inhibitor
of this enzyme. 22 Several hydrophobic residues in the active site interact with CPT-11, but
the carbon of the carbamate linkage in CPT-11 was 9.3 Å away from catalytic residue Ser200.
Therefore, the molecular basis for activation of CPT-11 is not understood.

In this study, we have assessed the possibility of using the thermostable Est55 as the initial
model for engineering a more efficient and stable enzyme to activate the CPT-11 pro-drug to
the SN-38 drug in cancer treatment. We have determined the crystal structure of Est55 and
demonstrated that the enzyme can activate CPT-11. Unexpectedly, the Est55 structure showed
that the catalytic triad residue His409 was rotated away from the active conformation.
Moreover, entry to the active site was blocked by oxidized Cys408, which is not conserved in
the mammalian carboxylesterases. Therefore, mutational analysis was used to explore the role
of Cys408 in the Est55 enzymatic activity on p-nitrophenyl substrates and CPT-11.

Results and Discussion
Crystal structures of Est55

Est55 was crystallized under two different conditions in the presence of the iodine ion. No
diffraction quality crystals were obtained in the presence of substrates, products, inhibitors,
reducing agents, or for tested Est55 mutants. Crystals with similar morphology were obtained
from conditions at two different pHs. Est55 was crystallized in 20% PEG3350, 0.2 M
ammonium iodide (pH 6.2), or in 20% PEG3350, 0.2 M potassium iodide (pH 6.8). The higher
the pH, the longer the crystals took to grow. The crystallographic statistics for data collection
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and refinement are shown in Table 1. Both of the Est55 crystal structures were observed in the
space group P212121 with one molecule per asymmetric unit. The structures were solved by
molecular replacement using Pnb esterase (1QE3) as a search model.16 The pH 6.2 structure
(Est55-pH6.2) was refined to an R-factor of 20.0 % at 2.02 Å resolution. The pH 6.8 structure
(Est55-pH6.8) was refined to R-factor of 17.2% at 1.58 Å resolution. The higher resolution
structure of Est55-pH6.8 had more disorder than the lower resolution structure of Est55-pH6.2.
479 and 463 residues of 498 amino acids of the Est55 structure were positioned in the pH 6.2
and pH 6.8 structures, respectively. Two residues at both termini were not visible in the electron
density maps. Residues were not visible in one or two surface loops, and before His409 of the
catalytic triad. Diffraction data were analyzed for several crystals but none showed fully
ordered density at the active site. Residues 66–76 in a surface loop and 401–404 near the
catalytic His were not visible in Est55-pH6.2. In Est55-pH6.8 disorder occurred in the surface
loops of residues 66–79, 349–358 and 401–407.

Est55 is folded into three domains, a catalytic domain, an α/β domain and a regulatory domain
(Figure 1). The catalytic domain shows the typical α/β hydrolase fold, with a central antiparallel
β sheet surrounded by α helices. The catalytic triad comprises Ser194, Glu310 and His409.
The two structures of Est55-pH6.2 and Est55-pH6.8 superimposed with a RMSD value of 0.2
Å for Cα atoms, which indicated that there were no significant conformational changes in the
overall structure. The Est55-pH6.2 structure was compared with the crystal structure of hCE1
in complex with the Alzheimer’s drug Tacrine, which was determined at 2.4 Å resolution.19
hCE1 and Est55 share 35 % sequence identity and 2.3 Å RMSD over 458 Cα atoms, although
hCE1 has extended surface loops and the regulatory domain differs in conformation and length
(Figure 2). A detailed comparison of the active sites is given in a later section.

Iodine in the Est55 structure
Iodine was necessary to produce large well-diffracting crystals. Three iodine atoms were
identified in the Est55-pH6.2 structure, and single iodine in the Est55-pH6.8 structure. One
iodine binding site was conserved in both structures, with 0.65 iodine occupancy in the Est55-
pH6.2 structure and 0.34 occupancy in the Est55-pH6.8 structure, respectively. The iodine
atom was identified by the very high level of electron density, even in the 2Fo-Fc map contoured
at 10σ level, as shown in Fig 3A. The iodine had a hydrogen bond interaction with the amide
of Asp309 and van der Waals interactions with the hydrophobic side chains of Phe488, Val372,
and Thr367 and Arg393. Two more iodines were observed in the Est55-pH6.2 structure. The
second iodine atom with 0.65 occupancy was located near the active site and had hydrogen
bond interactions with amides of Ala407 and Cys408, the carbonyl oxygen of Cys408 and two
water molecules. It formed van der Waals interactions with the side chains of Phe112, Lys406,
Cys408 and the main chain of Gly108 (Fig 3B). The interactions of this iodine with Lys406
and Cys408 appear to stabilize the active site loop of Est55-pH6.2 that is disordered in Est55-
pH6.8. However, iodine does not interact with the side chain of His409 in the catalytic triad.
It is not obvious why the Est55-pH6.8 structure did not show iodine at this site. The third iodine
was refined with partial occupancy and was located on the surface of the protein with an ionic
interaction with the side chain of Arg377, a hydrogen bond interaction with amide of Ala400,
and van der Waals interactions with main chain atoms of Pro399 and side chain of Glu290.
This iodine was located next to the disordered loop of residues 401–404 in the active site of
Est55-pH6.2 and interacted with Ala400 in a symmetry-related molecule. It was positioned
partly in the density for one alternate conformation of the side chain of Arg293, indicating that
the Arg293 side chain is in the other conformation in the presence of the iodine ion. The
hydrogen bond interactions observed between the three iodine atoms and the amides of the
protein have N….I distances in the range of 3.3–3.9 Å. Similar hydrogen bond distances have
been observed for iodine in small molecule and protein crystal structures. 22; 23; 24; 25
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Flexibility of the active site
The electron density in the active site region showed partial disorder in Est55-pH6.8, while
more residues were visible in Est55-pH6.2. In the Est55-pH6.8 structure, the loop containing
the catalytic His409 was partially disordered and residues 401–407 were not visible. Only one
water molecule was observed, which formed hydrogen bond interactions with the side chains
of Ser220 and two of catalytic triad residues Ser194 and Glu310. However, the structure of
Est55-pH6.2 showed more ordered density near the active site. The loop around His409 showed
clear electron density and residues 405–409 were fit unambiguously. The conformation of this
loop was stabilized by several hydrogen bond and van der Waals interactions with the
surrounding residues in the active site (Fig 4). No symmetry related molecules are close to the
disordered loop in the active site. The active site residues are in similar positions in both Est55-
pH6.8 and Est55-pH6.2 structures, with the exception of the disorder of residues 405–409 and
a small rotation of the His409 side chain in Est55-pH6.8. The His409 side chain has
hydrophobic interactions with Phe314 and Leu313 in both structures. In the pH6.2 structure
the His409 side chain has weak hydrogen bonds with the main chain carbonyl oxygens of
Leu313 and Lys406. In the pH6.8 structure the His side chain forms a good hydrogen bond
with the carbonyl oxygen of Leu313, however, Lys406 is not visible due to the disorder. It is
not clear whether the disorder and small structural changes are related to the protonation state
of His409.

The catalytic triad of Est55 consists of Ser194, Glu310, and His409. The catalytic Ser194 was
located at the bottom of a deep active site cleft and formed water-mediated hydrogen bond
interactions with the carboxylate side chain of Glu310 (Fig 4). Although, the side chain of
His409 was positioned unambiguously in the Est55-pH6.2 and Est55-pH6.8 structures, it was
directed away from the other members of the catalytic triad, Ser194 and Glu310, and did not
show the expected hydrogen bond interactions with their side chains. The rearrangement of
the catalytic triad residues in Est55 is shown by comparison with the structure of hCE1
containing the catalytic triad of Ser221, Glu354, and His468 in an active conformation (Figure
4B). The catalytic triads of the two structures have distinct conformations. The serines are in
similar positions. However, the side chains of the catalytic Glu and His of Est55 have moved
away from the positions in hCE1. In particular, the His side chain is rotated by about 90 degrees
from the His of hCE1, and the main chain continues in a different direction. The catalytic triad
of Est55 appears to be in an inactive conformation in contrast to the active form in hCE1,
suggesting that the partially disordered loop containing the catalytic His undergoes
conformational changes when substrates or inhibitors bind. These observations suggested that
the flexibility of the loop where His409 is located plays an important role in substrate binding
and catalysis. It is likely that the active site is not fully formed until the substrate is bound
within the catalytic gorge. The rCE structure also showed flexibility near the catalytic site.17
Disorder was observed for two loops in the rCE structure adjacent to the catalytic triad residues
Glu353 and His467. Moreover, the catalytic Glu353 was rotated away from the active site
relative to the conserved orientations observed in other esterases. Therefore, the existence of
disordered active sites suggested that both Est55 and rCE enzymes bind the substrate by an
induced fit mechanism.

Est55 contains an oxidized cysteine in the active site
Extra electron density was observed near the side chain of Cys408 in the Est55-6.2 structure
(Figure 5A). This density indicated the presence of three oxygen atoms close to the cysteine
sulfur. Refinement confirmed that the cysteine was oxidized to the sulfinylperoxy form of
SO2O− (Figure 5C). This oxidation state is unusual, however, similar forms have been observed
in oxidized small molecules at low temperatures. The small molecule sulfinylperoxy
intermediate (−SO2O−) and cysteine sulfonyl peroxyl radicals (−SO2

− and SO2OO−) have been
reported.26; 27 The loop containing Cys408 and the catalytic His409 is not in the active
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conformation observed in other carboxylesterases such as hCE1 (Figure 4B). Instead, the
His409 is rotated away and the Cys408 side chain lies closer to the Ser and His side chains in
the catalytic triad of hCE1. The Cys408 side chain lies in the oxyanion hole of Est55 blocking
the entrance of the active site cavity, which appears to mimic an inhibitor. The oxidized cysteine
was stabilized by hydrogen bond interactions with amides of Gly108, Ala109, and Ala195,
and with two water molecules in the oxyanion hole, as shown in Figure 4. A total of five water
molecules occupied the active site and made hydrogen bond interactions with the side chains
of Ser194, Ser220, Glu310, Cys408 and the amide of His409.

The presence of oxidized cysteine has been described in several protein structures, mainly in
the form of cysteine sulfenic acids (Cys-SOHs), sulfinic acids (Cys-SO2 H) and sulfonic acids
(Cys-SO3H). Some of these oxidized cysteines have been reported to play roles in enzyme
catalysis28; 29; 30. In one example, Cdc25B phosphatase has been crystallized in three
oxidation states of the active site cysteine: apo protein, sulfenic intermediate, and disulfide
bond state. The P-loop in the active site has a distinct conformation in each state. The active
conformation is formed in the apoenzyme, the P-loop partially blocks the active site cysteine
in the sulfenic state, and the P-loop closes the active site in the disulfide bond conformation.
31 Therefore, the P-loop in the active site and oxidization state of cysteine regulate the
conformation and the activity of this enzyme. Similarly, the active site of Est55 is blocked by
the oxidized Cys408, which may have a role in regulating enzyme activity. However, it has
proved difficult to assess the effect of oxidation on Est55 since reducing agents like DTT alter
the substrate used in the activity assay.

Role of Cys408 in the enzymatic activity of Est55
The role of Cys408 on enzyme activity was assessed by mutagenesis. Cys408 is unlikely to be
essential for the enzyme reaction since the corresponding residue is Asp in rCE and hCE1
(Figure 4B), although several other bacterial carboxylesterases have cysteine next to the
catalytic His. Therefore, a random mutant library of C408 was constructed using the Quick-
change site-directed mutagenesis kit with degenerate primers. Mutations to the hydrophobic
amino acids C408A, C408P, C408V, the polar amino acid C408S, and the flexible amino acid
C408G were selected to test the enzymatic roles of cysteine. The different mutants were
identified by DNA sequencing. All mutant enzymes were purified to homogeneity and their
enzymatic activities were compared with that of the wild type enzyme. The enzymatic activity
for p-nitrophenyl substrate (p-nitrophenyl butyrate, p-NP butyrate) was measured for both the
wild type and the mutants to evaluate the effect of the mutants on catalysis. The kinetic
parameters are shown in Table 2. Little variation was observed in the Km for wild type Est55
and mutants, except for the C408S. Mutations to hydrophobic amino acids, C408A, C408P,
and C408V, showed similar Km values as the wild type. However, mutation to the polar serine
in C408S resulted in a 4-fold increased Km value, suggesting that a polar environment is
unfavorable for substrate binding. Substitutions of Cys408 showed conserved or improved
kcat values, except for C408G that showed a 4 fold decrease in kcat relative to wild type Est55.
Overall, the C408S and C408G mutants demonstrated decreased catalytic efficiency for p-NP
butyrate hydrolysis. The lower activity of the serine mutant is consistent with the hydrophobic
nature of the Est55 substrate binding pocket, which is formed by the hydrophobic side chains
of Phe112, Trp119, Leu225, Leu226, Met274, Leu313, Phe314, Leu316, Val370, Phe371, and
Leu411. Moreover, the lower activity of C408G suggested that the very flexible amino acid
glycine was unfavorable at this position. Overall, the analysis of these mutations suggested
that Cys408 is not essential at 408, and the substitution of hydrophobic side chains of alanine
or valine in fact produces higher enzyme activity. However, these results do not rule out a
possible role of Cys408 in the regulation of Est55 activity in the bacillus.
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Est55 Converts CPT-11 to SN-38
Freshly purified Est55 was used to measure the ability of Est55 to convert CPT-11 to SN-38.
The enzymatic conversion of CPT-11 to SN-38 was quantified by HPLC separation of the
substrate and product. The peak positions for CPT-11 and SN-38 were confirmed by using the
pure compounds. Also, the presence of SN-38 was confirmed by mass spectrometry of the
isolated fraction giving the molecular mass of 393.1. Est55 activated CPT-11 with a kcat/Km
value of 0.84 ± 0.08 min−1 mM−1 (Table 3).

The mutant enzymes were also evaluated for hydrolysis of CPT-11 to SN-38 (Table 3). Various
effects on prodrug activation were observed for the different substitutions of Cys408. The most
dramatic effect was observed for the C408S mutant. No product peak for SN-38 was detected
even after doubling the incubation time. Therefore, mutation to the polar serine has eliminated
the ability to hydrolyze CPT-11. Mutation to glycine resulted in ~four-fold decrease in kcat/
Km. Substitution of hydrophobic amino acids had variable effects on kinetic parameters. C408A
mutant showed more than 2-fold increase in Km, while C408P and C408V had ~3- to 5-fold
decreased kcat relative to wild type Est55. The C408V mutant was more similar to the wild
type enzyme in catalytic efficiency (70%). The other two mutants C408A and C408P had
decreased catalytic efficiency of 40 and 17% of wild type kcat/Km.

The effects of the Cys408 substitutions on Est55 activity differed for the two substrates, p-NP
butyrate and CPT-11, as shown in Figure 6. Hydrolysis of p-NP butyrate showed relatively
little change (76–140% of wild type Est55 activity) for the mutations to hydrophobic amino
acids, alanine, valine and proline, whereas substitution of glycine or serine was unfavorable
and resulted in only about 30% of wild type catalytic efficiency. In contrast, hydrolysis of
CPT-11 was substantially reduced for all the tested mutants of Cys408, with the exception of
C408V that showed 70% of wild type Est55 activity. Moreover, the serine mutant had no
detectable activity. These results suggested that the hydrophobicity of residue 408 was more
critical for binding and hydrolysis of CPT-11 compared with p-NP butyrate.

In comparison with the published kinetic data for CPT-11 activation by other
carboxylesterases, Est55 showed an increased catalytic efficiency compared to hCE, although
rabbit carboxylesterase was about 200-fold more efficient (Table 3). The Est55 mutants
containing hydrophobic substitutions for Cys408 showed hydrolysis of CPT-11 Also, CPT-11
activation was assessed for Est30 from Geobacillus stearothermophilus, which is only distantly
related to Est55 5; 6. Est30 showed relatively little activity with about 10-fold lower catalytic
efficiency than Est55, mainly due to an increased Km. CPT-11 is a bulky molecule comprising
the 5-ring system of the product SN-38 and the ester link to the 4PP group. Therefore, it is
likely that the low activity of most tested enzymes arises at least partly from the difficulty of
fitting such a large molecule in the active site. Unfortunately, there are no structural data to
support analysis of CPT-11 binding in the active sites of carboxylesterases. First, no structures
are available for the CPT-11 substrate or the SN-38 product bound at the active site of a
carboxylesterase. The crystal structure of rCE showed the product 4PP bound to the enzyme
surface outside of the active site.17 Similarly, the inhibitory CPT-11 was bound 9 Å away from
the catalytic serine of TcAChE. 22 In fact, no structures are available for ligands of similar
size to CPT-11 bound in the active site of a related carboxylesterase. All structures of hCE
show smaller ligands at the active site.18; 19; 20; 21 Second, the active sites are partially
disordered in the structures of both Est55 and the most efficient enzyme rCE. The partial
disorder of the active site and rotation of the loop containing the catalytic His409 away from
the active conformation make it difficult to construct a model for CPT-11 bound in the active
site of Est55.
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Conclusions
We have confirmed the feasibility of using Est55 as a model in the development of a more
efficient enzyme for therapeutic activation of the prodrug CTP-11 to the drug SN-38. Est55
showed similar activity to hCE for hydrolysis of CPT-11, although rCE is still the most efficient
enzyme. However, the bacterial enzyme Est55 has the advantages of high thermostability and
catalytic efficiency at mesophilic temperatures.5 The other advantages of proteins of bacterial
origin compared to those of mammalian cells are relatively easy overexpression, purification
and engineering. These advantages suggest that Est55 can provide an attractive starting point
to engineer an enzyme with higher stability for more efficient conversion of prodrug CPT-11
into the active drug during cancer therapy. Future engineering of mutants with higher affinity
for CPT-11 would benefit from a structural model for CPT-11 bound to Est55. However, the
current crystal structure does not contain CPT-11, the catalytic traid residues are not in the
active conformation, and oxidized Cys408 blocks entry to the active site. Mutant C408V may
provide a more stable construct by removing the only cysteine residue, which can oxidize as
shown in the crystal structure and potentially alter Est55 activity.

METHODS
Site-directed mutagenesis, expression and purification of recombinant Est55

Random mutations of C408 were generated by the QuickChange mutagenesis kit (Stratagene)
using the following degenerate primers: CYS408_f (5′-
GCTGAAAGCANNNCACGCGCTCGAGCTGCCGTTTGTG-3′) and CYS408_r (5′-
CGAGCGCGTGNNNTGCTTTCAGCTGGCCGCCGAACAC-3′). The mutation sites were
confirmed by DNA sequencing. Est55 and the Cys408 mutants were expressed and purified to
homogeneity as described previously.5 Briefly, the enzyme was expressed using E. coli Top
10 cells carrying the recombinant clone pHE55. The wild type Est55 and the mutants were
purified in two steps, ion exchange using high-load Q-Sepharose HR 26/10 (Pharmacia) and
gel filtration using Sephacryl S200 (HR26/60) columns. The protein concentration was
measured by the Bradford method with bovine serum albumin as the standard. 32

Carboxylesterase assay
The esterase activity was measured as described with modification.5 The substrate was p-
nitrophenyl butyrate. The reaction mixture (2 ml) contained 10 mM Tris HCl (pH 8.5) and 0.5
mM substrate and 2 ng protein. The amount of p-nitrophenol liberated during the reaction was
monitored continuously at 405 nm in a Carey 3E spectrophotometer (Varian) with a
temperature control module. The molar extinction coefficient of p-nitrophenol is 18,380
M−1 cm−1 at 405 nm. Kinetic parameters were determined by fitting the data obtained at less
than 20% substrate hydrolysis with the Michaelis-Menten equation using the SigmaPlot 8.0.2
program (SPSS, Inc.).

HPLC assay for enzymatic conversion of CPT-11 to SN-38
The reaction was carried out as described33 with minor modifications. In brief, freshly purified
Est55 was incubated with different concentrations of CPT-11 between 1.6μM to 100μM in a
final volume of 300μl of 50 mM HEPES (pH 7.4) at 37°C for 8hrs. The reaction was terminated
with the addition of one volume of 75mM ammonium acetate (pH 4.0), vortexed, and
centrifuged at 14,000 g for 2 min. The kinetic parameters for conversion of CPT-11 were
obtained from HPLC separation of substrate and product as described14. An aliquot of the
reaction was injected onto an Atlantis™ dC 18 chromatography column (4.6 × 50 mm) using
an automatic injector (Amersham A-900) on an AKTA Purifier. A step gradient was run with
75mM ammonium acetate (pH 4.0), and 0 and 25% acetonitrile to separate the substrate and
product. The reaction mixture was eluted at 0.75 ml/min. Under these conditions, the SN-38
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and CPT-11 were eluted at 3.7 ml and 5.5 ml, respectively. The two compounds were detected
by UV absorbance at wavelengths of 266 nm and 375 nm. The absorbance was converted to
SN-38 concentration via the standard calibration curve of UV peak area generated by known
concentrations of SN-38. Kinetic parameters were determined as described above for p-NP
butyrate hydrolysis.

Crystallization and X-ray data collection
Purified Est55 was dialyzed into Tris buffer at pH 8.0 and concentrated to 7–10 mg/ml. Est55
was crystallized by the hanging drop vapor diffusion method at 24°C using 1μl of protein and
1μl of mother liquor. Crystallization trials used the Hampton PEG/ION screen. Crystals grew
after 7–15 days with 20% w/v polyethylene glycol 3350, 0.2 M ammonium iodide pH 6.2, or
0.2 M potassium iodide pH 6.8. Crystals were mounted on a nylon loop and cryo-protected in
20 % (v/v) PEG400 before flash cooling in liquid nitrogen. X-ray diffraction data were
collected on a MAR CCD 225 detector at the SER-CAT beam line of the Advanced Photon
Source (APS) at the Argonne National Laboratory. The crystal-to-detector distance was 142
mm. The oscillation angle was 0.25° and the rotation range was 180° for the complete dataset.
X-ray diffraction data for the crystals grown at pH 6.8 and pH 6.2 were measured to 1.58 Å
and 2.02 Å resolution, respectively.

Structure determination and refinement
The X-ray data were integrated using the HKL2000 program.34 The structure of Est55 at pH
6.8 (Est-pH6.8) was determined by molecular replacement with the CNS package. 35 The
structure of Pnb esterase (1QE3) from Bacillus subtilis was used as a search model (40 %
sequence identity).16 Data between 15 and 4 Å were used in the rotation research, resulting in
one peak. The rotation solution was then applied in a translation search, yielding a distinct
solution with a correction coefficient of 0.20. After rigid body refinement (CNS) and density
modification using the phase probability distribution calculated from the model and the
experimental amplitudes and solvent flipping, the figures-of-merit improved to 0.82. The
Est55-pH6.2 structure was determined by molecular replacement with the Est55-pH6.8
structure using the program MolRep36 in CCP4i. 37

Crystallographic refinement of the Est55-pH6.8 structure was initially carried out using the
CNS package. 35 The manual building of missing residues of structure was performed using
the graphics program O. 38 After iteratively subjecting the model to several rounds of
stimulated annealing and B-group refinement with CNS and manual rebuilding, the Rfactor and
Rfree dropped to 26.4 % and 28.5 %, respectively. After manual building of missing residues,
SHELX 9739 was used to refine the Est55-pH6.8 structure with solvent and anisotropic
temperature factors and reduced the R values to the final Rfactor of 17.2% and Rfree of 23.7%
Crystallographic refinement of the Est55-pH6.2 structure was carried out using CNS. The final
Rfactor and Rfree were 20.0 % and 23.0 %, respectively.

Structural Analysis
The Est55 crystal structures at different pHs were superimposed on all Cα atoms using an
implementation of the algorithm described in 40 to find the least square error coordinate
transformation. The structures of Est55 and the human carboxylesterase were superimposed
on all Cα atoms using the program DaliLite 41. Figures were generated with MolScript,42
BobScript,43 Raster3D,44 PyMOL.45

Protein Data Bank accession numbers
The structural data have been deposited in the Protein Data Bank with accession codes XXXX
for Est55-pH6.8 and XXXX for Est55-pH6.2.
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Figure 1.
Overall structure of carboxylesterase Est55 comprising three domains. The catalytic domain
is in magenta, the α/β domain is in blue, and the regulatory domain is in yellow. The catalytic
residues Ser194, Glu310, and His409 are shown in green ball and stick representation. Black
arrows point to two disordered loops in the Est55-pH6.2 structure, which are indicated by the
dashed lines.
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Figure 2.
Superposition of Est55 and human carboxylesterase hCE1 structures. Est55 is green and hCE1
is red. The active sites are within the ellipse. The black arrow indicates the regulatory domain,
which shows significant differences between the two structures.
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Figure 3.
Iodine in the Est55 crystal structure. A) The conserved iodine site. 2Fo-Fc electron density map
contoured at 2.0 σ (green) and 10.0 σ (red). Water is indicated by red spheres. Interatomic
interactions are shown as dashed lines with distances in Å. B) The second iodine site in Est55-
pH6.2.
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Figure 4.
The active site region of Est55. Interatomic interactions are shown as dashed lines with
distances in Å. The catalytic residues Ser194, Glu310 and His409 are labeled in red. B)
Comparison of active sites of Est55 (green) and hCE1 (red). The catalytic triad residues of
hCE1 are Ser221, Glu354, and His468. Cys408 in Est55 is equivalent to Asp467 in hCE1.
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Figure 5.
Oxidized Cys408. 2Fo-Fc electron density map contoured at 1.6 σ (green) and Fo-Fc electron
density map contoured at 3.5 σ (red). A) without oxygen atoms. B) after addition and refinement
of two oxygen atoms, and C) omit map after addition and refinement of three oxygen atoms.
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Figure 6.
Relative activity of Est55 Mutants on p-NP butyrate (blue) and CPT-11 (red).
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Table 1
Crystallographic Data Collection and Refinement Statistics

Est55-pH6.2 Est55-pH6.8

Data collection
Space group P212121 P212121
Unit cell Å a=69.53, b=73.49, c=99.03 a=69.36, b=74.430, c=98.60
Unique reflections 67530 71770
Rmerge (last shell) 0.07 (0.5) 0.08 (0.4)
Redundancy 5.3 5.1
Completeness (last shell) % 99.1 (95.6) 97.8 (91.5)
<I/σ> 17.6 17.5
Refinement
Resolution Å 10–2.02 10–1.58
Rfactor /Rfree % 20.0/23.0 17.2/23.7
No. residues 479 463
No. water molecules 151 159
No. Iodine atoms 3 1
rms deviation from ideality
 Bond length (Å) 0.006 0.018
 Bond angles 1.3a 0.028b
Ramachandran plot
 Most favored regions (%) 89.3 89.4
 Additional allowed regions (%) 10.2 10.1
Averaged B-values (Å2)
 Main chain atoms 35.4 27.9
 Side chain atoms 39.4 33.5
 Solvent atoms 36.1 39.4

a
degree

b
angle distances
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Table 2
Effect of mutation at Cys408 on the hydrolysis of p-NP butyrate

Km μM) kcat (s
−1) kcat/Km (s−1μM−1)

Est55 24.2 ± 2.5 (7.9 ± 0.3) × 105 (3.3 ± 0.4) × 104

C408A 32.8 ± 2.9 (13.7 ± 0.4) × 105 (4.2 ± 0.4) × 104

C408G 23.1 ± 2.7 (2.2 ± 0.09) × 105 (0.95 ± 0.17) × 104

C408P 26.0 ± 3.2 (6.5 ± 0.3) × 105 (2.51 ± 0.3) × 104

C408S 97.5 ± 4.3 (12.7 ± 0.6) × 105 (1.1 ± 0.05) × 104

C408V 28.3 ± 3.8 (10.7 ± 0.3) × 105 (4.5 ± 0.6) × 104
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Table 3
Hydrolysis of CPT-11 by Est55 and mutants of Cys408

Km μM) kcat (min−1) kcat/Km (min−1 mM−1)

rCE# 6.2 ± 0.63 180
hCE# 82.8 ± 9.6 0.2
Est30 202 ± 2 (17.2 ± 1.2)× 10−3 0.09 ± 0.01
Est55 18.6 ± 1.8 (15.6 ± 0.5) × 10−3 0.8 ± 0.08

C408A 45.3 ± 6.9 (15.5 ± 0.35)× 10−3 0.34 ± 0.05
C408G 22.4 ± 1.4 (5.0 ± 0.12) × 10−3 0.23 ± 0.02
C408P 20.6 ± 2.1 (2.9 ± 0.1) × 10−3 0.14 ± 0.01
C408S N. D.* N. D.* N. D.*
C408V 22.3 ± 2.5 (13.5 ± 0.6) × 10−3 0.6 ± 0.07

#
Kinetic parameters were taken from 46

*
No detectable hydrolysis

J Mol Biol. Author manuscript; available in PMC 2008 March 16.


