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ABSTRACT: The biochemical properties of Escherichia coli
thioesterase I, His-tagged (HT) on the C-terminal, were system-
atically analyzed and compared with that without the His-tag
(WT). These two types of enzymes exhibit similar optimal tem-
perature and pH dependence, but subtle differences were de-
tected. Kinetic studies revealed that the k_,/K_ values of the HT
enzyme for the substrates palmitoyl-CoA and p-nitropheny! do-
decanoate were 36- and 10-fold lower than those of the WT,
respectively. In contrast, HT had a fivefold increased catalytic
efficiency for p-nitrophenyl acetate, and up to fourfold increases
toward phenylalanine- and tyrosine-derived ester substrates, L-
NBPNPE (N-carbobenzoxy-L-phenylalanine p-nitropheny! ester)
and L-NBTNPE (N-carbobenzoxy-L-tyrosine p-nitrophenyl
ester), respectively. For L-NBPNPE and L-NBTNPE, the increases
were attributed to the higher k_, values with little changes in
K.., whereas the increase for p-nitropheny! acetate was mainly
attributed to the lower K value. It is concluded that addition of
six hydrophilic histidine residues on the C-terminus resulted in
a change in substrate specificity of E. coli thioesterase | toward
more hydrophilic substrates.
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Thioesterase 1 of Escherichia coli specifically hydrolyzes
long-chain fatty acyl thioesters such as palmitoyl-CoA (1).
This multifunctional enzyme catalyzes the hydrolysis of sev-
eral aromatic esters as well as several amino acid-derived es-
ters (2—4). The 183-amino acid-residue mature protein shares
a high homologous sequence (51.7% identity) with a protein,
arylesterase, from Vibrio mimicus (5). These two functionally
similar proteins are expected to possess industrial potential
such as stereospecific hydrolysis and synthesis of a wide va-
riety of regiospecific esters (6,7). Both proteins are members
of a new subfamily of lipolytic enzymes, which consists of
eight proteins from different species (8). The amino acid se-
quences of proteins in this family are characterized by the
presence of five consensus sequence blocks arranged in the
same order. However, all proteins in this family share little
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sequence homology with known lipases, and they exhibit di-
verse substrate specificity. At present, the structure—function
relationship of these proteins is not known. It would be a great
benefit to protein engineering applications if the three-dimen-
sional structures of these proteins were solved.

To facilitate structure-functional studies, we prepared an
active recombinant E. coli thioesterase I with a hexahistidyl
peptide (His-tag) extension attached to the C-terminus. The
recombinant protein was purified by an immobilized Ni-resin
column with high purity and high yield. The secondary struc-
ture and topology of the purified enzyme was established by
nuclear magnetic resonance (NMR) (9). Although His-tag-
ging engineering has been extensively implemented for facile
protein purification, the effect of His-tagging on enzyme
properties has not been systematically studied. In this work,
we showed that the biochemical properties of the His-tagged
E. coli thioesterase I are very similar to those of the wild-type
enzyme. However, an enzyme kinetic study revealed that the
engineered protein showed substantial differences in substrate
specificity with preference shifted toward less hydrophobic
substrates.

MATERIAL AND METHODS

Materials. Oligonucleotide primers were made by DNAFax
Co. (Taipei, Taiwan), and Taq DNA polymerase and DNA se-
quencing kit were obtained from HT Biotechnology Ltd.
(Cambridge, England) and US Biochemicals (Cleveland,
OH), respectively. Isopropyl thio-B-D-galactoside (IPTG)
was obtained from Boehringer Mannheim Biochemicals
(Mannheim, Germany). p-Nitrophenyl acetate, p-nitrophenyl
butyrate, p-nitrophenyl hexanoate, p-nitrophenyl dodec-
anoate, o-naphthyl butyrate, 5,5’-dithiobis(2-nitrobenzoic
acid) (DTNB), N-carbobenzoxy-L-phenylalanine p-nitro-
phenyl ester (L-NBPNPE), N-carbobenzoxy-L-tyrosine p-ni-
trophenyl ester (L-NBTNPE) and N-carbobenzoxy-L-trypto-
phan p-nitrophenyl ester (L-NBWNPE) were purchased from
Sigma Co. (Saint Louis MO). Ni-NTA resin (6 X His-binding
resin) was purchased from Novagene Co. (Madison, WI).
DEAE Sepharose CL-6B and Superdex 75 HR10/30 were the
products of Pharmacia Co. (Quarry Bay, Hong Kong). Pro-
tein molecular-weight markers were purchased from Novex
Co. (San Diego, CA).
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Construction of the recombinant thioesterase I gene. Re-
combinant thioesterase I gene was synthesized from a plas-
mid containing the fesA gene (4) by a two-primer polymerase
chain reaction (PCR) method (10). The 5’ end primer of 5’-
ACCTTCCGTGCCCATATGGCGGACACGTTA-3’, and 3’
end primer of 5-CTCCGTCTCGAGTGAGTCATGATT-
TAC-3’, were designed for digestion by restriction enzymes
Ndel (CA/TATG) and Xhol (C/TCGAG), respectively. After
the restriction enzyme treatment, the PCR products were li-
gated into a 3.7 kb Ndel/Xhol-restricted pET-20b(+) vector
(Novagene Co.). The constructed plasmid was cloned from
E. coli HB101 (Promega Co., Madison, WI), and was then
transformed into E. coli BL21(DE3) (Novagene Co.) for tar-
get protein overexpression. The DNA sequence of the recom-
binant enzyme was confirmed from plasmid isolated from
HB101.

Cell growth condition. Escherichia coli BL21(DE3) cells
harboring the desired plasmid were grown at 37°C in LB broth
which consisted of 1% (wt/vol) Bacto tryptone, 0.5% (wt/vol)
Bacto yeast extract, and 1% (wt/vol) NaCl (pH value was ad-
justed to 7.0). For plasmid selection, ampicillin was added to a
final concentration of 50 pg/mL. The cultures for protein over-
expression were induced by adding IPTG to a final concentra-
tion of 2.5 mM when the absorbance value of ODy,, was ap-
proximately 0.6. Cells were harvested 4 h after IPTG induction
at 30°C.

Enzyme extraction and purification. His-tagged thioesterase
I was purified by affinity chromatography with Ni-NTA resin
as previously described (11). The protein bound to the column
was eluted with 1.0 M of imidazole. For the wild-type
thioesterase I the harvested cell pellet (from 500 mL of LB
broth culture) was suspended in 40 mL of 50 mM Tris buffer
(pH 8.0, containing 2 mM EDTA) and then frozen at —70°C for
20 min. After thawing, the suspension was sonicated and then
centrifuged. The supernatant of the crude extract was separated
on a DEAE Sepharose CL-6B column (2.6 X 20 cm) equili-
brated in 25 mM sodium phosphate buffer, pH 7.0. Elution was
carried out with a linear gradient of equilibrating buffer con-
taining 0.2 to 0.3 M NaCl. The fractions with enzyme activity
were pooled and concentrated for the next purification by gel
filtration. The gel filtration was performed with a Superdex 75
column (HR10/30) equilibrated in 25 mM sodium phosphate
buffer, pH 7.0, containing 0.1 M NaCl and 0.02% (wt/vol)
sodium azide. Elution was carried out with the equilibrating
buffer at a flow rate of 0.5 mL/min. The protein purity was
monitored by sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) in every step of purification. Both pu-
rified proteins were dialyzed against 25 mM sodium phosphate
buffer, pH 7.0.

SDS-PAGE analysis of thioesterase 1. SDS-polyacrylamide
gel (15% gel, 1% SDS) was prepared for analysis. Samples
were made of equal volumes of protein solution and SDS-
PAGE loading dye which contained 2% (wt/vol) SDS and 200
mM dithiothreitol (DTT) in 100 mM Tris buffer, pH 6.8.
Samples were then boiled for 5 min, and then held on ice for
10 min. After that, electrophoresis-separated protein gels

JAOCS, Vol. 76, no. 10 (1999)

Y.-L. LEE ET AL.

were stained by Coomassie brilliant blue and by esterase ac-
tivity stain. Before activity stain, SDS in the gel was removed
by submersion in 25% (vol/vol) isopropanol for 30 min twice,
then in 0.1 M sodium phosphate buffer, pH 7.0, for 30 min
once (12). Esterase activity stain was performed by the
method described by Vallejos (13).

pH profile of enzyme activity. Good’s buffer is composed
of four equal quantities of solutions including Bicine [N,N-
bis(2-hydroxyethyl)glycine], CAPS [3-(cyclohexylamino)-1-
propanesulfonic acid], sodium acetate and Bis-Tris propane
{1,3-bis(tris[hydroxymethyl]methylamino) propane} (50 mM,
each). Buffer pH values from 3 to 10 were adjusted by HCI
and NaOH solutions (14). Substrate solutions were 2.64 mM
p-nitrophenyl butyrate dissolved in 2.1% (vol/vol) Triton X-
100 and various pH values of 50 mM Good’s buffers. Ten
microliters of purified enzyme was added to a preheated 190-
UL reaction solution at 37°C. The reaction was terminated by
adding 400 pL of acetone to the reaction mixture. The en-
zyme activity was measured by the increase of absorbance at
346 nm, characteristic of p-nitrophenol production. One unit
is defined as the enzyme activity that catalyzes the hydrolysis
of 1 umol of substrate to produce 1 pmol of p-nitrophenol per
minute (15).

Temperature profile of enzyme activity. Substrate solution
was 2.64 mM of p-nitrophenyl butyrate dissolved in 50 mM
sodium phosphate buffer, pH 7.0, containing 2.1% (vol/vol)
Triton X-100. The enzyme reactions were carried out at tem-
peratures from O to 75°C.

Kinetic study of the HT and WT proteins. Purified proteins
were used for kinetic study with different substrates at pH 7.0
and at 37°C. Esterase activity assayed with substrates p-nitro-
phenyl acetate, p-nitrophenyl hexanoate, and p-nitrophenyl
dodecanoate was determined by the increase of absorbance at
346 nm as described (15). Thioesterase activity with palmi-
toyl-CoA as substrate was determined by the increase of ab-
sorbance at 412 nm with a coupled reaction with DTNB as
described (1). Chymotrypsin-like activity using L-NBPNPE,
L-NBTNPE, and L-NBWNPE as substrates was determined
by the increase of absorbance at 400 nm as described (3). The
values of K and k_, (kinetic parameters) were calculated
from triplicate experiments by nonlinear regression plots of
the Michaelis-Menten equation.

RESULTS AND DISCUSSION

Purification of WT and HT proteins. WT and HT proteins
were purified by traditional and Ni-resin affinity chro-
matographies, respectively. Both proteins were purified to
homogeneity and exhibited esterase activities on SDS-poly-
acrylamide gel (Fig. 1). The purified HT has been analyzed
with heteronuclear multidimensional NMR for structure de-
termination and was shown to consist of four B-strands and
seven o-helices (9).

His-tagging the C-terminal end of the thioesterase I. Di-
rect addition of His-tag to the C-terminus of the thioesterase I
unexpectedly resulted in a functional protein. The same man-
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FIG. 1. Sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of His-tagged and wild-type thioesterase I. The
His-tagged enzyme was purified by Ni-resin column. The wild type was
purified by ion exchange and gel filtration. Lane M, protein molecular
weight markers; lane 1, His-tagged thioesterase I; lane 2, wild-type
thioesterase I. Part A, Coomassie brilliant blue staining; part B, esterase
activity staining.

ufactured protein of V. mimicus arylesterase, which shares a
high amino acid sequence identity (51.7%) with the
thioesterase I (Fig. 2), fails to exhibit enzyme activity (11).
Previous work revealed that a hexadecapeptide spacer be-
tween the His-tag and C-terminus is needed to restore the en-
zyme functions of arylesterase (11). The recombinant
thioesterase I constructed with the same spacer between the
His-tag and the C-terminus resulted in an opposite result, i.e.,
this recombinant has no enzyme activity (data not shown).
Sequence alignment (Fig. 2) of the two highly homologous
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proteins shows that there is a four-amino-acid-residue exten-
sion at the C-terminus of the thioesterase I. The four extended
amino acid residues presumably have a protective effect on
the integral protein structure from the detrimental effect ex-
erted by His-tag. The resolved secondary structure of
thioesterase I revealed that the last helix (o-7) is located in
the range of Phe'®-Leu!"* (9). Thus, the last octapeptide be-
hind this o-helix may serve to prevent the His-tag from af-
fecting the structure of the protein.

pH and temperature profiles. With p-nitrophenyl butyrate
as substrate, HT and WT enzymes showed the same pH op-
tima at 8.0 with very similar profiles on pH effect (Fig. 3). Al-
though the imidazole ring of histidine has a pK, value of 6.3
under normal conditions (16), the His-tag did not affect the
pH profile of HT protein. This result indicated that the His-
tag did not directly interact with the protein structure involved
in the catalysis. HT and WT also exhibited very similar tem-
perature profiles, with the same optimal temperatures of 45°C
(Fig. 4). The HT protein exhibited higher specific activity
than that of the WT under the assay condition. For less hy-
drophobic residues HT possesses higher specific activity than
does the WT enzyme (discussed below).

Kinetic study of HT and WT enzymes. Escherichia coli
thioesterase I possesses hydrolytic activity toward several
kinds of esters including long-chain acyl-CoA, aromatic es-
ters, and amino acid-derived esters (1-4). Enzyme kinetic pa-
rameters of HT and WT were measured with substrates of
palmitoyl-CoA, p-nitrophenyl esters, and aromatic amino
acid-derived esters (L-NBPNPE, L-NBTNPE and L-NB-
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FIG. 2. Sequence comparison between mature proteins of Escherichia coli thioesterase | and Vibrio mimicus

arylesterase. Identical residues are indicated as “ | ”; conservation amino acid replacements are indicated as “:”;
less conservation amino acid residues are indicated as “.”.

JAOCS, Vol. 76, no. 10 (1999)



1116

60
= 10 b —o— His-tagged
)
2 30 F
e
g 20 F
g
& 10 F

0 [l

1 2 3 4 5 6 7 8 9 10 11
pH

FIG. 3. pH effects. Activity was measured at 37°C in 50 mM Good'’s
buffer (pH 3.0-10.0) containing 2.1% (vol/vol) Triton X-100, using 2.64
mM p-nitrophenyl butyrate as substrate. Both His-tagged and wild-type
thioesterase | purified to homogeneity as shown on SDS-polyacrylamide
gel were used in this study. Each value is calculated from triplicate ex-
periments. For abbreviation see Figure 1.

WNPE) to study the effect of the His-tag on the enzyme sub-
strate specificity. p-Nitrophenyl ester substrates with 2-car-
bon, 6-carbon, and 12-carbon acyl chains were used for in-
vestigating chain-length preference of these two enzymes.
Table 1 summarizes the kinetic data of HT and WT toward
seven substrates. Interestingly, HT shows more preference to-
ward short acyl chain substrates than does the WT enzyme.
Thus, the only two substrates, for which HT has lower k_, /K |
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FIG. 4. Temperature effects. Activity was measured with p-nitrophenyl
butyrate as substrate. Both His-tagged and wild-type thioesterase | were
purified to homogeneity as shown on SDS-polyacrylamide gel were
used in this study. Each value is calculated from triplicate experiments.
For abbreviation see Figure 1.

than WT were the two long acyl chain substrates, palmitoyl-
CoA and p-nitrophenyl dodecanoate. The k_, /K values of
HT for these two substrates, palmitoyl-CoA and p-nitro-
phenyl dodecanoate, are 36- and 10-fold lower than those of
WT, respectively. Both decreased catalytic efficiencies
(k. /K ) resulted from the reduced k_,, (catalytic rate con-
stant) values. The corresponding values of AAG* (the change

in the “free energies of transition-state stabilization™) signifi-

TABLE 1
Kinetic Analysis of HT and WT Thioesterase | with Esters, Thioesters, and Amino Acid-Derived Esters as Substrates?
WT HT AAGHP
Km kcal kcat/Km Km kcat kcat/Km
Substrate (UM) (s (s'uM™) (UM) (s (s 'uM™) (k) mol™)
Thioester
Palmitoyl-CoA 6.38 19.1 2.990 5.95 2.46 0.083 9.25
(0.93 0.13 0.03)¢
Ester
p-Nitrophenyl acetate 2411.1 25.2 0.010 751.7 40.6 0.054 -4.35
(0.31 1.61 5.4)¢
p-Nitrophenyl hexanoate 1360.3 30.5 0.022 1690.0 50.2 0.030 -0.80
(1.24 1.65 1.36)¢
p-Nitrophenyl dodecanoate 1448.6 10.2 0.007 1312.3 0.9 0.0007 5.93
(0.91 0.09 0.10)¢
Amino acid derivative
L-NBPNPE 4.39 5.93 1.351 5.16 26.68 5.171 -3.46
(1.18 4.50 3.83)¢
L-NBTNPE 10.43 17.20 1.649 11.32 66.38 5.863 -3.27
(1.09 3.86 3.56)¢
L-NBWNPE 10.51 0.58 0.056 12.17 0.78 0.064 -0.34
(1.16 1.34 1.14)¢

IKinetic analysis is calculated from Michaelis-Menten equation and nonlinear regression plots.

bAAG* is the change of free energy of transition state stabilization. AAG*
“The values in parentheses are the constants of HT enzyme divided by the

RT In [(kcat/Km)HT/(kCal/Km)WTJ .

corresponding constants of WT enzyme. Abbreviations: HT, His-tagged; WT,

without His-lag; L-NBPNPE, N-carbobenzoxy-L-phenylalanine p-nitrophenylester; L-NBTNPE, N-carbobenzoxy-L-tyrosine p-nitrophenylester; L-NBWNPE,

N-carbobenzoxy-L-tryptophan p-nitrophenylester.
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cantly increased by 9.25 and 5.93 kJ/mol for the hydrolysis
of palmitoyl-CoA and p-nitrophenyl dodecanoate, respec-
tively, as also listed on Table 1.

The catalytic efficiencies of HT and WT toward the sub-
strate p-nitrophenyl hexanoate were about the same. On the
other hand, for the shortest acyl chain substrate, p-nitrophenyl
acetate, HT showed a five fold higher catalytic efficiency,
mainly due to the decrease in K, value.

The kinetic study thus revealed that the HT enzyme was
less active toward longer acyl chain-length esters with de-
creased k_,, values, especially for the longest acyl chain ester,
palmitoyl-CoA. The diminished k_,, values and increased free
energies indicated that the extended His-tag destabilized the
transition state of these substrates. On the other hand, His-tag
improved the activity for shortest chain-length substrate, p-
nitrophenyl acetate, by increasing substrate affinity (K, value
decreased). These results indirectly illustrate why the HT en-
zyme exhibited higher activity than the WT enzyme in the
pH-dependence and temperature-effect experiments, in which
the substrate with four-carbon acyl chain, p-nitrophenyl bu-
tyrate, was used to assay the enzyme activity.

For amino acid-derived substrates, HT showed approxi-
mate fourfold increases in the catalytic efficiencies for phenyl-
alanine- and tyrosine-derived substrates, L-NBPNPE and L-
NBTNPE, respectively. For the tryptophan-derived substrate,
L-NBWNPE, both WT and HT exhibited very low activities,
therefore, L-NBWNPE was demonstrated to be an unfavor-
able substrate for this enzyme.

The increased activity in the aromatic-amino acid-derived
substrates was attributed to the increase in k_,, with little
change in K values. The higher k_,, values as well as the
lower free energies (AAG*) may indicate that the HT has
lower transition-state barriers for catalyzing the aromatic-
amino acid-derived substrates than the WT.

The C-terminal His-tag is speculated to be located on the
protein surface owing to its high hydrophilicity. Our biochem-
ical characterization revealed that HT and WT enzymes ex-
hibit the same pH and temperature profiles, strongly suggest-
ing that the His-tag does not seriously perturb the overall
structural integrity of the enzyme, whereas subtle changes in
the active-site geometry did occur, resulting in changes in
substrate specificity and catalytic activity. The moderate
changes in substrate specificity for some substrates suggest
that the C-terminus is probably located near the active site
such that added His-tag is close enough to exert some effects
on the substrate specificity.

The effect of the His-tag on protein function varies con-
siderably from system to system. In the extreme case, such as
observed in V. mimicus arylesterase, directly adding His-tag
in its C-terminus leads to a complete loss of enzymatic activ-
ity. Although E. coli thioesterase I and V. mimicus arylesterase
are highly homologous, the His-tag attached to the C-termi-
nus of E. coli thioesterase I exerts only moderate effect and
the protein is still very well-behaved, suitable for further ex-
tensive structure-functional characterization (9). The varia-
tion and unpredictable consequences of the effect of His-tag
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suggest that it is necessary to study the effect in each individ-
ual case. On the other hand, the increase of enzyme activity
and change in enzyme specificity by C-terminal His-tagging
in the present work suggest that C-terminal extension such as
His-tagging could be used as an alternative method for engi-
neering enzyme properties for biotechnological applications.
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