Biochemistry2003,42, 8289-8297 8289

Sequential Structural ChangesBé$cherichia coliThioesterase/Protease | in the
Serial Formation of Michaelis and Tetrahedral Complexes with Diethyl
p-Nitrophenyl Phosphate

Sergiy I. Tyukhtenkd, Alexandra V. Litvinchuk Chi-Fon Chang, Yu-Chih Lof Shin-Jye Leé,Jei-Fu Shaw,
Yen-Chywan Liaw8 and Tai-Huang Huang-

Institute of Biomedical Sciences, Institute of Botany, and Institute of Molecular Biology, Academia Sinica,
Nankang, Taipei, Taiwan 11529, Republic of China, and Department of Physics, National Taiwan Noroeaklgni
Taipei, Taiwan, Republic of China

Receied Naember 26, 2002; Résed Manuscript Receed May 7, 2003

ABSTRACT. Escherichia colihioesterase/protease | (TEP-I) belongs to a new subclass of lipolytic enzymes

of the serine hydrolase superfamily. Here we report the first direct NMR observation of the formation of
the Michaelis complex (MC) between TEP-I and dietpyditrophenyl phosphate (DENP), an active site
directed inhibitor of serine protease, and its subsequent conversion to the tetrahedral complex (TC). NMR,
ESI-MS, and kinetic data showed that DENP binds to TEP-I in a two-step process, a fast formation of
MC followed by a slow conversion to TC. NMR chemical shift perturbation further revealed that
perturbations were confined mainly to four conserved segments comprising the active site. Comparable
magnitudes of chemical shift perturbations were detected in both steps. The largest chemical shift
perturbation occurred around the catalytic'Sen MC, the conformation of the mobile S€was stabilized,

and its amide resonance became observable. From the large chemical shift perturbation upon conversion
from MC to TC, we propose that the amide protons of'Sand Gly** serve as the oxyanion hole proton
donors that stabilize the tetrahedral adduct. The pattern of residues perturbed in both steps suggests a
sequential, stepwise structural change upon binding of DENP. The present study also demonstrates the
important catalytic roles of conserved residues in the SGNH family of proteins.

Serine proteases are among the most studied enzymesnultiple intermediates with lower activation energy than the
based on their roles as model enzymes for the study of theoverall uncatalyzed step constitutes the main theme of the
mechanism of enzyme catalysis as well as the medicaltransition state theory for enzyme catalydis ). Therefore,
implication of their inhibition. This class of enzymes employs to understand the mechanism of catalysis for the enzyme, it
a “catalytic triad” of serine, histidine, and aspartic acid as is necessary to determine the structure and define the source
catalytic residues. The general catalytic sequence of serinepf the binding power of the enzyme for all intermediate
proteases includes formation of a noncovalent Michaelis states. However, the lifetimes of transition states are very
complex. Nucleophilic attack by the active site Ser residue short (about 103 s) and are very hard to characterize. In
of the peptide carbonyl group results in the formation of a 1969, Wolfenden recognized that transition state analogues
tetrahedral oxyanion intermediate, which subsequently re- (Tga)1 molecules that mimic the transition state of an
leases the C-terminal product fragment to form the acyl- gnzyme-catalyzed reaction, should bind tightly to the enzyme
enzyme at the Ser residue. In the second deacylation reactiong " ould be used as a model of the transition sBjtddse
hydrolytic attack by a water molecule on the ester carbonyl ¢ t5as has provided considerable insight into the interac-

grtoup Ig_a?s toh_tr;]e fﬁrmatm? O_f It:e sNetiond_ te;crahzdraél tions between TSA and the enzyme and the structures of
Intermediate, which collapses 1o yield an N-terminal product w, o . ermediate species)( Recently, the crystal structures

fragment and the restoration of free enzyme. Formation of of the acyl-enzyme and the tetrahedral intermediate, trapped
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is work was supported by Grant 91- -M-001- ~H.H. : ;
from the National Science Council of the Republic of China. The NMR the heptapeptide humghcasomorphin 7 have been reported

spectra were obtained at the High-Field Biomacromolecular NMR Core (8—10).
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Escherichia colthioesterase/protease | is a 182 amino acid glutamic acid and six histidine residues at the C-terminus.
single peptide proteinl(l—13). It has been classified as a The full length of the expressed protein therefore contains
member of a new subclass of the lipolytic enzymes with 191 amino acids. Here we will use the wild-type protein
diverse substrate specificity and regiospecificity, (15). sequence to number the amino acid sequence. The protein
Recently, a subgroup of this new hydrolase family has beenwas purified with Ni-NTA affinity chromatography, and the
further classified as the SGNH-hydrolase due to the presencepurity of the protein was found to be greater than 95% pure,
of four strictly conserved residues: serine (S), glycine (G), based on the Coomassie blue stained gel. The N-terminal
asparagine (N), and histidine (H) in four conserved blocks methionine and the C-terminal histidine tag were not cleaved
(16, 17). Each of the four residues plays a central role in the after the purification. The protein activity was found to be
catalytic function. Block | contains the serine nucleophile almost identical to that of the wild-type protei22). The
and is positioned in a typed turn at the carboxyl end ¢f uniform ®N-labeling was achieved by growing tie coli
strand 1. The amide proton of this serine residue also servesells in M9 medium withP*NH4Cl as the only nitrogen source
as a hydrogen bond donor to the oxyanion hole. Block Il (18). The protein concentration was determined spectropho-
contains the glycine residue which is positioned afterfthe tometrically using a molar extinction coefficientzsg =
strand 2 and whose amide proton serves as a hydrogen bon84850 Mt cm™ (23). The typical protein yield was about
donor to the oxyanion hole. Block Il contains the asparagine 10—15 mg/L for cells grown in M9 medium. To obtain
positioned aftepd strand 3. The side chain’tserves as the  protein samples witk°N label at specific amino acids, cells
proton donor to the oxyanion hole. Block V contains the were grown in M9 medium, supplemented with 2 g/L
catalytic aspartic acid and histidine residues and is positionedunlabeled glucose and 1 g/L unlabeled JIH After cells
at the loop after the lasf strand in the central sheet. had grown to an OD of 0.8, the desired amino aciN{
Sequence comparison has shown that all of these featuresabeled) was added, together with IPTG (1 mM). The amount
are strikingly conserved in TEP-I. The corresponding four of labeled amino acid added to each preparation was 600
conserved residues are Sely*4, Asn’3, and Hig%". Thus, mg/L for alanine, 60 mg/L for leucine, and 60 mg/L for
TEP-I is likely to be a member of this new SGNH-hydrolase phenylalanine.
subfamily. We have applied heteronuclear multidimensional  Esterase Actiity Assay.The assay mixture (1 mL) contains
NMR techniques to determine the structure and dynamicsbetween 1.3 and 7.% 104 M substrate [¢-nitrophenyl
of TEP-I (18, 19). Our results show that TEP-I consists of a butyrate) in 50 mM sodium phosphate buffer and 2.1% Triton
four-strand paralleb-sheet and sevem-helices. The folding X-100, pH 7.0. The reaction was carried out at°€ and
topology is of thea/Bla. type. A recent 1.95 A resolution initiated by the addition of enzyme or its inhibitor complex
crystal structure further identified S&rAsp>4 and His%’ (final concentration of enzyme 1.64 108 M) and
as the catalytic triad residues (Lo and Liaw, unpublished terminated by the addition of 0.4 mL of acetone. Initial rates
results; PDB code 1JRL). The structural features fit well to were estimated by measuring the amounpsgfitrophenol
the new hydrolase family, the SGNH-hydrolase familg)( formation, which was monitored at 346 nen4x= 925 M !

Our NMR relaxation studies have further shown that TEP-I cm™2) (24).
possesses a rigid core structure comprisingAlsheet and Protease Actiity. The assay mixture contained the sub-
o helices. Built on the rigid frame is a highly flexible binding  strate, N-carbobenzoxy-tyrosine p-nitrophenyl ester ¢
pocket, comprising loops 1, 3, 5, 7, and BB). To gain a NBTNPE) (dissolved in freshly made dioxane solution), and
deeper understanding of the catalytic mechanism of TEP-I, the enzyme or its inhibitor complex (final enzyme concentra-
we have studied its interaction with diethgdnitrophenyl tion 1.64 x 108 M) in 50 mM phosphate buffer, pH 7.0.
phosphate (DENP), an active site directed inhibitor for serine The enzymatic activity was estimated spectrophotometrically
proteases?0, 21). The PO group of DENP reacts with the at 25°C (12).
active site serine to form a stable tetrahedral complex. The Thioesterase Actity. The assay is based on enzymatic
binding of DENP to TEP-I is very slow and irreversible, release of coenzyme A (CoA) as measured by reduction of
permitting us to characterize the structural changes involved5,5-dithiobis(2-nitrobenzoic acid) (DTNB). The reduction of
in the formation of the DENP/TEP-I Michaelis complex and DTNB was measured by following an increase in absorbance
its subsequent conversion to the tetrahedral complex. Ourat 412 nm for 2-6 min with a molar extinction coefficient
results provide detailed information on the structural changesof 13600 M~ cm™%. The assay mixture contained 0.1 mM
leading to phosphorylation of the enzyme, mimicking the DTNB, 80 ug/mL bovine serum albumin, and 14M
formation of the covalent enzyme/substrate complex. As far palmitoyl-CoA in 50 mM phosphate buffer, pH 7.0. The final
as we know, this is the first direct NMR observation of the enzyme concentration was 3.2810°8 M (25).
Michaelis complex formation and its conversion to the  Mass SpectrometryElectrospray ionization mass spec-
tetrahedral complex of serine proteases. trometry (ESI-MS) experiments were carried out on a
Finnigan LCQ Deca ion trap mass spectrometer (Ther-
MATERIALS AND METHODS moFinnigan, San Jose, CA) with an electrospray ionization

Protein Expression and Purificatiolhe procedures for  interface. The ESI source was operated in positive ion mode.
expressing and purifying. colithioesterase/protease | have Sample solution was infused using an HPLC pump with loop
been described previousiyi4). Briefly, the BL21(DE3) injection. ESI operation conditions involved a spray voltage
strain ofE. coliwas transformed with an expression plasmid of 4.5 kV, a heated capillary temperature of 180, and
(PET-thio) carrying thetesA/apeA gene under the control  flow rate of 5uL/min. The mass spectrometer was operated
of the T7 promoter. To facilitate protein expression and in full-scan profile mode, with the scan range fron'z 150
purification, the expressed protein contains an extra me-to m/z 2000. Xcalibur (version 1.3, ThermoFinnigan) and
thionine residue at the N-terminus and a leucine and aBioWorks 3.0 software packages were used for data acquisi-
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tion and analysis and in reconstruction of the molecular
weight from the spectra. NMR spectra of samples for ESI-
MS analysis were taken to confirm their complex states prior
to mass analysis.

NMR ExperimentdNMR samples were prepared by adding
aliquots of a concentrated solution of DENP (Sigma) in water
to a solution of the!>N-labeled enzyme (0-40.8 mM) in
50 mM sodium phosphate buffer at desired pHs. NMR
spectra were recorded on a Bruker AVANCE 600 spectrom-
eter usig a 5 mminverse triple-resonancéH/*C/*°N) probe
head fitted with self-shielded-, Y-, and Z-gradient coils.
Two-dimensionalH—15N-HSQC spectra were recorded at
310 or 285 K using the WATERGATE sequence for solvent
signal suppressior26). The spectral widths used were 6.5
ppm for'H and 46 ppm fot°N. The proton carrier frequency

was placed on the water peak during the pulse sequence and

was shifted to 8 ppm just before data acquisition. The
nitrogen carrier frequency was set to 115 ppm. The data
matrix contains 1024 complex points in thid dimension
and 128 increments in théN dimension. Data were
processed using XWINNMR software (Bruker AG, Karlsru-
he, Germany) on a UNIX-based Silicon Graphics 02
workstation. The proton chemical shift values were refer-
enced to DSS at 0 ppn27). The'>N chemical shift values
were indirectly referenced using the following consersus
ratio of 0.101329118 for'SN/*H (28). The AURELIA
program was employed for data analysis and peak picking
(29).

RESULTS

pH Profile of Phosphorylation of TEP-I by DENP.
Catalysis by TEP-I involves acylation and deacylation of Ser
10/ both of which are sensitive to pH because they depend
on the state of ionization of the catalytic Hisresidue.

Figure 1la shows the pH-dependent protease activity of TEP-

I. The activity of TEP-I showed a maximum at pH8.0
with a drop in activity at both higher and lower pHs. The
loss of activity of TEP-I at low pH is presumably due to the
protonation of the catalytic H1&’, whose K, was estimated
to be~6.8 (30). The loss of activity at higher pH is likely
to be the result of structural changes at high pH.

DENP is a known active site directed inhibitor for serine
proteases?0, 21). The loss of enzyme activity of TEP-I in
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Ficure 1: (a) Effect of pH on protease activity of TEP-I. The
concentration of reagents was [TEP=]32 nM and [-NBTNPE]
= 20 uM. Protease activities were expressed as the concentration
of p-nitrophenol released at 20 s after the addition of enzyme to
the assay mixture. (b) Effect of pH on phosphorylation of TEP-I
by DENP. The rates of the phosphorylation reaction were reported
as the amount gf-nitrophenol released at 90 min after the addition
of DENP to the enzyme. Concentrations of reagents were [TEP-I]
= 11 uM and [DENP]= 1.1 mM. The concentration of released
p-nitrophenol in both cases was measured by an increase of
absorbance at 346 nm. All measurements were made &€ 28
the desired pH.

we conducted all studies at pH 6.0 but used low temperature
to prolong the lifetime of the intermediate species.

Kinetics of the Release of p-Nitrophenolate from the
DENP/TEP-I ComplexScheme 1 depicts the mechanism of
inhibition of TEP-I by DENP and the possible formation of
“aged” adduct 21, 31). Following the formation of the
Michaelis complex the mechanism-based inhibitor DENP
(structure 1) forms a covalent tetrahedral complex (TC,

the presence of DENP was examined by preincubating thestructure 1) with the active site S€ with the departure of

enzyme with DENP and assayed according to previously
established procedured? 24, 25). DENP was found to
irreversibly inhibit both the protease and thioesterase activi-
ties of TEP-I (data not shown). As a mechanism-based
inhibitor, the inhibitory activity of DENP should also display
similar pH dependence. Inhibition of the enzymatic activity
of TEP-I by DENP involves phosphorylation of the catalytic
Set? residue. Thus, the rate of inhibition is directly
proportional to the rate gb-nitrophenol release. Figure 1b
shows the effect of pH on the rate of phosphorylation of
TEP-I, measured by the amount piitrophenol released
after 90 min of incubation of DENP in the enzyme solution.
The pH profile of DENP inhibition is indeed similar to that
of the protease activity profile. The sharp decrease on the
rate of release of-nitrophenol at low pH permits the
trapping of the Michaelis complex for structural characteriza-
tion. However, to keep our study more functionally relevant,

p-nitrophenolate. The TC can further dissociate into a
phosphodiester anion (structure 1l) with the departure of the
ethyl group. The rate of inhibition of TEP-I by DENP can
be followed by determining the rate of release @f
nitrophenolate, which can be determined spectrophotometri-
cally using an extinction coefficient afponm = 8000 M*
cm™%. Figure 2A shows the changes in absorbance after
TEP-I was mixed with various molar ratios of DENP at pH
7.0, 20°C. Figure 2B shows the double-reciprocal Lin-
eweaver-Burk plot of the initial rate ofp-nitrophenolate
release versus inhibitor concentration. From the intercepts
of this curve withx- andy-axes the maximum velocitW¥max
and Michaelis constank,, were determined to b€nax =
0.33+ 0.08uM min~* andKy, = 0.73+ 0.06 mM.

NMR Evidence for the Formation of Long-ied Inter-
mediate SpecieF.EP-I is a well-behaved protein with high
pH and temperature stability. THEN-HSQC spectrum of
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° ks Ficure 2: (A) Time course ofp-nitrophenolate release from the
~ QCaHs . TEP-I/DENP complex in 50 mM phosphate buffer, pH 7 at’@0
G---HNO N-H 2P<§  + CHsOH + H The reaction was initiated by the addition of enzyme to the DENP
Aspi54 = (an) W solution, and the release gf-nitrophenolate was monitored
serto spectrophotometrically by measuring the increase in absorbance at
His157 "’ 400 nm. The enzyme concentration in the cuvette wagM.OMiolar
Dealkylated or "aged" complex ratios of DENP/TEP-I are (a) 150, (b) 100, (c) 60, (d) 40, and (e)

10. (B) Lineweaver-Burk plot of the inhibition of TEP-I by DENP.
TEP-I contains well-resolved resonances that have been fuIIyThe initial velocities were determined from the initial slopes of
. . . the curves in (A) using an extinction coefficient @bonm= 8000
assigned 18). Figure 3 shows portions of th@N'HS_Q,C M~1 cm L. The straight line is the best fit to the data points.
spectra of DENP/[USN]TEP-I complexes at conditions
under which various species can be detected. Addition of exist in four possible states: (i) the free enzyme,: (i) the

DENP rgsulted in the appearance of new resonances with aenzyme/DENP Michaelis complex (MC) with no covalent
concomitant decrease in intensities corresponding to free

enzyme. We observed two sets of new resonances: (1)bond forma_tiqn between the enzyme and [.)ENP’.("D Fhe
transient resonances that appeared only for a short period ofsnzym&mmbltor tetrahedral complex (TC) W'th the |nh|p|-
time after the addition of DENP and then disappeared again©" covalently bonded to Séras a phosphotriester, and (iv)
after prolonged exposure to the inhibitor and (2) resonancest"® aged enzymeinhibitor complex with the inhibitor
that appeared at a later time. Figure 3a shows the spectrumbPonded to Séfas a phosphodiester anion. To determine the
obtained at 310 K, of [USN]TEP-I after being incubated identities of the intermediate species and the final species
with a 2 times excess of DENP at 310 Krf3 h at pH6.0. observed in our spectra, we performed the following experi-
Upward thick arrows mark the resonances corresponding toments:

intermediate species. Curved arrows trace the time sequence (i) Actizity Assay As a mechanism-based inhibitor DENP
of the evolution of the resonances, corresponding o CONVer-competes with substrate in interacting with TEP-I. Scheme
sion of free TEP-I to the intermediate species and, subse-, jjsirates the competition between inhibitor 1X (X is a

qugntly, to.the fi.nal complex. At the proper DENP ”"."?'af leaving group) and substrate S for binding to enzyme E. If
ratio and with adjustment of pH and temperature conditions, DENP exists as a noncovalent Michaelis complex, it is
it is possible to obtain spectra containing only the intermedi- possible for the substrate to compete with DENP for TEP-I,

ate species and the final complex (Figure 3b), only the : ; ) i
intermediate (red spectrum in Figure 3c), or only the final and the Michaelis complex will be active. On the other hand,

complex (red spectrum in Figure 3d). In general, formation if DE.NP is covalently bound to TEP-I, the enzyme will be
of the intermediate species is rapid, but the conversion from INactive. Thus, by measuring the enzyme activity it should
the intermediate species to the final complex is slow. Low P€ possible to determine whether the TEP-I/DENP complex
pH and low temperature retard the conversion of the 1SIN the Michaelis complex or in the covalent complgx. Small
intermediate species to the final complex. aliquots of free enzyme sample and samples at various times
Identity of the Intermediate Speciel.is known that after addition of DENP were removed from the NMR tube
organophosphorus inhibitors initially phosphorylate the active for activity assay at pH 7.0, 20C. *N-HSQC spectra were
site Ser residue in serine proteases to form stable tetrahedralaken at 12°C to follow enzyme conversion from free
adducts 20). The tetrahedral adducts can undergo further enzyme to the intermediate species and, subsequently, to the
postinhibitory reactions, including dealkylation (“aging24( final complex. As expected, free enzyme (Figure 4A, trace
31, 32). As depicted in Scheme 1, the enzyme can potentially a) is the most active one while the final complex (Figure
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Ficure 3: Selected regions of a set BN-HSQC spectra of [USN]TEP-I/DENP complexes obtained at 310 K (a and b) or 285 K (c and

d) at pH 6.0 (a, ¢, and d) or pH 7.0 (b). [TEP= 0.5 mM. (a) [DENP]/[TEP-I]= 2:1. Incubation time= 3 h at 310 K. Straight arrows

indicate peaks due to the intermediate species. Curved arrows indicate evolution with time of the corresponding peaks from the free enzyme
to the Michaelis complex and, subsequently, to a tetrahedral complex. (b) [DENP)/[TER:[. Incubation time= 3 h at 310 K. This

spectrum contains only peaks corresponding to the Michaelis complex and tetrahedral complex. Arrows connect peaks from the Michaelis
complex (M) to TC. (c) Superposition of the spectra of a free enzyme (blue) and a sample containing only the Michaelis complex (red).
The sample which contains only the Michaelis complex was obtained by incubating TEP-I with a 10 times excess of DENP at room
temperature for 5 min. (d) Superposition of spectra of the Michaelis complex (blue) and the tetrahedral complex (red). The sample which
contains only the tetrahedral complex was obtained by equilibrating the sample in (c) at 310 K for over 10 h.

Scheme 2 versus preincubation time, showing a good linear relationship
K, between Inyy and preincubation time. The slope of the
W, o FXooEEX straight line givese, = (9.6 0.4) x 10 min~* at 37°C
ErIX4S VK, at pH 6.0. Th.us, this sgt of data supports the assignment of
ok, the intermediate species to the noncovalent TEP-I/DENP
ko Michaelis complex and the final complex to the inactive

tetrahedral complex. However, this experiment cannot dis-

4A, trace e) is inactive. An enzyme which exists only in the tinguish wheth_er the inhibitor in the final pomplex _exists as
intermediate species has reduced initial velocity comparedthe phosphotriester (Il) or the phosphodiester anion (Ill).
to the free enzyme (Figure 4A, trace b), presumably limited (i) Electrospray lonization Mass Spectrometry (ESI-MS)
by the slow dissociation of DENP from the enzyme. As more Figure 5 shows the ESI-MS results of two sets of samples:
of the intermediate species converts to the final complex, (@) free [UN]JTEP-I and (b) the [U¥N]JTEP-I/DENP

the initial velocity also drops proportionally (Figure 4A, complex where only resonances corresponding to the final
traces ¢ and d). In the presence of a large excess of DENPcomplex were observed. The results showed a single species
all enzyme molecules exist in the Michaelis complex with of mass 21796t 3 Da for the free enzyme and a single
DENP, and the amount of the Michaelis complex decreasespeak of mass 2193& 3 Da for the sample containing only
exponentially with time constant equdds Thus, the enzyme  the final complex. Masses of various DENP derivatives are
initial velocity, v, also drops exponentially. Figure 4B shows 275, 137, and 108 Da for free DENP, the DENP phospho-
a plot of vp vs preincubation time of TEP-I with DENP at triester form withp-nitrophenolate released (diethyl phos-
37°C, pH 6.0. The insert in Figure 4B shows a plot ofin phate, DEP), and DENP in phosphodiester anionic form with
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Ficure 4: (A) Remaining enzymatic activity of TEP-I after the § LD 140
enzyme was preincubated with DENP at pH 6.1, 310 K, for the I nim || UL ’ || | | 1
specified time. Trace a was determined with the pure enzyme while 0.0 MU L AL ULl b b
traces b-e were determined with the DENP-bound enzyme 0 20 40 60 80 100 120 140 160 180
withdrawn from the NMR tube after tHéN-HSQC spectra shown Residue Number

in Figure 3 were recorded. The states of TEP-I in trace®b  Ficure 6: Sequence variation of chemical shift changes due to
correspond to the pure intermediate state, predominantly in the structural transitions. Chemical shift differencaswere determined
intermediate state (2 h incubation), predominantly in the final state from 15N-HSQC spectra of the corresponding samples obtained at
(6 h of incubation), and final state (2 days of incubation) for traces 285 K. Chemical shift differences (a) between the free enzyme and
b, ¢, d, and e, respectively. The reaction mixture in the cuvette the Michaelis complex and (b) between the Michaelis complex and
contained [TEP-I}=1.64x 10" M and [.-NBTNPE]= 2 x 10°° the tetrahedral complex. The sequence locations of the secondary
M in 50 mM phosphate, pH 7.0 at 2UC. (B) Time course of elements are shown on the top figure_

inhibition. The initial velocities were determined from the initial
slopes of traces-bd shown in panel A. Data points for the pure

enzyme (trace a) and final complex (trace e) were not included. temperature employed for ESI-MS s likely to cause the

The time course of Iy is shown in the insert. conversion of some of the Michaelis complex into the
tetrahedral covalent complex.

“:,) 100 21780 “z) 100 21930 Thus, we can conclude that the intermediate species is the

£ 80 S 80 Michaelis complex and the final complex is the tetrahedral

E o g o complex (structure II).

% 40 | % 40 Mapping the Interaction SurfaceéAs described above,

2 20 \ £, under proper conditions MC can be trapped for a prolonged

¢ ‘\\M“_ ) ¢ \ time for structural studies. Thus, we can compare the
ez structural events that take place during the transition from

mass mass the free enzyme to MC and from MC to the tetrahedral
FiGure 5: Reconstructed ESI-MS spectra of the pure enzyme (A) complex. Although the chemical shift dispersion in -
and the TEP-I/DENP complex (B) in the final state. HSQC spectrum of TEP-I is excellent for its size, some

spectral overlap is unavoidable, especially in the presence
further release of the ethyl group, respectively. The presentof several species at low temperature. To facilitate the
ESI-MS data clearly demonstrate that in the final complex resonance assignment, we prepared several sample¥Mith
the inhibitor exists as the phosphotriester, not the phosphodi-labeled at specific amino acids (alanine, leucine, and serine).
ester anion. Thus, no further release of the ethyl group We observed cross-peaks in the respective! NBHSQC
occurred even after prolonged exposure of the TEP-I/DENP spectra for 18 out of 19 alanines, 23 out of 23 leucines, and
complex. The result of the sample which contains only the 10 out of 11 serinesl®). The excellent resolution in the
intermediate resonances is less conclusive. Two peaks at5N-HSQC spectra makes it possible to unambiguously
21790 and 21927 Da were observed for this sample, determine the chemical shift perturbations.
suggesting that under the experimental conditions for obtain-  Figure 6 shows the composite amittand>N chemical
ing the ESI-MS spectrum the sample has changed to eithershift differences between the free enzyme and the Michaelis
free form or the tetrahedral final form. It is known that complex (Figure 6a) and between the Michaelis complex and
detection of the noncovalent enzyme complex in ESI-MS is the tetrahedral complex (Figure 6b). The chemical shift
difficult due to dissociation in the gas pha$83). The high differences are calculated using the expresaica [(Ad%nw
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+ A0A/25)/12]2, whereAdnn andAdy are the chemical shift  affected in the first step are shown in Figure 7c. Those
differences fortHN and >N, respectively 34). While one affected in the second step are shown in Figure 7d. Blue
can expect positive correlation between the amount of spheres in Figure 7c,d are the loci of amide groups with
chemical shift change and the degree of structural perturba-chemical shift changa > 0.1 ppm, and the spheres colored
tion, the correlation, however, is not straightforward, and cyan are residues with 0.1 ppm A = 0.05 ppm. In both
caution must be taken in interpreting the results. With the steps the residues with the largest chemical shift perturbations
above understanding we can interpret our observation asare clearly localized around the Sesite. Interestingly, the
follows: In both steps the residues involved appear to be residues affected the most appear to line up perpendicular
localized in similar four loop segments: loop L1 region to the line connecting the catalytic triad residues. On the

(Asp’—Gly*%) which contains the catalytic Sér loop L3 basis of the present results we propose that the following
region (Ala&®—Thr*); loop L5 region (Led®—Leu’®); and structural events take place following DENP binding.

loop L9 region (Ph&°—His'®%) which contains two catalytic In the Michaelis complex DENP binds to the active site
residues, Asf¥*and His®". Together with loop L7 and helix  with the phosphate group already positioned nealFStius

H3 these segments make up the active gi). (All of the causing large chemical shift perturbations of the surrounding

catalytic triad residues (S€r Asp'®, and His%") are amide protons. Binding of DENP stabilizes the floppy*Ser
perturbed, confirming that indeed DENP binds to the active residue to adapt a defined conformation. Our previous studies
site in a functionally relevant manner. Closer inspection of have shown that the hydrogen bond between'&sp® and
the details of the structural transitions reveals several His'®-H! is also perturbed at this step, as shown by
interesting points: (1) Residues exhibit the largest shifts; perturbation of the low-field proton resonance assigned to
namely, those located in loops L1 and L3 cluster aroun&Ser His!5-H%t (30). The observation of changes #iN reso-
while the residues around A%H show much less shift  nances of Lelf and Hid%" indicates structural changes in
perturbation. Thus, DENP binds to a site near the-’Ser loop 9 at this step. Thus, residues perturbed at this step were
group, as expected. (2) In the free enzyme the amide confined mainly to the conserved segments comprising the
resonance of S&rcannot be detected, probably due to line binding pocket (L1, L3, H3, L5, and L9). The second step
broadening caused by conformational excharig. (How- of conversion from the Michaelis complex to the tetrahedral
ever, in MC a new resonance was observed itiReHSQC complex involves the covalent binding of the phosphate
spectrum of the [U*N-Ser]TEP-I/DENP sample, and this group to Se¥-Or. Residues affected at this step are located
resonance was assigned to 8esince this is the only  mostly in the same four conserved segments, suggesting a
unassigned serine residue. Our ability to detect this resonanceontinuous adjustment of the active site geometry. Conver-
in the MC and tetrahedral complex states suggests thatsion of MC to the tetrahedral complex is further accompanied
binding of DENP stabilizes the conformation of Seor that by the structure changes of the floppy loop L7 region,
binding causes the water exclusion from the binding pocket reflecting a possible further tightening up of the binding
to reduce the line broadening of the Semide proton. (3) pocket. Thus, the prominent feature of the structural changes
Transition from the MC to the tetrahedral complex was induced by DENP binding is the sequential structural
characterized by additional shifts in several resonances, therearrangement involving the four conserved segments.
most prominent of which are Sér Gly*, and Ald'. The Roles of the Conseed Residues in the SGNH Family of
large chemical shift change observed for’3and Gly** in Proteins.In 1995, Upton and Buckley described a new family
the second step suggests the possibility of hydrogen bondof lipolytic enzymes which share five consensus sequence
formation between the phosphate group of DENP #tftl blocks and which differ from other lipases in possessing a
of these groups, supporting the proposal that these two groupsGDSLS motif, instead of the GxSxG motifl§). More
serve as the proton donors to the oxyanion. Thus, the presentecently, a subgroup of proteins within this family has been
work represents the first direct experimental evidence for further classified as the SGNH-hydrolase due to the presence
the formation of hydrogen bonds between the phosphateof four completely conserved residues: serine, glycine,
group of the transition state inhibitor and the oxyanion hole asparagine, and histidine in blocks I, II, Ill, and V,
groups in solution. The observation of large chemical shift respectively {6, 35). Each of the four residues was proposed
in residues Al&! and Ala?°from loop 7, the most flexible  to play a central role in the catalytic function. The catalytic
loop in TEP-I (L9), may indicate a large-scale movement of serine in block | serves as a nucleophile and a proton donor
this loop at the second step. of the oxyanion hole. The glycine residue in block Il and
the asparagine in block Il serve as two other proton donors
DISCUSSION to the oxyanion hole. The histidine residue in block V acts
Structural Transition upon Binding of DENFhe ribbon as a base to make S&more nucleophilic by deprotonating
representations of the structure of TEP-I are shown in two the hydroxyl group. Sequence and structure comparisons
views in Figure 7a,b (PDB ID: 1JRL). A%}, His'®’, and have shown that TEP-I is also a member of the SGNH-
Set? line up linearly on the side of a V-shape trough with hydrolase family (Lo and Liaw, unpublished observation).
the Asp>* residue near the surface and the'Segsidue at  The corresponding four conserved residues in TEP-I are
the bottom of the trough. The active site is surrounded by Sef? Gly*4, Asn’®, and Hig%". The X-ray crystallographic
loops L1, L3, L5, L7, and L9 and helix H3L9). The two structure of TEP-I in complex with diethyl phosphate (DEP)
blue spheres are the putative oxyanion hole amide protonsalso showed that the amide proton of Beand Gly*,
of Set®and GLy*. The present study established that binding together with the ¥ of Asn’3, is positioned to serve as a
of DENP to TEP-I can be clearly divided into two steps: a proton donor in the oxyanion hole. The large chemical shift
rapid formation of the Michaelis complex followed by a slow perturbations observed for the amide resonances df,Ser
conversion to the tetrahedral complex. The residues mostGly*4, and Asr® support the functionally important roles of
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FiGure 7: Schematic representation of the structure of TEP-I. (a) and (b) are two different orientations of free TEP-I. Helices are labeled
as HI-H7, § strands as B2B4, and loops as L1L9. The two blue spheres are the two oxyanion hole residue$-88rand Gly*-HN,

(c) Residues perturbed due to structural transition from the free enzyme to the Michaelis complex. (d) Residues perturbed due to structural
transition from the Michaelis complex to the tetrahedral complex. Spheres in (c) and (d) mark the locations of the amide profons with

> 0.1 ppm (blue) or 0.1 pprr A = 0.05 ppm (cyan). Structures in (a), (c), and (d) are shown in the same orientation. (a) and (b) were
prepared with the program MOLMOL44), and (c) and (d) were prepared with the program Insightll (Accelrys).

these residues. The smaller chemical shift change in thein the oxyanion hole37). Mutating Asrt®°to Leut®®reduced
amide resonance of A&his consistent with the proposal that k.o by a factor of 206-300 38). In a few serine hydrolases
it is the H’, not the amide proton, which serves as the three oxyanion acceptors have been obserd®d-41). In
oxyanion acceptor. Mutation of S€ror His'®” to Ala SGNH-hydrolases the oxyanion hole has three H-bond
abolished the enzyme activity, confirming the catalytic roles donors, and in TEP-I the three proton donors are the amide
of these two residues (Shaw et al., unpublished observations)protons of Séf and Gly** and the H’ of Asn’3. Comparison
Thus, our present study provides the first experimental of the structures of TEP-I and the TEP-I/DEP complex
evidence supporting the proposed functional roles of theseshowed no change in the relative positions of the three proton
strictly conserved residues in the SGNH-hydrolase family donors to the oxyanion, suggesting that the oxyanion hole
and confirms the location of the oxyanion hole as deduced is preformed. How the oxyanion interacts with the proton
from the X-ray crystallographic structure. donors has far-reaching consequences for the catalytic
Hydrogen Bond Formation kolving the Oxyanion Hole ~ mechanism and is thus of considerable interest. In comparing
ResiduesTransition state theory postulates that enzymatic the chemical shift changes at the two stages of DENP
catalysis is due to the preferential binding of the substrate binding, as shown in Figures 6 and 7, we found that’Asn
to the enzyme in a configuration that resembles the transitionchanges more in the first step of MC formation. On the other
state complex?, 4, 36). By doing so, the enzyme lowers hand, large shifts were observed for 8emd Gly** in the
the activation energy barrier of the reaction, resulting in an second step of TC formation. The amount of chemical shift
increase in reaction rate. The specific binding forces involved changes for Sét in the first step of MC formation cannot
in distorting the scissile bond and stabilizing the transition be determined since the amide resonance of°Sgernot
state are provided by the hydrogen bonding between proteindetectable in the free enzyme, probably due to fast exchange.
groups and the developing negative charge, the oxyanion onSince hydrogen bond formation causes large chemical shifts,
the substrate, in the oxyanion hole. In most serine proteasesve postulate that the sequential change is due to the
two peptide NH groups of the polypeptide backbone form sequential formation of hydrogen bonds between the oxy-
the oxyanion hole. In subtilisin, the side chaif &f Asn>® anion, the phosphate group, and the respective proton donors.
is believed to provide one of the hydrogen-bonding groups Thus, formation of the MC complex is accompanied by the
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formation of a hydrogen bond between the phosphate group 10
and the Asf?-H°. The structure of the tetrahedral complex
is further stabilized by two additional hydrogen bonds
between the oxyanion and the amide groups of%Samd
Gly*%. Thus, our results support a model in which DENP
forms a hydrogen bond with AghH? in the MC. Formation
of this H-bond may facilitate the nucleophilic attack of the
phosphate group by S&0Or to form the TEP-I/DEP TC
which is stabilized by additional H-bonds between the
oxyanion and the amide protons of Beand Gly*4. The
presence of H-bonds between the oxyanion and the proton
donors is supported by the X-ray crystal structure at 2.0 A
resolution (Lo and Liaw, unpublished observations; PDB ID
1J00). It is interesting to note that the phosphodiester
(structure Il in Scheme 1) is electroneutral, which is not
favorable for nucleophilic attack by S&QOr. The presence
of three proton donors, instead of two, in the oxyanion hole
in TEP-I creates a positive environment to polarize the
P=0 bond, making the 0 phosphorus more electropos-
itive and creating a partial negative charge at the oxygen
to enhance the susceptibility of the phosphorus atom to
nucleophilic attack by S&-Ov.

Role of Trgs It is interesting that Tr§ was also
significantly affected in both steps. Moreover, the ZFdNe

resonance was shifted more than the backbone amide 75

resonance during these two steps of binding (data not shown).

TrpZis located at the C-terminus of loop L1 and is over 10 26

A away from the catalytic center (Figure 7a,b). Its side chain 27
is located in the interior interface between {hsheet and
helices H1, H6, and H7. T#pis likely to play an important
structural role in stabilizing the interactions of tfesheet

with the helices on one side, similar to that observed in other g

lipases ¢42, 43). The large perturbation observed for Tp
may indicate the presence of large-scale structural rearrange-
ment in the interface region during catalysis. Since the
catalytic Sel° is attached to th¢ sheet while Asp* and
His'” are anchored on the loops connecting helices H6 and
H9, the movement of TA will definitely change the relative

distances among the catalytic triad residues. Thus, we believe 33

Trp? is likely to play an important role in the catalytic
process.

NOTE ADDED AFTER ASAP POSTING

This paper was inadvertently posted on the Web on
06/17/03 with the incorrect value given for the lifetime of
transition states in the middle of the right-hand column on
the first page. The correct version was posted 06/19/03.
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