Contributors

HIROYUKI KAGAMIYAMA Osaka Medical College, Takatsuki

Wiodzimierz S. Ostrowski Jagellonian University, Krakow

Ignacy Z. Siemion

Andrzej Jerzmanowski

Kenji Soda

Renata Dgbrowska
Kunio Yagi

Jacek Otlewski
Antoni Polanowski
NOBUO Kato
Andrzej B. Legocki
Fumio Sakiyama
Clare E. Sansom
Grzegorz Bujacz
Yoshiyuki Kamio
Jerzy Ciarkowski
Andrzej Bierzynski

Yasushi Kawata

Maciej Zylicz

Nikodem Grankowski

Jacek Kuznicki

Jan Barciszewski

Wroctaw University

Warsaw University

Kansai University, Suita

Institute of Experimental Biology, Warsaw
Institute of Applied Biochemistry, Gifu
Wroctaw University

Wroctaw University

Kyoto University, Kyoto

Institute of Bioorganic Chemistry, Poznan
Osaka University, Suita

London University, Institute of Bioorganic Chemistry

£.6dz University
Tohoku University, Sendai
Gdansk.University

Institute of Biochemistry and Biophysics, Warsaw

Tottori University, Tottori

Gdansk University

Lublin University

Institute of Experimental Biology, Warsaw

Institute of Bioorganic Chemistry, Poznah



Polish Academy of Sciences
Japan Society for Promotion of Science

Polish-Japanese Seminar

TRENDS
in
PROTEIN RESEARCH

Poznan, 18-19 November, 1997

editors:
Andrzej B. Legocki & Kenji Soda

Scientific Publishers OWN
Poznan 1997



Polish-Japanese Seminar
TRENDS in PROTEIN RESEARCH

editors:
Andrzej B. Legocki & Kenji Soda

Poznan 18-19 November, 1997
Science Center, Polish Academy of Sciences
Wieniawskiego 17/19, 61-713 Poznan, Poland

Publication partially supported by
the State Committee for Scientific Research

Copyright © Institute of Bioorganic Chemistry
Poznan 1997
All rights reserved

ISBN 83 85481-59-1

Published by:
Scientific Publishers OWN
Polish Academy of Sciences
Wieniawskiego 17/19, 61-713 Poznan
tel.:+4861 8528503 fax:+4861 8520671
e-mail: own@man.poznan.pl

Technical Editor: Andrzej Wojtowicz

Cover contains eching Summer with a girl (1982) by Leszek R6zga

Printed in Poland (TotalDruk, Poznan)


mailto:own@man.poznan.pl

Contents

PROTEIN FUNCTION
[ A=Y = L1 =TT TR 7

HIROYUKI KAGAMIYAMA, HIDEYUKI HAYASHI
The role ofthe pyridoxal phosphate-lysine Schiffbase in the catalytic
action of aromatic-L-amino acid decarboXylase............ccocoevinieniincincicinen, 1

WHodzimierz S. Ostrowski
Phosphorylo-enzyme intermediate in catalytic reaction of non-specific
PhosphomMONOhYdrOlaSsES ... e e 15

IGNACY Z. SIEMION
Thymopoietin-like motifs in Proteins ... 21

Marta Prymakowska-Bosaig Rados#aw Tomaszewski,

Marcin Przew#oka, Joanna Slusarczyk, Joanna D#uzniewska,
Nicole Chaubet, Steven Spiker, Mieczystaw Kuras,

Andrzej Jerzmanowski

Histone HI - awell known protein with the unknown function ..................... 27

Kenji Soda, Tatsuo Kurihara, Nobuyoshi Esaki
Structure and reaction mechanism of 2-haloacid dehalogenases ...........cccccvev.ee.. 31

Renata Dgbrowska, Robert Makuch
Structural and functional aspects of smooth muscle regulation
by actin-associated ProteiNS.........cccoiiiiiieiiiiii e 37

BIOTECHNOLOGICAL IMPLICATION
OF PROTEIN RESEARCH

Kunio Yagi
Expression of phospholipid hydroperoxide glutathione peroxidase................... 45

Jacek Otlewski, WHodzimierz Apostoluk, Olga Buczek,

Liliana Cholawska, Agnieszka Grzesiak, Katarzyna Koscielska,

lzabela Krokoszynska, Daniel Krowarsch, Damian Stachowiak,

Micha# Dadlez

Structural and energetic aspects of protein inhibitor — serine proteinase
[gToToTo |11 (Lo o PRV RUR U TRPRRT 49

Tadeusz Wilusz, Antoni Polanowski
Designing of protein proteinase inhibitors in the aspect of both protection
and nutritional improvement of pPlants...........cocooioiiiiincin e 59

NOBUO Kato, Yasuyoshi Sakai
Heterologous gene expression system developed in the methylotrophic
yeast, Candida boidinii, for useful enzyme production..........c..cccccocvevvieviiennnnnns 65

Micha# M. Sikorski, Andrzej B. Legocki
Pathogenesis-related protein genes structure and exXpression .........ccccoceveevevannns 71



PROTEIN CONFORMATION AND MODELLING

Fumio Sakiyama, Shigemi Norioka, Shigeki Ohta, Seong-I11 Lim,
Kentaro Shiraki, Naruto Katsuragi, Takeharu Masaki,

YUKITERU KATSUBE, YASUYUKI KITAGAWA, KAZUMICHI SASHI

Structural basis for restricted substrate specificity and high catalytic

potency ofa lysylendopeptidase, Achromobacter protease | ........cccceceveieinene

Clare E. Sansom, Mariusz Jasko6ski

Modelling ENZYME ACLION.........coiiiii e

Grzegorz Bujacz, Jerry Alexandratos, Alexander Wlodawer,
George Merkel, Mark Andrake, Richard Katz, Anna Marie Skatka
Binding of different divalent cations to the active site of ASV integrase...........
HIROFUMI Nariya, Akihito Nishiyama, Yoshiyuki Kamio

Identification ofthe minimum segment in which Threonine"** residue

is phosphorylated by protein kinase A for the LukS-specific

function of staphylococcal leukocidin...........cccoeoieiiiinii

Jerzy Ciarkowski, Cezary Czaplewski, Rajmund Kazmierkiewicz,

Ewa Politowska
Molecular modelling of G protein-coupled receptor (GPCR)
— bioligand INtEraCtioNs..........ccccvievieeiisic e s

Andrzej Bierzynski
a-Helix formation as an early step of protein folding: a critical
examination ofthe helix-coil transition theories.............ccccooeviviiiicieccci e,

REGULATORY FUNCTION OF PROTEINS

Yasushi Kawata
Structure and function of molecular chaperone GroE:
the chaperonin-facilitated protein folding and the role of nucleotide.................

Alicja Wawrzynow, Bogdan Banecki, Krzysztof Liberek,

Adam Blaszczak, Jarostaw Marszatek, lgor Konieczny,

Maciej Zylicz

Hsp70 molecular chaperone machinery: structure and function..............c.c.........

Marek Pilecki, Piotr Dukowski, Nikodem Grankowski
Acidic Ribosomal Proteins and their phosphoiylation in yeast cells .................

Wiestawa Lesniak, Gertruda Pokrywinska, Jacek Kuznicki

Use of the matinspector program and gel mobility shift assays

for analysis of regulatory sequences in the S100A6 (Calcyclin)

(0 T=TaTCIN 010 44 o] (=T ST

Ma#gorzata Giel-Pietraszuk, Maciej Szymanski, Genowefa Si16sarek,

Thomas Specht, Volker A. Erdmann, Piotr Mucha, Piotr Rekowski,

Gotfryd Kupryszewski, Jan Barciszewski
The structure and function Of SYStEMIN........cccoiiiiiiiiii s

INAEX OF AUTNOTS. ...ttt e st e e st e e et e e sbbe e saraessrreas

101



Preface

The history of co-operation between the Polish Academy of Sciences
and the Japanese Society for Promotion of Science is relatively short, but
fruitful. Over the last three years, these contacts resulted in three bilateral
scientific conferences. In 1995, a Symposium on Medicinal Applications of
Molecular Biology was held in £6dz. In the following year. Plant Bio-
technology conference was held in Osaka, and in 1997, a symposium on Trends
in Protein Research was held in Poznan.

Thus, the subject of the Polish-Japanese symposium included the
priority areas of biotechnology showing the fields of potential co-operation
between the two countries.

The last decade has seen rapid development of protein research. New
methodologies allowed to combine research on proteins at the DNA level, in-
cluding regulation of translation process. Progress in research on protein
conformation and relating it to biological functions offer a chance to under-
stand one of the key issues of molecular biology, i.e. the correlation between
the structure of macromolecules and their function.

On 18-19 November 1997, the Polish-Japanese symposium organised
by the Institute of Bioorganic Chemistry of the Polish Academy of Sciences
was held in Poznan. This book contains the high-lights of the 22 lectures
presented at the symposium.

Presenting the readers with this publication we strongly believe that this
work should well contribute to the Polish-Japanese co-operation. The future
will verify whether our expectations in that respect were justified.

Andrzej B. Legocki
Kenji Soda

Poznan, November 1997
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THE ROLE OF THE PYRIDOXAL PHOSPHATE-LYSINE SCHIFF
BASE IN THE CATALYTIC ACTION OF AROMATIC -L-AMINO ACID
DECARBOXYLASE

Hiroyuki Kagamiyama and Hideyuki Hayashi

Department of Biochemistry, Osaka Medical College
2-7 Daigaku-machi, Takatsuki, Osaka 569 Japan
(medOO 1@ art.osaka-med.ac.jp)

Aromatic amino acid decarboxylase, in which pyridoxal phosphate (PLP) binding lysine residue,
Lys303, was replaced by alanine residue is inactive as a catalyst. However, when this mutant
enzyme reacts with the subsuate L-dopa, the Piciet-Spengler type adduct of the PLP and dopamine
was formed stoichiometrically with the PLP content, without detection of the product dopamine in
the reaction mixture and the adduct of the PLP and dopa. By using dopa methyl ester, we found that
the corresponding adduct was formed when the decarboxylation was blocked by esterifying the car-
boxylate group of dopa, suggesting that the dopa-PLP adduct might be formed at the rate much
smaller than that of the decarboxylation. Analyses of the anomalous side reaction of Lys303Ala
mutant AAE>C indicates that Lys303 is not essential for the decarboxylation step, but is important
for increasing the rate of the product release and probably the external aldimine formation.

In higher animals, decartioxylation of amino acid provides biologically active
amines. Aromatic amino acid decarboxylase (AADC) catalyzes the irreversible decar-
boxylation reaction of L-dopa and 5-hydroxytryptophan, producing dopamine (DA)
and serotonin, respectively.

AADC is an enzyme that utilizes pyridoxal phosphate (PLP) as a coenzyme. Like
other PLP-dependent enzymes, the carbonyl group of the PLP is bound to enzymes
through aldimine formation with the £-amino group of a specific lysine residue at the
active site (internal aldimine). When the amino acid substrate enters the active site, it
displaces the lysine amino group by a transaldimination process to form a substrate-
PLP Schiff base (external aldimine). Concomitant with the formation of the external
aldimine with the substrate, the free lysine amino group is released. There is evidence
that in most of the PLP-dependent enzyme reaction, a-proton of substrate amino acid
must be released as the prerequisite step to the subsequent processes, in which the
released e-amino group of the lysine residue participates as the base catalyst for the
a-proton removal (7, 2). However, in the decarboxylase reaction, the a-proton is not
required to be removed. Therefore, the lysine residue that forms an internal aldimine
in amino acid decarboxylase is considered to serve different roles.

This paper describes the functional roles of the lysine residue that binds PLP in
the active site of amino acid decarboxylase.
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We expressed the gene of rai liver AADC in E.coli to study AADC at the protein
level (5).

AADC is a homodimer and the subunit is composed of 480 amino acids. Lysine
303 is the residue that forms the internal aldimine. To define its functional role,
Lys303 was mutated to alanine. The mutant AADC was catalyticaUy inactive.

Spectral Properties of AADC

The wild type enzyme has a large absorption bands at 335 nm and 425 nm (5).
The 335 nm band is ascribed to the enolimine form and 425 nm band to the ketoe-
namine form of the internal aldimine between the PLP and Lys303. The mutant
enzyme shows the absorption bands at 330 nm and 397 nm (4). The 397-nm absorp-
tion can be ascribed to the PLP molecule in the active site of the mutant enzyme with-
out forming the internal aldimine, because free PLP has an absorption maximum at
390 nm. However, the structure of the 330-nm absorption species is less clear. Fluo-
rescence spectroscopic analyses of the mutant AADC indicated that the one possible
structure was hydrated form of the PLP. These results strongly suggested that the PLP
did not form an internal aldimine in the active site of the mutant AADC.

Reaction Product of the Mutant AADC

The content of PLP in the mutant enzyme was estimated to be 0.8 mol/subunit by
the well-known phenylhydrazine method.

The mutant AADC was incubated with L-dopa. Although the enzymatic activity to
produce dopamine was not detected, the absorption at 330 nm gradually increased
with the concomitant decrease in the absorption at 390 nm. To identify this 330 nm
species, the reaction mixture was analyzed on HPLC column (Cosmosil 5C18, 4.6 x
250 mm, 50 mM K-phosphate buffer, pH 2.2, containing 50 mM perchlorate) after the

12



spectral change was completed. The effluent was monitored at 330 nm. A single peak
was observed at the retention time of 9.5 min. The absorption spectrum of the com-
pound in this peak, showing the absorption maxima at 325 nm and 280 nm, was in
good agreement with that of the sum of the spectra of pyridoxamine phosphate and
dopamine. This suggested that the compound has a catechol ring and a hydroxypyri-
dine ring and has sp” structure at C4' position of the coenzyme.

Dopa and dopamine are easily condensed with aldehydes (Pictet-Spengler reac-
tion, 5). When the reaction mixture, in which dopa and dopamine were incubated with
PLP, was subjected to the HPLC, the peaks with absorption at 330 nm were observed
at the retention time of 9.5 min for the dopamine-PLP adduct and 11.5 min for the
dopa-PLP adduct. Both peaks showed a spectral pattern identical to that of the
enzyme product. Interestingly, on the chromatogram of the reaction mixture of the
mutant enzyme and L-dopa, only a peak corresponding to the dopamine-PLP adduct
was detected. Incubation of 10 /xM of the mutant AADC with 200 /xM L-dopa pro-
duced 7.5 /xM of the dopamine-PLP adduct, showing that almost all of the PLP in the
active site of the mutant AADC was converted to the dopamine adduct. When the
same amount of the wild type enzyme was incubated with 1| mM dopa, the dopamine-
PLP adduct, as well as the dopa-PLP adduct, was below the detection limit, indicating
that such a side reaction does not occur in the catalytic reaction of the wild type
enzyme.

Dopa methyl ester (DopaOMe) is an analogue of dopa. It can form an external
aldimine with the PLP, but is unable to undergo decarboxylation, because of the pres-
ence of a methyl group attached to the carboxylate group. When the mutant AADC
was reacted with DopaOMe, the spectmm of the enzyme changed in the same manner
as that observed for L-dopa or dopamine, and the Pictet-Spengler adduct was
obtained. This indicated that, although the dopa-PLP adduct was not detected in the
reaction of the mutant AADC with L-dopa, this pathway could be detected when the
decarboxylation reaction was blocked by methylating the carboxylate group of L-
dopa. Therefore, the dopa-PLP adduct might be formed from dopa-PLP external aldi-
mine with much smaller rate compared with that of decarboxylation of the external
aldimine.

Kinetic Consideration

The dopamine-PLP adduct accumulated up to 7.5 /XM, as described above, when
10 pM of the mutant AADC was reacted with 200 ;xM of dopa. However, accumula-
tion of the dopa-PLP adduct was lower than the detection limit of 0.05 /xM. There-
fore, the rate of step 1l (Figure) is at least 150 times as fast as that of step | (Figure).
The maximal value of the rate constant for the spectral change on the reaction of the
mutant AADC with DopaOMe was 0.068 s~* This must be a lower limit of the rate
constant of step | for DopaOMe. This value can be considered to be the rate constant

for dopa-PLP adduct formation. Therefore, the rate constant for step Il (decarboxyla-
tion step) can be estimated to be more than 10.2 s~'. The rate constant for decarboxy-

lation step for the wild type enzyme had been obtained to be 11.2 s~* (J). Therefore,
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we can conclude that Lys303 is not essential for the decarboxylation in AADC reac-
tion.

Role of Lys303

Since the PLP-dopamine adduct is formed from PLP-dopamine aldimine without
detection of dopamine in the reaction mixture, hydrolysis of the PLP-dopamine aldi-
mirte does not occur in K303A AADC. Therefore, we can conclude that in the wild
type AADC, the e-amino group of Lys303 displaces the amino group of dopamine by
nucleophilic attack on the imine bond of the PLP-dopamine complex. This transimi-
nation could promote the rate of cleavage of the imine bond of the PLP-dopamine
aldimine and also prevent the unfavorable equilibrium shift toward the formation of
the PLP-dopamine, thus accelerating the product release.

The small rate constant for the aldimine formation between DopaOMe and PLP
(0.068 s*“*) indicates that Lys303 may also participate in accelerating the aldimine for-
mation between PLP and a-amino group of the substrate or product, because aldimine
is more easily attacked by nucleophiles than free aldehyde of PLP. Actually, in aspar-
tate aminotransferase, representative of the PLP enzymes, the internal aldimine bond
had been shown to permit 10*-10" fold faster external aldimine formation. Further-
more, in aminotransferase and most of the PLP enzymes, the lysine residue which
forms the internal aldimine has an additional role in activating a-proton, but in decar-
boxylase this lysine residue is not essential for the activation of a-carboxylate.

In this study, the rate constants of all the steps were not determined, because the
dopa aldimine and the dopamine aldimine were not quantitated spectrophotometri-
cally. This is most probably because these species are accumulated in very little
amount during the reaction of the mutant enzyme. To discuss the roles of Lys303
more quantitatively, the complete determination of all the kinetic parameters of the
wild type and the mutant enzymes must be obtained. Furthermore, the mechanism of
reprotonation at the a-carbon atom after the removal of a-carboxylate group (step II)
must be elucidated.
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PHOSPHORYLO-ENZYME INTERMEDIATE IN CATALYTIC
REACTION OF NON-SPECIFIC PHOSPHOMONOESTERASES

W+Hodzimierz S. Ostrowski

Institute ofMedical Biochemistry, Collegium Medicum ofJagiellonian University,
Kopernika 7, 31-034 Krakéw, Poland

Hydrolysis of phosphate monoesters by acid and alkaline phosphatases is accompli-
shed by a diverse group ofenzymes. As the model enzyme to study the reaction cataly-
zed in acidic pH, human prostatic acid phosphatase (hPAP) was used. Crystals of hPAP
to 12.7 and to 3.0 A resolution was used for the structure determination and modeling
ofthe active center ofthe enzyme. Catalytic properties of the enzyme and comparison
with other phosphomonoesterases will be discussed.

Introduction

Hydrolytic reactions of phosphate esters in biological systems is an important process
combined with energy production, metabolic regulations, transport and with wide variety
of cellular signal transduction pathways which are dependent on the activity of phospho-
monohydrolases, the enzymes we generally call acid and alkaline phosphatases. This
enzymes can split C-O-P and N-P bonds of simple esters, phosphoproteins and terminal
phosphate of nucleotides. Phosphatases are recently classified into five groups [1]: a)
alkaline phosphatases, b) purple acid phosphatases, c) low MW acid phosphatases, d)
high MW acid phosphatases, and €) protein phosphatases which are specific for phos-
pho-aminoacids of proteins. High MW acid phosphatases show hydrolytic and trans-
phosphorylating activity [2]. As the model enzyme for our study we selected acid phos-
phatase from human prostate gland (hPAP) which was the first tumor marker identified
in blood serum about 60 years ago [3], and can be easily obtained in pure state from
seminal plasma by affinity chromatography [4].

Properties and structure of hPAP

The enzyme catalyzes hydrolysis of phosphomonoesters using a broad spectrum of
substrates including phosphoproteins with phosphorylated serine, threonine, tyrosine and
histidine residues [5]. The biosynthesis of hPAP is coded by separate gene located in
chromosome 3 in the region 3g21-23 [6] and the process is androgenic hormones
dependent [7]. As the secretable enzyme, the gene encodes a 386 residue protein and 32-
amino acid signal peptide at N-terminal and which is proteolytically split off during
transmembrane transjxirt [8]. The enzyme is a glycoprotein of MW 100 kDa comprised
of two identical subunits. There are three asparagine-linked carbohydrate chains at-
tached to the phosphatase polypeptide composed mostly of mannose, fucose and sialic
acid. Their sequence has been established by 'H NMR spectrometry [9].

We have obtained several crystal forms of hPAP using the vapor diffusion technique
in hanging drop set-up composed ofammonium sulfate solution and polyethylene glycol
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4K over pH range 4.5-7.5 [10]. Changing the pH and ratio of phases finally gave us
diamond shaped crystals grown reproducible from several protein preparations. The
crystals diffracted X-rays to 2.7 A and are belonging to the orthorombic space groups
P212121 measured 0.5 x 0.5 x 0.3 mm showing unit cell dimensions; a = 126.3 k,b =
207.9 A and ¢ = 73.0 A (Fig. 1). There are two dimers per assymetric portion of the unit
cell [11].

Fig. 1. Photography of monoclinic hPAP crystals grown under biphasic conditions.

Data for the above crystals were measured to 2.7 A resolution using a R-AXIS I
imaging plate system. Subsequent refinement was performed using several programs to
refine overall structure ofthe enzyme. The subunit of hPAP is build up oftwo domains
containing 12 a-helical and 7 P-sheet segments (Fig. 2). Dimer is formed through inter-
actions between a-helices, P-strands and loops. The active site is located at the end of
the P-sheet domain in the donut shaped cleft formed by the two domains of the dimeric
molecule. The cleft is open and accessible from either side ofthe dimer.

Catalytic activity

The prostatic enzyme catalyzes two general reactions: hydrolysis of O- and N-linked
phosphomonoesters and transphosphorylation with optium catalytic activity at pH4.5-
5.0. The enzyme is hydrolyzing a wide range ofalkyl, aryl and acylorthophosphate mo-
noesters. Most of non-specific phosphomonoesterases are acting through the formation
ofa phosphoryl-enzyme intermediates with elimination of an alcoholic group and in the
second step is the hydrolysis of the phosphoryl-enzyme. From the presteady-state burst
analysis using p-nitrophenyl phosphate as the substrate, two active centers per dimer of
enzyme were observed [12]. Therefore, it was important to study: is association of both
identical promoters of hPAP necessary for catalytic function?

16



Fig. 2. Three dimensional structure of one subunit of hPAP.

One ofthe experimental approach to answer this question is kinetic analysis of reco-
very ofenzyme activity after preceding denaturation. We demonstrated, that the enzyme
can be reversibly denatured in 6 M urea at pH 2.5 [13]. In this condition the enzyme
dissociates into subunits and looses its catalytic activity. But the process is reversible
and renaturation leads to reactivation of enzymatic properties and reassociation of the
dimer (Fig. 3). Following spectral changes (CD, fluorescence) and fast size-exclusion
chromatography during renaturation we were able to propose the folding pathway and
assembly of reversible denaturated subunits of the enzyme:

fast fast slow
2uM  -» 2M 2M'  -¢ Dcorr Dn

where: uM - unfolded monomer, M and M' - partially folded monomers, Dcorr - di-
meric inactive intermediate which form native dimer Dn. The fast steps of renaturation,
M and M', are resulting of rapid reconstitution of a-helical fragments, in the next steps
interactions between p-sheets, helices and loops form subunit interfaces and fix simul-
taneously the dimeric structure (Dcorr, Dn) including spatial arrangements of the active
site.

17



For obtaining more data on active center of hPAP, results from X-ray studies and the
homology modeling using described structure of recombinant rat prostatic phosphatase
[14] was used. The active site of hPAP consists ofthe conserved residues, Argl 1, Hisl2,
Argl5, His257 and Asp258 located in large cavity (Fig. 4). Extensive studies of
chemically modified enzyme and series of site directed mutations allowed Van Etten and
coworkers [15] to propose a description ofthe catalytic reaction. Arginine residues are
protonated and charged at the pH range in which the enzyme is active. His 12, which is
the nucleophile in the catalysis is protected from protonation by the electrostatic field
produced by the arginines. To verify this hypothesis we calculated the molecular elec-
trostatic potential (Fig. 5) which shows a deep minimum in the active site contributing
to the binding of anionic ligands [16]. After formation of enzyme-substrate complex,
break-down of the phospho-enzyme occurs by nucleophilic attack by water upon the
phospho-enzyme intermediate, then orthophosphate is released or phosphorylation
occurs of phosphate acceptor. The strong nucleophilic property of hPAP explains its
broad specificity to the molecular structure ofthe R group ofthe substrate.

100 n

|1 JUI

0 10 30

Retention timetmin] Retention time (min)

Fig. 3. Fast size-exclusion chromatography of renaturing hPAP. Renaturation by tenfold dilution
in 0.1 M phosphate buffer, pH 7.2 containing 0.3 M NaCl: A - untreated with trypsin, B - treated
with trypsin (phosphatase is proteolytically split ifit is denaturated, 13). Peak | - aggregates (12.6
min.), peak 2 - dimer (15.3 min.), peak 3 - monomer (17.0 min.), peak 4 - trypsin (21.4 min.).
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Fig. 4. Electron density ofthe active site of hPAP. The cage marked in the center is the electron
density for chloride ions which interact with Hisl2 and Asp258.

Fig. 5. Molecular electrostatic potential calculated for hPAP molecule using the DelPhi
software.
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The most members of the groups of phosphomonoesterases, hydrolyze phosphate
esters, similarly to prostatic acid phosphatase, via the associative mechanisms [1]. The
purple acid phosphatases from mammals are distinguished by their purple-pink colors
which is due to the presence ofa binuclear iron center [17]. Hydrolysis ofthe phosphate
esters proceeds through the two-step mechanism utilizing a base-stable, acid-labile phos-
phoenwne intermediate. The reduced form ofthe enzyme (pink) contains a mixed-va-
lent FeM-FeM center and is enzymatically active; oxidized species containing FeM-FeM”
center (purple) exhibit no activity. Alkaline phosphatases are usually dimers with MW
about 100 kDa and hydrolyze variety ofphosphate esters at pH optimum about 8.0. They
are distinguished also by the fact that utilize Zn or other bivalent metal ions in catalytic
reactions [18]. Alkaline phosphatases form base-labile, acid-stable phosphoenzyme in-
termediates by the phosphorylation of serine residue as the nucleophile in the active site.
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THYMOPOIETIN-LIKE MOTIFS OF PROTEINS
Ignacy Z. Siemion
Faculty of Chemistry, Wroclaw University, 50-383 Wroctaw, Poland

Abstract: The data collected suggest that the thymopoietin-like motifs, which app>ears in the
numerous proteins, originated of the nucleic acid binding domains of archeproteins. The attention is
given to the fact that retro-thymopoietin motifs appear within the proteins practically with the same
frequency as thymopoietin-like motifr. The hypothesis is formulated that both these motifs were
accommodated for the interaction with complementary polynucleotide chains of DNA double helix.
The appearance of discontinuous thymopoietin-like motifs in such protein as actin G, heat shock
protein HSC 70, and human leukocyte antigen class IIHLA-EX”, is also discussed.

Some years ago we started the search for new peptide immunomodulators,
looking for thymopentin-like sequences within the sequences of known regulatory and
defence proteins. Thymopentin (TP5) is an active fragment of thymopoietin, the
polypeptide immunoregulator produced in thymi;

Thymopentin

RKDVY
Thymopoietin (human)

GLPKEVPAVLTKOKLKSELVANGVTLPAGEMRKDVYVELYLOHLTALH
This approach resulted in a huge variety of immunosuppressive and immunostimulative
peptides. We derived their sequences from the sequences of such proteins as human
lactoferrin, the proteins of transforming growth factor p (TGFP) family, human
leukocyte antigen class Il (HLA-DQ), the proteins of interleukin-1 family, human p53
protein, and FKBP - the protein \"*ch binds immunosuppressive macrolactam found
by Japanese scientists, the substance known as FK-506.
E. g. in HLA-DQ the thymopentin-like fragment RGDVY occupies the positions
167-171. It contains the RGD sequence, which is a centre of adhesion of proteins. We
found that some peptides related to this region of HLA-DQ suppress the cellular
immune response and show antiadhesive potency [1].

In the case of p53 and FKBP there appear a thymopoietin homology:

1 WPYEPPEVGSDCTTIHYNYMCNSSCMGGMNRRPILTIHTLEDSSGNL.

2 GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH

3 GRTFPKRGQTCWHYTGMLEDGKKFDSSRDRNKPFKEVLGKQEVIRGW
I-p53 DNA-binding domain; 2-thymopoietin; 3-FKBP

(Here and in other sequences compared the same and similar amino acid residues are
indicated by the bold letters).

A fact that the mentioned (245-249) sequence of p53 belongs to DNA-binding domain
ofthis protein prompted us to examine the thymopoietin homology in other nucleic acid
binding proteins. A vast number of such homologies was described by us in a
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review-article [2], Such a homology was found, inter alia, in histones and
archebacterial histone-like proteins:

GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
SDDARITLAKILEEMGRDIASEAIKLARHAGRKTIKAEDIELAVRRFK
SDDARIALAKVLEEMGEEIASEAVKLAKHAGRKTIKATDIELARKM FK
SDDAKETLAKALEEMGEEISRKAVELAKHAGRKTVKATDIEMAAKQL
SSKAMSIMNSFVNDIFERIAAEASRLAHYNKRSTITSREIQTAVRLLL
SSKAMGIMNS FVNDIFERIAGEASRLAHYNKRSTITSREIQTAVRLLL
FQSSAVMALQEASEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIR
TSGLIYEETRGVLKVFLENVIRDAVTEHAKRKTVTAMDWYALKRQGR

1-human thymopoietin; archebacterial histone-like protein: 2-hmf B, 3-hmfl,

4-hmf A; 5-dhH2B Drosophila melanogaster; 6-hH2B human; 7-hH3; 8-hH4 .

o N O WN -

(The data collected by Hoffmann et al. [3] are used in this comparison.). The homology
between the thymopoietin and archebacterial HmfB protein reaches a value of 30%. It
diminishes, however, when the sequences of histones are taken into account.

The thymopoietin homologies were found also in TATA binding subunit of TFIID
transcription factor, in replication-terminator Tus, Arc-repressor, in the proteins of the
family of NFAT transcription factors, in HTH (helix-tum-helix)motifs of many phage
transcription factors, in eubacterial homeo-domains, in bacterial recombinases, and in
molecules of single-stranded DNA-binding proteins. They appear also in such
ribosomal RNA-interacting proteins as LIl protein of B. stearothermophilus, S15
protein of chloroplasts of Zea Mays, in RNA-binding domain of human nuclear
hnRNP Al protein etc. We found now two new examples of such homology in
bacteriophage Cre recombinase and breakage-reunion domain of E. coli gyrase. Cre
recombinase catalyses the reciprocal exchange of DNA strands. Two thymopoietin-like
fragments of this protein comprise the residues 90-137, and 212-259, respectively:

helix E
90 FRHK 137
QHLGQLNMLHRRSGLPRPSDSNAVSLVMRRIRKENVDAGERAKQALAF
GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
ALSLGVTKLVERWISVSGVADDPNNYLFCRVRKNGVAAPSATSQLSTR
212 FeHAHAK 259

P4 => => P5

The partial sequences of reconbinase, which correspond to thymopentin fragment of
thymopoietin, appear here in very different stereochemical environment. The first
thymopoietin-like motifis situated in a part of helix E, and the second - in a part ofthe
loop between two p-strands [4]. However, both these fragments belong to the
DNA-interacting site ofthe protein. (The residues involved in the interaction with DNA
are indicated on the scheme by asterisks).
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Two thymopoietin-like fragments appear also in the molecule of bacterial
gyrase A. Bacterial gyrase demonstrates the homology with yeast topoisomerase. Both
these enzymes regulate the formation of DNA superhelices. The thymopentin-like
regions of thymopoietin-like fragments of Gyr A occupy the helical segments of the
protein [5];

15 Gyr A 62
EELKSSYLDYAMSVIVGRALPDVRDGLKPVHRRVLYAMNVLGNDWNKA
206 GyrA 253

EGLMEHIPGPDFPTAAIINGRRGIEEAYRTGRGKVYIRARAEVEVDAK
Thymopoietin
GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
674 Topo Il (yeast) 721
SDFINLELILFSLADNIRSIPNVLDGFKPGQRKVLYGCFKKNLKSELK

The repeat of thymopoietin-like motif can be also seen in bacterial GroEL protein
which forms the chaperonin complex. These motifs appear in N-terminal, as well as in
»~equatorial” domain of GroEL. Within the ,,equatorial” domain such a motif forms
part of a nucleotide-binding pocket [5]:

254 N-terminal domain 301
VEGEALATLWNTMRGIVKVAAVKAPGFGDRRKAMLQDIATLTGGTVI
Thymopoietin
GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
398 »equatorial” domain 445
DALHATRAAVEEGWGGGVALIRVASKLADLRGQNEDQNVGIKVALRA

The repeats of the thymopoietin-like motifs was found by us also in ATP-
pyrophosphatase, adenylyl cyclase, SH2 domain of tyrosine kinase and many other
proteins. All these facts argument strongly for the hypothesis that thymopoietin-like
motif originated of very old precursor gene, vvdiich was in some cases multiplicated
during the evolution. This gene coded probably the early nucleic acid binding protein.

The thymopoietin homology appears also in a vast number of signalling and
regulatory proteins. We mentioned above that thymopoietin-like motif appears in the
molecule of p53 protein, imvolved in apoptosis. The same situation appears also in the
case ofthe ,,death domain” of Fas protein:

GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
TVAINLSDVDLSKYITTIAGVMTLSQVKGFVRKNGVNEAKIDEIKNDN

The thymopoietin homology is visible also in RAIDD adaptor protein which mediates
the coupling of Cys-proteinases to the death-signalling pathway; in tumour necrosis

receptor factor protein, in e-subunit of GABAa receptor, in the proteins Ras/Rap
subfamily, etc..
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Unexpectedly we have found that in sequences of many proteins there appears
a retro-thymopoietin homology. Moreover, frequencies of appearing of thymopoietin or
retro-thymopoietin homology in proteins are almost on the same level. A vast number
of found examples of such homology was indicated in our review paper [2]. Here |
would like to quote only two ofthem. The first one represents ubiquitin;

N-terminus C-terminus
LTKQKLKSELVANGVTLPAGEMRKDVY thymopoietin
GGRLRLVLHLTSEKQINYDSLTRGDEL ubiquitin

C-terminus N-terminus

The second example is connected to interferon-y inducing factor:

N-terminus thymopoietin C-terminus
GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
VESDKYMYIILRTQPESASQDIDTMDEFVPQRKDVFLVQDNINRIVAT

C-terminus interferon-y inducing factor N-terminus

The authors who cloned and identified interferon” inducing factor have stressed that it
has no obvious similarity to any peptide in the database. The situation is, however,
different, when the retro-sequence of this protein is taken into account. As regards the
ubiquitin the presence of retro-sequence of RGD adhesive centre is worth to be
mentioned.

The interesting situation takes also place in the case of porcine spermadhesin
PSP 11 [7]. A 9-30 disulphide bridged loop of this protein shows a retro-thymopoietin
homology with N-terminal loop of lactoferrin, which is endowed with
immunostimulative activity:

9 30
—~CGRVIKDTSGSISNTDRQKNLC- PSP 11
-DRKLCSVPPGRVKRMNRQWQFC- human lactoferrin

40 19

It should be noted that in the spermadhesin molecule the thymopoietin homology is
clearly expressed.

The common appearance of retro-thymopoietin-like motifs within the proteins
suggest that they are of very old origin. It seems possible that both thymopoietin-like
and retro-thymopoietin-like motifs have been developed from two DNA binding
domains, interacting with two complementary polynucleotide strands in DNA duplex.
This hypothesis, however, needs the careful and critical examination.

We found also that in some proteins there appear the discontinuous
thymopoietin-like motifs. Such situation takes e. g. place in the very common muscle
protein, actin G. The discontinuous thymopoietin-like motif of G actin is composed of
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two peptide fragments (96-110, and 276-306) and two amino acid residues (Arg*”” and
Asn'®"), located between them.

GLPKEVPAVLTKOQKL - K - S - ELVANGVTLPAGEMRKDVYVELYLQHLTALH
VAPEEHPTLLTEAPL R N ETTYNSIMKCDIDIRKDLYANNVMSGGTTMY
96 110 177 162 276 306

The limited changes at the conformation of terminal residues (Leu™ and Glu®®), as
well as Arg , and Asn residues, enable the formation of continuous
thymopoietin-like motif within the actin G molecule. According to Goldstein and
Schlesinger [8], the systematic release of thymopoietin from thymus produces the
phenomena characteristic for the serious neuromuscular disease, myasthenia gravis.
This observation, taken together with the fact ofappearance of thymopoietin-like motif
within the molecule of actin G, suggests that both these products (thymopoietin and
actin G) could interact with the same cellular receptor. Therefore the known X-ray
structure ofactin G can serve as the model for the determination of biologically active
conformation of thymopoietin. The results ofthe application of such procedure leading
to the conformational proposition for thymopoietin are reported by us elsewhere [9].
The 3D structure of actin G resembles that of ATP-ase domain of heat shock
protein HSC 70 [10]. In agreement with this statement the discontinuous
thymopoietin-like motif can be also observed in the HSC 70. It comprises the
fragments 135-149, and 314-344, and two single residues: Gly** and Val*“™

GLPKEVPAVLTKQKL - K - S - ELVANGVTLPAGEMRKDVYVELYLQHLTALH
LGKTVTNAWTVPAY G \ LDPVEKALRDAKLDKSQIWDIVLVGGSTRIP
135 149 224 207 314 344

The discontinuous thymopoietin-like motif appears also in the molecule of human
leukocyte class Il antigen HLA-DQ [11]. It is created by two closely situated fragments
of the peptide chain (89-108, and 158-181) of this protein. The fragment 158-181
contains the thymopoietin-like sequence, mentioned at the beginning ofthis text:

GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
TLOQRRVEPTVTISPSRTEAL VMLEMTPQRGDVYTCHVEHPSLQSP
98 108 158 181

The reason for the appearance of thymopoietin-like motifs in these proteins
remains to be unclear. The better situation takes place in the case of actin. It is known
that some residues of this motif, in actin, participate in the contact formation during
the polymerization of the protein. It suggests that thymopoietin may influence this
process, inhibiting it. The other possibility is connected to the finding that actin
filaments of the cell cytoskeleton are involved in mMRNA transport and anchoring [12].
It makes probable the participation of discontinuous thymopoietin-like motif of actin in
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RNA binding, in agreement with our postulate that that such a motif is accomodated
for recognition and binding of nucleic acids.
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Histone HI is a key component of nucleosome though it is not involved in the formation of the
nucleosomal histone core. To investigate the local and global functions of this protein we used both the
in vitro system composed of chromatin reconstituted from purified histones and defmed DNA
fragments and the engineered transgenic plants that overexp>ressed or lacked the expression of histone
HI gene. The basic conclusion from these studies is that histone HI does not function as global
transcriptional repressor. However, it can regulate the transcription of specific classes of genes placed
in vicinity of DNA sequences with high affinity for HI and also may play a key role in processes, like
meiosis, that require a regular pattern of heterochromatinization in condensed chromosomes.

In the nucleus ofa eukaryotic cell, DNA does not exist in a ,4iaked” form but is tightly
complexed with proteins. The result ofthese interactions is a highly compacted form
of DNA referred to as chromatin. Proteins that make a major contribution to the
architecture ofchromatin are histcxies. The basic chromatin fiber consists ofan array
ofnucleosomes, sometimes compared to the ,,beads ¢cm a string”. The nuclesome is the
most fimdamaital unit of chromatin organizaticm. Each packages around 200 base
pairs (bp) of DNA. Out ofthis 146 bp is wrapped twice (with approximately 80
bp/tum) in a left-handed supeihelix around a core of eight hisUme molecules (an
octamer), two each of H2A, H2B, H3 and H4. This structure is referred to as core
particle. The remaining part of DNA forms a linker traversing to the next nucleosomal
core. A histone ofthe fifth type, HI, interacts with DNA outside the core particle. In
most organisms histcme HI (also known as linker histone) has a distinctive tripartite
structure with a central globular domain and two basic unstructured tails forming the
N- and C-terminal regions ofthe molecule. The precise Icxation of HI has not been
firmly established (Pruss et al., 1995), althou” there is general agreement that it
stabilizes the nucleosome and binds at least in part the linker DNA and protects
another 20 bp of DNA from nuclease digestion in additicm to the 146 bp protected by
the core histcme octamer. HI facilitates the folding ofthe basic nucleosomal threads
into 307im fibres (see van Holde, 1989 for review). Unlike the core histcmes, which
maintain a high degree of sequence conservation throughout the evolution of eukaryots,
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linker histones show significant variability in sequoice and structure, particularly in
their unstructured N- and C-terminal tails.

Packaging of DNA into nucleosomes has beai shown to interfere with both
transcription initiaticm and elcxigation (reviewed by Komberg and Lxjrch, 1995).
Especially in respect to initiatioi, nucleosomes not oily interfere with the binding of
the transcription complex to the promoter region, but also mask sites for regulatory
factors. The notion that the core histoies are indeed serving as general repressors of
transcription in vivo has gained strong support in the results obtained with budding
yeast (reviewed by Grunstein, 1990). The role of HI is by fer less clear. Though the in
vitro recoistitution of nai-specific chromatin templates has led to the oxiclusicxi that
histoie HI can rag>ress transcriptioi, the studies ofthe natural chromosomal templates
did not substantiate this conclusicm (reviewed by WolfFe et al., 1997).

In our laboratory, in order to gain new insight into the function of linker histcmes , we
adopted the strategies using both in vitro and in vivo model systems.

The in vitro system comprises the 5S RNA genes ofXenopus laevis. The
develc"mental regulation oftranscription ofthe two types of 5S RNA goies in X.
laevis has been a most thoroughly documoited case ofhistone HI involvemait in
mcxlulation oftranscription ofa defined set of gates (reviewed by Wolffe, 1994). Two
5S RNA gate families are transcribed in early stages of embrycmic develc™moit ofX.
laevis: the major oocyte-type, occurring in 20 000 copies per haploid gaiome, and the
somatic type, occurring in 400 cc”ies per haploid genome. From late gastrulation stage
transcription ofthe oocyte-type 5S RNA gates becomes largely repressed whereas that
ofthe somatic type 5S RNA gates omtinues unaffected throughout omsecutive
develc"mental stages and during the adult life ofthe frog. Studies on the in vitro
transcripticm ofXenopus somatic cell chromatin and later works c¢m the eliminaticm of
somatic HI during early embryogotesis using ribozyme strategies (reviewed by
Wolffe, 1994) established that histcme HI is necessary to maintain the repressitm of
(X)cyte-type 5S RNA gates in somatic cells. In our earlier work, based cm the results of
in vitro transcripticm studies using pure DNA templates, we suggested that the reason
for the selective action of HI in vivo may be the difference in base compositicm ofthe
flanks accompanying the two types of5S RNA genes (Jerzmanowski and Cole, 1990).
We currottly extotded our studies to chromatin templates. By using fully defined in
vitro system of chromatin reccmstituticm cm plasmids with clcmed oocyte- or somatic-
type 5S gore repeats we found that the oocyte rgjeat vvfrich comprises a 120 bp oocyte-
type 5S RNA gore placed within the few hundred bp long native AT-rich flanks, but
not the somatic repeat (a similar 120 bp somatic-type 5S RNA gene placed within
native GC-rich flanks) oiables histcme HI to realign the nucleosomal core particles
densely packed cm plasmid DNA. The realigrunent results in creation ofthe
nucleosomal repeat unit ofabout 240 bp and is achieved throu” complete removal of
several core histcme complexes from plasmid template with the oocyte-type repeat.
This effect of HI is indgjendoit cm the plasmid sequoices and seems to be solely due
to the presoice in the oocyte-type repeat ofthe AT-rich flanks. The effects of HI are
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completely suppressed by distamycin A, a drug that specifically recognizes and binds
oligo(dA)-oligo(dT) nms in DNA. The binding of HI results in increased protection of
DNA sites within the AT-rich oocyte-type repeat. In an in vitro transcripticm assay
performed with reccmstituted chromatin templates containing plasmids with the oocyte-
or somatic-type repeats only the transcripticm ofthe cxmyte-type 5S RNA gaie was
repressed in the presoice of physiological ccmcoitraticm ofhistcme HI (Tomaszewski
and Jerzmanowski, 1997). The above results support the view that the AT-rich flanks
ofthe oocyte-type 5S RNA goie are involved in histcme HI - mediated chromatin
reorganisaticm that results in the transcripticmal repressicm observed in vivo.

While the effects of HI during early Xenopus development seem to be rather well
proved, they ccmcem a small class of genes flanked by specific DNA sequoices with
high affinity for HI. The questicm thus remained ofwdiether other genes (and how
many ofthem) could be similarly regulated, for example during embrycigoiesis, by the
presence of HI? This is directly related to the questicm about the global role ofHI in
the cell. In order to investigate in vivo the global role of HI in transcripticmal
regulaticm during developmoit of a multicellular organism, we made transgenic
tobacco plants that either overexpressed the gene for Arabidopsis histcm HI
(Prymakowska-Bosak et al., 1996) or lacked the expressicm oferne of its own major HI
variants (Prymakowska-Bosak et al., unpublished). In all plants that overexpressed HI
the total HI-to-DNA ratiem in cdiromatin increased 2.3 - 2.8 times compared with the
physiolc”ical level. This was accompanied by 50-100% decrease of native tobacco HI.
The phenotypic changes in HI-overexpressing plants ranged from mild to severe
perturbatiems in morphological appearance and flowering. No correlaticm was observed
betweoi the extent of phoiotypic changes and the variatiem in the amount of
overexpressed HI or the presence or absoice ofthe native tobacxo HI. However, the
severe phoiotypic changes were correlated with early occurrence during plant growth
of cells with abnormally hetercx:hromatized nuclei. Such cells occurred ccmsiderably
later in plants with milder changes. Surprisingly, the ability of cells with highly
heterochromatinized nuclei to fulfil basic physiological fiuicticms, including
differentiation, was not markedly hampered. The results support the suggestion that
chromatin structural changes dependent <m HI stoichiometry and on the profile of
major HI variants have limited regulatory effect on the activity ofgenes that coitrol
basal cellular functions. However, the HI - mediated chromatin dianges can be of
mucii greater inportance for the regulaticm of specific developmental programs.

The above conclusicm was stremgly supported by the observed phenotypic changes in
transgenic plants with drastically reduced level of native HI. In many ofthese plants
erne ofthe two main variants of cdiromatin HI has been completely eliminated. The
dominant morphological defects in these plants were the underdevelc”moit of anthers
leading to heterostyly, the delayed and asynchremous meiotic divisiem of microspore
mother cells and the absoice in the microspore cells ofthe differentiating divisiem, the
so called pollen mitosis I. No defects were seoi in the surroimding tapetal cells
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indicating that the major defect linked to the decreased level of HI could be traced to
the stage of male meiosis.

In summary, our data indicate that while HI is not a global transcriptional
rgjressor, it may be critically involved in the regulation of specific class ofgenes Oike
the Xenopus 5S RNA genes) that are placed in the vicinity of DNA sequences with
strexig affinity for HI. The effect of HI on such genes will be exerted throu” the
initiation ofthe alignment of stable arrays of nucleosomes that can not be easily
removed. On the other hand HI could be ofkey importance in specific events, like
meiosis, that involve pairing ofhighly condoised chromosomes. One is tempting to
suggest that the function of HI in these events could be linked to the requiremoit of
maintaining a regular pattern of heterochromatinization.
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STRUCTURE AND REACTION MECHANISM OF 2-HALOACID
DEHALOGENASES

Kenji Soda, Tatsuo Kurihara*, and Nobuyoshi Esaki*

Department of Biotechnology, Faculty of Engineering, Kansai University

3-3-35 Yamate-Cho, Suita, Osaka 564, Japan (soda@ipcku.kansai-u.ac.jp)
*|nstitute for Chemical Research, Kyoto University, Uji, Kyoto-Fu 611, Japan

Abstract: The reaction mechanism of L-2-haloacid dehalogenase from
Pseudomonas sp. YL proceeds through the formation of an ester intermediate
formed between AsplO and the a-carbon of substrate (L-2-chloropropionate),
and AsplO and several other catalytically important residues are found in the
active site. In contrast, in the DL-2-haloacid dehalogenase reaction, the ester
intermediate is not formed.

Halogenated compounds are widely used as herbicides, insecticides,
plastics, solvents, and their starting materials. However, they cause
environmental pollution as a result of their toxicity, persistence, and
transformation into hazardous metabolites. Dehalogenases detoxify various
halogen compounds and attract a great deal of attention from viewpoints of
environmental technology. A few Kkinds of 2-haloacid dehalogenases (EC class:
3.8.1.2) catalyzing the hydrolytic dehalogenation of 2-haloacids to produce the
corresponding 2-hydroxy acids have been demonstrated (Table 1).

R-CH-COOH R-CH COOH
X OH

Typel L— (inversion)
Typell D—rL (inversion)
Type L L— )L (inversion)

Table 1. 2-Haloacid Dehalogenases
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However, catalytic mechanisms of 2-haloacid dehalogenases have not been

elucidated. Two possible reaction mechanisms have been proposed as shown in
Fig. 1

(A)
H
Enz—B: H- =2- Enz—B; + + HO-C,,
cSo
B
(B) y
H-O / S
Enz—cf + H*+ HO-C,,
Enz—C ,,C-X N.0-C,
O -orch Enz—C, \:8c c(?0-

Fig. 1. Proposed mechanisms of DEX reactions.

L-2-Haloacid dehalogenase (L-DEX) catalyzes the hydrolytic
dehalogenation of L-2-haloacids with inversion of the C2-configuration
producing the corresponding D-2-hydroxy acids. We have isolated and purified
thermostable L-2-haloacid dehalogenase from a 2-chloroacrylate-utilizable |
bacterium. Pseudomonas sp. YL, cloned its gene, and constructed the over-
expression system.

We have analyzed the reaction mechanism of the enzyme from
Pseudomonas sp. YL, and found that AsplO is the active site nucleophile.
When the multiple-turnover enzyme reaction was carried out irr H2"0 with L-
2-chloropropionate as a substrate, D-lactate produced was almost fully labeled
with However, when the single-turnover enzyme reaction was earned out
by use of a large excess of the enzyme, the product was not labeled. This
suggests that an oxygen atom of the solvent water is first incorporated into the
enzyme, and then transferred to the product. After the multipie-turnover
reaction in H2"O, the enzyme was digested with lysyl endopeptidase, and the
molecular masses of the peptide fragments formed were measured by ion-spray

mass spectrometer. Two atoms were shown to be incorporated into a
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hexapeptide, Gly6-Lysll. Tandem mass/mass spectrometric analysis of this
peptide revealed that Asp10 was labeled with two atoms. Our previous
site-directed mutagenesis experiment showed that the replacement of AsplO led
to a significant loss in the enzyme activity. These results indicate that the
carboxylate group of AsplO acts as a nucleophile on the a-carbon of the
substrate leading to the formation of an ester intermediate, which is hydrolyzed
by nucleophilic attack of a water molecule on the carbonyl carbon atom.

We have found that the enzyme is paracatalytically inactivated by
hydroxylamine in the presence of substrates such as monochloroacetate and L-
2-chloropropionate. We showed by ion-spray mass spectrometry that a
molecular mass of the enzyme inactivated by hydroxylamine during the
dechlorination of monochloroacetate is higher about 74 Da higher than that of
the native enzyme. To determine an increase of the molecular mass more
precisely, we digested the inactivated enzyme with lysyl endopeptidase, and
measured the molecular masses of the peptide fragments. The molecular mass
of the hexapeptide, Gly™-Lys™, was shown to increase by 73 Da. Tandem

mass/mass spectrometrical analysis of this peptide revealed that the increase is
due to a modification of the active site Asp*". When the enzyme was
paracatalytically inactivated by hydroxylamine during the dechlonnation of L-2-
chloropropionate, the molecular mass of the hexapeptide was 87 Da higher.
Accordingly, hydroxylamine most probably attacks the carbonyl carbon atom of
the ester intermediate to produce the inactivated and modified enzymes. The
increments in molecular masses are thought to be caused by the formation of an
aspartate p-hydroximate carboxyalkyl ester residue substituting for Asp"®
Thus, we succeeded in trapping the enzyme-substrate complex using
hydroxylamine. This is the first evidence for the formation of an ester
intermediate in the L-2-haloacid dehalogenase reaction (Fig. 2).

The crystal structure of the homodimeric enzyme from Pseudomonas sp.
YL has been determined by a multiple isomorphous replacement method and
refined at 2.5 A resolution to a crystallographic R-factor of 19.5%. The subunit
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Fig. 2. Mechanism of paracatalytic inactivation of L-DEX.

Secondary structure (A), stereo view (B), putative active site of the L-DEX YL

subunit. a-Helices are represented by spirals and p-sheets by arrows.
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consists of two structurally distinct domains: the core-domain and the sub-
domain. The core-domain has an a/p structure formed by a six-stranded
parallel p-sheet flanked by five a-helices. The sub-domain inserted into the
core-domain has a four-helical bundle structure providing the greater part of the
interface for dimer formation. There is an active site cavity between the
domains. An experimentally identified nucleophilic residue, Asp-10, is located
on a loop following the A~-terminal p-strand in the core-domain, and other
functional residues, Thr-14, Arg-41, Ser-118, Lys-151, Tyr-157, Ser-175,
Asn-177 and Asp-180, detected by a site-directed mutagenesis experiment, are
arranged around the nucleophile in the active site. Though the enzyme is an
a/p-type hydrolase, it does not belong to the a/p hydrolase fold family, from
the viewpoint of the topological feature and the position of the nucleophile.

We purified DL-2-haloacid dehalogenase from Pseudomonas sp. 113 and
characterized it. The enzyme is constitutively produced, and is a homodimer. It
is unique in its stereospecificity: D- and L-haloacids are dehalogenated to form
the corresponding L- and D-2-hydroxy acids, respectively. Whether L- or D-2-
chloropropionate was used as a substrate of DL-DEX under the single-turnover

reaction conditions, about 75% lactate produced contained in contrast to the
L-DEX reaction. Thus, the DL-DEX reaction proceeds through the mechanism

A in which the ester intermediate is not formed.
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STRUCTURAL AND FUNCTIONAL ASPECTS OF SMOOTH MUSCLE
REGULATION BY ACTIN-ASSOCIATED PROTEINS

Renata Dagbrowska and Robert Makuch

Nencki Institute of Experimental Biology, 3 Pasteur St., Warsaw, Poland

Abstract: Can*~-regulation of smooth muscle contractile activity involves a dual mechanism.
Whereas phosphorylation of myosin regulatory light chains (LCjo) is essential for the initiation of
muscle contraction, the actin filament-associated proteins, caldesmon and calponin, seem to
participate in the control of the relaxation phase. Strucmre/function analysis of the latter two
proteins and their localization in smooth muscle cells leads to the conclusions that caldesmon is
directly involved in the regulation of the actin-myosin interaction, while calponin is not confined
to the contractile apparatus and if it plays a regulatory role, it does so in an indirect manner.

Introduction

Despite the differences in the structural organization of the contractile
apparatus, and of the excitation-contraction coupling pathway of various muscle types,
the principal mechanisms of their functioning are the same: (i) force is generated via
the cyclic weak- and strong-interactions with the actin filament of the myosin heads
(cross bridges), which protrude from the myosin filament, and the concomitant
hydrolysis of ATP; (ii) the shortening of muscles is achieved by a sliding mechanism
through the interdigitation of the two filament types without changing their lengths
[1]; (iii) myosin is the motor protein which hydrolyses ATP and the energy of
hydrolysis is converted into a mechanical movement by a conformational change
within the distal portion of the myosin head when it is strongly bound to actin
filaments [2,3]; (iv) the rise and fall of intracellular calcium ions initiate muscle
contraction and relaxation, respectively [4].

The proteins that confer Ca** sensitivity on the actin-myosin interaction and
thus the molecular mechanism of its regulation is both different and specific for each
muscle type. Biochemical and physiological studies indicate that the primary
mechanism of smooth muscle regulation is phosphorylation of myosin light chains
(LC2) located in the regulatory domain of the myosin head adjacent to the motor
domain. This phosphorylation is catalysed by a specific myosin light chain kinase
activated by Ca™*"/calmodulin and is necessary and sufficient to remove the inhibition
of the motor domain of each head by LC2 and to initiate muscle contraction.
However, dephosphorylation of LCjo is not necessarily followed by muscle relaxation.
Many smooth muscles (particularly vascular ones) can maintain tension due to slowly
cycling cross-bridges (called latch bridges) when phosphorylation and intracellular
Ca""" concentration decline [5]. Therefore, it was postulated that a second regulatory
system, which operates through actin filament-associated proteins and regulate the
smooth muscle relaxation phase, is required. There were two potential candidates to
fulfil this role, both discovered in Japan: first by Kenji Sobue and colleagues [6] at
the University of Osaka, called caldesmon, and second, by Katsuhito Takahashi and
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co-authors [7] at Ehime University, called calponin.

Despite their completely different structures, caldesmon and calponin share
some functional properties. 1) They bind to F-actin, tropomyosin and
Ca™/calmodulin, 2) they inhibit the actin-activated ATPase activity of myosin, sliding
of actin filaments over immobilized myosin in in vitro motility assays and the active
force in muscle fibers (e.g. [8-11]), and 3) the inhibitory effects of both are released
by Ca™'calmodulin (or other Ca™-binding proteins) or by their phosphorylation
mediated by Ca""/calmodulin-dependent kinase Il and protein kinase C [12,13].
However, while all the inhibitory activities of caldesmon are potentiated by
tropomyosin, those of calponin appear to be tropomyosin independent. Recent
advances in the structure determination of caldesmon and calponin together with
protein engineering and kinetic measurements allow us to hypothesize about their
involvement in the smooth muscle regulation mechanism.

Structure/function of caldesmon

Smooth muscle caldesmon is a long, 75-80 nm, molecule with a 2 nm
diameter and molecular weight of about 89 kDa. It binds actin and tropomyosin in a
molar ratio of 1:7:1. All isoforms of caldesmon are encoded by the same gene and
generated by alternative splacing [14]. However, in contrast to its non-muscle
counterparts, smooth muscle caldesmon possesses 10 repeat motifs of 15 amino acids
in the middle of the molecule. The repeat sequences have patterns of acidic and basic
residues suggesting a helix stabilized by salt-bridge interactions [15]. This helix links
the terminal parts of the molecule that are responsible for other protein interactions.

More than 10 years ago, our laboratory initiated the mapping of the actin- and
calmodulin-binding sites of caldesmon. This work indicated that they are localized in
the C-terminal domain responsible for the inhibition of actomyosin ATPase [16,17].
The efforts of several groups allowed for its more precise localization. Thus, the
actin-binding region of caldesmon comprises three stretches of amino acid residues:
606-625, 690-710 and 713-737. The second region seems to be essential for
tropomyosin-potentiated actomyosin ATPase inhibition, but it also requires the
presence of at least one of the other flanking sequences [18]. Additionaly, a lower
affinity, site provides a caldesmon interaction with actin at 483-508 amino acid
residues [19] and seems not to participate directly in the actomyosin ATPase
inhibition. This site comprises the sequence LKEKQQ (residues 498-503) which has
been proposed to be the counterpart of actin-binding motifs present in many other
proteins, including myosin heavy chain, tropomyosin and thymosin /34 [20].

Although the potentiation of caldesmon effect on actomyosin ATPase seems
to be dependent on tropomyosin-actin binding rather than a direct caldesmon-
tropomyosin interaction [21], the latter probably takes part in defining the location of
caldesmon in the thin filament. The tropomyosin multiple contact binding sites of
caldesmon were identified, but not precisely localized, within the regions
corresponding to residues: 1-175, 199-431 and 606-657 [22-23]. Interactions with the
first of these regions are, however, abolished in the presence of actin [24].

Three calmodulin binding sites were mapped to the residues 658-667, 686-
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694, and 716-724 in the C-terminal region of caldesmon and named A, B and B’,
respectively [25], Involvement of these particular sites in the reversal of actomyosin
ATPase inhibition by caldesmon is still a matter of dispute [26],

The N-terminus of the caldesmon molecule contains the main binding site for
the neck region of smooth-muscle myosin [27], An additional region interacting with
myosin, located at the C-terminal end of caldesmon (residues 581-657), has also been
identified [23]. The physiological role of these interactions are still unclear. It is
suggested that it may play a role in organizing the contractile apparatus [28].
Caldesmon binding induces conformational changes at the head/rod junction of
myosin [29].

Structure/function of calponin

The calponin molecule is a prolate ellipsoid with molecular weight 31-32 kDa
and a length of 16.2 nm and a diameter of 2.6 nm [30]. cDNA sequencing data
suggests that there are three calponin genes encoding basic (hi and h2), and acidic
calponins [31,32]. Moreover, hi calponin, the major species found in smooth muscle,
may exist in the two isoforms a and /3 as produced by alternative splicing [31]. The
cDNA of the acidic calponin isoform is encoded by separate gene isolated from the
vascular smooth muscle of rat aorta. Its N-terminus corresponds to the other isoforms
but it has an additional strongly acidic C-terminal domain composed of 57 residues.
This isoform is also expressed in non-muscle tissues [32]

The N-terminal, mostly helical part of calponin, which is responsible for
actin-binding, shares a sequence similarity with other actin-binding proteins. This so-
caUed calponin-homology domain (CH domain) was found in the cytoskeletal
proteins; spectrin, filamin, and a-actinin that cause cross-linking of actin filaments
as well as in some signalling proteins, such as Ras-GAP (GTP-ase activating protein
of Ras) and Vav [33]. The three-dimensional structure of one CH domain originating
from human /3-spectrin was determined at 2.0 A resolution by X-ray crystallography
[34].

Calponin contains one CH domain, but it also possesses a second actin-
binding region in the central part of the sequence (residues 142-184). This region
seems to involve multiple contact sites and is similar to the inhibitory segment of
troponin | (residues 94-124). The hexapeptide sequence VKYAEK (142-147) in this
region seems to be responsible for actomyosin ATPase inhibition whereas the
sequence 148-182 anchors calponin to actin [35]. It is worthy of note that this
hexapeptide resembles the above mentioned actin-binding motifs present in other actin
binding proteins [20], including caldesmon. The presence of two distinct, functionally
relevant, actin-binding sites in calponin can be predicted on the basis of its ability to
form two functionally different complexes which are in equilibrium and are
differently affected by calmodulin and myosin heads [10,36].

The stretch of residues 146-176 in calponin was shown to interact with the
neck of smooth muscle myosin [37]. Since it is also responsible for actin binding, it
was concluded that it is unlikely that calponin might function as a linker between
myosin and actin. Sequences responsible for the interactions with tropomyosin and
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calmodulin have been mapped to residues 7-52 and 153-163, respectively [38].

The C-terminal half of the calponin molecule is composed mainly of two or
three repeats of 29 amino acid residues each starting with almost identical /3-strand
segment. Its functional role is so far unknown.

Caldesmon and calponin contact sites on actin

Caldesmon and calponin are competitive for binding to actin. However, the
binding sites for these proteins on actin are not identical.

Studies concerning the mapping of caldesmon-contact sites on actin were
performed using a variety of approaches [39-44]. The results of all these works
demonstrate that caldesmon interacts with subdomain-1, comprising both the N- and
C-termini, and part of actin subdomain-2. NMR studies [43] indicate that the
caldesmon inhibitory region (residues 597-629) interacts with residues 1-7 of actin
whereas the low affinity actin-binding site interacts with actin residues 20-41. Cys580
of caldesmon can be cross-linked to Cys374 in the C-terminus of actin [41]. A recent
three-dimensional image reconstruction of the negatively stained F-actin-caldesmon
complex from electron micrographs revealed that caldesmon closely approaches the
N- and C-terminal amino acids on subdomain-1 of actin, continues up its side past
residues 92 to 95 as far as residue 40 on subdomain-2 before connecting to the next
actin monomer [44]. In these filaments, strong myosin binding sites on actin are
flanked, but not blocked, by both tropomyosin and caldesmon, whereas weak-binding
sites are, at least in part, covered by the caldesmon molecule extending longitudinally
along the long-pitch actin helix.

Calponin can also be covalently cross-linked to actin C-terminus (residues
326-355) by its N-terminal region (residues 52-168). However modification of N-
terminal amino acids on actin, that weakens caldesmon binding, has no effect on
calponin binding [45]. Three-dimensional reconstruction of calponin-containing actin
filaments shows that it is regularly arranged along actin filaments in such a way that
each molecule joins subdomain-1 with subdomain-2 of neighbouring actin protomers
[46]. Comparison of the caldesmon-actin and calponin-actin interfaces with that of the
myosin head-actin interface revealed that whereas caldesmon interferes with the N-
terminal, weak-binding sites of the myosin heads, calponin at equimolar ratio to actin
monomer could interfere with strong-binding sites of the myosin heads to actin
filaments. However, for full inhibition of the ATPase a molar ratio of 1 calponin per
3 actin monomers is sufficient [36] and in this case the arrangement of calponin on
actin filament would be probably different.

Mechanisms of caldesmon and calponin inhibition

To understand how regulatory proteins (caldesmon and calponin) may affect
the actomyosin motor it is necessary to consider the mechanism of ATP hydrolysis.
During the chemomechanical cycle, i.e. the cycle of ATP hydrolysis coupled with
conformational changes in myosin heads causing movement of the actin filament, the
affinity of myosin heads to actin is controlled by nucleotides bound to the head [47].
In the absence of nucleotides the tight rigor complex is formed, which dissociates
when ATP is bound to the myosin head. Head-bound ATP is rapidly hydrolysed to
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ADP and Pj and the energy of this process is stored in a different conformation of the
head. Weak-binding of actin accelerates P; release which restores the strong-binding
complex. The transition to strong binding is accompanied by movement of the distal
part of the head producing an up to 10 nm stroke. Subsequent release of ADP returns
the cycle to a rigor complex.

The inhibitory proteins can affect either binding of myosin head to actin
filament or one of the steps of the kinetics in ATP hydrolysis. Analysis of the effects
of caldesmon and calponin on the ATP hydrolysis kinetics and smooth muscle fiber
tension clearly shows that the inhibitory molecular mechanisms of the of the smooth
muscle chemomechanical cycle by caldesmon and calponin are different. Whereas
caldesmon causes an inhibition of the weak-binding state of the actomyosin complex,
i.e. cross-bridge number [9], calponin is an effective inhibitor of the ATP hydrolysis
rate through an inhibition of product release and regulation of the cross-bridge cycling
rate [11]. The inhibitory effect of both proteins on the chemomechanical cycle is
removed upon an increase in the intracellular Ca™* concentration by calmodulin or
protein phosphorylation.

Localization of caldesmon and calponin in smooth muscle

To discuss the role played by caldesmon and calponin in vivo it was necessary
to determine the composition and distribution of thin filaments in smooth muscle
cells. Analysis of the native thin filaments from smooth muscle revealed the presence
of calponin and caldesmon, in addition to actin and the two tropomyosin subunits.
However, it appeared that caldesmon-rich and calponin-rich filaments could be
fractionated and separated from crude muscle extracts by immunoprecipitation using
antibodies against these proteins [48]. This strongly suggested that caldesmon and
calponin are present in two distinct populations of thin filaments.
Immunocytochemical studies confirmed the existence of the two classes of actin
filaments in avian and mammalian smooth muscle: one containing caldesmon and
smooth muscle 7-actin isoform localized in the contractile domain, and a second
containing calponin and cytoplasmic /3-actin isoform, present predominantly in the
cytoskeletal domain together with intermediate filaments [49,50]. In agreement with
these data, biochemical experiments showed a lack of interaction between caldesmon
and calponin [51], a competitive binding of both to actin filaments [52] and a direct
interaction between calponin and intermediate filament protein - desmin [53].
Concluding remarks

Taken together, these results undoubtely support participation of caldesmon
in the regulation of the actin-myosin interactinon in smooth muscle but the role of
calponin in this process remains unclear. It can be supposed that calponin as a
bridging protein between actin filaments, and between actin filaments and intermediate
filaments can in indirect way provide resistance to movement. In view of the results
suggesting a redistribution of calponin upon the agonist stimulation of vascular
smooth muscle cells [54], the recent data showing a direct inhibition of latch-bridges
by calponin [55] seem also to be possible. However, much more evidence is required
to substantiate these possibilities.
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Abstract: For the purpose to protect the human body from lipid hydroperoxide-mediated
injury, we made an experiment to transfect cells of guinea pig cell line 104C1 with a gene
encoding phospholipid hydroperoxide glutathione peroxidase. The transfectant 104C1/04C
cells acquired a strong resistance to both phospholipid hydroperoxide- and linoleic acid
hydroperoxide-mediated injury.

The lipid hydroperoxide-decomposing system has a crucial role in
protecting the human body from the deleterious effects of lipid hydroperoxides.
In this respect, glutathione peroxidase (GPx), which was first discovered in 1957
by Mills [1], is well known to be important in the cellular defense system for
decomposing lipid hydroperoxides. Up to now, at least four types of selenium-
dependent GPx have been characterized. These are classic GPx [1, 2],
phospholipid hydroperoxide GPx (PHGPx) [3-5] or monomeric GPx [6], plasma
GPx [7, 8], and GPx GI [9]. Among them, so-called classic GPx is present in the
cytosol of various tissues and red blood cells at a high level. Although classic
enzyme catalyzes the reduction of free fatty acid hydroperoxides, it does not
directly react with phospholipid hydroperoxides in cell membranes [10]. On the
contrary, PHGPx or monomeric GPx can react with phospholipid
hydroperoxides, and, therefore, this type of GPx seems to be much more crucial
than classic GPx in preventing the elevation of lipid peroxide levels. In fact, this
point was revealed in selenium-deficient rats [11].

For prevention of the deleterious effects of lipid hydroperoxides, we
expected that increasing enzymatic decomposition of the lipid hydroperoxides by
introducing the gene of PHGPx would be the most preferable approach, and
decided first to express its gene in appropriate cells by transfection to see
whether the expression of this enzyme could protect host cells from the injury
caused by lipid hydroperoxides. In this paper, expression of human PHGPx gene
in cells of a guinea pig cell line and its protective effect against lipid
hydroperoxide-mediated cell injury [12, 13] are summarized.

Transfection of cultured guinea pig cells with PHGPx gene

A cDNA having the entire amino acid-coding region of human PHGPx
was obtained by PCR amplification with human testis QUICK Clone cDNA.
Primers were synthesized on the basis of the reported nucleotide sequence of
human testis PHGPx cDNA [14]. The amplified DNA was ligated into the
Hindi site of pUC 19. The insert DNA was excised from the plasmid with
Hindlll and Xbal, and inserted into the multicloning site of pRc/CMV, the
PHGPx cDNA being positioned downstream of the CMV promoter. The final
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Table 1. GPx activity of 104C1 cells transfected with pCMV-hPHGPx

Cells GPx activity (mU/mg protein)
PCOOH LAOOH /-ButOOH
Parental cells
104C1 3.0 61.0 13.8
Transfectants
104C1/04C 32.1 265.9 13.2
104C1/04D 3.4 58.8 155

Cells were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum.

construct (designated pCMV-hPHGPXx) was used for transfection of 104C1 guinea
pig cells by means of our method using cationic multilamellar liposomes [15].
Transfected cells were selected with G418, and we finally isolated several clones
of transfectants. Table | shows GPx activity of the parental 104C1 cells and of
the transfectants. Since it is known that guinea pig cells scarcely produce
selenium-dependent GPx [16], the GPx activity observed in 104C1 cells could be
due to glutathione S-transferase. Among the transfectants obtained, the
transfectant 104C1/04C cells had the highest GPx activity toward dilinoleoyl
phosphatidylcholine hydroperoxide (PCOOH), whereas such activity was not
found in the transfectant 104C1/04D cells. As is well known, PHGPx cannot
react with /-butyl hydroperoxide (/-ButOOH), and thus it is natural that
104C1/04C cells did not show any increase in GPx activity toward this substance.
The elevation of GPx activity toward linoleic acid hydroperoxide (LAOOH) in
the transfectant 104C1/04C cells was also confirmed.

A band of protein immunoreactive to anti-rat PHGPx antibody was clearly
observed with the extract of 104C1/04C cells, which expressed high GPx activity
toward PCOOH. The control 104C1 cells and 104C1/04D cells had no such

immunoreactive protein.

Protection of host cells from lipid hydroperoxide-mediated injury by expression
of PHGPx

Since the transfectant 104C1/04C cells exhibited remarkable expression of
PHGPXx, the susceptibility of this clone to lipid hydroperoxides was examined in
comparison with that of 104C1 cells.

When 104C1/04C cells were incubated with 0.3 pmol/ml PCOOH in 0.5 ml
RPMI 1640 medium containing 3% fetal bovine serum, the release of lactate
dehydrogenase (LDH) activity into the medium 24 hr after the start of
incubation was very low, /. e., less than 10%, whereas the parental 104C1 cells
released over 70% of their LDH activity into the medium under the same
conditions (Table 2). The LDH activity released into the medium from the
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Table 2. Protection of cells from PCOOH-mediated injury by expression

of PHGPx
Cells LDH release Cell viability
(% of total) (%)
Parental cells
104C1 73+4 42 + 24
Transfectant
104C1/04C 8+3 02+3

Cells were incubated with PCOOH for 24 hr at a concentration of 0.3 pmol/
ml. Data indicate mean = SD (n = 3 for LDH release and 4 for cell viability).
Cell viability was measured by the MTT assay.

transfectant 104C1/04D cells, which do not express PHGPx, was at the same
level as that from the parental cells.

Cell viability was assessed by the MTT assay after the incubation with
PCOOH (0.3 pmol/ml) for 24 hr. We found that the viability of the transfectant
104C1/04C cells was 92%, whereas that of the parental 104C1 cells was only
42% (Table 2), indicating that the cell viability of the transfectant was almost 2
times higher than that of the parental cells.

We also examined morphologically the cells by phase-contrast light
microscopy. Upon the incubation with PCOOH, the parental cells changed to a
round shape, whereas 104C1/04C cells still maintained their normal shape.

Susceptibility of the transfectant 104C1/04C cells to lipid hydroperoxide-
mediated injury was further studied with LAOOH. When the parental 104C1
cells were incubated with 0.3 pmol/ml LAOOH, the release of LDH into the
medium occurred 2 hr after the start of incubation. This release reached nearly
60% after the incubation for 6 hr. When 104C1/04C cells were incubated under
the same conditions, LDH activity released into the medium was very low; /. e,
only 10% release was found during a 6-hr incubation period. On the other hand,
104C1/04D cells released the same level of LDH activity as the parental cells
after the 6-hr incubation with LAOOH. After the incubation with LAOOH for 6
hr, cell viability of the transfectant 104C1/04C cells was 3 times higher than
that of the parental 104C1 cells. These results are in principle the same as those
obtained with PCOOH.

All these results clearly demonstrate that the transfectant 104C1/O4AC cells
were extremely resistant to both PCOOH- and LAOOH-mediated injury. Since
the transfectant 104C1/04D cells had no GPx activity toward PCOOH and were
susceptible to lipid hydroperoxide-mediated injury as in the case of the parental
cells, we consider that the expression of PHGPx in 104C1/04C cells is certainly
responsible for the protection of the cells from the injury. Considering that the
increase in lipid hydroperoxide level in the body is causative of age-related
diseases or even aging itself, we are now convinced that on the line of this
research an efficient method to prevent or cure these diseases or to prevent aging
will be found.
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Abbreviations: BPTI, basic pancreatic trypsin inhibitor (Kunitz); CMTI I, Cucurbita maxima
trypsin inhibitor I; HNE, human neutrophil elastase; OMTKY3, turkey ovomucoid third
domain; ASA - solvent accessible surface area; AG"u, AH,.,, AS™ and ACp,, free energy
change, enthalpy change, entropy change and heat capacity change accompanying protein-
protein association; AGd«, AHa,,, ASa,. ACpd,, and free energy change, enthalpy
change, entropy change, heat capacity change during protein denaturation, AHcai and AHvh
calorimetric and van’t Hoff denaturation enthalpies, K,, association constant; rmsd, root
mean square deviation

Introduction. Specific protein-protein recognition is a key event in many biological processes
(Jones & Thornton, 1996). Formation of the specific complexes between antigen and antibody,
hormone and receptor, enzyme and inhibitor are classic examples of highly complementary and
specific interactions which are vital to living orgaiusms. Serine proteinases and their canonical
protein inhibitors are most intensively studied group of protein-protein complexes. In this paper we
presint several different approaches which are currently used in our group to understand structural
and energetic Actors wfiich ensure specific and strong interactions between serine proteinase and
protein inhibitor. CXir methodology includes: molecular and structural biology, enzymology,
structural thermodynamics and kinetics of protein-protein interaction, phage displayed
combinatorial libraries, and thus obeys some of major Trends in Protein Research. We focused on
two protein inhibitors - bovine pancreatic trypsin inhibitor (Kunitz) (BPTI) and Cucurbita maxima
trypsin inhibitor I (CMTII) which are small proteins belonging to two different inhibitor families
and exhibit different folds.

Three-dimensional structures. Figure |A presents superimposed three-dimensional X-ray
structures of CMTI | (Bode et al., 1989a) and BPTI (Wlodawer et al., 1987) Both proteins exhibit
completely different folds: CMTI | is a 29-residue protein containing three disulfide bonds which
are the major structiual determinants. Its secondary structure is composed of three rather irregular
and short p-strands, three p-tums and a short piece of 3io helix. Besides three buried disulfides,
CMTI I does not exhibit hydrophobic core. The organization of the secondary structure elements in
58-residue BPTI is completely different. BPTI has a clear hydrophobic core, triple-stranded p-sheet
and short a-helices at both N-and C-termini of the molecule. Despite these stmctural differences
both proteins have the proteinase binding loop of similar, so called, canonical conformation. The
conformation of the loop is very unusual and very seldom observed in structures of other PDB
proteins. The extended conformation of the loop spans from P3 to P3’ position (notation of
Schechter and Berger (1967) and is defined by the main chain torsional angles or C,,- C,, distances
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(Apostoluk & Otiewski, manuscript submitted) Similar conformation of the loop and, therefore,
similar mode of recognition is a common feature of all remaining 18 inhibitor families, including
BPTI (Fig. 1B). This strongly points to multiple convergent evolution and biological significance
of protein inhibitors (Laskowski & Kato, 1980).

Figure IA. Three-dimensional structure of CMTI | (black) and BPTI (grey). The structures are
supenmposed to minimize rmsd of proteinase binding loop segments P3-P3" B. The P4-P4’
backbone segment of the canonical proteinase binding loops of CMTI | (black) and BPTI (grey)
C. Interface region of the CMTI I- trypsin complex Trypsin is shown in grey and CMTI | in
black D. X-ray structure of CMTI 1 (grey) as determined in the complex with trypsin (Bode et al.,
1989a) superimposed on NMR solution stmcture (black) ofthe inhibitor (Holak et al., 1989).

A B.
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Figure 1C shows a recognition of bovine p-trypsin by CMTI |. The hydrophobic and
convex proteinase binding loop of inhibitor is highly complementary to the concave active site of
the enzyme Rigid conformation of the CMTI 1 loop is maintained via a complicated network of
hydrogen bonds from three internal water molecules to carbonyls of P2 and PI’ residues. Besides
P3-P3’ segment, also side chains from surrounding residues and other parts of inhibitor make
numerous van der Waals contacts and hydrogen bonds with proteinase. Similar number of
contacting residues - about 10-12 on inhibitor side and 20-25 on enzyme side characterizes all
inhibitor-proteinase complexes. Typical intermolecular contact area is about 600-900  from each
protein Hydrogen bonds and electrostatic interactions at the interface are well developed Of
particular importance is a short antiparallel P-sheet formed by main chain-main chain hydrogen
bonds between P3 and Pl residues and 214-216 segment of the enzyme. Other very important
features are: short 2.7 A contact between Pl carbonyl carbon and catalytic Seri95 O’ and two
hydrogen bonds formed between carbonyl oxygen of Pl and Glyl93/Serl95 amides (the oxyanion
binding hole). All these above mentioned hydrogen bonds and shape complementarity of
interacting areas ensure very similar recognition of different proteinases and inhibitors. The
enzyme-inhibitor interaction is particularly rigid and resembles lock-and-key model. High
resolution NMR solution structure of free inhibitor is very similar to the complexed inhibitor
structure (Fig. 1D) (Holak et al., 1989). The major difference is the dynamics of the canonical loop
which is poorly defined in the free state, but becomes particularly rigid when placed at the enzyme-
inhibitor interface

Docking of the PI side chain inside the SI binding pocket of the enzyme plays a major
role in the energetics of the recognition. To better understand structural and energetic features of
this interaction we are currently in progress in collaboration with Prof Arne Smalas group at the
University of Tromso (Norway) to determine 10 high resolution X-ray structures of the complexes
between trypsin and CMTI I/BPTI variants with different amino acid residues at Pl position
The effect of the PI position on the interaction with proteinases. Large part of enzyme-inhibitor
contacts is made just by the PI residue side chain, which penetrates deeply into the SI specificity
binding pocket of the proteinase. In case of BPTI-trypsin, interactions from Lysl5 (PI) are of
almost importance: substitution ofthe Pl Lys with Gly removes 70% of the total association energy
leading to a huge 9 orders of magnitude decrease in association constant. Therefore, to understand
how various Pl side chains influence energetics of the interaction, it was important to probe the
properties of the S! pocket. Table 1 presents association constant data which were determined in
our laboratory with four different proteinases: bovine a-chymotrypsin, bovine trypsin, human
neutrophil elastase (HNE) and human cathepsin G. The stucty is not yet finished, however, what
can be easily recognized even at present stage is the huge dynamic range of values ranging
from about 1x10 for trypsin to about 5x10” for chymotrypsin and elastase. The dynamic range for
cathepsin G is much smaller due to low association constants even for optimal Lys and Phe side
chains

Several conclusions about the Sl specificity can be drawn from presented data Trypsin,
due to unique location and orientation of Asp189 at the bottom of narrow and deep pocket, is
particularly well studied to interact with basic side chains of Lys and Arg. Other side chains bind
much weaker. Phe, wiiich is the next strongest residue, binds over Ixio’-fold weaker than Lys.
Interaction of hydrophobic aromatic ring of Phe with the hydrophobic walls of the S! pocket
partially compensates for the lack ofion pair. This is also evident in the case of Leu and Tip Also
polar side chains of Ser, Asn, His and Gin bind relatively well, probably due to weak, water-
mediated hydrogen bonding interactions with Asp189. p-branched side chains of He, Val and Thr
bind particularly poorly in the SI pocket, due to steric clashes with the atoms at the narrow
entrance to the pocket. As expected, negatively charged Asp binds 350-fold weaker than isosteric
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Asn. Still, rather surprisingly. Asp binds 5-fold better than Gly Clearly, from energetic point of
view, empty pocket produces most deleterious effect.

Table 1. Association constants for the interaction between Pl mutants of BPTI and four serine
proteinases in 0.1 M Tris, 20 mM CaCE, 0.05% Triton X-100, pH 8.3. HNE buffer additionally
contained 0.5 M NaCl.

Pl P-trypsin a-chymotrypsin HNE cathepsin C
variant Ka (M") Ka (M) Ka (M) Ka (M)
of BPTI

Lys15 1.6TO" 8.7710’ 7.8010" 1.4310*
Argl5 -2.010*» 2.5310* 1.3610" 9.5210™
Phels 1.1810* 2.5510® 1.0610° 1.1010*
Ser15 3.910° 2.7510° 6.9010’ _
Asnl5 2.2310° 9.1710* 1.3010° _
Trpl5 7.5710* 5.5810® 11010 _
Hisl5 6.2410* 7.3710 3.7010™ _
Leul5 5.4110* 1.3010® 5.7110* 1.6110°
GInl5 2.3410* 6.1510* 6.9510* -
Alal5* 7.1410° 3.0310* _ _
Thri5 2.9410° 2.4910* 1.1710* _

He 15 1.1510° 5.8710 1.5710® <510*
Aspl5 6.32 10" 1.2210" 1.0510" -
Vvalls 4.1410" 2.2710* 6.2210® <510’
Gly15 1.4710" 7.9010" 4.6110° -

“from M.J.M. Castro & S. Anderson, Biochemistry (1996) 35, 11435-11443.

Interactions within large and hydrophobic pocket of chymotrypsin are, perhaps, easier to
analyze. Energetic effects expressed in AAG«, (association free energy change reffered to Gly)
correlate well with the volume of Pl residue side chain (correlation coefficient r=0.84) or with its
area (r=0.83). This suggests that hydrophobic effect is the driving force for the association reaction.
Deleterious effect can be easily noticed in case of polar, negatively charged (750-fold effect for
Asp-Asn companson) and p-branched side chains. Side chains of His, Lys and Arg bind
surprisingly good, which is explained by a very recent structure of BPTI-chymotrypsin complex
(Scheidig et al., 1997). Accordingly, Lys 15 (PI) side chain is in rather unusual coriformation and
its charged end makes fevourable interactions with carbonyl groups at the entrance to the pocket.
As in the case oftrypsin, empty pocket (Gly) is bad

The major difference which features the pocket of neutrophil elastase is a clear preference
for P-branched side chains of Val and lie (lie is fevoured 3-fold over Leu, in case of chymotrypsin
Leu is fevoured 2210-fold over He). In principle all other side chains bind much (I0+1O’-fold)
weaker. The data are in agreement with structural organization of the pocket which exhibits
significant degree offlexibihty (Bode et al., 1989b).

In sununary, different PI side chains introduced at Pl position are valuable tool to probe
specificity ofthe SI pockets of different proteinases. Our binding data correlate well with substrate
specificity indexes for these proteinases expressed in the form of log (k<a/K,,). Total pairwise
companson of the binding properties of the SI pockets can be presented in the matrix form of
correlation coefficients (Table 2). GeneraUy, the values are significantly below unity, indicating
severe differences among individual pockets.
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Table 2. Pairwise correlation of the standard free energy change on association of Pl mutants of
BPTI with various en2ymes.

p-trypsin 1

a-diymotrypsia  -0.12577 1

HNE -0.15234 -0.1519 1

calhqismG -0.01379 0.107067 -0.53247 1

P4i>psin  a-diymotrypoQ HNE calhepsinG

Interscaffblding additivity. OMTKY3 and eglin c are inhibitors similar in size to BPTI and bind
to serine proteinases via simila