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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 Łódź. 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 Poznań.

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 Poznań. 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

Poznań, 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 II (Figure) is at least 150 times as fast as that of step I (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 I for DopaOMe. This value can be considered to be the rate constant 
for dopa-PLP adduct formation. Therefore, the rate constant for step II (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,

13



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- 
mirłe 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

Włodzimierz S. Ostrowski

Institute of Medical Biochemistry, Collegium Medicum ofJagiellonian University, 
Kopernika 7, 31-034 Kraków, Poland

Hydrolysis of phosphate monoesters by acid and alkaline phosphatases is accompli­
shed by a diverse group of enzymes. 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 
of the active center of the 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 e) 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 3q21-23 [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 of ammonium sulfate solution and polyethylene glycol

15



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 c = 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 II 
imaging plate system. Subsequent refinement was performed using several programs to 
refine overall structure of the enzyme. The subunit of hPAP is build up of two 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 of the 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 of alkyl, aryl and acylorthophosphate mo­
noesters. Most of non-specific phosphomonoesterases are acting through the formation 
of a 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?
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Fig. 2. Three dimensional structure of one subunit of hPAP.

One of the experimental approach to answer this question is kinetic analysis of reco­
very of enzyme 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.
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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 of the 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 of the 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 of the R group of the substrate.
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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 if it is denaturated, 13). Peak 1 - 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 of the 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 of a binuclear iron center [17]. Hydrolysis of the phosphate 
esters proceeds through the two-step mechanism utilizing a base-stable, acid-labile phos- 
phoenwne intermediate. The reduced form of the enzyme (pink) contains a mixed-va­
lent Fe^^-Fe^^ center and is enzymatically active; oxidized species containing Fe^'^-Fe^'^ 
center (purple) exhibit no activity. Alkaline phosphatases are usually dimers with MW 
about 100 kDa and hydrolyze variety of phosphate 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 Wrocław, 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 II (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 WPYEPPEVGSDCTTIHYNYMCNSSCMGGMNRRPILTIITLEDSSGNL.
2 GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
3 GRTFPKRGQTCWHYTGMLEDGKKFDSSRDRNKPFKEVLGKQEVIRGW

l-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 
of this 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, 
archebacterial histone-like proteins:

inter alia, in histones and

1 GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
2 SDDARITLAKILEEMGRDIASEAIKLARHAGRKTIKAEDIELAVRRFK
3 S DDARIALAKVLEEMGEEIASEAVKLAKHAGRKTIKAT DIELARKM FK
4 SDDAKETLAKALEEMGEEISRKAVELAKHAGRKTVKATDIEMAAKQL
5 SSKAMSIMNSFVNDIFERIAAEASRLAHYNKRSTITSREIQTAVRLLL
6 S S KAMGIMNS FVNDIFE RIAGEAS RLAHYNKRSTIT S REIQTAVRLLL
7 FQSSAVMALQEASEAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIR
8 TSGLIYEETRGVLKVFLENVIRDAVTEHAKRKTVTAMDWYALKRQGR 

1-human thymopoietin; archebacterial histone-like protein: 2-hmf B, 3-hmf I, 
4-hmf A; 5-dhH2B Drosophila melanogaster; 6-hH2B human; 7-hH3; 8-hH4 .

(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 Lll 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 ** ** 137

QHLGQLNMLHRRSGLPRPSDSNAVSLVMRRIRKENVDAGERAKQALAF 
GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH 
ALSLGVTKLVERWISVSGVADDPNNYLFCRVRKNGVAAPSATSQLSTR 

212 ***** 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 motif is situated in a part of helix E, and the second - in a part of the 
loop between two p-strands [4]. However, both these fragments belong to the 
DNA-interacting site of the 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 II (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 of the „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 I 
would like to quote only two of them. The first one represents ubiquitin;

N-terminus C-terminus
LTKQKLKSELVANGVTLPAGEMRKDVY
GGRLRLVLHLTSEKQINYDSLTRGDEL

thymopoietin
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 II [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- 
-DRKLCSVPPGRVKRMNRQWQFC- 

40 19

PSP II
human lactoferrin

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.

GLPKEVPAVLTKQKL - 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.276x

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 of appearance 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 of actin G can serve as the model for the determination of biologically active 
conformation of thymopoietin. The results of the 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 V LDPVEKALRDAKLDKSQIWDIVLVGGSTRIP 

135 149 224 207 314 344

The discontinuous thymopoietin-like motif appears also in the molecule of human 
leukocyte class II 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 of this text:

GLPKEVPAVLTKQKLKSELVANGVTLPAGEMRKDVYVELYLQHLTALH
TLQRRVEPTVTISPSRTEAL 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 mRNA 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 of a eukaryotic cell, DNA does not exist in a ,4iaked” form but is tightly 
complexed with proteins. The result of these interactions is a highly compacted form 
of DNA referred to as chromatin. Proteins that make a major contribution to the 
architecture of chromatin are histcxies. The basic chromatin fiber consists of an array 
of nucleosomes, 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 of this 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 of the 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 of the 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 of the basic nucleosomal threads 
into 30^im 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 rą>ress transcriptioi, the studies of the 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 of Xenopus laevis. The 
develc^mental regulation of transcription of the two types of 5S RNA goies in X. 
laevis has been a most thoroughly documoited case of histone HI involvemait in 
mcxlulation of transcription of a defined set of gates (reviewed by Wolffe, 1994). Two 
5S RNA gate families are transcribed in early stages of embrycmic develc^moit of X. 
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 of the oocyte-type 5S RNA gates becomes largely repressed whereas that 
of the somatic type 5S RNA gates omtinues unaffected throughout omsecutive 
develc^mental stages and during the adult life of the frog. Studies on the in vitro 
transcripticm of Xenopus somatic cell chromatin and later works cm 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 of the 
flanks accompanying the two types of 5S 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 rqjeat 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 of the 
nucleosomal repeat unit of about 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 indqjendoit cm the plasmid sequoices and seems to be solely due 
to the presoice in the oocyte-type repeat of the 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 of the cxmyte-type 5S RNA gaie was 
repressed in the presoice of physiological ccmcoitraticm of histcme HI (Tomaszewski 
and Jerzmanowski, 1997). The above results support the view that the AT-rich flanks 
of the 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 of wdiether other genes (and how 
many of them) could be similarly regulated, for example during embrycigoiesis, by the 
presence of HI? This is directly related to the questicm about the global role of HI 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 of erne of its own major HI 
variants (Prymakowska-Bosak et al., unpublished). In all plants that overexpressed HI 
the total Hl-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 of the 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 of genes 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 strcmgly supported by the observed phenotypic changes in 
transgenic plants with drastically reduced level of native HI. In many of these plants 
erne of the 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 of the 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 
rqjressor, it may be critically involved in the regulation of specific class of genes Oike 
the Xenopus 5S RNA genes) that are placed in the vicinity of DNA sequences with 
strcxig affinity for HI. The effect of HI on such genes will be exerted throu^ the 
initiation of the alignment of stable arrays of nucleosomes that can not be easily 
removed. On the other hand HI could be of key importance in specific events, like 
meiosis, that involve pairing of highly 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
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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 kinds 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
I

X

Type I L— 
Type II D—► L 
Type III L—

R-CH COOH 
OH

(inversion) 
(inversion) 

► 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)

Enz—B: H- 2-
H

Enz—B; + + HO-C„,
cSo

(B)
H

Enz—C ,,C-X
O -o^c^

H-O

Enz—C,

/
N ,0-C,

\:§c
Enz—cf + H*+ HO-Ć,„

^c(?o-

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 multi pi e-turnover 
reaction in H2^^0, 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 Asp 10 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.

34



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 Dąbrowska and Robert Makuch

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

Abstract: Ca^'*^-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 
(LC20) 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 LC20 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 II 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 I (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/O4C 
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/O4C 32.1 265.9 13.2
104C1/O4D 3.4 58.8 15.5

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

construct (designated pCMV-hPHGPx) 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 1 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/O4C cells had the highest GPx activity toward dilinoleoyl 
phosphatidylcholine hydroperoxide (PCOOH), whereas such activity was not 
found in the transfectant 104C1/O4D cells. As is well known, PHGPx cannot 
react with /-butyl hydroperoxide (/-ButOOH), and thus it is natural that 
104C1/O4C 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/O4C cells was also confirmed.

A band of protein immunoreactive to anti-rat PHGPx antibody was clearly 
observed with the extract of 104C1/O4C cells, which expressed high GPx activity 
toward PCOOH. The control 104C1 cells and 104C1/O4D cells had no such 
immunoreactive protein.

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

Since the transfectant 104C1/O4C cells exhibited remarkable expression of 
PHGPx, the susceptibility of this clone to lipid hydroperoxides was examined in 
comparison with that of 104C1 cells.

When 104C1/O4C 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 
(% of total)

Cell viability 
(%)

Parental cells
104C1 73+4 42 + 24

Transfectant
104C1/O4C 8 + 3 92+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/O4D 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/O4C 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/O4C cells still maintained their normal shape.

Susceptibility of the transfectant 104C1/O4C 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/O4C 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/O4D 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/O4C 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/O4C cells 
were extremely resistant to both PCOOH- and LAOOH-mediated injury. Since 
the transfectant 104C1/O4D 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/O4C 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); CMTl 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„„ ASą,,., ACp,d,„ 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 lA presents superimposed three-dimensional X-ray 
structures of CMTl I (Bode et al., 1989a) and BPTI (Wlodawer et al., 1987) Both proteins exhibit 
completely different folds: CMTl I 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, 
CMTl 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. IB). This strongly points to multiple convergent evolution and biological significance 
of protein inhibitors (Laskowski & Kato, 1980).

Figure lA. Three-dimensional structure of CMTl I (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 CMTl I (black) and BPTI (grey) 
C. Interface region of the CMTl I- trypsin complex Trypsin is shown in grey and CMTl I in 
black D. X-ray structure of CMTl 1 (grey) as determined in the complex with trypsin (Bode et al., 
1989a) superimposed on NMR solution stmcture (black) of the inhibitor (Holak et al., 1989).

A. B.

C. D.
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Figure 1C shows a recognition of bovine p-trypsin by CMTl I. The hydrophobic and 
convex proteinase binding loop of inhibitor is highly complementary to the concave active site of 
the enzyme Rigid conformation of the CMTl 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 PI residues and 214-216 segment of the enzyme. Other very important 
features are: short 2.7 A contact between PI carbonyl carbon and catalytic Seri95 O’ and two 
hydrogen bonds formed between carbonyl oxygen of PI 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. ID) (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 CMTl l/BPTl variants with different amino acid residues at PI 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 of the PI 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 PI side chains influence energetics of the interaction, it was important to probe the 
properties of the S1 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 5xl0’ 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 SI specificity can be drawn from presented data Trypsin, 
due to unique location and orientation of Asp 189 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 S1 pocket 
partially compensates for the lack of ion 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 Asp 189. 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 PI 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.

PI
variant 
of BPTI

P-trypsin a-chymotrypsin HNE cathepsin C
Ka (M') Ka (M') Ka (M') Ka (M')

Lys 15 1.6T0'^ 8.7710’ 7.8010" 1.4310*
Argl5 -2.010*^ 2.5310* 1.3610^ 9.5210"
Phe 15 1.1810* 2.5510® 1.0610’ 1.1010*
Ser 15 3.910’ 2.7510’ 6.9010’ -

Asnl5 2.2310’ 9.1710* 1.3010’ -

Trpl5 7.5710* 5.5810® l.lOlO" -

Hisl5 6.2410* 7.3710’ 3.7010" -

Leul5 5.4110* 1.3010® 5.7110* 1.6110’
Glnl5 2.3410* 6.1510* 6.9510* -

Alal5* 7.1410’ 3.0310* - -

Thrl5 2.9410’ 2.4910* 1.1710* -

He 15 1.1510’ 5.8710’ 1.5710® <510*
Aspl5 6.32 10" 1.2210" 1.0510" -

Vall5 4.1410" 2.2710* 6.2210® <510’
Gly 15 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 PI 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 of trypsin, 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 (lO+lO’-fold) 
weaker. The data are in agreement with structural organization of the pocket which exhibits 
significant degree of flexibihty (Bode et al., 1989b).

In sununary, different PI side chains introduced at PI position are valuable tool to probe 
specificity of the 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 PI mutants of 
BPTl with various en2ymes.

p-łrypsin 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 similar canonical binding loop, yet tertiary structure of these three 
inhibitors are completely different. Association constants for the interaction of 20 PI variants of 
OMTKY3 and 7 PI variants of eglin C with chymotrypsin and HNE are available (Lu et al., 1997). 
Extensive comparisons of BPTl, OMTKY3 and eghn c PI data sets should ansv^r the question, 
whether introduction of the same mutations in PI position of binding loops produces similar 
energetic effects. In these three inhibitor structures PI side chain is fully exposed to the solvent and 
makes no interactions with the remaining part of inhibitors. Moreover, Xi angle of the PI side 
chain adopts virtualy identical g^ (-60®) angle upon complex formation with a proteinase in all 
crystalographically studied cases. We feel that this test, called the interscaffolding additivity, is a 
strong test for the validation of protein engineering approaches based on comparative modeling.

Figure 2. Interscaffolding additivity cycle comprising the effect of Leu=>Ser substitution at 
position PI of three inhibitors (BPTl, OMTK Y3 and eglin c) on the interaction with chymotrypsin.

L‘*OMTKY3
(AG_=-15.23 kcal mol‘)

I
L'^BPri
(AG_=-12.42kcalmor')

I
L'” eglin c 
(AG«=-15.97 kcal mol ')

I
L‘*OMTKY3
(AG_=-15.23 kcal mol ')

AAAfij =26 cal mol'* 

<------------ >

AAAfij =7 cal mol’' 

<------------ >

AAAQ =30 cal mof' 

<------------ >

S‘*OMTKY3
(AG„ =-10.29 kcal mol ')

I
s'^BPri
(AG» =-7.41 kcal mol ')

I
S'” e^in c
(AG» = -11.00 kcal mol ')

1
S‘*OMTKY3
(AG„=-10.29 kcal mol ')

Additivity was calculated using the following equations:
AAG«,(L15—>S15)BFn=AGM(K15L)BFn -AG«,(K15S)bpti 
AAG«(L45->S45),*ii„c =AG«(L45)^ c- AG«(L45S).gib, c 
AAG»,(L18-^S18)oMncY3 = AGKs(L18)oMrKY3 - AG*,(L18S)oMrKY3 
AAAGj = AAG*«(L15—>S15)bpti - AAG*»(L45—>S45)^(nc 
AAAG = AAG«i(L15—>S15)BFn - AAGm(L18—>S18)omiky3
AAG«,(L15->S15)bpti- difference in free energy change between variants K15L and K15S M52L BPTl on 
their interaction with chymotrypsin.
AAAGj - non-additivity factor.

The graphical presentation and mathematical equations used for data analysis are 
presented in Figure 2. Here the effect of a particular Leu=>Ser substitution at PI position (residue

53



18 in 0MTKY3, 15 in BPTl and 45 in eglin c) is checked for its interscaffolding additivit). Exact 
additivity means that the energetic effect of the substitution is the same in all three thermodynamic 
cycles presented, and non-additivity fector (AAAGO equals zero. This occurs very seldom and 
practically in all studied cases non-additivity term appears as a result of either experimental error 
or as an effect of real non-additivity. We assume that for AAAGi in the range: -800 cal/aiol to 
800cal/mol interscaffblding cycle is additive.

Table 3. Interscaffblding additivity involving PI substitutions in BPTl, OMTKY3 and eglir c.
AAAGi BPTI-OMTKY3

(a-chymotrypsin)
BPn - OMTKY3 

(HNE)
BPTl -eglin c 

(a-chymotrypsin)
BPTl -eglin c 

(HNE)
No. % No. % No. % No. %

<-1600 9 9.89 1 1.10 0 0.00 0 0.00
-1599 to-1200 6 6.59 1 1.10 0 0.00 0 0.00
-1199 to-805 9 9.89 8 8.79 0 0.00 1 10.00

-805 to ^00 12 13.19 7 7.69 1 10.00 0 0.00
-399 to 0 11 12.09 8 8.79 6 60.00 0 0.00

1 to 400 9 9.89 14 15.38 3 30.00 1 10.00
401 to 805 9 9.89 10 10.99 0 0.00 0 0.00
806 to 1200 3 3.30 17 18 68 0 0.00 2 20.00

1201 to 1600 4 4.40 7 7.69 0 0.00 2 20.00
> 1601 19 20.88 18 19.78 0 0.00 4 40.00

total: 91 100 91 100 10 100 10 100

Table 3 combines all currently possible comparisons between three inhibitors There are 
91 possible single amino acid substitution comparisons between BPTl and OMTKY3 in their 
interaction with chymotrypsin and HNE and 10 comparisons between BPTl and eglin c in their 
interaction with chymotrypsin and HNE. Substitutions of the same amino acid residues at position 
PI produces generally interscaffblding additivity effects with chymotrypsin: 41 of 90 i.e 45.6% of 
cycles are additive. Similarly 43% of cycles fulfil additivity assumption when the same inhibitors 
are compared in their interaction with HNE. Introduction of the same substitutions into PI position 
of BPTl and eglin C in their interaction with chymotrypsin are fully additive However, for the 
interaction of these inhibitors with HNE only 1 out of 10 substitutions is additive. Generally, the 
presented data show that in many cases introduction of the same mutations into PI position 
produces very similar energetic effect in different inhibitor structures.
Specific inhibitors. Wild types of CMTI1 and BPTl inhibitors are strong inhibitors of some serine 
proteinases. The respective values of association constants are given in Table 4. One of our goals 
was to convert them to even stronger inhibitors using site directed mutagenesis, molecular 
modeling and literature data on substrate hydrolysis kinetics Table 4 presents some of our 
improvements

The strongest effects were obtained in case of HNE. Introduction of Val or He at position 
PI of BPTl yielded inhibitor with K, 79750- and 20100-fold higher than wild type inhibitor. In 
case of other proteinases: factors Xa and Xlla, cathepsin G and chymotrypsin the increase of 
association constant was lower even after introduction of multiple substitutions. The mutations 
were almost always introduced at the positions which contact the enzyme.
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Table 4. The strongest variants of CMTI I and BPTl inhibitors designed to interact with several 
serine proteinases The data in italics are for native inhibitors an the number in bold is the 
variant/wild type ratio.

Mutation(s) human factor a-chymotrypsin cathepsin G HNE human factor
xn.

CMTII« 4.08 X 10^ 4.04 X lO'* 9.05 X lO’ 5.3 X 10’
Ile6Val, MetSLeu 6 .14 X 10'* 

4.08 xl(f
15

Pro4Gly, MetSLeu 2.11 X 10’ 
4.08xl(f

52
Val2Ala,Pro4Thr, 
ArgSLeu, De6Asp,
MetSLeu

8.07X 10’ 
4.04x10*

20
Arg5Leu, MetSArg l.lOx 10‘ 

4.04x10*
27

AlalSGly,
MetSLeu

1.85x 10’ 
4.04x10*

4.6

9.45 X 10* 
9.05x10'

10.4
Glu9Lys 3.5 X 10*
BPTI« 8.77 X 10’ 1.43 X 10’ 7.81x10’
LyslSPhe 2.55 X 10’ 

8.77x10^
29

1.06 X 10’ 
7.81 X 10*

1.36
Lysl5Trp 5.58 X 10’ 

8.77x10'
63

LyslSDe 1.57 X 10’ 
7.81 X 10*

20102
LyslSVal 6.22 X 10’ 

7.81 X 10*
79750

Stability of PI variants of BPTl. We have already described the huge PI residue effects on 
association energy with different serine proteinases. Has this exposed residue any effect on the 
thermodynamic stability of inhibitor? To answer this question we determined stability parameters 
AHda,, ASdoi, AGdeo, ACpda, 3nd Td„, for a set of 10 PI mutants of BPTl using highly sensitive 
differential scanning calorimeter (DSC). BPTl denatures according to a simple two-state model, 
what can be easily recognized from the AH„j/AHvh (ratio of calorimetric to van’t Hoff 
enthalpies)(Table 6). The denaturation parameters data are presented in Table 6 and typical
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denaturation plot is shown on Figure 5. It can be noticed that BPTl mutants differ significantly in 
their stabihty, as can be judged fi'om difference in their T*n values. The range of Tda, values is 
11.2° C at pH 2.0. Eiata points for all mutants at three different pH values are on the single line of 
AHvh vesus Tda, plot, what indicates that all mutants have very similar ACpd® values. In other 
words, difference in Tdo, values reflects real differences in their stabilities.

The interpration of differences in stabilities is not straightforward. It is generally accepted 
that residues which are buried significandy influence protein stability This effect on protein 
stability is due to breaking of many van der Waals and hydrogen bonding interactions together 
with transfer of non-polar buried area fi'om protein interior to contact with solvent which 
accompany protein denaturation. Therefore, it is usually anticipated that solvent exposed side 
chains (as in the case of PI residue) will not influence protein stattlity. As shown on Figure 5 and 
in Table 6 this is not the case here. Difference in stability correlate with different properties of 
amino acids. The highest correlations were found for: amino acid hydrophobicity (anticorrelation), 
P-tum propensity and PI stability effect determined for variants of OMTKY3. The most probable 
interpretation is that different amino acids to different extent influence the main-chain entropy of 
the PI residue which is in very similar (tum-like torsion angles) in BPTl and OMTKY3. AncXher

explanation is that hydrophobic side chain 
cjxkcdK’moi ') main weak interaction in denatured state of

inhibiotr leading to its apparent stabilization 
and (therefore) destabilization of the native 
state.

Figure 5. Denaturation curve recorded on 
Nano Differential Scanning Calorimeter (CSC 
Corp., USA) of two PI mutants of BPTl in 
lOmM glicynę buffer, pH 2.0. A 189 pg 
LyslSTrp BPTl, B - 193 pg LyslSHis BPTl.

Table 6. Thermocfynamic denaturation 
parameters for temperature unfolding of PI 
variants of BPTl determined in 10 itiM 
glycine-HCl buffer, pH 2.0.

PI
variant 
of BPTl

Tdo,
(°C)

AGda."
(kcalmof')

AHou 
(kcal mol')

AHvh 
(kcal mol'')

AHoj/AHm ASdoi
(kcalK'mol')

ACp^len
(kcallC^mor')

Phe 77.2 -0.372 65.24 67.61 0.96 0.19 0.24

Gly 81.5 0.321 67.75 68.25 0.99 0.19 0.24
His 86.7 1.401 69.90 69.28 1 0.19 0.33

He 76.5 -0.583 65.12 67.61 0.96 0.19 0.36
Arg 83.6 0.746 68.44 67.85 1 0.19 0.31
Ser 81.4 0.365 68.49 69.71 0.98 0.19 0.45

Val 77.9 -0.414 66.91 68.56 0.97 0.19 0.29

Asp 82 0.512 67.85 70.71 0.96 0.19 0.33
Asn 82.3 0.464 67.99 70.47 0.96 0.19 0.36

Tip 75.6 -0.755 65.12 65.84 0.99 0.19 0.22
’ AGdoi determined at 80“C. Values of other thermodynamic parameters are given at Tda,.
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Phage display. The phage display strategy enables the presentation of large libraries of peptides or 
small proteins on the sur&ce of phage particles followed by rapid selection of molecules of desired 
activity (Baibas & Burton, 1996). The great adventage of this method is a direct linkage between 
an observed phenotype and encapsulated genotype, which allows for fest determination of selected 
sequences To address the problem of efficiency of selection procedures we constructed a (very) 
small library of BPTl felly randomized only al PI position. The genetic system which we applied 
for monovalent presentation is based on phagetnid pComb3H containing BPTl gene fesed to phage 
coat protein III. The selection was performed on five serine proteinases (tiypsin, chymotrypsin, 
pancreatic and neutrophil elastases, azurocidin) for which high quality thermodynamic data are 
available on binding of all 20 coded PI amino acids (see above). We also confirmed an expected 
monovalent display of BPTl with 1.25 inhibitor molecule per phage particle by comparing the 
inhibitor concentration with the phage titer. The library was designed to contain all 20 PI mutants 
of BPTl. Library construction was performed by double PCR. Diversity of the pool was verified by 
DNA sequencing of randomized pComb3H+BPTI that showed equimolar distribution of 
introduced nucleotides with trace of wild-type AAA lysine codon. Sequencing of individual clones 
from population of the initial library and pools after selection on the target proteins (together over 
200 clones) proved that all amino acid residues except for proline were represented. The absence of 
proline at the PI position of sequenced clones is probably caused by incorrect folding of this 
mutant. The screening of the library involved up to 3 rounds of enrichment on a target protein 
immobilized on Sepharose 4B. After each cycle of enrichment approximately 15 individual clones 
were sequenced to monitor the changes in amino acid occurrence at PI position.

Each of the chosen target enzymes trypsin, chymotrypsin, PPE and HNE has different 
binding pocket and prefers substrate/inhibitor PI residue of clearly different character Because the 
selection was performed under equilibrium conditions, it should proceed in the direction 
determined by differences in association constant values for all PI variants and a given proteinase 
The amino acids found at the randomized PI position after each round of selection on different 
targets art summarized in Table 7. The results show that each enrichment proceeds in the expected 
direction. In the case of trypsin, the first round resulted in the selection of both positively charged 
amino acids at PI position. PI Lys and Arg BPTl variants are known to interact with trypsin at 
least 10*-fold stronger, compared to other PI mutants. The second round of enrichment led to the 
consensus of Lys. Here, lack of Arg is unexpected, although 3-fold stronger binding of Lys 
compared to Arg side chain to bovine trypsin has been reported (Otlewski & Zbyryt, 1994). For 
PPE we expected the selection of aliphatic PI residues. The first round of enrichment did not give 
any observed selective pressure, while the second and the subsequent third one resulted in the 
selection of such residues as leucine, threonine with some appearance of alanine, valine and 
isoleucine

Compared to trypsin, chymotrypsin does not exhibit as strong preference for a particular 
type of amino acid chain. In agreement, after 2 rounds of selection 5 different amino acids (Tip, 
Leu, MeL Lys, and Gin) have been observed. All of them bind strongly to chymotrypsin. Perhaps 
a bit surprising is lack of Phe and TVr, which were present after first round of selection. We 
suppose that in case of enzymes with broader specificity like chymotrypsin, all amino acids with 
strong or moderate binding can be selected. This is further confirmed in case of PPE. Here, after 3 
rounds of selection 5 amino acids could be found (Leu, Thr, Ala, He, Gin) all but Gin with 
strongest affinity for PPE. Again, no amino acids which bind weakly to PPE were found. However, 
compared to tiypsin or chymotrypsin, first round of enrichment on PPE was very poorly selecting 
and many feirly non-optimal side chains for small, hydrophobic and rigid pocket of elastase (Tyr, 
Lys, Arg, Tip, Phe) have been found

Next, sensitivity of the selection was tested using screening on HNE We hoped to see 
differences in selection, since, compared to PPE, HNE prefers p-branched side chains of He and
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Val. The consensus sequences have been already obtained after two selection rounds and included 
Val, He and Leu which are the three amino acids exhibiting strongest binding to the enzyme (see 
above) The results obtained for HNE highly differed fi'om those for PPE and proved that the 
system nicely differenciates between even very similar enzymes. The positive results on 4 
proteinases encouraged us to probe the specificity of azurocidin, which is known to bind wild type 
(PI Lys) of BPTl. Due to lack of enzymatic activity, determination of its specificity using substrate 
mapping is impossible. Two round selection of PI BPTl library showed its strong affinity for PI 
Lys but also for moderately large uncharged PI amino acids (Leu, Thr, Met, Gin). In case of 
chymotrypsin and azurocidin Lys was dominating PI amino acid after final round of selection. To 
verify these results, for both proteins we performed the selection starting from the library after one 
cycle of enrichment on PPE. This pool of phages seems to represent all amino acids quite well, but 
has clearly reduced level of amino acids, which exhibit very low affinity for PPE, including Lys. 
After one (azurocidin) or two (chymotrypsin) additional rounds of selection the results obtained 
after direct selection could be confirmed. In case of azurocidin the exactly the same amino acids 
ocCTir with rather similar frequences In case of chymotrypsin similar situation can be noticed, 
however, reverse of the Lys to Leu ratio after preselection on PPE is clear
Table 7. PI residues found in the PI residue library of BPTl variants from sequencing of 
individual clones after selection on respective target proteins.

Target proteinase round observed amino acids at PI residue
bovine trypsin 1 lOLys, 3Arg, ICys, IGln, ILeu

2 lOLys
porcine pancreatic 1 2Phe, 2Arg, ITip, IThr, ITyr, ISer, ILeu, IMet, ILys

elastase 2 8Leu 21hr, IVal, IHe
3 4Leu 3Thr, lAla, IHe, IGln

human leukocyte 1 5Leu 4De, 3Val, 2Arg, IMet, IThr, ITyr
elastase 2 7Val, 7He, 3Leu

chymotrypsin 1 llLys, 2Leu 2Gln, 2Tyr, IFlis, IPhe, IMet, lArg
2 14 Lys, 3Trp, 2Gln, IMet, ILeu

2* 19L^ 6Lys, 3Trp, 3Gln, 2Met
azurocidin 1 9Lys, 4Leu 2Thr, IGln

2 lOLys, IMet, ILeulGln
1* 6Lys, 5Leu lMet,lThr, IGln

Rounds denoted as 1*, 2* are the screening performed on given target with the pool obtained after one round 
of enrichment on porcine pancreatic elastase.
Acknowledgements. Supported by KBN grant 6 P04B 002 10.
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Plasnts synthesize many toxic substances of which protein inhibitors of serine proteinases 
are considered to be the most important antinutritional factors. These properties of proteinase 
inhibitors are manifested by quenching the activity of proteolytic enzymes that leads to pathological 
changes and growth retardation. On the other hand, these inhibitors are believed to enhance 
resistance of plants to insect pests, therefore, research has been conducted on introducing foreign 
genes encoding desired inhibitors to improve this resistance. The inhibitors however, should meet 
special requirements not to impair the safety and quality of foods and feeds.

Most proteins in an organism arc subjected to continuous degradation and 
synthesis. For example the healthy organism of human adult synthesizes about 400g of 
protein per day. Such a high rate of turnover of these fundamental compounds in 
animal organisms brings about the necessity for constant amino acid supply. The main 
source of proteins are plants.

It is well known that Nature has pro\ided the plants with ability to synthesis of 
many biologically active compounds, some proteins including, which, when utilized in 
nutrition, may cause harmful effect on the animal and human organism [1].

Among these noxious substances one can find: a) lectins, b) tannins, c) 
saponnins and d) inhibitors of serine proteinases, which are considered to be the most 
important antinutritional factors found in plants.

The antinutritional properties of proteinase inhibitors, present in the 
foodstuffs are being manifested in different manners:
a) as factors blocking or making digestion of proteins difficult, resulting in growth 
retardation due to lowered bioavailability of amino acids,.
b) by quenching the activity of digestive proteolytic enzymes, the level of trypsin and 
chymotrypsin in duodenum decreases, what in turn, due to the feed-back mechanism 
increases their synthesis in pancreas; this results in pathological enlargement of the 
gland (hypertrophy).
c) the constrained synthesis of required proteases, in deficiency or inaccessibility of 
exogenous proteins, is carried on at the expence of degradation of endogenous 
proteins as the only source of necessary amino acids, particularly sulfurous ones, used 
in an overproduction of enzymes.

Plant origin serine protease inhibitors are usualy proteins with molecular mass 
values in the range of 3 to 21 kDa and majority of them inhibits trypsin and/or 
chymotrypsin. Some inhibitors inhibit only one digestive enzyme, for example trypsin 
inhibitors from Cucurbitaceae family seeds (2 ).
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Protein serine proteinase inhibitors can be divided into several families (4). The 
classification is based on their sequence homology, topology of the disulfide bridges, 
and the reactive site(s) assignment,. Cucurbita family inhibitors, for the first time 
isolated and described in our institute (5), can be given as an example of such a family. 
These, the smallest among known protein inhibitors of serine proteinases, built only of 
about 30 amino acids residues and of precisly elucidated structure (6) belong to the 
most potent bovine trypsin inhibitors (2).

There are many contradictable data concerning the toxicity of proteinase 
inhibitors. Divergence is due to the fact that:
a) misdefmed types of inhibitors have been used in animal feeding experiments and
b) lack of knowledge on the interaction of inhibitors with digestive proteases of various 
animal species used in conducted experiments.

Ad a) In soybeans, the main ingredient of foodstuffs, one can find two different 
types of serine proteinas inhibitors. One of them, Kunitz-type inhibitor (STl) built of 
181 amino acid residues, inhibits mainly bovine trypsin and to a lesser extent also 
chymotrypsin. It contains only two disulfide bridges and has one reactive site identified 
as the Arg64-lle65 peptide bond. It can be denatured in high temperatures and is 
susceptible to slow pepsin cleavage under acidic conditions (7). Second inhibitor, 
Bowman-Birk inhibitor (BBl) of 8 kDa, consists of 70 amino acid residues, with seven 
disulfide bridges. The inhibitor contains two reactive sites, one responsible for trypsin 
inhibition was identified as Lysl6-Serl7 and the second, active against chymotrypsin, 
was assigned to the Leu43-Ser44 peptide bond. BBl, when compared to STl, is more 
active towards both trypsin and chymotrypsin and is more resistant to denaturing 
agents.

In over 95% of conducted research on nutrition, soybean inhibitors were used as 
model proteins. High cost of purchase or preparation of purified BBl and STl 
inhibitors tended researchers to employ samples of only partially purified inhibitors, so 
called ‘inhibitor concentrates’. These samples, although exhibiting high antitrypsin 
activity, were in fact a mixture of unknown ratio of two inhibitors with different 
properties.

From the experiance we have gained during setting up the methods for the 
soybean trypsin inhibitor separation, it is obvious that depending on extraction 
procedures (salt or acetone fractionation), the obtained final product, although of the 
same activity, contains different amounts of two inhibitors.

Ad b) Published data suggest that the same inhibitor exhibit different activity 
towards enzymes of different origin. For example, the basic pancreatic trypsin inhibitor 
that effectively inhibits bovine chymotrypsin reveals no activity towards human enzyme 
(9). The same inhibitor also works well on porcine pancreatic elastase but shows no 
activity against hen pancreatic elastase (10). Another example of the same sort comes 
from the comparison of inhibitory activities toward human and rat tiypsin. The 
cationic human trypsin is much weaker inhibited by both BBl and hen ovoinhibitor 
than rat enzyme, wherease hen ovomucoid is equally active towards trypsin of either 
species (11). It has been found that one of human trypsin isoform (mezotrypsin) retains 
full activity in the presence of known trypsin inhibitors (12) e g. Kunitz-type inhibitor
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from soybean (STl), basic pancreatic trypsin inhibitor (BPTl) and even very specific 
for trypsin, pancreatic secretory trypsin inhibitor (PSTI).

It is important to point out that the antitrypsin activity of preparations used in 
feeding research concerns rather the cationic either bovine or porcine trypsin and 
obtained results are refered only to this form of enzyme. Most vertabrates however, 
synthesizes anionic forms of trypsin as well, which in fact, due to instability under 
acidic conditions, are very dificult to purify, and actually they are inaccessible on the 
market. It has been proved that anionic forms of trypsin exhibit different sensitivity to 
inhbitors than cationic ones.

Consecutive very important problem concerned with the inhibitors as noxious 
substances is connected with more and more commonly conducted research on 
transgenic plants. Higher plants due to „settled” manner of life, are very susceptible to 
phytopathogens, however, like animals, they are able to perceive the environmental 
stimuli and to respond to them with appropriate biochemical reactions. In response to 
wounding caused by herbivorous insect attack or phytopathogenic fungi, plants 
activate defence genes bringing about the synthesis and rapid accumulation of defensive 
proteins, among others the inhibitors of proteolytic enzymes. Proteinase inhibitors by 
inhibiting the activity of proteinases in insect guts can lead to protein malnutrition, 
reduced growth, and in some cases, death (13). A search for a wound-inducible signal 
molecules involved in the transcriptional activation of the defensive genes has resulted 
in the identification of an 18-amino-acid polypeptide, called systemin (15).

Proteinase inhibitors from plants are also consider as a novel class of 
fungicides. Some trypsin and chymotrypsin inhibitors are able to block the synthesis of 
chitin in cell wall, thus weakening the flmgal hyphae. This is a result of the inhibition 
of a proteinase converting the chitin synthetase zymogen into an active form (14).

To enhance resistance to herbivorous insect pests or pathogenic fungi, 
introducing foreign genes encoding desirable proteinase inhibitors into many crop 
plants are now becoming quite common (16). However, there are limitations to the 
efficasy of these procedure. Surprisingly, it was found that insects, to overcome the 
proteinase inhibitors in their host plants, have developed adaptive strategies by 
synthesizing inhibitor resistent enzymes. Thus, it may be required to introduce not only 
one but rather several genes for multiple inhibitors, matched to the complement of 
enzymes in the insect's midgut. This however, may generate a real problem in 
reasonable use of transformed plants as foods and feeds. Transgenic plants, bearing 
genes of various inhibitors, are indeed more resistant to insect pests and phytopatogens 
but their nutrient properties cerainly remain quastionable.

In case of scale up of agronomically desirable transgenic plants unforeseen 
problems may come into sight. For instance, Malone et al. (17) have found that trypsin/ 
chymotrypsin inhibitor added to the bee feed in amount of 1% appeared to be toxic for 
honey bees. One can expect of similar effect of high-inhibitory transgenic plants on 
other useful insects. Therefore, the goal of plant genetic engineering should not be 
limited only to the introduction into the crop plants any gene(s) encoding an inhibitor 
improving their resistance to insect pests. The inhibitor(s) chosen for this purpose
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should be precisly design to meet very special demands in terms of specificity, 
selectivity and susceptibility to inactivation.

There are several possibilities nowadays to obtain proteolytic enzyme 
inhibitors of desired properties. One can take advantage of naturally occuring 
isoinhibitors and their homologs or use designed molecule of defined activity and 
specificity. In our research, conducted in cooperation with the groups of Professors M. 
Laskowski (Perdue University, U.S.A.), U. Ragnarsson (Uppsala University, Sweden) 
and Z. Kupryszewski (Gdańsk University, Poland), both approaches have been 
applied. From comparison of three inhibitors separated from the seeds of 
Cucurbitacea family in our laboratory results that the substitution of a single amino 
acid residue in any isoinhibitor considerably affects its activity towards cognate 
enzymes (Fig. 1). For example, CMTI-I {Cucurbita maxima trypsin inhibitor) having 
glutamic acid residue in the position 9 inhibits factor Xlla (a proteinase initiating the 
blood coagulation cascade ) over 60-fold weaker than inhibitor CMTI-IIl in which 
lysin residue occupies this position. On the other hand, the presence of arginin residue 
in position 5 of CMTI-III evokes almost a 1000 fold increase of its activity against 
kallikrein as compare to CPTI-II {Cucurbita pepo trypsin inhibitor) which has lysin in 
that position. It is worth noting that in spite of great differences in activity against 
factor Xlla or kallikrein all these three inhibitors are equally active towards bovine 
trypsin (18).

Fig. 1. Specificity of some Cucurbitaceae family trypsin isoinhibitors

CMTI - Cucurbita maxima trypsin inhibitor, CPTI - Cucurbita pepo trypsin inhibitor, Xlla - factor 
Xlla, kal. - kallikrein

K,=6x10"m'

• Xlla kal.

CMTI I RVCPRI LMECKKDSDCLAECVCLEHGYCG 5.3x10* ;

CMTI III RVCPRI LMKCKKDSDCLAECVCLEHGYCG 3.3x10* 1.3x10* { 

CPTI II RVCPKI LMKCKKDSDCLAECI CLEHGYCG 2.0x10* j

Employing either chemical synthesis or molecular techniques of mutagenesis it 
is possible to produce, in an efficient way, inhibitory mutants of desired activity. 
Replacement of Arg 5 at Pi position of the reactive site in CMTI-III for Val totally 
abolishes the antitrypsin activity, however, such a mutant gains activity against human 
leukocyte elastase (HLE) (19). Replacement Arg5Ala yields good inhibitor of 
pancreatic elastase, and ArgSPhe, as could be expected, brings about the change of the 
inhibitory specificity from antitrypsin to antichymotrypsin. Though, the activity of the 
latter mutant against chymotrypsin is rather low (Ka=10‘’M '). Replacing the several 
amino acid residues in the reactive site loop of the inhibitor (Gly2, Thr4, Phe5, Glu6, 
Tyr7, Arg8,) enabled to obtaine one of the strongest known chymotrypsin inhibitor of 

(Fig.2)(20).
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Fig. 2. Synthetic analogues of Cucurbita maxima trypsin inhibitor (CMTI III).

• K.(M-‘)

CMTI III RVCPRI LMKCKKDSDCLAECVCLEHGYCG 6.8xl0"

HLEI RVCPVI LMKCKKDSDCLAECVCLEHGYCG 6.8xl0"

ChtI RVCPFI LMKCKKDSDCLAECVCLEHGYCG 8.0x10*

ChtI RGCTFEYRKCKKDSDCLAECVCLEHGYCG 6.0xl0"

CMTI III - Cucurbita maxima trypsin inhibitor. HLEI - human leukocyte elastase inhibitor, ChtI - 
bovine chymotrypsin inhibitor, » - reactive site.

On the other hand, elongation of one of the squash inhibitors at C-terminal by 
a tetrapeptide: Pro-Tyr-Val-Gly allowed to produce a double-headed inhibitor of both 
the antitrypsin and anticarboxypeptidase A activities (21)

Producing transgenic plants of enhanced resistance to insect pests, by means of 
introducing the foreign genes encoding proteinase inhibitors of required activity and 
specificity, their harmlessness to animals and men should also be taken into 
considaration. One of the possibilities is designing inhibitors which are susceptible to 
pepsin digestion. Such inhibitors would be inactivated in stomach therefore, they would 
not affected trypsin, chymotrypsin and elastase activities. Squash inhibitors are again 
the good example (22), since under physiological conditions (pH 1.8), pepsin 
selectively hydrolyzes in these molecules a single peptide bond: Leu6-Met7 causing 
their inactivation (Fig.3).

Fig. 3. Pepsin inactivation of CMTI III.

RVCPRILMKCKKDSDCLAEECICLEHGYCG

Pepsin

RVCPRIL MKCKKDSDCLAEECICLEHGYCG

Another example of inhibitor being inactivated by pepsin is pancreatic 
secretory trypsin inhibitor (PSTI).

Consequently, inhibitors applicable in creation of transgenic plants resistant to 
insect pests should fulfill the following requirements: a) to be very strong towards 
digestive enzjmes of defined insect, b) to be highly selective to proteinases of insect 
pests of given plant species; it was foud, for example, that one of inhibitors isolated
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from rice seeds appeared to be very effective against proteinases of Meloidogyne hapla 
wherease, enzymes of other two species of the same genera M. incognita and M. 
Javanica were only slightly inhibited, and c) to be digestable by a proteinase(s) of 
animal and human origin.
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Abstract: The alcohol oxidase gene (AODl) of the methylotiophic yeast, Candida
boidinii, is efficiently expressed during the growth on methanol. Diverse heterologous genes 
(or cDNA) were expressed in C. boidinii under the control of the AODl promoter. The gene 
expression system of C. boidinii was applicable to production of useful enzymes, without 
regard to the localization of the protein, for example, cytosolic Saccharomyces cerevisiae 
adenylate kinase, secretory Rhizopus oryzae glucoamylase, and peroxisomal Penicillium 
janthinellum fructosyl amino acid oxidase.

Since the first discovery of the methylotrophic eukaryote, C. boidinii [1], 
the methylotrophic yeast has been used extensively both in academic and applied 
fields. In 1980s, the overall pathway for methanol dissimilation and assimilation 
was elucidated by purifying each enzyme responsible for Ci-metabolism, and 
some of them were found to be compartmented into single-membrane bound 
organelles, peroxisomes. As methanol is a cheep carbon source, production of 
SCP (single cell protein) attracted much attention in the early 1970s, and these 
interests resulted in the establishment of a high-cell density cultivation method. 
Several processes have also been developed with C. boidinii for the production of 
useful chemicals through unique Ci metabolic functions [2]. In 1980s, 
recombinant DNA technology expanded and invaded into this field of studies. A 
heterologous gene expression with a methylotrophic yeast now become a basic 
technology in molecular biology and for the production of pharmaceutical 
proteins. And in the last decade, the mechanism of peroxisome assembly and 
protein sorting has begun emerge at molecular level using these methylotrophic 
yeasts as model organisms (Subramani). These studies have medical importance 
in connection to the human peroxisomal genetic disorder (e.g. Zellweger 
syndrome).

Here we summarize our recent studies with the methylotrophic yeast, C. 
boidinii, based on a concept "application of cellular functions to produce useful 
enzymes". These cellular functions include 1) metabolism, 2) gene expression, 
and 3) posttranslational processes, e.g. organelle assembly and protein 
translocation.

Methanol metabolism of yeasts
Methanol is oxidized to formaldehyde by alcohol oxidase, and hydrogen 

peroxide formed in this reaction is scavenged by catalase. Formaldehyde is fixed 
with xylulose 5-phosphate by dihydroxyacetone synthase, leading to form 
glyceraldehyde 3-phosphate and dihydroxyacetone, which is phosphorylated by
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dihydroxyacetone kinase to dihydroxyacetone phosphate. Both glyceraldehyde 3- 
phosphate and dihydroxyacetone phosphate are condensed to fructose 1,6- 
bisphosphate by an aldolase, then introduced to synthesis of the cell-constituents. 
The methanol oxidation and formaldehyde fixation take place in the peroxisome. 
Further oxidation of formaldehyde to CO2 occurred in the cytosol, where two 
steps of NAD-linked dehydrogenations catalyzed by formaldehyde and formate 
dehydrogenases provide energy for the growth.

Gene expression system using C. boidinii AODl promoter
The yeast gene expression system of C. boidinii is considered 

advantageous in the following respects:
1) The yeast is easy to handle and to scale up to an industrial scale.
2) Eucaryotic intracellular structures of the yeast are suitable for folding, 
modification and secretion of proteins from higher organisms.
3) Methylotrophic yeasts have strong promoters such as promoter of alcohol 
oxidase gene {AODl), and this permits a high-level expression from a stable 
expression cassette on chromosome.
4) C. boidinii is well suited for high-cell density culture.
5) As methanol is a cheep substrate, low cost for cultivation and induction can 
be achieved.
6) When glycerol and methanol are used for growing and inducing substrates, 
one step fermentation can be performed.
7) One step gene disruption system can easily be constructed a desirable 
mutant for protein production.
8) Peroxisome is greatly induced with methanol in C. boidinii. Peroxisome is 
an attractive organelle "to pack" a heterologous proteins produced. In the 
organelle, proteins are protected from the degradation by cytosolic protease.

There are some demerits of this expression system; such as the deference in 
glycosylation of secretory proteins between the yeast and animal cells, and no 
information on classical genetics have been accumulated.

An expression vector pNotel for C. boidinii, which was constructed from 
pUC18, has the URA3 gene as the selection maricer, and the Not 1 site between the 
C. boidinii AOD7-promoter and terminator sequences [3]. This vector was 
designed to be integrated into the URA3 locus at a unique restriction site on the C. 
boidinii URA3 gene. A desirable gene is introduced into Not I site of pNotel by 
blunt-end ligation, and is efficiently expressed during the growth on methanol 
but repressed on glucose or ethanol. Heterologous gene expression in C. boidinii 
used the AODl-promoter was investigated. Our system is the third example of the 
expression system under the promoter of alcohol oxidase gene, the precedents 
being the systems of Pichia pastoris and Hansenula polymorpha . Among them, 
our system is characterized by the high cell-density cultivation through 
simultaneous use of two carbon sources, glycerol and methanol. Two examples of 
our results of gene expression are shown as follows.
1) Saccharomyces cerevisiae adenylate kinase[3,4]: Adenylate kinase gene was 
expressed in C. boidinii. Methanol-induced transformants has 10,000-fold 
enhanced levels of adenylate kinase activity which was found in the cytosol, and 
produced 23-fold more ATP from adenosine when compared to the parent strain 
of C. boidinii. In a pH controlled reaction system with successive adenosine­
feeding, the ATP concentration in the reaction mixture reached 117 gAiter over 45 
h.
2) Rhizopus oryzae glucoamylase [5]: Using R. oryzae glucoamylase (Glucl) as 
a target protein for industrial production, we studies this issue using C. boidinii as

66



an expression host. cDNA of Glucl was inserted into the Not I site of pNotel. A 
transformant integrated with a single-copy expression cassette to the chromosome 
produced the enzyme into the medium to a high amount when the cells were 
grown on methanol plus glycerol as carbon source. The transformant C. boidinii 
cells were grown up to ca. 95 g dry cell weight/liter medium, and the concentration 
of glucoamylase in the medium reached 3.4 g/liter. This showed that the signal 
sequence from the enzyme functioned very effective in C. boidinii. The 
production of C. boidinii was efficiently achieved with glycerol and methanol as 
carbon sources where both growth and expression were rapid and strong as is the 
case for H. polymorpha. This enable us to minimize the cultivation time required 
to achieve high cell density to attain a high yield. In P. pastoris, glycerol or 
glucose could not be added to the methanol-induced expression. R. oryzae Glucl 
cDNA was expressed in 5. cerevisiae only at ca 300 m^iter medium. Since the 
third letter in the preferred codon on C. boidinii is A or T. R. oryzae Glucl has 
AT-preferred codon usage, C. boidinii may be the more suitable host for the 
production of this enzyme. To our knowledge, this productivity is of the highest 
value among previously reported secretory enzyme production systems using the 
yeast system as an expression host.

Posttrasrational processes involved in the expression of peroxisomal enzyme 
activity

Recently, molecular bases for peroxisomal protein transport began to 
appear with the use of yeast genetics. Methylotrophic yeasts, P. pastoris, H. 
polymorpha, and C. boidinii, are currently used as model system in there 
peroxisomal studies because of their ability to proliferate massive peroxisomes. 
Since peroxisomes of C. boidinii can metabolize fatty acids, D-amino acids as well 
as methanol, proliferation of peroxisome in the yeast are easily switched on and 
off by carbon sources. Therefore, C. boidinii should support an understanding of 
the mechanism of peroxisome assembly at the molecular level, an essential process 
for the metabolism of various substrates [6-8].

Intracellular production of enzyme protein is the basic technology to 
prepare biocatalytic cells for production of useful chemicals and to produce 
useful enzyme at large scale. Under highly methanol-induced conditions, much 
portion of intracellular volume (up to 80%) is occupied by peroxisomes. From a 
biotechnological point of view, peroxisome is an attractive organelle "to pack" the 
produced heterologous proteins where they are protected from the degradation by 
cytosolic proteases. Most peroxisome matrix proteins are destined for peroxisome 
by a 3-amino acid sequence, -SKL and its derivatives (Peroxisomal Targeting 
Signal 1: PTSl), located at an extreme carboxyl end. And so, an enzyme protein 
can be easily targeted to peroxisome just by adding 3 amino acids at C-terminus, 
when the addition does not affect its activity.

Characterization of FAOD found in diverse fungi
Reducing sugars such as glucose attach to the amino groups of proteins by 

forming Shiffs bases. Subsequently, the adduct undergoes Amadori 
rearrangement to form a stable ketoamine product. The non enzymatic reaction is 
called glycation, in order to distinguish it from the enzymatic glycosylation of 
proteins. In diabetic patients whose blood glucose levels are high, the glycation of 
blood proteins, e.g. hemoglobin and albumin, is enhanced. The amounts of these 
glycated proteins reflect the level of blood glucose in periods corresponding to 
Uie half-life of the protein (14-20 days for albumin and 1-3 months for 
hemoglobin). The prevalent methods used for the determination of glycated
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proteins in serum are high-performance liquid chromatography and the 
fructosamine methods. The specificities of these methods are relatively low and/or 
the assays are somewhat tedious when examining a great number of samples. To 
overcome these demerits, we are developing a new enzyme method which is highly 
specific and easy to conduct. The most commonly glycated site of albumin is the 
e-amino group of lysine residue, and that of hemoglobin Ajc is the N-terminal
valine. Therefore, N^-fructosyl A/“-benzyloxycarbonyl-lysine [Z-Lys(Fru)] and 
/V-fructosyl valine [Fru-Val] are taken to be model compounds of glycated 
albumin and glycated hemoglobin, respectively.

We have successfully used these model compounds for the screening of 
microorganisms which produced fructosyl amino acid oxidase (FAOD) [9-12]. 
FAODs from Aspergillus terreus, Fusarium oxysporum, Gibberella fujikuroi, and 
Penicillium janthinellum were purified and characterized.

Z-Lys (Fru) + O2 + H2O = Z-Lys + Glucosone -1- H2O2 
The equation indicates the reaction catalyzed by FAOD, when [Z-Lys(Fru)] was 
used as the substrate. The enzyme activity is measured spectrophotometrically 
with peroxidase-coupled reaction system and also applicable to the determination 
of the amount of substrate added. The FAODs from A. terreus, F. oxysporum and
G. fujikuroi showed high activities toward Z-Lys(Fru), and one from P. 
janthinellum exhibited high activities toward Fru-Val. The former enzymes are 
expected to be applicable in the enzymatic measurement of glycated albumin, and 
the latter for enzymatic measurement of hemoglobin Aic. Glycated albumin 
could be determined by the use of A. terreus FAOD. Since the enzyme was 
unable to use whole glycated albumin, a protease-digestion was needed prior to 
application of FAOD reaction. A linear relationships between the concentration 
(or glycation rate) of glycated human serum albumin and the absorbance after the 
reaction with FAOD.

cDNA coding for FAODs were cloned from cDNA libraries of A. terreus 
and P. janthinellum. The coding region for both fungal FAODs consisted 1314 
bp encoding 437 amino acids. Between the sequences of the two enzymes, 35% 
of the amino acid identity and 60% of the similarity were found. When the amino 
acid sequences were compared with those of other proteins using the FASTA and 
BLAST programs, there was no protein for which the amino acid sequence showed 
remarkable similarity to that of either of the FAODs. However, the sequence of a 
dinucleotide-binding motif, GXGXXG, was in the deduced N-terminal region and 
the regions close to the C-terminus were found to show a striking similarity to the 
amino acid sequences of several bacterial sarcosine oxidase. The region contained 
a cysteine residue, that was predicted to be the active site of sarcosine oxidase on 
site-directed mutagenesis. This same region of FAOD was expected to be involved 
in the enzyme reaction. Sarcosine oxidase catalyzes the oxidative cleavage of 
secondary alkyl amine linkage. Although neither of the FAODs was active toward 
sarcosine, the reaction catalyzed by FAOD was similar at the point of the oxidative 
cleavage at the C-N bond. The tripeptide sequence at C-terminus was SKL for A. 
terreus and AKL for P. janthinellum. Both of these sequences belong to PTS1 
necessary for peroxisomal protein import. Both FAOD cDNAs were expressed in 
an active form in E. coli, and each recombinant FAOD had indistinguishable 
enzymatic and physicochemical properties (molecular mass, N-terminal amino 
acid sequence, and substrate specificity) from each fungal FAOD. The FAOD 
activities in the cell-free extract of each E. coli transformants was almost same 
level (0.16 units/mg) as in its original host of fungus. In order to use FAOD for 
diagnostic analysis of glycated proteins, the much higher productivity is required.

68



Therefore, we have attempted to express FAOD genes in C. boidinii. This 
becomes the first example of heterologous protein production, which is 
exclusively accumulated in the peroxisome.

High-level accumulation of P. janthinellum FAOD in peroxisome of C. boidinii
Localization of foreign proteins are able to be packed into peroxisomes of 

C. boidinii by the use of PTSl pathway for protein targeting into the organelle, 
which is highly induced with methanol. As mentioned above, the peroxisome is 
still occupied with alcohol oxidase, whose prosthetic group is FAD. When FAOD 
is highly expressed, FAOD and AOD become to competed with each other for 
FAD. in order to prevent the FAD-deficient, we constructed AODl disruptant 
{AODl A) by the one-step gene disruption vector. The strain AODl A impair the 
grown on methanol but not on other carbon sources. The ability for enzyme 
induction with methanol in AODl A was same as that in the parent strain. From the 
nucleotide sequence, the third letter in the preferred codon of FAOD cDNA of P. 
janthinellum is found to be G or C, while that of C. boidinii is A or T. On the 
basis of the findings, DNA corresponding to the FAOD cDNA was synthesized by 
the used of AT-preferred codons, and inserted into the expression vector, pNotel.

When FAOD cDNA was used, the transformant of the parent strain, C. 
boidinii TK62, produced FAOD at the same level of the original fungus cells 
(0.79 units/mg protein). The productivity was increased 2.6- and 7.5-fold by the 
application of synthetic DNA and AODl A as the host strain, respectively. 
Furthemiore, in the transformant of AODl A in which 5 copies of the expression 
cassette were integrated in the chromosome, FAOD activity was 30 times higher 
than that of the transformant (TK62) with the cDNA. Localization of FAOD 
expressed in each transformant was investigated by sucrose gradient fractionation 
of the cell-free extracts. In every transformant, FAOD was found in the 
peroxisome fraction.

Conclusion: The strong and inducible gene expression system of C. boidinii can 
be directly applied for the production of useful proteins. When the molecular 
breeding system is coupled with gene expression, the yeast can be considered a 
novel bioconversion system. In other words, intracellular overexpression means 
amplification of the reaction involved in bioconversion, and by-product 
formations can be eliminated by the disruption of the specific gene. Using the 
yeast cells, we will be able to "optimize" the localization of foreign protein or to 
pack foreign proteins into peroxisome. On the basis of our results, we are 
proposing a new technological concept for gene expression, "sorting 
engineering", that means a heterologous protein is allow to accumulation in a 
specific organelle of the yeast through the molecular mechanism of the cellular 
function. The produced enzyme is able to maintained at stable state in the yeast 
cell by the use of this technique, and this makes possible for large scale 
production of useful protein and construction of high performance biocatalyst for 
production of useful chemicals.
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PATHOGENESIS - RELATED PROTEIN GENES 
STRUCTURE AND EXPRESSION

Michał M. Sikorski, Andrzej B. Legocki

Institute of Bioorganic Chemistry, Polish Academy of Sciences 
Poznań, Poland

Abstract:
Two homologous acidic polypeptides of M, 17000 which are constitutively expressed in roots of 
yellow lupin were identified. The amino acid composition of these proteins and chemical properties 
classified them as intracellular pathogenesis-related proteins of PR 10 class. Our data on protein 
and DNA level indicate that their expression is susceptible to regulation during symbiotic nitrogen 
fixation.

Plant Response to Stress
Terrestrial plants have evolved an extraordinary genomic and metabolic plastic­

ity enabling them to survive in different environmental stress conditions. The com­
monly encountered plant stresses are; pathogen invasion, mechanical damage 
(wounding) and chemical pollutants.

In response to stress, plants induce a number of defence reactions. The overall 
plant defence mechanism involves the expression of transcriptionally activated de­
fence genes. The protein products of these genes are involved in the synthesis of 
phytoalexins (enzymes of phenylpropanoid metabolism), reinforcement of cell walls 
by deposition of polysaccharides (callose), lignin, structural proteins 
(hydroxyproline-rich proteins, glycoproteins), accumulation of hydrolytic enzymes 
((3-1,3-glucanases and chitinases), proteinase inhibitors and intracellular pathogene­
sis-related proteins (IPRs) of PR 10 class.

Intracellular pathogenesis-related proteins have been shown to be ubiquitous in 
the plant kingdom (Walter et al., 1990). They are structurally related to tree-pollen 
allergens and to major food allergens from celery and apple (Breiteneder et al., 1989; 
Vanek-Krebitz et al., 1995). Although the exact cellular localisation of PRIO proteins 
has not been determined, the absence of apparent signal peptides and the identity of 
cDNA-predicted amino acid sequences to those obtained from protein sequencing 
classify them as cytosolic proteins (Walter et al., 1990; Awade et al., 1991). It was 
reported by several laboratories that PRIO proteins accumulate around the sites of 
pathogen invasion or wounding (Warner et al., 1994; Pinto & Ricardo, 1995; Breda 
et al., 1996).

There are suggestions that PRIO proteins play an important function in the plant 
development. They have been identified in seeds (Warner et al., 1994), developing
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roots, senescent leaves (Crowell et al., 1992) and senescent nodules (Sikorski et al., 
1989, 1996; Legocki et al., 1997), stems (Warner et al., 1994) and different parts of 
flowers (Breiteneder et al., 1989; Constabel & Brisson, 1995). It has recently been 
shown that birch pollen allergen Bet v 1 belonging to the PRIO protein class revealed 
RNAse activity in vitro (Bufe et al., 1996; Swoboda et al., 1996). On the basis of a 
high amino acid sequence homology and similarity of expression pattern to ginseng 
ribonuclease, their ribonuclease activity in the defence reaction was suggested 
(Moiseyev et al., 1994). Due to their structural similarity, PRIO proteins have been 
classified as ribonuclease-like PR proteins (Van Loon et al., 1994). Recently, the X- 
ray and NMR structure of birch pollen allergen Bet v 1 was determined (Gajhede et 
al., 1996). Proteins of PRIO class have been found in both dicotyledonous and mono- 
cotyledonous plants. It may suggest that they evolved from a common ancestor and 
posses similar functions.

Genes encoding Lupinus luteus PRIO proteins

We have identified in yellow lupine two homologous proteins of PRIO class - 
L/PRIO.IA (156 amino acids, Mr 16859) and L/PRIO.IB (156 amino acids, Mr 
16655) (Sikorski et al. 1989, Legocki et al. 1997). The corresponding full-length 
cDNA clones encoding these proteins were selected from lupine cDNA expression 
library (in XR UNI-ZAP vector) based on poly A* RNA of non infected plant roots 
(Sikorski et al. 1996). The predicted amino acid sequences of the two protein 
homologues exhibit 76% identity (90% similarity) indicating that genes encoding 
these proteins belong to a multigene family. The entire genomic clones LlYprlO.Ia 
and LlYprlO.lb were purified from EMBL3-phage genomic library, using homolo­
gous cDNA probe fragments. Fig. 1 shows structure and organization of genomic 
clones LlYprlO.Ia and LlYprlO.lb encoding lupin PRIO proteins. They are composed 
of two exons interrupted by one intron. The alignment of the amino acid sequences of 
both lupin PRIO proteins is shown in Fig. 2.
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Fig.l. Structure and organization of genomic clones LlYprlO.Ia and LlYprlO.lb 
encoding PRIO proteins from yellow lupin.
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L1R18A MQIFAFENEQSSLVAPAKLYKALTKDSDEIVPKVIEPIQNVEIVEGNGGP 50 
L1R18B MGVFAFEDEHPSAVAQAKLFKALTKDSDDiiPlwiEQiQSVEivEGNGGP 50 

L1R18A GTIKKIlAIHDGHTSFVLHKLDAIDEANLTYWYSIIGGEGLDESLEKISY 100 
L1R18B GTVKKiiASHGGHTSWLHKiDAioEASFEwiiivGGTGLDESLEKiTF 100 

L1R18A ESKILPGPDGGSIGKINVKFHTKGDVLSETVRDQAKFKGLGLFKAIEGYV 150 
L1R18B ESKLLSGPDGGSiGKiKVKFHTKGDVLSDAVREEAKARGTGLFKAVEGW 150 

L1R18A LAHPDY 156
L1R18B LANPŃY 156

Fig.2. Amino acid sequence comparison of Z,/PR10.1 A and i/PRlO.lB proteins 
(76% identity, 90% similarity)

Northern hybridization analysis of Lupinus luteus PRIO mRNA transcripts
It was shown by Northern hybridization, that the genes coding for LIPRIO pro­

teins are constitutively expressed in roots of uninoculated plant and their expression 
is down-regulated during the nodule development after lupin plant is inoculated with 
symbiotic bacteria - Bradyrhizobium, sp. (lupini). The expression pattern of 
LIPRIO.IA gene is shown in Fig. 3. The transcription regulation of Z/PRIO.IB gene 
expression is similar.

The transcripts of both lupine genes were also detected in mature leaves after 
infiltration with pathogenic bacteria (Sikorski, unpublished). These results implied 
that both lupine PRIO protein homologues are involved in a more general plant de­
velopmental program as well as in the defence mechanism.

roots of uninoculated plants 
DS 6h 1 2 3 9 15 22 30

roots and nodules of Inoculated plants 
3 6 9 12 15 19 22 26 30 days

nodule
epidennis

Control pattern 
of Lb II 
expression

Fig. 3. Northern hybridization analysis of mRNA transcripts encoding LIPRIO.IA
protein.
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Analysis of LlYprlO.Ia promoter in transgenic plants
In order to study the organ specific expression of lupine PRIO genes, we have 

made a fusions consisting EcoRVHindlW promoter part of YprlO.la or YprlO.lb 
genes (-2088/+18 fragment with TATA-box at the position -32/-25) and gus/int gene, 
using a binary plasmid pPR97 (Szabados et al., 1995). These vectors were used for 
Agrobacterium-mećńateći transformations of L. corniculatus. Preliminary results indi­
cate that promoters of both lupin PR-type genes direct the expression of the reporter 
gene in the tissue-specific manner (Sikorski et al. unpublished).

Expression of PRIO proteins in pathogenic and symbiotic interactions
Despite the numerous similarities between pathogenic and symbiotic modes of 

infection and considering the fact that elements of the molecular recognition might be 
common in both cases almost all plants exhibit the ability to distinguish between 
pathogenic and symbiotic interactions. It has recently been suggested, that many 
aspects of legume root nodulation mechanism can be explained by a simple model 
based on the known plant defence reactions (Mellor and Collinge, 1995). The ques­
tion whether an active suppression of plant defence by the invading microsymbiont is 
a general requirement for the establishment of symbiosis still needs further elucida­
tions.
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STRUCTURAL BASIS FOR RESTRICTED SUBSTRATE 
SPECIFICITY AND HIGH CATALYTIC POTENCY OF A 

LYSYLENDOPEPTIDASE,/lC///?OA/Ofi/4Cr£;/? PROTEASE I
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Kentaro Shiraki, Naruto Katsuragi, Takeharu Masaki’”, Yukiteru 

Katsube, Yasuyuki Kitagawa and Kazumichi Sashi
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Abstract: Achromobacter protease I (API) is a trypsin-type serine protease with a low degree 

of sequence similarity to bovine trypsin. API exhibits the restricted substrate specificity for 

lysine and holds a higher lysylendopeptidase activity than the mammalian enzyme. Site-directed 

mutagenesis studies and crystallographic analysis revealed that Asp 225 in a shallow Sl-pocket 

is responsible for the lysine specificity and the aromatic-aromatic interaction between Trp 169 

and His 210 locating close to Asp 113, a constituent of catalytic triad, is closely associated 

with the enhanced catalytic potency of API.

API, an extracellular serine protease of a gram-negative soil bacterium, 
Achromobacter lyticus, was isolated by Masaki et al.(l,2). The protease consists 
of a single polypeptide chain of 268 residues with three disulfide bonds 
including two novel ones (Fig.l). Although amino acid sequence homology 
between API and bovine trypsin is as low as 20%, key constituents for catalytic 
triad (His 57, Asp 113 and Ser 194) and substrate binding subsites SI, S2 and 
S3 (His 210, Gly 211 and Gly 212, respectively) were predicted and the 
bacterial enzyme was classified as a member of the trypsin family (3) (Fig.l). 
API holds four characteristics distinct from bovine trypsin; 1) restricted substrate 
specificity for lysine, 2) several times higher activity than trypsin,3) a broad 
optimal pH range (pH 8.5-10.5) and 4) stability against urea and SDS (4). 
Based on a comparison of the primary structure for API and trypsin, it has 
been thought that Glu 190 or Asp 225 is a candidate amino acid for primarily 
determining lysine specificity and His 210 is possibly associated with a higher
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enzyme activity than that of trypsin. Then we have begun studies to dissect 
structural features for these particular properties of API. This paper describes 
the result of our recent investigations on the structural basis for lysine specificity

10 20 30

API
Trypsin

40

GVSGSCNIDWCPEGDGRRDIIRAVGAYSKSGTLA
IVGGYTCGANTVPYQVSLN—SGYHF

50 60 70

CTGSLVNNTANNRKMYFLTAHHCGMGTASTAASIWYWNYQNST
CGGSLIN----- SQWWSAAHCYKSGIQVRL-GEDNINWEGN

(57)
80 90 100 110 * 120

CRAPNTPASGANGDGSMGQTQSGSTVKATYATSDFTLLELNNAA 
ss s ••• ••••••

E—QFISASKSIVHPSY-- NSNTL------NNDIMLIKLKSAA
(102)

130 140 150

N-------- PAFNLFWAGWDRRDQN-YPGAIAIHHPNVAEKRI
SLNSRVASISLPTSCASAGTQLISGWGNTKSSGTSYPDVLKCLK

160 170 180 190 * 200

SNSTSPTSFV-AWGGGAGTTHLNVQWQPSGGVTEPGSSGSPIYS
• *** • ••••• •• • •••••••

APILSNSSCKSAYPGQITSNMFCAGYLEGGKDSCQGDSGGPWC
(189) (195)

210 220 230 240

PEKRVLGQLHGGPSSCSATGTNRSDQYGRV—FTSWTGGGAAAS
• • ••• • •• •• •• •• ••• •• ••• ••• •

SGK-LQGIVSWG-SGCAQK—NKPGVYTKVCNYVSWIKQTIASN
(214-216)

250 260 268

RLSDWLDPASTGAQFIDGLDSGGGTP

Fig.l. Amino acid sequences of API and bovine trypsin. Numbers in italics for 
trypsin are based on chymotrypsinogen numbering. Constituent amino acids 
of catalytic triad are marked (asterisks). Disulfide bonds are present at Cys 
6-Cys 216, Cys 12-Cys 80 and Cys 36-Cys 58 in API.

and high catalytic potency by site-directed mutagenesis experiments and 
crystallographic analysis.

Asp 225 is essential for the lysine specificity and high activity of API
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To identify the acidic residue to which the lysine substrate binds, Glu 
190 and Asp 225 were individually replaced by other amino acids using site- 
directed mutagenesis. All Glu 190 mutants tested retained the lysylendo­
peptidase activity (5). However, the Asp 225-»-Glu mutant was a sole active 
enzyme secreted to the periplasm. Since API is synthesized as an inactive 
preproprotein of 653 residues and activated by subsequent selective hydrolysis 
of a single peptide bond, the Lys -1-Gly 1 bond (6), the proprotein can not be 
converted to the active form unless the processed protein is active. The Asp 
225 mutants having no negative charge at position 225 were synthesized as 
inactive precursor proteins, but could not be activated, showing that their 
putative mature proteins are inactive. Even the Asp225^Glu mutant was 
much less active than the wild-type enzyme. These results suggested that Asp 
225 serves as the negative charge that binds the lysine side chain and is 
essential for highly active API.

Three dimensional structure, active site and TLCK-API

The three dimensional structure was solved at 1.2 A resolution for 
API crystals obtained at pH 8.0. The main chain folds to a tertiary structure 
similar to that of trypsin though similarity is low at the primary structure level. 
Two domains (Gly 1-Phe 127 and Arg 137-Ala 255) are formed and Asn 
128-Arg 136 constitutes an anti-parallel 3 -structure with Gin 256 - Ser 263, 
possibly stabilizing the two domain structure. As expected, an ion-pair 
corresponding to the He (16) - Asp (194) pair of trypsin is absent and instead 
the Cys 6-Cys 216 bond bridges the N-terminus to the active-site region. The 
a -amino group of Gly 1 is fixed by hydrogen bonding to Tyr 75, Asn 91 and 
Glu 154. The main chain folding of the active site is quite similar for API and 
trypsin so as to be roughly superimposed. The remarkable difference is the 
position of a negative charge in the Sl-pocket: in API, Asp 225 is located at a
1.5 A shorter position from the Ser 194 hydroxyl group when compared with 
Asp (189) in trypsin. Accordingly, it is difficult for the arginine side chain to 
reside in such a shallow Sl-pocket of API. This is a major cause for restricting 
the substrate specificity of the enzyme to lysine. Another structure distinct 
from the Sl-pocket of trypsin is the presence of a hydrogen bond network 
involving one bound water molecule (W420) fixed by several hydrogen bonds. 
Amino acid residues involved in the network are Asp 225, Ser 214, Thr 189
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and Trp 182, costitutents of the bottom part of the Sl-pocket (Fig.2).
Outside the Sl-pocket, the arrangement of aromatic rings is also different 

from that found for most members of trypsin family. The most remarkable is 
an imidazole-indole stack near Asp 113, a member of catalytic triad. The role 
of this aromatic-aromatic interaction will be discussed later.

(a) (b)

Thrl89 (Asp225^

Fig.2. Schematic representation of a hydrogen bond network in the bottom part 

of API (a) and TLCK-API (b). Hydrogen bond distance is noted ( A )■

To obtain information concerning the detail of the lysine-aspartic 
interaction in the bound lysine substrate, the TLCK-API complex was prepared 
and its crystal structure was solved at 2.8 A resolution. The tertiary structure 
of API in the complex was identical with that of the unmodified enzyme 
except for the active site region where TLCK is covalently bound to His 57. 
As expected, the side chain of lysine in the inhibitor is situated in the Sl-pocket 
and its e -amino group locates close to Asp 225 carboxyl by occupying the 
position that W420 was present in the free enzyme. Namely, the e -amino 
nitrogen firmly binds to the Sl-pocket by both electrostatic interaction with 
Asp 225 and integration into the hydrogen network in place of W420 (Fig.2). 
Atoms of the bound lysine side chain thus filled the Sl-pocket and no space 
exists for the binding of additional atoms. It is impossible for the arginine side 
chain to be accepted in the Sl-pocket in the same manner. It appears that the 
Sl-pocket of API can accept the side chain of lysine at the best position for
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the efficient hydrolysis of its peptide bond at the C-terminal side, implying 
that API is a particular endopeptidase specific for the lysyl peptide bond. 
Since the binding of a substrate molecule determines not only substrate 
specificity but also orientation of the scissile bond toward the catalytic serine 
hydroxyl group, the binding mechanism as described here may constitute a 
key factor for substrate binding by which API can act as a powerful 
lysylendopeptidase.

High peptidase activity and Asp 113-His 210-Trp 169 triad

Subsite mapping analysis (7) and amino acid sequence alignment 
suggested that API has three substrate binding subsites, S1,S2 and S3, composed 
of His 210, Gly 211 and Gly 212. The presence of histidine at subsite SI is 
novel and possible contribution to the enhanced peptidase activity of API has 
been proposed (3). As mentioned earlier, crystallographic analysis revealed 
that the imidazole ring of His 210 locates close to the carboxylate of Asp 113 
at one side of ring surface and another side faces the surface of the indole ring 
of Trp 169 to form a stacked structure of two aromatic rings (Fig.3). Distance 
to either the putative surface composed of the 3-carboxylate ofAspll3or

(a) (b) Gly212

Serl95 T Aspl02
His57

® carbon

O nitrogen
© oxygen

Seri 94
Aspll3

His57

Fig.3. Aromatic rings in the active site of API (a) and bovine trypsin (b).
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the Trp 169 indole ring is around 3.5 A. So far, this type of interaction 
involving the Asp-His-Trp triad in the active site has not been reported for 
serine proteases.

Since the Asp 113-His 210-Trp 169 interaction was thought to contribute 
to the enhancement of peptidase activity. His 210 and Trp 169 mutants were 
prepared and their catalytic potency was examined. It was shown that removal 
of the imidazole ring from His 210 affected both and k^,. The effect of 
mutation on the enzyme activity differed depending on the nature of substrate: 
a hydrophobic tripeptide substrate (Boc-Val-Leu-Lys-MCA) was almost 
insensitive to the loss of the imidazole. In contrast, the substitution of Trp 169 
for non-aromatic residues led to a significant decrease in the enzyme activity 
even for the hydrophobic tripeptide substrate. These results suggest that His 
210 plays a dual role in the functionality of the active site. One role is to act 
as a subsite SI that binds the main chain part of a lysine substrate at subsite PI 
to properly orient the scissile bond. Another one is to participate in cooperation 
of the substrate binding site with the catalytic site through the interaction with 
Asp 113. By shielding the imidazole ring from surrounding water molecules, 
Trp 169 is likely to play a critical role in the stabilization and/or maintenance 
of this His 210-Asp 113 pair to potentiate the function of the active site. It 
appears reasonable that API is a new type of highly active, lysine-specific 
serine protease which has a catalytic quadruplet (Ser 194-His 57-Asp 113-His 
210) and a built-in potentiator (Trp 169) for the quadruplet.

References

1) T.Masaki, M.Tanabe, KNakamura and M.Soejima, Biochim.Biophys. Acta, 660, 44-50 
(1981)

2) T.Masaki, T.Fujihashi, K.Nakamura and M.Soejima, Biochim.Biophys. Acta, 660, 51-55 
(1981)

3) S.Tsunasawa, T.Masaki, M.Hirose, M.Soejima and F.Sak\yaim,J.Biol.Chem., 264,3832- 
3839(1989)

4) F.Sakiyama and T.Masaki, Methods in Enzymology, 244,126-137 (1994)
5) S.Norioka, S.Ohta, T.Ohara, S-I. Lim and E.SaViyama, J.Biol.Chem., 269, 17025-17029 

(1994)
6) T.Ohara, KMakino, H.Shinagawa, A.Nakata, S.Norioka and F.Sakiyama, J.Biol.Chem., 

264, 20625-20631 (1989)
7) F.Sakiyama, M.Suzuki, A.Yamamoto, I.Aimoto, S.Norioka, T.Masaki and M.Soejima, 

J.Protein Chem., 9, 297-298(1990)

84



MODELLING ENZYME ACTION

Clare E. Sansom'-^ and Mariusz Jaskólski'*^

' Center for Biocrystallographic Research, Polish Academy of Sciences, Poznań, Poland 
^ Department of Crystallography, Birkbeck College, University of London, UK 

^ Department of Crystallography, Adam Mickiewicz University, Poznań, Poland

The term “molecular modelling” is generically applied to any use of computers to model the 
structure, properties, function and interaction of molecules. It can be conveniently divided into 
molecular simulation which describes the properties of molecules, such as energy and geometry, 
in mathematical terms, molecular visualisation which uses advanced graphics, and various 
analytical techniques. These techniques are increasingly being applied to physiologically 
important molecular systems - typically proteins complexed with ligands or with DNA - as a part 
of rational, or structure-assisted, drug design. As the second of those terms implies, molecular 
modelling is dependent on accurate and detailed knowledge of molecular structures, most often 
obtained using X-ray crystallography. The first X-ray structure of a protein - myoglobin - was 
solved by John Kendrew in 1957 [1]. The next thirty years produced no more than a few hundred 
protein structures. However, the number of available macromolecular structures is now growing 
very rapidly: the October 1997 version of the Protein DataBank [2] contains 6514 total entries, 
of which 6015 are structures of proteins or of protein - nucleic acid complexes. The proportion 
of those structures which were obtained using nuclear magnetic resonance is growing and is now 
over 15%. In this introductory paper we show, using two case histories, how one molecular simu­
lation technique, molecular mechanics, is applied to the study of enzymes and their interactions 
with substrates and inhibitors.

MOLECULAR MECHANICS

Molecular mechanics is probably the most widely used molecular simulation technique. It is 
entirely based on classical Newtonian mechanics. A molecule is represented as a number of 
“weights” (i.e. atomic centres) connected by “springs” (i.e. bonds). The potential energy of the 
molecule in a particular conformation is calculated using a simple, empirically-defined, mathema­
tical ftmction termed a force field. Force fields typically contain terms representing deviations 
from ideal bond lengths, bond angles and torsion angles, as well as those representing Van der 
Waals and electrostatic interactions between non-bonded atoms. Different parameters are em­
ployed to represent atoms in different chemical environments: for example, carbon atoms in 
aromatic hydrocarbons, in aliphatic hydrocarbons and in carbonyl groups. The force field is made 
up of the energy equation and the parameters representing each atom type. Some force fields have 
been developed for use with specific classes of molecules: most typically, proteins or nucleic acids.

The potential energy of a molecule is a function of the conformation of the molecule. Altering 
the conformation to give the lowest energy, as defined by the force field, is termed energy mini­
misation or geometry optimisation. This should result in a conformation close to a real physical 
structure. However, application of this technique will only determine a low-energy conformation
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close to the particular starting conformation, which is not necessarily (and, in practice, will very 
rarely be close to) the global energy minimum. One way of exploring larger regions of 
conformational space is using molecular dynamics, or simulated molecular motion. Atoms are 
initially assigned random velocities and the dynamic trajectory of the molecule is calculated from 
the forces on the individual atoms. Both molecular mechanics and molecular dynamics techniques 
are often applied to the simulation of complexes between enzymes and substrates or inhibitors.

Enzymes are divided into six classes - oxidoreductases, transferases, hydrolases, lyases, 
isomerases and ligases - according to the reaction catalysed. Hydrolases catalyse the transfer of 
a water molecule from a donor to an acceptor. The enzymes highlighted in the two case studies 
following - HIV protease and L-asparaginase - fall into this class. All proteases catalyse the 
cleavage of a peptide bond with the addition of a water molecule; asparaginases catalyse the 
hydrolysis of L-asparagine into L-aspartate and ammonia.

CASE HISTORY 1: HIV PROTEASE

HIV protease is an aspartic protease. It is inhibited by the renin inhibitor, pepstatin, and is 
most active at acid pH. The HIV protease sequence contains the triad “DTG” which is cha­
racteristic of aspartic proteases. All known non-retroviral aspartic proteases contain two such 
sequences. Crystal structures of HIV protease [3-5] confirmed the earlier prediction that it would 
form a dimer [6], and that the active site would contain the DTG triads from both monomers. A 
substrate or inhibitor molecule is bound tightly into a long, deep groove between the monomers, 
with a “flap” fi'om each monomer closed over it. Peptide-mimetic inhibitors bind in an extended 
conformation and are held in place by a network of main chain - main chain hydrogen bonds with 
die enzyme. One tetrahedrally-coordinated water molecule, known as the “structural” or “flap” 
water bridges the inhibitor and the flaps with hydrogen bonds. Three subsites to accommodate 
substrate or inhibitor side chains (SI-S3 and Sl'-S3') are well defined on each side of the scissile 
bond or its surrogate.

An early comparison of the interaction energies between HIV protease and three inhibitors 
- JG365, MVT-101 and U85548e - using energy minimisation did not find a correlation between 
the interaction energy and the binding constants [7]. However, the contribution of the “tran­
sition-state analogue” hydroxyl group, present only in JG365 and U85548e, to the total binding 
energy was consistently calculated to be approximately 1.5 kcal/mol. These calculations were 
performed using the molecular mechanics program Discover [8] (Biosym; now MSI), with the 
CVFF force field which is parametrised for amino acids and proteins.

A more detailed study of the same set of inhibitors, and comparing the Discover protocol with 
the program Brugel, was later performed in order to determine general rules for substrate and 
inhibitor binding [9]. Both protocols employed a “bulk solvent” model, with a distance-dependent 
dielectric constant, but including the “structural” water molecule explicitly. Both force fields 
included explicit parametrisation for hydrogen bonds. In the calculations using Discover, one of 
the catalytic aspartic acid residues was protonated, and a full minimisation was carried out. By 
contrast, the Brugel protocol used charge screening to simulate the electrostatic environment of 
the active site and only limited minimisation was performed to keep the simulated protease con­
formation close to that of the crystal structure. However, both these protocols emphasised the 
importance of the main chain - main chain hydrogen bonds in enzyme-inhibitor binding. These
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interactions were predicted to contribute between 56% and 68% of the total binding energy for 
all complexes and using both protocols. Thus, altering the sequences of peptide-mimetic HIV 
protease inhibitors is likely to have only a limited effect on inhibitor potency. The relative con­
tribution to the total interaction energy was calculated to be largest for the residue in subsite S2. 
A comparison of these structures with 15 other published structures of HIV protease with diffe­
rent inhibitors also revealed that the network of main chain - main chain hydrogen bonds was 
conserved in subsites S3 to S3'. Hydrogen bonds between the flexible flaps, the “structural” water 
molecule, and the inhibitors were short and very well conserved.

Since 1995, four HIV protease inhibitors have been licenced by the U.S. Food and Drug 
Administration for use as therapies against AIDS. Three of these, including Invirase, the first 
such drug to be approved, are peptide-mimetic inhibitors; molecular simulation techniques such 
as these have helped in the process of their development.

CASE STUDY 2: L-ASPARAGINASE

Two bacterial L-asparaginases - those isolated from Escherichia coli (EcA) and from Erwinia 
chrysanthemi (ErA) - are very potent anti-leukaemic agents [10]. Asparaginase treatment can be 
associated with severe side effects, which are believed to be related to their glutaminase activity
[11]. In order to be able to “engineer out” the unwanted glutaminase activity, and increase 
asparaginase affinity (which is a hallmark of therapeutic value in bacterial asparaginases), it is 
necessary to understand fully the structure and mechanism of this enzyme. The precise 
mechanism of action of these enzymes is not completely clear, although hydrolysis is known to 
proceed in two steps via a P-acyl-enzyme intermediate formed through nucleophilic attack by the 
enzyme. The residue which acts as the primary nucleophile for this reaction is still unknown.

The crystal structures of these bacterial L-asparaginases are known [12,13]. The asparaginase 
monomer has a two-domain fold. Both domains fit into the a/p class; the larger N-terminal 
domain contains an unusual left-handed P-a-P crossover similar to that found in flavodoxin, 
which forms a “cradle” for the active site. The enzyme is active as a tetramer. This tetramer 
consists of a pair of dimers, each with an extensive dimer interface: it can be described as a dimer 
of “intimate dimers”. Each “intimate dimer” contains two active sites, and each active site 
contains some residues from both monomers. The crystal structure of EcA [12] contains four 
molecules of L-aspartate (the product of the “forward” reaction, or the substrate for the “reverse” 
reaction), one bound into each active site. Two threonine residues - T12 and T89 in the E. coli 
enzyme - which are conserved throughout the L-asparaginase family, and are known to be essen­
tial for activity, lie close to the bound aspartate. These threonines are the most likely residues to 
act as the primaiy nucleophile. Removing either of these threonines by site-directed mutagenesis 
reduces asparaginase activity; removing both destroys all activity.

A molecular dynamics simulation of a single intimate dimer of E. coli L-asparaginase was 
performed in order to determine which threonine residue was more likely to act as the primary 
nucleophile. A molecule of the product, L-aspartate, was bound into each of the two equivalent 
active sites (as observed in the crystal structure). As with some of the calculations on HIV 
protease described above, the program Discover was used with the CVFF force field, and solvent 
was modelled using a distance-dependent dielectric constant. In each active site, the water 
molecule directly hydrogen-bonded to the aspartate was included in the model. After an initial
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2500 cycles of energy minimisation, 25ps of molecular dynamics simulation were carried out at 
300K, starting from the minimised structure.

During the dynamics run, as expected, most of the scaffold of the active site remained fairly 
inflexible. A loop, made up of residues 12 to 25, which forms a “cap” over the active site was 
seen to “open” and “close” over the active site cavity during the simulation. After minimisation, 
the side chain carboxylate group of each aspartate remained in close contact with the side chains 
of both T12 and T89 in the respective monomer, implying strong polar interactions. During the 
dynamics simulation, these potential aspartate-threonine hydrogen bonds were in rapid exchange, 
with each potential hydrogen bond breaking and re-forming over a timescale of a few picose­
conds. In one active site, the side chain carboxylate group remained bound to the active site threo­
nines throughout the simulation, although it was bonded to T89 for a higher percentage of the 
time than to T12. However, in the other equivalent active site the aspartate molecule “flipped 
over” during the simulation, so that the main chain carboxyl group occupied an equivalent po­
sition to the side chain carboxylate. The fact that this gross change in orientation was possible 
without a significant increase in energy indicates the relatively large size of the active site and the 
number of quasi-equivalent low energy positions that it must be possible for the substrate to 
adopt. The fact that gluatmine (with one more CH2 group than asparagine) can also act as a 
substrate of this enzyme is another indication of the large size of the active site cavity.

As the two active site threonine residues behaved in an equivalent manner throughout the 
simulation, it was not possible to determine which is more likely to act as the primary nucleophile. 
We are currently repeating these calculations using the structures of two mutant enzymes, T89V 
and T12V, to simulate the behaviour of the enzyme if either potential nucleophile is removed. In 
the recently solved crystal structure of the T89V mutant [14] the aspartate ligand was modelled 
to be covalently bound to T12 through its side chain carboxy group, in a structure which may 
resemble an acyl-enzye intermediate.
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Retroviral integrases (IN) contain two known metal-binding domains. The N-terminal 
domain includes a Zn-finger motif and has been shown to bind Zn^'*', while the central catalytic core 
domain includes a triad of acidic amino acids that bind Mn^'*' or the metal cofactors required
for enzymatic activity. The integration reaction occurs in two distinct steps; the first is a specific 
endonucleolytic cleavage step, called “processing," and the second is a polynucleotide transfer, or 
“joiping” step. Our previous results showed that the metal preference for in vitro activity of avian 
sarcoma virus (ASV) IN is Mn^'*’>Mg^''', and that a single cation of either metal is coordinated by two 
of the three critical active site residues (Asp-64 and Asp-121) in crystals of the isolated catalytic 
domain. Here, we report that Ca^'*', Zi?*, and cS'*’, can also bind in the active site of the catalytic 
domain. Furthermore, two Zn and Cd cations are bound at the active site, with ail three residues of 
the active site triad (Asp-64, Asp-121, and GIu-157) contributing to their coordination. These results 
are consistent with a two metal-mechanism for catalysis by retroviral integrases. We also show that 
Zn^'*' can serve as a cofactor for the endonucleolytic reactions catalyzed by either the full length 
protein, a derivative lacking the N-teiminal domain, or the isolated catalytic domain of ASV BN. 
However, polynucleotidyl transferase activities are severely impaired or undetectable in the presence 
of Zn^'*'. Thus, although the processing and joining steps of integrase employ a similar mechanism 
and the same active site triad, they can be clearly distinguished by their metal preferences.

The retroviral integrase (IN) is a virus-encoded enzyme that catalyzes integration 
of viral DNA into host DNA (1-3). As DNA integration is an essential step in the virus 
life cycle, IN is an important target for the design of drugs that will block the replication 
of pathogenic retroviruses such as the human immunodeficiency virus (HIV). The 
integration reaction occurs in two distinct steps. First, IN nicks the viral DNA near the 
3' ends of both strands (the “processing” reaction); it then inserts these ends into host 
target DNA (the “joining” reaction). Both reactions comprise a nucleophilic attack by an 
hydroxyl oxygen on a phosphorous atom in the DNA backbone; the hydroxyl is derived 
from a water molecule in processing, and from the newly formed 3'-OH at the end of the 
viral DNA in joining. Divalent cations, Mn^'*' or , are known to be required as 
cofactors. In vitro, the reactions are most efficient in the presence of Mn^'*', but as Mg^'*’ 
is more abundant in living cells, it is generally presumed to be the physiologically 
relevant cation.
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Retroviral integrases contain approximately 300 amino acids and are composed 
of three domains (4). The first two domains are highly conserved, and both include metal 
binding sites. The N-terminal domain (amino acids ~l-50) contains a Zn fmger-like 
motif, HHCC. Binding of Zn^"*" at this site stabilizes the structure of HIV-1 IN and 
enhances multimerization and activity (5-7). The central, catalytic domain (amino acids 
-50-200) is characterized by a triad of invariant acidic amino acids (Asp-64, Asp-121, 
and Glu-157, in ASV IN), the last two separated by 35 amino acids, comprising the 
D,D(35)E motif These three acidic residues are essential for both processing and joining 
activity, and have been proposed to bind the divalent metal cofactors during catalysis (8).

Solution of the crystal structures of the isolated catalytic core domains of HIV-1 
(9,10) and avian sarcoma virus (ASV) IN (11,12) have revealed that these retroviral 
enzymes belong to a superfamily of nucleases and polynucleotidyl transferases, all of 
which contain a cluster of conserved acidic amino acids at their presumed active sites. 
HIV-1 reverse transcriptase (RT) ribonuclease H (RNase H) domain, another member of 
this superfamily, was shown to bind two divalent cations in this site (13), prompting the 
suggestion (14) that all members of this family may use a two-metal catalytic mechanism 
like that deduced for the 3 -5' exonuclease of E. coli DNA polymerase I (15,16). We 
have shown that side chains of two of the acidic triad residues in the D,D(35)E motif in 
ASV IN also form a metal binding pocket. A single ion, Mn or Mg, is complexed to Asp- 
64 and Asp-121 when crystals of the isolated catalytic domain of ASV IN are soaked in 
metal-containing solutions (12). We hypothesized that a second metal might be bound 
between the Asp-64 and Glu-157 in the full length protein or in the presence of substrate.

Here we show that additional divalent cations can also bind in the active site of 
crystals of the isolated catalytic core domain of ASV IN. Moreover, in the case of Zn^'*' 
and Cd^'*’, two ions are complexed by side chains from all three of the acidic amino acids 
of the D,D(35)E motif (17). To investigate the significance of these observations, we 
measured enzymatic properties in the presence of these metals with the isolated catalytic 
core, full length ASV IN protein, and an N-terminal deletion derivative that lacks the Zn- 
fmger motif but retains both processing and joining activities. The results of the 
structural analysis are consistent with a two-metal reaction mechanism. The biochemical 
studies show that while Zn^"^ is a cofactor for the hydrolytic, nicking activities, it provides 
little or no detectable support for the polynucleotidyl transferase activities of IN.

Mn^'*’, M^'*' and Ci'*’ bind to a single site in ASV catalytic domain. In our 
earlier studies we soaked crystals of the isolated ASV IN catalytic domain with the two 
known divalent cation co-factors, Mn^'*' and M^'*' (12). We observed coordination of 
both cations between Asp-64 and Asp-121 of the catalytic triad, but no participation of 
its third member, Glu-157. To further investigate the possible participation of Glu-157 in 
metal binding, we carried out a systematic analysis encompassing a variety of divalent 
cations and a wider range of concentrations.

Crystals of the catalytic domain of ASV IN (amino acids 52-207) were soaked in 
2 mM to 500 mM solutions of five divalent cations: Mg^"*", Mn^''', Zn^"*", Ca^"^, and Cd^'^. 
Structures of the metal-soaked crystals were solved and refined at moderately high 
resolution. The electron density map corresponding to the structure of the Mg^'*' complex 
obtained at the highest concentration of its salt is exceptionally clear and shows a cation 
bound between the carboxylates of Asp-64 and Asp-121 of the D,D(35)E motif (denoted
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site I). However, no indication of binding of a second cation could be found in this map. 
Less than 30% occupancy was observed at a lower concentration of Mg^^ (20 mM), 
indicating that binding was much weaker. A similarly positioned, single metal ion was 
detected at full occupancy after soaking the crystals in an even lower (10 mM) 
concentration of MnCl2. No additional metal binding sites were observed even in 
500 mM MnCl2 . A higher apparent affinity for Mn^^ is consistent with observations that 
ASV IN is approximately 30 fold more active in Mn^'*’ than Mg^'*'.

Crystals soaked in 100 mM CaCl2 were also found to bind a divalent cation at 
site I, with interactions between the Ca ion and the active site residues similar to those 
observed with Mg^"^ and Mn^"^. With , coordination is an incomplete octahedron in 
appearance, a square pyramid with the metal in the center of the square base, and three 
water molecules in the coordination sphere.

Zn^"^ and Ćł bind at multiple sites in the ASV IN catalytic domain. 
Unexpectedly, we found that Zn^'*' binds in four separate sites on the surface of the 
isolated catalytic domain of ASV IN, with partial occupancy observed at a concentration 
as low as 2 mM, and full occupancy of the sites at 100 mM. At the higher concentration 
of Zn^'*', two of the ions bind in the catalytic center, one at site I between Asp-64 and 
Asp-121, and a second, denoted site II, coordinated by Asp-64 and Glu-157. The distance 
between the Zn cations in the active site is 3.62 A. Site III is in a loop defined by amino 
acids 92-107, with the ion directly coordinated to His-103, coordinated to His-93 via a 
water molecule, and liganded with two other water molecules. The fourth Zn ion is bound 
in the vicinity of the C terminus of the catalytic domain, and is coordinated by residues 
His-198 and Tyr-194 (site IV).

Zn ions bound at sites III and IV show clear tetrahedral coordination, while the 
cations in sites I and II are coordinated to two oxygens of the carboxylates and one water 
molecule each. One additional water molecule may complete a tetrahe^al coordination by 
cations in the catalytic center by bridging both Zn ions. With the crystal soaked in 2 mM 
Zn^'*', we observed a pattern of metal binding similar to that at 100 mM. In this case, both 
catalytic binding sites showed less than complete occupancies, with site II lower than 
site I. Temperature factors are correspondingly higher for site II than for site I. However, 
the structure with 100 mM Zn^"^ had complete occupancy and relatively low temperature 
factors for both cations located in the active site.

Two Cd^'^ ions were visible in the catalytic center after soaking in 100 mM 
CdCl2, again coordinated to all three carboxylate residues of the essential triad. However, 
there was lower occupancy of site II and higher temperature factor for this ion than for the 
ion in site I. This is similar to binding observed at the lowest concentration (2 mM) of 
Zn^'*’ and again suggests that the cations in site II may be bound less strongly than those 
occupying site I. The distance between the Cd ions in the catalytic center is 4.06 A. The 

in site I has an almost perfect octahedral coordination sphere, very similar to theCd
coordination of Mn^"^ and M^ . The^d in site II has deformed octahedral 
coordination, sharing a water ligand with the first cation. Singularly in this case, both 
Glu-157 carboxyl oxygens coordinate with this one cation. The most solvent-accessible 
water molecules liganded to each metal, bound opposite to the Asp-64 ligand, have 
slightly longer hydrogen bonding distances and higher temperature factors.
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The atomic coordinates of the three crucial carboxylic acids are only slightly 
affected when one or more cations are bound. There is practically no change in the 
position of the side chain of Asp-64 (mean shift of the atomic positions fi'om their 
average values, calculated for all metal structures, is 0.125 A), a very slight movement of 
the side chain of Asp-121 (0.187 A), and a more pronounced difference in location of the 
side chain of Glu-157 (0.857 A shift). The minimal deviation in carboxylate positioning 
upon metal binding is consistent with the observation that even single conservative 
substitutions in these residues drastically reduced activity of both ASV and HlV-1 N (8).

Activity of the ASV IN catalytic domain with various divalent cations. Having 
observed Ca^'*', Zif'*', and occupancy of site I (or I and II) in the active site of 
catalytic domain, we asked whether any of these cations could ftmction as cofactcrs for 
enzymatic activity of IN. The isolated catalytic core domain of ASV IN displays two 
metd-dependent activities, a DNA endonuclease “nicking” activity, and a DNA cleavage- 
ligation “disintegration” activity (11,18). DNA nicking by the ASV IN catalytic domain 
is quite efficient and similar in specific activity to that of the full length protein. 
Therefore we first assayed for this nicking activity, which is characterized by preferred 
cleavage between the C and A of the conserved CA dinucleotide near the viral DNA 
termini (the “-3” site). This endonucleolytic activity is distinct from “-2” processiię and 
its biological relevance is not yet understood. The catalytic core domain was incubated 
with a short DNA duplex substrate that represents a viral DNA end, in the presence of 
varying concentrations of ZnCl2, ZnS04 CaCl2 and CdS04 as well as the known metal 
cofactors, MgCL and MnCl2. Of the new metals tested, only Zn^"*" supported significant 
activity. The Zn^^dependent activity shows a sharp pe^ at approximately 2 mM 
ZnS04; similar results were obtained with ZnC^. At this peak, activity is approximately 
half of that observed with the same concentration of MnCl2. However, significantly less 
activity is observed at higher ZnS04 concentrations. The optimum concentration of 
MnCl2 is approximately 10 mM, with little change in activity up to 25 mM The 
decreased activity at ZnS04 concentrations higher than 2 mM is not due to the anion, as 
similar results were observed with the chloride and sulfate salts. We conclude thjt the 
ASV IN catalytic domain displays significant nicking activity with Zn^"^ as a cofacta at a 
concentration in which site I is likely to be fully occupied and site II at least partially 
occupied. Higher concentrations of Zn^"*" are inhibitory. Although M^'*' and xiuld 
bind to site I, and Cd^'*' could bind to site I and II in the crystal, no nicking activity :ould 
be detected in the presence of a broad range of concentration of these metals.

The ASV catalytic domain was also assayed for disintegration activity, which 
proceeds at 0.2% of the rate observed with the full length protein. In the presence )f 10 
mM MnCl2 disintegration is clearly detectable with the catalytic domain, as described 
previously (20). However, no disintegration activity was observed with 2 mM Z11SO4, 
even after prolonged exposure of the autoradiogram. We conclude that Zn^^ is unaHe to 
support significant disintegration activity of the isolated catalytic domain under hese 
conditions.

Zn^"*" can serve as a cofactor for the processing activity of full length ASV IN . 
We next asked if Zn^'*’, or the other previously untested divalent metals, could functim as 
a cofactor for the processing and joimng activities of full length ASV IN. Our iiitial 
survey revealed no significant activity with full length IN in a range of concentratiois of
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or Cation Zi?"^ did support activity, with optimal concentration 2 mM. We 
then compared the activities in the presence of 2 mM ZnS04 or 10 mM MgCl2. The full 
length IN showed significant processing activity (-2 nicking) in the presence of Zn^"*"; this 
activity is slightly reduced compared to that observed with Mg^"^, but both are 
approximately ten-fold lower than that observed with Mn^"^ as the cofactor. Joining 
activity can be detected as insertion events into the viral DNA substrate which produce a 
ladder of products that are longer than the substrate. As expected, joining activity is 
readily detected in the presence of Mg^"^; however, no significant joining activity was 
observed with Zn^"'’.

Many enzymes active in the nucleic acid metabolism have an absolute 
requirement for divalent cations. However, details of the arrangements of such cations 
have been reported in only a few of the published structures. In the case of ASV IN, we 
previously identified binding of Mn^"*" and M^'*’ to a single site between Asp-64 and 
Asp-121 (site I). Here we report the binding of two Zn ions and two Cd ions to sites I and
II. Site II ligands are Asp-64 and Glu-157, suggesting a role for this third member of the 
invariant triad in the D,D(35)E motif Two more Zn^ cations are located away from the 
active site of the enzyme. It is possible that metal ions bound to one or both of these sites 
could play a role in structiu-al stabilization and/or activity control, as reported for other 
enzymes (19).

The structural features of Zn ions in the active site agree well with the description of 
other cocatalytic sites in multi Zn^'*’, or Mg^"'' plus Zn^'*’ enzymes discussed by Vallee and 
Auld (20). As is commonly the case, both ions are close to each other (the distance is 
3.62 A in the high-occupancy structure), and they are bridged by the carboxylate group of 
an aspartic acid {e.g. Asp-64). Similar arrangements have been reported in the past for 
other enzymes, such as phospholipase C (21) and nuclease PI (22). In common with 
these structures, there is also indication of a shared water molecule bridging the two 
cations, although this putative water is not well ordered in ASV IN.

Our biochemical analyses show that although Zn^"'’ is less effective than Mn^''', it can 
serve as a cofactor for nicking activity of the isolated catalytic core domain of ASV IN, 
whereas there is no detectable activity with Mg^"^, Ca^"^ or Cd^"^. Comparisons of nicking 
activities in mixtures of Mn^"*" and the other cations suggest that both Zn^'*' and Cd^'*’ bind 
with higher affinity than Mn^"^, and that Mg^'*’ and bind with lower affinity. This is 
consistent with the occupancies of these metals observed in our structural analyses of the 
catalytic domain. We also observed a sharp peak for the optimal concentration of Zn^'*' at 
2 mM; higher concentrations were inhibitory. The reason for this decreased activity at 
higher Zn^"^ concentrations is not yet apparent. However, the most striking result from 
these studies was the observation that Zn^"'’ supported the endonuclease activity of the ca­
talytic domain whereas Mg^'*', the presumed physiologically relevant cation, did not. This ob­
servation prompted us to ask \^4lether Zn^'*' or any of the other catalytic domain-binding 
cations could serve as cofactors for processing and joining by the full length ea^me. This is 
the first report that Zn^'*’ can also act as a cofactor for catalysis by a retroviral integrase.

Further structural analyses should help us to understand the basis for these distinct 
metal preferences. Lastly, the fact that Zn^'*' binds tightly to the active site but can only 
support one step in integration may be relevant to the design of active-site inhibitors of 
retroviral integrases.
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IDENTIFICATION OF THE MINIMUM SEGMENT IN WHICH
THREONINE 246 RESIDUE IS PHOSPHORYLATED BY PROTEIN

KINASE A FOR THE LUKS-SPECIFIC FUNCTION OF 
STAPHYLOCOCCAL LEUKOCIDIN
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Abstract: Staphylococcal leukocidin and y -hemolysin consist of LukF and LukS for leukocidin and 
LukF and Hlg2 for y -hemolysin. In this report, we identify the minimum segment responsible for the 
LukS specific funcion of leukocidin. After chemical analysis and homology study of the amino acid 
sequence of the C-terminal region between LukS and Hlg2, we found a unique 5-residue sequence \'^ 
K243 r244s245x246 LukS in which 4-residue KRST is identical with that of phosphorylated segment of
a protein phosphorylated by protein kinase A. To elucidate whether the 5-residue segment is essentieil 
for the LukS function, we created plasmids containing a series of mutant genes corresponding to the 5- 
residue and expressed them in Escherichia coli. The mutant proteins were purified and assayed for their 
leukocytolytic activity with LukF. The mutant MLS-TS in which the T^ in the 5-residue was 
replaced by S residue showed leukocidin activity 10 times higher than that of the intact LukS. However, 
neither mutant MLS-TY nor MLS-TA in which T^ was replaced by Y or A residue, respectively, 
showed leukocidin activity. The 5-residue segment was found to be deleted in Hlg2. The mutant of 
Hlg2 in which the 5-residue segment was inserted at the position that the segment is deleted, showed 
leukocidin activity. The boiled LukS, MLS-TS, and MHS-Z were strongly phosphorylated by [ y - 
32p) ATP in the presence of protein kinase A in cell-free system. Thus, we conclude that the 5-residue

segment 1^2 k243r244s245j246 is pivotal segment of LukS responsible for the LukS-function of the 
staphylococcal leukocidin.

Staphylococcal leukocidin has been isolated as a bi-component leukocidin from 
the culture fluids of Staphylococcus aureus. It consists of LukS of 32kDa and LukF 
of 34 kDa, which cooperatively lyse human and rabbit polymorphonuclear leukocytes 
[1]. We have demonstrated in the previous studies that leukocidin shares one 
component with the staphylococcal bi-component hemolytic toxin, y -hemolysin, 
which consists of HIgl and Hlg2 (i.e., Hlgl is identical with LukF), and that cell 
specificities of leukocidin and y -hemolysin are decided by LukS and Hlg2, 
respectively [1-3]. The deduced amino acid sequences from the genes encoding LukS 
and Hlg2 indicated 72% identity between them (Fig. 1) [3]. The specificities of the 
two toxins towards the target cells raise the question of what region(s) of LukS or 
Hlg2 plays a pivotal role in the LukS- and Hlg2-specific function for leukocidin or
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Luk S 1’ ANDTEDIGKGSDIEIIKRTEDKTSNKWGVTQNIQFDFVKDTKYNKDALILKMQGFISSRT  * **«•«* * *********** ******* ********** 
Hlg 2 1" ENKIEDIGQGA-EIIKRTQOITSKRLAITQNIQFDFVKDKKYNKDALVVKMQGFISSRT

T ^
61' TYYNYKKTNHVKAMRWPFQYNIGLKTNDKYVSLINYLPKŃKIESTNVSQTLGYNIGGNFQ

»* , ♦» _» » *♦*»*»» »*ł * * ********** * *** *********^

59" TYSDLKKYPYIKRmWPFQYNISLKTKDSNVDLINYLPKNKIDSADVSQKLGYNIGGNFQ
121' SAPSLGGNGSFNYSKSISYTQQNYVSEVEQQNSKSVLWGVKANSFATESGQKSAFDSDLF****** ********** ******* **** * ******** * *****
,119" SAPSIGGSGSFNYSKTISYNQKNYVTEVESQNSKGVKWGVKANSFVTPNGQVSAYOQYLF
181' vgykphskdprdyfvpdselpplvqsgfnpsfiatvshekgssotsefeitygrnXvth 

» ********* * *** * * ************ *

179" AQ-DPTGPAARDYFVPDNQLPPLIQSGFNPSFITTLSHERGKGDKSEFEITYGRNMDATY
fragment A A

HYGNSYLDGHRVHNAFVNRNYTVKYEVNWKTHEIKVKGQN 286
* * * ** *** ***•**«*»«** * *

YVTRHRLAVDRKHDAFKNRNVTVKYEVNWKTHEVKIKSITPK 280 
fragment B (D^s-K“0)

241' A
*

238" A

IKRSl

Fig. 1. Comparison of the deduced amino acid sequence of LukS with that of Hlg2. 
Gross dissimilarity between them is indicated by box. Identical and related residues 
are indicated by stars and dots, respectively. Dashed lines indicate the deleted amino 
acids. Arrowheads indicate the cleavage site of CNBr.
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Fig. 2. Schematic representation of LukS, Hlg2 and mutant proteins, and the 
resulting leukocidin activity. White and black boxes indicate the LukS- and Hlg2- 
segments, respectively. White box in MHS-Z (lane 8) represents the 5-residue 
IKRST segment inserted. Percentage leukocytolysis indicates the activity compared 
with that of intact LukS (lane 4). A minus indicates no detectable activity.
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y -hemolysin activities. To answer this question, previosuly, we created a series of 
:himeric genes (lukS/hlg2) and expressed them in Escherichia colt. From the 
%sults obtained, we concluded that there is an essential region for LukS-specific 
imction within C-terminal 122-residue segment (between and the C-terminus) 
>f LukS [4] (see Fig. 2, lane 1). Here, we identify the minimum amino acid 
*esidues in the C-terminal 122-residue segment of LukS responsible for the 
eukocytolytic activity. This report indicates that the 5-residue segment P^^KRST^^, 
in which T residue was phosphorylated by protein kinase A in cell-free system, is 
)ivotal region of LukS responsible for the LukS-specific function of the 
staphylococcal leukocidin.

After homology study of the deduced amino acid sequence from the structural 
jenes for LukS and Hlg2, we found a unique 5-residue sequence F^^KRST^*** of 
vhich 4-residue KRST is identical with a recognition site of protein phosphorylated 
)y protein kinase A. This segment was deleted in Hlg2 (see box in Fig. 1). To obtain 
he direct evidence for the presence and absence of the 5-residue segment in LukS 
ind Hlg2, respectively, LukS and Hlg2 were degraded with CNBr by the method 
lescribed previously [5] and a [Asp^”-Asn^**] fragment (fragment A) in LukS and 
Asp^^’-lys^*°] fragment (fragment B) in Hlg2 were isolated by using HPLC. The N- 
erminal 12-residue of the fragments A and B were determined to be
)237VTHA1KRSTHY2« and D^^sATVAYVTRHR , respectively. The data 
‘econfirmed that the 5-residue segment in LukS is deleted in Hlg2.

To study whether or not the 5-residue segment (IKRST) is essential for the LukS- 
unction, we created a series of mutant genes in the segment by the overlapping- 
jxtension method [8], and inserted them into pUCl 19 vector DNA. The three pairs
3f 53- or 54-oligonucleotides for replacing T^^ residue in the segment by S, Y, or A 
residue, [TS-1 and TS-2], [TA-1 and TA-2], and [TY-1 and TY-2], respectively, 
were synthesized and used as primers for amplifying the segments using PCR. 
i) TS-1, 5'.CiCCATTAAAAGATCATCACATTATC.GCAACAGTTATTTAGAC-

CGACATAGAGTC-3'and TS-2, 5’-ACTGTTGCCATAATGTGATGATCTTT- 
TAATGGCATGAGTGACATCCATGTTTC-3' (double underlined nucleotide
sequences in both primers correspond to the 5-residue, IKRSS in the segment; (ii) 
TA- 1, 5’-GCC ATTA A A AG ATC AGCC C ATTATGGC A ACAGTTATTTAGACG-
GACATAGAGTC-3' and TA-2, 5’-ACTGTTGCCATAATGGGCTGATCTTTTA- 
ATGGCATGAGTGACATCCCATGTTTC-3' (double underlined nucleotide in both 
primers are corresponding to the 5-residue, IKRSA), and (iii) TY-1, 5'-GCCATTA- 

-ATCATATCATTATGGCAACAGTTATTTAGACGGACATAGAGTC-3'[AAAG
and TY-2, 5'-ACTGTTGCCATAATC,ATATC.ATCTTTTAATGGCATGAGT-
GACATCCATGAATC-3' (double underlines indicate the nucleotide sequences 
corresponding to 5-residue, IKRSY). The resulting 1.5 Kbp [///>idlll-///>idlll] 
fragments were ligated into the ///ndlll site of pUCl 19. The mutagenesis and
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orientation of the fragments was confirmed by DNA sequencing and restriction 
endonuclease analysis, respectively. As a result of these manipulations, three 
different plasmids that contained mutant genes corresponding to the 5-residue 
segment were obtained and they were designated as pMLS-TS, pMLS-TA, and 
pMLS-TY. The mutant proteins expressed in E. coli harboring the appropriate 
plasmid were prepared from the sonicated extract of the cells from one liter of culture 
and purified to the degree of electrophoretic homogeneity by the methods described 
previously [6], and the leukocytolytic activity for human polymorphonuclear 
leukocytes was measured according to the methods described previously [7,
8]. After measuring leukocytolytic activity of the purified mutant components in the 
presence of LukF, the following findings became evident: (I) Mutant proteins MLS- 
TS, showed 10 times higher leukocytolytic activity than that of intact LukS (Fig.
2, lanes 4 and 5). (11) Neither mutant protein MLS-TA nor MLA-TY has any 
leukocidin activity (Fig. 2, lanes 6 and 7). The findings clearly indicate that the T^^ 
residue of the 5-residue segment of LukS is pivotal for the LukS function. It is 
known that, for the recognition site-motifs of the protein phosphorylated by protein 
kinase A, serine residue is more suitable than threonine as a final amino acid residue 
in the 4-residue, R-R/K-X-S/T [9]. Taken together, there might be some relation­
ships between the phosphorylation of the residue T in the segment, if any, and the 
leukocytolytic function of LukS.

If leukocidin-specific activity is decided by the 5-residue segment IKRST of 
LukS, leukocidin activity might be endowed into Hlg2 by being inserted the 5- 
residue segment of LukS into between A^^* and Y^^’ residues of Hlg2 (Fig. 1). 
Accordingly, we created the mutant plasmids pMHS-Z using the following primers, 
5'-TACATATGCTATTAAAAGATCAACGT ACGTGACAAGACATCGTTTA-
GCCGTTGATAGAAAACATGATGC-3' and 5’-TTGTCACGTACGTTGATC-
hhaaiagcatatgtagcatccatgtttctgccgtaagtgatttcaaac-
TCGC-3' (double underlined nucleotide sequences in both primers are corresponding 
to the 5-residue, IKRST). The MHS-Z was expressed in E. coll DH5 a (pMHS-Z) 
and then purified from the sonicated extracts from the cells according to the methods 
described above. The MHS-Z showed leukocytolytic activity with LukF, although 
not full activity (Fig. 2, lane 8). Thus, we concluded that the 5-residue IKRST is the 
minimum segment essential for the LukS-specific function of staphylococcal 
leukocidin.

The findings described above suggest that LukS and the mutant proteins MLS- 
TS and MHS-Z possessing the 5-residue segment are phosphorylated by protein 
kinase A. Accordingly, we examined the possibility using a cell-free system [10]. 
LukS or mutant protein MLS-TS was incubated with protein kinase A from bovine 
heart in the presence of [y aTP, MgCl2 , and EGTA, and the reaction mixture
was applied to SDS-PAGE. The gel was scanned by the image scanner. The native 
LukS, MLS-TS, and MHS-Z were slightly phosphorylated. If they were boiled for 
5 min and used as sbstrates, thier phosphorylation was increased about 50-100 times
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higher than that of native ones. The boiled MLS-TS was phosphorylated 4 times 
higher than the boiled LukS. The mutant proteins MLS-TA and MLS-TY, in which 
the T as a phosphorylated residue in the recognition site motif had been replaced by 
A and Y, respectively, were also slightly phosphorylated. However, the intensity of 
their phosphorylation did not increase regardless of their denature by boiling . It is 
known that LukS binds specifically to monosialoganglioside Gmi (Gmi) on the 
leukocyte membrane [11]. We previously clarified that W^'^* residue of LukS is an 
essential amino acid for its binding to Gmi and that this binding is accompanied by a 
conformational change of LukS [4,7]. Accordingly, we examined whether or not 
the phosphorylation of the native LukS was activated by adding Gmi in the reaction 
mixture. However, its phosphorylation was not activated by Gmi. These findings 
indicated that residue in the segment of native LukS and MLS-TS is not 
exposed to the protein surface even upon binding to Gmi in the reaction mixture.
The data also strongly suggest that the phosphorylation of T^'** residue in the 5- 
residue segment of LukS is important for the LukS function of leukocidin, and that 
the lack of leukocidin activity in Hlg2 is due to the absence of the 5-residue segment 
in itself

Fink-Barbacon et al. rejxirted that leukocidin forms pores inducing an increse in 
the free intracellular Ca^+ which may activate human polymorphonuclear leukocytes 
[12]. However, no direct evidence on the complex formation of the leukocidin 
components on the human leukocytes is available. Recently, we reported that LukF 
and Hlg2 of y -hemolysin asssemble into a ring-shaped 195 kDa complex in a 
molar ratio of 1:1, which form a membrane pore with a functional diameter of 2.1-2.4 
nm [13]. Using our established systems, we examined complex formation of LukF 
with either LukS, MLS-TS, MLS-TA, MLS-TY, or MHS-Z on the human 
polymorphonuclear leukocytes. Our data showed that all of the mutants as well as 
LukS in combination with LukF assembled into above 100 kDa complex, which may 
form a pore on the surface of human polymorphonuclear leukocytes. LukS alone did 
not assemble on the cell surface (data not shown). From these findings, we could 
distinguish the leukocytolytic function from the complex formation which forms the 
membrane pore on the surface of human polymorphonuclear leukocytes.

We monitored the change of morphology of the cells of human polymorphonuclear 
leukocytes under a phase contrast microscope. Intact cells became swallen after the 
incubation at 37°C with LukF and Hlg2 for 10 min. However, any lysed cell was 
not observed by the incubation for more 20 min. The data indicated that LukF and 
Hlg2 cooperatively caused only swelling of the human polymorphonuclear 
leukocytes without lysis.
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Abstract: G protein-coupled receptors (GPCRs), the largest superfamily of integral membrane 
proteins, feature the following common properties: (i) They all exhibit 7 hydrophobic a-helices of 
length of ~38A (25 amino acids, 7 turns) along a single chain. The consecutive helices cross the 
lipid bilayer to and fro starting from the extracellular side, to form a heptahelical transmembrane 
domain (7Tm'). This arrangement implies 6 inter-helical loops, whereof the even ones plus the 
V-terminus form the receptor’s extracellular while the odd ones plus the C-terminus - its 
intracellular domain, (ii) All GPCRs are stimulated by extracellular signals of miscellaneous 
character, (iii) The stimulated GPCRs pass allosterically the extracellular message to the cytosolic 
peripheral heterotrimeric G proteins, the transducers, which mediate a downstream signal passage 
to various cellular second messenger systems. A current status of structural studies on GPCRs, 
consisting of low 7.5A resolution experimental structures and supplementary molecular modelling, 
is presented. Some results of authors’ own work on modelling essential interactions between the 
vasopressin renal receptor and its agonists vasopressin (AVP) and both the peptide desGly’- 
[Mca',D-Ile',lle‘']AVP and the nonpeptide antagonist OPC-31260 are discussed.

The function of G protein-coupled receptors (GPCRs)
GPCRs are integral membrane proteins that receive, process and forward 
extracellular signals to cytosolic transducers, the heterotrimeric GaGpy peripheral 
membrane proteins (G proteins). Given the GPCR message, a G protein exchanges 
of GTP for GDP, then dissociates into its active forms, the Gq.GTP and Gpy 
subunits, which stimulate various cellular effectors like ion channels or enzymes 
(e.g. adenylyl cyclase, AC, or phospholipase C type P, PLCp, or else), giving rise to 
the cytosolic second messengers like Ca"^ ions or small molecules, respectively (e.g. 
cAMP or DAG+IP3, or else, respectively), regulating cellular performance [1,2], see 
Figure 1. Over 1000 GPCR sequences are currently described [3].

'Abbreviations: Natural amino acids and nucleotides are given their standard one- or three-letter 
codes. 7TM heptahelical transmembrane domain; TIVI1-TM7 transmembrane helices 1 to 7; 
G protein GTP-binding protein; GPCR G protein-coupled receptor; AC adenylate cyclase; PLCP 
phospholipase C type P; DAG diacylglycerol; IP3 inositol triphosphate; AVP [Arg*]Vasopressin; 
OT oxytocin; V2R vasopressin V2 receptor; Vla(b)R vasopressin Vla(b) receptor; OTR 
oxytocin receptor; RD rhodopsin; BRD bacteriorhodopsin; Mca p,P-cyclopenta-methylene- 
P-mercaptopropionyl; OPC-31260 [5-dimethylamino-l-{4-(2-methyl-benzoyl-amino)- benzoyl}- 
2,3,4,5-tetrahydro-lH-benzazepine; E(I)D extra(intra)cellular domain; E(I)L1, E(I)L2, etc. 
extra(intra)cellular loop I, extra(intra) cellular loop 2, etc, resp.; 3D three dimensional; CSA 
constrained simulated annealing.
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rccepu>r receptor+agonist effector

Ckx

(i IV CI)P

Figure 1. GPCR signal transduction system. The activated receptor catalyses the exchange of GTP 
for GDP in the G^Gpy heterotrimer. This triggers the dissociation of the heterotrimer into G„.GTP 
and Gpy, which activate effectors: enzymes and/or ion channels. Native Gp never separates of 
helical G, and has a structure reminiscent of a 7-blade propeller [4] as reflected on the scheme.

Besides functional, all GPCRs also share a structural similarity, consisting 
of 7 hydrophobic a-helices of ~38A long (25 amino acids, 7 turns). The consecutive 
helices traverse the lipid bilayer to and fro starting from the external side, to form a 
heptahelical transmembrane domain (7TM). This arrangement simultaneously 
implies 6 inter-helical loops, whereof the even ones plus the /V-terminus form the 
receptor’s extracellular domain (ED) while the odd ones plus the C-terminus make 
its intracellular domain (ID), see Figure 1. From here on, we will be dealing 
exclusively with the most abundant and best studied GPCR superfamily, known as 
the rhodopsin(RD)-like or classical one. Other major GPCR superfamilies include 
the secretin- and the metabotropic glutamate-type receptors, both groups 
considerably less abundant than the classical one and, apart of the 7TM, having no 
structural homologies with it.

GPCRs are individually tuned for very diverse primary extracellular signals, 
ranging from biogenic amines (adrenaline, noradrenaline, acetylcholine, dopamine, 
histamine, serotonine, etc.) through tastes and smells (received by the most abundant 
gustatory and olfactory GPCRs, respectively), peptide hormones (OT, AVP, 
angiotensin, bradykinin, tachykinins and many more), proteins (chemokins, 
glikoprotein gonadotropins, other), to the photons, which are the primary signals for 
the landmark GPCR rhodopsin (RD). Despite so diverse primary signals all GPCRs 
use a common transduction mechanism, embodied in coupling with a peripheral 
heterotrimeric Gapy (G) protein, being simultaneously a GTPase [1,2,4,5]. G^py 
activated by the GPCR’s intracellular domain (ID) exchanges of GTP for GDP. This 
induces considerable conformational changes in the three switch regions within the 
Ga subunit [6,7] and leads to the dissociation of G^Gpy into the active forms, the 
Ga-GTP and Gpy subunits. Since now on, a diversity occurs again as there are about 
20, 5 and 10 isoforms of Ga, Gp and Gy, respectively, making some 20x5x10=1000 
theoretically possible combinations of G„Gpy and respective further actions. The
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downstream effectors are being stimulated until GTP on G„ is not hydrolysed to 
GDP. Once done, this is a signal for Ga.GDP and Gpy to reassociate into the 
heterotrimer G„Gpy and the entire cycle repeats. Typically, a single receptor 
stimulation triggers a several hundred to several thousand G protein cycles [1].

GPCR structure
Contrary to the G protein structures, known at various steps of the cycle [6,7] and 
also implying a definite GTPase mechanism [8,9], the GPCR atomic-resolution 
structures still await their elucidations. Thus far, only a general shape of RD at a 
resolution of at best 7.5A parallel and 16.5A perpendicular to the membrane is 
known due to the electron criomicroscopy [10,11]. Hence, all GPCR structural 
considerations are currently limited to molecular modelling.
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JYGFKYN.'W CNVRGKTASR QSK.....  GAEQAGVAFQ KGPLLAPCVS S.VKSI5RAKI RTVKMTFVIV TAYIVCBAPf 307
ggSL/CHE/C KNLKVKTQAW RVGGGGWRTW DRPSPSTLAA TTRGLPSRVS SINTISRAKI RTVKM7TVIV hAYlACWhPF 297
OfGLJSFKJM QNLRLKTAA. .AAAA EAPEGAAAGD GGRVALARVS SVKLI5KAKI RTVKM7TIIV LATIVCirTPr 291

FLVQLWAAW . . . PEAPLEG APFVLLMLLA SLKSCTKPMI gVSfSSSVSS ELRSLLCOVR GRTPPSLGPQ DESCTTASSS 364
PMSVWTESEN PTITITALLG SLNSCCllPMI IIMFFSGHLLQ DCVQSFPOZQ NMKEKFNKED TDSMSRRQTF 367

FSV(MWSVWD KNAPDEDSTN VAFTISMLLG ULNSCCIiPWI YMGFNSHLLP RPLRHLACCG GPQPRMRRRL SDGSLSSRHT 377
FFVCMWSVWD AN...APKEA SAFIIVMLLA SUfSCCNPWI yMLFTGHLFH ELVQRFLCCS ASYLKGRRLG ETSASKKSNS 368

LAKDTSS............................................. 371
YSNNR3PTNS TGMWKDSPKS SKSIKFIPVS T..................  418
TLLTRSSCPA TLSLSLSLTL SGRPRPEESP RDLELADGFG TAETIIF... 424
SSFVLSHRSS SQRSCSQPST A............................. 389

Figure 2. Multiple sequence alignment of human V2R, VlaR, VlbR and OTR. The 
trasmembrane helices TMI-TM7 are underlined. The subfamily-invariant residues are in italic 
and the universally invariant/conservative (~19%of 7TM) residues are in bold.

All approaches toward this task start from a multiple sequence alignment [3] 
and/or a hydrophobicity profile for making a selection of the TM1-TM7 helices 
along the sequence, see Figure 2. Subsequently a 3D model of 7TM is built and 
(sometimes) ID and ED added. Regarding the 7TM model, we favour the recent 
approach by Herzyk and Hubbard [12] using: (i) a convincing multiple sequence 
alignment of all GPCRs [13]; (ii) maximal extents of minimal loops 1-6 over the 
whole superfamily; (iii) numerous distance, position and orientation restraints from 
biophysical experiments on rhodopsin and its mutants; and (iv) a low-resolution 9A 
structure of bovine RD from electron criomicroscopy [14]. Given these four groups 
of data as an input to a constrained simulated annealing (CSA), they received an RD
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7TM domain self-consistent to 1.6A at the C“ trace level, which provided for a 
reasonable template to all classical GPCRs [15], While sequence homologies in 
7TM extend over the whole superfamily, the extra and intracellular domains have no 
homologies at all, unless among very close relatives, see Figure 2. Accordingly, 
there is no rational basis for modelling the loops and the N- and C-termini.

Contrary to the model of Herzyk and Hubbard [12,15], most former models 
have used a low-resolution structure of bacteriorhodopsin (BRD) [16], a bacterial 
7TM proton pump, being not a GPCR and having no homologies with it. Current 
comparisons of low to intermediate resolution structures of RD [17] to BRD [18,19], 
respectively, reveal essential differences in their 3D shapes, thus turning BRD 
improper as a 3D template for 7TM.

Vasopressin V2 receptor (V2R)-bioligand interactions
The nonapeptide hormone vasopressin (CYFQNCPRG-NHi, AVP) regulates the 
renal water absorption via the interaction with the V2 receptor (V2R). V2R and the 
other three structurally related, the vascular Via and pituitary VIb AVP receptors 
(VlaR and VlbR, respectively), and the oxytocin receptor (OTR), form a discrete 
GPCR subfamily. All four receptors share a high degree of sequence identity 
[20,21], in particular (up to 87%) in their transmembrane helices TM2, TM3, TM6 
and TM7, in the extracellular loop ELI and the C-terminal part of EL2, see Figure 2, 
warranting an assumption as to a similar recognition and binding modes. Major 
differences occur in the intracellular loops (IL)s and correlate with receptors’ 
linking to specific secondary signal systems: VlaR, VlbR and OTR to the Gq/n 
protein/PLCp tract while V2R to the Gs protein/cAMP system [1],

The V2R 7TM domain was modelled using the procedures mentioned above 
[12,15] while the loops and the V-terminus were built using the Sybyl software [22]. 
Initial ligand docking was attained in several ways, always respecting a 
complementarity in the electrostatic potentials of the V2R cleft, see below, and the 
ligand. The systems were equilibrated using a CSA protocol, with all but the 7TM 
C“ atoms free to move. Optimal ligand docking modes were chosen using the 
ligand/receptor interaction energies and structure-activity data [23,24] as the 
selection criteria. Details of computing and analyses are described elsewhere [25].

From Figure 3 it is seen that any GPCR modelled to the RD template [12,15] 
has a ~2lA deep cavity on the extracellular side, surrounded by TM3-TM7, with a 
narrower extension towards TM2. The cavity ends up on a floor from the 
hydrophobic residues TM3:M123, TM4:L170, TM5:V213,F214 and TM6:W284, 
F287,F288 in V2R. The cleft is large enough to accomodate the pressin ring 
(CYFQNC) of AVP and even more so to fit the OPC-31260 antagonist. Most of the 
simulations, whether with a peptide ligand or not, converged to the docking modes 
typical of V2R/AVP [25]. However, OPC-31260 as much thinner than the AVP 
pressin ring, cannot fill the entire V2R cleft and it adheres to the front side of the 
TM3-TM7 cavity in its most preferred arrangements, see Figure 3C [26].

In Figure 3 all V2R interacting residues are marked so that the significant 
receptor-ligand interactions could be seen. Both the V2R/peptide complexes develop
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Figure 3. Optimized V2R/bioligand complexes. Only the extracellular parts are shown. V2R is 
gray shaded and the ligands are black. The receptor’s interacting residues are labelled and their 
side chains exposed. A. V2R/AVP; B. V2R/desGly’-[Mca^D-Ile^Ile"]AVP; C. V2R/OPC-31260.

numerous polar and nonpolar interactions with the cleft walls. Major interactions, 
common to both AVP and desGly’-[Mca',D-Ile",Ile'']AVP involve on the V2R part 
TM3:C112,V115-K116,Q119,M123, TM4:Q174, TM5:V206,A210,V213,
TM6;W284,F287,F288,Q291 and TM7:F307,L310,A314,N317; see Figs. 3A and 
3B. The Mca’ p,(3-pentamethylene moiety fits snugly a hydrophobic pocket formed 
by TM3:V115 and TM7;L310 and A314. OPC-31260 typically orients itself so that 
its long axis is nearly vertical and its HN(CH3)2* involved in an (bifurcated) ion 
bridge with one (two) of the numerous negatively charged Asp and/or Glu residues 
in ELs, see Fig. 2. With this regard, it is interesting to notice that EL2 contains three 
carboxylates in V2R and two in VlaR, which may bear on the increased V2R/VlaR 
selectivity of the OPC-31260 analogs having a cationic group in the equivalent place 
[24].

The tendency for all three ligands to dock within the same compartment of 
the V2R extracellular cavity, suggests a simple competitive mechanism for the 
antagonism toward V2R by both desGly’-[Mca',D-Ile",lle‘']AVP and OPC-31260. 
The V2R amino acid residues involved in ligand binding are invariant or 
conservative for the subfamily or even invariant over the whole GPCR superfamily 
(TM3:C112, TM4:Q174, TM6:W284,F287 and TM7:N317). The invariant 
(conservative) residues within the subfamily may be pertinent to ligand binding 
while those invariant over the whole GPCR superfamily may have to do with the 
signal transduction, putatively universal for the whole GPCR superfamily. Our 
results on agonist docking agree with those obtained by Mouillac et al for a related 
AVP/VlaR system. Furthermore, some of the equivalent VlaR residues have 
already been found critical for the ligand affinity [27].
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a-HELIX FORMATION AS AN EARLY STEP OF PROTEIN FOLDING:
A CRITICAL EXAMINATION OF THE HELIX-COIL 

TRANSITION THEORIES
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Abstract: Elucidation of the a-helix formation process is very important for understanding 
of how numerous protein polypeptide chains fold in their native structures. Helix-coil transi­
tion has been studied intensively and now seems to be well understood. Nevertheless, we have 
found that a very short pre-nucleated helical structure formed by residues AlaAlaAlaGlnNH2 
attached to the C-terminus of a calcium-binding peptide loop is extremely stable in water 
solutions even at room temperature, much more stable than the existing theories would predict. 
We explain this phenomenon by the effects of hydration of the helix ends. Implications of our 
findings for kinetics and thermodynamics of nucleation and propagation of a nascent helix are 
discussed.

In a number of protein polypeptide chains short segments have been found which 
even after they are cleaved off and separated from the rest of the molecule show high 
propensity for conformations they adopt in their native states. The most striking 
examples of such segments are: the nine residue fragment of haemagglutinin forming 
a high populated P-tum in water solutions (1) and C-peptide of RNase A - the 1-13 
fragment of the protein maintaining about 30% of the native a-helical conformation (2).

Such segments are called "autonomous folding units" (3) and play a very 
important, or even decisive, role in folding processes of many proteins. The most 
spectacular corollary of this statement is provided by the famous Kato and Anfmsen 
experiment proving that RNase S protein can fold in its native structure only in the 
presence of S-peptide (4).

Among candidates for the autonomous folding units a-helical segments of 
proteins are of special interest for the following reasons:

1) The a-helix formation is a fast, several orders of magnitude faster than the 
protein folding process (5).

2) It was shown that many isolated short helical segments of proteins are 
characterized by very high propensity for a-helix formation (6,7).

3) Such segments are localized precisely within sequences of folding polypeptide 
chains. They are initiated and terminated by the so called "stop signals" - one or a 
few residues that stabilize the helix ends but, consequently, prevent further 
propagation of the helix.

For these reasons the kinetics and thermodynamics of a-helix formation is of 
particular importance for our knowledge of the protein folding process.
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Since the discovery of the a-helical structure the helix-coil transition in poly­
peptides has been studied intensively, particularly in the last 15 years and, by now, 
the process seems to be quite well understood (8). The theoretical basis for the helix- 
coil transition has been formulated by Zimm and Bragg (9) and Lifson and Roig (10). 
Using the modified theoretical descriptions and experimentally determined para­
meters, population of the a-helix conformation can be evaluated for any polypeptide 
chain of a given amino acid sequence (8).

Nevertheless, our studies of some short peptide systems with pre-nucleated a- 
helical structure (Siedlecka et al. in preparation) led to some findings incompatible 
with the commonly accepted views and implying that the formation of a nascent a- 
helix and its propagation depend on effects not taken into account so far.

The polypeptide studied by us consists of a calcium-binding loop analogous to the 
Iir** loop of calmodulin and a short peptide sequence AlaAlaAlaGlnNH2 with a high 
propensity for a-helix formation (11) attached to its C-terminus:

the calcium binding loop
<------------------------------------------------------------------>

1 3 5 7 9 11 13 15
Ac-Asp-Lys-Asp-Gly-Asp-Gly-Tyr-Ile-Ser-Ala-Ala-Glu-Ala-Ala-Ala-Gln-NH2

<----------------------------------- >

the a-helix

3+ 5 1The loop coordinates La ions (12,13) with a high binding constant (10 M' ) 
and adopts a very rigid structure (14) with three last residues AlalO, Alall, and 
Glul2 fixed in the a-helical conformation as in the native protein (15).

Such a helix nucleation site should stabilize very efficiently the helical 
conformation of residues Alal3-Glnl6. Indeed, NMR and CD measurements confirm 
the a-helical structure of this segment. Unexpectedly, though, the helix stability 
appeared to be amazingly high. The CD signal of the peptide at 222 nm, commonly 
accepted as a measure of a-helix content does not change with increasing trifluoro- 
ethanol concentration up to 60 %. This shows that the helix population is close to 
100% - at least 95% taking into account measurement errors - not only at low (1°C) but 
even at room (25®C) temperature.

In our system the statistical weight of an n-residue helix starting from Ala 13 is 
given, according to the modified Lifson-Roig theory, by the equation:

12+«
kn = J^VViC(13 + n)

1=13

where w; is the helix propagation parameter for residue number i and C(i3+„) the C- 
cap parameter defined by the residue flanking the helical segment.

Using the highest values reported in the literature for w of alanine and glutamine 
(16,17) and c parameters determined for glutamine and the NH2 group (18), the 
calculated helix content of Alal3-Glnl6 segment should not exceed 77% at 1°C and
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drop with increasing temperature. Therefore, in our system the helix is stabilized by 
some additional contribution to its free energy that can be estimated to be no smaller 
than -3 kcal/mole.

What this contribution come from ? Our molecular dynamics calculations show 
that it most probably corresponds to a difference between hydration energy of three 
NH and CO groups at the helix ends separated in Alal0-Glnl6 helix but merged with 
each other in the helix nucleus Alal0-Glul2. The hydration energy of the helix ends 
is almost twice as large as that of three non-hydrogen bonded peptide groups.

Our findings provide evidence that hydration of helix ends is one of the major 
factors determining its stability and lead to the following specific conclusions.

1) Helix nucleation is much more difficult than it has been suspected. It is linked 
not only, as recognized long ago (9,10), with a large conformational entropy drop of 
two residues, not compensated by intrahelical hydrogen bonding, but also with a 
dramatic increase of peptide group solvation energy.

2) Because of poor hydration very short helical structures (n<6) are extremely 
unstable. The helix-coil transition theories are, therefore, applicable only to longer 
helices with well separated ends.

3) Hydration of the helix ends depends, of course, on their primary structure. 
Some sequences of amino acid residues, particularly those with large side chains, can 
be well accommodated into the interior of the helix when intolerable at its ends. 
Therefore, the helix propagation must be looked at, not as a basically continuous 
process with the rate determined by propagation parameters, but rather as series of 
jumps from one helical segment with well hydrated ends to another, across energy 
barriers imposed by end sequences that are poorly hydrated.
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Abstract: Molecular chaperone, chaperonin GroE (GroEL and GroES) from Escherichia coli 
was found to facilitate folding reactions of various proteins in vitro. In order to function 
effectively, GroE requires ATP in the reaction and hydrolyzes it to ADP. We found that the 
chaperonin functions in the presence of not only ATP but also non-hydrolyzable nucleotides, 
such as AMP-PNP, ATP-y-S, and ADP. This ability of chaperonin was proved by studying 
the functional characteristics of a GroEL T89W mutant, which can bind ATP but not 
hydrolyze it. The importance of nucleotide binding in chaperonin function is stressed by our 
results.

It has been revealed that molecular chaperones play important roles in 
numerous events which occur in the cell. One of the fundamental and critical 
issues is the folding of polypeptide that was newly synthesized or unfolded under 
stressful conditions in vivo. Recently, it has been shown that this folding process 
is mediated by proteins known as the chaperonins, which specifically facilitate the 
folding of various polypeptides in vivo and in vitro. The chaperonin GroE (GroEL 
and GroES) from Escherichia coli is one of the most extensively studied molecular 
chaperones (1, 2). The GroE protein not only facilitates protein folding but also 
prevents heat denaturation of proteins in the presence of ATP. This ATP- 
dependent chaperonin function is very important for living cells, especially under 
stressful conditions.

GroE is composed of two different subunits, GroEL and GroES. GroEL is a 
tetradecameric protein with a subunit molecular weight of 57,259 as determined by 
DNA sequence analysis. The subunits are arranged in a "double doughnut" 
configuration, with two heptameric rings sharing a common axis. From recent X- 
ray analyses (3-6), the subunit consists of three domains; equatorial, intermediate, 
and apical domains. There is a big hole (central cavity) surrounded by seven 
oligomers. Two heptameric rings interact each other back to back with the 
equatorial domains. GroEL has weak ATPase activity and ATP binding site is 
located in the equatorial domain. GroES is also heptameric protein of subunit 
molecular weight 10,368, and the subunit structure is consisted of mainly P- 
strands. In the presence of ATP or ADP, GroEL associates with GroES to form a 
huge complex of GroEL (14-mer)-GroES (7-mer).

The functional mechanism of the chaperonin-facilitated folding 
phenomenon involves interactions between the GroEL protein, the GroES 
protein, and the nucleotide ATP. This specific mechanism can be divided broadly 
into two parts as shown in Fig. 1; binding of protein folding intermediates prone to 
aggregation, and the controlled release of these intermediates to allow maximum 
refolding yields. In the former step, GroEL recognizes a folding intermediate and
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Folded Protein

GroEL (14-mer)

GroEL- Intermediate ,
Complex Q'-oES (7-mer)

Unfolded Protein

Fig. 1. A schematic model of GroE-facilitated protein folding.
GroE (21 -mer)

binds it specifically by hydrophobic and electrostatic interactions (7). By forming 
this complex, the folding intermediate is stabilized and irreversible aggregation is 
suppressed. In the latter step, which usually occurs when ATP is added, an 
efficient release of the intermediate occurs and the native protein is formed. In 
this step, GroES protein plays an important role in assisting the function of 
GroEL. This intriguing mechanism is, however, very complicated and should be 
studied more extensively. In order to characterize the mechanism in more detail, 
we studied refolding reactions of various proteins with chaperonin GroE.

GroE-Facilitated Refolding of Various Proteins in the Presence of ATP and ADP
We have studied various protein folding in the presence of chaperonin 

GroE. The enzymes used were Taka-amylase A (TAA; monomer, Mw=54,000) 
from Aspergillus oryzae, malate dehydrogenase (MDH; dimer, subunit 
Mw=27,000) from Thermus species, enolase (dimer, subunit Mw=47,000) from 
Saccharomyces cerevisiae, lactate dehydrogenase (LDH; dimer, subunit 
Mw=32,000) from Staphylococcus species, glucose dehydrogenase (GLUCDH; 
tetramer, subunit Mw=26,300) from Bacillus species, and tryptophanase (TPase; 
tetramer, subunit Mw=52,000) from Escherichia coli. The quaternary structure of 
these six enzymes range from a monomeric state (Taka-amylase A) to a 
tetrameric state (GLUCDH, tryptophanase). Taka-amylase A is an extra-cellular 
enzyme and also distinguished from the other five enzymes by the presence of 4 
disulfide bonds located in its tertiary structure. Guanidine hydrochloride was used 
to unfold the proteins completely and the refolding reaction was initiated by 
dilution into refolding buffers containing selected factors of the GroE complex.

Our experiments showed that GroE was capable of interacting with each of 
these all enzymes; in the absence of nucleotide, the refolding reactions of 
guanidine hydrochloride-unfolded proteins were arrested by GroEL. Addition of 
GroES and ATP to the reaction mixture initiated the dissociation of these proteins 
from GroEL and the enzyme activities were regained efficiently as shown in Fig.
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Fig. 2. GroE-facilitated protein folding characteristics of various enzymes in the presence of 2 
mM ATP or ADP (a) and final refolding yield of tryptophanase in the presence of GroE and 2 
mM various nucleotides (b). Five-fold molar excess GroE relative to enzyme's protomer was 
used and the activity was measured. Refolding temperature was 25°C.

2a. For more detailed, tryptophanase, which has been known to refold very 
poorly in vitro, showed a vast improvement in refolding yield (from 15% to 80%) 
in the presence of excess amounts of GroE and ATP (8). On the other hand, the 
dimeric enzyme enolase, which refolds almost quantitatively from the unfolded 
state, showed a negligible increase in refolding yield as a result of addition of GroE 
and ATP. However, the refolding of enolase was completely arrested in the 
presence of GroE when ATP was omitted from the refolding mixture, indicating 
that a specific interaction between GroE and enolase folding intermediates was 
taking place (9). In the case of Taka-amylase A, the addition of GroE to the 
refolding mixture resulted in a large increase in refolding yield, regardless of the 
presence or absence of disulfide bonds. The results of our studies support the 
proposition that GroE is capable of facilitating the folding of many proteins 
regardless of various differences in structural characteristics, cellular location, or 
origin. A systematic comparison of the refolding characteristics of these enzymes 
should be useful in elucidating a common mechanism for GroE-facilitated protein 
folding. Also, chaperonins may be utilized in a variety of processes related to 
protein engineering, in particular, in attaining a greater yield of overproduced 
protein from a given cellular system (10).

In the study of GroE-facilitated refolding of tryptophanase, we observed an 
interesting result that GroE is capable to refold the enzyme in the presence of not 
only ATP but also non-hydrolyzable ATP-analogs (ATP-y-S and AMP-PNP) and 
ADP as shown in Fig. 2b. Further experiments showed that ADP was not 
hydrolyzed by GroEL during the refolding reaction, which indicated that the 
energy released by ATP hydrolysis is not required for an efficient release of 
tryptophanase from GroE.
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Fig. 3. Mutation site of Thr 89 located in equatorial domain of GroEL subunit (a), circular 
dichroism spectra (b) and tryptophyl fluorescence spectra (c) of wild-type and GroEL T89W 
mutant.

In order to examine whether GroE-facilitated protein folding in the 
presence of ADP occurs for various proteins in common, we have also performed 
refolding reactions of the above six enzymes in the presence of GroE and ADP. 
Very interestingly, as shown in Fig. 2a, it was found that refolding reactions of all 
enzymes were mediated in the chaperonin-dependent manner, as well as in the 
presence of ATP. We also found that the chaperonin GroE and ADP not only 
facilitated the refolding of all these enzymes, but also prevented the irreversible 
heat inactivation of LDH and GLUCDH (11). These findings suggest that 
nucleotide binding is an important event in the mechanism of GroE-facilitated 
protein folding.

The Role of Nucleotide
Studies regarding the effects of the chaperonins on the folding reactions of 

various proteins have yielded many important clues to understanding the 
molecular mechanism of chaperonin-facilitated protein folding. In many protein 
refolding reactions, addition of ADP was sufficient to release the bound 
intermediates, as well as ATP. This fact strongly suggested that the binding of 
nucleotide to GroEL is important and that the energy derived from ATP 
hydrolysis may not be directly involved in the mechanism. In order to understand 
the role of ATP hydrolysis during chaperonin function, we have produced some 
mutant GroEL proteins using site-directed mutagenesis. One of them, GroEL
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Wild-Type T89W Refolding Time (hour)
Fig. 4. ATPase activity of wild-type and T89W mutant GroEL at 37°C (a) and the 
chaperonin-facilitated refolding of LDH at 25®C (b). In the presence of wild-type GroEL only 
(open square); T89W GroEL only (closed square); wild-type GroEL, GroES and 2 mM ATP 
(open circle); T89W GroEL, GroES, and 2 mM ATP (closed circle). Five-fold molar excess 
chaperonins relative to LDH protomer were used. Closed triangle indicates spontaneous 
refolding of LDH.

T89W, showed the most interesting effects of residue substitution, and has been 
utilized in probing the specific reactions which take place during facilitation of 
folding by chaperonin.

GroEL T89W, in which the residue Thr 89 has been replaced to a 
tryptophan, is a mutant with a sole tryptophan residue introduced into the 
(tryptophan-lacking) wild type sequence. As shown in Fig. 3a, the mutated residue 
of Thr 89 is located in the vicinity of the nucleotide binding site at the equatorial 
domain of GroEL, and the ^OH group interacts with y-phosphate group of ATP. 
We have studied this mutant protein in detail from the structural and functional 
characteristics point of view.

GroEL T89W mutant protein was highly expressed in E. coli in soluble 
form, indicating that this mutant was stable in vivo. Circular dichroism (CD) 
spectra (Fig. 3b) and tryptophyl fluorescence spectra (Fig. 3c) of the purified 
protein are shown in Fig. 3. Far-UV CD spectrum of T89W mutant was very 
similar to that of wild-type although near-UV CD spectrum was somewhat 
different. The difference of the aromatic region in CD spectrum was thought to 
be due to the mutation to tryptophan. The same reason was in the spectrum in 
tryptophyl fluorescence as shown in Fig. 3c. Since wild-type GroEL does not have 
any tryptophan residues, this tryptophyl fluorescence of T89W mutant was very 
useful in probing nucleotide binding as described below. Altogether with gel- 
filtration experiments it was concluded that GroEL T89W was similar to the wild 
type protein in aspects of quaternary and secondary structural characteristics.

Next, we have studied the functional properties of this chaperonin. Very 
interestingly, the mutant chaperonin lost completely its ability to hydrolyze ATP 
as shown in Fig. 4a. However, binding experiments performed by monitoring the 
changes in tryptophan fluorescence of the mutant protein indicated that the 
mutant was capable of binding nucleotides such as ATP and ADP with a reduced
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affinity. Therefore, GroEL T89W, possessing in effect a nucleotide binding 
ability which is decoupled from nucleotide hydrolysis, is an ideal model protein for 
studying the molecular mechanism of chaperonin function, especially the role of 
ATP-hydrolysis. Then, we have examined the ability of this mutant protein in 
binding and release of intermediates of lactate dehydrogenase (LDH) and enolase. 
Expectedly, as shown in Fig. 4b, complete binding of the folding intermediate of 
LDH as well as the nucleotide-dependent release could be observed, indicating that 
nucleotide binding is sufficient for the release and subsequent folding of LDH in the 
presence of GroEL. For the refolding of enolase, however, the ability to bind the 
refolding intermediates was reduced even in the presence of large excess amounts 
of GroEL T89W. Thus it may be said that GroEL T89W has different binding 
abilities for the refolding intermediates of different proteins. A more dynamic 
mechanism may be necessary to explain the binding mechanism completely.

Our experimental system using GroEL T89W mutant allows a detailed 
analysis of the specific role of nucleotide in chaperonin function. The fact that 
the trapped refolding intermediates of LDH and enolase were released from GroEL 
T89W upon ATP addition and refolded effectively shows clearly the importance 
of nucleotide binding but not hydrolysis. A significance of ATP-hydrolysis 
consists probably in maintaining the stable GroEL-GroES complex kinetically and 
its regulation (12). Thus, the ADP-dependent chaperonin function ("ADP-cycle") 
is also suggested by our results and may play a critical role in vivo, especially under 
stressful conditions. Further studies using this system should clarify many puzzling 
details of this intriguing phenomenon.
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Determination of molecular mechanism of bacterial DnaK/DnaJ/GrpE chaperone 
machinery provides insights into the principles governing Hsp70 interaction with polypeptide 
chains. The proteins belonging to Hsp70 family (eukaryotic DnaK homologue) together with 
Hsp40 and Hsp24 (DnaJ and GrpE eukaryotic homologues respectively) are involved in protein 
folding, protein transport and regulation of gene expression. During stress conditions, such as 
heat shock, the Hsp70/Hsp40 chaperone machine protects and reactivates other proteins . It has 
been shown recently that Hsp70-substrate complex isolated from cancer cells may act as a 
vaccine suppressing a cancer formation. These findings combined with involvement of 
molecular chaperones in prion-dependent diseases make the problem of Hsp70 recycling from 
complex with protein substrates medically relevant. In this paper we discuss differences in few, 
existing in the literature and proposed by us, models of Hsp70 action.

The Escherichia coli DnaK heat shock protein was identified as a peptide- 
stimulated ATPase, directly involved in the initiation of A.DNA replication (Żylicz et 
al., 1983; Żylicz and Georgopoulos, 1984). This 70 kDa protein in the presence of 
two other bacterial heat shock proteins, namely DnaJ (Żylicz er a/., 1985) and 
GrpE (Żylicz et al., 1987) triggers the initiation of A.DNA replication by releasing 
inhibitor, the A.P replication protein from the X preprimosomal complex (Liberek et 
al., 1988; Żylicz et al., 1989; Osipiuk et al., 1993). The homologues of bacterial 
DnaK (Hsp70), DnaJ (Hsp40) and GrpE (Hsp24) heat shock proteins were found in 
all tested prokaryotic and eukaryotic organisms (Deloche et al., 1997; for review 
see Georgopoulos and Welch, 1994). It was shown that Hsp70/Hsp40/Hsp24 
machine performs many chaperone function. These proteins are involved in 
protein transport (Hendrick et al., 1993), proteolysis (Sherman and Goldberg, 
1992; Gottesman, 1996), protein folding (Frydman and Hartl, 1996; Hartl, 1996), 
uncoating of clathrin-coated vesicles (Barouch et al., 1997), regeneration of steroid 
hormone receptors (Hutchison et al., 1994). During stress conditions the 
Hsp70/Hsp40/Hsp24 machine is able to protect other protein from inactivation, 
dissolve already formed aggregates (Skowyra et al., 1991; Schroder et al., 1993; 
Ziemienowicz et al., 1993; 1995) and regulate heat shock response (Straus et al., 
1990; Liberek et al., 1992; Liberek and Georgopoulos, 1993; Blaszczak et al., 
1996).

The chaperone functions of Hsp70/Hsp40/Hsp24 machine are performed 
by transient binding of Hsp70 and Hsp40 to denatured or native proteins. Where 
binding of bacterial DnaK to protein substrates in not very specific, the DnaJ 
protein alone seems to recognize more specific peptides sequence and/or structure 
(Wawrzynów and Żylicz, 1995). It has been shown that DnaJ alone can perform, at 
least in vitro, some chaperone activities (Hendrick et al., 1993; Cyr et al., 1994).
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Relevance of these findings needs to be confirmed in vivo. In bacteria and 
mitochondria a third protein, GrpE (Hsp24) is also required. Recently, it has been 
suggested that in the presence of ATP, the DnaJ protein changes the affinity of 
DnaK to different substrates (Wawrzynów et al., 1995). These findings make 
studies on affinity of DnaK alone to different peptides, biologically irrelevant 
(Gragerov and Gottesman, 1994; Rudiger er a/., 1997).

The DnaK protein binds ATP very tightly (kp 3-7 nM) and in the absence 
of DnaJ and GrpE hydrolyzes ATP in a rather slow reaction. One molecule of ATP 
is hydrolyzed by DnaK every 10-18 minutes. The presence of DnaJ and GrpE 
accelerates the steady state rate of ATP hydrolysis up 50 to 180 fold (Liberek et 
al., 1991; Jordan and McMacken, 1995; McCarty et al., 1994). The DnaJ protein 
alone as well as protein substrates can also stimulate the DnaK ATPase albeit to 
much lower extend (2-5 fold). The GrpE was shown to be a nucleotide exchange 
factor which accelerates the release of ADP from the DnaK-ADP complex (Liberek 
etal., 1991).

The DnaK/DnaJ/GrpE chaperone machine action requires ATP hydrolysis. 
It was postulated that ATP hydrolysis is required for recycling of DnaK from the 
DnaK-substrate complex (ŻyWcz et al., 1989; Liberek et al., 1991b). Only recently 
the question of involvement of ATP in this cycle was addressed using the 
physiological situation when all three elements of chaperone machine, namely 
DnaK, DnaJ and GrpE were present in the reaction mixture. Previously, the DnaK 
protein was used alone and the results were extrapolated to the situation where all 
three components were present (Palleros et al., 1993; Schmid et al., 1994). Special 
effort was undertaken to strip the DnaK from nucleotide (Theyssen et al., 1996), 
the procedure which simultaneously induces an artificial DnaK oligomerization 
(Banecki, unpuplished results).

H2O

N

Fig. 1. The model of Hsp70 cycle proposed by Szabo et al., 1994. 
S - protein substrate (luciferase), N - native substrate
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Szabo and co-workers have analyzed a model reaction in which DnaK, 
DnaJ and GrpE mediate the folding of denatured firefly luciferase, the substrate 
which also forms a stable complex with the DnaJ protein alone (Szabo et al., 1994) 
The binding and release of substrate from the complex with DnaK was modulated 
by ATP hydrolysis. The following model of the DnaK/DnaJ/GrpE cycle was 
proposed: (i) DnaJ protein binds unfolded luciferase and delivers it to the 
DnaK(ATP) (ii) upon interaction of luciferase-DnaJ with DnaK, ATP is hydrolyzed 
and a stable DnaJ-luciferase-DnaK(ADP) complex is formed, (iii) GrpE releases 
ADP from DnaK and (iv) the binding of ATP to DnaK releases the protein 
substrate thus completing the reaction cycle. Several rounds of ATP-dependent 
interactions with DnaK and DnaJ are required for full efficient folding (Fig. 1).

Interestingly, the addition of ATP analogue (AMP-PNP) and GrpE to the 
ATP-dependent activated DnaJ-luciferase-DnaK(ADP) complex resulted in an 
intermediate level of luciferase reactivation (about 35%). This lead to the 
interpretation that AMP-PNP and GrpE allowed the release of luciferase from 
DnaK and DnaJ but not the reformation of the ternary complex. Based on these 
experiments authors conclude that ATP hydrolysis by DnaK is required only for 
rapid formation of the polypeptide-DnaK complex and not for its dissociation. The 
Szabo's model presented in Figure 1 assumes that DnaJ protein does not dissociate 
luciferase until the luciferase is folded correctly. Based on different protein 
substrate - Gamer et al., (1996) proposed a similar DnaK/DnaJ/GrpE cycle. 
The only difference was the suggestion that DnaJ could dissociate from the ternary 
or quaternary complex independently of DnaK, thereby allowing, in principle, to 
act in this cycle in substoichiometric amount. It had been shown before that 
substoichiometric amount of DnaJ was efficient to activate (in the presence of ATP) 
the binding of DnaK to 0^2 (Liberek et al., 1995).

DnaK (ATP)

-ir

DnaJ-S-DnaK (ADP)
Fig. 2. The model of Hsp70 cycle proposed by Pierpaoli et al.,
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Recently, another model of the DnaK/DnaJ/GrpE cycle has been proposed 
(Fig. 2; Pierpaoli et al., 1997). Based on the real-time kinetic measurements of the 
intrinsic fluorescence of tryptophan in DnaK and fluorescence of dansyl-labeled 
peptide ligands the following steps of DnaK/DnaJ/GrpE cycle were proposed: (i) 
binding of target protein to fast-binding-and-releasing DnaK(ATP) stage which has 
low affinity to substrates; (ii) DnaJ-triggered conversion of substrate-DnaK(ATP) 
form to a high-affinity substrate-DnaK(ADP-i-Pi) complex; (iii) GrpE-facilitated 
ADP/ATP exchange which leads to the conversion of DnaK to the low affinity form 
and dissociation of the substrate-DnaK complex. The DnaK/DnaJ/GrpE cycle 
proposed by Pierpaoli and co-workers does not substantially differ from the initial 
suggested by Wall et al., (1995). The experiments described by Pierpaoli and co­
workers were performed using the peptide substrates which possessed the limited 
affinity to the DnaJ protein. This explains why the reaction of initial binding of 
DnaJ to the protein substrates, proposed by other authors, was omitted.

Some experimental data generated during last two years do not support the 
overall view of the DnaK/DnaJ/GrpE cycle model, mentioned above:
1. The DnaK and DnaJ proteins interact with each other only in the presence of 
ATP. The poorly hydrolysable ATP analogues inhibit such reaction. This suggests 
that DnaJ interacts stably not with the DnaK(ATP) but with DnaK(ADP) form 
(Wawrzynów and Żylicz, 1995).
2. The DnaJ-dependent activation of DnaK for binding to both native and 
denatured protein substrates requires ATP hydrolysis. The simultaneous presence 
of protein substrate and DnaJ is not required for this activation reaction, the 
substrate can be added after ATP hydrolysis (Wawrzynów et al., 1995).
3. The activation reaction of DnaK for binding to protein substrate could be 
divided into two processes: i) hydrolysis of ATP ii) DnaJ-dependent 
conformational change of DnaK. This last reaction was detected using change of 
fluorescence of DnaK's tryptophan (Banecki and Żylicz, 1996). Such increase of 
the fluorescence of DnaK's tryptophan in the presence of DnaJ and ATP was also 
detected by Pierpaoli et al., (1997) but interpretation of that result was different. 
According to their interpretation, increase of DnaK's tryptophan fluorescence, in 
the presence of ATP and DnaJ, is due to the ATP hydrolysis catalyzed by DnaK 
and stimulated in the presence of DnaJ. However, two experimental facts do not 
support such interpretation:
(i) 0.5 mM Pi which inhibits the ATP hydrolysis does not alter kinetics of DnaJ- 
dependent conformational changes, under the condition where Pi was added after 
ATP hydrolysis (Banecki and Żylicz, 1996);
(ii) DnaJ mutants with the deletion of zinc finger motifs (DnaJA 144-200) which 
stimulate DnaK's ATPase activity failed to increase the fluorescence of tryptophan 
and activate the DnaK for binding to various protein substrates (Banecki et al., 
1996).

It has been shown that the presence of both GrpE and ATP induced the 
conformational change of DnaK back to its conformation present before DnaJ 
dependent activation (Banecki and Żylicz, 1996). This event correlates well with the 
dissociation of substrate from the substrate-DnaK complex (Banecki and Żylicz, 
1996). Recently, similar phenomena was also described by Pierpaoli et al., (1997) 
and again, the interpretation of the same effect was different: GrpE without ATP 
hydrolysis, by simple exchange of ADP to ATP, changes the conformation of 
DnaK, allowing the substrate release from the substrate-DnaK complex.
Taking into consideration all the above critics of previously published models of 
DnaK/DnaJ/GrpE cycle we suggest a new model which embraces and suits all the 
experimental data published before (Fig.3).
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GrpE

DnaJ Pi, GrpE, DnaJ, S'

Fig.3. The model of Hsp70 cycle proposed in this paper (see also Banecki and 
Żylicz, 1996).

We propose that the DnaJ protein interacts with DnaK only when DnaK is in 
DnaK*(ADP) conformation. Such conformation can be achieved by DnaK only 
after ATP hydrolysis (not by simple incubation of DnaK with ADP). If the DnaJ 
protein is already in the complex with substrate the ternary complex is formed: 
DnaJ-(substrate-DnaK(ADP)). If the affinity of DnaJ to the substrate is low then 
DnaJ changes the DnaK*(ADP) conformation in such a way that the formation of a 
stable substrate-DnaK(ADP) complex is possible. The DnaJ protein is only 
transiently bound to such complex. In the presence of ATP, GrpE accelerates the 
exchange of ADP to ATP in DnaK (quaternary intermediate complex is formed) 
and after ATP hydrolysis the complex dissociates. If the protein substrate still 
possesses the affinity to DnaJ it will immediately move to another cycle (as it was 
proposed by Szabo et a/., 1994). If the DnaJ protein looses affinity to the substrate 
(after e.g. folding), it needs to activate the DnaK* form before this substrate enters 
the cycle. The model presented in Fig. 3 does not exclude the possibility that after 
binding of ATP analogues, the complex will also fall apart but in such case the 
DnaK*(ADP) conformation will not be reached and the substrate will never again 
enter the DnaK/DnaJ/GrpE cycle. This is probably the explanation why (AMP-PNP) 
and GrpE, where added to ATP-dependent activated DnaJ-luciferase-DnaK(ADP) 
complex, reactivated the luciferase only to a limited extent (Szabo et al., 1994).
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The first part of this repwrt concerns the unknown so far localization of one of the protein 
kinases phosphorylating acidic ribosomal proteins in yeast cells. The best substrates for this 
enzyme, called PK60S are the two endogenous acidic ribosomal proteins YPlp and YP2a from 
60S ribosomal subunit. Using the method of immunogold labeling of enzyme and electron 
microscopy, we showed the localization of PK60S around the mitochondria.

In the second part we present our observation of the ribosome phosphorylation- 
dephosphorylation processes and its effect on the ribosome structure. The complete 
dephosphorylation of ribosome, in contrast to the native and phosphorylated ribosomes, leads to 
creating the different forms of 60S subunit, containing surprisingly the whole set of acidic 
ribosomal dephosphorylated proteins. The presented results are part of our studies on the 
biological function of ribosomes phosphorylation.

INTRODUCTION

It is known that large ribosomal subunit of all organisms contains a set of 
strongly acidic proteins (A-proteins) having molecular masses of about 12-13 kDa. 
This kind of proteins is present in a few copies per ribosome and play an important 
role in translation [1]. Bacterial (E.coli) ribosomes have two A-proteins called L7 
and LI2. Both proteins are encoded by the same gene (rplL) and therefore the primary- 
structure of L7/L12 polypeptides are identical. The difference between them concerns 
the N-terminus only, which is acetylated in L7 [2]. The number of acidic proteins in 
eukaryotic ribosomes varies from two in mammals to up to eight in protozoa [3]. In 
contrast with bacterial A-proteins, the eukaryotic acidic ribosomal proteins are 
phosphorylated and for that reason they are called P-proteins. These proteins can be 
classified in two subgroups according to their sequence homology to mammals 
proteins PI and P2 [4].

The 60S ribosomal subunit from Saccharomyces cerevisiae cells has four 
P-proteins. They are encoded by independent genes [5] and are called YPla, Ypip 
(PI subgroup), YP2a and YP2P (P2 subgroup) [4]. The P-proteins located on the 
characteristic lateral protuberance (stalk) of large ribosomal subunit can be extracted 
from ribosomes by washing them with NILCl/ethanol solution, giving split proteins 
fraction and core particle [6]. P1/P2 proteins interact with non-acidic core protein - 
PO which binds directly to the r-RNA in the area of ribosomal GTP-ase center [7].

The P-proteins from yeast cells are phosphorylated as well in vivo as in vitro 
by multifunctional protein kinase CK-2 [8,9], high specific protein kinase - PK-60S 
[10] and ribosomal protein kinase - RAP [11]. The three enzymes phosphorylate 
exclusively the last serine residues located in a highly conserved carboxyl end of the 
polypeptide chains [12]. The role of this modification is not well recognized yet. It is
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known that phosphorylated forms of P-proteins are found on the ribosomal particle. 
Non-phosphorylated forms are free in the cytoplasm [13-15]. Moreover, 
phosphorylation of P-proteins are required for the translational activity of ribosomes. 
Dephosphorylated P-proteins are unable to reconstitute elongation factor dependent 
activity of ribosomes from core particles and acidic proteins extracted from the 
particles with the solution of NH4CI/ethanol [16].

In this report we present some new data on the localization of the specific 
protein kinase - PK60S in yeast cells and the effect of acidic proteins phosphorylation 
on ribosomal association/dissociation processes.

RESULTS AND DISCUSSION

The assembly of a full ribosomes from ribosomal RNA (r-RNA) and 
ribosomal proteins (r-proteins) involve a number of steps. Ribosomal proteins, like 
other proteins, are synthesized in the cytoplasm. To be assembled onto r-RNA in the 
formation of a ribosomes, they must enter the nucleolus via the nucleus [17], One of 
the latter r-proteins to be joined to a ribosomal core, is the low molecular mass acidic 
proteins located on the surface of the ribosomes. As mentioned earlier, the 
phosphorylated forms of acidic r-proteins are found on the ribosomal particle. Hence, 
the question arises whether protein kinases are localized in or out of the nucleus? To 
resolve this problem, we have carried out immunogold labeling [ 18] of PK60S as one 
of the three protein kinases phosphory'lating the acidic r-proteins in the yeast cells 
(Fig.l).

Fig. 1: Electron micrograph of immunogold labeling of ribosomal protein 
kinase - PK60S in Saccharomyces cerevisiae cells. Magnification approximately 
X 22.000, Nucleus (N), Mitochondrias (M).
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The PK60S is present neither inside nor outside of the nucleus. Surprisingly, 
the mitochondrias are surrounded by dark little dots which are the immunogold 
labeled particles of PK60S. It may suggest that PK60S has somethig to do in 
mitochondria. Isoelectrofocusing separation of P-proteins from mitochondrial 
ribosomes is shown in Fig. 2. They have only three proteins: YPla, YPip and YP2P 
(Fig. 2B). The obtained result is quite curious, because the best two protein substrates 
for PK60S are YPlp and the one missing in mitochondrial ribosomes YP2a [19]. At 
the present time we have no explanation for that. In contrast to mitochondrial 
ribosomes, the cytoplasmic ones contain a set of four cardinal acidic proteins and one 
truncated form of YPip called YPip' (Fig. 2A) which is deprived of eight amino 
acids at the N-terminus [20].

pi 15.0 B

'YP2P

-YPip

YPla

pi I 2.5

Fig. 2: Identification of acidic proteins from mitochondrial ribosomes. Separated 
proteins descending from cytoplasmic (A) and mitochondrial (B) native ribosomes 
were silver stained. The mitochondrial ribosomes were also dephosphorylated with 
alkaline phosphatase and acidic proteins were separated and stained (C). The small p 
letters mean phosphorylated form of acidic proteins.

So far, no data indicating whether phosphorylation of acidic r-proteins has 
whatever effect on the structure of ribosome. The native 80S ribosomes dissociate 
into the large-60S and small-40S subunits, which easily undergo separation by 
centrifugation (Fig. 3B). The isoelectrofocusing analysis of acidic r-proteins derived 
from the native yeast ribosomes shows the presence of the phosphorylated as well as 
the dephosphorylated forms of acidic r-proteins in the particle (Fig. 3b). Fully 
phosphorylated in vitro 80S ribosomes dissociate into subunits likewise to the native 
ribosomes (Fig. 3A and 3a). The graphic profile of subunit separation after
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dephosphorylation of 80S ribosomes (Fig. 3C) differ from the native as from the 
phosphory lated ribosomes. It concerns the 60S subunits. In the gradient fractions 
where the single larger peak of 60S subunit should occur, there are two smaller 
peaks which have a complete set of acidic r-proteins (Fig. 3c). Dephosphorylation of 
ribosomes probably caused these pertubations in the structure of 60S ribosomes 
without spliting the acidic r-proteins leading to the formation of heavier forms of 60S 
subunits. These results suggest a protective role of acidc r-proteins in maintaining the 
native structure of the particle. This is important for the translational stability and 
readiness of a free 60S subunits appearing in the cytoplasm as a „run off" ribosomes 
ending the translation cycle and before the next one.

'260 B c !

pH 5.0 \'P2P 

— VP2a

pH 2.5
>— M’lpp __ 
—— YPlap —

— VPip' —

— VPlfJ ----
---- VPIa ----

Fig. 3. Effect of phosphorylation - dephosphorylation processes on ribosomal 
structure. 80S ribosomes (1.5 mg) were phosphorylated in vitro with protein kinase 
(A) or dephosphorylated with alkaline phosphatase (C) and than separated on 
ribosomal subunits by centrifugation in a linear sucrose gradient as described earlier 
(21). The acidic r-proteins were analysed by isoelectrofocusing (a, c). The control 
batch was the native 80S ribosomes (B and b).
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Wiesława Leśniak, Gertruda Pokrywińska, Jacek Kuźnicki

Nencki Institute of Experimental Biology, 3 Pasteur 02-093 Warsaw, Poland
E-mail: jacek@nencki.gov.pl

signaling in signal transduction pathways is based on Ca^^ binding proteins. The 
most important group is the superfamily of EF-hand Ca^"'^ binding proteins representing 
about 250 highly homologous proteins. All of them share a common structural motif, which 
consists of a Ca^"^ binding loop flanked by two a-helices. Calmodulin and a few other EF- 
hand proteins are present in all eukaryotic cells. Others, like calretinin and calcyclin, are 
cell-specific. We study the structure, function, distribution, and regulation of the genes of 
these Ca^^ binding proteins. Specifically, the following projects are under investigation in 
our laboratory; cloning and expression of a novel calcyclin target protein, the NMR structure 
of recombinant calretinin expressed in Pichia pastoris, the effect of overexpressed calretinin 
on Ca^^-homeostasis in cultured cells, the mechanisms of cell specific gene expression of 
calretinin, which is a neuronal protein, and of calcyclin, which is expressed in epithelial 
cells and fibroblasts. The present article describes the recent developments in the latter 
project in which the calcyclin human gene promoter is being studied.

Abstract

We describe the use of the Matlnspector program for examining the putative 
transcription factor binding sites in the 1371 bp long calcyclin gene promoter and an 
experimental evaluation of the data obtained from such a theoretical analysis. When the 
threshold of matrix probability was set at 0.92 the program indicated 23 transcription 
factors which could potentially recognize 59 different sequences. The binding of nuclear 
proteins from Ehrlich ascites tumor cells to the calcyclin promoter fragments was examined. 
The protein-DNA interactions detected by means of gel mobility shift assays were fewer than 
these that can theoretically occur. However, we also observed a protein binding to the 
oligonucleotide corresponding to the putative enhancer sequence of the calcyclin promoter 
and to the fragment representing -365/-256 bp that were not indicated by the computer 
search. This suggests a binding of transcription factors that were not included in the data 
base.

Introduction

Calcyclin, a member of the S100 family of calcium-binding proteins (for reviews 
see [1-3]), is expressed in a cell/tissue-specific manner [4-8]. Additionally, calcyclin 
expression may be modulated in response to various extracellular factors [7-9] and an 
aberrantly high level of this protein is often observed in various pathological states, 
including many cancers [10, 11]. Cell specific expression and upregulation of the
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protein under variety of conditions makes the calcyclin gene a suitable model to study 
the regulatory mechanisms directing the expression of the genomic information. The 
sequence of the calcyclin gene together with the putative 5’ regulatory sequences have 
been established [12]. Functional studies using cells transfected with calcyclin gene 
promoter-reporter gene constructs are now also available [13, 14]. These studies 
helped to establish the so called minimal promoter, 5' proximal to the TATA box, 
which guarantees a base level of reporter gene transcription, and mapped the 
stimulatory or inhibitory properties of the upstream promoter regions in the 
investigated cell lines. However, no information is available concerning the binding of 
nuclear proteins to the calcyclin promoter DNA. Hence, no transcription factors that 
could be responsible for the observed stimulatory or inhibitory effects on transcription 
have been identified.

Recently, new methods have been published that help to evaluate the probability of 
a transcription factor binding to the examined sequences [15-17] We believe the use 
of such an analysis may be helpful as a preliminary' step in designing an experimental 
approach for studies on transcription factor binding. The combinatory use of this 
theoretical and experimental analyses might lead to the identification of novel 
transcription factors.

Materials and Methods

Theoretical analysis of the calcyclin gene
A human calcyclin gene clone isolated by Baserga and co-workers [13] was 

analyzed using the Matlnspector program [15]. This program comes with a matrix 
library of about 200 transcription factors’ matrices selected from the TRANSFAC 
database on transcription factors and their DNA binding sites [16, 17], Parameter for 
core similarity (the four best-conserved consecutive nucleotides of the matrix) was 
chosen to be 1 (100%, full complementarity) and the threshold of minimal matrix 
similarity was arbitrarily set at 0.92 (92% complementarity). The calcyclin gene clone 
sequence, available under accession number J02763 fi"om the GenBank, was inserted. 
to the Matlnspector program and potential transcriptional factors binding to the 
promoter sequence (-1371/-1) and the respective DNA sequences were recovered. 
Overlapping binding sites for one transcription factor were considered as a single site, 
while overlapping sequences for two or more transcription factors were considered 
valid for each factor. Symmetrical sequences on the (+) and (-) DNA strands were 
considered as a single binding site.

Preparation of calcyclin gene promoter fragments
The 5' flanking region of the calcyclin gene, from position -1371 to +134 relative to 

the putative transcriptional start site was digested with pairs of restriction nucleases: 
Apal/Ncol, NcoI/BsmI, BsmI/Earl, Earl/EcoRV, Earl/Sfil, Sfil/BamHI. This 
digestion yielded DNA fragments corresponding to the following regions of the
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promoter; -1371/-1194, -1194/-1033, -1033/-748, -748M76, -47Ó/-277, -277/-S2, - 
52/+134 (See Fig. 1). The resulting fragments were purified from a 1% agarose gel 
using Qiagen kit; DNA fragments were dephosphorylated, and subsequently labeled 
with [y^^PJATP (>3000Ci/mmol) using T4 polynucleotide kinase (Promega). Free 
radiolabeled nucleotide was removed using Microspin G-50 columns (Pharmacia 
Biotech) according to the manufecturer instructions.

Gel mobility shift assays
Nuclear extracts (5-20 pg of protein) were preincubated for 10 min with 1 pg of 

poly(dldC) and 1 pg of herring sperm DNA in a buffer containing 20 mM Hepes pH 
7.6, 1 mM EDTA, 10 mM (NH4)2S04, ImM DTT and 0.1% Tween-20 in a final 
volume of 20 pi. The ^^P labeled probe was added and samples were incubated for 20 
min at room temperature. The incubation mixtures were resolved by electrophoresis on 
a 5% nondenaturating polyacrylamide gel in lx TBE buffer. The gels were dried and 
analyzed by autoradiography. The oligonucleotides used were synthetized by TIB 
MOLBIOL, Poznań, and had the following sequences: Oligo 1 (USF core sequence 
underlined; NMYC, bold italic), GTGCATGCACGTGGGAGC (-598/-581); Oligo 2 
and Oligo 2A (MZFl, underlined), TGAAGGGGAAATGGTGAA (-7S2/-735); 
TAGGGGGAGTAGCCAGTG (-4637-446); Oligo 3, (SV40 enhancer underlined) 
CAGGAGGCGTGGAAAGTC (-1617-144); Oligo 4 (SPE, underlined), 
TTGGCCGAGCTGGCCTC f-607-43). For competition experiments the Competition 
Oligos kit (Stratagene) was used.

Nuclear extract preparations
Ehrlich ascites tumor cells were washed twice with 0.9% NaCl and pelleted at 1000 

X g for 10 minutes. The cells were resuspended in a hypotonic lysis buffer containing 
10 mM Tris-HCl, pH 7.4, 1 mM DTT, 0.25 mM PMSF, 0.05% sodium azide, 20 
pg7ml aprotinin, 20 pg7ml pepstatin and 20 pg7ml soybean trypsin inhibitor. After 10 
min incubation on ice the cells were homogenized in a teflon-glass homogenizer. The 
nuclei were packed by a 10 min centrifugation at 1000 x g and resuspended in a buffer 
containing 10 mM Tris-HCl, pH 7.4, 0.25 mM sucrose, 0.25 mM PMSF and 0.05% 
sodium azide and subsequently pelleted at 3000 x g. The nuclei were resuspended in 
the same buffer containing 0.5% TRITON X-100, gently homogenized, pelleted as 
before and washed twice with the same buffer without detergent. The pellet was 
resuspended in the same buffer and extracted with 0.3 M KCl in substantia added 
gradually while the chromatin suspension was gently stirred on ice. The mixture was 
stirred for another 30 min, centrifuged as before, and the supernatant was dialysed 2 x 
2 h against a buffer eontaining 10 mM Tris-HCl, pH 7.4, 40 mM KCl, 0.25 mM 
PMSF, 0.05% sodium azide. The dialysate was centrifuged at 3000 x g for 10 min to 
remove any precipitate; the supernatant was frozen and kept at -70°C. Protein content 
of the nuclear extract was measured bv the method of Bradford.
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Results

Table 1 shows the list of transcription factors whose putative binding sites were 
found throughout the 1371 bp long calcyclin gene promoter using the Matinspector 
program. When the threshold of matrix probability was set at 0.92, a limited set of

Table 1

Consensus sites for transcription factors in calcyclin promoter region (-1371/-1) 
with core = 1, and matrix values above 0.92

Transcripton
factors

No of 
sites

Core
sequences

Positions

API/APIFJ 3 TGAC -435(-), -321(-), -288(-)
AP4 1 CAGC -252(-)
ARNT 2 CGTG -591 (+/-), -28!(+/-)
ATF 2 TGAC -1011(-),-231(-)
CAAT 1 CCAA -IOOI(-)
CETS1P54 2 CGGA -817(-), -49(-)
CREB 2 TGAC -1007(-), -227(-)
CREL 1 TTCC -169(-)
DELTAEFl 5 ACCT -1165(-), -809(-), -798(-), -568(-), -522(-),
E47 2 CAGG -1167(-), 799(-)
GATA 2 GATA -853(-), 454(-)
IK2 6 GGGA -1210(-), 1029(-), 946(-), 875(-), 596(-) 

-415(-)
LYFl 1 GGGA -1209(-)
MAX/MYCMA 2 CACG -593(-), -283(+/-)
MZFl 13 GGGG -120(-), -1113(-), -963(-), -739(-), -710(-), 

-659(-), -631(-), -536(-), -495(-), -452(-), 
-294(-), -237(-), -193(-)

MYOD 2 CAGG -1169(+/-), -799(+/-)
NFl 3 TGGC -1231(-), -232(-), -805(-)
NFY 1 CCAA -1004(-)
NKX25 1 AAGT -1308(-)
NMYC 2 CGTG -591(-), -28!(+/-)
SPl 2 GGCG -88(-), -73(-)
TH1E47 1 CTGG -1153(-)
USF 2 CACG -593(+/-), -283(+/-)
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transcription factors was shown to have the potential to interact with the calcyclin gen 
promoter sequence. The analysis indicated 23 transcription factors which could 
potentially recognize 59 different sequences. The outcome of the search did not change 
significantly when the core similarity parameter was omitted (set at 0). Under such 
conditions the computer search indicated 6 additional sequences, only one of which 
was recognized by a factor not indicated previously. The sequences in the calcyclin 
promoter region could be recognized by both ubiquitous factors that include AP1,
AP4, DELTA EFl, NFl, USF, as well as by eell specific factors such as MZFl, IK2 
and DELTAEFl. Some factors had multiple potential binding sites (for instance 
MZF1 had 13 sites), but the majority had only one, or two binding sites. Some of these 
sequences are overlapping, indicating that the actual number of potential interactions 
is probably much smaller. Such overlapping sequences include two E-boxes 
(CANNTG) on both (+) and (-) DNA strands at regions -1167/-1161 and -79S/-792 
which can be recognized by MyoD, E47 and DELTAEF1. Another two overlapping 
binding sites at positions -5967-583 and -2887-273 included sequences recognized by 
USF, NMYC and ARNT '

Apal Ncol BsmI 
-1371 -1194 -1033

t

Earl EcoRV Earl Sfil BamHI
-748 -476 -277 -52 +134

1-3657-256
I

0-2 0-1 0-2A 0-3 0-4 El
Fig. 1. Scheme of the calcyclin gene promoter region whose sequence is available [12]. 
Exon 1, fi'agments and oligonucleotides analyzed, as well as the restriction enzyme 
sites used to cut the promoter region are indicated.

To check some of the potential protein-DNA interactions indicated by the above 
described analyses we have performed binding studies using calcyclin promoter 
fragments or syntethized oligonucleotides and nuclear extracts from Ehrlich ascites 
tumor cells which express calcyclin at a high level. Promoter fragments corresponding 
to positions from -1033 to +134, i.e. extending 134 bp into the first noncoding exon, 
were used. Gel mobility shift assays (GMSA) performed under the conditions 
described in Materials and Methods show only a limited amount of DNA-protein 
interactions - a total of 10-12 bands were observed (Fig. 2A). According to the 
Matinspector search this part of the promotor (-10337+134) should theoretically 
harbour 48 binding sites. When partially purified protein fractions were used several 
additional, weaker interactions could be observed (not shown). These results indicate 
that under the experimental conditions used only some of the theoretically possible 
DNA-protein interactions can be detected in nuclear extracts from cells expressing 
calcyclin. We have further compared the theoretical and experimental data by checking 
protein binding to short oligonucleotides (Fig. 1) harbouring binding sites for some of 
the transcription factors indicated by the computer search.
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-1033/-748 -748M76 -4161-211 -2111-52 -52/+134 -365/-2S6 -161/-144
a b

Fig. 2. Gel mobility shift assays using calcyclin gene promoter fragments and Ehrlich 
ascites tumor cells extracts. The fragments were labeled using T4 kinase and [/^P]- 
ATP and autoradiography of the dried polyacrylamide gel was performed overnight.

We have examined an 18 bp Oligo 1 corresponding to position (-598/-581) on the (-) 
DNA strand which contains overlapping binding sites for USF, NMYC, ARNT and 
IK2 transcription factors with the matrix similarities of 0.978, 0.956, 0.945 and 0.963 
respectively. No protein binding to this oligonucleotide could be observed when the 
nuclear extract obtained from EAT cells was used (not shown). On the other hand, we 
observed a protein binding signal when we used a 110 bp long DNA fragment 
corresponding to position -3657-256 in which another overlapping putative binding site 
(-2887-273) for some of these fectors (USF, NMYC, ARNT) was contained (Fig. 2B). 
To check whether this signal might be due to one of these factors binding to the 
-2887-273 bp region we have performed competition studies using Oligo 1, bearing an 
8 bp long sequence identical to that contained in the -2887-273 region, as a competitor. 
Even at 50-fold excess, Oligo 1 did not compete for the protein binding to the 110 bp 
long DNA fragment (Fig. 2B, line b). This suggests that none of the transcription 
factors indicated by the theoretical analysis (USF, NMYC, ARNT) was involved in 
this binding and indicates a possible binding of a protein not included in the data base.
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This protein might represent a novel transcription factor. Other two examined 
oligonucleotides, Oligo 2 (-752Z-735) and Oligo 2A (-463/-446) contained the MZFl 
binding site at the (-) DNA strand (Fig. 1). No protein binding to these 
oligonucleotides was found under GMSA conditions (not shown) suggesting that 
active MZFl protein is not present in the nuclear extract of EAT cells. On the other 
hand, we have observed a protein interaction with Oligo 3 (-161/-144) corresponding 
to the putative enhancer sequence of the calcyclin promoter [13] (Fig. 2C), although 
the computer search (matrix 0.92) did not indicate a transcription factor binding site in 
this sequence. The closest candidates were BARBIE and AHRARNT transcription 
factors with matrix similarity values of 0.874 and 0.858, respectively. Protein binding 
to the calcyclin gene enhancer sequence has been previously reported [13]. We have 
also tested a possible binding to the so called S100 protein element (SPE) - the only 
sequence that seems to be common to the promoters of almost all examined S100 
proteins [20]. It is located at a similar distance from the TATA box in all SlOO protein 
genes and was suggested to have a functional role [20], The computer search of the 
SPE sequenee GAGCTGGCCTC (-557-45) did not indicate any transcription factor 
that could recognize it with a probability higher than 0.65 (core similarity 0, matrix 
similarity 0.65). In accordance with this prediction we could observe no binding to 
Oligo 4 corresponding to position -607-43 of the promotor sequence (not shown). The 
computer search indicated two SPl binding sites at positions -927-79 and -767-64 as 
well as three API binding sites at positions -43 77-427, -3237-3 1 4 and -2907-280. The 
API binding sites are contained in the -4767-277 DNA fragment and the Spl binding 
sites in the -2777-52 DNA fragment, respectively. We have checked whether protein 
binding to these long DNA fragments can be competed out by commercialy available 
oligonucleotides containing the consensus binding sites for these transcription factors. 
None of the competitive nucleotides was effective at 25-fold excess (not shown) 
suggesting that these transcription factors were not involved in the protein-DNA 
interactions observed for EAT cell nuclear extracts.

Discussion

The computer programs developed to analyze nucleotide patterns have been 
improved to utilize most of the available sequence information. The Matind and 
Matinspector programs create a large libran,' of sequence patterns and use them to 
locate matches in other sequences, employing a new search algorithm producing 
results superior to lUPAC searches [16]. These new programs establish a core 
sequence of the 4 most conserved nucleotides and start a preselection in which only 
matches to the core region, with the preset value, are considered. We have set the core 
value to 1, meaning that only sequences preserving the 4 consecutive most 
conservative nucleotides were considered. The matrix similarity threshold was set at 
0.92. Although this choice was arbitrary, it was based on a test search performed for 
the ABFl yeast transcription factor [15]. Out of 11 functional ABFl binding sites, 10
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had a matrix similarity >=0.92. Using these criteria (core =1; matrix >=0.92) we 
believe it was possible to select transcription factors which have the potential to 
interact with calcyclin promoter. To examine real interactions that may occur along 
the calcyclin promoter we have chosen EAT cells as the source of nuclear proteins. 
EAT cells are abundant in calcyclin [21], indicating a high level of calcyclin gene 
expression. We have experimentally checked protein binding to some sequences in the 
calcyclin promoter that were indicated as potential transcription factor binding sites. 
On the basis of these results several observations were made. The protein-DNA 
interactions detected by means of GMSA are fewer than those that can theoretically 
occur. This may be due to the fact that not all transcription factors, especially cell 
specific ones, may be present in a given cell type, i.e. the EAT cell extract. Also, some 
putative transcription factors might be inactive under the binding conditions used. 
Secondly, some weaker interactions may not be detected. In fact, additional weak 
signals could be seen in gels, when partially punfied EAT cell nuclear extract 
fractions, instead of cellular extracts, were used. The observation that there is a fewer 
number of protein-DNA interactions than would be expected from the computer 
search might partly explain why we did not observe protein binding to oligonucleotides 
containing the consensus sequences. While MZFl and IK2 are cell specific factors 
probably confined to the hematopoietic and lymphocyte lineages, with an unlikely 
involvement in calcyclin gene expression, USF and NMYC are ubiquitous. On the 
other hand, we have detected protein binding to the -3657-256 fragment that was not 
due to the binding of transcription factors (USF, NMYC, ARNT) found to recognize 
a sequence (-2887-273) present in this region. We have also observed protein binding 
to the putative enhancer sequence, to which no protein factors were ascribed, 
suggesting that novel transcription factors might be involved.

Our results show that the computer analysis performed using the Matind and 
Matinspector programs can give a general scope of possible protein-DNA interactions. 
These interactions, however, must be experimentally verified for any given tissue or 
cell type. When a protein binding signal is detected the comparison with a theoretical 
search helps to establish which transcription factor may be involved or if a novel type 
of transcription factor should be considered. As the actual binding of a transcription 
factor depends on a cell type and intracellular processes, such as cell activation, 
phosphorylation, etc., and on the experimental conditions, a negative experimental 
result does not automatically exlude the validity of the theoretical search. Hence, such 
interactions.
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Abstract: A synthetic palindromic DNA fragments of the promoter region of the tomato 
proteinase inhibitor I forms a complex with systemin. It was proved by capillary gel 
electrophoresis, footprinting with deoxynuclease I and circular dichroism (CD) measurements. 
We identified nucleotides protected by systemin and on this basis we performed computer 
modelling of the systemin-DNA complex.

Introduction
During the course of evolution, plants and pathogens have evolved a specific 
relationship, resulting from an exchange of a molecular information. In response to 
wounding and pathogens attack, plants developed a wide range of defence 
mechanisms. Recently much effort is devoted to the understanding of the expression 
of proteins that are synthesised in plants after pests or pathogen attacks. Wounding 
causes a release of local and systemic signals that induce expression of defence 
protein genes. Signalling molecules, regulating expression of those genes are suppose 
to meet several criteria. They should be synthesised by the plant, increase 
systematically after the attack by pathogen, move throughout the plant, induce 
defence-related substances and finally enhance resistance to wounding. Among 
regulatory molecules identified so far, there are low molecular weight compounds and 
short polypeptides (Pearce et al, 1991; Enyedi et al, 1992; Bemhamou, 1996; Becraft 
et al, 1996; van de Sande et al, 1996;). Recent reports from various laboratories, 
suggest that plants make wide use of a peptide signalling. A wound hormone, an 18- 
amino acid polypeptide called systemin, activates several defence genes (Pearce et al, 
1991). Another peptide - ENOD40 - has been found to play a role as a regulator of 
the formation of nitrogen root nodules in legumes (van de Sande et al, 1996). The 
extracellular domain of the cr4 protein containing a cysteine-rich region similar to the 
ligand binding domain in mammalian tumour necrosis factor receptor (TNFR) and 
seven copies of a previously unknown 39-amino acid repeat function as a 
differentiation signal (Becraft et al, 1996). These peptides may be synthesised as 
inactive precursors e.g. prosystemin (McGurl et al, 1992), or as fully active molecules 
e.g. ENDO40 (van de Sande et al, 1996).
Systemin is transported in a phloem of tomato plants when placed on leaf wounds. A 
signalling pathway for defence gene activation has been proposed, in which
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oligouronides and systemin activate the lipid-derived pathway (the octadecanoid 
pathway) where linolenic acid is released from membranes, resulting in the synthesis 
of jasmonic acid - a well known low molecular weight plant hormone (Doares et al, 
1995). Systemin has been found to be processed in vitro at the putative furin cleavage 
site (ArglO-Aspl 1) by a plasma membrane associated protease and the systemin 
binding protein (SBP50) at the same time. The function of SPB 50 as a hormone 
receptor is not clear but it may play a role in the degradation of systemin (Schaller 
and Ryan, 1994). Low levels of systemin (femtomoles per plant) are active in 
inducing proteinase inhibitor synthesis. Systemin is synthesised in tomato as a 200 
amino acids precursor protein, prosystemin. Its synthesis is essential for wound- 
induced proteinase inhibitors accumulation. Several other proteins including 
polyphenol oxidase, a sulfhydryl proteinase inhibitor, a cathepsin D inhibitor, 
carboxypeptidase, leucine aminopeptidase, aspartic proteinase and threonine 
deaminase are also systemically regulated (Schaller and Ryan, 1996). Systemin is 
translocated throughout phloem of tomato plants. Its movement is similar to that of 
sucrose and supports a role of this peptide as a systemic wound signal in tomato 
plants (Narvaez-Vasquez et al, 1995).
Although there are lot of data concerning biological function of systemin, very little is 
known about its structure and properties (Russell et al, 1992; Toumadje and Johnson, 
1995). A molecular mechanism of action of the peptide is also not clear as well.
This work was undertaken to understand the structure and properties of systemin in 
solution and propose a model for its interaction with DNA.

Materials and methods
Systemin was synthesised manually using a solid phase procedure. The peptide was 
purified on HPLC RP Vydac C-18 column (Ślósarek et al, 1995).
Chemically synthesised DNA was labelled at the 5'end with [y-^^P]-ATP using T4 
polynucleotide kinase (Sambrook et al., 1989). Radioactive DNA was purified on 
polyacrylamide gel and hybridised overnight in buffer containing 50 mM Tris-HCl 
pH 7.5, 2 mM MgClj. Guanine-ladder was prepared by chemical methods (Sambrook 
etal., 1989).
Ribosomal 5S RNA was isolated from yellow lupin seeds (Lupinus lutem) by phenol 
extraction, purified on Sephadex G-75 and repurified on 15 % polyacrylamide gel 
containing 7M urea, 50 mM Tris/borate buffer, pH 8.3 and ImM EDTA (TBE).
tRNA’’’’® extracted from yeast was additionally purified on 15% polyacrylamide gel
with 7M urea, 50 mM TBE buffer. 5S rRNA and tRNA were 3'-end labelled with 
[^^P]pCp and T4 RNA ligase. [^^P]-labelled RNAs were purified by 10 % 
polyacrylamide gel electrophoresis (PAGE) with 7M urea, eluted from the gel and 
renatured (Barciszewska et al., 1986).
The complex formation of DNA with systemin was carried out using InM of labelled 
DNA (40 000 cpm) and appropriate amount of systemin as specified in the legend to 
the figures, in Buffers: Bl) 20mM Tris-HCl pH 7.5, 50 mM KCl, 5mM MgClj, 0.5 %
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Nonidet P-40; B2) 20mM Tris-HCl pH 8.2, 50 mM KCl, 5mM MgCl2, 0.5 % Nonidet 
P-40 and B3) 20mM Tris-HCl pH 7.5, 70 mM KCl, 2 mM MgCb, 0.1% Nonidet P­
40, 0.5 mM DTT, 50pM ZnCl2, lOOpM BSA, 6% glicerol (10 pi of total volume). 
The reaction mixture was incubated 40 min. at 22°C. The complexes formation of 
systemin with [3'-^^P] labelled crude tRNA from yeast, RNA’’’’® from yeast and 5S 
rRNA (Z,. luteus) were analysed similarly. Appropriate amount of systemin was 
incubated 40 min. at 22°C with RNA in buffer containing 20 mM Tris-HCl, 100 mM 
KCl and ImM MgCb.
DNase 1 footprint analysis was performed as follows: DNA-systemin complex 
formation was carried out using InM of labelled DNA (40 000 cpm) and 0.8 mM 
systemin in buffer containing 20mM Tris-HCl pH 7.5, 70 mM KCl, 2 mM MgCU, 50 
pM ZnCL, 0.5 mM DTT, 0.1% Nonidet P-40, 6% glycerol (10 pi of total volume). 
Reaction mixture was incubated for 40 min. at 22°C. After that 0.2 U and 0.02 U of 
DNase I was added and samples were incubated Imin at 22°C. Reactions were 
terminated by addition of Ipl of 100 mM EDTA solution. Digestion products were 
analysed by electrophoresis on 20% polyacrylamide gels with 7M urea (Sambrook et 
al., 1989).
Capillary electrophoresis was done on Beckmann apparatus and circular dichroism 
(CD) spectra were recorded on AVIV (New York) spectrometer.
Computer modelling was performed on Silicon Graphics lndigo2 workstation with 
the Insight and Discover software package (version 95.0) from Biosym Technologies, 
Inc. (San Diego, USA) using Amber forcefield.

Results
Recently we analysed the tertiary structure of systemin ('Ala-Val-Gln-Ser-Lys-Pro- 
Pro-Ser-Lys-Arg-Asp-Pro-Pro-Lys-Met-Gln-Thr-Asp'*) with two-dimensional 
NMR spectroscopy. By measuring the spectra at conditions different from the other 
authors (Russell et al, 1992), we have been able to identify the cis and trans isomers 
and to conclude that in solution, systemin can adopt a Z-like-P-sheet structure 
(Ślósarek et al, 1995). This finding was in some contrast to conclusion reached by 
Russell et al, who have not been able to find any persistent secondary or tertiary 
structure by NMR. However, they have noted two distinct weak molecular 
conformations at the C terminus of the peptide in solution near neutral pH (Russell et 
al, 1992). An analysis of their data suggests that those conformers could be similar to 
these observed by us. Furthermore, NMR analysis has not confirmed a possibility of a 
helical structure for systemin, which has been proposed by analogy to poly(L-proline) 
II (Toumadje and Johnson, 1995). Systemin is unusual peptide. It contains two pairs 
of proline residues separated by tetrapeptide Ser-Lys-Arg-Asp and can be hardly 
compared with a typical polyproline II helical motif as e.g. recently studied peptide: 
Pro-Arg-Pro-Pro-Arg-Pro-Pro-Arg-Pro-Pro-Asp-Pro-Pro (Gresh, 1996). A conforma­
tional stability of short peptides is very interesting problem. Several recent papers 
however exemplify, that they can show up bioactive structure (Perez et al, 1996).
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It is very well known that the li-sheet domain has been found in various DNA binding 
proteins (Efimov, 1994). If so, one can suggests that systemin showing up such motif 
should binds to DNA. This was the case and we showed that random DNA 
immobilised on cellulose retards systemin, (but not a random peptide) which can be 
further eluted from the affinity column with 0.2 M sodium chloride (Ślósarek et al, 
1995). These observations prompted us to study in more datails specificity of DNA - 
systemin interactions. It is already known that among others, systemin activates 
synthesis of proteinase inhibitors I and II in tomato (Schaller and Ryan, 1996). Such 
effect could be explained through direct interaction with the promoter region of these 
genes. Two synthetic oligodeoxy dodecamers form double-stranded palindromic 
fragment of the tomato proteinase inhibitor 1 promoter and form the complex with 
systemin as was shown in capillary electrophoresis (Fig.l). The data presented on Fig. 
1 indicated that the peak corresponding to the dsDNA with migration time (M,) 20 
min. after addition of peptide is shifted. A new peak corresponding to the DNA- 
systemine complex appears with M, 23 min. These result was confirmed by gel 
retardation analysis of DNA and RNA systemine complex formation (Fig. 2). Results 
show that systemin form a complex with DNA (Fig. 2A), but not with crude tRNA or 
5S rRNA. To learn more about the specificity of interaction we synthesised a 30 
nucleotides long double stranded DNA, a fragment of -96 to -65 the tomato serine 
proteinase inhibitor I promoter containing palindromic dodecamers (Keil et al, 1986). 
30-mer of DNA in complex with systemin was footprinted with deoxynuclease I. Two 
concentration of DNase 1 were used in these experiments. Lower concentration (Fig. 
3. lanes 3, 5) visualised structure of 3'-end of DNA molecule in the complex. As one 
can see, the nucleotides 11-13, 17-21 on top strand and 11-16', 20'-23' on lower 
strand are clearly protected from DNase I. Additionally weaker protection of 
nucleotides 8, 9 and 9', 10' are visible. Strong hydrolysis of position 27 in complex 
can suggests conformational changes of DNA. That was additionally confirmed by 
the CD-spectra measurement where maximum of the Cotton effect of DNA at 265nm 
decreases in the presence of systemin (Fig. 4). Shift of the Cotton effect maximum to 
higher waves suggest changes in DNA conformations. One can interpret them that B- 
DNA after addition of peptide adopt A form.

Fig. 1 Capillary electrophoresis analysis of double stranded DNA formation (A) and DNA- 
systemin complex (B) migration.

144



Systemin Systemin Systemin Systemin

1 2 3 4 5 6 7 8 9 10 11 12 13

DNA

B

origin —

Systemin

Systemin
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Fig. 2. An agarose gel-shift analysis of the systemin binding to A: InM [5'-”p] DNA lanes 1,5,9 
control, 2,6,10 DNA with 0.8 mM systemin, 3,7,11 DNA with 2.4 mM systemin, 4,8 DNA with 4.0 
mM systemin, B: [3' - ”P] labelled 5S rRNA (lanes 1-3) with 0.8. 1.6,2.4 mM of systemin and [3’ - 
”PltRNA'’'*( lanes 4-6) with 0.8.1.6,2.4 mM of systemin and free tRNA as a control (lane 7) C: [3' 
- “P] labelled crude tRNA, 1-control, 2-4 crude tRNA with 0.8. 1.6, 2.4 mM of systemin 
respectively. Reaction were carried out in buffers Bl lanes 1-4, buffer B2 lanes 5-8, buffer B3 lanes 
9-11. Complex formation was analysed on 0.7% agarose gel.
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Fig. 3. Limited DNase I hydrolysis of the systemin-DNA complex. A) - upper strand of DNA, B) - 
bottom strand. Lanes: 1) G-ladder; 2) free DNA hydrolysed with 0.2U of DNase 1; 3) free DNA, 
hydrolysed with 0.02U of DNase 1; 4) DNA-systemin complex hydrolysed with 0.2U of DNase 1; 
5) DNA-systemin complex hydrolysed with 0.02U of DNase 1; 6B) G-ladder. Fragments of DNA 
protected by systemin are marked by black rectangle (stronger protection) and white rectangle 
(weaker protection). Arrows indicate stronger hydrolysis in complex. Below: sequence of DNA 
with marked results of the footprint experiments.
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Fig. 4 CD spectra of synthetic oligodeoxynucleotide duplex (MS 12) and its complex with systemin

To better understanding the binding properties of systemin to the promoter of 
proteinase inhibitor I gene, we carried out computer studies of the complex (Fig.5). 
DNA was build according to standard B DNA geometry. The systemin structure was 
taken from NMR data analysis (Ślósarek et al, 1995). As one can see, the peptide 
having the Z-like P-sheet structure can easily be docked into the major groove of 
DNA. We identified several interactions: amino group of arginine 10 interacts with 
oxygen 4 (04) of thymine residue (T6), lysine 5 binds to phosphate oxygen of A5, the 
oxygen backbone proline 7 is in close contact with N7 of adenine 3. Also serine 8 and 
glutamine 16 interact with phosphate oxygen of A3 and T6 respectively. Furthermore 
lysine 14 interacts with phosphate oxygen. This model is in agreement with the 
experimental data shown in Fig.l.

Fig. 5 Hypothetical model of systemin - DNA interaction. It was obtained by docking of the 
systemin NMR structure (Ślósarek et al, 1995) to the promoter region of the tomato proteinase 
inhibitor 1 gene (-96 to -65). One turn of space filling DNA double helix model is shown. Systemin 
(stick model) is located in the major groove of B DNA.

Conclusion
We showed that systemin having Z-like P-sheet structure forms a complex with DNA, but not with 
RNA. Several specific interactions have been identified by DNase 1 footprint experiments of the 
complex. Docking of the peptide on B-DNA confirms several contacts of bases and backbone with 
amino acids.
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