UNIVER! Or pl
INSTITUTF OF AIFDIC AT AHTCROBIOLOGY \\l) INDVMUNOLOGY

BACTERIOLOGICAL APPLICATIONS OF RANDOM PHAGE DISPLAY
LIBRARIES

Orsolya Benedek M.D.

PhD thesis

Pées, 2004

Ph.D. School: Theoretical medicine

School leader: Dr. Janos Szolesanyi, Academician

£h.D. Progra
Program Director and Mentor: Dr. Leveate Emédy M.D. Ph.D, D.Se.

: Molecular pathogenesis of infectious diseases




A ki jéredt aom irigvlem én
mikor kapar az udvar ssemetin

Irigylem a kotlast: lizban, eygyediil
4/ Sther 116 tojasokon dl.

a vihozis titka keriilkerengi
A boldogsig tts/éli sremét,
sredhiet eleget, ki fenyijtja hezél

az ¢rleld kint kell megérdenelni

(Webres Sandor: (inomak- A boldogsagrol



CONTENTS

Lm0 bl auons

L htroduction o phage display

2. Utilisation of random phage display libraries for
identification of Bueilfuy spores

2.1 Tntroduetion

2.2 Aims of the study

2.3, Materials and methods

2.4 Results

2.5, Discussion

2,0, New results presented m chapter 2

3. Mapping of the laminin binding site of Versinia pestis
pl-sminogen activator

3.1, Introduction

3.2, Aims of the study

3.3. Materials and methods

3.4. Results

3.5, Discussion

3.0. New results presented in chapter 3

List of publications

Acknowledgements

Reference list



" OF ABBREVIATIONS

A Ala-alanine PN Axdeovy-ribonucleie cid

NoAsn-asparagine DN A-cionad DNA

D Asprispaiiate DN Assingde-stianded DN A

R Arg-arginine RNA-ribonucleic acid

CCys-cysteine 1G-intergenic region

Q.Gln-glutamine RF-replicative form

.G lu-gluamate PS-packaging signal

G.Gly-glyeine 11V-human immunodeticiency s irus

H.1is-histidine Fab- fragment antigen binding

L He-isoleucine Fy- fragment variable

11eu-leucine scly-singfe chain fragment variable

K.Lys-lysine V) -variable region of immunoglobulin light chain

M.Mct-methionine Vy-variable region of immunoglobulin heavy chain
he-phenyl-alanine ) -conservative region of immunoglobulin light chain

P Pro-proline Cy-conservative region of immunoglobulin heavy chain

S Ser-serine Ph. D-phage display

[, The-threonine DSM-Difco Sporulation Medium

Y. Fyr-tyrosine TBS-Tris buffered saline

W, Trp-tryplopl PI3S-phosphatc buffered saline

V.Va

PA-plasminogen activator
tPA-tissue-1ype plasminogen activator

ul;

-wrokinasc-type plasminogen activator

-plasminagen receptor

SK-streptokinase
SAK-staphylokinase
Pla-Yersinia pestis plasnunogen activator

ddHaO-double distilled water

-valine Tris- tristhydroxymethylJaminomethane

BM-basement membrane
HRPO-horse-radish-peroxidase
OPD-ortho-phenylencdiamine dihydrochloride
TMB-tetra-methyl-benzidine
ECM-extracellular matrix

1.1.0:-50 3 Tethal dose

MMP-matrix metalloproteas

N

As-ubsorbunce at 1. waselength

RPMi-Roswell Park Memoria Institute Medium - NDGA-nordihydro-guarctic acid



PK-protein kinase
PKC-protein kinase €

TPK-tyrosine protein kinase
GEF-guanine-nucleotide-cehanye Tactor
GTP-guanosine-triphosphate

Puas--kisase phopshatidy] inositol 4-kinase
phosphatidyl- inositol- 3 Kinase PT 3 kinase
PLA- phospholipase As

1Ce 30% inthibitory coneenteation

¢AMP-gy lie adenosine-nonophosphate
kDu-kilodulton

[RITC- tetramethyl-rhodamine-isothiocyanate

EGTA-cthylene glveol tetra acetic acid

ISA-cazyme-linked-immunosorbent-ass:

BSA-bovine serum albumine




LINTRODUCTION TO PHAGE DISPLAY

1L THE PRINCIPLE OF PHAGE DISPEAY

s display is a rapidly wrowing technology first deseribed in 1985 by (i P, Smuth (Smith,
L9835 which s very effective way lar producmy a large number ot diverse peptides and

proteins and isolatii

nuiecules tat peronm speciliv Tanctivis. 16 eelivs o two siniple coreepts

(Rodi and Makowski. 19991, Firstly an insertion mutation at an appropriate location witkin a
strueturad gene of a virus will lead- as long as it does not intereupt essentiul functions of the gene
product- (o the display of the mutation-cacoded peptide on the surface of the viral particle
Sceondly, if the insert is a random oligonucleotide, the resulting purticles will comprise a library
of peptides - cach one displayed on a viral scatlold which bears mutated coat proteins
surrounding the enctosed mutant DNA. I is this physical linkage that is the basis of the broad

utility of phage display lbraries. Large-scale growth of that viral particte and scquencing of the

inserted oucleic acid can casily determine a sir

 peptide sequence sclected for some specitic

property hy an appropriate screening technique. Instead of having to genetically engil

necr

proteins or peptide variants onc-by-one and then express, purify and analy

se cach variant, phage
display librarics containing several billion of variants can he constructed simultancously
Biological vehicles that have been utilised as platforms for the presentation ol random peptide.
genc fragment, cDNA and antibody librarics on a genctic packuge include » and T4 phages.
baculovirus or cven bacterial flagella. pili and cell-surface proteins (Rodi and Makowski, 1999}
Nonctheless, the filamentous bacteriophage M3 has been the platform of choice both from
historical perspective as the first and best characterised library display vector and as the source

of the majority of successlul screenings.

1.2. STRUCTURE AND REPLICATION OF M13 BACTERIOPIIAGE

1.2.1. Capsid structure

The M13 filamentous phage is a member of the tamily /noviridae, contains single-stranded DNA
and displays the simplost helical viral capsid. It is closcly related to phage [d. They are show 900
mm long and 9 nm in diameter and the particles contain § protcins. All are similac and arc known

collectively as FIM phage- they require the £, coli T pilus tor infection. The major coat protein (s

the product of phage gene & (VI and there are 2,700 - 3,000 copics of this protein per particte.

together with approximately § copics cach of four minor capsid proteins, plfl, p¥T, pVII and pIX

which are located at the ends of the filamentous particle. They are indistinguishable m electron



mierographs. [C1s the protemn puIL whieh mieracts wath (he bactenat pilus. Henee the posted
capsid end expressing plll along with pV1-is called the proximal end. Both proteins arc necded

Lopil

in order 1o detach the phage from the cell membrane; pVT s degraded in cells that T

which suggests that these proteins assemble in the cell membrane before their incorporation into

sage particlos (Russel. Mool and Clackson. 2004 The 406 residue pHI s the niest commoniy

P

usedd vout protein for display, s N-terming! donsain, which is necessary for phage infectivity. 15

surface exposed and forms the small “knobs” thut can afien he seen in electron micragraphs
Three pll domains have been determined. the two N-terminal domains (N1 and N2) probably
interact intramolecularly, bascd on erystallographic analysis (Russel, Model and Clackson.
2004). The three domaing are separated by two long, presumably flexible linkers charucterised
by repeats ol glycine-tich sequenee, The finat 132 residues within the C-terminal CT domain
are necessary and sufficient for plIl to be incorporated into the phage particle and to mediate

temtination of assembly and release of phage from the cell; this domain is possibly buried in the

particle (Russel. Model and Clackson. 2004). The other distal (hlunt) end of the phage exprasses
PVILand pIX. two of the smaliest ribosomally translated proteins (33 and 32 amino acid long
respectively). Neither the structure nor the disposition of pVIl and pIX in the particle is known
However, immunelogical evidence indicates that at least some of pIX arc exposed and antibody
varigble regions have been successfully displayed on the amino termini of pVILand pIX (Russel,
Model and Clackson, 2004). Phage assembly begins at the pVII-pIX end, and in the absence of
either protein, no particle is formed. The primary structure of the major coat protein pVIIT
explaing nany of the properties of the particle. Mature molecules of pVII consist of
approximately 50 amino acid residues (a signal scquence of 23 amino acids is cleaved from the
precursor protein duning its translocation into the vuker membrane of the host bacteriumy, and is
almost entirely alpha-helical in structure so that the molecule forms a short rod. There are three
distinet domains within this rod: A negatively-charged region al the amino terminal end which
contains ucidic amino acid residues and which forms the outer, hydrophilic surface of the virus

particle, a basic, positively-charged rcgion at the carboxy-terminal end which lings the inside of

the protein eylinder adjacent 1o the negatively-charged DNA genome and a hvdraphobic region
which is responsible for interactions between the pVIIT subunits which allow the formation of
and stabilise the phage particle. FU phage particles are held together by the hydraphobic
interactions between the coat protein subunits and this is demonstrated by the fact that the

particles fall apart in the presence of chloroform. cven though they do nat contain any lipid

component. The pVIT protein subuaits in suceessive twms of the helis are tilied at an angle of



approximately 207 10 the long axis ol the particle mud have been desenibed as overiapping one

another like the seales of a fish {Russel. Model and Clackson, 2004}

Figare 1 Suucture af the M13 filamentoas phage. Modified attor Radi and Mal
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1.2.2. Phage genome
The 6400 nucleotide FI genome containg nine genes, one major non-coding region (1G) which

includes the replication origins for () and (-1 strand synthesis and the packaging simal (P5)

determining the orientation of the phage genome (R). PS, an impertect but stable hairpm s

Mictem

and sufticient tor

positionad at the pVH pIX end of the particle and is
eneapsidation of circular ssDNA into phage particles [wo ol the phage penes (1 and 1 hine
nternal tmslatonal mitatien sites from which in-frame restart protems, (plx and pX,
respective'yy are produced. In cach case, both the full-length and the restart protein {whose
sequence s identical to the carboxy terminal third of the full-length protein) are necessary tor
suecessful phage production. OF the 11 phage-eucoded proteins. three (pll. pX. pV) are required
to generate ssDNA. theee (pl. pXL pIV) are roquired for phage assembly, and five (pIIL pvl,
pVIL, pVIIL pIX) are components of the phage particle. Since the phage DNA is packaged inside
the vore of the helical particle, the length of the particle is dependent on the length of the
genome. In all Ff phage preparations the following forms oceur: Polyphage contain morc than

ane genome length of DNA. miniphage contain defeted forms- 0.2-0.5 phage genome lengths- of
DNA. maxiphage are also genctically defective forms but they conmprise more than onc phage
genome length of DNA. This plastic property of these filamentous particles has boen exploitcd
by molecular biologists 1o develop the MI3 genome as a cloning vecior - inscriion of foreign

DNA into the non-cssential intet

nic region results in recombinant phage particles. which are

longer than the wild-type filaments. Unlike most viruses, there is no sharp cut-off genome-length
at which 1 genome can no longer be packaged into the particle. However, as M13 genome size
increases. the efficiency of replication declines such that while recombinant phasc genomes 1-
10% longer than the wild-type do not appear to be significantly disadvantaged, those 10-50%,
fonger than the wild-type replicate significantly more slowly and above S0% increase over the

normal genome length it becomes progressively more difficult 1o isolate recombinant phase. This

property has been esploited in M13 cloning vectors (Russel, Model and Clackson, 2004).

1.2.3. Phage replication
1.2.3.1. Attachment and peuctration

The consceutive sicps of replication start with viral attachment to and penctration into the host £
coli bacterium, Ff phage are ‘male-specific', i.c. they require the F pili on the surface of £ coli
for infection. Infection normally begins when the N2 domain of pll binds to the tip of a pilus
Pili normally essemble and disasscmble continuously. and this, possibly stimulated by phage

binding, | -ings the phage close to the cell surface, Upon pilus hinding o N2. the N1 domain is



released from its normal interaction with N2 making it avaiiabic 1o dind 0 e bost ToiA

protein, which extends into the periplasm from the eytoplasmic membrane (Russel. Mudel and
Clackson, 2004). How the phage penetrates the outer membrane and  the  underlving
peptidoglycan layer is not known. Three Tol proteins (Q. R. and A). all integral cytoplasmic
sequired for phage infection (Russel Mode! and Clackson,

menbrane proteins, arc absoluteh

2004y They mediite depolymierisaiion of the phage coat pratems mie the extoplasnie memhrane

and the trmslocation of the v iral sSDNA 1o the bactenal evtoplasm. 1he gplll-10iA mreriction

causes a conformational change in pVIIT: Initially. its structure changes from 100% afpha-helix
10 85% alphy helix and this causes the filament to shorten, The end of the particle attached 1o the
I pilus Mares apen. exposing the phage DNA. Subsequently. a secand conformational change in
the pV I subunits reduces its aslpha-helical content from §5% 10 §0%, causing (he phage particle
(o form 4 hollow spheroid about 40 nm in diameter and expelling the phage DNA, thus initiating
the miection of the host cell, Then pVIT s stripped ot and ends up in the inner eell membranc,
where it may possibly be stored and reused to produce new particles.

1.2.3.2. Genome replication and transcription

During the genome replication the infecting (+) strand DNA is converted in double-stranded RF
(replicative form) by host cell enzymes, which together with pll build up a pool of RE DNA in
the cell. PIT is a site-specific nicking-closing enzyme nceessary for further replication. Virus
proteins are synthesised from this pool of DNA. Through a rolling circle mechanism, pll nicks
the (-} strand of the RF at a specific site in the non-coding IG region of the phage genome, and

the 3"end of the nick is clongated by host DNA polymerase I11 using the (-) strand as template.

The original () sirand is displaced by Rep heficase as the new (¢ sirand is synthesisod, and
when a round of replication is complete, the displaced (+) strand is rocireularised by the mcking-

closing aciivity of pll and again converied 1o RE. Synthesis of the (-) strand requires an RNA

primer. The primer is generated by RNA polymerase, which initiates synthesis at an unusual site
in the 1G region of the () strand consisting of two adjucent hairpins including promoter-like -33
and -10 motifs detached by a single-stranded region (Russel. Model and Clackson, 2004). All
phage proteins are synthesised simultancously, although diverse mechanisms ensure that cach is
produced al an appropriate rate. There are differences in promoter and ribosome binding sile
strengtly or accessibility. At the beginning of venc | a weak rho-dependent termination sigmal
limits its transcription, and the large number of infrequently used codons reduces its rate of

translation, Proteins pV and pVIIY required in greatest quantitics have overlapping transcripts

from muliiple promoters (there arc only two terminators) and multiple RNA processing cvents

10



increase the abundance of RNAs. Durig the carly phase ol 1nfection. wien the concentration o

the phage ssDNA-binding protein (pV) is low. newly synthesised single strands are immediately
converted 1o RE and hoth RE and phage proteins inercase expenentially As its concenteation

increases, p¥ binds co-operatively o newly generated () strands. preventing polymerase aceess

and blocking their conversion ta RT. Pratein pX is reqaived for the stable accumulation of single

strunds at this st

age (Russel. Model and Clackson, 20045 p\’ s a dimeric protem. with the
interaction surface of the subunits opposite the DNA-binding surface. Uhe pV ssDNA comples 1s

the substrate for phage asscmbly

1.2.3.3. Viral assembly
The finad viral assembly occwrs at (he inner membrane of the host ecll. 1t has five stages;
preinitiation, initiation. elongation. pretermination. and termination. Preinitiation is defined as the

formation of an asscnibly site, a region visible by clectron microscopy where the eytoplasoic and

outer membranes are in closc contact (Russel. Modet and Clackson, 2004). Asscmbly sites are
composed of the three morphogenetic proteins, pl, pXl, and plV. which interact via their
periplasmic domains (N-terminal for plV and C-terminal for pl and. presumably, for pX1); the
sites form independently of any other phage proteins. pIV is a eylindrical structure with a central
cavity. In the cryoelectronmicroscopical structure of plV there is some density within the cavity

explaining why the narmal statc of the pIV channel is closed. Certain mutant forms of pl

however, open frequently and allow entry of forcign substances into the bacterial periplasm. The
interior of the plIV channel can accommodate an occasional pVII1 subunit carrying a large N-
(erminal extension or pVITI uniformly substituted with short (6-8 residuc-) N-terminal cxtensions,
as in phage display. The dimensions andior propertics of the channel may be a factor limiting the
size of polypeptides that can be displayed on pVIIL pl and pX1 also form a multimeric complex
composed of about 5-6 copies of each. In the absence of (he other phage proteins, plipXI causes
membrane depolarisation, which suggests that the complex may also be a channel. Thus the
asscmbly site may be an extremely large channel that traverses both bacterial membranes. The

cytopl

ic N-terminal domain of pI (absent from pXT) contains a conserved nucleotide-hinding
motif, which is cssential for phage assembly. Phage assembly requires ATP hydrolysis (Feng,

ifthe

Russel, and Model, [1997) therefore pl is likely 1o be an ATP-ase. Initiation takes place only
asscmbly site. the twoe minor coat proteins (pV1l and piX} located at the distal tip of (e particle,
and the ssDNA substrate are present. In the membrane pVIt and pIX interact with the PS. which
proteudes From one end of the pV-ssDNA comples (in the eytoplasm) and associates with the

eytoplasmic domain of pl. Host-encoded thioredoxin. a small, evioplasaiic protcin known as a

i3l



potent reductant o1 protem disuitides. also ineracts with pl. Although phage assembiy does not

utilise this redos activaty, thioredoxin appears (o be part of the initiation comple, and may confer

processivity 1o the clongation reaction. Elongation invelves the successive replacement of pv

dimers that cover the viral DNA by muembrane eonbudded pVIHIT and translocation of the DNA

across the membrang,

PVHL 1T erther plITor pV s absent, the larpely eximeclinlar phage particle remams tethered 1o the
cytoplasmie membrane where i remams competent o resume ctongation when another pi -
sSDNA complex enters the assembly site; ultimately. tethered phage filaments of more than 10
tines unit length accunulate. Exven in normal infections when pltl and pV1 are present. aboul >
of progeny phage particles are double length. Pretermination is the incorporation of the
membranc-cmbedded plll-pVl complex at the prosimal end of the nascent phage particle. A
fragment containing only the C-terminal 83 residues of pIILis sufficient 1w mediate this step, but
cannot affeet detachment of the phage trom the cell. Termination or release of the phage. which
requires a 93 residuc C-terminal segment of plIE. has been proposed to consist ol a conformational
change in the plH-pVI complex that detuches the complex (and the phage) from the cytoplusmic
membranc. A still langer portion of plIl {the 132 C-terminal residues) is required for the formation

of stable virus particles,

1.3, COAT PROTEINS USED FOR DISPLAY
All five capsid protcins have been used to display proteins or peptides. to varving degrees. One
report has described the fusion of antibody fragments 1o the amino termini of both pV1I and piX
(Russcl, Model and Clackson. 2004). The pVI protein, which interacts with plll has also been
used to display polypeptides through a carboxy-terminal fusion (Russel, Model and Clackson,
2004). C-terminal linkage is particutarly desirable for display of polypeptides encoded by eDNA
fragments. since the inclusion of the stop coden at the end of the ¢cDNA will not prevent display.

However, by far the most commonly used virion proteins for phage display are pVIIEand pli.

131 pvHI

pVIIL the major coat protein, is present in several thousand copics in phuge particles. Sequences
for display are typically insericd at the N-terminus, between (he signal sequence and the
beginning of the mature protein coding sequence. However, only short peptide sequences (6-8
residues) can be displayed on every copy of pVITl because larger sizes prevent puckaging of the
virions. It might be duc 1o the size restrictions of the pIV channel through which phage pass

during extrusion. Display of larger polypeptides on pVIII requircs cxpression of the fusion



protein fom a phagemid veetor, viciding iybrid virions bariog nainly wild-pe pyii
Recently engincered pVill proteins have heen deseribed that permit the display of large
polypeptidcs af hiyh copy munber, or the display of proteins fused to the C-terminus (Russel,
Mol and Clackson. 20043

1.3

ptit

PIEL present in five copies at the proximal end ot the capsid. 15 the protemn of choice for most
phage display fusions du to its tolerance for large insertions and the wide availability of suitable
veetors, Although plll is more tolerant than pVILl to substantial insertions, infectivity of the

resulting phage can be reduced. sometimes dramatically. As with pVIIL this can he overcome by

using phagemid constructs. resulting in the production of hybrid s irtons that also bear wild-type
pUIL Since such virions no longer rely on the infectivity of the pHI fusion protein, proteins can
instead be fused to truncated pllls designed with the structure of the protein in mind. These can

confer more ¢ffi

ient display, by reducing or climinating proteolysis of the fusion protein, as
well as reducing the size of the phagenid vector, Potential disadvantages include the possibility
of sterically hindering access to the displayed protein. C-terminal plIl display through fusion to a

linker at the C-terntinus of the plllis also possible (Russel, Model and Clackson. 2004}

1.4. CONSTRUCTION OF LIBRARIES

1.4.1. Feasibility

The first step in a phage display project is cstablishing that display of the polypeptide of interest
is feasible {Russel, Model and Clackson, 2004). Tt was supposed that the limitations of virion
cxtrusion and infection would restrict display to small peptides and proteins, and only proteins
that are normally extracellular would be suitable, since display involves secretion of the fusion
protein into the bacterial periplasm (Russel, Model and Clackson, 2004). Both concerns have
proved false, and intracellular und extracellular proteins of a wide range of sizes and structures
have been functionally displayed. For proteins that arc narmally intracellular, precautions can be
taken to try to preserve the native structure of the molecule-for example, addition of 7ine during

preparation of phage displaying zine finger proteins. 1 necessary. displayed proteins can even be

reiolded prior to sclection by exposure of the particles to denaturants followed by diatysis, It has
also proved feasible 1o display multi-subunit protcins. Home-oligomeric proteins can also he
displayed by relying on proteolysis of the displayed fusion protein o release sufficient soluble

protein. or by itveking interactions bewween displayed proteins, cither inter- or inira-phag




1.4.2. Display systems
Proteins can be displaved using vectors based an the natural Ff phage sequence-phage veetors-or
using plasmid-hased phagemid voctors that contain only the fusion profein gene. and no other
phage eenes, [n phage vectors, the heteralogous sequence Tor display is inserted dircetly into the

s will be

coding sequence for pllb or another caat protein. When intraduced into £ colr.
produced in which all copies of the coat protein display the heterologous protein. in other words
the protan 15 displayed polyvalently. Examples of pil phage display vectors welude the 1L

veetors coritructed by Smith and coworkers (Parmley and Smith, T988), and the MI3KE vectors
commercially availuble trom New England Biolubs. Libraries constructed i such a way arc also
called type 3 for plITL or type & for pVITL In type 'R and type 337 vectors the single phage
genome bears two genes of pVHI and plILL respecti ely. encoding two different tipes of pVHI or
plll molecule: ene is ordinarily recombinant and the other wild-type (Smith and Petrenko, 1997),

The resulting virion 1s a mosaic; its coat compriscd of both wild type and recombinant pv L
molecules (the former usually predominating). This allows hybrid pVIII proteins with quite large
foreign peptides 1o be displayed on the virion surface. cven though the hybrid protein by itsell

cannot support phage assembly. Similarly, a type 33 vector bears two genes of plll. one of

which is recombinant. Mosai¢ proteins are produced using “3+3'and ‘§=8'systems as well

cases the wild type and the recombinant gene 3 or gene §

(Smith and Petrenko. 1997). In these
are present in the distinet genomes of a helper phage and a phagemid, respectively. In phagemid
vectors, the displayed protein fusion gene is cloned into a small plasmid under the control of a

weak pror-ter. In addition o a plasmid origin of replication, the vector also has a Ff origin (o

allow production of le-stranded vector and sub o phage particles. To
produce such particles. £, colr cells harbouring the plasmid are infeeted with helper phage. which
is a Ff phage with a compromised origin that leads to its inefficient packaging, The infected cells

s genome, as well as a small

express all the wild-type phage proteins from the helper phe
amount of the fusion protein encoded by the phagemid. Because the helper phage genome is
poorly packaged, nearly all the phage particles contain the phagemid genome, preserving the
linkage between the displayed protein and its gene. Phagemid vectors have been described for
both plIl and pVHI display. A major advantage of phagemid vectors is their smaller size and

in phage veetors without the disruption of

casc of cloning, compared to the difficultics of cloni

the complex structure of overlapping vencs. promoters. and terminators. This gencrally transhaies

fnto much higher library sizes remid vectors. For pVIIT display, use of phagemids is

nees longer than 6-8 amino acids

gencrally required to achieve dis



1.4.3. Valeney

The choice of monovalent display (display of a single recombinant capsid protein) or polyvalent
display of marc thin one copics of the recombinant capsid protem s associated to the choice of

vector type. Conventional phage vectars with natural phige promoters will generally produce

polyvalent display untess there s extensive protealysis of the displayed proteins. Phagennd
veetors for pVHE display. m which only a feaction o the - 2700 copies are fusion profeins. wilt
typreally sull display polyvvalenty. On the other hand. use of phagemid vectors to displuy protein
on pITI under the control af a weak (or uninduced) promoter will typically lead (o monovalent
display (Russel. Model and Clackson. 2004). The valeney of display 15 important principally
because oi 118 impact on the ahility o discriminate binders ot differing aifinitics. 1t has been
shown that pelyvaleat display prevented the highest-atinity clones in a selection from heing
identified. because multivalency conferred a high apparent affinity (avidity) on weuk-binding

clones (Russel, Muodel and Clackson. v allows seicetion based on pure

2004, Monovalent displa

affinity. and is therefore generally preferred for the many studics where the aim is (o identify the

lightcst binding variant(s) from a hibrary. Conversely. in applications where the initial selectants

arc of very low affinity target polyvalency increases the chances of isolating rare and weakly

binding clones. A frequent experimental strategy in such projects is to start with polyvalent

display. and then move to monovalent display as the affinity of the displayed polypeptide

matures.

1.5, SELECTION PROCEDURES
1.5.1. General principles

Selection con:

ts of adding an imitial sizeable population of phage-bome peptides to give a
subpopulation with increased fitness according 1o user-defined criterions (Smith and Petrenko.
1997). In most cascs, the input (o the first round of sclection is a very large initial library (107
different sequencus represented individually on average in about 100 individual copics) and the
selected subpopulation is a very small fragment of the initial population. Sclected sequences can
be amplified by infecting fresh bacterial host cells, so that cach individual phage in the
subpopulation is represented by millions of copies n the amplified stack. Then the amplificd
population can be subjected W further rounds of scicction (perbaps accomparicd by

Mutagencsis) fo obiain an ever-fitter subset of the starting peptides



1

2. Aftinity selection

The most cammon sclection pressure imposed on phage-displayed peptide populations is their

affinity for a ta

1 receptor Thraughout a procedure called bropanning (instend of yald vou

search Tor hivlogically valuable molueules) it is possible 1o seleet for sequences and vommon

motits for materest. The receptor 35 tethered 1o a solid support. und the phigs mixture is pussed

aver the immobilised reeeptor Those phage whose displayed peptides hmd the receptor are
capturred an the surface or matrss. unhownd phuge are washed away. | hen the bound phae are
eluted in a solution that loasens receptor-peptide bonds. viekding an eliate population of phage
that is greatly ennched (often o million fold or morc) for receptor-binding clones. The eluted
phage are still infoctive and are propagated by infecting fresh hacterial host cells. yielding an
amplificd cluate that can serve as input to another round of affinity selection. Phage clones from
the final cluate (typically after 2-3 rounds of sclection) are propagated and characteriscd
individually, The amino acid sequences of the peplides responsibie for binding the target

receplor are determined by uncovering the corresponding coding sequence in the viral DNA
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Figure 2. Miain sicps of affinity sclection

1.5.2.1. Capturing the target

The solid supports to which targe! receptors are captured arc usually surface supports like

polystyrenc dishes (Smith, 1985), impermeable plastic beads (Bass, Greene, and Wells, 1990),
nitrocellulose membranes (1Dyson and Murray. 1995). paramagnetic beads (Fowlkes et al.. 1992).

Permeable agarose beads are convenient 1o use (McCafferty ot al.. 1990) and have a very high

capacity per unit volume

crtheless 1t scems wnlikely that ph particles, whose Tong

dimension (-1 pm) is orders of magnitude farger than the average diameter of the pores of an
agarosc gel, can dilfusc far into the interior of a bead: for this reason. only receptors tethered at
the very surface of a bed mayv actually be effecuve at capluring phage. Reeeptors can be directiy

altached o the solid support by chemical coupling (Smith and Petrenko, 1997) or non covalent



adsorption 1 a hydrophobic plastic surtace {Smrh, 1983} Alteratively, receptor molecules can
be biotinylated and aliowed to bind 1o a surface that has already been coated with avidin or
streptavidin, therchy attaching them indireetly through the super strang hiotm-avidin o hintn-
streptavidin bond {Parmley and Smith. 1988). This allows a two-step mode ol capture. In the

e ts reacted awith biotir

receptor in homogeneous solution,

first step, the phage mixw
which overcomes issues of conformational changes of coatmg proteins 1o solud surfaces I the
second step. the mixtuwre is reucted with streptavidi-coated solid support i order to capture
those phage whose displayed peptide hownd the biotinylated reeeptor during the first step. In
principle. at least. tvo-step cupture allows the kinetics of the binding reaction to be controlled
without the complications of surfuce reactions. A promising new variant of allinity selection
does not rely on physical capture on a solid support (Ducnas and Borrebacck, 19934), Here. the
peplide is displayed on & mutant version of coat protein plll that is missing its N-terminal
domain. Since this domain is required for infectivity, these particles are non-intective. Attaching
the missing N-terminal domain to a receptor that binds the phage-borne peptide can restore
infectivity. Therefore, only phage displaying peptides that bind the receptor are intective and are
thus amplified. Another altemative possibility is an i vive selection, when phage repertoires are
directly injected into animals and then tissucs are collected and examined for phage bound (o
tissue-specific cell markers (Smith and Petrenko, 1997). /n vivo panning has several further
advantages: an inherent blocking step is included where most of the phage-displayed peptides
that recognise ubiquitous plasma and cell surface proteins arc climinated: these peplides may be
useful for the functional analysis of new receptors and potential identification of novel drug

target candidates.

1. 5. 2. 2. Washes and elution

After the capture step, the solid support is washed to remove unbound phage and eluted under
conditions that release the bound phage without impairing their infectivity. Non specific clution
conditions weaken receptor-peptide tnteractions without regard to their speeiticity. They exploit
the high resistance of filamentous phage to denaturation by acidic bufters with pH's down 1o 2. 2

such

(Smith, 1985), alkaline buffers s 0. 1 M (ricthylamine, proteases such as trypsin and factor
Xa (Smith and Petrenko. 1997}, Specific elution releases phage bound (o the target receptor's
binding sitc without releasing phage that are bound for some other reason-for example, by
imteraction with a contaminant, or with the carrier protein that is oflen used to block non specific
adsorption sites on the solid suppert after the target receptor itself has been innuobilised. Tn

competitive clution, a known soluble ligand for the reeeptor competes with phage for binding to
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immobiiised receptor (Smith and Petrenko. 19971 Lhis 15 a (wo-stage process: the phage -botne
peptides must first dissociate spontancously from the solid support. affer that the competitor
hinds the receptor binding site reducing its avaitability for rebinding phage-harne peptide Thns

if the time course of dissociation s long on the scale of the experiment. competitive clution will

fail. Non empetitive elution.  contrast. relics on a compound that speciticutly loosers bindi

by the receptor without binding o its hinding site. and without weakening binding interactions in
generat. For instance. phage bound 1o a caleium dependent receptor can be cluted with the

caleium cheater EGTA {Smith and Petrenko. 1997) increasing the specificity ol clution, sine

onty rarcly would @ non-specifically bound phige happen to be held in a caleium-dependent
fashion. [Lis nat incvitably necessary to cluie the captured phage at all. Adding fresh bacterial

host cells 1o the solid support atlows the captured phage to infect cells and thus be propagated

The yicld is generally low. but the first round of sclection is probably sufficient to cnsure
tetention vf binding clones. The progress of affinity sclection through suceeeding rounds s
ordinarily reflected in increasing affinity of individual phage clones or of entire eluate
populations tor the target reeeptor. The atfinity of individual clones or entire cluate populations

can be assessed quantitatively by standard enzyme-linked immunosorbent assay (ELISA)

1.5.2.3. Yield and stringency
Affinity sclection is a very sensitive method and depending on the adjustment of its different
phases a completely different cluster of sequences can be collected. There are (wo pivotal
parameters of selection, which can often be manipulated 10 some extent in order to enhance the
efficacy of sclection (Smith and Petrenka, 1997). Stringency is the degree 1o which peptides with

higher fitness arc {avoured over peptides with lower fitness: yicld is the fraction of particles with

a given titness that survive selection. The ulumate goal of selection is usually 1o isolate peplides
with high fitness. Stringency is most often controlled by target concentration though other means.

such as increasing wash time are also cffcetive. High target concentrations (low stringency)

ensure the survival of the best ligands, but at the cost of reducing ditferentiat carichment of the
better species and hence requiring many rounds of good sclection, Low targel concentrations
(high stringency) vield differential enrichment, but also risk losing some of the best ligands due

10 their initially very low concentration. As a compromisc to allow relatively rapid carichment of

the best sweeivs with low risk of their loss, laboratories have various schedutes for sturting with

low stringency that are increased in later generations (Levitan, 1998). The more siringent
selection favours higher affinity phage. However, cven though mole fraction of the high affinity

peak increases cach round. this mole fraction is always much lower than that for the
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corresponding generation at constunt stringency

concentrations lessen the total number of phage that bind target but does not les
background binding (Levitan, 1998). As a result, the mole fraction of low-atfinity phage 1s much

higher than that in the constant stringency cuse. §hus while

ands to be fourd. more ronnds wil|

atlows Righer attiny

same probability. For higher rates ol stingency merease. the peak nugrates to b
more rapidly, but the background contribution decreases very slowly. The best strategy for low

background binding is using a large witial target concentration tollowed by a rapid increasc in

stringency. Washes in general have only a relatively little cfiect on the seleetion process-cicept

of the case when there is very linle non speeific binding {Levitan, 1998}, Long washes can also

increase stringency and may be of greater benefit than using lower target concentrations. They
affeet both target-bound and non-specificaily bound ligands. As a result, long washes will not
drastically reduce the mole traction of high affinity ligands but will still remove low affinity
ligands compared 1o high affinity lizands. lnciuding detergents like Tween 20 in wash buflers
can also have a similar effect, When too many rounds of biopanning are performed, there is a
point, when it becomes progressively more difficult to find a conscnsus as the best few phage
compete the other best phage out of the library and measurement error can cause the continual
loss of the best ligands in the library. During amplification between the individual rounds there is
the possibility (hat phase not expressing a real binder scquence but showing extreme good
growth propertics can overgrow phase of interest therefore the yiclded peptide sequence will not
he valuable for analysis. Identical peptide sequences with completely identical nucleotide

uspicious of sclecting for a phase with favourable growth but not with beneticial

sequences are

affinity. Valence of display has also an effect on stringency as it 1s described at 1.4.3,

Monovalent display 15 the one, which allows sclection of ligands with really high affinity

Furthermore shorter incubation and longer clution times between ligunds and targets ensure the

selection of high alfinity targets

1.5.3. Effect of conformational constraints

Unlike natural proteins or protein domains, random peplides do not generalty fold into a well-
defined three-dimensional structure. However, constraints can be artficially imposed on the
peplide in order to greatly reduce the range of available conformation. In general, a library of

constrncd pepredes will represent far fewer three-dimensional shapes than a library of

the target activity-affinity for a

unconstrained peplides. The probability that a clone will pos

reduced (Smith and Petrenko, 1997). On the other hand,

receptor s corresponding]
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constrainid peptide whose accessinle conformations iuppen 1o overiap extensively with active
conformations may possess far higher activity than any unconstrained peplide. The most

tdues

comman constraint on displayed peptides is a disuliide hond hetween twa half-cvstine res

at fixed positions in an otherwise random sequence. Beeause the phage coat proteins are seereled

into the exidising miliew o the periplasm and ultimately seercted into extracotulur mediom with

abundant dsssolved ovygen. evsteme residues Within a single disphiyed peptide ean by expected

to form mtrapeptide disulfides w at least a portion of the displayed peptades. tnterehain disultides

are much less likely. since the distance hetween neighbouring coat-protein subunits is at least 10
times longer than a disulfide bond. The disullide bond has been shown 10 be required for the
ability of the displayed peptide (o bind a target receptor (Smith and Petrenko. 1997), In general,

the closer the half-

tines, the tghter the constraint imposed on the anuno acids lying between

them. Thus, disulfides spanning different numbers of amino acid positions would be expected to
interrupt very different. mutually exclusive conformational constraints when the numbers are

small. In ontrast. disulfides spanning more than ahout six residucs probably impose refatively

weak constraints thal are compatible with a great diversity of conformations. Co-ordination
bonds between histidine residues and metal ions can constrain peptides in much the same way as

disulfide bonds. A sccond way of constraining peptides is 1o present them in the context of

protein scaffold. In this casc. random peptidh

s can be presented not only as loop structures, but
also as ports of helices. sheets. tums, and other clements of secondary structure ($mith and

Petrenko, 1997)

1.5.4. Enrichment and analysis of specific sequence motifs
Increasing fitness is typically accompanied by cmergenee of a common motif in the amino acid
sequences of the selected peptdes (sometimes more than one motif). Hence the sclected peptides
can provide insight inte the minimum size and composition requirements for binding (o a protein
or 1o u drug (Rodi, Makowski, and Kay. 2002) Though subscts of peplide ligands share a

consensus e clear-cut identification of that conscnsus may not be casy. For cxample, SH3

domains, where a single, well-defined. peptide-binding cleft is fnvolved in the peptide-protcin
interaction, a relatively small number of sequences can lead to the definition of a motif (Road,
Mukowski

and Kay, 2002). On the other hand. for a protein target such as actin, which is known

to bind to several proteins alony different surfaces, such a simple result would not be expected,

and many peptides need to he sequenced and sorted in order o identify these multiple binding

motifs, Using olizopeptide librarics there is usuztly a small chance that the peptide with the

highest affinity for the target is in that library, However, there is a relatively high chance that
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dere are el

are present and will be stiveled. Addou

peptides with similar sequene
documented cases where conservative amino acid substitutions alter atfinities by orders of
magnitude. 1 many cases. consenvative and even semi conservative substitutions: may not

greatly alier affinity (Rodi. Makow ski. and Kay. 2002)

1.6, APPLICATIONS OF PHAGE-DISPELAY

1.6.1. Epitope mapping and mimicking

An epitope is the smull determinant on the surface of a ligand with which the receptor makes
close, geometrically and chemically specific contact. 1f the hgand 1s @ protein, the epitope is
sometimes continuous. comprising a few adjacent critical winino acids in the primary sequence,

For instance, antibodies specitic Tor continlious epitopes on protein antigens typically contact

three 1o four critical amino acids over a six-residue segment. Morc often. however, protein
epitopes are more complex. Many arc discontinuous comprising critical binding residucs that are
distant in the primary sequence but close in the folded native conformation. Several epitopes.
including discontinuous ones. are conformation-dependent because tiey require the contest of
the overali protein structure Lo constrain them in 4 binding conformation (Smith and Petrenko.
1997)

It is ofter. desirable (o map the epitope 10 a confined portion of the naturat protwin ligand. 1f the
cpitope is {(or might be) continuous and not conformation dependent. random peptide libraries
provide an easy approach to this goal. The receptor is used (o affinity select random peptide
ligands. and the sequence motil in the seleeted peptides is compared 1o the amino acid sequence
of the natural ligand. In these cases the motif frequenily matches clearly the enitical binding
amino acids in the natural protein ligand. thereby mapping the epitope (0 a very narrow part of
the overall natural ligund structure. Only rurely will a random peptide library contain a binding
motif extending 1o more than aboul six amino acids or adequately represent conformation-

ising such epitopes often select

dependent or discontinuous epitopes. Although reeeplors recog)
ligands from random peptide Tibraries, these artificial ligands scldom bear a recognisuble
similarity to any part of the natural protein ligand at the amino acid sequence level. Alicenatively
gene-specilic libraries displaying 15-100 amino acid scgments of the natural amino acid
sequence can be constructed. which are long cnough to accasionally include small clements of
seeondary structure from the native protein (Smith and Petrenko, 1997 Such libraries

sometimes contain good ligands for receptors that fail to scleet ligands from random peptide

Iibrarics. Because it requires construction of a specitic lbrary for cach new hgand gene,

however. this approach is much more demanding than use of all-purpose random peplide

~
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lirarics. Alinity svicction from random peptide iibraries ofien reveals cntirely wiexpecied
ligands. which do not mateh any linear epitope and which could not have been anticipated from
even extensive knowledge of the receptor and-or its natural hgand. This is especially so when the

receptor's nutural epitope is non-proteinaceous or 15 a discontinuous or confomation-dependent

protein epitope. Geysen wnd his eolteagtes introdsecd the term “mimotope™{ Geysen ot al

10 reter ta smatl peptides that specttieally hmd @ receptar's bndmg site and i that sense e
the cpitope on the natural hgand) swathout matehing the natural epitope at the anmno acd

sequence tevel. The definition includes cases where the natural ligand is non-proteinaccous

1.6.2. Identifving new receplors and natural ligands
A ligand for a receptor can be used as a probe (o identify new receptors that bind the same

ligand. In a few very favourable cases, identifying peptide ligands from a random peptide library

nd is

muay suftice to tind the natural ligand tor an orphan receptor - a receptor whose natural lig

unknown (Smith and Petrenko. 1997),

1.6.3. Drug discovery

Many of the receptors used in affinity selection are targets of drug discovery programs, and the

peptide ligands sclected by them are therefore potential leads to new drugs (Smith and Petrenko,
1997). Such peptides might act as receplor agonists or antagonists {for example, of enzymes or
hormonc receptors) or otherwise modulate the receptor's biological effect. Affinity selection
resembles in essence the traditional approach te drug discovery: screening libraries of synthetic
compounds or natural products for substances that bind the target receptor and that might
therefore he leads to new agonists. antagonists, or nodulators. However alfinity selection has the
key advantage that the scale of the scarch is many orders of magmitude greater than is feasible
when chemical librarics must be screened compound by compound - billions of peptides versus
tens of thousands of chemicals. On the other hand, for most pharmaceutical applications,
peptides have poor pharmacological propertics. being gencrally orally unavailable and subjeet 10
rapid degradation in the body by naturally occurring enzymes. The most important contribution
of phage display o drug discovery will be confined to applications where peptides themselves
can serve as plausible therapeutics

1.6.4. Epitope discovery in vaccine development and diagnostic

When the reeeptor used for affinity sclection is an antibody, the peptides it sclects from random

peplide libraries arc called antigenic mimics of the corresponding natural epitope, When these
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peptides arc used in trn 0 nIMuNise nave animals, sonic arv able to clieit new antibodies i

cross-react with the natwral cpitope, cven though the naise animals have never heen dircetly

arc immunogenic mimics as well us

exposed 1o it {Smith and Petrenko. 19973, Such peptides
antigenic mimics. However, oot all antigenic mimics are immuwogenic mimics, Most small
peptiddes are tlexible, and ey might adopt ane conformation whea it binds the selector antibods
but mynad other contormations when ot elicits new antibodics. few s any o which wauld
therefore cross-renct with the authentie epitope. Un the other hand a peptide may be an antigenie

mimic without being a true structural mimic. Such a peptide would bind the sclector antibady in

an entirly different way than docs the eriginal authentic cpitope. Such a peptide would be

vinal

expected to ehicit new antibodics that [iCit in an altogether different way than docs the ori
selector antibody. Only rarcly and coincidentally would these antibodics cross-react with the
authentic epitope. Antigenic and immunogenic mimicry are the basis of epitope discovery, a new
approach 10 diseasc diagnosis and vaccine development (Smith and Petrenko, 1997). Most
discases- particularly infectious ones - leave their imprint on (he complex mixture of antibody
specificit+ that comprises the total scrum immunoglobulin population. lncluded m this
population arc discase-specific antibodics - some clicited direetly by antigens on a pathogen.
others possibly recognising antigens that reflect the discase process more indircetly. When total
serum antibody from a patient is used to affinity scleet clones from a random pepude library,
therefore. some of the sclected ligands will correspond 1o disease-specific antibodies. Of course
the patient's pool of antibodies will contain many non-discase-specific antibodies. 00, so it may
requirc extensive counter-sclection or screening with antibodics from control subjects (not
suffering from the discase) to identify those peptides that correspond to authentic disease-related

antibody specificitics und that therefore can be considered diagnostic for the discasc. Peptides

obtained through epitope discovery have two main uses (Smith and Petrenko, 1997). First. as
antigenic mimics they serve as speeific probes for antibodies that are diagnostic for the discases.

s over natural

much as natural viral proteins serve in current tests for HIV. Their advantag,
antigens as diagnostic reagents include that they are casier and cheaper w0 discover and
manufacter=, that they can focus on a few particularly diagnostic specificities and exclude

potentially confusing signals from non-diagnostic determinants, and that they can be discovered

and used even when the natural antigens associated with the discase arc entirely unknown. The

components of synthetic

second passible use of peptides obtained through cpitope discovery is a
vaceines (Smith and Petrenko. 1997). Only antigenic mimics that arc also immunogenic mimies
are useful in this regard. of course, since in order fo he protostive an antibody must react with a

natural epitope on the actual pathogen, Small scgments of different proteins displayed on M13
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virus particies were used to clicit antibodics against the coat protems ol parasiles and viruses
The immunological response o injected M13 s T-cell dependent and dovs not require an

adjuvant

Single-chain antibody librari

Gie o e st s il pplivations of phuce display fneo been e vl vl e it
antibodies with 1 enigue specificity (Hoogenboom o7 @l . 1991). In this ropard. phage display

technology e he used o 1) generate human monoclonal antibodics or humanise mouse

antibodics. significant for cancer nothers ) to isolatc human antibudics from paticats

exposed to certain viral pathogens to better understand the immune response during infection and
how protective antibadies are generated. and 3.3 to clucidate the specificity of autoimmune
antibodics. Both Fab {consisting Vjj-Cy and V) -Cy. segments linked by a disulphide bond) and
the variable fragment (Fv) were expressed on the surface of M13 viral particles with no apparent

loss of the antibody's specificity and affinity. To construct a single chuin variable fragment

ce display. genes o vanable heavy (Vi) and variable light (V) chains of

(scEv) library using p
antibodies are prepared by reverse transcription of mRNA obtained from B-lymphocyies. The
heavy and fight chain gene products are amplificd and assembled into a single gene using a DNA

linker fragment. The assembled sekv DNA fragment s insericd into a phagemid vector and the

rec B is introduced into E. coli by CaCly transformation or
electroporation. Ligation and bacterial (ransformation are crucial, as they direetly influence the
size of the library. Phagemid-containing bacterial cells are grown and then infected with a helper

s fusion o one of the

phage to yield recombinant phage that display scFy antibody fragments

pha

c coat proteins

1.6.6. Selection of DNA-binding proteins

Phage display may help 1o design proteins that specifically bind a given target DNA sequence. A
promising approach is to construct a library of randomised variants of a parent DNA binding
domain (c.g.. one of the zine-finger domains, a common DNA-binding motil in cukaryotic
nuclei) displayed on a filamentous phage; randemisation is concentrated on positions that arc
thought to make sequence-speeific contacts with the target DNA in the parent domain, From this

library, clones that bind a new target DNA sequence, differcat from that recognised by the parent

coted (Rebar and Pabo. 1994y,
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1.6.7. Landscape librarics
The surface Jandscape of @ filamentous virion s & cylindrical array of thousands of repeating

for about halt

subunits compaosed of the exposed parts of the major coat pratein pV Il accounti
the weight of the particle. When a randon peptide is displayed on every copy ol this protein, 1t

subtends a major lraction (20%0 or more
surface. Untess the random pepiide s Tansely tethered 1o the bulk of the magor coat protem. i 1s

shbourhood. and may theretors be

forced 10 wteract with residues mots nmmediate

constrained in a definite three-dimensional conformation that differs markedly from the surtace
conformation of wild-type particle and of elones displaymg other random peptides (Smith and
Petrenko, 1997} A large population of such clones can therefore be regarded as a library of

organic indscapes. The ensemble of @ random peptide in a landscape library with its

surrounding wild-1ype residues may have emergent properties that are lost when the peptide is
excised from ifs context. Such peptides are analogous to the complementarity-determining
regions of antibodics: oligopeptide loops that in the context of the intact protein make most of

s with antigen but as free peptides seldom have appreciable antigen-binding

the specitic contac
propensitics. Localisable emergent properties are present even when the foreign peptide is

displayed on only an occasional pVIIT molecule, as in type 88 and 8- 8 systems. Neverthelcss.
the high-density display in landscape phage may greatly cnhance overall effectiveness in some
applications. For instance, if a single target receptor complex can bind two or more neighbouring
peptides on the phage surface, the overall effective affinity may be enhanced many orders of
magnitude compared to monovakent binding. Some emergent propertics are not localisable to

single subunit but scem instead to be a global property of the entire surface landseape.

1.6.8. Ribosomal display

A major limiting step of constructing a large-size phage display Tibrary is the transfonmation
efficiency. Librarics smaller than 10" independent members prepared in £ colt are smalier by
several orders of magnitude due to less efficient transformation of bacterial cells

Ribosome display was developed Lo overcome this limitation (Schaffivzel er al.. 1999). This in

vitro technology aims for simultancous selection and evelution of proteins from diverse librarics

without any bacterial transformation. In ribosome display, DNA twhich cncodes a protein

library) is first transeribed to mRNA that is then purified and used for in vitro translation. /n

ociation of MRNA,

vitro wmanstation of mRNA s designed fn such a way (o prevent dis

ribosomes, and the translated peptide. Such mRNA-rihosome-peptide complexes are then used
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for aflinity scivction on an immobiiised larget where oniy the compiescs hat do not vacodc @

binding polypeplide. that specifically recognises the target antigen, are remaved by washi

mRNA. that encodes a polypeptide cognate 1ot the target, is then dissaciated fram the ribosomal

complexus and reverse transcribed into cDNAL The prepared ¢cDNA s then amplitied by PCR

and used far the next cyele af enrchment and PCR andor analysed by

fransformation 15 necessary, Targe Thranes can he eonstructod and used Tor selection
Additonaily. Itbrary diversitication 1s suitably mtroduced cither betore starting or i bets een
cycles of ribosome display via DNA shutfling or crror-prone PCR. Ribosame display has been

successtielly apphed 1o both peptides and tolded proteins

1.6.9. Dingnostic applications.
Phage display is a newcomer in te detection arca, which expertise in the development of
molecular probes for targeting ot various biological structures. Specific proline-rich peptide
ligands binding (o the coat protcin of cucumber mosaic virus were sclected from a nonamer
pVII library. Binding peptides were also sclected against hotulinum neurotoxin, Phage

several viruses and spores of the genus Bacitlus (Petrenko and

antibodies were isolated again

Vodyanoy, 2003).

1.6.10. Applications of phage display in this thesis work
After desc vibing the main aspects of phage display T want to present two application possibilitics
in two different ficlds of microbiology. The first scction deals with identification of Baciflus
spores, the second one with mapping the laminin binding sitc of Yersinia pestis plasminogen
activatar. The actuality of these subjects is underlined by the fact that both Bucillus anthracis
and Yersina pestis are re-conerging pathogens with global signiticance. It is pertinent to note that
these agents genuinely are soonotic pathognes but they also have the potential t be weaponised
A further remarkable common feature of the two pathogens is that both can spread through
inhalational route. In this way these bacteria impose a threat as possible or even factual means of
bioterrorismi. In June 1999, an American meeting of national experts was convencd o review

agents that might be utilised as biological weapons or tools ol bioterrorism. A list of agents for

public health preparedness o respond aguinst attacks of bioterrorism was dey eloped and placed

categorics. Both B. anthyracis and ¥, pestis were placed into Category A including

into thre

agents considered (o Rave the greatest potential for adverse public health impacts (Rotz e al.

2000
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for aflinity seicclion on an immobilised 1argel wiere oniy the compiexes that do 0ol encode o
binding polypeptide, that specifically recognises the targel antigen. are removed by washing. The
mRNA. that encodes a palypeptide cognate for the target. is then dissoctated from the ribosomal

complexes and reverse transeribed into ¢DNA. The prepared eDNA is then amplified by PCR

<dor s

L PCR o

© ot earichment vsad by sequeng:

and used tor the next cy
transformation s necessary. large hbranes ean he constrneted md used o selection
Additionaly. library diversitication 15 suitably mtroduced either belore starting or m betw een
cycles of ribosome display via DNA shuffling or error-prone PCR. Ribosome display has heen

successfully applicd 10 hoth peptices and folded protems

1.6.9. Diagnostic applications.
Phage display is a newcomer in the detection area, which expertise i the development of

of various biological structures. Specific proline-rich peptide

molecular probes for targetd
ligands binding to the coat protein of cucumber mosaic virus were seleeted from a nonamer
pVUI library. Binding peptides were also sclected against botulinum neurotoxin. Phage

antibodies were isolatod against several viruses and spores of the genus Baciflus (Petrenko and

Vodyanoy, 2003).

1.6.10. Applications of phage display in this thesis work
Alter desc -bing the main aspects of phage display I want to present two application possibilities
in two different ficlds of microbiology. The first scetion deals with identification of Bucitlus
sporcs, the sccond one with mapping the laminin binding site of Yersinia pestis plasminogen
activator. The actuality of these subjects is underlined by the fact that hoth Bacillus anthracis
and Yersinia pestis are re-emerging pathagens with global significance. Tt is pertinent to note that
these agents genuinely are zoonotie pathognes but they also have the potential 1o be weaponised
A further remarkable common feature of the two pathogens is that hoth can spread through
inhalational route. In this way these bacteria impose a threat as possible or even factual means of
bioterrorism. In Junc 1999 an American meeting of national experts was convened 1o revies
agents that might be utitiscd as biological weapans or tols of bioterrorism, A list of agents for
public health preparedness (o respond against attacks of hioterrorism was developed and placed
into three categories. Both B. anthracis and Y. pestis were placed into Category A including
agents considered to have the greatest potential for adverse public health impacts (Rotz of of..
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Concerns about the use of B anthracis as a bivlogical wcapon have re-emerged in the United

States when spore containing emvelopes were sent o selected individuals via the postal systems

(DO 2ty

Plague  probably hecause of its success in devastating Eusope in the 14" contury is generally

regarded as a discase of the Middle In faet. Jersinne pestis is known 1o have caused at least

three pandemies. and there Tave been wsteady inercase mreported plague morbidit, simee the
carly 19905 (Demnis. 1999, The potential ol plague 1o induce panic and cconomic Toss wis
demonstrated during the 1994 outbreak of preumonic plague in Surat, lodia. the intermational

including people being placed in

response resulted i increased control ut ports and airports
quarantine, and embargoes were placed on the impert of goods and movement of people from
India. Th final death toll was 54 people, and the total cost of this outbreak to India was
estimated at 2 billion US $ (Cash and Narasimlian, 2000). Interestingly cnough. in spite of (he

public and media alertness and the public heudth concern o positive sputal culture was achicved

Al the above-presented data support the assumption that an intensive research aiming at the

and specifie diagnosis. control and prexention of these infections is justified. Basic rescarch
the spore surface proteins of Bucitlus spp. including B. anthracis and the virulence assoeiated
outer membrane protein Pla of Y. pestis might supply data applicable in those practical ficlds
listed above. As phage display is a well-estublished method for the identification and functional
investigation of peptide domains we applied this assay system to analyse spore coat proteins and

Pla.




2. UTILISATION OF RANDOM PHAGE DISPLAY LIBRARIES FOR
IDENTIFICATION OF BACILLUS SPORE

2.1, INTROPUCTION
2.1.1. Formation and structure of Bacillus subtilis endospores
The senus Bucrlins inchudes a diverse collecion of grani-postn e, rod-shaped. acrohic. spore-

forming bactetia The hest studied of the spore forming hacteria is one with o special pow s

other thav the ability 10 be readily manipulated in the laboratory: Bacillus subtilis. Spore
formation, referred to as sporulation, occurs in u series of stages that can be monitored by Tight
and clectron microscopy and. once initiated. requires approximatcly 8 h to compicte. The
morphological process of sporulation is driven by a temporally and spatially controlled program
of gene expression {Driks, 2002). Commencement of this program requires that the cell has
reached a certain stage in the cell eyele that the tricarboxylic acid eyele is intact, that at least one
extracellular pheromonce is present in the appropriate amount. and that an unknewn
cnvironmental stimulus has activated a comples phosphorylation cascade. When these conditians
are met (us they are during starvation). sporulation ensues and the pattem of vegetative gene
expression is largely replaced with the specialised program of sporulation gene expression. The
rapid serics of morphological changes that ensuc during sporulation is duc. in large part, (o the
scquential appearance of a scrics of transeription factors, called sigma factors, which bind to core
polymerase and direct it to transcribe only from specific promorers {Priks, 2002). An carly and
dramatic 1momhological cvent is the formation of the asymmelrically placed sporulation scptum,
which divides the cell into the forespore and mother cell compartments, at ahout the second hour
of sporulation. The smaller compartment (the forespore) will go on to became the spore. The
larger compartient (the mather celly will serve to nurture the spore undl its development is
complete. Aficr the sporulation septum is Jaid down. the sporulation gene expression program
splits and two distinet programs hecome active, one in cach of the resulting cellular
compartments. These two divergent programs of gene expression, in the mother cell and in the
forespore, result in the spore being huilt from the outside (as @ resuil of protein synihesis i the
mother ceil} and from the inside (as a consequence of the proteins produced in the forespore). At
about the third hour. the cdge of the septum migrates in the dircetion of the forespore pole of the
cell, pinching the forespore compartment off 1o become a protoplast which sits free in the
mother-cell cytoplasm and is surrounded by a double layer of membranc. After engulfment. a

cell wall-like material is deposited between the membrane layers that surround (e forespore.
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This cell wall ias two favers: an joner faver. cailed the germ ccil wail, which wiil become the
peptidoglycan fayer of the nascent cell after germination. and an outer layer, ealled the cortes.
which participates in maintenance of the dehvdrated state af the spore. This s fallowed by

formation of the coat from proteins synthesised in the mother eell. which then assemble around

Twa major cost tayers

th hour of sporulation

the forespore. The cout 15 evident by abou
can be diseerned in the electron micraseapes 2 darkly saining auter coat and a more Tightly

15 lvsis of the mother cell and release of

fameltar mner coa, L he tinal stop m sporulat

stainmn
the fully formed spore, Coat assembly in & subrlrs occurs in stages that are tightly coupled 1o

the well-described developmental program driving spore formation (Driks, 2002). The interior-

most compartment of the spore huuses the chromasome. This compartment is surrounded by fwo

membrane layers derived from the septum tonned at the beginning of sporulation. A specialised
peptidoglycan (the cortex) resides between these membranes, the outermost of which is the site
of coat protein deposition. in B, subiifis. clectron microscopy reveals a darkly staining outct
layer {the outer coat) and a more lightly staining inner layer (the inner coat). The coat comprises
approximatcly 3U protcin speeics that do not resemble one another or, in general, any other
proteins in the databascs. In most cases. the deletion of any onc coat protein in B. subrilis has
only a subtle effect on the coat heyond the absence of that protein, suggesting that important

functions of the coat remain undetected by current assays. Exceptions (o this pattern are the

morphogenctic proteins SpolVA and ColE, which have especially striking cffects on coal
assembly. SpolVA designates the spore surface as the site of all subsequent deposition of coat
profein and connects the coat to the spore (Driks, 2002). The funclion of SpolVA is more
complex than this, however: in its absence, the thick specialised peptidoglycan residing just
bencath the coat never accumulates to wild-type level, SpolVA resides at the membrane
separating the coat and the peptidoglycan. the (wo structures whose synthesis it co-ordinates
CotE forms a shell around the spore well before most coat proteins are synthesised. In its
ahsence, the outer cout fuils o (orm (Driks, 2002). Consistent with this, CotE dircets the
deposition (but not the synthesis) of at least cight proteins, most of which reside in the outer coat
The inncr coat forms as a layer underneath the CotE shell and., like the outer coat. is not evident
until after CotE is in place (Driks, 2002). Unlike the outer coat, however, the formation of the
inner coat is largely Cotll independent. The carboxy-terminai 28 amino acids of CotE. which
possess « preponderance of acidic residues. are erucial for coat protein deposition (Driks. 2002}
The amino acid differences between CotE homologues in B, subrilis. B. anthracis. B

stearothermophitus ind Bucillus halodurans are particulaly pronounced in the carboxy-terminal




28 residues. Thus, the difterences in coat proten composition hetween these species conld, 10 a
Jarge degree. be u funetion of sequence variation at the Cotl carboxy] terminus.

Two interacting proteins. SpoVID and SatA. also play inporta marphogenctic rofes in coat
assembly. Intrigumgly. like Cotk, both $poVID and SufA appear 0 have a carboxy-terminal

thes

ast to Cothl

module Gt varies wmong the spore formers (1riks. 2002), In con .
regions extend across the matority of he Spav 1D and SafA sequences. | s, the varying regions

of these proters probubly comprise donuons, Carbohydrates are also important components of

spore structure, At least somie of the coat proteins undergo modification of several (ypes
including also glycosylation. Loss of the gene products of the spore polysaceharide biosynthesis
determinants (sps:4-K) resulted in a hydrophobic spore coat. SpsA is the only well characterised
member of (he cluster. 1tis a glycosyltransferase implicated in the synthesis of the spare coat of
Bacillus s.otilis, whose homologues include cellulose synthase and many lipopolysaccharide and
bacterial O-antigen synthases. Mutations in the cgedB and cgeCDE operons of B, subtiis.
produce spores with altered surface properties Icading to the hypothesis that proteins encoded by
the cge operons intluence maturation of the outermost layer of the spore, most likely by
glycosylation of coat proteins at the spore surface (Roels and Losick, 1995),

If conditions are suitable, the spore can germinate and thereby convert back into a growing cell
When this oceurs, first the spore core rehydrates and swells and then the coat cracks, releasing

the nascent cell.

2.1.2. Formation and structure of B, anthracis spores

In spite of its importance 0 spore survival, germination, and pathogenesis, the spore coat
assembly and protein composition of the B wnthsucis coat has reccived a broader study only
recently when gene expression during growth and sporulation was monitored with DNA
microarrays and tandem mass spectrometry (Liu et al., 2004). The majority of what is thought to

be truc about the . anthracis spore and how is made is based on the assumption that the targe

bady of experimental data accumulated through the characterisation of sporulation in A. subrilis
will apply to B. anthracis. The complex genomical and proteomical analysis revealed a similar

cascade of sigma factor expres

ion as it was already described in B swhtifis Furthermaore, it
seems likely (hat gene expression during sperulation may be mainly related to the physical
construction of the spore rather than synthesis of eventual spore events, Comparison of the 4.

subtilis and B. anthrucis genomes also shows that coat proteins with key roles in morphogenesis

are present 1n both organisms and therefore, it is plausible that coat assembly follows largely the



am i e o spucics (Liu ol 20041 Ghven ihe Curtent undenstanding of coat

same prog

assembly in A subiitis. comparison of its wenome with that of £ authracrs is particularly

revealing. Both $polVA and Cot have unambiuous homologues in B, anthracis suggesting

(hat coat assembly 10 the pathogen tollows  siuitar overall program 10 (hit of 115 bergn relatiye

2002y, This supparts the view that B aadiraers possesses inner and onter coat lavers

(Lai ot

Al dISUCUan between them 18 1ess evilent than i #. supitis. Un e

although the norpholo;

other hand only o small fraction of the late assembled or synthesised coat and voat associned

proteins in B subtilis have B, anthracis homologues. Thus, the major difterences between these

specics could be among the outer caat proteins, For A, wnrraces. as for many Bacillus species
the spore is enclosed by a prominent, loose-fitting. balloon-like Javer called the exosporium,
which is composed of a basat kwyer and an external hair-like nap and serves as a primary
permeability barrier (Gerhardi, 1967). The aforementioned comprehensive genomic study
identificd .ixe CotZ and Cotl proteins also described in 4. subriis as siructural components of the

B. anthracis exosporium

miethods for Bacillus identification

2.

Diagnos
The gram-pesitive soil bacterium Becitlus anthracis, the causative agent of anthrax, has been
developed into a weapon of mass destruction by numerous foreign governments and terrorist
groups (Turnbough. Jr.. 2003), The usc of A. anthracis as a biological weapon, with severe
consequences, was demonstrated in the fall of 2001 in the United States. B anthracis is an

effective agent for biological warfare and terrorism primarily because ft foms spores heing

. desiceation, and physical damage. These

resistant Lo extreme temperatures, noxious chemic
propertics make them suitable for incorporation into explosive weapons and for concealment in
terrorist devices (Turnbough, Jr.. 2003). Spores enter the body through three routes: by skin
abrasions, Ly ingestion or inhalation. Once exposed to internal tissues, the spores germinate wnd
vegetative cell growth ensues, often resulting in the death of the host within several days
(Turnhough. Ir.. 2003), Nawral strains of . anthracis are sensitive to common antibiotics that

can be used to (reat anthrax. However, to ensure a successful outcome, treatment must hegin

within a day or two after cxposure 1o spores (Tumbough, Jr., 2003). Thus. rapid deteetion of 8
anthracis spores is critical in respending to the anthrax threat, Several detection systems are
currently used to tdentify B wnthracis. The most accurate systems employ cither PCR-based

assays or traditional phenatvping of cultured bacteria (Tumbough. Tr.. 2003), However. these

methods are comples. expensive, cumbersome. and slow, iypically requiring spore germination



and outgrow th ol \cgeiative cefls, Olher systems arc based vin antibody binliis i spore sirtace
antigens. These systems arc relatively fast hecause they deteet spores direetly. However, eurrent
antibody-based detectors suffer from a kick of wecuraey and limited sensitivity, which resultin an
wnacceptably tigh level of both false-positive and false-negative responses, according 1o tederal
wovernment trial in the United States and other, independent ests (Kmg et al.. 2003, The Jack ol

SCICe 10 the e ironment ol

accuraey aath these SVSms 1s compounded by the normal pr
Bacrltus spores that resemble fand share surluee antigens withy # amiracrs spores. Pacticulariy
problematic are spores of the opportunistic human pathogen 8. coreas and the insect pathogen 8.
thuringtensis, specics which, based on yenome sequence comparisans, are the most similar to 4

comprise the

anthracts (Read et al, 2003}, These three specics, along with B, nncondes.

cfore. due to the

similar 8. coreus group {Tumbough. Ir. 2003). The:

phylogenctically

forementioned and deficic all currcntly available systems for detecting &

anthracis are inadequate for frontling use by emergency workers and soldiers on the battleficld
and for routine monitoring ot public areas. Clearly. there is an urgent need for a better detector

that can be used where the threat of 8. anthracis spore exposure is the greatest. The desired

detector will. in all probability. requirc simplc and hardy ligands capable of tight and speeific
binding to K. unthracis spores. Because it is impractical (o use pathogenic spores (or in some

cases even non pathogenic variants of these spores) in the carly stages of detector development.

we constited a model detection system involving a safe prototypical sporc and a standard
small-moleeule ligand capable of binding this spore: peptide ligands that bind tightly to spores of

4 red

B. subrilis. The peptide ligands were identificd by biopanning a library of phage

peptides against 8. subrilis sporcs

2.2, AIMS OF THE STUDY

1. Sclection and identification of heptamer and dodecamer peptides or potential heplamer
and dodecamer peptide famitics binding tightly to 8. subtilis and & anthraciy sporcs with
the wiilisation of a commercially wvailable randem phage-display library

2. Characterisation of slected sequences, assessment of structural eriteria for binding,

3. Development of fluorcscent kabelling methods for tagging the selected phage or the

chenically synthesised peptide sequences

IS

Improvement of flow cytometry assays suitable for discrimination of different spore

lypes.



50 Palurmance of sequence simitaity scachies with ihe seleial papiide swuciicds i

recognise protein sequences mimicked by the phage displayed peptides.

MATERLALS AND METHODS

23.
2.3.1. Phage display and associated methods
2.3.1.). Phage disptay Libraries

Commercially avatkabic random phiage dispiay librarics expressing hopamer and dodecanmer

peptides (Ph.D.-7 and Ph.D.-12. New England BioLabs. MA. USA) were utilised for screening

and PRLD-12 dibraries contain random heptamer and dodecamer

spore Tigands. The Ph.D

peptides. respectively. fused to the amino terminus of the M13 minor phage capsid protein plll
This protein is represented in five copies at one end of the filamentous phage particle, Therefore
cach phage displays five copics of an individual peptide whose sequence is encoded in the
recombinant pltl gene. For propagation of cluted phage Escherichia coli strains ER2537 [k lael4
AlaeZy “11S proATBTIUAY supF thy Mlac proaAB) AthsdMS-merS (n " MerBCT)
(New England Biolabs) and XL1 Blue MRF (reeAl endAT gyrA9o th-1 hsdR17 supLdd relAl
lac [F'proAB, facl9 ZAMI13. Tn10 (Tet), Cam®] (Stratagene) were used. Swain ER2537 was
maintained on minimal agar (6 ¢/ Na:HPOL, 3 &l KILPO., 1@/ NILCL, 0.5 g1 NaCl. 0.3 mg/m]
CaCla. | mM MgSO.. 2g/1 glucose, 0.5 mg/l thiamine, 15 g/ agar). strain XL1 Blue MRF® was
maintained on Luria-Bertani agar (10 @/l Bacto trypton. 5 ¢/l yeast extract, 5 ¢/l NaCl. 15 g/l

agar) supplemented with 20 pe‘ml tetracyeline. Both strains were grown in Luria-Bertani broth

for XL1 Blue MRF" suppl 1 with teiracycline o a final ion 20 pgfml

2.3.1.2. Biopanning

A A . .
Biopanning of spores was performed in Eppendorf tubes. 107 spores were mixed with

101 pha

Tris-HICY /pH 7.5), 150mM NaCl. 0.5% Tween 20| for 10 minutes at room temperature. Tween

from the library in 1 m] of sterile Tris buffered saline-Tween 20 (TBST) [50 mM

20 was included 1o break non-specific inleractions and heing able W form a compact spore pelict

The spore-phage complexes were collected by contrifugation (12,000-g) at 4°C for 10 min, and

were washed ten times in -1 ml of TBST

the supematant was removed. Spore-phage complex
with alternating resuspension and centrifugation. After the final wash, spore-phage complexes
were resuspended in | ml of clution buffer [0.2 M glyeine-IC] (pH 2.2), | mgmi bovine serum

albumine (BSA)| and then mixed gently for 5 min w room temperature. This sample was



comrifiged as above for § wit, The supetatani shich contained clated phage. was quickh
removed wnd newtralised by the addition of 150 1l of 1 A Tris-HCH(pIL 9.1} to prevent phage

Kilting. During biopanning small fractions of the input phage. supernatants from the initial

collection ot spore-phage compiexes and selected washes and cluted phage were saved tor
titering. Eluted phage were amplified by micctng F. eofi strain FR2337 The resulting phaye
stack was used tor a sccond round ol blopannimg. Whieh wis perionned exacty as descied

above, A sl of four raunds of hiopanning were performed, afier which the ik vined piage

were plated W obtain single plagues, These plagues were used to propare phage stocks. from

which genomic DNA was extracted and the peptide-encoding region of DNA determined

2.3.1.3.Competitive biopanning
Competitive biopannings were performed in a similar way as the original starter biopanning
described in the previous scetion exeept of the following modifications: Besides the original
library a phage stock with a unique sequence of interest was also added. This unigque sequence
represented only 0.1 % of the randam library scquence, which practically meant the usage of

7 . .
1019 random phage from the library and 107 unigue sequences as input Three rounds of

biopanning were performed and pools of the individual cluates were sequenced afier the cluate
fractions had been propagated in the ER2537 host strain and single stranded phage DNA had

been extracted

2.3.1.4. Concentration of propagated phage
Host cell cultures (usually 20 ml) were centrifuged twice at 4000 mpm. 4°C for 10 minutes. The
upper 80% of the supernatant sas precipitated overnight with 176 volume of PEGNaCl (20%
polyethylene-glycal 8000, 2.5 M NaC'l). The precipitate was collceted by centrifugation under
the sume conditions as before and the pelleted precipitate was dissolved in 1 ml of TBS and re-
precipitated in 16 volume of PEGNaCl (167 ul) for an hour on ice. The farmed precipitate was

microfuged at 12,000y ar 45C for 10 min and resuspended in 200 pb TBS-0.2% NaNg  This

phage stock was uscd for titration

2.3.1.5. Phage titration
From phage stocks tenfold dilutions were made in Luria-Bertani broth. 10 pl aliguots were

incubated with 200 pl of mid-tog phase culture of ¢ither ER2537 or X111 Blue MRIT strains tor

10 minutes at room temperature and then plated with 3 ml of Agarose Top (10 ¢

i Bacto-




[EXNEENEER agatusch wtito - o 37C-

tryplotie, §
prewarued LB -agar plates. Alier overnight incubation at 37-C phage plagues were counted and

the titre was caleulated and given in pfu ml

2.3.2, Bacillus strains and growth conditions

2.3 Bacillus strains

The followng Bacillus steains were wsed: £ submits yrpC2) 1ATou originaily desiznaied 1685,
B, amyloligueficiens 10A1 toriginally H). B ficheniformis 3A36 (originally ATCC 145803, 8.
pumilus 8A3 (originally ATCC 7001} from the Buciilus Genetie Stock Center, Ohio State
University. Columbus, O, USA. B. globgii (also culled urrophacus and subsilis variety niger™)
B, thuringicnsis subsp. Surstaki. 8. thurmngiensis BS. 8. corens 1 and non-enapsulated $terne
(PX02') and non-toxigenic AAmes (pXO1 ) strains of B antlracis were from the U.S. Army

Medicul Rescarch {nstitute of Infectious Discases, Fort Detrick, Frederick, MD, USA. A,

thuringionsts Al Hakum. 8, g 3A FRI-A1, B thuringiensis USDA HD-371, B cercus
ATCC 4342, B corews F1-13 FRI-3. B cercus D17 FRI-13. and 8. cervuy $2-8 FRI-42 from
Los Alamos National Laboratory, NM. USA. 8. mycoides ATCC 10206 and B. megaterinm

ATCC 14581 were from the American Type Culture Collection, Manassas, VA, USA,

23.2.2. Sporulation

Spores wure produced except for # pumilis using the medium exhaustion method by cells
grown in liquid Difeo sporulation medium (DSM) at 37°C (8 g1 Difco nuricat broth, 2.5 gl

MgS0.THO, 1 g/l KCIL .01 mM MnCla. 0.001 mM FeSO;, and 10 mM CaCly, pH 7.1} with

shaking &t 150 rpm or on solid DSM (1.5%) agar until sporulation was essentially complete.

usually in 48-72 hours. B, pumtius spores were prepared by growing cells on solid DSM at 30°C.
Spores were collected and washed with cold, sterile, distilled water by centoifugation and
purificd by scdimentation through two-step gradient off 20% and 30% Renographin 60 {Bracco
Diagnostics, NJ, USA}and then washed again extensively in cold, sterile, distilled water. Spores
were stored protected from light in sierile distilled water at 4°C and washed every other week to

prevent germination. Then they were quantitaled microscopically using o Petroff-Hauser

counting chamber (Sigma, NI USA) and were checked for the absenee of germinating spores
Only freshly preparcd spores of 5. globigit were used in the studics shown because these spores
gradually loose their capacity for peptide binding over several months, AAmes spores of £
antipuers were prepared hy Dr Joame fackman at USAMRIID and kitled by gamma iradiation

before use



Clabuiling techniques and flow ey tometry

2.3.3.0. Fluorescent labelling of anti M13 antibody
1 mg hatches of monoclonal anti M13 tant pVIib antibodies (Amersham Biosciences. USA)
were Jabelled with the amime-reactive Alexa 488 Protem Labelling Kit (Molecular Probes, LSA)

according to the instructions of the supplicr. Concentration of the antibody-dye conjugate was

deternuned by the following equithion: protem concentzation (M) =1 A s, (A x40 D] diution
factor 204 100 where 203,000 em M ' is the molar extinction coctticient of w typical [uti and

<e of labelling

0.11 18 a correction factor to account for ahsorption of the dye at 280 nm. De:
was calculated with the following equation: moles dye per mole protein Awx dilution
factord 71000 xprotein concentration (MY where 71,000 em™ M is the approximate molar
extinction coefficient of the Alexa Fluor 488 dye at 494 nm

2.3.3.2. Fluorescent tabeRling of M13 phage

Samples of M13 phage displaying @ particular peptide were labellod using Alesia Fluor” 488

Protein Labelling Kit (Moleeutar Probes, OR, LSA) as well. Labelling conditions were those

essentially provided by Molecular Probes except that 4x1012 phage particles were Tabelled
instead of i-mg protein sample. This amount of phage corresponds to Img of prolein bascd on
the known molecular weight of viral capsid proteins. Labelled phage were precipitated from the
reaction mixture by adding 1/6 volume of PEG/NaCl, mixed thoroughly and allowing the sample

centrifugation

to stand for 1 hour at reom temperature. The labelled phages were collecied by
(10,600 g at 4°C for 15 minutes, and the supernatant was removed. The phage pellet was
aCl, 2,68 mM KCL 10 mM

suspended in Im) of PBS (phosphate bufler salinc - 135 mM >
Na,HPO,, 1.76 mM KH,PO, pH 7,41, and the phage were precipitated again with PEG/NaCl
for 20 minutes and colloeted as above. The phage were resuspended in 0.4 mi of PBS and stored
in the dark at 4°C. The phage concentration and the degree of labelling were determined by
measuring the absorbance of a diluted labelled phage sample at 494 nm and at 230 nm and
employin. ronversion factors cquivalent 1o those provided by Molceular Probes. Phage:ml

[AgggtAgo0.l D]~ dilion  factorx (3310 2phagesml).  Dye  molecules phage

3

g9 dilution factor< (.5<10' molueules m1y (phagerml)

2.3.3.3. Fluorescent labelling of synthetic peptide

Peptides were chiemically synthesised with a three-glycine-spacer and a C-terminal evsieine



group w allow conjugation (v il fuowehione R phycoery tive (Molecutar Pobes, OR. USA)
through @ crosslinker molecule and purificd by HPLC (UAB Peptide Synthesis Core Facility
AL USAL Peptide molecules were attached to Rephycoerythrin (RPE) (Prozyme, CA. ( SA) by

)

using  the  heterobmtunctional  crosshnker yl-4- (N

eyelohexane {-carboxylate (SMCC) (Pieree) fullowing the manufacturer’s instructions, SMCC is
able to hind Lysme residues of REL through its reactive N-hydroxy-sucenmimide-ester group and

the C-ermninal fice Sli-groups of the peptides through its reuctis e maleimide group

2.3.4. Flow cytometry
107 spores were mised cither with unlabelled (for Ruorescently fahelled anti M13 labelting) or

Alexa 488-labelled M13 phage (10' or 1011) or with a peptide-RPE conjugate in various

B anthracis binders, 0.135 mgml (»500 nM)

concentrations [4. 40 300 and 4006} nM for testy
for B. subailis binders] in 20 pl of PBS and incubated at room temperature tor 1 hour (o ensure
complete binding. Unbound conjugate molecules were removed by washing spores three times in
PBST (0.

min at 4°C. In case of using fluorescently labelled antibodies spore-phage conjugates w

., Tween 20}, Spores were collected after cach wash by centrifugation at 826 for 5

resuspended in 0.5 pgml solution of fuarescently labelled anti M13 antibody and incubated for

onc more hour at room temperature, Unbound antibodics were removed by eentrifugation as

desribed above. Spore 5 were T d in 200 i of PBS and fluorescence
was measured using a BD FACSCaltbur instrument and analysed with CellQuest Pro software
(Beckton Dickinson Biosciences, CA. USA). Spores were identified by their light-scattering

propertics. and 20,000 spores were amalysed for associated fluorcseence.

Tolecular biological methods

sle-stranded phage DNA was extracted cither from the concentrated phage stocks o from the

supematant of the propagated host cell cuftures because these fractions contain mature phage
particles. Tor DNA-cxtraction steps of the QIAGEN M1 Spin Kt (QIAGEN. (A, USA)
bulletin were followed. The DNA concentration was cstimated cither spectrophiotometrically and

quenced using the dideoxy-chain termination method either manuatly or

samples wer
automatically using the -28 glll or the -96glll primers (provided by New Lngland Biolabs).

was dene 35S ubelling after the instruction of the




Sequenase Version 2.0 DNA Sequenving Kit yAnsasiain Bioscicices, NIu USA) wid Tan wii

polyacryl mide gebs with 0% urea to detect Ladders

2.3.5.2. Construction of recombinant phage

¢ displaying 2 specific peptide, we preparcd the douhie-

To constuet recombinant MU3 ph
strandid RE ot the senomie DNADwhieh can be treated as a mediu-copy number plasmid and
therefore can be exiraciad srom the pelleted host cells of o propagated host culture, For this
purpose a QUIAGEN Plasmiid Purification Kit (QIAGEN. CA, USA) was used. The peplide-
encoding Kpnl-Eagl (New England Biol.abs, MA. USA) fragment in the RF DNA of the library

phage was excised and replaced with synthetic and anncaled oligonueleotides (synthesised by

UAB Oligonucleotide Core Facility, AL, USA) encoding the specificd peptides. These primers

also bear respective ends suitable for ligation into the cut RE form. The recombinant M13 RF
DNA was transformed into £ cofr strain ER2537 and plated with 3 ml of Top agarose to produce
phage plaques. Plagues were prapagated in host cell eulnures, single-stranded DNA was

extracted and sequenced as described at 2.3.5.4

0 cleotide sequences used for phage cloning are listed in Table |
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2.4, RESULTS
2.4.1. Biopanning results

2.4.1.1. Signs of sequence enrichment and selection during biopanning of Buciflus subiilis
and Baciflus anthracis spores

A total of four raunds of biopanning were performed with hoth the heptamer and the dodecumer

librarics. Swmples of inpul phage. inftial supernatants. supernatants of sclected washes. and



eluted pluge ware titered i cach porfoniad biopanuing {data not show ng. iicrgeice of tight-

binders was indicated by a titre increase in the clution fructions. which was 10° fold tor Bacilius
subrilis Urom 10° Cluted phage to 107 and 200 fold (from 10* w0 2-10") for Bucillus anthracis
AAmes st and by @ twolold deerease ol the supernatant traction revealng that alter some

rounds mare members of the input phage pepulation stay hound 1 the spore surface

2.4.0.2. Nature of the selected B. subrifis tight-hinder sequences
We used a sample of the eluted phage from the fourth round of biopanning to purify plagues of

individuas phage, thirty of which were used (o prepare yenomic DNA for sequence analysis of

the peptide-cncoding regions. The results showed that these phage genomes cncoded 13 mique

the same peptide also contained the same

peptide sequences. (Tuble 2A) Phage displayi
peptide-encoding genomic DNA sequence. indicating that they were probably siblings. All of the
peplides contained the scquence Asn-His-Phe-Leu-Pro at the amino terminus. Although the
sequenees at positions 5 through 7 were not identical, there were clear preferences for amino

residues

acids. For example. 6 of 13 (46%) position 3 residucs and 12 of 39 (31%4) position 5
were Pro. In addition. 10 of 39 (26%) position 5-7 residues were basic amino acids, while no
acidic amino acids were found at these positions. We also biopanned a Ph.D.-12 phage display
library (containing 2.7+ 10" different sequences) for dodecamer peptides that bind spores of B
subtilis as described for the Ph.D.-7 library. Ten plaques from the 4" round eluate were used to
determine peptide-encoding genomic sequences. Eight unique peptide sequences were found and
again they contained the sequence Asn-1is-Phe-Leu at the amino terminus (Table 2B). Also, the
Oamine avids found at positions 3-7 were similar to those of the heptamer peptides (Table 2A).
with at least one Pro residue found in this region in all but 1 sequence. The latter sequence had a
Pro residue at position 8. One dodecamer sequence included Glu at position 6 {between 2 Pro
residues). the only acidic residue found in positions 5.7 of u sporc-binding peptide. The

2 were not highly restricted. The failure to find the Asn-His-Phe-leu

sequences in positions 8-
sequence internally in the dodeeamer (or hicplamer) peptides strongly  indicated that this

sequence must be present at the amino terminus of the peptide to permit spore binding,



Fable 2. Peplide sequennes of phage from e fourth rowd ciuate using w loptana

Nimbers in parentheses indicate the number ol pha

2.4.1.3. Confir

dodecamer (B) library

peptide seyuence. 1A

Sequence # |1 2 03 45 6 7

6 |Aw ths Phe lon e Lys Pro

2(3) Asn s Phe Ten Arg o Ser Pro

3® Asn His Phe Leaw Pro Arg Trp

4(8) Ash His Phe Lew Pro Lys Val
Asi His Phe lew Leu Pro Pro

6 Asn His Phe len Pro Pro Arg

7 Asn His Phe leu Pro Thr Gly

8 Asn His Phe Leu Mt Pro lys

9 Asn s Phe Len Lys Gly Thr

10 Asn His Phe lew Pro Gino Asn

1 Asn His Phe Leu Lou Trp  Arg

12(2) Asn His Phe Lew lle Lys Arg

13 Asn His Phc Leu Pro Thr Al

(B)

Sequence# (I 2 3 4 5 6 7

1(2) Asn His Phc Leu Lys Ser Gln

2 Asn His Phe Leu Asn Arg Pro

3 Asn His Phe Leu Pro  Pro  Lys

4 Asn His Phe Lew Pro Glu Pro

5(2) Asn His Phc Leu Ala Pro  Gln

6 Asn His Phe Leu Mel Pro Asn

7 Asn His Phc Lew e Pro Pro

8 Asn His Phe  lew Pro  Leu  Asn

Pro
Pro
Glu
Pro

10
Val

Pro

on of the high affinity of a characteristic tight binder sequence

[GASAVIaN

< with the given

To confirm that this family of peptides bound to B, sibréfis spores and dih nat arise beeause of

preferential amplification of phage displaying these peplides, we examined phage enrichment

without amplification. A phage mixture was prepared containing 99.9% phage from the Ph.D.-7

library and u. 1% phage displaying peptide 54 (Asn-His-Phe-Leu-Pro-Lys-Val), A sample of




Ltal phage was mised with 107 spores and a single ouid of bivpaniig

piislute contining
was performed. The eluted phage were plague purificd and ten plagues were used to determine
the sequences of peptide-cacading genomic DNA. Seven of the ten phae examined contained
the sequence tor peptide &4, mdhcating a J-fold envichment ot the peptide 4 phage. 1his lurge
enrichment was almost corainly due 1o hinding of peptide #4 10 spares

2

414 Nature of B authracis tight-hinders

27 plaques were amplilied and sequenced from the fourth round cluate and 11 different peptide

sequences were identified as listed in Table 3. Three peptide sequences were repeated several
times. The most common peptide, sequence #4 (Thr-Ser-Gln-Asn-Val-Arg-Thr) was represented
hirteen times. However because the peptide was encoded by the same codons in each isolate it is
possible that this scquence emerged duc jts excellent growth propertics and not because of
expressing u molif with high alfinity. Two of the repeated sequences, peptide #5 (The-Ty r-Pro-
le-Pro-lle-Arg) and peptide #6 (The-Tyr-Pro-lle-Pro-Phe-Arg) along with the single sequence
£9 (Thr-Tyr-Pro-Val-Pro-His-Arg) formed u fumily of peptides with the consensus of Thr-Tyr-

Pro-X-Pro:

Arg. Biopanning of Sterne spores also yielded similar sequences; Thr-Tyr-Pro-

Leu-Pro-lle-Arg 11 times from 35 scquences and the single sequence Thr-Tyr-Pro-Pro-Pro-Thr-

Arg. Thr-Tyr-Pro-Leu-Pro-Tle-Arg was

encoded by two different nucleotide sequences as
permitted hy the degencracy of the genctie cade. Although the Thr-Tyr-Pro consensus sequence

similar. For

was variable at positions 4 and 6. the residues at these positions were typically
example, apolar amino acids, Leu, e, or Val occupied position 4 in all bul one unique peptide

sequence.



Fable 3. Sequence of tight-binda peptides Tion e Suciffs antivacn 3 spore biopaniing.
Consensus labelled with boldt letters. Numbers in parcntheses indicate the number of phage with

the given peptide sequence,

Sequence 1 > H 4 s “ ;
1 Asn Ser Mal Lhr Leu L Pro
Lys Pro Arg Gin Pro Gly leu

3 Ser The Pro Ala Tp Leu Ser
40 Thr Ser Gln Asn Vai Arg Thr
5(3) Thr Tyr Pro e Pro lle Arg
6(3) Thr Tyr Pro le Pro Phe Arg
7 Ser Tyr Pro His Gly Gln lie

H Phe Thr Gly Thr Leu Asn Pro

9 Thr Tyr Pro Vat Pro His Arg
o Arg Thr Pro Ser Leu Ser Pro
1 Phe Ser Val Pro Arg Met Pro

2.4.2. Peptide sequence requirements for B. subtilis spore binding
2.4.2.1. Comparison of hinding affinities of tight-binder heptamer sequences

To identify the tightest binding heptamer peptides) listed in Table 2A. we performed a
competitive biopanning experiment, A phage pool containing cqual amounts of cach of the 13

phage displaying a unique heplamer peptide sequence was prepared. and its approximate

composition was conlirmed by DNA scquence analysis of 33 plaques frons the pool. A sample of
the phage pool containing a tal o 1.3 10" phages was mixed with 10° B, subilis spores, and
this mixture was used in a first round of biopanning following the standard protocol in Materials
and Methods. The cluted phage were amplificd. and 1.3 10" of these phage were mixed with
10% spores for a second round of biopaning. Two more rownds (3 and 4) of biopaming were
performed following this procedure. Eluted phage from round 4 were plague purified. and 31
plaques were used to analyse peptide-encoding. genomic sequences for phage identification
Comparing fiequencics of phage appearance (Table 4) in the original phage pool with those in
the round 4 cluted phage. there were no statistically significant differences for 10 of the unigue

#3, #7. and #9 were not detected in the final eluted phage.

phage. Phage displaying peptides

although 2 or & comes of each were present in the 33 phage dentified in the original pool

Statistically. this result may not be meaningtul. and inspection of the missing peptide

quences



did ol revead a common Tealite, Tuken weether, these resuils indivate hat e spore binding
properties of most and perhaps all) of the 13 unigue peptides are similar under the conditions

examined here. In addition, repeated washing of complexes of spores and phage displaving the

sporc-binding peptides were lughly resistant to repeated washmg, mdicatimy tight binding

Table 4. smparson of sequence Trequancies between 1he 1rst raund IPUL and the 1Tt round
cluate tractions in @ competitive biopanning experiment with tght-binder eptamers of &
subtilis

Serial number off Number of plaques in the input fraction of  Number of plaques in the eluate

tight-binder first round of biopanning fraction of the fourth round of
heptamer phage biopanning
1 2 2
2 3 3
3 2 6
4 5 8
5 2 0
6 1 2
7 3 )
8 1 2
9 3 @
10 5 |
11 2 3
12 1 1
13 3 2
33 3l

2422,

s of binding affinities of shorter (consensus) sequences

To determine whether shorter peptides can efficientty bind B. subiilis spores we constructed two
recombinants that display cither the tetrapeptide Asn-His-Phe-Leu or the pentapeptide Asn-His-
Phe-lLeu-Pro instead of a heptamer sequence. (Note that the same linker sequence. Gly-Gly-Gly-
Ser. follows the ttramer. pentamer. wnd heptamer sequences) We then performed tho

competiti-+ biopanning experiments using 4 pha

mixture containing 99.9% phage from the

Ph.D.-7 [ibrary and 11,14 phage displaying cither the tetramer or pentamer peptide. A sample of
"

this mixture containing 10" total phage was mixed with 10" spores for the first round of




biopunnmg. Ampiilicd cluted plige iu” ) sere mised with 10° spores 1or two additional rounds
of bigpanning. Amplificd cluted phage from cach round were analysed s a mixture {ic. no

plague purification). Genomic DNA was extracted from the cluted phage mistures (vach round

paratelyd, and the of the peptde-cncoding

egions were exantined us un ugure

Lt

In the sequencing ladder of each oy

it was possible to identzty and roaghly

quantitate (it the nised sequences) phiwe displayr

ditferent Iength pephdes and also o
wdentiry dominant phage speetes. In the case of the Ph.D-7:tetramer phage misture, the results
showed that phage displaying the shorter peplide were undetectable in round 1 (i.e.. only random
heptamer sequences were observed). In rounds 2 and 3, phage displaying heptamer peptides with

the sequence Asn-H

Phe-Leu- (Pro- or Xxx) emer

ed as major specics, wilh no indication of
tetrawer phage. Thus, it appeared that phage displaying enly the Asn-His-Phe-Leu sequence
were relatively poor ligands. The results with the Ph.D-heplamerentamer phage mixture were

suikingly different. Afier round 1, cluted plage contained a mixture of’ ph

e displaying (he
pentamer peptide and random heptamer sequences. Afier rounds 2 and 3 phage displaying the

pentamer were the predominant or only phage specics. Therelore, the Asn-His-Phe-1 eu-Pro

peptide appearcd to bind spores as well as a heptamer containing the Asn-His-Phe-Tcu- (Proxx

or Xxx) sequence,
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N-terminus of SpsC Protein: MVQKRNHFLPYSLPLIGKEE...
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Figure 4. Phage exprossing the segment NHFLP show it stro

spores only 1 the mmnino acid string is atthe vers N-terminus of the peptide

2.4.2.3. Spare-binding peptides as a targeting sequence

Conecivably. the spore-binding peptide sequences identified i this study could be used to direct
mather cell proteins 1o a receptor on the surface of the develaping forespore. Tu test tis

hyputhesis. we used the sequence Asn-His-Phe-Leu-Pro as a probe to search the sequenced 7

subtilis genome for exact or close matehes within known ar possible spore surlace proteins. The
most interesting hits were a perfeet mateh in the SpsC protein and close matches in the Spaa
(Asn-His-Phe-Tye-Pro) and CotA (Thr-Flis-Pro-Leu-Proy prowins. The SpsC and SpsA proteins
are reported 10 by spare coat proteins imohed in polysaccharide biosynthesis. and CotA is a
pigmented outer spore coat protein with cappee-dependent lacease activity . A problem with these
matches. however. is that the putative spore binding sequence is not present at the amino
terminus of the proteins  a requirement indicated by our biopanning results. This iy a
particularly serious problem for SpsA and CotA. where the putative spore binding sequence is
tocated near the carboay terminus of the protein. In he case of SpaCothe Asi-His-Phe-l eo-Pro
sequence is located near the amino (erminus, at positions 6 o 10. Interestingly. this sequence is
preceded by a basic amino acid (actually two. Lys-Areh. a possible cleayage site for a 11 pain-
like profease 1f cloavage oceurred between residues S and 6. perhaps as a tining event during
spore formation. then presumably the truncated SpsC protein could bind the spore surface and

participate in polysaccharide symhesis. To examine more direetly the requirements for Spa



binding 10 i B subreiis apore sutface, we costiutid ioe recombinatt

Arg-Asn-His-Phe-Lon-Pro). § 1o 14 (Arg-Asn-

either SpsC residues 1 to 1) (Met-Val-Glo-Lys

His-Phe-Leu-Pro-Tyr-Ser-Leu-Prod, or 6 10 13 on coat protein plIt (Asn-His-Phe-Leu-Pro-Tyr-
Ser-Leu-Pro-Lew). These phages were labelted equatly with the fluorachrome Alexa 458 ani
used 1o measure spore binding by FACK under standard assay conditions This assay measures
e 1nerease 1 sporc-assoclaled  HUOTSSEence ciused Py lizand poing. Poages dispras ing
residues | 1o 10 and 3 1o 14 Tailed 10 bind spores. while phage displaving residues 6 10 15 with
an amino terminal Asn-His-Phe-Leu-Pro) readily bound spores. Only results for phages
displaying residucs 3 1o b4 and 6 10 15 are shown, These resulis confirm that the Asn-His-Phe-
Leu-Pro sequence must be present at the amino terminus of o peptide or protein for spore
binding. The results also support the hypothesis that SpsC is proteolytically processed prior to
participating in spore maturation. Figure 4 shows the fluorescence shitt of Bacillus subtilis

spores detectable it the presence of the fluorescently fabelied tight-binder ligand Asn-His-Phe-

et-Pro-Tyr-Ser-Leu-Pro-lcu on the right side. In the presence of the protected Asn-His-Phe-
Leu-Pro segment (Arg-Asn-His-Phe-Leu- Pro-Tyr-Ser-Leu-Pro) spores display only their usual

weak autofluorescence as it is demonstrated on the left side.

2.4.3. Discriminatory power of B. subiilis tight-binder.
To determine the spore specificity of peptide binding, we first fluorescently labelled M13 phage
displaying cither heplamer peptide #4 (Asn-His-Phe-Leu-Pro-Lys-Val} or @ conirol peptide (i.c..

Asp-Pro-Leu-Lys-Val-His-Glu). Both phage contained approximatcly 500 melceules of the

fluorachrome Alexa 488 per phage particle. Under standard conditions for assaying peptide

binding, spores of & suhilis and ninc ather phylogenctically similar Becillus species were

individually mixed with fluorescently labelicd phage for 10 mim, unbound phage were removed
by washivz and the spores were analysed by FACS. The results show that peptide 4 binds welt
(o spores of B. subtilis, ncarly as well 1o spores of B. anpylofiqucficiens. and somewhat weaker to
spores of B, globigii (Figure 5, Ll pancls). No binding of peptide 4 was detected with spores of
selected strains of B. licheniformis. B. pumilus. B. thuringiensis, B cereus. B. wnthracis. B
mveoides. and B megeicrinm (Figure S, 1eft side; only B ficheniformis and B. pumilus resalts are
shown).

No binding of the phage displaying the control peptide was detected with any spore species
(Figure 5, left side, and data not shown). In addition. phage displaying peptide 4 did not hind 1o
vegetatve cells ol # sustife (data not shown). Binding of peptide 4 appears to be restricted 1o

spores of specics that occupy a single, thrce-member branch of the Bacillies phylogenctic tree



(Figtire 03, To demonsirate that peptide binding was independent of the aitacdicd Touroduu

(i.c.. Alexa-labelled MI3), we prepared conjugatcs of peptide 4 o contral peptides {c.g.. Leu-

Phe-Asn-Lys-His-Val-Pro) with phycocrvibrin. Bach peptide included a (Glvi-Cys carbosy-
termmal extenston, and approximately 10 peptide meleeules were attached through the carboxy-
terminal Cys residue 1o the r-amino sroups of dispersedt [vsine residues on one moleeule ol

SPOTUS Q1 /5, SEAty and SCven oler

phyeoerytirm (240 KDal. U nder standard assay conditions
Hacrdius species (i, all of the species deseribed above exeept B anthvacs and B ncordes)
were individually mixed with a peptide-phy coerythrin conjugate for 60 min, wnbound conjugate
molecules were removed by washing, and the spores were analysed by FACS. The results show
that peptide #4 binds cqually well to spores of B subrilis and B. anndolqucfuciens and

gh pancls). No binding of pepride 4 was

somewhat weaker to spores of 8. glohigif (Figure 5
detected with spores of 2 ficheniformis. B. pumilus. and B. megaterivm (Figure 5, right side:
only B licheniformis resulis arc shown). No binding of the phage displaying the control peptide
was detected with sporcs of Rosuhiilis. B, amyloliqucfaciens, B. globigii, B. licheniforms
Bpunilus, ar B megaterinm (Figure 5, right side, and data not shown). Spores of A
thuringiensis and B. cereus showed slight and equal binding of the peptide 4 and control peptide

conjugates, indicating non specific association (Figure 5. right side; only B. cerens results are

shown). This non specific binding appears to be retated to the prominent exosporium present on
spores of 8. thuringiensis and B. cereus. Selective removal of the exosporium from these spores
by passage through a French press essentially eliminates this nonspecific hinding (data not
shown). A longer binding time (i.¢., 60 min) was used with peplide-phycoerythrin conjugates o
enhance labelling of spores. Approximately five times morc peptide 4 conjugate bound at 60 min
than at 10 min of incubation with 8. subtilis, B. amnioliquefaciens. and B. globigii spores. The

longer incubation time had no effect on the spores, The large and small peaks seen in the

histograms of peptide 4 conjugate binding to B. subrifis and B. amyloliquefieciens spores (Figure
5 right side) apparently represent single sporcs and pairs (or small aggregates) of spores,

respectivery, as judged by light-seaticring propertics analysed by FACS




(Figure 6). To demonstrate that peptide binding was independent of the attachud Hunodrone

L leu

(ie.. Alexitlabelled M13). we prepared conjugates of peptide 4 or control peptides (¢

Phe-Asiel vs-lis-Val-Pra) with phycacrythrin. Fach peptide ineluded a (GIlyh-Cys carboxy-

terminal extension. and approximately 10 peptide moleeules were attached through the carboxy-

ferminal Cyvs residue o the @ amsino proups of dispersed lysine residucs on one moleeule of
phycoerytirin 240 KD T nder standard sssay conditions. sporcs al # sibiiirs and seven oty
Rucillns species (ic.. all of (he species described above except 4. anthraers and . m conies)

were individually mixed with a peptide-phycoerythrin conjugate for 60 min. unhound conjugate

moleeutes were removed by washing. and the spores were analysed by FAUS. Uhe results show
(hat peptide #1 binds cqually well to spores of R sabritis and B anvivliguefaciens and
somewliat weitker to spores of A globigil (Figure 5. right panels). No binding of peptide 4 wus
dotected with spores of . ficheniformis, B, pumilus, and B. megaterium (Figure 5. right side;
only B. lichenifpris resulis are shown). No binding of the phage displaying the control peptide
was detected with spotes of Asubrilis. B annloligucfuciens, B globigii, B. licheniformis,

Bpumilus. or B megarerion (Figure 5, right side. and data wot shown). Spores of &

thigrmgiensis and B cereus showed slight and equal binding of the peptide + and control peptide
conjugates. indicating non specific association (Figure 5. right side: only £ cerens resulls are
shown). This non specific binding appears (o be related 10 the prominent cxosporium present on
spores of 3. thuringicnsis and B. cereus. Selective removal of the exosporium from these spores

by passage through a French press essentially eliminates this nonspecific binding (data not

hown). A longer binding time (i.c.. 60 min) was used with peptide-phycoerythrin conjugates 10
enhance labelling of spores. Approximately five times more peptide 4 conjugate bound at 60 min
than at 10 min of incubation with B. subrilis, B amyloliguefuciens, and B. glohigii sporcs. The
longer incubation time had no effect on the spores. The large and small peaks seen in the
histograms of peptide 4 conjugate hinding to B. subtdis and B. amvloliguefaciens spores (Figure
5 right side) apparently represent single spores and puirs (or smatl aggregates) of spores.

respectivery, as judged by light-scattering properties analysed by FACS



Linafly. the peptide 4-phycoenthrin comjugate was shown to bind germinated spores of R

subttlrs priot (0 outgrowth but not o vegetative cells of B, subnilis (data not shown)

Phage-Peptide Phyecoerythrin-Peptide
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Figure 5. Specics-specific binding of fluorescently labelled affinity selected peptide
NHFLPKV. Binding was assessed hoth by using fluorescently labelled phage expressing
NHFLPKY and random control phage (left side) and flucrescently labelled synthetic <ynthetic

peptides
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2.4.4. Binding requirements of B. anthracis spores and discriminatory power of tight-

der ligands
To this end we chemically synthesised a representative 1YP peptide with the sequence
Y PLPIRGGGL the GULL extension was included  as a0 carboxy-termunal - binker Jor

fluorochrome atiachment  Apprasimutely 10 peptide maleeyles were then attaehed (using

Cruss-IIKCT ) rougn WG el Cysieme residues 1o 1he E-amino Sroups ol dspersed 1y sie

residues o one moiceutc of PIL w 240-kDa highty Muorescent protein. Peptide binding 10 8.
anthracrs (Sterne and AAmes) spores was then measured by incubating spores with trom 4
4,000 nM peptide-PE conjugate, removing unbaund conjugate by washing, and analysing spore-
peptide complexes by FACS. The results showed essentially identical, concentration-dependent

sure 7. first

binding of the peplide-PE conjugate 1o spores of the Sterme and AAmes strains (F
pancls on the left and right side). To cxamine the specificity of peptide binding, we measured {as
described wbove) the binding of the TYPEPIRGGGC-PE conjugate to spores of 17 other Bucillus

strains, including 6 strains of B cereus (1. ATCC 4342, D17FRI-13. 3A/FRI-41, S2-8/FR1-42

and FI-13FRI-43), 4 straing of B thuringicnsis (subsp. kurstaki, BS. Al Hakunm, and USDA
HI-571), and 1 strain each of B mycoides. B. pumilus, B. globigit, B. amyloliquefucicns. B.
subiilis, B. licheniformis. and B. meguterivm. These strains were all members of Bucillus group 1
(of ), within which B. anthracis. B. cereus, B, thuringiensis, and B. mycoides comprise the
closcly related B. cerens group. Seven of these strains e, B thuringiensis strains Al Hakum
and USDA HD-57 and all B cereus strains except T are human pathogens and nearest
neighbours (o B. anthracis as determined by umplificd fragment length polymorphism analysis
The hinding assays showed that the peptide-PE conjugate did not bind to 15 of the other Bucillus
strains (Figure 7). Minimal binding at a conjugate concentration of 4.000 nM was due to non-
specific entrapment. Peptide binding was detected for spores of 8. cerens T and 8. thuringiensts
subsp. Awrstaki, but this binding was weaker {or less extensive) than that observed with 8.
anthracis Sterne and AAmes spores. These results indieated a high degree of specificity in
TYPLPIR binding to sporcs but revealud that binding was not absolutely resiricted to #
anthrucis sporcs

To coniral for non-specific binding in cach experiment shown in Figure 7A, scveral dissimilar
unidecaier peptides (for example, HWHITHGHGGGC and 1 PRPYTGGGC, the latter being a
scrambled version of a TYP peptide) were attached Lo PE as described above. These conjugates
were tested for spore binding and no significant binding was detected. In a related control
experiment. we showed that binding of the | YPLPIRGGGCPE conjugate 1o &, antinacts spores

was not inhibited by inclusion of bovine scrum albumin at 10 mgml in the binding and wash




buflers. bavthermore, we demonstrated that thie TVPLPIRGGGC-PE i

otjugate did
vegetative cells of the Steme and AAmes strains {data not shown.
When analysing the hinding requirements of 8. suburlis we have showu that they require an N-

erminal NHELP consensus for spore attachement. Henee 10 wus reasonabie (0 test lhe 7,

anrhraeis ligands for N-terminus requirements. When a single alanine was present at the N-
WOUNUS M ronk o e Ieenme oty was demensiraled hat a peplde i wdis

improted spevies disciiminatons power was deseloped Figure 731

2.5, DISCUSSION

Phage display is a poputar method in biotechnology and suitable for a broad range of application
However its role in microbiologicat diaguostics has not yet been shown. Tn this project we
worked on the development of a fast, non-nucleic acid based method for the identification of
Baciltuy spores. As @ model sysiem fiest e developed @ phage-displuy-based assay for the
detection >, harmless B subtilis spares. From a random phage display library, we idenuficd a

family of short heptamer and dodecamer peptides that bind tightly 1o spores of B subiitis. These

peptides contain the consensus scquence Asn-llis-Phe-Leu-Pro and displayed a similar binding
affinity as it was confirmed by a competitive biopanning experiment. Using a representative

peptide, we demonstrated that binding w

5 restricted 1o spores of three Bucillus speeics. We
obscrved nearly equal binding to spores of B. subeilis and its most closely related specics. B,
amyloliquefacions. and slightly weaker binding to spores of the closely related specics B
glohigii. These three specics comprise oue branch on the Bacillus phylogenetic tree. The
representative peptide did not hind 10 spores of several Bucitlus species located on adjacent and
nearby branches of the phylogenctic tree or to vegelative cells of Bosubtilis, Proper presentation
of the peptide on a large currier as a phuge or farge fuorchrome molceule was essential for being
able to collect such data, Conjugation to small molecular weight fuorochromes caused a non
specific entrapment. These resulis show that short peptides can be used as specics-specific
ligands @ & stggest that other short peptides can be iselated as specific ligands for different
spore species and perhaps for any cell type. Theoretically. the binding site for such ligands can
be a fortuitous or physiological receptor on the cell surface. Our approach of reiteratively

biopanning a phage display p

I library viekied a single consensus sequence, presumably the
best binding peptide under the conditions cniployed. Possibly. a different peptide could be
recovercd by employing different biopannmg conditions (c.g.. bulfer. number of washes, cte.), or
by using a library displaving peptides in a differemt context (e.g.. on the M1 3 major coat protein.

pVILEy (Smith and Petrenko, 1997). For all of the peptides isolated in our study, the Asn-His-



Plie-Lot sequence is tovated at fhe antino s, and ihis jocdiion sas slowt w e essenitial

for spore binding. Typically. the spore-binding heptamer peptides contain at least one Pro

residue at positions 5 to 7. In addition. extension of the non-binding Asn-His-Phe-Leu peptide by

a smgte Pro resuue (when displayed on plll ot phage M13) enables tight spore binding. 1hese

results indicate an important hut somewhal flesihle role for the Pro residue in spore hinding
Because vl 1s unigue Apiey o i polvpeplide ¢ham rotation. the Fro residue may stapinise or
allow a peptide conformadion tha permtits proper oriention of e four amino-erminai residues
with respeet W the spore surface receptor. In the case of B subwilis. the Asn-llis-Phe-Leu-Pro
peptide apparently binds 10 a receptor on the outer surface of the spore. This lacation for the

receptor is based on the fuct that molecules as large as the peptide-fluorochrome conjugates used

in this study do not penetrate the outer cout of the spore. In addition. this receptor may have a

physiclogical role in spore devel I'his possibility is indicated by the discovery that the

spore surlace protein SpsC contains the Asn-His- Phe-Leu-Pro sequence near its amino terminus,
and this sequence is immediately preceded by a possible cleavage site for a trypsin-like protease,
Indeed. trypsin-like proteolytic activity is apparently involved in the temporal processing and
activation of mother cell proteins (c.g.. the coat proteins CotF and Cotl) during the Jatter stages
of sporulation (Bourne, FitzJames, and Aronson. 1991:Cutting, Zheng, and Losick, 1991). Such
a processing cvent would enable the Sps¢ protin, directed by its amino-tenminal Asn-His-Phe-
Leu-Pro sequence, o bind o its forespore receptor at the appropriate time during spore

formation and maturation. Once bound 1o the forespore, the SpsC protein would participate in

the synthesis of surface polysaccharides, which gives B subvilis spores their hydrophilic
character (Koshikawa ef «l.. 1989). Identification of the receptor still needs to be accomplished
however serious cfforts were made (o find the receptor. Utilising UV-crosslinking experiments
between the peptide ligand and the spore coat along with a biotnylated heterobifunctional,

reducable crasslinker followed by the extraction of the spore coat proteins and scarch for a

biotinylated signal om Western blots did not give any uscful results. Tt was probably duc to the

:d 1o a low-molecalar-

non-specific binding of the tight-binder peptide ligand when it was coupi

weight molcente as it was detected in flow cylometry cxperiments applying Alcxa-488-peptide

ible that the receptor is a modificd lyeoprotein and thercfore a

conjugates. I is also pos
difterent strateyy should be employed for the identification.
A family of heptamer peplides expressing the TYPXPXR consensus scquence was identificd

and AANes

with a similar phage display of the aviralent 8. wathracés strains Steme (pXO2
PRUI L They lack virlence plasmids whosc products are unlikely 10 be involved in the

formation of the spore surface (Read et ol 2003) therefore these strains might suitably mimic



twp B antliraia,

the wild here iy o suparficiad diflercoce o the fength of Ui Tau-like iap oi
the spore surface (Kramer and Roth, 1968). (Mikesull o af., 1983), (Sylvestre. Couture-Tosi. and
Mock. 2003). B. anthracis strains are highly mononworphic as well, with genes from differem
isotates 1y pically having greater than 99% nuelcotide sequence wentily (Price of ai. 1994),
Performing FACS-analysis with  eepresentatis e niember of The consensus-hearing famity on 4
SPOIC SUL 0L dILICrent Hucndus species 1he fabetled peplide bound to 4, corcus | ang o
thuringivasis kurstaki. ciosely related 1o B andliruens s weli Atachement of a single aianine
residue 1w the N-teeminus of the peptide in front of 1hreonine inereased the discriminatory power
of the system. The modificd peptide bound well exclusively 10 B, anthrers, with the exception
of weaker binding 1o spores of an apparently small subsct of the A. cerens group. Apparently.

spores of this group contain species-specific surfuce features {e.g., peptide receptors), which may

reflect the different ecological niches and:or hosts of these species (Read e af.. 2003)

B. anthracis specilie peplides however have a probuble lower affinity than the B subrifis binders

because FACS-analy:

s did not work well when peptides were displayod and prescated on the
bacteriophage but enly when uscd in a much higher copy number of synthetic, Nuorochrome-
conjugated peptides. The sites on the B. wnthracis spore surface (o which ATYP and TYP

peptides bind have not yet been identified. However, the most likely binding sites are

components of the exosporium, a prominent. loose-fitting. balloon-like layer that encloses the
spores of 3. cereus group strains. The exosporium, which is composed of a basal Jayer and an
external hair-like nap, serves as a primary permeability barricr (hat would cxclude the M3

phage (Gerhardt, 1967).

1 the peptides identified in this study are indeed generally uscful in identifying 2. anthracis
spores, they offer several advantages in detecror design. They bind directly to the spore,
eliminating the need for extracting spore components or for growing vegetative cells. They can
be casily incorporated, covalently if necessary into detectors presently employing antibodics or
into detection platforms that cannot accommodate antibodics because of size limitations ar
denaturing conditions. They can be casily and differentially labelled with assayable tags. such as
luminescent quantum dots that provide a signal sufficient to detect a single spore. They can be

produccd rapidly and inexpensively. Finally, the use of (wo peptides shoutd climinate or greatly

reducce the incidence of false-positive signals. We expect that ihe peptides for 8. wnthracis sporcs
can be utilised in simple. inexpensive. and portuble detectors based on an assortment ol
amalytica' platforms. In our study we employed assays based on increased fluorescence, but
hinding ot peptides 1o spores can afso be detected by many other anulytical techniques

(Tumbough, ir. 2003)



2.6, NEW RESULTS PRESENTED IN CHAPTE

1. Identitication of thirteen heptaner und cight dodecamer tight-binder peptides Tor
Beaeifins subrifis expressing a consensus Niiicl(P) werminus
2 Determination of sequence requircments for binding
LSSOSSNICHL 01 SIMIAr WNes o Neprmer sequences witt compentive
biopanning
& assessment of binding capacitivs of truncated pentamer (NHELP) and tetramer
(NHFL) sequences: NHFLP is a minimum necessary sequence for successtiil

binding.

Peptides need the N-teeminal presence of the consensus sequence: similari

searehes revealed a homology with the N-terminus of the SpsC protein
Expression of the SpsC N-teminal amino acids yiclded binding tigands only
when (he NGHTFSLOP10... 115 string of amino acids were displayed on the

phage surface

3. Development and adjustment of flow cytometry assays with fluorcscent anti-M13
antibody and phage labelling. Involvement in the development of peptide-labelling.

4. Identification a TYPXPXR consensus shanng family of tight-binders peptide ligands
to Sucillus anthracis AAmes spores

5. Outlining of a simple and quick flow cytomeiry test for deiection of B. amihracis

spores




3 MAPPING OF THE LAMININ BINDING SITE OF YERSINIA PLSTIS
PLASMINO

3L INFRODUCTION

301 Soruetore of mmmalian tissue barriers and steegices of pathagenie bacteria fo cross them
WOTHL LIE MmN DOy, NSSUE DATIers arg mamiy (oeed by exirace ity matrices (4 vy
(Bosnumn and Stamenkovie, 2003). In clectron micrograph the aso main domains o the
extracellutar mateix are cleurly identifiable: the hasement membrane, w condensed matrix layer

that is formed adjacent 1o cpithelial cells, covering ceil sheers (mesothelium, meningothelium.

and synovia), muscle and Sehwann cells. adipoeytes, and the interstitial matrix. The main

characteristic these two domainy Tave in common is that their basic structure is defined by a
collagen scaffold. although the collagens that make up the scaffold are ditfcrent, as are their
three-dimensiond architecture. Adhesive glveoproteins, including laminin and tenascin, and

proteoglycans adhere to the scaffold and interact with the cells in or adjacent 10 the matrix

Interaction with these cells is conducted through matrix receptors, of which the integrins

constitute the most important cll The extracellular matrix is not static: it is remodelled

constantly. which implies constant breakdown by proteases, notably the family of matrix
metalloproteases. Collagens are ubiguitous proteins responsible for maintaining the structural
integrity of vertebrates and many other organisms. More than 20 genetically distinet collagens
have been identified {Bosmun and Stamenkovic, 2003). In tissues that have to resist shear,

such as tendons, bone, cartilage, and skin. collagen is arranged in

tensile, or pressure force

llagen types 1. 11,

fibrils, with a characteristic axial periodicity providing tensile strength. Only col
11, V. and X1 self-assemble into fibrils consisting a triple helix of approximately 300 nm in
Jength ana 1.5 mn i diameter. Some collagens form networks (types 1¥, VIIL and X1, A typical

cxample of such a network is the basement membrane, which is mostly made of collagen 1V

Collagens are mostly synthesised by the cells comprising the extracellular matrix: fibroblasts.
myofibroblasts, osteoblasts, and chondrocytes, Some collagens are also synthesised by adjacent

cample is type IV

parenchymal or covering fepithelial. endothelial. mesothelial) cells. A typical
collagen. which is synthesised in a cooperative cffort between the stromal cell and the

purenchymalicovering cell

Laminin, together with type 1V collagen. nidogen and perlecan, is onc of the main components

now known as Jaminin was

ofthe basement membranc(Bosman and Stamenkovic, 2003). What is

first discovered over 20 vears ago 1n the matrix Jormed in a murine sarcoma {the mouse

Engelbreth-Holm-Schwarm sarcoma). The molecule appeared 1o be between 200 and 400 kDa,



was composed of three disulphide tiked chains, and had o chnacieristic cross shape. Moleeular

cloning of the three chains (now known as «l. B3. and ¥ 2) of laminin led o the discovery of a
variety of homologues. As vet. live u chains, three B chains and three ¥ chains have been
wdentified(t olognato and Yurchenco. 2000, Not all possible combinations ol the three chams

e chams have

appear te he nsed: 12 distinet laminin isoforms have been isolated, All b
Cerm SPUCIURAL Ieatutes m common. 1 hey share small wlobular domams One of them s
invoived in chain palymerisation. They also Tave common epidermal grow th tactor-leke repeats
whiclt host the nidogen binding site. Nidogen links laminin to type 1V collagen. Some structures
are more chain specific: o chains have a large C-terminal alobular domain, which hosts many of

¢ svnthesised by a wide varicty of cells in a

the binding sites for integrins. Laminin isotorm

ynthesise laminim, as do smooth,

tissue-spevitic manner. Notably, virtally all epithclial cell
skeletal, and cardiac muscle. nerves, endathelial cells. bone marrow cells, and the neuroreting

Epithelial cells express ul, a3, B3, and v 2 chains. The pattern of expression of 63, B1, B2, and

I chains is less specitic. The synthesising cells deposit laminin mostly but not exclusively in
basement membranes. Laminins have a varicty of effects on adjacent cells, mcluding cell

adhesion, cell migration. und cell differentiation. They exert their cffects mostly through

iding predominantly

integrins, many of which recognise laminins. the integrin binding domain
in the « chain. The primary role of laminins is mediating (he interaction between cells and the

basement membranc. This pleiotropic function is dependent on proteolytic processing of laminin

by plasmin or matrix metalloproteinases. Given the wide range of roles laminins play in tissue
structure and cell function. it is not surprising that laminins are significantly involved in a varicty

lation of the interaction between cancer cells and the extraceltular

of diseasc processes. Distcg
malrix is accompanied by aberrant synthesis, chain composition. and proteolytic modification of
Taminins. Proteoglyeans have a protein core which is richly decorated with glycosaminoglycans
They function as organisers of collagen networks, are involved in signal transduction through the
EGF receptor. which participates in modulation and differentiation of epithelial and endothetiat
cells (Bosman and Stamenkovie, 2003),

The ECM is subject to constant remadelling, a process that involves breakdown of existing, and

synthesis and depasition of new ECM proteins. Numerous classes of proteolytic enzymes are

believed (o participate in ECM degradation, but une class that appears 1o play a dominant role is
that of matrix metalloproteinases (MMPs) (Bosman and Stamenkovic, 2003). MMPs play an
essential role in physiological events, including development. hormone-dependent tissue
remadeiiing. and tissue repair. owever. they also play a key role in pathological conditions

jon. and metastasis. MMPs promote normat and malignant

such as intlammation, (umour iny

o



el imasion o the £CM and paticipa o controliing nosond wid tamow el esponses o

nd chemokines. as weltas eell cell and cell ECM interactions

growth factors. cytokinc:

Tovasive bacteria must penetrate the ECM in order 1o reach the ctreulation: {Lahteenmaki.

Kuuseh, and horhonen, 2001). Degradation of and penetration through these burmers represents
a major problom in migration of hacierial and cukarvatic cells. Production of FCM-degrading
Profeases 15, NOWever, tmied 10 & restricted number ot backenal pathogens and mtechous

diseases. Degradation of coilagens, clasiin, and ihroneetin by seerered bacterial proteases ivads

© tissue destruction scen in discas

s like comeal keratitis (caused by Serratre

niarcescens ot Pseudomonas avruginosa), periodontitis (Posplyromonas gingralisy, cystic

fibro:

(P, weruginosa) and gangrene (Clostridiam perfringens). Most enteric bacteria as well s

major agents causing bactertal meningitis (Nedsseria Strep CCt s

Hacmophilus influenzae, Escherichia coli K1) produce low level of proteinases (1.ahteenmaki,
Kuusla, and Korhonen, 2001), Same of these bucteria are intraceliular patiogens and their
penctration through cellular layers apparently involves an intracellular phase. However, a

number of invasive bacteria are extracellular puthogens that obviously must rely on other

mechanisms for invasivencss. Pathogenic bacteria are known (o interact with proteimase
dependent cascade systems of the hosts, including coagulation, fibrinelyts. complement
activation., phagocytosis and the kallikrein-kinin cascade (Lahtcenmaki, Kuusela. and Korhonen.

2001), These pathways are (ightly regulatod by host protein activators or inhibitors. Bacteria may

activale or inactivate these cascades dircetly through their proteases or other surface components,
or indirectly by causing release of effector molecules from epithelial or endothelial cells or

mces or their precursors from phagoceytic eells. Some of these protease-dependent

proteolytic en

pathways cam he utilised by bacteria to ensure growth or spread within the hest

3.1.2. Physiological roles of the plasminogen-plasmin system and its conncctions to

mammalian barriers

Duc to the high concentration of the serine protease precursor plasminogen (Plg) o plasma and
the broad proteolytic activity of the enzymatic form plasmin, the mammalian Plg svstem offers a
highly potential proteolytic system that could be utilised by pathogenic bacteria (Lahteenmaki.
Kuuscla. and Korhonen, 2001). Plasmin has been proposed to play a role in several physiological
processes in manmials: it is 2 key enzyme in fibrinolysis. degrades various ECM companents
due 1o the activation of procollagenases as well as latent macrophage clastase and is involved in
activation of certain prohormones  and  growth  factors as well as in temor  cell

sis(Lahteenmaki. Kuuscla, and Korhonen, 20013, Bacteria interact with the Plg system in

metast:




maki. Ruuscla, aind Korhonen, 2061 They have boan found o produce

variots wiys (Lahie

Plg activators (PAs) or Ply receptors (PlgRs). (hey influence the production of host PAs and
their inhibitors and also might have an effeet on the host plasmin inhibitors. Bacterial PAs can be
divided i two tunctionai groups (Eabteenmaki. Kuusela, and kothanen, 20U ) 1) Streptokinase
(SK1 (pre Freed by Streprococens progenes) and staphylokinase (produced by Stapihfococcns
qres ) ASANY W oL CI/IISS TICNSeRes bul 1ornt 121 complexes well Plg and plasiom
leading 1o changes in conlfonuation arcd speciiicily of plasmingogen). In comrast o piasmin

AK-plasmin complexes acquire a remarkabie efficieney to activuie

alone. the

p

plasmin and $
SK and SAK share u little soquence homalogy but their erystal structures reveal that they

tivation BY SAK and SK is bastcally

have adopted a similar fold. The mechanism of Plg a

similur but differs in some essential aspects, such as the fbrin dependence of the activation in
human plasma. 2.) The Pla surlace protease of Yersinia pestis resembles the mammalian PAs in
function und activates Plg by limited proteolysis at the same Args,-Vals,, bond as do the tissue-

sminogen activator (ul’A)

type plasminagen activator (tPA) and the nrakinase-type pl

3.1.3. The plasminogen activator of Yersinia pestis.

The genus Yersinia comprises three human pathogenic species, Yersinia pestis, Versinia

enterocoliziva, ind Yersinia pscudotuherculosis. ¥, pestis is the causative agent of plague

for three larye et in the past and recent endemics in Africa, Middle Asia,

Latin-America, and the Southern states of the USA. The last epidemic was reported from Surat.
India. in 1994, ¥ enrerocolitica and ¥, pseudotuberculosis trigger much milder gustrocnteritis.
pscudoappendicitis and several connective lissue sequelac (c.y., reactive arthritis). The three
species show a high degree of chromosomal homology, and sharc a 71) kbp plasmid required for

expression of svirulenee (Ben Gurion and Shafferman, 1981). Despite its highly invasive

character ¥ pestis expresses neither the inv gene product (Simonet et al., 1996) nor the YadA

tibed in the other two human

outer mermbrane pratein (Skurnik and Wolf~Watz, 1989) des

important fuciors ol invasiveness and mediators of matria protein

pathogenic Fersinia speci
binding (Emédy et al.. 1989). On the other hand. ¥. pestis harbours two unique plasmids not

present in the enteropathogenic Yersiniae (Ferber and Brubaker, 1981) The 110-kbp pFra

plasmid cncodes a phospholipuse ) reguired for ¥ pestis survival in the fica midgut
(Hinnebuseh ¢t al., 2002) and the F1 antiphagocytic capsule protcin (Cavanaugh and Randall,

1939}, The small, 9.5

kb plasmid (pPCP1) codes for a plasminogen activator (Pla) protein
tNodemde and Gognen, 19X8), which hehaves as a fibrinoivsin at 37°C and as a weak coagulase

of rabbit plasma at 25°C presumably due o temperature induced conformational changes



{MeDonough and Falkow. 1989). The role of Pl in mvasivaness was st realised shon it was

shown (hat Pl Y. pestis mutants injected mto mice subcatancously presented with a million

aderde ol al, 102y Ml
odeinde ot al, twe2) Pla

mutants remained Tocalised o the site of injection heing unable w spread (o the Tiver and spleen

A et sl Hhre ws e rnes ntho TTY 4l G the et o wl
Bl

M
intras coously. Pla may be imvalvad i several sinadence functions ke cubaryolic vofl adhosion
(Kivale et al., 1992) and invasion (Lahicenmahi, Kubkonen. wnd Korhonen, 20013 (Cowan ot al..
2000, and matris protein binding (Kicale o ab., 1992 (Lahicenmaki ¢t al. 1998). Elfective
plasmin formation by the action of Pla enables bacterial spread through tissue barricrs like basal
membranes since plasmin is a multi-substrate protease and able to degrade non callagenous

extracellular matrix proteins (Lahtechmaki ot al.. 1998}, und (o activate latent procoliagenases.

The active site involved in plasminogen actisation has been detennined but itis sult not known
which parts of the molecule are responsible for matrix protein binding. Laminin is the best
known member of a family of basement membrane proteings being able o affect also adbesion
and colonisation of bacteria, Therefore it is of particular interest to characterise how it interacts
with Pla. It is also worth investigating whether the same regions are also involved
internalisation into cukaryotic cells. Localisation of hinding site(s) may perspectively inttiste
studics on selection of specific peptides being utilised as antigenic determinants for active

immunisation {o prevent plague.

3.2. AIMS OF THE STLUDY

Affinity selection of peptide sequences binding 1o laminin witl a random heptamer
peptide library for biopanning,

2 As

cssing the ability of selected phage to interfere with Pla-mediated laminin hinding

ol a Pla-positive £ coli K-12 strain TB1

3. Confirmation of laminin binding by the phage. which caused interference in Pla
mediated bacterial laminin binding

4. Performance of sequence similarity scarches between Pla and the interfering peptide
sequences

5. Localisation of consensus peptide patterns in the threc-dimensional model of Pla.

mediaied bacterial Taminin hinding hy synthetic

investigation of interforence with Pla

peptides.



Performing alanine-scanning nutagencsis ot v defined

determination of'its eifeet on laminin binding

Studying Pla mediated £ cofi internalisation into Hela cells with the utilisation ol

=

several signal iranscduction mivibitors, actin stining and its potentiai inhibition by the

selected phage sequences

3.3. MATERIALS AND ME

HODS

3.3.1. Phage display related methods.
3.3.1.1. Biopanning against laminin

Four rounds of biopanning were performed against laminin from: Lngelbreth-Holm-Schwarm

murine sarcoma tuntor 1) on & miceotiter plate (Nalge Nune International, Denmark) with 2

random heptamer Ph.D. 7- library (New Lngland BioLabs, MA, USA). Four rounds of

I
input phages in 100 W volume per round

biopanning were performed using approsimately 10
In cach round a well of a microtiter plate (Nalge Nune Interational, Denmark) was sensitised

osemight at 47°C with 100 pl of 20 pg/ml Taminin in 100mM NaHCO5 (pH 8.6). Next day the

well was washed three times with TBST [ Tris buflered saline (TBS) (50 mM Tris, pll 7.5, 150

mM NaC? pH 7.5 supplemented with 0.5% Twcen 20 to increase stringency]. It was blocked
with 2% BSA for two hours at room temperature and then washed six times with 100 wl-100 gl
TBST. Laminin and phages were incubated for ten minutes at room temperature with gentle
rocking. Then the liquid was removed and labelled as a supernatant fraction. Ten washes
followed in TBST (100 1l volumes). Supernatant and wash fractions were kept in microfuge

2 fors

twbes at +°C (i1l usage. Tight-binder phages were cluted with 100 pl 0.2 M glycine pli

min at room temperature and then neutralised by the addition of 150 pd of T M Tris-HCE (pH 9.1)
10 prevent phage killing. 98 pl from the neutralised eluate was used for the next round of

amplification. Instead of the ER2738 £ coli strain, XLE-Blue MRE (Kay et al., 1996) was uscd

as F' host of coliphages. From each round of biopanning inputs, eluates, supernatants, first, filth

and tenth washes were titered

3.3.1.2. Phage ti

tion, propagation and concentration

Phag ation and concentration were pertormed as described in scetions 2.3.1.4.

¢ titration. propa

and 2.3.1.5. exeept that £ coff X1 't Blue MRF was uscd as host cell



3 f

T Performing alanine-scannitg miutag, s at il definad boiislogous sites and

determination of its effeet un Jaminin binding.

P

Studying Pla mediated £ coli internalisation inte Hela ecdls with the utilisation ol

ul ranscduction mbibitors, sctin staining and its potentiad inhititon by e

several

selectid phage sequences

3.3. MATERIALS AND METHODS

3.3,1. Phage display related methods.

1.1. Biopanning against laminin

Four rounds of biopanning were performed against laminin from Engelbreth-Holm-Schwarm
nurine sarcoma tumor (Sigma) on a microtiter plate (Nalge Nunce Internationad, Denmark) with a
random heptamer PhD. 7- library (New England Biolabs, MA, USA). Four rounds of

" nput phages i 100 ul volume per round

biopanning were performed using approsimately 10
In cach round a well of a microtiter plaic (Nalge Nunc International. Denmark) was sensilised

overmight at 47C with 100 1l of 20 pgrml Jaminin in 100mM NaHCOy (pH 5.6, Neat day the

well was washed three times with TBST [Tris buffercd saline (TBS) (30 mM Tris, pli 7.5, 150
mM NaCl) pH 7.5 supplemented with 0.5% Tween 20 (o increase stringency). 1t was blocked
with 2% BSA for two hours at room temperature and then washed six times with 100 ul-100
TRST. Laminin and phages were incubated for ten minutes at room (emperature with gentle
rocking. Then the liquid was removed and labelled as a supematant fraction. Ten washes
followed 10 TBST (100 pl volumes). Supematant and wash fractions were kept in microfuge
tubes at 4°C till usage. Tight-binder phages were cluted with 100 ul 0.2 M glycine pH 2.2 for 5

min al room temperature and then neutralised by the addition of 150 pd ol 1 M Tris-HCT (pH 9.1)

to prevent phage killing. 98 pl from the neutralised cluate was used for the next round of

amplification. Instead of he ER2738 £, coli strain, XL1-Blue MRI (Kay ¢t al., 1996) was used
as F' host of colipliages. From cach round of biopanuing inputs, cluates, supernatants, first, i1t

and tenth washes were titered.

d concentration

3.3.

Phage titration. propagation

Phage Gtrtion, propagation and concentration were performed as described in sections 2314

and 2.3.1.5 exeept that £ cofi XL Blue MRF was used as host cell



3.3.0.3. Phage DNA extraction and sequencing

From phage stocks single stranded DNA was extracted once with cqual volumes of phenok
chloroform: isoamyl-uleohol (25:24:1) (Signu, Germany). After spinning in microcentrifuge
with 150007 g at 45C tor 3 nin the agueous upper phase was transterred o @ aew tube and

scted with an eqnal volume of chlorofon, Spinaing foltos ed as before, i the upper phase

ex
was transterred mto @ new tuhe and precipiiated with 2.3 volume at 95% ethanal plas 0.1

volume ot 3 M Nu-uc TOUC Lor 20 manutes the maxture was

ate pH 5.2, Alter keeping

centrifuged at 12,000 g, 4°C for 10 minutes. and the precipilate was washed once in 1 ml of
70% ethanol, The pellet was dricd in vacuum and dissolved in 20 1l of sterile ddiB:0. The DNA

content was ehecked on 1% agarose gel and the sequence was determined using the dideoxy-

chain-termination method with un ABI Prismi 310 Genctic Analyser {Appiicd Biosystems, USA)

3.3.1.4. Phage-FLISA tests for laminin binding

A microtitre plate was sensitised with 100 ul aliquots of 106 pgfml laminin in phosphate
buftered saline (PBS) (135 mM NaCl, 2.68 mM KC1. 10 mM Naal{POy, [.76 mM KH:POy), pH
7.4 overnight at 4°C. Next day wells were washed three times with 200 pl of PBST (PBS. 0.5%
Tween 20) and blocked with 100 pl of 2% BSA for 2 hours at room temperature. BSA was
removed and three washes followed in PBST. 10°" phage particles were added in PRST for 1.3
hours at 37°C or at 25°C. After four washes in PBST the wells were incubated with T4 pl of
1:5000 diluted herscradish peroxidase (HRPO) labelled monoclonal anti-M13 antibody (AP
Biotceh, CA, UUSA). The plate was then incubated for | hour at room temperature. Unbound
antibody was removed with three washes in PBST. and 150 ul ortho-phenylene-diamine (OPD)-
reagent (Fluka AG, Germany) was added. Colour development was stopped by addition 50 l of
4 M H:80,. Az values were determined on an automated plate reader (Metertech, Taiwan).

Pha

e samples were tested in riplic and random pha pplied as negative control

Wells with laminin, anti-M13 antibody and OPD-reagent without phages served as blank

3.3.2. Bacterial strains and plasmids used in taminin-Pla interaction study

F. coli XI.1-Blue MRF {Strat ne. USAY trecAl endA L eyrAY6 th 1 hsdR 17 supkdad rel Al Tac

{E* proAB, lacl'ZAM15, Tn10 (Tet'), Cam'| was used as phage host strain. Tt was grown in Luria
Bertani broth (LB broth) complemented with 20 pgrml tetracyeline for keeping it F-pilus
positive. £. coli TBT pC4006 is a derivative of £ coli TB1 harbouring the plUC 1Y plasmid with

cloned detcrminants for . pestis plasminagen activator (Kienle ot al.. 1992) £ codi THR1 ptiCi9



iria Berta broth

servad as control strains were vated alse in
supplemented with 100 pg‘ml ampicillin. TB1 pC4004 (Kienle et al.. 1992) and the low -copy-

number vector pACYCI?7 (MBI Fermentas, Lithuaniay was utilised for  site dirceted

muagenesis. TBI pCaiod was o pRIS derivaiive and iown abso i Lunia-Burian biath

supplemented with S0 wg ml Kanamyein, TR Inv bore the plasmid pIS-1-pUCo.2. expres

ing

Jerstia pcidonmmes cros 118 asin L was g or Pron DD Gutgan s, b

Maximilians-University, Faculty of Medicing, Max von Pettenhofor-lostitute for [y gicne and

Medical Microbiology. Department of Bucteriology, Munich, Germany

3,

3. Assaying of Pla mediated laminin binding of bacteria
For laminin binding cxperiments overnight cultures af 72 cofi TBI pC4006 and £ coli T8I
PUCT9 ware spun down on a Hettich centrifuge (lettich, Germany) at 4000 pm, 4°C for 10

minutes and washed onee with an equal volume of PBS. Concentration of the suspension was

adjustod o 10%ml in PBS (with a spocirophotometer at Aoy (Spekol. Gemany) and 100 ul

aligots of the suspension (108 bacteria) were addud 10 wicrotiter plates (Nalye Nune
International, Demmark). Plates were first sensitised overnight at 49C with 20 ug/mt of laminin
in PIBS. Wells were then washed three times with PBST and blocked with 2% BSA for two hours
al room temperature. BSA was removed and wells were washed again with PBST. 108 bacterial
colls were added to the wells and the plates were incubated for 1.5 hours at 37°C or at 25°C

Wells were washed then four times in PBST. Adhes

cd bacteria were fixed with PBS containing

formalin, Wells were washed once again with PBST and stained with 0.13% crystal violet

(Reanal, Hungary) solution. Unbound stain was then removed and wells were washed three times

in PBST. Adhered bacterial cells were lysed with 1% SDS-solution and the Asys absorbance ol

the releasd crystal violet was measured on an automated plate reuder (Metertech, Taiwan),

Samples were tested in triplicates at least two times.

3.3.4. Phage mediated inhibition of laminin binding

The test was performed basically in the same way as deseribed for assaving Pla-mediated
bacterial faminin binding except of the following modifications: 101" phages were co-incubated
with hacterial cells on the laminin-coated plate at 37°C for 1.5 hours. Random phages were

added as n

ative control. Afier this incubation the number of adhered bacteria was determined

not by staining but by detaching bacterial cells from the wells with Triton-Trypsin solution 1.1

6



%o Triton X-106, 0,

o Vrypsin serial diliitiviis ware plated, incibaicd ai

colonies were counted on the next day

ion of bacterial laminin bindin

. Peptide mediated inhib

Twaluld seriat dilutions of peptides wore preparcd in PRST 10 18 Tween 200 with a starting
CONEENTEAION U1 AL ADGUOLS WUTC auded 102 IICTONIE PLIC WIICH L PICyus)y ieen
sensitised overnight at 45C with To-100 Wl 10 g il faminin in PBS and blocked for o Tours

at room temperature with [S0-150 pd 3% BSA. After 90 minute incubation at 37°C peptides

were remaved and 107 bacteria were added to cach well. Atter another Yi-minute-fong

incubation at 37°C unbound bacteria were removed and 1:2000 dilution of a polvelonal anti-TR1
antibody raised in rabbit was added in PBST (0.1% Tween 20) for another 1.5 hours at 37°C.
After removal 1:1000 dilution of anti-rahbit immunoglobulin G conjugated 1o horse-radish
petoxiduse (Dako. Germany) was incubated on the wells for 35 minutes at 37°C. Sccondary
antibodics were discarded and the TMB tetra-methyl-benzidine) chromogen substrate (Pierce.
1,SA) was added to the wells, Colour development was stopped after 2 minutes by the addition

of 2 M H>80, and absorbance was read at 2 430 nm with an automated plate reader (Multiscan

Ascent, Thermo Labsystems, Finland), After cach step wells were washed three times in PBST

(0.5 % Tween 20) except after peptide pre-incubation when wells were washed only once in
PBST (0.5% Tween 200, Two rows were used as positive control preincubated only with PBST.
One row was used as negative control, when neither peptides nor bacteria were added to the
wells. Test was performed in duplicates and repeated three times. Inhibition was tested for both
the Pia’” and the Pla” veetor control strain. The Aus; values of the control strain were subtracted
from the ones of the Pla’ strain. The percentage of inhibition was determined as follows: {1-
[{Assyof the test well- Ay of the negative control well}{Ays of the positive control well- Ay of

the negative control wellj]} > 160.

3.3.6. Peptide pattern search and homology modelling
Peplide patierns of the two inhibitory phages were compared (o the amino acid order of Pla.
Similaritics were identified with the program PattinProt constructed and supplicd by the Institute
of Protein Biology and Chemistry at the University Claude-Bemard, 1yon. Francy at the Lxpasy
website of the Swiss Institute of Bioinformatics. Geneva. Three-dimensional modelling was

performed with the Swiss PDB Viewer! DeepView program. another free software created and

ne R&D on the Fxpasy website, The structure of Pla was

modelled basing on its closest honologue OmpT and the two structures were also superinipused



3.3.7.8

directed mutagenesis of Yersinia pestis plasminogen activator

For introducing mutations into the proposed laminin binding sites the pla gene was subelonad

Kamamyein casseite disruption appearing along with the integration of the pla yene were sel

and sequenecd. Primers for mutageness { Lable $) were from Siama Geoosys, UK and were all
phosphorylased. I eaclt ease a single pulymicrase ehain reaction was performed by the utifisation
of the KlenTagu Long Accuracy Polymerase (Signa, Germany), Mutant LoSATO6ALOTA was
created with primers Pla LTL and Pla LTL reverse, mutant GL78A with primers Pla GA and Pla
GL reverse. mutant LI79A with primers Pla LA and Pla GL. reverse and mutant GI7SALIT9A
with Pla GL and Pla GL reverse. The whole pACYC177 plasmid construet was used as template

Reaction conditions in an Eppendorf Thermocycler (Mastercyeler Personal) were the following:

After a two-minute initial denaturation at 95°C 35 cycles of amplification were carried as

follows: denaturation at 95°C for 30 see. anncaling at S8°C for 45 see. extension at 68°C for §
min. Then a final clongation step at 68°C for 10 min was performed. Reaction mixtures had

total volurme of 50 yil containing the twmplate DNA. 10 pmol of cach primer. 200 xM dNTP, 5l

of 10 x KlenTaqu 2.5 U ot KlenTaqu LA Polymerase. Afier finishing the PCR.

the total reaction mixture was loaded onto a 1% agarose gel, run, stained with 0.1 % ethidium-
bromide and the PCR product was cut and cluted into ddH»Q with QIAQuick Gel Purification
Kit (QIAGEN. Germany). The eluted fragment was (reated with T4 Polymerase (MBI

Fermentas, Lithuania) to produce blunt ends and methylated template strands were removed with

Dpt 1 (MBI Fermentas, Lithuania) digestion. The final product was sclf-ligated with T4 Ligase

(MBI Fermentas, Lithuania) for overnight at 16°C and then transformed into competent TR1

cefts. Plasmid DNA from transtormants were extracied with the alkali-lysis method. cleancd up
on QIAGEN columns and sequenced with an ABI Prism 310 Genetic Analyser (Applied
Biosystems, USA) using cither the GI. reverse primer or the Pla LTL mutagenic primer. PCR

reactions were performed with several primer pairs. The primer pairs were constructed in such a

way ihat the whole plasmid of TBI pC4006 encoding the Pla gene couid be ampiilicd lhio

the PCR reaction (Table 5). PCR products sere run on 1% agarose gel and isolated with

QlAquick $pin Kit. Iragments were (reated with T4 polymerase to produce blunt ends for self-
ligation and with Dpnl to remove (emplate strands. Ligation was performed overnight at room
temperature and inactivated ligation mixes were transformed into competent TBE cells.

Iransformant clones were tested for protein expression with a simple fibrinolytic assay because

65



mutanons should sot wffect this activity of Pla. Clones wae inoculated into a fibiia il

compasee 67 0.5 % fibrinogen and 50 U ml thrombin. and fibrinolyte actvity was checked after

incubation at 37 for 4 ours,

Fuble 5. Primers lor alunine-seannmeg muta

Sequence of praner Inztodeced titation

ey 8AT CCA TACTCA 1T 0T w0C oUe AAT Agg gup Tz AC2 3 LOSATO0ALOTA

SUTATATC ACCTTT CAg g AL AgC gAl-3 LOFATO0ALOTA
GLTSA

€ CAx

ATA AR GL7sA
LI79A

ol

SCCATATATT &

A gCT 2CA gol CAg
21T ATA AR LI79A
GITSALLT9A

SCAT-AgA AAA gCg €
SCCA TAT ATT wCT €T

GITEALTTOA

3.3.8. Plasminogen activation

Kinetic maasurement of plasminogen activation was performed in a similar way as described by
(Kukkonen et al., 2001) with some modifications. 8<10" bacteria and + pg Glu-plasminogen
(Sigma. Germany) were used per well on a microtite plate in 200 ul of PBS and 45 pl from the

1.05 mgml stock of e chramogen subsirate $-2251 (Chromogenix, Germany) was added to

them and incubated at 37°C for 3.5 hours, AU different time-points the absorbance was measured
al 72405 nm with an ELISA-reader (Multiscan Ascent. Thermo Labsystems, Finland). Control
wells contained no Glu-plasminogen but only bacteria and substrate, Samples were tested in

duplicates and experiments repeated three times.

3.3.9. SDS-polyacrylamide gelelectrophoresis

Total protein extracts of the strams TIB1 pUCTY and TB pCA606 were run on 1 12% denaturing

polvacrylmyide gel ar 200V for 48 minnres. 167 bacteria from an avernight cultare were boiled

in 32wl Sesample butfer [60mM Tris-HCT (pH 6.8), 2°48DS, 14.4 mM 2-mercaptosthane!. 0.17

9



Bromupliciol bluc, 23% glycamt] for 16 winuics, s bricily ad 5 b fractivns ol il
supemnatant corresponding to 2.8 10 bacteria were loaded on the yel. Afler running the vel was

solution for

stained for H) minutes in Coomassic blue and destained in Coomassie dustaining

overnight

L0, Cell culture conditions

Helacells were growit 1n RPME Lo medium (Gtbeo BRL. LK) (pH 2.1} supplemented with |

mM NaHCO; and 10% foetal call serum (Cibeo BRLC UKD, Cells were seedad a day betore the

Germany) o reach cither confluency (1= t0®

experiments in 35510 mm Petri dishes (Greinet

FORT
cells-dishy or semiconfuency (32107 cells'dishy by next day. For fluerescent staining TeLa cells

I

were seeded onto 22 mm glass coverslips (Biocoat ™, BD Biosciences, Beeton Dickinson. USA)Y

in 12-well tissue culiure plates (Greiner. Germany) to reach semiconfluency (1x107cells Avell)

by next day

3.3.11. Preparation of signal transduction inhibitors and cytochalasin D

Signal transduction inhibitors were ull dissolved in dimethyl-sulfoxide (Sigma, Germany) except
of the C3 cxoenzyme. which was dissolved in ddH:0 at the following concentrations
wortmannin  (Sigma, Germany) 10 mM, gonistein  (Sigma.  Germany) 100 mM,

nordihydroguarctic acid (NDGA) (Sigma, Germany) 100 mg/ml, staurosporin (Sigma, Germany)

1 mM. cytochalasin D (Sigma. Germany) 1 mgiml. 3 exocnzyme (Sigma. Germany) 0.5
mgiml. For the cxperiments stocks were diluted in RPMI 1640 (Gibco BRL, UK) to the

nistcin 250 WM.

following working concentrations: wortmannin 10, 25, 50 and 100 nM, ¢

NDGA 17 g, staurosporin 0.5 aM. eytochalusin D 0.5, 1, 2 and 5 ngml, C3 exoenzyme: §

g

3.3.12. Adhesion ussays
3.3.12.1. Microscopic assay
Overnight LB cultures of bacterial strains were washed in phosphate buffered saline (PBS). plt

7.4 Suspatisions of Pl positive and Pla negative isogenic strains were spectrophotometrically

adjusted to a concentration of 10%cells'ml in PBS. The suspensions were diluted 11 in PBS.

washed once, und resuspended inan cqual volume of RPMI 1640 (Gibco BRI, LK)

suppleniented with 1 mM NaHCO3. Semiconlluent HeLu celb exltares were infected v



aligiiots of the suspetisions and incubated at 3770 for 3 foaes i 5% COL Previvtisly. v

ntly increase the

checked that keeping bucteria in REMI medium for three hours did not signif
number of bucterial cells. Afler incubation unbound bacteria were removed with cight washes in
PBY. Helacells were fived with methanol tor | ninute, washed onee m PBY and staned lor 2
minutes with CGiemsa stiin at reom temperture The dye was removed then with three washes in

G AL, ane Cerl CUILLITES %CEe exantined iy BENl MICTOSCOPY USHY & ZCISS AXIOSKOP i (7 L15s,

Germany} apparatus. Tests were prepared in triplicates and repeated at Jeast 1w ice

3.3.12.2. Quantitative adhesion assa

In alterna < experiments the number of cell associated bacteria was evaluated on confluent cell
cultures as follows: afier removing unbound bacteria with cight washes Hel.a cells were lysed

n (Difco. USA)]

590 Tryps

with Triton-Trypsin [0.1% Triton X-100 (Sigma. Germany), 0.
solution, This treatment had no influence on bacterial viability. 10 pl aliquots of serial dilntions

r supplenwented with 100 ue'ml ampicillin. Plates were

of the lysates were plated onto 1B ag:

incubated avernight a1 37°C and colony farming units were counted were prepared in
triplicates and repeated at least twice. Pla-positive and negative bacteria were also added to Hel.a

the level of binding of bacteria to the plastic surface.

cell free Petri dishes 10 asse

3.3.13. Hel.a cell invasion assay
Principally the gentamicin protection assay (Isberg and Falkow, 1985) was applied to kill cell

e as in the adhesion

associated but not intemalised bacteria. Steps of the experiment were the s

assay but after removing unbound bucteria the dishes were incubated with 100 pg’m] gentamicin

€Oz Then cells were washed three times in PBS, lysed by

in RPM1 ,or onc hour at 37°C in &
Triton-Trypsin, and the number of internalised bacterta was determined as deseribed in section

3.3.13.2

3.3.14. Inhibitor assays

First we checked whether the inhibitors exhibited a harmful effeet on bucteria or Hel.a cells
Bacterta were incubated for four hours (time intersal of the presence of inhibitors in the assuyvs)
with the signal transduction inhibitors diluted in RPMI to working concentration. Bucterial
counts were determined by plating and colony counting before and afier the four-hour incubation

period



HeLa ek altares ¢

dishes were alsa ir

they were washed cight times carefilly with PBS. and swined with Trypane blue to detect

exclusion.

in the miibition assays conriuent Ticia evli cuitures were pre-treated for an hour with tie

inhibitor diluted 1 worke:

concentridion in RPMI (without Toctal cali” scrum sinee it might
TG aston) 1l 3T U i S e s auspicre. 1ie oniy eaeeplion was e prelivaiiel wit

the slowdy diflusible C3 exocnzyine when HeLa cells were incubated wath the exvenzyine fon 2

hours before starting bacterial insasion, Control culwres were preincubated with RPMI alone
Then cultures were washed once in PBS and bacteria were added. During the three-hour-fong
hacterial incubation RPMI media was supplemented with the inhibitors at the same concentration
as used for pretreatment. Bucterial adhesion and imasion were evaluated as described above
Duc to the highly reversible nature of genisicin. this inhibitor was also present during the

gentamicin treatment in the cell culture medium

3.3.15. Fluorescence staining

Strains TB1 pUCTY and TB1 pCHNIG were used throughout the expertment. Sx10 - bacteria in
RPMI were incubated on semiconfluent Hela culres for 4 hours at 37°C, 5% 0. The
invasion was stopped al several time points: every seven minutes during the first hour and then at
the end of cach hour bacteria were removed with eight washes in PBS. Cells were then fixed for
20 minutes with 4% paraformaldehyde (in PBS) at room (emperature. Thereafier they were
washed three times in PBS and permeabilised with 0.1%Triton X-100 (in PBS) for 30 minutes at

room temperature. Cells were washed again three tmes with PBS and stained for Thour at room

temperature with 0,65 pgmi TRITC-phalloidin {Sigma. Germany). Coverslips were washed then

three times in PBS and three times in ddH-0. Finally they were mounted with glyeerol-PRBS

(9:1). covered with glass slips and closed with nail polish. Staining was always performed in
duplivates. Specimens were examined under an Olympus BX 61 cpifluorescence microscope
(Olympus Japan) equipped with the following filter set; cxcitation: 357 nm. emission: 576 nm

and analysed with the Analy$1$

software (Sofi Imaging System, Germany). Cell cubtures

without bacteria were also stained in the same way and used as negative control

3.3.16. Studying the effect of inhibitory phage on Pla mediated internalisation

In these tests phage #3. #14 and random phage were cither coincubated or preincubated with the
Pla’ secombinant strain TBY pC#046 and with the negative contro! strain TBI pUC19 on

scmicon(luent or confluent Hela cell cultures. Preincubation was an hour long at 37°C, 5% CO»



Phages were added in RPML Following Uuee washes in PBS « regular tinee-bowr-long, invasion
e and bucteria were added together in REMI

C

assay was performed. In casc of coincubation pha

onto the HeLa cell cultures for a three- howr-incubation at Yo CO-. Additional steps were

performed as deseribed insections 30120 and 3.3 030 The etieet of 52107 10 and 3+10

phige particles was st

3.4, RESULTS

3.4.1. Biopanning against laminin

Four rounds of biopanning were performed against immobilised laminin with a library of
recombinant random heptamer peptides expressed as a fusion with M13 minor coat protein
eplIL, The titre of cluates increased thirty fold by the end of the fourth round (data not shown)
demonstrating selection and enrichment of tight-binder peptide sequences to laminin. Twenty
plaques were isolated and sequenced (Table 61. Two of them. NSELETA and FKNYEQP
occurred twice. Among the eighteen different scquences only NSETTTA and WSLLTPA

showed a conserved motif.

Table 6. Peptide sequence of phage were isolated from the fourth round cluate from a
biopanning against laminin with a random heptamer phage display library. Consensus

sequences with Pla are given in bold

No. of phage Heptamer amino acid sequences
1 5 g B v S P [
2 H T W H P G [}
3 I K s M ) 0
4 \ r ! v i N 1
B w s i L T 3 A
6 H P N 1t N H R

v § G 3 P N A
8 N s E 1 T T A
9 A Q s w A M A
10 5 H s A n i E
1 v H 0 ® A v N
12 w D A v P v n
13 ! K N v E Q r
14 v P v ! r 1 !
15 N A K I s P v
16 i M H ¥ R 1 i
17 A 1 r 0 R’ 1 0
18 o 1 A A r W L




3.4.2. Pla-mediated laminin binding

Invalvement of Pla in laminin hinding was investivated both at the body ey

mammalian host and a1 ambient temperature present in the arthroped vector. Our data indicate

iFigure 8 Ot aminin binding by bacteria is 367 iess effective al roony emperature (23°C Uun

at

C Tar both control aud test steains. Tu the prescrice ol Pla Taminin banding mercises abouat

ten times at 37°C and almaost twenty times at 257¢

A595

67 - 0636

& TBI pUCLY
'aBI pCanos!

37°C 25°C

Figure 8. Pla enhanees the Jaminin binding of non-adherent £ cofi tenfold at 37°C and

twentyfold at room temperature.

3.4.3. Phage mediated inhibition of laminin binding

Two phage scquences (WSLLTPA and YPYIPTLY interfered strongly with Pla nicdiated faminin

binding of £ eofi (Figure 9). They decreased Tamimin binding by the Pla’ & coli stram TBI1

PC40006 1o the level of the background vector contral, which means a complete interference. This

effeet shoui J be due to a competition of the phage and Pla for the same binding sitets) on laminin

since the random phage and ali the other sequences excrted no - significant effect on the



hacterium-laminin miersetion. Though WSLLTPA and NSELTTA show  homology only
WSELTPA but ot NSELTTA was able to inhibit the Phi-mediated Tamimin bindmg This might

mean that not eniy the consensus motd accounts but also the narghbouring mmine acids might

v iy idTucniew oin e interaction site. i the ticd position the non polar

aul the aeidic glutamate of NSEUTTA, and in the ~ith pesition the non polar praline ard by

palar threonine af the pepiides respeetively. have adifferent side-chain character

selative prrintaze

of hinding

[N
3
a1 ]
#1s

#
s
#o

1

TBIUCTY
TBIpC4006

s and <Irains

Figure 9. Interference with Pla-mediated Taminin hinding of recombinant £ cofé. Number of

bound bacteria is expressed as relatve percentage of the bacterial binding without phage (second
columny. Phage #3 and phage 14 completely inbibited Pla mediated Jaminin binding back ta the

level of the hackground steain TBE pUCTS.

3.4.4. Laminin binding ELISA with inhibitory phage
To disprove that inhibition of bacterial faminin binding might be duc 1o any hind of nos-specitic

interactions of phage and the plasminogen activator moleeule we needed to verify that selected

< coli off

phages inhibiting Pla mediated taninin binding of ciently hind themselves (o laminin

The Taminin hinding

spacity of these phagee was tested in an FLISA ussay using horseradish

-



: WSLLTPA hownd about

peroxidase (HRPO)-conjugated monoclonal anti-M I3 antibody. Phag

seventeen times and ph YPYIPTL sbout thirteen times stronger te laminin than the random

ll used as negative control (Fipure 10). These results also suggest that inhibitory phage and

Pl conpele Tot the sane binding site on faniniu,

oo 05
PANTEN
ud

ol I
rancon: phage phage # § phage # 1+

phisges

Figure 10, Laminin binding capacitites of the two eluted phage sequences. which were able to

interfere with Pla mediated laminin binding. Adhered phages were detected with HRPO-labelled

monoclonal anti MI3 phage and OPD-substrate at 2492 nm. Phuge bound scventeen tinies

stronger, phage #14 thirteen times stronger than the random phage control

3.4.5. Inhibition of Pla mediated laminin binding with synthetic peptides

The inhibitory effect of synihetic peptides WSLLTPA and YPYTPTI. was ins

using serially diluted fractions of them. The highest tested concentration was 2 mM duc to the

poor water solubility of peptide WSLLTPA. They showed a more moderate inhibition than the

respective phages displaying these sequences. While WSLLTPA showed a masimum of

inhibition YPYIPTL reached only a 33% maximal interference (Figure 11) Peptide YPYTAAA
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servid as negatise control displaying an inhibitory capacity around zero,
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Figure {1 Inhibition of Pla mediated laminin binding by synthetic peptides. A moderate but gradual
inhibition was detectable with peptides showing a marked inhibitory capacity when displayed on the
phage surface. Peptide YPYIAAA was used as negative control showing no or a very limited

inhibition

3.4.6. Localisation of the laminin binding motifs

For localisation of the two inhibitory peptide sequences we used two programs avaitable at the

IXPASy Molecular Biological Server. PATTINPROT was created at the [nstitute of Protein



Biology and Chemistry of the University Clande-Bémard, Tyon. 1t enables searching for peptide

motils with several dearces of similonty inside shorter and lonuzer protein sequences. We

compared the amino acid sequence of Pla from the SWISSPROT database faceession number:

PEZSTH with the vnes of the 1w o inlibitors pleges WSLLTPA and YPYIPT L. Figure 12 shows

the phage sequences and e localisation inside the amino acid sequence of Pla along with the
pair wise atipnment of Pla with £ coli Op 1. This talter protein shows a 60 homology with Pl
(Sodetnde and Goguen, 1989) and its erystal structure has been determined (Vandeputte-Rutten ot

al.. 2001, We found the S-X-L-T motil of peptide WSLLTPA at amino acids $63, L6S and To6

(numhering reveals the position of the wuino acids in the mature protein). The whole string

aligned w the heptamer is .. YSFLTLN. . Comparing the two patterns it is obvious that the firs

and the fast amino acids are crvatively sut Both (ryptop and tyrosine have
aromatic side chains, however tryptophane has an apolar but tyrosine a polar side-chain character.
The last lewcine residue of the peptide has un apolar. and the last asparagine residue of the protein
fragment has a polar side chain. The five inner amino acids cither show identity or similarity by
conservativ substitutions in the character of the side-chain. WSLLTPA represents another
pattern, S-X-L-X-A, which is localised at amino acids S3, 1.5, and P7. These three and the

QLIPN. The P-Y-I pattern of peptide

neighbouring amino acids are arranged in the string
YPYIPTL was localised at PI7S, Y176, and [177 of Pla. The whole corresponding amino acid

environment was ... MPYIGLA ... Comparing o YPYIPTL two non-conservative differences in

the amino acid characters arc apparent. Tyrosine and methionine in the first position. threonine
and leucing in the sixth position bear distinet features. In the pairwise alignment surface-cxposed
loops and periplasmic turns of OmpT were also indicated based on the structure provided by
Kramer ¢t al. (2001). Motifs were also positioned in the three-dimensional model of Pla, The
model was built with the help of the DeepView program provided by Glaxo SmithKline R&D
Geneva based on the already determined erystal structure of OmpT. Considering the high degree

of homology with OmpT Pla also b

s an assumed beta-barrel structure like OmpT (Kukkonen et

al., 2000). The loculisation of peptide patterns is labelled on different views of model

od Pl

(Figure 13, The twa WSLITPA patterns localise periplasmically, LXP close to the N-

terminus, SXLT at the first wen. PYTis close 1o loop 3. and this string appears also in OmpT

~
E



sdoar] sum onwseiduad uo | sdov] w0 s|maAd1 T PIUTIE OS|E HIB 1] 4PUE it

SPEOE OUTLR [

1] PAROP © QI S Spusejdaad “Snonunuea Yim pawel am

S3pNad 11D UITY-OPIS [

P
ALAMTOVLLL
SHATTOVIAT
v

erxxrarr
RADIYNEIAAA
AAAENALAXE

£l

T waww
18973dATR
2 IUNTIACNT

rxxx wx ok
SODEYLASA
m:u&ﬂs 52l

xxx Cox

EAIMESHN -

ERETTT e

e[ $10p “ANNUSD|

e[ SYSUISY " L Q) SnF0[0Wwoy AS0[3 SI PUE B JO WAWILEYT 2000nb3g 7 sy
5T
s _* LR * * *oxx
ANANATOVON NSAQ-SINXN HCATSLNENY| NIANKMYSIA 63T BYaSts)
AMNNSIOVYI DOISASIDSN NALLOLIOND HOANSALEAY €52 ®ld
b7
xxx’ Thx * x.<¥. Frxrr v ww oxTx
OVNAVASAAN CQNANSIALT NOMICAIZUN USSIAMBSI 661
OYNIAZOARY SOSINHEAZT G4 -WAHMCN CHVEAMASAY 6T
€7
wx ox wwrrx w &««,««a EEERE T T
HASOUTOIA WITIOMADIY MEONAASOIO UHADHHSSAZ 6T 1.ciu0
HAODVIOIAA WSAUOKADIA MADMAANSLA VON----NAS 6%T g
ILAIAd A 21
ERET Y Tk wrw owwTxwxgax x xkx
HSHADADYWTD THANJENTTH D%INIQIENY y7uorarxmm 66 RS
$IHORDVITO WHANUOTIM OMANTOAINV HNANLYAHIS 66 ©ld
i

Tkxx ox oxwx O *v«.c«« EE ok oxxxx

HLMIDANSS QWHUOUARND OHSDTLIMOY ¥SISIZAWTO MNIYOMLIYE 6% IE=E)
NAMOAGIAND SOSWISIMOY ¥NTITASAET MSICENTI¥A 05 vy

YCITIS

rEX_ ¥ x * 4«..«.«« * * Cax *

TATOSA X ESDETVIAA SENIPDSTIS TSIV INCA LAS'1LALS T
MADIE-VAAT WAHSHOSTHS LSVVALASC SINALTOSSY T

EDINATES 5

VALTTSM







sion, laminin binding and plasminogen activation of

34,7, Limestigation of protein expre

recombinant mutagenic Pla

Pl expression of mutagenic clones was detectad on a 12% denaturing polyacrylamide gel

SETCICURIERRT

with ¢ oomasste blue stainmg. A sirony band vorespunding o fa was

mitagenic strain whereas vo hand was visible in the extract of e nepative vector contral

stram. L1 pAUCY L 1o (bigure iy
| amininn binding capacity was wosessal by counting ihe wdhered bacteria afier removiey thew

with (.1% Trilon N-100 from the microtitre plate. Wild type Pla bound more than ten tims

sironger than the negative vector control i accordanice with the previously presented daty
G178ALLTVA

TOOALAOTA, and the double mutant

with TB1 pC4006. The triple mutant 163
showed a decreased Taminin binding: about half as many bacteria adhered to laminin as in the
wild-type strain, The single mutants G17SA and LI79A displayed an affinity comparable to
the wild-type strain (Figure 148)

Pi n activation was detceted by the colour development of the ehromogenie plasmin

SN

substrate $-2251 at 7. 403 un after the addition of Glu-plasminagen. The muroduced alanine

substitutions did not substantially alter the plasminogen activatng ability of Pla (Figure 14€).






3.4.8. Light-microscopy of Pla mediated adlicsion
On semicodluent Tela eoll cultuees the Pla negative TBT pUCTY strain exhibited practically
o visible adhesion as shown by Jight microscopy (Figare 15A), On the other hand the Pla

recombinant

expressi [ pUHtne swain ieaviiy colonised the Hela cciis (Figure 1383

Ihe ahsence of microbes a the el a e

T PACIETILN-HC LA et mierchon

Figure 15, Tovestigation of Pla-mediated adherence by £ coli TBI on semiconfluent [ela
cell cultures, Pla-positive (TB1 pC4006) and Plu-negative (TBI pUCT) £ colf stralns were
incubated with TeLa cultures for three hours. Unbound hacteria were removed by thorough
washes. Cells were then fixed with methanol, stained by Giemsa and visualised by light
microscopy using a Zciss Axioskop 40 at a magnification of 400, (A) Numerous Plu~
bacteria attach to the surface of Hela cell. (B) No adherence is detectable for the Pla- strain

3.4.9. Time-course of Pla mediated adhesion and invasion

In a four-hour expertment we determined the dynamics of Pla mediated bacterial adhesion
(Figurc 16A) and intenalisation {Figure 16B) on confluent Hel.a cell cultures. Throughout
the experiments TB1 pC4006. a recombinant £. coli strain expressing Pla_and TBI pUC19 as

hle changes detectable already

negative vector control have been used. There were conside

by the end of the first hour. Approximately 2# 107 Plu-positive bacteria adhered to the celi

fayer by the end ol the first hour and about 2.5x107 (1%4) ol them also entered the Hel.a cells

During the next three hours there was a slight 1.5 fold inerease in cell-association and a

fourtold increase in interatisation revealing the relative time-dependency of the latter event
On the other hand the Pla-negative control strain (131 pUC T2 showed a forty times weaker

adhesion «nd no internalisation at all. Addition of 107 or 107 bacteria did not st




chiange ibe dynamics of adlicsion and invasion vr the umber of adbered ad i

bacteria. Results also reveal that eloned Pla rendered the origmally non-adbesive 77, cord K-12
strain adbesive and invasive on epithelial cells. Adhesion of TBE pC4006 wand TB1 ptClo

dict not show any diflerence when background binding was assessed by adding them o tcia

celb free Petr dhishes
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Figire 16, Vime-course of Pla-mediated cefl-association (A) and intwmalisation (8). Pla’ and

Pl

strains were incubated on confluent HeLa cell cultures for 4 hours. Unbound bacteria
were removed by washes. Lukaryotic celts were lysed and cell-associated bacteria plated for

overnigin



4.1

. Effeet of extochalasin D and €3 exoenziye of C botulinum on Pla media

invasion ' E. coli

Cytochalasin 1,

Concentrations 1.3

which

distupts actin filaments,

was lested

n

and | opgeml did not interfere with cell-association or v

different concentrations.

won. Higher

coneen

tions clicited a thiry=fold decr

case in invas

2 of Heal colls by the Pal-posite

stram but dud not atteet hactenial adheswon ¢ Fieure |78

1 bt et was not dose dependent as

Imereasing amounts of evtochakisin 1 (2 and

uz ol extibued the

sanie level of interference

(data not shown). C3

exoensvme of €

botulinum is @ specific ADP-ribosylating

inhibitor of

the smalt Rho GTF

rase RhoA and its isoforms. Treatment of cells with 3 g/l €3 exoensyne

did not atfeet Pla mediated adbesion but decreased the i

teraalisation to 20% (Figure 178)

Dot
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Figrre 17 Lffect of several symal sroisduction inhrhitors on - the eell asouanon and nternalisation of

recombmant. Pla expressing £ codi 1131 pCH006 on conlluent HeLa cell cultures. The number of cell-assocnted

and imemalised bacterta was expr

sed as a relative percentage of the untreated control tests. (A) shows the
strong inhibiton activity of 15 pgfml NDGA and the 50% internalisation decrease induced by wortmannin at 100

M and at the differentisting

SO 0N concentration. (B) display s internalisation inhibition initiated by (0

™

staurosporin, § pgfml C3 exotoxun and 2 pgfmnl e tochalasin D, (C) compares the inhibitors activity of 250 p\

enistein on Pla (TR1 pC3006) and nvasim (1B Ins ) mediated ntermalisation



3.4.13. Effect of phage inhibiting Pla mediated laminin binding on Pla mediated

adhesion and internalisation into HelLa cells

t cither Pla-

Co- or preincubating Pla-expressing bacteria with phage #5 and #14 did not aff;
mediated internalisation o adhesion i e tesked phage concentiations. Thee was i

difference in the number of colony forming units regained afier Hela cell Ivsis or o the

Citetivg staned proparaies. wata ot siow i

3.4.14. Fluorescence staining
During a time course-experiment we were able fo detect punctuate accumulation of actin
(Figure 18B) after 42 minutes in the case of the Pla’ recombinant £ cofs strain TBI pC4006.
The changes were most dramatic after one hour and less intense after the further hours of

incubation, This is in accordance with the guantitative time-course assay showing the most

dynamic increase of internalisation during the first hour of incubation. We have not detected
any cytoskeletal change with the incubation of the negative control strain TB1 pLCT9 (Figure

184).

A

Figure 18, Pla induced actin rearrangement in Hel.a cells. The reaction was monitored in a
time-course experiment when the Pla’ (TBI pC4006) and the Pla” strain (TBL pliC19)
were tncubated for four hours on semiconfluent Hela cell cultures. The invasion process
was interrupted at several time points: every seven minutes in the first hour and then at the
end of cach hour. Unbound bacteria were removed. Hela cells were fixed. permeabilised
and actin was stained with TRITC-phalloidin. Infection with TBI pUC19 showed a regular
pattern of cetlular actin during the whole infection (A) whereas a punctuate accumulation
of actin was detectable from the 42" minute of infection with TB1 pCa006 (B)

Accutnulalion was most inense after the first hour but was still visible during the cntire

infection (data not shown)



DISCUSSION

tvator (Pla) 1 4 unique outer membrane prafein with profease

Yersinie pe rix plasmine

activity characleristic for this species. Being responsible for several virulence Junctions this
molecuie niight be amajor daerminant of ihe highly ovasive character of the plague bacillas

focnsed on e identilication of the binding

(Sodeinde ot b, 19921 In our phage display study

site of Pla o faminin, one of the matrs pratems which 15 alse 4 major constituent ot busul

Wmembranes separating several human tissue compartments. Plasmin, the product of plasminogen
activation is a profease of wide substrate specificity including the capability 1o degrade
extracelbular matrix proteins (1 ahteenmaki etal,, 1998y Henee Pla is ahle to activate an enzyme

involved in bacterial dissemination, Pla is not the only example of bacterial produets being able

to capture plasminogen and laminin, lnvasive ia express I binding fimbriac

kinen. Hacker, and

functioning also as plasminogen reeeptors (Kukkonen et al., 1998) (Pa
Korhonen. 19913
Amino acid motifs involved in plasminogen activation by Pla have been determined {Kukkonen

et al., 200%), hel the timing of plasminogen activation and laminin binding, and the

laminin binding site of Pla have not been clarified yet. It is a question whether ditferent active
sites are responsible for these two different actions,

We applicd @ phage display assay 1o identify the possible motifs of Pla involved in laminin
binding. All the cighteen difforent phage vielded by the fourth round eluate of biopanning were
checked for their ability to prevent Pla mediated laminin binding of £ coli TB1 pC3006. Phage
with WSLLTPA or YPYIPTL heptapeptides showed complete blocking of Pla mediated laminin

binding. and in addition these phage themselves exhibited a strong laminin binding capacity i an

enzyme-linked immunosorbent assay. Using synthetic heptamer peptides we were able 1o show a

and inhibition with WSLLTPA and YPYIPTL respectively. Duc to

relatively moderate 50%
the bad solubility of WSLLTPA a 2mM maximum concentration was utilised. From these results
we assumed that the two phage compete with Pla for the same hinding site in lamimn and they
wight mimic the region of Pla heing involved in capturing of laminin. {McDonough and Falkow.
1989) prope sed that the coagulase activity at 25°C and the fibrinolytic activity at 37C of Pla

were duc to posttranslationat conformational changes. On the other hand. our results support the

idea that these conformational changes do not basically aticet the lamina binding sitets) as assitys

for Pal mediated bacterial lamina binding, and binding of the two inhibilory phase (o lamina



yielded comparable results when performed at both twmperatures. Pal- mediated famina binding at

1 rale m colonisation of the flea midper

environmental temperature might have a physioloy
Howevet, (Hinnebusch, Fischer, and Schwan. 19981 did not find anv ditference in the course of
Mew infection by wikd s pe and pPCPL plasmid corct Y pestis strains

Pla shows 4 high degree of homalogy with the £ coli cuter membrane pratem Ompl whose
ervstal structure has been resolved by (Vandeputte-Rutten et al, 20011 OmpT is a ten-suranded.

vase-shaped. anti-paraliel B-barrel containing long, flexible surface-cxposed loops at the

nic site. Proposing a similar modet for Pla

extraccllular part. and short tums at the perip!
(Kukkenen et al., 2001) demonstrated that certain amino acid motifs Jocated in the surface
exposed loops had a key role in plasminogen activation

We localise § the peptide pattems expressed by phage inhibiting Pla mediated bacterial Laninin
binding in the amino acid sequence and in the three-dimensional model of Pla. Patterns displayed

¢ WSLLTPA (863-L65-To6) are situated periplasmicalty at the N-terminus and at the

by phay
first tum. respectively. Amino acids of the $63-L65-T66 siring show conservative substitutions

(176-1177 is close to loop 3. however

cxcept of W=Y and A=N. The YPYIPTL pattern P175-
this string is atso represented in OmpT whose role in laminin binding has not yet been proved
Nonetheless, the Jast amino acid in the motif has a difterent character in Omp' (I polar) than in
the YPYIPTL peptide (L, apokar) or in Pla (A, apolar). The peptides WSLLTPA and YPYIPTL

share the common string of three amino acids in opposite order: proline, threonine and leucine,

We perlomied alanine-scanning mutagenesis with amino acids of the Pla molecule, which are
corresponding to the LTP/PTL motit following the peptide/protein alignment. Four mutants were
created: @ triple mutant changing the L6ST66L67 string 1o AGSAG6AGT, two single mutants
changing G178 and 1179 1o alanine and a deuble mutant, which is the combination of the latter
(wo. While the triple mutant displayed a 50% decrease in laminin binding. the double mutant
showed a 40% decrease in laminin binding compared (o the wild-type strain. The two single
mutants did not change substantially the laminin binding ability of Pla. On the other hand
plasminogen activation was only slightly affected by the introduced mutations. This indicates that
(he conformational change induced by the mutations slightly affected the active site organisation

tal structure of Pha it is complicate to cxplain these

of Pla. Due to the absence of an exact ¢r
duta. (Kuekkonen et al., 2004) showed that the lack of O-antigen is a prerequisite of Pla mediated

matrix-protein adhesion, which indicates that amino acid motifs involved also in laminin binding
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are hidden from laminin in the presence of O-antigen. The motits we localised are not surfuce-

exposed and the SMPY G A motif might be better exposed in the absence of O-antigen Neither
the triple nor the double alanine-change caused a complete loss in laminin binding. which might

indicate that other regions of the moleetde also might be involved in dhe interaction. 14 is alse

possihle thut the praposel regions support the vptimal structure (especially the periplasmically

imvelved monifs of WSELTPAY of Pla for sufficient laminin binding. however the efticient

Jaminin binding of the two phage sequences, which interfered with Pla mediated laminin binding

contradicts this assumption. The localisation of laminin during (he interaction s also a remaining
question because Pla is possibly not a porine like outer membrane protein. [Uis refated to OmpT.
which is monomeric and its iner polar core Tomis a hydrogen bonding network (Vandeputte-

Rutten et ab, 2001). Consequently, it still remains a question how these motifs form a binding siwe

and interact with laminin

Another unique function of Pl is its ability to mediate adhesion and internalisation into
cukaryotic cells (Kienle et al., 1992) (Lalweenmaki, Kukkenen, and Korhonen, 20(H). Motifs of’
Pla involved in this interaction have not yet been identified. Therefore after studying some
aspeets of Pla mediated adhesion and internalisation into Hela cells we tested the ability of

phage #5 (WSLLTPA) and phage #14 (YPYIPTL) to interfere with thesc process

es. Entry of
bacteria into mammalian cells usually involves exploitation of existing signal transduction
pathways whose major outcome is the rearrangement of the actin cytoskeleten with consequent
remodelling of the host cell surface (Ireton and Cossart, 1998). First we analysed cell adhesion
and invasion conferred on the non-invasive £ coli K-12 strain TBI by the cloned Pla
determinant. As expected the background strain presented with a low level of adhesive capacity.
as the bacterial counts practically did not differ in tissuc culture dishes with or without Hel.a cells
and no bacteria could be visualised on the Giemsa stained preparations either. The above data
point to the role of Pla in the complicated series of events involved in cell adherence and invasion
by ¥ pestis. To characterise signalling pathways involved n Pla mediated invasion we examined

the activity of several signal transduction inhibitors whose inhibitory  effect on ¥

culosis and ¥ enteroc ca invasion has already been described. Sinee bacterial and
Hela ecll viability was not atfected by the concentration of inhibiters used we were able w

conclude an exploitation of signalling pathways. Our studies applying different concentrations of

which are

wortmannin enabled s to discriminate hetween the effects of specific ensymes.,

0



inhibited by this agent (Mecsas. Raupach, and Falkow, 1998). The non-difterentiating 100 nM

Sty deerense o mvasion hut did nor alier hacterial

concentration of wertmannin elicited

adhesion. Consceutively. when ditferentiating concentrations were used on Fela cell eultures

only 50 0V hut not lower concentrativns of wortmaouin evoked an cffect comparable to
patency of 100 oM corcentration. From these results we assume o partil involvement of Piin 4-
kinase in iaternalisation. Staurosporin and genistein trcatinent 15 known 1o block invasion ol
entcropathogenic Fersiniae (Rosenshine, Duronio, and Fintay, 1992) henee it seemed worth
studying whether they had an influence also on Pla mediated internalisation. Similarty to
wartmannin steurosporin and genistein did not affeet adherence of the Plu-positive derivative but
staurosporin at 0.5 pM concentration decrcased the invasion rate 10 14% and geaistein o 50% of
that of the non-treated control. This might imply that internalisation exploits the action of several
protein kinase classes like PKC. cAMP-dependent PK and also TPKs. specifically inhibited by
genistein, These kinases play a major role in transducing extracellular signals into cukaryotic
cells. They are also involved in cytoskeletal reamvangements localised at the site of bacterial

attachment, PKC and TPKs arc able to activate guanine nucleotide exchange factors (GEFs)

which induce formation of active Rho guanosinc-tr ceniral organisers of
I rear & Ider and Burridge. 1999). Rac, Rho and Cde 42 belong to

el

this tamily of enzymes having a central role in cytoskeletal rearrangement (Schoenwaelder and
Burridge. 1199)

[nvolvement of RhoGTPases was further and more exactly proved with the utilisation of NDGA
and €3 cxoenzyme as inhibitors. NDGA inhibits 5-lipoxygenase. which converts urachidonic
acid inte leukotrienes after Rac activation. Leukowrienes induce stress fibre formation by
activating Rho protein (Peppelenbosch et al.. 1995). Inhibition of Pla mediated internatisation
indicates that Rho activation and concomitant actin stress fibre formation play a role in the
invasion process. The role ol Rho in Pla mediated invasion is further supported by the finding
that the Rho specific inhibitor, 0 Aorwdimen cxocnzyme C3 (Wilde and Aktories. 2001} also
inhibited the intemalisation process fivefold

‘The contribution of actin rearrangement was confirmed by treating cells with severat
concentrations of eytochalasin D. Although no change was detected when 0.5 or 1 pgiml
concentrations were applied, higher concentrations of cytochalasin 13 decreused Pla mediated

invasion thirty fold. On the other hand adhesion of bacteria was wnalfected by the treatment
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{Cowun ct al., 2000} found that epitheloid cell invasion by . peseis was strongly inhibited by

sin [ As Plan exervd a portion of its inasive capacity it remaingd

dive ¥ peic

cytoch:

i question whether the inhibitory action of evtochalasin [ was completely directed on the Pla

alisation. Qui indings with isegenic /2 codi derivatives stros

associated component ol interd
Suzeest that eytoskelotal reorganisation is magor o ent in Pl mediated epithelral cell invasion
We proved the imvolvement of Pla in cvtoskeletal rearrangement also with fluorescence
microscopy. Experiments were condueted to s isualise polymerised actin by fluoreseent labetling

with TRITC-phalloidin. We detected punctuate actin accumulation in Hela cells first after 42

minutes of Pla mediated internalisation of tecombinunt £ cofi. Changes were most dramatic after
one-hour-incubation and tumed o be less intense Tater on. This seents to he in concert with the
quantifalive time-course experiment revealing the most intense invasion during the first hour off
incubation

We studied whether the two phage. which presented strong inhibition of Pla mediated laminin
hinding are also able 1o interfere with Pla mediated adhesion and intemnalisation of £ coli. We
were not able to detect any kind of disturbance of these processes in the used phage concentration
(maximum of 2.5 10" phagesml). Steric hindranee due to the farge phage size might be excluded
with using purified peptides for inhibition in future experiments but it is also possible that these
two different functions of Plu do not share a common epitope at all. The eukarvolic receptor for
Pla has not yet been identified but it is known that Pla has a lectin-like hehaviour. It binds to
glycolipid extracts from several cell lines as well as neutral extracts {rom cells rich in globo
tetraosylccramide (globoside) and o purified glohoside (Kienle et al., 1992). Utilisation of a
random phage display library might help in mapping the involved amino acids of Pla by adding
random input phage o lcla cells and cluting them in a competitive way with Pla-expressing

recombinant bacteria. This would also the widespread cmpl of phage display

libraries in microbiological studics.

ented in chapter 3

3.6. Now results pre

1

Sclection of 18 different heptamer sequences after performing a biopsning with a

random phage display library

v 1o measure Pla mediated laminin binding in

Development of a simple in vitro a

recombinant £ cofi. Collected data reveal a twenty fold and ten fold increase in hinding
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capracity of non-adhesive £ cofr in the presence of Pla at roonn temperature and at 37°C,
respuetively

Investigation of the potential interterence of the selected heptamer peptides with Pla-
mediated Lnsinin binding. Two scquences: WSLLTPA and VPYIPTL displayed complete
nhibition

Development of a simple ELISA-test for checking the lammin binding of phags
WSLLTPA showed a F7-(old, VPYIPTL a 13-fold stronger binding than random phage.
Demonstrating interference with Pla mediated Taminin binding by (he utlisation ol
synthetie peptides. Inhibition was maderate and gradual with & masimum af $5% using

WSLLTPA and 33% using YPYIPT]

Following alignment of peptides and the Pla protein alwine-scanning mutagencsis was

performed to cxamine the effeet of mutations on the laminin binding capacitites ol Pla. A

triple mutation of the amino acids 1.63To61.67 and a double mutation ot amino acids

G178L179 decreased the Jaminin binding capacity of Pla about twolold. This indicates
the involvement of the mutagenised amino acids in lamioin binding,

On the other hand mutations did not substantially affect the plasminogen activation
function of Pla revealing a possible dissection of the two ditferent functions.

Phage WSLLTPA and YPYIPTL had no effect on Pla-mediated adhesion and

inter 4 L ¢ the |

ofa different protein region in these functions.
Pla-mediated intemalisation of non-invasive £ coli exploits the host Hela cell’s signal
transduction system by utilisation of protein kinases including tyrosine protein kinascs.
the small Rhe (GTP-ases. RhoA and Rac, the phosphatidyl-inesitol-4-kinasc and

consecutive rearrangement of the actin cytoskeleton,
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