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Summary

The class B M1-V577 penicillin-binding protein (PB®of Escherichia coliconsists of a M1-L39 membrane
anchor (bearing a cytosolic tail) that is linked @ G40-S70 intervening peptide to an R71-1236 catalytic
module (containing the conserved motifs 1-3) ithaked via motif 4 to a D237-V577 catalytic module
(containing the conserved motifs 5-7 of the pelagilserine transferases superfamily). It has h@eposed that
during cell septation the peptidoglycan crossligkattivity of the acyl transferase module of PB®8egulated
by the associated M1-1236 polypeptide itself irematction with other components of the divisome. fiche
adopted by the R71-V577 polypeptide of PBP3 has beadelled by reference to the corresponding R784S6
polypeptide of the class Btreptococcus pneumoniB8P2x. Based on these data and the results ofiséeted
mutagenesis of motifs 1-3 and of peptide segmdrtiggb amphiphilicity (identified from hydrophobimoment
plots), the M1-1236 polypeptide of PBP3 appeatsetprecisely designed to work in the way propo3ée.
membrane anchor and the G40-S70 sequence (comnfaidrG57-Q66 peptide segment) upstream from the no
catalytic module have the information ensuring PBP3 undergoes proper insertion within the divis@anthe
cell septation site. Motif 1 and the 174-L82 oveping peptide segment, motif 2 and the H160-G172
overlapping peptide segment, and the G188-D197ffdatie located at or close to the intermodule tjomc
They contain the information ensuring that PBP8gdalorrectly and the acyl transferase catalyti¢reeadopts
the active configuration. The E206-V217 peptidensewgt is exposed at the surface of the non-catatytidule.

It has the information ensuring that PBP3 fulfils¢ell septation activity within the fully complemted
divisome.

Introduction

The bacterial cell wall peptidoglycan is a covalertosed net-like polymer in which glycan chainada of
alternatingB-1,4-linkedN-acetylglucosamine and-acetylmuramic acid residues are crosslinked bytsho
peptides. IrEscherichia colithe carboxyl groups of thg-acetylmuramic acid residues are amide-linked-to
alanyly-D-glutamyl-()-mesediaminopimelyl-()-D-alanine peptides and the peptide crosslinkagesaialy,
directp-alanyl-()-mesediaminopimelic acid peptide bonds. The immediatsynthetic precursor of the
peptidoglycan is lipid Il. A disaccharide pentapeefL-alanyl«-D-glutamyl-{)-mesediaminopimelyl-()-D-
alanylD-alanine] is linked to a §gHgg undecaprenyl carrier via a pyrophosphate bridgeliing C1 ofN-
acetylmuramic acid.

From this precursor, the class A multimodular p#limbinding protein (PBP) 1a and PBP1b (Goffin and
Ghuysen, 1998) catalyse the formation of polympeiptidoglycan (Nakagawet al, 1984; van Heijenoort,
1996; Terralet al, 1999). These PBPs consist of a membrane anchohwhimked to the amino end of a
catalytic glutamic acid glycosyl transferase modwhich catalyses glycan chain elongation), itieked to the
amino end of a catalytic serine acyl transferasduteo(which catalyses peptide crosslinking). Pdinids a
suicide substrate of the acyl transferase. Theioeaproduces a stable serine ester-linked peaidi#nzyme
such that the inactivated enzymes behave as PBPs.

Shaping the raw peptidoglycan material made by RB#t PBP1b into a sacculus in a cell cycle-depende
fashion relies on the class B multimodular PBP2RB&3 and on a set of non-penicillin-binding pnogei
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(Wientjes and Nanninga, 1991). PBP2 and RodA, wieaseding genes are located at the 14 min regidmeof
chromosome, control wall expansion and shape m@nte (Spratt, 1975; Beggal, 1990). PBP3, FtsL,
FtsW, FtsQ, FtsA, FtsZ, whose encoding genes astdd at the 2 min region, and FtsK, ZipA and FisNpse
encoding genes are located at 21 min, 52 min armdiBg8respectively, form a multiprotein complexe th
divisome, which encompasses the cytoplasm, thenalasembrane and the periplasm (Hale and de Bo@r,; 19
Nanninga, 1998; Wang and Lutkenhaus, 1998; Warad, 1998; Weis%t al, 1999). FtsZ is a GTPase related
to eukaryotic tubulins (de Boet al, 1992; RayChaudhuri and Park, 1992; Lowe and Am@388)L FtsZ
polymerizes into a ring-shaped structure at thedieikion site, recruits the other cell divisioropeins and
provides the driving force for cytokinesis (Bi alndtkenhaus, 1990; Lutkenhaus and Addinall, 1997).

The class B PBPs have a multimodular design sirtaléhat of the class A PBPs (Goffin and Ghuys&98).
However, the polypeptide upstream from the acyldferase module is not a glycosyl transferase rdlecthat
this module plays in the spatiotemporal contrgbeptidoglycan synthesis remains contentious. Tisere
evidence thaE. coliPBP3 performs peptidoglycan crosslinking (the aeyisferase module) and that this
activity is regulated by the associated non-catalyiodule itself in interaction with other compoteof the
divisome (Adanet al, 1997; Goffin and Ghuysen, 1998; Nguyen-Distéehal,, 1998).

The notion that peptide segments of relatively gagaphiphilicity have protein-protein interactioatpntials
was formulated by De Lodat al.(1986) in their studies on apolipoprotein E. Inadtempt to identify regions of
the class B PBP3 possibly involved in intra- artérimolecular interactions, the meadhelical hydrophobic
moment and the mean hydrophobicity were calculatedg the amino acid sequence of the protein. Oles of
amphiphilic segments detected on the basis of thgdephobic moment plots were probed experimentBly
combining the results thus obtained and previopalylished data, it was possible to identify thregions of the
non-catalytic module of PBP3, each performing didtspecific functions.

Results
Predictive studies: detection and spatial dispositof amphiphilic segments Bf coliPBP3

Following the normalized scale of Eisenberg, hytiaipc residues have a positive value (lle, 1.4; Brb2) and
hydrophilic residues have a negative value (Th50Arg, -2.5). The asymmetry of hydrophobicityeof
periodic peptide structure can be representedhas-dimensional helical wheel, whose projection ddhe
helix shows the relative orientations of residugisénberg, 1984). The hydrophobic moment, which is
guantitative measure of the amphiphilicity perpentdir to the axis, is calculated from the sum eftiean
hydrophobicity values over all amino acid residaed the angles at which successive side-chainsgenfierm
the backbone (Eisenbeegal, 1982). The hydrophobic moment is small when th&ltes are evenly
distributed along the helix. It is large when mafkthe hydrophobic residues occur on one sideeh#lix and
most of the hydrophilic residues on the other side hydrophobic moment concept is not restrictedt t
helices -Turns consist of four residues whose side-chaiofyde outside the peptide fold and the valuédef t
angle between two linked residues is 90°, clogbadl00° angle in am-helix. Moreover, molecular modelling
of proteins assumed to adopt a compteteelix form gives valuable information on the hedindp structures
(Poupon and Mornon, 1998).

The 588-amino-acid residue PBP3mfcoliis processed into mature M1-V577 PBP3 (Nagaszived, 1989).
The hydrophobic moment plot of the mature prote#s walculated by moving a seven-residue windowuttio
the sequence, calculating the meamelical hydrophobic moment <u> and mean hydroptitbkH> per
segment and placing the central amino acid resiguepoint on a plot <p> vs. <H> (Eisenbet@l, 1982; De
Loof et al, 1986).

As shown in Fig. 1, nine peptide segments, A-l,engptted in a region whose <H> values were equal fess
than -0.5 and <u> values were equal to or grehsar 0.25. Individual amino acid residues affected >
values between 0.25 and 0.5 are in black on alzmelgground, those affected by <p> values largar €ha are
in white on a black background and the three flagkesidues which fall outside the cut-off regiow avere
used for the calculations are also identified. nliasis of the data shown in Fig. 1, segment$ali-toughly

in the following decreasing order of amphiphilicépd, presumably, of interaction potential: 5] > C > [B

= H]>[G = 1] > [A = DJ]. Figure 2 shows the effects of selected mutatiom the hydrophobic moment plots
of segments A-l. Finally, Fig. 3 shows the disttibn of segments A-l along the amino acid sequerfid@BP3
by reference to the conserved motifs of the noatgat module (motifs 1, 2 and 3), the intermodjuliction
site (motif 4) and the acyl transferase module {fidb, 5 containing the catalytic serine 307, @ @h
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The 750-amino-acid residue PBP2xSifeptococcus pneumonijadso of class B, has the same motifs and
modular organization as PBP3f coliexcept that PBP2x possesses a Pro635-Asp750 carboninal

module that is not present in PBP3. Thec6-ordinates (at 3.5 A resolution; Pae¢sl, 1996) of the membrane

anchor-free Arg76-Asp750 polypeptide of PBP2x aslable. On the basis of these data, the Arg786%e
non-catalytic module of PBP2x is shaped like a paBugar tongs; the core, which comprises motifsd and 3,
is a cluster of peptide segments that fit in orlacated close to a non-catalytic groove of thd &rapsferase
module. And, the two sugar tongs each possesshadixposed at the surface of the protein. In the,
associated Ser266-Ser634 acyl transferase modsihéaharacteristic all-ando/f domains of the penicilloyl
serine transferases superfamily. Finally, the P5e&8p750 carboxy-terminal module, which is PBP 2&csfic,
consists of two smaft//p/B domains.

Fig. 1. Hydrophobic moment <u> vs. hydrophobicity <H> platssegments A-| of E. coli PBP3. The mutated

amino acid residues (see Fig. 2) are in bold.
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Fig. 2. Alterations of the hydrophobic moment plots of sy caused by the R12S mutation (A), segment B
caused by the D58V mutation (B), segment C caugdloetDF6N mutation (C), segment D caused by tH28KR1
mutation (D), segment E caused by the R166Q;R1&i@le mutation (E), segment F caused by the
R210Q;R213Q double mutation (F), segment G caugeadebk291S mutation (G), segment H caused by the
R234Q mutation (H) and segment | caused by the B408tation (I).
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Fig. 3. Amino acid sequence analysis of E. coli PBP3. €amesl motifs 1-7 and segments A-l are shown.
Hatched area, plasma membrane; X, variable amind easidue. The amino acid residues shown in btachk
grey background are characterized by a hydrophofienent ranging between 0.25 and 0.5. The amino acid
residues shown in white on a black background aegacterized by a hydrophobic moment >0.5.
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Fig. 4. Spatial disposition of motifs 1, 2 and 3 and segs@-| along the polypeptide chain of E. coli PBP3
The peptide segment of unknown structure that aisniee membrane anchor and the non-catalytic neoiul
represented as a dotted grey line. The non-cataiptidule is in red. The acyl transferase module igellow.
Amphiphilic segments are identified by the aminid agsidues (in CPK; Koltun, 1965) falling withihe region
<H> < -0.5; <u> >0.25 of the hydrophobic moment péo Motif 1 is in green. Motifs 2 and 3 are in hldvotif
4 (not shown) overlaps the junction between theaatalytic (red) and acyl transferase (yellow) mtedu The
structure was modelled as described in the Experiaigprocedures.
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Table 1. Structural requirements for E. coli PBP3 activities

Non-catalytic

PBP3 Membrane Segment B C E F Cell septatior Penicillin  Toxic

variant anchor Motif: 1 2 3 4  Acyl transferase  activity binding effect
wild M1 G57D58 D76 R166R167 E193 R210R213 S307 S588 + +

type
1?7 M1 R239 - - +
2 M1 Aor S588 - - +

C307

3 M1 V58 A307 S588 - - -
4 M1 V58 S307 S588 - + -
5 M1 Q166Q167 S307 S588 - - -
6 M1 Q210Q213 S307 S588 - + +
7 M1 V58 Q210Q213 S307 S588 - ND -
8° LppSpG41 A307 S588 - - -
o° LppSpG41 S307 S588 - + -
10 G57 S307 S588 - + -
11 M1 N76 E193D S307 S588 + + -
12 M1 E193Q S307 S588 - + -

a. Variant 1 contains an eight-amino-acid residueresion downstream from R239. SdaterialsandMethods.

b. LppSp, lipoprotein signal peptide. For moreadston variants 7 and 8, see Houba-Hétial.(1985).

c. Variant 9 lacks the M1-E56 peptide segment efrthtive PBP (Fraiport al, 1994).

d. Variant 10 has decreased thermostability (Geffial, 1996).

e. The E193-D variant can be detected in very samatiunts, whereas the E193-Q variant is not détlecksy fluorography and
immunoblotting (Goffinet al, 1996).

ND, not determined.

The Arg71 -Val577 polypeptide &. coliPBP3 and the corresponding Arg76-Ser634 polypepofic
pneumoniad’BP2x share about 22% identities in the amino setgiences. The fold adopted by the Arg71-
Val577 polypeptide oE. coliPBP3 was modelled (s&xperimental procedurgsAlthough the structure shown
in Fig. 4 remains short of reality, several obstove can be safely made. Segment A is in the ojgtashas

low amphiphilicity. Segment B is located in the pep that connectsthe membrane anchor to the niatytia
module; it has moderate amphiphilicity. Segmentn@ E are within the core, and segment F is orsagar
tong of the non-catalytic module; they each haxenst amphiphilicity. Segment D, on the other sugag, has
weak amphiphilicity. Segments G-l are located witthie acyltransferase module; they have low amjiigjii
except segment H, whose amphiphilicity is moderate.

Based on published data and the results of sieziid mutagenesis experiments described belowaeve
regions of PBP3 endowed with different functioriatitwere identified.

The K6-N18 segment A and G57-Q66 segment B

PBP3 occurs in a small copy number, about 50-10@glé and its overproduction to a few thousarsds i
harmless. The acyl transferase moduleless M1-R28®eptide of PBP3 (variant 1 in Table 1) and, Wiz,

the full-size PBP3 mutants in which an alanineymteine residue substitutes for the catalytic ®e807 (variant

2 in Table 1; Broome-Smitét al, 1985; Houba-Hérirt al, 1985) each lack penicillin-binding and cell
septation activities, as expected, and they eaztoaic.E. colistrains co-producing the wild-type PBP3 and the
truncated M1-R239 PBP3 or the wild-type PBP3 amdftifi-size Ser307Ala or Ser307Cys PBP3 mutant grew
as filaments. This toxic phenotype indicates thasé variants each compete with the resident nBBR3 of
theE. colitransformants in which they are overproduced aeggmnt it from being functional.

The substitution of Val for Asp58 of segment B ud tSer307Ala PBP3 mutant gave rise to a Asp58Val,
Ser307Ala double mutant (variant 3 in Table 1),alihivas no longer toxic. In turn, the substitutiérval for
Asp58 of segment B of the wild-type PBP3 gave tisa Asp58Val single mutant (variant 4 in Tablevihjch
bound penicillin but lacked complementation acgivit anE. coli ftsInull mutant. This was examined by
introducing a plasmid carrying the modifiétdl gene into thdtsl-deletion JE7947 strain harbouring plasmid
pHR295 in which the wild-typésl was under the control of tiac promoter. At 37°C and in Luria-Bertani
medium containing 10 mM glucose and appropriatéentics, the transformant was completely dependent
the presence of 0.5 mM isoprodp-thiogalactopyranoside (IPTG) for growth. HencepB8 of segment B
was important for the vivo functionality of the wild-type PBP3 and the suhstin of VVal for Asp58 abolished
the toxic effect of the S307A mutation. One mayerthiat segment B had two amino acid residues, AagsD
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Arg63, whose <u> values were greater than 0.5 (FB). Substitution of Val for Asp58 (Fig. 2B) cauka
displacement of the hydrophobic moment plot towardseater hydrophobic moment but also a greater
hydrophobicity so that one single residue, ArgG8j h <u> value greater than 0.5.

Segment A (K6-N18) has low amphiphilicity (Fig. 1ahd, presumably, low interaction potential. The
hydrophobic moment plot of the mutated segment Whitch Ser substitutes for Arg12 falls outside ¢t off
region (Fig. 2A). The R12S mutation did not affdwin vivofunctionality of PBP3 (as examined in the ftsl null
E. colistrain EC548).

The H160-G172 segment E and overlapping R167-GBt2 2n

These sequences fall within the core of the noakgiid module. Arg166 and Arg167 of segment E
(HLREESR166R167YYPSG) were changed into GIn (varkaim Table 1), resulting in a much decreased
amphiphilicity of the segment (Figs 1E and 2E)coliRP41 ancE. coliSP1097, which each produce a
thermosensitive (42°C) PBP3, were used as hostottuce the wild-type PBP3 and the R166Q;R167Q PBP
mutant from properly engineered pUCBMR§6l vectors (se&xperimental procedures)he transformants
harbouring the gene encoding the wild-type PBP®/gre rods at 30°C and at 42°C in Luria-Bertani (LB)
medium supplemented with 50 pghampicillin. The transformants harbouring the geneoding the
R166Q;R167Q PBP3 mutant grew as rods at an unctiaatgeat 30°C. At 42°C, they grew as filaments for
about 2 h (Fig. 5A). Hence, decreasing the ampligtlyi of segment E yielded a protein mutant whigas no
longer functionaln vivo.

E. coliLMG194/pLD139 transformants were then constructedhich the genes encoding the wild-type PBP3
and the R166Q;R167Q PBP mutant were under thealafitthe RB,p arabinose promoter (s&xperimental
proceduresGuzmanet al, 1997), thus allowing the desired proteins to berproduced in a controlled
manner. The transformants each grew at a normahrat with a normal morphology at 37°C in LB medium
containing 0.2% glucose and 50 pg'rkhnamycin. When the cultures reached an optiaasiteof 0.8 at 600
nm, the cells were collected and then culturedBmhedium containing 0.2% arabinose for 1 h at 37Ti@&
transformants overproducing the wild-type PBP3 tlmage overproducing the R166Q;R167Q protein mutant
grew normally. Occasionally, transformants prodgdime protein mutant occurred in the form of smbHins.
Hence, the overproduction of the R166Q;R167Q pnataitant did not prevent the resident native PBBE& f
being functional.

To translate these observations into biochemicaidethe transformants grown in the presence dfimoae for
1 h at 37°C were spheroplasted and the isolatesiralanembranes were analysed by Western blot with
polyclonal anti-PBP3 antibodies. The R166Q;R1676gin mutant was overproduced in similar amountfio
wild-type PBP3 (Fig. 6A), showing that this doubtetation did not cause proteolytic susceptibilitiie
membrane-bound R166Q;R167Q protein mutant wase¢kamined with respect to its ability to biritH]-
benzylpenicillin. It failed to bind penicillin (FigB).

The N129-R135 segment D and N206-V217 segment F

Segment F is located at the surface of one suggrabthe non-catalytic module. It has strong ampticity
(Fig. 1F). Arg210 and Arg213 of segment F (ERIVRRIDR213YGRYV) were changed into Gin (variant 6 in
Table 1), causing a much decreased amphiphiliity. 2F).E. coliSP1097 and RP41 were used as hosts to
produce the R210Q;R213Q PBP mutant, as describmcedbr the R166Q;R167Q PBP mutant. The
transformants harbouring the gene encoding the QE ED130Q PBP3 mutant grew at 30°C at a reducecasate
mixture of rods and filaments. At 42°C, they stagphgeowing and they underwent conversion into long
autolysing filaments (Fig. 5B).

E. coliLMG194/pLD139 transformants overproducing the R2;R%13Q PBP mutant under the control of the
Psap arabinose promoter grew at a normal rate with nbmaaphology at 37°C in LB medium containing 0.2%
glucose. Upon transfer of the cells into LB medicmntaining 0.2% arabinose, the transformant stopped
growing and the cells underwent conversion intg@lélaments, indicating that the R210Q;R213Q protei
mutant prevented the resident wild-type PBP3 fraimgd functional.

As derived from Western blot analysis of the plasnganbranes isolated from transformants grown in the

presence of 0.2% arabinose for 1 h at 37°C, thé®dRZR213Q protein mutant was produced in amountgynea
similar to that obtained with the wild-type PBP3g(F6A). The protein mutant bound penicillin (F&B), and its
thermostability and affinity for penicillin werersilar to those of the wild-type PBP3 (second-ondée constant
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of penicilloylation 500 Ms™ at 30°C).

The substitution of Val for Asp58 in segment B loé (R210Q;R213Q PBP3 mutant gave rise to a PBP3ninuta
(variant 7 in Table 1) which was no longer toxitiSTwas analysed after transformatiorEofoli XL1 blue

with the proper pUCBM2@! recombinants (seexperimental procedurgsAt 37°C, in LB medium, the
transformants producing the double R210Q;R213Q PB&ant grew as a mixture of rods and filaments,
whereas the transformants producing the triple DB210Q;R213Q PBP3 mutant grew as rods.

Segment D is located at the surface of the othgairsiong of the non-catalytic module of PBP3. Atamace
with segment F, segment D has low amphiphilicitig (ED) and, presumably, low interaction potentidie
Lys133-Ser mutation did not affect threvivo functionality of PBP3, although the hydrophobic nesrhplot of
the mutated Lys133Ser segment D fell outside theffuegion (Fig. 2D).

The P290-D301 segment G, Q319-N326 segment H ab@tR412 segment |

Segment G, H and | are located within the acylsfenrase module. The K291S mutation of segment &, th
Arg324GIn mutation of segment H and the Asp409Alaation of segment | resulted in a displacemerhef
hydrophobic moment plot outside the cut-off regibrgs 1G-I and 2G-1). The mutations Lys291Ser and
Arg324GlIn did not affect thim vivo activity of PBP3 (as measuredfisl null E. colistrain EC548). Likewise,
and as shown by Goffiet al. (1993), the mutation Asp409Ala was neutral.

Fig. 5. Complementation activities of (pUCBM20/ftsl) pladséncoding the wild-type PBP3 (WT), the
R166Q;R167Q mutant (A) and the R210Q;R213Q;PBPam(B). The strain SP1097 was used as host (see
Experimental procedures). The cells were observetkuphase-contrast microscopy.
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Fig. 6. SDS-PAGE analysis of the purified G57-V577 PBR8ntlembrane-bound wild-type PBP3 (WT) and the
R166Q;R167Q and R210Q;R213Q PBP mutants isolated E. coli LMG194/pLD139 transformants. The
samples were labelled with 100 pRH]-benzylpenicillin before fluorography. Polyclonantibodies directed
against PBP3 were used for immunoblotting.
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Discussion

The divisome encompasses the cytosol, the plasmara@e and the periplasm and its global functido is
build the septum at mid-cell during cell divisidrhe M1-V577 class B PBP3 &. coliis an essential
component of the divisome. It was proposed thapt@idoglycan crosslinking activity of the D237-¥bacyl
transferase module of PBP3 might be regulated &éws#sociated amino terminal polypeptide itselhirriaction
with other components of the morphogenetic complére main result of the experiments presented alsove
that the M1-1236 polypeptide chain of PBP3 is melyi designed to work in the way that was suggedtecke
regions of this polypeptide are endowed with dettspecific functionalities.

Segment B is located on the peptide chain thaslthk transmembrane anchor and the non-catalytitul®o
Substitution of Val for Asp58 of segment B giveserto a PBP3 mutant (variant 4 in Table 1) whictdbi
penicillin but is not functional, and the same gitibson abolishes the toxic effect of the S307Atation
(variant 3 in Table 1). Segment B, however, isthetonly structural determinant involved in thisalécation
process. The toxic effect of the S307A mutation alsn be abolished by substituting the uncleavidgrotein
signal peptide for the genuine M1-G40 sequencé®S307A PBP3 mutant (variant 8 in Table 1) (Hoblleain
et al, 1985). Moreover, the PBP3 mutant obtained by sultisty the Lpp signal peptide for the M1-G40
segment of the wild-type PBP3 (variant 9 in TabhléHouba-Heriret al, 1985) and the OmpA signal peptide-
transported, membrane anchor-less and water-safibleV577 polypeptide chain (variant 10 in Table 1)
(Fraipontet al, 1994; Goffinet al, 1996) each bind penicillin, lack cell septationiatt and can be
overproduced without causing detectable toxic ¢sfddence, elimination of the membrane anchor d?®Bnd
proper alteration of segment B (the D58V mutatiea¢h prevent the corresponding, non-functionalgimot
variants from competing with the wild-type PBP.

A straightforward interpretation of these resudtshat the F24-Q66 sequence, which comprises thebname
anchor and segment B, plays an important roleaémtioper orientation and positioning of PBP3 duitag
insertion within the divisome at the cell septatsite. In previous studies, the F24-G40 transmengsg@gment
was identified as an essential determinant focgleseptation activity and proper localizationRBP3 (Weiss

et al, 1999), and the M1-D56 sequence was shown not tedugred for proper folding of the acyl transferase
module (Goffinet al, 1996). One may note that the role that the cytogall M1-R23 and segment A may play
in PBP localization remains uncertain (Wei$sl, 1999).

The R71-G75 motif 1 and overlapping 174-L82 segn@nthe R167-G172 motif 2 and overlapping H160-G172
segment E and the G188-D195 motif 3 each fall withe core of the non-catalytic module of PBP3hat
intermodule junction. Altering the H160-G172 segtierfand overlapping motif 2) in a way that decessathe
amphiphilicity of the segment gives rise to a R1@®{%H7Q protein mutant (variant 5 in Table 1) whiatks

cell division activity, lacks penicillin-binding pacity and lacks toxicity, i.e. to a protein mutaftose F24-Q66
peptide segment is no longer capable of targetiad®BP within the divisome and D237-S588 acy! fienase
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module is no longer capable of binding penicilifence, segment E and the overlapping motif 2 ptay a
important role in module-module interaction and/ontain an essential folding information for theiren
polypeptide chain. Similar roles were previouslyilatited to the 174-L82 segment C and overlappirdiid
and the G188-D197 motif 3. As shown by Goffinal. (1996), substituting Asn for Asp76 of segment Qrigwa
11 in Table 1) yielded a protein mutant which bopedicillin and had cell septation activity. Thisitation did
not modify the hydrophobic moment plot of the segh{€ig. 2C). Yet, the D76N PBP3 mutant had a desed
thermostability. In turn, substituting Asp or Asar Glu193 of motif 3 yielded protein mutants (vat®12 in
Table 1) that were so unstable that they couldordsolated from the producing transformants (Ga#fial,
1996).

A straightforward interpretation of these resultshiat segment C and overlapping motif 1, segmearide
overlapping motif 2 and motif 3 form, within therecof the non-catalytic module of PBP3, an integplat
structure-folding information ensuring that PBPguices its proper conformation for cell septatictiaty.

The E206-V217 segment F is located at the surfhoe® of the sugar tongs of the non-catalytic meadil
PBP3. Altering segment F in a way that decreaseanfiphiphilicity gives rise to a R210Q;R213Q PBR&ant
which has the sania vitro activities as the wild-type PBP3 (variant 6 in Teat). However, it lacks cell
division activity and, in addition, it has the satogic phenotype as the S307C and S307A proteimntsit This
toxic phenotype indicates that the F24-Q66 pem@gment still targets the R210Q;R2130Q PBP mutattiteto
divisome. Consistently, the D58V mutation in segtrig@abolishes the toxicity of the R210Q;R213Q deubl
mutation. Hence, segment F is not involved in tiidihg of PBP3 nor in its positioning within theviiome.
Rather, segment F plays a key role in the funatigrf the PBP within the fully complemented divisam
presumably by providing an essential site for etéipn with other components of the cellular maehifhe
partner(s) possibly involved in these interactioer®ain(s) unknown. FtsW (an integral membrane prjte
FtsL, FtsN, FtsQ, PBP1a and/or PBP1b are plausdnieidates.

The results of the experiments presented abovedalserve additional comments: Segments B, C, B-asfdhe
non-catalytic module of thE. coliPBP3 are involved, one way or another, in intrafanghterprotein
interactions. They are regions of the protein inclwtihe hydrophobic residues align mainly at onle sif the
structure, eithea or 3, and, at the same time, show a low hydrophobigiteir mean hydrophobicities are
smaller than -0.5 and they contain two (segmenttBge (segment C) and five (segments E and F)aatid
residues whose mean hydrophobic moments are gtbatef.5. In contrast, segment A in the cytosajnsent
D of the non-catalytic module and segments G-hefacyl transferase module of PBP3 are functiomaily
important. Their mean hydrophobicities are alsolenthan -0.5. Segments A and D have no amino acid
residues and segments G and | have only one amidoesidue whose mean hydrophobic moment is greate
than 0.5. Segment H, however, has two amino asidues whose mean hydrophobic moments are gréater t
0.5. Amphiphilicity is not the sole parameter gawueg protein-protein interaction; shape and acbdggiare
also involved. Moreover, the <u> vs. <H> predictimethod does not take into account possible hydroich
interactions.

E. coliPBP3 has no transglycosylase activity (Adetral, 1997). One has to assume that during syntheskseof t
septal peptidoglycan, PBP3 works in conjunctiorhwibe class A PBP, PBP1la or PBP1b or both. The élas
PBP(s) would manufacture and, to some extent, kimkgseptidoglycan primers that would be used by dlayl
transferase module of PBP3. Inactivation of th@sktletal FtsZ irkE. coliis associated with a significant
change in the length distribution of glycan straimlsewly synthesized peptidoglycan, with a shifinfi long to
short chain lengths, indicating a link between Fasd at least one class A PBP (Ishidztal, 1998). One may
also note that the class A PBP1Bzcillus subtiliswhich is an orthologue of PBP1 a or PBP1 Eotoli,
localizes at the division site and is a componétie divisome in this organism (Pedersgml, 1999).

The class B PBPs are endowed with multiple funétiitias: inE. coli, PBP2, a paralogue of PBP3, is involved
in wall expansion and cell shape maintenance. Magifd overlapping segment C, motif 2, and mo#&had
overlapping segment E of PBP3 are conserved featfrihe class B PBPs, suggesting that these stalct
features have similar functional properties incldlss B PBPs, irrespective of the roles that tiR&es play in
cell morphogenesis. In contrast, the membrane ansbgment B and segment F of PBP3 are not assdciat
with conserved motifs, suggesting that they areifipeo PBP3 and, by extension, to other cell aéph class B
PBPs.
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Experimental procedures
Bacterial strains, vectors and growth media

The bacterial strains and vectors used in thisystneE. coliK12 derivatives. They are listed in Table 2. The
bacteria were grown in Luria-Bertani (LB) mediunpplemented with ampicillin (100 pg Mlor kanamycin
(50 pg ml* for multicopy plasmids; 20 pg fhfor a mini-F plasmid), chloramphenicol (10 ug%nand/or IPTG
(0.5 mM), when appropriate.

Constructions of PBP3 variants

Theftsl gene cloned in the pUCBM20 vector in the oppositeation to thdac promoter (Goffinet al, 1996)
was used as a template for mutagenesis using tiek Qhange Site-directed Mutagenesis kit from &gane.
The following oligonucleotides were used: 5'-CGCABRCCAAAATCC CAGGAAGAACATGCC-3' and its
complementary strand (R12S mutation); 5-TAACGCCANTEGTCASGGCGCTTTATTTATCTGG-3' and 5'-
AATAAAGCGCCCGGACGGGTTGGCGTTAATGC-3' (K133S mutation); 5'-ATC-
TGCGTGAAGAGTCTCAACAATACTATCCGTCCGG-3' and its conghentary strand (double mutation
R166Q;R167Q); 5-GAGCGCATTGTGCAAAAAGACCAATATGGT-CGET-AA-3' and its complementary
strand (double mutation R210Q;R213Q); 5'-CTGAGCG@&GEL CGTCIAGGCGATGCGTAACC-3" and its
complementary strand (K291S mutation); 5'-CGTGGCGITGCAGGAAAACTEGG-3' and its
complementary strand (R234Q mutation); 5-GGTGAAABBGCGTATGCGTTCTCTTCGCG-3' and its
complementary strand (triple mutation D58V;R210Q1RQ). After mutagenesis, plasmids were prepaiad fr
randomly picked transformants. The mutated clone®wdentified by sequencing tfisl genes. Thé&lcd-Sadl
fragment containing the R12S mutation was excisah pUCBM20ftsI recombinants and inserted into the
corresponding sites of pUCBMZt¥1. TheSadl-Pst fragment containing the K133S mutation was isolated
from the pUCBM20itsl recombinant and inserted into the sites of pUCBM2I0 ThePst-EcoRI fragment
containing the K291S or R324Q mutation was excfsath the pUCBM20ftsl recombinant and introduced
between the corresponding sites of pUCBM20/TheSad|-Pst or Sadl-Kpnl fragments containing double
mutations were then excised from pUCBM#2)/ecombinants and inserted into thad! -Pst sites of
pUCBM20fts| or Sadl-Kpnl site of pLD139, a plasmid carryiritsl gene under the control of the arabinose
promoter (Guzmaet al, 1997). The pUCBM20is| recombinants were used for complementation astays,
pLD139 recombinants for protein overproduction andlysis.

Mutant D58V;S307A (variant 3 in Table 1) and mutB58V (variant 4 in Table 1) were isolated as foto (i)

the N-terminal module of PBP3 was mutagenizedrmuD mutator strain KD1067 and then combined with the
S307A acyl transferase module underldepromoter of pUC19; (ii) the mutation that reversieel dominant
lethal effect of the S307A mutation in the preseoic@.5 mM IPTG was selected, and the D58V mutatias
found among such intragenic suppressors (variamif@ble 1); (iii) the N-terminal module contaigiD58V

was then combined with the wild-type acyl trans$eranodule on pGB2 vector (variant 4 in Table 1).

Variant 1 (Table 1) was constructed by cleavingftslgene on pIN-11-B2 vector witPst, filled with T4 DNA
polymerase and religated. The resulfigsitgene codes for a polypeptide M1-R239, followed igheresidues of
unnatural sequence.

Molecular biological procedures
Standard techniques were used for cloning, DNAyais| PCR and transformation (Sambratlal, 1989).
Overproduction of the PBP3 derivatives

E. coliLMG194 harbouring pBAD18, pLD139 or pLD139 deriwes carrying varioufisl mutants were grown
at 37°C in LB medium containing 50 pghkanamycin and 0.2%-glucose to an optical density of 0.8 at 600
nm. To induce the production of PBP3 derivativas,dulture (5 ml) was centrifuged at 30@fdr 10 min and
the cells were suspended into 10 ml of LB/kanamyeédium supplemented with 0.2% of L-arabinose. The
growth was maintained for an additional hour at@7Fhe cells were spheroplasted (Fraipetral.,1994) and
the isolated membranes were stored at -20°C inMIGnis-HCI, pH 8, 10% glycerol.
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Table 2. Bacterial strains and plasmids.

Strains or plasmids Relevant genetic marker(s) or feature(s) Reference

Strains

LMG194 Aara7l4 Guzmaret al.(1995)

SP1097 ftsI” (Ts) Taschneet al.(1988)

RP41 ftsl2158(Ts) del Portillo and de Pedro

(1990)

KD1067 mutD Degnen and Cox (1974)

JE7947 Aftsl::cat recAl Haraet al. (1997)

JE7611 ftsl (Ts)recAl Houba-Hériret al.(1985)

EC548 AlacX74 galE galK thi rpslAphoA Pvilil ftsl::Tn phoAI17AIS50R Weisset al. (1999)
(Kan)/jpDSW262

Plasmids

pUCBM20fts| Amp' Goffin et al.(1996)

pBAD18-Kan Arabinose Bap promoter, Kah Guzmaret al.(1995)

pLD139 ftsl under the control of arabinose Guzmaret al.(1997)
PBAD promoter

pGB2 Spé, pSC101 replicon Churchwardet al. (1984)

PINII-B2 PpeePLac, Ampr Masuiet al. (1983)

pHR295 lacl® ftsl under the control of Rac promoter operator, KanF Haraet al. (1997)
replicon

Complementation assay

The pUCBM20its| recombinants (producing variants 5 and 6) andtmrol plasmids were used to transform
the thermosensitive PBP3-producigcoliRP41 or SP1097. Transformants selected for amnipicékistance at
30°C (Goffinet al, 1996) were grown at 30°C or 42°C in liquid LB medisupplemented with 50 pg hl
ampicillin.

Thein vivoactivity of R12S, K133S, K291S and R234Q PBP3 nistaras tested in strain EC548 that has a
transposon insertion in the chromosofitsiigene and a wild-type copy under the control ofarabinose
promoter in plasmid pDSW262 (Weistal, 1999). The complementation was made in liquid LBl
containing 0.2% glucose, kanamycin, chlorampheraool ampicillin at 37°C.

Cell septation activity of the D58V mutant (varid@nin Table 1) was examined by introducing the iplialsinto
anftsl deletion strain JE7947 that carries wild-tyffst under the control of the lactose promoter on pldsmi
pHR295. The M1-R239 truncated PBP3 (variant 1) prasluced into aftsl (Ts) strain JE7611 harbouring F'
lacl? and examined fain vivoactivity at 42°C.

Penicillin binding, thermostability and Western thilog

The level of production of the wild-type PBP3 aiR210;R213Q) PBP3 mutant was estimated by sodium
dodecyl sulphate-polyacrylamide gel electrophoré8BS-PAGE) of membrane samples labelled with 0
[*H]-benzylpenicillin (18 Ci mmot; Radiochemical Centre, Amersham, UK) and then bgrassie blue
staining and fluorography of the gels (Fraipenal, 1994). The values of the second-order rate conkédabf
penicilloylation were determined as described presfy (Adamet al, 1997). The thermostability of PBP3
mutant was analysed by maintaining the membraneBXonin at various temperatures from 30°C to 527l
amount of PBP3 left in active form was estimated’bi}-benzylpenicillin labelling at 30°C, as measusdtér
SDS-PAGE and fluorography. The level of productiéithe R166Q;R167Q PBP3 mutant was estimated by
immunoblot after SDS-PAGE. Immunodetection wasqrentd with polyclonal antibodies directed against
PBP3 according to the protocol of Bio-Rad. Thegenirantibody complexes were detected with alkaline
phosphatase coupled to goat anti-rabbit IgG.

Prediction of interaction sites
Interaction sites were predicted on the basis atspdf mean hydrophobic moment <p> vs. mean hydrojgity

<H>, constructed according to the algorithm of Biserget al.(1982). These values were calculated with a
seven-residue window and a gyration angle of 108 the angle spacing two consecutive residuesrobd in
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the direction of the helix axis), correspondin@to-helix conformation. The consensus hydrophobiaigles
(Eisenberg, 1984) was used for the calculations.

Structure ofS. pneumoniad®BP2x anckE. coliPBP3

The PDB file of PBP2x protein structure (PDB 1 pfif&) contains only the &€co-ordinates (from Arg76 to
Asp750). A model including all atoms of the proteias calculated using theoDELLER 4 program (Sali and
Blundell, 1993) and theCatom co-ordinates. This software uses homologyatfiad to predict three-
dimensional structure by satisfaction of spatiatnagnts. The calculated structure had only 53%hef®,¥)
angle pairs in most favoured and additional allowesglons of the Ramachandran map, as plotted with
PROCHECK(Laskowskiet al, 1993). Ther-seEAprogram (Labesset al, 1997) was used to predict secondary
structures from the €co-ordinates. These data were introduced as @mistin a new computation with
MODELLER. The final model contained 74% ab{') angle pairs in most favoured and additional afldwegions
of the Ramachandran plot. The root mean squaratiewvi(RMSd) between thesGtoms of the PDB file and
those of the calculated structureNgDELLER was 1.6 A. This supports that the calculated mof®BP2x is
very similar to the crystal structure. Compariséthis model of PBP2x with a model of PBP2x thaswa
computed using theAax sProuTprogram (Holm and Sander, 1991, 1992; www2.ebilddali/maxsprout)
provides a RMSd value of 1.2 A, taking into accotivetatoms of both backbones.

FromMODELLER 4, the computed structure of PBP2x (from Arg76 ¢0634) was used as template to predict a
three-dimensional model of PBP3 (from Arg71 to idlh The PBP3 and PBP2x sequences were aligned with
CLUSTALW (Higgins and Sharp, 1988). The calculated struadfifeBP3 had 82% of itsh(¥) angle pairs in

most favoured and additional allowed regions ofRlaenachandran map, as plotted vAiHOCHECK The overall
conformation was very close to that of the PBPBxcstire (except that PBP3 has no carboxy-termircalute).

All graphic visualizations were performed usingimMGM software (Rahman and Brasseur, 1994) fedninitio
Technology.
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