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“.determinatlons on "soluble" 1n v1tro synthe51zed peptldoglycan 1ndicated

[4

ABSTRACT

- ' \a\ ’ : i A . S
Membrane suspen51ons were prepared fﬂém stationary-phase cells

of Micrococcus‘sodonensis and were capable. of cdrrying out transglycos~

)

1dat10n when supplled Wlth UDP ~-MurlAc- -pentapeptide, UDP GlcNAc, and .,

S
s

‘appropriate cofactors The peptldoglycan produced “in these assay .systems

_could‘be completely digested by lysozyme, but wasvuncrosslinked as
determined by.its insenSitivity to'cephaloridine and the ahsence-of .

v Ty
. |

,"release of frée alanine. Tne peptldoglycan product was non—homogeneous.

and, con81sted of 76 percent “$oluble” and 24 percent "1nsoluble" material.

.ﬁSoluble“ peptldoglycan was primarlly of small molecular wedight s 5?<

?

although some large mol?bular welght materlal was present ‘"Insoluble".

peptidoglycan was found -to be 1nsoluble by v1rtue of 1ts nOn—covalent.

R

attachment to membrane fraamepts, 81nce 1t -eould be solubillzed by:*

butanol extraction; Thls materlal conslsted of approx1mately equal
(=% .

‘amounts of large and’small molecular welght spec1es. Molecular weioht

1

'that the small molecular welght material (20 OOO daltons) conslstea of

" from ‘the transglycosidase reactio

’uniform llnear glycan strands made up* of abOut 20 disaccharlde—peptlde

units while, the- large molecular welght mater1a1 (70 000-130, OOO daltons)

7

- was a mixture of glycan strands ranglng from 74 sto greater than 130

' disaccharlde—peptlde units ia length : o o ’

/‘- Statlonarydphs e membr"pe suspen51ons also’ contalned a pyro— .

. ! -~
phosphatase act1v1t whlch was e

mixture. ThlS enzyme degraded the

elevated levels of lipid llnked P- P4MurNAc peutapeptfde which- accumulated

iy

- o . ’ ’ )
K ] ) ) . L ) . ) B . /‘
) . - “y o . ! . .

[

ressed only when UDP GlcNAc was omitted

[



i

_amounts z

N

" when peptidoglycan biosyn%@gsis~was interrypted. - The products of this

- ‘ . . B . U

enzyme are; MurNAc—pentapeptlde and UMP . Ca .

Neither transglycosidase nor pyrophpsphatase act1v1t1es could

be SOlublllzed except to a llmlted degree 7' N

C o

Membrane suspen31ons prepared from exponentlal phase cells
1

of M. sodonensis contalned not only transgly osidasc «nd pyrophosphatasey

~

actlvitmes, but also a third"énzymatic activ

——

an N—acetylmuramyl—
' 1

L elanlne amldase which hydrolysed the substltuent .pe! tapeptide from

—

ey . .
'the cell wall fractlon of exponential—phase cells but 1n Splte

o= ;blo, ehe eazyme did - 1ot appear to be autolytlc 1n the 1ntact cell

6 N

v

Amldase aetlylty could be read]ly solubiljzed from both the\cell membrane
SR g ' R
and\eell wall preparat;ons by LiCl extraction Gel flltration analysé\‘“\-‘~4.

e of cell wall and cell membrane derlved amldases indlcated both to have T

‘a moleCular welght greater than l§b OOO daltons.
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: INTRODUCTION
..' . : ) \.\A:_
The chemical comp031t10n of bacterlal cell walls together with

~the biosynthetic mechanisms responsible for their syntheSis have been

7-_; . underg01ng intens1ve 1nvest1gation for the past gwenty years, Cell
RS

‘a .
walls are the essential structural components of bacterial cells which '

function 1n the malntenence of cellular integrity in hypotonic enV1ronments.

Peptid001ycan is the component of the cell wall which 1mparts stlength
o . '
and rigidity to Eh__structure Cell walls of Gram-p031t1ve10rganlsms \\S

have very thick peptidoglycan layers comprising 50 to 90 percent of the dry ~‘
R
weight of the wall and are capable of containing intracellular osmotic ’ '

~
pressures as hlgh as 25 atmospheres 1n some ‘cases (Mltchell and Foyle

’

1956) " Cell. walls of Gram—negative organisms characteristically have
( less peptidoglycan (5 to 15 percent of. the dry weight of the walJ) and

are correspondingly weaker than thelr Gram-p081tlve counterparts, sustaining

max1mum 1Ptracellular osmotic pressures of only 5 to 6 atmospheres R *\;MT
(Maudelstam 1962)
Non—peptidoglycan components of Gram-positlve cell walls tvpically

'con51st of tech01c acids and polysaccharides as well as small amounts of

}

protein and. lipld The ekact organization of these non—peptidoglycan

components w1th1n the cell wall is not knownH‘ The Gram—p051tive cell

-Wall appears hbmogengpus and undifferentlated upon electron mlcroscopic
‘ekgmination. In some organisms, techoic aclds are.known to be synthe51zed
-bin close proxlmity o peptidoglycan and\the two polymers are covalent y
;crosslinked at the time of synthe51s (Glaser, 1973) 'These techoic acldr

would be interspersed throughout the - ll wall., Some polysaccharides

are also covalently attached to the- pcptidoglycan butain:other instances

T o=

.‘ ?lé
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;where'COValenthattachment does not "exist the polysaccharides are still’

' integrated throuéhOut the cell wall and ‘can not be renoved except by o

' enzymatic degradation of the ,peptidoglycan network (Johnson 1971)

Both. techoic ac1ds and polysaccharides frequently contribute to the anti—b
genicity of the bacterial cell and as such they must exist at and may
’pos31bly predominate at the external surface\bf the cell wall (Johnson,
11971 Braatz and Heath 1974) Gram—negative cell-walls are mdre»complexh
than Gram—p031t1ve cell walls, g1v1ng a layered appearance upon electron’

. microscoplc observation. In addition to the thin band of peptidoglycan :
which lies adJacent to~the/éell menbrane, the walls also contain hlgh

" levels of lipid din the form of 1i poprotein and lipopolysaccharide. ‘The -

outer double track 1ayer, characteristic of Gram—negative cell walls, is

a membrane~11ke structure composed of llpopolysaccharide. Thls outer

(% . e

double track layer provides some structural support‘for the cell but

S

it also forms a partial permeability barrier which results in the decreased /

sensitivity of these cells to many. antib‘otics and. peptidoglycan deorading

enzymes (Tseng and Bryan, 1974).

Since the cell wall is a necessary structural component for all

’

' bacteria w1th the exception .of Mycoplasma, L—forms, ‘and some halophlles,
and because there is no eucaryotic system which contalns peptidoglycan,
‘aﬁllblotlcs whichlprevent cell wall formation by 1nterruptiﬁg peptldo-x‘
‘glycan. synthesis have become valuable chemotherapeutic agenrs Elucidating
the mechanisms of action of these antibiotics first requlred a full :

understanding of the sequence of reactions involved in normal peptidO*

"glycan biosynthe51s. One approach to this problem involved the isolation '

f.»and chemical characterization of cell wails from a wide range of organisms..

A S
1\4 . . .

@
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This first became possible in 1951 when Salton and Hor e described a

-

technique for isolating bacterial cell walls (Salton and\Horne, 1951) s>

'After extensive purification to remove contaminating cellular material
the ' peptidoglycan comp031tion of the- cell wall preparation was. determined '

' using a variety of specific chemical assays. Arrangement of the constituent

[

hexosamine and amino ac1d re31dues was then determined elther by partial

. o~

*acid hydroly51s, or by enzymatic degradation u31ng cell wall lytic enzymes,
’ of known specificities (Schleifer and Kandler, 1967 Ghuysen "1968).

_Cell wall _structure has been so w1dely studled by these technlques that
, v !
- 1t is now proposed as a- taxonomic criterion for cla581fying and identifylng

unknown mlcroorganlsms (Schlelfer and Kandler 197?) P0551ble sources‘!P
x. ". . .
" of error in- such an approach have been p01nted out by the findlngs that '
S .
while peptidoglycan structures do appear to be species Specific, they

"can change both in chemical compos1tion and in phy51cal arrangemevt when

-
P

_exposed to changv- in the growth meédium (Johnson and Campbell 1972

Hammes et al,, 1(73 Hilderman and Riggs 1 1973).:
The eluc1dation of peptidoglycan structures for a range of
,imicroorganisms 1nd1cated that certain aspects of the structure are unlversal

’while other characteristics differ markedly from one species to another.

stll peptidoglycan types con81sted of a linear glycan backoone made up {'

-

| &of repeating sequences of N—acetylmuramic ac1d and N—acetylglucosahlne
re81dues.~ ‘The averagevlength of these glycan strands differed from one
organism to another but lengths in the range of 6 to 12 disaccharidelunits/.

; were: typically found (Ward 1973 Higgins and Shockman 1971) The muramic.

acid residues of glycan chains carried short substituent peptides containing

4 or 5 amino acids of both D and L configurations.; AdJacentbpeptidoglyoan‘ -

L ol Lo -
& 5 v

L
&



strands were jOined together by means - of these substituent peptides .

'f*The linkage could be direct or it could i?volve the intervention of a. .‘\\\.

‘w.f .f}q s

'crossbridging peptide which in turn JOined the,xwo substituent peptideé

was the amino acid composition of these substituent aﬂd rossbridging
“i °L

peptides which gave rise to. inter -species differences (Ghuysen 1968
Petit et al. al., 1966 Munoz et al., 1966) The uniformity of the ‘basic
‘peptidoglycan structure suggested that a gommon mechanism of fq_mgzi

might exist for all bacterial speCies With minor variations resulting in

!

different’ peptide comp031tions and ‘modes of crossbridging. \i : ‘

=

The study of the biosyntheSis of peptidoglycan was 1nitiated

5.

by the work of Park who discovered the presence of an intr a lar complex v

’uridine nucleotide containing N—acetylmuramiq acid and five .amino ac1ds

(Park l952a ‘1952b l952c) This comp0und UDP-N—acetylmuramic aci

,pentapeptide{(UDP~MurNAc—peutapeptide) accumulated in Staphyl coccus aureus

-

when expOSed to growth inhibitory concentrations of penicill n. ”he

-

amino ac1ds formed a pentapept -de With a sequence of L ax L= soglutamyl- :

VL lysyl -D alanyl-D alanine, which was JOlned to the N~anftyluu‘amic acil
. . _ /
residue by aomuramyl L alanine amide linkaoe. The accumulation of this

compound was correctly assumed to be. related to the inhibition of peptido—.

glycan biosynthe51s since the sugar—peptide portion of the nucleotide

W . . ‘
"so lesely resembled a portion of the peptidoglycan structure On this_
\

' basis, peptidoglycan b osyntheSis was postulated to be analogous to -
.extracellular polysaccharide biosyntheSis which takes place by transfer

'of monosaccharides from nucleotide diphosphate donor molecules (Leloir,

‘1965) Peptid&glycan biosyntheSis appeared to involve the assembly of

»

preformed Sugar—peptide subunits which were synthesized intracellularl§.’

. o ; . - A ‘- ; . ) . 3
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The synthetic steps leading up to the formatlon of UDP- MurNAc—
pentapeptide are mediated by soluble, 1ntracellular enzymes, and as
such they were‘amenable ‘to conventional methods 1nvest1gation. D cycloserine,’

an antlbiotic -which interrupts the synthes1s of UDP—MurNAc pentapeptlde,
[

made possible the 1nd1v1dual study %f some of the synthetic steps involved.

D eycloserine is believed to competitively 1nh1b1t alanine racemase, the

enzyme needed to produce D alanine, and D alanyl D alanine svnthetase, the

v

enzyme which forms the C terminal dipeptide ~ Both enzymes are affected
presumably because of a conformational 51milarity between D cycloserine
and the normal eubstrates (Strom*nger et al. 19§9; 1967). UDP-MurNAc—

pentapeptlde was first successfully synthesized in v1tro using crude enzyme‘

- extracts from S. aureus and more recently from Escherlchia coli and Bac1llus

subtilis . (1to and Stromlnger, 1964 Ito et al., 1966; Lu%tenberg, 1972

Egan-et al., 1973) The peptlde portion of the _Precursor prepared from

the latter “two organisms has diaminopimelic acid replaclng lys.ne, a

i.

- di?terence reflected in- the peptidoglycan structures of the organisms.

- Alternative in vivo methods for producing UDPeMurNAc-pentapeptide
‘include the_exposure of cells to growth 1nh1b1tory concentrations of
{ ; ] . o s

vancdnycin. ’Vancomycin like pen1c1llin, prevents peptldoglycan blosyn-A

thesis but vanCOmyc1n 1nh1b1ts at an earllergstep in the synthetic sequence'

and as a result UDP~MurNAc—pentapept1de can be accumulated in. a' wide range

of species, some of which do not respond to penicillin (Lugtenberg et al.
: . S

' 1971)1 The most successful method of . promoting 1ntracellular accumulatlon ;.

S l. of UDP—MurNAc-peaﬁapeptide relles on "the deprivation of dlvalent catlons

\

by means of a chelating agent. All of the membrane bound -and extracellular

‘steps of pept1!oglycan biosynthesis have an absolute requirement'for : ’_,'7'
- : e B o St
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Mg and can not proceed in_its absence.’ Since this method is not depen—

T e

dent on the sens1t1v1ty of a given organlsm to an antlblotic, it is

effectlve for an even wider range of spec1es (barrett 1969).

Examinlng ‘the conver51on of UbP~ MquAc pentapeptlde to
peptldoglycan was a much more complex problem than examlnlng its synthes1sh
It involved following the passagé of thlS precursor through the membrane
and its assembly and organlzatlon into a compley 1nsoluble structure
The enzymes medlatlng these reactlons ‘are partlculate and not erposed

to normal 1ntracellular control and regulatory mechanlsms Detalled
analy51s of these later steps of peptldoglycan blosynthesls became pos51ble
,&: h

with the deyelopment of an 1n vitro assay system from S. aureus capahle

...of synthe5121ng peptidoglycan (Weadow et al al., 1964 ChaEferJee and Park

1964) UDP-MurNAc—pentapeptlde was an eSsentlal substrate for. thlS in

RN

‘vitro system ‘but’ synthesis of.peptldoglycan.was also dependent on the

simultaneous addition of UDP—N acetylglucosamlne (UDP GlcNAc) -Controlled

’productlon of the UDP—MurhAc-pentapeptlde precursor allowed lncorporatlon

of spec1fic, radloactively labelled components, making the in vitro assay

systems more sensitive and convenient to use. Ih each case the UDP MurNAc—

av

pentapeptlde was prepared from the same or a’ related organlsm used to "\,
':produce the partlculate enzymes. This ensured that the Substltuent peptlde

composition of the nucleotide precursor corresponded w1th the spec1f1c1ty
Rt

~

- of the enzymes’ involved. Modified peptlde sequentes whlch do not eccur

naturally have been prepared abiotlcally by SOlld phase synthes1s (Nleto

and Perklns, 1971) These synthetlc compounds can serve as Substrates
e} ’ B e N

‘or inhlbitors in some in vitro atsay systems
As well as the apprOpriate.substrates,'igyvitro assay systems

'
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. .
also required a’ source. of the particulate enzymes involved in peptido—
. glycan biosynthesis. A suspension of - isolated membfane fragments has
N

most commonly been used but the peptidoglycan synthe51z ability of

N

these membrane fragments was found to be strongly 1nflucnccd by the
method of cell breakage used 1n preparation of the membranes\ Grindlng
' whole cells with alumina 1n a mortar and pestle was successfully uSed to

prepare membrane; suspen31ons capable of synthes121ng peptidoglycan from

S. aureus ‘and M1cr0coccus lysodeikticus (Anderson et al {?65 1967)

i When membranes were prepared from cells broken by ultrasonic v1brat10n

or by shaklng w1th glass beads, the reSulting membrane fragments could

not Synthes1ze peptidoglycan unless the in zitré_assay system was supple—

,mented with pieces of filter paper (Chatterjee- and Park 1964 Anderson

. et al., 1965) The paper fibers prov1ded an insoluble matrix which helped
organize the particulate enzymes into an active arranoement.f Grinding

‘ shaking whole cells with’ é%astic beads also resulted in cell breakage:

B :

able to synthesize peptidoglycan w1thout

(

byt the membrane fragments were

the'filter paper support (Lugtenberg et al 1971)

Peptidoglycan synthe51zed by a- membrane based ii vitro: system

from §. aureus is a linear, uncrosslinked glycan polymer bearing substituent
peptides which retain all of the amino ac1ds present in, he nucleotlde
precursor.' Incorporation of GlcNAc and MurNAc—pentapepti e into pentido** o

glycan also results dn the release of equimolar amounts of- UDP, UMP, and

'“-inorganic phOSphate (Park and ChatterJee 1966) The first recognlzable

. step of in, v1tro peptidoglycan biosynthesis 1nvolves the transfer of
phospho-MurNAc—pentapept1de from the nucleotide precursor to a membrane

bound phospholipid which serves:as a carrier for transporting disaccharide—



"phosphate bond 6 Omitting UDP -GlcNAc from the in vitro assay system
' i

L . '
\ o -8~
N . N N .

Y . : ' "’, - b <l

. peritapeptide subunits acrOSS'the membrane. UMP is released at this stage

(Anderson et al., 1965; 1967) This carrier lipid wasvidentified as a

bSS isoprenoid aldohol, undecaprenol which is active in the monophosphate

-
form (Higashi et al., 1967). The phospho—MurNAc—pentapeptide becomes

attached to the phosphate reSidue in the carrier lipid forming a pyro—'

Al T
\\

completely prevents peppydqg.ycan biosyntheSis but’ formation of the MurNAc— B

H

ipid intermediate can stall take place. -

Pt

Bac1tracin is an antibiotic which interrupts peptidoglycan biosynthesis by.
preventing the formation of carrier lipid linked precursors. BacitraCin
and Ca2+ together form a complex With C55 isoprenyl pyrophosphate, the -
inactive form of the carrier lipid. The phosphatase which normally re-

generates CbS isopred§¥~p%rophosphate back to the active monophosphate

form cannot attack the complex (Stone and Strominger 1971 1972

Schechter et al., 1972) Since carrier lipids are present in limited ff-

amounts and require regexﬁration after each cycle of peptidoglycan biosyn~"

Aty ,u,

,thesis bacitracin rapidly depletes the supply of - active carrier lipid molecules.-

The second step of peptidoglycan biosynthesis-involves the transfer

of GlcNAc to the carrier lipid bound MurNAc—pentapeptide with the release,

- of UDP. A 6 l 4-glycosidic linkage joins the GlcNAc reSidue Ep the MurNAc

residue ‘to form the - completed disaccharide—pentapeptide subunit whichr
e

is still bound to the carrier lipid by the original pyrophosphate bond

“GlcNAc cannot be transferred from UDP GlcNAc to: the carrier lipid without

Y Ll

he prior attachment of MurNAc—pentapeptide. Modification of the substituentJ

"}peptide portion of the disaccharide—pentapeptide—P P—phospholipid inter— l

mediates take place at this stage in vivo. These modifications can also

9
P
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be produced in vitro by making additions to the reaction m}xtu:eiti;in v
M. iysodeikticus the substituent peptide 1is modified by the add? of a

"

-~

glyoine—residue to the free a carboxyl group. of glutamic acggﬂin a reaction'
requiring ATP (Katz g__al » 1967). The. formation of crossbridging

peptides can lso take place at this stage. . aureus has a: crossbrldging

-

's.
. oy .
peptide con31st1ng of five glyc1ne residues attached to the fnee € amino
ey

- oo
'groupxoﬁ 1y51ne. These glycine fesidues are incorporated by a, mechanism

totally different from the ATP\dependent mechanism offi M M \_Xsodeikticus
} Cl
' In S aureus glycine 1s activated as glycyl tRNA and then transferred tO»
g ,}7
the inbermediate w1thout

he part1c1pat10n of ATP The glyc1ne 5pec1f1c J

¥'<.

tRNA involved is distinct from the tRNA/used 1n protein synthesis and is

-

spec1fic for peptidoglycan synthe31s (MatSUhashi et al., 1967). v
R once modified, the disaccharide—peptideﬂsupunit'iiutransferrea
to;a’grow1ng peptidoglycan chain from the llpid intermediate.; Vancomycin
and ristocetln are functionelly related antibiotics which interrupt
peptidoglycan biosynthe51s bv inhibiting the transfer of disaccharide~‘r

. /
’ peptid subunits from t

carrier }ipid to the growing peptldoglycan

- strand. This inhibiti‘ makes 1t p0551ble to study the: formatkoa and-

3

ation'of lipid intermediates separately from the rest of»the

L

o - . Y
FAgN . -

. reac ions inVolved in 3e“tidoglycan synthe51s (Bordet and P rkins 1970

' Engtenberg : al., 1971) The accumulati6n of lipid 1ntermed1ates which

> ’

stems ﬁaon cxpOSure to vancomycin and ristocetin also

_rgé scale nroduction for puriflcation and analy81s..1

“.} . gl

_The.mode of action of these i _ibiofics is not yet kn0wn but they apparently

have a high affinity for the D alanyl-D alanine residues Lf the llpld

- “‘é""
o 1inked disaccharide pepgides (Bordet and Perkins 1970) R

AR
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The endogenous acceptor for the disaccharide— entapeptide,;
subunit was initially considered to, be-a growing point in - the Cellﬂwall
peptidoglycan (ngominger et al. 1967 Higgins and Shockman 1971)

Studies on the direction of peptidoglycan synthe51s have indicated that

4

p<-:‘dog§{céh strands elongate at -theirr reduc1ng ends while remaining

“taC':d%to the lipid intermediate (Ward and Perkins' 1973) Most' -

peptidoglycan (70 percent) is synthesized as complete linear glycan

strands at the membrane. and then thf entire strands are incorporated
«,_‘) .

:1nto pre-ex1st1ng cell well material by crossbridging Only 30 percent
L,

J.,

of newly syntheSized peptidoglycan is 1ncorporaved directly into the : ~

,pre—existing cell wall by transglchSidation (Mirelman and Sharon, 1972
. Mirelman et al. 1972).. This newer theory e1 minates the need for a

‘peptidbglycan "acceptor', and requires only that the ”acceptor" be.av
glycan chain still attached to é lipid intermediate. Thus¢ the acceptorf T

4
‘could conceivably be %F small as amothhr molecule of dlsaccharide— -

pentapeptide-P—P carrier lipid Peptidoglycan biosynthe51s therefore s

o

proceeds by a mechanism\analogous to .thar of 0- antigen biosynthe31s in the

fed

'outer membrane of the Gram—negative cell wall (Bray and Robbins,‘%é/;) . :'

.‘A ) s

. Transpeptidation, the final reaction or peptidoglycan bioaynthe51s,.

,~-frequently cannot be demonstrated in- cell free systems now in use. 'This_
' A :

is especially true for the Gram—p031tive cocc1 which have complex
- 4 R . -

‘ p%itidoglycan structures. involv1ng crossbridging peptides. Systemé/from

Gram—negative organisms ‘or Gram~p031niv'“bae_lli more’ often contain‘ ef
.meaSureable transpeptidase a§t1v1ty, ‘Transpeptidatxon in these organisms*
: with simpler peptidoglycan str ctures involves formation of a direct
.crossbridge between the dibas£Z amino ac1d usuallyvdiaminopimelic acid

Y
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. — Nof one'substituent beptideéﬁnd the penultimate D alaninesresic . >

P

: subst1tuent peptlde of an adJacent peptldoglycan strand. The -ormatlon of

\

this peptlde bond results An the release ‘of the termlnal D al: line.residue.b

o y Energy necessary to drive ‘the reactlon in the forward dlrec ion is belleved
"‘"“"] < . .
to come fnom this bond cleavage since the reactlon is extracellular and

—
N

removed from an. endogenous Supply of ATP (Tlpper and Stromlnger l965)>

O 5

o

For organ1sms with‘more complex peptldoglycan strucuhres where

[N

o 'rcrossbrldglng pe/tldes lirk adjacent strands together, the transpeptldatldhﬂ
tt i oA 7
. 2»(
reactlon is essentlally ‘the same. In these cases the brldge peptlde is
. \-—/
. o 1 -

attached to. the dlba31c aminp ac1d re51due of the substituent peptlde

g s . .
e~

before transpeptldatlon occurs., Most commonly these addlthWS are made

while the dlsaccharide peptlde subuniﬁs are stlll attached to the carrler

1ipids. T*anspeptld?tlon then 1nvolves the formatlon of a peptldo bond

between‘the NH2 termlnal amlno ac1d of the brldge peptlde and th . ;E?

penultlm .Le, D alanlne re51due 1n an adJacent substltuent peptlde The .
%%« terminal D alanine re51due is aoainalost Formatlon‘and addltlon of

b dge peptldes can be demonstrated in vltro so tha defect in transpep— A
. R4 -
oA
: tldatlon for;these systemslmust lie-in the flrnl ldge clos1ng step

: Transpeptldatlon was flrst detected 1n W&tro u81ng membrane

\.z/
fragments prepared fr0m E\\coll (Arakl et al l966a 1966b Izakl et-al.
<. - o )’

- 1968). Transpeptldation has subsequently been detected 1n cell free @
N ,
» preparatlons from Baclllus megaterlum and Streptomyces R39 both of whlch -
28 . 7 : A

e have peptldoglycan structures 31m11ar to that of E coli (chkus and £

Stromlnger, l972a' 1972b Ghuysen ety al. al., 1973) For Gram-p951t1ve .

." Al .
v organisms wlth!;omplex peptldoglycan structures, transpeptldatlon h?s—nevér

« been achieved in in. vitro systems "en membrane fragments were used as

20

a0 ~ . N . \ e - -
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a source of enzymes. Cell wall suspensions with associated membranous
material have been successfully used to demonstrate in v1tro transpeptidatlon

for S. aureus and M. luteus (lysodeikticus) (erelman and Sharon 1972

erelman et_al.,’1972) In these systems a pen1c1ll1n sen51t1ve transpep— s

0

tidase act1v1ty was demonstrated but the synthesis of linear peptidoglycan '
. {,$~ i

,uwas also somewhatxsen31t1ve to-penicillin, Linear peptldoglycan synthe51s h
‘4was pbstulated to be. blocked because the growing peptldoglycan strands
remalned attached to the membrane cdrrier lipids. Pen1c1llln 1nh1b1ted
“the transpeptidatlon reactioninecessary to 1ncorporate these completed
strands into the cell wall ‘ As a result., all the carrger lipid sites.

" became saturated with completed peptidoglycan strands. In cell free systems

from S. aureus and y} lysodelkticus where membrane fragments served as a

i
| : .

source of enzymes transpeptldatlon and llnear peptldoglycan biosyntpe51s
were not so closely coupled (Anderson et al., 1967). Even thOugh rans—
peptidatlon d1d not occur, linear peptidoglycan was synthe31zed with the

completed strands presumably belng released free into. the medlum rather~_{n

3
than 1ncorporated into cell walls.
- S PR y o
. M. lysodeikticus and related Micrococcaceae ‘have a complex - ~

1 peptldoglycan structure whlch contalns unusual bridge peptldes (Ghuysen
et al., 1968; Johnson and Camprll 1972) UnllLe most peptidoglycan t&p
bridge pe;tldisxare not_s1mple structures made up of one or two . types of

‘amlno ac1ds nor ar; the-brldge peptldes added on at the level of the
membrane bound lipid intermedlates The brldge pegtldes qf these organlsms

. EX

‘are made up. of a number of substltuent peptldes linked together "head- to’

~
tail" Peptidoglycan biosynthe51s in in v1tro systems derived from ‘thegd

[

organiSms re5ults in the formation of” uncrossbridged peptldoglycan molecul

t
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with-each muramic acid residue bearing agéubstituent peptide. Crossbridge

i

formatlon or assembly must therefore'{ake place after llnear peptldoglycan y
N ,

" has been formed but before or during. transpeptidation A blosynthetlc

iy o L ,
-mechanism 1nvolv1ng 51multaneous amldase and transpeptldase reactions

i

has been postulated'to’Hécount for the'"head to»tail" assembly of these'

substltuent peptides (Ghuysen 1968 Schleifer and Kandhfr, 1967). The
* L)
proposed sequence of events is as follows: two substltutent peptld%f

T (A and B) on’adjacent peptldoglycan strands are 301ned ‘together by o
transpeptldatlon §o form a dlrect,crossllnkage. An N—acetylmuramyl ~-L.
alanine amidase then ends thlS temporary crosslinkage by breaklng the

(‘muramylrL alanyl amlde bond which held substltutent peptlde B to the

-'glycan backbone. Substltuent peptlde B v cizains attached to Substltuent
. . /4 .

peptlde A and now becomes the"flrst segment of the brldge peptlde. : h f"

A second transpeptldatlon then occurs JOlnlng a thlrd substltuent peptlde ‘
' B

(S

(C), on another adjacent glycan strand to the free N terminal_L alanine

residue of brldge pept1de<8. Glycan strands A.and.C arevnbw'crossbridged

until an amidase attacks Substituent'peptlde C and causes the whole sequence
'to be répeated ‘The‘cycle.contlnues untll a crossbridge with'several “;'ia;
:subunit pep*ldes‘hasvheen built,up}:_ih%s_seduence réquires thatzconplete:’
biosyntheti Systems contain an amidase-as well.as 2'or'more:transpeptidase

ey

activ1ties. -One transpeptldase aCtlYlty is required to form the L lysyl -D
‘alanyl bond Whlch 1n1tial]" crossllnks substituent’ peptides A and B. The

'second transpeptidase actlvlty is requlred to form'the L alanyl -D alanyl

ubonds which join the brldgegpeptldes :ogether ”head to tail” during

bridge‘elongation. Final_hridge closv - also involves the formationwpfd

an L alanyl—D alanyl bond.  These two or,threevtranspeptidase activities

.-
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v

may 1ndicate that more than one transpeptidase enzyme exists, or that

Y
v

one enzyme with ‘two or more specificities mediates all transpeptldation

PR -

reactions. Membrane—based cell free” systems from M ‘lysodeikticus show

no ev1dence of either amidase or transpeptidase activ1ty (Anderson, 1967

Bordet and Perklns 1970) Cell wall based in v1tro systems demonstrated

i

: transpeptidase act1v1ty by the pen1c1llin sen51t1ve relcase of D alanlne

together w1th 1ncorporat10n of labelled MurNAc—pentapeptide into cell wall.-

materlal. Amidase act1v1ty was detected 1nd1rectly by flnding segments
|
of _newly synthes1zed peptidoglycan containlng only the repeating dlsacqharlde LA

glycan. backbone w1th no substituent peptides. Since UDP—MurVAc cannot

serve as a. substrate for peptidoglycan synthe51s, the unsubstituted regions
" were assumed to arise due to amidase activ1ty (erelman et al., 1972)
The amidase transpeptidase theory of crossbridge formatioh

accounts for the "head to’ tail" assembly of substituent peptides into

g

**crossbridges. Control. over the length of crossbridging peptldes and the

3

degree of crosslinkage could be exerc1sed by. regulating the,relatlve

n(',

_actlvities of the transpeptldase and amldase systems. The structure of the
peptidoglycan of i I sodonen51s has been shown to vary conslderably w1th
hanging growth COndltlonS. Peptidoglycéﬁ“rsylated from cells grown in -

complex medla had relatively short crossbridges made up of 1l to 8

a

‘isubstltuentfpeptldes Cells grown on. a basal -salts medium had much longer

' .crossbridging peptldes ranging from 1 to 18 subunits in’&ength (Johnson -

£~ <«

and Cam’ =11 1972) ST P
| Penicillin ‘and related B lactam antibiotics function by ; o 7.1

+

inhiblting transpeptidation (Tipper and Strominger, 1965 Strominger et al.

-,

o g1967) The uncrossbridged peptidoglycan which 1is synthesized in their

o



T

- )

' follow1ng cell div151on.'-

' - o o lr__ﬁ;,@~‘1¢5—

presence cannot prov1de adequate osmotlc support and cellular lysis .
k

reSults Penicillin has ‘been an invaluable aid for determining the

presence or absence of a functioning transpeptndase in cell free systems. “
- [N ,»/ .

Pen1c1llin sen51t1ve release of D alanlne when accompanied by the incor-

poration of in v1tro synthe31zed peptidoglycan into pre—existing cell wall

e R 8

material has become a maJOr criterlon fo 1dentifying’transpeptidase )

axtivity CIzakl et al., 1968 erelman and -Sharon, 1972)

~ st

A con81derat10n of peptidoglycan biosynthe31s generally centers '

arou dvthose xeactlons mentloned above which are respon81ble for the

1

primary thesis of the peptidoglycan network. A second group. of enzymes :

+

referred to as) autolysins degrade peptidoglycan and can cause cell lys1s

under certai circumstances These enzymes were originally thought RO
L 'S ‘

‘to mediate self-destructive processes.‘ More' recent evidence 1ndicates
these enzymes are frequently aSSOCiated with regulation of peptidoglycan

synthe51s or. modlfication of peptidoglycan structure (Rogers 1970) SR

\

Autolysins have been found 1n several spec1es and likely function in vivo

in all species even in those in whlch in vitro: demonstration has been

unsuccessful Controlled lytic act1v1ty regults in peptidoglycan

turnover at -rates as high as 30 percent per generatlon for some species

making cell wall alteration a rapid process (Chan and Glaser, l972

Glaser 1973). Controlled lytic -activ1ty is also necessary to allow

insertion of new material at grow1ng p01nt$ and to allow cell sesdkation
A ‘ - o «"s' . .

Many organisms contain one or. more strongly lytic enzymes which

. Ta

X will cause rapid 1ys1s of . whole cells or 1solated cell walls under conditionsi

of unbalanced growth Streptococcus faecalis produces-a 51ngle autoly51n,

e



1967a; 1967b; Pooley and Shockman 196?3// This‘enzyme is located in the
S . .
cell wall of the organlsm in both aef¥'e and 1nact1ve forms Actlve

1

F_,r_enzyme molecules are locallzed at the Sites of crosswall formation where

‘net peptldoglycan blosynthe31s takes place. Inactlve precursors of . thls

muramidase are. located thrOughout the cell wall of the organism but they

. o
require modlflcatlon before they become ‘active. A net: loss of peptldoglycan

can only be demonstrated when cell walls are 1solated from the synthetlc

-muramldase is locallzed Brief treatment w1th érypsin'%onverts thelw

inactive precursor enzymes located throughout the\cell wall to. the actlve
@ N

- form. After such a pre treatment cell wall degradation takes place .

N

'uniformly over. the entire surface of the cell wall TheimuramidaSe of .

v

’ S faecalls appears to regulate peptidoglycan b 1"ynthe51s and cell

.se§aration. The cell in’turn controls the muramidase by storing,the

similar to that of S faecalls but with . several notable dlfferences

' (Coyette and Shockman, 1972) Unllke the muramldase of S. faecalls, thatf.v

:of L ac1dth11us is- not completely cell wall associate . As much as-

. . . . |

-cell, As well no evldence of a latent form of muramidase was detected

_ in L acidoghilus. These differences suggested that interconversion between ,_.

r
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latent and active forms was nogja universal mechanism for controlling

autolytic activity. L acidop lus appears to control its potentially

a

destructive enzyme by isolating a portion of the muramidase from the cell

'wall completely - ,J"_' . h \ p" -

Cells of S. aureus are known to contain autolytic activ1ties of
o at. least three specific1t1es, a glyc1ne endopeptidase, an. N- acetylglucos—

aminidase and an N-acetylmuramyl L alanine amidase. ,These enzymes~will

A

promote lySis of 1solated cell walls at very slow rate. Approximately
24 hours was required to achieve aﬂQO/ decrease 1n turbidity Analysisv
of the peptide products solubili :ed by autolysis indi cated that the primary

autolytic act1v1ty was an amidaSe T very slow Tate. of autolysis of

isolated cell walls . 1ndicated that during the isolation and purification
. of cell walls for chemical analy81s, autolytic cleavage would be inSig-
' nificant prov1ding preparations were held at 4 C.‘ Chemlcal analy51s of

cell wall peptidoglycan from S. aureus showed that the reduc1ng termini

[

o of the peptidog;ycan chains were almost exclu51ve1y N—acetylglucosamine'
reSidues. The knowh mechanism,of peptidoglycan biosynthe51s for all

organisms should result in reducing termini made up exclu81vely of N~acetyl-‘

. e
B
4muramic acid residues. The N—acetylglucosaminidase of this organlsm must

function extensively in wivo to produce these N—acetylglucosamine reducing

termini _The amidase act1v1ty which 1s primariﬂy respon51ble for autolysis -
_of isolated cell walls had only minimal effects in Yyivo on peptidoglycan‘

. structure 81nce only 7. percent of the L alanine residues have frec NHz

< R i . i

groups (Tipper, 1969) : J e - - L
Cells of E. coli like those of S. aureus also contain a wide

"“range of peptidoglycan—hydroly51ng enzymes including a muramidase a

i
i



11974) These enzymes are located within the membrane
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glucosaminidase, a muramyl-L alanine amidase, several endopeptidases and

‘o

2 of more-carboxypeptidases‘(Hartmann et,all 1974; Hatenbeck et al.,

ather than the cell

+

wall ‘and are- under very tight control The activity of/gome of the hydro—

"_lases is. regulated both spatially and temporally 'so that localized S 4

widespread mechanism of regulating peptidoglycan hydrolase\act1v1ty.‘

hydrolase action is triggered at a given stage of cell d1v151on (Schwarz

et al., 1969) Within the 1ntact cells, no evidence of any hydrolytic

ES

f'activity can be detected suggesting that a-barrier may exist which

separates theaenzymes from their substrate in vivo. In'E.'coli this
AN

‘,barrier can be disrupted by mechanically openlng the cells or by exp051ng

whole cells to NaCl, EDTA or’ 5 percent TCA. This concept of a~barrier
seems applicable to the grow1ng n%mber of organiéms_known tovcontain
ytic enzymes which are not expressed in v1tro,.and may represent a more

'9

Non—peptldoglycan components of bacterial cell walls make up

'lO to 50 percent of th@ Gram—pOSitlve cell wall and 85 to- 95 percent of the

Gramrnegative cell wall. Many of these compounds are polysaccharides or ;

‘“: sugar-containing pdlymers. Biosynthe51s of these compounds has been L

O

'4

found to closely parallel peptldoglycan biosynthesis involv1ng activation

‘of the’ component sugar re31dues as nucleotide precursors,’and transport : .

v
A

;through the membrane for assembly by means of carrier llplds.l

. . s
. \ -l“

The synthe51s of polymeric cell _envelope constituents as diverse

‘as peptidoglycan; wall»tech01c ac1ds lipopolysaccharide (O antigen) of L

~ the outer membrane”of Gram—negatives, and several ektracellular polysaccharides

all'inyblye use oflcarrier»lipids (Andersonret al al., 19733 Baddlley, 1972

Lenarz and Scher, 1972 Warren and Jeanloz, 1972 Stromipger et al.. 1972)
Q

——
r - . o
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The carrler lipld involved in peptldoglycan biosynthe31s has been isolated

and identifled as a C55 1sopren01d alcohol, ‘called undecaprenol (ngashi

et al., 1967); Preliminary investigations of the carrier 1ipid of O

L e

antigen synthesis’indicates it to be a polyisoprenpid compound with a
. I L N - - . ' ) )

structuremsimilarito or thefseme’eslundecaprenol'(Nikeido,'l9685. Carrier
'.lipids:for techoic acid bloeynthéQQF are'present in‘such small‘amounts-
that they heve,not beencieOIatedﬁor'characterieed. kThese carriér lipids
were however lndirectly‘enown to be identical to;unoecaptenol_by thev
developnent of particulate‘preparations from,S. lactis cepable of Eynthe~
sizingHpeptioogljcanland,glycerol techoic acids*atfthe eeneftime The
two Synthetlc systems were founa to compete w1th eacn other fot the

'llimited supply of carrier llpid molecules.' Nucleotlde precursors for

<Beptldoglycan would 1nh1b1t the tech01c ac1d synthe3121ng system and

.

1ichenif0rmls (Baddlley, 1972 Anderson et al 1973); o ‘ ﬁ';:”:i

The inter*relatlonshlps between blosynthetlc mechanlsms4for t’

synthesis of these extracellular cell wall components suggestsaanother

'way ‘in which,peptldoglycan blosynthe31s could be controlled The avallv
8 )

7.ability of carrler llpld molecules 1nvtnc ac: 1ve monophpsphorylated form -

determlnes the extent of peptldoglycan synthe81s and” p0831bly the amount7

s ,"-\

of peptldoglycan produced could be regulated by alteg}ng the rates of ' j;w,gf

"synthe91s of competing compounds. In a more ‘direct epproach thé syntheeis

of all carrler llpid dependent extracellular products could bé régul'ked

o
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ghe pyrophosnhate form:tq the attive monophoephete form. Rudiments of ' ,WJ
~such a control mechenism have Been detedﬁed in §. aureus andgthelr in g
vivo effectiveness 1;’bein0 1nvest1gated (Strominger'et al.
| This investlgatlon was undertaken to examine peptldo
synthe51s as it occune in cell free-preparatlons of M. sodonen81ﬁ"k ’v
-/

.Peptldoglycan blosynthe51s is a multl-step process 1nvolv1ng an undetermined
number of enzymatlc conver81ons Some of the act1v1t1es 1nvolved are.

indicated schematically below.

1. Transglycosidase

UDP-MurNAc + UDP-GlcNAc _ ‘ MurNagc =
' Lala , , ‘ GlCNAE;
Dglu - ' C : MurNAc
Llys- > - ‘ “BleNAc
- Dala ' ’ - . . -~ MurNAc -
-//// Dala R ‘ - o . i L ) S
, 2 ' g I o N A

2. Pyrbphosphatase
 Carrier Iipid“P-P-MurNAc _ MurNAc + Carrier 1lipid-P-p’
CT . ' - A ; : . o i N . i

ci . : . B : . L . . ,

3. Amidase
MurNAc SR S o e. .e : L
- "\blcNAc S T
urNAc : S free pentapeptides
o Telemae s R z
L - \1MrNAc - _ +

A _ ;11déaf unsnBstituted;f'
, S .. 0 .glycan chains

4, Trénspeptidase

2

‘linear glycan. - : - crosslinked. glycan .
chains S : D mnﬂxk

-
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-For’ the purposes of thls investigatlon, transglycosidase activity, 1.,

was defined as the overall process whlchuresults in conversion of UDP- GlcNAc

and UDP—MurNAc—pentapeptlde into uncrossllnked peptldoglycan Pyrophos—

r' F)
a

'phatasezactiV1Ey, .3 1is deflned as the enzyme whlch medlates the overall

N

conver31on of UDP~MurNAc—pentapept1de to MurNAc—pentapeptide and UMP.
Thls, however appears to be an 1nd1rect process in whlch carrier llpid—P-P— :

' MurNAc—pentapeptlde is the actual substrate for pyrophosphatase activ1ty.
'Carrler lipid-~ P—P—MurNAc—pentapeptlde 1s an 1ntermediate 1n tranSglycos1datlon

and is formed by that system with-“he concomitant release of UMP. 1hls t

lipid 1ntermed1ate can by incorporatedigﬁto peptidoglycan if conditlons

permit but if peptldoglycan biosynthe51s is prevented then it can be acted

’

‘ upon by pyrophospbatase to yield: MurNAc—pentapeptide and carrler lipld—P-P

.

: The carrier llpid is then regenerated to the monophosphorylated form as.
it is in transglycosidation. Amldase activity,‘B., cleaves some substituent
.peptldes off of- -the linear peptidoglycan so’ that tth may participate k_

in crossbrldge formation. In the absence of transpeptidase activity

"Transpeptidase activ1ty, 4., joins the cleaved substituent peptldes' T

.together "head to tail" to form the crossbridglng peptlde and finally

l

' completes brldge closure by 301n1ng adjacent peptldoglycan strands

together.

o, ‘.5‘

Activitles l 2., and 3., have been detected 1n an in vitro

system‘prepared rom M. sodonensis and will be descrlbed in'greater detail.
Attempts were also made to relate the enzyme act1v1ties detected with

-those known to exist -in cell free systems from ‘other organlsms
L B | . ‘l

"



MATERIALS AND METHODS

I. Reagents, Substrates etc. , «\\

S e |
. 4 ‘ e : UDP—MurNAc—l4C—pentapeptlde was prepared and purifled as’ described

- /‘.

in part VI of this sectlon. hlghly purlfled cell walls,- 1solated from

stationary—phaSe'cells of M sodonen31s were prov1ded by Dr K. G Johnson.]

in

' All chemicals used in thlS inv stlgatlon were of- reagent grade ‘and were

purchased from commerc1al sources indicated. Enzymes were prepared as ';/// '

! L3

5 described ¢ ‘urchased commercially from the sources lndlcated
; Y -
" . . ,; IL. (Culture and Growth Conditions B
S . . .‘ RN I_ _ . .
A. Growth Medium. Trypticase'Sox,Broth’(TCS), (Baltimore Biological"_‘ : @

\

ﬂLaboratories) pH 7 3 was used in all ‘cases . as;lhe llquid growth medlum

Bacto—agar (Difco) was added to y1eld 1. 5/ (w/v) when\a SOlld medlum

i : : . o N )
. was requlred T : '
ﬂ§~ Culture. Micrococcus sodonen51s ATCC 11880 was the organlsm used
\. . N

throughout thlS study. Stock cultures were stored in lyophlllzed form™
; ¢

N~

and also maintalned on TCS agar plates stored at 4° C w1th monthly transfers.‘*\g

_})r : Kll cultures were grown aeroblcally at 30 C ‘ quuid cultures contalning

N O

400ml of medla in 2 1 flasks were aerated on a New Brunswick Gyrotory
P Shaker operatlng at 330 rpm._ f_ O f; o

. et L a
Y Y Cells for membrane and cell wall preparatlon were grown by

~

‘\\ inoculating l 21 amounts of TCS broth to O 1% (v/v) w1th a statlonary-phase

N e
&

culture of M. sodonensis v Cultures yere 1ncubated ll hours for production

. v
of exponential—phase cells and 18 hours for productlon of stationary-phase

cells, - ReSulting optical densitles at 600 nm were approximately 15 and 45

B Y S T

e o
‘ I" | . . _‘ :" . 7. ) -.” .‘ :‘ - ’> ‘v - .. v ‘ . ‘v \‘;/
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. B. Carbohydrates f_ ‘ - i' - L C ' i

~1to 50 nmo&es of hexosamine were hydrolysed 1n sealed tubes in 3N HCl \

at 100 C for 3 h0urs. . The~ free hexosamlnes wvere. acetylated by exposure R

14
*

respectively, as'measdred on appropriately diluted samples.’
DI S . A,

, III. Analytical Methods

\.,gw . : ] T -~

- . S r; o ' . B -
- S '\G' k [1
A. Protein. Proteln contenf of membrane suspens1ons and soluble
e : [

amidase preparations was. mea5ured ‘by the method of Ebwry (Eowry éE’SlT,, '“,;M

W

1951), afterﬁrem0val of B mercaptoethanol by dialys1s or dllutlon "5
. c_i{;‘, "’-;‘
_Proteln conteﬂ%hp

1celI wall suspen31ons was estlmated y}modlflcatlon of
&v ; »

"the Lowry metho 4%§ described by {tirelman (Mirelman’gt_al., l971):

J'~

E]

- 1. Dextran‘was measured by ﬁhe anthrone technique using Dextran '

T—lO (Pharmac1a Corporatlon) as a’ standard (Scott and Melv1n 1953)

Nt

. o
2.. Total hexosamlnes were determined by the Morgen—Elson reactlon

as mqglfled by Ghuysen (Chuysen et al.” 1966) Samples containing 10 _'

fl

o)

to aqueous acetic anhydrlde under alkaline condltlons. Once acetylated

h:the samples were boiled for 7 min in borate and then reacted w1th P dlmethyl—.

'-proceeded for 20 min at’ 37 C and absorbance at 585 nm was meaSured

; hydroly31s and color develdpment procedures. ST S .-f SN -

ad

amino benzaldehyde under strongly ac1d conditions Color development d

”Standard N~acetylglucosam1ne saMples vere: subJected to the complete .

,,, s

N

7.3 Soluble N—aoetylhexosamlnes were determlned by a second modlficatlon
of the Mprgen—Elson reactlon as descrlbed by Stromlnger (Stromlnger, 1957)
N—acetylglucosamine was’ again employed as a standard. - Standards and’ test

A ! '
samples were exposed to a's min hydroly31s in O. 125 N HCl at lOO°C. y '

' o
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acetylation was not required.
™

4, Reducing sugars were determined by the modified Park—Johnson

ferricyanide procedure (Ghuysgn et al., 1966)
¢

5. Muramic acid residues Wlth free reducing groups were quantitated '

o by. reduction with tritiated NaBH4 (New England Nuclear) and isolation
A

of the resulting amino sugar alcohols in a‘modification of the original .

glucosamine and muramic acid were .used- as- standards Standard and test'

-

procedure as described by Hughes‘(Hughes' 1970) One umole amounts.of ' ’*

' samples ‘were treated w1th an excess of«i/ (w/v) NaBH (0.4 ml, approximately
: 4

;. 2 43 uCi/umole) in 50 mM sodiym borate buffer, pH 8.9 at 35 C foer6 hours.';
o AN :

-Excess NaBH4 was destroyed by the addition of 0. 2 ml of 12 N HCL. - The ;

-

acidified samples were aled and hydrolysed for 3 hours at lOO C, then

dried in_vacuO. The T

’

" and méthanol to remave the remaining methyl borate.p Samples were finally
)

idues were then aried several-times from water -

-

resuspended in 0. 5 ,ml of water for chromatography on Dowex 50 to separa

the’ radioactive amind’Sugar alcohols T : SRR ,

C, "Total Amino Ac1ds . Toﬁal amino acids wererdetermined as th%ir dinitro~'

phenyl derivatives (Ghuysen 1966) Samples containing approximately
30 nmoles of each amino acid were hydrolysed in sealed tubes in 6 N HC1

b‘at 100 o for 18 hours DNP—amino aCid derivatives were formed by the;

‘reaction of the amino acid COntaining hydrolysates with l fluoro—2 é—dinitro- ‘

' benzene (Fisher) under alkaline conditions at 60 c for 1 hour. DNP :
'derivatives were extracted into diethyl ether dried, and spotted onto

‘thin layer pLates of Silica gel The plates were developed in solvents_

Ly -
O

).

o

&

5 <G and D as described elsewhere and ‘the separated derivatives were collected

“

eluted with 2. 0 ml of e\hanol water ammonia (370 370 2; v/v), and

o : ) , O

SRR _ o R D . N
—f R T
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/centﬁifuged-to rehove suspended silica gel. Absorbance at 360 nm of the;

3

resultlng supernataﬂts was measured in a Gllford 240 Spectrophotometer
Standard amino acid mlxtpres were<sub3ected to the complete ac1d hydrolysis

and derivatization procedure in parallel with the test samples.

“D;, N-terminalvAmino.Acids.- Estimation'of the total amouﬁtﬁof free

N-terminal alanlne was carried out. as descrlbed by Ghuysen (Ghuysen, 1966)

N
L e

The method was essentlally the same as for estlmatlon of total amlno acid
LR . . .

3 ‘ ]
o composrtion except that the der1v1tlzatlon'step preceeded acid hydroly51s:
o B : e . o ‘ ; : R

X © 6
hs
) P

. Iv. Chromatoéraphic Techniques \”"
A a ST > R S

R

RS

A,J.Déueloping Solvents.‘ (V/V)'
.- e

1. Soivent‘A— {sobutytic acid: OQS.N ammonia (5:33 (Bordet and

. .
‘ : . a

Perkins, 1970)." . s |

e T .

2. S.lvent B—»ethahol lAM/ammonlum acetate (5 2) (Bordet and Perklns,

3
1

s,

S ﬂ’3.v Solvent'C—'n butanol saturated With l/ ammonla (Ghuysen 1966)

’A,I:SolvehtvD- chloroform:- methanol. acetlc acid (85 14: l) (Ghuysen,v

. S ’J‘- o o R . ] N ‘ J . ) e

‘ ¢

s B.: Paper Chromatography Descending chromatography with 4 cm-x 55 cm

strips of Nhatman 3 MM paper Jas used 1n‘all cases. q
B Separatlou of Compounds o c R
v & :
S a. Urldine nuéleotldes, peptldoglycan and 11p1d 1ntermed1atesv
“were separaied by developmcnt of chromatogr;us an solvent A.
‘ b; ‘Urldine-ﬁueleotides'could‘alsolbe separated by deyeiopment
: of;chromatogramsiih sOlvent B, - | |
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3

B

- 2. Location of Compounds

A d

a. Nucleotides "and der1vat1ves were located by examining the

.,

. Paper strips under ultrav1olet light w1th a wavelength of 26Q>nm4

- », 4].

b. Radioact1v1ty was located oq ‘the paper strips by means of

r

L a Nuclear Chicago Acﬁigraph I1I Strlp Scanner. For’ quantitation-df radio-.

“~t1v1ty, the paper strips were- cut 1nto l cm sections, immersed in 5 ml

@
| ¢ 1

of a toluene Eased SClntlllat1<‘ fluid and'COunted’in a Nuclear‘Chicagol

Mark I Sointillation Counter. -

€.” Thin Layer'Chromatography. Thln layer plates of MN—Sllica Gel G—HR

f(Macherey, Nagel and Co. ) were prepared on glass plates 20 cm X 20 cm,

- . ..

v, and actlvaﬁéd at 100° c for l hour before use. DNP—amino acid derivatives_

o

Were dlssolved in a mlnlmal amountxof methanol and them spotted onto the ~
51lica gel plates. Na—mono DNP—amlno acids and Nae—dl DNPbly51ne were '
_ partiallyqresolved by developing ths :hin layer»p ates halfway in solvent » f’
';"C. ‘The plates were then. thoroughly dried, and the DNP derlvatives were "
further separated by developing the drled plates completely In solvent Di

(Ghuysen 1966) }3} T @

-D. Ion Exchange Chroﬁatography. 'Dowex ion exchange resins were, _obtained

z

fromvBiprad Lahoratories DOWeh SOW— X@ (200 400 mesn) in the H form
was employed for the separation of muramltol from glucosamlnol and methyl-"

borate. One em x ZOcm columns of re51n,‘equ111brated ‘with O .1 M pyridine -

- i !
_

acetate buffer, pH 2.8, were set up in a well ven 1lated area.. The buffer

" was. 0. l M w1th respect to pyrldine and contained Sufflcient acetic acid

° .
kY

" to lower the pH to 2. 8 (Brendel et al., 1967) Samples dissolvedl » :*&

v
y v

- 0. 5 ml of water were applied to th

columns and eluted first w1th 70 ml

" of 0. l M pyridlne acetate buffer, pd) '8, to remove the: methyl borate and

o . . . o

. o . . . . . / . Y .
oy . ) : L ) Vi L } N
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- muramitol, and then wfth 70 ml of 0. 133 M pyridine ACetate buffer, pH 3. 85 )—

to remove glucosaminol
4

E. Gel Filtration Sephadex gels and defined dextran fractlons were@_i

‘obtained from Pharmac1a Corp Gel filtration properties of compounds ’

are expressed 1n terms of the distribution coefficient Kav.

Ve — Vd B

Kav = ‘
o Ve = Voo - _ o R
. S . ) o ) R }

Ve elution volume of the compound Vo = void volume of the systemj‘and

il

N Vt

1

total volume of the system.
VOld velumes were. determined ‘using a l mg/ml solution of Dextran Blue .
2000 and monltoring effluent fractions for abscrbance at 620 nm. Total

volume of Sephadex G-200 columns was establ shed ‘using a l mg/ml solution ' .

i

of": N ae—di DNP: ly51ne ‘and monitoring efflu—n -fractions for absorbance
at 360 nm. Total volume for Sephadex G -15 and G—25 columns was established o

:u51ng 1M laul ' foluenr fractions were monltored for Cl with saturated

1. Desalting Materials to be desalted were eluted from calibrated |
Sephadex G-lS or G- 25 columns with distilled water. Conductiv1ty of

.effluent fractions ‘was determined by means of a- Type CDM 2 Bach Simpson

.

2. Purification of S: 21 MoleCular Weight COmpounds. 'UDP—MurNAc—l4Cﬁ'

conductivity meter.l_

L4

pentapeptide MurNAcﬂl4C—pentapept1de, and free 14C--pentapeptide were.

purified 1n part by gel filtration on. Sephadex G-25 columns (2. 5 X 95 cm)

‘The columns were equilibrated and. eluted with water at an operating pressure

‘of 1. 5 ‘m, Five ml fractions were collected‘at a rate of 70 ml~per hOur.
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.C ibration of a Sephadex G 200 Column.‘ A Sephadex G-200. column

(2.5 em x 45 cm) was set up and equilibrated with 0 3/ NaCl at 4 C. The

' column was run in the reyerse direction by means of an upward flow adaptor N
at an operating pressure of 10 cm and a flow rate of 20 ml per hour. .
Calibration was achleved by chromatographing a series of dextran standards.
.Two mg amounts of ex . of Dextran T 10 T~ 20 T 40, T 70, T—llO and T 150,

'>vwere applied separately in 1 - solumes and effluent fractions were?

; monitored for carbohydrate.. T 4 distribution coeff1c1ent of each dextran

'vstandard was correlated Wlth its ‘known average molecular weight

(.

"?u:; A V. Flectron Microscopy
PR Samples fo- ..dcre.,onpy re- supported on carbon shadowed Formvar—'

t :
coated, copper griis, ..:gative ~ont*ast stained with 34 (w/v) phospho—

’tungsticfacid an gxamined ir & T llips Model 200 Electron Microscope. 2

‘ VI.U ‘ 'arario ‘ ruP—MurNAc—la —pentapeptide»#ﬁ

o .’

' Radioactively labelled UDP—MurNAc—lAC-pentapeptide was prepared
T by a modification of the method of’ Garrett (Garrett 1969) : Three hundred L
,ml amounts of TCS broth containing l/ (w/v) sodium\lactate were inoculated
" to 107 (v/v) with a stationary-phase culture of M. sodonensIs also grown

1n the ‘same medium. The cultures were 1ncubated 3.5 hours at 30 C! until

. .
| cells reached the mid—exponential phase/of/grgwth.(OD666‘— 13) The cells were

e} resuspended 1nto 250 ml amounts of 50 mM

arvested by centrifugat'ﬂ: ”
MirTA;::hinm”hosphate buffer, pH 7.0, containing l mM EDTA, O 005/ (w/v) n..
| chloramphenicol, and 1% (w/v) sodium lac;ate.' After 5 min 1ncubation,~ , ‘é’
‘ 10 uci each of 14C—uniforml<y\labelled L alanine (157 mC1/mmole New' |

: England Nuclear) and" 14 —uniformly labelled D alanine (36 mCi/mmole

v

Amersham Searle) were added and mixed After another 5 min 1ncubation

hd . . . - p . . . - N

.
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‘ a_;.l‘v}, R VII. :Enzyme Assays .

‘ . o : L IR R
unlaﬁelled glutamic ac1d ly51ne and alanine were added to a final concen— \‘\S
tration of 0.002% (w/v). The flask was incubated aerobically at 30 C for
1 hour, The cells were again harvested by centrifugation and the cell
pellet was resuspended in a minimal amount of distilled water. After

vcooling to 4°C, 25 ml of ice cold 25% TCA was added " The acidified cells
.were held for 30 min at 4 C and then the prec1p1tated material was

1 centrifuged out. The pellet was again resuspended in 25 ml of ice’ cold 25/
TCA and the extraction procedurenwas repeated The two supernatants were
pooled, -and extracted ‘with 3 x 50 ml volumes of diethyl ether to remove TCA
-and neutrélized The neutralized extract was lyophilized and UDP—MurNAc— o
,léc-pentapeptide was purifrfdnhy a combination of gel filtration on

Sephadex G-25 and paper chromatography.‘

-3

AL Transglzggsidase. The reaction mixture contained 0. 875 M Tris HCl
. i

 pH 8.6,-20 ul; 0. 1 M MgClz, 10 yl; 2 M UDP*GlcNAc, 10 ul; _and 0.8 mM

UDP--IvIurNAc-—l‘4 —pentapeptide, 15 pl- (Bordet and Perkins, -1970) . ‘ Either 70 ul
of membrane suspen31on vide infra (7 mg protein/ml = 0.5 mg protein), o

or 70 HL pf cell wall suspen51on, v1de 1nfra (lmg protein/ml = 0, 07 mg

\‘ VJ
. s

as added as an enzyme source The final reaction voI‘ ume” ﬁﬁﬁ%>

**protein)

..AA

'140 ul; Re ction mixtures were 1ncubated 3 hours at’ 30 C and then boiled

for 1 min to stOp the reaction Reaction mixtures\were streaked onto

o paper strips and developed for 16 hours,in solvent A dried washed with

j\—

acetone (to remoye the.- isobutyric adid) and scauned for radioact1v1ty

Radioactive material remaining at the origin was eonsidered the product

-
ER S

, of transglyc051daseact1v1ty.




EY

-indication of tra peptidase activ1ty. ' ’ Sy

vactlvity chromatographlng with an Rf o~

,pyrophosphatase act1v1ty.“

o ,
L alanlne amldase act1v1ty.

-30-

\

B. Transpeptidasehw'The reaéﬁion mixture contained 0.9 M Tris HC1, 20 ul;

4
mercaptoethanol lO ul O 05 M glyc1ne, 10 ul 2 mM UDP- -GlcNAc, 10 ul; and

0.9 M NH,Cl, 20 yl; 0.36 M MgCl,, 10 ul; 027MATP 10u1 0.018 M 8
7

—

0. 8 mM UDP-MurNAc—l4C—pentapept1de, 15 ul (Mirelman and Sharon, 1972) » //f/
.gain, elther 70 ul of membrane suspension (0 5 mg of proteln) or: 70 pl

of cell wall suspen31on (0. 07 mg proteln) served as“a source of enzymes.
Assays were 1ncubated 3 honrs at 30 C and b01led 1 min to stop the reactlon ;’
Reactlou products were separated and quantltated as in the transglycosidase u

assay. The presence of - free 14C—alanlne (Rf of . O 65) was - taken as an

. B

W

C. 'PyrophosphafaSe. Max1mum pyrophosphatase act1v1ty could ‘be obtained.

us1ng the standard transglyc051dase assay by omlttlng the UDP ~GlcNAc and.

. : A
v modifying the concentratlon of reagents Sé Ilow5'7 0.875 M Tris HCl

PH 8.6, 20 yl; 0.6 M MgCl 10 Hd and 0*8 mM'UD?-MurNAc—lQC-pentapept1de,’

- 15 uli This standard assay vas, performed using 70 .l of‘membrane suspension

-

?(0 5 mg of proteln) in- a- final reaction volume of 140 ula Assays were:

9

-”incubated 3 hours ‘at 25 C.adﬁ-boiled 1 min to stop the reaction.‘ Radlo—

0.6 was taken as a, measure of

¢

D. Amldase. Two types of assays were used to measure N—acetylmuramyl—‘
. ,‘? e . .

~In.a type 1 amidase assay the amidase'containing sample
: :,.‘\'\\

'aby boillng for 1 min._\gtationary—phase mem.ranes served as the. enzyme  _ o
— S ,\ S

/ =
source. for the transglyc031dase assay.w The\\midase-containlng transgly— \irsay

o

cosidase system was again incubated 3 hours at 30 C and boiled - for 1 ‘min

s"?(-
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.
¢

to inactivate the amidase. The stopped reaction.mixture was streaked

onto a PaPer strip and chromatographed in solvent A. Disappearanoe‘of

' R

‘radloact1v1ty from the orlgln when compared to a control transglyc051dase

1
el

.assay{,or appearanee-of rad1oact}v1ty at an_Rf.of 0.65 was takenvasfa measure
of‘amidase actiyity.
, | 2, In a type 2 amidase;assay, partialiy‘purified_peptidoglyean’
replaceddthe crude‘transglyeosidase system as,a_source of in_xitgg.synthe—

sized peptidoglycan Tris Hél waS'added to give-a final'concentration of

0.125 M at a ‘pH of 8.6 and MgCl was. added to glve a concentratlon ‘of 7 mM.

2

'

The reactlon mixture was 1ncubated 3ﬂaours at 30°¢C and stopped by heatlng to
100 C for 1 mln,' Reactlon‘products.were separatedrand qu;ntltated by the
Vsame method used‘ln the type 1 assay | |

E. Lysozyg . In vitro synthe81zed peptldoglycan was dlgested by,the
addltlon of 100 ug of egg whlte lysozyme (Slgma) to a stopped transgly—
cosidase reactron,mlxture. Sodium azide was- added to 0.02%, (w/v) in a',
- final reaetion volume-0f 25O ul and at a final pH of.8,6. After 20 hours
.ineuoation at 37°C the digestion produets.were‘separated py paper chrbmat—

~ography in solvent A.

. F. Succinic dehydrogenaseL “Activity was followed by measuring the deerease
~ B

in absorbance at 400 nm of an enzyme system contalnlng 0. 05 M MgSOA,

0.1 ml;.0. 1 M KCN, 10.1.ml; 0.01 M K Fe(CN) 0.03 ml; 0.01 M phenazine '

6)
_'methosulfate, 0. 02 ml 0. l M disodlum suc01nate, 0.1 ml 0 2 M sodium
phosphate buffer, pH 7 0 0 4 ml; and from 0.1 to 0. 25 ml of enzyme.

1-A change in absorbance of l 0 at 400 nm was equlvalent to 0.77 umoles

[

" of succinate oxidized,

1G; NADH dehydrogenase. Activity was followed by measuring decrease'in,_- -
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absorbance in a system containing O l M sodium phosphate buffer, pH 7. 2

0.5'ml; O. OOl M NADH, 0.2 ml; 0.001 M, trlphenyl tetrazolium chloride*"

.QO 05 ml land 0.1 to 0. 25 ml of enzyme solution A decrease in absorbancew

at 340 nm. of 1.0 was equivalent to O 235 umoles of NADH belng oxidized.
, e

o

VIII. Production of Cell Membrane Suspensions

Exponential—phase or statlonary phase cells as requ1red were
washed once in 50 mM Tris hCl, pH 7 5, contalning 1 mM B mercaptoethanol

(TME buffer), and thensbroken by one of the follow1ng three methods. Zg,

e
e ‘ i

‘A Grlnding Wlth Plastlc Beads Washed cell pellets were resuspended\

" in a minimal amount of TME buffer to yield a thick cell slurry. Equal

welghts of cell slurry and plastic beads (BlO Beads S~X8, 200 400 mesh

‘ BloRad Laboratories) were combined in a Sorvall Omnl—mlxer. The cells and
B beads were then mlxed at maximum speed for 2 to 10 mln.l " The broken cell
'slurry was- diluted w1th TME buffer. Plastlc beads, whole cells and cell

xwalls were sedimented By‘centrif on for 3 X ‘5 min at 15 OOO Yg

b mbrane fragments were sedlmented from the supernatant by centrlfugatlon

f 45 min - at 48 000 xg. The membranﬁs were washed twice 1n TME buffer
'and resuspended to 7 mg protein per ml for use. All manlpulatlons were

carried out at 4 c unless,ggherwise 1rd1cated ~ | b.'b
'vB. ,Grlndlng Wlth Alumlna. A pellet of washed cells was vigdrously oround
‘with éjlimes its wet’ welght of levlgated alumina in a pre—cooled mortar
: i v
and pestle for i0 .min- at 4 -C. The cells alumina leture was diluted out

'w1th TME buffer and . then treated exactly as: the broken cell slurry from _
lgrinding cells w1th plastic beads. _

o~ .

: ‘ R T
_C; Lysozyme French Press.‘vwashed'cells were resuspended in TME -buffer -

[

L

°



‘ml for use. S K . ;

r | ’ ) —.33—' .

and exposed to lysozyme at 100 ng/ml for l hour at 30°C. The viscous

‘pellet was forced through a French pressure cell at 15 ,000 pounds per.

square inch pressure.  The resulting broken»cellelurry was diluted out -

with TME, buffer and treated exactly as the broken cell slurry from

grinding .cells with plastiC'beads.

- . . B it

IX. Production of Cell Wall Suspensions

Cell walls were prepared from 1.2 1 batches of cells grown in the

~

. same manner as,for cellvmembrane production. Cell breakage was achleved

L

by grlnding a cell. slurry w1th plastic beads in an Omni—mlxer_for 2 ‘min
at maximum speed. Cell. walls were separated from plastic beads, whoéﬁi B

cells and cell membranes by dlfferential centrifugation A series of

10 min centrifugations at 1000 xg was contlnued until allbblastic beads and’

* whole cells had been sedimented.' USually five or 5129centr1fugat10ns

- were required. Cell walls were‘then_Sedimented by centrifugation at 8000 xg

‘washed twice’in TME buffer‘and.then‘resuspended_to'l mg protein per

b
/

.X+'>Solubilization'of Enzymes . i (;-

Three methods were "used 1n attempts to release bound enzymes‘
from cell walls or membranes :In each case the membrane suspen81ons

contained 7 mg of protein per ml and the cell wall suspen81ons contained

‘ l mg of protein per ml.

A. Triton X~lOOvl Membrane or cell wall suspen81ons ‘were made l/ (v/v)

o

with respect ‘to. Triton X-lOO (Rohm and Haas) After bfief‘mixing the

_ suspensions were centrifuged atv48,000.xg_for 45smin to sediment insoluble



. materials(Umbreit,and‘Strominger, 1973). ‘17 .

'B. Butanol Extraction Membrane or cell wall suspen51ons ‘were mlxed-

3%

vigorously with equal volumes of water saturated n butanol and held at,
4°¢c for-15 min with periodic mix1ng The emulsion was then centrlfuged

at 48 OOO xg for 45 min to separate the pdases andﬁsedlment 1nsolub1e

materlal The upper butanol layer and interface mater1al were dlscarded

 the ‘aqueous layer and pellet were saved (Barnett 1973)
I

C. L1Cl Extractlon : Membranes or cell walls were sedimented from ‘suspension

by centrlfugatlon at 48 OOO Xg for 45 mln _ The pellets were the?/resuspended
to thelr origlnal volumes in 6 M L1Cl contalning 1M Trls HC1, nH\S b{/and
held at 4°C for 60 mln The membranes and cell walls were again sedlmented
by centrlfugation at 48 000 Xg for 45 min (Pooley et al., 1970).

Tor each of these three meth@ds the 1nsoluble pellets of membrane

and cell wall materlal were lesusnended

. R
. buffer. Both the resuspended pellets and aque:« v fh%-cts were dlalysed
for 16 hours at 4°¢ against TME buffer before _enzyme activity was ‘measured.
If proteln content was to be measured buffer lacking 8 mercaptoethanol

.Was. used for dlalysis. Seventy pl amounts of each extract or resuspended f

PR, /

>

pellet was assayed for enzyme act1v1ty using a standard assay : -
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4 . I. Preparation ofAUDP—MnrNAc—14C~pentapeptide
w B

UDP—MurNAc—pentapeptide is a necessary substrate in any. in vitro
. peptidoglycan synthes121ng system. :It was originallyvobserved to accumplate

in cells of_§. aureus which had béen exposed to penicillin. vAddi%ion of

penicillin to cultures of M. ségonensis‘at 5 ug/ml((approximately 10 x MIC)

caused no accumdlation‘of hexosamine containing nucleotides. Catlon depri—

4

,vation had also been observed to induce 1ntracellular accumulation of
,nucleotide precprsors‘in S. aureus and in a wide range of other organisms ‘

as well (Garrett "1969). By modifying the growth medlum, ‘this, technlque
N :
was used to prepare UDP—MurNAc—l4Cvpentapept1de from M. sodonen51s.' The
o
incubation mixture conta;ned EDTA qo produce the cation def1c1ency, 14C—

B o

' Vuniformly labelled D and L alanine and chloramphenicol to prevent incor-

poratlon of'the labelled L'alanine into protein. TCA ektraction was -used

to release the nucleotide precursor from the cells and the nedtrallfed

extract was applied to a Sephadex G- 25 column. Fractlons were assayed ‘

- for rad10act1v1ty, abso%bance at 260 nm, . and soluble hexosamines (Figure 1)

ot
ot

Two main'peaks of hexosamine containing material were detected

. )
44

but only one was radioactive, (Peak I) The second"’ hexosamine containing

éompaund (Peak II) was UV—absorbing but analysis showed that it

conta1nod no amino ac1ds. It was“probably UDP—GlcNAc or unsubstitnteh

'UDP—MurNAc.V The radioactive peak w1th a Kav of 0. 98 (Peak III) was
»demonstrated to- be free alanine: Radioactive hexosamine containing

’ ) ".ri
vfractions were pooled and lyophilized. ~The dried material was streaked

on paper strips at a rate of 0.5 Hmoles of hexosamine-per cm'and :

ro ~35~



’ — Y FIGURE 1

GEL FILTRATION (SEPHADEX G-25) OF PRODUCTS ACCUMULATED BY
o CATION'DEPRIVED:CéLLS‘CF M. SODONENSIS }
s
Five ml of ﬁeutralized TCA-éxtraéﬁ from cétion déprived celis
was applied to a Sephadeﬁ G~\25WQOlﬁmn (2;5 x'95 cm)‘an&feiutéd wiﬁh h
 water. 1Five-ml‘fp3ctions wére‘qbliééted and:theﬁ UVjabsorptiénL totéi
radibaqtiyity; aﬁd'total_gblyble hquSaéine c§ntént of'each’f£actioﬁ was

N 4 . . . - 3 .
. o, ) . ) . oA - - B4
measuged. ;¥ ' , : o ' S

radibadti?ity

. teseesesesmassasmue Soluble hexosamihe ‘

o

absorbance at 260 mm
e . o Y
) L3

I_ﬁ UDP—MﬁrNAcfléb—peﬁtapeptidev‘

E ) _ II = UDP-MurNAc or UDP-GlcNAc
. III = free *4cfalgnige
- I r.) -l’ - )

. é)"‘l



- oL S
i o /x‘ "."‘&\ .

N (sa|owU) gwwnsoxaH

1300

w -

- -f(g_ptx.wdp) :(J,!Agp_‘po_!pna,g R

A



;38f

_‘'then chromatographed for 18 hours in solvent A. - Radioactiuity was
A : ST Co _ S e ' '

. -“located using a strip scanner. The scanning speed was 60 cm/sec at

a sen51tiv1ty settlng of lOOO cpm and the. position of the paper strlp on

the resultlng printout was. determined by. u51ng a radioactlve marker dye

v

(Figure 2) The only maJor radioactive band seen (Rf 0 325) corresponded

°

= w1th an 1ntensely UV—absorbing spot. ’This pos1t1ve band from each strip,

\\SEB » was eluted extensively w1th water until all radioactivity had. been removed.

The eluant was lyophillzed, applied to paper strips and chromatographed

W i

; in solvent B for.ll‘hOurs. Agaln only one radioactive, UV—absorbing band

was'present 1n this case. at an Rf of 0. 125 'The materlal was eluted from

a e

the paper strlps, concentrated and desalted ‘ The final purlfied product

was concentrated ‘to a volume of lO mE’and assayed for- soluble N—acetyl

<

' ~_ Ahexosamines and total amino ac1ds (Table IM. Tha f1nal yleld of‘product
was 5 135 X 106 dpm in 7 4 umoles of UBP—::'NAC~ C~pentapept1de (b;sed o

on soluble hexosamine content) for a spec1f1c act1v1ty of 694 dpm per' >
nmoler The ma&crial contained hexosamine glutamic acld, lysine; and_

L o
s

alanine in a y( ar-ratio approaching 1:1:1:3. No glycine was_detected in .

the uaterial. 5 S , ST ) s » ; - " /“

II. Transglycosidasé‘Activity of Stationary—phase"Membrane'SuSpensions"',' s -

AL Preparation of'Membrane‘Suspensions‘ Membrane suspens1ons capable of
Voo . S
carrylng out transglycosidatlon were prepared from statlonary—phase Cells

- e

- - : L. 3

of M. sodonen51s.

l ' BEffect of Methods of Cell Breakage on Transglycosidase Activity
Whole cells of M. sodonenSLS are extremely resistant to breakage by the
[ ’ 0 .
' ‘usual- mechanical means.‘ As a result fairly harsh methods of cell breakage

)
o2

PN . . - B )



R - ' FIGURE 2 » ?
- . - R . a . . . - .
. } . . 5. - R -~
o ¢ " PAPER CHROMATOGRAPHY OF PARTIALLY PURII‘ILD
7 ;' : *‘- o UDP—MurNAcl C—penLapeptlde
s ) hy s
' s 1 “‘\:T . ' A :
e ERE Two umoles of partlally purlfled UDP- hurNAc—l4C~pentapeptide
. o S 5 o ‘

(based on soluble V—acetylhexosamlne content) were applled toapaper

strips ‘and developed 18 hours in’ solvent A, Radloactlve materlal was

R ) . J,‘o ) - ~ B “
located using-a strlp scanner. o oL T C .
R : . . T I =, UDP-MurNAc-" 'C-pentapeptide
< /

5 -
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. ACLUMULATED BY ATION DEPRIVED CELLS OF M.

COMPOSITION OF UDP- upNAc—lac—péhtapeptide'(PEPTIDOCLYCAN PRECURSOR)

SODONENSIS

'

1]

“'
.Component . . ' ' | Ax‘m@nta ‘ Molar Ratio
. ‘,V‘
SolublevN¥acety1-—- S o i
" hexosamine- . } o 740 1.00
Glutamic zcid . - 132 C . 0.99
_ Glycine = = . S b b
Alanine . 2340 3.20
T e _ ' ' e
- Lysine - . v 770 - 1.04
. : N . N , . = . .
Dore '/f‘~ R
._A:a -nmoles;" per m]_}é ‘ \ o
2 R 5 B St . . :
b ‘Below levels of detection IR



CoTT e T T e e o e e e e, "’"”"“}":‘4;2; S

‘had to be.employedi' Unfortunately, these methods frequently partlally

destroyed transglyc051dase act1v1ty
o Grlnding With Plastic Beads. A thick slﬁ’rry of - washed .

stationary-phase cells of M sodonensis was ground w1th an equal welght
of plastic beads in an Omnl—mlxer at max1mum speed for 2 min., 'This
method represented a successful compromlse between.efficient cell'breakage,,ﬂ

i
-

. and maintenance of enzyme activity.. Cell breakage was .restricted to

" about 30 percent hni;h'resulted'f 3 moderate;yieIddof’membraneifragments -

with a high leve -f _ransglyCOSLdase act1v1ty (Flgure 3) " The peptidoglycan '

‘ R E NS 7: A~ D
product formed c 'ing a normal transglyc031dase assayﬂus1ng these membrane

a.\

suspensions rema “1ted at the origln of chromatograms developed 1n sglzfntjA;

YV,

‘The residual lab S -ed substrate (PeaL II) moved to an Rf of 0 3 } Small:‘

amounts of lipid preCUrsors were present near the solvent front ‘Peak7
. . e

III materlal whlch con51sted of a mixture of- degraded Substrate (NurNAc-penta—

pep\xde), and degraded peptldoglycan was present at -an Rf of O 6 to O 65 ’”"'

Under Optlmum condltlons these membrane Suspens1ons prepared by. grlndlng cells
.‘a . o

with plastlc beads for 2 min could‘promote the 1ncorporatlon of 4 7 nmoles

of MurNAc—lAC pentapeptlde into- peptldoglycan per hour per’ mg of membrane

protein. ‘ncreasing the grlndlng time to lO min gave 100 percent breakage
but ¢cc i~ oly destroyed enzyme act1v1ty Slnce grlndlng w1th plastlc beads
for shor :riods as a method of cell breakage ylelded membrane suspen81ons

‘with cons1stently high - levels of enzyme act1v1tyd ‘this method was routinely

Y

used for all subsequent studles on enzyme act1v1ties assoc1ated w1th the

vcell membrane Membrane suspen51ons produced by thlS method were examlned

‘with phosphotungstic ac1d (Plate I) The membrane fragments ranged 1n

w1th an electron microscope. The membranes were: neoative contrast stalned

q'.

N3



 ~—~FIGURE 3

-~ »

 TRANSGLYCOSIDASE ACTIVITY OF STATIONARY-PHASE MEMBRANE SUSPENSIONS
A B _ ART NS L

» OF M. SODONENSIS PREPARED BY GRINDING CELLS
oor e SORERRS _ SR
L ' WITH PLASTIC BEADS - | |

l‘w . *

e

One hundred forty ul of transglyqosidéSe reaction mixture was

N . )

applied to a pgper-strip and.chromatographed 16 hours in solveﬁt A.

 Distribution of radicactive products was determined by cutting the strip
into 1 cmAsectignSyand counting each section in a scintillation counter.’
Coagt A ) . .. ’ ) ) . . |
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ELECTRON PHOTOMICROGRAPH OF STATIONARY—PHASE MEMBRANE SUSPENSIONS

t . ’ PREPARED FROM M. SODONDNSIS
»Samplés of cell mémbéfne suspension, prepared by grinding .

whole cells with plaSth beads ln an Omni-mixer for- 2 mln,:ﬁ"”“‘

a

negatlve contrast stalned w1th 3% phosphotungstlc ac1d.-

[¢
<
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- size from approx1mately Ozl to 0.3 u in diameter No evidence of contam-

ination by 1ntact cell walls or whole cells was seen.

,

Membrane uspenslons could be stored for. prolonged perlods at =70°C

\

~ without loss of" aqtivlty " Freezing and’ thaw1ng did cause‘loss of activity
vy B ,

7
'so membrane’s uspen51ons were dispensed into small amounts- before freezlng

b.‘ Grindlng Wlth Alumina. When pellets of washed statlonary—

phase cells were ground w1th 3 times thelr wet welgnt of alumina in a
chilled'mortar and pestle ‘for lO min, some cell breakage occurred but

3

. re3ult1ng membrane Suspen51ons had less than 50 percent of the transglyc031dase

7
N .

act1v1ty of membrane suspensions prepaned w1th plastlc beads. Only 2.2

nmoles of MurNAc—l4C—pentapept1de was 1ncorporated into peptldoglycan per

C A
‘&

hour per mg of membrane proteln.
c. Lysozyme~French,Press.A Washed stationary-phase cells were

vpartially digested7wdth_lysozyme‘and then forced‘through‘a French pressure
cell.h ThevresultinéUmembrane!suspensions nere contaminated WlthAlysoayme—
insoluble cell wall materlalvmhich could not be remoyed'bycdifferential‘
cent;ifugu_ion.-llhdse.mcnbrane—suspensions showed no detectable trans-

'giycosidase activity. Unllke the—membranes prepared by grinding cells.(

with plastlc beads fog lO mln these lysozyme-French press membranes d1d

i

show some transclyc051dase—related enzyme acc1v1t1es in that small amountts

of llpld pre"ursors (Flgure 3 Pcak IV) we?

T

‘formed and production Qf fome

&
MurNAc-pentapeptld P(Flgure 3 Leak III) coubi also be de SRS
L 5 P
2. Effect of Methods of- C%}l BreaLage on’ Membran
N VR )

In evaluatlng dlfferent methods of membrane Dreﬁaratlon, succ1nic dehydro~t*V~'
: . S e

&7 .1"~,»

’\.

]

@genase and NADH dehydrogenase assays were 1n1t1ally performed in an’ attempt

’

to determlne the relatlve act1v1t1es of the resulting membrane suspen51ons.

adh

[
.
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\ ~48-
Since these enzyme activ1t1es could be rapidly measured they would make\

»

convenlent marker enzymes if they correlated with transglycosidase activ ty.

ot

These twa enzymes were however much less sen31t1vc to the method of membrane

productlon used as evidenced by ‘the fact #hat hlgh levels of both activities
were found in membrane suspensions 1solated by all methods ~attempted, and
therefore no. uSeful .correlation was found.

A\l

B. Characterlstlcs of Tran801yc051dase 4ct1v1ty. ALl transglycos1dase

‘assays ‘were done using .70 ul of statlonary phase membrane suspens1on.:

5 k) °

1. Effect of pH. The effect of pH on transglyc051dase activ1ty
was determlned by settlng up a series of normal transglycos1dase assays
' at several pH values ranging from 7.0 to 9.0. The.final concentration of

Tris in the assay was kept constant at 0 125 M Act1v1ty was greatest at

e

a pH of.9.0 (Flgure 4). Below a pH of 8.5, act1v1ty fell off sharply.

2, Effect of Temperatune. The effect of temperature was determined
by preparlng f1ve 1dent1cal tranSOchosidase assays and incubating‘ggch
one at a dlfferent temperature from 20 to 40 C:\ Transglyc051dase act1v1ty
was strongly temperature;sensfgave (Figure 5). Ac%av1ty was maximal
at 30° C which s also the optlmum growth temperature for M sodonensis.

3. Effect of In(ubatlon Tlme; The gffect of 1ncubat10n t1me was
measurec by settlrg up a normal transglyci&igase«aségy, scaled up h fold

Samples of 130 ul were w1thdrawn perlodlcally dgrlng the 24 hour 1ncubat10n

’ period and -boiled for 1 m1n to: stop the reactlon. After all samplesv

‘had been taken they were streaked on paper strlps and chromatographed
in solvent: A. Peptldoglycan blosynthe51s proceeded rapldly for the,

first few hours ‘began to level off at 7 hours, adl finally went into a
> . .

decline (Figure 6). Sodlugsa21de was 1ncorporated 1nto the scaled up
. ’_. o

“
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'\FIGURE 4
EFFECT OF pH ON:IN VITRO TRANSGLYCOSIDASE ACTIVITY ,7/

INrSTATIOﬁARY—PHASE M@MB?ANE SﬁSPENSIONS-
) OF §,ASODONENSIS o o
Transélycosidase acﬂivityywas measqred at pH yaluesvraﬁging’

 fom 7.0 to 9.0,‘and'activity was expressed as‘perceﬁf of total
R radiqactiyity inédrpéfaﬁed iﬂto peptidbélycaﬁ; .DeFails‘of the standardt'

t:ansgiygosidase assay system are given in Materials and Methods.
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EFFECT OF INCUBATION TEMPERATURE ON IN VITRO TRANSGLYCOSIDASE.’
ACTIVITY IN STATTONARY-PHASE MEMBRANE

SUSPENSIONS .OF M. SODONENSIS

. ! ¢ o

J - . - ' v .
) » . » v

; Five transglycosidase assays wegejsét up "and incubated at .

. N . ) © N N ~ . .
temperatures ranging fromVZOOC to 400C2 “Activity is expressed as_perceq?
of radioactivity,incbrporateé'into“peptidoglyéan.

N
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FIGURE 6

(EFFECT OF INCUBATION TIME-ON IN VITRO TRANSGLYCOSIDASE . ™ 1 TY
IN STATIONARY-PHASE MEMBRANE SUSPENSIONS

-~

K - or §§§SODONENSI§

. - -~
. One hundred thirty ul sambles of :ransglycosidase reaction
F,' . o .
mixture were removed\at the tlmes 1nd1caLed and chromatographed in

i

-solvent A.n Act1v1ty Ls expressed as percenE~éf total rad10act1v1ty

N

incorporated ;nto.peptldoglycan.

, . ~
' - ©° ..
o . .
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“loss-of aCtinly was never aéhieved. Transglycos1dase activ1ty lost by
‘ . 2+ , A . .
membranes aga nst Mg free buffer, nor was transglchSidase activity

S 24+ o C : ' i L : R .
‘from Mg” washed membranes back to the. inactive membranes also had no

restorative effect.i, e

N g . o ’ T -55- l
e . Fs :
reaction mixture at:a-final comcentration of 0. 027 (w/¥). Since azide

. f L

T o ' . .

,would limit microbial contamination, the decline was presumed to be due to

-

,-the presence of low levels of ehdogenous peptidoglycan degrading enzymes.

: ) oy
4. Effects of Mg Mg2+ is an essential component of the transglyco—

. ] . Ao

n.'['

1dase ¢ystem (Figure 7) When the MgCl concentration of the standard

)

]ftranSglyc051dase assay system was varied,from zero to 125 mM, maximum

2+

v transglchSidase‘actiuity occurredﬁat.7 mM Mg“'. When Mgz ‘was omitted

: from the assaxlsystem,,some res1dual aCthlty remained probably due to a

24
small amount of - Mg lremaining assoc1ated with the membranes throughout
fv"" e

the washing pmocedure. Concentrations of Mg 2+ in excess of 7 mM\Were ',
e v’] - . S .

.1nhibitoryrso that at a Mg concentration of 100 mM, act1v1ty was almost 7ero.

Just-as high levels of Mg-2 '1nhib1ted the transglyc081dase enzyme

- 2+ ‘
assay, so the presence of Mg~ during preparation of‘membranes decreased~tl

‘_activity o>\the resulting membrane suspen51ons (Figure 8) When the TME .

'.

“buffer used during cell’ breakage and subsequent washing, was Supplemented

) \

with 50 mM MgClz, the reSulting-membrane suspenSions had no transglyc051dase
v . L

activity,. Transglyc051dase'actiVity was- highest in membranes prepared without

°

MgClZQ“This effect could also be demonstrated_by*washin jve membrane

preparations 41y TME buffer‘containing 50 mM MgClz. Memb@¢ ﬁjso treated ﬂ\"
could lose up to 60 percent of their-tranSOlycosid se act1v1ty but complete -~

S
A ’..

2+ .
"Mg2 washed me branes could not be restored by dlaly31s of 1nact1vated

-

demonstrable in the membrané washes. . Addition of concentrated supernatants;
. . . . '’ . p . !

. . ) : : . .‘,‘
/



FIGURE 7

2+
EFFECT OF Mg

’

4

ON IN VITRO TRANSGLYCOSIDASE ACTIVITY

IN STATIONARY-PHASE MEMBRANE 'SUSPENSIONS

OF M. SODONENSIS

1

Transglycosidase activity was measured in

varylng concentratlons of MgCl

‘total rad10act1v1ty 1ncorporated 1nto peptldoglycan.

”

9"
ﬁthe presence of

Act1v1ty %s expressed‘as percent of -



00—
M)

T80 80
| Concentrqﬂon | '(m

e

5

» &
umm(g@oguﬁad o.;un

pé,g,modmau' g ) jo 4ue319d



- FIGURE 8

EFFECT OF PRESENCE OF Mg DURING PREPARATIQN OF MEMBRANE

W

o SUSPENSIONS ON“RESULTING-TRANSGLY_COSIDASE'ACTIVITY :

;Sl§tionary—phase membrane suspensions, prepared using TME Lo
buffer containing varyingﬂconéentfations of MgClél were assayed for
transglycosidase activity uhder standard assay conditions. Activity

ot

N - .
was expressed as percent of,total radicactivity incorporated’intov’

>

peptidoglycan. : . ';' o , A . Ced

[y . - B v ’ . I
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: "solubillzed by lysozyme digestion.-

R , 60~ .
/ _

!
/

v Analysis of the Transglycosidase Product.

1. Degree of Grossbridging " When cephalorldlne was - 1ncluded in a

normal transglycosldase assay at lO ug/ml (approx1mately 20 tﬁmes MIC)

“
[

it had no effect on the amount of peptldoglycan formed or the Gistribution
!

& , R O
of the rad10act1v1ty on the chromatograms, which 1nd1cated that a cephalor-

idine—sen51t1Ve transpeptldase was not . present This, together Wlth the,

observatian that no. free alanlne was released durlng in vitro peptldoglycan
——

. N

synthe31s is ev1dence that crossbridging was not occurrlng Free alanlne

—

chronmtographs at an Rf of -0.65 in solvent A which places it close to the

¢

Peak IIT materlal seen 1n Flgure 3. 'In solvent B, however, alanlne has

o an Rf of 0. 5 compared to Peak III materlal Whlch SplltS 1nto two components

Wlth Rf values of O 32 and 0 55

2. Nature of the Glyc051d1c Bond PormedeffThe peptldoglycan produced

“in a standard transglycos1dase assay was tested for lysozyme susceptlblllty,

as given in Materials and Methods.  The lysozyme dlgest was then chromatc \
éraphed 1n solvent A and the dlstrlbutlon of radloact1v1tv raS-compared’wi;i
that of a normal transglyc051dase assay (Flgure 9) ' The complete- dlsappeeiar -
of labelled materlal from the orlgln conflrmed the transglyc031dase produc

to-be typical peptldoglycan w1th lysozyme sen51t1ve N—acetylmuramjl -8 1,

4 N—acetylglucosamlne llnkages. The two products of lysozyme dlgestlon
(Flgure 9 Peaks III and IV) were tentatlvelx 1dentif1ed as dlsaccharlde—
_peptlde and tetrasaccharlde—peptlde on the ba81s of thelr chromatographlc

vmobilltles " The- fact that thls 1n yltro synthes14ed peptldoglycan is

c0mpletely degraded by lysozyme dlfferentlates it from native peptldoglycan

'”fi-in the mature walls of tne same organlsm whlch is at best only 50 percent

e
-

, o o .
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FIGURE 9

LYSOZYME DIGESTION OF PEPTIDOGLYCAN SYNTHESIZED
IN VITRO BY STATTONARY-PHASE MEMBRANE
' SUSPENSIONS OF M. SODONENSIS

B . . o 4 . o
o In vitro synthesized peptidoglycan was exposed to lysozyme and

I

the digestion products were sepafated by paper chromatography. in solvent A

“s

"~ for 16 hours. Distribution of radioactive products was determined by
cut;ing the strip into 1 cm sections and counting each section in a

scintillation counter: .

N

V peptiddglycah control

peptidcglycaﬁ‘+ lysozyme






B ' ﬁ ’
Additl\n\of cephalorldlne to- the transglyc051dase assay system at 10 ug/n& :

~63~

Physical Characteristics

B - I | - \
50lubility" and' Precipitabilit by Trichloroacetic’ Acid.
pita v : :

of ig_yitro synthesized peptidoglycan was determined by

Tae "solup oy
carrying - standard transgfycosidase assay using statipnary-phase-

membrancs o 2ntrifuging the completed assay at 48 ,000 xg for 45 min.

Peptideslyca emalnlng 1n the 48,000 xg supernatant was referred to as

"so.uble" peptldoglycan in the pellet was ”1nsoluble” The prec1p1—
- T o g
ability ICA of in vitro synthe51zed peptldoglycan was determined by

& two standard transglycos1dase assays u81ng statlonary phase
~ubranes. After 1ncubat10n, one reaction mlxture was chromatographed in
solvent A to determlne the total peptldoglycan productlon The other was
spread evenly over a 2 cm square plece of Whatman 3MM paper. After drylng,

i

the paper 'was washed gently for 15 min in each of 3 changes of ice cold p

5% TCA then washed for 15 min in ethanol ether (1: l, v/v) mixture and

flnally 15 min 1n ether. »The_drled square was countedAfor radioactivity.
Seventy seven "percent of the. in v1tro synthesized peptldoglycan

was,"soluble" whlle 61 percent could not be preclpltated by TCA (Table I11).

- did not alter the dlstrlbutlon of the varlous fractlons.

b. Isolatlon and Purlflcatlon dr In Vitro Synthes1zed Peptldoglycan.

In v1tro synthesized peptldoglycan was prepared in a normal transglyc051dase

:‘assay system scaled up 200 fold One hundred mg of statlonary phase mem-

brane proteln served as the SOurce of enzyme. The peptldoglycan pro-

-duced contained 558 ,000 dpm Wthh represented an 1ncorporat10n of 804 amole

3

of MurNAc14 —pentapeptlde into- peptldoglycan. The entlre reaction mlxture

'was flrst centrlfuged at 48 OOO xg :for 45 min to separate "soluble" from.

~~

o



-SEPARATION OF COMPONENTS OF IVgVIT?g SYNTHESIZED PEPTIDOGLYCAN BY

. . TABLE II
'

CENTRIFUGATTON AND TCA PRECIPITATION

- ; l;v ’, e , o ,;:Tf‘f- ‘
Material ﬁﬁ" . ' Rgdibaefivitya ©~  Percent of Togal
Assayed o & . Idicorporated into -Peptidoglycan
" Peptidoglycan' - b '
o ) T4 _! y ‘/ :
o 3 . <,;)3£“ .= N . ' - ' .
Complgie Transglycosidase b o : ) .
Rea@ﬁion Mixture . _ 1470 e 100.0
(t%}ab peptldoglycan) A S I -
4%‘ ' | | |
48,000 xg Supernatant : b - S L
("soluble" peptidoglycan) . - 1135 7. - 3 7.3
'“48 000 xXg Pellet - b R - o e
("1nsoluble” peptldoglycan) . 335 . _ 22.7 C -
Peptldoglycan Insoluble . : o T : _
c : .
in 5% TCA _ T - 580" - : 39.0
~a dpm -
b Determined by paper Chroﬁatographyg-
¢ Determined by precipitation\onto ﬁaﬁere : ;: o e



"insoluble"'material -"Soluble" peptxdoglycan was present in the

_supernatant together with re51dual substrate and minor amounts of degradation‘
. rf @&(&) . . . .

_products. "Insolublﬁﬂ‘peﬁtldoglycan was that material prec1p1tated together

: L4

with the, membrane fragments. It was contamlnated by the radloactlve lipid
§ SRR ,,','f\ :

. RS ) . R ) b
precursors. . 'f' - S

Coa

Fhe "solubl@ 4pept1doglycan contalnlng supernatant was lyophilizgd

>~'resuspended in a: 2 ml vplume and . subJected to gel flltratlon on a.

%Sephadex G-ZOO column (2 5.x 45 cm) Five ml fractlons were collected

- ‘ e LY

and monitored for radloacthylty (Figure lO) Someﬁdf7the ”sdluble”~

.

peptldoglycan was excluded fromcthe column and was therefore of very large

molecular welght ‘(Peak I) whlle the majorlty was present in e 51ngle peak

(PeakII) which eluted with a Kav of 0 7. Peak 11T materlalqrepresents

vre31dual substrate The 1n1tia1 sample applled to the column had a high

o

salt concentration which caused shrlnkage‘of the column and dlstorted the’

1Kav of Peak II The Peak II~mater1al was. rechromafographed on Sephadex

200 to f1nd the’ true Rav and to obta1n a better separatlo:\iiom‘the v
unreacted substrate. This peak now eluted unlformly at a Kav of 0.5. ThlS
f/ '

soluble" small molecular welght peptldoglycan was lyophlllzed as. was the

St soluble" large molecular welght materlal (Peak i)v' g

L .. o

'"Insoluble" peptldoglycan was examlned to'determine whether its

4 o .

'1nsolub111ty was: due to. large molecular s1ze or. to attadhment to the membrane

. n

fragments. Tbe peptidoglycan contalnlng pellet of membrane fragments s

was‘resuspended in water to a 5 ml‘volume  The suspen31on was. extracted

with an equal volume of water saturated n butanol for 15 min at 4 C ( Y

Centrlfugatlon at 38 000 xg for 20 min separated the emulslon and<%§;\1;ueous% :

é

. layer was- removed The butanol'layer was discarded as itrcontained no

£ PO——, |



1 .+ FIGRE10 . . .

FRACTIONATION OF IN VITRO SYNTHESTZED PEPTIDOGLYCAN

'BYGEL FILTRATION (SEPHADEX G-200)

o

s ”Sdluble” and ”insoiuble' in. vitro synthe51zed peptldoglycan

.t ',f Q

Usamples were applled separately to a Sephadex G 200 column (2.5 x 45 cm) - -

and eluted with water.‘ Five ml,fractlons,were colleéted and assayed

for.radicactivity., L o o ‘ v
o . ) ;
 ; _ ‘ "soluble" peptidoglycan
4 o ”insoiuble”lpeptidoglycaﬁ‘- 3 PR
6 v ‘ ST R :
e E‘
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radioaCtivity. The pellet vas lesuspended in 5 ml of water and the)butanol

! l.t'
et

extractlon was repeated. Two successive butanol extractlons'werq¢found
[ : v s }

to'release greater than 90 percent of the "insoluble" peptidoglycan into-

the aqueous phase. This material could no longer be sedimented by céntri-

. " ‘ . - ) Q N . :
fugation at 48,000 xg for 45 min. The aqueous suspension of  "insoluble"

pept-doglycan was applled to a Sephadex G- 200 column (2.5 x 45 cm) and the

1»5”\.
_effluent fractions were monltored fov radloact1v1ty (Figure - 10) The

elutlon pa%tern of this materlal was quite:similar to that oﬁ=the "éoluble”

-EB;{dowlycan except that there was much less of the small molocular welght

. ) AN
aterlal and re51dual substrate wa's greatly Treduced. The large and small

molecular weight fractions Of_”insoluble peptldoglycan were lyoph1117ed. .
Tbe yleld of each of the ﬁour species of peptidoglycan is shown in Table

ITI. - The oyerall‘recoVery of 788'nmoles out of an initial 804 nmoles
total‘peptidoglycan at the start is somewhat high because.the "insoluble"
B . . . i . .
. o . o iy - ‘ \ v
larée\melecular weight peptidoglycan is cgntaminated to a maximum of

20’perCeqt with lipid intermediates %hick contribute to radioactivity

measurements. * "Soluble" small molecular weight peptidoglycan makes up the
majority’ of ‘the in vitro synthesized material. ‘Small molecular weight-

material makes up, about 67 percent of total peptidoglycan.

L4

c. Hexosaﬁiné[Content of In Vitro Synthesized Peptidoglycan. y

The large and small’moleedlar weight peptidoglycan speeies kfigu?e 10,

f,PeaRé I and II) from both ”soluble"land ”insoluble” peptidQOlycan'Were

fresuspended in water to give 35 OOO to 40 OOO dpm/ml Thls vﬂuld correSpond

" to a hehosamlne content of 50 - to 60 nmoles hekosamlne/ml assumlng that all

'_.tbe peptldoglycan had been synthe317ed in v1tro from radloactlve Substrate and
. K 9 :

that fOL ealh mble of MurNAc—l4C—pentapeptide inqorporated One’mole ofﬁGlcNAc‘

|
o



TABLE III- |
* DISTRIBUTION OF FRACTIONS OF IN VITRO SYNTHESIZED
PEPTIDOGLYCAN OF M. SODONENSIS
3 Péptidoglycqh‘ EEEE a . Percent“of/Total
' _ Species C . Amount”® In Vitro Synthesized
., ‘ ' Peptidoglgcan
o I /. T
"Soluble'" large Lo _ , B
‘molecular weight K ‘ 127 . , 16.1

”Splublé”_small

molecular weight : i - 402 o '51.0
"Insoluble" large ! R ; ,
molecular weéight » ) - 138 - T T 17.5
"Insoluble" small \ _ e W
_ molecular weight , _ 121;///// ) - 15.4
o , _ ‘ . . : _— o
. o

a nmoles of MurNAc—lqc—peqtapeptide inéorporated into peptidoeglycan.

T
At - Ly
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. =70~
was:also incorporated. U81ng this approx1mation, samples ‘were then‘
=i ) . R K R

assayed for actual total hexosamlne content u51ng thc Norgen Elson

s

technique descrlbed earller (Table IV) Actual hexosamlne contents were
e :

_higher than the assumed valnes whlch sug sted‘that dilution of the-
. ;
spec1f1c act1v1ty of the nucleo, 1de substrate had occurred and that

all of the fractions of in vitro synthe31zed peptldoglycan contalned
&

x31gn1f1cant amounts of unlabelled peptldoglycan material. The small

‘moleculaf welght spec1es were the least contamlnated with unlabelled

)

'1s'mater1al In partlcular ‘the soluble small molecular welght fractlon,

which makes up ‘a large proportlon of the in vikro synthesized peptldoglycan,
conrained only one half uqsabelled materlal This was ezpected since

native peptidoglycan, synt\e51zed‘in vivo, is neither "soluble" nor small
\ - %
in size. None of the ev1dence-13&%cated whether labelled and unlabelled

t

peptldoglycan was prgsent as a mixture or whether it was actually covalently
. E ‘ »
linked together. ' ﬁf.

4, Molecular Welght Determlnatlon of "Soluble Fractions of'ln“Vitro

' Synthe31zed Peptldoglycan

a. Sephadeh G- 200 Chromatography The size of the two

”solubie' spec1es of in-vitro synthe31zed peptldoglycan was determlned
by chromatographing them on a Scphade\ G- 200 column whlch had been
l" ' >

calibrated by chromatographlng a series of dextran standards of known

molecular welghts The~columns ‘were equilibrated and eluted with O 3/_v

'NaCl Lo overcome any v1sc031ty ef fects due to the dextran DeXLran was‘

detected in-the effluent fractions using the anthrone technlque

(Flgure ll) Dextran l—lBO molecular welght 150 OOO daltons (Peak Dy
* ) o
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TABLE IV S :

¢

HEXOSAMINE CONTENT4OF FRACTIONS OF IN VITRO SYNTHESIZED

‘ PEPTIDOGLYCAN OF M. SODONENSIS
( - - ] .“. kg . ] ]
Peptidoglycan : ' Hexosamine Content® , Percent of PeptidoglycgnA"”
vgpecies‘ : 'Es;imatéd by Measured by ACtpal}y-Synthesizéq/ :
. ‘Radioactivity Morgen-Elson  In Vitro
(a) (B) - (A/B'x 100)
. ! v .
”Soluble”)large . . T . .
molecular wéight 57.8 640 : . 9.03
"Soluble' small ' o . : ] e '@9
molecular weight : 57.2- o115 : 49.74 .0 =
- A ' . ‘ ¢ . ) A
- "Insoluble" large . . s BN : : e
molecular weight. - 60.4 405 _ 14.90
. o .
\/ﬁ/i\“ . . T . . . l C [
,nE;%soluble” small , o,
molecular weight ) " 55.4 . 255 S 21.72
- . : ! . ’ Lo ’ )
g ) X “
a :nmolés pefhml ) .- - | | ‘, i‘ﬁ



FIGURE 11

ESTIMATION OF PEPTIDOGLYCAN:SIZE BY GEL FILTRATION

X‘l

a. ELUTION PATTERN OF STANDARD DEXlRAN SA&PLES

FROM_SEPHADEX‘GrZOO

Two mg of each of the dextran standards were 1nd1v1dually applled

to a Sephadex G-200 column (2.5 x ‘45 cm). . The column was equilibrated‘

\,

and eluted with 0”34 NaCl. Five ml fractions vere collected and 0.5 ml

amounts- were assayed for total carbohydrate as descrlbed in Materlals

Aand Methods - ¢

‘I %.~DEXtrag T-150" M. W, = 150,000 daitons

IT = Dextran T-110 M. W. = 110,000 daltons

[ o .

III = Dextran T-70 M. W. = 70,000 daltons

I

]

IV = Dextran T-40 M. W. = 40,000 daltons

]

L V= Dextran T-20 M. W. = 20,000 daltohis

VI

i
it

Dextran T-10°M. W. = 10,000 daltons
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was excluded from thelcolumn The smallep—dextrans eluted at progre831vely
vlhlgher Kav's w1th Dextran T lO) molecular welght 10 OOO daltons, elutrpg
dw1th a Kav of O 7l lhe Kav of each dextran standard was then correlated
with 1ts known molecularlwelght (Ploure 12) Kav was found to be expon—

entlally related to molecular welght and a stralght line curve was

prepared . Dextrans w1th molecular welghts in excess of 130, OOO daltons

. Y b
would be excluded from-the: column _ amples of the two z’soluble” peptl—
) ! ' . /’ ’ A
» doglycan spec1es each contalnlng 20 OOO dpm of rad10act1v1ty in a l ml 07

o

‘volume were then chromatographed 1nd1v1dually on the Sephadex G~ 200
7fjcolumn (Figure 13) EffJuent fractlons were monltored for radloact1v1ty
The}observed kav S were . used to- estlmate molecula welght .

B Most of the soluble” large molecular welght peptldoglycan mas'
eacluded from the column,.as expected 1nd1cat1ng a molecular welght in

excess of 130 OOO daltons ' The peak had a. shoulder of small materlal @

1]

‘whlch ranged doWn to a Kav of O lZS,_correspondlng to a. moleCular welght
:Jof about 70, OOO daltons. The soluble" small molecular welghtéspec1es

eluted in- a unlform peak w1th a Rav of’ O 522 whlch corresponded to a

molecular weiOht of 19 4OO daltons‘ ‘ g .

Td< The dlsaccharlde~pept1de unlts whlch,make.up the repeatlng sequence
of linear peptldoglycan strands have a molecular welght of 949 daltons

_;The ”soluble” small molecular welgnt peptldoglycan thcrefore has chalns

o

ﬂmade up of. 70 2 dlsaccharlde—peptlde unlts on the avelage - The ' soluble"_f

:ularge molecular welght pept:doglycan has strands ranglng in size from

B

. an average of 73 8 up to greater than 137 dlsaCCharlde oeptlde unlls

';b;:.~ NaBHé Reductlon The number- of dlsaccharlde -peptide units"

"

"_maklng up.the 1n vitro synthe31zed peptldoglycan strands could also be

, B N , L4
S e . S
I v a . "" .

Nt

L o “
;



FIGURE 12 -

N

ESTIMA@ION or PEPTIDOGLYCAN”SIZE BY GEL FILTRATION -

b. DEXTRAN' MOLECULAR WEIGHT CALIBRATION CURVE

II

IIT

v,

VI

FOR “8EPHADEX G-200 COLUMN

I

Il

Dextran

Dektran

Dextran |

Dextran

' Dextfan

Dextran

T-70 M. W.

T-110 M. ™

T-150 M. W.

2

il

il

10,000 daltons
20,006 éaltons
40;000 dalﬁons'
70,006 daltons‘.

110,000 daltons

150,000 daltons

L
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SN - FIGﬁRE 13 ©

3 . )
- s

‘ . : Y,
ESTIMATION OF PEPTIDOGLYCAN SIZE BY GEL FILTRATTDN

C. ELUTION PROTILE OF "SOLUBLE" IN VITRO SYNTHESTZED
PEPTIDOGLYCAN SPECIES FROM CALIBRATED
SEPHADEX G-200 COLUMN

N

' The large -and small molecular welght Spec1es of "soluble in

-vitro synthe81zed peptidoglycan were applled 1nd1v1dually to a erhadex G-200.
column (2 5 x 45 cm) . The column was equ1llbratcd and eluted with Q. 3/

NaCl. Five ml fractlons were collected and 0.5 ml amounts were asSayed

for radioactivity,

-"'soluble" large molecular weight material

i

"soluble' small molecular weight material
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determined by measuring the'number of muramic acid residues bearing a

free reduc1ng group -and comparlng it to the total muramlc acid content.

Each peptldoglycan strand has only one free reduc1ng group

Samples of the _soluble lapge and small molecular weight peptido-

glycan contalnlng 512 and 306 nmoles of hexosamlne respectlvqu were

used. The samples were allowed to react with- Lrltlated NaBH4 (2 43 pCl/umole)

&

'under alkallne condltlons for l6 hours at 35°C. Excess reagenis was
destroydd by addlng concentrated HCl to glve a flnal concentratlon of 3N
The samples were then sealed and hydrolysed for 3 hours at 100° C the;acid

washremoved in -vacuo. 'A.standard reductlon was also‘carrled out on

1 vmole of each of glucosamlne and muramlc ac1d The d;isd/coﬁEEhts'of

each tube,‘s andards and tésts, were resuspended to 0.5 ml and chromato-

graphed on Dowex 50. One ml fractlons were collected and rad10act1v1ty

wasdmonitored. uThe elutlon proflle of the standards 1s shown in" Flgure 14.

o

Trltlated methyl borate, (Peak 1, resultlng from destructlon of re51dual
NaBH4 was the flrst materlal off the column Tritiated muram@tol_gPeak II)
eluted Just sllohtly behznd thls peak Trltlated glucosaminol (Peak IIISIY'

was.retalned until the second buffer_system of higher pH,freed'it from the“

v

columﬁiv Since muramic acid is the normal reducing: termlnus of a peptido-
glycan chaln, unless it has been attacked by glyc051dases the Lritiated

muramltol peak was of prlmary wnportance

AL
T

The elutlon proflle of - the large and small molecular welght
s

fractions of ”soluble“ peprldOOlycan after reduction with trltlated NaBH4

‘J

is shown in Flgure 15. Th% level of radloact1v1ty was very close to the
background level but a peak of trltlated muramltol (Peak I1) could be

detected from each peptldoglycan specles as a shoulder on the re51dual methyT
A v
\ - . . [ . '
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* FIGURE 14

v

_ESTIMAbeN'OF PEPTIDOGLYCAN SIZE BY REDUCTION WIﬁgASiBHA

a. .CHROMATOGRAPHIC BEHAVIOR OF 3H MURAMLTOL, AND 3H-GLUCOSAMINOL)

N P ﬂM@M@SONDM@AJo

o

!

pamples contalnlng 1 umole each of 3H muramitoi and'BH}glucosaminol

were applled to a Dowex 30 column (1.0 x 20 cm) . Thevcolﬁmn was eluted'/k/’)

~f1rst w1th 70 ml of 0 1 M pyrldlne acetate buffer pH 2.8, énd then withfﬁ

VAE ml of 0. 133 M pyrldlne acetate buffer, pH 3. &D \One nl fractibnsjéefem

collected'and monltored for radxoact1v1ty.
’ ' A - Q -

g ) . o
L ~/7H methyl_bora_a ‘
‘ ‘/3 e : ‘.r - . ) o °
1T # “H muramitol . ' ] oo ,
o b E i : ;
L3, L Co N
CI1T = H glucosaminol . ' . .
[ ~
I
: /
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the same way as_for ti

j - FlGuRe 15 : !

L T . . ‘ ‘ ’ i
. K ES IMATION OF ‘PEP‘_?‘IDO_GLYC a STIZE BY.REDUC'.I'ION WIT‘H NaBH4
¢ : 3 ' . . . . ‘ . . ' .
: i b. . ELUTION PROFILE OF "SOLUBLE" IN VITRO SYNTHESIZED
’ ’ PEPTIDOGLYCAN SPECIES FROM DOWEX 50
, o
t L

After,reductiqn With tritiated NaBH

the peptldoglycan samples

were 1nd1v1dually resuspended in 0.5 ml of water and chromatographed

on Dowex 50 columns (l 0 .t 20 cm) The columns were eluted_exactly :

candards. One ml fréctions were collected and

. o . S
radicactivity was measured. I : @
. ' .3 o ”
) ‘ : — "soluble" .large molecular welght
k. ’ , o peptldoglycan _ .
Ny, - _ . "soluble" gmall molecular welght :
‘ 7 ' e peptldoglycan :
o .g{\ ’ . o - v
: 2 I =" 3y TWethyl borate
% ) - . il o
vl_ ’ ’ II = “H muramitol )
Y - 14, i
S . ‘ - S IIX = C. pentapeptide 8
‘ s : . S B | -
\ s
|
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‘peak of muramitol from peptidoglycan was Summed and cOmpared w1th the
..amount of radioact1v1ty contained in 1. umole of standard muramitol,ian '\
‘:estimate of the number of. nmoles of muramic ac1d reduced by NaBﬂi coul

hhbe obtalned (Table V) _ The number of nmoles of muramic acid reduce

‘peptidé units, ¢ i o .' . :-'311_‘ . S

_UDP—MurNAc—14 —pentapeptide dld not remain

7 .
. . . _ , -4 :
4 A . ! . to ' . —8[’-—
borate (Peak I)‘- The»portion‘%f eachvcurVe shown with a dotted line

14

(Peak III) was where the C labelled peptide portion of each peptido-

glycan eluted Neither peptidoglycan species showed any evidence of *

o

’glucosaminol, When the total amount of radioact1v1ty contained‘ln each

" . . l .

w_compared to the total number of muramic ac1d re51dues gave an e imate -

-.of the chain length of the peptidoglycan. Although the lim ed amounts

of peptidoglycan avallable for use 1n the assay may red e the'accuracy

1 4

of the measurements there was still a good agree" t between the results

of this and the gel filtration method The 'soluble” large molecular

. J.

welght peptidOOchan had 2.4 nmoles of reduclng groups on 512‘nmoleS'pf

— B

e

hexosamine,,or 213 4 nmoles of hexosamine per reduc1ng group. This is-.

\ equivalent to 106.7 dlsaccharide—peptide units per strand The soluble"'

\'S

small mdlecmlar welgh ptidoglycan had 7. 5 nmoles \of reduc1ng groups

i .
per 306 nmoles of hem samine, or- a chain length of 20.5 dlsaccharld
t ; ,

7”

SF R
& .

)

e

o oo . -

III. EvrophosphatasefhctiVity of Stationary—Phase’Membranes’

i

i .

Omlssion or ubp- GlcNAc from the standard transglyc051dase assay:

f

system completely'prevented peptldoglycan biosynthe51s as expected, Thev

%

nchanged but rather it was.

LA R i

‘-’gconverted 1nto a: new radloactive product ( 1gure 16) This product

chromatographed w1th an Ri of 0.60 in solvent A and corresponded to the
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2

’ Stan&érd ST , A
‘Muramic acid - o 836,619
- (1 pmole) ’ :

3 : - L
o \\\; A

* - RESULTS OF ¥RITIATED *
e "SOLUBLE" PEPNIDOGLYCAN FRYCTIONS -
’ B B ’ . v‘ B o :

4BH, REDUCTION OF

¥

. Material : Radioactivity® 'vRed4iingb

Reduced by . in

:NaBH4 . " - ' . Muramitol

Termini

k
PR3

-

"Soluble" lérg; 3
molecular weight = = w_ .
peptidoglycan. B N

(512vnmoles'hegpsgminé) 2,060

'

A

jff,s/ number of disacchaiiderﬁeptide'hnits per glycan strand.

. "Soluble" Small 'f: o * :
molecular weight _ ! . £ _
peptidoglygan Tl ) o g o
(306,nmolesﬂﬁexosamine)»6,320. S 7.5 41.0 220.5
o . K - N "/,' _». ] a ~
x Lo N N .
iy L . o o . /./";":" b d N .
(a dpm - ”‘/.\
R " . 1?' . ' e
b nmoles ‘ L



7

) ST B .
) //- . h ) .
4 ] ’ .~ —~

PYROPHOSPHATASE ACTIVITY ‘OF STATIONARY PHASE
' o S MEMBRANE SUSPENSIONS OF M. SODONENSIS
(\

-"““‘\—Gﬁe hundred forty ul of tr&nsglyc051dase reactlon mlxture lacklng'

_UDP GlcNAc was applled to a paper strlp ‘and chromatographed 16 hours in:

_ §olvent A, nDistribution of radioactiye products was,detefﬁined'by cutting

: counter. R ) % 5 _ 7 2 o

I
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active bands were detected on - the ch omatograms

I'*(}QBased ‘on this assumpt10n, the materlal was. resuspended lxlO 1 ml of water

~88~. 1

- - . i

Y

minor peak Seen at”thls Rf value in a normal transglycos1dase assay

D alanlne has-a Rf_6f O 65 1n this solvent system 50 the new peak had
. \ B .
not resulted from DD carboxypeptldase act1v1ty

(A .

A, Isolatlon end Purlflcatlon o;\?yrophosphatase Products The unknown
AN

o producmgwas produced in larger amOunts for analys1s u51ng a normal trans-

glyc051dase assay mixture scaled up lOO fold UDP Glcdnc was again omltted
. N\

\ from the reactlon mixture. Flfty mg of statlonary phase membrane proteln f

served as. the source of enzyme After 3 hours incubation, the reactﬂon L

was stopped by bolllng, and centrlluged at QBKOOO xg for 45 min to remove

[y

ophlllzed, resuspended in

'\

the membranenfrtgments The supernatant was 1
13

-

.2 .ml of water and applled to a Sephadex G 25 co-umn Fractlons were

’monltoredefor radloa tivit Qddloactlve fractions were lyo hlllzed
. S y. y P

appl..d to. paper strips, and chroma ographed in solvent A.". Two major radio~
[ .. ! . -
‘One corresponded with

\r

a strongly UV-absorblng spot at an Rf of 0 3 and as 1dent1f1ed as. UDP—MurNAc~

\

4C—pentapeptlde (res1dual substrate) ibe second radloactive band had no

UV~absorb1ng characterlstlcs and chromat graphed with an Rf of 0. 6 This

materlal was eluted with water, lyophlllzed, and rechromatographed in
solvent B LA 51ngle radloactlve band was detected at "an Rf of 0.55 on these
. .

. chromatograms Thls active materlal was agaln eluted w1th water, desalted

4

e on a Sephggex G- 25_column and then lyophlllzed

Identiflcatlon of Pyrophosphatase Productsr

1. Radloactive Products. The flnal yield of purlfied mgterlal was | .

' ]f280 000 dpm Thls corresponds to about 400 nmoles of peptlde—contalnlng

f1.;product, assumlng it to be of the same gpecific actrv1ty as tie substrate

\0‘
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an? op.. fe amounts were assayed for total amino acids soluble ‘N-
Lk amir. +, and reducing groups as prev1ously descrlbed The

"V - ows the product to be MurNAc—l4C pentapeptldé The

-

Looons frae reduclng group on muramlc acad and the lack of UV~
absorbi, pror - .g conflrmed that the aucleotide diphosphate portlon G o
a wov e Since the yield of MurWAc—l4C—pentapept1de was: confirmed

o amoles by chemlcal assay, no dllutlon of the spec1f1c

Vtiviey of e nucleotlde substrate had occurred. _ v{/
ST .

2. Non- Radloactlve Products Durlng the purlflcatlon of VurNAc— o
C-pentapeptlde by gel flltratlon, SOme non—radloactlve V-absorbing
material was detected, Chromatography of MurNAc-—14 —pentapeptlde 1n
. solvent~A also separated out UV—absorblng non- radroactlve contamlnants; .
Thig UV—absorblng materlal was. eluted from the chromatograms,_combined
with’ the fractlons from gel flltrat on and lyophlllzed Chromatography

of thlS material in solvents A and B 1nd1cated that two separate compounds
i . S

o’

UMP ‘and uridine - were present The 1dent1ty of these materlals ‘was conflrmed

4

)
" by co—chromatography w1th known standards The presence of urldlne 1s {

expllcable as a product of degradatlon of UMP by the phosphomonoesterase"

which M sodonen51s elaborates (Berry and Campbell l970 Mllls and Campbell

.

1974).,

’

| ) - \ , - - :
c. ‘Gharacteristics of Pyrophosphr‘ﬂ” Actlylty All pyrophosphatase o7
assays used 70 ul of stationary-ph: se nembrane suspension as a dource of-

v enayme. : : _ T _' S @ ' ”d i
Lo, Effects of Mg +, The requirement of pyrophosphatase for Mg

was- tested by 1ncorporat1ng MgCl 1nto££he standard pyrophosphatase assay

N
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TABLE VI

‘.\ \‘.

COMPOSITIOW OF PRODLPT OT PYROPHOSPHATASE ACTIVITY

t

oN UDP~\urNAcLl§ c- pentapeptlde N~ Lo

b tf
o v - ‘ . {

- Component - ’ : Amount ? : Molar Ratlo

K

c o . R E. ‘ . 4 , o

Glutamic.acid . - o , 397 ‘7 B ©1.00
Alanine. = - o 1330 . L7330
Lyside . . 1.06

Soluble~N-acetyl- . ] ) S
o

hexosamine - - . . o . 0.93

. Réduéihg groups o o . 369 o ’ o »0,935’A

J - ‘ R ; o . ‘
a nmoles per ml : Co _ ) : R, e

o

Co Q“\mjﬁ%



' concentratlons was detected

franging from 42 to: 84 mM No extre

B

The effect of Mg2 s when

suspen31ons, was . tested by lncorpor

concentratlons vapylng from zero to

:effect of Mg2 _on transnlyc051dase

me’ sensit1v1ty to hlgh Mg2+-
. ..

ca

ptesent durlng preparatlon of membranéy

atlng MgCl2 1nto ‘the TME buffer at

50 mif (F%@ure 18). The 1nact1vat1ng
-

act1v1ty when present durlng membrane

” ‘o

'preparat1on was also seed to'a less

where a 55 percent loss of act1v1ty
4
- 2. Effect of pH " The effect

determlned by varylng the pH of the

system from 7.0 to’ 9 0 (Flgure 19)

actlve in’ the pH range of 8 0 to 9.

a pH of.8{5.' Thls unusually hlgh«p

V

: transglyc051dase and pyrophosphatas

3. Effect of Témperature Th

sen31tlve to. temperature changes th
actlvity was‘at 25° C rather than 30
4 Effect of. Urldine and Rela

or related compgpnds were tested fo

_activ1ty (Table VII) Twenty f1Ve

glucose was added to a normal pyro

er extent for pyrophosphatase act1V1ty
was observed at 50 mM Mg2

of pH on pyrophosphatase act1v1ty was
Trls buffer in the standard assay
The enzyme was found to be most

0 with’ maximum activ1ty observed at

Q . . 3

)
H optlmum is characterlstlc of both

e act1v1ty L » @.7@. ’.gf.;f

. ;o oo
. Pyrophosphatase activ1ty was less

&
o

ted Nucleotides.' Several end products

r thelr effect on- pyrophosphatase

nmoles of uridine,; UMP UDP, aud UDP-—A ’

phosphatase assay syst_

an transglycos1dase act1v1ty Optimumf.'

e
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| | FIGURE 17 - O

EFFECT pF'MgZ ON PYROPHOSPHATASE ACTIVITY OF STATIONARY PHASE
‘ . MEMBRANE SUSPE\ISIONS OF M. SODONLNS“IS R «

? ‘ y ‘a, v ’ . ( P . ’ v ‘ . .
& _ ' T ‘. . : - o o A T

‘ Pyrophosphatase activity was measured in” assay systems contalnlng

varying concentrat;ons of MgCl2 Actlvyty was expressed as the percent

L

R 7
of total radloact1v1ty incorporated into- MurVAc peptlde (Rf 0. 6) '
Detalls of the standard pyrophophatase assay System used are glven in R NN
: ) Lo S T AL
Materlals and Methods. R L s
’ o ) Vo
2 £ . 1% s bl PR
W‘ . oo
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~ . o © " PIGURE 18 _ .

)

" EFFECT OF PRESENCE OF'Mg2 DURING PREPARATION OF MEMBRANE

N o SUSPENSIONS ON RESULTING #YROPHOSPHATASE ACTIVITY
.I.,b
.,&,\ o -
Statlona dp e méﬁbrane suspensions,:pfepared uéing TME
D'f
5

buffer contalnlng varylng conéentratlons of MgCl ,kﬁére aé%ayed_fér'

pyrophosphatase act1v1ty under standard assay conditions. Aé%1v1ty

]was expressed as percent .of total radloactlv1ty 1ncorporated Anto

o . . . ' hY
MurNAc—peptlde. :

LW . i _ e
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/ = o  FIGURE 19 . .
s . . )
} - * EFFECT OF pH ON PYROPHOSPHATASE ACTIVITY OF STATIONARY PHASE

- MEMBRANE SUSPENSIONS OF M SODONENSIS

. ! . |
i : : ) -+

Pyrophosphatase activity was measured at pH values ranging: from

740 to 9.0, and act1v1ty was expressed as percent. of total radloactivity

incorporated into MurNAc peptlde
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RS o . ° 'FIGURE 20 o

. | ; . o '
EFFECT OF INCUBATION TEMPERATURE ON PYROPHOSPHATASE ACTIVITY OF

STATIONARY PHASE MEMBRANE SUSPENSIOVS OF M SODONENSIS

_. a
“ .

1
t

. Flve pyrophosphatase assays were set up and 1ncubated at temperatures‘

between 20 and 40° C Act1v1ty was expressed as percent of total -radio-=

act1v1ty 1ncorporated -into MurNAc—peptlde,u,"

° . . . 4 ! A\ s
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TABLE VII

.‘u . : ’ - M T A

_ EFFECT  OF URIDINE AND RELATED NUCLEOTIDES ON ,

t

PYROPHOSPHATASE ACTIVITY IN. MEMBRANE .

. | ' SUSPENSIONS OF M. SODONENSIS

J : : . v

/ o id
. = ‘ . - 14 T : . i
"'Additions L : " MurNAc- C-pentapeptide? « g Inhibition
(25 nmoles) : . - produced ' '

_Nome . o 372 S

0 Uridine - N
S VA T e9
we - 20 S,

-

UDP-glucose . . . gy SR VI N

a ' Percent of total radioactivity incorpofated iﬁto;MurNAééléc;behta— <
peptide. s S . . . N
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v i . - :
.before the Suspens1on was addedl Each assay was.incubated for

3 hours at 25_C and chrOmatographed in sgluent A. UMP, the proposed '
: -2 L am 2 - ; : 0o

!

end . product was the quost effective iphibitor tested, while uridine and

' . UDP had almost no effect. . UDP-glucose was moderately effective as-an
inhibitor.. . - /-
5. - Effect of Presence of UDP—GlcNAc The)proposai'that pyrophos—'

s

phatase and transglyc051dase act1v1t1es are competlng systems, regulated

coa

.by the avallablllty of UDP GlcNAc, was tested by measuzigg,thé/effect ,
.of varylng concentratlons of UDP= GlcNAc on- the resultant dlstrlbutlon

of the two act1v1t1es The results in- Figure 21 show that pyrophosphatase

N

act1v1ty varies 1nversely with the amount‘of UDP GlcNAc present. UDP,GlcNAc
was incorporated 4into the normal pyrophosphatase assay system in amounts.

varying from 0 to 20 nmolesu,_Each reactlon mii.-ure was chromatographed
andithe amour : of radioactiyity in bothlx ‘tldog ycan and MurNAc— C;

oentapeptidehwas measured. When the ratlo of UDP- GlcNAc/UDé;MurNAc—léc—
pentapeptide equalied‘or-exceeded»;;-tgansglyco31lase,actlv;ty was maximal

-and pyrophosphatase_activity wasbminimal._v

& .

VO A Solubilization of Transglycosidase and e

Pyrophosphatase Activities” . s R

o < : , . . o : c .

. Three methods commonly'used to.solubilizevmembrane oyjcell wall .~
aassoc1ated enzymes were used in an attempt to release transglyc051dase and
pvrophosphatase in an acrive form. Detalls of each.procedure are given

.‘inQMaterials and Methods. No compIetely satisfactory method‘of



' FIGURE 21

EFFECT OF UDP-GlcNAc ON DISTRIBUTION OF PYROPHOSPHATASE AND

u“ TRANSGLYCOSIDASE ACTIVITIES IN STATIONARY PHASE
MEMBRANE SUSPENSIOL\IS OF M SODONENSIS

-

Increasing : amounts of UDP GlcNAc were added back to a normal
'pyrophosphatase assay system (contalnlng 12 nmoles of UDP—MurNAc—lAC penta—
peptlde). Both pyrophosphatase and transglyc0s1dase actlv1t1es were

measuréﬁ for each amount of UDP GlcNAc and expressed as percent of total

radioact1v1ty 1ncorporated 1nto MquAc—peptlde and peptidoglycan respectlvely.

’

- g ' transleCosidase L ‘ o
- o } N~ T :
b o —— pyrophosphatase

°
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"solubilization was found (Table‘VIII). .Triton X-100 treatment caused
extensive solubilization of membrane ‘material but only about 20- percent
ofvboth of the act1v1t1es was found free in the solutlon The}remalning
;80 percent of both act1v1t1es was - destroyed since.the.insoluble.‘

‘.membrane re51due was almost - 1nact1ve Butanol\extractlon also caused

\ .

: exten31ve solubllizatlon of the membrane material but 11ttle;gr no activity"
surv1ved the extraction, - L1Cl extractlon de51gned primarily for freeing
cell wall-bound enZymes, caused ‘o apparent change 1n the amount or

consistency of the membrane ‘ragments upon centrifugatlon, but effectivelyv

destroyed both activities. - ‘ - o a AN

v. Amidase=Actiyity of %xponential—Phase'MEerane Suspensionsd,"
I3 . 23 P ( - — ; -

D R I

Membrane suspen31ons were prepared from cells 1n\both the

-stationary and the mid—exponential phases of gro - The cells.were'broken'

by grinding with plaSth beads in ‘an Omni—m er for 2 min. The reSultlng

‘membrane suspensions were c0mpared for tran glyc051dase activ1ty us1ng the

- . l

vstandard assay system described earller.ﬁ U expectedly, membranes prepared

..‘ . !

from cells in the exponential phase of growt had much lower levels—_ai__

-(about 1/3) of transglyCOSidase activity than membranes prepared from cells

o din the statlonary~Phase ‘of ‘growth (Figure 22) As well as;"esidual substrate
the chromatograms from reaction mixtures contalning exponential phase :

'Amembrane suspen510ns showed4a large peak of radloact;v1ty‘at an Rf of 0. 65
‘(Peak I1I). This ‘peak was almost non—existent in chromatograms from
reactlon mlxtures containlng stationary phase membrane suspensions Although
“his ‘material co—chromatographed with alanine in solvent A in solvent B

k)

: alanine had an Rf .value of 0.5 compared to the unknowu peak with an Rf of
y.-.— . : . . o

w
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TRANSGLYCO»IDASE ACTIVITY IN VITRO OF EXPONENTIAL AND STAT ONARY-
o
o - : ‘LPHASE MEMBRANE SUSPENSIONS Ode' SODONENSIS
At ) ) ' ) . ' ! ‘ T - .. .
,VA;/gﬁ w . Two transglyc031dase reaction mlxtures one contalnlng log. membrane
suspen51on, and the other statlonary membrane suspen31on were streaked . -
: v N « v . I
on Eaper stripé and chromatographe@ 16 hOurs 1n solvent A Distrlbutlon
of radioactlve products was determlned by- cuttldg the strips into 1- cm .
AR . . o . S ;o
i'sections and. countlng each section in a sointllfbtion countern B
"Stati nary-phase L_\. 1 ri
?'Membrine Suspension' T
- T ) T e, , o 5
‘ ”Exboue‘tialephase' RN DU s -
‘Menbrane Suspension ! - . | - L
) e b x ’
- !-~ , o '-f- . “
R . A =
Ll K . . \ B N S
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0.32. Similarly; this new materlal was dlstlngulshed”from MurNAc—lAC— ¢

:pentapeptlde with an Rf of O 55 in solvent B. The new peak therefore did’

‘not result from»transpeptldase or pyrophospﬂatase ac  v'rye In an

o

.effort to demon?trate transpeptldase\act1v1ty, a e ' transpeptidase

h.—

reactlon mixture was used to assay exponentlal— nase and-sta:ionary?

phase membrane suspen51ons. The assay system c atained ATP, glyc1ne,
and NH4C1 An- additlon to the normal constltuentc of ‘a transglyc051dase

assay system/q The reactlon mlxture was also buf fered to a pH of 7. 8

% /// ,/_

instead of 8. 6 U51ng a reactlon mixture analoéouf to ‘this{ Mirelman had

-

demonstrated transpeptldatlon in a cell free system from M lu%eus:'

(_ysodeiktlcus) (Mirelman et al., 1972) No transpeptldase act1v1ty

3

' ¢ould be detected in elther statlonary .or eyponentlal—phase membrane
fSuspensions of M. sodonen31s. In the transpeptidase assay, transglyc031dase
2200Uensis

«activ1ty was also reduced by about 25 percent for both membrane types when

3 ’

’compared to a standard transglyc081dase assay

o

/’erelman had used thisnassay system w1th ce . wall rather than -,

-
&

. . L .
membrane suspen51ons as a- source of enzyme. In,an at  .upt to duplicate his

condltlons, cell walls were prepared from M. sodonen31s cells in the

¢

exponentlal—phase of growth as prev1ously described, When 70 ul/of a cell
wall Suspension (l mg protelnjml) rsayed forx;ransglyc031dase act1v1ty
T71t‘was found to &ontaip l7 percent of Lhe transglycosidase activity found

. 4

in an equal. voluw/,of exponentlaljphase membrane suspeh310n (7 mg proteln(ml)
jBased on prote;n content the exponent1al~phase cell walls. had sllgbtly -

" more transglycosidase activ1ty Uﬁan exponentlal-phase membrages._ Once

:again no tgansPeptidase actlvity (as ewid"nced by release of D alanine)

. R A
@, g :

}dub”'detected in these preparatlons.'
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A Characterization of 2 d se Activity. Ta investigate the possibility

‘that the unknown compounc ‘Figure 22, Peak III) was the Tesult of peptido-

!

glycan breakdown, peptidoglycan was synthe51zed in v1tro using statlonary—

‘phase h“mbrane suspensions in a normal transgl c081dase assa system.
p

¢

[
In: ubatlon at 30 C for 3 hours resulted in about 5. nmoles of MurNAc~14C—
pentapeptlde being 1ncorporaped into peptldoglycan The entire reaction~v

mixture was t%§&.b01led for 1 min, cooled, and 70 ul of exponentlal phase

1

membrane Suspension was added Incubation 1n the presence of these

E]

exponential— phase membranes for an addltlonal 3 hours at 30 C reSulted in

conversion of 25 percent of the in vitro synthesized peptldoglycan to the o

h uriknown materlal seen previously (Flgure :23). This explalns the deceptlvely

»low levels .of transglyc081dase actiyity denected 1n exponential—phase
membrane suspens1ons. It’was established that rate of peptidoglycan synthe81s
was- approx1mate1y equal’ for both exponential phase and stationary—phase

)
membrane suspensions but in %he former case the 1n vitro synthesized

peptldoglycan was subsequently belng degraded as. fast as it was synthe51zed

»b, Identlfication of the Amldase Product The product of thls peptldo—’

glycan degrading enzyme was prepared in larger amounts for purlflcation .
and analysis. A type l amidase assay was used, and by scallng up . to'50 fold,
roughly %}b OOO dpm of UDP-MurNAc-14C—pentapeptide was converted to\pr duct
The freely soluble product was separated from the membrane fragments.by '

centrlfugatlon at 48 OOO xg for 45 min. The supernatant was then lyophlllzed

.l %

~and reSuspended in a 2 ml volume of water for chromatography on a Sephadex

G-25 column. The 5 ml fractlons were monltored for radloactivity and

positive fractions were pooled lyophlllzed and streaked ontg. paper strips_d--'

for chromatography in solvent A, Radioactlve materlal with no UV—absorbing

T
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ACTION OF AMIDASE CONTAINING EXPONENTIAL—PHASE MEMBRANE SUSPENSIONS ON

IN VITRO SYNTHESIZED PEPTIDOGLYCAN OF M. SODONENSIS

Peptidoglycan was synthesized in vitro by Stationary-phase membrane

suspensions of M. sodonensis and then exposed to the amidase'activity
i i R '
contalned w1th1n exponentlal—phase membrane Suspen51ons ‘ After amldase

[

5exposure, the complete reacvion mlxture was °treaked on a paper strlp and

~
§

chromatographed in solvent A. Radloactive products wé&e detected by cuttlng

L

the strip into 1 cm sections anducountlng each section in a>scintillation

i

counter., _ %}' o S ‘ A

L

peptidoglycan'oontrol

peptidoglycan + - amidase~ contalnlng :
S exponential—phase membrane
suspension . /-

.

)

~-
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properties was detected at an Rf of. 0 65. The material was eluted from

- ]
the papers. and rechromatographed in Solvent B. The active material Rf of

2
o

'0.32, was again eluted and desalted. . The fina™ yield of purifiéd product,

E was‘lS?,OOO dpm. This material was resuspended in l ml of ‘water which
_ .
‘would .give a solution of'225 nmoles of peptide—contalning product per ml,‘f"

'

5: iassuming that no dilution'of'the specific activity of the nucleotide

xsubstrate had taken place.. Chemlcal assays for soluble N—acetylhexosaminés

and total amino acids were performed as prev1ously descrlbed The

results showed the product to be free 14 —pentapeptide (Table\IX) The v

peptide product contalned no detectable N-acetylhexosamine. Glutamic -
acid and lysine were present.indapproximately_equimolar amounts‘at‘322 and
310 nmoles respeCtively; Taking their average, 316 nmoles, to be the yield
of 14 -pentapeptide the Spec1f1c actnvity of the peptlde product was

caICulated to be SOO dpm/nmole. Alanine was present in the peptide -

product b*t at- a molar ratxo of 2 .43 compared to 3.2 in the original substrate. |

-

“_-Th l[’C—pentapeptide product also differed from the orlglnal nucleotide

' substrate in that it contained glycine at a molar ratio: of 0 30 The‘

43

degradative enzyme activ1ty was 1dent1f1ed as ‘an N—acetylmuramyl L alanlne
™

oL . T ) .. \ .
Lo % : : .
amidase., e : : o ‘ t

/

c. .Substratefspecificity. The abillty of the exponential p ase membrane

,amidase to attack substrates other than peptidoglycan was. in tigated

The amidase w1ll readily degrade peptidoglycan synthe51zed dn vitro in a

transglyc081dasetassay system employing exponential—phase membrane

suspens1ons as was seen in Figure 22 ‘However if UDP- GlcNAc was omitted

from such a system so that peptidoglycan biosyn;hesis could not occur,

g .
there was’ also no evidence of amidase activity. UDP—MurNAc-l4C—pentapeptideA;

o
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-( TABLE IX
I
: COMPOSITIQN OF THE PRODUCT OF AMIDASE ACTION ON ;
: IN VITRO SYNTHESIZED PEPTIDOGLYCAN T
- Component L Ambunté~A_ o Molar Ratio
Soluble N- acetyl—’ - . - B
hexosamine : v N o 0 o o=
. N - : v ~
v 2 ’
Glutamic acid e 322 - o ~ 1l00 -
. ST e o R . 5
Glycine™ . : - 90 S . . 0.30 , L
Alanine : L 788 2.43 - ®
Lysine. - . . _‘ 310 S 0.96 .
f
A - v . ;
~a. nmoles per ml.. ’

" b Since in vitrb;syntheéized peptidolecanfcontains no’glycineﬁ
. . T — e |

R

'contamlnatlng in v1vo synthe51zed peptldoglycan must also be under-

'901ng attack by the amldase.
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alone oas'unable tog;rve as an amidase substrate, even though the
" sensitive muramyl L alanine bond was ., present If purified MurNAc— 4C-—
pentapeptide, rather than the nucleotide, was used as a substrate the
amidase was still unable to cledve the muramyl -L alanlne bond
| Similarly, 1f in !&EEQ synthe81zed peptidoglycan was flrst
degraded by lysozyme to form a»mlxture of disaccharlde—peptide and
y etrasaccharide—peptide fragments, the muramyl ~-L. alanine bonds in these
.; .gments were no longe;qfusceptlble to amidase attack The experlnent was
set.up as follows Pegtldoglycan was synthe31zed 1n‘zi§£g using statlonary—'
phase membrane suspens‘ons g 3 separate transglyc031dase assays After_

/

boiling for 1 min to stop the reactions, 100 Hug of lysozyme was added to

two of the reactlon mixtures. SOdlum azide was added to all three reaction"
‘mlxtures (0. 02/) and all were 1ncubated 20 hours at 37° C. After again bOIllng
for 1 min’ to inactlvate the lysozyme, 70 ul of exponential—phase membrane
Jsu5pension ‘was', added to one of the lysozyme digests 70 w1 of-TME buffer
_'was added to the other lysozyme dlgest, ‘and also to the control whlch was.

not exposed to lysozymeﬁﬁ After ‘another., 3 hour incubation at 30 c, all’

s UV

. three reaction mixtures were streaked onto paper strips and chromatographed -

. in solvent A. Amidase-containlng exponentlal phase membrane suspen31ons

.

were unable to use either of the lysozyme digestlon products as substrates'
(Figure 24) Lysozyme digestion completely de%raded in v1tro\synthesized
peptidoglycan and also caused ‘a slight 1ncrease in. the amour't of free

- pentapeptide over that seen in a normal transglycos1dase assay system."

~

This. may be due to a 1ow level of\contaminating amidase activity The

N -

subsequent additlon of- exponential—phase membranes to A lysozyme dlgested

transglycosidase system increased the amount of free pentapeptide but



L o FIGURE 24 / ,
EFFECT OF LYSOZYME'DIGESTION oF rN.VITRO SYNTHESIZED PEPTIDOGLYCANv
ON ITS SUSCEPTIBILITY -TO AMIDASE ACTIVITY OF EXPONENTIAL—

"PHASE MEMBRANES OF M. SODOVENSIS

Peptidoglycan was synthe51zed in vitro by statlonary phase memblane
suspen51ons of M. sodonen51s and then dlgested completely w1th lysozyme
.before belng exposed to the amidase act1v1ty contalned w1thin exponential—

'phase membrane Suspen31ons After ‘amidase exposure, the complete reactlon
» :

:}mlxture was streaked on a paper strip and chromatographed in- solvent A

. Radioactiv products were. detected by cuttlng the strip 1nto l cm. sections .

and coun/ing each section in a sclntillatlon counter.

peptidoglycan control

peptidoglycan + lysozyme

sssassasaavnnanan peptldoglycan + lysozyme +
' amidase containing exponential-
phase membrane suspen81on,J
i

T o . [ -

o
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Substrate. No change could pe seen in. the levelsfbfﬁgéﬁd
S : I SRR
o

«}2\5

peptidoglycan products (Peaks IIT and IV)> The residug 9§ubstrate had
. ‘ . S i

been used by the éxponential-

In vitro synthesized peptidoglycan ig a heterogeneous prbduct .

v

with respect to "solubility”_and»precipitability by TCA.  The distribution =
of "soluble" versus ”insolubléﬁ‘ahd'TCA soluble versus Tca prgcibitable

fraétiohs was compared before’ and aftér exposure~to amidase (Table X).

/// JIn each case 2 type 1 amidase éssay was used. After exposure to
- . : = . .

1/’4

'*éxpohential~phase-membranes, the‘fsolubility" and TCA_precipitability'of

“Amidase digestion pteferenfiall& removes the "solublef:peppidoglyéan

»épeéies. .Residual Peptidoglycan is ehrichéd_in3"insoluble"‘aﬁd TCA -
Precipitable material. 'Ihis'is most obvi@us in the case of.TCA.

‘precipitabie'material which_is increased from‘39f;b 52 percenf of the -
. Peptidoglycan upon aﬁidase"digestion. B ‘ o

Y D. Location and Function of Amidase Within tﬁe”Cell; Cell wall

N Preparations, isolated'frqm celisiin the eprnential~phase of'growth werév

separated frop membrénes.and whole cells by:differential éentfifugatioﬁ~ .

. ~

as deScribed,previousl?. The resulting celi wall suspensidn‘was'an opaque

: yéllowicoldr.,vSincé the yellow color of M.'sddonensiSVié due-to a membrane-
. ) " . - . PR B —— \—?' . . .



TABLE X
EFFECT OF AMIDASE DIGESTION ON "SOLUBILITY" AND TCA PRECIPITABILITY

' OF IN VITRO SYNTHESIZED PEPTIDOGLYCAN

;_JK&- ‘ ‘ . v ~ . - . f .

Material . Composition of In Vltro Synthe31zed Peptidoglwcana
. Assayed ' Before Anmidase : After Amidase
Digestion = = | Digestion
: . EAN s . P . -

48;000 xg pellet

”("inSolUble”-péptidoglycan)»l R 22.7 L 29 e
' | “ o o

Peptidoglycan 4 oL . - i . \‘§\

insoluble im A : . . o '

5% TCA - . - e 39 -7 e

-

a peréehttof total peptidoglycah.



L
R N i » o ‘ '/
.using a type 1 an1dase assay it was found to be very active._t N

Exponential—phase cell walls released 23 8 nmoles of free 14C~pentapeptide <
J
per hour per mg or protein, while exponential—phase membranes released

2.0 nmoles of free 14C-pentapeptlde ‘per’ h0ur per mg of prot . Even

K3

_hough the cell wall SuspenSions necessarily contained large amounts of

-~

unlabelled peptldoglyzgn, the amidase preferentially attacked the’ added

in‘vitro syntheSized peptldoglycan A _ S ﬂtm d‘_fé' .i s
_‘\, 5 - ° ) S - . X . e X

The question as to whether the amldase oﬁ M. sodonensis 5

- X »
functions as an autoly51n or in crossbri%ée formation was examined , Both
exponentlal—phase and stationary—phase whole cells were harvested washed

,_‘

| once in ‘e ' cold TME buffer and then: resuspended 1n TME buffer to an optical

' density at- 6Q0'nm of Q. 5 ! The cell suspensions were then incubated at 30 C .

and changes in optical density were followed for 6 hours.. Both types of"ﬁ>~
' cell suspension’Were found to be equally resistant to autolysis even Eyl\‘
'though stationary—phase cells yieldvmembranes and cell walls which are_g'

almost dev01d of amidase act1v1ty while equnential—phase cells yield
‘ :
imembranes and” cell walls w1th hlgh levels of amidase activ1ty (Figure 25)
. ( ‘.
,This lack of correlation between presence of amidas

o

to negate such an in v1vo role for the enzyme.

~ 1

B
.\_

~Even- isolated exponential—phase cell wall’ exhibm&ed only very '

\

slight autolytic actlvity (change 1n OD = 21 percent 1n 6 hours)

- E. Purification of Amidase Activ1ty
1. Solubilizationcgf the Amidase._ Three methods of solubilization,
'Triton X—lOO treatment butanol extraction and LiCl extraction (det/ils

‘ugiven in Materials and Methods), were. used in an attempt to release

d -
- amidase activity from membrane suspensions containlng 7 mg protein/ml and

1 “ . M . ) !,
. | B

> HN . S R - ,
. : ) - " . “ i

v

and autoly31s seems .~'

°
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" FIGURE 25

-

%HXJ g&SIS OF EXPONENTIALrPHASE CELLS, STATIONARY—PHASE:CELLS AND

IoOLATED EXPONENTIAL—PHASE CELL WALLS OF M. SODONENSIS

. J .
a ‘ o

'r

4

L

.

[

Exponentlal—phase cells, statlonary—phase cells, and

‘ 1solated exponential*phase cell walls were washed and resuspended in

.-

*
TME)buffer to an’ optlcal den51ty at 600 nm of approx1mately O 5.

o., \ )
change in optlcal den51ty of the suspen51ons was follpwed durlng
f 1ncubat10n at 30°C. B s . ’
5 .

exponential-phase c¢&lls -

i

statibhary-phase,béll$fa

-

lexponéntigl—phaselcell.ﬁalle
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cell wall suspen31ons contalning 1 mg protein/ml. Unlike the sithation

@

- with transglyc051dase and pyrophosphatase, all three methods successfully

'

SOlublllzad amldase act1v1ty from both membranes and cell walls w1th no
loss of acthlty (Table'XI). . o o y S , A" .

X

.. ' a. Triton X 100 treatment solubllized 82 7- percent of the

a

'inltlal amldase act1v1ty of the whole membrane suspen31on. The dark

brown re51dual membrane materlal contained 63. 3 percent of the 1n1t1al L

act1v1ty for a total recovery of 146 percent. ThlS overall 1ncrease in’ )
. f \ . A %y

; »actlvlty was observed for the other two methods of solublllzatlon as well
o £y

o

~and indlcated that the forces whlch hold the amldase to the membrane or

cell wall’® also restrict »

tlvity ' Treatment of cell walls with l/

Triton k~lOC catded them to lose the1r yellow color as the assoc1ated

o D) . <

membrane me cerial vas solublllzed The clear yellow supernatant contained :

o ° v

"82 percent c” the_"ltlal activ1ty and total" act1v1ty agaln 1ncreased
upon solublllzatlon. ‘Triton Y—lOO treatment had the dlsadvantage that it

va_co solubilized the hlghest amount of total proteln. . The enzyme containing

-

Trlton extradt also contalned carotenoid pigments anc other llpld mater1als.

.Another dlsadvantage of Trlton X—lOO was that it caused partlal
3

'solublllzation of the transglyc081dase and pyrophosphatase act1v1t1es

also: present in exponentlal—phase membranes and cell walls.

0

v “ bl Butanol egtractlon of cell wall and membrane suspen51ons
also'caUsed/solubllizatlon of hlgh levels of amldase act1v1ty w1th an -
overall increase in actlvity upon solubllizatlon. Butanol extractlon

however solublllzed less total proteln than Triton- X—lOO treatment .and

‘carotenoid plgments were removed into the butanol layer. Other lipidfmaterlal

was extracted into the butanol or trapped at the butanol—water interface.l :

N <
s}

. ] N

” ) . | .. ) . o o
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'c; LiCl ertractiont‘ The most successful solubilization method
used involved washlng or extractlng the membranes or cell walls w1th ‘
leCl in 1 M Trls HCl pH 8.0. The resulting extr-cts contained 60 Ppercent
and 77.5 percent respectlvely of the 1n1t1al amldase activ1ty, which dld
not represent as great a degree of solublllzatlon as the- other two methods
' but the extracts contained-very low levels of contaminatlng proteln when
‘compared to the other two methods. The ™ LlCl extracts were, also func}lonally

@ A
pure 51nce nelther transglycosidase nor oyrophosphatase act1v1t1es w1ll

Zwithstand Licl extractlon. ; '

i2l Sephadex'G-ZOO Column Chromatography. Cell wall and membrane
suspen81ons were prepared from 2. 4 1-batches of exponentlal phaci cells.
The yield was lO 8 ml . of membrane suspen310n and 12 ml of;cell.wall-susf
pen81on at 7 mg protein/ml ;;d 1 mg prot .in/ml respectively. Amidase=
activity was. solubillzed from each .of these preparationslusing biCl ex— . ¢
‘traction. The dlalyscd extractS\from 220 were lyophilized and resuspended
bin 2.5 ml of water. The concentrates ;re thenvapplied separately to a
Sephaf % G 200 column (2 5 x 45 cm) " The column was equilibrated and l

4

.eluted with TME buffer 4t 4°C (Figure 26). F1ve ml.fractions were
collected anduabsbrbance at’ 280 nm was monitored. A 100 H1 sample of
'leach p051t1ve fraction was assayed for amldase act1v1ty u81ng a type l

. amidasebassay., Dlsappearance of, radioact1v1ty from the origin of . the

: chromatograms was used as a measure of, amldase actlvity.k Both membrane
.and wall derived amid; se activlties eluted in the void volume of the
column 1nd1cat1ng that the enzyme or enzyme cont;}ning complex whlch was

solubllized was of large molecular weight \’

- LiCl extraction is normally used tc,Solubilize cell,walljbound
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£ - FIGURE 26

PARTIAL PURIFICATION OF SOLUBILIZED MEMBRANE AND CELL WALL

DERIVED AMIDASES OF M. SODONENSIS %Y GEL FILTRATION

. \ S . K ',)

<Amidase éctivity was uolublllzed from exponentlal-phase'i

vmembranes and cell walls by LiCl extractlon as glven in the text.\ f

S A . N

.The extracts were appl:. d . orately ta a Sephadex G-200 column .

Sk

v |

'

s

(2.5 x{45fcm)} The ool . Vs e%,ilybrated and eluted'wéth TME'buffer,f

and 5 ml fractions we-c co’ leci. 1. Absorbance atv?8b nm was monitored .

and 100 ul1 amounts o>f pesiti e fr ctions were.asseyed for>amidase g

e S

activity in.a type 1 aid. . assay.

.o

Membrane dermved amldase

. B. Cell Wall derlved amldase

. . . ‘o
- . ¢ " b .
< e

[

[
1

‘abSorbance at 280 hm’
- N S “A — amldase act1v1ty expressed
. . ' S - " ds nmoles of pentapeptlde

';> N o : released per ml ‘of" enzymev,
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.enzymes., In case the LiCl treatment had not extracted tle typical membrane

amidase, a second batch of - membrane derlved ‘amidase was prepared by~

' butanol extraction Chromatography of this materlal on a Sephadex G-ZOO

i

column agaln showed all the amldase act1v1ty elutlng in the void volume.

The membrane and wall amldases are similar in that the1r soluble forms

are both- of very large molecular weight,

2

3. Further Purlflcatlon of Solubillzed Amldase DEAE cellulose column

further purlfylng the membrane or

' chromatography us1ng a NaCl gradlent for elutlon was not- successful in’

cell wall derlved amldases Samples .

of partlall purlfled wall and membrane derlved amldases, follow1ng

Sephadex G- 00 chromatography, were applled to a DEAEGcellulose column

(2.5 x 20 cm) lhe'column was elutedlwith.increasing concentrations of

_ Low concentratlons of NaCl 0.1 M

‘_concentratlons of" NaCl\\and peptldoglycan smeared away from the orlglq

) 1n ‘the assay system- did not appear to

iaffect the actual production of free- ll+C-pentapeptlde but hlgher NaCl -

: concentrations 0. 5 M caused complete 1nh1b1t10n of amldase act1v1ty

éi;s ammonium Sulfape precipltation vas also unsuccessful as a method

1of purlfylng the amldase activity

to amidasé solutionC ac 4° C. The

o % N ) ‘ B R s ) . i . ,
ieach.increase. The precipitates were dialysedvextensively'against TME.

Ammonlum sulfate was gradually added

degree of saturation was 1ncreased

estepwise, ZOAgat a time, and. prec1p1tated proteln was collected after’
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F; Characteristlcs of Solubilized Cell Wall and Cell Membrane Derlved Amldases.
fhe amidase contalning fractions from Sephadex G-200 column chromatography
werevused as partlally purifled sources of amldase for further comparlson
of the propertles of the membrane and cell wall derlved enzymes These
amidase containlng fractlons were pooled and: concentrated to a5 ml volume
by ultraflltration u51ng an. Amlcon PM, 10 fllter No amldase_activity froml_
.

either preparation passed through the filter The concefitrated membrane
amldase contalned 0.267 mg proteln,per ml and the.cell wall amldase cqdntaingd
0. 056 mg of proteln per ml. |

l;l Actlon of Amidase on Pur1f1ed Cell Walls The partlally purlfled
wall and membrane derlved amldases were compared to the whole cell wall
-and membrane suspen51ons 1n thelr abllity to degrade highly purlfied cell
walls. The highly purlfied cell walls were 1solated from statlonary phase

' r . .
cells of M. sodonen31s. Incubatlon mlxtures were set up containlng 0 7 mg |
| of highly purified cell walls 10 70 ul of water, 0.4 ml of 0.875 i Tris HCl
2 pH 8 6 and 0.2 ml of 0. 1 M MgCl2 One ml volumes of each of four types’
of amidase were assayed partially purlfied membrane derlved amldase
i(0.267 mg.prOtein/ml) partlally purlfled wall derlved amldase (O 056 mg '
'.protein/ml), exponent1a1~phase membrane suspensron (7 mg proteln/ml), and
exponential—phase cell wall suspens1on (l mg proteln/ml) For each. of the -
four types of amldase preparatlon a control 1ncubat10n mlxture was set
ub 1n which 70 ul water replaced the. hlghly purlfled cell walls. The
assays and controls ‘were incubated 3 hours at 30°C and then b01led l man d}
©to. stop the reactlon. Assays and controls were then centrlfuged for 45 mln
at 48 OOO\xg, and thebsupernatants were desalted on a. Sephadex G 15 column ;1
(l 5 X 30 cm), ®A11- fractions from the void volume to a Kav oﬁ 0 85 where»

~

the salt begins to elute were’ pooled -and lyophillzed The dried materlal

<

3
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was resuspended into 200 pl of dlStllled water and assayed for N

terminal alanlne as descrLbed in; Materlals and Methods (Table XII)

susceptlble N— acetyl uramyl L alanlne llnkage and no detectable free N
terminal alanlne (Johnson, 1971) The l ml amount of each amidase
preparation used was chosen as an amount capable of rele351ng in excess

of 50 nmoles of free 14C-—pentapeptide from 1n vitro synthe51zedybept1doglycan
' as measured 1n a type, 1’ amldase assay The nembrane ‘derived partlally
purlfled amidase preparation was however found to have’ lost act1v1ty upon
free21ng at —‘70 c. One ml of thlS preparation after freezing was -
capable of causing the release of only 25 nmoles of free 14C-—pentapeptide
from in X&t{g_synthes1zed peptldoglyqan. The observed release of 53.4

' nmoles- of N terminal alanlne by cell wall derived amldase and 24, 2 nmoles
by membrane derlved amldase indicated that soluble amidases can attack

: .crosslinked cell wall peptld@glyzan as readily as they can attack in X&EEQ o

{’ ~
synthe31zed peptldoglycan Membrane agd cell’ wall bound amidases caused

no release of N termlnal alanlne above background. )

2. Actlon of Amldase on In EEEEELSynthesized Peptidoglycan Fractlons
The ablllty of both the soluble and bound forms of exponential—phase |
membrane and cell wall amidases to’ attack fractlonated,rln XiEEE
sy@%hes1zed peptidoglycan was examlned (Table XIII) The peptldoglycan
fractlons were the large and - small molecular welght spec1es of "soluble"
and "insoluble" peptldoglycan which resulted from Sephadex G-200

chromatography (Flgure 10 Peaks I and IIL). Each of the four fractlons of

| peptidoglycan was digested with both the soluble and bound forms of cell
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DIGESTION QOF PURIFIED«CELL-ﬁALLS OF M. SODONENSIS‘BY AMIDASE

=

Amidase - N-Terminal® =

‘Source " Alanine

. Released in

Test (substrate

N-Terminal®

Alanine |

Released in -

Control (no

 N-Terminal?
‘Alanine Speci-

fically Released
by Added Amidase

v

added) substrate added) |

Partially purified. : S
Membrdne derived 83.6 59.%4 S 24,2

" extract -
Partially purified - N R

- Cell'wall derived ° y » :
extract - ' ~ 60,8 f 7.4 53.4 ®
Exponential-phase L - 4 ’
membrane suspension . 46,3 - 46.9% 0

' Exponehtiél»?haSe"‘ o . o
cell wall suspension  111.6 109.7 1.9

a nmoles



. "Soluble" large

il

TABLE XIII

- DIGESTION OF FRACTIONATED IN VITRO SYNTHESIZED

' PEPTIDOGLYCAN BY AMIDASE, = - /\/ | ¥

G K

. . : v R . b - N ~ LKV/ '

- -Substrate ‘ o S ' Relative Amidase Activi.tya
s T Partially o ‘Expdnential? Partially EXponential4‘
R purified phase  purified phase
: .. Membrane %?i.n i, Cell Wall Cell wall. .
e der.ved g serived Suspension
Extract A fa TExtract

molecular weight .- 100% . 100% 1002
peptiddéglycan ’ C DR
" "Soluble" small . . , ’ ,////’ , .

molecular weight . 81 - 71 . 87

peptidoglycan : _ T ©

4 It oy . ] : RS
‘-"Insolﬁble"'large . o

molecular weight 5. 83 ‘ . 80

peptidoglycan . ' o
~“"Insoluble" small - : o : o
,molecular weight .87 - .82, 87

i-‘peptidbglycan

100

30

g

75

59

a

Amidase activity»against'“solﬁble"flarge molecular weight peptido-

glycan was arbitrarily assigned a value. of 100 and activity

agair st

_the other three peptidoglycan species was expressed relative to that.
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wall and-cellnmembrane.amidase using a’tvpe 2 amidase‘assay. Amounts of

pPeptidoglycan which contained 900 dpm each of radioact1v1ty were used

for each assay' The peptidoglycan samples were b01la§ for 1 min before
-use. In a trial run, the mounts of exponential —-phase membrane
'suspension, exponential—phase cell wall suspension, membrane derived

o amidase and cell wall derived amidase required to give partial degra~

.dation (50- 60 percent) of "soluble" large molecular weight,peptidoglycan

was determined Fifty ul of membrane ‘suspension (3 5 mg protein/ml)

50 ul of cell wall suspen81on (O 04 mg protein/ml) 50 ul of membrane

derived amidase (O 089 mg protein/ml), and 50 ul of cell wall derived

8, N g LR

amldase (0 00?‘mg prote1n7ml) were found to be the approprlate amounts p‘
and dilutions required, These amounts were then tested for their ability
'to degrade the other three types of peptidoglycan fractlons. The amount

‘of radioactivity removed from the” origin of the chromatograms relative‘"'

- to a control was usad as a measure of amidase activ1ty.v The amidase

‘activity against 'soluble large m"lecular weight peptidoglycan was .

i arbltrarily ass1gned a value of lOO and activity against the other three

peptldoglycan spec1es was related to that value.

' Membrane and cell wall forms of amidase both soluble and bound,
differ in their ability to. attack thesendifferent peptidoglycan species.,
The ”solUble" “large molecular weight peptldoglycan was most readily digested
by all amidase types. Thewcell wall suspension was not\very‘successful A
-at digesting small molecular welght Spec1es of peptldoglycan. ‘In particular
~ the "soluble" small molecular welght peptldoglycan was dlgested only 30

' percent as well as the "soluble" large molecular welght peptidoglycan.'v

This is significant .since "soluble" small molecular_weight materialbmakes
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up the bulk of in vitro synthesized peptldoglycan The solublllzed forn
“\ .
of cell wall amidase was also less well able to attack thlS small

v

molecular welght materlal than was the SOlublllZEd form of membrane

amldase. Membrane amidases were ‘generally much more capable of dlgestlng
- i

small molecular welght peptldoglycan
Samp]es of peptldoglycan contalnlng 900 dpm of radloact1v1tyvb
were used in this experlment.‘ The hexosamlne content of these peptldo—
glycan fractlons suggested that these ‘samples contalned very dlfferent
| . amounts of peptldoglycan because of the contrlbutlon “of unlabelled peptldo—t

glycan. -The amldase dlgestion studies dld not show 8uch a w1de varlatlon

in abllity to. degrade the varlous spec1es. ~This suggests that the amldases s

are attacklng the labelled in vitro synthe51zed peptldoglycan Wthh 1s

.

present in equal amounts in preference to the unlabelled pre—exlstlng

LA peptidoglycan. Even though the solublllzed membrane and wall derived
7.
amldases can attack 1n vivo synthe51zed crossbridged peptldoglycan they

- appear to prefer the 1n v1tro synthe51zed uncrossllnked materlal ‘
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DISCUSSION -
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~a

T UDPJhurNAc—l4C pentapeptlde, accumulated by M. sodonens¢§

a
,\l

under condltlons of cationm deprivatlon was found to be typical of that

accumulated by other related Gram—p051t1ve cocei 1ncluding M lysodelktlcus

(Bordet and ?erkins,»l970)‘ The nucleotlde precursor was’ UV-absorblng

* due to the presence of UDP and containéd N-acetylhexosamine glutamlc
e - o

Glycine ‘a normal substltuent on- the a carboxyl groups of glutamic

acid res1dues in the natlve cell wall peptldoglycan of M. sodbnens1s was
L‘,
not present in the precursor. it appears that for thls as for analogOus /

”systems, glyclne is nota constltuent of the nucleotlde precursor

i

accumulated intracellularly, but rather it i§ added to the substituent

peptide while the latter is attached to the carrier 1ipid. UDP-MurNAc- _
> , 2

pentapeptide cdn be 1nduced to accumulate in S aureus by addlng ant1~"'

biotlcs which lnhlblt peptldoglycan formation to the growth medlum

M, sodonensis would not accumulate UDP—MurNAc-pentapeptide or related

A'.precursors when exposed to penlcillln,-cephaloridlne, -or cycloserlne at

4

<

growth.lnhlbltory concentratlons. - This fallure to accumulate UDP—MurNAc- R
Z .

pentapeptlde has. also been noted in other organlsms such as E.- coll' : {

"and Bacillus cereus. ‘UDP—MurNAc—pentapeptlde is the last 1ntracellular
0

. precursor of peptldoglycan and is Suggested to be involved in control of

.the biosynthetlc pathway ' The 1nabillty of E. coli and B. cereus Lo
b
"igcumblate this preCursor has been postulated to be due to’ feedback
inhlbxfion by UDP—MurNAc—pentapeptlde on UDP GlcNAc enol pyruvyl transferase' .

_and bas been demonstrated in vitro (Venkateswaran et al., 1973) ' §3‘aureuS'_':

.
-
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i

'accumulatlon of UDP~ MurNAc-penta:c " “de upon exposure to antlblotlcs -

'then it should also prevent accumuldlLon due to cation deprlvatlon A

©
-0,

,'would'presumablyllack such a control mechanism, UDp-~ MurNAc penta—

i

peptide can however be induced to- accumulate in a wide range of - -

. organlsms, including E COll B. cereus, and M sodonen31s Hy'&he

A
»

additlon of a chelating agent such as EDTA to the growth medlum

4
(Garrett 1969) The resultlng deprlvatlon of dlvalént cations prevents

all of the membrane bound and extracellular stages of peptldoglycan”

1 3

+
blosynthe31s from occurrlng 31nce all requlre Mg2 -as -a. cofactor  IE

feedback 1nh1b1t10n is the mechani sm respons1ble for preventlng the'

.. &

IEARTANN

S “ : ) P : R P ..)» % ~
Further weakness in this theory is that gjtcereus shows a vz ble

resoodbe to antiblotic exposure, accumulatlng UDP-MurNAc—pentapeptide when

.e“ouscd to vancomyc1n but not to. penicillln. Some addltlonal mechanism '

I

for controlllng the accumulatlon of UD“ H*rNAc--pentapeptlde must” ex1st

-

° o The UDP-—MurNAc—14 —pentapeptlde prodUCed by M sodonensis wa&

t

N i
found to be a substrate for transglyc051dat10n in an in vitro system

° .

when the other necessary substrates and cofactors were' present Glycine

© °

incorporation was not necesséry-for'tranSglycosidvtion Egyvitro..’ln'the

had free « gcarboayl

groups on the glutamic acid.residues.

The methods of cell breakage used durlng pre ratlon of ‘cell -

Vo

" membrane Suspen31ons had an 1mportant effect on- the result ng transgly-

. -

cosidase actlvity Integrity of the membrane was essentlal »gr transgly—j"

e b : o R

cosidase activ1ty, as ev1denced by the observatlon that the

©

the method of cell disruption Ehe less transglycosidase ac.

o

. survived . Membrane yleld howaver was reduced in the gentl r. methods of

q-
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a

'cell disruption due to incomplete cell breakage. Membrane sqspensions

produced by grinding cells w1th plastic beads for short periods had ~

J(ar -a,

‘high levels of transglycos1dase acthlty 1nd1cat1ngwarfairly 1ntact

. o -
membrane Structure. These membrane suspen31ons appeared free from

S - -

whole cells and cell walls upon electron mlcroscop}c examlnation. While
. ‘ v
\

‘no gross contamination w1th cell walls could be dﬁtected the in vitro,

o )

"peptidoglycan synthe31zed us1ng these membnane? uspens1ons was contamlnatedv

by unlabelled cell wall material as ev1dence@' it high hexosamlne . e

°

content and low spec1f1c actlv1ty This uéla elled cell wall material

must - have been 1ntroduced w1th the membr@ne Suspen51on since all other

Tets i

.components of the transglycosidase ~assay system are defined. In order .

b

to w1thstand the buffer washes to whlch membrane frruments were exposed

the unlabelled cell wall material ‘must have been attached to the - membrane

fragments.,_Some of it may represent peptidoglycan that was being

N

synthe31zed at the time of cell breakage.": . ' ;;.‘

i

Membranes prepared from cells broken by partial lysozyme dlgestion

_ and passage through a French pressure cell lacked transglyc031dase act1v1ty

Since these membrane suspensions could still synthesize small amounts .

of lipid 1ntermed1ates and demonstrated low levels of pyrophosphatase

activ1ty 1t appeared that the individual enzymes of the transglyc051dase

system were still active but that the OVerall organization necessary to.

~-

fbring about transglyc081dation was lacklng

Succinic dehydrogenase and NADH dehydrogenase act1v1ties are

membrane bound enzymes that are much less. sensitive to cell breakage'
. S

methods. The spaEial aprangement of these enzymes must be less critical E

<

since membranes completely devoid of transglyc031dase aCt1v1ty, destroyed
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mechanlcally, still had hlgh levels of both of these actlvitles.

/

Traq;glyc051dase activ1ty, detected in the cell free system

g

"frome M. sodonen51s was very simrlar to the transglyc031dase activ1ty
2L CUensis

described for such systems from other organlsms. The major transglyco-

51dasc product, peptldoglycan was immobile in both solvent systems used -~

i

but d1d show some*tendency to smear in solvent A - In thlS solvent o
“peptldoglycan was present in greatest amount at the orlgin but s1gn1f1cant

amounts 5-10 percent spread ‘as far as 4 cm away from the or1g1n
D

Spreadlno is a characterlstlc of uncxossllnked peptldoglycan caused- by

the 1ncreased sdlublllty of the material, In v1tro systems from E ~coli

very condensed\product whlch will not move from the orlgln of the
chromatogram Wheh pen1c1llln is added to the reactlon mixture to

prevent crossllnklng, a spreadlng product is rormed whlch smears away

from the orlgln (Izakl et al., 1968). ®

Other criterla Commonly used to measure transpeptidatlon also '

1nd1cated that the peptldoglycan produced by M. sodonensis in the in
= ensis

v1tro assay was uncrossllnked 'Free alanine ‘was not produced durlng

°

%the»coursexof peptldoglycan synthes1s and the addition of cephalorldlne
to the assay system had no zffect on the peptldoglycan product. =
Cephalorldlne is a 'B lactam antlblotlc and llke peu1c1llln 1t'1s
presumed to functlon by preventlné crossbrldglng. Slnceythe alanlne
'res1dues .of UDP~MurNAc-l4C pentapeptlde are radloactlvely labelled
crossbrldglng, if it oecurs, should cause a release of free labelled

<+ - . . : .
alanine. The inhibition ofgcrossbridging by cephaloridine should increase:,/ﬂ.
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preventing the 1&ss of the € terminal D alanine residue. - Cephaloridine®

was used in placd of penicillin because of the 1nstab111ty of pen1c1llin

to Tris buffers ( et al.,»l949 Barnett, 1973)

' Crossbridging ha

LY
in vitro for organisms with complex peptidoglycan structures involving °

typlcally been very difficult ‘to demonstrate

bridge peptides.'yTranspeptidation must be even more semsitive than
transglycosidation to ‘disruption of the native spatial arrangement of

benzymes and substrates.. Cell breakage by any technique causes most of

b

‘the cell membrane fragments "to ‘become Separated from the oVerlying cell

i

'wall‘material. It is at this 1nterface that transpeptldation is presumed’
]

to take place so the sen51t1v1ty to cell disruption 1s understandable

Electron micrographs show that_membrane fragments do not retain thelr
P < - L S o . ,
free-edges but tend'to-form vesicles and pull away from the cell wall

An in v1tro peptldoglycan syntme5121ng system has been developed using
. toluene treated whole dells of b megaterium Since thls procedure does

anot require mechanical methods'of'cell breakage,fit minimizes spatial

e reorganization of the membrane with respect to wall and allows transpep-
: S
% tidation to take place (Schrader and Fan, 1974) .
Lo g
g jMinor products of the transglyc051dase assay system included

kl

1» n

' carrler llpld bound 1ntermediates as well as small amounts of degraded

y
'

Substrate and,peptidoglycan. The leid 1ntermed1ates which contained

about 5 percent of the total radioactivity are commonly seen in such-
‘systems, but degradation'produéts which, have ariSen enzymatically are
much less cOmmon) These degradation products are due to the low levels

of pyrophosphatase and amidase activ1ty which are expressed in a

"

J,transglycosidase assay system:using stationary—phase membrane fragments(

'
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u

TranSgiycosrdaseaotrvity.has a hiéhwpﬂ optimum whioh is charaeteristio
of transgiyeosidase_aotivitylin other cell“free systems as‘weil. .The
optimum temperaturehforftransglycosidase aetivity was-30°C'whieh‘j -
vcorresponds with.the optimum growth temperature for the organism.‘:This'

correspondence of optlmum transglyc051dase act1v1ty w1th optlmum growth

temperature has also been noted for M. Zysodelktlcus ‘where act1v1ty and

- growth were both max;mal at 37 C., In some otherlprganlsms‘however;
optimum activity occurred below the optimum growth temperature.’ S. aureus, :

for example .hcved'maximum ‘“ﬁsglycosidase activity'at'20°C’While'gr9wth

.

was optima’ - 37°C..- L1p1d 1ntermed1ate formatlon in S. aureus, in vitro,

T has a temp atLTe. optlmum of 37 C, but the optlmum temperature for the_“'

o KIE

total proce of transglyc051dat10n is 20 C. It is therefore.the +inal

i

Apolymeriza ‘n step (JOlnS dlsaccharlde—peptlde units together), w1th

t

a temperature optimum of 20 c, :whlch controls the overall reactlon

R .J"
¢
L

‘(Strominger et al., 1966)

The requlrement of transglyc031dase activ1ty for Mgz* Wasq

.typical_pf other cell free systems and 1llustrates why UDP—MurNAc—lQCf

’

c &
.

-

e

'pentapeptlde w111 accumulatevundér condltlons of cation deprlvatlon,,
Sensitiv1ty of transglyc051@ase act1v1ty to hlgh levels of Mg2 has also .

' v y <

been observed 1n 81mllar cell free systems from E. coll.(rzakl et al.,

o The deleterlous effect of Mgz_ when preeent durlng ‘membrane

‘t

Pi _ation may "be related to the 1nh1b1tory effects of hlgh levels of

+
Mgz in the assay system but thlS sen81t1v1ty to. Mg2+ durlng membrane

e
K wy

'preparatlon does not appear to be common among other organlsms. Cell‘

N

wall tech01c ac1ds are postulated to function in the control of divalent

r

caiipns, partlcularly Mg These polymers blnd the catlons and thereby
- : 4‘.»‘_‘ . . ¢ IQ'A. \

<".’ P
e - ot
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regulate their concentration in the coll membrane environment (Hughes : f

.EE al., 1973). iﬂ. sodonensgis is unusual'among Gram—positive organisms
in that it contains no cell wall techoic acids. . This may account for

the sen51t1v1ty of its membranes to high levels of Mg2+. Membrane

‘I

‘ 2+
suspensions of other speCies survive the presence of Mg at lO to 50

mM concentrations during preparation with no apparent deleterious effects,

¢

Jbut in M sodonenSis, 50 mM Hg2+ will completely destroy tranSOlyc051dase

(7-

\
activ1ty This 1rrever51ble inactivatlon may be caused or accompanied

by elution pf one’ or more components of the system from the membrane ' .
&«
»but addition of concentrated supernatant back to inactive membranes

p:,s‘

cannot restore act1v1ty The 1nhib1tory effect of Mgz durlng membrane

rpreparatlon can-be 81mulated by washing active membranes with a Mg2+
\

c0ntain1ng buffer C0n31derable activity is lost but not as much a%

B w

u‘Whﬁn Mg2 is present in all stages of membrane preparation This s

, ’that the presence of Mgzu at‘the'timelof cell‘breakage'may exert some

P additlonal stress on the membrane transglycosidase system- which cannot

“be duplicated merely by washing the membranes._

T
T

Despite its lack of crossbridging the transglycos1dase product v\ Ji
‘was confirmed to be pepthdoglycan by the demonstration of its susceptibility
to lysozyme. Exposure to lysozyme resulted in complete digestion of the

peptidoglycan into two compounds disaccharlde—peptlde and tetrasaccharlde- T
" Yooy
K3 o
peptide ' The complete sen51t1v1ty of - in vifro synthesized peptldoglycan
4,

Vas opposed to 50 percent susceptibility offnatlve cell wall peptidoglycan
_.:I". /
f; demonstrateséaig;zportant structural difference between the two éJohnson
| S -
)

‘~‘and,Campbelld \;'_uysozyme resistance in natlve cell wall peptidoglycan

"

is related to the extent of crossbrldging and also to 0 acetyl substitution

o
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of muramic acid residuee. In zitrg synthes1zed peptldoglycan was not -
: crossbrldged and, 51nce 0 acetylatlon is ‘an energy requiring process,
also not 0 acetylated - This could explain the increased suSceptibility
'to lysozyme of this material. rThevpeptidoglycan'of g,'sodonensis has
" been suggested to conSist of two 1ntertw1ned networks, one lysozyme

. soluble and one lvsozyme 1nsoluble In vitro synthesized peptldoglycan

could alternatlvely be representatlve only of the lysozyme soluble _:

& . . - |

network.

' é Peptidoglycan produced in cell free systems from E. coli was

T

crossbrldged but could be completely dlgested by lysozyme to yield two -

a

products dlsaccharide—peptide»and tetraSCCharide-peptlde. ' When pen1c1llin

was incorporated into the synthetic system the peptidoglycan formed

_ was uncrossbridged and highly soluble.' Lysozyme digestlon of this d
materlalireeulted in only ‘one product dlsaccharide peptlde Thg
implication was tha@ the tetrasaccharide—peptide product arose- as a =

"~ result of crossbridging (Izaki et al., l968) ~ The in’vitro synthesizedv

peptidoglycan of M sodonensis was 51milar to the peptidoglycan produced

¢

upon exposure to pen1c1llln {h E. cOll 1n that it Was-highly soluble and’

uncrossbridged. Lysdﬁ%me dlgestion however resulted in productlon of
P -

‘both dlbaccharide*peptiae and tetrasaccharide peptide " In this case
the production of the tetrasac@@arlde—peptide fragment couldﬁnot be due

to crossbridglng since crossbrldging does not take place.

Solubility of in vitroqunthe51zed peptidoglycan is indlcative

“

that the material is uncrossbrldged Insolublllty, however does not
necessarlly 1mp1y that the~ peptidoglycan is crossbridged Seventy two

L
to 77 percent of in vitro synthe51zed peptidoglycan from M. sodonen91s

>

p:2

'\',

s

Ea
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- was soluble. The degree of solublllty of this peptldoglycan was however

" not affected by addltion of 1nh1b1tory levels of cephalorldlne whlch
:indicated that the 1nsolubllity of the remaining 23 to 28" percent of .
4 ! . ’

the material was not due to crossbridglng. Insolubility was also not

due to attachment to cell wall material ‘since butanol extraction released

iy

- the 1nsoluble peptldoglycan 1nto soluble form. Rather, 1nsolubllity

.was due to non—covalent assoclatlon with the membrane fragments.

L}

Both the soluble” and the suspende‘;'insoluble” in N1tro'v"

synthesized peptldoglycans were not homogeneous but consisted of two
dlstlnct peptldoglycan spec1es of dlfferent 51zes.* Other than attachment
to the membrane, peptldoglycan fragments from ' 1nsoluble" materlal

4were 51milar to those of the soluble" fractlon The maJorlty of the

3

g, O

2 PP w“ e : ' '
disaccharldbépeptidé units llnked togéther. ,ﬁost of this materlal was  /
K]
J “,.n;j
"soluble" but some was membrane bound.- The remalnlng '33. 6 ptrcent of the

o

peptidoglycan was large molecular welght mater1al whlch was almost

ually'
oo ‘ distrlbuted between soluble" ‘and "1nsoluble" phases. ThlS materlal

had chaln lengths varylng from 70 dIsaccharlde—péptlde units to greater

- s
.than 150 dlsaccharlde peptlde un1ts.;u ;4““_¥f £

!.) ok
, Peptidoglycan blosynthe31s in v1vo reSults in formatlon of a

large 1nsoluble network of cr05sbr1dged glycan strands,qpredomlnantly

of small molecular weight Such ‘small molecular welght materlal may
. normally be 1ncorporated into the cell wall durlng in v1vo blosynthesis

)

Mirelman has studled peptidoglycan blosynthe31s in M luteus



s

et
R RN

'substantlated by Ward U31ng a cell Wall
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(lysodelktlcus) using a cell wall preparatlon capable of carrying out
both transglyc031datlon and transpeptldatlon (Mirelman et al., 1972

M;relman and Bracha, 1974) ‘His work has suggested that most growth of
the peptldoglycan network in v1vo pr0ceeds laterally Complete strands

of llnear peptidoglycan are flrst sZnthe51zed on the membrane by a

transglycos1dase The entire strands are then released from the membrane

and attached to pre- ex1st1ng peptlgoglycan through crossbridge- formation.

Newly synthe31zed peptldoglycan 1ncorporated longltudlnally into cell
wall material by transglyc051dat10n accounts for. only 30 purcent of total

1ncorporatlon The theory of lateral cell wall growth has been further

.

reparatlon from g} licheni—
) -

formis, he,showed .that newly.synthe31zed trands'of‘peptidoglycan were

actually belng 1ncorporated 1nto pre—exlstlng cell walls by transpepti— .

"dation rather than 31mply belng crossbrldged to other newly synthe51zed-

i

lpeptldoglycan strands Furthermore, 1ncorporat10n of thls newly

synthe31zed peptidoglycan 1nto the cell wall ‘was shown to be totally

tdependent on transpeptldatlon w1th tranSOlycosidat1onﬁglay1ng no detectable,

ﬁart (Ward and Perklns 1974 Ward 1974) In a separate study of

U

Qpeptldoglycan blosynthe51s in B megaterlum membraie suspen51ons were

~
found to synthe31 large molecular welght peptldoglycan molecules whlch

were crossbrldged within themselves but which were not attached to pre-

<

ex1st1ng cell wall materlal (Schrader et al., 1974) If toluene—treated

'whole cells replaced the membrane suspen51ons, as a source of enzymeﬁggg-

S

then peptldoglycan was synthe31zed and also 1ncorporated into pre eulsting

$

cell walls by transpeptldatlon (Schrader and Fan, 1974)

-

[
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If/thls theory of lateral cell wall growth is correct then

i .
transglyco yidation proceeding in the absence of - transpeptldatlon might

3

be expectéd to result in a product con51st1ng of linear strands of

.//

peptidoglycan of a relatlvely small 51ze The-characteristics of the
peptldoglycan produced in X&tgg.by M. sodonensls would tend to. support
this theory The maJorlty of the’ in XEEEQ synthe31zed material was a
”soluble” awmniform llnear glycan molecule with a molecular welght of

approx1mately 20, OOO daltons The largc molecular weight peptldoglycan

synthe51zed in v1tro could represent an earlier 1ntermed1ate form.

TransglchSLdase act1v1ty may 1n1t1ally result 1n formation of long
; .
glycan sStrands which are subsequently clipped into short unlform pieces . ¢

(20 dlsaccharrde~pept1de unltS) by the controlled action of a muramidase.

Coy

~ In v1vo, these short strands would be 1ncorporated 1nto the cell wall by

’ transpeptldatlon In‘v1tro, where transpeptldatlon does not take place,

- the peptldoglycan strands would be'released free'lnto-the medium.

-transglycos1dat10n whlch was observ

)

Alternatlvely, the large molecular welght peptldoglycan synthe31zed ln -

o

vitro may be- due to the llmlted (30 percent) 1ncorporat10n of newly

synthesized peptldoglycan 1nto pre ex1st1ng cell wall materlal by [
q J RS ¢

2] occur. in M.

luteus.

i
contaminated ‘the- preparatlons to a con51derable extent. Thls material?a

was presumably carrled over in associatlon with the membrane fragmentsu

.-

: Unlabelled materlal makes up roughly one’ half of the "soluble" small

molecular weight peptldoglycan, but more than 9/lO of the 'soluble"

' large molecular weight peptldoglycan The nature of thefassqciation',




tance,. Non-radioactive contaminants, including unlabelled peptidoglycan,

“could be ignored unless they affected the distribution coeficient of

the labelled peptidoglycan Species. In detérmining the size of the

péptidoglycan speéies, a series of dextran Standards of known molecular -
, : . ‘ s .

weightsAWas.used_to.calibratenthe'Sephadex G~200 column ratier than4the

more common protein Standards. Dextrans were Presumed to more closely

_ o o - . 4 J o
accurate dalibratiqn»curve. Size estimation by gel filtration sho: 1d

be éccurate Providing the peptidoglycanispeéies-ére not attached.to'
\ : : v o , Lo
Protein or other non—peptidoglycan material whiqh'would make them_anpear

larger, The'estimated.chain léngths of ZQ_disaccharide—bentide units for

Reduction ofgﬁeptidoglycan'fragments_with,tritIEted NaBHA as a

:meansrqf determining chain length had the disadVantaée of fequiring large

_ . . . T
amounts,of peptidoglycan. The longer Strands of peptidoglycgn, in particular,

.



\group. ‘This technique however had the advantage‘thet it measured'aCtual

(“"‘C
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reguired more.material‘for anelysis since each strand hed only one
reducing terminal. Tﬁis'method das aisoimore sensiti;e to the presence"
of conteminating‘naterial in the peptidoglycan samples; as unlabelded
peptidoglycen derivatives were‘measnred.together'with'labellednpeptidqg— .dif
lycanvderivatives.. Conteminating‘non—peptidoglycan ﬁenosaminevmeterial :

will alsc interfere with the ratio of hechamine residues per -reducing,

chain length rather than molecular size. .The chain lengths'estimated
. ~ 3 . . '

by the twovmethods'correlated well. The‘large molecuier weight peptid001yean.,

'spec1es was found to have an average chain length of 106. 5 dlsaccharide—‘

peptide tnits by thejNaBHd reductlon technique. This conflrmed that the .

large size was due to long linear strands rather than‘several short

strands jqined together by crossbridging to form a large molecnley

'nyophosphatesefactiVity was detected in the in vitro peptido-

' 'glycan synthesizing system from M. sodonensis when UDP—MurNAc414C—penta—

peptide Was 1ncubated with actlve membrane suspen51ons in the absence

of'UDP—GlcNAc. This control, 1ntended to show that UDP GlcNAc was B
. \v\EY : . A R
essential for: peptidoglycan biosynthe31s lalso showed’ that a second '

I3

: Q&actlv1ty was present which could degrade UDP*MurNAc—lac—pentapeptide.

ThlS new act1v1ty was referred to as a pyropt chatase because. carrier

"lipid—PiP~MurNAc—l4C{pentapeptide rather  than UDP—MurNAc—14Cvpentaneptide

is its true substrate. UMP, an observed end product arises during .the

formation'of.the carrierllipid-linked intermediate, just“as'lt does inf

p)

‘the transglycoskdase system A phosphodlesterase act1v1ty ‘which. degraded S

JUDP—MurNAc—"LC—pentapeptlde directly, would be: expected to y&eld UDP

’rather than UMP as an end product. Pyrophqsphatase activ1ty.1s.not

O

expressed to-any appreciable extent “n»a-nornal trenSglyQOSidase'assay.



‘glyc031case assay systems lies in, the absence of UDP- GlcNAc from the

~they are constqntly belng removed to‘form peptldoglycan. Omlttlng-
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4

Since the maln dlfference”between the pyrophosphatase and the trans- -

o

former UDP GlcNAc appeared to be an 1nh1b1tor of pyrophosphatase

'act1v1ty ‘A closer examlnatlon of UDP~GlcNAc 1nh1b1tlon however 1nd1cated

that UDP-GleNAc 1nh1b1ted pyrophosphatase act1v1ty only 1nd1‘ﬁctly, by

permlttlng transglyc051dat10n to, occur.

4

In a~transglycos1dase'§é§ay
system the levels of 1ipia 1inéé§ i

rmed1ates normally stay low because'

-

i

~ UDP- GlcNAc from the transglyc031dase assay system prevents peptldoglycan

synthe81s but MurVAc—l4C—pentapept1de .can . stlll be transferred from the‘

¢

rnucleotlde/precursor to form the carrler ldpld linked 1ntermed1ate with

the release of UMP The pyrophosphatase'appears to}function as a’

rscavenger enzyme, releas1ng unproductlvely bound MurNAc~pentapept1de

when- high levels of 11p1d llnked-MurNAc—pentapept1de accumulate, as Juld

Ar-happen durlng phases of the é%ll cycle in Wthh cell wall growth was ngt

v

T _taking place. Stationary—phase membrane suspenSlons prepared by the’if .
lysozyme French press method could not synéhe51ze peptldoglycan but could

; synthe31ze small amounts of carrler l}pld 1ntermedlates L The detectlon

B =

/

'”of correspondlngly low levels of pyrophosphatase act1v1ty was’ con51stent N

e

with the proposal that the true substrate for pyrophOSphatase is MurNAc—'

f'aenta/eﬁt;de llnked carrier llpld, an 1ntermed1ate in trans01y0031dat10n

Several simllar characterlstlcs of transglyc051dase and pyfophos-
e act1v1t1es such as -an unusually high pH optimum and requlrement

for Mg suggested that the ﬁwo act1v1ties may be Hnterdependent

' Pyrophosphatase activ1ty may be -a normal component of the ;ransglycosidase

'

'enzyme system whlch functions as. a scavenger only when peptidoglycan

/
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blosyéthesis is prevented. Ihe transglycosidase enzyme system could o N
require a pyrophésphatase actlvity.during,the.fihal stages’of pepti;
doglycan’biosynthesis. Dlsaccharlde/peptide subunlts are linked to. the
carrier llpld by a pyrophosphate bond and thls bond must be broken toy,
- allow attachment of the dlsaccharlde—peptlde to a grow1ng peptldoglycan
-strand. Pyrophosphatase act1v1ty could agaln be requlred to free the
s completed llnear peptldoglycan strand from the carrler llpld (Ward, l973).
' Pyrophosphatase activ1ty doe;&dlffer markedly from transglyco; .
— . ,
‘ sidase act1v1ty in rts relatlve 1nsensit1v1ty to hlgh levels of Mg2+
within the assay systh. Since pyrophosphatase is proposed to ‘be a
- component of the transglyc051dase enzyme system, 1t‘follows that the Mng
:sensltlve reactlon must come. after the pyrophosphatase step : The only
major reactlon taklng.place after cleavage of the 11p1d 1ntermed1ates is

‘the actual polymerlzation step in which the dlsaccharlde—peptlde unlts ‘ N

are JOlned together. Slmllarly pyrophosphatase is much less sensmtlve to

.

-

high %?mperatures than transglycos1dase act1v1ty, agaln suggestlng that
1t is the flnal polymerization step which confers the overall senslt1v1ty
of transglycos1dat10n to hlbh temperature ’ The effect of 1ncubat10n
temperature on cell growth closely paralle}s the effect .of temperature on

transglyc051dase actlvity indlcatlng thg; cell wall" growth may. be 1nvolved

-

\

. in regulatlng overall cell growth

| The 1nh1b1tory effeéct of UMP when added fo. the pyrophosphatase-v

. assay system 1nd1cated/1t to be the primary end product 81nce ‘both urldlne
and UDP had llttle or no effect UDP—glucose had a moderately 1nh1b1tory
effect hut’ several poss1ble expranations for thiSvlnhlblthH exist.

UDP—glucose .can replace UDP GlcNAc 1n a. normal transglycosidase assay
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‘fand returned to the cell or excreted The accumulathn of nucleotlde

L - - ’

_ - @
and permlt synthe51s of an 1ncorrect "peptldoglycan at about 10 percent
of the max1mum ‘rate (Park and ChatterJee, 1966) ThlS low level of

/ N .'(
synthe31s may have the same effect ‘as L_peptidoglycan“biosynthesis

‘and reduce the amount of llpld 1ntermedlt.e ava. lable for. the pyro-_'

phosphatase A second poss1billty is that UDI glucose may be a precursor

‘of the glucose contalnlng polysaccharldes whlch are present in cell walls

i

e’ ’
" of M. sodonen31s (Johnson, l97l) Synthe51s of thlS extracellular materlal

o,

has Leen showp to requlre carrier llplds (Braatz and Heath 1974) 3>”

H

Peptldoglycan blosynthe51s ‘has been shown to share a common pool of

o

) ——

Sugar co: talnlng polymers (Baddlley, 1972 Anderson et al., 1973\

TCIN

) UDP—glucose could be 1nh1b1t1ng by forming gl cose—llnked,earri,r 1i-4id

,and reduclng the amount of marrier lipld ¢ 2ilable for reactiorn a'th‘

, Ce s .
UDP~MurNAc—l4C—pentapeptlde S ERRCTR IR

The abllity of pyrophosphatase to degrade UDP—MurNAc—l4CQpenta-

:peptide through formatlon and cleavage of llpld 1ntermed1ates may also

\

explaln why M. sodonen51s w1ll ‘not accumulate the nucleotlde precursor
————=1818

- . Lo ~

'when exposed to pen1c1111n or cephalorldlne Nelther of these antiblotlcs

LN

afﬁect the: membrane—assoc1ated reactlons of transglycosidatlon S0 the

inucleotide precursor could ‘be degraded to UMP and MurVAc—lAC—pentapeptlde

K precursors under,condltlons of cation(deprlvatlon~1s con51stent w1th thlS
; o ‘

& . [

theory since pyrophosphatase act1v1ty also has an absolute requlrement

for Mgz', : : ﬂ."l_ 'vgyr‘ - _i}' L o .»' . L

-

Solubillzatlon attempts on transglyc031dase‘and pyrophosphatase

- ’

'activities were . équally unsuccessful again suggestlng a pOSSlble relation—_

4

L

- carrier llpld molecules with the synthetlc systems For, other extraccllular' S

~
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ship between the two activities.. Successful soluolllzatlon of the
transglycosldase system would necessarlly . .volve solubillzation of

several enzymes and carrier llplds in a spat irrangement which

maintains activ1ty. Trlton X lOO treatme ‘e the mo -t extensive

membrane solubilization of the three‘meohods.used.' Morez than 50 percent

Y

of the membrane proteln was solublllzed and-approximat'l“ =0 percent

of the orlglnal transulyc031dase and pyrophosphatase act1V1 v ~ras V//'

- ' Ve

recovered in the supernatan&a Butanol and LiCl extractlon gave & ‘more

restrlcted solublllzatlon of the membrane components and no evidenr -
' . 2
of . transglyc051dase or pyrophoc‘nuLase activlty Survived}

i

When exponential—phasc It nbrane suspen31ons were assayed .o

©

transglyc031dase activity under standard assay conditlons they appeared to

’

'Aproduce s1gn1f1cantly less peptldoglycan than statlonary phase membranes

3

under the 1dent1cal condltlons Since peptldoglycan blosynthe81s occurs

¥

‘most rapldly durlng cell growth and d1v1310n, exponent1a1 phase membranes

Were expected to contaln at least as much &ransglyc081da°e activity as

' statlonary—phase membranes. This low level of peptldoglycan productlon

“

was due to the presence of a second enzyme actﬂv1ty Wthh degraded 1n

-

v1tro synthe51zed peptldoglycan. The product of thls new activity of

o

exponentlal phase membranes was 1solated analysed and found to be free

C—pentapeptlde, contalnlng glutamlc acid, 1yslne and alanlne in a molar

it »

. ratlo of 1.0: 0.96: 2, 43 The product contained no soluble N—acetyl—

hexosamlnes but did contaln glyc1ne in a molar ratio of 0. 3 fhewpenta—

-

fpeptlde product 1nd1cated he new actlvlty ‘to be an’ N-acetylmuramyl

alanine amidase.

The presence of glycine in the product indlcateduthat some of

[~ ’ Y
)
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-~ unlabelled in v1vo Synthesized peptldoglycan. »Thetamidase apparently

' no free glyclne was present in the reaction-mixture. Natiye cell-Wall, R

glutamlc acid 1n a mole for mole ratio. The presence of unlabelled

316 nmoles of'peptlde, 22
'glycan and had a structuﬁe of ala—glu( -gly)= lys—ala

.that,.overall, about 2/3 of the 1solated peptldoglycan was not actualﬁgﬁ

‘1n vitro ‘synthesized but came from unlabellednln vivo synthe51zed peptldos

- =151-

Lo

)

the peptidcs had arisen due :o amidase attack on in vivo synthesized . R

unlabelled peptidoglycan s1née the UDP-—MurNAc—14 —pentapeptlde used in

" the in vitro. s nthes1s of pe tldO lycan did not contain any glyc1ne and
Yitro Y ? P, g

S

peptldoglycan has glyclne substltuted on the free o carboxyl grdups of

[l

peptldes was also apparent from the decreased spec1f1c act1v1ty of the

L

product peptlde when compared to the original substrate The drop in. the

molar - r io of alanine from 3 2 to 2«43 could also be explalned 1f the

3]

- /
unlab: d peptldes derlved from natlve peptldoglycan had only’ one . C

.

termlnal D alanlne re51due ather than the D. alanyl D alan1ne grOup

'present in in. vltro syntheslzed per - 1d001ycan The data Suggest that ‘ ' 78%
the amldase product consls s of a mixture - of two peptldes. Of the total /:y

L

nmoles\We “e czrived from’ in Vitro synthe51zed

’peptldoglycan and had a structure of C la—glu-Lys- 4C ala—lég ala

:«‘4'3’ ;
'eptldo—

whlle 90 nmoles were der ved s from unle :11:=4 in v1vo synthe81zeg

& ﬁ}.,

:
ST

Hexosamlne assays of in V&tro synthesized’ peptldoglycpn fractlons

1ndicated the presence,of large amounts of unlabelled peptldoglycan such »

"1"»1’

Q .
glycan carrled over by the membrane fragments The pentapeptlde product f‘
of amldase activity was- also contamlnated by peptldes derlved from thlS
unlabelled peptldoglycan. The comp051t10n of the pentaneptlde product

however 1nd1cated that less than l/3 of the peptldes came from this

t
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. : Ly ‘ X
degrades in vitro synthesized peptidoglycan preferentiallynover in v.

o

synthe31?(d peptldoglycan. R
' An amidase actlvlty 1n membranes of M sodonensis may have'an
r - . . “1 p - .

“1mportant functlon in, crossbridge f01mat10n In thlS organism cross-—

1,'br1dg1ng pept1des are made up: of substltuent peptldes linked together -

'g"head to.- tail. After transglyc081dat10n has resulted in formatlon of

-flinear glycan s{rands the substltuent peptides are postulated to be

’

cleaved from thelg muramic - ac1d residﬁ”' by an amldase. One or mpre

transpeptldases then 301n the Substltuent peptldes together to form the

brldge peptlde.f hlrelman has recently reported evidence to suggest that

- 1

.the, formxtg?n of D ala -L ala and D ala~L lys bonds in peptlde crossbrldges
'are both semiltlve to pen1c1llln\but at qu1te dlfferent levels Thls
~would tend to' support the concept of two dlstlnct transpeptldase enzymes
(erelman and Bracha l974) The characterlstlcs of the amidase actlvlty
detected in M. sodonen51s seemn con51stent w1th a. synthetlc role in
‘crossbridge formatlon. Amidase act1v1ty‘was max1mal 1n‘a transglyc081dase

»

»assay System where exponentlal—phase membranes served as the source of

peptidoglvcan as 1t was synthe51zed by the transglycosi systémt
‘ _)\ ‘ [N o

T When expone 1al hase membrane suspens1ons were ‘used as a souxce of

PR

& - -

- I

occurred and less free pentapeptlde was formed Thls'suggests two

. ‘\ . N
amldase to degrade peptldoglycan whlch -had been synthe51zed in vitro by , -

a statlonary phase membrane transglyc051dase system less degradatlon » ,

p0851ble explan tions. Oné is that exponentlal phase membrane peptldoglycan

may be - more sen 1t1ve to amldase than statlonary—phase membrane: peptldoglycan.-

' Alternatlvely,,the amidase act1v1ty may be located near the 51te of trans-
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glycosidation on the exponential—phase membranes, and be best able to-

o

attack the in v1tro synthesized peptldoglycan as-it 'is being formed

The SUbstrate spec1f1c1ty of the’ amldase 1nd1cated that it could
" ®

only attack peptldogl}can. UDP MurNAc—pentapeptlde could not serve as

_a substrate for amldase even though it contained the suscept1ble muramyl~ '
. .
L alanine llnkage MurNAc—pentapeptlde was also not acceptable as a

substrate which indicated that the nucleotlde portion- was not responsible

for the 1nab111ty to use UpP—MurVAc pentapeptlde Lysozyme dlgestlon of

-

_in vitro synthe512ed peptldoglycan ylelded a, mixture of dlsaccharlde—

peptlde and tetrasaccharlde—peptlde fragments ¢ TheSe fragments.contaln
both GlcNAc and MurNAc pentapeptlde anddyet Stlll coula not be degraded>\
by amldase . The small molecular welght species of in g}trg synthe31zed
peptldoglycan with an estlmated‘chaln length of 20 dlsaccharlde—peptldel

units was hOWever degraded Th1s suggested that the amldase has a -

spec1f1c1ty towards peptldoglycan chalns w1th some minimum 51ze, greater

than 2 dlsaccharlde—peptlde unlts (tetrasaccharlde peptlde) but smaller
than 20 dlsaccharlde—peptlde uhits. - R ' . '

Examlnatlon of exponentlal—phase cell wall preparatlons

indlcated that they were a good source of amldase act1v1ty Based on
A g
: : ey
proteln content, exponentlal—phase cell walls had approx1mately the same
. g gl . .
amount of transglyc031dase act1v1ty as exponentlal phase membranes but

about 12 tlmes as much amldase act1v1ty In this case amidase act1v1ty

‘was measured as the ablllty of. exponentlal phase cell walls to degrade

S

: added in vitro synthe51zed pept1d8glycan The/spec1fic degradatlon of
thls endogenous peptldoglycan ,even. though the cell ‘wall itself contavned

. high amounts of peptidoglycan agaln suggested that the amldase prefers
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to degradelln'xitrg synthe31zed peptldoglycan rather than the cell wall-
material which surrounds it. . The high degree of solublllty of 1n.z£££g
synthe31zed peptldoglycan may be respon51ble for- its preferentlal degradatlon
- by maklng it more accessible to.the amidase. :This also 1mplles that
within the cell wall environment, the amidase.is held in a position which
makes its own cell wall‘peptidoglycan inaocessible The lack of cross—
bridging of the in yitrg'synthe51zed peptldoéiycan may aiso contrlbute‘
to its enhanced degradatlon In any case this selectlve degradatlon

of newly synthe51zed peptldoglycan is in contrast to the autolytlc
amidase act1v1ty of S aureus. 'That amidase, both 1n vivo and in i}trg
preferentially degrades old cell wall materlal (Gllpln et al 1974)

A w1de range of mlcrooréanlsms are known which contain membraneb o
or cell wall bound amldases whlch are not dlrectly.lnvolved in.pepti-
doglycan blosynthe51s but rather are autoly31ns (Chan and Glaser 1972
- Tipper, 1969; Howard and Gooder 1974) An examlnatlon o} 3 autoly31s
in exponent1a1 and stationary phase whole: cells?of M. sodonen81s 1ndlcated
that the organlsm wa80very res1stant to autolysis in all phases of’ growth
The amldase act1v1ty present in. exponentlal -phase membrane and cell wall

suspens1ons d1d not: manlfest 1tself as an autoly51n in vivo.

L
Y

TranSOlycos1dase act1v1ty seemed clearly to be a membrane-
associated enzyme. Transglyc051da3c activgt] in cell wall preparatlons o
was related to the presence of membrane material. Amiddse activity on

‘the other hand was found in both Jnerbrane, and cell wall preparatlons and
I

may be located at the wall- memt 'slékerface with a stronger tendency
:'

Ty «.

‘to assoc1ate with cell wallgmateéﬁal Alternatlvely, there may be two ’

f'distlnct amidase enzymes one membrane bound and one cell wall Bound.

1 ) . 3
3 . .

<

—ame
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‘Similarities and differences betweén the two forms of amidase were

examined first by solubilizing the enzymes,; Triton X 100- treatment and

butanol extractlon are most frequently used to release membrane~bound

‘enzymes Both technlques released the cell wall bQund form of amidase

as well of better than the membrane bound form " LiCl is more typlcally

3

used for/XOlublllzlng a llmlted range of cell Yall bound enzymes, most

notably autolys1ns Thls technlque also solﬁblllzed both- membrane and

»cell wall bound forms of amldase No dlstlnct dlfferences between the -

-‘

two types of amldase as far as extent of solublllzatlon was noted except

that ‘membrane -ami dases were generally less well solublllzed and less total
-
act1v1ty was recovered. Sephadex G- 200 chromatography showed both forms

;e
J
of LiCl solublllzed amidase to be very large in s1ze, with a~molecular '
weight in excess of 150,000 daltons, —Thls may 1nd1cate that~£he_am1dases‘tmm,,_

a

have,not een completely\solublllzed but remain actlve as part of a

larger soluh;e-complei An N-acetylmuramyl L alanlne amldase 1solated

-~

.,\

from Bac1llus megaterlum was found to have a molecular welght of 20 OOO

,‘.»1 :

e

.Dlplococcus pneumonlae, however also produces an amldase whlch is made

up of subunlts each w1th a molecular weight bf 20 ,000 to 50 OOO daltons

' The complete .amidase’ has a molecular welght of+'1-3 X lO6 daltons (Chan-

"and Glaser, 1972; Tomasz and Uestphal l97l)

Menbrane derlved amldase, solubilized by butano] extractlon,

also eluted 1n the excluded volume from Sephadex 'G~200 ndicating‘that

o

the similarlty in size of. the two forms of amldese was not just. a'

characterlstlc of the L1Cl method of solublllzatlon. Slmllarltles also .

exlsted between the two forms of amldase both soluble and bOund in

thelr ablllty to degrade purlfled cell walls. The soluble forms of both

o
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types of amidase_were able to,attack purified cell wall peptidoglycan
as readily as they would attack in. XiEEQ synthe51zed peptldoglycan whlle ~
the bound forms of both membrane and cell wall amldases were unable to
attack purlfled_cell walls. The ability of the solublé forms.of amidase
. to degrade crossbrldged cell wall peptldoglycan may represent a: broadenlng
of spec1f1c1ty of the amldases which takes’ place on solublllzatlon, or
alternatlvely, the soluble forms of the amldases may 51mply‘be‘better
able’to penetrate the large 1nsolub1e cell wall peptldoglycan molecules

| The two forms of amldases b?th soluble and bound did dlffer
T in thelr abllltleSOto degrade the vargous fractlons of in vitro synthe51zed
‘;peptldoglycan 1nd1cat1ng a possible dlfference between the two amldases
The maJorlty of in X}Erg_synthe31zed peptldoglycan 1s‘small molecular

. a
weight materlal w1th "soluble" small molecular weight materlal in -
.partlcular maklng up greater than 50 percent of the total peptldoglycan
This materlal was only poorly degraded by cell wall amldase whl/e/membrane
- amidase was better able to ‘attack- it. -An amldase functlon1ng in cross-
brldge formatron would have to use thls small molecular welght peptldO:
glycan in Order to 1ncorporate 1t into pre ex1st1ng cell walls
4The cell wall and membrane'forms of amldase may represent a.

’slngle enzyme but the dlfferences 1n thelr enzymatlc propertles must.:.‘w ~'§ o
"then/have been conferred upon.them by thelr assoc1at10n w1th the cell .:;iaQNr"U

wall or membrane The" membrane&form of amldase preferred to attack '?.¥!bf'~u

system It was also better able to attack the small molecular Welght

: (.B' . BV

materlal typlcal of in v1tro synthe31zed peptldoglycan : Thls amldase may £

, represent the crossbrldge formlng act1v1ty., Such 4 functlon would be
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> ‘ o |
consistent with its presence in log-phase cells only, its preference for"

LN -~

in vitro synthesized uncrosslinked peptidoglycan, and its lack of

» : , i QO
- ih the cell free system used, the release of free pentapeptldes may be

z\ - autolytic cheracteristics: kSince transpeptidation did mot take bleee

. A
‘the result of amldase act1v1ty proceedlng in the absence of trans—v

' peptidase actlvity.w The substituent peptldes cleaved bywthe amidase,
.were found free in ‘the. nedlum'tather than 1ncorporaﬂ§d into htldge
peptldes; The cell wall ,bound form of amldase readlly degraded exogenous

) peptidoglycan and appeared to preter large moleeular weight.species'of
peptiﬂoglyean. Within the cell-mall‘the amidase is COnfined such that
it cannot freeiy attack the“surrouhdihg cell weil.peptidoglycen. ‘it
mey represeht ahtamidsse mhich obens_up p;e—eiistiné peﬁtidoglyeen to ¥
alldw the insertion of new material. | | |

e - -By'controlling the proportibn of these two types df'amidase

actlvlty, the cell may be able to control the extent of ~rossbr1dg1ng

- and 1nfluence the length of the brldge peptldes in its cell wall
- '_‘ : The examinat}on of peptldoglycan.blosynthe51s astlt‘occurs Y
‘ceil free systems;from"ﬁf sbdodensis has:préyen’bothhintefestiﬁg'and'
: rewardiné. ‘The‘presence of two preyious1y‘unreported;ensymatic eetiyitiee,
a pyrophosphatase and a muramyl -L alanine amldase, makes thls system
ideal for furtherllnvestlgatlon of peptldoglycan btosynthesis Investigetion :
| of the peptldoglycan produced/in 1n X&EEQ_assay systems is u5ually'restr1cted‘
.rf‘tqlan assessment-of 1ts degtee of cressl;nkagel_;Ih;s study has‘attempted
.h.fftqdexamine-theaphysical;charscteristics‘of'ig_yiézg"synthesized pepti—
;v Hdoglyeandin mete detai%vin:orde§ td_cbmpare it'withhthe igyygyg;synthesized'

o e ‘ L N S o
" peptidoglycap gf purified cell walls. - Such an appréach has helped to
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elucidate the differehces between the in vitro and in vivo synthetic

systems. Control and regulatlon is one important area of peptldoglycan
biosynthesis whlch is only beginning to be understood Both. the

pyrophosphatase and amidase act1v1t1es detected in thls system have

characterlstlcs whlch 1nd1cate they may functlon in controlllng peptl—

doglycan blosynthe51s. The amidase actlv1ty, especially, warrants a

closer examlnatlon of the factors reg’latlng its acL1v1ty in vivo, and

of 1ts dlsappearance from the cells as they progress into Lhe stationary-

phase of growth
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