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sole, component itva regularly ordered ]oyer'located external to the ,K

vfff;ﬁ Outer membrane._ The 1nteractdons between g’yCOPFOtef" ””19‘“195 :

requlred to form a regular lattice-were apparently promoted by. Calcium

ions<but not ma”fes%um 1ons. Althougﬁhan organized surface lqyer
A

requirement fer hlgh levels af competence neither the

seemed to be '3

presence of r'e regular array nor. the .60K glycoprotedn was necessary for _n,

norma1 levels &f DNas!Lresistant binding of transfbrﬁing DNA.
2 g

Compef/nt anﬁ noncompetent §train UHI boundwéquivafent amounts of
DNA in @ DNase-resdstant state. Competent strain-uwl participated in,

;_, two forms of DNase-reslstant DNA bindlng to the cell envelope. DNA

ol

blnding to “type 1“ receptors occarred 1n the absence of genetic trans-.
formation and was typ1fied§€y the 1ndiscr1m1nant binding of either

homologous or. heterologous fhontransformfng) DNA. .DNA receptors of

-'type 2" -are proposed to be spéc1f1cally responslble for DNA binding

. \\
\S"
. '-“1\V-
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,E§§c°mpetence recovery 1n; celIs uasheq;with'o 2 M="9504

1Freeze-etch replica of the’ convex surface ‘of ‘2’ éell
‘\grown 1n calc?um- and iron-ltmited surk medium“ T

?Freeze-etch replica of the convex surfgce of
-exposed to ‘0.5 mM.CaS0, foltowing growth 1n i
ca]cium— and 1ron-lim1 ed medium S S

“f'Freeze-etch replfca_of’_;?ﬂﬁx
. from a compet '

plica of. th convex sy
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afﬂl;bacteria acquire new heritable tTaits through the incorporation of

‘ fThe tern_ genetic transformation refers to the proceSS‘by which RS

_exogenous DNA.. This process can be envisioned to occur in sequential

,gstages. The first of these stages involves DNA binding to the cell

: fsurface. This is,followed by DNA uptake across the cell envelope. The.

| 'fggfinal stage, which 1s. necessary for the expression of chromosomal mark- 2
",;;ers, is the integratinn of transforming DNA into the host chromosomg. ,;"”
”f‘:QCOmpetence. for genetic transformation describes that physiological

, ;%fstate'i_;yhich bacterlal cells possess the ability to bind~and

transport transforming DNA. Competence defihed as the ability of cells -

. to bind DNA in a state such that it is inSensitive to externally added

“\ et

deoxyribonuclease (DNase) (Lerman and Tolmach 1957 Smith et al.,
\1981) is no longer applicable. as transformable and nontransformable

Azotobacter vznelandcz equally demonstrate this ability (this study)

- g*Chmpetence is not a constitutive characteristic of most bacteria but

can be induced under the appropriate conditions.

-
The phenomenon of genetic transformation was originally reported

4 by Griffith (1928). This observation of the transformation of - capsular

types in pneumococcus by in vivo experimentation in mice was soon

confirmed by Neufeld and Levinthal (1928) Later studies by Dawson and

;Sia (1931) demonstrated‘that this transformation would also occur in_

-vitro. lnvestigations to determine the nature of the transforming -

' principle culminated in a study by Avery et al. (1944) in which

~
.evidence was presented which suggested that DNA may be the conveyor of

. "




o ':f bacter1a.;

,‘Ra1na and Hodi, 1972). E’nterobaeteriace'&e (cohe ot

o ‘Rensburg, 1971). szaserzaceae (Junf and Janik 196

‘molecu]ar bio]ogy. Host notably. geneti 'transfo

More recent,_

e

"Bac¢ZZaceae (Coukoulis and Campbel1

1971 Gwinn and(THorne, 1964)




”lefth DNA attainingea,Buase-resistant state-

lrkpiasm.'

"f_iizftherefore, wiii not be dealt with in detai] in this 1ntroduction., ;

v_fhave included a discussiOn of aspects of recombination and- the reader

This step may oec“r.concomi-

-ﬂ'tant with the third stage of the process, DNA transport into—the cyto- |

:"The finai stage invoives recombination between the transforming v

L ;DNA and the host chromosome.. This finai stage of‘transformatipn s not-“;d
"°nﬁigrtfof particular concern to the studies described in this thesis and '

'>Several revieus of the iiterature concerned with genetic transformation N

-

45 referred to them (Dubnau, 1976; Fox, 1978; Hotchkiss and Gabor,
 1970; Notant and Setiow, 1974 Smith et al., 1981; Venena, 1979). As

'weil the current knouiedge and hypotheses concerning the molecular

;"~ events occurring during genetic recombination have been summarized in a’

recent review articie by Dressler and Potter (1982).
The systems developed for the genetic transformation of bacteria

can be divided into those in which the. celis are naturaily induced to

| iv competence under certain conditibns of groyth or metaboiism and those o

= ; in which competence is artificiaily induced“ in noncompetent ceiis.

) The_bacteriaﬁyhich,are artificiallyuinduced to competence inciude'i‘

" B. coli (Cohen et al., 19%2), Salmonella typhimuriun “(Lederberg and =



et T U

‘, - .m eos'itive’ and Gré‘u’n-neggtive urgmkmr&h sithasy eépma.tbt p

i A somewhat dffferent mechanisms for DNA binding an,_‘;'

; these pu rposes.

The Htﬂe that[ s. known_, _bout,DNA

o 1n these trinsfomation systems has been gainedv :

e coZL. TMs 1nformation win be discussed fojloning a discussfo of

'y@'ﬂ\.
DN v i g e Al
Lo . case (Smith et al.. 1981).

- P

......



(15 “'f ana*Smith et al (1981). ;za

1ated that the 1nit1atiow of competence 1nduction involves an 1nterac- q

' %ﬁﬁﬁ tion between the competence factor and’ a specific cell surface receptor v |
present on noncompetent ce}ls (Horne et al., 1977 Lacks, 1977a) which- f
may lead to the observed changes 1n the level of expression of various
genes during~competence 1nduct1on (Horrison and Baker, %QSQ) A ro]e
for a competence factor 1n the S sanguzs transformation system has “

”‘_ also been reported (Ceg]owski and Dobrzanski 1974~ Dobrzansk1 et al.,

| 1970 Pakula et al., 1970; Pakula et a1., 1971 Perry, 1974)
5fd 'c:';ai.' L }f'~ A1though a c0mpetence factor has*been tentatively 1dent1f1ed in .

 Bacillus subtilis (Akrigg. and Ayad, 1970,,Ak;19g et:al

o 1967) which ~ «

) _ may“:ai'ﬁeuto}ytic activity, there 1s also;' %"ence{that competence-
éfeiecm;tj3~44g development may.be so1e1y tnternally regulated (Goldsmith et a1.,

.1._”
«

o ;n” 1970) "B subtzlzs becdmes competent ETS ‘early stationary ‘phase or
. after a shift to a nutritionally deficient medium (Sp1zfzen¢et a1..

4



of random collisfons (Tomasz,'196_x

A‘ v the ce” and a molecule of DNA “

;f'waacks et aT., 1974)

Sy e e



R

=f{}‘ converted to a sinng strand of contiguous DNA,

Rownd et ai., 1968- Soltyk et al.. 1975) S FRER
Prior to DNA uptake and preliminany to DNase-resistant DNA bind-

ing. double-stra; ed breaks are introduce .into the DNA (Dubnau and {‘:.';
Cirigliang; 1972b,‘Horrison and Gui]d 197'5' Characteristic of Gram—?f :
positive transformation systems, the doubie-st;’nded DNA f?agments are T
rior to or during "
uptake, with concurrent degredation of the opposite strand to acid- _‘.
soluble products (Lacks, 1962 Lacks et al., 1967 Horrison and Guiid E
1972. 1973b Piechowska and Fox, 1971 Venema and Canosi 1980) This
iinear uptake of DNA (Horrison and Guild 1973b~ Strau5s. 1965, 1966)
is an energy-dependent process (Seto and Tomasz, 1974 Strauss. 1970) )
and requires the presence of a membnane boundlnuclease (Joenje et al
1975 Joenje and. Venema, 1975 Lacks and Greenberg. 1967 Lacks et al
1974, 1975 Lacks and Neuberger. 1975 Mulder and Venema, 1982a ,b).

Magnesium ions are required for DNA uptake, possibly for the - activity

, of this nuclease (Buitenwerf and Venema. 1977 qearcia et a]., 1978

Ltcks 1977a b; Lacks and Greenberg. 1973 Young and ®p+z1zen. 19&3)
It has been proposed that an exonuclease may act as. a “DNA. trans-
locase promoting the uptake of a singie strand of DNA by a mechanism o

which is possib]y facilitated by the degradation of the opposite strand"






\’AQ,¢~thqs:DNA. 'Ithhis ecldps phase;the'DNA 1s associated with one or more :

:';;Edcompetence related proteins;which provide protect1on for the DgA from
-',1nttace11ular, or 1"."_the case of B., subi:zlw and s sangu'bs possibly

'mf-fextracellular. uuclease digestion (Buietenwerf and Venema, 1977 Dubnau \ f

;f=fb1nd1ng'and uptake from Gram-positive bacteria, The model emerging for

. \

-‘this process fs based primarily on studies oﬂﬂ Lnfiuenzae, however, the
v wdjsimilarities between this transformation system and that of Nezsserza
‘g W“‘f‘i”,gonarrhoaae suggest that this model may be generally applicable to

”7Gram~negat1ve bacter1a.

. . . ' .,,;' °.‘ S e ) ‘9
Competence development 1n H znfluenzae,occursJWhen.cells are '

;:“‘shifted 1nto a pongrowth medium which SupPOftS prote<'*synthes1s

(Herriott et‘al.. 1970) It 1s possibie, by this means. to generate'

'n which essentially a11 cel]s are competent P111ated

gonorrhoeae, but not unp111ated strains are

SE ) N : SR S ' . ’

4 R
-






e T

‘aves e this and 5cocca. 1982). LT
fnorual cond1tions DNA uptake by competent cells of .
uanzae 'nd N kgﬂnorrhoeae 1s Specific for duplex DNA. The DNA

) Aestranded form~dur1ng uptake, a charactéristﬁc -

'G,“nenegative transfof”atdon systems (Barnhart and Herriott

j,963 stwas and Sparlfng. 1981, N‘“der and Doty. 1968 Voti and

B : A ‘p |
._e:,Have, 19713 and there 1s no ek,ipse-phase“ in recoverable trans-

;formdn‘.activity following DNA uptake (Stuy, 1965; va11 and Goodga] |

| .. fhere 1s some evidence, however, that single-stranded reg1ons g

’fre‘formed 1n the transformfng DNA prior to 1ntegration (Lec1erc and
fV*T;Setlow'-1975) Competent Z. ¢nf1uenzaé ceals exposed to saturating

- *afconcehtrations of homologous DNA 1rreversib1y hind DNA- 1n a DNase-

:?”7’”f »" v'resistant state 1n 1 to 3 sec and UNA uptake may bevcomp1ete after: 1.

po “;‘mdﬁute (Detch and Smith 1980‘ Smith et al., 1981; Stuy and Stern,‘

*"fﬁ31954) This DNA appears to be 1ntegrated into the host chromosom@

ffpsometime between 10 and 60 m1n after adsorbing to the cell surface T ‘~wwfx$3

- D soE I

o (st 1965).- . ST e o
T S ' : eI SR
el *”’;,. DNA b1nd1ng to both H. znf?uenzae and. N gbnorrhoeﬁé ce11s 1s s

- Psaturable.(geich and Smith 1980 Dqgghe;ty«et“?\.. 1979 Stuy and Cw Jt§;: o
ot " I

' .;fﬁStern, 964) It has been proposed that a limited nﬁﬁber of DNA
. L= - > . "',yt'.A‘(.

: v
* receptgrs exist .on the surface of the competent Cells, apd that each 1s SRR
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cells;. has been correlated with the devel pr .'_fnt of competence and the ,__)

abﬂfty of ce]ls to bind and transport DNA (Concino and Goodga1 1981 S

‘;auZoon et al-, 1976. Zoon.and”Sc ;’;, 1975), none of them hamp been

...;"..}"i.:demonstrated to have a dfrect role‘in transfomation. One, or possib'ly 'j:
e f"'jj“:mar weights 22,500 (xooistra :
'lj\;gt a1.. 1980) and 29 ooo (Concino and G_'dgal 1982) have been 1mp11-'

i . cated ,mu\ uptake as has an, apparent1y periplasmic, DNA-binding _
'a ol | v_.“-__':;vﬁrotein (Sutr1na and Scocta , _11979) The certain 1dent1ty of the com-' A
She for DNA n&ing and uptake. The genetic transformation ofE coZz has L
.‘ | R ";‘ served as the model system 3o’ whi“ch ty s’tudy t“h‘i‘s 'brdc‘e‘gs.“‘f “": .‘-.‘.‘-.i' “

_” 'Atechnique*-for the preparation of E. ‘»'col‘b cqmpetent for trans..A

. fection gtransformat‘lon by baqteriophage DNA) by treating ceHs wfth ) '_ o |

- - =

n CaC12 was - deve]oped by Mandel and H'Iga (1970). This technique was’
S -successfuli%utﬂized' by ~COﬁEﬂ et al. (1972) f°" the pr eparation °f

'colz Canpetent for transformation..

. The binding of DNA to Ca612-treated E. coli: 1s promoted by -any
| - of several divalent cations, 1ncluding calcium -and- magnesium. Appar-
o v.; '..' - eng]y most~ cells in the populat'lon participate 1n this form of- DNEse--.‘_fi'4."".".:-~

5"’5“"1“ BNA bindfng although very few ceﬂs are subsequently trans- BRI

&t , f°'m°d (“e5t°"tet i"-.‘T981ﬂ...The’celﬂs’were-uoc~capabae of: b1nd4ng NS
/ o this DNA 1n a Dﬂase—resistant state or becoming transformed untﬂ the



e'nut

of artif‘lciall;y-mdpced J‘egions. ,f .grea,ter permeabﬂﬂ_;y‘ﬁ



;:negative bacteriﬁmandﬂthe lack of an energy-requirement forfONh trans- ;c

"fjﬁport., Furthenmore. the extreme detrimental effect of the competence

-regime on: cell v1ab111ty (Cosloy and 01sh1 1973b) 1s not unexpected

. _for a treatment which can’ generate cells. permeab]e to such a 1arge
. | :Fnydrophilic mo]ecu1e as DNA Therefore, the nature of DNA uptake by
.;ao 3;°'ce11s‘%rt1ffc1a1ry 1ndhced to competence by treatmeut with Cac12 may.

. * have 1itt1e relevance to the process of DNA uptake 1n other transforma;'
f:j’ff. tTon sxs"tems, S |
L A Azotobacter vineléndii may be 1nduced to competence e1ther by -an”
r’jﬁ;; artificial means sfmilar to E. coli’ (David et al., 1981) or by. natural
pd T

oy ,j:jgez_.s 1nduction° R

~ n,.,.,‘.a*.' B A



'” 'for DNA binding and uptake.x The two dev opi

- cells reach a state of oxygen-limftation (Page
‘fvﬁfdevelopmenk_j



B '-i,f"’..}lwhich appears to:’_"'_

more active in competent than npncompetent "cells

(page, 1982) COncuArrent with oxygen Hm‘ltation and the devel opment of -

. competence 1s the 1ntrace1luhr depos1tion of large amounts of

.o

o poly-s-hydroxybutyrate.~ Consfderhtion of th1s and the 1nh1b1‘tory B

E effects of Wncreased respi ratory and/or nitrogenase act1v1ty on S

e - competence suggists that the atta'lnment of opt'lmal levels of '

Z NAD(P)H to NAD(P) (Pag 5. 1§82).~ A population of ceHs win remain

>-—;—' T

highly competent for a -roximately 10 to 12 h after wh?ch ?extended




r_,“"‘ -

- e
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‘~pf7n1trogenase expressionb(sisho_;et

'»‘ 1983) This gene appeared to be simflar 1n function to the ntf A gene;






aAfter Page “and Sadoff 19763.,'7‘ S

”blron-llmlted Burk medlum (competence inductlon med1um)
was Burk med:um wlthout added FeSO4 7H20 §







rom the DNA 1 'sate.- Rad'lol./‘.be'l'lng of pm\

. . e T
: 8 PP .~-,_>_, - .
_‘»._., e e ““ I

F@Eedu from 'the *cnl t’ure :arid

The resvlting cell pe}let COn- , ;.'.;,j._,

~;..ﬂ, .o

_.g,

-'-v“

ty present 1n the culture o

or 2 Ju an GQ"Q, 'me. x:rude Ixsate nas coo}ed
o ~.,'.; Js»

. [. _.ZP]DNK was 'ﬁfurther puri f1ed as described above and then separated

| from residuﬂ contam'lnating [3’2P]01igor‘lbonucleotides by electro-

: "'~-,j.'_:.:fd:phoresis 1n 20 nﬁ Tris (hydromethy'l) aminomethane (Tr‘ls) 2 ‘™

ethy]ened‘laminetetracetic acid (EDTA)-SO m\l sodfum acetate buffer (pH

1. 8)-0 5% agarose gels at 50 v for 4 5 h The position of the band of

- w -

[32P]DNA was determined by autoradiography us1ng Kodak XOMAT x-ray -

film. , This portion of the 9e1 was excised and the agarose was “dis-

; solved in KI as described (Sm1th 1930) [32P]nNA was Hound to T
hydroxylapatite (HAP) (BieGel HTP BioRad Laborator'les) The HAP,_

S

- , - »[32P}9Nk was washea f're‘e of- agarose and kI by a mddification of the

.. ey - L .
. .f'uv“’,..)..np“_- e 0L






The host strai n

-rfor a'l l-rﬁlasmids axcent pDT 833 and poOT 831 was E. aou
--HBIGI poT . 833 and pDT 831 were maintained in E'. eoli J53 o

PR

,f"'.e,treptomycin. ka.n. kanamycin. aab. carbenicﬂlin. ntf. nitrogen fixaﬁoﬂ-' =

] >—\ ]

E] ) . N . ) . ~—

i
oS
¢




(Table l) The“ .' eH suspensfon' was ‘used" to fooculate




. medium (Page"an von'Tigerstrom 1979) These transformants were

: 7',}fchloramphen1col. 15 “g]ml tetraqycTine, 20 uglml streptomycin or 30

'uglml carbenicillin.-

Electrophoresis )

a) Sodium dodecy] sulfate-polyacrylamide gel electrophoresis

Sodium dodecyl sulfate—polyacry1amfde ge1~e1ectrophoresis (SDS-

PAG&') was carr'led out according to the method of LaemH (1970) Pro- &

teins were solubilized by boiling for 5 min or by’ freezing and thaw1ng'.A

five times 1n sample buffer wh1ch contained at final concentration.

B 0.063 M Tris-HCT pH 6. 8 ‘2% SDS 5% B—mercaptoethanol and 0.002% '

bromophenol blue. The samples were added to wells 1n 1 5. mm thick

acnyiamide gels formed 1n a Hoeffer model 220 or 221 e1ectrophoresis



Granules of poly-B -hydroxybuty'rate were




| v'-'.?l_T'f'lltration-.g(;’:‘ 45

‘ LGT.EHm. of 0.05. The "ulture whfch or191"311¥ C°"t‘ “éd 0'11 9]"°°se was -

f_;pared from this uf re by centrifugatlon (10 000 rpm, 10 min) and

—"uecose) which had attainedfan optlcal density (620 nm) of 1.5 following
pd”Zl h 1ncubat10n was heated at 42°C. for 25 min to destroy competence.'

S f.These cells recovered competence upon further 1ncubation at 30°C., '

'fiAlthough competence recovery was.greater 1f cells were 1ncubated 1n

';, orlginal or unheated, culture supe‘natant rather than fresh 1ron-.f

ﬂllmlted Burk medium, origlnal culture“supernatant was ;ot an 1deal

filmedlum for label?ng cells using [14Cngucose as 1t wasﬁnot carbon-;

| Tgllmlted (Page and von Tlgerstfom; 1978) Therefore. 42°C-treated

fffﬁg,formerly-competent cells‘herevre"spended 1n‘glucose-llm1ted. culture-

1lter) The competent culture (lx glu-~:w

:lt f
' ronth l1m1ted, had'a turbidlty (620 nm) of 0;30 after 21 h 1ncubat10n.-

;This culture was noncompetent terile culture supernatant was pre-;&bl',
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10N med1um. This requ.

mediated competencerrecovery. Ce'rls groun in cplcium-l mited medwm

medium d1d not prevent calcium-medhted recovery of competenCe in the o

-_‘,.,“gl*q ﬂ S -‘l_.M..

cul'tu re supernatant.

oy ‘ .

Fou ';to six d‘lstﬂ]ed water uashes removed a .

ﬂ SR
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1ei20 min at 30°C with the addition of DNase “1N1f+ tT3"5f°’ma"t5 were

‘grdetected by plating on nitrogen-free Burk medium. A periodxof pre- R

Vu.fplating on. select1ve medium (Page and vbn Tiggrstrom. 1979) Transfor- «&
:5$mationAfrequengy nas calcutated as. ‘the number of Nif+ transformants
{fkfi.detected pér number of vfable ceIIG plated on selective medium.ﬁ

el deteemdnahdons were repeated at least twice\ tyg-ﬂ;ffeaj e.‘-fT §?iLf';“‘:';3g’

: fufjincubat1on for eXpressioh of this phenotgpe was nct required before f“*f*:‘
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L '-I'he /pH gradient in the ge] was determined from macerated S.nm o
;.Q"';_;.cross sect«;’bns of a 1ength __s'e slice of the ge1 that were soaked for 24 :

h n 4\nﬂ of doubie-idistiﬂed deionized water.‘ The pH of the sections

pooi_ed. and e best-fit 'Iine reiating pH to. distance was determined '
‘near regression analysis ﬂvel of conﬁdence, )99%, correhtion.

- The gels were stairted as’ described by Fairbanks et a] (1971)

xceptjthai: the Coomassie L]ue concentrations were decreased by 601.

was'*detemined with 2 Fisher model 230 PH meter, T"e dm f’°‘“ 12 9"‘5 e
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Thefeafter, 'an increased ca cium ¢ nc&n ration
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gl"ls were grown ‘in’ ore+u medium containing the mM (:ac12
toncentrations Hsted. for 20 h at 30“C. ,_ D _ ‘ o

Not applicable._;' o L o o
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Figure 2.

SDS-PAGE of culture supernatants and distil]é@'water washes

“of cells. A 100-m1”§amp1é‘of each ctlture was treated as

”"7descf1bed‘in the text. (A) Concentratéd'cu]ture‘Super~

natahtS»(SoirT each) from: (1) BBGN 0Ca medium (63;1§ of
protein) (3). 0Fe+N 0Ca med1um (45;,9 of protein);. (4) OFe+N

-medium (50ug of protb'ln) dg) standards mixture.

) (B) ~ Concentrateq djsti]jed-water washes of ce]ls (25111
each) froﬁ: (1) BBGN oéa'ﬁedihm (110;19:8f pfotein); (2)
aBBGN med1um (39149 of’ prote1n), (3) 0Fe+N 0Ca med1um@(74xlg

'of protein) (4) OFe+N med1um (39119 of prote1n), and (é)

standards m1xture.-;The standards mixture contained 2.5u9

each of phosphorylase A (94,000), catalase (60,000), bovinei

gamm4 globu]in (505000), egg albumin (43,000), lysozyme
(14,000), and RNase (13 700). The 60, 066 dalton standard

 was absent from the gel A standards mixture and the 94 000-

dalton standard was’ absent from the gel B‘%tandards m1xture.
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The growth supernatants from competent and noncompetent celis aiso '

. were anaiyzed by IEF PAGE to resoive competence-specific proteins that
e o

may have been released by calcium limitation. .Very few’ proteins were

ireieased into the competent cel] supernatant when caicium was present

(Fig. 3A)% A1l of these proteins were present in the other noncompe- .

. ,tent ce11 superng;agtsftFigefsB’Dj"' “Calcium limitation ailowed the

reiease of a great variety of proteins, ranging from pl 4.9 to 6.5,

o whereas oniy the most acidic proteins were released by calcium-suffi-

cient cells. Although no competence- specific proteins were observed,
seven competence-dominant proteins appeared in the caicium- and iron-

limited<(potentialiy compet t celi supernatant Fig. 38
B 3%” ‘ )

_ CoﬁpariSon of Giycoprbtein and LPS in Promoting'Competence

"Recovery. - _. : . ‘ ' , | .

The pooied distilled{water washings of OFe+N cells was used as a
source of 60K glycoprotein. Ihe giytoprotein was concentrated by R
precipitation with caicium as out]ined in Experimentai Procedures. f
Strontium could be substituted for calcium, but no precipitate formed
with 20 to 25 mM magnesium.' The concentrated giyeoprotein‘gave'a
- single band (60 000 m91ecular weight) by SDS- PAGE when 200 ug of
protein was appiiedltd’the gel. Also present in the OFe+N supernatant
was LPS as indicated by the thiobarbituric acid assay, so LPS also uas°
concentrated as outlined in.Materials and Methods. Thevpurified glyco-
protein promoted optimal recovery of competence when 24 ug of giyco-
protein-protein was combined'with 108 cells pregrown in OFe+N 0Ca
nedium and 0.5 mM CaCl, (transformation frequency, 7.4 x 10-4;

<

25-foid‘greater than the background frequency). Purified LPS, however,



Figure 3.

- formation frequency, 1.6 x 10~ 2), and ce1ls from f%e

N Y

tent cell supernatants. Concentrated ce1\\§;zernaﬂents
0Fe+N»(A),.0Fe+N 0Ca (B), OFe+N (glutamate) OCa (C), and" v
. ‘ m

BBGN 0Ca (®) were loaded onto.the gel such that theiéemple

volume was standardized per 108 Ce1ls/m1f1n the'original

cu]ture. Ce]]s from the 0Fe+N medium were competent (trans- R

OFe+N OCa medium recovered competence as shown in Fig. 1

%

(transformat1on frequency, 6.1 x 10'3) Competence-

[

dominant proteins (D) are indtcated in lane B.
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‘had *1tt1e effect or 1nh1bited recovery. When 0. 6 ug of thiobarbituric CoL

acid-positive materia] was combined with 108 Cells and 0.5 mM
CaClz, tﬁ@ recovered transformation frequency was 2.2 X 10"5 -
.-r(t/ofold greater than the background frequency) A 5- fold 1ncrease 1n; ;
LPS concentration resulted in a lo-fold decrease in transformation ‘
rfrequency. This was not due to a bacteriocidal effect of the prepara- -
tion because the v1ab1e counts dur1ng the a:say remained &hchanged,

Hhen competent stra1n UWl cells: ggre washed with dist1lled water,
the transformat1on frequency decreased exponentially from 6. 8 x 10-3%
to 1.9 x- 10'6 after six washes. The 60K glycoprotein was the major %‘
protein detected by SDS-PAGE (Fig. 2B). ‘Washing competent ce]ls six
times with 1ron-11m1ted Burk buffer neither uecreased the competence of - |

the celfskypr released the 60K glycoprotein.

o

RemovaT of Competence-Spec1f1c Proteins by Hashing | .
!ﬁe data in Table 2 also suggested that components required for |
coé%et‘hce were rémoved—frem»tbe_OEeiN OCa -pregrown cells by wash1ng.
The s§x distilled water washes were each ana]yzed by IEFZPAGE to 2

)
' determine 1f unique components were removed with successive washes. TFo ©

dZtermine which of these components were competence specific, the
1EF-PAGE patterns were compared with those of six consecutive washes of
nOncompetent cells grown in OFe+N 0OCa containing g1utamate rather'than
ammonia as a nitrogen .source. Equal volumes of. each wash were loaded *
onto the gels in Fig. 4A and B to allow a visual comparison of the c:

relative amount and variety of proteins removed The results 1nd1cated

that the major protein removed by the first three washes in both cases

"o

B
R
Py
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ets. (A) Noncompetent cells grown in 0Fe+W‘(g]utam§te)

0Ca; washes: 1 (98 ug), 2 (68 ug), 3 (33 ug), & (25 ug), 5 .

L B

;iEF-PAGE comparison of d%st111ed-watér'washes from combetent

i

and noncompetent cells. Approximately 3.0 x 1011 cells

were treated for gels A and B; 4.6 x 1011 cells were

o

. tréated'for gel C. Protein values are given:in the brack-

(13, ug), and 6 (13 vg). (B) Competent cells grown in QFe+N

0Ca; washes 1 (125 ug),’Z (25 ug), 3 (38 1g), 4 (50 ug), &
(38 ug), and & (50 ng). (C) Noncompetent cells grown in

OFe4N NCa: washes 1 to £ coptrined 200 ug of protein.

s
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’was the g]ycoprotein (pI 5. 10) The position of the g]ycoprotein in
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these ge]s was. confirmed by using the concentrated g]ycoprote1n pre-:

- B Tt I . - PRSI . . CE . [CRPRP U

paration (Appendix 1) After four to six washes the 0Fe+N 0Ca cells .

. released a protein (pI 5.19) not observed in the noncompetent ce11

 washes. ATthough this was the,only competence-specific protein

observedftn these gels, it does not exclude (some of) the other
proteins from competence involvement. Because diﬂferent amoontgjo?f__
protein were reTeaseo byﬁeech‘wash and:a-different nttrogen'cource.was
used to prevent competence deve1opment, it wagfeoéslhiecthotfthe pl
5.19 band was not ‘competence specific. Therefore,-enother culture of
0Fe+NTOCa cells whose recovery of competence was very low (transforma-
tion‘frequency, 4.0'x 10-5) compared with that of the previous
cujture‘(trans?ormation,freqvency, 1.6 x 10-%) was simi]arly'washed

and ana]yzed; 'The pl 5.19 band was not evident in these cells, even

though~more than five times°the amount. of protein was analyzed in

washes 4, 5, and 6 (Fig. 4C). Thus, the pI 5.19 band appeared to be

v

competence specific.

-

voiscucsion

A]though A. vtnelandtzce11s grew well over a 24-h perlod in

.calcium-1imited competence medium, they did not become high]y compe-

tent. Optimal competence required the presence of 0.5 mM calcium, The
calcium requirement for competence was therefore 10-fold greater than
the 50.uM level required for optimaf growth (Barnes et al., 1978).

This observation coupled with the known magnesium requirement for
transformation (Page and von Tigerstrom, 1979) confirms that both of

these cation§ are required in the Azotoba~ter transformation system.

t
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The calcium requirement for competence development is unlikely to :

‘serve the same purpose as the 100 or 50 mM calcium treatments used to

render‘StaphyZococcus aureus or Eecherzchza'colz K-12 and Pseudomonas
aeruginosa, respectively, competent (Cosloy and 01shi; 1973; Mercer and

Loutit, 1979;-Sjostrom et al., 1972).- Unlike these other systems, :

magnesium would not substitute in the calcium requirement and 20 mM: o

calcium effectively prevented competence development in Azotobacter. _n.f
Although both calcium and magnesium are involved in plasma membrane —
(Fiil and Branton, 1969) and outer eﬁvelope stability (Staandtﬁbr et
al., 1979 Yem- and Hu, 1978), calcium 'may form specific protein and LPS
complexes which affect envelope permeability (van Alphen et al., 1978)
Similarly, calcium or strontium, but. not magnqgfum, 1s required for the’
integrity and attachment of superficial cell wall layers (Bever;dge and .
Murray, 1976; Buckmire~and Murray, 1976; Glauert and Thornley, 1973).
Further evidence of the functional partitioning of calcium is seen in
its requirement for the epimerization of capsular polyuronic acids_and
cyst coat maturation in Azotobacter(Haug and Larsen, 1971 Page and
Sadoff, 1975). | - ‘ |
Although the exact location of the 60h~glycoprotein remains to‘be

shown, these present data and those'of Schenk et al. (1977)'indicatei

2 that it is probaoly attached to the cell Surface,-;lt is.easily removed
by washing cells in distilled water and is thegonly component removed

- from cells with intact envelopes (BBGN?or 0Feqﬂ\medium). Hashing-theSe
cells with buffer, however, does not release the glycoprotein,isuggest- i

ing that the ifonic strength of the wash is critical. ‘These’results

parallel those of Buckmire and Murray (1976), who investigated the



B P L N T

-57-.

removal of the*superficial layers of the Spir%ZZum serpehs envelope.‘

v,Addition of calcium to calcium-limited cells in solutions“containing
“glycoprotein‘resulted in a rapid re;overy of competence. Strontium,

- but not magnesfun, substituted for. calciun in this activity. This
rapid recovery could have been the result of tHe reassembly of a
surface component. Preliminary results show that the cell surface

“ binding of. ruthenium red is/}ncreased when glycoprotein is removed»and
no enzymatic activity has been detected for the-glycoprotein (H. .
Page, unpublished-data) The strongly acidic pl of this component
.;coupled with its affinity for calcium (exploited in its concentration
from culture fluids) may allow the glycoprotein to mask negative |
charges on the cell surface through salt- bridge association. The
neutralization of some surface charges may be a prerequisite for DNA
association with the cell surface and its attaining a DNase/insensitive
'state. These possibilities await experimental confqrmation. -

The overall-effect of calcium in recovery of competence, however, -
is probably more pleiotropic than simple reassembly by glycoprotein
onto the cell surface. For‘eXample, there appears to be a spechfic
calcium requirement for the transpbrt of DNA across the competent
pneumococcal plasma membrane’(Seto and Tomasz; 1976). 'Similarly, this
may be a necessary,'but,not»sufficient, condition for Azotobacter
transformation because calcium alone increased but did not restore -
competence completely. The outer envelope integrity also seemed to be
'weakened by calcium limitation. These cells released more-proteins .

into their growth supernatant and into their distilled water washes



" than ca1c1um—s%§ficien!.te1ls. The apparent increased permeability of
the ca1c1um—11m1ted cell enve1ope, however was exploited- to expose i
‘ competence-dominant proteins and a competence—specific protein
(pl 5.19). a
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" “Note Added n Proof

—

The apparently competenqe—specific protein (pI 5. 19) was also
absent from distilled water washes of noncompetent cells prepared by -

growth in Burk medium 1ack1ng calcium (Appendix 2).

References.

Barnes, E. M., Jr., R.R. Roberps: and P Bhattacharyya. 1978'
Respiration-coupled ca1c1um tranSport hy membrane vesic1es from
Azot?bacter vtnelandu. Membr. B{ ochem. 1.-.73.-88.. '

Beveridbe 'T J., and R. G.E. Hurray. 1976. Superficial cell—welif_
layers on Spirillum Ordal' and their 1n vitro reassembly.‘ “Can. J.

Microbiol 22: 567-582.




B . | § ) » ‘ ' | » | . ] ) vv ) ‘-59-

ot S : €. e . . .
'“,“Buckmir_J_F L A., and R Gsﬁ.ﬁMuFray. 1976, Substructure and in’vitro

assembly of the outer, structured layer of szrtllum serpens. “J. . i
. Bacteriol. 125 290 299, | ' . o
'Cosloy, S.D., and M, Bishi, 1973. Genetic transformation gf'
 Bacherichia cali K12. Proc. Natl. Acad. Sci. U.S.A. 70: 84-87.
Fairbanks, G., T.L.- Steck, andD. F.H. Wallach: 1971, E]ectrophoretic
analysis of the m;jor po]ypeptides Qf the human erythrocyte ]
'ﬁ{ membrane. Biochemistry 10' 2606- 2616 _;';E ) Iy
~-Fif1, A., and D. Branton. 1969. Changes in the plasma membrane of
Eechertehia colt during magnesium starvation. d. Bacterio].
98: 1320-1327 U o f o |
Glauert, A. M., and M.J. Thornley. -1973. iSelf—assembiyrof_a surface

component of a bacter1a]'outer membrane. John 1 nes: Symp

14

1: 297-305. -

Haug, A., and_B. Larsen. 1971. Biosynthesis of alg%nat .
,Po}ymannuronic acid C-5 epimerase from Azotobacter
(LIPMANN). Carbohydr. Res. 17: 297-308. |

Lachs, S. 1977. Binding and entry of DNA in pneumococcal transforma-

: tton and transfect1on, p. 35- 44 In A. Portoles. R. Lopez, and

M. Espinosa (ed.,), Modern trends in bacterial transformation and
”transfection. 'Elsevier/North-Holland, Amsterdam. ‘

Lacks;.S., and B, Greenberg, 1973. competence for deoxyribonucleic
acfd"uptake’and deoxynuc]ease action e&ternal to ce{;swtn the
genetic transformation of szlococcus pneumoniae. J. Bacter{ol.

114: 152 163



A S o Pt %
‘¥ ‘Laemmfi»'u K. .1970. Cleavage of structural proteins during the

* assembly of the head. of bacteriophage T4. Nature-(tondon) |

227: -680-685. | B |

§and R.J.  Randall. /1951

Protein measurement with. the Folin phenol reagent. J. Bib};*gheﬁ;; .

Lowry, O.H., N J. Rosebrough A L. Farr,

193: 265 275. L

5

Mercer, A.A., and J.S. Loutit."1979;. TranSformation'and,transfeqtiqn; ;de‘r°*u

of Peeudownae aeruginosa : ef_f_ect ofr‘metal'lons. J. -B‘actf'eri"o'.'l '._;

“r 1407 37-42.

. '..‘lb" B
‘.,.

0 Farrellﬁg% H. 1975 High resotution two dimenSional electrophoresfs
- of proteins. -J. Biol. Chem. 250:_4007-402L. . |
Osborn, M. J 1963 Studies on the Gram—negative };Mnall _I;
Evidence for the role of 2- ket&gb-deoxyoctonate\jg_gne,l1popoly-
"saccharide of Salmonella typhznur1um. Proc. Natl. Acad. Sci
U.S.As -50:-499-506. N | B o
Page, W.J., and H. L‘-Sadoff' 1975.' Rel tionship bet;;;n calcium and
- uronic acids in the encystment of Asotobacter vinelandmz.v Js B
Bacteriol 122: 145-151, | e
. Page, H.J., and_H.L. Sadoff. 1976. Physiological_iae%ers affecting
"traneformation of'Azotobaete} vinelandii. J. Bacteriol.\e;iifﬁ
125: 1080-1087. | o
Page, W.J., and J.J. Stock. 1974. Changes 1n1Micnosponum gypeéum

mycelial wall and spore coat glycoproteins during sporulation and

/specg\gernination. Je Bacteriol. 119: 44-49,




'.'Page, H J., and‘M. vonTigerstrom., 15787' Inductlon-of,transformation

“v \\——eompetence in Aaotobacter vznelandtt iron-limited’cultures. Can.

R Microbiol. 24: 15901594, T

:L'Page, W, J., and M vonTigerstrom. 1979. Optlmal conditions for the

c transformation of Azotabacter v1neland11. " J. Bacteriol. *l.

139 1058-1051._ o | o S

| Schenk S.P., C. Fo Earhart, and 0. Hyss. .l977. A unlque envq]ope :
proteln 1n Aaotobactcr vzngzand;z., Biochem. Biophys. Rq.'rCommun. ;.‘
77 1452-1458 o |

Seto, H, and A. Tomasz.' 1976 Calcium-requlring step in’the uptake of
deoxyribonuclelc acid molecules through the surface of competent
pneumococci J. Bacterlol. 126' 1113 1118.

SJostrom,id., M. Lindberg, and L. Phillpson. 1972 Transfectlon of

- Staphylocbecus aureua wlth bacteriophage deoxyribonucleic acid
o, Bacteriol. 109 285-291,

"faStan-Lotter. H., M Gupta, and K.E. Sanderson. 1979. lhe 1nfluence of

| catlons on the permeability of the. outer membrane of Salmonella

-\ typhtmurtum and other Gram-negatlve bacteria. Can. J Microbiol
25: 475-485 '

‘ vanAlphen, L., A. Verklela, J. Leunissen-Bijvelt, and B. Lugtenberg.

| 1978 Archltecupre of the outer membrane of Eacherzchta coli..

f I, Protein-lipopolysaccharide complexes fn intramembranous

particles. - J. Bacteriol. 134: 1089-1098. | |

Heber,:K.,.and M. Osborn. 1969. The reliability of molecular weight
.determinations by dodecyl solfate-polyacrylamide gel electro-

phoresis. J. Biol. Chem. 244 4406-4412. *

4




@?”vweissbach A{, and J'xHurw1t21—-1959.: The_formation of Z-keto- '

deoxyheptonic’acid,in extratts of Escherzchza coli B J Biol”

Chem. 234: 705-709.--7*
\

VHestphal 0., and K Jann. 1965., Bacterial lipnpolysaccharid

Extraction with phenol-water and further applicatiohs. Hethods
" Carbohydr. Chem. 5‘ 83 91.. PR

Yem, ‘D.W., and H. c. Hu.; 1978. Physio]ogica] characterization of an
Escherzchta coli: mutant altered gn the structure uf murein

lipoprotein. J. Bacterio1 133. 1419-1426.




"IV, Heat-Sensitivity of Genetic Transformation.of
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Heating competent Azotobacter vtnelandztat 37°C or 42°C resulted .

in a total loss of competence with no loss of viability. The trans-
'formation process was relatively insensitive to heating at either
temperature once DNase-resistant DNA binding was nearly complete.
Although competent and 42°C treated cells bound equivalent amounts of
[32P]DNA in a DNase-resistant state. no donor DNA marker (nzf) or

_ radioactiyity were detected in the envelope-free cell lysate of heated
cells, sugbesting that DNA'transport acrosslthe'cell envelope was a .
heat-sensitive event, Competence was reacquired in a 42°C-treated |
culture after 2 h of incubation at 30°C by a process which required RNA
and protein syntheses. The release‘of a surface.glycoprotein, required
'for competence, from cells_treated at 42°C occurred in an insufficient
.amount to account for~tne total'loss_pf competence. Recovery of com-
l'petenCe.in 42°C-treated cells and furtner transformation of competent
,cells Qéfe prevented by the exposure of €ells to saturating amountsnof

4
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;occurred suggesting thatmthere were two types of recepto‘

Introduction .

A

-for DNase-

- -resistant DNA binding in competent A. vznelandtz. DNas_ :istant DNA

“*”binding was dependent on magnesium fon and at least one eptor type

did not discriminate against heterologous DNA

=

COmpetence for bacterial transformation designates a physiological‘

state in which cells are able to bind exogenous DNA and transport it
across the cell envelope. Competence defined as the ability of cells ]

to bind DNA in a DNase-resistant state: (Lerman and Tolmach 1957) is

not applicable to 4 otobacter vinelandii as both transformable and

_nontransformable ce ls share equally in this ability (this study) One

approach to ‘the study of physiological aspects of Azotobacter compe-

‘ tence is to° detemi& the basis for treatments which aLe_detrimental to

competence (Page and Doran, 1981) It has been shown that heating
1

competent 4. vznelandzz at 37°C or 42°¢ reduCes competence (Page and

von Tigerstrom. 1979). An envelope glycoprotein of apparent-molecular-

weight 60,000 (60K), which is required for competence (Page and\Beran—— .

1981), is removed from the cells by distilled water washing at 38°C -
(Schenk and Earhart, 1981) We report here that 60K glycoprotein o

.removal ‘is primarily effected by washing cells with distillgd water and

that the amount released upon heating cells in buffer 1s insufficient

l“.:g!t_ct

The treatment of competent Haemophzlud znfiuenzae at 42°C results '

to account for competence loss at 37 to 42°C

in a reduction in the ability~o£weells to bind DNA in a DNase—resfstant

\
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marker\gre 1nsensit1ve to heating at 42°C. ' ‘;'

L « e e . . - .
_,_“_. e ; <o . . s : ~/'

state (Barnhart and Herriott, 1963) Heating compet Streptoeoccus

pneumonide at 35 to 40°C has the ‘Wame effec . afid this ab111ty js

regenerated at 30°C by a process reguTring protein synthesis (Lacks and

_ Greenberg, 1973) Similarly4,ﬁEat1ng competent S. sanguzs (Challis) at

48°C for 20 min desreaﬁés the ability of cells to 1rreverstb*/'b1nd DNA
(Ravin and. Ma, 1972) and also reduces the ability of/EEils to discrim-

1nate against heterospecific DNA and low-_/_'ciency homospecific

markers (Deddish and Ravin 1974 COmpetent‘BacczZus subtclzs is

unable to bind DNA 1n a se-resistant state fol]owing brief heating

at 50°C (McCarfhy and Nester, 1969) and donor- marker survival s also

--sens1t1ve/to heating (McCarthy and Nester, 1969; McDona]d 1971) The
’/pes/its of this 1nvest1gation indicate that competent A vznelandiz

heated at 42°C for 20 min is unable to transport donor DNA across the

cell envelope but are fully capable of binding DNA in a DNase-resistant

state, The surviva1 and expression of newly transported donor DNA

(Preliminary resu]ts of this study were presented at the 8lst
Annua1 Meet1ng of the Amer1can Socfety for Microbiology, 1 to 6 March
1981, Dallas, TX.)

Experi-ental procedures .

Bacteria] strains and growth conditions
 The transformatlon recipien¢44zotobaoter vinelandii OP strain UWI
(Nif- capsule-) and the ‘parental strain UW (Nif+ capsule-) were

provided by W, Bri]l (Undversity of Hisconsin, Madison) . vznelakdii

ﬁgrcc 12837 strains 113, “(Ni £+ rifampicin-resistant) and 114 (Ni £+ _(:‘

AN
\



streptomycin-resistant) and the diazotrophs Azotobacten.chrooaoccum;
3 ATCC 7486 Azotobacter paspa,lt Ach 23353, Azotobacter bezgertncktt"if;_e '

ATCC 19360. Azomoms macrocytogenea ATCC 12335, Azamonas Lns‘z.gms PR

- Betgemncku tndwa ATCC 12523, Rhtzobtwn meltlétz l?A R. tmfolwijr_

) ccm. KZebateﬂa pneumonme ATCC 13883 and Cloai:r‘tdwm pastei‘.
NCIB 9486 were USed as. sources of donor nzf DNA c. pasteurzanum was
-

|
grown undér anaerobic conditions at aﬁigggﬁrmodified Burk/medium

containing 2% sucrose and 2 ug biotin/liter. K. eumantae was grown

at' 37°C on nutrient agar (Difco) contain"F -1% glucose..hazabzum 5

species were grown‘in»yeast_extr agar- containing 11 glucose at 30°C.

5

2 Lzuere grown at 3o°c ‘on N-free Burk medimg ;ufrtl'

A. paspalir and 4. 'be’LJ

" X

containing 1% Sug; as the ¢ source. Other Nif+ strains were grown -

Zfree Burk medium (Page and Sadoff, 1976) Strain UW1 was
/ —

L/gpown on. Burk medium containing 1 1 g of ammonium acetate/iiter. 'ﬂ'='

' vat 30°C o

Liquid cultures were shaken at 170 .Fpm in’a water bath gyrotory shaker .

2 -,

(model G-76; New Brunswick Scientific\Co, New Brunswick N J ) '

Gf/de iysate DNA was prepared by suspending cells from siant .
'cuitures in 15 mM saline-15 mM sodium citrate buffér pH 7.0 (SSC)..:_a-
containing 0.05% sodium dodecyi suifate (SDS) and. heating at 60°C for .

60 min (Page and Sadoff 1976) Heating was extended for up to 6 -h for
organisms other than A. vtnelandtt. In some cases nﬁé”&&%‘?i?ther'

purified by phenol extraction RNase treatment and removal of oligo- &?,."<\
ribonucieotides and capsuiar materia1 as described by Harmur (1961) |

DNA concentration was estimated using a modified (GiTes and Meyers,

1965) Burton (1956) assay. -



L]

«'{ﬁ;“buffer and then treated wlth trypsin to degrade residual ONase followed

: Transformation assay ‘%T» R

Competence for genetlc transformation was 1nduced in. Strain UHl by

18 to 22 h of growth 1n Fe-llmited Burk medium as described prev1ously

(Page and von Tigerstrom, 1978) Except where noted, competent cells

- e
uere transformed 1n Burk buf r. pH 7.2, containingﬂs ‘™™ MgSO4

(transformation assay buffer [Page and von ngerstrom, 1979]) using-10
L. of crude lysate. DNA per 103 cells.h This amount of DNA was’ approx-
1mately 10 tlmes tbat requtred to saturate the cells. Slmilarly,
[32P]DNA was used at 2to3 timés the. saturatid% concentration.

The reactlon uas stopped by the addition of DNase 1 (final concentra-

' tion. 4 ug/ml) and 1ncubatlon at 30°C for 5 mln.- EER

P

Cells to be transformed a second time with additional DNA were

'_gcentrifuged and resuspended 1n ane volume of transformation assay '

'by trypsln inhibitor (final concentrations 4 ug/ml), each for 10 min

v,

o at 30°C.A The cells were colleoted again, resuspended in transformation

' assay buffer and exposed to the seCOnd DNA species. Competence and

"

| on selectlve Burk medlum contafning 20 ug/ml rlfampicin or strepto—

competence recovery in 42°C-treated cells wene not sensitive’ to trypsln',

1at this concentration. :

: N‘lf+ transformants were detected by plating cells d1rectly on |
tN-free Burk medlum. Rifampicin-resistant and streptomycinaresistant
transformant;\required 20 h of incubation 1n Burk medium fdr phenotyp1C'
frequency stabillzation (Page and von Tigerstrom. 1979) before plating

A

mycln;' Transformation frequency was calculated as the number of

transformants detected per total nu-ber of viable ce}ls plated on

”{&; selectlve medfun. Aﬂl determinations uere made at’ least twice.-

R S
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wPreparati/n/of stertde competent-culture supernatant
1t was often necessary to remove competent_EElls from their : _
orfglnal growth medium after a specific treatment dhd resuspend the _ii”jifﬁﬁ

vv.cells for subsequént 1ncubation. Resuspending competent cells in fresh

:Fe-limited Burk med1um resulted in lower levels of competence and poor-v ; d“t

' 5er competence recovery Shan resuspending cells 1n filteresterllfzed,

.‘\_____.."
{

or1ginal growth Supernatant (Appendix 3) 1In al 1nstances, either

";_competent culture supernatant or 42°C.treated competent culture super-.;;{iigg

'natant served equally well as a resuspension medlum.

4 cOncentration of culture supernatants and dlstilled water nashes
B of competent cells ‘ ‘ | i | ; l
Culture)supernatant flulds were . concentrated for thé‘analysls of : 'v;ff

' glycoprotein released by competent cells, and Ca-limited competent

~cells, as described previously (Page and' Doran, 1931) DisE?TTEE’;ater Ly

' washes of competent cells performed at either 30°c or 4z°c also were

: concentrated as’ previously described (Page and- Doran 1981).;_“.¢553;37*='

Electrophoresls N e

as

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS
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Time of expressipn of nftrogenase actlvity_ln»nenly.transforged‘
cells | |
.Cells from a competent culture of' straln UHl were wa;hed twice by

centrifugation using 0.5 volumes of Fe-limited N-free Burk medium to

'remove excess ammonla;~ The cells were resuspended to the original

{ - terilized culture supernatant obtatnedfrom strain Uw
~ grown 20 b in Fe-llmlted N-free Burk’ medium. A 5-ml amount of this
-cell suspension was dispensed 1nto each of twelve 10-ml Erlenneyer

\ ) flasks and the cultures were 1ncubated at 30°C for 4 h to starve. the

‘yconpetent cells for nitrogen (Appendlx 4) The cultures were then
transferréd to. centrlfuge tubes contalning 1.5 ml. of strain 113 crude

“ lysate DNA (60 g DNA/nl) and 18 m] of transformation assay buffer.

After 20 min of 1ncubation at 30°C the reactlon was stopped wlth 1.0 ml'

';of 100 ug/nl DNase 1. The cells uere harvested by centrifugation,

resuspended 1n 5 ml of Fe-limited N-free Burk medlum and 1ncubated 1n

_ lo-nl Erlenneyer flasks at 30°C for expression of n1trogenase actlvity.
At 20 min 1ntervals bgginﬁ_ng hnnediately, flasks were sealed with
serun stoppers and nitrogenase actlvlty was measured by the acetylene-
ethylene reduction)assqy (Hardy et al.. 1958) as previously described
(Page. 1982) Allquots of each culture were.plated to determlne the
ﬁvlable number and frequency of N'lf+ transformants.' N1trogenase

| speclfic activlty was calculated as nmole ethylene formed/h/lo8 <.«

r'f¥N1f+ transformants." '

Recovery of donor DNA from transfbrmed cells

Transformation assays were set up 1n f1ve pairs of 15 ml'conjcal

centrifuge tubes, each containlng 3.0'ml of transformation assay buffer.ﬂ--'




- poorly (Page and von Tigerstron. 1979). The cells uere cqllected hy

‘"‘*natant was decanted and stored at 4°c. DNA blndlng 1n the renaining;

“T7:?buffer.

and 50 ug of strain 113 c¢rude lysate DNA. One tube of each pair
-"received 0 5 ml of’coi:etent straiu UHl culture andf;he otder received
50.5 nl of the same culture previously treated at 42‘6.. After 1. 10.‘_-1
and-aefm1n 1ncubation at 30’6, DNA—blnding uas stopped hy the additiou _if
of 1 ml of 20 uglnl Duase 1 and euch pair of tubes uas plaeed on 1ce._fsﬂ
DNase was digested with trypsin as descr1bed above but 1ncubations ierejub
for 2 min at 22°C, @ tenperature at which‘transfornation occurs;veny
| _centr1 fugat*lon at a°C and crude lysates wert prep‘:r.ed i-t:ell envelopes i
‘were reuoved by centrifugation at 20.000 rpu for 60 nih and the super-f ‘

two pairs of tubes was stoPPed after 0 m. DNase m 1nact1vated as anT

'described above using 5-n1n 1ncubatlon periods at 30'Cdnghe cells wereei'f“lﬂ;f
| collected by centrifugation, resuspended ln~015fml of sterile culture B

.supernatant and 1ncubated with shaklng at 30‘C 1n lo-nl Erlenneyer

flasks. Enve?ope-free.cell lysates uere prepared from these samples Golﬂ;;@ff:

The envelope-free cell lysates (O.S ml) were assayed fdr

transformlng activlty by mixing each with 1 ml of freshly:prepared-

The reaction Q?“;

'nise]eéflue medlum. g

"‘,‘Qconcentrated 7.5 fold prior to platfg
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o Preparation of purified [32P]oNA o o
Crude lysate DNA was prepared from strain Uﬂl grown for 2 days in
'imodified Burk medium containing 1 mH phosphate buffer. pH 7 2,. and 2.5 _ “ee;
‘nCi ot\gfgg]phosphate (551 -of which became incorporated) The ' B
“.; crude lysate was treated with proteinase K and further purified as

: *deScribed (Harmur;ZIQEi%f [32P]DNA was purified free, of residual i

R 5_contaminating [32P]oligoribonucleotides by 4.5 h electrophoresis at:
_fso v o.sz agarose - 20 M Tris (hydroxy-methyl) aminomethane (Tris)-

; | "odin@ acetate. PH. 7.8. (TEA) gels. [32P]DNA de-

;aarapﬁyfusing Kodak X-0 T‘X:Fiy”?ilm was extracted

'Tl'ﬂ,ﬁ*Q{HTP, Bio-Rad Laboratories) (Smith 1980) ‘The HAP [32P]DNA aas "f-7_ *w;;—;—f
| nfo}washed free of agarose and KI ‘as described (Smith 1980) except that
'ilHAP-[32PJDNA was. not- formed into a column as better recoveries of ,
[32P]DNA were pbtained by batch treatment.» Treatment with 1 LI
l_sodium phosphate -1 - EDTA released 20 to 301 of [3zp]nnn which |
'_was djalysed twice in 48 h against 4L of SSC at 4°c. Samples con-
| centrated hy dialysis against polyethylene glycol (PEG 20 000) were
l'sxﬂanalyzed by agarose gel electrophoresis and all radioactivity detected -
lw autoradiography was present in high mo‘ecular weight DNA. Treat-”

- / ,,,,,, - ' '. '

’__;ftrichlofoacetic acid The«specific actiVity of the [32P]DNA pre-




[3zp]auA bind‘lng ang, uptake e o
59”5 f"°'" a Cmetent ﬁﬂ*ﬁ‘ﬂm cutture and froul (] 42‘C-treated
" _"fonnerly.conpetmt culture were concentrated 10 fold. 1nto 0.5 nl of "__'f «

‘sterile coapetent cu'lture supernatant and ‘ldxed w‘lth 3 n], of transfor- ‘ af

mtion assay buffer containing 0.5 nl of [32PDN& AAf:er 10 nin of
: ;1ncubation the cells nre pel‘leted and washed once by centrifugationn e
'with 4 ul of tranSfomtion assqy buffer. resuspended 1n the sﬁe, an_ -
| treated with Dlase 1 for 5 nin. _The uount of un#bsorbed [32P:DM .-

'and the anount of muioactivity reféised Sy muse tr;at-ent of cens S

Lwere deternined by adding 4 nl of aqueous Smle to 5 nl of Hoa | “
. 40 Hquid scintﬂlation fluor (Packard Instrment Inc.

. srove. Iﬂinois) and neasuring t—'ao‘ioact'lvity with'a

' Hquid scintﬂlation counter. Residual Dﬂase 1n the transfor-ed 'cell

| . .trypsin 1nh1bitor as deScribed above. The cell penet was ususpcndad

"re s‘upernatant. A orude Tysate (tota]"‘volue'_




s

o -'3*7;v7vv=»~ o R B ‘

‘ "jr’and centrifuged at 5000 rpm, 10 min, to collect unbroken cells uh?ch
typically. were abSent The lysate was then centrifuged at 20 000 rpm

for 70 nin to obtain the spheroplast~nembranes and the radioactivity in. -
this pellet and n the supernatant was neasured. C |

”*i; The spheroplast lysate. was analysed to determine ether'all'

o » é‘adioactivity uas present as high nolecular ueight DNA DNA and RNA : B
= 2 precipitated by adding 10 nl of lysate to 30 nl of 95% ethanol and ) R
placing at -zo%c for 24 h uere collected by centrifogation at 4, 000 rpm.

for 60 nin and. the auount of. soluble<32P remaining in the super-'_

natant ues -easured. The ethanol-precipitable naterial was subjected

to electrophoresis on a; 0.41 agarose TEA gel for 10.5 h at 20 V..'f

Lanbda c1857 DNA uas used as. & nolecular ueight indicator. The gel was

st"'ﬁed ﬂith eth'dil‘ bm‘de ‘nd ou dRM b‘nds nre detected by :

ST fluorescence (Sharp et al.. 1973) [3ZP]-labeled material was |
Ve o
R “;§§=;fodetected by autoradiography for 9 days at 7o°c as described earlier/bu -

o using Dupont Cronex Lightningavlus intensifying screens.

T Chemicals

_ \d“;fAll fine chenicals were re_gent grade and most uere obtained from -
' ¢veFisher Scientific-Co. (Edmonton, Alberta) except enzymes and trypsin

Agarose was _

' »{fu'supplied by“fandel Scientifdc CO._lgglgarx; Alberta) Carrier free




| Results

L sulted 1n an exponential 1oss of canpetence (Fig. 5) Althoughfco.pga_ef :

tence 1oss at '37°C occurred at a slouer rate and after-a ]ag of zo nin,%;‘ f

_both treatnents resulted 1n 2 conplete-phenotypic loss of co-peteuce.v"'#"”'

,*The treatnent of cells at either teuperature had no effect on viabilfty iffk“

. _“Qa

_ v 1ncubation at 30°c (Fig, 5). The IGX1nun leveb “-hhﬁe;ﬁg.. :

was. not always as high as' that prior to hea 'ng; Thisuprobnbly re-,;.qei o

f1ected the nonmal decay of co-petence uhich oc :rred after an exte"dedf*ffjﬁw
tperiod of 1ncubation 1n Fe-linited ned#un (Page and von Tigerstrun,_j,.;ﬁF*?i‘

1978) Ihere was no. change'in the nuuber of viable Cells during the R

';period of conpetence recoveny. The recoveny of conpetence appeared to
- ‘57°»requ1re RNA and protein syntheses becausevrecovery was de!ayed uhen _:_e¢:;li
'"fcells were treated with rifa-picin or chloranphenicol (Fig. 6) o

v '=5R1f°“pi°4" 3“¢-¢“‘°rimphenicol at these concéntrations'“ d:




. Loss of competence at elevated temoeratﬁ__L_.competent
. ‘stra'ln um culture was held at 30°C (a), 37°c (c)) or 42°c

(o ) At tlme 1ntervals aliquots of the cells were removed

'3e*ﬂ7equillbreted to 30°C and assayed for transformation

ueé frequency (closed symbols) and vlable number (open symbols) '
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o ?igure 6. Recovery of couti;.ence in 42°c-treated cultures. A culture

N - : ?

R

e

; { of conpetent strain mn (Nif transformation frequency 1.7 x

l tence. Aliquog ‘of the 42‘C-treated culture were incubated S

" : removed ;or transfomation assqy. B

10'3) uas heid at 42°C for 25 nin to eliminate compe-

ihenicol (25 ug/nﬂ LJJ;] conceni:ration.l:}),

B rifupicin_.,(,l-?. uglml. final concentration,A). or’ no further o
additions (0) After 30 min incubation at 30°C the cells -
were harvesteg by centrifugation and were resuspended in the |
original volume of original Competent culture supernatant.

lncubation was continued and at time intervals sampies were

Lo
-







"'_esupernatantpof d2°6-treatedfcompetent:culture contained someuhat more
f'LH;GOK.glycoprotein than competent culture supernatant it was much less J.lpif’
" . than was removed Qy washing competent cells with distilled uater at

'lf30°c (Fig. 7). - Distilled water washlng of cells resulted in-a five-
o - fold reduction of competence (transformat1on frequency 2.4 x‘10'4)

uhereas 42°C- treated cells were-noncompetent Cells pregroun 1n
'f'ff%Ea-lfm1ted competence medium dexeloped a very Tow level of compgtence

[f'(transformation frequency 1 8 x 10-5) and released a similar Tar

tamount of glycoprotein fnto the culture supernatant (Fig. 7)
1‘60& glycoprotein loss has been correlated with competence loss ( age
- and Doran. 1981), clearly, glycoproteln release from: 42°C-treated

' ﬂ competentﬁcells was fnsufficient to account for the. complete Toss of - ‘

(Q._ -

compeﬁbnce observed. These data also 1nd1cated that ‘the. release of

gl*coproteln from cells was mediated primarily by washing with dis-

a/d;: ti]l!d water,and not by treatma\t at 42°C. R . .
el ‘\ ) X ’ . . . - . ) \ ~

Ehc
3 e

‘5't~'1 Effect of elevated temperature on transformed cells L ‘ o
, b , BN
Competent cells exposed to a lo-fold excess of donor DNA became -
- '*,1nearly saturated wlth DNA bound 1n a DNase-resistant formeafter 5 to 10. -

frfff_ min (Flg. 8) DNase-resistant DNA binding was prevented hy DNaseiadded

~1-sec but not z sec after DNA. addition. Shiftlng cells to 37°c durlng
thfs. Perio& of rapid uuas, sresistant’ oNA ‘ninding had little or noji

.1‘ffe‘t °“ the~t'a"$f°PMﬂt10 o 'uency'whereas heating at 37°C af.fh{':__-'f
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N Figure 8. Treatment of competent cells at 30°C, 37°C or 42°C fol]nwi“nii"
| DNase-resistant DNA binding. At zer6 time crude <1ysaté DNA
was mixed with strain UW] to initiate trar;sformat'ion at
30°C. At time intervals thereaFter DNase 1 was added and
the assay mixtures were 1mediat;§1y transferred to preheated
tubes at 30°C (a). 37°C (O) or 42°C (0) and held at this

b3 .
temperature for 30 mir rrior Yo plating on selective medivm,
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'The failure to detect transformants in a 42°C-treated formerly
competent culture could not be attributed to a temperature-sensitive .

event in the subsequent steps of the transformation process. Newly -

!;ecquired nitrogenase genes in transformed, nitrogen-starved UWl were

expressed 60 to 80 min after the additionrof transforming DNA (Fig.
9A). Neither the survival of the donor DNA nif marker in the recipient
cell nor ekpression of the nif genes (Fig. 9B) was particularly sensi-

tive to heating at 42°C.

Recovery of nif marker from rec1p1ent cells

Donor (hif) activity was recovered from transformed cell envelope-
free lysates' 1 min after mixing donor DNA with the stra1n UW1 rec1p1ent
(transformation frequency 5 8 X 10"5) The Nift transforming
activity of the competent ce]l 1ysates increased with t1me during the
30 min exposure of cells to donor DNA and during the 60 m1n further
incubation after the addjtion of DNase {maximum frequency 2.4 x
T0'4){, The second recipient was transformed at a frequency of '
3.5 x 10"'2 when expased to a similar concentration of original
donor |')NA.3 No Nif* donor activity was recovered from similarly
preparedf32°citreated cell lysates, These results suggested that DNA %
uptake was the heat-sensitive event.

\ ‘

Binding and uptake of [32pJDNA

Competent cells, pretreated at 42°C, bound equivalent amounts of
[32PIDNA as unheated comneten' cells (T + 0.05). Two thirds of the

['197"1“"’\ hrenod tn afjther oY) type wace tneencitive tn NNase., The

®



‘Figure 9.

nitrogenase activity at. 20 min‘intervals after thg addition
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Effect of 42°C. heating on npf marker surv1vak;and nif

o

,expression in. transformed cells. ° Strain UW1 was . assqyed for 3-,.5““

of Nift DNA to a competent (Nif+ transforﬁytion ";’.‘ ' V%...

frequency, 1,6 x 10'2), N-starved cu]tuze (A). Similar

»”

N-starved cel]s were 1ncubated for 20 min wmth donor DNA

. then shifted to 42°€ for 30 min-at 20 min 1ntervals.‘“After

treatmentoat 42°G. the cells were transferred to 30°C to give

a total incubation of 5 h before nf@rogenase activity wbs

measured (B). ' # -
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fate of this DNA folloﬁing incubation of the cells for a time ﬁﬁriod
sufficient'to allou uptake and integration of DNA was detergined
(Tabie 6). During the 2 h incubation peiriod folgowing thewtennination .

of DNase-resistant DNAubinding both ceﬂl types reieaséb siniiar anounts L "v‘”%;»

of radioactivity, 95% of which was soiuble in cold 81 trichloroacetic
acid Approximately 17% of the radioactivity bound tq.conpetent cells ;
was transported into the cell cytopiasn but there was essentialty no .
[32P]DNA uptake in° 42°c treated cells. The very smali amount of . * .
radioactivity which appeared in the cytosol fraction of 42°éltreated
ce]ls was quite possibly washed from the spheropiast menbran%s when f
they were removed by centrifugation. A greater proportion oi; the e
[32P]DNA remained bound to the 42°C treated cell enveiope consis- 'f | ._f’
tent with a failure to transport DNA into these cgils. All. of the
[32p]-1abeled material in the cytosol of transformeg cells’ vas o
ethanoiaprecipitable. ‘The chromosoma1 and [32PJDNA in OSmotically
lysed spherop]asts migrated as a tight band (moleéuiar weight > 1.7 x
107) during eiectrophoresis in agarose (Appendix 5). These results
were consistent with the hypothesis that 42°C-treated cells were unabPe
to transport DNA across the cell enve]ope.
5 :

DNA binding to competent and noncompetent cells

It'could not be determined nhether cells'whichiwerelcompetent
prior to 42°C-treatment were the same ce]ls;which reacquired competence
during subsequent incubation. Competent 4. vinelandii.uhach were

exposed-to saturating strain 113 (R1f") DNA prior to 42°C treatment !

were not transformed to streptomycin-resistance with strain 114 DNA at



“'“5'even 8 h afte( the first exposure to' strain 113 DNA.
;»excess purified DNA dia‘not prevent these ell

amounts of [32PJDNA were bound_after the first and

=2 - t v LT - . AR
% S L ' 4 e
' % . s 4 . . , P - I

31
1{

‘Taqy timq during the 8 hkgost-heatini 1ncubation at 30°c Exposnre d?
rf42°C-treated cells to satgpating Rif’ DNA prevented subsequent
P traﬁsformation by}Btr' DNA ahd Rifr trinsformants were not detected

kg

'Zgh‘during the 8 h 1ncubation. Cbmpetent.ceﬁls exposed to excess: strain

'L1f3 DNA a]so could not be transformed subsequently with strain 114 DNA

-‘

% . ]

In each of the three cases outlined above; preexposure of cells to

[32P]DNA in a- DNa&e-resistant state. Approxlmately e

ond exposure

oo

df-competent cells to DNA.. Prééompetent ﬁtrain UW1 grown in Fe-limited

~ e : : S { :
Burk medium for 4, 8, -and 12 h (Page and von Tigerstrom, 1979) bound as

" much [32PIDNA in a DNase-rEEistant'state (average: 1.2 x 105

> . - .
cpm/108 cells) as the competent population which was present after 16
and 24 h incubation, [32PJDNA also was bound in a DNase-resistant

state by noncompetent cells (Page and von Tigerstrom, 1979) prepdred by

- growth in Fe-sufficient Burk medium (9.1 x 104 cpm/108 cells) or in

Fe-1imited Burk medium containing glutamate as the sole N-source (5.9 x

105 cpm/108 cells). The ability of A. vinelandii to bind DNA in a

DNase-resistant state was, therefore, not a competence-specific

characteristic. DNase-resistQﬁt DNA binding was dependent%on magnesium

ions. Cdmpetent cells which had been washed free of excess magnesium

ions and exposed to DNA in the absence of added magnesium ions bound

_Iess than 1.0 x 102 cpm of [32pIDNA/108 cells and no transform-

ants were generated.
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Heterologous DNA competition
' COmpeten; strain UW1 was transformed to Nif* at high frequency

with saturating DNA from A. uinelandii strains 113 (frequency.el.o x
| 10-2), 114 (frequency, 2.; x 10#2)'or uwW (frequency,‘8.4 x 10'3),
‘Transformation with saturatfng amounts of DnA prepared from A.
.chroococawn and A. paspaltresulted in frequencies of 4.0 x 10-3

and 2, 2 X 10-3. respectively. Strain UHI was transformed at very

low frequency by saturating DNA fromA. bezaertncktz (frequency. 3.2 x
10-5), B. indica (frequency, 1.5 x 10-6), R. meliloti (frequency, P
1.4 x 10-6) and R. trifolii (frequency, 3.3 x 10-6). Strain

UH]twas not transformed by DNA isolated from the distantly releted
_bacteria 4. insignis and A 'macrocytogenes@‘:-o" the unrelated bacterfa K
pnewnoniae and C. pasteurianur .

Several of the homnlogoué and hetero]ogous DNA species were par-
tially purified and tested for their eb111ty to compete with strain 113
DNA. Competing DNA was mixed with an equiualent amount (1.0 ug/108
cells) of strain 113 DNA and the frequency of Rif+ marker transforma-
tion was assayed. Nentransforming 4. macrocytogenes DNA end very
poorly transforming B. indica DNA decreased the Rif+ trancformation

" frequency by 50-52%. The abilitx of these two DNA species to block
transformation was not altered significantly when recipient cells were
preexposed to the heterologous DNA 20 min prior to strain 113 DNA. DNA
prepared fromA. beijerinckii , A. paspali and A. vinelandii strain 114
similarly decreased transformation by.strain 113 DNA by 55, 59,,and
67%, respectively, Although the ability of these related DNA species

to compete with strain 113 DNA did not correlate precisely with their
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;abi]ity to transform UH] the relative order was the same. These ‘DNA
species b1ocked transformation more efficiently when -cells uere pre-

exposed to blocking DNA prior to the addition of strain 113 DNA and the ,

relati ,r of blocking ability remained unchanged (Appendi;/s)
Trea' , cells with DNase after exposure to hetero1ogous.or .
homoiogous DNA did not alter the blocking ability to the competingrDhA
species. Blocking by these DNA species.nas dependent on magnesfium - |
fons.- | u - N o
Bacteriophage gW-14 DNA bound in a Dhase-resistant state to

" competent A. vinedandii blocked transformation by an equivalent amount
(i.l ug)’of'strain:113ﬂhomo]ogous_DNA morejeffectively4than any'other ‘
heteroldS%us DNA including heterosoecific'DnA spectes. NUnder~these- :
conditions gw-14 DNA'produced'a 64% decrease tn‘the‘R,-'l‘f+ transfor¢
mation frequency. The ability of ¢h-14 to block transformation'hy
homologous DNA was concentrat1on dependent such'thax transformationdofki“
strain UwWl was.completely blocked by exposing 108 cells to greater R
than 5, g of @gW-14 DNA.

Genetic transformation of 4. vznelandtt was notably sim11ar to
that of #. influenzae . A DNase-resistant DNA bihding to both organ1sms
demonstrated a brief lag (from 1-3 sec), was -saturated after 5 10 min
exposure to excess DNA (Defch and Smith 198Qx Stuy and Stern. 1964),
and occurred external to the cytop]asmic membrane (De1ch and Hoyer,
1982; Kahn et al., 1982) In both transformation systems DNA uptake

was not accompanied by the release of an equival‘nt amount of acid-
l 1




1
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solubie deoxyribonutleotides from the cell surface4(Stuy and van der

Have, 1971). Therefore a nuclease such as that active in Gram-positive'

.transformation systems (Davidoff-Abe]son and Dubnau 1973 Lacks et

J'l.. 1974; Mulder and Venema, 1982) which generates single-stranded DNA

' during uptake does not have an equivalent role 1n A. vinelandii trans-

formation. Sing!e,stranded DNA probably is not an,acceptab]e donor in

this system because heat-denatured‘A vinelandii DﬁA (60.u,g DNA/m! SSC
at 100°C for 25 m1n) is 1200-fold less active in transformation than
native DNA (Appendix 7). Since biologically active donor DNA was
recovered from transformed 4. vinelandii as early as 1.min after DNA
addition it is 11ke1y that the do?or DNA is transported 1n a doub]e-
stranded form typical of Gramunegative transformation systems (Barnhart
) and Herriott 1963 “Biswas and Sparling, 1981 Notan1 and Goodgal,
1966; Stuy, 1965). o 4

In contrast to other heat-sensitiyo transformation systems
(Deddish and Revin; 1974;‘McCarthy and Nester, 1969; Ravin and Ma,
1;72) the major effect of heating coﬁpetent A. vinelandii was limited
to a single time period prior to tﬁe completion of DNase-resistant DNA
binding. Despite this, heet-tregted formerly competent cells were not
impaired in their ability to bind DNA in a DNase-resistaot state., The
small, but consistently observed, enhancemedt of.transfonnab11ity at
37°C that occurred concurrently with the completion of DNase-reshatant
DNA binding indicated that DNase-resistant/DNA binding and the
heat-sensitive step were closely 1inked tempora11y. Eagse-resistant

DNA binding clearly preceded the heat-sensitivg step in the trans-

formation process. The significant observation was that little or no

Pt

B
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radioactivity and no biologically active donor DNA marker.was recovered?f“hfi'“‘b
~from. the cytoplasm of 42°c-treated cells which had~bound‘saturating

*'amounts of [32P]DNA in'a DNase—resistant state. The data support .5"f3 o pfﬁf7i

(g»_,,/tﬁé hypothesis that the heat-sensitive event was involved n: DNA.

' ‘ transport across the cell envelope. The existence of . a DuA uptake
‘protein (Concino and Goodgal 1981 Sutrina and Scocca, 1979) which is
particularly heat-labile may explain the. needsfnn_pnotein synthesis——--i;afff—~——
'during competence recovery. The nature of the heat-sensitive event in _ .J’f

A. vtnelandtz transformation may ‘be unique. In other heat-sensitive

transformation systems, the loss of transformabi]ity is/almmst totally 19:

attributable to a Toss of the ability to bind DNA on the cell surface
in a DNase-resistant state (Barnhart and Herriott 1963; Deddish and ,
Ravin, 1974; McCarthy and Nester, 1969- Ravin and Ma, 1972). R
Similar to Hetsserta gonorrhOeae (Dougherty et al.. 1979), A.
vinelandii exposed to homologous DNA were unable to be transformed by a
second DNA species. A surprising observation was that these cells were u'i:, l "
~capable of further DNase-resistant DNA binding. These results suggest
that there may be’ @o types of DNA binding to competentA vmelandu
both of which convey resistance to DNase. DNA receptors of type.1 are =
proposed to be responsible for the possibly less specific form of |
; DNase-resistant DNA binding, which may- be preliminary to DNA.binding :
.for transformation, but which occurs in the absence of transformation.
Type 2 receptors are proposed to be those which bind transfonning DNA ‘
during the initial stages of the transformation processs These two DNA |
receptor types are therefore somewhat analogous to those described in

N. gonorrhoeae (Dougherty et al., 1979). Both types of DNA binding
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-receptors are” heat-stable as 42°C treatad celIs participated in both

types of DNase-resistant DNA b1nd1ng. Furthermore. 42°C treated cells
failed te trinsport DNA indicating that both types of receptors must be
located:#n teipcell envelope. The existence of type 1 receptors may
expldin the phenomenon of DNase-resistant'DNAiginding to non-competent
cells, a Ehafacteristic apparently unique to A..vinélbpgii;' 6bv10ﬁs]y,
it cannot be_determined whether noncompetent_ce11§ a posse¢; tybe ?
receptor untdl 1t ha; been phys1cally identified.

3‘* L]

Competent 4. vtnelanézv aiscriminate against tran<format10n by

heterologous DNA, a characteristic unique to Gram-negative organisms

-

*which are natura]ly grown to rnmpetence (Carlson et al., 1983; Danner

et,al., 1980 Dougherty et al., 1979; Grave et al., 1982: Scocca ot
al., 1974; Sisco and Smith, 1979). A possible exception to this trend
was the anomo]ous behavior of GW- 14«DNA a DNA species which alsq is
except1ona]1y competitive in the B. subtilin transformation system
(Lopez et al., 19“0::1982).“ Wheil. cgmpetnt 4 »ine7andii are aenerat:!

by the artificial systeﬁ used to produce comretent’ Ea. v iohia agli

- (Cohen ot al,, 1972). hew ver they shew the =ame lack «f discrimina

tion against heternlogoys DNA ~= does & T {Rrewn et A1 100y,

Pavid et al., 108]1).

CombgteNtA. vineland77 demonstrated a certain lack of discrimina
tfon against hinding hetero]ogous“DNk'in a DNase-resistant state which
may be explained by the existe"ce of type 1 receptors. The ability.of

heterologous nontransform'ng DNA to inhibit transformition by homeolo. -

gous DNA was propor*iona‘ to thP concentration of the two rompofvng NNA

‘Peries but was po' cohence” by vhe Priov exparure ' rellg to Ma-king
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DNA unlike the case u1;$>compet1ng‘transforming DNA. 'These resu]tsn
suggest that DNA binding to type 1 receptors was pre]1m1nary to binding
to type 2 receptors or that DNA binding to type 1 receptor: sterica]ly

hindered transform1ng DNA b1nd1ng to type 2 receptor._'

It is possible that type 2 reoeptors were responsible for discrim-
1nation,aga1nst‘heterologous DNA other than ¢H4144DNAfb}'e1ther»pre-
venting or limiting its uptaﬁe. Thus, type 2 receptors wouid.reSemble
the surfate receptors of competent A. iﬁfluenzae (Deich‘and‘Hoyer;:
1982; Deich and Smith, 1980; Kann et al., 1982) and ﬁ"gonorrhoeae
(Dougherty et al., 1979) which recognize specific uptake sequences on
transforming DNA. These sequence spec1f1c receptors are reputed to
Abind and transport one molecu]e of. DNA each but 4. vtnelandzz doubly‘
tvansformed by unlinked markers’ is often observed (Doran and Page,
unpublished data) suggesting that there are several type 2 receptors
per competent cell. The, lag before the 1oss of transformation compe-
tence\\:rfnq 37°C treatment _Suggests. that there are also several cop1est“*
of heat-Tabile DNA uptake site per competent,cell.

&~

Nd transfovmants were generated fnoq 42°C-treated cells uhich were
incubated for 8 h following heating anﬁzexposure to homoTogous DNA.
This suggests that DNA uptake may have to occur concomitant with DNA
binding to type 2 receptors. The rap1dvreCOVery of donor DNA marker
(nvf) from competent cells demonstrated that DNA transport was ocecur- ‘
ring very soon after DNase-resistant DNA binding. DNA bind1ng to type
2 receptor may alter the receptor pvnvnntinq it from becoming properly
associated with the DNA untale mechanism at a later time. Typg 2

'e "rtors, therefore, mav hr ~ynthesized only once fn the competence
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cycle or if they are synthésized during competence recovery'they may be

inactivated by DNA prebound to the cell.
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Note Added in Proof
v

Strain UWl was not transformed to antibiotic resistance with the
common plasmid cloning vectors pBR 322.(4.fkb,'tetr)'or iis deriy-
gtiQé pAT 153 or with pACYC 154 (4.0 kb, Cam');' Several larger
plasmids prepared franEh s (Appendix 8) fncluding 1010 (5.5 kb,
Str’), d53-R1-307 (33 kb, tet'), J53-R1 (62 kb. cam™), DT.833°
(117 kb, tetl) and DT-A31 (166 kb, tet’ kan™) also failed to
transform Strain UW1. Strain UWO1 was not tran=formed to Nif* with
pSA30 (W. Page, urpublished data) which carried the structural genes
for K. pnaumnﬂidf nitrngenase. In these instances the integration of
transforming DNA wovld not have been nece§sary for .the generation of
transfarmants.  The re-ulte, theréfore. may support the hypqthe§i< thot
dicrrimination agains! hot@rﬂ‘ﬂq“;" DNA by competent /

e pe e Vg DNA apt ebe
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Adhesion sites between the cytoplasmic and outer membrane neres

revealed:in competent ce]ls.by,treeze-etch electron microscopy as

plasmic membrane These adhesion sites were absent from 42°C-treated
formerly- competent ceils which fai]ed to transport transforming DNA
across the cell envelope, but appeared concurrent]y with competence

recovery at 30°C. Consistent with the disruption of these adhesion

‘_ sites. at 42°C was the- copurification -of _three inner membrane proteins

with outer membrane material following heat treatment of competent
ce]]s. Noncompetent cells prepared by growth in Burk medium or modi-:'
fied competence-induction medium containing glutamate as sole nitrogen =
source did not possess-adhesion sites demonstrabie'by freeze-etth ‘
techniquesf;_Adhesionisites_viewed in thin‘sections'pf competent cells
were not significantly'reduced %011owing 429C-treatment,indicating that
mostladhesion sites were not as temperature;senSitive as‘those.which B

- -103-
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correiated kith'transformation competence:, The reSuits 'suggest that
DNA uptake by A. vtnelandzt may occur at competence spec1fic, heat-
labile adhesion sites.

A

Introduction |
Competence‘tor genetic transformation of Azotobacter uineldndii

decays rapidly at 37 to 42°C (Page and von Tigerstrom, 1979). Heats
treated, former]j-competent'celis bind normal amounts of [3QP]DNA '
in a DNase-resistant state but no radioactivity or bio]ogically active
donor marker cag be isolated from the cytoplasm. The survival and
expression of donor marker follouing uptake is relatively insensitive
“to heating_at 42°C. Therefore DNA transport across the cell enve]ope
appears to be the single heat-sensitive event in A. vinelandii trans-
formation (Chapter IV). The results of studies described bere suggest
that thefoisruption of specific adhesion sites at a2°c may:account:for
the lack of DNA uptabe}by 42°C-treated cells. |

’ AdheSion 51tes have been -observed in Gram-negative bacteria in
thin sections of plasmolysed cells (Bayer, 1968) azd by freezefetch
electron microscopy (Bayer and Leive, 1977). Various functions “
attributed to adhesion sites include the export of newly'synthesized |
lipopolysaccharide (Bayer and Leive, 1977;’Bayer et al., 1982; Muhiraqt'
and Golecki, 1975), capsular polysaccharide (Ba&er"anowihurow, 1977)
dnd outer membrane proteins (Smit and Nikaido, 1§78). Adﬂesion sites
are also the sites of adsorption of several bacteriophage (Bayer,

1979) The recent observation that surface DNA binding sites on

competent HaemOphiZus influenzae are located adjacent.to adhesion sites
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-‘(led to the suggestion of a possiblé/involvement of adhesion sites in
the uptake of transforming DNA (Kahn et ai., 1982) Simiiarly. DNA
binding sites on competent Streptococeus pneumontae ‘appear. to be

: iocated at wai]-membrane junctions anaiogous to the adhesion sites of
Gram—negative bacteria (Seto et al., 1975). ‘ },

_ (Preliminary resuits of this study were presented at the XIiith
"Meeting of the Internationai Congress of Microbioiogy. 8-13’August
1982, Boston Mass. ) “' I B {
Experi-ental procedures

Bacterial strains

The transfonmation recipient strain Azotobacter Utnelandtt OP
strain UHi (Nif- capsuie;: (Bishop and- Briil, 1977)) was grown on
" Burk medium containing 1. 1 g of ammonium acetate per liter (Page and
Sudoff, 1976).° The'ource of Nif* donor DNA, 4. vmezamzu ATCE "
12837 strain 113, was grown on nitrogen-free Burk medium._ Liquid ‘
cu]tures were incubated at 30°C. and 170 rpm in a water bath gyrotory
‘shaker modei G-76 (New Brunswick Scientific Co.. New Brunswick, N J.).

-

A1l cultures were incubated at 30°C. . , ' ,' y

.. Transformation o
Competent A. vtnelandzt were prepared by 20: to: 24 h of grouth in _

iron- limited Burk - medium (Page and von Tigerstrom, 1978) Crude lysateﬂ

DNA was prepared from strain 113 by lysis of cells n 15.mM saline-lS

mM sodium citrate. pPH 7.0, containing\0.0Sz sodium dodecy1 sulﬁate
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ﬂ?ff(SDS) by heating at Gofc'for‘GO min (Page ‘and Sadoff, 1976). Competent
* . strain UW1 cells were tranSformed at 30°C in Burk buffer, pH 1.2,

l'containing 8 mM. MgS(l4 (Page and von Tigerstrom, 1979), using- ekcess‘

"'.crude 1ysate DNA (10 ug DNA/lO8 ce11s) DNase-resistant DNA binding

‘was terminated after 20 min by addition of DNase 1 (final concentration
4 yg/ml). . Nif* transformants were detected by plating cells on
nitrogen-free‘Burk’med1um. Transformation freqdency was calculated as
the number of Nif* transformants detected per number of viable cells
plated.on:selécfive medium. A1l determinatjons were made at least

~

twice. ' ' ‘ : B -

' Membrane 1solation
| Membrane vesicles prepared by disruption of cells in a French
pressure ce]] were isolated from sucrose gradients described previous1y
" (Page and von Tigerstrom, 1982) following low speed centrifugat1on
- (5000 rpm, Zo.min) of the ce]l lysate to remove unbroken cells and
granules of poly-8 -hydroxybutyrate, radient fractions of 0.4 ml were
colltected from the bottom of the gradient and sucrose concentration was
‘determined by measurinq refractivity. NADH oxidase activity was deter
mined as described by Osborn et al, (1972). The‘poo]ed peak fractions
were assayed for protein (Lowry et al., 1951) and 11popolysacchar1dey
(Osborn et a]., 1972) using bovine serum albumin and 2- ketodeoxyocton-
ate, respective]y, as standards. Poly-e-hydroxybutyrate concentration

was determined by the method of Law and Slepecky (1961).



Electron miéroécopy o ' . “.ﬁ: 'if[fif'?é :
Cells for freeze-etch electron microscopy were pelleted from
‘ culture, washed once with 1 volume" of Slﬂ! potassium phosphate buffer,
pH 7.2, and resuspended in a minimum volume of” the same. A dropletlof_;
thick cell suspenxion on a 3 mm gold disc wasvfrozen in Freon 22 and :
stored under liquid Nz as described by MoGr (1969). The frozen ;
specimens were fractured and then etched for 30 s as descrfbed by De .
Voe et al. (1971) using a Balzers BA 360M apparatus. Platinum-carbon
‘ replicas were mounted on Formvar-coated 200 mesh coppér grids. . |
| Thinlsectiens of plasmolyzed cells were prepared by a modification-
- of the method of Bayer and Thurow'(1977) Cells plasmolyzed by 5 min
~incubation in iron-limited Burk buffer, pH 7.2, containing 20% w/v 5
_sucrose were fixed for 1 h at room temperature by suspending in 0.2
volume of Kellenberger buffer (Kellenberger et al., 1958) without '
calcium, pH 7.0, containing 20% w/v sucrose and 21 formaldehyde made
| from paraformaldehyde. After 30 min fixation the pH was readjusted to e
7.0 using~Na0H.‘ The cells were centrifuged and the pellet 'was gent y
resuspended in Kellenberger buffer, pH 7.0, containing 20% (w/v) |
. sucrose. 10% tryptone and 1% (w/v) 0504 and held at ‘room temperature 3f
for 18 W Fixed cells were embedded in 2% Noble agar and thih sections T&
. of Epon embedded spec1mens were prepared as. described'previously (Page,'f
| 1982) ’

Ny

Membrane fragments isolated'from'sucrose oradients were washed

once in 8 mM Irts buffer, pH 7.2, by centrifugation (30,000 rpm, 50{),L-
~min) prior to negative staining (Horne, 1961) on Formvar-coated ZOO'T;

mesh, copper grids. . l : o - . - ma”qfﬁ

A1l specimens were examined in.a Phillips'300’eleofron'mic%osfbpe;'



o E1ect$bphoresis o | o ST
SampIes .containing membrane fractions were solubilized in 0.5 S

volume of sample’ buffer containfng 0.187 M Tris-ghydroxymethyl)
aminomethane (Tris) pH 6.8, 6% sodium dodecy su]fate, 15% )
lB-mercaptoethanol and 006% br0mophenol b]ue prior to application to,
" the’ gel = Sodium dodecy] su]fate-polyacry]am1de gel e]ectrophores1s
(SDS BAGE) in 1 5 mm thick acry]amide s]ab gels formed in a Hoeffer ®
mode 220 electrophores1s ce]l followed a modification of the procedure
- of Laemﬁli (1970) described prev1ous]y (Page and von Tigerstrom, 1982)

Proteins were stained with Coomassie blue R250 in isopropanol- and

acetic ‘acid”as described by Fairbanks et al. (1971).

Chemicals

Electrophoresis grade acrylamide and N,N'-methylene bisacrylamide
-were purchased from Eastman Kodak Co. Other chemicals for'electrp-
phoresis were ebtained from Bio-Rad Laboratqries (Missiesauga.'
Ontario). All 6§her_f1ne chemicals were reagent grade and most were

purchased from Sigma Chemical Co. (St. Louis, Mo.).

‘Results
Freeze-eteh studiee of competent and noncompetent cells
Competeﬁt cells in a population of strain UW! eXhibited an éxpon-' |

entia] 1oss of competence at a2°C wh1ch was complete after 20 m1n (Fig. '

10). The competence of the culture redeve1hpéé*dur;ng subsequenf

ineubation at 30°C. ! . IR vef{




Figure 10.
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Loss and ‘recovery qﬂ.compétehce. A competent culture of
strain UW1 was held at 42°C for 30 min and at time>inter- »
vals aliquots of culture weré equilibrated to 30°C_and
competence was assayed. The culture was then incubated. at
30°C-and at time intérvals the level of competence recovery
was determined.
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Cells were examined by freeze-etch electron ‘microscopy to deter-(

mine whether 42°C- heating induced ‘observable changes in membrane organ-

ization. These studies revealed that cleavage.planes through the inner
- membrane of competent cells were often interrupted by plateaus" of
outer membrane material on which the outer membrane fracture face was
usually ‘exposed (ng. 11a). Similar structures,obseryedjintEBcherﬂchia
coli were considered to represent adhesion sites ‘Bayer.and Leive,
1977). Approximately 25%:of-cells'in a‘competent popu-l-ationf(Nif+
‘transformation frequency 1.6 x 10'2) which had fractured through .

the inner membrane exhibited this feature and often 3 to 9 plateaus )
were present per cell. An accurate number of plateaus per cell.could

not be estimated as a fracture plane which had-switched to the-hydro-

:jphobic region -of. the,outepimembrane often failed to return immediate]g, "

'h.i

to the inner membrane fracture plane possibly preventing similar struc-f;;.

: tures from being observed The, 42°C-treated formerly-fompetent célls ]

o -

did not possess plateaus demonstrable by freeze-etch techniques (Fig.

11bY but‘plateaus were bresent in celils following competence redevelop- ‘

"ment (Nif+ transformation frequency 1.5 x 10-2, Figq.. 11c)
Freeze-etched preparations of non-competeént strain UWI prepared by °

growth in iron-sufficient Burk medium or modified iron- limited .compe- .

- ~

tence igductjon mggium,gootaining glutamate as sole N-source (Page and

]

o e - N . e

von Tigerstrom 1978) dld not possess these plateaus (Fig. 12)
Plateaus were ‘apparent in freezeretched preparations of strain le

‘cells after 13 h incubation in competence induction medium Just prior

-

to the appearance of competence (Page and von Tigerstrom 1978) These'

plateaus continued to be prevalent in cells following 36 h incuba i

. ® ow

~ - L L

s

-
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Figure 11.

e ERNCR . - O T

1y competent, strain UWI. Samb]es were prepared from a

portion of a competent culture prior to 42°C-treatment (a);

following 42°C-treatment (b), and from a portion of the

'42°C treated cu]ture fo11owing competence recovery (c)
-'The symbo]s are those recommended by Bayer and Leive
‘.(1977)m convex fracture face,—"~. outer surface of outer

. < v c o

'_membrane, OMO fracture face of 0uter membrane. OMF outer

;'brane, IMF p1ateaus of outer membrane on “inner membrane

i

kcleavage pTane,“Ph OMF- negularly arrayed protein surface

-layer (w H. Bing]e Je L. Doran, and W.J. Page, Abstr, Annu.

Meet Am. Soc. Microbio]. 1983, K155, P. 202), rs. 56’ in-

dicated theld1rection of platinum shadowing, Bar, 0.5 um.

- " o

YR P

* Freeze-etch replicas of competent and 425C-treated, former- -

@face of inner membrane ™0, fracture face of inner mem- =
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ngure 12. Freezefetchrgep11cas"of nonqompétent,straih U1 prepared by
" grduth-1n'§ufk medium (a) andAiron-iimited Bubk:mEHinmn L
"';ontaiﬁing’glutamate as sole nitragen source (b). The

symbols were defined in the 1egehd of Figure ll.ﬁ\\h.~
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in cémpetence inductlon medium although competence had declined

_‘drastically (Nif+ transformation frequency 1 3 X 10'5)

normal decline in competence after extended 1ncubation of cells in _t

.;1ron-llm1ted Burk medium (Page and von. Tigerstrom, 1978) however may

* “

' tf;be ‘cduséd by prolonged 02 nmftatfon (Page, 1982) rather than a

f'x;“specific loss of competence— elated function..,’\,-

Adhesion ‘sites (Bayer s junctions) observed 1n thin-sections of

fuf,plasmolysed competent strain UHl appeared as two structural types _‘“
_(Flg. 13) very slmllar to those described in’ E. cch (Bayer, 1968;
,Bayer and Starkey, 1972) ~Most'adheslon sites observed were of the

'type where the. 1nner and outer membranes were closely apposed but

rarely adhesion sites were apparent as duct llke structures. There was
not a slgniflcant reduction (P = 0.05) 1n the number of adhesion s1tes

vlewed 1n thin sections of competent cells following 42°C treatment

.1ndlcat1ng that most adhesion sites are not as heat labile as the

membrane plateaus observed in freeze-etch preparations.v

There was an average of 1.5 adhesion sites 1n'the plane of thin

v

sections of randomly-orlented completely plasmolysechells; Given
that the average thickness of these sllver-grey sections was approxi-"

~-f¢¢mately 600 8003 (Peachy. 1958) and ‘that the cells had an average

cell Mas 30 to 4OQ9 This was consldered a mlnimal estlmate because R

4mcmtons of compdotely glasmolyzed cells USually contained fewer

”i,% adheslon sltes than thin sections,through“partially plasmolyZed cells :

1ndicat1ng the fragile nature of‘these structures (Bayer and Starkey,

RT3 N

-116-

'f dﬁameter of l 5 um a m1nimal qualltatlve estimate of adhesion sites per :{4 _ ,A'



- W
L3
PR o
“ . -
o -
- -

_ Figure 13.

~
~
Y e
°
v
- P -~ -
.. -
¥
- m e
- - s
o

. reg1ons where “the - 1nner and outer memb;pnes remained ;loseﬂgé.:
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the center of the sect1on. Bar, 0. 5 ums.. B
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Electron micrograbh of a thin section from.a plasmolyzed

ce]l from a competent population of strain UHI The speci-

men’ was stained with 5% uranyl- acetate 1n methanol -and: 0.4%"'

]ead c1trate 1n 0.1 N NaOH Adhesion sites were visib]e as .

'-v-u;

1y apposed (Small, arrows) or. as duet 11ke Strﬂctures {1arge::~7?egf

arrow) A granua] of poly-g-hydroxybutyfate (PHB) occupied
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Membrane fractions from competent and 42°C-treated cells =

Membrane fractions isolated from sucrose gradients with a density

. o o e >"""
s -

been suggested to be. enriched for adhesion sites (Bayer et- al., 1982; '

ﬁTomita et al., 1976) Comparison of the sucrose gradient profiles of

| -.:'.'membrane" Material from competent a"d 42°C-treated cells (Fig. 1)

suggested the 42°C- treatment resulted in a small reduction in. the

amount of intermediate density material. This was-misleading as

‘measurements of protein concentration of pooled peak fractions from .
competent (0 25 mg. protein/ml) and 42°C-treated cells (0 37 mg/ml)
"indicated no,such change.~ The . djfferences in peak shapes probably -

reflected differences in the amounts of residual contaminating poly-s- .

g.ncompetent (0'37 mgMPHB/mg protein) and 42°C-treated eelis (0. 059 mg

PHB/mg protein) Examination of membrane preparations by phase--

Sk

;.intermediate between inner membrane and outer -membrane- fraci:ioos.iiave-':-'“"~ '

_hydroxybut«yrate ‘(PHB) in the intermediate density fraction fFem " *

contrast’ light microscopy and electron microscopy of negatively stained::

preparations (Fig. 15) revealed numerous pon-B-hydroxybutyrate gran-

- ules in the intermediate- -density preparation, as expected (Page and von

Tigerstrom, 1982), and a lesser amount in the outer membrane peak 2 -

' fraction some of which appeared to be- broken into strands. .The

‘existence of poly-B-hydroxybutyrate material of varying density was -

' previously reported (Nickerson, 1982). o A

'; There was generally more- material in the lysates of 42°C treated

‘cells (Fig. 14) including approximately two-fold more protein and

e

poly-s-hydroxybutyrate in the outer membrane fractions. The reason for '

’this is unclear but the effect was not reproduced'by treating French

woEIzrIa
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Figure 14. Separatfon of membrane fragments on sucrose gradients. A
, competent culture of strain uw1 (Nif+ transformation fre-
. ' quency 1 8 x 10-2) was portioned into 2 equa] vo]umes )
= T S ety one of which was heatedeat 42°G*for 30“m%n to destroy com-
'5 ‘_ pgtence. Membrane vesic]es prepared from (a) competent and
‘ (b) 42°C-treated.cells by French pressure cell disruption o
' '?73’ S were 1so]ated on_ sucrose grad1ents." Fractions were assayed
: ' ' for absorbance at 280 Am (o), percent sucrose (&) and NADH.
» ; ..oxidase . activvty (o). Ine.peak,fractjons-desjgnated-(A~)

'membrane fragments {IM) were pooled for further ana]ysis

outer membrane~peak.1 (OMI), (B)_outer membrane*peak 2 B

(omM2), (c) 1ntermediate-density material (ID) and (D) inner

'- @ v
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Figufe 15. 'Mémbrane ffagments, fr;m various sucrose gradienf frac-

N tions, negativé]y stained 1n 3% phOSphot&ngstate: (a)
membrane fragments ?rom outer membréne peak 2 (OM2); (b)
granule aﬁd strand of poly-s-hy&roxybutyrate present in 0M?2
fraction; (c) membrane frégmentS'and (d) granules of poly;
B-hydroxybutyrate from the intermediate density fraction;

(e) membrane f~aments from the inner memhrane fraction,

Bar, 0.1 um.






Lo

el
"y

. 1 .

- Z e y"~ . .. TN .
I . Kaid B M e, EECTNE T l?" 'v?»"# T P e v e e am

pressure cell lysate of unheated cells at 42°C prior to density
gradient centrifugation and may therefore refiect efficient breakage of
42°C- treated cells during French pressure ceii disruption, -~ >
The _sucrose gradient peak fractions indicated in Fig. 14 were )
analyzed by SDS PAGE (Fig..: 16) The protein content of the inter-"
mediate density membrane matéfiai of competent cells was identical to

that of outer membrane fragments with the exception of a protein of

- apparent molecular weight 49,000 which was_tup#que to the intermediate

density fraction. The density of this fraction was reflected in the

.ratio ‘of ]ipopoiysaccharide to protein (8.8 y,g/mg protein) in this

fraction relative to the other major fractions (OM1 - 38. 0M2-22, IM-S l
ug/mg protein).‘ Aithoughlsome inner membrane bilayer might be expected
to be present in the intermediate.density fraction (Hancock and
Nikaido, 1978), no NADH oxidase activity (Fig. 14) or inner membrane
proteins (Fig;,is) were detected, The simiiarlhigh-contrast profile of
negativeiy stained inner and outer‘membrane fragments (Fig. 15) pre-
vented visuai estimation of the contribution of each to the inter-
mediate density fraction, | |

A surprising observation was that the intermediate-density and

outer membrane preparations from 42- treated/céiis possessed three.

o proteins of apparent moiecuiar-weights 44 500, 47 000 and approximately

106 000 (Fig, 16, closed arrows) which purified as 1nner membrane pro-
teins in unheated cells. Since no NADH oxidase activity or other inner
membrane proteins were detected,.this did not represent simple contami-
nation of this fraction with the inner membrane. This could be

explained by the temperature induced disruption of adhesion sites which
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Figure 16. SDS-PAGE of membrane fragments from competent and 742°'c,-‘:/1{!*\5;{i;,.:}-“

- ' ' treated cells, - The pooled peak sucrdSe gradient Fractiensf |
(Fig. 5). désignated (A) outer membrane peak 14'-, .(B)‘ outer
membrane peak 2, (C) intermediate density membranes and (0)

“Anner membrane materia] from (I) competenp cells and (II) 3
42°C-treated former]y competent cei]s were analyzed by SDS, »',N_ o
PAGE. Membrane proteins were solubilized Qx.freeging_and -

. thawing 5 times in sample Euffer and'Samp1e§5edntaining:12:
Hg of . protein-were added to each,neli- ~The sbiid érrdwfﬁ_»f"
(--—) 1ndicate the position of inner membrane proteins '
which copurify with intermediate density and outer membrane
material foi]owing 42°C treatment of cells.< The open arron
( [:>,) indicates the position of a new protein band which
appears in these fractions from 42°C treated cells., The
mo]ecu]ar weight standards mixture(S) contained phosphoryl-
ase A (94 000), bovine serum albumin (68,000), gamma

erg]obuiin heavy chain (50,000), ovalbumin (43, 000) and gamma :
globulin, light chain (23, 500) - "
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.caused adjacent regions of inner membrane to become associated solely
‘with the outer membrane, This occurred only upon heating intact cells
- as there was no’ change in the pattern of«protegn bands observed hy SDS- ?1;;:3f
PAGE from any of the membrane fractinns when they were heated at 42°C | |
immediately prior to separation on sucrose gradients (Appendix 9). L
A new: protein band with an apparent molecular weight of 41 000 ZJf o
| ~(Fig.-1s, ‘open arrOW)“appeared fh the intermediate density and outer ’nul‘lh;
membrane preparations of 42“C-treated cells. This band did not repre--./’h;uu.
seht]awheat- ensitive outer membrane protein as heating membrane frac-;;iﬁ o
tions at 42°C prior to isolatigﬂ on. sucrose gradients or at 42’C or f:f;"; -
- ,100°C prior to application to the gel did not, have a. similar effect. w:lf”
This band appeared only as a result of heating intact cells and there- -

fore. may represent a heat labile protein of- 1nner membrane origin.g

- Dﬂscussion o ’

Following tneatment at 42°C formerly-competent A vtneZandac areg: .

fully capable of binding donor DNA i '-resist nt state but have ;‘nhﬁ«y

lost the: ability to transport DNA across the cell enve" e. Coincident ;"

with this loss of transport. ability is the heat-sensitive loss of’ A
v/membrane plateaus revealed by freeze etch techniques. These plateaus
represent adhesion sites (Bayer and Leive 1977) and their absence in
. noncompetent cells, appearance with c0mpetence development, and re-
appearance upon competence recovery in 42°C-treated cells suggests that
they may be competence specific. These sité’gare not- fonmed simply as g
a result of the iron limitation used to induce»competence”Because they

‘are not present in iron-limited noncompetent cells. )
i : .
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The disruption of membrane adhesions requ1red for DNA uptake cou]d 7:*4“ e

account for the heat sensitive nature of A. vtnelandtz transformation.

- A}ternativeiy, ‘a protein-or protein”. cpmplex~reqp4red for-DNA. uptake may

et 5 . [ m -
ey, . » .

. ‘have maintained the 1utegrity of the adhesion site duringufreeze frac- "“"“'~ o |

1. & g R

- ture prior to h ating. Consistent with'the disnuptionuot“adhgsion

-~
- . _
L R -

. [ROY L S ‘-
B membrane fragmehts foﬂlowing heating This imp]ies that these protelns - .f
LA ﬁ,,, Tot T LW ey
were located adjacent to adhesion sites which are involved in DNA up- -
wmm P e e g ‘
. - take. These tompetenee*reld?ed“%dhesiﬁn sites nEpresent pnly a smagl

N = R L ORTE 3
- ' N RICTIN PTE
o 2

. fraction of the ce]l 'S adhesion sites, ‘the ma;ority of which appear L e

v w~;qu-stab1e to 42°C treatment. o
) K g R R v

.....

A pore structurepgossessing a hydrophi]ic co

'iadhesion site to allow DNA transport.. Such a pore has been prOposed by ;;Fifﬁ
'_Reusch and $adoff (Abstr.‘Annu.‘Meet. Am. So¢. Micrhbio} 1982, K190 o
P 168) which is .formed of po]y B-hydroxybutyrate and is.of sufficient
'diameter (13A) to allow uptake of single stranded DNA . The results-of_‘
- these,studies cannot.be.taken as support for»this~theoryuas.polyféi"_LhA
hydroxybutyrate waS»present in the membrane fractibns,'aty}east'pri- .
marily, as contaminating.storage granules. The euidence.that'A,A‘,ATN T ;_‘
"vinelandii take up'DNA-in a double stranded form (Chapter“IVi’casts'*~ |
further doubt on the functiop/ot ‘such a pore. ,
The mechanism of DNA uptake during genetic transformation is
_pooriy understood Mosﬁ Todels proposed for this process (Akrigg et .
- al., 1969 Erickson, YD7U Grinius, 1980; Lacks, 1977) are not applic-
able to Gram-negative organisms, including 4. vtnelandtz and H.

’tnfiuenzae, which take up DNA in a”doubie stranded form in the absence

B
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Stuy, '19657 A" hotel for. DNA-. uptake by ;cpmpei;ent Eac'kllug mbf‘glw
proposes DNA bindihg and internalization by mesosomes which are par-

tially extruded at the grOwing regions of the cell envelope (Akrigg et

'l., 1969) AithoUQh this hypothesis~has been Supported'by*later 7?*fp TiA“

RS N

m studies (Vermeulen ‘and. Venema, 1974a b), the mechanism'of DNA transport

Rl

'. across the membrane bilayer has not been determined A somewhat

”»

analogous situation _may . existain competent.H, tanuenzae and H
paraznfiuenzae in which specific DNA- binding sites are’ loé&

membrane blebs which extend from the cell surface (Concino and Goodgal,_.

i

1982 Deich and quer, 1982 Kéhn et al., 1982) In H.. parazanuenzae

of high concentrations of divalent cations (Biswas and Sparling, 1981

‘ ‘these membrane blebs, containing DNA bound in'a DNaseuresistant state,,:b

appear to be internalized resulting in DNAeuptake (Kahn et al., 1982)

Although these membrane blebs were not observed bo be internalized by

e tanuenzae they were observed to be adjacent to points of adhesion'y_zﬁ“p”

between the inner and outer membranes which may have some role in DNA : i

uptake obviating a need for internalization of membrane vesicles.bt;

B3

The hypotheSis that adhesion sites could form the basis for the -

| molécular architecture of a DNA transport system is an attractive one.

It is consistent with the Etable association ‘of specific receptors at

Ll

) adhesion sites and the ability of adhesion sites to permit the Uptake"

i S

of double stranded (bacteriophage) DNA (Bi”er; l979 Bayer and Starkey,
19 ZZ Tomita et‘al;, 1976). DNA transport at adhesion sites simplifies
DNA uptake ‘to transport across a single hydrophobic region rather than
requiring two transport systems for successive uptake across two -

membrane‘bilayers. Also, adhesion.sites appear to pass_through'gaps;

“ 3 - . - o ' . 5 . 1‘4 -
. Co . . : DU
. p ; ‘ ‘ v (_g_}‘,,,t,
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"';of reported d1ameter 10 nm- (Leive and Davis, 1980),

“peptidoglycan ls similar to‘the 8 om

'»whlch 1s known to he- neeessary for natural membnane~fusion (Poste. and N
’Allison. 1973) and to promote the fusion of phospholipid vesicles

“fnegative bacteria which are made competent by treatment with hlgh

"*concentrations of calcium (Cohen et al.. 1972).
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k

(Verkeij et al., 1979). may also 1nduce membrane adhesion 1n Gram-

_;;égh'

¢ ~

. He wish to thank Dr. J. Hilllam Costerton and Dale Cooper, Biology _
Department Universlty or Calgary. Alberta Canada for providing the -
we are alsq 1ndebted
to Robert Carmichael of this department for ass1stance with the‘prepar-
ation of negatiyely stained and thin sectioned samples.for electron
The study was supported by a grant from the Natural

Sc1ences and Engineering Research Counc1l of Canada. 9 L.D. was .

'“supported by ‘a Studentshlp from the Alberta Heritage Foundation for

“-Medical Research

1References -

Akrigg,.A.. S.R. Ayad, and J. Blamire.

i .

) M \ .

R

L . o

X4 /
. /
L /
. i
'

'

S~

‘A.maq e

— @
'1969. Uptake of DNA by .

'lc%mpetent'bacterla - a possible mechanism, J. Theoret. Biol. 24:

266-272%



Bayer. M"E 1968 Areas of adhesion between wall and membrane of “ R | 12'
Eacherichia coli. . Gen. M1crob10] 83 395.404. L |

Bayer, M E. '1979 The fusion sites between outer membrane.and
) ‘,cytoplasmic-membrane of bacteria.; their roTe inmmembrane assembly‘ -"i.;f';Lﬂ’
- and virus infection, pp. 167 202 In M. Inouye (ed. ), Bacterial ;

Outer Membranes. biogenesis and functions. ‘Jde Hiley and gons, New iy."'f-h.

.»o

PR . & . - . : . . P N L & T g »
-7 . .. Y . - . 'S P B . [
YOFk - e ‘, P U O RS “’f v e T . L

I . - ~

Bayer, M. E., and L. Leive. 19;7. Effect of ethylene diaminetetraac-.
tate ‘upon- the surface of Ebcherzchza colt. J. Bacterfbj.-lBO:; |
1364-1381. | ., o o

Bayer, M. E., and T H Starkey. 1912.‘ The adsorption of bacteriophage
ax174 and 1ts interaction with E'Qzemch%a 0ti; a kinetic and '

M

: ‘_.__" S N .o . N . SR P
T TR . - ; _ X
A . - C BRI .. Loy T g ; -

morphological study, . Vico]ogy 49 236-256 : ' .
Bayer, M.E., and H Thurow. '1977. Polysaccharide,capsule of .f"i *“.-_,;;4{4\;;f;;
) EBCheP%chza 0011 : microscope study of 1ts size, structure. ‘and ;4£if.-;}a;i ?$§
sites of synthesis. J. Bacterio] 130' 911-936. ‘ |
Bayer, M.H., G.P. Costefﬁo, and M.E. Bayer. 1982, Iso]ation and
partial characterization .of membrane vesic]es carrying markers of
_ the membrane adhesion sites.- J. Bacteriol. 149 758»767.
Bishop, P.EL, and Wl Brill. 1977 Genetic analysis ofAzotabacter ', -'
L o vznelandzz nutant strains unable to fix nitrogen. J. Bacteriol. e
1307 954986 - . -
. Biswas, G. D., and P.F.- Sparling | i98i. Entry of double-stranded
N deoxyribonucleic acid’ during transformation of Nezaserza

gonorrhogae . J. Bacterio]. 145 638- 640

‘e




e e T A e e e e e PP - e wra

- .cohen, s, N., AL, v Chang. and L. Hsu. 19-72‘.’-:.Nor';'-c'hrémosor’naif

antibiotic resistance in bacteria genetic transformation of -1*

Eschemchm cou by R- factor DNA’ Proc. Natl Acad, Sci. u. s A

B

| 69"*2110-2114 S T .

: . o
5w ES ” .

. . c - S P
o oo, . ..—.n .o

Concino, M F., and S H Goodgal 1982 - 'DNA-binding vesicles‘released

from the surface of a competence deficient mutant of’ Hhemophzlus

mﬂuenzae.. J. Bacteriel. ¥52: 441 450, - . L A

N .o
P

DeLch R.A.; and L C. _Hoyer. 1982 Generation agd release of DNA-
binding vesicles by Hbemophzlﬁs Lanuenzae during induction and

¥ loss of competence. J. Bacteriol. 152: 855 864,

: DeVoe. I H., Jd. H Costerton, and R.A. MacLeod 1971 lﬂpemonstration by

freeze-etching of a single cleavage plane in the’ cell wall of a

Gram-negative bacteriym. J. Bacteriol. 106 659-671.

. /
)

o Erickson, R J.. 1970. New ideas and data on competence and DNA entry

L8

in transformation of BathZus subtclzs, pp. 149 199 In W. Arber
et al. (eds ), Current Topics in Microbiol. and Immunol Vol. 53,7
Springer-Verlag, ‘New York ‘ | | o )
Fairbanks, G., T L. Steck, and D.F.H. wallach 1971 Electrophoretic
’ analysis of the‘maaor polypeptides of the human erythroCyte .
) membrane. Biochemistry 10: 2606- 2616‘a

: Grinius. L. 1980. Nucleic acid transport driven by ion gradient

't;- across ce4l membrane. FEBS Lett 113 1-10. ‘
Hancock R E.W., dnd H. Nikaido. 1978. IOUter MEmbranes of Gram-
»hegative bacteria.“XIX. Isolation from Pseudomonas aerugznosa

PﬂOl and use 1n reconstitution and definition of the permeability

barrier. J. Bacteriol. 1362 381 390




e e e R ST TN LY \/ Lo el ( it e . . L e e
e e Ul ey A R . . T

) Horne, R.W.- 1961 The examination of smalT particles pp. 150 166-~

st

~In D. Kay (ed ), Techniques for Electron Microscopy. Blackwell

- e

N Oxford o o . T ,
Kahn, M E.. G Mal. and S.H. Goodgal 1982 Possible mechanism for\\
donor DNA binding and transport in Haemphzlus. eProc. Natl. Acad.
3 St . U, S9A. 79+ 6370-6374. LR -‘ . ‘wx~ L
D Kellenberger, E., A. Ryter, and<J Sechaud 1958 Electron nﬂcroscope'

‘ study of DNA-containing p]asm5°- vegetative and mature phage DNA as
compared with normal bacterial nucieoids i{ different physiological

. states. J. Biophys. Biochem. Cytol 4: 671 678.. o
h‘Lacks, S. A. 1977 Binding and entry of DNA in bacterial transforma-

tion, pp. 179-232.  J.L. Reissig (eds). Microbiai Interactions? o
) Receptors and Recognition. Chapman and Hall London. “f:u'j }'.h - ff}f'lift
Laemmli U, K 1970 Cleavage Qf structural proteins during the : v
' assemb]y of the head of bacteriophage T4.. Nature (London) 227. ;. R
680-685. S S o : .1 . i{f- ﬁ’;£' o j'j; "v e

. : ) L D ’ / . ' ' .
~* Law, J.H.,:ant R.A. Slepecky. '1961. - Assay of pally- g-hydroxybutyric.
_acid.” J. Bacteriol. 82: 33-36. | | | |

[
Pt , as

Leive, L.L.;'and B.D. Davis. 1980. Cell envelope; spores, pp. 73-110.

B.D. Davis et al. (ed.), Microbioiogy. Harper and Row, New
York. L L T

. _ oL N o
Lowry, 0 H., N. J Rosebrough AiL. Farr, and R. J. Randall 1951.

. Protein measurements with the Foiin phenol reagent J. Biol Chem.’f =2/f;"o~

193 265- 275 o . )
: Moor. H. 1969.» Freeze—etching.’7int. Rev..Qytol.'25: 391-412.

o

:::::::



. . . . . . 3 - . v = L g
s S0 T T b ey aee D : o b e "

.;- S o Jia N CoA _ |
Muh]radt P. F., and J R Go]ecki 1975. AsymetricaI distribution and
artifactual reorientation of 11popo]§sacchar1de 1n the outer :
. a _membrane bilayer of Salmone.ll‘a typhimeriun . Eur. 3. Biochem. 51:
3a3-382. e
Nickerson,  K.W. 198é. " purification of'po]y-g;hfdroxybutyrate-by
density gradjent centrifugation in sod1um bromide. 'Appl.dEnviron._

Hicroblol 43 1208-1209.- -

‘sborn !RJ., J.E. Gander, E. Parisi, and J Carson. 1972. Mechanism
of‘assemb1y of the outer membrane oFSmeoneZZa typhzmurtum
1solatlon and characterizatton of cytoplasm1c and outer membrane.

- J. Biol Chem. 247: 3962- 3972. | . -
o Page H Je - 1982. 0ptima1 conditions for 1nduction of competence in

- nitrogen fiang Azotobacter vlnelandLL Gan. J. Microbio]

339 -397.. ” |
_Page H J., and H.L. Sadoff. 1976. Physiological factors affectfng
transformation of 4. vinelandii. J. datterioi. 125:‘1080-1087;

Page, W.J., and M. von Tigerstrom. A197é. lnduction of transformation
competence in Azotobacter vtnelandtt iron-llmited cultures. Can,
J. Microbiol. 24: 1590-1594..

Page W. J., and M. von Tigerstrom. 1979. Optimal. cond1tions for
transformat1on ofAzotobif%er vinelandii. J.. Bacteriol. 139:
1058-106t.

| Page, N J.. and M. von Tigerstrom. 1982.  Iron- and molybdenum-

repress1b1e outer membrane%rotems in competent Azo:obocter

vinelandii . J._BaCterlol. 151: 237-242.




: ;"fPeachy,"Lin‘i i§$8 Thin sectionsi flt' A study of section thdckn
and physical distortion*produced'during microtomy ; J.;Biophys.
Biochem. Cytol. 4: 233-242. T o -
Poste, G.,-and A.C. Allison. 1973, "A‘Meimbra/ne-v"i‘ﬁ.siv'on.-f Blochim™ 0
~ Biophys. Acta 300: 421- ‘4§5°H e
ffSeto )i., R;“Lopez, and A, Tomasz, 1975 Ceil surface—located" |
deoxyribonucleic acid receptors in transformabie Pneumococci J;riﬁj
Bacteriol. 122: 1339 13s0. i_
Smit J., and H Nikaido. 1978 Outer membrane of Gram-negative
bacteria. XVIII Electron microscope studies of porin insertion o
§ites and growth of cell surface of S&Zmonella.typhnmurwum Jiif7iw 17_ gi;{ o
Bacteriol. 135: 687 702. ST ',. ’ f fdf-:‘f?c ff’f-j,?fgtzif

Stuy, J.H. 1965, Fate of transforming DNA in the Haemophzlus

1nf1uenzae transformation system. J. Mol.‘Biol. 13 554-570. B
_Tdmita T., s. Iwashita, and'S. Kanegasaki. 1976 Role of cell’, f,:'t;i;‘ffﬂéﬁ.?h
surface mobi]ity in bacteriophage infection‘ translocation of. -';:fa j(ff.. ?E;;E
Salmonella phages to membrane adhesions, Biochem. Biophys;vges.?' |
Commun. 73: 807-813, Sl L \v o
VerkleiJ, A J., C Mombers, M. J. Gerritsen, L. Leunissen-Bijveit and
. P. R Cuilis. 1979 Fusion of phospholipid vesicles in association
with the appearance of - lipidic particles as visua]ized by freeze R
fracturing.. Biochim. Biophys. Acta 555 358~361. o
Vermgglen C. A.,.ﬁnd G.. Venema. 1974at Electron nﬁcroscope and - -
: autoradiographic study~of ultrastructural aspects of c0mpetence and .

deoxyribonuc]eic acid absorption in BaczZZus subttlus uitrastruc-

ture of competent and non- competent ce]ls and celiular changes

during deve]opment of competence.. J Bacterio] 118 334 341.




-136-

vermeulen, C.A., end'G :Vehema. 1974b. Electron microscope and
X autoradiographic study of ultrastructural aspects of competence and
deoxyribonucleic_acjd absorption in Bacillus subtilis: loca)iza-
'tion'of uptokeiand'of trahsport of transforming deoxyribonucleic

acid in combetent.ce1ls. J. Bacteriol. 118: 342-350.

\




«! ’ R . - . FEERE N 1
.

vi. A Regularly Arrayed Surface Layer of
Asotobuctcr vtnctandii | '

o

Washing competent Azotobacter vzneZandzL oP strain UNl with Burk N
buffer, or, heating cells at 42°C exposed a regularly arrayed surface /-
layer which was ;ffectiveiy ;evea]ed by,freeze-etch eiectron micro-
SCOpYy. The layer was composed of tetragona]iy_arranged,subunits’separQ
ated by a center to center spacing of apbroximately b'to 10 nm. ”Geiis
treated to expose the regu]ar surface layer retained the major enve]ope
'protein, a 60,000 mo]ecular weight (60K) g]ycoprotein. Extraction of
most of the 60K .glycoprotein, and small.amounts of twelve other
prgteins, by distil]ed_water washing'resu]ted in(a disappearance of the .
reguiar surface array. . Six of thes minor‘protéins were extracted by
washing cells with 0.2 M MgS0,; a treatment which ]eft the reguTar "
surface 1ayer intact, but as a Vinear array, andy]eft the 60K glyco-
protein cell-bound. The regular surface array was npt apparent on
competent cells grown in calcium;iimited medium although these cells
possessed ‘large amounts of the 60K‘§iycoprotein. A surface-array

appeared on these cells following thevaddition of caltium:to 0.5 mM,

concurrent with a large increase in competence. These results sug-

gested that the 60K glycoprotein, in association with calcium ions, was g

primarily, if not solely, responsible for the formafion of the reguiar
surface array. An unﬁaterrupted surface array was not absolute]y
required for competence nor ‘was ft required for norma] 1evels of DNasez

resistant DNA binding.
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Introduction A ,
The maJor envelope protein of Azotobacter vznelandzzis a. 60, 000
molecular weight (60K), acidic {p! 5.1) glycoprotein which accounts for
20% of total envelope protein of vegetative cells (Page and Doran,
1981; Schenk and Earhart, 1981; Schenk et al.,-1977) It copur1f1es

Q
with outer membrane fragments prepared by French pressure cell disrup-

tion of cells (Page.and von Tigerstrom, 1982) but not with outer mem-
brane fragments released from spheroplasts unless ‘the suspend1ng buffer
contains calc1um, magnesium, manganese, bar1um, or zinc at a concentra-
tion of 2 nM (Schenk and Earhart 1981) The 60K glycoproteln is one

of the more prominent proteins found in culture supernatants and is .
released in greater amounts into the growth medium of cells grown underl
calcium-hﬁmited conditions (Page'and Doran, 198i).--These results
suggest that the SDK‘glycoprotein is associated with the.cell surface'
via salt bridg1ng. This hypothesis is supported by the ease with which
it is extracted into distilled water (Page and Doran, 1981; Schenk: and

Earhart, 1981; Schenk et al., 1977). The 60K glycoprotein shows a

‘strong affinity for calcium and strontium as_evidenced in its precipi-

tation from aqueous solution*made 20 mM with either divalent cation.
Magnesium did not substitute in this regard nor would it substitute for
calcium or strontium in the glycoprotein-mediated competence recovery
in calcium-limited cells (Page and Doran, 1951). The results of this
investigation suggest'that tne_60K glycoprotein, in association with

divalent cations, forms a regularly-arranged surface layer. This study

reexamines the role of the 60K glycoprotein in transformation compe-

tence in 1ight of these findings.
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(Prel1m1nary resu]ts of this study were reported at the 83rd
Annual Meeting of the American Soc1ety for Microbiology, 6 to 11 March
1983, New Orleans, LA.) '

Experimental Procedures

“Bacterial strains and -growth conditions
Thehtransformation recipient A. vtnelandtz opP. strain uwl (Nif- -
ca u]e- (Fiﬁher and Brill, 1968)) and the DNA donor strqins_A ";s
vtnelandzt ATCC 12837 strain 113 (Nif+ capsu]e*) and A. vinelandii
N=~"0P strain UN (Ni f+ capsu]e-) were maintained on-Burk medium-(Page
and Sadoff 1976) as previously described (Page and von Tigerstrom, o
1979). Liquid cultures were grown with aeration by shaking at 170 rom_’
in a water bath gyrotory shaker model G- 76 (New Brunswick*&cientific
- Co., New Bruosw1ck N.J.). Burk buffer, pH'7.2, was Burk medTum~w1th-;d'

out added glucose and ammonium acetate.

Transformation _ ‘

Competent cells of strain UW1 prepared by'zn'to‘24 h'growthkin':-
iron-1imited Burk medium (Page and von Tigerstrom;°1978) were trans-_
formed as described (Page and von Tigerstrom 1979) with saturating
concentrat1ons of crude lysate DNA prepared from strain 113 (Page and
Sadoff, 1976). Transformation frequency was the number of Nift . '

transformants detected per numbér_of viable cells se]ected.on Burk

medium,
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‘Freeie-etch3electron microscopy
. cultures and were freeze-etched the same day. Alltcells were uashed P
"vonce by centr1fugation (10, 000 rpm) with 1 volume of 5 mM potassium |
phosphate buffer, pH 7.2, prior to freezing in liquid Freon and freeze-
etching as descr1bed in Chapter I1. The replicas were examined in a
Phillips 300 electron m1croscope operating at7an<accelerat1ng voltage
of 60 or 80 kY. |

DR S

Hashing competent cells. ‘
~ Cells from a competent culture of strain UNl were washed once by
| centrifugat1on (10,000 rpm) w1th 0.1 times the original volume of Burk
buffer, PH 7. 2, to remove pigments and other contaminating materials -
:origlnatlng from the culture. supernatant The pellets were then washed
_5 t1mes (washes 1 to 5) with 0.2 volume of Burk buffer, dlstilled
. water, or 0.2 M MgSO4-50 mM tris (hydroxymethyl) aminomethane (Tris),
pd\7.8, and vigorous vortex mixing. - ThefCell'pellets were saued for
freeze-etch electron‘mlcroscopy. Similar wash flulds were combined and
sterilized by f1ltrat10n (0.45-um Mill1pore fllter) The wash flu1ds
were dialyzed twice in 48 h against 20 volumes of distilled water at
4°C. The 0.2 M MgS04-50 mM TrisHC] wash fluids were made 100 mM}with
EDTA prior to dialysis. lhe samples‘were lyophilized to dryness and
resuspended in distilled uater~prior'to analysis of protein content by
isoelectric focusing. Protein samples were similarly prepared from

dlst1lled washes of noncompetent cells of strain UW1.

Cells for freeze-etch electron mlcroscopy were prepared from fresh
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_ described previously (Page and Doran, 1981)

-described above (" washing competent cells“) and resuspended o

Isoelectric focusing

Isoelectric focusing (IEF) in polyacrylamide vertical slab gels

- .

was . carried out according to. Page and Doran (1981) IEF tube gels (2

mm diameter) were prepared from the same gel mixture as slab gels with

additional 2% Triton X- 100 (Chapter II) ‘ Protein bands were stained as
described by Fairbanks et al (1971) with the modification that

.CoOmassie blue R250 concentrations were decreased by 602 to reduce

.background staining. The pH gradient across the gels was determined as f; iyf |

[32P]DNA binding :

L}

" Cells from a portion of a competent culture were wa hed as.f

'buffer containing 8 mM Mgso4 (transformation assay buffer [Page and

© von Tigerstrom, 1979]). Hashed and unwashed cells were exposed to a o

two to threefold excess of [32P]DNA prepared from strain uw as )
previously described (Chapter I1).- After 10 min incubation at 30°C.

‘the cells were pelleted. washed once in one volume of transformation .

assay buffer and resuspended in one volume of this buffer. Following
treatmeff cells with nNase 1 (final concentration 4 ug/ml) for 10
min at 30°C, the cells were washed as before and resusnended in saline
citrate buffer, PH 7.2; containing 0. 05% sodium dodecyl sulfate. The A
cells were lysed by heating for 60 min at 60°C The radioactivity of

the samples was determined by liquid scintillation counting as

,described preyiously (Chapter Iv).

;")
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it'bind [32P]DNA 1n a DNase-resistant state was then determined

COmpetent cells prepa l by”growth 1n calcium- and 1ron-l1mdted

4‘?Lmed1um were exposed to 0.5 mM CaSO4 ‘for 30 min or. were washed five C
~-f ) times with 0 2 volume of'%istilled water to remove the 60K glycoproteln:r.
V.(Page and Doran, 1981) The ability of. treated and untreated cells to

=

C"e“"ca‘s_ RTINS

Chemicals for electrophoresis were obtained from Bio-Rad Labora-

'fl'ftories (M1551ssauga, Ontario) except for acrylamide and N, N'-methylene )

;bisacrylamﬁdbfwh1ch were from Eastman Kodak Co. (Rochester, N Y ) and
_ampholytes which were supplled by LKB (Flsher Scientific Co., Edmonton, :
Alberta) All other chemicals were reagent grade and. most were pur- C

'j 'chased'from_§igma Chemic§119°' (St. Lou1s5 Ho.).

Results .o

‘ExpoSure of regular surface layer s

Al

Examination of untreated competent cells by freeze etch electron

'microscopy fa1led to reveal any. distinctive features on the external

vcell surface (Fig. 17) Pretreatlng a competent culture at 42?C for 20

to 30 min prior to the preparation of cells for freeze-etching exposed

a regularly arrayed layer on the outer convex surface (Fig. 18). Exam-

' 1nation of . replica5<of cells whivh had exposed convex ‘fracture planes

" both within the hydrophobic core;, and on ‘the outer surface, of the

inner and outer,membranes confirmed thetlocation of the regularly



| Figure "17‘

Figure 18.

g competent population of strain UHl (Nif* transtrmation”
3 frequency 1 6 x 10"2) The abbreviations are those :
“;7‘recommended by Bayer and Lievg’(1977) outer membrane fra, :
; ture face, OMF inner membrane‘fracture face, IMF The .

;Ldirection of platinum shadowing is indicated by ee- Bar

”Freeze-etch rep]ica'ifithe convex SUrface of a cell from a

"regular surface 1ayer. The arrows indicate regions o =

Freeze etch replica of the convex surface of a cei

”represents 0.5 um. R "i,fhf.: ”tj,j. f‘-ﬂﬁgﬂ, ,.'**5;'

42°C- treated formerlyocompetent culture. RS 1ﬂd1cates the ?ﬂ” i

i":

- discontinuity in the rtgular surface layer._ Other symbolsofil"i

and abbreviations were defined 4n Fig. 17, Bar represents fi' o

05um..

v -






a " Y .
the buffer temperature was increased to 42°C (Fig. 20)

g The regular surface layer was formed of-tetragonally arranged -
subunits organized in rows at an angle apprizjmately 90° to each other.?,:j

| The ‘center to center spacing between tetragonal groupings«of subunits
.wasiestimated to. be 9 to 10 nm. Although no gaps in the layer were t'
detected in the freeze-etch replicas, the regular surface array did not'; -
.appear as. a Single continuous sheet It was often interrupted by one

N

| or more discontinuities present where a region pf the layer organized

beh r"»'i‘;v:‘uv
in one orientation became contiguous with a region of lattice orientedh;..- o

at a different angle (Fig. 18). |

i

K

- Protein'content of*wash"fluids

It had. been previously proposed that the{fOK glycoprotein might

‘form a regular surface layer (Page and Daran, 1981; ‘Schenk and Earhart g':

: 1981 -Schenk et al., 1977) Analysis of the protein content of Burk “
buffer wash- fluids by isoelettric focusing in polyacrylamide gels ’%;4-
demonstrated that washing cell; at 30°C failed to. remove detectable -
amounts of any envelope protein whereas treatment at 42°C removed. three
proteins exhibiting isoelectric points of 5. 7, 5.8 and 6.3 (Fig. 21)
Comparison of these bands to a band containing the 60K glycoprotein (pI“

5.1 (Appendix 1)) demonstrated that the 60K glycoprotein was not re-:

moved by Burk buffer washing. It had been shown previously that there :~i':ﬂ-'}

was minimal releasé of the 60K glycoprotein during treatment of cells o

-~



~ Figure 19.

.

'Freeze-etch replica of the convex -surface of a Burk buffer

~ in Figs. 17 and 18. Bar, 0.5 um.

- Figure 20.

Freeze-etch'repljca of the convex surface of a Burk
washed (42°C) cell. Abbreviations and: symbols were

'pfeviously. Bar, 0.§vum.

L |

[ 4

i

- washed (30°C) cell. Abbreviatiohs and symbols were defined

buffer

defined
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Figureuéle

o

1EF- PAGE of proteins present in wash fluids. Proteins
3-obtained by washing oells from equivalent pontions of a
‘competent culture of strain le (Nift transformation

frequency 6.9 x 10'3) with Befek buffer or distilled i

water at 30°C or 42°C (see also Fig. 25) were conce rated

.'~as described (Experimental Procedures) and redisxblved in

:equ1valent volumes of distilled water. Samples of 50 ul

each prepared from 42°C distilled water yé/h fluids (Lane

'2), 30°c Burk. buffer wash fiuidsA(L/aéw and 42°C Burk

buffer wash fluids (Lane 4) ugre pplied to the slab gel.
A preparation of GOK glycopro in concentrated from 30°C

distilled water washes of Burk buffer grown strain le

‘(Page and Doran, 1981) was applied to lane 1 of the IEF .
slab gel (80 ug protein) and to the IEF ‘tube gel desjgnated ';' o

lane 6. Proteins concentrated from 0.2 M MgSO4-50 mM

TrisHC1, pH 7.8, washes of - competent strain UW1 were pre-
pared separately and the amount of protein applied to the
IEF tube gel (designated lane 5) bears no relationship to

the amount of protein added to lanes 2- 4 The bands de-

tected in lane. 2 by Cooma551e_blue,staining uerehdesignated

A to M,
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at 42°C (Chapter IV, Fig. 7). Therefore the treatments utilized—to
expose ‘the regular surface layer had not removed sign1ficant amounts of
60K egcoprotein. '

The removal of the 60K g]ycoprotein by distilled ﬁater washing is

well documented (Page -and Doran, 1981; Schenk and Earhart, 1981; Schenk

- et al., 1977). .IEF-PAGE &nalysis of the protein content of distilled

water wash fluids_obtained by washing competent cells at 42°C .confirmed

the presence .of 'a single prominent band (pI 5.1) corresponding to the

60K Qiycoprotein'(Fig.‘ZI) - Thjs'analysis also demonstrated the remov-

;al of 12 minor proteins an observation not previous1y reported. The

presence of residaal 60K g]ycoprotein on the surface of 42°C distilled

water -washed cells was detected by [1125] labeling of 1ntact cells

and analysis of tota] cell prote1n by sodium dodecyl sulfate- ™~

polyacry]amide gel e1ectrophoresfs (Page .and von® T1gerstrom 1982) and

gel autoradiography (H Bing]e. unpublished data) Examination of

thesewgells by freeze-etch electron microscopy failed to reveal the

4regu1ar surface array (Fig. 22) despite the fact that the cells had

been heated at 42°C and that distilled watér'uashihg was expected to be
at lgast as effective as buffer washihg at removing anf'obseuring
material. It was surmised therefore, that the regular surface 1ayer
had been removed conc0m1tant with extract1on of the 60K glycoprote1n
The externa] cel] surface represented in Fig. 22 was assumed

9

therefore to be the outer surface of the outer membrane.

..~ Competent strain UW1 were also washed with 0.2 M ﬁgSO4-50 mM

" TrisHCl; a treatment similar to that used to release alkaliné phospha-

tase from Pseudomonas aeruginosa (Cheng et al., 1970). Examination of
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these cells by freezefetch electron microscopy reveaied'thatgthe
regular surfaceg}éyec was present but theicharacteristic'tetragonai
\organization was replaced by a strictly 1inear array (Fig. 23) ’
Examination«of severai replicas confirmed that this appearance was’ not
'due to the particular\ang\e of piatinum shadowing. Electrophoretic

analysis of the protein content of\the wash fluids verified that the

- 60K g]ycoprotein had not been removed (Fig. 21) Nine proteins were

" extracted inc]uding six which were determined, by cémparfson of

water washing at 42°C.

isoe]ectric points, to be equTva]ent to proteins‘removed‘by distilled

Effect of wash treatments on competence

The effect of certain wash treatments on transformation competence
is 11lustrated in Fig. 24. These treatments did not redu?e cell
viabitity. Repeated]y washing cells with Busk buffer had no specific
detrimental effect on competence., The initial decrease in competence

occurred whenever cells were centrifuged and resuspended {Appendix 3).

" The effects of washing ceHs at 43?C cannot be readily distinguished

from the rapid loss of competence incurred by heating at 42°C (Chapter
Iv, Fig. 5).. The.de]eterious effects of,washing cells with disti]]ed :
water at 30°C varied from the.four or five fold reddction'in»competence
pictured in Fig. 24 to a total loss of competence. ﬁegardiess of the
final level of competence, this treatment removed a considerab]e amount
of the 60K glycoprotein (Fig. 25). Examination of these cells by |

freeze-etch electron mtcroscopy failed to reveal a regular.surface

array.



" 'Figure 22,

" outer membrane. =Bar,'0.5-um.

Figure 23.

'Figs. 17 and 18. Bar, 0f5 um. ~
A

Free;e-etch replica of the convex surface-of a distilleq -;

..... —_

water washed'(42°C):ce11. Abbreviétipns and symbols were
defined in Fig.:17‘except'0M0 which 1ﬁ?inates tﬁat poftion

. . . ¢ .
of the replica corresponding-to the outer surface of the

[ 4

LW
© 7

o

-

Freeze-etch replica of the convex surface. of a cell which
had been washed at 30°C with 0.2 M MgSO, in 50 mi

TrisHC1, pH'7.8. Abbreviations and symbols were defined in

-

s b e
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‘Figure 24.

Effect df-Wa#h treatments on Competehce.;‘A'cdmpetent _

*

cu]tube'of strain'UHI (N'lf+ transformation’freqUency 1.5

X 10'3) was d1vided into four equal portions. Each o e

 port1on was washed once in 0 1 volume of Burk buffer prior

|  !to washing five times (washes 1 to 5) in 0.2 volume of 30°C

®
Burk buffer (cﬁ, 42°C Burk buffer (D), 30°C distilled water

(@), or 42°C distilled water (A). Competence was assayed

- fo]Towing éach of the final five washés.
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Figure 25.

IEF-PAGE-of proteinS‘released'into 30°C'distilled water

.wash fluids. Proteins obtained by washing cells from a
':lﬂmﬁportion of a competent culture (see Fig. 21) with 0.2‘ v

o V°Thme °f distilled water at :30°C were concentrated = ““5

(Experimental Procedures) and dissolved in a volume of

distilled water equivalent to. that used for the samples _r,:‘

B listed in Fig. 21.. A 50 ul sample was applied to lane 1 of |

. the slab gel Lane 2 contained a preparation 50K

, glycoprotein (85 ug protein) concentrated from 42°C

distilled water washes of Burk buffer grown strain Uwl.

The letters used to designate each protein band indicate .

_the correspondence of these bands to the nrotein bands

presented in Fig. 21,
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Hashing competent strain UHl five times wlth O 2 volumeirf 0 2 M

' j‘MgSO4-50 mM TrlsHCl destrqyed competence with llttle or no reduct1on

'=i,in the numbers of viable cells.- COmpetence recovered 1n this popula-

5 treated cells (Fig. 26), required protein synthesis.

' tion following lncubation 1n or ginal culture supernatant (Fig. 26)

’,A‘Thls redevelopment“of competence. like competence development in un«

"(‘
Effect of calclum on the regular surface array o liﬁf
| The 60K glycoprot was 1nvolved in calcium-mediated competence 'ﬁ"
;recovery 1n calclum; J:iniron limited strain UW1 - (Page and Doran, o
'1981) Cells 1solated from a calc1um- and iron- llmited population
".(Nif+ transformation frequency 3 0. x 10'4) were examjned by
p freeze-etch electron microscopy before and after (N'lf+ transformat1on
f:frequency 4 7 X 10'3) the culture was made 0. 5 mM with CaS0y4. o .
t,The regularly-ordered array was not observed on the outer surface'of
. cells prior to the addltion of CaSO4 (Fig. 27) but was present after-
ward (Flg. 28). The regular surface array was observed though only
falntly, on calc}um treated cells without prior treatment to remove any '
vobscurlng mater1al indicat1ng that at least some of this material was
lost concurrent with the loss of a variety of envelope prote1ns (Page
1"and poran, 1981). This suggested that‘treatlng calc1umil1m1ted cells
at 42°C was not necessary in order to reveal a regular surface layer.
Conflrmatlon of this awaits further'experlmentatlon. Although |
calcium—llmlted"cells released'greatergamounts of 60K glycoproteln into

_ the growth medium, than calcium-sufficient cells (Page and Doran, 981),

"analysis of outer membranes frbm both cell types by sodlum dodecyl
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“1;Figure 26.

' fsupernatant and resuspended 1n one volume of this super- -

‘Competence recovery in cells washed with 0.2 M MgSO4,.a‘~'IU

"Cells pelleted from allquots of a competent culture of

strain Wy (Nif+ transformation frequency 8. 3 X 0'3)

were washed. f1ve t1mes wlth 0(2 volume of 0.2 M MgSO4-50

: mM TrisHCl pH 7.8, after whlch no competent cells ‘were

detected. The cells were then resuspended in the original

——

'fvolume of fllter-sterillzed (0.45 um Mlllipore filter)

culture supernatant prepared as described (Chapter IV) from

the orlginal competent culture. Equal volumes of the 'f:‘
treated culture (open symbols) were added to two Erlenmeyer v“y
flasks. Equlvalent volumes of the origlnal competent S
‘culture (closed symbols) were similarly added to two other

Erlenmeyer flasks. Chloramphenicoﬂ (finalfconcentration 50

ug/ml) was added’ to one of th;'treated (AJ and:untreated |

-

(a) cultures. After 30 min incubation at 30°C f[e cells
were pelleted from the four cultures, washed once 1n one
voléme of filter-sterilized original, competent culture

natant. Incubation was contlnued and at tlme 1ntervals e

S .
aliquots were remo?§§>for transformation assay. "*44-«v1‘y
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Figure 27?3~v

;Figure 28. Freeze—etch rep11ca of - the convex surface of a. cell exposed

o to 0.5 mM CaSO4 for 30 min following growth in. calcium- :

: 'and $ron limited Burk medium. The—symbo!s and abbnevia-‘y_:i f,f,

tiOﬂS were previous]y defined Barn 0. 5 UHIO : ’ . ' i e
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surface. ’

A e

DNase-resistant DNA binding

The ability of competent cells to bind9[32P]DNA 1n a DNase- _A,,.f;~';",

,7ﬁb'resistaﬂt state was, compared with that of competent cells treated to

' expose, dlsorder or remove the. regular surface array (Tabls 7), r;afrffquf ff%}
Included in this comparison were: poorly competent cells prepared by :T. gy ‘
growth in calcium- and ‘tron- limited medium‘ These cells w,re;washed ““fffpg'%
~ with distilled water to remove. ‘the- GOK glycoprotein (Page and Doran, -”;d;f:;
1981) or exposed to 0.5 mM CaSO4 in. order to organize the 60K glyco- b

protein into.a regular array. The results presented in Table 7 indl- ;fffj

cate that the amount; of [32P]DNA bound to the cells in a DNase- j.”. B
resistant state bore'no relationship to the level of competence 1n the

population or the presence or absence of the regular surface layer or

‘the 60K glycoprotein.

Discussion L | Y i

a . .

Regularly arranged surface layers are arcomponent of the cell _

’envelope of a number of Gram-negative, Gram-positlve and Gra -variable - | o
“bacteria (for review see Sletyr, 1978) The maJority of: these extr1n-- BT
- sic arrays are fbrmed from a 51ngle species of protei or~glxcoprote1niT

)y o e ‘

. . ,- ,l;,‘-l.
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wlth a molecular welght ranglmg from 48 000 to 150 000 These mole- _A‘.'}"

. cules are typically self-assembled 1nto a monolayer of hexagonally,’.":.f' |
tetragonally or linearly arranged subun'lts wlth a center to center | '
vspac'lng varying from4 ‘to 25 nm.' L . R " ‘_ S

' The tetragonal array of .partlcles. separated by a center to center

'spaclng of about 9 to 10 nm,fon the surface of A, vtneZandn OP straln ‘
UW1 represents a fy’plcal regu’rar—surface layer. Similar to the tetra-'_ L

'm-arranged surface layers of Bam.llue 3phaencus (Hward and

Tipper, 1973) and Clostmdtum themosacchamlyttcwn (Sletyr and Thorne, .

1976), the regular surface layer of straaln Wl was conposed of several

. tetragonal arrays. which met along discontfnuous borders. These‘fault

in the regular array may represent the m'lgrating dlslocations pro--;,-
posed by Harris and Scriven (1970) to be the sltes of 1nsertidh of

R (

newly synthesized molecules. “ R e |
It was fortuitous that the regular surface array of strain UHI was

~_exposed slmply by pelleting cells followlng treatment at 42°C. It 1s

_' doubtful that the amorphous appearance of the outer surface of un-

treated cells was due to a layer of eutectic materlal (DeVoe et a1~—~’—’

'1971) slnce the Burk buffer washed and untreated. conpetent cells were ;: ",,

' i slmilarly washed and resuspended in phoSphate buffer prlor to freezing.
: Furthermore, 42°c treatment was a more effeetive means of eg:posing the o

| . ‘regular surface layer than Burk buffer wash'lng*at 30°C wh'-lch may have 3 i

| been more llkely to remove loosely assoc’lated contaminating mater'lals

from the cell surface. It 1s possible that the small _auount 'of“ al
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”,1981 Schenk and Earhart, 1981)
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The correlation between the gresence of the 60K glycoprotein on_

RPN

_the cell surface and the appearance of the regular surface array,

'established using various wash treatments. suggests that the 60K glyco-

protein is the regular surface layer component Consistent with this

';relatively large abundance of this glycoprotein in
the cell-envelope (Schenk et al.. 1977) and the apparently uniform '
distribution of the 60K glycoprotein over the cell surface (Schenk and

| Earhart, 1981) Hhether or not the 60K glycoprotein is the sole

component forming a h0mogenous layer cannot be determined from these

data. One or more of the twelve minor proteins removed from cells,

concurrent with extraction of the 60K glycoprotein into distilled

";iwater. may be a minor component of Eﬁi tetragonal array. }Since six of

[

'these ‘twelve proteins. including the most promiiéﬁt”oiEs. were removed
-_‘by treatment of - cells with 0.2 M MgSO4 (which reorganized the layer T
:'_.iato a linear array), it is conceivable that one or more of these sia

.~proteins promotedbthe formation.of a tetragonal array. lt As. equally |

.reasonable to suppose that the removal of these proteins was indicative

f’of the diSorganization or disguption of the outer membrane effected by

"high magnesium “fon concentration or by treatment with Tris or both
H(Ingram et al., 1971) The partial disorganization of the regular |
'?..surface layer, therefore. may have ocourred in response to disruption o

S of the underlying layer (Buckmire and Murray, 1970) which is presum-‘

@

~ ‘ably the outer membrane.

R The GOK glyc0protein appears to be associated with the underlying

Displacement’of the sox giyeopro“einﬁ



by EDTA or distilled water nashing (Page and Doran, 1981 Schenk and
.Earhart. 1977 Scheny et al., 1981) verifies such ionic lig’age.! The

_fact thet several divaient cations promote this association (Schenk—ond———z'jje‘
‘Earhart. 1981) Suggests a certein lack of specificity in this?i”te i

‘action similar to. that observed with the divalent cation associ'ted.;fﬁayéqz

surface 1ayers of szmllum serpens (Bucknire_ nd Hurra.y. 1973) and o

ﬂeznetabacter (Thorne et al., 1975).\3‘_,.1‘

_ array aithough magnesift

underlying iayer. This sot“

'7; protein interaction to form a ]attice (Bugkm




completely disordered suggests that only certain calcium ions were<able"

H 'f-to be displaced. This phenomenon of‘disordering of a regular surface
'array through Cation substitution has been observed with other organ-' ,_"‘
- isms (Beveridge, 1979 Be"

:idge‘and Murray, 1976)

The 60K glycoprotein bears striking similarities to the tetragonal -

surface array component of Acznetobacter»MJT]F5/199A (Thornley et al.,

.I‘Q;1974) Both molecules are equally abundant in the cell envelope. have

wboth appear;td-

a similar molecular ueight and contain a similar proportion of acidic

?'_and basic amino acid residues.. They are both[extractable with EDTA and

”'ﬁfith.ﬁhe cell surface via'salt bridging medi-_gf '

*71*;:ny one- Gf'several divalent cations. As well both appear to

'?f:flbe ordered into a regular array by a specific divalent :ation which

'E;ffalso may be used to precipitate the proteins from aqueous solution.

-1;;Furthermore, both components are abundan__in_the growth medium of cul-:jlllfw**

' Eijﬁtures deSpite the: fact that the cells appear to possess uninterrupted

Vkiisurface arrays. It s suggested that cells overproduce the regular -

yk;uninterrupted layer (Sletyr and Glauert 1976)

.-._\\

""the GOK glycoprotein has not been determined houever. it has;b"‘nf

l.ysurface layer component specifically to ensure the existence of an ‘

The biological importance of the regular surface{layer formed by

~;f suggested'th‘t_regular su f'ce layers may have an 1mPO"taﬂt ’°19H1" L 5

Jiicondition gethe environment t” which the outer membrane is directly




regular surface Iayer., Th1s would 1mply that‘th*

transforming DNA. The lqyer is necessarily‘porous to_sna ' nutrient
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S

Bacteri a which are. natura'ny 1nduced to competence for genetic |

transfomation have» deve?oped a unique capaci ty for genetic adaptati on. |
Azotobacter mnelandu was only rec;\nﬂy demonstrated to possess thi s '
abmty (Page and Sadoff HIL) : ‘
_ The physiologicﬂ events occuring dur‘lng competence deve?opment
. and during DNA b'lndjng and uptake by coupetent bacter1 3, are poorly..: |
H / understood (Lacks, 1977a' Smfth et ai., 1981 Venema, 1979) However Ca
| ) coupetence de\qe]opme‘ﬂt‘fh’”the best-character'lzed bacterial trar%forma—
tion systen; ﬂs known to 1nvo‘lve changes occurri ng 1n the cen enVelope
: uhich a'now for the bimding and transport of DNA (e.g. Deich and Hoyer,
1982 Joelje et a].. 1975' Kahn et al,, 1982 Lacks and Neuberger, "_ .
1975‘ Hu1der and Ve ella, 1982a b' SQ(to et al., 1975) These re'lat'lve'ly
re11m1nary studies of the Aaotobact%r transformation system were . | e
determined therefore, to be primari Ty concerned wi th the eaﬂy events
in the transfdrmation process. S G l’ : "

\—-—Hrorder for Aaotobactez‘ mneZandu to be transformed exogenous -

DNA mst permeate the capsu'le, the regular surfece ‘layer, the outer
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which 1§ visibly 1ndist1nguish3b1e from the‘regular array on the cél]
surface, A very simi]ar experiment using the surface layer component
from Acznetobacfer has proven successful (Thornely et al,, 1974). The
evidenéz for 8 role of the regular surface layer in genetic transforma-
tion has come primari]y from studies of the ca1ciuw requ1rement for
competence induction, o 0 _

Competent cel]s’of strain UWl prepared in 1ronL11m1ted”Burkbmed1um
lacking calcium were'shown to be poorly'transfonmable. The 'Jrowth rate
of the§é cells was comparable, howéver, to_ that of cells grown {n
competence induction medium containing 0.6 mM calcium. Therefore, the
effecte of calcium-limitation, un]ike magnesium-limitation (Arancia- et\////"*~\
al.. 1980: Fiil and Branton, 1969 Stan- Lotter et al., 1979), did not
include a drastie impairment of cell metabolism. The effects of
c-lefum Timitation appeared, for the most part, to have been limited to
» 'nre ol inteqrity in various fractions of the cell ehve1ope.

The exrosure of calcium- and iron-limited cells to 0.5 mM calcium
prom~ted an increase in the level of competence of the culturé‘varﬁing
from ane to three arderc of magnitude; S{ncp either calcium chloride
o1 calefum sulfate promoted cempetence recoverv, it is 1ikely that the
ra'cinw fons, not the counter fokﬁ. wvere primarily responsible for the
increase in competencé. Calcium-mediated competence recovery 1h B
cal-fum-limited ce'ls which had been-washed twice with disti]]ed water
and 1esusperded in buffer was much less than that of unwashed ce]ls‘
resuspended either in buffer or in original culture supefnatant.

Therefore. calcium mediated competenre recovery did not involve the

ryrthegje f cnoin companent nacdgrary for f_ra"gfnmaﬁon_ A]thouqh
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o
calcium-limited cells released a variety of proteins into the growth
medium, either during growfh or during the centrifugation of cells from '
the med1um; none of these proteins were necessary for calcium-mediated
cohpetence recovery. Competence reéovered equally well in unwéshe¢
cells whether they were.resuspended in the original culture supernatant
or in iron-limited Burk buffer. Therefore, calcium ions must interact
with some cell bound component which, diregtly or indirectly, influ-
ences the transformation process. Seyera] lines of evidence support

~ the hypothesis that this componeht is the 60K g]ycoprétein.

Although the presence of culture supernatant was not necessary for
calcium-mediated competence recovery in unwashed cells, some factqr or
factors in the growth wedium did ﬁromoée‘competenCe recovery in
dist{11ed water Qashed cells, . This factor is presumably common to the
d:ﬁti]led watér wash fluids and to the rriginal culture supernatant,

It also must be present in noncompétont culture cuypernatant= since the
were capable of supporting comnetence recovery in distilled water
washed, calcium.limited cell=. The &0V glycopretcin proved ta be the
common factor.

The affinity of the 60K glycoprotein f.or calcium forc is obvieus
from the demonstration that these ql;cnprn?eih molecules rapidly pre
ripitate from aqueous solutién made 20 mM in calcium fons. Although
such an 3cidic glycopratein might he evpected to interact with diva';nr
catione, thn cpecificity nf this interaction is evidenced by the okt“'
vat tan that anly one other divalént rntgnv\ tected, v\amalﬂy strontium,
was ahle ta suhstitute for calcium in this regard. 1t is probably

cignificant that the two types'of divalent cations which were capable
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of ionically bridging Pft"ee".GOR glycoprotein molecules in solutionm
also promoted competepce recovery, whereaSbmagnesium:ions wereAnot
active in either process. | .

There is precedence for surface layer components, which associate
with the ce{i surface via divalent cat1on medieied ion1C*11nkege, to
assemble onto an appropriate cell surface deficient in this component
provided the appropriate divalent cation is present (Beveridge and
Murray, 1976b; Thorne et al., 1975). Purified 60K glycoprotein, in the
presence of ca]cium ions, promoted at least a partial recovery of com-
petence in distilled water washed cells, presumably by such a process
of reassembly. Complete competence recovery may have been prevented by
the perturbatibn, or extraction into distilled water, of other envelope
components necessary for transformation. Alfernat1ve1y, the aggrega-
tion of 6OK glycoprotein molecules in so]utionkﬁay have competed with
the reassembly of the glycoprotein onto the cell surface thereby pre-
venting the formation of sufficiently large tracts of regﬁ]ar surface
tayer to promote a large increase in competence.

Preliminary evidence suggests that calcium-limited cells fail to
possess a regular surface array a]theugh there is an abundance of cell-
bound 60K glycoprotein. The regular surface array was certainty
bvesent on cells following the calcium-mediated recovery of competerice.
This implies that it was not the presence of cell-bound glycoprotein,
per se, which promoted c0mpetence recovery but rather it was the
calcium-mediated formation of a reqular surface array.

Whether the regular surface layer fs intjmate]y ihvo]ved in the

~arly stages of the transformation process or whether it is a

'
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fe]atfve]y-inert’]ayer compatible with the diffusion of DNA to the oo
outer‘membrgne remqins to be"détermined. As mentioned previbdély, the

supposition tﬁﬁt specific DNA receptors, which presumaﬁiy include

;nvelope proteins, underlie the régu]arvsurface layer may account-foﬁiy

~the lack -of competepce loss in trypsin-treated ce]fs. 1f this were

true theh the regular surface layer must be porous to molecules of

transforming DNA. One can extrapolate from this hypothesis and suggest
@hat caicium-11m1ted cells may be pooQIy transfd}mable because the 60K
glycoprote1nlmpleéu]es are not}sufficient]y organized to allow the
fofmation.bf the relativeiy large aqueous channels neces§ary for the
DNA to gain accgss to the outer membrane. Furthermore, the aci%ic}bOK
glycoprofein mgié?uJes present as a highly ordered array may be less
incTined to interact with the négative]y charged DNA molecules via the
magnesium 1ons-présent in the transformation assay and therehy hinder
the involvement of this DNA.in.genetic transformation, 4
Recently, fhe natu}e of~Fhe regular surface layer éomponent of
strain UW1 has come into question, I{ has become apparent that a
pr?tein of approximate molecular weight 55,000 to 60,000 may be the
. €urface layer subunit whereas this protein and a glycoprotein of an 2
apparent molecular weight of 60,000 are hoth present in culture super-
natants (W. Ringle, unpublished data; W.H. Bingle, J.l1. Poran, and W.J.
Pag;. Abstr. Annu. Meet. Am. Son-. Microbinl, 1983, K1K5, b. 202). This
wontld explain the appearance of two major protein bands migrating rlose
toqether on polyarrylamide gels when rul'ure gupernatants were analyz-d

by sadium dnde -yl culfate poalyacryvlamide gel ~lect'ophoresis (Fig. ?)

trveleartypde fecuging (Fig. ?). Typirally, only ore major hand wae
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detected when distilled water wash fluids containfng the regu}ar sunaiq-
face ]ayer component were simi]arly analyzed (Figs. 2, 21,. 25) Since
no functionai significance was attributed to the carbohydrate port%bn ﬁf
of the 60K glycoprotein, this new finding has rePativeiy iittle bearing
on the previous interpretation of theoresults.%_

In the presence of magnesium ions and - excess DNA t0mpetent ceils -
bound DNA in both a DNase-resistant and DNE?e-sensitive state. The
treatment of these ceiis with DNase did not diminish the eventual

&%
transformation frequency indicating that it was the DNA bound in a’ 8

state insensitive to externaily added DNase which was destined to

transform the ce]]s.' The discovery that treating competent cells at
42°C would dissociate the process’ of nNA uptake. from .the earlier stages
of the transformation process aiiowed a.separate examination of DNase-
resistant DNA bihding. It s of interest to note that ‘the discovery of
methods for experimentally dissecting the tran t;wmation process are )
. especially important in studies of“ﬁ vznelandiz since it is ve’b
difficult to generate mutants of Azotobacter in genes other than those
involved in nitrogen-fixation (Mishra and Hyss,ulggs, Sadoff et al,
1979; Terzaghi, 1980) and thereby geneticaliy dissect th@ transforma- ;.
tion process. : : : , : 4 W
DNase-resistant DNA hinding to strain UW1 is distinct From DNA =
uptake into the cytop]asm Competent cells appeared to participate im
twotﬁorms of DNase- reSistant DNA binding. One form of binding, pro-
posed to 1nvolve “type 1" DNA receptors, demonstrated the character-

istics of a relatively nonspesific association of DNA with the cel]

surface, This form of DNase-resistant DNA binding was not saturated at



concentjitions o{-DNA in~excess of that required to satunate the ceifs ‘:
. in terms of. transformation? Aithough this type of DNA binding occurred
in the absence;bf transformation DNA bound in this manner may have
sterical]y-hindered other DNA species fr0m becoming active in trans-
formation.} The only apparent requirement for this form of DNA binding
" was 'the presence of magnesium fons. o 3 ;

" The nature of the magnesium requirement for DNase-resistant 'DNA
| binding is uneertain. If DNA molecules are’required to'permeate a
high]y polar regula5 surface layer. then magnesium ions might fﬂcili-
tate transformation by proper]y neutralizing the negative charge on the
- DNA, DNase-resistant DNA binding did not require the presence of a
regular surface array, aithough durfng the process of’extracting this
layer the ce]ls became poorly transformabie; It can be concluded,
therefore, hat at least “DNA binding to some form of type 1 receptor
-~ was not p‘ ented by the ioss of this Jayer. The majorityfof the DNA
" which was bound to ce]is in a DNase-resistant state but ‘not transported

0.

into the cytopiasm was removed from celis concurrent with the formation

t

of sphergpla;ts. 1t may be 11ke1y. therefore .that most of the DNA

kY

Mwhicﬁ/uas not 1nvo]ved in the transformatibn process remains associated

yith“the outer membrane. This suggests that DNA binding to type 1

receptors may Simply represent an association of DNA to the negatively

charged outer surface,of the outer membrane (Costerton et al., 1974)

, e
sufficient to convey DNase-resistance. Magnesium ions could mediate

N
such an association.}ﬁjhis sort of nonspecific association of DNA with

the ‘outer membrane maf~aCCount for the lack of discrimination by type 1

receptors against the.ﬁ&ase—resistant binding of heterologous DNA. Tt

'\
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aiso may account for the abi]ity of competent, precompetent and
ﬁnoncompetent ce]ls of strain UHl to bind lange amdunts of DNA i a
DNase,insensitive state; a characteris%ic appdrent]y unique toA .~f“p_‘k
‘ oy ‘ ST as
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As discussed previously. type 2 receptors ‘are defined as- those DNA

‘“~binding sites which were responsible for the saturable DNase-nesistant

DNA binding which occurred as a specific step preiiminary to 0NA
uptake. The simple saturation kinetics of the Dﬂase-resistant DNA '
binding ieading to transformation: suggests that tyge 2 receptors may be
| discrete entities. A single type 2 receptor may be avadlable to bind '
) on]y one’ molecu]e of DNA since cel]s previousiy exposedvto saturatings
concentrationt of DNA, in the absence of the abilityp to transportng:hisﬁ

DNA were unable to participate in further DNase,resistant DNA binding
s RS ©

Iy ’ . 4

Compéetent cells of strain UW1 discriminate against transformation"
N _

leading to transformation.

by hetero]ogous DNA. The ability of heterologous DNA species to block
'transformation by homologous DhA roughly Eorrelated with.the abi]itjAof
these DNA species to serve as a transforming principle. uniike
transforming DNA species, the ability of nontransforming DNA to block
transformation by homologous DNA did not‘uaryqith'the-time of'exposure
of cells to blocking DNA prior to the addition of homologous DNA. It
is assumed from this observation that nontransforming DNA fails to
become involved in the transformation process proper. 'If DNA binding
to type 2 receptors is‘the initia] stage of nhat'can beISpecifically

1

considered to be the transformation process, then these receptors may

be responsible for discriminating against the uptake of hetérologous
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;DNA It may be unlikely that the 1ack of trahsférming activity of

AR

.,‘.a.i

heterolq?ous—DNA can be attrjbuéed to the failure of this DNA to pos-

§ess the appropyiate moJificption pattern since éttempts to‘demonstrateﬁ

 ffée$sfuI (Hq»Page‘an (K. Roy, unpublished dat?). If the mechanism of

" discrimination invol

d.is analogous to that of other Gram-negative

' organisms which -are nqtural]j 1nQpced to competence, then it may entail

i
v

that type 2 receptors are capable of recognitton of a specific DNA
sequencé.(Danner et al.,, 1980;wGrayes et al., 1982; Mathis and Scocca,
1982; Smith and Sisco, 1979). '

" Two non-bacterial DNA spegies, salmon sperm DNA and (W-14 DNA,
were tested for their ability to prevent the transformation of strain
UW1 by homologous DNA (Appendix 6). Surprising observations were
obtained in both cases. Salmon sperm DNA was ineffecti;; as a b]bckinq
DNA even when pfesenf in amounts five%old greater thanqthe amount of
homologous DNA. Therefore salmon sperm DNA did not ‘affect tfansforman
tion by homo]og&us DNA even on the basis of a dilution of the homolo-
gous DNA marker being selected for in fransfnrméﬁ cells. This implies
that those nontransforming DNA species which were capable of blocking
transformation by homologous DNA did not do so by’a dilution effect,

@W-14 DNA proved to be a more effective competing DNA than any
othed heterologous DNA tested. Similar results were obtained when

gW-14 DNA was used to inhibit the genetic transformation of Raci77wue

) :cubti ' (lopoz et al., 1982: Lopez et al,, 198Na). The samples of

GN 14 DNA }1ffered from other samples of competing DNA in two respectrn

The samples, fhemse}ve< contained FNTA and the DNA melecules were
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: unique in that approximately fifty per cent of the thymine residues had

been‘replaced by putrescinylthymine (Kropinsk1 et al., 1973).. The max-
imum final concentration of EDTA in the transformation assays involving
PW-14 DNA was 0.05 mM, This concentration of EDTA 'was found to be
1nsufffc1ent to H%ve any effect on transformation by homologous DNA
(data not shown) Hhether or not the putresine residues bestowed upon

the DNA an 1%£reased affinity for some element of the DNA binding,

" uptake or 1ntegration mechanisms of strain UHI is not known,

Clearly, it is advantageous for competent strain UW1 to have a

mechanism which allows ce]]s to take up homologous DNA preferentia]ly.

As pointed out by Smith et al. (1981), this encourages the uptake of

0n1y that DNA which is likely to be integrated into the host chromosome
ano therefore be of value to the cell. Moreover, it is not unexpected
that there is some risk involved in taking up whatever DNA molecules
the cells come in contact with 1n’the1r environment especfally consid-
ering shat this may result in transfection rather than transformation.
In thi:Q:;;;FaT‘a\mechanism for the recognition of a particular DNA

sequence rather than a DNA base-modification pattern is part1cu1ar1y

1mportant as only the former mechanism wou]d discourage transfection by

bacteriophage DNA which had replicated in cells of-the same strain,
There remains, however, a finite possibility that the particular
recognition sequence, or a mildly degenerate form of it, may exist on
heterologous DNA molecules (Smith et al., 1981). This may account. for
instance, for the low level of transformation of A. vineluno%i by

R h1izobTwm DNA. Perhaps for this reason, A. vinelandii and H.

influenzae are not constitutively amenable to genetic transformation



: butﬂpnfy become so under the harsh conditions imposed by nutrient -
débrivation_(ﬂerriott et al., 1970; Page, 1982; Page and von e
Tigerstrom, 1978). | |

The fact thaf cells of strain'le discriminate against transforma-
tion py heterologous‘DNA, 1nciudiqg-certain plasmid cloning vectors
maintained in E. colZ, prevents. the use of these highly competent cells
as hosts for common cloning vehicles, “strain UW1 could prove to be
very useful as a host for recombinant DNA (for reasons stated in the
Introduction (Chapter 1)) but fhis will apparently require that plas-
mids native to Azotobacter be developed for use as c}oning vectofs. To
daie, there is no conclusive evidence for fhe existence of such plas-
mids despite the fact that an interest in determining whether the genes
for nitrogen fixation in Azotobacter might be borne on a plasmid,
similar to those of some Rhizchiwn species (Masterton et al., 1982:
Nuti et al., 1979; Prakash et al., 1981). has caused several inves-
tigators to <earch for one (P.F. Bishop; W.J. Brill; personal com-
munications). Although two plasmids, of apparent mblecu]ar weights
2.7 x 107 apd 2.6 x 108, have been reportedly isolated from A.
vinelmdii ATCC 12837 (R.L. Slot, R.N. Reusch, and H.L. Sadoff, Abstr,
Apnu. Meet. Am. Soc, Microbiol. 1982, H22. p. 116) attempts to
demonstrate the existence of a plasmid in strain UW]1 using several
proceduyres for the isolation of large plasmids (Casse et al., 1979;
Crosa and Falkow, 1981; Hirsch et al., 1980; Kado and Liu, 1981) were
unsuccessful, However. when DNA isolated from a population of tranﬁ-
formed cells of strain UW] was analyzed by agarose gel e]ectrophorpsié.

a band of DNA was observed migrating somewhat slaower than the main band
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chrOmosomal DNA (Appendix 5) Efforts are underway to determine \\

whether this band represents plasmid DNA

r

Currentiy, heterologous plasmid DNA can. only be used to transform

vzneZandhz made competent by the artificial induction method used to \
eve]op competent E. eoli (Cohen et al., 1972; David et al., 1981). -
C]ear]y, the process of transformation in these cells is different from
~that in cel]s of 4. vznezand;z.which are naturaiiy(induced tO“compe-
tence. Not only do the two systemszdiffer in their compatibility to
transformation by heterologous DNA but they also differ in their
response to high concentrations of”calcium and to temperature. The
»'artificia] induction of competence requires that cells are treated with
'200 mM calcium chloride (David et al., 1981) whereas one-tenth this
concentration of calcium chioride in the competence induction medium
prevented thevnatural deve]opment of competent cells. The deve]opment
of the ability for artificialiy induced competent cells of A
vinelandii to transport DNA required that the cells be pretreated at
42°C (Bergmans et al., 1981; Weston et al., 1981). This same treatment
had exactly the opposite_effect.on cells of strain UW1 which were
naturally grown to competence.

‘ Duringuthe.transformation of A. vinelandii which are paturally
induced to competence, approximately fifteen to twenty per cent of the
DNA bound to competent cells in a Dnase-resistant_statefwas transported
into the cell cytoplasm. The transferming DNA did not appear to enter
a phase of biological eclipse during the transformation process since.
bioioqicaliy active donor DNA marker was r¢covered in the envelope-free

~

crude lysate of cells approximately one m#hute after the’e cells were
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exposed to transform{hg DNA. Although the auount of donor DNA‘uarker
recoverable from the cytop1asm of competent cells 1ncreased over the 90
m1n period immediately following the initial mixing of ce]]s with DNA

. the lmount of recoverible marker decreased during the subsequent 90 min
" period (data not shown), This suggests that shortly after uptake the |
donor DNA marker had pot attained a permeqent status in the ce]].
Therefore, the presence of biological activity probably“was not the
result-of a rapid integratien of the DNA .following uptake. The
observation that heat-denatured DNA would not serve as a transforming
principle, therefore, suggests that cells of strain UW1 take up,DNA in
a_douu1eistranded form similar to other Gram-negafive bacteria which ..
are naturally induced to competence (Barhart and Herriott, 1963; Biswas
and Sparling, 1981; Notani and Goodgal, 1966 Stuy, 1965). This notion
is supported by the observation that, during tﬁéfuptake of radio-
actively-labelled DNA, the cells of strain UW1 did not release an
equivalent amount of acid-soluble radioactivity similar to hacteria
“which are known to convert transforming DNA t~ a <ingle.stranded form
prior to or during uptake (Lecks, 1977a).

The tra@atment of competent strain UW1 at 37 to 42°C resulted in a
loss of the ability of cells to transport trathorming DNA across the
cell envelope, This did not appear to be due to the inhibition of’
synthesis of some component required for transport which was rapidly
turned over by the cells since there was a 2 h delay before this factar
was expressed in ce]]éefeturned to incubation at 30°C. Rather, there
appeared to be someheat-labile structlire nr function involved in DNA

uptake.” The-results nf this g'dv runggect that DNA yptake occurred at

s
el



certain heat- labi]e sites of adhesion between the tnner membrane and R

R .
t o4

the ceil wail _ _ N _
| Certain adhesion sites which fortuitously were among those o ® ~
'.reveaied by freeze-etch e]ectron microscopy. were. observed to be sensi-
tive to heating at 42°C. 0bviousiy, this single observation s insuf- - -
ficient to imply that the ioss of these adhesion sites is re]ated to: 'VE‘;’;h X
the loss of transfo rm ion competence.but_severai other—ebservations—dof{f¥~j~:"*?¥
serve. to support such an hypothesis. The disruption of these adhesion ‘\&;.

sites was not simply indrcative of a generai loss of membrane integrity ”;' ~. _}5}
since most adhesion sites (observed by thin sectto/'eiectron micro- 1’ B
scopy) were not simiiar]y disrupted and there did not appear to Be a
~genera1 heat induced 1oss of membrane materiai (Katsui et ai., 1982) 'm
Only a re]ativeiy Smaii amount of the regular surface layer component‘ ' ‘
was observed to be re]eased from 42°C.treated cells, . The heat- iabile '
adhesion 51tes were shown to redevelop concurrent with the recovery of
competence 1in 42°C-treated cells. Simi]ariy, these adhesion sites

first appeared in ceiis just prior fo the initial development of compe-
tence. The development of these adhesion sites was uot simpTy part of

the reSponse of cells to iron-limitation (Page and von Tigerstrom,

1978, 1982) since noncompetent ceiis grown in iron- limited Burk medium
Containinq oiutamate as the sole nitrogen source did not possess these
structures Noncompetent cells prepared by growth in Burk medium _
(containing iron) also failed to possess adhesion sites demonstrabie by
freeze-etch technigues suggesting that these adhesion sites may be

. unique’to. competent cells.
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The structures observed in freeze-etch replicas of competent cells

which were determined to'répréseni adhesion sites were. "plateaus” of

;&;outgﬁ membrane material situated on a fracture plane which otherwise

.had passed through the hydrophobic qpre of the inner membrane (Bayer
Aand Lieve, 1977) It has been Suggestgd that the_presence»qf these
structures may be due to certain 1ntedré1 inﬁar mefmbrane pr;t;ins which
provide sufficient resistanrp to rlaavaqo through the inner membrane
f(M E. Baye: gandyh.H Bayer, Abstr. Anpw, Meet., Am. Soc, Microbiol.
1982, J3, p.. 172) However, the nbservation thaf certain inner
:membrane protoins copur1f1ed with outer mnmhranp material fo]lowing the
;heat 1nducod disruption of these plateaus in stra1n UW1 imp]ies that
‘thesp structures do represent peintg of aseociation hatween the inner
and outer membranos . ‘

Rather surprisingly, perhaps, these apparently competence-sperifirc
adhesion sites deve]opg? in the ahbsence of synthesis of any compe-
tence-specific in;pv h;ﬁhrano or outer memhrane proteing (W. Pégo and
M. von Tigerstrom, 10R7: unpublished results). (One intégral membrane
protein of apparent moleculér weight 49,000 was'specf'ir to the in?evL

mediate density membrane fraction of compqront cells, This membhrane

°fraction has heen suggested to be enriched for adhesion sites (Rayer et

al., 1982; Tomita et al.. 1976). The relationship between this syn.
thesis of this protein and the devélopment ofﬁcompetence has not beén
investigated. The development of these ﬁewbranelsdﬁosion.sjges did
orcur concurronf with changns'in the‘fatty arid constituents of the
membrane phospho'1p1hs (Appéndix 10).  The major changes fn the fatty

acid rﬂsvd"rt ntothe l“ﬂspho‘ip1ds of hoth the infier and outer

»
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membranes during competence deve]opment were an 1ncrease in the re]a-

tive amount of pa]mitic acid and a decrease in the relat1ve amounts of

‘myristic pa]mitoleic and oleic fatty acids. Both competent and

noncompetent vegetative cel]s were found to contain small amounts of
seventeen -and nineteen carbomr chain cycloprdbane fatty acids. These

fatty acids were previously reported to be spec1f1c to A. vznelandoz

~ cysts (Lin and Sadoff, 1969; Sadoff et al.. 1975). The very long chain

twenty-one and twenty-three carbon chain fatty%acids also reported to
be specific to cysts of 4. vinelandii (Su et al., 1981) were not
detected in either competent or:noncompetent cells. Similar to A.
infiuenzae.(SUtfina and Scocca, :1976), competence development in 4

’ ’ ‘ L)
pid head groups (W. Page and M. von Tigerstrom, unpublished reSults)f

Unfortunately, very little is known concefning the structural organiia-

tion of adhesion sites (Bayer, 1979) and'it was. not deteﬁmined»which'

+ fatty acids were associated with which phospholipid head groups.

Therefore it is difficult to correlate changes in the fatty acid
contept nf the pnospho1ip1ds with the‘deveiopment of the specia]ized
membrane structures possibly ex1st1no£at the adhesion sites, Once more
becomes known about the structure of adhesion sites an investigation of
the phospholipid content of the intermediate density membrane fract1on
from competent and noncompetent ce]ls may yield 1nteresting results.
Competence recovery in 42°C-treated ce11s required RNA and protein
synthesis, Tf certain adhesion sites are actualiy the sftes‘of DNA
uptake, then it is nnt unexpected that the insertion 6f pore-forming or

DNA binding proteine at these adhesion sites is necessary for DNA

<

S
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transport. i; éﬁ atteﬁpt to identify suéh proteins, 42°C-£reated

cells were labeled with [14c]glucose. for a period during competence
recovery. Unfortunétely, these results failed to indicate the specific
synthesis:of-any'1ntegraT.mgmbraﬁe proteins kApgendﬁx 11). Instead
there was a general labeling of most integral meﬁbrane proteins in
proportion to éheir proﬁinencé in the membrane as determined by
Coomassie b]uévstaﬁhﬁng.

It could not be determined whether the cells which recovered
compétehce‘fqllowing fheatment of a competent popuﬁatfoh of strain UNl‘.
at 42°C were also competent prior to heating, In populations of other
Grém—neggtiye organisms wh{ch are naturally induced to competence; '
virtually all cells are transformable (Bis&as et al., 1977; Herriott et
al., 1970; Sparling, 1966). Attempts to determine the actual level of
competence in a transformable popq]ation of strain UWl by assaying the
transformation freduency of single and double transformants b}‘unlinkéd
markers (Goodgé] ana Herriott, 1961) were unsuccessful. Since A.
rinelandii are reported to kontain 20 to 50 copies of the chromosnme

per cell (Sadoff et a1.5‘1979), the "failure to estimate the level of
competencé by this method may have bépn due to the tendency of the two
‘markers present in doubly transfermed cells to segregate rapidly.

) The timing of events during the genetic transformatibn of A.
vénel&ﬁdii was similar to that in A. influenzae. DNase-resistant DNA
binding in both organisﬁs demonstrated a lag of 1 to 3 sec and was
caturated & to 10 min after the exposure of cells to saturating

concentrations of DNA (Deich and Smitﬁ, 1980; Stuy and Stern, 1961).

Althnugh NNase-resistant DNA binding occurred relatively early in the



-194- -

~
. L

erocess of genetic transformation of 4. vineléﬁﬁﬁi, DNA uptaké'appeered
to extend over at least the 90 min period follouing ifnitial DNA bind-
ing. New1y adcquired - donor DNA was expressed in cells beginning 60
to 80 min after the exposure of cowpetent ce]ls to DNA, Therefore, the
timing of DNA 1ntegration in strain UW1 is also comparab]e to that of
H. influenzae 1n which 1ntegrat;on occurred between 10 and 60 min after
" the initial exposure of cells to donor DNA (Stuy, 1965).

In order to understand the early stages of theltransformation
process in molecular terms it ts 1mportant to identify and characterize
the envelope comgoneﬁteljnvolved. Verj»ifttle progress has been made ,
in this regard.  ® |

Similar to A. influenzae (Herriott et al., 1970), A. vinélandii”Op
strain UW1 ts induced to competence under.ndngrowth conditions which
permitted protein synthesis.' Desbite this,rnO‘COmpetence speciftc
inteéra] inner membrane or outer'me@brane proteins appear to exist
(Page and von Tigefstrom, 1982, unpublished results). 'This study,
,however, has indicated that several enve]ope-proteinSfmey be worth&‘gf
further investigation 1n’regard to possible roles in gehetic transferm-
ation, ' .

The extraetion into distilled water of one particular acidic -

_ enve]ope protein (pI 5. 19) correlated with the 1nab111ty of ‘calcium-
limited cells to recover competence in the presence of calcium fons and
culture supernatant. The fact that this protein was not similarly ST
~extracted in detectable amounts from noncompetent cells or very poorly .

 competent cells suggests that its presence in strain UW1 may correlate

with the exiétence of a competent state. The difficulty with
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vintéfpbeting these results to imply that this protein may have a role

in competente is that the treatment used to extract Fhis protein prob-
ably had other detrimental effects on competence resulting from the
extraction of phosphoiipid (Smith and Wyss, 1969) and lipopolyséccahide
(N; Bingle, unpublished data). Simi1ar1y. it has not beén determined
whether the release of four common proteins from competent cells washed
with distilled water or 0.2 M magnesium su]fate_in Tris buffer is
related to the loss of competenpe~i6curredvin each case or whether the -
release of these proteins is only indicative of a general loss of |
membrane integrity (Cheng et al.,'1970; Ingram ef al., 1973§ Smith and
Wyss, 1969). It is certainly expected that some envelope proteins are
‘involved in DNA binding and uptake. Obviously the formation of spe-
cific adhesion sites is insufficient for bNA uptakg unless a hydro- = ¥
phf]fb poré, presumab]y forﬁed by protéins, also exists at this site.
Furthermore, protein molecules have been clearly demonstraﬁéd to be -

- capable of the recognition of ‘specific bNA sequences (Andérson et al,,
1981; McKay and Steitz, 1981). Therefore, it is possible that a
specific envelope protein is responsible for the mechanism of discrim-
ination against the uptake of heterologous DNA by competent cells of

strain UW1.
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Append1x 2 IEF PAGE‘of d1st111ed ‘water washes ﬁrom noncompetent ce1ls '
prepared 1n Burk med1um 1ack1ng ca1c1um Approx1mate1y 3 X 10
cells were washed 6 times with d1st11]ed water as de5cr15Ed
_(Page and Doran, 1981) The prote1ns present in these wash

: fluids were concentrated according to Page and Doran (1981)
and 150 ug of prote1n was app11ed to each<u911 of the geT
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_Appendix 3. Competence Recovery by 42 C Treated Ce]]s 1n Fresh Med1um
o and D1fferent Growth Supernatants ’ R

Recovery Medium - | | o Transformationffrequen y,,
Original supernatant-no resuspensi‘onb - 2.6 X 10'3 i
Supernatant from unheated culture = - 8.6 X{]O'l.4
Supernatant from 42°C-theated‘cultUre»~ . 5.3X 10’4

Fresh competence_induction med1um 75 x 107

Stra1n le cel]s grown to competence (V1f transformat1on frequency
1.1 x 107 ) in iron-limited Burk med1um (competence induct1on med1um)f{_.
were treated at 42°C for 25 min after which no competent -cells were- wﬁ; h
, detected. Cells were harvested from- a]lquots of thls culture by cent-ff i
'r1fugat10n and resuspended in an or1glna1 volume “of f1]ter ster1lized"
culture supernatant prepared from the heated and unheated port1ons of
the or1g1na] cuTture or in fresh competence 1nduct1on med1um The. ..
level of competence -was determ1ned following 5 h 1ncubat1on at 30 c.

A portion of the 42°C- treated culture was 1ncubated without harvest1ng
and resuspendxng the cells.

*
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Append1x 4. Time course of. derepress1on of n1trogenase Sra1n UW was

pregrown for 20 -h in Fe- 11m1ted Burk medium, Cells pellet-
‘ ed from 5 ml aliquots of cu]ture were washed twice: by

' :Jikntr1fugat1on with 2 5 ml of Fe ]1m1ted, N- free Burk

o medium prior to respens1on in 5 ml of this growth med1um
~The cultures were: added to 10-ml Erlenmeyer flasks and
'1ncubated at 30°C. At 30 min intervals beg1nn1ng 1mmed1ate-

ly (zero time) n1trogenase activity was assayed as describ-
ed' in Mater1a]s and Methods.
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,'Append1x 5. Exam1nat1on of

e i e e e r e s et

[32P] labelled: mater1a] from cells new]y ‘

. transformed- w1th [32P]DNA A1 radioactive material -

- .from cells transformed with {32P]DNA was present in thej)}l;‘
'ethanol prec1p1tab1e fraction prepared.as descr1bed in .
Chapter Iv.. Thls mater1a] was exam1ned fol]ow1ng dwsso]u-
twon and electrophores1s in a TEA- 0.5% agarose gel. DNA
and RNA ‘were visualized. by. ethidium brom1de sta1n1ng (A)
Lane- ] conta1ned » cI8s57 DNA. The ethanol- prec1p1tab]e
mater1a] was added to lane 2. Chromosoma] DNA (c) m1grated
as a t1ght band of DNA w1th an apparent molecular we1ght
greater than 1 7 X 10 A second DNA band of chromosomal,

. or poss1b1y p]asm1d (R L. S]ot, R. N. Reusch and H. L.
Sadoff, Abstr Annu. Meet. Am Soc. M1crobio] 1982, H22 p. 116)
A origin m1grated at a slightly slower rate. RNA molecules’ (r)
had been electrophoresed to the end of the gel. An-autorad-
iograph”of this gel (B) indicated‘that_all radioactivity was
present in the high molecular weight DNA fraction,
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Appendlx 6 Inh1b1tory effecf of ﬂw-14 DNA' and salmon sperm DNA

Ei on- transformat1on of strain’ le by homo]ogous DNA
.Competent stra1n UNI ce1ls were suspended 1n transfor-
- mation assay buffer at: 303 and- exposed to. varwous '
e R : concentrations of ﬁH-]4 (cn or sa]mon sperm DNA (0)
C : !,Follow1ng 20 min’ 1ncubat10n, 1.0 ug of stra1n 113 (N1f )
e B ylLfDNA was added ‘to: the transformat1on assay DNase-res1s~ -
tant DNA blndlng was stopped after a further 20 min 1ncu-
4bat1on per1od by ;he add1twon of DNase 1. N1f transforma—
- : frequency was determﬁned as’ descr1bed Jin Materlals and '
L “-e_. wMethods. ' : '
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Appendfx.7

Transformat1on of stra1n UWT with heat-denatured DNA.
A]lquots of crude ]ysate strain 113 DNA (60 ug/m]) in -

“$SC-SDS were added to tubes preheated at 100°C. The

samples were held at 100 C and at time fntervals the -

tubes were té‘hsferred ‘to-an ice bath for 15 min. The
" DNA lysates were then equ111brated to 30 C and their

N ab111ty to transform competent strain UW1 was ‘determined.

—
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'Appgndix 8. Agarose_gel e]ectrdphonesis'of plasmid DNA. Plasmids

isolated as described in Materials and Methods were
electrophoresed in TEA-0.5% agarose‘geTS.vDNA bands wéref
detected by ethidium bromide stafnjng‘ahd observation under
'UV-(BOO’hﬁ) light. One plasmid preparation 'was added to each
Tane of the Gel. Lane 1: pDT 831 (270.kb). Lane’2: pDT 833

- (180 'kb). Lane 3: R1 (101 kb). Lane 4: R1-307 (54 kb)..Lane
5: 1010 (8.9 kb). A small amount of contaminating Ei;qpli
chromosomal DNA (c) was present in some of ‘the preparations.
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Appendix 9. SDS-PAGE of proteins from 420C—tfeafod'and unheated
membrane fragments. A suspension of membrane fragments
generated by French pressure disrurtion of competent
strain "Wl was divided in half and one portion was treated
at 42°C for 30 min. The unheated (1) and heated (T1) memb-
rane fragments were isolated on surrose gradients (lage and
von Tigev<trom, 1987) and the peak fractions designated (M)
outer memhrane peak 1, .(B) outer membrane peak 2, (C) inte
bmediaho density material, and (D)} inner mamBThne fkaqmon'
were analysed by SDS-PAGE as descrihe”’ in Materiale and
Merhode Proteing wars g Tubiliz=d Yy f1 (=ing ard ''1

Tt it armle ‘v U oy
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... APPENDIX 10. Fatty Acids from Phospholipids gf Inner (IM) and Ouiér‘(OM)Vr--
o ~ Membranes of Competent and Noncompetent Strain UWI.

"y

. Percent of Total Fatty Acids®

.Fatf; Acid - .Competent Cells® -~ - Noncompetent Cg]lsc
R | SRR 1 oM. M i OM
Myristic’ .34 - 33 a3 9.4’
Palmitic . 40.8 387 3.4 29.0
_Palmitoleic =~ 0.1 395 F 303 38.0
" cis-9,10-methylene- = 0.5 0.4 . 0.6 0.7.
hexadecanoic - « o o B
Oleic 22.6 . 18.8 26.2 $20.0
Stearic 0.7 IS 0.3 2.1
Lactobacillic - 0.7 0.8 0.7 1.2
Othersd - " 0.3 . 0.1 -
aMembrane vesicles were prepared as described id"Météria]s.and Methods.
.The percent abundance of each fatty acid methyl ester was calculated
- from gas-1iquid chromatography .data as described in Materials and
Methods. . . '
bCompetent cells were brepared by 20-22 h growth in iron-limited Burk
medium. _—
- cNoncdmpetent Ee]Js were prepared by growth in Burk medium under other-
wise identical conditions. -
d

~The inner membrane preparatioqs also appeared to contain very small
amounts of pentadecanoic, mephy1 pentadecanoic and arachidic fatty
acids. ’ o :



. Appendix 11 SDS- PAGE of [ c] Tabelled, membranes Heat- treated (42 c,
o o 25 m1n), former1y competent ceils were 1abe11ed durlng
competence recovery us1ng [ Cngucose as descr1bed in
Materials and Methods The, ce]ls were Iabe]led for a 4. h _
period as cellular metabo]1sm had become 1mpa1red by pro- "
longed iron starvation as .evidenced by the- lack of in-
crease in numbers of v1ab1e ce]]s dur1ng 8 h post heating
1ncubat1on (Chapter Iv) Cells whlch were h1gh1y competent
'pr1or to heating (N1f transformat1on frequency 1.2 X 107 )

et

developed Yow levels of competence ‘after 8.h 1ncubat1on in

glucose-]1m1ted (N1f transfonmat1on frequency 6. 8 X 10 );
The addition of [ C]glucose to 0.2°% alloweqﬁthe ‘medium:
- o ‘to support competénce recovery durwng K incubation (N1f+‘ ,
o . transformation frequency 1.0 X 1073) aimost as well as
'iuor1ginal culture supernatant (N1f transformat1on frequen-
'-,}cy 2.5 X 10° ) demonstratin e need for a source of
:“carbon for competence recovégythMembrane fragments ifsolat-
'ied from sucrose grad1ents were ana]yzed by SDS-PAGE. ~Mem- *
4brane materxa] from (A) outer membrane peak 1, (B) outer
'.membrane peak 2, (C) intermediate density fraction and (D) -

".1nner membrane fract10n (see Chapter V) was so]ub1112ed by" o

bo111ng for 5 m1n in'sample buffer (Materials and Methods)

' The samples were applled to a 51ngle gel-as four rep11cate
sets. The molecular weight standards mixture (S) was ‘that de-
scribed in Fig. 16 with additional ribonuclease A (13, 700).
Fo]]ow1ng electrophoresis the gel was sl1ced 1nto four ‘_
sections (I- IV) After approprlate treatment of each the .

- results were assembled for comparison. Sect1ons I, 11 and
Il were stained with Coomass1e blue R250, periodic ac1d- .
Schiff sta1n and a s11ver stain for ]1popo]ysaccar1de
(some proteins were also stdfned), respectively; Section

IV was used _,for gel f]uorograph§nd the aut_or_ diograph . -

is presented. The open arrow ( ') indicates
of lipopolysaccaride and the solid arrow ! 1nd1cates
the mxgrat1on distance of po]y B- hydroxybutyrate.
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