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Bacier mp'n.age Mu mteera&es and replhcates ns eenome via DNKA i

<

ransposition Mu iransposition e.urmg integration is non-replicative

(conservative) and generates simple insertions Transpesiton during

"'19 lytic cycle 1s replicatave and ampuﬁes the Hu genome by .
comtegrate pProduction Mu therefore, must cfose between these two -
pat.hways. Infect.ma Hu DNA 1s found' a.seoczated with a com)ect,ed.. 64 —

KDa virion prote:.n bound. noncevalently 10 its ends. Characterization

- -o‘thepman—b&mplexisreportednem,

Antisérum was prepared-against €he virion 64 KDa protein and used

_to probe an expressicn n.ézér‘y of cioned Mu DNA sequences. The Hu X

v gene was’ gnapped \o me-overprvduc.me clons by physial and eeneuc
‘tecnmq'us. hrual prot.coiyms of the N prvte.m prod.uced in-vitro a.nd

re8
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o '_.’.toqanyﬁtespeclﬂcnmmmngpmmmm-
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{ L

i
A .

{ Tne transposxuonendpmw produoad.mv.ttrobygen . o
L pmte.m-nu DNA complex isclated from Mu infected .cells was ‘*xamined by s
neutyral and alkalme a'a.rose gel electrephom.s. The Mm-nm

. ¢

complex was. found to form an identical strand trmferred end. product.

.

as the rp.uu-nu control plasmid. The mpgaupn of these findings for . -

Mu mtegra:t;on is that in vuvo, the_strand transferred product is

pr‘pbablyproees’edby‘secdnd.ruck following the initial strand -

/ _ , .. . . . . - .
transfer reaoction of transposition. - ’
--' : . -s‘ ‘.it ; . ' L} )
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INTRODUCTIOH TO Mu

-—

-
In 1963, Tavlor discovered a bacteriophage contaminant in an

Escherichia coli Ki2 sirain which ‘he received from another.
investigator. Subsequently, ie found that the phage was temperate,
liKe phage lambda. UnliKe lambda, however, approximately 27 of tlie
lysogens were found to be auxotrophic for an am.:.nb-éca.d or other
growth factor. From th:.s observation, Taylor proposed that the Mu
phage DNA was capa.ble ot A.nsertu}g into near random chromosomal

locations. Taylor named ithls phage rm.::.‘ca‘c.oré or Mu-4, for its

" ability to mutate the host that i1t invades.

.-

Since 1963, bacteriophage Hu has been shown, by many

4
investigators, to {ntegrate and replicate its gename by

transposition (descrided in the next section) and is in fact, one-
» \ ' a -
of the two E. co0ll phage Known to utilize transposition in thas
way. The other phage, DIi08§, i1s-closely related to Mu in DNA

sequence (Mise, 1974, Gill et al., 1981).

Mu DNA extracted from virions is doubile stranded and
approxmately 39 Kbp in length. A map showing some physical detail
of the Mu’ genome is shown in Fig. 14. When the virion DEA is
denatured; renatured and examined by electron mMiCrOSCOPY, WO
featur'es of the genome become apparent. First, single-stranded DNA,
1-2 Kb long, 1S observed at the right end of Mu (Daniell et al

1973, Hsu and Davidson. 1974), and cornresponds to Jnost DRA au.ached

%o tne ends of the phaee (Daniell et al.. 197%5). This is termed the
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Figure 11: PHYSICAL MAP OF gu DNA

Aphmalmpoftzﬁnucenomeumm along with a few
lanamark réstrictign sites. The host sequences at the Mu left end are
shown as the thin vertical line, the Jvariable right end (VE) of Mu is
represented by the darK box, the mverume G region is enclosed in

" brackets. The three general regions of the Mu genome (a, G, B) are
demarcatedsabove the map. The « region left of the Beln site
contains the phage early control genes, the transposition and,

' replication genes and the semi-essential early genes. The remalmne a
rmmmmehumwun&ammemhonnmand '
_strucdtural genes. The invertible G region contains tail spike genes
necessary for host recognition. The B region contains a géne that
controls the inversion of the G region and genes that control the
'Protective modifjcation of Mu DHA (Howe, 1987). The map is redrawn
from Harrs and Howe (1983). - L.

- » 1




* t
variable end (\!...) reslon of Mu. Second l‘ the DNA was prepared

from Mu iyscgens 1nduced 10 maxe phasge, a denaturauon bubble 1s

obhserved near “he variable.end r*e‘gzon wn 50Z of the moiecules. !‘2,1:.5

denaturat ic. zubble 1s termed the G r‘egmn of Mu and 1s a 3 Rip
region that s -apadle of lnvernns Inverﬂo"z of thus sequence is

catalyzed by tne g£in gene pr‘od..xct and aliows the producuon of

-

alternate phage absorption proteins that broaden the host range
; (Hsu and Davidson, 1974: Kamp et al., 1978; Kahmanryt al. 1984).

u\'

. ]

-

- ®

HMu DNA 1s always found covadgntly assoca.ated with the DNA o'f

the last host strain that 1t mfeéte& ‘there

to 144 base pairs of host DNA at the Ieft end

paits at the right end (the, variablé eﬁc'l reg
’ a R t * R
1976; George and BuKlari, 1981} This results fi%m iNi at
»

Mu DNA is pacKaged by a headful mechanism starting near the left

- \ * .
end of the genome and proceeding r:.ghtw_ard until about‘ 38. Kbp nas .

..

been packaged (Bukhari and Taylor, 1975)

-
. . -

. IS o T - & -
Mu present.s the mvestuator with some very imporiant -

advantagessm studying DNA transpo:uuon. The first advantase

amses bec&u,se Mu-has evolved to utilize transpomuon-very

efficiently; transpos:.uon of Mu . oocurs at a t'r‘equency wl'uch 13
several orders of ma.crutude gredter than that found in any ptner

system.’Second, one can infect a cell, known to have no other

\.

copxes of Mu, with i:he Phage and follow the fate of the mfectma

DNA. A thira a‘vantage of studyme Mu is the convenient .1n. vm’m

tr_ansposn“ystem developed by Mizuuchi (1983) Finally, Mu 1s a

x]
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temperate pha.ge and mutrants of Mu that can e 1nduced to transpose

at will- have been isolated (Mowe, 1573

¢
¢

Hu was Tedognized -as a transpesing phage. rmmediately upon

2iscovery’ by ';‘ay‘xz’rh%é). In or‘der o fully underst_an-d -thé M
. - . - - - .. >
* life Cycle, one must understand DNA transposition. -« :
. ‘ . ~ . .
~ L
INTRODUCTION TO TRANSPOSITION.

» -

Transposition 1s the movement of'a“d;s;rete piece of DNA, the

transposon, t’o' a new site in the eenome Transposz.uon was first

proposed by HcCI:Lntock in the late 1940’s to explam the vamety o:f

- pnenotypes observed in Maize Kernel morpholoey “(Ha@lnxockg 19501 ._' |

Hccnntock observed that ‘these Phenotypes correlated with, .

v, #

-» T
.translocations Of the ma.tze chromosoms. and She furtherjt.&meorlzed-

f" -

tnat the translo':zuons were caused by moveable ‘pzedes of DHA‘ or :

.what are now called trﬁosons. Phys.lal ehdence for _\ .

.-
transpos.tuon Was not found. for about f,wo deaades. unt.u mseruons
| m bacter.tal genes were cbserved to c&qﬁen&amns. Lt > R
. l-r’:"' . Lt Lo <

P g - . .
- .7 B T [

- ) .- . . J/A"“ ‘é.' ',b .,.L"'»l- .
) .There are two end prod,xf% }b’served' fonowmg\transposxyon in -
R ’ - ‘. e r -

bactema: comtégra;es‘am s.unme msemons (for a recent NVIeN -

.
PR -"’

on transpoauon 'see Grmdley and Reed, 1985). ‘The structure of the

~two end products is snovm in Fig. 1.a COmtegrates. also Known as
repncon fusions, result whern ¢ the transposon :.s dupucated during .
C transposition. X new oopy of the transposon £ cenerated and the »

- vector poruon O‘f the donor molecule 18 mtecrated into the tarcet

. . o

c . - - f

. L .
LI s o

. o
[UVOF c».i ab s T P v\q_-“-ﬁu.\-«‘#vwmu-m«mi e g




:r;;sbe:anAO

sieple insertiorn

-

recombination’

replacon fusion

"_neunzza: ON END PRODUCES . B

- -

. Transpos.tuon can eenerate ‘etther of two ena wmw\a@?pue‘bn
-fusions or simple insertions. Replicon fusions,-~the end product on
the left, consist of the vector ana target ,molecmes Joiried by two
copies of the transposon. Triese tlommmted anring the .
‘movement of thie transposon.and are. found as direct repeats in the end
Product. Ariother term #5r replicon fusions is cbintegrates, referring
© to the comtecrauonof transposon any vector DNA into tne-tareet.-
- Simple. insertions, the end product shown on'tie right, are the

- -insertion of the transposcn into the target.DHA alone., Simple-

insertions may be-generated via site specific recomdination of a. Lo
mnmwwremmtememwvecwr/wahqm plaamm :
andmeumtpmmccontammgthemnmneehammof L
._mmumtunmammmetm:mmm
metaxt.'rnetrmpqaonsequencbsmsnownaawavynms,v Lor
Duumomumnnnamdwmnmn&umck es.
‘The smin arrows present the transpcson’c ormztaﬂqn." L




~

,

- .- \".-

. -t Mlovement of” a_ iransposon resﬁlts in the dupucauon of a short

. '“olecule and then :Lnserted mto the t.a“get molec"‘e -However site

szte along.w;th bO'Lh copies the transpoeon \Sunple 1nseruon end

mc& appear as lf the transposon haad exc:.sed :from the donor

Y - =

+

speea.ﬁc recombination of the comtegrate molecule would. also give .

- =
-

"a simple insertéd end product. - - 4 .
’ - : S .

-t ) o .

. In addation to tlie two potential end products. there are twé 4

L4 -

tra.nspdsiuon‘ pathiways: replicative and o rvative. Re‘pucauve
transpos.luon .anolves exten.sive DNA repucauon of 9 'transposon. -

. whereas conservauve tx'nspos.tuon anvolves a num.mal amount of
‘replication.

hY -
B

P - - - T . . -
e - .- e X . . - .
) .

-

sequence of t.he target DNA. These shor't re’peats are found- fla.nkuu L.
the newly mser-ted transposon anda are in a drrect omentauon The '
slze .o-f the d.tmt. repeats formed 15 cbaracter:.stxc of eacnb L e
trhnsmo? Hu generates 5 bp dupucauons o-f the tareet DRA durms *
transposiuon (Anet. 19'79» ‘ o 3 , ..

- . . * . Lo . | 4
. ¢ - - Y N . . .
- - v - o .
. .
& L - - . . . ’

'Sevéral models for replicitive transposition have been

. : .- C: . -

* N proposed. but tlie' mobel iha’t hds 'thhstooa the sci*uuny' auoiéd by~

\ a:l'.at..l.en is the model that was farst proposed by

model of trampos.tuon. "nns model involves: the conoerted att.zcu o‘

doth tramposon ends on a tareet molecule. Hore specz.ﬂceny. the

ends of the transpoeon are mcked and a doume stranded cut 1is made




i F'IGURELB:TKBSHAPIROHODH.OFTRA@OSITIOH

_'.l’he, Shapirc franapouuon model M predicts the formation of
simultanecus nicks at opposite ends of the transposon (wavy lines) on
opposite-strands. The target molecule (thick lines) is opened by a
- doyble stranded cut that -‘produces overhanging ends. The nicks at the
ends of the transposon are ligited to the overlianging target
mmmmemtrmﬁrmmamshmmma
middle that resembles a 6. DEA repnataon Proceeds through the
mmmpmmmemmwbeenrepnammeend
mmtofthutramp&lucnmdelnknownuacommte .
molecme.whmasecondcopyofthemmposonnubeenmaudby

' \ DHA replication, and the donor replicon (thin lines) has been joined
: - to the target repum Trie polarity shown, wliere the 5’ phosphate at
> meendofmeurmmsmgomhdmnamnedtome? :
hydroxyl found at the nicited Mu end, was determined by Mizuuchi
(1984} The .duplicaticn of target DNA°found at transposon insertion
amummumuwartﬂem”ermmmuence
eeneratecmtneﬁrm Afie’ nick sites are shown as
mm.mnmn-mm strand transferred product,
( fed, 1s shown as the small open
mmmmmw HA represent the base pairs
duplicatéd in the replicated end preauct. The orientation of tpe
trampooonn:nomhytnearx:ov mmelton..

- . -
.' » . . ' - ¢ w . 4

—
+ e ' . ¢ - a

e -~ . - . L L.

Py

L

e

. - - s L " N . e P
&: PR ACIRY U ek L A IR e .o . e maale tat e
PR I - - oy TV e ULy R TS I Tom RSP Ao [ %
A S S RN Y SO o e L L LY LR AR L DY I T T LA TIOR T R R e IR i, P RPN - I o



/

n trI-e. t’arget molecﬁle. Thesdouble su\a'nded cut ends of the targe:

9

L4 PR Y -

S
molecule are tnen Jon.ned to the RrIcKs found at the ends of the

A
transposon The strand transferr:ed product thus formed resemblg': a

..

repucauon fork. The transposon losated in thz.s stcan-k transferred

.

Product 1is repucated by host proteins 0 gener&te a cointegrate

-

cel ot . .
end produc_t. Simple insertions may be formed $rom the cointegrate

b

X . .
molecule by a reciprocal recombmgp.on event (Shapairo, 1979

>
-

-

Simpile J.nseruons could also arise’ by nj.j-epucauve transpo-
sition. It has been observed that- t.he Shapxro strand transferred

product could also form conservauvp simple insertions (Ohtsubo et.

-

al, 1964; Mizuuchi, 1984; Derbysnn-e-q'nd &'mdle}'.‘ 1966). The

strand. transferred product showr i Fig 13 does not mave o

undergo extensive DNA replication ,;;f;ord'er io,.r'esult in an

. R ) & - -
‘insertion of the transposon into the target DNA. Rather, the -

tp@hisposon could be cut by an ‘endox;uc}ease_ in the sirand opposite
to ;.he original nick. This. cizt oonld be made’ €ither béfore, or B
after DRA nepnauon has begun. Fouowmg repair o-f the nick, the
end product is the mseruon of the transposon into the target DHA.
The donor’s vector sequences are then degraded Smce they nave been
linearized and no't revealed. Conservatj.v.e transposxuon does~not
nave to proceed via processing of a snap.tro stpand transfgrred t.
Product. Double stranded cuts can be made at tne ends of the |
tx-ansposon. rather than nicks (Berg. 19'77). The &ouble stranded cut
transposon is then Jomed to the double strandéd it target DNA.

This model of conservative transposzuop obviates the necessn.y of
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sorming a Shapiro strand transferred product. In this model the
doa:r’s vector sequences are presumed to be lost by degradation.

IN VITRQ TRANSPOSITION OF Mu

’.

The Shapiro model has been shown to be generally aj::pncabie for

phage Mu transposation. An in vitro transposition system for Mu

N

demonstrated by electron microscopy, that the strand transferred
product for Mu transposition was that predicted by Shapiro’s model.

-
-

Bacteriépl;age Mu requires the products of the 4 and B early

- genes to integrate.and replicate its DHA (Faelen and Toﬁssa.:.nt. £
1973; W.u:ffelman et al, 1974; O'Da.y et al, 1978). These .genes ‘

A have Ddeen cloned and their proteins purlﬂed (Cra;.eie and MZuuch.t.
19859. Chaconas et al., 1965a).' 'I'he Mu A ‘protein has been snown to
binq, to asymmetmuny distributed sites, at the Mu ends (Craigie

et aL.\QML The A protein binding sltes correspond to sites at’

‘the ends of Mu required for tra;nsposiuon {Groenen et al, 1985). .
The ﬁ\protém is a non-specific D'ﬁA b.md..tng prc;tem (Chaconas et
al. 19'65ar_.t1'1at 1S required for in Vitro transposition to procgé_; :

Mizuuchy, 1983) © -

Crauie et al (3965) refined the §ystem 0 anow the strand

A

transfer reacuon to proceed in the prmnce only three




B
"proteins: the Mu A and B proteins. and the E. coli HU proterin.

Under. some conditions of suboptimal supercoiling the E. coll

?
protein, IHF 1s required for efficient sirand transfer Surette and

Chaconas, unpublished). '

Mizuuch: (1984) has demonstrated the polarn) ¢f the Mu str and
transfer reaction to be the jornming of the % phosphate on the S bp .

overhang found at the cut ends of the target DNA to the 3 hydroxyl

~ Eroup found at .the nicked Mu DHA ends. Surette et al, (198’?; see

-

Fig. 1.4) showed that two protein-DNA complexes, the type 1} and 2
tnaéspo’éosomes, are active intermediates in the transposition of

H\"he type i transpososome is the a.cti\'re intermediate in the

strand transfer reaction and consists of. the Hq left (L) and right

3
R) ends in the donor DHA--bounad aon-cova.lently to t.he Mu A protein. .

The Hu protein may also be a part of t.nls protem-DNA complex. The

donor _DNA mo]ecﬁle'lé nicked at the ends.of the Hu sequences n

this structure. In tne type 1 transpososome. the Mu domam of the

plasmid’ ls superooned, held togetner by the protelns. and the

‘i‘xoxr—Hu doma.m is relaxed. The type 2 transpososome consists of the
T,

Mu A and B protems. posslbly with HU, bound non-covaléntly to the

-

Mu ‘ends in the strand iransferred ehd prod,uct.

m%;goﬂh‘ Mu

- .

v
4

The focus of this thesis is the mtegrauon of ba_ctemoﬁhace Mu -
into the K. coli chmmoso'me fonowmc mfecuon. Mu DNA m the

virion 18 linear, double stranded and non-permuted (Anet, 1978).
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FIGURE 1.4: FORMATION OF TYPE 1 AND 2 SOSOMES

The type i transpososome is formed by incubation of the donor
“. molecudle witll the Mu A and E. cold HU proteins in the presence of-
Mg**. These components form a stable protein-DNA complex where the
Mu ends in the donor molecule are held together. The Mu and non-Hu
domains are topologically distingt in this structure; the #iu domain
1s supercdiled, while the vector domain is relawed. Type 2
transpososomes are formed from type i transpososomes by-the
addition of the Mu B protein, target DNA and  ATP. The Mu DNA ends
. are held together with the target DNA ends ligated to threm, dY
another protein-DNA complex. The DHA in the type 2 transpososomes
have the structure predicted for the strand transferred product by
£hapiro (1979). Supercoiling is only required for the formation of
~the type 1 transpesosome. Formation of the type 2 transpososome can
Proceed if the iype i transpososome had been relaxed prior: to the
‘additioni of the second set of comporients. This ﬁ.eure is £rom
. Surette et al, 1987. . .




{The integration of linear Mu DNA into the chromésome of the host - -°

A ]

cell by a cointegrate ‘Pathway would retulg in the linearization of
the chromosome and subsequér{t cell death. This can e observed by
examinaton of Fig. 15. If the vector DNA :.}1 the donor molecule 1s

not continuous, and replication of the strand transferred product

occurs, then the resalting product 1s linear. Howevér, since Mu is

-

capable. of forming lysoéens. this problem must be circumvented by

the phage.
- e .

-

Mu uses replicative transpo;;uon to amplify its genome during

~1lytac infection (Chaéonas et al, 1980, 1981a), generating replicon

- - X,

fusions or cointegrates. Therefore, the early favorite integration
* o .

model mvolved rephmuve iransposition to insert the Mu DNA .mto

2 S .

the chromosome, followed by recombmauon to regenerate a c1rcular

L4

host chromosome (discussed by Toussaint and Rész.bon.s. 1983 -, "

However, experimental evidence which demonsirated that .Lnfgctlhg Mu
DHA could integrate into a plasmid, pBR322, without repucauor;. .
provided eérly evidence that Mu integration could proceed vid . .
conservative transposition (Li&bart et al, 1962} An experiment
performed ~by AKroyd and Symt;nds (i963) showed that ;.nformauon -from
botll infecting Mu DHA strands was passed c;n to the progeny phage.
Experiments reported by Chaconas et al. {1983), demonstrated-tha_t:
_integration of Mu resulted in thé formation of sumple insersions. .
These experiments combined, illustrated that xnieerauon of
infecting Mu DRA d.:.d. in fact, prooeed con.servauvely Subsequenuy. :
Harshey (1984) uunzed a fully d.un methylate phage to mfect a’

dam E. cols strain. Harshey probed the iptegrated DNA whn




F'IGURE L&TRAHSPOSI‘I‘IOH F'ROH A LmEAR DOROR PRODUCES A
PRODUCT C N , ‘
[}
This figure is a modification of Fig. 1.3, and shows how a
ransposon produces a product when the vector sequences are .
, ot continuous. As before, ultaneous nicks at opposite end.s of the
(wavy lines) on opposite strands are produced. 'rne target’
¢ molecule (thicK lines) is opened by a ‘dduble stranded cut that
Froduces overhanging ends. The nicks at the ends oi.i.ne ransposon
are ligated to the overhanging target sequences,: ceneratuc the ,
mww&mmmmemamemtrmmb}esan ,
‘open 6. DNA replication proceeds through tMe transposon stoppmg onoe
the transposon has been replicated. The end result of- this
iranspositich is a structure containing 2 Jou:edh'ythe
target molecule, with the vector ends not be connected, thus :
Producing a linéar uct. I the diagram, the nick sites are— .-
snownasmnarms. e nydroxyl grovp41n the strand transferred
lproduct.- from which DHA ‘Teplication is’ nu.mted. is shown as the
3mall open circle. The'lines crossing the target DNA represent the
Tase pairs dAuplicated in the replicated end preduct. . The orientation
of the tr;ansm i3 sho'im bi' the mow Parallel to it.

L]
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- restraction entdonucleases that were differentially affected by the
methyiation state of the DNA. This experiment.clearly illus:rated

- ,
that tﬁ first transposition event following infection did not

.

. involve sudstantial DNA replication of ithe nfesting MU DNA, and
Y

was therefore conservatave,

-

- [
The integraiadbn of Md into the host chromosome, therefore,

represents a special challenge to the phage. Mu must be able to

switch from the normal replicatave transposition pathway and ‘.
1 ] [

AVtilize conservative transposition during infection.

- Protein requirements for the replicative tran sitaon of Mu in¥

vivo and i1in vitro include host functions (Toussaint and
3.974; McBeth and Taylor, 1982, 1963;-H1;uucn1, 1983; Craigle and

: Mizuuchdi, 1965]3). The in vivo studies of Faelen et al. (1978) and

- 4

* Waffeiman apa LotteNsan (1977). established that the Mu A gene

product vas reqmred for nephcatzve tran”osruon. 'nns dependence

oh the A“protem nas also been found in v.zu-o (leuuch.\. 1983). In ' -

vivo repuuﬁon of Mu cannot proceed n tne absence o'f the Hu B

’ cene product (Wijffelman and L.otterma.n. 1977). Genetic assays have

. 4 -

demonstrated that, wnen»ng J.s absent. mpucauge transposxnon 1s

reduced to % of the level norma.u.y found (Coehlo et al, 1982;

.

a ) Chaconas et al, 1984) Repnmuve transpoan.uon of Hu nas not

- -

been observed in vitro in the absenoe of the B protem (#izyuchai,
1983; Chaconas et al, 1985a) A function that stimulates My

-~ peplication in vivo, arm, (Goosen et al. 1982) is not reqmred in-

3

N

vitro (Mizuuchi, 1963). . : S

. L

C ‘ . 3 o\ :




The conservative integration reaction of Mu i1s less well

characterized than 1ts replicative cowﬁterpa.rt since 1ts discovery
15 much more recent. The Mu 4 gene product is absolutely requared
for lysogeny althou.gh the ‘Hu B gene ;roduct 1s not (_O"dai: Ep al,

~ 1678). Mu P gene fnutants, hou;ever. show approximately a 10 f;':ld

: réduction 1n lysogeny. The isolation of Mu A gene mutants that
allow lysogen:ization bn{' net :.ntegrauc?n of the DbulKk infecting DNA,
Toussaint et al. 1967) .mc.ucatg that the requirements. for- &>
; \

lysogeny may not accurately reflect those for integration . In -,

. ] -
addition, only ¥/ - 107 of infecting Mu DNA forms lysogens (Howe

- - and Bade, 1975) - . : .

Chaconas et al. (1965b) analyzed the fate of bulk infecting DNA
using various Mu 4 and B an.me‘r mutants. They found that 4am mutants -
did not integrate to an appre:clab-le level, coi':'f.i.rmng e previous
studjes on the necessity of the A gene product. Bam mutahts lacking
N 66 or more amino-acids, integrated less than 5/ of the in "
DNA under nén—pef‘m;.sslye conditions, however, Bam mutants f:roducme
. a B protein truncated by 18 ammo-amds.‘ntegrated their DNA at a -
normal’ level Nelther class of Bam mutants were a.ble to replitate
their DNA. The B protein is Known to amplify Mu replication ' _
approximately 100 fold (Wijffelman and Lotterman. 197 and th.mg
'ampuﬁcauon wds prevzously thought to be 1ts maJor function. The.
study of Chaconas et al. (1985D) demonstrated that the B protein — .

4 o
* _  was also necessary for normal levels of Ru mtegrauon. The Zact

that the carboxyl termmal,:la am:.no—acm: were d.tspexuable for

integration, but not repuuuon. sumsted an essential role for ¥




s these residues in replicative trainsposition. Chaconas et al
>

. . .
(1685Db) speculated that these residues may e involved in the .,

choice between the two transposition pathways utilized »y Mu. Thas.

cholce could De made Dy a specific interacticn reiween the carboxyl

terminal amino-acids of the B protein and a proiein présent only

dursag wnfection. . ) . :

A further problem with Baéterlophase Mu integration i1s the fact

that infectmé DNA must be protected from host exonucleases as the

virion DNA 1s linear' and non-permuted. Ljungquist and BukKhari

(1979) utilized sucrose gradients to analyze the fate of 3P
- labeled Mu DNA ingfecting unlabeled host cells. They observed that, -

in both iysogens and sensitave cells, the infecting DNA was -
: [ 4

converted to a form that sedimented twice as rapidly as linear Mu
< DNA. In the sensitive host this f_aét sedimenting form was transient
and-at a lower level than in the lysogenic infections, presumably

because, in the lysogens superinfecting Mu DNA could not integrate.

H]

Chase and Benzinger (1982) observed that a small fraction of Mu .

DHA, isclated from éreeze-tnex;ed virions, had a 65 KDa protein .
bound noncovalently to the endssThey further demonstrated that the
protein-DNA complex was capable of tmn;fectlng E. colz |
spher;oplasts 2-3 wrdaers of ‘maemtude more effu;ieﬁtly than
deproteinized Mu DNA. Finally, thejpshowed that one function ._Qf the

. protein bound to the ends of the Mu DNA was to protect the

A . A .
o . .~ infecting DNA from exonucleases, °
. . A




Harshey and BukKhar:i (1983) demonstrated the presence of a 64 \
KDa prciein attachned to the ends of infecting ¥u-DNA. The
".protein-f)_NA complex was observed to be transient_:in Mu sénsitive E£.

colz cells, dbut, could accumulate and persist in cells lysogenic
for-Mu. The DNA i1n this protein-DNA°complex was resistant to in
vitro exonuclease degrgdatson by both a 3’ aﬁd a 5’ exonuclease,

' showing that botn strands of the _infecting Mu DNA were i:rote_aed by
the 64 KDa protein. In addlnon-. Harshéy and BuKnari repeéted the
experiments of Chase and Benzinger (982), and demonstrated that

the 64 kDa protein Mu DNA complex was able to transfect E. coli

several orders of magnzfucie more efficiently than naKed Mu DNA.
Puspurs et al. (1983) anfected E coli minicells with Mu phage ’

and also lsolated a 64 KDa prot.emq-ﬂu DNA complex. This study '

contamed some important findings a.bout t:m.s mfecuon complex.

First, this study observed that all the infecting DREA was in the

form of ‘the protem-Dn.A oomplé Second, :hey demonstrated, by .

virtue of using 35‘5 labeled pnacé that the protein was 1nJected

along with the infecting DHA. Third, they showeqiqat_. the | ' ’
' "protein-DNA complex did not contain the ‘Hq'gpﬁ protein. 'nns wa; ‘

relevant as gpH was the only Mu gene \proc;uct of §4 KDa Krown at the -

" tame. Fourth, this study showed that there was only one 64 KDa

)

. protent in the v:.rxon. Finally, thqy demonstrated that rio protein

syntnesxs was-reqmred for‘ the production of the px'-otem-mu

compiex. _




T \ - b . -

. .The experiments described above form the starting point for the
work reported in this thesis. In Chapter 2. both pudblished (Gloor
aﬁd G@zaconas. 1986) and unpublished da.'ta that asrea.gn the gene for -
ithe Mu 64 KDa protein as the Mu N gene product, are preseated. -3

Chapter 3 descrides the determinaiieorr of the sequence of both the

Mu N and P %enes. This chapter also describes the overproduction of

-

) protemf’Chapter 4 presents analysis of the ansposition .of ahe’

gpN-Mu DNA compléx in vitro, and shows that the strand transferged

. LY . . . . . .
each gene product to a level of greater than‘?ef total celi

product predfaced by this complex resembles a typical Shapiro’

structure.




CHAPTER 2

o

THE INJECTED, 64 XDa Mu VIRION PROTEIN

. IS THE Mu ¥ GENE PRODUCT

-




INTRODUCTION

- Ljungquast ana BuKkhari (1979) _d.emo.nstrated.the presence of a
rapidly sedimenting fraction of Mu DkA 1soldted by Sucrose gradient
sedimentation of Escherichia coli “cells lysed s;>on after infection.
Tnis fraction \vas much more abun.dant when Mu lysogens, ;aiher' than
ser}muve cells, were infected. The DNA in the fraction was .
obﬁérve_d to be Linear when puritied. They p'ropqse_d that the

rapidly sedimenting :Eract.ion was an antermgdilate in the integration

of Mu 1nto the chromosome. ] : _ R

] ~

L)

Chase and Benzinger (1982) found a 65 xg Protein bound

noncovaléntly to the ends of a small fraction of Mu DNA isolated by
freeze-thaw disruption of virions. This protein-DNA complex

sedimented slightly faster in sucrose gradaents than deproteinized

. Mu DNA. They observed that transfection of E. coli spheroplasts

was greatly stimulated by the presence of the protein, and |
' postulated that.one of the functions of this protein was the

protection of the Mu ends prior to integration. =

Harshey ana Buxnar':i_(i%gs) more fully characterized the
infecting prqtel.n-D'_RA complex, 'T‘hey‘ purified the rapdly .
sedimenting DNA from Mu infected Mu lysogens and showed that there
was a 64 KDz protein bound nonicovalently to the ends of the
infecting DNA. They further demonstrated fhat the purified

d

protein-DNA complex was resistant to poth 5’ and 3’ exonucleases.

This group repeated the transfection .experiments of Chase and




- v N . : ) . -
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Benzinger (1982) and found that. their protein-DRA complex was

capable of transfecting E. coll s.pheroplasts several orders of
magnitude more efficiently ihan deproie.-mzed MU TDHA. .

- - Q LX]
- o - .

- Puspurs et al. (19:335 purified a 64 kDa protein-DNA complex
from Mu infected minicells. Th?.s,'protem-DNA com}:&éx was less
stable than Harshey ang Bukhar?s, probably, use the minicells
were lysed by 047 SDS. The study Ferd Puspurs et al. demonstra‘ted.
that there was only one 51; KDa protein in "the virion and that thas
_Protewn d.xd no:t corr;sl:;ond to-any- R.nown Hu gene produc':t.. This study
also demonstrated that no nrote.tn or RNA synthesis. was required for |
the producﬁon of the oamplex. The rap.ld. sedimentation was a

Consequence of supercoiling.of the 11; ecung DNA in this compmx.

since inhabitors of DNA gyrase abolished its formation.

The experiments descril::ed’ above an concluded that there was a-.
protem-DRA complex anolved in Mu integration. The prote.tn in this
complex was injected. along: wfth the infecting DA ‘into the cen,
protecting it fmm degredauon. Mu DNA -is’'alWays found oovalenuy
assoc.xated mtn the DHA of the last host that it infected (Buxharz
et al, 1976). Therefore, the Hu DHA in this prote.tn-DnA compléx o
was expected to be .tn a sa.m.uar conformauon to that of l:socenm
Mu'DNA; that 13, supercoiled and surroundgd by host DA, Based on’
.the-stucues outuned a.boue. we reasoned that the conservauve.
s:.mple insertion of Mu DHA- into tne chromosome durmc m.tegrauon

(Lté‘bartetaL.in&;AkroydandSymomms.ChaconasetaL .

m&narmey.imxmuntheamenceofnavmtneum '.~ - .

- .
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. Protein bound to the ends of the infeciing Mu DNA. -As 3. .first Step

e

to understanding the role of this protein in:Mu integratidn 1t was
- N . hd ’ ..

necessary to identify the gene coding for the protein. Resulls

) . L B

oresented 1n the following chapter shows that the €4 kDa protein is -

the product of the Mu XN gene. Most .0f the work descriked has hreen

published (Gloor and Chaconas, 1986) previously. - g ‘
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MATERIALS .AND METHODS

MEDIA AND CHEMICALS

.

LB broth‘was prepared as descr.‘lbed-by Miller (1972) except that
- N-Z amine (Schtff;eld Products) was substituted for Bactoiryptone.
. LB agar plates were supplemented with glucose to a final

. concentration of 0.1 and with MgSOy and CaCly to fmal‘
concentrations of.25 mM and t mM respeénvely. Strains containing
plasmids were always grown in the presence of 100 ve/ml of

L}

émp1c111m in ligquad and 160 ug/ml of carbenicillin on plates.

- Chemicals for polyacrylamide gels and western blotting were
obtained from Bio-Rad except for SDS® (BDH). Tris was from Sigma or
Terrochem, glycang and the antibiotics were purchased from Sigma.

All other chenilcals were obtained from BakKer or BDH or as noted.

L

BACTERIA AND BACTERIOPHAGE STRAINS

The bacterial strain C600 (thr, leu, fhuA, glnV, gal, lacy,
rpsL) carrying a ic* prophage and pcové 'was used as the source
- of the cloning vector (Queen, 1983) 311294 (endA, thi, hsdR, gilnv),
CA275 a-lfr. Iac.'Zam trp, rel. spoT, ter) and an 1soeemc su~
strain CA274 were obtained from the E call genetic stock center.
-Bu5029 (Apro- lac, trp, reca, rps{,) and the 1sogenic rec" .
strain 40 were ‘from. the late Dr. A. Bukharit’s (Cold Sprmg Harbor

Laboratory) stram conecuon. P676-54 (thr; leu, minA, mma thi]
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ara, lacY, «£al, malA, xyl, mtl, npslL, fhuA, acx Adler et al.
1966)‘745_‘35 'acqmred;rom D'r-'. D. Denn_ar;it '(U.nn'ersny of Wes:ern

. - . oOntarlo. The bacteriophage strain Mucts62 and the Mu.ctstl amlﬂr
mutant phage; Ydmiool, Yami027, YamiO34. Nam7365, ﬁ.’ami?@é. NamTi0€,
Pam 1008, and PamiCi2 were obtained from Dr. H..i:iowe Q' Day et al,
1979). Muctsteamp 1s Fhe:mutant 1sola£ed by I..ea.cri and Synéonds anda

1s maintained as a lysogen 1n GCi03 (Apro-lac, leu, met, MuR,

. DlO%R%' '

~
[

PREPARATION AND ANALYéI§ OF NUCLEIC ACIDS -

a

RestrictYon eﬁzqus were purchased from Bethesda Research
Laboratories (BRL), New England Biclabs (NEB), Pharmacia-PL (PPL)
"and Beohringer-Mannheim (BM). All restriction digests were
Performed using tl::te suppliers recomﬁ:ended reaction buiffer, except
where noted. All other enzymes were also used 1in ine manufacturérs
.suggested. buffer, excep{ where noted. Plasmids were r.ouune;y .
Prepared by the method of Birnboim and Doly (1979) ahd were
extracted with an :qual volume of g-CHClz (phenol-chloroform-
1socamyl alconol 25:24:; eqt:luibrated with”’05 M Tris-HCl pPH 7.8, °
gacteriopnage DNA was prepared as previously described (Chaconas et

. al 1961, 1983). One unit of Ti1 ribonuclease (BRL) was routinely

addea 't;o r.estm;uon digests of plasmids to degrade RNA. T4 DNA

. ligase was from PPL and ligations were carried, out ‘in the

« . . -
- recommended bufferc) ,‘\t
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- & 2 6
E. col: DNA polymerase | was purchased froug‘ ‘BM or BRL. When 5’

overhanging erid.s derived from restriction of the DNA were to be

—

filled j3p. 1 unat of the Klenow fragment and 50 pMole eai:h_ of the 4

dNTFP's were added directly to the restriction reaction, and

incubated—3t room temperature for 15 min.

-

When further manipulations were to be done with the restricted

plasmids the reactions were terminated by the addation of an equal .

volume of #-CHClz. Ethanol precipitation, done by adding i/5 volume -

10 M ammonuum acetate pH 6.0, or 3 M sodium or potassium acetate pH
5.0 and 2 volumes e‘tha.nél. was done to z;'emove the g-chloroform and 4
to concemrtrate t;e DNA. When restriction digests were to be

analyzed by gel electrophoresis, the reactions were ‘terminated by

the addition of 1/9 volume of 10X EDTA 1oad.1ﬁg daye (607 sucrose,‘ 8
200 mM EDTA, 0.01/ bromophenol blue), A 10X SD% .lca‘d.lng daye 1/

SDS, 607 sucrose and 0.01. bromophenol blue) was used where noted.

Gel electrophoresis of nucleic acids was carried out according to

standard techniques in TAE buffer (Maniatis et al, 1982)

All transformations were by the method of Hanahan (1983), using
cultures in.mid toilate log phase, in the recommended ROCl
containing buffer Host strains gave transformation frequencaes Qf
»1 X 108 wransformants/ug of puUCs, excegt AA102 which was about 20

. i *
fold less efﬁczent with this tecnnnzue
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CONSTRUCTION OF Mu LIBRARY IN pCQV2 - . -

The cloning vector pCQ\v;a"u'as nnear'.;ed with Pészz. ex:ractec‘i
with ¢;CHC13 and ethanol precipitated. The vector DNA was ’
subsequently dephosphorylated with pacterial .alxalme phosphatase,
Phenol exﬁ*acted two times and ethanoi/ prec;pzt'ate;d twice. Mu DNA
wa.s‘ partially digested with Sau3A until the ayerage s1ze of the
fragments was about 5. Kbp as determined by agarose gel
electrophoresis. 'L.J.gatmn was carried out in a final volume of 15
ul at 159 o‘vergng_nt. The reaction contained B-We_lss units of T4 DNA
ligase, 1 vg of vectér DNA and 2 pg of Mu DNA. MM294 was made -,
competent by t;he Procedure of Hannahan (1983) and transformed w{ti:
the ligated” DHA. The library, wifich contained 50./ inserts as ,)ud.ge“d
by colony Rybridization with 32p 1a1;e1e¢ My DNA (Grunstein and '
Hogness, 1975), was screened with antiserum agamst the virion 64
KDa protein by a procedure s:.mua.r to that of Helfman et al,

.(1983). Briefly, cells were plated to a degszty of about . -

3 006/p1ate and grown at 32° overnight. The ceus were nfted off

the plate onto mtrocenulose dj.scs (Nucleopore) and erovm at $3°

for a further 12 hours to mduce Protein production. The cells we;e '
~expo§.ed to chloroform vapor for t‘en‘ty minutes and to lysls buffer
containing 2 vg/ml of Dnﬁse 1 (Sigma) and 80 vg/ml lysozyme (Slgma)

for 1 hour. The nitrocellulose discs were then incubated \rith a v
1100 d.uut.ton of preabsorbed anuserum overmght and the fuu.-rs

were washed and prccessed'as descrn:ed under western blotung K .
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);u phage was grown as previocusly described (Chacoonas et al,

19€3;. Phage were purified {from lysates by a modification O?&

b4
procedure de§c:‘3.bed in Siinhavy et al. (1984) for purifying phage
T+ lambda. Briefly, 40 liters- of GCi03 was grown in a fermentor and
>
induced to make phage by thermal shift. The lysate was collected, RS :

cooled on ice, and stored overrught on.ice, Bacterial debris was

® -
. r-emoved by centrifugation for 10 minutes, in a Beckman JA-10 rotor,

uuh.zlng a Beckman Ja—az centrxfug:}'rhe Phage were concentrated

> us:.ng a Pellicon concentrator (Durapore :E.ther‘. 100000 molecular

mnx -f
B we:.ght cutoff) t0o a ﬁpakvolume of 4 liter. Th

peneted from thas concent.rated lysate by cent.r.tfu.gauon .1.n a

Beckman type 19 rotor, at 18 000 rpm, for 2 nours. The peuets were -

overlayed with 5 ml of Mu buffer (150 mM NHaCl, 20 mM TPris-HCl pH

75, 20 mM MgSOa, 2 mM CaClp) and left overnight at 4°. The pellets .

were gg’su,spended ‘in Mu buffer and loaded onto a step gradient (top
- ‘ N

to bottom: 15 ml of 157 glycerol, 25 ml 40 glycerol, 5 ml of GsCl

. (BDH), densn.y :1.5¢/ml, all made up in Mu buffer) prepared 1n

Beckman 45'1’1 tu.bes. The step gradients were centrifueed at 100 000

—— e

Xg for 1 hour at 2o° The pnase found at the 40 elycerol—CsCl

\ 1nterface. welre removed and centrzfueed to equiubrium- m a

T

soluuon of CsCl (p=1.5 e/ml) in M@ buffer at as ooo X g for 24 ' Cos

|

hours m a Beckma.n sw B rotar, at 20°, 'rne Phage were reoo\(ered Dy

. side punc-t.ure. pooled. and recenprifuged to equiliprium to Tirther

by o

conCentrate them. The concentrated pPhage were d.talyzed -against two

| | .
'chances of uu buffer and stored at 4° The concentration of the - ,
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- - . s N " . &,
¢ rhage was.estimated by arsorbance at 260 nM and corrected for light

scattering at 320 nM (Fre:felder, 1982). The concentration ¢ phage

was usually near 0S5 nMol/ml. ? »

) - . L 4 L d
.

PREPARATION OF ANTIBODY TO THE 64 KDa PROTEIN
B i -

3

’ =
o _—
The protein wa€ isolated from whole phage particles by three -

: serial preparative SDS-polyacrylamide gel electr\ophoresxs rums.
Briefly, about 500 picomoles ﬂof phage particles we‘re denatured ‘forf —~
5 minutes at 100° 1n loading busfer and loaded 1n a single gel
.Sized well on a 1S by 15 by 0.2'cm, 10 ¥ polyacrylamide gel with a
four percent stacking gel (Laemmli, 1970} After electrophoresis,

the protein bands were stiined with coomassie blue R-250 and then

; ' destained in 10 acetic acid for 2-4 hours. The 64 kDa band wastcut

Y

. - [ ]
out 3of the gel ana equ.uibra_gjted with several changes of léading
byffer until bromophenol biue, used as an indicator dye, no longer
turned yellow. This indicated that most of the acetic acid had been

washed out The gel slices from 8 gels were cut mtb\'s'man cubes
" and loaded onto one 87 gel with a 47/ stacKing gél. The gel was run

-

at 50 V overnight to ensuxie that proper stacKing occurred. The

. protein band yas excised énd run on a third gel to eliminate trace '

amounts ¢f contaminating protems. Usually about 100 to 200 pg of

) 64. KDa protein ‘were obtained from eight first dimension gels.

LI N

. . The gel slices containing the purified Wtﬁn were

. equilibrated with water and then forcéq through a series of heedles

. ! 4




until the suspension .wQuld easily pass through one wh;ch was ai sa.

l\ :
The suspension was then mixed withan equal volume ¢f Freund's
ﬂ_.—-" . - -
- complete adjuvan: (Gibco) for.the first injection and an intompieté-

adjuvant for the succeeding injections. A 15 Kg, female, New -

Zealand White rabbit was injected with a total of ;&Zyo_u_g of 64 KDa
protein, using G'mJecp:ons' in the thigh and calf muscles. .

Thirty-four days later the rabbli was nnected at several lc;cai.lons
¢ mtr_ade;‘maliir. with a total of 75 Lg of protein. After a fyurther
thirty-one days, the rabbat WQ,% b?os{ed with a tbtal of ‘50 ug: o; 64
KDa protein mtradérﬁany. and 14 days later fne rabbit was
sacrificed by nearf: puncture, from which the serum was prepared.
The titre of ant1-64 KDa antibody did not change sigm.f_lénuy- over
the last 14 days,’ as measured by probing westérn biots of total :
Phage prote.mAle serum seemed o gontain mamr aptibodaes wmél;a
bound to E. coli proteins when western blots were performed. 'rhe“se,
an{ibodies were found to be present in serum from the pré-immune
rabbit. The high background problems were ml‘pnmxzéd.by incubating
20 mis of 1100 qﬁuted serum with 3 X 1010 E. coli cells that hada

been boiled for 15 minutes in 04 ml of water. The entire mixture .
i . =~ i
of heat Killed cells and antiserum was used to probe the blots.

- , . . o

l PREPARATION OF (35ls-METHIONINE LABE!:ED Hu‘PHAGE AND MINICELL
INFECTION ' . 4 .

. .
. -
. . . Yo
.
- a .
< 4

Strain GCi103 was grown in LB Droth to a density of oX 108
cells per ml at 32° and then shifted to 43° for 18 minutés. The

culture (25 ml) wasifiltered and washed on a nitrocellulose |
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&
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> hembrane with a small volume of .85/ Xagl The :elfs were
. ‘ .
T “!sv.spend%i in 25 mi of Aaben'u. ‘medium contalnang o M3 medium
- . = - ]
& ¥ e o \{Da‘-'gs et al, =80y the 18 ron-sulfur ¢ontaining Iming aciis as

‘ : " — ™ne concenirations recommended b¥ Davis et al. (M, an
- - ¢ ..Gephosphorylated yeast extract (Chaconas e a.. !
- . the concentration foymd in LB broth. Then, 17 TCL of ST3-mer BN

. {(NEN >800 d/mﬂ) was added to the culture and ncubaticn at 43 was

IS

continued for another 10 minutes. The culture was shifted to 38°

until lysis was complete The phage were pexletc—d and resuspe'mded

in Mu buffer as previously descmbed (vhgconas et al., 1°§a, .
5 . .
except- {:hat.‘*ihe Hu buffer laclieﬁ :ﬁlcxum The phase were

- - h
chromatographed on' 3 Sépharose CLAB [Pharmacxa) column {1 X 30 cm)
equilibrated with ca.lczum-defxcxent MBS buffer to remove any

1 - . b ’ T
b | contaminating proteins. The recovered phage (95-1007) were titered ~

d " and used for infecting minicells.
- ‘ ) . l ' -
Minicell infections were done exactly as described by Puspurs ’ )
et al. (1983), except that the cells weré lysed by two cycles of

g . freezing and thawing followed by the addi{mn of Triton X-100 to a
. . .

" final concentration of 05/ and gw‘é more éycles of freeze-thaw. The -
’ P v ’

mainicell lysates were cleared by centrifugation in an Eppéndorf

S~ céntmfuee’ fa{a.o' minutes Prior to sucrose gl;adler;t seqimentanon.
The DHA-contumne peaks were fonowee Dy the inclusion of a s:nan , .
amount of 33?*1abe1«1 Mu phage (Chaconas et al. 1988b) in the
infectypn experiments. We found that the complex isolated in t.m.s

manner was as salt-stable as the complex isolated by Harshey and =

Bukhiafi (1983) and m\i&h more stabje than the complex  of Puspurs et




al. {1983 data not shown) This is probably because Puspurs et al.

a - A4 -
H9E3) lysed their minmacells with SDS rather than a non-icnic .
detergent.
.

'SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS AND WESTERN BLOTTING .

Polyacryliamide gels for>blotting were always 10/ gels with a 47

stacking gel (Laemmli, 1970) and were run at constant voltage .
overnight. Protein bands were transferred té Schleicher and Schuell -
o . nitrocellulose using é Bio-Rad Trans Blot cell accom t0o the
o g . manufacturers instructions (Towbin et al, 1979). The biot was
washed with TBS (150 mH.. NacCl, 20 mM Tris-HCl pH 7.5) + Tween 20
(Blo-Rad; Batteiger et al, 1962) to remove acrylamide. Twenty ml’:.

. [ ]
of 1100 diluted antiserum in the above buffer was preabsorbed.with °
3 X 1010 neat killed E. cols cells for 2-4 hours on ice. Blots were
1n_cuhﬁecf overnight at room temperature and washed 3 times with TES .

+ Tween 20. Blots were subseqﬁenuy incudbated, for 2 hours, with
: Y

' goat antirabbit peroxidase conjugated antiserum (BM; £2 000 -
dilution in TBS + Tween 20). The second antibody was washed off bf
three washes 1n the same buffer. The blots were washed once in TBS
and developed usins 4-chloro-1-napthol (Sigma; 75 mg in‘asS mil
metnax;lol} and HaOg (BaKer, 60 ul in 106 ml HzO) Alternatively,
goat antirabbit phosphatale conjugated second am.n:édy (suma.

- 15500 dIluﬁlon) was used. This antibody was developed using i mg/ml

a-napthol phosphate (Sigma) and 1 mg/pl fast blue RR (Sigma) in SO
' . - ‘ ) .

.




. .L ’ : -
mM Tris-HC! pH 80, 100 mM NaCl, and’5 mM Mglly (Dr. S. Dunn. .

personal communication) e




RESULTS

3

PREPARATION OF ANTISERUM .

The 64 KDa protein was purified and antiserum to 1t was

. ' . ; N .
prepared as described in Materials and Methods. A comparison of the
rabbit’s preimmune and 1mmune serum is.shown in Fig. 24. The .
Preimmune serum did not dind to the 64 KDa protein whereas the -

immune serum re?ct-bd to give a strqng signal. Both the preimmune .

serum and the immune serum bound t¢ a manor ext-eirt with the major

tail protein. In addition, both sera contained antibody capable 'Of

-
v

‘binding many E. coll proteins on westei"n i:ﬁots‘(not shown).
‘-Anubod..\es to thé E. colr proteins were reduced by preabsorptlon of o
the sera prior to use, by an mcu.haﬁon of t.he dlluted sera \v;.th
neat Killed E. coll cells. After preabsorption of the 64 kDa .
antiserum, it was s‘uJ.ta.my specific for both screening of t-ne

recombinant clones and for western blots of phage infected cells.

PREPARATION OF, THE Mu LIBRARY IN pCQVe

v
. . . -

A Lbrary of Sau3A restriction endonuclease cut Mu DNA was

_cloned 1into the expression vector pCQV2. This vector ex.pressa a
'temperature sensitive xc2857 repressor which regulates t.h; .

. éXpression of the A runtwam promoter PR . which 18 also

mmed on the plasmid. Domtream of me 'promoter sequence tnere ,.
1s a unique BamHl site for mser-t.:lon of foreign DNA (Oueen. 1983).

'I‘he Baml-n sucxy ends Qre oomp)emmtary 10 the Sau3a cut Mu Dm\.

“2 et O
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, * Immunodetection  Coomassie .
JCE -+ Blue Stain

Ny

mg-spacmcrr?os‘mrmmmmm

> Bu vu'-.ton mte.tns were run on a 107 SDs-polyacrylamae lel and
blotted onto nitrocellulose. After probing thé blots Were developed
wnhaperondmcommted second antibody as described in -
Haterials and Methods. The blots were probed with a 1/100 dilutien

of preimmune serum (A) Or immune serum (B). Molecular mass marker
positions are shown on the left and a coomassie blue stain of the’ - .
_ virion proteins is also shown (C)- The 64 KDa protein is indicated by
mem'ouﬁmuthatthnpolymudeumtmmuta
wplumpnacemuclebuadonmmenntymmnm,'
the major tail protein (gpl) which is present at 192 copies per ’
© ¥irion (Aamrm and Mellema, ma). .

-

3 . . . -
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allowing for efficient ligation. At 32° the promoter 1s represled

by tlie active repressop. EXpression o% genes cloned into the RamHl
site of the vector can be J._nduced by shifting the temperature of

the bacterial culture to 43°.

Screening of the recombinant DNA library was performegd as
desc!mbed in Haterlals and Methods. Thirty-six independent elanes
were 1solated a.nd rescreened by the above procedure; several o-f

these clones gave a strong signal when they were.screened. These

clones were grown overnight and the sizes of -the recombinant

plasmids were analyzed by cell lysis and direct agarose gel
eiectrop;zores:l.s of the mini-lysates {Ch..acona_s et.al.. 1981a). Four
Clones were isolated (PGG409, PEG413, PGGHIT7, PGG418) that

contained plasmids with insert sizes-Detween 2 and § Kilobases.
Protein synthesisgydirected by. the promoter, PR; was induced J.n
thiese strains by shifting the tempera.ture of the cultures to 43°
for two hours. The protems were run on a 10/ SDS-polyacrylamide
gel and transferred onto mtroceutﬂbse The results of this '
experzment are shown in Fig. 22. All four of the positive dones

' produced a protein that reacted with the ant:l.serum to the 64 kDa
Protein. Furthermore, in all cases_ the protein p‘rodug:ed Dy the
plasmids had the same apparent molecular massas the 64 KDa protein T e

‘found in the Mu virion. This protein was not observed upon "

' ‘.mdu'cuon of the vector, RCGV2. In comparison with the amount of

-this protein produced during lytic development of Mu (se¢ Fig.

r

26). an increase in expression of at least 10-fold was observed in

-
-
-
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FIGURE 22 IMMUNOBLOT ANALYSIS OF POLYPEPTIDES PRODUCED BY POSITIVE .
% - ".j.-j.
Bacterial strains containing pGG409, pOGH3, pAGALT7, PAG4S or .
*  the vector pCQVR were grown in LB broth containing 100 ugrmi .
" ampicillin at 32° to a density of about 5 X 108 cells/mlL The v
cultu:uwerethenshmw43°andasamplemmvedfmeacn
thawhmammtmmmummunm
muspendedanddmtmﬁmmmchufferuxdmcnawz
m—mymmmmMsmew -
nitrocellulose, praobed with antibody to the 64 kDa protein and),
' developed with a second antibody as described in Materidls and, |, .
Metllods Lane 1 contains total virion proteins, lanes 2-5 contain :
samples Irom the cultures harbdoring plasmids paG409, paGH3,. pAGHT, >
PAG4IS and the vector, PCQV2, respectively. Molecular mass marker
positions are shown on the left. The intensely stainig band with an
mmm«mmnmmamm

"

LN
.
Y
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the recombinant clones. We could hot, however, detéct the

overproduced 64 KDa protein by coomassie blue staining.

IN VITRC ANALYSIS OF PROTEIN PRODUCTION

The purified .plasrruds were also tested for their ability to
Stimulate production of peptides in an E. coli coupled, m-v:tré\
transcription-translation system (Zubay 1973; periormed by Dr.

George MacKie of this department). The results of this experiment
- are shown in Fig. 23. The only detectable polypeptlcfes common to '
alr the retombmant plasmds were the 64 KDa polypeptide and
B-lactamase. The largest polypeptide ran ag a dimer of 64 and &2

'
kDa. The dimer bands couid not be mad.e to coelectrophorése when
the amount of sulfhydryl reducing agent- was varied, indicating that
the migration of th_; bands was not a property of their sulfhydryl
ox.x:iation state. In :Lhe absence of suitable labeled molecular mass \
. markers, a poruon of the p:%oteln produced ix vitro from pGGAua was
coelectrophoresed wlth an’ mduced cell lysate from a strain .
cont.aj.m.ns ;GGl-na. ’I'he proteln was blotted onto nitrocellulose ant
Probed with tne anti-64 KDa-protein antiserum. Subsequently tne
. blot was autoramographéd The upper band on the autoaad&eereph
coelect.rophoresed w1th the oy KDa protein produced in v.tvo Under
. no concuuons have I 'ol_)served the 62 KDa band on western Ddlots of .
induded cell cultures. - |

. Y
. L]

The production of other gene products varied 71;11 the ’ -

recombinant plasmid used as the template. Plasmid PGGH3 and PAGEOY .
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FIGURE 23: P’ROTEINS PRODUCED FROM REOOPEI}{AKT PLASMIDS IN VITRO

\ 4 The recombinant plasmms were used as templates for an in v:tro
o .coupled transcription-translation system (Zubay, éém and was . .
performed by Dr. G Mackie of thus department. (*¥S}-methionine was
the labeled amino-acid. Proteins from the reaction were precipitated . .
b¥ the addition of 2 volumes of 10 mM B-mercaptoethanol and 15 K
volumes of acetone, followed Dy incubation at -70° overnight. The
precipitate was collected’ by centrifugation and the pellet was

“resuspended in 100 ul of SDS~acrylamide gel loading buffer. Proteins
were denatured by boiling for 5 minutes and loaded onto a 107 .
SDS-acrylamide gel with 4/ stacking gel (Laemmili, 1970), the gel (20 C—
cm) was. run for 16 hours at 50.v. The get was dried autoradiographes.

e A shows the protein profile derived from thie vector, pCQva,

_ lanes B-D shows the préteins produced by the recombinant plasmids, ) '
PGG409,pGG418, PGG417, respectively. The migration of the gene .
products; gp¥ (N), gpP (P) and B-lactamase (B-LA), are indicated on
the left. The ion front is also indicated (IF) Y? indicates the .

.prresumed partial Y gene product. Py mdicates me truncated P gene
product..

) . B - PR
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were observed io produce :dentical protein profiles by this
analysis. Plasmid pGG4i7 did not produce a 43 Xla hand

corresponde the Mu F gene product (Gipharti-Gassler et al, o

1981). Rather, this plasmid generated a smalier dand  ,of 328 KDa. Inn ) I
addition, PGG409 and PGG413 generated a polypeptide product of \,\,

. . ) - . \
349 KDa. These plasmids have a, substantial amount of DNA upstream >

of the other two. plasmids -and rescue some, but not all, ¥Yam mutants J

{see Dbelow), 1ndicating that the 49 KDa poliv’Pepude may,corresx‘aond 3
I . 4

to a truncated ¥ gene product. -

PHYSICAL MAPPING OF RECOMBINANT PLASMIDS

)
~

In order to determine the limits of the cloned DNA from each
plasmid on the physical map of Mu, the plasmids were labeled with
32pP py nick translation and hybridized to Southern blots of R ,

restrictiorr endonuclease cleaved Mu DNA (Chaconas et al, 19800y

<

" The results of this exmrm;:t are sxmzmam.zed in F‘is 24 ana 'sl'mv;
that the plasmids all contained Mu DNA from the'Y, ¥ ang P gene
regions (Scnummamet al.. 1980)." Plasmids pGGll»OQ and pGG413 .
hybridized identically to all the restrlcuon fragmem.s and both
are referred to below as pGGA09. Flasmids pGG40S, pAGHT. afd PAGHE -
hybridized with the same efficiency ::o the restriction fragmerits . ‘
repremsented by the thick lines mﬁ.‘a&} and did not hybridize

to the fracments represented by the thin unes. The restricuon

fraaments represented as open boxes hybridized with d.tffermc &

efficiencies to the recombmant plasmm:. Plasmids pGG417 and

PGG41S NyDridized less efficlently to the large Hindl-Sal
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FIGURE 24: PHYSICAL MAFPING OF CLONES PRODUCING THE 64 KDa PROTEIN

Mu DRA was cleaved with the restriction enzymeis) indicated and . .

.rnnonaO.S?aearoseeeLAneth.tdiumbrom;de ed gel is shown
-mpanelA.Themarka]aneanoontamsamzx*.ure BamHl and Bgmi_,. - -

Q\Mandmes:zcafeachframentnshownmbp.menumu ..
Southern bictted and hybridized to 2p labeled pCQVZ, pAGAORK PGGH13,. T 1
pear;frorpe@masmuslydmmed(cnamsetal.imxm S
, autoradiogram of restriction enzyme cut Mu DNA hypridized with pGGH7
is shown in panel B A physical map of the Mu genome, with the .
Pertinent restriction sites, is shown in C (Marrs and Howe, 1963} A

LA

summary of the hybridi¥ation data i3 shown in D. The restiiction S
mmmtmmnywmwmpmmummmumm . e 1
lines, the thick lines represent restriction fragments which -
s DYDridized to all of the plasmids and the open boxes represent '

restriction fragments wmcn hybmd.tzed with varying efﬂc.tency to t.ne
4 plasmids. - . .
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h reswriciisn fragmen+t than did pGG409. "‘he ‘lower Hvbr;dxzatlon

efficien Yy indicated thas inese plasnmids ucntamed less homoiogoue

. ThA I T3 TEEND oS thie Mu ome as \.ompared 1o PGGYH09. Flasm.d
. -
T33al” .1 nit nrrIridize 16 e 18 Rbp Fsil-2all resiriction
fragmerns, Riwever, G305 and pGGa1S dad nyrraidaze to the fragmens.

This 1nditated that rGG41T Qid rjpt contain any detectable DNA
b - L

- N .

Jequences from this restriction fragment. The vector, pCave, dad . -
. L 3

LI not Hybridi¥®e to any Mu DNa restriction fragments. These results

. . -indicate that 'the four récombinant plasmids contain the 2 600 Dase

pairs of DNA between *:ne righimost HFindlll and Pstl restriction

sites of the Mu genome as common regions. This area musf therefqre
-3 .
contdin most, 1f not all, of the Mu DNA sequences required to code

+ . ‘ ’
. for the 64 KDa proteln. s : -—

4 [ . . ' . -
A - ’ -

- han

".-A more precise physical analysis of the pismids was carried
L " oul by restriction endonuclease mapping. The dataare summarized in
o - : T . - v -

Fig. 25. These results are in agreement with, and supplement the

hybridization data shown in Fig. 24, The similar plasmids pEGRO9 -,

and pGG#13 could not ke resolved by restriction mappsig,and have *

[

gbeen assumed to De identical or nearly so.

~N
-t s v

- - - .

‘ The plasm.td pPGG41T was observed .to benave. when restrzcnon

A

CT mapped, as 1f x50 bp of DNA nad been deleted ad_)acent to u}e Pst.. .
. ‘ ' site near. the right end ‘of tne .msert. Sequencmg oi the Mu ¥ and
N N - M . . -
: 4 P genes (Chap’t.er 3) revealed t\t SausA sn.es in the cloned DNA. Qne .
. e , - N

" of these sites was about 540 bp’upstream of the Psti site. DNA

set:uence\pstream of the Pstl'site was compared to knovm sequences
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FIGURE 2.5: RESTRICTION MAP OF DERIVED PLASMIDS - < .

- Plasmids pGG409, m@us PGGH17 and pGG48 sontain Sau3A
‘fragments of Muctst2amp cloned into the Bam site of pCQVa. Plasmid
PGG413 was found to be identical to pGGHOQ b striction mapping and
1S niot shown. Thé thin lines represent Mu defiyed DRA, the thicK line
shows pPBR322 derived DNA and the open box sliows derlved DNA
sequences. The arrow beneath the sequence show$ the locatiorr and ..
omentauon of the mduame promoter, PR Plasmids pGG41T and pGG418
are shown without the attached PBR322 sequencbs’ and are ‘aligned at
the HindIll site found in all the’ recombinant plasmds. The derived
Jestriction maps aré in agreement with the previously published map

of this region (Mars's ana Howu. except for the deletion in
PGG41T. - -
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&n the "IH seguence datadank, and it was found n at least part .

wf wre sequence was compiementary i¢ the seguence i1n the Mu G

TEEION. SiInce thie. MU Library was produced I'Y rendim cleavage wiilh
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GENETIC MAPPING

. . ) L
A genetic analysis of the plasnnds was carried out using

Kd .

comp}ementauon and marker rescue experlments (Table. 24). Lawns ot

1SOgeN1C retA and rect E. cou, narbomns ihe plasmids peeuog,.

-

pGG417 PGG4186 or pccwa were spotted wn,h lysates from Hu phage
contammg amber mutations in the essenual Hu‘ genes: ‘M, N, P, and

Y. These genes were XKnown to inap 1n-the general vicinity of the

cloned fragments (Schumman et al., 1986)- AS exXpected, clearing was

not detectable in the absence of a complementing plasmid and markKer e

rescue was observed only in a rec* background. The data indicated.

— that the only complementing gene common t¢ all the plasmids was the . ©o-

N gene, suggesting that 1t might encode the virion 64 KDa protein.

.

-

Plasmid pGG417, which contains thre smallest insert, was found -

-

to complement only the N gene. This plasmid could also rescue some,

- put not all, mutations in genes ¥ and P on Spot tests. Whole plate
- - . R " .
— - i B
" assays were done for the Yam and Pam mutants that dould not be )
¢, - ' -
rescued by(spot tests Us.me wkole plate assays. the Pam- mutation . S -

in deletion group &5 was rescued at a jevel of about 500 times : -

-
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STRAIN  RELEVANT  FLASWI: AMBEF HUTANT DELETION GRONFS

— GENITYRE

V1027 Y1001 Y10ad 7365 FI00N F1012
€3 s« 57 58  5C 65

CAZ74 Sa- T - - - N - :
CA275 " Su~ + + + + + +
BUSO2% recé pCav2 - - - - - -
40 rect plQv2 - - - - .- -
BUSOZS Iech o pGG408 - - - + + +
40 rect pGG408 - x X + + +
- BUS0O2S repé pGG417 -, - - + - -
40 rect pGG4l7 - - x + X o
BUSOZS recé pGG418 - - - . 4+ + +
40 rect pGG418 - - - x .+ + + »

dm,

indicates no mrker rescue or couplenmt.atlm )

indicates comlenentat:.on T .
indicates marker rescue cbserved on spot tests

indicates marker rescue observed on whole plate assays only

o + 1

Complementation and marker rescue experiments were perforned by
spot tests; amber mutants not rescuable by spot tests were
re-examined by whole plate assays. Mu phage lysates were prepared
with titers on the Su+ indicator strains between 3 X 107 and 7 X 10°
pfu/ml. For spot tests, phage dilutions spanning 4 orders of .
nagnitude were spotted oo lasms of the desired isogefiic strain
pairs. Duplicate plates were inSubated at 32, 37 and 43°. At 32°,
complementation was observed” with MuPap mutants but not MuNae or
MuYam mutants. The results for 37 snd 43° were identical and are
shown in the table. Whole plate assays were done by plating 3 seriil
dilutions of the phage lysates, starting with a 10-2 dilution. The
plates were incubated at 37° overnight and scored. This allowed us to
observe recombinants occurring with a freqguency of  recombination
greater tharr 2.3 X 10~7 of input pfu’'s. Marker rescues that were
observed ‘on whole plate assays but not spot tests were found to
‘rescue at a level =500 fold reduced from marker rescues obserwed on
spot tests. MHarker rescues were verified by picking individual
. Plaques and testing for efficient growth on both_Su- and Su* host
sfrains. No complementation or narker rescue, was foundgfor mutants
before deletion group 54

-
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Lower than the evel of the conirol marker rescues and about 5
~

-_mes greater tharn the background. Thné wnhole plate assays of th2

»

sm omutants whioch were ested, showed nc deteciable marker rescuss.
Ti.2 markKers that were rescuable DY spet tests were in deletion
craups €7 (YemiC34) and 62 (Fami008) whach direcily flank deletion

sroups 58-61 within gene A (O'Day et a1: 19790). We infer from the

data that this plasmzd.carmes a’ functional N gene and only part of
the flanking ¥ and P ge‘.ne;
]

As mentioned above, this plasmid carries a deletion of the P
gene. Thus dele:uon Probably be;n:s about 540 bp from the Pstl site
and obliterates t:he complementation of Pam phage. It also results .
in the inability to rescue Pamio12, in deletion group 65, on s*pot
tests but no-t on the whole plate assays. .We. therefore, conclude
that part-or all of this deieuon resides in gene P and th_ai the
- Qeletion resides very close 1o the Pi012 amber mutation site. '
Titers of Nam phage on this plasmid or any of .the other plasmids,
except the vector, were indistinguishable from those found using a

S~u’ strain.

The genetic data in Table 21 establishes the left hand Limits
of all the recombinant plasmms ang the rmnt hand limit of pGGlL,'T
the smauest construct. The runt nand l.umt.s of thg larger ,

plasmids were not determmed since this had fno bearing on the .

coding region of the 4 kDa -protein. The two ger plasmids shouid

carry at least some, 1f not all of gene .G, andffpernaps gene w

] . . ‘ P!
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_ sequences, sirxce these genes follow gerie'F and map to the right of

the(:{.\l Site (Schummagp et al, 1980)

To unamriguolsly demonstirate thai gene N encodes the 64 KDa
'-’ir-mn protiein, 1nfection experiments were performed \;uth MuNanm
Phage mutan*< Control expemments with Muct ¢6._amp demonstrated
that the ‘64 kDt protein could not be detected with the antiserum
before 35 minutes after infection. The level of the 64 KDa protein -
peaked at.li»S uu.nut.és post infection and rémamed. steady until lysis
.(data not snown).s'rhls demonstrated that détéctable quantities of

' the 64 KDa protein were not produced until late in the lytic cycle.
Botn Nam mutations (¥ami995, NamTi06) were from deletion group 61

-

(O'Day. et al, 1979), which 1s the deletion group closest to the

az;"boxyl—.iermnus of the protein. These mutations nave been
'sequenoed. as described in the Results section of Chapter 3. Upop ‘
infection of a Su” strain these mutant phage should expregs
truncated forms of the 64 KDa protein. Tms"‘wa_s tested by infecting
1sogenic Su- (CA2T4).and Su*. (CA275) strains and running the total
cellular proteins at 50 minutes post mfection on 'an
SDs—r.;olyacrylamme gel. as previously deécrlbéd (C@wnas et al,
19651;). Tﬁe pProteins were transferred 1o nitrocelluiose and probed

with 64}(Da antiserum. The results of this experiment are snown 1in

’
'rd,‘\

; . \ :
r-'u. 26. Panels A and B are duplicate blots 1ncubated with a .

perox.mase canjugated seconu anubody and-a.n alkaline pnospnatase )
con,meated second. anubody, nespect.tvely La.ne M snows Lne ' b

tnurauon of tne full size 64 XDa protem as foux}d m the virion.

. ~

In'tnevSu’st‘ramaanesiande).awknaprotemqanbg. .. .
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FIGURE&G.H)EHTIFICATIONOF‘RNASTHE&KDaPROTm

' Isocemc Su-, Su* strains ‘were infected at an m.ol of 3 with
Nami99% and Nam7106 phage as described previously (Chaconas et al,
1985b). Total cgnular proteins - were run on a 10/ polyacrylamide gel,
transferted onto nitrocellulose and proded- with antibody to the 64
KDa proteiln as described in Materials and Methods. Duplicate dlots

were incubated with peroxidase conjugated second antibody or alkaline
phosphatase conjugated second antibody and are shown in panels A and .

B .respectavely. Lane M snows the mobility of the wild type protein as
found in mtact viral particles. Lanes { and -2 show the polypeptides
produced with thie mutant phage in the Su'! strain. Lanes-3 and 4 show °
the polypeptides prodiced in the Su~ strain. The migration positio’

© and size of the molecular mass markers is shown on the left. The
positions of 4he intact and truncated_ forms of gp¥ are indaicated by
the arrows The low intensity of the bandsmexpectedsmoeme
intracellular concentration of the 64 kila protein is predicted to be
low (100 phage per cell X 3 copies per phage = 300.copies per cell)

-

A
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detected. In the Su™ strain this band disappears for doth Nam

mutants angd is replaced by truncatgd forms with meolecular masses of N

55 KDa and '54 KDa respectively (lanes 3 and 4) This estaRlishes

the identity of gp¥ as béms- the 64 KDa protein to whiciy we ralseci
the antisera that was used for zmmg‘noscreemns <he ﬁu eXpression
lLibrary. - |

S;veral‘other poirits which are peripheral to the subject of '
thlis paper are worthy of mgnuon here. The first is that in
contrast to the results for gene ¥, complementation of gene P ‘
occurred at 32° suggesting the presence of a Mu -promoter: between
the end of gene N and tne start of gene P. Physical ev1gence for a
Promoter in this region has been obtained by SF. Stoddard and MM.
Howe gersona.l mmuﬁauon; Howe, 1387). The second point 1is
that our genetig.data, and the in vitro translauon data, are not

compatible with the previous assignment of gp¥ as a {2 KDa protein

(Glphart -Gassler et al, 1981) Plasm.ms pGGﬂ»:'T anda pGGAn& rescue a

Y ‘mutation in deleuon group 57 but not in deleuon groups 53 or
-54. The plasmid p66409 has an addiuonal 900-1 000 base pairs of
DNA Ddeyond the left extremity of the inserts in -pGG417 and pGG418.-
“This larger insert efficiently rescues the Yam mut.auon 1p deletion”
group 54 but does not resc:ue the Yam mutation in delenén gr'qu 53.
This suaests that the pmuct of the Y. gene ray be a ;Flypepude
of greater than 35 KDa. It is aIsa noteworthy that we h@observed

L4

a 49 KDa polypeptide which’ may.correspond to.a g_ort_zon of gpY in

the cell frée trinseription-translation systém (Fag. 23, -

\

\
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DEMONSTRATION OF THE IDENTITY OF EPN WITH THE INJECTED VIRION

%

R PROTEIN | ' .

T prove the idenuty of the 64 KDa protein in the

intracellular Mu pro{e.m-DRA complex as being the'Hu N~ gene

product, the 64 KDa profem from the intracellular complex and frcm

- / °
e

£pXN manufagtured in-vitro were isolated and sublected to peptide

mapping (Cleveland et al., 1977). The results of this expermentA

are shown in Fig. 27. Lanes i, 2 and 3 respectively show the S

par:uél proteclysid profiles of the 64 xDa‘ protein isclated from

the u_ztraceliu.lar protein-DNA mfect}on complex, the virion 64 KDa

protein and thé N' protein produced ln-vitro. In eéch lane it is

evident that the pattern is essentially the same. There 1s a slight Doe

d1fference between the profiles, in the low melecular wexght regi

of the gel, J.n 1a.ne 3 compared to lanes { and 2; this may indicate

some prjo'teolyuc decay of the protein produced in-vitro. 1ane 4 s
_ a control showing the partial proteolysis pattern ‘produced using

the Mu major tail protein as the subsu“ate. It is ewvident that the

pattern is enurely different than ‘the one- observed in lanes i-3. - .

. This experiment illustrates that there is only one pqupeptide
of 64 KDa ih the Mu v1r.ton if there were more than one 64 KDa

protem in tne vlmon. t.ne parual proteolysis pro-fne of uus

v 'protem (tane a) would not match that produced by the N. protem . '

produced m the. in—mtro transcmpuon-translauon system (lane 3

Frpth the expemmenta*l evidence presented above, we conclude th.at~ . \

the Hu N gene encodes the 64 KDa v:Lmon protein, wmcn u mJected , S
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} * The intracellular protein-DNA complex was isolated in essentially
theamwmuhymursetalmmwaremmm ]
Materials and Methods. Bacteriophage from GCI103 were , s
: (5Ss)y-methionine labeled as described in Materials and Methods. :
~ [Ps}-Hethionine labeled ¥ protein was prepared in a coupled In vitro
transcription-transiation ‘system (Zubay, 1973) using poG48 as the
templdte. The proteins from the virion and the intraceliular Mu
Lot Frotein-DHA complex migrating at the same molecular weight on o
’ - SDS-polyacrylamide gels as the N protein produced in viiro were cut
-outofmegelandeth.bratedmtnloamhuﬁenumted -




n

into the host cell and forms a stable protein-DNA complex with the

vd

infecting ‘“Mu DNA. .




DISCUSSION .o .

" Antiserum directed against the Mu virion 64 KDa protein has

- -

- reen prepared. This antiserum was‘ used to proere a Mu expression
ilprary .and recombinant plasmids were.recovef*ed which produced ihe
64 KDa protein. SOuther-h blotting and restrﬁctmr?%alyszs of the

- DNA cloned 1into the expression vector demonstrated that the

recombinant pla.snuds' conta:.ned. ri\; DNA near the Mu Y, N, and P g‘gne

regior}s.‘ Genevic analysis of the recombinant plasmlds showed that

the only functional Mu gene contained on all the constructs was ﬁpé

Mu & gene. Infection of Su~ E. coli cells with Hux‘am"pnage nas
" 1llustrated that the antiserum recogm.zes the truhcated forms of

.8pN. Partial prc;teolysw, of_u:;e protein 1solated from the ) )
intracelluian i:rotes-.n-DHA complex and the cloned gene product has
demonstrated that they are 1aentacal, These experiments.indicate
that the injected 64 KDa protem found in the Mu virion is tne
product of the Hn N gene tL ‘

‘- -~

The Mu XN gene product has previcusly been assigned a molecular

. mass of 60 kDa (Giphart-Gassler et al, 1981), based on analysis of P

. prétei.ns synthesized in infected mlmi'::;eﬂs..'ljhe difference between .
the tvr:o molecular ma;s asélgnmen.ts i1s larger than the.error usuvaily ‘
observed for SDs-polyaci*ylamde aéI, ei’éctrophorésxs. There 1s Snly .
a small amount of N. -protein produced upon whole cell infectian, and
perhaps this smail’ a.mount could no{ be adequa.tely observeq, 10 )
 minicell lnfecuons. Glpnart*eassler et al obsbved "t presence

of anotner o4 KDa pro-t,em coded fOl" DY a Hu late gene. §PH. This

.’




s
. :
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- : - ’ ,
genie product is made :m greater apundance than gp¥N. The Hamx mutant
utilized by this group tc i1dentify gpH as a &4 KDa pretein pr‘qduced
3 sruncated polypeptide of approxz.mateiés'a’ KDa. The r-elat.wé

intensity ¢of this truncated product may have obscured tne EPX 5=

r.Da band, thus allow% 1t to remain undetected.

- 3

L
Two other points should be mentioned in thas cuﬁ:uss.ton.'?irs

"1t 1s probable that th_e Mu Y gene I.DI"OdU.Ct. 1s considerably lar‘gér

thae_n "the 12 KDa Protein identified by Giphart-Gassler et al -
(1981). Plasmids pGGl-l-;OQ _ano..pGGlus produced a ;:49 KDa poifrpept::de
when .the plasm;o.s were transcribed and translated in Vatro.
However, the entirety of the Mu ¥ gene was not present on these
_plasmldé"ésadefmed by either comp_lementauon‘ or marker rescue,.

‘ 1ndicating that ‘the. polypeptld; observed in V.ttrc; was not iR ¢
length gene -product In add:ft,lon. contra.ry to our publish .
conclus.tons \(zﬂoor and Chaconas. 1986) on “the s.tze of the deleuon ¢ \

n PGGMT; n is .ukely 'that tm.s plasmid was deleted.Aurlng the-
producuon of the expression ubrary. by aarﬁal cugesuon .svj.th S
- “au3A The deleuon S;obably originates at the Sau3A site. deleting
215 KDa bt potential P gene coding region. It is also Probable, o .

since the plasmid is not t.runcated at tm.s sne, *t.nat DNA not from

this r‘gxon .has been added downstream of the partial P cene This

hd -

° '\ conclusion 1is more, cons:.stent with the Known sequence of the regzon

A w 3) and the observea size of eroduct

observed in vitro. - _'.' > -




. - Ehe N protein appears to be a multipurpose one. In addition 0

sinding fo the ends of infecting Mu DNA (allowing circularization,” . ° L

. - ¢ -  oa
supercoiling and exenuclease rrotection) the proteln sqems to be 41 -~
: . : )

\

integral ﬁart of phage tail structure Grundy and .Hoge (1985) have

_found that MuXam phage aré€ not able to produce tail structures. b '

e ]
very tight interaction between thé N proteln and gplL., thé payr | L
. N2
a tail protexin (Gloor and k{xaconas. unpublished), has been obser‘ved

b3

° However, infection of sensnlve E. col.t cells .1s not 1nh1b1ted
. following 1ncub§tlon of Mu v1mons wn.h the polyclonal gON

antiserum (data ‘not shown). This sueeﬂg that \ge N protein 1s

¢ largely buried in the ta.u structure . ' . .
. + The determnauon of gp)\l as the .uuected SLgKDa protem that r -
V]
¢ circularizes the infecting Mu DHA explains the reason that mutants

e
deféctive in 1ntegr;uon map.pms to- this cistron have not beer’
1dentified. These mqtaht;e, would be genetically inivisible because '
mﬁta_uoné that truncate th.e‘ polypeptide (eg. Nan; mutants) woul'{d not
o allow’ phage to ‘be—broduced EGr-undy .a'nd Howe, 1985), nor would :

mut.ants—that do not allow the proper folcuns of the polypepude P

chain (eg. Nts mutants. L o
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INTRODUCTIONR ’ " .

- . -
-

-
. '

" In Chapter 2, the Mu viror. 64 KDa protein %as identified as

the product of the Mu N gene. Further characterization of the X
gene and 1its product 1s descrided 1n this chapter. A segment of DNA

carrying the N a.nd P genes was subcloned 1nto a more potent

<
“
v

S "e:;'pr_essfon vector, resulting in ampnf:.céuon of the corresponding

»

* gene products. The A and P genes were also cloned into a douple ‘)

stranded sequenging vector and the cémplete sequence of both genes

‘has‘been determined.’ o .

’ .
.

OVERFPRODUCTION OF THE N AND P GENES

-’

- -

The original constructs (PGG09, pGGH17 and pGG418 cloned into. - -
*the vector PCQV2) produced approximately 10 fold more N protein

than was found in infected cells (Gloor and Chacgnas, 1986). This

. ' - . ‘

level of overprioduction was not sufficient to allow detection of
' . ¢ ' ' '

the N protein on coomassle blue stained SDS gels, although the P . .

E Y

protein was observed Overproduction of- tng Mu ¥ and P genes was

achieved By deleting DNA upstream of the Mu N gene with Bars

exonuclease and subsequently, clor'u.nq the genes mto pKK223-3, a '
more potent expression vector. This' vector _contains a tac nybrid |

éroﬁxoter under the control of the lac représsor. The -35 region 1s °

derived from the 5‘: col trp operon and the -10 regl_c;;.;s from +5& . o
1ac operon (de Boer et al, 1983). Following the promoter isa . .

. o . . AY ’ . - .
polylinKer derived from pUC-8 (Vieira and }iessmg.‘ 1982) and the E. -

e

\coll rrnB operon termination sequence (Brosius et al., 1981). The . 1

.~
- -

. .
. ’

o * -




’ -

cresence of $h1S termination sequence ensures that no transcripts
¢riginating from the tac pmmotef will interfere with the origin c=
;.las:xmd_ replicauion (Brosius, 1984)..Utilizing this veclor, .m some
Eonstruct.s. the N and P proelns accumul_a;ed a;a:er induction with

PTG, each forming approximately S5z of total cell protein..

SEQUENCING OF THE ¥ AND P GENES

?

The vector chosen for sequencmhé. PAA3-TX (see Fig. 1mas
con;t‘f*utned by Anhmed (1885, 1987) t0 generate random deletions from
: s ) . :
: a_fixed end point 1nto a prece of cloried DNA. The vector contains

TNO with the ISIR deleted at the Pstl site, the remaining active

IS{ module provides the epdpomt‘ for formation of adjacent
deletions (an intransic Property of IS#; Iida at al, 1983) In
,addition, the plasmid con{m part of tx;e-E.;. coll gal operon §n1_cn . L
codes for the galk and £aIT genes. A ‘portion of the galE gene is
also present. -'rﬁé"'c_‘vié"funcﬂqna-l‘ ealacto%e_ éperon genes code for
y * . - IR
galactokinase and 'ga;lac;tose._—l'apui'lndyl transferase enzymes, which
| form UDP-galactose ‘from UTP and. galactose. Accumulation of -

UDP-galactose is lethal to the cell. Therefore in the apsencewf Eead

°

\

= UDP galactose-4-epimerase, the product of the galE gene whicp.

]

. . converts UDP-galactose to UDP-glucose, the cell dies.'in a strain
deficient in galactose epimeérase, growth on ampicillin and

. galactose allows selection of deletions extending into the cloned » .

”

DNA, originating at the left end of Isi ' . -




The ability to utiiize a APQPCOIIQG double stranded DNA template

<10 generate DNA sequence (Chen and Seeburg. 1965); allows the direct

aietermination of the sequence of the deieted plasmid DNA. -
h . ’
\
‘, -
-»
. .
’ L}
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MATERIALS AND METHODS: OVERPRODUCTION

*  CHEMICALS, ENZYMES AND DNA TECHNIGUES N

. See Chapter & Materiais-and HetpodJ\

SUBCLONING THE Mu K GENE INTO pEEKe23-3

.Plasmd PGG418, (Gloor and Chaconas, 1966; Chapter 2) was used
as the source of the Mu ¥ gene. The plasmid (25 vg) was linearized
by digestion with the restriction enzyme EcoRL The restriction

enzyme was then inactivated by heating at 65° for 10 minutes, the

DNA was; ethanol'. preciplitated and resu;pended in 40 vl of TE. AN

equal volume of 2X Bal 31 nuclease buffer was added wath 24 units,
~of Bars mzm exonuclease. 'rhe reaction was.incubated at 37° ana S
+ at time pomts of 6 7. 8 9. 10, and 11 minutes, ahquots: of the

_reaction were rzmoved and ‘added to an equal volume of stop mix 1100

mM ?r)\. 100mM EGTA) A small sample of each time point was removed

and analyzed by azarose. gel e'lecu'opnoresas.' Following analysis, -

the remalndc.:r of the appropriate -time pomts"were pooled, ‘extracted

thce with ¢-CHC13 ana the DR.? was etnanol prec:.pnated. The DRA .

was resuspended i TE and .the' 5. or ¥ extensions remaining from. ‘

the Ba:':u nuclease were removed by Mung Bean Huclease (PPL). This

reaction was. done a,t room .temperature for 30 minutes in a volume of

20091.and conmnedzs umtsofthe enzyme Tneenzyme!as

removed by emacuon w.tth p—CHCI..g. the DHA was ethanol

. preqxpltated twuce and respspenaed m 10 M of TE.. '




EcoRI linKers (dG-G-A-A-T-T-C-C). were obtained as a gift from
Dr. George MacKie. The linkers (100 pMole) were phosphorylated in a
reaction buffer (10 u1) containing 50 mM Tris PH 7.8, 10 mM r;gcxa,
¢4 mM Spermidine (Sigma) O: mM EDTA. 5 mM DIT, tmM ATF. and 10
urirts of polynucleotide Kinase (prepared by Dr. George Cnaconas).-
The reaction was incubated at 370 for i hour. The linkers were

purified by one extraction with g-CHCl3 followed by two extractions
L »

with CHCl3. Prior to use in ligation reactions, the linkers were

annealed by three sequential 5 minute incubations; at 37° room

*

temperature and on ice.

Five ul of PGG418, prepared as above, was ligated to the

pnﬁs'phorylate;&‘ ECQRI LinKer in a 110 molar ratio at 20° in a

volume of {3 pl, for 16 hours. The DHA was extracted once with
ﬁ-CHC13. ethanol Precipitated and resuspended 1in 43 pl of Hz0. The
Plasmid was then digested with 10 units of the restriction enzymes .
EcoRl and Pstl The reactu.m was 1ncubated at 37° for 2 hours in
the recommended buﬁér for‘sé,:oRI. The DNA-was '#Qﬁmghextracted.'

ethanol! precipitated and resuspended )n &9 vl of TE . .o

-
.

Y
. -

."'I'ne expression vector utilized for- overproq\xchon of the ¥ .¢en-e
product was pKX223-3 (PPL). 'I'he plasm.td XY ue) was cusested by .'
"both EcoRI and PstI in. Ecom buffer. The reaction was terminated by
!xtracung with #-CHCl3the DRA Wwas recovered by emanol ~

precipitauon and was msuspended m 20 W of TE.




. »

Plasmids pGG418 and pKK223-3, prepared as described above, were
l1gated together 1n 20 ul of ligation bufier containing eithelx A
01 ug of ‘PKK2R3-3 and 2 g of PGG418, or B 02 bg of PKX223-3 and

t vg of PGG418, 1in a volume of 20 ul. THe reactions contained i

welss unit of T4 DNA ligase and were incudbated .for 3 hours at 22¢.

-

one pl of the ligation reaction was used to transform JMIOS
(Apro-lac, SupE, thz, rpsl, endA, sbcB, hsdR, F’ trabD, proAB,

lacI9lacZ AMi5S; received from PPL). Five percent of the
e ° -

transformation was plated directly onto LB plates containing

carbenicillin, the remainder was diluted 1/50 1n LB plus amp:.ciil:.n

¢

and grown overnight t6 produce a liquid library. Se'\rent.y‘-ﬂ.ve=
colonies grew on the transformation test plate for ugauoh L.a.nd

38 colonies fg!‘ hgation B. - v

SCREENING THE RECOMBINANT LIBRARY . )

-
b

1

Fifty éo}omes f:rorﬂ lagation A alnd- 38 co}oh.tes from ligation B
were patched onto LB plates containing carbenicillin and grown
.overnight. The colonies were lysed an‘d«thelr DNA fixed to a

nitrocellulose filter as desﬁrﬂ;ed. by Grunstein and Hogness (1975)

The filters were hybridized with 32P-labeled Mu DNA prepared by

nick-transiation as described in Chapter 2, and the filters were

processed for autoradiograpy. The hybridizations indicated 'tnat
L

approx.unately 407 of ligation A contained a Mu DNA insert and 2%/

S

of ligation B com.a.lned a Mu DNA insert

,




%

The libraries were screened for PWJ.O!’} of the Mu N protein

in a samalar manner to that described in Chapter 2. Two hundred
individual colonles were picked from streaks of the two libraries,
Patchéd onto LB -plates containing car'benlcflnn and grown for 6

hours at 37°. The patc”ﬁes were lifted from the Flates bwa
nitrocellulose d;.sk and placed ‘colony side up’ on a:n similar

plates containing i mM IPTG (Sigma) The colonies were grown .
overnight on the filters and processed fo} immunoscreening as

described 1n Chaptér 2. Two colonies which bound the anti-N protein

antiseruin were detected in Library A and 12 were detected 1in

- [ ]

v.ubrary B. The positive colonies {(14) were inoculated into grdw’th

tubes conta1mng 2 ml of LB brotn and ampicillin and grown at 37° ; |

until they were esumated t0 be 1n mida log pnase c:f srowtn At tnat

" tame IPTG was added to { mM and tné incubation was carmeq out. for

an addaitional 2 hours. One and one nalf ml of cells were pelleted Lo
: b ) )
1n a microfuge, resuspended in-200 vl of 1X SDS gel loading dye ana@

boiled for 10 minutes. Aliguots of the lysed cells (25 -ul}) were run .

. on a 107 SDS acrylamide gel with a 4% stacKing gel (Laemml: 1970)

to assess'tne production of the Mu N and P proteins, whose genes

were on the cloned piece of DNA. *

PHYSICAL MAPPING : ' S
The 14 posluves clones from the unmunoscreen wer-e inogulated .
into S ml of LB broth conta.mmg amplcnun and grown overmcht at -

320, The cells were analyzed by cracking gel electrophoresis -
‘ . . N - .




-~

(Chaconas.et al. 1981a) ol a 05X agarose gel along with'size

-

randards. ’ - =

. 1 ’ .
The SDS-acrylamide ge! and the c¢cracking g€l of the recombinant °

clones demonstrated that 10 of the 14 possible _clonee contained
- ; ) -
single Mu DNA mSertl'ons\.DNA'was prepared from these clones

(Eirnboam and Doly, 1979) and the plasmdy were restrzct.lon mapped

-

by Baml-{I‘PctI and E‘c"oRI—H.deII double m.gests In adcnuon, the
sequence of the 10 plasmld.s was determined for the junctaion between

the promoter sequence on the vector and the .mserted Mu DNA (see

sequengmg S&C‘L}?D).

GENETIO MAPPING

- i . * . - . p

-

The 10. recombinant plasnuds were transformed into strain X’noa

‘(trp, ;;ro, rpsL, lacIq; Zennbauei‘ and Harkovnz. 1980}, which is a
suppressor ‘minus Jac I9 strain. Lawns of the tra.nsformed E. colu

" st.ram contammg one of the recegmmam plasmids, or the vector
alone, were spotted with dilﬁuons of Muctsamp, Mudam30i4,
Hu)'am1034' mamvass and MuPamiOO8 phage (phaee strains described
n Chapter 2) in the presence and absenoe of 1 mM IPTG. The plates
were grown for 16 hours at 3'r° and ‘scored for. the ab Y of the

recombinant plasnuds to complemem. the ., various pliage mutants.
, : -

-
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RESULTS: OVERPRODUCTION ) \

SUBCLONING THE N AND P GENES INTO pKK223-3

The Mu ¥ and P genes were sub<loned into the -potent expxjeks;oln- . .

vector pKKe2e3-3. A map showling the \-rector' d two r‘epr‘esentau)fe'
. i
.pIasmlds derived from it are shown in Fig. 34. In order to clone
the Hu N and P genes, the vector was linearized b}: double digestion -
with th.e restriction eridonucleases £coRl and Pstl, to generate |
non-co Ier-nentary coresive ends. These were ligated to the Mu ¥ and
P gends, excised ‘from #8 prepared as described in Materials andl n
'Methods. Since both fragments of DNA contained the same ‘ /

non‘-complementary cohes.we ends, the XN 'an.d P'senes' were expected to

be cloned in the. proper orientation and in high yield In fact trus ",
was obseryed. "I‘wo ngau.on reactioné were performed with the
- vector-insert ratio varied; 407 Mu DNA inserty were obtamed in o
ligation A and 25/ inserts were dbtained in ligation B, as judged

by nybridization of randomly selected clones to a Mu DNA probe.

~
’ . h

. . . —_ . ) . e
N_AND P PROTEIN PRODUCTION

R L

Tne clones were screened fo eir abilat to overproduce the

T Chapter 2. 'I'here were s.igniﬂmnuy fewer clones able to produce .
the N protein tngn contamed Mu DNA insertions: 17 in.ligation A

and 6% in ligation B. This probably reflects the inability to

-
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. Thevectorplasnm.pnzzs—apnta.msamongmmcter i ~
designated as Py, a multiple dloning stte (MCS) containing the .
‘restriction sites EcoRl Smal, BamHl, Sall, P$tl and HinalH - - .
respectively. Asums{eruﬁ.ﬂ.lon sequence and the B-lactamaséegde -

allow stable maintenace of the plasmid. The ddrivatives of this - .

plasmid containing the Mu. ¥ and P cmnedmtotnez’com-?m - *
cut vector were constructed as destribhiéd in materials and methods. . - .-
PlamdpG@AZwasthelanstclone.}EeonxﬁwhﬂepGG&thne‘

smallest. Plasmid pAGSE2 (not shown) cehtams a quplicated multiple

cloning site. The restriction sites in this plasmid prior i3 the '
donedﬁuDﬂAmEcoR!.jpaLBam!ﬂ.Saﬂ.PsﬂSaﬂ.Bamﬂ.SmaI Ly
and EcoRi This mvem.ed uplication probably arose dauring the :

cloning. -
. ' .
»
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produce a signaficant amount of N protein 1¥ a large part of the

- S ‘? N ." . - >
T gene had been deleted by the Fal3l treatmeht of pGG418.” - .

Y . M . -

4 ) -
- +'The posz.uve clones were aiso exammed ‘or the amount ofF'N
protexn overproductmn bv SDS-polyacryiamJ.de gel ‘electrophoresis of

4

I"TG .mduced cells. The re.su s of thls analys.ls are shown 1n Fig. »
32 The amount ot N proxez."x produced \by the clones varies wxdel). .

A i’

from less than 1/ o_;f total cell protein, eg. pGGEAa. to over S/

votal cell pfptem. e.8. pGGéAT. The amouynt of total cell protéin

was deterimned by densitometry of the wet gel op an LKXB

o densit.ometer as descmbed by the manufacturer Peaks were cut-out

e and:weignéd in order tO obtanx ’c.he percenta.ge of total cell

e

.protem 'I‘wo clones were obset'v -not. to make elther tne R or P

h NN o R
proteins when observed on thls gel, peeam and pGG3A3 and are noi.

\\_’

descri.bed :Eu.rther 1nh addit.).on. clones with muluple mseruo’ns of

x

. o Mu DNA were nqt :Eurther c'naractemzed It 1s aJso apparent "that

. the H‘u P ggnee pro&uct .13 overproduced by tnese plasmlds 'Phe

mnount é-hb’vef*production 1s nearly mdependent of the eonstruct and

: Q‘ “is also nearly mdepmaent of mducnon wn.n IPTG At pest; a v

: k3

-

.. 2-fold J.nd'o.cuon of P protem when IP'I‘G 1s added to the growu}

” o - ‘. ’l

- ‘mediumwasobserwd o C . N

’

P}asmms from’ tne élones producmc N protc,m were mapped oY
LY -
. restriction endonuclqase duesuorf The E‘coRI a.nd PstI restmcu.on

,/ .

’ endoq\uclease si&es wex*e present in all’ of the. mapped plasnuds

2L

3
o’
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The bacmmsuammos contammetheplamds md.uatedm
grown in LB broth containing ampiciliin at 37° to apprdximately 5'x
1050ens/mLatunspomtIPIGmaddedto$mHamwnm Y
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:.nd:.qating that there was ne undesared exonuéieoly'uc degredation

of the pla.§m.1ds during the construction. Since the recovered clones

are 1dent.1cal. exeept for :h-e ﬁmn left of the HindIlll site,

resz méuon maps of the largesY (PGG3A2) and the smallest (PGG3A® = —

¢of the plasmds are shown in Fig. 34. In addition, the top strand
near the Ecc¢RI Juncu'oh of all +he plasmids was sequenced by doub.e N

strarided. DNA sequencing, ut.ulzing a pmmer' com'plementarjr,to the

'Y -

pKX223-3 promoter sequenca(ﬁe sequenczng data complement and a '

extend tnhe restrlctz.on maps of these plasxm.ds. ‘I‘ne locauon of t,he

v

deleuon encd @oints for these plasmdg 1s noted 1in Table 3.4 voet

-
Y -

Tne amour'xt of overprodu'cubn of the N proteln'comémes. ; -
AN
approxlmately with the qlsleuon size generated by Barst during the .«

a -l

. subclonmg of these plasmids. A graph correlating the amournrswef _ s
protem nroduced by the various plasmds and where the aeletion end

pomts map 1S shown m F‘m 3.3. Thls ﬂgure ulustrates that thereé
“1s a steady increase in. the amount of protem produced by the
. Y
. 'Plasmids up to and mcluding the deletion end pomt qj pGG333 v Ll

After this pomt. the amount of Rrotein produced by tne const.ructs

.
(53

decreases. 'n'1ere)are severa.l'explanauons for J.he varlat.lon in the )

P N

pmtem production of the plasmids. For example. the vector Lo e
"Known to conta.tn a strong rlbosomé binding site and the locau.on of . :
this relative fo the start codon of the N gene may influence the ‘_,‘ PR ‘.

relauve amothts of protem produced There may also be mhmn.ory

secondary structures in the messenger REA, or possibly other . . . ’,_'

’ . , .
. , . s,

. 1nhibitory sequences further upsiream of. the spart codon. In-any
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. . o 15 also given t

'n:e locatlon ‘of-the dereti.on end poibt-s relative’ to botn the
T iamitial micleotide (NT} sequenced and u'z ALG codon for the ‘N gene 1s .
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~ . Strains overp:oducmg the Mu B and P proteims were induced to .
make protein and run &n an SDS-polyacrylamide gel. The gel was .
stained with coomassSie blue' and thoroughly .destamed Densitometry of
the wet ged on an LEB derisitometer was done to determine the . et
approximate amount’' of N-and P protein proddced by the various T
constructs. The bar graph above shous the results for the N protem
P protein production was' nearty constant between the constructs.at
. .,  3bout 8% of total cell protein. Overproducing plasmids are. arranged:
in order of .distance from the N protein jnitiation eodon. and the-
CJunetion between the Mu and vector sequerice. The N protein as'a z of

-

’ . total cell protein 1s cha.gted ‘The two best ovet‘producmg clsnes qere B
) pGG3Af and pGG3B3. ) :




of ma‘lrna‘ overprodusiicn wa

Linterest but, rader the achievemen: o< 1t.

,—:-“—-Tyvc \{ [ XS U]

'
—ah o - s 8

The 10 recempinant plasmids producing the Mu X protein were
X 4 :
examined for <4heir abdility 10 produce a functicnal Mu XN gene
praduct. The plasmids were antroduced 1nto a suppressor minus lacla

° = ]
" strain and various dilutions of Mu Nam, Pam and Aam phage. were

gotted onto t&\e lawns. The production ¢f a functional protein .

‘ 9 . .
would allow tng mutant phage to grow and proguce a clear area where‘
. ) \

~

the phage were ;potted. The results of this experiment are shown in
Table 32 %All 10 of the recolmbinant plasmids produced a functional

N and P gené product. None of the plasmids could support the growth
of the Mu Aam Phage, but all of the plasmids could support the '
growth of Muctsamp. Tne .'amount of N pro:em could not be observed
on an SDS—polyacrylam&de gel when the cells were grown in the

' absence of IPTG (Ffz. 32, lane 1} however, it is noteworthy that

“all the pla;mids ‘expreessed enough N prote.\.n to complement the MuNam
.Phage tested. This indicates that the tac promot;r is ngp fully
repressed even 1n a 'Iach stram




. . .
. TABLE 3.2: GENETIC MAPPING OF N AND P OVERPRODUCING CLONES

PLASMID N - __PHAGE SPOTTED
Mudamsoll MuNam7365 MuPammOos HuctsaJ

A d * *

PGG3A2
PGG3AY4
PGG3A1 -
PGG3B2 . -
PGG3B1 -
PGG2A2 -
PGG3A7 -
PGG3A8 , -
PGS3B3 -
PGG3A9 -

i

l

+ 4+ 4+ 2o
4+ + 4+ s

4]

Y R R A

| J

M .phage containing the mutations indicated were spott.ed
onto ‘a 1awn of Su~ E.coll cells containing the plasmids indicated’
at dilutions of 10-1, 10-3 ana 10-5. _For mg%sgeaﬁc details ° |
see Materials and’Methods. In the table - indicates that no
Phage growth was observeq; + indicates phage growth as mdxcated
by clearine' of the spot.

. a - -»

w




MATERIALS AND METHODS: SEGUENCING

Y

-

SHEMICAL. -ENZYMES AND DNMMTECHNIGUES

Sg¢e Crapter 2: Mater:als and Methods. .

CLONING THE MU N AND P GENES INTO pDAA3-TX AL

.PLASHID.;:GGS‘ é o -

e

Plasmid pGGSB wa's derived from the lLigation of PAA3-TX and C

PGG3A2 as degcribed below. A restrlctlon maprof this plasm.td and
- the otner plasmids oonstructed 1s shown i:.Fm 34. Plasmd,
PGG3A2, the largest of the plasmids used to overproduce the N gene
' product, was restricted with Pstl and EcoRl, using th; recom;nendeg —_—
bu-ffer for EcoRl. The restrlcuon endom}_],ea.ses were removed 'by
extraction with ﬁ-CHClgtnd t.he DNA was recovered by ethanol
precxpltauon. The cohesive ‘ends multi from the iction | - «
- endonuclease d.tsemons were removed by subsequent digestion with
Mung Bean Nuclease (approxunately 05 umtsmg DRA) at aa° for 30
minutes. The Hunc Bean Nuclease was removed by ¢-€1-1013 extract.ton
< . “‘and the DNA was étha,nol preclpa.t.ated. BamKi linkers. « I
. (dC-G—C-G—G-A-T-C-C—G—C-G) were obt.a.lned as a’ glft “from Dr. George E
Hacme ‘and were pnosphorylated as aescribed px‘eviausly. u.unz . .- -

.

ponmucleoude lunase prepan.-d DY Dr George ‘Chaz:onaz. ‘The lunase

» - -~

reacuoncontamed:umtofmnaseperasmﬁolennnerandwu ; S

performed at- 370 ‘For 90 mnute: (eonmuons as descr!bed ja



-

pr&*néus ‘secticn) The Kinase was.removed by extracnfn of the -
reaction, twice with ¢-CHCl3y anc twice with CHClz. The linkers were

annealed as descraibed, and ligated o FCGGSAZ in the ratig of 5¢1
. . . .- ]
lankers:iplasmi¢ ends. The ligation was-performed at i7° with 5

Welss uniis of T4 DNA ligase for 18 hours 1n a final volume of 1€

v.. After ligation; the reaction was diluted to 100l with X

]

. BamHI buiffer, 10 units of BamHI were added and the restriction was

incubated at 37° for i hour. The reactilon wés terminated by ¢-CHC':13

extracuon and the DNA was r‘ecovered by ethaqol precipitation. The

DNA was resuspended in 10 ul of TE.

A~
. * \ r !
The plasmid PAA3-7X was cut with BamHT and dephosphgrylated

[ . -

with 2 units of bacterial alkaline phosphatase (PRL) per g of DNA

at 37° for i hour. The two plasmids were ligated together using

- . T . ) -

.'. room temperature for -2% hours.

C of the ligation mix The cells were plated on LB agar plates

L] . \
P 3 DNA concentrations of about 50 vg/ml of PAA3-TX and 100 pg/ml .
of A2. Five Weiss units of T4 DNA ligaPe were added:to the

‘reaction in a final volume of 10 ul. 'I‘ne "l.lgauon was incubated gt

.

-
. ..
' -

The E. coll strain AA102 (pecA, pro, thi, supé, endA, hsdR,.

Al(gal-chlD-pgl-att ), ﬂuned. 1985) was trgnsformed with-5 vl
| R | Xy
containing aﬁbemclﬁm. and mcubated .as 37° over-'-ﬁ.lent. slngle .-

Qolomes were picked off t.ne transformauon plates. patched ont.o LB

/ﬂés wbemcmm Plates, and me size.of tne recombmam ’plasnuds '

~

analyzed by c:raclunz eel electrophoresxs of the plasmid DHA -
(crudna.i. ot al. 19&13). Several plasmms conga.i.mgc mserted Hn__




)

DNA were mapped by restriction analysis and were found o conta:.n’

. - Ay

the Yu N and P genes. Eowever, only one“orienation was recovered.

% . . . L)
%

.\~_\A N

PLASMID pPAATER
“—

- ) .
Recombinant plasmids in ‘one.orientation only (PGGSE) were

recovered afier analysis of >100,colonles from three separate

Y

cloning attempts. In order to c‘l‘one the opposite orientation,

PAA3-TX, was modified by inserting a strong transcriptional

termination sequence in the te.trécycune gene.

4 :
A}

Plasmid PAA3-7X was restricted with Sall, extract.ed with
sﬁ-CHC13, ethanol preczpnated.. and the 5 overhanglns end was

fmed n w1t.n E. coll DNA polymerase I (Rlenow fragmer}t) in the
- - IS - L

k\4

_presénce of the four ANTP's. The plasmid was, extracted with

| #-GHCl3 and ethanol precipitated. The DNA pellet was resuspended,
digested with Baml-jl"ﬁ-CHCl3 extracted and ethanol precipitated.

The resuluns plasnud. oonta.lned 3 *blunt” end (d.ermed from ﬂm

-
-

" sain sﬁe) and a "sticky" end {derivea ft'om ‘the B\aml-n site) thus
ensum.ng that the two ends would not ngate to eagh’ other. The
tr'anscmpuonal termination sequence wa,s'donated =) 4 the Plasmig
pKK223-3 which vas brevicusly. used to. overproduoe the N gene
'product.. Plagma PKK223-3. was restr.tcted mn .&#pl and BamHI m
“sspl buffer. 'rne plasmida was p—G!-tClg extracwd ethanol
precipitated and resuspended 1n 10 W of TE .

..




' Plaémd PAA3-TX and pKK223-3, dboth rrerared as _above."were

ligated .in a 110 molar ratic us.ng 3 um.ts of ligase and Q0 ng of

PAA3- 'Th 111 a final }olume ef 10 pi. The lipation mixiure was used
v " -

to trapsform DH20 (endA4, hsdR, SupE, recA, £¥ra, relar F.lacrd,

lacZ, proAR; Hannahan, 1983) and $he tr;_ansf_ormed cells were grown
) {

in LB broth plus chlorampheni

A

plasmids derived from EAA3-7X. The liquid Library prepared 1n thas

(25 ve/ml) 1n order to select for -

way dontained >507.of the desired product, as Judséd by restrittion .
.
-analysis. Plasmids from 10 single colonies were restriction mapped,
~ and all were found to be the desired product, which was named °

PAATER.

. [ . )

)

P].a:nm.d.~ PGGST was deriv.eu :Ercm the ligation of PAATER and ~

pGGlHS as follows, Plasmid pAATER was digested with BamHI. ¢-CHC13
o . .
extracted anc et.nanol precxpnated After the 5 smgle—stranded -

»
DNA overhanging ,ends were filled in with E. goli DNA polymerase 1

. f . A
{Klenow fragment) and the four_ﬁlgT's the plasmid was @-CHCl3

p—"

éxtracted, ethahol precipitated, digested with Sall, again ¥ cuai;
exiractea and ethanol Precipitated. Plasmid pGG418 was restricted i

¢ .\ N F L l.
to completion with DraI and then NacCl was added to a fmal-

" concentrauon o-f\SO mH. The nstmcuon endonuclease, Sall, was

added a.nd .mcubation was con.t.mued for anothefx‘ 2 nours. The DnA wa:.

L] »
.
) -

: gxtracted vuth p-CHc13 ane ethanol- prec1p1tated. 'r,he plaxmms were

‘ 'ligaked together in a 10 ui reacuon mixture eonta.tmqe

.agpromaf;elywmdegcnmgmaanaqumuofmmm-



» . ' 4 i < -
N .
The ligated plasmid maxture was-used to txansform DH20O and ithe

.

transformed ceils were srbwp in LB plus, ciiloramphenicol. The

> i ’ ° -
, } recombinant plasmids were, extracted from ihe liquid lLibrary, run on

.
LI . . f

-a i/ agarose gel overnlght and the region of interest was cut out.
The DHA was #umﬁed' from the gel by the use of Gene Clea‘n
___53_12 101) and used to‘ transformZDHa‘o. The transformed cells were
plated onte LB agar plates containing carbenicillin and grown
overnignt. Twent‘y colonies were picked and grown in LB broth
.centa;rzms ampagillin. Plasm{d DNA was extrac*ged from the _cu_ltuxis'
and restr;cuon mapped. Four plasuu.ds were found to have J.hseruons

- in the desa.red or:.entauon. bne of which as saved and named pGGST
‘ '

L
-

at

The & end of the top strand was poorly represented in
deletion I.Lbranes formed from pGGST' therefore, 1t was necessary
- to clone this .ex_ad in u}e sequenc.tng ‘vect.or ve.tth_out tge _3’-end._ The
_Plasmid PAG3AT was digested to completion with Pral and Hpal, in
the recommended buffer for HpaI. 'me restrlct.ed plasmid was ruﬂ on’
v oa i aea.rose gel overnuhtand_:.he DraI—HpaI fracment derived from

A

. the Hu DHA insert ‘was recovered with Gene Clean. Plasmd pA.A§—7x

- - -~

waq hydrolysed with BamHi and- the > overhanane ends were f£illed .

- in with the Klenow fragment of “DNMA. polymerase I and the four

ANTP's. 'mne Du uas ﬂ-CHClg extractec and
. Mu JNA frament and the vectdr were ugated

ratio with pAAS-’Tx at a ooncentrnum of ahout. 30 uc/ml. us.tns 5

\v'e:ssumtsof'mmu.ncasemareacuonvommeofiom.'rhe s




extracted from the Lbrary and run on a 1% agarose gel. The Library

retransformed llbrary contalined i0/ insertions. Restriction mapp.mg

.sequéncind‘ 'rhe ougonucleoudes were denatured by mcubauon at

reacuon was a.ncubated at roonm yemperature fop—if nours. H20 was
mans‘ormed with an.aliquot of the nsauo': and sx*o'n as a llqu.;d
library overnight in LB br‘cth containing amf»:zclllm. The DNA was

*

conttained less than {/ insertions as Judged by agarose gel

electrophceresis. To avold a large scale screening of tpe la.'brary ,1‘
the region of interest was excised from the gel, purified byl Gene .

Clean and used to retransform m—;ao Ir\dnrmual colornes of

transformed cells were S.'LZEd by craclun& gel electrophoresis. The

. 8

showed that an the recombinant plasmids were in the same
. Vi .
orientation as-pGGST and were probably siblings, since the original

cloning was not veryrsefficient. This plasmid was named pGGDH.

@
.

i ) & . -
oueonUCLEo'rn_)E. CATION ) .
L -

. Ougonucleoudes were synthesmed Dr. G Mackle of trus
department. 'I‘ney were debiocked and supplied as a dred po\lder: anda
were resuspended in a smaill volume of TE before “use. Their |
concentration’ was determmed by absorbance at 260 nM a Aaeo..ao
ug/ml Maniatis et al, 1962). The primer pumﬂcaupn procedure
evolved ffom that &escrlbéd by Haméti.s and Efstratiadis (19&6). A
207 a;r}'lamlde slab gel was prepared ‘as described for DM _
5

650 in s0% formamide loading dye for 3 minutes, and %5 Azgo BRits

of oligonucleotide was loaq@ per lane. The gel was run at =56°
. [ Lo .

until the bromophenol blue dye was 2/3 down the gel. The
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cligoniuclecotides wére then stuah.z'ed b&’ s‘ﬁadhowzng wilth long wave
ul;.r.avmlet light ('326 nHy usins Parafilm as a fmorgtscent
background. Th’ central portion of the siowest rmugrating band was
cut out of the gel and diced. The gel pieces were overlayved Wlt\h by
volu;nes of extraction dbuffer (150 mM Nacl, 10 mM EDTA, 10 mM
Tris-HCl pH 7.8)-and rotated at 4° overnight. The mixture was
qehf:rlfuged.ln a mlérofu‘ge'for 5 xﬁmutes. the supernatant reiﬁoveii
and lyophlhzed un:ul the vo’fume-was less than 1(36 - 'I'ne puxla.ﬂed
ongonucleondes were desalted on a 0S ml spm column (Suhavey et

al, 1984) containing Sephadex G-ES in 'I’E. The appronmate

concentrauoh of the oligonucieotides was deterxiuned by .absorbance

at 260 nM. The purified product was stored at -70° until use.

. SELECTION OF DELETIONS FOR SEQUENCING _ -
o

Transformants of AA102 ¢ontaining the cloned DRA of interest.
" were streaed on LB agar Plates containing carbenjicillin Single

colonies were Picked off the plates and patched onto ﬂacCaﬁkey‘s .

indicator agar plates containing 0.4/ galactose and carbenlcmih..

L% ' Generally, about 80% of the patcnes contained one or !mr-e viable

< R - -

cells -fonowms incubation overmeht at 37° The ﬂable cells’ \vere ‘,

- pxcked and streaked for smgle colonies on the HacConkey’s
galactose-carhenicillin plates. Usua.mr, about 757 of t.ne ‘cells .
;\
that were restr-eaked were capable of’ forminc single colomeS: me ‘

rema.tnder erew 28 mixed populations and ma not. conf.a:m deleuons

(Anmed 1967). * The single colonies were patcneg onto 1.3 Plus.
‘e carbenicillin plates and grown overnun:.. The size of the pla?;




4

*

1n°the patchel was asseséed by c&ifx“.g gel e;ectrophores‘s .
(Chaconas‘ et al., 1981a). 'I‘ho<° plasmids containing deletions o>f

the a'ppropr'late S17e were grown 1n LE broth containing amriciilin
and were proéessed for sequencing as Jdescribed beiow: . . -

.

DOUBLE STRANDED SEQUENCING PRIMERS -0 .

[}
L3

The sequence of the primers used for double stranded sequencins is
shown below. All sequences are i1n the 5to 3’ orientation. '_I'ne

origin and strand that sequence from the primer is obtgined from is

r =

» _also md{catéd. N coT .
). L
PRIMER SEQUERCE COMPLEMENTARY TO: ORIGIN “ STRAND
A'I‘GCGTCCGGCGTAGA éla'néaa POS'N 396 NEB #1219 " B
] G‘I‘GTGGAA'I'I‘GTGAGCGG " pKK223-2 POS'N 44 GM-9 ' T
: AAEACACCATCATACACI'AA IS! POS'N 45 GC-3 (NEB #1225) T.
' CCACAC’I‘GAACI‘ACGTCATC NaP POS'N 1339 . GC-6 . T .
CCCCCATCAGCGAGGAGGCC u&P pos'n 1% GC-7 B
) TI'CAGACAGTGGTACAGCC N&P. POS'N 4587 &C-8 k T
GTATC'GTATCC,CGGAAAGG RsP POS'N 2619 GC-9 T,
: DOUBLE STRANDED' DNA SEQUENCING , .

B . -
L4 .
. . .

Suxbercoued DNA was prepared by a modification o-f the method of
Bu‘nbom and Doly (19'79). Althoucn readabple sequence could be

brtalned :Erom plasnuds prepared For otner purposes. the fouowlng

\g‘ocedure gave the most reproduc.thle results. A 25 ml overnight




L4

-

lysed by the addition of.2 ml of lysing solution (02 M NaOH, 1~

* collected by centr'rfugauon for 10 mim'ztes in a-txuérofuge' each

"tube and precipitated with ethanol The nucleic acid pellet was

rulture grown .m LB broth contalnlng amprcnu.n' was peneted at’
. °

7 E00 rpm in a Beckman J;;-ao rotor in a J”—E; c'-"ntrlfuge Eor 5

.' - - [

minutes. The pelle*., was resuspended 1n ‘09 mi of -resuspensmn

buffer (25 mM ”‘r.Ls-Cl pH &2\10 mM E:D‘I‘A 50 mM glucose) and,0! ml

of a 10 mg/ml solution of lyso,.yrne (..»J.gma) was added, the mixture

‘ -

was 1ncuBated on 1ce for apprommately 5 minutes. The cells were .

-~ - —

SDS), gently mixed by slowly rolling the tube and incubated at room

temperature for about S m.l.gutesn'rhe ly\sed cell suspension was ) .

neutralized by the addition of 45 ml oi’_ a 3 M potassililm acetate
(pH 5.0) solution, mixed gently and pla:ced on-1ce £6r 15-20 . ‘\
mmutes Protem arrd mgh molecular welght DNA were pelleted ;>y '
centm.fugauon at 15 000 rpm in the same rotor and tentrlfuge. :Eor

i

5 minutes, 1.5 ml of the supernatant was divided between 3 large

eppendor{ tubes and ‘ethanol precipitated. The precipitate wfas

pellet was resuspended in 67.11 of TE and pooled. Fifiy’ il of 10 M

ammomum acetate, PH 6.0, was added to the pool plasmj.d DNA, a.nd )

*

the DNA was. mcubatea on ice for 15 minutes. Tne mixture was .
centrl-fuged for 5 minutes 1n an eppendorf centrlfuge to precipitate -
most of the high molecular welght. KNa. The supernatant was

extracted with ¢-CHCl3, the aqueous layer was gemoved to another

resuspended in 90 1l of TE ana: 10 L1 of a 1. mg/ml solution of
boiled  RNAse A (Sigma) was added. The, nuxture was mcubated at x‘oom .

temperature for 15 minutes, extracted w:.th p-CHc13 ana ‘t.he aqueous

layer was ethanol precipitated. The purified DNA penet'was




r - /
-resuspepdecg}jn’as pl of TE and stored at 49 uhtul

\ sequenc.‘.ng‘reamrqns "‘ne coﬁcem. ration of piasmid DNA- was probably s

-~
»

‘between 500 a*{d 800 vE/m:. T‘)e abso;ute cd. centration was not
N - - S - B .
" important smce~:he sequencms reacnons were reprodmmle.
. -

K o - - - hY
. - -
* 4
.
[ - . - .

.The sequencz.ng reactmns were perftmed by a modlflcanon of -

estabnsned protocols (Sanger et al 197? B.xgsm egal 198%; Sl
SN

A Chen and Seeburg. 1985, Hemr.l.ch. 1986). Fave 1l of DNA was added

. to 3 1l of Ha0 and 2 ul of a 2w NaOH, EDTA solution. The .

»

mxture was g.noubated at room t’e{mperature for 5-10 minutes to

P

i denature the plasmd DNa. ‘I‘he DRK wa‘ .prec1}\ated by the addition

of ‘70 pl of 95/. ethanol and 3 ul ocfa3M sod.lum acetate ®H 5.0
soluu.on. ‘I'he prec.zplta.te was Cbuecteu by centmfugauon for 15

= -,
)mlgptes n; a mcrofuge. the supernatant was removed and the pellet

for a :Eurther 5 minutes, dramed ;rxed for 1-Z minutes at 420 and

resuspended in 10. vl of prlmer s]lution (1.5 Q‘prmer‘ @ 63 ug/ml

12 py 10X RY buffer (aoo mM Tricl 'PH 82, 50 m! MeCl,, SO mM.
2

1{1‘1\ 500 mi- NaCI). 73 ol HzO) The prlmer inq. plasmid Bra were
3 -6{’ >

anpealed By incubatis on at 42° for 10 minutes. After annealing,
’

35 1l of. [a-f.ﬁ;o'ﬁs]-urp (NEN, >500 cum;:ole) ana s units of

’

Anv-reverss tnanscripe(’ée (BM) were aqded. Tm‘ee ul anquov{\of the -
L J

primed plasmid m.txture was added to 5 i of aze A C, G and T.
L

e

mixes (A mix: dC'rP QGTP dTTPeachatiOOuH.ddATPattLuHG,"

- . i

mix: 4GTP, ATTP each at 100 UM, ACTP. at 10 un, adg,‘rp at 5 UH.,EA .

m:lx: ac'rp 4aTTP each at.100 LM, aGTP at 10 un.,énGTP at s un..’r, ..

. / ‘mix: ACTP, dGTF each at §00 uM, ATTP at S bk aam at 4 uM, all -

"‘s.'
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20—30 minutes at the same temperature.

Kl

L

made \.p in X% Q‘Lhu‘fe“) and 1ncubated At 43Y for 30 minuites. Whier

: 7-deazasua.nos.me ¥irhosphate (BMy was included., 1t was lsed under

A kdentical conditions to dGTP in the G mix. After :ncubatien B8 .t

of chase’ {dATP at 200 M, ACTP. dGTP and a&TT
e 6
conta_znlng 0.03 units/l of DN.A po’yme"a.se I (\ now fragmens,

BRL); was added to each reacnon and t"ne incubation conunue or

\
-y

. . .
-

-

AY

when the reactions were performed with the Xlenow fragment of

- L 4

DHA polymerase the mixes containad: A mixX: ACTP, AGTP, dTTP each ét
100 wM, dd.ATP at 100 uH C mix: AGTP, ATTP each ‘at 100 uH a€TP at
10 uyM, ddCI‘P at 100 ul'L G mix: dCTP A4TTP each at 100 vM, AGTP at.

N

125 vM, ddGTP at 120 uM; T mix: ACTP, "AGTP: 2+—00 uM, ATTP at 5

vM, AATTP at 250 uM. Sequencing reactions were performed with the

. L] . *
Klenow fragment in IX RT buffer as for reverse transcriptase,
/ .
€X¢ept incubations were performed at 37° for 20 minutes and Klenow

was not included in the c.hase..

Sequenase (USEBiochemicals) .was used as per the manufacturenrs

1nstrucuons. except that template was lamiting and the denatureﬂ—’

_ Plasmid (2 W1 prepared as above) was used. The 'pPrimer and. template

were annealed as described ébove. 'usmg. 05 vl of primer to account

for the smaller amount of input DNA. ~ - o9

~ . .

Sequencing reactions were terminated by. the addiuon of 4 vl of

formamide loading dye (974 formamide, 25 mM EDTA, 0.01%

~ -

a’h at 100 u.. imn TEY -

o+



rromopheny. blue and 007 xylene cyanol;. heated for 3 minutes.at -

100° and i1mmediately placed on ice.

Sequencing gels were run accord.ms tc Miller et al, (1985) waith
some-modlflcauons suggested by Hemrlch (1986} and we—r-‘e 67
acrylamide, P.3% bis éérylamzde gels contamzng & M urea and run in°’
1X TBE 89 +aM-Tris, 89 mMH boric acid, 2 mM EDTA, Haruaus et al
1982). Gels were either 0.6 mm slabs, 0.4-12 mm wedge gels or OSX

TBE to 4X TBE buffer gradient gels (Biggin et al. 1983). The gels

. e . .
were p‘reg::med and run at a sonstant te&pérasture of §o° (45-46 mA .

for-the slab gels, 50-52_mA for the wedge gels and 38-40 mA for the
buffer gradient gels: Runnirgg the gels at constant current

resulted in the most stable temperature. The bromophencl blue dye

&
ran about 20 nucleotides ahgad of the junotion between ISf and the 2 )

cloned Mu DﬁA Following electropnor-es.ts, the gels were pﬁced n

+

S/-acetlc acm for 10-15 minutes and then an’ two changes of HpO for '

5 rmnutes each. Subsequently the gels were d.r.ted. and exposed to

film for i6-48 hours

L »

. . -
“

SEGQUENCING OF MUTANT PHAGE STRAINS . P

Bactemopnaxe Hu was prepared by two sequential CsCl cracnents
and the phage DHA was extracted as preuously descr.tbed (Chaconas
et al, 1983» Ten to twenty Ve o-f phase DHA was denatured by NaOH
exactly as descrided for plasmm sequencme. The denatured pnace
DNA was tn-:n prooessed for sequencmg identically to the plasm.m

template._ The denatured plasmid penet recovered fro:p the ethanol



LA, C, G and T termination mixes which had been prewar‘med—to 37

wash was resuspended 1rn 10 vl of Sequenase anneaiing buifer

containing i vY of .the desired pramer  primer at £5%5 yg- mit The

)
=2

rhage DNA and <he primer were annealed ax 7 o 10 minutes

n
r
»

Ul 0f [a-inlo SOS)ATE was added along w:ith

diluted labelling miX, {12 04'M DTT and 2 ul of 18 diluted

Sequenase (For more specific details see the Segquenase rrechure
supplied by U.S Biochemicals) The mixtureée was incubated idr o

minutes at room temperatt_ir‘e and then aliquoted 1nto 25 vl of the
— g 7

ov

The termination reaction was carried cut for S mmutés at 27° and
stopped by tha addition of 4 yl of formamide loading dye. -
-

. <@
Sequencing reactions were .subsequently r!‘n on a 67 sequencing gel

as described above.

X |




./',f'

. the same ocrientation as pGGST, : ‘ ..

RESULTS: SEGUENCING

L

- - - ' ( O

CEGQUENCING OF THE ¥ AND 2 GE??E;S

8 . : - ‘
Mu DNA clones in the double stranded sequencing vecior,

pAAL-?X. and 1ts deravative, pAATER, were the source of most of the

sequendg data Presented. A primer con}plementary to the pBR322 BPamHl
site wes used to generate sequence (1earl the Psil site of plasmid
PGG409. Pldsmid ch_SBA"T was used to generate sequence when primers ‘
speciflc to the Mu N gene were unnzed: In the discussion, below,
the top strand (T) refers to the str'a.nd, that has the same polarity
as the mRNA and the dottom strand B) -re-fers to tle mRHA_templaté"

strand. Three constructs containing Mu DNA were produced: pGGSB

contained Mu DNA in the arieritation necessary to sequefade the mRNA .

template strand, pGGST contained Mu DRA in the orientation

necessary to sequence the complement of the template strand while,

pGGpH conta.med a small fragment of the original Mu DNA aad was,., m

P ——

.
- -

E
.

. .
’ - . .
- ’
]

There were several constructs 'ade for t.ne s'equenc;ng of the Mu ¥
an& P genes. Restrxcuon maps of these plasmlds and of the parent ’

vector are shown in Fig. 34. . . _

~

" During the clonmg of the N and P 3enes .Lnto pAAB—'ff( for
)

’ sequenc.mg. n. was observed that gne. ‘gntauon of the DNA was,

preferentially selected. The orientation that was nol recovered ws

2
that where the P promoter would transcribe through, the plasmid’

-~
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FIGURE 3.4: PLASMIDS U'T‘ILIZED 'Po SEGUENCE: THE Mu N AND P GENES
- . r
. r‘estmcuon map of the plaszmd.s utilized to sequence the Mu N

"and P genes is shown. The parent \ector for all -the constructs was
: PAA3-TX and is the top plasmid. Plasmids containing #u DNA that -

were directly derived from this vector (pGGSB, PGGDH) ‘are shown

below. Plasmid pAATER a derivative of pAAS-7X containing a stl«ong

terminator is shown next. The multiple cloning site in PAATER S
, contains (I-r) the recognition sites’ for the following restriction '
enzymes: BamH], Sall; Pstl and Huindill Plasmyd pGGST, the
sequencing derivative &f this vector is shown below pPAATER. The
final cdnstruct shown has the typicadl strudture of a deleted. )
plasmid from which sequence in tlie cloned DNA could ke obtained. L
Intgrvening DNA between the active. IS! module’and the cloned DNA 7
has been deleted allowirig a primer complementary to-15Y o read
into 1 the cloned DNA. The origin shown for the restriction maps 1
the left end of the active IS/ module on the plasmid, from ¥hich -
the deletions originate. Symbols shown are: - -
A, BamHI-Pstl junction sequence; ®, EcoRi-BamHI Juncnon sequence;
¢ BamHI-Dral fanpction sequence; @, Hpal-BamHl junction seqpenoe:
< Multiple cloning site; e, Sspl-Sall junction site; ° .
P, Sall-multiple cloning site junction (Sall site present) ' _ '




_ . : ‘ . 89
ocrigin of repnca tion located near the cloning site. It had been

) :nferred prevzously {see Cha:q’ger 2 and above) that there, was a

———

' relativély strong prc'noter located in t*us region of DNA which was -
v

' responsible for censtitutave production of gpF’ at high lev=ls.When
an ‘attempt was made to clone the genes i1nto pPAA3S-7X by directional .
c:onms.'mzcrocolom.es were produced upon extended incubaiion, but .
cell growth on ampicillin was ¥ar too slow to allow efficient ’

recovery of the plasmids. This slow growth 1s probably indiocetive

of interference with plasmid Iﬁamtenanee by-*anscripts from tr}e_'P

promoter. .

4

-+ To alleviate this problem, PAATER was constructed as described

: __in the Héf.émala- and Hethods. This plasmid allowed efficient

¢ ‘ ?covery*,of the " desu'ed omentauon, pbes’cnpably because there was_
R T, ) now a strong temmnauon -sequence loe.ted between tne promoter and
* '.. .t . -
the plast{ud om.gm . L - . .
- . - )
- co e .

- . . 2 P - . ) )

. The derivative 6f PAATER used for sequencing, PGGST, was

-~ - . ’ r

preférenti;,lly defeted near, the termination sequence when méubated
on ampicillin and ga}actase éng:. therefore, the igserted DNA iess
'tn'an 2 Kbp from the termination sequerice was rarely represented in

the delet*on 1..!‘3.1‘138. Therefore. 1.0 dequence the ﬂrst ‘Kb, the
L

Drapﬂpal‘ fr'agment of thé Mu N gene was,cloned into PAAI-TX Ar the =
. e s, -
omenf,auoxx necessary to sequence the top strand, and two primers

& -

were made to fill in the rema.tmne caps. One eap was in the 't.op .

-

strand and incfuded the putatave P pmmot.er The other gap was in

/ _ the bottom strand andvas omymbpmsize. : ’ _ ’

- “

. . . .
¢ . “ - . o
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~ .
'I‘!}e complete sequence of both Q*t.r‘an<f.s~ {33 OCC bp) was

determined. A diagram snowln,s the end point and oment‘e. wons ¢f the
-sequence obtal ned from the various deleuon\ recovered is shown.in

Fig. 3.5. Appro:-umately 200 basé palrs was the usua: prac:i.Lal

LI §

Limit for reacing.sequence off a double stranded template. Whern

extreme care was taken in preparing the tempiate DNA an exirg 100
. . » .

base payrs was occasionally possible. e use of Sequenase tended

to allow shightly more bases to be read. The sequence obtained from
T ~ \
*the {wo primers made to fill m@.he gaps are shovm as the bold’
) b}
_arrows. The complete nucleotide sequence of this region and some
=,
restmcuon s1tds are shown in F‘J.g. 36 N ‘

P N . »
. .

‘ There are only tWO long open read.mg frames’1in thzs sequence

- .

The -flrst fra.me is presumed to dode -fer tne Mu N gene, me ’second

-

é

for the Mu P eene These two oFen read.mg frames overlap by ‘8 base |

palrs and are. different. " All open readang frames are aranslated in

- -

Fj.g 3.5, The jutauve N and P amno-acm sequences are shéwn 1n

bold pr1nt. The DNa sequence where the two reading’ Qames overlap

lsa.lso.lnbold. print. " . ' \

; 'I'he open Jeading irame in the Hu N 3ene was conﬁrmed by Ne_

sequenc.me ‘of two amber mutant.s; MulNami995 ana Hu&am 7106. These
mutants produce t.runcated polypepudes of 55 and. S4 KDa

G
respecuvely. when Sﬂ' 5. COJ.; oelIs are mfected (GIOOP and

Cnacoﬁas. 1966. Chapter-a 'rne mutauon sxtes resxde at posxuéns

J
4415 and 1436 mxcieoudes ln the setmence (me 3.6). a.nd are m

-
L]

tne frame nekessary ;o truncate the 16n¢ open reading frame present

i . . - LN 2

o R -

~
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. FIGURE 35 STRATEGY FOR’SEQUENCING THE Mu N AND P GENES
. ‘ ) . ) -
. . ° A restriction map-of the complete region sequenced is shown ,
. above. Flasmids, with deletions extending from the right end of . 4
© IS! into the cloned Mu DNA were selected ¢n galactose and.ampicillirn L. -
. + . Deletions derived from pGGST and p@GDH were utilized to generate - -
. overlapping sequence of the top strand and are the arrows pointing
. - ' right. Plasmids selected in the same manner derived from pGGSB were
] used to generate overlapping sequence of the éteom strand, and are
the artows ting 1 The. bold arrows represent sequence cbtained .
. - from primers £1 synthesfzed to fill in the yemaining gaps. - .
. ., The N'and P gene open reading frames are shown as the dark boxes. ' ’
. above and below the central line, respectively. ' ” s :

’ » - . ” .

( IS A . : . <

.-

*

. . . PR PR
- LRI - ot ey M - p < o Bk
e vt 'u-" e St P LUNP L Y P e s e - ot e e et ey et s e T et e et AL ¥




'.AMJGI'CAAC CCATGAAAAA GCAGGCGCAA TTSGCAGTAC m

-_glme36 WMWTIONOFMNNA}DP@NFS T e

' AGGAACCGGA GGAAGACAAA AAGTCAATGC GGAAGCCTCG CTGCGCGTCG

"AATTATTACG oe'rmaoccr TAC(JGFITAT CCGTCGTTIGC AGGATACTGC CCOGGACG(fA

l-

«
92

The sequence of t.he Mu senoue cont Rg the ¥ and P genes and .
the translation of the two long read.tnsm%*ames,- 1s shown following.
Some restriction endonuclease recognition sit€s are underlined in
the DNA sequence. The DNA sequence where the two genes overlap 1s
shown 1n bold print. The amino-acid sequence of the proteins has
been underlined at the proposed DNA barkling sites. The sequence
nas been determined in both strands starting at macleotide 285 and
contimiing to the end s ae .

\ . T ew
TTGTGACAAA AGGTGCCGGG GOGCTGGGCT GGATGGGGAA AGGIW 60,

CACGTCTGGG GGGCCCGGTA ATGGGGGCAC TCCAGCTTGC OOOCGI‘CCTG C 120
180
. Avall R
240

COGGGGAGTA TCTGGGCGST TTTGTAACCG ACCTGTATCA GAAATGGACG GCCACGGATA

-AACTCGGCGA

GGGGTTACGT CTGACCAGTT CCCGCGTCAC CGAGGATGGT ATGGGGCTGA
Dral,

'AAGA CCATGTTTGA AGA‘I’GC'I'I'I‘A AA
- . Me

ATATTTACGC

"TA
Leu .

GGGCGATAAC TACATTACGG

ATGCTGTOCG GGATAAAACC GGTGGAGGCA GGAAAAGAAC CGGCAAAGGC A 'A
MeileuSer GlylleLys ProValGluAla GlyLysGlin ProAlaLys AlaArgiServVal
BstNI
AOGTGCOGI‘I’ TCTCGICATC ATCGAGGAGG CAAAAACAQG CTGGCGGGCC ACGTCGCCTG 600
Ttn*CysArg FheSerSer SerSerArgArg GlnLysGln AlaGlyGly ProArsArsl..eu
BsitNl Hubl1ll
GI'I‘AAAOGCG AGTACCCGTT ACGTGATACC GGCG@E:GICA ATGACCTGGG GAAAAAGCTT 660
ValLysArg GluTerrg LeuArgAspTinr GlyGlyVal AsnAspl.eu GlyLysLysLeu
Y '

‘A CATTCAGCGC CTGCATICTG AACAGCAACG CAGAAACAQC CAGAGATGAA 720
ArgSérarg Thrrheser AlaC?sIleLeu AsnSerAsn AlaGluThr AlaArgAspGlu

TGATGGATGC 'IUI'IGATGZ‘I‘ CCCEGI‘AGCG GTGAGCTGGT ACATCCTGAT
AlaGlyAla LeuﬂetAsp AlalevAspAla ProGlySer GlyGluLeu ValHloPr‘oAap

780
WIG TGGACGTICAT GGTGGATTICA 'IGKiAATSOC GCACTAAAGC CKiA'IGAACI’G 840
FheGlyThr ValAspVval HetVa;AspSer TrpGluCys ArgThrlLys AlaAspGluLeu

) Miul -
900

.. Asrﬂ‘yr‘ryr AlaPhe'mr’Valeralm ProSerLeu GlnAspIhr ‘AlaProAspAla -

GAGW CCAGTGQAGT OGI‘AOOGGCA CAGG:OG'I'K; CTGTAACCGG TICTCTGGGA
Glu'nersp 'IhrSerAla AlaValProAla GInAlaVa élaVal'Inr GlySerLeuGly

GATACGCIET’ ccm ‘GCAAADOGI'A AACCGCCGTG
Aspfn'arl..eu SerServal TrpGlninrval L PGly ThraAilaala AlaThrAlaval

.Clal EBcor¥~ = )
ATAGAAGCTG TAACCGGTGT CATCEATGAT ATCAGTGATG CGGTGGACAA TC'I'GGGGGI‘I’ 1080
MetGluAla Yal'lhr‘Gly ValIle_AspAdp IleSerAsp AlavalAsp As.nl.cuGIYVal

’ 1

960

1020
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~ 3A "‘\e
ACGCAGACTG TCAGCGGTCT GATGGGATCG CTTTCTGCGA TGAAAGGCTC TGTGA
ThrGlnThr ValSerGly LeuHet.GlySer LeuSerala MetlLysGly SerValMer

< .
CIGA'I'I'AAOQ AC{JCI'IJCAT GCTGGCCTCC mmmm OGGOG'I'I'ICA
LeuI{eAsn GlnPreoAla HetLeuAlaSer SerlLeuMet GlyAlaleu SerGlyValSer

TCGTTATGCG ATACCOOGGAC AGCATTTTCC ACATGGAAOC GICI‘GGOGCA GOGA'I'IUGAA
uerLeuCYS Asp'n'm\rs 'DmAltheSc ThrirpAsn ArgleuAla GlnAargfPheGlu

OGICG:CA’IG COGCCACCGC AGGCAGACAG GGGACAATCA CAACCTCGTA CAACAGTCEG
ArgArgHis AlaAla'D‘xr AlaGlyArgGln GlyThrlIlé 'Ihr"IhrSer TyrAsnSerPro

GI'I’(IIAGAAA AAAATATTGC CACACTGAAC TACGTCATGC 'HISCAGOG(}: GCAGACATAC:

sValAlaGlu LysAsnlle AlaThrieuAsn TyrValMet LeuAlaAla AlaGlnThrTyr

BstNI
CGGGCAGAAG CTGCCAGCCA GGCACTGACT GCGGCACTGG ATTTCAGTCG CCOGGATGGAT
ArgAlaGlu AiaAlaSer GlnAlaLeuThr AlaAlaleu AspPheSer ArgArgMetAsp

AATGCCGCCC GTGCACCTGT ‘ACTGGATGCC CCGTCCACCA CAACCGGCAC AGCCAGCGGG

1140 .

1200

1260°

1320

1380

1440

1500

AsnAlaAla ArgAlaPro valleuAspala ProSer"Ihr ThrThrGly ThraAlaSegGly °

Hpal |
GOCAGCA&A CATCTGCTAC CGICACACAG GGACAGTTAC AGTTAACTGC CATAACCCCG
AldSerser hrSerala 'Ianal"Ihr'Gln GlyGlnLeu GlnLetﬂhr- AlalleThrPro

GACGG@GGCT TTTCACAGGT ATCCTTTTVA GACAGTGGTA CAGCCACGCC CCOGGTATTT

AsSpGlyGly PheSerGiln ValSerPheSer AspSerGly’ 'IhrAla'Ihr ProProVaane
EcoRV. ;

GAAAGTGTGT CCGATATCGA AAMACCACI‘ GCCATGCTGG GGGCGGCGCT GGATAC{X:'I'C

GluServal SerAsplle GluLysThrThr AlaMetLeu GlyAlaAla LeuAspSerVval

ATTCTGACGG CATCTGAGCA m ACAGACAGTG TTCAGCTTAC GCAACTGCGT_{

Ilebeu'rnr AlaSerGilu GlnGlzPheSer ThrAspSer ValGilnLeu 'IhrGlnLeuArg
CTGCTGGTTG TTGCCGACCT GGAAAAACGC Geecmcuc TGGCGGGTAG TGAATCACAC

Leul.euval ValAlaAsp LeuGluLysArg GlyLeuGln LeuAlaGly SerGluSerHis

CACCTGCCAG AAACGCTCCC GGCAATGGTT GCACTGTACC GGTTCACCGG AAACAGCCGG
HisLeuPro GluThrLeu ProAlaMetvVal AlaLeuTyr ArgFPheThr GlyAsnSerarg

AACTGGCAAC GGCTGGOCCG CAGGAACGGT ATCAGCAACC CGTTATTIGT 'mCOGG'DGG'r
A.sn'rrp_Gln ArgleuAla ArgArgAsnGly lleSeraAsn ProLeuPne ValProGlyGly

GTCAGTATTG AGGIGAT'I’M TGAGTAATAC Cx:‘I'CACACI'G OGAGCGEA’IG GCACBCI‘GI'I'
ValSerlle Gluvallle AsnGlu »
MetSerAsnThr ValThrlLeu ArgAlaAsp Gl yArgLeuPhé

'erlmp 'BlrSer‘Val SerVal'IhrAx' SerlléGlu SerValAla GlyTyrFPnheGlu

1560
1620
1680
1740
1800
1860
1920

1980

TACCGGCTGG ACGTCAGTCT "CTGTCACCCG CTCGATTGAA TCCGTAGCCG GATATI'I'IGA 204(_)

mmmmﬂm&aﬁmmaxw

.LeuGlyval AsnValPro ProGlyThrAsp LeuSerGly LeuAlaPro GlyLysLysFhe
ci1al-

CACGCTGGAA ATCGGGGGAC AGATTGTCTG CACCGGTTAT ATCGATTCAC GGCGACGCCA 2160

rleuGlu IleGlYGly GlnllevalCys 'erIy'ryr IleAspSer APBAPWRGIH

-



N

-

f

GATGACCGCT
MetThrala

TGACTGTGCT
AspCysAla
GCOGTGACCTG
ArgAsplLeu

TTCOGGCAGCT
SeraAlaAla

ArgAlaser

CAGCCGGGCT |

SerArgAla
GGATTTTGAG
AspPneglu

CGCAAATGGT
AlaAsnGly

GACAGTATGA AAATCACTGT CGCCGGACGT

AspSeriet Lys‘leThrVal AlaGlYArg AspLysThnr AlaAspLeulle

GOCGTTTACA GTGGCOGGACA GESGAAAAAC
AlavalTyr SerGlyGly'Gln TrpLysAsn

OGCACAETGG AGCAGATTGC 2280
ArgThrLeu GluGlnlleAla

'IG:GCI'CCI‘I‘ ATGGCGTTAC COGTTCGCTGG
CysAlaPro Tn*GlyVal'n'u* ValArs‘I‘x*p

GluLeuSer AspLysGluSer
» - 4 " -
‘ - Avall o L
TTTCCCGGCT TCACGCTGGA CCATTGAGAA ACCGTTTATG AGGCGCTGGT 2%00
PheProGly PheThrleuAsp HisSerGlu ThrvalTyr G'luAlgLeuVa\x

CGCGCACGCG GTGTACTGAT GACCAGCAAT
ArgAlaArg Glyval Lguﬂe t ThrSeraAsn

GOCGOCGGAG AGCTGGTATT 2460
‘AlaAlaGly GluLeuvValPhe

GGAGAAAATC TGCTGACACT 2520
GlyGluAsp LeulL.euThrLeu —

AlaSerThr AlaThrAspGluvLeuvVallLeu

GAAGACTTCOC GOGACCGGTT CAGOFAATAC
GluAspPhe ArgAspArgPhe SerGluTyr

ACC(:‘I‘CAAGG GGTATGCCCG_ 2580
ThiValLys GlyTyral a.AI;g
. R . Avall .
GCTGAGGGTG ATGATATTGA TGCGAAAAGT ATCGTATCCC GGAAAGGGAC

AlaGluGly AspAsplleAsp AlalysSer IleValSer ArgLysGlyTh yThr

’)@40

CGOCACTGAC
AlaThrAsp
- @

TACGGCGAAG
™ThrAlalys

CATCACCTTT
IleThrPhe

GAACCTCGCTG

— . AsriLeuLeu

CAGCAAAGTC
SerLysVal

-ACCACGCGAA

ProArgGlu

CAGTAACGGC
SerAsnGly

GCCACCATGG
ProProTrp

ccrcraoacc
Pstl
CAGAACCTQC

Bcll Sau3A

AGIGA'I‘GIGA CCG:‘ITAQG ACCGATGATC ATCATTGCTG ACAGCAAGAT 2700 -

SerAspVal 'I'nrArg'ryrArg ProHet Ile IlelleAla Aspuer!..ysl le.

GA'IGCACA(E COCGOGCCCT GCGTGAGCAA C?CCCBAGAC 'IGC{IMMTC 276?
AspAlaGln-AlaArgAlaleu ArgGluGln ArgArgArg LeuAlalysSeg:-

GAGGCAGAAA TTEACGGATG GACTCGCAAG GACGGGCAAC TCTGGATGCC 2820
GluAlaGlu. 11eASPGlyTrp ThrArglys AspGlyGin LeuTrpMetPro-

GTCACI:ATI'G A‘IWAA ATATGCCATC AAAACCACGG AATTACTGGT 2880
ValTnrlle AspAlasSerLys TyraAlalle LysThrThr GluLeulkeuVval

" BStN1 -
ACCCTGATAC TGAATGACCA . GGACGGGCTG AAAACCCGCG TCAGCCTTGC 2940
ThrLeulle LeuAsnAspGin AspGlyLeu LysThrArg valSerLeudla

OGCTTICTGG TGCCGGTTGA AAGUGACCGT AAAAACAGGA AAGGCGGCGA 3000
GlyPheLeu ValProvalGlu SerAspArg LysAsnArg LysGlyGlyAsp

GGTATTGATG CGCTGGTTGA AGATTATTAT CGCAGACACC CGGAGAAAAC 3060
GlyIleAsp luaLeuVaIGlu Aspfryr"ryr ArgArngs ProGluLysThr

GACAAAACGG CTGACCTPGAT %220

-

GAGCTTTCCG ATAAGGAAAG 2340

AAAGAGTAAA TGA'I'ICC@C ’I'KMACOGCC ’IWI'GACGCC GC'I'GATGJGI‘ 31530.

LysGlu
Hpal ’
mpmecrmc GCGCGCTGTT GI'fMOGPGA TTAACGACGG GOGAAAGGTT 3180
'- a .
e

’
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-r. <nis regien Zoth mutations were Sound to be C-T iransit tionsy
Tre MUtatlons are ShAown. in fig 7.7. The reading frame for the Mu F

h' the second
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£ Site Lnovle seguencs snhidwn o Fig 6. Thais plasmié pi*oducee

‘. rAncetes Torrieln In vitro (Glecr and Cnhaccnias, i986; Chapter

2. .% 28 kDa. Thie rermination codon (cpal) resides 30 nucievrlicdes

» ) .
‘from thg Saula s:te and is in the prﬁe@frame to terminate the P N
£<Nne open readlns irame, There 1s a, thl rd open reading frame

extending from the start of t"le Sequence determined and ending at

’

"nucleotide 371 The Hu'—‘Y gene s Known t¢ map in {hls region (Gloor

and Chaconas, 1986; Chapter &) and the open reading frame an
correspornd- to the carboxyl terminus of this gene. This open reading

frame ‘does not overlap with the N gene. . ¢

\ -]
~
. .’ - 4
The putative amino-acid content and molecular mass predictions

,-A

for the two proteins are shown in Table 3.3. The mass pred.tctions
for tne Mu N prgtem are substannally lower than expected. The N

Protein migrates on SDS-polyacrylamlde gels as a 64 KDa protein,
&

"N hl

while the s.equence Predicts a mass of 51 S48 da. 'I‘h.ts is unusual

but not unprecedented (de Jong et al, 1978; Sm.tth and ﬁlcolas, .
198,3; Ferguson et dl, 1984), as several other proteins aiso
migrate anomalously in this gel system. Indeed, 1t has been

‘.

observed that changinfg only.one amino acid can.alter the migration

of & 20 KDa protein dy up to 2 KDa' (de Jong et al. 1978). - t

The mass'predictions for the P protem'a're very close to the

-

expectations, the Mu P protein has an apparent mass of 43 kKba on -
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FIGURE 3.7: SEGUENCE OF TwWQO MuNam MUTANTS

b d

The reading frame of the Mu N gene was confirmed by sequencing
of two amber mutations in this gene. The mutations #ami99% and .
" Nanr7106, were sequenced by double stranded sequencing using the L
linear phage DNA and sequenase. Both mutations were found to be C
to T transjitions. The location of the mutant base is shown by the
arrow marked with a dot, the corresponding base in the other mutant >
phage that agrees with the Known sequenge of this region 1is shown
by the unmarked arrow. :

r



PREDICTED AMIRO-ACID CONTENT OF gpXN AND gpP

.

TASLE 2.3
' N PROTEIN P PROTEIXN AVERAGE
LA N 7 Na. = 4 .
- Ale 64 '13.03 * 36 9.50 8.6
¢ ATR 29 5.91 32 8.44 4.9
Asn 16 3.26 10 2.64 4.3 :
AZL 2 S.70 3¢ 7.92 5.5 .
cys 0.81 3 0.73 2.9
Sln 21 W28 & 211 3.9 \
Sl 20 4.07 24 6.33 6.0
Gly 37 9Y.54 30 7.92 8.4
His 4 0.8 -2 053 2.0
. ile 13~ 2.65 19 5.0t 4.5
Leu 45 9.6 32 8.44°* T4
Lys 13 2.65 21 5.54 6.6
Met 13 265 6 158 1.7
Phe 13 2.65 11 2.90 3.6
Fro 21 4.28 12 347 5.2
Ser 52 10.59 28 7.39 7.0
T™hr 48 9.78 32 8.44 6.1
e .Trp 4 081 “6 158 1.3
. C=Tyr & 1.63 11 2.90 3.4
‘ val! 38 17.74 26 6.86 6.6
END " 1 020 1 0.26
N PROTEIN P PROTEIN
molecular weight = 51 518 " melecular weight - 41 738
number of amino acids = 491 number of amino acids = 379
ATrg + Lys = 42 Arg + Lys = 83 ' '
ASPp + Glu = 48 Asp + Glu = 54

o

4

" The amino-acid content of the N and P proteins predicted

1.
.

‘*rom translation of the DNA sequence is shown above al ng with

the values for an average of 314 E. coll proteins o¢f Kne
1978). There are no striking )
differences between the average values and the values predicted
\{ for the N and P proteins, both protejns conform fairly closely
to the average. In the table above, No refers to the number of
amino-acids predicted to be in the protein and 7 refers to the
. mole percent of the amino-acid predicted to be in the protein.
. = The tabdble below contains the sum of the masses of the

sequence (Dayhoff et al,

amino-acids for the N and P, proteins, as well as the number of

basic and acidic amino-acids predicted to be in each proteln
expected to be acidic and the P protein :is

The N protein 1is
expected to be nearly neutral (PusPurs. at al, 1983; Gloor and

Chaconas, unpublished). The N protein (187) is considerably less

‘ charged thangeithier thd average protein (257%) or the P pProtein
(287). However, the number of aliphatic amince-acids in N (437%)-
' does not significantly vary from either the average protein

(39‘4) or the P protein (397).

R ]
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DS-polvacry.amide gels and the pred:icied melecular mass is %
N -

(1

.a

da. This 1s well within experimental errar for gdelernining .-

mcelecular mass on ihls gel sysiem

The precdicted amino-acid seguences of the & and F proteins weare

tential DNA rinding domains

canforming t¢ erther the helix-iturn-helix moif (Fadbc and Sauer, »
» Y
1984) or' to the zinc finger mot.f (Berg, 1985

scanned for ithe presence ¢of any

&

.

Sequences near to the carboxyl terminus of the N and the middle
of thé P protein were found to contain the consensus sequence which
Pabo and Sauer (1984) found i1n many DNA binding proteins. Thele
amine-acld sequences are underlined i1n Fig. 36. A comparison of e
the consensus sequence and the ‘sequence of the Mu A, B¢ Nand P
proteins is shown in Fig 3.8. Positions of tlfie protein conforming -
to Pabo and Sauer’s consensus sequence are underlined in the ) ’
figure. The Ala and Gly residues at positions S and @ respectively
are highly conserved, the residue at position 15 may be eitrrer Ile,
or Val. In additlon there are strong téndencies toward certain " .
amino-acid types at other positions. Positions 1-3, 6-7T.41-14, and
16-17 tend to be polar amino-acids. Positions 4-5, 8, 10, 15, 18
and 19 tend to be aliphatic amino-acids. In the DNA binding _
.Proteins of Known structure the hydrophilic residues tend tc be. ' ’
soivent ex‘posed. while the’ allph_auc amino-acids tend to be buried

in the interior of the protein (Fabo and Sauer, 1984) .

9
-

-



1 2 3 & % 6 Y & € 1& i1 12 13 -14 15 16 T 18 15 20
P P P A Ala P P A GlYy A. P P P P lle P P A A
Gly val '
®

SPN —_
Vaz-lIe-uu-'nzr-éla-Ser-Glu-glb-Gl -Pne-Ser-Thr- Ser-val -Gin-Leu-Thr-Gln-Leu

&pF
Val-Lys-G)1Y-TYr-Ala-Arg-Ala-Asn-Glv-A13-Glu-Gly-Asp-Asp-lle-AsSp-Ala-Lys-Ser-lie

spc ,
GIn-Lys-Lys-Glu-Gly-Val-Lys-Gly-Glv-L¥s-Ala-Val -Gly-T¥r-Asp-Val-Net-Ser-Bet -Pro-Tnr

SPA 135-5%)
ArF-Trp-Arg-Ala-Gly-Val-Lys-Gly-Gly-Lys-Ala-Ile-Glu-Tyr-Asn-Ala-Asn-Ser-leu-Pro-vVal

epF
Fne-Lys-Gin-Ile-Ala-Leu-Glu-Ser-Gly-Léu-Ser-Thr-Gly-Thr-1lie-Ser-Ser-FPhe-1le-Asn

k4

* .

FIGURE 3.6: POTENTIAL NUCLEIC ACID BINDING DOMAINS OF gpN ARD gpP

The sequence of the ¥ and P gene products both contain regions
of nomology to the helix-turn-helix motif in some DNA binding
proteins. The consensus sequence is shown with highly conserved
amino-acids indicated, less conserved regions are indicated as: P
indicating polar amino-acids predominate; A, indicating that .
alizhatic amino-acids predominate. The amino-acids in the proteins
that conform to the consensus sequence are underliined. The
assignment of amino-acids as polar or nonpolar is based on
_Lenmnser (1975). The figure 1s redrawn from Pabo and Sauer (1984)
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. i -~
OVERPRODUCTION T X

The Mu X and F genes have been sudblicned -nto a potent ,
expression vector. Ciones have’ beerr recovered which produced each
of-the N and P proteins to about 5. of total cell protein. The
expression of the N gene depended on ‘.:he pza_snlon of the presumed N -
start codon; in gé}eral, as the tac promoter and start codon were
brought closer more protein was produced. N -protein production went
:Erqm uridetectable levels on SDS-polyacrylamide gels, to the major
.pProtein observed in some construct:;\ The amount o~f P protein
produced by the various constructs was nearly independent of the
plasmid recovered. P prote:n prodﬁquon was 1nduced only slightly. ’
in the presence of PTG .nns was probably dQue to the presence of a
promoter reading out- of the N gene into P, that was previously -
inferred (Gloor and Chaconas, 1956;.Howe. 1987). The tac promoter
could not be compl.etel}r r‘epressed' in a Jacr9 strain, as genetically
detectable amounts of the ¥ gené product were observed 1n the
absenqe of mducer.

L] ? > }

Ali the clones produced an N gene product thiat was funcuonal

in complementing Mu~Nam phage mutants in vivo. Therefore, attempts

| ) . - M
were made to purify the N protein from the ovenproducing isblates. -

L ?
[ e

The N protein was found to be insoluble wheﬁ cells mduc:ed tGC.

make p‘rqtem were lysed,; thls was observed for'all overproducing

-
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ciengs 1ncliuding these st thie vectior =CQVe 'Sne insolvbie N protelnt

/ -
S uld be scluliiized in >6 M urea; when the urea was removed the

Frotein was f:und o be soludle Howevir, tnhe solubilized proteiry

X

W)

F extiremely SUSCEribi€ 10 Proleciysis, produling a pro;eo!ysis
-

=rcauct of 257-58S KDa. Furtiher purificaticn ofF i1he protein was

arttempted by column chromatograpy of the solubs.llzed protein. .

However, multiple forms were observed when chromatography of thie
Frotein was performed. . These multiple chromatographing forms could
e unified by compietely reduc;fng the protein with DTT or BME. This.

_;_robably indicates that the protein foldeg}_mcorrectly in vivo

]

allov‘u‘r\s random lanks to be fotmed between the proteins crysteine

residues. Complete -reductioch of these res \e;-therefore allowed
. - ‘ - .
one conformation of the protein ;o'pred

T

A |

The parually-pumﬁed N prowein test?? for DNA bmd.mg
* W - t." - -

actrvity as wen as the ability to modify e—1n vitrc sirand < ', .

e

e

transfer reaction (Craigle e: al, 1985; Suretie et m.. 1987). The

protein exhibited no acnvn.y dn vitre. This 1nd1cates thiat the

predominant conformation assumeg by.the reduced proteln is not the

-

‘unctional' one. Since the protein ls capable of #&ssuming mu.lt.u.‘»l\e?

» oA

&2
conformatlons In vivo tm.s may indicate that the corr'ect foldlng of.
this protein requires a template or cofactor for correct folding te

& .
occur. . ’




'SEQUENCING ' “ » - =~ )

The compiete DNA sequence of the region of the Mu gerniome coding

A - @
open reading -frames were found, compietely contained in the derivead

-
.

sequence, when 1if was translited. These fpames were assumed o code .
the Mu XN and P gene products. The reading frgme for the N'gene . -« .

was confrrmed by sequencing o:f two Nam mutants that truncate the
3 . .
protein. The P gene readaing frame was inferred by sequehcing of a
~ . - ] -
geleted P gene that produces a truncated gene product, when '

v

translated in vitro. e .4) )
.
The gene order for the area of the Mu genome sequenced has ;
previously been determined to be: y N, PG (O’Day et-al; 1979» S %

* The reglon of the Mu genome between tha second HdeII and second

- ~ -

Fstl sites had previously been shown to ;:Ox‘rtaln the‘mu N ang P,
genes (Schumann et al, 1980} Mutants i the first deletion group .
. r ‘ N . .

of the ¥ gene the last deletion group of th‘e ‘P pene were used .
n (\
in assunmg the genes to this regmn ﬁ'hds conf:.rmmg thht the ..
~ ., ) . . P d
ma_)omty of the N and P genes nefﬁegeen tltese two sutes ) .
- - , ;. | »

- . ' —_— ’

“The derived ammo;;;xa' §eti»uenoe of ‘the N gene pr“%icts that the -’

N protem wnf navejrﬁole‘&iar mass of St 516 da. However. there” ~_ A
S

1S compemng ovm’énce mat tne full lencth sequence for the H eene

is as presented, First. the plasnud pGG3A9. wmc:h contains Mu DNA"

. within 25 bp of the proposed s{art' site; complements Nam -phage.

) . . .
Second, this plasmid produces a full length protein as determined

Zor the N and P genes has reen determlnsd 1In oth sirands..Two ong .

B .



-‘amount of N predicted to be deleted from the carboxyl terminus .

" gene s larger than indicéated, a.nd argues that the protein’s

"have to be determined when a purified active .'proieln is obtained. . ..’

& SDS-polyacrylamide gels. Thlrd the sequence of .both stra.nds ai

tre ca*‘b&ryl '.er‘mmus of the N gene 1s unamblguous and identica:.
-
FTourtk, the nuleotide seguence of MuKarLTIC6 and MuNami9os phage

N

»as determinsd. These amber mutantis truncate gpA, and produce

-~
. -

;‘r’qtem products on SDS-po‘yacr}:lazmc:e sels'w.mh’ molecular masses

€ sS4 and S5 rDa respectively (Gloor and cnaconas. 19886; Chapter

>

S, The size of the truncated products 1s cons;.stent w;th the -

Taken together this evidence rules out the poséibility that ihe N

’

xmgrauon on SDS-polyacr'ylamlde gels 1s an intrinsic property o:E

the protein.

-

The N ‘g-ene start. codon can be assumed to be one of the first 2

-

in frame ATG codons in the ¥ open reading frame, since the third in'

frame -ATG codon is much-further into the gene. The first ATG. codon

in the ¥ open r‘ead.mg) frame has a sllght.ly‘ more favorable

s ’

'-‘hme—Dalgarno sequence tnan the second“ althou.gh the former

‘seqeunce is not parucularly strong (Kozak 19M context of
both the ﬁrst ATG codons also ﬁnfavorable Hui et ai, 1964).

The N gene produét is expressed rather poerly. and there 1s no o

compelung evidence- tnat one of the first 2 A'I’G codons is the

correct tr:a_nslatmn initiation s:.te. 'rhe precise start site will .

-’ - .
* . : * ' P - . . '
- .

g %
The initiation codon for the P protem can be errec:L The '

-

. translation product of the P gene open reacunc fr e nas a




—_4 -

_protein than that predlcted by 1mt1auon at 'Lhe first ATG codorA.n

.prote.t.n (or vice versa). The role of the potenual site spec1f1c

Y -.".;-‘T';'. ) . BERAY ,t 5
- A § v * .
- .. . \b" v ’ “ . * .
at e ’ ‘. N \ > c‘ .
-~ . - _ ¢ 104 .
*prfedigted mass of 4t 738 da. which 1s very close to the mass of 43 ) -
}-‘.ba observed on SDs-polyacrylamJ.de'sel'& The next ATG coclon. in ths - "

ame 1s 75 amine-acids away; the tr.mslauon pr‘oduct starting at
dus codon wouid be ap,.‘rox;maze!‘y. (42 :36 da - (75 X 210 da) = =3
455' da) which is much Smaﬁller‘ than the mass cbserlvec. gince t.he_
vast majority of proteins rﬁlsrate near their true mass on

°Ds-polyacry1am1de gels, thls would be a }ess 11Kely mass for the

the reading frame.

- N
The ¥ and P $ene products botn contain a region of homology to

many site specific DNA binding proteins .wh.}ch bind in e ma,)or ':_

grove of the DNA. The N protein 1S Known to bind to tle ends of the

Y

mfecuné MU DNA wvery tightly (Harshey and BuKhar1~4383; Gloor and

contacts between,the N protein and theé DNA, probably mug A

mouf DKA b.maine protem Perhaps the tight assocuuon of the H

prote.m with u.u DNA 13 the result. of wrappme the DNA around. the

DHA bmdine doma.m remams to be estabusned It should be noted T

hd F1Y

. that tne pom;on ‘of the N pro ein bound at the ends of the - T

pi*otein—DNA .complex 1is not knovm Avauable experimental evidence

A

o d,oes not anow us to dlscrlminate between bmdmg to the ends of T

. : > . v

the DNA or binding at a site near to the ends. Grundy ahd Howe . .

{1985) foun@ that Mu Nam phage prohuced normal full heads but no



>

~

‘.
Wy
@
o

" fhage tails. Thr¥ rules out the possxbz.il y‘that .he potential DNA, .

\_

' rinding domain has a role .m packas;qs of the phage DNA. Thas

:1

resalt also s.m,.;-e hat ..‘e N prot e.;.. comes r<cund tc the phage

IDhA foliowing packagilng, perhaps as iate as during the_passage of

e PNA through tne tan LY N
: o -
The potential DNA binding site m the Mu P gene product is more

.

\em,gmmc The P protein 1is Knov7 to be a structural part of the

.

-
0

]

’ between the second quRV _:and _fJ.r-st HpaI 'siteé in the sequence .

phage tail, no ether funcu.ons have been assigned to this pr‘oteln

-
L4

(Grqndy and Howe. 1985). ) .

2 .
-
- . -
M . -

‘f The genes cod.mg for the Hu N aRd P protelns were found to

kc'. . &> > )

oMlap by & nucleoudes. The P pé*omoter 1S Known-to be located

determined (Margolmn, Rao, and Howe personal communication) This ‘.,
. e N C e :
places ‘the K gene promoter in the carboxyl terminal i/3 of the N
*» .-..’ .

gene. The H%‘I genome is not'a 'genome that has 'been selectedq for

compactness. sinee there is about 2 Kbp of non-utilized DA that s s
. <
packased in the phage head, located at the r:l.ght end (Bukhari et T

al, 197§)._ Tnis implies that the &man overiap in these genes’

serves some function, perhaps in regulation of .the level of

- . *

‘production of the N ar P gene 'products.‘ ' .

Durmg the course of this c‘equencmg pro_)ect 3 dszerent
- » /‘
enzymes were uunzed to: sequence."from double stranded DHA

templates. ';'ne enzymes weg‘e:-xienow fragment of DNA pol}merase 1,

" AMV reverse tianscr1pt§§g 3Dd Sequenase. Sequenase was found to



sequencing should be-done w.u.-h this enzyme.

- : ~ - 106

«'.,‘ give the most satifaciory resuits. The Kleriow fragment was observed

to read GC rich re'g.mns poorly generanns multiple bands an all
. [

four lanes n ghe‘Se “egm’xs AMV rever‘se tx‘anﬁcr‘r“tate rerded o

..erxm_nate n AT mc’u retlons especa.a‘l} follawing a run of T's.
—

This could be circumvented by adcnng a small amount of Klenow to

‘the chase as des¢ribed in.Materials and Methods. In addition.

-
L

reverse transcriptase was found tc be slower than the other
enz'ymes. often requiring reaction time&¥of >30 minutes for 260
bases to be read off the .gel. Sequexr?s was not f}und to have the

drawbacxs of the other gWG enl.ymes and future double stranded
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CHAPTER 4

—

IN VITRO TRANSPOSITION OF THE N PROTEIN-Mu DNA COMFLEX

~n



INTRODUCTION

The transposition rpaitnhway foliowed by*a grven Mu DNA molecu;é
18 controll 2 Cl8 Dy the-sourre of e I'JI‘:A.' integratulion o;‘,
infeciling Mu DRA proceéds via al Co@Servailivs trc-..nsposnlon_
mecnaz‘zism (Liébar+ et al., 198é; AKroyd and Symonds, 1987, Harshey,
1984) and generates simple insertions (Chaconas et al, 1983
These end products are radically different thaﬁ the‘ replicative
transposition end products formed during the Mu lytic cycle
(Chaconas et al 1980, 1981’4‘:3). One of the major differences between
infecting and lysogenic Mu DNA is the presence of a 64 kDa protein
bound non-covalently to the heterogeneous ends of the former
(Harshey and BuKhari, 1983; Puspurs et al, 1983). Thls:protem has
been sn-own‘ to be the product of ‘the Mu N gene (Gigor and Chaconas,
1986; Cﬁaptger 2. The N protein-Mu DNA complex 1# extremely
+ Stable; Harshey and Bukhar: 1983) foﬁnd that 1t was resistant to 6
M NacCl. 'I"hé complex vas demonstrateq tJo be non-covalent s:.r.lce 1t
could e disrupted either by SDS, or by high concen'trauohs of urea
or guaridine-HCl. The N protein is al'ca.ndldatg for u"xe‘ cis . .....
controlling factor which 1s act.lve d\urmg Mu 1ntegration. | .

Fiége 44 shows the DNA reactions involved Ain two po&em',ml
riyaiels for conservative transposition. As described in Chapter i,
the Shapiro model of-'repuéauve transposit'xon (Shapzr'o, 1979
predicts that the ends of the transposon are nicKed and the nicKs
are ligated to a stagger'ed. double strandled breakl found at the
target site, S'u'bsequent-ly, specific replication of the transposon

- | A /

’
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A conservative simple insertion into a target site could arise
from two dissimilar transpos1t1on mechanisms. In the two s‘l;ep nodel,
shown on the left, one styand at each end of the transposon is nicked
and ligated to the cut target DNA. This denerates a typical Sha.p:.ro
strand transferred producs. - Subsequently, the opposite strand in the
strand transferred product is nicked to complete tl'p reaction. In the
one step model, shosm on the right, both strands at the end of the
transposcn are cut-and ligated to the cut target DNA. The end '
product, 2 conservative, simple insertion, that has not been gap
repaired, is shown on the bottom right. The thin lines represent the: 1
- flanking DNA at the original transposon site, the thick lines -
* represent the target DNA and the wavy lines represent the transposon
(Mu) DNA sequences. The small arrows show the positions of the single
stranded cuts necessary for the reactions to-occur. This figure is
hased on the transposition model of Shapiro (1979).

i




generates two copies of the trar%sposon. one of which 1s inserted
1nt0 a new s:te. Conservative transposiiion would proceed :f the
Shapire wransgosition sirand iransfer product could be processec

nonreplicawively, Sor examele, >y nicking

3

ear the ends of the .
o { oo ~ . °
transposon in e sirand cpposite 10 the origlnal nick site
(Ohtsubo et al., 198{L. This second nick could be introduced °

either befgre an}" replicaticn or sheortly after replication has
begun, to produce either a true conservative transposition or a
primarily conservative transposition, respectively. Another method

that may be used to generate conservative transpesitions would be a

conagrted double stranded cut (Berg, 1977) at the ends of the

¢

transposon followed by oining of the transposon to the'target
. .
site. Experiments done to date in viva do nat allow us to - -
- N . > ] " -
discriminate between the concerted and alternate processing

r L]

conservative transposition models. Indeed, rapid processing of a
Sha-pn*o‘ strand‘?transferred product ;n vivo wguld be g}fgzcmt to
‘dlsunguléh from concerted double stranded cuts.
. ) .
The two proposed conservative transposition models make
contrasting predictions. The model where the Shapiro transposition
) intermediate ;ts Processed predicts that, 1n 't.h'ej donor complex and
the strand transferred end product..the ends of the Mu genome v;lll
be found attached to either the host sequences at the ends of Mu or
to tne\ target DNA. The double stranded cut model predicts that, .
following integration of Ht.x- into the ta:*get molecule, one of t‘ne K
Phage’s DNA strands will be unattached to the target, since the ..

latter is opened by a staggered cut (see Fig. 44). .

— -, > ‘.




AL I VIIrS transposition s;»'s{ém for Mu has deen described

L ] - . .‘ -

’ TMoZuuchll, 1983, This system uses the MU transposiilon proteins,

. .

] — .
¢ A anc g f. ani a ¢ruge DNA reriicasion eEiract (Fuller et al,
. ~
1.1l SQUEERLY nRoST fasiors reguires ¢ catalyse ihe ranspositicn
. L] )

$ a dener Lha moleculd Th 18 contelns Tunctions

«h
fu
O
]
O
)
‘U
Pt
[\
14
2]

necessary for plasmid maintenance as well as the reactive Mu DNA
) ] ‘ranspos:iion sequences found at the My ends, but is deleted for
smany of the interna! phage sequences. These donor plasmids are

termed minl-Mu’s. The target molecuie 1n this sysiem i1s double

stranded ¢X174 RF DN although oither doudle strapded plasmids may

be used. This crude system permits the joining of the Mu sequences
. L] .

1o the target site, followed by furthen processing of the

o .
» — strand-transferred products (1.e.- replication, ligation, etc)

Furthermore, when DNA i*epucauonm blocKed, 2 product accumuiates

whosé structure 1s identical to that predicted by Shapird (1979)

for the product ¢f the strand-transfer reactiori in transpos:ition ‘

('Cralgj,e ana Mizuuchi, 1985 Miller and Chaconas, 1986). The doneor
molecule used by Mizuuchi gave botnh replicative and conservative
. L .

transposition end products. In our hands with a cu-.ffer;ent doﬁr

mélecule.i_oniy replicative end products have been detected (Gloor

: . .
and Chaconas, unpublished). .
_ ‘ . : . S
- / Thé in vitro system was supsequently refined (Craigle et al, '
L 4 . . , . -
. ’ 1985) so that the initial strand transfer neadtion ¢ould proceed in

T

.the absence of host proteins requirgd for "DRA replication. This

refined system requires the Mu A arfd B proteins along with'the
- S ¢ . . .
. E. colz HU prot? Cofactors, for this reaction are Mg** and ATP

- -
- ] ) .

-




{or ATPYS; Maxwell et al, 1987). TXe donor DNA for *he
reaction mus: be su\;e{oozled and carry the Mu left (L ‘and right
- ] ,
‘R) ends in the proper orientailon. The arges: DNA must de doudbie .
\ ' e

stranded bu:i may be .-near, open Circu.ar o surercolied. IHF s

able 1o snmumte he reacuoh under conIIrisns

7]
(¢
+h
°3
T

g3
r
‘9

.ﬁercoﬁlms Suretie and Chacenas. unpubiished:

The supercoiling requirement of the reaction is not for the

g stran('transfer 1tsetf but rather for the formation ¢f an active

mtermeg;ate in she reaction, a type ! transposcsome. The type !
transpososome consists of the Mu A and probably E. coli HU proteins

tight.ly bound t¢ the Mu ends thus$ dringing them teogether. The
l'] T e

< - ddénor molecule in this structure has an operl circular non-Mu domain

and a supercolled Mu domain (Surette et al, 1987). Magnesium ions

are requated for the reaction to proceed. Type | transpososome’s' may-
be prefdrmed and subsequently chased to strand transferred products
by aql&lt:lon of the Mu B protein, é target DNA molecule and ATP (or

' . ATPYS) 'Strand transferred products that contain the bound .

4

. transposltioﬁ\pro'tems are referred 10 as type 2 transpososomes.
The strand Qransferr‘ed product.s may be replicated by addition of a

* crude DN.A repucauon extract (Cralgle and Hl..uucm 1985L).

- R 5
» . N .
. . -
.
.

. . "I'h'e N protein-Mu DNA complex.is assumed 20 be the integrative

pr‘ei:ursor in thé Lnser{uén of Mu into the host chromosome for the
, P - ’ -y .

' following Teasons. F‘_}rst, this protein-DNA complex accumulates in

host cells lysoeeh.tc for Mu (Ljungquist and Buighhm,. 1979, Harshey

and Bukhari, 1983) and in cells infected with Mu4am“mutants (Gloor

-
-
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and Craconas, unpurlished, this thesis) whach are defectave in

-

neegration ($Phay et al, 1678 However, only small, trans en‘.'

=vels of this protein-DRA comrlex arne <o nd when 1niegraten is
ipgiwed 1o proceed Ipliowing infec -.Lc:‘: ('__Juns1uAS1 and SukKhar:,
127% Harshey and Tukharl. 1567 Second, in vitro stud:ies ‘have
shown that transpesiiion of Mu requires a supercc:led DNA substra
(",jr*algle et ai. 198%). The N pr‘o:ezn-ﬁu DNA complex can be

isolated 1n supercoiled form from infected cells (Harshey and
PukKharl, 1983; Puspurs et al, 1963; Gloor and Chaconas,

unpublished, tHls thesis) In ad:d;uon,- the infecting protein-DNA
complex 1s ﬁpab1‘e of pr;tecung the infecting- Mu DNA §r'dm host
exonucleases. Chase an‘d Benzinger (1982) showed that a non—covale'n_t

€5 KDa protemiDHA complex 1soiated from freeze-thawed Mu particles

was resistant to E. ¢coll exonuclease. V. Harshey and BuKhari (1983)

113

.

‘demonstrated, in vitroe, that the isolated protein-DNA complex was G

res:.st:-int io both T7 exonuclease and E. coll exonuclease III which |

are 5 and 3 specific .exonucleases, respectively. The isoclated

protem-DNAhcomplex has been shown to transft E., coll

-

spheroplasts approximately 3 orders of magnitude fnor*e efficiently
than deproteinized Mu DNA (Chase and Benz.meer. 19\87 Harshey ‘and

BuKharl, 1963L ¢
L] Ty
e * .

The N protein-Mu. DNA integrative precursor might be expected to
'q

v

behave differently uin vitro than a covalently closed circular

mini-Mu molecuk. Specifically, u}e integrative precursor mlkh't be

-

expécted to insert into the target molecule by the concerted dcuble_

« stranded cﬁt model of conservative transposition (Berg, 1977). The :
‘F, « [ . . .

e
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ability to form double strandsd cuts at the ends of Mu would
reflect an inirinsic abllily of the rrotein-DNA complex to
1ranspose conservativelw. . . .

> 1]
“a

The N proteiri-Mu DNa complex was tested for its akility to

y

crm 2
a stranéi transferred end product in vitre. Célls infected wath

MuAdam phage were chosen as tﬂe source of the protein-DNA complex

since they do not integrate in Mu sensitive cells-(O’Day et ai,

1978). Infected cells were gently lysed by several freeze-thaw

cycles and the pr-*oteln-D,NA complex was isolated by sucrose gradient
se-dlmentauon. Superconed fractions were utilized as the donor

molecules in th_e»defmed‘ 1in vitro Mu stranad t.r-a.nsf;.'r system

(Craigie et al, 1985). The strand transferred prod:;cts of the - .
. . o
reaction were analyzed for similarities and differences to those of

prevzouslyocharacterlzed mini-Mu derivatives (Craigle and Mizuuchyi,

1985h; Surette et al, 1987). !
2



s

115

. MATERIALS AKZ METHODS ] <

TZEPARATION.CF BACTERICFEASE Mu FOR INFECTION.

Bactericipliage Mu was ;abe;ed)wnh 32F simiariv to the
preparation method described by Chaconas et al (1§83). Briefly,
E. coli cells iysogenlc for Mu (GCH#19 lac, ui:-, lew, fhRuA, sull, -
MuR, D108R, Mucts7i4am3011; Chaconas et al. 1985) were grown
svernight at 3¢0°-in OLB breth. t ml of cells were then pelleted and
washed thcé with 0.85% RaCl The dells were resuspended in 04 ml
of 0.65/ NaCl and added to 25 mk of PFB, prepared as described
(Chaconas et al, 1985b), except that CaCly was omitted. The cells
were grown to a density of about 25 x 108,/ml and OS5 mCi of .
(32P)-ortnopnosphate (NEN; apprommately‘i in 2 Mu gendmeg contain
1 32P molecule under these labeling conditions) was added. The cell

cul@ure was 1ncubatéd at the same temperature until it haa dbubled.

.
o

at which time 1t was shifted to 4259 for 30 minutes and then
placed at 38° until lysis was complete. The cells were always
grown with vigorous aeration to ensure maximal cell growth and’.

5

phage production.
. . - ' [
The lysed cells were. placed on ice and cell debris was pelleted
by ;;entmfusanon for 10-i5 minutes at 4° at 10 000, rpm in a
BecKkman J2-21 cen;.mfuee using a JA-20 rotor. Phage Mu was
pelleted. out of the supern'atagt frac{ionl b); centnifugation at
.16_500 rpm for 2 hours at 4° in the same.rotor anda cent.r:.tfuse. The

Phage pellet was overiaid with a small volume (¢ mi/2%5 ml culture)



NaCl)é{d
Xt was gentiy

- - .t o~ e .
atiution and e isogenic SUT surgin. CATTR (HSr lac, trrn, reld,

sopeT, sul; Breaner and FTeckwith, 1065; ortained from the £ -ol2
genetic stock center, at 1077, 1078 anca 1¢°9 diluticns. The ttre

of phage was usually greater than 10! pfu/ml. -

.
-

L]

PURIF'ICAMOF THE N PROTEIN - Mu -DN*‘HPLEX s
: - .

Y .
-

— N * A

. .

The E. coli strain 40 (AprosJac, trp, rpslL; Bukhari and

[

Metlay, 4973) was grown m'_LB broth + 25 mM MgSO, and { mM CaClp ,
to # density of ap_xﬁ‘oximately 5 x 10® cells/ml at 37% )
Bacteriophage Mu, prepared s ;1es'cmbed above, was added 1n odropsn
over 1 minute to a multaplicaty of ‘mfecuon betweex; 20 and 30,

while the culture was being swirled in tl"xe water bath to thoroughly
‘mix the cells and the phage., The infected cellls were removed from
the water bath and &éubated a'; 22°, without mixing, for i5 -
minutes, followed by incubation, at 37° with aer;au'on #Sr a further
20 to 30 minutgs. The infected cells were Pelleted 1n a JA-20 rotor’
in a Bebxman Ja.-ai centrifuge at 10 000 rpm for S5_minites -at 40,

The cells were vigorousty resuspended in 10 ml of ice cold buffer !

Ll : -
(10 mM Tris-HCl pH 82, 1C mM EDTA, 10/ sucrose) and pelleted as

above. This step was repeated once The second pellet was

——

resuspénded in 10 ‘ml of ice cold buffer 2 (10 mM Tris-HCl1 pH 82,

10 mM EDTA, 50 mM NaCl) and pelleted as above. The pellet was

116
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r‘esusp'encieé in a flﬁal volume of 09 ml of buffer 2 per 125 mj of

original cell culture.
" The ceil suspension was lysed Dy adding to each 09 ml aliquot:
d pyl of ICO mM FMEF (Sigma) and 0! mi of 10 mg/ml egg white

lysozyme (Sigma), and was immediately placed at -20° The cells

: e
_were frozen and thawed twice. After the second freeze-thaw cycle,
_« 100 vl of 10%Z Triton Ax-zoo (éxo*Rad) was added. " Again, the cells
were frozen and thawed at -26% and centrifuged for 10 minutes in a
‘ mlcrofuse at 4° It should be noted that at least one of the
fmze—thaw cycles was léft for an extended. period of tame (>8
hours) :I’hls seemed to i1mprove the y:.eld sg.bst.anuauy. although

further extended incubatians at -20° had rno effect.

iI'hé superhatant fraction from the lysed cells was loaded onto a
57-20% sucrose gr_*adlent prepared in buffer 3 (25 mM 'P:*J.s—)-iCl PH ° ~
82, 1 mM EDTA, O4 mM PH'Sr-’icontazrﬁng 1 M NaCl. The sucrose |
gradient was either run in a BecKman SW-504 (045 ml of
supernatant, 45 QQO rpm, 2 hours, '4°)- or an Sw-27 (LO ml of :

supernatant, 25 000 rpm, 5 hours, 4° rotor. Approximately thj.rrty‘

s

P

fragions were collected by bottom punctur"e and Cerenkov counts
. were determned When -the peak fractions were to be anehtrated.
the complex was dialyzed overnignht aga.mst buffer 3 conta.uung 05

M NacCl, to remove the sucrose.

GCOncentrauonro-f the pumﬂed complex was performed using a

Confilt 250/HF concentrator, as described by the manufacturer.
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Briefly, the ccncentran_ns arparatus was assembled and washed 3 ) .

times with delonized water. Five ml of.ihe pooied and dialyzed
\ \
reak fracglo'ns were loaded into the concentirator and the cpparatus

was spun fo:r" 10-i2 minutes at arout : CCC x & at 4% 1 a.izdletop

.

centrifuge. Further load‘ngs ¢f the concentrater were done 1f the '

original volume was greater than 5 ml. The concenirated fractions
were recovered in a volume less than ¢S5 ml with recovery being

greater than 90/

-
-

TRANSPOSITICN OF THE PURIFIED PROTEIN-DNA COMPLEX IN VITRO \,/
' T

Transposition reactions were perfgiined essentially as described, .
LY . -

eliher

-

by Surette et al. (1987). The Hu A protein.was prepared’
Mike Surette orf Subba Reddi Palli of this lab, the £7 coli HU °

protein was plu‘lfled by MiKe Surette ( tte et al, 1987) and the
Mu B rrotein was purified by Dr. George Chaconas, (Chaconas et al,
1985a). E. coll IHF protein was prepared by MiKe Surette from an
overproducing strain supplied by Dr. H. Nash (K5746; Nash et al,

1987). -

The reactions contained variable amounts of the N protein-Mu .

~ DNA_ complex, depending on the preparation, but tnese:amoums were .

never saturating. Reactions were run in 25 mM Tris-HCl pH 75, 10 .

-

mM HcCla. 140 mM HaCl. The fthal concéntrations of the other

. componems were: gpA 7 ug/ml, epB S ug/ml, HU 3 ue/ml. target DHA

20 vg/ml, ATP 2 mn. IHF was u.aed in the reacuons noted at about

about 350 ng/ml. When A_TPVS replaced ATP the Mu B protein was °



- - 118
preincubated with the ta'rg.et DNA and 25 uM ATEYS for 15

minutes, on ice, 1n order t.o-'anow the B protein 0 bind ic the

target DNA (Maxwell et al 1957). The concentrativns of the .
components of this ‘bmdms reaction were 10X that of the “flﬁal
transposition reaction. Transpositlon reactions were ineubated for

20 minutes at 30° and ter;;nmated by the addition of 1/¢ volume of
elther 10X EDTA loadang d.}'e (60 suc:?se. 02 M EDTA, O

bromophenol blue dye) or 10X SDS loa 1ng dye (607 sucrose, i/ 3DS,

?

0.1').\ bromophenol blue dye} Any preincubations with A 'and/or HU
and/or IHF were done for-5 minutes at 22°. Relaxation of
sqpercoﬁs was done-by adding 1 unat of ca.lf. thymus topomomeraée i
(BRL) to the reaction. Rélaxauor; was complete m less than 5

minutes.

AlKaline gel analysis of the réact.ton Products was done by the

| .addition of 1/4 volume of a.lkal.me loading dye (162 ﬁcoll. 001/
bromocresol green,” 100 mﬂ EDTA, 025 M NaOH). The DRA was
electrophoresed on agarose gels in alkaline gel buffer (30 mH NaOH,

2 mH EDTA) at 40 v (3150 mA) for 16. nours (Davis et al, 1983). The
buffer was rec.\.rcula;r.ed by a pum1'>.at a rate sufficient to exchange
1/3 of the anodic and cathodic buffer reservoirs each hour. Thé
gels were soaked if HpO for 30 minutes, prior to drying, to remove

most of the NaOH. . - L

o ) ’
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PURIFICATION CF THE N PROTEIN-MU DNA COMFLEX
N * - R N o7 N -

- .- A . —

'
v . . . -~

Purificaticn of the N protein-Mu DNA compierx was attempred Ly

several different .methods. The published procedure\of Harshey and

Bukhari (1983) relied on low salt sucrese srac‘.zer'u{s "pe'r:formed at pR®

—

10.5, followed by -concentration of the’/DNA '01_'1 2. sequential CsCl

gradients and subsequent sedimentation through a sucrose gradient

g

in 1 M NaCl. This procedure was tedious and tended to give vafymg
amounts of supercoiled complex in the end. The pu}xflcauon :
procedure of Puspurs et al. (1983), where the prote:.n‘-DHA complex
was purified out' of mf?cted minicells, prow‘e:d 16 glve lower yields )
compared to whole cell infectabns. Individual minicehl

, prepardtions varied widely in their abilrty. to pr’od;:ce supercone:d

" N protein-Mu DNA complex. ) ) .

-~ - .

sy

v

The method of choice for N protein-Mu,DNA compiex pur'tfication
was :by. sucrose gradients in 1 M NaCl as described 1™ he Materials
and Methods. 'I‘l'i.l.s. method pr:oved to be simpler a‘xid mc;re feproducible .
than the published proc;'edures Peak fractions across a typ'lcal'
sucrose gradient, run from right to left, are shown in Fig 4.2,
along with the 3P counts'across the gradient. Ther;e 1s good

¢ | - separation of supercoiled, open circular and linear Hu\D}lA'on this
'gr_ad.ient. Separations l;erformed on the SW 504 rotor, as described
'1n Materials and uetnods. were slightly better, but the amount 'of

.ComPlex Purified was limited by the small size of the rotor.

L) -
», . , . : .
. .
:' . . .
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FIGURE 42 PURIFICATION OF gpA-Mu DNA COMPLEX

The cells were lysed and run on a sucrose gradient in an Sw-27
rotor as described in Materials and flethods. The graph shows the 32p
counts across the gradient. The ak fractions indicated, were . -
electrophoresed on'a 035/ agarose gel, dried and autoradiographed.

The migration positions ¢of linear (L), open circular (OC) and

supercoliled (SC) N protein-Mu DNA complex are indicated. -

-




.
A fraction containing the N protein-Mu DNA comblex )s'as examineld
for the presence of nucieases. .
iinear, supercoiled or single stranded DNA. in %
reaction bué’:‘er at 379 for 1 hear, had noe effe:
electrorhoretic mekility of t‘ie Nputl DHA |]Kata not shown. From
this, 1 concluded. that, under these conditidns, there was no
detectable nuclease activity in these protein-DNA somplex
preparations.
N ~

BEHAVIOR OF CONTROL PLASMIDS JN VITRQO

-

!
. . .
The refined in vitro Mu strand transfer system (Craigie et al,

1985) was used in all of the following experiments. This system

uuﬁzes the Mu transposition proteu;s to cut and join the ends of

Mu to ‘a' target molecule. As mentioned above, the in vitro strand
transfer systef generates a: structure cofiSistent with the Shapiro
model of transposition (Craigie et al, 1985). It was neéessary t;a
determine w@er the N protem-ﬂu DNA donor complex was able to be
uulized in tnis in V.ttro transposition system. Furthermore, we

needed to determine if the .mfectmé protein-DNA complex behaved

similarly t+0 a mini-Mu substrate in this reaction.

'I‘ne plasmids pGGais (a 4.15 Kb Xhol/Pvull fragment of pCL222
(Chaconas et al 1981b) cloned into a 295 Kb SaJI/PvuII fragment
of pBR322, Gloor, and Chaconas, unpubushed) or pH‘C321 Chaconas et

al, 198ib) were used as donors. The behavior of pGG21S 1n vitro

has peen well documented by Surette et al, (1987), and is the
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protot}'plcai mini-Mu used in this iad to"gener‘ate Shapiroe type

— .

"-."QnSPC-Sl‘\;'O."X strand transferred products.

e vitro rehavior of pMC32! which conwains inhe entire Mu
genome, nsered 1nto piCill, was coempared o pS&ait (data noz

-

shiown; for a d:iagram SummariIing the reactions referred 1o belcw

see Fig. i4) Pilasmid pGGeid is known to form a protein-DNA

complex - a typé 1 transpososome - following incubation with the Mu

A and E. col: HU pro?e:.ns. This was also observed for pMC32i. If

' tneu‘?protelns in the type { transpososome are siripped off the donor

Plasmid with S'DS. prior to electrophoresis, the resulting plasmid
= .7 is found to be nicked. This occurred with both PGG215 and pMC321
Plasmid pGG215, 1n the for‘tﬁ of a tfpe ! transpososome, may be.
chased to a type 2 transpososonte by the addition of the Mu B
protein, a target molecule and ATP (or ATPYS). A pMC32i type !
transpososcme could also be efﬂcxenuy chased to'a type 2

transpososome by addition of the same components. The t}r‘be S

———

transpososome of pGG215 contains a supercoiled Mu domain and

' . v,
relaxgd vector domain. Relaxation of the supercoiled domain in the

type {1 transpososome does not affect the abllity of thas structure

at

to be cnased'-to a type 2 transpososome for eitlier pGG2i5 or pMC32L

BotR ends of Mu are always found attached td/either the vector or

target sequences except in the nickKed spe observed wheh type {

transpososomes are deproteinized.

’
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REQUIREMENTS FOR T’rl:. N VITERS "’RA'NS??SIT >N REACTION L‘TILIZI\IG TRHE

—

N.PROTEIN-Mu “NA CCMPLEX AS TONCR

Fig 4.3 shows \‘.;-e relzvive migratien g.sitlons

N protein-DNA complex and the &trand transferrysd ond product
formed 12 vitiro. The elecirophoretic moriliity of 1he starting
material-is shown i1n the first lane of rane: A, where the N

protem-Md DNA complex 1s mainly supercoiled; addnzpn of SD:*: {lane
‘

- -
a) r{ergpy_es the N protein and the DNA 1s linearized. The supercoiied

- . .o -,
donor fraction containing botn A and HU shows that the mobility of

the supercoiled species 1is slowed slightly. Much of the DNA has

-

beernr nicked by a persist®nt contaminant i1n-the gpA4 preparation (M.

Surette, personal commufication). Theye is a minor, SDS stable

Product formed when only A and HU are added, and 1ts formation
varies dependlng on the batch of N protein-Mu DNA complex that 1s
used. This 'stable product could not de chased into the strand
transferred product (¢atax not shown), The comialete reaction
containing the A, B gnd HU proteins, along with the target DNA.
(#X174 RF), produces three bands. One band runs 1nt.er~med1ate
betwéen the superco}led and linear bants. Another runs s;mllarly to
the r-elaxe;i band, and most probably is unreacted N protein‘Mu DNA
complex. The slowest band runs sligntly behind the r;laxed pand. *
Adaition of si)s to the compllete reaction results in only two‘ bands.
The band running with linear Mu represents unreacted donor ';;ompiex.
wz'feréas the slowest migrating band is the strand transferred.
pr:oduci where the N prctein-DNA complex has @én Joined to the

target DNA. <.
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FIGURE 4.3 REQUIREMENPS FOR TN VITRO TRANS

/ Purified gpN-Mu<DNA“complex was incubated With components of .
' -© the In vitro reaction noted. The reactions weré run as described '
. in Materials and Methods, run on a 0.35/ agarose gel, dried and
autoradiographeq. B+T indicates the addition of the Mu B protein
and the target DNA. The first set of reactions (A) were -performed
with a supercoiled fraction, the second set (B) were doge with a
relaxed fraction off the same sucrose gradient. The lanes loaded in -
SDS loading dye are indicated, while the other Yanes were loaded in
EDTA loading dye. SDS loading dye disrupts protein-DNA interactions

S §nd'anows the migration of the DNA alone to be observed. The

aslon’positions of supercoiled (SC), dpen circular (OC) and
. line prot&in-My.ONA complex-are noted.
4 : - . 'S

—
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- - The experiment shown in Fig. 4.3 also deialls the prote:n and

. : AONOor SUrercolllng requirements ¢f ihe sirand transfer eaction.

© Fracuions ¢ a sucrose gradlieng contajning erilisr supercouled
) .

doqner cognple:-: o :‘e:a;;ed denor complely are Cemparr23 3T thielr

ability to 4rive the 1a V2o ostrand wransise laction Thils figure
illustrates that donoer supercolls are reguired o the famat:on of
the strand ngs‘fer‘red end product since the supercoiled substrate -

1s efficiently chased to the strand transferred product while the
relaxed subsirate 1s noi. Further®ore, one should note that no

. L J
reaction occyrs in the absence of the Mu A Frotelin
<

[

.

Pl
o

- ﬁo controls that were don;? are not shown in Fig. 4.3 The

first control demonstrafed that if the supefcoiledfracuon 1s -
converted to a relaxed donor complex by topoisomerase i, pmor; to
the addation of the-transposition proteins, this fraction is no
longer able to form the strand transferred product. In fact, the
topoxsomer.ase 1 relaxed supercolled fraction behaves identicaily to

thie relaxed fraction. The second control was 10 run an 1in vitro
" .

"g'eacuon using pGGa21s as tﬁe donor zPolecule. including the
supercoliled or relaxed fraction at the concentration specified for
-th‘e‘ reactions shqv';n in the flg.ure. The mini-Mu was able t¢ form
both"type { and type 2 transpososomes when enq‘er fraction was
+- included. These controls demonstrated that the relaxed fraction dldg‘ .
. .

n6t contain an inhibitor of the 1in vitro reaction.

2]



a1g1e e+ al. 1198%) demonstrated th at the strand tran-‘er

supercosied doner molecule rut that

Wid o Linear.
’

guirements for ransposiilon Mu Dha

InEErT #XiTH

.

. r .
COMFLEX Were examined Ly using superceliled, re:axeq or

-
-1 -
JhA as thie rarge-.

Tne N protein-Mu DNa complex was able to utilize

-

ail ¢of ithese targe~ mofecules with approximateily egual efficrency.

~ -

(data nct shown)

TYPE 1 TRANSPOSOSOME FORMATION

This experiment 1llustrates-that the N protein-Mu DNA complex
Q
% X
can form a type 1 transpososome. where the A and possxbly the HU

protems form a protein-DRA complex at the ends of the Mu DKA This

1s-the active mtermed.tate in the mini-Mu strand transfer reaction

(Surette et al 1987) In F‘J.g 4.4, the gonor complex has been

prerncubated with Mu A protein, Clz. A portion of the '

Preiwncubated material was relaxed with tépolsomerase 1 Following

r

relaxation, the Mu B protein and target DNA were aﬁdecf."I‘he final
two reactions are the ones to note in this figure. The second to

last reaction- was relaxed with topoxsomex‘ase 1 PI‘.‘LOI: to adadition of

the B protein and target DNA while, the final reaction was not™
relaxed before addition of these components. The donor compiex,

‘ . o
that was relaxed after addition of the A and HU proteins, 1s
capable of forming the strand transferred product This reaction is

indicative of type i transpososomes. Relaxation. cf t.he' aonor

- . . .

-

>, N o N -« LA

e

o r
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FIGURE® 4.4 EVIDENCE FOR TYPE L MES
Purified gpN-Mu DNA complex was >ated with the components
of the in vitro reaction noted. The rea were run as described

'in the Materials and Methods, ran on a 0.35/ agarose gel, dried and
autoradiographed—All reactions containing the A and Hu proteins
were preincubated for 5 minutes.’ Topoisomerase 1 (TOP) was added
where noted, following the preincubation with A and HU, and
incubated a furth® 5 minutes. Following all preincubations, gp5,
ATP and target DNA was added and incubation was continued for a
. further 20 minutes. Reactions klectrophoresed in the lanes
indicated were stopped by the addition of SDS loading dye, the
other lanes contain parallel samples loaded. in EDTA loading dye.
The migration positions of .supercoiled (SC), open circular (0OC) and
#‘ linear (L) N protein-Mu DHA complex are rioted.

] -

“ —.

-
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compley prior ¢ additicn of the A and HU proteins resuits in nc

Zerand-transier réaction occurring (shown in Fig &3

The smail £. colMETtein IHF was tested for ;s ability o
su‘utute for HU 1n the in vitro strand transfer reaction since it
was found that IHF could stimulate transposition in vitro under.
:‘educe? leveis of donor plasmid supercoiling (Surette and Chaconas,
unpublished) Fisg. L'..svsnows that IHF 1s unable to substitute for
HU under the conditions tested, since complete reaction mixtures
containing IHF, but not HU, do not form a Strand transferred
pProduct. There was a slight decrease in the amount of the SDS - .
' Stable product formed when A and HU were incubated with the complex

when IHF w@gs also present 1n the reaction.

Y

IHF allows the s_trand transfer reaction to proceed 1in vitro
when the donor molecule is less supercoiled than normedly required
(Surette and Chatonas, unpublished). The results shown here
1llustrate that, 1n vitro, IHF has no effect on the productis of t.l"xe‘
s;rand transfer react;on using f.he protein-DNA complex as dongr. An
interesting possibility 1is tnat. THF could affect- Mu integration by
wallowlns- the infecting DNA-protein complex to be integrated before
it 1s fully supercoiled. This would enable the infecting DNA to .
lntégrate mor:e rapidly and escape host mecr;a.nlsms for degrading

exogenous DNA. ) . .
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FIGURE 4.5 EFFECT OF IHF ON TRANSPOSITION

Purified gpN-Mu DNA complex was incubated with components of ine

- in vitro reaction noted. The reactions were run as described in

Materials and Methods, stopped. run on a 035/ agarose gel, dried and
autoradiograpned. IHF was added to the reactions indicated. The set
of reactions on the left were jcaded in SDS loading puffer, the other
set of reactions were loaded®in EDTA loading buffer.-The migration

. positions of linear (L) Open circular (OC) and supercoiled (sC) N
protein-Mu DNA complex are snown on the left.

-4




FATE CF THE £. ccll ENDS IN VITRC

-

" Filgure 4.1 descriBes twe alternate modes for transposiiion,

voth of which could produce a conservaive, simple inseriicn of the

»

k

transposon into the target DNA. In the first model, a Sharpire
strand transferred jntermediate is formed- and chased into a

' s
conservative transposition by a second nickK introduced in the

unnicked transposon strand. The strand transferred end "produqt

.\

which would be observed in this model would contain both Mu ends._

attached to either the heterogeneous noét DNA or to the target
Vs '
molecule. Subsequent steps would process thas mtsrmed.:.ate toward a

conservauve tra.nsposiuon The’ second model 1lustrated in Fig

44 produces conservative transpositions ,b:f she cong:erteg cutting
of both strands of the trahsposon prior to mséruon into the
target molecule. The strand transierred end product mn’ tl:us model

would contain one strand not attached to either the target molecule

or- to the donor molecule sequences. - ' I
.. .

-4y

The integration of Mu in vitro may be examined by tlre use of

alkaline gels to separate the two DHA strands, in order to observe

2

whether the strands are attached to the hast or target DNA, or 1if

. @

. - . "

one strand is free in the strand transferred product. Fig. 4.5

N
(3

shows the results for- the Hu R end The protein-DNA complex was
allowed to form elther- type 1 t.ranspososomes. where one stra.nd is
mc}sed by thé HMu A protein; or type 2 transpososomes. where the

‘G/ omplete strand transfer reaction has: prooeed.ed. In the absence Of

the transposiuon protems. both strands are attached to the

-~
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_ A o+ o+ o+ o+ 4

HU =+ + + +

’ . IHF + + + +
A B+T - + + 4+ '

F’IGURE 45 BEHAVIOUR OF‘ THE RIGHT END OF Mu IN VITRO : \

\ o . e

! Pumﬂed gPN=Mu DNA complex was incubated wath components of
. \ the in vitro reaction noted. The reactions were run.as described
in Materials and Methods. Completed reactiens were eéxtracted onde
with #-CHClg ethancl precipitated afid resuspended in 18 ul of HxO.
Two ul of 10X HindIll buffer and. 5 units of H1nAlll were added; thé -
mixture was* incubated at 37° for a further 15 minutes. Following
restriction, 6 ul of 5X alkaline loading dye was added and the
samples® were electrophoresed at 40 V for 18 hours in a 0%/ . N
: alkaline agarvse gel. The gel was dried and autoradiographed. The h N
* ! migration positions of the internal and right end HUuxiIII fragments
are shown as I and R respectively. When the right end is nicked the
: . variable ends of Mu are separated from the right end Mu fragment
under denaturing conditions, this nicked right end fragment is
: B mdiatedasR-VE The. nicked strand t.hathasbeen,)oinedto the
—— - tareetDKAlsshownas'RoT ‘ &
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heteroseneous¥. coll ends, as evidenced by the smeared 'R enad band.
The react;on'contaznmg the A and HU proteins where the end of ihs
Mu DNA.1s n:ciied, shows that one strand is_freed of the E. cell XA
by the nick inircduced at ithe énd of <he Mu genome and now migrazes
as a discrete smaxller banci: The complete 1ntegration rea;t,s.on
illustrates that, following the addition ¢f target DNA and the Mu B

L]

protein,'both strands are again at:tached. One sirand is snll'
a;ttached to the heterogeneous E. coll sequences; the other strand -
1s attached to thi¢ target DNA and migrates more slowly on the gel.

'Ir; summary, this' demonstrates {hat, .m‘v.zg.ro; the :..ntegrauon of

the R end of the Mu N protein-DNA complex proceeds via formation of -

a Shapiro strand transferred intermediate.

<
. ) .
. - .
. J—

The 1ntegration of the Mu L end is examined in Fig. 4.7. The
amount of heterogeneous host DNA at the left end of Mu is much less
timan that :Eoun\ at the right end s;;d?so resolution of the host

“attached and nicked ends is mx;ch vmore difficult. The small amount

*.0f host DNA necessitateg cutting qmte close to the leff end of Mu
and high percentage gels are essential to adequately resolve the

" small fragments. The Mu DNA was restrxcf.ed with H.md.m which cuts

' about 1000 Aucleotides from the-Mu left end (Preiss et al, 1962)

and this figure shows the relevant portion of a 2% agarose gel run . o

in alkaline gel buffer to denatur:: the DNA. The first lgne shows

the migration of unreacted Mu left ena sequences which migrate as a

slight smear. The second lane shows the the Mu left end sequences

found in a’ type i transpososome; t,.heré is a shift of a portion of

the DNA toward a smaller species however, the ;orumal band is ailso



-

__restricted for 15 minutes.at 37° and 6 ul of alkaline loading dye

. . .. 134
A + + .
- HU L+ +
“ B+T +

-
. .
[ v [

FIGURE 4.7 NICKING OF THE LEFT END OF Mu /N WITRC

Theé-fl protein-Hu DNA complex was incubated with the A and HU
and/or IMF pratéins to form type 1 transposomes where the end of Mu
is nicked~1% order to observe if the left end behayesin a similar
manner to the right. Following the incubation with the components
noted, the reactions were extracted withg-CHCly, ethanol -
precipitated, and resuspended in 18 ul of TE 'rwo ul of 10X Hinalll “
buffer were added-along with 5 units of HindIIL The DNA was < . .

was added. The reactions were electrophoresed on a . alkaline .
agarose gel, dried and autoradiographed. The first lane shiows the

migration of the left end without any addistions, the second lanhé N
shows the migration of tlhie left end DNA strands following , . -
incubation with the A and Hu proteins, the third jane shows the - . .
left end DNA strands as they are found in the strand transferred . . '
end product. LE denotes the Mu left end while, L-VE denotes the - S
left end which has been nicked thus losing the var'iable host . %
sequerices.
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Fresent. The third lane shows the migration: of the Mu left end
sequences found i1 & type 2 transpososome, the smaller rand has

disappeared, presumably linKed +¢ the zarget DHNA:

LinKage ¢f the Mu left end sequences t1¢ the arge: Dha in the

tvpe a transpososome 1s confirmed in ithe next figure. Fls 4.8

demonstrates that the left end 1s attached t¢o the target DNA when
the complete strand transfer reaction is performed. In tms figure,

the Mu DNA was cleaved with BglIl follewing the sirand Tran_sfer

a

reaction, this enzyme produces two fr‘asmﬂ_ents. the smaller of whaich
1s the l‘eft end. In the complete re;ctlon mixture, the left end 1is
covalently joined to- the target molec;u.l'e' zlanes A and C), and
therefore runs more slowly. This figure also illustrates that in

the absence of all the requirements for the complete reaction (the

second lane contains no HU), no linkKage of the left end and target

.

L]
molecule occur.

. - - .

C. \ '

. L o

These flgures together show that the left end behaves smu.larly
to the right end in VJtra. that is the botn the left and right ends

are mcked in the type i trans ome and the nicked spec:.es are

\./
then Jo1ned to the cut target DNA.

185
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FIGURE 4.8 JOINING'OF "I'HE LEFT END AND TARGET DNA IN VITRQ

Purified gpN-Mu DNA complex was incubated with components of
the 171 vitro reaction noted. The reactions were run as described
in Materials and Methods. Reactions were extracted once with
#-CHCl3, ethanol precipitated and resuspended in 18 ul of HpO. Two
ul of 10X Bg/I buffer and 25 units of BglIll was addedq; the
mixture was incubated,at 37° for 15 minutes. Following the ’
restriction reaction, 6 ul of 5X alkaline loading dye was added and 4
the samples were electrophoresed at 40 V for 18 hours in a 057 -
alkaline agarose gel. The gel was dried and autoradiographed. The '
nusration positions of the left and right end BgIlll fragment are .
showrt as L. and R respectively. The nicked Ieft end strand that has
beenjolnedtometarcetDNAlsshownastT,_ . .



oISCUSSION

A an hypothesis described 1n the ‘.-“.ro\.ucnon wWothls - -
chapte: was the possibility that ..h.e h z.rote_*‘z -Mu DNA integr a%;*:e
precursor couid possess the‘ln:r*:.ns.lc potential Lo transpose
conservatively by the introducition ¢f double stranded c~uts at the
ends of the Mu _I)NA. Hewever. the experimental evidence provided an
£ms chapter showsk that the N protein-Mu DNA conépl%x was joined to
the target molecule in a maﬁner consistent Yvuh the Si’laplro (19‘79)'

model of transposition. That is, by the introduction o nicks at

the ends of 'the Mu DNA followed by the joining of the nicKed ends

s

to a double stranded cut target; molecule.
The strand transferred ﬁroduct observed for mini-Mu’s in vitro ,
possesses repncatlon potenua.l there 1s a free 3’ nydroxyl group
at the end of the target molecule that 1s not attached to the
transposon (Mizuuchi, 1984) and the mini-Mu ;tr‘and transferred
product mey be replicated by the addition of crude oric type
replication ez;t.racts (Craigie .ana Mizuuchy, 1985b). It therefdre -
follows that the strand transferred product observed with the ! .
protein-DNA complex as the donor molecule snould also have

>

_ replication potential. The N praiein-DNA tomplex was observed to be
Bhstable 1n these crude extracts due to the l.arge amox;nt of _
nucleases present. JIn vivo integrating Mu DNA is observed to bg;
replicated to a minor extent, 4-84 of infectig Mu DNA is

replicated; nowever.' complete replication of the integrated DNA is

. 4§
not observed (Harshey, 1984) Chaconas et-al. (1965b) found that a

W




O - _ -

mutant of the MY B protein lacking the carsoxyl termina. 18 ' -
- L
amino-acids could ntegrate at norma: levels rut could not

subsequently replicaie the n}ser:ed'phage DHA. This implies that

these residues on the 3 protein are "jgiimately nvalved n wthe

%

repircation of Mu DHA, but not the inegraticn «f Mu. Mutations at . -
other sites of épB drgxs‘t‘lcally' reduce integration. These carboxyl - .
terminal residues are not s'pec;lflcally removed during infection,

tnus m&:ﬁcat;pg that they may be blocKed by some other protein. The

amount of DNA replication observed I vitro 1s consistent with 'both

.

thé concerted model followed by repalr or the px‘ocessn'xs. moderwith

replication being stopped at an early point before the genome is

replicated. -

.

It should be noted that in vivo Mu DNA rephcation 1s believed .
to be asymmetric, beginning at the left, and proceeding to the ‘
right end (Wijffelman and Ya.n d.e Putte, 1977} Goosen, 1978; Higgins
et al, 1983). This asymmetric replication could be a c&Esequence ,
of the A protein binding sites at the left and rignht.ends of Mu
being considerabdbly different; there ;re two tight A protein binding
sites at the left enZ}d—one‘ at the mght-'es; (Craigie et al, -
‘1984).‘ This‘ implies that thére are-differentds in protein content '
and orga.nlzaglon at the two Mu ends auring _tr;nspos.tuon. Recently,

. *

Craigie and Mizuuchi (1987) found that a linear molecule, K
R . - M '

containing one copy of the Mu right end at each’ terminus, could be

. L "
e'fﬁcl.eﬁtly utiltized i1r the in vitro strarid transfer reaction.
Similar constructs with either the two left ends or one left and

one right end at the termini of the linear molécule were not A o




active. These results suggest that ihe requirements fo\.“/

*rAnSRgSitLtn ¢f sne Mu iefs end are more sirifigen: ithan ithcese Jor

. . -

JTre L ovitre reduits of Craigie and Mizuuchi 11987
e

r.E rerlicatiuvn reésulis descrired akove, sugges-

5
g
3.
¢
(v}
X
m
o

&

‘>
r"
b
o~

. thav the Nu lefv end is thie contrdiling end in 1ranspoesition ancd
. * . H .
: +hat the funcrion required of the right end .s i+he ability to be

recognized dy the transposase. -

: p
If one assumes that the lefti end i1s the end necessary for

Ed * -
-~

. efficientaeplication as well as 2y of the épec:.f:.c;ty of the
reaction, a f:r‘tner assumption would be that thee factor responsible
]
for the switch to coﬁservguve transposition would act at or near

the Mu léft end. The Mu N protein i1s less than 150 bp away from the

Mu left ¢nd 1n the infecting Protein-DNA complex (George ’}.nd

oBukhan.. 1981). One should recall that there is a protein-DNA

Pad L ]

. complex,sincluding the Mu A and B proieins, located at the ends )

the st.r‘and transferred pf'o_dutrt (Surettg et al, 1987). Given the

tight interaction between the N pnetéin and the ends of the
'. -
infecting Mu DNA (Harshey and Bukhari, 1983; Gloor"and Chaconas,
o unpublished), ‘one coﬁld imagine lengihy contacts between the DNa

- and the N protein extending mear to the Mu left end.

Alternatively, the N protein could act as a multimer alliowing it to

- . P
touch Mu proteins l6¢ated’ at the left end. Therefore ft is not
unreasqnable to assume that the N protein cauld be within range of °
L] ‘ *
contacting the Mu B protein located at the left end during

. infection. This contact could DIocK the carboxyl termimgs of the B

Protein and therefore mimi¢ the situation found with the mitant B
. : ) ) p -




s Fhoteln lac}un\g the C-terminal eighteen amino acids by preventing

SLA replication ¢ rroceed and forcing integration io proceed
g

.

conserkatively.
A Turther arguement forr the N protein being mnmvolved in the

switch to conserv.atlve itransposition 1s a tempo_ral one. ideailly,

the controlling. factor should be present only during integration so
r =

« ~that later replicatrve events are not interfered wiih. The N

Frotein 1s injected along with the infecting DNA and 1s not
synthesized untI! late in the phage life cycle, thus £1tting this

rredicted pattern.

-

A further consideration that should be addressed 1s the DNA

requirements for conser"gtnve transposition. Dubow and Lalumiere

Pl

(Plasmid, in p'l"’QSS) examined the fate of mini-Mu mbdlecules

.

containing progressively less heterologous DNA between the Mu ends.

140

They observed that when the ends were separ;atéc: byvless than 40€ lip

of DNA that > 90Z of the tra.népos.luqﬁ events observed weme simple

insertions. when separated by 750 bp, 30-407 simple 1nsertions were

L

cbserved and with 1.6 Kbp of DNA separating the ends, f0-20.; sxmple'
. . - L] .

insertions were observed. The rrotein-DNA complex usec in the
eXxperiments described in this chapter contain betweer, l-lE’ krp of

DHA between the Mu ends due t¢ the attacheéd hetercrenegus Nost THA

' (BuKhari et al, 1976) Thais wguld imply that __ther'e 15 31 .imitel

~

intrinsic propensity for Mu inte ion"to proceed conservatively,

generating simple insertions, é.u;ce with this amount of DNA petweer,

the end.S <407 of the tfanspos:.uonsshould be simple 3nsert1ons.

R -



However, (L0 of-tMe infecting MU DhA 1nlegrates conservaiiveld
TN
-
- -y & o e - - -~ - o - " b AT - - - -
Srefley, 1508 pEnEeraAting SIimIlSs InSeriidns. (Tiwaconas el al,
-

-—

-
c e | RN . L : P . - - .~
JFST) nereiire, there mUust e 2 furthier METnRAnaIT 1N operaticn il

fenerase e Liserved fyeguency.

The last isfue <hat musi be addressed 18 e Ccomirol ¢f the

ng

specificity ¢of the second nicr required 0 prodizce a conservatn_"e
cimple 1nsertion. The nonreplicated strand transferred product is
not liKely to be randomly attackeq, at thie suncuion of Mu and

v

target sequences, oy hCS} nucleases for two redsons: First, random

L .

attack of the strand transferred product by an endonuclease would
result in the éxc1s.1on of the‘ 1nf.egrated Mu DNA nia la.rge
pcrcentage of the integration events, this can be verified by
examination of Fig. 4.4. Second, the type 2 trénspososom:e 1S,

“ . insensitive to digestion by St nuclease {Suretfe and. Chaconas,
unpublished), whereas the deprotezm_zed.DHA 1s. 'i"his indicates that'

the proteins forming the type 2 transpososome sme‘ld'the‘senﬂuve
single stranded DNA at the Mu-target DNA junction. Inspection of

F1g. 4.4 shows that the strand that would be have to be nicked in

Mu to produce a conservative t'ran.spos.lnon would be the lagging . -
strand, i1f replication 1s assumed to be initiated from the target

DNA’s free hydroxyl group. Perhaps, here 1s a rolé for one ¢f the
semi-essential early genes of Mu. If replication of the strand
transferred p'roduct' 1S blocKed, an accessory protein with the
necess;ary specificity to produce the nicks required for

conservative processing of the Shapiro intermediate could be R

4 ‘ . :
< activated. In the presence of replication, thig opportunity would

L e " ' e




n0t ogcur and reriicative transpdaation end Frocdiucts would e
Iormed. Thiis hiypchesis predicts 4hat 2 Mu gens oraduct that gives
2 low deve. of integration utl & normal Turst siTy owhen a Mu

' [ 4

o, . A ~ ~ e .ot .~ . - . 2
T, oW O TOUNG. Aleriiatively, an unrerglicated

lyscgen 5 1nds

[#

lagging single strand could be degraded Iy host Satymes. This would

insertion.

In summary, the experiments described in th.s chapter show.that
the in vitroe strand transfer reaction, utilizing the N protein-Mu
DHA complex, produces Shapiro type strand transferred products.
These st:‘andotransferred products are similay to those formed by
both a mini-Mu and a whole Mu contriol plasmid. The strand
transferred end— product formed with the protein-DNA complex.as
donor moiecule, has both strands.o-f Mu DNA attached to either the)
heterogeneous host sequences or to the target molecule. Therefére.
1t 1s liKely that Mu integration 1s forced toward conservative
transposition by a repumﬁon Dblock rather ltnan by thie production
of concerted double stranded cuts at the ends of Mu. It 1is
-pﬁs;slble that the Mu N protein could act by mhmnins replication,

: , . .-

thus allowing nucleases to cut the strand transferrec products and

Produce conservative simple insertions of the infecting Mu DNA.
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The purpose of inis thesis was to characterize the 64-kDa

roteln-Mu DNA complex isolated from Mu-infected cells. This was

achieved by examining he protein bound to the ends of the

‘'d

;néc:ng Mu DRA as well as DY exXxamining the behaviour of the
rotein-DNA complex in an in viire transposition sys.tem
WorK reported in thus thesis described the i1dentification of
the 1njected 64-KDa Mu virion protein as the Mu XN gene r;wro’duct.
Thais J.denuflcauor.z was achileved by a combination of physical and -

genetic means.

The Mu N gene was further characterized by the determination of
1ts sequence; the adjacent P gene was also sequenced. The
amino-acid sequence ocf both proteins was observed to contain a
region of homology to the helix-turn-helix domain found in many DNA

. binding proteins (Pabo and Sauer, 1984) The semi-purified N

b ——

protein was not observed to bind DNA In vitro. Both proteins were
overproduced 1o greater than 57 total cell protein. An activity for

the N protein could not be detected an vitro.

The infecting protein-DNA complex was examined for the product -
of the strand-transfer reaction formed In vm degermme 1f
ithe 6bser_ved conservative integration of Mu DNA into the host
chromosome, occurs by double-sirand breaks at the end of the C .
tr'ansposop or v1a.15rooesszng of a Shapiro strand-tr:ansferred '-
product. In vitro the infecting prétem-DN} complex. was observed to

form a normal strand-trarisferred product analogdus to that formed
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*y mini-Mu dergvatives of Mu. This result J.mp\zes that the in vave
reaclion aise ¢fcurs viad processing of a Shapiro sw.rand-traz;sferred
croduct, The mechianism ¢f Lhis processing could not be examined it

r2tro due te thie anstabliity $f the protein-DhA compiex in the

crude extracts ﬁecgssary' for thie analysis. )
-~ .

The work described in this thesis should provide a good bas:&
%or further studies on Mu integration. Site-specific mutagenesis éf
] th'e Mu N gene could be utilized to dassect tl.'xe regions of the
prote;.n regn.ured for phage morphology from those required for_
mtegraﬁon and DNA binding, thus anevzaung t:h‘e.geneuc
invasibility problem observ{d with this gene. In addation, the
strand-transferred product recovered using the N protein-Mu DNa !
complex could be—t;.sed in a purified replicauon system to observe . \
the effect (1f any) the N protein has on the ability of this
comi:lex to replicate. Furthermore, 1f it 1s possible to obtain a

fraction of the N protéln that exerts a measureable activity,

irderactions betyveen the N and B proteins could be examined.

%
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- restricuon map of the plasm.ids utm.zed to sequence the Mu N
and P genes is shown. The parent yector for ali -the constructs was’
-PAA3-TX and is the top plasmid. Plasmids containing #Mu’ DNA that -
were directly derived from this vector (pGCBB, PGGDH) "are shown
below. Plasm:d PAATER, a derivative of pAAS<7X containing a stiong
termmator i3 shown next. The muitiple cloning site. in PAATER :
contains (-r) the recos‘muon sites’ for the following restriction
enzymes: BapHL Salf; Pstl and HindIll Plasmyd pGGST, the
sequencing dertivative &f this vector is shown below pPAATER. 'I'he
final cdnstruct shown has the typxw structure of a deleted -
plasmid from which sequence ‘in tiie cloned DNA collld e obtamed. o
Intgrvening DNA between the active IS! module-and the cloned DNA  * 7
has been deléted allowirig a primer complementary t0°ISY to read
into the cloned DNA. The origin shown for the restrfiction mdps ic
theleftmdoftheacuvelmmodmem.the plamd.fmmch .
thedeleuonsorumate.slrmbolssnomare: :
& BamHI-Pstl junction sequence; @, EcoRl-BamHI Juncuén sequence:
¢, Bamfil-Dra ,nyxcuon sequence; ¢, Hpal-BPamHl junction seq,uence:
< multiple cloning site; e, Sspl-Sall junction site; °
p, Sall-multiple clom.ns site junction (Sanl sxte present) o
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