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ABSTRACT

Part I of this thesis is a theoretical investigation of the fraction of a (suitably
idealized) genomic DNA which can be found among restriction enzyme partial digest
fragments having lengths between L and L+r basepairs long.

Part II of this thesis summarizes some experimental investigations of the
structure and evolution of the bacteriophage T4 proximal half tail fiber, its interactions
with the distal half-fiber, and the variety of phenotypes exhibited by temperature-

sensitive mutations in its structural gene.
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INTRODUCTION

Two arrroaches have been taken to dedrade chromosomal
INA to an arrrorriate length for cloning in libraries of
recombinant rhade. The firsts controlled shearsy uvields IINA
fragments which must be subsecuently adarted with either
synthetic restriction sites or homorolumer tzils to be
cloned. At rresenty neither of these manirulations allow
sheared fradments to be efficiently cloned (Maniatis et
a2l.(1978)sy Meverowitz et a3l. (1981)). A second arrroachy
rartial digestion with restriction endonucleasess wields
chromosomal fragments which can be efficiently ligated and
rackaded in vitro. However seeuences lacking arrrorriate

flankind restriction sites cannot be cloned.

In the following rarer we Fresent a theoreticsal
treatment of the fraction of a8 dernome that can be
incorrorated in a8 rartial didest 1library., The fraction
clonable derends on the size randge of INA fradments to be
clonedy and the freauency of occurrence of the restriction
site to be cleaved in the denomic DNA. We will derive the
fraction clonable by two comrlementary arrroachess each
based on a seaquential analysis of the conditional
#robabilities of cloning an arbitrarily chosen nucleotide.
The fraction clonable is the net probability that the chosen

nucleotide can be cloned. Under and overestimates of the



fraction clornsble will be formed under the two arrroachesy

and the resulting estimates comrared.

Elseuhere;vwe will use the eacuations derived below to
calculate the fractiorn of a3 deriome which can be exrected in
a8 finite samrle of clones (Seedy Farkery and Davidson

(1981)).

RESULTS AND DISCUSSION

The Basic Assumrtion

We will assume that the rrobability of occurrence of =&
restriction enzyme cleavade site is the same for 211 bonds.
This reauires that cleavade sites occasionally fall on
addacent bondss even though the minimum distance between
sites should be four to six baserairs in most cases. In the
calculations epresented below the comtribution of terms due
to sites at addacent bonds has been nedlecteds on the
assumption that the averade distance between sites will be
lardge. In an earlier studysy Hamer and Thomas (1975) have
comrared the mass distributions of restriction enzsme
cleaved DNAs with the theoreticsal distributions rredicted bw
the random disrersion of restriction sites throushout s
dgenome. Thew found the hurothesis of random site rlacement

valid within exrerimental error for both E. coli DNA and s



non-refractory comronent of D. melanodaster DNA. A hidghly
reiterated 1low comrlexity fraction of D. melanodaster DNA
did not disrplay 8 random cleavade ratterny towever.
Although randomly disrersed rereated seauences are not
exrected to significantly affect these calculationss the
results erresented below will not in deneral arrly to

tandemly rereated secuences.

Some Simrle Results

Two conditions rermit the clonzsble denome fraction to
te easily comruted?! either the tardget DNA is digested to
comrletiony or the vector accerts arbitrarily small inserts,
The latter 1is &8 srecial case of the former. Followindg 3
comrlete didestionsy the clonable denome fraction is the
weight fraction of D&A in restriction fradments shorter than
the maximum and lardger than the minimum insert lendths, and

can be written (Kuhm (1930)% Hamer and Thomas (1973))

LPL*‘%——?L _ (?(L.,(\+\36~?(‘-*“3 (1)

where L+1 and L+r are the minmimum and maximum insert lendths
in baserairsy and P is the frecuercws of occurrence of the
restriction enzume cleavade site. When the vector accerts

arbitrarily small insertsy the fraction clonable is



[ (Fo*\\e,’?ﬁ -

We mote here for future comrarison that formula (2) is an

arrroximationt: the exact result is
(o
| —~ (Pr+13(\~9\
which is nedlidibly different from (2) when # is small.

Fartiasl didestion sllows some of the fradmernts shorter
than the minimum insert lerndth to be clorned in 3 rerlacement
vector (3 vector for which L>0)., Fradgments larder tham the

maximum insert lendgth can mever be clonedy and so

Lt (3)
l — (FLL»*-F\-F\\C,-?(' \)

is an overestimate of the fraction clonasble in 3 rerlacement

vector. We will returrn to this formula later in the rarer.

Two Derivations of the Genome Caracity of a3 Rerlacement

Vector

I. BRackdrounds Nomenclaturer and Conventions

We have derived two exact exrressions for the denome

caracity of 3 rerlacement vector. The first is 3 rroduct of

recursively defined conditional rrobsbilitiessy rerresenting



the fraction of a dgeriome which cannot be cloned. The second
is 3 fprobability sum rerresenting the union of 3ll clonable
seRuUences. The clonsble denome fraction is not exrlicitly
comrutable from either exrressions but ridgorous under and

overestimates can be formed and comruted from both formulas.

For convenience we will briefly review here the
#rorerties of conditional rrobabilities. If the probability
of A diven B is f(ﬁlﬁ) and the #Probability of the
intersection of A and B P(ANBR) , then f(ang)= P(AIR) P(S) .,
We shall frecuently wuse this formula in the form
HGHNE P(H“G)/P(Q) . Wherm A and B are inderendent events
Pala) = PLAY 5 and P(ANE) = A P(R) ., The rrobability of
the wunion of two eventss PLAVRY is the sum of the
rrobabilities of the +two individual events minus the
rrobability of their intersection: P(ALR):=P(A)~P(®) -P(ANS) ,
The conditional rrobability analog of this ecuation is

P(AVBILY = PLAI)+ PBL L) - PLANBILY

As abover let L+1 and L+r be the minimum and maximum
lengths in baserairs of the inserted DNA» and let » be the
mean freeuency of occurrence of 2 restriction site.
Arbitrarily choosing & particular (index) nucleotidesr we
Frroceder in one directions to calculate the successive
probabilities that a clonable fradgment containing the index

nucleotide can be formed (or not) from each bond in



auestions diven that 2311 rprevious attemerts have failed. As
a3 matter of terminolodgwy we call the successivelw enumerated
bonds *addacent bonds." To each addacent bond there
corresrond r "window® bondss which rerresent the accertable
endroints for clonsble rartial didest fradments terminating

at the ad.acent bond.

Figure 1 is 8 schematic diadgram of the indexing sustem
we have adorted. The first adiscent bond falls immediatelw
to the left of the index nucleotide. The first window
consists of the r bonds which fall immediatels to the right

of the L+1ith nucleotide.

I1. The Fraction of a3 Geriome That Cannot be Clored in s

Rerlacement Vector

OQur first arrroach will lead to a8 rFrobability rroduct
of the form
I wkGie )
=0
rerresenting an intersection of failures 3t every trial.
K(isrsL) 1is the Frobabilits that a clonable rartial didest
fradment cannot arise at the ith addascent bonds diven i-1

rrevious unsuccessful attemerts. K(OsryL)=1 by definition.,

When L+1>ry there are three forms of recursion relation



Fidure 1. A schematic dizsdram illustrating the
labelling conventions of the text. Nucleotides are
rerresented by the sumbol my internucleotide bonds bu the
sumbol ?. The first window contains r bonds L+1 nucleotides
to the left of the first adJiacent bond. Successive trials

initiate at rrodgressively more leftward adldascent bonds.
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for the K(isrsL)se The first is arrlicable when 1£ilri the
second when r+1{idl+1ly and the third when L+2Zizl+r.
Similarlyy for L+1dr there are three forms arrlicable! when
1<idL+1y L+24idry and r+l1didl4rs resrectively. For our

first case we take L+1i:r.

The fraction rnot clonable when L+1i>r

In deneral K(isrsL) is the wnion of the conditionsal
rrobabilities that either (1) no site will be found at the
ith addacent bonds diven i-1 rrevious failuress or (2) no
site will be found in the ith windowy diven i-1 rrevious
failures. (1) is Jdust (1-r)y and (2) we ca3ll w(i). The
union 1is the sum of both conditional rrobabilities minus
their intersections or

KL;‘(‘LS < i~ (] -rw(\'\ = (c-p\w(,l\ = l-pv PW(A\ (4)

When i=1 there have been no rrevious failures so w(l)
is the wunconditional rrobability that no sites fall in the

=
first windows or (h*p\ + Hence

KOGy = 1-pr pl-ed = 1= p G- 6Y) s

On the second trial the window is disrlaced one bond to

the 1left (Fid. 1) The rrobability that a3 site falls on
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the leftmost bond of the second window shows no derendence
on the distribution of sites in the first windows and is
Just (1-¢). Hence we can write w(2)=(1-r)d(2)y where d(2)
is the rrobability that no sites will be found amondg the r-1
rightmost bonds of the second windows given failure on the

first trial. In deneraly for i<L+2

wlid= (-p)d i) (&)

and d(i) is the conditional rrobabilits that there will be
no sites in the r-1 rightmost bonds of the ith windows dgiven
i-1 previous failures. Since the r-1 rightmost bonds of the
ith window 3are identical to the r-1 leftmost bonds of the

i-1th windowy d(i) carn be written as

LY = sCi-0D/ K(»’—l)f‘,‘—x

where s(i-1) is the srobability that ro sites fall smong the
r-1 1leftmost bonds of the i-1th windowr diven i-2 previous
failuresy and K(i-1sryL) is the rrohsbility that the i-1th

trial failsy diven i-2 previous failures.

s(i-1)can be written as the sum of two ~rrobabilities?
wl(i-1)y the rrobasbility that there are no sites in the i-1th
windows and t(i-1), the probability that there is only one
siter a3t the ridghtmost bond. Both t(i-1) and w(i-1) are

conditional efrobabilitiesy diven 1i-2 erevious failures.
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- -
when i=2, w(i-1= Q-p) , and tCi-1)= pli-¢) | In this

case both rrobabilities are unconditional.

Using formula (4) we can 3lwauys relate the w(i-1) ¢to
the K(i-1srsL) and so obtainm 8 recursion. t(i-1) does not
arrear in the defimition of K(i-1srsL)y (4)y and will be

described below.

Because t(i-1) is a8 conditional rrobabilityy diven i-2
Frrevious failuresy there can be no sites at any of the
rreceding addscent bonds whose windows overlar the rightmost
tond of the i-1th window. Thus om the third trialy
t(i-1)=t(2)= pL\-@m/K(\,r.t.) .« The extra factor of (1-f)
rerrsents the Frobability that no site has fallen on the
addacent bond of the first +trisls and the factor of
1/K(1srsl) converts the numerator into &8 conditional
rrobabilityy diven the failure of the first trial.,
Extendindg this reasoﬁinSv we find that in the redion defined
by 2<idry

{2

£Ci-0) = 9(\’19\‘-“(“?\;"/‘.\—1_’ K(j, a0 (7)

t=|
The factor of Q-'PE ensures that the i-1 rreceding
ad.dscent bonds will nrnot dive rise to clonable fradments
terminatindg a3t the last bond of the i-1th window. The

product of K(JrrelL) in the denominator converts the
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numerator into a3 conditional erobabilityy dgiven i-2 Frrevious

failures. Collecting resultsy we find

KCive O = -+ p Qg (Wl e £=0) /K Giry e 0) &

andy since

w(i-1) = {|<Ud,qh\—(‘—#ﬂ/p

(?)

-
KE,m) = (-pla- Q=) ptl-pd ] (10)

TICTS B > S

>e0 '
in the redion defined by 2<Lidlr.
When r+1Zi<l+1,
Wt | -2

‘k(,t-l\: P(I—-'o) /’n_/ K(-)\(_ L.) (11)

rzi-e

J

and 2 f,u ]
Kl a2 Gepla- Gop) o g ii=d) 12y
KG-t,m k) T RG, AW

3;{-"'
in 3 fairly simrle extension of (10).
In the redion defined by L4+2{iZl+rs the window
contracts on successive trisls without exrosing any new

bonds (Fid. 1). Thus

wi(i) = 40

and the factor of 1-# in (&) which describes the absence of
a8 site a8t the leftmost bond of the window is lost. To
derive t(i-1) here we note first that if i=L+k there are

r=(k—-1) bonds in the ith windowy and the rightmost bond of



1k

the i-1th window is r-k+2 bonds distant from the index

-kl Lreal=1
rucleotide. f("P3 = 9(1'93 is the 2 epriori

probability that the sole site in the i-1th window falls on
the rightmost bond. Since the rightmost bond 23lso falls in
the r-1 rrecedindg windowsy we wmust include &8 factor of

("'P\r— for the errobability that nrone of these

adJacent bonds contain restriction sites. Hence

L+2ecel—1 i~
(- = pli-py " /,ﬂy 5, 5 ) (13)

-

J
Le2c e\ =4
and 20
K(i,e,) = 2-p- _(__‘_'f).—,, R
el e L i 4
KL i Ty 5 »r\' KLS‘P,\-B (14)
Yol
L+42 & L& L+e
The fraction mot clornable when L+1<r
For L+1<r 3 different treastment is necessary. In the

redion defined by L+2{iir+ly successive windows contracts
makinsg ?U'Fr*n‘” the 8 priori erobability that the sole
site in the i-1th window fa3lls on the rightmost bonds

however there are only i-1 adJacent bonds which can be said

to have no sites (with rprobsbility U"PBF' ) and so
L {'L [
£(i-) = o6 - 5'“* ) (15)
( e g /‘:E\; K(—J‘r' L‘)

wli) = S(PJS/K(J-Q as in the eprevious analuysis of a

contracting window? thus
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+ L
K e )= 2-0 - (i-0) . p‘(u-‘o\r
C K({dr(_) 11198 ' (16)
) ! H KLJ\f"‘—>
Jeo

L+ & 1 & O+

For iZlL+1 formuls (10) holdsy and for i>r+ily formuls (12),

A riovel derivation of formula (2)

The sbove method of analusis arrlies to the calculation
of the fraction of 2 dgenome which cannot be cloned in an
insertion vector (L=0). Here K(isrs0)=1-ptrPpw(i) as befores’
and Wiz sG-n/mtia), There are r-(i-2) bonds in the

i-i1th windowy so the probasbility that the sole site inm the

i-1th window falls on the rightmost bond is F(\—p\r"" "
Only i-1 ad.Jdscent bonds have been considereds so
« -1
't(i-ﬁ - ‘oh—f’\ /’n— K(j\‘“."'\ (17)
i*0
and
: Go-0d Mgy
Rlgmoe = p= Lol ¢ F 70 (18)
K(.’—\)f‘. 0) ;Yor KLJ ) “ 03
We can now Fsrove that
(19)

T‘:K(-:\“.OB = (\-F\‘ r Pl ("P\P
T

c
by induction. We note first that ‘<(\g103 Sl-p e(vr\ .

Under the hurothesis diveny

K(i,r0) = (“f\“*p"(v-{-ﬁ 503
(ORI pli-Dl- P\P
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Substituting in (18)y we find - ]
KGe1,m0Y = a-p - Ll-oL G-p>"'s pl- -y X+ ¢y 3/L-p¥ + pii-pY ]

= L= s plie -1/ L(i-pd « pi-d" ]

as desired. Hernce the fraction clonahle is
i

| = |

Jj:o

K(j,f‘, o) = | - (Ph-rl)(l*f’\( o~ l"(Pr‘rl)e—Fh

or formula (2),

The fraction rnot clornable when r=1

Ariother limit which can be comruted exrlicitlys is that
in which the window consists of a8 sindle bornd. All triasls
are then inderendent of each others and the rrobability of
never formingd a clonable fradment should be the L+1th rower

L\ L+l )
of K(1s1sL)y or (I~ p*) . We will show that the
recursion formulas (10) and (12) gield this result.

Substituting r=1 in (10) we det

" Lo
K2, = Gepdfz- Slow BLIBY o ye e

_r‘l. l-P‘L
(= )
By hurothesis K(“‘,‘.LS = 1= PL y so (12) uwields
2 r
(e - -—|—- P——— = L&
K(.",l,’—\) = ( f)‘-q i+ N nnf] P

as above. Eauation (14) has no counterrart in the single

bond limit.
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III. The Fraction of a3 Gerome That Can be Cloned in 3

Rerlacement Vector

The rreceding formulas have decribed the fraction of a3
genome which can not be incorrorated in a3 rartial digest
library. In the followind we describe the comrlement of
this fractions the union of a3ll clonable secuences. We will
find it convenient to choose 38 set of mutuslly exclusive
events to describe the desired union. The rrobability of
the umion will then be the sum of the rprobabilities of the
individual events. To imrlement thissy a3t the ith ad.dacent
bond we derive the probability that the first i-1 +trisls
faily and the ith trial then succeeds. No two such
combinations of different trial outcomes can ever
simultaneously occur. The sum over 2ll i of the rrobability
that the ith trisl wields the first success is the

rrobability that at least orne trial succeeds.

Formally we seek the sum

L+

2 bl (21)

(=

where rb(i) is the rrobability that 38 clonable fradment
containing the index nucleotide will terminate a3t the ith
addacent bonds and that i-1 failures have alreadws occurred.
p 1is the probability that a3 site falls on the ith ad.dacent

bondy and b(i) is the rrobahility that a8t 1least one site
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falls in the ith uihdou; and that i-1 fzilures have already

occurred.

The fraction clonsble when L+1>r

For i<L+2 we follow 23 ressoning similar to that

emrloved in the rrecedindgd sections arnd write
-t

b(Y = p M K(ja L) + G-p)el) 22

()

where ?:ﬁ'K(S(jL) is the rrobability that the leftmost bond
of the ith window contains a8 sites and that i-1 failures
have occurred. c(i) 1is the ~rrobability that the r-1
rightmost bonds of the ith window contain at least one sites
and that i-1 failures have occurred. BRecause the definition
of c(i) incorrorates the failure of 311 rrior trialss we are
requireds for i*ly to ensure that no prior successes arise
from sites falling in the ith window. Thus whenever s
restriction site falls in the ith window» there must be no
sites at any of the addscent bonds whose windows overlar
that site. For examrles when i=2y if a restriction site
falls answhere in the rightmost r-1 bonds of the second
windows the first ad.scent bond must riot have borne a3 site.
For i>2y the situsation is more comrlicated. For simrlicityy
we will derive c(i) in the redion defined by r+lidl+l

first. Fidure 2 1is a8 schematic diasdgram illustrating our



Fidure 2. A schematic diadram illustrating the
derivation of c(i)y r+l1iidl+1l., Nucleotides are rerresented
by the suymbol ne Internucleotide bonds are rerresented by
the sumbol + when the bond must bear 38 restriction enzume
cleavade sites by the sumbol - when the bond must rnot bear a
sitey and by the suymbol 7 when there is no information.
When the rightmost site in the ith window falls on the nth
bond from the right ends the absence of sites in the n-1
bonds to the right of the rightmost site affects the
rreceding n-1 windows. Similarlyy the rresence of the
rightmost site in the ith window affects the r-n rreceding

adJdacent bonds.
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reasoning.

The probability that the rishtmost site in the ith
window falls on the nth bond from the right end is
P("PBﬂq +« When this occurs the rfrevious r-n addacent
bonds must not have contasined any restriction sitesy with
probability  (i-¢ .  The rrobability that the
rightmost site falls on the nth bond and the rreceding r-n
trials have failed is then ?h-pf_zhé{“zf(l-P{-z

Now consider the r-ntith sreceding trisal. The window
for this trisl does not contain the site at the nth bond
from the right ends but it does contzin n-1 bonds at which
we know there are no restriction sites. In facty from the
i-rth trial to the i-r+n-1th, the number of rossible bonds
at which sites may be found decreases by one for each trial.
The effective window for each trial thus decreases with each
successive trial., We have treated this situation befores in
derivingd formula (14), which described the contractindg
window redion L+2<{idl+r. Rerlacing K(irrsL) in formula (14)
by K(dsrei-r)» we can say that the conditional rrobability

that ¢the Jth trisl failsy diven J-1 failuressy isy for

i-rt+i1didi-r+n-1

rn'—j

K() c {-rB z A-p - ("93. " ?L("Fb (23)

KC)-‘ ‘rl\‘-"3 5:%\ K(m‘r,{-")

vn=:)'(
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The comrlete rrobability that the rishtmost site in the ith
window falls on the nth bond from the right ends and thsat

i-1 failures have already occurred is

\)“-‘ V)Li:-v—‘-— -

f(h—r (\—P\ \ \<(3’ \‘”PB (24)
d

where for the first i-r trialsy KCisrei-r)=KCdsrsl).

Summing over nr 1<nir-1y we det the rrobability that at
least one site falls in the r-1 ridghtmost bonds of the ith

windowy and that i-1 failures have occurredsy

‘.rk'ﬂ'

p(\—p\ Z 'T’_ KLy, e, iee) (25)

ns |\

Using (21) and (22)y the rrobsbility that the ith trisal

succeeds and a3ll eprevious trials have failed is then

& (e ten-\

PB(.) = p 'T‘—K()r l_) *rp ("'P) Z_ T_‘\((s,f‘ ‘_,.) (26)

nzy 30

In the redion defined by 1Lidry formula (22) still
arrlies, The rrobability that the rightmost site in the ith
window fa3lls on the nth bond from the right end is
p(\-P\n-‘ + However it is not necessarily true that there
must be r-n previous addacent bonds which cannot have borne
sitesy since there have only been i-1 rrior trials (Fig,
3a3)s If r-npxi-1y the rrobability that the rightmost bond
falls on the nth bond from the ridht end and that the

previous i-1 trials have failed is P(FWA““(J_?y“‘ . If
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Fidure 3. 3. A schematic diadram illustrating the
derivation of c(id)y 1Lidry rv-nxi-1. Sumbols are as
described for figure 2y and only the first 1 windows are
shown. For r—nxi-1 2311 rrior windows contain the rightmost
site of the ith windows and hence all rrior 3addacent bonds

can not bear sites.

te A schematic diadram illustrating the derivation of
c(i)y 1Lizry r-nii-1. Suembols are as described for fisgure
2y and only the windows 3are shown. The first window
contains only i-1 bonds which may contain restriction sites.
The i-r+nth window is the first +to contain the rightmost

site of the ith window.
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r-n<i-1y the ~rrobability that the rightmost site falls on
the nth bond from the right end and that the errevious r-n
trials have failed is e(t—e¥Vl(l*€3(-n as in the case
Just treated (Fig, 3b). The triasls rrecedindg the i-(r-n)th
must be described by 2 new formulas however. The effective
window for the first trial contains only i-1 bondsé for the
secondy i-2% and so on. There are i-1-(r-n) windows which
do not contain the site at the nth bond of the ith window.
The rrobability of the successive failure of these i-r+n-1
trials is the same as the rroduct of the first i-rin-1lterms
of the fraction nrnot clonable in an insertion vector with
caracity i-1 baserairsy for which

Kooy s 2-p- LoB , gUo @

K()‘-!"'",O‘) J’W K(m.\'-l,(ﬂ
wz0

is the probability that the Jth trial fails (1liidi-vr+n-1)y
dgiven J-1 previous failures. Collectindg resultsy we findy
for r-n<i-1y the rrobability that thé rightmost bond falls
on the nth bond from the right end of the ith windowr and
that i-1 prior failures take rlace is (using (19))

28)

U eyt

P(I—P> ’Wv K(), :-a'o) ~ ?(\- f\ﬁ\ [ (A-p\.-fm;‘ PU. can-10) (1 -f’)‘.'ij

3o

Taking into sccount the trials for which r-nzxi-1,» we find

(.iﬂ eanet

c_{_i\); Z ?L"Y’Y.\(l-p):.‘v ri\ ftl-f‘\ﬁ‘T—-\ K(l‘i-l,o) (29)
\ 3._0

ne PN ST
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and (using (22))y

?Bb) = PL:EE\<L~\\(‘L) + P(\*f)y[ (I (A—PY-_\.*\] (30)
+ ol [im oY MG -p) 72 ]
PB(O z f(l—(\—P\p) as exrected.

Within the redion defined by L+2{ill+ry the index n can

onlg rise to L+r+l-ir» the width of the window. Here we find
Lelel- ;. =t

\ = - \r'-\ 3 . .
) = oli-p g_ /ﬁ: K5, e ime) (31)

-
12
3

and

.
S\ = .
Lt jaren-t

F‘L’m = Pt 0- T 2 T Ky, i-a) (32)

wa ) j=o

There is no Pa term because no new window bonds are

unmasked.,

The fraction clonzsble whern L+1lgr

In the event that L+1<ry 3 new treatment is needed for
the redion defined by L+1Zigr. As in the rreceding cases
the index n can only rise to Ltrtl-i. At the same time the
effective window for the rightmost addacent bond is only i-1
bonds wide. For r-nxi-1 3ll adJacent bonds are counted in
the eroduct F(\—p\nq(l-p\h\ as before. The sum over n

gives

P wrabey (eeem-t

iy = & oS 6 ol 2 U KG, i) (5,

Nz e-t .o
*T 2o
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and Lecelsi

oL = Pl i eeST T e gt leeS 2 TUKG,

ASe-lel §3b

“hi)(34)
For iZL+1 formula (30) holdsy and for i>r+1s formula (32),

Another derivation of formulas (2)

The analusis above can easily be turned to insertion
vector libraries (L=0). Since the window contracts with
each trials the formula for the redgion defined bw 1iiir can
te modified by the removal of a3ll terms due to r-n<i-1. The

sum over n dgives

ot et -\ -1 -1 Ve
sy =" (’("fS GL-p) = G- (- G-p) :_l (35)
n=o\

and

ob(Y = pl-d " [ (ep™ ] 36>

The comrlete union of successes dives

y c = -~
Z ‘95(\> 2 - G-p) - Pf‘(\—{’B g l—(P(‘fl) e P

=\

as desired.

A Derivation of Comrutable Under and Overestimates

An underestimate of the fractiorn rnot clonabler L+1>r
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In table 1 we have collected the results of the
rreceding derivations. On examining ecuations (10)y (12)y
and (14)y it should be clear that a3 recursion formula which
eliminates or underestimates the terms derived from t(i-1)
must 3lso wunderestimate K¢isrsL)e For examrle the
arrroximation

KeGrod = G- [2- G-/, Gov, e 2Y] (37)
%6 LE Lai

can be shown to vield

L+l L+l -1 (38)
T K Ged = 0op) [ ed-pd
1T\
when K (1, ~ L) :I-P(“(“ff) . We can form a better
underestimate by rerlacing
” K(jlql-\
J=!
in ecuation (10) by (l-f\"r" ae (& C . Since
. )
| < (,_P\“°" for 211 i in this redions and
N
I.[ l((:\\r“ L—B & |
12
the rerlacement underestimates K(isrsL). Labeling the

underestimate K’ (isrsL) we find

K'({,qQ & (l_P3£ y C‘_ P..FL(I‘F)z"")/v\lu_"r‘L)](:’r?)

a8 tractable one—-term recursion. Substituting

K' (v ed)z 1-p(1-0-¢Y) we find K'(anty = 1-pli-ti-p) ).
|
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Table 1
COMPLETE FORMULAS FOR THE GENOME FRACTION THAT CAN OR CANNOT
BE INCORFORATED IN A FARTIAL DIGEST LIERARY

The Fraction Not Clornable For L+1:=r . .
Le ~el =

Lf" LT e t
\\ KL @ L\ ﬂ'_ { Q - p - ( : P) & P (l P) }
i e Lt K(‘-.'P‘L) l K() v )

.-

)]

A~

L6 N[a2- -P) ‘(t 2 J}
. ~\l i( f Ko ) -—r <, f,Ls

I Lot

< {c.-ntz « fezp), o pl=p) J}
. L KC"‘)’:L) _.rr- \<()‘f-.l,)

jto

The Fraction Not Clonable For L+1iir

Lie L+f‘ TR PBH’ZF” -4
| L kG,AL) = {2~P o el p ERL
.,.z '{ERRAD TG, )

RERLAE

v\ _ t \L.i-ﬁ
* A= b (- ) + (- P
(e deo 2]

re1-2
L*{\{L"“”“‘L—‘-P‘ ¢ Plactl 7}
| Klnt) 5 n b

The Fraction Clonsble For L+1: r
e Lel s P
?\ob(-x = Z__Z‘ TJ" K(_‘)\“.LB + Z_ ?Ll P\ [l- O - f)) ‘_]

2\

Vo

+ Z fc' p\m.\[l" t"P\‘- :’(;-X;_le-py-l]

[ aal Jemren-\

+ Z— PLLHP\ Z —ﬂ" K(.j‘r*‘ \'—f‘\
120+ nzi j=©
e o el ~ t . - l'& n- |
. Z- PL(\_P) Z K(.J - w—r‘\)
The Fraction Clonable For L+1‘r

E\f’b(‘\ - "’-li.'\——:-.r K(J\’\L'\ % i"l P(‘_P\‘E\‘ (_\—P\-‘ J

s -t
* pl-eN™ Z -0 W ﬁ% (i-‘Y\'-ﬂU‘f’\ ]

12y
Lere -

¥ ZL . PL\ p\ i( (v -p\r”“] -Z.— 1(\—9\ -ri:.r J |-l‘ f"‘)
Le -1 P "“M ;
v 5 -V _\\ ARTLEE D

XN
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Hence for all i, 1<i<r, K (,At) =K'G ALY, We similarly

modify (12) so that
l.'l..
I K(j\r. L)

gei-r

is rerlaced by unity, Then

L L
’{TK,(J.,(]LX = (- p(l—(l-f\r))

Jto

(40)

In the redion defined by L+2Z{ifl+r we form an underestimate
by rerlacing (14) with

K, (iety = 2-¢ - (;«p)/K,(:..'r‘:.) (41)

We will show

J

T Ko lamiyoe) = gl 0oyl )
N = Geed (- (Gep))
P

(42)

by induction. First

/ﬁ-— Koln-ipg L> :(2— P)Ku(“")"n - L-p) = —ll—(‘. ‘.O-Pst)\(o(n-!,’. )

(20
3s desireds then = L“f>
_'}— % - _L o i ,;0\ 9- .(.. ) —l (‘- ) .
;lzlo Ko lripged = 5 (1 o™ Fm(n-;-.,f.us i %(x-(ﬂ)!)
so that

T = 20 eloinaed = U0 (o)
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To construct the comrlete underestimate we want
! L

W —_— i
KV(L+P-\—\-§’1—‘ L) § i< (\S\f’. LY (43)

i

;20 )0

gince K(n): 1-p(-0-P7) » 1ZJ<L41y we Pindy after some

aldgebrar
;‘/‘ — ; - r ~ L
[I K lesrel=iin 0) H K (_S,r“ By @ Ei G-pY - G-p) l{l-@(l-(wf:) )J (44)
120 J°o

T (2P et Y ™)

An overestimate of the fraction riot clonsbles L+lxr

Using the result Just derivedy we can now form an
overestimate of the fraction not clonable by the simrle
exredient of substituting the underestimate K'(f,ﬁl—3 for
K(isrsL) in the formulas for the fraction clonabley (26)»

(30)y and (32). For r<L+1

L‘\

%pebm N N R i T@ Ky a e (45)
© 2ot (0T ¢ 7ol - (o 2000 )
v = by
L+t . (_r"‘ ieeanet
+ 2. Pl(\-(’\ nZ;‘ ’r\, K(j,r“ f—">
{zeay = yEE
v+ Ceay Lenetei orannl
P 5 gt ST K (e oo
zld 2 noa Jco

Substituting K, (a-,~ L) and K'(j,~ L) where arrrorriates we

e

. L L e
find Z ‘95'(_53 = 1~ K, + ‘,‘I(. (- K, )(\-K\\) k(_\-\o\t(l“‘(l-f\ )
= (46)

V-

2c _ - et . -t
. eLurv"z(.- ey Y - e e /2 - plePXa-p) (-0
N ?(_r-\)b-pv(_t- K“'.(X\ ~s=g¥ ) @ (l»p)ﬂ\("("lﬂ PIEER Y )
- I r- W= -
x (l‘f’\r(r\\‘-\ - K\L) ¥ Ll'lﬂ(l‘("l’\ )((“‘P) ‘K‘ - K‘ )

- - «\- ~ z
SN A PR IR St SR SRS
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where K,z 1-pl-0G-p)7) , Nedlectind terms of order Py
factors of order ('-r\b » 3nd wusind the exronential

aprroximationy we can simrlify this to
[y
[ : ~ - _l,r 20 2 =-2pr (47)
'é Pb() I-e - pre P'@,‘)e /:L
r r - - - ,rr
+ f. e"’r(c—c"") + pPr C'ZP/C\‘C'r )J[l—-e_ (e ")f(‘ < )J
-0 P7
+ [ze ! e 1+ (1- peti-e 1)/ (1 e Pt ) e.'("”.\?( i

- [ | - 6—2,0(‘/(‘_&_‘,,.)?,’] e_Lp(l-e'f’)

An overestimate of the fraction not clonabler L+1idr

Similar manirulations lead to
Le”

Z__ PL‘(‘) ~ | (torw-l) C_LLfﬂ)F -@L}l &_fo‘ 2 (48)
L5 C,'FL - C'I’L' (‘,e_"l"‘)
. . "I"’) .o P
e'fo[ e,Lp(\ e ...LP("CP')-(]/(l—‘ 4 )

when L+iir.

A second overestimate of the fraction rnot clonabley L+ir

Another arrroach to an overestimate of the fraction not
clonable exploits the fact that K(isrsL) must be 3 monotone
increasing function in i for r>1. This a3llows us to

conclude thst

Ko (iat) = G-pd[a~ Gp) | ot-pY " ] (49)
<o (i,e¢) =t

Tr_ ‘<°‘ (4‘)"; L‘)

f=r
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is an overestimate for K(irrsL) since L\-P)/\<((q)r.L> in
(12) has been rerlaced by the smaller (i-p)/K(i -~ )

gince -
‘-

—_—

T KGae) » [1-pli-t-p))]"

N ol

J

2r-1

Koliv, ) = (1-p3{2 - Lo Pr-p) 1 e

Ko liyat) g-Pu-o-p)“)]r

is also an overestimate. (50) can be solved for K, (i ~L)
taking the 1larder root of the @uadratic eacusation (the

smaller root uvields K, « Li-@) ), Thus

2c-1

Ko("s"“—) = l-p = f’z'("'l’5 QLl-fro(“rY.J(‘

" pli-pV ot -
At [V T ear
[I-—p-t.o(t—p\ 3 “ltl-f*fL\‘P\J

and ar-1

-y o-p) (s-
K el & 1-p + pl-ed ey ?,_'_f___(_?_ll’;lh = Koley 52)
[_“f"’f("?\.} ?fl-F-r\aG-P\]
This treatment can be extended to i>L+1. We first note that
. (53)
W('S = (’-f)( wli-i) + £0G-1) )/l( (;-l'r.L)

which may bhe written

whi) = 72 (wlinn) « £0G-1))

1+%
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since WG 2wC-0)  £(-D2xwl)y  or £(ia)2 ‘-_?-P(w(f—n))?'. Then
since

" p 2 vl (S54)
£l P (r-p) / TT‘ K(j‘n,u>

.
1=y

and becasuse it can be shown that

sl

g A -t (S
\‘/('A = (!-fﬂ f K (Jx r, ‘.'PB/./]T_KL:);P\ L‘B
jzo

izo

S

it follows that

RS Rl p 2 (ré)
T kG 2 [T G qia]) 7
RERELE A J:.--t‘v\

L

and so [\(c(f“l-\lmnh?. K‘((“,ﬂLB « For both wmnemonic and
comrutational convenience we will refer to a simrler form
for Ko (o L) in which the term of order P‘ is
ignoredy and the exronential arrproximation is aprlied!?

(K, R B L e A O IR 74

~
A/

For comrleteness we mention one additional
arrroximations, This formula is similar to (44)y and will be
used in the derivation of the fraction of 3 genome
incorrorated in 8 finite partial didest 1libraruy (Seed:»
Parkery and Davidsons 1981). Under the conditions to be

described there

&_9Lu"lz\L\—¢’f”} (58)
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is an underestimate of the fraction not clonable.

Comrarison of the Various Estimates

We have comrared the values returned by the various
arrroximations listed in the text wunder a variety of
different conditions. The underestimate (3) arrears to be
most valuable as the ratio r/L increases. For small ry
formula (44) uvields the better estimate. In figure 4 we
have rlotted three different arrroximations for the fraction
not clonable in 1lambda rhade and cosmid vectors as a
function of the size rande of accertable insertss r. For
the lambda vectors the minimum lensgth was chosen to be 14
kbe s and for the cosmid vectors 40 kbr. Figure 4
demonstrates that the best arrroximation wvaries with the
dimensions of the inserted DNA. Curves 1 and 4 are
overestimates derived from ecuation (57)., Curves 2 and S
are underestimates derived from (3)s and curves 3 and 6 are
underestimates from (44), In fidure S5 we have rlotted the
best arrproximations describing the fraction of 3 denome
which cannot be cloned as a8 function of the frecuency of
occurrence of the restriction site to be cleaved in the
genomic DNA. Curve 1 describes the fraction not clonable in
@ vector similar to the lambda vehicle 1@&“155 » and the

curve shown is the overestimate of the fraction not clonable
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Figure 4. The denome caracity of rerlacement vectors,
L+1xTe The logarithm of the fraction not clonable
calculsted from formulas (3)y (44)y or (37) of the text is
rlotted adainst the size randge of the inserted IINAy r. The
restriction site frecuerncs is 1/(2.5 kbr)y the observed
freauency of occurrence of Eco R1 sites inm Drosorhila (Hamer
and Thomasy 1975) and mouse (Botchan et 31y 1973) INAs. The
urrer three curves rerresent a3 rhade library with minimum
insert length L = 14 kbr, The lower three curves rerresent
a8 cosmid library with minimum insert lendth L = 40 kber.
Curves 1 and 4y 2 and Sy and 3 and &6 are derived from .

formulas (57)y (3)y a3nd (44)y resrectivelw.
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Fidure 5. The effect of restriction site frecuencs on
genome caracity. Curve 1 is a rlot of the lodgarithm of the
fraction not clonable in 8 vector accerting inserts randing
from 1.0 to 14.0 kbr. Over and underestimates can not be
resolved in this curve, Curves 2 and 3 3are the over and
urnderestimates of the lodarithm of the fraction mot clonable
in a3 vector accerting inserts randindg from 15 to 20 Lkbr.
The abscissa is the frecuerncy of occurrence of the

restriction site cleaved in the deriomic I[INA.
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(48) . The sharrest underestimate in this case is given by
(3)r and is indistindguishable from the overestimate at the
resolution of this grarhe. Curves 2 and 3 describe over and
underestimates of the genome caracity of a3 vector accerting
inserts ranging from 15 to 20 kbe in length. The

overestimate is diven by (57)y and the underestimate by (3).

Fidures 4 and S together satisfy the simrle intuitive
exrectation that the fraction clonasble should irncrease with
increasing Ly rs or . Of practical interest are the bounds
comruted for the fraction clonsble in currently rorular
vectors. In fidure 4 we show that rartial Eco R1 didest
fradgments of mammalian ONAsy when inserted in high caracity
lambda vectorsy have 2 theoretical caracity of between

99.2% and 94.%% of all SERUENCesS. Similar
cosmid-size fragments can accomodate all but ¢ xio™® to

ano'? of 3 mammalian dernome.

Figure Sy or the formulas (3) and (57)» can be used to
calculate the fraction clonable for other denomes or enzumes
than modelled in fidure 4. In princirle the rrobability of
any restriction enzysme recodniition sequence can be
calculated from the base comrositions of the target DNA and
the recosnized seauence! for examrle the freauencs of

occurrence of the Eco Rl recognition seauence GAATTC should

Y4 2
be £i e where fa and P& are the freauencies of
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occurrence of A and G nucleotides in the target DINA. In
practise this calculation mas not accurately reflect the
true prevalence of sites. A mild examrle or this inaccuracy
is the discrerancy between the measured frecuency of Eco R1
cleavadge sites in mammalian (Rotchan et 3l.y 1973) and
Irosorhila (Hamer and Thomass 1975) DINAsy 1/(2.5 kbr)sy and
the rredicted freauencyy 1/(3.2 kbr). The rredicted
mammalian freeuency can be brousght closer to the measured
freauency by takindg dinucleotide s3ir #frobabilities into
account. With this correction the #frobsbility of anv

rn—-nucleotide seaquence can be written

TD/‘/\ i

32 L
where D; is the rrobability of the ith dinucleotider and
P is the rrobability of the Jth nucleotide. For

J

examrle the Eco R1 frecuency will bhe
Oc,.\ Dan Om’ D Dre
and the Bam H1 (GGATCC) frecuencwy

Ogc Dca Par Dre Dee
Pc, €a fr P

Usindg these formulasy and the data of Swartz et 3l. (1962)y

the Eco R1 freaquency should be 1/7(2.7 kbr)s which is fairly
close to the observed value. Thus with the arPrrorriaste

Precautions it should be rossible in many cases to use
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figure S5 to obtain a3 workindg estimate of the sgenome fraction

clonable with different enzumes or IINAs.
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Introduction

The bacteriophage T4 proximal half tail fiber activates the phage baseplate
after one or several of the distal fiber tips have contacted the bacterial lipopolysac-
charide phage receptor (Wilson et al., 1970; Yamamoto and Uchida, 1975; Crawford
and Goldberg, 1977). The proximal half-fiber also mediates tail fiber extension
and retraction in the presence of tryptophan or indole (Edgar et al., 1964). Not
much is known of the mechanisms for either of these functions.

There is little evidence to suggest evolutionary divergence between the
gene 34 homologs of the T-even bacteriophage family. The gene 34 products of
phage T2, T4, and T6 are functionally interchangeable (Russell, 1967). Electron
microscope heteroduplex studies have shown a single small nonhomology loop in
the gene 34 region of each pairwise combination of T-even chromosomes (Kim and
Davidson, 1974).

The frequency of recombination per base-pair rises sharply at the promoter-
distal terminus of T4 gene 34, but is constant throughout T2 gene 34 (Beckendorf
and Wilson, 1972). T6 gene 34 resembles T2 gene 34 in this respect (Russell, 1967).
The selective advantages of the T4 gene 34 anomalous recombination gradient, if
any, are not understood at pz;esent.

In 1964 Rosina Berry, an undergraduate research participant at the Cold
Spring Harbor Laboratory for Quantitative Biology, isolated a group of bacterio-
phage serologically related to T4 from six Long Island sewage treatment plants.
Some of these strains (collectively known as the RB phage) were partially charac-
terized by Richard Russell in the course of his studies on the evolution and specia-
tion of the T-even bacteriophage (Russell, 1967). We present here a detailed genetic
and serological investigation of the proximal half tail fibers of a morphologically
similar subset of the RB phage. We conclude this subset contains a family of bacterio-

phage evolutionarily intermediate between T2, T6, and T4.
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Materials and Methods

Phage and bacterial strains. Phage strains derived from the wild-type

T4D were obtained from the collections of R. S. Edgar and W. B. Wood and have
been described elsewhere (Epstein et al., 1963; Edgar and Lielausis, 1965). Wild-
type T2L and T6 strains and their derivatives were from the collection of R. L.
Russell, as were all RB strains (Russell, 1967). Other strains were constructed by

genetic crosses and are described in the text.

Escherichia coli. Strain CR63 was the permissive host for amber mutant

phage strains. S/6/5, B/5, and G()\) were the nonpermissive hosts. The permissive

and restrictive temperatures for ts mutant phage were 25° and 42°C, respectively.

Media. H broth was used for phage and bacterial growth. EHA top and
bottom agars for plating were prepared as deseribed by Steinberg and Edgar (1962).
Dilution buffer was prepared as described by King (1968). SM contains 0.1 M NaCl,

50 mM Tris-HCIl, pH 7.5, 10 mM MgSO4, and 0.01% gelatin.

Serum blocking assays. Serum blocking assays for proximal half-fiber antigen

were performed with the antisera and protocol of Ward et al. (1970), as elaborated

in the text. Some minor modifications were made as follows: the bacterial strain

used as a plating indicator was S/6/5 rather than G(}), and the standard phage contained
amber mutations in genes 18 and 23 (sheath and capsid proteins) as well as the rll
deletion rdf41. Plates measuring the residual titer of tester phage were occasionally
incubated at 42°C to select against growth of temperature-sensitive phage being
assayed. In some cases T4-RB hybrid phage bearing temperature-sensitive mutations
were inactivated by ultraviolet irradiation to 20 to 40 lethal hits prior to serum
neutralization. This procedure eliminated the background of hybrid phage and allowed
the tester phage to be titered accurately. UV inactivation had no effect on the

antigen titer of the standard phage. Viable phage were also eliminated by brief
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incubation of samples at 90°-95°C. A pan of water was autoclaved and a rack of

tubes containing samples to be blocked placed in the water immediately following
removal from the autoclave. This procedure had no effect on the serum blocking
profile of T4 or RB phage, and was easier to carry out when large numbers of phage

were to be blocked.

Phage crosses. Initial phage crosses were carried out as described by Wilson

and Kells (1972). Crosses between T4 and T6 strains were carried out by a modified

+ - - .
protocol. B40 Su, was the usual amber permissive strain in these crosses. Bacteria

I
were grown to mid-log phase at 30°C, harvested, and resuspended in H broth at a
density of 2 x 109 cells/ml. Phage stocks were adjusted to a titer of 6 x 109 pfu/ml

in SM, and equal volumes (usually 0.05 or 0.1 ml each) of the two phage to be crossed
added to 15 x 85 mm tubes. Immediately before the cross the permissive bacteria

were diluted with four volumes of SM to give a density of 4 x 108 cells/ml. A volume
of bacteria equal to the combined volume of the two phage suspensions (net multiplicity
of infection 15) was then added to each tube. After 6 min, one-tenth volume of

anti-T4 serum diluted in H broth to a K of approximately 20/min was added. After
another 6 min the phage were diluted either 1:400 once (for T4:T6 crosses) or 1:200
twice (for homologous crosses) in 15 x 85 mm tubes containing 2 ml of H broth.
Chloroform was added 90 min after dilution into H broth. Progeny from crosses
between T4 and T6 amber mutants were generally plated on P301 and B40. The

temperature of incubation was not found to affect the titer in heterologous crosses.

Thus few, if any, of the hybrid phage were significantly temperature- or cold-sensitive.
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Results

Sixteen RB phage that exhibit T6 host range (Russell, unpublished obser-
vations) are susceptible to inactivation by antisera directed against T4 proximal
half-fiber antigens. We assessed the quantitative differences in antibody-binding
capacity of nine of these 16 phage by a standard antigen-dilution serum blocking
assay. Plate stocks of the phage were serially diluted through buffer containing
a constant small amount of half-fiber specific antiserum. Wild-type T4 phage were
inactivated at an initial rate of 10% per minute in the presence of this diluted antiserum.
Incubation at 45°C overnight allowed the unknown phage to irreversibly adsorb all
antibodies for which they possessed antigens. The rate with which the remaining
antibody inactivated a calibrated "tester" phage aliquot was then measured with
a single-point kinetic assay. The unblocked serum is capable of inactivating 99%
of the input phage after 46 minutes of incubation in this assay.

Some of the results of the preliminary screening are shown in Figure 1.
Most of the phage, e.g., RB3, 6 and 8 are incapable of adsorbing out all the anti-
half-fiber antibodies present in the serum and so leave a constant residual activity
for T4 inactivation. By contrast RB2 appears to be able to adsorb out almost all
of the anti-half-fiber antibody, but at a different concentration of plaque-forming
units than the T4 phage. The higher titer of antigen per plague-forming unit expressed
by most of these phage suggests that many of the phage particles may be inactive.

To test this, a smaller subset of the above phage was selected for closer
scrutiny. Gradient-purified stocks were made and titers of total particles estimated
by absorbance at 265 nm. The optical density of the unknown phage was taken to
be identical to that of T4. This assumption is not likely to be a major source of
error, since all of the unknown phage are morphologically similar to the T-even
phage, which share a common optical density. The serum blocking curves for the

purified phage particles are shown in Figure 2, which also contains representative
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curves for T6 and T2. With standardization by optical density, the curves appear

quite uniform at high dilution, though not exactly superimposable with the T4

curve. The failure to superimpose may be a consequence of a lower titer of tail
fibers on the unknown phége particles, or a decreased affinity for antibody of

the unknown antigens. Figure 2 demonstrates the existence of at least three classes
of bacteriophage serologically divergent from T4. T6 falls in the most divergent
class of T2 and is indistinguishable from T4.

The degree of antigenic homology of the RB phage with T4 was determined
by a more precise measurement of the residual killing power of RB phage-adsorbed
serum. Adsorption of the diluted serum was carried out as before, but with a
larger aliquot of serum. After adsorption the RB phage were removed by centrifugation
and the supernatant antibody titered by kinetic assay of the rate of inactivation
of the T4 standard phage. The fraction of killing power remaining is given in
Table 1. 98% of the antibody killing power was removed by adsorption to T4,
but only 36% by adsorption to RBS.

To determine the relative relationships of the various RB phage species
an additivity matrix was constructed. A titer of phage sufficient to adsorb the serum
to endpoint was mixed in pairwise fashion with similar titers of each of the other
phage. Following overnight incubation the residual antibody was determined exactly
as for the individual dilution curves. The results of one of several experiments performed
in this way are presented in Table 2. It can be seen from these data that the most
divergent phage are antigenieally indistinguishable from one another, and from T6;
and that the antigens not present on the least divergent phage form a subset of the
antigens not present on the most divergent phage.

To assess the genetic localization of the divergent antigen regions we
carried out a series of crosses between two representative members of the RB

phage family and a set of five amber:temperature-sensitive double mutants of T4.
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Figure 2. Serum blocking of gradient-purified phage. a. @, T4 standard phage;
®, RB58; A, RB26; A, RB2; OO, RB15; O, RB8. b. @, T4 standard phage; A, T2

standard phage. c. @, T4 standard phage; A, RB2; O, RB15; A, RB8; B, T6.
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TABLE 1

% Killing Power Remaining after Preadsorption
with Various Phage

T4 0.02
RB2 0.25
RB8 0.64

RB15 0.51
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TABLE 2

Additivity of Serum Blocking Power of RB Phage and T6. Titers
of Tester Phage Surviving Incubation with Serum Blocked by
Pairwise Combinations of Phage

T6 RB2 RBS RB15  RB26  RBS58

T6 892 1900 842 1058 929 901
RB2 1979 2030 2190 1824 1874
8 864 1066 10442 940
15 970 1080 992
26 837 853
58 | 840

4The RBS8, 26 entry in this experiment is in contradiction
to the trend discussed in the text. However in two earlier experi-
ments the 8, 26 entry was similar to the 26, 58, and 26, 26 entries.
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Figure 3a contains a map of the T4 gene 34 with the various pairs of genetic markers

used in these experiments (Seed et al., 1979). Figure 3b contains a diagram of the
desired outcome of one of these crosses. Each RB phage was crossed with the
complete set of T4 amber:temperature-sensitive double mutants.

Since the RB phage have T6-like host range (Qs), the fraction of ﬂn_+:h4
progeny which are still temperature-sensitive should represent recombinant phage
bearing a distal portion of the T4 gene 34, and a proximal portion of the RB gene.

The crossover should have occurred between the two T4 markers (Figure 3b). Phage
hybrids between T4 and T6 are not themselves significantly temperature- or cold-
sensitive (Materials and Methods), so it is unlikely that the temperature-sensitive
phenotype arose spontaneously in these crosses.

Not all pairwise crosses yielded temperature-sensitive recombinants; those
that did are listed in Figure 3. Recombinant phage isolated from successful crosses
were purified by cesium chloride gradient eentrifugation and their relative antigen
content assessed by the dilution-inactivation protocol described previously. The
results of this experiment are shown in Figure 4. All of the recombinant phage tested
exhibit the complete spectrum of T4 antigens.

A reciprocal cross selecting T4 proximal termini and RB8 distal termini
was performed between tsB3:amNG85 phage and RB8. It was harder to obtain a_m:t_s+
recombinants from this cross, the frequency being about tenfold lower than for the
reciprocal gm+:_t§ recombinants. However a recombinant of the desired phenotype
was isolated and was shown to have serum adsorption characteristics identical to
those of RB8 (Figure 5).

The data above support the interpretation that the divergent region of
RB2 falls somewhere on the distal side of tsA44 and that the divergent region of
RB8 falls somewhere on the distal side of tsB22. The failure of crosses with the

two most distal pairs of markers to yield recombinants with RB8 suggests that the
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Figure 3. a. Map locations of genetic markers used in T4-RB phage crosses. Markers
are represented in the physical (amber fragment) map of gene 34 (Seed et al., 1979).
gr_n_NGSS is near the promoter-proximal terminus of the gene, and tsA44 near the
distal terminus. The locations of the amber and temperature-sensitive mutations
used to select hybrid recombinants between RB and T4 phage are shown at the top

of this figure. The RB phages capable of recombining with T4 in the interval between
amber and temperature-sensitive mutations are listed separately beneath each pair

of mutations. b. Schematic representation of T4-RB phage recombinants. The

) or h4 (and specified by gene 37 in T4) falls 3' to

host range region, designated h
the gene 34 coding sequence. The crossover event diagrammed gives rise to _t_§:§ﬂ+

phage bearing T4 host range.
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Figure 4. Proximal half-fiber antigen characteristics of representative hybrid phage
bearing T4 ts mutations. @, T4 standard phage; O}, RB8/tsA20; A, RB8/tsB22; O,

RB8/tsB3; O, RB2/tsB33; A, RB2/tsA44.
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pigure 5. Serum blocking of & hybrid phage bearing T4 am mutation. @, T4 standard

phage; O, RB8; A, RB8/amNG85.
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divergent region of RB8 includes sequences nonhomologous to T4 in the regions of

the markers tsB33 and tsA44.

Another explanation is suggested, however, by the rapid rise in recombination
frequency observed at the promoter-distal terminus of T4 gene 34 (Beckendorf and
Wilson, 1972). If recombination between RB8 and T4 were to reflect only map distances
in RB8, and if RB8, like T2 and T6, displayed constant recombination frequency
throughout the gene, then recombination between T4 and RB8 at the distal end of
gene 34 would take place with reduced frequeney relative to that in the remainder
of the gene.

To investigate this possibility we constructed hybrid phage from T4 and
T6. T6 phage bearing amber mutations in gene 34, originally isolated by Russell
(unpublished results), were ordered genetically. The most distal mutation, T6 am90,
was then physically mapped by the technique of amber fragment sizing. Defective
cell extracts labeled with 14C amino acids were prepared on a nonsuppressing host
and electrophoresed through a 7.5% polyacrylamide slab gel. Defective extracts
of various T4 am mutant phage-infected cells were also prepared for comparison
of amber fragment lengths. Figure 6 shows that the amber fragment generated
by T6 am90 has a very slightly higher molecular weight than that generated by T4
amA455. The T6 am90 mutation thus lies just distal to the T4 amA455 mutation.

With such a map assignment, the T6 am90 site should fall in the region
of nonhomology between T6 and T4. We predicted, therefore, that recombination
between T6 and T4 would be inhibited throughout a region spanning the T4 amA455
and an unknown site proximal to the T4 amNG&506 and distal to tsB22. To test this
hypothesis it was necessary to devise a simple method for obtaining recombinants
between T6 and T4.

T6 and T4 exhibit a phenomenon of mutual growth inhibition charaecterized

by Russell (1967) as a "depressor effect": burst sizes following mixed infections
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Figure 6. Determination of the length of T5 am90 and T4 gene 34 am nonsense-terminated

polypeptides. Extracts labeled with =

C amino acids were electrophoresed through
polyacrylamide gels containing SDS. Lane a, T4 amB178 (gene 23); b, T4 amA455(34);
e, T4 amB258(34); d, T4 amNG144(34); e, T4 amE4; f, T4 amNG506; g, T6 am90;

h, T6 am126(37).
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are so severely reduced that detection of recombinant phage is impractical for closely

linked markers. This difficulty was overcome by employing a novel eross protocol
without eyanide (Materials and Methods) which made it possible to sample infected
cells at very high density. Using this procedure (which stimulates recombination

in T4 about twofold) we were able to obtain a linkage map between T6 am90 and
various am mutations in T4. Figure 7 shows the results of that mapping. Recombinants
could be obtained in the region of nonhomology, though few crossovers apparently

took place in the region between T4 amNG144 and T4 amNG506.

Stocks of selected recombinant progeny from several of these crosses were
grown and assayed for antigen titer in an endpoint blocking experiment. The results,
presented in Figure 8, demonstrate that the observed recombinants had serum blocking
characteristics intermediate between those of T6 and those of T4. The most distal
T4 am mutation site giving rise to progeny bearing T4-like antigen was amN58.

The proximal end of the region of nonhomology thus falls somewhere distal to amN58.
No T4-like phage were observed among progeny from the cross to amNG506. These
results support the interpretation that the nonhomology between T6 and T4 includes,
and extends distally beyond, the site of amNG506. That the nonhomology between
RBS8 and T4 includes and exténds beyond the NG506 site was suggested by the results
of Figures 3, 4 and 5.

Antigenic nonhomology between T4 and the RB phage was physically mapped
by electron microscopy. Anti-half-fiber serum was adsorbed to endpoint with RB2,

8, or 15, or with T4. The adsorbed sera were then incubated with T4 phage adsorbed

to carbon-coated grids, and the sites of antibody binding visualized according to

the protocol of Yanagida and Ahmad-Zadeh (1970). Figure 9 shows that the region

of nonhomology with the RB phages lies at the distal end of the proximal half-fiber.
The reciprocal experiment, in which anti-half-fiber antibodies were visualized

on various RB phage directly, was also performed. Figure 10 shows that in all cases
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Figure 7. Genetic distances between T6 am90 and T4 gene 34 am mutations. Upper
line, the physical (amber fragment) map of am90 and gene 34 am mutations. Lower
lines give map distances between am90 and T4 gene 34 am mutations. Map distances

between various T4 am sites (Beckendorf and Wilson, 1972) are also included.
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Figure 8. Antigen representation among progeny of crosses between T6 am90 phage
and T4 gene 34 am phage. Each panel is a histogram of the endpoing blocking levels
of selected gn_1_+ progeny from each cross. Panel a, progeny of T6 am90 x T4 amB25;
b, progeny of am90 x amNG440; ¢, progeny of am90 x amN58; d, progeny of am90

x amNG506; e, progeny of am90 x amNG144.
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Figure 9. Electron microscopic visualization of regions of antigenic nonhomology
between T4 and RB phages. Anti-T4 proximal half-fiber serum was adsorbed to
endpoint with various RB phages and then incubated with T4 phage adsorbed to carbon-
coated grids. Antibodies appear at the distal end of the proximal half-fiber. Panel a,
T4 incubated with RB2-adsorbed serum. Panel b, T4 incubated with RB15-adsorbed

serum. Panel e, T4 incubated with RB8-adsorbed serum.
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10. Visualization of anti-T4 proximal half-fiber antibodies directly adsorbed
Figure 10.
i 3 B15;
RB phages. Antibodies bind throughout the half-fiber. Panel a, RB8; b, RB15;
to .

e, T4.
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the antibody binds to the entire visible half-fiber. Thus some antigens remain conserved

within regions in which other antigens have diverged. Antigens found to be conserved

within the divergent region may also be repeated elsewhere in the half-fiber.

Discussion

The results of this survey have demonstrated the existence of a family
of bacteriophage bearing T6 host range and partial homology to T4 proximal half-
fiber antigens. The nonhomologous antigens of the least divergent phage form a
subset of the nonhomologous antigens of the most divergent phage. Genetic localization
of the nonhomology places that of the least divergent at the very distal end of the
gene, and that of the most divergent over a more proximal region encompassing
the least divergent.

Table 1 has shown that 25% of the T4-killing power remains in sera pre-
adsorbed with the least divergent phage. The genetic and serological data of Table 2
and Figure 4 show that all of the divergent antigen of this phage is located somewhere
distal to gene 34 tsA44. This ts mutation is located about 3% of the gene length
from the distal terminus (Seed et al., 1979). Thus the antigenic determinants recognized
by the neutralizing antibodies in the T4 proximal half-fiber antiserum are not homo-
geneously distributed with respect to length along the half-fiber. Half-fiber antigens
at the carboxyl terminus of the polypeptide chain contribute far more to the susceptibility
of the phage than do antigens elsewhere. Two explanations for this are likely: (1)
that carboxy-terminal antigens are unusually effective immunogens, or (2) that such
antigens represent phage sites of particular vulnerability to antibodies. In view
of the antigenic divergence in this region, and the potent immunogenicity of T-even
phage tail fibers in general, it may be interesting to examine the titers of anti-phage

antibodies in the phage natural habitat, for example mammalian intestinal lumen.
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The gene 34 products of phages RB2 and RB15 have diverged to lesser extents

than those of RB8 or T6, but in both cases the divergence falls within a region extending
to the distal terminus of the gene. The minimal divergence tree connecting T4 and
T6 would thus place RB2 and RB15 intermediate between T4 and T6. If the divergent
regions of RB2 and RB15 are homologous to T6, then either T4 or T6 may be the
more ancestral phage. If, however, the divergent regions of RB2 or RB15 are not
homologous to T6, T4 should be the ancestral phage. We cannot decide between
these alternatives at present.
Since the region of divergence between T4 and T6 is coincident with the
region of anomalous T4 recombination, we might also propose that the divergence
is generated by errors arising during the course of the unusually frequent recombi-
nation events taking place at the distal terminus of an ancestral T6-like phage exhibiting
the recombination anomaly. Such a simple picture is complicated by several factors.
Both DNA heteroduplex mapping (Kim and Davidson, 1974), and hybridiza-
tion studies (Cowie et al., 1971) have shown that T2 and T6 are more closely related
than T2 and T4 or T6 and T4. Neither T2 nor T6 exhibit the anomalously high recombi-
nation observed in T4. T4 excludes T2 and T6, as well as all RB phage examined
in this survey (Russell, 196 7). T2 and T6 exclude each other only weakly, and are
capable of functional interchange of distal half-fiber gene products under circumstances
in which the analogous T4 products cannot be exchanged with those of either T2
or T6 (Russell, 1967). So there is a sizeable body of evidence that T2 and T6 are
closely related evolutionarily, and probably more primitive than T4, since T4 excludes
them both. The puzzle cannot be resolved by merely ordering the gene 34 divergence
so that T6 gives rise to RB15, RB2, and T4 successively, because T2 is then left
close to T4; but in many respects such a history is the most attractive of the simple
alternatives open to us. In such a scheme a recombination event would transfer

the T4 gene 34 to T2.
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Introduction

The proximal half tail fiber of bacteriophage T4 is a rod-like dimer of the
polypeptide product of gene 34. The distal half-fiber is composed of two molecules
each of the products of genes 36 and 37, and one molecule of the product of gene
35. Two nonstructural proteins are involved in the formation of half-fiber structures:
the gene 38 produet, required exclusively for the formation of the distal half-fiber,
and the gene 57 product, required for the formation of both half-fibers. Figure 1
is a schematic diagram summarizing what is known about the assembly pathway
for the formation of whole T4 tail fibers from these various gene products.

The isolation and analysis of second site revertants (pseudorevertants)
of characterized bacteriophage mutations has been shown to be a useful genetic
technique for the analysis of assembly mechanisms of phage T4 (Bishop and Wood,
1976). In this study we genetically define a site of interaction between the proxi-
mal and distal half-fibers using a novel method for the analysis of pseudorevertants.

In principle, second site mutations compensating for a characterized genetic
lesion (e.g., a ts or am mutation) can be identified and mapped, though phenotypically
unselectable, by an appropriate choice of ancillary mapping markers. A simple application
of this principle to the isolation of pseudorevertants of a gene 34 ts mutation is
detailed in the text.

In outline, ts:am double mutants were constructed in which the am muta-
tion was chosen from any of a number of structural or assembly protein genes participating
in the tail fiber pathway. Revertants to §+ were selected from these double mutants
at nonpermissive temperature. Rapid gene assignments were then made by complemen-
tation testing.

Revertants in which the site of reversion falls in the same gene as the
preselected am mutation should not express the revertant phenotype in a nonsuppressing

host. Complementing phage can supply the missing gene product, but not the revertant
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Figure 1. The pathway of T4 tail fiber assembly. (Taken from Ward et al., 1970.)
Numbered arrows indicate the genes controlling the various steps; circled arrows
represent the electron microscope morphology of the structures which acecumulate
when the pathway is blocked by mutations in the succeeding gene. The antigens

associated with each structure are shown by the letters above the circles.
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funetion. Thus at nonpermissive temperature the am mutant revertant phage should

not be able to compensate for the ts mutant gene product.

The genetic locations of interesting revertant mutations can then be defined
more precisely by backerossing to the original ts mutant phage and scoring phenotypically
E§+‘ﬂ+ progeny. More sophisticated mapping experiments can be carried out as
long as the mapping strains always carry the original ts mutation.

Although the procedures above entail more effort than those in which the
revertant mutation is chosen to bear a selectable phenotype (Jarvik and Botstein,

1975; Bishop and Wood, 1976), the choice of phenotype can strongly bias the spec-
trum of revertants. Such a bias may lead to inapt conclusions or (as in the case

below) too few revertants to be practical.
Materials and Methods

Phage and bacterial strains. Phage strains derived from the wild-type

T4D were obtained from the Caltech collection and have been deseribed elsewhere
(Epstein et al., 1963; Edgar and Lielausis, 1965). Other strains were constructed

by genetic crosses and are deseribed in the text.

Escherichia coli. Strains CR63 and B40 SuI+ were the permissive hosts

for amber mutant phage. Strains B/5, S/6/5, and P301 (B40 Su arg ) were the non-

permissive hosts. The permissive and restrictive temperatures for ts mutant phage
were 25° and 42°C, respectively, on plates, and 30° and 39.5°C in liquid culture, unless

otherwise noted.

Media and buffers. H broth for liquid culture of bacteria and bacterio-

phage, and EHA top and bottom agars for plating were prepared as described by
Steinberg and Edgar (1962). Dilution medium was prepared as described by King

(1968).
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Genetic crosses. Phage crosses were carried out by the procedure of

Steinberg and Edgar (1962) as modified by Wilson and Kells (1972).

Other methods. Defective extracts for in vitro complementation were

prepared as described by Edgar and Wood (1966). Serum blocking assays were
performed according to the endpoint protocol of Ward et al. (1970). Rapid comple-
mentation assays for sereening mutants were performed by mixing one drop each
of the phage to be tested (titer 2.5 x 106/m1) in a well of a plastic tray and adding
1 ml of top agar which had been freshly mixed with plating bacteria (5 m1/100 ml
top agar). Positive and negative controls were performed for each phage in the

same tray.

Results

The temperature-sensitive mutation tsB45 is located near the promoter-
distal terminus of gene 34, as shown in Figure 2. tsB45 shares a number of phenotypic
features with other ts mutations in gene 34. At nonpermissive temperature wild-
type amounts of gene 34 polypeptide are synthesized, but formation of the characteristic
antigens of the proximal half-fiber (the A antigens) is partially inhibited, and the
phage particles produced have few attached fibers (Seed et al., 1979). tsB45 phage
grown at permissive temperature adsorb normally at nonpermissive temperature
and are not thermolabile (Seed et al., 1979). One distinguishing feature of tsB45
phage, however, is their unusual sensitivity to SDS at 39.5°C (Figure 3). When SDS-
inactivated tsB45 phage are centrifuged, the characteristic antigens of the distal
half-fiber (BC' antigens) remain in the supernatant, while those of the proximal
half-fiber pellet with the viral particle (Table 1). This result suggests that the polypeptide
region altered by the tsB45 mutation plays an important role in the proximal-distal

half-fiber interaction.
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Figure 2. Placement of five ts mutations on the physical map of gene 34. Placement
of ts mutations in the interval tsA44 to tsB33 is based on data of Beckendorf and

wilson (1972), Seed and Wood (1979), and Seed et al. (1979).
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Figure 3. SDS sensitivity of tsB45 and selected gene 34 ts phage at 39.5°C. Phage

were diluted in water with or without 1% SDS. The upper two curves represent
phage inactivation in the absence of SDS. The remainder represent inactivation

in the presence of SDS.
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TABLE 1

Stability of tsB45 Phage in the Presence of 1% sps?

- +1% SDS - SDS
Phage/Fraction A antigenb BC! antigenb A antigen  BC'antigen

—t___s—_B4i5 supernatant 8 +1 2+ 7 0¢ 0

tsB45 pellet 92 + 9 28 + 3 100 + 10 100 + 10
Recovery 46% 60% 100% 100%

rdf supernatant 6 +1 8 +1 0 0

rdf pellet 94 + 9 92 + 9 100 + 10 100 + 10
Recovery 100% 97% 100% 100%

aSuspensions of 5 x 1010 phage were incubated for 60 min at 39.5°C with

and without SDS. The suspensions were centrifuged, the pellets were resuspended,
and the amounts of A and BC' antigen were determined in both fractions. rdf phage,
used as controls, carry deletions of the rII A and B cistrons.

bValues reported as percent of total antigen recovered.

®Values < 0.5%, background.
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To isolate mutants affecting the interaction between the tsB45 site and

the polypeptides of the distal half-fiber, double mutants containing tsB45 and one
amber mutation from each of genes 34 through 38, and from gene 57, were constructed.
The double mutants were plated at 42°C on a suppressing host to isolate temperature-
insensitive revertants. The isolated revertants were then used directly to complement
tsB45 or gene 34 amber phage on nonsuppressing host at high temperature. Phage

that failed to complement in the initial screen were presumed to have the revertant
site in the same gene as the amber mutation, and were replated and rescreened.

The results of this preliminary survey are presented in Table 2. Pseudorevertants
could apparently be isolated from each of the structural genes of the distal half-
fiber, but could not be obtained from either gene 34 itself nor from either of the

two genes coding for nonstructural proteins required for distal half-fiber assembly.

To further define the genetic locations of the pseudorevertants tentatively
assigned to genes 35 through 37, we carried out a series of mapping crosses. Seven
pseudorevertants in gene 37 were each crossed with both gene 34 tsB45 and gene
34 amNG144 phage. The recombinant progeny were scored on nonsuppressing host
at 42°C. An equal multiplicity mixture of all 71 gene 37 revertants was also crossed
with tsB45 and amNG144 to see if the majority of revertant phage would map at
the same locus as the individually mapped strains.

When a revertant phage is crossed by tsB45, the percent recombinant progeny
determines the absolute distance of the revertant site from its respective amber
mutation; but it does not determine on which side of the amber mutation the revertant
site lies. A cross with gene 34 amNG144, however, does define the relative position
of the revertant site because a double crossover is required to produce phenotypically
wild-type progeny when the revertant site lies distal to the amber site (Figure 4).

Figure 5 contains the results of the gene 37 revertant crosses. Data were

normalized to align with the standard gene 37 map by performing control crosses
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TABLE 2

Apparent Frequency of
Pseudorevertants by Gene

Gene Frequency
34 0/200
35 16/200
36 17/200
37 71/100
38 0/100

57 0/100
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Figure 4. Outcome of a hypothetical cross between gene 37 revertant and gene

34 amNG144 phage. Solid and dotted lines schematize the simplest genetic exchanges
producing phenotypically wild-type phage. When the revertant site lies proximal

to the tsB45 site (solid line), only one genetic exchange is necessary. When the revertant

site falls distal to the tsB45 site (dotted line), two exchanges are required.
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Figure 5. Map location of gene 37 pseudorevertants. Existing markers in gene 37
(Beckendorf et al., 1973) are included solely for reference to mutational sites discovered
in this study. Vertical bars represent individual revertant site locations; crosses
represent map locations of equal multiplicity mixture of revertant phage. Upper

row, data from crosses with tsB45; lower row, data from crosses with amNG144.
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jdentical to those performed by previous investigators (Beckendorf et al., 1973).

As can be seen from our map assignments, the gene 37 tsB45 revertants appear to

form a cluster at about one-third the gene length from the promoter terminus.

The equal-weights mixture of revertants maps well within one standard deviation

of the average map distance of the individually mapped revertants. Thus there appears
to be no gross contamination of this population with revertants from other genes.

The extent of recombination between revertant phage and tsB45 phage
was virtually the same as that between revertant phage and amNG144 phage. Thus
a double crossover was not required in the latter case, and the revertant mutation
can be placed C-terminal to amN52. Crosses to tsB45 do not yield exactly the
same map locations as crosses to amNG144, however. One possible explanation
for this effect might be that crossovers between the amNG144 site and the revertant
site which recombine again between the revertant site and amN52 yield inviable
progeny, whereas the analogous double crossovers involving tsB45 give rise to pheno-
typically wild-type phage.

Genes 35 and 36 revertants were mapped by recombination both with tsB45
and with a double mutant constructed from tsB45 and gene 37 amNG182. The genes
35 and 36 revertants gave large recombination frequencies with tsB45 and very low
frequencies with the double mutant. We concluded from these results that a double
erossover was required to produce phenotypically wild-type recombinants from a
cross with the double mutant, and that consequently the revertant sites lay proximal
to their respective amber mutations. The distances obtained from the tsB45 crosses
Placed the gene 36 revertant sites at nearly the same locations as those of the gene
35 isolates. Both appeared to fall in a cluster close to the most promoter proximal
amber mutation of gene 35. These initial assignments, as well as map distances
between various amber mutations of genes 35 and 36 (J. Wilson and B. Seed, unpublished

results), are presented in Figure 6.
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Figure 6. Preliminary map locations of genes 35 and 36 pseudorevertants. Upper
row, revertants isolated from tsB45:gene 35 am phage; lower row, revertants isolated
from tsB45:gene 36 am phage. Distances between am markers (J. Wilson, personal

communication; Seed et al., 1979) are included for reference.
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Because the map distances in these crosses were relatively large, and because

the physieal endpoint of gene 35 was not well defined genetically, we undertook
g series of crosses to establish whether the genes 35 and 36 revertants lay in gene
34 or in gene 35. One each of the genes 35 and 36 revertant phage were crossed
to tsB45 phage to isolate tsB45:gene 35 or 36 revertant phage lacking am mutations.
Gene 34 am mutations were then introduced by crosses with tsB45:amNG506 or
tsB45:amNG144. Map locations for these am mutations can be found in Figure 2.
Phage with the t_sﬂ@ phenotype were picked and backerossed to wild type to demonstrate
the presence of the original ts mutation. The results are presented in Table 3. Neither
of the crosses with tsB45:amNG144 yielded recombinant progeny, while both crosses
with tsB45:amNG506 yielded the desired tsB45:amNG506:gene 35 or 36 revertant.
One each of the latter phage was crossed to tsB45 and the linkage determined as
previously. Figure 7 shows that both revertant sites can be closely linked to the
amNG144 mutation, in good agreement with the results of the constructive crosses.
Thus both revertants can be assigned to gene 34 by recombination.

To characterize the biochemical basis of the pseudorevertant phenotypes
we examined a few phage for burst sizes, SDS sensitivity, and ability to assemble
in vitro. Table 4 compares the burst sizes of selected pseudorevertant phage with
tsB45 and wild-type phage at 25° and 42°C. At 42°C the pseudorevertants isolated
with amber mutations in genes 35 and 36 displayed burst sizes 20 to 35 times larger
than those of tsB45, but still markedly smaller (one- to two-hundredfold) than those
of wild type. The pseudorevertant assigned to gene 37 had a burst size only twice
that of tsB45 phage. Since the pseudorevertant was isolated by its ability to form
a plaque at 42°C, we assume there must be substantial differences between the burst
size of this phage in liquid culture and its burst size on plates.

Burst sizes of revertant phage were also examined at 25°C. Here the genes

35~ and 36-derived pseudorevertants gave about fourfold higher bursts than tsB45,
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TABLE 3

Construction of tsB45:gene 34 am:revertant Phage

Number of progeny §+:gLn_ Phage

Cross tested bearing tsB45
:_s_é—zl—gzgr_n_NGlM X tsB45:prS1(35) 133 0
tsB45:amNG144 x tsB45:prsS2(36) 89 0
tsB45:amNG506 x tsB45:prS1(35) 83 1

tsB45:amNG506 x tsB45:prS2(36 79 3
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Figure 7. Map locations in gene 34 of genes 35- or 36-derived revertant mutations.
Revertant sites have been placed distal to tsB45 on the basis of the constructive

cross results.
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TABLE 4

Burst Sizes of tsB45 Revertants at 25° and 42°C

Phage 25°C 42°C
tsB45 46.6 0.07
B45:R35 238 1.30
B45:R36 206 2.34
B45:R37 46.6 0.15
++ 258 226
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whereas the gene 37 pseudorevertant gave the same burst as tsB45. Thus at both
temperatures tested, the genes 35- and 36-derived revertants produced higher
bursts of intracellular phage than tsB45 alone, while the gene 37 revertant appeared
identical to its temperature—sehsitive parent.

The SDS sensitivities of the various pseudorevertants were determined
by incubating phage in buffer containing 1% SDS at 42°C. As can be seen in Figure 8,
wild-type phage suffer a 90% inactivation within 80 min of incubation, whereas
tsB45 phage are nearly 99% inactivated under the same conditions. Neither gene
35- nor gene 36-derived revertants differ significantly from tsB45 in their rates
of inactivation. The gene 37 revertant, however, is substantially more resistant
to SDS at 42°C than tsB45, and is essentially equivalent to wild type under the same
conditions. Discrimination between wild type and tsB45 resistances to SDS was
reduced in these experiments, presumably because the original 'sensitivity experiments
were performed in water, and the present experiments in buffer.

We examined all three types of revertant for production of proximal half-
fiber antigens at 25° and 39.5°C. Table 5 shows that all three classes of revertant
phage exhibit depressed antigen production at both temperatures, though the revertants
isolated with genes 35 and 36. ambers exhibit higher titers of intracellular antigen
than tsB45 phage. Since there was still a discrepancy between the burst sizes and
titers of intracellular antigens, we felt there was a significant possibility that the
rates or efficiencies of joining of ts half-fibers might be increased by the presence
of revertant gene product. Accordingly, the revertant mutation from one of the
gene 36-derived revertants was crossed into a tsB45:37amNG182 double mutant
to give a phage which would be defective in the production of distal half-fiber, but
which would leave the revertant mutation in a funectional gene product. Extracts
of nonsuppressing bacteria infected at 25°C with this phage were then used to complement

a tsB45:gene 36amEl phage extract in vitro. The results are shown in Figure 9.
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Figure 8. SDS sensitivity of pseudorevertant phage. Phage were pipetted into dilution
medium containing 1% SDS at 42°C and survivors titered after 0, 10, 20, 40, and

80 min of incubation.
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TABLE 5

A Antigen Production at Permissive and Nonpermissive
Temperature Phage-Equivalents of Antigen
per Infected Bacterium

25°C 39.5°C
tsB45 58 + 12.3 35 + 4.2
++ 557 + 173 78 + 11.3
R35 112 + 9 56 + 5.7
R36 154 + 23 41 + 1.4
R37 80 31 + 4.2
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Figure 9. In vitro complementation of a pseudorevertant located in gene 34. Extracts
of a gene 36-derived revertant:tsB45:gene 37 am triple mutant or of a tsB45:gene

37 am double mutant were prepared at 25°C and mixed with extracts of a tsB45:gene
36 am double mutant, also prepared at 25°C. A, tsB45:amNG182: prS2(36) reaction
at 37°C. A, same reaction at 25°C. @, tsB45:amNG182 reaction at 37°C. O, same

reaction at 25°C.
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The rates and efficiencies of the complementation reaction with revertant gene

product are significantly increased at 37°C relative to the homologous reactions
with nonrevertant gene product. The rates and efficiencies of complementation
at 25°C are not significantly different between the two reactions. It appears that
at nonpermissive temperature in vitro assembly of tail fiber gene products can be
significantly enhanced by revertant mutations.

To demonstrate that assembly efficiencies were altered by the revertant
mutations in vivo we prepared lysates of an isogenie series of tsB45:amNG506:re-
vertant phage at 39.5°C as a suppressing host. Phage particles were prepared from
the lysates by CsCl1 gradient centrifugation, titered by optical density, and assayed
for proximal half-fiber antigen by serum blocking. Table 6 shows that phage revertants
isolated from genes 35 and 36 amber mutant phage exhibited nearly wild-type titers
of tail fiber antigen per particle; gene 37 revertant phage exhibited only slightly
higher titers than the tsB45 phage. Table 6 also shows that the fraction of particles
capable of forming plaques was significantly enhanced in all three types of revertant.
In these experiments the infectivity of wild-type phage was only 10% of that ob-

tainable under optimal conditions.
Discussion

In this paper we have reported a new method of pseudorevertant analysis.
Pseudorevertants of a temperature-sensitive mutation were isolated from double
mutants containing both the temperature-sensitive mutation and one amber
mutation selected from various genes of interest. Revertants were then classified
by their failure to complement the original temperature-sensitive mutation
at high temperature on a nonsuppressing host. Using this technique we uncovered
two classes of pseudorevertants to the gene 34 tsB45 mutation, one falling in gene

37, and one in gene 34. A representative of the gene 37 revertants was less labile
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TABLE 6

Half-Fiber Antigen and Phage Titer per Particle of tsB45 and
tsB45:Revertant Phage at Nonpermissive Temperature

Antigen,
thatgea fiber-equivalents/particle % Infectious
++ 4.0 4.8
tsB45 0.33 5.6 x 1072
tsB45:prS1(35) 3.29 2.2
tsB45:prs2(36) 2.72 0.64
tsB45:prS3(37) 0.75 0.14

8 All phage contained the gene 34 amNG506 mutation.
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to SDS than the tsB45 phage, while representatives of the gene 34 revertants displayed

increased efficiencies of assembly.

The most significant advantage of screening pseudorevertants by comple-
mentation is that a pseudorevertant need not have an additional phenotype, such
as cold sensitivity, to be mapped. In our case, for example, a screen of over a thousand
revertants of tsB45 turned up no cold-sensitive phage (B. Seed, unpublished results).
The imposition of a dual phenotype thus can clearly limit the spectrum of revertants
to be analyzed.

There are two major drawbacks to complementation screening for pseudo-
revertants. The first is that the genes to be examined for revertants must be known
in advance. The second, and more serious, is that a failure to complement in the
initial complementation test need not indicate that the revertant falls in the gene
being tested. For example, a failure to complement will be observed whenever the
revertant phenotype is recessive to wild type. Also, the presence of the parental
amber mutation may have an effect upon the frequency of occurrence or dominance
of the revertant mutation.

In this survey revertants appearing to belong in genes 35 and 36 by complemen-
tation sereening were subsequently assigned to gene 34 by recombination. How-
ever, the revertants ultimately assigned to gene 34 only appeared in the genes 35
and 36 parental strains. If the genes 35 and 36-derived revertants were truly recessive,
all parent strains should have yielded them. Hence the presence of genes 35 and
36 amber mutations in the complementation test may make the gene 34 revertant
recessive. While it is also possible to argue that the gene 34 revertant mutation
yields inviable phage when accompanied by an amber mutation in any gene but 35
or 36, since the revertant mutation can be successfully crossed into a tsB45:gene

37 amber strain this explanation is less likely.
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No true revertants to tsB45 were revealed by our survey. Such revertants

may be intrinsically unlikely compared to pseudorevertants. Alternatively, it may
be that the detection of true revertants is hampered by the presence of an amber
mutation in gene 34.

There are several interesting consequences of the pseudorevertant pheno-
types we have observed. For example, because the gene 37 revertant had an identical
burst size to tsB45 in liquid culture, we concluded that the burst size of these phage
on plates must be significantly larger than in liquid culture. One consequence of
this result is that we can no longer be sure that the observed plating efficiency of
the tsB45 parental phage is due to the low burst size measured in liquid culture.
Since gene 37 revertants increase the structural stability of the phage, the condi-
tions for determining stability in vitro (detergent and high temperature) may have

some analog in the life eycle of the phage on plates.
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Introduction

The proximal half tail fiber of bacteriophage T4 is a rod-shaped dimer

of the 1.45 x 105 dalton polypeptide coded by gene 34 (Ward and Dickson, 1971;
King and Laemmli, 1971; Vanderslice and Yegian, 1974). The dimerization of the
gene 34 product requires a nonstructural assembly protein coded by gene 57 (gp57)

(King and Wood, 1969; Dickson, 1973). The mechanism of action of gp57 is unknown.

Antiserum raised against purified proximal half-fibers does not cross-react
with other phage components (Ward et al., 1970). Studies of the serologically related
phages of the RB family have shown that the characteristic antigens of the proximal
half-fiber (the A antigens) are not homogeneously repeated throughout the half-fiber
(Seed and Wood, 1979). An antigenic divergence between the RB phages and T4
has been localized to the carboxy-terminal region of the gene 34 polypeptide. When
assembl'ed, this region forms the distal portion of the proximal half-fiber (Seed and
Wood, 1979). The carboxy-terminal antigenic determinants of the polypeptide chain
contribute significantly more to the susceptibility of the phage to antiserum than
do the amino-terminal determinants (Seed and Wood, 1979).

The genetic map of T4 gene 34 exhibits a gradient of recombination frequency
increasing toward the promoter-distal terminus of the gene (Beckendorf and Wilson,
1972). The region of anomalous recombination extends into gene 35, located distally
to gene 34 (Stahl et al., 1970).

To date, both temperature- (Edgar and Lielausis, 1965) and cold- (J. Flatgaard,
unpublished results) sensitive mutants of gene 34 have been isolated. Genetic charac-
terization of the former has demonstrated that, with the exception of tsA44, all
gene 34 ts mutants exhibit intragenic complementation in liquid culture (Bernstein
et al., 1965). tsA44 complements other gene 34 ts mutants only weakly (Bernstein
et al., 1965). A preliminary characterization of antigens present in extracts of bacterial

cells infected with gene 34 ts mutant phage at nonpermissive temperature has already
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been reported (Edgar and Lielausis, 1965).

In this paper the genetic and biochemical properties of gene 34 ts muta-
tions are examined in greater detail. A contradiction between mapping results of
previous investigators is shown to be a consequence of a high recombination anomaly
appearing in crosses of ts mutations by ts mutations, but not in crosses of am by
am mutations nor of am by ts mutations. The anomaly is confined to the distal terminus
of the gene.

All gene 34 ts mutant phage-infected cells are found to produce wild-type
amounts of gene 34 product (gp34) at nonpermissive temperature. Antigen production
by these cells is significantly depressed by distal ts mutations, but only slightly depressed
by proximal ts mutations. With one exception the antigen produced at nonpermissive
temperature by ts phage-infected cells does not appreciably differ from wild-type
antigen either by quantitative serum blocking assay or sucrose gradient sedimentation.
The adsorption rates and thermolabilities of gene 34 ts mutant phage prepared at
permissive temperature exhibit no differences from wild-type phage when examined
at nonpermissive temperature. With three exceptions, phage particles isolated from

ts mutant-infected cells bear significantly fewer tail fibers than do wild-type particles.
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Materials and Methods

Bacteriophage and bacterial strains. Amber (am) and temperature-sensitive

(_t_g) mutants of bacteriophage T4D were obtained from the collections of R. S. Edgar
and W. B. Wood and have been described elsewhere (Epstein et al., 1963; Edgar and
Lielausis, 1965). Multiple mutants were constructed by genetic crosses and are
described in the text.

Escherichia coli strains CR63, CR63(})), and B40 Su * were the amber permissive

I
hosts used in this study. Strains B/5 and P301 (B40 Su arg ) were the nonpermissive

hosts. The plating indicators for serum neutralization experiments were S26(}),
G()) and B/5. The restrictive temperature for ts mutants was 39.5°C in liquid media
and 42°C on plates (Edgar and Lielausis, 1965). The respective permissive temperatures

were 30° and 25°C.

Media. H broth was used for phage and bacterial growth. EHA top and
bottom agars were as described by Steinberg and Edgar (1962). Dilution buffer was
prepared according to King (1968). Radioactively labeled infected-cell lysates were
prepared from cultures grown in M9 medium supplemented with tryptophan. Lysates
to be assayed for serum blocking were prepared from cultures grown on the same

medium or on M9YA.

Serum blocking assays. Serum bloeking assays for proximal half-fiber (A)

antigen were performed by the endpoint protocol described by Ward et al. (1970).
When comparing the amounts of A antigen produced in lysates of mutant phage-infected
cells to those produced by wild-type infected cells, the percentage of antigen was
calculated as the concentration of wild-type lysate sufficient to block 50% of the

serum divided by the equivalent concentration of mutant lysate.

Preparation of defective lysates at nonpermissive temperature. E. coli

strain B15 was grown in M9 or M9A medium to a density of 4 x 108 cells/ml at 39.5°C.
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Aliquots were transferred to bubbler tubes or small (50 ml) shaker flasks at 39.5°C.

The cultures were infected at a multiplicity of infection (m.o.i.) of 4 to 5 phage/cell,
usually with tryptophan added as an adsorption cofactor. Strains not containing

the lysis delay mutation amtB5 were superinfepted at 7 min after infection. Cultures
were lysed with CHCl3 45 to 60 min after infection. In some cases, DNase (Sigma
DN-C) and egg white lysozyme (Sigma) were added to each culture to a concentration
of 10 yg/ml each. For experiments to test antigen formation lysates shifted to
permissive temperature, cell debris was removed from lysates by centrifugation

at 8000 g for 10 min in a rotor warmed to 40°C. In other experiments, the cell debris

was not removed, and had no significant effect on antigen titers (see text).

Preparation of 14C labeled infected-cell lysates at nonpermissive temperature.

Strain B5 was grown to 4 x 107 cells/ml at 39.5°C in M9 medium + L-tryptophan,
centrifuged, and resuspended to 4 x 108 cells/ml in fresh medium. Two milliliter
aliquots were dispensed into small Erlenmeyer flasks and warmed at 39.5°C prior

to infection. The cultures were infected at a m.o.i. of 4-6 phage/cell, superinfected
at 7 min after infection at the same m.o.i. and aerated by agitation on a rotary
shaker. At 15 min after infection, 2 uCi of a 14C labeled algal hydrolysate (Schwarz-
Mann) was added to each culture. At 20 min, the cultures were centrifuged at 3000 g
for 3 min in a rotor warmed to 40°C. The pellets were resuspended in 0.4 ml of

a buffer containing 0.01 M Tris-HC1 (pH 6.8), 0.001 M MgSO4, 10 pg/ml DNase,

and 5 ug/ml lysozyme. These suspensions were incubated for 10-15 min, cleared

by the addition of 20 ul of CHCIZ, and incubated for 30 min at 39.5°C. Prior to
electrophoresis, the lysates were adjusted to 0.065 M Tris-HC1 (pH 6.8), 1% SDS,

and 1% 2-mercaptoethanol.

SDS discontinuous gel electrophoresis. The procedures for the preparation

and electrophoresis of phage proteins in a discontinuous buffer system containing

SDS were those desecribed by Laemmli (1970) as modified by Dickson (1973). This
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method was adapted for use with 2 mm slabs of 5% polyacrylamide gel and is similar
to that described by Studier (1972). Samples of labeled lysate containing 4-6 x 104
cpm were electrophoresed from each well. After electrophoresis, the gels were
fixed in an aqueous solution of 50% (V/V) anhydrous methanol, 10% acetic acid for
2 hr and were soaked in 10% anhydrous methanol, 10% acetic acid for 12-14 hr.
The fixed gels were dried directly onto sheets of NQ. 1 grade Whatman filter paper

and autoradiographed on Kodak No-Sereen X-ray film by the procedures of Fairbanks,

Levinthal and Reeder (1965) and Dickson (1973).

Temperature shift experiments. E. coli strain B/5 was grown with rotary

shaking in M9 medium at 39.5°C to a density of 4 x 108 cells/ml. DL-tryptophan

and infecting phage were added to 50 pg/ml and a m.o.i. of 4, respectively. A freshly
prepared 1 mg/ml solution of chloramphenicol (Sigma, D-threo) in 10 mM Tris-HCl,
pH 8.0, was added at the times indicated in the text. Control cultures were treated
with 10 mM Tris solution alone. Shift-down was accomplished by using a chilled

10 ml pipette to transfer culture at 39.5°C to flasks maintained at 22°C in a gyratory
water bath. At selected times following shift-down, 0.25 ml aliquots of culture

were pipetted into tubes containing a few drops of chloroform. Aliquots from these

tubes were used directly to measure serum bloeking titer.

Phage adsorption assay. E. coli strain B/5 was grown and prepared as for

a cross (Wilson and Kells, 1972). Phage were mixed with bacteria at a m.o.i. of
15 and unadsorbed titer measured at various intervals thereafter by pipetting aliquots

of the adsorption mixture into H broth containing ehloroform.

Sucrose gradient sedimentation. 13 ml 5-20% linear sucrose gradients

in phosphate buffer (King and Wood, 1969) containing 0.01% gelatin were poured
in SW41 tubes. Aliquots of 0.1 to 0.2 ml of centrifuged ts mutant-infected cell lysates
were layered on the gradients and spun at 37,000 rpm for 15 to 16 hr. Five drop

fractions were collected, diluted as appropriate, and assayed by serum blocking.
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CsCl density gradient centrifugation. CsCl step gradients were prepared

as described by Dickson (1973). Phage particles were removed either by aspiration

with a pipette or by puncture through the side of the tube.

Results

Two conflieting genetic maps have been reported for T4 gene 34. The
first, constructed from ts by ts mutant crosses (Bernstein et al., 1965), is nearly
15% longer than the second, constructed from am by am mutant crosses (Beckendorf
and Wilson, 1972). Our results, summarized in Figure 1, confirm this discrepancy.
Two-factor crosses between am and ts markers demonstrate that the distal region
of gene 34 has a genetic map expansion observable between ts markers, but not
between am markers. Furthermore the ts by am map aligns more consistently with
the am by am map than with the ts by ts map (Figure 1).

The promoter-distal region of T4 gene 34 exhibits a gradient of am by am
recombination frequency increasing toward the distal end of the gene (Beckendorf
and Wilson, 1972). This region of elevated recombination apparently also extends
into gene 35, since gene 35 exhibits a genetic length far too large for the length
of polypeptide chain it produces (Russell, 1967). However, the existence of an increased
recombination frequency per unit length of gene 35 DNA has not been shown directly.
The gene 34 ts by ts map expansion does not have a counterpart in gene 35. Figure 2
presents a composite map of gene 35 drawn from both our own results and unpub-
lished work of John Wilson (J. Wilson, personal communication). There is no apparent
ts-specific recombination anomaly.

One possible explanation for the ts by ts recombination anomaly is that
parental heterozygotes of gene 34 ts mutant phage will produce viable phage by
intragenic complementation. Heterozygotes of gene 35 ts phage should be incapable

of producing viable phage by this mechanism because the gene 35 product exists



132

Figure 1. Genetic map of T4 gene 34. The upper line represents the physical

length of polypeptide chain produced by gene 34; the positions of the am mutations
N58 through A455 have been determined by measuring lengths of nonsense-termi-
nated polypeptides (Beckendorf and Wilson, 1972). Alignment of other am muta-
tions is based on a supposition of constant recombination frequency throughout

the remainder of the gene. ts mutation sites have been aligned relative to am

sites on the basis of the genetic data collected in map III (this study). Other genetic
data are the am by am map of Beckendorf and Wilson (1972) (map 1), and the ts

by ts map of Bernstein et al (1965) (map II). The interval tsB104 to tsA44 exhibits

a map expansion found in ts by ts crosses, but not in ts by am crosses.
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Figure 2. Genetic map of T4 gene 35. No polypeptide mapping data exist for
this gene. However the results of the ts by ts crosses agree with those of the

ts by am and am by am crosses.
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as a monomer in the distal half-fiber. Table 1 demonstrates that gene 35 ts mutant

phage do not exhibit intragenic complementation, as expected.

Production of proximal half-fiber antigens by gene 34 ts mutants was quantitated
by serum blocking assay of lysates prepared from cells infected with double mutants
carrying a ts mutation in gene 34 and the amN52 mutation in gene 37. The latter
mutation eliminates production of distal half-fiber antigens. Figure 3 shows represen-
tative serum blocking curves for five different centrifuged gene 34 ts:gene 37 am
defective lysates. Other defective ts lysates gave similar results. The curves recorded
for lysates of phage producing low titers of antigen appear slightly broader than
those for high titer lysates. Similar curves are observed, however, when wild-type
antigen is diluted in buffer containing any of a variety of interfering agents, including
sucrose, broth, and salt (B. Seed, unpublished observations). With the exception
of this effect, no curve of Figure 3 has an appreciably different slope from the control.
This result indicates that in a ts lysate prepared at nonpermissive temperature the
relative abundances of the various antigens remain constant, irrespective of the
total amount of antigen produced. Such a result differs from those obtained using
adsorbed antisera prepared by treatment of whole anti-T4 serum with mutant extracts
lacking gene 34 product (Edgar and Lielausis, 1965). We believe this difference
reflects the presence in the adsorbed sera of antibodies directed against other phage
structures.

The amount of proximal half-fiber antigens present in a defective lysate
of a particular ts mutant appears to correlate with the position of the ts mutation
in gene 34 (Figure 4). Mutations near the distal end of the gene (e.g., tsA44) produce
0 to 20% of wild-type levels of A antigens in defective lysates, whereas ts mutations
near the proximal end of the gene produce 50 to 100%. Since these measurements,
as well as those obtained previously (Edgar and Lielausis, 1965), have been made

on centrifuged lysates, it is possible that the differing amounts of antigen measured



13T

TABLE 1

Absence of Intragenic ts Complementation

in Gene 35

Phage pairs

complemented Burst size
tsN30(35) alone 1.81 + 2.03
tsP1(35) alone 0.95 + 0.72
tsP44(35) alone 0.60 + 0.10
tsL10(35) alone 0.86 + 0.16
tsN30 + tsP1 1.14 + 0.75
tsN30 + tsP44 0.72 + 0.11
tsP1 + tsP44 0.77 + 0.38
tsN30 + tsL10 0.68 + 0.22
tsP1 + tsL10 2.0 + 2.60
tsB104(34) alone 0.39 + 0.17
tsB111(34) alone 1.61 + 0.87
tsB104 + tsB111 24.7 + 19.0
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Figure 3. Blocking curves of proximal half-fiber antiserum by representative defective
ts lysates. Lysates were infected with amN52:gene 34 ts double mutants (amN52
prevents assembly of A antigen into tail fibers) and centrifuged. The blocking curves

are identified by their respective ts mutations. ts mutant curves were not normalized

for burst size.
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Figure 4. Relationship between the map locations of ts mutations and the amount

of soluble A antigen formed in defective lysates. The values of the ordinate are
calculated from the ratios of the concentration of wild-type lysate at the 50% blocking
point, to the concentration of ts mutant lysate at the 50% blocking point. ts lysates
were infected with amN52:gene 34 ts mutants and centrifuged. Soluble antigen

was normalized by phage particle titer, measured by in vitro complementation.

The two types of symbols represent results obtained in two different experiments.
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reflect a selective sedimentation of the Ajélilztigens of different ts half-fibers. To

test this possibility, A antigens were measured in lysates of tsA44:amN52, tsB104:amN52,
tsB45:amN52 and tsN1:amN52, before and after centrifugation. The antigen measured

in all ecentrifuged lysates represented 30 to 50% of the antigen in the corresponding
uncentrifuged lysates, and the quantitative results obtained with uncentrifuged lysates
confirmed those with centrifuged lysates (G. Del Zoppo, unpublished observations).

Earlier studies have shown that heating gene 37 defective lysates to 100°C
in the presence of SDS destroys proximal half-fiber antigen and dissociates the half-
fiber into gp34 monomers, whereas heating lysates to 37°C in the presence of SDS
does not (Ward and Dickson, 1971; King and Laemmli, 1971). Uncentrifuged labeled
defective lysates were prepared under nonpermissive conditions with gene 34 ts:amN52
mutants, treated with SDS, incubated at 100° or 20°C, and analyzed by electrophoresis
on SDS gels. The results of these analyses are shown in Figure 5. The gel pattern
of lysates incubated at 100°C shows no gross decrease in synthesis of gp34 by any
of the ts mutants at nonpermissive temperature. The gel pattern of lysates incubated
at 20°C shows that, with the exception of tsN1, all lysates prepared at nonpermissive
temperature either have significant amounts of unassembled gp34 or have labile
half-fibers. The former interpretation would be consistent with the serum blocking
data shown earlier. The prominent band that might be expected from undissociated
half-fibers is not seen, probably because these structures do not enter the gel.

Lysates of the gene 34 ts:amN52 mutants also were prepared at the per-
missive temperature and treated as described in the preceding paragraph. Only
lysates of double mutants carrying tsB63, tsB45, and tsB104 produced bands on SDS
gels of the same mobility as gp34 when treated at 20°C (data not shown). Thus with
the exception of the three mutants mentioned, assembled ts half-fibers are not labile
to SDS at 20°C. The gp34 bands of the three exceptional mutants are not necessarily

due to half-fiber lability. For example tsB45-infected cells exhibit depressed antigen
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Figure 5. SDS gels of defective amN52:gene 34 ts lysates at 20° and 100°C. Samples
were prepared as described in Materials and Methods and electrophoresed on 5 or

6% polyacrylamide gels containing SDS. Gels were dried and autoradiographed.

20° and 100°C treated samples of a given mutant lysate were run in parallel. Panel

a, 100°C samples. Panel b, 20°C samples.
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production even at permissive temperature (Seed et al., 1979). Thus the bands observed

in lysates of these cells may be unassembled gp34.

Lysates of selected gene 34 ts mutant phage-infected cells were prepared
at nonpermissive temperature and sedimented through 5-20% sucrose gradients
(Figure 6). Serum blocking of the gradients revealed no gross alteration in sedimentation
behavior of the ts mutant antigens, with one exception. tsB33 lysates were observed
to contain a small but reproducible amount of a rapidly sedimenting antigen specie.
This specie may represent a proximal half-fiber dimer similar to that observed in
vitro by Takata and Tsugita (1970).

Cells infected with gene 34 ts mutant phage produce substantial amounts
of half-fiber antigens when shifted from nonpermissive to permissive temperature
at any time up to but not after lysis. Figure 7 shows the result of shift-down experi-
ments with several mutants. Cultures were infected with various gene 34 ts mutant
phage at 39.5°C and aliquots shifted to permissive temperature at selected intervals
following infection. Superinfected cultures begin to lyse at about 30 min after infection
at 39.5°C under these conditions. At about the same time the net antigen production
(measured at 90 min) of the temperature-shifted cultures begins to decline. This
suggests that production is limited by lysis. To test this hypothesis a shift-down
experiment with the multiple mutant tsA44:amN52:amB5, capable of extending
the lysis period, was performed (Josslin, 1971). As seen in Figure 6 a decrease in
antigen yield occurs around 45 min after infection. Lysis begins at 40 min in cultures
infected with this mutant.

The above experiments suggest that mutant gp34 cannot be converted to
A antigen by a shift to permissive temperature after lysis. This observation was
confirmed for lysates of several ts mutants (Table 2). A antigen made by preparing
lysates at permissive temperature was found to be stable to a shift to nonpermissive

temperature (Table 2).
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Figure 6. Sucrose gradient sedimentation of ts mutant A antigen produced at non-
permissive temperature. ts lysate samples were centrifuged through 5 to 20% sucrose
gradients. The direction of sedimentation is from right to left. Distal half-fiber
antigens were also measured for an internal standard. The ordinate is expressed

in arbitrary units of antigen/ml, and the same scale does not apply to both proximal
and distal half-fiber antigens. @, proximal half-fiber antigen; O, distal half-fiber
antigen. Panel a, tsB111; panel b, tsN1; panel ¢, tsB33; panel d, tsA20; panel e,

tsB41; and panel f, wild type.
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Figure 7. Lysis limitation of A antigen in vivo. Temperature shift from 39.5° to
30°C. Cultures of E. coli B/5 at 39.5°C were infected and superinfected with the
appropriate ts mutant or ts:am double mutant. At various times after infection
aliquots of each culture were shifted to 30°C under aeration. Each subculture was
lysed with CHCl3 and 10 pg/ml lysozyme at 90 min after infection. A antigen yields
are plotted as (concentration of lysate at 50% blocking point)_l. y » tsA44; O,

tsA44:amN52; , tsB45:amN52; X, tsA44:amN52:amB5.
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TABLE 2

Stability of A Antigen in some Lysates of Gene 34 ts Mutants

A antigen in lysate?

Lysate prepared Shift to Lysate prepared Shift to

Mutant at 39.5°C 30°C at 30°C 39.5°C
tsA44:amN52 (B:77 + 0.1)P  (0.77 & 0.1)b 222 + 22 244 + 24
tsB63:amN52 91 + 9 100 + 10 156 + 16 170 + 17
tsB45:amN52 12 + 1 14 +1 232 + 23 232 + 23
tsB104:amN52 18 + 2 23 + 2 172 + 17 167 + 17
tsN1:amN52 42 + 4 48 + 5 384 + 38 345 + 35

aLysates were prepared at 39.5° or 30°C. An aliquot of each lysate was

shifted to the appropriate temperature and incubated for 60 min. Serum blocking

assays were performed on the lysate before and after shift. Values of A antigen

are reported as (concentration of lysate at 50% blocking point)™+.

bParentheses indicate extrapolated values.



157
The A antigen produced on shift-down to permissive temperature could

be produced either by assembly of gp34 newly synthesized at permissive tempera-
ture, or by assembly of gp34 already synthesized at nonpermissive temperature.
To discriminate between these possibilities cultures infected with gene 34 ts:amB5
multiple mutants were grown for 20 min at 39.5°C, incubated with chloramphenicol
for 2 min, and shifted to 22°C. The formation of A antigen with time at permissive
temperature was measured by pipetting aliquots of the temperature-shifted cultures
into chloroform. Experiments in which the temperature was measured by thermistor
probe showed that the shift to the lower temperature was over 95% complete in
7 sec under these conditions. Pulse labeling followed by electrophoretic analysis
showed that no detectable gp34 was synthesized after 2 min incubation with chloram-
phenicol under these conditions. Figure 8 shows that following chloramphenicol
treatment and shift-down, A antigens are produced by tsA44 mutants, but not by
tsB3, tsB63 or tsB41 mutants. However the latter display high levels of A antigens
at all times examined. To test whether antigen formation was truly blocked in these
cultures, or merely occurring at a rate too fast to be measured, we compared the
amount of A antigens produced by cultures shifted-down and chloroform-treated
with the amount produced by cultures lysed directly at 39.5°C. Table 3 shows there
is a slight but not significant difference between these two treatments for tsB63:amB5
phage.

In order to determine whether the tsA44 chloramphenicol-insensitive antigen
production was energy-dependent, we incubated infected cells at 39.5°C for 12.5
or 20 min, added chloramphenicol, and then split the cultures in two aliquots, one
made 4 mM in KCN and the other untreated. After 2.5 min (cells incubated 12.5 min)
or 2 min (cells incubated 20 min) the infected cultures were shifted to 22°C and
A antigen production measured as a function of time as before. The results, shown

in Figure 9, indicate that A antigen production at 12.5 min is insensitive to eyanide,
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Figure 8. Measurement of in vivo rate of A antigen production following shiftdown.
Bacteria growing at nonpermissive temperature were infected with selected gene

34 ts:gene t amB5 double mutants. After addition of chlorampheniecol to suppress

de novo synthesis of gene 34 polypeptide, cultures were shifted to permissive temperature
and amount of antigen as a function of time assayed by serum bloecking. O, antigen
present in unshifted cells. Bars represent standard error of measurement. Panel a,

tsA44; panel b, tsB3; panel ¢, tsB63; panel d, tsB41.
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TABLE 3

Measurement of Antigen Formed During the Process of Shiftdown

Accumulated A antigen CHCl3-insensitive Difference

after shiftdown A antigen antigen
0' 11.2 + 0.8 8.1 + 0.7 1.6 + 1.5
5' 12.4 + 0.8 11.3 + 0.8 0.6 + 1.6
10 14.8 + 0.9 11.2 + 0.8 2.1 + 1.7
15' 13.0 + 0.8 11.5 + 0.8 0.9 + 1.6
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Figure 9. Cyanide sensitivity of tsA44 antigen formation at 12.5 and 20 min post-
infection. tsA44:amB5 infected cells were treated with chloramphenicol alone,

or with chloramphenicol followed by cyanide. Production of A antigen following
shiftdown was measured by serum blocking. @, cyanide treated cells; 8, untreated
cells; O, antigen present in unshifted cells exposed to cyanide; , antigen present
in unshifted cells without cyanide. Bars represent standard error of measurement.

Panel a, 12.5 min postinfection. Panel b, 20 min.
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whereas that at 20 min is at least partially sensitive. To measure the time-course of

development of eyanide sensitivity at 39.5°C, infected cells were treated with chlor-
amphenicol at 20 min, with KCN at 21 min, and shifted-down either immediately
or at 1 min intervals thereafter. Net antigen production after shift-down was measured
by lysing cells 15 min after shift-down. After 3 min of incubation with eyanide at 39.5°C
the infected cells were no longer capable of making antigen on shift-down (data not
shown). These results resemble eyanide-induced lysis of infected cells. At 30°C such
a phenomenon is observed in cells infected by wild-type T4, but not in cells infected by
phage containing am mutations in gene t (Josslin, 1971). However gene t am mutations
are known to be leaky at elevated temperature (Josslin, 1971). Similar experiments
have shown that at 39.5°C, the gene t am mutation is only partially capable of protecting
the infected bacterial cell from cyanide-induced lysis (data not shown).

Lysates of gene 34 ts and gene 34 ts:amB5 mutant phage-infected cells
were prepared at 39.5°C, centrifuged to eliminate bacterial debris, and sedimented
through CsCl density gradients. Phage particles were isolated and titered by optical
density. Proximal half-fiber antigen was assayed by serum blocking, and the concen-
tration of infectious particles determined at permissive temperature. The results
are shown in Table 4. Lysis inhibition promoted by the gene t amB5 mutation raises
both the half-fiber antigen per particle, and the average infectivity. tsB3, tsB63,
and tsN1 particles were found to have high titers of proximal half-fiber antigens,
but low infectivity. Particles of these phage may be defective in host adsorption
when assembled at nonpermissive temperature. Previous results have indicated
that tsN1 phage do not attach tail fibers at nonpermissive temperature (King and
Wood, 1969). The data presented in Table 4 were obtained from two different tsN1
stocks, one of which was used to obtain the mapping data shown in this paper. The
previous work did not measure tail fibers per particle, but rather the presence or

absence of antigen sedimenting at the same rate as phage.
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TABLE 4

Titers of Proximal Half-Fiber Antigen and Infectious Units per Phage Particle

of Gene 34 ts Mutant Phage at Nonpermissive Temperature

Phage Proximal half-fibers/particle % Infectious
tsA44 0.72 + 0.12 0.11
tsB63 1.89 + 0.13 2.0
tsB63:amB5 2.9 +0.35 8.0
tsB45 0.49 + 0.25 .01
tsB45:amB5 2.7 + 0.60 1.8
tsB104 1.8 + 0.26 7.5
tsB33 0.90 + 0.71 0.5
tsB22 0.99 + 0.14 0.6
tsB41 0.49 + 0.23 0.5
tsB41:amB5 2.7 +0.54 8:5
tsA51 0.62 + 0.12 0.14
tsA20 0.87 + 0.50 07
tsA20:amB5 3.9 +0.35 17
tsB111 1.22 + 0.29 1.3
tsB3 2.36 + 1.89 3.0
tsB3:amB5 2.4 +0.35 6.5
tsN1 3.38 +1.17 2.5
$k 4.66 + 0.64 16
amB5 6.9 + 0.80 33
amN58 0.18 + 0.04 -




169
Infectious particles produced at permissive temperature by all gene 34

ts phage tested displayed wild-type host adsorption kinetics at nonpermissive temperature.

Selected adsorption curves are presented in Figure 10.

Discussion

The genetic map of bacteriophage T4 differs substantially from that of
phages T2 and T6 in the region encompassing genes 34 and 35 (Russell, 1967). The
genetic lengths of the T4 genes 34 and 35 are much greater than those of T2 and
T6 (Russell, 1967). A map of T4 based upon the physical length of DNA encapsidated
in petite phage particles has shown that the genetic lengths of genes 34 and 35 are
substantially greater than their physical lengths (Mosig, 1968). In gene 34, a direct
comparison of the genetic map distances with the lengths of nonsense-terminated
polypeptides has shown that the frequency of recombination per unit length of DNA
rises sharply at the distal terminus of the gene (Beckendorf and Wilson, 1972). In
this report we characterize a new facet of the genes 34 and 35 site-specific recombination,
that of an enhanced recombination frequency observed between pairs of ts mutations,
but not between pairs of am mutations, nor between am mutations and ts mutations.
Because this phenomenon is confined to gene 34, and because gene 34 ts mutations
exhibit intragenic complementation (Bernstein et al., 1965), we suggest that the
predominant source of extra ts by ts recombinants is the recombination or repair
of parental heterozygotes which are viable by intragenic complementation. The
greatest obstacle to this explanation is the low complementation exhibited in liquid
culture by phage bearing the tsA44 mutation. The tsA44 mutation is unambiguously
involved in ts by ts map expansion. We suggest that low levels of tsA44 complementation
in liquid may still support sequential burst (and subsequent plaque) formation on
plates. This proposal is not inconsistent with our prior experience with gene 34

ts phenotypes (Seed et al., 1979), particularly in light of the fact that burst sizes
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Figure 10. Adsorption of gene 34 ts mutant phage at nonpermissive temperature.
Chloroform resistant titers were measured following incubation of phage with susceptible
bacteria at 39.5°C (open symbols). Control titers were measured under identical

conditions in the absence of sensitive bacteria (closed symbols).
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of liquid complementations involving gene 34 ts's and tsA44 are generally of order

unity (Bernstein et al., 1965).

Some of the properties of parental (nonrecombinant) heterozygotes in T4
that have been deduced from studies on recombination in the rIIA cistron (Edgar,
1961) can be applied to the hypothesis above. For example, Edgar (1961) has calcu-
lated that in a single round of infection 4.6% of the nonrecombinant heterozygotes
created between markers 0.016 map units apart will give rise to recombinant progeny.
This figure assumes a mean heterozygosity per locus of 2%. If we assume that the
probability of formation of recombinant phage from heterozygotes is, over small
distances, a linear function of the distance between markers, then for markers greater
than 0.4 map units apart, nearly all heterozygotes bearing both markers should yield
recombinant progeny. This map separation is not large enough to significantly decrease
the fraction of parental heterozygotes bearing both markers, since the mean length
of a heterozygote is estimated to be 5 to 10 map units (Levinthal, 1954). In the
rlIA system, 1.6% of all bacteria jointly infected with both parents gave rise to
recombinant progeny. This is about one-third the frequency produced by single-infecting
parental heterozygotes. It is possible the difference is due to mechanisms of recombination
which are independent of leﬁgth (e.g., excision repair) acting on the heterozygotes.
Thus we might not expect all heterozygotes to give rise to recombinant progeny
until the distance between markers were three times larger than quoted above, or
about 1.2 map units distant. When the parental markers are this far apart, the percent
heterozygosis will begin to show the effects of increasing marker separation. As
a rough estimate, this may be calculated as (1-M/L), where L is the average length
of a heterozygote, and M the distance between markers. For markers separated
by 1.2 map units and a mean heterozygote length of 6 map units, this formula predicts

a 20% reduction in frequency of parental heterozygotes encompassing both markers.
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The distance between the am markers which flank the region of anomalous

ts recombination in gene 34 is about 10 map units (Beckendorf and Wilson, 1972).
The frequency of recombination over this interval averages about threefold higher
than the average for other genes in T4 (Beckendorf and Wilson, 1972). Hence the
normalized map distance is about 3.3 units. This is large enough to allow essentially
unit efficiency of recombination between markers on infecting parental heterozygotes.
The observed ts map expansion is confined to the promoter-distal region
of gene 34. Heterozygotes throughout the gene should be viable by intragenic recombi-
nation, and thus contribute to the recombination frequency. Hence it is eritical
to our explanation that the frequency of formation of parental heterozygotes rise
faster than the rate of am recombination in this region. Such a phenomenon could
be the consequence of the postulated high efficiency of chromosome pairing at the
genes 34 and 35 junction (Beckendorf and Wilson, 1972).
Work with the serologically related phages of the RB family has shown
that the A antigen is not a homogeneous repeating structure. In this study we have
shown that gene 34 ts mutants synthesize normal amounts of mutant polypeptide
chain at nonpermissive temperature. We have also shown that almost all gene 34 ts
mutants display a decreased. production of A antigen at nonpermissive temperature.
The relative proportion of antigens produced remains constant while the net amount
of antigen declines. Taken together, the above results indicate that the synthesis
of stable A antigen takes place by an all-or-none mechanism.
At present very little can be definitively concluded about the mechanism
of A antigen production by wild-type phage. Antigen production appears to be limited
by bacterial membrane lysis. Experiments with the mutant tsA44 have shown that
early in infection A antigen can be produced on shift-down to permissive temperature
despite metabolic inhibition by cyanide. tsA44 antigen production late in infection
is apparently inhibited by eyanide, but this is probably attributable to a cyanide-

induced lysis of the bacterial cell membrane (Josslin, 1971).
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The rate of production of A antigen by tsA44-infected cells upon shift-

down to permissive temperature is very slow, probably too slow to be characteristic
of an intramolecular isomerization. One logical candidate for the rate-limiting
step for antigen formation under these conditions would be a bi- or multi-molecular
collision. Such a step could be the initial joining of the gp34 polypeptide chains,
or, alternatively, an interaction between gp34 and gp57, the nonstructural assembly
protein for gp34.
ts mutants other than tsA44 do not exhibit chloramphenicol-independent
production of A antigen upon shift-down to permissive temperature. Since there
are large pools of unassembled gp34 in cells infected with these mutants at non-
permissive temperature, either some of the mutant gp34 polypeptide chains must
be incapable of subsequent antigen formation, or antigen formation must be limited
by the synthesis of another protein. The latter case suggests the involvement of
a stoichiometric assembly protein utilized less efficiently by ts mutant gp34 than
by wild-type gp34. The former suggests an irreversible denaturation of mutant poly-
peptide chains, perhaps subsequent to defective interaction with an assembly protein.
Other properties than antigen formation are affected by the gene 34 ts
mutant phenotypes. For example tsB45 has been shown to confer an abnormal sensitivity
to SDS on phage bearing that mutation (Seed et al., 1979). When exposed to 1%
SDS at 37°C, the distal half-fibers of tsB45 mutant phage detach from the particle,
while the proximal half-fibers remain. tsB33 mutant-infected cell lysates contain
a small amount of a rapidly sedimenting antigen specie not found in wild-type lysates.
Virtually all gene 34 ts mutants exhibit decreased levels of proximal half-
fiber antigen per phage particle, either in addition to, or in consequence of the defects
in antigen formation discussed above. Three exceptional phage appear to be able
to attach some proximal half-fiber antigen to phage particles at nonpermissive temperature.

It is not known whether these phage also attach distal half-fiber antigen. No evidence
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suggests that infectious particles produced at permissive temperature have any

defect in adsorption at nonpermissive temperature.

Lysis delay promoted by the gene t amB5 mutation raises the mean number
of tail fibers per ts phage particle produced at nonpermissive temperature. This
may indicate that tail fiber production eventually outstrips particle production late
in infection, or that the gene t product has a pleiotropic effect altering the relative
efficiencies of particle and tail fiber assembly. Raising the number of tail fibers

per particle strikingly increases the infectivity of the phage.



176

References

Beckendorf, S. K. and Wilson, J. H. (}972). A recombination gradient in bacterio-
phage T4 gene 34. Virology 50, 315-321.

Bernstein, H., Edgar, R. S. and Denhardt, D. H. (1965). Intragenic complementation
among temperature-sensitive mutants of bacteriophage T4D. Genetics 51,
987-1002.

Dickson, R. C. (1973). Assembly of bacteriophage T4 tail fibers. IV. Subunit composition
of tail fibers and fiber precursors. dJ. Mol. Biol. 79, 633-647.

Edgar, R. S. (1961). High negative interference and heterozygosis: A study of the
mechanism of recombination in bacteriophage T4. Virology 13, 1-12.

Edgar, R. S. and Lielausis, I. (1965). Serological studies with mutants of phage T4D
defective in genes determining tail fiber structure. Geneties 52, 1187-1200.

Epstein, R. H., Bolle, A., Steinberg, C. M., Kellenberger, E., Boy de la Tour, E.,
Chevalley, R., Edgar, R. S., Susman, M., Denhardt, D. H. and Lielausis, A.
(1963). Physiological studies of conditional lethal mutants of bacteriophage
T4D. Cold Spring Harbor Symp. Quant. Biol. 28, 375-394.

Fairbanks, G., Jr., Levinthal, C. and Reeder, R. H. (1965). Analysis of 1#C-labeled
proteins by dise electrophoresis. Biochem. Biophys. Res. Comm. 20, 393-399.

Josslin, R. (1971). Physiological studies of the t gene defect in T4-infected Escher-

ichia coli. Virology 44, 101-107.

King, J. (1968). Assembly of the tail of bacteriophage T4. J. Mol. Biol. 32, 231-262.

King, J. and Laemmli, U. K. (1971). Polypeptides of the tail fibers of bacteriophage
T4. J. Mol. Biol. 62, 465-477.

King, J. and Wood, W. B. (1969). Assembly of bacteriophage T4 tail fibers: The
sequence of gene product interaction. J. Mol. Biol. 39, 583-601.

Laemmli, U. K. (1970). Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature (London) 227, 680-685.



77 ;
Levinthal, C. (1954). Recombination in phage T2: Its relationship to heterozygosis

and growth. Genetics 39, 169-184.

Mosig, G. (1968). A map of distances along the DNA molecule of T4. Geneties 59,
137-151.

Seed, B., Slankard, J., Del Zoppo, G. J., Conley, M. P. and Wood, W. B. (1979). Chapter
3 of this thesis.

Seed, B. and Wood, W. B. (1979). Chapter 2 of this thesis.

Steinberg, C. M. and Edgar, R. S. (1962). A critical test of a current theory of genetic
recombination in bacteriophage. Genetics 47, 187-208.

Studier, F. W. (1972). Bacteriophage T7. Science 176, 367-376.

Takata, R. and Tsugita, A. (1970). Morphogenesis of the tail fibre of bacteriophage
T4: Isolation and characterization of a component (the gene 34 product).
J. Mol. Biol. 54, 45-57.

Ward, S. and Dickson, R. C. (1971). Assembly of bacteriophage T4 tail fibers. III.
Genetic control of the major tail fiber polypeptides. J. Mol. Biol. 62, 479-492.

Ward, S., Luftig, R. B., Wilson, J. H., Eddleman, H., Lyle, H. and Wood, W. B. (1970).
Assembly of bacteriophage T4 tail fibers. II. Isolation and characterization
of tail fiber precursors. Appendix: Analysis of endpoint fiber attachment
reactions. J. Mol. Biol. 54, 14-31.

Wilson, J. H. and Kells, S. (1972). Bacteriophage T4 transfer RNA. I. Isolation
of characterization of two phage-coded nonsense suppressors. J. Mol. Biol.

69, 39-56.





