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ABSTRACT.  We have cons t ruc ted  poo ls  o f  v iab le  hybr ids
of bacter iophage \  and DNA sequences frorn the enter ic
bac ter ia  K lebs ie l la  aerogenes,  K lebs ie l la  pneurnon iae ,
and Escher ich ia  co l i ,  and  the  eukaryo te  Saccharornvces
cerev is iae  (yeas t ) .  Var ious  genet ic  se lec t ions  depend ing
upon funct ional  genet ic select ion of  the foreign DNA were
deve loped to  i so la te  spec i f i c  hybr ids  f ro rn  the  poo ls .  The
genes for DNA polyrnerase I  were isolated frorn both
species of  Klebsiel la and several  genes in the arornat ic
biosynthet ic pathway were isolated frorn these three bac-
te r ia .  In  a l l  cases ,  these bac ter ia l  genes  are  func t iona l l y
expres  sed in  E .  co l i .

We have also isolated a segrrrent of  DNA frorn
yeast which,  when integrated into the chrornosorne of  an
E. col i  h ist id ine auxotroph, al lows this bacter iurn to grow
in the absence of  h ist id ine.  Frorn genet ic exper i rnents,  w€
conclude that genet ic expression of  the segnrent of  yeast
DNA resul ts in the product ion of  a di f fusible substance, and
that t ranscr ipt ion necessary for  the cornplernentat ion is
rnost l ikely init iated frorn the segrnent of eukaryotic DNA.

INTRODUC TION

We are interested in the funct ional  genet ic ex-
pression of  eukaryot ic DNA in E. col i  .  The approach has
been to c lone segrrrents of  the yeast genorne in bacter iophage
\ and to select  for  a hybr id phage which can corrrplernent an
auxotroph of E. coli . The intention in cloning a defined
eukaryot ic gene is to speci f ical ly probe gene expression in
eukaryo tes .  We have chosen yeas t  as  a  rnode l  eukaryo te
because of the availabil ity of rnany rnutants including
regulatory rnutants,  and because of  the power of  yeast
genet ics,  Though yeast is a relat ively s i rnple organisrn,  i ts
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52 .  KEVIN STRUHL AND RONALD W.  DAVIS

rnolecular biology is very s i rn i lar  to that  of  h igher organ.-
isrns and qui te di f ferent f rorn prokaryotes.  In th is paper,
we descr ibe the fol lowing:
1) The systern for  c loning foreign DNA in bacter iophage \ .
2)  Genet ic select ions to isolate speci f ic  f ragrnents of

intere st .
3)  Isolat ion and character izat ion of  bacter ia l  genes frorn

E. col i ,  K.  aerogenes, and K. pneurnoniae.

4l  Funct ional  genet ic expression of  yeast DNA i t  E-.  .o l i .

RESULTS AND DISCUSSION

Cloning foreign DNA in bacter iophage X; construct ion of
hvbr id  poo1s .

The cloning vector for  these exper i rnents was
developed by Thornas, Carneron, and Davis (1) and Murray
and Murray (21. A diagrarn of  the vector \gt-XB and the
cloning rnethod is shown in f igure 1.  There are two si tes
in \gt-  XB which are recognized by EcoRI endonuclease. No
genes essent ia l  for  \  growth are in the rniddle TicoRI f rag-
rnent.  To forrn hybr id rnolecules,  one separately c leaves
the vector and the foreign DNA with EcoRI,  rn ixes,  and
seals wi th DNA l igase via the cohesive ends generated by
ES9RI  endonuc lease (3 ) .  These rno lecu les  are  t rans fec ted
for plaques into an E. col i  strain which does not restr ict
foreign DNA (rK )by the rnethod of  Mandel and Higa (4).

Var ious  k inds  o f  rno lecu les  are  genera ted  by  th is  p rocedure .
A rnolecule consist ing solely of  the lef t  and r ight  ends of
\gt ,  whi le containing al l  the essent ia l  genes for \  growth,
is too short  to be packaged and is not v iable.  A v iable
rnolecule (one that results in a plaque) rnust contain an
ES9RI f ragrnent inserted between the \gt  ends. The

viable phage are therefore ei ther hybr ids containing the
foreign DNA or the or ig inal  vector \gt-  } .8.  By using
appropr iate condi t ions (1),  greater than 90To of  the plaques
are hybr ids.  Fol lowing transfect ion,  the plaques are
scraped_to fprrn a hybr id pool  which is then passaged once
on a rK rnK'  strain to forrn a high t i ter  stock which is K
rnodified. Phage in such a pool can infect any strain of
E. col i  which is sensi t ive to } .  infect ion.

This systern for  c loning DNA is not general  s ince
only EcoRI f ragrnents between the size of  1 and 15 ki lobase
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Figure I

Const ruc t ion  o f  hybr ids .  \g t -XB and yeas t  DNAIs
were separately c leaved to cornplet ion wi th ES9RI endo-
nuc lease (par t ia l  c leavage produc ts  o f  yeas t  DNA werer
used in  sorne  cases) .  They  were  then rn ixed a t  equa l  con-
cent ra t ions  o f  vec tor  and yeas t  DNA fo r  cova len t  jo in ing  o f
the  EcoRI  cohes ive  ends  by  E.  co l i  DNA l igase.  Th is  was
c a r r i e d  o u t  a t  1 0 o C  f o r  1 8  h o u r s .  F o u r  p o s s i b l e  r e s u l t i n g
s t ruc tures  o f  v iab le  phage DNA are  shown.
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(kb) pairs can be cloned. In addi t ion,  large fragrnents wi l l
render the viable phage unstable, and srnall fragrnents wil l
be inserted at  a lower f requency. A rnore general  approach
would be the cloning of randorrrly sheared foreign DNA by
the dA:dT hornopolyrner extension technique (5).  To obtain
viable hybr ids at  a reasonable ef f ic iency wi th th is technique,
the  vec tor  DNA rnus t  be  iso la ted  as  a  c losed cova len t  c i rc le .
To obtain large quant i t ies of  supercoi led \  DNA, we cloned
the plasrnids pMB 9 rc)  and pSC 101 (7) in \gt .  These double
vectors have 2 or ig ins of  DNA repl icat ion and can be
propagated  as  phage or  as  p lasrn ids  (se lec t ing  fo r  te t ra -
cyc l ine  res is tance in  these cases) .  I so la t ion  o f  DNA f ro rn
cel ls containing the double vector repl icat ing as a plasrnid
yields large quant i t ies of  supercoi led DNA.

Genet ic select ion techniques

\,  being a ternperate phage can repl icate act ively
as a lyt ic v i rus or passively when integrated into the E. col i
chrornosorne as  a  s tab le  l ysogen.  Se lec t ions  can be  per -
forrned when \  is  in ei ther the lyt ic or lysogenic state.  In
both cases, a hybr id pool  f rorn a given organisrn is put
th rough a  se lec t ive  process  in  o rder  to  i so la te  a  spec i f i c
hybr id of  interest .  The essent ia l  feature of  such genet ic
select ions is that  the inserted DNA be funct ional ly expressed
in the E. col i  cel l .

Direct  ly t ic select ions can be appl ied to the K
rnodi f ied \gt  pools.  For exarnple,  t rq der ivat ives of
phage \  are unable to grow on hosts def ic ient  in DNA l igase
or DNA polyrnerase I  act iv i ty.  The vector l ,gt- \B and al l
hybr ids  a re  de le ted  fo r  the  red  genes,  and there fore  can
not grow on strains lacking ei ther of  these act iv i t ies.  A
hybr id containing an expressed l igase or polyrnerase gene,
however should be able to grow on the host lacking the
respect ive act iv i ty.  Hybr ids containing the l igase gene
frorn E. col i  and the polyrnerase I  genes frorn K. aerogenes
and K. pneurn"r i "g have been direct ly selected by th is
technique (8,  9) .

A selection technique depending on altered host
range of  a speci f ic  hybr id,  such as the one descr ibed above,
is a relat ive rar i ty.  Since rnany strains are nutr i t ional
ar.rxotrophs, a rnethod for the direct lytic selection of a
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phage which supplies a function essential for cell growth
would be useful. A rnodification of a technique developed
by Naorni Franklin to detect UIp circurnvents the problern
of such a phage kil l ing the ar:xotrophic host. \ can not grow
on hosts which are not growing. A phage carry ing a func-
tion required for cell growth should be capable of growth
and can rnake a plaque without a lawn, Plaques without
lawns can be easily visulalized by spraying the plate with
ethidiurn brornide and viewing with ultraviolet light. The
f luorescent spots are due to released DNA in the plaques
frorn phage which supply an essential function to the cell.
An exarnple of this is the cloning of the tryptophan operon
frorn E. coli in \gt (f igure 2).

lMe have also developed a select ion technique to
select for a hybrid phage which when integrated into the
chrornosolrre of an E. coli ar.rxotroph allows the cell to grow
in the absence of the ar.rxotrophic requirernent. A11 hybrid
phage are deleted for the integration gene (int) and the
phage at tachrnent s i te (at t ) .  However,  the hybr ids can be
integrated into thu kl! chrornosonre by cg-iqlection
with an integration helper phage which is int att or by
infect ion of  a pre- exist ing lysogen. This double lysogen
forrnation is rnediated by bacterial general recornbination
and occurs at  a f requency of  1% (10).  This select ion tech-
nique requires that the inserted piece of DNA contain a

transcription init iation site since the \ prornoters in \gt
a re  de le ted  or  s t rong ly  repressed.  Th is  res t r i c t ion  is  no t
true of lytic infections since the inserted fragrnent is l ikely
to be transcribed frorn one of the \ antiterrninated
prorno ters .

Isolation and characterization of the genes for DNA polvrn-

erase I  f rorn K. aerogenes and K. pneurnoniae

Before atternpting to clone eukaryotic genes, we
tested the cloning and select ion systerns descr ibed above
using pools rnade with non-E. col i  bacter ia l  DNA. The
rat ionale was that genet ic expression of  Klebsiel la DNA in
E. coli was predicted and that recornbination was not. A

hybrid frorn both th. @gm.r and the @
pool containing the gene for DNA polyrnerase I  was selected
by plat ing the pools on a host def ic ient  in pol  I  act iv i ty (9).
As expected, these hybr ids did not plate on a host def ic ient
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Visual izat ion of  p laques without v is ib le lawns by
staining with ethidiurn brornide. Cel ls of  the t ryptophan
auxotroph, LTI-  A 33, were grown overnight in rnal tose
rninirnal rnediurn supplernented with tryptophan (trp). The
cul ture was washed twice wi th lOrnM MgSQ, and starved
for  t rp  fo r  30  rn inu tes .  Approx i rna te ly  l0Fce l l s  were  in -
f e c t e d  w i t h  \ g t - \ B  ( 1 0 ' )  a n d  \ g t - E c  l 1 1 r  ( 5 0 0 )  a n d  p l a t e d  o n
g lucose rn in i rna l  p la tes  a t  37-C.  A f te r  Z  days ,  p la tes  were
sprayed with 0.  1 rng/rnl .  ethidiurn brornide and visual ized
by f luorescence with ul t raviolet  l ight .

500



G E N E  E X P R E S S I O N

in DNA l igase act iv i ty.  Agarose gel  e lectrophoresis of  DNA
frorn the hybrid phage cleaved with EcoRI endonuclease
gave the expected pattern for a lgt hybrid. The hybrid
frorn the K. aerogenes pool  has an inserted fragrnent of
6.5 kb 

" t t@roln 
th.  @ pool  has an

insert  of  10 kb.
The hybrids upon infection into E. coli produce

signi f icant pol  I  act iv i ty.  The pol  I  act iv i ty produced by
the phage behaves identically to purif ied polyrnerase I
s ince i t  is  resistant to N-ethyl  rnaleirnide and sensi t ive to
anti-pol I antibody. It has been shown that the hybrids do
not suppress the pol  I  lesion but rather contain the pol  I
genes (9),  Since this exper i rnent was done in lyt ic infect ion,
it is unclear whether transcription is frorn the norrnal pol I
prornoter or f rorn read-through frorn the \  prornoter.
Both hybr ids,  however,  contain the prornoter for  pol  I  (9) .
Heteroduplex analysis between the Aerogeg and
Pneurnoniae hybrids reveals a st"onffi i"" of hornology
in the inserted segrnents.  At  the DNA level ,  th is gene
seerns to be strongly conserved in these two organisrns.

Select ion of  bacter ia l  genes ernploving the lvsogenic state
of \.

Hybrid pools containing Lcoli, @
and @ were co-infected with an integration
helper to forrn double lysogens as stated in a previous
sect ion.  The gene for 3-enolpyruvylshik i rnate 5-P syn-
thetas" (at"  A) was isolated frorn @"nd
K. pneurnoniae, and the gene for chor isrnate synthetase
("t. C) was isolated frorn E. coli by cornplernentation of
an appropriate ar.rxotroph, The frequency of colonies able
to grow without any-rof the progtucts of the arornatic biosyn-
thet ic pathway ( ."o ' )  was 10-- .  When the cornplernent ing
phage was purif igd away frorn the_i;rtegration helper, the
frequency of  got  increased. to LO-" which is the expected
frequency of  double lysogen forrnat ion.  This represents an
enrichrnent of 1000 fold frorn the original hybrid pool.

Expression of  veast DNA in E. col i
At  th is stage, we decided to ernploy the lysogenic

select ion procedure on hybr id pools rnade with yeast DNA.
The rnutant used was a histidine auxotroph of E. coli
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(h is F,4631, I t  was chosen p'r i rnar i ly  because i t  reverts wi th
a  f requency  o f  less  than 10  " .  H is  B  codes  fo r  a  p roduc t
which is a bifunctional enzyme. It catalyzes both irnidazole
glycerol  phosphate ( IGP) dehydratase and hist id inol  phos-
phate phosphatase. His B.463 by enzyrnological and conr-
plernentat ion cr i ter ia lacks only the dehydratase act iv i ty.

When e i ther  o f  2  yeas t  hybr id  poo ls  werg  co- in fec-
ted with an integration helper inf,o h:!q 8463, his colonies
were found at  a f requency of  10 "  af ter  3 days. These are
not revertants s ince no revertants of  h is B.463 have ever
been found even after treatrnent with strong rnutagens.

One can i rnagine Erany possible art i facts besides
the tr iv ia l  case of  bacter ia l  revertants in a prel i rn inary
cornplernentation result of this kind. The following ex-
per i rnents were doge to rule out as rrrany of  these as pos-
sible (11).  The his '  colonies contSin \  prophages. l f  the
prophages are cured frorn the his '  colonies,  the resul t ing
strains are unable to grow without hist id ine and are in-

distinguishable frorn the original parent his 8463. The
double lysogens forrned were norrnal  by two cr i ter ia.  First ,
induction of thern resulted in equal quantities of two phqge.
Second, af ter  passaging the his colonies once in non-
selective rned.iurn, 5To ot theElonies becorne !if-. This
segregat ion is expected since i t  occurs by the reverse of  the
rec rnediated forrnation of double lysogens. r

Following induction of a culture of a his' colony,
the presurnptive cornplernenting phage was purif ied away
frorn the helper.  This phage is cal led \gt-Sc his.  When
Xgt-Sc his was integrated into t$e chromosorne of  h is 8463
with the integrat io,F helper,  h is '  colonies were obtained at
a f requency of  L0 This represents an enr ichrnent of
10, 000 fold f rorn the yeast hybr id pool .  This is the approx-
irnate frequency one would expec t to find \gt- Sc his in the
pool .  Therefore,  we have isolated a phage capable of

cornplernenting his 8463. The cornplernentation is not
dependent on the double lysogen technique. I t  is  possible
to integrate Xgt-Sc hij into his 8463 without the integration
helper and obtain his mlonies.  This occurs by abnorrnal
integration (that is, not at the bacterial attachrnent site)
and at very low frequency. Phage can be induced frorn
these single lysogens. The excis ion is inef f ic ient  as ex-
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pected  bu t  the  v iab le  phage induced are  ind is t ingu ishab le
f ro rn  \g t -Sc  h is  by  func t iona l  and he terodup lex  c r i te r ia .

Cornp le rnenta t ion  by  \g t -Sc  h is  i s  ex t re rne ly  spec i f i c .
I t  cornp le rnents  the  non- rever t ing  h is  8463 and another
h is  B  auxot roph lack ing  on ly  IGP dehydra tase  ac t iv i t y
(h is  B  2404)  wh ich  is  rever t ib le .  r t  does  no t  cornp le rnent
any other hist id ine auxotroph including his B rnutants which
lack both the dehyd.ratase and phosphatai lact iv i t ies.  This
is  cons is ten t  w i th  the  fac t  tha t  these two ac t iv i t ies  a re
separate er:zyrrres in yeast,  but  are part  of  the sarne poly-
peptide ir E_r_.ol!

The spec i f i c  cornp le rnent ing  phage ) ,g t -Sc  h is  i s  in -
deed a \gt  hybr id.  DNA rnade frorn the phage when cleaved
wi th  EcoRI  endonuc lease revea ls  an  EcoRI  f ragrnent  o f
10 .  3  t  U- inser ted  be tween the  Xgt  ends .

One i rnpor tan t  cons idera t ion  in  work  o f  th is  k ind  is
whether  the  DNA in  the  inser t  cornes  f ro rn  i t s  s ta ted  source .
Contarn ina t ion  o f  eukaryo t ic  DNA prepara t ions  w i th  bac-
te r ia l  DNA is  a  par t i cu la r  wor ry .  In  add i t ion ,  the  hybr id
phage poo l  has  been passaged th rough essent ia l l y  w i ld  type
E.  co l i  .  f f  the  hybr id  indeed conta ins  yeas t  DNA,  "P
label led cornplernentary RNA rnade using \gt-  Sc his DNA
as a ternplat  e should hybr id ize to an EcoRI f ragrnent of
y e a s t  D N A  w h i c h  i s  1 0 . 3  k b  i n  l e n g t h .  A c c o r d i n g l y ,  c R N A
rnade to  \g t -Sc  h is  was hybr td tzed across  a  ge l  o f  to ta l
yeas t  DNA cu t  w i th  EcoRI  endonuc lease by  a  techn ique
developed by Southei l12 ) .  A new preparat ion of  total
yeast DNA rnade in a di f ferent rnanner,  f rorn a di f ferent
s t ra in ,  and in  a  d i f fe ren t  labora tory  was used to  rn in i rn ize
contarni-nat ion.  Figure 3 shows an autoradiograph frorn
such an exper i rnent.  A s ingle band of  grains is c lear ly
ev ident  a t  a  pos i t ion  cor respond ing  to  a  length  o f  10-11  kb .
When cRNA was rnade to  the  \g t -  \B  vec tor  D j \A ,  no  hybr id -
iza t ion  was de tec ted .  There fore ,  no t  on ly  does  \g t -S .  b i r
DNA conta in  a  f ragrnent  o f  yeas t  DNA cor respond ing  to  a
sirni lar  s ized EcoRI f ragrnent in total  yeast Dl \A,  but in
add i t ion ,  the  f ragrnent  has  probab ly  no t  been rear ranged
wi th  c lon ing  and propagat ion  in  E .  co I i .

Two conclusions can be drawn frorn the nature of  the
se lec t ion  sys tern .  F i rs t ,  the  yeas t  DNA lnus t  code fo r  a
d i f fus ib le  p roduc t .  There  can be  no  spec i f i c  s i te  e f fec ts  on
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Figure  3
Autoradiography. 1) Autoradiograph of

\gt-  ) .8 DNA hybr id i  zed to total  ESSRI c leaved

Z)  Autorad iograph o f  cRNA to  ) .g t -S .  h : i s  DNA

to  to ta l  EcoRI  c leaved Yeast  DNA.
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the  E.  co l i  h is t id ine  operon because on ly  a  very  spec i f i c
c lass  o f  h is t id ine  auxot rophs  is  cornp le rnented  and because
attachrnent s i te for  \  prophages does not rnap near the his-
t id ine  operon.  Second ly ,  t ranscr ip t ion  necessary  fo r  the
cornplernentat ion is probably in i t iated in the segrnent of
yeast Dr\A. Since the cornplernentat ion occurs in a \
l y s o g e n ,  \  p r o r n o t e r s  a r e  s t r o n g l y  r e p r e s s e d .  S t r o n g  s u p -
por t  fo r  these conc lus ions  cornes  f ro rn  the  fac t  tha t  the
cornplernentat ion is independent of  the or ientat ion of  the
f ragrnent  o f  yeas t  DNA wi th  respec t  to  \ .  \g t -Sc  h : !5  was
c leaved w i th  EcoRI  endonuc lease and resea led  w i th  DNA
l igase.  A  phage was iso la ted  wh ich  conta ined the  yeas t
fragrnent in an inverted or ientat ion as deterrnined by
heterodup lex  ana lys is .  The invers ion  \g t -Sc  h is t  corn-
plernents his 8463 with an equal  ef f ic iency as the or ig inal
i s o l a t e d  \ g t - S c  h i s .  T h e r e f o r e ,  u n l e s s  t h e r e  a r e  t w o  a s  o f
yet  unknown ) .  prornoters,  t ranscr ipt ion rnust be in i t iated in
the  yeas t  f ragrnent .

Express ion  o f  th is  f ragrnent  o f  yeas t  DNA is  no t
dependent  on  a  \  vec tor .  The f ragrnent  has  been c loned in
pMB 9  and pSC 101.  When these hybr id  p lasrn ids  a re  t rans-
fo r rned in to  h is ,8463,  a l l  te t racyc l ine^res is tan t  co lon ies
t e s t e d  w e r e  h F  a t  3 0  a n d  3  7 0 .  A t  4 Z o  h o * . . r " r ,  t h e y  w e r e
h i " -  ind ica t in [ tha t  express ion  o f  the  yeas t  DNA is  te rn-
pera ture  sens i t i ve .  Th is  cornp le rnenta t ion  has  been re -
cent ly  conf i r rned by  Bar ry  Ratzk in  and John Carbon a t
S a n t a  B a r b a r a .  U s i n g  t h e i r  p o o l  o f  c o l - E 1  - y e a s t  h y b r i d s
wh ich  were  genera ted  in  a  d i f fe ren t  rnanner ,  and a  se lec t ion
sys tern  depend ing  on  F '  rned ia ted  t rans fer  o f  the  co l  E l
fac to r ,  they  have iso la ted  a  hybr id  wh ich  cornp le rnents
h i s  8 4 6 3 .

We be l ieve  tha t  there  is  func t iona l  genet ic  express ion
of  eukaryo t ic  DNA in  E .  co l i .  The ques t ion  is  whether  the
yeas t  DNA in  \g t -S . l "E l7*11y  codes  fo r  the  yeas t
s t ruc tu ra l  gene fo r  IGP dehydra tase  (h is  3 ) .  I t  i s  s t i l l
forrnal ly possible that  the product f rorn the Sc his f ragrnent
suppresses  the  h is  B  les ion  in  sorne  rnanner .  Wu th ink
tha t  the  poss ib i@ o f  suppress ion  is  ex t re rne ly  un l i ke ly .
F i rs t ,  i t  i s  d i f f i cu l t  to  conce ive  o f  how the  produc t  o f  a
segrnent  o f  yeas t  DNA cou ld  suppress  a  rnu ta t ion  wh ich  is
non-suppress ib le  by  any  E.  co l i  rnechan is rn  even a f te r
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t rea t rnent  w i th  s t rong rnu tagens.  Second,  a  suppressor
would have to cornplernent two di f ferent IGP dehydratase-
less  rnu tan ts ,  one non-  rever t ib le  and one rever t ib le  ,  ye t
not cornplernent any other hist id ine auxotrophs including
his B rnutants lacking both act iv i t ies.  And third,  IRNA
s u p p r e s s i o n  h a s  b e e n  r u l e d  o u t  s i n c e  X g t - S c  h i s  D N A  d o e s
not  de tec tab ly  hybr id ize  to  yeas t  t rans fer  RNA (T .  S t .  John
and K. Struhl ,  unpubl ished).  We bel ieve that the rnost
l ikely explanat ion for  the data is that  the yeast structural
gene fo r  IGP dehydra tase  is  be ing  t ranscr ibed w i th  su f -
f i c ien t  f ide l i t y  to  p roduce a  yeas t  p ro te in  wh ich  can corn-
plernent the his 8463 lesion. In any event,  we have shown
that there is i lc t ional  genet ic expression of  eukaryot ic DNA
i n  E .  c o l i .
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