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ABSTRACT:  The  bac te r iu rn  E .  cg l i  can  t ransc r ibe  and  t rans la te  a  c loned

segment of  eukaryot ic  DNA wi th suf f ic ient  f idel i ty  to resul t  in the s_"-r thesis

of  a protein which is  enzymological ly  and physio logical ly  s i rn i lar  to the

predicted eukaryot ic  protein.  The amount of  enzyrr le act i . r i ty  produced as a

resul t  of  funct ional  genet ic expression of  th is eukaryot ic  DNA in E.  col i  ap-

proaches the arnount resul t ing f rorn the analogous E.-  gol i  gene. This c loning

of  such a eukaryot ic  gene in E.  col i  represents a good rnodel  systern ior

synthesis of  polypept ides,  such as insul in,  which have c l in ical  appl icat ions.

INTRODUCTION

Many rnedical ly  important  polypept ides such as insul in are current ly

i so la ted  d i rec t l y  f ro rn  an ima l  sou rces .  Some,  such  as  somatas ta t i n ,  a re

rnade in smal l  arnounts and consequent ly such agents are di f f icul t  to obtain.

O the rs ,  such  as  insu l i n ,  t hough  ob ta inab le  w i th  reasonab le  ease  a t  p resen t ,

wi l l  become increasingly more di f f icul t  to obtain in the next . ten years.

Obviously,  i t  would be of  great  pract ical  benef i t  to produce large guant i t ies

of  these rare c l in ical ly  useful  agents,  For t reatment of  luman condi t ions

such as diabetes,  i t  would c lear ly be opt imal  to obtain hurnan insul i : r  instead

of re lated mamrnal ian subst i tutes.

A prornis ing approach for  both these problems is to isolate the gene coding

for  a g iven polypept ide and to int roduce i t  s tably into E.-col i ,  and to have the

bac te r iu rn  syn thes ize  the  des i red  po lypep t ide  in  Ia rge  (essen t ia l l y  l i r n i t l ess )

amounts.  Such an approach rvould involve the recent ly  developed reccrnbinant

DNA techno logy .

Recombinant DNA is the name given to rnolecutes w'hich resul t  i rorn the

physical  jo in ing of  two or  rnore previously separate D) iA rnolecules.  I f  one

o f  these  rno lecu les ,  when  jo ined ,  i s  a  bac te r ia l  rep l i con ,  be  i t  p las rn id  o r

bac te r iophage ,  such  reco rnb inan t  DNA can  be  p ropaga ted  in  E .  co l !  i he

rep l i con  (o r  vec to r )  and  the  fo re ign  DNA.  There fo re ,  th i s  tec .hno log r  enab les

one  to  c lone  a l rnos t  any  segment  o f  DNA f ro rn  any  o rgan ism and  to  p rese rve

i t ,  by repl icat ion in E.  col i  as recorrrb inant  DNA. Sirnply by v i r fue of  the fact
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that  large quant i t ies of  a pure DNA segment are obtainable,  st ructural  s tudies

of  genes,  chromosornes,  and genornes are now under way.

The quest ion to be addressed in th is paper is  whether c loned eukaryot ic

DNA can be funct ional ly  expressed in E.  col i .  In other words,  can E.  col i

transcribe and translate a segrnent of foreign DNA with sufficient fidelity such

that the protein coded for by this DNA function in an E. co_li environment.

The basis of  these exper iments is  thatr i f  DNA can be funct ional ly  expressed,

then a genetic selection should allow for isolation of the hybrid of interest.

Such a selection could be the cornplernentation of a specific bacterial atrxotroph.

For eccample, a histidine ar:rcotroph can not grow unless the rnedia is supplernen-

ted.  wi th h ist id in+ because an enzfme necessary for  h ist id ine biosynthesis

is non-functional, If a cloned eukaryotic segrnent is expressed so that the

analogous eukaryotic protein is sy:nthesized in functional forrn, ar:xotrcphic

cells containing such a eukaryotic segment sbould be able to grow in the

absense of  added hist id ine.  The approach therefore has been to rnake a

col lect ion of  hybr ids represent ing rnost  of  the genome of  a part icular  species

(in this case, yeast) with bacteriophage I, and to geneti.cally select for a

spcci f ic  hybr id f rorn such a pool  of  hybr ids.  There are three basic reasons for

these exper i rnents.  Fi ret ly ,  they provide model  systems for  designing stra ins

of  E.  col i  which can overproduce proteins of  pract ical  benef i t .  Secondly,  they

provide for  rnethods for  select ing and c loning a wide var iety of  def ined genes

for  which no other select ion systern is  appl icable.  And th i rd ly,  they al low for

the synthesis of  probes for  studying speci f ic  and coordinate gene regulat ion in

eukaryotes of  typical  st ructural  genes.

In th is paper,  we address ourselves to three issues concerning the

cornplernentation of a histidine auxotroph by a segrnent of yeast DNA.

l. The guestion of functional genetic expression of eukaryotic DNA in E. coli.

Z.  Fidel i ty  of  expression as deterrn ined by the enzyrnological  character izat ion

of the activity in cells containing the expressed eukaryotic DNA segrnent.

3.  Level  of  expression as deterrn ined by a physio logical  character izat ion

of  st ra ins contain ing the expressed eukaryot ic  DNA fragment.

RESULTS

Cloning veast  DNA in bacter iophage X; construct ion of  hybr id pools

The c loning vector  for  these exper i rnents was developed by Thornas,

Carneron,  and Davis ( I )  and N{urray and Murray (Z).  There are two s i tes in

the  vec to r  ( \g t - IB )  wh ich  a re  recogn ized  by  EcoRI  endonuc lease .  No  genes

essent ia l  for  \  growth are located in the rn iddle EcoRI f ragrnent.  To forrn

hybr id rnolecules,  one separately c leaves the vector  and the yeast  DNA rv i th
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ESIRI , rnixes, and seals with DNA ligase via the cohesive ends generated by

E.gRI endonuclease (3) .  These rnolecules are t ransfeeted for  p laques into an

E. col i  s t ra in which does not  restr ic t  foreign DNA (rK-)  by the method of

Mandel and Higa (4). Various kinds of molecules are generated by this pro-

cedure. A rnolecule consisting solely of the left and right ends of Xgt, while

containing all the essential genes for \ growth , is too short to be packaged

and is not viable. A viable rnolecule (one that results in a plaque) rnust contain

an EcoRI fragrnent inserted between the ).gt ends. The viable phage are there-

fore either hybrids containing yeast DNA or the original vector trgt- LB. By

using appropriate conditions (1) , greater than 90% of the plaques are hybrids.

Following transfection, the plaques are scraped to form a hybrld pool which is

then passaged once on a rK-rnlt* strain to forrn a high titer stock which is K

rnodified. Phage in such a pool can infect any strain of E coli which is

sensitive to )t infection.

This system for cloning DNA is not general since only EcoRI fragments

between the size of I and 15 kilobase (kb) pairs can be cloned. In addition,

large fragrnents will render the viable phage unstable, and small fragrnents will

be inserted at  a lower f requency.

GENETIC SELECTION TECHNIQUES

\,  being a temperate phage can repl icate act ively as a ly t ic  v i rus or

passively when i r r tegrated into the E.  col i  chrornosorne as a stable lysogen.

Select ions can be perforrned when X is in e i ther the ly t ic  or  lysogenic state.  In

both cases,  a hybr id pool  f rom yeast  is  put  through a select ive process in order

to isolate a speci f ic  hybr id of  interest .  The essent ia l  feature of  such genet ic-

select ions is  that  the inserted DNA be funct ional ly  ecpressed in the E.  col i  cel l .

W'e have developed a lysogenic select ion technique to select  for  a hybr id phage

which when integrated into the chrornosorne of  an E.  col i  auxotroph al lows the

cel l  to grow in the absence of  the arrxotrophic requirement.  A11 hybr id phage

are deleted for  the integrat ion gene ( in! )  and the phage at tachrnent s i te (g! ! I  .

However,  the hybr ids can be integrated into the E.  col i .  chro:-nosome by co-

infect ion wi th an integrat ion helper phage which is  int*at t+ or  by infect ion of  a

p re -ex i s t i ng  l ysogen .  Th is  doub le  l ysogen  fo r rna t ion  i s  med ia ted  by  bac te r ia l

genera l  reco rnb ina t ion  and  occurs  a t  a  f requency  o f  t% (5 ) -  Th i  s  se lec t i on

techn ique  regu i res  tha t  the  inse r ted  p iece  o f  DNA con ta in  a  t ransc r ip t i on

in i t i a t i on  s i te  s ince  the  \  p romote rs  i n  \g t  a re  de le ted  o r  s t rong ly  rep ressed ,

EXPRESSIONI OF YEAST DNA IN E COLI

We emp loyed  the  l ysogen ic  se lec t i on  p rocedure  on  hyb r id  poo ls  rnade  w i th -

yeast  DNA. The rnutant  used was a hist id ine auxotroph of  E.  col i  (L lg 8463)

t -
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I t  was chosen pr i rnar i ly  because i t  reverts wi th a f requency of  less than 10- l l

His B codes for  a product  which is  a b i funct ional  enzyme. I t  catalyzes both

imidazole glycerol  phosphate ( IGP) dehydratase and hist id inol  phosphate phos-

phatase.  His 8463 by enzyrnological  and cornplernentat ion cr i ter ia lacks only

the dehydratase act iv i ty .

lVhen ei ther of  two yeast  hybr id pools were co- infected wi th an integrat ion

helper into h is 8463, f r !g-*  colonies were found at  a f requency of  l0-8 af ter  3

days.  These are not  revertants s i : rce no revertants of  h is 8463 have ever becn

found even after treatment with strong rnutagens.

One can i rnagine rnany possib le ar t i facts besides the t r iv ia l  cage of  bacter-

ial revertants in a prelirninary corrrplernentation result of thie kind. The

fol lowing exper i rnents were done to ru le out  as t r rany of  these as possib le (6) .

The his*  colonies contain \  prophages.  I f  prophages are cured f rorn the his 
*

colonies,  the resul t ing stra ins are unable to grow wi thout  h ist id ine and are

indist inguishable f rorn the or ig inal  parent  h is 8463. The double lysogens forrned

were norrnal  by two cr i ter ia.  F i rst ,  induct ion of  them resul ted in equal

quant i t ies of  two phage. Second, af ter  passaging the his*  colonies once in non-

select ive med, ium, 5% of  the colonies becorne his- .  This segregat ion is  expected

since i t  occurs by the reverse of  the rec rnediated forrnat ion of  double lysogens,

Following ind.uction of a culture of 
" b1!+ colony, the presurnptive corn-

plernenting phage was purified away frorn the helper. This phage is called

\gt-Sc his.  When \gt-Sc his was integrated into the chrornosorne of  h is 8463

with the integrat ion helper,  -b!"*colonies were obtained at  a f reguency of  l0-4

This represents an enr ichment of  10,000 fo ld f rorn the yeast  hybr id pool .  This

is the approxirnate frequency one would expect to find Xgt-Sc his in the pool.

Therefore,  we have isolated a phage capable of  complement ing his 8463. The

complernentat ion is  not  dependent on the double lysogen technique.  I t  is  possib le

to integrate \gt-Sc his into h is 8453 wi thout  the integrat ion helper and obtain

hi"+ 
"otonies.  

This occurs by abnorrnal  integrat ion ( that  is ,  not  at  the bacter ia l

at tachrnent s i te)  and at  very low f requency.  Phage can be induced f rorn these

single lysogens.  The excis ion is  inef f ic ient  as expected but  the v iable phage

induced are indist inguishable f rom \gt-Sc his_ by funct ional  and heteroduplex

c r i te r ia-

Cornplementat ion by \gt-Sc his is  extrernely speci f ic .  I t  cornplernents the

non-revert ing his 8463 and another h is B auxotroph lacking only IGP dehydratase

act iv i ty  (h:11n2+04) which is  revert ib le. .  I t  does not  cornplernent  any other

hist id ine auxotroph including his B rnutants which lack both the dehydratase and

phospha tase  ac t i v i t i es .  Th is  i s  cons is ten t  w i th  the  fac t  tha t  these  tw-o  ac t i v i t i es

are separate enzyrnes in yeast ,  but  are part  of  the sarne pol .ypept ide in E.  col i .
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The speci f ic  complernent ing phage \gt-Sc his is  indeed a l ,gt  hybr id.  DNA

rnade f rorn the phage when c leaved wi th FlcoRI endonuclease reveals an EcoRI

fragrnent of  10.  3 kb inserted between the \gt  ends.

One i rnportant  considerat ion in work of  th is k ind is  whether the DNA in the

insert  cornes f rorn i ts  stated source.  Contarninat ion of  eukaryot ic  DNA pre-

parat ions wi th bacter ia l  DNA is a part icular  worry.  In addi t ion,  the hybr id

phage pool  has been passaged through essent ia l ly  wi ld type E.coJi ,  I f  the hybr id

indeed contains yeast  DNA, 
'2O 

l "b. , Ied cornplernentary RNA made using

).gt-Sc his DNA as a template should hybr id ize to an EcoRI f ragment of  yeast

DNA which is  10.3 kb in length.  Accordingly,  cRNA rnade to Xgt-Sc his was

hybr id ized across a gel  of  tota l  yeast  DNA cut  wi th EcoRI endonuclease by a

technique developed by Southern (?) .  A new preparat ion of  tota l  yeast  DNA made

in a different rnanner, frorn a different strain, and in a diffcrent laboratory

was used to rninirnize contarnination. As published in reference 6, an auto-

radiograph frorn such an experiment reveals a single band of grains at a position

corresponding to a le: rgth of  10-11 kb.  When cRNA was made to the \gt- IB vector

DNA, no hybr id izat ion was detected.  Therefore,  not  only does \gt-Sc his DNA

contain a fragrnent of yeast DNA corresponding to a sirnilar sized gg-g.Rl

fragrnent in total yeast DNA, but in addition, the fragment has probably not been

rearranged wi th c loning and propagat ion in E.  col i .

Two conclusions can be drawn frorn the nature of  the select ion s.ystem.

First ,  the yeast  DNA rnust  code for  a d i f fus ib le product .  There can be no spe-

ci f ic  s i te ef fects on the E.  col i  h ist id ine operon because only a very speci f ic

class of histidine auxotrophs is cornplernented and because the attachrnent site

for  ) .  prophages does not  rnap near the hist i { ine operon.  Secondly,  t ranscr ipt ion

necessary for  the complernentat ion is  probably in i t iated in the segment of  yeast

DNA. Since the cornplementation occurs in a \ lysogen, )', promoters are strongly

repressed. Strong support  for  these conclusions corrres f rorn the fact  that  the

cornplementation is independent of the oreientation of the fragrnent of yeast DNA

with respect  to \ .  \gt -Sc his was c leaved wi th EcoRI end,onuclease and resealed

with DNA l igase.  A phage was isolated which contained the yeast  f ragrnent in an

inverted oreientat ion as deterrn ined by heteroduplex analysis.  The invers ion,

Xgt-Sc hisr  cornplements h is 8463 wi th an equal  ef f ic iency as the or ig inal  isolated

\gt-Sc his.  Therefore,  unless there are two as of  yet  unknown \  prornoters,

t ranscr ipt ion rnust  be in i t iated in the yeast  f ragment.

Expression of  th is f ragrnent of  yeast  DNA is not  dependent on a L vector-

The  f ragment  has  been  c loned  in  pMB9 and  pSClO l .  When  these  hyb r id  p las rn ids

a re  t rans fo r rned  in to  h i s  8463 ,  a l l  t e t racyc l i ne  res i s tan t  co lon ies  tes ted  were

bi"-  This cornplementat ion was conf i rmed by Barry Rat<kin and John Carbon
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at Santa Barbara.  Using their  pool  of  col -El  yeast  hybr ids which were generated

in a d i f ferent  manner,  and a sel .ect ion systern depending on Frrnediated t ransfer

of  the col  El  factor ,  they have isolated a hybr id which cornplernents h is 84f i .

/ Strains of E. coli able to grow in M9 rninirnal rnediurn nust be able to

synthesize funct ional  IGP dehydratase.  Therefore,  merely assaying der iv i t ives

of hlj F,463 which contain the cornplementing yeast DNA in any particular cloning

vehic le for  IGP dehydratase is  not  re levant  to the quest ion of  the nature of  the

complernentation. Firstly, a level of expression sufficient for growth may not

be detectable by a part icular  assay.  And secondly,  IGPD act iv i ty  in such cel ls

does not distinguish between functional expression of a yeast structural gene and

suppression of the original rnutation of his E}463.

To conclusively ru le out  suppression of  the his B locus,  the yeast  DNA

cloned in pMB9 was introduced into a strain of E. coli deleted for the entire

histidine operon (his a61). Selection and maintenance of this event was via the

plasmid coded t ra i t  for  resistance to tetracycl ine s ince the resul t ing stra in

would not grow without added histidine. The straig Ahis (pMB9- Sc his ), had

signi f icant  IGPD act iv i ty  in contrast to the parent  h is 461 (Ahis) .  Both his 461

and the der ivat ive contain ing pMBg-Sc his had no hist id inol  phosphate phos-

phatase act iv i ty  as expected f rorn the genotype.  The resul ts wi th h is 8463

and the plasrnid derivative were similar with the expected, difference that both

stra ins had wi ld type levels of  h ist id inol  phosphate phosphatase.  This exper iment

provides di rect  evidence that  the IGPD act iv i ty  dependent upon c loned yeast  DNA

is rneasurable by an enzyrrre assay of  a crude extract  and that  the act iv i ty  and

the cornplernentat ion is  not  the resul t  of  suppression of  the E.  col i  h is B protein.

LEVEL OF EXPRESSION

The level of functional genetic expression of eukaryotic DNA in E. coli was

assayed in three urays.  The f i rs t  was by the growth rate in the absence of

hist id ine (growth dependent upon the c loned yeast  segment) .  The second was by

the growth rate in the presence of  a speci f ic  inhib i tor  of  IGP dehydratase (arnino-

t r iazole) .  The th i rd rnethod was by rneasurernent of  enzyme act iv i ty  levels in

crude extracts.  The basic resul t  is  that  r r lore enzyrne act iv i ty  is  produced when

the yeast  segrnent is  c loned in a p lasmid vector  than when i t  is  c loned in a \  vec-

tor .  This is  not  surpr is ing s ince plasrnids are present in r r rany copies per cel l ,

whi le \  in  the lysogenic state is  present in only one copy per cel l .  The se_cond

resul t  is  that  the expression of  the yeast  segrnent when c loned in a p lasrnid vector

approaches the level  of  the analogous E."ol i  gur. ,  The growth rate of  the

plasrnid der ivat ives in the absence of  h ist id ine is  approxirnately equal  to the rv i ld

type E.  col i -  rate,  whi le in the \  der ivat ives i t  is  rnore than 50% slower.  h the
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presence of  arninotr iazole (a compet i t ive and speci f ic  inhib i tor  of  IGP dehydra-

tase, the ), derivatives are strongly inhibited for growth even at relatively low

concentrat ions of  the inhib i tor  ( lmM).  The plasmid der ivat ives require h igher

dosages (lOn:M) of arninqtriazole for inhibition to the sarne degree. It should

be pointed out that selection of colonies able to grow in high concentrations of

aminotriazole should result in strains which overproduce the eukaryotic IGP

dehydratase. ' lVhen extracts of various derivatives. <o ntainiag the yeast DNA

are assayed for IGP dehydratase activity, it ie found that the plasrnid derivatives

have 50- 80% of. the wild type F. coll levels. The \ derivatives have about 10%

of the wild typE level.

FIDELITY OF EXPRESSION '

The fidelity of this functional genetic expression of eukaryotic DNA in

E. col i  was assessed by an enzyrnological  character izat ion of  the IGP dehydra-

tase activity found in cells containing the Sc his fragrnent and lacking any of the

E. col i  h ist id ine enzymes. The IGP dehydratase react ion is  the Mrr++ catalyzed

dehydratation of irnidazole glycerol phosphate to imidazole acetol phosphate.

The I'yeast in coli" activity rr, 'as cornpared to the analogous activity in wild type-

strains of yeast. Both actirrit ies have a pH optirnurn of around 7. 5 and beccrrre

very inact ive as the pH becornes higher than B.  Th" E _"gl i  act iv i ty  has a

broader range with an optirnurn of 8. 1 and significant activity at pH 9. The

aff in i ty  for  IGP (as rneasured by the Krn) for  both act iv i t ies was abqut 3O0, 'M.

The concentrat ion of  Mr,**  necessary for  hal f  maxirnal  act iv i ty  in both cases

was about 20 rn icrornolar .  Both therryeast  in col i ' r  and the wi ld type yeast

activities were inhibited compe;itvely by arninotriazole and phosphate ion.

The inhibition constant (Ki) for arninotriazole was about 25 rnicrornolar and

the that for phosphate ion was about 2rnM. Since the assay is not very accurate,

these deterrn inat ions could be as i rnprecise as factors of .3 to 5.  However,  i t

is  c lear that  the s i rn i lar i t ies between the i lyeast  in col i "  act iv i :y  and the wi ld

type yeast  act iv i ty  are qui te str ik ing.  One f inal  s i rn i lar i ty  is  the speci f ic  re-

guirernent of Mn**. Substitution of this requirement by the divalent cations of

rnagnesiurn,  calc ium, or  z inc are not  ef fect ive in promot ing IGP dehydratase

act iv i ty .  Frorn these exper iments,  we conclude that  the f idel i ty  of  expression

is qui te good. However,  the exact  nature of  the product  is  st i l l  open to quest ion.

I t  is  qui te possib le that  the product  rnay have addi t ional  arnino acids or  lack

certa in arnino acids when cornpared to the bonaf ide yeast  protein.

SUMMARY

We have isolated a segrrrent  of  yeast  DNA by rnolecular  c loning which

t7l



cornpternents a histidine auxotroph of E. coli . We conclude the following:

1)  There is  funct ional  genet ic expression of  eukaryot ic  DNA in 9col i .

2 l  Transcr ipt ion necessary for  th is exprassion is  in i t iated in the segrnent of

yeast  DNA.

3) By v i r tue of  th is expression,  a yeast  cod.ed IGP dehydratase is  synthesized

in E.  col i

4l The level of expression is quite respectable. The level of yeast enzyrne

activity approaches the level found in wild type strains of E. coli .

5) The fidelity of, expression as deterrnined by an enzymological characterization

of the yeast coded activity is quite high.
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