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XDERTIFICATION AND PURIFICATION OF A ~EPTIDE
SEGHMENT OF THE BETA-GALACTOSIDASE OF
- ESCBERICHIA COLI BY CUIPLE-
HENTATION IN VITRO

Agries Ullmann, David Perrin,
Francois Jaccb, Jacques
Monod

Several convergent series of observations have indi-
cated that [ -galactosidase of Escherichia coli is an
oligomeric emzyme consisting of four identical sub-units or
protomeres. Each has & molecular weight of approximately
130,000 (Cohn, 1957; Perrin, 1963; Zipser, 1953). It is not
known whether the protomere with & molecualr weight of
approximately 130,000 consists of several different peptide
chains, That this mighy “e the case was suggested by dif-
ferent observations, but none was sufficiently convincing
until now (Wallenfels, Sund, Weber, 1963; Zabin, 1963; Weber,
Sund, Wallenfels, 1964; Craven, Steers, Anfinsen, 1964),

On the other hand, based on the frequencies of
intragenetis secombinationa, it wasg estimated that the gene
structure of § -galactosidase ought to consist of about
3,500 nucleotides (Jacob and Monod, 196la), and thut its
dimensions ought to be compatible with the molecular weight
of the protomere., On that gene, different point mutations,
when grouped in the trans position in diploid, heteromero-
zygotic bacteria, produced the phenomenon of couplementation,
Complementation was alsc observed in vitro in orude or
purified mixtures of extracts from simpla mutants (Jecob and
Monod, 1961b). Utilizing these results, a complementation
map was oonstruoted and showed a complexity inoomputible
with the hypothesis that the observed aotivity could be
attributed to the reassociation of different peptides, each
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corresponding to a definite segment on the gene z. Expressed
differently, it seemed that complementaiion among point mu=-
tations was more of the intracistronic types than of the inter-
oistronio type {Perrin, 1963)}. :

Meanwhile, in faot, quice recently, we were able to
iasclate from B, 00li K-=12 a series of delstions more or less
located on gene Z (Jacob, Ullmamm, Monod, 1964}, Assays of
- complementation ococcurring betwesn these deletions and diverse
point mutants have indlioated that all deletions, not located
beyond marker 242, zave & positive complementation with ell
point mutants located bstween marker 178 and the end of gene
gz (Fig 1, Table 1). Reciprocally, deletions pear marker 178
did not form any complementation with any end mutations.

These cobservetions suggested that gens g accomodated
effectively several (at "“sast two) distinctive segments,
saoh determining the atructure of a different pseptide; each

ptide being an essential oonstituent of the protomers of

? -galactosidsse, To verify that oconolusion, we have tried
to dring about the complexmentation in in oxrder to -
tg and $4:5%i0y the peptids produs e end ssgment (§2)
of gene z,
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Fig 1., 8Schematio representation of the
atructural gens of B -galactosidase of
E,00143: genetic and complementation map

The figures and letters placed above the thiok line
represent point mutations on gens g, the determinant of the
stiucture of § -galactosidase. O = operator; p = promoter;
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y = structural gene of 5-galactoslda permease, Figures
below the thick line represent frequencles of observed recom=-
binations in crossee between two point mutants, The rec-
tangles in the lower vdortion of the %-raph represent the
delstionas: M15 isolated by Beckwith (1964), 4680 isolated by
Cock and Lederberg (1962), 05,B9 and 02 isolated by Jacobd

et al (1964). + and - signs represent the results of oom=
plementations for P -galactosidase activity made in vivo

with heterogenotes cbtained by sexdustion and scored on EMB=
lactoge agar. Each sign corresponds to an aotual result
with hetercgenotes present., The deletion is shown on the
game horizontal line, as well as the point mutation which is
shown on the same vertical line. + indicates complementatlon
effioiency, + weak complementation, - complementation not
deteotabls,

Table 1

Production of f -galactosidase by heter~-
gygous ocultures diploid for gene z

Mutations Mutations on the sexual episome Haploid

on the M1s os B9 02 sontrol
chromosome
Live ol 168 <1 » <1
v 2500 U1 16¢0 *1 u,xls
= i 985 920 < <
‘ Z{', ¥ 1276 980 <1 .
haploid <1 <1 <l <1

control

# Not measured

tures were grown in ¢ minimal medium with glycerol

and 10 M isopropylthiogalactoside. The figures represent
enzyme units per mg of dry weight of bagtaria. Under these
conditions, a bmoterium haploid for Lag” produced about 8,000
enzyme units, A unit is defined nat quantity of enzyme
?ioh in @ solution of 2.7 x 10"/ M of orthonitrophenyl

-D-galactoside hydrolyses 1 mpmole per minute at 282C in a
0.] M sodius phosphate buffer, i 7.0, containing 1073 n
Mg<" and 0.1 X S -meroaptoethanol,
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When an extract of point mutant 908 was used as an
hegoeptor® and when increasing concentrations of an extract
of deletion B9 were added, S -galactosidase activity gradually
apgevred. Maxipum ectivity was obtained after 60 minutes at
28°C ia the presence of a fixed quantity of mutant 908 ex- _
tract, The aoctivity remained stable and proporiional to the .
ooncentration of extract B9 (Pig 2).
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Pig 2. Dosage of the complementation fraoctiozn
of culture B9, Increasing quantities of
the purified fraction of peptide
woere added to a orude extract of !
baoterial culture 3908

Curve 1: 6.2 mg of S908 proteins, Curve 2: é
5.1 mg of 8908 proteins, Pinal total volume

was 0.2 ml. Dosags of £-galactosidase was ‘
measurad after 60 minmites of inoubation at
28°C under oonditions dssoribed in Table 1.

Utilizing the above prooedursc, the peptide produced
by onlture B9 was fraotionated by the following technique:

1) Daotsria were aonically disintegyated (1 gm !ns
welght per 1.5 ml) in a tris-buffer 2 x 10~< H, NgOOy 10-< X,
PR 7.2.
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2) Spermine 0.2 M, pH 7.4, 0.1 volume, was added and
the precipitate was discarded. The superna’ant was treated
with DNase and RNese (10 AMg/ml) and dlluted in the above
buffer solution to give 10 mg of protein per ml. The large
amount of preciplitate which formed was discarded,

3) Ammonium sulfate (neutralized) was added tc the
supernatant to 40% saturatiop. The precipitate was dissol
in buffer: Na HPO4 2,5 x 107 » MgSOy 10=7 M, Hnng 2x1
M, Mg Titriplex 2 x 10-3 M, § -mercaptoethanol 10-2 M, adjusted
to pH 7.0 with HC1 and dialyzed for 18 hours at 0°C against
the same buffer solution,

%) Column chromatography was through Sephadex G 100
squilibrated with the same buffer solution at 18°C.

5) PFractions with maximum activity of oomplementation
wers combined and reprecipltated with smmonium sulfate, 55%
saturat.on, The preclpitate was dissolved in the buffer and
again dialyzed as above, The precipitats which appearsd after
18 hours was discarded,

In the presence of a orude extract of oculture 908,
containing 40 mg of protein, fractions thus.y purified
yielded 3,000 unite of GZ per mg of protein or about 200 times
more than prior to fractlonation. How.ver, it was not possi-
ble to define the specific activity of the preparation be-
cause the activity obtained remained a non-linear funotion of
the concentration of the acceptor extract (908), as well es
that of fraotion "1 " (Fig 2). Complementation, ordinarily
in a stable states, lead to an equilibrium resction, and we
wust edmit that only a portion of peptide "R " present in the
praparation partiocipated effectively in the formation of
aosive molesules, This could bae explained, at least in part, :
by the fact that the -pecifio activity obtained ger ng of 7:
protein of the purified fraction "SI " was some 100 times
weaker than that of the total peptide " X" which partioipated
in the formation of enzyme molecules whose s&otivity was equal
to that of normal enzyme moleonles, The complemsntation
fraotior. "1" appeared to be homogeneous after contrifugation
in a suocrose gradient which indicated (by oomparison with
apprepriates samples) & sedimentation coeffiocient of 3,15,
Thig coaffioiant of sodimantation suggested that the moleou-
lar weight of paptide "§1*" might bes of the order of 30,000 -

, 000,
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Pig 3. Sedimentation of peptide nGQly 1n
a gucrose gradient,

A solution containing 800 Mg of purified
fraoction "S2% (8ee text) and 10 ug of puri-
fied alkaline phosphatass were centrifugsd
in a linenr suorose gradient (5 nml of a
soluticn of 5-20% suorose in a SW 39 centri-
fuge fur 17 hours at 39,000 rpm). The
phosphatase activity was assayed by the
hydrolysis of p-nitrophenylphosphate and the
peptide "QQ* by oomplementation of an extroot
fro; ou%turc 8908 under conditions desoribed
in Pig 2.

The faot that a deleticva, correasponding to about two-
thirds of gene g, synthesized a p.otein with & moleculsar
weight of one-third to one~fourth of that of the protomers of

B ~galactosidase, 1tself an insotlve frsction, but capable of
roaotivating the protein produoced by different point mutants,

corresponding to the intact rsgion of gens £ in the deletion,
dces not neceasarily prove that this peptide exiets in the
;motom of the wild trr. In fact, ons Bay ask whéther the
ormation of the poghi e segnent of #-galaotosidase might not
of the delation iteself and whether its
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complementation astivity might nct be explained by the
phenomenon of a repalr rsassociation, comparable to that
observed with certain artificially detached peptides of ri-
bonuclease,

If this was the case, one must expect that the comple-~
mentation fraction vroduced by the extension deletions of
the much weaker culture B9 would show characteristios (espe-
clally with respect to molecular weight) different £-om those
of fraction "Q", We have subsequently repeated the same
fraotionation, using three differsnt bacterial cultures. One
culture wae the deletion BY already mentioned, i..lle the
other two were much weaker extension deletions (M15 isolated
by Beokwith /19647 and 05 /see HE 1/} which affected only a
small portion of gane z. igure 4 shows the distribution of
complementation activity after passage through Sephadex G 100,
It can be seen in the case of the large deletion almost all of
the complementation activity was ooncentrated in a single,
distinotivs peak of the main proteins., On the contrary, in
the two weak extsnsion deletions, the complementary activity
was diztributed among three peaks, ¢f which one corresponded
to the peaik given by the complerentation extraoct of the large
deletion, while another peak was associated with the main
peak of the proteins and the third peak was intermediate., It
xuzt be emphasized that the resuits obtained from manv re-
peatod experiments wers perfectly reproducible.
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Pig 4. Distridution of the complementation

adtivity found in extracts of different
beoterial cultures af“er passage

through Ssphadex G100,
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Ammonium sulfate was added to each extract to
give ! yZ saturation. The pracipitate obtained
wag aialyzed (see text) and passed through a
column of Sephadex G100, The fractions wore

zed for optical density at 280 mu (s.11d
line) and for complementation activity by mix-
ing with an extract from bacterial culture
8908 (dotted line)., Complementation activities
were standardized against total aotivities of
the initial extracts, using thes extract of B9
as a standard.

In conelusion, it seemed peptide "§I " was effectively
pregent in the two small deletions, as well as in the large
deletion, but that in the two cases, 1t existed at least
paztially asgociated with the other constituents, entirely
corresponiing to the intact segments of gene z which were
present. Pinally, a fraction possessing the properties of
conplamentation and sedimentation of peptide "2 " could
have been obtained equally well from extracts of the point
mutant z3. We must empnasize that in the case studled, the
enzyme formed by ccmplementation differed from the wild type
enzyme by 1ts sensitivity to temperature and urea. Converse-
1y, the sedimentation oconstant (in the sucrose gradlent) of
the enzyme obtained by complementation was not significantly
different from that ortained from the wild type enzyme
(15.5). ‘e sedimentation constant of the complementation
fraction of the sxtract of sulture 535 was about 13.

-~ The observations we are about to mmmarize indicated
gene 2z oontained at least two distinctive segments which
determined the strusture ol dilferent peptides whose asso-
ciation oonstituted the protomere of #~-galactosidase,
Complementation studies in vivo have shown, among cther
things, that deletions w a feeble extension (M15 amd 05)
are weakly complementable with point mutants located between
the sarxers G and 242, These cbservations suggested that

 the segwent looated between the operator and peptide "f2"
itaself determined the structure of at least two distinctive
peptides. 7

However, it is important to polnt out that several
aifferent mechanisms mizht account for the presence of seve-
al distinctive psptidas in the protomere of §-gslactosidase.
One of these possidlo mechanizms, whish camnot be excluded
on account of acturlly available data, might be the inter-
vention of cathepsin which, by ocutting off a ocertain nmumber
of determinants, may give rise to & "poly-peptide precurscr®

~ which reflects the groupings on segment z,
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Whatever the case, 1t nust be admitted it was possi-
bla to racognize two levels of gquaternary architecture in
the protein. The first level corresponded to the assocla.
tion of dissoclable units which then formed the protcmere of
molezular weight 130,000, The second level corresponded to
the asdgociation of these protomeres anong themselves to form
the tetramere of molecular weight 520,00C, which was the
only active form of the protein. The complexity of the com-
Plementation maps, on the one hand, and ths repartition of
the complementation activity, axtracted from a small or large
delet'on, on the other hand, suggested that the ocourrence
of the two levels of quaternary structure is normally
sequential. In such a system, observed in vitrc, complement-
ation, according to the results cbtalned, could be based on
two different mechanisms:

1) An exchange or substitution of sub-units for
recongtituting a protomers of the wild type, at least, in
ite primary structure,

2) A repair reassoccietion betwesn the protomeres
which carry different point mutations (Brenner, 195%), accord-
ing to the model proposed by Crick and Orgel (1964).

Certain mutants used in this investigation were 1so-
lated by Mr. Malamy, based oa a newly developed technique of
gselection,

This investigation was aided by the Nzt:onal Sciense
Foundatiocn, Natlonal Institutes of Eealth, Jause Coffin
Childs Memorial Fund, Atomic Energy Commission, and the Ge-
neral Committee for Sclentific and Technical Rasesxrch,

Section of Cellular Biochemistry
and Miorobial Genetios,

Pasteur Institute

Paris, France

Received 9 July 1964, and in rsvised form 20 April 196K,
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