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ABSTRACT

Molecular basis of frameshift mutatlions
Iln Escherichia coll

Erlca Passi
The goal of this research was to understand how frameshl!lft
mutations are generated. The approach was to develop =a
simple phenotypic assay to monltor the occurence of speclf-
ic frameshift mutations. The assay Involved Introducing
frameshlil ft target sltes into /acZ of Escherichia coll In
such a way so as to inactivate the gene and produce a Lac™
cell. A speclflic frameshlft mutatlon was required to
revert the cell back to Lac?t phenotype. The frequency of

Ltac?

reversion was monltored In different genetic back-
grounds and followlng treatment with chemical mutagens. A
streich of DNA downstream of tyrosine at position 503 which
has repeating CG dinucleotides was used to study the mecha-
nism of frameshift mutations. The research indicated that
the additlon of CG bases does not occur by a strand slip-
page mechanism In this stretch of DNA.

in the course of ldentifying suitable frameshift
targets In lacZ It was found that slite 460, which codes for
asparaglne, Is very Important for the activity of B-
galactosidase and |Is not tolerant of amino acld substitu-
ttons. Thirteen amino acids were substituted at this site
using two different approaches. An amber codon introduced

at the slite was suppressed by 12 nonsense suppressor

strains which Introduced 12 amino acids Indlvidually at



slite 460, namely ser, cys, ala, glu, gly, leu, lys, phe,
tyr, gin, his and pro. Three missense mutants which had
asp, ser and gin at site 460 were constructed. The kinetic
analysis of the activity of the mutant proteins indlcated
that the size and shape of asn-460 is more Important than

charge for Its role.
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INTRODUCT ION

The Initlal goal of thls study was to understand the
mechanism of frameshift mutations. The approach was to
deslign a phenotyplic analysis Iin order to monitor the occu-
rence of frameshift mutations. Frameshift mutations which
were Introduced into /acZ by site-directed mutagenesis In
vitro Inactivated the gene and resulted In Lac™ phenotype.
Oniy specliflc spontaneous frameshlft mutations /n vivo
could restore the wlid-type Lact* phenotype. Two types of
targets were selected to create frameshifts : runs of G’'s
and runs of CG dinuclieotlides. The first target was up-
stream of glu-461 and the second one was downstream of tyr-
503 In the /lacZ gene of E. coll.

Glu-461 and tyr-503 are essential for the cataiytic
activity of B-galactosidase. iln order to ensure that
frameshifts occur at the chosen target only and not at
other sites, | decided to speclifically change the DNA
sequence adjacent to the two essential residues. Any
frameshlft at the first target could go back to the wilid-
type phenotype only after bringing glu-461 back Into frame.
A run of 9 G's before the slite 461 would resuit In Lac™
phenotype (fig 1). The cell could revert back to the Lac?
phenotype onily by the spontaneous deietion of a G which
would bring glu-461 back Iinto frame.

A run of 9 G's could be put before the site 461 only

I f asn-460 (AAT) could be substituted by gly (GGG) without



Flgure l

Construction of a frameshlft target:
The construction of a +G frameshlft target Is shown If asn-

460 allowed the substitution of asn by gly.



GENOTYPE
458 459
Leu Gly
CTG GGG
CTG GGG
CTG GGG
CTG GGG

460
Asn
AAT

GGG

GGG

GGG

461
Gilu
GAA

GAA

GGA

GAA

PHENOTYPE

Lac*
(wiid-type sequence)

Lac?
(asn-460 -> gly-460 substlitution)

Lac™
(Addition of a G by
slte-directed mutagenesis)

Lac*
(Spontaneous delietion of a G to
go back to Lac* phenotype)



signiflcant loss of actlivity of B-galactosidase. Thus,
before creating frameshift targets upstream of glu-461, 1t
was essential to study the residue asn-460 since frameshlft
targets could be made only I f asn-460 al lowed amlino acl!d
subst]tutlions. Investigation of asn-460 showed that it was
very Iimportant for the actlivity of B-galactosidase and was
not tolerant of amino acld substitutions. Thus, frameshl|ft
targets could not be created upstream of glu-461. A frame-
shift target was, however, created downstream of tyr-503.
in this thesis | report the following

(1) role of asparaglne at poslition 460 in B-galactosidase
of Escherichla coli.

(11) mechanism of generation of framesh!|ft mutations at a
run of CG dinucleotides adjacent to tyr-503.

(1) Role of asparagline at posltion 460

Nearly all chemical reactlons In blological systems
are catalyzed by speciflc macromolecules called enzymes.
With the exception of a few RNA molecules, all of the known
enzymes are proteins. Enzymes are catalysts that can
Increase reaction rates by up to 10'2 to 10'5-f01d.

Structure of proteins

Amino acids are the basic structural unlt of pro-
teins. There are twenty amino aw=ids which vary In slize,
shape, charge, hydrogen bonding capacity or chemlical reac-
tivity. All proteins are constructed from the same set of

twenty amino aclds. An amino acid consists of a central




alpha carbon atom, an amino group, a carboxy! group, a
hydrogen atom and a distinctive R-group bonded to a carbon
atom. An R-group Is referred to as a side-chalin. The 20
amlino acids, along with thelir charges, are presented in
table 1.

Each protein has a preclisely defined amino acld
sequence. F. Sanger (1953) was the first to determine
the amino acld sequence of a proteln I.e., Insulin (Stryer,
1975).

Each protein |Is made of a speciflc number of amino
aclds. In a proteln, the amino acids are | Inked together
in a linear array called a polypeptide chaln. in a proteln
the amino group of one amino aclid Is linked to the carboxy!l
group of another, with the loss of a water molecule, glving
rise to a peptide bond. The nitrogen, carbon and oxygen
atoms share electrons which makes the peptide bond resist-
ant to twisting. The amino aclid compositlion of the protein
affects both lts folding and the conformation that can be
taken by the protein backbone. The |lInkage between the
connected amino aclds Is quite rilgid. The protelns can
fold oniy by rotation about the bonds to the alpha carbon.
The amlno acld sequence Is called the primary structure of
a protein. Most of the backbone of a protein can be divid-
ed Inteo reglions of secondary structures, which are distinct
segments wlth characteristic shapes. The secondary struc-

tures fall into two main categories : alpha he!lces and




Table 1:

The 20 amino acids with their respective charge

Amino_ acid chargex*
Alanine uncharged
Valine uncharged
Leucine uncharged
Isoleucine uncharged
Proline uncharged
Phenylalanine uncharged
Tryptophan uncharged
Methionine uncharged
Glycine uncharged
Serine uncharged
Threonine uncharged
Cysteine uncharged
Tyrosine uncharged
Asparagine uncharged
Glutamine uncharged
Aspartate negative
Glutamate negative
[LArginine positive
Histidine positive
Lysine positive

* The charge of the negatively and positively charged amino acids
mentioned above is that at pH 6.0.




beta strands or sheets. The alpha helix |Is a rod-1iike
structure. The tightly colled polypeptide main chain forms
the inner part of the rod and the side-chains extend out~
ward Iin a helical array. The B pleated sheet Is a sheet
rather than a rod. The polypeptide chaln in the B sheet Is
almost fully extended rather than belng tightly col led.
Most proteins have compact, globular shapes due to frequent
reversals of the direction of their polypeptide chalins
which are called B-turns. The hellices and sheets are
assembled to give the complete three-dimensional conforma-
tion of a single polypeptide strand, which Is called the
tertiary structure. The remarkable range of functlons
mediated by the proteins result from the diversity and
versatility of these twenty bulilding blocks. These amino
aclds are used to create the Intricate, well defineuy three-
dimensional structures that enable the proteins to carry
out so many blological processes. A stretched-out or
randomly-arranged polypeptide chaln Is usually devold of
any blological activity.

Protein syntheslis

The amino acld sequence of the proteins Is geneti-
cally determined. The precise sequence of bases in DNA
carries the genetic Information. A set of three bases In
DNA which codes for the structure of an amino acid s
called a codon. The code Is read In blocks of three bases

from a fixed starting point. The code Is degenerate slince




there are 20 amino aclids and 61 codons that code for them.
DNA Is not the direct template for proteln syntheslis;
rather, messenger RNA (mRNA) Is the templiate for proteln
synthesis. Transfer RNA (tRNA) carrles aminoc aclids in an
activated form to the ribosome for peptide bond formation
in a sequence determined by the mRNA template. There is
one, or more than one, kind of tRNA for each of the 20
amino acids. Transfer RNA contains an amino acid attach-
ment site and a template recognition site, which |s a
sequence of three bases called the anticodon. The antico-
don on tRNA recognizes a complementary sequence of three
bases on mRNA, called the codon. There are no tRNAs to
recognize the stop codons (TAG, TAA and TGA). Ribosomal
RNA (rRNA) along with ribosomal protelns makes up the
r ibosomes.

Function analysis of protelns

Knowledge of the role of specific amino aclds In the
protein sequence |Is very Important for the following rea-
sons; first, thls helps in elucldating the mechanlsm of
action of some proteins, e.g., the catalytic mechanism of
an enzyme; second, the analyslis of the relatlons between
the amino acid sequences and the three-dimenslional struc-
tures of the proteins uncovers the rules that govern the
folding of polypeptide chains and the three-dimensional
structure that determines a protein’s blological function.

Functlion of a protein depends significantly on Its confor-




mation.

Protelns are frequently characterized by correlating
speciflc changes In the amino acld sequence with effects on
functlon. This Is done by manipulating the DNA sequence of
the proteln-coding gene. The classical approach to thils
problem has been to obtain mutations by selecting for
organisms having new properties as compared to the wlid-
type. This can be accomplished by using random mutagenesis
|.e., by exposure to chemical mutagens e.g., nltrosoguani-
dine, ICR191, 2-aminopurine (2-AP), ethyl methanesulphonate
(EMS), 5-bromouracti, nitrous acid and hydroxylamine or by
physical agents e.g., ultraviolet light. This classical
mutagenesls has been used widely but It suffers from seri-
ous dlisadvantages. First, the methods of mutagenesis
severely constraln the kinds of mutations that are ob-
tained. For example, EMS causes mainly GC —-> AT translition
mutations and ICR191 causes frameshift mutations 1lke GGG
-> GG (review by Miller, 1983). Second, slince the entire
organism Is subjected to the mutagen, mutations occuring In
the gene of Iinterest are relatively rare. Third, since
mutations are identifled by virtue of thelr phenotype, It
is Impossible to obtain "mutants" that behave Iindistin-
guishably from the wild-type; these can be Important for
determining parts of the protein that are not important for
function.

Some of the above mentioned problems can be overcome



by the use of recombinant DNA technology. Mutations are
first generated In cloned segments of DNA by using a
variety of chemical or enzymatic methods. Once generated,
the mutant DNAs are subjected to DNA sequence analyses and
then the protein is analyzed for the speclfic function of
Interest either In vivo or In vitro. The approach used for
altering the nucleotide sequence of cloned segments of DNA
in my study Is called site-directed mutagenesis (Zoller and
Smith, 1882). Thls approach involves the syntheslis of an
oligonucleotide with the desired mutatlion, using a DNA
syntheslzer. The oligonucleotide Is complementary to the
sequence of the gene except for the mutated regtiton. The
gene In which one wishes to Introduce a mutation Is cloned
in a fillamentous phage vector e.g., M-13 phage vector or
its derivatives. The oligonucleotide Iis annealed to the
single-stranded phage template contalnling the gene of
interest. DsDNA Is syntheslzed in vitro from the ollgonu-
‘cleotlide primer and the appropriate straln Is transformed
with this dsDNA. Plaques formed can be screened for the
desired mutation, by phenotype or genotype.

The original DNA sequence can also be altered by
iIinker mutagenesis which employs the use of DNAasel to
administer random double-strand breaks fol towed by repair
of the ends by Klenow fragment. The IIinkers can then be
ligated to these ends resulting in change of the DNA se-

quence (Maniatis et al., 1982).
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The /ac operon

in E. coll a cluster of three genes nameiy /acZ,
lacY, lacA constltute the lactose or /ac operon. The first
two gene products are required for the utiilization of
lactose as a carbon source. LacZ codes for the enzyme B-
galactosidase which catalyzes the cleavage of ilactose Into
galactose and glucose (review by Miller and Reznlkoff,
1978). LacY directs the synthesls of a permease. Lactose
permease |Is a hydrophobic, cytoplasmic membrane proteln
that catalyzes the coupled transiocation of a singie 8-
galactoside with a single H¥. Several charged resldues of
the enzyme are Important for the substrate recognition and
the transport process. When any of the four amino aclds,
arg-302, tys-319, hls-322 and giu-325 are substlituted by
neutral amino aclids, marked loss of activity or altered
sugar recognltion results (Kaback, 19888; POttner et a/.,
1986; Carrasco et al/., 1986; King and Wilson, 1890). Glu-
325 and his-322 are In close proximity and probably form a
salt bridge. Asp-237 and |ys-358 are ciosely placed In the
three-dimensional space, possibly forming a "charge neu-
tralitzing” salt bridge (King et a/., 1991). Sequential
truncation of the iactose permease at poslition 396-401
leads to progressive loss of activity and stabillty (McKen-
na et al/., 1881). The third gene, J/acA, codes for thloga-
lactoslde transacetylase. The In vivo role of this enzyme

Is not clear, though It Is not essential elther for cell
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growth or for lactose metabollism. These three genes are
transcribed Into a single poly~cistronic messenger RNA
molecule and are thus sald to constitute an operon.

Structure of B-galactosidase

B-Galactosidase from £. col/l is a tetramer of four
ldentical subunits. The molecular weight of each subunit
Is equal to 116,250 daltons. The monomer contalns 1023
amino acid reslidues In a singie polypeptide chain. Despl te
the fact that each of the subunits has an Iindependent
catalytic site, only the tetramer Is blologically actlive
(Zabin and Fowler, 1978).

Functlion of B-galactosldase

B-galactosidase |Is a disaccharidase which catalyzes
the hydrolysis and transgalactosylis of B-D-galactopyra-
noslides. Lactose (galactosy!-B-D-(1->4)-gliucopyranose) 1Is
known to be the natural substrate of B-galactosidase (B-D-
galactoside galactohydrolase, EC 3.2.1.23) of E. col/l. At
low lactose concentrations the rate of galactose production
Is equal to the rate of glucose production. The rate of
galactose production relative to glucose, however, drops
dramatically at lactose concentrations higher than 0.056 M
and production of alloiactose, trisaccharides and tetrasac-
charides begins (Huber et al/., 1976). The transgailac-
tosylase activity of B-galactosidase on lactose resuits iIn
the formation of aliolactose (galactosyl!-B-D-(1->6)~-gluco-

pyranose) (Bursteln et a/., 1965, Jobe and Bourgeols,

12




1972). The allolactose so produced, rather than lactose
itself, Is the "natural Iinducer" of the /ac operon
(MOl ler-HII| et al/., 1964; Jobe and Bourgeolis, 1972).

The mechanism of action of B-galactosldase has not
been firmiy established, but 1t has been suggested that It
functions In a manner somewhat analogous to lysozyme
(Sinnott, 1978). Thus, |t has been proposed that B-galac-
tosidase has a group whlich stabllizes a galactosyl In-
termediate, alliowing water to react and a group which acts
as an acld (donating a proton to the glycosidic oxygen).

Catalytical ly-essential residues of B-galactosldase

Several researchers have proposed that a carboxy!
group at the actlve-site of B-galactosidase covalently
stabllizes a transitlon state carbonium lon form of galac-
tose. Tenu et a/. (1971) studlied the enzyme actlivity as a
functlion of pH (ranging fron 5.16 to 10.0) In the presence
and absence of Mg2*. The activity of both types of en-
zymes was seen to be controled by at least one unprotonated
group which lonizes In the aclidic range. This group has a
pK less than 6.0 In both types of enzymes. It was thus
suggested that this group is a carboxylate. Sinnott and
Souchard (1973) suggested that a glycosyl-cation carboxy-
iate lon-pair of this enzyme Is formed. This was further
supported by Sinnott and Withers (1974). Slnnott (1878)
confirmed that the function of the counterionic carboxylate

ls to capture the highly reactive glycosy! cation and
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enable the aglycone to dlffuse away. Amino groups dramati-
cally Improve the capacity of sugars and alicohols to iInter-
act with free B-galactosidase in competition with the
natural substrate (Huber and Gaunt, 1982). The Improvement
varles from a factor o’ about 2 for aminolyxose over |yxose
to a factor of about 300 iIn the case of 1-aminogalactopyra-
nose as compared wlith galactopyranose but, Iin general, the
amino inhibitors are more effliclent by a factor of between
10 and 30 as compared to thelr non-amino derivatives.
Basic N-substltuted B-D-galactosylamines are bound to the
actlve-site of B-D-galactosidase 10%-10%-fo!d more tightiy
than non-baslc, neutral or positively-charged B-D-galacto-
syl derivatives of closely related structures (Legier and
Herrchen, 1883). Since, the negative charge Is unlikely to
be of any Importance In binding the neutral B-galactosidase
substrate, this charge was suggested to be critlicatl for
stabliizing a poslitively-charged reaction Intermedlate. In
1984, Herrchen and Legler used an irreversible actlve-slte~
directed inhlbltor ([3H] conduritol-C-clis-epoxliae) to
identify glutamic aclid at 461 as a reslidue with a carboxyl
group that might be Involved at the active-site of B-galac-
tosidase by the Isolation and partial sequence analysis of
a radioactive octapeptide from the cyanogen bromide and
pepsin fragments of the labeied enzyme.

The active-site residue with the negative charge

forms a transient covalent bond with the transition state
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carbonium ion form of galactose besides stabllizing It
(Sinnott and Souchard, 1973). Rosenberg and Kirsch (1981)
used klnetlic slope effect (KIE) method to study the transi-
tlon-state structure and suggested that the formatlon.of
the covalent galactosyl enzyme |s the predominant route for
most substrates. Withers et a/. (1888) inactivated 8-
galactosldase by 2-deoxy-2-fluoro-B-D-galactosy! flourlide
due to the accumulation of the enzyme as a covalent glyco-
syl enzyme Iintermediate.

it Is known that the binding site Is rather small
since effectors as large as tri and tetrasaccharides are
not able to Interact with the enzyme (Deschavanne et al.,
1978).

Bader et al/. (1988) replaced glutamic acid 461 by
glutamine using site-directed mutagenesis. Kinetic studies
on the purified mutant enzyme showed that |t had <0.4% of
the wlld-type activity. This confirmed that the negative
charge on glu-461 Is Important for the activity. Cupplies
and Miller (1988) Introduced 13 different amino aclds at
stte 461. Enzyme activity in all these mutants Is reduced
to less than 10% of the wild-type. Glu-461 Is required for
each part of the action of B-galactosidase (Cupples et al.,
1980b). It Is important for binding of the substrate. It
Is Invoived In the acid catalytic assistance component of
galactosylation. It Is also essential for the degalactosy-

lation step of the reaction.
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Met-502 was labeled by active-site-directed Inhibi-
tors N-bromoacetyl!-B-D-galactosylamine (Nalder et al/., 1972)
and B-galactosyimethyl-p-nitrophenyltriazene (Fowler et
al., 1978). Replacement of met-502 with norleucine gives
an enzyme which Is not inactlivated by N-bromoacety!-8-D-
galactosylamine which shows that this residue Is not cata-
Iytically essential. Met-502 is very near to the actlive-
site (Naider et al., 1872; Fowler et al., 1978). Thus, It
was suggested that If a galactosy! enzyme Is formed with
the participation of an acld catalytic group, a prime
candidate for such a group couid be the adjacent residue,
tyr-503 (Sinnott, 1978; Sinnott and Smith, 1978; Fowler et
al., 1978; Herrchen and Leglier, 1884). Direct convincing
evidence was provided by Cupples and Miller In 1988 who
substlituted tyr-503 by 13 different amino acids resuliting
In a decrease of the enzyme actlvity to less than 1% In
crude preparations. it Is thought that tyr-503 acts as a
general acld catalyst In the galactosylatlion step of the
reactlion of B-galactosidase (Ring et a/., 1985, 1988).

Factors Important for the activity of B-galactosidase

The study of the effects of Nat and Mg?* on B-galac-
tosidase indicate that sodium Jon enhances the affinlty of
the enzyme for the substrate as well as the maximum rate of
hydrolysls at substrate saturatlon (Nevilile and Lling,
1967). It has also been shown that Na* binds to the free

enzyme but less readily to the substrate-bound enzyme

16




(Neville and Ling, 1967; HIIl and Huber 1874). A divailent
lon, elther Mg2+ or Mn2+, Is required for maximal activity
of B-galactosidase. The negatively charged side~chaln of
glu-461 Is important for dlvaient catlion binding to 8-
galactosidase (Edwards et al., 1990). The pH optimum of
the enzyme is about 7.2.

Mechanism of action of B-gaiactosidase

Tyr-503 acts as an acid catalyst in the ‘"galactosy-
lation" step (breakage of the glycosidic bond). Glu-461
stabllizes a poslitively charged carbontum ion form of
galactose which collapses to form a transitory covalent
bond with the carboxyl group of glu-~461. Reaction of the
enzyme-bound carbonlum lon form of galactose takes place
with water In the "degalactosylation" step. Tyr-503,
acting as a base, probably activates the water for this
reaction.

Effect of amino acld substitutlions In B-galactosidase

The large size of the Individual polypeptide chains
of B-galactosidase may account for the fact that the enzyme
Is very tolerant of amino acid substitutions In the primary
sequence. Langridge (1974) selected nltrosoguanidine-
induced mutants which had less than 50% of the wlid-type B-
galactosidase activity and showed that 72% of the point
mutations were nonsense rather than missense mutations.
Similarly, out of 1,257 mutants of E. col!l! Isolated after

nitrosoguanidine treatment on lactose-tetrazo! ium medium,
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missense mutants were found to be only 5% of the point
mutants. This indicates that most amino-acid substitutions
donot decrease enzyme activity sufficlently to prevent
growth on lactose (lLangridge and Campbell, 1968). Welply
et al/. (1981) substituted tyrosine for the wlld-type amlno
acids at positlions 17, 23, 36 and 41. These positions
occur close to or within a proposed dimer-dimer Interface
of this tetrameric enzyme (review by Zablin, 1882). The
amino acld substitutions dld not have significant effect on
the mutant enzymes. Cupples and Miller (unpubllished data)
used ethylimethane suilphonate to individually convert 43
glutamine (CAG) and 39 tryptophane (TGG) resldues through-
out /acZ to amber (TAG) codons. Twelve different amino
aclds were substituted at these 82 sites In response to the
amber codons by using nonsense suppressor strains.
Eighty-one of these reslidues could accept any substitution
wlthout signiflicant effect on the enzyme activity. These
studies suggest that most missense mutations have llttle
effect on B-~galactosldase activity.

Amino acld substitutions at site 460

in this thesis, | report the effect of making 13
amino acld substitutions at asn-460. Two approaches were
employed to achieve this. Flrst, the asn-460 codon (AAT)
was changed to an amber codon (TAG) using site-directed
mutagenesis. This nonsense mutation was then individually

suppressed using 12 nonsense suppressor strains resulting
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in 12 amino aclds at the position 460. The suppressor
strains have tRNAs with base changes in their antlcodons
which can recognize the amber codon and put known amlino
aclds In response to it durlng translation. The classical
suppressor strains have mutant tRNA genes Iin their
chromosomes while artificlal suppressor stralns have syn-
thetic mutant tRNA genes cloned into plasmids. The amino
acids substituted were serine, glutamine, tyrosine, |y~
sine, leucline, glycine using classlical suppressor strains
and glutamic acld, atanine, cysteine, histidine, phenylala-
nine, proline using artificial suppressor strains (Normanly
et al/., 1986, 1990; Klelna et al/., 1980). Second, the
codon asn-460 (AAT) was changed to asp (GAT), ser (AGT),
gln (CAG) using slte-directed mutagenesis. Units of B-
galactosidase were measured (Miller, 1872). The protelins
were extracted from the three missense mutants and [~P*
and were subjected to partial purlification. In order to
check that the difference In B-galactoslidase activity was
not due to the degradation of proteins but due to the
point mutations introduced, the proteins were run on a
denaturing SDS-polyacrylamide gel. Kinetlc analysis was
done on the mutant and the wl ld-type enzymes to determine
the Km and Vmax of the enzymes using ONPG and PNPG as
substrates.

This enabled me to examine the effect of amlno acld

substitutions at asn-460 and to determine the role of asn
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at this position.

(1) Mechanism of generation of frameshlft mutations

The second issue that this thesls addresses Is the
mechanism of frameshift mutations.

Frameshl ft mutations resuit from the alterations of
DNA sequence due to the additlon or deletion of bases.
Alterations of DNA which result in the addlition or removal
of one or severai bases can have drastic consequences for
the proteln whose structure |s encoded by those sequences
of DNA. Since the code Is read In blocks of three bases
from a fixed starting point, the addlition or removal of
bases from the DNA causes the translation process to lose
the proper reading frame.

A model was proposed (Strelsinger et al/., 1966) to
explaln how frameshift mutatlons can occur at runs of
repeating bases e.g., G's and A‘s and runs of dinucleotides
e.g., TA and GT. This model Is called the "strand sl ippage
model". According to this model, the addition of a base
takes place by the loopling out of a base from the strand
which Is being syntheslized and the deletion of a base takes
place by the looping out of a base from the templiate strand
(figure 2).

Frameshlfts often occur at monotonous runs of A’'s,
G's and stretches of alternating G's and C's. Frameshifts
occuring at runs of A's and G's are often +/~ 1 base frame-

shift mutations (e.g., +A, -G) whereas those occuring at
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Filgure 2

Strand sl ippage model:

The " strand sl ippage model" proposed by Streilsinger (1966)
Is represented. The addition of a base takes place by the
looping out of a base from the strand which Is belng syn-
thesized and the deletion of a base occurs by the loopling

out of a base from the template strand.
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ADDITION OF A BASE
WILD TYPE
CTG GGG

GAC CcCC

REPLICATION INTERMEDIATE

G
5' mmmmeee CTG G GG ==-=> 3'
i I — GAC CCC mmewmm 5° TEMPLATE

+1 FRAMESHIFT MUTATION

CTG GGG G
GAC cCcC C

. — . - — - — - - G —— T A . S W W S S S e SES Gm GSe a fE S W G S - Ate S G S

DELETION OF A BASE
WILD TYPE
CTG GGG A

GAC cCcCC T

REPL ICATION INTERMEDIATE

5' commm—m CTG GGA --—-- > 3"
3" cmeeoee GAC CC T -- 5°  TEMPLATE
c

=1 FRAMESHIFT MUTATION

CTG GGA
GAC CCT
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runs of alternating G's and C's are +/- 2 bases frameshlft
mutations (e.g., +CG, -CG).

A stretch of alternating G's and C's can form Z DNA.
Z DNA Is defined as a left-handed hellcal structure In
which there are 12 bp/hellcal turns and the successlive
nucleotide residues alternate between the syn and the anti
conformations. In the case of a stretch of alternating
G's and C’'s, G's are in the syn conformation and C’'s remain
In the antl conformation while B DNA Is a right-handed
helical structure In which there are 10 bp/hellcal turn and
all the bases are in the ant! conformatlon. Freund et ai/.
(1988) cloned varlous stretches of GC dinucleotides In
pUC8. The topolisomers of the plasmids were analyzed on a
two-dimensional agarose gel and It was seen that pUC—(GC)s
did not have a region of Z DNA whereas PUC-(GC) 4o had the
whole (GC)q, Insert In Z conformation.

In this study, | constructed the mutant EP5, which
has the deletion of a CG dinucieotide from a stretch of 5
CG dlnucleotides and requlires the additlon of a CG dinu-
cleotlide to go back to the wlid-~type phenotype, in order to
study the mechanism of frameshift mutations. It Is not
known whether this stretch of CG dinuclieotides forms Z DNA;
thils work is In progress. Reversion frequency of EP5 to

Lac*

phenotype was compared to that of CC109 (Cupples et
al., 1990a). CC109 has the addition of a CG dinucleotl|de

leading to a stretch of 5§ CG dinucleotlides and requires the
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deletion of a CG dlinucleotlide to go back to the wild-type
sequence. Reverion frequency was also determined as a
result of the treatment with mutagens |.e., ICR191, ethyl
methanesul fonate, 2-aminopurlne and iIn recA, mutS back-~

grounds.
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MATERIALS AND METHODS

BACTERIAL STRAINS

E. col! strains are listed In Tabie 2. Phage f1-2Z was
maintalined Iin JM801, plasmid pBR329 In p9%0c, plasmid
pGFiIB-1 in XAC and F'episomes In sS80c.
PHAGE

F1-Z phage contains the /acZ gene cloned into R228
which Is an f1 fllamentous phage derijvative containing a
unlque EcoR! site. The internal EcoR! site of lacZ near
the 3’ end of the gene was removed and new EcOR/ sites were
Inserted on elther side of the gene (Cupples and Ml | ler,
1988). The size of f1-Z phage Is equal to 9.8 kb which
Includes lacZ which is equal to 3.4 kb.
PLASMID

The size of the cloning vector pBR32¢% used In thls
study is equal to 4.2 kb. It has genes codling for chloram-
phenicol, tetracycliline #nd ampiclilliin resistance. The
unique EcoR/ site, used for cloning the mutated /acZ genes
from f1-Z lles in the chioramphenicol-resistance gene.

The suppressor tRNA genes are cloned into the plas-

mld pGFIB~1 (Normanly et al/., 1986, 1990; Kielna et al.,

19980).
EP I SOME

The eplisome has proA, pro8, lacZ, ltacY, lacA and |Is
lacl ™. Its slze Is equal to appro:imately 50 kb. The

cells with the episomes containing wild-type /acZ gene
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give dark blue colonies on minimal glucose plates with
Xgal. The episomes with mutant /acZ result In elther pale
blue or white colonies on minimal glucose plates with Xgal.

MA INTENANCE OF BACTERIAL STRAINS

All strains were checked for thelr phenotype and
were stored on appropriate media e.g., classical suppressor
strains (XA101-105, XAS6) were stored on minimal glucose
agar with proline and methionine and artificlial suppressor
stralns (wlth tRNA genes cloned Into pGFIB-1, In the
strain XAC) were kept on minimal glucose agar with proline
and ampiclliin. The suppressor stralns were grown in 2 ml
LB for 5-6 hours at 37°C without aeration. One hundred ul
of the 2 ml culture was then added to 2 m! minimal glucose
medium with 0.01% proline, 0.10 mg/m! methionine, in the
case of the classical suppressors and 2 ml minimal glucose
medium with 0.01% prollne, 0.10 mg/ml| amplicillin In the
case of the artificlal suppressor strains. The other
stralns were grown directly In the approprlate medlia.

MEDIA

LB medlium (Miller, 1872) contalns 10 g Bacto tryp-
tone, 5 g Bacto yeast extract and 10 g sodium chloride
per |iter of medium. LB agar plates have 12 g of Sigma
agar In addition to the above constlituents. LB top agar
has 6.0 g Sigma agar Instead of 12 g¢g.

10 X minimal medium A (Miller, 1972) conslists of 1056

g K HPO,4, 45.0 g KH,PO,4, 10.0 g (NH4),S04, 5.0 g of sodlum
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cltrate.ZHzo per Vtiter of medium.

Minimal gluccse and lactose agar plates (Miller,
1972) contain 12 g Sigma agar in addlition to 10.5 g K2HP04,
4.5 g KHyPO4, 1.0 g (NH4),S0,4, 0.5 g sodium.cltrate.2H,0,
0.2% glucose or ilactose, 0.02% magnesium sulphate, 0.005%
thiamine (B;) per |lter of medium, which were added after
autoclaving agar and water.

Compounds added tec the sefection plates are listed
in table 3 along with thelr final concentrations In the
media (mg/titer of media) and the methods of sterllization
before adding to the medla.

Lactose Maconkey plates contain 50 g lactose Macon-

key agar per |lter of medlum.
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TABLE 2:

E. coll stralins

Stratn Genotype Source
reference
JM801 FYKan, ara A(lacproB) a
thi rpst
CJ236 F*,dut ung relA b

thi pcJt1os(cm’™)
P30c F~™, ara {A(lacproB) thl a
XAC F~,ara aA(lacpro) gyraA c,d

argE-am rpoB thl

i S90c F~, ara A(lacpro8) a
thi! rpsl
XA101 F~, ara A(lacpro) gyrA c,d

metB argE-am rpoB supD thi
XA102 F~, ara A(lacpro) gyraA e

metB argE-am rpoB supE thi

XA103 F~, ara A(lacpro) gyrA c,d

i metB argE-am rpoB supF thi

= XA105 F~, ara A(lacpro) gyrA c.d

v met8 argE-am rpoB supG thi

XASH6 F~™, ara A(lacpro) gyrA c,d
metB argE-am rpoB supP thi

GlyU F™, ara A(lacpro) gyrA a
metB argE-am rpoB supt-RNA thi

. DS F*lacz, aA(lacpro) supE thi a
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I -P+

cc102

cC107

ccios

cC108

EP1

EP2

EP3

DS (1-40) contaln progressively
larger deletions In /acZ2

F*laci~laczZ, ara A(lacpro)

th! rpstL

lacZ |Is wllid-type

F*¥lac/~lacz, ara \(lacpro)

thl rpstL

facZ has glycine missense

mutation at 461

F*laci~1acZ, ara A(lacpro)

th! rpstL

lacZ has a -G mutation at 490

F*laci~lacz, ara A(lacpro)

thi rpstL

lacZ has a +G mutation at 490

F*tlaci™lacz, ara A(lacpro)

thi rpsL

lacZ has a +GC mutation at 505

F*lacl~lacz,ara A(lacpro)

th! rpstL

lacZ has an amber mutation at 460

F*laci~1acz, ara A(lacpro)

thi! rpstL

lacZ has aspartate missense

mutation at 460

F*¥lac/™lacz, ara A(/lacpro)
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thi rpstlL
lacZ has serine missense
mutatlon at 460

EP4 F*lacl"lacz, ara A(lacpro) |
th! rpslL
lacZ has glutamine missense
mutation at 460

EP5 Ftlacl~lacz, ara A(lacpro) I
thl rpstL
lacZ has a -GC mutation at 506

MC601 F~,ara A(lacproB) f
th! recA::Tnt10

GW3731 F~, AB1157 g
mutS215::Tnt10

AB11587 thr-1 leu-6 thi-1 lacY1 galka h
aratld4 xyl-5 mti-1
kdgK51 proA2 his4 argE3
Str31 tsx33 supk44

muts F™,ara A(lacpro) I

thi mutS::Tni1o

source reference : a, Mlller. b, Kunkel et al/., (1987). c,
Coulondre and Miller (1977). d, Miller and Albertinl
(1983). e, Kleina et al/. (1990). f, Cabrera and Miller.
g, Walker. h, Walker. {, Cupples, J, Cupples and Miller,

(1989) k, Cupples et al/. (1990) I, this study.
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TABLE 3:

Compounds added to the selectlion plates

Compound

(mg/lliter of media)

Proline

Methlonine

Pgal

Xgal

Ampiclillin

Chloramphenicol

Kanamyclin

Streptomycin

Rifamplicin

Tetracycline

Nalidixlc acid

100

50

500

40

100

20

50

100

100

16

30

Concentration

31

Method of steritilzation

autoclave
autoclave

autoclave

stock solution

made In dimethy!| formamide
fliter sterillze

stock solution made

In 100% ethanot, *

filter sterillize

fliter sterlilze

stock solution

made in 100% methanol, *
stock solution made

In 50% ethanoi, *

* high concentration

of antlbiotlc

inhibits growth




OL 'GONUCLEOTIDE SYNTHES!IS AND PURIFICATION

Oligonucleot!ides were syntheslzed In order to put
the deslred nonsense, missense or frameshlft mutations |In
the /acZ gene clioned in the phage f1-Z, using slte-directed
mutagenesis (Zoller and Smlith, 1982). Each missense ollgo-
nucleot!ide was 24 bases long and the -GC ol igonucleotlide
was 18 bases long. These were complementary to the /acZ
gene on the phage, except for the mutated region. These
were made on an Applied Biosystems 391 PCR-Mate DNA synthe-
sizer. Four Asgo units of ollgonucieotide (80 ug) were
purified by electrophoresis through a 20% acrylamlide/7M
urea ge!, visuallized by UV shadowing, excised and eluted In
0.3 M NaCcl/710 mM Tris-HC!, pH 7.4/1 mM EDTA/1% phenol, at
37°C for 18 hrs. The DNA was precipltated with 4% glyco-
gen, 10mM MgCl, and 0.3 M sodium acetate, washed wlth
ethano!, dried and resuspended |n distlilied water.

SITE-DIRECTED MUTAGENESI!S

(A) Phosphorylation of oligonucleotides

Each ol igonucleotide (2 ug) was phosphorylated In 70
mM Tris-HCIl, pH 7.4/10 mM MgC!2/5 mM dlithlothreitel /761 uM
ATP, with 5 units of polynucleotide kinase for 1 hour at
37°C. The mixture was then heated to 65°'C for 10 minutes
to Inactlivate the enzyme.
(B) Preparation of singie-stranded phage DNA

An Iisolated plaque of f1-2Z, added to 100 ul of tiog

phase celis (CJ236) was Incubated at 37°C, for 10 min,
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wlthout aeration, followed by the addition of 2 ml LB and
incubation at 37°C for 4.5 hours to overnight with aera-
tion; this was centrifuged at 16,000xg for 5 min and 200
ul PEG/NaCl (20% polyethylene glycol 6000, 2.5 M NaCl) was
added to the supernatent; this was kept at room temperature
for 5 minutes followed by centrifugation (16,000xg, 5 min).
The pellet so obtalned was suspended In 100 u! TE (10 mM
Tris, pH 7.4, 1 mM EDTA) and 100 ul phenol; this was
centrifuged (16,000xg for 3 min) to separate the superna-
tent, to which 10 ul 3.0 M sodlum acetate and 200 ul! cold
95% ethano!l was added; this was kept at -20°C overnight
and centrlfuged at 16,000xg for 15 min, at 4°C, to Isolate
the pellet. The pellet was dissolved In 25 ul distilied
water glving about 0.5 ug/ul.
(C) Mutagenesis

Ss f1-Z template (0.5 ug), 0.1 ug mutagenic oligonu-
cleotide, 0.1 ug helper ollgonucleotide (compliementary to
lacZ, In a reglon upstream of mutagenic ollgonucleotide at
the 3‘' end of /acZ) were mixed In 20 MM Tris, pH 7.4, 10 mM
MgClz. 50 mM NaCl and heated to 90°'C for 5 min foliowed by
cooling to room temperature for a perlod of 45 min, In
order to hybridize oligonucleotides to the template. DsDNA
was syntheslized by adding 40 ul extension buffer (20 mM
Trls, pH 7.4, 10 mM MgCIz, 20 mM dithlothreitol, 1 mM ATP),
0.5 ul of each of the four 10 mM dNTP's |.e, dATP, dCTP,

dGTP, dTTP, 1 unit of lligase, 2.5 units of Kienow fragment
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to the mutagenesis mixture after cooling to room tempera-
ture. This was incubated at room temperature for 1 hour.

COMPETENT CELLS (Manliatls et a/., 1982)

The appropriate cells were grown to late log phase
(O.D. = 0.2-0.25) In 35 mlI LB. Cells were suspended In 15
ml cold 50 mM CaCl, after centrifugation (4000xg, 5 min at
4°C). These were kept on ice for 30 min followed by cen-
trifugatlion. Cells were gently suspended in 3 ml cold 50 mM
caCly,.

TRANSFORMATION (Maniatis et a/., 1982)

DNA (0.1 ug) was added to the competent cells (300
ut If transforming with phage and 200 ul If transforming
with plasmid) and incubated on ice for 30 min followed by
incubation at 42°C for 2 min. in case of transformation
with phage, the mixture was cooled briefly on Ice, 200 ul
log phase JM801, 50 ul 2% Xgal, 3 ml| top agar at 50°'C were
added and this was poured onto LB plates after briefly
vortexing., In case of transformation with plasmid DNA, the
mixture was cooled briefly on ice, 800 ul LB was added and
the mixture was Iincubated at 37°C for 30 min to t hour.
Cells were plated on appropriate antiblotic containing
plates.

PURIFICATION OF MUTANT PLAQUES FOR FURTHER ANALYSIS

One plaque was put in 1 mi 1 X minA and vortexed
vigourously for 10 min. This was dlluted to 106 1n 1 x

mlinA. One hundred u!l of log-phase celils (JM801) were added
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to 100 ul of 10"6 dilution of the phage. This was Incu-
bated at 37° C for 10 min without aeration. Fifty ul of
Xgal, 3 mi top agar were added and the mixture was poured
on LB plates. Single-stranded and dsDNA were isolated from
these mutant pliaques for restriction enzyme digests, se-
quencling and subcloning iInto pBR329.

SsDNA TEMPLATE SEQUENCING

Ss f1-Z template with mutated /acZ genes, |Isolated
from the mutant plaques was sequenced by the Sanger dl-
deoxy sequencling technlique using T7 DNA polymerase sequenc-
Ing kit (Blo/%an) and 35SdATP. The DNA was electrophoresed
on a 8% acrylamide/6.8 M urea gel and analyzed by autoradl-

ography.

PREPARATION OF ds PHAGE DNA (REPLICATIVE FORM) AND PLASMID

DNA (Manlatls et al., 1982)

Iin the case of the RF, an Isolated plaque of fi1-2Z,
added to 100 ul log phase cells (JM801), was Iincubated at
37°C for 10 min, without aeratlon, followed by the addition
of 2 mi LB and Incubation at 37°C for 4.5 hours to over-
night with aeration. This was centrifuged (16,000xg, 2
min), In the case of the plasmid pBR323, a 2 m! overnight
culture of pg0c with the plasmid, grown overnight wilth
tetracycline (15 mg/mi) was centrifuged. The cells In both
cases were then suspended In 100 ul solution | ( 50 mM
glucose, 25 mM Tris, pH 8.0, 10 mM EDTA); this was kept at

room temperature for 5 min, 200 ul solution Il (0.2 M NaOH,
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1% sod!ium dodecy! sulphate) was added and this was left on
lce for 5 min. Soluticn 1l (3 M potassium and 5§ M ace-
tate, pH 4.8) (150 uil) was added followed by Incubation on
ice for 5§ min; thls was centrlfuged at 16,000xg at 4°C for
1 min and 400 ul phenol was added to the supernatent; this
was vortexed, centrlfuged and 800 ul 95% ethano! was added
to the supernatent. After 1 min this was centrl fuged at
4°'C for 1 min and the pellet was isolated and suspended In
50 ul double distilled water giving approximately 20 ng/ul.

DIGESTION WITH RESTRICTION ENZYMES

DsDNA (100 ng) from the phage and the plasmid
(pBR329, pBR32% with JacZ) were digested with excess EcoR/,
0.08 units of ribonuclease In 10 mM Tris-HCIl, pH 7.4, 100
mM Nacl, 10 mM MgCIZ, 1 mM B-mercaptoethono!l at 37°C for 1
hour,

The ptasmid DNA (100 ng) was digested with excess
Hinc!!, 0.08 units of rivonuclease In 10 mM Tris~-HCi, pH
7.5, 100 mM NaCl, 7 mM MgCli, at 37°C for 1 hour.

AGAROSE GELS

Approximately 100 ng of the digested ds phage DNA
and plasmid DNA were electrophoresed on a 1% agarose gel (1
g agarose, 5 ul of 10 ug/ul ethidium bromide In O0.088 M
Tris-base, 0.088 M boric acid and 0.02 M EDTA, pH 8.0) with
4% sucrose, 0.005% bromophenoi bilue and 0.8% ficolil. The

bands were seen with UV illuminatlion.
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LIGATION OF lacZ WITH PBR328

PBR329 (20 ng) digested with EcoR/, was ligated to
200 ng f1-2Z, which had been dligested with EcoR/, by 3 units
of T4 DNA lligase Iin 30 MM Tris-HC!, pH 7.8, 10 mM MgCl,, 10
mM DTT. 0.5 mM ATP, 0.1 mg/m!i BSA.

TRANSFORMAT ION AND SCREENING FOR CLONES

The |ligated DNA (10 ng) was used to transform 200 ul
of competent p90c. The celis were plated on LB plates wlith
tetracycl! ine. The plates were Incubated at 37°'C for 24
hours. The colonles were grided on a LB plate with tetra-
cycllne followed by |Incubation at 37°C for 24 hours. The
plates were replicated on to a chioramphenicol plate.
Since the unique EcoR! slite of pBR329 lles In the chloram-
phenicol-resistance gene of the plasmid, Iinsertion of DNA
Into the EcoR/ site resuits In chloramphenicol sensitivity.
The DNA Inserted In the EcoR/ slite of pBR329 could be
elther /acZ or the remaining part of the ds DNA of f1-Z.
The clones which were tetracycl! ine~-resistant but chloraphe-
nicol-sensitive were selected for the Isolatlon of plasmid
DNA and further analysls. The plasmid DNA was Isolated
from the chloramphenicol sensitive clones as described
earller. The plasmid DNA was digested with EcoR/ and
Hincl! and was electrophoresed on a 1% agarose gel.

TRANSFERRING MUTATIONS FROM PLASMID TO EPISOME BY GENETIC

RECOMB INAT ION

Statlonary-phase p90c with pBR329 carryling mutant
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JacZ were mated with log-phase 1"P* In the ratlo of 2:1 by
incubating at 37°C for 1 hour wlithout aeration. The proge-
ny were selected on minimal glucose plates with tetracy-
cline. Cells were grown overnight In LB medium with tetra-
cycline to allow recombination to take place between the
plasmid and eplsomal [acZ genes. Log-phase cells were then
mated with statlionary-~phase s380c In order to transfer the
eplsomes Into s90¢c leaving the plasmids behind. The proge-
ny were selcted on minimal glucose plates with streptomycin
and Xgal. Cells with a mutation in /acZ gene gave white
or pale blue colonles.

PLATE MATING TECHNIQUES (Milier, 1972)

(A) Mapping

Episomes with mutant /acZ were mapped using DS 1-40
by griding EP 1-5 on LB plates. EP1 contains amber muta-
tion at site 460; EP2-4 contain asp, ser, gln missense
mutations at site 460 respectively, and EPS5 contalins -GC
mutation at 506. The LB plates were replicated on to ML
plates with 200 ul of overnight-culture of deletlon strains
spread on each plate and Incubating them at 37°C for 24-
48 hours. Recombinatlon takes place between the /acZ genes
of the mutant and the deletion strains. The 40 deletlion
strains have progressive deletlions of the /lacZ gene from
the 5’ end of the gene . Mutations 3' of the deletion end
polnt can give Lac* phenotype followling recombination

between the mutant and the deletion stralns leading to
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growth of the recomblinants on minimal lactose plates. The
position of the mutation Is deflned by the last deletion
strain which leads to growth on minimal lactose plates
l.e., the strain with the largest /acZ deletion which gives
Lac+ phenotype following recombination.
(B) Suppression

Ep.somes carrylng /acZ gene wlth the amber mutation
at 460 were transfered Into 12 nonsense suppressor strains
by griding EP1 on LB plates. The LB plates were replicated
on to minimal glucose plates contalining methlonine and
rifampiclin with 200 ul overnight-culture of suppressor
stralns spread on them and Incubating for 24 hours. These
plates were replicated onto minimal glucose plates with
methlionine, nallidixic aclid and Xgal.

ASSAY OF B-GALACTOSIDASE IN WHOLE CELLS (Milier, 1872)

Overnight-culture was diluted 1:10 and O0.D. was
measured at 600 nm to determine the number of cells present
In the culture. An aliquot (0.1 ml) of diluted overnlight-
culture was added to 0.9 ml! Z buffer, pH 7.0 (0.06 M
NaoHPO4.7H,0, 0.04 M NaH2P04.H20. 0.01 M KCI, 0.001 M
MgSO4.7H,0, 0.05 M B-mercaptoethanol). Two drops of chlo-
roform and 1 drop of O0.1% SDS were added, vortexed for 10
seconds and 0.2 mi 4 mg/ml| ONPG (o-nltrophenyl-B-D-galacto-
side) was added. The mixture was |ncubated at 28°'C until a
medium-yel low colour developed. Sodlum carbonate (0.5 m!

1M) was added to stop the reaction and the time was record-
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ed. O0.D. was measured at 420 nm to determine the amount of
O-nitrophenol produced. The units of RB-galactosidase

actlivity were calculated using the following formula

Units of B-galactosidase = 0.D. 420 X 10000

0'0'600 X time

EXTRACTION OF PROTEINS

EP2-4 and I™P* were grown to an 0.D. of 0.8 in 2
llters LB. The cultures were centrlfuged (6000xg, 10 min)
and cells were suspended in sonication buffer, pH 7.4 (20
mM Tris-HCI, 10 mM MgCl,, 0.04% NaNg) (1 g cells/5 mi
bpuffer). The cells were broken using sonlicatlion. The
supernatant was Isolated after centrifugatlon at 12,000xg
for 30 min. The amount of total protein was measured using
a Blo-rad protein assay kit and the units of -
galactoslidase were measured using ONPG.

PARTIAL PURIFICATION OF B-GALACTOS IDASE

Streptomycin sulphate (5% w/v) was added to the
supernatent In the above step. This was stirred slowly at
4°C for 2 hours, centr|fuged at 16,000xg for 30 min and
ammonium sulphate was then added to the supernatant to
bring it to 25% saturation maintaining pH between 7.0-7.2.
This mixture was stirred at 4°C for 30 min, centrifuged at
16,000xg for 30 min and the supernatant was brought to 43%
saturation with ammonlum sulphate. This was agaln stirred

for 30 min and centrifuged at 16,000xg for 30 min and the
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pel let was dissoived in 4 ml suspension buffer (80 mM Tris,
pH 7.5, 1T mM MgCIz, 1 mM B-mercaptoethanol, 0.1 mM EDTA,
0.04% NaNs)

SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE)

Fifty ug of partially purified and crude protein
extracts, In suspension buffer were electrophoresed on a
denatur lng SDS-poiyacrylamide gel (10% Ilower gel and 3%
stacking gel) with equal volume of 0.625 M B-mercaptoeth-
anol, 0.002% bromophenol blue, 4.04% SDs, 53.19 mM

Tris-HCI, 17.72% glycero!l (Silhavy, et al/., 1984). The gel

was stalned with coomassie brilliant blue (R250) (0.24%
coomasslie blue In 25% Isopropanol, 10% acetlc aclid). The
gel was then destained with 5% methanol, 7% acetlic aclid.

KINETIC ANALYSIS

All four proteins were stored In the suspension
buffer which contalned 1 mM B-mercaptoethanol and 0.04%
NaN5 In order to prevent bacterlal growth and to keep the
enzymes reduced. Azlde and B-mercaptoethanol are potent
nucleophlles which can replace water in the reaction, thus
the additlion of these reagents can affect the rate of the
reaction. Therefore, before assaylng the enzymes, they
were always desalted into the assay buffer, pH 7.0 (30 mM
TES, 140 mM NaCl, 1 mM MgSO4) using Blo-rad 10 DG desalt-
tng columns (without substrate).

The amount of total protein was measured using a

Bio-rad protein assay kit. B-Galactoslidase was assayed
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using two substrates ONPG and PNPG. Dlifferent amounts of
substrates were added to the assay buffer and 0.0.420 was
measured as a functlion of time at 256°C after the addition
of the enzyme. The willd-type enzyme belng hlighly reactive
was always diluted 1:10, while mutant enzymes were used
und!{ luted.

CHEMICAL MUTAGENES!S

Strain EPS5 which contains /acZ with -GC mutatlon at
506 was treated wlith chemical mutagens ICR191, EMS and
2-AP. Reverslon to Lac* phenotype on minimal lactose
plates and survival on LB plates was measured after 24
hours Incubation at 37°C.

(A) ICR191 mutagenesis (Calos and Mlller,1981)

Twenty ul of 1:100 diluted overnight culture of EPS
was added to a set of flve tubes with 2 m| minimal glu-
cose media containing 0, 2.5, §.0, 10.0, 20.0 ug/ml| ICR191.
CC107 straln was used as a control and was gilven similar
treatment. ICR191 being light sensitive, the tubes were
kept covered with aluminium fo!ll at afll times. These tubes
were Incubated at 37°C, with aeration overnight. The
cultures were diluted to 10-6 in 1 X minA, 100 ul of
different dilutions were plated on minimal lactose plates
and 10‘6 dilution was piated on LB plates.

(B) EMS mutagenesis (Coulondre and Miller, 1877)
Log-phase EPS5, CC102 cells grown in LB were washed

with 1 x minA and were suspended In 1 ml of 1 X minA.
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These were treated with 30 ul EMS for varying perlods of
t Ime i.e., O, 15, 30, 60 min by the addition of EMS and
vigourous shaking. Cells were washed with 1 X minA and
suspended In the same volume, followed by dilution In 1 Xx
minA to 10°6. cells were plated on minimal lactose and LB
plates.
(C) 2-AP mutagenesis (Coulondre and Miller, 1977)

Twenty ul of 1:100 dlluted overnight culture of EP5S
was added to a set of six tubes with LB containling O, 50,
100, 500, 700, 1000 ug/ml 2-AP,. These were I(ncubated
overnlight, at 37°C, wlth aeration. CC102 was used as a
control and was given similar treatment. The cultures were
dituted 10"6-foid In 1Xmin A and were plated on minimal
lactose and LB plates.

RECOVERY AND SEQUENCING OF LAC* REVERTANTS

LacZ genes from spontaneous Lac* revertants of EP5
strain were transfered to f1-Z phage carrying amber muta-
tion at site 460, for sequencing, as follows. Plaques from
phage carrying /lacZ wlth amber mutation at site 460 are
white on plates contalining Xgal. Lac* revertants of EP5
straln were grown In rick medium to mid-log phase. Samples
of 100 ul of cells were mixed with 100 ul of phage dlluted
10"%-foid in 1 X minA. Cells and phage were Incubated at
37°C for 10 min to allow attachment. Two milliliters of LB
were added and the cultures were incubated overnight wlith

aeration to allow recombination between the phage and the
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episomal /acZ genes. The celis were pelleted, and the
phage In the supernatent were used to Iinfect JmM801. Phage
containing /acZz from the episome produced bright blue
plaques on plates containing Xgal. Since the amber-460
mutation cannot revert to Lac* by a single base change,
blue plaques were the result of recomblnation with the
episome. SSsDNA was recovered and sequenced as described
earlier.

EPS5 IN RECA AND MUTS MUTATOR BACKGROUNDS

(A) recA

Episomes with -CG mutation from EPS5, -G mutation
from CC108 and +CG mutatlion from CC109 were transferred
into recA background in MC601 by mating EP5, CC108 and
CC109 with statlionary phase Mc601. The progeny were se-
lected on minimal glucose plates wlth tetracycline
(B) muts

Episomes with -CG mutation from EP5 and gly-461
missense mutatlon from CC102 were transferred Into muts
mutator background by mating EPS, CC102 with mutsS,. The
progeny were selected on minimal glucose plates with tetra-

cycline.
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RESULTS

INSERTION OF AMBER, MISSENSE AND FRAMESHFT MUTATIONS IN

LACZ GENE CLONED INTO F1-2

F1-Z phage Is lacl/~/lacZ? and has two advantages
over the M13 serles for these experiments. First, B-galac-
tosidase Is constitutively expressed. Second, the entire
lacZ gene Is on a single fragment unllike vectors which
require alpha complementation. Single-stranded f1-Z was
used as a template for slte-directed mutagenesis. Ol lgonu-
cleotides were used to substitute an amber codon at pos!i-
tion 460, missense mutations (namely, aspartate, serine,
giutamine) at site 460, alanine at 506 and to have a -GC
mutation at 506 position In [acZ. The ollgonucleotlides
which were used are presented In tabte 4. The under | Ined
regions represent the mutated regions. The helper ol lgonu-
cleotlde Z-COOH-2 which was used as a primer In slite-di-
rected mutageneslis to assist the /n vitro synthesls of
dsDNA, Is also presented In table 4.

Strain JMBO1 was transformed with the dsDNA synthe~
sized /n vitro using f1-Z single-stranded template, muta-
genic oligonucleotides and the helper oligonucieotide. F1-
Z phage containing wiid-type /acZ gene form bright blue
plaques on plates contalning Xgal while f1-Z phage contain-
Ing /acZ gene wlth amber-460, gin-460 and -GC mutation at
506 formed white plaques and f1-Z phage containing /acZ

wlth asp-460 and ser-460 missense mutations formed pale
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Table 4:

The mutagenic and secondary primers

wild type 3' GCTCCCTCGCGAATGAATCAGGCC 5!
Amber 460 5' GGCCTGATTCCTACCCCAGCGACC 3!

Asp 460 5' GCGCCTGATTCATCCCCCAGCGACCA 3'

Ser 460 5' GGCCTGATTCACTCCCCAGCGACC 3!

Gln 460 5' GGCCTGATTCCTGCCCCAGCGACC 3'
| wild type 3' CGCGCGCGTGGATGAAGAC 5!

-GC 506 5' GGTCTTCATCCGCCCGCG 3!

Ala 506 5' GGTCTTCATCCGCGCGCGCG 3!

Z-COOH-2 3' AGTCGACTCGCGGCCCAGCG 5!

46




blue plaques on plates contalning Xgal. Mutant plaques
were purlfied. This was done in order to avolid mixing the
mutant and wild-type phage as the plaques were In close
proxImity on some plates. DsDNA and ssDNA was isolated
from the mutant phage.

DsDNA was digested with EcoR/ and was eliectrphoresed
on a 1% agarose gel In order to check that there were no
large deletions In the /(acZ genes. Two bands of the size
of 6.5 kb and 3.4 kb corresponding to f1-Z phage and /acZ
respectively were obtained Iin the case of each mutant.

In order to check that there were no secondary
mutations, the amber, missense and frameshift mutations
were reverted back to wild-type sequence by slte-dlrected
mutagenesls, using a wild-type oligonucleotide in the
mutated region. DsDNA was syntheslzed /n vitro usling the
wlld-type oligonucleotide, ss f1-Z phage template from the
mutant phage and helper ollgonuclieotide (Z-COOH-2). Blue
plagues were obtalned on piates contalning Xgal Indlcating
that the mutation being Inserted was the only mutation In
lacZ In each case.

SsDNA from the mutant phage was sequenced. This
conflirmed that the mutations were present.

SUBCLONING OF MUTANT LACZ GENES FROM F1-Z INTO PBR329

Mutant /acZ genes were subcloned from f1-Z phage
into the plasmid pBR329. Since the /acZ gene In f1-Z phage

contains EcoR/ slites at both ends, dsDNA from the mutant
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phage were digested with EcoR/. PBR328 was aiso digeted
with EcoR!. Mutant J/acZ genes were Individually cloned
Into the unique EcOR/ site of pBR329.

PBR329 with mutant /acZ genes Individualiy cloned
Iinto It, was digested with EcoR/! and Hlncli. The digested
DNA was electrophoresed on a 1% agarose gel. Thls was done
to ensure that the entire /acZ gene was cloned Into pBR329.
Two bands of the size of 4.2 kb and 3.4 kb corresponding to
pBR329 and /acZ respectively were obtained on digestion
with EcoRI. There are 3 Hincll sites In JacZ gene and 2
sites In pBR329; therefore, flve bands of the size of 2.3
kKb, 1.89 kb, 1.8 kb, 0.88 kb and 0.62 kb or 2.3 kb, 1.8 kb,
1.59 kb, 1.28 kb and 0.62 kb were obtalined depending on the
orlentatlion of J/acZ In pBR329, on dligestion wlth Hlnc!l as
shown In filg 3.

RECOMB INATION BETWEEN LACZ IN PBR329 AND F' EPISOME.

Each of the five mutations was lInserted into the
lacZ gene of the eplsome by recombination between pBR329
and the eplisome. The eplisome used has proA, proB, lacZ,
facy, lacA and Is /lac/”. A set of 40 deletion strains was
used to check that each mutation mapped to the correct
deletion Interval. The deletion strain with the blggest
deletlon of /acZ which was able to grow on lactose after
recombinatlion with the four mutants at the slite 460 was
deletion straln 24. The deletlon strain 24 has a deletlon

of approximately 460 N-terminal amino aclds. The exact
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Figure 3
Restriction digests of pBR329:

One hundred ng of PBR329 and pBR329 with mutated /acZ gene
digested with EcoR/! and Hincll were electrophoresed on a 1%
agarose gel. Lanes 1 and 2 contaln molecular welght DNA
size markers. Lane 3 contains pBR329 digested with EcoR!
showing a single band of 4.2 kb. Lanes 4-8 contain pBR329
wlith mutated /acZ genes carrying amber-460, asp-460, ser-
460, gIn-460 and -CG mutations respectively digested wlith
EcoR!I. These show 2 bands of the size of 4.2 kb and 3.4 kb
corresponding to pBR329 and /acZ respectively. Lane 9
contalns pBR329 digested wlith Hinci!t. It shows 2 bands of
the size of 2.3 kb and 1.9 kb slnce there are 2 Hinclt!
slites In pBR329. Lanes 10 and 13 contain plasmids with
asp-460 and ~CG mutations. These show 5 bands of the slze
of 2.3, 1.89, 1.8, 0.98 and 0.62 kb. Lanes 11 and 12
contaln plasmids with ser-460 and gin-460 mutations. These
show 5§ bands of the size of 2.3, 1.8, 1.59, 1.28 and 0.62

kb.
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sizes of the deletions of the /acZ In the deletlion strains
have not been determined. The ~-GC mutatlion at the poslition
506 mapped to the deletion Interval 26. The deletlion
strain 26 has a deletlion of approximately 506 N-terminal
amino aclds. The eplsome with the wlld-type /acZ gives
bright blue colonies on plates contalning Xgal. The epi-
some contalning lacZ with asp-460 mutatlion gave blue colio-
nies, ser-460 resulted Iin pale blue colonies and amber-460,
gln-480 and -~GC mutation resulted Iin white colonies on
plates containing Xgal.

The /acZ cloned In f1-Z has a weak promoter (L8),
whereas the /acZ on the eplsome has a strong promoter (P*).
Recomblnants containing the P* promoter have approximately
15-fold higher levels of B-~galactosidase. Thus, the epl-
somes with the Lac* revertants of the mutant /acZ genes
were checked on Maconkey agar plates to ensure that they
had the P* promoter. The eplisomes with the P* promoter
glve dark red colonles, whereas the ones with the L8 pro-
moter give pale red colonies. The episomes with the pP*

were used In the further studies.

(1) EFFECTS OF AMINO ACID SUBSTITUTIONS AT ASN-460
(A) Suppression of nonsense mutation

The episome with the amber-460 mutatlion was trans-
ferred Into 12 nonsense suppressor strains. Amber-460 was
thus, suppressed individually by 12 nonsense suppressor

strains, resulting Iin 12 mutant RB-galactosidases with
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different amino acids at the position 460. Table 5 shows
the Intensity of blue colour of the 12 mutants on plates

containing Xgal, Lac*’/~

phenotype on minimal plates con-
taining lactose as the only carbon source and the unlits of
B-galactosidase actlivity produced by the mutants with
twelve individual amino acld substitutions at the poslition
460. The units of fB-galactosidase actlvity produced by I~
P* with wild-type /acZ gene are also presented. The mutant
In which serine was substlituted at position 460 was the
only one which could grow on lactose as the only carbon
source.
(B) Missense mutatlions

Three amino acids were substlituted at 460 by Insert-
Iing missense mutations, namely asp, ser and gin. Two oOf
these amino aclids were also Introduced by nonsense suppres-
sion i.e., ser, gin. Table 6 shows the Intensity of blue
colour of the three mutants on plates containing Xgal,
Lac*l‘ phenotype on minimal plates contalning lactose as
the only carbon source and the units of B-galactosidase
activity as measured by the hydrolysis of ONPG. The mis-
sense mutants, asp and ser could grow on lactose as the
only carbon source. The actlvity of the missense and the
suppressed nonsense mutant with serine substituted at 460,
differed by a factor of 1.7. The activity of the missense
and the suppressed nonsense mutant with gln substituted at

site 460 dliffered by a facter of 1.4,
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Table 5:

The analysis of the 12 suppressed nonsense mutants

Amino acid | Xgal | Lactose Units of % units of
B-galactosidase wild type
(ONPG)

Asn (wt) db + 5500 100
Ser 1b + 34.3 0.623
Cys 1b - 9.11 0.165
Ala 1b - 5.18 0.094
Glu 1b - 3.08 0.056
Gly 1b - 1.62 0.029
Leu 1b - 1.26 0.023
Lys w = 1.00 0.018
Phe W - 0.82 0.014
Tyr w - 0.74 0.013
Gln W - 0.69 0.012
His W - 0.66 0.012
Pro W - 0.43 _ 0.007
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Table 6:

The analysis

of the 3 missense mutants

Amino Xgal Lactose Units of % units
acid B-galactosidase of wild
(ONPG) type
Asn (wt) db + 5500 100
AsSp b + 119 2.17
Ser 1lb + 61.3 1.11
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The enzyme activity decreased drastically as a

result of all the 13 amino acid substitutions at asn-480.

PARTIAL PURIFICATION OF B-GALACTOSIDASE FROM THE 3 MISSENSE

MUTANTS

B-Galactosidase from the three missense mutants and
I"P* was partially purified. The proteins were electropho-
resed on a denaturing SDS-polyacrylamide gel, as shown |In
filg 4. The amount of B-galactosidase in all 3 missense
mutants and 1Pt was simitar. The B-galactosidase band was
identi fied by using molecular welght slze markers and by
comparing with extract from the strain s90c which has the
deletion of lacZ (data not shown). Extract from sS80c did
not have the band corresponding to B-galactoslidase. Thus
the drastic decrease In enzyme activity can not be account-
ed for by the degradation of the mutant proteins.

KINETIC ANALYSIS OF MUTANT ENZYMES

Table 7 shows the klnetic values obtained for the
partially purified B-galactosidase extracted from the
missense mutants and the wlld-type strain. ONPG amd PNPG
were used as substrates. Both Km and vmax values of the
three mutant enzymes were much lower than that of the wlid-

type enzyme.

SUBSTITUTION OF VAL-506 BY ALA-506

In order to create the mutant EP5 which had the
deletion of a CG dinuclieotide from a run of CG dilnucleo-

tides, It was useful to substitute val-508 by ala-506. The
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flgure 4

Proteins eiectrophoresed on a SDS-polyacrylamide gel:

50 ug of protelns were electrophoresed on a denaturing SDS-
polyacrylamide gel. Lane 1 contalns the molecular slze
markers. Lanes 2-5 contain partially purl!fied protelns
from 1"PY, asp-450, ser-460, gln-460 respectively. Lanes
6-9 contaln crude proteins from 1“P*, asp-460, ser-460 and

gin-480 respectlively. * Indicates the band corresponding

to B-gatactosidase.
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Table 7:

The kinetic analysis of the three missense mutants

Amino acid Km (ONPG) Km (PNPG) vm (ONPG) vm (PNPG)
mM/mg mM/mg
Asn (wt) 30.0 6.19 5.00 3.09
Asp 1.14 0.11 0.14 0.20
Ser 1.39 0.14 0.04 0.01
Gln 0.62 0.07 0.01 0.005
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substitution of val-506 by ala Is useful In order to have
the frameshift target conslisting of 5§ CG dinucleotides as
compared to the wild-type sequence with val-506 which
resutts Iin a target of only 4 CG dinucleotides (flgure 5).
Bigger stretches of CG dinucleotides tend to form Z DNA.
Poslition 506 allows the substitution of valine by alanine
without affecting the Lac* phenotype. This was checked by
reverting a mutant /acZ gene with -CG mutation Iin f1=2
phage to tac* phenotype by using an oligonucleotide with
alanine at 506 (table 4). DsDNA was syntheslized using a ss
fi-Z2 template with /ac2 carrying the ~-CG mutation, an
oligonuclieotide with alanline at 506 and a Z-COOH-2 helper
oligonucleotide. Blue plaques were formed on plates con-
taining Xgal!. Blue plagues could be formed only if the
site 506 allowed the substlitution of vallne by alanine.
The mutant EPS5 had a stretch of 4 CG dlnucl!eotides. It
could revert back to Lac? phenotype by the addlition of a CG
dinucleotlide resulting In a stretch of 5 CG dinuclieotldes
which restores the wild-type phenotype but not the wild-
type sequence.

(11) CHEMICAL MUTAGENESIS OF EPS

EP5 which has the deletion of CG bases at 506 In the
lacZ gene and requires the addition of CG bases to revert
back to Lac* nhenotype was treated wlth chemical mutagens,
ICR191, 2-AP and EMS, to test whether the rate of frame-

shift mutations was affected as a result of the treatment
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Figure 5

Sequence of EPS5 and CC109:

The wild-type sequence with val-506 Is compared to the
sequence with ala-506. The sequence of the mutant EP5S and
its Lact revertant after the addition of CG bases is shown.
Sequence of the mutant CC109 which has the addition of CG

bases |s compared to that of Its revertant which has the

deletion of CG bases.
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SEQUENCE OF EP5

507
Asp
GAT

GAT

GAT

Lac*
(wlid-type sequence)

Lac*t
(val =506 ~-> Ala-506)

Lac™
(deletion of a CG dinucleotide
by slite-dlrected mutagenesis)

Lac*
(+CG to go back to
wlld-type phenotype)

503 504 505 506
Tyr Ala Arg Val
TAC GCG CGC GTG
TAC GCG CGC GCG
TAC GCG CGC GGA
TAC GCG CGC GCG
SEQUENCE OF CC109

503 504 605 506
Tyr Ata Arg Vval
TAC GCG CGC GTG
TAC GCG CGC GCG
TAC GCG CGC GTG

TG
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Lac*t
(wi ld=-type sequence)

Lac™
(Addition of a CG dinucleotlide
by site-directed mutagenesis)

Lac*
(-CG to go back to
willd-type sequence)




with chemical mutagens. ICR191 causes frameshlft mutations
by stabillizing the looped out base or bases, whlch is an
intermediate structure according to the strand siippage
model proposed by Strelsinger (review by Miller, 1983). 2-
AP and EMS, on the other hand, cause frameshlifts Indlirectly
by saturating the dam dlrected mismatch repair system
(Cupples et al., 1990a). Tables 8, 9, 10 show the sponta-
neous rate of reverslion to Lac* phenotype and the rate of
reversion after the treatment with chemical mutagens, In
terms of the number of revertants to Lac* phenotype on
minimal lactose plates/lo8 cells. The rate of reverslion
did not Increase as a result of the treatment with chemical
mutagens.

Table 11 shows a comparlison of the spontaneous rate
of reversion to Lac?t phenotype of EPS5 and CC109. cC109
requires the deletion of CG bases to go back to the wild-
type sequence unl!like EP5 which requires the addition of CG
mutation to go back to the wlld=-type phenotype. There was
a difference of greater than 100-fold In the rate of rever-
slon of the two strains.

The rate of reverslion of EP5 to Lac?t phenotype was
tested In the recA background. The results are presented
in table 12. CC109 and CC108 were used as controls In the
recA background. The rate of reversion to Lac?t phenotype
of CC109 which requires the deletlion of CG bases to go back

to Lact phenotype was Iincreased greater than 5-fold in the
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Table 8:

The rate of reversion of EP5 after treatment with ICR191

. EP5
(Lac’ revertants/
10" viable cells)

. CCc107
(L@c revertants/
10" viable cells)

Spontaneous_rate 0.5 0
ICR191 20 ug/ml 0 25,222
10 ug/ml 0 3,066
5.0 ug/ml 1,921
2.5 ug/ml 0.5 592
0 ug/ml 0. 0
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Table 9:

The rate of reversion of EP5 after

treatment with EMS

. EPS
(Lac revertants/
10" viable cells)

, CCl02
(Lgc revertants/
10" viable cells)

Spontanecus rate 0.6 0

EMS 60 0 6500
30 0 3438
15! 0 207
0' 0.5 2
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Table 10:

The rate of reversion of EPS

after

treatment with 2-AP

. EP5S
(Lag revertants/
10" viable cells)

' CCl02
(Lac revertants/
10" viable cells)

Spontaneous rate 0.5 0

2-AP 1000 ug/ml 0 323
700 ug/ml 0 342
500 ug/ml 0 405
100 _ug/ml 0.4 193
50 ug/ml 0 44

0 ug/ml 0.6 0
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Table 11:

The spontaneous rate of reversion of EP5 and CC1l"9

' EPS 8 . CC109
(Lac’ revertants/ 10 (Lac revertants/
viable cells) 10" viable cells)
Spontaneous rate 0.6 95
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Table 12:

The rate of reversion of EP5 in recA background

Strain Lac' revertants/10% viable
cells

EP5 0.6

EPS5/recA: :Tnlo 0

CCl08 7.18

CCl08/recA::Tnl0 4.34

| CC109 92.0

CCl09/recA::Tnl0 482
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recA background while the rate of reversion of CC108 which
requires the deletlon of a G base to go back to w!ld-type
was not affected significantly In the recA background. The
rate of reversion of EP5 to Lac' phenotype was not affected
In the recA background.

The rate of reversion of EP5 was also tested In the
mutsS mutator background. The resulits are presented In
table 13. CC102 was used as a control In the mutsS mutator
background. CC102 requires G.C -> A.T base substitution to
go back to Lact phenotype. Since mutS is part of the
mismatch repair system, there should be an Increase In the
rate of reversion of CC102 to Lac* phenotype !n the muts
background. The results presented here show an increase of
6-fold In the mutS background. The rate of reversion to
Lac* phenotype of EP5 did not Increase In the mutS mutator
background.

SEQUENCING OF LAC* REVERTANTS

The spontaneous Lac* revertants obtained from EPS
were sequenced after transferring /acZ gene from Lac*
revertants Into f1-Z which contains /acZ with an amber
mutation at site 460. The Lac* revertants had the addition
of CG bases resulting In a stretch of 5 CG dinucleotides

(figure 5).
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Table 13:

The rate of reversion of EP5 in mutS background

Strain Lac' revertants/10% viable
cells

EP5 0.5

EP5/mutS::Tnlo 0.5

CCi02 0.5

CC102/mutS::Tnlo 30.0
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DISCUSSION

(1) Analysls of the role of asparagine at position 460

B-Galactosidase is tolerant of amino acid substl!tu-
tions at most sites in the primary sequence (Langridge,
1974; Langridge and Campbell, 1969; Welply, 1981; Cuppies
and Miller, Unpubl!ished data). Most missense mutations
inserted randemly throughout /acZ gene have little effect
on B-galactosldase activity.

However, glu-461 |Is essentlial for the activity of B-
galactoslidase (Herrchen and Legler, 1984; Bader et a/.,
1988; Cupples and Millier, 1988). Glu-461 was Identlifled to
be important for the formatlon of a translent covalent bond
with the transition state carbonium lon form of galactose
and stablllzing the carbonium ion form of galactose (Sin-
nott and Souchard, 1973; Rosenberg and Kirsch, 1981; With-
ers et al., 1988; Cupples et al/.,1980b). It Is known to be
involved In the aclid catalytic assistance component of
galactosylation and In the degalactosyliation step of the
reaction (Cupples et al/., 1990b).

Tyr-503 Is also essentlal for the activity of B-
galactosidase, as It Is the general aclid catalyst iIn the
galactosylation step of the reactlion of 8-galactosidase
(SIinnott, 1978; Sinott and Smith, 1978; Fowler et al/., 1978;
Herrchen and Legler, 1884; Cupples and Miller, 1988, Ring
et al/., 1985, 1988).

I have lildentiflied asn-460 to be very Important for
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the activity of B-galactosidase. Asn-460 is adjacent to
the essential residue glu-461. Two experimental approaches
were used to study asn-460.
(A) Suppresslion of nonsense mutation at 460

An amber codon was Introduced at the site 460 using
site-dlirected mutagenesl|s. The eplisome carrylng lacZ with
the amber mutation at 460 was Introduced Into 12 nonsense
suppressor strains. The nonsense mutation was thus Indi-
vidually suppressed by 12 nonsense suppressors producing 12
mutants which had different amino aclids at the site 460.
The units of B-galactosidase produced by the 12 suppressed
mutants, as measured by the hydrolysis of ONPG ranged from
0.007% to 0.623% of the wild-type. Ser-460 was the only
mutant which could grow on lactose as the oniy carbon
source. It gave 34.3 unlits of B-galactosidase (table 5).
All the other 11 mutants were phenotyplically Lac™. This
data Indicated that asn-460 Is not tolerant of amino acid
substitutlions. Further analysis of this site was essential
In order to conflirm that asn-460 |s essentlial for the
activity of B-galactosidase.
(B) Missense mutations at asn-460

Nonsense suppressor stralns have an efficlency
ranging from 8% to 100% (Kleina et a/., 1990, Normanly et
al., 1980). The efflclency of suppression further depends
on the position of the amber codon and the sequence of

bases ad)acent to It (Klelna et a/., 1990, Normanly et al.,
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1990). A suppressor straln which could Insert asn in
response to amber (460) could be used as a control but such
a suppressor strain has not been constructed. Thus to
study the site 460, | Introduced 3 missense mutations, asp,
ser and gin at the site 460. To faclilitate the understand-
Iing of the Iimportance of a particular residue, It Is Impor-
tant to substltute a number of amino acids at that slte.
The pattern of changes In the actlvity as a result of the
substitutions can be useful to determine the role of the
wlld-type residue. The 3 missense mutations at the site
460 were chosen on the basls of the results of suppression
of nonsense mutation at 460 and taking Iinto account the
blochemical aspects llke the structure and charge of the
amino aclids. Ser and gin were chosen since the suppressed
nonsense mutant, ser-460 produced the maximum unlts of B-
galactosidase out of the 12 suppressed nonsense mutants and
gln-460 was one of the mutants which had very i{ittle G-
galactosidase activity. The substitution of asn by asp
changes the charge on the side-chain from neutral! to nega-
tive without signiflcantly affecting the slze of the side-
chain. Ser and asn have a different structure, however
both amino acids have a similar slze and are uncharged.
Gin Is blgger !n size than asn due to an extra CH, group.
GIn Is also uncharged. The 3 missense mutants enabled us
to understand whether the shape or the charge of asn at 460

Is crucial for its role. Asp-460 and ser-460 could grow on
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lactose as the only carbon source. Asp-460 produced the
max imum units of B-galactosidase. Since asp and asn have

similar slze but different charge, this result Indicates

that the charge of asn-460 Is not as Important as Its slize

for i1ts function. The structure of asn-460 glves a shape

to the active site of B-galactosidase which Is essential

for Its activity. Ser-460 produced 61.3 units of B-galac-
tosidase as compared to asp-460 which produced 119 units of
B-galactosidase. The ability of ser-460 to grow on lactose
as the only carbon source could be due to the simitar size
of ser and asn, though they have different structures.
GIn-460 which Is bigger In slze as compared to asn produced
the least number of units of B-galactosidase (1.00) and
could not grow on lactose as the only carbon source. This
again Indicates that the shape and size of asn-460 are
critical for Its function.

KINETIC ANALYSIS OF THE MISSENSE MUTANTS

The three missense and wlld-type enzymes were par-
tlally purified. The difference In enzyme activity is due
to the point mutations introduced and not due to the degra-
dation of the mutant enzymes This was established by
electrophoresing equal amounts of total proteins on =a
denaturing SDS-polyacrylamide gel. The intensity of the B-
galactosidase band was similar in all the four lanes with
the wild-type and the 3 missense mutant enzymes. The band

corresponding to B-galactosidase was ldentifled by using
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molecular weight protein size markers and protein extract
from the strain s90c which has the deletlon of the /acZ
gene. The extract from s90c did not have the B-galactosi-
dase band.

The Km of the mutant enzymes ranged from 2.06% to
4.63% (wlth ONPG as substrate) and from 1.13% to 2.26%
(with PNPG as substrate) of the wild-type 3-galactosidase.
The Km values of the mutant enzymes were lower than that of
the wild-type enzyme which suggests that the mutant enzymes
bind both ONPG and PNPG more strongly than the wild~type B-
galactosidase. Since the Km value Is not necessarily
Indicative of the substrate binding, It Is required to
measure the rate constant of each step of the catalytic
reaction of B-galactoslidase to further Investigate how the
binding Is affected. Km value Iis partly related to the
dissoclation constant for the enzyme-substrate complex. A
decrease tn Km thus suggests that there |Is a decrease of
the dissociation of the enzyme-substrate complex.

The vm values of the mutant enzymes ranged from 0.2%
to 2.8% (with ONPG as substrate) and from O0.16% to 6.47%
(with PNPG as substrate) of the wild-type B-galactosidase.
A decrease In the vm vaiues of the mutant enzymes Is Indic-
ative of the fact that the mutant enzymes have a much lower
catalytic efflclency as compared to the wlld-type B-galac-
tosidase for both the substrates.

This data strongly suggests that asn-460 Iis very
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important for the activity of B-galactosldase.

Three missense mutants were constructed In this
study. The analysis of the B-galactosidase activity of
more missense mutants at site 460 can be helpful to study
the rote of asn-460 since the pattern of changes In the
enzyme activity of a large number of missense mutants can
glve useful Information. In order to establish the exact
role of asn-460 the rate constant of each step of the
catalytic reactlon of B-galactosidase Is requlred. The
structure of B-galactosidase |s undergoing analysis by X-
ray crystallogrphy. The results presented here should be
interpreted in the light of the knowledge of the structure
of B-galactosidase. in order to know mecre about the active
site of B-galactosidase, It will be useful to know whether
gly-459 Is also important for the activity of the enzyme
since It Is adj)acent to asn-460. It is known that ser-462
which Is adjacent to glu-461 is not Important for the
activity of the enzyme (Vidmar and Cupples, unpublished
data). This can glive information about the size of the
actlive site of the enzyme.

(11) MECHANISM OF FRAMESHIFT MUTATIONS

The mutant EP5 was constructed In order to study the
mechanism of frameshlift mutations In a stretch of DNA
downstream of tyr-503 which contains repeating CG dinucleo-
tides. EPS requires the additlion of a CG dinucleotide to

go back to Lac* phenotype. The spontaneous rate of rever-
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slon of EP5 to Lac* phenotype was compared to that of CC109
which requires the deletion of a CG dinucleotide to go back
to Lac* phenotype. The mutant EP5 has a stretch of 4 CG
dinucleotides and its reversion to Lac' phenotype leads to
a stretch of 5 CG dlnuclieotides. The mutant CC109 has a
stretch of 5 CG dinucleotides and Its Lac* revertant has a
stretch of 4 CG dinucleotides. There Is a difference of
greater than 100-fold between the spontaneocus rate of
reversion to Lac' phenotype of EP5 and CC109. This result
suggests that the addition and deletion of CG bases In this
particular target does not occur by the same mechanlsm,
contrary to the model proposed by Streisinger et al.
(1966). The low rate of reversion of EP5 by the addition
of CG bases Is In agreement with the results of Freund et
al.. They cloned a stretch of 12 GC dinucleotlides in puCs
which leads to Lac™ phenotype. The stretch of 12 GC dinu-
cleotides formed Z DNA. FiIfty Independent biue colony-
forming mutants from pUC-(GC)12 were analyzed. It was seen
that the addition of GC bases was a rare event and repre-
sented only 8% of the mutants whereas the deletlon of 4, 10
and 16 bp occurred at relative frequencles of 10%, 67% and
14% respectively.

CHEMICAL MUTAGENESIS OF EPS

ICR181 is thought to cause frameshift mutations by
stabilizing the looped out base(s) by stacking between

them. Most of the ICR191 induced mutations (97.9%) studled
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in the /ac/ gene were the addlition or deletion of a single
G base from GGG sequences and In GGGG sequence In one
case. The +1 frameshift was preferred by a ratio of 10:1
over the -1 frameshift at some sltes whereas at other sites
the -1 frameshlft occured at a ratlo of 2:1 over the +1
frameshl ft (Calos and Miller, 1981). Ames et al/., 1973 and
McCann et al/., 1975 have shown that ICR191 induces the
deietion of a CG dinucleotide In a (CG),4 sequence at 30% of
the rate of Inductlion of the deletior of a G base from a
GGGG sequence. ICR181 (20 ug/ml) leads to a greater than
6-fold Increase In the rate of reversion of CC109 to Lac*
phenotype as compared to an Increase of greater than 1000-
fold in the rate of reversion of CC107 which requires the
additlon of a G base to go back to the wild-type (Cupples
et al., 1880a). ICR181 has no effect on the rate of rever-
slon of EP5 to Lact phenotype. Thls suggests the absence
of a looped out Intermediate In the additlon of CG bases In
EP5 to go back to the Lac* phenotype.

EMS and 2-AP cause frameshift mutatlons Indirectly
by saturating the dam directed mismatch repair system
(Cupples et al/., 1990a). This aliows replication errors
leading to frameshlfts to escape repair. MutS Is part of
the dam directed mismatch repalr system. The mismatch
repailr system Is Involved In the repair of frameshifts.
The loss of the system leads to an Increase In frameshlfts

(Glickman, 19789; Schaaper and Dunn, 1987; Cupples et al.,
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1980a). The E. col// mismatch repalr system can act on
newly syntheslzed DNA strands to remove replication errors
involving the Insertion or deletion of a single base (Dohet
et al., 1986). This was suggested on the baslis of results
obtained by transfecting E. col/l with DNA hetroduplexes
with a singl!e unpalred base prepared by annealing separated
strands of lambda phage. 1f the additlon of CG bases In EPS
occurs by the loopling out mechanism, treatment with EMS, 2-
AP and mutS mutator background should lead to an Increase
in the rate of reversion of EP5 to Lac®? phenotype by the
addition of CG bases. However, treatment wlith EMS, 2-AP
and mutS mutator backgrounds have no effect on the rate of
reverslion of EPS5. 2-AP (700 ug/ml) resuits In greater than
9-fold Increase In the rate of reversion of CC108 (Cupples
et al., 1990a). Thus, this data suggests that the addition
of CG bases In EP5 does not occur through a l|ooped out
intermediate.

RecA plays a vital role in the cell due to Its role
Iin SOS response and recombination. RecA protein has been
shown to have 5 to 7-fold greater affinlity to bind to Z DNA
than to B DNA (Blaho and Wells, 1987). RecA-Z DNA complex-
es are more stable than the ones with B DNA. N-2-
acetylaminofluorene (AAF) |s shown to Induce frameshlft
mutations by two pathways that are under different genetic
controls. First, It causes the deietion of a G base (GGGG

-> GGG) by a UmuDC and RecA* proteln dependent pathway.
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RecA* s the actlvated form of the protein RecA. Second,
It causes the delietion of CG bases (GGCGCC -> GGCC) by a
LexA controiled pathway that iIs UmuDC and RecA* Independ-
ent. A non-activated form of the RecA protein acts as an
inhibitor of this pathway (Koffel-Schwartz and Fuchs,
1889) . In order to determine the role of recA In the
addlition of CG bases in EP5 the rate of reversion of EP5 In
recA backgound was tested. RecA background leads to a
greater than 5-fold increase In the rate of reverslon of
CC109 to Lac? phenotype. Due to the effect of recA on
CC109 and its role In causing frameshifts, | predicted that
recA backgroud would lead to an Increase In the rate of
reverslion of EP5 to a Lac?* phenotype. However, recA back-
groud had no effect on the rate of reversion of EP5 to a

Lac*

phenotype. Therefore, the addition of CG bases occurs
by a recA-independent pathway.

The results presented here indicate that the
addition of CG bases In EP5 does not occur through a looped
out Iintermediate. More than one model Is requlired to
explaln frameshlft mutations at atl kinds of targets. It
Is possible that the CG dinucleotide from the template
strand Is exclsed from thils target Instead of forming a
looped out Intermediate. The excislon would be followed by
the ligatlion of the template strand. The additlon of the

CG dilnucleotide In the primer strand would be a rare event

in that case. The results presented here for the spontane-
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ous reversion of EP5 to Lac*? phenotype, reversion of EPS
after chemical mutagenesis with ICR181, EMS and 2-aminopu-
rine and In recA and mutS backgrounds support this hypothe-
sis.

A nltrocelluliose flliter binding assay could be used
to determline whether the proteln RecA binds preferentially
to the targets In EP5 and CC109. Dlrect visualization of
recA binding to the target in plasmid DNA couid be obtained
by uslng etectron microscopy. The construction of more
targets which require the addlition of dlfferent dlnucleo~
tides (e.g GT, TA) to go back to wlid-type can be useful to
determine whether the additlion of 2 bases is a rare event
In general or the addition of CG bases iIs a rare event only

In some targets.
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