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Chaprer I.

Introduction.

I.1. General.

In living cells, the most important group of proteins exhibiting
biological activity are the enzymes. These proteins are catalysts
responsible for tremendous rate accelerations of organic reactions
proceeding with high specifieity and efficiency.

Ever since their discovery, continuous efforts have been made to
elucidate the mechsnisms enzymes employ te mediate catalysis, A
traditional strategy to investigate enzyme catalysis is based upon the
modification of the structures of amino acid functional groups,
especially those present in the active site. Two coneceptually similar,
but experimentally different methodz are applicable to achieve this
goal.

The classical approsch is chemical modificatien, the use of zmmall
molecules designed to react with a restricted class of functional
groups, Due to some limitarions of thisz technique, such as the lack of
absolute specificity for active site amino acid residues, the
uncertain impact of the steric and electrostatic properties of the
modified aminoe acid on the reaction mechanism and the effect of the
modification on the three-dimensional structure of the enzyme,
biochemists have started to use an alternative approach in protein
engineering developed in recent years,

With the introduction of recombinant-DNA techniques, it has now
become feasible to change functional groups present in the active site
of an enzyme genetically, by specific alteration of the codons for
respective aming acide¢ in a cloned pene eoding for the enzyme. This
techrique, commonly referred to as site-directed mutagenesis, is
considered to be a powerful tool for studying intrinsic features of
any enzyme, $ince an almost inexhaustible number of mutant-enzymes,
the kinetic properties of which are to be evaluated, can be acquired.

In this thesis, the results of a study toncerning the cloning,
sequencing and in vitro mutagenesis of the Escherichia coli gene

coding for pera—aminobenzoate synthase Component I will be reported.



A preliminary model fer the reaction mechanisw of the PABS
helo=cnzyme, based upon the kinetic parameters of mutant=enzymnes

conatructed, will be presented.

I.2. The shikimic acid pathway.

In &ll microorganisims investigated to date, the shikimic acid pathway
iz urilized for the bicsynthesls of the arematic amino acids, the
folate coenzymes and several other essential vitamins (1,2). An
important compon intermediate in this multibranched pathway is
chorismic acid, which is converted by five separate ensymes to
p-hydroxybenzoate, isochorismate, prephenate, anthranilate and

p—aminghenzoate (Fig.l.l).
COoH

PABA — = Folates
glutamine NHg

PABS COGH

NHz

AA ————= Tryptophan

glutamine
! ) HooC
AS :‘;c=a
CORH CODK Hoat ghy
glucose —e— —— EHI /Tyrasine
B rephenate
Mo T Mok 7 0" coow - prep
oM oK b Phenylalanine
s N CO0H
shikimic chorismic
acid acid p-hydroxy-

oi benzoate —s=Ubiquinones

EDHEHZ
C Carboxy
0 ™CO0R

aromatic
amino acids

iso-chorismate
2,3 dihydroxy-

benzoic acids

Fig.I.l Shikimic acid pathway in microorganisms.

Considering the disparity of metabolic products synthesized from
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chorismate, by their nature as well as by their quantity, it i=s
obvicus that the enzymes invelved must be of particular design in
order to satisfy the specific need for certain metabolites during cell
prowth and malntenance. Especially intriguing in the casze of
chorismzte-converting enzymes is the way in which enly =lightly
different precursors like o-aminobenzoate (anthranilate) and
p-aminobenzoate (PFABA) are produced from the cowmen substrate,
concomitantly preserving a considerable difference in the respective
amounts synthesized, Therefore, research to elucidate underlying
catalytic mechanizmz of thig ¢lags of enzymes not only will contribute
to a better understanding of enzyme catalysis in general, but in
addition will allew os to gain imsight in the way fine-tuning of

matahelism by differential substrate channeling is achieved.
1.3, p-Aminobenzoate synthese, evolution and genetic organigzation,

In 1959, Weilss and Srinivasan (3) {irst showed that
shikimate-5-phosphate plus glutamine can be converted to
p-aminobenzoic acid by a yeast preparation. Somewhat later, they
established, that the amino group of p-aminobenzoiec acid in fact
arices from the carbonamide nitrogen of glutamine (4). It was found by
the group of Gibsen et al. (5,6,7,8) thar the bacterial growth factor
PABA was formed together with other compounds, such ss prephenic acid
and gnthranilic acid, from a common intermediate in sromatic
biosynthesiz=. The intermediate was identified as chorismic acid
(Fig.T.1). Evidence that chorismate was the precursor of PABA was the
obzervation that neither p-hydroxybenzoate or prephenate could replace
chorismate as a substrate. Furthermore, mild heat treatment of
chorismate solutions, thereby destroying chorismate, also Inactivated
the capacity to function as substrate for PABA synthesiz (9).

E,coli mutant strains requiring PABA for growth were isclated by
Lampen et al. (10) and Huang & Pittard (11). The mutstions were mapped
by conjugation and transduction, and two genes concerned with the
biosynthesis of PABA were identified, called pabA and pabB, These
mutznts map at two distinct loci; the pabA gene was found to be
located at approximately 74 min., whereas the pabB gene was found to

be located at appreximately 40 min, on the E.celi gencme. It was
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shown, that there was no crossfeeding between straina mutated either
in pabi or pabB (although Lingens (12) reported otherwise), but
crossfeeding towards both types of mutants was pronounced in case
wildvype E.coli strains were used. It was concluded that at least two
enzymatic reactiens are involved in the conversion of chorismate to
PABa,

In Bucillus subtilis, p-aminobenzoate synthaze (PABS) has the
following properties: (i) in crude extracts synthesis of PABA is
catalyzed in the presence of chorismate and either glutamine
(anidotransferase activity) or ammonia (aminase activity): (ii) the
cnzyme is composed of two nonidentical subunits {12,13,14) designated
ws subunit A and subunit X (15); subunit X was later called subunit G
{16) by snaleogy to subunit G from other organisms (17,18); subunit A
has aminase activity but no amidotransferase activity and subunit G
acts as a glutamine-binding protein; (iii) subunit G is bifunctional,
since it is also a compenent of the anthranilate synthase (AS) complex
in B,subrilis; therefore, in this organism the bicsynthesis of the
vitamin dihydrofolate is interlocked with tryptephan biesynthesis
(19); (iv) subunit G can exist in twe forms with respect to itz
sulfhydryl groups, oxidized or reduced, in which the reduced
sulfhydryl group is not only essential for amidetransferase activity,
but alse for the formation of the AS aggregate; (v) dus to the
amphibolic nature of subunit G, the PABS enzyme of B.subtilis is
readily associated and dissociated.

An investigation of the metsbolism of chorismate by strains of
£.coli carrying the pabA or the pabb alleles wus first perforwed by
Huang & Gibson (20). In crder to study the enzymalic conversion of
chorismate into PABA, it is necessary to use cell extracts from a
strain unable to metabelize cherismate towards the three major end
products derived from chorismate, namely phenylalanine, tyrosine and
tryptophan. A triple aromatic auxotroph of E.coli K12 was isolated
{20), producing PABA when cell-free extract was incubated in a
reaction mixture for a glutanine-dependent assay. Next step in mutant
construction was the transfer of either a pabA or pabB mutated gene
into thiz triple aromatie auxotroph, which was achieved by Pl—mediated
transduction and a series of conjugation experiments. Upen incubation

of a cell extract of the suitmbly blocked pabh strain or pabB strain

12



with the substrates necessary for PABA synthesis, no significant
amount of PABA was formed. However, similar tests carried out with
mixtures of cell extracts from pabA and pabB strains showed PABA
synthesizing activity, although less than the triple blocked
auxotrophic strain. These results again suggested that there are at
least two reactions invelved in the conversion of chorismate to PABA
in f.coli, but mo intermediate was detected, that could be converted
to PABA by either mutant strain,

The nexr step in the study of PABA synthesis concerned
fractionation of PABA synthesizing activity by gelfiltration on
Sephadex G-100. No separate fraction showed any activity by itself,
but gctivity was restored when two distinet fractions were mixed.
These fractions each contained one of the components which together
constitute the PABS holoenzyme, the pabB geéne coding for Component 1
and the pabA gene coding for Component II, The instability of
Component IT was shown to be more pronounced than that of Component 1
upcn storage.

Reiners et al. (21} used a redicimmunoassay to search for proteins
that crossereact with antibodies te the subunits of the E,coli AS
Components I and II. After chrematography of an E.coli extract on DEAE
cellulose they reported an extremely labile PABS, the activity of
which was no longer detectable after fractionation by gelfiltration.
However, two pesks of protein were found that exhibited competition
with 1251—1aheled AS for binding te either anti-AS Col or anti-AS
Coll. Since similarities in mechanism might accrue from similarities
in structure, it appeared possible that glutamine amidotransferases
may indeed employ similar mechanisms for glutamine binding and amide
tregngfer (22-30).

Comparison of the amino scid sequences of the glutamine
amidotransferase (GAT) subunits of enzymes of several microorganisms
1ike E,gpli PABS Coll (32), E.coli AS Coll (33,34), E.coli carbamoyl
phosphate synthetase (33), E.coli GMP synthetase (36), Salmonella
typhimurium AS CoIIl {32}, Serratie marcescens AS Coll (32,37),
Pseudomensas putida AS Coll (38), Shigella dysenteris AS Coll (34) and
Bacillus subtilis AS Coll (39) reveals extensive homology suggesting
that they arcse from a common ancestor. A series of evolutionary

stages has been postulated from thece amino acid sequences (31). From
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a primitive NHa—dependent enzyme without GAT-activity, enzymes having
3AT-subunics participating in two pathways might have evolved
(B.subtilis (40), Acetinobacter calcoaceticus (41), Pseudomonas
scidaverans (42)), followed by enzywes having their own exclugive GAT
subunit (43), Repression control of bifunctional CoIl by tryptophan in
B.subtilis supgests its ancieant origin as rryptophan—specific protein.
Subsequent translocation of the trpG gene from the tryptophan opercn
may have been of selective advantage in order to epgure that a
residual nonrepressible level of Coll could form vitamip amounts of
folate, even in the presence of tryptophan, E.ecoli PABS and AS both
belong to the class of amidotransferages without an interchangeable
ColT, because in PABA synthesis, PABS Col cannot function with A5 Coll
and similarly, in anthranilste synthesis, AS Col cannot function with
PABS Coll. This is inferred from the inability of wildtype trp genes
to complement pabA and pabB mutants and the inability of pab genes to
complement trpf and trp(G)D mutants {(44).

The nucleovide sequence of E.coli pabh, coding for the GAT subunit
of PABS, has been determined by Kaplan et al. (32), From this sequence
the primary structure of PABS CoIl was estublished, which predicted
that a polypeptide product containing 187 amino acids and having a
molecular weight of 20,752 iz translated from the mRNA transcript of
pabA. The molecular weight is twice that estimated from gel-permeation
chromatography (20) and sodium dodecyl sulphate polyacrylamide
gel-electrophoresis (21). This discrepancy could not readily be
explained. The nucleotide sequence of E.coli trp(G)D, coding for AS
Coll, has been determined also (33). Clearly, the coding regions of
pabh and trp{G)D are homologous, suggesting that these two genes arose
via the duplicarion of an ancestral gene. Mereover, Goncharoff &
Nichols (45) have established the nucleotide sequence of E.coli pabB
coding for PABS Col and compared it with the trpE gene coding for AS
Col {46). In this case the smount of similariry suggested that these
two genes have a common evolutionary origin also. Therefore, the
existence of PABS and AS in E.coli is believed to be an actual case of
acquisitive evolution which occurred after duplication of the genes
encoding the initial synthase complex.

The extent of similarity between PABS CoIl and AS Coll, 44% at the

amine acid level, is greater than the 267 amino acid similarity
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between PABS Col and AS Col. This iz to be expected, since PABS Coll
and A5 Coll have identical roles of transferring the amino group from
glutamine to the Col subunit of each respective enzyme complex.
According to Goncharoff & Nichols (45) the lower extent of similarity
between PABS Col and AS Col can be gacribed to several faetors, (1) AS
Col responds to feedback inhibition by tryptophan, whereas PABS Col
does not. The tryptophan binding area of AS Col will therefore
represent an ares with no similarity to PABS Col, The resylts of
Matsui et al, (47), which show that the aminc-terminal part of AS Col
is involved in allosterie regulation support this assumption, since
this part of AS Col showed no conservative amino acids when compared
to PABS Col. (ii) PABS Col 2nd AS Col have slightly different
catalytic funetions, (iii) Subunit intersction areas are different in
PABS Col and AS Col.

In all miereorganisms mentioned so far, the PABS enzyme iz composed
of two nonidentical subunits, each coded for by a separate gene. In
Straptomyces griseus however, PABA not only is the specific precursor
of folate, but alac of the aromatic p-amincacetophsnone moiety of
candicidine, an gntifungal antibiotic (48). Probably this explains why
genetic organization and expression of PABS in Streptomyces is
completely different from organisms not producing antibiotics, as
described by the group of Gil et al, (49-53). Sulphonamide resistant
clones were isolated. The resistance to sulphonamide apparently
resides on over~production of PABA, shown by the ability of these
strains te stimulate the growth of PABA-requiring wmutants of
Streptomyces by crossfeeding. A DNA fragment cloned from §,griseus,
that conferred a prototrophic phenotype on PABA requiring suxctrophs
of Streptosyces lividans and Streptomyces coelicolor, was able to ward
off the metabolic anomaly in E.celi strains mutated either in pabA or
pab® upen transformation. It was shown that in vive deletion of the
S.griseus promoter had occurred in the transformed E.coli strains, In
contrast to E.coli, the genetic information for PABS in S.griseus
evidently iz not split between unlinked genea, The S.griseus pene was
called pabS. This gene only exists in some strains of $.grisess, but
not in S.lividans or S.coelicelor. A new pab gene, pabP has been
cloned from a genomic library of Streptomyces acrimycini, carrying its

own promoter recognized by E.coli RNA polymerase, in contrast to the
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promoter of the pab8 gene. PARS of S.griseus is subject to repression
by aromatic amino acids and phosphate, effectors that contrel
candicidin production, Regulation by phosphate does not exist in the
expression in E.coli of a 3.3 kb fragment lacking the original
Streptemyces promeoter, suggesting the existence of s phosphate control
sequence (PCS) in a ) kb fragment delered by £.coli. In E.coli, such a
PCS does not exist (personal communicatien with P.Liras who tested the
cloned pabB gene described in Chapter 1I.). Thus, in Streptoemyces
there seem to be specific genes invelved in secondary metabolism
{antibiotic synthesis), like pab3, with particular features and
regulatory sequences (PCS) that may be sbsent from genes involved in

primary metabolism, like pabA and pabB in E,celi.

1.4. p-Aminobenzoate synthase, mechanism of enzyme—catalyais,

I.4.1. Component 1.

As shown in Fig.I.1, both PABS and AS catalyze complex reactions,
invelving the loss of an enolpyruvyl side chain, the losg of a
hydroxyl substituent, the addition of an amide group, and the
formation of an aromatic ring. Both holo-enzymes show amidotransferase
as well as aminase activity in cell-free extracts. In Bscillus
subtilis, wutants in trpG, coding for the bifunctional Coll, can
utilize ammonia directly in an amination reaction under ordipary
phyaiclogical conditiens, showing that ammonis may serve in vivo as an
amino denor for tryptophan synthesis, Gibson et al. (27) have shown,
that in E.celi AS can generate anthranilate from chorismate and
amnonia in whole cells. Whether or not PABS can generate PABA from
chorismate and ammonia in vivo, by using the aminase activity of PABS
Col, has not been described in literature,

Tn the mid 197Q's, Dardenns (55) and Haslam (56) independently
suggested (Fig.1.2), that anthranilate and PABA both originated from
chorismate (route a) or anthranilate arose from cherismate and PABA
from igochorismare(5, route b) by parallel 1,5-sddition/elimination
resctions of amuwonia or glutamine. Enzyme studies soon indicated, that
isochorismate plays no part in the biosynthetic scheme (57,38).

Compounds 2 and & have not been detected as bona fide intermediates
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in PABA synthesis in E,ecoll, neither have mutants been isolated,

reported to asccumulate these compounds,

COOH COOH COOH
-NH NH
CHz ab_ 2 2
0" S~coon OR
4
1 2 R=H
8 3 R=CICH2ICOOH
COOH COOH COOH
Moy b
[I:!' ——i— r———Tremrer
0-""™~COOH W OR
5 NH3 NH 2
6 R=H 8
Fig.I,2 .7 R=CICH2)COOH

Conversion of chorismate to both anthranilate and p-aminobenzoate
(route a) or conversion of chorismate to anthranilate, and
isochorigmate to p-amiscbenzoate (route b} as propesed by Haslam
(56) and Dardenne (53).

However, Altenderf et al.(12,39,60,61) did report the isolation of
Aerobacter serogenes mutant strains containing an additional genetjie
block prior to an intermediate which they called compound A and which
could be converted to PABA. Based on spectrometric properties of

compound A its struecture was proposed as in Fig.I.3.

COOH

Compound A
0H

NH»

Fig.1.2 Intermediate reported by Altendorf et al. (1Z, 59, 60, 61),

No pyruvate could be detected after conversion of compound A to PABA,
either using lactiec dehydrogenase or NMR spectroscopy. In aqeous
solution compound A did not show fluorescence chargcteristics of PABA

(excitarion 290 pm, emission 340 nm versus snthrenilate excitation
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325 nm, emission 400 nm (62)), but three hours after addition of 0.1 N
HCl flugrescence slowly arose from non-enzymatic conversion of
compound A to PABA. Unless the pathway in A.aerogenas differs from
that in H.coli, no explanation for the presence @f compound A in
A.aerogenes can be given.

In 1962, McCormick et al. (63) reported, that compound 2 was
produced by a strain of Streptomyces aureofaciens, prompting the
suggestion that 2 was a likely intermediate in anthranilate gynthesis.
The proposal of trans amine enol pyruvates 3 and 7 as posaible
intermediates in anthranilate (64) and PABA synthesis gained support
when Teng & Ganem (65) and others (66) reported the conversion of 3 to
anthranilate by AS Col purified from Serratia marcescens. Moreover,
Teng et al, (67) described the synthesis of 4-amino—4-deoxychorismate
7 and showed that 7 is a bonafide intermediate between chorismate and
PABA by enzymic studies, In the absence of NH4+, 7 was converted to
PABA by PABS Col, Km{chorismate} was 12 pM and Km{7) was 16 pM.
Vmax(7} was 12,8 times Vmax when chorismate was used as a substrate,
By adding NH;, Vmax(7) increased to 15.1 times Vmax(chorismate).
Therefore, synthetic amino enol pyruvate 7 is a chemically and
kinetically competent intermediate, although it has not been detected
to accumulate during enzymatic processing of chorismate Ln any E.coli
mutant strain,

Since the mechanism for the conversion of cherismate to 7 and the
subsequent aromatization of 7 to PABA by elimination ef pyruvate are
not understood. Walsh et al. (68) recently performed a mechanistic
study on E.coli PABS Col which involved design, synthesis and testing
of alternate substrates and inhibltors to probe for iatermediates in
the amination step and also to examine the effect of the leaving group
at C-3 of chorismate on the rate of mrowatizarion.

A variety of chorismate analegues were used gs potential
mechanism-based inactivators (by capture of reactive site nucleophiles
prior to the addition of ammonia) or inhibitors of both AS and FABS,
Inactivation was tested by preincubation of synthase with a chorismate
analogue, establishing the remaining sctivity in normal assay
thereafrer. Inhibition was tested by determining synthase activity
while simultaneously incubating chorismate and a chorismate analogue.

Tt was hoped for, that specific differences in inactivation or
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inhibition behaviour between the two synthases might alse yield
information regarding the basis of regiospecificity in the amination
reactions,

As far as inactivation is concerned, none of the analogues tested
gave the first-order loss of activity expected for formation of an
irreversibly inactivated PABS Col.

The results of the inhibition study using AS Col can be summarized
as follows. First, it sppears that a negatively charged moiety at C-1
and C-8 is required for binding, since phosphonate 9 is & strong
inhibitor (competitive), whereas the diol 10 is ner (Fig.I.4).

or COBOH
HoC
ﬁHQ 2 in
C
< N0 O0H = %0H = No~"coom
oK OH OH
3 16 1
COOH COOH
CHz ﬁHz
C
¥ N0 NG 00H 0~ “coon
OH
12 13
fr COOH
CH CH
i 2 i 2
0" ™ CO0H N0~ cogH
OH OH
12 15

Fig.T.4
Chorismate analogues used by Walsh et al. (68) in a mechanistic
study on E.coli PABS Col.

Secondly, there is an apparent requirement for the planarity of the
diene moiety around C-3-C-6-C-1-C-2 as evidenced by the lack of
significant inhibitien by the dihydrochorismate analogues 11 and 12,
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whereas the most potent reversible inhibition was observed with the
cycloheptadienyl compound 13, which lacks the C-4 hydroxyl group
present in chorismate. Finally, compounds without the carboxyl at C-1,
e.g. l4&, or with steric bulk at €-6, e.g. 11 are aot bound at the
sctive site but rather function as non-competitive inhibitors with AS
Col, presumably via binding to the tryptephan regulatory site (69).

Although the data for inhibition with PARS Col are not as refined
as that for AS Col, it is apparent, that similar trends are followed.
Again, the seven-membered ring 13 has the best Ki-value.

Since no evidence For the actual existence of proposed
intermediates 3 (70,71,72,73) and 7 has been found yet by using the
natural chorismate substrate, Walsh et al. (B8) attempted the
detection and isolation of an intermediate by using & series of
alternate substrates for AS Col and PABS Col. Diastereoisomeric lactyl
chorismate analogues {8)-16 and (R)-17 (Fip.T.5) were chogen, because
it wag expected thal the poorer leaving group at C-3 might slow the
aromatization step sufficiently to allow accumulation of the expected

intermediate 18 or 19, corresponding te 3 using AS Col.

COOH COOH
NHz
CHa A5 Col - CH3
— [! COOH
0= ™~:00H 0"~ "~CO0H Nty
OH AS (ol
{5)16 18
COoH COOH ) .
NH2
CHy A3 Col - CHa
: Am————r———— é
o= "~ coaH 0" ™~COOH
OH
[R}17 19
Fig.T.5

Alternate substrates for AS Col and PABS Col synthesized
by Walsh et al. (&5).

It was found, that the argmatization step now became the rate-limiting
step during turnover. Alse, AS and PABS active sites appeared to have

opposite selectivities for the stereochemistry of the lactyl side



chain. AS preferred the S-isomer (g Kﬁ gZCLyl = 69)over the R~isomer
(V Km(Ch = 872)whereas PABS chowed opposite selectivity by V/K
v lacky

criteria (290 vs, 97 respectively).

The glycolate analogue 15 (Fig.l.4) is also turned over by both
enzymes with surprisingly good V/K values. The observation that the
Vmax value of 15 with PABS CoI ig higher (140%) than that of
chorismate, while the Vmax value of 15 with AS Col is substantially
lower (15%) than that of chorismate, suggests that aromatization is
rate-limiting for AS but not for PABS, since glycolate iz a poorer
leaving group than pyruvate. Further support in this hypethesis is
that 7 is processed to PABA at 10-20 times the rate of chorismate.
Similarly, 3 is processed to anthranilate at only 1.2 times the rate
of chorismate. Thus, for PABS Col formation of 7 appears to be
rate-limiting, while for AS Col processing of 3 to anthranilate is
rate-limiting, W-Vis monitoring of accumulation of 18 or 19 during
turngver of 16 or 17 respectively by AS Col, was found to be
consistent with the proposal of 18 or 19 as intermediates and
therefere consistent with the proposal of 3 as an intermediate when
cherismate would have been used. Unfortunately, possible accumulation
of comparable intermedistes during turnover of 16 or 17 by FABS Col
was not reported,

Tso & Zalkin (74) used a different approech to study enzyme
mechanism of AS Col. Residues esszential for Serratis marcescens AS Col
funetion were studied by chemical medification reactions.
Phenylglyoxal and 1,2 cyclohexanedione (75,76) modified arginine
residues and inactivated AE Col. From the inactivation data it can be
concluded, that one arginine residue is essential for activity.
Histidine residues in AS Col were modified by ethoxyformic anhydride
and by photooxidation (76,77). Upon modification of histidine residues
the enzyme was also inactivated. Comparison of the number of
carbethexy groups incorporated between chorismate-protected and
unprotected AS Col indicated, that one histidine residue is required
for activity. AS Col was again inactivated using bromepyruvate
(78,79). A differential lgbeling experiment indicated that loss of AS
Col activity was correlated with alkylation of one ecysteine residue. A
tryptic peptide containing the essential cysteine residue was
isolated, The peptide has the amine acid sequence
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le-Cys=-Gln-Ala—Gly-Ser—Arg. A nearly homologous heptapeptide
containing the essential cysteine residue is located in the primary
structure of E,coli AS Col at residues 376-382:
Ile~Cys-Thr-Fro-Gly-5Ser-Arp.

For each chemical modification chorismare protected agsinat
inactivation. Protection could result from direct shielding of
residues essential for substrate binding or catalysis or indirectly
from conformational changes, It is known, that cherismate binds to AS
Col in the absence of M32+, and promotes a conforpational change that
is essential for the formation of an AS Coll-glutaminyl covalent
intermediate and for hydrolysis of plutamine (80). Mg2+ iz required in
the catalyric step chorismate + "NH3“ to yield anthranilate +

pyruvate. Data in (74) show, that M32+

enhances the capacity of
chorismate to protect against inactivation by cyclohexanedione and
photooxidation. It appears likely, that enhanced protection agalnst
modification of essential arginine and histidine residues results from
increased steric shielding by the AS CoI*chorismate*Mg2+ complex over
that obtained in the AS Col*chorismate complex.

A plausible function of the essential arginine residue is imp
binding of the chorismate anion. There are numercus examples for the
role of arginine residues in binding phosphate groups of substrates
and coenzymes (81,82). Intersction of arginine with a carboxyl group
has alsc been reported (83).

The essential histidine is a good candidate for a basic group
perhaps required for abstracting the hydrogen on C-2 of chorismate or
for protonation of the leaving hydroxyl or enolpyruvyl groups
(64,84,85), It has been established, that the C-2 hydrogen of
chorismate is not incorporated into the pyruvate formed im the
reaction (85,86,87). One of several possible functions of the
essential cysteine residue is that it participates in covalent
catalysis by initial attmck at C-2 of chorismate. According to this
model, NH3
formation of anthranilate, An analopous study of PABS Col using

would displace the enzyme thiolate to complete the

chemical modification has not been possible yet due to the lack of
sufficient amounts of relatively pure Col. Therefore, it remains
speculative to propose the analogous functions of essential arginine,

histidine and cysteing residues.
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A remarkable feature of the amino acid sequence of AS Col as compared
to that of PABS Col is the tomplete absence of tryptophan in AS Col,
not only in E.coli, but also in Salmonells typhimurium (88), It has
been suggested (46), that this may be an adventage to the organism,
since the lack of tryptophan accounts for the continued synthesis of
A3 Col during severe tryptophan starvation. A possible role for the
continued synthesis of AS Col would be to channel chorismate into the
tryptophan pathway. Notably, also the AS CoIl amino acid sequence is
devoid of trp residues, PABS Col and PABS ColIl on the other hand

contain seven and three trp residuyes respectively.
I.4.2. Component II.

A common feature of all PABS enzymes discussed in literature is that
in vitro the amidotransferagse activity iz higher than the aminase
activity by a8 factor 5 to 10. The subunit responsible for this raise
in efficiency iz Coll, the GAT subunit. From CeII it is known, that in
all organisms studied scfar, a catalytically functional -SH group
exists (13,80,89,90,91), In S.typhimurium, the glutamine analogue
G-diazo-5-norleucine, DON, inactivated AS due to binding te the
essential cysteine. The rate of inactivation by low toncentrations of
DON was stimulated 25-fold by chorismate, suggesting ordered binding
of first chorismate and then DON, or by analogy, glutamine (89,90).

In contrast te AS from S.typhimurium snd Pseudomonas putids (80)
binding of glutamine to the AS complex of B.subtilis (13) does not
require chorismate and the rate of inactivation by DON is not
inflyenced by chorismate. This suggests that subtle differences in the
mechanism of glutamine binding exist among the enzyme complexes from
various microorganisms.

In P.putida, Cys 79 waa shown to be the active site residue
involved in the formarion of the acyl-enzyme intermediate (38). Based
on the gbgerved homologiea in the primary sequences of other
amidotransferases examined, a 13-amino acid long sequence was proposed
to be part of the catalytic domain. Active site Cys 84 in Serratia
parcescens AS CoIl was replaced with glyeine ysing site—directed
mutagenssis (92), The replacement abolished the amidotransferase
activity but net the sminase activity in Col. The NHS—dependent
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AS activity of the mutant enzyme suppoerted tryptophan synthesis in
media containing a high concentration of ammonium ions. Replacing Cys
84 with Gly eliminates the possibility that chemical modification of
Cys 84 blocked amide transfer because of intreduction of bulky
modifying reagents rather than by specific chemical modification of an
easential cysteine.

Bower & Zalkin {93) used pyridoxal-3-phosphate and NaCN to block
DON-affinity labeling of the active site cysteine residue of Jerratia
marcescens AS (Qoll. Since pyridoxal-5-phosphate is useful for chemical
modification of lysyl residues (94,95,96) their results were
consistent with the formatien of a lysyl-pyridoxal-phosphate Schiff
base that is stabilized by NaCN. It was proposed, that a possible
function for the lysyl residue is that it funcrions as a general
acid-base to promote ionization of the cysteinyl residue. Alignment of
protein chains from five organisms showed, that Lys 107 is the only
lysyl residue conserved in all of them, whereas Lys 192 is conserved
in four out of five, Lys 107 however iz situsted in a block of highly
conserved residues, esnd therefore is the most likely candidate for the
active site lysyl residue.

Amuro et al, (97) used site-directed mutagenesis to replace His 170
by tyresine in S.marcescens AS CoIl. The choice of His 170 was based
on the fact that His 170 was the only conserved histidine when GAT
gubunits of four enzymes were compared: AS ColIl, PABS Coll, GMP
synthetase and carbamoyl-P-synthetase. Glutamine-dependent activity
was undetectable in the Tyr 170 mutant, whereas NHB-dependent activity
was unchanged. DON-affinity labeling of AS Coll active site Cys B4 was
used to distinguish whether His 170 hag a role in formation or in
breakdown of the covalent glutaminyl-Cys 84 intermediate. Reversion
analysis was conaistent with a proposed rale of His 170 in catalysis
as opposed to a structural tole. A scheme for glutamine amide transfer

was suggested by Amuro et al.(97)(Fig.T1.6).
I. Formation of the glutamyl enzyme adduct.

AS CoTl-GH & tB —we AS CoII-S5  + HB

Ol
" L

AS Coll-87 + (I:-NHZ—-— AS Coll-5-C-NH,
R R
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II, Transfer of amide.

?H ?H

AS CoII«Sr-(iT-NH2 + HB === A3 CoII—S-(E!ANHB+ + B
R R
OH

]
AS CoTI-5-C-NH, " —= a8 canms-i:: + N+
& R

ITI, Hydrolysis of thiocester,

HO0 + :3"—= 00 + HB

2
) v
AS CoII—S—(J) + OH ——= A3 ColI-5 + ?—OH
R R

AS CoII-37 + HB —e=AS5 CoII-SH + :B™

AS Coll-SH represents AS Coll active site Cys 84, whereas in step I
1B” was implicated as His 170. The identity and locarion of 1B” in
step III were not established. Perhaps the proposed active site Lys
107 (93) might be invelved in this step.

I.5. Oucline of rhis rhegis.

In order to study E.celi p-aminobenzoate synthase Component I using
site-directed mutagenesis, the gene coding for this component, pabB,
had to be clened first. In Chaprer IT, restriction mapping of about
23.7 kb of E.coli genomic DNA from the 40 min. region is described.
Two genes were found to be located on this fragment, pabE and fadD,
the latter coding for E.coli acylCoh syntherase, The pabB gene was
subcloned inte pUCl9. The recombinant plasmid was subsequeatly uzed
for rransformation of an E.coli triple auxotrophic pabB mutant strain.
Expression of PABS was detected by biolagical complementation of pabB
deficiency, by crossfeeding towards other pabB murant strasins and
finally by enzyme assay.

Chapter III describes the sequencing of pabB) cloned into M13mpl8.
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When this wark was in progress, Goncharoff and Nichols published their
results concerning the clening and sequencing of pabB. Their data wvere
found to be in complete agreement with ours.

Chapter IV deals with site-directed mutegenesiz of pabB using a
papped heteroduplex technique, recently published by Kramer and Fritz
(98).

In Chapter V, the results of the kinetic analysis of the pabBi$0=-1
mutant enzyme, in which codon Trp 390 has been replaced with a
stopeodon, are discussed.

Chapter VI describes the kinetic analysis of the pabB390-2 and
pabB391 mutant enzymes, in which Trp 390 and Cys 391 have been
replaced with tyrosine and serine, respectively. Based on the combined
analysss of mutant-enzymes, a preliminary model for the reaction
mechanism of PABS holo-enzyme iz presented.

Finally, in Chapter VIT a strategy for increasing PABS expression
using a silent mutation construct is deacribed.
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Chaptrer IT.

Cloning of pabB and fadb.

II.1. Yatroduction,

Fulfilment of a particular metabolic requirement in E.coli mutant
straing can often be achieved by a relatively low level of expression
of the needed gene product, The ability of a cloned segment of DNA to
complement an E,coli guxotrophic mutation in vive therefore provides =
simple way to detect the presence of a specific gene on one or more of
these cloned segments,

Construction of a bank of cloned genomic DNA segments usually
proceeds via disruption of the isolated genome in vitro, e.g. usging
restriction enzymes or mechanical sheering, followed by insertion of
fragments inte a suitable vector, éither virus, plasmid or cosmid, A
well-known source of E.coli genomic DNA fragments cloned inte plasmid
pColEI is the Clarke & Carbon gene bank (1,2,3). This bank has been
screened for all kinds of E.coli genetic markers scattered among the
entire genome, and a large numbeér of gene assignments have already
been made.

From these results, a gene-protein index was compiled by Neidhardr
et al. (4). However, the presence of the pabB gene on one of the
recombinant plasmids was not yet reported. Since the average size of
DNA inserts was found to be about 12 kb (0,3-0.4 min. on the f.coli
gene map), several genes can he present on a single insert, Therefore,
attention was focused on pColEI recombinant plasmids reported to
contain ¢loned genes located close to the pabB gene. One such gene,
fadD, waz reported to be in the 40 min. region of the E,coli gene map
(3,6,7), The E,coli fadD gene codes for acylCoA synthetase
(E.C.6.2.1.3) vhich takes part in fatty acid degradation, a process
called g-oxidation, gs shown in Fig.IL,1. The distance between map
locations of pabB and fadD wag found not to be more tham 0,17 min., as
caleulated from a co—transduction frequency of 91% (8). Also, Clark &
Cronan (9) indicated that the fadD gene might be on four Clarke &
Carbon plasmids, plC4-21, pLC15-17, pLC15-32 and pLC30-32. This
assumption apparently was based on assays of enzymatic sctivity of
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scylCoA synthetase, although until now these results have not been

published or confirmed otherwise.
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Fig.11.1 Fatty acid degradation in E,coli by f-oxidation.

Close examination of the gene-protein index published by Neidhardt et
al, (4) revealed that exactly the same protein spots appeared after
two=dimensional gel-electropheresis of an E.coll extract, either
containing plaswid pLCA0-32 or pLC30-20. The presence of the E.coli
rech marker on pLC30-20 was reported as well. As recA iz located at 38
min. on the E.coli gene map (10), the distance from fadD is too large
for Loth genes to be present on a single contiguous DNA fragment.
The plasmids mentioned above were requested from the E.coli Genetic
Stoek Center and screened for the presence of pabB and/or fadD, The
E.coli pabl gene is shown to be lotated on pLC30-32, whereas fadD is
shown to be located on pLC30-32 as well as pLC15-17. Both genes were
aubcloned £rom the respective Clarke & Carbon plasmids and enzyme
activities of the gene products determined after introduction into

*

pabB— or fadD=mutated E,coli strains.

£ 3
Submitted for publication in Jouwrnal of Bacteriology.
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IT.2. Materials and methods,

I1.2.1. E.coli strains,
K27l CGSC 5478 F /fadD8s8,mel~1,supfs8 (5,11).
DC3691 CG3C 6355 F /zdj-225::Tnl0, fadR16,butDi2, mel~1,supF58 (12),
A1332921 CGSC 3292 F~/proA?,hisG4,pabAl,ilvC7,argE3,thi-1, lacYl,
galk2,xyl-5,mtl-1,5trA704,cfr-3, tsx-358, supks4 (13),
AB3295% cose 3295 ¥ /pabB3,his-4,11vC7,argE3, thi-1,xy1-5,ntl~1,
rpsl704,supB44s (13).
AB33031 CG3C 3303 F"/thi-1,pabB3,hisGh,argk3, lactl,zelk2, xy1-5,
mtl-1,sttA700 or strA704,tsx-29 or tsx-358,supBé4 (13),
JA2001 F+/deltrpE5,recAl,thr,leuBG,lacY, harbouring
Clarke & Carbon plasmid plC4-21, pLCl15-17
pLC15-32, pLC30-20 or pLC30-32 (1,2,3,9,14).
PC15392 (=AN4) F /pebB.argE,ilvC, phed, tyrA,trp,lac,gal,tsx,
(lam),phx,strA (15).
PC!.SSD2 CGSC 3294 F~/pabB,thi,ilvC,argk,prod, his,lacY,gal,xyl,
mtl, tsx,phx, (lam),stTA (13),

pc15512 F~/pabB,his, lacY,gal,xyl,mtl, tsx, phx, ( lan),
strd (13).
PC22477 F /met,(lam),strA,phx, harbouring plasmid
pColEI.
3 -
W3110 F /wildtype.

1 = obtained from B. Bachmann, E,celi Genetic Stock Center, Department

of Human Genetics, Yale University School of Medicine, New Haven,
Connecticur, U.3,4,

2 = obtained from Phabagen Collection, Department of Molecular (ell
Biology, University of Utrecht, The Netherlands.
3 = obtained from P. Andreeli, Gist-Brocades, Delft, The Netherlands.

I1.2.2., Media,
The rich medium used for routine subculture and growth was L-broth

supplemented with 2 gr/l glucose (16,17), Minimal medium used was M%
(16) aupplemented with 2 gr/l glucese, vitsmins and individual amino
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acids according to (18). Streptomycine (200 pg/ml), tetracycline (10
Hg/ml), colicin EI {own preparation, see below) and p-aninobenzoic
acid (137 pg/l) were supplemented when required, In case of selection
of the fadl' phenotype glucose was replaced with 5 uM oleste from a

1 M stock-solution in 107 Brij-58 neutralized with KOH and filter
sterilized befors use, Media were selidified with 15 gr/l agar when

required.
11.2.3, Complementation assay.

Colonies of the Clarke & Carbon gene bank were used as donor strains
in a conjugation experiment with PC1339, PC1550, PC1551, AB3292,
AB3295, AB3303 and K27 as recipient cells essentially sccording to
Miller (16). 500 pl samples were taken afrer maximally 25 min. and 120
min. of incubation, washed twice with 1 volume M9 minimal medium and
100 pl plated on pabB— or fadD=selective media. Colicin EI immunity
was tested by spotting 10 pl of a colicin EI preparation on L-agar
plates -containing 100 pl of a suspension of exconjugants £ollowed by
incubation overnight at 7%,

¥1.2.4. Colicin EI preparation.

Colicin EI was prepared from E,celi strain PC2247 eggantially as in
(19), with following modificationa: resuspended cells were extracted
three timeg in 0.1 M potassium phosphate buffer pH 7.0 containing 1M
NaCl, by vortexing 30 min. in an ice bath follewed by centrifupation
of cells. The pellet of the 40% — 0% saturated (NH4)250A fraction was
suspended in 0.1 M potassium phosphate buffer pil 7.0 and sterilized by
UW-irradiation at 254 nm. Contamination of remaining PC2247 cells was
detected by plating 10 pl samples om L-agar plates. Wild-type E.coli
K12 strain W3110 was used as indicator-strain to determine the titer
of the colicin EI preparation by plating cells together with 10 p1
spots of diluted colicin EI stock solution. This-final preparation
could be diluted 102— to 103—fold to be used in selective media.
Usually, the 407 - 60Z (NHA)st4 sypernatant fraction contained entugh
colicin EI to allow for 10-fold dilution, and wes used in routine

plating also.
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IT.2.5, DNA manipulations.

Since the original technique described by Clarke & Carbon in (2) did
not give satisfactory results, hybrid pCulEI plasmid DNA was prepared
as described by Clewell & Helinski (20), without heat treatment of
cells at 70°C pefore lysis.

Restriction endenuclease dipestions and ligation of DNA restriction
fragments with T4 DNA-ligase were carried out in the buffers
recommended by the suppliers. After incubation for 16 hours at 15°C,
ligation mixtures were used directly for transformation into competent
E.coli cells as deseribed in {21).

I1.2.6. p-Aminobenzoate synthase assay.

Cultures used for the preparation of cell extracts were grown in M9
supplemented medium and harvested during lste log-phase of growth by
centrifugation. Cells were washed once with 0.9 Z saline and pellets
were weighed. Disintegration of cells was performed by alumina
grinding ss in (22) by adding 0.5 gram Alzo3 for each gram (wet
weight) of cells followed by grinding in a mortar end pestle during 3
min, at 4°C. To the resulting paste 4 ml of buffer 50 mM KPi/0.2 mM
DTT/0.1 mM NazEDTA pH 7.6 were added for each gram of cells, followed
by centrifugatien at 30,000 g for 30 min. to remove cell debris. The
supernatant was used for assay of PABS activity,

The standard reaction mixture for enzymatic synthesis of PABA
contained 50 M Tris/HC1 pH 8.0, 10 mM MgCl,, 2 oM DTT, 33 uM
(NH4)2504 or 50 mM L-glutamine, 0.2 mM chorismic acid and crude
cell—free extract (containing 1 to 2 mg protein) in a final volume of
1 ml, as in (15). After incuybation at 37°C the assay mixture was
acidified with 0.1 ml 2 N HC1 and PABA extracted inte 3 ml
ethylacetate. The ¢oncentration of PABA in the organic phase was
determined fluorometrically (excitation 296 nm; emission 340 nm) on a
Perkin Flmer 204 spectrofluorcmeter. A standard curve was made after
extraction of 0,002 to 100 pM PABA from assay buffer into ethylacetate
by the same procedure. Protein was measured according to Lowry et al.
(23) with bovine serum albumin as standard.
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11.2.7. AcyiCoA synthetase assays.

Cultures used for the preparation of cell extracts were grown in M%
supplemented mediym and harvesred afrer at least 2 days of imeubation
at 37°C, i.e. in stationary phase of grawth, Cells were washed with 50
oM KPi buffer pH 7.5 before lysis. Cell-free extracts were prepared
either by grinding as described above or in a French pressure cell
{Aminco) at 15,000 psi. Cell debrig was removed by centrifugation at
30,000 g for 30 min. The supernatant was used for assay of acylCoA
synthetase activity by three different procedures.

(i) acylCoA synthetase assay according to Hestris (24). This method is

based on indirect assay in which the following reactions proceed:

acylCoA
1. Oleare + CoASH 4 ATP —————» Qleoyl-Cod + AMP + PFi
synthetase
9 i H
11, RuC—5CoA + NHZOH — = R={=N=0H + CoASH
R —r —
111, R-C-N_OH + Fe3+ e R l? PytH coloured complex
0, /P
/0 —_— FE\"--O%C/
et o
\
R

A 1.5 ml reaction mix contained: 0.40 ml Q.1 M NaF, 0.10 ml 7 & (v/v)
Triton=X~100, 0.50 ml 0.08 M QOleic acid, 0.10 ml 0.2 M MgClz, 0.10 mi
0.4 M Z-mercaptoethanel, 0.20 ml 1.25 M Tris/HC1 pH 8.5, 0.05 ml

1.6 oM CoASH stock solution, and Q.05 ml 0,2 M ATP. To this reaction
mix cell-free extract wes added, followed by incubation at 37°C during
1 hour, Then 1 ml hydroxylamine and 1 ml : M NaOH were added. About

1 min, after adding NaQH, concentrared HCl was added until pH 1.0 was
obtained (about 1 ml). Adding 1 &l of Fe-reagens (0.2 M Fe in
concentrated HCl) produced the coloured complex, the extinction of
which was measured at 540 nm in a spectrofotometer.

{11} acylCoA synthetase assay according te a protocol supplied by
Sigma Chemical Compsny, based on the method of Spector et al. (25).
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Like the method of Hestrin, this method is based on an indirect assay
also, and follewing reactions proceed:
acylCoA

I. Oleate + ATP + CoASH ————=—a Oleoyl-Cod + AMP + PPi
synthetase

nyokinase
IT, ATP + AMP —— =2 ADP

pyruvate
III. 2 ADP + 2 PEP a2 ATP + 2 Pyruvate
kinase
lactic
Iv. 2 Pyruvate + 2 NADH — mmue.. o 2 Lactate + 2 NADT
dehydrogenase

A 2,4 ml reaction mix contained: 2.00 ml assay buffer (0.2 M Tris/HCL
pH 8.1/20 mM M3012/1.8 mM NazEDTA/0.2SZ {v/v) Triton-§-100), 0.05 ml
14,5 mM ATP, 0.05 ml 42,8 oM Phosphoenolpyruvate, 0.05 ml 100 unita/=zl
Myokinase selution, 0.05 ml Pyruvate kinase/lactic dehydrogenase
solution {1:5 dilution of stock containing 700 units/ml PK and 1000
units/ml LDH), Q.10 ml 49 oM CoASH and 0.10 wl 3.75 =M NADH. After
equilibrarion to 25°C, 0.20 ml cell-free extract, containing acylCoA
synthetase, was added and extinction at 340 nm monitored until reading
remained congtant {3-4 minutes). Then 0.20 ml 0.098 oM sodium oleate
in 0.25Z (v/v) Triton-X-100 was added, immediately mixed and the
decrease in extinctien at 340 nm recorded for approximately 10
minutes. The E340/min. wag obtained and unit/ml ¢oncentration
determined (millimolar extinction coefficient of NADH=6.22).

(iii) acylCed synthetase assay according to Bar-Tana et al., (26). This
method is based on direct agsay of 1—{14C]-1auroy1-CoA formation from
1—[1401—labeled lawric acid as substrate. To 100 pl cell-free extract
22,5 Pl 5 x assay buffer (12.5 oM ATP/40 mM MgClz/IO oM NaZEUTAIIOD mif
NaF/0.5% (v/v) Triton-X-100/50 pM 1-['*C]-lauric acid (59 Gi/pmol) in
0.2 M Tris/HC1 pH 7.5) was added. Reaction was started by the addition
of 2,5 #1 25 oM CoA in 0.2 mM Trig/HCL pH 7.5. Following incubation at
37% during 10 min. the reaction was stopped by adding 625 pl
isopropanel/n-heptane/l M 1,30, (40:10:1 (v/v)) and 125 p 10%
trichlorpacetic acid. The mixture was extracted 4 timea with n-heptane
(625 pl portiens), Radioactive 1-[140]~1auroleUA in the water layer
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waz derermined in a liquid scintillation counter. Protein was measured
according to Lowry et al. (23) with bovine serum albumin as a

standard.
II.3. Results and discussion,
I1.3.1. F-mediated tranzfer.

Before using the E.celi strains listed above, sll genetic markers
relevant to this research were checked. No anomalies were detected in
the expected phenotypes, Colonies of the Clarke & Carbon gene bank
were screened for their ability to complement a pabB mutation or fadD
mutation by F-mediated transfer to recipient cells as shown in
Fig.II.2. Maring progeay were analyzed for the acquisition of colicin
EI immenity concomitant with pabB- or fadD-prototrophy. When
prototrophy was established, ecolicin EI immunity emerged
simultaneously in almest all exconjugants, showing that the
recombinant plasmid was responsible for the introduction of the pabB
or the fadD marker, and that prototraphy was not s result of rare Hir
formation in the donor strains. To prevent the latter, time of
conjugation was made short (25 min.). Also, after 120 win., samples
were taken and exconjugants tested for the presence of the nearby his
marker on 44 min, of the E,celi genome, in case AB3303 was used as 2
recipient, His prototrophs were not detected, so Hfr formation could
be excluded. From the number of colonies restored to PABA prototrophy
without obtaining colicin EI immunity, the number of spontaneous
revertants was established to be 1/2.10_8 {including AB3292, the pabA
putated strain),

From Fig.I1.2 the following conclusions can be drawn: (1)
contradictory te (9), not all Clarke & Carbon plasmids uged here were
able to complement the fadD phenotype, instesd only pLC15-17 and
pLGC30-32 restored prototrophy im strain K27. (ii) pLC30-32 restored
prototrophy in all pabB mutated strains, but not in the pabA mutated
strain. Therefore, only plLC30-32 contains the pabB gene. (iii)
plC30-20 neitner complements pabB nor fadD mutations, so the protein
spots reported in (4) can not be ascribed to p-aminobenzoate gynthase

Component I or acylCoA synthetase,
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Recipient AB3292 | AB3293 | AB3303 | PC1539 |PC1550 | PCL551 | K27

Donor pabA pabB pabB phe,tyr |pabB pabB fadD
trp,pabB

JA200/pLC4-21 - - - - - _ _

JA200/pLCL5=17 - - - - _ N +

JA200/pLC15=32 - - - - - _ _

JAZ00/pLG30-20 - . _ - - _ _

JA200/pLC30-32 - + + + + + +

Fig.II,2 F-mediated transfer of Clarke & Carbon plasmids to recipient cells
+ = recipient cells growing’on selective medium. PABA-independent
growth was judged after 48 hours of incubation, Growth on oleate

as c¢arbon source was judged after 70 hewrs of incubation.

When PABA-independent growth was examined, extensive crossfeeding was
noticed upon prolonged incubation, due to cells growing on PABA
aeynthegized and excreted by plC30-32 containing pabB mutant strains
(Fig.IT.3).

Fig.11.3
Crossfeeding by pLC30-32 containing PC1539 cells.

Singe strain PCL539 iz the only pabB mutant strain which is also
mutated in phe, tyr and trp, i.e. ir is a triple sromatic auxotroph,

chorigmate can no longer be channeled into the respective amino acid
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pathways, and should be readily availsble for the folate pathway.
However, upon introduction of pLC30-32, the growth rate of this strain
did not increase as compared to other pabB mutated strains. In fact,
AB3303/pLC30-32 had the highest growth rate, although still not
matching that of wildeype cells growing on minimal medium. Poszibly,
irrespective of the amount available, only a small part of the
chorismic acid pool is actually being used for viramin synthesis.

The growth rate of fadD mutated strain X27 was even lower than pabB
mutared sfrains upon restoring prototrophy, and selective plates could
only be judged after at least 3 days of incubation, Most likely this
is due to rhe fact rhat oleate used as carbon source has to be taken
up by active transport using the fadl geme product (27,28); alsc, the
fadD gene product itself, acylCoA synthetase, is proposed to be
raquired for a group translocation step in transpert {vectorial
acylation) (Fig.T1.43(11,29,30) and expression of fadD is under
control of the fadR pens product, a repressor (8,31). Induction of
fadD expression is triggered by growth on exogenous fatty acids and
axpressicn is subject to catabolite-repression when glucose is present
as carbon source.

outer  periplasmic inner
membrane space membrane

-
fadD

™ Y
fatty acids

1 in .
';'::gyl%ﬁ L g-oxidation

AV

(G-l
LCFA

CoASH + ATP

L—-peptidoglycan layer

Fig.II.4 Long chain fatty acid transpert in F.coli.
OMP = curer membrame protein; MCFA = medium chain fatty acids;
LCFA = long chain facty acids; fadl = long chain transport
component; fadD = acylCoA synthetase.
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Strain DC369, being mutated in fadR, produces acylCoA synthetase
constitutively, due to the lack of repressor melecules. When compared
to DC369, growth behaviour of K27/plC30-32 wag indistinguishable,
whereas K27/pLC15-17 grew very peorly on selective medium, Singe the
fadR gene iz intact in K27, this supgpested a gene dose effect of fadD
upon introduction of pLC30-32, which makes induction of fadD
expression not necessary any more. Apparently, in K27/pLCl5-17 the
plasmid copy number is low, since induction has to proceed firsc,
before growth can be resumed, This assumption was confirmed when
preparative isolation of plC15-17 from this strain failed to give the
relatively high amount of plasmid isolated from K27/pLC30-32.

I1.3.2. Restriction gualyzis of plC30-32 and subcloning of pabB.

Plasmid pLC30-32 was iselated frem JA200/pLC30-32 by gentle lysis
using N-lauroylsarcosine, in order to avoid induction of relaxation to
open circular plasmid form during preparation, as described in (20).
Analysis of the plasmid DNA preparation cn 0.8 % agarose gel showed &
total length of 25 Kb; pColEI irzelf iz 6.3 kb in length, =so the
ingert of chromosomal DNA measures 18.7 kb.

Strains PC1539 and AB2303 were used for transformation with
purified pLC30-32. Again prototrophy was restored, the efficiency
baing about 1.104 tells transformed per pg plasmid, The sowewhat lower
transformation efficiency than the normally observed value of 1.106
cells per pe might be caused by the relatively large size of the
plasmid or possible nicking to the open circular form during the
transformation procedure.

Digestion of pLC30-32 with BamMI followed by ligation into BamHT
digested pBR327 resulted into 39 colonies of PABA-independent FCL551
¢cells ypon transformation and selection on minimal agar plates, When
Patl waz uged in the same procedure, ne colonies were detected, One of
the PABA-independent, ampicillin resistant, tetracycline sensitive
PC1551 colonies was picked and grown in rich medium, Recombinant
pBR327 plasmid was then isolated and called pHK9, Comparisen of BawmiI,
PstI, HindITI, or EcoRI digeared pHK9 with A-digested markar frapments
on agarose gel showed the subcloned insert to be abour 9 kb in length,
Surprisingly, the BamHT digest of pHK9 did not result in the two
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fragments expected (insert and vector). Instead, pHKY was just
linearized to one fragment of 12,3 kb, as was the case in the EcoRI
and HindilY digests of pHK9. The Pstl digest gave fragments of 5.3 kb,
5.1 kb, 1,1 ¥b and 0,8 kb, From these results it was concluded, that
(i) one BamHI-site in pHK9 was lost during cloming, (ii) om the 9 kb
pabB-containing insert there is no other BamHI, HindIIl or EcoRI site
{the latter two being unique in pBR327), (iii) the 9 kb ingert must
contain 3 Patl sites, since one is in pBR327, (iv} the 1.1 and 0.8 kb
Patl frugments consist of ingert DNA only, whereas the 5.1 and 3.3 kb
fragments consist of partly vector, partly insert DNA, as pictured in
Fig,I1,5.

Double digestion of pHK9 with Bamdl plus EcoRI or BamHI plus
HindIII resulted in fragments of 11.9 amnd 0.4 kb. If the lefr hand
BamHI site in Fig.II.5 was lost, fragments of 9.4 and 2.9 kb would
have been found, This implies, that the right hand Bamfll site is lost

in pHKS. *
BamkHI BamHI
i |

9 kb insert

pBR327

2523

Petl
Fig,I1.5
Recombinant plasmid pHK9 = plasmid pBR327 (3273 bp) containing
a 9 kb insert from pLL30-32, Total length 12.3 kb. The insert
contains 3 Pstl sites, but ng EcoRI or HindIII sites.
- BamHl site lost {see rexr),

Plagmid pLC30-32 was dipested with several enzymez also, The BamHI
digest of pLCA0-32 showed linearization of the plasmid, so it was
concluded, that in fact not more than one BamHI site exists in

pLC30-32. The 9 kb insert in pHKY therefore is the result of ligation
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of linearized pLC30-32 to the left hand pBR3A27 BamHl sricky-end,
breekage of pLC30-32 (9 kb away from this site) and repair of the
broken end to the right hand pBR327 BamHI sticky—end.

From this point on, only the results of plLC30-32 restriction
analysis are described here, since pHK9 sites can be deduced from it
and actual pHEQ digests were in complete agreement with deduced sites.

The Clarke & Carbon plasmids were originally constructed after
digestion of pColEI with EcoRY, and ligation of chromosomal fragments
by A-T-tailing. Therefore, the unique EcoRI site no longer exists in
the recombinant plasmids, pCalEI itself contains two PstI sites and
one Smal site. Results of digestion of pLC30-32 with BamHI, EcoRI,
HindITI, PstY, Sall and SmaT, taken together with the known location
of the Smal site and Petl sites in pColEI, allowed deduction of the
complete map of pL30-32, as shown in Fig.Il.6.

PSP

InE £, 5 MET vEpE BT

pLC30-32
u7os 63 D9 20 01 11 12 22 05 0916 0906 11 25 11
FesmFP BS S PP
T 2 I_l_._ij PHES
4611 25 1
8BS S
tt:j plC19pabB
06 11

Fig.IT.6 Restriction maps of pLC30-32, pHX9 and pUC19pabB.
P = Pscl; Sw = Smal; E = FcoRly S » 8all; H = HindIII
and B = BanHI. Vectors pBR327 and pUCl9 not shown.

From Fig.II.6 it follows, that the insert present in pHK9 contained
543 kb of E.coli chromosomsl DNA and 3.7 kb of pCOlEI DNA. Because of
this, search for the location of pabB was thereby limited to this 5,3
kb fragment. Since only two Sall sites and one PatI gite are present,
pHKS waz digested first with BanHI, then partially as well as
completely with either 5all or Pstl, Resulting fragments were ligated
inte suitably digested pUC19 and used for trensformation into AB3303.
The smallesr fragment cloned restoring PABA prototrophy originated
from a BamHI/$all partial digest. Complete digestion with Sall after
Bamll apparently did not leave the pabB gene intact. The length of the
BemHI/Sall fragment measured 1.7 kb and was nov digested any further,
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since the expected lenpgTh' of the cbding region wag calculated to be
about 1.4 kb, from the reported molscular weight of 48,000 D (13).

Using pUC19 HindIII and EccRL polylinker sites, the 1.7 kb pabB

containing fragment was then transferred to M13mpl0 and M13wpl8 for

sequencing and in vicro mutagenesis.

1I1.3,3, Restriction analysis of pLC4-71, pLCl15-17 and pLC15-32,

In order to extend the restriction mapping of the E.celi 40 min.

region as well as to deduyce the location of the fadD gene, plasmids
plLC4-21, pLL15-17 and pLC15-32 were isclated and digested with the

same restriction enzymes as pLC30-32. Bingle and double digests

resulted inte the maps as shown in Fig.lL.7.

PSSmSm sm _E E..5H ) HI: 5 H BS 5 P
i P s Tl i 1 T 1 i J
) ae 2005 30 Q31 12 22 &5&9 16 09060 25 11
0 fad D PabB
Rssm Sm Sm.E Esf % HE
Sm_E E.SH &5 HE & H BS & P
L P b T ) L1 P N K
SH & HE § H B
[ 1 11 1 1 e
Fig.II.7.A

Restriction maps of pLCl5-17, pLC30-32, pLC15-32 and
the chromosomal DNA 40 min, region deduced,

—
Psel; & = Smal; E =
EcoRI; S = Sally H = HindIIT and B = BamiI, I

direction of transcription. P =

Only insert DNA is shown.

E8 E

010608 22

Fig,II.7.B
Restriction map of plC4=21, B =
Only insert DNA is shown.

EcoRI and B = BamHI.

b4

chromosemal DNA

pLC15-17

pLC30-32

pLC15-32



Ir can be seen, that pLC15-17, pLC30-32 and pLC15-32 contain an
overlapping reglon of about 3 kb and that plLC4-21 does not overlap any
of them at all,

Plasmids pLC15~17 and pLC13~32 hoth overlap with pLC30-32. From the
results of F-mediated transfer inte K27 it was known, that pLC15-17
and pLC30-32 contain the fadD gene, whereas pLCl5-32 does not, This
means that the fadD gene must be looked for on the overlapping region
common to pLC15-17 and pLC30-32, subtracting the region shared with
pLC15-32, whiech leaves a fragment of maximally 4,8 kb as indicated in
Fig.I1.7.

Plasmid pLC30-20 was not used for restriction analysis, since it
was not mentioned in literature as a candidate for carvying the fadD
gene, nor was the presence of either £adD or pabB detected by
F-mediated transfer (Fig.¥Y.2). The origin of the pLC30-20 insert
remains unclear: the recA gene gives rise te a protein spet with well
defined coordinates in 2-D electrophoresis, which could be detected
upon expression of at least six other Clarke & Carbon plasmids;
although pLC30-20 is reported to contain recA, the corresponding
protein is not on the list of 9 proteins expressed, On the other hand,
these 9 proteins exactly mateh these from pL(30-32, without pLC30-20
cerrying fadD or pabB.

II.3.4. Subcloning fadD from pLC1S-17.

From the complementation study snd restriction analysis of Clarke &
Carbon plasmids described in this chaprer, the possible location of
the E.coli fadD gene coding for acylCoA synthetase could already be
reduced to a fragment of maximum 4,8 kb length (Fig.I1.7). The
molecular weight of the enzyme was found to be 47,000 D (33), =0 rhe
length of the fadD gene will be about 1.4 kb. Attempts to delineate
fadD more precisely on the 4,8 kb fragment were made by two different
approaches, either by removing DNA fragments out of the pLQ30-32
ingert followed by religation (leaving the pColEI veqtor intact) or by
subcloning fragments from the pLCl5-17 insert into pUCl9 as a new

vector, as summarized in Fig.TlT1.8.
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( ) pLC15-17, fadDt

P H .
L ' pHK8  , fadD
sm 5 . +
1 ) pHE6  , fadD
&m H .
A pHES  , £adD
E H N
. pHR4  , fadD
E E .
L 3 pHE3  , fadD
S 3
L J pHE2  , fadD~
L I pLC30-32, £adD™
H removed H
L ' t ) ophxlz , fadD’
E removed E ) _
L ! pHK1D , £adD
£adD
Fig.II.8

Deduction of localisation of fadDl. Inserts shown at pHK2, pHK3,
pHE4, pHKS, pHX6 and pHKB were cloned into pUC19, Inserts shown
at plK10 and pHK12 were retained in pColEI; fragments removed
by HindITT or FcoRI digestiom are indicated.

The copy number of plCl% was expected to be higher than rhat of
pLCI5=17 in strain K27, and it was hoped for a more explicit detection
of acylCoA synthetase activity either using biological complementation
or using enzymatic assay.

Common to all recombinant plasmids tested was the fact thet
detection of acylCoA synthetase activity by biological complementation
was nevertheless more difficult than the clear aeylCoA synthetase
activity detected in K27/plC30-32 and DC369, despite the faet that the
copy number of all plasmids was assumed not to be less than that of
pLC30-32 in strain K27,

Ta Fig.YI.9, results of growth on oleate—conteining minimal medium
iz shown for strains DC369, K27/pHKS and K27/pHKZ.

As indicated in Fig.IT.8, all plasmids complemented the fadD
mutation except pHKZ? and pHK10. Therefore, the fadl gene is present on
the smallest ceommon fragment cloned, i.e. the one in pHK3. Since this
fragment still measuras 3 kb, an attempt was made to further minimize

its length. A colony of K27/pHK3 was picked from oleate plates and
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cultured in Lyriz follewed by preparative plasmid isolation. Upon
analysis of the plasmid preparation on agarose gel it was found that

the 3 kb insert had spontanecusly deleted to a fragment of 1.7 kb,

since pHK3 was only linearized by EcoRI digestion.

DC359 K27/pHKSfadD™ K27/ pHK2
£adR™ fadr’ £adrt
tadpt fadD” FudD”
constiturive inducable mutated

Fig.II.9

Growth on oleate containing minimal medium.

Because at that time there were no other reatriction sites known in
the 3 kb EcoRI fragment in pLCl15-17, other restriction endonucleases
were used to digest pHK3 in order to find one that digests the 1.7 kb
insert. Hpal was found to linearize pHK3 without eutting into plC19,
and therefore the 1.7 kb insert contains one Hpal site. pLCl5-17 was
analysed for the locarion of Hpal sites, of which three were present,
Fig.I1.10 shows the updated restriction map of pLC15-17 and deleted
pHK3. The Hpal site common to both plasmids is 0.1 kb away from one of
the EcoRIl sites and therefore the 1,7 kb insert in pHE3 could bhe
positioned on the map of pLCIS-17 as indicated,

The results of locating fadD by restriction analysis and
complementation described here are consistent with the less accurate
method of calcularing distences from co-transduction frequencies,
summarized in Fig.YY.11 (8,33,34,35).
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Fig.II.10 Updated restriction map of pLC15-17 and deleted pHE3.

~] pLe15-17

pHK3 deleted

P = Petl: Sm = Smal; 8 = 5alY; E & EcoRI and H = HindIII.

From Fig.II.11, the distance between pabB and fadD can be estimated to

be about 0.06-0.17 min., whereas restriction analysis showed the

distance between pabB and fadD to be 8.5 kb, i.e. 0.21 wmin, No further

subeloning was performed from this point on, but pHK3 was used for
enzymatic assays described in section II,3.6.
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Fig.II.1l Ce-transductien frequencies of E,coll genetic markers

surrounding the 40 min. region. Frequency = (l—dlz)a,

d = distance in minutes.
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I1.3.5. Enzymatic assay of p-aminobenzoate synthase.

p-Aminobenzeate msynthase activity was determined in cell-free extracts

prepared by a grinding technique. The efficiency of this technique was

checked by comparing the protein concentration of cell-free extracts

with that obtained in (15), in which a French pressure cell or Sorvall

Ribi cell disintegrator was used. On average, 14 to 15 mg/ml was

extracted as compared to 13 to 16 mg/ml in (15), Alsc, enzyme activity

of glyceraldehyds-3-phosphate dehydrogenase (GAPDH) wes assayed as a

reference. GAPDH activity was found to be comparable with GAPDH

activities obtained by different disintegration techniques reported in

literature.

In Table II.1, results of PABS assays are summarized. First, it can

be concluded, that glutamine—dependent PABS aetivity in pabA mutated

strain AB3292 and in pabB mutated strain PC1539 are below detection
limit, as expected, Secondly, PABS activity in PC1539/plC30-32 and
PC1539/pHKY are both in the range of 10-12.5 pmol/min./mg. This means

that if transcription and translation arée of the same efficiency in

botli straing, then copy numbers of both recombinants sre comparable.

stored “/n -20°C

PC1539 extract
(paba®) added

Vmax

pmol/min, /mg,

AB3292 (pabA™, pabBT) + - < 0.8

PC1539 (pabAt,pabB™) + - < 0.8

PC1539/pLC30-32 + - 11.5

PC1539/pHK9 + - 10 and 12,5

PC1539/pHKG + + a5

PC1539/pHKS - - 58.4

PC1539/pUC1 8pabB - + 1

AND (paba”,pabB®, ¥ - - 125 - 150
phe,tyr,trp)

AN3 (pabA”,pabB®) T . ¥ 37.5

Table IT.1 Amidotransferase assay of PABS in a number of E.coli strains

(glutamine~dependent PABA producticn). " reported in (15).
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Thirdly, it was noticed, that immediate assay upen preparation of
cell-free extract gave a raise in PABS activity by a facter of 5,
wounting up to 58.4 pmol/min,/mg. Therefore, atorage overnight at
-209C reduces .the activity of the holo-enzyme to about 204, possibly
due to instability of the pabi gene product, CoIl, which is esseatial
for the glutamine-dependent activity and was noticed to be more
unstable than Col (15). Fourthly, adding fresh extract of PC1539
cells, containing Coll only, raises PABS activity by a factor of 3
(gaing from 10-12,5 to 3% pmol/min./mg in PCL339/pHK9) when stored Col
extract is used, and raises PABS activity by a factor of 2 (going from
58.4 to 11] pmol/min,/mg in the extracts of PCL539/plK9 and
PC1539/pUC19pabB) when freshly prepared Col extract is used. In the
triple aromatic auxotroph, ANI. which is wild-type for both pabA and
pabB, a value of 125-150 pmol/min./mg is reported in cell-free
extracts, On the other hand, when reconstructing PABS holo-enzyme from
extracts of AN; (pabA mutant) and PCL339 (pabB mutant) a value of 37.5
pmol/min./mg was reported (15). The value of 58.4 pmol/min./mg found
with FC1538/pHKS therefore indicates & possible gene dose effect due
to cloning of the gene coding for Col, This is confirmed by rhe raise
in PABS activity to 111 pmel/min./mg when freshly prepared extract of
Coll is added, since apparently not all Col subunits were aggregated
to holo-enzyme due to m shortage of Coll (present only once on the
PC1539 genome).

The results of a glutamine-dependent assay in which time of

incubation wags varied is shown in Fig.IY.12.

0
nmol

L0 .

10

10 ) Fig.Il.12
Glutaminc-dependent assay of

0 PABS in cell-free extract of
PC1539/pHKO, No component IT

0 20 L0 60 BG 100

min. added. Extract used directly.
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It was concluded, that the holo-enzyme 1s stable up to 100 min. of

incubation befere non-linearity appears,
II.3.6. Enzymatic assay of acylCoA synthetase.

Attempts to detect the presence of acylCoA synthetase activity in
cell-free extracts by the method of Hestrin et al. (24) were not
successful, since omitting extract, ATP or CoASH still produced a
¢oloured reaction complex. Therefore all other components in the
reaction mix were omitted one by one, This experiment showed
B-mercaptoethanol to be capable of producing the brownish celaur by
itgelf without acylCoA synthetsse activity. B-Mercaptoethanol was
replaced with DTE and extracts were assayed again. Although the
expected coloured complex was formed using either ethylacetate
(without enzyme) or purified acylCoA synthetase supplied by Sigma
chemical Co. (isclated from Pseudomonas species), the method of
Hestrin showed te be unreliable. The pH-dependence of the complex E540
was such, that even the E540 of the reaction using only ethylacetate
was hardly reproducible. Assays based on cell-free extracts were not
reproducible at all (even an axtract of strain ¥27 alone could raise
the celour when pH was slightly changed),

Also the second method tested failed to give useful resulrs, The
protocol supplied by Sigma Chemical Co., based on the method of
Spector et al, (25) gave satisfactory results when purified acylCod
synthetase was used, but when the indirect NADH oxidation was
monitored in the presence of cell-free extracts, results were obscured
by the abundancy of other enzymes ysing NADH as co—enzyme (e.g.
GAPDH), Differential spectra were made comparing extracts of K27 and
K27/pLC30-32, but expression of acylCoA synthetase was too low to
ascribe part of the overall NADH oxidatrion as being specific to
acylCoA synthetage.

The third method tested was based on radiocactive substrate, which
is removed from the assay mix after the enzymatic reaction, leaving
the radicactive product available for detection by liquid
geintillation counting. Kameda & Nunn applied this methed sycceszfully
when they isclated acylCoA synthetase from E.coli strain RS3010, whieh
is mutated in fadR and expressea acylCoA synthetase constitutively,
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like DC369. They showed that the enzyme has highest affinmity for fatty
acids with chain lengths of 6 to 18 c¢arbon atoms, and maximum activity
wag chserved with lauric acid, Therefore, we set out to detect acylCoA
synthetsse in strain K27 tranaformed with recombinant plasmids, not
uging 1—[C14]—oleic acid as in complementation studies, but using
l—[ClAJ—lauric acid as a substrate, Using lagric acid in selective
medis gave the same results in complementation studies as oleic acid.

As in the method of Spector et al., the commercial acylCod
synthetase preparation purified from Pseudomenas species pave the
expected amount of 1-[C14lnlauroyl—CoA formation, dependent on the
number of enzyme units present in the assay, However, no significant
amount of lm[CIa]-laufayICaA waz formed when resction waz based on
call-free extracts of DC369 or K27/pLC30-32, although the exact
protocol as published in (32) was follewed, The reason for rhis is net
clear, although it might be speculated, that being a membrane
associated enzyme, acylCoA zynthetase activity might be lost during
lysis of cells by grinding (mechanical shearing) or by too high
preszure in the French pregsure cell. On the other hand, pressure
might just as well be teo low to set the enzyme free, since e.g. cells
of K27 appear different from RS3010 {sphasre va. rod-shape) when
viewed under the microscope, so a different pressure needed to lyse
zella can be expected.

Since D369 expresses acylColA synthetase constitutively like RS3010
and grows well on selective medis, too low expression of the enzyme
can not be the reagon for the failure of its detection in this aasay.
Optimalisation of preparing the cell-free extracts by Freach pressure

cell ig therefore cyrrently being undertaken,
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Chaprer YIIY,

Sequencing of E.coli pabB.

IIT.1 Imtroducticn.

The introduction of the chain termination methed for DNA sequencing
developed by Sanger et al, (1) has provided a distinet advantage over
techniques like the method of Maxam & Gilbert {2}, due to its speed
and simple performance, Moresver, the use of M13 phage veetor (3) is
particularly well-sulted for sequence analysis, since a single strand
cemplate can easily be obtained and a universal primer (4) can be used
for all sequencing reactions of DNA fragments cloned into the
polylinker region (5,6,7,8).

In recent years, the elaborate synthesis of cligonucleotide primers
by the phosphoramidite method (9) has become more convenient with the
introduction of automated DNA synthesis, As & consequence, dideoxy
sequencing is facilitated, since readily available primers ebviate the
necessity of cloning several overlapping subfragments (while using the
univergal primer), in order to establish the sequence of a gene of
interest. Instead, the complete gene cloned into M13 phage can serve
as a template for sequencing successive regions of at least 200
nucleotides, starting with the universal primer, followed by the use
of new primers complementary to the sequence just eastablished,

Afrer cloning into M13mplO, the complete K.coli pabB gene was

sequenced this way, using a total of 15 oligonucleotide primers,
III.2 Materials and methods.
IT1.2.]1 Preparation of template s DNA (adapted from (10)).

A fresh overnight culture of strain JM10LA (F-proA+B+,lachZ_,de1M15,
traD36/thi,dellac—pro,phx,rech,supE) was diluted 1:100 with
YAntibioric Medium 3" (17.5 g/l Antibiotie Medium 3, premixed, Difco);
2.5 ml of the dilytion was transferred to a sterile 15 ml culture tube
and infected with S pl of M13mplOpabB phage arock (originally prepared
fron the supernatant of a culture of IM101A cells transformed with

55



M13mplOpabB RF DNA). After imcubation overnight at 37°C 1.3 nl was
transferred to an Eppendorf tube, centrifuged during 5 minutes and

1 ml was withdrawn from the supernatant. To this 1 sl 160 pl of 25%
{(w/v) Polyethyleneglycol 6000 (PEG 60003/3 M NaCl were added, mixed
and left at room temperature during 15 minutes. The mixture was then
centrifuged for 30 min. and supernatant removed, To the phage pellet
100 p1 0,01 M Tris/HC1 pH 7.5/0.001 M Na,EDTA (TE) was added and
extracted with 50 pl of TE-saturated phenol. After 10 min. at room
tempersture the mixture was centrifuged for 5 min. and the aquecus
phase transferred to a new tube, The aqueous phase was re—extracted
with 50 pl TE-saturated phenol/chloroform (1:1{v/v)), followed by
extraction with 100 pl ehloroform. To 90 pl of the agueous phase 10 pi
3 M NaAc pH 5.6 snd 300 pl ethanol (—ZOOC) were added and ineubated at
-20°C for at least one hour. The precipitated ss DNA was then
centrifuged 15 min. and the supernatant wag removed. The pellet was
washed with 1 ml 70% ethanol (—ZOOC). centrifuged again for 5 min.,
and supernatant was removed. After dryimg in a vacuum desiccator the
pellet was dissolved in 10 pl TE-buffer and stored at -20°C until use.
The typical yield of this procedure wag about 2-3 pg of virion DNA.

I11.2.2 Oliponucleotide synthesis.

Oligonucleotide primers were synthesized by the phesphoramidite method
(9,11), on an Applied Biosystems 381A DNA synthesizer, using
f-cyanopethyl-protected phosphoramidites instead of methyl-protected
phosphoramidites. The latter require thiophenol for deprotection (12)
followed by treatment with concentrated ammonia to cleave the product
from the colump, whereas R-cyanoethyl-protected oligonucleotides can
be deprotected and cleaved from the support with concentrated ammonia
only, After deprotection and cleavage at 55°C during 8 hours or
overnight Incubation, oligonuecleotides were precipitated with 0,1
volume of 3 M NaAc pH 5.6 and 3 volunes of ethanol (-20°C).
Precipitation was overnight at -20°C. Oligenueleotides were pelleted
by centrifugation (15 min. 8t roow temperature), washed with 70%
ethanol (-20°C) and dissolved in 100 pl TE. After extractiom with 100
pl TE-saturated phencl and extraction with 200 pl diethylether, the

concentration of this oliponucleotide stock-solution was measured by
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U.V.-spectrofotometry. On average, a 0,2 pmol scale synthesis yielded
0.6-0.8 og purified 18-mer. In case the oligonucleotide was used for
sequencing, the 5'0H terminal end was not phosphorylated. In case it
was used for in vitro mutagenesis phosphorylation was performed as

described in Chapter IV.
IIT.2.3 Sequence analysis,

Sequencing of sz DNA was performed essentially asz in {1}. The sequence
established was analysed using a computer program written by Rogar
Staden, Analyseq. V8.1, which was takea from the CAQS/CAMM (Computer
Assisted QOrganic Synthesis/Computer Assisted Molecular Modelling)
facilities of the Duteh National Center for Computer Assisted

Chemistry, Cathelic University Nijmegen,
ITI.3 Results and discussion.

Sequencing of the E.coli pabB gene ¢loned into MI3mplQ was started
uging a 17-mer sequencing primer as descrilied in (13):
5'-GTAAAACGACGGCCAGT-3', which is complementary te the M13 phage
region immediately dewnstream its polylinker sequence. After reading
about 130 nucleotides, = new primer was synthesized and sequencing was
proceeded. At the time this protocol was repeated with a third
sequencing primer, Goncharoff & Nichels (14) published the complete
E.coli pabB sequence. Comparison with the pabB 3' region of
M13mplOpabB, from which more than 300 nucleotides had been segquenced,
showed ne ambiguities. Nevertheless, sequencing of the rest of the
pabB gene was continned, In Table III.1, the location and functions of
all primers used is shown,

The results of Goncharoff & Nichols offered the opportunity to
degign sequencing primerz that could serve dual purposes, Not only
ware they designed to function as sequencing primers, but also to
function in the in virro swutagenesis of E,coli pabB. Each primer was
constructed such, that its position was close to a mutagenesis target
gite, In this way, candidate M1l3mpl8pabB phages containing a newly
formed mutation could be screened directly by sequencing with a primer

which on its turn can be uged as & mutagenic probe.
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Table III.1
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Primer

Sequence/Location (5—=13')

Furpose

Commercial
17-mer

1602

Lokl 1368
Lys 449

1203

Cys 391
Trp 390-1

Trp 390-2
His 339

Fro278/Arg279

Leu214/A10215

Tre 166

His 147

Arg23/Progs

Iiedt

Alald

Ala?

KhoI-15

1524 aanceacecceact! V8

142805008 s aGTTGARAGECCG 402

P3Bionracoes erceacer! 36
1% erreeracacearace! 246

WM opgurarecsiorict 203

1 7%erceccer® coacconTr
17

TCCCGCACT ‘J\CCCA\TTCC

1162
1160

W ecocean ™1 asccatroc! 160

10232 ccacatT*arccacoac 000

B4

cuaenae” oot oragrer B2

&5l

acoTTec oA caTTeact

T
A

488

.
20%pprecaca* s actccecac

[y 430

ACGCTGETT GTCOACAAT

289,

TaTeceTe cec “coanrer??

1326ccaceace” aTateaanct*?

G5

ARATARAATTES CCoeee ™

30 13

ATAATCACE GOUGEACA

“Seeroacroe” sc ocetar??

seguencing until priwer 1403

sequencing mutacion EcoRl 1369
sequencing mutation Lys 449—stop
sequenging until primser 1203
i.vom. to EcokT site 1%9

Lovime Lys 449 (AAGl—-stop (TAC)
sequencing until priwmer 1202
sequencing autution Cys 451 =m3er
sequencing rutation Trp 30—=Tyr
sequencing tutation Trp J0Q0-———stap
sequencing until primer His 339
iv.m. Cys 391 (TOC)—Her (AGC)
i.v.m Trp 390 (TCC}—-stop (TAL)
sequencing noatation His 339 =mAsn
i.v.m. Trp 390 (1GG)—=Tyr (TAT)
1.v.m, Hin 339 (CATI—Asn (AAT)
sequencing mekacion Pro278/Acgl??
icvan. Prol?B8/Arg279, silent;
creates Sacll restriction sice
sequencing wutafion Leulld/AlaZls
i,v.m, LewZl4/ala2ls, silenc;
creobes Mabl resleicCion sifd

sequencing nutatien Tep 166‘::’;:::;

i,vm. Trp 166 (TGG)—-Tyr (TAT)
and Trp 166 (TGC)=w=Pnec (TIT)
sequencing mutation is 147-—w—Asn
i,v.m, His 147 (CAC)=wmAsn {AAC)
#8quencing motusgion Arg93/FProfa
i.v.i. AvgS3/Fro94, silent;
creates XwalIl restrictien site
sequencing motation Iled8

i,v,m, Tle48, silent}

creates EcoRY restriction sire
sequencing nucation Alali

i, v,m, AlalB, silent;

crestes Sacll rescriction site
sequencing mutation Ala?

iavem. Ala?7, silent;

creates Sacll restrierion site
sequencing mutacion Xhol-15
i,v,.m, to Xhol sire «}5
sequencing wntil BooHT aice =134

Sequencing and in vitro mutagenesis (i.v,.m,) primers

= mismatch compared to the sequence of pabB established.




In Fip.ITI.1l, the results of sequencing, using & number of
oligonucleotide primers from Table III.1, are shown.

1 2 3 4 5

Fig.ITI.1 Auroradicgraphs of sequencing gels, after using the following
primers (see also Table IIT.1):
1203; 5 = His 339; 6 = Trp 166;
10 = Ala 7. From left to right,

1= 17-mer; 2 = 1403; 3 = Lys 449; 4 a
7 = His 147; 8 a Ile 48; 9 = Ala 18;

A, G, C and T lanes are shown.
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Fig.111.2 shows the nucleotide sequence determined, topether with the
aming acid sequence prediected from it.

As stated in (1l4), the amino acid sequence is based on the longest
open reading frame of 1377 bp, from which the first 13 bases are
assuned not to be translated, This region contsins & putative
Shine-Delgarno ribosome binding site (15) 5'-TcAGCA-3', as underlined
in Fig,III,2, Three nucleotides downatream there is an ATG startcodon.
The enceded methionine is consldered ro be the first amine acid in the
primary zequence of PABS Col, because from this peint on, translation
produces a protein of 453 amino acid residyes with a calculated
molecular weight of 31,217 D, This agrees well with the molecular
weight of 48,000 D determined by c¢hromatography on Sephadex G-100 by
Huang & Gibson (16), Not far downstream what is believed to be the
real ribosome binding site (RBS), there is another putative RBS of
exactly the same sequence, 5'-TcAGGA-3', as shewn in Fig.III.2,
However, there is no startcodon close to this region: only 46
nucleotides downstream, the next in=frame ATG codon is encountered
(starting translation from this ATG codon would produce a protein with
a caleulated molecular weight of 47,567, which would also agree well,
even better, with the empirically determined one). Whether this
alternative RBS is functional is unknown.

In Fig.ITI.2, the Sall site, which destroyed the ability of pabB to
complement pabB-mutated strains, is indicated, It is clesr, that
digestion at this site would remove 144 amino acid coding information
from the N-terminal end, thereby destroying PAES Col enzyme activity,

Although Goneharoff & Nichols reported, that they did not find
other open reading frames exceeding & total length of 300 bp, it can
be shown that there is one open reading frame of 306 bp, starting at
938 and ending at 1244 (-1 frame compared to the PABS Col coding
frame). Since there is no putative promoter, no ribosome binding site
nor startcodon, this open reading frame is not translated. Another
open reading frame of 291 bp is presenr, starting at 173 and ending at
464 (+1 frame compared to the PABS Col coding frame). There is an ATG
codon present, but g RBS is missing., Therefore, the 78 amino acid (MW
8,380 D) coding information can not be expressed.
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Directly upstream the ATG startcodon putative regulatory sequences can
be found (14); from nucleeotide positions -73 to -67 there is a
possible BNA-polymerase binding site 5'=TGTTAAC-3" (17), from
positions —46 to —43 there is a Pribnew-like box 5'-TAAT-3' (18),
suggesting initiation of transeription at position -36 (19). No
attenuator—like sequences in the 5" region are found (as in trpE).

From Fig,III,2, it can be concluded that there is no obvious
rho-independent transcription termination sequence present, However,
when the pabB sequence was analysed using CAOS/CAMM facilities
(Analyseq. V8.1 Roger Staden) 3 inverted repeats emerged, all of them
downstream the TAA stop coden, When taken together, a putative
stem-loop structure can be comstructed, as shown in Fig.III.3.

It can be speculated, that this stem-loop structure has come
function in arresting RNA polymerase, or ln transcription termination,
although it does not resemble the normally found G-C rich regiom
followed by a track of T-bases (at which an mENA transgript enda),
Instead, tracks of 6 T-bases and &4 T-bames (positions 1395-1401 and
1415-1418) are present within the putative loop.

Another specylation about the function of this stem-loop structure
is that it might influence translation in some way, In this respect,
it is remarkable to notice, that the stem—sequence is complementary to
the ribosome binding site that is presumably functional during
expression. The stem-sequence is complementary to another RBS-like
region also, since both RBS sequences are identical, Theeretrically,
RBS1 (functional) can hybridize to nuclectides 1380-1385, but the
number of basepairs (6) is less than the number of basepairs {8) in
the structure as ghown in Fig.IIL.3. RBS2 (non-~functional) can
hybridize to nucleotides 1380-1387, i.e. 8 basepairs, Therefore, there
¢ould be compatition between RBS2 and sequence 1454-1461, for
hybridisation with sequence 1378-1387. Of course, this i= only
possible, when the mRNA transcripr has not ended before sequence
1454-1461. Switching of hybridisation between these rwo competing
gequences might be functional in alleowing translation to proceed ob
not, It is not apparent however, what the trigger for breakage/reunicn
of the stem-loop sfructure is,

The first indicatiom, that the stem-loop structure as indicated in

Fig.TII.3 can exist in vivo, came from a sequencing experiment,
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M13mplOpahB g5 DNA was used as template with Klepow DNA-polymerase and
a 17-mer sequencing primer (Table III.1). When the regction
temperature was lowered to 0-4°C, a normal parrern uas observed until

position 1463, where sequencing was aborted, as shown in Fig.III.4.

CT AGCT

Fig.lIl.4 B3equencing of the ragion
1476 1360, yaing 17-mer sequencing
primer. Left: 0-47C, right: room

tesperatyre.

.—/

COoOOEErErEISOoAD SO0
T
caoooHAerr-AdodoRLOoHOOOFEOS ORGP D>

In order to establish the existence of the proposed stem—loop
strycture and its function, it was decided to construct a mitagenic
oligonucleotide, that will introduce sn A into & T base mutation at
position 1373. An EcoRI restriction site will be the result, at
position 1369-1374. The meragenic oligenucleotide, ealled EcoRI 1369,

&5



13381 1364

#
5" GGCTACGGA ATTCCACGT
mutagenesis by the gapped hetercduplex technigue (see Chaprer V).

is now being used for in vitro

Once the desired EcoRI 1369 mutant is isclated, the complete pabB gene
can be taken out of the cloming vector (Mi3mpl8) by a single digestion
with EcoRI, since a second EcoRI site is preaent in the S' region, the
one which belengs te the phage polylinker. The resulting pabB gene
will have all of its 5' regulatory sequences, whereas the putative 3!
regulatory sequence is removed. The pabB gene can subsequently be
studied with respect to its expreszion. Moreover, the pabA gene can
now bhe coupled in tandem, in order to achieve coordinate expression of
both genes from the same mRNA,

Alignment of the pabl coding sequence with that of F.coli trpl
shows similarity of 40% at the nucleotide level and 267 at the amino
acid level, if gaps are inserted as pictured hy Goncharoff & Nichols.
These results suggested, that pabB and trpE arose from a coumton
ancestor, as expected (20,21). A remarkable feature of the 5% (40
amino acid-) coding repion of E.coli trpE is the fact that it can not
be aligned with E.coli pabB, Recently, it was shown by Matsui et al.
(22), that thiz region, including Leu35—Leu-G1u—Ser38. is essential
for the allosteric regulation of AS, and chat Ser38 may be the binding
site for tryptophan in feedback inhibitionm, If this is true, than
non—alignment of this region is not surprising, since pabl iz not
inhibited by tryptophan,

Also remsrkable in the alignment of both genes is that about 707 of
all conservative aming amcids are found in the Cwterminal half of Col.

Another feature of A5 Col is that it is complevely free of Trp
residues (A3 CoII also), whereas PABS Col contains seven and PABS Coll
contains three Trp residues. It has been proposed (23), that AS is
tryptophan—free so that chorismate can be channeled into the
tryptophan biegynthetic pathway under severe tryptophan starvation
condirtions.

Alignment of the heptapeptide 113317uCys—Thr—Pro—Gly—Ser—Arg323 of
AS Col with PABS Col reveals that the essential Cys 318 of A5 Ceol (24)
iz not conserved in PABS Col. Instead, Ala 318 has replaced this
cysteine regidne, McLeish et al. (25} have suggested the presence of
an essential sulfhydryl group in PABS CoII, but not in PABS Col, bazed

on chemical modification studies.
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As far 'as the AS Col-essential Arg and His residues are concerned
(24), they have not been located in the AS Col amino acid sequence
yat, Thus, it is unknewn, if they are conserved in PABS Col. However,
if 5ll His residues in both Components I are considered, only 2 (out
of 12 present in PABS Col) are conserved: His 147 and His 339, Of
¢course this does not necessarily mean that one of them is essentizl in
either enzyme, since enzyme mechanisms will be different. Alsoc,
results of McLeish et al. (25) have provided evidence against the ‘
presence of an essential His residue in PABS Col, since PABE Col was
not inhibited after chemical meodification using diethylpyrocarbonate
(26) or bromepyruvate. On the other hand, the proposed function of
His, as a candidate for abstracting the hydrogen on C-2 of chorismate
or for protonation of the leaving hydroxyl or enolpyruvyl groups,
might be gimilar in both enzymes.

Although the AS Col-essential Arg residue could be conserved in
PABS Col if the proposed function in binding the cheorismate aniom is
correct, locating its position will be more difficult, since 11 out of
28 Arg residues are conserved in PABS Col.

Comparison of AS Col and PABS Col amine acid sequences as described
here was basic for the davelopment of strategies for in vitro

mutagenesis experiments, described in the follewing Chapter,
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Chapter IV,

In vitro mutagenesis of E.coli pabB.
V.1 Introduction,
IV.1.1 General.

In the last decade, oligodeoxyriborucleotide-directed in vitro
mutagenesis has become one of the most powerful tools in melecular
genetics, gince it provides a means to alter a defined site in a
region of cloned DNA (1-11). Therefore, this technique is of direct
importance in modification of naturally occurring proteins and in the
rational design and synthesis of new proteins with unprecedented
funcrions.

The principle of the methed i& to use heteroduplex DNA, formed by
annealing a vector, containing the target gens as a §ingle strand,
with a complementary gsynthetic oligonucleotide, containing the desired
codon change, Aftrer extension wnd ligation of the oligonucleotide, the
newly formed duplex DNA is subsequently transformed into cells in
which the vector can replicate, The progeny recombinant DNA contains
either the wild-type gene or the gene with the mutation specified by
the synthetic oligonucleotide.

The method stems from the combination of a number of observations
like (i) marker rescue of mutations in ¢X174 by restriction fragments
(12,13), (ii) the stability of DNA duplexes containing mismatches
{14=17) and (iii) the ability of E.coli DNA-polymerase to extend
oligonucleotide primers hybridized to single strand templates (18-1%).
The general concept of using an oligonucleotide a5 sn ideal mutagen
wag dis¢ussed years before the experiment was feasible (20), and it
took almost twenty years before Hutchison et al, (21) and Gillam &
Smith (22,23) first ereated a number of mutaticns in single strand
phage ¢$X174. Similar experiments using ¢X174 (24) were reported, until
Wagylyk et al. (25) demonstrated the firar example of oligonucleotide-
directed mutagenesis of a cloned fragment in a vector derived from a
single strand phage, fd. Since then, many useful new strategies for
site-sgpacific in vitre mutsgenesis of DNA have heen developed, in
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order to make the basic procedure as technically straightforward as
possible and to improve the efficiency with which the heteroduplex DNA

produces progeny from the mutant-containing strand (26-35).

IV.1.2 In vitro mtageneais techniques,

The basic biochemica) procedure, which was originally used, anncals
the mutagenic oligedeoxyribonucleotide to a single strand eireular
genome, as primer for DNA-polymerase in the presence of DNA-ligase
(11,22,23).

A serious drawback of using a single strand template for in vitro
mutagenesis is the problem of background progeny of wild-type
molecules resulting from inefficient conversion of template to
covalently closed circular (CCC) DNA (36).

An elegant way to reduce this problem is to carry out
oligonucleotide mutagenesis on a gapped duplex target obtained by
annealing a second, wild-type primer (two-primer technique) or
linearized denatured vector RF DNA (gapped duplex technique) to
recombinant phage ss DNA.

In addition to the higher efficiency of nutagenesis using the
gapped duplex approach as compared to the single strand approach, it
has become possible to take advantage of the presence of the gapped
strand in subsequent selection procedures by locating ene or more
gelectable markers on one of either strands. As a congequence,
efficiency of mutagenesis is raised to as high as 80-93%.

The cassette mutagenesis technique involves the replacement of a
short segment of a gene clone with a synthetie, mutant oligonutleotide
duplex (36-44). The obvicus advantage of this technique is the high
yield of mutants, but & disadvantage is the dependence on conveniently
locatad restriction sites te remove a wild-type segment. If these
restriction sites are missing, they have to be introduced by the
methods discussed above, If the desired restriction site will be in a
protein coding region, only mutations are allowed that create the
restriction site without changing the amine acid sequence upon
expression of the gene. In other words, the mutation should be
"zilent" with respect to the amino acid that the triplet invelved is
coding for.
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IV.1.3 Selection and eprichment of mutants.

A powerful selection and enrichment strategy, which was used for in
vitro mutagenesis of pabB described in this thesis, iz based on the
presence of nonsense (amber) mutations in the template M13mplQ vector
sequence (32-35,46-48). The gene to be mutated is cloned in the
arber—containing template, and single strand DNA is isolated.
Wild=type MI3mplQ revertant RF DNA is then dipested with the same
restriction enzymes used to clone the gene in the amber template,
Linear, wild-type Mi3mplO is melted at elevated temperature, the
mytagenic cligenuclectide and single strand recombinant template
added, and slowly cocled down to room temperature. The gapped
hetercduplex containing the annealed mutagenic oligenucleotide is then
canverted to CCC DNA by DNA-polymerase and DNA-ligase, Some time after
the polymerisation reaction has started, single strand DNA binding
protein (gene 32 protein of T, phage) is added to overcome possible
arrest of DNA-polymerase by secondary structure (7,49), However,
enzymatic attachment in vitro is not absolutely necessary. A mix-
heat-transfect protocel is available (34), although efficiency of
mutagenesis is of course reduced. After transfection of the mixrure
into a recipient host cell,which is amber-suppressing but defective in
DNA-repair (mut3 or mutl), both wild-type and mutant progeny are
propagated, The phage-containing supernatant of this cultnre is taken
for infection of a non-suppressing host cell, As a consequence, only
wild-type phage, originating from the gapped strand containing the
desired mutation, will segregate,

IV.2 Materials and methods.
IV.2.1 E.coli strains, plasmids and phapes,

BMH71-18 F'lacId, ZdelM15, proAEB¥/del(iac—proaB), thi, supk.
BMH71-18mutl8 F'lacT?d, ZdelMis, proA+B+/de1(la¢—proAB), thi, supE,

mut$ssTnl0,

MR 303 F'lacId, ZdelM1S, proATE™/del(lac—proAB), rech, galk,
sLra,

JM1014 F'lacI%, ZdelM15, proATET, rrah3s/del(lac-proAB),
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supl, thi, recA.
PCIE39 F /pabB, argk, ilvC, pheA, tyrd, trp, lac, gal, tsx,
(lam), phx, stri.
Phages M13mpl0O and Ml3mplf were from Pharmacia.
Plasmid pUC19 was obtained from R.N.H. Koninga, Department of
Molecuylar Biolegy, Cetholic University Nijmegen.
Straina BMH71-13, BMII71-18BmutS and MK30-3 were obtained from H.=J.
Fritz, Max-Planck Institute fur Biochemie, Abteilung Zellbinlogie,
Munich, F.R.G.
Strains PC1539 and JM1D1A were obtained from Phabagen Collection,
Department of Molecular Cell Biology, University of Utrecht, the
Netherlands.

IV,2.2 Media.

The rich mediun used for routine subculture and growth was L-broth,
supplemented with 2 g/l glucose (50). Streptomycine sulphate (200
pg/ul), tetracycline (10 pg/ml) and ampicillin (25 pg/ml) were
supplemented when required. Selection of colourless plaques of
M13mpl8pabB, wild-type as well as mutmted, was performed on L-broth
agar plates without glucose, using 3 ml topagar (6 g/l agar in
L-broth) containing 10 pl 100 wM IFIG and 50 pl ¥-Gal (2% in
dimethylformamnide). Media used during in vitro mutagenegis were
Antibiotic Medium 3 (17.5 g/1); EHA plates contained 13 g/l Trypton,
8 g/l NaCl, 10 g/i agar, 2 g/l sodium citrate.2H20 and 7 ml/)l 20%
glucose, added after avtoclaving; topagar contained 10 g/l Trypton,
5 g/1 NaCl and 6.5 g/l agar.

I¥.2.3 DNA preparations,.

Plasmid DNA and M13mp RF DNA were isolated according te Clewell &
Helingki (51),followed by banding in CsCl gradients using
ultracentrifugation. M13mp ss DNA was isplated as described in Chapter
TTT. Mutagenic oligonuclectides were synthesized as described in
Chapter JII, 5'-phosphorylated with TA—polynuCIEQtide kinase according
to Richardaen (52) and purified by preparative acrylamide
gel-electrophoresis and elution on Biotrap (Schleicher & Schuell). All
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oligonucleotides were tested for specific annealing by using them as
sequencing primers on M13mplOpabB as described in Chapter ITI.

Iv.2.4 In vitro smtagenesiz.

In vitro mutagenesig of the pabB gene was performed essentially
according to the gapped heteroduplex technique of Kramer & Fritz
(35,46), with following modifications: both the M13mpl& RF DNA
digested with EcoRI and HindIII, and the M13mplOpabB virion DNA
isolated by PEG-precipitation, were subjected to electrophoresis on 1%
agarose gel and purified by electro—elution on Biotrap. Removal of the
complete polylinker sequence from M13mpl8 RF was necessary to make
M13mpl0 and Mi3mpld compatible in this respect. For example,
M13mplOpabR does not eontain the Kpnl site present in M13mpl8, Linear
M13mpl8 RF DNA (0.5 pg) and M13mplOpabB ss DNA (1.3 pg) were mixed in
40 p1 187.5 oM KC1/12.5 mM Tris/HCL pH 7.5. To B pi of this mixtare

2 pl of 5'-phosphorylated mutagenic oligonucleotide (2 pmol/pl) were
added. Construction of gapped duplex DNA and annealing of the primer
were performed in 2 single step by heating 2 min. to 100°C ana cooling
to room temperature dering 45 min. Next, 4 pl 500 mM Tris/HC1 pH 8.0
/600 oM ammoniumacetate/50 mM dithiothreirel/50 mM MgClz, 4 pl 2 mM
NAD, 4 pl of 4x2.5 oM dNTP's, 15 pl water, 1 pl E.coli DNA-ligase

5 units/pl) and T4 DNA polymerase (1 unit/pl} were added. The mixture
was incybated during 15 min. at room temperature; 2 pi of T& gene 32
protein were added and incubation continued for another 90 min. at
roon temperature. The reaction was stopped by adding 2.5 pL 200 oM
Na,EDTA pH 8.0 and heating to 65°C for 10 min. The mixture was
extracted with 40 pl phenol (equilibrated with TE-buffer)/chloroform
(1:1 v/v), three times with 200 pl diethylether, and immediately used
for transfection of E.coli BMH7]-18mutS competent cells according to
Cohen et al, (53) and cultured overnight at 37°C. Phage contmining
supernstant of this propagation step was used to infect E.coli MK30-3
cells, Dilutions 106 to 109 were taken for segregation in MK30-3 by
plating 100 pl samples on L-agar plates, Single plaques were picked,
grown in 10 ml cultures and ss INA was isolated after overnight
incubation at 37°C. Mutants were detected directly by single-track
sequencing of the isclated ss DNAs. One single plaque was chosen,
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grown on lavger scale and ss DNA isolated preparatively. From this ss
DNA, the region of interest containing the desired mutation was

sequenced using all four dideoxy NIPs and compared with wild-type.
IV.2.5 Subcloning mutated pabB.

From a plaque of M13wpl8 recombinant phage, containing a mutated pabB
gene, E,coli JM101A cells were infected, cultured overnight at 37%
and cells colleeted by centrifugation. RF DNA was isolated as
described before. Following FcoRI and HindIIT digestion, the mutated
pabB gene was excised out of the RF, separated from vector DNA by 14
aparose gel-electrephoresis and purification by Biotrap elutiocn. Then
the pabB gene was cloned inge pUC19 (digested with EcoRI and HindIIL)
nsing T4 DNA-ligase. JMLOlA competent cells were prepared and
transformed with pUC19pabR ligation mix (34). Selection of colourless,
ampicillin-resistant colonies was performed on L-broth agar plates
containing IPTG and X-Gal. A single colony was picked and grown in
I-broth {(containing ampicillin). Plasmid DNA was isolated as

described.
IV_2.6 Besatriction analysis of Trp 350 mutants.

In case of mntants pUCl19pabB3%0Q-1 and pUC19pabB390-2 plasmid DNA was
digested with BstNI after 5'—32P—phosphorylation in the buffer
recommended by the supplier, Anglian Biotechnology. Subsequently,
fragments were analysed on 8% polyacrylamide gel followed by overnight

autoradiography.
IV.3 Results and dizcunzsion.

IV.3.1 Target sites of E.coli pabB chosen for site directed
mutagenesis,

Frow the E.coli pabB nucleotide sequence shown in Chapter ITI,
Fig.I1T.2, and from comparizen of PABS Col and AS Cel amine acid
sequences as shown in Fig.IV,1l, a number of potential target sites for

in vitro mutagenesis emerged.
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Fig.IV.1 Comparison of E.coli PABS Col and AS Col amino acid

sequences, [ | = conservative residues.

O = residues chosen for muragenesis.

The mutagenic oligonucleotides that were degigned are shown in Table
I1I.1, and can be divided into three groups, depending on purpose.
First of all, 7 mutagenic oligonucleotides were constructed to achieve
codon changes in the pabB ¢oding sequence such that either an amine
acid will be replaced after in vitro mutagenesis, or a stopcodon is
introduced, the latter leading to premature translation termination,
and therefore to a C-termingl deleted PABS Col, One of these
oligonucleotides was conatructed as a mixed primer, i.e. during
synthesis of the oligonucleotide two phosphoramidites were delivered
simultaneously to the growing strand such that during mutagenesis two
different mutations are introduced using enly one (mixzed) primer.
Sequencing possible mutants afterwards will determine which mutatiocn
hzz actually been introduced in a particular mutaat phage.
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The secend gronp of oligonucleotides centains 8 primers that were

designed tomake the pabB gene suitable for future experiments using

the cassette mutagenesis technique. This technique is completely

dependent on the availability of conveniently located restriction

sites within a sequence of interest. Since the E.celi pabB sequence ic

rather limited in this respect, these primers were designed to

introduce a new restriction =ite, not preseant in the M13 vector, and

present only once or not at all in the pabB sequence. A summary of

sites available in the wild-type pabB gene, and new sites to be

introduced is shown in Table IV.I1.

Sive

-152
-146
=139
=134
- 15
17
50
72
139
277
382
433
586
642
647
712
713
724
§32
937
1074
1369
1484
1490
1459

Falindrome

CAATTC
CAGCTC
CCCRGG
GGATCC
CTCGAG*
cceees”
ceecee”
CTTAAG
GATATC*
CGECCC
GATATC
GTCGAC
AAATTT
reecea’
ACGTT
CGCGEG
GCREGE
ACCECT
ceeees™
CATATC
BCGOEE
CANTTCT
GTCGAC
CTGCAG
AAGCTT

Restriction
endonuclease
EcoRI

Sstl

Smal

BamHI

Xhol

Sactl

Sacll

Af1I1

EcoRV
Xmalll
EcoRV

Sall

Mstl

BssHII
Haell
Sacll
EcoRV
BssHII
EcoRI
S5all
Patl
HindIIY
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While creating a new reatiction site, care was taken not to disturb,
or interrupt, the pabB coding sequence by introducing a missense or
nonsense mutation, respectively. In other words, as far as coding
capacity ig concerned, only those palindromes were chosen, which are
silent towards the amino acid sequence expressed.

The third group of oligonucleotides consists of 4 primers
specifically designed to study proposed regulatory regions of the
E.coli pabB gene. These primerz were deaigned to create reatriction
sites either in the 5' region or in the 3' region, $ince they are
silent with respect to the coding sequence, they can be regarded also
to belong te the second group of primers described before.

As far as the first group of mutagenic oligonucleatides ig
concerned, the fellowing amine acid replacements were conceived:

1. Trp 390 to stopcodon,

The motives te change Trp 390 cedon into & stopcodon were as follows.
First of all, it would be interesting to determine how many amine acid
rezidues can be removed, starting from the C-terminal end of PARS Col,
before enzyme activity as a whole, or a specific function in
particular (like subunit binding or the capacity to use NH3 as an
amino donoer) would be severely affected, In this way, amino acid
residues essential for catalysis ecould poszibly be delineated. For
example, in case of Trp 390 to stopcodon change, 3 out of 6 cysteine
residues would be removed. At the time this mutation was achieved, no
data concerning the presence of an essential =SH group in PABS Col
were available. Therefore, speelfic deletion could give a first
indication,

Secondly, stability of the truncated PABS Col with respect to
oxidation, as compared te¢ the wild-type PABS Col, would he worthwhile
to study, because the high susceptibility of wild-type Col towards
denaturation in general has arrested its purification to homogeneity
until now,

When designing this mutation, it was felt, that the chance of
retaining enzyme activity was smsll, gince creating a deletien of 63
amino acids is rather drastic and likely to affect some funetign in
enzyme catalysis, Nevertheless, the mutagenesis was performed becéuse
the amber codon which was introduced could still be translated as

tyrosine in an E,coli pabB amber suppressing strain, as an alternative
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wey to mutate Trp 390 to tyrosine using site directed mutagenesis, as
discussed hereafter,

The Trp 390 to stopcodon mutation degstreyed a BseNI restriction

sndonuelease recogaition site (5'—11660CT001170—3' —_—
5'-1166CCTAG117OHB'), which facilirared screening of poteantial
mutants.

2. Trp 390 to tyrosine.

Trp 390 was chosen to be chenged into tyrosine for the following
reasons. In PABS CoI there are seven Trp regidues, whereas A5 Col
contains none. It has been proposed (35), that this may cause
chorismate to be channeled into the tryptophan biosynthetic pathway.
Consequently, PARS Col might only be preduced after a certain
tryptophan level has been reached in cells. In order to test growth
behaviour of cells under tryptophan starvatien conditionz with a
completely tryptophan—free PABS Col, it is necessary te replace all
seven Trp residues one by one. Of course, enzyme activity should be
retained on wild-type level as much as possible. In general, best
candidates to replace Trp residues are the other twe arcmatic amine
scids, tyrosine and phemylalanine, since they are almost isosteric and
the 3-0 structure of PABS Col should not be distorted teo wmuch.
However, if the Trp residue in question does have some fuacticn in
catalysis rather than a structural funmction, it probably will not be
possible to substitute it for other residues. Trp 390 was chasen to be
replaced with tyrosine rather than phenylalanine, since A8 Col
contains a tyrosine residue at site 390 in its amino acid sequence, as
can be geen from the alignment with PABS Col in Fig.IV,1, It is
interesting to note that Trp 390 in PABS Col is surrounded by a large
number of conservative amino acids when compared to AS Col.
Replacement with tyrosine in AS Col apparently was allowed during
evolution without destroying subatrate binding and the use of NH3 as
an amine donor, features common te both enzymes. Residue 390 was
chosen as rhe first of Trp residues to be mutated, since it 1g closest
to the C—verminal end, which is the most conservetive half of PABS
Col. Additionally, as in the Trp 390 te stopcedon mutation, a BatNI
1166CCTG61170—31-5'~1ISSCCTATlITO-B'), which

facilitated screening of potential mutants. Also, no new primer had to

site is destroyed (5'-

be gynthesized in order to sequence potential mutants, because the
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same sequencing primer as in the Trp 390 to stopcodon change could be
used,

3. Cys 391 to serine,

The essential cysteine residue in AS (oI, Cys 318, is not present in
PABS Col since it reads alanine at gite 318, Therefore, it was
reagoned, that PAB3 Col does not contain eysteines, essential for
catalysis, at all, or one of the six non~conservative Cys residues is
a pogsible candidate, Cys 318 In AS Col is proposed to attack at C-2
of chorismate, directing amination towards C-2. In PABS Col, this
could be different, since the amino-group reacts with C-4 of
chorismate, Whether this function is still performed hy an essential,
dislocated, cysteine in PABS Col, remains to be determined. As an
alternative to search for essential Cys residues in PABS Col by
creating deletions as in case of Trp 390 to stopeodon mutation, all
six of them could be mutated themselves, for example to serine.
Changing -SH to ~OH isosterically should leave the 3-D structure of
the enzyme intact (presuming the ~SH group does not take part in
disulfide bridging for structural purpeses) and specifically probe for
cysteines essential to catalysis rather than strycture,

Cys 391 was chesen to start with, since it is in the moast
conservative half of the enzyme, and the same sequencing primer as in
the mutations discussed above could be used, Again, the Cys 391 to
serine mutated PABS Col could also be studied with respect to
inacrivation through oxidation.

4. Lys 449 to stopcodon,

As discussed above, creating C-terminal deletions in a protein coding
sequence ¢an be used as a tool to probe for catalysis—essential amino
acid regidues. Since the deletion resulting from the Trp 390 to
stopcodon mutation was likely to have large effects on enzyme
activity, it was considered also to use smaller deletions. An example
of such a deletion, removing only five amino acids from the PABS Col
C~terminal end, is the mutation of Lys 449 codon to a stopeodon,

Lys 449 was chosen since it is the first residue downstream the last
conservative amino acid Leuw 44B8. Therefore, thig deletion would remove
a small nymber of residues from the C-terminal end, leaving all
conservative regidues intact. If enzyme activity and other fynctions

would be retained in the deleted Col, then the next step would be to
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remove conservative residues by stepwise deletions in the order of 1-5
amino acids,

5. Trp 166 to tyrosine or phenylalanine.

This mutation was chosen for the seme reasons as the Trp 390 to
tyrosine mutation, with this exception, that either tyrosine or
phenylalanine is introduced (using a mixed probe), Comparison with the
AS Col amino acid sequence guggests that replacement with glutamine
would be allowed, but substitutien of Trp 166 with a more isosteric
residue wag preferved, in order to affect the 3D structure as less as
possible.

6, His 147 to asparagine,

7. llis 339 to asparagine.

From AS Col it is known, that one essential histidine residue iz
present (56), The proposed function of this histidine, the location of
which is unknown in A% Col, is to function as a basic group required
to abstract the hydrogen on (-2 of chorismate or to protonate the
leaving hydroxyl or enclpyruvyl group, From the alignment of PABS Col
with A% Col in Fig.IV.l, it can be concluded, that only tws histidines
are consecvative, His 147 and His 339. If in both enzymes histidine
performs the same function, then either of the twe conservative Hias
residues is a good candidate to be the catalytically essenrial one.
However, if histidine in A5 Ceol abstracts hydrogen from C-2 of
chorismate, then the chance of finding the same histidine residue in
PABS Col abstracting hydrogen from C-4 of chorismate is unlikely. If
histidine is required for protonation of leaving grouwpa 1n AS Col,
then a histidine residue in PABS Col could perform this function also.
Substitution of His residues with asparagine was chosen since

asperagine 1s almost igosteric with histidine.
1V.3.2 Rezults of in vitro mtagenesis.

From the oligonucleotides available as shewn in Table III.1, in vitro
mutagenesis was started with the ones that belong te the first graup,
as already discussed, leading to amino acid substitutions in FABS Col.
First, they were all tested for specific priming by using them in &
dideexy sequencing experiment. As a result, ne alternate hybridisation

targets in either gene or vecter sequence emerged from the
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autoradigographs sfter gel-electrophoresis, as predicted by-préviods--
computer sequence analysis. This is illustrated in Fig.IIT¢1; wheie'
several mutagenic oligonucleotides were used to read parts of the pabB
gsequence {Trp 390-2 and Cys 391 not shown).

According toe literature, efficiency of mutagenesis using the gapped
heterpduplex technique of Kramer & Fritz depends on the length of the
mutagenic oligenuclectide (and the number of mismatches included), the:
gap-size of the heteroduplex target, the presence of internucleotidé
phosphorothioate linkages, the route followed before transfection, and
heatr-shock temperature, as summarized in Table IV.2. During in vitre:
mutagenesis of pabB, route B' was followed, with a gap-size of 1630 :
nucleotides and 18-mer muragenic oligonucleotides. Although an
efficiency of ar least 657 was expected according to Table IV.2, first
attempts gave only low phage titers after segregation through E.coli
MK30-3. After modification of the Xramer & Fritz protocol {46) by
performing the gapped duplex construction as well as the mutagenic
primer annealing in & single step, high segregation titers were found,
as shown in Table IV,3. Possibly, incubatiag twice at 100°C, first
during gapped heteroduplex constructicn, then during oligonucleotide
anhealing, destroyed some of the total DNA that serves as starting
material for enzymatic gap-filling, leading to less CCC DNA and
therefore low titers vpon transfection.

From the plagues that appeared after infection of MK30-3, 10 to 20
were selected and grown on MK30-3 again, Phage—containing supernatants
of Lys 449, Trp 168, His 147 and His 339 experiments were stored until
further use, ss DNA of Trp 390-1, Trp 390-2 and Cys 391 potential
mutants were analyzed by single-track sequencing, As z result, 8 out
of 9 plagues contained the Trp 390 to stopcodon mutation, 5 gut of 19
contained the Typ 390 to tyrosine mutation, and 1l out of 20 contained
the Cys 391 to serine mutation. Although mere plaques would have to he
screened to draw definite conclusions from these mutagenasis
efficiencies, the results suggest, that a double mismatch (in the case
of Trp 390-2) lewers efficiency as compared to 3 single mismatch,
Also, efficiencies of the Trp 390-1 (89Z) and Cys 391 (55%) compare
well with the mean value of 63Z (Table IV,2) reported in experiments
of Kramer & Fritz applying the same route (B').
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Oligomer—leng[hl Gap-size | Internucleotidic Rnutez Average mutant
(nucleotides) (pucleot.) | phesphorothicate efficiency (%)
16 117 - B 73
16 120 - B -]
16 1640 - B 53
16 120 - B! 78
16 1640 - Bt 65
16 117 - A 22
16 120 - A 16
24 120 - A 39
32 120 - A 31
40 120 - A 46
48 120 - A 39
16 1640 - A 5
24 1640 - 4 14
32 1640 - A 12
40 " 1640 - A 23
48 1640 - A 23
22 . 120 + A 29
28 120 + A 55
22 1640 + A 12
25 1640 + A a1
28 1640 + a' (30| 41
28 1640 + A' (37°%) | 40
28 1640 + A' (45°%C)| 53
Table IV.2

1011gomers contained one mizwatch,
ZRoute A = Mix-heat-rransfect + heatshock 30°%¢C
Route A' & Mix=heat-transfect + heatshock as indicated
Route B = Gep-filling by E.coli DNA-polymerase + T4 DNA-ligase
heatshack 30°C
Route B' = Gap-filling by T4 DNA-polymerase + E.coli DNA-ligase
+ T4 gene product 32, heatrshock 30%C.
Compiled from refs. 32,34,35 and 46,
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Oligemer-length | Number of mismatches Gap-size |Route | Segregation Mutant
{nucleotides) {nucleot.) riter efficiency
Cys 391 18 1 1650 gt | a5 . 1019%m {a1/20 (85
Trp 390-1 18 1 1650 2| 0.9, 10%mlam (sam
Trp 200-2 18 2 1650 B | 0.5, 100%m |sne (osny
Lys 448 18 1 | 160 g | 2.2.100m]| -

Trp 166 18 2 (mixed) 1650 | 2.5.10%m| -

His 147 18 1 1650 B | 2.6.1:00%m| -

Bis 339 18 1 1650 et 3. 109%m| -

Table IV,3

No internucleotide phosphorothicates present,
Route = see Tgble IV.2

The high efficiency of Trp 39C-1 mutagenesis could be caused by using
an l8-mer mutagenic oligomucleotide versus l6—mers in Table IV.2, Az a
consaquence, in the Cys 391 mutagenesiz, & value above 657 would be
expected also, A possible explanation for the semewhat lower value of
554 could be the fact that the Cys 391 mutagenic oligenuclegride
containg 3'-T-T nucleotides, whereas Trp 390-1 and the lé-mers used by
Kramer & Frirz have a 3'-G-C end. Tight hybridisation at the very 3'
end could help to increase marker yield as a reflection of more
efficient priming by DNA-polymerase during the in vitro pap-filling
reaction.

One of the plaques was chosen, which showed mutation after single
track sequencing of ss DNA. After re—infection of MK30-3 ss DNA was
purified. Fig,IV,2 shows the autoradiographz of sequencing the region
syrrounding codons 390 and 391 of pabB, in case of wild-type, Trp 390
to stopcodon, Trp 390 to tyrosine and Cys 391 to serine mutation.

The mutaced pabB genes were digested out of MI3mpl8 using EcoRI and
HindIIT restriction enzymes, and subcloned into pUC19 by standard
techniques. Single colourless colonies of JM101A, after selection on
ampicillin-containing X-Gal indicator plates, were picked and grown on
large scale for plasmid preparation, After purification of recombinant
plasmids by CsCl-gradient centrifugation, the presence of a mutated
pabB pene was verified by detecting the loss of a BstNI site in case
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of codon 390 mutation, as shown in Fig.IV.3.

T T 'g
T G @ o
: c C
G LG
: c .C .
c T
T T .
¢ G
A A ;
T . G/
G T -
G ‘ A
T T
G e
T : g <
G c o
C

Wild-type Trp 390—s-stopcodon Trp 390 —-Tyr Cys 391-=Ser

Fig.IV.2 Autoradiographs of sequencing mutated pahB genes.
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pUC19pabB390-1 pUC1pabB
T . Fig.1v.3

Autoradiographs of BstNI digests of

pUC19pabB390~1 and pUC19pabB.

Restriction fragments of 79 bp and

127 bp are not aeparated by BstNI

in pUC19pabB380-1; instead, a fragment

of 206 bp appears.

Recombinant pUCLY plasmids were then transformed into pabB mutated
strain PC1539, to study growth behaviour of rransformed cells, and
kinetic parameters of mutated Col, as described in the next chapter.
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Chapter V.

Kinetic analysis of PABS Col with 63 amino acids deleted from its

C~terminal end by site-directed mutagenesis.

V.l Introduction.

The understanding of the functional roles of emino acids in proteins,
enzymes in particylar, has srrongly increased from two major
developments in protein biochemistry: knowledge of the 3-D structure
from X-ray crystallegraphy, and the ability to produce large
quantities of sometimes otherwise inaccessible enzymes by genetic
engineering. During the past five years these methods have been
combined with a third, new disciplipe, called “protein engineering",
which makes use of a variety of site-directed mutagenésis techniques,

Protein engineering has become indnstrial prospect because more
detailed understanding of the role of amino acid side chains in
protein structure and function is possible, when many point mutations
in the coding sequence of a protein are available., Indeed, application
of this principle has already resulted in the generation of a large
number of mutant proteins for structure—function studiez and in the
production of new proteins with useful biochemical properties (1-20).
At this moment, about 40 proteins have been subjected to protein
engineering, as reviewed in (21-23), and the number is increasing
rapidly, Impressive applications have been the engineering of the
enzymes ryrosyl-tRNA synthetase (24-27) and subtilisine (28-30).

In contrast to anthranilate synthase (31,32), site—directed
mutagenesis of p-aminohenzoate synthase has not been reported in
literature yet. Here, the results of enzymatic analysis of a PABS
enzyme will be described, of which 63 amino acids were deleted from

®
the C-terminal end of Componeént I by aire-directed muragenesis,

B
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V.2 Materials and methods.
V.2.1 Conatruction of PC1539/pUC19pabB390-1.

In vitro mutagenesis of the E.coli pabB gene using mutagenic
eligonuclegtide Trp 390-1 was described in Chapter IV, The resulting
plasmid pUC19pabB390-1 was used for transformation into E.coli pabB
mutated strain PC1539 aceerding to (33). PaBA-independent growth of
PC1539/pUC19pabB390-1 was rested on minimal medium plates as described
in Chapter II.

¥.2.2 Preparation of cell-free extracts,

Cultures used for the preparation of cell-free extracts were grown in
M9 supplemented medium and harvested during late log-phase or
stationary phase of growth by centrifugarion. Cells were washed once
with 0.9% saline and pelleta were weighed. Disintegration of cells was
performed by slumina grinding as in {34) by adding 0.5 gram A1203 for
gach gram (wet welght) of cells followed by grinding in & mortar and
pestle during 3 win, at 4°C. To the resulting paste 4 ml buffer 50 mM
¥Pi/0,2 mM DTT/0.1 oM NazEDTA p 7.6 were added for each gram of
cells, followed by centrifugation at 30,000 g for 30 min. to remove

cell debris. Cell-free extracts were used for PABA synthesis directly.
V.2.3 Enzyme assay.

Assay of p-aminobenzoate synthase was described in Chapter II. For the
determination of X¥m of chorismic acid, substrate concentration was
varied from 0.002 to 0.4 mM, For the determinagtion of L-glutamine—
dependent PABA synthesis, 8 cell-free extract of PCL339 cells grown in
L-broth containing 2 to 4 mg protein, was included in the 1 ml assay
mixture. Km's of glutamine or NH3 were determined by variation of
concentrations from 0.1 to 25 mM or 0.1 to 33 nM, respectively,
Protein was nmeasured sccording to Lowry et al. (35) with bovine

serym albumin as a standard.
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V.3 Results,

In order to determine the activity of PABS Col in vitro and in vivo.
plUC19pabl was transformed into E.coli pabB mutant atrain FC1539, This
particular strain was chosen from all pabB motant strains (see Chapter
IT), since it is the only one being triple aromatie anxetroph. Thus,
chorismate can not be consumed in other conversions in cell
metabolism, and therefore it is available for FABA production only.

After the introduction of a stopcodon in the PABS Col coding
sequence, recombinant plasmid pUC19pabB390-1 was transferred to PC1539
also, and transformants were detected by selection on ampicillin '
containing L-agar plates. Both colonies from PCl539/pUC19pabB and
PC1539/pUC19pabB390-1 were then tested for PABS enzyme activity by
plating on selective minimal medium, Surprisingly, PC1539/pUC19pabB39C-1
not only grew on selective medium, but was also shown to have a
generation time identical to PC1539/pUCl9pabB, when growth curves wera
established (not shown). This means that PC1539/pUC19pabB390-1 must
still be able to synthesize PABA in sufficient amounts despire the
mutation.

The possibility, that the nonsense mutation intreduced inte the
pabB gene might be tranzlated in PCl539 cells by means of suppresser
activity, was then considered. If, for example, the ztopcodon would he
translated via tRNAtrP. then a wild-type Col would be the result,
explaining the unchanged growth behaviour of PCL539 cells. Another

possibility would be translation via tRNASYT

, which would result in a
Tep te Tyr amine acid change, instead of a deleted Col. At the time
the Trp 390 to stopcadon change was achieved, the deliberate Trp 390
to tyrozine change by site-directed mytagenesis was not available yer,
go kinetic parameters could not be compared directly with a
hypothetical Trp to Tyr codon change by cellular suppressing activity.
As turned out later (see Chapter VI), kinetic data were completely
different. In order to rule out the influence of suppressor activity
in PC153%9 cells completely, PCLS39 cells were made 7t first, by mating
with a wild=type Ft strain, F+—excunjugants being detected by
infecting single colonies with wild-type M13mpl8 virus. Next, PC1539
Ft cells were plated together with Ml3mplO (amber) virus (multiplicity

of infection = 1)} on L-agar plates. As compared to a control infection
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with wild-type M13mpl& virus, no plaques appeared in case of MI3mplO,
showing that PC1539 is unable to suppress the amber mutations in
M13mplO. Therefore, PCl539 is suppresser—negative,

E.coli PC1539 cells containing either the wild-type FABS or the

deleted PABS were grown to late log-phase, harvested and cell-free

extractz were prepared simultansously, Progress curves of PABA

production during incubaticn at 37°C in the glutamine assay were

eatablished. As shown in Fig.II[.12 (no extra pabA—extract added) and

Fig,V.1A (extra pabA-extract added), a linear relationship up to 100

min, was found in the case of wild-type PABS. Fig.V.1B shows the

progression curve of PARA production in casze of the deleted PARS.

nmol PABA/mg protein

nmol PABA/mg protein

10 15
A B
.
20 . 1
10 0.5
' t {min.) t (min.)
0 0
0 i0 B0 120 160 200 0 70 40 6O g0 100 120

Fig.V.l Progress curves of PABA production in the glutamine—dependent assay.

Extra Component IT added. A = wild-type FABS. B = deleted PABS.

It is clear, that non-linearity started at about 40 min. in the

zlutamine—assay of deleted PABS. No explanatien for the appearance of

non=linearity in both cases can be given yet, although instability of
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wild-type components I and IT has been noted before {36). From the
progression of PABA production in Fig.V.1B it can be concluded, that
the deleted Col must be more éasily ipactivated than wild-type Col.
Likely, the loss of 63 C-terminal amino acids hus rendered Col more
susceptible fo densturation or proteclysis, Alchough Walsh et al. (37)
reported, that addition of protease inhibitors either before or after
cell-lysis did not result in any changes in specific activity,
indicating that proteolytic degradation is not a problem, experiments
te determine proteolytic activity in PC1539 cells are currently being
undertaken (Walsh et al. used a different E.coli strain, BN11&, the
characteristics of which were not described).

It wae decided to establish kinetic parameters directly from crude
extracts, because attempts to purify wild-type PABS to homogeneity
were not suceessful yet (36,37,38). Moreover, the deleted PABS is more
easily insctivated, and enzyme activity of deleted PABS has decreased
significantly below wild-type PABS (Fig,V,)1B). Two precautions were
taken in the kinetic measyrements: enzyme activities were assayed
immediately after isclation of crude extracts and time of incubation
did not exceed 40 min, Furthermore, the wild-type and deleted (ol
extracts were prepared simulranecusly and were kinetieally
characterised in parallel experiments in order to rule out any
difference in assay conditions. In a number of independenr
experiments, the kinetic parametérs of wild-type Col and deleted Col
were determined, and found to be as shown in Fig,V.2 and Table V.1.

In case glutamine was used a5 a substrate, a concentrated extract
of PC1539 cells grown on rich medium was added as a source of Coll in
order to compensate for sn expected overproduction of Col in
transformed cells due to the cloning in pUC1S.

As the total amount of protein extracted during the preparation of
cell-free extracts varied only slightly in several experiments, and
because the concentration of wild—type and deleted PABS enzyme
produced in vive is likely to be identical (same host cell and cloning
vector, same quantity of CeIl, no change in the regulatory region of
the gene coding for CeI), it is justified to ¢onclude that a change in

Vmax is due to a change in ko and not to a change of enzyme

t
concentration.
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Fig.V.2 Eadie-Hofstee plots of V versus V/3 of the glutamine assay of wild-
type PABS (A,C) and deleted PABS (B,D). Chorismate wes varied in A and B,

while glutamine was present at saturating concentration of 50mM. Glutamine

was varied in C and D, while chorismate was present at saturating concentration
of 200 pM.
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NH:—dependent azsay Oln—dependent asgay

Call-frea extract Component Vmax(NHB) KafCh) K.m(NH3) ¥Ymax({G1ln) Ka(Ch)| Km{GLn)
1T added | pmol/min,/mg{ pM mM pmol/min./mg| uM aM

PULS39/plCL Spanh - 214 50 10
FC1539/pUC19pabE + 134 35 - 111 72 9.2

e
FCL539/pUC19pabBIo0-1 - 0 - -
PCL539/pUCIpabBIRO-1]  + o - - 7 7% 0.3
Table V.1

Kinetic parameters of wild-type Col and deleted Col and of the respective

reconstituted PABS enzymes. Results of the glutemine-dependent assay are also

*
shown in Fig.V.2. = Slight amount of PABA observed did not exceed the blank
value measured in the absence of added NH3 or Gln and corresponded to a Gln

concentration of 0.13 mM in the crude extract,

A nueber of points emerge from the results presented, First of all,
PC1539 cells are still able to produce sufficient amounts of PABA for
growth, using the mutated pabB gene ¢loned into pUCL9. Secondly,
NH4+-dependent PABA production was found to be absent. Thirdly,
Vaax(Gln) was found to be 22 pmol/min./mg, i.e, fivefold lower than
the wild-type value of 111 pmol/min./mg. Fourthly, it can be
concluded, that beth in vitro and in vivo the reconstitution of PARS
from components I and II is still pessible, despite the deletion of 63
amino acide, Finally, it is remarkable, that Km for chorismate has not
changed at all, whereas Km for glutamine hae been depressed by more

then one order of magnitude.
V.4 Dizcussion,

From the dara presented it can be concluded, that the intrredyction of
a stopcodon in the nucleotide sequence of pabB has indeed produced a
modified CoI upon expression: (i) the pabB3G0-1 Col iz more easily
inacrivated than the wild-type Col as judged from the progressien
curves in Fig.V.1l; (ii) PABA production in the NH4+—dependent assay is

virtually absent, whereas PABA production in the glutamine-dependent
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asgay 15 still eoperative, though at a fivefold lower levelj (iii)
Fm{Gln) has changed conrsiderably, in contrast with Km{Ch}; (3v)
preliminary experiments on the purification of Col exhibit a different
behaviour of the pabB390-1 gene product as compared to the wild—type:
it does not precipitate at 507 (NH4)2304 saturation, whereas almost
all of wild-type Col does., This phenomenon indicates a clear change of
overall properries such as is to be expected for a rather large
delecion,

Changing codor Trp 350 in Col of E.coli PARS into a stopoodon has
no effect on the growrh behaviour of cells, although the kinetie
parameters are strongly affected (Table V,1), Since the regulatory
part of the mmtant gene waus not changed, it can be assumed that the
observed decreage in Vmax(Gln) is due to a decrease in k.. of Cel.

It might be argued, that the deletion cauges g conformational
change responsible for loss of activity of Col, and that on attachment
of Coll the proper conformation is restored. Such an explanstion,
however, dees not apply, because the NH4+—dependent activity does not
teturn on addition of Coll {Table V.1),

From the fact, that pabA mutant strain AB3292 (39,40) doez not grow
in the absence of PABA, because it lacks CoII, whereas Col is fully
intact, it can be concluded, that in vivo only the pglutamine~dependent
activity is responsible for growth. Likewise, in PC1539/pUC19pabR390-1
it is the glutamine—dependent activity that is responsible for growth.

Therefore, no matter if the NH +—dependent rerction has heen sholighed

completely, as long as the gluéamine—dependent reaction is possible,
cells are able to grow., From the resylts presented in Table V.1, it
can thus be concluded, that 22 pmol/min./mg, as measured in cell-free
exrract, apparently is sufficient for growth of wild-type £.coli
cells.

The reduced Vmax(Gln) in the mutant is counteracted by the
decreased Km{Gln) value, In Fig.V.3, V versus Gln-concentration plots
are shown for the wild-type and the truncated enzyme, The curves cross
at Gln~concentration = 2 mM. This signifies, that in vive the PABA
production doea not suffer from the mutation when the physielogical
concentration of glytamine iz ghout 2 mM and iz even larger when
Gln~concentration << 2 M, Viewed in thisz light, the calculated
Gln—concentration of 0.13 nM fits well with the fact that cells
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containing the mutated pabB grew just as well as wild-type cells,

10pf YV (pmol/min,/mg) Wild-type PABS

Deleted PABS

10

S——r—re———

[G1n] mM

Fig.V.3
V versus glutamine-concentration plots of wild~type and deleted
PABS ar saturating chorismate concentration of 200 pM, Curves

cross at glutamine-concentration of 2 mM.

From these results, it is concluded, that the 63 amino acid deletiom
of PABS Col has inactivated the NH4+—dep2ndEnt reaction completely,
wharess the glutamine-dependent reasction is atill possible, This
implies, that the delefed PABS holo-enzyme is able to bind glutamine,
the binding-site of which resides on the intact Coll, and that the
ammonia abstracted from glutamine i1s still being channeled ro the
deleted Col, where it can react with chorismate to produce PABA. From
the unchanged Em{Ch) it is assumed thai the chorismate binding-site
has not been affected by the deletien., On the other hand, since the
NH4+—dependent reaction can not take place, uptake of NH4+~ions from
the medium directly is not possible anymore, In other words, the
ammonium binding-site has been affected by removing the 63 C—terminal
amine acids of Col. In addition, this means,'that the ammonia from
glutamine is not delivered (by Coll) to the original NHJ bindinpg-aite

in Col.
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The

decreased Km(Gln) in the glutamine-dependent assay of the deleted

PABS holo-enzyme will be discussed im Chapter VI, in which a model

concerning @ possible reaction scheme for the conversion of chorismate

plus glytamine to PABA is presented.
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Chapter VI.

Finetic analysis of PABS Col having Cys 391 replaced with sexrine
or Trp 390 replaced wirh tyrosine by site—directed mitagenesis.

VI.l Introduction.,

Chemical medification studies of AS Col by Tse & Zalkin (1) have shown
the presénce of one arginine residue, one histidine residue, and one
cysteine residne (377) to be essential for catalysis. In the
comparison of AS Col and PABS Col amino acid sequences (Fig.IV.1)(2),
cysteine 377 is aligned with regidue 318 in E.coli PABS Col. If a
cysteina regidue essential for catalysis exists in PARS Col, it must
be dizleocated, since it reads alanine at position 318. After codon 391
mutation in the £.coli pabB gene, such that cysteine is replaced with
gserine upon expression, it will be shown in this chapter that the
mytated PABS is still functional, both in the NH4+-dependEnt
conversion, &s well as ip the glutamine~dependent conversieon.

From the observation, that E.coli AS Col is completely free of
tryptophan residues, it was concluded (3), that its biolagical
significance might be channeling of chorismate into the tryptophan
biesynthetic pathway. In order to investigate E.coli cells under
tryptophan starvation conditions with a tryptophan-free PABS, ail
tryptophan residues have to be replaced by site-directed mutagenesis,
without destroying enzyme activity.

It will be shown here, that Trp 390 can be replaced with tyrosine
suceessfully with respect to retaining enzyme activity, of PABS Col as
well az of the holoenzyme.

Finally, a possible reaction scheme for the conversion of
chorismate plus glutamine to PABA will be presented, based on kinetic
parameters of mutant enzymes mentioned above, and the deleted PABS Col

deseribed in the previous chapter,
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VI.2 Materials and methods.

VI.2.1 Construction of PC1539/plC19pabB390-2 and PC1539/plC19pabB391,

In vitro mutagenesis of the E.celi pabB gene using mutagenic
oligonucleotide Frp 390-2 or Cys 391 was deascribed in Chapter IV, The
resulting plasmids pUCi9pabB390-2 and plC19pabB39l were used for
transformation into E.coli pabB mutated strain PC1539 according to
{4). PABA~independent growth of transformed cells was tested on

minimal medium plates as described in Chapter II.
VI.2.2 KEinetic annlyaia,

Preparation of cell-free extracts, enzyme assay and protein

determination were as described in Chapter V.
¥1.3 Resnits and dizcuasion,

As in the case of plUCl9pabB390-1, recombinant plasaids pUC19pabR3IG0-2
and pUC19pabB391 were also transformed inte E.coli mutant strain
PC1539, since this is the strain best suited for studying PABES enzyme
activity, being triple aromatic auxotroph. After picking PC1539 cells,
transformed with recombinant plasmids carrying a mutated pabB gene,
from selective L-agar plates containing ampicillin, celenies of
PC1539/pUC19pabB390-2 and PC153%/pUC19pabB39] were tested for PABS
enzyme activity by plating on selective minimal wedium. Both were able
to grow without the additieon of PABA to the medium, and growth
behaviour was indistinguishable from wild-type PC1539/pUC19pabB. Since
PC153Y9 was shown to be suppresser—negative (Chapter V), this means
that PC1539 cells containing a PABS Col in which Trp 390 and Cys 391
have been replaced with tyrosine and serine reaspectively, are srill
able to produce PABA in sufficient amounts deapite these mutations.
From the progression curves of PABA production of the wild-—type
PABS and deleted PABS as shown in the previous chapter {(Fig,V.1} it
was known, that the delaeted Col is more easily inactivated during
incubation at 37°C than the wild-type Col. Se, befere kinetic

parameters of the Trp 390 to tyrosine mutent and Cys 391 to serine
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mutant were established, inactivation behaviour relative to wildetype
Col was tested. This was done by preincubation of cell-free extract at
37°C 1in asszay mixture without the substrates chorismate and ammonium.
After preincubation, remaining activity was tested in the
NH4+~dependent assay without Coll, the results of which are shown in
Fig.VI.1. 100]

remaining

activity (7) g0

a0
70
60
50
40
30

20

0 1 s 3 4 5 B

RS

hours of preincubation

Fig.VI.l Inactivation of mutated Components I after preincubstion in zssay
buffer at 37°C. Remaining activity (Z) relative to the activity determined

at t = 0 was measured during 30 min. of NH4+—dEpendent assay. Qe Trp 390 to
tyrosine mutated Col; = Cys 391 to serine mucated CoI; &= Wild-type Col.

From Fig.VI.1 1t can be concluded, that the mutations of residues 390
or 391 do not lead to a more pronounced inactivation behaviour of Cel,
as compared to the deleted Col. In fact, both murated components I
were found to be at least of the same stability as wild-type Col; the
Trp 390 to tyrosine mutated Col remzined almost fully active (921 of
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initial activity) afrer three hours of preincubation, whereas the
wild-type and the Cys 391 to serine mutated Col had already lost ahout
2% of their activity,

Because both PCL534/pUCL19pabB390-2 and PC153%/pUCL9pabB39l were
able to grow on minimal medium without PABRA, it can be concluded, that
in vivo the glutamine-dependent conversion is still possible, since it
way established before (Chapter V) that in vive only the
glutamine-dependent activity is respensible for growth. Therefore,
reconstitution of the respective mutated components I with wild-type
Coll can take place in both cases, In contrast with the deleted Coi,
the NH4+—depcnd&nt conversion is possible also,

Kinetic parameters of the mutared epmponents I in both assays were
again determined from crude extracts directly, taking the same
precautions as described in case of the deleted Col (immediate assay
and parallel experiments), Hesults of these experiments are summarized
in Table VI.1.

PaRS Vaax(Ni,) Em(Ch)| Km(NH,)| Vmax(Gln) Em(Ch)| Keo(Glr)
pmol/win. /mgl pM oM pmol/min, /og pM mM
Wild-type 214 50 10 111 72 9.2
Deleted 0 0 0 22 74 0.3
Trp 390—Tyr| 208 18 13 103 10 5.6
Cys 391===Ser; 390 31 - 103 - 5.7

Table VI,1 %inetic parameters of wild-type and mutated PABS Components I,

and of the respective holcenzymes.

As far as the Trp 390 to tyrosine mutated PABS is concerned,
both Vmax(NHa) and Vmax(Gln) are virtually unchanged as coempared to
wild—type PABS. Km(Ch) has decreased substantially, both in the
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depandent agsay as well as in the glutamine-dependent assay. Alse,
Km(Gln) has decreased, but Km(NHS) has increzsed.

As far as the Cys 391 to serine wmutated PARS iz concerned, enzyme
activity in the NH4+-dependent agsay hag been raised by a facter of
1.8, whereas Vmax{Gln) is virtually unchanged. In this mutant also,
KEm(Gln) and Km{Ch) both have decreased.

From the results presented, it can be concluded, that neither Cys
391, nor Trp 390, is essential for catalysis, since both the
NH4+—dependent conversion as well as the glutamine-dependent
conversion can proceed. The finding, that these residues are not
ezsential for catalysis is in agreement with the results of enzyme
assays performed with the deleted PABS. In the deleted PABS these
residues were not present any more, but the glutamine—dependent
reaction was still functional. Moreover, the results presented here
agree with the results of McLeish et al.(5), which indicated the
presence of an essential cysteine in Coll only (needed for binding
glutamine}, but not in Col.

In both mutants discussed in this chapter, the NHa+-dependent
teaction has not suffered severely from the amino acid substitutions;
in fact vmﬂx(NHB) is even higher than wild-type Vmax(NHS) in the Cys
391 to szerine mutant. Therefore, uptake of NH3 from the medium is not
inactivated.

A minimum number of reaction steps that are necessarily invelved in
the conversion of chorismate into PABA can be represented by the

following scheme:

My
LY
E, 4 Ch Te=E Ch —e cwk\" E.Ch.NH., ——~ E. + PABA
I == 1 100Ny 1
3
1 2 4 61
EII + Gln ..;_,.'E‘.Mﬂln—-----—l?.II—GZl\.:l.]\IH3 P EII-—Glu.HZO—-—EH + Glu
5 "
J"
1,0

In the Elwchorismate complex, chorismate is converted im step 2 into

some as yet unknown intermediate that is capable of reacting with NH

3
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that either gomes from EII or directly from the medium. Uptake of NH3
from the medium is inactivated in Col having 03 amino acids deleted
from its C-terminal end. In scep 3, the intermediate 7 (Fig.I.2) is
produced. Synthetic amino enol pyruvate 7 was shown to be a chemically

and kinetically competent intermediate (6,7,8).

o, co,
4

; o/lk €0,

+ + +

NH, NHq

7 PABA

Compound 7 is converted to the final product in the arometization
reaction 4, which has been shownh not to be rate limiting (6).

Since the NH4+-dependent conversion can he inactivated, by
preventing the utilization of NH3 from the medium, without simultaneous
inactivation of the glutamine-dependent convergion, it ig concluded,
that ammonia originating from glutamine arrives from g site different
from the site responsible for uptake of ammonis from the mediym,

In the hydrolysis of glutamine by EII it is reasonable to asgume
the gccurrence of an acylenzyme intermediate as haz been observed in
nunerous serine and thiol proteases (9), This was also found in the
cage of AS Coll (10-17).

Intrinsically reaction 4", the deacylation step, is likely not to
be rate limiting, comparable with the hydrolysis of amides by
proteases, For reaction 4' to proceed, however, it is necessary toe
replace NH, in the By —glu.NH, complex by H,0 (see also the scheme for
glutamine amide transfer by AS Coll as suggested by Amuro et al. (18),
Fig.I.6). Reaction 4" will therefore be prohibited as long as reaction
3 has not occurred; it will be resumed only as far as reaction 3
proceeds, Of the two steps, reaction 3 is therefore the rate limiting
one and reaction 4' the kinetically irrelevant one,

This secheme provides a partial explanation for the decrease of
Km{Gln) in the mutant enzymes. For an enzyme reacticn with an
acylenzyme intermediate Km equals (9):
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k3 ek, .k

Kif @ ;e . Ks and Vmax = —.ﬁ
k3 + k2 k2 + k3
For the present case:
k ek, 'k
Km(Gln) = —2— |, Kg(Gln) (1) and Vmax = m—i—3.
ka4 ky' kz' + ky

A more gystematic derivation of these equations is presented in the
Appendix.

Since EII was not mutated, Ks(Gln) and kz' may be unchanged.
Furthermore, e is considered to be approximately equal. On the other
hand, in the deleted EI k3 has been reduced. It follows from equarions
1 and 2 that Km(Gln) should be reduced to the same extent as Vmax,
t.e. fivefold in case of the deleted PABS. Actually, the decrease of
Km(Gln) is thirtyfold. This supgests, that kB has decreased
thirtyfeold, partly compensated by a sixfold increase in e, On the
other hand it is imaginable, that Coll, on combining with Col,
acquires a somewhat different conformation that exhibits other k2'
and/or Ks values, It will require purification of the wild=-type and

the truncated enzymes ro settle this question,
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Chapter VIT.

Cloning strategy for increasing PABS expression.

VII.1 Introduction.

In microorganisms, the multibranched shikimic acid pathway contains an
important common intermediate, cherismic acid. An intriguiging feature
of chorismate-converting enzymes is the way im which a large
difference in the smount of end-products like o—aminobenzsate
(anthrantlate, A4) and p-aminobenzeare (PABA) is maintained, Although
the physiological impertance of this phenomencn iz evident (PABA being
synthesized as a precursor for s vitamin, folic acid, and AA being
synthesized as a precursor for an aromatic amino aeid, Trp), it is not
vet clear, in which way chorigmate is mainly channeled into the
arematic amino acid pathway in wivo.

Since enzyme activity of PABS in cell-free extracts is measured in
the pmoles/min./ng range, whereas AS activity ic messured in the
nenomoles/min,/mg range, the different amounts of PABA and AA produced
in vivo might be due to different efficiencies of underlying catalytic
mechanisms, This is only true, if the same amounts of PABS and AS are
present in the cells. Unfortunately, attempts to purify PABS to
homogenaity by different research groups (1-4) have not been
successful go far. Therefore, it ¢an not be determined, if AS is
converting chorismate with higher efficiency than PARS, as long as
purified PABS is not availahle,

Apart from the mechanism of enzyme catalyais, several other ways to
regulate specific conversion of chorismate to vitamin or amino acid
exist. For example, AS is subject to feed-back inhibition by
tryptophan, and the region of the AS amino acid sequence probably
responsible for it, has been determined (5). In case of PABS, no
feed~back inhibition has been reported.

Also, the complete absence of tryptophan regidues in the A% aming
acid gequence might play a role in chorismate channeling (6), as
mentioned,

So far, enly imtrinsic features of the enzymes themselves, which

could influence the amount of preoduct synthesized, have been
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discussed. Of course, regulation of enzyme expression on transcription
or translation level can be another way to maintain a high cellular AA
to PABA synthesis ratio. In this respect, the Trp operon is a
classical exawple of regulatien on both levels. AS is encoded by trpE,
the firsc gene on polycistronic wRNA; fine-tuning of tryptephan
synrhesis in cells is achieved by controlling transcription and
translation of rhis wRNA, net only by means of a repressor protein,
but also by means of attenuation, the mechsnism of which has been
elucidated by Yanofsky et al, (7).

As far as PABS is concerned, the gene coding for Col, pabB, is not
on the same mRNA as the gene coding for ColI, pabA. The way in which
coordinate expression is achieved is not yet known. Also, for the
pabB-mRNA, no operator or repressor protein has been found,

The strategy for optimizing PABS Col expression described in this
chapter was developed in the first place to investigate the way in
which cells regulate PABS enzyme productien in vivo, and secendly te
facilitate purification of PABS Col in vitro,

VII.2 Materials and methods,
VI1,.2,1 Materiala.
Plasmid pKK223-3 was obrained from Pharmacia.

VII.2.2 Oligonncleotide synthesis.

30

" .
Synthesis of mutagenic oligonucleotide Ala-7 5" UAGTAATCACC GCGGGAGA™? 3!

was performed as described in Chapter III.
VII.3 Besulrs and discussion.

it wag found by the group of Gil et al, (8-12), thar the pabS gene of
Streptomyces griseus, which complements both pabA and pabB mutations
in B.coll, is subject to in vivo repression by phosphate, only in
S.griseus, but net in E,eoli. The pabS geme iz expressed in f.coli
only after deletion of about 1 kb of the original cloned fragment (4.3
kb), Transcriptional readthrough from the pBR322 Tet promoter is
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responsible for expression. The 1 kb deleted portion was found to
contain the S.grisevs pabS promoter as well as a phosphate control
sequence (PCS), located upstream of the pabS gene.

Another pab gene, pabP (13) has been cloned, from Streptemyces
acrimycini, the expression of which is very low as compared to the
expression of pab3.

From these results, it was suggested, that in Streptomyces there
seem to be specifie genea, like pabS, involved in secondary metabolism
(candicidin bicsyntheais). These genes can be expressed at high level
by an efficient promoter and regulation is dependent on cellular
phosphate concentration. The pabP gene on the other hand, is suggested
to function in primary metabolism, producing PABA for vitamin
synthesis only. A PCS is missing in case of the pabP gene. Although
prometer sequences of both genes have not been published yet, the low
expression of the pabP gene might be due to a difference in promoter
strength as compared to the pabS gene,

Plasmid pUC19pabB was requested from us by P.Liras (research group
of Gil et al.), in order to teat the ¢loned insert for the presence of
a PC5 sequence. It was found, that expression of the cloned fragment
containing the pabB gene was net under control of cellular phosphate
(personal communicatien). This can either mean, that a FCS has not
been clened {150 nueleotides upstream the pabB gene are present, see
Chapter ILI, whereas a 1 kb fragment upstream the pab$ gene contains
the S.griseus PCS), or that a PCS does not exist in F,coli. The latter
is most likely, for the follewing reasons: (i) the E,coli strain from
which the pabB has been cloned, does not synthesize antibiories which
would require PABA as a precursor, (ii) expression of the F.coli pabB
gene is comparable to expression of the pabP gene and to the pabS gene
from which the PCS and premeter have been deleted,

From the results presented above it is conecluded, that expression
of E.coli PABS could possibly be incressed in two different ways:
firsr, by removal of the complete original 5' region of pabB,
including the putative wegk promoter and the ribosome binding site
(RBZ), followed by insertion of the remaining coding sequence into an
expression vector containing s strong promoter gnd an efficient RBS,
Secondly, by cloning the gene coding for ColI, pabh, in tandem with

pabB, to achieve coordinate, high expression of both genes. In order
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to do so, transcriptional stop signals of the pabB gene as well as the
pabA promoter must be removed, such that one contligueus mRNA can be
transcribed with high efficiency from the strong pronoter, inserted
upatregm pabB, The expression vector chosen was pKK223—~3, as shown in
Fig.VIT.1.

rrnB posilion 6840 L
y ¢tnBposibijon

473 /Fusion:
BR3ZZ position=
p posiljon 6416

pBR 322 pesition
2910 375

pKK223-3
[4585bp}

=10

=35
5 T[T BACAATTAATCATCRGC TCE[ATAATGTIATG
5/D

GAATTGTGAGCGGATAAGAATTTCACACRGG AR

ACAGAATTC-3'
Ecoft |
Fig.VII,1 Expression vector pKK223-3. H = HindIII; P = PatI; S = 5ally
B = BamHl; Sm = Swmal; E = EcoRI. Ptac and $/D sequences shown separately.
rrnB = ribosomal RNA transcription terminators.

In the following section, a strategy for eprimizing PABS Ceol
expression is described. Results of cloning the pabB gene into the
expression vector pEK223-3, using this strategy, are under way.

As stated in Chapter IV, the E,coli pabB gene contains enly a
limited number of restriction sites that could be used for cassette
mutagenesis, Especially in the 5' regien, restriction sites that could
be used to remove Tegulatory sequences, are missing. Therefere, it was
decided to use the 5% BamHI site at position —134 (Fig.I1Y.2) and to
create a second, new restriction site downstream the putative ribosome
binding site. Since there are only 3 nucleotides betwesn the RES and
the ATG start codon, this implies that the restriction site has to be
introduced in the pabB coding sequence. Thus, it should be silent with
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reapect to the coding sequence. The first silent mutation, thac can be
creared with a single base substitution, and that is unique in pabB,
is pusitigned within the Ala=7 codon, and the restricrion site created

will be a SacIl =zite.

5+ Operaarcacctooeceacal® 3t vas

synthesized to be used for in vitro mutagenesis by the gapped

Mutagenic oligonucleotide Ala-7:

heteroduplex technique, as described in Chapter IV. Sequencing of
possible Ala-7 mutated M13mpl8pabB ss DNAs is now in progress,
Bacause the expression vector dees not contain a SacIl site in irs
pelylinker, and because the first 7 codons will be removed afrer
digeszion also, a double-strand adaptor sequence will be necessary to
clone the remaining pabB coding sequence into pKK223-3. Two single
gtrand oligenucleotides were synthesized, adapror-19 and adaptor-25,

which were 53' phosphorylated and annealed as shown in Fig,VIL.2,

Met Lys Thr Leu Ser Pro

5! ATG AAG ACG TTA TCT 3! Adapter-25
kh TAC TTC TGC AAT AGA G 5° Adapror-19

EzaRI SaclY

Fig.VII.2 Double strand adaptor produced by annealing single strand
19-mer and 25-mer cligonucleotides.

The Ala-7 mutated pabB can be cloned in pKK223-3 using the annealed
adaptor and restriction sites as indicated in Fig.VII.3. Since
pKK223-3 contains the atrong trp-lac (Ptac) promoter (14), a higher
transcription rate is to be expected. Moreover, eéxpresgsion of PABS can
be induced by the addition of IPTG, which derepresses the tac
promoter, Alterpatively, a lac1? genotype may be intreduced into the
triple aromatic auxetreph strain PC1539, Adjacent to the pabB coding
region (3' end) a DNA segment containing the strong rrnP ribosomal RNA
transcription termimators (15,16) will be present, such that only pabB
will be over—expressed. Translation of the pabB coentaining mRNA can be
expected to increase also, sinece a vector with similar configuration,
i.e, nsing the lacUV~5 RBS, has been used to over-express the lambda
cl gene giving ylelds of 18 to 26Z in cellular extracts following IPTG
induerion (17); pKK223-3 has also been used to express dehydroquinate
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synthase {18).

Fig.

B E Sa %?ﬁ
. I L] ] [ }'1____
1P !lll .
tac t qdaptor renB Ty T
S/D

pabB coding sequence

ViI.3 Construct of pKK223-3/pabB, after ligation of
HindIII + EcoRI digested pKK223-3, the double strand
adaptor as shown in Fig.VII.2, and SacIIl + HindIII
digested Ala-7 mutated pabB. B = Bamll; E = EcoRI;
Sa = Sacll; 8 = Sall and P = Pstl, Ptac = trp-lac
promoter, 5/D = Shine-Delgarno sequence and rraB T1T2

w ribosomal RNA transeription terminators.

The strategy outlined here will be tested first with the pabB gene

alone. If expression is satisfactory, i.e. the NH4+adependent assay in

vitro should reach the nmoles/wmin./mg range, it can be considered to

introduce the pabA gene in tandem with pabB (after removal of pabB

transcriprion termination signals), just upstream the rrnB sequences.
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Appendix.

Kinetics of two parsllel runming, interconmected, enzyme reactions.

One enzyme molecule carries tweo active sites that catalyze different
reactions. It is irrelevant whether these sites are contained in one
protein chain or in two different subunits, The case is examined in
which each active site catalyzes one reaction step before the step

they have in common:

1o, 2 *
B8y = By8y 5 B8y —m—ry
Ks 3 g
— I+13H+PI+PII

K 1! 2! ¥ _

1t S = B = Brpp

Ks'

The reaction rate, v, is equal to

_ 4Py _dP.. . #
v = dtI =11 = kB[EIbI ][EHSH]/e (1)

in whieh e denotes the toral ensyme concentration; the rate is propertional
* i *

to EISI concentration times the occupancy of the second Slte,lEIISII]E.

Tt iz a common progedyra to measyre the effect of the concentration of one

substrate on the reaction rate when the enzyme is saturated with the other

substrate, i.e. SlbirKs. The following conservation equations rhen apply:
- &5 E.S. T (2)
e = [‘I I] + [ T 1]
: (3)
o =[Br;] +[EpSpl + [ByySyq]

Applying the steady stete aasumptien to all intermediates provides:

*
afEs ] * *
di I'=0=ky[E;5] = leg[E;5, 1[E5] /e (4)
#* Vo Y. ¥ *
A[ErySyp) = 0 = ky'[EyySyy] - kylErSy 1[EpySpp] e (5)
dc
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d[Es8
de
Combination of equations (2) and (4) yields:

Brful . ky (B glSyp ) - Gely + k) [EpySyy] ©

k
)
[E£:3,7) = &/C1 +E§[EH ) (n
Combinarien of equations (3) and {6) yields;

] -IE @ —[E
=

S (8)
1+ ks'/[s ]

|
I1°11

IS AT I -

Frrdyy =

Making the uswal assumption k:1>:hk2'.
Insertion of equations (7) and (8) into equation {5) yields:

*
e -[E;8 II} il EppSyy |

T vrsyls) 1+ [EIISI;]k3/k2e &)

Although it is possible to solve {EII II] from equation (9) and imserr it
into equations (7) and (1) the equations generally become unwieldly and do
not exhibit simple Michaelis-Manten type of substrate concentration
dependence. Such a solution is possible only when kgﬂ»ka. Eguations (7)
and (9) then simplify inre

{EISI*]= & (7a)
]
and [E;;S II] = e/l kzttl + ks'/[sD (9a)

Insertion of equations (7a) and (9a) intc equation (1) finally yields:

ek

L (19)
1
L+ xa'/[s;]
in which
k, "k k

k-2 3 (108)  and  Ka' = —3 g (10b)

e K, +k

;) 3 2 tEg

It is evident from equation (10) that when k3 decreases, km' decreases

to the same extent.
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Summary -

This thesis describes the cloning, sequencing and in vitro mutagenesis of
the E.coli pabB pene coding for p-aminobenzeate synthase Component T. The
goal of this study was to gain insight in the catalytic mechanism of the

enzyme by kinetic analysis of engineered Components I upon expression of

mutated pahB.

In Chapter I, literature available on the genetic organisation and the
reaction mechanism of the closely related enzymes p-aminobenzoate synthase
(PABS) and anthranilate synthase (AS) has been reviswed. Both encymes utilize
chorismic acid as a substrate, converting it to p-aminobenzoate or g-amino—
benzoate respectively. PABS and AS both consist of two subunits, Component I
and Component II. In vitro, Cowponent I is respongible for aminase activity,
whereas Component II is the glutamine amidetransferase component.

In E.coli, the gene coding for PABS Component I (Col), pabB, is located
on 40 min. on the genome. Chapter II describes restriction mapping of 23.7
kb from this region, using Clarke & Carboen plasmids pLC15-17, pLCl3=32 znd
pl.C30-32, Apart frow the pabB gene, the E,ecli gene coding for acylCoh
synthetase (B.C.6.2.1.3), fadD, was cloned from this region also.

Chapter 1II describes the sequencing of pabB, cloned into phage M13mpl8.
Putative regulatory sequences are diacussed, and the amine acid sequence
deduced from the coding sequence has been aligned with the amine acid sequence
aof AS Cel, From this comparison, = number of residues were chosen to be
nutated.

Chapter IV desls with site-directed mutagenesis of pabB, using & gapped
neteroduplex technigue, Codon Trp 390 was mutated to a stopcodon, deleting
63 amino acids from the C-terminal end of PABS Col upon expressiocn.
Alternatively, residue Trp 390 was replaced with tyrosine, and residue Cys
391 was replaced with serine,

In Chapter V, the results of kinetie analysis of the deleted PABS Col
are presented. It is shown, that rhe deleted Col is still functional dn vive,
although the NHA+—dependenL conversion of chorismate to p-aminobenzoate is
inactivated. The glutamine—dependent conversion is the only one used in E.coli
metabolism. Therefore, reconstitution of deleted Col and Coll is still
possible.

Since the deleted Col is unable to usze NH4+aions from the medium directly,

it is concluded, that the ammonia from glutamine, which is channeled from Coll
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to Col, is not delivered to an initial NH4+—binding site in Col.

Chapter VI describes the kinetic analysis of mutsnt—enzymes, in which
Trp 390 and Cys 391 have been replaced with tyrosine and serine, respectively.
Based on the combined analyses of mutant-enzymes, a preliminary wodel for the
reaction mechanism of the PABS holo-enzyme has been presented.

Finally, in Chapter VII a stratregy for increasing PABS expressien using a

silent mutetion congtruct has been described.
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Samenvatting.

Dit proefschrift beschrijft het kloneren, de sequentie-bepaling en in vitro
mutagenese van het E.coli pabB gen coderend voor p-aminebenzeate synthase
Component I, Doel van dit onderzoek was inzicht te verkrijgen in het katalytisch
mechanisme van het enzym door kinetische analyse van de versnderde Component T
na het tot expressie brengen van het gemuteerde pabB gzen.

Hoofdstuk [ geaft een samenvatting van de beschikbare literatuur betreffende
de genetische organisatie en het reactiemechanisme van de nauw verwanteé enzymen
p-awinohenzoaat synthase (FABS) en anthranilaat synthase (AS), Beide eanzyuen
gebruiken chorismaat als substraat, waarbij respectievelijk p-aminobenzoaat
of o-aminobenzeaat wordt gevermd. PABS en AS zijn samengesteld uit twee
subunits, Component I en Component IT. Component I bezit in vitro awinase
actlvirteir, terwijl Cowponent IT verantwoordelijk is voor de amidotransferase
activigeit,

Het gen coderend voor PABS Component I {Col), pabB, werd gelokaliseerd op
40 min. van het E.coli genoom. Hoofdstuk IT beschrijft de restrictie—mapping
van 23,7 kb van deze regio, waarbij gebruik werd gemaakt van Clarke & Carbon
plasmiden pLCi5-17, pLC15-32 en pLC30-32, Behalve het pabB gen werd ook het
E.coli gen coderend voor acylCoh synthetase {(E.C.6.2.1.3), fadD, geklonserd
uit dit gebied.

Hoofdstuk IIT beschrijft de sequentie-bepaling van pabB, gekloneerd in
M13mplB. Mogelijk regulastoire sequenties worden besproken, en de aminoczuur-
volgorde afgeletd uir de coderende sequentie wordt vergeleken met de amino-
zuurvolgorde van AS Col, Op basis van deze vergelijking werden cen aantal
residuen gekozen voor mutagenese.

Hoofdstuk IV behandelt de plaars—specifieke mutagenese van pahB, waarbij
gebrulk gemaakt werd van de zgn. "gapped heteroduplex" techniek, Codon Trp
390 werd gemuteerd tor stopcodon, waardoor een deletle van 63 aminozuren
ontstond, wanneer PABS Col tot expressie werd gebracht. Residu Trp 390 werd
daarnaast vervangen door tyrosine, en residy Cys 391 door serine.

Hoofdstuk V toont de resultacen van de kinetische analyse van de gedele-—
teerde Col. Het blijkt, dat de pedeleteerde Col nog functioneert in vivo,
hoewel de NHAT—afhankelijke omzetting van chorisnuat nasr p-aminobenzoasat
is geinactiveerd. Reconstitutie van de gedeleteerde Col met Coll bleek nog

wel mogelijk; vandaar de conclusie dat glleen de glutamine-mfhenkelijke

conversie functiongert in het metaholisme van E.coli. Wer feit, dat de gede-
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leteerde Col niet in staat is om NH:—ionen op te nemen uit het medium bete=
kent, dat ammonia afkomstig van glutamine, en via Coll overgebracht naar Col,
niet arriveert op een eerste NH4+—bind1ngsplaats in Col.

Hoofdstuk VI beschrijft de kinetische analyse van mutant—enzymen, waarin
Trp 390 en Cys 391 respectievelifk werden vervangen door tyrosine en serine,
Gehaseerd op de gecombineerde analyse van mutant—enzymen is een model opgesteld
voor het resctiegechaniswe van het PABS holo-enzym. ‘

In Hoofdstuk VII tenslotte, wordt een strategie beschreven voor verhoging
van de expressie van PABS, gebruikmakend van een zgn. silent mutstie.
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Curriculum vitae.

De auteur van dit proefschrift werd geboren op 16 april 1956 te Berghem,

Na het bebalen van het Gymnasium B diploma aan het Tirue Brandsma Lyceum

te Oss in 1974, werd in datzelfde jaar begonnen met de studie Biologie aan
de Katholieke Universiteit Nijmegen, Het doctoraalexamen (B4) met als Hoofd-
vak Meleculaire Biologie (Prof. Dr, J,G.C.Schoenmakers) en bijvakken
Mierobiclegie (Prof. Dr. Ir. G.D. Vogels) en Biochemie (Prof. Dr. H.J.
Hoenders) werd behsald in maart 1981, Tijdens de doctorsalstudie werd het
C-diploma, Deskundigheid Stralingshygigéne, behaald, Van 1 april 1981 tot

1 juls 1988 was hij werkzaawm bij de vakgroep Organische Chemie van de Tech-
nische Universiteit Eindhoven. In upril 1982 werd het diploma Microbiéle
veiligheid bij rec, DNA werkzaamheden behaald. Tn de periode juni 1984 tot
1 juli 1988 werd het onderzoek, beschreven in dit preefschrift, verricht
onder leiding van Prof. br. H.M. Buck. Per 1 juli is de auteur van dit
proefschrift in dienst getreden van de Technische Universiteit Eindhoven

als universitair docent bij de vakgroep Organische Chemie,
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1.

2.

Stellingen.

De bewering van L. Clarke & J, Carbon, dat de door hen geconstrucerds
E.z0li genonbank voldoende racombinant pColEI plasmiden bevat om repres
sentatief te zijn voor het gehele £,en0ld genoom, wordt in de prakrijk
niat bevestigd gerien het ontbreken van o.a, het gep gen coderend voor
glyceraldehyde=3-fosfant dehydrogenase en het fadl, gen coderend voor
long chain fatty acid tranmport protein,

L, Clarke & J, Qarbon (1976) Cell 9, 91-99,
C.L. Ginsburghy P,N. Black & W.D, Nunn (1984) J. Biol. Chem, 259, B8437-B443,

De identificatie van E.coli genen wet bijbehorende protefne spots na 2-D
gel-electrophorese, op recombinant plasmiden pLC4-2), pLC15-32 en pLC30-20,
zoals waergegeven daoy F.C. Neidhardt et al,, is onjulatr.

F.C. Neidhardr; V, Vaughnt T.A. Phillips & P.L, Bloch (1983) Microbiol.
Rev. 47, 231-284.
B.P, Clark & J.E. Cronan, Jr. (1981) Meth. Enzymol. 72, 693-707,

Bij het toepassen van soligodeexyribonuelegtiden als selecticve anti-senas
inhibitora van gen-expressie verdient het de voorkeur gebruik te maken
van fogfaat-gamethylearde analega {.p.v. fosforothiosat analoga.

C.A, Steimt C. Subasinghey K, Shinozuka & J.S. Cohen (I1988) Nucl, Acids
Res. 16, 3209-3221.

M.H.F. van Genderens L.H. Roole & H.M. Buck (1988) Proc. Kon. Ned, Acad,
van Wetensch. B 91, 179-183,

De goor C.C. DiRusso gegeven locatie vam het F.coli fadD gen coderend voor
acylCoA synthetase, op 24 min, van het genoom, is in tegenspragk met de
eerder gepubliceerde locatie van fadD op 40 min, van het gencom door P.N,
Black et al,, en kowt evénmin overeen met de resultaten vermald im dit
proefschrife,

C.C. MRuszo (1988} Nucl. Acids Res. 16. 7995-8009,

PN, Blacky B. Saidi €.R. Ghosny J.V. Beach & W.D. Nunn (1987} J. Biol.
Chem. 262. 1412-1419.

Heofdstuk ITI van dic proefschrift,



5.

Gezien de pedetailleerde keanis betreffende het reactiemechanisue &n de
3-D structuur van Horse Liver Alecohol Dehydrogenase, die al geruine rijd
beschikbaar i%, wordt hef opuerkelijk, dat het gen coderend voor dit enzym

nog niet is gekloneerd ten hehoeve van in vitro wutagenese experimenten.

4. Exlunds C.-I, branden & H, Jérovall (1976) J. Mol Biol. 102, 61-73.
#. Elund & C.—-I. Brinden (1987) in Biological Macromolecules and
Asseublies, Chapter 2, 73-142.

De ongebruikelijke weergave van specifieke cuzymactiviteiv, door c.-1.0,
Teng et al. en C.T. Walsh et al., in units per ug, of in pmal per win. per
unit, in cowblnatie met esn unit-definitie als de¢ hoeveelheid enzym
benodigd om in 30 min, 1 nmol preduct te vormen, maakt de interpretatie

van experimentele gegevens onncdig verwarrend.

£.~Y.EB. Teng: B. Canems 5.Z. Doktort B.P. Nicholsy R.K, Bhatnagar & L.C.
Viaing (1985) J. Awm, Chem. Soc. 107, 5008-5009.

C.T. Walshi M.D, Erions A.E. Walta; J.J. Dalany III & G.A. Berchiveld
(1987) Biochemiscry 26+ 4734-4745.

De zorgvuldigheid, waaraeee refcrees het manuscript van C,.T. Walsh et al..
(1947) Biochemistry 26, 4734-4745 hebben beoordecld, kan onvoldoende
worden genoend, gezien b.v. consequént wordt gesproken over p-aminobenzo-
pat syathase, terwijl p-sminobenzoaat synthase Col wordt bedo¢ld, inter-
wediair h-aming-b-deoxychorismaat regelmatip wordr verwisseld wet analogon
5,6-cpory—-3,6-dinydrochoriameat, en de genctische markers van de gebruikte

E,cold nier zijn vermeld.

De interpretatie van experimentele data, verkregen wit kinetiache analyse
van Napt unalogs, door J.-P. Samamas et al,, is veslal kwalitatief van aard,
zonder relatics te legpen tussen geometrie en functie van het anslogon in
het enzys Lactaat Dehydropesase,

J.-F, Samamai N. Marchal-Roseahelmery J.-F. Biellmana & M.5. Rogsmann
{1981) Eur. J. Biochem. 120, 363=5609.



9. De witspraak van J. Cerlt, dat " The term site~directed mutagenesis may
heve connctationa that presumably stem from the common view that any field
or area of inveatigationm that resides on the properties of DNA is teo
complex to be viewed as chemiscry, and therefore must be biology" geeft
aan, dat biologie en chemie nog teveel als aparte disciplines worden
gezien, waardoor het perspectief van wultidisciplinatr onderzoek wordt

onderschat.

J. Gerlt (1987) Chem. Rev, 87, 1079-1103.

Hed oMo Kocken Eindhoven, 27-1-1989



