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e Efforts to clone the 1sopemcdhn N synthas (IPN S) gene frorn Streptomyces

_cIavullgerus mvolved the mvesngauon of two dlfferent clomng and screenmg

' approaches The first approach mvesn gated employed a screemng method that would

detect IPNS-protem expressmg clones by nnmunologxcal assay This approach was
abandoned after prehrmnary mvesngauon since screemng of several rnonoclonal : :
antibodies de not result in the 1dennﬁcat1on of any annbody preparanons d15p1ay1ng the ) -
necessary hlgh degrEe of ant1 IPNS spec1ﬁc1ty

The second approach mvolved probmg of an Escherzchza coli recombmant

plastmd hbrary of S clavulzgerus genormc DNA fragments with 2 32P—labelled

' ohgonucleotlde Usm g the nucleonde sequence deduced from the IPNS N tenmnal

armno acid sequence several rruxed ohgonhcleonde probes were synthesxzed Attempts

to isolate an IPN S. clone were unsuccessful using short ollgonucleotlde probes (17 20

) \ :

bases In length) howe’Ver a clone was 5uccessfully 1dem:1ﬁed usmg a long probe -

o

(44- mer) of low degenerac”"'

The nucleotide sequence of a3 kb regxon of the cloned fragment from the '

recombmant plasrrud pBLl was’ detemuned and analy51s of the sequence showed an

open reading frame that could.encode a protein of 329 amino acids with a M, of 36 917. |

This corresponded well with the apparent Mr of the punﬁed IPN S.(33, 000). When S.

chavulzgerus DNA from pBLl was mtroduced 1nto an, IPN S- deﬁc1cnt mutant of

Fe

v



N complement the mutauon and restore IPNS act1v1ty

‘

- S. clavullgerus on the Streptomyces vector pIJ941 the recombmant plasrmd was able to

“ 1

£

The protein coding reglon of the S. clavulzgerus, IPNS gene shows about 63%

‘ and 62% sumlanty to the Cephalosporzum acremonium and Pemczllzum chrysogenum s
- IPN S nucleoude sequences respectwely, and the predlcted amino acid sequence of the

encoded protem showed about 56% 51m11ar1ty to both fun gal sequences

S
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_Theodore Roosévelt

[
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L iNTRODUCTION

o

The microbial biosynthesis of B-lactam antibiotics has been a topic of much interest

sincé 1929 when Alcxandcr Fleming rcported the mscovcry ofa substancc that inhibited
| the vgrowth of the Gram-positive bacterium Staphylococcus (Flemmg, 1929). Fleming
demonstrated that the culture filtrate of the mold Penicillium notatum had antibacterial
propcrtiés, and he coined the term peniéillin to describe the substance responsible for the |
antagonisrn. ‘Although his further 'mve‘iga_._ﬁon shbwcd the substance to be non-toxic to
- animals, Fleming did not envisage its potcﬁtial outstanding medical value.
' /l't has now been over\ﬁft‘y y‘c\ars since Flcining's discovery of penicillins and over
30 years since the discovery of cephalosporins, yet iﬁve'stig‘ation leading’ to the
development and isolation of new p-lactam compounds is still continuing. Muéﬁ of the
reasonsfor the interest in this class of compdunds stems from the low toxicity they
. cxhibit,‘; characteristic first n'f)tcd by Flcming, and from‘thc fact that they remain among‘
the most effective antibiotics known to man. The fact that penicillins anci ccphalosporins
account for more than 50% of Lhe worldwide consumptlon of antibiotics is a testament to
“ the fact that they are safe and effccnvc and ensures Lhat they will continue to be
investigated. . 4

Although pehlcﬂlm had been 1solated and parually purified by Lhc 1940's, its

unplememauon a:/ a chemotherapcunc agent was hindered by the low productmty and
the low degree of punty of the early prcparatlons from Fleming's Penicillium notarum
| strain. Advancc/:s in largcf/ scale production resulted from the use of the hlghcr yielding
spccu:s Pemcz{llum chrysogenum (NRRL 1951) and from the development of more
efﬁc_ient fénnémation techniques employing submcfgcd réther than surface culture.

' Pé’nici/lh'ns have a bicyclic structure with a cyclic amide, more commonly known

/
¥



as a p-lactam ring, fused toa ﬁvc-mcmbcrc_‘d thiazolidine ring (shown below)._ Thcd
~ penicillin produced by P. clsrysogenwn during fermentation in a medium containing
.phonyléccﬁé acid bears a non-polar benzy! group in the R position and is known as
Penicillin G. Although Penicillin G was and remains a very effective agent

o ~COoH
A Pemcﬂlm

for combating infection by Gram-positive pathogens, it has several ﬁmitatiohs.
Penicillin G has a narrow spectrum of activity, being active nnainly against
Gram-positive organisms; it.is an acid sensitive compound, a fact which prccludcs its
oral adrmmst:ranon it d15plays an inherent s¢nsmvny to B -lactamases; and it ehcus
allergic responses in many patients. MaJor advances in chemothcrapeuncs were brought
about as a result of the isolation of the pcmc111m nuclcus, 6-aminopenicillanic acid |
(6-APA) (Batchelor ét al., 1959), since it led the way to the production of a whole series
of sermsyntheuc penicillins the properties of which were altered as a result of thc

—~—.

introduction of chemically synthesized modxﬁcd Sldc chain groups which conferred a

. greater resistance to p-lactamases and a broader spcctrum of acuvny
Advanccs in chemotherapeutics were also brought about by the dlscovcry of
cephalosporin C mi&S (Newton and Abraham 1955). Proof of the structure of
. c\ep/lmlg;ﬁonn C came in 1959 (Abraham and Ncwton 1961) whcn it was shown to be

a bicyclic nucleus in which the p-lactam ring is fused to a six-membered d1hydrothlazme
~ring (shown below). Following its discovery, ccphulosporin C was found to display a

broader spectruin of antibacterial activity than penicillins, including some Gram-negative

oy



‘ organisms, and it was also found to display a gmatcr resistance to'acid and enzymatic i

. s - ' C s R
o R,-'—NH\___( :

N

e
\
[»]
X
N
!
b4
N

COOH
Cephalosporin

‘hydrolysis. Thése chamctc-ristics indicated that the ccphaloSporin-type B-lactam
compounds would have grcater clinical utility in combating mfccuons caused by the
_ mcrcasmg numbers of pemcﬂhnase -prodicing orgagksrns and by pemcﬂlm rcs1stant
classes of pathogens The fact that cephalosponns are particularly amenable to chemlcal
modification has, as with the pemcdhns, resulted in the development of a large number ’
/ | of semisjmthetic derivatives®
Beta-lactam antibiotics are produced biosynthetically as secondary metabolites by a

limited group of rmcroorgamsrns mcludmg cukaryotlc and prokaryotlc species. As

described above, the producnon of B—lactarns was ﬁmt nonccd in the fungal genera bf -

Penicillium and Cephalosporzum, and to date P. chrysogenum and Cephalosporzum
acremom'um remain the only twd fungai p-lactam producers currently used in indfstrial
o pracuce Prokaryonc organisms capable of producmg B-lactam antibiotics were

discovered much latcr and are limited primarily to mcmbers of the Acunomycetes family,

. in parucular thc genus Streptomyces however cxamples of non-filamentous

B-lactam-producing orgamsms have recently been discovered (Imada et al., 1981; Sykes
~

- etal, ‘198'1., Parker et al., 1982; Singh er al., 1982). Examples of g-lactam-producing
- streptomycetes include Streptomyces clavuligerus (Nagarajan, 1972), Streptomyces

IipMii (Higgens et al., 1974), and Streptomyces Iai‘tamduran-s (Stapley et al., 1972).



L | B ' | | 4
S. clavuligerus,f\;vhich produccs penicillin N, dt:sacctoxyccphalospotin Cand |

' Céphamycin C, was discovered and classified as a ncwvspccics in 1971 (Nagarajah etal.,
| 1971). 8. cIavuIzgerus was also latcr found to producc thc non-classical B lactam

compound clavulamc acid (Réading and Gole, 1977). A complete list of

B-lactam-producing chroorgamsms togcthcr with the compounds they producc has

been tabulated in a recent rcv1cw by Jensen (1986)

Desplte the ou!standmg medical i nnportancc of p-lactam anubxoucs and the vast
amount of n:scarch and development that has gonc into makmg their commercial |
L

productlon economical, few details concemmg the biosynthesis of thcsc compmﬁ‘xds

were known until recently. Even with the intensified efforts to study the blochermcal

.ba51s of -lactam production, studlcs whlch have been poss1ble largcly due to the .

development of cell-free systcms to srudy-the individual pn@mc reactions, the actual
mechaniém_of the individual reactions is still unclear.

The blosynthcnc pathway leading to pcmcﬂhns and cephalosponns has been
dctermmed (Jensen er al., 1982a, Baldwin er al., 1983), and shows a great deal of
similarity in both fungal and prokaryotic producing organisms. The entire biosynthetic
pathway, with the steps common to prokaryotic and 'cukaryotic producing organisms as
‘well as those which are unique to prokaryotcs is shown schcmancally in Figure 1.

‘Several of the enzymes which cornpnse thc early stages of the pathway have been
studied in detail in both the prokaryonc (Jensen ez al., 1982a; b; Jensen er al., 1985;
Jcnscn etal., 1987) and the fungal (Abraham etal., 1981; Kupka et al., 1983; Ramos et
al:, 1985; Banko et al., 1986; 1987) producing organisms, and some of the individual

~ enzymes havc\bech partially or fully puriﬁod (Jensen ez al., 1983; 1985; 1986; Hollander
gtal., 1984; Pang et ql., }984; Dotzlaf and Yeh, 1986). The steps beyond
dcsacetoxycephalo\sporin C have bcen studied in Iéss‘dctaﬂ and will not be discussed ®

[e]

-



Figure 1: Pathway of penicillin, cephalosporin and cephamycin biosynthcs_ié.-
The enzyme catalyzing each step is shown, and representative organisms able to carry
_out each of the enzymatic steps are indicated. Only the structures of intefmédiatcs for

well characterized enzymatic stcps are shown,

\
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here (for a revi‘éw see Jensen, 1986). ~

Biosynthesis of pcnjciﬂins and of cephaiosporins diverges at an early stage of the
pathway. P. chrysogenum synthesizes the common precursor “
§-ﬂfq—aminoadipyl)-lfcystf:inyl-D-valine (ACY), which is also found in the mycelium
of all penicillin, cephalosporin and ccphamycin-produéing organisms (Amstein and ‘
Morris, 1960; Warren et al., 1967; Abrah‘;im, 1978), and converts this ?e_ptidc ‘

exclusively to a penicillin end product. C. ac:rer;xonium sequentially converts the peptide

"toa penicillin and a cephalosporin. In conu:ast, ﬁ-lactém-pro’ducing prokaryotes, such as

o. clavuligerus, synthesize a variety of classical p-lactams such as penicillins,

» cephalosporins and cephamycins from this one peptide precursor (Jeﬁéen etal., 1982a;

b). In addition, Streptomyces commonly produce a varietyk of non-classical p-lactam

compounds such as oxypenam or carbapehcm compounds (Reading and Cole, 1977;.

Kahan er al., 1979). Although it has been clearly established that penicillins are the

‘biosynth'etic precursors of ccphalospdrins and cephamycins, evidence exists to indicaté
that the p'roduction of non-clas§ical compounds does not involve a biosynthetic route that
shares cornmon mtcrmedlatcs with that of. the pcmcﬂhn/ccphalosponn/ccphamycm
pathway (Jcnsen 1986)

All organisms that produce pcmcxllms cephalosporms and ccphamycms cmploy a

blosynthenc pathway which begins with two reactions which generate the acyclic

tnpepnde ACV fromits constituent amino ac1ds Recent evidence suggests that the two
reactions are performed by a smgle rquluf&s:nonal enzyme in both C. acremomm and
S. clfzvuligerus (Bankq et al., 1987; Jensen et al., 1987).

Fpllowin g its synthesis, the acyclic tripeptide precursor, ACV, is oxidatively
cyclized to isopeniciHin N during a reaction that results in tl_1e loss of four hydrogen e

/ r . . . -
atoms and the subséquent closure of two ring systems. The enzyme responsible for the
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cyclization has an absolute requirement for molecular oxygen, and in addition requires

~ ferrous ;uns and ascorbate as cofactors This enzyme, which is an oxygenase-type
enzyme, is known as isopenicillin N synthase (IPNS) Since tlus enzymatic step . results
in the formation of the pemcﬂhn nucleus it has been the focus of many b10chem1cal .
studies (Jensen etal., 1986)

The next step in the pathway mvolves an enzyme Wthh 1s an epimerase. The

epimerase catalyzes the reversible L— to D- isomerization of the a-am1noad1pyl side chain
of isopenicillin N to pemc}m N. This enzyme is not found in Penicillium species or any
other organism that is strictly pcnicillin-producing and therefore represents a point of
‘divergence among the g-lactam producers. | ‘

ng expansion of the thiazolidine nng of penicillin N to give the dihydrothiazine
ring of the cephalosporin nhcleus is b_rou'ght about by the ection of an enzyme known as
desacemxycephalospoﬁn C synthase 'I'lﬁs cxnzyme is more commonly refered to as
expandase The expandase like the IPN S,is an oxygenase which requires iron and

ascorbate as cofactors. The expandasc enzyme however unhke the IPNS, displays an
additional requirement for a-ketoglutaratc as a cosubstrate. The co-factor requirements

. are #ypical of a class of enzymes known as a-ketoglutarate~dependent dioxygenases, as

defined by Abbott and Udenfriend ( 1974) These enzymes usually catalyze
' 4
hydroxylatmn reactions during which the cosubstrate is ox1d1zed to succinate. Although

_'the expandase does requme a‘ketoglutarate for activity, a hydroxylation reaction is . / ‘

apparently not involved. The expandase has therefore been classified as a

"non- classmal" intermolecu]ar dloxygenase

A

Hydroxylase is the enzyme responsxble for the conversion, by the addition of a a

hydroxyl group to the fnethyl group at C-3, of desacetof(yeephalosporin Cto

| desacetylcephalosporin C. This enzyme shows the ‘same requirement for ferrous ion,
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: ascorbatc and a—kctoglutaratc as were seen. for cxpandasc and thcrcfom is also an

R cxamplc of a mtcrmolccular d10xygcnasc cnzyme Thc hydroxvlasc howcvcr -

Fa

' mtnoduccs a hydroxyl group into the product of the rcacuon ‘unlike expandase, and

N thcneby is consrdcred a classical cxamplc of a dxoxygenase

Desacetylccphalosponn C has two fates. In the fungal systcm, the hydroxyl
group at C-31i is acetylated resultmg in the formation of cephalosponn C (Liersch eral.,

o 1976) In Streptomyces however, an ox1dauve reaction rcsults in thc mmoductron of a' o

To- methoxy groupomto thc ccphalosponn molccule nesulun gin the formauon of

ccphamycm (O Sulhvan and Abraham, 1980)

As mentioned above, both eukaryotic and prokaryouc p-lactam- producm g
organisms cyclize the LLD form of thc acychc tnpcpudc prccursor to 1sopemc11hn N

This cnzymaue step is of central- 1mportance to thc brosynthesrs of pcmcrllms since 1t

results in the formation of the first B -lactam 1ntcrmod1atc of the pathway, and as aresult
the IPNS has been the subject of a tremcndous arnount of invest gauon by a number of
groups. This enzyme has been pama]ly charactcnzed with rt:spcct to its cofactor -

requirements, kinetic properties and substrate specificity. The enzyme has now been

. purified to homogeneity from both fungal and prokaryotic sources and the availability of

the purified enzymes has made a comparptive analysis of the biochemical and physical
properties possible (Jcnsen etal, 198;7 B ‘ '
N
IPNS. activity from C. acremonium has been studied cxtensrvely by Sawada er al.

(1980) and Abrahan;) et aI (1981) and was found to require fcrrous ions and ascorbate as

_cofactors for maxrmal acnvrty In addition "he cnzyme was shown to drsplay an absolute

| requmtment for molecular oxygen IPNS activity from S. clav;dzgerus was also studled

extensrvely by Jensen et aI (1982a) and was also found to drsplay the same

. requirements for activity.
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- The purified IPNS from S. clavuligerus has as apparent molecular weight of

33,000 as determined by SDS polyacrylanj_ide gel elcc;uonhdresis (Jensen et al., 1986).
Molecular wcxght determinations of the TPNS from C. acremonium, which were

dctcrrmncd by gel-filtration chmmatography and SDS gcl clcctrophore51s vary from
31,000 to 41,000 depending on the strain investigated and the method Wthh was used
to determine the molecular weight (Abraham et al., 1981; Kupka et al., 1.983; Hollander
et aI;, 1984; i’ang et al., 1984). Ramos er al. (1985) estimated the molecular wcignt of
IPNS for P. chrysogenwﬁ‘to be 39,000 +/- 1000. Following isolation and sequence
détermination of the correspdnding gene, the molecular weight of the IPNS from one
stram ofC acremonium was deterrmncd to be 38,416 (Samson etal., 1985)
_ Deterxmnanon by SDS gel clcctrophoresm of the molecular weight of an IPNS sample

prcpared from the same strain, mdlcatcd an apparcnt molecular wc1ght of 40,000.

Kinetic srudlcs on the IPNS from S. cIavuhgerus gave aK value of 0.32mM

ACV (Jensén et aI 1986) Similar kinetic studies performed using the C acremomum
~ IPNS have been given values of 0. 3mM (Kupka et al., 1983), which is sumlar to the
value obtained for S. clavuligerus, or ).6mM (Abraham ez al., 1981) whu:h is different.

. The K, of O 13mM for the IPNS of P. chrysogenum (Ramos ez al., 1985) also differs
significantly from the S. clavuIzgerus value. It has not yct been dlsccmed whether the
discrepancy in the K | va]ués is due to inherent differences in the_énzymps from the
. different éources, or whether the different methods for measuring the K are ‘
responsible. | , | , |

Efforts to purify the IPNS from S. clavuligerus lagged behind nunﬁcadnn of the
“enzyme from its fungal counterpans becausc of the unavaﬂablhty of high-producing
mdustnal strams of S. clavulzgerus Thc y1c1d of IPNS after punﬁcanon from S.

-~
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clavuligerus is low, at 200 ug of protein from an .origin%al two liter culture, which
fcprcscnts a 0.52% recovery of the total IPNS activity.” This very low rccovcry of
activity makes thta; purification scheme unsuitable for production of large\amounts of
active enzyme. By oontrast the purification of the IPNS froxﬁ fungal pbd ing strains
was facilitated by the high level of rccovcry possible from the high- prédu ng industrial
strains. g
In 1§47 the reported yield of penicillin from a selected strain of P. chrysogenum‘
was about 0.5 g penicillin/l‘ (Gordon et al., 1947). Current commercial strains yield at
least 50 g/l when grown under a modem fermentation regime. Planned changes in the
genotype of this orgamsm whether brought about by in vivo or in vitro recombination
techmques, have not contributed to this dramatic i unprovement in yield. Strain
improvement in Penicillium, and in Cephalosporium, has been achieved primarily by an -
empirical re.gimc based on very labor intensive screening for enhanced antibiotic
production of straios that were subjected to many éucccssive rounds of inicnsive
mutagenesis. The biochemical and genetic changes mvolvcd in the production of the
high yielding strains have been, at the very best, poorly understood. Although it has
long been recognized that genetic recombination in P. chrysogenum can occur via a
parasexual cyclc and despite a number of studies that have explored thc possibility of
. makin g practical use of the parasexual mechanism of recombination to increase penicillin
yields by genetic methods, the industry has not seized the opportunity to employ such
methods. ‘As a result fhe science .of géneu'cs has not made an appreciable contribution to
yield i'mptovemen_i. Probably r;uch of the reason for the lack of interest in in vivo
gen’eﬁc recombination is that a very considc;'ablc research effort would have been
| required 1o further develop the detailed genetic knowledge essential fof such

- sophisticated genetic manipulation. In addition, the poor state of the knoWiedge of the

biochemistry »f the penicillin/céphalospoﬁn pathway was a limiting factor at that I’J.Lle. '
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, It has only been in the last two decades at rauona] in the sense that t.hey are
based on previous biochemical knowledge, screemng techmques have been introduced
for the selection of hlgh producing mutants (Chang and Elander, 1979) Such
techniques include: selection of mutants resistant to toxic precursors, such as analogs of

amino acid precursors; selection of mutants with resistance to the toxicity of the end

product; selection for mutants resistant to heavy metal ions, such as mercuric ions or

cupric ions, which are known to complex with p-lactam antibibtics and their thiol
precursors; selection of auxotrophic strains deficient for biosynthetic intermediates
followed by prototrophic second site reversion to generate strains with altered regulatory
mechanisms. The availability of supersensitive indicator organisms has also allowed
direct colony selection by an overlay technique making the characterization of mutants
poss1ble without the need for fermentation analysis at the pre-screening stage. Althou gh
.'all of the techniques mentioned above have contributed to the identification of a large

number of unproved mutants they have done little to foster an understanding of the
mutanons mvoL’ved since the mtroductlon of those mutations is still done using random
mutagemc methods

Wlth the better knowledge of the biochemical genetics of penicillin production that
is avaﬂable in the present day, the p0551b111t1es for rationally influencing the productivity

of existing B-lactam-producing strains and for developing new strains better suited to
making the (tradin'onal fermentation products, are far reaching. In addition, the-advent of -
techniques for genetic engineering has opened up an immense potential for genetic
maninulaﬁon of prokaryoﬁc B-lactam-producing strains. Using such techniques it should
be p0551ble to make the same kinds of maJor advances in yield improvement in the
prokaryotic producing strains that have been made in their fungal counterparts. Also,

such advances should be attainable in a much shorter time period than the 40 or so years
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tha: vére requu'ed fc;r the developments in Penicillium yxeld 1mprovemem. The most

, log1cal way to achieve such a goal is to take well-charactenzed antibiotic bxosyntheuc
enzymes and to clone the cOrrespondmg genes from the prokaryotic producm g
organisms. Isolation of the genes will not only allow chtrolled‘expresswn of the genes
in heterologous hosts, but will also allow,protein eng'inecring to cha.n ge or enhance
enzyme function. Wlth all the advances that have now been made in the biochemical
knowledge of the steps in the pemcﬂhn/cepha]osponn pathwa_)'_l_and with the advances in
screemng programs which have stemmed from this knowledge it should be possible to .
screen and identify mutants with programmed changes ifi the genome without the |
empiricism that has played such a role in the penicillin story. .
Certainly the ’application of recombinant bN A manipulations .and dinected |

' mutagenesm to any orgamsm requlres a prior detalled genetic knowledge of that -
_organism in addition to, a detdiled knowledge of the biochemical paocess of interest.
Because of the commercial significance of Strepromyces, which prqv1de over 60% of th
known antibiotics (Berdy, 1974); a great deal of effortb has been dinecied toward the
study of Streptom)ces genetics and development of te::hnicl.ues for genetic manipulation o
of these organisms. Gene cloning technology in Streptomyces has advanced rapidly \-
over the last few years. Many of the basic StUdJCS Wthh led to the development of
clomng techmques have been the subject of reviews (Chater et al 1981; Hopwood et
al 1983; Gil and Martin, 1984) and w111 not be dlscussed here Cloning in '
Streptomyces has been made possible by the availability of plasmxd, phage and cosmid
vectors which have been developed for use in this genus Examples of the types of
clonin g vectors available include: low copy number plasmids such as derivatives of
SCp2* (pIJ9l3 plJ916 and PpLI922)(Lydiate er al., 1985); intermediate copy number
plasrmds S. 1ch as the SLP1.2 derived plJ41 and pUJ61(Thodpson et al., 1982) high

copy number piasmids such as the pII101 (Kieser et al., 1982) derivative pIJ702 (Katz
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et al., 1983); deletion mutants of the tcn':lpcratc Streptomyces phage #C31 which are
utilized for mutational cloning (Rodicio ef al., 1985); cosmids such as pKC4624, Mich
was used for the cloning of the cryﬂn'(;mycin biosynthetic genes (Staniak etal., 1985),
and pI?3 (Portmore et al.,v 1987)‘ both of which are bifunctional cosmids which cane
replicate in Streptomyces. as well as E. coli. A compr;:hensive review of Streptom.yces-‘
plasmid and pvhvagc cloning vectors has réccntly been published (Hopwood et al.,
1986b). In addition to the adyanccs made possible by the corisﬁuction of new vectors,
recent devclopments in Streptomyces cloning technology have also cdmc about as a
result of advances in protbplést foxma&ign, mgeneratioh, and fusion techniques (Baltz B
and Matsushima, 1981; Hopwood and Wright; 1981). |

" Well before Streptgmyées cllonin g tc-chniques were employed for cloning of the
genes fo} the bidsymhcsis of antibiotihcs, gcneﬁc mapping studies showed that the genes
coding <or ipecific biosynthetic enzymes, but probably not the genes coding for the
| formation of the primary biosynthetic precursors, are ciustcn:d,on the chromosomal
) linkage maps of several antibiotic producing Streptomycetes. Evidence was obtained for

the chromosomal linkage of the antibiotig synthesizing genes in Si‘reptomyces speci}s\',«f/
which produce oxytetracycline (Rhodes et al., J;98'1), rifampicin (Schupp and Nuesch:
1979), actinorhodin (Rudd ar;d Hopwood, 1979), and undecylprodigiosin (Rudd and
'Hopwood, 1980)._', This arrangement of fhc structural g,énes suggested that the cloning of
antibiotic genes from Streptomyce§ would be facilitated by their close proXimity.
Subsequent cloning of single DNA fragment; containing all or most of ‘L’hc genes for |
* undecylpredigiosin (Fcitclsoﬁ, and Hopwood, 1983), methylenomycin{Chater énd ‘
Brutdn, 1983), actinorhodin (Malpﬁnida and Hopwood, 1984), cryth‘rqmycin (Stanzak
etal., 1985)3 and tylosin (Fishman ez al., 1987) biosynthesis has provided fuﬁher

evidence of clustering. Anaiysis of the pattern of transcription of the actinorhodin

- biosynthetic genes has shown that the biosynthetic, regulatory and resistance genes all

e
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| occur in the cluster, and that the cluster contains several operon;(lilllalpartida and
- Hopwood, 1986). | o
| Recently there has been speculation about the possible applications of gene cloning
technology to the dcvcloprhcnt of novel, or hybﬁd, antibiotic structures (Fayerman,
1986). -The isolation of the whole set' of‘gcnos for the actinorhodin biosynthetic pathway
from S. coelicolor has made possible the producn'on‘ of novel isochromanequinone ’
aodbioﬁcs by gene transfer between strains producing actinorhodin, granaticin, and
mcdcrmycin (Hopwood et al., 1985b). Although the hybrid isochromanequinone
antibiotics so produced are notv clinically useful antibiotics, these studies involving them
have been useful as a model sysPt;\r'n and it is hoped that such techniques will lcad to the
development of useful new antibiotics. |
Many strategies have been dcviseo for the cloning of antibiotic biosynthetic genes
from Stfgptomyces and these include: detection of individual gene products by cloning in |
an established host; complementation of blocked mutants of a producing strain;
mutational cloning in the producing organism‘of interest; cloning of antibiotic resistance
genes on the premise tha'f they are often linked to the biosynthetic genes; preparation of a
synthetic probe, the‘ sequence of which is based on the known amino acid sequence of
the protein of interest, and use of the probe to screen gene libraries; cloning‘ of a large
section of DNA that codes for an entire biosyntheﬁc pathway into a suitable host; use of
cloned DNA"as a hybrid probe to isolate homologous DNA that spec1ﬁes the symhesm of
a related anubloth with an example being the use of a polykeudc synthase gene
scquence from S. coelicolor as a probe to 1dcnt1fy homologous DNA sequences in other
polyketide- producmg streptomycetes (Malpartida er al., 1987) Such stratcgles
mclugﬂn‘g examples of genes or pathways that have been cloned using them, have been

the subject of a co:riprehensivc review (Hopwood, 1986) and will not bc discussed
further.
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Cloning is usually done in the producing organism when isolation of the genes for
an entire anubxouc pathway, or when isolation of a gene for an enzyme which must be
| .screcncd by functional assay is desired. Hctcnologous hosts are not used for a number
of reasons. First of all, antibiotics are formed by complex biosynthetic pathways that
involve many specific cnzymes as well as mapy non-pathway enzymes, such as those
rcqumed o produce pnmary metabelic precursors of the anubloncs Therefore
expression of the pathway to glve the annblotm end-product necessitates that the cloning
be done either in a non-producing mutant of the same species orin a closely related
| spccics\which mighﬂt contain all of the necessary enzymes. Secondly, cloning and
functional analysis of the antibiotic production genes is bcstdonc in the producing
organisms sin“cc hc'tcrologous“cloning hosts, such as E. coli, would likely be sensitivcﬂto ‘
the antibiotic product. This problem may be solvod if the resistance genes are clon'cd
simnltaneonsly with the antibiotic producing genes. Thirdly, it has now been well
established that Strepromyces genes are rarely expressed from their own prornotcrs in the
commonly used heterologous cloning host E. coli '(Bibb and Cohen, 1982; Jaurin and
Cohen, 1985; Meade, 1985; Deng er al. ,1986). Analysis of Streptomyces scqucnccs
promodng cxpressxon has shown that most of the sequences studied to date are not
“typical E. coli -type promoters nor Bacillus vegetative-type promoters (Bibb et al.,
1985). HoWever, recently S. lividans promoters that do function in E. coli and that
demonstrate the typical A+T rich nature of E. coli -typc"i;romotcrs have been
charactcnzed (Jaurin and Cohen 1985) Lastly, it has now been shown that expresswn.
of antibiotic biosynthetic genes may be dcpendcnt on the presence of specific activator
(regulatory) genes (Malpartida and Hopwood, 1986). Expression in a hetcrolggous
host, such as E. coh would therefore 1 require that the activator gene be cloned along with

the biosynthetic genes, and that the activator gene be functionally expressed in the

clomng host. When the isolation of the structural gene for only one or two pathway
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‘cnzymcs is dcsircd, rather than 'isol;tion of the entire set of pathway genes, and if
Acxpresswn of the enzyme in the cloning host is not required for the screeningand
identification of thc recombinant cloncs of i mtcnest the considerations mennoncd above
no longer apply and the clonmg need not be restricted to Streptomyces hoSts.

Although the isolau'oh of the purified IPNS proteins from both prokaryotic and -
fungal sources has been possiblc, cornpén'son at thc.molc&cula'r level has been hindered
by the uhavailability of tho corresponding cloned genes. Usin g a mixed oligonucleotide
probe, deduocd from the N-terminal amino acid 'sequonce,‘ the gene coding for IPNS has
recently been fsolated from a cosmid library of C. acremonium DNA (Samson et al.,
1985). The complete amino acid sequence of the C. acremonium IPNS was deduced

following determination of the nucleotide sequence and was found to encode a
polypeptide with a M; of 38,416. When the C. acremonium IPNS structural gene was

subscquen‘tly oloncd into an expression vcctor'énd intreduced into the hotcrologous E.
colz host, it was shown to express IPN S activity. Using such an exprcssmn system
IPN S was produced ata lcvel corresponding to approxxmately 20% of the total ccll
protein (Samson ef @, 1985). ' _ ; ,

| Usmg the C. acremonilﬁn IPNS gene as a heterologous h'ybrzidization probe, Carr
Vet al. (1986) were able to 1solate the IPNS gene from a bactenophage A hbrary of P.
chrysogenum DNA. The predxctcd amino acid sequence of the P. chrysogenum IPNS

was found to encode a protein of M, 37,900 which agmcs well with the reportcd 39,000
“ +/- 1,000 Daltons for the purified P. chr‘ysogenum IPNS (Rarhos‘ét al., 1985). Using
the same E, coli oxpréssion system that was used to express the C. acremonium IPNS, ¢
the P. chrysogenum IPNS was expressed in E. colz at a level correspondmg to about
10%. of the otal cell protein.

Analysm of the nucleoude and amino ac1d sequence homology of the cloncd C.
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acremoriium_and P. chrysogenun, IPNS sequences indicated that the protein-coding
regions of the genes showed about 74% homology and that the prcdicted amino acid
sequences of the encoded protems were about 73% homologous Attempts by Carr et al
(1986) to draw conclusions regarding i important residues of the prcdlctcd amino acid o

sequences of thc IPNS proteins were hampered because of the extensive homology

gene sequences

, 1986). Thc

between the C. acremomum and P. chrysogenum sequenccs Thc
sharc 12 rcglons that match for at least an 8 amino acid stnctch (Carr et
most notcworthy sumlanty between the two sequences is identical locatiod-of the two
cysteine rcs1ducs found in each IPNS protein (Cys-106 and Cys-255 in th C.
acremonium nutnbcn'ng syétcm). Carr et aI. (1986) have suggested that one or both of
the cysteine n:51dues may be mvolved in cataly31s and/or iron bmdmg The suggestion
ivas based partially on the fact that sulfhydryl-react]ve agents inactivate the IPNS
proteins (Baldwm et al., 1985; Jcnscn etal., 1986) and partially on the fact that both
cystcmes have histidine residues, which are commonly involved in iron binding (Kim er

®
al., 1985) in close proximity (5 to 10 amino acids downsmeam) As mentioned above,

IPNS has been shown to require iron as a cofactor )
Wlth the avaﬂablhty of the cloned.gene, the role of the two cysteine residues of the

C acremonium IPNS was examined usmg in vitro site-direc L\agenesm (Samson et
al., 1987a). ‘Mutation was brought about by changmg the cy:%msmues to serine
residues since such replacement would avoid steric effects due to the sumlar molecular
shape of cysteine and\scrine. Each cysteine residue was mutated indiv‘idually and a
double mutant was a,lst\)‘ﬁreparcd. The mutant genes were subsequently subcloned into
an E. coli .éxpfcssion vector system for analysia of enzyme activity. Introduction of
serine residues at both C-106 and C-255, although it did not abolish IPNS activity, did
‘causc a reduction in spegiﬁc activity by a factor of about 30 (Samson er al., 1987a). The-
primary reduction in spec_iﬁc activity appeamd_to be due to the loss of C-106 since

e . . o

- . >
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chauging Cys-106 to Ser:106 decreased the speciﬁc activity. by a factor of 20, whereas
the alteration of Cys 255 had little effect on the protein with or without the alterauon at
. Cys-106. Thc fact that IPN S activity remained,.even in the absence of both sulfur
‘atoms, argued agamst a catalytic role in which Lhe sulfhydryls were directly mvolved in

electronic interaction wm_)\the substrate in the active site. Therefore, based on these ‘
| “rcsults,uSamson et ‘aI. (1987a) suggcsted that the most likely role for the sulfhydryls in
N the IPNS is an intenhediéte role in catalysis wherein the ‘s"ulfur etom from Cys-106 is
inuolved in binding, stabilizing or activating a cofactor. In addition, it was suggested

. <

that the requirement of iron for IPNS activity might mean that the sulfhydryl gt Cys2106

is involved in bindiu g iron to the orotem. Further analysis of the K., of the mutant
enzymes suggested th'af the sulfhydry] at Cys-lOé might be involved in substrate binding
since the IPNS from the Ser-106 mutant showed a K., that was about 5-fold higher than "/ ’

the wild type enzyme. Samson etal. (1987a) stated that the iron-binding and subsuate
binding hypotheses were not mutually excluswe and suggested that part of the binding
" energy for the bmdm g of substrate to enzyme xmght be mediated throu ghan
iron-substrate interaction. - *

Very recently a more extended compatative analysi,s of the IPNS genes has been
made possible as a result of the successful clonmg of the IPNS genes from the
pemcﬂhn producl\ng fungus Aspergillis nidulans and the Oephamycm-producmg
streptomycete S. lipmanii (T.D. Ingolia, personal communication). The nucleotide
seouence of the A. nidulans IPNS protein-coding region shows 69 and 76% homology-
. tothe C. abremonium and P. chzy&ogenum nucleotide seouences respecﬁuely, and the S.
lipmanii sequence showed 63 and 65% homology, respecnvely, to the two fungal genes.
In addmon th( predlcted amino acid sequence of the A. nidulans protein showed 75 and

81% 1denuty the C. acremonium and P chlysogenum amino acid sequences

4 o T
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. bacterial pathogcnesis. We have already begun to see that genetic engineering can play ;

™

respectively, and the S. lipmanii IPNS protein showed 54 and 57% identity,

o

20

respectively, to the two fungal proteins.
Recently the expandase enzyme, which is responsible for a later step in the

pathway that brings about the formation of the cephalosporin nucleus, has been purified

from both fungal (Dotzlaf and Yeh, 1986) and prokaryotic (Cortes, et al., 1987; M. .

Rollins, pel\'sonal communication) sources. The corresponding gene from C.

 acremonium has also been cloned and expressed in E. coli (Samson et al., 19875). The

purification of the fﬁngal expandase to ﬁomogeneity had prcvioﬁsly shown the protein to
be a bifunctional enzyme, displaying dcsacctoxyc,ephalosporin C hydroxylating activity
in addjn'on"to the cxbandase activity. The sub.sequcm cloning, nucleatide scqlicné:e
determination and expression of a single ope;l reading frame confirmed the-bifunctional
nature of the enzyme from C. acremonium. The same twé enzymatic activities from S.
clavuligerus are clearly separable by ion exchange chromatography (Jensen et al., 1985)
and therefore are not coded for by a single polypeptide chain. It will be interesting to see
if the two corresponding genes on the S. clavuligerus chromosome are in an adjacent
location since such informatjoncmay have evolutionary implications. This however
av;'ajts the cloning and isolation of the prokaryotic genes.

. Throughout thé history of the development of p-lactam andbiodé$ for clinical use,
advances in the ;ioduction of various semi-synthetic dén'vatives have kept pabe \with the
ever changing repertoire of pathogens involycduin' infcc’n'on. Although the potential to
improve antibiotic produ;:tion further using conventional 'tcchniques still holds prorﬁise,

genetic engineering, in conjunction with protein engineering, has opened up another

avenue to ensure that p-lactams remain a competitive force in the on-going battle against

4

role in the chclopment of novel antibiotics, with the hybﬁd isochromaneq’uinone
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antibiotics (Hopwood et al., 1985b) being an example. More importantly, we have seen
that the availability of cloned biosynthetic genes makes possible further biocrlcmical »
characterization of individual pathway enzymes. Analysis of site-specific changes irr the
cloned fungal IPNS gene has provided some insight into th; actual mechanism of the
rcactiorr involved (Samson et al., 1987b). With the increased availability of the specific
enzymes, made .Bossiblc by"éomml over the expression ‘of the cloned structural genes,
X-ray crystallography of the protein_s will bc possible and may give further insight into
specific reaction mecﬁ‘anisms. Isolation of structural genes as well as the regulatory
sequences that cortrol their expression in the producing organism will also fﬁcilitatc an
analysis of the regulatory sequences. The knowledge gained from such investigation
may enable mariipulatiorl of the comroI' lr)echanispns that exist, and in so doing may
greatly facilitate improvemcnt'of éx_isting industrial strains.

| With several of the above mentioned goals in mind, progress has been made in our
| laboratory toward the biochemical and molecular genetic characterization f the )
pemcﬂhn/cephalosponn/ccphamycm pathway in S. clavuligerus. TR thes s reports the

cloning and nucleotide sequence dctermmatlon of the IPNS gene from S clavuligerus.

T .7



I. MATERIALS AND METHODS
IL1 MATERIALS

B_s 5- (L-a-ammoadlpyl) -L-cysteinyl-D-valine (blS -ACV) was synthesxzed as
described prev1ously (Wolfe and Joé;n 1979; Jensen et al., 1984).

The éopmputcr software used for the analysis of DNA and profqi.msec@nces was
MacGene, ’&pplied Genetic Technology, Inc. The IFIND prograrp of Bionet
IntelliGenetics, Inc. was used for similarity determinations at the nucleotide lei'el A
program for the analysis of proteln coding regions, adap\ed for the IBM mlcrocomputer
B and bascd on the FRAME program of Bibb er al. (1984), was generously provided by
Dr. B. Welsblum University of W1sconsm The program was adapted for our useion
the Apple MaclIntosh by C. Jensen.

Restriction ‘;ndonuoleascs and T4 DNA ligase were purchased from erther
Boehringer Mannheim or Bethesda Research Laboratories, Inc. Eschgrichia coli DNX'
' polymerase I large fragment and polynucleotide kinase'(frorn T4 infected E. coli B)
were purchased from Pharmaﬁia. Calf intestinal alkaline phosphatase was purchased
from Boehringer Mannheim. All enzymes were used according to the speciﬁcations of

/ -
the manufacturer. =

— )
The oli gonuclcondc probe deduced from the first round of amino acid sequencing
was provided by P Denms Umversny of British Columbia. All other oligonucleotide

2
probes, specific oli gonucleondc primers and universal M13 sequencing primers were

obtained from the Regional DNA Synthe51s Laboratory Zlmvcrsrty of Cal; gary, Calgary,
Alberta, Canada. ' |

Deoxynucleoside mphosphates and dldeoxynuclcomde mphosphates were ' " '
purchased from Pharmacia. |

"Sequenase" sequencing kit was purchased from United States Biochemical

22
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Corporation.’ |
[«*?P]dATP and [P2P]ATP were purchased from Amersham. . =
Hygromycin B was purchased from Boehringer Mannheim and thiostrepton was a
: ‘_ gift from S. Lucania, Squ1bb & Sons, Inc. -
All other chermcals were of reagent gradc
.2 BACTERIAL STRAINS CULTURE CONDITIONS, PLASMIDS AND
PHAGES
Strepzomyces clavulzgerus NRRL 3585 was maintained owo@auon agar as
described prcv1ously (Jenscn etal., 1982a) Spore stocks were prepared in two ways.
Glycerol stocks were prepared in the following manner: using a sterile spatula spores
were s»craped from colonies on sporulation agar plates, the spores were suspcndcd in -
sterile 20%(v/v) glycerol, the spore sﬁspenéion was filtered through non-absorbent
cotton packed loosely into a pasteur p\i:péttq, and finally the spores were dispensed iﬁto
| sterile plastic screw capbed tubes (NUNC Labldra"tc_)xics) and s'to}cd at -700C. The

number of viable spores per ml of suﬁpcnsion was determined by serially diluting the
suspensmn in sterile dlS[lllCd H,0 and platmg 0.1 ml arnounts on sporulanon agar

~ plates.. Colony counts deterrrnncd that spore stocks contamed 107 to 108 v1able -
spores/ml. Lyophlhzed spore stocks were prepared by suspending the scraped spores in’
20%_skim milk (Difco); dispensing the solution imQ lyophilization vials and
lyophilizing. Viable spores were not enuvmcratedbin this case. | »
| Streptomyces cla_vﬁligerus NTG lisa mutant of S. (;Iavz;liger,_us NRRL 3585
which was produced in our laboratory by N'-methyl-N'-nitro-N-nitrosoguanidine
mutagenesis. The mutant does not produce detectable amounts of cephamycm Cand
appears to be spccxﬁcally defective in IPNS productlon (unpublished observation).

Strep_tom_yces lividans 66 (stock No. 1326) was obtained from the John Innes Institute,
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and ‘was mamtamed and stored as described above for S. clavuligerus.

‘ FOr‘tmhe prepar:ation of enzyme extracts and genornic‘ DNA, S. clavuligerus was |
CLﬂtivated on 'utypticase soy broth (BBL) conta.inin g 1%(yv/v) soluble starch (T SBS)
Two 25 m] amounts of TSBS in 125 ml flasks were inoculated wrth lyophxhzed spores
and mcubated for 48 h at 28°C and 250 rpm. This seed culture was transferred at ’

X ‘{.2%(v/v) into 21 of fresh ,TSBS, (100 ml amounts in 500 ml flasks) and'incubated for .a
further 48 h at 28°C and 250 rpm.

For the p"re'paran'on of protoplasts S. clavuligerus NTG 1 was cultivated initially
on tryptxcase soy broth contammg 1%(v/v) glycerol (TSBG). One 25 ml amount of |
’ TSBG u{ al2s ml ﬁask was inoculated with lyophxhzed spores and incubated for 48 h at
| 28°C and 250 rpm ThlS seed culture was transferred at 2%(v/v) into 200 ml (8 25ml .
_amounts in 125 ml flasks)-of a comp]ex medJum containing 1. 2%(w/v) trypticase soy
broth, 0. 18%(w/v) Difco yeast extract 0. 18%(w/v) Difco malt extract
0. 24%(w/v)D1fco Bacto peptone, 0.6%(w/v) glucose, 0. 4%(v/v) glycerol, 2014%(w/v)

| sucrose 0.5%(w/v) glycine and 0. 1%(w/v) MgCl -6H,0 (Balley and Winstanley,

1986) The cultures were’ mcubated for a further 48 h at 28°C and 250 rpm. For the

preparation of protoplasts S. Lividans was cultwated as descnbed by Hopwood etal.

(19853) . -
Esherzchza coli MC1022 (Casadaban and Cohen, 1980) was obtamed from M.

kS
Ve

Mevarech, Tel Avrv&lmversny, and competent cells were prepared by the method of

: Morrison (1979). E. coli IM109 competent cells and pIaung cultures were purchased

..'\"

o e ’,!(J.
from Stratagene Clonin g Systems and E. colz DHScx competents;é‘lls were purchased

. from Bethesda Research Laboratones Inc. All strains were mamtamed as described by

t . »
Yanisch- Perron et al. (1985). . .

The plasmids used in this study were obtamed ffom Qle followmg sources

-
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pUC119 was a gift from J. Vieira, Waxman Institute of Microbiology, Rut’gers"

Univcrsity; plJ941 (Lydiate e d]., 1985) was a gift from D. Hopwood, John Innes

Institute and pBR322 (Bolivar er dI., 1977; ,Su.tclif.fe, 1978) was obtained from ATCC.‘
i’hages M13mp18 and M13mp19 (Y anisch-Penon etal., 1985) were purchased g

from Boehringer Mannheim and phage A was purchased from Pharmacia.
| Ekéherichia coli strains containing pUCl 19 were grown in LB brqth-(Mil.ler,
-1972) or on Difco MacConkey agaf both‘supplemented with 50 pg/ml ampicillin. E.
coli strams/harbormg M113 nhages were grown in 2YT broth or on YT agar plates
(Mﬂler 1972) supplenented as needcd with Xgal and IPTG.
I3 PREPARATION OF L'ENOMIC DNA .

Streptomyces clavuligerus genomic DNA was isolatéd using a procedure based
on that of Hopwood et al. ( 1985a). ince rhinor modifications were made throughout,’
: _thé entire procedure is outlined below. The cells were grown as described above and |

ha}vested by'ﬁln"atjon through Whatman #2 filter paper. One gram (wet weight) of
mycelium was resuspended in5 ml of 10 mM Tris- HCl, pH 8.0 contammg 1 rnM EDTA

(TE buffer) in a 50 ml screw cap tube Lysozyme was added to a final concentration of - -

2 mg/ml and swuled to dlssolve The lysozyme mixture was incubated at 30°C until a
drop of suspensmn was cleared upon addmon of a drop of 10% SDS. A solution of
EDTA {0.5 M, pH 8.0) was added to give a ﬁnal concentranon of 0. 1 M, mixed gemly,

and then pre -digested pronasc solutlon (10 mg/ml in water prc dlgcsted by mcubauon at

30°C for 10 min) was added to give a final concentration of 0.2 mg/ml. This was mlxed-

gently and incubated at 30°C for 5 min. Sodlum dodecyl su’lfatc was addcd to glvc a
final concentration of 1%(w/v) the tube was tilted immediately to mix and the solution
was incuhated at 37°C until complete clearing was achieved (1 -2 h). An equal volume
: -:of equilibrated phenol (467 ml liquified phenol, 0.5g 8-hydrox$1quinoline, and 65 ml of

o

ki
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"TE buffer contalmng 0.1M NaCl) was added and rmxed by thorough shaking for 10 min

at 210C. The same volume. of chloroform was added and mixed by shalcmg The -
| suspensmn was then cenmfuged at lOOO xg for 10 min at room temperature and the
. aqueous phase was carefully transferred with a shortened Eppendorf pipett_e tip to a fresh
screw cap tube. Five milliliters of TE buffer containing 0.1 M NaCl was added to the
phenol phase, mixe 5y shakin g and centrifuged as above. This aqueous phase was
then combmed with the aqueous phase obtained from the first extraction and the pooled
aqueous phases were re-extracted with equilibrated phenol and chloroform as described
above. Traces of phenol were removed by extracuon of the aqueous phase with 2x 6 ml
.of chloroforrn and the aqueous phase was transfened to a pre- wewhed tube. The tube

' p]us sample was weighed and DNase- free RNase [1 mg/ml in 20 rnM Tris-HCJ, pH 75

containing 1 mM MgSO4, 100 mM NaCl and 0 01%(w/v) gelaun] was added to give a.

ﬁnal concentration of 40 pg/s of DNA soluuon
- After mcubann at 37°Cfor 1 h, 0.25 ml of 5M NaCl was added and mixed, and
then 30% PEG 6000 was added to a final conc&’ganon of 10%(w/v) The soluuon was
| mixed gently untl the DNA prec1p1tated (about 1 min) and the DNA was then spooled

: ., “ontoa glass rod, air dried, transferred to a fresh tube and dmsolved in 5 ml of TE buffer

When the DNA was completely dlSSOlVCd (after overnight mcubauon at 4°C), 0.6 ml 3
M sodium acetate and 12 ml 98% ethanol were added and mixed. The DNA, whrch ‘
preorpltated 1mmed1ately, was spooled onto a glass rod and transferred to a fresh tube
| where 1t was washed with 2 ml of 70%(v/v) ethanol. The ethanol was removed by air
drying; the DNA was dissolved in 2'ml of sterile TE buffer and stored at 4°C
114 KINASE LABELLING OF OLIGONUCLEOTIDE PROBES

Each oligonucleotide probe (0.5 ug) was labelled with lOO uCi [732P]ATP usmg

“T4 polynucleonde klnase accordm gtothe recommendatmns of the manufacturer The
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labelled probe was separated from the unincorporated [:132P]ATP. by gel filfratdon
chromatography on a lO ml Sephadex G-50 column. The probe was further purified by
filtration through a disposable syringe filter unit (Millex HA, 0.45 .p.m).

I.5 PROBING GENOMIC DNA | |

I.5.1 Preparation of Genomic Blots

Aliquots of S. clavuligerus genomic DNA, each containing 2.5 ng of DN‘A;were
digested singly and/or doubly with a variety of 6-base specific ’resm"cn'on endonucleases,
and the fragments were sepérated by electrophoresis in a 1% agarose gel as described in
I1.12.2. The separated DNA fragmemsvwere trapsferred to nitrocellulose (S'chleicller &
Schuell, Inc.) by the method of Southern (1975) as described by Mamaus et al. (1982).

IL.5.2 Genormc Blot Hybndxzauon Procedure A |

Each nitrocellulose filter was placed in a heat-sealable, plastic bag (Dazey Corp )
and sufficient prehybridization buffer of the following composition: 0.9 M NaCl
containing 0.09 M’sodiUm citrate (6XSS8C), 0.5% Sl)S, 5X Denhardt's (Denhardt,
1966) was added to cover the filter when it was laid in a hor'lzontal positicu. The bags
were sealed after‘air was removed and then incubated at 65°C for 2 h.

Hybndlzauon was preformed by replacmg the prehybndlzamon solutron with

: hybndlzatron solution (prehybndrzanon solution,containing 10 mM EDTA and about 60 A

| uCi of 32P-labelled probe). The filters were hybridized overnight at 42°C and then
 washed twice in 2XSSC and twice in 0.2XSSC sclutions for 30 min at 420C. The
~ﬁ1ters were air dried and autorédio_graphed (-70°C) using Kodak X-OMAT AR film. &{’
I1.5.3° Genomic Blot Hybridization Procedure B | | |
Genormc DNA blots (nitrocellulose ﬁlters) were- prepared as descnbed for
procedure A, however prehybndlzanon and hybndlzauon conditions were altered to

mcrease the smngency of hybndlzatlon as follows: prehybndrzanon solutlon contamed

-
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30%(v/v) formnmide, 6XSSC, 1X Denhardt's, 0.1%(w/v) SDS, and 50 pg/ml sonicated
salmon sperm DNA (Sigma); prchybn'diiation was performed for 2 h at 55°C;

hybridization solution cqnsisted of fresh prehybridization solution contzijning about 8-10

nCi of labelled probe; hybridization was performed ovemi ght at 55°C; filters were
washed twice in 6XS§C and twice in 2XSSC solutions containing O.l%(w/v)' SDS and
309%(v/v) formamide for ‘1 h at 55°C.

1.6 LIBRARY CONSTRUCTION

1I.6. 1 ‘Bglll and Sall Insert Preparation by Elcctroelunon

Streptomyces clavuligerus genomic DNA was dl gested totally wnh Bgll. The
_ total digestion was done using 397 ug of DNA in a volume of 360 wl, and a final

concentration of O 25 units of enzyme/pg DNA in the buffer recommended by the
suppher Following digestion the fragments were separated by preparative gel
electrophore51s inal% agarose gel using a TEA buffer system as described in (L12.1).
The region containing fragments of 7-9 kb was exmsed and transferred to d1a1y51s tubing
containing TEA, and the fragments were electroeluted from the agarose as descnbed by
Maniatis er al. (1982). Followm g the electroelutlon the DNA was c'oncentrated and |
| purified by passmg it through an Elutip column (Schlclcher & Schuell, Inc.). The DN A

was preCipltatcd usmg two volumes of 98% ethanol, dried under vacuum and
-

redissolved in 40 ul of disu'lled H20 ata ﬁnﬁ conce,ntration _of approximately 0.25 ug/ul.

The eIectroeluted DNA was then dlgested with Sall usin g about 0.21 units of enzyme/ug
«of DNA 1n the buffer recommended by thc supplier. Followmg dlgesuon the DNA was’

elecrrophoresed and fragments of approx1mate1y 2 kb were excised and electroeluted as

RS

{0

descnbed for the Bg/ll fragrnents After prcmpnanon the DNA was redlssolvcd in 10 ul

' Qf distilled H,O0 to a final concentration of approximately 0.1 pg/p.l. :

Y T }
L .
. < S
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1.6.2 Bgll Insert Preparanon by Sucrose Gradlent Punﬁcauon ' |
Streptomyces clavuligerus genomic DNA was digested totally with BglIl as
' described above, and following dlgestion the DNA solution was extracted twice with an
equal volume of equilibrated phenol and then twice with 3 volumes of ether. After
ethanol precipitation with 2 volumes of 98% ethanol, the. DNA was dried and
redissolved in 0.2 ml of TE buffer containing 160 mM NaCl. The restriction fragments
were then purified by preparative sucrose gmdient centrifugation. Gradients containing
12 ml of 5-20% sucrdse in TE Buffer +160 mM NaCl were prepared aud cooled to 4°C.
The DNA solution was carefully layered on top of the gradients (B2 ml/12ml gradient)
and the gradients were centrifuged at S0,000 ;cg for 14 h at 40C. Immediately after
centrifugation, the gradients were fractionated by repeatedly femeving 0.4 ml aliquots
. from the top using an Eppendorf pipette. The DNA was precipitated with 98% ethanol

~as described above, dis,solved in 30 ul TE and'stored af -20°C. A fraction enriched fo.r
fragments of 7-9 kb was used for library construction. |

163 Partial Sau3Al Insert Preparation

Genomic DNA from S. clavuligerus was partiully digested with Sau3Al using a a

procedure based on that of Maniatis er al. (1982). Fragments with an average size of 10

kb were produced by digestin g 220 pgof S. clavuligerus DNA with Sau3Al at a final
f

concentrauon of 0.8 units of enzyme/pg DN Ain the buffer recommended by the enzyme

suppher After digestion the DNA was extracted, first with an equal volume of

 equilibrated phenol and then twice with n -butanol to remove traces of phenol and to

reduce the volume. The digested DNA was then prempxtated by addition of two volumes
of 98% e'hanol and redissolved in 0.2 m! of TE buffer containin g 160 mM NaCl.. The
partial restriction fragments were. then purified by preparative sucrose gradient -

centrifugation as described above. A fraction enriched for 10 kb fragments was chosen
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for library cohstruction.
I1.6.4 Vector Preparation (A
Two microgrém amounts of pUC119 were digested separately with BamHI and
Sall, treated with calf intestinal alkaline phoisphatasc (according to the recomrhchdan'ons
of the suppligr), and then extracted twice with an eqhal volume ‘of phenol:chloroform(1:1
v/v). These digested ﬁiésmid preparations were then extracted once with an. equal

volume of chloroform, and precipitated with 98% ethanol as described above. The

BamHI digested and Sgﬂjdigestcd vector DNAs were then redissolved sepdrately in

- distill_éd H,0 at a final concentration of 0.1 pg/pl.

.65 Li gatidn of DNA and Transformatibn of E. coli

Thc cléctrocluted”SalI cnnchcd for fragments of about 2 kb was ligated,

using a standard procedure (Mzhiatis er al., 1982), into the Sall sne of pUCl 19 using an

insert to vector ratio of about 2.1 and a final DNA concentration of about 0.04 pg/ul. The
]}gated’r'ecombinant DNA was used to transform E. coli MC1022 competem cells (see

L4

II.2) according to the\gcthod of Morrison (1979) and the transformants were plated on

MacConkey agar plates éﬁpplemented wit‘h 50 pg-ampicillin/ml. |
Thc electroeluted Bg/ll DNA, and the Bg/ll DNA preparcd by spcrose gradJem :

punﬁcatlon enriched fogfragments of 7-9 kb was ligated separately into the BamHI site

of pUC119 using an insert to vector ratio of aibout 2:1anda ﬁnal DNA concentration of

0.02 pg/ul. The ligated DNA was used to transform E. coli MC1022 as described above.
The 4Sau3AI partially di gested genomic DNA preparatign enriched‘ for fra gfnems of

about 10 kb was ligated, as\abové, into the BamHI site of pUC119 usingan insertto

- vector ratio of 2:1 and a final DNA concentration 0.04 p:g/ul. The ligated recombinant

plasmid preparation was used to transform E. coli IM109 competcﬁt cells according to
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the recorilmendatione’ of the supplier, except thar transformed cells were plated on
MacConkey plates supplemented with ampicillin instead of LB/X gal/amprcﬂlm plates.
| II. 6 6 Storage of Transformants
| Master plates were prepamd by transferring colonies containing recombinant
~ plasmids (lactose negative) onto LB agar plates supplemented with arbpicillin in an
- ordered array. Individual colonies were also stored in LB amp1c1llm broth plus 20%
glycerol in sterile microtitre dishes at -70°C.

I1.7 SCREENING OF LIBRARY COLON]ES BY COLONY HYBRIDIZATION
I1.7.1 Preparation of Transformant DNA Filter Reproductions

L]

Filter reproductions of tDordered master plates were prepared by placing

zi\

mtrocellulose filters (Millipore HATF, 0.45 um) on LB agar plus amprcxlhn plates,
transférring the colonies with sterile toothpicks from the master plates to the
nitrocellulose filter plates, and incubating overnight at 37°C. The filters were then

~ removed from the plates and treated to lyse the colonies and bind the liberated DNA as’
described by Maniat:is et al. (1982), except that after neuﬁ'alization the filters were -~
soaked in 2XSSC and the colony debris was removed by gentle rubbmg with a gloved
“hand. - ’ ‘ =
I.7.2 Colony Hybridization Procedure A _ ‘

Each filter was placed in a heat-sealable, plastic bag (Dazey. Corp.) and then 3 ml
of prehybridization solution, as described in I1.5.2 above, wer\e added. The bags were

sealed after air was removed zlnd then incu‘bated at 65°C for 2 k.
‘ Hybridization was.preformed by replacing the pnehybridizatié)n solution with 2.5
ml of hybndlzauon soluuon as descnbed inIL5.2 above, contammg about 4-8 pCr of \

32p_jabelled probe The ﬁlters were hybndlzed overnight at 420C and then washed as in
I1.5.2. The ﬁlters were air dned' and autoradxographed (-70°C)_ using Kodak X-OMAT

L]

‘
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AR film. - _ " -
I1.7.3 Colony Hybridization Procedure B .
Each filter was placcd in a heat-sealable, plasuc bag (Dazey Corp. ) and-then 3 ml
of prehybridization solution, as described in I1.5.3 above, were added. The bags were
f

sealcd after air was removed and then mcubated at 55°C for2 h

- Hybridization was performed by replacing the prehybridization solution with 2.5 ‘
ml .of hybridization solution (fresh prehybridization solutioh containing about 4 uCj of
32P-labelled probe). The filters were hybndlzed overnight at 55°C and then washed as
described in II. 5 3. The. ﬁlters were air dried and autoradlographcd (- 70°C) using
Kodak X- OMAT AR film. ‘ .
I8 IDENT]ZFICATION OF HYBRIDIZING FRAGMENTS FOR |
SUBCLONING
Plasmid DNA isolated from the hybﬁdiﬁng clones was digested with some or all
of the 6- base specaﬁc resmcuon endonucleases EcoRI, Hindlll, Psl, Sstl, Sall, Sp}zI
Smal, and KpnI and/or with the 4-base specific restriction endonucleases Alul, CfoI
Sau3Al, Tan and Mspl. The dxgests were electrophinresed on a 1% agarose gel and the |
separated DNA fragments were transferred tc nitrocellulose (Schlelcher & Schuell, Inc ). 7
Prchybnd.lzatlon hybndlzanon and washmg was performed elthcr according to I1.5.2
or I1.5.3, and autoradxography was carried out as descx:xbcd above. |
0.9 ISOLATION OF SUBCLONES FOR~DNA SEQUENCE
DETERMINATION : .
I19.1 pUC119 Subclone Isolation
~Hybridizing fragmgnts, ident_iﬂ?d as described above, were subcloned>in‘i5‘

pUC1~i'9 either by ligating restriction fragments, transforming E. coli with the ligation
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rni)-cture, and identifying the appropriate subclone by colony hybridization as described _
above; or by cloning the purified hybridizing fragment after i‘solation by electroelution
from a 5% polyacrylamide gel erlto DEAE nlemiamhe (NA-45, Schleicher & Schuell,

Inc.) using the band’interception method of Lizardi er al. (1984).

1.9.2 M1 ubcione Isolation ¢ '
Ce ndlzlng fragments were subcloned dlrectly into the M13 vectors mpl8-

and 14pr9 rather than into pUC1 19, usmg a shotgun method and appropriate subclones
were identified by dot blot hybndlzatlon as described below.
I1.5.3 Dot Blot Hybndrzatlon ,
Single stranded M13 phages containing hybndxzmg S. clavulzgerus genomic DNA
fragments were identified by dot blot hybridization. E. coli cells harborin g the double
stranded repﬁcative form (RF) of the M13 recombinant phage were inoculated into 2YT

broth by touching a sterile pick to the center of each plaque and then immersin g the pick

in the broth. After 6-8 hours incubation at37°C the broth cultures were transferred to

1.5 ml Eppendorf rmcrocentnfu ge tubes and the cells were pelleted Twenty ul ahquots
‘of the supernatants, which contamed the smgle stranded recombinant phage, were
. spotted on nitrocellulose ( Sch]elcher & Schuell Inc.) in an ordered array using a dot
blot apparatus (Bethesda Research Laboratones Inc.) and the filter was baked for 2
hours_ at 80°C in a vacuum oven. Prehybridization and hybridization with the
32p_]abelled probe were then carried out as described in 11.5.2.
I1.9.4 C-test to Identify Covmplementary Single-stranded M13 Phages

To test whether two smgle -stranded M13 recombinant phages had §. clavulzgegus

DNA inserts complementary to each other 20 ul of the phage supematants, prepared as

1 described in I1.9.3, were mixed, SDS was added to a ﬁnal concentranon of 1% and the

solution was mcubated at 65°C for 1.5 hours. Each solutlon comammg mixtures of two
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phages, wg then electrophoresed on a 1% agarose gel alor;gg with the individual
recombinant phages as markers. Mixtures that cohtaincd complementary phages ST]OWCd

a band which migrated slower than either of the recombinant phages alone and Wthh

rcprcscnted the annealcd complementary phages.

I] 10 DNA SEQUENCE ANALYSIS,

DNA sequcncm g was conductcd by the chain tenmnauon method of Sangerer al. {

© (1977). In order t0 conduct DNA sequencing, appropriate small DNA fragments of

hybridizing clones were subcloned into pUC1 19 or directly into M13 mp18 and mp19
Y amsch Perron et al., 1985) either by a shotgun method or after electroelunon from .

polyacrylamide gels as descnbed above. Competem celI)s of E. coli were transformed

’wnh pUCI1109 as dcscnbed above. Appropriate pUC119 tmnsformants were 1dennﬁed

by rcsmcnon ana1y51s of plasmid DNA, isolated as described below in I.11. 1, on either
polyacrylarmde or agarose gels.

Once the pUC119 subclones of interest were identified, the i Inserts were
transferred from pUC119 1nto the M13 vectors mp18 or mp19 (Yamsch Perron er al.,

1985). Competent E. coli JM109 cells were transfected with the M13 vectors

- dccording to the recommendations of the supplier. Appropriate recombinant phage

containing fragments shotgun cloned into M13, without having first been subcIonca into
pUCI119, wercﬁidenn’ﬁcd by dot blot hybﬁdjzation. Single ﬁmndcd M13 témi)late DNA
was prepared as recommended by International Bioteéhndlogies; Inc., for their rapid’
deletion cloning system. | | |
i?ideoxy sequencing reactions were conducted using the cornmcrcially aviﬁlablé -
universal M13 sequencing paimer and the spcc1ﬁc oligonudleotide pnmers
CGCCGCCGCGAAGAAG and GGCCGTI‘C’IT GACGAT (which permmed

sequencing of two regions of pBL1 without obtaining suitable overlappin g subclones),
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and all re.actions employed [032P]dATP as the radioactive tracer as descﬁbed by Sanger
etal. (1977). Labelled fragments produced i in the sequencm g reactions were separated
electrophorencally on 6 or 8% polyacrylanude (38:2, acrylarmde N,N'- methylene
b1sacry1armde) - 8.3 M urea gels using a TEB buffer system (60 mM Tris-HCl, 1 mM
EDTA, 60 mM borate). Compressions in the 'banding pattern were relieved by analyzing
secjuencing reaction mixtures on gels containing 7 M urea and 40%(v/v) formamide
(Martin, 1-987). In addition compressions were also relieved nsing the commercially
available " Sequenase " sequencing kit which contains reaction mixtures with dITP in
place of dGTP (Bames et a'I 1983). Visualization of fadioactive bnnds in sequencing :
gels was performed by autoradlography (-200C) usm g Kodak X OMAT AR ﬁlm

.11 ISOLATION OF PLASMID DNA

Escherzc)hg coli and Streptomyces plasmids were both isolated using alkaiine lysis
procedures. | | |

0.11.1 Isolation of E. coli Plasmids 7

Esche‘richia.coli plasmid DNA was isolated by a modiﬁcationlof the method of
Birnboim and Doly (1979) as described by Maniatis er al. (1982).

I.11.2 Isolation of Streptomyces Plasrnids _ |

Streptomyces plasmids were isolated by the method of Kieser (‘1984) as described
by Hopwood e al. (1985a). |

‘ I1.12 RESTRICTION FRAGMENT ANALYSIS
" IL17.1 Polyacrylamide Gel Electrophoresis |
- DNA frégments of 75-700 bp were subjected to electrophcresis on 5%(w/v)

polyacrylarnide gels using a TEA buffer system (40 mM Tris-acetate, | mM EDTA, pH

-8.0)." Appropriate molecular weight markers were Hinfl fragments of pBR322.

B
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IL12.2 Agarose Gel Electrophoresis
DNA fragments in the range of 1-14 kb were subjeded to electrophoresis on 1%
agarose gels using the TEA buf’fer system described above. Appropriate moleCMar
weight markers were BstEII fragments of A phage. |

IL 13 PROTOPLAST FORMATION AND TRANSFORMATION OF TI—IE
IPNS GENE INTO S. CLAVULIGERUS NTG 1

Protoplasts of S. clavuligerus NTG 1 were prepared using the procedure of
Hopwood et al. (1985a) as modified by Ilhng et al. (1986). * All procedures were carried -
out under aseptic conditions. Cultures (25 ml) were harvested by centrifugation for 15

min at 27 ,000 xg at 210C q;nd washed with 10 ml of 0.3 M sucrose. The washed cells

" were resuspended in5ml of 0.3 M sucrose, homogemz.ed briefly (nssue gnnder size 23,

Kontes Glass Co.) and diluted with 5 ml of 0.3 M sucrose. The cell suspensions were

centrifuged 10 min as described above. The mycelia were resuspended in 4 ml of

lysozyﬁe solution [1 mg/ml lysozyme dissolved in P buffer of the fellowing

composition: 0.3 M sucrose, 0.57 mM K,SO,, 48 mM CaCl,, 25 mM MOPS, pH 7.2,
' ~

- : ) ‘ |
0.59 M ZnCl,, 1.48 uM FeCly, 0.12 uM CuCly, 010 xM MnCL,, 0,052 uM Na,B,O,

0.016 uyM (NH,)¢Mo,0,,, 1%(w/v) bovine serum albumin] and were incubated for 15

" min at 28°C with gentle swirling at 50 rpm. The solution was titurated three times with

a5Sml plpette before and after the addition of 5 ml of P buffer The solution was filtered
through non-absorbent cotton into fresh screw cap tubes. The protoplasts were pelletted
by centnfuganon for 10 min at 1 ,500 xg and washed with 5 ml of P buffer. The -

protoplasts were resuspended in P buffer and counted using a hemacytometer

~ (Bright-Line, AO Scuenuﬁc Instruments Inc.).

Alml ahquot containing 2.5 x 10° protoplasts was cenmfu ged as descnbed
above and the pel]et was resuspended in a drop of P buffer remainin g afterthe:
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. supernatant was decanted. ’I'he protoplasts were then transformed by mlxmg them with

1.5 ug hgated plasmld DNA, in the presence of 0.5 ml of T buffer [P buffer contammg

25 %(w/v) PEG 1000 in place of the bovine serum albumin]. The hgated plasmid DNA

was constructed by comblmng, ina 2-1 ratio, pBL1 and plJ941, each digested with

. EcoRI and Pstl. 'I'he uansformanon mixture was pipetted gently to mix and it was then
incubated at room tempe - “ure for 30 sec bcfore the addition of 5 ml P buffer. The

E transformed protoplasts were centnfu ged for 10 min at 1,500 xg and plated on

regeneration agar: 0.5 M sucrose, 0.58 mM K2804, 59 mM sodium glutamate,}AS rnM' -
CaCl,, 25 mM MOPS, pH 7.2,0.20 mM Mgso4, 0.29 uM ZnCl,, 0.74 uM FeCly,
0.059 |.1M CuClz, 0. 051 uM MnCl,, 0.026 xM NazB O,, 0.008 uM (NH4)6M07024,

- 1%(v/v) glycerol 0.1%(w/v) D1fco Casaminoacids, 0.5%(w/v) yeast extract contammg

2%(w/v) agar (R2YE) and overlayered after 40 h of incubation at 28°C with RZ’}'E soft

agar [O 6%(w/v) agar gontammg thlostrepton at a final concentration of 5 ug/ml}.

,Colomes be@g' oY

e»

O bmant plasmids wert identified by lack of growth on YEME

'contalmng 1% ﬁy&ﬁeﬁ@{; 5 ng/ml thiostrepton and 200 pg/ml hygromycm Bdueto >

insertional i 1nacuvanon ef the hy gromycin ggsistance gene )
II.14 PREPARATION OFCELLFREEEXTRACTS - N
Forty eight hour(idiophase) cultures of S. clavuligerus NRRL3585, and S. -
clavuligerus NTG1 (with and without plac +id) .grown on TSBS were har;/ested by
filtration throngh Whatman #2 filter pap - washed with 1 1.of 0.05 M Tris-HCl
_buffer, pH 7.2 containing 0.1 mM DTT anc 0.01 mM EDTA (TDE buffer). Washed |

cells were resuspended in 200 ml of TDE contammg 10, M trans-epoxysuccmyl -L-
leucylamido- (4 guanldmo) butane (E 64 Sigma Chermcals) Cell-free extracts were

J

prepared by sonication of washed cell suspensmm for 2x 15 sec at intensity setting 7

|
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(Sdniﬁer Cell Disruptor 350, 0.75 irrch diameter probc, Branson Sonic Pdwcr Co.).
Broken cell suspcnsibrrs were centrifuged for 15‘ min at 27,000 xg, and supernatants ‘
were stored at -70°C. '
II 15 PARTIAL PURIFICATION AND CONCENTRATION OF PROTEIN IN
‘ CELL FREE EXTRACTS
Solid smeptomycin sul’ate.wa's gmdually added to cell-free extract with gentle ’
‘ vsurnng at 40C to a final concentration of 1%(w/v) After 15 min at 4°C the suspension
was ccntnfu ged for 15 min at 17,000 xg and the pellet was discarded. Sohd ammonium
. sulfate was then added to the supcmata‘ﬂt as descnbcd abov¢ and that material
preéipitating between 50% and 70% saturation was cr)lle‘ctc'd by centrifugation. The
- pellet was resuspérlded irr 10 ml of TDE buffer. - | |
IL16 ASSAYS S
‘10.16.1 Isopenicillin N Syrlthasc (IP#\IS)Assay
The conversion of ACV to i;sépenicillin N was rr]ea_surc;d in reaction mixtures

'contain;'ng: 0.287 mM bis-ACV,'4 mM dithiothreitol (D’I'F) 2.8 mM sodium ascorbate,

45 M FcSO4, 0.05 mM Tris-HCl buffer (pH 7.2), and enzyme to give a final volume

of 40 pl (Jensen ez al., 1986) Reacmon rruxtures were 1ncubated for 10 60 min at 20°C .
anc[i terminated by thc addition of 40 ul of methanol Product formauon was mcasured

by HPLC‘\\z\r]ysrs or by agar dlffu51on bloassays usmg Micrococcus luteus ATCC 9341
~(Jensen et;al., 1.982a). Wh?E the enzyme source was a resuvsperlsron. of ammoruum o :
sulfate precipitgted proteinv, control reactions lackin g substr?te weré i luded to ensure

that the zones of inhibition were hdt’duc to ammonium <u1féte. |
© IL162 Protein Assay

Protein was assayed f)y the method of Bradioiu (1976) using the microassay .

" described by the reagent supplier, Bio-Rad Laboratories, Inc. Boyine gamma globulin.
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was used as a standard. _ o
I1.16.3 Enzyme-Linked Immunosorbent Assay (ELISA)

~ The ELISA was performed using a modification of the double antibody method of
Douillard and Hoffman (19835. Since modifications were made at each step, the entire
procedure is outlined in detail. Ascites fluids containin g mouse monoclonal antibodies
were generously provided by Dr. Y. Aharonowitz, Tel Aviv University. Each ascites
fluid was provided asa '50% ammonium sulfate saturated solution, which was _
centrifuged 30 min at 17,000 xg: The supernatants were discarded and the pellets 'u/ere
resuspended in 0.01 M phosphate 0.15 M NaCl buffer (PBS) to half the volume of the

‘ original 50% ammonium saturated solution. The resuspended antibody solunons were

then dlalyzed extensively against 3 changes of PBS at 4°C and were then divided into
&

100 ul ahquots and stored at -70°C.
I1.16.3.1 Antigen Immobilization

" Fifty to one hundred pl ahquots of soluble antigen, either crude cell free extract or
partially-purified IPNS samples in the form of Mono Q (Pharmac1a) anion exchange
column fracuons prepared as described by Jensen er al. (1986), were dlspensed 1nto the

~ wells of a 96-well flat bottom nucroplate (Immulon 1, Dynateck Laboratorles Inc.).

Before addmon to the wells the antigen was diluted to a ﬁnal concentration of about 20
ng/ml in carbonate blcarbonate coupling buffer of the following composition: 0.015 M

Na,CO,, 0.035 M NaHCO,, pH 9.6. The plates were incubated ovemight at 4°C, and

then washed three times with PBS containing 0.05% Tween 20 (Sigma). Washing was
_performed using an automatic Titertek Mlcroplate Washer (Flow Laboratones Inc. )

11.16.3.2 Blocking

After antigen unmoblhzanon, the remarnmg electrostatic sites of the polystyrene ** * ™



/ v - , - 40
T " | glatcs‘were/blocked by the addition of 250 ul of PBS containing 0.5 mg/ml gelatin
@ﬁco) ar%dQO’S% Tween 20 (blocking buffer). The plates were incubated at room
teﬁlperarum for 2 h, washed 3X with PBS+0.05% Tgeen 20, and dried by brisk
inversion on'a paper towel. | ‘ ©

I1.16.3.3 Primary Antisera Addmon

Flfty micrgliter aliquots of appropriate dilutions of antibody (deterquned
empirically) were dlspensed into the wells of the rmcrotner plate, and the plates were
incubated ovemlght at 4°C Dilutions of antibody were made in b'lockmg buffer. After
overnight incubation’ the plates were washed 3 times with PBS+O 05% Tween 20, and
dried as described above. , |

1.16.3.4 ’Addition of Enzyme-Labelled Second Antibody

Horseradish- -peroxidase conJu gated affinity punﬁed goat anti-mouse 1gG (Bio/Can

Scientific, Inc ) was used for screening with monoclonal anubodles raised in mice.

Fifty ul aliquots of enzyme -labelled antibody, diluted 1 1000 in blocking buffer, were
d.rspensed into the wells angj the plates were mcubated 3 h at room temperature. The
, plates were then washed 4 umes *and dried as descnbed above

1% N

II 16. 3 5 Substrate Addmon ' ¢ -

P The substrate solution was prepared by diagolx'{ing o-phenylenediamine (BDH
Chemicals, Ltd. ) in 0.1 M citrate buffer, pH 5 O to a final concentration of 4.62 mM,

3 /

and immediately before use adding H202 to a final concentranon of O 006%. Two

' “hundred microliter ahquots of substrate solutlon were dispensed into the wells and the
a color develppment was momtoreci at’fitSO nm using a Titertek Multiskan MC ELISA
reader Readings were taken at vanous time intervals depending on the time of

.’k
-appearance and extent of-color development.
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.17 SEPARATION OF PROTEINS BY GEL ELEC’I“ROPH\ORESIS

I.17.1 Sodium Dodecy} Sulfate Polyacrylamide Gel Electrophore51s

Samples were SUb_]CCth to electrophoresxs on 10% polyacrylamide gels containing

+% SDS us1ng the gel and buffer system descnbed by Blackshear ( 1984) Gels were

stained for protéin with Coorna351e blue usmg the method of Falrbanks etal. (1971)
Molecular weight marker protems included cytochrome ¢ (12, 500) chymonypsmogen A
(25,000), ovalbumm (45, OOO) and bovine Serum albumin (67 OOO) (Mol -ranger Kit,
Pierce Chermcal Co ).

oi7.2 Neulral pH Non denaturin g Po]yacryla.lude Gel Electrophoresm

Partially- purxﬁed IPNS samples prepared as descnbed by Jensen et al (1986) (up |
to the completion of the ﬁrst Mono Q amon exchange column) were subjected to
discontinuous electropboresrs on neutral pH/ nond1$soc1at1ng 12 5% polyacrylarmde '
gels usmg the gel and buffer system descnbed by Blackshear (1984) |

I1.17.2.1 Assay of IPNS Acnvny In Nondrssoc1at1ng Gels

-Partially- punﬁed IPNS samples in the form of Mono Q amon exchange fracnons
prepared as descnbed above (I1.17.2), were sub_]ected to nondlssocxanng gel
electrophoresis. Three separate IPNS-active column fracbons were used as samples
An allquot of each fraction was loaded separately into wells as duphcate sets on each half .
of the gel. IPNS activity was assayed using a double overlay techmque as follows
After electrophore51s the slab gel was cut in half and one half was stained with’

Coomassie blue as descnbed above, wh1le the other half was warmed to 30°C and then o

overlayered wnh an agarose mixture containing 2 ml of a double strength IPNS reaction

mixture (see 11.16.1) and 2 ml of 4% low melt agarose (ngma) in dH,0. The agarose

was held at 34°C unnl immediately before use. The overlay was left l h at r00m

temperature and was then covered with a second overlay which consisted of nutrient agar
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(bifco) containing 0.1% glucose and seeded with the indicator organism, Micrococcus

Iuteus ATCC 9341. ZonEs of inhibition were scored after overnight incubation at 30°C.

11.17.2.2 Isolation of the IPNS-Active Band from the Non—dissociating Geland®
- Determination of its Size by SDS-PAGE ’

In order to determine the size of the IPN S-active protein band,b the double-overlay
" was removed from the gel'slab and the region of the gel representing the very center of

~ the-zone of inhibition was excised. Following excision the gel slice was placed in a test
tube, and crushed using a glass rod. One hundred pl of dH,O was then added and the

tube was piaced at 4°C overnight. The solation was then removed from the tube, takin g
care to leave all of the acrylamide pieces behind, and subjected to SDS-PAGE using each

of the two HPLC anion exchange column fractions and protein standards as markers.
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\III RESULTS |
Efforts to d‘fone ﬁe IPN S gene from S. clavuligerus involved the investi gation of

two different clomng and screemn g approaches.

I SCREENING MONO&ONAL ANTIBODY PREPARATION S FOR
- ANTI IPNS SPECIFICITY

Initi::tlly the approach chosen for isolation of an IPNS gene clone involved a
”Screening metho‘d that would detect IPNS-protein expfessing clones. Detection of the
\ expressed protem was to be famhtated by. antibody that reacted spec1ﬁcally with the
IPNS, and therefore this approach necessitated the avallablhty of IPN S-specific antlbody
preparauons. In order to identify a monoclonal antibody preparation displaying
specificity (di‘mcted toward the'S . yclavuligerus IPNS, several different antibody
preparations were screened. Ascites fluids containing monoclonal antibodies, raised to
partially-purified IPNS and provided as SQ% ammonium sulfate saturated solutionis,
were centrifuged and the pellets were resuspended in’PBS. The solutions were then
dialyzed extensively against PBS before use or storage. The monoclonal antibodies
were screened by ELISA for ant1 IPNS specificity usin g Mono Q anion exchange
pamally -purified IPNS as &nﬁfggn for plate coating as descnbed in Matena]s and
Methods 11.16.3.1. " IPNS that had been purified to homogeneity was not available for
- antibodyscreenin g. Initially, several antibody pt‘eparations were screened in order to
identify those which showed apparent high levels of anti-IPhIS specificity, as ju_dged by

ELISA. IPNS-active Mono Q column fractions were pooled and diluted in coupling

buffer toa ﬁnal protein concentration of apprommately 20ug/ml. The diluted antigen
was then used for plate coating. The monoclonal antibody preparatlons screened by
ELISA_ were diluted 50, 100, 500, 1000 and 5000-fold. Two separate batches of

monoclonal antibodies, provided on different occasions, were screened separately using

a3
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as antigen Mono Q fractions contalmng parually-punﬁed {PN S prepamd in the same
manner and at the same final protein concentratlon The re;ui}t%s are shown in Figure 2.
In Figure 2a antibody preparation 3HS/22 represents mouse normal serum and is
mcluded as a negative control. As can be seen by companson to 3H5/22 the only
monoclonal preparation dlsplaymg apparent anti-IPNS activity is 5. 73/3 In Flgure 2b
monoclonal 6:46/6/23 was used as a neganve control since no more normal mouse
serum (3H5/22) was avaxlable and since 6. 46/6/23 had shown the same low levels of
absorbance as dld 3H5/22. In addition, for the ELISA represented by Figure 2b, 5.73/3
wastused as a positive control ~sobthat absorbance values‘of aoparent IPNS-specific
monoclonal preparations could be compared directly. As can be seen from Figure 2b,
4.28/2 showed higher levels of absorbance than 5.73/3 and probably alsc repResents an
ant1 IPNS spegifi preparatlon |

‘To further charactenze the spec1ﬁc1ty of the antibody preparations 5.73/3 and

4.28/2, an ELISA was performed in which the wells of the plates were coated separately

with IPN S-contalmng Mono Q fractions. Each well contained a separate fracnon and the

~ amount of protein per fraction was roughly estimated by dividing the total amount of

protein applied to the column by the number of fractions collected. An aliquot of each

fraction was then diluted to apprommately 20ug/ml and apphed to the wells as descrlbed :
in II.16.3.1. Since each monoclonal antibody preparauon was pro iued by Dr.
Aharonownz on different occasions, the ELISA was performed separately for 5.73/3
and 4.28/2, and therefore the IPNS- contammg Mono Q fractions used were not
identical. The Mono Q column profile for the ELISA screemng of antibody 5.73/3 is-
shown in Figure 3, wnh the locanon of each fracuon shown along the honzontal axis.
The IPNS active peak 1s marked and was centered around fracnon 26. The ELISA

results are shown supenmposed on the Mono Q proﬁle The annbody preparation was

P . ’



Figure 2: ELISA screening of monoclonal antibody. preparations for anti-]PNS

specificity. ' o //
WK
Each well was coated with 1 ng of partlally-plmﬁcd IPNS and then exposed to

various dllutlons of the monoclonal antibody preparations. 2a and 2b represent .
separate ELISA cxpcnments 2a: Antibody preparations J were: -8+, 3H5/22,
-4, 28/1 -, 5.73/3; and -l- 6.46/6/23. 2b Antlbody prcparatlons tested were: .

£+4.28/2; @, 6.46/6/23;-@, 5. 73/3[2 and <-, 5.73/3.
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Figure 3:’: Reactivity of monoclonal antibody 5.73/3 40 Mono Q fractionatkd
protein samples. A partiall&phriﬁed IPNS preparation was fractionated py anion
exchange chromatography on a Mono Q column. Each fraction was assayed for
ELISA reactivity ggainst mdqoclonal antibody preparation 5.73/3. The antibody was
. diluted 100-fold, and the ELISA absorbance readings were taken at'16 min. Both
absorbancé @ 280 nm,==(protein); and absorbance @ 450 nm,e== (ELISA) are
~shown. Fractions displaying [PI\}S activity are marked by the double-headed arrow. B
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" diluted 100-fold for use since it showed hrgh absorbance values at that dilution (see
| Figure 2a)). The ELISA results mdlcate that the peak corrcspondmg to the highest
ELISA activity is represerrted by-fractions 24—31, which are the fractions that also
correspond to the IPNS activity. In addition to the apparent high level of anti-IPNS
| antibody reactivity with the peak corresponding to the IPNS, high ELISA absorbance
values were also seen with fractions in the latter part of the HPLC profile. As can be
‘seen from the ﬁgure all of the ELISA peaks do not correspond directly to the protein
- peaks and thereforeahe high ELISA reactivity is not simply due to varying protein
concentrations in the fractions. | |
Figure 4 shows an IPNS-containing Mono Q colurrm profile and the results of an
ELISA in which monoclonal antibody preparation 4. 28/2 was screened for specificity to
" . the column fracnons using the sarne procedure described above for anubody preparanon
5.73/3. As was seen in Frgure 3 wnh 5. 73/3, anubody 4.28/2 also shows the hlghest
level of ELISA acnvrty to the IPNS active fractions, although fractioris from other
regrons%f the column profile, espec1ally those in the latter part of the proﬁlc also show ’
N | significantly hxgh absorban;‘e‘vakues Again all ofthe ELISA and protein peaks do not
correspond dmectly Further characterization of the; &pemﬁcny of the monoclonal
armbody preparatlons was not possible due te the unavaﬂabxhty of IPNS that had been

f
g

punﬁed 10 homogenexty

f’“ HO1.2 IN SITU ASSAY OF IPNS ACTIVITY IN NON-DISSOCIATING
POLYACRYLAMIDE GELS :

. #,ss:"‘“ In early studies, before IPNS was purified to homogeneity and partially-puriﬁed
afi

IPNS was the only available enzyme source, it was important to ensure that the major

protein band seen on SDS-PAGE of partially- punﬁed IPN S actually corresponded to
IPNS activity. Pamal]y-punﬁed IPN S samples, which dJsplayed one major band in
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 Figure 4: Reactivity of monoclonal antibody 4.28/2 to Mdno Q fractionated
protein samples. A partially-purified IPNS preparation was fractionated byanion " °
cxchangc chromatography dn a Mono Q column. Each fraction was assaycd for
ELISA reactivity against monoclonal antibody pn:paranon 4.28/2. The antlbody was
' dJIu/tcd 100-fold, and the ELISA absorbance madmgs were taken at 10 minutes. Both
absorbance @ 280 nm;,==(protein); anq absorbance @ 450 nm,==+(ELISA) are
| shown. Fractions displaying IPNS activity are marked by the doublc-h_eadcd arrow.
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addmon to many minor bands on SDS-PAGE were subjected to non-dmsocxatm 18-
PAGE as descnbed inI0.17.2. Smce the pH optimum for IPNS enzyme activity is
7.0-8.0 (Jensen er al., 1982a), a neutral pH non-dlssocmtmg £gel and buffer system were
| ~ used. The gel was loaded with three separate fractions of partially- punﬁed IPN S

b' samples as descnbed in [1.17.2.1. The fractions were denoted A and B and C. Lanes 1.

and 4 contained ahquots of fraction A, lanes 2and5 contamed ahquots of fraction B

and lanes 3 and 6 contained ahquots of the fracuon C. The amount of protein per lane
was 13ug, 12.5,¢g, and 18ug for lanes 1,2, and 3 Wthh were stained with Coomassie -

| blue, and 17.6ug, 16.7ug and 71ug for lanes 4, 5 and 6 Wthh were assayed for act1v1ty
Plate 1a shows the degree of protemgeparatlon achieved by non- -dissociating-PAGE and
Plate 1b shows the results of the i in situ IPNS activity assay. Because of the mherem
difficulty in representm g the zone of M. luteus mhlbmon by photography Plate 1c is
mcluded as a schematic representatlon of the results in Plate 1b. The results indicate that
the IPNS 1s active in situ in the gel, and that the size of the zone of M. luteus inhibition i 1s
dependent on the amount of protein in the sample. The increased concentration of the
protem in the sample seen in lane 6 resulted in a larger zone of mhlbmon When the
distance from the top of the separaung gel to the center of the zone of inhibition was
measured it corresponded directly to a major protein band which was observed by
Coomassie blue staining. The arrowhead in Plate 1a indicates the band that corresponds
to tﬁe IPNS activity. In order to determine the size of the IPNS-active protein band, the
double- overlay was rerhoved from the gel slab and the reglon of the gel representmg the

very center of the zone of 1nh1bmon was excised. The protein was removed from the
~excised gel by soaking in de'O and ‘then subjected to SDS-PAGE. In Plate 2 it can be
. seeﬂ that the IPNS active band represents a protein of M, 36,500 as judged by 7

)
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Plate 1: Non-dissociating polyacrylamide gel electrophoresis and in situ activity' |
of IPNS. Three partially-puriﬁéd IPNS preparations, denoted fractions 4, B, and C,
were analyzed by PAGE under non-dissociating condmons Half of the gel was v
stamed for protcm wnh Coomassie blue and is shown in 1a. The other half of the gel

- was assayed for IPI\%S activity using a double overlay techmque and is sh0wn in 1b.
Lancs 1,2,and 3 contamcd 13, 12.5, and 10 ng of protein from fractlc,ns A, B, and C

respcctxvcly, and lanes 4, 5, and 6 contained 17.6, 1'6.7; and 71 pg of protein from
fractions A, B, and C respectively. The arrowhead in 1a indicates the protein band

' v . e LT
corresponding to the IPNS activity. A schematic representation of 1b is showr in 1c.
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Plate 2: SDS-PAGE of the IPNS-active protein band eluted from a
non-dissociating PAG. The protein material from the area of a non-dissociating PAG

which showed IPNS activity was eluted and reapplied to a SDS-PAG and subjected to

clchopﬁoresis. Lahcs 1,2,5,6,9, and 10 contain 12.5 ug each of the molecular
wéight markers cytochrome ¢ (12,500), chymotrypsinogen (25 ,000), ovalbumin
(45,000)], and bovine serum albumin (67,000). Lane 3 contains partially-purified |
IPNS fr;CtiOn A, lane 4 contains partially-puriﬁcq IPNS fraction B, an_d' lanes 7 and 8
contain the IPNS-active protein band eluted frorp a'non-dis’sociating) PAG (see Plate

1b). a o o

@
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SDS-PAGE. »
IIL.3 IPNS GENE ISOLATION TRIAL#1
- Previous studies with IPN S activity in non-dissooie@ gels confirmed the identity
‘of the major protein band'as IPNS and therefore made possible the determination of
: amjno acid sequeoce. The avaiiabihfy of the amino acid sequence mz;de asecond

approach to cloning the IPNS gene possible.

II1.3.1 Amino Acid Sequence Deterrmnatxon and Preparation of an
Oligonucleotide Probe

'VIPI‘II.\IS'""puriﬁed in our laboratory by electroelution froro an SDS gel, was
sequenced at the N-terminal end and armno acid sequence mformanon which was
obtained for twenty amino acid re51dues was provided for this study. The
armno-tenmnal amino acid sequence information was used to deduce the RNA codons
which would give rise to such a peptide, and the sequence information, along with ‘the
possible RNA codons for the underlined portion of the sequence is shown in Flgure 5.
A 20-mer oligonucleotide probe the sequence of which is also shown in Figure 5, was
| de51gned whxch should hybridize spe<:1ﬁca11y with the IPNS gene. The probe was
synthesized and generously provided by Dr. P. Dennis, University of British Columbia.
The probe sequence corresponds to amino acids gthrou gh 14 eN -termipél Varrin.ino‘
acid sequence a‘nd contains\384-fold genetic code degeneracy.?g%

01.3.2 Hybndxzatlon of the Oh gonucleotlde Probeto S.- clavulzgerus Genormc |

_ -~ DNA Dlgests G . C

S. clavulzgerus genormc DNA was di gested with the 6-base spec1F ic restriction

endonucleases BamHI,BgI II, Bcll and .Sall, and with all double combinations of the

" same enzymes. Following separation by agarose gel electrophoresis, the DNA

fragments were transferred to nitrocellulose by the method of Southern (1975) and the

mtrocellulose filter was hybndlzed with the 32p- labelled 20-mer using the low stringency



Figure 5: Probe preparation for isolgtioh of the IPNS gene. The N-terminal

amino acid sequence of the S. clavuligerus IPNS is showri, with the possi‘b‘l'c RNA L PR

~ codons for the underlined region shown immediately below. As the third position of

each codon is variable, all posmbﬂmcs are shown. The ohgonucleondc probe

-

synthcs1zed for 1solat10n of the IPNS gene is shown below the correspondmg RNA

codons.
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hybndlzat]on procedure A as described in Matenals and Methods IL 5 2, Washmg was
performed as dest:r;bed in IL.5.4 except that it was done j 1n a stepwme man\ner where the
nitrocellulose was exposed to X-ray film 1mmed1ately followmg the 2XSSC wash
condmons and then washed further using 0.2XSSC condmons and autoradlographed

again in order to detect fragments from the digests which hybndlzed to the probe (Plate

| 3). Since the pattern of hybridization of the probe to the S. clavulzgerus DNA did not

change with the increased stringency of washing (0. .2XSSC), but the level of

background hybndlzatlon was decreased (data not shown) condmons usmg 0. 2XS SC |

were chosen for further study In Plate 3,lanes 9, 10; 11, and 12 contamed the S
clavullgerus genomic DNA that had been digested with smgle resmcuon endonucleases
Lanes 9, 10, and 11 all shpw a single strongly hybridizing band as well as at least 1
weak band. Lane 12 Wthh repnesents the BamHI1 digest, was pamally obscured by the

‘background rnakm g it d1fﬁcult to determine if a strongly hybndmn g band was present.

The double d1 gest lanes 3 through 8 again show 1 or more weakly hybrxdlzmg bands in
addition to a stron gly hybridizing band Lanes 3, 4 5 all show a hybndlzmg band of’

approxxmately 2 0 kb 1nd1canng that the larger BamHI BgIII and Bcll hybridizin g
e

bands all contain ; a common hybridizing SalI fragment of 2 0 kb since the band in lanes
3,4 and 5 migrates to the same position as the strongly hybndlzmg band in the Sall lane
(lane 9). Table 1 givesa summary of the sizes of the strongly hybridizing- band in eath

lane. Based on the results of the hybndtzanon of the probe to the S. cIavuIzgerus DNA,

‘ the enzymes Bglll and Sall were chosen for use in library construction.

II.3.3 Library Construcnon
Since the Bg/II'genomic fragment of approximately 7.8 kb contalnm ga SalI
'fragment of about 2 kb hybndlzed 10 the oli gonucleoude probe, attempts were made to

construct clone libraries ennched for BglII and Sall fragments of those sizes. Genomic

‘60‘
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Plate 3: Autoradiogram of the S. cIa\;uIz;erus genomic blot after hybridization
with the 32P-labelled 20-mer oligonucleotide probe. Ten identical aliquots of s |
clavuligerus DNA were di gésted with a vaﬁety of restriction endonucleases, singly and
in pairs, and then subjected to electrophoresis onal% agarose gel. The DNA

frégmcms were then transferred to a nitrocellulose filter and the filter was exposed to

the 32P-labelled oligonuclcotiéc probe. Lanes 1 and 13 contained A DNAédjgestcd

~ with BsrEII and labelled with 32P as size markers. The restriction endonucleases used
to digest the S. clavuligerus DNA are as follows: lane 3, Bglll/Sall; lane 4, Bcll/Sall;
lahe 5,»BamHI/SaII; lane 6, BmeH/BgIH; ldne 7, BémHI/ Bcll; lane 8, Bcll/Bg,
lane 9, Sall; lane 10, Bcll; lane 11, Bg/II; lane 12, BamHI. Lane 2 contained

unlabelled A DNA digested with BstEIl
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Table 1: ‘Sigc/of S. clavuligerus genomic DNA fmgmcms which hybridized to the
20-mer ollgohuclcondc probe.

Restriction Enzyme(s) Appmximaﬁsizg of Strongly
Used in Digestion . ~____Hybridizing\Fragments (kb)
BamHl | | ND '
Bgm _ 78
Bcll | | 6.8
Sall : .20
Bcll/Bgnll - . ( 6.0
BamHl1/Bcll ' - 6.8
BamHUBgll o 718
Bcll/Sall ' 2.0
Bglll/Sall ‘ 20

ND = not detectable | :



DNA from S. clavuligerus was dxgested totally wnh Bgll as detailed in 11.6.1.
Following dlgesnon the fragments were separated by preparanve agarose gel
e]ectrophoresm the reglon of the gel containin, g fragments 7-9 kb was excised, and the
] fragments were electroeluted from the- gel After Elutip column purification of the
electroeluted DNA the DNA was used either for ligation to the BamHI-di gested E. coli
vector pUCl 19, or it was funher di gested with Sall, after which fragments of
approxlmately 2 kb were 1solated by electroelution as was done for the BgI fragments.
The Sall fragments were used for 11 ganon to Sall-digested pUC1109. The:i gation
mixtures were used to transform competent E. coli MC1022 cells and the transfomed
cells were plated on MacConkey agar plates containing ampicillin. Ampicillin resistant:
transfoxmants could not be recovered despite numerous attempts. The lack of success
was attributed to inhibition of the ligation by soluble contaminants that had electroeluted
from the agarose gel along with the DNA. | '
| Further attempts to isolate S. clavuligerus genomic DNA fragfnents for library
construction focused on the use of prepnrative sucrose gfadient purification, rather than
electroelution, in order to circumvent the problem of ligase fnhibitionl Genomic DNA
| from §. clavuligerus was digested to completion with BgllI as described above. "The
digested DNA was subjected to sucrose gradient centrifu gation to prepare a fraction
which was enriched for 7-9 kb fragments.- SaII fragments were not punﬁed in [hlS
manner since small fragments of only 2 kb could not be banded successful]y in sucrose
gradients. The 7-9 kb Bg/II fragmeénts were ligated into theBamHI site of pUCl 19, and '_
the ligatic;n mixture was used to transform E. coli MC1022 as was described abo{/e for
- the fragments pnrjﬁed by electroelution. Ampicillin resistant, lactose negative

transformant colonies were plcked from MacConkey plates onto master plates and the

transformants were stored as descnbed in Materials and Methods IL 6 7. ~')

rx
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-plasmids were dlgestcd with HindIII/E i
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l

Ill.3.4 Library Screenmg w1th the Oligonucleoude Probe

Libraries were screened by colony hybridizatlon Eighteen nitrocellulose filter

P

reproductions, each representmg 101 colonies, were prepared\ﬁorn the master plates and’

were hybridized with the 32P-labelled probe using colony hybridization procedure A

{.7.2). The nitroce'llulose filters were washed and bound radioactivity was visualii%d

by autoradiography. Many labelled spots corresponding to the position of colomes were

: others Plasmids were 1solated
from the colomes that corresponded to spc - . st heavily labelled spots. The
W the insertsland were also digested
with Sall to determine if any of the plasnnsor'ftained a fragrnent of about 2 kb.

Results of the digest indicated that three of the plasmids did contai\n a Sall fragment of
approximately 2 kb and that all three plasmids also contained alBgBI insert of about 8
kb. Homology to the probe was confirmed by lransferring the diugested fragments to
nitrocellulose from the agarose gel, and probing the nitrocellulose filter with the

32P labelled oligonucleotide usmg hybridization procedure A (IL5.2). The gel and

correspondtng autoradiograph are shown in Plate 4. The probe hybndized specifically to

/the Bglllinsert of all three plasmids, however no hybridization to the Sall fragments wasv

observed. The lack of hybridization to the internal Sall fragments was attributed to poor
transfer of the upper part of the gel, since when on_e of the positively hybridizing
plasrnids, called b97 (it ori ginated~'from colony #97 on filter b) was selected for further -
study and the hybridization of the Sall fragment with the probe was repeated, a2 kb Sall
fragment did hybridize strongly as is shown in Plate 5.

Hl.3.5 Subcloninga Hybridizing Fragment frorn b97 for Sequence Analysis

In order to identify a small fragment which hybridized to the probe and which was

of a suitable size for sequencing, individual sarnples’of b97 were digested with various



" Plate 4: Restncuon analysrs and 1dent1ﬁcauon of hybndlzmg fragments from
plasmids isolated from cdlonies hybrxdlzmg with the 20-mer oligonucleotide probe.

a: Agarose gel electrophoresis of restriction endonuclease digests of plasmids
from colonies hy‘\ndrzmg w1th the ohgonucleoude probe Allquots of plasmid DNA
fmm the srxtccn most stron gly hybridizin g ﬁlomes were di gested separately with Sall

-‘and EcoRI/HdeH and then subjected to electrophoresrs onal% agarose gel Lanes
-~1la through 17a contained Sall drgests of the plqgmds and lanes 1b through 17b
contamed the plasmids, in the same order, digested with EcoRI/HmdlI with the

exception of lanes 9a and 9b which contained uhlabe'lled » size markers as described in
" Plate 3. |

L]

b: - Autoradiogram of the Southern transfer of the DNA from the agérose gel
after hybridization with the 32P-labelled ohgonuqlcotlde probe. Followm g
elcct:rophorcsxs as decnbed in Plate 4a above é‘xe‘DN A fragments were transfem:d to

-

a mtrocellulose filter and the filter was exposed to the 32P labelled probd. The

autorad:ogram is in the same onentatlon as the gel.
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Plate 5: Confirmation of hybndlzauon of the SaII fragment of clone b97 to the
| 20 -mer oﬁgonucleondc probe ,

a: A garosc gel electmphoresm of clone b97 digested with Sall. An aliquot of
the b97 plasrmd DNA was digested with SaII and subjected to electrophore51s onal%

agarose gel Lane 1 contained unlabelled A size markers (see Plate 3) and lane 2
contained b97 digested with SaII »
b: Autoradiogram of the Southern\ transfer of the DNA from ic agarose gel
after hybridization with the 32P-iabelled oligonucleotide probe. Following | )
electrophoresis the DN A fragments wcrqe transferred tb a nitrocellulose filter and the

filter was cxposed to the 32P—labc:lled ohgonucleonde The autoradmgram is in the

same onentatlon as thc gel in Sa.
v g
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"‘mstriction enzymes, the fragments were separated by agarose gel electrophoresis and the

DNA fragments were transferred to nitrocellulose. Hybridization of the nitrocellulose

filter with the 32P-labelled oli gonucleoude probe, followed by autoradlography,
indicated that an Sphl fragment c£ about 400 bases hybridized with the probe.

In order rp isolate this Sphl fragment, the 2 kb Sall hybridizing fragment was first
subcloned\intngCl 19. The pUC119 recombinant containing the Sall fragment was
then digested w1th Sphl and the digestion products were subcloned nto the Sphl 51te of

M13 mpl8 Dne hundred and fon)g-ﬁve lactose negative (white) plaques were obtained
and were screened by dot blot hybridization, using the 32P-labelled oli gonucleotide asa |
probe, as described in Materials and Methods 11.9.3. Two strongly hybndlzmg dots

correspondfng to plaques 75 and 76 were observed. Since the M 13 phages contain

-single stranded DNA, hybridization of the probe to the DNA is expected to occur wuh

_ one orientation only. In order to identify phages containing the opposite orientation to

e

those which hybridized to the prabe, a C-test was performed usin g several

. non- hybndxzmg phages agamst the smgle stranded phages from plaques 75 and 76 The

C test, or complementanty test, was performed as descnbed in Matenals and Methods

I 9 4. Two phage recomblnants containing an insert represenung the opposne strand of

-

the hybndrzln g recomblnants were identified. One phage necombmant of each

orientation was selected for DNA sequence analysrs as outlmed in Matenals and Methods

-~

T.10. Both onentatlons of the sequence were iranslated in.all three p0551ble readmg

frames and the resulnn g ammo ac1d sequence was searched for a regxon which’

el g

coxresponded to t -tenmnal amino ac1d sequence of the IPN S. The onentauc()% of the

RPN

resulting nucleoti equence which allowed 1dent1ﬁcat10n of a partlal ammo ac1d

sequence match is shown i :1n Flgure 6. The underlmed portion of the sequence

- corresponds exactly to 15 bases of the 20-mer probe sequence. However, the sequence



Figure 6: Nucleotide sequence of the oligonucleotide probe hybridizing Sphl
~ subclone of clone, .b97, The Sphl fragmcnt was tmﬁsferred from pUCl 19 to the M13 ‘

A

. IPNS scquencc 1s glvcn The numbers %hc end of%,ach hnc' v pasc numbcr.

The underlined ‘sequence corresponds toa 15 basc match to the 3 = fer probe
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surrounding the 15-base stretchvdoes not match the‘ sequence pr’edicted‘ by the amino acid
sequence Therefore clone b97- represents a false-posmve hybndlzmg clone.

- I0L4 IPNS GENE ISOLATION TRIAL #2 |

Smce an attempt to lsolate the IPNS gene using a synthetrc 20 -mer rmxcd

. ohgonucleotlde probe had resulted in the isolation of a false-positive clone the amino
acid sequence of a second sample of IPNS-protein, purified to homogenelty in [hIS case
was’ determmed In addmon an approach mvolvm g the use of overlappmg probes was
E undertaken on the assumpuon that overlappm g prabes should hybndrze to the sarnb

~
“fragment. .

II.4.1 Amino Acid Sequence Determination and Preparation of an
Ohgonucleoude Probe - ‘

The ammo termmal amino acid sequence ofaﬁ’NS %nnﬁed to homogenelty as |
descnbed by Jensen er al (1986), was determined (Protem Mlcrosequencmg
Laboratory, University of Vlctona) Sequence information was obtained for nineteen
-amino acid residues and the sequence 1nfonnat10n alon g with the possxble RNA codons
for the underhned portion of the sequence, is shown in Flgure 7 At posmons 11 and 16 | L
the re51due 1dent1ty could not be aSSIgned with certainty. Position 11 was e1ther a
| threomne or a lysine and position 16 was exther a pr:)lme or a leucme Because of the.

, uncertamty at these two posmons a second sample of punﬁed IPN S was prepared and

sent for N-terminal sequencmg However because of the time requxred 1o prepare the )
sample and for the sequence to be completed, pl'Och‘WCIJG synthesized and employed :

‘ before the sequence was conﬁrrned. When the sequences in Figure 5 and Figure 7 w‘ere' »
compared differences were seen. The two sequences dtffered at position 5, 9, 10 11 ~
and 16. In the second sequence a prohne was assigaed to posmon 5 compared toa

valine in the ﬁrst sequence, a valine to posmon 9 compared toa terSme, a prohne to
} ‘

/



Figﬁre 7: Préparation of probes for isolation of the IPNS gene. The N-terminal -
amino acid sequencc of the S cIavullgerus IPNS is shown, with gﬁc p0551b1e RNA
codons for the undcrhncd region shown immediately below. Whe”“""""}‘

1dent1ty could not be a551gncd with certainty both possibilities are gwcn along w1th
thmr respective RNA codons The ohgonucleoudc probes are shown below the "
corresponding RNA codons. Probcs A B, C, and D contain 512, 768, 64, and-,

128-fold dcgeneracy respectively.

R K
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' "immsulnng autoradlograms indicated that each of the probes showed a different

76

position 10 compared to a valiné, a threonine or a lysine to position 11 compared to a
threoninc, and a brolinc or leucine to position 16 compared to a valine in the ﬁi'st
sequence. Since an approach cniploying at least two overlapping pfobes was chosen,
and since all the areas of ambigbity could not be avoided for probc construction, several
probes were synthesized (DNA Synthesis Laboratory, Cal gary, Alberta) as shown in the
lower part of Figure 7 The probes correspondcd to two overlappmg regions of the
amino acid sequence. Two 20-mer ohgonucleotlde probes were synthesmed which

corresponded to the aminc uds 8- 14 of the amino terminal sequence. One of the

20-mer ohgonucleoudes was synthesized to accommodate a threonine at position 11 and

the other to accommodate a lysmc at that position of the sequence. Two 17-mer
oli gonuclcoude probes were also synthe51zed and corresponded to amino acids 4- 9
One of the 17-mers was synthesized to accommodate 2 of the 6 possxble serine codons at

position 6, while the other 17-mer corresponded to the remaining 4'sérine codons. The

. genetic code degeneracy of probes A, B, C, and D was 512X 768X, 64X and 128X

respectively, as is-shown in Flgure 7

.I1.4.2 Hybridization of the Oligonucleotide Probes to S. clavuligerus Genomic
v DN A Fragments ; :

-7 Four genomic blots were preparcd as descrlbed in Materials and Methods and

above in secnon IH’3 2 except that only BamHI BglII Bc[I and Sall dlg@gs were

performed. The nitrocellulose filters were hybndlzcd with the 32p. labelled probes usm0

the low smngency hybndlzatlon procedurc A as described in I1.5.2. Analysis of the

hyﬁndlzanon pattern (Platc 6) despite the fact that they were ovcrlappmg Probe A (Plate
6a) zhé.ZO -mer probe dcsxgned to accommodate a lysine at position 11 of the N-terminal

' sequcnce and wfuch dxsp}ycd 384-fold gencnc code degcneracy, did not hybndlze



&

Plate 6: Autoradiograms of the Southern transfers of restriction enzyme

digested S. clavuligerus genox:mc DNA after hybridization with 32P-labelled probes A,
B, C,and D. Four scts‘ of 4 identical aliquots of S. clavuligerus DNA digested
separatcly wnh the msmcnon}cndonuclcascs BamHI, BglII, Bcll, and Sall were
subjectcd to elccu*ophorcsis"%n a 1% agarose gel. The DNA fragments were then

transfcrred to a nitrocellulose ﬁlter and the filter was divided into 4 1dcntlca1 scctlons.

i)

. Each filter'was then exposed md1v1dually to one of the 32P labclled probes Lanes 1

b

2, 3, and 4 contained the S. cImultgerus DNA d;gcstcd wﬁh SaII Bcll, BgIII and

BamHI respectively. & DNA d1gcstcd with BstEIl for size markcrs (see plate 3),
flanked each 4 lane set of digested S. clavuligerus DNA Plates 2 b,c,and d
represent the nitrocellulose filters probed with probes A, B, C, and D respectively.

s
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* strongly tQ any geno;nic “fragments Ptobe B (Plate 6b), a 20-mer which displayed
768- fold degeneracy and that differed from probe A in that the DNA sequence had the
codop3 cornespondmg to threonine if place of those for lysine, did show strong
hybndlzanon to the S. clayulzgerus genomic DNA. However, much of the_bound
radioactivity was smeared throughout the lanesi%naldng it difficult to identify distinct
‘ hybnszrn g fragments Strong hybridization of Probe C (Plate 6¢), which displayed
64-fold degeneracy, to three BamHI and two Bglll fragments was observed, however -

only 1 fragment in each of the Sall and Bcll lanes hybridized strongly. In addition to.the -

: gly hybridizing bands many weaker bands were also seen in each genomic digest

PrQbeD (Plate 6d) with 128-fold degeneracy, also showed strong hybndlzatlon
more fragments of each genormc digest in addition to weaker hybndrzanon to
: t’i} "g‘rnents A summary of the hybndlzanon results is presented in Table 2 where
q the probe C and probe D strongly hybridizing fragments is shown As

S Led,:probe Cand D did not show strong hybndrzanon to a common fragment: In

. addmon to the hybridization of the probes to the S. clavuligerus genomic DNA, probes

A B and D also showed hybndrzanon to the & size markers flanking the sets of digested
genomic DNA. The hybridization to the markers was attributed. to the low stringency
'hybndrzanon conditions since no hybridization was seen wﬁen the strin gency was
1ncreased (see III 4.5 below). 1

N1.4.3 Library Screening with Probe C

Since a common hybndrzmg band could not be identified, and smce probe C
hybndlzed very strongly to a single Sall genomxc fragment that was of a suitable size for
DNA sequencing without extensive subc}on-ing, this probe was chosen for library
screening. fn order to isolate a Sall subclone of 400 bp, a larger clone containing the

© Sall fragment internally had to be isolated first since a Sall library of very small
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Table 2: Slzc of S. clavuligerus genomic DNA fragments hybndlzmg to
ohgbnudfcoudc probcs CandD.

+ Approximate Size of Strongly Hybridizing -

* Fragments (kb)_.
Restriction Enzyme "

Used \i" Digest ._ . Probe C _ Prob; D

- BamHI SRS V' SRS V-
- ' >14.1
42

CBgm 5T 7.2

37 52

Sall 04 721

- 1.6



e ‘pUCI 19 The resultmg transformants were screened by colony hybndlzanon as

R- | * C. , 81 ~
,fragments was not avmlable and would have been difficult to construct w1thout ] .
electroeluuon of the- appropnate sized fragments For that reason, and ‘since probe Cdid |

show hybrldlzatlon.to a BglII fragment of about 6.8 kb which.would be mglu@ed ina

library entiched for 7'-9 kb, the BglII library that waf screened previously in Trial

#1(II1.3) was again screened, Colony hybridization was performed as 'above in section

mM34 | : | y o

\ . .
Many strongly hybrldxzm g spots which correspond to colony locations were

4

* seen on each filter. The plasrmd DNA from the most $troy gly hybrldlzm g colonies was

prepared and each plasmid was di gested with HzndIII d EcoRI jo remove the S.
clavuligerus DNA’ 1nsert The dlgested plasrmds ere elecrophoresed, transferred to

robed with 32P labelled probe C. Four plasmids with

mtroceUulose and the ﬁlters we

stron gly hybridizing S. clavulzgerus inserts were identfied (Plate 7b). The size of the

N hybndazm g band was found to be approximately 14 kb rather than 8 kb (Plate 7a). The

!

four plasmids were di gest_ed,wnh Sall and the digested DNA was transferred to

nitrocellulose. Probing with the 32p.1abelled oli gonucleotide, indicated that all four

plasmids contained a hybridizing SalT fragment of approximately 400 bp. Only one

clone, designated clone 4-89, was dhosen for further study.

I1.4.4 Subglo ing the Hybndlzlng Sall Fragment of Clone 4-89 For Sequence
Analy s
, ¢ ' ) '
Clonl 4-89 was dlgested with Sall and the fragments were subcloned into

- L

o descnbed above and 12 Very strongly hybridizing Sall subclones were 1dent1ﬁed The

R p]asmrds were prepared from cach of the 12 subclones and the DNA was d1 gested w1th
‘SaII Etght of the 12 prasmxds contafned a single 400 bp SalI msert One of the erght

-~ chosen for further study and the Sall i msert was transferred to M13mp18 and mpl9

D)
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Pflate 7: Restriction analysis and identification of hybridizing fragments of

- . -
"

plasmids isolated from colonies hybrldlzm g with probe C

a: Ahquots of plasrmd DNA from the. 36 most strongly hybridizing colomes '
were ngested separately thh EcoRI/HdeII and thCIL. subjected to electrophore51s on’

al% agarose gel. Lanes 10A and 10B contain unlabelled A size markers(see Plate 3).

b: Autoradlogram of the Southem tmnsfer of the DNA from the gel after

hybndizauon with 325’ :labelled probe C. Following electrophoresxs as decribed in
. ﬂPlate 7a above, the DNA fragnents were tmnsferred toa mtrocellulose ﬁlter and the‘
) ﬁlter was exposed to the 32P-labelled probe. The autoradiogram i is in the same\
orientation as the gel. The hybndumg plasrmds in lanes 3A 2B, 9B and 15B

represent colorues 4- 89 10- 79, 9-49, and 8- 92 mspecnvely
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. for DNA sequencing. As in 1II. 3 5, both orienmtions of the se‘(:;'uence were translated in

all three possible reading frames and the resulun g amino acid sequence wasisearched for .

T a region which corresponded to the N terminal amino ac1d sequence of the IPNS The

orientation of the resulting nucleotide sequence which allowed 1denuﬁcanon:of a pamal
émino acid sequence match is shown in Figure 8. Analysisof the sequence‘indicated )
that a str'e.tch\of 16 bases corresp_:)nded to the probe C sequen;ce, shown underlined in
Figure 8, however as described above.for clone b97, the'sequence‘upsi:ream and

downstream of the 16 homologoys bases did not correspond .to the seq‘UCn_ce predicted

by the N-terminal amino acid sequence. Clone 4-89 therefore represents a false positive

clone. . ., =

RUER) Anal){s'rs of Hybridization Conditions

Probe D was hybridized 'separately to three genomic blois at i]ncreasing lei,'el's of
stringency. Probe D was chosén because the prei/ious genomic blot hyb-ijdization'»fesults

ki

(Plate 6) had made it difﬁcult‘ to determine which fragment sizes to pursue: It was hoped

) that& jalysis of the conditions for.hybridization might clarify which bands represented

true-‘positive h‘ybridization. The genomic blots were prepared as described.above

(11.5.2). The hybri}dization conditions differed slightly from those given in I1.5.2 in thag
the ionic stren gtli_.c\)f the hybridizing solution was decre‘ased:from 6XSSC (0.9 M NaCl)
t0 2XSSC (0.3 M Naél) and.the temperature of hybxidiiation wés increased to 452°C,
58°C and 65°C for the three genornic blots respectively. The'nesiilts are shown_in Plate
8. Plate 8a (fforn Plate 6). shows'ilie hybridization of probe D t0S. clavuligérus
genomic DNA under the low Strin gency liybiidizaiion“procedure A conditions, and |

Plates 8 b, ¢, and d show the hybiidiiation under lower ionic strength (higher

stringency) at 52°C, 58°C and 65°C respectively. The same stron gly hybridizin g”l)ands

were present under both the low and high-ionic strength hybridization conditionls, -

0.



Figme 8: Nuclqortide sequence of the oligdnut:leotidc probe C hybridizing Sall
pUCI19 to the M13

subclone of clonc 4-89. The SaII fragment was transfe
od of Sanger (1977).

vectors mp18 and mp19 for sequcncc determination by
. I
ns, for the boxed

The nucleotide sequence along wuh its translatxon to amino acid ¢

./arca;,' is shown. Only the reading frame showmg amino acid identity to the N-terminal.
IPNS sequence, is given. 'I"hc nurubers at the end of each line denote the base number.
The underlined sequence coxresponcis to a 16 base m%néh to the 17-mer prope

‘ .

sequence.

Frs

o
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Plate 8: Autoradiograms of the Southern transfers of restriction cnzyme
digested S. clavuligerus gcnomlc DNA after high stringency hybnd1zat10n to probc D.
Three sets-of 4 ahquots of 8. clavuligerus DNA digested with the restriction
cndonuc]cascs BamH1, By, Bcll, and Sall were subjected to e]cctrophorcs1s ona
1% agarose gel. The DNA fragments were then transferred to a mtroccllulosg filter
?ld the ﬁltér was divided into 3 sections. Each filter was then exposed separatély to
probe D under low ionic strength(2XSSC) and at 529C (b), 58°C (c), and 65°C\(d).
Hybridization under high ionic strength(6XSSC) at 420C is shown in 8a '(fmrh 'Platg
6). .

ol _o " .
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however the intensity of the bands decreased at-hi gher stnngency ’I‘he mcreasmg level

- of stnngcncy destabrhzed thc weak hybridization f1rst and then when the stnngency was

- increased further as for the 65°C conditions, hybridization of the probe to the strong

bands was lost as well. The non- specific hybridization to‘; DNA was not seen at the
higher smngency - '

L5 IPN S GENE ISOLATION 'I'RIAL #3 X

Since prev10us aftemp\s to 1solate an JPNS gene clone usmg short mixed
011 gonucleonde probes of high degcneracy were unsuccessful anew approach involving

very long probes designed to take advantage of the biased codon usage in

yces was chosen for further‘study‘

iII .1 Amino Ac1d Sequence Determination of IPNS and Preparauon of
Ohgonucleoude Probes

Punﬁed IPNS, prepared as descnbed by Jensen er al. (1986), was sent to an
amino ac1d sequencing servxce as described in I11.4.1 where amino acid sequence
mformauon was obtained for the thirty ﬁve amino acid residues at the amino terminus.
The sequence 1nformat10n obtained, along with the possible RNA codons is shown in
top of Figure 9. Comparison of the sequence to that in Figure 7 (II1.4.1) confirmed a
threomne rather than a lysine was at position 11. and a prohne rather than a leucme at
posmon 16. The sequence 1nformanon also confirmed that the N-terminal sequence
given in Frgure 5 was incorrect at posmons 59, 10 and 16.

The amino temnnal amino acid sequence information was used to deduce the
ccrrespondin g DNA sequence which-would give rise to such a peptide. Taking into
consideration the biased codon usage which has been shown'to occur in Strepromyces
species (Bibb er al, 1984), G and C were used in the degenerate positicn of the codon

and two 44-mer oligonucleotide probes were desi, .ed, one of which should hybridize



-
Figure 9: Preparation of 44-mef ohgonuclcoudc probes for 1so§atlon of thc>

P
“

IPNS gene. The N-terminal amino acid scquencc of the S. clavuligerus IPNS is

shown, wnh the p0551b1c RNA codons for the underlined region shown immediately

_below. As the thlrd position of each coc%n 1s variable, all possibilities are shown.

The oli gonuclcoud '

> probe sequences com:spon to amino ac1ds 20 throu gh 34 of the N-terminal amino

acid sequence.
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specifically with.the IPNS gene. Two probes were synthesized becauseof the presence
of an arginine residue which has‘6 possible codors, of which only three remam if G or
C is favored in the degenerate position of the codon. One probé was synthesized to
correspond to one of the three arginine codon possibilities and the other to the remaining
- two possrbrhtres The probes were synthesrzed, by the Regtonal DNA Synthesrs
| ) Labora'tory, Umversny of Calgary and had the sequences shown in theflower part of
F gure 9. The probe sequences correspond to arruno acids 20 throu gh 34 of the amino
terrmnal amino ac1d sequence The probes contained 64- fold and 128 told degeneracy as
. shown in the ﬁgure _ )

‘152 Opttrmzanon of Hybndlzanon C'ondmons o S
Six genormc blots were prepared as descnbed above 1n Maten'als and Methods -

- section H 5.1. The resmcuon enzymes used to .igest the S Clavulzgerus genomic DNA:

mcluded BamHI BgIII BclI and Sall.- Three of {he genorruc blots were hybridized

w1th each of the 32p_labelled 44- mer probes (Frgure 9) using the condmons descnped in" ‘

Matenals and Methods II.5.3, except that the. formamrde content of th} hybnthzauL

solutlon used varred for each of the three genomrp bldts screened with each probe ‘The

S percentage of* formamrde in the soluttons was adjusted to 30% 40% and 50%

' Followrng hybndxzatron the mtrocellulose filters were washed separately with 6XSSC h |
and EXSSC solutrdns contammg the same percirltage of formamrde used forthe

_ hybndrzatron Each of the mtrocellulose ﬁlters was then exposed to X-ray film for 47 ‘
hours in order to detect hybrldlzlng fragments (Plate 9).- The hybndrzauon rPsults

tndlcated that both probes showed the same pattern of hybrrdtzatlon to the S.
clavulzgerus genomtc DNA however hybr1d1zauon of probe #2 1o the DNA was

h s1gn1ﬁcantly weaker than hybndtzanon of probe #1 No hybridization was seen th

probe #2 when 40% or 50% formamide was used and. only weak hybridization was -

o .
A . . -
Pl i ) o



Plate 9: Autoradiograms of thc Southern transfers of restriction endonuclease
digested S. clavuligerus genomic DNA after hjbﬁdizau‘o,n to 44-mer oligqnu’cl'cotidc
probes #1 and #2. Six sets of aliquots of S. clavuligerus DNA digested with the
restriction endonucleases BamHI, Bglll, Bcll, and Sall were subjected to .
clcctroph_ofcsis on 1% agarose gels. The DNA fragments were then trar_lsfenéd to

m'troceHulose filters and the filters were then divided i_nto sii identical sections. Three

of the filters were exposed to probe #1 under conditions using 30% (a), 40% (b), and .

50% (c) formamide, and three filters were exposed to probe #2 under the same
conditions. Only hybridization of probe #2 to the filter usiﬂg 30% formamide
condmons is shown (d). Lanes 1, 2, 3, and 4 contained S.. cIavulzgerus DNA ngestcd

w1th Sall, Bcll, Bglll, and BamHI respecnvely

~

)



9a % . 9 . .9d
1234 12 123 1 2 3 4

.94



/
/

'//v o S ! - 95
observed ,imdcr tic 30% formamide condluons Under the same conditions probe #1
-showed euon ger hybndrzatwn Since the amoum of labelled probe was adjusted to be
| 'the same and since the ﬁlters were exposed to the X-ray film for the same length of time,
*the difference in the stren gth of hybridization could only be attributed to the difference in
seduence'between the two probes. The two probes differ only with respect to Lhe codon
cornespondm g to-arginine, and since the arglnme codon is located approxrmately n Lhe |
middle of the probe sequence, hybridization would be expected to be srgmﬁcamly , |
destabrhzed by the presence of a rmsmatch at ¢hat codon posmon Therefore probe #2 K
‘ must contain the incorrect sequence corresponding to the argmme codon, and as a result
probe #1 was chosen for further study. Probe#1 hybn'di‘zed very strongly to }theS .
clavuligeru.r‘genornic DNA fragments under 30% formamide condirions, however
hybridization was much weaker arrd not present at all using 40% and 50% formamide
hybridization and w2shing solutions respecrivel-y Therefore‘ hybridizétion and .was}i

solutions containin g 0% formarmde were employed for library screening as described

below. The srzes of the S. clavuligerus hybridizing fragments generated by BamHI,

BclI,BgIII and Sall were >14.1 (outsxde the range of the A standards), 7.0, 6.4 and 1.4

kb respectively. '
IOI.5.3 Library Construction ‘ b
Total DNA~from S. clavuligerus was di gested partially with Sau3AI. 'I:he '

di geSted_ DNA was subjected to sucrose density grédjent cepuifu gation to prepare a .

rraetion which was enriched with 10 kb fragments. jhese fragments were then ligated

into pUC119 which had been linearized by digeétion with BamHI. The Ii gation mixture

was used to transform cornpetem cells of E. coli JM109, and the transforrned cells were

- plated-on MacConkey agar 'plates. Ampicillin resistant, lactose negatjve colonies were

picked onto master plates to form a library of S. clavuligerus DNA ragmems in.



%
pUCl 19 . ‘
IH 5. 4 Library Screenmg with 44-mer Ohgonucleonde Probe #1 / |
k R L]bran-es were screened by colony hybr_ldlzauon, using procedure B asin fII.'7'.j3.

" Twenty seve'n »nltrocell'ulose filter reproducti'onsv each representing 96 colonies jwe‘re
prepared from the master plates and after prehybndlzauon, were exposed to.
ohgonucleotlde probe #1 which had been end labelled wrth [sz]ATP The |

nitrocellulose filters were washed free of unbound rad10act1v1ty under hxgh smngency L

' condmons and bound rad10act1v1ty was visualized by autoradiography. One heavily

- 'labelled spot, whxch corresponded toa colony, was observed. The plasmld was isolated,

1

' from the colony and was de51gnated p_@Ll
R Homology 10 the probe was confumed by dlgesung 1ndav1dual samples of plasrmd
"DNA frm pBLl wnh vanous restnctlon enzymes as descnbed 1n Matenals and

Methods 8, separatmg the dlgested fragments by agarose gel electrophores1s and
' :_- transfemng the DNA fragments from the agarose gel onto mtrocellulose Hybndlzanon
of the mtrocellulose filter with the labelled ohgonucleonde probe followed by
auforadiography indicated that the smallest fragrnent‘hybn'dizing with the oligonucleotide - X
- probe was a 1.4 kb Sall fragment (Plate 10) '
| 1L 5 5 Prepargtion of pBL1 Subclones for Sequence Analy51s B

The hybndtzmg 14 kb Sall fragment was subcloned into pUC119, as described

ln Materials and Methods 11.9.1, and the subclone was analyeed further by digestion
with the 4-base specific restriction endonucleases Tagl, Sau3Al, Cfol, and Alul. The
DN4 fragments were separated by agarose gel electrophoresis, transferred to
nitrocellulose and hybridjzed to the probe as described above. Antoradiography
indicated that a Sa.L\43AI fragment of about 400-500 bp hybridized to the probe (Plate 11).

Since the Zau3Al fragment was of a suitable size for sequencing, # was electroeluted



Plate 10: Restriction analysis and identification of the ﬁBLl fragments

| 'hybndlzmg to the 44-mer 011 gonucleotide probe #1. . o

Ca Agarosc gel clcctrophortsw of restrictic.. enzyme dlgcstcd pBL1. Tcn

. 1dcnt1cal ahquots of pBL1} wcrc digested individually with various rcstncnon o

o cndonuclcases and then subjccted to clcctrophon:sxs onal% ag:irose gel Lanc 1

_ contamcd unlabclled x size markcrs (see Plate 3). The restriction cndonuclcases uscd

to digest pBL1 are as follows: lane 2, KpnI' lane 3, Smal; lane 4, Sphl; lane 5, Sall;,

: '1ane6 Sstl; lane 7, Pstl, lane 8, HdeH lane 9, EcoRI; lane 10, Ec. RI/HdeII

“ b Autoradlogram of the Southem transfer of the DNA from the agarose gel
¥

after hybnd17.at10n with the *’P-labelled 44- -mer probe #1. Following clectrophoresxs
- the DNA fragments were trancxcrrcd toa mtraccllulose filter and the ﬁlter was cxposed

to thc 32p.]abelled probe. The autoradiogram is in the same orientation as thc gelin

@ . | " -

¢
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“Plate 11: Identification of a small hybridizing fragment of pBL.1 which was of

a suitable size for,complete sequence analysis. ,
’ ‘ #

a: Agarose gel electrophoresis 6f pBL1 digested with double combinations of -

6-base specific restriction enzymes and with various 4-base specific enzymes. Nine

aliquots of S. clavuligerus DNA were digested with various restriction endonucleases,

singly or in pairs, and then subjected to electrophoresis onal% agarosé gel. Lane 1

contamed unlabellcd A 51ze markcrs (see Plate 3). The resmctxon endonucleases used -

< to digest the S clavuligerus DNA are as follows lane 2, SqII/SmaI lane 3,

. BamHI/SaII lane 4,Sall/Sst, lane\S\KpnI/SaII lane 6, Alul; lane 7,Cfol; lane 8,

Sau3AI and lane 9, Tagql.

_ b: Autoradiogram of the Southeﬁ? transfer of Qlc agarose gd after hybidization
with probe #1. Following electrophoresis the DNA fmgmcms were transferred to a

mtréccllulosc filter and the ﬁlter was exposed to the 32P-labellcd probc The

autoradlogram is in the same orientation as the gelin (a).

<y
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 from a 5% polyacrylamide gel, as described in Matefials and Methods 11.9.1, and
subcl~ohéd,l_\ first into pUCl 19, and then into the phage vectors M13mp18 and M13mp19. .
The 'ﬁ'agrh;:m was then sequenced by the dideoxy chain termina@on method (Sanger er
. al., 1977). Inspection of Lhé resulting nuclcotidc sequence révcaled a stretch of the
scqucnce'which‘ corre'sp'éjndcd' to the predicted séquchcc used t(; generate the
ohgonuclcoude probe. One nuclcotldc of the probe sequence was incorrect duc té our
choice of G in-position 39 (from the 3' end) of the probe sequence. The actual gene had
an A in that position requiring the corresponding probe to have a T. Both alternatives
- were correct in terms of the amino acid which would result,' since ATA and ATC both
represent isoleucine as réquircd by the amino agid sequence. Furthermore, the
~ nucleotide sc‘quencc irﬁmediately surrounding the probe area also corresponde&l to the
known amino acid gcqucnce for the amino-terminal panl'of the IPNS protein.’

II1.5.6 ’Resﬁiction‘Mapping‘ of pBL1 .- |

';I'he plasmid pBLl was digested with Sall, Kpnl, Sst1, and Smal singly and in
double di ch;s, 1o generate a restriction map of tl’é entire pBL1 plasmid and to locate the
IPNS gene on the insert. The restriction map is shownin Figure 10. No restriction sites
wér§ found for EcoRl1, BamHI, Hindlll, Pstlor Ncol. Fine mapping of the region
containing the IPNS gene (shown enlarged in the lower part of Figure 10) was achieved
by isolatirig subclones containing relevant Sall, S, ’and Kpnl fragments from pBL1 by
§hotgun cloning or by cloning electroeluted DNA Appropriate 8ubclones were - .
identified after piasmid isolation. Thcsé subclone@ere mapped after digestion with
Sau3AI Kpnl, Sall, and SmaI The size of,the entire S. clavulzgerus DNA fragment

which is mserted in pBLl was found to be about 9.6 kb.



<
FigurglO: Restriction map and strategy for scqucncfin\g the IPNS gcnrc. The

cloned fragment present-in pBL1, which was isolated from the partial Sau3Al library,
is repmsénted by the thin line and the region of DNA that was sequenced is.
represented by‘the bold line shown enlarged in the lower part of the figure. The
numbers below the thin line refer to killobasc-paj: location on the map, and the
numbers below the bold i'me refer to basepair location. The dotted arrow represents
. the complete IPNS togéth,cr with the direction of transcription. The Sau3AlI fragment
. which hybﬁdizgd wnh the oligodcoxynuclcotidc probe is shc;wn by the cross-hatched

box. Arrows below the map indicate 'th‘c direction and extent of the sequence

information determined for each fragment. Both strands were scquenccd for 100% of

the IPNS-coding region and all restriction endonuclease junctions were 6vcrlappch |
* The enzymes used for mapping arc as follows: K, Kpnl; S, Sall; Sa, Sau3AI, Sm,
Smal; and Ss, SstI. The sequencing start points includéd: m, Sall; 0, Kpnl; O, .

Sau3Al; @, Smal; and 8,.specific oligodeoxynucleotide primer sequence start points.

-



103

| ChY
g Y k“qo _
S TR S
o , | 26 LYy -
G/82 6292 602 /(302 8.6l g9l 80bi 266 ﬁBv S/c

I I — — Lboooooood L |

| I {l _

S S ws S M

|
- v6¢26 L8 98 s 08




' . 104
1.5.7 Sequencing Strategy Uscd To Dctcrrmnc the Nuclcondc chucncc of the
IPNS Gene from S. clavuligerus

Subclones containing the Sall, Kpnl, Smal and Sau3Al fragments shown in the
enlarged lowér part of Figure 10 were isolated'lv)y shotgun cloning or by cloning
electroeluted DNA as described above. All DNA frngménts subcloned in pUg 119 were.

transferred to M13mp18 and to M13mpl9 as quRI/HindHI fragr‘nmts and scqncncca
by the dideoxy method of Sanger et al. (1977). The start point, direction of sequencing
and extent of sequence information obtained from each M13 subclone is shown by the
arrowé in Figure 10. The entire nucleotiyc‘lc sequence of the gene and its translation to
amino acid codons is shown in Figure 11. Analysis of the nuqleo‘tide sequence for
frame-shift séqucncing errors, using a modification of the FRAME program (Bibb et al.,
.1984), indicated that the sequence was free of such errors (Figure 12). Both strands
were sequenced for the entire pfotein-codjng gion which spans 987 bp and codes for a
protein of 329 amino acids with a moleculdr weight of 36,917. The G+C content of the

* nucleotide sccjuence that corresponds to the IPNS protein-coding region is 66%.

11.5.8 Expressxon of IPNS Activity In Antibiotic Non- producmg Mutants of S.
clavuligerus

~

The entire 9.6 kb insc'n of S. clavuligerus DNA was rernoved from pBL1 by
digestion with Echl and PsiI and inserted into the Streptomyces vector plJ941 which
had been digested with the same enzymes:. Insertionat this point in the véctor results in
"insenionnl inacti‘vation of the hygrdmycin rcsiStance gene. The ligation mithre was
used to transfnrrn protoplasts of S. clavuligerus NTG 1. Thiostrepton resistant
transformants which de\'/elopcd on regcnération agar were tested for hygromycin B
scnsitivity'/ and then for IPNS activity. In order to test for IPNS production six
hygromycin sensitive and one hygromycin resistant (control) éolonies, werlz cultured,.

cell free extracts were prepared and assayed for IPNS activity as outlined in Maicrials

/



Fxgure 11: Nucleotide sequence and predicted amino acid sequence of the

IPNS gene from pBLl The sequence of the IPNS gene from the translatlon start s:tc
to the termination codon is shown, and the predicted amino acid sequence is given

, directly below. The numbers at the ends of the lines refer to base pair locations and
thé downward a:rowhcafis above the linc's. denote every tenth base. The letters in bold
type indicate tt. positions of the cysteine residues. Tﬁc one letter amino acid code was
| uscd and 1s as follows: A, alanine; R, arginine; N, asparagine; D, aspartate; C,
éystcine; E, gluta.maie; Q, glutamine; G, glycine; H, histidine; I, isoleucine; L, leucine;
K, lysihe; M, méthionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, -

~ tryptophan; Y, tyrosine; V, valine; X, stop codon.
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Figure 12. Analysis of the IPNS gene nucl;',oﬁde sequenc: T frame-shift
scciucncin g errors. The complete nucleotidevsc.qpcncc of the IPNS gene, along with
20‘nuclcotic.1‘cs upstream and downstream of the prbtcin-co_dihg region was analyzed -
using a modiﬁcationA of the FRAME program  The G+C base corhpositipn at the first,
second, and third nucleotides of a window of 4. triplets was scanned and'the resulting

-computer-generated frame ahalysis profile is shown.
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‘and Methods I1.15.1. The control did not show a zone of inhibition on M. luteus
_4 indicator plates whereas all of the hygr;)mycin sensitive colony enzyme extracts did, -

indicating that IPNS activity had been restored by introduction of this DNA fragment.

M1.5.9 Comparison of the Nucleotide and Predicted Amino Acid Sequences of -
IPNS From S. clavuligerus{ C. acremonium and P. chrysogenum

The degree of similarity displayed by the nucleotide sequences of the IPNS gene,
and of the predicted amino acid sequences of the IPNS protéin‘from S. clavuligérus, C.
acremonium, and P. chrysogenum was determined using the IFIND and MaéGene
programs reépectively.v The S. claﬁuligerds ucleotide sequence was found to display
630/2; similarity to the C. acremonium (Samson et al., 1985) sequence, and 62%
similarity to the P. chrysogenum (Can‘ etal., 1986) sequénce. As is shown in Figulre
13, the S. clavuligerus protein sequence was found to display ovefall similarities at the
amino acid level of 56% to both the C. acremonium and P. chrysogenum sequences. |
Inspection of the aligned protein sequences indicated two stretches oficy:onserved |
sequence surrounding fhe cys_teine residues at positions 104 and 251 i;f the S.
" clavuligerus IPNS. In addition, there were two more cysteine residues at positions 37
and 142 in the S. clavuligerus TPNS that were not present in either of the two eukaryotic

sequences’."
¢
!

i

-
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Figure 13 Compasison of prcdlctcd amino acid secknocs of the IPNS
proteins from S clavuhgerus C: acremonium, and P. chrysogenum Dashes mdxcatc
gar introduced to allow for optimum alignment. Identical amino acids are enclosed in
boxes, and since no gaps were irg;rbduccd into the C. acremonium sequence, the
~ numbers above the aligned seqhé;;ées dcnb,tc evcfy tenth amino acid residue of the C.

acrempnium IPNS.
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IV. DISCUSSION

Two separate approaches to cloning the IPNS gene from .S. clavulzgerus were
mvcsngatcd. The first approach involved the use of annbodlcs to identify
"IPNS-expressing clones, while the second approach mvolvcd the usc of synthetic
oligonucleotides to identify clones harbormg the IPNS gene sequence.

There have been several reports of methods for direct 1mmunolog1ca1 screening of
- E. co/lz cloncs carrying recombinant plasrmds. thle such methods have been used
successfully by.othcr groups (Anderson ei al., 1979, Erlich et al., 1979; Hclfman etal.,
1983), immunological screening of cloncs to identify those carrying the IPNS sequence
was abandoned after preliminary investigation. Although the methods available for
immunological screening vary with respect to the medium used to bind the liberated
proteins for immunological assay and wiil(r‘cspcct to the method for identification of
" specifically bound antibody, they all rely on the availability of highly specific antibody
directed toward the protein of interest. |

" Two of the monoclonal antibody prcparations did seem to show apparent high

levels of anti-IPNS speciﬁcity when screened by‘ ELISA, using a partially-purified IPNS
preparanon (Mono Q column) as antigen source. However, when each fraction of a
‘Mono Q column eluant was used separately as antlgcn source in an ELISA cxpcnmcnt
| with each of the two antibody preparations separately, several protein-containing
fractions, including some of which did not display IPNS activity, showed high ELISA
rcacﬁvity. The fractiops m the latter part of the protein fractionation profile, representing
proteins eluted after the IPNS peak, showcd‘high ELISA reactivity when screened with
both of the anti-}Pngonoclonals. Although those fractions represented proteins eluted
* from the Mono Q column with increasing conccmrations of KCl, as described by Jensen

et al. (1986), a salt effect on antigen-antibody binding could not have contributed to the

112
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high levels of ELISA reactivity, since primary amibody addition did not occur until after
extensive washing of the platc§ had occurn:d /Similarly, néithcr tailing of the IRNS peak
nor effect of KClI on the antigen coating of thc ELISA plates could adequatcly explain the

high ELISA reactivity in fractions from thc late part of the cluuon profile. It was

therefore concluded that the high ,absorbance‘values seen by ELISA were due to

significantly high levels of cross-reactivity which were displayed by both antibody
plﬁparaﬁons. The specificity of the m;)noclbnal antibody preparations could not have
bcén improved by affinity purification since the cross-réacu'hg activity could not
represent activity displayed by distinct species qf antibody as might bel seen with
pdlyclona] antibody preparations. Since screening of several monoclonal antibodies did
not result in the identification of any amibody preparations displayin; the necessary high
dcgree of anti-IPNS specificity, immunological scncemng would not have been pos51ble

In addlnon to the lack of a-highly spcmﬁc monocjonal antibody preparauon for the
screening of an’S. clavulzgerus library, the immunological screening approach was not
pursued further because of many other pract?cal considerations. The use of a

monoclonal antibody preparation rather than a polyclonal preparation would have

significantly decreased the chances of identifying an IPNS clone even if a highly specific
’\‘ . I

~ monoclonal preparation had been available. Since antibodies to many epitopes on the

same protein are generated when polyclonal antibodies are raised, thc binding of several

anubody species to one molecule of protein is possxblc and can rcsult in amplification of

the 51gna1 during screemng This type of amplification is not p0531ble when monoclonal
antibodies are used and consequently, the sensitivity of the monoclonal scmemng assay

is lower. Althou gh polyclonal antibodies are usually used for 1mmunolog1ca1 scncemng

- (Goding, 1983), development of polyclonal antibodies to IPNS_ was not attempted due to

insufficient availability of the pure protein for affinity purification of the antibody -

-~ A | | 4
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- preparation. Identification of an IPNS-spcciﬁc monoclonal antibody, although

extremely labor intensive in terms of screening of very large numbers of -
antibody-producing clones, was theoretically possible without the availability of
homogeneous iPNS prcparatiorts for screcnin’g.

Another reason for choosingq not to pursue the immunological approach to clqhing
the IPNS is-that the approach is absolutély dcpendént on expression of the cloned
product in the chosch cloning host. The immunological mcthoti doe; not require the
presence of functionally active expressed protein, however it does rcqutre the presence
‘of translation ptoducts whether they be cbmbletc or incomplcte.' Since Str’eptomyces
genes are very rarely expressed by E. coli transcription signals (Bibb and Cohen, 1982;
Jaurin and Cohen, 1985; Meade, 1985; Deng et al., 1986) the hkchhood of obtammg the
necessary translation products to serve as antigens would be very low if E. coli was used
~asa cloning host for isolation of the S. clavuligerus IPNS. Although the immunélogicatl
approach to identification of méombinant' clones does not nccéssitate the use of E. coli as
a host, to date vcryAfew successful immunological screcnin g methods using
Streptomyces recombinants have been reportcd (Duez et al 1987).

Expression of a cloned IPNS gene would hkcly reqmre that the clomng
procedures be camed out using a Streptomyces host. Recent developments in the
genetic mampulano?x of Streptomyces have resulted in the availability of suitable clonmg
hosts, such as S. lividans, and of suitably engineered cloning vectors. For reasons

| already mentioned, the best host for construction of'an S: clavuligerus genomic library
- for the 1solat10n of the IPNS gene would be a well—charactenzcd IPNS structural gene

mutant However such a mutant was not available at the time. The lack of the mutant

meant that the libmfy"would have to have been constructéd in S. lividans. S. lividans

~ would be a good choice as a host because it does not produce g-lactam antibiotics

’
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(Jensen 1986) and is themfore not expected to have the IPNS gene sequence, and also
. because it does not restrict foreign DNA that is introduced into it (Hopwood et al.,
1985a). On the other hand, the use of S. lividans as a host for immunological screening

would also have many drawbacks. The most significant possible problem stems from

the fact that S. lividans doe: not produce ﬂ-lactam anubxoucs and as a consequence is
unlikely to possess the reguh ory and acnvator genes that may be necessary for the

expnessmn of the IPNS gene. As mentioned previously, antibioti

the growth and in situ lysis of S. lividans colonies on nitrocellulose filters involvinga
,procedure which is a modification of that employed to screen E. coli coldnies. Sucha
procedure has so far not been used extensively for Streptomyces (Hopv'&;ood etal,

1985a)‘. \Attempts to transfer S. lividans colonies onto nitrocellulose to obtain good
growth and lysis of the colonies were unsuccessful in our laboratory. 7

» Another disadvahtage to the construction of an S. clavuligerus genomic library in
S. lividans for unmunologlcal screenin g relates to the available cloning vectors.
Although unmunologwal screening is a very sensitive method thch should allow the
detection of as little as 1ng of antigen (Godmg, 1983), the 11ke11hood of detecting clones
is increased by thé use of a high copy number plasmid vector that allows forkthe
expre:sion of high levels of the cloned product. The only high copy number
Streptor;lyces cloning vector which was available was pJ702 (Khtz etal., 1983).
Although this plasmid has several cloning sites that allow for the identiﬁcatiofi of
recombinant plasmid-bearing colonies, by insertional inactivation of one of the .
plasmid-encoded genes insertion in those sites in the vect?%ﬂén results in mstablhty

and deletlon of part of or all of the inserted DNA as verified by our own experience with

«
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In view of these practical considerations, the immunological screening of
recombinant clones was not pursued further. Instead, efforts were focussed on

obtaining the necessary amino ‘acid sequence data that would allow oli gonuclwﬁde

) scrccnmg of a S. clavuligerus genomic library prepared in an E coli host.

In carly studxcs pamally pg{lﬁcd IPNS that displayed only one major protein band

on a SDS-PAG was used. Before amino amd sequence information could be obtained,

_ susing a partially-purified IPNS source, it was important to confirm that the major

c

protein baﬁd_ actually corresponded to the IPNS’activity.

Using a neutral pH, non-dissociating I;'AGE system (Blackshear, 1984), it was
possible to assay IPNS activity in situ in the gel. Zones of M. luteus growth inhibitidn ‘
were observed uéing a double-overlay assay technique. Because the banding pattern of
the proteins, as shown by Coomassie blue stajrﬁﬁg, was very different on a |
non-dissociating gel in comparison to that seen on a SDS-PAG, K[ was necessary to

- confirm that the band which showed activity in a non-denaturing gel comspon\ded to the
presumptlve IPNS band on an SDS gel. The in situ assay of IPNP activity in the

non- dlssoc1at1ng gel confirmed that the fastest migrating major protein band on the

- non-dissociating gel corresponded to the IPNS activity. Elution of the protein material

from the area of the gel showing activity, and mappﬁgaﬁon of that'material to a

e

SDS-PAG confirmed thghe IPNS activity corresponded to the major protein band of
NL 36,500. Once this fact had been confirmed electroelution .‘of tﬁc IPNS band from an

SDS-PAG was p0551b1e and prowdcd the material for the determination of the
N-terminal amino acid sequence of the protein. J
‘Based on the first available amino acid sequence, a mixed 20-mer synthetic

oligonuclc otide was designed which had the potential to bind specifically to the IPNS
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gene. A mixed probc displayingAall possible codon choices for the known amino acid
- sequence was designed. The use of a mixed oligonucleotide which included all
possibilities in the degenerate position, gave a probe with 384-fold degeneracy, but
ensured that within the population of oligonucleotides a single oligonucleotide would
exist whic‘h would hybridize specifically to the | genomic thnd for whicl_l the
_ hybridization would not be destabilized by a mismatch. The longest available stretch of
sequence having the lowest possible degeneracy was chosqn for the probe construction.
The region of the sequence which included the serine codon was avoided because the
existence of s'u; possible codons for serine would have necessitated the construction of
two mixed oligonucleotide sets. |
The conditions used for hybri‘dization and_wzishing of the filters were based on
two considerations. First of all, the IPNS gene had been isolated from C. acremonium |
(Samson ez al., 1985) using a mixed 61igonuclcou'dc, aibcit of much lower degeneracy,
vus'm g i]ybn'dization conditions employing 6XSSC dt 42°C. Although there was no
proof that the G+C content of the genorhc in the fungus might be similar to that of -
Streptomyces, there was i'eason to believe that the sequences of the IPNS genes from
the two organisms might have originated from a common ancestor. Sccondly,’
caiculau'on of the temperature to be used for hybridization predicted that conditions

similar to those used by Samson ez al. (1985) should be used. With the empirical .
formula (Hopwood et al., 1985a) shown below, a T of 58@was calculated for

| oligonucleotide probes of 14-20 bp in a solution containing 6XSSC. T, was defined as

the temperature at which 50% of the short duplexes would dissociate. The optimum

temperature for detecting perfect matches using such short oligonucleotides was stated to

be 5OC below the T4 In calculating the T, for the 20-mer, using the formuila given
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below, where G, C, A, and T indicate the number of the corresponding nucleotides in

. the oligomer, a figure of %% G or C in the degenerate positions was used since the
biased codon usage in Streptomyces indicates that G or C occurs in that position with a

90-95% frequency (Bibb et al., 1984).

T4 (°C) =4 (G+C) + 2 (A+T)
. ‘ ) B
Although the calculation i_ndicatcd that a hybridization and washing temperature of
539C should have been used, a decision was made to lower the temperature to 420C for
hybnd113t10n which would allow a higher level of both specific and non- SpeCLﬁC -
h¢bridization, dnd then to wash at increasing levels of strmgency by washmg under
conditions of lower salt (ie. 2XSSC to 0.2XSSC). The low stringency wash was
expected to destabilize the hybridizat_ion that was due to matches of less than 100%
homolbg); and also to destabilize non-specific ‘hyﬁﬁdjzadon. A §tepwisc inémase of the
stringency of washing, with autoradiography after washing under conditions of 2XSSC
and then autoradiograf)hy of the same filter éftcr furthér washing using 0.2XSSC,
decreased the 1evél of ?backgroUnd hybridjzatign but'did not change the pattern of S.
clavuligerus genomic DNA hybridizati"on (data not shown). These reskultsiindicatcd that
washing conditions employing either 2XSSC or 0.2XSSC could t;e used, but that the
* use of 0.2XSSC would result in a clearer b\ackground and thus allow better visualization
of the bands. e o
The screening by colony hybridi‘zatjon of an E. coli library of S. ¢/ uligerus
~ genomic 3g/1I fragments, using the above- mcmloned conditions for hybndlzanon and
washing, allowed the 1so\anon of 3 1denuca1 plasmid clones that hybridized specifically
to the prove. Although many colony spots were labelled to different degrees during the

colony hybi'dization, when 16 heavily labelled colonies were chosen and the plasmids
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‘were hybridized to the probe following transfer to ‘;itroccllulosé, only 3 of the plasmids
showed hybridization. The fact that the 3 plasmids were identical indicated, first of all,
that the library probably represented complete coverage Qf the S. clm;uligerus genome
since more than one identical clone was isolated, and secondly that the hybridization
appeared to be specific since several plasmlds c7ntam1ng different inserts did not show
any hybridization to the probe. In addition, the insert in the plasrmd showed a restriction
pattern which correspqnided to that predicted by the genomic blot hybndlzatxon. -
" Subcloning and sequchcing of the probe-binding rcgion of one of the hybridizin g
plasmids indicated that although the DNA did show some homology to the probe (15 out
of 20 bascs) the clone did not represent IPNS as Judgcd by the seﬁucnce sarroundin g
the homologous bases. |
Further attempts to isolate an IPNS clone focussed on an approach that involved
the use of overlapping probes for screening. Before this approach was undertaken the
amino acid sequence of the IPNS was confirmed, this time us'mé IPNS that had been
purified l(}homogenelty rather than IPNS clectroeluted from an SDS- PAG When the
two amino acid sequences were compared several differences were seen. This made the
choice of regions for probe construction especially difficult, bccause in addition to
requiring 2 overlapping probes, additional probes had to be synthesized because of the -‘
amino acid sequence arqbiguities. The sequence of 19 amino acids ;also includ;d two
serine residues.” To chose a sequence for probe construction both serine residues could
not bé avoided and this neccssitatcd the synthesis of an addiu'onal probe to accommodate
all of the possible serine cg)dons A total of four ovcrlappmg probes were used which
varied in degcncracy fmmL64 to 768-fold. ' : ’

Using the same condmons for hybnd12at10n and washmg as described 2%« /=, four

identical genomic blots were screened separately each with one of four oligonucleotide
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probes. One pair of probes corresponded he same stretch of scciuencc except that
. they differed with ms;gcét to an ambiguous residue. The second'pairadf'pmbcs, which
_differ\ﬁd only by the codons for serine, corn:s‘pondcd to an overlappfng region. It was
expected that one of the pairwise cornbinétioﬁs would result in the visud@ﬁon of
common hybridizing bands. . |

A clear pattern oﬁﬁ}f)ﬁdizing bands was not seen with the first pair of probes.
Instead a smcar was seen in each genomic digest lane, representing non-specific
hybridization. This indjcate,d that the stringency of conditions for hybridization was too --
low for successful use of these probes. Strongly hybﬂdiiiﬁg genomic bar{ds were seen
when the S. clavuligerus DNA was hybridized to the second pair of probes.

Although tﬁc oyerlappin g probes could ﬁot be used to identify 4 common ‘
hybridizing band, a decision was made to pursue an IPNS clone which. was detected asa
strongly-hybridizing band with one of the second pair of pmbcé. No attempt -wé.s made
to optimize the hybridization conditions since a small Sall fragrher‘ltl of 400 bp which
~ hybridized to-the pro})e could be subcloned easily and seqtjex‘d completely Witho_ut the
need for further subcloning. As was seen afu:,r isolation of a; clone with the first
61jgohuc1cotide probe, the .scqucnce of the fmgrhcm indicated Ehe_'pmsénce of a 16 base
pérfcct match to the 17-mer probe sequence, however it also showed that the
sufrounding sequence did not correspond to th‘at predicted by t'he. IPNS amino acid
sequence. | "

The isolation of fwo false positive clones using low stringency hybn'dizatibn
conditions suggcsted that the conditions of the hybridiiation were far from 'optimal.
However, the hybridization of 16 bases out of 17‘ bases of the above mcnﬁohcd probeto -
the false-positive clone DNA suggestcd that changes m the hybridization conditions

- would likely not improve the chances of identifying a clone with a pci'fcct 17'out of 17



1ed

base match. Sub sequent studies showed that an increase in the hybridization .
temperatures and a decrease in the ionic strength served to destabilize hybnduauon of the
probe to both the weakly and the strongly hybridizing genomic ﬁ'agrnents. It did not
optimize bybri(lization toa fm'gment with a perfect match.
- The rtzsults described .above indicztted that a new approach to oligonucleotide- - - |
_ probmg 3as required if an S. clavuligerus IPNS clone was to be successfully isolated.
An approach employmg along probe was chosen particularly in view of a recent report
that a clone for a structural gene 1nvolved in the blosynthesxs of tylosin was identified in
an E. coli hbrary of S. fradtae DNA usmg a long synthetlc ol1gonucleonde probe
(Hershberger et al 1986) It has been shown that long synthetic oligonucleotide probes
can be used to:co_nfer specificity and thereby reduce hybridization background that is due
o sequences closely resemblmg the probe (Lathe 1985) | |
" The frequency of sequences matching a given probe by chance alone can be
'calculated as can the frequency of sequences closely resemblmg the probesequ_ence o
which would comrlbnte to the hybﬁdlzation background (Lathe, 1985). Using the
| . formula described by Lathe (l9855 the K value of a given unique probe can be
calcnlated Tbe K value is defmed é; the frequency with which the probe sequence is
expected to occur in a random nucleotide sequenoe of defined length The formula has
also been adapted to take into consideration the G+C coritent of the genomic DNA bemg :
probed. Using the formula given below, the K value for one of the 17-mer probes was
calculated. | |
. K= PP T XL
The G+C content of the bank to be screened is given by g and is approxxmately 72% for

'Streptomyces, th% number of nucleotides of unique sequence in the barak to be s_creened

is given. by L and is approximately 107 nucleotides for‘Stregg?(n;yges, and the numbers
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- of each nucleotide present in the probe are given by G, A,‘T, a_nd C. In order to do he
calculation for a mixed oligonucleotide probe the aésumpdon that a G or C would be : ¥
present in the third position of each codon was made, so that values for G+C and for
A+T could be approxunated Therefore the number of G+C residues for the 17-mer
‘probe would haye been 12 and the number of A+T residues would havc been 5. Using
those numbers ; K value of 5 x 1073 for the 17-mer was ealculated. Since.the K ;/alee
calculated would be for a unique 17-mer probe the value calculated here, thch does not
take into account the mixed nature of the oligonucleotide set nor the frequency with |
which each of the oligonucleotides would bind to sequeﬁces shan'ng 95% hgmology, is
much lower than wouid be expected. Taidng the other cpnsiderations into account the K
value would actually be greatef than 1 On the other hand, a unique probe of the same
- G+C 'ck:(’)rr'lposin'von, but of twice the length has a K value of 1 x 1012, and a mixed
oligonucleotide set of that‘ corhpqsﬁon Awould'stial;:_»have a K value of less than 1. Based
on these findings a decision was made to mcrease ;ﬁe length of the probe to be used for
screening, since the frequency at which such a longer sequence would be found in ‘the
gene bank would be much lower. Since the first two N-terminal amino acid sequence
detenninadens on IPNS have shown some discrepancies; a third sample of IPNS was
sent for sequence analysis. »Thi's third sequence gave information for 35 amino acid
residues and confirmed Lhéi the Secend sequence determination had'al-éo been correct.
The greater amount of sequence mformauon obtamed from thlS third deterrmnatlon made
it p0551b1e to prepare a long probe, and so the sequence was searched for a long stretch
(at least 44 bases) havmg the lowes( pqssxble degeneracy. Degeneracy was reduced
further by allowing only G .or C m the third position of each eodsm'. The only such
stretch contained an arginine codon, the preserice of which necessitated the synthesis of

two probes to take' all of the codon possibilities for arginine into consideration. When
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the K value for the 44-mer sequence was calculated it was found to be 7 x 1018, which
meant that the se“qucnccvwas not expect:d to occur more than once in a bank of clones
representing a Streptomyces. gchomc of 107 base pairs. ‘

Using a modification of a formula for the calculation of the wash tcmpcranmc
" (Lathe, 1985) that was to be used following hybnduauon a washmg tempcrature of
56°C ina soluuon containing 2XSSC and 30% formamxdc was calculated. The formula

used was as follows

t,, = 1,, - 820/1 - 1.2(100-4)-0.61(%formamnide)
where 7, is-thc recommended stringent wash temperature in ©C under salt conditions of

- 2XSSC, 1, is the melting temperature for a particular DNA hyorid and was calculated to

- be 102°C for DNA of 72% G+C using a standard formula (Hopwood et al., 1985a), l is
the probe icn gth and A s the % homology bctwcen the probc and its target. A value of

| 93% homology was used on the assumption that no more than three mismatches would

be 'present over 44 bases. The formula described by Lathe €1985) was modified to
accouﬁt for the lowering of the required température by the”péreentage of formamic'lc

- subtracting 0. 61°C for each percent formamide mclude@pwood et al., 1985a). )
Based on these approxunatlons the actual conditions to be used were determined
empirically by hybridization and washmg of a series of genomic blots at 55°C using

_various concentrations of fom@dc.- As it turned out, the conditions which géve tife
’strongest hybn'dizatior'l( wi'th a complete lack of backgfodnd hybridization were those

~ employing 30% formémidc at 55°C. \’ | ‘ B

| Using the hybridization conditions described above, one of the 44-mer probes was =

chosen for further study since it hybn'dized more strongiy to the'S ‘ davz)ligerus genomic

‘DNA. The second probe differed only at the sequence for the arginine residue and the
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hybridization was dcstabilized by a mismatch at that position, as judged by the weaker
hybridization under the same conditions of stringency. Using th_c_jm)n/gcr hybridizing
probe, which displayed 128-fold degéncracy; a liBrary of S. clavuligerus DNA was
screened. Only one clon; that hybridized specifically to the 44-mer was isolated and it
was designated pBL1. Since only one hybridizing clone from the partial library was
identified using the oligonucleotide probe, it can be concluded that the 2592 clones
screened may not represent a complete Jibrary of genomic fragments. If the library was
complete, one would expect overlapping partial fragments to be identified by |
hybn'dizatioh.- The fact that the iibrary rnayAnot~ be complete was also predjctcdb before
the hybridization was done since calculations, based on the average genome size of
Streptomyces, have predicted that 2994 independent clones 10 kb in length érc/required
to represent 95% of thcvgcnomve (Hopwood er al., 1985a).

Isolation and sequcncé analysis of a subclone of pBL1 verified that it cbmaincd a

DNA fragment that could code for a protein ‘coﬁésponding to the N-terminal amino acid
sequence of IPNS. Following the verification tpat pBL1 was the clone of interest, the
restriction sites on the genomic insert within the plasmid were mapped, and the region of
the DNA cbmainin g the sequence complementary to the probe was identified. Although-
prédjcn;ons of the gene size, based on the molecular weight of the proteixi, indicated that
the gene would probably not span more than 1 kl;, a 3 kb region of the ‘nsert was fine
mapped.and subclones were isolated for sequence analysis. S_Lich a large region was
subjccted -to seqﬁence amalysis since many small restriction fragfncnts were present in’

that region making it difficult to plag:é them unambiguously on the map. Inorderto
eensure that all of the gene sequence would be included, and io‘complete the map, ?‘f(b of
the insert viere sequenced. Once thé entire sequence had been determined from one
.strand, it was subjected to analysis using the modified FRAME program described above -
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in Materials and Methods. This analysis indicated the presence of one open reading

ol "\ frame which was situated approximately in the middle of the 3kb sequence The.
"FRAME" analysis was also used diagnostically to identify frame-shift sequencing
errors within the open reading frarne. Since the program displays the % G+C in each
position of the triplet codon, and since the % G+C in the third position of the codon is
verﬂy'hi ghin Strep.tomyces, errors in the secjuence that cause a shift in the frame are very
ﬁsible using this program. Foliowing the analysis of the open reading frame, the
sequence of the entire stretch of DNA was completed on the other strand. All areas
containing sequencmg errors, which were caused mainly by compressions in the
bandm g pattem as a result of the hlgh G+C content , were sequenced repeatedly, using a
variety of approaches to relieve the compressions, until no errors were identified by
frame analysis. - o ‘

Confirmation that pBL1 was in fact an IPNS clone,‘ came from several lines of
evidence. First of all, analysis of the nucleotide sequence of a 3 kb region of pBLl
showed an open reading frame which could encode a polypeptide of 329 amino acids
with a molecular weight of 36,917. This corresponded well with the apparent molecular .

| .weight of the purified IPNS(33,000), as determined by SDS-polyacrylarnide gel »

electrophoresis (Jensen et al., 1986).. In‘additionj’ the predjcted amino acid sequence of

the open re.ading frame included the known N-terminal amino acid sequence of the IPNS

protein, as mentioned above. The asSignment of the translation initiation site of the S.
clavuligerus IPNS at the ATG enco\dingv methionine at the position one, rather than at t}:e _
methionine which was in the same frame and j just4 armno acids downstream, was based |
on the known N—terrmnal amino acid sequencc which mcluded a methionine _]USt
downsneam of the initiation codon. Alghough the "FRAME program can predict the

translational stan sne within about 10 bases, it cannot predict with precision the exact

* ]
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base (éat the open reading frame starts with since it analyzes windows of triplet ‘ » ‘
sequences. No GTG codons, which can also serve as initiation codons in Streptomyces
‘(Hopwood et al., 1986a), were located near the meihionine codons. Furfher evidence to
support the assignment of the translation initiation at that position includes the fact that
the sequence 5'-AGGAGG-3'(not shown), wl\lich shows berfect complernemaxity toa
sequence close to the 3' end of the 16S rRNA of S. lividans (Bilbb et‘al., 1982)and
which rebresents a typical prokaryotic Shine-Dalgarno sequence (Goldetal., 1981), was
found 5 bases upstreamlof the methionine. The spacing between this presumed |
~ ribosome binding site and the initiator ranethionine is also typieal of prokaryotic genes.

, Also, in addition to the evidence described above, the first 8 predicted mno acid
residues of the S. clavuligerus IPNS, including the methionine initiation codon, are
exactly homologbus to the N-terminal residues of the recently cloned S. lipmanii IPNS
gene ( T.D. Ingolia, personal communicat_ibp).

The‘second line of evidence confirming tl;at'pBLl represents an IPNS clone
inclﬁdes the fact that a comparison of the pre&icted amino acid sequence to those of the
IPNS sequences from both C. acremonium (Samson et al., 1985) and P. chrysogenum
(Carr er al., 1986), showed that the three open reading frames share significant
similarity.  The two fungal genes have both been shown to ex-press IPNS activity when
cloned into an cxpresvsion vector and introduced into the heterologous E. coli host.
Furthermore significant similarity was also seen between fhe predicted\amino acid
sequences of the very recently cloned IPNS geneS from the fungus A. nidulans and the
streptomycete S. lipmanii (T.D. Ingolia, personal commumcanon) |

The third line of ewdencc showmg that the open reading frame from pBL1
encodes the IPNS protem was provided by expression of the gene product in the Ii’NS
deficier:t mutant, S. clavuligerus NTG 1. The entire 9.6 kb DNA insert from pBL1,
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when subcloned to‘a Streptomyces vector and used to transform S. clavuligerus NTG 1,
restored IPNS activity, whereas a control lacking the insert showed no IPNS activity.

‘Closer ana1y51s of the amino acid sequences of the S. clavuligerus IPNS protcm
and the two published fungal IPNS sequences indicates that there are significant
: dlffcrenqcs between the prokaryotic and the fungal sequences. The S. clavuligerus
IPNS shows appreciable similarity with the fungal protcins(S6%), but much less than
the similarity seen between the two fungal pmteiris(n%) The S. .Iipmanii IPNS also’
shows 56% amino acid similarity to the fungal proteins. 'I'hcre are 12 scparatc Tegions
where the two fungal protein scqu(irli:es match for at least eight consecutive amino acid
residues, whereas there are only tsfuce such extensive regions of sumlanty with the S.
' cTavulzgerus protem A more stnkmg dlfference is that both the S. cIavulzgerus and the
S/ lipmanii proteins have four cysteine residues, whereas the fungal genes both have
only two cysteines. The positions of two%g cysteine residues in the prokaryotic
seqﬁences are analogous to those in the f}lnga] I;roteins. Carr er al. (1986), suggestéd
that one or both of the cystcinc residues found in the fungal protein sequences may be

ht

mvolved in1ron binding, as 1nd1catcd by the proximity of hxsndme residues. Both
cysteine residues have hlsndmc m\ldues within five to ten residues downstream.
However, thc two additional cystcme residues in the S. claviligerus sequence aJso have )
hlstldmc residues in close proximity and therefore, may also be involved in iron bmdm g
On the other hand, since both of the two additional cysteine residues found in thc
prokaryotic IPNS sequences are nof at ana]ogbus poSitiéns in both the S. clavﬁligerz)s
and S. {ipmam'z' proteins, and since the cysteine residue in the S. lipmanii Séquencc that is
not common to the S. clavuligerus sequence does not have a histidine residue in close
gl'oximity, it is unlikely thét both additional cysteirie'res‘idues in the prok:ryotic '

sequences are involved in iron binding. At this point, however, the significance of the
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A”diffcrt:m number of cysteine residues is not clear. |
Analysis of the extent of DNA sequence similarity between the S. clavuligerus
IPNS gene and the IPNS gcﬁe sequences from C. acremonium and P. chrysogenum
indicated 63% idcntity A similar comparison of the §. lipmaﬁii IPNS gene sequence
and the two fungal sequences also indicated thc same degree of 1dcnmy (T.D. Ingoha
personal communication). . ' |
Cloning the IPNS gene from S. ‘clavuligerus has allowed tﬁe first comparison of
the IPNS protcin sequences from both prokaryotic and fungal sdurccs. The high degree
~of simil’érity between the predicted éxnino acid sequences of the ﬁmgal’and the |
prokaryotic IPNS proteins has made it difficult to identify regions of vthc protein that are
involved in c‘atalysis. It has been shown by site-directed mutagenesis (Samsori etal.,
1987a) that the cysteiné residue at posiu'bny_l& of the C. acremonium IPNS i§ important
for enzyme activity and substrate binding. By replacing the cysteine re51duc with a
. serine, which has almost the same spatial configuration , Samson e al. (1987a) were
able to decrease the spcaﬁc activity of the IPNS by 95%. Smce the cysteine residue is
?ommon to both the fungal and the prokaryotic proteins it is probably also involved in
catalysis and substrate bmdmg in the prokaryonc protcms as well.”

The sequence Surrounding the cysteine residue at position 106\i1s\.also very similar
in the prokaryotic and fungal proteins. Four residues on either sidé ot: e cystcine‘ are
identical in all 4 IPNS proteins with the exception of a tryptophan residue on the
N—tcfminal side of the cysteine in the S lipmanii protein compared to a phenylalanine in
both fungal sequences as well as the S. clavuligerus sequence. All of the four IPNS
proteins also share another common cysteine, at residue 255 by the C. dcremonium

numbering, however alteration of this cysteine in the C acremonium prbtein by

site-directed mutagenesis had little effect on the Kmof'the enzyme suggesting it is nbt_
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involved in substrate binding (Samson er al., 1987a). Now that the prokaryotic genes
have i)cen cloned‘thé signiﬁcéncc of the additional cysteine residues can be invest gatcd
by site-directed mutageﬁcsis as was done for ihc C. acremoniwn protein. Th.e fact that

-one of the additional resxdues 1s not conserved in both prokaryotic: protcms suggests that
~ itis not involved in the active site of thc enzyme.
The high degree of similarity of the nuclco_tidc scqucnc.:esv of the genes and the
- amino acid sequences of the fungal and the prokaryotic IPN S suggests that the genes
evolved from a commdn ancestral gene. Since it has been estimated that prokaryotes and
eukaryotes diverged approxlmatcly 2 billion years ago (Hori and Osawa, 1979) it is very
surpnsm g that the fungal and the prokaryouc I/PN S nucleotide sequences share 63%
identity and that the protcins share 56% identity. Some of the strongest eukaryotic to
'v prokaryotic protein homologies known do not exceed 52% (Bardwell and Craig, 1987).
:n example of eukaryotic and prbkaryotic genes which show closer homologies are
mitochondrilal genes, which ar; believed to have bccn. transferred horizontally between
thc;, organisms at some time after the divefgéncc of eukaryotes and prokaryotes (Woese,
1981). A possible explanation for the unusually high degree of similarity of the IPNS
genes is that the gene was transferred horizontally long aftcs the divergence between
eukaryotes and prokaryotes. It was pointed out by Carr et al. (1986) that the proteins

would likely not have arisen by convergent evolution because of the unusual requirement ,

for a-aminoadipate as part of the substrate, even though u-aminoadipatc is nbt dirvcc‘tly
involved in cataly51s Carr et al. further su ggestcd that the pathway first arose in a
prokaryote and was then honzontally transfeued to a eukaryotc The suggcsnon was
based on the fact that the fungal species contain onv a truncated portion of the f
-.pen1c1111n/cephalosponn/ccphamycm path ARy W hcreas both S. clavulzgerus and S.

Ilpmanu contam the entire pathway Other reasons to behevc that the pathway first arose

&
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in a prokaryote are based on anaiysis of the cloned IPNS genes from the fungai species
and by analysis of the fungal gene sequence encoding the cxpandaosc/hydx{)xylase
‘enzyme, which i; the next enzyme of the pathway and which has recéntly been cloned
(Samson et al., 1987/)5). The clqncd IPNS genes from C. acremonium alnd P.
chrysogenum do not contain introns, which are sequences present in DN;X but which are
not present in the protein because of removal ‘by RNA splicing, and which are a common
feature of eukaryotic genes (Mjnty and Newmark, 1980). The fact that iﬁuons do not
exist in the fungal IPNS gene sequences could suggest that the sequences may have

arisen in a prokaryoté since prokaryotic genes do not have introns. However, the lack of
introns. in thé fungal 'gcf:le is not proof of prokaryotic origin since introns are rare in-
" fungal gengs (Hopwood, 1981). In'addition, although the percentage of G+C in the
B’Ngg\erﬁ sequence frorh C. gzcremo.m;um is 63.2%, which is quite similar to ihe 66% .
K G1+C of the S. clavuligerus gene écqu'encc, asshmptions about the prokaryotic oﬁ gin of
| the sequence are difficult to make based on this data since the G+C content of the C.

\
acremonium genome is approximately the same as the G+C content of the gene (Samson

et al, 1987b). \

'Ana]ysis of the fungal expandase/hydroxylase gene sequence gives some insight
into the origin of the p-lactam biosymhédc pathway gche;. Together with the.
information obtained from the fungal IPNS sequence it further supports the theory of

~ horizontal transfer of the biosynthetic gcncs.ﬁ‘om a prokaryofe to an eukéryote. The

expandase/hydroxylase open reading frame also has a high G+C content, 67%, and iﬁ
addition them is a strong bids toward the use of codons with G or C in the third position
(Samson et al., 1987b). About 88% of the codons in the genc'séquence containaGora
C in the third position. Streptdmyces gcvnes have ai very strong bias toward the use of G N

or Cin the third position of codons. As alluded to earlier, pr_oof of the bifunctional
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nature of the expandase/hydroxylase polypcpu'dc may also have cvolutionary
s1gmﬁc5ﬁce It seems reasonable to speculate that genes located adjaocntly ona
prokaryonc chromosome, and which are mgulatcd as an operon, m1ght be fused upon
transfer to an eukaryotic organism since the eukaryotic transcnpuon apparatus would be
unablc’ to express the operon. If such a fusion event were to occur it would result in the
formation of a multifunctional protein. This theory for the origin of the fung"al
expandase/hydroxylase awaits the isolation of the com:sponding genes from
Streptomyces, and analysis of the location and regulation of those genes.

In summary, the cloriing of the IPNS gene from S. clavuligerus has allowed a

l . mgre dctélﬂed comparison of the fungal and prokaryotic nucleotide and amino acid

sequences and has given some insight into the evolution of the peniCHIin/CCpllalospprin '

- pathway. In addition, the cloning of the IPNS should allow a more detailed analysis of
gy :

the enzymatic properties of the prokaryotic IPNS as a result of the potentially gﬁeatcr
availability of IPNS protein. This proposed greater avaﬂabiﬁry does however require .iat
the gene be expressed at hlgh levels and attempts are being made toward’ thxs goal 1 in our
laboratory. Lastly, since annblonc synthesizing genes are often clustered on the. '

prokaryotic chromosome (Malpartida et al., 1987), the clom_ng ofthe IPNS gcne rnay :

facilitate further characterization ('af the penicillin/cephalosporin biosynthetic paﬂjway

genes in S. clavuligerus, by sérving as a probe to isolate adjacent genes. Studies to this
? : ' S &
end are currently in progress. '

L
7
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