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Abstract . , .- - o ‘ . |
A cosmid library of clones cpmmnmg genomic DNA from the free hving. nin'ogeg
. £
" ﬁxer A. vinelandii was constructé?' using the cosmid vector pSa747 One clone, pAvH'l

contamed A. vznelandil“ﬁNA homologous to K. pneumoniae nif DNA. This was shown
by hybndlzanon of the clone thh a 32P—labelled fragment from the plasrmd pS A30
contammg the K. pneumomae nifH, me nifK,. me genes as’ well as part of the nifE

" ‘ gene The regxon on pAle whlch showed homology to the K. pneumoniae mf genes

1 was locahzed 0 2.4 kb Hin dIII- Bgili fragment. ’ '

-

The 1.4 kb Eco R) fragment within the nif homologous regxon was subcloned 1nto

l

- pUC8 The entire sequence of the 1.4kbEco RI fragment was deterrmned A large open
- reading frame (ORF) codmg fora polypepude of 409 amino acid residues was ,found by
computer ana1y81s of the DNA sequence. -No promotor sités of termination codons were
“pbserved, however a strong ribosome bmdmg site was found precedmg the ORF 9 bp |
" before the first codon. Precedmg the large ORF, another ORF codmg for a polypeptxde of "
20 amino ac;i;z?‘es was found. Thxs ORF was found‘@be in the same readmg frame

- as the large Wo termination codons occun'ed at the cnd of the smaller readmg

frame The two ORFs were separated by 123 bp. SRR
Companson to the results of Bngle et aI (1985. Gene 37 37—44) showed the EcoRI

fragment of pAle to contam DNA sequences codmg for the last 20 amino acids of the -

nifH gene and 'the first 409 ¢ ammo amds of the nifD gene-of A. vmelandu, as well as the

i X glon between these two genes. \A substantlal amount of the work repo’rtﬂed

here was conducted pnor to the pubhcatnon of the results of Bngle etal. (1985)
Compansons of the predlcted amino acid sequences of the A v:nelandtz me p_roteins}

to the nifD protein of other niffogen fixing organisms showed a high extent of conservation
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. occurring in.certain regions of the protein, particularly regions thouéht to bt involved in

the binding of the 4Fc-4S centers of the nitrogenase complex, - T
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- prokaryonc funcdon and can be camed out by a drverse range of bactena

L other nitrogen ﬁxatlon specrﬂc protems mvolved in the overall process

- free- hvmg mtrogen ﬁxer Klebszella pneu

N repressrble in the presence of a readily uuhzable mtrogen sourg

Nrtrogen ﬁxatlon isa complex process in whrch atmosphenc nitnogen is reduce(d to '

ammoma This is: gconormcally s1g'mficant in agnculture as crop ylelds are drawéttcally
.'/ v

mpcé)occur either symb;otrcally or non-symbloncally R /

Nltrogenap is the enzy¢1e whlch carries out the rEducuon of at ‘ sphenc mtrogen to
'ammoma. Thrs process is energy—expensrve, fﬁus it is not surprrs' g that the: system is -

v . ‘The: mu'ogen-ﬁxmg
system is also usually‘ repressed in high oxygen concentratrons due to the sensmvrty of the :

enzyme to oxygen Along wrth the mtrogenase enzyme, there are. usually a number of '

h

- Advances in the ﬁeld of molecular blology have' led toa greater understanding of the . :
genetics of the mtrogen ﬁxatron s‘yste ths of a wrde vanety of orgamsms Much of what is -
°-known today about the genetics of nitrogen f atlon' has been elucidated from studres of the

foniae. Although mtrogen fixation by this

‘specres is probably not economically srgruﬁcant it is the most easrly studied mtrogen

' /
. ﬁxlng orgamsm due tg its close relatedness to Escherichia colz Wthh facrhtates -genetic’

<

.mampulanons w o o =

LI

In K pneumomae 17 mf (__tmggn ﬁxatlon}genes are requrred for the productron of .

an active mtrogenase The genes are cvmzed into 8 transcnptlonal units (operons)

: occupymg\npproxtmately 2/4kb of the K pneumomae genome (Flgure 1). The functlons

of these gehes are summarized i in Table 1. The mtrogenase enzyme 1tself is made up of 2 '

5 %






bm_g i Funpnon EISE _ Reference
."J | FcS-contammg el;ctron transport protein_ SR ‘a,b '
;H“ Feprotemcomponent Y "  | ‘ 3 o ,'
D ” : alpha.subumt of FeMo protcm component. oo o ¢
K ;I-beta subumt of FeMo protem component - Tt
Ty ,functlon not krmwn B h ,' _' d
| E. " processmg ofthe FeMo cofactor | c
“ F NA.‘ ‘ ">processmg of the FeMo cofactor A - c
X ﬁmcnon no\t known . ‘ ‘;
U ""(functlon no}known o Lo __// d
S .+ possibly inyolved in processing Fe protein - -
: V . .final modificé.tion of tﬁc FeMo co__factof - e
M . activation of Fe protein . | o \ e
; Fﬁ ' _ﬂavoprdtcin involvcaih electron ti'ansl).ort - . . - bf
_ L/7 L inhibits expression of nif operons ‘ &h
A 'act‘ivatcs expressi(;; of nif operons | o c,i‘j,k-
J“B L prdccssihg of FeMo cofactor . . | . o
Q | uptake of molybdenum B '  m

a- Shahetal., 1983‘ b-Hill & Kavanagh, 1980 c- Roberts etal., 1978 d- Puhler & Klipp, -
1981, e- Hoover et al,, 1986, f- Nieva-Gomez et al.,-1980, g- Merrick et al., 1982, h -Hill
et al., 1981, i- Dixon et al., 1977, j- Dixonetal., 1980 k- Buchanan-Wollaston et a/

19811 Shah §z Bnll 1977 m- Impcnal et al., 1984 :

-
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components, the FeMo protem and Fe protem _The FeMo protem is made up of 2
subumts, the and subumts, coded for by the mjD and mﬂ( genes respectlvely Two of
each subumt form the complete FeMo protein component. Assocrated with'the FeMo
protein is the FeMo-cofactor, which is essenual for the activity of the mtrogenase complex
The FeMo protem component 1s- thought,to contain both the active srte and substrate

bmdmg site of the nitrogenase enzyme. o . B
: ¢
‘The second component of the mtnogenase enzyme is the 'Fe protein, or the mtmgenase

reductase Thrs protem is a dimer whlch has its 1dent1cal monomeric subumts coded for :

by the mﬂ-l gene Durmg mtrogen ﬂxauon thls proteln receives electrons from the -

: mtrogenase specific electron transfer cham The electrons are then transferred coupled

' wrth A’I‘P hydrolysrs, to the’ FeMo (FeMo protem) protem Here the dmrtrogen bound by

the protem is reduced to NH3 Dunng trans(tdptron the mﬂ-l gene is transcribed together

‘with the me and the me on the same messenger RNA The nifY gene is also transcribed
on the same messenger, but the function of the product of thrs gene is nat known

, Some of the nif genes are involved in the processmg of nitrogenase to produce the |
actrve enzyme. The mfP nifE, mfN and me gene products have all been shown to be
necessary. for the synthesrs of the FeMo-cofactor, which confers acuvrty on the FeMo o
protern The nifV gene is of partlcular mterest as mutations in this gene cause an alteration
of substrate specificity in the nltnogenase, suggestmg that it is somehow involved with the
substrate binding site of the mtrogenase complex In fact it has been shown that the nifv’

gene product is involved i in the ﬁnal processmg of the FeMo-cofactor (Hooveret al.,

- 1986), whlch could confer substrate specificity to the cornplex. The other three genes

£

k ; , v o
. component of the nitrogenase enzym'e Another gene which appears tobe md1rectly

direct the synthesis of the FeMo-cofactor and 1ts insertion into the FeMo protein

rmportant for the producuon of FeMo-cofactor is the me gene, whxch is apparently

mvoLved in molybdenum uptake

¢



The products of two genes, the me gene and the nifS gene, appear to be mVolved m
the maturation of the Fe'protein subunit, as mutations in these genes msult in the \
, producnon of "inactive Fe protein, subunits. The exact nature of this processcng funcnor‘l
has yet to be: determined. - _ ' S
- As mentioned earlier, the mtroéenase system of K pneumomae also code?(T)r/lts)own
electron transfer proteins. \Two such proteins have been identified, coded for by the nq/F
, and nif] genes. The mfF protem has\been shown to be a flavoprotein, while the me
.protexn has been shown to be an 1ron- and sulfur- containing protein. The electron
‘ tran.,port chzun of the K. pneumomae nif sy/stem starts w1th pyruvate as its physnologlcal q
.electmn donor The nifJ protem (a dlmer of 2 identjcal protein subunits) acts as the first.
electron acceptor in the cham and passes electrons on to the mfF protem 'Ph(e nifF protem
_in turn passes electrons on to the Fe protein subumt ‘of the nitrogenase enzyme
| The regulauon of the mtrogen fixing system in’ 7( pneumomae is falrly complex and ‘ 5
will be d1scussed in greater detail below. “Two genl:s in the mf cluster are d1rectly
mvolved with the regulauon of the system They éte the mfA and the nifL genes. -
Products of these genes Rave been shown to enther actlvate or repress the nif opero_ns.'

For two of the genes in .the nt’f cluster, oroteins have been observed in in vitro
tran cnpuon-translauon expenments, but the funcuons of these protems have yet to bc
det 'ned These are the me and the ij genes Another gene whxch has yet to havr. : N ‘~

function as51gned to its gene product is the nifU gene This gene was mappe% m polat. S ,;g.v'

By A
s .

mytation studxes of the meSVM operor, but to date no functlon for this gene has beén o

LX"

0 served and no protein product for this gene has been 1dent1ﬁed

As menuoned earher, mtrogen fixation is very costly to the orgamsm in terms of -

- energy. Thus in the presence of a readily usable nitrogen source, the orgamsm shuts

.
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down the nif gene funcnons Also. because of the extreme sensmvny of the mtrogenase |
'enzyme to oxygen, when high levels of oxygen occur the mf operons are not expressed.

This suggests that a falrly complex mechanism of control must Be involved. '
. In fact, regulation of the nif operons is governed by the action of at least 5 genes.

) Overall nitrogen metabolismin K. pneumomae is medxated by a set of genes known as the
ntr (nifrogen [egulanon) genes, pecxﬁcally the ntrA, ntrB and ntrC genes. These genes
res&nd to availability of nitrogen by either, activating or mhlbmng nitrogen assnmlatory
funonats such as nif or glutamme synthetase Two nif spec1fic genes are also involved.

s

in the regulanon of the mf operons. They are the mfA and the mjL genes. o
Acnvanon of the nif genes requxres the products of the-mfA ntrA and ntrC genes.
.The nifA gene proﬂuct is the powxve activator of the nif operons and is reqmred for the
expressmn of the mf operons In response to low levels of available mtrogen the meA
& Operon is activated by-the products of the ntrA and ntrC genes. Hirschmann et al. and .
Hunt et al in 1985 looked at the transcnpnon of the ginA gene of enteric bactena invitro
and suggested that the ntrA may actin concert thh the nerC gene as a S1gma-11ke factor
' enhancmg the specific transcnptlon of genes under the comrol of the ntr system
. Stydies of the ntrC and mfA proteins have shown these proteins to have homologous
funcd‘ens !n fact Ow and Ausubel (1983) showed that the nifA protem could activate. '
: other mtrogen metabohsm genes in the absence ofa functmnal ntrC gene in K
' pneumomae This kind of action was also observed by Drummond etal. (1983), who
compared the promotor reglons of the nifLA operon& meDKY operon (wh1ch is only
actlvated by the nifA protein and not the ntrC) and the nifH gene of hazobzum meliloti -
(whlch is known to bc acttvated by either the ntrC or the nifA proteins of K pneumomae ).
- They found homologles ina reglon 30 bp upstream from the coding regxon of the K

pneumomae mfZA operon and the R. mehlon nifH gene, which were not observed in the

K. pneumomae mﬂ-IDKY operon's -30 reglon Thus, they hypothesmed that thlS region
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| must somehow be important in the activation of these operons by the ntrC. protein 'I‘he
-10 reglon showed homologxes for all three of the operons suggestmg that this region must
. beimportant for activation by the mfA protem’ In addluon the product of the ntrA gene
was also required, in conjunction wlth the nifA gene product for the acnvauon ofthe  +
ijDKY operon (Mernck 1983) This was skmilar to the ntrC proteln whtch also |
requlred the action of the nirA gene for act1v1ty., N
~ In 1985 Buikema et al sequenced the nirC and nifA genes of K pneumomae a well
as the nifA gene of R. mehlon ~ The predicted amd sequences were then compared and
. ~ Were found to contain regxons of homologxes in the central pornons of the proteln
molecules In 1985 Drummond et al also sequenced the K. pneumomae nifA and nirC -
-genes§, showmg that the sequence for the mfA gene extended 40 acids further at the
carboxy—termmus than previously- reported by Buikema et aI (1985) This- reglon is
thought to be involved in DNA binding of the protein molecule. Drummond et al. (1985)
also found homology at the N—termmal reglons of the nifA genes from K. pnewml)ma,e and
R melzlon The acid sequences of the nifA proteins and the -X. pneumoniae ntr€ protem =
weré then compared w_1th sequences- of other regulatory proteins including the proteins .
coded for by the ompR, dye, and nusA genes of E. coli and the sprA and spoOF genes
of Bagcillus subtilis. Homologies were found to exist in various regian of the protein
sequenoes indicating that these negulatory' proteins may have a evolved from a.common |
" ancestor. o o~ o | | ) o |
- In"1985 Kennedy et al. used cloped m'f DNA from K. pneumoniae to examine the:
regulauon of the nif genes in A. vinelandii . The study was conducted to observe 1
 similarities Wthh occur m the regulation of ‘nitrogen fixauon between the two orgamsms ‘
Plasrmds carrying 1% pneumomae nifA, ntrC and. me as well as me- nifH- and .
~ nifF-lacZ fus1ons were used m thc study. ’Fhe results showcd that the plasrmd carrying €c '

K. pneumoniae _mfA gene could «omplement mutat;ons in A. vmglandu, whereasthe .

s

B L o

-
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plasmid carryingv theKX. pneumom'be ntrC could not. The résults also showed that the K.
. pneumom'ae nifL‘gene could ndt repress hif ‘aeﬁvity in A.vinelandii. With the lac- quion‘

" plasniids the lnzj‘L-lacZ ‘and nifF-lacZ were expressed constitutively in A.vinelandii,f .
- whereas'the nifH-la¢Z was not expressed except when the nifA of K. pneunioriiae was
~ also present. 'I'hesc results indicated that similarities exist in the regulatory mechamsms in
) K, pneumomae and A. vinelandii, although the promotor regions of the K’ pneumoniae
| nif genes appear to differ slightly from those of A. vinelandii as mdxcated in the lac - -
. fusion kstudies The pla‘srrﬁdx:arfying the K. pneumoniae nifA gene was able to
complement regulatory mutants in A vmelandu, mdlcatmg the nifA genes of these two
: or\gamsms are s1m11ar Parallel results have been observed by Sundaresan etal. ( 1983a)
.. forR meltlotz Jones et al (1984) for A. chroococcum, Pederosa and Yates ( 1984) fo‘r
Azospirillum brasilense and Alvarez-Morales and Hennecke (1985),.for R. japonicum, in
which the nifA gene pmduft ef K. pneWnonide was zible to,a‘ctivate expmsSior’i of the nif

'genes from these orga;ﬂsms.' Activation of nif genes by the ntrC gene from K.

. ' pneumoniae wasohly observed in R. meliloti (Sundaxesan etal., 1983b).

Upon addition of ammonium ions to actively nitrogen fixing cultures, ditregehase
synthesis declines rapldly This is due mostly to the’ repressmn of the meA operon by
the ntr system and partly due to the action of the nifL gene product. Addmon of oxygen to
acnvely fixing cultures produccs an even sharper dechnc in nitrogenase producnon “This
rfapid decline in nitrogenase production indicates that the repression of the nif genes is not

’ occuning simpl_y by repression of nifA expxessien and dilution of ;he m‘fA product;

| Mutation mapping eiperiments showed that nifL was involved m the repression of the nif
geﬁcs. " Coltins er al. (1986) showed that the nifL. gene produet acts to turn off the nif -

genes by destbilizjng the rif mRNA trancripts (except nifLA). This destabilizing effect

" appears to occur 0 a lesser degree in the presence of available nitrogen. )



" Cloning and sequencing done on the nif region of A. vinelandii (Bishop et al., 1985,

Brigle et al., 1985, Dean and Brigle, 1985, Brigle et al., 1987, Beynon et al., 1987),
along with Tn5 mutagenesis (I(ennedy etA al., 1986) have shown that the arrangement of>.
~ the nif genes .Within the A.vinelanfiii ‘genome is similaf to that of K. pneumoniae (Figure |
2), The structural gé:ncs of the A. v'i\nelandii nif region,‘ as well as th nifY gene are linked
together in a single o;;éron (Bishop et al., 1985, Brigle et alj, 1985, Beynon et al., 1987 ), -
as is the case in K. pneumoniae. The relative position of the nifE (Dean and Brigle, 1985,
Bﬁgle etal., 1985), nifX (chnon et al., 1987), nifU, nifS, me (Kennedy et al., 1986,
Beynon et al., 1987 ), nifN, and nifM (Kcnncdy etal., 1986) appear to be identical to the
arran@ent found inK. pneumori’ae The nifE, mfN and me genes comprise a smglc* .
transcriptional unit (Dean and Brigle, 198§, Beynon et al., 1987), as;do the nifU, mﬂS: ;nd
n.sz genes (Beynon et al.; 1987). o { _

The control of the nitrogen ﬁxmg ability in A. vmelandu appears to be similar to that
; of K. pneumoniae. In fact Kennedy and Robson in 1983 used the cloned nifA regulatory.
gene to acnvate expressxon of the nif gencs in both A. vmelandu and A, chroococa’um

1

VTh1s was shown by clomng of the nifA genc mto a wide host rangc multlcopy plasmld

L J



" 10

TR [ KRR | SR8 R J SRR | TR § TR

XN4d AJNAH
- — ‘- -

L4

(L861 ‘1012 uoukeg woj)

N

¢



11
with expression of the nifA gene occurring from a coﬁstitutive promotor. Because the nifA
gene was expressed constitutively from this promotor it was expected that if enough
I;omology océumd between the regulatory elements of XK. pneumoniae and the
. “Aio‘t;)liacter spp., expression of thg ni‘trogcn fixation gcn;s in A, vinelandii and A.

chroococcum would also occur constitutively upon transformation of the bacteria with the
—plasmid. Thiﬁ_was observed, indicating that a protein homologous to the 'nU‘A protein of
K. pneumoniﬁe exists in A. vinelandii. This was further supported by work done by
" Kennedy and Drummond in 1985-who, as mentioned earlief in this introduction, used
cloned K. pneurmoniae regulatory elements to examine the regulation of nitrogen fixation in
A. vmelandu In addition ;a the activation of the £. vinelandii nif genes by the K.
pneumoniae mfA gene, they also observed that the nifL genc from K. pneumoniae was
not expressed in A. vinelandii. _ |

Further studiés by Santero er al.in 1987 showed that a ééne similar to the ntr A gene

of K. pneumor;iae may regulate overall nitrogcp metabolism in A. vinelandii. This was
shown by isolation of mutants which were simultaneously deficient in nitrogen fixation,

nitrate reductase and nitrite reductase activities. All of these deficiencies were ’

i

complemcnt;ad by a cosmid containing a cloned A. vinelandii DNA fragment which dlso
complemented ntr A mutants of lj?.c;oli. This indicated that a ntr A liice gene exists in A.
vinelandii, . o |
In 1980 Bis};op et al., obtained sorﬁc rather unusual results which led them to

hypothesize the existence of a second nitrogen fixation system in A. vinelandii. They

found Nif* (able to fix N,) phenotypic rever;ants‘of Nif - point mutations of the nifD and

nifK gencs:; Two-dimensional protein gel analysis showkd that these 'revertants’ lacked

the nifD and nifK proteins, but contained four new proteins which were repressed in the )
~ presence of NH,*. This system was also found to be expressed under conditions of

~
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molybdenum deﬁcieﬁcy and repressed in the presence.of molybdfnum or turigsten |
(tungsten has been shown to'gompcte with molybdenum at the active center of the FeMo
cofactor, msulﬁng in an inactive enzyme complex).

Bishop et al. ( 1980‘). Page and Collinson (1982) and Premakumar et al. (1984) .
suggcs:téd that the two systems were regulated by tpolybdenum. That is, that the A (
concentration of available molybdenum determined which system was expressed or
repressed. Jacobson et al. in 1986 provided evidence that this control existed at the level
of transc‘ription. This was done by looking for nif homologous transcripts under varying
conoentrations of molybdcnum.~ They found that with molybdenum concentrations of
greater than 50nM the conventional nitrogen fixation system wa; expressed whereas at
concentrations of less than 50 nM the alternative system was expressed.

The metal vanadium has been shown to enhance basal nitrogen fixation act{Qit;'
(Bishop et al., 1982, Page and Collinson, 1982) ) Bi_shop etal. (1982) and Ppge and
Collinson (1982) speculated that the enhancement observed'was the result of stimulation
either, diréctl'y or indirectly, of the altcrn‘ativc system by vanadium, Exactly what role
va;xadium play in the alternative system was unclear, although both Bishop et al. (1982)
and Page and Collinson (1982) ‘su'ggestéd that the enhancement was the result of an
incncasg in molybdenum deficiency by competition of vgnadilgn with molybdenum
transport , resulting in an increased 'derepression’ of the alternative system. Another

. pc;ssiblc cxplanatibn is.that vanadium is at the éctivc center of the alternative nitrogenase.

This hypothcsxs was supported by Robson et al. (1986) who showed the alternative

nitrogenase of A. chroococcum was avanadoprotcm o

. .A\ . .

As mcnnoned at the bcgmﬁng of this introduction, a wide,variety of prokaryoue ’

organisms are capable of fixing nitrogen. These organisms range‘ﬁfom stnct aerobes like
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;zotobacter vinelandii, to s&'ict anaerobes like Clostridium pa.s‘teuric;nuin. and include o
organisms like the cyanobacterium Anabaena . Although bacteria from widely divergent
taxonomic groups can fix nitrogen, it appears that the nitrogenase enzymes of these
organisms are closely related. The nitrogenases of all of these organisms are composcé of
two components. Component 1, or the FeMo protein, contains the active site of the
enizyme complex. Component 2, or the nitrogenase reductase, is the electron acceptor of -
the enzyme complex |

In 1968, Detroy et al were the first to show the ability of components from Qae
organism to for;n active nitrogen fixing complexes with the complcmeuwy cgmponcms
from another organiéril. Since that time a numbcr of other groups have studied the

complementary functioning of nitrogenase components from a wide range of nitrogen

fixing organiss.
In 1978, Emerich and Burris. using highly puﬁfwd components from a wide variety of
nitrogen fixing oréanisms, showed that hybrid protein complexes with components
originating from two different sourccs’wcre active in fixing nitrogen. This was the first
such study to utilize highly purified protcir; for tf\is purposc.- In thé study, protein
components from 8 different organis;ns, which fixed nitrogen under widely varying
physiological conditions, were used. The protein components of the nitrogenase )
wr_rlglexes of each of these organisn\s were isolated and tested for the ability to form mthé '
hybrid nitrogenase compléxcs. Of the 56 possible heterologous crosses, 45 gcncrg‘t:cd
active complexes. This sug%cstcd that the protein sequences of the nitrogenase cn;ymc
complex components arehighly conserved and possibly that the acquisition of nitrogen
fixing ablhty has bcen a fairly recent cvolunonary event.
. In 1980 Ruvkun and Ausubel, using mf genes cloned from K. pneumoniae, showcd
that a significant degree of hoinology existed in the DNA coding for the structural genes of

the nitrogenase enzymes from a number of nitrogen ﬁxing drganisms. The cloned nif
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o genes used in this_ study were camed on the plasmids pSA% and pMCl 'I’hese '

plasrmds were constructed by Cannon et al.in 1979 and contamed all of the mf genes

o ' except mfﬁ The plasmnd pSA3O contams the me me me and nif¥ genes as well as )
' 'part of the me gene. ‘The plasmld pMCl contams the rest of the mf genes not inc]udmg
th the nif.l gene From these plasmrds, fragments containing the ;uf genes were first 1solated
.and then radxoacuvely-labelled and used as, hybrtdlzauon probes w1th Southem transfers of
‘ .DNA dlgests from 19 mtrogen ﬁxmg orgamsms and 10 non- mtrogen ﬁxmg orgamsms :
- The results shoyved that all of the DNA samples l;rom mtrogen ﬁxmg orgamsms and none

- of thc.DNA sam‘ ples from the non-nluogen ﬁxmg orgamsms contamed homolcgy W1th the -

,mf structural genes (from pSA30) When the probe contammg the other ni ':gf genes (from

' pMCl) was used nene of the’ orgamsms tested exhrblted any homology The results of
, tlns study indicated that a high degree of homology appears to exist, at least for the:
L sltructural genes of the mtrogen fixing system an\d that other genes. specrﬁc forthe =

' processmg and funcnonmg of the mtrogenase appear to have a much lower degree of

| ‘conservatlon Because of thlS the structural genes of K. pneumomae have been used asa
‘ umversal" probe by many groups to locahze or 1denufy the structural mtrogen ﬁxactrfon ’

3 genes ofa w1de vartety of orgamsms _ o )' = ,..' :

The ﬁrst group to useg;loned K. pneumoma“&ﬁtif DNA asan 1nterspe01es

g hylondlzauon probe for mf genes was Nuu et al (1979) In thlS study they were able to

. <
s locahze the mf genes of the symblonc mtrogen ﬁxer hazobzum Iegummosarum toa large -
.mdlgenous plasnud,. It w,as found that the plasmld contamed DNA homologous o the mf ’

o structural genes of K pneumomae but not to the other nif genes

Smce then the umversal' probe has been used to IOCalxze the mf strucmr%ene_s'oﬁs «

' Anabaena 7120 (Mazur etal., 198() and the et aI , 1982), hazabmm Itégummosart:m k.
b trtfolu,R phaseolz (Prakash et al 1981) R. meltlon (Prakash et al 1981 and Corbln et

(Hennecke 1981 and Kaluza etal 1983), Rhtzobzu.m ORSS71 -
“ .v‘_ Q " : ‘

al 1983) R Japomc"




(Norel et al., ’1985), Rhodo;seudomortas eapstflatd;(AVtege‘s etal., 1983), Destc(fovt‘br' '
j sg)p (Postgate etal., 1986), and Thtobactllus ferrooxtdattl* ﬁ’netortus etal., 1986) The
CoL *: umversal probe has alSo been used to identify nif -like DNA in orgamsms such as

_Methylosmus sp Xanthobacter Sp.. H4 14 (Toukdanan ‘and lestrom 1984),

, MfthanobmteraMVt M. thermoautotrophtcum, Methanococcus voltae, and
Methanosarcma barkert (Sibold et aI 1985), even though capabthty to ﬁx nttrogen has not
" been demgbnstrated in most of these orgamsms / ’ v ,
~ The mf DNA from the cyanobactenum Anabaena 7120 has also been used asa
hybnd1zauon probe for thﬁ mapping of nif DNA of a number of orgamsms. Kallas et al.
in 1985 used the nifD and me genes of Anabaena 7120 to\examme the orgamzatxon of ntf _
] genes in vanous nonheterocystous anmwrocystous cyanobacterxa Their ﬁndmgs
/@gested that dlfferences in tl% anangem: st of the mf genes between nonheterocystous
.and heterocystous cyanobactena.could be useful in the taxonomy of the vanous

N

cyanobactena o
. Itis apparent from lhese StlldlCS that the structural genes of the mtrogen ﬁxlng svstems
A | of all of these orgamsms are falrly closely related, to the extent that.they can be 1dent1ﬁed
by hybndlzatton w1th the. umversal probe from K. pneumo’lzae and that mtrogen ’ﬁxm g
acnvrty is observed when mtrogenase protem components from heterologous sources are:
combmed "The extent of homology between the mtrogen fixmg systems of vanous
. organisms can be funher exammed by companson of the actual acid sequences of the
mtrogenase enzyme components themselves The acid sequences of the’ protems canbe - N
k determmed by two methods The ﬁrst method isto determme the sequence dlrectly usmg |
punﬁed protein. The other method is to determine the DNA sequence of the nltrogen I
| ; ﬁxauon genes and from th1s sequence predtct the ac1d sequence, of the Etotems for.
. comparison. The latter method is advantageous as from the DNA sequence data prornotor :
sequence/s and gene arrangements can also be compare_d. Also the DNA sequence ls less |

- . . . Lot b(
£y ; . R
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-~ likely to be in error The sequencing of DNA is ‘also somewhat eas:er to carry out in terms

- of time, matenals and effort

_ '“ The ac1d sequence of the me gene products of a number of organisms has been
determmed The acid sequence of Clostrtdmm pasteurzanw;z Fe- protem was detenmned
" in 1977 by Tanaka ez al. directly using ‘the purified protein. The “acid sequences of the Fe
éprotems of Anabaena 7120 (Mevarech et al 1980), K pneumomae (Scott et al 1981 :
| Sundaresan and Ausubel 1981), R. meliloti (Torok and Kondor051 1981) R. tnfolu :
. '(Scott et al 1983a), R. Japomcum ¢ Fuhrmann and Henn e 1 984), A v‘melandu ‘
o (Bngle et al 1985) andThzobaczllus ferrooxzdans (Pretonus et l 1987) were all
| determmed from the nucleoude sequences of the nzﬂ-I genes of these orgamsms From the
- -acid sequences a great deal of homology is apparent. Reglons in the protem contmmng
cysteine residues appear to show the greatest amount of conservauon, which is not
. ’"unexpected smce cysteme hzig been thought to act as hgands at the 4Fe-4S centre of the

Y

protem and may also be mvolved in the binding of ATP.

Forthe nifD gene, codmg for the cx—subumt of the FeMo protein, the complete
nucleotlde sequences of A. vinelandii (Bngle et al 1985), a Rhtzoblum sp. xs,olated from

Paraspoma agdersonu (Scott et alt, 1983b) R. japomcum (Kaluza and Hennecke 1984),
and Anabaena 7120 (Emmem and Haselkorn 1983) have been determined. Partial |
sequences for the me genes of Thzobaczllus ferrooxtdans (Pretonus et al 1987),

pneumoniae (Scott etal., 1981), R mfolu (bcott etal., 1983), andR melzlon (Torok and :

o Knodoros1 1981) -have also been determmed The -acid sequences coded for by these

: genes was determlned from the nucleotlde sequence The a01d sequence of the a-subunit
-of the Closmdtum pasteunanum mtrogenase (Hase etal., 1984) was determmed usmg

- purified. protem Agam, the ac1d sequence showed a s1gmﬁcant amo\q of conservatlon -‘

]



especially around the cysteme res1dues, as was the case ‘with the Fe protem |
Tho acxd sequences of the protern encoded by the nifK gene were determined from the
complete nucleonde sequences of the nifK genes from,Anabaena 7120 (l\/}azur and Chui N .
1982), A. vinelandii (Brigle er al 1985)-and the begmmng of the nifK gene of R. o
Japomcum (Kaluza and Hennecke, 1984). The ac1d sequence of portions of the nifK gene "
protein from ‘A. vinelandii (Lundell and Howard 1981), and C pasteunanum (Hase et -
al., 1984) have also been deterrmned Since only a lrmrted amount of data is avaxlable,
protem compansons are drfﬁcult to make, however s1gmﬁcant degrees of homologles do

0 e

exist w1th1n the sequences compared

v Thgslggh]g;ﬁvgs o S S
Q'I'he prOJect descnbed in thlS thesis is the isolation and sequencmg of DNA from the

' mtrogenase gene cluster of Azotobacter vinelandii. The DNA isolated was determmed to.
be from the nrtrogenase gene cluster on the basis of hybridization with the K. pneumomae \ |
njtrogenase genes found in pSA30 *The sequence of the 1solated DNA was determmed by

 the methods of Sanger etal. (1977) The obJecuve of this prOJect was to determine the D
a sequence of the DNA 1solated from the mtrogenase gene cluster of A. vinelandii and
frcompare the nucleonde sequence as well as the predrcted acrd sequence with those | -
prewously determined by other groups for other mtrogen ﬁxrn g orgamsms

AN
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MATERIALS AND METHODS |

| The Azotobacter vinelandii Strain used to isolate nif genes was A. vinelandii OP _ -

strain UW (nif ¥, capsule™) obtained from Dr. W. Page (University of Alberta). The -~

cultures were mainta\in}don Burk's medium slants. Compositions of the media used are
Ea 4 ’

listed in Table 2.

'The E. coli strain used as the host for cosmid clonin'g was E. coli HB101 (Boyer and

_Roulland Dussorx, 1969). Cultures were mamtamed on L-thigdium with the appropnate

concentratron of antibiotic present to maintain thé cosmids of interest. The host used for
puUC vectors was E. colt IM83 (Pharmacra Dorval Que), wt}ﬂe thé host used for M13
clom@/asE coli IM103 (Bethesda Research Laboratories, Burlington, Ont ). Agam '

antibiotics were added to YT medium to appropnate concentrauons to mamtam the

| .plasmrds of interest. For the bacteriophage M13 no anublotrcs were used.

©

Clomng vectors and plasrmds used are licted in Table 3 The cosrmd pSa747 (Tait
et\al 1983) was used as the 1n1t1a1 vector to px ouauce the A vmelandu gene hbrary “The
cosmid was mamtamed in E. coli HB101 on L medlum contarmng 30pg/mL kanamycin.

For the purpose of sub—clonmg, the high copy number plasmlds pUCS and pUC13
were used. These vectors are convenient for sub-clomng as cloned fragments can be.
sequenced usmg either the drdeoxy or Maxam & Gilbert sequencing methods. Both pUCS8 -

and pUC13 carry an amprcrllm re51stance marker and were thus- mamtam_ed in E, coli

_JM83 on YT- medrum contarmng SOpg/mL amplcﬂlm ] _

In order to detect recombmant clones containing nif genes, a radro-acuvely labelled-
DNA fragment contammg the K. pneurqomae nifH D.K)Y and’ part of me from the
plasmrd pSA30 was used (Cannon etal, 1979 obtamed from F. M. Ausubel, Harvard

Umversny, Cambndge Mass. ) as hybndtzauon probe

’
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_Table2, Media_ - \ - _
o . ‘- .+ ,'4 , . S
Burk's Medium'  KpHPO4 : ~08g 5mM phosphate .
. KH,PO 4’ ® 02g bli'ffcr pH7.1
Mg S0,7H,0 02¢g 0.81 mM
. CaSO42H)0 - 008g 0.58 mM
) “FeSO4TH0 - 5mg 18 uM
NaMgOy .2.5mg M
. D-glucose 10 g 1% (Wh)
_+Difco ‘Bacto-a.gar - 18 g 1.8% (w/v)
+CH3COONH, lL.bg 14mM(200ug N/L)
distilled H,0 to 1000 ml o
-y . ‘ ¢
L-medium Difco Bacto-
. _ tryptone 10g
| Difco Yeast
\ _extract 58
NaCl 5g
" D-glucose_ lg
+Difco Bacto-agar 15 g for plates ‘
. 6 g for soft agar overlays
+Antibiotics | " 50 pg/ml for ampicillin
' 30 pg/ml for kanamycin
15 pg/mi for tetracycline
distilled HyO to 1000'm} ' |

Same as L-medium with no D-glucose added.
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_ Plasmid/vector _Relevantgenotype  Reference
pSa747 SpT, K, cos | " Taiter al., 1983
pUCS8 Apf | Vieira and =

: Messing, 1982
! pUC13 Apr . _ Messing, 1983
. pSA30 nif HDK, TcF * Cannon et al;, 1979

i
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Cultures of A. vinelandn OP strain UW were initially grown on ! N-free Burk's
medium slants. Two ‘htres of liquid Burk's medium were inocilated wnh cell suspensions .
obtamed by washing cells off the slants. To enhance growth, ammomum acetate was _
added toa conCentrLgtion of 1g/litre. The cultures were incubated at 30°C with vigorous
aeration on a rotary- shdker. After‘2. days the cells’ were harvested by pelleting the cells and
resuspeniding in 200 mL of TE buffer (10 mM Tris-HCl pH7.3, 1mM EDTA). SDS
‘(sodium dodecyl sulfate) was added toa ﬁual 'éoncen_tration of 5% (wh)—andvthe
suspension was incubated at 44°Cfor 1 l:our. ‘The suspension was then phenol extracted |
with one volume of phenol The layer was removed and saved. The phenol layes was
washed twice wnh 25 mL of TE buffer and the: TE buffer washes were pooled together
with the original layer. Sodlum acetate was added to the solution to a ﬁnal concentration =

ofb 3M. Two a.nd a half volumes of were then added and the suspension was incubated
at -20°C ovemxght The precxpxtated DNA was then pelleted and redxssolved in 10 mL of .

TE buffer A 1uL afiquot was electrophoresed on a04% agarose slab gel, followed by
. stalmng wnh Cthldlum bromide to get arough estimate of the DNA content of the ‘ e
suspensmn The DNA was then purified by CsCl densxty gradlent centnfuganon This,

" was done by addmg CsGl (1.1g /mL of solution) to the DNA soluuon and ethidium
brormde toa ﬁnal concentrauon of 2501g/mL followed by centnfugauon of the soluuon at
40,000 rpm for 40 hr in a Beckman Ti50 rotor usmg a Beckman L5-75 ultracentnfuge
The DNA formed a distinct band whlch was removed from the top with a 14 gauge needle. )

.The ethidium bmmxde was removed by repeated extraction with 2 volumes of iso myl

alcohol. The DNA was then pr‘empxtatcd using 3 volme. :f )% The pellet was

" redissolved in TE buffer containing 0.3M sodium acetas snct precipimaed with 3 volumes

of 95% . The pellet was redxssolved in 2mL of TE wf‘i‘cr The concentration of the’ ﬁrél _
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DNA solution was determined by measunng the absorbance at 260 nm (where 50ug/mL of
* DNA gives arl nbforbance of l) L : |
" A flow diagram of the cloning strategy is shown on Figure 3.
| I j ; .
The vector pSa747 was linearized with the restriction endonucleases Bgl 11
(Pharmacxa), EcoRI (New England Btolabs), Hin dIII (Pharmacia) and Sst I (New
En gland Btolabs) under conditions described by the suppher of the enzymes. The dlgests
were checked for complenon by agarose gel electrophoresis. Linearized vectors were then
treated w1th calf mtestmal alkalme phosphatase to reduce the likelihood of vector-vector

’

li ganon _ )
\.E . E ’ I3 ‘ [ {- . D I{ e‘

In order to obtain fragments of suitable size for cloning into pSa747, partial digests .
were done-on the A. virtelandii DNA. The enzymes used for the partial digests were Bam
HI(New England B{olabs) Bgl 11, Eco RI, Hin dIlI, Mbo I (New England Blolabs) and

. Sst II The conditions for partial di gestlon which produced the best range of fragments

were dctemnned by small scale digestion of the DNA. Once conditions were establlshed

large scale digestions were carried out. For each large scale digestion approxxmately S0ug
of DNA were used. These digests were then size fractlonated by centnfugauon in either
sucrose (10-40%) or NaCl (5- 29%) lmear gradients. The gradients were fractionated and
the fragment sizes of the DNA intamed in the fractions were determined by agarose gel

- electrophoresis with suitable.si v markers. Fractions containing (ragtnents m the 21-36 kb

range were pooled and the DNA -was concentrated by precipitation and redissolution'in

300pL of TE buffer.

Approximately 1ug of lmeanzecl pSa747 ‘was ligated to equal amounts of A. vinelandii



, , : A.vinelandii “chromosomal DNA -
Digestion with restriction | Partial digestion with

‘| endonuclease ! restriction endonuclease
\ 4 - * v g
} : | Sucrose or NaCl
ﬁglnxggtphosp hatase . gradient centrifugation
o . : \
Y - ' ‘ . \\-
iﬂi . ‘ . w _ \
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-DNA fragments of between 15- 48.5 kb

\/ some containingf” DNA,

Ligation
i /
Packaging and transfection
v ' N

_ : . T - ' 'Q
Clones are selected by resistance to kanamycin and screened by -

. colony hybridiztion witt nif genes of K. pneumoniae,
carried on pSA30, for the presence of nif DNA.
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/
DNA ina t‘xnal volume of 10 ML using 3 umts of T4 DNA Iigase (New England B:olabs)
using conditions described by the supphcr of the anymc Table 4 l:sts the vector sites into

which the partial digest fragments were cloned. The ligations were infubated overnight at

112°C and stopped with 5 L of 0.5M EDTA pH 8.
En f .

) - The ligated DNA was packaged in vitro into lambda phage heads using procedures
described by Collins (1979) and Honn (1979). The packaged DNA was then used for
traquuction of E, coli HB101 cells, which were subsequently plated on L-agar containing
30 p'ymL knnan‘ayc“in. Enough packaged DNA was used tn produ'\cc between 30 and 300
coloni&fym; plate. ) 1

S ing of coloni

ord,cl’ to k} a rough esnmate of tHe number of posmbl\'ccombmant co'lomcs whxch
[N

In
//»; present with each ligation, a number of colonies were randomly selected and "quick

*

plasmid assays" were done using the methods of McCormick er al., 1981. From this the

fgaWons pmdnciné the highest proportion of recombinants can be selected.

- Follgwing this, colony hybridizations were carrieii out using the methods of Gergen et

al. (1979). Colonies-were screened with a 32p labellcd fragment containing cloned K.

pneumoniae mf genes (nifH, mjD, and nifK), from pSA30 Any poss1b1c recombinant

_cosmids were then isolated using the rﬁc?ﬁsds of Bimboim and Doly (1979) and were then

electrophoresed on agarose. The DNA wds transferred to nitrocellulose using the methods

of Southern (1975) and the filters were probed with a radnoactlvely labelled sample of the

~ Eco Rl insert of p8A30 to confirm that the cosmids contamed DNA homologous to the K.

pnew‘nomae DNA
‘Large scale isolation of pAvH1 DNA was done using the cleared lysate method | fz‘
. ‘ Q N



Table 4. Ligation of A. vinelandii DNA 10 pSa74]

—Yector site ' A. vinelandii fragments
Bgill * T BamHLBgiU Mbo1
EcoRI ' Eco RI
Hindll Hin dlll |
Sst 11 | Sste 11 | h ’

3 7
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developed by Clswell & Helinski (1969). The DNA was purified Sy sium chloride’
gradient centrifugation ‘}“‘" the puri;y.of the sﬁmplc was chex':kcd)t;%:ctrophorcsis on
0.35% agarose slab gels. The concentration of the DNA solution was determined by
measuring the absorbance at 260 nm.

' WWDM . i .

A restriction map of pAvH1 was constructed by analysis of digestion patterns of
;arious rcs’ti'iction cndgnuclcaécs. Single and double digests were carried out. Fragmcng
were fractionated by electrophoresis on 0.35% agarose slab gels and were visualized by
ethidium bromide stainir;g. Then, from photographs of the gels, fragment sizes could be

_determined (Seuthern,1979). The enzyme sites mapped were Bam HI (New England‘
Biolabs), Bg/ I1 (?-macia), Clal (Bochn';lcr-Mann im, Munich, West Germany), Eco
RI (New England Biolabs), Eco RV (New England B&s), Hin dIll (Pharmaciaﬁ, Hpal

(New England Biolabs), Pvu II (Pharmacia), Sma I (Bethesda Research Laboratbries), and

Xho 1 (New England Biolabs). Generally, 1 g of DNA was digested for 2 hours with 2

to 5 units of enzyme ih conditions as described by the suppliers. The DNA fragménts |
from the agarose gels were then transferred to nitrocellulose filters by the methods of

Southern (1975), and the filters were probed with radioactively labelled Eco Rl insert of

pSA30 to dc;crminc which fragments had homology to the K. pneumoniae nif genes.

The pAle DNA was prepared by digestion with thc’appropriate c‘n‘zymes( nder
conditions as described by the enzyme suppliers. The digests carried out were an Eco RI
single cnzy;i'lc digestioﬁ and a ‘Hin dIII -Bgl 11 double digcsf. The diéests were checked by
clcctmphoreéis of small aliquots on 0.75% agarose gels. The fragments of interest for
subclorlfng wcre isolated using the DEAE-;iuembranc band intercept method (leardl etal.,
1984). The fethod followed was described by the manufacturer of the membrane
_ _(Séhlcichcr & échuell Inc., Keene, N. H.). Enough pAvH1 was digested (between 60 to

A
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. 4
70 ug) to pmducc approxxmatcly 2 \g of the final fragmcnu , \/

” The pUC vectors \Mgcsted with appropriate enzymcs as described by the
suppliers. Approximately 3 ug of pUCS vector 'DNA was digested with Eco RI. An
aliquot of the djgcst containing apprbximatcly 0.1 pug of DNA was ‘clcctmphoresed ona
0.75% agarose gel to confirm that digestion was complete. The concentfation of the
completely digested DNA was adjusted to approximately 1 ug/ML by dissolving it in the
appropriate volume'of TE buffer after precipitation of the DNA. For the pUC13 vector ‘
l‘)NA,:threc ug were digested first with Hind I1I, follewcdk by Bgl I1. After each
digestion, aliquots containing approximately 0.1 g were clcétrophorescd on 0.75%
agarose gels to confirm that the digestions were complete. | Once digestion was completed,
the DNA was purified by DEAE membrane band interception and redissolved to gwc a
final concentration of approximately. lp g/uL.

Approximately 1 pg of linearized vector-DNAL was ligated to approximately 1 ug of /
| appropnatc fragmentin a ﬁnaf\volumc £ 10 pL ugsing 3 units of T4 DNA hgasc (Ncw
England BlOlabS) The incubations wcrc carned out overnight at 12°C and stoppcd wnh 5
ML of 0. SM EDTA pHS8. The ligated DNA was used to transform compctcnt E. coli JM83
cells. Thc_ pUC plasmids all contdin part of the B-galactosidase gene from E. coli and are -
able to complement ccrtainb\mutatiovns in the B-galactosidase gene. Cloning is done into a
region containikg a numbcrb of uﬁluc res:n'ction endonuclease sites within the partial
B-galactosidase gene, which.does ngt alter the reading frame &f the DNA. Recombinants
were selected for on L-agaf + ampicillir; (50ug/mL) plates containipg 5- Bromo-4-cnloro.
3- mdolyl-B-D-galactopyranosxdc (X-gal) and isopropyl- B-D-duogalactopyranosndg
arTt G) Wxth X-gal and IPTG the recombinant plasmids could be sclcctcd on the basis of
the prqscnce or abscnce of acnx&B—galactosxdasg. Cells producing acnvc B-galactos:dase
would break down the X-gal to produce a blue colored pigment, thus producing blue
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'. colomes On the other hand 1f fragments Were cloned 1nto the vector, the B-galact051dase

'gene sequence would be mterrupted pre&ntmg complementauon of th\e B-galctosrdase .

gene 1rr the host cells,, resultmg in'white colonles 'Phe IPTG was added as an inducer of
the B-galact051dase gene, but is not 1tself a substrate of the enzyme Whlte colomes were
| screened by colony«hybndtzatwn using the methods of Grunstem and Walhs (1979), with

: the punﬁed 1 4 kb Eco RI fragment of pAle as probe. R , t '

Seduencing of A vinelandil DNA" t‘_.

The sequence of the 1 4 kb Eco RI fragment was determmed using the chain -

' terrmnatlon ‘method of Sanger et al.. (1977).. For this method the DNA was ﬁrst cloned

_ "lmto»MIS bactenophage The vector used was Ml3 mp9 The M1,3 mp9 DNA (rephcauve

double stranded form) was dlgested with Acc 1 using condmons speclﬁed by the

' manufacturer of the enzyme. 'I'he concentrauon of the dlgested DNA was adjt usted to a

: 'ﬁnal concentrauon of IOng/pL by d1ssolv1ng the DNA inan appropnate volume of TE
buffer after precrpttauon of the DNA. D )
The pAle -1 DNA was dlgested w1th th PI Msp], Nar ILor Taq I, whrch can all

. be used for clomng mto the Acc Isite. ‘The DNA was precipitated and- redrssolved in TE
\ B

;{'{1 buffer t0a ﬁnal concentranon of aPmennatcly IOng/ ML. One uL (lOng/ pL) Of \ '

. appropnately drgested vector (M13-mp9) was hgated to 1ML (lOng/}.tL) of the.

AR 'corresgondmg pAle 1 DNA wnh approxrmately 3 units of T4 hgase ima volurne of § pL

'. undencondltlons descrlbed by the manufacturer of the enzyme The hgatrons were carned

| '_.out at 12°C ovemlght ‘ - , A |

| ngated DNA was used to tranform E Coll JM103 cells made competent by the

| .’mefhods of Momson (1979) and plated out to give between 10~300 plaques per pl'%te t{n
L-medium contammg X-gal and Il-”I'G Plagues contalmng poss1ble recornbmants were

ldenuﬁed by the mablhty of the phage“to break down X-gal Whrte plaques were

~
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3 transferred using stenle toothplcks ta 3mL of YT-broth and were 'then allowed to grow for
.srx hours at 37°C and the cultures were transferred to‘4°C The cells were allowed to
‘ settle and 20 pL of the cle\ared culture media was then Spotted onto mtrocellulose The -
| bactenophage were then lysed on the mtmcellulose ﬁltersby floatmg the filters for 5 min,
"~ ona solutron contammg 0 IM NaOH and 1 5M NaCl. The filters were washed by floaun g
- themona soluuon containing 0. SM Tns—HCl pH7 3,3 NaCl for 5 mmutes The filters
 were dried and then baked at 80°C for2 hours These filters’ were then probed wrth the _

v

14 kb EcoRI flagment of pAle -1.

Another method used to screen the possrble recongant plaques was dxrect gel
electrophoresrs For this method 20 pL of the cleared culture medrum was added tol pL
of 2% (w/v) SDS and 3 ].gL electrophoresrs loadmg dye (20% Frcoll, 0.3% Orangev'G‘ dye,
“ - S0mM EDTA pH8) Theseisamples were loaded directly onto 0.75% agarose gelsand
electrophoresed‘. The DNA was visualized by ethidium .t:);emiqe staining and UV
 illumination. The DNA in these gels was 'transferred (without alkaline denaturation) to
nitrocellulose by the methods of Southern (1975). Again, these filters were probed with
the 1.4 kb Eco RI fragment of p:Ale 1. '

Smce itis posmble fori insert fragments to be inserted in two onentatlons, it was

necessary to conduct  tests on those recombmants whrch appeared to be of similar size.

Thls was done by takmg 20pL from each of the samples in quesnon and rmxmg them with .

1 ul.of 2% (w/v) SDS and 6 }J.L electrophoresm loading dy% The rruxture was’

B overlayed with mineral oil and mcubated at 65°C for one hour The samples were then

» loaded onto 0.75% agarose gels and electrophoresed DNA from phage containing
opposrte snands will anneal together causing extra, bands to appear on the. gel Wherever

| possrble, clones for each onentanon wilke 1solated. P f .
 The M13 template DNA was then 1solated from. screened samples as follows Flrst the.

“~

o
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phage partrcles were separated from the whole cells by centrifu gatron at low speed The .
supernatant was saved (a little less than 3 mL) and 600uL of a polyethylene glycol (PEG) ,
| solution was added (20% w/v pEG 2. 5M NaCl) to precipitzje the phage, and'the’
suspensron was 1ncubated at room temperature for 15 min. ‘Thrs solution was centrifuged - -
(5000 rpm, IOmm) and the peuet was saved. The ‘pellet was then resuspended in 300 pL
- of TE buffer and transferned toal.5 rnL Eppendorf tube. An equal volume of phenol
(300 uL) was added and the tube was vortexed for 15 sec. The tube was mcubated at
room tempcrature for 5 mm and vortexed agam The tubevwas cenmfuged for 4 min. and -
the layer was removed to a new tube. Sod1um acetate (3M) was addpd to a final
* concentration of 0. 3M and 3 volumes of 95% were added The tube was 1ncubated at
-20° ovemrght The soluuon was then cenmfuged to pellet the DNA and the supematant
was removed OnemL of 70% was then added to the pellet without d1sturb1ng it and the
tube was centrifuged again for 2 min. The supernatant was removed and the pellet was
' redissolved in 20 UL of TE bul'fer. This DNA was then' used as te‘mpl-ate DNA in the
squonc'ing reactions. Sequencing reactions werecarri'ed out using a«-[32P) -dATP.v

"Samples vt/ere nmon polyacry]arnide gels of vafymg concentration for varying times
dependant on’ the sample bemg sequenced Qenerally, gels of hrgher,concentr‘anon were
run for shorter tlmes and Were used to obtain sequence in regrons where the fragment sizes
were small Lower concentratron gels were normally run for longer penods of ume to
. obtam sequence in regions where fragments were large ’.
sis of Sequen | | .

- Wcﬁtetces obtained were mtyzea using ihe programs of Staden (1980).
Thrs system Vallows one to search the DNA for restnctlon sites and to translate the DNA in

all 3 readmg frames irito a predtcted ac1d seque'tce



. RESULTS

Pardal digests of the A vinelandii. DNA were used to oetain fi‘agmgnts' for eloning
into the cosrmd vector pSa747 To estabhsh the optimum eondmons for the pamal‘digests '
small scale dxgesuons using approximately 1 ug of A. vmelandu DNA were done, - 'I'he
% pamal digests were checked by gel electrophoresm with sm;able size markers (lambda ‘
DNA, which"‘is,48.5 kb, + lambda DNA digested wi_th_Xhe 'I, which giQes fragments.of
33.5kb and 15 ke) to determine which condit’ions' gave the best range of fragments.
Partial digestions were carried out two ways.‘ vahe first method was to use enough enzyme
'~ to completely digest the DNA after ab‘oﬁt two l\loursand to rerr‘no?e aliqiidts at time intervals o
duﬁng the digesﬁdn to give pai'tial digesti‘bn' This méthod was used with Bam HI ,Bgl 1, |
~EcoRI and Mbo I The second method was to use a low corxcentrauon of enzyme to gwe B
partlal dlgestlon after one hour of mcubatlon Thfs*method was used to obtain parual
dxgcsts with Hm dIII and Sst II. Figure 4 shows agarose gels from one of thc small scale

~ digests from which condmons for large scale digestion were detemnned Large scale

V_dlgests were done using a mately 50 Mg of DNA The large scalc dlgests were then

éw N
fracnonate‘g‘mmg sucrose or sodmm chloride gradients. Fracuons were electrophoresed »
on agarose gels to determine whlch ﬁacnon(s) contamed DNA of the desnred size. Figure
Sisan example of agarose gels used for this | purpose |
| Approximately 10 g of cosmid DNA was digested to completion with the appropriate

* restriction enzymes. The digested DNA was elcctrowphoresed on agarose to ¢ e'ck for .
complete digestion (Figure 6). | | N | |
| The A. vmelandu DNA was hgated to the cosnud DNA and packaged into lambda
phage heads as described in Methods. The packaged DNA was used to transfect E colt

H
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Figure 4. Smnall scale digests of A. vinelandii DNA. Lane 1: NDNA (48.5 kb)

» NDNA digested with Xko I (33.5 kb and 15 kb), Lanes 2-5: One g of ‘

_ A.vinelandii DNA digested with 0.8, 0.4, 0.2, and 0:1 units of Hia dIII _
respectively, for a2 hour incubation period at 37°C. Numbrs at left indicate size
in kb. - o ’ : o
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Figure 5. Sucrose gradicht of partially digestéd A. vinelandii DNA. Lanes 1 and
9 are A DNA (48.5 kb)+-N\ DNA digested with Xho I (33.5 kb and 15 kb).

* Lanes 2-8 are aliquots from fractions (fromithe top to bottom of the gradient
respectively) of the sucrose gradient for A. vinelandii DNA partmlly digested with

‘Hin dIIL Numbcrs at right indicate snze inkb..

2 1 3
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* Figure 6. Complete digests of pSa747. Lane 1: pSa747 digested with Sst II, Lane

2: pSa747 digested with Hin dIII, Lane 3: pSa747 digested with Eco R], Lane 4:
pSa747 digested with Bg/II, Lane 5: undigested pSa747. Inlane 1 a faint band of
uncut DNA in the opep circular (OC) form is visible above the linearized plasmid

band, The Hin dITI cul vector in lane 3 appears smaller than the other lincarized L4
vectors as pSa747 contains two Hin dIII sites; résulting in two fragments. The =
second fragment is not visible on thig gel as it was too small and was run off the

bottom. In the uncut pSa747 lane the covalently closed circular form (CCC) and

the open circular form (OC) are visible, as well as a faint smear of chromosomal , .
DNA (uppermost band). ’ ’ ' .
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B101. The transfected cells were plated and between 10 and 200 colonies per plate were

isolated. Signiﬁéam numbers of colonies were observed only where Bgi Il-, Hin dIII-, *
and Mbo I- digested A. vinelandii DNA were cloned into the vector. Since the vector in
this case was not treated with alkalg\mc phosphatgse, the extent of vector:vector ligation
could have been significant. Tﬂus, »four colonies from each plate were "pre-screened” by
.. doing small scale plasmid isolations as described in Methods. Figure 7 shows the results
of this test. The results showed that the Hin dIII clones had thé greatest number of
putz;ﬁvc recombinants, thus efforts were concen;ated on fgnhcr screening using the Hin
dIII clones. o ‘ | :
. “Two hundred colonies were screened as described in Methods. The screening
methéd used gave poor results (Figure 8). However 12 of the colonies{appea'rcd' to
hybridize with the pSA30 probe and were isolated es described in Methods. These
isolates were then electrophoresed on an agarose gel and transferred to nitrocellulose
(Southern, 1979), ahd probed with the Eco Rl insert of pSA30 (Figure 9). Isolate
number 123 was shown to contain DNA homc;logous to the pSA30 DNA and this isolate
- was renamed pAvH1. Large scale isolation of pAvH1 was done 3s described in Methods.
Mapping of pAvH1
An example of an agarose gél used for restriction mapping is shown in Figure 10. The
l'éstiicﬁon map of pAvHI1 is shown on Figu;'c 11. The map was constructed from data
. obtained from agarose gel elecmﬁhor?sis of single and multipie digeW® of the pAVH]
DNA as described m Methods. The f.ragme'nts‘ of pAvH]1 containing DNA homologous to
the K. pn‘éumoniaé {_df genes were ideﬁﬁﬁcd by transferring the DNA froryﬁ?thg_garose ‘ |
glalé onto nitrocellulose by the method of Southern (.197 9), followed by Qyﬁn:éizﬁﬁon with
the p§A30 probe. The region showing homology is indicated on the mapiéfgur'e 11).
Subcloning of pAvH1DNA |
- Pjrom the mapping of the cosmid, the ;'egion which showed homology to the K. .
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Figure 7. Small scalg isolation of possible clones. A: Lanes 1, 6, 11, and 16:
pSa747 DNA, Lanes 2-5: Hin dIII isolates, Lanes 7-10: Mbo 1 isolates, Lanes
- 12-15: Bgl Il isolates. B: Hybridization of DNA from above gel with 32P-labelled
A. vinelandii DNA. Blot shows DNA from lanes 4, 5, and 15 to hybridize with | ,
the A.vinelandii DNA probe.
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Figure 8, Colony hybridization of possible clones. Colonigs were isolated from
master plate from areas corresponding to areas indicated on blot. The probc used
was 32Plabelled’Eco RI fragment of pSA30 : | RN
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Figure 9. Small scale plasrmd 1solauon of possible positive clones from colony )
_hybridization ang hybridization with the Eco RI fragment of pSA30. A: Lanes 1,
8, and 15: pSa747DNA, Lanes 2-7 and 9-14: DNA from isolates. B: .
Hybridization of DN'A from above gel with 32P-labelled Eco RI fragment of
pSA3O DNA from lane 14 hybndxzes with the probe. -
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Figure 10. Example of agarose gel (0.35%) uscd for restriction mapping pAvH1.
M-marker, U- uncut pAvH1, Ba- Bam HI, Bg- Bgl 11, Cl- Cla 1, Ecl- Eco RI,
EcV- Eco RV, Hi- Hin dlll, Hp- Hpa 1, Ps- Pst I, Pv- Pvu 11, Sa- Sall, Sm- Sma
I, Ss- 8st I, Xh- Xho 1. The sizes of the bands in the marker lanes from top to
.bottom are (in kb) 33.5, 23.1, 15.0, 9.4, 6.6, 4.4,2.3,and 2.0. .

L
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Figure 11. Restncuon map of pAvH1. Ba-Bam HI, B-Bgl Ik, C- Clal, E- Eco
Rl, H- Hin dIII, Hp- Hpa I, P- Pvu I1. The cosmid is 42.6 kb. The vector DNA
(pSa747) represents 14.0 kb of the total size of the cosmid. The remaining 28.5
kbis DNA fromA. vinelandii . The region of the cosmid which hxbndxzcs with
the 32P-labelled Eco RI fragment from pSA30, containing the K. pneunoniae
nifHD, K Y, and part of E, is indicated on the map.
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pnéumoniae nif genes was found to lie on'a 2.4 kb Hin dlll- Bgl Il fragment Within this
fragment is a 1.4 kb Eco RI fragment These two fragments were chosen for subclomng
| into pUC vectors (pUCS for the 1.4 kb Eco RI fragment and pUC 13 for the 2.4 kb Hin
dIII-Bgl IT fragment). .
- Nine white colonies were 1solated from the 14 kb Eco RI.fragment -pUC8 clones
: Qu1ck plasmid assays of these clones showed 3 of them to contain insertssof appropnate
' srze (Flgure 12). The DNA was transferred to mtrocellulose and the DNA was hybndtzed
with the P 30 probe. Flgure 12 also shows the results of the hybndxzaﬂon All clones
' hybnd1zed wrth the probe to some extent, mcludmg DNA 1solated from a blue colony
presumably carrying only pUC8 DNA. Thrs result is unexpected as there should be no
homology betWeen pUCS and pSA3O The homology observed may have been a result of |
weak homology between the vector pUC8 with pACYC184 the vector used for the
construction of pSA30. However, the DNA from three clones clones 36, 108 and 138,
hybridized more intensely than the others. One of these clones, clone 138, which
hybn'dized the he‘st with the pSA30 probe, was further tested by digesting the DNA with
4‘1‘3‘450}1.1 and comparing it to Eco RI digests of pAvH1 by agarose gel electrophoresrs
s wFigtlre 13 shows the gel which clearly shows clone 138 to contain the 1.4 kb Eco RI
fragrrlent of pAle. This clone was renamed pAvH1-1. Large-scale isolation of the
DNA from this clone was then perfOrmed using the cleared lysate method of Clewell &
. Helinski(_l969). The concentration '_Of the plasmid preparation was meas'ured'by
absorbance at 260 nm and was adjusted to give a final concen:ration of 1 pé/pl. | |
: Attempts to clone the 2.4 kb Hin dIll- Bgl Il'fragment proved unsuccessful. Clones
" were isolated which gave white colonieS w1th X -gal and IPTG. Qulck plasrnid
, preparations were done a‘s'described in methods on three eolonies, but upon digestion of
these clones thh Eco R1, more bands than expected were observed leadmg to the |
conclusion that the 2.4 kb fra ent had ot been cloned. '

v



Figure 12, Small scale isolation of possible Eco RI sub-clones from pAvH1 and
hybridization with the Eco RI fragment of pSA30. A: Lanes 1 and 11: pUCS8
.DNA, Lane 2: isolate 25, Lane 3: isolate 36, Lane 4: isolate 108, Lane S: isolate
-109, Lane 6: isolate 114, Lane 7: isolate 138, Lane 8: isolate 139, Lane 9: isolate ~ -
148, Lane 10 isolate 152. B: Hybridization of DNA from above gel with RN
32p.abelled pSA30. All samples including pUC8 hybridize to some extent,
indicating pUCS8 may share some homology with the vector pACYC184 used as
the vector for pSA30. Lanes 3,4,and 7 hybridize the strongest.-

¢ .
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Figure 13, Comparison of Eco RI digests of pAvH1 and clone 138. Lane 1:

isolate 138 digested with Eco RI, Lane 2: pAyH1 digested with Eco RI. Vector
fragment (pUC8) and insert fragment (arrow) show clearly in Lane 1 and insert
band corresponds to the 1.4 Kb fragment of pAvH1. Numbers atrightindicate -

sizes in kb. . .
i
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.Before. sequcncing was carned out,‘p restriction enzyme survey of pAvH1-1 was done to
find enzymcs which would facxlgatc sequencing using M13 by cutting the DNA to more
managcable sizes. DNA from the gels was then transfcm:d to nitrocellulose and the DNA
was hybndxzcd with the pSA30 probe. From thcsc rcsults enzymes chosen for use in
cloning tg A.vinelandii DNA into M13 were Hin PI, Msp 1, Nar 1 and Taq 1. Digests
- using these enzymcs were dmotgun cloned into M13 mp9. Figures 14 and 15 show some
of the results 6f dot hybridiztions and direct agarose gcl electrophoresis respectively.
| Following this, C-tests were conducted as descnbed in Méthods to obtain recombmants
with the DNA cloned representing both strands of DNA ‘Sequencing reactions were
pcrfqrmed as described in Methods. The sequencing gels were then analyzed to give the
complcte_ sequence of the 14 kb Eco RI fré‘grncnt. Figure 16 shows th%scqixenc;ing
strategy used to obtain the sequence of the fragment. The complete sequence is shown in
Fxgure 17. “ - ' | |

'I'he sequence was then éntercd lnto the computcr for analy51s as described in Methods.

Using the programs avaxlable resmcuonﬁﬁdonuc‘easc sites-were loca‘pd aéld translational

. analysxs of tbc DNA was carned ut tq gwp;pos@ émmo ac!@%e‘gccs 1;’ three
sawy Lo 7{:: w S Lk ¥ %‘“"S&
reading frames from both §tran&$ Axy énteagdist ﬁﬁﬁme R Qi J:~227 bpr#vas foug&m o

para;cd by 120 bam, thm e reglon a posmble

ribosome bmdmg site occurs#M ; ,s bcf(;'e the fi:st cod@n of thc larger ORF No
j ..‘A' “ 7’% ¥ L ot }
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Figure 14, Dot blot hybridization of M13 isolates. 32P-labefJed Eco RI fragment
from pSA30 was used as probe. Position A7 and F7 were negative controls usinq\*
samples from blue colonies. v
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F1gure'15 Direct giCtrophoresis of M13 samples 'i.anesl 8 arefrom whxtc
- plaques. Lane S olated from blue plaque. It is apparent that the samples.
ip lanes 1-8 sho "

that DNA frag

Wobility through the gel than the control (lane, 9), indicating

nénf®'may have been cloned into the M13 vector in these samples.
Smaller bands faintly visible in lanes 4, 5 and 7 are spontaneous deletion mutants.

of thc M13 bactenophage and do not effoct the preparatlons in any way.
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: Flgure 16. Sequencing strategy. E- Eco RI H- Hm PI; M- Msp I, ,N- NarI S-
Sau 3AI, T- Taq L
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Figure 17. Comp

L34

lete nucleotide sequence of the 1.4 Kb Eco RI fragment of
. 3 . ~ %




" GTCATACCCA TGACCGGTAT GTCGCGCGAA

270
GAAPTTTATC CCGAGAAGGC TCGCAAGGAT.

20 - 30

10 _
GAATTCGGCA TCATGGAAGT CGAAGACGAA

_ ‘10 80 . 90
TGATAGCCGC TCCGGTTTCA GAAGGACGGG

130 140 150

CCCCCCGCAT TGGGCGGGCG'CCCACCCGTT'

190 , 200 210
250 . 260

‘am %20 .. 330

GCGOTTACCC AGTCCAAGAA G’A‘GCA'I‘CA‘I‘C,~

380.
'ACCATCCGCG GCTGCGCCTA CGCCGATTCC

370 , 380

430 440’ 450
ATGATCCACA TCTCCCACGA TCCOGTAGAC

490 500 . 510

AACTACTACA TCGGTACCAC CGGTGTGAAC

550 - 560 ° - 570
TTCCAGGAGA AGGACATCGT GTTCGGTGGC

610 ' 620 © 830
GTGGAAACCC “TGTTCCCGCT GAACAAGGGT

670 680
730 140 50
ATCATACCGG TCCOTTGOGA AGGCTICCAC
790 - 800~ v81o

GcanccAcé CAGTCCGCGA crcecrccwc

860 : 870

850
-AGCACTCCTT ACGATGTGGC CATCATCGGC

810 820 .

970 - .- 980 99

':TCCATCTCCG ARATCGAGCT GAOCCCGAAG

R

1030 1040 1050

TCGATGAACT ACATCTCCCG TCACATGGAA

1090 1100 1110

AACTTCTTCG GCCCGRCCAA GACCATCGAG

" i160 ‘1170

1GAGAGCATCC AGAAGAAGTG CGAAGAGGTC

2 0 1220 : 123
GTGGTCGCCA AGTACCGTCC GCGCCTOGAA

1270 1280 . . 1290 ..

'cfcocrccac c\'scacc'rcar meocccnc

1340 7 1350
cacucc.w‘r TCGCCCACAA OGACGACTM‘

1400

- 14t0
ACCCTGCTQ? ACGASGACGT GACCGGCTAC

: ' sso '
CTGATCGGCG ACGACATCGA ATCCGTGTCC

980'
TCCCGCATCC TGCTGGAAGA AATGGGCCTG

60

50 )
TCCATCGTCG GCAAAACCGC CGAAGAAGTC

100 110 120
ACAGGGCAGA TTGGCTCTGT CGGGGTGGCG

160 - 170 . 180 -
ACCCGCATTA TGAACGCTAA GGCAAGAGGA_

T2 230 240
GAG@@TGAAT CCCTCATCQA GGAAGTTCTG

2807, 290 300
CGTAACAAGC ACCTGGCCGT CAACGACCCG

340 350 360
. 400 ' 410 420
AAAGGCGTGA, ‘TCTGEGGCCC CATCAAGGAC
- 460 470 480

.'rcccccc.«c'r ATTCGCGCGC CGGCCGTCGT
$20 . §30 540

GCCTfCGTCA CCATGAACTT CACCTCGGAC

: 580 590 « 800
GACKAGAAGC TCGCCAAACT GATCGACGAA

650 '660

640 :
ATCTCGGTCC AGTCCGAGTG CCCGATCGGC

720 .
AAGGTCAAGG GCGCCGAGCT CAGGAAGACC .

700 . 710
. 160 - 770 780
ccccrrrccc AGTCCCTGGG CCACCACATC

830 ’ 840
GGCAAGCGTG ACGAAGACAC CACCTTCGCC

860 890 900
GACTACAACA TCGGCGGCGA CGCCTGGTCT

840, - -850 - 960
CGTTGCGTAG CCCAGTGGTC CGGCGACGGC

1000 1010 ° 1020
GTCAAGCTOA ACCTOGTTCA CTGCTACCGC

1060 1070 1080
GAGAAGTACG GTATCOCATG GATGGAGTAC

1120 o .3130- 11(0
TCGCTGCGTG CCATCGCCGC’CAAGTTCGAC

1160 1190 1200

mcsccuar Acnbccoun GTGGGAAGCG

1250 - 1260

oecumceco -rcucc'rcm CATCGGTGAC -

. 1300 11310 1320

GAAGACCTOO GCATGGAAGT cérccaracc

1360 1370 -~ 13

GACOGCACCA mmcum‘ GBGTGACTCC

GAATT

TCCAACAAGA . AGTCCCAGCC CGGTCTGATG -

62

>
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pron'r sequences were observed in this region. Figure 18 shows the two open reading

frames as well as the mtcrgemc space.

The DNA scquence was compared to thc sequence obtained by Bnglc etal. (1985) and

was found to coxrqspond to the last sixty bases of the nifH gene and the ﬁrst 1227 bases of

‘the nifD gene of A. vinelandii, as well as the intergenic sequence separating the tw; gcnes.
The sequence differed from that of Brigle et al. at 13 bases (Figurc 19). No changes in

| ammo acid sequence were obscrved for the 20 amino acids of thc nifH gene, howevcr, ﬁvc

* tﬁanges in ammo ac1d sequcnce occurred as a result of the dlffcrcnces in the nifD DNA

Con scquence.‘ These dlfferences are shown in Figure 20-26..
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Figure 18. Predicted acid sequence from the 1.4 kb Eco RI fragment of pAvH1. |
Possible ribosome binding site is indicated by gndcrli_ped DNA sequence.
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| 10 20 30 -+ 40 50 60
.GAATTCGGCATCATGGAAGTCGAAGACGAATCCATCGTCGGCAAAACCGCCGAAGAAGTC
GluPheGlyIleMetsluValGluAspGluSerIleValGlfLysThrAlaGluGluVal

.10 . go 90 100 110 120

TGATAGCCGCTCCGGTTTCAGAAGGACGGGACAGGGCAGATTGGCTCTGTCGGEGTGGCG
EndEnd oy o, S '
130 140 150 160 170 180
'CCCCCCGCATTGGGCGGGCACCCACCCGTTACCCGCATTATGAACGCT AAGGCAAGAGGA

190 200 . 210 \\Bao 230 . 240
GTCATACCCATGACCGGTATGTCGCGCGAAGAGGTTGAATCCCTCATCCAGGAAGTTCTG
. MetTh;GlyMetSerArgGluGluValGluSqueuIleGlnGluValLeu

250 260 270 280 - 290 ° 300
GAAGTTTATCCCGAGAAGGCTCGCAAGGATCGTAACAAGCACCTGGCCGTCAACGACCCG
G;uValTyrProGluLysAlaArgLysAspArgAsnLysH13LeuAlaVa1AsnAspPro

310 - 320 - 330 340 350 360
GCGGTTACQCAGTCCAAGAAGTGCATCATCTCCAACAAGAAGTCCCAGCCCGGTCTGATG
AlaValThrGlnSerLysLysCysIleIleSerAsnLysLysSerGlnProGlyLeuMet

| - 370 . 380 ° 390 400. 410 420
ACCATCCGCGGCTGCGCCTACGCCGGTTCCAAAGGCGTGGTCTGGGGCCCCATCAAGGAC
ThrI1eArgGlyCysAlaTyrAlaGlySerLysGlyVaIValTrpGlyProIleLysAsp

430 440 450 460 . 470 480
ATGATCCACATCTCCCACGGTCCGGTAGGCTGCGGCCAGTATTCGCGCGCCGGCCGTCGT
‘ MetIleHisI1eSerHisGlyProValG1yCysGlyGlnTyrSe:ArgAlgGlyArgArg.'

490 500 510 520 530 540
AACTACTACATGGGTACCACCGGTGTGAACGCCTTCGTCACCATGAACTTCACCTCGGAC
AsnTyrTyrIleGlyThrThrGlyValAsnAlaPheValThrMetAsnPheThrSerAsp

550 + 560 570, 580 . 590 . 800
TTCCAGGAGAAGGACATCGTGTTCGGTGGCGACAAGAAGCTCGCCAAACTGATCGACGAA
PheGlnGluLysAspIleValPheGlyG1yAspLysLysLeuA1aLysLeuIleAspGlu '

10 620 630 640 850 . 660
GTGGAAACCCTGTTCCCGCTGAACAAGGGTATCTCCGTCCAGTCCGAGTGCCCGATCGGC
,ValGluThrLeuPheProLeuAsnLysGlyI1eSerValGlnSerGluCysProlleGly

670 680 690 7000 710 720
CTGATCGGCGACGACATOGAATCCGTGTCCAAGGTCAAGGGCGCCGAGCTCAGCAAGACC
: LeuIleGlyAsEAspIleGluSerVaISerLysVa1LysGlyAlaGluLeuSerLysThr

730 740 750 760 . 770 780
ATCGTACCGGTCCGTTGCGAAGGCTTCCGCGGCGTTTCCCAGTCCCTGGGCCACCACATC
IleValProValArgCysGluGlyPheArgG1yVa1$g:GlnS§rLeuGlyHisHisIle

K
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3 790 - . 800 810 . 820 830 840
GCCAACGACGCAGTCCGCGACTGGGTCCTGGGCAAGCGTGACGAAGACACCACCTTCGCC ,
AlaAsnAspAlaValArgAspTrpVa1LeuGlyLysArgAspG1uA§pThrThrPheA1a :

850 - 8680 870 880 890 , 900
AGCACTCCTTACGATGTGGCCATCATCGGCGACTACAACATCGGCGGCGACGCCTGGTCT
SerThrProTyrAspValAlaIleI1eG1yAspTyrAsnIlteyGlyAspAlaTrpSer

910 920 930 94 <‘i 950 - 960
. TCCCGCATCCTGCTGGAAGAAATGGGCCTGCGTTGCGTAGCCCAGTGGTCCGGCGACGGC
‘ SerArgIleLeuLeuGluGluMetG}yLeuArgCyszTAlaGlnTrpSerGlyAspGly

970 980 990 1000 1010 1020
,'TCCATCTCCGAAATCGAGCTGACCCCGAAGGTCAAGCTGAACCTGGTTCACTGCTACCGC
SerIleSerGluIleGluLeuThrProLysValLysLeuAsnLeuValﬂisCysTyrArg;

: 1030 1040 1050 11060 1070 1080
TCGATGAACTACATCTCCCGTCACATGGAAGAGAAGTACGGTATCCCATGGATGGAGTAC
SerMetAsnTyrIleSerﬂrgHisMetGluGluLysTyrGlyIleProTrpMetGluTyr'

1090 1100 . 1110 1120 1130 1140
AACTTCTTCGGCCCGACCAAGACCATCGAGTCGCTGCGTGCCATCGCCGCCAAGTTCGAC’
AsnPhePheGlyProThrLysThrIleGluSerLeuArgAlaIleAlaAlaLysPheAsp

1150 1160 1170 - 1180 1190 1200
GAGAGCATCCAGAAGAAGTGCGAAGAGGTCATCGCCAAGTACAAGCCCGAGTGGGAAGCG
GiuSerIleGlnLysLysCysGluGIuValIleAlaLysTerysProGluTrpGluAla

. 1210 1220 . 1230 1240 - 1250 1260
GTGGSCGCCAAGTACCGTCCGCGCCTGGAAGGCAAGCGCGTCATGCTCTACATCGGTGGC
ValValAlaLysTyrArgProArgLeuGluGlyLysArgVaIMetLeuTyrIleGlyGly

1270 1280 1290 1300 1310 1320°
CTGCGTCCGCGCCACGTGATCGGCGCCTACGAAGACCTGGGCATGGAAGTGGTGGGTACC
_ LeuArgProArgHisValIleGlyAlaTyrG1uAspLeuGlyMetGluValValGlyThr.

1330 - 1340 1350 - 1360 1370 1380
-GGCTACGAGTTCGCCCACAACGACGACTATGACCGCACCATGAAAGAAATGGGTGACTCC
GlyTyrGluPheAlaHisAsnAspAspTyrAspArgThrMetLysGIuMetGlyAspSer

1390 1400 1410 -
ACCCTGCT@TACGATGACGTGACCGGCTACGAATTC
ThrLeuLe&TyrAspAspValThrGlyTyrGluPhe

i

&



Figure 19. Comparison of DNA sequence to that of Brigle et al. Sequcnce
obtained in this study is shown on the upper line while seqiience obtained by
Brigle et al. is shown on the bottom line. Places where sequences differ are
indicated by boxes.
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Figurre 21. ,Séqucncing'gel showing differences in :DNA sequence with sequence
. - of Brigle et al. at positions 88-90. N ucleotides corresponding ‘to positioh 88-90 in.
the sequence of Brigle eral. are . b
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. Figure 22. Sequencing gel showing diffcrenccs_ in DNA sequence with sequence
‘of Brigle et al. at position 196. Nucleotide corresponding to position 196 in the
sequence of Brigle ef al. is a C. Base 200 is indicated with an arrow. ¢ /
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Figﬁre 23, Sequencing gel sh“owing diffprehces in DNA sequence with sequence
of Brigle et al. at positions 824-825. Nutieotides corresponding to positions

824-825 in the sequence of Brigle et al. are CC.
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Figure 24. Sequencing gel showing differences in DNA sequence with sequénce

of Brigle et al. at positions 962 and 970. Nucleotides corresponding to positions
962 and 970 in the sequence of Brigle et al. are A and C respectively. ’:
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Figure 25. Sequencing gel showing differences in DNA sequence with sequence
of Brigle et al. at position 1356. Nucleotide corresponding tp position 1356 in the
sequence of Brigle e al. is a G. Base 1350 is indicated by an arrow.
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g.igurc 26. Sequ‘éncing gel showing differencesvin DNA s
1408-1410 in the sequence of Brigle et al. are ATG.
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* DISCUSSION e e
A genormc lrbrary of DNA fragments from the A wmelandu genome was. successfully
produced using the cosmrd vector pSa747 One of the clones pAle contatned DNA -
homo.logous to the nif genes of K. pneumomae contamed in the pl.gmtd pSA30 The
region of homology to the nif probe vl/as narrowed down toa 24 kb Hin dlll Bgl ll
fragment The 1.4 kb Eco RI fragment within thrs reglon was subcloned into the plasmld
pUC8 and the complete nucleonde sequence of thrs fragment was. detetmmed Thts ‘
subclone was shown by Doran et al «( 1987) to complement mutanons in the me gene of
A. vmelandu strain UW’lO From the nucleotlde sequence. one large open re.tdmg frame
" (ORF) was found coding for a polypeptlde of 409 amrrlo acids. No termtnatton codon
was found indicating the ORF extended beyond -the Eco RI fragmem. Another small ORF
* coding for a polypeptide of 20 a_mino acids in length was* found preceding the large ORF in
the same reading frame Two termlnatlon codons oCcurred at the end of the smaller ORF
~ The nucleotrde and the predrcted amino acid sequences obtained i 1n this thests were
compared to the sequences obtamed by Brigle ez al. (1985) A substannal amount of the
work reported here was conducted prior to the publlcanon of the results of Bn gle et
al. (1985) From this comparison, it appears. that the sequence obtamed in thls thesis .

' corresponds to'a region codlng for the laSt 20-amirto acrds of the A. vmelandu me gene

and- the fnst 409 ammo acids of the me gene as well as the 1ntergemc space between

Ll

¢
_these two genes

By companson of the DNA sequence of Brtgle etal. (1985) with the restriction map of
the cosrmd clone pAle it appears ‘that pAvHI contains the entire nifH gene, as well as
“ most of the nifP gene. If the arrangement of the nif Tegionin A, vinelandii is-similar to
the arrangement mn K. pneumomae itis possrblgthat the mfl gene of A. vmelandu is also i

contamed in pAle S
/

The nucleotlde sequence obtamed in'this the51s was found to differ from the sequence

84
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~
obtamed by Bngle etal. (1985) at13 nucleottdes ThlS was conﬁrmed by sequencmg gels

L]

* at these pomts (Frgures 20 ‘26 in Results) Of these dlfferences in nucleottde sequence,
1.

! ‘
Yone falls w1th1n the me sequence three fall w1thm the mtergehrc reglon ‘and ten fall within

the nifD sequence , R

L : ' ’ . *

The® ammo acrd sequer(e of the nifH sequence is identical to the last"20 amino acids in

the sequence obtaran gle et al (1985) "while there are 5 amino acrds Wthh are

-~

dlfferent in the nifD amino acid. sequence as a result of the dlfferences in the nucleotide *
;"

| sequence ' ‘ Pl e
The ‘predicted amino acid sequence obtained in this thesis for the nifD gene productof
A. vinelahdii was then compared with the 'amino acid sequences from the nifH and nifD

/ genes ofa number of other mtrogen fixing orgamsms Flgures 27 and 28 show the ‘
]

\

from other orgamsms for the me and me genes respectrvely Itis mterestmg to note that”

1 the amino ac1d sequence obtamed in thls thesis for the A. vmelandu nifD gene: shows a

greater degree of conservatlon of ammo acid sequences than the sequence obtaJned by
Bngle et al (1985‘5/at the pomts where these two sequences d1ffer (Figure 28)
In comparmg the ammo aerd sequences of these protems itis expected that some

regrons m\tolved in the functron of. the protems would be ct)nserved Other reg10ns such

O 4

. as the reglons mvolved in the mteractlon between subunits in the mtrogenase cpmplex

may not be as well conserved The reglons most lrkely to be conserVed are the regrons

: mvolved in the bmdm g of [4Fe 4S] clusters and in the case of the me protem the

bmdmg of the FeMo cofactor By lookmg at the homologres wh10h ex1st between
analogous protelns from dlfferent mtrogen ﬁxmg orgamsms sorfa of the functlons ‘of the
protems may be locahzed on; the protem moIecules The reglons of interaction between
subumts may also be locallzed by correlatm g the regxons of homology with the results of

the experlments done by Emench and Bums (1978), who observed the activity of

N
Fa

’
.
=



. Figure 27. Companson of Carboxy- tcnm proteins.
A.v.-Azotobacter vinelandii ; this thesis, Brigle ef al. (1985); K.p.-K. Iebuella . L
- bneumoniae , Scott L etal. (1981), An, -Anabaena 7120, Mevarech et al (1980) T e
"R.m. -hazobzum meliloti, Térok and Kondorosi (1981); R j. -Rhizobium

Japonicum , Fuhrmann and Hennecke (1984); R. T.-Rhizohium trifolii , Scott et
- al. (1983a); T.£. -Thiobdcillus ferrooxidans, Pretorius et al. (1987); M.v.
~ Methanodoccus voltae, Souillatd and Sibold (1986); C.p.-Clostridium

.. pastewrianum ; Tanaka et al. (1977). Hyphens have been inserted to maximize
_ homology.

7

]




" Av.-EFGIME VEDES ----1V GKT = - - AEE V-COOH

K.p.-EFGIMEEEDTS.-,---llGVKT--AAEENAA-C'OOH , ..
An. -EYGLLD -DDT KHS-EII GKP - - - AEATNRS CR N-COOH
Rm-DFGI MKS -DEQMLAELHAKE --- AK- VI AP H-COOH
Rj. EHGI KAV -DES ----IIGKT-'- AAEL- AAS-COOH

"Rt: DFGIMKS-DEQMLEELL AKEVQAA --V- A P-COOH
"Mv-.ENGLDELT-ES-IEELVRRKYE-COOH
Tf.. -DFGIMQKEDTS- ---1ITGKT - -AAELAAAGM-COOH

Cp. QYGLMDLCOOH



N

Figure 28. Comparison of acid sequences from nifD proteins. Conserved ;!
" cysteine residues are indicated with an arrow. Residues which différ between the
acid sequgnce obtained in this thesis and the results of Brigle et al. (1985) are

indicated 1R boxes. A.v.- Azotobacter vinelandii, This thesis; A.v.b- Azotobacter,
vinelandii, Brigle et al. (1985); R.p.- Rhizobium Parasponia, Scottetal. =

~ (1983b); R.j.- Rhizobium japonicum , Kaluza & Hennecke (1984); An.-

" Anabaena, Lammers & Haselkorn (1983); C.p.- Clostridium pasteurianum, Hase

et al. (1984); T.f.-Thiobacillus ferrooxidans, Pretorius et al.; (1987); :
K.p.-Klebsiella pneumoniae, Scott et al. (1981); R.t.- Rhizobium trifolii, Scott et .

al. (1983a); R.m.-Rhizobium meliloti, Tértk & Kondorosi (1981). Hyphens have

- been added to maximize homology. . -

+
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Av. S " MT MSREEVESL!QEVLEVYPEKARKDRNK ,
AvDb ‘. ‘MTRIMSREE VESLIQEVLE VYPEKARKDRNK
R.p. SLATTQS TAEIRARNKELIEEVLKVYPEKTA KRVRK
R LATTNSVREIRARNKE’L[EEVLKVYPEKTAK ‘RAK
An MT PPENKNLVDENKELIQEMLKAYPEKS RKKREK.
C.p. SENLKDEI LEKYIPKTKKTRSG
T MSMISA[:DLS"QPQRR KLPE1 AELIDE TLKAYPEKPAKRRAK &
K.p. TNATGERNLALIQEVLEVFPET ARK ERRK
R.t. MSLDYENDGDLHARL!DEVLSQYPDKTAKRRKK
Rm MSLDYENDNALHEKLIEEATAL- SRQGAKRRKK
40 L 0 -
Av. HL AVNDPA VTQSKK- -+ - - - CI I SNKKSQPG LMTIRGCA
Avb HL AVNDPA VTQSKK---- - - CIT'SNKKSQPG LMTIRGCA
Rp. HLNVHQAAGKSDCG------- -VKSNIKSIPGVMTIRGCA
Rj, HL NVHQ-AGKSDCG--------VKSNIKSIPGVMTIRGCA
An. HL NVH*EENKSDCG-------- VKSNI KSVPGVMTARGCA
Cp. HI VIKTEETPNPE--- wiewe-e=1 VANTRTVPGI ITARGCA
TL. HLNVY.- EEGKSECD---- - -- C -KSNIKSVPGVMTIRGCA
Kp. HMMVSDPKMKSVGK ------ -C 1ISNRKSQPGVMTVEGCA
Rt HLGVAKGREALEQGSDALCETGVKSNIKS- IPGYMTVRGCA,
Rm. HLS VAKNKQETAEEGQV,VSE -CDK SNI ,
70 . 80 7 @90 100
A.v. YAGSKGVVWGPIKDMIHlSHG#VGCGQYSRAGRR--NYYI
Avb YAGSKGVVWGPIKDM IHISHGPVGCGQYSRAGRR--NYY I
Rp.. YAGSKGVVW GPIKDMVHI PVGCGQYSWGSRR--NYYYV
R), YAGSKGVVWGPIKDMVHI PVGCGQYSWGSR---NYYV
An. YAGSKGVVW GPIKDMVHISHGPVGCGYWSWSGRR- -NYYV
Cp. YAGSKGVVM GPIKDMVHITHGP I GCSFYTWGGRRFKSKPE
Tf. YAGSYGVVW SPVKDMIHISHGPVGCGHYARA GRR - -AYYI .
Kp. YAGSKGVVF GPIKDMAHISHGPAGCGQYSRAERR--NYYT
Rt YAGSKGVVW GPIKDMAHISHGPAGCGHYSWS:QRR - -NYYV
S 10 : 120 —_ 13 140
Av. GTTGVNAFV- TMNFTSDFQ,EKDIVFGGDKKLAKLIDEVET LF
" Avb GTTGVNAFV - TMNFTSDFQEKDIVFGGDKKLAKLIDEVET LF.
_R.p. GTTGVDS FVCTLQFTSDFQEKDIVFGGDKKL IKVLDEIQELF
GTTG IDSFV-TLQFTSDFQEKDIVFGGDKKLDKILDEIQELF
_ GVTG INSFG-TMHFTSDFQERDIVFGGDKKLTKLIEELDV LF
c.}». DGTGLN -FN-EYVFSTDMQESDIVFGGVNKLKDAILL.HEAYEMF
T, GTTGVDTYT -TMHFTSDFQVKDIVFGGDKKLALMDELE-ELP
‘Kp. GVSGVDS FG- TLNFTSDF QERDIVFGGDKKLSKLIEEMELLF
Rt GLTGVDAFV-TMQFTSDGQEKDIVFGGDKKLL
150 - . 160 - . 170 180
Av. PLNKGISVQSECPIGLIGDDIESVSKVKGAELS - KTIV PVRCE -
AvbPLNKGISVQSECPIGLIGDDIESVSKVKGAELS - KTIV RVRCE
Rp. PLNNGITIQSE CPIGLIGDDIEAVSRSKSKEYGGKT 1V RVRCE
Rj. PLNNGITIQSGCPVGLIGDDIEAVSRAKSKEYGGKTIV.RVRCE
An. PLNRGVSIQSECRIGSIGDDIEAVAKKTSKQIG--PVVPLRCE
Cp. -HPA AIGVYATCPVYGLIGDDILAVAATASKEI G-1PVHAFS CE
TL. PMSKGITVQSE CPIGLIGDDIEAVFKKKAA EPG -KPVVPNRCE
Kp. PLTKG ITTQSGCPVGLIGDDISAVANASS KGLD -KPV1PVRCE
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nitrogenase compi'cxcs constructed from nif@roteins from heterologous sources.The

~ relative amount of homology found between amino acid sequences compared was assigned

a numerical value and was calculated as :

Relative Homology = ' # of amino acids matching ' _
# of amino acids matching + # of amino acid mismatching

The relative homologies for the ij .gcﬁcproteins calculated were in gé\qcral quite (
low. However, given thqt only the last 20 amino acids were compared, this is likely‘not an
accurate indication of the relative homologies of the entire proteins, and other studies of the
nifH gene protein have shown éhigh degree of conservation. , ,

A more rcasoﬁable-estimaﬁon of relative homolégies can be made from the data
obtained for the nifD protein sequencé. For this protein it appears that a great deal of
conservation of amino acid sequence occurs, as most comparisons gave values of 0.6 of
greater. The nifD pro'tein.seguence of C. pasteurianum showed the least amount c?'f
conservation of sequence compared with the other protein se:]’uenoes. It was also
considerably larger than the other proteins compared and contained a unique string of
appfoximately 50 amino acids not found in the proteins of the other organisms compared.

It is possible that this region could be sensitive to oxygen and thus was not conserved

during the course of evolution as nitrogen fixation moved out into aerobic an

-~

_microaerophillic environments.

tisalso p(;ssible-that this mgion maybe involved in the subunit interactions within the
nitrogenase complex of C. pasteurianum. Results of Emerich and Burris (1978) showed
when nitrogenase compbncnts from C.‘pqsteurianum were combined with ’componcnts )
from other nitrogen fixing organismé very little activity was observed. This indicated that

little homology existed between nitrogen fixing proteins of C. pasteurianum and other



—Table 5. Relative Homology of nif H protein sequences

‘ Av. Kup. An. R.m. Rj. . Mv. Tf  ~Rar”  Cp.
Av. - 0667 0276 0310 0.565 0305 0520/ 0321 0.286
K.p. - 0.300 0.296 " 0.609 0222 0.720f 0241  0.286
An.. ‘ - 0.185 0391 0.133  0.286] 0.207 0.286
R.m - 0.259 0.148 0.27 0.724 . 0.286
R,j. . 0.148  0.520  0.250 0.143
M.v. - 0067 (0200 0.100
Tf. - 0.400 0.286
Rt . - 0,286

Values were calculated as:

AV, -Azotobacter vinelandii ; K.p. -Klebsiella pneumoniae ; An. -Anabaena 7120; R.m.

#amino aci : 3
# amino acids matching + # amino acids mismatching

-Rhizobium meliloti ; R.j. -Rhizobium japonicum M.v. -Methanococcus voltae ;
T.f.-Thiobacillus ferrooxidans ; R.t. -Rhizobium trifolii. -



h C
0. 7(?2 0.695 0. 623 0.350
- 0928 0675 0.363
- 0.688 0.360
- 0.331

ERESN>RE>
e 3&_.3 <

- Rm,

0.250
0.254
0.266
0.237
0.136
0.232
0.193
0.483

93

Values were-calculated as:

# amino acids matching + # amino acids mismatching

A.v. -Azotobagter vinelandii ; R.p. -Rhizobium s

R.j. - Rhizobium japonicum ; An, - Anabaena 71 0 C.p. -Clostridium pasteurianum ;,
T.f.-Thiobacillus ferrooxidans ; K.p. Klebszella pneumomae R.t. - Rhizobium trifolii ;

R.m. - Rhizobium meliloti

L3

. isolated from Paraspoonia andersonii ,



- the binding of [4Fe-4S] clusters and the binding of the FeMo 'ggioctor. The amy

’ w0

nitrogen fixers, at 1¢ist whem subunit interactions were concemed. From this we mx\y
speculate that the extra 50 amino acids in the C. pamurianum nifD protein are mvolvcd in
the interaction of the subunits in the nitrogenasé complex of this organism, or that this
region at least interferes with the formation of an active complex when
components from other orgamsmSLusod

- The greatest amount of homology was observed between a Rhizobium sp. isolated

from Parasponia andersonii and R. japonicum.. The relative homology observed between “

"“these two organisms was 0.928. The nifD proteins for thcsc two orgimisms’ did not show

~’ .

sxgmficant homology\ with the proteins of the other two Rhiz ium sp. compared. ol
Howcver the data for tSnesc others were incomplet .

The amino acid sequence Obtained in this thesis for A. vinelandii -exhibited significant

‘homology with the amino ac;g,scquenceﬁ’of’ K. pneumoniae, a Rhizobium sp. isolated

from Pardspom‘a andersonii ,and R. Jjaponicum (relative homologies of around (.7 for
all thrcej. A slightly lesser\amount of homology was observed with the amino acid
sequences of 'R. trifolii én(_i;Anabaena 7120. The least homology was observed with the
amino acid sequences of C. pasteurianum and R. meliloti.. "vI'hc latter amino acid scoucncc
was incomplcto, thus the comparison is likely not accurate. .

Overall some regions definitely show a greater degrec of homology than hers. As

mcnnoned earlier regions which were expected to be conscrvcd were regions invdlved wnh

cysteine is one of the most likely céndidatcs in the role of [4Fe-4S] Diggdirig. For this

“reason cysteine residues and the regions containing them would be predicted to be highly

conserved if in fact the cysteine residues were involved in this function. Five cysteine

residues occur in hz?g conserved regions in the amino acid sequences compared.* These.

residues are indicated on Figure 28. The conservation of sequenae around the cysteine
residues is expected as the positioning of the residues in the protein molecule is important

L4
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if it is to function as a ligand. It also appears that the cysteine residues occur in the amino

terminal half of thc protein molecule.
The role which these residues play in the functmn of the protcm is not clear.
However, in the case of A. vinelandii, Brigle et al. (1985) suggest that three of these
residues (62, 88,and 183; see Figure‘ 28) n;aybc involved in the binding of the [4Fe-4S]
clusters as they showed similarities to t}le proposed [4Fe-4S] binding sites of the nifH
protein of A.vinelandii. Brigle et al. (1985) also sugge§t that th;r;gion from amino acid
264 to 289 may be involved in the binding of the FeMo céfactor . This region shows
Vsighyiﬁcam différences from regions thought to be inyolvcd in 'the binding of [4Fc-4S];
clusters while at the same time exhibiting characteristics favourable for the bin&ing of the
FeMo cofactor . A high degree of conservation was also observed in analogous regions of
the other nifD proteins compared.
~ The results obtained in this thesis show the sequence of a 1.4 Kb region of I')NA from
the nitrogen-fixation gene cluster of A. vinelandii. This fragment contains the
carhoxy-terminal portion of the nifH gcné ang the first 1227 bases of thc nifD ger{e as
well as thc intergenic spacc between these two genes. The sequence obtained here ag;ees
with the sequence obtained by Brigle et al. (1985) with the exception of . 13bases Thesc
13 differences result in 5 amino ‘acid differences in the me protcm sequence predlctcd
from the DNA sequence. These differences appear to be mmor, although the sequence ‘
obtained here shows a greater degree of homology, at the positions where these two o
sequences differ, with the protein sequences determined for the nifD genes of a number of
other organisms (Figure 28). | '
The predicted amino acid sequences determined in this thesis were also compared \;/ith

* the protein sequences of a number of other organisms and showed a significant amount of

homology. Certain regions implicated in the binding of the [4Fe-4S] clusters showed the
. I
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greatest degrcc of homology bctwccn all of the proteins c‘or;mparcd This would indicate )
that thq,acquismon of the abihty to fix atomosphcric nitrogcn occurred fairly recenjly in the
course of evolution. C. pasteurianum ~showed the least amount of conservation o[ ‘
sequence and may represent an older ‘version' of the nitrogen fixation ability. This is
logical owing to the sensivity of the nitrogenase complex to oxygen. One wotxld thus
_ expect the nitfogcn fixing gystem to develop in anaerobic conditions.

* The objectives of this llfékkis have been aghicvcd and it has been shown here that the -
q@gqg;q\’ﬁxation syst;m of A, vinelandii 1s fairly closely related to the systems ¢;ccurring

il

in other nitrogen fixing organisms. . .
. . ,” R A . .
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