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Figure 6. (A) Genetic and physical map of the ftsEX region of N. gonorrhoeae CHS11. (B)
The complete nucleotide sequence of the fisEX genes and their flanking regions as
generated from the plasmids pSB1900 (positions 1-2778) and pSB19 (positions 2779-4526).
(A) Each gene is indicated by an arrow whose orientation indicates the direction of transcription.
Some restriction enzyme sites are also indicated. Gene names appear in italics. (B) The initiation
codon for each gene is boxed in green, with a green arrow extending from the box indicating the
direction of transcription, and the stop codon is boxed in red. When identified, ribosome-binding
sites (RBS) are circled. Gonococcal uptake sequences (US) and the putative -10 box of promoters
(-10) are boxed in black. Mismatches in the US from the consensus sequence are indicated by
asterisks. The stems of the predicted transcriptional terminators are indicated by arrows. Relevant

restriction enzyme sites are indicated.



1%y s Jz Jx:v_ﬁ:ﬂwuu _Ji E_a Jm _JS
ybd N A qSTT o ;.w..qf ) v
GZSY 000¥% 000¢€ 0002 000T 1
L _ | _ _ |
L | |
6 1esd 006 T195d



18 30 £0
ZGAATTTCGGGCAGGEETITTGICIGCTICCGEGCC
CCTTARAGCCCGTCCTAAAACGGATCGAAGGCCGE

G AGCGGCGGTCTGTAAGTC
P I E 2 L T K G A E P

GCC =C
CGGTCCECCGCCAGCATTICAGCEG
R W R R 2 Y T A

75 30 110

¢
CCTTCTTTT TCGECTTTCTCGIGCATCGCTICCAATICTTCTTTGCTGCAATAGCAGTAG

GGAAGAAAAAGCTGAAAGAGC GCGETAGCGAAGGTTAAGAACGAAACGACGTTATCETCATC
G E K E A K E R M A E L E E K 8§ ¢ ¥y C ¥

130 150 PR
TAGGCATCGCCIIT T GCCAACGAGT TCGGCAATGACTICTITATAACEGETCGARACGEGCGEEG
ATCCGTAGCGGAARATGCTTCTCAAGCCGTTACTGAAGAAATATTGCCAGCTTTIGCCGCC
T A D2 Z K A I L E A I ¥ E K Y R o ¥ R R
90 210 230
GTTTGGTACACCACGTTGTCGECGCTGTCGTAATCGAGAZCGACCCATTICATGCCGTCA
CAAACCATGTGGTGCAACAGCCGCGACAGCATTAGCTCTGGC TGGGTAAAGTACGGCAGT

~ -

T ¢ Y ¥ ¥ N D A S D Y I L G ¥ W XK M 3 D

25¢C 270 230

GGATTCGGCEETGGAACGTGCCAAGTCGGTGTCTTCGATACGCAAT

AGZATGATGTTGAC TCGGCGETEGARCCETGEC ITCGATACGC!
TCCTACTACAACTGCCTAAGCCGCIACCTTGCACGGITCAGCCACAGAAGCTAIGCGTITA
I I NV 5 E A T S R A L D2 T DO 2 I ®rR L

318 330 32=20

ARAAATTCGICTTTATGATGGCGGECAAACGC CCACGAAAACAAGGCGETGCZAACGC G

T T TTAAGCGGAAATACTACCGCCIGITTGCGGETGCTITTGTTSCGECACGETIGEGGE
~
=

. F E ¢ K E E R A T A % §$ F© L A T 2 7

oy

-

2730 3380 4132
CCGATGTGCAGGTAATCCGETCECGE I TGGGGGCGARACGGGTT TTGACGGTLATAATESECT
GGCTACACGTCCATTGEC CAC IO IGACCCCCGCITIGCCCAAAACTGCC TTACCGA

¢ I BE L Y ¢ T £ s 2 A F R T XK V I H

430 450 4°C

CCGAAATCT%TGAAAGCGT%TATTTTACTéTTTTTACCG%GCTTAGGCAICCAAAAAE&E

GGCTTIAGAAACTTTCGCAAATAAAATGACAAAAATGGCACGARATICCGTAGGTITTTACS
43¢ £10 530

Us » . . . . . .

CGTICGARACCCTGCCTGCGGATAAGTT TCAAGACGGCATTTTCTACCGCCTCAATCAGAC

GCAGGCTTGGGACGGACGCCTATTCAAAGT TCTGCCETAAARAGATGGCGGAGTTAGTICTG

550 270 5960

AGCCAICCCCAARAAGCGGCTIGCCCCATTTTTTCAAACGGTAGAGGGATACCGCATACCC
TCGGTAGGGGTTITTTCGCCGACGGEGTARARAAGTTIGCCATCTCCCTATGGECETATGGG



610 530G 650

GAGAACGTCGTATTTCTAARAAAAGAATARAGGGCGTAGTTTGGCGCACCAGCCGCACC

670 630 710
AGACATATAAACGCCGGACACCCARATCCTCCGCCAT TTCCGCCGCOCGCETIAAATGETA

TCTGTATATTTGCGCITGTGGGTT TAGGAGGCGGTAAAGGCGGCGGGLGCGGETITACCAT

730 750 770

GGGATCGCT GACAAT CACCACGC T GGCAATACCET TGGCACGT CAAACTGEGCGGEATETT
c

CCCTAGCGACTGETTAGTGGTGCGACTCGT TATGGCAACCGTGCGGTITTGGC LGS TTA
790 819 839

GTTCAGGTTTTCATAAGTGTTGCGCGAAGTGTTITCAAACAGGATGTTGCGCGCTGGAAC
CAAGTCCAAAAGTATTCACAACGCGCTTCACAAAAGT TTGTCCTACAACGCGECEGCCTTG

35

850 e} 330

CCCCTGTTTGAGCGCGTACCGCCGLCCGACITCGGCTTCGGTCATATAGCETTITTIGGT

GGGGACAAACTCGIGCATGECGGC GGG TGGAGCCGAAGCCAGTATATZGGAAAAAACCA

g

w

310 3306 S

TCGCCCTCCCETARACACGATTTT CCCTACCCTIGC GG T TTGETAAAGCGCGATGGLGTG

AGUGGGAGGGCATTIGTGCTANAACGGATGGGACGCCGAAACCATTTCGCGCTAZCGCAC

$70 9350 1019

GTTGATGCCETTCCCGARAARCCGGGGAAGGGCETTTGTITCCACGCGGITGCGCLCARCAT
CAACTACGCAAGGGCTTITTIGECCCCITCCCGCAAACAAGGTGECGTCGACGLGGGTIATS
2330 1082 07

CAGCGCGGTATC UG CTGGACATACGGECGGTARMAACTTGTCCGCCTOGTCCGATAAACTGE

GTCGCCTCGTAGCELGECCITGTATGCCGCLGTT ITGGACGGGLGGGLAGGLTAT TTGGECS

(S PG LG SRS 4 —

($)

18038¢C MPIREs] i3

CCAAACGGATGAGGCAAATACCAGCAAAAGCGGAAAAACACTCAAACACAAACCGCCCAA

A —~—~ N (T T T S T S T T T e 8 T T T e TP AT AT T~ ST
SETTTGCCTACT CCGT TG TGGTCET T ITCGC o T T T T IGTGAGT I TG TS TTITGGSGGGTT

1150 1170 1150
CAGGTAATAGCGCAAGCCGTTIGCGRGCTGCAAAACAGCCGTTTGTTCACAATACCGCTITCS
GTCCATTATCGCETTCGGECAACGCCGACGTTTTGTCGGCAAACAAGTGTTATGGCGAAGE

1210 1230 1250

ATATTTTCCAACSGTCTGICGACAGCAGCCTTACCG T TTGCOCAAAACARTCGGACGET
TATAAAAGGTTGCCAGACSGCTGTCGTCGGRATGGCAAACGGGTITTGTTAGCCTGOGAG
* R K G L V I p

[UNANe!

o)

1270 1290 1310

CAACAGGGCGGGATGATCCGCGATSGCACGCAGCAGCGCGTCATTIGTCCAAATCGGGGTT
STTGTCCCGCCCTACTAGCCGCTACCGTGCGTCGTCGCGCAGTAACAGGTITAGCCCCAA
L L AP H D A I A R L L A DN D L T P N



1330 1380 1370

GTCCAAACCCAATTCCTTIGTACAAATCATCTTTCACGCGCATCATCCCGCGCGCCGATTC
CAGGTTTGGGTTAAGGAACATSTTTAGTAGAAAGTGCGCGTAGTAGGGCGCGCGGCTARG
O L &6 L E X ¥ L D D XKV R M M G R A S E

1390 1410 1430
CAAGCCCAATTTGTTGAAAATATCCTTCAATTCGGACAAGTCGGGCGGCGTATCCAAATA
GTTCGGGTTAAACAACTTTTATAGGAAGTTAAGCCTGTTCAGCCCGCCGCATAGGTITAT

L G L XK N F I T X L E S L £ P P I o L Y

1450 1470 149306

TTITGACCGCTTCGGCAGCAATGCCGECG TTCCAATAGGGACACGGIGGTACGCGATTT
Taco

I7C
AAACTGGCGAAGTCCGTCCTTACCGGCGCAAGAAGGTTATCCCTETGCCGCC
XK v A E A A I G R E E L L S v a

> O ()

.

1810 15820 158¢

5

GCTGCAACGCGGATT STGSAAAAT TTTGAT TTCAGACATGACAT TTCCCTACTTCTCGAC
T TCﬁE?ZbTGTAAA GAAGAGCTG
RBS?

. . I E S M
1570 1590 1610

=10 . . . . .

AATCCoCHTATTATC SGCTTACGCAGGGTT TTACTCAATACCCCGCCTCCAACCGTACCA

TTAGGGSAATAATAGCCGAAT GCGTCCCAAAATGAGTTATGGGGCSGAGGT TGGCATIGGT

1630 1650 1870

R L I L

M X R

i
AACGGTTTACAATACCCGAATCGACATACAMAGGACAAAAC AACGCTTGATICTC
TTGCCAAATGTTATGGGCTTAGCTGTATGTTTCCTGTTT TGCTACT TIGCGAACTAAGAG

1690 17 1720
A A I A L A AT CF 3 AHTAS S S E L A
GCCGCAATCGCCCTTSCCSCCACATTTGGCGCACATACCGCS TCGGGAGACSARCTCECS
ZGGCGTTAGIGGGAACGGIGGTGTAAACCGCGTGTATGGCGGAGCCCICTGCTTGACCGS
1750 1770 1790

kK C w T 2 &g W L g 5 L K A P 7T R I A

~ ™ b
3 N i
GGATGGAAAGACAATACCCCCGCAAAMACTTCGCAATCGCTCARAAGCCCCCGICCGCATAGLS
CCTACCTTITIOTGTITATGRGELSTITIGGACGTTAGLGAGTTICGGGGGCAGGUETAGCGG

1810 1870 1950

L w A T W T 3 P C R K E M P A M S K W
AACTTATGGRCGACTTGGTGCGGTCCGTGTCGAAAAGAGATGCCCGCCATGTCCAAATGG
TGAACCACGCCAGGCACAGCTTTICTCTACGGGCGGTACAGGTTIACC

TTGGATACCCGC
1870 igao 1610
Y K A ¢ K K ¢z ¢ v o M vV 6 I 2 L - T & ©

ATCTTTCGUGTCTTTITTICCGTCGCAGCTATACCAGCCGTAGCGCGAGCIGIGTAGGCTG



1230 1 95C >37¢
M G M F L
AATATCGGCAACTTTC

TTATAGCCGTTGAAA

K @ T 2 v 8 ¥ P I W R Y T G
TCARGCAGACCCCGGTCAGCTACCCGATTITEGCGT TACACTSEGE
AGTTCGTCTGGGCCCAGTCGATGGGCTAAACCGCAATGTGGCCC

139¢C 2C10 2G3C

A % 3 R S M K 5= ¥ G N N V G 7 L 2 ¢ T
GCGAACAGCTGAAGCTTTATGAAATCCTACGGARAACAATGTCGGCGTACTZCCCTTIACC
CGCTTGTCGGCTTCGAAATACTTTAGGATGCCTTTGTTACAGCCGCATGACGGGARATGS

rx]

2053 2078 2090

Y 7 E A P2 K T 3 Y R 3 T I T 3 E L N E K

STCGTCGAAGCCCCGARATGCGGATACAGGCAGACCAT TACAGGAGAGT T GAATCAGAAR

CAGCAGCTTCGGGGCTTTACGCCTATGICCGTCTGGTAATGTCCTCTCAACTTGCTCOTTT
211 2130 2150

S . T E A Y K L A E S X C R us

A”CCTCACCCAACCCCTPAAA”TP”CP”A--PAAAATCCCC”EEEAPC:CE:Z:EEEEEE
TCGGACTGGCTTSGGCAGT T T GAGCGGETAAGT TTTACGGCAAT T TGCGGCCTACGGE

170 2150 22108
* 5 gs
e hACCGCh“"APA””F”h*TTTCCCGCCCGGC”TTCC”*A”C”””CAAAC TATCCAC
SCTTTGGCGAAGTCTIGCCGTAAAACGELGGGCCGGAAGC CATAGGCGGTTTGAATAGGTG

223¢C 2250 2z

=10
TATCTAAAAACAGGCSGAATCTTIATAAICGGTACTSTCTTACCTAT T Toecaranih

ATAGATITTITGTCCGCCTTAGAAATATTAGCCATGACAGAATGGATAACAAGTCTGOCST
2233 2319 2335
M
RBS !
”A“”””*CvGCAC”PAAC”CCCCGAAACCA“ATCCCSCCCTTCCIT cfeodecrectal
TAGGGACGCCTGCETTGG GGG TTIGCTATACGGCGGGAASGAATGTCC TEGAGGATA
2356 2375 2350

T E QO V K T Y » G G F £ N v
TCCGTTTCu.ACAA”TTTC"AAAACCTATCCCGGCGGTTTTCAACCLb AAAAACCT
CTAGGC CTTGTTCAAAGGTTTTCGGATAGGGCCGCCARAAACTTCGEGACTTTTIGCA

,\’

>

oy .

7[“'

w
o

2410 2430 24

S F ¢ I ¥N K &6 E M 1 F I A G H S G S G K
CAGCTTICCAAAT CAACAAAGGCGAGATGATTTTTATCGCGGGACACTCCGGTTCGGGCAA
GTCGAAGGTTTAGTIGTTTCCGCTITACTAAAAATAGCGCCCTGTGAGGCCAAGCCCGTT

2470 2430 2510
s T v L K L I 8 G I T K ? S M a K V L F
ATCCACCGTCCTCAAGCTGAT TTCGGGCATCACCAAGCCGAGCATGGCTARAGTCCIGTT
TAGGTGGCAGGAGTTCGACTAAAGCCCGTAGTGGTTICGGCTCGTACCGGTITCAGGACAA



253G 2850 2570

NG Q L & T L & D N Q I Z I M R Q H T
TAACGGGCAGGACCT CGGCACATTCTCCGACAACCAARTCGGCATTATGCGCCAACACAT
ATTGCCCGT CCTGCGAGCCETGTAACAGECTGTTGEETITAGCCGTAATACGLCESGITGTGTA

253G 2613 2830

G Z v ¥ Q D HE K I I N 2 R N V L & N v =

CGGTATCCTIGTICCANGACCACRAAMATCCTCAACGACCGCAATGI ST GCAALMACGTCAT

PR R P U I P R

SCCGTAGCACAAGGT TCIGG I GT T TTAGGAGTTECTESGCGTTACASGACGT TTIGCAGTA
2a5¢ 2872 2858

L ? L R I I G ¥ 2 2 R K A E = 2 A R I A

CCTGCCCCTGCGGATTATCGGEITATCCGCCGCGCARAAGLCGAAGAACGCGCCCGCAT G

SGACGGGGACGCITAATAGCCGATAGGCEGCGCGTTTCGGCTTCTTIGCGCGEGLGTAGCS
2718 2729 275¢

I E K VvV ¢ L K GR E L 2 D 2?2 VvV T L s & ¢
CATCGAAAAAGTCGGCTTGAAAGGACCAGAATTGGACGATCCIGTAACTCTICTCGGGRGE

~— -\
STAGCTTTTTCAGCCSAASTT TCCTACTCT TAACC TACTASGGCA TTGGGAGAGC I CGrT
PSB1900 «———» PSB19
277G 2730 2812
Sau3aIl . .

E Q Q R - W|I A R A Y V E o P 3 - = < =
TGAACAACAACSCoTATARAT AGCCCGaGCOGTOGT o OACCAGC A AGECTACTAAT TG
ACTTGT TG IGEAGACACK TASCGAGCGCGGCAGCAGRTSGTCGG5CCSCACGACTAACS

N pgﬁfgg@(——:p T§oC ? Rt =
2820 856 2873

1

- -

o E 2 5 A N L S R A Y A L T I M : 4

CCGACGAACCCTCCCGCCAACCT CCGACCGIGCCTACGCSCTICGATATTATGGAATTIGTT
Ca

e -

GCTGOTTGGGAGGIGGTIGCGAGC T GGCACGGATGCGCGAGCTATAATACCITAA

283C 25105 2930

T F H E A & T T ¥ I ¥ A A E I = T L M =a
AACCTTCCACGAAGCEGCGAACCACCIGTCATCGTCGCCGCACATGACGAAMACTCIGATEGE
TTGGRAGGTIGCTTCGCCCTTGGTGGCAGTAGCAGCGGCGTGTACTGCITIGEGACTACCG

S70 2990

3N

2850

b Y 6 H R I . R L. & K G R L A -~

RBS
SGACTACGGACACCGCATCCTGCGCCICTCGAARGGACGACTCG CATCATCCAC
2CTGATGCCTGTGGCSTASGACGCSGAGAGC TT TCCTGCTGAGCGTAC TCGTAGTAGGTG

3010 3039 2050
¥ ¥ § L H V E 8§ A R S A L XK Q L L =& Q &P
TACTTCTCGCTGCACGTCGAATCCGCGCGCTCCGCACTCAAACAGCTTCTGCGCCAACCC
ATGAAGAGCGACGTGCAGCTTAGGCGCGCGAGGCGTGAGTTTGTCGAAGACGCEGTIGGG



070 3C9¢ 21t

- - Nrul- .
?t*’*?f*MLAt/AMTL?;?M

= -~ - -

TTCEGCACAC TGS TTACC S TCATAATGC TTGCCATCGCGAITGACCCTGCCECTGTTTATS

-l

AAGCCGTGTGACGAATGGGAGTATTACCAACGGCAGCGCTACTGGGACGGCGACARATAC

La)

3130 3184 317¢
Y L & I ¢ s zZ ¢ s 7 L 3 XK L N E S =2 g =
TATCTGGGCATCCARAGCGEGGCA A}CCg GTTGGGCAAACTCAACGAGTCGCCGTARAATC
ATAGACCCGTAGGTITICGCCCGTITCGCACAACCCGTTTGAGTTIGCTICAGCGGEGTITAG

]
(%
Lyy]
(Y]
tal)
(@]

ta)

13

)

)

Rl 7 v M E - + A Q < ) < -~ - 7 R S

s

L A > 7 2
l"”””""ﬂlATCQAAACCJFCGCCCCAPAAACPCACAGFCA ACCGTACGCAGCTTGITG
TGGECAGATATACCTTIGGEGGIGGIGTIGTITCCCTGICGCTATGGTATIGCGTICGGACGAT

3250 3276 3256
T R 2 K R _ 2 N T R 7T I 3 ¢ E 2 3z L A E
ACGTGCGATARACGCITCGACAACATC CGCTTCATCCGCAACGAAGACPGITTGCCLCAA
TGCGCGETTAT T TG GAGC TG TTGTAGGCGAAGTAGCCGTTCCTICTECCAAACCIGEITT

3318 3330 EXE

2§ M L = &G N

L {2 s W .z 2 v I ? L 2 3D
TTA”ACTCCAPC:T:CAC”AAAA:CTGA:TTCC TGCTIGACGGIAACCCCCTGCCGGAT
AATGTCAGGTTGGAGCTGG T T TTAGAC TAAAGGTACGAACTGCCGTIGGGGGACGGICTA

337G 3

(99

SG 2415

V:’"I"/’TPDDX’T?AQMQAIYQ

STCTTTATCGTTACCICCGACCCGGCAACCACGCCCGCCCAARTGCAGECAATCTACCGE
CAGAAATAGCAATGCEECGCTGEGCCETTGGTGCGGGLGGGTTTACGTCCETTAGATEGES
3438 3485 347C

2 I T K L P M Y E £ A S M- T =2 W T QO T
GACATTACCAAGCTGICTATGETCGAATCCGCGTICTATSGATACCGAATGGGTGCRAACS
CTETAAT GG T T GACSGATAC CAGSTTAGGCGCAGATACCTA TGGRCTTACCCANGTTTGE

(a)

490G 2310 3530
L Y Q T N E F z R K I L W = i 8 i
CIGTACCARATCAACGAGT TCATCCGCAAAATCTTATGGTTTICIITCCCT G

GACATC:TTTACTTC:TCAAGTAGCCGTTTTACAATAC ARAAGAAAGCGGACTGCGACTCA

3570 3530

(o)

55¢

(_;l

- -
19

M A F VvV L ¥V A H X T I R L ¢ I L § R X E
ATGGCTTTCGTCCTTGTCGCACACAACACCATCCGACTGCARATCCTCAGCCGCAAAGAA
TACZGAAAGTAGGAACAGCGTGTGTTGTGGTAGGCTGACGTTTAGGAGTCGGCGTTICTT

¢

w

3610 3830 386

E I E I T K L L G A P A S ¥ I R R P F L
GAAATCGAAATCACCARACTCCTGGGTIGCGCCCGCGTCGTTTATCCGCCGCCCCTITCOTT
CTTTAGCTTTAGTGGTTTGAGGACCCACGCGGGCGCAGCAAATAGGCGGCGGGGAAGGAA



676G 3630 3718

(a)

I £ § A A VvV s L G L Z G W

Y Q A M W Q s
TRTCAGGCTATGTGGTAGAGCATCTTCTCCGCCGLCGTCAGCTTAGGGSTTIIGEGGTITGEG
ATAGTCCGATACACCGTCTCGTAGAAGAGGCGGCGGTAGTCGAAT CCTGAAACETCAACC

3730 3-5g 3775

i . Sty ) i
L L S A VvV R 2_L ¥V DA I £ K 5 ¥ 5 L N I
CTGCTOTCTACCATACGC T TE T S GAT GO ATC T T CARAC S TACSGC TTGAACATS

GACGAGAGACCGGIACGCGEGGEARC CAGC TACGLETAGAAGTTTGGGATGICGAACTTATAG
373C 3815 38328

S W KR ¥ ¥ Y ¥ G E L G L 7 ¥ S5 ¥ 7 I A L

GGCTGGCCTTTCTTCTACGTCGELS TCGCEGCTGETGTTCEGCTTCEICAT CGLGTTE

CCGACCGCAAAGAAGATGCAGCCGITTGAGCCCGACCACAAGTC CGAAGCAGTAGCGCAAC

3285C 3873 388C
S 4 fF Z A W L A T T 2 H L L T F K A X X
GGCGTATTCCEGCECETSGEITTGCCACCACACAACACCTGCTCTGC TTCAAAGCCARAARAA
CCGCATAAGCCGCGCACCGAACGGTGGTIGTIGTTIGIGGACGAGACGAAGTTICGGTTTIITT

3%1ic 39

[V}

0 2950
) *° US : . us’ *

’ e J
T AAAP.VE}FQTP*CAALCCGT;ETPACAPCCAhTTTCGATTTGCCAGT

C
AGTTTTTAAGGCAGACTICGGCAARAGTCTGCCTTAAAGCTAAACGGTICA

L]

3972 2690 4019
ATAATGGCGCATTTCCCCAATAAGGACTCCCCACTATGC TGACAC CCGAACAAGTCAAGG

TATTACCGCGTAAAGGGGTTATTICC TGAGGGGTGATACGACTGTGEGCTTAGTTCAGTITICZC

4330 4GS0 4070

SGGACTAACGTCCGCACCGTTTTACGCTTGTGTAGCITCATCTICCGCIGCCTGTGGTAA
4099 4110 4130

TTTTCGCCETCATCGTITCATCAGAAT TTGAAGGCAAGGCACGCCT

‘Wﬁ(“hﬁﬁﬂﬁﬁA R~
AN PN (IS (N (Y LUEN UL
ARAAGCGGCAGTAGCAAAGTASTCTTAAACT TCCGTTCCGTGCGGAGLCGCGCGGTGGTGE
415C 1740 4130
TGATTAAAGACGGACTCAAAGCCCAACTGGAAAGCANCGAACTGCACGCACTTICCATTT
CTAATTTCTGCCTGAGTTICGGGTTGACCTTTICGTTGCTTGACGTGCGTG GGTARA

42190 4230 4250

CGGTTGCCGCCACTCCGGCGGAATTGGCTGCCAAAGCACAATAACCGCCACACAAAAAﬂE
GCCAACGGCGGTGAGGCCGCCTTACCCGACGGTITCGTGTITATTGGCGGIGTGTITITITAC



gs 4270 gs 4290 4319
—5 __— ™
CCGTCTAAACCATTTCG T CAGACEETA T TTT T IATATCARACCET TACTSGECGE
GECAGACTTTGETARAGTAAAGTCTGCCGTAAAAMRATATACTTTGECAAR TGAGCESCS
I L & N 7 R R

4

La2

30 43z0 4370
TT""TP".Aﬁuu””” A GL#Lu;ACATCTTT:::TT::AAQAAHwCAAH7' CGCC

CAAAAAAG’TTTCCCCCATCCCCTC””T”A”AAAC:CRACCTTCTTCPGTT CTTCCGT

T K ¥ L A A Y A B2 L E K & =T L F E L F A

4.0 1439

o
(2
(Ye)
of

lalalalalaliala ety ot ol antals b Vatelelet B o mom— ACaSST Ll il alate b et el e et ral
Ll i cChAca s AT LAl JUEETCEETAACESZE T Loy, V., DRI (TN
GGCGEAGECCACC T CTACATCGECTARACCAGCCATTGCGACTTAAACTATTAGCGECGS
- ~ ~ - ~ - o -~ ~ - .. ~ -» - -
= = = - = - P4 -4 - (9] |8} - v = F N P2y & A A
4450 4473 449
pﬁrﬁ—ﬁmhﬁﬂaﬁcnﬂﬁﬁﬁﬁﬁxxﬁﬁ L Satetobiiinictainidiieiclietete’ Hﬁﬁﬁmmﬁﬁﬁﬁw
i . —Te LT GO CGCART I CAGAACGU T T TG TTEEECGEAT TCGEECAAGG

CACAGIGECGEIGEECETTAGC TCTTECGAAACGAMACT TG TACSCGRAGSCGTTCS
L - b z & Z A I 2 F A X I g A I A = A L

GﬂlmﬂﬁﬂmﬂﬁAﬁﬁﬁmﬁﬁﬂ‘ATTCAT:

LR R P G-A NN MU AN 4
CCEAAAGCAZGCGZEGACCITTAACTAG
E & T Z Z A F g C






85

Figure 7. Inverse PCR strategy to clone the 5’-region of the N. gonorrhoeae ftsE gene and
the region upstream of ftsE. The thin black line represents the gonococcal chromosome, the
thick black line represents the 1.8 Kb Sau3Al fragment cloned into pSB19, and the thick green
line symbolizes the region to be amplified by iPCR. The blue arrow represents the fisX gene; the
red arrow represents the partial fisE gene cloned in pSB19 and the dotted red line represents the
section of fisE to be amplified by iPCR. The Pstl and Nrul restriction sites used for the iPCR are
indicated by red arrows, and other PstI and Nrul restriction sites are indicated by black arrows
with asterisks. The primers SA-3 and SA-4 used for the amplification are indicated by yellow

arrows. The drawing is not to scale.
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3578-3559, Table 3), one of the oligonucleotides used as a primer for the sequencing of the
gonococcal fisX gene (Table 3).

Restriction fragments of sizes from 6.9 Kb to 8.5 Kb hybridized the probe 19-4R (data not
shown), the 6.9 Kb restriction fragment being obtained from the Ps¢I digestion. As a control, the
insert of pSB19 also hybridized the probe (data not shown). Because the 6.9 Kb Ps/I fragment
was the smallest of those identified, this PssI fragment was used for the next step of the strategy
to clone the gonococcal fIsE gene.

Restriction enzyme analyses of pSB19 and computer analyses of its nucleotide sequence
showed that Ps¢I did not restrict the 1789 bp insert (Fig. 6A). It was inferred that the 6.9 Kb PsI
fragment that hybridized the 19-4R oligonucleotide probe (data not shown) contained the 1.8 Kb
insert of pSB19 together with 5.1 Kb of flanking sequences. Since only the sequence containing
the 5'-section of the fisE gene was needed, the cloning strategy was optimized to amplify only the
region upstream of the partial fisE gene already cloned in pSB19.

Based on the analysis of its DNA sequence, a unique Nrul site is present in the insert of
pSB19 in the 5’ region of fisX (positions 3095-3100, Fig. 6A, B). It was reasoned that the 6.9 Kb
Pstl fragment would be smaller if it was also restricted with Nrul. A shorter fragment would
facilitate the circularization step that precedes the amplification step of iPCR. To test this,
gonococcal DNA was digested with Nrul and PstI and was probed with the oligonucleotide SA-2
(positions 3098-3079, Table 3; Fig. 8), designed from the sequence immediately S' to the Nrul
restriction site. In the Ps#l digest, the 6.9 Kb Pstl chromosomal fragment hybridized the probe as
had been observed in the first hybridization using the probe 19-4R (Fig. 8B, lane 3). Two large
Nrul fragments also hybridized the probe (Fig. 8B, lane 5). Since one restriction fragment per
digest was expected to hybridize the probe, the presence of two signals for this digest suggested
the Nrul digest was not complete. Similar to what had been obtained with the Nrul digest, two
Nrul-Pstl fragments of 2.8 and 3.0 Kb hybridized the probe (Fig. 8B, lane 4). The presence of two
signals from both the PstI-Nrul and the Nrul digests, but not from the Ps/I digest, suggested again
that the Nrul digest was incomplete. As for the hybridization to pSB19 (Fig. 8B, lane 2),
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Figure 8. Hybridization of the oligonucleotide probe SA-2 to gonococcal DNA digested with
Pstl, Nrul, and PstI-Nrul. (A) Restriction enzyme digestions of the chromosomal DNA, (B)
hybridization of the DNA from (A) with the oligonucleotide SA-2. Lane 1, 1 Kb ladder; lane 2,
pSB19 digested with BssHII; lane 3, N. gonorrhoeae DNA digested with PstI; lane 4, N.
gonorrhoeae DNA digested with PsiI and Nrul; lane 5, N. gonorrhoeae DNA digested with Nrul.
The sizes (in bp) of the size markers and the size of the fragments having hybridized the probe are
indicated are indicated to the left and to the right of the figure, respectively.
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two fragments of 0.5 Kb and 1.1 Kb were expected to hybridize the probe as both contained insert
sequences. The other hybridization signals present above the 1 Kb hybridization signal could also
be due to an incomplete digestion of pSB19.

The 2.8 Kb PstI-Nrul fragment was used as a template for iPCR. Gonococcal DNA was
digested with PstI-Nrul and the digested DNA was used in the steps of iPCR (Fig. 7; section
2.9.2.). The amplification generated a 2.8 Kb amplicon that was ligated with the plasmid
pCRII™, a vector designed to efficiently clone amplicons generated with Tag DNA polymerase,
to generate the plasmid pSB1900 (Fig. 7; section 2.9.2.).

The gonococcal origin of the amplicon cloned in pSB1900 was confirmed by
hybridization at 68°C to N. gonorrhoeae CH811 DNA restricted with EcoRI, HindIIl, Pstl, and
Nrul-Pstl (Fig. 9). Two Nrul-Pstl fragments hybridized the insert of pSB1900 (Fig. 9B, lane 6)
the expected 2.8 Kb Nrul-Pstl fragment and a 7 Kb fragment that was likely the Ps:I fragment
that had not been restricted with Nrul. This was likely due to the small amount of Nrul that had
been used in the restriction digest. There was also hybridization with a 6.9 Kb PstI fragment (Fig.
9B, lane 5), the same size as the larger fragment from the Nrul-Psil digest (Fig. 9B, lane 7),
confirming that this fragment had probably not been digested by Nrul in the double digest. The
6.9 Kb Nrul-Pstl fragment (Fig. 9B, lane 5) was of identical size to the PstI fragment initially
identified in the first set of hybridizations using the probe 19-4R. In addition, an EcoRlI restriction
fragment of 8.0 Kb (Fig. 9B, lane 3), and a HindIII restriction fragment of 8.2 Kb (Fig. 9B, lane
4) also hybridized the insert of pSB1900. The size of these EcoRI and Hindlll fragments were the
same as those that had hybridized the oligonucleotide probe 19-4R in the initial hybridization
(data not shown). The insert of pSB1900 hybridized the probe (Fig. 10B, lane 2), but there was
also a signal with the vector part of pSB1900.

The nucleotide sequence of the insert of pSB1900 was determined in both directions. The
analysis of the DNA sequence of the insert of pSB1900 indicated that the amplicon was 2778 bp
in size (positions 1-2778, Fig. 6B), and that it contained the nucleotide sequence of the 5’-end of

SfisE (positions 2339-2778, Fig. 6B) as well as 2338 bp of sequence upstream of fisE. This
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Figure 9. Hybridization of the insert of the plasmid pSB1900 to digested N. gonorrhoeae
DNA. (A) Restriction enzyme digestions of the chromosomal DNA, (B) hybridization of the
DNA from (A) with the amplicon cloned in pSB1900. Lane 1, A/HindIIl; lane 2, pSB1900
digested with EcoRI; lane 3, N. gonorrhoeae DNA digested with EcoRI; lane 4, N. gonorrhoeae
DNA digested with HindIIl; lane 5, N. gonorrhoeae DNA digested with PstI; lane 6, N.
gonorrhoeae DNA digested with PstI and Nrul. The sizes (in bp) of the size markers and the size
of the fragments having hybridized the probe are indicated are indicated to the left and to the right

of the figure, respectively.
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analysis indicated that no fisY gene was located close upstream of fisE in N. gonorrhoeae (Fig.
6A). Instead, complete t/p4 and arsC gene homologues as well as a partial g/tX gene homologue
were identified upstream upstream of fisE (Fig. 6A; sections 3.10.1. to 3.10.3.). The complete
4526 bp nucleotide sequence of pSB1900 and pSB19 including the fisE and fisX genes and their

flanking regions was submitted to Genbank and is available under the accession number U76418.

3.3. Analysis of the fisEX genes of N. gonorrhoeae strain CH811
3.3.1. The fisE gene

The complete gonococcal ftsE gene comprised 651 bp (positions 2339-2989, Fig. 6B). It
was preceded by a putative consensus RBS (AGGA, positions 2329 to 3232, Fig. 6B) located 7
bp upstream from the ATG initiation codon. A perfectly conserved -10 box (TATAAT, positions
2244 to 2249, Fig. 6B) was identified at positions -95 to -90 from fisE and could be part of a
promoter controlling the expression of fisE. The stem-loop of a putative transcriptional terminator
could not be located immediately downstream from fisE. The nucleotide sequence of fisE
encoded a protein of 216 aa with a predicted Mw of 23 885 Da. Alignments using BESTFIT
showed that the gonococcal FtsE displayed varying degrees of sequence similarity to other
prokaryotic FtsE proteins available in Genbank (Fig. 10). The gonococcal FtsE was more similar
to its homologues from other Gram negative bacteria than those from Gram-positive bacteria. It
shared 71% similarity and 49% identity with FtsE from E. coli (Gill et al., 1986), 66% similarity
and 45% identity with FtsE from H. influenzae (Fleischmann et al., 1995), 54% similarity and
32% identity with FtsE from H. pylori (Tomb et al., 1997), 62% similarity and 41% identity with
FtsE from M. leprae (Parkhill et al., 1997a), and 60% similarity and 39% identity with the FtsE
from M. tuberculosis (Devlin et al., 1997). The important motifs in ABC transporters, namely the
Walker motifs A and B involved in ATP binding and the linker peptide (section 1.2.2.), were
well-conserved in the gonococcal FtsE (Fig. 10). Other predicted structural features of the ATP-
binding domain were also well conserved between the gonococcal FtsE and the other FtsE
homologues (Fig. 10). It also shared high similarity (over 60% from Blast similarity searches)
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Figure 10. Alignment of the amino acid sequence of the N. gonorrhoeae FtsE with other
prokaryotic FtsE proteins. Positions perfectly conserved in all six proteins are boxed. The
sequences of the Walker A and B motifs and of the linker motif are boxed in gray, other positions
identical between the sequences shown are boxed. The a-helices, the B-sheets and the loops are

identified as in Fig. 2 based on Higgins (1992).
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with other members of the ABC protein family, with the sequence similarities centered around
the ATP-binding domains and the linker peptide (data not shown).

Computer predictions of the amino acid sequence of N. gonorrhoeae FtsE showed that it
did not contain membrane-spanning helices, and identical results were obtained for FtsE from the
other five bacterial FtsE proteins (data not shown). These results suggested that if FtsE was
located to the inner membrane as is the case in E. coli (section 1.2.), it would require an

association with another protein.

3.3.2. The ftsX gene

There was a 4 base pair overlap between fisE and fisX, the ORF located immediately
downstream of fisE (section 3.1.). The fisX ORF contained 918 bp (positions 2986-3903 in Fig.
6B) and was preceded by a consensus putative RBS (AGGA, positions 2974 to 2977, Fig. 6B)
located 8 bp upstream of the ATG initiation codon. Two inverted copies of the gonococcal US
(positions 3919-3928 and 3935-3944, Fig. 6B) were identified downstream of the fisX ORF. They
were predicted to be part of the stem of a predicted transcriptional terminator (positions 3919-
3944, Fig. 6B) located downstream of fisX. Both copies of the US contain one mismatch with the
consensus sequence: in the first US, a guanosine was replaced by a thymidine (position 3919, Fig.
6B), and in the second US, a guanosine was replaced by an adenosine (position 3944, Fig. 6B).
The gonococcal US had been shown to be essential for efficient uptake of DNA by gonococci and
had been identified as a transcriptional terminator for gonococcal genes (section 1.11.).

The nucleotide sequence of fisX translated into a polypeptide of 305 aa with a predicted
Mw of 34 213 Da. Alignments using BLAST and BESTFIT showed the gonococcal FtsX
displayed similar degrees of sequence similarity with only the five known prokaryotic FtsX
proteins (Fig. 11). Similarly to what had been observed for the gonococcal FtsE, the gonococcal
FtsX shared a lower degree of similarity with FtsX from M. tuberculosis and M. leprae. The
gonococcal FtsX shared 55% similarity and 29% identity with FtsX from E. coli (Gill et al.,
1986), 55% similarity and 26% identity with FtsX from H. influenzae (Fleischmann et al., 1995),
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47% similarity and 23% identity with FtsX from H. pylori (Tomb et al., 1997), and 52%
similarity and 20% identity with FtsX from M. ruberculosis (Devlin et al., 1997; Tyagi et al.,
1996), 49% similarity and 19% identity with FtsX from M. leprae (Devlin et al., 1997a). No
significant similarity was detected with other protein sequences in the databases.

There were only six perfectly conserved positions in the six FtsX sequences (Fig. 11): Pro
124, Leul91, Leu212, Gly214, Ala215 and Leu225 (positions in N. gonorrhoeae FtsX). Five of
the six conserved positions were located closer to one another (Leul91, Leu212, Gly214, Ala215
and Leu225, Fig. 11). between the end of the second transmembrane segment and the beginning
of the third transmembrane segment. This is the first report on the identification of conserved
positions in FtsX homologues as alignments of multiple FtsX sequences had not been possible
until recently. Several other positions were also conserved in three or four proteins. The
alignment of the six FtsX proteins presented in Fig. 11 shows the diversity in size of this protein.
With 305 aa residues, the N. gonorrhoeae FtsX was 47 and 2 aa residues shorter than FtsX from
E. coli and H. influenzae, respectively. It was also 8 aa residues longer than M. tuberculosis FtsX
(297 aa), 18 residues longer than M. leprae FtsX (287 aa) and 37 aa residues longer than H. pylori
FtsX (268 aa).

Analyses of the aa sequence of the gonococcal FtsX using the algorithms available in
PCGene, PSORT and TopPredII predicted it contained four transmembrane segments (Fig. 11).
Each FtsX homologue was also predicted to contain four transmembrane segments, and these
segments were identified at similar locations on the alignment of the six FtsX aa sequences (Fig.
11). This suggested that FtsX was an integral membrane protein with four transmembrane
segments, and that despite the size differences between species, there were structural similarities
between the bacterial FtsX proteins. Tyagi et al. (1996) performed similar computer-based
predictions on M. tuberculosis and E. coli FtsX, but this report constitutes the first analysis of
multiple FtsX homologues. The present predictions and those of Tyagi et al. (1996) corroborate
well with the results of Gill et al. (1987) that showed that FtsX was an integral membrane protein

in E. coli.
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Figure 11. Alignment of the amino acid sequence of the N. gonorrhoeae FtsX with other
prokaryoetic FtsX proteins. Positions perfectly conserved in all six proteins are boxed. The aa
residues predicted to be part of a transmembrane segments are indicated in bold type, and each of

the four transmembrane segments is identified.
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The alignment shown on Fig. 11 also suggested that the length of the amino-terminal
domain of FtsX varied considerably. E. coli FtsX had the longest amino-terminal domain (71 aa
residues) compared to the other FtsX sequences. Any possible structural and/or functional
implications for this difference are unknown at this time. The linker between the first and second
transmembrane segments in all four bacterial FtsX was much larger than the other linkers and
could be a functional domain. Five of the six perfectly conserved positions are located at the end
of the second transmembrane segment and in the second linker between the second and third
predicted transmembrane domains. These regions, especially the second linker domain, may have
structural or functional importance.

ABC transporters typically comprise two ATP-binding domains and two hydrophobic
domains containing membrane-spanning helices that can be encoded by different genes (section
1.2.1.). The present analysis suggested that FtsE was an ATP-binding protein and that FtsX was
the transmembrane protein of a putative ABC transporter. Since the linker between the first and
second transmembrane domains was predicted to be larger, this domain could be the site of
interactions between FtsE and FtsX.

To test this hypothesis, the membrane topology of the FtsX protein from N. gonorrhoeae
was predicted by using TopPredIl 1.3 (section 2.7.). N. gonorrhoeae FtsX was predicted to
contain four transmembrane segments by TopPredIl, which correlated perfectly with our previous
analyses of FtsX. It was predicted to have its amino- and carboxy-terminal termini on the
cytoplasmic side of the membrane. This implicated that the large linker domain between the first
two transmembrane segments was periplasmic, and could not serve as the site of FtsE-FtsX
interactions. For comparison, the membrane topologies of the other five known FtsX homologues
were also predicted with TopPredll. All five FtsX homologues were predicted to present a
membrane topology identical to that predicted for N. gonorrhoeae FtsX.

A schematic representation of the putative ABC transporter formed by FtsE and FtsX is
shown in Fig. 12, with its two ATP-binding domains and two hydrophobic domains each

containing 4 transmembrane segments.
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Figure 12. Schematic representation of the putative ABC transporter formed by FtsE and
FtsX. The membrane domain (FtsX) is represented in blue with the four predicted transmembrane
segments as boxes. The amino- and carboxy-terminal ends as well as the LLGA conserved motif
are shown. The ATP-binding domain that binds and hydrolyses ATP (FtsE) is represented in red.
The putative FtsEX transporter is proposed to export an unidentified substrate out of the bacterial

cytosol, as indicated.
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3.4. ftsX is not an essential gene
3.4.1. Construction of a fisX mutant of N. gonorrhoeae

A strain of N. gonorrhoeae in which the fisX gene was insertionally inactivated was
constructed to verify if fisX was an essential gene. The strategy consisted in inserting a cat
cassette within the coding sequence of fisX, which would disrupt the coding sequence of fisX. The
construction of N. gonorrhoeae strain CS19 is described in section 2.13.2. If no CIr® colonies
were obtained following transformation, it would indicate that fis.X was an essential gene.

Following the transformation of N. gonorrhoeae CH811Str® with pSB193, CIr® colonies
were obtained. The presence of the cat gene within fisX in the strain CS19 were confirmed by
PCR (section 2.9.1.). The expected amplicon of 894 bp was generated from the strain CH811,
showing that the fisX gene was intact (Fig. 13, lane 2). In N, gonorrhoeae CS19, an amplicon of
2.8 Kb was generated from 2 colonies of N. gonorrhoeae CS19 (Fig. 13, lanes 3 and 4). This
corresponded to the size of fisX containing an insertion of 2.9 Kb, the size of the blunted Accl-
Aval fragment containing the cat gene. The viability of the strain CS19 and the confirmation of an

insertion within ffs.X strain indicated that ffsX was not an essential gene.

3.4.2. Morphology of N. gonorrhoeae strain CS19

Cell division mutants of E. coli may exhibit aberrant morphologies (section 1.3.). N.
gonorrhoeae (pc mutants have also been shown to present abnormal morphologies (section
1.8.2.). Cells from N. gonorrhoeae strain CS19 were observed by electron microscopy and their
morphology was compared to that of N. gonorrhoeae strain CH811, its wild-type parent.

The cells shown in Fig. 14 are representative of each of the three strains observed (strains
CHS811, CH811Str®, and CS19). Cells from N. gonorrhoeae strains CH811 and CHS811Str®
appeared as round, non piliated diplococci (Fig. 14A and B). N. gonorrhoeae CS19 cells also
appeared as round, non piliated diplococci (Fig. 14C and D). The cells presumably lost their pili
during the vortexing step of sample processing prior to the microscopic observation (section 2.3.);

free pili are visible on the pictures presented in Fig. 14. The dimensions of the individual
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Figure 13. PCR amplification of the cat gene inserted in the fisX gene in N. gonorrhoeae
CS19. Lanes 1 and 6, 1 Kb ladder; lane 2, V. gonorrhoeae CH811; lanes 3 and 4, N. gonorrhoeae
CS19; lane 5, negative control. The sizes of the Mw marker and of the fisX amplicons are

indicated to the left and right of the figure, respectively.
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Figure 14. Morphological observation of N. gonorrhoeae strains by electron microscopy.
(A), N. gonorrhoeae CH811; (B), N. gonorrhoeae CH81 1St}; (C and D), N. gonorrhoeae CS19.
All observations were done at a magnification factor of 22 550X. The scale (in nanometers (nm))

is indicated to the lower right corner of the figure.
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cocci from the three strains were then measured (Table 4).

Table 4. Dimensions of individual gonococci from different strains

N. gonorrhoeae strain' Length (nm) Width (nm)
CHS11 (8) 750+ 150 940+ 80
CH811St® (10) 750+55 950+ 90
CS19 (4) 820:60 1150175

" The number in parentheses following each strain indicates the number of gonococci whose
dimensions were measured.

When the dimensions of individual gonococci were measured, no differences were found
between N. gonorrhoeae CH811, CH811Str® and the fisX mutant CS19. The dimensions
measured in Table 4 correspond with the published dimensions of N. gonorrhoeae cells (600 to

1000 nm in diameter; Gillespie, 1994; Wilfert et al., 1992)

3.4.3. MICs, auxotype and viable counts of N. gonorrhoeae strains CH811 and CS19

In E coli JS10, the Ts mutant of fisX, the sensitivity to several antibiotics including
penicillin was increased at the restrictive temperature when compared to its parent strain (section
1.4.). To verify if this was also the case between N. gonorrhoeae strains CS19 and CH811, the

MIC of both strains for penicillin and other antibiotics were determined (Table 5).

Table 5. Minimal inhibitory concentrations of various antibiotics on

N. gonorrhoeae CH811 and CS19
MIC (ug/mL) of

Antibiotic N. gonorrhoeae CH811 N. gonorrhoeae CS19
penicillin 0.063 0.063
tetracyclin 0.5 0.5
spectinomycin 16.0 16.0
ceftriaxone 0.004 0.004
ciprofloxacine 0.004 0.004

azithromycin 0.5 0.5
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The data shown in Table 5 indicated there was no difference between the MIC profiles of
N. gonorrhoeae strains CS19 and CH811 for the six antibiotics tested.

N. gonorrhoeae CS19 was found to be a non-requiring strain, as had been shown to be the
case with N. gonorrhoeae CH811 (Lawson et al., 1995). To verify if the presence of the cat
insertion within fisX affected the growth of N. gonorrhoeae CS19 compared to CH811, the two
were grown on GCMB plates containing various supplements and the cfus were determined

(Table 6).

Table 6. Colony forming units of N. gonorrhoeae CH811 and CS19 in various environmental

conditions
N. gonorrhoeae CH811 N. gonorrhoeae CS19
NaCl 0% 2.04 x 10°:0.91 x 10° 6.65x 10°+6.35x 10’
0.25% 5.40 x 10%:3.88 x 10* 1.46 x 10°£1.32 x 10®
0.50% 4.15x 10°:2.39 x 10° 2.23 x 10%+0.90x 10°
1.0% 52x107+4.4x 10 1.1x107£0.27 x 10’
1.5% 0 0
2.0% 0 0
pH 8.0 2.85x 10°+2.85 x 10° 8.4x107£6.7 x 10
10.0 53x107:1.2x 10’ 1.31x10°£1.35 x 107
KC!' 100 mM 62x107:1.4x 10’ S.4x10°:1.98 x 10°
Sucrose 400 mM 239x 107:1.4x 10’ 2.1x10%:1.1 x 10°

Anaerobiosis? GCMB

minimal medium

1.7 x 10%:0.76 x 10°
0

1.2 x 10%:0.31 x 10*
0

' Based on two readings.

2 The bacterial suspensions used to prepare the dilutions under anaerobiosis are different from
those used to prepare the dilutions under aerobiosis, but both suspensions were adjusted to a

McFarland Equivalence Turbidity Standard of 0.5 (section 2.2.).
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Both strains grow up to a NaCl concentration of 1%. There were no significant differences
observed between CH811 and CS19 when grown with varying concentrations of NaCl or at pH
8.0 or pH 10.0, suggesting that the insertion in fisX did not affect the growth of strain CS19 in
these conditions (Table 6). More important differences were noted on GCMB with 100 mM KCl
(6.5-fold) or with 400 mM sucrose (10-fold) between the two strains in these conditions (Table
6). Under anaerobiosis the two strains had similar viable counts on GCMB, but neither strain
grew on minimal medium (Table 6). These results suggested that the fis.X gene product was not

important under anaerobiosis.

3.5. Prevalence of ftsE and f#sX in the Neisseriaceae.
3.5.1. Investigation of the fisEX genes by hybridization

The presence of fisE and fisX in ten Neisseria species (and in N. gonorrhoeae as a positive
control) was investigated by Southern blotting. Labeled fisE and fisX amplicons from N.
gonorrhoeae were hybridized to Pstl-digested genomic DNA from Neisseria species at 60°C
(data not shown). Under these conditions, the fisE and fisX probes hybridized to restriction
fragments in N. meningitidis, N. lactamica and N. cinerea. The fisX probe hybridized to a
restriction fragment in N. subflava and N. flavescens, while the fisE probe did not hybridize any
Pstl restriction fragment in the same species (data not shown). Both probes hybridized a 7 Kb
fragment of N. gonorrhoeae DNA as expected (data not shown). These results suggested
sequence divergence among the fisE and fisX genes between Neisseria species. The hybridization
was then repeated at lower stringency (50°C), and in these conditions Ps¢I fragments from all

species hybridized both probes (Fig. 15 and 16).
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In N. gonorrhoeae, a 7 Kb Pstl restriction fragment hybridized the fisE probe (Fig. 15B,
lane 2), which was the same size as the PsrI fragment identified following the hybridizations done
prior to the cloning of the 5'-section of the gonococcal fisE gene and its upstream region (section
3.2). The fisE probe hybridized DNA fragments of high Mw (higher than 16 Kb) in N.
meningitidis, (Fig. 15B, lane 3), N. elongata (Fig. 15B, lane 6), N. lactamica (Fig. 15B, lane 8),
N. perflava/sicca (Fig. 15B, lane 9) and N. polysaccharea (Fig. 15B, lane 11). In N. flava and in
N. mucosa, the fisE probe hybridized restriction fragments of 6 Kb, (Fig. 15B, lanes 4 and 7). In
N. subflava the fisE probe hybridized a restriction fragment of 2.6 Kb (Fig. 15B, lane 5); and it
hybridized a restriction fragment of 9 Kb in N. flavescens (Fig. 15B, lane 10). Finally, the SisE
probe hybridized a restriction fragment of 7 Kb in N. cinerea (Fig. 15B, lane 12). In seven of the
eleven species tested, the fisX probe hybridized a fragment of the same size as that hybridized by
the fisE probe (Fig. 16B, lanes 2, 3, 6, 8, 9, 11, 12). In N. gonorrhoeae and N. cinerea, the JfisX
probe hybridized to a 7 Kb restriction fragment (Fig. 16B, lanes 2 and 12). The fisX probe
hybridized DNA fragments of high Mw (higher than 16 Kb) in M. meningitidis, (Fig. 16B, lane 3),
N. elongata (Fig. 16B, lane 6), N. lactamica (Fig. 16B, lane 8), N. perflava/sicca (Fig. 16B, lane
9) and N. polysaccharea (Fig. 16B, lane 11). The fisX probe hybridized a restriction fragment of a
different size in the remaining MNeisseria species: in N. flava and N. mucosa, the JisX probe
hybridized a restriction fragment of 5 Kb (Fig. 16B, lanes 4 and 7). In N. subflava, it hybridized a
restriction fragment of 10 Kb (Fig. 16B, lane S). Finally, the fisX probe hybridized a restriction
fragment of 6 Kb in N. flavescens (Fig. 16B, lane 10).

For N. flava and in N. mucosa, the observed size difference between the fragments that
hybridized each probe were minor, and are probably in fact of the same size. Taken together,
these data suggested that the fisE and fisX genes were present in all nine Neisseria species
investigated. However, no conclusion could be drawn regarding the genetic organization of these

genes.
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Figure 15. Identification of the ffsE gene in the Neisseriaceae by Southern blotting at 50°C.
(A), Pstl restriction enzyme digests of chromosomal DNA from all species. (B), hybridization of
the fisE probe to the restricted DNA from (A). All lanes are identified above the lane number.

The sizes of the molecular weight marker are indicated to the left of the figure.
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Figure 16. Identification of the ftsX gene in the Neisseriaceae by Southern blotting at 50°C.
(A), Pstl restriction enzyme digests of chromosomal DNA from all species. (B), hybridization of
the fisX probe to the restricted DNA from (A). All lanes are identified above the lane number.

The sizes of the molecular weight marker are indicated to the left of the figure.
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3.5.2. Investigation of the fisEX genes by PCR

In addition to the investigation by Southern blotting of Neisseria DNA, the presence of
JfisE and fisX was investigated in the same ten Neisseria species (and in N. gonorrhoeae as a
positive control) by PCR as described (section 2.9.1.).

SfisE amplicons were detected in six of ten Neisseria species tested (Fig. 17A). The fisE
amplicons were generated from N. gonorrhoeae, N. meningitidis, N. lactamica, N. perflava/sicca,
N. polysaccharea, and N. cinerea (Fig. 17A, lanes 3, 8, 9, 11 and 12). The amplicons were of the
same size (282 bp; Fig. 17A). The absence of ftsE amplicons in N. flava, N. subflava, N.
elongata, N. mucosa and N. flavescens was attributed to sequence divergence and not to the
absence of fisE because the results from the preceding experiment suggested fisE was present in
each of these Neisseria species (section 3.5.1.).

The ftsX amplicons were obtained in all eleven species tested but were heterogeneous in
size: the amplicons from N. gonorrhoeae, N. meningitidis, N. lactamica, N. perflava/sicca, N.
polysaccharea, and N. cinerea were of the same size (894 bp; Fig. 18A, lanes 2, 3, 8, 9, 11 and
12); N. subflava and N. flavescens generated amplicons of 1.4 Kb (Fig. 18A, lanes 5 and 10); N.
flava and N. mucosa generated amplicons of 1.5 Kb (Fig. 18A, lanes 4 and 7), and N. elongata
produced a 1.6 Kb amplicon (Fig. 18A, lane 6). These results suggested that the fisX gene varied
in size between Neisseria species. The five Neisseria species from which fisX amplicons 894 bp
were obtained were the same that generated ftsE amplicons. These results suggested that the fisE
and fisX genes from these five species had nucleotide sequences more similar to those from N.
gonorrhoeae. However, further investigation was necessary as the absence of fisE amplicon
and/or the variability in size of the fisX amplicon in some species could be attributable to the
conditions of the PCR assay.

The fisE and fisX amplicons from the Neisseria species were further investigated by
hybridization with the same fisE-and fisX-specific probes used for the hybridizations described in
section 3.5.1. The five fisE amplicons hybridized the fisE probe at 60°C (Fig. 17B), which
provided additional evidence that these amplicons were fisE-specific. In the case of the fisX
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Figure 17. Prevalence of the fisE gene in the Neisseriaceae as investigated by PCR. (A) fisE
amplicons generated from Neisseria species. (B), hybridization of the fisE amplicon from n.
gonorrhoeae to the fisE amplicons from (A). All lanes are identified above the lane number, and
the hybridization signal corresponding to the fisE amplicon is indicated on the right side of (B).

The sizes of the molecular weight marker are indicated to the left of the figure.
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Figure 18. Prevalence of the fzsX gene in the Neisseriaceae as investigated by PCR. (A) fisX
amplicons generated from Neisseria species. (B), hybridization of the ffsX amplicon from n.
gonorrhoeae to the fisX amplicons from (A). All lanes are identified above the lane number, and
the hybridization signal corresponding to the fisX amplicon is indicated on the right side of (B).
The sizes of the molecular weight marker are indicated to the left of the figure.
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amplicons, only the six amplicons of 894 bp hybridized the fisX probe at 60°C (Fig. 18B). Similar
results were obtained when the hybridizations were performed at 50°C (data not shown). These
results suggested that the amplicons obtained in N. meningitidis, N. lactamica, N. perflava/sicca,
N. polysaccharea and N. cinerea were more likely fisX-specific. The other amplicons might be

SisX-specific, but their nucleotide sequences would be more divergent to that of N. gonorrhoeae.

3.6. Transcription of ftsE and fisX.

The 4 bp overlap between fisE and fisX and the presence of a putative transcriptional
terminator downstream of fisX but not downstream of fisE suggested that the two genes were co-
transcribed (sections 3.3.1. and 3.3.2.). If this was the case, the promoter regulating the
expression of ftsE and fisX would be located within the 194 bp intergenic region between fisE and
tlpA, since the presence of a putative transcriptional terminator downstream of tlp4 (section
3.10.1.) suggested that t/p4 and ftsE were independently transcribed.

Experimental evidence for co-transcription of fisE and fisX was obtained by conducting in
vitro transcription/translation experiments using the plasmids pSB19 and pSB190. The plasmid
PSB19 contains the complete fis.X gene with partial fisE and pgk genes (section 3.1. and Table 2)
while pSB190 contained the insert of pSB19 cloned in the opposite orientation to that in pSB19
so that ftsX was under the control of the vectorborne /ac promoter (Table 2). It was hypothesized
that if fisE and ftsX were co-transcribed, a promoter would be located upstream of fisE and not
upstream of fisX; in these conditions, the FtsX protein would not be synthesized from pSB19. On
the other hand, if ffsE and fisX were separately transcribed, there would be a promoter located
upstream of fisX and this promoter could be present in the 3'-section of the fisE gene.

When the synthesis of FtsX was monitored from pSB19 and pSB190, a polypeptide of the
expected Mw for FtsX (34 KDa) was synthesized from pSB190 in the in vitro
transcription/translation system (Fig. 19A, lane 3). In comparison, this 34 KDa protein was not
synthesized from pSB19, suggesting that FtsX could not be synthesized from pSB19 (Fig. 19A,
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Figure 19. Identification of the gonococcal FtsE and FtsX proteins in vitro. (A) Identification
of FtsX in vitro. Lane 1, pBluescript KS+; lane 2, pSB19; lane 3, pSB190. (B) Identification of
FtsE and FtsX from pSB5696. Lane 1, molecular weight marker; lane 2, pSB5696. The sizes of
the Mw markers are indicated on the left side of each figure, and the protein bands are identified

to the right of each figure.
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lane 2). As expected, this 34 KDa protein was not synthesized from pKS+ (Fig. 19A, lane 1). A
polypeptide with a Mw of 31 KDa corresponding to the vectorborne 3-lactamase was synthesized
from all three plasmids (Fig. 19A, lanes 1-3). Collectively, these results indicated that, as
expected, fisX did not possess its own promoter.

To verify if fisE and ftsX could be co-transcribed from a promoter located upstream of
SisE, a second in vitro transcription/translation experiment was performed using the plasmid
pSB5696. This plasmid contains the gonococcal fisE and fisX genes under the control of the
vectorborne lac promoter (Table 2). Proteins of the expected Mw for FtsE and FtsX, 23 and 34
KDa respectively, were synthesized from pSB5696 (Fig. 19B, lane 2). Vector-encoded proteins of
31 and 28 KDa corresponding to -lactamase and kanamycin nucleotidyltransferase, respectively,
were also synthesized (Fig. 19B). These results indicated that fisE and fis.X were co-transcribed if
a promoter was provided upstream of fisE. This result provided more evidence favoring the co-
transcription of fisE and fisX.

Finally, to verify if FtsE and FtsX were synthesized when fisE and fisX were transcribed
from a promoter located in the intergenic region between fisE and tlpA, another in vitro
transcription/translation experiment was accomplished using a 2014 bp amplicon that contained
complete fisE and fis.X genes, the 194 bp intergenic space between fisE and tlp4 and the last 85
nucleotides of 7[p4 (positions 2060-4074, Fig. 6B; section 2.9.1.). As expected, polypeptides of
the expected Mw for FtsE and FtsX were synthesized (data not shown). These results also
supported the co-transcription of ffsE and fisX.

Taken together, all these data indicated that fisE and fisX were co-transcribed because fisX
did not possess its own promoter, and that both genes could be transcribed together if a promoter
was provided upstream of ftsE. The results further indicated that a promoter controlling the
expression of fisE and fisX lies within 279 bp upstream of fisE, more likely within the 194 bp
tipA-fisE intergenic region. A possible promoter for these genes could be the TATAAT box
located within the fisE-rlpA intergenic region (section 3.3.1.). These experiments also indicated

that at least one type of gonococcal promoter was recognized by the E. coli transcriptional
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apparatus. These two genes therefore constitute an operon in the gonococcus and will be hereafter

be designated fisEX.

3.7. Overexpression of the gonococcal fisE, ftsX and ftsEX genes in E. coli.

The gonococcal fisEX genes were overexpressed in E. coli to investigate if they could cause
morphological changes such as filamentation, as it has been observed following overexpression
of other bacterial cell division genes in an E. coli background (Margolin and Long, 1994;
Quardokus er al., 1996). INVoF' cells overexpressing fisX from the plasmid pSB190 in which
JtsX was under the control of a lac promoter, overexpressing fisE from the plasmid pSB1910 in
which fisE was under the control of a lac promoter, or overexpressing fisEX from the plasmid
pSB5696 in which fisEX were under the control of a lac promoter (Table 2) were grown in rich
medium. In all cases, the cells presented a typical, short rod-like morphology in the absence or
presence of [PTG (Fig. 20A-C). In contrast, INVaF' containing pAR2, a plasmid in which the N.
gonorrhoeae fisZ gene is under lac promoter control (Table 2), formed filaments following
induction with IPTG (Fig. 20D). In minimal medium, INVaF' cells overexpressing fisE, fisX or
JisEX from the plasmids pSB1911, pSB190 or pSB5696 had again a typical, short rod-like
morphology (Fig. 20E). Collectively, these data suggested that overexpression of the N.

gonorrhoeae fisE, fisX or fisEX genes did not cause morphological aberrations in E. coli.

3.8. Functional complementation of an E. coli ftsX mutant

The ability of the gonococcal fisX gene to complement the fisX defect in E. coli strain
JS10 was verified. E. coli JS10 is a derivative of 4462 that contains an uncharacterized mutation
in its fisX gene; JS10 cells present a normal morphology at 37°C but form filaments at 30°C
(section 1.4.). If JS10 cells containing the gonococcal fisX gene on a plasmid presented a normal
morphology at 30°C, this would indicate that the gonococcal fisX was capable of complementing

the fis.X defect of the host strain.
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Figure 20. Overexpression of the V. gonorrhoeae fisE, ftsX and ftsEX genes in E. coli in rich
(A-D) or minimal (E) culture media. (A), E. coli DH5a+pSB190 (overexpressing M.
gonorrhoeae fisX); (B), E. coli DH5a+pSB1910 (overexpressing N. gonorrhoeae fisE); (C and
E), E. coli DH5a+pSB5696 (overexpressing N. gonorrhoeae fisEX); (D), E. coli DHSa+pAR2

(overexpressing N. gonorrhoeae fisZ).
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First, proper culture conditions in which JS10 cells formed filaments needed to be
established. E. coli strains JS10 and %462 were grown in L and LB broths, harvested, fixed and
observed as indicated (section 2.12.). As expected, E. coli x462 did not form filaments in either
type of culture medium at either temperature (Fig. 21, A-D). E. coli JS10 produced a few
filaments in L broth but generated more filaments in LB broth (Fig. 21, E-H). E. coli JS10
produced filaments at both temperatures, but there were more filaments at 30°C than at 37°C
(Fig. 21, F and H). An important observation noted during this work was that the filamentous
phenotype of E. coli JS10 was lost over time so that bacteria presented a normal, short rod-like
morphology after six hours of growth. Therefore, to verify if the gonococcal fisX gene would be
capable of complementing the fts.X defect of E. coli JS10, the bacteria were to be grown at 30°C
in LB broth and the morphology of the cells would be verified after two hours of growth, or one
hour after induction.

The E. coli strains 3462, JS10 and JS10+pSB190 were then grown in LB broth with or
without induction at 30°C and 37°C as indicated in the section 2.12. 462 cells, serving as a
control, presented a normal morphology and were likewise unaffected by the presence of IPTG in
the culture medium (data not shown). JS10 cells formed filaments as previously observed,
regardless of the presence of inducer (data not shown). As expected, uninduced JSI10 cells
containing pSB190 presented a filamentous morphology (Fig. 22A), and induced JS10 cells
containing pSB190 exhibited a similar morphology (Fig. 22B). These results suggested that the
induction of the expression of the gonococcal fisX could not complement the mutation in the fisX

gene of E. coli JS10 despite the induction of the gonococcal fis.X gene from the plasmid.
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Figure 21. Morphology of E. coli strains x462 and JS10 following 2.5 hours of growth in
liquid culture. (A) E. coli x462 in L broth at 37°C; (B), E. coli x462 in LB broth at 37°C; (C), E.
coli x462 in L broth at 30°C; (D), E. coli x462 in LB broth at 30°C; (E), E. coli JS10 in L broth at
37°C; (F) E. coli JS10 in L broth at 37°C; (G) E. coli JS10 in L broth at 30°C; (H), E. coli JS10 in
LB broth at 30°C.
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Figure 22. Complementation of E. coli JS10 with the ftsX gene of N. gonorrhoeae in LB
medium at 30°C. The cells were observed after 2.5 hours of growth, (A), 1.5 hour following the

addition of inducer and (B), without addition of inducer.
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3.9. Production of a histidine-labelled FtsE protein.
There currently is no available anti-FtsE antibody. The availability of such antibodies
would be useful for subcellular studies of FtsE.

3.9.1. Contruction of the plasmid pSB1931

The fisE gene from N. gonorrhoeae lacking its initiation and termination codons was
amplified by PCR and cloned in pQE30 to generate the plasmid pSB1931 as described in section
2.14.1. In pSB1931, the fisE gene is under the control of a vectorborne lac promoter (Table 2)
and was therefore inducible by IPTG. The fisE gene on pSB1931 encoded a protein with
predicted Mw of 26 040 Da comprising 233 aa, 214 aa from the original N. gonorrhoeae FtsE
(positions 2-214), preceded by an amino-terminal extension of 12 aa including six consecutive
histidinyl residues, and followed by a carboxy-terminal extension of 7 aa. The plasmid pSB1931
was confirmed by PCR (Fig. 23), and by its Pstl and BamHI restriction patterns (data not shown).
The primers fisEHIS1 and fisEHIS2 amplified a DNA fragment of the expected size from the
plasmid purified from one of the bacterial clones (Fig. 23, lane 3), and this amplicon was of the
same size as the fragment amplified from N. gonorrhoeae DNA using the same primer pair (Fig.
23, lane 4) the expression of the histidine-tagged FtsE protein (6HISFtsE) was verified through a
small-scale expression procedure (section 2.14.2.). The purification strategy was based on the
selective binding of proteins containing six consecutive histidinyl residues to Ni-NTA resin.
Following the binding to the Ni-NTA resin, the bound proteins were eluted by washing the resin.

A protein of the expected Mw for 6HISFtsE (26 Kda) was purified through this procedure
(Fig. 24). A small amount of protein purified from cells harvested one hour following induction
was visible on the gel (Fig. 24, lane 4), and greater amounts of this protein were present in cells
harvested two to four hours after induction (Fig. 24, lanes 5-7). Less protein was purified from
cells harvested five hours following induction (Fig. 24, lane 8). No protein with a Mw of 26 KDa
was purified from uninduced cells harvested after one or six hours of growth (Fig. 24, lanes 2-3),

confirming that the purified protein had been produced from an induced gene. Together, these
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Figure 23: Amplification of the insert of pSB1931 by PCR. Lanes 1 and 6, 100 bp Mw marker;
lane 2, plasmid purified from another colony; lanes 3, pSB1931; lane 4, N. gonorrhoeae CH811
DNA; lane 5, negative control. The sizes of the Mw marker and of the truncated fisE amplicon

are indicated to the left and right of the figure, respectively.
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Figure 24. Purification of the histidine-labeled gonococcal FtsE (6HISFtsE) from E. coli.
The bacterial cultures were grown and 6HISFtsE was purified by affinity binding to the Ni-NTA
resin as described, and the protein fractions were examined on a 10% polyacrylamide-SDS gel
colored with SYPRO™ ORANGE. Lanes 1 and 9, broad range Mw marker; lane 2, uninduced
cells after 1 hour of growth; lane 3, uninduced cells after 6 hours of growth; lane 4, induced cells,
1 hour after induction; lane 5, 2 hours after induction; lane 6, 3 hours after induction; lane 7, 4
hours after induction; lane 8, 5 hours after induction. The sizes of the Mw markers are indicated

to the left side of the figure, and position of 6HISFtsE is indicated to the right side of the figure.
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data indicated that the synthesis of a protein of 26 KDa, the expected Mw for 6HISFtsE, could be
induced from the plasmid pSB1931, and that maximal amounts of protein were synthesized two
to four hours after induction. From these results, it was decided that for all subsequent
manipulations, the cells would be harvested after three hours of induction.

To purify larger amounts of 6HISFtsE that will be used later to raise polyclonal anti-
6HISFtsE rabbit antibodies, the purification procedure was scaled up as described in section

2.13.3. No other proteins were present with the purified 6HISFtsE protein (data not shown).

3.10. Analysis of the genes flanking ftsEX in N. gonorrhoeae CH811
3.10.1. The tipA gene

The first gene identified in the region upstream of fisE lay 193 bp upstream and in the
same orientation as fisE (Fig. 6A and 6B). This gene contained 483 nucleotides (positions 1665-
2145, Fig. 6B) encoding a protein of 160 aa with a predicted Mw of 17.5 KDa that shared
significant aa sequence similarity with the thioredoxin-like protein (TIpA) of Bradyrhizobium
Jjaponicum (Loferer et al., 1993). The gene was accordingly named t/p4. This gonococcal t/pA
gene homologue was preceded by a putative RBS (positions 1652-1655, Fig. 6B). Also located 89
bp upstream of the start codon of t/pA4 was a putative -10 box that could be part of the promoter of
tipA (TATTAAT, positions 1569-1574, Fig. 6B). The gene was followed by a sequence capable
of forming a stem-loop structure (positions 2155-2179, Fig. 6B) containing inverted repeats of the
gonococcal US (positions 2155-2164 and 2170-2179, Fig. 6B). The first US contained one
mismatch from the consensus sequence: a guanosine was replaced by a thymidine (position 2161,
Fig. 6B). This stem-loop could be part of the transcriptional terminator of the t/p4 gene. The
presence of a putative transcriptional terminator downstream of t/pA suggested that it was
transcribed separately from fisE. A third, perfectly conserved, copy of the gonococcal US
(positions 2270-2279, Fig. 6B) was located in the intergenic region between tip4 and ftsE. No
ORF was identified in the region between tipA4 and fisEX.
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The polypeptide encoded by N. gonorrhoeae tipA shared 53% aa sequence similarity and
31% aa sequence identity with TlpA from B. japonicum but it was 61 aa shorter than the B.
Japonicum TIpA (predicted Mw of 23.2 KDa). Other similarity analyses with B. japonicum TIpA,
with bacterial thioredoxins and other thioredoxin-like proteins (HelX, CycY) as well as

experimental evidence for the transcription of t/pA are presented in Appendix 3.

3.10.2. The arsC gene

arsC, the second gene located in the region upstream of fisEX, was located 123 bp
upstream and in the opposite orientation to that of t[p4 (Fig. 6A and 6B). The gonococcal arsC
gene contained 309 bp (positions 1539-1231, Fig. 6B) encoding a putative polypeptide of 102 aa.
No consensus RBS was identified upstream of the initiation codon but a purine-rich region
(positions 1547-1552, Fig. 6B) located 8-10 bp upstream of the initiation codon may contain the
RBS. No sequences capable of forming the stem-loop structure of a transcriptional terminator,
and no gonococcal US were identified downstream of arsC. A partial gitX gene was located 817
bp downstream and in the opposite orientation to that of arsC (section 3.10.3.). No ORF was
identified in the 817 bp intergenic region between arsC and gitX. The only distinctive feature of
the 817 bp spacer is the presence of a copy of the gonococcal US (positions 479-488, Fig. 6B)
containing one mismatch from the consensus sequence, a substitution of a thymidine by a
cytosine (position 485, Fig. 6B). These results indicated that N. gonorrhoeae arsC was not
located within an ars operon, similar to what was found in H. influenzae Rd and Synechocystis
PCC6083 (Fleischmann et al., 1995; Kaneko ef al., 1996).

The gonococcal ArsC was closest in size and in aa sequence similarity to ArsC from H.
influenzae (116 aa); the two polypeptides shared 66% similarity and 50% identity. The
gonococcal ArsC also shared between 45% and 64% similarity and between 18% and 39%
identity with other bacterial arsenate reductases (Neyt ef al., 1997; Bruhn et al., 1996; Kaneko et
al., 1996; Diorio et al., 1995; Fleischmann et al., 1995; Ji and Silver, 1992; Rosenstein et al.,
1992; Chen et al., 1986). Data on the sequence similarities between the gonococcal ArsC and its
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bacterial homologues, the expression of the arsC gene and the MIC of N. gonorrhoeae for

Na(As[V]) and Na(As[III]) are presented in Appendix 4.

3.10.3. The gitX gene

A partial g/tX gene was identified 817 bp and in the opposite orientation to arsC (Fig. 6A,;
positions 413-1, Fig. 6B). A consensus RBS could not be identified upstream of gi/tX. This partial
ORF comprised 413 nucleotides (positions 413-1, Fig. 6B) encoding the amino-terminal 138 aa
of a protein sharing significant similarity with glutamyl-rRNA synthetase (GIuRS). A brief
analysis of the partial N. gonorrhoeae GIuRS sequence and an alignment with other GluRSs is
presented in Appendix 5.

3.10.4. The pgk gene

A partial homologue of pgk was located 391 bp and in the opposite orientation to fisEX
(Fig. 6A; positions 4526-4296, Fig. 6B). The 321 bp of the pgk gene encoded the carboxy-
terminal 76 aa of a protein that shared similarity to Pgk. Inverted copies of gonococcal US were
identified downstream of the pgk gene (positions 4260-4269 and 4280-4289, Fig. 6B). The Pgk
enzyme catalyzes the reversible conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate with
production of one molecule of ATP (Mayes, 1985). The partial sequence of the gonococcal Pgk
shares high aa sequence similarity with other Pgk enzymes from all kingdoms. The analysis of the
partial aa sequence of N. gonorrhoeae Pgk and an alignment of the partial gonococcal Pgk
enzyme with other Pgk enzymes are presented in Appendix 6.

3.11. Genetic organization of the gltX-pgk region in N. gonorrhoeae strain FA1090

The determination of the complete sequence of the genome of N. gonorrhoeae strain
FA1090 is currently in its last stages but is not yet completed (section 1.11.; Dyer et al., 1996).
The most recent release of the genome of N. gonorrhoeae strain FA1090 was investigated to

verify if the genetic organization of the gitX-arsC-tipA-fisE-fisX-pgk genes would be similar to
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what had been determined in N. gonorrhoeae strain CH811. The gene order gltX-arsC-tlpA-fisE-
JSisX-pgk was also found in the strain FA1090 (data not shown).

When the aa sequences of the proteins encoded by these genes were compared, the FtsX
proteins were found to share 96% identity and 97% similarity; the TlpA proteins shared 96%
identity and 98% similarity; the ArsC proteins shared 100% identity. The partial GluRSs shared
99% identity and 100% similarity, the partial Pgks shared 98% identity and 100% similarity. The
sequence of the fisE gene from the strain FA1090 is not completed, but partial aa sequence
comparisons indicated that the first 32 aa residues were identical between FtsE in the two strains,
and that there was 98% identity and 99% similarity over the positions 81-216. The two FtsE
proteins can be expected to be highly similar, as was the case for the other polypeptides identified
during this work.

The presence of a gonococcal fisY gene in the vicinity of fisE and ftsX was investigated by
identifying the genes located downstream of gl/tX and upstream of pgk. In N. gonorrhoeae
FA1090, a gene encoding a hypothetical protein was located downstream of g/tX (data not
shown). A homologue of the murZ gene was located upstream of pgk (data not shown). In E. coli,
the murZ gene encodes UDP-N-acetylglucosamine enolpyruvyltransferase, a protein involved in
murein biosynthesis (Marquardt et al., 1992). The polypeptide showing the closest similarity to
FtsY was PilA (data not shown), a GTP-binding protein part of a putative two component
transducer system (Taha et al., 1991, 1988). The similarity between FtsY and PilA was the
strongest in the region of the nucleotide-binding site, and little amino acid similarity was found
between the amino-terminal domains of the polypeptides (data not shown; Taha ef al., 1991). The
presence of a gonococcal fisY gene remains to be verified, as the nucleotide sequence of the
genome is not completed. However, PilA has already been proposed to be the gonococcal
homologue of FtsY (Fyfe and Davies, 1996).
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This work is among the first devoted to the identification and characterization of cell
division genes in N. gonorrhoeae. This important cell process remains largely uncharacterized in
the gonococcus as most research has focused on its pathogenicity and virulence processes.
Recently, the cloning and initial characterization of the fIsZ gene of N. gonorrhoeae has been
reported in our laboratory along with the identification of the other genes of the dcw cluster
(section 1.8.1.; Radia, 1997). The determination of the complete sequence of the genome of N.
gonorrhoeae (Dyer et al., 1996) has already greatly facilitated the initial identification of cell
division homologues in the gonococcus (section 1.8.1.), but the regulation of the expression of
these genes as well as the characterization of the biological function of the cell division proteins
will still be required. Once their function in the cell division process is understood, the potential
of each protein to become a potential therapeutic target will be considered. The present work
reports the identification and biological characterization of two genes, fisE and fisX, that were
initially believed to participate in cell division (Gill et al., 1986). These genes are now proposed
to encode the domains of an ABC transporter, and they are not involved in cell division.

rrom the analysis of the aa sequences, the gonococcal FtsE was found to contain the
Walker A and B motifs and the linker peptide, three aa motifs characteristic of the ATP-binding
domain of ABC transporters. Besides its sequence similarities to other known FtsE homologues
and other ATP-binding domains of ABC transporters, other polypeptides have been reported to
share sequence similarity with FtsE. A protein designated ORF-C containing the two conserved
Walker motifs and that shared 36% identity with FtsE from E. coli was identified in Buchnera
aphidicola, a prokaryotic endosymbiont of the aphid Schizaphis graminum. The orfC gene of B.
aphidicola was not followed by a gene encoding a FtsX homologue (Kolibachuk and Baumann,

1995). ORF-C shared 59% aa sequence similarity and 35% aa sequence identity with M.
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gonorrhoeae FisE, and between 57-61% aa sequence and between 34-37% aa sequence identity
with the other bacterial FtsE homologues (data not shown). The absence of a fisX homologue
downstream of orf-C argued against orf-C encoding a FtsE homologue, since fisE and fis.X have
been found clustered in other bacteria. A putative homologue of FtsE (designated B65F) was
likewise identified in B. subtilis (Yoshida et al., 1994), but the poor aa sequence similarity shared
between the ORF following that of B65F and FtsX sheds doubt on the status of B65F as a
legitimate FtsE homologue (see below).

The linker peptide of the ATP-binding domains of ABC transporters has been proposed to
serve as a hinge bringing the two Walker motifs together to form the ATP-binding pocket (section
1.2.2.). The aa residues preceding those of the linker domain are not conserved among the ATP-
binding domains of ABC transporters (Fig. 2), and those positions are not perfectly conserved
between the known FtsE sequences with the exception of a prolyl residue (Prol36 in N.
gonorrhoeae FtsE; Fig. 10). Prolyl residues are often breakers of regular secondary structures (a-
helices and B-sheets), and occur in turns, in non-repetitive structures and at the end of strands and
helices (Richardson and Richardson, 1989). Considering these properties of proline, the
conserved prolyl residue in FtsE could also contribute to the function of the linker domain. Other
evidence supporting the potential importance of this prolyl residue is that its substitution by a
seryl residue in E. coli FtsE rendered the bacteria Ts (Gibbs et al., 1992). FtsE was shown to be
associated with the inner membrane in E. coli (Gill and Salmond, 1987), but the analyses of N.
gonorrhoeae FtsE and the other known bacterial FtsE sequences suggested that they did not
contain transmembrane segments. Therefore, for FtsE to be associated with the membrane as in E.
coli, it necessarily required an interaction with a membrane protein. Further investigation is

required to determine the nature of the association of FtsE with the inner membrane.
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Other polypeptides were reported to share sequence similarity with FtsX from E. coli. The
gene located immediately downstream of the gene encoding B65F, the putative FtsE in B. subtilis
(see above), encoded a protein designated B65G that shared sequence similarity with FtsX
(Yoshida et al., 1994). However, our analyses indicated B65G is predicted to contain at least 7
predicted transmembrane helices and that it showed no significant similarity to N. gonorrhoeae
FtsX (data not shown). The genetic organization of the genes encoding B65F and B65G was
suggestive of an ABC transporter although they may not constitute FtsE and FtsX homologues,
mainly because B65G did not share the predicted organization of the six known bacterial FtsX
polypeptides. The NS3-2 gene of the plasmid pOAD2 of Flavobacterium sp. was reported to
encode a polypeptide of 293 aa residues that shared 22% similarity with E. coli FtsX (Kato et al.,
1995). Further investigation would be required to confirm that the NS3-2 protein is a genuine
FtsX homologue, as it is less similar to E. coli FtsX than other bacterial FtsX homologues, and
also because the NS3-2 gene is not flanked by a gene encoding a FtsE homologue.

The results from this work suggest that FtsX protein is an obvious candidate to anchor
FtsE to the cytoplasmic membrane. FtsE from N. gonorrhoeae and other bacteria shared aa
sequence similarity with the ATP-binding domain of ABC transporters (section 3.3.1.), and FtsX
from N. gonorrhoeae and other bacteria were to be predicted to be integral membrane proteins
(section 3.3.2.; Tyagi et al., 1996). The involvement of the FtsE and FtsX polypeptides in the
same cellular process was also suggested by the co-transcription of their genes in N. gonorrhoeae
(section 3.6.). Our model in which FtsE and FtsX are the domains of a putative ABC transporter
correlated well with the experimental results of Gill and Salmond (1987) showing that FtsE and

FtsX were associated with the inner membrane in E. coli.
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The binding site for FtsE on the FtsX polypeptide remains to be identified. The linker
domain between the first two transmembrane segments of FtsX could have been a good candidate
to be the FtsE binding site because of its larger size compared to the other linkers. However, the
topological predictions of FtsX done using the TopPredIl program predicted that the amino- and
carboxy-terminal ends of the FtsX polypeptide were cytoplasmic. Consequently, the linker
domain between the first two transmembrane segments of FtsX is periplasmically located and
cannot be involved in binding FtsE. Since the correct membrane topology of 23 out of 24 (96%)
prokaryotic membrane proteins were correctly predicted using TopPredII (von Heijne, 1992), the
predicted topology of FtsX could well be what occurs in vivo. If this prediction is true, FtsE could
not bind FtsX through interactions with this linker, as FtsE is cytoplasmically located.

A possibly important site for FtsE-FtsX interactions is the LLGA sequence identified in
this work. This sequence was found extremely conserved among the six FtsX protein sequences
examined (section 3.3.2.). According to the topological model for FtsX predicted by the
TopPredII algorithm, this conserved sequence would be cytoplasmically located, inside the linker
between the second and third transmembrane domains, at an average 87 positions from the
carboxy-terminal end of the polypeptide. Thus, like the EAA loop, the LLGA sequence is
cytoplasmically located and lies approximately 100 positions from the carboxy-terminal end of
the polypeptide. The LLGA motif could fill a function analogous to that of the EAA loop in the
FtsX protein, and could be important for FtsE-FtsX interactions.

The fisX gene was found non-essential in N. gonorrhoeae, as gonococci with a disrupted
fisX gene were viable (section 3.4.1). Preliminary observations of N. gonorrhoeae CHS11,
CHB811St® and CS19 by electronic microscopy showed that CS19 did not exhibit a different

morphology from that of its parental strain. The dimensions of the individual gonococci from
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each strain indicated that there were no differences between the strains (Table 4). The bacteria
from the strains CH811 and CH811St® appear symmetrical (Fig. 14 (A) and (B)), which is not
the case with N. gonorrhoeae CS19 (Fig. 14 (C) and (D)). The possible significance of this
difference cannot be assessed with certainty with the available data because of the small number
of bacteria observed for the strain CS19. More cells from each strain will need to be observed and
their dimensions measured to verify the observations reported here, i.e., the similar sizes of
gonococci from the strains CSI19 and CHS811, and also to verify if the asymmetry of the
diplococci of the strain CS19 is a characteristic of this strain.

The filamentous phenotype of some E. coli fisE and fisA Ts mutants was found reversible
by altering the concentration of sodium chloride in the culture medium (Ricard and Hirota, 1973a,
1973b, 1969). The variation in the concentration of sodium chloride was proposed to help the
mutated protein to maintain its three-dimensional structure (Ricard and Hirota, 1973b). This
indicated that the mutation in f#sE or fis4 in these strains (MFT99 and MFT123 for fisE; MFT1,
MFT96, MFT1182, PAT84 for fis4; Ricard and Hirota, 1973a, 1973b) in such strains was likely a
point mutation. The mutation in fisX in E. coli JS10 is likely a point mutation as well, as the
bacteria were initially irradiated with ultraviolet light before the isolation of long cells (section
1.4.; Sturgeon and Ingram, 1978). The finding from the present work that the concentration of
sodium chloride affected the filamentous phenotype of E. coli JS10 as it formed more filaments in
LB medium (0.5% NaCl) than in L medium (0.05% NaCl) also suggested that the mutation
affecting fisX in E. coli was a point mutation (section 3.8.). It would be interesting to identify the
mutation in fisX of E. coli JS10 to see if its location and nature could be correlated with the
analyses and speculations on the structure of the FtsX protein developed in this discussion. For

instance, if the mutation caused a change in one of the six conserved positions, or more
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specifically in the LLGA motif, this would indicate that it was indeed important for the proper
structure-function of FtsX. Compared to the culture conditions of E. coli JS10, N. gonorrhoeae
CS19 was grown on half strength GC medium base (section 2.1.) which contained 0.25% NaCl
(Difco Manual, 1990). To verify the effect of the salt concentration on the bacterial morphology
of the fisX insertional mutant of N. gonorrhoeae, the strain CS19 could be verified in cells grown
with various concentrations of sodium chloride in the culture medium, starting at 0.5% NaCl, the
concentration at which more filaments were observed in E. coli JS10. However, it can be
predicted that the salt concentration should not affect the morphology of N. gonorrhoeae CS19
cells as the fIs.X was inactivated by an insertion, effectively disrupting the reading frame of fis.X.

The MICs of N. gonorrhoeae CS19 were identical to those of N. gonorrhoeae CHS811 for
six antibiotics tested (Table 5). This indicated that FtsX, and by extension the ABC transporter
formed by FtsE and FtsX, was not involved in a transport process of antibiotics from the cytosol,
contrary to the case with the Mdr or P-glycoproteins. Sturgeon and Ingram (1978) found that E.
coli JS10 displayed increased sensitivities to antibiotics interfering with synthesis of the cell wall
(bacitracin, penicillin), protein synthesis (kanamycin, neomycin) or with DNA gyrase (nalidixic
acid). The antibiotics tested in this study had similar modes of action to those used by Sturgeon
and Ingram (1978): penicillin and ceftriaxome both interfere with cell wall biosynthesis;
tetracycline, spectinomycin and azithromycin interfere with protein synthesis, and ciprofloxacine
inhibits subunit A of DNA gyrase.

The non-requiring auxotype of strain CS19 indicated that FtsX was not essential for the
synthesis of precursors during gonococcal growth. When the viable counts of the strain CS19
were compared to those of strain CH811 in various environmental conditions, no significant

differences were observed when the strains were grown on GCMB with various concentrations of
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NaCl, at alkaline pH (8.0 and 10.0), or on GCMB under anaerobiosis (Table 6). However, the 10-
fold difference observed on GCMB with 400 mM sucrose and the 6.5-fold difference on GCMB
with 100 mM KCl indicated that the strain CS19 was affected under these conditions (Table 6).

The growth of N. gonorrhoeae under various environmental conditions has not been much
investigated. Other investigators have reported that high osmolarity (300 mM NaCl (1.75%), 300
mM KCl, or 600 mM sucrose), iron depletion, 400 mM urea, increased temperature from 37°C to
41°C, and pH 6.0 reduced the growth of N. gonorrhoeae MS11 and derivatives by approximately
90% while anaerobic growth or temperatures between 30°C and 37°C reduced growth by 50%
(Larribe et al., 1997). In this work, it was found that acidic pH (pH 6.0), 150 mM KCl, 1.5%
NaCl and 500 mM sucrose inhibited growth of both strains (data not shown). In addition, growth
trials indicated that 350 mM urea reduced growth significantly. The results presented in this work
are different from the findings reported by Larribe et al. (1997). N. gonorrhoeae strains might
possess varying degrees of tolerance to any of these substances, which could explain the
discrepancies noted here.

The differences in the viable counts between the two strains on GCMB containing KCl
and sucrose suggest that FtsX, and by extension the FtsEX transporter might be involved in
processes related to osmotic equilibrium. The putative transporter could be involved in the
transport of a solute to the outside of the cell.

The effect of prevailing environmental conditions on the expression level of fisEX could
be examined, which may help to understand the biological function of FtsE and FtsX. For
example, the level of transcription of fisEX could be measured in N. gonorrhoeae grown on 100
mM KCl or 400 mM sucrose, the conditions found to affect the viable counts the most. If FtsX

(and by extension the FtsEX transporter) is required for growth in these conditions, it is possible
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that the level of transcription of fisEX will be higher. Primer extension analyses done using RNA
purified from anaerobically grown N. gonorrhoeae CH811 indicated that fisEX were expressed
under anaerobiosis (Francis, 1998), but possible differences in expression levels were not
investigated.

The genomes of other Neisseria species were investigated for the presence of the fisE and
JisX genes (section 3.5.). Hybridizations done on the whole genome of Neisseria species
suggested that fisE and fisX genes were present in all the species tested (section 3.5.1.). There
were variations as to the sizes of the restriction fragments that hybridized each probe (section
3.5.1.). When fisE and fisX were investigated by PCR, the six fisE amplicons obtained were of the
same size, while there was more variation in fisX’ amplicon size (section 3.5.2.). The fisX
amplicon obtained from five Neisseria species were larger than that obtained from N.
gonorrhoeae (section 3.5.2.). However, only the fisX amplicons that were of the same size as the
N. gonorrhoeae ftsX amplicon hybridized the fts.X probe (section 3.5.2.), suggesting that the larger
amplicons were not ffsX amplicons. The determination of the nucleotide sequence of these larger
amplicons would confirm whether or not they were partial fisX homologues. Other primer pairs
could also be used to verify if amplicons would be generated in all these species, and also if those
amplicons would also have various sizes as was observed in the present work. In this study, the
species in which the fisE and fisX probes hybridized restriction fragments of similar sizes in the
hybridization with chromosomal DNA were the same as those in which the fisE and fisX
amplicons were of the same size as that from N. gonorrhoeae.

No conclusions can be drawn regarding the genetic organization of ftsE and fisX based on
these data, but since fIsE and fisX are overlapping in N. gonorrhoeae, they can reasonably be

expected to be overlapping in other Neisseria as well. The fisE and fisX probes hybridized
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restriction fragments at higher stringency (60°C) in N. meningitidis, N. lactamica and N. cinerea,
and the amplicons produced for each gene in these three species were the same size as those from
N. gonorrhoeae. The result was not surprising in the case of N. meningitidis, since N.
meningitidis and N. gonorrhoeae are closely related as shown by the very high (over 98%)
similarity between their housekeeping genes (Zhou and Spratt, 1992). The results obtained in
these studies suggest that N. lactamica and N. cinerea are also more closely related to M.
gonorrhoeae.

The ftsE and fisX genes were shown to be co-transcribed in N. gonorrhoeae, as both gene
products were synthesized when a promoter (the /ac promoter or the native fisEX promoter) was
provided upstream of fIsE (section 3.6.). FtsX was synthesized only if a promoter was provided
upstream of ffsX, indicating that fsX did not possess its own promoter (section 3.6.). The co-
transcription of fisEX has also been demonstrated by RT-PCR (Francis, 1998). The co-
transcription of fisX with fisE in N. gonorrhoeae implied that fisX did not have its own promoter.
This differed from the observations in M. tuberculosis, in which a weak promoter for fisX was
identified (Tyagi et al., 1996). The TATAAT sequence identified as a possible promoter for fisEX
in N. gonorrhoeae (section 3.3.1.) was recently shown to be part of the first (Pgl) of two
promoters for fisEX (Francis, 1998). The second promoter (Pg2) for fisEX appeared weaker than
Pgl and was located inside the t[pA gene. The current hypothesis to explain the difference in
promoter strength is that the sequences of the -10 box of Pg2 was more divergent from the
consensus promoter sequences than that of Pgl (Francis, 1998). In addition, a putative -35 box
was identified in Pgl while none could be identified for Pg2 (Francis, 1998). The mechanisms
that regulate the expression of fisEX from Pgl and Pg2 are currently under investigation (Francis,

1998).
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The overexpression in rich or minimal medium of N. gonorrhoeae fisX, fisE or fisEX in E.
coli did not cause cell filamentation (section 3.7.). In comparison, overexpression of N.
gonorrhoeae fisZ caused cell filamentation in similar conditions (this work; Radia, 1997; Radia et
al., unpublished data). Although overproduction of FtsE and/or FtsX was not confirmed by
examining the protein profiles of cell lysates on polyacrylamide gels, the in vitro
transcription/translation data indicated that the proteins were synthesized from pSB190 and
pSB5696 (Fig. 19). In addition, the vector pBluescript KS+ has a high copy number, implying
that there is a much higher number of copies of fisE, fisX or fisEX from N. gonorrhoeae in the
cells, compared to the chromosomal copy of the host cell.

The absence of filamentation following overexpression of the gonococcal fisE and fis.X in
E. coli does not exclude them as cell division genes. When overexpressed in E. coli, cell division
genes may have different effects on the cellular morphology. Overexpression of E. coli ftsQ or
JtsL had no effect in rich medium and caused filamentation in minimal medium (Dai et al., 1996,
1993; Guzman et al., 1992; Carson et al., 1991; Storts et al., 1989). Overexpression of fisZ from
E. coli and other species in rich medium caused filamentation (sections 1.6.2.; Quardokus et al.,
1996; Margolin and Long, 1994; Margolin et al., 1991; Ward and Lutkenhaus, 1985) and
overexpression of E. coli fisN caused short filamentation and cell lysis (Dai et al., 1993).
Filamentation can be induced by blocking the expression of genes such as ffh (encoding Ffh;
Appendix 1) or ffs (encoding 4.5S RNA; Appendix 1) in E. coli (Phillips and Silhavy, 1992;
Ribes et al., 1990). Expression of a negative-dominant mutant of kpsT, which encodes the ATP-
binding domain of the ABC exporter for capsular polysaccharide in E. coli K1 also caused cell
filamentation (Bliss et al., 1996). Neither ffh, ffs or kpsT are cell division genes, but interestingly

enough, each gene encodes a protein involved in a transport process.
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E. coli JS10 produced more filamentous cells in LB than in L medium (LB contains 0.5%
NaCl while L medium contains 0.05% NaCl; Sambrook et al., 1989; Miller, 1972). This
observation has not been previously documented, as the cells were only grown in L medium in the
previous study on this mutant strain (Sturgeon and Ingram, 1978). In addition, the phenotype of
JS10 was not observed beyond two hours of growth in L broth. The disappearance of the
filamentous phenotype of E. coli JS10 over time also constitutes a novel observation.

The fisX gene from N. gonorrhoeae could not complement the unknown fis.X defect in E.
coli JS10 (section 3.8.). The failure of the complementation could not be attributed to the absence
of expression of the gonococcal fis.X gene under the experimental conditions since the gonococcal
JfisX was expressed from the plasmid pSB190 as shown by in vitro transcription/translation
(section 3.6.), but the production of the gonococcal FtsX could have been verified in cell extracts
fractionated on polyacrylamide gels. Interestingly, attempts to complement E. coli JS10 with fisX
from M. tuberculosis have likewise been unsuccessful (Tyagi et al., 1996). So far, E. coli JS10
has only been successfully complemented with the wild-type E. coli fisX (Gill et al., 1986).
Together, these data suggested that FtsX possessed species-specific characteristics; this was
hypothesized as a possible explanation for the failed complementation of E. coli JS10 with fisX
gene from M. tuberculosis (Tyagi et al., 1996). The comparison of the aa sequences of the six
known FtsX polypeptides has shown considerable size variation between the FtsX homologues,
and the analyses done in this thesis suggest that this size variability was attributable to the size of
the amino-terminal region of the protein. The M. tuberculosis FtsX comprises 268 aa residues
(Tyagi er al., 1996) compared to 352 in E. coli (Gill er al., 1986) and 305 in N. gonorrhoeae
(section 3.3.2.). Based on the analyses presented in the section 3.3.2., the size of the amino-

terminal domain of M. tuberculosis FtsX is 17 aa, compared to 74 in E. coli, and 28 in N.
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gonorrhoeae. It can be speculated that the size of this region varies between homologues to serve
a species-specific function. The importance of the amino-terminal region of FtsX could be
verified by constructing a series of deletions in the 5’-region of the E. coli fisX gene and to use
these deletions to attempt relieving the filamentous phenotype of E. coli JS10 at its restrictive
temperature. The carboxy-terminal region of FtsX also appears important for proper function of
FtsX, as E. coli FtsX truncated by its 38 carboxy-terminal aa residues (starting at Ile315 of E. coli
FtsX; Fig. 11), effectively removing 9 aa residues from the linker between the third and fourth
predicted transmembrane segments, the fourth transmembrane segment and the carboxy-terminal
domain, was incapable of complementing the defect in E. coli JS10 (Gill et al., 1986).

The purified 6HISFtsE protein will be used to generate anti-6HIFtsE polyclonal
antibodies. These antibodies will then be used for subcellular localization studies of FtsE in M.
gonorrhoeae by immunoelectron microscopy as has been done for FtsZ in E. coli (Bi and
Lutkenhaus, 1991b). These antibodies could also be used to confirm any interaction between FtsE
and FtsX: in a wild-type N. gonorrhoeae strain, FtsE is predicted to be located to the inner side of
the cytoplasmic membrane by binding FtsX; therefore anti-6HISFtsE polyclonal antibodies would
also be located to the inner side of the cytoplasmic membrane. If the same experiment was done
using N. gonorrhoeae CS19, in which fisX has been disrupted, the hypothesized consequence
would be that FtsE could not be located close to the membrane and the polyclonal antibodies
would be located in the cytosol. If FtsE was found to be localized to the inner membrane despite
the absence of FtsX, this would be indicative of the existence of at least another possible
membrane anchor for FtsE.

The absence of fisY immediately upstream of fisE and fisX was unexpected (sections 3.2.

and 3.11.). At the time the genetic organization of fisE and fisX was being determined in M.
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gonorrhoeae, these genes had only been identified and characterized in E. coli and H. influenzae
and fisY, fisE and fisX were clustered in both bacteria (section 1.4.; Fleischmann er al., 1995; Gill
et al., 1986). N. gonorrhoeae became the first bacterium in which fisY, fisE and fis.X were found
not to be clustered (Bernatchez er al., 1996). The genetic organization of fisEX in M.
gonorrhoeae, combined with the information available on the genetic organization of fisY, fisE
and ftsX from M. tuberculosis (Devlin et al., 1997), M. leprae (Parkhill et al., 1997a, 1997b), H.
pylori (Tomb et al., 1997), M. pneumoniae (Himmelreich et al., 1996), H. influenzae
(Fleischmann et al., 1995), M. genitalium (Fraser et al., 1995), and E. coli (Gill et al., 1986) has
now indicated that the genetic organization of these genes varies between bacterial species (this
work; section 1.4.).

The presence of ffsY and the absence of fisE and fisX in M. genitalium and M. pneumoniae
(Himmelreich et al., 1996; Fraser et al., 1995) suggested that fis¥ was essential in bacteria while
JtsE and fisX were not. This hypothesis was supported by the observation that JisY was found
essential in E. coli, while fisE or ftsX mutants of E. coli were viable (Luirink e al., 1994; Gibbs et
al., 1992; Gill and Salmond, 1990; Sturgeon and Ingram, 1978).

The pilA gene has been proposed to be the gonococcal homologue of fisY (Fyfe and
Davies, 1996). This hypothesis was based on significant amino acid sequence similarity between
PilA and FtsY in their carboxy-terminal sections and on the fact that both pilA and fisY are
essential genes (Fyfe and Davies, 1996; Taha er al., 1991, 1988). The similarity between PilA and
FtsY started at position 121 in the PilA aa sequence; its amino-terminal domain (positions 1-120)
contains 32% of charged aa residues (including 21% of acidic aa residues, data not shown), which
was less than the ratio of charged aa residues observed in the amino-terminal domains of E. coli

FtsY (section 1.5.3.). PilA was shown to hydrolyze GTP (Arvidson and So, 1995a), as does FtsY
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(section 1.5.3.). The amino-terminal domain of PilA was predicted to contain an a-helix-turn-o-
helix motif characteristic of a DNA-binding site (Taha et al., 1988). PilA was shown to bind
DNA containing the promoter region of the pilE gene and to be involved in the regulation of the
DilE gene in N. gonorrhoeae (Arvidson and So, 1995b; Taha ef al., 1995). Although FtsY was
shown to be involved in protein transport in E. coli (section 1.5.3.), the available experimental
evidence for PilA argued against its involvement in protein transport in N. gonorrhoeae: while
FtsY of E. coli was shown to interact with 4.5S RNA (section 1.5.3.), no interaction between PilA
and the gonococcal homologue of the 4.5S RNA could be detected (Taha ef al., 1992). PilA has
been proposed to be é pleiotropic regulator involved in the modulation of growth rate in response
to various environmental stimuli (Larribe et al., 1997; Taha et al., 1992). More investigation on
the biological ﬁmction of PilA is required to resolve the controversy concerning its role. In this
work, the similarity searches in the N. gonorrhoeae FA1090 genome database using FtsY from E.
coli only detected PilA sequences (section 3.11.). From these analyses, it appeared that no fisY
gene was present in the genome of N. gonorrhoeae. The question concerning the presence of a
gonococcal homologue of the fisY gene in the chromosome of N. gonorrhoeae will be resolved on
further investigation of the entire sequence of the genome and of PilA function.

The effect of inactivating fisE in N. gonorrhoeae remains to be assessed. Point mutations
in fisE that rendered E. coli Ts have been characterized (section 1.2.2.; Gibbs et al., 1992). It
would be interesting to selectively inactivate fisE without affecting fisX expression, and also to
inactivate fisEX to verify the effect of disabling the putative transporter formed by FtsE and FtsX
on the viability and morphology of N. gonorrhoeae. Since fisX is not an essential gene (section
3.4.), it can be supposed that fisE is not essential, and that the putative FtsEX transporter itself

may not essential. The MIC profile of the fisE mutant should also be determined for comparison



158

to that of N. gonorrhoeae CS19. The MIC for ampicillin of both mutant strains when they contain
a plasmid containing a bla gene (encoding B-lactamase) should be verified. These results would
then be compared with the observations of Luirink er al. (1994) who found that B-lactamase
translocation was not affected in an E. coli fisE Ts mutant, suggesting that FtsE was not involved
in the translocation process. This observation on the non-involvement of FtsE in B-lactamase
translocation can be predicted to be also valid for FtsX and for the putative FtsEX transporter.

The classification of fisE as a cell division gene has been previously questioned since
filamentation of a fisE mutant of E. coli was medium-dependent (section 1.5.1.; Taschner et al.,
1988). However, two mutants of E. coli blocked at the earliest stage of cell division were found to
be mutated in fisE (section 1.5.1.; Begg and Donachie, 1995). This suggested that FtsE, and by
inference the ABC transporter formed by FtsE and FtsX, could be involved in early stages of cell
division, perhaps in the translocation of cell division proteins. Further characterization of the
function of FtsE will be required to determine its role. FtsX was believed to be involved in cell
division in M. tuberculosis based on the observation that fisX expression was correlated with the
division status in this bacterium (section 1.5.2.; Tyagi er al., 1996). As with FtsE, further
characterization of FtsX is needed to determine its biological function.

The only ABC transporters identified so far in the Neisseriaceae have been a transporter
involved in iron uptake in N. gonorrhoeae and a transporter involved in export of the capsule
polysaccharide in N. meningitidis (section 1.2.4.). The membrane proteins of each of these ABC
transporters were also predicted ;o differ from the standard structure: FbpB from the gonococcal
iron importer was predicted to have 11 transmembrane segments (Adhikari ef al., 1996), while
CtrB and CtrC from the meningococcal liposaccharide exporter were predicted to be hydrophobic

proteins (Frosch et al., 1991) containing 2 and 5 transmembrane segments, respectively (data not
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shown). As was determined in this work for fisEX, the fbpABC and the ctrdBCD genes encoding
the domains of these two other transporters are organized in operons (Adhikari er al., 1996;
Frosch et al., 1991). No additional protein is expected to be part of the putative ABC transporter
identified in the present work as only fisE and fisX were found to be part of the same
transcriptional unit.

ABC transporters are involved in import or export processes (section 1.2.). Based on the
data gathered from this work, the putative ABC transporter formed by FtsE and FtsX is predicted
to participate in an export process. This prediction is based on two observations. First, ABC
importers always comprise a third protein (the periplasmic substrate-binding protein; section
1.2.1.), encoded by a gene clustered with the genes encoding the domains of the ABC transporter
(Fath and Kolter, 1993). By contrast, some ABC exporters require an AF, but the gene encoding
that third protein may be linked or not linked with those encoding the domains of the ABC
transporter (section 1.2.1.). No other gene appears to be transcribed with fisEX, but the putative
FtsEX transporter may require a third protein encoded by an unlinked gene. Second, the EAA
loop is absent from the aa sequence of the FtsX protein. This sequence is present in a cytoplasmic
loop of the membrane domain of ABC importers (section 1.2.3.). In addition, earlier sequence
comparisons showed that FtsE belonged to a group comprising ABC exporters and importers in
which the ATP-binding and membrane domains were found on separate polypeptides (Fath and
Kolter, 1993; Fath et al., 1992).

A plethora of questions need to be answered to confirm the existence of the ABC
transporter formed by FtsE and FtsX. Experimental evidence will be required to show that FtsE
binds ATP. This constitutes a vital question, as binding and hydrolysis of ATP by the ATP-

binding domain is intimately linked to the mechanism of substrate transport by the transporter.
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FtsE and FtsX will need to be shown to interact. This interaction could be verified by using
polyclonal anti-FtsE antibodies as described once they are available (see above), or by using the
yeast two-hybrid system which has already been used to show interactions between FtsA and FtsZ
(Wang et al., 1997) and also between MinC and MinD (Huang et al., 1996). An experimental
approach similar to that followed by Hale and de Boer (1997) to identify ZipA, the membrane
receptor for FtsZ (section 1.7.1.) could also be used to identify FtsX. In this experiment, FtsE (or
6HISFtsE) would be labeled with a radioactive isotope and used to probe the proteins of a
membrane fraction of N. gonorrhoeae.

The topological predictions of N. gonorrhoeae FtsX need to be experimentally verified.
There are several systems to determine the membrane topology of a membrane protein by means
of fusions with alkaline phosphatase (AP), B-galactosidase or B-lactamase (Froshauer et al.,
1988; Broome-Smith and Spratt, 1986; Manoil and Beckwith, 1985). Fusions between FtsX and
AP would be preferred in the present case as there is a system allowing the determination of the
AP activity of the fusion in N. gonorrhoeae (Boyle-Vavra and Seifert, 1995). The importance of
the LLGA motif for FtsX-FtsE interactions could be assessed by mutating the aa residues and
verifying if FtsE and FtsX are still able to form a complex using a yeast two-hybrid system. In
addition, an extensive search of the aa sequence of the membrane domains of other ABC
exporters will be required to verify if the LLGA motif is present and conserved.

One of the main unanswered questions is the nature of the ion or molecule transported by
FtsE/FtsX. An interesting possibility would be that one of the murein biosynthesis proteins that
need to be periplasmically located as a substrate for FtsE and FtsX. This possibility is especially
interesting considering the absence of fisE and fisX in M. pneumoniae and M. genitalium, two

bacteria that do not have cell walls, and that are consequently devoid of the mur genes
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(Himmelreich er al., 1996; Fraser et al., 1995). However, the mur genes are present in
Synechocystis PCC6803 notwithstanding the absence of fisE and fisX in this cyanobacterium
(Kaneko et al., 1996). Gill et al. (1986) suggested Ca®* or Mg2+ cations as potential candidates for
the FtsEX transporter. The results of the viable counts under various environmental conditions
(section 3.4.3.) suggest that the FtsEX transporter could be involved in osmotic equilibrium so
that more investigation in that direction could be worthwhile. The participation of a possible third
protein (like TolC for colicinV or a-hemolysin export; section 1.2.1.) in the process in which the
FtsE/FtsX transporter is involved will also need to be verified.

FtsY has been shown to be involved in protein transport in E. coli (section 1.5.3.). Based
on the clustering of their genes with fisY, FtsE and FtsX were proposed to be part of the same
cellular process with FtsY; however, in contrast to what had been observed following FtsY
depletion in E. coli, there was no accumulation of B-lactamase in an E. coli JisE (Ts) strain
(Luirink ef al., 1994; section 1.5.3.). Results from the present work argue against a role for FtsE
and FtsX in the SRP pathway: other known components of the SRP pathway (FtsY, Ffh, 4.5S
RNA; Appendix 1) have been shown to be essential for cell viability (Luirink er al., 1994;
Phillips and Silhavy, 1992; Brown and Fournier, 1984); in contrast the viability of the fisX mutant
N. gonorrhoeae CS19 indicated that fisX was not an essential gene. Morphological aberrations
were caused by overexpression of fisY in E. coli (Luirink ef al., 1994: while the overexpression of
the gonococcal fisE, ftsX or fisEX in E. coli had no observable effect (section 3.7.).

The genetic organization of the other gene homologues identified in this study varied
between bacterial species. In E. coli, arsC was located at 78.6 minutes (Berlyn et al., 1995) and is
the closest to fisYEX among the other gene homologues identified in this work; pgk and gltX are

located elsewhere on the chromosome while no tipA gene has been identified (Berlyn et al.,
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1995). In H. influenzae, arsC, gitX and pgk were not linked between themselves or with fisYEX
(Fleischmann er al., 1995). It is however noteworthy that arsC is alone on the chromosome of H.
influenzae, as is the case in N. gonorrhoeae. The arsC gene is part of the ars operon that
comprises genes involved in arsenic resistance in E. coli, and plasmids of diverse bacteria such as
E. coli, Yersinia, and Staphylococci species (Berlyn et al., 1995; Fleischmann et al., 1995). In H.
pylori, there was no arsC gene, and g/tX and pgk were unlinked between themselves and were not
linked with fisE and ftsX (Tomb et al., 1997). In M. genitalium, pgk and fisY were separated by
4.1 Kb (Fraser et al., 1995); gitX was located elsewhere on the chromosome while arsC and tipA
were not present (Fraser et al., 1995). In M. jannaschii, only gitX and pgk were present and they

were not linked (Bult et al., 1996).
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The fisE and fisX genes of N. gonorrhoeae and their flanking genes have been cloned and
characterized. The gonococcal FtsE contained the Walker A and B domains characteristic of the
ATP-binding protein domains of ABC transporters. The gonococcal FtsX only shared significant
aa sequence similarity with its known bacterial homologues. Analyses of the aa sequence of the
six known bacterial FisX showed that the size of the amino-terminal region varied between FtsX
homologues and that it contained four putative transmembrane helices. These results suggested
that FtsE and FtsX were the ATP-binding and transmembrane domains of an uncharacterized
ABC transporter. The putative FtsEX transporter was predicted to be involved in an export
process; first because no other gene was part of the fisEX transcription unit, and also because the
EAA loop was not present in FtsX.

The fisX gene was shown to be non-essential for bacterial viability since N. gonorrhoeae
was viable following the disruption of the fisX reading frame. The size of gonococci from the
mutant strain did not differ from that of the wild-type parental strain, and no morphological
aberrations were observed. Since the absence of other known cell division genes in E. coli has
been shown to be lethal, this suggested that fis.X, and by inference the FtsEX transporter, was not
involved in cell division.

The fisE and fis.X genes were identified in ten other Neisseria species by Southern blotting
and PCR, suggesting that they were ubiquitous in the Neisseriaceae. The fisE and fisX genes
overlapped by 4 bp suggesting co-transcription. fisE and fs.X were shown to be co-transcribed, as
synthesis of the FtsE and FtsX proteins occurred when a promoter was present upstream of fisEX,
but FtsX was not synthesized from fisX alone if no promoter was provided. A putative -10
sequence identified upstream of fisE could be part of the fisEX promoter.

While overexpression of some cell division genes caused morphological aberrations in E.
coli, overexpression of fisE, ftsX or fisEX had no observable effect. Complementation attempts of
the E. coli JS10 fisX Ts mutant were not successful. This may be due to species-specific features
of the FtsX protein, particularly in its amino-terminal region. However, the absence of

morphological aberrations upon overexpression of fisEX does not constitute sufficient
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experimental evidence to dismiss fisEX as cell division genes, as other genes caused
morphological aberrations if their regular pattern of expression was altered.

Contrary to the case in E. coli and H. influenzae, a homologue of the fisY was not present
immediately upstream of fisEX. Gonococcal genes encoding a putative thioredoxin-like protein,
arsenate reductase and glutamyl-TRNA synthetase were identified upstream of fisEX, and a gene
encoding 3-phosphoglycerate kinase was identified downstream of ftsEX. Similarity searches in
the genome database of N gonorrhoeae FA1090 using FtsY from E. coli failed to identify a
gonococcal FtsY homologue.

The putative FtsEX transporter, or any ABC transporters, are not included in the current
model of bacterial cell division. The viability of the fisX mutant of N. gonorrhoeae suggested that
fisX, and by extension fisE, were not cell division genes. A role for the FtsEX transporter in the
SRP pathway is also unlikely, again based on the viability of the ffs.X insertion mutant while the
depletion of other known components of the SRP pathway (Ffh, 4.5S RNA, FtsY) in E. coli were
ultimately lethal. The biological function of the FtsEX transporter remains to be determined, but
may be linked to osmotic equilibrium since the fisX mutant had colony counts 6.5 and i0 times
lower than those of the wild-type parental strain on media containing 100 mM KCI or 400 mM
sucrose.

Additional investigation of FtsE and FtsX will necessitate the characterization of the
FtsEX transporter, starting with the identification of the substrate of the transporter. The
identification of the substrate would confirm the role of FtsE and FtsX in transport and would
also allow to understand the biological function of the FtsEX transporter. However, since the
inactivation of fisX did not affect cell viability, suggesting fisX and the FtsEX transporter were not
essential, the identification of the substrate could be difficult. Based on the results from the viable
counts, the first series of possible substrates to investigate would be molecules involved in the
maintenance of osmotic equilibrium. The nature of the substrate may also help to determine if

there is an additional component to the transporter, such as an OMP.
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Appendix 1. The SRP pathway of protein transport.

There are two pathways for protein transport across or integration into the membrane of
the endoplasmic reticulum (ER) in eukaryotic cells (Rapoport et al., 1996). In the co-translational
pathway, the transport takes place while the polypeptide is being synthesized on a ribosome
bound to the ER membrane, while in the post-translational pathway, the synthesis of the
polypeptide is completed before it is transported (Rapoport et al., 1996).

The co-translational pathway begins as the signal sequence of a nascent polypeptide
emerges from the ribosome and is bound by the signal recognition particle (SRP). The SRP is a
ribonucleoprotein complex consisting of one RNA molecule, 7S RNA, and six polypeptides with
Mws of 9, 14, 19, 54, 68 and 72 KDa (Liitcke, 1995). The nascent polypeptide is bound through
one of the domains of the 54 KDa polypeptide of the SRP (SRP 54; Rapoport er al., 1996;
Liitcke, 1995). The binding of the SRP to the signal sequence causes a temporary arrest in the
elongation of the polypeptide (Liitcke, 1995). The complex formed by the SRP and the ribosome
then binds the SRP receptor (SR, also called the docking protein) located on the membrane of the
ER. The SR is constituted by two subunits (SRa and SR, both of which possess a GTPase
activity; Liitcke, 1995); the interaction of SR with the SRP occurs through SRa. The SRP is then
released from the signal sequence and the ribosome, and the nascent polypeptide is transferred
into the lumen of the ER (Rapoport et al., 1996). The release of the SRP from its receptor occurs
through hydrolysis of GTP, and once the SRP is free in the cytosol once more, a new cycle can
begin.

In bacteria, protein transport is mostly handled through the general secretory pathway
(Arkowitz and Bassilana, 1994; Pugsley, 1993). However, several bacterial gene products have
been identified as homologues of components of the mammalian SRP, suggesting the existence of
a SRP pathway in bacteria. (Liitcke, 1995; Dobberstein, 1994; Luirink and Dobberstein, 1994;
Wolin, 1994; Rapoport, 1991). For instance, the product of the ffs gene, a 4.5S RNA, was found
to possess a structure similar to that of 7S RNA (Poritz e al., 1988); Ffh, a 48 KDa polypeptide
encoded by the ffh gene shared significant aa sequence similarity with the 54 KDa polypeptide of
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the mammalian SRP (Bernstein er al., 1989; Romisch er al., 1989); the FtsY protein was found to
share sequence similarity with SRa (Bernstein ez al., 1989; Rémisch er al., 1989; section 1.5.3.).

Following the identification of these homologues of the constituents of the SRP in E. coli,
Ffh and 4.5S RNA were shown to form a complex, with indicated that a SRP existed in E. coli
(Poritz et al., 1990; Ribes et al., 1990). This bacterial SRP would only consist of the Fth
polypeptide and of the 4.5S RNA. The Ffh polypeptide was shown to be essential for bacterial
viability and for the efficient export of several proteins in E. coli (Phillips and Silhavy, 1992).
The evidence involving FtsY in protein transport, more specifically in the SRP pathway, is
reviewed in section 1.5.3. Also similar to the eukaryotic SRP, the E. coli SRP was shown to act
co-translationally (Powers and Walter, 1997).

It is believed that the SRP pathway increases the targeting efficiency of a subset of E. coli

presecretory proteins in an uncharacterized process (Schatz and Dobberstein, 1996; Wolin, 1994).
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Appendix 2. The initial isolation of the plasmid pSB19.

A strategy to clone gonococcal arginine biosynthesis genes consisted of the
genetic complementation of E. coli arginine auxotrophs on minimal medium. Lytic
complementation of E. coli arginine auxotrophs with genes from N. gonorrhoeae had
previously been accomplished using the recombinant A bacteriophages from a bank of V.
gonorrhoeae CH811 DNA (Picard and Dillon, 1989a). For the present work, the strategy
involved transforming the plasmid pools from the genomic bank constructed in the
plasmid pBluescript KS+ (section 2.5.) into E. coli strain UQ27, which harbors a
defective argG gene (Table 2). This gene encodes the enzyme argininosuccinate
synthetase, which catalyzes the seventh step of the arginine biosynthetic pathway
(Glansdorff, 1996; Fig. A2-1.). The transformants were selected on minimal medium
lacking arginine as described in section 2.5. The growth of E. col/i UQ27 on minimal
medium lacking arginine required the presence of a gonococcal gene able to compensate
the function of the defective argG gene of the E. coli host strain. Twenty-five bacterial
colonies (bacterial clones SBl1 to SB25) were obtained following the genetic
complementation experiment, and the ability of each colony to grow in the absence of
arginine was confirmed by restreaking on minimal medium lacking arginine.

The plasmids from these 25 clones were purified (plasmid clones pSB1 to pSB25)
and divided in eight groups based on their banding pattern and on the size of their insert.
The plasmid groups comprised from one to seven plasmids (Table A2-1.). The rationale
for the grouping of the plasmids was that all inserts of the same size were expected to be
identical since all the plasmids had complemented the arginine defect of E. coli UQ27 on
minimal medium lacking arginine.

Since the groups 4, 5, 6 and 8 included 20 of the 25 bacterial clones obtained from
the complementation experiment, the plasmids from these four groups were the first ones
to be investigated. One or several plasmid clones from each of the groups 4, 5, 6 and 8

were randomly selected for further characterization (nine plasmid clones in total; Table
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A2-1.). The plasmids were restricted with Pvull to free the inserts from the vector and the
gonococcal origin of the insert of each of the nine plasmid clones was successfully

confirmed by hybridization with gonococcal DNA at 68°C (data not shown).

Table A2-1. Plasmids complementing the arginine requirement of E. coli strain UQ27 on

minimal medium M9 lacking arginine.

Plasmid Number of plasmids Insert size Plasmid clonesl
group in the group (Kb)
1 1 1.9 pSBI1
2 1 22 pSB2
3 1 1.6 pSB16
4 4 1.0 pSB3, pSB4, pSB13, pSB25
5 7 1.9 pSBS, pSB14, pSBl17, pSBIS,

pSB22, pSB23, pSB24

6 4 1.8 pSB6, pSB11, pSB15, pSB19
7 2 1.0 pSB7, pSBS
8 5 1.6 pSBY, pSB10, pSB12, pSB20, pSB21

1 The plasmids in bold are those that were chosen for further characterization.

The presence of the argG gene in the nine plasmids was then investigated by
hybridization using the argG gene from E. coli as a probe. The argG gene from E. coli
was present on a 5.3 Kb Sal/l-Bg/ll fragment that had been originally cloned in the
plasmid pYN87 (Table 2; Kurihara and Nakamura, 1983), and the complete nucleotide
sequence of argG had been determined (Van Vliet er al., 1990). The plasmid pYN87

contained a functional argG gene since it could complement E. coli UQ27 on minimal
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medium lacking arginine. Of the nine plasmids investigated (Table A2-1.), only the insert
of pSB19 weakly hybridized the E. coli argG gene probe at 60°C (data not shown). This
result suggested that only the insert of pSB19 shared nucleotide sequence similarity with
the argG gene from E. coli. The hybridization signal was stronger at 50°C, but was still
weak (data not shown). The results of these hybridizations, combined with the fact that
the plasmid pSB19 allowed growth of E. coli UQ27 on minimal medium lacking
arginine, suggested that the insert of the plasmid pSB19 contained the gonococcal argG
gene. However, the weak hybridization signal was obtained between the two DNA
fragments even at relatively low stringency (50°C) suggested that the nucleotide sequence
of the putative gonococcal argG gene would be divergent from that of E. coli. The
complementation of E. coli UQ27 with pSB19 was successfully repeated once more
before proceeding with the determination of the nucleotide sequence of the insert of
pSB19. The plasmid pSB19 was digested with Sacl and Xbal to liberate the insert and
nested deletions were constructed to facilitate the sequencing step, and the insert of
pSB19 was completely sequenced in both orientations.

The analysis of the nucleotide sequence of the insert of pSB19 showed it
contained one complete gene sharing sequence similarity to the fisX gene from E. coli.
Two other partial genes that respectively shared nucleotide sequence similarity to the fisE
and pgk genes were also identified (section 3.1.). There was no sequence similarity with
the argG gene of E. coli or of other bacteria.

The possible complementation of any other step of arginine biosynthesis by the
gonococcal fisX gene was verified by transforming pSB19 into E. coli strains with defects
in arginine biosynthesis (Fig. A2-1 and Table 2). Before the mutants were transformed
with pSB19, the defective step of arginine biosynthesis was confirmed by nutritional
requirements as described in section 2.1. The defects in first two steps of arginine
biosynthesis (strains W3421 and GY3428 for arg4, strain 30 SOMA 4 for argB) could

not be confirmed in the strains used as they did not grow on M9 medium supplemented
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with N-acetylglutamate and ornithine, respectively. The defects in arginine biosynthesis
were confirmed for strains mutated in each of the other six steps of the biosynthetic
pathway (argC, argD, argE, argF, argG and argH, Fig. A2-1.), and the corresponding
mutant strains were transformed with pSB19 and pHL1 (a pGEM-T derivative containing
amplified fisEX genes from N. gonorrhoeae with the upstream region containing the
promoter; Table 2). None of the seven arginine mutants tested (Fig. A2-1.) grew on
minimal medium supplemented with the substrate of each defective enzyme following
transformation with pSB19 or pHL1, including strain UQ27. The fact that the initial
complementation of E. coli UQ27 by pSB19 could not be reproduced, combined with the
absence of complementation of other arginine auxotrophs of E. coli by pSB19, indicated
that fisX plays no role in arginine biosynthesis and that the initial observation was a
spurious result. Together, the results from the complementation attempts indicated that
the fisE and fisX gene products played no role in the 3™ (argC), 4* (argD), 5t (argE), 6™
(argG) and T (argH) steps of the arginine biosynthesis pathway. Also, based on these
results, it can be predicted that pSB19 and pHL! would not complement the defects in
mutants of the 1% (arg4) or 2" (argB) steps of arginine biosynthesis. Thus, f#s.X (and ftsE)

have no role in this pathway.
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Figure A2-1.: The pathway of arginine biosynthesis in E. coli. The asterisks
accompanying some of the intermediates indicate they were used for the confirmation of
the defect in arginine biosynthesis in the mutants. For instance, the defect in strain
AT3141 was confirmed by growth on M9 medium with omithine, and the absence of
growth of AT3141 was confirmed on M9 containing N-acetylglutamate. The strains used
for each gene are indicated in parentheses next to each gene; green characters indicate the

strain was tested, red characters indicate the strain was not tested.



glatamate®

v

argd (W3421, GY3428)

N-acetyiglutamate

!

argB (30 SOMA 4)

N-acetylghutamyl phosphate*

v

argC (W3679)

N-acetyiglutamate semialdehyde

argD (AT3141)

N-acetylomithine

v

argE (KL723)

ithine®

v

argF, argl (H1230)

trulline®

argG (UQ27)

b

!

argH (K146, W3678)

y. .



211

Appendix 3. Other analyses of the t/[p4 gene.

Besides the aa sequence similarities with B. japonicum TIpA (52.6% similarity and 31.2%
identity), the gonococcal TIpA had other similar features to B. japonicum TIpA. The two
polypeptides were predicted to have alkaline isoelectric points (pI): the predicted pl for M.
gonorrhoeae TIpA was 9.63, compared to a predicted pl of 8.97 for B. japonicum TIpA (Loferer
et al., 1993). Also, a putative transmembrane segment was identified near the amino-terminal end
of the gonococcal polypeptide (positions 2 to 20, Fig. A3-1), as is the case in B. japonicum TlpA
(Fig. A3-1; (Loferer er al., 1993)). This putative transmembrane segment contained two
positively charged amino acid residues at its beginning, suggesting that its amino terminus is
located in the cytoplasm and that it contained a large periplasmic domain, as had been reported
for B. japonicum TIpA (Loferer et al., 1993). However, the gonococcal TIpA was 61 aa shorter
than the B. japonicum TIpA.

B. japonicum TIpA was reported to share about 30% identity with various bacterial
thioredoxins (Loferer and Hennecke, 1994; Loferer et al., 1993). In comparison, V. gonorrhoeae
strain CH811 TIpA shared between 46.7% and 52.5% aa similarity and between 23.6% and
27.6% aa identity with the thioredoxins from E. coli, Rhodobacter sphaeroides, S. typhimurium,
M. genitalium, and Synechocystis sp. 6083. An alignment of TlpA from N. gonorrhoeae and B.
Japonicum with the thioredoxins from E. coli, S. typhimurium and M. genitalium is shown in Fig.
Al-1. The amino acid residues of the active site of bacterial thioredoxins (consensus sequence:
WCGPC (Loferer and Hennecke, 1994)) are perfectly conserved in the gonococcal TIpA
(positions 52 to 56, Fig. A3-1). As had been observed with B. japonicum TIpA (Loferer et al.,
1993), the aa residues forming B-sheet 2 and a-helix 2 that precede and follow the cysteinyl
residues of the active site in the thioredoxins (Ellis et al., 1992) are well conserved in the
gonococcal TlpA. There are eleven identities and three conservative changes between the
gonococcal and B. japonicum TIpA polypeptides over the nineteen amino acid residues part of -
sheet 2 and a-helix 2 (Fig. A3-1). This suggests there exist some structural similarities between

N. gonorrhoeae TlpA, B. japonicum TIpA and the thioredoxins.
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Figure A3-1. Alignment of the amino acid sequences of bacterial thioredoxin-like proteins
and thioredoxins. Included in this alignment are the thioredoxin-like proteins of N. gonorrhoeae
(NgoTlpA; this work) and B. japonicum (BjaTlpA; Loferer et al., 1993), the CycY protein from
B. japonicum (BjaCycY; Fabianek et al., 1997), and the thioredoxins of R. sphaeroides
(RspTrxA, Genbank accession number M33806), Synechocystis PCC6083 (SynTrxA, Genbank
accession number X80486), E. coli (EcoTrxA; Genbank accession number M10424), and M.
genitalium (MgeTrxA, Genbank accession number U39691). The active site of thioredoxin
enzymes (WCGPC) is boxed in gray. Amino acid residues conserved in all five enzymes are
boxed, and those conserved between N. gonorrhoeae and B. japonicum are in bold. The B2 strand
and o-helix 2 are also indicated based on Ellis ef al., 1992. The transmembrane regions of TlpA

from N. gonorrhoeae and TIpA and CycY from B. japonicum are underlined.
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The N. gonorrhoeae TIpA also shared 48.3% and 53.1% aa sequence similarity and 25.5%
and 24.5% aa sequence identity with CycY, a protein that has been identified in B. japonicum
(Fabianek et al., 1997) and in Rhizobium leguminosarum (Vargas et al., 1994) and is related to
TlpA. There were five identities and 5 conservative changes between N. gonorrhoeae TIpA and
either CycY protein among the nineteen aa residues forming B-sheet 2 and a-helix 2.

The expression of t[pA was verified by reverse transcriptase PCR (RT-PCR; section
2.9.3.). An amplicon of 415 bp was generated from gonococcal RNA (Fig. A3-2, lane 1), and an
amplicon of the same size was generated from gonococcal DNA (Fig. A3-2, lane 2). These results
indicated that the tl[p4 gene was transcribed in N. gonorrhoeae. The presence of a putative
transcription terminator in the form of two inverted copies of the gonococcal US immediately

downstream of t/pA suggested that it constituted a single transcription unit.



215

Figure A3-2. Reverse transcriptase PCR of the #/p4 gene. The expected amplicon for tlp4 was
415 bp in size. Lane 1, gonococcal RNA, lane 2, gonococcal DNA (positive control), Lanes 3,
100 bp molecular weight marker (Gibco BRL). The tlp4-specific amplicon is indicated on the left

of the picture, and sizes of the molecular weight markers are indicated to the right.
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Appendix 4. Other analyses of the arsC gene.

The aa sequence similarity and identity scores between the gonococcal ArsC, which
encodes a putative arsenate reductase enzyme and its homologues from other bacteria was
variable (Fig. A4-1). Similarity scores varied between 63% and 66% and identity scores varied
between 37% and 50% with the enzymes from Gram-negative bacteria. Comparatively, similarity
(45% and 47%) and identity (19% and 20%) scores were lower with arsenate reductases of the
plasmids pSX267 and pI258 from staphylococcal species. These observations were consistent
with the results of other investigators that showed low similarity scores between arsenate
reductases from Gram-negative and Gram-positive bacteria (Neyt et al., 1997; Bruhn et al., 1996;
Diorio et al., 1995; Ji and Silver, 1992; Rosenstein er al., 1992). Lower similarity (51%) and
identity (18%) scores were also observed with ArsC from Synechocystis PCC6083. One of the
few positions conserved in all nine enzymes on the alignment presented in Fig. A2-1 is the
cysteinyl residue at position 12 that has been shown essential for catalysis (Liu et al., 1995)

N. gonorrhoeae CH811 was shown to have sodium arsenate and sodium arsenite minimal
inhibitory concentrations (MIC) of 1024 ug/mL and 4 ug/mL, respectively (Table A4-1). The
MIC for arsenate was considerably higher than that measured in Staphylococcus carnosus 61 1
g/mL; Rosenstein et al., 1992) and Yersinia enterolitica (94 ug/mL; Neyt et al., 1997) and was in
the range of the concentrations that inhibited E. coli IM109 (pUC19) (936 ng/mkL; Ji and Silver,
1992). The MIC for arsenite was in the same range than what was measured in Y. enterolitica and
S. carnosus (9 ug/mL; Neyt et al., 1997; Rosenstein et al., 1992), but was much lower than what
had been measured in E. coli (400 ug/mL for E. coli 40 and 194 png/mL for E. coli JM109
(PUC19) ; Diorio et al., 1995; Ji and Silver, 1992), Bacillus subtilis (260 ng/mL) and
Staphylococcus aureus (104 ug/mL; Ji and Silver, 1992). This large difference between the MICs
for the two arsenical compounds could be a reflection of the higher toxicity of arsenite over
arsenate. It also suggested that N. gonorrhoeae may not possess the arsenite pump (ArsB) to

exclude arsenite ions from the cells since it is much more sensitive to arsenite than to arsenate.
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Figure A4-1. Alignment of the amino acid sequences of bacterial arsenate reductase
enzymes. Included in this alignment are the enzymes from N. gonorrhoeae CH811 (NgoArsC),
H. influenzae (Fleischmann et al., 1995), E. coli (EcoArsC; Diorio et al., 1995), plasmid R773
(R773ArsC; Chen et al., 1986), plasmid R46 (R46ArsC; Bruhn et al., 1996), pSX267 of S.
xylosus (pSX267ArsC; Rosenstein et al., 1992), plasmid pI258 from S. aureus (pI258ArsC; Ji
and Silver, 1992), plasmid pYV of Yersiniae species (YspArsC; Neyt er al., 1997), and
Synechocystis PCC6083 (SynArsC; Kaneko et al., 1996). Amino acid residues conserved in all
nine enzymes are boxed, those conserved in eight enzymes are indicated by bold asterisks, those
conserved in six or seven enzymes are indicated by an asterisk. Amino acid residues in bold are
identical in the enzymes of N. gonorrhoeae and H. influenzae. The conserved cysteinyl residue

essential for enzyme activity (Liu e al., 1995) is also identified.
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Table A4-1. Minimal inhibitory concentrations (ug/mL) of arsenic compounds on N.
gonorrhoeae CH811 and CS19

MIC (ug/mL) of
Antibacterial compound  N. gonorrhoeae CH811 L' N gonorrhoeae CSl92

sodium arsenate 1024 1024
sodium arsenite 4.0 4.0
! Wild-type parent strain

? Strain with an insertion in its fiX gene.

The products of the fisEX genes are predicted to form a membrane complex involved in
transport (section 3.3.2.), and the ion or molecule transported by the putative FtsEX transporter
has not been identified (section 4.). The fisEX genes were located close to arsC on the gonococcal
chromosome (sections 3.2. and 3.10.). To verify if fisEX is linked to arsenic extrusion from the M.
gonorrhoeae cytoplasm, the MICs of the wild-type N. gonorrhoeae CH811 and N. gonorrhoeae
strain CS19, which contained an insertion in its fisX gene, for sodium arsenate and sodium
arsenite were determined. The MICs of the strain CS19 are identical to those of its wild-type
parent, strain CH811, for both arsenic compounds (Table A4-1.). These results indicated that
FtsX, and by extension the fisEX genes, are not involved in the transport of arsenite or arsenate
from the cells.

With 102 aa, the putative gonococcal ArsC is the smallest of the known arsenate
reductases. In comparison, the H. influenzae enzyme includes 116 aa (Fleischmann er al., 1995),
those from the plasmids pI258 and pSX267 of Staphylococcus species and that of Synechocystis
PCC6083 comprise 131 aa (Kaneko et al., 1996; Rosenstein et al., 1992; Ji and Silver, 1992), and
those from E. coli, E. coli plasmids R46 and R773, and Yersinia all contain 141 aa (Neyt et al.,
1997; Bruhn et al., 1996; Diorio et al., 1995; Chen et al., 1986). ArsC could be a truncated
enzyme or arsC could be an inactive gene since the putative ArsC polypeptide is shorter than its

known homologues and there are no clear regulatory elements (RBS, transcription terminator)
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flanking arsC (section 3.10.2.). To verify if the gonococcal arsC gene was transcribed, its
expression was investigated by RT-PCR (section 2.9.3.). An amplicon of 275 bp was generated
from RNA isolated from gonococci grown in the absence of sodium arsenate or sodium arsenite
(Fig. A4-2, lane 2). This result indicated that the gonococcal arsC gene was expressed.
Expression of the arsC gene in the absence of arsenic had been previously observed in E. coli
(Carlin ez al., 1995). When the RT-PCR was repeated using RNA isolated from N. gonorrhoeae
grown in the presence of sodium arsenate or sodium arsenite, the arsC gene was also expressed
(Fig. A4-2, lanes 3 and 4). In E. coli, arsenite has been shown to be an inducer of ars gene
expression (Cai and DuBow, 1996; Carlin er al., 1995). In the present case, the level of induction
was not measured as the amount of RNA used in each RT-PCR reaction was not quantified.

The presence of the other known ars genes in N. gonorrhoeae FA1090 was investigated
using the known bacterial ArsR, ArsD, ArsA, ArsB and ArsH protein sequences. No other ars
gene was identified in the strain FA1090, suggesting that N. gonorrhoeae contains only an arsC
gene, as is the case in H. influenzae and Synechocystis (Kaneko et al., 1996; Fleischmann er al.,
1995). When these analyses were made, about ninety percent (88.9%) of the genome sequence
was available so the presence of the other ars genes in N. gonorrhoeae cannot be excluded.
However, the possible absence of arsB, which encodes the arsenite pump, would explain the low

MIC for arsenite in N. gonorrhoeae.
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Figure A4-2. Reverse transcriptase PCR of the arsC gene. The expected size of the arsC
amplicon was 275 bp. Lanes 1 and 5, 100 bp molecular weight marker, lane 2, V. gonorrhoeae
RNA, lane 3, N. gonorrhoeae RNA (isolated from cells grown on sodium arsenate), lane 4, N.
gonorrhoeae RNA (isolated from cells grown on sodium arsenite), lane 5, M. gonorrhoeae DNA
(positive control). Sizes of the molecular weight markers are indicated to the left of the picture,

the arsC-specific amplicon is indicated on the right.
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Appendix 5. Other analyses of the g/tX gene.

The 5'-end of the gitX gene encoding the NHy-terminal 138 aa residues of GIuRS was
cloned during the characterization of the region upstream of fisEX in N. gonorrhoeae (sections
3.2. and 3.10.3.). The catalytic attachment of an amino acid to its cognate TRNA by the
aminoacyl-TRNA synthetase (aaRS) takes place in a two-step reaction (S6ll and Schimmel,
1974):

aaRS + amino acid + ATP <> aaRSeaminoacyl-AMP + PPi 1
aaRSeaminoacyl-AMP + TRNA <> aminoacyl-TRNA + AMP +aaRS  (2)

GIuRS belongs to the first class of aaRSs due to the presence of the signature sequence of
class I aaRs in its primary sequence (consensus His-Ile-Gly-His; Schimmel, 1987). The signature
sequence His-lle-Gly-Gly was identified at positions 16 to 19 in the amino-terminal section of the
gonococcal GltX, (Fig. 6B). The partial gonococcal GItX possesses the a and b motifs identified
and conserved in several bacterial aminoacyl-TRNA synthetases that have been proposed to
participate in glutamate binding (Fig. AS5-1; Breton er al., 1990).

An alignment of the 138 aa residues of the gonococcal GluRS with five other GluRSs is
presented in Fig. AS-1. The similarity of N. gonorrhoeae GIuRS with other GluRSs was more
important over the first 75 aa residues (that contains the signature sequence and the conserved
motif A). Among these sequences included in Fig. AS5-1 for the first 75 aa residues, the
gonococcal GIuRS shared the least identity (52%) with Bacillus stearothermophilus GluRS, the
highest identity (69%) was shared with the enzyme from E. coli. Similarity scores ranged from
75% (Hordeum vulgare, B. stearothermophilus) to 86% (H. pylori). A second region of similarity
covering positions 75 to 120 (containing the conserved motif B) of the gonococcal enzyme; the
identity ranged from 41% (B. stearothermophilus) to 60% (E. coli) and the similarity ranged from
56% (B. stearothermophilus) to 82% (H. pylori).

Besides the GIuRS sequences displayed in Fig. A5-1, the N. gonorrhoeae GluRS also

shared aa sequence similarities with other GIuRS enzymes. Most of the sequences were of
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Figure AS5-1. Alignment of the amino acid sequences of bacterial and eukaryotic glutamyl-
TRNA synthetases. Included in this alignment are the GIluRSs from N. gonorrhoeae, B.
stearothermophilus, H. vulgare, E. coli, H. influenzae, and H. pylori. The total number of amino
acid residues of each GluRs homologue is indicated in parentheses. The motifs A and B are

indicated, and the sequence signature of class I aaRSs is boxed in gray.
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bacterial origin, but significant similarity was also noted with the enzyme from barley (H.

vulgare).
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Appendix 6. Other analyses of the pgk gene.

The 321 bp from the partial ORF located downstream and in the opposite orientation to
that of fisX in pSB19 could be translated into 76 aa residues that shared considerable aa
sequence similarity with prokaryotic and eukaryotic 3-phosphoglycerate kinases (section
3.10.4.). Pgk catalyzes the following reaction (Mayes, 1985):

1,3-diphosphoglycerate + ADP <> 3-phosphoglycerate + ATP

With its important role in the catabolism of glucose, and based on its importance in all
living organisms, the structure of Pgk was expected to be very conserved during evolution (Mori
et al., 1986). The aa sequence of Pgk is highly conserved, as is indicated by the alignment of the
partial gonococcal Pgk with the same region of ten other Pgk sequences (Fig. A6-1). Among the
partial Pgk sequences presented in Fig. A6-1, the gonococcal Pgk shared the least identity (49%)
with the M. jannaschii enzyme; in all other cases the identity was at least 56% (Gallus gallus),
up to 72% (E. coli) and 76% (Alcaligenes eutrophus). The similarity scores between the
gonococccal enzyme and the other sequences displayed in Fig. A6-1 was at least 69% (G.
gallus), up to 83% (E. coli) and 93% (A. eutrophus). The extent of sequence conservation of 3-
phophoglycerate spans all kingdoms: prokaryotes (Gram-negative bacteria (A. eutrophus, E.
coli, H. influenzae) and Gram-positive bacteria (Bacillus stearothermophilus)), archaeae (M.
Jannaschii); eukaryotes (yeast (Saccharomyces cerevisiae), fungi (Trichoderma viride), higher
plants (wheat, Triticum aestivum), mammals (mouse, Mus musculus), and birds (chicken, G.
gallus). Amino acid sequence similarity was observed with a great number of other Pgk
sequences for all kingdoms when the similarity search was conducted (data not shown).

The structure of Pgk from several organisms has been resolved, and the structure is found
to be very conserved. Pgk is a symmetrical two-domain protein with each domain mainly
consisting in six repeats of a a/p structural motif (Mori et al., 1986). Upon combining the
primary sequence information with the three-dimensional structure of Pgk from mouse, human,

horse, yeast and two trypanosomes, it was observed that most of the conserved positions were
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part of twelve B-sheets and adjacent peptide regions that formed the inner loops surrounding the
ATP and 3-phophoglycerate-binding cleft (Mori et al., 1986). The carboxy-terminal domain,
more conserved, serves as the ATP-binding domain, and the 3-phosphoglycerate-binding site is
located in a-helix 14 (a14; Watson er al., 1982). The conserved B-sheets 11 and 12 (B11 and B
12) and @13 and «14 are part of the substrate-binding cleft in the carboxy-terminal end of the
enzyme and they are conserved in the partial N. gonorrhoeae Pgk sequence (Fig. A6-1).
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Figure A6-1. Alignment of the amino acid sequences of bacterial and eukaryotic
phosphoglycerate kinases. Included in this alignment are the enzymes from N. gonorrhoeae
(this work, U76418), A. eutrophus (139554), E. coli (X14436), H. influenzae (U32734), S.
cerevisiae (X59720), T. viride (S25381), M. musculus (M17299), G. gallus (L37101), T.
aestivum (X15233), B. stearothermophilus (X58059), and M. jannaschii (U67512). The
numbers in parentheses are the Genbank accession number of each sequence displayed. The
numbers in parentheses on the figure indicate the total number of amino acids of the Pgk
homologue. The beta helices 11 and 12 (11, B12), and the a-helices (13, a14) part of the
substrate-binding cleft of Pgk are also indicated (Mori et al., 1986).
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