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ABSTR&CT
The nucleotide sequence of the faeD gene of Escherichia coli and the

amino acid sequence of its product is presented. The faeD product is an outer
membrane protein required for transport of KSBab fimbrial subunits across the
outer wembrane. The protein is synthesized as a precursor containing a signal
peptide, and the tentative mature protein comprises 777 amino acid residues.
The distribution of amino acids in the faeD protein is similar to that of
other outer membrane proteins; showing a fairly even distribution of charged
residues and the absence of extensive hydrophobic stretches. Secondary
structure predictions revealed a region of 250 amino acid residues which
might be edded in the outer membrane.

The 5' -end of faeD is located within a region showing dyad symmetry. This
region serves to couple translation of faeD to the translation of the gene
preceding it (faeC). The 3'-end of faeD shows an overlap of 5 bases with the
next gene (faeE).

IWfIRXXJCTI0N
Fimbriae are extracellular filamentous proteins found on a wide range of

Gram-negative bacteria (1). They are mainly composed of a single protein

subunit with a molecular weight ranging from 17,000 to 30,000. Fimbriae play

an important role in bacterial disease, because they enable bacteria to

colonize host-tissues by means of a specific binding to host-receptors.

Together with haemolysins and bacteriocins, fimbrial subunits belong to the

few proteins of Eacherichia coli that pass both the cytoplamic and the outer

membrane. Little is known about the mechanism by which these proteins are

transported across the cell-envelope, however it has become clear that for

each of these three groups of proteins specific "helper" proteins are

required for this process (2,3,4). The genes for these helper proteins appear

to be part of the same gene cluster that encodes the exported proteins.

The subject of this paper, the K88ab gene cluster, has been shown to

contain at least 5 structural genes (faeC-H, fae: fimbrial adhesin

eightyeight) which are located within a sir.gle transcriptional unit (Fig.
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1)(5,6). The cluster harbors two fimbrial subunit genes. Who first (f) i

expressed at a low level and codes for a sm fbrial subunit. The soeond

(faG) is eVxpssd at a high level and codes for the large fimbrial subunit

which constitutes the wajor caonent of the KSSab fimbria. Genetic evidence

suggests that the sal fmbrial subunit is a minor component of the KeIab

fimbria (7). in addition to these two fiabrial subunit genes, the K8sb D0

contains three other genes (faeD, and rP) which are essential for the

production o firiae. PaeD and E code for an outer memb and a

periplasic protein, respectively (8). Both proteins are reqired for

traport of fiubrial subunits across the cell-nvelope (6,9). The faeP

product is located in the periplmic spae, and presumably involved in

adification of the fibrial subunit (9). It is not yet clear what the

function of the fifth gene (faef) is.

For a mber of reaon we are particularly interested in the structure

of the faeD polypeptide. First, it is involved in tranport of proteins

(fiwial subunits) across the cell-envelope, a process about which very

little is known. Insight in this phenamnon requires infonnation about the

structure of the proteins involved. Scond, a large number of fimbrial gene
clusters have been analysed (a 4 and 10 for recent reviews) and, although

they may differ in many respects, they invariably code for a similar if not

hmologous polypeptide. Cmrison of the primary structure of this class of

proteins may give us insight in molecular evolution and allow us to discern

betn variable and oonserved sequences, and hopefully to correlate these

with particular functions.

In this paper we present the sequence of the feD gene and the primary
and seoondary structure of its product. Furthermore, we show that efficient

translation of faeD requires prior translation of the all fibria subunit

gen (j).

ctria train and Plamds
E. coli strains 1301 (11), .301 (12) and DM1343 (13) were used as

bacterial hosts. The plasmid vectors were pM322 (14), pTG2 (15) and p8GlSoo
(13).
DM maniplations

Plwaid isolation, gel electroporesis of , plasid transformation
and ymtic manipulation of a were carried out by standard method
(16).
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DNA egecing
DNA s were determined using the dideoxynucleotide chain

termination method (17), cobined with the 113 cloning system (12). More than

95% of the sequence was performed on both strands. In addition, all

restriction sites used to clone fragments for sequence analysis, were

overlapped by sequence determination of different DNA fragments.

Construction of Dlasmids

P3lamid pUI317 (Fig. 4) was constructed by inserting a 1028 bp

Hindilr-Hincri K8Sab DNA frant (Fig. 1) between the HindlIl and SI sites

of pKG1OO. This places the C88ab DNM between the gal promoter and the galI

gene of pKG1800. Plasid pFK317d (Fig. 4) was derived fro ppF13A7, by

eucission of a 32 bp BstEIl fragmnt. This BetEl fra t contains a Sal

site, and plaids containing the desired deletion were identified by

cleavage with si.

Plamid pF315 (Fig. 4) was constructed by inserting a 845 bp ZooRV -

Hincll XSSab DM fragnt (Fig. 1) between the ZooRI and BstZII sites of

pTG2. To this purpose, the single stranded extensions of EcoRI- and BstEII-

cleaved pMPG2 molecules were removed with S1 nuclease. Cleavage of pWG2 with

EcM and estEII removes the part of the bla gene encoding the signal peptide
of 0-lactuse (15), and the described procedure was expected to result in an

in-fram gene fusion between the 5 '-end of fD, and the part of the bla gene

coding for the mature g3-lactamase. DM sequence analysis oonfirmed that the

desired fusion was obtained (Fig. 4). Plasmid p3l5d (Fig. 4) was derived

from pFM315 by excission of a 32 base pair EBtEII fragment as described for

pM1l7d.

I_jnoblotting

I_moblotting, using antibodies directed against 3-lactamase, was

performd as described by Krone et al. (18).

Enme asaws
Galctokinase was essaed as described by Momenney et al. (13). To

determine the ount of 1-lactaase produced, cells were grown in Trypticase

soy Broth (Oxoid) to an optical density at 660 nm of 0.5. Subsequently, cells

were harvested, washed with 0.1 K phosphate buffer pH 7.5, and suspended in

the saw buffer to an optical density at 660 re of 2.0. Cells were broken by
ultrasonic treatmnt, and t'he amunt of 3--lactamase in the cell-free extracts

was determined using the chrogenic substrate nitrocefin (Glaxo) (19).

C-amter assinted analysis

The hydrophilicity profile of the faeD protein was determined using
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Fig. 1. Genetic and physical map of the K88ab gene cluster. The thick black
lines and the thin lines represent pBR322 and cloned I88ab DMA, respectively.
The locations of the various structural genes are indicated by boxes. The
black ends of the boxes indicate parts of genes coding for the signal
peptides. The numbers between parentheses refer to the molecular masses in
kilodalton of the gene products. The arrow indicates the direction of
transcription. Only relevant restriction sites have been indicated. Er,
EcoRrl EV, EoMRV; 1rr, Hindrr HIrI, HindIrr; Pa, Pb, Pc, PstI; kb,
kilobases.

solvent parameter values assigned by Levitt (20). A span setting of seven

residues was used for this program. Protein secondary structure analysis was

carried out according to the algorithm developed by Chou and Fasman (21).

iWsuLTS
NUcleotide sequence and identification of the coding sequences.

Fig. 1 shows a genetic and physical map of the cloned It88ab gene cluster.

The precise location of the K8Bab genes within the cloned fragment was

determined previously (5,6), and faeD was shown to be located between faeC

and the P_tI-c site. The nucleotide sequence of the region located between

bases 741 and 3320 (Fig. 1) is presented in Fig. 2. The sequence of the first

817 bases (containing faeC) has been published (7). The DNA sequence shown in

Fig. 2 specifies an open translational reading frame between the bases 815

and 3256, whose location is consistent with that of faeD. The 5-end of faeD

contains two potential initiation codons, the second of which is probably

positioned more optimally relative to the Shine-Dalgarno sequence (22). The

ribosome binding site of faeD is located in an area which has the potential

to form a stable secondary structure (Fig. 3), suggesting that this site may

not alwwas be accessible to initiating rib s (see below). The 5 '-end of

faeo codes for a signal peptide, which is in agremnt with our observation

that faeD oodes for a precursor which is 2,000 to 3,000 dalton larger than

the mature polypeptide (5). The #mt likely cleavage site for signal

peptidase was dtermined by the mtbod of Von Seijne (23). The tentative

mature polypeptide is predicted to comprise 777 amino acid residues and the

molecular weight calculated from the amino acid sequence (82,065) agrees well
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faeC
VAL PHE PRO ALA ASP VAL LYS ALA 6LY CLU TYR SER CLY ALA LEU TOO POE VAL SAL TOO
6T YrT C 6 6C r 6A66T C 6 6 6 66 T TCC6 C CT C6A T T T TOT Tr 6 A CRT

750 760 770 780 790 800

TYR SLO faeD 4
MET LYS LYS TYR VAL THR TAR LYS SER VAL L PRO ALL ALA

IATCA6TARA6T ATC6A6A6AA6CCAT6A A TA TT6 AcA AAAATC A6T6cAC6CA6TO
151 820 830 840 5S0 860

PHE ARC LEU THR THR LEU SER LEU VAL RET SER ALA SAL LEU 6LY SER ALA SER VAL ILE
C 6 T T T C 6 T C T 6 A C A A C C C T 6 A 6 T C T 6 6 T T A T6 T CC 6 6 T A C T 6 6 6 C A 6 C C A T C 6 6 T T A

1 870 080 090 900 910 920

ALA SLY 6LU LYS LEO ASP RET SER POE ILE 6LN 6LY 6LY SLY 6LY VAL ASS PRO 6LU SAL
T T 6 C C 6 6 T 6T A A AA C T A T A 6 T C C T T T A T C C A 6 6 6 6 6 6 6 6 6 C 6 6 6 6 T T AO T C C 6 6 A A 6

930 940 9S0 960 970 980

20
TRP ALA ALA LEU ASN GLY SER TYR ALA PRO 6LY AR6 TYR LEU VAL ASP LEU SER LEU 0SN

T C r 6 6 6 C A 6 C C C T 6 AA C 6 6 C A 6 C T A T 6 C 6 C C 6 6 6 6 C 6 T TO T C T 6 6 T06 C C T 6 T c c C TOO
990 TOSS 1 010 1020 1030 1040

40
SLY LYS 6LU ALA 6LY LYS OLO ILE LEU ASP VAL THR PRO 6LN ASP SER 0S0 BLU LEU CYS

A C 6 6 6 AA 6 6 A 6 6 C C 6 6 6 A AA C A 6 A T A C T 6 6O T 6 T 6 A C A C C AC C6 6 AC A 6 T 00 T G A A C T 6 T
1050 1060 1070 1080 1090 1100

60
LEU THR 6LU ALA TRP LEU THR LYS ALA 6LY YAL TYR VAL SER ALA ASP TYR PHE 0R0 6LU

6 T C T 6 A C A 6 S6 6 C A T 6 6 C T 6 A C 6 OA 6 6 C T 6 6 6 6 T T T A C 6 T C A 6 T S C A 6 A T T A CT T T C 6 T 6
110 1120 1130 1OT0 1150 1160

50
GLY TYR ASP ALA THR 0R6 6LN CYS TYR SAL LEU THR LYS ALA PRO SER SAL LYS SAL ASP

0 6 6 6 A T A T 6S C 6 CC AC A C 6 0C A 6 T 6 C T O T 6 T 6 C T 6 A C A AA A 6 C C CC 6 T C A 6 T 6 A A 6 6 T G 6
1170 1180 1190 1200 1210 1220

100
PHE ASP VAL SER TAR 6L0 SER LEU ALA LEU SER ILE PRO 6LN LYS OLY LEU VAL LYS SET

A T T T T 6 T 6 TT T CC A C C C A 6 A 6 T C T 6 6 C 6 C T 6 T C C A T T C CC C A 6 AA 6 6 6 6 C T 6 tT 6 A A6 A
1230 1240 1250 1260 1270 1280

120

PRO OLU 0S0 VAL ASP TRP ASP TYR 6LY THR SER ALA PHE 0R6 SAL 0S0 TYR 0S0 ALA 0S0
T 6 CC 066 06 A T 6 T 6 6S C T O 6 6S T T A C 6 6 6S C C A 6 T 6 C A T T T C 6 C 6 T 6 A A C T O T A A C 6 C G A

1290 1300 1310 1320 1330 1340

140
ALA 0S0 THR 6LY 0R6 0S0 0SN THR SER ALA PHE 6LY SER ALA ASP LEU LYS ALA 0S0 ILE

A C 6 C C A A C CC 6 6 C C O T OO T A A C A C C T C 6 6 C C T T T 6 6 C T C AO C 6 60 C C T 6 A A A 6 C C OA T A
1350 1360 1370 1380 1390 1400

160
6LY HIS TRP SAL VAL SER SER SER ALA THR ALA SER 6LY 6LY ASP SER 6LY ASP 0S0 SER

Cc 6 6 6 C A C T 6 6 6 T 6 6 T 6S 6 T T C T T C T 6 C C A C 6 S C C O 6 C 6 6 C 6 6 T 6S C O 6 C 6 6 6 6 A T A A C T
1410 1420 1430 1440 1450 1460

100
TNR THR ILE 0S0 MET PHE THR 01 THR 0R6 01 ILE ARS ALA LEU SER ALA ASP LEU ALA

C C A C C A C 6 A T A A A T A T 6 T T T A C 6 6 C C A C C C 6 6 6 C C O T C C 6 C 6 C A C 0006 T G C 6 6 A C C T G 6
1470 1480 1490 1500 1510 1520

200
VAL 6LY LYS TOR SER THR CLY ASP SER LEU LEU BLY SER THR 6LY THO TTY CLY 50L SER

C 6 6O C 6 6 6 A AA A C A T C C A C C 6 6 6 6 A C A 6 T C T 6 C T 6 6 6 C A 6 T A C 6 6 6 A A C 6 T A C 6 6 C 6 T 6 T
1530 1540 1550 1560 1570 1580

220
LEU SER SO6 0S0 0S0 SER OET LYS PRO 6LY 0SN LEU 6LY TYR THR PRO VAL POE SER ALY

C 6 C T 6 A 6 C C 6 6 AA C A A C A C C A T 6B A 6 C C 6 6 6 CA A T C T 6 6 6 6 T A T A C C C C 6 6 T 6 TT C A C 6
1590 1600 1610 1620 1630 1640

240
ILE ALA 0S0 6LY PRO SER 026 VAL THR LEU TOR SLN 0S0 6LY OR6 LEU LEU HIS SER 6LU

6 C A T T 6 C 6 AA C 6 6 6 C C 6 T C 6 A 6 6 6 T 6 A C A C T 6 A C A C A 6 A C 6 6 6 C 6 6T T 6 C T c cA T T C 6 6
1650 1660 1670 1680 1690 1700

260

OET 50L PRO ALA 6LY PRO PHE SER ILE THR ASP VAL PR0 LEU TYR THR SER BLY ASP VAL
A 6 A T 6 6 T 6 CC 6 6 C 6 6 6 T C C 6T T C T CCA C A C 6 6 A T 6 T 6 C C 6 C T 6 T A C A C C A 6 T 6 A T 6

1710 1720 1730 1740 1750 1760

200
THR NET LYS ILE THR 6LY 6LU ASP 6LY 0R0 ASP 6LU V0L 6L0 0S0 PHE PR0 LEU SER VAL

T 6 A C C A T 6 A A AA T C A C C 6 6rT 6 A 6 A C 6 6 6 C 6 C 6 A C 6 A 6 G T A CA 6A A C T TCCC6T T TC 6
1770 1780 1790 1800 1810 1820

300
OET ALA 6LY 6LA LEU SER PRO 6LY 6LO HIS 6LU PHE SER VAL ALA ALA SLY LEU PRO ASP

T 6 A T 6 6 CC 6 6 6 C A 6 T T AA 6 C C 6 6 6 6 C A 6 CAC 6 A 6O T C A 6 T 6 T 6 6 C 6 C C 6 6T T T 6 C C T 6
1B30 1840 1850 1860 1870 1880
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320
ASP ASP SER ASP LEU LYS SLY SLY YAL PHE ALA ALA SER TOR SLY TYR SLY LEU ASP SLY

AC 6 A T 6ACA6 t 6 A C C T AA6A6A C T 6 T 6T T T 6C 6 C 6 T CAT A C 6 6 T tA C 6 T C T 66A C6
1890 1900 1910 1920 1930 1940

340
LEU THR LEU ASS ALA 6LY SLY SAL PHE ASS SLO ASP TRP SLO 6LY ALA SER ALA SLY VAL

SA C T 6 A C 6 C T 6 C 6 A 6 C C 6 6 T 6 6 6 6 T 6 T T C A A C C A 6 8 A C T 6 6 C A 6 G S6 G C C A 6 T 6 C C 6 6 TC
1950 1960 1970 1900 1990 2000

360
SAL ALA SLY LEU 6LY TYR LEU 6LY ALA VAL SER ALA ASP 6LY ALA TR ALA THR ALA LYS

T O 6 T T 6 C C 6 6S C T 6 6 0 T T A C C T G 6 6 60 C S6 T A T C S6 C T 6O C 6 6 6 6 C T A t 6 CC A C S6O C S A
2010 2020 2030 2040 2050 2060

300
TYR AR6 ASP SLY SER HIS SER SLY ASA LYS SAL SLO LEU SER TRP SER LYS 6LS LEU OLU

A A T A C C 6 T 6 A C 6 G C A 6 C C A C A 6 C 6 6 6 A A T A A G B T 6 C A G C t G T C C T 6 G A G T A A A C A A C T G G
2070 2000 2090 2100 2110 2120

400
TAR TOR ASS TOR SLY LEU AR6 VAL SER TRP SER AR6 6LO SER GLU 6LU TYR 6LU SLY MET

A 6 A C 6 A C 6 A A C A C C 6C 6 C t 6 C O6 6 T A A 6 C T 6 6 T C A C 6 G C A 6 A 6 T G A A6 A T A TA AA 6O C A
2130 2140 2150 2160 2170 2180

420
SER SEA PHE ASP PR0 THR 6LU LEU TRP SER 6LO SER ASS HIS SLY ARS ARS TAR LYS ASP

T 6 T C C T CC T A6 C C C 6 A C A 6 A 6 C T 6 t 6 6 T C 6 C AOT C A A A T C A T 6 6 6 C 6 C C 6S A C 6 AAA 6
2190 2200 2210 2220 2230 2240

440
SLU TRP ASS ALA 6LY ILE SER OLN PRO VAL SLY 6LY LEU POE SER LEU SER SAL SER SLY

A T 6 A A T 6 6 A AAA C C S 6 T A T C A 6 T C A 6 C C 6 6 T G 6 G COSS T T 6 T t C AO T C T 6 T C 6 6 T 6 T C C 6
2250 2260 2270 2250 2290 2300

40
TSP SLN A0G SER TYR TYS PRO ALA SER OET T1R SLY SER TYR ASS TTR SEA ASP UP ASS

CC TI6C ACS6AS T TACTT A CC TC TCC A CT 6AC 6AA A6t TAC C66 TA CACIACT6AC
2310 2320 2330 2340 2350 2360

40
SLY LYS 6LU TOR SLY ILE THO 6LY SER LEU SER THR OLO ILE LYS 6LY SAL SER LEO ASS

A C 6 I A A A A C A A A C C 6 6 T A T T A C C 6 6 C A 6 T C T I A C T A C C C A 6 A T A A A 6 6 6 T c T C A 6 T C T 6 A
2370 2380 2390 2400 2410 2420

500
LEO SLY TOP SER DLY SEE ASS ASS SER ASS 6LY SLU ASS ASO TSP SEA ALA SER ALA SER

A C C T 6 6 6 C T 6 6 T C C 6 0 C T C C C S S A A C t C C C S S 6 6S S S 6S A T A A C Y S 6 T C S 6 C 6 T C T S C r T
2430 2440 2450 2460 2470 2480

520
SAL SER SAL PRO PHE THA LEV POE ASP ARS ARS TIt SER SER SER ALA SER SAL SER TOR

C06C T C T C 6C6 T AC C 6 T T C AC AC T 6 T t T 6 A C C 6 T C 6C Tr C A 6 C A6C A 6 T 6 C 6 T C 6 6 T 6 A6 Tr
2490 2500 2510 2520 2530 2540

540
SEA LYS SLY SLY SLY THR SLY POE SER TOR BLY VAL SER 6LY SER LEU 050 ASP ARS PHE

CCEA C A A A 6 6 56 6 06 6 C A C A 6 6C I T C A 6 C A C C 6 6 T AT A T C C O 6 C T C A C T 6O A T 6S C CO T T
2S50 2560 2570 2580 2590 2600

560
SEA T10 SLT LEU SLY SLY 6LY ARS ASP 6LY ASP SLY SLY THR SE SEER TY LEA ASS ALA

T COO C T A T 66 t C T 6 6C 66 T TC 6T 6A C 66T6A T 6 T 66 TA C COA C A6T 1 CC TO6 A C6
2610 2620 2630 2640 2650 2660

580
SER TOR SER SLY ASP ARS ALA TYR LEU 0S9 SLY SAL LEU ASS AIS SEA 6LO SEA SLY SLY

CC T C A T AC A6 T 6 6 T 6ACC 6 6 C T T A T C T 6 AA T 6 6 T 6 T C C T 6AAC C C T C C A 6 TC C6C6
2670 2680 2690 2700 2710 2720

600
SER ELN TRP POE CYS LEU 6LY CLO ASR PHE SLY TOR SLY SES SEA SLY SLY OLU ASS 015

6 A A 6 C C A 6 T 6 6 T T C T 6 T C T C C 6 T C A 6 C 6 6 T T C G 6 T A C Tr 8B C A 8 T T C C 6 6 C 6 I C B A A A 6 A C
2730 2740 2750 2760 2770 2780

620
NIS SAL DL# PR0 HIS ASP ASS 006 HIS SLY 6LY SLY 6LY 6LU CY$ OLU SLY NIS ALA SLY

A T C A T 6 T T C A 6 C C 6 C A C 6 A C C 6 6 C 6 A C A C 6 G T G 6 C 6 6 T 6 G T C A A T 6 T 6 A A B 6 A C A C C C C B
2790 2800 2010 2820 2830 2040

0

SER GLU BLY ASP SER OLY ASP 6LY 6LS THR ALP SER ASP SLY ASS LEO SAL VOL PRO LEU
6 60 0T 6 A A 60 T 6 A C T CC 6 6 T 6S C A CA AC T 6 C A 6 C 6 C 6 6 C CC T 6 t 6 6 T A C C 6 C

2850 2060 2870 2080 2890 2900
660
ASS SER TYR ASP TRP ASS TOR SAL TOR ILE ASP THR BLY THR LEU PRO LEU SOR THR OLU

T 6 A A C A IC T A T 6 A C T 6 6 A A C A C C6 T 6 A C 6 A T T 6 A TA C 6 6 6 C A C A C T C C C G C T 6C 6 C A C C 6
2910 2920 2930 2940 2950 2960

600
LEU TOR ASS TOR SER 6LN LYS SAL SAL PRO THR ASP LYS ALA SAL VAL TRP SET P50 POE

A A C T 6 0C 0A A C A C C O 6 T C A OAA 6S 6O T C CAC 6 6 A C A A 6S C 6 C T 6 6 A T 6 C C 6 T
2970 2900 2tt0 3000 3010 3020
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700
ASP ALA LEU LYS VAL LYS ASS TYR LEU LEU OLO VAL LYS 010 ASS ASP SLY SLU POE VAL
SO6AT S C C CYTO6AA AO6T TA AS6C STYT A CC T S C T C AS6O T 6 AAO6C AS6C ST SAC SO6 TO6ASTYT T S

3030 3040 3050 3060 3070 3000

720
PRO SLY SLY TOO TSP ALA ASS ASP SER LTS ASO TOO PRtO LEU SLY POE SAL ALA ASK ASS

TO6C C6S6OS6S6A A CC T 6O66C A CO6 I SA CAS T AAO6A A COACAC CO6C T SO6O8C IT TOT6 IA6C TA A CA
3090 3100 3110 3120 3130 3140

SLY VOL LEO SET ILE ASN TAO VOL ASP ALA P00 SLY ASP OLE TAO LEU SLY OLS CYS ASS
AT66T001 TO6CY 006 TOOAT TOAAC A C6 T 6AT010 C6 cCOCOS6ISTO TOAT CoAC CC TO6OC C AS6TOC C

3120 3100 3170 3100 3190 3200

760 M~~~~~~~~~~~~~~~~lT SER LYS
ILE PRO ALA ALA 0R0 LEO OLS ASP 10R SLU LYS LEO SLN SLO ILE THR CYO OLO 0**

SOO 66CCA6ACT6AoccAcAccAoCcTocoooCIAc1000 Acoooo_O TOTAC SI ST SOO6 T 000
3210 3320 3230 3240 3250 32600

050 00# ALA VOL TOE TAR POE POE TAO ASN ASS VOL 100 LYS ALA LEO SLY NET TNR LEO
CO6T A AC oc 00A TOAA C SACS6 TI IT ITC A C TO AAC COOS6 I SAC 000 SA6C A C TO 0000A TO6OAC I C TO6

3270 3200 3290 3300 3310 3320

Fig. 2. Nucleotide sequenkce of faeD. Bases are numibered starting from the
Hindill site (see F-ig. 1). The vertical arrow indicates the presumd cleavage
site for signal peptidase. Thedeud amino acid sequence is numbered from
the N-terminus of the mature protein. Nucleotides coelmntary to the 30'-end
of 16 S rUAM are underlined.*Th DMA and correspondIng amino acid sequnCes
of the end of faeC and the start of fasE are alsmo shown.

with the molecular weight estimated from SDS-polyacrylamide gels
(81, OOO)( 5). The DNA sequence indicates that there is an overlap of 5 bases
between faeD and the next gene, fae (Fig. 2).

U
A G

SD o AC
sequence A

I r~~~1W I~aeD
Istop A A
faeC

A

A A
C A
U--A
A--U
U--A

U U
C--G
A--U1
C-.G
UJ--A
5.-c
U--A
U--A
G.-C
U--A G --12.6
U--A
U1--A
U--A -0

5'-UGAC UICAG-3'

Fig. 3 * Possible seconidary structure for wd by the X55ab mW. Thrmirator
(in faec) and initiator (in faeD) codons have been blocked. AG was calculated
accordSing to Tinoco et al. (25). SD, Shine-Dalgarno sequence.
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Function of the region of dyad symetry.

As mentioned above, the 5S'-end of faeD is located in a DNM region shoving

dyad sy_etry. The transcript of this region has the potential to form a

stable stem and loop structure (Pig. 3), and two functions can be envisaged
for this structure. First, it may be involved in termination of transcription

(24). Second, since the structure sequesters the Shine-Dalgarno sequence as

well as the initiator codon of faeD, it may affect initiation of translation

of faeD. The 31 -end of faeC extends into the region of dyad symetry (Fig.

3). Therefore, translation of faeC will disrupt the secondary structure, and

might affect transcription termination and/or translation of faeD.

To study the effect of the stem and loop structure on transcription we

inserted a K55ab DMA fragment, containing faeC, the region with dyad symmetry

and the 51-end of faeD, between the g 1 promoter and the galK gene of pJGl8OO

(Fig. 4). In pIQGl8O0, ga is preceded by stop codons in all three

translational frams (13), so that the constructed plasmid (designated

pP3317) allowed us to evaluate the effect of signals in the inserted KSSab

DNA fragment on transcription only. To study the influence of translation of

the 3' -end of faeC on transcription termination, it was necessary to relocate

the translation termination codon of faec so that ribosas translating faeC

could not disrupt the stem and loop structure. The DNM sequenoe of faeC (7)

revealed that this could be accplished by deleting a 32 bp BstEII fragent

from faeC. Excission of the BstEII fragment results in a frame-shift which

relocates the stop codon of faeC som 170 bases before the region of dyad

--try. The plasmid containing this deletion was derived from pPM317 and

designated pFN317d (Pig. 4). Plamid pUCG1OO harbors the 3-lactae gene,

and to core the oopy numers of pKGI00 and its derivatives p11317 and

pFM317d, the amount of g-lactamase produced by strains containing these

plamids was also determined (Fig. 4).

Insertion of the KeRab fragent reduced aX expression with 52% (Fig.

4). The reduction in a expression might be due to termination of

transcription or a decrease in plid copy number. Since the g-lactamase

determinations suggested that insertion of the KC8ab DM fragment in pKG1800

increased its copy numer, the latter possibility seem unlikely. Relocation

of the translation termination codon of faeC, did not result in a significant

change in copy nuer or exprssion. Thus, it seem unlikely that

translation of faeC affects termination of transcription.

To study the effect of the stem and loop structure on the translation of

the faeD message, we constructed a gene fusion between the 5 '-end of faeD and
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enzyme activities(% of pK61800 cells)

100 bP galK bia

pKG1800 O100 100
faeC fseD galK

Pgal

')111Lr pFM317 48 (5) 146 (28)
Hill EV B S B (HIl -S)

. ~j ~1 U ; rpFM317d 47 (11) 148 (30)

pTG2 nd 294 (22)

Pbla faeC feeD bia

7l 1.i|-- pFM315 nd 90 (1.3)

(EI-EV) BSB (HII-B)

I
- 1 pFn3 nd 3.2 (0.9)

arg tyr leu val !,pro glu thr leu

CGT TAT CTG GTT CCA GAA ACG CTG

Fig. 4. Plamids used to study the effect of the KI8ab DINA region showing
dyad syuetry on transcription and translation. Thick black lines represent
pKGlSO001K (in pU317 and pl317d) or pTG2 D0KZ (in pPM315 and pU315d). Thin
lines represent K8sab DNA. Structural genes are indicated by boxes. *The black
ends of the boxes indicate parts of genes coding for signal peptides. The
location of the region showing dyad symtry is indicated by the shaded box.
The arrows indicate the direction of transcription. Plamids pfl17d and
pPM315d contain a mall deletion in faeC, whidb results in pmature
termination of translation 170 bass before the region of dyad symetry. The
untranslated region of faeC in these plamids is indicated by the stippled
box. The sequence of the fusion junction between faeD and bla is shown at the
bottom of the figure. Numbers above the sequence refer to the amino acid
residues of the mature form of the two proteins. Enzyme activities detected
in cells oontaining the various plamids are shown on the right. Nap of
pKGlBOO and pTG2 are not included in the figure. Plamid pKGlSOO oontains the
bla gene in addition to the a gene. Galactokinase and g-lactamase
activities detected in cells containing pEGlSOO have been arbitrarely set at
100%. The values are the ean of at least three independent determinations.
The nuwers between parentheses indicate standard deviations. *Letters
between parentheses indicate restriction sites that have been lost due to the
cloning procedure. Pgal, galactose prMter Pbla, g3-lactamase pr ter;
gall, galactokinase; bla, i-lactamasel B, BstErzI Er, E toRI EV, EoWsv HII,
HincIIt HIII, HindIII 5, §IT bp, base pair8 nd, not determAined.

the part of the bla gene coding for the mature 13-lactamase. To this purpose,

a KS8ab DNA fragmnt, containing faeC, the region with dyad symetry and the

5 -end of faeD, was inserted within the bla gene of prG2 (see Materials and

Methods). The squence of the fusion junction was deterinied and it appeared
that the expected in-frame fusion was obtained (Fig. 4). The plamid

containing the gene fusion was designated pFM315, and a derivative of pF315
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1 2 3 4
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Fig. 5. Identification of faeD-bla fusion polypeptides by imunodblotting.
Cells were grown as described for the %3-lactamase assay (Materials and
Methods), harvested and suspended in saple buffer to an optical density at
660 rm of 20. After heating the cell suspensions for 5 min. at 100°C,
polypeptides were separated on a 12.5% DS-polyacrylamide gel. Equal volums
of the various prarations were applied to the gel, euoept for the pTG2
preparation, in which case a fourfold smaller volume was used. After
electroreis, polypeptides were transferred to nitrooellulose and fusion
polypeptides were detected with g3-lactamase antibodies. Lane 1, strain B3101
with p T2 lane 2, strain BB101; lane 3, strain 11101 with pM315; lane 4,
strain 1101 with pM3l5d. The position of two molecular weight markers is
indicated on the right.

(designated pFMl5d) (Fig. 4) was constructed to relocate the translational

stop codon of faeC, as described for pF317d. The 1--lactamase activity
detected in cells containing pM315 was very low coipared to cells with pWG2
(Fig. 4). Furthermore, if the translation of the 3_-end of faeC was prevented
a threefold reduction in 3-jlactamae activity was observed (Fig. 4). This

indicates that the region of dyad syintry is involved in translational

control of farD. Apparently efficient translation of faeD requires prior

translation of faeC.
The faeD-bla fusion products were also studied by means of ianno-

blotting using antibodies directed against g-lactamaue. In cells ontaining
p315 three bands were cbserved which reted specifically with g- lac- a

antibodies (Fig. 5). The slowest migrating band presumably oontains the

unprocesed fusion protein, because it migrated at a position that

comrWponds with the calculated molecular weight of the unprocessed fusion
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product (i.e. 36,002). The two faster migrating bands probably contain the

processed fusion protein (calculated molecular weight 32, 266), and a

degradation product, respectively. In cells harboring pF3l5d the putative

unprocessed fusion protein was generally not detectable, while the two other

fusion proteins were present in much lower amounts ompared to oells

containing pFN315 (Fig. 5). Thus, the imrunoblot experiments also indicated

that translation of faeC enhanced translation of faeD.

DISCUSSION

Structure of the faeD polypeptide.

The faeD polypeptide is similar in several respects to other outer

mebrane proteins (26). It has an appreciable content of charged amiino acid

residues (19%), and does not exhibit extensive segments of hydrophobic

residues. The largest segment devoid of charged or polar groups is 13

residues long and located between residues 357 and 369 (Fig. 2). The

hydrophilicity profile of the protein confirms that, like other outer

memrane proteins, it is not particularly hydrophobic (Pig. 6).

Seoondary structure analyses of outer brane proteins has shown that

they generally have a high -heet and a low u-helix content (26). This

suggests that regions of proteins which are embedded in the outer mmbrane

have a 0-sheet conformation. Paul and Rosenbusch (27) have suggested a

folding pattern for outer nrane proteins, in which transmsbrane 0-sheets

of 6 to 24 residues are located between turns. The faeD protein differs from

mst other analyzed outer brane proteins, in that Chou and Faman analysis

predicts apprimtely equal amounts of a-helix and 0-sheet (27 and 32%,

respectively) (Fig. 6). Hwver, between residues 450 and 700 a region is

observed which is devoid of a-helixes, and which shows an alternation of

turns and sheets. It is possible that this part of the molecule consists of

trans brane sheets connected by coils or turns which are exposed at the

cell surface or in the periplamic space.

Mutations in the faeD gene abolish fimbria formation, and result in the

accualation of the large fimbrial subunit (pG) in the periplamic space,

where it is found associated with the faeE protein (pE) (9). Apparently, the

faeD protein is involved in transport of fimbrial subunits across the outer

membrane. We presum that it is a tranmmewbrane protein that binds the pG-pE

complexes at the periplamic side of the outer _mebrane, transports pG across

the br , initiates the polymerization of the subunits, and anchors the

fixbria to the cell. By emining the topology of the molecule in the outer
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Fig. 6. Hydrophilicity profile and secondary structure prediction of the
freD polypeptide. In the hydrophilicity profile, relatively hydrophilic
regions appear above the zero line. Amino acid residues are numbered from the
N-terminus of the mature protein. Black boxes, fr-turns,; open boxes, 03-sheet,
shaded boxes, u-helix.

2454

I~~~~~~~~~~~~~~~

I
~ A

l- :M.m., TF. i=.,E
,I ,I II..I..I

Z'

a

E1

Z'
V

E

E

0

>I



Nucleic Acids Research

membrane and by means of site-specific mutagenesis, we hope to be able to

assign these functions to various domains of the molecule.

Regulation of the faeD gene.

The 3 '-end of faeC and the 5S-end of faeD are located in a region showing

dyad symetry (Fig. 3). Thus, depending on whether or not the fa gene is

translated, the transcript of this region may form a secondary structure. The

seondary structure might be involved in termination of transcription or,

since it sequesters the ribosome binding site of faeD, in translational

control of faeD.

To study the effect of this DNA region on transcription, it waz inserted

between the gal promter and the a gene of plCG1800. Insertion of the C88ab

DNA fragent reduced q expression with 52% (Pig. 4), indicating that

transcription is terminated within the KI8ab DNA fragment. When translation

of the 3 '-end of faeC was prevented, no further reduction in ga erssion

was observed. This might indicate that translation of faeC occurs too

infently to significantly affect the formation of the secondary

structure, and thus transcription termination. It is also possible that the

reduced ga expression is not due to this secondary structure, but to a

decreased A stability, or to the presence of as yet unidentified

transcriptional terminators within the K8sab DMA fragnt.

A gene fusion between the 5 '-end of faeD and the 3-lactatase gene was

usd to determine whether the region showing dyad symmetry was involved in

translational control. To this purpose, the amount of fusion protein produced

was determined by mans of a g3-lactamase assay and ium blotting. These

experiments revealed that, if translation of the 3 '-end of fasC was

prevented, synthesis of the fusion protein decreased. The most likely
exPlanation for this phenomenon is, that the ribosome binding site of faeD is

masked by m secondary structure if the 3'-end of faeC is not translated. A

similar Andhanis controls the translation of the lysis gene of bacteriophage
132 (28). It should be noted that translation of faeC is terminated within

the Shine-Dalgarno sequence and very close to a start codon of faeD (Pig. 3).

Therefore, it is conceivable that (components of) a ribocm terminating
translation of faeC could reinitiate translation at faeD without being

released from the mTIR molecule. Such a mechanism has been suggested for

genes which have ovrlapping stop and start codons (21), or stop and start

codons that are separated by only a few bases (30).

It is not clear to what extent translation of faeD is enhanced by prior
translation of faeC. The A-clatamase assay suggested that translation of faeC
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increased translation of faeD only threefold. However, the i bmuncblot

experiments suggested a mub larger increase (Fig. 3). This discrepancy might

be caused by the fact that increasd synthesis of the fusion protein does not

result in a proportional increase in the amount of its ensymtically active

form. This asumption is confirmed by imunoblotting experiments, which show

that increased synthesis of the fusion protein leads to a disproportional

large increase in the amount of its unprocessed form, which is probably

ensymatically inactive (31). It has been shown that sequestration of a

ribosome binding site in a secondary structure with approximately the saime

thermodynamic stability as the KI8ab structure, may reduce translation of a

gene twentyfold (32). Thi suggests that unmkaking of the ribosome binding

site of faeD, by ribosomes translating faeC, may enhance translation of faeD

awroxcimately twentyfold.

Fusion of the translational initiation signals of faeD to the bla gene

dramatically reduces its expression. This indicates that faeD is translated

infrequently, which is consistant with the observation that the faeD protein

is present in low amounts in the oell (5).

Thus, faeC and faeD form a translationally coupled gene pair.
Translational coupling may be a mans to ensure a proper molar production of

polypeptides that are part of the sa structure (29). We have not yet been

able to locate the product of faeC, but in view of the afore mentioned, it

seem likely that it is part of a structure that also contains the product of

faeD. It is possible that pC is part of the basal structure of the fimbria
where it might form a link between p1 and the filamntous structure comosed

of pG. This assmption is supported by the observation that, in the absence

of pC, pG is not assembled into fiabriae but accumulates in the periplasmic

space (unpublished experimnts).

mTere is an overlap of 5 bases between faeD and faeE (Fig. 2). It is not

clear what the function of this overlap is. It seem unlikely that the

overlap is involved in translational coupling, since the faeD protein is

producd in mch lower amounts than the faeE protein (5). Furthermore, a

mutation which relocates the stop oodon of faeD and abolishes the overlap

between the two genes, does not alter the aunt of the faeE protein

synthesised in minicells (not shown).
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