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The nucleotide sequences of the genes encoding the subunits of Klebsiella pneumoniae and Salmonella
typhimurium type 1 fimbriae were determined. Comparison of the predicted amino acid sequences of the two
subunits revealed domains in which the sequences were highly conserved. Both gene products possessed signal
peptides, a fact consistent with the transport of the fimbrial subunit across the membrane, but these regions
showed no amino acid homology between the two proteins. The predicted N-terminal amino acid sequences of
the processed fimbrial subunits were in good agreement with those obtained by purification of the fimbrial
subunits.

Type 1 fimbriae of many genera of the family Enterobac-
teriaceae appear morphologically identical, yet antigenic
diversity exists among these fimbriae (5, 7, 12). This may
result from evolutionary selection pressure to preserve the
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fimbrial subunits of K. pneumoniae and S. typhimurium. We
also compare these sequences with the previously charac-
terized fimbrial subunit of Escherichia coli (13, 14).
The physical maps of the chimeric plasmids pBP7 and
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FIG. 1. Physical maps and DNA sequencing strategies. The physical maps of plasmids pBP7 and pISF101 are shown, and the restriction
maps of their deletion derivatives, pBP715 and pISF137, are represented directly beneath each parent plasmid. The dark lines below plasmid
pBP715 and pISF137 depict the relative locations of the genes encoding the respective fimbrial subunits. DNA sequencing strategies for each
gene are outlined beneath plasmids pBP715 and pISF137. Both strands of the DNA for each gene have been sequenced. kb, Kilobase; bp,
base pair.

structure and function of these organelles while concomi-
tantly allowing for antigenic variation. Thus, the type 1
fimbriae of Klebsiella pneumoniae and Salmonella typhimu-
rium are serologically distinct but maintain a similar mor-
phology. The fimbrial gene clusters of K. pneumoniae and S.
typhimurium have been cloned and described elsewhere (4,
15). Each cluster is composed of several genes, the expres-
sion of which is required for phenotypic production of type
1 fimbriae. In this report, we describe the nucleotide and
amino acid sequences of the genes encoding the type 1
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pISF101, encoding phenotypic expression of K. pneumoniae
and S. typhimurium fimbriae, respectively, are shown in Fig.
1. The deletion derivatives pBP715 and pISF137 were de-
rived from the parental plasmids and contain the appropriate
fimbrial subunit genes. The complete nucleotide sequences
of both fimbrial genes are shown in Fig. 2, and a comparison
of the predicted amino acid sequences for the K. pneu-
moniae, S. typhimurium, and previously published E. coli
type 1 fimbriae (13) is shown in Fig. 3. Although the DNA
relatedness of E. coli K-12 and S. typhimurium LT2 has been
reported to be greater than that between E. coli K-12 and K.
pneumoniae II (2), the fimbrial subunit genes of K.
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K. pneumoniae TGTTTAACTTACCGATAACAAAGTTAAAAAAC AAATAAATACAAAACACTGGGGCC*ACTGTCCATATT
E. coli GATTTAACTTATTGATAATAAAGTTAAAAAAACAAATAAATACAAGACAATQQGG0CCAACTGTCAATATC
_. typhimurium ------------------------------------------------------------------------

-400
ATAAATAAGTTACGTATTTTTCTCAAGCGTAAAAATAGTTAAAAAACGACAAAAAGCGTCTAACTGTTTGATATGTAAATTATTTCTATTGTA
ATAAATAAGTTACGTATTTTTTCTCAAGCATAAAAATATTAAAAAACGACAAAAAGCATCTAACTGTTTGATATGTAAATTATTTCTATTGTA
---------------------------------------------------------GGTTACCGTAATCCCTCGTCGTTAATAGCATCGGGC

-355
-300

AATTAATTTCACATCACCTCCGCTATATGTAAAGCCGAACGTTTCTGTGGCTCGACGCATCTTCCTCATTCTTCTCTCCAAAAACCACCTCAT
AATTAATTTCACATCACCTCCGCTATATGTAAAGCT-AACGTTTCTGTGGCTCGACGCATCTTCCTCATTCTTCTCTCCAAAACCACCTCAT
GGCATAATGCGACATTTTATACAAAATCCGATTAGACCCTTCATTATATATCCCAATAAGATTAGTCI~~~~GAGTTTGCGGCTA

-300
-200

GCAATATAAACATCTATAAATAAAGATAACAATAGAATATTAAGCCAACAAATAAACTGAAAAAGTTTATCCGCGATGCTTTCCTCTATGAGT
GCAATATAAACATCTATAAATAAAGATAACAATAGAATATTAAGCCAACAA-TAAACTGAAAAAGTTTGTTCGCG-TGCTTTCCTCTATGAGT
TTTTTTATTTAGCGAAATGTTTAATTTATTACCGTGACGAAATGTCATATTCGCAAAGATTAATTACTGCGTCTGATACTCAGGGGAGAAACA

-200
-100

CA GGCC(XR TGTTTCATCTTTTGGGGGAAAACTGTGCAGTGTTGGCAGTCAAACTCGTTGACAAAACAAAGTGTACAGAACGACTGC
CAAAAI GGCCCCA TGTTTCATCTTTTGGGGGAAAACTGTGCAGTGTTGGCAGTCAAACTCGTATACAAAACAAAGTGTACAGAACGACTGC
GAAAACTAMTTAMACTGCGATATCTATCTTTACAGGATGCAGAGATAACTTTTCTGACATGCTATGTCGATAATAATTCAAACGGAGCCGACA

-100
-10 +1 +10

CCATGTCGATTTAGAAATAGTTTTTTAAAGGAAAGCAG TMAATTAAAACTCTGGCAATCGTTGTTCTGTCGGCTCTGTCCCTCAGTTCC
CCATGTCGATTTAGAAATAGTTTTTGAAAGGAAAGCAG T1AAMTTAAAACTCTGGCAATCGTTGTTCTGTCGGCTCTGTCCCTCAGTTCT
GGATGCCGAAACCGGGTGTGTGTA TTCAAGGGAAATC CATAATACTATTGCGAGTCTGATGTGTC ---GCT

-10 +1 +10
+100

GCAGCGGCTCTGGCCGATACTACGACG---------GTAAATGGTGGGACCGTTCACTTTAAAGGGGAAGTTGTTAACGCCGCTTGCGCAGTT
ACAGCGGCTCTGGCCGCTGCCACGACG---------GTTATTGGTGGGACCGTTCACTTTAAAGGGGAAGTTGTTAACGCCGCTTGCGCAGTT
GCCGCAGCGGTTGCGGCTGATCCTACTCCGGTGAGCGTGGTGGGCGGGACTATTCATTTCGAAGGTAAACTGGTTAATGCAGCCTGTGCCGTC

+200
GATGCAGGCTCTGTTGATCAAACCGTTCAGTTAGGCCAGGTTCGTACCGCTAGCCTGAAGCAGGCTGGAGCAAACAGCTCTGCCGTTGTTTTT
GATGCAGGCTCTGTTGATCAAACCGTTCAGTTAGGACAGGTTCGTACCGCATCGCTGGCACAGGAAGGAGCAAACAGTTCTGCTGTCGGTTTT
AGCACTAAATCCGCCGATCAAACGGTGACGCTGGGTCAATACCGTACCGCCAGCTTTACGGCGATTGGTAATACGACTGCGCAGGTGCCTTTC

+200
+300

AACATTCAGCTGAATGATTGCGATACCACTGTTGCCACAAAAGCCGCTGTTGCCTTCTTAGGTACGGCAATTGGTCCTACGCATACTGATGTA
AACATTCAGCAGAATGATTGCGATACCAATGTTGCATCTAAAGCCGCTGTTGCCTTTTTAGGTACGGCGATTGATGCGGGTCATACCAACGTT
TCCATCGTCCTGAATGACTGCGATCCGAAAGTGGCGGCCACCGCTGCCGTGGCTTTCTCTGGTCAGGCAGATAACACC--- ACCCCTAATTTG

+300
+400

CTGGCTCTGCAGAGTTCAGCTGCGGGTAGCGCAACAAACGTTGGTGTGCAGATCCTGGACAGAACGGGTGCTGGCCTGGCGCTGGAC ------
CTGGCTCTGCAGAGTTCAGCTGCGGGTAGCGCMCAAACGTTGGTGTGCAGATCCTGGACAGAACGGGTGCTGCGCTGACGCTGGAT-----
CTGGCT---GTGTCCTCTGCGGACAATAGCACTACCGCAACCGGCGTCGGGATTGAGATTCTTGATAATACCTCTTCACCGTTGMGCCGGAC

+400
+500

GGTGCGACATTTAGTTCAGAAACAACCCTGAATAACGGMCCMCACCATTCCGTTCCAGGCGCGTTATTTTGCMCCGGTGCCGCAACC- - -
GGTGCGACATTTAGTTCAGAAACAACCCTGAATAACGGAACCAATACCATTCCGTTCGAGGCGCGTTATTTTGCCACCGGGGCCGCMCC ---
GGCGCGACCTTCTCGGCGAAGCAGTCGCTGGTTGMGGCACCAATACGCTGCGTTTTACCGCACGCTATMGGCAACCGCCGCCGCCACGACG

+500
+600

CCGGGTGCTGCTMTGCGGATGCGACCTTCAAGGTTCAGTATCAA6A:CTACCAGGTTCAGGGACGTCATTACGGGCAGGGATGCCCACCCT
CCGGTTGCTGCTATTGCGGATGCGACCTTCAAGGTTCAGTATCAACAArCTACCCAGGTTCAGGCAGGGAAGGGAGGCGCCTCAACGGAAAGA
CCAGGCCAGGCTAATGCCGACGCCACCTTTATCATGAAATACGAAIFAJCCCGTCAGGGAACGGGACGTCATTACGGGCAGGGATGCCCACCC

+600

TGTGTGATAAAAATAACGATGAAAAGGAAGAGATTATTTCTATTAGCGTCGTTGCTGCCAATGTTTGCTCTGGCCGGAAATAAATGGAAT
GGCTATCGGGGATAAATAGAGAACATAGCAAGAGATTATTTCTATTAGCGTCGTTGCCGCCAATGTTTGCTCTGGCCGGAAATAATGGA
TTGTGCGATAAAAATAACGATTGAAAAGGAGATGATAAGGAAAGGCGCGACGCAGG ----------------------------------

FIG. 2. Comparison of the nucleotide sequences for type 1 fimbrial subunit genes. The nucleotide sequences are given for the type 1
fimbrial subunit genes of K. pneumoniae, E. coli (13), and S. typhimurium. The inversion repeats are indicated as solid-line boxes, and the
dashed-line boxes represent the start and stop codons for all three genes. The nucleotides of the K. pneumoniae and E. coli genes are
numbered above the sequences, whereas the nucleotides of the S. typhimurium gene are numbered below. The nucleotide sequences are
aligned for the best possible comparison of all three genes. The dashed lines represent sequences not present in the appropriate gene.
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pneumoniae and E. coli demonstrate more nucleotide se-
quence homology (91%) than those of S. typhimurium and E.
coli (49%). Presumably, the S. typhimurium gene has under-
gone significant divergence from both the K. pneumoniae
and the E. coli genes.
The frequency of codon usage in K. pneumoniae and E.

coli is similar for both fimbrial genes, whereas several
codons in S. typhimurium demonstrate significant variation
from usage in either E. coli or K. pneumoniae. For example,
the GTT codon, determining valine utilization, is preferred
in K. pneumoniae and E. coli, whereas GTC and GTG are
preferentially used in S. typhimurium. Other amino acids
which vary in their codon usage for these fimbrial genes are
Leu, Gln, Asn, Thr, Ala, and Gly.

Inverted repeat sequences of 9 and 10 base pairs were
found upstream from or within the K. pneumoniae and S.
typhimurium fimbrial genes, respectively (Fig. 2). The inver-
sion of a DNA segment has been found to play a role in the
control of type 1 fimbrial phase variation in E. coli (1, 16).
Since fimbrial phase variation also occurs in both K.
pneumoniae and S. typhimurium, a similar mechanism may
control fimbrial expression. The predicted inversion se-
quence for K. pneumoniae is similar to the invertible frag-
ment documented for the E. coli type 1 fimbrial gene (1),

-23 -20 -10
K pneuaoniae DT LYS ILK LYS TSR LIIU ALA ILE VAL VAL IIU SIR ALAU1U
E. coli ET LYS ILE LYS THR LEU ALA ILK VAL VAL LIU SER ALA LEU Sl
8. typhinurium AHR SI THR ILK AIA ISU MET PHI

-22 -20 -10
-1 +1

SER sIAuIIA ATAALALTIU I ASP TRTiR ------ --l GLYGL
Si S.iTlHR ALA AIA LIEU ALAI MIIALAIIA D-TR-- VAL-- GLYGT

VAL --- ALA GLY ALAAIA I IAIASP PR0 PRO VAL SIRGLU
+10

TSR VAL HIS PHE LYS GLT GLU VAL VAL ASN AA ALA CTS ALA VAL ASP ALA GLT SIR V
TSR VAL HIS PHE LYS GLY GLU VAL VAL ASH ALA ALA CYS ALA VAL ASP ALA GLY SIR VTHR VLHIS PH GY GLY GLYS VLE VAL ASN ALA ALA CYS ALA VAL HEASRTSASGRAL

ASP GLN THR VAL GLN LEU GLY GLN VAL AMG TSR ALA SIR LIUILYSTGALAN AIlA
ASP GLN THR VAL _GL LEIU GLY GLNVA ARG THR ALA SERJ&I ALA GLU GLTlll R
ASPL TSR ALA ILE

+50
+50

SU SI ALA VAL GLY PHE ASN ILE GLN LIU ASN ASP CYS ASP TSR TSR VAL A TSR LYS
ISER SA I GLN ASN ASP CYS ASP SRASNIVALAlAISULS
TSRALA VAL LIU ASN ASP CYS ASPP LYS VAL ALA ASN

AlA AIA VAL ALA PHI LEU GLY TSR ALA ILEIGLY PRO THRISRAL
ALA ALA VAL ALA P LEUGLY.IALAJIASP AIA GLY ASLIIR ALA
AIA ALAi VAL AI SPHEISER G GILS ASN TSR --- ASH RO

|GNSERSUALA ALA GLY SER ALA TllR ASN VAL GLY VAL GLN IIE LEU ASP ARG THRt GLYSUSER ALAIA GLY SU -ATL THIR ASN VAL CYVLGLNILE LLU ASP ARG Ill GL1

ALAGLY AL LEU ASP --- --- GLY ALA TSR PHE SER SUR GLIU THR THR LIU ASN ASKN
" AIA MTHR LEU ASP ----- GLY ALA THR PHE SIR ElU1 IEU ASII
THR SI SI PRO LYS PRO ASPIGLY ALA TSR PI SIR|AA LYS GUI SnRLIVAL GLI

GLYHRR ASN THlR ILE PRO PHE GLNAIJS ARG TYrR PHEl ALAi THIR GLY ALA AIA THR ---PR
GLYHRR ASN THR ILEU ARG PHEIITHRIlAIA ARG TYR PYS AIJ TIIR ALYIA AIAALA TR --

GLY ALA ALA ASN ASP ALA TSR PHE LYS VAL GUI TTR GUI

GLY AIALAIA ILEI ASP ALA TSR PHI LYS VAL GLN TYRS
ALASNASA ASP ALA THR PHEI ILK ET LYS TYRGLII

FIG. 3. Comparison of the predicted amino acid sequences of the
type 1 fimbrial subunit. The amino acid sequences for the K.
pneumoniae, E. coli, and S. typhimurium fimbrial subunits were
derived from the nucleotide sequences of their respective genes.
The boxed areas represent common amino acids, and the dashed
lines are amino acids absent from the predicted sequences. The
amino acid sequences for K. pneumoniae and E. coli are numbered
above the sequences, whereas the sequences for S. typhimurium are

numbered below. The signal peptide cleavage point for each
polypeptide is indicated as an arrow between -1 and +1.

Km.poeumoniae B. tVphimurium

FIG. 4. Predicted hydropathicity profiles of the three fimbrial
subunits. The method of Chou and Fasman (3) was used to calculate
the hydropathicity profiles for the fimbrial subunits of K. pneu-
moniae, E. coli, and S. typhimurium. The amino acid sequence is
numbered on the x axis, and the hydropathicity values are indicated
on the y axis. The bars below the midpoint of each hydropathicity
profile represent hydrophobic regions; the bars above the midpoint
represent hydrophilic regions.

except that 16 base pairs vary within the 314-base-pair
invertible region. The possible inverted repeats of the S.
typhimurium gene are different from those of K. pneumoniae
and E. coli in both size and location. The possible role of this
DNA region in S. typhimurium fimbrial phase variation is
currently being investigated.
The work of Waalen and co-workers (17) established the

first 27 amino acid residues of the mature fimbrial subunit
prepared from S. typhimurium LT2. The predicted amino
acid sequence derived from the DNA sequence was in good
agreement with our results with two exceptions. Our data
predicted that the residue 5 would be a valine rather than a
threonine and that the residue 18 would be a lysine, although
the N-terminal sequence data do not indicate that this amino
acid is present. In addition, the unknown residue at position
24 reported by the European workers was shown by our data
to be a cysteine. The predicted molecular mass of the S.
typhimurium fimbrial subunit was 20,140, which compares
favorably with the molecular mass of 21,500 calculated from
the electrophoretic mobility of the purified fimbriae. The
sequence predicts that the fimbrial subunit would be synthe-
sized as a precursor with 22 amino acids in the signal peptide
region (Fig. 3). This is consistent with transport of the
subunit across the bacterial membrane during fimbrial as-
sembly. Like other previously reported signal peptides, the
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S. typhimurium fimbrial polypeptide possesses positively
charged residues immediately adjacent to the translation
initiation codon, a relatively high number of hydrophobic
residues (10 of the last 12 amino acids of the signal peptide
are hydrophobic), and a point of cleavage between two
amino acids (alanines) with short carbon side chains (10).
The predicted amino acid sequence of the N-terminal

region of the K. pneumoniae gene was also in good agree-
ment with the sequence derived from the analysis of the
biochemically purified protein (6). Thus, only three discrep-
ancies within the first 25 amino acids of the N-terminal
region were found when all data were compared. In the K.
pneumoniae gene, the putative signal peptide consists of 23
amino acids, 16 of which are hydrophobic. Also, the residue
following the initiation codon is positively charged, and an
alanine immediately precedes the site of cleavage.
The hydropathicity profiles for K. pneumoniae and S.

typhimurium fimbrial polypeptides are shown in Fig. 4 (a
profile for E. coli is also included for the sake of compari-
son). As mentioned above, the signal peptides of the fimbrial
subunits were primarily composed of hydrophobic residues.
Each mature fimbrial subunit was composed of more that
50% hydrophobic residues, and each subunit contained two
cysteine residues. The first of these, for both K. pneumoniae
and E. coli fimbriae, was located at position 44 within a
predicted hydrophobic region with secondary a-helical
structure. The first cysteine residue for S. typhimurium
fimbriae was at position 46 within a hydrophobic region, but
positioned in a secondary 1-sheet structure. All three fim-
brial subunits had the second cysteine residue within hydro-
philic regions, located in a turn of their predicted secondary
structures.
An analysis of the predicted amino acid sequences indi-

cated that strings of amino acid residues were common
throughout the K. pneumoniae and S. typhimurium polypep-
tides. For example, in K. pneumoniae, residues 7 to 12 were
-Gly-Gly-Thr-Val-His-Phe-, whereas in the S. typhimurium
gene, the string of amino acids -Gly-Gly-Thr-Ile-His-Phe-
appeared at positions 10 to 15 (Fig. 3). As can be seen, these
two stretches of amino acids differed only in a conservative
valine-to-isoleucine change at amino acid 4. Similarly, at
amino acid positions 17 to 23, a string of seven amino acids
(-Val-Asn-Ala-Ala-Cys-Ala-Val-) was found in the K.
pneumoniae system, and an identical sequence appeared at
positions 20 to 26 in the S. typhimurium gene. The roles of
these conserved amino acid sequences are unknown. How-
ever, it is now known that, in the E. coli system, more than
one component is necessary for the formation of wild-type,
receptor-binding fimbriae (8, 9, 11). In addition, we have
recently constructed Fim+HA- and Fim- HA' phenotypes
with the K. pneumoniae system (unpublished results).
Therefore, if the type 1 fimbriae of enteric bacteria are in fact
composed of a number of distinct polypeptides, it is possible

that such conserved sequences in the fimbrial subunit are
necessary for maintenance of the correct configurations
facilitating protein-protein interactions.
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