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Summary. We have analyzed and compared the 
amino acid sequences of  the type 4 fimbrial subunits 
from Pseudomonas aeruginosa, Moraxel[a bovis, M. 
nonliquefaciens, Bacteroides nodosus, Neisseria gon- 
orrhoeae, and N. meningitidis. We propose a con- 
sensus sequence for the highly conserved amino- 
terminal regions of  these proteins. In the variable 
regions, a domain corresponding to an epitope com- 
mon to N. gonorrhoeae and N. meningitidis fimbriae 
is conserved, both in sequence and in environment,  
in fimbrial subunits from B. nodosus. The subunits 
from M. bovis and P. aeruginosa do not show any 
homologies to this sequence. In all o f  the subunits, 
the carboxy-terminal half of  the molecule consists 
of a series of  fairly hydrophobic domains. The last 
three domains, two of which include the cysteines 
of the disulfide bridge in N. gonorrhoeae, P. aeru- 
ginosa, and 3I. bovis, are more or less conserved in 
sequence in all o f  the proteins including that of  B. 
nodosus. We propose that these conserved hydro- 
phobic regions, which have the potential to form a 
series of  beta-sheets, form a structural framework 
around which more variable hydrophilic sequences 
determining immunological profile are arranged. The 
evolutionary relationships of  the contemporary pro- 
teins and the distribution of  type 4 fimbriae are also 
discussed. 
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Introduction 

A wide variety of  bacteria produce long extracellular 
protein filaments termed fimbriae (or pill), which 
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consist of  several hundred or more predominantly 
identical subunits. A number of  different types of  
fimbriae have been characterized (see Jones and 
Isaacson 1983). The members of  one group of  these 
fimbfiae have the unusual amino acid N-methyl- 
phenylalanine as the first residue of the mature pro- 
tein, followed by a highly conserved hydrophobic 
amino-terminal sequence (see Marrs et al. 1985). 
The first example of  this group of  fimbrial proteins 
was isolated from Moraxella nonliquefaciens (Fro- 
holm and Sletten 1977). Subsequently, similar pro- 
teins have been characterized from a wide range of  
gram-negative bacteria: Neisseria gonorrhoeae and 
Neisseria meningitidis (Hermodson et al. 1978), 
Pseudomonas aeruginosa (Frost et al. 1978; Paran- 
chych et al. 1978), Bacteroides nodosus (McKern et 
al. 1983), and Moraxella bovis (Marrs et al. 1985). 
These fimbriae always have a polar location on the 
cells and mediate a form of bacterial motility known 
as twitching motility (Henrichsen 1975; Henrichsen 
and Blom 1975; Bradley 1980). A number of  other 
bacterial species with these phenotypes have also 
been identified (Henrichsen 1975; see also Discus- 
sion). Fimbriae with these characteristics have been 
designated as type 4 (Ottow 1975; Mattick et al. 
1987) or, in those cases where sequence data are 
available, the MePhe group (see Marrs et al. 1985). 

Many of  the species expressing type 4 fimbriae 
are mammalian pathogens. For example, N. gon- 
orrhoeae causes venereal disease in man, B. nodosus 
causes footrot in sheep, and M. bovis causes kera- 
toconjunctivitis in cattle. Others, such as P. aeru- 
ginosa, are opportunistic pathogens in a range of  
species. The fimbriae are probably involved in the 
attachment of  bacteria to cells of  the host during the 
course of  infection (see Hermodson et al. 1978; 
Woods et al. 1980), and potential binding regions 
have been identified (Rothbard et al. 1985). The 



262 

f imbriae are also p r o m i n e n t  antigens, and  vacci-  
nat ion with purified f imbriae can protect  against  
homologous  infection (Pugh et al. 1977; Br in ton et 
al. 1978; Every  and Skerman  1982). However ,  the 
f imbriae also exhibi t  considerable  antigenic var ia-  
tion, apparent ly  as a m e c h a n i s m  for avoid ing  host  
i m m u n e  responses (Sandhu et al. 1974; Bradley and  
Pitt  1975; Buchanan  1975; Anderson  et al. 1986). 
This  var ia t ion  is due to amino  acid subst i tut ions as 
well as small  insert ions or deletions in the carboxy-  
terminal  two- thi rds  o f  the molecules  (Hagb lom et 
al, 1985; Marrs  et al. 1985; McKern  et al. 1985; 
Sastry et al. 1985a). No t  surprisingly, perhaps,  the 
var iable  regions o f  these prote ins  f rom different 
species appea r  to be unrelated (Schoolnik et al. 19 84; 
Marrs  et al. 1985). On the other  hand,  it has recently 
been shown that  P. aerug inosa  can process and  as- 
semble  B. nodosus  subuni t  proteins  into f imbriae 
that  are structurally and  immunologica l ly  indistin- 
guishable f rom authent ic  B. nodosus  f imbriae (Mat-  
t ick et al. 1987). This  observa t ion ,  taken together  
with the physical  and  funct ional  similari t ies o f  the 
fimbriae,  suggests that  the subunits  m a y  have  com-  
m o n  structural features in their  var iable  regions. To  
examine  this possibili ty,  and  to explore in general 
t e rms  the relat ionships between the type 4 f imbrial  
subunits  expressed by  this diverse range o f  bacteria,  
we have  analyzed the structural and  functional  or- 
ganizat ion o f  the prote in  and  the phylogenet ic  dis- 
t r ibut ion o f  the system. 

Methods 

Primary protein sequences were taken from M. bovis alpha (Marts 
et al. 1985) and B. nodosus E (McKern et al. 1985). Other protein 
sequences were translated from the DNA sequences of cloned 
fimbrial subunit genes as follows: P. aeruginosa PAK and PAO 
(Sastry et al. 1985a), M. bovis beta (Marrs et al. 1985), iV. gon- 
orrhoeae MS11 (Meyer et al. t984), N. gonorrhoeae variants 
(Hagblom et al. 1985; Haas and Meyer 1986), and B. nodosus A 
(Elleman and Hoyne 1984). The unpublished DNA sequence of 
the B. nodosus F serotype (strain VCS 1017) subunit gene was 
provided by B. Anderson. The short amino-terminal sequences 
and amino acid compositions were taken from the following 
sources: M. nonliquefaciens NCTC7784 (Froholm and Sletten 
1977), N. meningitidis ATC13090 (Hermodson et al. 1978), and 
N. meningitidis SP3428 (Olafson et al. 1985). 

Amino acid sequences were aligned using dot matrix plots 
generated by the MTXDOT program (Reisner and Bucholtz 1986), 
and the significance of the alignments was calculated using the 
SEQDP program (Kanehisa et al. 1984). One hundred random 
sequences were generated for each pair, and a bias of zero and a 
deletion penalty of four were used. To compute the correlation 
statistics for amino acid composition of the variable regions of 
the proteins, the MTXAACOR program of the MTX package 
was used (Reisner and Bucholtz 1986). For the proteins for which 
the total amino acid sequence is unknown, but for which amino 
acid composition and amino-terminal sequence data are known, 
the amino acid composition of this sequence was from the total 
composition. Secondary structure plots were calculated using the 

program of Novotny and Auffray (1984) with the Kyte and Doo- 
little (1982) hydropathy parameters. To combine the predictions 
for two or more sequences, the unaligned amino acids were re- 
moved from the relevant sequences. 

Results and Discussion 

The avai lable  a m i n o  acid sequences o f  the type 4 
f imbrial  subuni t  proteins  were aligned using two- 
d imens iona l  dot  mat r ix  plots  (Fig. 1). The  proteins  
can be d iv ided  into three regions ( I - I I I ) ,  which will 
be described in more  detail  below. The  first is highly 
conserved,  and  we have  der ived a consensus se- 
quence representa t ive  o f  the different type 4 sub- 
units (Fig. 1). In an a t t emp t  to reduce bias in the 
der iva t ion  o f  the consensus sequence for region I, 
due regard was given to the fact that  Neisser ia  and 
M o r a x e l l a  are bo th  m e m b e r s  o f  the family  Neis-  
seriaceae (see Bovre  1984). 

Region I i tself  can be further  d iv ided  into three 
doma ins  (regions Ia, Ib, and  Ic) on the basis  o f  ami-  
no acid compos i t ion  and  level o f  sequence conser-  
vat ion.  Region Ia compr i ses  a short  posi t ively 
charged, partially conserved  hydrophi l ic  leader pep- 
tide. These  a m i n o  acids are not  present  in ma tu re  
subunits  and p resumably  play a role in the t ranspor t  
o f  the subunit  to the site o f  assembly.  The  next 
a m i n o  acid, phenylalanine,  is usually me thy la t ed  in 
ma tu re  subunits  (Frost  et al. 1978; H e r m o d s o n  et 
al. 1978). Some  o f  the conserved  a m i n o  acids m a y  
const i tute the recognit ion site, or sites, for these 
processes. 

The  N-methy lpheny la lan ine  is the first residue of  
region Ib, a 27 -amino  acid hydrophob ic  region that  
is ex t remely  conserved  be tween all o f  the f imbrial  
subunits.  Region Ib  appears  to play an impor t an t  
role in in tersubuni t  contacts  and  main tenance  o f  the 
structure o f  the ma tu re  f imbrial  s trands (see Wat ts  
et al. 1983; Schoolnik et al. 1984; Sastry et al. 1985b). 
Fur thermore ,  regions Ia and  Ib  together  m a y  contain 
all o f  the in fo rmat ion  required for the processing of  
the subunits  and  assembly  o f  the f imbriae  (see Mat -  
tick et al. 1987). Thus,  the ex t reme conserva t ion  of  
this entire region p robab ly  s tems f rom the pressure 
o f  recognit ion o f  the c o m p o n e n t s  by the assembly  
system, and  the correct  po lymer iza t ion  o f  the sub- 
units into ma tu re  f imbriae.  

Region Ic extends f rom a m i n o  acid 28 to the gly- 
cine at residue 54 (55 in N. gonorrhoeae) .  Within  a 
species, region Ic is a lmos t  entirely conserved,  with 
no m o r e  than  three changes obse rved  (Fig. 1). The  
only except ions are the sequences predicted f rom a 
n u m b e r  o f  the N. g o n o r r h o e a e  incomple te  f imbrial  
gene copies that  occur  in the p i lS1  locus (Haas  and  
Meyer  1986). However ,  these related sequences ap-  
pear  to const i tute a reservoir  o f  var iable  in forma-  
tion, and there is no evidence  tha t  their  Ic regions 
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Fig. 1. Alignment of the sequences of the type 4 fimbrial subunit proteins. The sequence of one protein from each species is given 
in full; for the other proteins only residues that are different from the first sequence are shown. For N. gonorrhoeae variant  proteins, 
all of the observed amino acid substitutions observed are shown, but no particular subunit protein is represented. Dashes indicate 
gaps introduced to maximize the alignments and question marks indicate unknown residues. Insertions are shown just above or below 
the relevant sequence. Region I: in the consensus sequence the amino acids most likely to be present in the (putative) ancestral protein 
are shown, and where there are two amino acids listed, the alternatives are considered equally likely. The lowercase letters indicate 
positions where a number  of related amino acids are present: (a) small or hydrophobic amino acids, (b) small amino acids, and (c) 
charged or hydrophilic amino acids. All residues homologous to the consensus sequence are boxed, and conservative substitutions 
are boxed with dashed lines. Amino acid substitutions that have a positive score in the 250 PAMs substitution matrix (Dayhoff et 
al. 1978) were counted as conservative. The coordinates above the sequences are for P. aeruginosa and those below the consensus 
sequence are the standard positions (SP). Regions II and III: conserved residues and conservative substitutions in all of  the examples 
of proteins from one species are in capital letters and nonconservative substitutions are in lowercase letters. For N. gonorrhoeae, 
positions in the MSI 1 sequence that are rarely substituted with a nonconservative amino acid are also in capital letters. Conserved 
residues and conservative substitutions between the pairs P. aeruginosa-M, bovis and N. gonorrhoeae--B, nodosus, or between three 
or more of the species are boxed. Subsets of conserved amino acids are boxed in dashed lines. The amino acid sequences of the very 
variable regions are only shown for the protein listed in full. The arrows over the sequences indicate the extent of some of the peptides, 
or fragments of proteins, used to determine the epitopes. The open circles indicate the probable location of the epitopes (see Marrs 
et al. 1985; Rothbard et al. 1985; Sastry et al. 1985b). 

a r e  e v e r  a c t u a l l y  t r a n s l a t e d  i n t o  m a t u r e  p r o t e i n s  

( H a a s  a n d  M e y e r  1 9 8 6 ;  S e g a l  e t  al .  1 9 8 6 ) .  T h e  se-  

q u e n c e s  o f  t h e  p r o t e i n s  f r o m  t h e  c l o s e l y  r e l a t e d  

s p e c i e s  N. gonorrhoeae a n d  N. meningitidis a r e  a l s o  

v e r y  s i m i l a r .  T h e r e  is  m o r e  v a r i a b i l i t y  a m o n g  t h e  

o t h e r  s p e c i e s .  N e v e r t h e l e s s ,  a n u m b e r  o f  r e s i d u e s  

a r e  c o n s e r v e d  o r  s e m i c o n s e r v e d  b e t w e e n  a l l  o f  t h e  

p r o t e i n s ,  a l t h o u g h  s m a l l  g a p s  h a v e  t o  b e  i n t r o d u c e d  



264 

to maximize the alignments (Fig. I). Aligned posi- 
tions are referred to as SP (standard position). At 
some positions in region Ic (such as SP33, 36, 38, 
and 49), a number of different amino acids are rep- 
resented, but these amino acids are either small (G, 
A, T, or S) or hydrophobic (M, V, I, L, or F). Indeed, 
only SP51, 52, 54, and 55 can apparently accom- 
modate a wide variety of amino acids. Studies with 
N. gonorrhoeae proteins have shown that region Ic 
contains a number of epitopes and may also be in- 
volved in fimbrial binding (Rothbard et al. 1984, 
1985), with different fimbrial variants possibly ex- 
hibiting different binding properties (Lambden et al. 
1980). Fimbriae from different species also bind to 
different cell types or receptors (Schoolnik et al. 
1983). Thus, the somewhat limited variability of 
the sequence of region Ic may reflect the different 
organizations required for different binding speci- 
ficities, while the conserved amino acids (such as a 
hydrophobic residue at SP40, tysine at SP45, hy- 
drophobic residue at SP48, leucine at SP53, and 
glycine at SP56) may provide a structural frame- 
work or fulfill other functions in this region. 

Finlay et al. (I 986) have proposed that regions Ib 
and Ic may form a pair ofantiparallel helices during 
the transport of  the P. aeruginosa subunit across the 
cell membranes. These workers have also proposed 
that salt bridges, which would reduce the free energy 
required to bury the region in the membrane (En- 
gelman and Steitz 1981), may occur in region Ic of 
P. aeruginosa PAK protein. Although different, the 
sequences of  the fimbrial subunits from other species 
are consistent with this idea (e.g., the conserved glu- 
tamic or aspartic acid at SP42 and lysine at SP45), 
and some of the conservation observed in charged 
residues in region Ic may be due to such a require- 
ment. 

Comparison of  the Variable Regions o f  Proteins 
from the Same Species 

The glycine at residue 54 [55 in N. gonorrhoeae (SP 
56)] appears to represent the border between the 
conserved amino-terminal region I and regions II 
and III, which together encompass the variable car- 
boxy-terminal two-thirds of the protein (see Fig. I). 
To determine the degree of  similarity between the 
variable regions of the proteins from different se- 
rotypes of  the same species, the amino acid sequence 
alignments were analyzed statistically using the 
SEQDP program (Kanehisa et al. 1984). The N. 
gonorrhoeae proteins are the most closely related 
group of those analyzed (~28 SD), while the two 
representatives of  each of  the other species were 
more divergent but still very significantly related 
(>20 SD). In addition, the two-dimensional hy- 
dropathy plots of the amino acid sequences were 
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Fig. 2. Two-dimensional  hydropathy plots of  the complete tim- 
brial subunit  amino acid sequences. The plots were calculated 
using the GPLINE program (Reisner and Bucholtz, unpublished). 
This program plots a line of  unit length for each amino  acid in 
one of  four directions depending on the nature of  the amino  acid. 
The four groups o f  amino acids are shown on the axes of  the 
plot. The amino-terminal  amino acids were placed arbitrarily on 
the surface to ensure separated plots. 

clearly similar for each of the pairs of serological 
variants from one species and distinct for each of 
the different species (Fig. 2). Circular dichroism 
studies of  P. aeruginosa PAK and PAO fimbrial 
proteins suggested that both subunits have very sim- 
ilar secondary structures (Watts et al. 1982). The 
variants of N. gonorrhoeae proteins have also been 
predicted, from the amino acid sequences, to have 
similar secondary structures (Schoolnik et al. 1984). 
Our own analyses of secondary structure predicted 
from amino acid sequences (data not shown) indi- 
cate that this is also the case for the fimbrial subunits 
ofB. nodosus and M. bovis. Therefore, by the criteria 
of amino acid sequence alignments, hydropathy, and 
predicted secondary structure, it seems that, despite 
the extensive sequence differences, variant proteins 
from the same species have very similar overall 
structural organizations. 

Comparison of  the Variable Regions of  Proteins 
from Different Species 

The P. aeruginosa and M. boris amino acid se- 
quences can be aligned with each other throughout 
the variable regions with little need for compensat- 
ing deletions or insertions (Fig. 1). In contrast, while 
the N. gonorrhoeae and B. nodosus proteins align 
better with each other than with either the P. aeru- 
ginosa or M. bovis proteins, large insertions and 



deletions are required for optimal matching (Fig. 2). 
Perhaps as a consequence of  these gaps, only the P. 
aeruginosa and M. boris alignments are significantly 
better than the mean of random alignments with the 
same amino acid composition (> 7 SD). Amino acid 
composition correlation coefficients provide a dif- 
ferent measure of  the potential gross relationship of 
protein sequences. This approach also allows the 
inclusion of proteins for which only the amino acid 
composition is known. Correlation coefficients be- 
tween all of the proteins were calculated using the 
amino acid composition of the variable regions (data 
not shown). Proteins from different serotypes of one 
species were clearly related (r > 0.7), especially the 
N. gonorrhoeae proteins (r > 0.8). However, the 
amino acid compositions of the N. meningitidis and 
M. nonliquefaciens proteins did not appear to be 
significantly related to that of any of the other pro- 
teins. The only significant correlations in amino acid 
composition between proteins produced by different 
species were between the examples from P. aeru- 
ginosa and M. bovis (r ~ 0.7). 

Although the P. aeruginosa and M. bovis proteins 
have a number of  apparently conserved amino acids 
and conservative substitutions in region II (Fig. 1), 
no significant homologies were highlighted by the 
dot matrix plots (data not shown). Indeed, statistical 
analysis of the significance of the alignments of the 
sequences in region II showed that they are no more 
significant than random alignments of sequences with 
the same amino acid composition. Thus, the simi- 
larities between these proteins may be due as much, 
or more, to conservation of particular types of ami- 
no acids rather than to sequence conservation per 
se. However, there is a demonstrable relationship 
in this region between the N. gonorrhoeae and B. 
nodosus proteins, specifically the sequence (D/E)- 
KGKY between amino acids 72 and 77 (N. gon- 
orrhoeae MSI 1) and 70 and 75 (B. nodosus A). In 
both the N. gonorrhoeae and B. nodosus proteins, 
this sequence lies in an almost identical position 
relative to the conserved glycine SP56. Addition- 
ally, in both cases this region is predicted to be 
alpha-helical and to be preceded by a region with a 
high beta-turn probability (Fig. 3). Thus, the sec- 
ondary structure and environment of the conserved 
sequences are probably quite similar. The conserved 
sequence is located within the N. gonorrhoeae pep- 
tide 69-84 and is the most conserved region of  the 
peptide (Hagblom et al. 1985; Haas and Meyer 1986). 
This peptide contains an immunorecessive epitope 
common to all gonococcal fimbrial serotypes and 
many serotypes of N. meningitidis (Schoolnik et al. 
1984; Stephens et al. 1985), and is also involved in 
the binding of fimbriae to human endocervical and 
endometrial carcinoma cells (Rothbard et al. 1985). 
It is probable that the conserved sequence is a major 
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part of  the common epitope and is involved in the 
binding of  the fimbriae to cells. The equivalent re- 
gion in B. nodosus fimbriae may perhaps have a 
similar role, although binding of these fimbriae to 
cells has not been studied. 

In all of  the proteins, region III contains a number 
of fairly hydrophobic domains that are more or less 
conserved in sequence (Fig. 1). Surprisingly, even 
the B. nodosus proteins have significant homology 
to the other proteins in this region, despite the dif- 
ferent location of  the cysteine residues. In contrast, 
there is no amino acid sequence homology between 
the sequences surrounding the cysteines in B. no- 
dosus and the sequences surrounding the cysteines 
in the other proteins. Thus, the different location of  
the disulfide bridge in the B. nodosus proteins does 
not appear to be a consequence of  a gross rearrange- 
ment of the DNA or protein sequences. This ob- 
servation was recently confirmed (after submission 
of this manuscript) with the publication of  the se- 
quence of a novel B. nodosus subunit gene that en- 
codes a protein with cysteines in positions equiv- 
alent to the P. aeruginosa and M. bovis proteins 
(Elleman et al. 1986). 

Structural and Functional Relationships 

We have examined the secondary structures of all 
of the proteins, as predicted from their amino acid 
sequences, to identify potential secondary structure 
homologies among proteins from different species. 
The composite predictions of each species were 
aligned with the sequences of all of the proteins (data 
not shown). In several regions, the same secondary 
structure was predicted for the subunit proteins for 
more than one species (see Fig. 3). In the carboxy- 
terminal half of all of  the proteins there appear to 
be a number of  beta-sheets separated by turns (Fig. 
3). Three of the potential beta-sheet regions show 
extensive sequence homology among the proteins 
(Fig. 1). Potential alpha-helices lie in region II and 
the disulfide loops and equivalent regions. The over- 
all composition of the predicted secondary structure 
is not inconsistent with the prediction from circular 
dichroism studies that the P. aeruginosa proteins 
contain 40-55% alpha-helix and about 40% beta- 
sheet (Folkhard et al. 1981; Watts et al. 1982, 1983), 
although alpha-helix is clearly underrepresented in 
the sequence-derived predictions. 

Interestingly, while the N. gonorrhoeae proteins 
have only an immunorecessive epitope in region II, 
the major serotype-specific epitope ofP. aeruginosa 
PAK appears to lie between amino acids 82 and 110 
(a turn region), with a minor epitope between amino 
acids 70 and 81 (Sastry et al. 1985b). From our 
alignments of the sequences (Fig. 1), the N. gonor- 
rhoeae proteins are predicted to have a deletion in 
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F i g .  3. The general organization of  type 4 fimbrial subunit proteins. Within region I, the thinner dark block represents the partially 
conserved six- to seven-amino acid leader sequence. The thicker dark block represents the highly conserved first 32 amino acids of 
the mature proteins, including the strongly hydrophobic region Ib. The shaded areas indicate regions that, although they show some 
divergence, are broadly conserved in all of  the subunit proteins. The dotted regions are conserved in some but not all of the proteins. 
The other areas are not conserved between proteins from different species. The consensus secondary structure prediction for all of 
the proteins is shown where there is a high probability for that structure compared with any other structure: alpha-predicted alpha- 
helix, beta-beta sheet, T-turn. Regions without a designation had an ambiguous secondary structure prediction. The location of the 
disulfide bridge in N. gonorrhoeae, P. aeruginosa, and M. bovis is marked S - - - S .  The coordinates shown refer to the N. gonorrhoeae 
MSI l sequence. 

the region equivalent to the major P. aeruginosa 
PAK epitope. However, the deletion in the N. gon- 
orrhoeae proteins is balanced by a large (30 or more 
amino acids) disulfide loop that contains the major 
serotype-specific epitopes (Rothbard et al. 1985), 
while the small P. aeruginosa loop contains only a 
minor epitope (Sastry et al. 1985b). Moraxella bovis 
apparently also has a serotype-specific epitope in 
the disulfide loop (see Marts et al. 1985). Little is 
known about the epitopes of  B. nodosus fimbriae, 
but the proteins have a hydrophilic region equiva- 
lent to the disulfide loop, and, like M. bovis and P. 
aeruginosa, have no deletion in region II. From the 
sequence alignments and the data from the other 
proteins, we would predict that the B. nodosus pro- 
teins carry serotype-specific epitopes both in region 
II, just preceding the second cysteine residue, and 
in region III, around amino acid 135. 

The subunits ofP.  aeruginosa type 4 fimbriae are 
stacked into a very regular polymeric quaternary 
structure. The strands have a hydrophobic central 
region with a hydrophilic exterior surface that ap- 
pears to be comprised of  alpha-helices arranged ap- 
proximately parallel to the axis of  the fimbriae 
(Folkhard et al. 1981). The observations presented 
in this section suggest that the primary epitopes, and 
probably also the binding sites, are contained within 
surface alpha-helical domains or turns of  variable 
sequence (primarily region Ic, region II, and the 
disulfide loops), which are themselves arranged 
around a conserved core of  beta-sheets of  less vari- 
able sequence (primarily region III). Therefore, de- 
spite the differences that exist among type 4 fimbriae 
from different species, these proteins would appear 
to have a similar overall organization and structure. 
This is also consistent with the fact that fimbriae 
from these species are physically very similar, and 

that one subunit may be successfully substituted for 
another  as exemplified by the morphogenet ic  
expression of  B. nodosus fimbriae in P. aeruginosa 
(Mattick et al. 1987). 

Evolution of Type 4 Fimbriae 

The structural analyses and sequence alignments 
presented above allow us to consider the evolution- 
ary relationships among type 4 fimbriae, a subject 
that has not hitherto been addressed. The sequence 
of  region Ic varies little among representatives of  
the same species (Fig. 1), and also varies among 
species much less than the carboxy-terminal two- 
thirds of  the proteins (Fig. 1). Thus, organisms pro- 
ducing proteins with closely related sequences in this 
region would be expected to be related phylogenet- 
ically and vice versa. In support of  this, N. gonor- 
rhoeae and N. meningitidis, which are closely re- 
lated members of  the same genus (Kingsbury et al. 
1969), encode antigenically related proteins with 
similar amino-terminal sequences (Virji and Heck- 
els 1983; Olafson et al. 1985; Stephens et al. t985). 
Thus, we would also expect the overall organization 
of  the N. meningitidis proteins to be similar to that 
of  the N. gonorrhoeae proteins. The family Neis- 
seriaceae also includes the genus Moraxella (see 
Bovre 1984), within which M. nonliquefaciens and 
M. bovis are closely related (Bovre 1970). However, 
although in region Ic the M. nonliquefaciens protein 
has good sequence homology with the Neisseria spp. 
proteins and the consensus sequence, the M. bovis 
proteins exhibit a much weaker relationship. Fur- 
thermore, except in region III, the variable region 
of  the M. bovis proteins is not very similar to the 
variable region of  the N. gonorrhoeae proteins. Thus, 
considerable change in sequence has occurred since 



the division of  the two lines, although in region Ic 
this has presumably occurred after the branching of  
the lines to M. nonliquefaciens and M. bovis. 

The Neisseriaceae (represented by the genus Aci- 
netobacter) and P. aeruginosa are in the gamma-3 
subdivision of  the purple bacteria, although P. aeru- 
ginosa is only distantly related to Acinetobacter 
(Woese et al. 1985). The similarities in region II of  
P. aeruginosa and M. bovis, which are not very sig- 
nificant, may reflect the vestiges of  a common an- 
cestral sequence or similar but distinct evolutionary 
pressures. However, the conservation of  much of  
region III between the M. bovis and P. aeruginosa 
proteins suggests that this organization may be the 
most similar to that of  the (putative) ancestral pro- 
tein. 

Phylogenetically, B. nodosus is thought to be more 
distantly related to N. gonorrhoeae than N. gonor- 
rhoeae is to M. bovis and P. aeruginosa, although 
B. nodosus is probably not a true Bacteroides (Shah 
and Collins 1983) and is therefore of  uncertain phy- 
logenetic position. However, the N. gonorrhoeae and 
B. nodosus proteins share a domain of  apparently 
conserved sequence and structure in region II, for 
which there is no equivalent in the M. bovis and P. 
aeruginosa proteins. Thus, the conserved features 
of region II may reflect the ancestral organization 
of the protein, which has subsequently been inde- 
pendently lost from the lines of  descent leading to 
M. bovis and P. aeruginosa. Interestingly, of  the 
three most distinct sequences in region Ic (as rep- 
resented by M. bovis, P. aeruginosa, and the Neis- 
seria species; Fig. 1), the B. nodosus sequence is 
most similar to the Neisseria species, and to a certain 
extent this is also true in region III. This observation 
suggests that this sequence in region I may be the 
closest to the ancestral or that, alternatively, B. no- 
dosus may be a misclassified member of  the Neis- 
seriaceae possibly related to the Neisseria species, 
in which case the conservation in region II may 
represent a recently evolved feature. There is also 
the possibility that exchange of  fimbrial subunit 
genes, or subsections of  the information therein, may 
have occurred by lateral transfer between compat- 
ible species that express type 4 fimbriae. However, 
there is no good evidence for a recent horizontal 
transfer of  the entire type 4 fimbrial system. Species 
expressing polar fimbriae and the associated twitch- 
ing motility phenotype are found in all of  the genera 
in the Neisseriaceae and in the majority of  species 
that have been tested. Such fimbriae are also widely 
distributed in the Pseudomonas species that are 
closely related to P. aeruginosa (see Palleroni et al. 
1973; Henrichsen 1975; Henrichsen and Blom 1975). 
The position is not so clear for B. nodosus, but sev- 
eral other species also presently classified in the ge- 
nus Bacteroides and related genera (but which are 
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not true Bacteroides) probably express type 4 tim- 
briae (see below). 

Indeed, based on the association of  the polar lo- 
cation/twitching motility phenotype with the con- 
served amino terminal amino acid sequence, it 
appears that type 4 firnbriae are in fact widely dis- 
tributed in the beta (Woese et al. 1984) and gamma 
subdivisions of  the purple bacteria. In the gamma 
subdivision these species include Xanthomonas (ex 
Pseudomonas) maltophilia, Alteromonas (ex Pseu- 
domonas) putrefaciens, and Pasteurella multocida 
(Henrichsen 1975; Henriksen and Froholm 1975). 
In the beta subdivision these species include P. tes- 
tosteroni and P. acidovorans (Henrichsen 1975; Dal- 
rymple,  unpublished).  Gram-negat ive  bacterial  
species of  unknown phylogenetic position, which 
have fimbriae with type 4 characteristics, include 
Eikenella corrodens, B. ureolyticus, and B. gracilis 
(Tanner et al. 1981; Henrichsen 1983). These species 
also have the characteristic of  corroding the surface 
of  agar plates, which is a feature of  many type 4 
fimbriate bacteria (see Froholm and Bovre 1972; 
Henrichsen et al. 1972; Henriksen and Froholm 
1975). A number of  species classified as Wolinella 
that  are anaerobic  gram-negat ive  mammal i an  
pathogens (Tanner et al. 1981, 1984) and presently 
unclassified nongonococcal urethritis strains have 
also been reported to have twitching motility and 
agar-corroding activity (Fontaine et al. 1984), and 
on this basis probably also have type 4 fimbriae. A 
similar phenotype is also exhibited by a number of  
strains isolated from soft tissue infections of  cats 
and dogs (Love et al. 1984). From the known phy- 
logenetic positions of  type 4 fimbriate bacteria, the 
evidence suggests that these fimbriae were present 
in the ancestor of  the beta and gamma subdivisions 
of  the purple bacteria, and it is possible that the less 
well characterized species presently classified in the 
genera Bacteroides, Eikenella, and Wolinella may 
also lie within this group. Some isolates of  the gram- 
positive species Streptococcus sanguis (Henriksen 
and Henrichsen 1975) may have type 4 fimbriae, 
which suggests that this system may be even more 
ancestral, being kept in those species whose ecology 
may require colonization of  eukaryotic cells. 
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