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Bacterial Adhesion Pili Are Heterologous Assemblies of Similar Subunits

Esther Bullitt* and Lee Makowski*
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ABSTRACT P-pili on uropathogenic bacteria are 68-A-diameter rods typically 1 um in length. These structures project from
the outer membrane of Escherichia coli, and contain on their distal tip a thin fibrillum, 25 A in diameter and 150 A long,
displaying an adhesin protein responsible for the binding of the bacterium to the surface of epithelial cells lining the urinary
tract. Operationally, it is possible to identify three morphologically distinct states of the 68-A-diameter P-pili rods, based on
the degree of curvature each can adopt. These states are designated “straight,” “curved,” and “highly curved.” The rods can
also be unwound to form thin “threads” that are very similar to the tip fibrillae. Electron microscope data are used to
distinguish among these four morphological states and to define limits on the shapes of the pilus proteins. The mechanical
properties of the PapA polymers are assessed, and implications of rod polymorphism for pilus function are discussed. A wide
variety of data are considered in light of the possibility that all pilins are similar in molecular architecture, with specific
differences designed to optimize their specialized functions in the pilus assembly.

INTRODUCTION

Adhesion to host tissue receptors is the first step in succes$dechanical shear can result in the unwinding of this coil
ful colonization by many Gram-negative pathogens. Adheinto a thin, 25-A-diameter structure reminiscent of the struc-
sion pili are specialized surface structures responsible foure of the tip fibrillae. This unwinding occurs without
the successful recognition and binding of these bacteria tdepolymerization of the PapA.

their host receptors. In addition, these pili are responsible Despite the differences in structure of the rod and the
for maintaining this contact during the first stages of bac-fibrillum, and the differences in the functions of the various
terial colonization. P-pili found on strains d&scherichia  pilins that make up P-pili, there are substantial similarities
coli that cause pyelonephritis (upper urinary tract infectionsin their amino acid sequences (Normark et al., 1983; Lind-
that involve the kidneys) bind specifically to globoseries ofperg et al., 1986; Baga et al., 1987). All six have signal
glycolipids that are found on epithelial cells that line the sequences for localization of the nascent peptide to the inner
urinary tract (Kdlenius et al., 1980; Leffler and Svanborg- cell membrane, and all six are transported across the
Ed,G'], 1980) These plll are Composed of six distinct StrUC'perip|a5m by the PapD Chaperone protein_ With the excep-
tural proteins and require at least two additional gene prodson of PapG, the mature forms of these pilins have molec-
ucts for assembly. The structural organization of a P-pilus igjjar masses o0f16,000 Da. The sequences of their amino
diagrammed in Fig. 1. The major structural protein is PapAgqng carboxyl termini are highly conserved, and there are
(Baga et al., 1984), a 16,500-Da protein that forms a 68-Anqditional homologies throughout their sequences. All pi-
diameter rod typically lum long that projects from the |ins except PapG have two cysteines that are disulfide bond

outer membrane of. coli. PapA is anchored in the outer |inked. PapG has four cysteines, and a molecular weight
membrane by PapH (Baga et al., 1987). At its distal end i$;pout double that of the other pilins.

attached a thin "fibrillum” structure made up largely of PapE  Tpee distinct morphologies are defined here for the pilus

(Kuehn et al., 1992) and attached to the rod by PapK (Jacoy,q according to the degree of bending that each can un-
Dubuisson et al., 1993). The PapG adhesin (Lund et al., 198%arq4 These differences are operational, based on different
f[hat carries th_e specific _bln_dlng S|te_ of the d_lgalact03|de targeéppearances in electron micrographs, but may reflect dif-

is the most distal protein in the pilus and is attached t0 th§g e ces in mechanical properties and structure that imply
fibrillum by PapF (Jacob-Dubuisson et al., 1993). an adaptability of pili to their microenvironment. Distinct

p E_>I<_amt|nai|on of ﬁhel t?rge;dlmenlsm?al rec_onstructr])n Olffilament morphologies have also been seen in actin, where
-pill structure cajculated from €lectron micrograpis oty -, nformational change in the actin subunit alters the

negatively stained pili (Bullitt and Makowski, 1995) Sug- 4o apilivy of F-actin, which is dependent on bound divalent

gest_s that the_rod IS for_me_d by a tight wmc_jmg of PapA.'ntocations or nucleotide (Orlova and Egelman, 1993). Mechan-
a coil, much like the winding of a steel wire into a spring. . . L : ; -

ical properties are critical to the function of adhesion pili, as

broken pili cannot maintain attachment of the bacterium to
Received for publication 22 May 1997 and in final form 14 October 1997.ItS host cell. Thl_J_S an und_e.rstan(.jl.ng of the Impact of e!’]VI-

. . . . _ronmental conditions on pili is critical for an understanding
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PapF adaptor were grown in soft agar, then scraped into 5 mM Tris, pH 7.5, and blended
> in a chilled Waring blender (90 s on, 90 s off, four cycles). After centrif-
ugation for 20 min at 800X g (Sorvall, SS-34 rotor), pelleted bacteria
were discarded. Solid Mg€lwas added to the supernatant® M and
PapE fibrillum incubated at 4°C for at least 10 min. Precipitated pili were pelleted by
centrifugation for 40 min at 31,008 g at 4°C. The pellet was resuspended
in 0.5 mM Tris, pH 7.5, and spun for 30 min at 31,0809 to remove
impurities and aggregates. MgQlL M) was added to the supernatant for
‘P a final concentration of 0.1 M MgGlto repeat the precipitation, and this
4 apK adaptor purification/precipitation cycle was repeated at least three times. The pure
pili were then dialyzed against 0.5 mM Tris, pH 7.5.

Pa;‘aG adhesin

Electron microscopy

Pili examined in negative stain were prepared by dilution of the sample to
~0.05 mg/ml. Six microliters were then placed on a carbon-coated 300-
mesh copper grid, and the sample was adsorbed to the carbon for 5 min.
The grids were washed with 5-20 drops of 10 mM Tris, pH 7.5, stained
with 1-2% phosphotungstic acid, pH 7, or 1-2% uranyl acetate. Frozen
PapA rod hydrated pili were prepared by dilution t60.1 mg/ml. Six microliters of
sample was placed on a holey carbon grid (modified from Fukami and
Adachi, 1965) in a humidity-controlled chamber, blotted briefly with filter
paper, plunged into liquid nitrogen-cooled liquid ethane (Dubochet et al.,
1988), and stored immersed in liquid nitrogen. All grids were examined
and photographed with a Philips CM12 electron microscope at 120 kV
under low electron dose conditions e—/A?). For cryoelectron micros-
copy, the samples were kept atLl75°C in the microscope by use of a

Gatan cryoholder and photographed over holes, to reduce the background
signal from the carbon film.

‘
7]
e
i,
SR
Gt G-
R,
.
S
g a—
-
e
S
T
rr )
-
et ..
‘#
]
“
g~
gguaiit
A,
g
i
w
AR,
S
AR,
T
SO
A
masantl
o
e
naraR
=
ﬁ Persistence length, flexural rigidity calculations
H Persistence length®, were calculated for 320 segments of 127 pili from
€ 38 electron micrographs, using the relationship

(R?) = 4PL[1 — (2P/L)(1 — exp(—L/(2P))]
PapH
apH anchor (Rivetti et al., 1996), wher& is the (straight line) end-to-end distance of
. . . . the filament segment antd is the contour length of the segment. The
FIGURE 1 Schematic of P-pili. The major structural pilin, PapA, forms

) . ) expectation value dr? for each filament morphology was derived from the
an~1-um-long helical rod that is anchored in the outer cell membrane byplot peaks for values df/R shown in Fig. 5, using measured values of

PapH. A thin PapE fibrill_um at_the tipis conr?ec_ted to the rod by an a‘daptor1965 A+/—143 A. To expand the data nebiR = 1, we calculated the
protein, PapK..At' the d!stal tip, the host-bl_ndmg adhesin, PapG, is CONrequency of obtaining values far/R in bins of width 1+ exp@)/10*,
nected to the fibrillum via an adaptor protein, PapF. wherex = 1, 1.25, 1.5, ... . This plot provides a simple method for
determining(R?), and does not require curve-fitting of persistence length to
anR? to L plot, which is known to be unreliable for small valueslof
electron micrographs and geometrical information about the The equation for persistence length (Rivetti et al., 1996) was derived for
pilus structure. filaments in two-dimengiqnal (2D) gquiliprium, and is apprppriate for
The possibility that all of the proteins making up the molecules capable of limited reconfiguration after contact with the sub-

. . . . . L strate. Samples were placed on relatively uncharged surfaces, using grids
P-pili are highly extended, fibrous proteins with similar that were not glow-discharged before negative staining. For negatively

three-dimensional structures is analyzed in detail. Structurattained grids, samples sat for five or more minutes before drying, allowing

data, sequence data, genetic data, and protein-protein inteadequate time for the sample to reach equilibrium. The data for frozen-

action data are all analyzed in the context of this pOSSibiIity.hydrated pili were analyzed.separately. Althqggh the thin ice in which pll!
were photographed approximates a 2D equilibrium, segment lengths will
be underestimated where the filaments curve perpendicular to the plane of

METHODS the'grld. Thus these data Werg used oqu to confl'rm qualitatively the results
derived from data from negatively stained specimens.
Isolation of pili Segment lengths were chosen tob2000 A (L = 1965 A, SD= 143

A), with 7-11 data points for each segment, to avoid underestimation of
P-pili were purified using procedures described previously (Gong andoersistence length due to errors in determination of filament centers

Makowski, 1992). HyperpiliatecE. coli harboring a P-pilus plasmid (Egelman and Stasiak, 1986). Filament center locations were determined
(pPAPS for wild-type pili) were grown on LB minimal media plates with by either computer mouse locations on electron micrographs digitized at 5
10 ug tetracycline overnight at 37°C. Pili were sheared from the bacterial/pixel, or by manual localization on prints of electron micrographs of pili
and purified by cycles of centrifugation of solubilized and precipitated pili, enlarged to 64—67 A/mm. In all cases, the locations of pili center locations
with precipitation initiated by the addition of Mgg€lISpecifically, bacteria  were recorded at-200—300-A intervals along the pili.
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For thermal bending of flexible polymers, as is the case for pili in 2D Fig. 2gis a field in which a curved rod is immediately adjacent
equilibrium, the persistence length is given by (Gittes et al., 1993; Reiftq g straight rod that exhibits a single failure point.
1965) Fig. 2h contains a highly curved pilus. This pilus appears
P = EIKT to have about the same diameter as the straighter pili, but
) ) ) S has a substructure that is more highly visible on its surface.
whereE is Young's modulus] is the geometric moment of inertif, is Fig. 3 contains additional images of highly curved pili that
Boltzmann's constant] is temperature, and the flexural rigidity is the ) . ]
product ofE andl. Using the known geometry of P-pili, a 68-A-diameter &/SO have enhanced substructure. Fig. 4 contains images of
filament with an elliptical hole in its cross section, the flexural rigidity and frozen-hydrated pili.
Young's modulus of filaments were calculated from the persistence The P-pili in these micrographs have been classified into
lengths, with the above equation. The geometric moment of inérbéathe four structural forms: 1) straight rods 2) curved rods 3)
filaments is equal to1t/4)(p* — (ab)?), wherep is the outer radius of the ’ C s ’
pilus anda andb are the elliptical axes of the hole in the filament. From highly curved rods, and 4) threads. The “straight” rods are
the three-dimensional reconstruction (Bullitt and Makowski, 19955, commonly found in samples that have been freeze-dried for
andb were taken to be 32 A, 7.5 A, and 12.5 A, respectively. This analysisscanning transmission electron microscopy (Gong and Ma-
implicitly assumes that the pili have no intrinsic curvature. This is ConSiS'kowski, 1992), negatively stained for transmission electron
tent with our electron microscopic observations of thousands of pili under_ . . . . L
widely varying conditions. Intrinsic curvature, if it were present, would microscopy, or preserved in vitreous ice for transmission

lead to an underestimation of both the persistence length (Trifonov et al€lectron microscopy. As can be seen in Fig, 2hese rods

1988; Bednar et al., 1995) and Young's modulus. are very linear, but exhibit occasional sharp turns in which
it appears that a single rod has broken and the bonds
between the turns of the coil have given way, leaving only

RESULTS . .

a narrow point of attachment between the two resulting rod

Polymorphism in PapA assemblies fragments. These rods appear to be brittle, with little elastic

Electron minOgraphS of P-plll are included in FlgS 2_4.resp0nse to torque or shear until pUnCtate failure. At other

Figs. 2 and 3 contain electron micrographs of negativelP/aces, two straight rods appear to be joined by a thin
stained specimens. Fig. 4 contains electron micrographs ofread” that extends between their ends (Figl)2These
frozen hydrated pili. In Fig. 2, most pili appear to be very threads appear to be formgd by the unwinding of the straight
straight, with occasional sharp bends that suggest punctaf@ds (Bullitt and Makowski, 1995).

failures of the pilus rods. Short segments of isolated pili, Sharp bends and threads are observed mainly in associ-
apparently broken from longer pili, are also present in thisation with straight rods, presumably indicating punctate
micrograph. In Fig. 2b, ¢, ande, most pili appear to be failure of the pilus. Curved and highly curved pilus structures
gently curved. Curved pili of this type seldom, if ever, appear to be capable of elastic bending in response to shear or
exhibit punctate failures like those seen in Figa. Fig. 2d  torque, leading to a reduction in the number of punctate fail-
shows a threadlike structure over 1500 A in length, that apures. Highly curved pili appear to have a more open architec-
pears to extend from the end of one pilus rod to the end ofure than either straight or curved rods, with surface substruc-
another. Fig. & shows a curved pilus with a relatively short, ture visualized by the penetration of negative stain between the
thin structure, possibly a fibrillum, extending from one end. subunits of the rods. All structural forms are seen in specimens

FIGURE 2 Four structural morphologies are visible in these micrographs of negatively stained P-pili, including straigithedidsr{ow), curved rods
(arrowhead, highly curved rodslérge arrow), and thin threadstffin fiber in d). Sharp angle turns in P-pilaj and the attachment point of threads to the
pilus rod @) indicate punctate failure of the filament. Magnification bar, 250 A.
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FIGURE 3 Two examples of highly curved pilia) The straight rod morphology switches to a highly curved rod while crossing otherlpilHighly
curved pili appear to have a more open architecture than either straight or curved rods, with a surface substructure visualized by the incratsed penet
of negative stain. Magpnification bar, 250 A.

that have been negatively stained, whereas curved or highlgqually well to two peaks or threg test; data not shown).
curved rods appear to be rare or nonexistent in specimens th@bnsequently, this analysis does not distinguish between
have been freeze-dried. the straight and the curved pili. Because our observations
indicate that “straight” pili exhibit punctate failure, whereas
curved pili do not, we have chosen to make the distinction
between straight and curved pili in our analysis of persis-
Different degrees of curvature suggest different degrees dénce lengths. This separation may not, however, define a
rigidity. To quantitate the impression of different flexural population of curved pili that are structurally distinct from
rigidity that is given by examination of the electron micro- straight pili. Highly curved pili are clearly in a class of their
graphs, the persistence lengths of P-pili were calculated@wn, both qualitatively and quantitatively. The localization
from measurements made on electron micrographs of ne@f the peaks makes possible an accurate estimate for the
atively stained and frozen hydrated samples. The persisaverage(R?) for each population, and the subsequent cal-
tence, or correlation length, measures how far along a&ulation of persistent lengths. The first peak corresponds to
filament its direction remains correlated to that of the start-L/R = 1.002, representing essentially straight pili. The
ing direction. This distance is inversely proportional to calculated persistence length for these filaments8sum.
flexibility; the more flexible the filament, the shorter its The putative peak correspondinglitR = 1.015 lies in the
persistence length. As the shortest distance between twegion that includes curved pili, and yields a persistence
points is a straight line, any curve within a filament will length of ~1 um. The final peak is extremely broad (note
increase its contour length, as compared to its end-to-end the increasing bin width of/R ratios asx increases), as
distance R. Because the filaments are highly concentratedexpected for the wide range of conformations sampled by
aboutL/R = 1, the data are best visualized quantitatively byfilaments having short persistence lengths. The peak of
a histogram ofL/R frequency against a function (% these data corresponds iR = 1.160, yielding a persis-
exp()/10%), expanding the region ne&fR = 1. Examina-  tence length of~0.1 um for the highly curved pili.

tion of this plot, shown in Fig. 5 for data from negatively = The designations of “straight” and “curved” pili do not
stained samples, suggests the presence of three distimcessarily imply a significant structural difference between
populations, corresponding, respectively, to straightthem. The helical symmetries of the straight and curved rods
curved, and highly curved pili. The histogram, however, fitswere determined by computer analysis of electron micro-

Persistence length
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inertia of pili, assuming thermal bending of flexible poly-
mers. These results place the flexural rigidity of highly
curved pili (4 X 10722 N m?) between RecA-DNA com-
plexes (Egelman and Stasiak, 1986) and DNA (Smith et al.,
1996); indicate that curved pili (4 1072 N m?) are
slightly more flexible than actin (Oosawa, 1980); and show
straight pili (3 1072 N m?) to be within the range of
rigidity determined for actin (Oosawa, 1980). The calcu-
lated Young’s moduli for the pili morphologies are 5 MPa
for highly curved pili, 50 MPa for curved pili, and 400 MPa
for straight pili. Highly curved pili have a Young’s modulus
comparable to that of rubbeE(,,,.,= 1-10 MPa) and will
resist bending in a manner similar to that of an equivalently
shaped rod made of rubber.

Highly curved rods

The highly curved rods appear to have a structure different
from that of the straight or curved pili. No attempt has been
made to determine their helical symmetry or to calculate a
three-dimensional reconstruction of their structure. Never-
FIGURE 4 Electron micrographs of P-pili preserved in vitreous ice, theless, the impression obtained from examination of elec-
showing straight-rod and curved-rod morphologies. Magnification bar,tron micrographs of these structures is that there is much
250 A. greater penetration of negative stain between the subunits of
these rods than for the straight or curved rods. This suggests

graphs and found to be essentially identical (data no@ significant difference in their structure compared to that of
shown). The apparent differences may reflect the mecharthe straight or curved pili rods.

ical properties of a single kind of structure that has a high

likelihood of either bending slightly or remaining straight Threads

and breaking into two (straight) rods as the specimen is‘I’he thin diameter of threads (25 A) defines them as a
dried onto the electron microscope grid (see Discussion). . .
distinct morphological class. These threads appear to be
present either in the middle of a pilus, connecting two
Flexural rigidity and Young’s modulus straight rods, or at the end of a pilus, extending from a rod.
- , Presumably, many or all of those extending from the end of
Flexural r|g|d_|ty and Young’s modulus were calculated rod correspond to the fibrillum structure that is present at
from the persistence length and the geometrical moment 03“3 distal end of the pilus, and which is composed of PapK,
PapE, PapF and PapG. The threads that connect two rods
20 cannot be made up of this material (PapG is always the most
distal protein of the pilus), and are most likely made up of
PapA that has unwound from the rods in response to stress.
In electron micrographs, the fibrillae at the ends of rods
cannot be distinguished from the threads connecting two
rods. In both cases, these thin structures often appear to take
on an open helical structure with a pitch of 100-200 A. The
mass per unit length is indistinguishable for these two
structures. Nevertheless, biochemical data indicate that they
are made up of different pilins—largely PapE at the ends
and largely PapA in the intermediate structures. Our con-
clusion is that PapA, normally found in rods, is capable of

—_—
A3
L

Frequency
)

X unwinding to form threads, fibrillum-like structures that at
low resolution are indistinguishable from the fibrillae com-
FIGURE 5 Histogram of/R for P-pili. To expand the data nebfR = osed largelv of PapE
1, we calculated the frequency of obtaining valuesLitit in bins of width P gely PE.
1 + exp(K)/10*, wherex = 1, 1.25, 1.5, ... . The equation is used to

calculateL/R at any positionx on the graph. Data fall into three peaks, Size and shape of subunits

corresponding td/R ratios of 1.002, 1.015, and 1.160, for straight and . o
curved filaments, and highly curved pili, respectivedyrows from leftto 1 he results of electron microscopy indicate that the cross-

right on the plo}. sectional areas of the threads and of the fibrillae are both
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that of a ~25-A-diameter cylinder of protein. Scanning Sequences of pilins

transmission electron microscopy (STEM) was used to de_-l_h bstantial similarities bet th . id
termine that their mass per unit length wa®.4 kDa/A ere are substantial simiiarities between the amino aci

(Gong and Makowski, 1992). The density of each proteins_eq_uer.‘.Ces of P-pili and some of the other knoyyn pili The;e
can be calculated from the amino acid composition and th |m|Iar|t|e§ are apparent among analogous pilins from d'.f'
volumes occupied by each amino acid in crystalline, glob- ire?t itggTS- (delffqr Cr?tmii)l?flson OtfhPapA serc;]uencfe;, DAer:|:h
ular proteins (Chothia, 1975). The densities calculated fo aL, 19 ) erent p I(e.g._, € sequel _Ce of Fap

-pili is similar to that of FimA in type 1 pili); and among

the pilus proteins from amino acid composition and amlnostructurally distinct pilins within a single pilus (e.g., PapA,

acid volurggs lare thabfulated hin Tal?'e L alqng with thePapE, PapF .. .). Although this similarity does not extend
corresponding lengths for each protein, assuming a mass gy iijins in the type IV class, new pilins are often identified

unit length equal to thatpbserved for the threads or fibrillaeby their similarities to this large family of proteins that
Given the molecular weights of the mature PapE, PapF, angcjydes the P-pilins. The regions of greatest similarity are
PapA proteins, this corresponds to lengths of 38 A, 39 Athe C- and N-termini and the regions immediately adjacent
and 41 A, respectively. to the cysteines that form a single disulfide bond in the
To test the hypothesis that the threads are formed fronhtact proteins. Fig. 6 shows one possible sequence align-
rods that have unwound, the mass per unit length of Papsnent for five of the six structural pilins on the P-pilus.
in the rods was calculated assuming that it is wound aroun@lithough there are substantial differences in these se-
the 1-start helix of the rod. The dimensions and mass peguences, they share a number of structural motifs. The
unit length of the rod itself are accurately determined fromsimilarities among these sequences suggest the possibility
the electron microscopic analysis (Bullitt and Makowski, that these five proteins are structurally homologous.
1995). Given that PapA is an elongated protein wrapped Substantial differences are also apparent in the sequences
into a rod with known outside diameter, inner cavity sizeof the pilins, as might be expected for proteins with distinct
and location, and helical pitch, the PapA protein cannofunctional roles. These differences are highlighted in the
have a cross-sectional area |arger th.afPAr/A_, whereP is data in Table 2. Table 2 includes the number of Charged
the pitch, equal to 24 A, andr is the difference between residues in each pilin, and one estimate of the percentage of
the outer and inner radii of the rod-@0 A). Given the different secondary structures within each protein. Exami-
calculated density of PapA, 0.787 D&/Ahese dimensions Nation of the data in Table 2 suggests that the fibrillae-
correspond to a mass per unit length of 0.45 kDa/A, withinforming pilins (PapE and PapF) constitute a subclass rather

the expected error of the STEM measurements of threa ifferent fr_om.that of the ot.hz'ar piIin; in the P-pili. They
and fibrillae. Consequently, all of the information we have ave less likelihood of containing-helical structure and far

: : : o ewer charged residues than the other pilins. This compar-
about the rod structure is cqns!stent with the possibility tha{Son also suggests that the PapH anchor protein and the PapK
threads are formed by unwinding of the rods.

. . . NN .. _adaptor protein are rod-forming pilins with structures more
At th'; reso(ljuu%n, bqundﬁrles betweep mld'V'dualfP":?S_ imilar to that of PapA than to that of PapE or PapF. This
are unobserved, obscuring the cross-sectional areas of in 'V”abssibnity is reflected in the sketch of the P-pilus structure in

ual proteins. chh subunit could occupy the entirg Cross sectiqaig_ 1, in which both PapH and PapK are depicted as integral
of the 'Fhreads/flbrlllae, and be40 A long. Allternatlvely, gach parts of the pilus rod. The PapH anchor is apparently formed
subunit could occupy half that cross section, have twice thaby the highly hydrophobic region at the amino-terminal end of
length, and maintain extended contact regions with the subthe sequence of the mature protein, the remainder of the protein
units immediately distal and proximal to it. Given the impor- exhibiting similarity to PapA.

tance of the mechanical properties of the fibrillae and threads The predicted secondary structure content of the pilins
for survival of the bacterium, the possibility that the proteinsappears to suggest that the structures of the fibrillae-forming
are highly elongated (substantially more than 40 A in length)pilins are rather different from those of the rod-forming
must be seriously considered. This is certainly the case for thgilins. However, use of sequences to predict secondary
gonococcal pilin, although it is arranged very differently in the structures has proved highly unreliable for proteins that
pilus rod (Parge et al., 1995). assemble to form macromolecular complexes (e.g., Finer-
Moore et al., 1984; Kishchenko and Makowski, 1997).
Consequently, these predictions reflect real differences only

TABLE 1 _Size, shape, and density of P-pilins in the sequences of the different pilins; they may not reflect

Molecular substantial structural differences.
mass Density Min.

Pilin (Daltons) (Da/A3)* length (A)
PapG 35,520 0.777 89 Rare codons and protein expression
PapF 15,560 0.782 39 . . - .
PaSE 15.930 0.780 40 In the plggene&s of P-piliE. cqll face the. problem of
PapK 17,260 0.777 43 synthesizing the structural proteins of the pili in ratios that
PapA 16,520 0.782 41 correspond to the ratios of their usage within the pili. There
PapH 19,250 0.777 48 are an average of1200 PapA per pilus; 50 PapE; and one

*VVolumes of amino acids are from Chothia (1975). each of PapG, PapF, PapK, and PapH. Expression of gene
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Pilin Sequence Alignment

PapF DVQINER IRP NGONI NINPEHVDNSRGE VT

PapE VDNLT I TRSNTTVDW L. SONGNHEKE

PapK 5D R D H@SGDSLNKH SRDEWYPPGRSPTE S

PaphA APTIPQGQ 1 TR0 SESOK QS GOL SKSFLEAGGVSKP MD
HEE T

PapH GPFPPPGMSLPEYWGEEHVWWD, EDEWQTI ETPVRDLON GFSGPERK

PapF KTHS SEPYKSGSLWIKV TGN GGHRO NNVLATNITHFGIALYQGKGMSTPLILGNGSGNG
PapE NMREPYNLG ™ T TNTYNNAILVQNTSNTSIDGLLVYLINSNA GN IGTA
PapK E N@H GKIVTLTE E PGH .VT AGRLGIALLDE@DGSSLLK PGTS
PapA LD E i KGGNGAK KLEETGP HSDELD GGEGTEIVVNGA GKN
PapH FS R NESFNS OGGNLFSDSRIRVEFD RGETPDl LSGOAEGI LOBSDVR GNIARAG
PapF YG VTAGLIT ARSTFTETS VPE@NGSGI DEOTTASESMT

PapE ITLGTP FTPGKITGNNADKTI SLHAKLGYMGNMON NI
PapK HNKGOGEKVTGNSLELPFGAYVVA TPEA LRTJ§S EATATRELTER
PapA VVFDGSEGJA NTLK DGEN VLHYTA  VVKESSAVGAANTE LT
PapH KVMPAIP LTGNEEALDYTLRIVRNG EARNEFANLGERVDRE

FIGURE 6 One possible sequence alignment of the five structural pilins. Sequences were aligned to maximize the correspondence of highly conservec
features, including the disulfide linkage and the amino and carboxy terminal regions. Dark highlighting is shown for residues that are sihpién$or al
light highlighting is for sequences that are similar for some pilins.

products is presumably regulated at the levels of both traneopy each of the other structural proteins, and the genes
scription and translation, and the mechanisms regulatingoding for these proteins each contain at least one AGG
their expression levels are likely to be multiple and com-codon. The occurrences of these rare codons correlate well
plex. Nevertheless, it is interesting to note that the usage ofith the level of incorporation of each of these gene prod-
rare codons in the Pap gene cluster correlates well with thacts into the pilus structure. The genes for the nonstructural
number of copies of each gene product that appears in tharoteins all contain multiple AGG codons, consistent with
final pilus structure. their role as regulatory or morphogenetic proteins. These
E. coli use several rare codons to control the expressiomumbers suggest thit coli use rare codons to regulate the
levels of gene products. The levels of tRNAs correspondindevels of synthesis of structural proteins to correspond with
to the rare arginine codons AGG and AGA have beertheir level of incorporation into macromolecular assemblies.
proposed as a means for regulating the expression of genes
enriched in these codons (Chen and Inouye, 1994). Tg
investigate the possible role that these codons may have RISCUSSION
regulating the relative levels of expression of the P-piliThe results reported here address two fundamental issues
genes, the number of AGG and AGA codons in the P-piliinvolving the P-pili. The first is the relationship between the
genes was tabulated. Table 3 lists the frequencies of the raggructure, structural polymorphism, and mechanical functions
arginine codons AGA and AGG in the six pilus structural of the pili. The second is the structure of individual pilins and
proteins and in the genes for the nonstructural proteingheir structural relationships to one another. Both of these
PapD, PapC, PapB, Papl, and PapJ. PapA, which makes igsues depend on the size and shape of the PapA monomer.
the bulk of the pili structure, has neither of these codons.
PapE, which is expressed at a much lower level than PapA,
has two AGA codons and no AGGs. Pili contain only one Structure of the PapA monomer

There are currently no data that directly address the dimen-
sions or conformation of the PapA monomer. The structure

TABLE 2 Sequence characteristics . . .. .
of the Neisseria gonorrhoeapilin has been determined to

Predicted Predicted (+) ) 2.6-A resolution by x-ray crystallography (Parge et al
pili % alpha)* % beta)* harge$ h . . . ' )
n (% alpha) (% betz) charge charges 1995). These data, with constraints from fiber diffraction
PapG 19 25 30 27 and electron microscopy data, have been used to model the
EZEE 8 gg 2 ; type IV fiber. The striking differences between type IV and
PapK 21 32 18 16 P-p?l? preclude the construction of a molecular mpdel of
PapA 7 24 12 17 P-pili based on the structural model of type IV pili. Cur-
PapH 17 14 20 23 rently, the resolution of our electron microscope studies is
*SSP program (Solovyev and Salamov, 1994). insufficient to identify boundaries between subunits in the

#Assumes His is polar, but uncharged. pilus structure. The monomer has not been crystallized, and
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TABLE 3 Rare codons in pilins bonds between the turns of the rods. Fig. 7 is a sketch of an
Approximate axial view of the end of gilus, demonstrating the different
no. of proteins AGG AGA structural requirements for a subunit in the rod and in a thread

Protein per pilus codons codons  or fibrillum. PapA appears to be able to switch from one

PapG 1 2 3 conformation to the other during the unraveling of the rod into

PapF 1 1 0 threads.

PapE 50 0 2

PapK 1 3 1

PapA 1200 0 0 Structural polymorphism of PapA polymers

EZE: _1 g f We have classified the observable structural forms of poly-

Papl — 2 0 mers of PapA into four categories, probably representing

PapD — 4 2 three distinct structural forms of the pili. These categories

PapC — 1 S are straight rods, curved rods, highly curved rods, and

threads. The straight rods have a persistence length8of
pwm. They appear to be rigid but brittle, and subject to

although it has been visualized in the electron microscope ipunctate failures at which the turns of the PapA coil making
complex with the PapD chaperone protein (Bullitt et al.,up the rod split apart, leaving a single point of attachment
1996), the shape of individual proteins cannot be ascerbetween two straight rods, or maintaining a long, thin,
tained from those data. threadlike structure between the two straight rods.

The cross-sectional area of the PapA threads is virtually The rods classified as “curved” are morphologically in-
identical to the area available to subunits wound around théistinguishable from the straight rods, with a helical sym-
one-start helix of the rod. The structure of the rods ismetry identical to that of the straight rods. The difference
thereby compatible with the possibility that they are madedetween the curved and straight rods may be purely opera-
of a tight winding of a threadlike structure. In that case, thetlonal—a_d|ﬁerence in calculated persistence length created
PapA protein in the unwound state will be a minimum of BY choosing to fit three rather than two peaks to the graph
~40 A long and, at most, 25 A in diameter. All available thgt quantifies contogr Ie_ngth jto end-to-end Iength'ra.tlos
data are consistent with this possibility. (Fig. 5). We make this distinction because of the distinct

failure modes of which the rods are capable: rods that are

The function of the P-pilus requires it to have mechanicaln t subiect to a bendina moment durin imen formation
strength adequate to maintain the attachment of the baCt%f?e |SrLrjlaJ egd gsastreai ht?od;J Reods 'tjhatgafg iﬁb'eect t(()) ex?reome
rium to the epithelial cells lining the urinary tract during the 9 9 ' )

flow of urine. For the PapA monomers to remain bound to?egsdg?n;r;ocrpe%ngs k;);(;:ilffjr;esgit::gég;;v?hz?grrfrs’usgr:é?Té
one another during mechanical stress, they need to have, Y pomnt. )

high affinity for one another. A structure in which the PapA intermediate bending moments are preserved as the curved

molecules are highly extended (more than 40 A in Iength)rggz :bS:;\r/?g A;V?Z eleigit;?gng(f;grtzpﬁf,i}nTg?rS; cr:]l:rved
with extensive interactions with one another, may have thg PP P 9 ' 9

potential for being stronger than one constructed from mol-
ecules with relatively small interactive surfaces.

Structural switching in PapA

n+1
For the PapA protein to make the transition from being n+2
coiled in the pilus rod to being extended into a threadlike
structure, it must undergo a structural transition. In the rod

there are 3.28 subunits per turn, meaning that identical
points on adjacent PapA monomers are rotateti10°
(360°/3.28) relative to one another. In the extended threads,
identical points on adjacent monomers are likely to have an o _ _
orientation within 30° of one another. (In a straight struc-"'CURE 7 Axial view of the top of a pilus rod. Proteimsn — 1, and

. . . . . . . so on are portions of the rod in a curved conformation. Proteirs 1,
ture, identical points W'”_ be . 'dentlca“y . One_nted' . The n + 2, and so on are in an extended conformation in a thread or fibrillum.
threads seldom change direction from this orientation byrhe binding surfaces of the proteins in the thread are nearly parallel to one
more than 30° in a 40-A-length of filament.) Consequently,another, resulting in an open, extended form for the thread. The binding
for the unwinding of the rod to take place, the two ends ofsurfaces of the pilins in the rod are rotated10° relative to one another.
the PapA monomer must rotate 80°-140° relative to onédf this drawing represents the end of a rod and the beginning of a fibrillum,
another. This rotation could involve the rotation of two p“gei””""”' be thelrspK; pmtefi”ﬁ +d1'” *+2,and so on ‘r’]"”' bedp";‘pE; ;

. s . . - .__and proteim — 1 will be PapA. If this drawing represents the end of a ro
domains within a smgle prOtem’ the rotation of the bondlngo PapA molecules being unwound, all of the proteins represented corre-
Surfa?.es be_tW.een_ proteins, OI" a more extended Structuré’iond to PapA. Proteins + 1, n + 2, and so on then represent PapA
transition distributing the rotation throughout the protein. molecules that have undergone a conformational change. Prafeins 1,
This rotation will occur in concert with the breaking of and so on represent PapA molecules still in the rod-forming conformation.
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rods with punctate failures are seen in electron micrographsorphology of deletion mutants have been analyzed also
of freeze-dried and negatively stained specimens, but sekuggest that these pilins are very similar. In mutants lacking
dom in electron micrographs of frozen-hydrated specimensPapE, rods are terminated with100-A-long fibrillar stubs
It is possible that the interaction of the pili with a surface (Kuehn et al., 1992). The stubs are presumably made of
(which does not occur in the frozen-hydrated specimenspapG and PapF, suggesting that PapK can interact with
leads to the observed punctate failures. PapF to attach it to the PapA rod. This implies that the
The “highly curved” pili rods appear to be a distinct state pinding surfaces of PapE and PapK are very similar (they
of the pili that has not previously been reported. There issan both bind PapF). Mutants lacking PapK also exhibited
distinct substructure on the surface of these rods, suggestiygyiliae at the ends of the rods (Kuehn et al., 1992), sug-
of substantially more penetration of stain between subunit§esting that PapA can interact with PapE, thus implying that
than in the curved or straight pili. They are also capable otne gistal binding surfaces of PapA and PapK are similar
much tighter curvature than other morphological forms of(they can both bind PapE). Other genetic experiments of this
pili. They occur in the same fields of electron micrographsiyype (Uhlin et al., 1985; Jacob-Dubuisson et al., 1993)

very similar if not identical conditions. This result differs

from the variable flexibility seen in actin filaments; F-actin

flexibility is altered by changes in bound divalent cation or The PapG adhesin

nucleotide, which effects the entire filament population

(Orlova and Egelman, 1993). The presence of highly curved he PapG sequence is significantly different from that of

rods of P-pili adjacent to straight P-pili may represent athe other P-pilins, except for the highly conserved carboxyl

second type of mechanical failure of the pili, an alternativet€rminus. It is composed of an N-terminal lectin-like do-

to punctate failure as a response to stress. But existing dafg@in and a C-terminal pilin-like domain (Jones et al., 1995).

provide no clue as to why pili should appear to take on thig?@PG is not visible as a thickening or thinning of the

morphologically distinct form under conditions essentially fibrillum at its distal end. Given that it has twice the mo-

identical to those in which straight or curved rods are found!ecular weight of the other pilins, arguments analogous to
The response of a thin rod to a bending moment ma};hose used above indicate that if PapG occupies the entire

result in a local failure, as in the bending of a piece OfZS-A-diameter cross section of the fibrillae, it must+80

uncooked spaghetti, or in a distributed curvature, such as th in length. _ N

bending of a piece of cooked spaghetti. The difference between El€ctron micrographs of type 1 pili (Jones et al., 1995)

these two types of responses involves the intermolecular inte@Xhibit a fibrillum-like structure on their tip that is only

actions along the direction parallel to the axis of the rod. If~160 A in length. In deletion mutants lacking the fimH

these interactions are rigid, the rod undergoes very little disgene (the adhesin analogous to PapG in P-pili), a.30-A?Io'ng

tortion until punctate failure. If these interactions are elasticStub is observed. Because fimH has a molecular weight similar

the rod bends readily in response to the moment. to that of PapG, it is unlikely to be able to fill a 130-A-length
The feature that may distinguish the “highly curved” pili of a fibrillus that is~25 A in diameter. This suggests that the

from the “straight” pili is the nature of the axial bonds that tYPe 1 fibrillae are thinner than the P-pili fibrillae, that there are

allow adjacent turns of the helix to adhere to one anotherMultiple copies of fimH, or that the absence of fimH at the tip

These bonds must break at a single point for the formatiolf the type 1 pili may prevent the attachment of another

of a punctate failure; they must break along the entire lengti§iructural component that is50 A long.

of a thread for the rod to unravel; and they must bend, but

not break for the formation of the highly curved pili. Be- o L

cause highly curved pili appear to have an open structur@uasiequivalence in pili

with more space between subunits at high radii, it is reap.pjli are heterologous polymers of six different proteins
sonable to think that they may also have an altered set Qfjith common structural motifs and disparate functions.
interactions between the proteins in adjacent turns of thejjins are able to carry out their various functions because of
helix. It is possible that these interactions are very sensitivgjifferences in their structures that represent variations on a
to small changes in the ionic strength or pH of the surroundsingle structural theme. If the evolutionary relationship be-
ing media. Consequently, the structural and mechanicalyeen the pilins is ever traced, we may find that they have
properties of these pili should be investigated under condig| evolved from a single ancestral pilin, and that the divi-
tions similar to those existing within the urinary tract. sion of labor and specialization of function have evolved to
produce a more efficient and effective macromolecular as-
sembly for adherence to target tissues.

Adherence of bacteria to the epithelial lining of the uri-
nary tract cannot be effectively promoted or maintained
Electron microscopy and sequence analyses both suggastder physiological conditions by a rigidly constructed pi-
that PapF, PapE, PapK, PapA, and PapH have similar atus. The structural plasticity of the pilus is essential for it to
chitectures. Genetic experiments in which the function andatarry out its primary function. This plasticity is dependent

Subunit-subunit binding among the
structural pilins
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on polymorphism of the PapA polymers, which is, in turn, Gong, M., and L. Makowski. 1992. Helical structure of P pili from
dependent on the structural switching and adaptability of Escherichia coli Evidence from X-ray fiber diffraction and scanning

PapA. Satisfaction of functional requirements through the transmission electron microscopy. Mol. Bial, 226:735-742.
PA. q 9 Jacob-Dubuisson, F., J. Heuser, K. Dodson, S. Normark, and S. Hultgren.

use of structural 'p0|y'm0rphi3m'represents a variation on the 1993 nitiation of assembly and association of the structural elements of
themes of quasiequivalence first put forward by Donald a bacterial pilus depend on two specialized tip protelEMBO J.

Caspar and Aaron Klug in their analysis of virus structure in 12:837-847.
1963 (Caspar and Klug, 1963). The P-pi|US is an adaptivéones, C. H., J. S. Pinkner, R. Roth, J. Heuser, A. V. Nicholes, S. N.

bly i hich ltipl f ti f it Abraham, and S. J. Hultgren. 1995. FimH adhesin of type 1 pili is
assembly In which multuple contormatons of IS COMPO-  ,qqempled into a fibrillar tip structure in the EnterobacteriacBeac.

nents contribute significantly to its functional effectiveness. Natl. Acad. Sci. USA92:2081-2085.

Kéllenius, G., R. Mollby, S. B. Svensson, J. Winberg, A. Lundblad, S.

) ) ) ) Svensson, and B. Cedergren. 1980. Theaftigen receptor for haem-
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