
Cell, Vol. 111, 543–551, November 15, 2002, Copyright 2002 by Cell Press

Chaperone Priming of Pilus Subunits Facilitates a
Topological Transition that Drives Fiber Formation

that have been shown to be critical for the establishment
of urinary tract infections (Roberts et al., 1994; Connell
et al., 1996; Mulvey et al., 1998). These pili mediate
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bacterial attachment to host tissues, an essential early2 Department of Biochemistry and Molecular
step in UTI pathogenesis (Hultgren et al., 1996). Pilus-Biophysics
mediated attachment facilitates bacterial colonizationWashington University Medical School
and triggers a complex web of events, including signal-660 South Euclid Avenue
ing in both the bacterium and host, that then influencesSt. Louis, Missouri 63105
the course and outcome of the infection (Mulvey et al.,3 Birkbeck College
1998; Martinez et al., 2000; Hung et al., 2001).Department of Crystallography

P pili are expressed by many strains of uropathogenicMalet Street
E. coli. These pilus fibers are encoded by the pap geneLondon
cluster (papA-K) and bind to the globoseries of glycolip-WC1E 7HX, UK
ids present in the human kidney (Hull et al., 1981; Lund4 The Ludwig Institute for Cancer Research
et al., 1987). P pili have been shown to be requiredUniversity College London
for the establishment of pyelonephritis (Roberts et al.,91 Riding House Street
1994). Each P pilus consists of a thick, rigid rod with aLondon
thinner, more flexible tip fibrillum at its distal end. TheW1W 7BS, UK
rod contains PapA subunits arranged to form a tightly
wound, hollow, right-handed helical structure (Gong and
Makowski, 1992; Bullitt and Makowski, 1995). The tipSummary
fibrillum contains PapE subunits arranged in a more
open helical conformation (Kuehn et al., 1992). The PapGPeriplasmic chaperones direct the assembly of adhe-
adhesin, which binds the glycolipid receptor, is at thesive, multi-subunit pilus fibers that play critical roles
distal end of the tip fibrillum (Kuehn et al., 1992; Dodsonin bacterial pathogenesis. Pilus assembly occurs via
et al., 2001). The PapF and PapK pilus subunits area donor strand exchange mechanism in which the N-ter-
thought to link the PapG adhesin to the tip fibrillum andminal extension of one subunit replaces the chaperone
the tip fibrillum to the rod, respectively (Jacob-Dubuis-G1 strand that transiently occupies a groove in the
son et al., 1993).neighboring subunit. Here, we show that the chaper-

P pili are members of a large family of bacterial surfaceone primes the subunit for assembly by holding the
fibers that are assembled by a conserved secretion andgroove in an open, activated conformation. During do-
assembly system termed the chaperone-usher pathwaynor strand exchange, the subunit undergoes a topo-
(Thanassi et al., 1998a). This chaperone-usher pathwaylogical transition that triggers the closure of the groove
participates in the assembly of surface organelles inand seals the N-terminal extension in place. It is this
many pathogenic bacteria, including uropathogenic andtopological transition, made possible only by the prim-
enterotoxigenic E. coli, Haemophilus influenzae, Kleb-ing action of the chaperone that drives subunit assem-
siella pneumoniae, Proteus mirabilis, Bordetella pertus-

bly into the fiber.
sis, and Salmonella and Yersinia species, including Yer-
sinia pestis, the causative agent of bubonic plague

Introduction (Hung et al., 1996). A periplasmic chaperone and an
outer-membrane usher direct the assembly of each such

Urinary tract infections (UTIs) are among the most com- organelle. PapD and PapC are the chaperone and usher,
mon bacterial infections of humans, second only to re- respectively, for P pili. During pilus assembly, each sub-
spiratory infections (Sussman, 2001). They include both unit interacts with the chaperone to form a stable chap-
kidney and bladder infections (pyelonephritis and cysti- erone-subunit complex in the periplasm (Lindberg et al.,
tis, respectively) and have been estimated to account for 1989). Each pilus subunit has an incomplete immuno-
100,000 hospital admissions and eight million physician globulin-like (Ig) fold that lacks its seventh, C-terminal
office visits annually in the United States alone (Warren, � strand, resulting in a hydrophobic groove on its surface
1996). Urinary tract infections primarily affect women—it where this missing strand would otherwise be. The
has been estimated that 50% of women will experience chaperone contributes a portion of its G1 strand to com-
at least one UTI during their lives, and that 20%–40% plete the subunit Ig fold by occupying the groove. This
of these will develop one or more recurrent infections so-called donor strand complementation interaction
(Stanton and Dwyer, 2000; Hooton, 2000). Uropatho- couples the folding of the subunit with the transient
genic E. coli (UPEC) is the most common cause of UTIs capping of its interactive groove and thus ensures that
(Muhldorfer et al., 2001). UPEC organisms express on the groove is never prematurely exposed to make non-
their surfaces various multi-subunit fibers termed pili productive or aggregative interactions (Choudhury et

al., 1999; Sauer et al., 1999; Barnhart et al., 2000). Disso-
ciation of the chaperone-subunit complex precedes the5 Correspondence: waksman@biochem.wustl.edu
incorporation of the subunit into the pilus fiber, which6 Present address: Section of Microbial Pathogenesis, Yale Univer-

sity School of Medicine, New Haven, Connecticut 06536 grows from the base. In the chaperone-subunit complex,
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1999; Barnhart et al., 2000). The growing pilus moves
through a pore in the outer membrane formed by the
usher protein and adopts its final quaternary structure
once outside the cell (Thanassi et al., 1998b; Saulino et
al., 2000).

The elucidation of the detailed mechanisms of pilus
assembly will shed light on a critical process in the
pathogenesis of urinary tract infections and other bacte-
rial diseases that affect millions of patients each year
in the United States alone. In addition, the elucidation
of these mechanisms will reveal general principles that
bear on the fundamental biological processes of chaper-
one function and pathogenic fiber formation. Molecular
chaperones are ubiquitous in living organisms and play
essential roles in the folding and stability of macromole-
cules and in organelle and fiber assembly in many sys-
tems (Hartl and Hayer-Hartl, 2002; Stebbins and Galan,
2001). Stable biological fibers contribute to the patho-
genesis not only of bacterial diseases but also of many
other debilitating human conditions, including, for ex-
ample, those such as Alzheimer’s disease that are char-
acterized by amyloid fiber formation (Hardy and Selkoe,
2002). Thus, a more thorough understanding of the gen-
eral principles of chaperone function and pathogenic
fiber formation promises to aid in the development of
new ways to prevent and treat a variety of serious human
diseases.

In the present work, we provide a dynamic view of
chaperone-assisted pilus fiber assembly that reveals its
mechanism at high resolution. Biochemical experiments

Figure 1. In Vitro Donor Strand Exchange and Chaperone Priming demonstrate that interaction with the chaperone primes
of Subunits each subunit for donor strand exchange. Two crystal
(A) Alignment of the N-terminal extensions, beginning with residue structures of subunit complexes provide views of the
1 in each case, of Pap subunits with the G1 strand of PapD. Number- subunit before and after donor strand exchange and
ing is for PapK and PapD. The conserved alternating hydrophobic

reveal the structural basis of the priming mechanism.residues are indicated in red; the positions (Pn, where n � 1 to 5)
These structures demonstrate that the chaperone holdsthat they occupy in the PapENtd groove (see text) are in blue.
the subunit in an open, activated conformation and that(B) Three Coomassie-stained SDS-PAGE gels of purified proteins

are shown. Lanes 1 and 2 contain PapDHisPapE incubated in 2% upon dissociation of the chaperone, the subunit under-
SDS at 95� and 25�C, respectively, before loading. The ladder of goes a topological transition to attain its closed, ground
PapE multimers (E2, E3, etc.) is visible in lane 2. Lanes 3 and 4 contain state conformation as part of the pilus. It is this topologi-
PapDHisPapENtd incubated in 2% SDS at 95� and 25�C, respectively,

cal transition, made possible only by the priming actionbefore loading. There is no ladder visible in lane 4. Lanes 5 and 6
of the chaperone that ultimately drives pilus fiber as-contain a mixture of PapDHisPapENtd and an �15-fold molar excess of
sembly.the KNte peptide incubated in 2% SDS at 95� and 25�C, respectively,

before loading. Note the additional band above PapDHis that is the
PapENtdKNte complex. Lanes 7 and 8 contain purified PapENtdKNte ob- Results and Discussion
tained by subjecting the sample from lanes 5 and 6 to nickel chroma-
tography and collecting the flowthrough. Lanes 7 and 8 contain

The Chaperone Primes Pilus Subunitsthis flowthrough sample incubated in 2% SDS at 95� and 25�C,
for Assemblyrespectively, before loading.

(C) Coomassie-stained gel. Lane 1 contains a mixture of To understand the molecular mechanisms of pilus fiber
PapDHisPapK and PapDHisPapENtd, lane 2 contains a mixture of Pap- formation, we developed a controlled in vitro donor
DHisPapK and PapENtdKNte, and lane 3 contains PapENtdKNte. All sam- strand exchange system and used it to investigate the
ples were incubated in 2% SDS at 25�C before loading.

role of the chaperone in fiber assembly. Purified, con-
centrated samples of the PapE subunit in complex with
histidine-tagged PapD chaperone (PapDHisPapE) form athe very N-terminal residues of the subunit, termed the

N-terminal extension (Nte), remain disordered and ex- characteristic ladder of PapE multimers when incubated
at room temperature in 2% SDS and subjected to SDS-posed (Sauer et al., 1999). Since the N-terminal exten-

sion shares a pattern of alternating hydrophobic resi- PAGE (Figure 1B, lanes 1 and 2) (Striker et al., 1994).
The resistance to dissociation in SDS at room tempera-dues with the chaperone G1 strand (Figure 1A), it was

proposed that pilus assembly proceeds via a donor ture, but not at 95�C, exhibited by the PapE multimers
is characteristic of wild-type subunit-subunit interac-strand exchange mechanism in which the N-terminal

extension of one subunit displaces the chaperone G1 tions. In contrast, chaperone-subunit complexes disso-
ciate in 2% SDS at either temperature (Striker et al.,strand from and occupies the groove of its neighboring

subunit in the pilus (Choudhury et al., 1999; Sauer et al., 1994; Soto et al., 1998). We constructed a mutant of
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Table 1. Data Collection and Refinement

Data Collection
Total/Unique

Data Set Radiation (Å) Resol. (Å) Reflections I/�(I) Completeness (%) Rsym

PapEK SeMet peak 0.9793, APS 19-ID 30–1.87 240,454/35,128 21.1 (4.0) 94.0 (79.8) 0.053 (0.218)
PapEK SeMet remote 0.9667, APS 19-ID 30–1.87 232,749/18,969 33.8 (8.4) 99.2 (96.8) 0.050 (0.149)
FOM (30–1.87 Å): 0.25
PapDE SeMet 1 CuKa, Raxis 30–2.3 162,110/27,884 28.7 (6.5) 91.0 (91.5) 0.041 (0.175)
PapDE SeMet 2 edge 0.9782, APS 19-BM 30–2.6 165,765/35,518 16.6 (2.3) 78.8 (69.8) 0.034 (0.181)
PapDE SeMet 2 peak 0.9780, APS 19-BM 30–2.6 162,686/36,150 17.8 (2.6) 80.7 (74.6) 0.033 (0.157)
PapDE SeMet 2 remote 0.9667, APS 19-BM 30–2.6 168,801/34,618 13.3 (1.8) 76.4 (54.7) 0.040 (0.227)
FOM (30–2.6 Å): 0.48

Refinement PapENtdKNte PapDHisPapENtd

Data Set PapEK SeMet remote PapDE SeMet 1
Resolution (Å) 30–1.87 30–2.3
Total Reflections 18937 27882
Test Set 1109 2020
Working Set 17828 25862
Atoms 2395 5228
Water Atoms 140 164
Rfree 0.249 0.279
R 0.208 0.226
RMSD Bonds (Å) 0.0054 0.0061
RMSD Angles (deg.) 1.22 1.29
Average B-factor 19.9 39.7
RMSDB (main) (Å2) 1.6 1.6
RMSDB (side) (Å2) 2.3 2.3

Values for high-resolution shell in parentheses. Completeness for I/�(I ) � 0. Rsym � �|I � �I�|/�I, where I � observed intensity and �I� �

average intensity of multiple observations of symmetry-related reflections. FOM � Figure of merit. R � �|FO � FC|/�FO. Rfree is calculated for
test set reflections randomly excluded from refinement. Bond and angle deviations (RMSD) are from ideal values; B-factor deviations are
between bonded atoms.

PapE that lacks its N-terminal extension (residues 2 to 12 PapENtdKNte complex (Soto et al., 1998; Striker et al.,
1994).[Figure 1A]; we termed the mutant “N-terminal-deleted

PapE” or “PapENtd”). Purified PapENtd in complex with To further characterize the role of the chaperone in
donor strand exchange, we added PapDHisPapK chaper-PapDHis (PapDHisPapENtd) does not form multimers when

incubated at room temperature in 2% SDS and sub- one-subunit complexes to either PapDHisPapENtd or Pap
ENtdKNte complexes. The addition of PapDHisPapK to Papjected to SDS-PAGE (Figure 1B, lanes 3 and 4). Thus,

the N-terminal extension is required for PapE-PapE in- DHisPapENtd results in donor strand exchange; PapK, still
bound to its PapDHis chaperone, displaces the PapDHisteractions.

In the pilus, the N-terminal extension of PapK is chaperone bound to PapENtd to yield a PapDHis

PapKPapENtd chaperone-subunit-subunit complex. Thisthought to bind to the groove of the PapE subunit at
the base of the tip fibrillum. The addition of an �15-fold complex resolves into PapDHis and a PapKPapENtd sub-

unit-subunit complex, as verified by N-terminal se-molar excess of peptide corresponding to the N-terminal
extension of PapK (“KNte”, residues 1–11 of the mature quencing, upon incubation in 2% SDS at room tempera-

ture followed by SDS-PAGE (Figure 1C, lane 1). Inprotein [Figure 1A]) to purified PapDHisPapENtd yields a
additional species as shown by incubation of the sample contrast, the addition of PapDHisPapK to PapENtdKNte

does not result in donor strand exchange (Figure 1C,in 2% SDS at room temperature before SDS-PAGE (Fig-
ure 1B, lane 6). This species was shown to contain PapENtd lane 2). The N-terminal extension of the full-length PapK

does not displace the PapK N-terminal extension pep-and the KNte peptide by mass spectrometry and N-ter-
minal sequencing. Thus, the KNte peptide triggers donor tide already in the PapENtd groove, and thus, no PapK

PapENtd subunit-subunit complex is formed. Instead, thestrand exchange, displacing the chaperone from the
PapDHisPapENtd chapeone-subunit complex to form a PapENtdKNte subunit-peptide complex remains intact

(Figure 1C, lane 2). Thus, donor strand exchange onlyPapENtdKNte subunit-peptide complex. This latter complex
runs above its expected molecular weight when incu- occurs when the PapENtd subunit is bound to the chaper-

one. These results indicate that the chaperone primesbated in 2% SDS at room temperature and subjected
to SDS-PAGE because it is not fully dissociated or dena- the subunit to interact with the N-terminal extension of

the next subunit in the pilus during fiber assembly.tured (Figure 1B, lanes 6 and 8). When the PapENtdKNte

subunit-peptide complex is incubated in 2% SDS at
95�C before SDS-PAGE, the complex dissociates, the
peptide runs off the gel, and only the PapENtd band re- High-Resolution Structures of Subunit Complexes

Before and After Donor Strand Exchangemains (Figure 1B, lanes 5 and 7). This resistance to
dissociation in SDS at room temperature but not at 95�C To elucidate the structural basis for chaperone priming

of the subunit during fiber assembly, we determined theconfirms the wild-type character of the interaction in the
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Figure 2. PapDHisPapENtd and PapENtdKNte Crystal Structures

(A) Electron density of the PapDHisPapENtd complex from a map calculated using density-modified experimental MAD phases to 2.6 Å resolution.
Carbons, nitrogens, and oxygens of the model are indicated in yellow, blue, and red, respectively. Strands are labeled.
(B) Stereo ribbon diagram of the PapDHisPapENtd complex. PapDHis is in yellow and PapENtd is in blue. The N and C termini of PapENtd are labeled
in blue. The PapDHis G1 and PapENtd A1, A2, and F strands are labeled in magenta.
(C) Electron density of PapENtdKNte from a map calculated using density-modified experimental SAD phases to 1.87 Å. Color-coding and
representation of the model are as in (A). Residues of PapKNte are labeled.
(D) Stereo ribbon diagram of the PapENtdPapKNte complex. PapENtd is in cyan; PapKNte is in red and labeled with a K. The N and C termini of
PapENtd and PapKNte are indicated in cyan and red, respectively. The A1, A2, and F strands of PapENtd are labeled.

crystal structures of the PapDHisPapENtd and PapENtdKNte Donor Strand Exchange Produces a Shift
in Register in the Complementing Strandscomplexes to 2.3 Å and 1.87 Å, respectively (Table 1,

Figure 2). By providing high-resolution views of the PapE Superposition of the structures of PapENtd with their
complementing strands reveals that in addition to run-subunit before and after donor strand exchange, these

structures reveal the mechanism of chaperone priming. ning in opposite directions, the G1 strand and N-terminal
extension are shifted in register relative to each otherThe PapDHisPapENtd complex exhibits the donor strand

complemention interaction characteristic of chaperone- (Figure 4A). There are five positions in the groove, desig-
nated for convenience P1–P5, at which residues of thesubunit complexes (Figure 2B) (Choudhury et al., 1999;

Sauer et al., 1999). The G1 strand of PapDHis (residues complementing strands interact with the subunit (Fig-
ures 1A, 4B, and 5). In the PapDHisPapENtd structure,101–112) completes the PapENtd Ig fold by occupying

the groove between the subunit A2 and F strands (Fig- the chaperone G1 strand occupies P1–P4, while in the
PapENtdKNte structure, the N-terminal extension peptideures 2B and 3). Donor strand complementation pro-

duces a distinctive non-canonical Ig fold, since the chap- occupies P2–P5. The respective registers of the G1 and
N-terminal extension strands are determined by the ste-erone G1 strand runs parallel to, rather than anti-parallel

to, the subunit F strand (Figures 2B and 3) (Choudhury et ric complementarity between the P1–P5 groove posi-
tions and the side chains that occupy them. In theal., 1999; Sauer et al., 1999). In the PapENtdKNte complex,

the KNte peptide has replaced the chaperone G1 strand. PapDHisPapENtd chaperone-subunit complex, Leu 107, Ile
105, and Leu 103 respectively of the G1 strand occupyThe KNte peptide runs anti-parallel to the PapENtd F strand,

in the opposite direction as does the G1 strand in the the relatively deep positions P1–P3. The P4 position is
very shallow, as Phe 138 of PapENtd protrudes out of thePapDHisPapENtd complex, and produces a perfectly ca-

nonical Ig fold (Figures 2D and 3). Thus, during donor groove at this point (Figures 4B and 5C). P4 is occupied
by Asn 101, the final residue at this end of the G1 strand ofstrand exchange, the subunit undergoes a topological

transition from a non-canonical to a canonical Ig fold. PapD. However, rather than projecting into the groove,
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Figure 3. Donor Strand Exchange at High
Resolution

(A) Ribbon diagrams of PapE with comple-
menting strands before (left, from the PapDHis-

PapENtd complex) and after (right, from the
PapENtdKNte complex) donor strand exchange.
PapENtd is in cyan, the chaperone G1 strand
is in yellow, and the KNte peptide is in red. The
N and C termini and the A1, A2, and F strands
of PapENtd are labeled. Note the positions of
the N and C termini of PapENtd before (open
groove) and after (closed groove) donor
strand exchange.
(B) Donor strand exchange topology. Arrows
indicate strands. In the chaperone-subunit
complex (left), the chaperone G1 strand (yel-
low) runs parallel to the PapENtd F strand to
complete its Ig fold in a non-canonical man-
ner. After donor strand exchange (right), the
PapK N-terminal extension (red) runs anti-
parallel to the F strand to yield a canonical
Ig fold. Dashed lines indicate disordered re-
gions and the diagonal lines at either end of
the chaperone G1 strand indicate additional
protein not shown.

Figure 4. Superposition of Subunit Complexes and Definition of Positions P1-P5

(A) Stereo view of the superposition of the PapENtdKNte (cyan and red, respectively) and PapDHisPapENtd (yellow and blue, respectively) complexes.
Only the G1 strand (residues 100–112) of PapDHis is shown. The various N and C termini are indicated in the same color scheme as the ribbons.
Strands of PapENtd from the PapENtdKNte complex are indicated in magenta. Note particularly the positions of the PapENtd N and C termini in
the more open position (blue) when in complex with PapDHis and in the more closed position (cyan) when in complex with the KNte peptide.
The opposite orientation and shift in register of the two complementing strands is easily appreciated.
(B) Definition of positions P1-P5 at which residues from the complementing strands interact with the hydrophobic groove of PapENtd. Superposi-
tion of the chaperone G1 strand (yellow) and the KNte peptide (red) rotated roughly 90� about a vertical axis from the view in (A). The base of
subunit groove (not shown except for the Phe 138 side chain [cyan]) is on the left. The positions are indicated (P1-P5) and the side chains
are shown and labeled, color-coded as the strands. The protruding Phe 138 of PapENtd that makes P4 very shallow is shown in cyan. The N
and C termini of the strands are indicated, color-coded as the ribbons. Note that the N terminus of the G1 strand begins to curve away from
the groove at P4, allowing the Asn 101 side chain here to run parallel to the groove rather than project into it.
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Figure 6. Anchoring Interaction in the Chaperone Cleft and a Model
of Subunits in a Pilus

(A) Ribbon diagram of the PapDHisPapENtd complex. PapDHis is in
yellow, PapENtd is in blue. Strands are labeled in magenta. The con-
served Arg 8 and Lys 112 residues in the chaperone cleft interact
with the C-terminal carboxylate (COO�) of the subunit at the end of
the F strand, anchoring it in the cleft and properly positioning the
F strand in relation to the chaperone G1 strand.
(B) Topology model of three subunits in a pilus tip fibrillum. Arrows
indicate strands. Each subunit donates its N-terminal extension (red)
to complete the immunoglobulin-like fold of the preceding subunit
in the pilus. Diagonal lines indicate additional protein not shown.

position corresponding to Phe 138 is likewise conserved
(Soto and Hultgren, 1999). The steric complementarity
of these two residues in particular defines the properFigure 5. Open and Closed Conformations of the Groove
register of the N-terminal extension in the groove.(A) and (B) Close-up views of the open (PapDHisPapENtd, A) and closed

(PapENtdKNte, B) conformations of the PapENtd groove. In both (A) and
(B), PapENtd is shown in surface representation, with the A1 and A2 The Chaperone Primes the Subunit by Maintaining
strands in magenta and labeled and the F strand in cyan and labeled. the Groove in an Open, Activated Conformation
The G1 (A) and KNte (B) strands are in stick representation, color- The reversal in orientation and shift in register of the
coded white, blue, and red for carbon, nitrogen, and oxygen, respec-

complementing strands during donor strand exchangetively. P1-P4 and the residues that occupy them are labeled in yel-
trigger a conformational change in the subunit groove,low. Note the closure of the groove (compare magenta and cyan

surfaces in the two images). from an open to a closed state (Figures 3A, 4A, and 5).
(C) and (D) Surface representations of the closed conformation of In the PapDHisPapENtd chaperone-subunit complex, the
PapENtd from the PapENtdKNte complex. In (C), the surface is shown C-terminal portion of the chaperone G1 strand curves
without the KNte peptide, color-coded red and blue for negative and away from the groove, pulling with it the parallel F strand
positive charge, respectively. Positions P2-P5 are indicated in yel-

of PapENtd and holding this end of the groove in an openlow; P1. Note the shallowness of position P4. In (D), the PapKNte

conformation (Figures 3A, 4A, and 5A). In the PapENtdKNtestrand is added in stick representation, colored coded as in (A) and
(B). Note the snug fit of the N-terminal extension in the subunit subunit-peptide complex, the reversal in orientation and
groove. shift in register in the complementing strands leaves

nothing to replace the C-terminal portion of the G1 strand
at this end of the groove. The groove thus closes as the
A1 and F strands on either side move closer togetherwhere there is no room for it, the Asn 101 side chain runs

parallel to the groove (Figure 4B). In the PapDHisPapENtd and the F strand makes additional interactions with the
C strand (Figures 3A, 4A [compare the positions of thesubunit-peptide complex, the region around P5 is disor-

dered and not visible (Figure 4A). In the PapENtdKNte com- N termini and C termini of the PapENtd structures], and
5B). The closing of the groove fills P1, leaving the N-ter-plex, Val 3 and Phe 5 of the KNte peptide occupy the

relatively deep P2 and P3 positions, respectively. The minal extension to interact with P2–P5 and clamps the
N-terminal extension in place (Figure 5B). The resultingsmall Gly 7 of KNte fits into the shallow P4 position on

top of Phe 138, and Leu 9 of the KNte peptide occupies snug fit of the N-terminal extension in the closed groove
presumably contributes to the relative stability of sub-the relatively deep P5 position (Figure 4B). Presumably

the interactions of Leu 9 of KNte with hydrophobic resi- unit-subunit interactions in the pilus and prevents further
donor strand exchange (Figures 1C, 5C, and 5D). Donordues in the core of PapENtd here contribute to the order-

ing of this region. Gly 5 is conserved in P pilus subunits strand exchange only occurs when the groove is held
in the open conformation, that is, when the chaperone(Figure 1A); the bulky character of the residue at the
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is bound to the subunit (Figure 1C, lane 1). The chaper- elucidation of this mechanism sheds light both on the
pathogenesis of many bacterial diseases and on theone thus primes the subunit for donor strand exchange

by holding it in an open, activated state. fundamental biological processes of chaperone func-
tion and fiber formation. The work thus promises to
guide the development of new human therapeutics toAn Integrated View of Chaperone Function
treat bacterial infections and other human diseasesin Pilus Fiber Formation
characterized by pathogenic fiber formation.These results provide an integrated, dynamic view of

the mechanism of chaperone-assisted pilus fiber forma-
Experimental Procedurestion at high resolution. The chaperone initially prevents

non-productive interactions of the pilus subunit by facili-
Protein Purification and In Vitro Donor Strand Exchange

tating its proper folding and transiently capping its inter- PapENtd (lacking residues 2–12 compared to wild-type PapE, which
active groove (Kuehn et al., 1991; Jones et al., 1997; has 149 residues) was constructed and cloned into the pTrc99A

expression plasmid (Amersham) using standard molecular biologyBarnhart et al., 2000). At the same time, as we demon-
techniques and coexpressed with PapDHis (plasmid pDF1) in E. coli.strate here, the chaperone primes the subunit for donor
The periplasmic fraction was isolated and subjected to nickel andstrand exchange by maintaining the subunit groove in
cation exchange chromatography (HiTrap Chelating and Source 15San open, activated state. It is the characteristic non-
media [Amersham]) to yield pure PapDHisPapENtd. PapDHisPapK was

canonical parallel orientation of the G1 strand in the isolated and purified in a similar fashion from E. coli harboring plas-
subunit groove in donor strand complementation that mids pDF1 and pFJ11 (Jacob-Dubuisson et al., 1993). PapENtdKNte

was obtained by incubating an �15-fold molar excess of KNte peptidesimultaneously accomplishes these apparently distinct
(residues 1–11 of the mature protein [Genemed Synthesis]) withfunctions of the chaperone. The C-terminal carboxylate
PapDHisPapENtd on ice for 3–4 hr and subjecting the mixture to nickelat the end of the subunit F strand is anchored in the
chromatography. The flowthrough contained pure PapENtdKNte. Forcleft between the two domains of the chaperone by
the gel in Figure 1C, an �2-fold molar excess of PapDHisPapK was

interactions with the conserved Arg 8 and Lys 112 resi- added to approximately equimolar amounts of either PapDHisPapENtd

dues of the chaperone (Figure 6A) (Kuehn et al., 1993; or PapENtdKNte and incubated overnight at 4�C before preparation of
the samples for SDS-PAGE.Soto et al., 1998; Choudhury et al., 1999; Sauer et al.,

1999). This anchoring interaction, which is required for
Crystallizationthe efficient formation of chaperone-subunit complexes,
Seleno-methionylated (SeMet) PapDHisPapENtd was produced in an E.has been suggested to contribute to the proper position-
coli methionine auxotroph (strain DL41) grown in medium containinging of the subunit F strand during subunit folding and
selenomethionine. SeMet PapDHisPapENtd and SeMet PapENtdKNtecapping (Slonim et al., 1992; Kuehn et al., 1993; Soto et were purified in the presence of 1 mM �-mercaptoethanol (�ME).

al., 1998; Choudhury et al., 1999; Sauer et al., 2000). The Crystals of SeMet PapDHisPapENtd (O.D.280 12–16) were grown by
vapor diffusion using either the sitting or hanging drop methodanchoring interaction is a consequence of the parallel
with a reservoir containing 100 mM Tris [pH 8.5], 250 mM MgCl2,orientation of the chaperone G1 and subunit F strands
17%–18% PEG 4000, and 4%–7% glycerol. Crystals formed in theand would not occur were the orientation reversed, since
space group P1 with a � 55.9 Å, b � 56.7 Å, c � 60.9 Å, 	 � 108.2�,the C-terminal carboxylate of the subunit F strand would
� � 89.9�, and 
 � 104.0�, and 2 complexes per asymmetric unit.

no longer be in the cleft of the chaperone. Likewise, it Crystals of SeMet PapENtdKNte (O.D.280 10–20) were grown by vapor
has been shown here that the maintenance of the groove diffusion using the hanging drop method with a reservoir containing

100 mM Tris 8.5, 200 mM NaCl, 27%–32% PEG 4000, and 1 mMin an open conformation is also a consequence of the
�ME. Crystals formed in the space group P21 with a � 25.2 Å, b �parallel orientation of the G1 strand (Figures 3A and 4A).
91.9 Å, c � 51.2 Å, and � � 99.3 Å, and 2 complexes per asymmetricWere the orientation of the G1 strand reversed, as is
unit. All crystals were flash-cooled in liquid nitrogen before datathe case with N-terminal extension after donor strand
collection.

exchange, the groove would close and the subunit
would no longer be able to undergo donor strand ex- Structure Determination
change. Thus, the parallel orientation of the chaperone Data were reduced and processed using DENZO, SCALEPACK, and

HKL2000 (Otwinowski, 1993; Otwinowski and Minor, 1997). For PapG1 strand that characterizes donor strand complementa-
DHisPapENtd, a single-wavelength data set and a three-wavelengthtion simultaneously accounts for folding, transient cap-
MAD data set were collected. The positions of 10 of the 12 seleniumping, and priming functions of the chaperone.
atoms in the asymmetric unit were determined and used to calculateThe chaperone thus couples the productive folding
MAD phases, and a density-modified electron density map was

of the subunit with the transient capping of its interactive calculated (SOLVE [Terwilliger and Berendzen, 1999], RESOLVE
groove but maintains the subunit in an activated state, [Terwilliger, 2000], and CNS [Brünger et al., 1998]). PapDHis was

initially placed in the density by molecular replacement (AMOREprimed for donor strand exchange. The priming of the
[Navaza, 1994]). PapENtd was built into the remaining density (Osubunit permits its topological transition from a non-
[Jones et al., 1991]), and the model was refined against the single-canonical to a canonical Ig fold during donor strand
wavelength data set (CNS). A total of 86.7% of the residues are inexchange. It is only after donor strand exchange, when
the most favored region of the Ramachandran plot; none are in

the groove is closed and the N-terminal extension has the disallowed region. The model contains residues 1–215 of both
completed the subunit Ig fold in a canonical manner, molecules of PapDHis in the asymmetric unit. One molecule of PapENtd

in the asymmetric unit contains residues 1, 13–28, 35–72, 78–127,that the subunit attains its final topological, ground state
and 137–149, with Glu 28 and Lys 108 built as alanines. The secondas part of the mature pilus fiber. The chaperone thus
molecule of PapENtd contains residues 1, 13–24, 39–72, 81–127, andmakes possible the topological transition from an open,
137–149, with Gln 72, Lys 108, and Tyr 126 built as alanines. Therenon-canonical Ig fold to a closed, perfectly canonical
was no interpretable density for atoms not built. For PapENtdKNte,Ig fold that drives pilus fiber formation. Each subunit data was collected at the selenium peak. The positions of all 6

then contributes a strand to complete the fold of its selenium atoms in the asymmetric unit were determined and used
to calculate SAD phases (CNS). A prominent translation vector peakneighbor to produce a very stable fiber (Figure 6B). The



Cell
550

relating the two complexes in the asymmetric unit and visible in the Hung, D.L., Knight, S.D., Woods, R.M., Pinkner, J.S., and Hultgren,
S.J. (1996). Molecular basis of two subfamilies of immunoglobulin-anomalous difference Patterson map facilitated the identification of

the selenium positions. A density-modified electron density map like chaperones. EMBO J. 15, 3792–3805.
was calculated (CNS) and PapENtdKNte built into the density (O). The Hung, D.L., Raivio, T.L., Jones, C.H., Silhavy, T.J., and Hultgren,
model was refined against a data set collected at a high-energy S.J. (2001). Cpx signaling pathway monitors biogenesis and affects
remote wavelength (CNS). A total of 92.1% of the residues are in assembly and expression of P pili. EMBO J. 20, 1508–1518.
the most favored region of the Ramachandran plot; none are in the

Jacob-Dubuisson, F., Heuser, J., Dodson, K., Normark, S., and Hult-disallowed region. In the model, one complex is complete, in the
gren, S.J. (1993). Initiation of assembly and association of the struc-second, residues 78–79 of PapENtd were not built. Figures were gen-
tural elements of a bacterial pilus depend on two specialized tiperated with RIBBONS (Carson, 1997) and GRASP (Nicholls et al.,
proteins. EMBO J. 12, 837–847.1991).
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