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S pili are sialic acid binding hair-like appendages expressed by

pathogenic strains of Escherichia coli. The presence of S pili

has been implicated as a virulence factor in both urinary-tract

infections and new-born meningitis. Assembly of S pili

proceeds via the ubiquitous chaperone/usher pathway.

Previously, structures of the homologous chaperones PapD

and FimC involved in assembly of P and type-1 pili,

respectively, have been solved. Here, the 2.2 AÊ X-ray structure

of the S pilus chaperone SfaE is reported. SfaE has the same

overall L-shaped structure as PapD and FimC, with two

immunoglobulin-like domains oriented at about a 90� angle to

each other. Conserved residues in the subunit-binding cleft

known to be critical for chaperone function occupy essentially

identical positions in SfaE, FimC and PapD. As in free PapD

and FimC, the long F1±G1 loop connecting the two last

strands of the N-terminal domain is disordered. SfaE crystal-

lizes as a dimer with an extensive dimer interface involving the

subunit-binding surfaces of the chaperone. Dimerization via

these regions has previously been observed for PapD and

might be a general side effect arising from the subunit-binding

properties of periplasmic chaperones. The domain interface

contains an extended hydrogen-bond network involving three

invariant charged residues and two structurally conserved

water molecules. It is suggested that disruption of the domain

interactions may destabilize the N-terminal domain through

exposure of three conserved hydrophobic residues, thereby

promoting release of pilus subunits during pilus assembly.
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1. Introduction

Early steps in bacterial pathogenesis usually require estab-

lishment of intimate host±pathogen interactions. This is often

accomplished by speci®c recognition of carbohydrate struc-

tures on the host cell by dedicated attachment organelles

incorporating lectin-like proteins. Pathogenic E. coli can

express a variety of carbohydrate-binding pili allowing

attachment to and colonization of various host tissues. For

example, Gal�(1±4)Gal-binding P pili, a common virulence

factor in pyelonephritis-causing E. coli, allow colonization of

the upper urinary tract. Binding to mannose-containing

uroplakin receptors in the bladder uroepithelium via type-1

pili allow uropathogenic E. coli to colonize the bladder and

cause cystitis. S pili have been implicated both in urinary-tract

infections and in neonatal meningitis (Hacker, 1992). They

bind to sialic acid containing oligosaccharides (Korhonen et

al., 1984), giving the bacteria the ability to recognize a variety

of tissue surfaces including epithelial cells of the urinary tract

(Virkola et al., 1988) and the kidneys (Korhonen et al., 1986)

and brain endothelial cells (Prasadarao et al., 1993, 1997). S pili



also mediate binding to a variety of other targets including

erythrocytes, the cellular form of human ®bronectin (Saren et

al., 1999) and the cellular matrix protein laminin (Virkola et

al., 1993).

S, P and type-1 pili are bipartite structures consisting of a

7 nm thick rod and a thin tip ®brillum which is relatively long

and ¯exible in S and P pili, but short and stubby in type 1 pili

(Jones et al., 1996). The rod is a polymer made from the major

subunit (SfaA in S pili, PapA in P pili and FimA in type-1 pili).

The tip ®brillum is a heteropolymer which incorporates the

carbohydrate-binding adhesin as well as structural minor

subunits. The sialic acid binding function of S pili has been

attributed to SfaS (Khan et al., 2000; Morschhauser et al.,

1993), although a subunit (SfaH) which is very similar in

primary sequence to the mannose-binding type 1 adhesin

FimH is incorporated into the tip ®brillum. Biogenesis of S, P,

type 1 and many other adhesive pili requires a specialized

periplasmic chaperone protein which sequesters subunits as

they enter the periplasm and protects them from premature

association (Knight et al., 2000; Sauer, Knight et al., 2000;

Sauer, Mulvey et al., 2000). The chaperone±subunit complexes

are subsequently presented to an outer membrane protein

called the usher, where the chaperone dissociates and its place

is taken up by the next subunit in the pilus. This process is

repeated; with each successive addition of a subunit, the

nascent pilus extrudes out of the cell surface.

Periplasmic chaperones consist of two domains with

immunoglobulin-like (Ig-like) topology joined at approxi-

mately right angles with a large cleft between the two domains

(Figs. 1a and 1b; Choudhury et al., 1999; Holmgren & Branden,

1989; Holmgren et al., 1992; Pellecchia et al., 1998; Sauer et al.,

1999). The two last �-strands of the N-terminal domain (F1

and G1) are connected by a long ¯exible loop that protrudes

away from the body of the domain. The F1±G1 loop and the

beginning of the G1 �-strand contains a conserved �-zipper

motif of alternating hydrophobic and hydrophilic residues that

is critical for chaperone function (Hung et al., 1996). The

hydrophobic side chains form a surface-exposed hydrophobic

ridge in the free chaperone that is part of an essential subunit-

binding surface (Choudhury et al., 1999; Sauer et al., 1999; Soto

et al., 1998). Two basic residues (Arg8 and Lys112 in PapD) at

the bottom of the cleft between the two chaperone domains

are also indispensable for chaperone function and are

conserved throughout the periplasmic chaperone family

(Hung et al., 1996; Kuehn et al., 1993).

The crystal structures of the type 1 pilus FimC±FimH

chaperone±adhesin complex (Choudhury et al., 1999) and the

P pilus PapD±PapK chaperone±adapter subunit complex

(Sauer et al., 1999) have revealed that pilin subunits, just like

the chaperones, have Ig-like folds. However, the ®nal

(seventh) �-strand of the fold is missing in the pilin subunits,

which creates a cleft on the surface of the subunit where part

of the hydrophobic core is exposed. Periplasmic chaperones

bind to pilin subunits by inserting the G1 donor �-strand into

this cleft in a process called donor-strand complementation.

The chaperone G1 �-strand is inserted into the pilin-acceptor

cleft with extensive main-chain-to-main-chain hydrogen

bonding between the G1 donor strand and the two pilin edge

strands that de®ne the perimeters of the acceptor cleft.

Alternating hydrophobic side chains from the conserved

�-zipper motif in the G1 strand bind in subpockets within the

acceptor cleft and complete the hydrophobic core of the pilin

domain.

The periplasmic chaperone SfaE is responsible for the

transport of S-®mbrial subunits across the periplasm before

their assembly into the pilus. In this paper, we present the

crystal structure of the free form of SfaE at 2.2 AÊ resolution

and analyse it in the context of a number of recently deter-

mined crystal structures of periplasmic chaperones, both in

complex with pilus subunits and in the free form.

2. Materials and methods

2.1. Fermentation and periplasmic preparation

The plasmid pJP12 encoding SfaE in pTrc99A was

expressed in C600. Overnight cultures were diluted 1:20 into

Luria broth and grown to an OD600 of 2.5 followed by

induction with 0.1 mM IPTG for 1 h. Periplasms were
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Figure 1
Topology diagrams of the N-terminal (a) and C-terminal (b) domain of
periplasmic chaperones. (c) Ribbon diagram of SfaE. The three
invariantly hydrophobic residues forming the G1 donor-strand motif
(Leu103, Phe105, Ile107) are shown as ball-and-stick, as are the two
invariant positively charged residues (Arg8 and Lys112) at the base of the
subunit-binding cleft.
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prepared as previously described (Jones et al., 1993; Slonim et

al., 1992).

2.2. Protein purification

SfaE was puri®ed from the periplasm of C600/pJP12. Peri-

plasmic extracts were dialysed against 20 mM MES pH 6.0,

injected onto a Source 15S column (Pharmacia) and SfaE was

eluted at 45 mM NaCl. The eluate was injected onto a Source

15PHE column (Pharmacia) in 1.2 M (NH4)2SO4/20 mM MES

pH 6.0 and SfaE eluted at 0.7 M (NH4)2SO4. SfaE was then

dialysed against 20 mM MES pH 6.8.

2.3. Crystallization and data collection

Single crystals of SfaE suitable for X-ray diffraction studies

could easily be grown under a number of conditions using

either polyethylene glycol or ammonium sulfate as precipitant

and ranging in pH from 4.5 to 8.5. Crystals were grown by

hanging-drop vapour diffusion by placing a 2 ml drop of a

10 mg mlÿ1 solution of SfaE in 20 mM HEPES on a coverslip,

mixing with a 2 ml drop of the reservoir solution and equili-

brating for about one week. Regardless of the crystallization

conditions, large P212121 crystals with similar unit-cell para-

meters a = 53.6, b = 83.9, c = 97.3 AÊ were always obtained. The

rod-shaped crystals grew to maximum dimensions of 0.2 � 0.2

� 0.4 mm in about two weeks. Initial native data were

collected from a crystal grown using a reservoir solution

consisting of 30% PEG 4000, 0.1 M Tris±HCl buffer pH 8.5

and 0.2 M sodium acetate. Heavy-atom derivatives were

prepared by soaking native SfaE crystals in the crystallization

solution with the addition of Pt(NH4)(NO2)4, K2Pt(SCN)4 or

K2PtCl4. The initial native and heavy-atom derivative data

were collected at room temperature in the laboratory on a

Xentronics MWPC detector using Cu K� radiation from a

rotating anode, processed using XDS (Kabsch, 1988) and

scaled with AGROVATA/ROTAVATA (Collaborative

Computational Project, Number 4, 1994). Single-wavelength

data for two selenium-substituted crystals grown under the

same low-pH condition as native SfaE were collected on an

R-AXIS IIC imaging-plate detector in the laboratory and used

as additional heavy-atom derivatives. Native data to 2.2 AÊ

Bragg spacing from a crystal grown at low pH (reservoir

solution: 30% PEG 4000, 0.1 M sodium citrate buffer pH 5.6,

0.2 M ammonium acetate) were subsequently collected at

288 K using a MAR Research imaging plate at beamline X31

(DESY, Hamburg) and processed using DENZO and

SCALEPACK (Otwinowski & Minor, 1997). For data-

collection statistics see Table 1.

2.4. Structure solution and refinement

Crystals soaked in heavy-atom solutions were radiation

sensitive and only diffracted to low resolution (Table 1); the

resulting difference Patterson maps were therefore quite

noisy. Nonetheless, visual inspection of Harker sections from

the three Pt derivatives revealed a common pattern of peaks

that could be explained by the presence of two common Pt

sites in each of the derivatives. SHARP (Fortelle & Bricogne,

1997) re®nement of these two sites using the initial native data

and the K2PtCl4 derivative data gave an overall phasing power

of 0.895 (Rcullis = 0.857) for centric and 1.168 (Rcullis = 0.848)

for acentric data and a discouraging overall ®gure of merit of

0.205. Nevertheless, SOLOMON (Abrahams & Leslie, 1996)

solvent ¯ipping of the SHARP map assuming 50% solvent

content gave an electron-density map with clear density for

two copies of SfaE in the asymmetric unit. A homology model

of SfaE based on the 2.0 AÊ model of PapD (Holmgren, 1993)

could easily be inserted into the density for one of the two

SfaE protomers, placing the S atom of Met166 next to one of

the two Pt sites. Difference Fourier maps for the SeMet

crystals were calculated using the solvent-¯attened SHARP

phases and peaks in these maps were compared with the Se

positions predicted by our model, allowing the identi®cation

of four Se positions corresponding to SeMet residues (Met57,

Met75, Met93 and Met166) in the placed model. In addition, a

®fth Se position tentatively corresponding to Met166 in the

second SfaE copy was identi®ed. SHARP re®nement of all ®ve

selenium and the two platinum positions followed by solvent

¯ipping with SOLOMON assuming 50% solvent content

resulted in an excellent electron-density map which permitted

tracing of the entire molecule using O (Jones et al., 1991).

Initial re®nement of a model consisting of two identical copies

of SfaE in the asymmetric unit carried out against the 2.8 AÊ

native data using a standard simulated-annealing protocol

with X-PLOR (BruÈ nger, 1993) gave R = 49.5% and

Rfree = 46.4%. Subsequent rounds of remodelling and re®ne-

ment against the 2.2 AÊ native data using both X-PLOR and

REFMAC (Collaborative Computational Project, Number 4,

1994; Murshudov et al., 1997) resulted in a model with

R = 19.0% and Rfree = 24.4%. Re®nement statistics are given

in Table 2.

3. Results and discussion

The crystal structure of the SfaE chaperone involved in

biogenesis of S pili was solved by the multiple isomorphous

replacement method and re®ned against data to 2.2 AÊ Bragg

spacing (Tables 1 and 2). The SfaE crystals contain two closely

associated SfaE protomers in the asymmetric unit. Each SfaE

protomer has the characteristic overall L-shape of periplasmic

chaperones, with a pair of Ig-like domains approximately

perpendicular to each other (Fig. 1). The primary structure of

Table 1
Data-collection statistics.

Data set
dmin

(AÊ ) Nmeas Nunique

Complete-
ness (%)

Redun-
dancy

Rsym

(%) hI/�(I)i Riso

Native 1 2.80 26397 9632 83.7 2.8 4.7 15.5 na
Native 2 2.20 151034 22920 99.9 6.6 6.8 8.9 na
Deriv. 1² 4.20 7270 2377 71.0 3.1 12.9 5.4 18.3
Deriv. 2³ 4.50 3905 1806 67.4 2.2 11.7 6.2 27.1
Deriv. 3§ 3.00 25952 8938 97.9 2.9 8.8 11.2 28.4
SeMet 1 3.20 20275 7401 97.6 2.7 6.9 10.3 16.7
SeMet 2 2.60 31765 12499 89.8 2.5 5.2 13.5 13.8

² Pt(NH4)(NO2)4. ³ K2Pt(SCN)4. § K2PtCl4.



SfaE is quite similar to that of FimC (67% identity), but

signi®cantly different from PapD (32% identity). Never-

theless, the backbone structure of SfaE is very similar to that

of FimC and PapD (Table 3). The N-terminal domain, which

has a topology similar to Ig variable domains, is a �-barrel

consisting of seven �-strands (labelled A1±G1) organized in

two sheets with four and three strands each (Figs. 1a and 1c).

The disul®de bond linking strands B and F in Ig variable

domains is missing in SfaE as well as in other periplasmic

chaperones. Instead, there is a pair of strand switches distin-

guishing the chaperone N-terminal domains from Ig variable

domains. In SfaE, the A1 �-strand, which is initially hydrogen

bonded to the B1 strand, moves towards the F1 strand starting

from position 5 and becomes hydrogen bonded to it from

position 7. Similarly, the D1 strand, which is initially hydrogen

bonded to the E1 strand, makes a sharp turn at position 52 and

becomes hydrogen bonded to the C1 strand at position 53. As

in both FimC and PapD, residue Pro52 is a cis-proline, a

feature no doubt required for the sharp change in direction

made by the D1 �-strand at this point. The switching of strands

A1 and D1 serves to link the two �-sheets making up the

domain and probably plays a role in imparting structural

stability to the domain in the absence of inter-sheet disul®de

bonds. The C-terminal domains of periplasmic chaperones are

more variable in structure, but all of them bear an overall

similarity with Ig constant domains (Figs. 1b and 1c; Holmgren

& Branden, 1989; Holmgren et al., 1992). A major difference

between the C-terminal domains of SfaE and PapD is in the

connection between the C2 and D2 �-strands. In PapD, this

connection is made via a short �-helix which packs onto the

C2D2F2G2 sheet and which is involved in interactions with

PapK in the PapD±PapK crystal structure. In SfaE, as well as

in FimC, the connection is instead a �-turn with no intervening

helix, effectively widening the subunit-binding cleft in these

two chaperones compared with PapD.

There are three disordered regions in both of the SfaE

chains. There is essentially no density for the F1±G1 loop, the

A2±B2 loop or the E2±F2 loop. In the NMR structure of FimC,

the F1±G1 loop is exceptionally mobile (Pellecchia et al.,

1998). In the 2.0 AÊ structure of PapD (Holmgren, 1993) and in

crystals of R8A and Q108C PapD (Hung, Pinkner et al., 1999),

the F1±G1 loop either has very high temperature factors or is

not seen at all. The loop becomes much more ordered on

binding of pilus subunits or subunit-derived peptides in the

subunit-binding cleft (Choudhury et al., 1999; Kuehn et al.,

1993; Sauer et al., 1999; Soto et al., 1998). Flexibility of this

loop appears to be a general feature of periplasmic chaper-

ones that might be required for ef®cient binding to all of the

different pilus subunits during pilus assembly. In addition,

ordering of the F1±G1 loop on binding provides a negative

entropy component that might be necessary to avoid too tight

chaperone±subunit complexation and to allow uncapping of

the subunit during pilus assembly.

As was previously found for PapD in crystals of both wild-

type and R8A PapD (Hung, Pinkner et al., 1999), the

conserved surfaces in the subunit-binding cleft of each

protomer pack against each other to form a dimer with an

extended 1000 AÊ 2 interface, although the packing is very

different in PapD and SfaE dimers. In the PapD dimer, which

exhibits near-perfect twofold symmetry, the two protomers

pack with the F1±G1 loop of each protomer in the subunit-

binding cleft of its neighbour and with a short stretch of

�-sheet hydrogen bonding between the two antiparallel G1

donor strands. The SfaE dimer is formed mainly by packing of

the N-terminal domain of one protomer (chain A) in the

subunit-binding cleft of the second protomer (chain B) and

does not posses proper symmetry (Fig. 2a). The A1B1E1 sheet

of chain A packs against the C2D2F2G2 sheet on one side of

the subunit-binding cleft of chain B. On the other side of the

cleft, the G1 donor strand of chain A crosses the A1 and G1

strands of chain B more or less at right angles.

Interestingly, Phe105A, which is part of the conserved G1

donor-strand motif of periplasmic chaperones (Choudhury et

al., 1999; Hung et al., 1996; Sauer et al., 1999), is intercalated

between these two strands and partly penetrates the hydro-

phobic core of chain B (Fig. 2a). The phenylalanine side chain

is deeply buried in a hydrophobic pocket formed by Val2B,

Leu4B, Val22B, Ile33B, Val87B, Ala89B and Ile107B (Fig. 2b).

The A1 and G1 strands of chain B have moved apart by
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Table 3
Comparison of the backbone of SfaE with FimC and PapD.

Root-mean-square deviation (r.m.s.d.) (AÊ ) for C� positions within 3.8 AÊ after
superpositioning. The number in parentheses is the number of superimposed
C� atoms. Suf®xes indicate individual domains used for superpositioning, with
N for N-terminal domain and C for C-terminal domain.

SfaE B SfaE BN SfaE BC FimCN FimCC PapDN PapDC

SfaE A 1.108 Ð Ð Ð Ð Ð Ð
(182)

SfaE AN Ð 0.586 Ð 0.981 Ð 1.155 Ð
(103) (104) (103)

SfaE AC Ð Ð 0.431 Ð 1.408 Ð 1.436
(79) (83) (71)

SfaE BN Ð Ð Ð 1.071 Ð 1.283 Ð
(104) (103)

SfaE BC Ð Ð Ð Ð 0.771 Ð 1.399
(81) (69)

Table 2
Re®nement statistics.

Resolution (AÊ ) 15.0±2.2
No. of re¯ections (work) 20174
No. of re¯ections (free) 2222
Rwork (%) 19.0
Rfree (%) 24.4
No. of atoms

Protein 2883
Water 103

B factor
Protein (chain A) (AÊ 2) 28.9
Protein (chain B) (AÊ 2) 30.3
Water (AÊ 2) 31.3

R.m.s. deviations
Bond lengths (AÊ ) 0.014
Bond-angle distances (AÊ ) 0.037

Ramachandran plot
Residues in core region (%) 93.6
Residues in additional allowed regions (%) 6.4
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approximately 1 AÊ compared with chain A in order to

accommodate the phenylalanine side chain. The main chain on

each side of Phe105A hydrogen bonds with the A1 and G1

strands of chain B. Ile107A, which is also part of the donor-

strand motif in SfaE, is buried between the two protomers of

the dimer but makes much less extensive contacts with the

second SfaE chain compared with Phe105A.

In the FimC±FimH complex, residues Ile103, Leu105 and

Ile107 of FimC are deeply embedded within the acceptor cleft

of FimH and form an integral part of the hydrophobic core of

the FimH pilin domain. In the SfaE dimer structure, two of the

donor-strand residues, Phe105A and Ile107A, appear to

interact with the second SfaE protomer in a structural mimic

of the donor-strand complementation between chaperone and

subunit observed in the FimC±FimH and PapD±PapK crystal

structures. In these complexes, the G1 strand is longer

compared with the free chaperones and is hydrogen bonded

both to the ®rst (A) and last (F) strand of the pilin domain. In

FimC bound to FimH, the G1 strand starts at position 101 and

ends at position 112. Comparison of the G1 strand in SfaE

chain A with the G1 strand of FimC bound in the acceptor

cleft of FimH shows very similar conformations starting from

position 105. In contrast, the two ®rst residues of the G1 strand

that are visible in SfaE chain A (Leu103 and Gln104) have

very different conformations compared with those in FimC.

Hydrogen bonding between the F1 and G1 strand in SfaE is

interrupted at position 91 in the F1 strand, which is a proline in

SfaE as well as in all other known sequences of periplasmic

chaperones. This de®nes the starting point of the ¯exible

region of the F1±G1 connection in SfaE and probably in all

other periplasmic chaperones. Phe105 in the G1 strand is

opposite Pro91 and de®nes the end of the ¯exible region.

Thus, the conformation of the ®rst two hydrophobic residues

in the G1 donor-strand motif (positions 103 and 105 in SfaE) is

variable and can be adjusted to ®t into the acceptor cleft of

various pilus subunits. The last residue of the motif (position

107) has a more ®xed conformation, perhaps re¯ecting greater

similarity in the regions of the pilin domains with which this

residue interacts in chaperone±pilin

complexes.

Mainly owing to the intercalation of

Phe105A between the A1 and G1 strands

of chain B, the two SfaE molecules in the

asymmetric unit were suf®ciently different

for re®nement with non-crystallographic

symmetry restraints to perform signi®-

cantly worse than unrestrained re®nement

as judged by the Rfree value (data not

shown). Nevertheless, except for the

differences arising from packing inter-

actions in the asymmetric unit dimer, the

two copies of SfaE are essentially identical

(Table 3). One exception is the difference

in conformation of the last strand in the

C-terminal domain between the two poly-

peptide chains in the dimer (Fig. 3). In

chain A, the G2 strand is hydrogen bonded

to the F2 strand until position 203, after

which the G2 strand moves slightly away

from the F2 strand. The G2 strand in chain

B instead undergoes a strand switch

starting at position 202 and becomes

hydrogen bonded to the A2 strand for the

last three residues of the chain, i.e. posi-

tions 204±206. The difference in confor-

mation of the G2 strand would appear to

arise from crystal packing, as the side chain

of Gln74 from a symmetry-related mole-

cule is inserted between the F2 and G2

strands of chain B with hydrogen bonds

from the side chain to the main-chain

carbonyl O atom of Gly203B and to the

peptide N atom of Ile186B. However, an

almost identical switch occurs in both the

crystal structure of FimC bound to FimH

(Choudhury et al., 1999) and in the NMR

Figure 2
(a) Stereo diagram showing packing of the two SfaE molecules in the asymmetric unit. SfaE
chain A is on top, with the tip of the N-terminal domain inserted into the subunit-binding cleft of
chain B. Also shown is the side chain of Phe105A in the G1 strand of chain A which is
intercalated between the F1 and G1 strands of chain B. (b) Close-up of the region around
Phe105A. The phenylalanine side chain is inserted in a hydrophobic pocket formed by Val2B,
Leu4B, Val22B, Ile33B, Val87B, Ala89B and Ile107B. In addition, four hydrogen bonds are
formed between the G1 strand in chain A and the A1 and G1 strands of chain B: Val108A N±
Leu4B O, Ala106A O±Leu4B N, Phe105A N±Ser109B O and Leu103A O±Val108B N.



structure of free FimC (Pellecchia et al., 1998). In PapD, the

additional H2 strand at the C-terminal end of the protein is

inserted between the A2 and G2 strands. The three ®nal

residues of the G2 strand in both SfaE chain B and FimC

occupy essentially the same position as the three ®rst residues

(211±213) of PapD's H2 strand. Perhaps owing to the absence

of an H2 strand in SfaE, the C-terminal domain appears to

have a degenerate fold, permitting two alternative positions

for its C-terminal strand.

The two Ig-like domains of SfaE are linked via an irregular

six-residue linker (residues 118±123). The domain interface

consists of three rows of residues in the A100, F1 and G1

strands of the N-terminal domain and of residues in the C2

and D2 strands as well as in the F2±G2 turn of the C-terminal

domain. As in all PapD-like chaperones, the domain interface

buries a salt-bridge system formed by the side chains of three

invariant residues (Glu83, Arg116 and Asp196 in PapD;

Holmgren et al., 1992; Hung, Knight et al., 1999; Hung et al.,

1996). The corresponding residues in SfaE are Glu80, Arg116

and Asp193. Two of these residues, Glu80 and Arg116,

constitute the bottom row of the N-terminal domain interface.

The middle row consists of three invariantly hydrophobic

residues (Ile10, Leu82 and Leu114 in SfaE). The top row

consists of the two invariant residues Arg8 and Lys112 which

de®ne the base of the subunit-binding cleft and which are both

critical for subunit binding and chaperone function.

Alignment of SfaE with PapD and FimC from the FimC±

FimH structure shows that the buried salt-bridge residues

have very similar conformations and interact in the same way

in all three chaperones. In SfaE, the salt-bridge system is

linked to Arg8 in the subunit-binding cleft via hydrogen bonds

to two buried inter-domain water molecules (Fig. 4). Inter-

estingly, these two water molecules are structurally conserved

in the 2.0 AÊ structure of PapD (Holmgren, 1993) as well as in a

2.5 AÊ structure of free FimC (S. D. Knight, unpublished data).

The inter-domain hydrogen-bond network is further extended

in SfaE by hydrogen bonds involving the side chain of Thr151,

main-chain atoms in the region from residue 148±151 in the

C-terminal domain and a third inter-domain water molecule.

The atoms participating in this buried hydrogen-bond network

form a cusp-shaped surface onto which two of the side chains

(Ile10 and Leu114) in the middle row of the N-terminal

domain interface pack (Fig. 4). The third residue in this row,

Leu82, packs against Tyr149 and Met166 in the C-terminal

domain. The relative orientation between domains in the A

chain of SfaE compared with the B chain is different by about

10�. The residues and the water molecules forming the inter-

domain hydrogen-bond network behave as part of the

C-terminal domain. The difference in orientation is mostly

owing to rotation centred around Leu114, which packs with its

side chain against the central region of the cusp-shaped

hydrogen-bond network.

Given that the N-terminal domain interface contains a row

of three large hydrophobic residues whereas the C-terminal

domain interface is much more hydrophilic, the ®nding that

the C-terminal but not the N-terminal domain of FimC could

be expressed as a stable protein on its own (Hermanns et al.,

2000) is perhaps not so surprising. The very close interaction

between chaperone and pilus subunits seen in the FimC±FimH

and PapD±PapK structures, with the G1 donor strand of the

chaperone becoming essentially part of the subunit fold,

suggests that the two proteins will have to

at least partially unfold in order to

dissociate. This in turn suggests the

intriguing possibility that subunit release

during pilus assembly might involve

partial unfolding of the N-terminal

domain owing to destabilization of the

domain interface. Site-directed mutagen-

esis studies using the PapD chaperone

have shown that the Glu-Arg-Asp triad in

the domain interface is important for

chaperone stability (Hung, Knight et al.,

1999). Interestingly, mutation of the

aspartic acid to asparagine had a rela-

tively limited effect on chaperone

stability, but blocked pilus assembly at a

stage after interaction of chaperone±
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Figure 4
Close-up of the inter-domain interface of SfaE.

Figure 3
Stereo C� trace of the C-terminal domain of chain B (blue) superimposed
on the C-terminal domain of chain A (magenta) showing the different
conformation of the G2 strand in the two domains. Side chains are shown
for residues in the G2 strand.
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subunit complex with the outer membrane usher; it was

suggested that the aspartate side chain might be involved in

displacing the pilus subunit C-terminus from Arg8 to promote

release of subunit. This would require a conformational

change in both Arg8 and the aspartate side chain, which would

in turn cause disruption of the domain-interface hydrogen-

bond network and possibly result in partial unfolding of the

N-terminal domain to further promote subunit release. Such a

model for subunit release is consistent with recent NMR

studies (Bann et al., 2002) suggesting that folding of the

N-terminal domain of PapD is dependent on the folding of the

C-terminal domain.
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