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The F1 capsular antigen of the plague-causing pathogen Yersinia

pestis is assembled from monomeric Caf1 subunits via the Caf1M/

Caf1A chaperone/usher system. Y. pestis Caf1M±Caf1 chaperone±

subunit complex was puri®ed from the periplasm of Escherichia coli

cells overexpressing Caf1M and Caf1 and was crystallized in PEG

4000 solution using hanging-drop vapour diffusion. The crystals

diffract to a minimum Bragg spacing of 1.8 AÊ and belong to space

group P21, with unit-cell parameters a = 36.0, b = 69.2, c = 69.1 AÊ ,

� = 93.0�. SeMet-labelled Caf1M±Caf1 complexes were puri®ed and

crystallized under the same conditions. The SeMet crystals were

identical to the native crystals and diffracted to 1.9 AÊ . Heavy-atom

derivative crystals were prepared by soaking in 10 mM K2PtCl4,

giving two Pt sites per complex. The experimental electron-density

map was obtained by a combination of MAD and MIR methods using

both Se- and Pt-derivative crystals.
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1. Introduction

The success of a bacterial pathogen depends

critically on its ability to manipulate its surface

structures. Gram-negative bacteria from the

Enterobacteriaceae family assemble a rich

arsenal of virulence organelles on their

surfaces using the chaperone/usher pathway

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

Sauer, Knight et al., 2000; Soto & Hultgren,

1999). The morphology of these organelles

varies considerably from thick and rigid pili to

large amorphous capsules. Not surprisingly,

they play a role in diverse events in microbial

diseases, such as bacterial colonization of

speci®c tissues by mediating binding to recep-

tors on host cells or spreading of bacteria in

blood by conferring anti-adhesive and anti-

phagocytic properties (Du et al., 2002; Soto &

Hultgren, 1999).

Yersinia pestis is the causative agent of

plague and is considered to be the most

dangerous pathogen of the Enterobacteriaceae

family (Perry & Fetherston, 1997). Following

infection of a mammalian host, Y. pestis

assembles a massive amorphous capsule, F1

antigen (F1-Ag), on its surface (Baker et al.,

1952). This capsule is comprised of a polymeric

form of the 15.5 kDa Caf1 protein subunit

(Galyov et al., 1990). It has been known for a

long time that F1-Ag ef®ciently inhibits

phagocytosis (Cavanaugh & Randall, 1959; Du

et al., 2002; Williams et al., 1972), although it is

its paradoxical property to induce a protective

immune response in humans that has attracted

most scienti®c attention (Baker et al., 1952). As

a result, ef®cient vaccines against bubonic

plague (Meyer, 1970; Meyer et al., 1974) as well

as its serodiagnostic assays (Poland & Barnes,

1979) have been created based on F1-Ag.

F1-Ag has been studied as a prototype of

non-pilus aggregative organelles assembled via

FGL periplasmic chaperone/usher pathways

(Chapman et al., 1999; Hung et al., 1996;

MacIntyre et al., 2001; Zav'yalov et al., 1997;

Zav'yalov, Zav'yalova et al., 1995; Zavialov et

al., 2002). In contrast to the rigid pili assembled

via FGS chaperone/usher pathways, these non-

pilus structures are built of only one or some-

times two types of self-polymerizing subunits

(Hung et al., 1996; Zav'yalov, Zav'yalova et al.,

1995). Perhaps the most striking difference

between pili and non-pilus organelles is that

the latter do not contain a specialized receptor-

binding adhesin domain as is normally present

at the tips of pili (Soto & Hultgren, 1999).

Despite this, many of the non-pilus organelles

have been shown to possess adhesive proper-

ties, suggesting that their subunits play a dual

role as both structure-forming subunits and

receptor-binding adhesins.

Two specialized proteins are required for

assembly of the F1-Ag: a 26.3 kDa periplasmic

chaperone (Caf1M) and a 90.4 kDa outer

membrane usher (Caf1A) (Karlyshev et al.,

1994). As Caf1 subunit emerges into the peri-

plasm, Caf1M binds it, assists in its folding and

delivers it to Caf1A, where subunits are
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assembled into linear polymers and secreted

to the cell surface (Zavialov et al., 2002).

Caf1M is the prototype of the FGL

subfamily of periplasmic chaperones

assembling non-pilus organelles (Hung et al.,

1996; Zav'yalov, Zav'yalova et al., 1995). The

amino-acid sequences of FGL periplasmic

chaperones share about 35% identity.

Compared with the FGS subfamily of peri-

plasmic chaperones involved in assembly of

pili, FGL chaperones have large additional

sequences at their N-termini and between

the F1 and G1 �-strands (Chapman et al.,

1999; Zav'yalov, Zav'yalova et al., 1995). In

addition, they contain an invariant pair of

Cys residues forming a disul®de bridge

between the F1 and G1 �-strands (Zav'yalov

et al., 1997).

Structures of three FGS chaperones,

PapD, FimC and SfaE, all revealed the same

general fold: two immunoglobulin (Ig)-like

domains joined at approximately right

angles with a large cleft in between

(Holmgren & BraÈndeÂn, 1989; Knight et al.,

2002; Pellecchia et al., 1998). Structures

of the FimC±FimH chaperone±adhesin

(Choudhury et al., 1999) and the PapD±

PapK chaperone±adapter (Sauer et al., 1999)

pre-assembly complexes from the type 1

pilus and P pilus, respectively, showed that

pilin subunits have incomplete Ig-like folds.

The absence of a ®nal (seventh) �-strand of

the fold creates a deep hydrophobic cleft on

the surface of pilin subunits, rendering them

dependent on the periplasmic chaperone for

their stability and proper folding. The

chaperone binds to the pilins by donating its

G1 �-strand to complete the pilin Ig-like

fold in a process called donor-strand

complementation (Choudhury et al., 1999;

Sauer et al., 1999). Assembly of subunits is

thought to proceed by a donor-strand-

exchange mechanism in which the

chaperone G1 donor-strand interaction is

replaced by a similar interaction between

subunits (Choudhury et al., 1999; Sauer et al.,

1999).

No structure of a FGL chaperone or a

non-pilus subunit has been determined and

the structural basis for the striking differ-

ence in morphology between pilus and

non-pilus organelles is not known. In this

paper, we present the overexpression, puri-

®cation and crystallization of the FGL pre-

assembly chaperone±subunit complex

Caf1M±Caf1, along with X-ray diffraction

data. The structure of the Caf1M±Caf1

complex will shed light on important ques-

tions about the biogenesis, ultrastructure

and immunogenic properties of the F1

capsule in particular and of non-pilus orga-

nelles in general. The structure may also

help clarify how surface organelles with very

different architectures are achieved using

similar but distinct classes of periplasmic

chaperones.

2. Materials and methods

2.1. Expression system and genetic

modification of Caf1

A six-histidine tag was genetically intro-

duced in Caf1 by substituting Ser-His6 for

the sequence between Thr4 and Val14 of

mature Caf1 using inverse PCR with Pfu

DNA polymerase (Stratagene, USA),

oligonucleotides 50-tatactagtcatcaccatcac-

GTTGAACCAGCCCGCATCA-30 and 50-
tatactAGTTAAATCTGCCGCATTAGCA-

GTTG-30 containing a SpeI restriction site

(bold) (MedProbe, Norway), and pFM1

(Zav'yalov, Chernovskaya et al., 1995) as a

template. The PCR product was puri®ed

from gel, digested with SpeI and ligated with

T4 DNA ligase (Promega, USA) to produce

pFM-1-6H. Host strain E. coli B834 (DE3)

strain (Novagene, USA), a methionine-

requiring auxotroph, was transformed with

pFM-1-6H. For expression of native

complexes, cells were grown to an A600nm of

0.6 in LB medium (Maniatis et al., 1998)

containing 80 mg mlÿ1 ampicillin. Protein

expression was induced with 0.5 mM IPTG

for 1.5 h. To express SeMet-labelled protein,

cells were grown to an A600nm of 0.5 in NMM

medium (Budisa et al., 1995) supplemented

with 80 mg mlÿ1 ampicillin and 0.6 mM

l-SeMet (Fluka, Switzerland), followed by

induction of proteins with 0.5 mM IPTG for

4.5 h. Periplasmic extracts were obtained by

osmotic shock as described in MacIntyre et

al. (2001).

2.2. Purification of Caf1M±Caf1 complex

Periplasmic extracts were dialyzed

against 50 mM phosphate buffer pH 7.8,

300 mM NaCl, 10 mM imidazole containing

Complete protease inhibitors (Roche,

France) overnight and loaded onto a HiTrap

Chelating HP 5 ml column (Pharmacia,

Sweden). Complexes were eluted with a

sharp 10±500 mM imidazole gradient. Frac-

tions containing complexes were pooled,

dialysed against 50 mM CH3COONa pH

5.25 and loaded onto a Mono S HR 8 ml

column. Complexes were eluted with a 0±

500 mM NaCl gradient (at about 300 mM

NaCl), desalted with an Econo-Pac 10 DG

(BioRad, USA) column and concentrated

using Vivaspin 20 ml (Vivascience, UK) to

15±20 mg mlÿ1. Normally, about 10 mg of

pure native and 4 mg of SeMet-labelled

complex was isolated from cells grown in 1 l

of LB and NMM, respectively.

2.3. Analytical procedures

Samples of puri®ed complexes were

analysed by SDS and native PAGE on 12.5%

polyacrylamide gels and by isoelectric

focusing (IEF) on pH 3±9 gradient gels

in a Pharmacia Phast system (Pharmacia,

Sweden), by gel ®ltration using a Superose

12 HR column and by dynamic light

scattering using a DynaPro-801 TC light-

scattering apparatus (Protein Solutions,

UK). The concentration was routinely

determined by measuring the absorption at

280 nm on a Hewlett Packard 845A spec-

trophotometer (Hewlett Packard, USA),

using an extinction coef®cient of "0:01%
280nm = 1,

or by a Coomassie blue binding assay

(BioRad, USA). The SeMet complex was

analysed for SeMet incorporation by

comparative analysis of the amino-acid

composition of the native and SeMet

complexes (Shepard & Huber, 1969) at the

Analytical Service Centre (Department of

Biochemistry, University of Uppsala). No

methionine band was visible in the SeMet

sample, indicating full SeMet incorporation.

2.4. Crystallization

Crystallization was performed by the

hanging-drop vapour-diffusion method at

293 K. In all experiments the crystallization

drops, containing 2.5 ml protein solution (15±

20 mg mlÿ1) and 2.5 ml precipitant solution,

were equilibrated against 1 ml precipitant

solution. The initial crystallization condi-

tions were found using Hampton Crystal

Screen (Hampton Research, USA).

Crystalline-like precipitates were found in

solutions containing 20±30% PEG 4000 and

PEG 8000. Single crystals suitable for X-ray

analysis were obtained by ®ner screening

around these conditions.

2.5. X-ray diffraction study

Diffraction data were collected under

liquid-nitrogen cryoconditions at 100 K. To

avoid damage on freezing, crystals were

soaked for 10±30 s in a cryoprotection

solution prepared by mixing one part

precipitant solution with one part 25% PEG

400. Crystals were ¯ash-cooled by rapidly

moving them into the cold nitrogen stream

or by dipping them in liquid nitrogen. Native

X-ray diffraction data were collected on

beamline ID14-1, ESRF, France. SeMet

MAD experiments were performed at

beamlines ID14-4 and ID29 at the ESRF; Pt

data were collected both at the ESRF
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(beamline ID14-2) and at Max-lab beamline

7-11, Lund. All ESRF data were collected

using a ADSC Q4 CCD detector; Lund data

were collected on a MAR Research 165 mm

CCD detector. Data were processed, inte-

grated and scaled using DENZO and

SCALEPACK (Otwinowski & Minor,

1997). Heavy-atom positions were deter-

mined using RSPS (Collaborative Compu-

tational Project, Number 4, 1994; Knight,

2000). Heavy-atom parameters were re®ned

and initial phases calculated using SHARP

(de La Fortelle & Bricogne, 1997).

3. Results and discussion

Overexpression of Caf1M and Caf1 in E. coli

results in accumulation of Caf1M±(Caf1)n

complexes in the periplasm (Zavialov et al.,

2002). However, because of spontaneous F1

assembly such as polymerization of Caf1,

periplasmic complexes differ in the amount

of Caf1 molecules incorporated into the

complex. We previously showed that the

polymerization of Caf1 can be abolished by

deletion of a short N-terminal sequence

without disruption of the chaperone±subunit

interactions. Since this 12-amino-acid

sequence was found to be ¯exible and

apparently is not necessary for the general

fold of Caf1 (Zavialov et al., 2002), we

replaced it by a six-histidine tag to block

polymerization and in order to be able to use

metal-chelate chromatography for puri®ca-

tion. Coexpression of this modi®ed Caf1

with Caf1M resulted in high-level accumu-

lation of stable binary Caf1M±Caf1 complex

in the periplasm.

Pure complex was isolated by Ni-chelate

chromatography of periplasmic extracts.

However, dynamic light scattering and gel

®ltration detected a small amount of high-

molecular-weight aggregates (presumably of

Caf1) in these preparations. Therefore,

cation-exchange chromatography at pH 5.25

followed by desalting gel ®ltration was

used for further puri®cation. Complexes

appeared to be very stable at pH 5.25 and no

aggregation was evident even after freezing

and thawing of the samples. Protein was

concentrated to 15±20 mg mlÿ1 and stored

frozen at 193 K for several months.

Crystallization screening and optimiza-

tion produced single crystals in drops with

19±21% PEG 4000 in 0.1 M Tris±HCl pH 7.5.

SeMet crystals could be obtained under

almost identical conditions. Generally, crys-

tals of three different shapes were formed:

thick plates, thin needles and bundles of

thick needles (Fig. 1a). The presence of both

Caf1M and Caf1 in the crystals was

con®rmed by SDS±PAGE on carefully

washed crystals. The resulting gel (Fig. 1b)

shows two bands corresponding to Caf1M

and Caf1 (lane 1), whereas there is no

protein in the ®nal wash solution (lane 2).

Thick plates diffracted to a minimum Bragg

spacing of 1.5 AÊ on the ID14-4 beamline at

the ESRF. However, these crystals showed

high mosaicity. The thin needles diffracted

well, but they were quickly damaged by

radiation. Crystals suitable for X-ray

analysis were obtained by gentle separation

of thick needles from bundles. These crystals

diffract to a minimum Bragg spacing of 1.8±

1.9 AÊ and belong to space group P21, with

unit-cell parameters a = 36.0, b = 69.2,

c = 69.1 AÊ , � = 93.0�. The asymmetric unit

contains one molecule of Caf1M±Caf1

complex, with a solvent content of 30%.

Native data to 1.8 AÊ Bragg spacing were

collected at ESRF beamline ID14-4 from a

single crystal (Table 1).

SeMet-labelled crystals obtained in the

same way as those of the wild type belonged

to the same space group, with essentially the

same unit-cell parameters, and diffracted to

about 1.9 AÊ . SeMet crystals underwent a

considerable loss in diffraction quality after

one month of storage. Presumably, this was

because of oxidation of Se atoms, with the

formation of acidic ÐSeOÿ2 groups that

destabilize the protein fold. A three-

wavelength MAD data set was collected

from a fresh single crystal on beamline

ID14-4 at the ESRF, France (Table 1). Based

on the absorption spectrum for the Se K

edge, two energies were chosen: at the peak

(� = 0.9798 AÊ ) and the in¯ection point

(� = 0.9801 AÊ ). Data to 2.7 AÊ were obtained

at each of these energies. A third energy was

selected at � = 0.9399 AÊ as a remote point.

The crystal showed clear signs of radiation

damage and the remote wavelength was not

included in further calculations. The posi-

tions of all four Se sites were determined

from anomalous difference Patterson maps

using RSPS (Collaborative Computational

Project, Number 4, 1994; Knight, 2000). The

heavy-atom parameters were re®ned and the

experimental phases calculated using

SHARP (La Fortelle & Bricogne, 1997).

However, we were unable to interpret the

resulting map even after application of

density-modi®cation techniques (Cowtan &

Zhang, 1999). The failure to produce an

interpretable map was presumably a conse-

quence of the low phasing power afforded

by only four Se atoms in a protein of 42 kDa

and the relatively weak power of density

modi®cation at moderate resolution, low

solvent content and in the absence of non-

crystallographic symmetry.

In order to improve phasing, a Pt-deri-

vative data set was collected at Max-lab

(Lund) at � = 1.076 AÊ , very close to the LIII

absorption edge of platinum (Table 1).

Another platinum data set was collected at

Figure 1
(a) A photograph of monoclinic crystals of the
Caf1M±Caf1 complex. (b) SDS±PAGE gel of a
washed crystal (lane 1) and the ®nal wash solution
(lane 2). Arrowheads indicate the positions of Caf1M
(®lled) and Caf1 (open).

Table 1
Statistics of X-ray data collection.

Values in parentheses indicate the statistics for the last resolution shell.

Data set Se, peak Se, in¯ection Native
Pt derivative,
ESRF

Pt derivative,
Lund

Wavelength (AÊ ) 0.9798 0.9801 0.933 0.933 1.076
Resolution (AÊ ) 34±2.7 36±2.7 20±1.8 49±2.2 20±2.5
No. of unique re¯ections 17046 (928) 17458 (941) 34122 (2587) 17430 (1724) 12329 (1709)
Multiplicity 3.2 3.4 3.3 3.7 3.8
Completeness (%) 96.7 (84.6) 97.3 (85.4) 90.5 (69.5) 99.9 (99.6) 99.5 (99.5)
Rmerge² (%) 4.6 (34.8) 4.8 (35.2) 7.7 (79.1) 8.2 (36) 5.9 (16.5)
I/�(I) 11 (2.1) 9.9 (1.9) 20.9 (1.6) 18.6 (4.2) 10.2 (3.9)

² Rmerge =
P

h

P
i jI�h�i ÿ �I�j=

P
h

P
i I�h�i , where I(h) is the intensity of a re¯ection h,

P
h is the sum over all re¯ections and

P
i is

the sum over i measurements of re¯ection h.
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ID14-1, ESRF at � = 0.933 AÊ , close to the Pt

LII edge (Table 1). Both these data sets

showed strong anomalous signals and two Pt

positions could be found using RSPS.

Combining SeMet MAD data with the two

Pt data sets in SHARP gave a ®nal good

experimental map with a mean ®gure of

merit of 0.434 for the outer 2.06±2.00 AÊ

resolution shell after application of density

modi®cation. Modelling of the Caf1M±Caf1

complex in this map is now in progress.
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