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The F4 fimbrial chaperone FaeE is stable as a

monomer that does not require self-capping of its

pilin-interactive surfaces

Many Gram-negative bacteria use the chaperone—usher
pathway to express adhesive surface structures, such as
fimbriae, in order to mediate attachment to host cells. Peri-
plasmic chaperones are required to shuttle fimbrial subunits or
pilins through the periplasmic space in an assembly-competent
form. The chaperones cap the hydrophobic surface of the
pilins through a donor-strand complementation mechanism.
FaeE is the periplasmic chaperone required for the assembly
of the F4 fimbriae of enterotoxigenic Escherichia coli. The
FaeE crystal structure shows a dimer formed by interaction
between the pilin-binding interfaces of the two monomers.
Dimerization and tetramerization have been observed pre-
viously in crystal structures of fimbrial chaperones and have
been suggested to serve as a self-capping mechanism that
protects the pilin-interactive surfaces in solution in the
absence of the pilins. However, thermodynamic and biochem-
ical data show that FaeE occurs as a stable monomer in
solution. Other lines of evidence indicate that self-capping of
the pilin-interactive interfaces is not a mechanism that is
conservedly applied by all periplasmic chaperones, but is
rather a case-specific solution to cap aggregation-prone
surfaces.

1. Introduction

The attachment of pathogenic bacteria to host cells is a key
event in their infection process and is typically mediated by
adhesins. These are often located on the bacterial surface in
polymeric proteinaceous appendages called fimbriae or pili
(Soto & Hultgren, 1999). It is a major challenge for Gram-
negative bacteria to generate these organelles on their surface,
a process that requires protein synthesis, folding, translocation
over two membranes and across the periplasmic space and
self-assembly into the final polymeric structure. Many Gram-
negative bacteria use the chaperone—usher pathway to tackle
this problem (Thanassi et al., 1998), employing two proteins
that will not be part of the final structure: a periplasmic
chaperone and an outer membrane gatekeeper known as the
usher. Once the fimbrial subunits have been translocated over
the inner membrane by the general secretory pathway, they
are bound by a cognate chaperone and guided to the usher,
the pilus-assembly platform in the outer membrane. Here,
they are assembled into the final adhesive structure and
transported across the outer membrane.
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The crystal structures of the periplasmic chaperones PapD
(uropathogenic Escherichia coli P pili; Holmgren & Briandén,
1989; Hung, Pinkner et al., 1999), FimC (uropathogenic E. coli
type 1 pili; Pellecchia et al., 1998), SfaE (uropathogenic E. coli
S pili; Knight et al., 2002), CafIM (Yersinia pestis F1 antigen;
Zavialov et al, 2003) and SafB (Salmonella enterica Saf
fimbriae (Remaut et al., 2006) show two immunoglobulin (Ig)
domains oriented at a right angle in a boomerang shape.
Genetic studies have revealed several conserved residues that
occur throughout the family of PapD-like chaperones and are
important for their structure and function (Hung, Knight et al.,
1999). Those conserved residues can mainly be found in the
cleft between the two Ig domains.

Based on the length of the loop between the F1 and G1
strands, periplasmic chaperones have been classified as FGL
(long loop between Ig-fold B-strands F and G) or FGS (short
FG loop) chaperones (Hung et al., 1996). Historically, FGS
chaperones were believed to be involved in the biosynthesis of
fimbriae with a complex subunit organization, presenting one
adhesin at the tip, while FGL chaperones assisted in the
assembly of polyadhesive structures consisting of mainly one
subunit. Following this classification, Zavialov and coworkers
assigned the F4 and the related F5 fimbriae as an intermediate
family of adhesive fibres: FGS chaperone-assembled poly-
adhesive fibres (Zavialov et al., 2007). The assembly of these
fimbriae is assisted by FGS chaperones, but although the
fimbrial operon contains ten genes the fimbrial structure is
dominantly composed of one major subunit that also deter-
mines the adhesive properties of the fimbriae. More recent
phylogenetic analysis based on usher ancestry revealed that
only the FGL organelles form a monophyletic group, while the
FGS structures can be divided into different clades (Nuccio &
Baumler, 2007). Following this classification, F4 and F5
fimbriae belong to the family of k fimbriae.

The crystal structures of chaperone—pilin complexes show
that pilins have an incomplete Ig fold that lacks the seventh
B-strand. Upon translocation across the inner membrane, the
C-terminal carboxylate of the fimbrial subunits is bound by the
conserved Arg8 and Lysl112 residues in the cleft of the
chaperone. Binding by the chaperone facilitates the release of
the pilins from the inner membrane and provides them with a
folding template. The pilins fold directly on the surface of the
chaperone through a B-zippering mechanism along the G1
strand of the chaperone. By B-strand pairing of the G1 strand
of the chaperone with the F strand of the pilin and the
insertion of a conserved pattern of hydrophobic residues into
the groove on the surface of the pilin, the chaperone com-
plements the fold of the pilin (Jones et al., 1997). In the case of
the FGL chaperones, in addition to the G1 strand of the
chaperone, the A1 strand is also involved in the donor-strand
complementation mechanism. The A1l strand interacts with
the A strand of the pilin (Zavialov et al., 2003). The chaperone
thus protects the pilins from aggregation, misfolding and
proteolytic degradation. Periplasmic chaperones are essential
for pilus assembly since they catalyze the folding of the pilins
(Vetsch et al., 2004) and keep them in an assembly-competent
conformation (Sauer et al., 2002; Zavialov et al., 2003).

In pilin-free chaperones, the hydrophobic residues of the
pilin-binding motif are surface-exposed. As several crystal
structures of periplasmic chaperones have revealed oligomers
with capped pilin-binding interfaces, a self-capping mechanism
by which the chaperones also protect their pilin-binding
surfaces in solution has been suggested (Hung, Pinkner et al.,
1999; Knight et al., 2002; Zavialov & Knight, 2007). The
Y. pestis Caf1M chaperone indeed forms tetramers in solution
that are created by tight packing of the subunit binding
surfaces into a hetero-sandwich. This self-capping mechanism
protects the chaperone from proteolytic degradation and
aggregation (Zavialov & Knight, 2007). Also, expression of a
Q108C mutant of PapD without the P-pilus subunits resulted
in the presence of up to 30% disulfide-linked PapDQ108C
dimers in the periplasm, showing dimer formation in vivo
(Hung, Pinkner et al., 1999).

Here, we describe the crystal structure of the F4 fimbrial
chaperone FaeE and apply differential scanning calorimetry,
chemical cross-linking and dynamic light scattering to explore
the self-capping mechanism of FaeE in solution. Additionally,
we try to answer the question whether self-capping is a general
mechanism applied by periplasmic chaperones or is a case-
specific solution to protect aggregation-prone surfaces.

2. Material and methods
2.1. Protein expression, purification and crystallization

The faeE or faeE-faeG genes (plasmid pHD163 or pHD147,
respectively) from the F4ad™ E. coli strain C1360-79 were
expressed in E. coli C43 (DE3) under the T7 promoter. FaeE
and FaeE-FaeG were purified by ion-exchange chromato-
graphy in 20 mM TES pH 7.0 and elution with an NaCl
gradient in the same buffer and were finally used for crystal-
lization in 20 mM TES pH 7.0, 150 mM NaCl, all as described
previously (Van Molle et al., 2005). FacE crystals were grown
in 0.1 M Tris pH 7.5, 50%(v/v) 2-methyl-24-pentanediol
(MPD), 0.2 M NH4H,PO,. FaeE crystallized in three crystal
forms, all of which belonged to space group C2. Crystallization
drops set up with FaeE at 20 mg ml~" were found to contain
crystals of both form 1 (unit-cell parameters a = 195.7, b =78.5,
c=1846A, B = 102.2°) and form 2 (unit-cell parameters
a=1364,b=75.7,c=69.4 A, B=92.8°). FaeEgpm crystals (set
up at 25 mg ml~ ") belonged to crystal form 2. Crystals of form
3 (unit-cell parameters a = 109.7, b= 78.6, c = 87.8 A, B= 96.4°)
were found in drops originally set up with the FaeE-FaeG
complex at 15 mg ml~". In these drops only FaeE crystallized,
while FaeG polymerized and precipitated (Van Molle et al.,
2005).

2.2. X-ray data collection and structure determination

X-ray data were collected on the ESRF beamline ID14-1
(Grenoble, France) for crystal form 1 and the DESY/EMBL
beamline BW7A (Hamburg, Germany) for crystal forms 2 and
3 (Van Molle et al., 2005). An initial partial FacE model was
obtained by phase determination using a three-wavelength
MAD data set from the FaeEg..; crystal form 2 (Van Molle et
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.

Crystal form 1

Crystal form 2

Crystal form 3

Data collection

the Protein Data Bank (PDB codes
3f65, 3f6i and 3f6l, respectively). The
root-mean-square deviations (r.m.s.d.s)
between the FaeE structures in crystal
forms 1, 2 and 3 were calculated using
the LSOKAB program from the CCP4

Space group Cc2 C2 Cc2 . .

Unit-cell parameters suite (Kabsch, 1976). The interfaces
a(A) 195.7 136.4 109.7 present in the crystal structures of FaecE
’Z((AA)) i oy e (PDB codes 365, 3f6i and 3f6l), PapD
B() 0 1022 908 96.4 (1gpp), SfaE (114i) and CaflM (20s7)

Resolution range (A) 49.8-2.3 (2.4-23)  39.0-2.7 (2.8-2.7)  39.3-2.8 (2.9-2.8) were analyzed using the PISA program

Redundancy 5.2 (4.0) 7.5 (74) 6.1 (6.2) _ : fead

Tio(D) 1456 (37) 193 (5.3) 1491 (7.0) from th(f, EMBL-EBI website (Krissinel

Completeness (%) 99.5 (95.6) 98.0 (97.1) 99.8 (100.0) & Henrick, 2007).

Runergel (%) 8.3 (39.0) 7.1 (32.9) 12.2 (30.2)

Refinement ] 2.4. Differential scanning calorimetry

No. of unique reflections 122580 17123 18291 DSC

Ryork 0.2238 0.235 0.255 ( )

Riree (5% test set) 0.2596 0.296 0.303 : :

No-of protein atoms 11097 2799 3049 All calorimetric mefasurements were

No. of solvent atoms 328 13 30 performed on a MicroCal VP-DSC

Average B factor (A?) 64.49 65.674 49.259 differential scanning microcalorimeter

Rg;ﬁ:zf&r)eochemlstry 0,004 0,005 0.003 with a 0.515ml cell and data were
Angles (°) 0.653 1016 0.805 analyzed using the program MicroCal

Ramachandran plot Origin DSC 7.0. All samples were
Residues in allowed regions (%) 98.5 98.1 97.3 filtered usine 0.45 um Minisart filters
Residues in disallowed regions (%) 1.5 1.9 2.7 . g UM H 1 .

PDB code 365 36 361 (Sartorius) and degassed for 10 min

T Ruerse = Dopir 2 Hi(hkl) — (I(hkD)|/ Y = 1;(hkl), where I(hkl) is the observed intensity and (I(hkl)) is the average

intensity for symmetry-related reflections.

al., 2005) using the Auto-Rickshaw software pipeline (Panjikar
et al., 2005). Substructure determination, phase calculation,
solvent flattening and model building were performed auto-
matically using SHELXD (Sheldrick, 2008), MLPHARE
(Collaborative Computational Project, Number 4, 1994), DM
(Cowtan & Zhang, 1999) and ARP/WARP (Perrakis et al.,
2001), respectively, within Auto-Rickshaw (Panjikar et al.,
2005). This initial model was further completed by manual
model building in Coot (Emsley & Cowtan, 2004) and was
refined against the absorption-edge data to 2.7 A resolution
(Table 1) using REFMACS (Murshudov et al., 1997) from the
CCP4 suite (Collaborative Computational Project, Number 4,
1994) and phenix.refine (Adams et al, 2002) using TLS
restraints. Chain A of this model was used to search for
molecular-replacement solutions of the FaeE structures for the
data sets of crystal forms 1 and 3 using Phaser from the CCP4
suite. Molecular-replacement solutions containing eight or two
monomers in the asymmetric unit were searched for using a
3.5 A resolution cutoff for crystal forms 1 and 3, respectively.
The models obtained were improved by iterative manual
model building in Coot and refinement using REFMACS and
phenix.refine using TLS restraints to 2.3 and 2.8 A resolution
for crystal forms 1 and 3, respectively.

2.3. Analysis of packing interfaces in the crystal structures of
FaeE, PapD, Sfak and Caf1iM

The FaeE structures were validated using MolProbity
(Table 1; Davis et al., 2007) and the coordinates for the
structures of FaeE in crystal forms 1, 2 and 3 were submitted to

using a vacuum pump. DSC scans
followed heating of the samples from
293 to 353 K. Scan rates of 90, 75, 60, 30
and 15 K h™! were applied to assess the scan-rate dependence
of the transition temperature (7). To evaluate the pH-
dependence of T;,, DSC scans were recorded in 20 mM
sodium acetate pH 5.2, 20 mM phosphate pH 7.5 and 20 mM
N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) pH 10.5
buffer solutions.

DSC thermograms of the denaturation of FaeE were
analyzed assuming a two-state reversible transition,

o« e —AG%
T—a P\Trr )

where K is the equilibrium denaturation constant, R is the
universal gas constant and « is the fraction of protein in the
denatured state.

The model function for the DSC thermograms (C, — C; v)
can be obtained from the first partial derivative of the
enthalpy of the denaturation function,

(o] 10 a(l _a)
Cp - Cp.N = C{ACP +W

K
N «— D, K

[AH, + AC)(T = Ty )Y,

where AH, is the van’t Hoff enthalpy of denaturation at the
transition temperature (7)), o is the fraction of denatured
protein and AC; is the corresponding heat-capacity change,
which is assumed to be independent of the temperature. The
thermodynamic parameters that characterize the melting
curves (AH,, AC; and T ;) were obtained by fitting the model
function for the DSC endotherms to the experimental
temperature profiles using the MicroCal Origin DSC 7.0
software package.
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2.5. Chemical cross-linking

FaeE at 0.75 mgml™" concentration was incubated with
different concentrations of glutaraldehyde in 20 mM phos-
phate buffer pH 7.5 for 30 min at room temperature. The total
reaction volume was 100 pl. The reaction was stopped by
adding 10 pl 1 M Tris—=HCl pH 8.0. Cross-linking products
were analyzed on SDS-PAGE.

2.6. Dynamic light scattering (DLS)

Prior to DLS measurements, FaeE samples (20 mg ml™")
were cleared from dust and air by centrifugation for 1 h at
277K and 14000 revmin~' in a microcentrifuge. DLS
measurements were conducted on a RiNA Laser-Spectro-
scatter 210 (Netzwerk RNA-Technologien GmbH, Germany).
To assess the particle-size distribution in the sample, ten
measurements of 10 s each were performed.

2.7. Prediction of f-aggregation-prone regions

The CaflM (UniProtKB entry P26926), FaecE (P25401),
PapD (P15319), FimC (P31697), SfaE (Q9EXJ6) and SafB
(Q8ZRK3) amino-acid sequences were analyzed using the
statistical mechanics algorithm TANGO (Fernandez-

Escamilla et al., 2004), with input parameters set at physio-
logical conditions (pH 7, ionic strength 0.02 M). Protein
stability was set at —42 kJ mol ™.

Figure 1

Ribbon diagram of the FacE monomer (left), as present in all three crystal forms, highlighting its
pilin-anchoring cleft (right). The conserved salt bridges between residues Glu80, Argll2 and
Aspl193 (Glu83, Argll6 and Asp196 in PapD nomenclature) and the hydrogen bonds formed
between Glu80 and Ile146 and between Arg8 and Aspl93 are indicated. Arg8 and Lys108 are the
conserved subunit-anchoring residues. The chaperone G1 strand extends beyond its antiparallel
B-strand interactions with the F1 strand because of crystal-packing interactions in the chaperone

dimer (Fig. 2).

3. Results and discussion
3.1. Structure of the chaperone FaeE

Although the structure of FaeE was solved in the three
crystal forms previously reported (Van Molle et al., 2005), we
will mainly discuss the FaeE structure from crystal form 1,
which was determined at the highest resolution. Details of
data-collection and refinement statistics are listed in Table 1.
Crystal form 1 contains eight molecules in the asymmetric
unit. The asymmetric units of crystal forms 2 and 3 each
contained two molecules. The FaeE structure from crystal
form 1 has an r.m.s.d. with the FaeE structures of crystal forms
2 and 3 of 1.04 and 0.88 A, respectively (199 and 204 C* atoms
superposed, respectively). FaeE shows the typical boomerang-
shaped structure containing two immunoglobulin domains
that has been observed for all periplasmic chaperones. In the
first domain, strands A1, A1”, B1, C1, D1/, D1”, E1, F1 and
G1 are organized in two sheets, one containing strands A1,
B1, D1’ and E1 and the other containing strands C1, D1”, F1
and G1. The second domain also comprises two sheets: one
containing strands A2, B2 and D2 and one containing strands
C2, E2 and F2. A a-helix connects strands C2 and D2 (Fig. 1).
PapD and FaeE are longer than the other FGS chaperones. In
the structure of PapD, this results in an additional S-strand in
the second domain, H2 (Holmgren et al., 1992). In the FaeE
structures, there is no clear electron density for residues 205—
224 corresponding to strand G2 and
possibly H2.

The structure of the FGS chaperones
and particularly the relative orientation
of the two domains is stabilized by salt
bridges (Hung, Knight er al., 1999). A
salt-bridge network is also present in
FaeE and is formed between Glu80,
Argll12 and Asp193 (Fig. 1). The side
chain of Glu80 forms an additional
hydrogen bond to the main-chain N
atom of Ile146.

As in the other FGS chaperones, the
conserved residues Arg8 and Lys108
(Arg8 and Lys112 in the PapD nomen-
clature) are located at the bottom of the
pilin-binding anchoring cleft. The Arg8
side chain points away from the cleft
and reorients upon interaction with the
pilin, allowing anchoring of the pilin by
salt-bridge formation with the N-terminus
of the pilin (Kuehn et al., 1993). In the
free FaeE chaperone, Arg8 makes a
hydrogen bond to the main-chain O
atom of Asp193 (Fig. 1).

The eight molecules in the asym-
metric unit of crystal form 1 show a high
diversity in loop visibility. Monomers A,
B, C and G are complete up to residue
206, but the electron density is missing
for a major part of the C-terminal
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Figure 2

(a) Detailed view of the interface between the FaeE monomers in FaeE dimer 1 (left). The dimer is formed by extensive hydrogen bonding between the
G1 strands of both monomers. An additional hydrogen bond is formed between Lys106 in the G1 strand of one monomer and Leu94 in the F1-G1 loop
of the other monomer. The F1 and G1 strands and the F1-G1 loops of both monomers are indicated in the inset on the left; the hydrogen-bonding
residues of the G1 strands and F1-G1 loops of both monomers are indicated in the enlarged view. (b) The PapD dimer (PDB code 1qpp) is formed
around a noncrystallographic twofold axis, orienting the two monomers at an almost right angle. Hydrogen bonds are found between the GIn108 residues
and the Thr109 and Alal06 residues of both monomers. (¢) The SfaE dimer (PDB code 114i) is maintained by hydrophobic packing of the N-terminal
domain of one monomer against the subunit-binding interface of the other monomer. The Phel05 side chain of one monomer (green) intercalates
between the A1” and G1 strands of the other monomer (cyan). Main-chain hydrogen bonds between Ala3 (cyan) and Alal03 (green) and between Ser109
(cyan) and Phel05 (green) are also indicated.

Acta Cryst. (2009). D65, 411-420 Van Molle et al. - FacE 415
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domain of monomers D, F and H. Monomer E has an inter-
mediate completeness. Specifically, the loops between strands
A2 and B2 and between D2 and E2 (Fig. 1) show no or poor
electron density in those monomers that make fewer packing
contacts. In monomers A, B, C and G these loops are stabilized
by packing with symmetry-related molecules.

3.2. Dimer interfaces in the crystal structures of FaeE

The three crystal forms reveal a dimeric FaeE structure
formed through antiparallel S-strand hydrogen bonding
between the G1 strands of two FaeE monomers (FaeE dimer
1, Fig. 2a). Additionally, hydrogen bonds are formed between
Lys106 N® in one monomer and the main-chain O atom of
Leu94 in the F1-G1 loop of the other monomer. The G1
strand and the F1-G1 loop are also involved in pilin binding
by the chaperone. The AB dimer of crystal form 1 was chosen
for the study of FaeE dimerization because it had been
determined with the highest completeness. It has r.m.s.d.
deviations of 2.07 and 1.09 A with the dimers present in crystal
forms 2 and 3, respectively (383 and 408 C* atoms superposed,
respectively). The initial complexation of FaeE with FaeG in
the solution used to obtain crystals of form 3 does not influ-
ence the dimerization of FaeE in the crystal.

Monomer B

\ *, Monomer D
1 =
' LY
4 e \{j =
/ e 4 ! - J

o a 4 T

{ 4 1 1 .- e
.7/ . €14p1’ loop \ — e
(Y 1 e | B\ N

Monomer A4 %

Figure 3

Superposition of both dimer interfaces formed by monomer A in crystal form 1. FaeE dimer 1 is formed
between monomers A (green) and B (cyan), while FaeE dimer 2 is formed between monomers A and D
(yellow). The inset shows a detailed view of the hydrogen bonds between the C1-D1’ loop of chain A and
the C1 strand of chain D, as well as the salt bridge formed between Asp44A and Argl04D. The
intramolecular hydrogen bond between Asp38D 0% and Trp36D N is also indicated. Here again the G1
strand of both monomers is elongated beyond the contacts it makes with the F1 strand because of the
contacts it makes within the FaeE dimer 1 interface, as shown for the FaeE dimer 1 formed between
monomers A and B. This figure also demonstrates that the C-terminal domain of monomer D is

unresolved.

A second type of dimer (FaeE dimer 2), created by crystal
packing, can be observed in the asymmetric unit of crystal
form 1 between monomers A and D and between monomers E
and H (Fig. 3). This dimer is also present in crystal forms 2 and
3 and is formed through crystal packing with symmetry-related
molecules. FaeE dimer 2 is formed around a noncrystallo-
graphic twofold-symmetry axis, allowing the C1-D1’ loop of
one monomer to contact the C1 strand of the other monomer.
Hydrogen bonds are formed between Thr45 and Asp38, Thr45
and Trp36, Arg46 and GIn34 and between Pro47 and GIn34. In
addition, Asp44 forms two coordinated salt bridges to Argl104.

The contact area between the two monomers in FaeE dimer
2 is larger than the interface area in dimer 1 (698.5 versus
615.2 Az). Despite this fact, the AB dimer is the more relevant
one to study, because this dimer has also been observed for
other fimbrial chaperones such as PapD and SfaE (Hung,
Pinkner et al., 1999; Knight et al., 2002). In all observed cases
the subunit binding G1 strands and F1-G1 loops are impli-
cated in this dimer.

Although crystal packing shields the subunit-binding
sequences by dimer formation in every case, superposition of
FaeE dimer 1 and the SfaE and PapD dimers shows that the
dimer interfaces are very different (Fig. 2). Ten hydrogen
bonds are formed between main-chain residues of the G1

strands of the FaeE monomers in
FaeE dimer 1 (Fig. 2a). Compared
with the well aligned G1 strands
of the FaeE monomers, the G1
strands of the PapD monomers
are slightly twisted (Fig. 2b).
Therefore, only a limited number
of hydrogen bonds are formed
between the PapD G1 strands
(Hung, Pinkner et al, 1999). In
the SfaE dimer, the N-terminal
domain of one monomer (mono-
mer A; green in Fig. 2¢) is packed
{ against the subunit-binding surface
of the other (monomer B; cyan in
Fig. 2¢; Knight et al., 2002). The
G1 strand of the first monomer
crosses the Al strand of the
second monomer at nearly right
angles. Phel05, which is part of
the conserved pilin-binding patch
of the G1 strand of monomer A, is
intercalated between the A1’ and
G1 strands of monomer B.

Dimerization of PapD occurs
through interaction of the F1-G1
and C2-D2 loops of both mono-
mers and significant conforma-
tional changes in those loops can
be seen when comparing mono-
meric and dimeric PapD (Hung,
Pinkner et al., 1999). There is also
a difference in the F1-G1 loop
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conformation when comparing dimerized and subunit-bound
PapD. The F1-G1 loop of PapD is in a more elongated
conformation in the PapD-PapK complex and is buried in the
groove of PapK. This conformation cannot be adopted in the
PapD dimer because of steric hindrance (Hung, Pinkner et al.,
1999). In FaeE dimer 1, the F1-G1 and C2-D2 loops of both
monomers make no contacts (Fig. 2). As mentioned above, the
G1 strand extends beyond the contacts it makes with the F1
strand because of contacts in the dimer interface. It can thus
be presumed that the G1 strand is shorter in monomeric FaeE.
In the SfaE dimer structure, the F1-G1 loop is invisible and no
structural information is available about monomeric or
subunit-bound SfaE (Knight et al., 2002).

3.3. The oligomerization state of FaeE in solution

Subunit binding by periplasmic chaperones occurs through
the complementation of the hydrophobic core of the subunit
by the G1 strand of the chaperone (plus the A1 strand for the
FGL chaperones), which consists of a pattern of alternating
hydrophobic residues (Choudhury et al., 1999; Sauer et al.,
1999; Zavialov et al., 2003). Upon subunit binding, the often
bulky side chains of these residues are inserted into hydro-
phobic pockets on the surface of the pilin subunit. When the
chaperone is not in complex with a pilin, these hydrophobic
side chains are exposed to the solvent. Chaperone oligomer-
ization could therefore serve as a self-capping mechanism that
serves to protect the chaperone from aggregation or degra-
dation when not in complex with a pilin (Hung, Pinkner ef al.,
1999; Knight et al., 2002; Zavialov & Knight, 2007). Such a
self-capping mechanism would be confirmed by chaperone
oligomerization in solution. It has been shown that the CaflM
Fl-antigen chaperone from Y. pestis tetramerizes (Zavialov &
Knight, 2007) in solution and that PapD dimerizes (Hung,
Pinkner et al., 1999). In order to investigate FacE dimerization
in solution, we conducted differential scanning calorimetry
(DSC), glutaraldehyde cross-linking and dynamic light-
scattering (DLS) measurements.

75.3 1
67.0 -

= 025 mgml’ =
0.10 mg ml'

58.6 1 N
50.2 - . o,
419
335 4

0.05 mg ml ' .

25.1 1
16.7 - d

8.4 - .
™ :

11
C, (kImol K™)

0 i

8.4 -

—-16.7 T T T T - T .

313 323 333 343 353
Temperature (K)

Figure 4
Thermal denaturation of FaeE in 20 mM acetate buffer pH 5.2. All scans
were recorded at 90 K h™".

Table 2
Thermodynamic parameters of the thermal denaturation of the
chaperone FaeE at different pH values and concentrations.

The error on T, is 0.5 K and the error on AH, is 13 kJ mol L. For pH 5.2 and
pH 10.5, AC, was determined for the highest protein concentration and kept
constant in the fitting of the DSC profiles for the other protein concentrations.
For pH 7.5, AC; was determined at 0.33 mg ml™"' and at 0.13 mgml™" and
kept constant in the fitting of the DSC profile at 0.06 mg ml™~". For pH 5.2 +
5% PEG 6000, AC, was determined at 0.2 mg ml~" and kept constant in the
fitting of the DSC profiles for the other protein concentrations.

Concentration ACy T, AH. AH,
pH (mg mI~") (Imol' K™ (K) (kJmol™") (kJmol™)
52 0.05 1176 337.8 331 419

0.1 1176 337.8 599 532

0.25 1176 337.7 540 557
52+5% 0.04 6865 339.0 578 645

PEG 6000 0.10 6865 338.9 645 632

0.20 6865 338.7 712 682

0.32 6865 3384 762 795
7.5 0.066 2093 338.6 783 674

0.13 2093 338.5 682 657

0.33 2093 338.1 615 687
10.5 0.05 1423 3372 439 s511

0.1 1423 3372 573 561

0.5 1423 336.9 607 573

Equilibrium thermodynamics could be used to analyze the
DSC data for FaeE at all pH values when samples were heated
to 353 K, the point at which the unfolding of FaeE is com-
pleted (Fig. 4). The folding-unfolding transition is either
almost completely (96% at pH 5.2) or partially reversible
(60% at pH 7.5 and 77% at pH 10.5). Moreover, the transition
temperature is independent of the scan rate, indicating that all
irreversible processes occur after the unfolding transition. This
allowed equilibrium thermodynamics to be applied even in
those cases where the transition is not completely reversible.
All thermodynamic parameters (ACp, T, and AH,) can be
calculated from the fitting of the model function to the
experimental DSC data (Table 2).

DSC measurements are a valuable tool to investigate the
oligomerization state of a protein in solution. In one approach,
the dependence of the DSC profile on the protein concen-
tration can be analyzed. The DSC transition of an oligomeric
protein depends on the protein concentration because the
energy required for the disruption of the intermolecular
interactions depends on the protein concentration. DSC
measurements of FaeE at different concentrations show that
the DSC profile is independent of the protein concentration
(Fig. 4 and Table 2) and thus suggest that FaeE is a monomer.
To assess the influence of pH on the DSC transitions, the
measurements were repeated at pH 7.5 and 10.5. These results
confirmed the independence of the 7j, of the protein
concentration (Table 2) and thus the monomeric nature of
FaeE. Using a second approach, the ratio of the calorimetric
and van’t Hoff enthalpies determined from the DSC profiles
(AH. and AH,, respectively) gives an estimate of the oligo-
merization state of a given protein. AH. expresses the
enthalpy of denaturation per mole and AH, the enthalpy of
denaturation per cooperative unit. Consequently, the ratio
between AH. and AH, can be seen as the number of co-
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operative units per mole. This ratio is always about 1.0 for
FaeE (Table 2). This also points out that both the FaeE
N-terminal and C-terminal domains unfold simultaneously as
one cooperative unit. In conclusion, both DSC approaches
identify FaeE as a monomer in solution.

Chemical cross-linking and dynamic light-scattering (DLS)
experiments add further evidence for the stable nature of
monomeric FaeE. SDS-PAGE analysis of FaeE samples
incubated with glutaraldehyde showed the formation of FaeE
oligomers with increasing glutaraldehyde concentration,
without the accumulation of a particular oligomeric species
(Fig. 5). This is in contrast to the Caf1M chaperone, for which
chemical cross-linking clearly showed accumulation of the
tetrameric species without the formation of higher oligomers
(Zavialov et al, 2007), and the PapD chaperone, which
demonstrated the accumulation of PapD dimers (Hung,
Pinkner ef al., 1999). Thus, the absence of the accumulation of
a dimeric FaeE species in the cross-linking experiment

o0 wy — o vy
(=] — on =] (] wy
= (=] (=1 (=] — ol Wy
S & 82 @ 2 9 @ = a % x 9o
= 3. = = (=] (=] o = (=1 (=] (=] = (=] - N
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Figure 5

(a) Chemical cross-linking of FaeE at 0.75mgml~' concentration
incubated with varying concentrations of glutaraldehyde as indicated at
the top [%(w/v)]. Lane M, protein molecular-weight markers; molecular
weights are indicated in kDa on the left. (b) Histogram and distribution
profile (inset) of the DLS measurement on FacE at 20 mg ml™", clearly
showing a monodisperse distribution of particles with a Stokes radius of
2.5 nm.

provides additional evidence for the monomeric nature of
FaeE. Finally, the monomeric character of FaeE was confirmed
by comparing the Stokes radius of FaeE determined by DLS
measurements prior to crystallization (2.5 nm; Fig. 5) with the
radius of the FaeE monomer in its crystal structures (3.3 nm
for a monomer, 5 nm for a dimer).

Overall, our results demonstrate that FaeE can occur as a
monomer in solution and does not require self-capping for
stabilization and that FaeE dimerization is merely a result of
crystallization effects. At the high concentrations used, crys-
tallization of FaeE might only be favoured upon aggregation
when the hydrophobic surfaces are capped, in this case by
dimerization. The complexation significance score (CSS)
calculated by the PISA algorithm (0.0) indeed indicates that
the dimers formed in the crystal structure are a result of crystal
packing only. The same is true for the dimers present in the
crystal structures of PapD and SfaE (CSS of 0.0 and 0.1,
respectively). In contrast, the CSS for the CaflM tetramer is
1.0, indicating that the tetramer present in the crystal structure
is representative of oligomerization in solution. As during
crystallization, in vivo crowding effects in the periplasm might
urge the chaperone to shield its hydrophobic surfaces. In order
to investigate the effect of molecular crowding on the dimer-
ization of FaeE, the DSC experiments were repeated in the
presence of 5% PEG 6000. This technique was previously
applied by Zavialov & Knight (2007) to show the effect of
crowding on the tetramerization of the Caf1M chaperone. This
concentration of PEG 6000 clearly stimulated CaflM tetra-
merization. However, the DSC profile of FaeE in 5% PEG
6000 is independent of the protein concentration (Table 2),
supporting the fact that FaeE dimerization is not required for
the stability of the chaperone when it is not in complex with a
pilin.

The oligomerization of the Caf1M chaperone seems to be a
result of the high B-aggregation propensity of its G1 strand
(Fig. 6a; Zavialov & Knight, 2007). The sequence-based
statistical algorithm TANGO (Fernandez-Escamilla et al.,
2004) does not predict any B-aggregation propensity for the
G1 strands of PapD, FimC and FaeE, supporting the notion
that they could occur as stable monomers without the need for
capping of their interactive surfaces. Direct evidence for the
monomeric nature of the type 1 fimbrial chaperone FimC in
solution comes from its NMR structure (Pellecchia et al.,
1998). The fast amide-proton exchange for the F1-G1 loop
confirmed that it is solvent-exposed. The fact that 70% of the
PapDQ108C was still present as monomers and that no dimers
were found for wild-type PapD (Hung, Pinkner et al., 1999)
indicates that dimer formation is not strictly required for
PapD stability. Additionally, the PapD chaperone was also
found as a monomer in its earliest crystal structure (Holmgren
& Briandén, 1989), as was the SafB chaperone (H. Remaut,
personal communication). Surprisingly, the TANGO predic-
tions for PapD and FaeE are very similar and both indicate the
same stretch of residues as prone to f-aggregation (residues
149-156 for PapD and 145-153 for FaeE, in both cases
belonging to the B2-C2 loop and the C2 strand; Figs. 6b and
6¢). These residues are not involved in any crystal-packing
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interfaces in the crystal structures. For SfaE, TANGO predicts
a high B-aggregation propensity for the dimerization interface
in the crystal structure, which could support SfaE dimerization
in solution. However, no evidence is present for this.

4. Concluding remarks

The pilin-free form of the F4 fimbrial chaperone FaeE is
predominantly present as a monomer in solution. In its crystal
structure, FaeE dimerizes by means of antiparallel B-strand
pairing of its pilin-interactive G1 strands (FaeE dimer 1). This
form of oligomerization has also been observed in the crystal
structures of PapD and SfaE and tetramers have been

100 100

observed both in crystals and in solution for the CaflM
chaperone. However, we find that oligomerization or self-
capping of fimbrial chaperones, which has been suggested to
protect the chaperone from degradation, is not an absolute
requirement for FaeE stability in solution, nor is it a general
mechanism to shield the pilin-interactive motif in free peri-
plasmic chaperones. Oligomerization of the Caf1M chaperone
seems to be the result of the high g-aggregation propensity of
its G1 strand. Understandably, the presence of an excess of
free periplasmic chaperone, conditional for its crystallization,
would be rather unusual during pilus biogenesis, hence the
need for self-capping and thus protection of free chaperone
would be minor.

100,

n
gl
1|

50 100 150

Figure 6

TANGO B-aggregation propensity prediction for Caf1M (a), FacE (b), PapD (c), FimC (d), SafB (e) and SfaE(f). Regions with the highest S-aggregation
propensity are coloured red. For PapD, a second region with ~50% p-aggregation propensity is coloured orange. A cutoff value of 30% S-aggregation
propensity was used. The CaflM, FaeE, PapD, FimC, SafB and SfaE structures were deduced from PDB entries 1p5v, 365, 1pdk, 1qun, 2co7 and 114i,
respectively. FGL chaperones are coloured green and FGS chaperones are coloured cyan. The vertical axis in the insets indicates the percentage of

B-aggregation propensity, while the horizontal axis gives the residue number.
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