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Periplasmic chaperone/usher machineries are used for assembly
of filamentous adhesion organelles of Gram-negative pathogens in
a process that has been suggested to be driven by folding energy.
Structures of mutant chaperone—subunit complexes revealed a
final folding transition (condensation of the subunit hydrophobic
core) on the release of organelle subunit from the chaperone—
subunit pre-assembly complex and incorporation into the final
fibre structure. However, in view of the large interface between
chaperone and subunit in the pre-assembly complex and the re-
ported stability of this complex, it is difficult to understand how
final folding could release sufficient energy to drive assembly.
In the present paper, we show the X-ray structure for a native

chaperone—fibre complex that, together with thermodynamic data,
shows that the final folding step is indeed an essential component
of the assembly process. We show that completion of the hydro-
phobic core and incorporation into the fibre results in an excep-
tionally stable module, whereas the chaperone—subunit pre-
assembly complex is greatly destabilized by the high-energy
conformation of the bound subunit. This difference in stabilities
creates a free energy potential that drives fibre formation.

Key words: assembly, chaperone, chaperone/usher pathway,
protein stability, protein folding.

INTRODUCTION

Most Gram-negative pathogens express adhesive surface orga-
nelles that allow them to specifically target and bind to host tissues
and cause infection. A periplasmic chaperone/usher machinery is
used for the controlled assembly of many such organelles [1-4].
The periplasmic chaperones bind nascent organelle subunits as
they enter the periplasm via the Sec pathway, and protect them
from non-productive aggregation and proteolytic degradation by
capping their assembly surfaces. Binary chaperone—subunit pre-
assembly complexes are targeted to the outer membrane usher
where subunits are released from the chaperone and assembled
into linear fibres that are secreted through the usher pore to the cell
surface.

Structures of several periplasmic chaperone—subunit complexes
are available [5—8]. The subunits have an incomplete immuno-
globulin-like fold in a six-stranded B-sandwich. The incomplete
fold precludes the formation of a closed hydrophobic core, leaving
a surface-exposed hydrophobic ‘acceptor’ cleft between the two
sheets at the edge of the subunit (Figure 1). The chaperone binds
by capping this cleft to form a superbarrel with an extensive
chaperone—subunit interface and a joint hydrophobic core [8].
In the superbarrel, the chaperone G, donor strand occupies the
acceptor cleft, with the large hydrophobic residues from the G,
donor strand inserted between the two sheets of the subunit 8-
sandwich, preventing them from contacting each other. For this
reason, the chaperone-bound conformation is referred to as the
‘open’ or ‘expanded’ conformation.

The recently reported structure of a CaflM—Cafl’—Cafl”
(where Caf1M is the chaperone involved in Yersinia pestis capsule
assembly, Cafl’ is the chaperone-bound F1 antigen subunit and
Caf1” is the subunit in its final fibre conformation) complex [8]
with the minimal Y. pestis F1-antigen fibre (Caf1'—Caf1”) bound
to CaflM revealed that fibre subunits are linked together by
DSC (donor strand complementation) [5,6] with an N-terminal G4
donor strand segment of one subunit inserted into the hydrophobic
cleft of a neighbouring subunit [8] (Figure 1). The resulting linear
fibre is composed of globular modules each having an intact
Ig topology generated by DSC. The generality of this mode of
interaction is supported by the crystal structure of a P pilus subunit,
PapE, in complex with a peptide corresponding to the N-terminal
region of PapK [7]. The morphology of surface organelles is
determined by coiling of the secreted linear Ig-module fibres into
structures of different architecture [9].

No energy input from external sources is required to convert
periplasmic chaperone—subunit pre-assembly complexes into free
chaperone and secreted fibres [10], in spite of a much more ex-
tensive interface between chaperone and subunit than between
fibre subunits [8]. Some clues as to how the process can be ener-
getically driven have been suggested by structural studies [7,8].
Comparison of Cafl’ with Cafl” revealed a large conformational
difference. In contrast with the large hydrophobic donor re-
sidues in the chaperone G, donor strand, the much smaller donor
residues in the subunit N-terminal G, donor segment do not inter-
calate between the two sheets of the subunit S-sandwich, allowing
close contact between the two sheets (Figure 1). Therefore the
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Figure 1  Schematic illustration of DSC

(@) Hypothetical free Caf1 subunit. The non-complemented subunit contains a hydrophobic
acceptor cleft with five subsites for the insertion of five side chains of a donor strand. The
N-terminal donor strand segment of Caf1 is unstructured. (b) Complex with CaftM. Two
chaperone strands (A; and Gy) interact with edge strands of the subunit to form a superbarrel
[8]. Large Gy and A; (partially) donor residues insert into the acceptor cleft between the two
sheets of the subunit B-sandwich such that the superbarrel acquires a fused hydrophobic core.
(c) Fibre. Consecutive subunits form Ig-like fibre modules by insertion of the N-terminal Gq
donor strand of one subunit into the hydrophobic acceptor cleft of a neighbouring subunit.
(d) Donor strand exchange. On release of the subunit from the chaperone and incorporation
into the fibre, the two sheets of the subunit 8-sandwich move together to form a close packed
subunit hydrophobic core. In (a), (b) and (¢), side chains participating in DSC are shown as
spheres with radii reflecting the size of the donating groups (methy! and larger).

fibre conformation is also referred to as the ‘closed’ or ‘con-
densed’ conformation. The observed difference between open and
closed conformations, involving a rearrangement and condensa-
tion of the subunit hydrophobic core, suggested that periplasmic
chaperones might trap subunits in a high-energy molten globule-
like folding-intermediate state [8]. A model was proposed in
which release of the subunit followed by DSC allows folding to
be completed, driving fibre formation. However, previous studies
have suggested a high value for the constant of association of
the Caf1M—Caf1 chaperone—subunit complex (2 x 103 M~!) [11],
comparable with the equilibrium constant for folding of a stable
globular protein. Despite numerous efforts, no quantitative equi-
librium data on chaperone—subunit binding have been obtained
in studies of other chaperone/usher systems. It was noticed, how-
ever, that complexes do not show significant dissociation, even
in highly diluted solutions, which was taken as evidence of a very
low dissociation constant [12]. It is hence not clear that the energy
released on formation of the more compact fibre module would be
sufficient to overcome the energy of chaperone—subunit binding.

In the present paper, we show that collapse of the subunit and
final packing of its hydrophobic core is an essential component of
the fibre assembly process. We show further that the chaperone—
subunit complex is less stable than was previously thought,
whereas the fibre module is exceptionally stable. The chaperone
uses an extensive subunit-binding interface to bind and stabilize
subunits in a high-energy conformation. This is accomplished by
targeting unfolded subunit conformations and funnelling them
into a unique activated conformation.

MATERIALS AND METHODS
Protein expression and purification

Expression and purification of Caf1M—Caf1 binary complex was
performed as described previously [13]. pPFM1-F1-6HSC, encod-
ing only Cafl-SC (self-complemented subunit), was created by
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site-directed mutagenesis. Initially, the sequence encoding the
complete G, strand was inserted by two-stage asymmetric PCR
[14] using pFM1'-F1-6H as a template and coding primer (inserted
sequence in lower case) 5'-CCGTAACCGTATCTAACCAAgctg-
accttacagcgtctactacggcgacagccaccttagtagag TAATCCATATAGA-
TAATAG-3'. The short linker was then inserted using the standard
mutagenesis protocol [15] and coding primer 5'-GTAACCGT-
ATCTAACCAAaacggaGCTGACCTTACAGCGTCTACTAC-3'.
Following induction of Escherichia coli DH5c/pFM1-F1-6HSC
and periplasmic extraction, as described in [15], Caf1-SC was
isolated by Ni*"-affinity chromatography and was eluted with a
gradient of 20-500 mM imidazole. Dialysed protein in 20 mM
bis-Tris/propane, pH 7.1, was purified further by anion-exchange
chromatography on Mono Q HR 5/5 columns (Amersham Biosci-
ences, Uppsale, Sweden). Protein was eluted with a 0-250 mM
NaCl gradient. CaflM was purified from periplasmic extracts
of E. coli B§34 (DE3) cells transformed with pTCA1 by cation
exchange on Mono S HR 10/10 columns (Amersham Biosciences)
chromatography at pH 7.5. Surface fibres of F1 antigen were
purified as described in [11]. Native CaflM—Caf1, and Caf1M—
Cafl; complexes were purified from periplasmic extracts of
E. coli B834 (DE3) cells transformed with pFM1 [16] by anion-
and cation-exchange chromatography on Mono Q HR 10/10 and
Mono S HR 5/5 columns (Amersham Biosciences) at pH 7.5
and 4.5 respectively. Between these steps, samples were treated
by TAGZyme exoproteolytic dipeptidase (Qiagen) to remove the
free N-terminal donor sequence of the ultimate Cafl subunit in
the polymer.

X-ray crystallography

Crystallization of the CaflM—Cafl, complex was performed as
described previously for the A9R mutant ternary complex [13].
The crystals belong to space group P2,2,2 with unit cell dimen-
sionsa=180.1 A (1 A=0.1nm),b=69.8 Aand c=45.7 A, and
one copy of the complex in the asymmetric unit.

Diffraction data (A = 1.01 A) were collected under liquid nitro-
gen cryoconditions at 100 K on a Marmosaic 225 CCD (charge-
coupled device) detector at beamline BM14U, ESRF (European
Synchrotron Radiation Facility), Grenoble, France. Data to 2.2 A
Bragg spacing were collected, processed and reduced using
MOSFILM, and scaled using SCALA [17] (Table 1). The structure
was solved by molecular replacement using AMoRe [18] with the
A9R mutant ternary complex (Protein Data Bank accession code
1P5U) as a search model. Refinement was performed using the
CNS program [19] (Table 1).

Microcalorimetry

Scanning microcalorimetry experiments were performed using a
computer-driven version of the DASM-4 microcalorimeter [20]
with a cell volume of 0.47 ml at a heating rate of 0.5-2 K/min.
Protein concentrations in the calorimetric experiments varied from
0.5 to 10.8 mg/ml. Before experiments, protein samples were
dialysed extensively against 20 mM phosphate buffer, pH 7.2,
which was loaded into the reference capillary. The C, (partial
heat capacity of the protein) and the transition excess heat capacity
function were calculated from the calorimetric data as described
previously [20]. The protein partial specific volume was taken as
0.73 ml/g.

Lower limit values for the association constant for fibre module
formation were estimated according to the procedure suggested by
Brandts and Lin [21] for the case of binding with stoichiometry
1:1 and a single unfolding transition. Briefly, the enthalpy of
unfolding for non-ligated (not complemented with the donor
strand) subunit was estimated using the experimental value for the
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Table 1

Values for high-resolution shells in parenthesis. Rmerge = 4 ;i [I(h); — (I)|/Z 5 =i I(h);, where
I(h) is the intensity of a reflection h, = is the sum over all reflections and X; is the sum over
measurements of reflection 1. Ry = X|Fo — Fel/Z Fo Where Fp and F are the observed and
calculated structure factors respectively. Ry is calculated for a test set of reflections randomly
excluded from refinement. R.M.S.D. stereochemistry is the deviation from ideal values. R.M.S.D.
B-factors is deviation between bonded atoms.

(a) Data collection (x = 1.01 &)

Data and refinement statistics

Parameter Value

Resolution range (&) 45-2.2(2.32-2.2)

Number of unique reflections 28353 (4102)
Multiplicity 3.7(3.6)
Completeness 94.6 (94.6)
Rerge 0.07 (0.22)
(/o (1)) 7.6(3.5)
(b) Refinement
Dataset Native data
Resolution (A) 20-2.2
Number of reflections
Total 28353
Work set 26930
Test set 1423
RWDH( 0223
Hf/ee 0244
Number of atoms
Protein 3574
Solvent 229
Average B-factor (A%) 246
Solvent B-factor (A2) 28.9
R.M.S.D. stereochemistry
Bonds (&) 0.006
Angles (°) 1.36
R.M.S.D. B-factors (A2)
Main chain 1.32
Side chain 2.16

free energy of unfolding of Cafl at 25°C (AG®®** = 8-10 kJ/mol,
V. M. Tischenko, unpublished work), the change of specific heat
capacity (AC,) for the fibre module, and an upper limit value
for the melting temperature (T) (see the Discussion), according
to the equation:

AH(Ty)) = [AG™™ — AC,(298 — T))
—TAC, In(T,/298)]T,/(T, — 298)
The constant of association of the complex (fibre module) at
the experimental melting temperature (7',,) was estimated using

a ligand (donor strand) concentration (L,y,) equal to half of the
initial concentration of the complex according to the equation:

K(T) = expl— AH(To)(1/T,, — 1/To)/Rlexp[AC,(In T,,/ T,
+71o/T — 1)/R]/ Loy
The enthalpy of association and the association constant at tem-
perature T were approximately estimated using the experimental

value of the enthalpy of melting of the complex (AH*) according
to the equations:

AH, = AH(Ty) + AC(T,, — Ty) — AH*\(T,,)
K.(T) = K.(Texpl— AH,(1/T — 1/T,)/R]

Protein cross-linking

Cross-linking analysis of Caf1-SC was performed by incubating
1 mg/ml Caf1-SC in 50 mM phosphate buffer, pH 7.2, containing
different concentrations of glutaraldehyde (0.02-2.5 %) for 0.5 h.
The reaction was stopped by adding glycine, pH 8.0, and samples
were analysed by SDS/PAGE (12.5% polyacrylamide). Cross-
linking of a tetramer of CaflM was used as a positive control
(results not shown).

CD

CD spectra for Caf1-SC were recorded on a J-810 dichrograph
(Jasco) equipped with a PTC-423S temperature-control sys-
tem (Jasco) in 0.1 cm path-length quartz cuvettes. Typically, five
spectra recorded at a scanning speed of 50—100 nm/min with
bandwidth set to 1 or 2 nm were accumulated.

MD (molecular dynamics)

Two 750 ps MD simulations were carried out with AMBER [22]
using the Cornell et al. [23] force-field, one starting from the cha-
perone-bound (open) and one from the fibre (closed) conformation
of Cafl. Both structures were placed in a 100 A x 70 A x 70 A
box and solvent (TIP3P [24]) was added to fill the remaining
volume. Simulations were performed at 300 K using a time step
of 2 fs, constant pressure and periodic boundary conditions. Long-
range interactions beyond a 10 A cut-off (updated every 25th MD
step) were treated with PME (particle mesh Ewald) [25].

RESULTS

Complete collapse of the hydrophobic core is required
for efficient assembly

The reported structure of the minimal Y. pestis Fl-antigen fibre
(Cafl’—Caf1"”) capped by the Caf1M chaperone [8] reveals subunit
conformation and interactions between subunits in F1 fibres.
However, the complex used for structure determination was
obtained by engineering a single amino acid substitution (A9R)
in the N-terminal donor strand of the subunit, which effectively
blocks the formation of larger fibres (Figure 2a). To understand
the structural basis for the large difference in polymerization
efficiency between this mutant and WT (wild-type) Cafl subunit
[16], native Caf1M—Caf1’'—Caf1” was purified from a mixture of
complexes accumulating in the periplasm. Polymerization was
blocked by enzymatic degradation of the flexible N-terminal
donor sequence of Cafl”. Crystals of the native complex were
grown in the same conditions as those of the mutant complex,
and the structure was solved by molecular replacement using the
mutant complex as a search model (Table 1).

The structures for Caf1M—Caf1’ in the WT and mutant Caf1M—
Cafl’'—Cafl” ternary complexes (Figure 2b) are very similar,
with an R.M.S.D. (root mean square deviation) of 0.259 A for
330 aligned Cu positions, and the quaternary structures of the
ternary complexes are virtually identical. Significant differences
are found in the structure of the Cafl” fibre subunit (Figure 2c).
In both structures, the G4 donor strand of Caf1’ is inserted into the
hydrophobic acceptor cleft of Cafl”. In the mutant complex,
the engineered Arg’ side chain in the G4 donor strand is in a bent
conformation with the guanidinium group pointing into solution.
The Cp and Cy atoms are directed towards the hydrophobic cleft
and pack between the two sheets of the subunit S-sandwich [8].
The smaller alanine side chain in the native donor strand relaxes
these contacts, allowing full contact between the two sheets.
Hence, condensation of the hydrophobic core reaches completion

© 2005 Biochemical Society
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Figure 2 Comparison of WT and A9R CafiM-Caf1’-Caf1”’ complexes

(@) IEF of native (left-hand lane) and mutant (right-hand lane) Caf1M—(Caf1), complexes accumulating in the periplasm of cells lacking the usher export channel. Bars show positions of bands
of complexes with the indicated number of subunits. Most of these species have been characterized thoroughly, and structures are available for ternary and binary complexes [8,13,16]. The level of
secretion of the mutant protein was lower than that of the native one in this experiment. (b) Stereo diagram of the native CaftM—Caf1’—Caf1”” complex. CafiM is in blue, except for Gy and A
B-strands (violet). The chaperone-bound Caf1’ subunit is red [N-terminal donor strand (Gg) is orangel; the Caf1”” subunit corresponding to the tip of a growing fibre is green. N- and C-termini are
labelled in the same colours as the ribbons. The asterisk in the *N'” label indicates that the N-terminal sequence of Caf1”” up to this point is removed. (¢) High-resolution ‘snap-shots’ of subunit
collapse upon donor strand exchange. Caf1’, Caf1”” A9R and Caf1”” WT are red, yellow and green respectively (stereo view). Complementing donor strands are shown in the same colours as the
complemented subunits. To avoid clutter, only B-strands in the two sheets of each subunit are shown. Ala' and Asn'® of the chaperone Gy as well as Leu® and Val™ of the subunit Gy donor

strands and Arg® of Caf1”” A9R are labelled.

in the native structure, whereas the A9R mutant is trapped in an
intermediate state. This result suggests that complete collapse
of the subunit hydrophobic core is required for efficient fibre
assembly.

Thermodynamics of Caf1 subunit before and after assembly

Our model for fibre assembly states that the process is thermo-
dynamically driven by energy released on collapse of the subunit

© 2005 Biochemical Society

hydrophobic core [8]. Blocking complete collapse as in the A9R
mutant would then be expected to impede assembly by reducing
the amount of energy available for release. However, the apparent
stability of chaperone—subunit complexes (K,=2 x 10° M)
[11] implies that final folding of subunit and formation of fibre
module would have to release an exceptional amount of free
energy in order to be able to drive assembly. We therefore decided
to investigate the energetics of the system by direct measure-
ment of thermodynamic parameters for the relevant pre- and
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Figure3 Thermal denaturation of Caf1M—-Caf1 and Caf1M-Caf1, complexes
observed by differential scanning calorimetry

(@) Molar heat capacity curves for CafiM—Caf1 at 3 mg/ml (1), CafiM at 2.5 mg/ml (2)
and (1)—(2) difference curve (3). (b) Molar heat capacity curve for CafiM—Caf1, (2.2 mg/
ml). (¢) Transition excess heat capacity curves for CaftM—Caf1 at 1.08 and 10.8 mg/ml.
(d) Dependence of the Tr, of CafiM—Caf1 at the peak maximum on the concentration. Broken
lings in (a) and (b) show linear extrapolation of pre- and post-transitional dependences to the
transition area.

post-assembly states of the subunit (in complex with the chap-
erone, and in fibres).

Efforts to characterize chaperone—subunit binding quantitat-
ively with equilibrium assays have been thwarted by problems
of subunit aggregation [12,26]. Aggregation problems make the
study of subunit—subunit interactions using equilibrium methods
even more intractable. We therefore chose to characterize bound
states of the subunit using differential scanning microcalorimetry
(Figures 3, 4 and 5; Table 2), which provides a direct measure
of thermodynamic parameters. Microcalorimetric data for protein
complexes can in favourable cases be interpreted in terms of
binding and folding equilibrium constants [21,27]. To prevent
polymerization processes from interfering with the calorimetry
measurements, complexes where the free N-terminal donor strand
of the tip-located Cafl subunit had been removed either geneti-
cally or enzymatically were used in all experiments.

Two heat absorption peaks with maxima at 45 and 62°C are
observed in the molar heat capacity curve of the Caf1M—Cafl
(binary) complex (Figure 3a, curve 1; 3 mg/ml). The second peak
of the curve (55-70°C) is similar to the single transition in the
melting curve for free Caf1M (Figure 3a, curve 2). The observed
transition temperature (T, = 61.5°C) is close to that determined
previously for Caf1M using spectroscopic methods [11]. These
data suggest that the second peak in the molar heat capacity curve
of the binary complex is due to melting of the chaperone. Hence,
the first transition most likely is caused by melting of Cafl ac-
companied by complex dissociation to unfolded Cafl and native
CafIM. This transition partially overlaps with the melting
of Caf1M, but can be isolated by the subtraction of melting curve 2
from curve 1 (curve 3). Figure 4(a) shows the transition excess
heat capacity curves for CafIM—Cafl and CaflM obtained by
subtraction of the intrinsic heat capacity from the experimental
curves. The intrinsic heat capacity was modelled by extrapolating
the pre- and post-transitional heat capacities into the transition
zone in proportion to the progress of heat absorption as described
in [20].
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Figure4 Chaperone traps a high-energy folding intermediate of the subunit

(@) The transition excess heat capacity of CaftM (- - - - - ), CaftM—Caf1 (—; O indicates
fully reversible transition), CafiM-Caf1, (—-), and CafiM—Cafts (- - — - — ). The N-terminal
donor strand of the subunit in CaftM—Caf1 has been removed genetically and the free donor
strand at the tip of CaftM—Caf1, and Caf1M—Caf15 complexes has been removed enzymatically
as described in the Materials and methods section. Complexes were studied at approximately
equal concentrations (40-70 M) to allow proper comparisons. The inset shows the excess
heat capacity curve for F1 fibres isolated from the cell surface. (b) IEF of CafiM—Caf1 and
CaftM—Caf1, on pH 3-9 gels (5% polyacrylamide) at the indicated temperatures (left-hand
panels). SDS/PAGE (12.5% polyacrylamide) of CafiM—Caf1, pre-heated at 75 and 95°C
(right-hand panel). Arrowheads at B, T and M indicate positions of focusing of the binary
(CaftM—Caf1) and ternary (CaftM—Caf1,) complexes, and free Caft M respectively. Arrowheads
at Caf1,, Caft and M indicate bands of Caf1 dimer, Caf1 denatured monomer (with intact (upper
band) and digested (low band) N-terminal donor sequence) and Caf1M respectively. (¢) Scheme
illustrating the sequential process of melting of CafiM—Caf1,. Black, Caf1M; grey, Caf1’; white,
Caf1”’. The donor strand of Caft” complementing Caf1”’ is shown as a thin black line. The
donor strand sequence of Caf1”” was enzymatically removed to block further polymerization
(and therefore not shown).

IEF (isoelectric focusing) of the binary complex was performed
at different temperatures on 5 % gels (Figure 4b, lanes B). The
complex is focused in a single band of pH 6.2 at room temperature
(20°C). The band starts to disappear as the temperature appro-
aches 35°C and vanishes completely at 55°C. At the same time,
free chaperone molecules (band at pH 8.2) and subunits (a smear
around pH 5.5, typical for denatured proteins) accumulate. These

© 2005 Biochemical Society
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Figure 5 Complete collapse of the subunit hydrophobic core is essential
for achieving stable fibre module

The transition excess heat capacity curves of the native (dotted line) and A9R mutant (solid line)
CaftM—Caf1, complexes.

Table 2 Thermodynamic parameters of melting of CafiM and Ca1M-Caf1
complexes

Results were calculated form the three best thermograms selected from all melting experiments
(different concentrations of samples). S.D. and number of independent experiments are indicated.

AR *AG,,

Sample Transition Ty, (°C) (kJ/mol) kJ/mol/K
CaftM (2.5 mg/ml) 615+05(4) 415+25(4)
CaftM—Caf1 (3 mg/ml) 1 4514+04(4) 3554+30(4) 101+1.0(3)

2 61.7+0.4 (4)
CaftM—Caf1, (2.2 mg/ml) 1 542+0.7(3) 505+35(3)

2 62.4+05 (3)

3 875+05(3) 840+50(3) 88+13(3)
CaftM—Caf13 (2 mg/ml) 1 53.9,54.3 511, 540

2 62.7+0.6(3)

3 87.8+05(3) 1790+70(3)

observations are consistent with a temperature-induced dissocia-
tion of the complex into a free chaperone molecule and a denatured
subunit. This process correlates with the first heat absorption peak
in the melting curve for the binary complex. The results support
the idea that this peak corresponds to the melting of Caf1, and that
melting occurs simultaneously with dissociation of the complex.
The first transition in the excess heat capacity curve of the binary
complex is fully reversible (Figure 4a), as judged by a nearly
perfect overlap of repeating scans. Changes of the scan rate in the
range 0.5-2 °C/min practically did not affect the temperature and
shape of this transition (results not shown). This result suggests
complete and relatively fast re-folding of Cafl upon rebinding.
Melting experiments performed at different concentrations of
the complex detected shifts of the peak maximum temperature
from 42.1 to 46.5 °C, with a change of the concentration from 0.5
to 10.8 mg/ml (Figures 3c and 3d). The observed concentration
dependence proves that the denaturation of Caf1 and dissociation
of the complex are coupled processes [28]. Surprisingly, the mel-
ting temperature of the second peak was also concentration-
dependent. However, in this case, T, decreased with increasing
concentration. Melting experiments with the chaperone alone
revealed a similar effect. We believe that this concentration effect
is caused by an association of denatured Caf1M molecules into
oligomeric structures, providing an apparent stabilization to the
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denatured conformation and shifting the equilibrium towards de-
naturation. This secondary process would also explain the
observed poor reversibility of the transition and the asymmetry of
the peak.

Three heat absorption peaks with maxima at 54°C, 62.5°C
and 87.5°C are observed in the molar heat capacity curve for
the WT Cafl M—Caf1’—Caf1” (ternary) complex (Figure 3b). The
transition excess heat capacity curve obtained from this diagram
is shown in Figure 4(a). IEF of the ternary complex (Figure 4b,
lanes T) reveals a single band (pH 5.1) that gradually disappears
at temperatures corresponding to peak 1 (45-60°C). Chaperone
(pH 8.2) and subunit (pH 4.5) bands accumulate instead. This is
similar to dissociation of the binary complex. SDS/PAGE (12.5 %
polyacrylamide) of the sample pre-heated at 75°C (Figure 4b,
right-hand panel) resulted in two bands with molecular masses of
those of CaflM (27 kDa) and Cafl’—Caf1” (30 kDa, N-terminal
sequence is absent from Cafl”), suggesting that Cafl’—Caf1” is
the product released at the first denaturation event.

Since the chaperone-bound subunit Cafl’ is released and under-
goes denaturation at the first transition, inter-subunit DSC is likely
to be the major contact linking subunits in Cafl’—Caf1”. SDS/
PAGE (12.5 % polyacrylamide) of the ternary complex pre-heated
to 95 °C displays three bands corresponding to chaperone and two
species of denatured subunits, one (Cafl’) with intact (upper,
15.5 kDa) and the other (Caf1”) with truncated (lower, 14.5 kDa)
N-terminal sequences. The results imply that the fibre module
consisting of donor-strand-complemented Caf1” denatures some-
where between 75 and 95°C. Indeed, melting/dissociation of
Caf1’—Caf1” results in an impressive heat absorption peak within
the 80-95°C temperature interval (Figure 4a). This peak occurs
at the same temperature as the single transition observed for melt-
ing of full-length F1 antigen purified from the surface of bacteria
(Figure 4a, inset). The excess heat capacity curve for the Caf1M—
(Cafl); (quaternary) complex (Figure 4a) essentially repeats that
for the ternary complex. The larger size of the third peak is ex-
pected, since the dissociated Cafl; polymer contains two, rather
than one, fibre modules. The melting process of the ternary com-
plex suggested by the data is summarized schematically in
Figure 4(c).

Melting of the minimal polymer generates a large peak in the
heat capacity curve (T, =87.5°C and AH®" =840 + 50 kJ/mol,
2.2 mg/ml; Figures 3b and 4a). The presence of a single peak
at rather high temperatures suggests a highly stable co-operative
structure for the donor-strand-complemented fibre module Caf1”.
The temperature of the peak maximum depends on the concen-
tration of the complex, shifting by ~ 2 °C with a change of the con-
centration from 0.5 to 5 mg/ml (results not shown). The lower
concentration-dependence for this peak than for the dissoci-
ation/denaturation of Cafl’ observed in experiments with binary
complex is expected because of the high enthalpy change of the
transition [28].

Coupled release and unfolding of Cafl’ from the binary pre-
assembly complex occurs at T, =45°C with an enthalpy of
AH® =355+ 30kJ/mol (3 mg/ml). Linear extrapolation of the
pre- and post-transitional heat capacities to the mid-temperature
of the transition peaks (Figure 3a, curve 3 and 3b, peak 3) gives
direct estimates for the partial molar heat capacity change for dis-
sociation/denaturation of pre-assembly complex Cafl’ and fibre
Cafl” of AC,=10.1+1.0 and 8.8 & 1.3 kJ/mol per K respect-
ively. Assuming that the partial molar heat capacity changes do not
depend significantly on temperature, enthalpies for dissociation/
denaturation of Caf1’ and Caf1” can be estimated at different tem-
peratures using the equation AH(T) = AH(T,) + AC,(T —T.,,),
where T, and AH(T,,) are the experimentally determined tem-
perature and enthalpy of melting. This allows comparison of the
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enthalpies at the same temperature. For example, the dissociation/
denaturation enthalpy at 37°C for Cafl’ in the binary complex
is estimated to be approx. ~ 275 kJ/mol, whereas the enthalpy
for Cafl” at this temperature is estimated to be ~ 395 kJ/mol.
Hence, Cafl’ and Cafl” exhibit large differences in thermo-
stability (AT, =42.5°C) and enthalpies of melting.

Compared with the binary complex, chaperone dissociation and
Cafl’ unfolding occurs significantly later in the thermograms for
the ternary and quaternary complexes, suggesting a significantly
higher stability of Cafl’ in these complexes. This is explained by
the presence of a neighbouring Caf1” fibre module that stabilizes
Cafl’ and by the additional interactions between polymeric Cafl
and Caf1M [8]. The total enthalpy of the region of peaks 1 and 2
in the thermograms is a sum of enthalpies of melting of Cafl’ in
the complex, the contact between Caf1M and Caf1”, and Caf1M
itself. Subtraction of the enthalpy for CaflM from this value
yields the enthalpy of melting of Cafl’ in the ternary complex
(including melting of the contact between CaflM and Cafl”),
which is estimated at 505 £ 35 kJ/mol (T, = 54 °C). This is larger
then the enthalpy of melting of Cafl’ in the binary complex
(~445 kJ/mol), but again smaller than the enthalpy of melting of
Caf1” (~ 545 kJ/mol) at this temperature. The difference between
the enthalpies of melting of Caf1’ and Caf1” in the ternary complex
is expected to be higher at physiological temperatures.

Melting of the A9R ternary complex (Figure 5) also results in
three peaks in the excess heat capacity curve, with maxima at ap-
prox. 55°C, 63 °C and 65-70°C. The first two transitions, corres-
ponding to melting of Cafl’ and of Caf1M respectively, occur at
the same temperature and with essentially the same enthalpy as
in the WT ternary complex. However, the third transition (evident
as a shoulder on the curve), corresponding to melting of the fibre
module, occurs at a dramatically lower temperature and with much
less release of heat than observed for the WT fibre module. This
result confirms that blocking of subunit collapse by insertion of a
large non-native donor side chain in the acceptor cleft significantly
destabilizes the donor-strand-complemented module and explains
the poor assembly efficiency of A9R Cafl.

Caf1-SC folds into a highly stable monomeric structure

Although the minimal fibre is a simple and reliable model for the
study of fibre assembly, quantitative biophysical characterization
using this construct is still problematic. In search for a simpler
model, a circularly permuted self-complemented subunit [29,30]
(Caf1-SC) was constructed. Caf1-SC contains the donor sequence
fused at the C-terminus, rather than at the N-terminus, which al-
lows insertion of this self-complementing G, strand in the acceptor
cleft, restoring a classical Ig-fold [29,30]. Thus a single-chain fibre
module was obtained, for which both unfolding and folding are
first-order processes, making it easier to investigate. The donor
sequence was linked to the C-terminus via a Asn-Gly duplet
in order to optimize the B-turn between the F, and G, strands,
creating the C-terminal sequence QNGADLTASTTATATLVE. A
His, tag replaced the native N-terminal G, extension, allowing
purification of the subunit from the periplasm.

Caf1-SC accumulates as a monomer according to analysis by
analytical gel filtration and glutaraldehyde cross-linking (Fig-
ure 6a). Caf1-SC displays a far-UV CD spectrum similar to that of
F1 surface fibres [31], but with a higher intensity at the minimum
(—2000 deg - cm? - dmol ™! at 208-209 nm), which makes it more
‘typical’ for B-structural proteins (Figures 6b and 6d). The
spectrum becomes gradually more negative with heating up to 75—
80°C (Figures 6b and 6c). Further heating (80-90°C) induces
a sharp change with maximum amplitudes at 217-224 nm and
below 210 nm, reflecting protein denaturation. The transition is

basically reversible as judged by essential recovery of the native
spectrum after cooling of samples. Two-state model analysis of
the transition as monitored by the ellipticity at 220 nm reveals a
T, of 85.5°C and a van’t Hoff enthalpy, AH*", of 810 + 60 kJ/mol
(Figure 6c¢, inset).

CD analysis of Cafl-SC in GdmCl (guanidium chloride)-
containing solutions (up to 6.5 M) at 20°C (Figure 6d) and 43 °C
(results not shown) does not reveal any significant spectral
changes to suggest large changes in structure. Resistance to such
strong denaturing conditions suggests an unusually high stability
of the protein. At 55°C, however, a co-operative transition is
observed within 3.75-5 M GdmCl (Figures 6e and 6f). The maxi-
mum changes are observed at 220-225 nm and below 212 nm,
as in the case of temperature denaturation. However, owing to
the noise level at high concentrations of GdmCl, only the 220-
225 nm region was chosen for analysis of the transition. The
transition is sufficiently reversible (more than 80 %) to apply
two-state equilibrium analysis (Figure 6f). Estimation of the free
energy of unfolding according to the procedure of Santoro and
Bolen [32] yields AG* € =55.6 4 3.0 kJ/mol and a co-operativity
of 13.2 £ 0.7 kJ/mol per M.

MD simulations predict spontaneous collapse of the
chaperone-bound subunit conformation

The chaperone-bound conformation, although native-like, is pre-
dicted to be highly unstable in solution owing to the poor packing
of its B-sheets [8]. Our data for melting of the A9R fibre module
demonstrates that insertion of large non-native residues in the ac-
ceptor cleft has a destabilizing effect. Our microcalorimetry data
argue that the chaperone—subunit complex is not very stable, in
spite of an extensive and well-packed interface [8]. Taken together,
these data strongly suggest that the chaperone-bound conform-
ation corresponds to an unstable high-energy state. To investigate
this further, we carried out MD simulations starting from both
the chaperone-bound (Cafl’, open) and fibre (Cafl”, closed)
structures of Cafl. Simulations starting from the closed structure
resulted in little change, other than in the surface-exposed loop
regions. Structural analysis of the most populated conformations
observed in simulations starting from the open conformation
reveals that the simulation converges to a structure that is more
similar to the fibre conformation (R.M.S.D. 1.7 A for 132 Ca posi-
tions) than to the open one (R.M.S.D. 2.0 A for 132 Ca positions).
The packing and the fit between the two sheets of the subunit
B-sandwich improve in the simulation, as reflected in an increase
of the shape correlation statistic S, [33] from 0.58 in the open
starting conformation, to 0.64 at the end of the simulation.
Hence, the simulations predict that the open conformation tends
to spontaneously collapse into a more compact, closed, con-
formation.

DISCUSSION

Collapse of the subunit into a highly stable structure
drives fibre formation

Comparison of the structures for mutant (A9R Cafl) and WT
ternary complexes (Figure 2c) shows that condensation of the
hydrophobic core reaches completion only in the native structure,
explaining the lower assembly efficiency of mutant fibres (Fig-
ure 2a). Whereas the incomplete collapse observed in the mutant
complex is already sufficient for the formation of assembly-
initiating minimal fibres, it is only the perfect packing of the
core obtained in the WT complex that allows the elongation
process to produce full-length organelles. A significant stabilizing
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Figure 6 Self-complemented subunit folds into a highly stable structure

(@) Caf1-SC accumulates as a monomer in the periplasm. Elution profile of Caf1-SC loaded on a Superdex 75 HR 10/30 gel filtration column. Elution volumes for the marker proteins are indicated
by arrows. B, BSA; 0, ovalbumin; H, chymotrypsinogen A; M, myoglobin; R, ribonuclease A. Analysis of the selectivity curve (not shown) yields an apparent molecular mass for Caf1-SC of 23.5 kDa.
The inset shows Coomassie-Blue-stained SDS/PAGE (12.5% polyacrylamide) of Caf1-SC samples pre-incubated in phosphate buffer containing different concentrations of glutaraldehyde (%).
No specific cross-linking is observed. Molecular-mass sizes are given in kDa. (b) Far-UV CD spectra of Caf1-SC at different temperatures. (¢) Temperature-dependence of ellipticity at 220 nm.
Fraction of unfolded protein is shown in the inset. (d) and (e) Far-UV CD spectra of Caf1-SC samples containing different concentrations of GdmCl at 20°C (d) and at 55°C (e). Far-UV parts
of spectra where the noise level was high (depending on concentration of GdmCI) are not shown. However, it was checked by multiple scans that spectra shown in (d) do not deviate more than
+250 deg - cm? - dmol~" from that recorded at 0 M GdmCl in the region 206-212 nm. (f) GdmCl-induced equilibrium transition at 55°C monitored by measurement of ellipticity at 222 nm. I,
unfolding; O, refolding by dilution with GdmCl-free buffer. Fraction of unfolded sample is shown in the inset. Refolding data were not used in calculations. Measurements shown in (b) and (¢) were
performed at a protein concentration of 0.76 mg/ml in 10 mM phosphate buffer, pH 7.1, containing 75 mM NaCl. Measurements shown in (d), (e) and (f) were performed at protein concentrations of

0.3-0.6 mg/ml in 10 mM bis-Tris/propane buffer, pH 7.1, containing 50 mM NaCl.

contribution from the final fine packing of the subunit hydrophobic
core is suggested by the melting of the A9R mutant ternary com-
plex (Figure 5). The structurally observed incomplete collapse of
the fibre subunit in this complex results in a dramatic decrease
in the enthalpy and transition temperature for the melting of the
fibre module (peak 3). These results provide strong evidence for
our hypothesis that collapse of the subunit hydrophobic core shifts
the equilibrium towards formation of fibres. However, in view
of the large interface between chaperone and subunit in the pre-
assembly complex, and the reported stability of this complex
[11], spontaneous fibre assembly would not seem possible. We
investigated this apparent paradox by thermodynamic analyses of
pre- and post-assembly states of the Caf1 subunit.

Biochemical analysis of Caf1M—Cafl and Caf1M-Cafl, com-
plexes at different temperatures suggested that melting of Caf1 in
the chaperone—subunit complex (Caf1’) and fibre module (Caf1")
occurs simultaneously with dissociation of the complex and
module (Figure 4). The thermal unfolding of Cafl’ and Cafl”
observed by differential scanning calorimetry displays concen-
tration-dependence, again suggesting that denaturation and dis-
sociation are coupled processes. Both transitions are evident as
single peaks with a slightly asymmetric shape typical for a two-
state bimolecular denaturation (Figures 3 and 4).

© 2005 Biochemical Society

Cafl’ and Cafl” exhibit large differences in thermostability and
enthalpies of melting (Figure 4 and Table 2). At concentrations of
40-70 uM, the difference in melting temperature of these forms
is approx. 42.5°C. Tight binding to macromolecules, ligands and
ions provides thermodynamic stabilization of the native conform-
ation of proteins, which is reflected in an increased melting
temperature [21]. Our structures show that DSC in pre-assembly
complexes and in fibres stabilizes subunit conformations that
differ significantly (Figure 2c). The dramatically higher melting
temperature of Cafl” indicates more efficient stabilization of
the close-packed fibre conformation. The AC, for denaturation/
dissociation of both Caf1’ and Caf1” (Figure 3 and Table 2) is rel-
atively high (~0.62 and 0.56 J/g per K), suggesting large changes
in the exposed hydrophobic surface area during the denaturation/
dissociation process. The higher AC, for Cafl’ may reflect the
larger hydrophobic contact area between Cafl’ and Caf1M than
between subunits in the fibre. At 37°C, Cafl” exhibits a 1.5-
times higher enthalpy of melting than Cafl’, indicating that the
more close-packed Caf1” fibre conformation is also better packed
and more stable. The very high enthalpy of melting observed for
Cafl” (Table 2) is close to the maximum observed for globular
proteins [34]. The dramatic differences between Cafl’ and
Caf1” in thermostability and enthalpies of unfolding/dissociation
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suggest a large difference in thermodynamic stability between
these forms [21].

Since the ratio of the calorimetric enthalpies obtained from
peak 3 for the ternary and quaternary (Table 2) complexes is very
close to 2, it is reasonable to assume that neighbouring fibre mod-
ules in the polymer denature essentially independently. Hence, de-
naturation of F1 fibre can be treated as approximately a two-state
process of melting and dissociation of fibre modules. Estimation
of a lower limit value for the association constant for subunit—
subunit DSC (see the Materials and methods section), setting
AC, = AC, fipre, and T =T\, pinay (because the melting tempera-
ture of free subunit cannot exceed the melting temperature of
binary complex), suggests that the binding constant at physio-
logical temperatures is at least 10" M, rating DSC as one of the
tightest known protein—protein and protein—ligand interactions
[21].

In order to obtain a model for the fibre module that would lend
itself to quantitative thermodynamic analyses, a Caf1-SC subunit
was constructed. Temperature and GdmCl-induced denaturation
of the resulting monomeric protein was monitored using CD
(Figures 6b—6f). Two-state model analysis of the temperature-
induced transition reveals a T, of 85.5°C and a AH"" of 810 +
60 kJ/mol. These values are similar to the parameters obtained
calorimetrically from minimal fibres. However, even larger values
might have been expected, since the covalent attachment of the
donor strand increases the apparent concentration of the interact-
ing components. The lack of such an effect might be explained
by the presence of distortions in the structure introduced by the
engineered connection of the G, strand, and/or possibly by the ad-
ditional subunit—subunit contacts present in fibres in addition to
DSC [8]. Reversible GdmCl-induced unfolding at 55°C allowed
estimation of the free energy of unfolding, yielding AG™ € =
55.6 £ 3.0 kJ/mol and a co-operativity of 13.2 + 0.7 kJ/mol per M.
This value for the unfolding free energy at 55°C is in the typical
range for very stable globular proteins at 5-35°C (the optimum
stability range for most globular proteins) [34]. Extrapolation to
physiological temperature (37°C) using AG* ©=155.6 + 3.0 kJ/
mol, AH""=810+60kJ/mol and AG*?¢=0kJ/mol gives
AG?" € in the region of 70-80 kJ/mol and AC, of 8-11.5 kJ/mol
per K. It might be that the apparently narrow range of optimal
stability for globular proteins is explained by adaptation to
physiological constraints, such as the need for protein turnover.
In the case of assembly of pathogenic surface fibres, there is no
pressure of this kind, which may explain the exceptional stability
of fibre modules.

Explicit estimation of the association constant for chaperone—
subunit DSC from the calorimetric data according to the standard
procedure [21] is not possible because of the lack of experimental
data on the melting of free subunit. However, the fact that the
difference between the melting temperature of the pre-assembly
complex (45 °C) and the physiological temperature of F1-antigen
assembly (37°C) is only 8°C suggests that high thermodynamic
stability of this complex at physiological temperatures is
improbable.

Whereas the constant of dissociation of the Caf1M—Caf1 pre-
assembly complex has proven difficult to obtain experimentally,
the constant of association of chaperone and purified F1 fibres
was determined successfully [11]. This association constant char-
acterizes capping of fibres (including the minimal one) by the
chaperone. The observed differences in the temperatures (9 °C)
and enthalpies of dissociation/denaturation (~ 60 kJ/mol at 54 °C)
of Cafl’ in minimal fibre and in pre-assembly complex suggests
that capping of a single subunit is significantly weaker than
capping of fibres, i.e. the association constant for the binary
complex is expected to be significantly lower than the 2 x 10* M™!

measured for fibre capping [11]. Tighter fibre capping might be
important for anchoring fibres in the outer membrane. However,
it is easy to see that this does not influence the driving energy for
fibre formation, because stoichiometric amounts of fibre-capping
chaperones are among both reagents and products of the reaction
(once the growing fibre contains two or more subunits). Thus
our experiments suggest that the stability of the pre-assembly
complex is lower than was previously thought, whereas the fibre
module is unusually stable. This difference in stabilities creates a
free energy potential that drives fibre formation.

The chaperone-bound subunit is trapped in an activated
high-energy conformation

Thermodynamic stability of different forms of the Cafl subunit
appeared to correlate with the extent of contact between the two
B-sheets of the subunit S-sandwich and thus on the degree of con-
densation of the core: Caf1l’ and A9R Caf1” with more expanded
cores are energetically much less stable than native Cafl” with
the close packed core. This situation is similar to that observed
for ‘small-to-large’ mutations in the hydrophobic core of T4-lyso-
zyme, which tend to destabilize the protein [35].

The MD simulations show a strong tendency for the open con-
formation to adopt a closed fibre-like structure, suggesting that the
chaperone traps a high-energy folding intermediate. The extensive
hydrophobic interactions between the chaperone and subunit may
compensate for this non-optimal conformation. Nonetheless, as
shown here, the net stability of the binary complex, being a result
of balancing the effects of instability of the bound activated
subunit and binding, is relatively low. The apparent stability of the
complex in diluted solutions over long incubation times (allowing
high-yield purification of the complex) might be explained by the
presence of a significant energy barrier for complex dissociation,
which is reasonable to expect, since the open Caf1 structure must
be released to solvent before it can collapse into an energetically
more stable conformation. At the same time, this would provide
a catalysable step along the assembly pathway, thereby allowing
spatial and temporal control over the assembly process.

Several observations suggest that periplasmic chaperones target
and bind subunits in an unfolded or at least partially unfolded state.
The high efficiency of chaperone/usher-mediated assembly in vivo
[10] suggests that this process cannot rely on the slow self-folding
of subunits [26], which would be predicted to be accompanied by
massive non-productive aggregation in the crowded environment
of the periplasm. This was indeed observed experimentally in
cells lacking the periplasmic chaperone [36]. Hence, folding is
most likely assisted by the chaperone. Very recently, Vetsch et al.
[37] verified that the FimC chaperone involved in assembly of
type 1 pili indeed binds to unfolded pilin subunits. Chaperone bin-
ding was shown to increase the rate of folding by a factor of 100.

To achieve binding of unfolded subunits, the chaperone has to
recognize a common feature of the (partially) unfolded conform-
ations. The extensive hydrophobic interactions between the cores
of the N-terminal domain of the chaperone and the subunit
observed in the structures of complexes [5—8] suggests that the
chaperone might recognize and attract hydrophobic core residues
that are exposed in unfolded subunits, possibly a folding nucleus.
Donor strand residues inserted by the chaperone into the acceptor
cleft of the subunit are considerably larger than native residues in
the G4 strand of the subunit [8]. The surface-exposed hydrophobic
patch created by the bulky hydrophobic side chains in the donor
strand of free chaperone [9,38] might attract (partially) unfolded
subunits and provide a template on to which the subunit core
can condense, facilitating folding. At the same time, however, the
subunit is trapped in the open, activated, conformation because of

© 2005 Biochemical Society
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intercalation of the large non-native donor residues in the acceptor
cleft. The resulting meta-stable complex provides a convenient
substrate for assembly.
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