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ABSTRACT: Fimbrial adhesins of pathogenic bacteria are linear protein associates responsible for binding to
the specific host cell receptors. They are assembled via the chaperone/usher pathway conserved in Gram-
negative bacteria. These adhesive organelles are characterized by the high resistance to dissociation and
unfolding caused by temperature or chemical denaturants. The self-complemented (SC) recombinant subunits
of adhesive structures make up the minimal model used to analyze stability phenomena of these organelles.
The SC subunits are both highly stabilized thermodynamically and kinetically. They are characterized by a
standard free energy of unfolding of 70—80 kJ/mol and a rate constant of unfolding of 10" 5! (half-life of
unfolding of 10® years at 25 °C). The DraE subunit of Dr fimbriae is characterized by a disulfide bond that
joins the beginning of the A1 strand with the end of the B strand. Such localization is unique and differentiates
this protein from other proteins of the Ig-like family. Sequence analysis shows that many protein subunits of
adhesive structures possess cysteines that may form a potential disulfide bond homologous to that of DraE. In
this paper, we investigate the influence of this noncanonical disulfide bond on the stability of DraE-sc by
constructing a DraE-sc-ASS mutant protein (Cys/Ala mutant). This construct unfolds thermally at a T, of
65.4 °C, more than 20 °C lower than that of the native DraE-sc protein, and possesses a different unfolding
mechanism. The calculated standard free energy of unfolding of DraE-sc-ASS is equal to 30 £ 5 kJ/mol. This
allows us to suggest that the disulfide bond is an important stabilizing feature of many fimbrial subunits.

The pili and fimbriae are surface-located adhesive structures
expressed by most Gram-negative pathogens. They are crucial in
recognition of the host tissue specific receptor particles. Initial
binding to the receptor results in promotion of pathogenesis that
besides tight attachment often involves bacterial invasion of the
host cells and biofilm formation. Among them, the best char-
acterized are the adhesive organelles expressed by the chaperone/
usher machinery (7, 2). Type P and 1 pili encoded by uropatho-
genic Escherichia coli strains are heteropolymeric protein com-
plexes with a rodlike morphology. In these structures, the single
adhesive subunit is located on the flexible fibrillum tip that
protrudes from the long rigid helical rod (3). Cafl is the protein
subunit of the F1 surface antigen of Yersinia pestis, the causative
agent of the plague. This homopolymeric adhesin morphologi-
cally forms an amorphous capsule (4, 5). The Dr fimbriae are thin
hairlike homopolymeric structures 2 nm in diameter composed of
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the DraE' protein (6—10). DraE is a building block of the
Dr adhesin and promotes adhesion by interaction with host cell
receptors: DAF glycoprotein and collagen type IV (6, 11—15). At
the tip of the Dr fimbriae, the DraD protein is localized, and it
loosely interacts with the top DraE protein and may easily
dissociate. Thus, DraD may exist in a form that is not attached
to the fimbriae and persist in the bacterial capsule (/6—18). The
DraD protein is an important factor in the promotion of bacterial
invasion of the host cell.

Although the adhesive structures mentioned above differ
morphologically, they are all assembled via the highly conserved
chaperone/usher pathway. All adhesive organelles are encoded
by operons characterized by a similar organization. Each one is
composed of four classes of genes encoding proteins engaged
in operon expression regulation, the specific chaperone, the
outer membrane usher, and the subunits of adhesive structure
(1, 2, 19—21). There are many structural data that explain the
mechanism of adhesive organelle formation by the chaperone/
usher pathway (79, 22—27). All subunits possess an Ig-like
structure composed of six S-strands forming a S-sandwich. The
fold is defective because it lacks a seventh C-terminal strand that
occurs in classical stable Ig structures. Consequently, protein
subunits cannot fold spontaneously and are prone to degradation
after translocation to the periplasm. However, this structural
defect is crucial for the mechanism of adhesin biogenesis. The
chaperone in the periplasm forms with the subunit a specific soluble
complex with a 1:1 stoichiometry. In this complex, the function-
ally conserved donor strand from the chaperone completes the
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Ig-like structure of the subunit by closing its acceptor cleft, the
donor strand complementation (DSC) reaction (3, 19, 28, 29).
Formation of a functional adhesive structure proceeds through
the usher protein located in the outer membrane via the donor
strand exchange mechanism (DSE). At this step, the N-terminally
located donor strand of one subunit completes the Ig fold of
the subunit that proceeds it in formation of the protein associate
(5, 19, 22, 24). Therefore, at each step of this pathway, the
incomplete structure of the subunit is stabilized by the donor
strand introduced in trans from the chaperone or from the
neighboring subunit. The paradox connected with energy sources
needed for fiber formation was solved by Sauer et al. (23) and
Zavialov et al. (24, 30).

Although the structural background and energetic back-
ground of the fiber formation are very well recognized, the
mechanism of the enormously high kinetic stability of fimbrial
structures is under debate (30—34). In this paper, we indicate that
the presence of a disulfide bond in the noncanonical position is a
structural feature determining the enormously high observed
stability of the DraE protein. Finally, we speculate that this bond
may be also important in the stabilization of other subunits of
adhesive structures containing a disulfide bond homologous to
the one in the DraE protein.

EXPERIMENTAL PROCEDURES

Sequence Analysis. The prediction of the distribution of a
disulfide bond, homologous to that of DraE in the whole family
of fimbrial proteins (FP), was generated using PFAM (35) and
Clusters of Orthologous Groups (COG) (36). To clarify and
organize the analysis, we used phylogenetic division of gene
clusters encoding adhesive structures of chaperone/usher systems
proposed by Nuccio and Baumler (37). This classification con-
sists of six clades: @, f, y (including y1—y4), «, , and ¢. The
a clade includes adhesive structures of the alternate chaperone/
usher family. The o clade includes structures of the archaic
chaperone/usher family. The y, k, and S clades include well-
characterized functionally and structurally adhesive structures of
the classical chaperone/usher family. The 5 clade is a small clade
of putative fimbrial operons belonging to classical chaperone/
usher family. The protein subunits of adhesive structures com-
prising clades are characterized by specific conserved domain
entries in PFAM or COG (37): a, PEFAM04449; 5, PFAM06551;
v(y1, y2 v4); 7, PFAM00419 and COG3539; y3, PFAM04619,
PFAMO06443, and PFAMO05775; k, PFAM00419, PFAM02432,
and COG3539; g, COG5430. Protein sequences comprising each
PFAM or COG family were aligned independently to determine
the occurrence of cysteine residues that may form a potential
disulfide bond, homologous to that in DraE. In the case of
PFAMO00419 and COG3539, the reduced nonredundant subset
of sequences was analyzed. Only sequences with more than 90
residues and not more than 90% identical to each other were
included in the subset. The sequence analyses were prepared
using Internet web scripts working in PFAM and COG. The y3
clade is complex and mainly contains adhesive structures com-
posed of protein subunits without a conserved domain signature.
Gene clusters encoding such proteins were analyzed manually to
determine the frequency of a potential disulfide bond. Prepared
analysis is general and permits description of the propagation of
protein subunits with potential disulfide bonds (with homolo-
gous localization to the DraE) in the context of the whole family
of FPs divided into phylogeneticaly related clades.
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Protein Expression, Purification, and Sample Prepara-
tion. DraE-sc-ASS (self-complemented) is a recombinant fusion
protein derivative of DraE-sc in which two cysteine residues
forming a native protein disulfide bond are replaced with alanine.
Expression plasmid pET30-DraE-sc-ASS encoding DraE-sc, the
mutant lacking a disulfide bond, was created on the basis of the
pET30-DraE-sc plasmid described previously (34). The PCR-
borne site-directed mutagenesis kit (Stratagene) was used to
change codons encoding Cys to those encoding Ala. The
DraE-sc-ASS protein was produced in the E. coli BL21(DE3)/
pET30-DraE-sc-ASS strain and subsequently purified using
procedures identical to those in the case of the DraE-sc pro-
tein (34). Finally, the purified protein was extensively dialyzed
against 20 mM phosphate buffer (pH 7.5) and 100 mM NaCl.
After dialysis, the buffer was stored as the reference buffer for
microcalorimetry. In microcalorimetry experiments, the DraE-
sc-ASS protein was concentrated using an Amicon Ultra con-
centrator (Millipore, Bedford, MA) to a final concentration of ca.
1 mg/mL. For FT-IR analysis, DraE-sc-ASS was further dialyzed
against 10 mM phosphate buffer (pH 7.5), and then 10 mL of the
protein sample, at a concentration of 1 mg/mL, was lyophilized.

SDS—Polyacrylamide Gel Electrophoresis Assay. Sam-
ples prepared for electrophoresis contained approximately 5—
10 ug of the DraE-sc or DraE-sc-ASS protein in 1x Laemmli
buffer (containing 1% SDS). Before electrophoresis, samples
were unheated or heated for 10 min at 30, 40, 50, 60, 70, 80, 90,
and 100 °C. Electrophoresis was performed in 15% polyacryla-
mide gels in running buffer [0.1% SDS and Tris-glycine (pH 8.3)].
After electrophoresis, gels were stained using Coomassie blue.

Microcalorimetry. DSC experiments were performed on the
CSC 6300 Nano-DSC III differential scanning microcalorimeter
(Calorimetry Sciences Corp., Lindon, UT) with a capillary cell
volume of 0.299 mL in the temperature range from 10 to 90 °C.
The experimental data were recorded using DSCRun
(Calorimetry Sciences Corp.). The concentration of DraE-sc-
ASS (molecular mass of 16.3 kDa) was ca. 1 mg/mL in each
experiment. The analysis was performed with a scanning rate of
1 °C/min. Samples preparation, measurements, and data analysis
were performed as described previously for the DraE-sc pro-
tein (34).

FT-IR Spectroscopy. All spectra were recorded with a
Nicolet 8700 spectrometer (Thermo Electron Scientific Inc.,
Waltham, MA) using an electrically heated transmission cell
(Harrick Scientific Products Inc., Pleasantville, NY) with CaF,
windows and 56 um Teflon spacers. Approximately 3 mg of
lyophilized DraE-sc- ASS protein was dissolved in D,O (final
concentration of ca. 20 mg/mL) 1 h before the experiment to
allow all accessible hydrogen atoms to exchange with deuterium.
Sample manipulation, measurements, and data analysis were
performed according to the protocol described previously for the
DraE-sc protein (34).

Molecular Dynamics Simulations. The starting coordi-
nates of both molecules were based on the Protein Data Bank
NMR structure 1rxl. The version without a disulfide bond was
modeled via replacement of both cysteines with alanines. GRO-
MACS version 4.05 and its utilities were used for the system
preparation and analysis (38). The following protocol was used
for calculations concerning DraE-sc as well as the DraE-sc-ASS
structure. The protein molecule was immersed in a cubic box of
pre-equilibrated water. The size of the box was made sufficiently
large to keep the distance between the solute and the box at 15 A.
The resulting number of water molecules in the system was 18870



1462  Biochemistry, Vol. 49, No. 7, 2010

with simulation box dimensions of 94, 70, and 89 A for X, y,and z,
respectively. The simulations were performed in NPT ensemble
with the GROMOS43a2 force field, SPC water model, and
periodic boundary conditions. Before the actual simulation, the
entire system was first energy-minimized and then relaxed with a
molecular dynamics run for 50 ps, with position restraints set to
all protein heavy atoms while water molecules were allowed to
move. The following production simulation was run for 80 ns,
with a time step of 2 fs that was possible due to all bonds being
fixed with the LINCS algorithm. Neighbor list and long-range
forces were updated every five steps. Long-range interactions
were calculated with PME (particle mesh Ewald).

The rate of hydrogen to deuterium exchange was estimated via
examination of the hydrogen bond creation of particular protein
backbone amide groups with the solvent during the simulation.
As long as the group was shielded from solvent and there was no
hydrogen bond to any of the water molecules, we assumed it was
unexchanged. At the moment the first hydrogen bond appeared,
this group was marked as exchanged and excluded from further
analysis.

Since it is not possible to run the molecular dynamics for a
sufficiently long time to see the actual protein denaturation, the
calculations were repeated over the whole range of temperatures:
300, 310, 340, 370, 410, and 473 K.

RESULTS

Distribution of a DraE-like Disulfide Bond in the Family
of Fimbrial Subunits of Chaperone/Usher Systems. The
topology of the subunits of adhesive structures of the chaperone/
usher type belonging to the fimbrial protein family resembles the
incomplete Ig-like fold. Generally, it is composed of six S-strands
forming a S-sandwich of two sheets with Greek-key topology and
missing the seventh G strand donated by another subunit, thus
completing the canonical seven-stranded Ig fold (/0). Like in
most members of the Ig superfamily, many of the fimbrial
proteins possess a disulfide bond joining two S-strands, though
the position of this bond is quite unusual and differs from that of
the classical Ig family structures. In the canonical Ig fold, the
disulfide bond binds -strands B and F of opposite -sheets and is
located near the core of the protein, between the B3 and F3
positions (39). In the DraE subunit, the bond joins two adjacent
p-strands, the beginning of strand A1 with the end of the strand
B, and is placed at the top of the protein (Figure 1). An identically
positioned disulfide bond exists in other determined structures of
fimbrial subunits, including major [PapA (26) and FimA], minor
[PapE (23), PapH (40), PapK (19), FimF (27), and FimG (33)],
and FimH (22) pilin domains of tip adhesive subunits of
heteropolimeric P and type 1 pili, AfaE-III (9), and DaaE (/5)
subunits of the Dr family of adhesins (Figure 1B). To estimate
conservation of the DraE-like disulfide bond in the whole family
of fimbrial subunits, we performed protein sequence analysis. On
the basis of the similarities of usher protein sequences, the
operons encoding adhesive structures are clustered in six main
phylogenetic clades: a, f, y (including y1—y4), , 7, and o (37).
The a clade includes fimbrial structures of the alternate chaper-
one/usher system. Subunits building a-fimbriae are characterized
by protein-conserved domain PFAM04449 and do not possess in
their sequence cysteine residues that may form a potential
disulfide bond. In the phylognetic analysis performed by Nuccio
and Baumler (37), the a clade is represented by 16 operons from
a total of 189 investigated. The o-fimbriae belong to archaic
chaperone/usher systems [39 operons in the analysis of Nuccio
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FiGuRre 1: Unique position of the disulfide bridge in the DraE
fimbrial protein. (A) Simplified topological diagram of the DraE-sc
protein: S—S, noncanonical disulfide bond connecting ends of ad-
jacent f-strands A and B in the structure of DraE and other fimbrial
proteins; dashed line, canonical disulfide bond connecting f5-strands
B and F, characteristic of most proteins of the Ig superfamily; striped
strand, N-terminal donor strand of DraE introduced as a C-terminal
fusion peptide. (B) Superimposed structures of five selected proteins
of the fimbrial family: PapA (PDB entry 2uy6), FimA (PDB entry
2jby), PapK (PDB entry 1pdk), FimG (PDB entry 3bfq), and DraE
(PDB entry 1rxl). PapA and FimA are major and PapK and FimG
minor subunits of P and type 1 pili belonging to clades & and y1,
respectively. The DraE adhesin subunit of Dr fimbriae represents the
y4 clade. Disulfide bonds are drawn as sticks. The first two adjacent
[-strands, A and B, joined by the disulfide bridge are colored red.
Superposition of the structures was calculated with MultiProt (52)
and visualized with Rasmol.

and Baumler (37)] and are composed by subunits with homology
to the COG5430 conserved protein domain. Examples of this are
adhesive structures encoded by the csu(4/B)ABCDE gen cluster
of Acinetobacter baumannii (41). Protein subunits CsuA/B, CsuA,
and CsuB possess in sequence two cysteine residues that may
form a potential disulfide bond homologous to that of the
DraE protein. These cysteine residues are well conserved in all
o-fimbriae subunits of the COG5430 family. The remaining
clades (6, m, y, and «) are comprised of adhesive structures
belonging to classical chaperone/usher systems. The f clade is
represented in the publication of Nuccio and Baumler by only
five operons. The S-fimbriae are composed of subunits characteri-
zed by the PFAMO06551 protein domain. Almost all S-subunits
possess two conserved cysteine residues that may form a potential
disulfide bond homologous to that of DraE. Most subunits of
adhesive structures belonging to the y1 (including type 1 pili of
E. coli), v2 (including 987P fimbriae of E. coli), y4 (including Hif
pili of Haemophilus influenzae), and 7 (including P pili of E. coli)
clades are characterized by the PFAMO00419 (Fimbrial family)
conserved protein domain. In the PFAM, this family comprises
296 nonredundant sequences; 90% of them possess two con-
served cysteines that may form a potential disulfide bond
homologous to that in DraE. In the publication of Nuccio and
Baumler (37), these four clades comprise 105 operons. The
k clade [seven operons in the analysis of Nuccio and Baumler (37)]
is represented by E. coli fae gene clusters encoding F4 fimbriae
composed of the main protein FaeG that possesses the
PFAMO02432 conserved domain (42). In the structure of FacG
and sequences of other proteins that comprise the PFAM02432
family, there are no cysteine residues forming disulfide bonds.
The y3 clade [15 operons in the analysis of Nuccio and
Baumler (37)] is the most divergent group, in the context of
disulfide bond occurrence in protein subunits of adhesive struc-
tures. To this clade belong adhesive structures mentioned below
assembled with the assistance of FGL chaperones (ref /0 and
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references cited therein). The protein subunits encoded by E. coli
gene clusters dra (adhesive structure, Dr fimbriae; fimbrial
subunit, DraE), daa (F1845 fimbriae, DaaE), agg (AAF/I
fimbriae, AggA), aaf (AAF/II fimbriae, AafA), agg-3 (AAF/III
fimbriae, Aag3A), dafa (diffuse adherence fibrillar adhesion,
DafaE), afa-3 (afimbrial adhesin Afa-II1, AfaE-1II), and afa-8
(afimbrial adhesin Afa-VIII, AfaE-VIII) possess two conserved
cysteine residues forming a disulfide bond. These operons
also encode invasin subunits that in the case of AfaE-IIl and
Dr adhesins are located at the tip of the fiber (8, 43). Invasin
proteins possess two cysteine residues that form a disulfide bond
that is not homologous to that of DraE. In DraD and AfaD
structures, this bond connects strands B and F. The Y. pestis and
Yersinia enterocolitica contain similarly organized gene clusters
psa and myf, respectively, which encode fimbrial antigen pH6 and
Myf fimbriae, respectively. Fimbrial subunits of these structures
do not possess cysteine residues. The caf gene cluster of Y. pestis
encodes the F1 capsular antigen composed of Cafl subunits that
do not possess a disulfide bond (24). The subunits encoded by
gene clusters cs6-1 (adhesive structure, colonization factor CS6-1;
protein subunits, CS6-1A and CS6-1B), c¢s6-2 (colonization
factor CS6-2; CS6-2A and CS6-2B), saf (atypical fimbriae Saf;
SafA and SafD), sef (SEF14 fimbriae; SefA and SefD), and css
(CS6 fibrillae; CssA and CssB) do not possess potential disulfide
bonds (44, 45). The SafD and SefD proteins belong to the
PFAMO05775 conserved domain to which also belong invasins
of Dr family, mentioned above.

The analysis presented here shows that many protein sub-
units of adhesive structures of the chaperone/usher system
possess cysteine residues that may potentially form such a
typical localized disulfide bond homologous to that of DraE.
Further, this bond is strictly conserved within the family of
Dr adhesins (PFAMO04619). We conclude that data presented
in this paper, considering the influence of this disulfide bond
on the stability of the DraE, permit us to speculate about
its importance for the stability of other subunits of adhesive
structures.

Disulfide Bond Lacking Mutant of DraE-sc Lost SDS
Resistance. The physical basis of protein kinetic stability is
poorly understood, and no general mechanisms have been
implicated in this phenomena. Kinetically stable proteins under
native conditions are characterized by very poor participation of
partially unfolded structures (46). This leads to high resistance of
such proteins to proteolytic degradation (46, 47). Kinetically
stable proteins are also often resistant to chemical denaturation,
for example, by sodium dodecyl sulfate (SDS). One of the
simplest methods for determining protein kinetic stability is to
measure the resistance of the native protein structure to dena-
turation by SDS under the conditions used for SDS—polyacry-
lamide gel electrophoresis (SDS—PAGE) (48). The assay is based
on the comparison of gel migration of boiled and unboiled
protein samples prepared in the Laemmli buffer (containing
SDS). Proteins that migrate in gel at the same level in boiled
and unheated samples are depicted as SDS nonresistant and
exhibit rather low kinetic stability. In contrast, kinetically stable
proteins in samples incubated at room temperature migrate
slower on the gel than the same protein boiled before electro-
phoresis. The observed retardation is connected with a decrease
in the level of SDS binding to the nativelike globular form of the
protein. The native protein—SDS complex possesses a lower
negative charge in contrast to the totally thermally denatured
protein saturated with SDS particles.
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FIGURE 2: SDS resistance assay of the DraE-sc and the DraE-sc-ASS
proteins. SDS—PAGE assay of SDS resistance of (A) the DraE-sc
and (B) DraE-sc-ASS fimbrial proteins. Protein samples were either
unheated (UH) or heated at 50, 60, 70, 80, and 100 °C for 10 min
immediately prior to being loaded onto the gel: UN, unfolded form of
the protein, with a band at ca. 16 kDa; N-L, nativelike form of the
protein, with a band at ca. 45 kDa; M, low-molecular mass calibra-
tion kit for SDS electrophoresis [97, 66, 45, 30, 20.1, and 14.4 kDa
(GE Healthcare)].

The chaperone/usher type adhesive structures are known from
their resistance to SDS. Type 1 and P pili need to be boiled under
acidic conditions for complete dissociation (49, 50). The Dr fimbriae
boiled in a Laemmli buffer show on gels many high-molecular
mass bands that correspond to the incompletely dissociated
adhesion structures (7). Also, the minimal form of Dr fimbriae,
the self-complemented DraE subunit (DraE-sc), is highly resis-
tant to SDS unfolding. The DraE-sc protein incubated in Laemmli
buffer at room temperature is almost quantitatively retarded
in gel electrophoresis (band on the level of 45 kDa) (Figure 2A).
The retardation effect is observed even in samples incubated for
10 min in Laemmli buffer at 70 °C. This simple experiment cor-
relates quite well with the results of the DraE-sc denaturation
experiments using DSC microcalorimetry and FT-IR spectros-
copy (34). The disulfide bond lacking mutant of DraE-sc char-
acterized in this work totally lost SDS resistance. DraE-sc-ASS
incubated in Laemmli buffer at room temperature migrates in a
manner on the gel identical to that of the protein sample that was
boiled for 10 min (Figure 2B). The presented SDS resistance
assay clearly shows that deletion of a disulfide bond from DraE-
sc results in a loss of kinetic and thermal stability.

Changes in the Mechanism of DraE-sc-ASS Denatura-
tion Caused by Mutation. A series of differential scanning
microcalorimetry (DSC) experiments with the DraE-sc-ASS
protein has been performed at a scan rate of 1 °C/min, under
buffer condition identical to those for the case of DraE-sc (34).
These experiments allowed us to indicate differences between
denaturation of previously described DraE-sc and its mutant
lacking a disulfide bond, DraE-sc-ASS. First, the denaturation
process of DraE-sc-ASS is reversible, in contrast to that of DraE-
sc whose transition is almost completely irreversible (34). To
estimate the level of reversibility, we performed the DSC experi-
ment by interrupting the heating of the sample in following
regions of the transition peak and subsequently cooled the sample
to the initial temperature of the scan (Figure 3). The obtained
endothermic reheating peaks correspond to ~95% of the initial
peak areas, if heating is stopped directly after the transition. Even
if the samples were overheated outside the transition peak, up to
85 °C, the observed reversibility in reheating scan was ca. 75%
(Figure 3). We concluded that the direct use of a simple two-state
equilibrium model in the case of DraE-sc-ASS is acceptable. This
statement is supported by the additional characteristics of heat
capacity transition curves that clearly show that the observed
insignificant irreversibility is connected with the kinetic process,
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F1GURE 3: Reversibility of the DraE-sc-ASS denaturation. First
DSC scan (black line) and the next reheating scans (other colors) of
the DraE-sc-ASS protein interrupted at different temperatures in the
region of the transition. The last scan (dark blue), after reheating to
85 °C, exhibits a lower enthalpy of transition that is connected with
irreversible processes occurring at higher temperatures.
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FIGURE 4: Experimental DSC curve of the DraE-sc-ASS protein.
Experimental dependence of excess heat capacity (C,™) on tem-
perature for the DraE-sc-ASS protein, obtained at a scanning rate
of 1.0 °C/min. The baseline and linear approximations of molar heat
capacities of the protein before and after the transition are depicted.

negligible in the transition region. The transition peak is sym-
metric and does not possess any distortions connected with the
exothermic aggregation process. The posttransitional baseline is
stable and not affected by any detectable thermal effects of
aggregation phenomena (Figure 4). Finally, the calculated co-
operativity ratio (AH,y/AH.,) 1s equal to 1.08 and also justifies
the use of a two-state reversible model. It is also worth noting that
the temperature of DSC peak maxima of DraE-sc-ASS varies
with a scanning rate between 65.4 and 66.9 °C for scan rates of
1.0 and 2.0 °C/min, respectively, although this effect is rather
connected with the problem of establishing the equilibrium at fast
scan rates.

DraE-sc-ASS is denatured thermally at 65.4 °C, which is more
than 20 °C lower than the transition temperature of DraE-sc
containing a disulfide bond (34). The process of unfolding is
connected with a transition enthalpy AH., of 521 £ 20 kJ/mol.
Obtained thermograms permit us to determine the apparent
molar heat capacity change of unfolding (AC,) of 6.6 & 0.6 kJ
mol ™' K™!, which corresponds to a AC, per mole of residue of
443] (mol of residue) "' K™™' (Figure 4). Thls value is suitable for
DraE-sc-ASS, the protein composed of 149 residues with a
molecular mass of ca. 16 kDa (51), although the AC, value is
much smaller than that published for the Cafl subunit of the F1
surface antigen of Y. pestis (AC, of 8.8 £ 1.3kJ mol ' K™") (30).
To obtain information about the thermodynamic stability of
DraE-sc-ASS, we calculated the Gibbs free energy change at
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25 °C (AG7) connected with the unfolding process according to
the following equation:

AGr = AHrp, <1 —1) + AC,r1,, <T— Tm—Tln l) (1)
T T

where AH7, is the reference enthalpy of the transition, corres-
ponding to the T, the reference temperature, and AC,7 is the
difference between heat capacities of the denatured and native
states of the protein at the reference temperature. The obtained
AG,s of 30.0 £ 5.0 kJ/mol correlates well with values determined
for type 1 subunit variants that show completely reversible
folding equilibria, as a consequence of some structural distor-
tions. The DSg-FimHp subunit with a parallel donor strand
orientation and the FimHp-DS¢ subunit with an antiparallel
donor strand from chaperone PapC possess AG,s values of
unfolding of 26.5 and 26.8 £ 2.0 kJ/mol, respectively (33). The
determined AG»s of unfolding of DraE-sc-ASS is relatively small
in contrast to those of other fimbrial subunits with native
structure complemented by a specific, canonically oriented anti-
parallel donor strand. The AG,s values of unfolding of type 1
subunits range ca. from 50 to 80 kJ/mol (33), and the AGs;
of unfolding of the self-complemented Cafl subunit is ~70—
80 kJ/mol (30). Although we did not determine the Gibbs free
energy change of unfolding for the DraE-sc protein (containing a
disulfide bond), we assume that its value may be comparable to
that of self-complemented type 1 subunits. This permits us to
estimate the stabilizing effect of the disulfide bond in the structure
of DraE (and speculatively on other subunits with homologous
disulfide bonds) in the range of 40—>50 kJ/mol.

DraE-sc is a rather small 16 kDa single-domain structure with
an immunoglobulin type fold. Proteins with such a structure
usually unfold thermally reversibly as a single cooperative unit.
The DraE-sc irreversible denaturation is rather surprising, espe-
cially in the context of the Cafl-sc protein that denatures
reversibly at a similar temperature and with a similar enthalpy
of transition (30). DSC experiments performed with DraE-sc-
ASS clearly show that depletion of the disulfide bond from the
structure of DraE-sc renders its features specific to the classical
immunoglobulin type proteins from mesophilic organisms (57).
First, the disulfide bond mutant of DraE-sc unfolds in a
reversible fashion. Second, the melting temperature drops from
ca. 90 to ca. 65 °C. Third, the standard Gibbs energy of unfold-
ing of DraE-sc-ASS is on the level suitable for the statistical
globular protein with the weight and fold type represented by
DraE-sc (51).

Decrease in the Thermal Stability of the DraE-sc-ASS
Mutant. The FT-IR spectra of DraE-sc-ASS are characteristic
of f-sheet proteins and are very similar to the spectra of DraE-sc
(data not shown) (34). This implies that the designed protein
construct folds correctly into the nativelike structure. As in
previously described experiments, thermal denaturation experi-
ments were performed (34). Second derivatives of the amide I’
region of FT-IR spectra were used to obtain the temperature of
protein melting and to characterize changes occurring during this
process (Figure 5A).

Second derivatives possess bands in positions similar to those
of the second derivatives of DraE-sc (34). The main differences
between second-derivative series of DraE-sc-ASS and DraE-sc
are the considerably stronger band near 1620 cm™' and the
weaker band accompanying it near 1985 cm™'. This can suggest
that the mechanism of denaturation of the considered protein is
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FIGURE 5: Second derivatives and transition curve of DraE-sc-ASS.
(A) Second derivatives of FT-IR spectra of DraE-sc-ASS (the amide
I’ band) in temperature range of 23.7—79.9 °C. Arrows indicate
changes in curve shape with an increase in temperature. (B) Transi-
tion curve determined on the basis of second derivatives of DraE-sc-
ASS and its derivative with marked temperatures of transition.

considerably different, as DSC results also suggest. The dena-
turation process is also marked by the presence of a broad
second-derivative band with a minimum near 1650 cm ™, corres-
ponding to the unfolded polypeptide chain.

The obtained melting temperature, based on second-derivative
intensity at a wavelength of 1620 cm ™", is very similar to the one
obtained from DSC studies and is equal to 64.5 °C (Figure 5B).
This process seems to be cooperative, as similar denaturation
curves drawn on the basis of changes of second-derivative
intensities of other wavelengths (data not shown) give almost
identical melting temperatures. No other additional transitions
are present. The slight decrease in the second-derivative intensity,
as mentioned in a previous paper (34), might be assigned to a
concentration decrease due to thermal expansion of the sample
inside the transmission cell.

Unfortunately, no recovery of secondary structure was obser-
ved during cooling of the sample (data not shown). This
phenomenon might be assigned to the conditions of sample
preparation, especially high protein concentrations, necessary to
produce a high signal-to-noise ratio. The difference in protein
concentrations between both described techniques is sometimes
50-fold, and this difference might be expected to promote another
denaturation mechanism in the case of FT-IR-based thermal
denaturation experiments.

High Accessibility of Solvent to the DraE-sc-ASS Core.
The amide II band (maximum at ~1550 cm™"), corresponding
mainly to the N—H bending vibrations of the peptide bond, is
prone to H—D exchange during protein incubation in D-O. As
described previously, most small globular protein protons, chemi-
cally possible of exchanging with a heavier isotope, are exchanged
during a short period of time at ambient temperatures (34). This
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FIGURE 6: Normalized intensity of the amide II band as a function of
temperature. The empty circles correspond to the intensities of the
residual amide I1 band of DraE-sc; the filled circles correspond to the
intensities of the residual DraE-sc-ASS.

causes a shift in the position of the mentioned band to the lower
wavenumber (~1450 cm™~"). Nevertheless, the residual amide I1
band might still be visible, if some of the protons are tightly held
in the protein interior.

The DraE-sc protein was proven to possess few protons, which
are replaced with deuterium only during complete denaturation
of the secondary structure (34). We proposed a hypothesis in
which the disulfide bond played the key role in the observed high
thermal stability and rigidity of the protein core, located in a
noncanonical position. The reduction experiments showed that
even in the presence of a reducing agent (10 mM DTT), denatu-
ration occurs mostly at the same moment, as in the case of the free
protein (34).

The mutant of DraE-sc lacking a disulfide bond does not
possess the same rigidity, as H—D exchange experiments show.
In Figure 6, there are two visible curves, characterizing the
change in intensity of the amide II band during the temperature
increase. It must be mentioned that in the case of DraEsc-ASS,
the protein was dissolved in D,O 1 h before the experiment. Both
curves were scaled to a common maximum, to better visualize
changes in intensities. It is clearly visible that the curve char-
acteristic of DraE-sc is very similar to the standard denaturation
curve; meanwhile, the intensity of the DraE-sc-ASS amide 11
band decreases through the whole experiment. This indicates that
the presence of the disulfide bridge is crucial to maintaining the
high stability of the internal core of this protein.

Molecular Dynamics Analysis of Differential DrakE-sc
versus DraE-sc-ASS Stability. The simulation of the two
versions of the DraE-sc protein, the native one containing the
disulfide bridge and its double Cys to Ala mutant (DraE-sc-ASS),
revealed very different behaviors of these two structures. Both
proteins are stable at low temperatures and do not undergo any
significant structural changes within the range of the simulation
time (Figure 7). It clearly demonstrates that the simulation
system is well-defined and that removal of the disulfide bond
does not influence the structure and dynamics of the protein
under the moderate conditions and thus is not itself responsible
for the conformational changes in the protein structure.

The significant differences start to emerge in the high-tem-
perature (410 and 473 K) simulations (Figure 7). Protein without
the disulfide bond rapidly changes its structure and slowly but
systematically drifts away from the native conformation. That is
accompanied by the systematic degradation of the secondary
structure elements throughout the entire simulation (data not
shown), especially in the high-temperature (473 K) dynamics.
On the other hand, the protein with the disulfide bridge present is
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FIGURE 7: Structural changes of DraE-sc and DraE-sc-ASS proteins
atvarious temperatures. The rmsd changes of DraE-sc (A) and DraE-
sc-ASS (B) during the 80 ns molecular dynamics simulation at 300,
310, 340, 370, 410, and 473 K. The rmsd of a-carbons is calculated
with respect to their positions in the initial minimized structure of a
particular protein.

more resistant to these severe conditions. It is able to keep its
native structure almost unchanged for as long as 15 ns, and only
after that it gradually, in a stepwise manner, starts to change its
conformation (Figure 7). This behavior is confirmed by the
change in the secondary structure. For the first 15 ns of the
simulation, the secondary structure of this protein remains
completely intact, and only after 20 ns do some of the S-strands
rapidly disappear (data not shown).

The process of losing the secondary structure elements is bound
to the change in the compactness of the protein structure and
accessibility of the backbone amide groups to the solvent. Analysis
of the ability of particular amide group to create the hydrogen
bond with water shows that in high-temperature simulations both
DraE-sc-ASS and DraE-sc quickly exchange most of their back-
bone amide hydrogens but the structure possessing the disulfide
bridge is able to keep a small number (8§—10) of protons shielded
from solvent for as long as 20 ns. Interestingly, hydrogens that
belong to the NH group of both cysteines are not exposed to the
solvent during the entire simulation (Figure 8). There is no such
behavior or even similar behavior observed for the structure
without the disulfide bridge. In the case of DraE-sc-ASS, the num-
ber of backbone amide group protons that are not accessible to the
solvent shrinks in a fast continuous manner during the simulation
and drops completely to zero after 17 ns.

These results indicate that the disulfide bond of the DraE-sc
protein has a significant influence on its stability and compact-
ness, especially in the neighborhood of the bond, which is in
agreement with the reported resistance of the DraE-sc disulfide
bridge to reduction in the presence of a reducing agent (34).

DISCUSSION

Subunits of adhesive structures of the chaperone/usher type
are characterized by a very high thermodynamic and kinetic
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FIGURE 8: Solvent accessibility of DraE-sc vs DraE-sc-ASS back-
bone amide hydrogens. Number of amide hydrogens shielded from
solvent during the first 40 ns of simulation. Amide hydrogen is
recognized as being shielded from solvent as long as it does not create
hydrogen bonds with it.

stability (30, 33, 34). Most information concerning the subunit
stability emerges from analysis of self-complemented forms of
these proteins. In these constructs, the Ig-like defective structure
of the subunit is complemented by a donor strand introduced as
the C-terminal fusion peptide. The self-complemented subunits
are generally regarded as the minimal approximation of complex
adhesive structures. Fimbrial proteins are among the most thermo-
dynamically stable small globular proteins. Their melting tem-
perature is close to 80—90 °C (85.5 °C for Cafl-sc, 83.4 °C for
FimG-sc, and 87.3 °C for DraE-sc), with the corresponding high
enthalpy of transition (810 + 60 kJ/mol for Cafl-sc, 611 kJ/mol
for FimG-sc, and 712 + 46 kJ/mol for DraE-sc) (30, 33, 34).
These data correlate with a high value of the free energy of
unfolding (AG,s = 70—80 kJ/mol for Cafl-sc, and AG3; = 79.7 +
2.2 kJ/mol for FimG-sc) (30, 33). Fimbrial subunits are also
characterized with a very high kinetic stability. The FimG-sc
and DraE-sc proteins unfold with rate constants of 10~'* and
107" 57!, respectively, corresponding to half-lives of unfolding
of 10” and 10® years at 25 °C, respectively (33, 34).

Although many structural data of fimbrial subunits are
available, there are no specific structural marks of observed high
thermodynamic and kinetic stability. Puorger et al. (33) demon-
strated that the orientation change of the C-terminal donor
strand from antiparallel to parallel resulted in the loss of their
infinite kinetic stability, and the standard free energy of unfolding
also drops from 70—80 kJ/mol to the value of ~27 kJ/mol. The
authors suggest that the observed phenomenon of subunit
stability is connected in part with formation of very precise
surface complementarity between acceptor cleft binding pockets
denoted P1—P5 and residues of the donor strand. Site-directed
mutagenesis showed that all residues of the donor strand inter-
acting with binding pockets P1—P5 individually contribute to the
kinetic stability of PapG-sc. Zavialov et al. (24, 30) in their
elegant work fully define the energetics of F1 antigen formation.
The authors delineate that the Caf1 subunit complemented with a
specific donor strand is characterized by a very good packing of
two fS-sheet-forming proteins. The calculated shape correlation
statistic (Sc) of the Cafl protein equals 0.71 (1 denotes a perfect
fit) and is comparable to the packing of [S-sheets in stable
p-barrels (24). Similar high Sc values of 0.72 and 0.78 were
determined for complexes of PapE and FimG, respectively, with
the cognate donor peptide (23, 24, 33).

In this work, we show that the noncanonical disulfide bond of
the DraE protein is an important element responsible for its
thermodynamic and kinetic stability. DraE-sc unfolds thermally
irreversibly with the thermodynamic and kinetic parameters
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presented previously (34). The DraE-sc-ASS mutant lacking a
disulfide bond unfolds reversibly with a melting temperature (7,)
of 65.4 °C, a corresponding enthalpy of transition (AH,,) of
521 + 20 kJ/mol, a change in specific heat capacity of unfolding
(AC,) of 6.6 £ 0.6kJ mol ' K™, and a calculated standard free
energy of unfolding (AGys) of 30 £ 5 kJ/mol. The presented data
show that deletion of the disulfide bond from the structure of
DraE-sc resulted in a protein stability typical for the statistical
globular protein from mesophilic organisms (5/). The DraE-sc
protein was also characterized by the specific pattern of proton to
deuterium exchange during thermal denaturation, as shown by
FT-IR spectroscopy. Most of the amide protons exchange fast
before the thermal transition of the protein starts. A small
population of protons exchange only at the stage of protein
unfolding. These amide protons are probably better sequestered
from solvent molecules in the protein scaffold (34). This observa-
tion is surprising, because DraE-sc has a simple single-domain
structure in which it is hard to distinguish some amide protons.
This phenomenon vanishes in the case of the mutant DraE-sc
lacking a disulfide bond. DraE-sc-ASS exchanges protons con-
tinuously during sample heating, and the process is finished
before the unfolding transition starts. This suggests that the
disulfide bond introduced into the DraE-sc scaffold causes some
type of restriction which results in different dynamic properties of
protein secondary structures during heating. This idea is well-
supported by the presented molecular dynamic analysis of the
DraE-sc and DraE-sc-ASS proteins.

It is worth noting that the disulfide bond of DraE adhesin and
protein subunits with homologous bonds possesses unique
localization (joining two adjacent S-strands, the beginning of
an A1 strand with the end of a B strand), not encountered in any
other protein family belonging to the Ig superfamily. This fact
additionally supports the idea that the presence of such a
positioned disulfide bond is an important stabilizing element of
these fimbrial subunits. Additionally, the self-complemented
FaeG (F4 fimbriae of E. coli), native CssA, and CssB in fimbrial
CS6 structures of E. coli, which do not possess a disulfide bond in
their structures, are denatured at lower temperatures of 62, 75.41,
and 70.94 °C, respectively (44, 45). The self-complemented DraD
protein, which possesses a disulfide bond connecting strands B
and F (canonical localization), is denatured thermally in fully
reversible fashion with a melting temperature of 53 °C (data not
shown).

In conclusion, we demonstrate that a noncanonical disulfide
bond is an important feature in the determination of high
thermodynamic and kinetic stability of the DraE protein and
potentially other subunits that possess homologous bonds. This
mechanism of stabilization is probably widespread in this family
of protein subunits building adhesive structures of the chaperone/
usher type, as shown by analysis of the disulfide bond distribu-
tion. Although it is worth noting that other mechanisms of
acquiring high stability by these proteins exist, the well-char-
acterized example of such adhesive subunits is the Caf1 protein of
the F1 antigen of Y. pestis (30).
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