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Background: Type IV pili are non-covalently assembled appendages, characterized now in both Gram-negative and Gram-

positive bacteria.

Results: Clostridium difficile produces Type IV pili containing Pil], a pilin with a novel dual-pilin fold.
Conclusion: Models suggest that the C-terminal pilin domain is exposed in pili, providing a unique interaction surface.
Significance: The novel fold of Pil] suggests a new mode for Type IV pilus function.

Type IV pili are produced by many pathogenic Gram-negative
bacteria and are important for processes as diverse as twitching
motility, cellular adhesion, and colonization. Recently, there has
been an increased appreciation of the ability of Gram-positive
species, including Clostridium difficile, to produce Type IV pili.
Here we report the first three-dimensional structure of a Gram-
positive Type IV pilin, Pil], demonstrate its incorporation into
Type IV pili, and offer insights into how the Type IV pili of
C. difficile may assemble and function. PilJ has several unique
structural features, including a dual-pilin fold and the incorpo-
ration of a structural zinc ion. We show that PilJ is incorporated
into Type IV pili in C. difficile and present a model in which the
incorporation of PilJ into pili exposes the C-terminal domain of
PilJ to create a novel interaction surface.

Type IV pili are produced by many pathogenic Gram-nega-
tive bacteria, including Pseudomonas aeruginosa, Vibrio chol-
erae, Neisseria gonorrhoeae, Neisseria meningitidis, Salmonella
enterica serovar Typhi, Legionella pneumophila, and entero-
pathogenic and enterotoxigenic Escherichia coli (1-6) and are
important for diverse processes such as cellular adhesion (7),
colonization (8, 9), twitching motility (10—13), biofilm forma-
tion (14), horizontal gene transfer (15, 16), and virulence (8, 9,
17). These fimbrial appendages are typically composed of many
copies of a single pilin protein tightly packed in a helix to bury
the hydrophobic N terminus of each subunit in the pilus core
(18).

Gram-negative Type IV pilin proteins exhibit four conserved
structural features: an ~60 residue N-terminal a-helix, a loop
that frequently shows helical character and leads into a central
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Grants T32 Al095190 and R21 AI105881.

The atomic coordinates and structure factors (code 41XJ) have been deposited in
the Protein Data Bank (http://wwpdb.org/).
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B-sheet, and a disulfide bond that bounds a C-terminal “D-re-
gion.” Type IV pilins are divided into two classes based on the
length of the pre-pilin leader peptide and sequence similarity of
the N-terminal a-helix. Type IVa pilins occur in a wide range of
Gram-negative bacteria, whereas Type IVb pilins have been
found only in bacteria capable of colonizing the human intes-
tine and are larger, particularly in the D-region (18).

However, it has been discovered comparatively recently that
Type IV pili are not exclusive to Gram-negative bacteria (19).
Clostridium perfringens has the genes for and produces pili
required for gliding motility (20). The genomes of all sequenced
Clostridium difficile strains include one gene cluster encoding a
complete set of Type IV pilin biogenesis components, a second
cluster with three to six genes, and a variable number of
additional pilin genes® (19). Fimbrial appendages have been
observed extending from C. difficile in vitro (21) and in a ham-
ster model of C. difficile colonization of colonic crypts (22).
Given the high burden of C. difficile infection on human disease
and mortality (23), we sought to characterize the Type IV pili
from this Gram-positive bacterium.

To gain insight into the diversity of Type IV pilin assemblies,
we sought to characterize the Gram-positive Type IV pilin pro-
tein most likely to differ from other known family members. At
283 residues, Pil] is significantly larger than previously charac-
terized Type IV pilins. The first 10 residues form the pre-pilin
leader peptide, intermediate to the lengths of Type IVa (5-6
residues) and Type IVb (15-30 residues) pilins (18). The N-ter-
minal residue of processed Pil] is phenylalanine, typical of Type
IVa pilins. Although the sequence of the Pil] al-N region is
similar to other pilins, no significant sequence similarity to any
other pilins is found in the remainder of the sequence. PilJ also
contains three cysteine residues rather than the two typically
found in Type IV pilins that invariably form a disulfide bond.
Here, we present the crystal structure of Pil], a C. difficile Type

2 Maldarelli, G., De Masi, L., von Rosenvinge, E., Carter, M., and Donnenberg, M.
(2014) Identification, immunogenicity, and cross-reactivity of type IV pilin
and pilin-like proteins from Clostridium difficile. Pathogens Dis., in press.
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IV pilin protein that we found incorporated into pili on their
surfaces. Pil] represents the first reported three-dimensional
structure of a Gram-positive Type IV pilin protein.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—DNA sequences of
PilA1 and PilJ lacking the signal peptide and codons for the
N-terminal hydrophobic domain were codon-optimized for
expression in E. coli, commercially synthesized (Genscript),
cloned into the pET30b vector downstream of the hexahisti-
dine tag sequence, and transformed into E. coli BL21(DE3) cells
(Invitrogen). After inoculation of 1L Luria broth plus kanamy-
cin with 20 ml of turbid overnight culture, cells were grown to
Agoo = 0.5 at 30 °C and induced with 0.5 mM isopropyl B-p-1-
thiogalactopyranoside. After an induction period of 18 h, cul-
tures were pelleted by centrifugation at 6000 X g for 10 min at
4 °C (Beckman Coulter); pellets were stored at —20 °C. Cell pel-
lets were resuspended in 50 mm NaH,PO,, 300 mm NacCl, 20
mwm imidazole, pH 8.0, with protease inhibitors (Roche Applied
Science) and lysed in a French press at 1200 p.s.i. (Sim Aminco);
lysates were centrifuged at 35,000 X g for 30 min. Supernatants
containing each fusion protein were applied to nickel-nitrilo-
triacetic acid-agarose (Qiagen) and incubated with rotation at
4 °C for 1 h. After washing, protein was eluted from the resin
with increasing concentrations of imidazole in 50 mm
NaH,PO,, 300 mm NaCl, pH 8.0. When necessary, column
fractions were further purified by size-exclusion chromatogra-
phy using a Sephacryl S-100 column. For immunoblotting and
immunoabsorption, the N-terminal purification tag was
cleaved from each purified pilin protein with recombinant
enterokinase (Novagen) and removed by incubation with
nickel-nitrilotriacetic acid resin.

Antibody Generation—Polyclonal antibodies to untagged
PilA1 were raised in guinea pigs, and antibodies to untagged PilJ
were raised in rabbits (Rockland Immunochemicals). Briefly,
animals were immunized intradermally with purified untagged
protein and complete Freund’s adjuvant and boosted on days 7,
14, and 28 with protein and incomplete Freund’s adjuvant. Test
bleeds were taken on day 38. Terminal bleeds for rabbits were
taken on day 59. The guinea pigs were boosted again, and ter-
minal bleeds were taken on day 80.

Immunogold Labeling—To maximize pilus expression, the
bacteria were grown anaerobically on Columbia Agar plates at
37 °C for 24 h and then incubated anaerobically at room tem-
perature for 3 additional days. Several C. difficile colonies were
suspended in 50 ul of fixative solution (2% formaldehyde, 0.5%
glutaraldehyde in 50 mMm cacodylate buffer, pH7.4), and 30 ul of
the suspension was placed on a Formvar/carbon nickel grid
(Electron Microscopy Science) for 15 min. The grids were then
washed for 20 min in 0.05 M glycine in phosphate-buffered, pH
7.2, physiological saline (PBS) and blocked for 30 min with 3%
skim milk plus 0.01% Tween in PBS. After 3 washes (5 min each)
with incubation buffer (0.01% BSA-c™ (Aurion) in PBS), the
grids were incubated for 60 min with a 100-fold dilution of
either rabbit polyclonal PilJ- or guinea pig polyclonal PilAl-
specific sera or of pre-immune sera. For the double-labeling
experiments the grids were incubated with a 1:1 mixture of the
rabbit polyclonal PilJ- and guinea pig polyclonal PilA1-specific
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sera or with pre-immune sera. The grids were then washed 6
times (5 min each) with incubation buffer followed by a 45-min
incubation with the secondary antibody (goat anti-rabbit
and/or goat-anti guinea pig IgG conjugated to 10- or 15-nm
gold nanoparticles, respectively (Electron Microscopy Science),
diluted 25-fold). The grids were washed again 6 times (5 min
each) with incubation buffer and 3 times (5 min each) with
double-distilled water, stained with 1% phosphotungstic acid,
and observed using an Hitachi H-7650 Transmission Electron
Microscope. One hundred random images were recorded, and
the number and size of pili- or background-associated gold
nanoparticles was recorded in each image by three observers
who were unaware of the experimental conditions.

C. difficile Lysate Preparation—Cultures of C. difficile strain
R20291 were grown on Columbia agar plates as above. Colonies
were scraped off plates, resuspended in PBS, and brought to an
Agoo Of 20. Bacteria were lysed as described previously (24);
briefly, resuspended cells were frozen at —20 °C overnight, then
incubated at 37 °C for 40 min. Total protein present in each
lysate was quantified with a commercial bicinchoninic acid
(BCA) assay kit (Thermo Scientific Pierce) according to the
manufacturer’s protocol.

In preparation for immunoblotting, lysates were diluted 1:1
in Laemmli buffer and heated in a boiling water bath for 10 min.
Lysates and a standard curve of untagged Pil] were separated on
precast 4—15% gradient Mini-PROTEAN TGX polyacrylamide
gels (Bio-Rad) and transferred to polyvinylidene difluoride
membranes. Blots were blocked for 1 h with 5% nonfat dry milk,
then incubated at 4 °C overnight with polyclonal rabbit anti-Pil]
ata 1:10,000 dilution. Blots were washed in PBST and incubated
with IRDye 800CW donkey anti-rabbit IgG H+L (Li-Cor Bio-
sciences) at a 1:20,000 dilution for 1 h. Infrared signals were
detected and quantified using the Odyssey imaging system
(Li-Cor Biosciences).

Structure Determination and Refinement—Pil], concentrated
to 10 mg/ml in 10 mm MES, 100 mm NaCl, pH 6.0, was crystal-
lized in 0.2 M ammonium sulfate, 0.1 M MES, pH 6.5, and 30%
polyethylene glycol 4000 by hanging drop vapor diffusion.
Crystals grew within 3 days at room temperature, forming rod-
like single crystals (0.02 X 0.03 X 0.9 mm) as well as multicrys-
tal spindles. The crystals were flash-cooled in liquid nitrogen in
mother liquor supplemented with 25% (v/v) glycerol as a cryo-
protectant. Diffraction data were collected at the National Light
Source (NLS), Brookhaven National Laboratory at Beamline
X25 with crystals diffracting to 1.98A resolution in the space-
group P,,,,,, with a unit cell of 53 X 78 X 134 A.

Additionally, multiwavelength anomalous dispersion data
were collected at the Advanced Photon Source (APS), GM/CA-
CAT, Argonne National Laboratories at Beamline 23-ID-D
after an x-ray fluorescence scan revealed the presence of zinc in
crystals of Pil]. Peak, edge, and remote data were collected at
1.2830, 1.2833, and 1.2320 A, respectively. These anomalous
data were used for phasing with two sites being found in each
asymmetric unit. Two Pil] molecules were found in the asym-
metric unit, each with a single zinc ion.

All datasets were scaled and processed using HKL2000 (25).
Phenix and Coot were used for phasing, building and refine-
ment (26 -29). The phasing and initial chain building used the
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FIGURE 1. PilJ expression and localization. A, electron micrographs stained with anti-PilAT and anti-PilJ antibodies and immunogold-labeled secondary
antibodies with particle sizes 10 nm (PilA1) and 15 nm (PilJ). Nanoparticles associated with pili are labeled with either gray triangles (10 nm, PilA1) or black
triangles (15 nm, PilJ). B, quantification of immunogold labeling. The average number of particles per field is shown as a horizontal line. The error bars show one

standard deviation.

TABLE 1
Crystallographic parameters
Values in parentheses are for the highest resolution shell.

Native

Peak

Inflection

Remote

Data Collection
Wavelength (A)
Resolution range A)
Space group
Unit cell (A)

Unique reflections
Completeness (%)
Mean 1/8(I)
Wilson B-factor
R-merge

1.071

43.71-1.98 (2.05-1.98)
P 212121

52.83 77.86 133.66

90 90 90

38,121 (3,014)

97.70 (77.96)

7.94 (1.93)

24.54

0.128 (0.644)

1.2830

38.93-2.70 (2.80-2.70)
P212121

52.82 77.86 133.66

90 90 90

15,419 (1,482)

100.00 (96.05)

12.19 (4.57)

24.65

0.118 (0.453)

1.2833

38.93-2.70 (2.83-2.70)
P 212121

52.83, 77.88, 133.70

90 90 90

15,747 (2,056)

100 (98.2)

15.63 (7.69)

29.6

0.122 (0.472)

1.2320

38.96-2.77 (2.90-2.77)
P212121
52.87,77.91,133.78

90 90 90

15,754 (2,010)

100 (98.1)

18.52 (7.63)

28.6

0.096 (.336)

Refinement statistics
Molecules in asymmetric unit

Rfactor

free
Number of atoms
Root mean square (bonds)
Root mean square (angles)
Ramachandran favored (%)
Ramachandran outliers (%)
Clashscore
Average B-factor

Macromolecules

Solvent

Metal ions

2
0.1832 (0.2505)
0.2301 (0.3218)
3922

0.009

115

98

0

9.30

28.30

27.90

31.60

1873

multiwavelength anomalous dispersion datasets. This model
was subsequently refined using the higher resolution dataset,
applying the phases from the anomalous data. Multiple iterative
rounds of model building and refinement resulted in an R, ;.
factor of 18.3% and an Ry, of 23.0%. The crystallographic
parameters of the refined data are summarized in Table 1.
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Circular Dichroism of Pil] in the Presence of EDTA—CD spec-
trawere collected on a 10 um solution of Pil] in 20 mm MES, 100
mM NaCl on aJASCOJ-720 circular dichroism spectrophotom-
eter. EDTA was titrated into a fixed concentration of Pil]. Each
wavelength scan was referenced against a scan of a solution
containing no PilJ but an identical concentration of EDTA. As

VOLUME 289-NUMBER 7+-FEBRUARY 14,2014
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FIGURE 2. PilJ three-dimensional structure. A, the sequence of PilJ with the secondary structure outlined below. The prepilin leader sequence is shown in
black, and the a1-n region is in gray. The N-terminal domain is green, and the C-terminal domain is blue. Helices are shown as boxes, and strands are shown as
arrows. B, schematic representation of the structure of PilJ. The N-terminal domain is green, the C-terminal domain is blue, and the zinc atom is magenta. The
disordered loop spanning residues 94 -102 is indicated with a dotted line. C, the zinc-binding site of PilJ. Cysteines 36, 81.and 111 from the N-terminal domain
arein green, histidine 114 from the C-terminal domain is in cyan, and the zincatom is in magenta. The gray mesh shows the bounds of a 2F, — F_electron density

map. D, CD spectra of PilJ are shown in increasing concentrations of EDTA.

the concentration of EDTA increased, Pil] could be observed
slowly falling out of solution until a critical point was reached at
~10 mm EDTA, at which point the protein precipitated leading
to particles visible with the naked eye and scattering as
observed in the 10 mM EDTA and 20 mm EDTA curves.

Small Angle X-ray Scattering—Small angle x-ray scattering
data were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL), Beamline 4-2. Scattering was measured at
2,5, and 10 mg/ml of PilJ in 20 mm MES, 100 mm NaCl, pH 6.0.
Two-dimensional diffraction images and one-dimensional
intensity plots were processed using ATSAS 2.5.0 from EMBL-
Hamburg. Radial distance-distribution plots were calculated
with GNOM (30), and those data were used by SASTBX (31),
GASBOR (32), and DAMMIF (33) to model molecular enve-
lopes of the solution structure. The calculated intensity plot for
the structure of the Pil] monomer was generated using FoXS
(34) through UCSF Chimera (35) and verified using CRYSOL
(36). Superimposition of the Pil] monomer from the x-ray crys-

FEBRUARY 14, 2014 «VOLUME 289-NUMBER 7

tal structure onto the small angle x-ray scattering (SAXS)?
envelopes was performed by collage in Situs 2.7.2 (37). Param-
eters are summarized in Table 3.

Modeling the Pil] Pilus Fragment—To model a homopolymer
of PilJ, we used cryo-EM data from the toxin coregulated pilus
(TCP) of V. cholerae (EMD-1954) (38). We modeled the al1-N
region of PilJ based on the structure of the full-length P. aerugi-
nosa PAK pilin (39). Twenty copies of a model of PilJ, including
the modeled al-N region and the N-terminal domain but
including only residues 179-193 of the C-terminal domain,
were fit into the cryo-EM electron density using rigid body
refinement in UCSF Chimera (35) and Coot (29) with a final
correlation coefficient of 0.78 determined by Situs 2.7.2 (37).
After additional rounds of refinement to remove any clashes

3 The abbreviations used are: SAXS, small angle x-ray scattering; TCP, toxin
coregulated pilus.

JOURNAL OF BIOLOGICAL CHEMISTRY 4337
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between subunits, the missing portion of the C-terminal
domain was reintroduced, completing the model.

Pil] Sequence Comparison—Sequences of C. difficile genomes were
taken from the NCBI database. Sequence comparisons were
made using NCBI Blast and ClustalX (40). The phylogenic tree
was constructed by NJplot (41). Solvent-accessible surface area
calculations were performed using CCP4 (42), and the resulting
figure was made using UCSF Chimera (35).

Surface Plasmon Resonance—Using a Biacore T-100, the
affinities of Pil] for both PilA1 and itself were individually mea-
sured by surface plasmon resonance. PilJ, PilA1, bovine serum
albumin (BSA) and an irrelevant antibody were coupled to a
CMS5 chip surface by amine coupling. Using the BSA and anti-
body surfaces as controls, Pil] was titrated over all four surfaces
using kinetic injections of concentrations ranging from 1.5 to
800 um. Affinities were measured by steady-state equilibrium
analysis.

RESULTS

Incorporation of Pil] into C. difficile Pili—To investigate the
incorporation of Pil] and other pilins into C. difficile Type IV
pili in vivo, we first used primary polyclonal antibodies specific
to PilJ, purified to remove any immunoglobulins that cross-
reacted with other C. difficile pilins, to stain C. difficilelysates in
a Western blot. The quantification of those data shows that
total Pil] expression under conditions conducive to the forma-
tion of pili is ~18.25 = 2.5 ng PilJ/ug of total protein (data not
shown). The expression is lessened somewhat in a liquid cul-
ture, which disfavors the formation of Type IV pili.

To determine whether Pil] was incorporated into pili, we
stained C. difficile with primary polyclonal antibodies against
PilJ and another C. difficile pilin, PilA1, which is encoded by the
first gene in the pil operon, and secondary antibodies labeled
with 10-nm (PilA1) and 15-nm (PilJ) gold nanoparticles. These
micrographs clearly show the presence of both PilA1 and PilJ in
C. difficile pili (Fig. 1A); tallies of pili-associated nanoparticles
per field are shown in Fig. 1B. Importantly, several individual
pili are labeled with both particles, suggesting that both pilins
can be found within the same pilus. At the resolution of immu-
nogold staining, however, it is impossible to determine whether
PilA1 and PilJ are incorporated into such heteropolymeric pili
in any regular pattern.

High Resolution Structure of Pil]—We determined the x-ray
crystal structure of soluble PilJ to 1.98A resolution (Table 1).
The overall fold of Pil] is unique among Type IV pilins and
contains two distinct domains (Fig. 2, A and B). The two PilJ
domains share certain structural features of Gram-negative
Type IV pilins. Pil] is the only Type IV pilin with two consecu-
tive domains, although some pseudopilins exhibit insertion
domains (43, 44).

The N-terminal helix of Pil], starting with residue 26, shows a
typical Type IV pilin protein fold as does the a-8 loop, which
exhibits a large degree of a-helical character. The 8 sheet of the
N-terminal domain is unique in that it consists of only two 3
strands, whereas all other Type IV pilin protein 8 sheets con-
tain at least three strands. Nine residues in the loop between
these two strands are disordered in the crystal structure.

4338 JOURNAL OF BIOLOGICAL CHEMISTRY

p-sheet

*To C-terminal

From N-terminal

N-Terminal Domain C-Terminal Domain

FIGURE 3. Structural comparison of the PilJ N-terminal and C-terminal
domains. A, the N-terminal and C-terminal domains of PilJ. The initial « heli-
ces are in magenta, the a3 loops are in green, and the first two strands of each
B-sheet are in blue. B, the N-terminal domain is depicted in green, and the
C-terminal domain is in cyan.

Joining the two domains of Pil] is a zinc atom that is ligated by
all three cysteine residues in PilJ, Cys-36, Cys-81, and Cys-111
as well as by His-114 (Fig. 2C). Notably, we solved the structure
by multiwavelength anomalous dispersion phasing from a sin-
gle zinc atom per Pil] monomer. Only these three cysteine res-
idues exist in PilJ, and this metal binding site is a unique char-
acteristic of the Pil] fold. Its position and the paucity of
interdomain buried surface area (~200 A2) suggest that the
ligated zinc atom stabilizes the interaction between the
two domains, as supported by chelation-induced unfolding
(Fig. 2D).

After the unusual two-strand 3 sheet and a short loop,
another long (25-residue) a helix, oriented at ~70° to the N-ter-
minal helix, forms the start of the C-terminal domain of PilJ.
This helix is followed by another a- loop that includes an
additional incomplete « helix. The C-terminal Pil] domain

VOLUME 289-NUMBER 7+-FEBRUARY 14,2014
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TABLE 2

Structural similarity to PilJ domains
rmsd, root mean square deviation; lali, length of alignment; nres, number of aligned residues; %id, percentage of sequence identity.

Number Chain z rmsd lali nres %id PDB Description
PilJ N-terminal domain
1 1T92-B 6.2 2.7 72 108 15 General secretion pathway protein G (GspG)
5 3GN9-A 5.8 2.7 70 112 13 Type II secretory pathway, pseudopilin EpsG
8 20PD-B 5.6 2.2 68 121 9 PilX
12 3G20-A 5.6 2.6 70 114 11 Type II secretion protein
24 3HGY9-A 5.0 2.4 61 119 5 PilM
26 10QV-A 4.9 2.8 70 171 6 Toxin-coregulated pilus subunit
80 2RET-G 4.0 2.6 55 81 7 Pseudopilin EpsI
Pil] C-terminal domain
1 20PD-B 4.5 4.2 91 121 8 PilX
59 1T92-B 3.1 5.6 72 108 10 General secretion pathway protein G (GspG)
79 3GN9-C 3.0 2.8 67 111 13 Type II secretory pathway, pseudopilin EpsG
91 3G20-A 29 2.8 69 114 9 Type II secretion protein
96 3CIO-I 2.9 3.1 60 83 8 pseudopilin Gspl
97 3CFI-G 2.9 2.9 56 74 9 Type II secretory pathway, pseudopilin Epsl
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FIGURE 4. Self-association of Pilin headgroups. A, log-scale intensity plot of SAXS profiles at 2 mg/ml (green), 5 mg/ml (blue), and 10 mg/ml (magenta). B,
superimposition of PilJ x-ray crystal structure (cyan ribbon) into envelope calculated for 2 mg/ml PilJ by SASTBX (gray mesh). C, Kratky Plot (/ X g versus q) at 2
mg/ml (green), 5 mg/ml (blue), and 10 mg/ml (magenta). D, radial distribution function calculated by GNOM at 2 mg/ml (green), 5 mg/ml (blue), and 10 mg/ml
(magenta). Error bars are shown as hash marks. The inset shows a Gunier plot (In(/(g)) versus g°) of the region used to calculate the radius of gyration.

also includes a five-stranded 3 sheet with additional shorter Each of the two individual domains of PilJ are structurally
helices surrounding it and, thus, forms a more complete homologous (45) to numerous major and minor Type IV pilins
Type IV pilin-like fold than does the N-terminal domain as well as Type II secretion pseudo-pilins (Table 2). A pairwise
(Fig. 34). comparison of the two domains in PilJ also indicates significant
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TABLE 3
Small angle x-ray scattering parameters

PilJ concentration R, (Gunier) R, (GNOM)

Dmax

M, (Porod) M, (GASBOR) M, (DAMMIF)

2145 *0.17
21.79 £ 0.06
21.38 £ 0.24

21.75
22.02
22.79

2 mg/ml (63 um)
5 mg/ml (158 um)
10 mg/ml (316 um)

72.49
76.52
89.37

25173
25356
26324

29284
30114
33542

30482
28976
31024

structural similarity (Z-score = 3.7) (Fig. 3B). Despite this com-
monality of fold between the individual Pil] domains and
known pilins, no portion of the soluble Pil] protein is similar in
sequence to any other known protein.

Self-association of Pil] Headgroups—As interactions between
pilin head-groups are an important component of Type IV pilus
formation (38), we used SAXS and surface plasmon resonance
to show that the soluble Pil] protein that we crystallized is able
to associate with itself and other pilin proteins.

First, we employed SAXS analysis to probe the behavior of
Pil] in solution. The SAXS profile of Pil] is typical of a folded
globular protein and agrees well at lower concentrations with
the logarithmic scale curve (log(I) versus q) predicted based on
the structure of the monomer from our x-ray crystal structure
using CRYSOL (Fig. 4A4) (36). We also used the radial distance
distribution function calculated from the SAXS data to derive a
molecular envelope using spherical harmonics in SASTBX,
DAMMIF, and GASBOR (31-33). The envelopes created by
each of the three programs are similar, and there is excellent
agreement with the Pil] monomer structure observed in the
crystal. The superimposition of the crystal structure monomer
into the SASTBX envelope has a correlation coefficient of 0.94
and is shown in Fig. 4B. No aggregation was observed even at
the highest concentration (10 mg/ml) as evidenced by the flat
slope of the low g region of the intensity plot in Fig. 44 and the
Kratky plot (Fig. 4C). The radius of gyration (R,) values calcu-
lated from the Guinier plot (Fig. 4D) and from the Fourier
method used by GNOM (30) are in good agreement with the
values being nearly constant across the experimental concen-
tration range (21-23 A) and are similar to the value calculated
from the crystal structure (19 A). The larger value of R, insolu-
tion most likely stems from the absent electron density corre-
sponding to the expression tag in the crystal structure.

The SAXS data clearly show that the soluble Pil] construct is
primarily monomeric over the entire experimental concentra-
tion range. The intensity curves were compared with a theoret-
ical scattering curve predicted from the structure of the mono-
mer by FoXS (Fig. 4A). Although this produced generally good
agreement, the x* values were unexpectedly high. We attribute
some of this discrepancy to molecular flexibility either of the
purification tag or between the two domains. However at
higher concentrations, the profile of the experimental SAXS
data diverges further from the predicted profile for the mono-
mer. The increasing deviation of the SAXS profile from the
curve predicted for the monomeric protein does not stem from
aggregation, and this shift can also be seen in the radial distri-
bution functions calculated for each of the three concentrations
(Fig. 4C) by anincrease in the value of D, . and by an increasing
molecular weight predicted by Porod’s law (Table 3). These
trends suggest that Pil] might be able to self-associate to some
degree even in the absence of the hydrophobic a1-N helix.
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FIGURE 5. Surface plasmon resonance binding analysis of PilJ and PilA1.
Surface plasmon resonance binding of soluble PilJ to PilJ (A) and PilA1 (B)
surfaces. The binding titrations are shown as insets, with the steady-state
values at each concentration depicted as black squares. The equilibrium fits
are shown as gray curves.

To determine the ability of Pil] head groups to self-associate,
we measured their binding by surface plasmon resonance,
which indicates that soluble Pil] can bind to a surface coated
with Pil]. These binding studies show an affinity of ~300 um for
the self-association of Pil] proteins missing the al-N helical
region (Fig. 5). Additionally, as immunogold staining also
revealed the presence of PilAl in C. difficile Type IV pili, we
measured the association of the Pil] and PilA1 pilin headgroups.
The affinity of this heterotypic interaction was ~4-fold stron-
ger (K, =70 um).

Model of the Incorporation of Pil] into Type IV Pili—To
understand how Pil] might be positioned in the formation of a
C. difficile Type IV pilus, we used the crystal structure of PilJ to
build a molecular model of a hypothetical fragment of a Type IV
pilus composed of repeating units of Pil] protein. We first mod-
eled the structure of the hydrophobic a1-N domain of Pil] using
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Structure of a Gram-positive Type IV Pilin Protein
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FIGURE 6. Model of PilJ pilus formation. A, model of full-length PilJ. The «1-N helix is shown in gray, the N-terminal domain is in green, and the C-terminal
domain is in cyan. B, superimposition of selected regions of PilJ onto TcpA. The PilJ N-terminal domain is shown in green, and the selected portion of the
C-terminal domain isin cyan. TcpA is shown in gray. C, space-fill model of truncated PilJ chains modeled into a pilus fragment and superimposed onto electron
density from an electron micrograph of the V. cholera TCP (gray mesh). Each chain of the truncated PilJ model is colored individually. D, space-fill and ribbon
model of a PilJ pilus formed from full-length PilJ; each chain is colored individually.

the crystal structure of the full-length P. aeruginosa PAK pilin
(39) as has been done with other truncated pilin constructs (46,
47). The model of the full-length Pil] monomer is shown in
Fig. 6A.

As no three-dimensional structures exist at any resolution
for Gram-positive Type IV pili, we modeled a homopolymer of
Pil] based on the electron density of the TCP of Gram-negative
V. cholerae (39). A superposition of Pil] with TcpA, the TCP
major pilin, revealed structural similarity in regions of the Pil]
N-terminal domain, especially in the N-terminal a-helix and
a-f loop as well as in a region of the C terminus analogous to
the a3-region of TcpA. Residues in the TcpA a3-region and
a-f3 loop had been found previously to mediate contacts
between head groups of individual TcpA pilin subunits in the

asEvB\
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TCP (47). Because the C-terminal domain of Pil] is unique
among all Type IV pilin proteins and has no equivalent in the
structure of TcpA, our initial model for fitting the pilin subunit
into the electron micrograph of TcpA was restricted to the
N-terminal domain and residues 169 —183 near the C terminus,
which were preserved due to their similarity in structure and
position to the region of the a3-region of TcpA. We superim-
posed the truncated Pil] with TcpA (Fig. 6B) and fit multiple
copies of it into the electron density of the TCP with a correla-
tion coefficient of 0.78. This fit is illustrated in Fig. 6C, which
shows the model of the truncated Pil] forming a similar left-
handed helix to the one modeled for TcpA. Contacts between
subunits occurred between the a1-N domains and between the
a-f loop of subunit i-1 and the C-terminal region of subunit i.
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TABLE 4

Polymorphisms in PilJ
Unk, unknown.

Strain Ribotype Variations from R20291
R20291 027 Unk
QCD-66C23 027 Unk
CD196 027 Unk
2007855 027 Unk
QCD-76w55 027 Unk
QCD-37 X79 027 Unk
BI-1 027 Unk
QCD-97b34 027 Unk
BI-9 001 1118V, 1124V

1118V, 1124V
1101R, 1118V, 1124V

QCD-63q42 001
ATCC 43255 087

70-100-2010 D58G, 163M, 1118V, N191S

630 012 V211, D58G, 163M, 1118V, A136S, N191S
CF5 017 S55Q, E68Q, 1118V, 1124V, V245A

Mo68 017 S55Q, E68Q, 1118V, 1124V, V245A
002-P50-2011 Unk S55Q, E68Q, 1118V, 1124V, V245A

CIP 107932 Unk S55P, E61K, E65D, 1101G, K113E, 1118V,

1124V, G148S, N163K, S195P
M120 078 S55P, E61K, E65D, 1101G, K113E, 1118V,

1124V, G148S, N163K, S195P

S55P, E61K, E65D, 1101G, K113E, 1118V,
1124V, G148S, N163K, S195P

S55P, E61K, E65D, 1101G, K113E, 1118V,
1124V, G148S, N163K, S195P

QCD-23m63 078

NAPO8 078

Although there is no obvious “glue” between the subunits, the
interface between the head groups in the model included two
sets of acidic and basic residues that might potentially form salt
bridges. They are residues Asp-71 and Lys-180 as well as Lys-73
and Asp-181.

After rigid-body refinement of this truncated PilJ filament,
we replaced the truncated Pil] subunits with full-length PilJ
structures. The reintroduction of the C-terminal domain pro-
duced no steric clashes. As shown in Fig. 6D, the protrusion of
the C-terminal domain is such that regions of a pilus composed
primarily of Pil] would be both wider than any known pilus,
~120 A, and more striated. The surface-exposed regions of Pil]
in our model lie nearly entirely within the C-terminal domain
with the interface being formed by residues 69 -77 of the a-8
loop and 178183 in the C-terminal domain.

Surface Polymorphisms in Pill—The sequences of 20 publi-
cally available C. difficile genomes exhibit 14 polymorphic sites
differing in the number of variations from the reference
sequence (R20291) from 1 to 12 as shown in Table 4. PilJ is well
conserved, with even the most divergent strains exhibiting a
sequence identity of 96%. The largest cluster of identical
sequences contains our reference and seven other strains, all of
which belong to the 027 ribotype (NAP1). The 12 sequences
that diverge from that of R20291 contain two distinct clusters, 1
of 4 identical sequences, 3 of which stem from ribotype 078
(N'AP7/8) strains, and another of 3 identical sequences includ-
ing 2 017 ribotypes. This same clustering pattern, a large NAP1
cluster, a smaller NAP7/8 cluster, and a small number of
sequences falling between these two consensus sequences, was
observed previously in a genome-wide comparison of 14 C. dif-
ficile strains (48). The lone exception to this rule is the sequence
of CIP 107932, which clusters with those of the NAP7/8 strains
despite the overall genetic similarity between CIP 107932 and
NAP1 strains. A phylogenic tree showing strains clustered by
their Pil] sequence is shown in Fig. 7A.
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Only 2 of the 14 polymorphisms are found in the occluded
volume of our modeled PilJ pilus (Fig. 7B). The variable sites of
PilJ are, conversely, largely excluded from those regions that
form the putative pilin-pilin interface, suggesting that those
regions have been conserved evolutionarily to form structural
contacts in pili. However, as the composition of C. difficile Type
IV pili is still under investigation, it remains unclear to what
extent those contacts are made between Pil] subunits as
opposed to other C. difficile pilins. The variable sites are also
restricted to one face of Pil], primarily in the C-terminal
domain and the a-B loop (this is the left side of Pil] as it is
depicted in Fig. 6). Accordingly, this exposed surface may medi-
ate a PilJ pilus-specific function, such as adhesion.

DISCUSSION

It has been perhaps three billion years since Gram-positive
bacteria, Gram-negative bacteria, and archaea last shared a
common ancestor, and yet Type IV pili are found in each of
these diverse life forms, suggesting that extant systems diverged
from a primordial form at least that old. The first high resolu-
tion three-dimensional structure of a Gram-positive type IV
pilin, PilJ, which we present here, substantially broadens our
understanding of these proteins and the formation of pili.
Numerous structural features of Pil] that do not exist in the
previously characterized Type IV pilin proteins of Gram-nega-
tive bacteria contribute to this knowledge, including the follow-
ing. (i) PilJ contains no disulfide bonds, and hence the C termi-
nus has no D-region. (ii) The three cysteine residues present in
Pil] form a zinc-binding site to incorporate a structural metal.
(iii) The initial B-sheet of PilJ is smaller than previously charac-
terized pilins, containing only two B-strands. (iv) Finally and
perhaps most importantly, Pil] contains two Type IV pilin pro-
tein-like domains anchored at the joint by the structural metal
ion. This division into multiple domains implies that each has a
separate function, and because the position of the C-terminal
domain is unprecedented, it follows that PilJ, in the context of
the pili in which it is found, may have functions that are distinct
from other pilin proteins.

The bifurcated nature of the Pil] structure suggests a clearer
differentiation of function between self-association (largely the
product of the N-terminal domain) and non-self-interaction
(the probable function of the C-terminal domain) than is
observed in previously characterized Type IV pilin proteins.
Although the interaction of the a-8 loop with the C terminus
likely contributes to pilus formation through favorable electro-
static interactions, the burial of hydrophobic surface area
occurs almost exclusively in the N-terminal domain, primarily
through the a1 helix. Our model suggests a multilayer approach
to pilus formation by PilJ, where the most hydrophobic regions
of the pilin are buried deep in the pilus core and interact pri-
marily with each other or other pilins, whereas the interfaces
between the more solvent-exposed head groups are less hydro-
phobic in nature. The commonality of fold between the two
domains of Pil] suggests they share a common ancestral
sequence, but the two sequences have since diverged beyond
sequence recognition. This may reflect a differentiation of
function between the two Pil] domains. The C-terminal domain
comprises a larger portion of the pilin head-group and includes
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FIGURE 7. Sequence variation in PilJ. A, unrooted phylogenic tree of C. difficile strains by PilJ sequence. B, model of full-length PilJ. Polymorphic residues in PilJ
are represented with side chains rendered as spheres, colored by the number of variations from the reference sequence within the set of 20 C. difficile strains
compared here. The blue surface shows the area of each pilin occluded from solvent by the formation of a pilus fragment and hence potentially part of a

pilin-pilin interface.

accessory a-helices in addition to the primary a-helix at its N
terminus, unlike the N-terminal domain, which consists
entirely of the N-terminal a-helix, the a-f loop, and a small
B-sheet.

We expect the that the incorporation of a structural metal
also stems from the requirements of a dual-pilin fold. Although
the exact affinity of Pil] for zinc has not been determined,
cysteinezhistidine; zinc binding sites have been shown to bind
to zinc with subpicomolar affinity (49). The combination of
high affinity and the relatively high physiological concentration
of zinc (~12-16 um) (50) should allow C. difficile to form T4P
incorporating Pil] without difficulty under physiological
conditions.

Although the exact composition of C. difficile Type IV pili is
only now being determined, numerous genetic factors have led
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us to hypothesize that PilA1 is the major pilin in the majority of
C. difficile Type IV pili.> However, our data show a robust level
of Pil] expression, and immunogold electron microscopy
clearly shows the presence of Pil] in C. difficile pili as well. Addi-
tionally, double immunogold staining appears to show the pres-
ence of Pil] and PilA1 in the same pilus. An interaction between
the two is also supported by binding studies between the soluble
PilA1l and Pil] constructs. The protrusion of the C-terminal
domain of Pil] from the pilus core in our model of PilJ incorpo-
ration implies that interactions between C. difficile Type IV pili
and other molecules occur largely through the C-terminal
domain of Pil] rather than through PilAl or the N-terminal
domain of PilJ.

Type IV pili are known to be involved in a variety of func-
tions, including twitching motility, biofilm formation, bacterial
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autoaggregation, adhesion to host cells, and horizontal gene
transfer, but each of these functions is mediated by a similar
binding event, be it to cell host cells, other bacteria, or in the
case of horizontal transfer, DNA. The use of Type IV pili as
adhesive molecules in Gram-negative strains is well docu-
mented (51), and a Type IV pilus of another Gram-positive
strain, Ruminococcus albus, has been found to adhere to cellu-
lose both in vivo and as isolated pili (52). Placing adhesive mol-
ecules on appendages can stem from a variety of selective pres-
sures, including the use of those appendages for motility and
avoiding close proximity between cell membranes (51).
Because C. difficile Pil] has an entirely novel C-terminal
domain, we hypothesize that this radically different exposed
surface mediates a pilus-specific, rather than a structural func-
tion, most likely forming an equally unusual binding interface.

As many processes in microbial infection and colonization
incorporate adhesion, the possibility of blocking those path-
ways through antibodies or other molecules binding to the
C-terminal domain of PilJ presents an intriguing potential ave-
nue for anti-C. difficile therapeutics. Our x-ray crystal structure
of Pil] provides a structural basis for such future inhibitor devel-
opment. However, further experimentation is necessary to
determine whether the Type IV pili of C. difficile mediate adhe-
sion to host cells, biofilm formation, motility, or some other
process and to elucidate the role of Pil].

In conclusion, we demonstrate that, through their incorpo-
ration of PilJ, Type IV pili of C. difficile present a novel pilin-like
surface, making PilJ an attractive target for therapeutic efforts
to combat the increasing prevalence of Clostridium difficile
infection.
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