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Abstract Adhesion of the serotype M1 Streptococcus
pyogenes strain SF370 to human tonsil explants and
cultured keratinocytes requires extended polymeric surface
structures called pili. In this important human pathogen,
pili are assembled from three protein subunits: Spy0125,
Spy0128 and Spy0130 through the action of sortase
enzymes. For this study, the structural properties of these
pili proteins have been investigated in solution. Spy0125
and Spy0128 display characteristics of globular, folded
proteins. Circular dichroism suggests a largely f-sheet
composition for Spy0128 and Spy0125; Spy0130 appears
to contain little secondary structure. Each of the proteins
adopts a monodisperse, monomeric state in solution as
assessed by analytical ultracentrifugation. Further, small-
angle X-ray scattering curves for Spy0125, Spy0128 and
Spy0130 suggest each protein adopts an elongated shape,
likely comprised of two domains, with similar maximal
dimensions. Based on the scattering data, dummy atom
models of each of the pili subunits have been reconstructed
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Introduction

Streptococcus pyogenes (also called Group A Streptococcus,
or GAS) is an important Gram-positive bacterial pathogen
that causes a wide variety of diseases in humans. These range
in severity from mild self-limiting infections of the pharynx
or skin, to more serious and potentially life-threatening
infections such as severe pharyngitis, tonsillitis, strepto-
coccal toxic-shock syndrome and necrotising fasciitis. A first
critical step in the pathogenesis of many bacterial infections
is specific adhesion to a particular host surface. A number of
GAS cell-surface molecules have been implicated as specific
adhesins by in vitro studies employing cultured mammalian
cell lines, such as Hep-2 and AS549 cells [reviewed in
(Courtney et al. 2002)]. However, the extent to which these
long-established cell-lines represent natural human host
epithelial surfaces has been questioned (Abbot et al. 2007).
Recent studies, using intact human tonsil explants and
primary human keratinocytes, revealed that bacterial cell-
surface structures called pili (also known as fimbriae) are
required for efficient adhesion of the serotype M1 GAS strain
SF370 (henceforth “GAS”) to these clinically relevant host
tissues (Abbot et al. 2007). Similar results were obtained
from assessing the binding of GAS pilus-negative mutants to
Detroit-562 pharyngeal cells (Edwards et al. 2008).
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Pili are narrow (2-10 nm) polymeric protein structures
that can extend for distances of a micron or more from
many bacterial surfaces (Wu and Fives-Taylor 2001). Pili
produced by Gram-negative bacteria have been studied
for many decades, leading to detailed accounts of their
structure and biogenesis [for reviews, see (Proft and
Baker 2008; Wu and Fives-Taylor 2001)]. Studies of
Gram-positive bacterial pili have lagged well behind
their Gram-negative counterparts, partly because they
have only recently been detected on the surfaces of an
increasing number of important Gram-positive pathogens,
including Corynebacterium diphtheriae, Streptococcus
agalactiae (the Group B Streptococcus), Streptococcus
pneumoniae and GAS (Proft and Baker 2008; Scott and
Zihner 2006). Over the past 5 years intensive study has
revealed that both the structures and the mechanisms of
pili biogenesis in Gram-positive pathogens are markedly
different from those found in Gram-negative bacteria.
For example, pili in Gram-negative bacteria comprise
subunits (often called pilins) held together through strong
non-covalent interactions; in Gram-positive bacteria pilus
subunits are linked covalently through isopeptide bonds
to produce, in effect, a single large polymer extending
from the bacterial cell-surface. These covalent linkages
are formed by specialised membrane-associated trans-
peptidases called sortases, which recognise a specific
cell-surface “sorting” motif, close to the C-terminal end
of the subunit proteins and link this to free amino groups
of either specific lysine side chains in other proteins, or
cell-wall peptidoglycan [reviewed in (Marraffini et al.
2006)].

All Gram-positive bacterial pili studied to date are
composed of a single major subunit plus either one, or
more commonly two minor subunits (Mandlik et al. 2008b;
Proft and Baker 2008; Scott and Zdhner 2006). The major
subunit forms the repeating unit of the pilus shaft and is
therefore found in the highest abundance. Immuno-gold
labelling has visualised the minor subunits either at the
pilus tip, the pilus base and/or at occasional intervals along
the pilus shaft (Dramsi et al. 2006; Mandlik et al. 2008b).
The exact stoichiometry of the subunits has not been
determined and is likely to vary between pili from different
species. Functions for the minor subunits range from being
essential for specific adhesion, to acting as a “linker”
between the base of the polymerised pili and the bacterial
cell wall (Mandlik et al. 2008a). In GAS, the major subunit
is the product of spy0128 (Spy0128, a 37-kDa protein); the
two minor subunits are the products of spy0125 (Spy0125,
an 86-kDa protein) and spy0130 (Spy0130, a 24-kDa pro-
tein). These three proteins only share very limited sequence
identity (21% 125 vs. 128, 15% 128 vs. 130 and 12% 125
vs. 130). There is some evidence to suggest that the
C-terminal domains of Spy0128 and Spy0125 may be
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related (Kang et al. 2007); beyond this no sequence or
structural similarities are readily predictable.

Whilst the main players in the assembly of pili in GAS
have been identified, the detailed mechanisms by which
these adhesive macromolecular structures are formed on
the bacterial cell-surface remains poorly understood.
Recently, the crystal structure of the major GAS pilus
subunit (Spy0128) has been determined (Kang et al. 2007).
To date, no structural information on the minor pilus
subunits is available (Spy0125 and Spy0130). In the
absence of high resolution structural information, solution-
based techniques [such as small-angle X-ray scattering
(SAXS)] can provide valuable insights into protein con-
formation. One of the most widely used approaches for the
analysis of SAXS scattering curves is ab initio shape res-
toration [for review see (Koch et al. 2003)]. This can
provide a low resolution molecular envelope describing the
overall shape of the macromolecule in solution and can
compliment atomic analysis from either X-ray crystallog-
raphy or nuclear magnetic resonance. Additionally, SAXS
analysis is especially relevant for characterisation of pro-
teins containing flexible and/or structurally disordered
regions (Bernad¢ et al. 2007; Petoukhov et al. 2002).

In this study the low resolution solution structure of the
three proteins that comprise pili in GAS (Spy0125,
Spy0128 and Spy0130) have been determined in the form
of dummy atom models (DAMs) restored from SAXS data.
Combined with circular dichroism (CD) spectroscopy,
analytical ultracentrifugation (AUC), using the sedimen-
tation velocity method and bioinformatic analysis, these
data reveal that Spy0125, Spy0128 and SpyO130 are
elongated monomers in solution, and each is likely com-
prised of two domains. These results are important for
informing on-going efforts targeting high resolution anal-
ysis of pili subunits and contributes to understanding of the
structural organisation of Gram-positive pili at the molec-
ular level.

Materials and methods
Gene cloning

The DNA sequences encoding spy0I125, spy0i128 and
spy0130 were amplified from M1 Streptococcus pyogenes
strain SF370 genomic DNA using the primers 5'-TTACA
TACATATGAAGACTGTTTTTGGTTTAGTAG-3' (For-
ward) and 5-AAGTTCTCGAGTTAAACTCCTGTAGG
AACAAC-3 (Reverse) for spy0i25, 5'-TTACATACA
TATGGAGACTGTTGTAAACGGAGC-3' (Forward) and
5'-AAGTTCTCGAGTTATACTCCTGTTGGCACTTC-3'
(Reverse) for spy0128 and 5-TTACATACATATGGA
GAACCTCACTGCAAGCATT-3' (Forward) and 5'-AA
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GTTCTCGAGTTAACCAGTTGATGGCAAAATACC-3
(Reverse) for spy0130. These primers introduced appro-
priate restriction sites for subsequent cloning (Ndel and
Xhol sites, underlined). The primers were designed to
remove the predicted signal sequences from the N-termi-
nus of each protein, and the sequences to the C-terminal
side of the sorting signal. PCR products were digested with
the appropriate enzymes and cloned directly into pET28a
(cut with the same enzymes, Novagen). The resulting
constructs were verified by DNA sequencing and trans-
formed into Escherichia coli BL21 (DE3) cells for protein
expression.

Protein expression and purification

Cultures of BL21 (DE3) cells harbouring the spy0i25:-
pET28a, spy0i128:pET28a or spy0i130:pET28a plasmids
were grown in 11 of Luria-Bertani (LB) media supple-
mented with kanamycin (to a final concentration of 50 pg/
ml) at 37°C with shaking. When the cell density reached
an Agyp ~ 0.4-0.6, protein expression was induced by
the addition of isopropyl 1-thio-f-D-galactopyranoside to a
final concentration of 1 mM. Cells were grown for an
additional 3—4 h before harvesting by centrifugation. Cell
pellets were resuspended in 50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, 150 mM NaCl, 10 mM
imidazole, pH 7.5, supplemented with 5 mM 4-(2-amino-
ethyl)-benzenesulfonyl fluoride hydrochloride and lysed by
sonication. The cell lysate was clarified by centrifugation
and the supernatant applied to a pre-equlibrated Ni*'-
IMAC column (GE Healthcare). Proteins were eluted with
an imidazole gradient. Fractions containing protein (as
identified by SDS-PAGE) were pooled and concentrated.
The proteins were then injected onto a Hi-Load 16/60
Superdex 75 column (GE Healthcare) for Spy0128 and
Spy0130, or a Hi-Load 16/60 Superdex 200 (GE Healthcare)
for Spy0125, pre-equilibrated in 20 mM trishydroxymethyl-
aminomethane—HCI (Tris), 150 mM NaCl, pH 7.5. Fractions
containing purified protein (as identified by SDS-PAGE)
were pooled and concentrated to 10 mg/ml by ultrafiltration.
Protein yields were ~20 mg for Spy0125, ~100 mg for
Spy0128 and ~ 15 mg for Spy0130 17! bacterial cell culture.
Initial characterisation revealed all recombinant proteins to
be monodisperse [dynamic light scattering (DLS)], single
species (SDS-PAGE, DLS, size-exclusion chromatography)
and of > 95% purity.

CD spectroscopy

Circular dichroism spectra of Spy0125, Spy0128 and
Spy0130 were collected on a JASCO-810 spectropolari-
meter (Jasco, Tokyo, Japan, fitted with a Peltier temperature

controller) from 190 to 250 nm at 25°C, using a 0.2 mm
pathlength cuvette. Proteins were buffered in 20 mM
sodium phosphate, pH 7.5 for Spy0125 and Spy0128;
20 mM Tris, 150 mM NaCl, pH 7.5 was used for Spy0130.
The concentration of each stock protein solution was
determined by absorbance at 280 nm using the extinction
coefficients 78,745 M~ cm™' for Spy0125, 26,360 for
Spy0128 M~' em™" and 11,920 M~' em™" for Spy0130.
Based on these measurements, proteins were diluted to
0.2 mg ml~! immediately prior to data collection. Final
spectra are averages of five repeat scans, with appropriate
protein-free buffer spectra subtracted. The data were plot-
ted without smoothing using Excel. All data were truncated
to 194 nm on the wavelength axis corresponding to the
value where the high-tension voltage rose above 600 V.

Analytical ultracentrifugation

Sedimentation velocity (SV) experiments were carried out
in a Beckman Coulter (Palo Alto, CA, USA) ProteomeLab
XL-I analytical ultracentrifuge using both absorbance at
280 nm and interference optics. All AUC runs were carried
out at a rotation speed of 48,000 rpm and an experimental
temperature 4°C using an 8-hole AnTi50 rotor and double-
sector aluminium-epon centerpieces. The sample volume
was 400 pl for the SV experiments, and the sample con-
centrations ranged between 0.15 and 2 mg ml™" (usually
up to seven sample dilutions were used). The partial
specific volumes (V) for the proteins were calculated
from the protein amino acid sequence, using the program
SEDNTERP (Laue et al. 1992) and extrapolated to the
experimental temperature following the method descri-
bed in (Durchschlag 1986). The density and viscosity
of the buffer (20 mM Tris, 150 mM NaCl, pH 7.5) at
the experimental temperature was also calculated using
SEDNTERP.

The distributions of sedimenting material were modelled
as a distribution of Lamm equation solutions (Schuck
1998) where the measured boundary a(r,f) was modelled as
an integral over differential concentration distributions

c(s):
a(r,t) = /c(s))((s,D,r7 t)ds + ¢ (1)

where ¢ is the noise component, r is the distance from the
centre of rotation and ¢ is time. The expression y(s, D, r, t)
denotes the solution of the Lamm equation (Lamm 1929)
for a single species by finite element methods (Demeler
and Saber 1998). Equation 1 is solved numerically by
discretisation into a grid of 200 sedimentation coefficients
for both absorbance and interference data and the best-fit
concentrations for each plausible species are calculated
according to a linear least squares fit [as implemented in
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SEDFIT (http://www.analyticalultracentrifugation.com)].
The sedimentation velocity profiles were fitted using a
maximum entropy regularisation parameter of P = 0.95.
The data were fitted for the position of the meniscus,
value of the friction coefficient (f/fy) and both the time-
and radial-independent noise. The weight average sedi-
mentation coefficient was calculated by integrating the
differential sedimentation coefficient distribution (Schuck
2003):

:ffid” 2)

Sedimentation coefficients were extrapolated to 0 concen-
tration and converted to standard conditions, i.e. those that
would be measured at 20°C in water. The diffusion
coefficient (D) corresponding to each sedimentation coeffi-
cient value was estimated from a weight-average frictional

ratio (f/fp)w:

V2

o kTS 2 In /)] I =) T 3)

Conversion to a molecular mass distribution from s and
D expressed above can be made using the Svedberg
equation:

_ SRT

~ D(1—7p)

D(s) =

M (4)
The integration of the mass distribution c¢(M) was calcu-
lated in a similar manner to Eq. 2 to determine the weight
average molecular mass of solute.

The two-dimensional “size-and-shape” distribution
model [c(s,f/fp)] was applied to determine the value of
molecular mass from sedimentation velocity data (Brown
and Schuck 2006). In this model a differential distribution
of sedimentation coefficients and frictional ratios (f,, i.e.
Jfo) is defined as:

ar.1) = / / ¢(s.£:) (5. D(s,f /o). . 1)dsdlf, (5)

where all symbols are the same as in Eq. 1. In this model, the
sedimentation coefficient and friction ratio (i.e. mass) for
sedimenting species are fitted as independent variables. The
numerical solutions of Eq. 4 were obtained in a discrete grid
of 50 sedimentation coefficients and 10 values of f7f.

Small-angle X-ray scattering

X-ray scattering experiments on solutions of Spy0125 and
Spy0128 were carried out at the Synchrotron Radiation
Source, beamline 2.1 (Daresbury, UK) with beam currents
of between 80 and 170 mA, an electron energy of 2 GeV
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and a wavelength of 1.54 A. Two camera lengths were
used in the experiments: 1 m to cover a momentum transfer
range of 0.03 <s < 0.6 A™" and 4m for 0.015<s
<02 A7!, where s = (4msinf)/A and 20 is the scattering
angle. The detector positioned at 4 m from the sample was
calibrated using a sample of wet rat tail collagen; while
silver behenate was used for calibration of the detector
positioned at the distance of 1 m. Sample concentrations
used were 10 and 5 mg ml~" for the short and long camera
lengths respectively. The measurements were carried out at
4°C. Experimental data were collected and averaged as
5 x 60 s frames and 10 x 60 s frames for sample-detector
distances of 1 and 4 m, respectively. The data were nor-
malised for buffer scattering and detector response using
XOTOKO (Boulin et al. 1986). To check for radiation
damage and aggregation during SAXS experiments data in
the first and last frame were compared.

SAXS data for Spy0130 were collected on the X33
camera at the EMBL Hamburg Outstation on the storage
ring DORIS III of DESY. Scattering curves were recorded
at a wavelength of 1.5 A ata sample-detector distance
2.7 m covering the momentum transfer range 0.05 < s <
0.5 A" Sample concentrations used were 10 and
5 mg ml~'. Data were normalised to the buffer scattering
and scaled for concentration using PRIMUS (Konarev et al.
2003). As for Spy0125 and Spy0128, data in the first
and last frame were compared to check for radiation
damage.

The radius of gyration was determined using the Guinier
approximation:

InI(s) = In1(0) — %Rész (6)

as implemented in the program PRIMUS. The linear least-
squares fit of the experimental data was calculated in the
range of R,s < 1.

The distance distribution function [P(r)] for each protein
was calculated with GNOM (Semenyuk and Svergun 1991).
Low-resolution molecular shapes were restored as DAMs
using DAMMIN (Svergun 1999). The resolution of the
dummy models was determined as 27/sy,,x Where s, is the
reciprocal spacing of the highest resolution data point used in
the restoration process. DAMs were generated 20 times from
single scattering data sets and corresponding P(r) functions
used to establish a degree of similarity for the models
which were then averaged to find the most common shape.
All 20 models were superimposed and averaged using
the DAMAVER package (http://www.embl-hamburg.de/
Externallnfo/Research/Sax/damaver.html). Low- and high-
resolution structures were superimposed using the program
SUBCOMB20 (Kozin and Svergun 2001).
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Hydrodynamic calculations

The value of the sedimentation coefficient for an anhydrous
monomer was estimated based on the amino acid sequence
of the proteins (i.e. calculated mass of the monomer)
assuming a spherical shape with (Lebowitz et al. 2002):

M (1 —vp)

s =0.012 - (7)

where M is the mass of monomer, p is the solvent density
and v is the partial specific volume of the protein. The
protein hydration number (6) of 0.4 g,/g, was assumed,
which gives a decrease in the value of anhydrous
sedimentation coefficient by:
_ _\1/3

V) —&_— 5v1) (8)

Shydr = Sanh( v
2

where V; and v,are the partial specific volumes of solvent
and protein, respectively.

HYDROPRO (Garcia de la Torre et al. 2000) was used
to calculate sedimentation coefficients for DAMs generated
from SAXS data, following the approach described by
Ackerman et al. (2003).

Structural disorder prediction

Protein sequences were submitted to the PONDR web
engine (www.pondr.com) using the neural network pre-
dictor VL-XT (Romero et al. 2001). Access to PONDR was
provided by Molecular Kinetics (Indianapolis, IN, USA).

Results and discussion
Secondary structure of pili subunits

The far ultra-violet (UV) CD spectra of Spy0125, Spy0128
and Spy0130 are shown in Fig. 1. The spectrum of
Spy0125 displays a non-classical f; spectrum with a
minimum at 208 nm and a near zero value 194 nm
(Seerama and Woody 2003). The shape of the curve is
reminiscent of porcine elastase, but with a shift in the
position of the minima. Porcine elastase is an example of a
Pritype protein, which has sufficient amounts of polyproline
IT (PPII) structure that it obscures the weaker § CD signal.
The spectrum of Spy0128 displays a classical fi-type sheet
protein, with a single minimum at 215 nm and a maximum
at 202 nm. This is consistent with the published crystal
structure (Kang et al. 2007), which reveals that Spy0128
comprises two discrete all-f§ domains.

The CD data for Spy0130 suggests the protein contains
little secondary structure. Despite this, the spectrum

Ae (M'em™)

194 202 210 218 226 234 242 250
Wavelength (nm)

Fig. 1 Far UV CD spectra of Spy0125 (hashed line), Spy0128 (solid
line) and Spy0130 (dotted line). All experiments were performed as
described in “Materials and methods”, with a description of the
observed features provided in the text

shows no evidence of a negative shoulder near 222 nm, or
an observable minimum at 203 nm, both characteristic
features of intrinsic disorder (Receveur-Brechot et al.
2006). Although unusual, it is established that globular,
folded proteins can display CD spectra that lack definitive
secondary structural features [e.g. SH3 domains (Viguera
et al. 1994), chymotrypsin (Volini and Tobias 1969) and
anthrax protective antigen (Chalton et al. 2006)]. This
is especially prevalent for all-f-type proteins, for which
CD spectra can vary significantly (unlike o-containing
proteins where the signal is quite distinct). Spy0130 is
predicted bioinformatically to be a predominantly f-pro-
tein, so in this case CD may not be a good indicator of
the folded/unfolded state. DLS and size exclusion chro-
matography indicate a folded state for this protein (data
not shown), albeit an extended one. Further, the f/f; ratio
of 1.38, the experimentally determined hydrodynamic
radius of 29 A (as determined by integration of the two-
dimensional “size-and-shape” distribution (Brown and
Schuck 2006)) and the observation that this calculated
value of the Rg for this molecular mass lies towards the
“folded” end of the range of expected values [21 A (fully
folded) to 39 A (for fully disordered) (Uversky 2002)],
suggests that whilst the protein is elongated, it retains
some form of compactness or globularity. Finally, and for
illustration, the C-terminal domain of the Enteropatho-
genic Escherichia coli translocated intimin receptor, a
protein of mass comparable with that of Spy0130
(19.7 kDa) but characterised as intrinsically disordered,
sediments at 1.2-1.4 S (Race et al. 2007) while Spy0130
sediments at 1.76 S, again indicating the globularity of
the protein.
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Stoichiometry of isolated pili components in solution

The heterogeneity and oligomeric state of Spy0125,
Spy0128 and Spy0130 in solution were investigated by
AUC using the continuous c(s) distribution model (Fig. 2,
panel B). An example showing the fit of the data is pre-
sented in Fig. 2 (panel A) for Spy0125, Spy0128 and
Spy0130; the root mean square deviation of the fit is given
in Table 1. As seen in Fig. 2 (panel A) the residuals of the
data fit are randomly distributed and comparable with the
noise of interference data. Resulting from general c(s) size-
distribution model one dominant species was evident as a
single peak at 4.30 S, 2.63 S and 1.76 S for Spy0125,
Spy0128 and Spy0130, respectively. The integration of
these peaks gave a weight average sedimentation

coefficient (extrapolated to zero concentration) for each
protein as shown in Table 1. The experimentally deter-
mined sedimentation coefficients for Spy0125 and
Spy0130 are significantly lower than would be calculated
from a typically hydrated (6 = 0.4 g,/g,) sphere of
equivalent molecular mass (5.65 and 2.32 S, respectively),
implying substantial elongation of Spy0125 and Spy0130
in solution. The value of sedimentation coefficient of
Spy0128 based on its high-resolution structure [calculated
using HYDROPRO (Garcia de la Torre et al. 2000)] is
2.54 S (see Table 1), consistent with that determined
experimentally (2.63 S).

Non-linearly fitted values of the frictional ratio comprise
two factors: the geometrical shape and hydration expan-
sion. In order to reveal the shape asymmetry of Spy0125,

A
Spy0125 B
Spy0125
\ Spy0128
A\
rl‘\ Spy0130
|
|
2 4 5 6 7 8
S2O.w (S)

Fig. 2 Sedimentation velocity study of pili subunits. Panel a a
representative SV interference data fit for Spy0125 (c = 0.76
mg ml™"), Spy0128 (c = 1.34 mg ml™"), Spy0130 (c = 2 mg ml™ ).
Panel b Size distribution c(s). Top panel Spy0125, the concentrations
examined were: 0.15 mg ml~! (black line), 0.31 mg ml~! (red line),
0.51 mg ml~" (green line), 0.76 mg ml~" (blue line), 0.65 mg ml~"
(cyan line), 0.87 mg ml™! (magenta line), 0.68 mg ml~! (yvellow line);
Middle panel Spy0128, the concentrations examined were:
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0.15 mg ml™" (black line), 0.26 mg ml™" (red line), 0.43 mg ml™'
(green line), 1.34 mg ml™" (blue line), 1.01 mg ml~" (cyan line),
0.72 mg ml~! (magenta line), 1.65 mg ml~! (vellow line); Bottom
panel Spy0130, the concentrations examined were: 0.32 mg ml™!
(black line), 0.61 mg ml~! (red line), 0.91 mg ml~! (green line),
1.23 mg ml™" (blue line), 1.57 mg ml~" (cyan line), 2.04 mg ml~"
(magenta line)
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Table 1 Sedimentation velocity results
Protein Calculated parameters SV experimental data’

M (kDa)? s (S) RMSD¢ f/f?,hapC S20.w (S) Mass (kDa) Rs, Al
Spy0125 78.43 5.65° 0.0161 1.41 4.30 + 0.035 81.81 £ 1.6 46.96 £ 0.74
Spy0128 34.19 2.54¢ 0.0109 1.23 2.63 £+ 0.019 34.48 £+ 1.35 32.34 +£ 0.50
Spy0130 20.23 2.32° 0.0121 1.45 1.76 &+ 0.003 20.47 £ 0.35 29.01 &+ 0.47

# Calculated from amino acid sequence

" Calculated on the basis of hydrated sphere approximation
¢ Calculated by HYDROPRO on the basis of atomic coordinates

d Integrated interference data

e

f

Spy0128 and Spy0130, the hydration term [for details see
(Lebowitz et al. 2002)] was excluded and the derived
values of f/f;'*P¢, greatly exceeded 1 (f/f, = 1 for a sphere),
indicating elongated particles (Table 1). The highest

A
. et Spy0125
"-‘4-_-.
.60 | .""‘..
Trea,
£ e
o |
L
LR LA -
1. 2 -
LA ] 8.8 8.4 8.0 LR
#x103, A1
ettt Spy0128
L PO T
1.48 Ty i
sFes
Fioe
t ¢
E 1.2
-1
1
1.08 . ¥
"“'.. 8.28) 0.:u 8.0 .08
#x102, A1
[1F] "
1‘* T R
"
1.0 %“éﬂ ‘.3“5\-’ Spy0130
L A
"b" 4 N.‘“'ﬂ"‘
100
= (l
=1 e | 11
IR 4
LA .r-, ' .'. A
3.48 '.!“ 1t "Ll.., ‘_.'l. v b \ i 1'd
| W ¥ W
" '] . 0005 . 01w

& A

Fig. 3 Small-angle X-ray scattering results. Panel a Guinier approx-
imation for Spy0125, Spy0128 and Spy0130. Panel b Scattering

Determined using two-dimensional “size-and-shape” distribution

RMSD (root mean square deviation) is given for the highest sample concentration

asymmetry (with regard to a monomeric mass) was
observed for Spy0130.

Converting the c(s) distribution to c(M) (as described
in Sect. “Materials and methods”, Eq. 2-4), followed by

B
403 1 Spy0125
5 = 0.03
20- @ 002
x 0014,
0.00

0 20 40 60 80 100 120 140}
T A 2

Spy0130

=
=
o

4] T y T :
121 ,"\ ]

10 ] 1
O.SJi i i
064 ¢

curves (grey dots), GNOM fit (black line) and DAMMIN fit (red line)

¥ T L] T

10 0.15
s (A"

fit for pilus proteins. Inserts—the distance distribution function (P(r))
derived from each scattering curve
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Table 2 Summary of SAXS integral parametes and hydrodynamic calculations of DAM’s

Protein  Calculated AUC SAXS HYDROPRO calculations based on DAM’s
Vanhydrous coordinates
(nmif) S20.w (S) Guinier GNOM DAMMIN
apprg)ximazion _
Rg (A) Rg (A) Qmax RPAM Vhyd:; o AQER s Vhyd:}" o (gw/ Rg R§
(A) (A (m”)  (guw/gpro) (A)  (S) (m”)  gpod (A (A)
Spy0125 95.19 4.30 40.5 + 0.37 4299 + 0.17 148.00 3.75 152.5 0.440 40 43 1222 0207 40.51 4293
Spy0128 41.46 2.63 326 £ 094  28.09 £0.09 87.00 2.25 56.6 0.267 3.8 2.7 6648 0441 28.44 30.14
Spy0130 24.45 1.76 27.7 £ 2.61 28.30 £ 0.01 107.00 2.50 33.57 0.272 33 1.8 39.64 0452 27.02 20.00

peak integration, results in experimentally determined
molecular masses of 81.8, 34.5 and 20.5 kDa for Spy0125,
Spy0128 and Spy0130. The calculated molecular mass of
expressed constructs are 78.4 kDa (Spy0125), 34.2 kDa
(Spy0128) and 20.2 kDa (Spy0130), respectively, con-
firming that each of the proteins are monomeric in solution.

X-ray scattering analysis of Spy0125, Spy0128
and Spy0130

The SAXS scattering curves for Spy0125, Spy0128 and
Spy0130 are shown in Fig. 3. Also shown is the analysis of
the Guinier region (panel A) and the entire scattering curve
(panel B). Each scattering curve is almost featureless, with
only that of Spy0125 revealing a slight “feature” within
the 0.10-0.13 A™! range. Such “featureless” contours of
scattering curves are indicative of elongated molecular
shape (Volkov and Svergun 2003). Further, the presence of
an extended shoulder in the P(r) function at distances
greater than the radius of gyration (R,) (Fig. 3, inserts)
indicates elongated shapes [indirect Fourier transformation
of the reciprocal space scattering data generates the real

Fig. 4 Averaged dummy atom
models of Spy0125 (top panel),
Spy0128 (middle panel,
superimposed with the crystal
structure (PDB code: 3B2 M))
and Spy0130 (bottom panel)

Spy0125

Spy0128

Spy0130
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space function P(r) (Svergun 1992)]. Also, the P(r) for
Spy0125 and SpyO128 has a pronounced two-maxima
form, which implies a two-domain structure for these
proteins. The P(r) function for Spy0130 also displays this
feature but to a significantly lesser extent. The radius of
gyration (R,) values obtained from both a linear approxi-
mation and indirect Fourier transformation [implemented
into program GNOM (Semenyuk and Svergun 1991)] with
a particle maximal dimension (Dy,) for Spy0125,
Spy0128 and Spy0130 are listed in Table 2. Interestingly,
despite an ~ 15 kDa difference in molecular mass, the R,
values of Spy0128 and Spy0130 are very similar and D«
for Spy0130 actually exceeds that for Spy0128.

Pili subunit solution structures modelled ab initio

Low-resolution structures based on DAMs were restored
ab initio from the experimental SAXS data with a resolu-
tion of 25 A for all proteins examined using DAMMIN
(Svergun 1999). After averaging 20 ab initio constructed
models the approximate dimensions of the protein enve-
lopes 136 A x 51 A x 55 A; 66 A x 37 A x

were:

100 A
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Fig. 5 PONDR (http://www. 1.0 " N-domain T+ Spy 0125 ! " C-domain | =
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Fig. 6 Kratky plot for Spy0128 (red line, as an example of a folded
protein) and Spy0130 (blue line)

24 A and 105 A x 25 A x 14 A for Spy0125, Spy0128
and Spy0130, respectively, see Fig. 4. The averaged DAM
for Spy0128 is presented with the crystal structure of
Spy0128 superimposed using the program SUBCOMB
(middle panel of Fig. 4, Kozin and Svergun 2001). To con-
firm the molecular shapes of the averaged DAMs are
consistent with the hydrodynamic data obtained from the SV
experiments, the hydrodynamic parameters of these models
were calculated with HYDROPRO (Garcia de 1a Torre et al.
2000). To approximate the amount of bound water for each

04 LY

024
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L} ' 1 L 1 L} T I L} T ¥ 1 T
80 20 100 10 120 130 140 150 160 170 180
Residue

DAM, the anhydrous protein volume (Vo = M¥/N,, where
M is the protein mass and N, is Avogadro’s number) was
subtracted from the Porod volume (the volume of the
hydrated protein) of the model. The effective hydration of
Spy0125 in HYDROPRO was slightly underestimated
compared with the typical hydration of proteins [0.21 gyacer/
Zprotein AZAINSt 0.3 Zyaer/Eproein (Lebowitz et al. 2002)];
the hydration of Spy0128 and Spy0130 were slightly
over-estimated (0.44 gyater/Eprotein ANd 0.45 Zwater/Eproteins
respectively). However, these are still within the acceptable
range. The sedimentation coefficients calculated with
HYDROPRO for all proteins were in good agreement with
the experimental SV data (see Table 2).

Two domain organisation of Spy0128 and Spy0125

The crystal structure of SpyO0128 comprises distinct
N-terminal (residues 18-171) and C-terminal (residues
173-307) domains (Kang et al. 2007). Features sugges-
tive of a two domain structure are observed in the SAXS
distance distribution function of this protein (as men-
tioned above) and the averaged DAM constructed
ab initio. Prediction of disordered regions in Spy0128
using PONDR (Romero et al. 2001) indicates two fully
folded domains, connected by a short disordered region
(residues 178-183).

The significant branching observed in the Spy0125
DAM could be interpreted as indicating a multi-domain
structure for this protein (Fig. 4, top panel). Seven days
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GAS M5 protein@
M12 GAS collagen adhesion protein®
Staphylococcus aureus Cna®

Enterococcus faecalis Cnad

B

M1 GAS strain SF370 Spy0130¢
C. diphtheriae SpaB*

C. diphtheriae SpaE$

C. diphtheriae Spal®

Group B Streptococcus GBS 150!

KPIYPEKPKDKTPPTKPDHSNKVKPTPPDKPSKVDKDDQPKDNKTKPENPLKE LPKTG
KNQPQILNAPLNTLKNEGSPQLAPQLLSEPIQKLNEANGQRE LPKTG

STVPPTTPPWTPPTTPSTPPPGHTPPLRETPGSGDEKEREQGD LALTG
DDLPPTVPVFPPVESSVTLTPSSPVPGTPKTPGKPDLPEKFRKEVTDR LGNTG

QTPDTKPGNKAVPGKGQAPQAGTKPNQNKAPMKETKRQ LPSTG
DNKEPESNSEIPKKDKPKSNTS LPATG

SEKTPEPHQPDTTEKEKPQKKRNGI LPSTG
IDATPGAPNVPSVPSPPSVTSPAPKKTPPR LAFTG

EVEVENEKETPPPTNPKPSQPLFPQSF LPKTG

GenBank accession numbers are as follows: 23SpyM51682, P(MGAS2096_Spy0119, °M81736, 9EF1099, ¢SPy_0130, 'DIP2011, 9DIP0237,

hDIP2223, 'ISAG1404

Fig. 7 Examples of pro-rich sequences upstream of the LP x TG-like sorting motifs of various Gram-positive wall-anchored proteins (panel a)
and selected proteins found in Gram-positive pilus gene clusters (panel b)

after purification, Spy0125 is observed to spontaneously
break down into distinct N- and C-terminal domains; the
composition of these regions has been determined by
N-terminal sequencing and mass spectrometry (J.A. Poin-
ton and M.A. Kehoe, unpublished results). Prediction of
disordered regions for Spy0125 using PONDR reveals a
region of high disorder probability for residues 268-295,
which may suggest a two domain configuration for this
protein connected by a flexible linker, akin to Spy0128.
The N to C-terminal domain boundary as identified through
spontaneous breakdown also locates to this region [residues
280-290, marked by the blue arrows on the disorder plot
(Fig. 5, top panel)]. Structural studies of Spy0125 are of
significant interest as recent studies in our laboratory (M. A.
Kehoe, unpublished) reveal that Spy0125 has a role in cell
adhesion, and is located to the tip of pilus. Interestingly,
limited sequence homology has been observed between the
C-terminal domains of Spy0125 and Spy0128 (Kang et al.
2007). This may indicate that Spy0125 is attached to the
Spy0128 shaft in a manner analogous to Spy0128 poly-
merisation. It should be noted however, that the DAM does
not allow unambiguous localisation of the Spy0128 C-
terminal domain within the Spy0125 SAXS envelope. A
full molecular description of Spy0125 will require crystal
structure determination of the intact protein or its domains.

Structurally disordered regions in Spy130

Despite a lack of apparent secondary structure, as observed
by CD, the sedimentation behaviour of Spy0130 is sug-
gestive of a compact particle. Encouraged by this, analysis
of the SAXS data has enabled the generation of a DAM
(i.e. rigid body approach) for this protein. The hydro-
dynamic parameters of this model (calculated with
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HYDROPRO) are consistent with the experimentally
determined sedimentation coefficient (see Table 2). How-
ever, it is clear that this protein does not adopt a fully
folded structure. The Kratky plot [a measure of protein
compactness (Feigin and Svergun 1987; Vachette et al.
2002), see Fig. 6) derived from the Spy0130 SAXS scat-
tering curve demonstrates the presence of disordered
regions. Whilst the Kratky plot for Spy0128 (red line in
Fig. 6) presents an inverted parabola (bell shape), indicat-
ing a well-folded structure, the Kratky plot for Spy0130
forms only half of this parabola and the tail adopts a form
indicative of a “random walk” polymer (Perez et al. 2001).
This shape of Kratky plot is characteristic of the presence
of both folded and unfolded regions (Longhi et al. 2003).
Further, PONDR (Romero et al. 2001) predicts regions of
disorder towards the N-terminus and at the C-terminus of
this protein (Fig. 5, bottom panel). In fact, the repeating
disordered-ordered-disordered region at the C-terminus
(residues 134-183, boxed by the red dotted line in Fig. 5)
may form a region with a low compactness level. It is
important to note that due to the apparent structural flexi-
bility of Spy0130 it is unlikely that this protein will prove
tractable for structure determination by X-ray crystallo-
graphy and SAXS may provide an opportunity for
visualising the molecular shape of this protein.

The presence of a repeating disordered-ordered-disor-
dered region at the C-terminus of Spy0130 may be relevant
for this protein’s function as the cell-wall anchoring pilus
subunit (W.D. Smith and M.A. Kehoe, unpublished data).
In this context the C-terminus will be embedded in the
peptidoglycan layer of the cell-wall, and it has previously
been noted that flexibility at this junction may be an
advantage in accommodating the intrinsic dynamics of the
bacterial wall (Kehoe 1994). Analysis of the protein
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sequence in this region of Spy0130 reveals it is rich in the
disorder-promoting amino acid proline (see Fig. 7). Further
searches of proteins encoded in pilus gene clusters in
several Gram-positive bacteria reveal similar pro-rich
sequences upstream of the LPXTG-like sorting motif, as do
other wall-anchored proteins (Fig. 7). This may therefore
represent a conserved signature sequence that could facil-
itate wall-anchoring.

Conclusions

In this study the hydrodynamic properties and solution
structures of pilus subunits from the M1 Streptococcus
pyogenes strain SF370 have been determined. These results
represent the first structural information on any GAS pilus
minor subunit (Spy0125 and SpyO130 in this case). This
analysis reveals each of the subunits adopts an extended
conformation in solution. The low resolution structure of
Spy0125 is useful in guiding further structural studies of this
protein and suggests the overall conformation of potentially
adhesive surfaces. Solution and bioinformatic analysis of
Spy0130 reveals a globular protein that displays some
regions of disorder, which may be functionally relevant.
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