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Proline-Rich Salivary Proteins Have Extended Conformations
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ABSTRACT Three basic proline-rich salivary proteins have been produced through the recombinant route. IB5 is a small basic
proline-rich protein that is involved in the binding of plant tannins in the oral cavity. II-1 is a larger protein with a closely related
backbone; it is glycosylated, and it is also able to bind plant tannins. lI-1ng has the same polypeptidic backbone as II-1, but it is
not glycosylated. Small angle x-ray scattering experiments on dilute solutions of these proteins confirm that they are intrinsically
disordered. IB5 and Il-1ng can be described through a chain model including a persistence length and cross section. The
measured radii of gyration (R =27.9 and 41.0 = 1 A respectively) and largest distances (rmax = 110 and 155 = 10 A respec-
tively) show that their average conformations are rather extended. The length of the statistical segment (twice the persistence
length) is b= 30 A, which is larger than the usual value (18 A-20 A) for unstructured polypeptide chains. These characteristics
are presumably related to the presence of polyproline helices within the polypeptidic backbones. For both proteins, the radius of
gyration of the chain cross-section is R, = 2.7 + 0.2A. The glycosylated protein II-1 has similar conformations but the presence
of large polyoside sidegroups yields the structure of a branched macromolecule with the same hydrophobic backbone and hydro-
philic branches. It is proposed that the unusually extended conformations of these proteins in solution facilitate the capture of

plant tannins in the oral cavity.

INTRODUCTION

Intrinsically disordered proteins (IDPs), often referred to as
naturally unfolded proteins are proteins that lack well-struc-
tured 3D folds, and therefore do not have a stable tertiary
structure (1-8). These proteins have long remained relatively
obscure in our view of the protein universe because they do
not crystallize, and therefore do not produce any diffraction
spot in x-ray crystallography. More recently, it has been
shown that ~30% of all proteins in eukaryotic organisms
are intrinsically unstructured (5,9). This discovery chal-
lenged the traditional protein structure paradigm, which
stated that a specific well-defined structure was required
for the correct function of a protein. Biochemical evidence
has since shown that intrinsically unfolded proteins are func-
tional and that their lack of folded structures is related to their
functions (10).

Intrinsically unstructured proteins have particular se-
quences. The sequence signature of unfolded proteins (or
unfolded regions of proteins) is as follows: 1), a bias toward
polar and charged amino acids (Gln, Ser, Pro, Glu, Lys); 2),
a bias away from bulky hydrophobic residues Val, Leu, Met,
Phe, Trp, Tyr); and 3), in some cases a low sequence
complexity with repeated short amino acid sequences.

Salivary proline rich proteins (sPRPs), which constitute
about two-thirds of proteins secreted by the human parotid
glands, have this type of sequence signature (11,12). They
contain repeated sequences with high proportions of Pro,
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Gly and Gln, or Glu residues (1,3,4). Circular dichroism
and NMR studies of some of these proteins give indications
of largely disordered structures with short polyproline II
helical sections (13—15). sPRPs are divided into glycosy-
lated, acidic, and basic types that, despite their structural
similarities, have different functions (16).

The function of basic salivary PRPs (bPRPs) is to bind
polyphenolic plant compounds (e.g., tannins) present in
food (17,18) and thus protect against their anti-nutritional
effects (19). bPRPs are present in the saliva of primates
and herbivorous animals but almost absent in that of carniv-
orous animals. They make it possible for herbivorous
animals to consume foods that contain up to 5% tannins by
weight. The capacity of bPRPs to bind and precipitate
tannins has been ascribed to their proline rich sequences
(20,21) that, together with their high glycine content (22),
confers them an open structure providing a large binding
surface and multiple contact points (3,4,20,23,24). More-
over, the proline residues may provide hydrophobic interac-
tions and hydrogen bond acceptor sites for the binding of
tannins.

Glycosylated proline rich proteins (PRPs) ensure oral
lubrication, bind oral bacteria, and are also able to bind
tannins (20,25,26). Earlier biophysical data suggest that
oligosaccharide moieties attached to a protein backbone
may be capable of assuming a variety of conformational
geometries depending on the oral surface with which it inter-
acts (25,27). Thus, the shape or conformation of these sali-
vary molecules could play an important role in defining their
functional role in the oral cavity. These proteins account for
~17% of human parotid salivary proteins (12,28,29).
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This study is part of a larger project focused on the inter-
actions of plant tannins with salivary proteins. For this pur-
pose, we have developed an heterologous expression system
for the production of some human basic PRPs through inte-
gration of the gene coding for a human salivary proline-rich
pro-protein, PRB4S, into a yeast genome (30). We obtained
a nonglycosylated protein (IB5), a glycosylated protein
(II-1), and the nonglycosylated form of the latter (II-1ng).
Preliminary investigations indicate that these proteins do
bind tannins (21,31). Moreover, we have shown the presence
in solution of IB5-tannin soluble supramolecular structures
with different stoichiometries that show the ability of bPRPs
to bind and scavenge tannins (32). Increasing tannin concen-
tration leads to the precipitation of IB5-tannin complexes,
whereas only limited aggregation is observed with the glyco-
sylated protein II-1 at the same protein/tannin ratio (33).
These different behaviors may be related to the functions
of these proteins, involving either complexation of tannin
molecules in ingested foods and drinks, which may reduce
their toxicity, or formation of precipitates, which may
contribute to the perception of astringency in the oral cavity.

We report a small angle x-ray scattering (SAXS) study of
these proteins (for general references see Receveur-Bréchot
et al. (7) and Bernadé and Blackledge (8)). The aim is to
gain a precise view of their conformations and to find out
whether these conformations confer functional advantages
like the ability to bind several tannin ligands. However,
IDPs in solution explore an enormous number of conforma-
tions, and SAXS experiments only determine average
correlations between the relative positions of atoms in the
macromolecules. We addressed this problem in the following
way. First, we acquired high quality spectra with a high reso-
lution (10 A), to maximize the information content of the data.
Then we determined a set of geometrical parameters that
characterize the average protein structure, such as the radius
of gyration, persistence length and cross-section of the poly-
peptide chain, and we compared these structural parameters
to those of other intrinsically disordered proteins. Finally
we used mathematical algorithms to produce representative
conformations that reproduce the experimental scattering
curves.

MATERIALS AND METHODS
Large-scale production and purification of PRPs

The Pichia pastoris system for expression of heterologous recombinant
proteins has been used. It allows large yields of properly matured proteins
and generally yields protein-bound oligosaccharides that are of much shorter
chain length than found in Saccharomyces cerevisiae (34). As described
previously, bPRPs were overexpressed on a large scale in P. pastoris using
the methanol-inducible alcohol oxidase promoter (35). They were produced
during the growth phase and secreted into the culture medium. Five majors
bands around the expected molecular weight (apparent molar masses
45-15 KDa) were detected in the supernatant with sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (SDS PAGE) analysis (Fig. 1, lane 1).
The SDS PAGE technique was carried out under reducing conditions using
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FIGURE 1 SDS-PAGE patterns of proteins obtained at successive stages
of purification. (Lane 1) Crude supernatant. (Lane 2) PRP extract after
streamline. (Lane 3) Purified fraction of the glycosylated protein II-1 (blue
triangle). (Lane 4) Purified fraction of the nonglycosylated form of II-1
(Il1ng) (pink triangle). (Lane 5) Purified fraction of IB-5 (pink circle).
MM, molecular mass markers.

12.5% acrylamide running gels, the protein bands were stained by R250
Coomassie brilliant blue (35,36) and the organic solvent was omitted from
the acetic acid destaining solution. In these conditions the PRP bands appear
pink-violet; IB5 and II-1ng give neat pink bands whereas II-1 gives a very
diffuse one.

lon-exchange chromatography

After centrifugation of the crude medium, the recombinant PRPs were
recovered from the supernatant using a single step ion-exchange (cationic)
chromatography. Their high isoelectric point (above pH = 11) allows
binding to the silica surfaces of the ion exchange column at neutral pH
and moderate ionic strength, whereas the other macromolecules (yeast
proteins and polysaccharides) of the supernatant do not. We used a FPLC
Biocad/Sprint system (Perseptive Biosystems, MA) with a Pharmacia
Streamline 50 column (id 2 cm/L 40 cm). The matrix (Streamline SP XL)
was equilibrated in buffer (50 mM Tris HCI, pH 8.0). A preparative chroma-
tography technique called expanded bed adsorption was used. The gel was
expanded using upside flow at 13 mL/min until the top of the bed was
stable. The supernatant obtained after centrifugation of the crude culture
(280 mL/run) was applied after dilution (1:2) in the same buffer to the
column (upside flow). The flow was subsequently inverted (downside
flow) and the plunger was lowered to 1 cm from the top of the bed. The
proteins were eluted with 150 mL of the same buffer containing 1 M
NaCl at a 5 mL x min~' flow rate. The protein elution was monitored by
measuring absorbance at 230 nm. The purified extract contained five
PRPs, and was free of polysaccharides and yeast proteins (Fig. 1, lane 2).

Gel filtration chromatography and sample
preparation

A partial separation of the five PRPs was carried out through size exclusion
chromatography using the FPLC Biocad/Sprint system. Aliquots of the
extract purified previously were applied on a Superdex 75 HR 3.2/30 PC
or a Hiload 16/60 Superdex 75 column (Pharmacia), using ammonium
acetate 50 mM, pH 5.5 buffer at a 0.8 mL x min~' flow rate. The elution
was monitored by absorbance at 230 nm. Collected fractions were checked
by SDS-PAGE. Those containing either IBS, II-1, or II-1ng were freeze-
dried until use. The purified proteins were checked by MS experiments.
The masses obtained from spectra deconvolution were in agreement with
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the theoretical ones determined from their primary sequences (32, F. Canon,
unpublished). For the SAXS experiments, the protein solutions were
prepared by mixing carefully weighted volumes of protein powder and of
buffer (ammonium acetate 50 mM pH 5.5 buffer) in such a way that the
concentration was known precisely. The samples were then injected in
a capillary located on the beam path, at a temperature regulated at 20°C.
We checked that solutions made without and with freeze-drying give iden-
tical spectra.

SAXS instruments and methods

SAXS experiments were carried out using the Nanostar instrument (Bruker,
Karlsruhe, Germany) at IBBMC in Orsay. The x-rays were produced by
a rotating anode (Cu Ka, wavelength A = 1.54 A), and the scattered
x-rays were collected using a 2D position sensitive detector (Vantec)
positioned at 662 mm from the sample. The scattering vector range was
0.011 < g < 0.40 A" where g = 4rsind/A and 20 is the scattering angle.
Further experiments were carried out on the beamline SWING, at the
Synchrotron SOLEIL. The incident beam energy was 12 keV, and the
sample to detector (Aviex CCD) distance was set to 1927 mm. The scat-
tering vector range was 0.008 < ¢ < 0.49 A~'. Several successive frames
(typically 25) of 4 s each were recorded for both sample and pure solvent.
We checked that x-rays did not cause irradiation damage by comparing
the successive frames, before calculating the average intensity and experi-
mental error. For protein IBS5, identical spectra were obtained from the
Nanostar instrument and from Swing; the data presented in this study are
from Swing. For II-1ng and II-1, spectra were obtained with the Nanostar
only. Scattering from the pure solvent was measured and subtracted from
the corresponding protein spectra. Intensities were scaled using the scat-
tering of water. For each protein, the original solutions (concentrations
5.8-8.7 g x L") were compared to solutions with concentrations two
and four times lower. The concentration dependence was very small, indi-
cating that interactions between dissolved proteins were weakly repulsive
at such concentrations. Indeed, at this concentration the average distance
between the centers of mass of proteins was >14 nm, which is much larger
than the Debye screening length in 50 mM salt (1.4 nm). Nevertheless the
data at low and high concentrations are spliced to obtain SAXS curves
unaffected by interparticle interactions at small angles and to improve the
statistics in the outer region. The scattered intensities were measured on
an absolute scale; calculations of the molar mass of each protein from the
intensity extrapolated to ¢ — 0 gave values that were within 15% of those
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determined through ESI-MS, which is a usual accuracy given the uncer-
tainties in the density of the proteins. This agreement confirmed that the
dilute solutions contained independent macromolecules only.

RESULTS
Primary structures

The amino acid primary structures were deduced from
N-terminal sequencing and mass spectrometry analysis of
the proteins referred to the sequence of the cloned PRB4S
cDNA. They showed the presence of four main isoforms
of IB5 (Fig. 2 a), which differ by a few N-terminal amino
acids, with molar masses 7481.36 (IB5a, abundance 14.5%),
7238.09 (IB5b, 44.3%), 7079.93 (IB5c, 27.8%), and 6923.74
(IB5d, 13.4%). Note that IB5 cannot be glycosylated because
it lacks the N-glycosylation signal on its amino acid
sequence.

For II-1 and II-1ng, ESI-MS has shown that two main
forms and three minor ones were copurified. The average
molar masses of the peptide backbones were 14,479.10 (II-
Inga, 38%), 14,093.63 (II-1ngb, 28%), 14,180.72 (II-1ngc,
13%), 14,566.19 (II-1ngd, 8%), and 14,722.38 (II-1nge,
13%), all showing five sites for potential glycosylation
(Fig. 2 b).

However, mass spectra of EndoH deglycosylated II-1
indicate that the main form of glycosylated II-1 presents
one glycosylation (F. Canon, unpublished). The localization
of this glycosylation among the five N-X-S sites has not
been determined; however, it is known that those closest to
the N-terminal are available for glycosylation for a longer
time, and therefore are more likely to be glycosylated (38).
The total mass of the polyosides bound to the II-1 backbone
is estimated to be 26% of the mass of the protein, corre-
sponding to ~20-30 mannose per protein. This is an average
from monosaccharide assay after trimethylsilylation of

RSARSPPGKPQGPPQQEGNKPQGPPPPGKPQGPPPAG
1 5 10 15 20 25 30 33

a b cd
vyl
S

GNPQQPQAPPAGKPQGPPPPPQGGRPPRPAQGQQPPQ

33 35 40 45 50 55 60 65 70

ISGKPVGRRPQGGNQPQRPPPPPGKPQGPPPQGGNQSAQ

1 5 10 15 20 25 30 35 38

GPPPPPGKPEGRPPQGR NQSQGPPPHPGKPERPPPQG G
40 [ 50 55 &0 65 0 75

NQ SQGTPPPPGKPERPPPQGGNQS HRPPPPPGKPERPP
80 8§ 90 95 100 108 110 114

PQGGNQSRGPPPHRGKPEGPP PQEGNKSR
15 120 125 130 135 140 1\ 1~
ab| e

i
cd

Biophysical Journal 99(2) 656—-665

FIGURE 2 Sequences of the recombinant PRP
(a) IB5 and (b) II-1. For IBS, four isoforms,
IB5a—d, have been copurified, and five for II-1
(II-1a—e). For the two proteins, the isoforms differ
by just a few amino acids. Repeated sequences
are underlined and stars indicate potential sites of
glycosylation.
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polyosides (39) and aldolization methods (40). The broad
band observed for protein II-1 in the SDS-PAGE experi-
ments and crowded spectra obtained by ESI-MS indicate
glycosylation heterogeneity classically observed during
production of recombinant glycoproteins (41). Concerning
the structure of these polyosides we can infer that they
may be similar to those found in other recombinant glycosy-
lated proteins arising from P. Pastoris. Its N-glycosylation
synthesis pathway mirrors that of typical mammalian cells
up to the point where Man8GIcNAc2 N-glycosylated
proteins exit the endoplasmic reticulum. These proteins are
a model of human salivary N-glycosylated PRPs (42-44).

Bioinformatic analysis

For proteins that may be partly or fully unstructured, there
are some well established programs (www.disprot.org) that
predict the extent of folding and structural order of their
conformations in solution, on the basis of the amino acid
sequence (45). All programs predicted no folding at all
and a disorder index near maximum disorder (Fig. SI-1 in
the Supporting Material). Such an extreme result is rather
uncommon among unstructured proteins. Note, however,
that these programs are not able to recognize the presence
of short polyproline I (PPI) or polyproline II (PPII) structural
elements that occur in proline rich proteins.

Conformations according to SAXS

For unstructured proteins that do not have a permanent
secondary or tertiary structure, SAXS experiments determine
the average conformation of the protein in solution. This
average conformation is described by the pair distance distri-
bution function P(r), i.e., the number of different electron
pairs with a mutual distance between r and r + dr within
the protein (46,47). For an isolated macromolecule, P(r) is
a function that initially grows with the number of chain
elements that can be found at a distance r from a given chain
element, goes through a maximum value P, at the most
populated distance and then decays to reach zero at the
maximum distance 7, within the macromolecule. For the
three proteins, IBS, II-1ng, and II-1, we calculated P(r)
from SAXS spectra using the GNOM procedure with the ¢
range 0.015-0.35 Al (48) (Fig. 3). For comparison the
calculated P(r) of a freely jointed chain are also traced.
The P(r) of a dense sphere has a symmetrical shape that
reflects the fact that the largest distance within a dense object
is rather short; on the other hand, P(r) of a freely jointed
chain (i.e., a chain in which the orientations of successive
segments are uncorrelated) has a long tail at large distances,
because the conformations of such a chain stretch to large
distances. The pair distance distributions of the three salivary
proteins are similar to that of a freely jointed chain. For
IBS and to a lesser extent for II-Ing, P(r) has a small
shoulder around r = 10 A, which may be tentatively ascribed
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FIGURE 3 Pair distances distribution functions P(r) for the proteins IB5
(pink triangles), II-1ng (blue dots), and 1I-1 (open circles). (a) Horizontal
axis, distance r; vertical axis, distance distribution P(r)/I(0). (b) Reduced
coordinates 7/ ryax Where rpa.x is the largest distance within each protein
and P(r)/Pmax Where P, is the maximum value of P(r). (Solid line) Theo-
retical distributions of freely jointed chains with the same radii of gyration.

to short and rigid structural elements within the chain (see
below).

Overall dimensions

Table 1 presents the radii of gyration R, and maximum
distances rpax Of the three PRPs. The values of R, were
calculated from the pair distance distribution P(r) according
to the classical expression:
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TABLE 1 Characteristic dimensions of the salivary proteins
Protein M (Da) L (A Fmax (A)* R(A)*, Ry (A b (A R.A)
IB5 7481, 188 + 10 110 + 10 27.9 + 1* 29.7 + 1 27 + 02
7238, 275 + 1
7080,
6923
II-1ng 14,480, 364 + 20 155 + 10 41.0 = 1% 29.9 + 1 27 + 02
14,095 403 = 17
1I-1 20,000 (average) 178 = 10 459 + 2.7 + 0.2

The radius of gyration of the cross section, R., was determined through Eq. 5 and the radius of gyration of the whole protein, R,, was calculated according to

R; = (Rf,3)2 + (3/2)R? with RgB given by Eq. 4.

*Structural parameters for the nonglycosylated proteins IBS and II-1ng according to the P(r).
"Structural parameters for the nonglycosylated proteins IB5 and 1I-1ng according to fits by Egs. 2, 4, and 5.

R - fODrzP(r)dr

& 2f€P(r)dr.

ey

In the case of an extended protein it is more appropriate to
use this relation rather than the well-known Guinier approx-
imation that is valid only within a very restricted g range.
These radii of gyration are much larger than those of globular
proteins with comparable molar mass. Indeed, for globular
proteins, the radius of gyration follows the law R, =
3(n)"”® where n is the number of residues in the polypeptide
backbone. Given the sequences of IBS (n = 70) and II-1
(n = 140), this would yield R, = 12.4 and 15.6 A respec-
tively, instead of the much larger values found here. On
the other hand, an analysis of literature values for IDPs yields
R, = 2.54(n)*** (8). For IBS, this would yield R, = 23.3 A,
and for II-1ng, R, = 33.5 A. The experimental values for IB5
and II-1ng are still larger, indicating that these proteins have
strongly extended conformations.

It is also instructive to compare the maximum distances.
These are quite large (about half the end-to-end distance of
a polyproline PPII helix), indicating again that the conforma-
tions are quite extended. There is also an interesting effect
of the glycosylation on the overall dimensions. Indeed,
comparing II-1 with II-Ing, we find that the maximum
distance is 11% larger and the radius of gyration 15% larger.
This reflects the contribution of the polyoside sidegroup, and
is consistent with a location near the end rather than near the
center of the macromolecule. Indeed, if the sidegroup was
located near the center of the macromolecule, the maximum
distance 7, of the glycosylated protein would be the same
as that of the nonglycosylated one, and its radius of gyration
R, would be shorter rather than larger.

Shorter distances

The very large average dimensions of these proteins in solu-
tion must result from properties of the amino acid sequence.
This is a question regarding finer details of the chain confor-
mations, and the relevant information is contained in the high
q part of the experimental spectra. These features are best
seen in the Kratky-Porod representation, which enhances
the high g part of the spectra. In this representation, a freely
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jointed chain yields a plateau at high ¢ values because its
scattering curve decays according to a ¢ > power law.
Fig. 4 compares the spectra of the three proteins, plotted in
reduced coordinates, i.e., I(¢)/[(0) as a function of the
reduced scattering vector X' = qR,. For comparison,
the theoretical scattering curves of a dense sphere and a
freely jointed chain are also traced. The scattering curve

of the freely jointed chain is given by the Debye function
gp(x):

1(g)/100) = gp(x) =2(e " +x—1)/x*. (2

At low g values, all spectra are superimposed, because of
the use of reduced coordinates. At high g values, the spectra
of the proteins IB5 and II-Ing rise above the theoretical
curve for a freely jointed chain (Eq. 2). Accordingly, the

Normalized intensity q2Rg2 1(q)/1(0)

e~

O n n n ! 1
0 5 10
Normalized scattering vector qRg

FIGURE 4 SAXS spectra for the proteins IB5 (pink dots), 1I-1ng (blue
dots), and II-1 (circles), dissolved in ammonium acetate 50 mM pH 5.5
buffer. Horizontal axis: normalized scattering vector gR,. Vertical axis:
normalized intensity (qRS,)2 I(@)/l(g — 0). (Thin full line) Scattering curve
for a dense homogenous sphere. (Thick full line) Scattering curve for a freely
jointed chain (Eq. 2).
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scattered intensity /(¢) has a decay that is in between that of
arod (¢~" power law) and that of freely jointed chain (¢—>
power law). The classical way to describe such configura-
tions is to introduce a persistence length that measures the
orientational correlations between successive monomers.
At large scales, a chain with a persistence length is equiva-
lent to a random chain with a statistical element b that is
twice the persistence length (49).

The spectrum of the glycosylated protein II-1 decays faster
than the ¢ 2 power law of a freely jointed chain. Because it
has the same backbone as II-1ng, this faster decay must be an
effect of the sugar groups. As indicated above (primary struc-
tures), II-1 has one large branched polyoside located at one
of the potential glycosylation sites (most likely N3s). Hence
the structure of the glycosylated protein is a branched chain,
because the polyoside branches out from the chain at one
location and because the polyoside is itself a branched chain.
It is well known that branched chains yield faster decays at
high ¢ (50).

Chain models

To characterize the conformations by average geometrical
parameters, we attempted to fit the experimental spectra
with specific models. For the nonglycosylated proteins, the
Kratky-Porod plot (Fig. 4) suggests that the appropriate
model is a chain with a persistence length (51). We used
the model proposed by Sharp and Bloomfield (52), which
yields the following scattering function:

b4 7 11 7
I5s(9)/10) = go(x) + Z[E A (E N E) e]
3)

where b is the length of the statistical element, L the contour
length of the chain, x is equal to qub/6, and gp(x) is the
Debye function given in Eq. 2. In this model, the radius of
gyration of the Debye function R, = (Lb/6)M is corrected
with a function of the ratio y = L/b:

2
() =v[-it geli-e™| @
L and b are used as fitting parameters. They are related by
L = Nb, where N is the number of statistical elements.
Note that the contour length L of a disordered chain is the
length at maximum physically possible extension and is
always larger than the largest dimension of the protein,
Fmax, unless the chain is a rigid rod (49). An upper limit
for L is given by L = n X a X f, where n is the number of
amino acids in the sequence, a = 3.78 A is the length per
amino acid, and f accounts for geometrical constraints of
the polypeptide chain (f = 0.95) (53). If the polypeptide
chain contains secondary structure elements, the contour
length must be smaller than this value.

To fit the whole spectrum, it is also necessary to take into
account the thickness of the chain through R, the radius of
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gyration of its cross section. The fitting function for a thick
filament is then that of a thick worm-like chain (WLC):

_ 2R2
Irr(q) = ISB(CI)CXP< q2 (> ®)

However, L and R, are not independent parameters.
They are related to the dry volume of the chain, V, which
is known from the protein molar mass, M, the density d =
1.4 = 0.1 g/em® and Avogadro’s number Ny, :

27R> = V/L and V = M/(Nud). (6)

Finally, the whole scattering curve was fitted according
to Egs. 3, 5, and 6 with Eq. 3 parameters only, i.e., I(g — 0),
L and b. The range of validity of Eq. 3 is expected to be
0.01 < g < 0.1 A~'. However, the fits are actually quite
good over the whole range of ¢, i.e., up to ¢ = 0.4 A",
The parameters extracted from the fits are listed in Table 1
and the fits are presented in Fig. 5.

Rather satisfactorily, the radii of gyration listed in Table 1
and obtained from the fits of the experimental spectra by
the WLC model are identical to those obtained from the
pair distance distribution function P(r), which is model
independent.

The fitting L values of 188 and 364 A for IB5 and II-Ing
respectively are significantly lower than the high bound
values L = naf of 251 and 503 A, which suggests strongly
the presence of secondary structure elements that could be
very short PPII- or PPI-type helical fragments. Indeed, the
L/n values derived from curve fitting (2.6 A for both IBS
and II-1ng respectively) are intermediary between the helical
rise per residue values for a PPI-type helix (1.7 A) and
a PPII-type helix (3.1 A) (54).

1(q)/1(0)

0.01 T T T T T ]
0.00 0.05 0.10 0.15 0.20 0.25 0.30

q (A-1)

FIGURE 5 Scattering from the nonglycosylated proteins IBS (pink dia-
monds) and II-1ng (blue triangles), compared with the scattering curves
calculated according to the Debye model (Eq. 2, green line fit of II-1ng),
the Sharp-Bloomfield model (Eq. 3, orange lines), and the WLC model
with thickness (Eq. 5, black lines). The structural parameters extracted
from the WLC fits are given in Table 1.
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The existence of secondary structure elements is corrobo-
rated by the values of the statistical length of the order
of 30 A for both proteins, significantly higher than that
expected for a completely unfolded polypeptide chain found
in the literature, which is ~18-20 A.

Finally, the cross-section radius of gyration values R,
resulting from the fits was compared to the value directly
calculated from the sequence using the expression

>omilE
R = Izim ; (7

where the sum runs over all residues, and X; gives the posi-
tion of the projection of atom i with mass m; on the plane
normal to C,'—C,"! axis.

For both proteins, the calculated value for R is found close
to 1.9 A, whereas the fitting value is slightly higher (2.7 for
both proteins). This is quite satisfactory in view of the purely
atomic character of the calculation that does not take into
account the excess of water molecules in the vicinity of the
protein nor thermal motion of the protein atoms that entails
a thermal volume around the protein. A thickness of at least
0.5 A is generally found in the literature for this thermal
volume (55). Furthermore, the presence of PPI- or PPII-type
helices should increase the average R value with respect to
the value of 1.9 A calculated for a chain with the same
sequence but no such secondary structure elements.

Glycosylated protein

For the glycosylated protein, II-1, the scattering curve can be
fitted using the WLC model with the same contour length
(325 A) than for the nonglycosylated protein, indicating
that both proteins have similar polypeptide backbones. On
the contrary, the value of R, is significantly higher (=6.5 A).
This is of course an effect of the large polyoside sidegroups,
which are not described properly by the WLC model.
Another approach in this case is to describe this protein as
a branched macromolecule. Accordingly, the spectrum has
been compared with that of disordered structures that repeat
at every scale with a fractal exponent dyup to a scale charac-
terized by a radius of gyration R,. The simplest way of doing
this is to use the Fisher-Burford approximation (56,57):

2\ —4/2
Ha)/100) = (1 +(3"§/)2> o ®

A good fit is obtained with the calculated scattering curve
of fractal objects that have a radius of gyration of 45.9 =+
2 A, a fractal dimension d; = 2.43, which is indeed appro-
priate for branched macromolecules, and the same cross
section as for the other proteins (Fig. 6). This is the most
information that can be obtained without entering detailed
information about the primary structure of the protein.
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FIGURE 6 Scattering from the glycosylated protein II-1 in solution (open
circles), compared with the calculated scattering curve for branched chains
with a radius of gyration R, = 45.9 A, a fractal dimension df = 2.43 (blue
line) or the same with a cross section R, = 2.7 A (red line).

Reconstruction of data-compatible conformations

The numbers given above for 7., R,, b, and R, contain all
the information that is available for the proteins in solution.
Still, it is instructive to reconstruct some typical conforma-
tions that reproduce the experimental spectra, and therefore
match these average parameters. Here there is a choice
between constructing a single conformation that reproduces
the experimental spectrum (58) (BUNCH approach), or
choosing a subset of all possible conformations of the protein
(59) (EOM approach). The first choice is somewhat restric-
tive, because a single conformation cannot give a fair view
of the astronomical number of all conformations that are
explored by the protein during its thermal motions. The
second choice has the potential of better representing the
variety of actual conformations. However, there is the possi-
bility that the subset of chosen conformations results from
a biased choice, and that it does not represent fairly the
ensemble of actual conformations. We have tried both
approaches, and found that both reproduce the data for
protein IBS. In the second approach, however, the subset
of conformations that was chosen by the program appeared
to depend on the level of noise of the data and on the number
of chosen conformations. Fig. SI-3 a shows various types of
distributions of Rg, that are bimodal or monomodal depend-
ing on initial conditions. At present, we are not able to derive
a physical interpretation from these distributions. In this
article, we present the first type of reconstruction, and in
the Supporting Material we present the second approach.
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We used the program BUNCH that was developed by
Petoukhov and Svergun to describe a protein as a combination
of rigid bodies joined by flexible linkers (58). For IB5, three
polyproline repeats in the sequence (PPPP, PPP, and PPPPP)
were taken as rigid bodies and described as pieces of a
polyproline II helix. The other residues were replaced with
dummy residues centered at C, positions, separated by
3.78 A, and treated as linkers. The program adjusts the posi-
tions of the rigid bodies and of the dummy residues to
obtain the best agreement with the experimental spectrum.
Then we used another program (SABBAC) (60) to take into
account steric constraints due to sidegroups of the amino
acids, and add these sidegroups to the backbone. In this way,
we obtained a proper polypeptidic chain with all the side-
groups. Finally, alast adjustment was made using the program
CRYSOL (61) to verify that the conformation produced by
SABBAC does reproduce the experimental spectrum.

We carried out 20 runs of BUNCH. The agreement
between experimental data and the scattering curve calcu-
lated from the coordinates of the dummy atoms in the model
is excellent in each run, with x = 1.1 (Fig. SI-2). The results
of each run provide an image of an equivalent conformation
that reproduces the average distribution of distances within
the protein (Fig. 7). These conformations are all different
but share the common property of being extremely
extended, in agreement with the overall dimensions listed
in Table 1, more precisely compatible with a chain consti-
tuted by six or seven (=L/b) rigid elements of mean length
30 A (=b).

CONCLUSIONS

The PRPs IB5 and II-1ng have conformations that are unusu-
ally extended, compared with other IDPs. Their values of R,
are significantly higher than those given by the expression
R, = 2.54(n)*7** valid for several IDP (8). The ratio of
the radius of gyration to the contour length of the chain
(R/L = 0.11 for II-1ng) is also significantly higher than
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FIGURE 7 Two examples of data-compatible
conformations obtained using the BUNCH program
for the protein IBS.

that found recently using the same formalism for a thermally
denatured protein (R,/L = 0.08) (53).

This very strong extension is due to the length of the statis-
tical segment (twice the persistence length), which is 30 A,
also unusually large for intrinsically disordered proteins
(the usual value is on the order of 18 A). The radius of
gyration of the chain cross section is 2.7 = 0.2 A. These
characteristics are presumably related to the numerous short
polyproline repeats within the polypeptidic backbones. The
glycosylated PRP II-1 has similar conformations but the
presence of a large polyoside sidegroup yields an overall
structure in solution that is closer to that of a self-similar
branched macromolecule.

The conformations of these proteins in solution may
reflect an evolutionary adaptation to the capture of plant
tannins in the oral cavity. IB5 is known to precipitate
when the tannin concentration in solution exceeds a threshold
(31). This may be related to the feeling of astringency, which
is a tactile perception associated with a loss of lubrication in
the oral cavity. In this respect, the extended conformations in
solution must optimize the accessibility of hydrophobic
amino acids (mainly proline) to which the tannin molecules
may bind. These extended conformations may also make it
possible to bind stacks of tannin molecules, or polymerized
tannins. II-1 is known to form limited aggregates on binding
tannins, which do not precipitate. In previous work, we have
shown that these aggregates are dense globules with an
average radius of 100 A, in between the radius of gyration
(45 A) and the largest distance (178 A) of the free protein
in solution (33). This type of aggregation may result from
the amphiphilic nature of this protein because the hydro-
phobic residues of the protein backbone may form the core
of the globule whereas the large polyoside sidegroups remain
at the surface, as in the case of surfactant micelles. This
behavior may have three possible functions: 1), a regulation
of the tannin concentration in the oral cavity; 2), a reduction
of the viscosity of saliva, due to the loss of macromolecules
with extended conformations; and 3), a change in the
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interfacial properties of saliva, because this protein has an
overall configuration that is characteristic of an amphiphile.
These functions may contribute to the perception of astrin-
gency when the tannin concentration in the oral cavity
exceeds a level that is safe for the host.

SUPPORTING MATERIAL

Three figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(10)00548-5.
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