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Conformation of the EPEC Tir Protein in Solution: Investigating the
Impact of Serine Phosphorylation at Positions 434/463
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Institute for Cell and Molecular Biosciences, Faculty of Medical Sciences, Newcastle University, Framlington Place, Newcastle upon Tyne,
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ABSTRACT The translocated intimin receptor (Tir) is a key virulence factor of enteropathogenic Escherichia coli and related
bacteria. During infection, Tir is translocated via a type Il secretion system into host intestinal epithelial cells, where it inserts
into the target cell membrane and acts as a receptor for the bacterial adhesin intimin. The effects of phosphorylation by cAMP-
dependent kinase at two serine residues (Ser-434 and Ser-463) within the C-terminal domain of Tir, which may be involved in
mediating structural/electrostatic changes in the protein to promote membrane insertion or intermolecular interactions, have pre-
viously been investigated. This study has focused on defining the conformation of Tir in solution and assessing any conforma-
tional changes associated with serine phosphorylation at positions 434/463. In addition to phosphorylated protein, combinations
of Ala (unphosphorylatable) and Asp (phosphate-mimic) mutations of Ser-434 and Ser-463 have been generated, and a range
of techniques (sodium dodecyl sulfate polyacrylamide gel electrophoresis, circular dichroism spectroscopy, analytical ultracen-
trifugation) used to further dissect the structural role and functional implications of changes in residue size/charge at these po-
sitions. The results have shown that under physiological NaCl concentrations, Tir is a monomer and adopts a highly elongated
state in solution, consistent with a natively unfolded conformation. Despite this, perturbations in the structure in response to buffer

conditions and the nature of the residues at positions 434 and 463 are apparent, and may be functionally relevant.

INTRODUCTION

Infection with the gram-negative bacterium enteropathogenic
Escherichia coli (EPEC) is a major cause of infantile diar-
rhea in the developing world (1,2). EPEC infection is charac-
terized by destruction of host-cell intestinal microvilli, actin
rearrangement within epithelial cells, and the formation of a
raised platform or pedestal at the site of bacterial attachment
(3). EPEC utilizes a type III secretion system to deliver a
series of protein effectors directly into target epithelial cells.
The translocated intimin receptor (Tir), a 56-kDa protein es-
sential for EPEC virulence, becomes inserted into the plasma
membrane of host epithelial cells after translocation through
the type III secretion system (4). After membrane insertion in
vivo, Tir adopts a structure comprising N- and C-terminal
domains on the cytosolic face of the membrane, linked via
two transmembrane helices to an extracellullar domain that
mediates intimin binding (5,6). Recently, the protein, which
can be expressed and purified in a soluble form, has been
shown to insert directly into membranes from solution in
vitro, adopting a topology as found in vivo (7).

Tyrosine phosphorylation plays an important role in EPEC
Tir function, with modification of Tyr-474 essential for re-
cruitment of the Nck adaptor molecule, and actin nucleating
machinery, which results in pedestal formation (8,9). A role
for phosphorylation of Tyr-454 in recruitment of cytoskeletal
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proteins and pedestal formation has also been proposed (10).
EPEC Tir resolves on sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) gels at a higher mo-
lecular mass (~78 kDa) than would be predicted from its
sequence, which has been interpreted as the protein retain-
ing some residual structure under these conditions (4). On
translocation into mammalian cells, Tir undergoes changes
in apparent molecular mass resulting in protein isolated from
infected cell membranes running at ~90 kDa on SDS-PAGE
gels (4). These observations have led to the use of anomalous
shifts on SDS-PAGE gels as probes for the conformational
state of Tir in solution, revealing that changes in apparent
molecular mass are mediated by serine phosphorylation (11)
and can be mimicked in vitro by phosphorylation of Ser-434
and Ser-463 residues with cAMP-dependent protein kinase
A (PKA) (12). Tir is also a substrate for PKA in vivo (11,12).
As phosphorylation of tyrosine residues within Tir has no
effect on its apparent molecular mass (11,12), the observed
shifts cannot be fully accounted for by electrostatic effects of
charge alteration on the protein (as discussed in Hawrani et al.
(12)). Although Tir has recently been shown to insert directly
into membranes in the absence of modification or accessory
factors in vitro, it remains an attractive proposal that serine
phosphorylation may act as a trigger or facilitator of Tir in-
sertion into membranes in vivo. This could be mediated either
directly, through conformation/electrostatic changes promot-
ing insertion, or indirectly, by assisting interactions with acces-
sory factors.

One concern with the use of phosphorylated proteins for
molecular/structural analysis is sample homogeneity, especially
where multiple phosphorylation sites exist. The mutation of

doi: 10.1529/biophys;.106.101766



Solution Structure Studies of EPEC Tir

serine residues to Asp or Glu to mimic the effects of phos-
phorylation has become a well established technique (13,14).
Of the amino acids, Asp and Glu best retain the shape and
charge of phosphorylated serine residues. Using mutagenesis
rather than enzymatic phosphorylation ensures homogeneity
in the sample and allows the effects of individual phospho-
rylation events to be studied. When combined with alanine
mutants (which are not phosphorylatable) and phosphoryl-
ation assays of the native protein (15), a detailed picture of
the effects of phosphorylation can be obtained.

One interpretation of the anomalous migration of Tir in
SDS-PAGE gels is that the protein may adopt a natively
unfolded/disordered state in solution. This would be consis-
tent with recent studies showing that natively unfolded pro-
teins give apparent molecular masses 1.2—1.8 times higher
on SDS-PAGE gels than would be expected from their se-
quence or measured by mass spectrometry (16). Recently, a
number of studies have used circular dichroism (CD, a mea-
sure of the secondary structure content in proteins (16)), gel
filtration (shape of protein, i.e., asymmetry/elongation, ex-
pressed in terms of hydrodynamic (Stokes) radius (R,) (17)),
and small-angle scattering (radius of gyration (16,18,19)) to
characterize natively unfolded proteins. For example, the
value of R in relation to the mass of the protein is usually
determined by gel filtration or dynamic light scattering, and
appears to be one of the major parameters indicative of the
protein being intrinsically unfolded/disordered (16,20).

Analytical ultracentrifugation (AUC) has recently been
used for mass determination of natively unfolded proteins
(21,22). Sedimentation equilibrium studies gave an accurate
value of protein molecular weight that was unaffected by its
shape. The sedimentation velocity approach, which is a hydro-
dynamic technique, contains information about both protein
mass and shape. Ordinarily, one-dimension sedimentation
velocity data treatment gives a value for the protein mass that
is affected by its shape (usually the mass is underestimated
for elongated particles, especially if a mixture of species is
present). Recently, a method for two-dimension treatment of
sedimentation velocity has been proposed (23), which allows
for determination of protein molecular mass and shape (ex-
pressed in terms of friction coefficient (f/fy) or R;) indepen-
dently. Therefore, this approach can be particularly useful in
characterizing natively unfolded proteins adopting extended
conformations in solution.

In this study, a set of mutants has been generated to probe
the effects of serine phosphorylation at positions 434 and 463
on the solution structure of EPEC Tir. Within a C-terminal
domain construct (cTir), both Ser-434 and Ser-463 have been
mutated to Ala or Asp in all combinations. Additionally, a
double Asp mutant (Ser-434-Asp/Ser-463-Asp) has been gen-
erated in the full-length protein (FL-Tir). These mutants are
potentially useful tools for further study of Tir function where
fine control of the phosphorylation state of these residues is
important (for instance, studies of protein/membrane inter-
action). However, to be useful tools, the mutations should
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mimic the effects of phosphorylation on the structure of Tir.
A combination of SDS-PAGE and phosphorylation assays
(to track changes in apparent molecular mass), CD spectros-
copy, and AUC (sedimentation velocity method) has been
used to characterize the conformations of cTir and FL-Tir in
solution and investigate structural changes after modification
at the Ser-434 and Ser-463 positions. The results reveal that
both FL-Tir and its C-terminal domain are monomeric and
adopt highly elongated conformations at physiological con-
ditions. This fact, combined with the limited amount of sec-
ondary structure observed for these proteins, suggests that
they adopt natively unfolded states in solution, which may be
important for function.

MATERIALS AND METHODS
Site-directed mutagenesis

Ala and Asp mutants were generated in cTir by overlap-extension poly-
merase chain reaction (PCR) (24). Template plasmids (pET27b) containing
the wild-type and S434A mutant cTir constructs were provided by Prof.
B. Kenny (Newcastle University, Newcastle upon Tyne, UK). Primers were
designed to span the regions encoding residues Ser-434 and Ser-463 and
incorporate the appropriate mutation (base changes underlined): Ser-434-
Asp, 5'-GAATAGACGTGATGATCAGGGGAGTGTT-3' (Forward), 5'-
AACACTCCCCTGATCATCACGTCTATTC-3’ (Reverse); Ser-463-Ala,
5'-GGCTCGGAATGCTCTATCGGCTCATCAG-3’ (Forward), 5'-CTG-
ATGAGCCGATAGAGCATTCCGAGCC-3" (Reverse); Ser-463-Asp,
5'-GGCTCGGAATGATCTATCGGCTCATCAG-3’ (Forward), 5'-CTG-
ATGAGCCGATAGATCATTCCGAGCC-3' (Reverse). Two PCR reac-
tions were used to generate the upstream (T7 promoter primer and reverse
primer encoding the mutation) and downstream (forward primer encoding
the mutation and T7 terminator primer) regions of the coding sequence, with
a third reaction used to generate the full length sequence (T7 promoter and
T7 terminator primers, relevant products above as the template). Where gen-
eration of a second mutation was required, the appropriate template DNA
was used. Full-length PCR products were cloned into pPGEM-T (Promega,
Madison, WI), and mutations were confirmed by sequencing. Coding re-
gions were cut from pGEM-T with BamH]1 and Nhel, and ligated into pET27b,
predigested with the same enzymes.

The Ser-434-Asp/Ser-463-Asp FL-Tir double mutant was generated in
two steps using the Quikchange kit (Stratagene, La Jolla, CA), following
standard procedures. The primers used were the same as above. First, the
S434D mutant was generated; this construct was then used as template DNA
for the second reaction, generating the S463D mutation. The mutations were
confirmed by DNA sequencing.

Protein expression and purification

pET27b plasmids encoding cTir and FL-Tir proteins were transformed into
E. coli BL21 (DE3) cells for overexpression. Recombinant proteins were
expressed and purified as described previously (7,12), but with the addition
of a final gel filtration step (HiLoad S75 16/60 column equilibrated in
20 mM Tris and 150 mM NaCl, pH 7.5) to ensure high purity. All protein
concentrations were determined by absorbance at 280 nm using a theoreti-
cally derived extinction coefficient based on protein sequence.

Phosphorylation assays

Phosphorylated forms of c¢Tir and FL-Tir were generated by incubating 0.3
mg of the substrate with 100 uM ATP and 3000 units of PKA (New England
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Biolabs, Beverly, MA) in 1X PKA reaction buffer (New England Biolabs)
at 30°C for 4 h. Control experiments (not shown) were the same, but with
water substituted for PKA. Proteins were visualized using either 12% (cTir)
or 8% (FL-Tir) SDS-PAGE.

Circular dichroism spectroscopy

CD spectra were collected using a JASCO-810 spectropolarimeter (Jasco,
Tokyo, Japan) fitted with a Peltier temperature controller. Spectra of native
and mutant cTir and FL-Tir were collected from 190 to 250 nm, using a 0.1-
mm-pathlength cuvette, at 25°C in 20 mM sodium phosphate and 150 mM
NaCl, pH 7.5. The concentration of each stock protein solution (~10 mg/ml)
was determined by absorbance at 280 nm followed by dilution to 0.2 mg/ml
immediately before the experiments. Final spectra were generated as aver-
ages of five repeat scans, with appropriate protein-free buffer spectra sub-
tracted. The data were plotted without smoothing using Excel. The data were
truncated to 190 nm on the wavelength axis corresponding to the value where
the high-tension voltage rose above 600 V (the accepted measure of the
signal/noise ratio for this machine, ensuring accurate measurements). The
spectra were analyzed with programs available at the DICHROWEB web
server (http://www.cryst.bbk.ac.uk/cdweb/html/) (25). Secondary-structure
estimations were obtained using the Provencher and Glockner method (26).

Analytical ultracentrifugation

Sedimentation velocity (SV) experiments were carried out in a Beckman
Coulter (Palo Alto, CA) ProteomeLab XL-I analytical ultracentrifuge using
both absorbance at 280 nm and interference optics. All AUC runs were
carried out at the rotation speed of 48,000 rpm and experimental temperature
4°C. The sample volume was 400 ul for the SV experiments, and the sample
concentrations ranged between 0.2 and 1.8 mg/ml. The partial specific
volumes (V) for the protein was calculated from the protein amino acid
sequence, using the program SEDNTERP (27), and extrapolated to the ex-
perimental temperature following the method described in Durchschlag (28).
The density and viscosity of the buffer (20 mM Tris pH 7.5, 50/150 mM
NaCl) at the experimental temperature was also calculated using SEDNTERP.
The distributions of sedimenting material were modeled as a distribution
of Lamm equation solutions (29), where the measured boundary a(r,t) was
modeled as an integral over differential concentration distributions c(s).

a(r,t) = /C(S)X(S,D,r,t)ds + ¢ (D

where ¢ is the noise component, r is the distance from the center of rotation,
and ¢ is time. The expression x(s, D, r, f) denotes the solution of the Lamm
equation (30) for a single species by finite-element methods (31). Eq. 1
is solved numerically by discretization into a grid of 200 sedimentation
coefficients for both absorbance and interference data and the best-fit con-
centrations for each plausible species are calculated according to a linear
least-squares fit (as implemented in the program SEDFIT (http://www.
analyticalultracentrifugation.com)). The sedimentation velocity profiles were
fitted using a maximum entropy regularization parameter of p = 0.95. The
weight-average sedimentation coefficient was calculated by integrating the
differential sedimentation coefficient distribution (32):

B Jc(s)ds
S = [eds @

Sedimentation coefficients were extrapolated to zero concentration and con-
verted to standard conditions, i.e., those that would be measured at 20°C in
water. The diffusion coefficient (D) corresponding to each sedimentation
coefficient value was estimated from a weight-average frictional ratio (f/fp)w (33):

V2

D(s) = @ka”z[n(f/fb)me[(l —w)/m B
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The integration of the mass distribution ¢(M) was made similarly to as in
Eq. 2 to determine the weight-average molecular mass of solute.

The two-dimensional ‘size-and-shape’” distribution model (c(s.f/fo)) was
applied to determine, from sedimentation velocity data, precisely an accurate
value for the molecular mass (23). In this model, a differential distribution of
sedimentation coefficients and frictional ratios (f;, i.e., f/fp) is defined as

alr,1) = / / (5. L5 D(s.F /o), Ddsdfe, ()

where all symbols are the same as in Eq. 1. In this model, 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 f/f,.

PONDR prediction for cTir/FL-Tir

Protein sequences were submitted to the PONDR web engine (www.pondr.
com) using the neural network predictor VL-XT (34). Access to PONDR
was provided by Molecular Kinetics (Indianapolis, IN).

Stokes radius calculations for cTir/FL-Tir

The theoretical Stokes radius (R;) of the native (RL\‘) and fully unfolded
(RE“'“‘) proteins were determined as described in Uversky (17):

logR) = 0.369 X logM, — 0.254 6)
log RV = 0.524 X logM, — 0.657. (6)

RESULTS

Phosphorylation of residues Ser-434 and Ser-463 in the EPEC
Tir virulence protein by cAMP-dependent kinase (PKA) have
been observed both in vitro and in vivo and are potentially
important events for protein function (12). However, the de-
tailed effects of these phosphorylation events on both protein
structure and function remain to be fully determined. In an
attempt to further characterize the effects of modification at
these two sites, and generate tools for further study, a series
of Ala and Asp mutations have been constructed and char-
acterized in vitro using a number of techniques.

Changes in apparent molecular mass
onh SDS-PAGE

SDS-PAGE has previously been used as a tool for visual-
izing conformational dynamics within the cTir and FL-Tir
proteins on phosphorylation (5,11,12). Fig. 1 shows an
SDS-PAGE gel of unphosphorylated native and mutant cTir
proteins revealing the Ser-434-Asp, Ser-463-Asp, and Ser-
434-Asp/Ser-463-Asp mutations result in significant in-
creases in apparent molecular mass above that expected for a
single residue change. As compared to the wild-type protein,
the increases in apparent molecular mass are ~4 kDa for Ser-
434-Asp, ~6 kDa for Ser-463-Asp, and ~12 kDa for the
Ser-434-Asp/Ser-463-Asp double mutant (judged from the posi-
tions of the bands on the gel compared to the size marker).
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FIGURE 1 12% SDS-PAGE gel of cTir WT and Ala/Asp mutant pro-

teins. WT, wild-type protein. Ala and Asp residues are referred to by their
residue number and single-letter code. Protein (8 ng) was loaded in each lane
and samples were visualized by Coomassie blue staining.

The shifts for the single point mutations differ, suggesting
that they are not solely due to a change in the protein’s
charge. These shifts correlate well with previous in vitro and
in vivo phosphorylation assays with both cTir and FL-Tir,
where progressive stepwise increases in apparent molecular
mass have been attributed to successive phosphorylation of
Ser-434 and Ser-463 (11,12). The Ser-434-Ala/Ser-463-Asp
double mutant resolves at a higher molecular weight than
Ser-434-Asp/Ser-463-Ala, consistent with the pattern ob-
served for the native/Asp mutants. The combined Ser-434-
Asp/Ser-463-Asp mutant shows the greatest shift, closely
approaching the change observed for the fully PKA-phos-
phorylated native cTir (below and Hawrani et al. (12)).

The effect of the Ser-434-Asp/Ser-463-Asp mutant on the
resolving properties of FL-Tir on SDS-PAGE is shown in
Fig. 2 D. As for the equivalent cTir mutant, the gel reveals a
significant apparent molecular weight shift compared to the
native protein.

Phosphorylation assays

The effects of PKA-mediated phosphorylation on wild-type
and mutant cTir (detectable using the gel-shift analysis) are
shown in Fig. 2, and reveal that the modifications only
involve residues Ser-434 and Ser-463. In any of the cTir
mutant combinations where both residues are nonphosphor-
ylatable, no additional apparent molecular mass shifts are
observed on SDS-PAGE gels. Where a single serine remains,
incubation with PKA results in apparent molecular mass
shifts, showing that this residue has been modified. This
confirms that each serine residue is independently available
for modification, and mutation of one site does not preclude
phosphorylation of the second. Consistent with the observed
effects of the Asp mutants in isolation, in the constructs where
one of the Ser residues is replaced by an Asp, the apparent
molecular mass of the PKA-modified proteins on SDS-PAGE
gels are higher than for the equivalent Ala substitutions.
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Fig. 2 D shows the resolving properties of native and
phosphorylated FL-Tir in addition to the Ser-434-Asp/Ser-
463-Asp mutant. The FL-Tir Ser-434-Asp/Ser-463-Asp mu-
tant displays resolving properties similar to those of the
phosphorylated wild-type protein, confirming, at least in this
assay, that the Ser-434-Asp/Ser-463-Asp mutant is an effec-
tive phosphorylation mimic. Attempts to phosphorylate the
Ser-434-Asp/Ser-463-Asp mutant also suggest that there are
no further sites for PKA phosphorylation in FL-Tir (iden-
tifiable using this assay).

CD spectroscopy

Far-ultraviolet (UV) CD spectra of the cTir and FL-Tir pro-
teins are shown in Fig. 3, A and B, respectively. For each of
the cTir mutants, although essentially the same trace was
obtained, two distinct classes are apparent. For three of the
proteins (Ser-434-Ala, Ser-434-Asp/Ser-463-Ala, and Ser-
434-Asp/Ser-463-Asp), there is a slight shift to shorter wave-
length and a deepening of the trough at just under 200 nm
(see Fig. 3 A). Deconvolution of the spectra into secondary-
structure components reveals that the proteins largely adopt
an ‘‘unordered’’ structure in solution (66—74%, see Table 1)
and that none of the mutations described result in a signifi-
cant change in the secondary structure composition. Attempts
to investigate the proteins’ tertiary structure by near-UV CD
revealed there was no significant spectroscopic signal in the
250-350 nm range, even at high protein concentrations. These
results are consistent with previously published observations
of native and phosphorylated cTir, where it was predicted
that cTir would adopt a partially disordered or loosely packed
structure (12).

Deconvolution of the CD spectra for the native and Ser-
434-Asp/Ser-463-Asp FL-Tir is also presented in Table 1
(spectra in Fig. 3 B). As for the comparison of the cTir wild-
type (WT) and mutant proteins, these two spectra essentially
overlay, indicating a very similar overall secondary structure
composition. However, it is interesting to note that the shift
to the left and deepening of the trough in the trace of the Ser-
434-Asp/Ser-463-Asp mutant at ~205 nm compared to the
native protein is consistent with the observed shift between
the spectra of native and phosphorylated FL-Tir (12). This
suggests that the Ser-434-Asp/Ser-463-Asp mutant may be
mimicking any subtle changes made by phosphorylation in
the secondary-structure content of FL-Tir. No significant
near-UV CD spectra could be observed for FL-Tir at 10 mg/
ml (180 uM); previously, Tir was unstable at the concen-
trations required for this technique (12).

Hydrodynamic studies of cTir/FL-Tir by
sedimentation velocity

SV provides a qualitative measure for protein size and
shape. Recent advances in SV data treatment enable accurate
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FIGURE 2 SDS-PAGE gels showing the effects of phosphorylation on
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Biophysical Journal 93(2) 586-596

Race et al.

Ag {M'1 cm-T )

190 200 210 220 230 240 250
Wavelength (nm)

Ag (M'1cm'1)

190 200 210 220 230 240 250
Wavelength (nm)

FIGURE 3 Far-UV circular dichroism. (A) Wavelength scans of cTir WT
and mutants. The data display two overall patterns, as discussed in the text.
Traces for WT, Ser-434-Asp, Ser-463-Ala, Ser-463-Asp, Ser-434-Ala/
Ser-463-Ala, and Ser-434-Ala/Ser-463-Asp are solid; Ser-434-Ala, Ser-434-
Asp/Ser-463-Ala, and Ser-434-Asp/Ser-463-Asp are shaded. (B) Wavelength
scans for full-length protein (solid line, WT; dashed line, Ser-434-Asp/
Ser-463-Asp).

determination of molecular mass (to include the association
state of macromolecules), where it was previously necessary
to use sedimentation equilibrium experiments (33,35).

Each of the cTir mutants and the WT have been examined
for heterogeneity using the continuous c(s) size-distribution
approach. One major dominant species was evident as a
single peak centered around an apparent sedimentation
coefficient (s3y,,) of 1.5 S for all the cTir mutants (in 150
mM NaCl). The peak corresponding to the major species of
the cTir WT samples was displaced toward lower s-values

in cTir and (D) FL-Tir. cTir samples were run on 12% gels, FL-Tir samples
on 8% gels. WT, wild-type protein. Ala and Asp residues are referred to by
their single-letter code. Phosphorylation assays were performed as described
in Materials and Methods. cTir (8 ng) and FL-Tir (10 ng)were loaded in each
lane as appropriate and samples were visualized by Coomassie blue staining.
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TABLE 1 Secondary structure components of cTir and FL-Tir as determined by deconvolution of CD spectra
a-Helix B-Strand Turn Unordered
% n* % n* % n* % n*

cTir WT (150 mM NaCl) 9.9 16 8.2 14 10.3 17 71.8 118
cTir WT (50 mM NaCl) 10.4 17 7.1 12 9.5 16 73.0 120
cTir WT-P 13.4 22 9.4 16 9.2 15 68.0 112
cTir 434A 72 12 8.1 14 14.2 23 70.5 116
cTir 434D 10.1 17 7.9 13 12.6 21 69.4 114
cTir 463A 8.7 14 7.2 12 10.6 17 73.5 122
cTir 463D 13.3 22 9.7 16 10.8 18 66.2 109
cTir 434A/463D 14.4 24 8.3 14 10.5 17 66.8 110
cTir 434D/434A 9.8 16 8.7 14 11.2 18 70.3 117
cTir 434A/463A 8.8 15 7.4 12 10.2 17 74.0 121
cTir 434D/463D 13.6 22 8.9 15 9.6 16 67.9 112
FL-Tir WT 20.9 115 24.3 134 22.0 121 322 188
FL-Tir WT (50 mM NaCl)T 25.8 142 23.3 117 21.5 107 29.0 159
FL-Tir WT-P 244 134 24.8 136 23.1 127 27.7 153
FL-Tir 434D/463D 25.1 138 239 131 22.5 124 28.5 154

Values represent the average of separate calculations using CONTIN, CDSSTR, and SELCON3.
*The number of residues adopting this secondary structure in the protein (based on a total of 165 residues in cTir and 550 residues in FL-Tir).

TReference 12.

(1.2 S). The integration of this peak gave a weight-average
sedimentation coefficient (extrapolated to zero concentra-
tion) for cTir mutants that varied between 1.46 S for the Ser-
434-Ala/Ser-463-Ala mutant and 1.52 S for the Ser-434-Asp
mutant (Fig. 4 A and Table 2). All measured values of s are
significantly less than those calculated for a sphere of the
same molecular mass with typical hydration (2.46 S), which
implies substantial elongation of cTir in solution.

The ¢(s) distribution of cTir WT in 50 mM NaCl had three
easily distinguishable peaks centered at 1.7 S, 2.65 S, and
4.25 S (Fig. 4 B). Importantly, the peak positions are almost
independent of protein concentration, suggesting that the time-
scale of exchange between oligomeric species is slow com-
pared to the duration of the SV experiment (32). The overall
integration of c(s) suggests that the oligomerization of cTir
WT in 50 mM NaCl is an equilibrium association process,
since the value of weight-average sedimentation coefficient
for the whole system increases with sample concentration
(Fig. 4 B, inset). Linear extrapolation to zero concentration
gives sedimentation coefficient values under standard con-
ditions of 1.78 = 0.1 S for the monomeric species, 2.61 *
0.14 S for dimers, and 4.22 = 0.09 S for tetramers. Inter-
estingly, the sedimentation coefficient for the cTir monomer
in 50 mM NaCl is much higher than the s value for the same
sample in 150 mM NaCl. Conversion of the c(s) distribution
to the c(M) distribution (data not shown) followed by peak
integration yields a molecular mass of 18.5 * 0.5 kDa for
monomers, 39.7 = 2.6 kDa for dimers, and 68.2 + 2.2 kDa
for tetramers, which is in reasonable agreement with that pre-
dicted from the amino acid composition of the protein (19.8
kDa for monomers, 39.6 kDa for dimers, and 79.2 kDa for
tetramers, Table 2).

For some cTir mutants, minor species of lower molecular
weight were observed on the continuous c(s)/c(M) distribution,

resulting in inaccurate determination of molecular mass after
peak integration. To compensate for this, a two-dimensional
distribution ‘‘mass-and-shape’” model was applied to provide
shape-independent estimation of the molecular mass from
the SV data (23). This two-dimensional distribution c(s,f;)
with subsequent peak integration also includes the determi-
nation of the Stokes radius (R;) of the particles from SV pro-
files. The theoretical calculations of R, (see Materials and
Methods) for cTir in a folded and unfolded state based on
its molecular mass gave the values of 21.4 A and 39.3 A,
respectively. The experimentally determined values of R, for
cTir WT and all mutants ranged between 33.8 and 38.8 A
(see Table 2), again suggesting that they adopt an unfolded
conformation in solution, consistent with the CD data. The
most extended conformation was observed for cTir-WT in
150 mM NacCl, whereas the most ‘‘compact’’ samples were
the S434A/S463A and S43D/S463D mutants; the phosphor-
ylated protein also seems to be more compact than wild-type
cTir (35.4 A compared to 38.8 A).

FL-Tir forms an essentially homogeneous monomeric
species in solution, as determined by AUC, with an s value of
2.65 (Fig. 4 C, Table 2) and a molecular mass of 60.5 kDa *=
2.1 kDa. A small peak at ~4 S that may represent a dimeric
species (or other form of aggregate) did not exceed 3% in
solution. There were no significant changes observed in the
hydrodynamic properties of FL-Tir after phosphorylation and
no significant difference was observed between FL-Tir and
the Ser-434-Asp/Ser-463-Asp mutant. However, the phos-
phorylated sample seems to possess a slightly more compact
conformation, as revealed by its sedimentation coefficient and
Stokes radius. The calculated Stokes radius for FL-Tir was
32.1 A for the folded and 69.8 A for the unfolded states. The
experimentally determined radius for native FL-Tir was
57 A; the phosphorylated FL-Tir has an almost identical
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FIGURE 4 General size distribution (c(s)) analysis of the SV data
converted to standard conditions for (A) cTir WT in 150 mM NaCl, ¢ = 0.92
mg/ml (solid line), Ser-434-Asp/Ser-463-Asp mutant, ¢ = 1 mg/ml (dashed
line), and phosphorylated sample, ¢ = 0.92 mg/ml (dotted line); (B) cTir in
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Stokes radius (56.2 A). The Ser-434-Asp/Ser-463-Asp mu-
tant was slightly more extended (62.7 A).

DISCUSSION

The aim of this study was to investigate the solution structure
of EPEC Tir and determine whether the effects of PKA-
mediated phosphorylation in the protein can be mimicked by
site-directed mutagenesis. Both cTir and FL-Tir are shown
to adopt natively unfolded conformations in solution. The
importance of natively unfolded proteins in mediating protein-
protein interactions is an emerging theme in molecular rec-
ognition. Within this context, SDS-PAGE, CD spectroscopy,
and AUC have been used to characterize the solution struc-
ture of Tir constructs in which Ser-434 and Ser-463 have
been mutated to Ala and Asp, and these have been compared
to both the native protein and the protein phosphorylated
at these positions. Implications for the function of Tir are
discussed.

cTir and FL-Tir are natively unfolded proteins
in solution

Analysis of the structure of cTir and FL-Tir by CD spec-
trometry and AUC demonstrates experimentally that they
adopt extended conformations in solution, with little tertiary
structure. A low degree of compactness (i.e., high hydrody-
namic radius of molecule) is an important characteristic in
the definition of a natively unfolded state in solution (17).
The experimentally determined hydrodynamic radii of cTir
and FL-Tir in solution have been compared with both 1),
proteins previously demonstrated to be natively unfolded;
and 2), proteins unfolded in 8 M urea (Table 3). The high
similarity between the mass/hydrodynamic radius ratio ob-
served for cTir and FL-Tir with these proteins provides fur-
ther evidence that they adopt an essentially unfolded state
in solution. Further, bioinformatic analysis of the amino acid
composition of cTir reveals that the protein contains 31%
“‘disorder-promoting’’ residues (such as Pro, Glu, Ser, and
Gln (17,36) and only 11% *‘order-promoting’’ residues (Tyr,
Phe, Trp, Ile, and Leu; Cys is absent). The same analysis for
FL-Tir reveals 28% disorder-promoting and 14% order-
promoting residues. This reflects the percentage of disor-
dered structure predicted by PONDR (34), 78.4% for cTir
and 67.6% for FL-Tir (Fig. 5 A). It is also worth noting that
the amino acid sequence of FL-Tir contains four proline-rich
clusters (either P-X-X-P or P-P/G sequences), which have a
high propensity to form PPII-type helical structures (37).

50 mM NaCl, with sample concentrations ranging from 0.3 mg/ml to 1.4 mg/
ml. (Inset) Linear extrapolation to zero concentrations s, for each detected
species (monomer ((J), dimer (O), tetramer (A), dashed lines) and weight-
average s for all three species together (*, solid line); (C) FL-Tir, with
samples and symbols as in A. The concentrations were 1.2 mg/ml for WT;
0.87 mg/ml for Ser-434-Asp/Ser-463-Asp mutant, and 0.85 mg/ml for
phosphorylated protein.
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TABLE 2 Hydrodynamic parameters for cTir/FL-Tir derived from AUC experiments (interference data)

Sedimentation coefficient (S) Mass (kDa) Hydrodynamic radius A)

sl s2 s3 Ml M2 M3 R,
cTir WT (150 mM NaCl) 1.20 = 0.01 — — 19.6 = 0.4 — — 38.8 = 0.2
c¢Tir WT (50 mM NaCl) 1.78 = 0.10 2.61 = 0.14 422 + 0.1 185 = 0.5 39.7 = 2.1 68.2 + 2.2 —
cTir WT-P 1.47 = 0.01 — — 193 £ 04 — — 354 =05
cTir 434A 1.48 = 0.08 — — 20.3 = 04 — — 374 =03
cTir 434D 1.52 = 0.03 — — 19.5 £ 04 — — 35.0 = 0.9
cTir 463A 1.48 = 0.02 — — 20.5 = 0.5 — — 37.0 = 0.7
cTir 463D 1.49 = 0.04 — — 18.1 £ 0.4 — — 33.8 + 04
cTir 434A/463D 1.48 = 0.01 — — 20.5 = 0.2 — — 373 =04
cTir 434D/463A 1.50 = 0.01 — — 199 = 0.2 — — 36.2 = 0.3
cTir 434A/463A 1.46 = 0.02 — — 17.7 £ 0.7 — — 33.8 0.8
cTir 434D/463D 1.47 = 0.02 — — 19.5 £ 0.5 — — 347 = 1.2
FL-Tir WT (150 mM NaCl) 2.65 = 0.01 — — 60.5 = 2.1 — — 57.0 = 0.6
FL-Tir WT (50 mM NaCl) 2.67 = 0.02 584 =26 543 +29
FL-Tir WT-P 2.68 + 0.03 — — 585 25 — — 56.2 =24
FL-Tir 434D/463D 2.65 = 0.03 — — 619 + 14 — — 62.7 = 0.7

Before adopting its final conformation as an integral trans-
membrane receptor, Tir is 1), bound by a molecular chaper-
one (CesT) after overexpression in the bacteria (which protects
the protein from degradation and may be involved in deliv-
ery of Tir to the type III secretion system); and 2), passes
through the ‘‘needle’’ of the type III translocon in an at least
partially unfolded state. The protein is then predicted to be
released into the cytoplasm, where it inserts into the mem-
brane. It would seem likely that the expressed protein de-
scribed here represents this preinsertion form, and this is
natively unfolded, but soluble in solution. The importance of
natively unfolded proteins in promoting efficient interactions
with other molecules (for example, in regulation and cell
signaling) has recently been investigated (16,20,36,38,39). It
is an attractive hypothesis that the natively unfolded state
adopted by FL-Tir in solution is important for the structural

transition into an integral membrane protein by providing an
appropriate interaction surface or promoting penetration of
the lipid bilayer due to exposed hydrophobic residues.
Bioinformatic analysis of the predicted regions of disorder
in Tir (as generated by PONDR (Fig. 5)) reveals the presence
of a MoRF-like sequence (molecular recognition feature
(40,41)) centered around residue Ser-434. MoRFs are de-
fined as short, loosely structured regions in proteins that are
surrounded by largely disordered sequences (41), and have
been implicated in molecular recognition events, particularly
protein/protein interactions associated with cell signaling and
regulation. Upon binding their partners, these MoRFs un-
dergo disorder-order transitions. Additionally, it has been
shown that a significant proportion of MoRFs contain a pre-
dicted phosphorylation site, and phosphorylation may be a
common mechanism to modulate MoRF binding activity (41).

TABLE 3 Hydrodynamic characteristics of cTir/FL-Tir compared to other natively unfolded/urea-unfolded proteins

Mass (kDa) Hydrodynamic radius (A) Reference

cTir WT (150 mM NaCl) 19.8 388 £ 0.2
Natively unfolded proteins Stathmin 17 33 (42)
CFos-AD domain, 216-380 17.3 35 (43)

fragment

Calf thymus histone 19.8 36.7 (44)
PPI-1 20.8 323 (45)
Securin 222 39.7 (21)
DARPP-32 23.1 34 (46)
B-Casein 24 41.7 (44)
8 M urea unfolded proteins Myoglobin 16.9 35.1 47)
without cross-links B-Lactoglobulin 18.5 37.8 47)
Chymotrypsinogen 25.7 45 (47)

FL-Tir WT 59.2 57.0 £ 0.6
Natively unfolded proteins Taka-amylase A, reduced 52.5 43.1 (44)
GARP1 64.5 65 (48)
SdrD protein B1-B5 fragment 64.8 54.7 (49)
8 M urea unfolded proteins Serum albumin 66.3 74 47)

without cross-links
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FIGURE 5 PONDR prediction for intrinsic disorder from amino acid
sequences (A) FL-Tir, (B) cTir WT (solid line), Ser-434-Asp/Ser-463-Asp
(dashed line), and Ser-434-Ala/Ser-463-Ala (dotted line). The predicted
MoREF sequence, as discussed in the text, is shown as a hatch-marked box.

The identification of a MoRF centered on the 434 region of
Tir supports a role for this region in regulating intermolec-
ular interactions with an as yet unidentified binding partner,
and suggests that phosphorylation of this residue may mod-
ulate binding affinity.

Oligomerization of cTir in solution

Previously, when Tir proteins were prepared in 50 mM
NaCl, it was shown that cTir existed in a monomer-dimer
equilibrium (by AUC and native gels), with phosphorylation
affecting the oligomerization state of the protein; the impli-
cations for Tir function were discussed (12). In this study,
protein preparations and experiments were conducted at more
physiological NaCl concentrations (150 mM in all buffers,
also with an additional gel filtration purification step where
a single peak was observed). At these salt concentrations, the
AUC experiments reveal that there is no change in oligo-
meric state 1), after cTir phosphorylation or 2), for any of the
cTir variant proteins. Also, only single bands are seen on
native gels for all samples (data not shown). If cTir samples
are prepared in only 50 mM NaCl, then evidence of changes
to compactness and oligomeric state (dimer and possibly
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tetramer) are seen using AUC, but only a single band is ap-
parent on native gels (in contrast to the two bands observed
in Hawrani et al. (12) (data not shown)). The most extended
conformation of cTir-WT was observed at approximately
physiological conditions (pH 7.5, 150 mM NaCl), whereas
in low salt concentrations (50 mM NaCl), the protein was
significantly more compact, giving a friction coefficient of
1.21 (averaged value for all species present in solution), in-
dicative of a more globular state. These differences in the
compactness of cTir and its oligomerization state in response
to NaCl concentration are not distinguishable by AUC in the
context of the full-length protein in solution, as the distri-
bution of FL-Tir purified in 50 mM NaCl is virtually iden-
tical to that of protein prepared in 150 mM NaCl (data not
shown).

Considering the two studies together, it would appear that
isolated cTir is able to oligomerize, and the oligomerization
state of the protein can be perturbed on phosphorylation, but
this is dependent on salt concentration. It may be that pre-
paration at higher salt concentrations (as predominant in this
study) is important for ensuring/retaining a monomer con-
formation, as addition of NaCl to 150 mM from samples
initially prepared in 50 mM, before running native gels, main-
tains the monomer/dimer equilibrium of cTir (12). However,
in 150 mM NaCl buffer, a monomer conformation was more
readily observed after incubation with PKA (12). These ef-
fects suggest that subtle changes in the composition of the
cell medium may affect the structural state of Tir, and this
may have implications for the mechanism of host-cell mem-
brane insertion, or downstream signaling.

How does phosphorylation or
phosphorylation-mimicking mutations affect
the natively unfolded state of cTir/FL-Tir?

All of the eight cTir variants produced as part of this study,
and both the native and phosphorylated proteins, appear to
adopt a largely unfolded or loosely packed domain structure
in solution. Deconvolution of the CD spectra for the proteins
shows a range of 66.2—74% ‘‘unordered’’ structure and model-
ing of the AUC data reveals a frictional coefficient that, when
considering the molecular weight of these proteins, translates
to a very elongated state that cannot be correlated with a
folded domain structure. Also, the proteins all display similar
conformational stability (as assayed by tryptic digest (1 ng/ul
trypsin) followed by SDS-PAGE analysis (data not shown)),
with a single major breakdown product stable for ~15 min
but degraded after 60 min. The extent of digestion is essen-
tially the same at each time point for all constructs. Despite
their unfolded state, the proteins appear stable in solution to
high concentrations and show no sign of aggregation up to at
least 10 mg/ml (monodisperse as observed by dynamic light
scattering, single peak on a gel filtration column (well
after the void volume), single band on native-PAGE gels (not
shown)), the proteins also retain the ability to be phosphorylated
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by PKA and display changes in apparent molecular mass on
SDS-PAGE gels, similar to the full-length protein.

Bioinformatic analysis suggests that the phosphorylation-
mimicking mutations are on average slightly order-promoting
(Fig. 5 B). This agrees with the experimental data (for instance,
the value of the sedimentation coefficient and deconvolution
of the CD spectra for the Ser-434-Asp mutant suggests a
more folded and compact structure). Interestingly, the first
site (Ser-434) for PKA phosphorylation spanning residues
Ala-424 to Ser-440 is situated in a region that has MoRF-like
properties, as discussed above, whereas the second site, Ser-
463, is situated in a disordered region (Thr-441 to Asp-475
(Fig. 5 B)). However, it is apparent from the computational
and experimental analysis that neither phosphorylation nor
the phosphorylation-mimicking mutations dramatically af-
fect the structure of the cTir domain in solution. It may be
that cTir requires either the remaining domains of the pro-
tein, or a combination of the rest of the protein with the host-
cell membrane or other factors to refold to a compact state, if
indeed it does fold in the context of the intact protein.
Although cTir itself has some affinity for membranes in vitro
(7), it is not known whether this forms part of the insertion
mechanism; there is no evidence to suggest that cTir can
refold on a membrane alone (there is no change in the CD
spectra of cTir on incubation with small unilamellar vesicles
mimicking the lipid composition of the host-cell membrane
(data not shown)).

As for the c¢Tir domain, AUC reveals that FL-Tir does not
undergo any major structural rearrangements after modifi-
cation of Ser-434/Ser-463 by phosphorylation or mutagen-
esis. This shows that the subtle changes observed by CD are
not linked to large-scale changes in tertiary structure. Phos-
phorylation does appear to stabilize a higher-molecular-
weight component of FL-Tir in solution (peak at ~4 S, 10%
rather than 3% in the native protein, Fig. 3 C), but it is not
known at present whether this is an oligomeric state of the
protein or nonspecific aggregation. In either case, this com-
ponent is a minor species in solution. The conformational
stability of FL-Tir does not appear to be significantly af-
fected by modification at residues 434/463, as determined
by tryptic digest (1 ng/ul trypsin) (data not shown)).

In summary, this study aimed to determine the effects of
site-directed mutagenesis at previously identified serine phos-
phorylation sites on the structure of the EPEC virulence pro-
tein Tir. It has been shown that both the isolated cTir domain
and the FL-Tir protein appear to be natively unfolded in so-
lution, and modification of the targeted residues has little
effect on the structures (be it enzymatic phosphorylation or
mutagenesis) at physiological NaCl concentrations. It still
remains plausible that phosphorylation of these residues has
arole in the mechanism of membrane insertion or promoting
structural rearrangements postinsertion through either charge
effects, recognition of accessory factors (or both), or other, as
yet unidentified, downstream signaling activities. The rec-
ognition of Tir adopting a natively unfolded state in solution
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has importance for directing further structural studies. At pres-
ent, low-resolution, solution-based approaches appear to be
the most appropriate way to investigate the structure of Tir,
both in the aqueous phase and inserted into the membrane.
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