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ABSTRACT: Chlamydia are obligate intracellular bacterial pathogens that cause a variety of diseases. Like many
Gram-negative bacteria, they employ type III secretion systems (T3SS) for invasion, establishing and
maintaining their unique intracellular niche, and possibly cellular exit. Computational structure prediction
indicated that ORF CT584 is homologous to other T3SS needle tip proteins. Tip proteins have been shown to be
localized to the extracellular end of the T3SS needle and play a key role in controlling secretion of effector
proteins. We have previously demonstrated that T3SS needle tip proteins from different bacteria share many
biophysical characteristics. To support the hypothesis that CT584 is a T3SS needle tip protein, biophysical
properties of CT584 were explored as a function of pH and temperature, using spectroscopic techniques. Far-UV
circular dichroism, Fourier transform infrared spectroscopy, UV absorbance spectroscopy, ANS extrinsic
fluorescence, turbidity, right angle static light scattering, and analytical ultracentrifugation were all employed to
monitor the secondary, tertiary, quaternary, and aggregation behavior of this protein. An empirical phase
diagram approach is also employed to facilitate such comparisons. These analyses demonstrate that CT584
shares many biophysical characteristics with other T3SS needle tip proteins. These data support the hypothesis

that CT584 is a member of the same functional family, although future biologic analyses are required.

Chlamydia infections are common throughout the world and
are associated with a range of diseases, including pneumonia,
atherosclerosis, pelvic inflammatory disease, reproductive steri-
lity, and blindness (7, 2). Chlamydia trachomatis alone is respon-
sible for an estimated 92 million sexually transmitted infections a
year (3). Despite this prevalence, much is still unknown about the
pathogenesis of these obligate intracellular pathogens. Chlamydia
invade eukaryotic cells as a metabolically inactive elementary
body (EB) and form an inclusion which evades fusion with the
late endosome/lysosome endocytic vesicles (4—7). In this com-
partment, EB convert into metabolically active reticulate bodies
(RB) which replicate by binary fission (4). After approximately
18 h, RB begin differentiating back into EB and are eventually
exocytosed to repeat the infection cycle. The pathogens are also
known to exist in a persistent form inside host cells presumably to
evade immune system responses (2, 8, 9).

Like many pathogenic Gram-negative bacteria, Chlamydia use
type III secretion systems (T3SSs)' to facilitate infection and
exploitation of eukaryotic cells (/0—14). In particular, the T3SS
of Chlamydia is implicated in host cell invasion, intracellular
trafficking, and maintenance of the unique intracellular niche of
Chlamydia. Early evidence for the T3SS in these bacteria was
based primarily on genetic information and electron microscopy
where protrusions observed on the bacterial surface are presumed
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to be T3SS needles (/3—16). The lack of a system for genetic
exchange in C. trachomatis has hampered functional character-
ization of T3SS components. Furthermore, most of the proteins
encoded by Chlamydia do not share sufficient primary sequence
homology to support functional assignment, including many
of the T3SS proteins. Despite this, numerous proteins have
been demonstrated to be secreted in heterologous systems
(e.g., Shigella) in a T3SS-dependent manner and/or are present
in the cytosol (or cytosolic face of inclusion) of Chlamydia-
infected cells, providing support for identification of effector
molecules and utility of the T3SS in Chlamydia (17—23). Unlike
most bacteria possessing T3SSs, chlamydial T3SS genes
are found at multiple loci throughout the genome which
has also made identification of functional components more
difficult (10, 24).

T3SSs are composed of a basal body and a needle that is
responsible for the translocation of effector proteins from the
bacterial cytosol to the surface of a host cell or into its cyto-
plasm (12, 25, 26). This secretion apparatus is comprised of more
than 20 distinct proteins and has a possible evolutionary relation-
ship to bacterial flagella. One class of protein in this system of
particular interest is the tip protein which is so named for its
propensity to localize to the extracellular needle tip (27—30).
These proteins have been shown to regulate secretion of the other
effector proteins and thus play a pivotal role in the pathogenesis
of the bacteria (27). Furthermore, T3SS needle tip proteins, such
as LerV from Yersinia pestis, have been demonstrated to be
excellent protective vaccinogens (3/—33). In addition, some tip
proteins, such as IpaD from Shigella flexneri, may have additional
roles, though these functions are not fully understood.

Previously, we have employed biophysical tools to under-
stand the characteristics of T3SS needle tip proteins from
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proteobacteria. This work revealed protein subfamilies based on
their response to pH and temperature (34—36). These distinctions
were made after creation of empirical phase diagrams (EPDs).
EPDs summarize data from disparate techniques using matrix
mathematics and provide a global representation of results (37,
38). These diagrams are two-dimensional figures with respect to
pH and temperature with different physical states expressed in
terms of color. Past work has shown the utility of EPDs in
highlighting structure—function similarities in proteins with little
primary sequence homology (36, 39).

The identity of the T3SS needle tip protein is presently
unknown for Chlamydia. As presented here, computational
structure prediction and homology search indicates that a
C. trachomatis ORF (CT584), a protein with no primary
sequence homology to any other protein with a determined
function, exhibits predicted structural homology to T3SS needle
tip proteins. As such, we hypothesize that CT584 is a functional
T3SS needle tip protein. To support this hypothesis, we employed
biophysical analyses, including construction of an EPD, of
CT584 for comparison to characteristics shared by previously
analyzed T3SS needle tip proteins.

MATERIALS AND METHODS

CT584 Cloning, Expression, and Purification. CT584 was
PCR amplified from C. trachomatis (L2/434/Bu) using primers
5-GGA ATT CCA TAT GAC GAC GAA ACCCAA AACTC
and 5-CGC CGG CCG CCA CAGATTTCG TTA ATT CTT
C (Integrated DNA technologies, Coralville, IA). Purified am-
plicons were digested with restriction enzymes (Ndel and Eagl)
and ligated into pET21b (Novagen). Isogenic transformants were
selected and propagated in Escherichia coli TOP10 (Invitrogen,
Carlsbad, CA). Plasmid constructs were confirmed via DNA
sequencing (University of Kansas, DNA Sequencing Facility).
For protein expression, plasmids containing CT584 were freshly
transformed into E. coli BL21(DE3) (Bioline, Boston, MA) and
grown at 37 °C in 1 L of Luria-Bertani broth with 100 ug/mL
ampicillin. Cells were grown to an ODyg of 0.7 prior to | mM
isopropyl -D-thiogalactopyranoside being added. After induc-
tion for 4 h, cells were centrifuged and pellets frozen. Thawed
cells were resuspended and lysed using sonication in a Tris buffer
[40 mM Tris, 500 mM NaCl, and 5% glycerol (pH 8.0)]. Six-His-
tagged CT584 was purified using a cobalt metal affinity resin
(Talon beads, Pierce) and gravity filtration column. Protein was
eluted in Tris buffer containing 500 mM imidazole, and affinity-
purified CT584 was applied to a Superdex 200 gel filtration
column (GE Healthcare) employing an AKTA FPLC system
(GE Healthcare) in Tris buffer. Protein-containing fractions were
collected at approximately 150 kDa. Coomassie-stained sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE) of the protein sample revealed the expected 21 kDa
monomer at >95% purity.

Ultraviolet Absorption Spectroscopy. Spectra for each
protein were analyzed from 200 to 400 nm with an Agilent
8453 diode-array spectrophotometer equipped with a Peltier
temperature controller. The experimental spectral resolution
was 1 nm, and the integration time was set to 25 s. Spectra were
recorded from 10 to 90 °C in 2.5 °C increments with a 5 min
equilibration time at each temperature. The resultant absorbance
data were analyzed using Agilent UV—visible ChemStation
software by fitting spectra to a fifth-degree Savitzky—Golay
polynomial followed by a second-derivative calculation. This
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derivative spectrum was subjected to a 99-point interpolation
which produces an effective resolution of 0.01 nm.

Far-UV Circular Dichroism. Circular dichroism (CD)
spectra were recorded from 190 to 260 nm with a 1 nm resolution
at 20 °C. Spectra were recorded with a Jasco (Tokyo, Japan)
J-720 spectrometer equipped with a Peltier-controlled sample
holder. For thermal stress experiments, CD data were acquired at
222 nm from 10 to 85 °C at a rate of 15 °C/h. This wavelength was
chosen to monitor changes in the protein’s a-helical content. CD
signals were converted to molar ellipticity using the Jasco soft-
ware.

Fluorescence Spectroscopy. A PTI QM-1 spectrophoto-
meter was used to collect fluorescence data. For intrinsic Tyr
fluorescence, the excitation wavelength was 275 nm and emission
was recorded from 280 to 380 nm in 1 nm increments witha 0.5 s
integration time. In the case of ANS fluorescence, samples were
excited at 372 nm with emission spectra recorded from 400 to 600
nm in 2 nm intervals. ANS was added from a 2 mg/mL ethanol
solution to CT584 to yield a 10:1 molar ANS:protein ratio. In
both cases, emission was recorded by a photomultiplier tube
(PMT) 90° from the angle of incident light. Approximately I mL
of the samples was pipetted into a 1 cm path length quartz
cuvette, and data were collected from 10 to 85 °C in 2.5 °C
increments. Light scattering was recorded simultaneously via
intrinsic fluorescence acquisition with a second photomultiplier
tube located 180° to the emission acquisition at 275 nm. Blank
solutions containing all of the chemical components except
protein were also measured, and the resultant spectra were
subtracted from the protein emission spectra. Peak positions
were calculated in Origin by fitting the data to a secondary
polynomial curve followed by a first-derivative calculation.

Empirical Phase Diagrams. Data from all the techniques
described above were combined to create empirical phase dia-
grams (EPDs). The underlying theory and mathematics em-
ployed have been described in detail previously (37). In brief,
data from the biophysical studies were formed into vectors with
each vector representing a distinct pH—temperature setting. A
density matrix is formed by assembling these vectors which can
be manipulated to calculate eigenvalues. The three largest
eigenvalues are selected and employed to create new eigenvectors
that expand a truncated version of the data set in three dimen-
sions. Each dimension is assigned a color (red, green, and blue),
and the data are expressed in an EPD by plotting these color
assignments. Thus, color assignments are arbitrary. No equilibria
are implied across “apparent” phase boundaries, and these are
therefore not thermodynamic phase diagrams but are empirical
in nature.

Fourier Transform Infrared Spectroscopy. A Bruker
(Billerica, MA) Tensor 27 FTIR spectrometer equipped with a
ZnSe attenuated total reflectance (ATR) plate (Pike Technolo-
gies, Madison, WI) was used to collect Fourier transform
infrared (FTIR) spectra at room temperature (25 °C). Data were
collected over 256 composite scans with a resolution of 4 cm ™.
The samples were analyzed in 20 mM citrate/phosphate buffer at
1.8 mg/mL. Water spectra were subtracted with the OPUS
spectroscopy software associated with the spectrometer, and
data were further analyzed using GRAMS/AI (Galactic, Inc.).
The baseline was corrected between 1800 and 2400 cm ™, and the
spectra were then smoothed using a five-point Savitsky—Golay
function. Following Fourier self-deconvolution, the amide /11
bands of the spectrum (1500—1700 cm™ ') were decomposed
using a peaks fitting tool which employs Gaussian band profiles.
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The second-derivative spectra from 1500 to 1700 cm™' provided
the initial peak positions for fitting.

Analytical Ultracentrifugation. Protein molecular mass
and oligomerization state were assessed using a Beckman Coulter
(Palo Alto, CA) XL-I analytical ultracentrifuge in both sedimen-
tation velocity and equilibrium modes. For sedimentation velo-
city, CT584 was diluted to 0.2 and 0.5 mg/mL in citrate
phosphate buffer and injected into two-channel, 12 mm optical
path length cells. A four-hole An60Ti rotor at 10 °C housed the
cells, and samples were run in triplicate at 36000 rpm for 8 h.
Sedimentation velocity analysis was conducted using SEDFIT
(version 11.71) which was developed at the National Institutes of
Health by P. Schuck. Continuous ¢(s) distribution analysis was
employed, and both the Simplex and Marquardt—Levenberg
models were tested to ensure the final fit was in a global
minimum. Both time and radial invariant noise were removed.
In equilibrium mode, the same settings were used as before except
six-channel centerpieces were included in the assembly and the
rotor speed was 17000 rpm, with five measurements taken hourly
after a 12 h delay. Data were analyzed using SEDPHAT (version
6.21) with a monomer—n-mer self-association model giving the
best fit both for global reduced y* and for local root-mean-square
deviation (rmsd) values.

RESULTS

Computational Structure Prediction and Homology
Comparison. Identifying candidate T3SS needle tip proteins
using primary sequence homology has not proven to be useful in
Chlamydia. To identify potential T3SS needle tip candidates,
computational structure prediction followed by a structural
homology search was employed. I-TASSER is a hierarchal
protein structure, molecular modeling program that incorporates
a secondary structure-enhanced Profile—Profile Alignment and
iterative implementation of the Threading Assembly Refinement
program (40). This computational modeling program has proven
to be the most effective program at accurately predicting protein
three-dimensional structure blindly from primary sequence (41, 42).
Using this program, predicted structures of proteins with
unknown function can then be used for comparison to structures
of proteins for which the function has previously been determined.
Similar to primary sequence homology BLAST analysis,
this approach can provide candidates for subsequent functional
analysis.

One of the C. trachomatis proteins that exhibited predicted
structural similarity to other T3SS needle tip proteins was ORF
CT584. The I-TASSER-predicted structure of CT584 (Figure 1)
was compared pairwise (DaliLite) to each of the three determined
T3SS needle tip protein structures known: IpaD (PDB entry
2J00), BipD (PDB entry 2IXR), and LerV (PDB entry
IR6F) (43). This pairwise analysis will generate a Z score
indicative of the measure of quality for the alignment, with scores
between 8 and 20 supporting an intermediate level of confidence
that two proteins are homologous. For reference, comparison of
IpaD and BipD structures returns a relatively high Z score of 17.3
with 220 amino acids aligned despite only 27% sequence identity.
In contrast, IpaD or BipD compared to LerV resultsin a very low
Z score of <3.9, reflecting the structural differences between
these functionally similar proteins. Comparison of the predicted
structure of CT584 to the structure of IpaD revealed an inter-
mediate Z score of 8.4. Only 108 amino acids of the predicted
CT584 structure (of 184 total) were aligned to IpaD, although the
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FIGURE 1: Protein ribbon structure of IpaD and I-TASSER-pre-
dicted structure of C. trachomatis CT584. (A) IpaD from S. flexneri
(PDB entry 2J00) and (B) I-TASSER structural prediction of CT584.
The region of shared structural similarity is colored dark gray.

aligned region is structured very similarly (Figure 1). Given the
structural homology between IpaD and BipD, it was expected
that a pairwise comparison of CT584 with BipD should exhibit
some homology. This analysis resulted in a Z score of 6.9 and a
region of structural similarity of 119 amino acids. In contrast to
the results observed for IpaD and BipD, the Z score for the LerV
comparison to the predicted structure of CT584 was 2.1, close to
a no confidence score (< 2.0).

Opverall, structural prediction of CT584 and comparison to
known T3SS needle tip protein structures provided an inter-
mediate level of confidence that CT584 is structurally similar to
T3SS needle proteins, specifically, IpaD and BipD. The predicted
structure of CT584 forms two a-helical coiled-coil domains
(Figure 1). While this is a widely distributed structural feature
in biology, all of the needle tip proteins contain this structure (29,
44, 45). Additionally, unique N- and C-terminal domains flank
the coiled-coil segment of needle tip proteins. The predicted
structure of CT584 also contains an N- and C-terminal region
that flanks the coiled-coil domain.

Size exclusion chromatography indicated that CT584 is form-
ing a higher-order complex (~150 kDa), possibly a hexamer or
heptamer. This molecular mass and assembly of oligomers are
very similar to those observed for natively purified T3SS needle
tip proteins, including IpaD (29, 46). To provide further support
for the hypothesis that CT584 is a Chlamydia T3SS needle tip
protein, biophysical characterization of this protein was per-
formed and the results were compared to prior studies that
revealed protein subfamilies on the basis of their response to pH
and temperature (34—36).

Far-UV Circular Dichroism. To characterize the secondary
structure of CT584, circular dichroism (CD) and FTIR spectros-
copy were employed. Both of these techniques permit quantita-
tion of a-helical and f-sheet content in addition to turns and
disordered structural elements (47, 48). Circular dichroism
spectra from 190 to 260 nm at 10 °C in pH 7 buffer indicate
that, under physiologic conditions, the protein has primarily
o-helical structure (Figure 2A). This conclusion is based on the
presence of two negative peaks located at 208 and 222 nm.
Secondary structure analysis using Dichroweb estimates that the
protein is 55% o-helical. CD spectra were measured from pH 3 to
8, and the strongest minima were recorded at pH 3, suggesting
that maximum secondary structure exists under more acidic
conditions. In contrast, pH 6 possessed the least a-helical
content, while pH 8 had minima nearly as strong as those of
pH 3 (not illustrated).
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FIGURE 3: Deconvoluted amide I and II bands in solution measured
by ATR-FTIR at 1.8 mg/mL and pH 7. The Fourier self-deconvolu-
tion bandwidth and enhancement parameters were 21 and 2.5,
respectively. Six peaks were identified as secondary structure ele-
ments at 1695.5, 1683.7, 1674.2, 1652.9, 1635.9, and 1625.5 cm ™.

In addition to acquiring full-length spectra at 10 °C, we
monitored the intensity of the minimum at 222 nm as a function
of temperature from 10 to 85 °Cin 2.5 °C increments (Figure 2B).
By thermally stressing the protein in this manner, we can
ascertain the relative stability of the secondary structure.
CT584 shows only small changes in secondary structure at pH
3 and 6 compared to other conditions. Transitions from pH 4 to 8
show increasing transition onsets (7), with Tj, occurring near
20 °Cat pH 4 and at approximately 42 °C in the pH 8 environment.
The most distinctive trend is at pH 5 where there appears to be a
biphasic transition initiated at 27 °C. This suggests the possible
existence of at least two independently folding domains.

FTIR. Fourier transform infrared spectroscopy provides
an orthogonal method with which to measure protein secon-
dary structure and was performed here at pH 7 and 25 °C. We can
estimate secondary structural elements by deconvoluting the
amide I band (Figure 3) (48). Decomposition of the amide
I and II bands was accomplished using Fourier self-deconvolu-
tion with the second-derivative trace of the spectra guiding
initial peak position estimates. From this analysis, six peaks
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FIGURE 4: Second-derivative UV absorption spectroscopy. Absorp-
tion peak position minima centered around 253 nm (Phe, A), 259 nm
(Phe, B), 265 nm (Phe, C), and 269 nm (Tyr, D) are presented as a
function of temperature from 10 to 85 °C. Error bars are the standard
deviations from at least three trials: (l) pH 3, (O) 4, (A) 5,(V) 6, (®) 7,
and (left-pointing triangles) 8.

were clearly identified at 1695.5, 1683.7, 1674.2, 1652.9, 1635.9,
and 1625.5 cm ™. The first two peaks are generally associated
with S-turns, while peaks at 1674.7 cm™" and the two below 1650
cm” ! are attributed to S-sheets (48). The dominant peak, located
at 1652.9 cm™', can be assigned to o-helical content. On the basis
of the relative areas, helix comprises 60% of the protein’s
secondary structure which is within 5% of estimates from CD
spectra. The S-sheet contribution to the amide I peak is estimated
to be approximately 30% which compares with only 17% in CD
analysis.

Second-Derivative UV Absorption Spectroscopy. Ter-
tiary structure can be monitored through a variety of spectro-
scopic techniques, including intrinsic fluorescence, near-UV CD,
and second-derivative UV absorption spectroscopy. Intrinsic
fluorescence is not useful here because of the insensitivity of
Tyr residues to changes in environment. Second-derivative UV
absorption spectroscopy provides a fairly global picture of
tertiary structure changes since all three aromatic amino acid
residues can be simultaneously monitored (49, 50). CT584 has
13 Phe, one Tyr, and no Trp residues. Representative second-
derivative negative peaks are shown in Figure 4 near 265 and
269 nm, corresponding to Phe and Tyr, respectively. The shallow
slope seen at lower temperatures in all pH environments is not
due to alterations in tertiary structure but rather to dynamic
aspects of the protein’s behavior and suggests burial and im-
mobilization of the Phe residues. This phenomenon is discussed
in detail elsewhere (in publication). Initial peak positions
are nearly identical under all pH conditions and are slightly
longer (~0.5—1 nm) than those observed in the free amino
acid, indicating that on average the aromatic residues are
buried (37, 49). The Phe negative peak (Figure 4A) exhibits
red shifts at pH 7 and 8 which manifest a high error associated
with aggregation. Confirmation of this protein association is
observed in light scattering and turbidity data (Figure 5C,D). At
pH 5 and 6, initial blue shifts lead to erratic data with a large error
which again is probably the result of protein aggregation. The
two most acidic pH environments examined display broad
transitions to longer wavelengths. The Tyr peak centered around
269 nm displays little discernible transition at pH 3 and 4, but
distinct blue shifts accompanied by a larger error are present at
pH 5 and 6. These shifts to a shorter wavelength indicate a more
solvent-exposed state for the Tyr residue. Aggregation, which
coincides with this transition, again accounts for the increased
variability. Red shifts appear at pH 7 and 8 with greater
variability observed at pH 7.
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FIGURE 5: IpaD ANS and light scattering studies. ANS fluorescence
wavelength peak position (A) and intensity (B) monitored from 10 to
85 °C. Light scattering intensities at 275 nm (C) and optical densities
at 350 nm were measured under the same conditions. Error bars are
the standard deviations from at least three trials: (l) pH 3, (O) 4, (&)
5,(V) 6, (®) 7, and (left-pointing triangles) 8.

Extrinsic Fluorescence via ANS. Extrinsic fluorescence
using ANS as a probe was performed to monitor the appearance
of apolar binding sites in CT584 with respect to both temperature
and wavelength. Initial peak positions are nearly identical at pH
4—6 but occur at shorter wavelengths under more acidic or basic
conditions (Figure 5A). Results at pH 7 and 8 display low-
temperature red shifts which begin at ~15 °C and are followed by
transitions to shorter wavelengths at midrange temperatures.
Trends in the middle pH range (pH 4—6) manifest less pro-
nounced blue shifts at lower temperatures. Peak position wave-
length trends are less revealing at high temperatures where error,
particularly at pH 5 and 6, precludes definitive conclusions. In
contrast, at pH 3 the general trend reveals a biphasic red shift
suggesting the existence of two independent domains.

Structural changes in CT584 can also be observed through
examination of the fluorescence intensity of the ANS molecule.
ANS interacts strongly with apolar regions in proteins. As the
structure of the protein begins to loosen, the dye partitions into
the apolar core, causing an increase in its fluorescence quantum
yield (57). Because of the negative charge of ANS in solution,
there may also be some ionic interactions that might be more
expected under acidic circumstances (52). Only broad, compara-
tively small transitions can be observed below pH 5. From pH 5
to 8, however, transitions occur at increasing temperatures with
respect to alkalinity (Figure 5B). Tj in the pH 8 environment
begins at approximately 50 °C, which is the highest transition
temperature observed. The initial fluorescence signal is strongest
at pH 5, indicating a more disrupted three-dimensional structure.
In contrast, the fluorescence intensity at pH 8 is nearly 1 order of
magnitude lower than that under any other condition. This lower
quantum yield may be due in part to the pl of the protein (5.61)
which would cause it to be more negatively charged in an alkaline
environment. Specifically, this pH is sufficiently far from the pK,
of the four His residues and sufficiently close to the pK, of the
three Cys residues to expect a significant alteration in charge state
compared to that even at pH 7. Even with such a change in
ionization state, however, it is likely that the tertiary structure at
pH 8 is adequately compact to preclude the level of ANS binding
observed under more acidic conditions.

Biochemistry, Vol. 48, No. 43, 2009 10357

Aggregation. In addition to secondary and tertiary structure
changes, the stability of proteins can also be measured in terms of
their aggregation behavior. Light scattering provides insights into
the formation of higher-order aggregates and is more sensitive
than turbidity measurements. Alterations in static light scattering
intensity may in some cases be the result of variation in the
refractive index of scatterers. Increases in scattering are, however,
most often a consequence of a change in association behavior. In
this case, transition temperatures in light scattering data increase
with respect to pH with the exception of those at pH 3 and
4 (Figure 5C). At pH 3, the intensity of the initial light scattering
signal is less than half that observed under other conditions and
remains smaller than the decrease in intensity seen at ~40 °C at
higher pH. The initial decrease in intensity observed at pH 4—8 is
probably due to changes in the oligomerization behavior discussed
in Analytical Ultracentrifugation (Figure 6). Optical density data,
recorded at 350 nm during the UV absorption experiments, also
indicate an increasing transition temperature occurring with
higher pH (Figure 5D). The exception again is environments
below pH 5. The OD transition onsets for all pH conditions begin
at higher temperatures compared to the right angle light scattering
results. This phenomenon is attributed to the fact that light
scattering is a more sensitive measure of aggregation.

Analytical Ultracentrifugation. To gain a better under-
standing of the presence or absence of self-association events that
may be occurring in CT584, the protein was analyzed using
analytical ultracentrifugation (AUC) at 10 °C. Some tip proteins
are known to oligomerize in their native state and are reported to
form pentamers or hexamers when localized to the needle tip (29,
46, 53, 54). Samples of CT584 were examined in both sedimenta-
tion velocity and equilibrium modes using interference and
absorption optical systems. Samples were run at 36000 rpm at
0.5 and 1.0 mg/mL in velocity runs. In Figure 6A, the results from
a continuous ¢(s) distribution analysis are shown at 0.5 mg/mL.
The peak at 1.6 S corresponds to approximately 32 kDa, while
the peak at 3.1 Sis just over 88 kDa. When the concentration was
doubled to 1 mg/mL, the size of the first peak fell to 29 kDa while
the sizes of the higher-order species were also altered. Since the
size of monomeric CT584 is just over 21.1 kDa and there is a
change in the apparent size of species when concentration is
varied, the oligomerization kinetics must be fast on the time scale
of sedimentation (55). Fast kinetics skews the apparent sizes of
the species of interest in velocity analysis. For this reason, we
chose to analyze CT584 using sedimentation equilibrium as well.

Equilibrium runs were conducted at 0.5 mg/mL and 10 °C with
a rotor speed of 17000 rpm. The data were fit to multiple models.
Despite the complex self-association phenomenon observed, the
best fits occurred with the monomer—n-mer self-association
model (Figure 6B). A larger nonparticipating species set at the
size of the smallest higher-order aggregate (4.3 S) was included in
this analysis to improve the fit. The result shown in Figure 6B is
monomer to pentamer with the residuals shown below. The data
were fit to four different equilibrium conditions, and the global
reduced y* was 1.4. The pentameric and hexameric models both
gave good fits. On the basis of the size of the second peak in the
sedimentation velocity analysis, however, it is most likely that the
correct model is monomer in equilibrium with pentamer with
small amounts of higher-order aggregation occurring.

Empirical Phase Diagrams. Empirical phase diagrams
(EPDs) provide an effective way to summarize data from multi-
ple techniques and enable one to gain a more global picture of the
effect of temperature and pH on protein structure (37—39, 56). In
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addition, proteins with similar function but little sequence homo-
logy generally have similar EPDs which highlights the utility of this
technique in considering structure—function relationships (36, 39).
In the case of CT584, even at low temperatures (i.e., 10 °C),
there are conformational differences from pH 6 to 8 (Figure 7C).

The difference between pH 7 and 8 is primarily due to ANS
intensity data, while pH 6 differs because of the CD results. The
changes at lower temperatures can be ascribed to these data sets
because the differences in results from these techniques are
significantly larger than those from the other parent data sets.
A small transition occurs at pH 7 near 15 °C that arises from a red
shift in ANS wavelength peak position. If this smaller transition
is ignored, the trend of increasing stability with respect to pH
above pH 4 is in agreement among the multiple techniques.
Acidic environments (pH 3 and 4) display more subtle changes in
the empirical phase diagram. At pH 3, for example, the greater
amount of secondary structure and the more buried aromatic
residues seen in UV absorption data suggest that pH 3 may be
more stable than any other condition. The dramatic changes in
color seen at high temperatures near the protein pl are generally
indicative of aggregation and are in agreement with the parent
data.

DISCUSSION

We conducted this biophysical characterization of CT584 to
explore the possibility that it functions as the tip protein in the
T3SS of C. trachomatis. Tip proteins from other T3SSs have been
thoroughly examined with biological assays (27, 28, 30, 57—64),
crystallographic methods (29, 44, 45), biophysical characteriza-
tion, and a number of other techniques (34—36). This work,
however, represents the first biophysical exploration of CT584
and one of the first studies of any kind of this protein. As such,
the data presented above should be compared to those of CT584
putative functional homologues.

Previous work with EPDs has highlighted their utility in
revealing structure—function relationships between proteins with
minimal sequence homology (36, 39). The tip proteins IpaD (S.
flexneri), BipD (Burkholderia pseudomallei), SipD (Salmonella
spp.), LerV (Yersinia spp.), and PerV (Pseudomonas aeruginosa)
were previously compared and were shown to fall into two
distinct subfamilies (36). The first subfamily (IpaD, BipD, and
SipD) produced EPDs that manifested different structures at pH
6and 7 even at 10 °C (see the example in Figure 7A). The physical
states of the proteins were the same at pH >7 and, in general,
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were disrupted under acidic conditions (pH <35). The second
subfamily’s hallmark was nearly identical conformations at low
temperatures from pH 5 to 8 with stability increasing in response
to higher pH (see the example in Figure 7B). EPDs created so far
for proteins that are not T3SS tip proteins do not display trends
that closely resemble that of either subfamily. CT584’s phase
diagram is similar to those of all of the tip proteins mentioned
above in that there is a dramatic difference in protein structure
(conformation) above and below pH 5. This difference was
associated with a disrupted physical structure in acidic media
with the other T3SS proteins but may be a region of greater
stability for CT584. Defining which subfamily the Chlamydia
protein most resembles is more challenging since it appears to
possess one or more of the defining characteristics of each group.
Like the IpaD subfamily, CT584 displays conformational differ-
ences at low temperatures between pH 6 and 7 with the EPD
color shift arising from changes in secondary structure. The
observed increasing stability as a function of increasing pH,
however, would place it in the LerV subfamily. It is tempting to
speculate on the basis of these two observations that, since
C. trachomatis belongs to a different phylum than the other
bacteria mentioned, similarities to both subfamilies trace it back
to a common ancestor prior to the split in the protein family.

While EPD similarities to known tip proteins are not sufficient
evidence to establish CT584’s function, the protein has other
properties described here that strengthen the possibility. Many of
the T3SS tip proteins have been shown to oligomerize in vitro and
in vivo, and it is believed that, on the needle tip, they are
pentamers or hexamers (29, 46, 53, 54). AUC sedimentation
velocity and equilibrium analysis demonstrate that in aqueous
solution, CT584 oligomerizes most probably to a pentamer with
some higher-order aggregates present. If this self-association
occurs in more biologically relevant situations, it suggests a role
for the protein similar to those of other tip proteins. Light
scattering displayed an initial drop in intensity from 10 to
37°C at pH 7, and additional work is needed to ascertain if this
change is due to an alteration in oligomerization properties
(perhaps due to the formation of a less dense particle).

Biphasic transitions are visible under various conditions as a
function of temperature for CT584. Circular dichroism traces at
pH 5 and 6 as well as ANS peak position transitions in several
environments display this behavior which suggests the presence
of two independent folding domains. This response to tempera-
ture 1s significant because IpaD and SipD have similar biphasic
transitions and have been shown to possess N-terminal and
C-terminal domains which exhibit differences in thermal
stability (34—36).

Fourier transform infrared spectroscopy deconvolution
results agree with the general conclusion from circular dichroism
spectra that the secondary structure of CT584 is primarily
a-helical. FTIR secondary structural analysis, however, of
most of the tip proteins from proteobacteria listed above revealed
three predominate bands of nearly equal intensity which is
indicative of coiled-coil structure (34, 35, 65, 66). This struc-
ture has been confirmed by crystallographic studies of IpaD,
BipD, and LcrV (29, 44, 45). In the case of CT584, however, there
is little evidence from spectroscopic data of a coiled-coil domain.
This does not, of course, completely preclude the possibility
that some other intramolecular interaction is interfering with its
detection. For example, BipD’s trimeric coiled coil alters its
FTIR spectrum such that the bands are not longer equal in
intensity.

Biochemistry, Vol. 48, No. 43, 2009 10359

This study provides the first detailed biophysical study of the
C. trachomatis protein, CT584. While many biological analyses
are required to support the hypothesis that CT584 is a T3SS
needle tip protein, this study represents a first step in ascertaining
the function of this previously undescribed protein. While CT584
does not share homology with proteins from other bacterial
genera, proteins with a high degree of homology to C. tracho-
matis CT584 are encoded by Chlamydia spp., including (but not
limited to) Chlamydia pneumoniae, Chlamydia abortis, and Chla-
mydia caviae. Additionally, the protein sequence for CT584 is
100% identical within human C. trachomatis serovars (serovars
A, D, and LGV) or C. pneumoniae strains. The sequence for
CT584 is also highly conserved (83% identical and 91% similar)
between C. pneumoniae and C. trachomatis. I-TASSER modeling
using the C. pneumoniae sequence resulted in an identical
predicted three-dimensional structure (data not shown). On the
basis of the sequence and modeling conservation between and
within species, it is expected that the biophysical characteristics
described for C. trachomatis CT584 are probably conserved for
the other Chlamydia homologues.
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