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Abstract

Lung infection with Pseudomonas aeruginosa is the leading cause of death among cystic fibrosis
patients. To initiate infection, 2 aeruginosa assembles a protein nanomachine, the type I11
secretion system (T3SS) to inject bacterial proteins directly into target host cells. An important
regulator of the P, aeruginosa T3SS is the chaperone protein PcrG, which forms a complex with
the tip protein, PcrV. In addition to its role as a chaperone to the tip protein, PcrG also regulates
protein secretion. PcrG homologs are also important in the T3SS of other pathogens such as
Yersinia pestis, the causative agent of bubonic plague. The atomic structure of PcrG or any
member of the family of tip protein chaperones is currently unknown. Here, we show by CD and
NMR spectroscopy that PcrG lacks a tertiary structure. However, it is not completely disordered
but contains secondary structures dominated by two long a-helices from residues 16-41 and 55—
76. NMR backbone dynamics data show that the helices in PcrG have semi-rigid flexibility and
they tumble as a single entity with similar backbone dynamics. NMR titrations show that the entire
length of PcrG residues from 9-76 is involved in binding to PcrV. Thus the PcrG family of T3SS
chaperone proteins is essentially partially folded.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic Gram-negative pathogen that is most frequently
associated with nosocomial infections in patients with cystic fibrosis, pneumonia, AIDS,
cancer, or other ailments that compromise the immune system(1). Despite treatment with
potent antibiotics, mortality rate is approximately 40% in case of acute infection(@). To
initiate infection, the bacterium deploys the type 11 secretion system (T3SS) to inject
effector proteins into host cells® to modulate host cell biology for the benefit and survival
of the bacterium(® 5). The T3SS consists of structural proteins that assemble the needle
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complex, effectors and chaperones(®). Two proteins that play critical roles in the assembly
and regulation of type 11 secretion in 2 aeruginosa are the tip protein PcrV(®) and its
chaperone PcrG(7-9),

Secretion of effector proteins by the T3SS in P, aeruginosa is tightly regulated and is
triggered by either host cell contact or calcium depletion®). Deletion of genes encoding
either PcrG or PcrV results in the loss of regulation of effector secretion leading to
constitutive secretion of effectors®). Multiple results confirm that PcrG and PcrV interact
directly(® 10.11) pcrG can regulate the secretion of effectors even with a point mutation,
V16R, that disrupts binding to PcrVV(®). Hence, PcrG regulates the secretion of effectors
independent of PcrV-binding(®). Indeed, Lee et al.(") showed that PcrG also interacts with
other T3SS components like PscO and PcrD to control the secretion of effectors. This mode
of regulation of effector secretion is different from its homolog, LcrG of Yersinia pestis,
which requires binding to its cognate tip protein LcrvV(2-14), In addition to regulating the
secretion of effectors, PcrG facilitates the secretion of PcrV(®), and directs the translocation
of effector proteins into the host cell(®).

Chaperones play important roles in the assembly, function and regulation of the T3SS(19),
There are over 30 crystal structures of T3SS chaperones in the Protein Data Bank, however,
the atomic structure for any T3SS tip protein chaperone remains unknown. It has been
suggested that the T3SS tip proteins SipD (Sa/monella typhimurium)8.17) 1paD (Shigella
flexneri)18) and BipD (Burkholderia pseudomallei)™® have an N-terminal a- helical hairpin
that serves as a self chaperone for these proteins(8: 209). Due to the absence of this a-helical
hairpin in the crystal structure of LcrV(21), and presumably its homolog PcrV (for which the
crystal structure is unknown), it has been hypothesized that LcrG and PcrG function as the
chaperone proteins for their respective tip proteins®: 12). Others have proposed that LcrG
forms an a-helical coiled-coil based on the N-terminal a-helical hairpin domain of
IpaD(7.18,20) Because of its homology to LcrG, PerG is also assumed to have a similar
coiled-coil topology. Recently, Basu et a/.(?2) reported a structure of PcrG derived by
computer modeling and showed that PcrG residues 13-72 formed a 4-helix bundle. Here we
show the NMR-derived atomic conformation of PcrG. Our results are not in agreement with
the structure reported by Basu er a/(?2). Instead of a 4-helix bundle, our NMR data suggest
that PcrG is partially folded and its secondary structure is dominated by two long alpha
helices.

EXPERIMENTAL PROCEDURES

Protein expression and purification

Two constructs of PcrG, full length PcrG and a truncated form spanning residues 9-76
(PcrG®-7%), were PCR amplified from A aeruginosa (strain PAO1) and subcloned into
pET-21a as fusion proteins with GB1 (the B1 immunoglobulin-binding domain of
Streptococcus protein G) serving as expression and purification tag. The fusion constructs
were arranged as follows: PcrG or PcrG%78 at the N-terminus, followed by tobacco etch
virus (TEV) protease cleavage site, GB1 domain, and a Hisg-tag at the C-terminus. To obtain
PcrG, the expression plasmid was transformed in £. col/iBL21 (DE3)-DNAY and freshly
transformed colonies were used to inoculate 10 mL LB starter cultures overnight at 37° C.
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For unlabeled protein, the 10 ml LB starter culture was used to inoculate a 1 L LB.

For 15N/13C or 15N isotopically labeled proteins, the overnight LB starter culture was
centrifuged at 4000 rpm for 15 minutes and the cell pellet was resuspended into 1 L M9
minimal media supplemented with 1 g/L 15NH,CI and/or 2 g/L 13C-glucose. All media
contained 30 pg/mL kanamycin and 100 pg/mL carbenicillin. Cells were grown at 37°C,
induced at Aggg ~0.6-0.8 with 1.0 mM isopropyl-B-D-thiogalactopyrandoside (IPTG), and
cell growth was continued overnight in a 15°C shaker to a final Aggg of ~2. Cells were
harvested by centrifugation, resuspended in binding buffer (500 mM NaCl, 20 mM Tris-
HCI, 5 mM imidazole, pH 8.0), and lysed by sonication in the presence of 10 mg
phenylmethyl sulfonyl fluoride. The lysate was centrifuged to remove cellular debris and
600 uL of 5% polyethyleneimine was added to the supernatant to precipitate the nucleic
acids. After centrifugation, the supernatant was loaded onto a NiZ*-affinity column, and the
column was washed with binding buffer, and the protein was eluted with elution buffer (500
mM NaCl, 20 mM Tris, 250 mM imidazole, pH 8.0). Fractions containing the PcrG-GB1
fusion protein were pooled and dialyzed overnight in buffer (50 mM Tris-HCI, 20 mM NacCl,
1 mM DTT, 0.5 mM EDTA, pH 8.0) with 250 pL of 0.06 mM recombinant TEV
protease(23). The TEV protease digest was dialyzed in binding buffer and passed through a
second round of Ni2*-affinity purification. PcrG eluted in the flow through and wash
fractions, whereas the GB1 tag was retained in the column. PcrG%-76 was expressed and
purified in a similar manner just described. The PcrG and PcrG®-76 constructs used in this
study retained an N-terminal methionine and a C-terminal cloning artifact (GSENLYFQ).
Proteins were concentrated using Amicon Ultra 3K (Millipore) and protein concentration
was estimated by absorbance at 280 nm.

P, aeruginosaPcrV (residues 25-294) was subcloned into a pET-21a expression vector as a
GBL1 fusion protein arranged as follows: N-terminal Hisg-tag, GB1 domain, a TEV protease
cleavage site, and PcrV residues 25-294. The N-terminal 24 residues of PcrV were truncated
based on the apparent disorder of the homologous region in the crystal structure of Lcrv(2D),
PcrV was expressed and purified similarly as described above. After digestion with TEV
protease, the PcrV construct retained an N-terminal cloning artifact (GHM).

NMR Spectroscopy

NMR data were acquired at 25° C using a Bruker Avance 800 MHz spectrometer equipped
with a cryoprobe, processed with NMRPipe(?4), and analyzed using NMRView(%), Protein
samples were dialyzed overnight in NMR buffer (10 mM NaHPOg4, 10 mM NaCl, pH 7.0)
and the NMR samples contained 10% (v/v) D,0. 1®N-PcrG (0.8 mM) and truncated 1°N-
PcrG%76 (0.7 mM) were used to acquire initial 2D 1H-15N HSQC spectra(?®). For backbone
assignments of 15N-PcrG%-76, 0.7 mM 15N/13C-PcrG®-76 was used to acquire 2D 1H-15N
HSQC, 3D HNCA, 3D HNCACB, and 3D CBCA(CO)NH(26-28)_ Secondary structure was
determined using the secondary chemical shifts of C* and CP (29),

Backbone relaxation parameters were collected with a 0.7 mM 1°N-PcrG%-76 sample in
NMR buffer. The steady-state heteronuclear {1H}-1°N NOE was acquired as described(30)
with 2048 (*H) * 128 (1>N) complex points, 60 scans per point and a 5 s recycle delay. The
heteronuclear {H}-1°N NOE was calculated as the ratio of intensities of each peak in the

Biochemistry. Author manuscript; available in PMC 2017 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaudhury et al.

Page 4

two 2D datasets(9). Error bars were estimated using the standard deviation of the
background signal of each spectrum(31). The 15N backbone relaxation rates Ry and R, were
acquired as described®L). The time delays used to determine Ry were 10, 60, 120, 240, 400,
900 and 1100 ms and the time delays used to determine R, were 20, 40, 50, 60, 70, 90, 100,
120 and 150 ms. Peak intensities were obtained using NMRView(25) and fitted using
GNUPLOT(®2), Deviations from fitting were reported as error bars. Due to peak overlap,
residues 10, 13, 14, 21, 24, 29, 33, 36, 37, 38, 48, 50, 51, 56, 57, 69, 70 and 74 were not
used in the analysis.

For NMR chemical shift mapping, 2D H-1°N HSQC spectra were acquired for 1°N-
PcrG%-76 and 15N-PcrGo-76-GB1-Hisg titrated with increasing amounts of unlabeled PcrV.
Six samples were prepared in NMR buffer with 0.13 mM 15N-PcrG®-76 and varying PcrV
concentration in molar ratios of 1:0, 1:0.25, 1:0.5, 1:1, 1:2 and 1:4. Four samples were
prepared in NMR buffer with 0.39 mM 1°N-PcrG®-76-GB1-Hisg and varying PcrV
concentrations in molar ratios of 1:0, 1:0.5, 1:1 and 1:2.

13C-ILV labeled PcrG-76 where the methyl groups of isoleucine, leucine and valine

were 13C labeled was prepared by overexpression of PcrG%-76 in £. coli minimal media
supplemented with 2-ketobutyric acid-4-13C (lIsotec, # 571342; to 13C-label the isoleucine
C&1 methyl group) and 2-keto-3-(methyl-13C)-butyric acid-4-13C (Isotec # 571334; to 13C-
label the leucine C8 and valine Cy methyl groups) following published protocols(33). The
keto acids were added to the minimal media when ODggq reached 0.4 — 0.5. After 45-60
minutes the culture was induced with 1.0 mM IPTG and cell growth was continued
overnight in 15°C shaker. Cells were harvested and the proteins were purified as described
above. PcrV labeled only with isoleucine 13C61 methyl group was overexpressed and
purified in a similar manner. Isoleucine 13C&1-labeled PcrV (0.23 mM) was titrated with
increasing amounts of unlabeled PcrG9-76 or PcrG in molar ratios of 1:0, 1:0.5, 1:1, 1:2 and
1:3. NMR spectra for the titrations were acquired at 30°C using a Bruker Avance 600 MHz
NMR.

Circular dichroism spectroscopy

PcrG and PerG®-76 (5.8 pM) were dialyzed in buffer (10 mM NaHPO,, 10 mM NaCl, pH 7.
0) for CD spectroscopy and thermal denaturation experiments. CD spectra were acquired
using a JASCO J-815 Spectropolarimeter. CD spectra were collected in triplicate from 195
to 260 nm at scan rate of 50 nm/min. Thermal denaturation curves from 20-80° C were
obtained by recording the molar ellipticity at 222 nm at a temperature ramp rate of 2° C/min.

Surface plasmon resonance spectroscopy

Apparent dissociation constants (K) between PcrG or PcrG®-76 and PcrV were measured by
surface plasmon resonance (SPR) using a Biacore 3000 instrument (Biacore, Uppsala,
Sweden). A 1:1 (v/v) mixture of 400 mM 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
(EDC) (Sigma) and 100 mM N-hydroxysuccinimide (NHS) (Sigma) was prepared and
immediately injected into two flow cells of a CM5 chip to activate the carboxymethylated
dextran surface. Lyophilized anti-polyhistidine antibodies (R&D Systems, Inc.) were
resuspended to 25 pg/mL in immobilization buffer (10 mM sodium acetate, pH 5.0) and
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injected into the 2 activated flow cells for amine coupling. The remaining uncoupled
surfaces were inactivated by injection of blocking buffer (1 M ethanolamine, pH 8.5)
(Sigma). Activation, coupling, and blocking steps were performed for 7 min at a flow rate of
10 pL/min resulting in anti-polyhistidine direct coupling of ~14,000 response units (RUs) in
both flow cells.

Biacore assays were performed at 25°C using freshly prepared and degassed running buffer
(10 mM HEPES, 150 mM NaCl, 0.005% (v/v) Surfactant P-20, pH 7.4). Unlabeled PcrG or
PcrG9-76 (fused to C-terminal GB1-Hisg tag) was dialyzed overnight in running buffer and
immobilized to the anti-polyhistidine coated surface of flow cell 2 by injection of 6-9 uL of
1 pg/mL protein at 10 pL/min. Varying concentrations (2-32 nM) of PcrV were then injected
in both flow cells at 40 uL/min for 3 mins over immobilized PcrG-GB1-Hisg and PcrG®-76-
GB1-Hisg. Immobilization of PcrG and binding of PcrV was repeated for each PcrV
concentration followed by surface regeneration using 20 pL pulses of regeneration buffer (10
mM glycine, pH 2.0). Non-specific binding of PcrV to the anti-Hisg antibody coated surface
and the bulk effect from the buffer were determined from flow cell 1 and subtracted from the
raw data. The dissociation constant (Kg) values were calculated using BlAevaluation 4.1
software. As a control, the above steps were repeated using the GB1-Hisg tag immobilized to
the anti-polyhistidine coated surface to verify that the fusion tag did not contribute in
binding PcrV.

Protein expression

Full length PcrG and a truncated form, PcrG®-76, were expressed and purified as fusion
proteins with the GB1 domain as a solubility tag and linked by a cleavable TEV protease
site. A PcrG truncation, PcrG%-76 was constructed based on the sequence conservation of the
PcrG family of tip protein chaperones (Figure 1), proposed binding regions in the Yersinia
homolog LcrG with its cognate tip protein®®4), and secondary structure prediction using
PSIPRED®), DSC(38), MLRC®7) and PHD(38) that suggested that the extreme N and C
termini of PcrG were random coils (Figure 1B). PcrG and PcrG9-76 were overexpressed in
E. coliand purified under native conditions by NiZ*-affinity chromatography and produced
yields in millimolar quantities that facilitated NMR studies.

Cicular Dichroism and Thermal Denaturation

Circular dichroism (CD) spectra of PcrG and PcrG?-76 showed alpha helical content based
on the minima at 222 nm and a significant amount of protein disorder based on the
predominant minima at 208 nm. Nevertheless, comparison of the two CD spectra (Figure
2A) confirmed that PcrG and PerG9-76 have nearly identical secondary structures because
their CD spectra were nearly superimposable. Thus the truncation in PcrG%-76 did not
produce any appreciable changes to the secondary structure of PcrG. The thermal
denaturation curves of PcrG and PcrG®76 (Figure 2B) showed that they unfolded in a non-
cooperative manner without showing any clear inflection points. Nanao et. af19 also
observed that PcrG does not display a clear Tm, which is consistent with our observation.
Additionally, the 875/20g ratio of 0.7 for PcrG and PcrG9-76 suggested partially folded a.-
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helical proteins with non-interacting helices(3%). The results of CD and thermal denaturation
suggested that PcrG has secondary a-helical structure but lacked a tertiary structure.

NMR Spectroscopy

The 2D 1H-1N HSQC spectrum (Figure 3A) for full length PcrG showed a non-ideal NMR
spectrum with broad and overlapped peaks with many more peaks expected from a 98-
residue protein. This suggested multiple conformations or oligomerization of PcrG, which
would have made further characterization by 3D NMR challenging. On the other hand,
PcrG-76 afforded a spectrum suitable for further NMR characterization based on the
presence of sharp and well-resolved peaks with the correct number of peaks expected for a
68-residue protein (Figure 3B). Consistent with the CD data (Figure 2), the narrow proton
chemical shift range of less than 1 ppm for the backbone amides of PcrG (Figure 3A) or
PcrG9-76 (Figure 3B) suggested that the protein might be highly a-helical or unstructured.
Additional 3D NMR datasets were acquired on PcrG9-76 to assign the backbone resonances
of PcrG%-78 to identify the alpha-helical regions by Ca and CB chemical shifts(2%). The
backbone amides of the 67 non-proline residues of PcrG%-76 were assigned as well as all 8
residues of the C-terminal cloning artifact GSENLYFQ (Figure 3C). The secondary Ca and
CB chemical shifts suggested PcrG-76 contained two long a-helices spanning residues 16—
41 and 54-76 and linked by a short region from residues 42-53 that lacked any apparent
secondary structure (Figures 4). Because the CD spectra (Figure 2A) showed nearly
identical secondary structures for the truncated and full length PcrG, the NMR results
(Figure 4) suggested that the secondary structure of PcrG consist of two long alpha helices
from residues 16-41 and 5476 (Figure 4).

PcrG Backbone Dynamics

To assess the backbone dynamics of PcrG%78, we acquired the steady state heteronuclear
{*H}-15N NOE and 1°N backbone R; and R, relaxation rates for PcrG%-76. The
heteronuclear {H}-1°N NOE provides insight into the backbone dynamics of proteins at
picosecond to nanosecond time scales. Heteronuclear {*H}-1°N NOE values above 0.6
indicate well-structured regions and can be qualitatively described as being rigid.
Heteronuclear {H}-1°N NOE values between 0.4-0.6 can be qualitatively described as
semi-rigid flexibility, whereas {*H}-15N NOE values below 0.2 indicate completely
unstructured regions as those found in random coils. Most of the residues in the two helices
showed {1H}-1°N NOEs between 0.4 to 0.6 (Figure 5A) in the range that qualitatively can
be described as having semi-rigid flexibility. Residues found in the middle of the helices
showed {*H}-1°N NOE values above 0.6, in the rigid range, similar to those found in helices
of well-structured proteins. The middle of the helices could be described as fully formed
with the ends showing more flexibility. Residues flanking the helices were more flexible and
showed {*H}-1°N NOEs of 0.4 or below with a few residues (Glu9 and Ala-43) showing
{*H}-15N NOE:s falling into the semi-rigid range. Only one residue (Leu12) had a {*H}-1°N
NOE of slightly below 0.2 indicating random coil flexibility. The 1N backbone relaxation
rates (R; and Ry) indicated that the two helices in PcrG behaved with nearly similar amide
backbone dynamics (Figure 5B, 5C). For both the datasets, there was no appreciable
difference in the relaxation rates from the beginning to the end of the protein. This indicated
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that PcrG tumbles as a single entity in solution, as opposed to for example, helix a1
tumbling at a different rate compared to helix a.2.

NMR Titrations

NMR chemical shift mapping was used to characterize the PcrG-PcrV interaction.

Purified 15N-labeled PcrG®-76 was titrated with PcrV at increasing PcrV:PcrG molar ratios
(of 0.0, 0.25, 0.5, 1.0, 2.0 and 4.0) in NMR buffer and monitored by acquiring 2D 1H-1°N
HSQC spectra (Figure 7A). With the exception of 7 of the 75 backbone amide peaks
including the C-terminal cloning artifact, nearly all peaks showed significant reduction in
peak intensities with increasing molar ratios of PcrV. The 7 peaks that did not show any
change in peak intensities throughout the titration corresponded to the cloning artifact
residues (Ser78, Glu79, Asn80, Leu81, Tyr82, GIn84) and one PcrG residue Leu50.
However, one of the cloning artifact residues Gly-77 appeared to be in fast exchange time
scale on titration with PcrV.

Determination of PcrG-PcrV interaction by surface plasmon resonance (see below) required
that the PcrG construct retain the His-tagged GB1 domain. To assess the effect of having the
GBL1 tag, 15N-labeled PcrG%-76-GB1-Hisg fusion protein was titrated with increasing
amounts of PcrV and the titration was monitored by acquiring 2D *H-15N HSQC spectra
(Figure S1). The HSQC peaks of PcrG%-76 (Figure 3B) were superimposable on the HSQC
peaks of PcrG%-76-GB1-Hisg fusion protein, thus, readily identifying the peaks belonging to
the GB1-Hisg tag. As the concentration of PcrV increased, the GB1-Hisg peaks remained
unperturbed while the same subset of PcrG®-76 peaks reduced in intensity as seen in the
titration of PcrG%-76 without the GB1-Hisg tag. Thus, the GB1-Hisg tag did not alter the
ability of PcrG to bind to PcrV, also highlighting the specificity of PcrG-PcrV binding in
these assays.

To determine if truncating PcrG affected its binding to PcrV, NMR titrations were carried
out using PcrV labeled with isoleucine 13C81 methyl group and complexed with increasing
amounts of unlabeled PcrG®76 or full length PcrG. The isoleucine residues are represented
throughout the different regions of PcrV and served as probes of protein-protein interactions
of the different regions of PcrV with PcrG. For comparison of the results of PcrG and
PcrG®-76, spectra from two molar ratios (0.0 and 1.0) are shown for clarity (Figure 7B, 7C).
In both the datasets, there were two new peaks (shown as boxes) and two peaks that
disappeared from the spectra (shown with arrows) upon complex formation (Figure 7B and
Figure 7C). Although the NMR assignments for the isoleucine 13C61 methyl group of PcrvV
are currently unavailable, the results of the titrations indicate that the same set of PcrV
isoleucine residues were affected when titrated with either full length PcrG or truncated
PcrG®-76, Thus, both PcrG and PerG®-76 bound to the same surface of PcrV, and the
truncation did not alter the ability of PcrG%-76 to bind to PcrV.

Surface Plasmon Resonance Spectroscopy

Surface plasmon resonance (SPR) was used to determine the binding affinity and binding
kinetics between PcrV and PerG. PerG-GB1-Hisg and PerG9-76-GB1-Hisg fusion proteins
were used as ligands immobilized on CM5 flow cells coated with anti-polyhistinine
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antibodies for SPR studies. We used the GB1-Hisg tag to increase the distance between the
surface of the CM5 chip and PcrG to allow better sampling of possible binding sites upon
interaction with PcrV. The sensorgrams in Figure 6A and 6B show that the optical responses
increased upon injection of increasing concentrations of PcrV on immobilized PcrG-GBL1.
The SPR data for the interaction between PcrV and PcrG-GB1-Hisg was best fitto a 1:1
Langmuir model (XZ = 0.314) (Figure 6A). The dissociation constant (Kg) for this
interaction was calculated to be 26 nM. This high affinity binding is similar to that
previously described by Nanao er. af19) in which SPR was used to evaluate binding between
full length proteins, PcrG and PcrV. Thus, the N-terminal 24-residue truncation of PcrV has
little effect on the interaction. The binding occurred with rapid kinetics, with k,; = 5.6 x 10°
M~1sland kg=1.5 x 1072 M~1s71,

The truncations made in PcrG®78 did not have a significant effect in its capacity to bind
PcrV. The sensorgrams for PcrV binding to immobilized PcrG%-76-GB1-Hisg was fit to a 1:1
Langmuir model (XZ = 2.53) and the calculated dissociation constant (K4) of 24 nM was
essentially similar to that of full length PcrG (Figure 6B). Also, the binding kinetics were
somewhat more rapid than seen for full length PcrG, although less than an order of
magnitude, with k, = 1.0 x 108 M~1s71 and kg = 2.4 x 1072 M~1s71, These minimal changes
in binding suggested that truncated PcrG-76 retained the regions needed for tight-binding
interaction with PcrV. The SPR data was consistent with the results of our NMR titrations
using isoleucine 13C81-labeled PcrV (Figure 7), which showed that both the truncated and
full length PcrG bound similarly to PcrV.

To account for possible interference of the GB1-Hisg tag, control sensorgrams were acquired
under identical conditions in SPR assay but with GB1-Hisg as the ligand (Figure 6C).
Results show that the optical responses with increasing concentrations of PcrV were
insignificant. Therefore, the GB1-Hisg tag remained inert in the interaction. This result was
also consistent with the results of NMR titration using °N PcrG%-76-GB1-Hisg, which
showed that the GB1-Hisg residues remain unchanged and the same set of PcrG%-76 residues
were affected on binding to PcrV. This observation confirmed the specificity of the PcrG-
PcrV and PerG%-76-PcrV interaction.

DISCUSSION

The atomic structure of PcrG or any member of the PcrG family of tip protein chaperones
(Figure 1) is currently unknown. Our CD (Figure 2) and NMR (Figure 3) results suggested
that crystallization of full length PcrG will not be feasible because of the significant amount
of protein disorder as indicated by CD spectroscopy (Figure 2) and the possible multiple
conformations or oligomerization of PcrG as indicated by its 2D HSQC spectrum (Figure 3).
Nevertheless, a truncated form, PcrG®-76, yielded an ideal NMR spectrum (Figure 3C) that
retained nearly identical secondary structures of full length PcrG (Figure 2A). Our NMR and
CD data showed that PcrG lacks a tertiary structure and it only consists of two alpha-helical
secondary structures that do not interact with each other. Our results presented here
represent the current knowledge on the atomic-level structure of PcrG derived by NMR. Our
results suggest that other members of the PcrG family of chaperone proteins will lack
tertiary structures as well.
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Basu et a/.(22) reported a 3D structure for PcrG derived by I-TASSER computer modeling. In
their structure, PcrG formed a compact bundle of four helices spanning residues 13-25, 29—
39, 44-52, and 56-71 (depicted in Figure 4). Our secondary Ca chemical shifts (Figure 4A)
could support the presence of their helix 3 (and its attendant flanking linker regions) because
of the consistently positive, albeit weak, secondary Ca. chemical shifts of residues 46-51
(Figure 4A). We deemed, however, that the magnitude of the secondary Ca chemical shifts
of residues 46-51 to be too small compared to helix al and 2 and we therefore did not
assign residues 46-51 to form a helix. The major disagreement between our experimental
data and their proposed structure is that their structure would require breaking the middle of
helix a1 at residues Ser26, Glu27 and Glu28 to form a linker between their first two helices.
In our case, residues Ser26, Glu27 and Glu28 showed strong alpha-helical secondary Ca
chemical shifts (Figure 4A) suggesting that they are part of a helix. Additionally, a protein
with a tertiary structure consisting of packed helices would show a sigmoidal curve in a CD
denaturation experiment to show the cooperative melting of helices that interact with each
other; unlike the CD melting curves we obtained for full length and truncated PcrG shown in
Figure 2B. Our NMR and CD results therefore do not support the reported 3D structure of
PcrG by Basu et ak?2) derived by computer modeling. Basu ef ak%2) then used their 3D
structure of PcrG to model the atomic structure of the PcrG-PcrV complex. In light of
contrary NMR and CD experimental data presented above, caution is necessary in using the
predicted structure of PcrG(22) to elucidate the mechanism of PcrG-PcrV interaction with
respect to type Il secretion.

Direct binding between PcrG and PcrV has been demonstrated previously(®: 10.11) however,
the crystal or NMR structure of the PcrG-PcrV complex remains unknown. Studies based on
its closest homolog LcrG suggest that the N-terminus of LcrG is involved in LerV
binding(12 34). Results of yeast two-hybrid suggested that the LcrG N-terminal residues 7—
40 (corresponding to residues 1043 in PcrG) are required for interaction with LcrvVG4),
This region is highly conserved between LcrG and PcrG with a 47% sequence identity.
Nanao et. aK10) and Lee er. ak®) also suggested that the N-terminus of PcrG binds to PcrV.
Basu et ak?2) showed that PcrG residues 1372 interacts with PcrV. Our NMR titrations
using PcrG%78 indicate that PcrV induces a global change in the structure of PcrG that may
likely result from a combination of both PcrV-binding interactions and binding-induced
conformational changes (Figure 7A). This is not surprising considering the sizes of the two
proteins PcrV (33 kDa) and PcrG®-76 (8 kDa). It is possible that the entire PcrG wraps
around PcrV/, as it is not uncommon for flexible proteins to interact with a larger surface area
as compared to globular proteins(49) to stabilize the protein-protein interaction.

Earlier results have pointed out multiple putative roles for PcrG towards control of secretion
and translocation of effector proteins in 2. aeruginosa T3SS, in addition to its role as a
chaperone for Pcrv(7-11.22) Dye to its inherent functional versatility therefore, it is possible
that the structure of PcrG is conformationally interchangeable and dynamic. Interaction with
a wide variety of protein targets is also a trademark of disordered and flexible

proteins(4%: 41), The inherent flexibility enhances the functional diversity of PcrG and allows
it to adopt transiently stable conformations to perform its specific functions, for example, by
binding to PcrV(®: 10.11) or by hinding to PscO and PcrD(). This is not unprecedented for
natively unstructured proteins, which in most cases undergo binding induced folding

Biochemistry. Author manuscript; available in PMC 2017 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaudhury et al.

Page 10

transition(?). In fact, these kinds of protein folding transitions are not uncommon in T3SS
either. It is applicable to both the structural components of T3SS and in case of chaperone-
effector interactions(43-46),
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Figure 1. Sequence alignment of the PcrG protein family
Protein sequences PcrG1 PcrG2 (from different strains of Pseudomonas aeruginosa), LcrG1l

(from Yersinia pestis), LcrG2 (from Yersinia enterocolitica), AcrG1l (from Aeromonas
hydrophila) and LssG (from Photorhabdus luminescens). Secondary structure prediction
from PSIPRED() denoting the 4 helices are indicated.
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Figure 2. Circular Dichroism and thermal denaturation spectra of PcrG constructs
(A) CD spectra for PcrG and PcrG®-76, (B) CD thermal denaturation plots of PcrG and

PcrG%-76, [Molar ellipticity ® = (deg-cm2-dmol™1) x 1079].

Biochemistry. Author manuscript; available in PMC 2017 February 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chaudhury et al.

Page 15

A o B 106 P
- v’
108 PerG 108 | PerG . e
110 4 110 A
.
12 12 '
& (Y
g 114 114 ’
e ] ] .
& 116 116 ;e
< -
9 118 118 %
© )
‘é’ 1204 120 4 . .. ]
2122 122 .
(@] o ’
=z 124 124 )’o
v 1 r
< 126 126 .
128 . 128
14 e .
130 . T T T T T T T L 130 T T T T T T T
100 95 89 85 80 75 7.0 100 95 89 85 80 75 7.0
TH Chemical Shift (ppm) TH Chemical Shift (ppm)
(o
- Pcr(39-76 G47’ & G30
108 - G39
] &% o
110 -
i o7
112 -
E ., T15
& H4 Ta o
% i 780 o°"
»n 116+ S e
© |
E S76 S gs .
118 -
2 S0gp Fhp @ Mg @ R74 5
S A s L67 *E69 F5
E55 E64 E63E48/R60- ED-s2 L R72
Z 1204 © L4 ) o L42 &
. vy Lo Gy oD
122 79 E57/R56/R29” Ao R13%65 »\.66
] D - - ® i V16 -¢ 158
124 - E27 Q17 ik . 03 A22
i p1g @, joR24 12 A4
126 o
| A53
T T T T T T T T T T
87 86 85 84 83 82 81 80 79 78 77
"H Chemical Shift (ppm)
Figure 3.

Two-dimensional H-15N HSQC spectra of (A) PcrG and (B) truncated PcrG%-76, (C)
Assigned 2D 1H-15N HSQC spectrum of PcrG%-76. Overlapped peaks are indicated with
asterisk. The W37 side chain peak is not shown. Residues 77-84 (G;7SENLYFQg,) are

cloning artifacts.
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Figure 4. The (A) Ca and (B) Cp secondary chemical shifts suggest PcrG%78 contains two a-
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Gray bars indicate the four helices of the iTASSER computer predicted structure of PcrG

reported by Basu er a/.(2?)

Biochemistry. Author manuscript; available in PMC 2017 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chaudhury et al.

{"Hy "N NOE

Page 17

al a2

0 5 10 15 20 25 30 35

40 45 50 55 60 65 70 75 80

0 IllllllllIIIIIIIIIIIIIIIIIIIlllllllllllIIIIIIIIIIIIIIIIlllIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25 30 35 40 45 550 565 60 65 70 75 80

0 Illllllll'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIII

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

PcrG Residue Number
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