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ABSTRACT

Studies of the chlamydial protease CPAF have been complicated by difficulties in distinguishing bona fide intracellular
proteolysis from in vitro proteolysis. This confounding issue has been attributed to CPAF activity in lysates from
Chlamydia-infected cells. We compared three methods that have been used to inhibit in vitro CPAF-mediated proteolysis:
(1) pre-treatment of infected cells with the inhibitor clasto-lactacystin, (2) direct cell lysis in 8 M urea and (3) direct lysis in
hot 1% SDS buffer. We identified a number of experimental conditions that reduce the effectiveness of each method in
preventing CPAF activity during lysate preparation. The amount of in vitro proteolysis in a lysate was variable and depended
on factors such as the specific substrate and the time in the intracellular infection. Additionally, we demonstrated for the
first time that artifactual CPAF activity is induced before cell lysis by standard cell detachment methods, including
trypsinization. Protein analysis of Chlamydia-infected cells therefore requires precautions to inhibit CPAF activity during
both cell detachment and lysate preparation, followed by verification that the cell lysates do not contain residual CPAF
activity. These concerns about artifactual proteolysis extend beyond studies of CPAF function because they have the
potential to affect the analyses of host and chlamydial proteins from Chlamydia-infected cells.
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INTRODUCTION

CPAF is a conserved chlamydial protease that cleaves and de-
grades many host and chlamydial proteins (Paschen et al., 2008;
Zhong 2009). However, the significance of this proteolysis to
the bacterial infection has been called into question be-
cause of ongoing CPAF proteolytic activity during the analy-
sis of Chlamydia-infected cells (Chen et al., 2012; Bavoil and

Byrne 2014). Specifically, lysates of Chlamydia-infected cells, pre-
pared under standard conditions, contain CPAF that is active
at 4oC and resistant to a standard protease inhibitor cocktail
(Zhong et al., 2000; Chen et al., 2012). As a result, CPAF-dependent
proteolysis of numerous host and chlamydial proteins appears
to occur during lysate preparation, rather than in intact infected
cells.
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Importantly, the proteolysis of 12 published CPAF sub-
strates was no longer detected by Western blot analysis when
precautions were taken to inhibit CPAF activity during lysate
preparation (Chen et al., 2012; Grieshaber and Grieshaber
2014). Methods to inhibit CPAF activity include pre-treatment
of Chlamydia-infected cells with the CPAF inhibitor clasto-
lactacystin prior to cell detachment and lysis, and direct lysis of
cells in 8 M urea or hot 1% SDS buffer (Chen et al., 2012; Snavely
et al., 2014). Using the hot 1% SDS method, Snavely et al. (2014)
reported that vimentin is still cleaved and identified LAP1 as a
new CPAF substrate. Vimentin cleavage was at greatly reduced
levels and occurred at much later times during the intracellular
infection than previously published (Kumar and Valdivia 2008).
Thus, CPAF activity in infected cell lysates can misrepresent the
extent and timing of proteolysis that may have occurred in an
infected cell.

How then should one interpret protein cleavage or degra-
dation that is detected in lysates when efforts are made to in-
hibit CPAF during lysate preparation? Depending on whether
there is residual CPAF activity in a lysate, such proteolysis could
represent bona fide effects on a substrate in the infected cell,
or there could still be in vitro proteolysis during lysate prepa-
ration. To address this issue, we compared the effectiveness of
three methods that can prevent CPAF-mediated proteolysis dur-
ing lysate preparation. We also examined if experimental vari-
ables, such as the time in the infection, the cell collection pro-
cedure and the protein substrate being analyzed, can limit the
effectiveness of these methods in inhibiting in vitro CPAF activ-
ity. Based on our findings, we outline an approach for prevent-
ing and checking for CPAF activity during protein analysis of
Chlamydia-infected cells.

MATERIALS AND METHODS
Antibodies

The following antibodies were used in this study: mouse anti-
vimentin (Sigma–Aldrich); mouse anti-Erk 1/2 (Cell Signaling
Technology); mouse anti-p65/RelA (Santa Cruz Biotechnology);
rabbit anti-RFX5 (Rockland Immunochemicals); rabbit anti-α-
tubulin (Abcam); rabbit anti-HsSAS-6 (generous gift from Dr
Pierre Gönczy, École Polytechnique Fédéral de Lausanne); goat
anti-mouse 680LT and goat anti-rabbit 800CW (both from LI-
COR); goat anti-mouse HRP and goat anti-rabbit HRP (both from
Jackson ImmunoResearch Laboratories). For information about
CPAF protein substrates used in this study, see Table 1.

Cell culture

HeLa cells (ATCC) were grown in 6-well dishes in Advanced
DMEM (4.5 g glucose L–1) (Invitrogen) supplemented with 2% fe-
tal bovine serum (Hyclone/Thermo Fisher) and 2mMGlutaMAX-
I (Invitrogen). All cell lines were grown in 5% CO2 at 37◦C
and regularly screened for Mycoplasma contamination by PCR
(Ossewaarde et al., 1996).

Chlamydia infections

Cell monolayers were infected with Chlamydia trachomatis
serovar L2 (L2/434/Bu), LGV biovar, at a multiplicity of infection
of 3 in sucrose-phosphate-glutamic acid (SPG). In parallel, unin-
fected control experiments were performed as mock infections
in SPG alone. Infections were carried out by centrifugation at 700
× g in a Sorvall Legend Mach 1.6R centrifuge for 1 h at room
temperature. After centrifugation, the inoculumwas replaced by
fresh cell culture mediumwithout cycloheximide andmonolay-
ers were incubated at 37◦C and 5% CO2. Chlamydial elementary
bodies were verified to be free of Mycoplasma contamination by
PCR (Ossewaarde et al., 1996).

Methods for cell collection and lysate preparation

Lysis in RIPA buffer: cells were harvested by trypsinization (Try-
pLE Express, Invitrogen) for 3–5 min at 37◦C and transferred to
a 15 mL conical tube on ice. The dish was washed twice with
1X PBS to recover remaining cells, and the washes were added
to the 15 mL conical tube. The cells were pelleted by centrifuga-
tion at 1500 rpm for 3 min at 4◦C and lysed on ice for 10 min in
RIPA buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40] supplemented with protease
inhibitors [2mMpepstatin, 150mMaprotinin (both fromMP Bio-
chemicals), 1 mM leupeptin (Calbiochem), 1 mM PMSF (Acros)].
The cells were resuspended by pipetting up and down in approx-
imately 1 mL of ice-cold lysis buffer per 5 × 106 cells. Lysates
were cleared by centrifugation at 13000 × g for 10 min at 4◦C,
and protein concentrations were determined by Bradford assay
(Bio-Rad).

Direct lysis in urea: themonolayer of infected cells waswashed
with 1X PBS. A solution of 8 M urea (or 6–7 M urea where in-
dicated) supplemented with 325 U mL–1 of Benzonase Nuclease
(Sigma–Aldrich) was then directly added to the cell monolayer at
a volume of 1 mL per 6 wells of a 6-well dish, and left for 10 min
on ice. The resulting lysates were pooled and protein concentra-
tions were determined by the DC protein assay (Bio-Rad).

Lysis in hot 1% SDS buffer: cells were washed with 1X PBS. 1%
SDS buffer [50mMTris (pH 7.5), 150mMNaCl, 1% SDS]was heated
to 95◦C and directly added to cell monolayers at a volume of
1 mL per 6 wells of a 6-well dish. Cells were scraped from the
monolayers, and the resulting lysates from individualwellswere
pooled and supplemented with 325 U mL–1 of Benzonase Nucle-
ase (Sigma–Aldrich). Protein concentrations were determined by
the DC protein assay (Bio-Rad).

Cell collection methods (Fig. 4): Chlamydia-infected cells were
collected by incubation in 500μl trypsin (TrypLE Express, Invitro-
gen) or 500 μl accutase (Fisher Scientific) per well of a 6-well dish
for 3–5min at 37◦C, or by scrapingmonolayers directly into 500μl
1X PBS per well of a 6-well dish. Cells were then transferred to a
15 mL conical tube on ice. The dish was washed twice with 1X
PBS, and the washes were added to the 15 mL conical tube. The
cells were pelleted by centrifugation at 1500 rpm for 3 min at
4◦C and lysed on ice for 10 min in 8 M urea supplemented with
325 U mL–1 of Benzonase Nuclease (Sigma–Aldrich).

Table 1. Summary of CPAF substrates.

Reported substrate Reported proteolysis References

HsSAS-6 Cleavage Johnson, Chen, Sütterlin and Tan (unpublished)
p65 Cleavage Lad et al. (2007), Christian et al. (2010)
RFX5 Degradation Zhong et al. (2000, 2001)
Vimentin Cleavage Kumar and Valdivia (2008), Snavely et al. (2014)
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Clasto-lactacystin treatment

Clasto-lactacystin pre-treatment: clasto-lactacystin β-lactone (Cay-
man Chemical), dissolved in methyl acetate, was added to the
cell culturemedium at a final concentration of 150μM for 60min
prior to cell processing. For example, samples of Chlamydia-
infected cells at 48 hours post-infection (hpi) were treated with
clasto-lactacystin at 47 hpi for 60 min and then processed. In
parallel control experiments, methyl acetate as the solvent was
added to the culture medium. Treated cells were collected by
trypsinization followed by cell lysis in RIPA buffer (as described
above).

Clasto-lactacystin in lysis buffer: Chlamydia-infected cells were
harvested by trypsinization, and cell pellets were lysed on ice
for 10 min in RIPA buffer containing protease inhibitors (as de-
scribed above) and 150 μM of clasto-lactacystin β-lactone (Cay-
man Chemical). In parallel control experiments, methyl acetate
was used instead of clasto-lactacystin in the RIPA buffer.

Western blot analysis

Cell lysates were diluted in Laemmli sample buffer [50 mM Tris-
HCl (pH 6.8), 10% glycerol, 2% SDS, 1% 2-mercaptoethanol, 0.1%
bromophenol blue] and incubated at 95◦C for 5 min to dena-
ture proteins. Samples containing equal amounts of total pro-
teinwere loaded and resolved by SDS-PAGE. Proteins were trans-
ferred onto nitrocellulose membranes, blocked in 5% milk PBST
(5% dry powdered milk, 0.1% Tween-20, 1X PBS) and incubated
in primary antibodies followed by HRP-conjugated (Jackson Im-
munoResearch) or IRDye-conjugated (LI-COR) secondary anti-
bodies. Blots were imaged by enhanced chemiluminescence or
the LI-COR Odyssey SA infrared imaging system.

In vitro CPAF activity assay

Chlamydia-infected HeLa cells at various times in the infec-
tion were processed by the three methods described above
(trypsinization followed by lysis in RIPA buffer, direct lysis in 8
M urea, or direct lysis in hot 1% SDS). 4–8 μg of these infected
cell lysates, as the source of CPAF, were incubated with 12.5 μg
of uninfected HeLa cell lysate, as the source of host protein sub-
strates, at 37◦C for 30 min in CPAF reaction buffer [25 mM Tris
(pH 8.0), 150 mM NaCl, 3 mM DTT]. Reactions were terminated
by adding Laemmli sample buffer and boiling for 5 min. 16.5–
20.5 μg of protein from these samples was analyzed by Western
blotting with specific primary antibodies.

RESULTS AND DISCUSSION

Wefirst examined the use of the CPAF inhibitor clasto-lactacystin
to inhibit CPAF activity in cell lysates (Chen, et al. 2012). HeLa
cells were infected with C. trachomatis L2 and collected at 36 hpi
with a standard procedure involving trypsinization and lysis in
RIPA buffer.We then tested the cell lysates for CPAF activity with
an in vitro assay in which we incubated a small amount of each
infected cell lysate, as a potential source of CPAF, with unin-
fected cell lysate as a source of host substrates. Without pre-
cautions, the infected cell lysate caused the complete cleavage
of the host centrosomal protein HsSAS-6 in the in vitro activ-
ity assay, demonstrating that this lysate contained CPAF activity
(Fig. 1a). However, pre-treatment of an infected cell monolayer
with 150 μM clasto-lactacystin for 60 min before cell collection
inhibited all CPAF activity in the lysate, as shown by the ab-

sence of a HsSAS-6 cleavage product in the in vitro activity assay
(Fig. 1a). Shorter pre-treatment times, using the same concentra-
tion of clasto-lactacystin, did not eliminate CPAF activity in the
lysate (Fig. 1a). Protease inhibitors do not typically require pre-
treatment, and are usually added to the lysis buffer, but addition
of 150 μM clasto-lactacystin to the RIPA lysis buffer, without pre-
treating the cells, did not prevent artifactual proteolysis of the
host protein p65 (Fig. 1b).

Our experiments also confirmed the reported batch-to-batch
variability of clasto-lactacystin activity against CPAF (Snavely
et al., 2014; Tan and Sütterlin 2014). Only some batches of clasto-
lactacystin prevented degradation of the host protein RFX5 in
infected cell lysates (Fig. 1c), even though we used the same
concentration (150 μM) and pre-treatment time (60 min). Clasto-
lactacystin batches that were ineffective against native CPAF
did not inhibit recombinant CPAF either, although they retained
their anti-proteasomal activity (data not shown). Thus, clasto-
lactacystin can be an effective inhibitor of CPAF, but the specific
batch, concentration and treatment time has to be carefully se-
lected and optimized.

We also tested the denaturing agent urea, which has been
used to non-specifically inhibit CPAF activity during lysate
preparation (Chen, et al. 2012). Direct lysis of C. trachomatis-
infected cells at 48 hpi in 8 M urea completely prevented vi-
mentin proteolysis. In contrast, direct lysis in 6 or 7 M urea pro-
duced lysates containing vimentin cleavage products that were
larger than the cleavage products seen in RIPA lysates. These
partial cleavage products have been described before (Kumar
and Valdivia 2008) and are consistent with proteolysis caused
by residual CPAF activity in these lysates (Fig. 1d). Lysis in an
old 8 M urea solution produced a cell lysate that also contained
partially cleaved vimentin (Fig. 1e). Thus, fresh 8 M urea is re-
quired to effectively inhibit in vitro CPAF activity, and we rec-
ommend making the 8 M urea solution on the same day it is
to be used.

These studies demonstrate the importance of confirming the
effectiveness of the methods used to inhibit CPAF activity dur-
ing lysate preparation. Lysates of Chlamydia-infected cells are
typically examined for evidence of CPAF-mediated cleavage or
degradation of specific proteins by Western blot analysis (‘Pro-
tein Analysis’, Fig. 2a). We propose that each infected cell lysate
should also be tested for residual CPAF activity with an ‘In vitro
CPAF Activity Assay’ (Fig. 2a). In this assay, we incubate infected
cell lysate, as a potential source of CPAF, with uninfected HeLa
cell lysate as a source of host proteins and analyze the reaction
products by Western blot. Loss of the host protein being stud-
ied and/or appearance of cleavage products indicate that the in-
fected cell lysate contains residual CPAF activity. We only use
small amounts of this lysate to measure residual CPAF enzy-
matic activity, whichmakes it less likely that any detected cleav-
age products originate from the infected cell lysate before the in
vitro assay, To confirm the absence of carry over, we routinely
check if this amount of infected cell lysate has detectable cleav-
age products by Western blot analysis (Fig. 2). Residual CPAF ac-
tivity can also be measured by performing the in vitro activity
assay with a GFP-tagged substrate that is not present in the in-
fected cell lysate (Fig. S1, Supporting Information). Ideally, this in
vitro CPAF activity assay should be performed immediately after
lysate preparation because freezing and thawing can decrease
residual CPAF activity (data not shown).

Using this approach, we compared the effectiveness of the
threemethods reported to inhibit CPAF activity. Cell lysates gen-
erated by directly adding 8 M urea to a monolayer of Chlamydia-
infected cells from 32 to 56 hpi did not contain any detectable
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Figure 1. Methods to inhibit CPAF activity during infected cell lysate preparation are not always effective. (a) Chlamydia-infected HeLa cells were pre-treated with 150
μM clasto-lactacystin for 30, 45 or 60 min prior to collection at 36 hpi by trypsinization and lysis in RIPA buffer. Infected cell lysates were tested for CPAF activity in
an in vitro activity assay (outlined in Fig. 2a), which was analyzed by Western blotting with antibodies to the host protein HsSAS-6. The first lane with uninfected cell

lysate alone shows uncleaved HsSAS-6. A cross-reacting band is marked with ‘∗’. (b) Uninfected and infected cells were collected by trypsinization at 48 hpi, and lysed
in RIPA buffer containing 150 μM clasto-lactacystin. Alternatively, infected cells were pre-treated with 150 μM clasto-lactacystin for 60 min prior to lysate preparation in
RIPA buffer. Proteolysis of p65 as a substrate was monitored in the lysates by Western blot analysis with p65 antibodies, with α-tubulin serving as a loading control. (c)
Uninfected and infected cells were pre-treated with two different batches of clasto-lactacystin at 150 μM for 60 min and then lysed in RIPA buffer. Lysates were assayed

by Western blot for RFX5 degradation with antibodies to RFX5 or Erk 1/2 as a loading control. (d) Monolayers of uninfected and infected cells at 48 hpi were either
collected by trypsinization and lysed in RIPA buffer or lysed directly in urea at the indicated concentrations. (e) Monolayers of uninfected and infected cells at 48 hpi
were lysed directly in fresh or old solutions of 8 M urea. For (d) and (e), lysates were analyzed for vimentin proteolysis by Western blotting with vimentin antibodies.

HsSAS-6, p65 and vimentin proteolysis products are indicated with arrows.

p65 cleavage product (Fig. 2b). These cell lysates also lacked CPAF
activity toward p65 in the parallel in vitro activity assay (Fig. 2c).
Thus, urea was effective at inhibiting CPAF in the lysate, and
p65 does not appear to be cleaved in intact infected cells up to
56 hpi. In contrast, pre-treatment of infected cells with clasto-
lactacystin for 60 min was only effective in a chlamydial infec-
tion at time points up to 36 hpi because lysates prepared at 42
hpi and later showed progressive loss of full-length p65, and ap-
pearance of an ∼43 kDa cleavage product (Fig. 2d). Consistent
with this observation, there was residual CPAF activity in these
late lysates (shown for the 54 hpi lysate in Fig. 2e). Similarly,
lysates prepared by direct lysis in hot 1% SDS buffer also showed
evidence of p65 proteolysis between 32 and 56 hpi (Fig. 2f), and
contained small amounts of residual CPAF activity toward p65
(Fig. 2g). We conclude that clasto-lactacystin pre-treatment and
the hot SDS lysis method are less effective at inhibiting CPAF ac-
tivity in lysates at late times, which may indicate that there is
more CPAF in a late-stage Chlamydia-infected cell.

These results illustrate why the in vitro activity assay should
be performed on each infected cell lysate. In this experiment, we
had the benefit of knowing that the late proteolysis of p65 was
an in vitro artifact because the 8 M urea lysates did not show
any detectable p65 proteolysis as late as 56 hpi. Without this
information, however, the protein analyses of lysates obtained
with clasto-lactacystin pre-treatment or direct lysis in hot SDS
would be interpreted as demonstrating CPAF-mediated proteol-

ysis of p65 at late times in the infection. The in vitro activity as-
say, however, provided an alternative explanation for this pro-
teolysis because it showed residual CPAF activity in these late
lysates. Thus, the proteolysis detected in the lysate could have
occurred in intact infected cells, during cell collection and lysate
preparation, or both. These studies demonstrate that proteolysis
of a host or chlamydial protein cannot be correctly interpreted
unless the lysate is free of in vitro proteolytic activity against this
protein.

Snavely et al. (2014) reported partial proteolysis of vimentin
and LAP1 at late times in the intracellular Chlamydia infection.
They took precautions to inhibit CPAF activity during lysate
preparation by directly lysing Chlamydia-infected cells in hot 1%
SDS, but the lysates were not verified to be free of CPAF activity.
Interestingly, the temporal pattern of vimentin and LAP1 prote-
olysis resembles the p65 cleavage pattern that we observed in
lysates prepared with the clasto-lactacystin pre-treatment and
hot 1% SDS methods. It is therefore possible that the reported
proteolysis of vimentin and LAP1 may have occurred during cell
lysate preparation.

Over the course of our experiments, we noted that proteins
differed in their susceptibility to CPAF-mediated proteolysis. The
choice of substrates did not appear to make a difference when
we examinedmethods to inhibit CPAF activity (data not shown),
and thus we used a number of substrates in these studies. How-
ever, the specific substrate is relevant when the in vitro CPAF



Johnson et al. 5

Figure 2. Analysis of infected cell lysates for substrate proteolysis and CPAF activity. (a) Procedure to examine proteolysis and CPAF activity in an infected cell lysate.
‘Protein Analysis’ refers to Western blot analysis of infected cell lysates for cleavage or degradation of a protein of interest. The ‘In vitro CPAF Activity Assay’ measures
any residual CPAF activity present in the infected cell lysate. (b) At the indicated times in the Chlamydia infection, cells were lysed directly in 8 M urea, followed by

protein analysis of the lysates by Western blotting with antibodies to p65. (c) Lysates from Fig. 2b were also assayed for CPAF activity against p65 using the in vitro

assay. (d) Uninfected and infected cells were pre-treated with 150 μM clasto-lactacystin for 60 min prior to lysis in RIPA buffer at the indicated times in the Chlamydia

infection. Lysates were examined for p65 proteolysis by Western blot analysis. (e) Lysates from the 54 hpi time point of Fig. 2d were tested in the in vitro CPAF activity
assay for p65 cleavage. (f) Cells at the indicated times in the Chlamydia infection were lysed in hot 1% SDS buffer, followed by protein analysis of the lysates for p65

cleavage. (g) Lysates from Fig. 2f were tested for residual CPAF activity against p65 in the in vitro CPAF activity assay. Expected p65 cleavage products in the Western
blots are indicated with arrows. For Fig. 2c, e and g, the same amounts of representative infected cell lysates that were used in the in vitro assay were included to
demonstrate that it does not contain detectable amounts of the p65 cleavage product. Thus, the appearance of p65 cleavage products in the in vitro assays testing the
clasto-lactacystin pre-treated (Fig. 2e) and hot 1% SDS (Fig. 2g) infected cell lysates indicate that these lysates contain residual CPAF activity.
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Figure 3. Protein substrates vary in their susceptibility to CPAF-mediated prote-
olysis. Lysates of infected cells at 48 hpi were prepared by three methods (pre-

treatment with clasto-lactacystin followed by lysis in RIPA buffer, direct lysis in
8Murea or direct lysis in hot 1% SDS) andwere examined for residual CPAF activ-
ity in the in vitro activity assay. Reaction mixtures were examined for vimentin
and p65 by Western blot analysis. Cleavage products in the Western blots are

indicated with arrows.

activity assay is used to help interpret the protein analysis of
an infected cell lysate. To illustrate this point, we performed
the in vitro CPAF activity assay on lysates prepared at 48 hpi
with three different methods, and analyzed the reaction mix-
tures with antibodies to vimentin and p65. A lysate prepared
with clasto-lactacystin pre-treatment caused partial cleavage of
both vimentin and p65 (Fig. 3). However, lysates prepared with
the 8 M urea and hot SDSmethods caused some cleavage of p65,
but not vimentin, indicating that the sensitivity of the in vitro
CPAF assay depends on the substrate. We propose that the best
approach is to evaluate the same substrate in both the protein
analysis and the in vitro CPAF activity assay. Unlike in a previous
experiment (Fig. 2b), 8 M urea did not fully prevent CPAF activ-
ity in this analysis (Fig. 3), showing that even this method is not
always effective in inhibiting CPAF activity in a lysate.

We next tested if the method of cell detachment affects
CPAF-mediated proteolysis. As an obligate intracellular bac-

terium, Chlamydia is commonly cultivated in amonolayer of host
cells, which is removed from the plastic surface prior to analy-
sis. At 48 hpi, we compared direct lysis in 8 M urea with three
commonly used methods of cell collection, which are trypsin
treatment, accutase treatment and mechanical scraping. The
detached cells were then lysed in 8 M urea to inhibit CPAF ac-
tivity in the lysate. We analyzed the cell lysates for the pres-
ence of vimentin cleavage products by Western blotting, and for
CPAF activity against vimentin with the in vitro activity assay.
Lysates from cells detached with trypsin, accutase or mechani-
cal scraping each contained small amounts of cleaved vimentin
(Fig. 4a). This vimentin proteolysis was unlikely to have occurred
during lysate preparation, because the cells had been exposed
to urea after cell detachment and all the lysates lacked CPAF
activity in our in vitro assay (Fig. 4b). However, the proteolysis
must have occurred at some point during cell collection because
a lysate prepared by direct lysis in 8 M urea contained no de-
tectable vimentin cleavage (Fig. 4a). Putting these unexpected
findings together, it appears that artifactual CPAF-mediated vi-
mentin cleavage in these samples occurred during cell collection
but before cell lysis. These experiments provide worrisome evi-
dence that CPAF activity can be induced by experimentalmanip-
ulations and cause proteolysis within intact infected cells. We
hypothesize that standard cell detachment methods, including
trypsinization, induce some degree of CPAF-mediated proteoly-
sis in unlysed cells. Subsequent cell lysis then exaggerates this
artifact by allowing in vitro proteolysis that can be so extensive
that it produces complete loss of specific host and chlamydial
proteins in the lysate (Fig. 1D, RIPA samples).

This model of CPAF activation during cell collection may ex-
plain why some but not all methods are effective in prevent-
ing artifactual CPAF-dependent proteolysis. Direct lysis with
the urea or hot SDS methods is likely to inhibit CPAF activity
within seconds. However, clasto-lactacystin appears to require
pre-treatment for 60 min in order to reach sufficient concentra-
tions inside an infected cell to inhibit CPAF activity induced by
cell collection. Although more convenient, addition of 8 M urea
or a CPAF inhibitor to a trypsinized cell pellet is unlikely to be
effective because it would be too late to prevent CPAF-mediated
proteolysis that has already occurred during cell collection.

In summary, protein analysis of Chlamydia-infected cells re-
quires precautionarymethods to inhibit CPAF activity during cell
collection, and an assay to reveal whether detected proteolysis
could be due to residual CPAF activity in the cell lysate (Fig. 5).
The recently described CPAF null mutant (Snavely et al., 2014) is

Figure 4. CPAF activity is induced by standard cell collection methods. (a) Uninfected and infected cells were detached at 48 hpi by treatment with trypsin or accutase,

or by scraping, and then pelleted and lysed in 8 M urea. In parallel, cells were lysed directly in 8 M urea. Lysates were analyzed for vimentin proteolysis by Western
blotting, with α-tubulin serving as a loading control. (b) Infected cell lysates from Fig. 4a were tested in the in vitro CPAF activity assay and reactions were examined
by Western blot analysis with antibodies to vimentin. Expected cleavage products in the Western blots are indicated with arrows.
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Figure 5. Recommended procedure for analysis of proteins in lysates from Chlamydia-infected cells. We propose that infected cell lysates, which are analyzed for
cleavage or degradation of a protein of interest (‘Protein analysis’), should also be tested for the presence of residual CPAF activity (‘In vitro CPAF Activity Assay’). This

parallel analysis should examine the same substrate as the protein analysis and be performed for each lysate. If the in vitro CPAF assay reveals residual CPAF activity in
the infected lysate, any observed proteolysis in this lysate cannot be interpreted because it will be unclear whether the proteolysis occurred in the Chlamydia-infected
cell, during lysate preparation, or both.

an invaluable tool for determining if CPAF is necessary for the
cleavage or degradation of a specific protein, but it does not ad-
dress whether any CPAF-mediated proteolysis occurred in the
course of the intracellular infection or during cell detachment
and lysis. Of the methods that we examined, direct lysis of in-
fected cells in 8 M urea appears to be more reliable than the
other methods in its ability to inhibit CPAF activity during cell
collection and lysate preparation. However, this method is not
always 100% effective, and has the disadvantages that lysate
samples have to be diluted for SDS-PAGE analysis and cannot
be used for enzymatic assays. Clasto-lactacystin pre-treatment
and direct lysis in hot 1% SDS can be effective, but not in all cir-
cumstances, especially late in the chlamydial infection. Ideally,
infected cell lysates for protein analysis should be checked for
residual CPAF activity toward the substrate being examined, be-
cause proteins differ in their susceptibility to CPAF.

Artifactual CPAF-mediated proteolysis induced in an intact
cell by standard cell detachment methods complicates protein
and proteomic analyses of Chlamydia-infected cells. This unfor-
tunate, and apparently unusual, property of Chlamydia-infected
cells grown on a monolayer has broad implications for ap-
proaches such as flow cytometry, mass spectrometry, protein
affinity chromatography and biochemical studies. Interpretation
of past and future studies of host and chlamydial proteins will
need to take into account whether the protein analysis truly re-
flects the situation in an infected cell prior to cell collection.

SUPPLEMENTARY DATA

Supplementary data is available at FEMSPD online.

ACKNOWLEDGEMENTS
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