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’ INTRODUCTION

Proteins are the most abundant biomolecules within living
organisms and participate in essentially all cellular processes.
Beyond their indispensible physiological functions, a repertoire
of proteins have also been evolved by bacterial pathogens to fulfill
diverse roles during pathogenesis.1,2 For example, a variety of
bacterial toxic effectors are employed to invade host cells and
cause diseases, while numerous defensive proteins are recruited
to assist these invaders to survive and replicate in the host
environment.3,4 Enteric bacterial pathogens, including virulent
Escherichia coli species (e.g., enteropathogenic E. coli (EPEC),
enterohemorrhagic E. coli (EHEC), etc.), Shigella species
(abbreviated here to Shigella), and Salmonella species (abbrevi-
ated here to Salmonella), continuously possess a formidable
threat to human health, as exemplified by the most recent deadly
outbreak of virulent E. coli strain O104:H4 in Europe.5,6 These
microorganisms have developed highly efficient acid-protection
mechanisms for passage through the extremely acidic mamma-
lian stomachs (pH 1�3).7�9 Such acid-resistance systems are
essential for these pathogens to reach their primary infection sites
in the small intestine, where diverse bacterial toxins are injected
into host cells to cause infections.10,11 Labeling andmanipulation of
these unique invasive or defensive proteins under living conditions

will substantially enhance our ability to dissect their important
biological processes.

Noninvasive photochemical reactions have been extensively
utilized for the study of protein function and dynamics. For
example, a panel of protein photo-cross-linking probes have been
created for covalently trapping transient protein�protein inter-
actions that remain challenging for other methods to capture in
living systems.12�19 In addition, bioorthogonal ligation reac-
tions have emerged as a powerful strategy for tagging proteins
with diverse labeling probes in vivo. Such methods rely on the
widely used bioorthogonal reactions, such as the copper-assisted
azide�alkyne cycloaddition (CuAAC), that have found broad
biological applications in recent years.20�26 A key requirement in
applying these strategies for protein labeling is to selectively
incorporate the chemical functional groups into target pro-
teins in living cells. Both enzymatic modification and genetic-
incorporation approaches have been developed in recent years
toward installation of bioorthogonal handles into proteins of interest.
In particular, a genetic code expansion strategy has allowed the site-
specific introduction of bioorthogonal functionalities in the form
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ABSTRACT: Enteric bacterial pathogens are known to effec-
tively pass through the extremely acidic mammalian stomachs and
cause infections in the small and/or large intestine of human
hosts. However, their acid-survival strategy and pathogenesis
mechanisms remain elusive, largely due to the lack of tools to
directly monitor and manipulate essential components (e.g.,
defense proteins or invasive toxins) participating in these pro-
cesses. Herein, we have extended the pyrrolysine-based genetic
code expansion strategy for encoding unnatural amino acids in
enteric bacterial species, including enteropathogenic Escherichia coli, Shigella, and Salmonella. Using this system, a photo-cross-
linking amino acid was incorporated into a Shigella acid chaperone HdeA (shHdeA), which allowed the identification of a
comprehensive list of in vivo client proteins that are protected by shHdeA upon acid stress. To further demonstrate the application
of our strategy, an azide-bearing amino acid was introduced into a Shigella type 3 secretion effector, OspF, without interruption of its
secretion efficiency. This site-specifically installed azide handle allowed the facile detection of OspF’s secretion in bacterial
extracellular space. Taken together, these bioorthogonal functionalities we incorporated into enteric pathogens were shown to
facilitate the investigation of unique and important proteins involved in the pathogenesis and stress-defense mechanisms of
pathogenic bacteria that remain exceedingly difficult to study using conventional methodologies.
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of unnatural amino acids (UAAs) into proteins in both prokary-
otic and eukaryotic cells.27�30 However, although UAAs carry-
ing bioorthogonal groups have been successfully incorporated
into proteins in the laboratory stains of E. coli cells, this strategy
has never been used in pathogenic strains of E. coli as well as other
Gram-negative bacterial species.

While being closely related, enteric bacterial species possess
distinct physiological and pathological features. For example,
most E. coli are motile and indole-positive and ferment lactose.
By contrast, the human-adapted pathogens Shigella are nonmo-
tile and indole- and lactose-negative.31 Shigella species are the
causative agent of bacillary dysentery with an estimated 165
million cases and about 1.1 million deaths worldwide annually.32

Most outbreaks of food-borne infections in developed countries
are also caused by Shigella as well as E. coliO157:H7, a notoriously
known virulent strain of E. coli that is highly similar to Shigella.31

To be highly virulent, Shigella has evolved a series of toxins to
infect intestinal epithelial cells of the human host, and many of
them are not found in E. coli. In particular, several recently
identified type 3 secretion (T3S) effectors, such as OspF (outer
Shigella protein F), were shown to directly trigger the epigenetic
modifications of host cells, which will ultimately lead to the
suppression of the host innate immune response.33,34 This novel
strategy employed by Shigella to subvert host-cell signaling
pathways is not found in E. coli cells. Another variation exhibited
by these bacterial species is that whereas E. coli and Shigella are
both highly acid-resistant, Salmonella is only moderately acid-
tolerant, due to the lack of extreme acid-survival mechanisms and
the existence of an alternative, moderately effective acid-tolerant
system.9 In addition, virulent E. coli strains such as O157:H7 have
also been shown to bemore acid-resistant than laboratory stains.9

Finally, the increase in antibiotic resistance observed in certain
virulent strains of enteric pathogens further underscores the
importance of studying the pathogenesis of distinct enteric bac-
terial species.35,36

Herein, we report the extension of the genetic code expansion
strategy into Gram-negative enteric bacterial pathogens, includ-
ing Shigella, Salmonella, and virulent E. coli strains, using the pyr-
rolysine (Pyl) based system. For proof-of-concept, two recently
developed UAAs from our laboratory carrying a photoaffinity
group (DiZPK) or an azide handle (ACPK) were genetically
encoded in EPEC, Shigella flexneri, and Salmonella typhimurium
(Figure 1) by employing the pyrrolysyl-tRNA synthetase (PylRS)�
tRNACUA

Pyl pair. These twoUAAs were previously used in laboratory
strains of E. coli cells for capturing the acid-mediated chaperone�
substrate interactions as well as in situ protein labeling.19,37 In the

Figure 1. Expanding the genetic code of enteric bacterial pathogens.
(A) Structures of unnatural amino acids used in this study. The
photo-cross-linking amino acid DiZPK (((3-(3-methyl-3H-diazirin-3-
yl)propamino)carbonyl)-Nε-L-lysine) and the azide-bearing amino acid
ACPK (Nε-((((1R,2R)-2-azidocyclopentyl)oxy)carbonyl)-L-lysine) are
shown with the bioorthogonal functional groups colored in red. (B, C)
Promoters used for expressing tRNACUA

Pyl in EPEC (proK promoter),
Shigella (proK promoter), or Salmonella (sal-lpp promoter) as well as
the promoter used for expressing PylRS. (D) Plasmid map of pSupAR
used in Salmonella (pSupAR-sal).

Figure 2. (A) Incorporation of DiZPK and ACPK into the model
protein GFP-149TAG in EPEC, Shigella, and Salmonella. Mass spectro-
metry of GFP with DiZPK (B) and ACPK (C) incorporated at residue
149 in Salmonella cells. MW of GFP149-DiZPK: calculated, 27 875;
found, 27 876. MW of GFP149-ACPK: calculated, 27 890; found,
27 890. See Figures S4 and S5 (Supporting Information) for MS/MS
results of GFP149-DiZPK and GFP149-ACPK proteins purified from
Salmonella.
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current study, we site-specifically incorporatedDiZPK andACPK into
the Shigella acid chaperone HdeA (shHdeA) and the T3S effector
OspF, respectively.This enabled the investigationof the acid-resistance
mechanism as well as the toxin-secretion system in Shigella, a patho-
genic microorganism known to be more acid-resistant and virulent
than the laboratory strains of E. coli.9,31 Such UAAs can be generally
applicable for the investigation of invasion and defense strategies in
distinct species of enteric pathogens that remain difficult to study using
conventional methodologies.

’RESULTS AND DISCUSSION

We started by expanding the genetic code of enteric bacteria to
introduce unnatural functionalities into proteins in these micro-
organisms. The PylRS�tRNACUA

Pyl pair has recently emerged as a
powerful tool for expanding the genetic code of both prokaryotic
and eukaryotic cells.27,28,38�44 The wild-type PylRS and its
mutant forms were shown to be directly used by the translation
machinery of E. coli, yeast, or mammalian cells to encode Pyl and
diverse Pyl analogues at an in-frame amber mutation in response
to tRNACUA

Pyl . There are considerable genetic differences among
these enteric bacterial species that might affect the expression
and utilization of this PylRS�tRNACUA

Pyl pair. Therefore, we first
tested the compatibility of the E. coli vector pSupAR for expres-
sing the PylRS�tRNACUA

Pyl pair in EPEC, Shigella, and Salmonella.
The plasmid pSupAR carries two copies of PylRS and one copy
of tRNACUA

Pyl (Figure 1B�D; Figure S1, Supporting Informa-
tion).28 Cotransformation of this plasmid with a plasmid carrying
GFP-149TAG in EPEC or Shigella cells generated the full-length
green fluorescent protein (GFP) with ACPK or DiZPK site-
specifically incorporated at residue 149 (Figure 2A). However,
we could not detect the full-length GFP production in Salmonella
harboring these two plasmids (data not shown). Since one of the
PylRS genes was under the control of the arabinose promoter,
which had been routinely used to express proteins in all these
bacterial species,38,45 we suspected that the problem was likely
due to the incompatibility of the tRNA promoter on pSupAR
with Salmonella cells.

Indeed, our sequence alignment showed that the proK pro-
moter and terminator used on pSupAR for expressing tRNACUA

Pyl

in E. coli are conserved in both EPEC and Shigella, but not in
Salmonella. Searching the genomic sequence of Salmonella
revealed that an lpp promoter is used for tRNA expression and
its sequence is highly similar to that of the lpp promoter in E. coli.
(Figure 1C; Figures S2 and S3, Supporting Information). There-
fore, we replaced the proK promoter with the lpp promoter from
Salmonella (sal-lpp) to generate a new plasmid named pSupAR-
sal (Figure 1D). Both DiZPK and ACPK were found to be
incorporated into GFP at residue 149 in Salmonella by using
pSupAR-sal (Figure 2A). These results can be further confirmed
by mass spectrometry, which showed that these two UAAs were
incorporated into proteins in EPEC, Shigella, and Salmonella
without being modified inside cells (Figure 2; Figures S4�S7,
Supporting Information).

Next, we used the photo-cross-linking amino acid DiZPK to
study the in vivo protein�protein interactions in enteric bacteria
under acid-stress conditions. Surviving through the extremely
acidic mammalian stomach is a prerequisite for these bacteria to
infect the host; therefore, various acid-resistance strategies have
been developed to protect their internal proteins from acid-
induced aggregation.9,11 Among these defense mechanisms,
acid chaperones such as HdeA in E. coli play essential roles in

preserving the integrity of proteins upon acid attack.46,47 Study-
ing the interactions between these acid-protection chaperones
and their acid-vulnerable client proteins is highly desired to
understand the mechanism underlying such bacterial acid-
defense systems. We reason that protein photo-cross-linking is
particularly well-suited for studying the transient protein inter-
actions in the bacterial periplasm under acid stress (pH < 3),
since this method is not affected by the highly acidic pH whereas
most conventional methods (e.g., co-immunoprecipitation) are
incompatible with such a harsh condition. Furthermore, the
covalently captured protein�substrate complexes are able to
sustain the subsequent sample manipulation procedures, such as
extensive washing with detergents. Our previous study demon-
strated that the diazirine-bearing amino acid DiZPK has higher
cross-linking efficiency and fidelity than the currently used
probes (e.g., p-benzoylphenylalanine, pBpa) for identifying the
in vivo client proteins of HdeA.8,19 Employing this strategy, we
aim to uncover the in vivo substrates of shHdeA, the HdeA
archetype protein originally found in Shigella that is essential in
supporting its acid resistance.46

Existing as a dimer at neutral pH, shHdeA can be converted to
highly flexible monomers when the pH drops to below 3,
enabling its two hydrophobic regions to interact with the client
proteins.46 The incorporation of DiZPK into shHdeA at different
sites did not interrupt its dimer formation, as confirmed by native
polyacrylamide gel electrophoresis (PAGE) analysis (Figure
S8A, Supporting Information). We then focused on the shHdeA
variant carrying DiZPK at residue V58 in one of its hydrophobic
regions for in vivo photo-cross-linking experiments. Shigella cells
expressing this variant (shHdeA58-DiZPK) were treated at pH
2.3 for 30 min before being subjected to 365 nm light irradiation
for 5 min. Immunoblotting analysis of lysates from the acid-
treated cells detected multiple shHdeA-containing protein bands
with higher molecular weights than those of the shHdeA mono-
mer and dimer, representing the cross-linked complexes of
shHdeA (Figure 3B). By contrast, only the monomeric and
dimeric forms of shHdeA were detected at pH 7 upon UV
irradiation at residue 58 as well as residue 38 located at the dimer
interface (Figure S8B).

To characterize the nature of the proteins cross-linked to
shHdeA, we performed gel-based proteomic analysis on the
cross-linked bands with molecular weights above that of the
shHdeA dimer in two independent experimental runs. The mass
spectrometry identified a total of 69 in vivo client proteins of
shHdeA, and a large portion of these proteins were not found in
our previous study on E. coli HdeA (Figure 3C). Among these
identified proteins, SurA and DegP were two common substrates
shared by shHdeA and E. coli HdeA. The interactions between
shHdeA and SurA were subsequently verified by immunoblot-
ting analysis using an anti-SurA antibody (Figure 3D). Further-
more, many of these identified client proteins have functions
similar to those of E. coli HdeA’s substrates. For example, AraF
(a component of the L-arabinose transport system) was a client
protein of E. coli HdeA, and similarly, amino acid transporters,
including GlnH, ArgT, HisJ, and ProX, were among shHdeA’s
substrates. Notably, ourmass specrometry data showed that alkaline
phosphatase (AP) and MDH (methanol dehydrogenase) were
among the in vivo client proteins of shHdeA. The interaction
between shHdeA and APwas further verified by immunoblotting
assay using an anti-AP antibody (Figure 3E). Both AP andMDH
are routinely used in vitro model proteins to evaluate the
refolding efficiency of HdeA and its homologue HdeB. However,
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whether these two proteins interact with such acid chaperones
in vivo remains under debate. Our results for the first time
revealed the interaction between shHdeA and AP or MDH upon
acid stress in vivo, which warranted future usage of AP andMDH
as the physiologically relevant client proteins to assess the
working mechanisms of this family of acid chaperones. Finally,
our mass spectrometry data also uncovered dozens of client
proteins that have never been identified before. Some of them are
metal- and radical-related proteins such as SodB, AhpC, NikR,
and FUR, while the rest of the proteins remain uncharacterized.
Taken together, the identified native substrates of shHdeA in this
study will be valuable for expanding our knowledge on the in vivo
functions of acid-stress chaperones and thus their roles in acid
defense of Shigella.

One of the major advantages for bioorthogonal protein
labeling is the small-sized labeling fluorophores that can be in-
corporated at virtually any desired position on the protein.43 This
feature is extremely valuable when the bulky imaging or affinity
tags (e.g., GFP and glutathione S-transferase (GST)) possess signi-
ficant perturbations to the target protein’s structure and/or func-
tion.48 Many bacterial toxins are such examples that their function
or infection capability will be significantly affected upon fusion with
these large protein tags.49,50 To demonstrate the utilization of bio-
orthogonal chemistry for “precise” labeling of infectious proteins,
we chose to introduce bioorthogonal handles into OspF in Shigella.

The T3S system is widely used by Gram-negative bacteria to
infect mammalian hosts.1,2,51 The needle-like T3S complex
mediates the injection of toxins from the bacterial cytoplasm
directly into host cells. These virulent proteins are believed to
travel through this pathway in a largely unfolded manner, which
will render the bulky and unfolding-resistant proteins incompa-
tible for labeling such toxins. OspF is a recently identified T3S
effector from Shigella, the model organism for studying the
mechanism and functions of the T3S apparatus. Upon being
secreted into host cells, OspF works as an epigenetic modulator
by irreversibly dephosphorylating MAPKs (mitogen-activated
protein kinases) such as Erk that will alter transcription genes
involved in host immune responses.52�55 Homologue proteins
of OspF were only found in Salmonella, and not in E. coli,
indicating that this is a unique invasive strategy in Shigella and
Salmonella and not in E. coli. We therefore chose OspF as the

model protein, and our azide-bearing UAA-ACPK was site-
specifically incorporated into OspF at different positions in
S. flexneri cells (Figure 4A,B; Figure S9, Supporting Information).
Interestingly, we found that the activity of OspF was highly
dependent on the ACPK-incorporation site (Figure 4C). When
ACPK was incorporated at positions that are located away from
the catalytic center, including residues Arg 44 and Tyr 50, the
resulting OspF variants (OspF-R44-ACPK and OspF-Y50-ACPK)
exhibited the dephophorylation activity on Erk at a level essen-
tially comparable to that of wild-type OspF (WT-OspF). By con-
trast, for incorporation sites surrounding the catalytic center of
OspF, including residues Phe 98, Lys 102, and Asn 212, their
dephophorylation activities on Erk were significantly disrupted
(Figure 4C).

We then performed the toxin-secretion assay to compare
the secretion efficiency of a panel of OspF variants, including

Figure 3. Identification of shHdeA’s client proteins under acid stress. (A) Incorporation of DiZPK into A38 and V58 positions on shHdeA in Shigella.
(B) Photo-cross-linking of Shigella cells expressing shHdeA58-DiZPK at pH 7 and 2 with or without UV irradiation for 5 min. (C) Summary of shHdeA
client proteins in Shigella. For each client protein, the numbers of covered peptides are plotted with blue squares, while the red squares represent the
client proteins highlighted in the paper. See Table S1 (Supporting Information) for detailed information on each shHdeA client protein. (D, E)
Verification of the cross-linked complexes of shHdeA with SurA or AP by immunoblotting analysis.

Figure 4. Expression of OspF carrying an azide-bearing unnatural
amino acid (ACPK) in Shigella. (A) Crystal structure of OspF with
mutation sites we used in this study labeled. (B) Incorporation of ACPK
into the full-length OspF at residue R44 or Y50 in the ospF knockout
Shigella strain. The cells were cotransformed with plasmids pBAD24-
OspF-TAG-myc and pSupar, and the expression of OspF was verified by
Western blotting analysis using both anti-OspF and anti-Myc antibodies.
(C) In vitroMAPK phosphate removal assay. The same amounts ofWT-
OspF and OspF variants with or without ACPK were incubated with
phosphor-GST-Erk2 for 45 min, and the results were analyzed by
immunoblotting analysis using both anti-Erk2 and anti-pErk2 antibodies
(Figure S9, Supporting Information).
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OspF-WT, OspF-EGFP (OspF with a C-terminal-fused en-
hanced green fluorescent protein (EGFP)), N050-OspF (OspF
with the N-terminal 50 amino acids truncated), and the two
ACPK-incorporated OspF variants (OspF-R44-ACPK and OspF-
Y50-ACPK). These variants were successfully expressed inside
S. flexneri bacteria which were then subjected to the Congo red
induced toxin secretion. The extracellularly secreted OspF was
detected by immunoblotting analysis using the anti-OspF anti-
body (Figure 5A). Our results showed that the two ACPK-
incorporated OspF variants can be secreted into the extracellular
space with an efficiency similar to that of WT-OspF. In contrast,
the secretion of OspF-EGFP as well as N050-OspF was com-
pletely abandoned. We reasoned that this could be due to the
bulky and unfolding-resistant GFP tag that markedly affected
OspF’s passage through the narrow T3S needle compartment.
Next, by using CuAAC in conjunction with the biotin-(PEG)4-
alkyne, these secreted OspF-ACPK variants were effectively
enriched and detected by immunoblotting analysis with streptavidin�
horseradish peroxidase (HRP) or streptavidin�AF488 conjugates
(Figure 5B). Furthermore, these secreted variants were shown to
be readily captured and detected by AF488-alkyne using in-gel
fluorescent detection (Figure 5C,D). Taken together, this bio-
orthogonal tagging strategy might permit visualization of the
secretion process of OspF in living Shigella cells, which is under
way in our laboratory.

’CONCLUSIONS

In summary, we have extended the pyrrolysine-based genetic
code expansion strategy into enteric bacterial pathogens. This for
the first time, to our knowledge, allowed the utilization of UAAs
in investigating essential proteins involved in the pathogenesis
and stress-defense processes of virulent Gram-negative bacteria

distinct from laboratory strains of E. coli. By introducing the
photo-cross-linking amino acid DiZPK into shHdeA, we ob-
tained a comprehensive list of native client proteins of this major
acid-defense protein in Shigella. A large portion of these identi-
fied substrates were not found in our previous study on E. coli
HdeA. Among them, we confirmed shHdeA’s interactions with
AP andMDH, two routinely used model proteins to evaluate the
refolding efficiency of acid chaperones in vitro.56,57 Such infor-
mation laid the ground for further investigation of the acid-
resistance mechanism of Shigella upon passing through the highly
acidic mammalian stomachs. Since the levels of acid tolerance
significantly varied among different enteric bacterial species, this
highly efficient photoaffinity probe in conjunction with the cross-
linking strategy we applied here can be easily adapted to probe the
acid-survival mechanisms of diverse intestinal microorganisms.

The utilization of the azide-bearing UAA-ACPK enabled the
precise tagging of a bacterial T3S effector, OspF, with a bio-
orthogoanl handle, which facilitated the detection and labeling of
a Shigella toxin without disruption of its enzymatic activity. Such
a method may help us to further understand how unique T3S
effectors such as OspF are utilized by Shigella to manipulate host
transcriptional responses. Furthermore, adopting this click label-
ing and detection strategy in various secretion toxins might give
deep insight into how virulence factors are delivered into
intestinal epithelia cells to subvert the host immune response
and cause infections.

Finally, our strategy could serve as a template for those who
wish to expand the genetic code of various bacteria species. This
work also further demonstrated the “global” orthogonality of the
PylRS�tRNACUA

Pyl pair in diverse living organisms. By using the
proper promoters for tRNACUA

Pyl and PylRS, this attractive system
can be applied for incorporation of UAAs into various prokary-
otic and eukaryotic species. Expanding the genetic code of
opportunistic Gram-negative or Gram-positive pathogens such
as Pseudomonas aeruginosa and Staphylococcus aureus is currently
under way in our laboratory.

’EXPERIMENTAL SECTION

Expression of UAA-Bearing Proteins in EPEC, Shigella, or
Salmonella. The plasmid pSupAR-Mb was cotransformed with a
plasmid carrying the target genes with an amber mutation into EPEC,
Shigella, or Salmonella cells by electrotransformation. Overnight bacter-
ial cultures were grown at 37 �C in Luria�Bertani (LB) medium for
about 2.5 h until OD600 reached 0.5, at which point 1 mM (final
concentration) DiZPK or ACPK was added to the culture. The bacteria
were continuously grown at 37 �C for another 30 min before being
transferred to 30 �C for induction in the presence of 0.02% arabinose
for 8 h.
In Vitro and in Vivo Photo-Cross-Linking Assay. For in vitro

photo-cross-linking assay, the shHdeA58-DiZPK protein (10 nM final
concentration) and the substrate protein (10 nM final concentration)
were mixed together, and the solution was titrated to pH 2.3 with 1 M
HCl carefully, followed by incubation at 4 �C for 1 h. The sample wasUV
irradiated (365 nm) for 5 min with CL-1000 ultraviolet cross-linker
(UVP) on ice. Then the pH was recovered to 7 by adding 1 M NaOH
very carefully. The samples were separated by sodium dodecyl sulfate
(SDS)�PAGE and analyzed by immunoblotting with an anti-His anti-
body. For in vivo photo-cross-linking assay, the bacterial (Shigella) cells
harboring DiZPK-incorporated shHdeA were centrifuged at 4000 rpm
and 4 �C for 12 min. The supernatant was then discarded, and the
bacterial pellet was resuspended by 10 mM citrate acid containing
100 mM NaCl (pH 2.3), incubated at 4 �C for 30 min, and then

Figure 5. Verification of the secreted ACPK-bearing OspF from
Shigella cells to extracellular space. (A) Congo red secretion assay of
Shigella OspF knockout strains complemented with WT-OspF, OspF-
GFP, N050-OspF, or ACPK-bearingOspF variants. The loading of OspF
variants was 4 times more than that of WT-OspF. (B) The secreted
OspF-ACPK variants were “click” labeled with compound 1 by CuAAC.
The samples were separated by SDS�PAGE and stained with strepta-
vidin�HRP and streptavidin�AF488, respectively. (C) The secreted
OspF-ACPK variants were reacted with compound 2 via CuAAC, and
the reaction products were verified by in-gel detection. The immuno-
blotting analysis using anti-OspF antibody was performed as the loading
control. (D, E) Structures of compound 1 and compound 2 used in
this study.
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irradiated with UV 365 nm with CL-1000 ultraviolet cross-linker on ice.
After being centrifuged at 4000 rpm and 4 �C again, the bacterial cells
were washed by phosphate-buffered saline (PBS) before being subjected
to SDS�PAGE and immunoblotting.
Mass Spectrometry Measurement of DiZPK- or ACPK-

Incorporated GFP. The purified GFP carrying DiZPK or ACPK
(about 1mg/mL)was loaded into an analytical capillary column (75 μm,
5 cm) packed with Poros 20 R1 packing material (Applied Biosystems,
Foster City, CA). An Agilent 1100 binary pump was used to generate an
HPLC gradient as follows: 0�100% solvent B in 60 min (solvent A is
0.1M acetic acid inwater; solvent B is 0.1M acetic acid/70% acetonitrile).
The eluted proteins were sprayed into a QSTAR XL mass spectrometer
(AB Sciex, Foster City, CA). The spray voltage was set at 2100 V, and the
data were acquired in MS mode. The protein charge envelope from the
raw spectrum was deconvoluted into noncharged form by the BioAna-
lyst software provided by the manufacturer.
Gel-Based Proteomic Analysis by Mass Spectrometry.

Shigella cells expressing shHdeA58-DiZPK were grown in 1 L of LB
broth to the stationary phase followed by in vivo photo-cross-linking
assay as described above. The cells were then lysed by sonication in
buffer A (20mM sodium phosphate, 0.5MNaCl, 20 mM imidazole, and
8 M urea, pH 7.4), and the cross-linked products were purified with a
Ni�nitrilotriacetic acid (NTA) agarose column (GE Healthcare). Col-
lected fractions were concentrated with Amicon Ultra-15 centrifugal
filter units (Millipore) with a molecular weight cutoff of 3000 to a final
volume of 500�1000 μL. Samples were then subjected to tricine�
gylcine SDS�PAGE, and the gel was stained with Coomassie blue.
After gel separation, the corresponding protein bands were sliced and
then digested in-gel with sequencing grade trypsin (10 ng/μL trypsin,
50 mM ammonium bicarbonate, pH 8.0) overnight at 37 �C. The
resulting peptides were extracted with 5% formic acid/50% acetonitrile
and 0.1% formic acid/75% acetonitrile sequentially and then concen-
trated to∼20 μL. The extracted peptides were separated on an analytical
capillary column (50 μm � 10 cm) packed with 5 μm spherical C18
reversed-phase material (YMC, Kyoyo, Japan). An Agilent 1100 binary
pump was used to generate an HPLC gradient as follows: 0�5% solvent
B in 5 min, 5�40% sovent B in 25 min, 40�100% solvent B in 15 min.
For GFP-derived peptides, the eluted peptides were sprayed into a
QSTAR XL mass spectrometer equipped with a nano electrospray
ionization (nano-ESI) ion source. The mass spectrometer was operated
in information-dependent mode with one MS scan followed by three
MS/MS scans for each cycle. For shHdeA-interacting proteins, the
resulting peptides were analyzed on an LTQ mass spectrometer
(Thermo Fisher Scientific, San Jose, CA) in data-dependent mode
(theMS scanmass range was from 350 to 2000 Da, and the top five most
abundant precursor ions from each MS scan were selected for MS/MS
scans). Database searches were performed on an in-house Mascot server
(Matrix Science Ltd., London, U.K.). The methionine oxidation was
included as a variable modification. For DiZPK or ACPK substitution
site mapping on GFP, DiZPK or ACPK substitution for asparagine was
also included as a variable modification. The Mascot run was performed
on Sept 1, 2011, against the database SwissProt (SwissProt 57.15;
515 203 sequences, 181 334 896 residues).
In VitroMAPKPhosphate Removal Assay.TheOspF-WT and

OspF-ACPK proteins expressed in the Shigella ospF deletion strain were
quantified by anti-myc Western blotting and adjusted to the same level
(Figure S9, Supporting Information) with lysis buffer (150 mM NaCl
and 20 mM Tris�HCl, pH 7.4). Then 4 μL (1 μg/mL) of phosphor-
GST-Erk2 was added to 200 μL of the lysate solutions, and the solutions
were incubated at 30 �C for 45 min. Then the reactions were quenched
by addition of 4� SDS loading buffer, determined by phosphor-Erk1/2
and Erk1/2 antibodies.53

Congo Red Assay58,59. The overnight culture of Shigella cells
harboring differentOspF variants (20mL) was collected by centrifugation

at 3000 rpm and 4 �C. The supernatant was discarded, and the bacteria
were resuspended in 4 mL of precooled PBS buffer. Then the cells were
collected by centrifugation at 4 �C and resuspended in 4 mL of precooled
PBS buffer again. After the addition of 10 μL of Congo red (1% stock),58,59

the solutionwas cultured at 37 �C for 30min, followed by centrifugation at
12 000 rpm. The supernatant was filtered with a 0.22 μm filter, and
proteins were precipitated by adding trichloroacetic acid (TCA; 8% final
concentration) for overnight incubation at 4 �C. Then the precipitates
were collected by centrifugation at 13 000 rpm for 30 min and washed
with acetone carefully three times. Samples were dissolved in 1� sample
buffer and analyzed by Western blot.
In Vitro Labeling and In-Gel Labeling Assay. The secreted

WT-OspF (from a 50 mL bacterial culture) or ACPK-incorporated
OspF (from a 200 mL bacterial culture) proteins induced by Congo red
were dissolved in 300 μL of PBS buffer containing 2% SDS. The
biotin-(PEG)4-alkyne (50 μM final concentration) and Cu(TBTA)2

2+

(TBTA = tris-(benzyltriazolylmethyl)amine; 50 μM final concentration)
were added to the 50 μL PBS solution. The CuAAC reaction was
performed on the shaker at 37 �C for 1 h. Then the labeled proteins
were separated by SDS�PAGE, transferred to a poly(vinylidene fluoride)
(PVDF) film, and stained with streptavidin�HRP or streptavidin�Alexa
Fluor 488, respectively. For in-gel labeling assay, Alexa Fluor 488 alkyne
(50 μM final concentration) and Cu(TBTA)2

2+ (50 μM final con-
centration) were added to the 50 μL PBS solution. CuAAC was per-
formed under the same conditions. The labeled proteins were separated
by SDS�PAGE and imaged with Chem-Doc (BioRad) directly.
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