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We successfully modified an existing method to investigate protein—protein interactions in the
pathogenic bacterium Salmonella enterica serovar Typhimurium (Salmonella Typhimurium). This
method includes (i) addition of a histidine-biotin-histidine tag to the bait proteins via recombinant DNA
techniques, (ii) in vivo cross-linking with formaldehyde, (iii) tandem affinity purification of bait proteins
under fully denaturing conditions, and (iv) identification of the proteins cross-linked to the bait proteins
by liquid-chromatography in conjunction with tandem mass-spectrometry. In vivo cross-linking stabilized
protein interactions and permitted the subsequent two-step purification step conducted under denaturing
conditions. The two-step purification greatly reduced nonspecific binding of noncross-linked proteins
to bait proteins. Two different negative controls were employed to eliminate the possibility of identifying
background and nonspecific proteins as interacting partners, especially those caused by nonspecific
binding to the stationary phase used for protein purification. In an initial demonstration of this approach,
we tagged three Salmonella proteins—HimD, PduB and PhoP—with known binding partners that ranged
from stable (e.g., HimD) to transient (i.e., PhoP). Distinct sets of interacting proteins were identified for
each bait protein, including the known binding partners such as HimA for HimD, as well as unexpected
binding partners. Our results suggest that novel protein—protein interactions identified may be critical

to pathogenesis by Salmonella.
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Introduction

A number of methods are currently used for studying the
dynamic interactions among proteins, even though most are
not carried out under physiologically relevant conditions.! One
of the more broadly applied techniques for studying cellular
protein interactions in vitro is Yeast two-hybrid (Y2H); however,
this technique suffers from significant false-positive and false-
negative identification rates, in part because of incomplete and/
or inappropriate protein modifications.>® Coimmunoprecipi-
tation is another widely applied in vivo technique that uses
antibodies to isolate proteins of interest together with interact-
ing partners from their cellular environment.* Limitations of
this method include the need to empirically determine ap-
propriate interacting conditions, such as sensitivity to deter-
gents present during the immunoprecipitation, and coimmu-
noprecipitation of many irrelevant proteins. In addition,
proteases that are present in the cell may degrade the immu-
noprecipitate during purification, particularly when the puri-
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fication step involves complexes such as the proteasome. Cross-
reactivity between antibody and homologues of the antigen also
generates false-positive partners. Several approaches have been
developed to overcome these shortfalls,>° for example, QUICK
(quantitative immunoprecipitation combined with knockdown)
utilizes SILAC (stable isotope labeling by amino acids in cell
culture), coimmunoprecipitation and RNAi knockdown to
distinguish between background and interacting partners.®
While promising, this method depends on successfully ac-
complishing several sequential molecular biology techniques.
In addition, the method is currently not high-throughput, and
requires antibody and knockdown constructs for each targeted
protein.

A new approach that at least partially addresses these
problems has recently been reported.” In this approach, a
histidine-biotin-histidine (HBH) tag is added to specific pro-
teins via recombinant DNA techniques, and the resultant
construct is transformed and expressed in the target organism.
After cross-linking in vivo with formaldehyde to stabilize
protein—protein interactions from the cell context, the bait
proteins are isolated under denaturing conditions with the
relevant interacting proteins attached via the cross-link and
identified by mass spectrometry (MS). In a demonstration of
the approach, tandem affinity purification under fully denatur-
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Figure 1. Cross-linking and purification of HimD-HBH. (I) Western-
blot analysis of HimD-HBH cross-linked with different (0.5—3%)
formaldehyde concentrations. S; standard. (ll) Western-blot
analysis of purified HimD-HBH. A, no bait/cross-linking control,
B, bait/no cross-linking control; C, bait/cross-linking with 1%
formaldehyde.

ing conditions significantly reduced and even eliminated
nonspecific binding, and consequently increased the likelihood
of correct identifications between the bait and its binding
partners.”® Application of this method resulted in identification
of particularly unstable proteins in yeast, such as those that
have been ubiquitinated and deubiquitinated by enzyme
activity during cell lysis and purification process.” This work
arguably yielded the first complete interaction map of the 26
S proteasome in yeast.?

In the study reported herein, we refined the HBH tag ap-
proach for rapid label-free application to investigate protein—
protein interactions in Salmonella enterica serovar Typhimu-
rium (aka Salmonella Typhimurium). This pathogenic bacte-
rium causes acute gastroenteritis and diarrhea in humans and
systemic infections in mice that lack functional Slcl1lal (for-
merly called Nramp1), whose symptoms are similar to that of
human typhoid fever caused by S. enterica serovar Typhi.>'©
This similarity is the reason that Salmonella Typhimurium-
mediated systemic infection in mice serves as a model system
for studying the pathogenesis and immunology of typhoid fever
in humans. To establish systemic infection in mice, Salmonella
Typhimurium specifically uses a group of proteins (i.e., viru-
lence factors) to coordinate Salmonella activity for evading the
host immune systems.!! To investigate the protein—protein
interactions that may enable Salmonella Typhimurium to evade
host immune responses, three protein virulence factors were
chosen to serve as models to study the dynamic interactions
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of these pathogenic markers and other proteins during the
course of infection.

The three proteins were selected as bait proteins not only
because of their suspected roles in virulence, but also because
they have either known or suspected interacting proteins. The
first of these virulence factors, integration host factor beta
subunit (aka HimD or STM0982) is an ~11 kDa DNA binding
protein'! that produces a stable interaction with protein Ihf,
(HimA).'? The role of this complex is to affect DNA structural
organization, replication, and site specific recombination by
binding to a conserved DNA sequence resulting in a confor-
mational change. The second virulence factor, PhoP, is a
membrane associated two-component ~25 kDa regulatory
protein'? that has a transient interaction with the protein PhoQ.
This two-component protein complex has been reported to
have a role in sensing external divalent cations, such as Mg?*.
Cell growth under MgM shock condition (depletion of mag-
nesium) results in activation of this virulent gene expression.'**>
The third virulence factor, PduB is an ~24 kDa protein, which
is a component of polyhedral bodies in S. enterica. A recent
study showed that the Pdu operon, of which PduB is a member,
enhances virulence.'® The Pdu operon encoded proteins for
propanediol degradation.'”'?

We applied the refined HBH tag approach to confirm and
discover new protein interactions with the three selected
virulence factors. The use of different controls to help screen
different sources of background allowed us to confidently study
the interactions of these proteins. Experimentally determined
interactions not only served to demonstrate the general
capability of this HBH-tag-based method toward bacterial
species, but also provided novel insights into the pathogenesis
of Salmonella Typhimurium.

Experimental Procedures

Chemicals and Standard Protocols. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western
immunoblot assays were conducted according to the instruc-
tions from Invitrogen (Carlsbad, CA). Ni-nitrilotriacetic acid
(NTA) agarose and anti-RGSHis antibody were purchased from
Qiagen (Valencia, CA) and ImmunoPure Immobilized Strepta-
vidin, from Pierce (Rockford, IL).
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Figure 2. Experimental scheme for confident identification of protein interaction partners. Bead control: wild-type Salmonella cell after
1% formaldehyde cross-linking condition. Bait control; HBH tagged bait only control but no formaldehyde cross-linking. Cross-link:

HBH tagged bait and formaldehyde cross-linking condition.
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Bacterial Strains and Gene Cloning. The wild-type strain
Salmonella Typhimurium 14028 and four other derivatives of
wild-type strains were used in this study. These derivative
strains are labeled 1LS1001, 1L.S1073, LS1084 and LS1085. LS1001
contains the plasmid pKD46 that possesses the phage 1-Red
recombinant system used for inserting the coding sequence
for HBH into the chromosome of the wild-type strain.”!!2%21
LS1073 and LS1085 were generated, fusing the coding sequence
for the HBH tag into the HimD (STM0982) and PduB (STM2039)
encoding genes, respectively. These mutant strains were vali-
dated by PCR for gene sequence and Western blot analysis for
tagged protein expression. Derivative strain LS1084 was con-
structed to express the HBH tagged version of the PhoP
(STM1231) gene and the PhoQ (STM1230) encoding gene. This
was performed using a plasmid expressing PhoP tagged with
HBH at the C-terminus; the coding sequence of PhoP and its
promoter were PCR amplified and inserted into the plasmid
pWKS30HBH as an Avrll/Smal fragment.** Plasmid pWKS30HBH,
a derivative of the low-copy plasmid pWKS30, was constructed
by inserting 530 bp nucleotide sequences encoding HBH tag
between Smal and BamHI in pWKS30, which is designed to
place an HBH tag on target proteins at C-termini.?® For two-
component regulatory systems, the partner sensor proteins
were also placed on the same plasmid using Sacl and Xbal sites.
Genes cloned on pWKS30HBH were verified by sequencing. All
bacterial strains and plasmids used in this study are listed in
Supporting Information Table 1, and primers used in this study
are listed in Supporting Information Table 2.

Culturing Conditions. All media used for cross-linking
contained 4 uM biotin and all bacterial cells were grown
aerobically with agitation (150 rpm). For HimD-HBH, LS1073
was grown in 40 mL of LB medium (10 g/L of tryptone, 5 g/L
of yeast extract and 10 g/L of NaCl) supplemented with 50 ug/
mL of kanamycin at 37 °C for 16 h. For HBH-PhoP and PduB-
HBH, LS1084—5 was cultured in 40 mL of N-minimal medium
(100 mM Tris, pH 7.7, 0.5 mM KCl, 7.5 mM NH,SO,, 0.5 mM
K>SO,, 1 mM KH,PO,) supplemented with 8 uM of MgCl,, 0.1%
Casamino acids, 38 mM glycerol, and 15 ug/mL of ampicillin
at 37 °C for 16 h. Cells were harvested (6000g, 15 min, room
temperature), resuspended in 40 mL of prewarmed MgM
medium (pH 5) with 50 uM MgCl,, and grown for 2 h at 37
°C.'® Wild-type cells were grown under identical conditions
except that antibiotics were omitted.

Cross-Linking. After harvesting, cells were washed once with
40 mL of PBS and resuspended in 1 mL of PBS. Different
concentrations of formaldehyde (0.5—3%) were directly added
to the LS1073 cells to determine optimal cross-linking condi-
tions, and the cells were allowed to incubate for 10 min at 30
°C. The cross-linking reaction was quenched by adding 2.5 M
glycine to a final concentration of 0.125 M. After cross-linking,
cells were collected and washed with dH,O (4 °C). The optimal
condition for subsequent tandem affinity purification of cross-
linked proteins was determined to be 1% formaldehyde for 10
min at 30 °C, which was used in all subsequent experiments
(Figure 1).

Tandem Affinity Purification of Cross-Linked and Non-
cross-Linked Proteins. After cross-linking, Salmonella cells
were lysed by bead beating in 1 mL of lysis buffer (8 M urea,
300 mM NaCl, 50 mM NaH,PO,, 0.5% Nonidet P-40, 1 mM
PMSF, pH 8). The cell lysates were then sonicated for 20 min
to fragment DNA. After centrifugation at 15000g for 1 min, the
supernatants were incubated with Ni-NTA agarose beads for
16 h at room temperature, after which the beads were washed
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Figure 3. Protein—protein interaction studies of HimD protein
utilizing three independent biological experiments (one 0.5 and
two 1% formaldehyde concentrations). Top panel, complete
protein heat map generated utilizing number of peptides ob-
served for each protein in 18 LC-MS/MS data sets (3 biological
samples x 3 experiments [two controls and one cross-link
experiment for each] x 2 technical LC-MS/MS replicates). Bottom
panel, heat map of interacting partner of HimD (STM0982) from
three biological experiments. The abundances of baits are shown
in comparison in the bottom. A1, A2, bead controls (0.5%
formaldehyde); B1, B2, E1, E2, H1, H2, bait controls (0% formal-
dehyde); C1, C2 (Cross-link, 0.5% formaldehyde); D1, D2, G1, G2
(same bead controls, 1% formaldehyde), F1, F2, 11, 12 (cross-link,
1% formaldehyde). Peptide abundances are represented with
color scale limit (0—2+, green to red). See the tables and
supplementary data for original peptide counts.

twice with 20 bed vol of lysis buffer, pH 8; twice with 20 bed
vol of lysis buffer, pH 6.3; and once with 20 bed vol of lysis
buffer, pH 6.3, and 10 mM imidazole to remove nonspecifically
bound proteins. The proteins were eluted from the Ni-NTA
agarose beads using 10 bed vol of lysis buffer (pH 4.3). The
eluate was raised to pH 8 with 1 M Tris (pH 8) and then applied
directly to immobilized Streptavidin beads and incubated at 4
°C for 16 h. The beads were washed stringently using 10 bed
vol each of buffer A (8 M urea, 0.2 M NaCl, 2% SDS, 100 mM
Tris, 5 mM S-mecaptoethanol, pH 7.5) and buffer B (buffer A
and 0.2% SDS) to remove any remaining contaminants. Re-
sidual urea and SDS were removed with buffer C (0.2 M NaCl,
100 mM Tris, pH 7.5). A portion (20 x«L) of the beads was
resuspended in SDS-PAGE loading buffer for Western blot
analysis with the anti-RGSHis antibody. The remaining beads
were used for subsequent MS analyses. Controls included HBH-
tagged strains without cross-linking and wild-type cross-linked
strains with 1% formaldehyde.

Trypsin Digestion. Washed beads were treated with 40 uL
(10 mM) of DTT for 1 h at 56 °C. After that, 20 uL of 55 mM
iodoacetamide was added to block free thiols. The reaction was
allowed to proceed for 30 min in the dark with constant stirring.

Journal of Proteome Research ¢ Vol. xxx, No. xx, XXXX C
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Figure 4. Mass spectra of HimD (STM0982) and its interacting partner HimA. (A) Mass spectrum of one peptide observed from the bait
protein HimD (STMO0982). (B) Mass spectrum of one peptide observed from its interacting partner HimA (STM1339).

Table 1. List of Protein Identified As Interacting Partners of
HimD (STM0982)?

count of
proteins peptides protein descriptions
STM0982 (Bait) 5 integration host factor (IHF),
beta subunit site-specific (himD)
STM1339 5 integration host factor (IHF),

alpha subunit (himA)

“Peptides exclusively observed in cross-linked data set are considered
as interacting partners. Total number of peptide observed in SEQUEST
and AMT tag analysis of bait HimD and interactor HimA is shown.
Additional details including peptide sequences and their XCorr values are
provided in the Supporting Information Table 3.

The beads were then dissolved in 700 L of 50 mM NH3HCOs3,
which raised the pH to 7—8, and the proteins were digested
for 8 h at 37 °C with 5 ug of trypsin (Promega). The digestion
was stopped by adding 10 uL of water/1% TFA, and the
supernatant was collected after centrifugation. The beads were
then washed twice with 200 uL of 25% acetonitrile and 0.1%
TFA solution, and the washings were combined with the
supernatant. The solution was desalted using a C-18 SPE
column prior to liquid chromatography-tandem mass spec-
trometric (LC-MS/MS) analysis, and the final peptide concen-
tration was determined using a standard BCA protein/peptide
assay method (Pierce).

LC-MS/MS and Data Analysis. LC-MS/MS was performed
with two technical replicates for each sample, utilizing an LTQ-
Orbitrap mass spectrometer (Thermo Fisher Scientific, Walth-
am, MA) equipped with a nanoelectrospray ion source. The
Orbitrap was utilized to obtain high resolution MS and the low
resolution ion-trap was utilized to obtain MS/MS spectra.
Peptides were identified using SEQUEST to search the MS/MS
spectra from each replicate LC-MS/MS analysis. The searches

D Journal of Proteome Research e Vol. xxx, No. xx, XXXX

were performed using the annotated Salmonella fasta data file
provided by the Institute of Genomic Research (www.jcvi.org/,
September 19, 2004) that contains 4550 protein sequences. A
standard parameter file with fixed carbamidomethyl modifica-
tion on cysteines and variable oxidative modification on
methionine residues was considered.

Data were filtered utilizing confident SEQUEST filtering
criteria, and only fully tryptic peptides were considered for data
analysis. Fully tryptic peptides of all charge states with XCorr
>1.5 and ACn =0.1 were considered initially for peptide
screening.** The same criteria were utilized to stringently filter
the background and nonspecific interactions. After that, all
peptides from the interactor proteins were reevaluated by
charge states and XCorrs, utilizing filtering criteria commonly
used for ion trap data, that is, CS1 = 1.5, CS2 > 2.0, CS3 = 3.0.
A protein that was exclusively identified in replicate LC-MS/
MS analyses of the cross-linked samples, but not in bead and
bait control samples, was considered as an interacting partner
of HimD, PduB, or PhoP. To estimate the False Discovery Rate
(FDR) for these experiments, the experimental data set of PhoP
(controls and cross-linking experiments) was searched using a
decoy database approach?® (forward and reverse sequences of
Salmonella Typhimurium) and the FDR was estimated to be
~2%.

As formaldehyde can form nonspecific modification in
proteins and SEQUEST searches were performed only for
unmodified peptides, we also considered every peptide
identification in our analysis and did not require multiple
peptides per protein per LC-MS/MS analysis. To provide
added confidence in identifications, we independently uti-
lized the accurate mass and time (AMT) tag approach,?®
where cross-linked LC-MS/MS data sets were peak-matched
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Figure 5. Heat map illustrating the number of peptides observed for each protein in all LC-MS/MS data sets for (A) PduB (STM2039)
and (B) PhoP (STM1231) proteins. Top panels: all peptides that passed SEQUEST filtering criteria in 6 LC-MS/MS data sets for each
bait [a biological sample x 3 experiments (two controls and one cross-link experiment for each) x 2 technical LC-MS/MS replicates].
Bottom panels: putative protein interactors following removal of proteins observed in control samples. Peptide abundances are
represented with color scale limit (0—2+, green to red). See the tables and supplementary data for original peptide counts.

with our AMT tag database of Salmonella Typhimurium. In
addition, mass spectra for single peptide identifications were
manually validated and assessed for mass measurement
accuracy.

Results

Optimal Cross-Linking Conditions. The HimD protein was
used as a model to determine the optimal formaldehyde
concentrations for cross-linking. Following cross-linking with
0%, 0.5%, 1%, 2%, and 3% formaldehyde, 151073 cells that
contained the tagged HimD protein were subjected to SDS-
PAGE and Western blot analysis. Western analysis showed that
IHF; (HimD) migrated at higher molecular weight with increas-
ing concentrations of formaldehyde (Figure 1). Cross-linking
was successful at 0.5%, 1%, and 2% formaldehyde; however,
cross-linking at the highest concentration (i.e., 3%) was so
complete that the proteins did not migrate into the gel. These
results are consistent with previously reported observations.”#2’

Formaldehyde is a nonspecific cross-linker, and at higher
concentrations, this reagent can produce several nonspecific
modifications in proteins.?®?? In addition, higher concentra-

tions of formaldehyde reportedly tend to cause more proteins
to cross-link with DNA, which reduces the amount of total
soluble proteins in the lysate.7 Therefore, to attenuate more
nonspecific protein modifications, we opted to use 1% form-
aldehyde with a relatively short incubation time for in vivo
cross-linking of all target proteins utilized in this study.

Overall Method. To generate a list of possible in vivo
interacting partners for three selected virulent proteins in
Salmonella Typhimurium, HimD, PhoP and PduB, three dif-
ferent experimental schemes were performed simultaneously
for each targeted protein (Figure 2). Both wild-type and strains
containing HBH tagged proteins were grown under identical
conditions.

Two control experiments were employed to distinguish bead
and nonspecific interacting proteins from interacting partners
in the cross-linked sample. The first control was used to identify
the highly specific bead interacting proteins under cross-linking
conditions. This control was prepared by treating wild-type cells
containing no HBH tagged bait with 1% formaldehyde. After
the two-step tandem affinity purification (His-Ni and Biotin-
Streptavidin) and on-bead tryptic digestion, the peptides

Journal of Proteome Research ¢ Vol. xxx, No. xx, XXXX E
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Table 2. List of Proteins Identified as Interacting Partners
along with the Bait PduB (STM2039)¢

protein count of

name peptides protein descriptions
STM1730 3 putative cytoplasmic protein (yciE)
STM2038 2 Propanediol utilization:

polyhedral bodies (pduA)
STM2039 10 Propanediol utilization:
(Bait) polyhedral bodies (pudB)

STM2045 1 Propanediol utilization:
polyhedral bodies (pduJ)
STM2323 3 NADH dehydrogenase I chain G (nuoG)
STM2511 1 IMP dehydrogenase (guaB)
STM2885 2 cell invasion protein (sipB)
STM2952 7 enolase (eno)
STM3417 5 30S ribosomal subunit protein S11 (rpsK)
STM3446 7 protein chain elongation factor EF-G,
GTP-binding (fusA)
STM4329 2 chaperone Hsp10, affects cell

division (mopB)

“Number of peptides observed from each protein by SEQUEST and
peak matching with AMT tag database of Salmonella Typhimurium is
presented. Additional details are provided in Supporting Information
Table 4.

consisted largely of abundant nonspecific bead interacting
proteins; this sample was referred to as “Bead control” (Figure
2). The second control sample was used to identify proteins
that bound nonspecifically to the bait-bead combination. First,
cells containing the HBH tagged version of HimD, PhoP and
PduB were separated into two equal fractions. In one of these
fractions, no formaldehyde cross-linking was performed, and
the sample was referred to as “Bait control” (Figure 2). After
two-step tandem-affinity purification, the peptide list generated
for this control sample consisted of peptides from bait proteins,
as well as peptides from proteins that bind nonspecifically to
beads and bait.

The other fraction of the HBH tagged cell sample was used
to prepare the cross-linked sample. This fraction was treated
with 1% formaldehyde to fix interactions that were constrained
by ~2 A.3%3! Referred to as “cross-link”, this tandem affinity
purified and digested sample consisted of peptides from (1)
bait proteins, (2) proteins that bind nonspecifically to beads
and bait, and (3) interacting partners. Proteins that were
observed exclusively in the cross-link sample, but not in the
bead and bait control samples, were identified as potential
interacting partners of each HBH tagged targeted protein.

Method Refinements Using HimD. HimD, a global tran-
scriptional factor that usually forms a heterodimer with HimA,
was used for initial method development. This heterodimer
plays an important role in regulating gene expressions of many
Salmonella virulence factors.'?

Three independent experiments, each consisting of replicate
LC-MS/MS analyses of cross-link, bead control, and bait control
samples (for a total of 18 analyses) were performed to identify
the interacting partners of HimD and also to evaluate the
reproducibility of the refined method. In one experiment, the
cross-link and bead control samples were prepared with 0.5%
formaldehyde. In the other two experiments, the cross-link and
bead control samples were prepared with 1.0% formaldehyde
and served as biological replicates. After purifications and on-
bead trypsin digestion, replicate LC-MS/MS analyses were
performed for all samples, that is, cross-link, bead and bait
controls. Peptides were identified utilizing SEQUEST and
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filtered on the basis of XCorr (=1.5) and ACn (=0.1) values, as
well as on the basis of whether the N- and C-termini were
consistent with tryptic cleavage. For initial peptide screenings,
a low XCorr cutoff value was used to stringently filter back-
ground and nonspecific proteins. The MS/MS spectra of
interacting partners identified in the cross-link samples were
manually investigated and XCorr values were reevaluated (see
Data Analysis) to remove false positive identifications. A
combined protein heat map and heat map of identified
interacting partners for HImD experiments were constructed
using number of peptides observed for each protein (Figure
3).

Bait HimD was observed in 5 out of 6 cross-link sample
analyses, as well as in all bait control analyses. HimA was the
only protein observed exclusively in all cross-linked samples,
and not in the controls (Figure 3, bottom panel). The interacting
partner HimA was observed in low abundance in the cross-
linked sample prepared with 0.5% formaldehyde and one of
the cross-linked samples prepared with 1% formaldehyde.
HimA was also found in high abundance in the other cross-
linked sample prepared with 1% formaldehyde. A representative
MS/MS spectrum of one peptide from protein HimA (+2, XCorr
= 3.14, ACn = 0.58), as well as a peptide from bait HimD is
shown in Figure 4. The LC-MS/MS data sets of cross-linked
HimD samples were peak-matched with the AMT tag approach,
which independently showed the presence of interacting
partner HimA (STM1339) along with the bait HimD (STM0982)
(Table 1). The repeated in vivo identification of HimA, a known
physiological binding partner of HimD, from different biological
replicates confirms our general approach, and demonstrates
the reproducibility of this method.

Method Evaluation Using PduB and PhoP. To test the broad
application of our method, we also tagged two other proteins
(PduB and PhoP) that are known to be involved in the
pathogenic lifestyle of Salmonella Typhimurium. The first of
these, PduB is involved in 1,2-propanediol utilization (pdu) and
is proposed to have a role in formation of polyhedral organelles
(or polyhedral bodies) where degradation of 1,2-propanediol
occurs.'® After culturing cells under conditions that increase
PduB expression,'® the cells were cross-linked as described
above. LC-MS/MS analysis of tandem affinity purified PduB-
HBH identified a number of peptides from additional proteins
that are also thought to be part of polyhedral bodies. A protein
heat map was generated based on the number of peptides
identified in each LC-MS/MS data set of bead, bait and cross-
link samples of PduB (Figure 5A). Note that 10 additional
proteins that were not observed in control samples were
identified in two technical LC-MS/MS replicate analyses of
cross-link samples. Peptide abundance of these interacting
partners along with the bait PduB is represented in another
heat map (Figure 5A, bottom panel). All of these proteins were
also confidently identified in our AMT tag analysis of PduB
cross-linked data sets.

The interacting partners identified for PduB are summarized
in Table 2. The list contains two proteins from the Pdu family,
PduA and Pdu]J. An MS/MS of one peptide observed for bait
PduB and one interaction partner PduA is shown in Figure 6.
While the precise function of PduJ has not been characterized,
PduA proteins are the structural proteins that form the shell
of polyhedral bodies.** The cross-linking of PduB with Pdu]J
and PduA suggests a structural role for both PduB and PduJ in
the formation of polyhedral bodies. Additionally, the cross-
linking of PduB with proteins involved in protein synthesis and
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Figure 6. Mass spectra of PduB (STM2039) and one of its interacting partners. (A) Mass spectrum of one peptide observed from the
bait protein PduB (STM2039). (B) Mass spectrum of one peptide observed from its interacting partner PduA (STM2038).

Table 3. List of Protein Identified as Interacting Partners of
PhoP (STM1231)?

count of
proteins  peptides protein descriptions
STM0693 1 transcriptional repressor of iron-responsive
genes (Fur family) (fur)
STMO0730 2 citrate synthase (gltA)
STM1230 1 sensory kinase protein in two-component
regulatory system (phoQ)
STM1231 22 response regulator in two-component
Bait regulatory system with (phoP)
STM2081 1 gluconate-6-phosphate dehydrogenase,
decarboxylating (gnd)
STM2555 1 serine hydroxymethyltransferase (glyA)
STM2771 4 Flagellar synthesis: phase 2 flagellin
(filament structural (fljB)
STM3068 1 fructose-bisphosphate aldolase (fba)
STM3215 2 putative transcriptional regulator (yqjl)
STM3417 3 30S ribosomal subunit protein S11 (rpsK)
STM3418 2 30S ribosomal subunit protein S13 (rpsM)
STM3441 2 30S ribosomal subunit protein S10 (rps))
STM3983 1 3-hydroxyacyl-coA dehydrogenase
(EC 1.1.1.35) of 4-enzyme FadB (fadB)
STM4361 1 host factor I for bacteriophage Q beta (hfq)

“Proteins exclusively observed in cross-linked data set are considered
as interacting partners. Total number of peptides observed in SEQUEST
and AMT tag analysis of bait PhoP and its interactors are shown.
Additional details are provided in Supporting Information Table 5.

folding, such as RpsK, FusA, and MopB, suggests that synthesis
of polyhedral bodies, which were very abundant, was likely in
progress in vivo at the time proteins were cross-linked with
formaldehyde. Interactions of PduB with NuoG, GuaB and
enolase, which are all involved in respiration, are consistent
with the respiratory function of polyhedral bodies.

As part of bacterial two-component signal transduction
systems, PhoP is a transcriptional regulator whose regulatory
activity is controlled by histidine phosphorylation from the
cognate signal sensor. Both PhoP/PhoQ signal transduction
systems play critical roles in Salmonella pathogenesis.'*1%3%34
Figure 5B shows a protein heat map utilizing the number of
peptides identified for each protein in replicate LC-MS/MS
analyses of cross-link and control samples of PhoP. Twenty-
one proteins were unique between the replicate cross-link
samples (Figure 5B, bottom panel). After AMT tag analysis, 13
proteins were identified as potential interactors of PhoP. The
interacting partners of PhoP are summarized in Table 3. PhoQ,
a known binding partner, was among the identified proteins
that were cross-linked to HBH-PhoP. An MS/MS spectrum of
one peptide from PhoQ protein, as well as a peptide from the
bait PhoP, is shown in Figure 7. In addition, Fur and YqjL (two
potential binding partners)®® were also found to be cross-linked
with HBH-PhoP. Fur is one of the four major regulators that
control relevant stress responses in Salmonella; the other three
are RpoS, PhoPQ, and OmpR/EnvZ.?® In addition to Fur, this
method also revealed a putative universal stress protein
STM1652 as an interacting partner of PhoP. One statistically
significant interaction with Hfq, a translational regulator that
controls both message stability and translational efficiency via
its interaction with small regulatory RNAs,*” was also revealed.

Validation of Interactions of PhoP and Hfq. We next tried
to validate the novel interaction of PhoP with Hfq. Hfq was
tagged with HBH and analyzed using formaldehyde. We were
unable to observe tagged Hfq in our bait control experiment,
which suggests the tagged version may express poorly. As a
result, we performed a global proteomics analysis of Salmonella
with Hfq deleted from the genome to assess the effect of Hfq
on PhoPQ and/or PhoPQ-regulated genes. From our global
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Figure 7. Mass spectra of PhoP (STM1231) and one of its interacting partners. (A) Mass spectrum of one peptide observed from the
bait protein PhoP (STM1231). (B) Mass spectrum of one peptide observed from its interacting partner PhoQ (STM1230). (C) Mass

spectrum of one peptide from Hfq (STM4361).

analysis, we observed 22 members of the PhoPQ regulon under
the MgM Shock growth condition (Supporting Information).
Hfq appeared to negatively regulate the expression of 11
proteins from this set, including PhoP, PhoQ, and the PhoP-
activated gene PagC (Figure 8 and Supporting Information). A
recent study suggested that Hfq positively regulates the expres-
sion of the PhoP-repressed gene Prgl.®” Consistent with this
report, we also observed down-regulation of Prgl, PrgH, and
PrgK following loss of Hfq under the Salmonella pathogenecity
island (SPI-1) that induced during LB Log growth condition
(Supporting Information). These results suggest a role for Hfq
in modulating expression of the PhoPQ regulon, which is
consistent with and supports the cross-linking observation that
Hfq interacts with PhoP.

Discussion

In this study, we refined the HBH-tag method, which was
initially developed to identify protein—protein interactions in

H Journal of Proteome Research e Vol. xxx, No. xx, XXXX

Saccharomyces cerevisiae.”® One of the difficulties typically
encountered by this type of affinity purification/MS-based
method is the high background caused by nonspecific binding
of proteins to the affinity reagents (e.g., beads). This difficulty
is partially addressed by using in vivo cross-linking to stabilize
most interactions under physiological conditions, which per-
mits subsequent purification steps under fully denaturing
conditions. These vigorous purification steps significantly
reduce nonspecific binding and consequently increase the
chance of identifying proteins cross-linked to a tagged bait
protein. The use of two controls, “bead” and “bait” for filtering
bead and affinity tag induced nonspecific interactions further
distinguish background identifications, which in turn reduces
the number of false-positive interactions. These controls do
lead to a concern that some of the relevant interaction partners
observed in the bait and wild-type bead controls may be
discarded. However, the loss of ambiguous protein interactions
may be preferable to identifying a multitude of false interac-
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Figure 8. Global proteomics study used to demonstrate a functional role of PhoP (STM1231) with Hfq using AMT (accurate mass and
time) tag analysis from 3 biological replicate samples. Left panel, heat map of relative abundances (z-score based values) of peptide
from 11 protein of PhoPQ regulon that are deregulated after deleting hfq gene. Right panel, peptide abundances from PhoP are shown
exclusively in second heat map. Three biological replicates, in an infectious mimicking condition “Shock” with an hfg deletion are on

the left and wild-type on the right.

tions over the course of a rapid discovery-based approach, such
as used here. Depending on research goals, this challenge could
be partially mitigated with experimental design and the use of
isotopic labeling cell culture methods, such as SILAC.*®

The refined method was applied to the pathogenic bacte-
rium Salmonella Typhimurium to identify the protein—protein
interactions important to Salmonella Typhimurium virulence.
Each of the three tagged proteins described in this work are
required for virulence. The effects on virulence of each
knockout are expressed by their LDs, values for each of the
disrupted genes HimD, PhoP, and Pdu and are >108, >108, and
>10?, respectively.'®394° The greatest challenge to this work
was ascertaining that the fusion protein was still active and
that the tag was not located in a region of the protein essential
for its interaction with other proteins or with DNA. Although
Tagwerker et al. reported no effect to cell morphology and/or
cell viability when HBH tagged alleles were incorporated into
eight different essential yeast genes and emphasized that HBH
tag generally did not interfere with protein function,” we could
not demonstrate virulence in the case of PhoP construct.
Nevertheless, an expected interaction between PhoP and PhoQ
was observed. Interestingly, the fact that we observed an
interaction between PhoP and PhoQ that is considered to be
very transient'* may be indicative of how the PhoP tagged form
is inactivated.

This general approach for identifying protein complexes has
been little appreciated or attempted outside of a relatively
narrow field,”®*! and is applicable for addressing many other
biological questions, but shortcomings remain. Currently, the
direct (bait to identified interaction protein) and indirect (bait
to intermediate to identified interacting protein) interactions
cannot be distinguished by this method, although technological

advances may allow the cross-linked peptides to be identified
to provide information on the proximity of interactions. Using
formaldehyde as a cross-linking reagent also generates non-
specific chemical modifications in several amino acids residues
that are not well-characterized in the literature. This is one
cause of the low yield of unmodified peptides used to identify
interactions. Digestion performed on beads with denaturing
conditions may also result in poor recoveries. Moreover, on-
bead digestion also limits our ability to reverse inter cross-
linked proteins by boiling. Kast and co-workers recently
reported a comprehensive review about the utility of formal-
dehyde for in vivo cross-linking and also mentioned limitations
for a formaldehyde cross-linking study.*?

In this work, due to unknown modification states introduced
by formaldehyde, we searched for only fully tryptic unmodified
peptides. Both biologically significant and known transient
interactions, such as PhoP with PhoQ, were also observed with
few peptides. A single peptide from Hfq (average MW 11 133
kDa) was observed in both cross-link samples with high
confidence (charge state +2, XCorr = 4.0, ACn = 0.4) as well
as PduJ (+2, XCorr = 3.6, ACn = 0.5). We also used the AMT
tag approach to independently analyze the data to provide
peptide identifications. In the PhoP cross-linked sample, the
peptide from Hfq was peak-matched with our Salmonella
Typhimurium AMT tag database. In addition, mass accuracy
of the precursor peptides of these interactions fell within
confident ranges (i.e., 0.5—3.9 ppm without the use of internal
calibration standards; Figures 4, 6, and 7).

While expected interactions (e.g., HimA with HimD, PhoP
with PhoQ) and several components of polyhedral bodies were
observed, our analyses also revealed many new and unexpected
protein interactions, such as PhoP with Hfq. PhoP has been
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previously shown to regulate translation of the gene ssrA, but
the mechanism is not known. The observation that Hfq
interacts with PhoP hints at involvement of Hfq in this
regulation. In combination, our cross-linking and global pro-
teomics observations demonstrate a functional role for Hfq in
PhoPQ mediated processes. This interaction between PhoP and
Hfq might provide a mechanistic explanation of how PhoP
post-transcriptionally regulates the protein SsrA'® and provide
insight into the regulation of Salmonella pathogenesis in
general.

Conclusion

The reported tandem affinity purification and formaldehyde
cross-linking method proved useful for identifying in vivo
protein—protein interactions. Cross-linking followed by tandem
affinity purification under denaturing conditions significantly
reduced background proteins and in some cases eliminated
nonspecific binding proteins to a given target protein. Ad-
ditionally, the use of dual control strategies that mimicked
cross-linking and noncross-linking conditions allowed back-
ground and nonspecific interactions to be distinguished from
interacting partners. The reproducibility achieved for identify-
ing known interactions in vivo is also indicative that this refined
method holds promise for identifying bona fide interacting
partners. Application of this method to the pathogen Salmo-
nella Typhimurium resulted in identification of in vivo protein
interacting partners for three proteins associated with virulence,
including both known and novel interactors. These known and
novel interacting proteins provide new insights into the
dynamic processes of Salmonella Typhimurium virulence.
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