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Abstract 

 Pseudomonas syringae pathovar tomato (Pto) is a hemibiotrophic plant pathogen that 

proliferates aggressively in the tomato plant’s apoplast to cause disease. The Pto two-component 

system (TCS) CvsSR is essential for virulence in the apoplast, regulating numerous virulence 

genes. Its transmembrane histidine kinase CvsS senses environmental signals, and then activates 

its cognate cytoplasmic response regulator CvsR by phosphorylation. The activated CvsR 

subsequently acts as a transcription factor, affecting gene expression. In addition to the histidine 

kinase and response regulator interaction, some TCSs interact with other signaling systems, 

which increases the extent of their regulation. Because CvsSR affects the expression of genes 

belonging to regulatory pathways of other signaling systems, we hypothesized that it may be 

regulating these systems directly. To determine if CvsSR engages in regulatory interactions with 

other proteins, I performed a series of experiments to develop a functional co-

immunoprecipitation protocol. First, I tested and confirmed the expression of plasmids 

transformed into Pto that contained the genes encoding CvsS or CvsR modified to include a 

targetable FLAG sequence. I then attempted various growth and immunoprecipitation conditions 

and identified the ones that produced protein interaction partners. The interaction partners of 

CvsS or CvsR were separated by SDS-PAGE, which revealed a single ~17 kDa band in both that 

was enriched for relative to the control. The protein band was identified by liquid 

chromatography coupled with dual mass spectrometry as 30S Ribosomal Subunit S5. The result 

suggests the discovery of a new type of interaction between a TCS and the ribosome.  
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Introduction 

Pseudomonas syringae is a bacterial species that includes more than 50 pathovars of 

hemibiotrophic plant pathogens (1). Strains within a P. syringae pathovar share phenotypic 

characteristics that are correlated with a similar host range. Because of their diversity and 

lifestyles, P. syringae strains are global agricultural pests that are the focus of much research (2, 

3). One strain of P. syringae, P. syringae pv. tomato (Pto) strain DC3000, is frequently the 

subject of such research because it can infect tomato and the well-characterized model plant, 

Arabidopsis thaliana (4). The vast resources available for A. thaliana make it useful for 

deciphering the mechanisms of plant-microbe interactions. The last two decades of DC3000 

research has produced important general discoveries about plant pathogens, like their 

suppression of host resistance pathways (5). The plethora of literature, including a complete 

genome sequence, that now exists for DC3000 makes it an attractive model for further plant-

pathogen investigation (6).  

DC3000 has the lifestyle of a typical foliar pathogenic bacterium. The bacterium reaches 

the leaves or fruits of its host most commonly by wind, rain, or soil (2). It then resides on its 

host’s surface, expressing proteins related to motility, chemotaxis, and chemosensing (7). When 

conditions are conducive, DC3000 seeks openings on its host’s surface, like wounds or stomata 

(8). DC3000 can overcome stomatal closure by secreting coronatine, and gain access to the 

apoplast (8). Inside the apoplast, DC3000 undergoes radical changes in gene expression. It 

increases the expression of proteins related to virulence, such as the hrp-encoded type III 

secretion system (T3SS), which enable it to overcome host cell defenses (2, 9, 10). DC3000 

colonizes its local space aggressively, causing plant cell death in susceptible hosts. The result is 
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Bacterial Speck disease, characterized by dark spots or necrotic lesions on its host that causes 

costly crop loss (11). 

The systems that enable DC3000 virulence in the apoplast are currently being explored. 

Two-component systems (TCS), the most common way bacteria respond to their environment, 

are important to lifestyles associated with an environment, such as DC3000’s lifestyle in the 

apoplast. An overview of TCS can be found in the Stock et al. 2000 review (12). Briefly, a 

transmembrane histidine kinase (HK) recognizes an environmental signal, and then 

phosphorylates its cognate cytoplasmic response regulator (RR). Activated RRs are 

transcriptional regulators that affect gene expression to bring about physiological changes in 

response to environmental stimuli (13, 14). One TCS, CvsSR, has been found to be closely 

associated with virulence in DC3000. CvsSR is composed of HK CvsS and RR CvsR, which are 

encoded by PSPTO_3380 and PSPTO_3381, respectively. When the system is activated by 

cations such as Ca2+, which are abundant in the apoplast, CvsR transcriptionally regulates the 

expression of a number of virulence genes such as algU and the T3SS-related hrpL, as well as 

genes related to other behaviors such as motility (15, 16, 17). When PSPTO_3380 or 

PSPTO_3381 are deleted, reductions in pathogenic behaviors like virulence and motility are 

observed (15). These results show that CvsSR plays a vital role in the maintenance of the 

pathogenic lifestyle of DC3000. Though transcriptional regulation by CvsR is undoubtedly 

responsible for many of these phenotypic characteristics, CvsSR is potentially engaging in other 

regulatory interactions that are related to lifestyle maintenance.   

TCSs are capable of “cross-talk” interactions with other regulatory systems which add 

complexity to TCS regulons. There are several ways that TCSs cross-talk. HKs can regulate the 

activation of other HKs through direct protein interaction (18). HKs can phosphorylate non-
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cognate RRs (19). Finally, RRs can interact with other regulatory proteins to coordinate 

regulatory responses (20). Because CvsSR influenced the expression of genes regulated by 

signaling systems, such as hrpL that is additionally regulated by the TCS GacAS, we 

hypothesized that CvsSR directly regulates these other systems to affect gene expression (15, 

21). 

The objective of the study was to determine if CvsSR has any protein interaction partners 

outside of itself. For this study, plasmids containing genes encoding CvsS or CvsR modified to 

include a targetable FLAG sequence were constructed and expressed in Pto. I optimized bacterial 

growth and crosslinking conditions to maximize the capture of interaction partners. Finally, I 

performed co-immunoprecipitations (co-IPs) to isolate interaction partners. Across three 

replicates, an approximately 17 kDa protein(s) was enriched for by strains producing either the 

CvsS or CvsR fusion protein. The protein was identified as 30S ribosomal subunit S5 by liquid 

chromatography (LC) coupled with dual mass spectrometry (MS/MS). 

 

Materials and Methods 

All bacterial strains used in this study are listed in Table 1.  

Table 1. Strain table  

Name Description Source 

Pseudomonas 

syringae pv. tomato 

(Pto) strain 

DC3000 or WT 

Pto wild-type (WT) strain isolated from tomato; 

rifampicin resistant  

Buell et al. 2003 (6) 
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PSPTO_3380-

FLAG-tagged 

(3380-fl) 

P. syringae Pto DC3000 ∆PSPTO_3380 

containing the plasmid 

pBS46::PSPTO_3380-3XFLAG; allows for 

constitutive expression of PSPTO_3380-

3XFLAG; 

gentamicin resistant 

Max R. Fishman, 

Filiatrault lab, Ithaca, 

New York 

PSPTO_3381-

FLAG-tagged 

(3381-fl) 

P. syringae Pto DC3000 ∆PSPTO_3381 

containing the plasmid pBS46::PSPTO_3381-

FLAG; allows for 

constitutive expression of PSPTO_3381-FLAG; 

gentamicin resistant 

(15) 

 

Pto growth conditions. All Pto strains were initially grown on King’s B (KB) agar plates (22). 

Strains containing plasmids were grown in media containing 10 µg/µL gentamicin. Growth 

conditions varied depending on the purpose of the experiment.  

For testing the production of FLAG-tagged proteins, strains were grown as follows. 

Overnight Pto cultures in LM (10 g Bacto Typtone, 6.0 g yeast extract, 0.6 g NaCl, 0.4 g 

MgSO4∙7H2O, 1.5 g K2HPO4 per liter) media with 10 µg/µL gentamicin were pelleted and stored 

at -20°C.  

For cross-linking experiments, strains were grown as follows. Fifty milliliters of MG (10 

g Mannitol, 2.0 g L-glutamic acid, 0.5 g KH2PO4, 0.2 g NaCl, 0.2 g MgSO4∙7H2O per liter) pH 

6.0 was inoculated with a Pto strain. Cultures then grew for 17 hours with shaking at 28°C. They 
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were subsequently diluted to 0.1 OD600 in MG pH 6.0, 5 mM CaCl2 was added, and the samples 

incubated with shaking at 28℃ for an additional 6 hours.  

To increase the amount of CvsS-3XFLAG or CvsR-FLAG available to cross-link, two 

growth conditions were tested. In the first, overnight LM cultures grown at 28°C with shaking 

were diluted to 0.1 OD600 in 50 mL MG pH 6.0 alone, with 5 mM CaCl2, or with 0.5 mM iron 

(III) citrate. The cells were grown with shaking at 28°C for 6 hours. The samples with MG pH 

6.0 alone were then incubated with 5 mM CaCl2 for 30 minutes of shaking at 28°C. The quantity 

of FLAG-tagged protein generated by this protocol was deemed insufficient because little protein 

was visible in the sodium docedyl sulfate polyacylamide gel electrophoresis (SDS-PAGE) gels 

of co-immunoprecipitation eluates. The other tested growth condition was taken from Fishman et 

al. 2018 because it featured longer growth in activating conditions (15). To briefly summarize, 

cultures were grown overnight in KB media at 28°C with shaking. Cells were then pelleted, 

washed twice in phosphate-buffered saline (PBS) (Bio-Rad), and diluted to 0.1 OD600 in KB 

media. Two hundred microliters of cell suspension were plated onto Difco Nutrient Broth (NB) 

(BD) containing 5mM Ca2+ and 0.5% sodium succinate (wt/vol). After 18 hours of incubation at 

28°C, the plates were scraped with a sterile slide and placed into NB media containing 5 mM 

Ca2+ 0.5% sodium succinate (wt/vol).  

Cross-linking to determine protein-protein interactions. Cross-linking was performed in 

several ways to optimize the capturing of protein-protein interactions, as determined by the 

presence of new higher molecular weight structures on Western blots of lysates. First, cells were 

pelleted, washed twice with PBS, and suspended in PBS with either 1 mM dithiobis (succinimdyl 

propionate) (DSP) (BI) prepared in dimethyl sulfoxide (DMSO), or just DMSO control. After 1 

hour, 125 mM glycine was added. The treated samples were pelleted and frozen at -20°C. To 
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optimize cross-linking of the system, cells were treated as follows. The cells were pelleted, 

washed twice with PBS, and suspended in PBS alone or with 1% formaldehyde (FA) (VWR), 

2% FA, 1 mM DSP, 2 mM DSP, or 0.5 mM NHS-Diazirine succinimidyl 4,4’-azipentanoate 

(SDA) (Thermo Fisher). Samples with FA, DSP, or SDA were incubated with shaking for 10, 30, 

or 30 minutes, respectively. One hundred millimolar Tris HCl pH 8.5 was then added to the FA, 

DSP, and SDA samples to incubate with shaking for 10 minutes. The SDA samples were then 

pelleted, suspended in PBS, and UV radiated at 254 nm for 5 minutes. Finally, all samples were 

pelleted and stored at -20°C.  

Following the establishment of an optimized growth condition and cross-linking protocol, 

cross-linking of experimental samples was performed as follows. Cells that were suspended in 

NB media containing 5 mM Ca2+ 0.5% sodium succinate (wt/vol) were cross-linked with 0.5% 

formaldehyde for 10 minutes with shaking. The treated samples were then incubated with 50 

mM Tris HCl pH 6.8 for 10 minutes with shaking. The samples were pelleted, washed twice in 

Tris-buffered Saline (TBS) (Bio-Rad) and flash-frozen in liquid nitrogen for storage at -80°C.   

Lysing bacterial cells. The samples were thawed on ice, suspended in 2% Triton (Fisher 

Scientific) PBS or 2% Triton TBS, and sonicated on ice with the 550 Sonic Dismembrator 

(Fisher Scientific) 4 times at 4.5 intensity. Each cycle consisted of 1.5 seconds on, 0.5 seconds 

off. The cycles were separated by either 30 seconds or 2 minutes. 

Purification of tagged proteins and protein complexes. Proteins in lysate were captured either 

by column or batch immunoprecipitation. The column purification was performed as follows.  

Five hundred microliters of ANTI-FLAG M2 Agarose Gel (Sigma-Aldrich) was transferred to 

Poly-Prep Chromatography Columns (Bio-Rad). The agarose was equilibrated with 2.5 mL of 

2% Triton PBS, washed with 250 µL of 0.1 M glycine pH 3.5, re-equilibrated with 3 mL of 2% 
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Triton PBS, and finally incubated with sample lysate for 30 minutes at 4°C. The lysate was 

allowed to flow through the column, and then 2.5 mL of 2% Triton PBS was added to wash out 

unbound and non-specific proteins from the agarose. Finally, the proteins were eluted with 200 

µL of 250 ng/mL FLAG peptide in PBS.  

The batch purification was performed as follows. Two hundred and ten microliters of 

ANTI-FLAG M2 Agarose Gel per sample was prepared as suggested in batch protocol section of 

its Technical Bulletin (23). Lysates were incubated overnight with the ANTI-FLAG M2 agarose 

at 4°C. The agarose and lysate were then transferred to a 2 mL Spin-X Centrifuge Tube (Costar), 

and centrifuged at 1500 g for 30 seconds. To wash, 700 µL of 2% Triton TBS was added to the 

centrifuge tubes and then centrifuged at 1500 g for 30 seconds. Washes were performed a total of 

11 times. The final wash was evaluated by Nanodrop (Thermo Fisher) and found to have an 

A260/A280 less than 0.05, indicating no protein was still being washed off the agarose. To elute 

bound protein complexes, the spin-columns were rotated for 30 minutes at 4°C with 100 µL of 

2% Triton 0.02% sodium azide TBS with 250 ng/mL FLAG peptide. The centrifuge tube column 

was moved to a new tube, and centrifuged at 1500 g for 30 seconds. The eluates were stored at 

4°C.  

Separation of sample proteins by SDS-PAGE. Samples were either mixed at a 3:1 dilution 

with SDS buffer (2.5 mL 1 M Tris HCl pH 6.8, 0.5 mL of ddH2O, 1.0 g SDS, 0.8 mL 0.1% 

bromophenol blue, 4 mL glycerol, and 2 mL 14.3 M beta mercaptoethanol per 10 mL)  and 

boiled for 15 minutes at 95°C, or only mixed at a 3:1 dilution with SDS buffer lacking beta 

mercaptoethanol (BME). The mini-PROTEAN 3 Cell (Bio-Rad) apparatus was set up as 

suggested by the manufacturer’s protocol using 4-20% polyacrylamide gradient mini-PROTEAN 
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Precast Gels (Bio-Rad) and Tris/Glycine/SDS Buffer (Bio-Rad)(24). PAGE was performed on 

ice at 150 volts for approximately 1 hour.  

Gel staining with SYPRO Ruby (Thermo Fisher). Gels were stained following the SYPRO 

Ruby Protocol (25). The gels were then imaged with the ChemiDoc XRS+ system (Bio-Rad) 

using the SYPRO Ruby function of the Image Lab software (Bio-Rad). 

Western blot analysis. An ImmunBlot PVDF Membrane (Bio-Rad) was submerged in methanol 

for 1 minute, and then for 15 minutes in Towbin buffer (30.25 g Tris base, 144 g glycine, 10% 

vol/vol methanol). A transfer sandwich was created with the Mini Trans-Blot Cell apparatus 

(Bio-Rad) as directed in the manufacturer's instructions (26). The transfer was performed on ice 

with Towbin buffer at 0.25 amperes for 2.25 hours. The membrane was placed protein-upwards 

in Superblock Blocking Buffer (PBS) for 20 minutes with shaking. The Superblock Blocking 

Buffer was decanted, and the membrane was washed three times with 1% Tween (Promega) TBS 

(TBS-T) for 10 minutes each with shaking. The membrane was then incubated with shaking for 1 

hour with Monoclonal Anti-FLAG M2-peroxidase (Sigma-Aldrich) at a 1:2000 dilution. The 

primary antibody was decanted, and the membrane washed with shaking three more times with 

TBS-T for 10 minutes each. The membrane was then incubated with shaking for 30 minutes with 

Goat anti-Mouse IgG HRP Conjugate (Invitrogen) at a 1:5000 dilution. The secondary antibody 

was decanted, and the membrane was washed with shaking four more times with TBS-T for 10 

minutes each. The membrane was saturated with a 1:1 mixture of ECL Western Blotting 

substrates (Thermo Fisher). It was then imaged with the ChemiDoc XRS+ system using the 

Chemi function of the Image Lab software.  

Protein identification by liquid chromatography (LC) coupled with dual mass spectrometry 

(MS/MS). Following PAGE and SYPRO Ruby staining, bands of interest were excised from the 
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SDS-PAGE gel. The proteins were processed with LC-MS/MS at the Cornell Proteomics 

Facility.  

 

Results: 

 

Figure 1. Outline of the progression of experiment. 

 

Expression of 3380-3XFLAG and 3381-FLAG. In order to investigate possible protein 

interactions of sensor kinase CvsS or the response regulator CvsR, I first needed to verify the 

production of the tagged proteins in 3380-fl and 3381-fl. These strains were grown, lysed, and 

analyzed via Western blot. The resulting membrane showed that 3380-3XFLAG and 3381-

FLAG are expressed (Figure 2, see lanes 2 & 4). CvsS-3XFLAG, the 49 kDa protein encoded for 

by 3380-3XFLAG, appears at a 49 kDa. There was also another 30 kDa protein which reacted 

with the antibody. Since this band did not appear in lysates from 3381-fl, this protein might 

represent a degraded or cleaved CvsS-3XFLAG. CvsR-FLAG, the 25 kDa protein encoded for 

by 3381-FLAG, appears at 25 kDa. When lysates were immunopurified using ANTI-FLAG 

agarose, proteins corresponding to the expected sizes of CvsS-3X FLAG and CvsR-FLAG were 

detected (Figure 2, see lanes 3 & 5). The other bands that appear in the lysates and the eluates are 

non-specific because they were present in lysates and eluates of WT DC3000 (results not 
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shown). Together, the data show that the tagged proteins are expressed in Pto and can be 

purified. 

 

Figure 2. Western blot probed with anti-FLAG antibody of 3380-fl and 3381-fl lysates and 

column immunoprecipitation eluates. Samples were prepared in boiling and reducing conditions. 

The samples in the lanes were 1. MagicMark XP Western Protein Standard (Thermo Fisher), 2. 

3380-fl lysate, 3. 3380-fl eluate, 4. 3381-fl lysate, and 5. 3381-fl eluate. A control of WT Pto is 

not shown.  

 

Testing cross-linking. In order to capture protein interactions, I needed to test my cross-linking 

conditions. I hypothesized that if the tagged proteins were capable of interacting with other 

proteins, then upon crosslinking I should see new, larger mass structures in BME-free non-

reducing conditions, and that these interactions could be reversed by boiling the samples in SDS 

buffer with BME. I grew 3380-fl and 3381-fl in media containing calcium, a condition where 

CvsSR is activated. The cross-linker DSP was added, and lysates were analyzed via Western blot 
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probed with anti-FLAG antibody (Figure 3). Cross-linked CvsR-FLAG demonstrated no obvious 

difference from its non-cross-linked control. On the other hand, in non-reducing conditions, 

cross-linked CvsS-3XFLAG was absent compared to its non-cross-linked control (Figure 3, see 

lanes 2 & 3). When these same samples were boiled and reduced, CvsS-3XFLAG migrated to 30 

and 49 kDa in both (Figure 3, see lanes 4 & 5). As boiling and reducing conditions break cross-

linking, the disappearance of CvsS-3XFLAG in non-reducing conditions can be attributed to 

extensive cross-linking. While this result demonstrates my system is capable of cross-linking, 

cross-linking to the point of disappearance increases the likelihood of nonspecific interactions. In 

future experiments, I aimed to optimize cross-linking conditions for CvsS-3XFLAG and CvsR-

FLAG.  
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Figure 3.  Western blot probed with anti-FLAG antibody of 3380-fl and 3381-fl lysates with or 

without DSP crosslinking. Samples were grown in MG pH 6.0 containing 5 mM Ca2+ for 6 hours 

then cross-linked with 1 mM DSP. The samples were prepared by boiling and reduction (B/R) or 

neither (NR). The samples in the lanes were 1. MagicMark XP Western Protein Standard, 2. 

3380-fl NR, 3. 3380-fl NR with DSP, 4. 3380-fl, 5. 3380-fl with DSP, 6. blank, 7. 3381-fl NR, 8. 

3381-fl NR with DSP, 9. 3381-fl,  and 10. 3381-fl with DSP. 

 

Optimizing cross-linking and growth conditions of DC3000 WT & 3381-fl. In order to fix the 

issues with CvsR-FLAG cross-linking, I attempted many new growth and cross-linking 

conditions. Growth condition optimizations were aimed at increasing the quantity of CvsR-

FLAG and potential cross-linking interactions. Western blots of 3381-fl lysates demonstrated 

more CvsR-FLAG signal from longer growth in activating conditions, but no difference between 

Fe3+ and Ca2+ activation of the same duration (Figure 4, 5A, & 5B). Using 1.0% formaldehyde as 

the cross-linker, CvsR-FLAG formed a smear of structures above 120 kDa (Figure 4, see lane 8), 
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showing promise as a moderate-strength cross-linking condition. Ultimately, I chose to use 0.5% 

formaldehyde cross-linking for future experiments to minimize non-specific interactions.  

 

Figure 4. Western blot probed with anti-FLAG antibody of DC3000 and 3381-fl lysates 

crosslinked with either FA and DSP. Cultures were grown then exposed to Ca2+ for 30 minutes. 

The samples were subsequently cross-linked with 2 mM DSP or 1% FA. Samples were prepared 

either in boiling and reducing conditions (B/R) or neither (NR). The samples in the lanes were 1. 

MagicMark XP Western Protein Standard, 2. blank, 3. DC3000, 4. DC3000 FA, 5. DC3000 FA 

NR, 6. 3381-fl, 7. 3381-fl FA, 8. 3381-fl FA NR, 9. DC3000, 10. 3381-fl DSP, and 11. 3381-fl 

DSP NR.  
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Figure 5. Western blots probed with anti-FLAG antibody of lysates produced from two growth 

and various cross-linking conditions. (A) and (B) represent lysates from DC3000 (WT) or 3381-

fl cultures grown for 6 hours in MG media containing Ca2+ or Fe3+, respectively, and then 

subjected to the same cross-linking conditions: 1 mM DSP, 2.2% (vol/vol) FA, or 0.5 mM SDA. 

Samples were prepared either in boiling and reducing conditions (B/R) or neither (NR). The 

samples in the lanes of (A) and (B)  were 1. MagicMark XP Western Protein Standard, 2. 

DC3000, 3. DC3000 NR, 4. 3381-fl, 5. 3381-fl NR, 6. 3381-fl DSP, 7. 3381-fl DSP NR, 8. 3381-

fl SDA, 9. 3381-fl SDA NR, 10. 3381-fl FA, and 11. 3381-fl FA NR. 

A.  

 

B.  
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Optimizing co-immunoprecipitation. After attempting various growth conditions and cross-

linkers, I performed immunoprecipitation to purify protein complexes. SDS-PAGE gels stained 

with SYPRO Ruby showed that little CvsS-3XFLAG or CvsR-FLAG was eluted after co-IP and 

there were substantial non-specific proteins in the elution which was visible in all samples 

including DC3000 (results not shown). To determine the efficacy of my immunoprecipitation 

protocol, a number of diagnostic measurements were performed. Samples at different points of 

the co-IP protocol were visualized by Western blot. Five sequential elutions were performed and 

visualized by Western blot to determine the fraction where the most FLAG-tagged protein 

eluted. Finally, the A260/A280 of the washes were measured. The substantial signal in the flow 

through of 3380-fl and 3381-fl signified that substantial amounts of FLAG-tagged protein were 

not bound by the ANTI-FLAG agarose (Figure 6, lanes 3 and 8). A second result, the absence of 

signal in the Western blot of the wash (Figure 6, see lanes 2 and 7) and wash measurements of 

<.05 A260/A280 (results not shown), indicated that my wash method was at its limit for the amount 

of protein it could pull off the agarose. Finally, a Western blot of the sequential elutions showed 

equal signal representing FLAG-tagged protein in both earlier and later fractions (results not 

shown).  In subsequent experiments, the duration of the agarose-lysate incubation was increased 

to maximize tagged protein capture.  
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Figure 6. Western blot of 3380-fl or 3381-fl at different points of column co-

immunoprecipitation. The samples were prepared in BME-free SDS buffer. Input is the initial 

lysate, flow through is the lysate after ANTI-FLAG agarose incubation, wash is the final solution 

pulled through the agarose column after 11 washes, and eluate is the sample released by FLAG-

peptide elution. The samples in the lanes were 1. 3381-fl eluate, 2. 3381-fl wash, 3. 3381-fl flow 

through, 4. 3381-fl input, 5. blank, 6. 3380-fl eluate, 7. 3380-fl wash, 8. 3380-fl flow through, 9. 

3380-fl input, and 10. MagicMark XP Protein Western Standard.  

 

Identification of proteins that co-immunoprecipitate with CvsS-3XFLAG and CvsR-FLAG. 

The proteins that cross-link to CvsS-3XFLAG and CvsR-FLAG were still unknown due to 

insufficient protein in the final elutions. To address this, the procedure was performed with the 

growth conditions from Fishman et al. 2018, which features the longest growth of the Pto strains 

in activating conditions. The protocol using the growth conditions of Fishman et al. 2018 gave 

sufficient protein yield to proceed with LC-MS/MS (Figure 7). The majority of eluted proteins 
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were non-specific because the same proteins could be detected in the DC3000 WT control. 

However, a prominent ~17 kDa band was visible in the 3380-fl and 3381-fl samples that was not 

visually detected in the DC3000 WT control. The experiment was repeated three times, and the 

enrichment of the 17 kDa protein band was consistently detected. The area of the SDS-PAGE gel 

representing ~17 kDa was excised from tagged and WT Pto strains, then processed and analyzed 

by LC-MS/MS. Ten or more proteins were identified in every sample, but most represented less 

than 2% molar abundance of the sample and therefore could not be responsible for the ~17 kDa 

band. Peptides that matched to the 30S ribosomal subunit S5 had the highest % abundance in all 

three 3380-fl samples. In 3381-fl, S5 had the highest % abundance in two replicates, and the 

second highest in the third. In contrast, S5 appeared once in the top three most abundant proteins 

in the DC3000 WT control. Taken together, the results of the LC-MS/MS show that 30S 

ribosomal S5 is very likely responsible for the ~17 kDa band that is enriched for in the co-IP of 

CvsS-3XFLAG and CvsR-FLAG.  
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Figure 7. SDS-PAGE of 3381-fl, 3380-fl, and DC3000 eluates stained with SYPRO Ruby. The 

samples were grown as described in Fishman et al. 2018, cross-linked with 0.5% FA, and 

purified by batch co-immunoprecipitation. The samples in the lanes were 1. 3381-fl, 2. Precision 

Plus Protein Standard (Bio-Rad), 3. 3380-fl, 4. Precision Plus Protein Standard, and 5. DC3000 

WT. 

 

Discussion: 

The goal of this project was to identify proteins that interact with either CvsS or CvsR. 

After optimization of growth conditions, use of the appropriate cross-linker, and optimization of 
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the purification steps using immunoprecipitation, I identified the 30S ribosomal subunit protein 

S5 as a likely interaction partner of both CvsS and CvsR.  

 S5 belongs to the group of 21 ribosomal proteins (RPs) that compose the 30S ribosomal 

subunit, the smaller of two subunits that cooperate to translate mRNA in prokaryotes. S5 is 

important for translation and ribosome biogenesis. In translation, it functions as a barrier to 

improper tRNA selection during mRNA decoding. When the correct tRNA is matched to the 

mRNA, the 30S ribosome undergoes a conformational change that requires separating the 30S 

ribosomal subunit S4 and S5 RPs (27). Mutations in S5 decrease translational fidelity by 

destabilizing the S4-S5 interactions, which enables 30S conformational change for incorrect 

tRNA-mRNA matches (27, 28). In ribosome formation, the binding of S5 to the 30S ribosomal 

subunit 16S RNA backbone enables two RPs, S3 and S21, to bind it as well (29). Mutations in 

S5 result in ribosomal assembly defects, demonstrating its importance in ribosome maturation 

(30). The importance of S5 to the ribosome suggests that if the CvsSR-S5 interaction exists, it is 

likely important to Pto DC3000.  

 S5 enrichment by both CvsS and CvsR is likely related to the CvsS-CvsR interaction. In 

most cases, HKs must directly interact with their cognate RRs in order to transfer their activation 

signal (12). These HKs are frequently occupied with an RR for two reasons. The first is that HKs 

have a kinetic preference for their cognate RRs over other molecules, which increases their 

interaction at the cost of other potential interactions (31, 32). The second is that in most TCS, 

RRs greatly outnumber HKs, so when an RR moves away from an HK, many other RRs are 

available to interact with the HK (33). In effect, this means that an RR like CvsR is often found 

near its cognate HK. S5 that is interacting with CvsS or CvsR has ample opportunity to cross-

link to either, resulting in its purification with both that is observed in this experiment.  



 22 

 The nature of the S5-CvsSR interaction is the target of future investigation. The most 

probable explanation is that S5 is the target of post-translational modification (PTM) by CvsSR. 

30S RPs like S5 are commonly modified by PTMs; a review conducted in 2011 identified 11 

known interactions (34). Among these identified interactions is the acetylation of S5 by RimJ in 

E. coli (35). S5 also has an accessible histidine for phosphorylation, the PTM that HKs perform 

(36). While there are no known cases of a TCS interacting with RPs, RPs have only recently 

begun to be explored as targets of regulation (37).  

The significance of the S5-CvsSR interaction is difficult to predict, because the study of 

the effects of RP PTM is relatively new (37). Early investigations of obstructed RP PTMs have 

found outcomes ranging from minor phenotypic abnormalities to major phenotypic changes. 

Little et al. 2016 demonstrated the considerable impact of one RP PTM. The paper explored the 

significance of the glutamate addition to 30 ribosomal subunit S6 by the ATP-dependent 

glutamyl ligase RimK. In Pseudomonas fluorescens, the deletion of rimK resulted in diminished 

levels of multiple RPs as well as the translational regulator Hfq (38). P. fluorescens rimK 

deletion strains also demonstrated reduced virulence, motility, and rhizosphere colonization (37). 

RimK activity is regulated by RimA, RimB, and cyclic-di-GMP. This system offers early 

evidence for the ribosome as a target of important regulation. Future studies may find that CvsSR 

is regulating S5 as RimK does S6. Interestingly, deletion of PSPTO_3380 or PSPTO_3381 in 

DC3000 results in a similar reduction in virulence and motility as deletion of rimK in P. 

fluorescens (15). However, the phenotypes of PSPTO_3380 or PSPTO_3381 deletion strains are 

undoubtedly also related to the loss of CvsR as a transcriptional regulator.  

 The conclusion of this experiment, that S5 interacts with CvsSR, is only modestly 

supported by the experimental data. One potential issue is the method for analyzing LC-MS/MS 
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results. The conclusion that S5 was responsible for the ~17 kDa band was based on % 

abundances of proteins in the excised sample. According to Dr. Sheng Zheng, the director of 

proteomics institute where the ~17 kDa band was processed, the highest % abundant protein is 

often responsible for a visible band (S. Zheng, personal communication, Jan. 2018). S5 was the 

highest % abundant protein in almost all replicates of the transformed Pto strains. The issue with 

% abundance is that it is not an absolute measure of protein in a sample. A small quantity of 

protein in a sample with otherwise little protein has a much higher % abundance than a higher 

quantity protein in a sample with more protein. Therefore, a high % abundance does not 

necessarily mean enrichment of that protein. The evidence for S5 enrichment by CvsSR would 

be strengthened by a quantitative comparison of proteins between samples. In future 

experiments, the quantity of protein will be equalized between samples prior to co-IP, so that the 

absolute enrichment of proteins can be measured relative to the WT control. Another potential 

confounding variable in the identification of S5 as an interaction partner is the failure to 

eliminate many non-specific interactions with the ANTI-FLAG agarose, as visible in the WT 

DC3000 eluate in Figure 7. This failure leaves open the possibility that S5 is one of the non-

specific interactions with the agarose. Further optimization of the purification method to remove 

non-specific interactions would reduce this possibility. As S5 is only modestly supported by the 

experimental data, the individual(s) that proceed with this project should consider some of the 

other high % abundance proteins from the LC-MS/MS data as potential interaction partners as 

well.  

The next step in this project is to confirm the S5-CvsSR interaction through an alternative 

method suited for identifying protein-protein interactions. A number of methods are suitable, but 

a second co-IP or bacterial two-hybrid system (BATCH) are the most attractive because of the 
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speed of their implementation. The second co-IP would build on the same protocol as the first, 

except that the antibody would bind tagged S5 instead of tagged CvsS or CvsR. The interaction 

partners of S5 would then be identified by LC-MS/MS, as they were in the first co-IP. If CvsS or 

CvsR are identified, the S5-CvsSR interaction would be strongly supported. One potential 

drawback of this method is that S5 has many neighboring RPs to which it could cross-link, 

which could complicate the procedure in presently unknown ways. Alternatively, BATCH as 

described in Karimova et al. 2017 can be employed to confirm the interaction (39). To briefly 

summarize, the gene of a protein of interest is inserted adjacent to a gene encoding a fragment of 

adenylate cyclase so that they are expressed together in a plasmid. The process is repeated in a 

separate plasmid using genes encoding the potential interaction partner and the complementary 

fragment of adenylate cyclase. Both plasmids are then transfected into an E. coli mutant 

incapable of cAMP synthesis. If the two proteins interact, the fragments of adenylate cyclase 

merge into a complete catalytic domain capable of cAMP synthesis, which can subsequently be 

visualized. A potential source of difficultly would be to produce CvsS, a Pto transmembrane HK, 

in E. coli, but our lab has successfully created a gene only encoding the cytoplasmic portion of 

CvsS which is more easily expressed in E. coli (Giglio unpublished data).  

In conclusion, this project was only modestly successful at meeting its objective, the 

identification of protein interaction partners of CvsSR. A single protein, the 30S Ribosomal 

Subunit S5, was identified from the single visibly enriched area in 3380-fl and 3381-fl eluates, 

and its interaction with CvsSR has yet to be confirmed. The relatively little protein enrichment in 

3380-fl and 3381-fl eluates compared to DC3000 WT can be interpreted as CvsSR having few to 

zero interaction partners, or that the finalized co-IP protocol was ineffective at capturing them. 

The former possibility is supported by the fact that most studied bacterial TCS do not have 
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protein interactions partners (40). The latter possibility stems from the difficulty of determining 

whether a co-IP is capturing all possible protein interactions. As it is unclear whether this project 

really met its objective, further optimizations of the cross-linking and co-IP conditions or an 

alternative protocol suitable for capturing protein interactions should be attempted.   
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