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Abstract

Investigating signaling mechanisms in Caulobacter crescentus

by

Elaine Shapland

Doctor of Philosophy in Microbiology

University of California, Berkeley

Professor Kathleen Ryan, chair

How bacteria control their shape and division was one of the first topics investigated with 
molecular biology, and many unanswered questions remain today. This dissertation research used 
the model organism Cualobacter crescentus to investigate how phospho-signaling controls 
asymmetric cell division, and how those signals are initiated and regulated.  

Most signaling in bacteria is achieved through two component systems (TCS), which are 
comprised of a histidine kinase and a response regulator.  The downstream effects of response 
regulator activation have been well documented and can affect gene transcription, protein 
interactions or enzyme activity.  However, very little is known about how histidine kinases are 
activated.  Caulobacter uses TCS to control its asymmetric cell division and differentiation, but 
the events that initiate the cell cycle and the ability of an outside signal to impinge upon cell 
cycle progression remain unknown.

Using three different methods, I have been able to shed light on signaling and cell cycle 
progression in Caulobacter crescentus. I have developed a tool to determine which proteins and 
conditions activate histidine kinases.  I have shown that an outside environmental signal can feed 
into the TCS controlling cell cycle progression.  I have also shown that a protein similar to a 
eukaryotic tyrosine phosphatase controls membrane integrity and morphology and is essential for 
viability in Caulobacter.
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Introduction
 Caulobacter crescentus is an oligotrophic alpha-proteobacterium first isolated from fresh 
water (Poindexter 1964).  One of the first features noticed about this organism was that after cell 
division, the two daughter cells appeared different: only one end contained a stalked appendage 
while the other end contained a single polar flagellum.  This morphological difference implied 
that each daughter cell was differentiated to serve a specific purpose, that the form of the bacteria 
must enhance their function.  Why would only one progeny need a stalk? What was this stalk 
for? Would the stalked cell now give rise to only stalked cells? If the flagellated cell becomes a 
stalked cell, how and when does it know to do so? How is this difference faithfully maintained 
over many generations?  Why are these cells curved and not straight rods? These questions are 
what sparked a now almost 50 year old research program investigating the asymmetric cell 
division and morphology of Caulobacter.  

 When grown in rich media in the laboratory, Caulobacter takes about 90 min to divide.  
The new daughter cells divide to produce two morphologically different cells: the motile 
swarmer cell is in the G1 phase and the stalked cell is ready to replicate its chromosome, grow, 
and divide.  The stalk is an extension of the membranes and is thought to aid in nutrient 
acquisition under starvation conditions (Brun 2000).  The wild strain (CB15) extrudes an 
extremely sticky substance from the tip of the stalk, used to attach the cell to solid surfaces. After 
decades of growth in liquid culture, the laboratory strain (CB15N) has lost the genes that code 
for this polysaccharide (Marks 2010). Not only does Caulobacter divide asymmetrically, the 
swarmer cell also undergoes a complex differentiation process where it sheds its flagellum, and 
grows a stalk at the same site before it can become a stalked cell and undergo growth and 
division.  
 

Figure 1. Transmission electron 
microscopy of a predivisional 
cell of Caulobacter crescentus. 
The stalk and membranes are 
visible as well as PHB granules 
(light spots). The flagellum, 
which is normally located at the 
pole opposite the stalk, is not 
shown since it was detached 
during sample preparation.

Regulation of the cell cycle through two component signaling
 The asymmetric cell cycle and differentiation are controlled by a phosphorelay that alters 
the activity of key regulatory proteins (Brown 2009). A phosphorelay is composed of two-
component signaling proteins.  Most bacteria use two-component systems (TCS) to translate an 
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input signal to an appropriate output response.  A simple TCS is composed of a histidine kinase 
(HK), and a response regulator (RR) (Figure 2). A hybrid histidine kinase has both an HK and a 
RR domain within a single protein (Khorchid 2006).  A phosphorelay can contain multiple HKs, 
RRs and hybrid kinases (West 2001).

 HKs are so named because the they use ATP to autophosphorylate a conserved histidine 
residue. This histidine is within the dimerization and histidine phosphotransferase (DHp) 
domain, which is made of two adjacent alpha helices that are folded back against each other.  
Some HKs exist as dimers, while others dimerize upon activation and the two DHps form a four 
helix bundle.  Subsequently, the catalytic ATPase domain of one HK will autophosphorylate a 
histidine within the bundle.  The ATPase domain contains 5 beta strands and 3 alpha helices 
which bind and hydrolyze ATP.  The unphosphorylated form of the HK is energetically favorable 
to HK~P, so the rate of HK activation and autophosphorylation determines the amplitude of the 
response to the input signal. Once the HK is phosphorylated, the phosphate is then passed to an 
aspartate residue on its cognate response regulator. 

Figure 2. Diagram of a simple 
two component system.  The 
histidine kinase dimerizes and 
autophosphorylates on a 
conserved histidine residue.  
The response regulator then 
catalyzes the transfer of the 
phosphate group onto a 
conserved aspartate residue. 
Domain names are indicated.

 Response regulators catalyze the transfer of phosphate groups from their cognate HK to 
their own conserved aspartate residue.  This aspartate is located on the loop between the third 
beta sheet and the third alpha-helix of the receiver domain. Phosphorylation of the aspartate 
induces a conformational change in the entire protein (Stock 2000).  Response regulators can 
exist either as just a receiver domain, or can have an attached regulatory domain.  For example, 
the single domain response regulator DivK~P inhibits the activity of the downstream hybrid 
histidine kinase CckA, which ultimately affects cell cycle progression (Biondi 2006).  DivK~P 
can also stimulate the kinase activity of both its kinase DivJ and its phosphatase PleC (Paul 
2007).  Single domain response regulators can also affect the activity of other proteins, such as 
the case of CheY that binds to the flagellar motor protein FliM to influence the direction of 
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rotation of the flagellum (Welch 1993).  Response regulators can also be attached to a DNA 
binding domain and their phosphorylation can affect gene transcription levels.  A classic example 
is CtrA from Caulobacter that is able to bind upstream and affect transcription of over 95 genes 
(Laub 2002).  The half life of a RR~P can last from seconds to days depending on the needs of 
the signaling cascade.    

 Because HKs and RRs are all similar to each other in their catalytic domains, much is 
known about the chemistry of phosphate transfer within the TCS.  However, very little is known 
about what initiates the signaling event.  It is thought that most HKs are activated when a signal 
contacts the N-terminal region.  Among HKs in bacteria, there is a wide variety in domain 
organization and length of the N-terminal sensing regions.  These regions can have multiple 
transmembrane domains, suggesting they sense changes in the membrane itself.  Others have a 
large periplasmic domain, suggesting their triggers are external.  Still others have no identifiable 
transmembrane or signal sequence,  implying they sense a signal in the cytoplasm.  A few HK’s 
contain a PAS or GAF domain in their N-terminal sensing region. PAS domains (PerAntSim) can 
sense the redox state of the cell or are sites of protein-protein interactions (Taylor 2001).  GAF 
domains are similar in structure but bind cyclic nucleotides such as cGMP (Galperin 2001).  
Many HKs have no identifiable structural motif in their N-terminal sensing regions.

Cell cycle progression results in protein relocalization and proteolysis
 A branched phosphorelay containing multiple HKs, RRs and hybrid kinases is essential 
for proper cell cycle progression in Caulobacter.  The ultimate effect of this phosphorelay is to 
control the activity of the master transcriptional regulator CtrA, that itself affects transcription of 
95 genes (Laub 2000).  The core of this regulatory cascade begins with the histidine kinase DivJ, 
which phosphorylates the single domain response regulator DivK, and the histidine kinase PleC 
which dephosphorylates DivK~P (Ohta 1992, Hecht 1995).  DivK~P inhibits the activity of the 
hybrid histidine kinase CckA, which when activated passes phosphate to the histidine 
phosphotransferase ChpT and then on to the response regulator CtrA (Ausmees 2003).  The 
activity of CtrA is regulated by phosphorylation and it is degraded at the swarmer to stalked cell 
transition by the protease ClpXP (Jenal 1998).  DivJ and PleC work antagonistically to control 
the flow of phosphate through the cascade. These proteins can be active at the same time in the 
same cell because they are confined to opposite ends of the cell: DivJ localizes at the stalked 
pole and PleC localizes at the swarmer pole.  The swarmer cell is born with a focus of PleC, 
which disappears and is replaced by a focus of DivJ as it differentiates into a stalked cell.  As the 
stalked cell grows and becomes a predivisional cell, DivJ remains at the stalked pole and a new 
focus of PleC becomes localized at the new swarmer cell pole.  Once cytoplasmic membrane 
separates the cytoplasms during division, DivJ and PleC can exert their different effects on DivK 
in the two different compartments.  Regulated proteolysis of CtrA occurs at the stalked pole and 
requires the co-localization of the accessory proteins CpdR, PopA and RcdA (Iniesta 2006, 
Duerig 2009, Taylor 2009).  Therefore, the presence of CtrA and the localization of the its 
regulatory proteins are excellent markers of cell cycle progression.
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 Other proteins not essential for cell cycle progression are also degraded in a regulated 
manner.  The flagellum and all of its machinery are degraded at the swarmer to stalked cell 
transition because flagella are no longer needed once the cell becomes sessile.  The flagellar 
motor protein FliF is degraded by the protease ClpAP (Grunenfelder 2004).  This marker of cell 
cycle progression shows that multiple proteases degrade their substrates at specific times in the 
cell cycle.

Figure 3. Events in the Caulobacter cell cycle. A) Diagram of the cell cycle showing 
chromosomal replication.  Circle = unreplicated chromosome, theta structure = replicating 
chromosome, figure eight = a duplicated chromosome that has not yet fully separated. B) The 
core phosphorelay controlling activity and proteolysis of CtrA. C) Differential localization of 
proteins in the core phosphorelay. D) Differential localization of proteins required for CtrA 
proteolysis by ClpXP. FliF is degraded by ClpAP. Adapted from Bowers 2008. 
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The shape of Caulobacter depends on cytoskeletal proteins and the peptidoglycan layer
 Proteins must be properly positioned for the generation and maintenance of asymmetry in 
Caulobacter as well as for cell cycle progression.  Proteins must also be properly localized to 
generate and maintain the curved shape of Caulobacter (Figure 1).  The shape of Gram-negative 
bacterial cells is maintained by the peptidoglycan layer, a strong but flexible layer located in the 
periplasmic space between the inner and outer membranes.  As more peptidoglycan (PG) 
subunits are inserted on one side of the cell, it becomes the convex side, and the opposite side is 
concave.  This asymmetric insertion of PG generates the vibroid morphology of Caulobacter.  
Both the proper localization of cell cycle proteins and those responsible for insertion of new PG 
depend on the cytoskeleton.

 Peptidoglycan (PG) is made of long glycan strands running around the circumference of 
the cell (Gan 2008).  The glycan strands are made of alternating subunits of N-acetyl-
glucosamine (NAG) and N-acetyl-muramic (NAM) acid joined by a B-1-4 glycosidic bond (van 
Heijenoort 2007).  The length of these chains vary by species, with the average length of 9 
disaccharides in Caulobacter and 30 in E.coli (Takacs 2010).  Glycan strands are linked together 
by short peptide chains connecting NAM subunits.  These peptide chains are usually 5 amino 
acids long and the degree of cross-linking by peptide chains can vary among species and in 
different growth conditions for the same species.  

 The peptidoglycan layer, referred to as the sacculus, is connected to the inner and outer 
membranes.  Many proteins span the PG and IM layers, including those required for PG 
synthesis, which anchors these layers together.  In alpha-proteobacteria, which lack a gene 
encoding Braun’s lipoprotein, the PG is connected to the OM by the Tol-Pal complex. Protein 
complexes that span the entire cell wall from inner membrane to outer membrane also help 
anchor the PG layer to the membranes.  

 The synthesis of the PG layer is complex and involves numerous biosynthetic steps in the 
cytoplasm as well as in the periplasm (van Heijenoort 2007). Beginning in the cytoplasm, one 
NAM is ligated to undecaprenyl phosphate (UDP) and a pentapeptide chain to form Lipid I.  One   
NAG is then added to the NAM subunit to form Lipid II.  This building block is held in the 
cytoplasmic membrane via its hydrophobic UDP, then flipped across the cytoplasmic membrane 
by an unknown mechanism and into the periplasm. Existing PG must be hydrolyzed to allow for 
the insertion of new PG building blocks.  Each bond that is broken and resynthesized is done so 
by a specific penicillin binding protein (PBP).  Transglycosylases are responsible for adding 
subunits to the glycan chains, and transpeptidases form new peptide cross-links between adjacent  
glycan strands. Other enzymes modify parts of the PG structure, such as amidases that cleave the 
peptide cross-links.  

 The PG sacculus is both rigid and flexible, and is strong enough to maintain the cell 
shape under intense turgor pressure.  The cell shape is determined by the specific location of 
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where new PG monomers are inserted.  For example, the rod shapes of E. coli and B. subtilis 
result from the preferential insertion of new PG monomers along the sidewall and simultaneous 
minimal insertion at the cell poles (Margolin 2009).  The vibroid shape of Caulobacter results 
from the preferential insertion of new PG monomers along one side of the cell, thus lengthening 
that convex side faster than the concave side (Cabeen 2010). This asymmetric deposition of PG 
creates a comma shaped, or vibroid cell.  Caulobacter also has a stalk, which is an extension of 
the IM, PG and OM but lacks cytoplasmic proteins (Ireland 2002).  As new PG monomers are 
inserted at the junction of the cell body and the stalk, the stalk is extruded from the cell body.  
Septation and cell division are dependent on the insertion of new PG at the septum so as to build 
two new cell poles in the daughter cells.  

Figure 4. Location of cytoskeletal proteins in Caulobacter 
crescentus. Blue = MreB, green = crescentin, red = FtsZ. 
Adapted from Gitai 2005.

 The location of each of the biosynthetic enzymes responsible for building and modifying 
the PG sacculus depends the cytoskeleton.  Cytoskeletal proteins in Gram-negative bacteria 
include the actin homolog MreB, the tubulin homolog FtsZ and the intermediate filament-like 
protein crescentin (Figure 4) (Gitai 2005).  MreB polymerizes in filaments that spiral around the 
non-dividing cell and condense to form a ring at the division septum (Shaevitz 2010).  FtsZ also 
forms a ring at the division septum and recruits the rest of the cell division machinery (Adams 
2009).  Crescentin polymerizes into filaments along one edge of the cell, creating asymmetric 
tension, altering where PG monomers are inserted, and results in the vibroid shape of 
Caulobacter (Cabeen 2009).  The cytoskeletal proteins are also dependent on each other: FtsZ 
and crescentin both require MreB for their proper localization.  

Protein phosphatases are important in prokaryotes
 Phosphosignaling in bacteria most commonly occurs on histidine and aspartate (H/D)
residues in two component proteins, while eukaryotes proteins are more commonly 
phosphorylated on tyrosine, serine and threonine (Y/S/T) residues. Phosphate groups added to H/
D residues are relatively labile, so two component systems do not always require a separate 
protein phosphatase to turn the pathway on or off.  In contrast, phosphate groups on Y/S/T 
residues are much more stable and generally require a protein phosphatase to turn the pathway 
off.   Only in recent years have proteins that resemble eukaryotic protein phosphatases been 
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identified in bacterial genomes (Bakal 2000, Grangeasse 2007). It is currently unknown if any Y/
S/T phosphatases are important for controlling the Caulobacter cell cycle or cell wall biogenesis. 

 The goal of this research was to investigate unanswered questions about phosphate 
signaling using the model organism Caulobacter crescentus.  I sought to answer how histidine 
kinases are activated, as well as how protein phosphatases play a role in controlling cell shape 
and cell division. 
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Chapter 1: Investigating mechanisms of activation and regulation of two component 
systems in Caulobacter crescentus 

Introduction
 Limited information exists about how histidine kinases are activated.  It is postulated that 
the catalytic domain is activated (or repressed) after a change occurs in the N-terminal sensing 
domain, brought about by the binding of a small molecule or from an interaction with another 
protein.  Any residues N-terminal to the catalytic domain could contact these stimuli and affect 
activity of the kinase domain (Khorchid 2006).  These N-terminal sensing domains vary widely 
and many are not predicted to be in operons, further preventing accurate prediction of their 
function.  However, many N-terminal sensing domains contain similar modular motifs, and if the 
conditions that activate some of these HKs can be determined, then this information could shed 
light on the function of many similar HKs.

 Most of the HKs in Caulobacter can be grouped into three broad categories based on 
their predicted sensing environment: membrane, periplasmic or cytoplasmic.  Histidine kinases 
that are predicted to respond to a signal in the membrane have multiple closely spaced 
transmembrane domains.  These HKs could be activated by changes in the the membrane itself, 
such as temperature changes that affect the fluidity of the cytoplasmic membrane.  They could 
also be activated by direct interactions with other membrane-embedded proteins, or by 
hydrophobic small molecules that can pass into the membrane.  Some HKs have a few widely 
spaced transmembrane domains and an intervening region that lies in the periplasmic space.  
This periplasmic region might bind to a molecule that is unable to pass through the cytoplasmic 
membrane.  Finally, the N-terminal regions of many histidine kinases have no predicted signal 
sequences or transmembrane domains and so probably sense cytoplasmic signals. Since these 
proteins do not contact the extracellular environment or periplamsic space, it is more difficult to 
predict what type of signal these proteins might be responding to.  The signals could be anything 
from small molecules to other large proteins.  Of the 62 histidine kinases in the Caulobacter 
genome, 26 are predicted to have their N-terminal sensory domains entirely within the 
cytoplasm.

   Because histidine kinases and response regulators work together in pairs, they are often 
transcribed from the same operon. For example, the NtrB HK and the NtrC RR are transcribed 
together and the proteins function together in responding to the nitrogen status of the cell (Ninfa 
2000).  When a response regulator is a transcription factor, target genes can be identified through 
transcriptional profiling. If an unstudied response regulator is homologous to one with known 
target genes, then the activation conditions for the unstudied HK can be inferred.  In Caulobacter 
18 of the 26 cytoplasmic HKs are considered orphans, with no identifiable response regulator 
nearby (Nierman 2001).  With this gene and genome organization, it is more difficult to predict 
their function.
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 Other clues about the function of histidine kinases can be gained from the similarity of 
these N-terminal sensing domains to portions of previously studied proteins. Some of these 
sensing regions contain PAS (Per Ant Sim) domains that are known to either bind cofactors such 
as heme groups or contact other proteins (Gu 2000). The PAS domains are also important for the 
stable polar accumulation of the cell-cycle regulator CckA, possibly through protein interactions 
required to hold it there (Angelastro 2010).  Other HKs contain GAF (cGMP, adenylyl cyclase, 
FhlA) domains, which are similar to PAS domains in structure, but can bind cyclic nucleotides or 
heme and sense the redox state of the environment (Taylor 1999).  Many orphan cytoplasmic 
histidine kinases from Caulobacter contain GAF domains, though none have a known function.

 Many histidine kinases are regulated by contact with another protein rather than sensing a 
chemical stimulus directly. These interactions commonly occur in the catalytic domain and 
physically block the transfer of phosphate.  For example, KinA of Bacillus subtilus, a histidine 
kinase that controls sporulation, is negatively regulated by KipI. The peptidyl-prolyl isomerase 
KipI binds to proline residues in the DHp domain of KinA, thus blocking autophosphorylation 
(Wang 1997). KinA can also be inhibited by the protein Sda, which responds to DNA damage 
and physically blocks phosphotransfer from KinA to Spo0F (Rowland 2004).  A second example 
of protein interactions regulating HK activity is in the case of the NtrB HK- NtrC RR pair in 
E.coli.  In this system, a small protein PII becomes uridylylated in response to low glutamine and 
nitrogen levels.  Uridylylated PII then binds to the ATPase domain of NtrB and both inhibits 
autophosphorylation and stimulates phosphatase activity towards its response regulator NtrC 
(Atkinson 1994). NtrC is then inactive and unable to stimulate transcription of sigma 54 
dependent promoters.  A third example of a sensory histidine kinase regulated by protein 
interactions is the FixLJKT system of Caulobacter crescentus.  When oxygen concentrations are 
low, the heme group dissociates which activates kinase activity of FixL, leading to transcription 
of genes required in low oxygen environments (Gilles-Gonzalez 2004).  The negative regulator 
FixT resembles the response regulator FixJ and is able to bind to and inhibit signaling by FixL 
(Crosson 2005). 

 There are 66 genes predicted to encode histidine kinases in Caulobacter’s genome, which 
represents a large proportion when compared to other similar bacteria. However, many of these 
genes showed no observable phenotype as measured in the laboratory. These genes did not 
appear to be required for swarming, growth in rich media, phage sensitivity, stalk biogenesis 
motility, or cell length (Skerker 2005).  From this subset, I chose to study the 18 HK’s for which 
there was no previous information about operon structure or phenotype, and that were predicted 
to have sensing domains within the cytoplasm (Table 1). 

 In considering the lack of information about how cytoplasmic histidine kinases are 
activated, I sought to shed light on their function in Caulobacter. I chose to do this through two 
different methods that together would address the question of what protein interactions and what 
conditions are required to activate a histidine kinase: a yeast two hybrid assay and a chimeric two 
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component system. I have created two tools that can be used to investigate HK activation 
through multiple means. 

Table 1. Predicted domain architecture of the 18 orphan HK’s in Caulobacter crescentus with 
cytoplasmic sensing domains, and with no observable deletion phenotype. PAS domain, HK = 
histidine kinase, RD = receiver domain, TM = transmembrane, PAC = a domain commonly 
found C-terminalC-terminal to PAS domains, HAMP = links input to output of HK domains.

Gene Domain structure Gene Domain structure

CC0238 TM-HAMP-HK CC2852 PAS-PAS-HK-RD

CC0285 PAS-PAC-HK CC2971 GAF-PAS-PAC-HK-RD

CC0586 PAS-PAC-PAS-PAC-HK CC2993 GAF-HK-RD

CC0629 GAF-HK CC3048 PAS-PAC-PAS-PAC-PAS-PAC-HK

CC0652 PAS-PAC-PAS-PAC-PAS-PAC-HK CC3058 PAS-HK-RD

CC0836 PAC-PAS-PAC-PAS-PAC-HK CC3162 HK-RD

CC1683 TM-HAMP-HK CC3170 PAS-PAC-HK

CC2554 PAS-PAC-HK CC3225 PAC-HK-RD

CC2670 GAF-PAS-PAC-HK-RD CC3560 PAS-PAC-HK-RD

Part 1: Determining conditions that activate two component systems in Caulobacter
Part 1A: Construction of a chimeric two component system
 There is a large variety in the organization of the N-terminal sensing domains of histidine 
kinases, and the organization appears to be modular - different domains can be ordered in many 
different ways.  Previous studies have exploited this trait, and have created chimeric two 
component systems made of different parts of two component systems in order to probe 
conditions that activate histidine kinases (Utsumi 1989, Michalodimitrakis 2005).  The first of 
these chimeras was made to measure the aspartate sensing capabilities of Tar (Utsumi 1989).  In 
this system, the N-terminal domain of Tar was fused to the catalytic domain of the histidine 
kinase EnvZ. This chimeric HK auto-phosphorylated in the presence of aspartate, and passed the 
phosphate to the response regulator OmpR.  OmpR~P then bound to and activated transcription 
from the ompC promoter, which was fused to lacZ.  Beta-galactosidase activity was used to 
measure the activation of the Tar-EnvZ fusion. This chimeric two component system was then 
used to probe the function of specific domains of Tar and EnvZ.  This chimeric two component 
system was also used to measure Tar’s response to each of the 20 amino acids, this time using 
GFP expression as the measurable output (Michalodimitrakis 2005). 
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 Due to the large number of orphan cytoplasmic histidine kinases in Caulobacter with no 
predicted function, I wished to create a high throughput method to identify conditions that 
activate those proteins.  To do this, I created a chimeric two component system where the 
activation of EnvZ kinase activity is dependent on a heterologous sensory domain.  My system 
included a fusion of the candidate HK from Caulobacter to EnvZ, the response regulator OmpR 
from E. coli, and an output as the expression of GFP (Figure 1).

Figure 1. Diagram of the chimeric two component system that could be used to screen for 
conditions that activate a histidine kinase.  Blue = domains from Caulobacter, orange = domains 
from E. coli, green = GFP.  HK::EnvZ = the N-terminal sensing domain of a Caulobacter 
histidine kinase fused to the C-terminal catalytic domain the EnvZ histidine kinase from E. coli, 
OmpR = the OmpR response regulator from E.coli, REC = receiver domain, DBD = DNA 
binding domain, pompC::EGFP::HAVAA = the ompC promoter fused to the coding sequence of 
gfp with a C-terminal epitope tag that targets the protein for degradation by ClpXP. Solid arrows 
= phosphate transfer, double arrowhead = response regulator binding to the ompC promoter, 
orange arrow = promoter region. 

 The strain containing ompR and pompC::GFP can now receive plasmids with other 
chimeric histidine kinases, and a library of strains could be subjected to a variety of conditions.  
These strains, along with the positive control and the three negative controls could be grown in a 
multi-well plate and the expression of GFP could be measured used a fluorescent plate reader.

Methods
 To determine which histidine kinases to use in the chimeric two component system, I 
looked for genes whose N-terminal regions were predicted to be cytoplasmic, that were not in an 
operon with other genes, were not cell cycle regulated and have no observable phenotype when 
deleted from the chromosome (Skerker 2005).  Many of these HKs contain PAS domains in their 
N-terminal sensory regions (Table 1). 

 To create the chimeric kinase, I used the same portion of the EnvZ catalytic domain as 
had been used in previous chimeric two component systems.  This portion begins at the Nde1 
restriction site in the gene, corresponding to the amino acid M223. To determine where the 
junction should be made in the candidate kinases, I aligned the amino acid sequences to EnvZ 
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using FlowerPower (Krishnamurthy 2007). I then visualized the alignment with Belvu 
(Sonnhammer 2005), and chose amino acids in each candidate kinase that aligned with M223 in 
EnvZ (Figure 2). I then used PCR to generate an NdeI restriction site in the candidate kinase, and 
digested each DNA fragment and ligated them together.  These fusion genes were then expressed 
from a medium copy plasmid, driven by the native promoter for the candidate kinase.

Figure 2. Alignment of a selection of orphan cytoplasmic histidine kinases from Caulobacter to 
EnvZ from E. coli. Red arrow = NdeI restriction site in EnvZ that corresponds to similar junction 
in the CCHK. Green box = DHp, purple box = kinase domain. 

  The response regulator OmpR from E.coli was inserted to the chromosome at the xylX 
locus, so as to tune the expression of OmpR with different amounts of xylose if needed 
(Meisenzahl 1997).  In order to reduce the constitutive activation of GFP, ompR was integrated in 
a strain where the Caulobacter ompR (CC1182) had been deleted (Skerker 2005). As the output 
response, this strain contained a low copy vector with the promoter of ompC fused to the coding 
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sequence of gfp.  Because GFP is a stable molecule with a long half life, I added an ssrA tag to 
the c-terminus of gfp to target this protein for degradation and to make the output more more 
sensitive to quick changes in activation (Keiler 2000).  

 In E.coli, ompC promoter contains three binding sites for the response regulator OmpR 
(Maeda 1990).  When the entire promoter was used in my chimeric TCS, GFP was constitutively 
expressed, even in a strain where the Caulobacter ompR had been deleted.  I synthesized an 
oligonucleotide that would create a shorter ompC promoter, corresponding to just one OmpR~P 
binding site.  Using this promoter in the ∆CC1182 background, GFP was no longer constitutively  
expressed (Table 3). 

 As a positive control, I created a strain where the catalytic domain of EnvZ was expressed 
without any N-terminal domain attached.  This domain was shown to be constitutively active in 
previous studies (C.Voigt, personal communication), and was also capable of activating 
expression of GFP in my chimeric strain. I also tested other chimeric kinases, including a fusion 
of DivJ to EnvZ, but no other kinases that I tested were able to activate expression of GFP.  
Three negative control strains were also created, putting an empty vector in the place of each of 
the components: kinase, response regulator or output.  

Table 2. List of strains and plasmids to be used in the chimeric two component system

Plasmid Description Purpose Source or 
reference

pJS71 Medium copy broad host range cloning vector Skerker 2000

pMR20 Low copy broad host range cloning vector Roberts 1996

pNPTS138 Integratable broad host range cloning vector Spratt 1986

pES54 pMR20-pOmpC::EGFP-HAVAA Output This study

pES55 pNPTS138-pXyl::OmpR RR This study

pES57 pJS71-pXyl::EnvZHK HK This study

Strain Description Purpose Source or 
reference

KR1769 ∆1182 – CCompR has been deleted Reduce background Skerker 2005

KR1869 ∆1182 + pES57 +pES55 + pES54 Positive control This study

KR1794 ∆1182 + pJS71 + pES55 +pES54 No HK This study

KR1791 ∆1182 + pES49 + pES54 No RR This study

KR1795 ∆1182 + pES49 + pES55 + pMR20 No output This study
13



Table 3. List of strains and plasmids that were tested but proved not useful for the chimeric two 
component system. 

Failed 
Plasmids

Description Problem

pES20 CC3560::EnvZ Did not activate expression of GFP

pES49 DivJ::EnvZ Did not activate expression of GFP

pES58 EnvZ Did not activate expression of GFP

pES13 pompC::gfp (long promoter) Constitutively activated expression of GFP

pES34 pompC::gfp::HAVAA (long promoter) Constitutively activated expression of GFP

All strains were in CB15N Constitutively activated expression of GFP

Results
 I was able to create a positive control strain that constitutively expressed GFP with the 
kinase domain of EnvZ as the activating protein (Table 4).  However, there were challenges in 
creating an active chimeric histidine kinase.  We expected that DivJ fused to EnvZ would be 
active in a mixed culture because DivJ itself is active for much of the cell cycle. However, the 
strains expressing the fusion kinase DivJ::EnvZ failed to activate expression of GFP. This could 
indicate that DivJ is not activated by protein interactions in its N-terminus, or that the chimera is 
not activated like the native protein.  In addition, the full length EnvZ from E. coli did not 
activate expression of GFP, indicating that perhaps EnvZ is not activated in Caulobacter.  
Without an active chimeric kinase as a positive control, I could not anticipate that any chimeric 
kinase made from an unstudied protein would be functional under any circumstance.  
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Table 4. Different combinations tested to create a chimeric two component system. 

Activating 
Kinase1

CC Response 
Regulator2

OmpC 
promoter3

GFP 
expression4 Conclusion

DivJ::EnvZ
EnvZ
EnvZHK

wt Long
+++
+++
+++

GFP expression is inappropriately 
activated

DivJ::EnvZ
EnvZ
EnvZHK

wt Short
---
---
---

The shorter promoter is more stringent

DivJ::EnvZ
EnvZ
EnvZHK

Δ1182 Long
---
---
---

CCOmpR was activating expression of 
GFP

DivJ::EnvZ
EnvZ
EnvZHK Δ1182 Short

---
---
+++

Trigger not active
Trigger not active
EnvZHK is constitutively active and can 
phosphorylate OmpR*

1. DivJ::EnvZ = the promoter and N-terminus of DivJ fused to the catalytic domain of EnvZ, 
EnvZ = the promoter and EnvZ from E.coli, EnvZHK = the catalytic domain of EnvZ without a 
promoter or N-terminal domain.
2. Strain background either wt = CB15N, or with CC1182 deleted (the homolog of ECOmpR)
3. Long = contains all three binding sites for OmpR~P, short = contains only one binding site for 
OmpR~P
4. --- = 75-200, +++ = 600 or greater pixels
* positive control strain KR1869

 This study was based in part on a similar approach to probe the function of light activated 
HKs (Levskaya 2005). In this study, the authors also created a chimeric histidine kinase with 
lacZ expression as the output.  However, what was not mentioned in the paper was that a library 
of junction sites were tested to create the chimeric HKs (C. Voigt, personal communication).  The 
successful activating chimeric kinases had been selected by screening a number of junctions.  As 
far as I could tell there was no logic to deciding how to create this fusion junction, that one had 
to empirically test multiple options, then select the one that was active.  Having to synthesize 
multiple fusion junctions per chimera makes this unfeasible as an approach to determine the 
sensory inputs of multiple HKs at this time.

Part 1B: Construction of a yeast two hybrid library
Methods
 Many of the N-terminal sensing regions of cytoplasmic orphan histidine kinases contain 
PAS domains.  These can be sites where proteins contact each other and could be how these HKs 
are activated (Buelow 2010).  I therefore planned to conduct a yeast two hybrid screen using 
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these regions as bait against the rest of the Caulobacter genome as prey.  This was to be used as a 
complementary method to the chimeric two component system, where once conditions were 
found to activate a histidine kinase, I would then determine what protein interactions could be 
responsible for the activation. This could also be used as an independent method to determine 
HK activation mechanisms in case the chimeric TCS was not useful. 

 I used a yeast two hybrid system that contains bait and prey vectors in three frames: 
pGBD C1-C3 and pGBD C1-C3, respectively (James 1996).  To create an unbiased library of 
prey fragments, I first purified high quality Caulobacter chromosomal DNA.  Strain CB15N was 
grown to saturation, and cells from 30 mL of culture were harvested by centrifugation. DNA was 
extracted using the Genomic Tip-100 kit (Qiagen). The DNA was resuspended in TE (10mM 
Tris-HCl, 5mM EDTA).  The DNA was quantified and the quality was determined by reading the 
OD260/280.  Genomic DNA was partially digested with the restriction enzymes BfuCi (New 
England Biolabs).  Each 500 µl reaction contained 100 ng of DNA, 1x buffer 4, 1x BSA and 0.89 
µl enzyme. Reactions were incubated at 37˚C for approximately 8 minutes and separated on a 
low melt agarose DNA gel. A section was cut from the gel between 1 and 2 kB so as to maximize 
the chances for obtaining one complete gene in the prey vector. The DNA was isolated from the 
agarose using the GenElute Gel Extraction kit (Sigma) and concentrated using a Microcon 
YM-30 column (Amicon). The DNA was quantified and ligated into pGADC1, C2 and C3 that 
had been digested with BamHI and treated with Antarctic Phosphatase (NEB).  

 Two microliters of each ligation reaction were transformed separately into ElectroMAX 
Ultra competent DH10B (Invitrogen) cells and plated on large LB plates.  Colonies were counted 
and 21246 from C1, 9378 from C2, and 22464 from C3 for a total of approximately 53088 
colonies were obtained.  I then resuspended all colonies in LB broth and isolated the plasmid 
libraries using the Quantum Prep Plasmid Midiprep kit (BioRad) for each library independently.  
Approximately 750 ng/µl was obtained for each frame.  This mix is now available to be 
transformed into a yeast strain containing a bait vector of interest.

Results 
 I successfully generated a yeast two hybrid library with an estimated genome coverage of  
19.9X with greater than 99% confidence. 

Equations: 

W=NI/G 
W=coverage, N=#colonies, I=average insert size, G=genome size  (53088*1500)/4000000=19.9

Coverage = ln[1-(p(99%)]/ln[1-(insert size/genome size)] 
19.9 = ln[1-(p(99%)]/ln[1-(1500/4000000)]
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 To test that this plasmid library contained a random selection of genes, I randomly 
selected twenty colonies, and and digested out the insert using BamHI.  Each was shown to 
contain an insert of a different size, all within the range of fragments cloned into the vector. This 
indicates that the library represents a broad and unbiased segment of the genome.  However, 
further testing must be done to determine if  the proteins fused to the activation domain are 
stably expressed, or if this library can repeat previously published results. 

Part 2: Investigating direct interactions among proteins that regulate the cell cycle
 Caulobacter crescentus is used as a model organism to study asymmetric cell division as 
well as differentiation.  These complex processes are controlled by an essential phosphorelay that 
eventually controls the activity of the transcriptional regulator CtrA.  Detailed information exists 
about the function of most of these proteins, including how they are transcribed, localized and 
degraded throughout the cell cycle.  However, we still do not yet know if the essential response 
regulator DivK interacts directly with CckA or DivL.  Genetic evidence suggests that these three 
proteins are in the same pathway, but it is unclear whether they function in a linear or a complex 
ternary pathway.  In order to shed light on these questions, I showed that DivK interacts directly 
with CckA and DivL using two independent methods. 

Part 2A: Directed yeast two hybrid assay
Methods
 I also used this yeast two hybrid system to probe interactions between proteins that are 
important for controlling the cell cycle. To do this, I inserted various regions of DivL and CckA 
into the prey plasmid pGBD and transformed these plasmids into a strain expressing DivK from 
the bait vector pGAD. Positive controls included fragments of PleC and DivL that were 
previously shown to interact with DivK in a screen (Ohta 2003), and negative controls included 
RcdA from Caulobacter and EnvZ from E.coli. 

 To quantify the strength of the interactions among proteins tested, I quantified the level of 
ß-galactosidase expression using an ortho-nitrophenyl-ß-galactoside (ONPG) assay.  Cultures of 
yeast containing the bait and prey plasmids of interest were grown to log phase (OD600 0.3 - 0.7) 
then chilled for 20 min on ice. Each reaction contained 50 µl of culture, 50 µl chloroform and 
750 µl of Z buffer (60 mM NaHPO4, 40 mM NaHPO4.H20, 10 mM KCl, 1 mM MgSO4.H2O, 50 
mM BME).  Reactions were vortexed for 10 sec and then incubated at 28˚C for 5 min. ONPG 
was added to a final concentration of 4 mg/mL and incubated for 5 - 15 min or until the solution 
was yellow.  Reactions were stopped with the addition of 500 µl of 1 M Na2CO3. Cell debris was 
separated by centrifuging for 5 min at 14,000 RPM and the OD420 of the soluble portion was 
measured.  The rate of ß-gal activity was calculated using the equation:
 
ONPG units = (1000*OD420)/(t*C*OD600), where t=time in min, C=vol in mL
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Table 2. List of plasmids used in directed yeast two hybrid assay. 

Plasmid Description
Source or 
reference

pGBD
Bait plasmid for fusing gene of interest to the DNA-binding domain of 
Gal-4 transcription factor James 1996

pGAD
Prey plasmid for fusing gene of interest to the activation domain of the 
Gal4 transcription factor James 1996

pES59 pGBD-divL Nterm (A22 - R539) This study

pES62 pGBD-divL DHp (R539 - G606) This study

pES63 pGBD-divL CA (R653 - Q758) This study

pES66 pGBD-divL full (A22 - end) This study

pES73 pGBD-divL HK (P471 - end) This study

pES85 pGBD-divL (541 - end) Ohta 2003

pES86 pGBD-divL (138 - end) Ohta 2003

pES60 pGBD-cckA Nterm (D80 - I313) This study

pES64 pGBD-cckA RD (G570 - end) This study

pES65 pGBD-cckA HK (S305 - E545) This study

pES67 pGBD-cckA full (D80 - end) This study

pES61 pGBD-rcdA This study

pES83 pGBD-envZ HK (M223 - end) This study

pES88 pGAD-pleC (493 - 668) Ohta 2003

pES89 pGAD-pleC (546 - end) Ohta 2003

pES71 pGAD-divL full (A22 - end) This study

pES72 pGAD-divL DHp (R539 - G606) This study

pES74 pGAD-divL HK (P471 - end) This study

pES70 pGAD-cckA HK (S305 - E545) This study

pES77 pGAD-cckA HK+RD (S305 - end) This study

pES69 pGAD-rcdA This study

pES84 pGAD-envZ HK (M223 - end) This study

pES68 pGAD-divK This study

pES92 pGAD-divL Cterm (P471 - end) This study
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Results 
 In a previous study, DivK was used as the bait against a library of prey plasmids 
containing random fragments of the Caulobacter genomic DNA (Ohta 2003).  This study showed 
that DivK interacts strongly with DivJ and PleC and weakly with DivL. However, CckA was not 
one of the fragments that was identified to interact with DivK, despite genetic evidence that 
shows they act sequentially in the same pathway.  In order to investigate whether DivK interacts 
directly with CckA, I used a directed yeast two hybrid assay.  As controls, I also looked at 
interactions between DivK and known partner proteins DivJ and PleC, as well as DivL. 

Figure 3. Schematic of the domains of proteins used as prey in a yeast two hybrid assay.  Vertical 
bars = transmembrane domains. DivK was used as the bait protein. ß-galactosidase activity of 
each interacting pair from at least three independent replicates. (SD = standard deviation). Purple 
= strong interaction, orange = moderate interaction, blue = weak interaction.

 Values obtained for the interaction between DivK and DivL, DivJ and PleC are consistent 
with previously published results (~2, ~10, ~50 units of ß-gal respectively) (Ohta 2003).  These 
results show that DivK interacts more strongly with just the HK domain of CckA than the HK
+RD domains together (Figure 3). These data supports the hypothesis that DivK downregulates 
the kinase activity of CckA by directly binding to its DHp domain, and blocking phosphoryl 
transfer to its on receiver domain. 
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Part 2B: Coexpression of Caulobacter proteins in E. coli

Methods
Plasmid and strain construction. To construct the co-expression plasmids, gene fragments 
encoding for the kinase domains of EnvZ, DivL and CckA were digested from plasmids pES5, 
pSK87, and pES26 with the enzymes NdeI-SacI, BamHI, and NdeI-KpnI respectively.   The 
fragments were ligated to the second multiple cloning site of pACYC to create plasmids pES98, 
99 and 101. The gene fragment encoding both the HK and RD domain of CckA was digested 
from pES90 and ligated into the second MCS to create pES100.  divK was digested from 
pKR46.8 with NcoI and SacI, then ligated to the first multiple cloning site of plasmids pES98 - 
101 to create in frame fusion to the N-terminal His6 epitope tag.  The divKcs gene was digested 
from pES108 with EcoRI and ligated into the first multiple cloning site of plasmids pES98 - 101.  
The plasmids pES102, 103 and 104 were transformed into BL21 expression strain and used for 
co-expression analysis. 

Table 1. List of strains and plasmids used in this study.

Plasmid Description Source or Reference

pACYCDuet-1 Vector designed for the coexpression of two genes Novagen

pCRII-TOPO
Linearized and topoisomerase-activated vector for 
cloning PCR products Invitrogen

pKR46.8 pXyl-divK Kathleen Ryan

pES5 envZ in pCRII This study

pSK87 divL c-term in pCRII This study

pES90 cckA HK+RD in pCRII This study

pES108 divKcs in pCRII This study

pES102 pACYC-His6::divK + cckA HK This study

pES103 pACYC-His6::divK + divL HK This study

pES104 pACYC-His6::divK + envZ HK This study

pES107 pACYC-His6::divK + cckA HK+RD This study

pES109 pACYC-His6::divKcs + cckA HK This study

pES110 pACYC-His6::divKcs + divL HK This study

pES111 pACYC-His6::divKcs + envZ HK This study
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Strain Description Source or Reference

KR1166 Tuner expression strain of E. coli Novagen

KR2302 pES102 in tuner This study

KR2303 pES103 in tuner This study

KR2304 pES104 in tuner This study

KR1328 cckA::3xFLAG Sarah Resigner

KR1332 divKcs, cckA::3xFLAG Sarah Resigner

Co-affinity purification. The strains KR2302, 2303 and 2304 were grown at 37˚C to mid-log 
phase, then the cultures were shifted to 30˚C and protein expression was induced with the 
addition of 500 µM IPTG for 3 hours.  Six milliliters of culture was harvested, and the pellet was 
stored at -80˚C until used.  Proteins were extracted according to the manufacturers instructions 
(Qiagen). Briefly, the cells were lysed in 1mL of lysis buffer (300 mM NaCl, 50 mM Tris pH 
8.0) with 10mM imidazole and 1 mg/mL lysozyme. The lysate was cleared by centrifuging at 
14,000 rpm for 10 min and the soluble supernatant was bound to 50 µl of Ni-NTA agarose beads 
at 4˚C for 1 hour. The beads were then washed three times with 1.5 mL of lysis buffer with 50 
mM imidazole and proteins were eluted with lysis buffer with 300 mM imidazole.  Equivalent 
fractions of wash and elution were separated with an SDS polyacrylamide gel, stained with 
Coomassie and scanned with a light scanner. The intensity of the bands was quantified using 
ImageJ (Rasband 1997). 

Results
 To confirm the protein interactions observed in the yeast two hybrid assay, I tested 
whether these proteins also interact in E.coli. To do this, I created strains that express His6-DivK 
along with the soluble kinase domains of DivL, CckA or EnvZ in E.coli.  When His6-DivK was 
isolated from lysed cells, it eluted with proteins that were the predicted sizes of the kinase 
domains of DivL and CckA, but the EnvZ kinase domain only existed in the flowthrough and did 
not elute with His6-DivK (Figure 2).  
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Figure 2. His6-DivK was expressed from the same plasmid with either DivL, CckA or EnvZ in 
E.coli. Coomassie stained gel showing flowthrough (FT), wash (W) and elution (E) fractions of 
co-expression analysis.  A) His6-DivK interacts with the DHp domain of CckA but not EnvZ.  B) 
His6-DivK interacts with the DHp domain of DivL but not EnvZ. *=proteins interacting with 
His6-DivK.

 A cold sensitive mutation in DivK was shown to have reduced ability to downregulate the 
activity of CckA, resulting in increased activity and G1 arrest (Hung 2002).  DivK could 
downregulate the activity of CckA by binding to its DHp, competing with CckA’s own DHp in 
order to block the phosphorylation cascade. DivK was also shown to interact weakly with DivL 
(Ohta 2003).  In addition, DivL was shown to affect localization of DivK (Reisinger 2007).  To 
determine if DivKcs is able to interact with DivL and CckA, I attempted to do the same 
expression analysis using divKcs. However, DivKcs was not induced under the same conditions 
as wildtype. This could be because the cold sensitive mutation renders DivK less stable and is so 
is degraded by E. coli. 

 If the interaction between DivK and CckA is direct, then DivK would only interact with 
the HK domain of CckA, and this interaction would be inhibited by CckA’s own RD. To test 
whether DivK still interacts with the CckA HK when its own RD is present, I attempted to co-
expression analysis using the His6-DivK and the HK and RD of CckA.  However, the CckA-HK-
RD protein fragment was not expressed.  When a version of CckA lacking the transmembrane 
domains is overexpressed over wildtype in Caulobacter, this protein exhibits a dominant lethal 
phenotype (Chen 2009).  Perhaps this domain also has adverse effects on E. coli and the cells 
preferentially degrade this protein. 

Conclusions
  I have created useful tools for future members of the laboratory to use to investigate how 
HKs are activated and what other proteins might interact with a protein of interest.  I have laid 
the groundwork for using a chimeric two component system to investigate conditions that 
activate orphan histidine kinases.  All that remains to be completed is to create chimeric histidine 
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kinases that are active under the appropriate conditions.  In order to achieve this goal, better 
sequence alignment algorithms need to be used so as to determine where the histidine kinases are 
the most similar to EnvZ and Tar. The alignments that I used to find these sites of homology 
were completed in 2007, and improvements have been continually made on these tools since 
then. Perhaps with more sophisticated homology alignment software, one could choose the 
correct fusion junction initially and proceed towards creating the library of chimeric histidine 
kinases. It will be difficult to create functional fusions, but once successful, these tools will be 
extraordinarily useful (Ninfa 2010)
 
 The histidine kinases that I chose for this study had no observable phenotype when 
deleted from the chromosome, but laboratory growth conditions do not represent what 
Caulobacter encounters in the wild.  For instance, cells grown in complex right media (PYE) do 
not need enzymes that synthesize many nutrients. If these pathways require a histidine kinase to 
sense a lack of nutrients and then turn on the appropriate response, their phenotype would not 
become known until the cell encountered that stress. The chimeric two component system could 
be used in parallel with knockouts of the same histidine kinases. If the HK was important for 
responding to a stress, the phenotype would be death or slow growth under that condition.  The 
corresponding HK chimera would have a measurable output of GFP expression during the same 
stress.  Once chimeras are constructed, the experimental strains can be grown along with the 
positive and negative control strains that I have created.  These strains can be subjected to a 
variety of conditions that may require activation of the HK. These conditions could include 
variations in pH, temperature, oxygen concentrations, light intensity or duration, lack of 
particular nutrients, or the presence of other bacteria. 

 I have also generated a yeast two hybrid library of almost 20-fold coverage of the 
genome, giving a 99% chance that each gene is represented at least once.  This library can now 
be used to screen for protein interactions with any protein of interest.  It would be wise to test the 
quality of this library by conducting a control in parallel to the experimental, whereby a known 
bait plasmid, preferably pGBD-divK is used alongside a plasmid carrying an unstudied gene. 
One would expect to find positive interactions between DivK and PleC or DivJ, as these have 
been previously published (Ohta 2003).  Once the system is running for one bait plasmid, it 
requires only incrementally more effort to conduct two such screens in parallel instead of one. 
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Chapter 2: A lack of nitrogen induces a cell cycle pause in Caulobacter crescentus

Introduction
 Caulobacter was first isolated from aerated fresh water (Poindexter 1964).  This 
chemohetrotroph is a strict aerobe that grows best in dilute media.  In nature, the stalked form of 
Caulobacter produces a substance at the foot of its stalk that allows it to stick to solid surfaces.  
Only the stalked cell can grow and divide to produce daughter cells.  The progeny swarmer cell 
is motile and can search for nutrients, and once it finds the right conditions, develops into a 
stalked cell.  This differentiation presumably allows the cells to only develop when conditions 
are favorable, thus preventing possible starvation and death if development is initiated too soon. 
However, this hypothesis depends on the ability of Caulobacter to sense the environmental 
conditions and translate this information to protein activity that then controls cell cycle 
progression.  

 A unique aspect of Caulobacter is that it is able to survive starvation without drastically 
altering its morphology. This is in contrast to Bacillus subtilus, which when faced with nutrient 
deprivation, initiates a phosphosignalling cascade that causes it to develop into a spore (Piggot 
2004).  Similarly, starving Myxococcus xanthus cells migrate and form fruiting bodies of up to 
10^5 cells which eventually also develop into spores (Kroos 2007).  When Vibrio cholera is 
faced with starvation conditions, cells divide to become smaller and form protective biofilms 
(Wai 1999). 

 Several studies have looked at Caulobacter’s response to low nutrients.  When swarmer  
cells lack an energy source (carbon), they do not develop into stalked cells (Gorbatyuk 2005).  
They also require a small RNA, CrfA, to stabilize the transcript of a TonB-dependent receptor, 
which facilitates uptake of nutrients (Landt 2010).  Swarmer and stalked cells were shown to 
have different responses to carbon starvation, and involve the ECF sigma factor SigT, the HK 
CC3474 and the RR PhyR (Britos 2011).  The bifunctional synthase/hydrolase SpoT is important 
for upregulating synthesis of the alarmone ppGpp and for regulating stability of DnaA (Lesley 
2008).  Similarly, when cells are starved for nitrogen they do not develop into stalked cells and 
synthesize the alarmone ppGpp (Gorbatyuk 2005, Chiaverotti 1981). Continuous cultures grown 
in nitrogen-limited media, but not carbon-limited media, extend the swarmer phase of the life 
cycle (England 2010).   These studies showed that the cells respond differently to a lack of an 
energy source (carbon) compared to a lack of nitrogen.  Because a lack of energy could hinder 
central metabolism, I wished to determine how Caulobacter senses the nitrogen status of its 
environment and translates that into a signal for cell cycle progression.  

 During the swarmer to stalked cell transition, many proteins are relocalized and/or 
proteoylyzed, and the chromosome is replicated only once the transition begins (Figure 4A, see 
Introduction Figure 3).  The master transcriptional regulator CtrA is present and diffuse in 
swarmer cells, then becomes localized at the stalked pole where it is degraded by the protease 
ClpXP (Ryan 2002).  The proteolytic adapter proteins RcdA and PopA also localize with CtrA 
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and ClpXP; PopA is also localized to the swarmer pole (Duerig 2009).  Proteins that control 
CtrA phosphorylation are also relocalized: the HK PleC is localized at the swarmer pole, and is 
replaced by a focus of the HK DivJ as the cells grow a stalk. The RR DivK and the hybrid HK 
CckA are diffuse in the swarmer cell then become localized at the stalked cell. 

 The swarmer to stalked cell transition could be a key decision point for Caulobacter: 
once it initiates this developmental program it can not reverse the process.  This commitment 
requires that cells have enough nutrients to complete the transition, and presumably would not do 
so unless conditions were favorable.  To test this hypothesis, I asked whether swarmer cells can 
sense nutrient deprivation and translate this signal into a pause in the cell cycle.  To narrow this 
study, I chose to only study the effects of nitrogen starvation.  Caulobacter is a 
chemoheterotroph, and so can not use nitrogen as an energy source, which would eliminate the 
effects of an energy deficit on cell cycle progression.  

 Previous studies have shown that swarmer cells do not complete the swarmer to stalked 
cell transition when faced with a lack of carbon or nitrogen. However, it was not determined 
which if any of the events that normally occur during the swarmer to stalked cell transition still 
occur during this starvation. Caulobacter is a chemoheterotroph and so can not use nitrogen as 
an energy source.  I chose to only study the effects of nitrogen deprivation which eliminates the 
effects of energy deprivation.  All of the cell cycle events that were measured in this study were 
halted by a lack of nitrogen in most cells.  This indicates that either the environment impinges on 
the cell cycle at all stages equally and instantly, or signals a halt to a protein that functions 
further upstream than those measured here.   

 
Methods
Table 1. List of strains and plasmids used in this study

Plasmid Description Source

pNPTS138 Integratable broad host range cloning vector Spratt 1986

pMS13 pNPTS138-CC2167::tetAR Maansi Shah

pES180 pNPTS138-CC3553::tetAR This study

Strain Description Source

KR684 CB15N Lucy Shapiro

KR2489 pMR20-popA::GFP Duerig 2009

KR2083 pNTP228-divK::GFP Sarah Reisinger

KR908 pNTP228-rcdA::GFP Patrick McGrath
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KR2376 pBGST-divJ::YFP integrated, pleC::CFP integrated Wheeler 1999

KR809 pHPV465-cckA::CFP integrated Kathleen Ryan

KR563 CB15N + pXyl-YFP::RD+15 Ryan 2002

KR548 CB15N + pXyl-RD+15 Ryan 2002

KR56 CB15N + pctrA-RD+15 Kathleen Ryan

KR2873 CC2167 Maansi Shah

KR3019 CC3553 This study

Culture conditions. All strains were grown in either PYE (0.2% Peptone; Fisher Scientfiic, 
0.1% yeast extract; Fisher Scientific, 1 mM MgSO4, and 0.5 mM CaCl2) or M2G (6.1 mM 
Na2HPO4, 3.9 mM KH2PO4, 9.3 mM NH4Cl, 0.5 mM MgSO4, 10 mM FeSO4 EDTA chelate; 
Sigma, 0.5 mM CaCl2 with 0.2% D-glucose as the sole carbon source) supplemented with 
antibiotics as needed. NoN is defined as M2G without a nitrogen source, and NoN salts is M2G 
without nitrogen or carbon. 

Isolation of swarmer cells.  Swarmer cells were isolated from mixed culture as previously 
published (Evinger 1977). Each target strain was grown from a freezer stock overnight in 
selective PYE then diluted into M2G for at least 12 hrs.  Approximately 1011 cells were harvested 
in exponential phase by centrifugation for 15 min at 8,000 rpm. The cells were resuspended in 
NoN salts and 23% filtered Ludox (Sigma), and centrifuged for 20 min at 9,000 rpm.  Swarmer 
cells were isolated and washed in NoN salts, then released into M2G or NoN at an initial OD660 
of approximately 0.01.  This low density prevented most of the effects of cryptic growth (See 
Conclusions).  Every 20 min, 1.5 mL of culture was centrifuged for 2 min at 14,000 rpm.  The 
cell pellet was frozen in liquid nitrogen and stored at -80˚C until used for immunoblotting.  

Immunoblots. Cell pellets were resuspended in equal volumes (approximately 60 µl) of 1x 
sample buffer, and 20 µl of each sample was separated with 12% SDS-PAGE.  Proteins were 
then transferred to an Immobilon-PVDF membrane (Millipore) overnight at 20V.  Membranes 
were then probed with antibodies against CtrA (1:10,000) (Quon 1996), McpA (1:30,000) (Alley 
1992, Tsai 2001) or FliF (1:30,000) (Jenal 1996) in 1xTBS (50 mM Tris HCl, pH 7.4 and 150 
mM NaCl) + 5% milk.  Secondary antibodies (goat anti-rabbit-HRP, Millipore) were used at a 
dilution of 1:10,000. Membranes were washed 4 x 5 min after primary and secondary antibodies 
with TBS + 5% Tween-20.  Chemiluminescent signals were visualized with Western Lightning 
ECL (PerkinElmer). Films were then scanned and the intensity of each band was quantified with 
ImageJ (Rasband 1997).

Differential staining. Swarmer cells that had been released into NoN were harvested and stained 
with LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (Invitrogen). This kit 
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contains Syto9, a DNA stain that will cross compromised as well as intact membranes, making 
the cells appear green.  The kit also contains propidium iodide, which also stains DNA but will 
only enter cells with compromised membranes. PI dilutes out the green signal, so that cells 
stained with both dyes appear red, indicating a dead cell. Stained cells were then placed on a 1% 
agarose pad (made with water) and visualized with fluorescence microscopy.

Fluorescence imaging. To localize proteins important for cell cycle progression, swarmer cells 
were harvested from M2G culture and resuspended in either M2G or NoN as described above.  
Every 20 min, 1 mL of culture was centrifuged at 10,000 rpm for 2 min, resuspended in ~20 µl 
of residual media and imaged on a 1% agarose pad made with water. Images were acquired using 
a Nikon Eclipse 80i microscope with a PlanApo 100×/NA 1.40 objective and a Cascade 512B 
camera (Roper Scientific). GFP and PI were imaged using Chroma filter sets 41001 and 41004. 
Images were acquired using Metavue software (Universal Imaging).  For each time point, 5-10 
images were acquired and the number of cells with a florescent focus were counted.

Fluorescence activated cell sorting (FACS) analysis. To determine the chromosomal DNA 
content of cells, 300 µl of culture was harvested and added immediately to 700 µl of 100% 
ethanol. Samples were stored at 4˚C for less than 7 days, then centrifuged at 6,000 rpm for 3 min. 
Fixed cells were resuspended in 1mL of 20 mM Tris-HCl, 150 mM NaCl, 0.2 mg/mL RNase and 
1 µM SYTOX Green (Invitrogen), and incubated overnight at 4˚C in the dark.  Fluorescence of 
individual cells was then quantified using a EPICS XL flow cytometer (Beckman-Coulter). 

Results
 It was previously shown that when swarmer cells are subjected to a lack of nitrogen, cells 
do not progress through the cell cycle (Gorbatyuk 2005).  To investigate this nitrogen-starvation 
induced cell cycle pause, I characterized survival, protein localization and degradation in 
swarmer cells over a time period equivalent to one cell division in complete minimal media (160 
min). Swarmer cells were isolated from a mixed culture of CB15N using density centrifugation, 
and released into minimal media lacking nitrogen (NoN).

 To determine whether swarmer cells deprived of nitrogen survive this stress, the viability 
of swarmer cells released into NoN was measured by plating and counting cfu/mL at intervals. 
These results show that swarmer cells survive the first 160 minutes of nitrogen starvation.  
Interestingly, many are still viable after about three days without nitrogen, and viability starts to 
drop only after five days without nitrogen (Figure 1).  To confirm that cells survive this stress, a 
mixed population of cells was grown in M2G then washed and resuspended in NoN.  Viability 
was determined using differential staining for live and dead cells.  These results confirm that 
most cells are still alive after 160 min in NoN and that survival is not particular to one cell type 
(Figure 1B, 1C).
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Figure 1. Swarmer cells survive nitrogen starvation. Swarmer cells were released into NoN and 
cfu/mL were measured A) approximately once per day until t = 100 h (inset = cfu/mL measured 
at t = 0, 80, 160 min) B) Mixed cultures of CB15N were released into NoN and stained with 
LIVE/DEAD BacLight Bacterial Viability Kit for microscopy (Invitrogen) after 160 min. Green 
= Syto 9, red = propidium iodide. Scale bar = 5 µm. C) Percent of cells indicated to be alive or 
dead via differential staining. SW = swarmer cells, PD = pre-divisional cells, ST = stalked cells.  
At least 100 cells from each time point were observed.

 During the swarmer to stalked cell transition, many complex processes must be 
coordinated.  One important event is that the chromosome does not begin to replicate until this 
transition.  As a proxy for the swarmer to stalked cell differentiation, we wondered whether the 
chromosome is replicated during nitrogen starvation.  Swarmer cells were released into NoN and 
samples were harvested and analyzed for DNA content using FACS analysis. These results show 
that when swarmer cells are released into NoN at a low initial OD660 of about 0.01, most cells do 
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not begin to replicate their chromosomes (Figure 2, red). However, when cells were released into 
NoN at a higher density of about 0.1, a greater percentage of cells begin to replicate their 
chromosome (Figure 2, blue).

Figure 2. When in NoN, swarmer 
cells do not begin to replicate 
their chromosomes unless they 
are at high density (above OD660 
~ 0.1). FACS analysis to measure 
DNA content of swarmer cells 
released into minimal media 
(M2G) or lacking nitrogen (NoN) 
after 0, 80 and 160 minutes.  
50,000 cells were counted from 
each treatment. Red = initial 
OD660 ~0.01, blue = initial OD660 
~0.1.

 For the swarmer cell to differentiate into a stalked cell, CtrA must be cleared by 
proteolysis (Domian 1997).  The flagellar protein FliF and the chemotaxis protein McpA are also 
degraded at this transition because they are not used in the stalked cell, though their clearance is 
not critical for cell cycle progression (Tsai 2001, Grunenfelder 2004). To investigate whether 
regulated proteolysis occurs when swarmer cells are deprived of nitrogen, we probed samples for 
the presence of these proteins using immunoblot analysis. When swarmer cells are released into 
M2G, McpA, FliF and CtrA are all degraded at the swarmer to stalked cell transition (Figure 3 
bottom). However, when swarmer cells are released into NoN, all three of these proteins are 
retained (Figure 3, top).  These results are interesting because proteolysis should not require 
nitrogen or new macromolecular synthesis.  This implies a lack of nitrogen signals many timed 
events to stop, resulting in a global halt in cell cycle events. 
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 It was previously shown that a portion of CtrA lacking the DNA binding domain (DBD) 
and containing only the receiver domain plus the last 15 amino acids (RD+15) is degraded on 
time during the swarmer to stalked cell transition (Ryan 2002).  Utilizing this property, the 
localization of CtrA has been investigated using a version that contains YFP fused to RD+15 
(YFP-RD+15) (Ryan 2002). In all previously published reports, both of these versions of CtrA 
localized and were degraded at the same time and rate as full length wildtype CtrA.  
Interestingly, when we released swarmer cells expressing RD+15 into NoN, this protein was 
degraded despite encountering a lack of nitrogen (Figure 3, top).  In addition, YFP-RD+15 was 
also degraded in NoN, indicating that it is not the presence of YFP but more likely the lack of the 
DBD that prevents the retention of CtrA in NoN.  This is the first indication that the DBD is 
important for regulating the timing of proteolysis of CtrA. 

Figure 3. When swarmer 
cells are released into 
minimal media lacking 
nitrogen, McpA, FliF and 
CtrA are retained, but 
CtrA lacking a DBD is 
degraded almost as fast 
as in the cells that are in 
complete media. *RD+15 
shown from cultures 
grown in PYE (Ryan 
2002). 

 Many proteins relocalize during the swarmer to stalked cell transition (Figure 4A). Some 
proteins are required to be relocalized in order for the cell cycle to progress, while others are 
relocalized as a result of cell cycle events, and their movement is not essential for cell cycle 
progression per se (Collier 2007).  In addition, protein relocalization does not require new 
macromolecular synthesis.  If the cell cycle pause was due only to a lack of nitrogen for new 
protein or DNA synthesis, then proteins could theoretically continue to relocalize as if the cells 
were in complete media. However, when swarmer cells were released into NoN, most cells 
retained the protein localization pattern of swarmer cells (Figure 4).  Protein localization patters 
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in a small percentage of cells resembled stalked cells after 160 minutes in NoN, similar to the 
small percentage that began replicating their chromosomes (see Figure 2). 

Figure 4. A) Representative swarmer and stalked cells showing where proteins are localized in 
the majority of wildtype cells under normal growth conditions. SW = swarmer cell, ST = stalked 
cell.  If no circle is present, the indicated protein is diffuse in the cytoplasm or the inner 
membrane. B) Percentage of cells exhibiting protein localization resembling swarmer cells (SW, 
hatched) or stalked cells (ST, solid) after the indicated time in minimal media lacking nitrogen 
(NoN). 

 The cell cycle pause induced by a lack of nitrogen could also have been due to a lack of 
transcription or translation. To rule out these effects, we released swarmer cells into M2G or 
NoN with rifampicin or chloramphenicol to prevent transcription initiation and translation, 
respectively (Figure 5).  When swarmer cells were released into M2G with chloramphenicol, 
both CtrA and McpA were degraded on time but were not resynthesized, confirming that cell 
cycle regulated proteolysis of these proteins does not require new protein synthesis.  However, 
when swarmer cells were released into M2G with rifampicin, neither protein was degraded. This 
result was interesting because it suggests that an RNA is required for proteolytic events at the 
swarmer to stalked cell transition.  Many genes are newly transcribed at the swarmer to stalked 
cell transition, including genes coding for small RNAs (Landt 2010).  Lastly, swarmer cells 
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released into NoN with chloramphenicol did not degrade McpA or CtrA.  This result indicates 
that the cell cycle pause induced by a lack of nitrogen is still effective when translation is 
blocked, indicating that the signal translating a lack of nitrogen into a cell cycle pause does not 
require synthesis of new proteins. 

Figure 5. Effects of nitrogen 
starvation and antibiotic treatment 
on the regulated proteolysis of 
McpA and CtrA.  Swarmer cells 
were isolated and released into the 
indicated media. Samples were 
withdrawn and probed with the 
indicated antibodies.

 To determine if preventing transcription prevents protein relocalization, swarmer cells 
expressing PleC-CFP and DivJ-YFP were released into M2G with rifampicin. In these cells, 
proteins remained localized as in swarmer cells (data not shown, December 2009). These results 
suggest that transcription is needed for protein relocalization during the swarmer to stalked cell 
transition. Therefore, transcription is needed for progression of the cell cycle, both as indicated 
by proteolysis and protein relocalization. 

 These experiments have shown that both a lack of nitrogen and inhibiting transcription 
induce a global cell cycle pause.  All events that we have monitored that normally occur during 
the swarmer to stalked cell transition are prevented when the cells sense a lack of nitrogen or do 
not initiate new transcription.  In addition, this pause does not require synthesis of new proteins. 

 A lack of nitrogen could prevent all transcription due to a lack of new dNTPs, which then 
prevents transcription of new sRNAs, and then leads to a block in the swarmer to stalked cell 
transition.  It was previously shown that certain sRNAs are transcribed at the swarmer to stalked 
cell transition (Landt 2010).  To determine if these sRNAs are required to sense the lack of 
nitrogen or are essential for cell cycle progression under all circumstances, we deleted the 
chromosomal regions coding for two of these sRNAs, the regions surrounding CC2167 and 
CC3553. However, neither strain exhibited an observable phenotype. Strain KR2873 doubled 
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every 1.5 hours, was phage sensitive, and swarmed in soft agar. In addition, CtrA was degraded 
on time in M2G and was retained in NoN (data not shown), indicating that this sRNA is not 
essential for sensing the lack of nitrogen or for swarmer to stalked cell transition.  We are 
currently characterizing the response of strain KR3019 to a lack of nitrogen.  

 The results of these experiments show that a lack of nitrogen prevents cell cycle regulated 
proteolysis and protein relocalization but does not immediately cause cell death.  This pause in 
the cell cycle does not require translation but does depend on the initiation of transcription. 
Finally, these results have revealed a situation where the DNA binding domain of CtrA is 
important for regulating its proteolysis.  

Conclusions
 This research investigated the effects of nitrogen starvation on the swarmer to stalked cell 
transition in Caulobacter. This transition represents a critical decision point for the bacterium: 
the swarmer cell is in G1 arrest and will only replicate its chromosome, grow and divide after it 
has initiated the differentiation program into a stalked cell.  It has long been speculated that 
Caulobacter will only initiate this transition if conditions are favorable.  The ability of 
Caulobacter to sense when conditions are right for growth and division could be one reason for 
the existence of its two different daughter cell types: the swarmer cell is motile and is able to 
explore the environment, searching for favorable nutrient conditions. It will only differentiate 
into a non-motile stalked cell after it has found the right environment.  The stalked cells of the 
strain initially isolated from fresh water adhere to solid surfaces with a material exuded from the 
tip of the stalk (Mitchell 1990, Li 2005). This material is extraordinarily adhesive, making the 
differentiation even more of a geographic commitment (Tsang 2006).  By determining which 
processes occur and which are halted when the swarmer cell is starved for nitrogen, we have 
begun to shed light on how environmental conditions impinge upon cell cycle progression.

 Caulobacter’s response to a lack of nitrogen is interesting because despite being an 
essential nutrient, the cells survive this stress.  A previous study showed that when grown in 
continuous cultures with very low levels of nitrogen, Caulobacter extends its cell cycle by 
delaying the swarmer to stalked cell transition (England 2010).  My results agree with this data, 
showing that Caulobacter can survive a lack of nitrogen. However, it is unclear whether the cell 
cycle has stopped completely or if cells have also dramatically extended their swarmer to stalked 
cell transition. It would be useful to continue detailed characterization of protein content and 
localization after 24, 48 hours and beyond.

 Nitrogen is also an important cue for cell cycle progression the budding yeast 
Schizosaccharomyces pombe. When these cells encounter a lack of nitrogen, they pause their cell 
cycle, differentiate and mate with the opposite cell type (Egel 1974).  In contrast, when 
Caulobacter encounters a starvation, it pauses but does not differentiate.  However, both 
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organisms can translate a lack of nitrogen into a cellular response that is not observed when the 
cells are in replete medium. 

 As an oligotroph, Caulobacter is well adapted to low-nutrient environments, and so its 
response is different than that of the copiotrophic E. coli.  When amino acids are not available to 
E. coli, the cells initiate the stringent response; the small molecule ppGpp is synthesized by 
RelA/SpoT, which affects levels of transcription and translation of genes required for adaptation 
to low nutrients.  In contrast, Caulobacter can grow well in minimal media containing no amino 
acids and only salts and a carbon source (M2G, see methods).  However, when Caulobacter 
encounters a lack of nitrogen, it produces ppGpp and initiates the stringent response (Chiaverotti 
1981, Boutte 2011).  A recent study identified a protein CsrA that modifies the stability of 
transcripts for proteins required to initiate the stringent response, showing a connection between 
RNA and the stringent response in E. coli (Edwards 2011).  A similar mechanism could halt the 
cell cycle when Caulobacter encounters a lack of nitrogen: no transcription prevents the 
accumulation of sRNAs that are required for cell cycle progression, either through the stringent 
response or through a small RNA that directly targets transcript stability.

 Caulobacter’s response to nitrogen starvation is different from when is starved for a 
carbon source; when swarmer cells are released into minimal medium lacking glucose, the 
viability drops off dramatically (Lesley 2008).  In addition, CtrA is proteolyzed at a faster rate 
than when cells are starved for nitrogen (Lesley 2008, Britos 2011).  These results could be 
because swarmers do not halt development when faced with a lack of carbon as they do for a 
lack of nitrogen. 
 
 I have found that proteolysis of CtrA in cells subjected to nitrogen starvation is slightly 
different from the results reported previously.  Gorbatyuk and Marczynski reported that the 
levels of CtrA drop off slightly over 150 minutes in NoN (Gorbatyuk 2005).  A later study 
showed that the levels of CtrA drop dramatically within the first 20 minutes in NoN (England 
2010).  However, my results show that almost all of CtrA is retained in NoN (Figure 3). These 
differences could be due to the presence of small amounts nitrogen in their media, provided by 
imperfect media preparation or from the effects of cryptic growth. 

  Cryptic growth is defined as the ability of starving cells to scavenge nutrients released 
from dying cells, so they can continue growing and dividing.  This phenomenon can occur in a 
dense stationary phase culture where nutrients in the media have been consumed, or cultures at  
low density but in nutrient-poor media.  My results show that Caulobacter’s response to nitrogen 
starvation is dependent on the density of the culture, with more cells entering the swarmer to 
stalked transition when at a higher density. Caulobacter’s response to nutrient starvation has 
been studied previously (Gorbatyuk 2005, Lesley 2008, England 2010, Britos 2011), but none of 
these studies attempted to avoid the effects of cryptic growth. In all of these studies, swarmer 
cells were harvested and released into media lacking a nutrient, but the initial density of that 
culture was either not reported (Gorbatyuk 2005, Lesley 2008) or was ~20-40 times higher than 
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in my studies (0.2-0.3 in England 2010, 0.3-0.4 in Britos 2011).  I wished to replicate conditions 
normally found in nature, therefore, swarmer cells were resuspended in NoN at a very low 
density.   This would ensure that the cells’ response to nitrogen starvation would not be clouded 
by the effects of cryptic growth.  

 Alternatively, Caulobacter could pause in response to nitrogen starvation due to 
extracellular signaling.  It was not previously thought that Caulobacter is capable of quorum 
sensing because it does not encode for the canonical genes that produce autoinducers (Nierman 
2000).  However, it is possible that Caulobacter communicates via a novel mechanism that is 
only required under conditions of nitrogen starvation.  To test this hypothesis, media from 
swarmer cells in NoN could be fractionated and added to cells in complete M2G to determine if 
any portion induces a cell cycle pause. 

 Lastly, this study has highlighted a role of the DNA binding domain (DBD) of CtrA that 
is important for regulated proteolysis.  In previous studies, only the receiver domain plus the last 
15 amino acids of CtrA (RD+15) were shown to be necessary and sufficient for cell cycle 
regulated proteolysis (Ryan 2002).  Perhaps when cells are subjected to a lack of nitrogen, the 
DBD binds to a protein or sRNA that protects it from degradation by ClpXP.  This hypothesis 
could be tested by isolating CtrA from cells in NoN and determining what proteins or RNAs are 
bound to it that are not bound to CtrA-RD+15. In addition, nitrogen starvation could regulate the 
activity of proteases, since substrates of both ClpXP (CtrA, McpA) and ClpAP (FliF) were not 
degraded in NoN.  This hypothesis could also be tested by isolating the proteases, and 
determining if an inhibitory molecule (protein or sRNA) was bound in NoN but not in M2G. 

 These studies have provided significant groundwork upon which to base future studies.  
The ability of nitrogen starvation to induce a cell cycle pause should be separated from the 
effects of cryptic growth by repeating these characterizations at various densities.  In addition, 
the role that the DBD plays in regulating proteolysis of CtrA both in NoN and in complete media 
should be investigated. 
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Chapter 3: An essential tyrosine phosphatase homolog regulates cell separation, outer 
membrane integrity, and morphology in Caulobacter crescentus

Introduction
 In two component signaling, the phosphate groups added to the histidine and aspartate 
residues have relatively short half lives, so separate protein phosphatases are rarely needed to 
remove them. However, aspartyl phosphatases do exist in bacteria (Silversmith 2010).  CheZ 
catalyzes the dephosphorylation of the response regulator CheY, which affects its ability to bind 
to the flagellar switch protein FliM, and thus influence flagellar motion (Baker 2006). In Bacillus 
subtilus, sporulation is controlled by multiple phosphorelays that each result in phosphorylation 
of Spo0A, a master transcriptional regulator (Piggot 2004).  The phosphatase Spo0E removes 
phosphate groups from from Spo0A, and is required for appropriate timing of sporulation 
(Ohlsen 1994).

 Bacteria also utilize phosphatases that resemble eukaryotic serine, threonine or tyrosine 
phosphatases. These bacterial protein phosphatases are referred to as “eukaryotic-like” because 
homologous proteins have been much more extensively studied in eukaryotes. These proteins 
were initially difficult to identify due to the difficulties in isolating phosphorylated proteins, the 
differences in primary sequence among family members, and that deletion phenotypes were not 
readily obvious (Grangeasse 2007). However, more bacterial protein phosphatases are being 
discovered as more genomes are sequenced and as better algorithms are available for predicting 
three dimensional structures of proteins. Bacterial protein phosphatases have been studied that 
target phosphorylated serine and threonine residues (Pereira 2011) or tyrosine residues 
(Grangeasse 2007).  

 Protein tyrosine phosphatases are all identified by the active site motif HCX5R.  Within 
this category are the low molecular weight phosphatases (LMW), the classical PTPs and the dual 
specificity phosphatases (DSPs).  The classical PTPs and DSPs have a very different tertiary 
structure from the LMW phosphatases. These families probably evolved independently of each 
other and represent convergent evolution (Denu 1995, Ramponi 1997).  The active site in LMWs 
is near the N-terminus of the protein whereas it is closer to the C-terminus in the classical PTP’s.  
Classical PTPs can have a wide range of other attached domains, including transmembrane or 
protein-binding domains.  The substrate binding pocket of DSPs is slightly larger than in tyrosine 
phosphatases so as to accommodate either a phosphorylated tyrosine, serine or threonine residue.  

 The catalytic mechanism of all PTP’s is similar, whether they only target phosphorylated 
tyrosines or also target threonines and serines (Denu 1995).  The phosphorylated amino acid is 
bound to the catalytic site and electrostatically stabilized by the arginine.  The nucleophilic 
cysteine attacks and forms a covalent intermediate with the phosphoryl group.  A nearby 
aspartate then acts as a general acid stabilizing the hydroxyl intermediate formed when water 
donates a proton to the substrate, facilitating its release.  The cysteine residue must be reduced to 
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be an active nucleophile, and as such, most studied phosphatases function in the nucleus or 
cytoplasm (Patterson 2009).

 Many of the bacterial protein tyrosine phosphatases studied to date participate in 
extracellular polysaccharide (EPS) modification. EPS is heteropolymeric and is required for 
encapsulation, virulence and adhesion (Kumar 2007).  EPS production is controlled by tyrosine 
phosphorylation in both Gram-negative and Gram-positive bacteria.  The best studied protein-
tyrosine phosphatase from bacteria is the LMW phosphatase Wzb from E. coli.  This protein 
dephosphorylates the tyrosine kinase Wzc, which is then able to activate production of colanic 
acid, an important part of extrapolysaccharide (EPS). When Wzb is deleted, colanic acid 
production is decreased (Vincent 2000). The Gram-positive bacteria Streptococcus pneumoniae 
also use tyrosine phosphorylation to control EPS production.  CpsC and CpsD are homologous to  
the N- and C-terminal domains of Wzb, and both are required for tyrosine phosphorylation of 
CpsD (Morona 2000).  However, the mechanism of CpsD appears to be different from that used 
by Wzb because the C-terminal domain of Wzb alone can autophosphorylate (Vincent 2000, 
Morona 2000).

 The Gram-negative bacterial envelope is made of three layers, the cytoplasmic 
membrane, the petidoglycan layer and the outer membrane.  The inner membrane is composed of 
a phospholipid bilayer with embedded proteins for specific transport of small molecules into or 
out of the cell, forming a relatively impermeable barrier that separates the precious cytoplasm 
from the environment.  Between the inner and outer membranes, a strong but flexible layer of 
peptidoglycan resists the great forces of internal turgor pressure.  The outer membrane is 
asymmetric; the inner leaflet is a phospholipid layer and the outer leaflet is composed of 
phospholipids and lipopolysaccharides (LPS) with embedded proteins.    

 Bacterial cell division is a complex process, requiring all three layers of the cell envelope 
be properly fused, cleaved and resynthesized at the division septum.  If one of these processes is 
disturbed, cells will fail to complete cytokinesis.  For example, in E.coli the deletion of multiple 
peptidoglycan amidases affects remodeling of septal PG, preventing septum completion and 
results in a chaining phenotype (Heidrich 2002).  However, Caulobacter only has one predicted 
PG amidase and its deletion did not have an effect on cell division (Moll 2010). 

 The purpose of this study was to investigate processes in Caulobacter that are controlled 
by protein tyrosine phosphatases. We show that three are not essential and so their functions are 
unknown, while one is essential and is important for regulating cell shape and cell wall integrity. 

Methods
Bacterial strains, plasmids and culture conditions. Strains and plasmids used are listed in 
Table 1. All experiments were performed using derivatives of Caulobacter crescentus strain 
CB15N (Evinger 1977) grown to mid-exponential phase. Plasmids were mobilized from E. coli 
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to C. crescentus by conjugation using E. coli strain S17-1, and generalized transduction was 
performed using ΦCr30 (Ely 1991). Sequences of primers used for amplification or sequence 
modification are available upon request. CB15N strains were grown in peptone-yeast extract 
medium (PYE, (Ely 1991) at 30°C. When appropriate, strains were grown in PYE + 0.1% D-
glucose (PYED) or 0.3% xylose (PYEX). Solid and liquid media were supplemented with 3% 
sucrose, kanamycin (25 µg/ml and 5 µg/ml for solid and liquid media, respectively), 
chloramphenicol (1 µg/ml), naladixic acid (20 µg/ml), oxytetracyline (2 µg/ml and 1 µg/ml, 
respectively), or spectinomycin (100 µg/ml and 25 µg/ml, respectively), as required. Escherichia 
coli strains were grown in Luria broth at 37°C, and solid and liquid media were supplemented 
with carbenicillin (100 µg/ml and 50 µg/ml, respectively), chloramphenicol (30 µg/ml and
20 µg/ml, respectively), kanamycin (50 µg/ml and 30 µg/ml, respectively), tetracycline
(12 µg/ml), or spectinomycin (50 µg/ml), as required.
 To delete sspB, E.coli strain S17-1 was used to mobilize pDL6 into KR684, and single 
colonies were selected on PYE/oxy/nal. These colonies were grown overnight in PYE/oxy and 
plated on PYE/oxy/sucrose. Sucrose-resistant colonies were screened for resistance to 
oxytetracycline and sensitivity to kanamycin (in order to exclude false positives arising from 
mutations in the sacB gene). Strain KR1499 is comparable to the sspB deletion strain previously 
described (Lessner 2007).
 To create a ctpA depletion plasmid, we used PCR to generate an Nde1 site at the 5’-end 
and a BamHI site at the 3’-end of ctpA. This fragment was digested and ligated into pLB13, 
replacing the divJ fragment. The resultant plasmid contained a xylose-inducible promoter 
followed by the ctpA coding sequence fused to a C-terminal 3xFLAG tag and an ssrA 
degradation sequence (Keiler 2000). The entire insert was then moved to pJS14 to create pAB6. 
To create plasmids pAB11 and pAB12, site-directed mutagenesis was used to alter codons in the 
putative CtpA active site yielding the changes R129A and C123A, respectively.
 To delete ctpA from the chromosome, we amplified 1 kb arms of homology flanking ctpA 
using PCR and ligated them into pNPTS138. A tetracycline resistance cassette was inserted 
between these arms to create pSK189.
 To create strain KR2423, where the only copy of ctpA is regulated by a xylose-inducible 
promoter, pAB6 and pSK189 were mobilized into KR1499. Single colonies were selected on 
PYE/kan/nal and were grown overnight in PYE/chlor/0.3% xylose. Cells were plated on PYE/
chlor/oxy/sucrose/0.3% xylose, and sucrose-resistant colonies were screened for resistance to 
oxytetracycline and chloramphenicol and sensitivity to kanamycin. To determine if the catalytic 
residues were essential for the function of ctpA, the same procedure was using the plasmids 
pAB11 or pAB12, rather than pAB6.
 To overexpress ctpA::3xFLAG, we used PCR to generate an NdeI site at the 5’end and a 
BamHI site at the 3’-end of ctpA. We amplified 1 kb of the xylose promoter, adding a 5’ EcoRV 
site and an NdeI site at the start codon. We then ligated the xylose promoter and ctpA to an 
EcoRV-BamHI-digested pSK84 to create pSK166. The EcoRV fragment from pSK166 was 
moved to pJS14 to create pES133. To create a ctpA::3xFLAG fusion regulated by the native ctpA 
promoter, the HindIII-SphI fragment from pES133 was ligated to the SphI-EcoRI fragment from 
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pSK77 to create pES137. The 3xFLAG tag adds the amino acid residues 
DYKDHDGDYKDHDIDYKDDDDK to the C-terminus of CtpA.
 To delete CC2344, CC2368 and CC2955 from the chromosome, 1 kb arms of homology 
flanking the coding sequence were amplified using PCR and ligated into pNPTS138. A 
spectinomycin omega resistance cassette was inserted between the arms to create plasmids 
pSK82, pES151 and pSK86. 

Preparation of thin sections for transmission electron microscopy. Strain KR2423 was grown 
in PYEX overnight to mid-exponential phase, then washed and resuspended in either in the same 
medium or in PYED and allowed to grow for 12 hours (cells in PYEX were back-diluted to keep 
them in exponential phase). Cultures were fixed with 2% glutaraldehyde with shaking for 5 min. 
The cells were pelleted and resuspended in 1 ml of 2% glutaraldehyde in 1M cacodylate buffer 
and shaken at room temperature for 30 min. The cells were washed twice with 1 ml cacodylate 
buffer, followed by 10 min of agitation at room temperature. Next the cells were resuspended in 
2% osmium tetroxide and shaken in the dark for 1 hour. The cells were washed twice with 1 ml 
cacodylate buffer, followed by 5 min of shaking at room temperature. The cells were then 
resuspended in 2% low melt agarose and the suspension was allowed to solidify. The extra 
agarose was trimmed, and the remaining fragment was washed twice with ddH2O and stained 
with 1 ml of 1% uranyl acetate with agitation for 30 min. The fragment was washed twice with 
water, and then was dehydrated in successive washes of 35%, 50%, 75%, 80%, 95% and 100% 
ethanol in cold temperatures ranging from 4°C to -50°C. The fragment was washed twice in 
acetone and then in successively higher concentrations of EPON resin for 1 hour each, and 
finally in 100% resin overnight. Accelerant was added to 12 ml of resin, and pieces of the cell 
pellet were allowed to harden in molds for 2 days. Thin sections of 17 nm were sliced using a 
Reichart Microtome Ultracut and placed onto glow-discharged 100 mesh grids coated with 
carbon and formovar. The grids were stained with 2% uranyl acetate, washed with methanol, 
stained with lead citrate, and rinsed with water before viewing.

Isolation of sacculi. 500 ml of KR2423 were grown PYEX or PYED for 12 hours to an OD660 of 
~0.4, and cells were chilled on ice for 10 min before harvesting by centrifugation at 9000 rpm for 
10 min at 4°C. Cells were washed once in ddH2O and resuspended in 15 ml ddH2O. The cell 
suspension was added dropwise to 15 ml boiling 8% SDS. The solution was boiled with stirring 
for 30 min and allowed to stand at room temperature overnight. The SDS was removed in four 
washes with ddH2O by spinning at 26,000 rpm in a Beckman ultracentrifuge rotor type 60Ti. The 
cells were resuspended in 1 ml of 10 mM Tris-HCl pH 7 and digested with 100 µg alpha-amylase 
(MP Biomedicals) at 37°C for 2.5 hours. Pre-digested pronase (Roche Diagnostics) was added to 
a final concentration of 20 µg/ml and incubated at 60°C for 90 min. The samples were added to 
an equal volume of 8% SDS and boiled for 15 min. SDS was removed with 4 washes in ddH2O 
as above. Sacculi were applied to 400 mesh grids that had been coated in carbon and formovar 
then glow discharged. Grids were washed three times in water, stained with 1% uranyl acetate 
for 1 minute, and washed once in water before viewing. 
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Transmission electron microscopy. Samples were imaged using a FEI Tecnai 12 transmission 
electron microscope operated at 120kV.

Immunofluoresence microscopy. Swarmer cells of strain KR2828 were harvested, released into 
PYE and allowed to proceed synchronously through the cell cycle as in Quon 1996. Samples 
were withdrawn every 15 min and prepared as described in Figge 2004.  Samples were also 
taken from mixed culture of strain KR2829.  Briefly, cells were fixed in 2.5% formaldehyde and 
30 mM sodium phosphate (pH 7.4) for 15 min at room temperature and 1 hour on ice. Cells were 
washed three times with PBS (140 mM NaCl, 3 mM KCl, 8 mM Na2HPO4 and 1.5 mM KH2PO4) 
and resuspended in GTE (50 mM glucose, 10 mM EDTA, 20 mM Tris-HCl at pH 7.5). Cells 
were adhered to poly-L-lysine-treated glass slides, treated with 10 µg/ml of lysozyme for 2 min, 
and dried completely. The slides were immersed in PBS, 2% bovine serum albumin (BSA) 
before incubating them with the appropriate primary antibody in the same buffer for 1 h. Slides 
were washed three times in PBS and incubated with secondary antibodies labeled with Alexa 
Fluor 488 (Invitrogen) for 1 h. Cells were washed three times in PBS and then covered by 80% 
glycerol containing 2 µg/ml propidium iodide (PI) to stain DNA. Images were acquired using a 
Nikon Eclipse 80i microscope with a PlanApo 100×/NA 1.40 objective and a Cascade 512B 
camera (Roper Scientific). EGFP and PI were imaged using Chroma filter sets 41001 and 41004. 
Images were acquired using Metavue software (Universal Imaging). 

Fluorescence microscopy. Exponential-phase cells were immobilized on agarose pads (1% w/v 
agarose in distilled water) and images were acquired as indicated above. 

Image processing. If needed, contrast was enhanced equally in all panels of a figure using 
Adobe Photoshop, and images were compiled using Adobe Illustrator.
Synchronization. Swarmer cells were isolated as described in Chapter 2 and resuspended in 
PYE. Samples were withdrawn for the duration of the cell cycle, and the presence of 
CtpA-3xFLAG and CtrA were detected with Western blot analysis. 

Western blotting. Each lane received the same number of cell equivalents, normalized by 
OD660. Samples were boiled in 1x SDS loading buffer, separated by SDS-PAGE, and transferred 
to Immobilon-P membrane (Millipore). The membrane was dried briefly, then blocked in 5% 
nonfat milk in TBS (150 mM NaCl, 50 mM Tris-HCl pH 7.4) for 30 min. Primary antisera were 
incubated 2 h at room temperature in TBS/5% milk at the following dilutions: anti-CtrA, 
1:10,000 (Domian 1997); anti-McpA, 1:50,000 (Alley 1992); anti-CreS, 1:10,000 (Ausmees 
2003); and anti-FLAG, 1:10,000 (Sigma). HRP-conjugated anti-rabbit secondary antibodies 
(Fisher Scientific) were incubated 1 h at room temperature in TBS/5% milk at a dilution of 
1:10,000. Membranes were washed 4 x 5 min with TBS/0.5% Tween-20 after primary and 
secondary antibody incubations. Chemiluminescent signals were visualized with Western 
Lightning (Perkin Elmer).

40



Cell fractionation. Whole cell lysates from 100 ml of log phase culture were separated by 
sucrose density gradient centrifugation as previously described in (Charbon 2009) and (Ryan 
2010).  Briefly, whole cells were harvested by centrifugation at 8,000 rpm for 10 min then 
resuspended in 

Protein purification. Cultures of E.Tuner cells carrying pES131 were grown to OD 0.6 and 
His6-CtpA expression was induced with 500µm IPTG for 3 hours at 30°C. The pellet was 
harvested and frozen at -80°C. His6-CtpA was then purified using Ni-NTA agarose according to 
the manufacturer’s instructions (Qiagen).

Phosphatase assays. Purified proteins were incubated in phosphatase buffer (50 mM Tris-HCl 
pH 7.5, 50 mM NaCl) with 50 mM p-nitrophenylphosphate (New England Biolabs) in a total 
volume of 50 µl. Reactions were carried out at various temperatures for various times to find 
optimal conditions, and reactions were stopped by the addition of 1 ml 1M NaOH. Activity was 
assessed by measuring OD405 and applying the following equation (Hardie 1999): 
 
 activity = V(µl) x OD405 / pathlength (cm)
  17.8/M/cm x time (min) x enzyme (µg)

Microarray analysis. Strain KR2423 was grown in PYEX, then washed in PYE and 
resuspended in PYED or PYEX. Samples were centrifuged for 30 sec at 14,000 rpm and cell 
pellets were immediately frozen in liquid nitrogen. RNA was extracted by using RNeasy kits 
(Qiagen) according to the manufacturer’s instructions and subsequently reverse transcribed into 
cDNA, as described previously (Laub 2002). Labeled cDNAs were combined, mixed with 
Agilent hybridization buffer, and competitively hybridized to custom-designed Agilent 
microarrays according to the manufacturer’s instructions (Agilent).  RNA transcripts from 
cultures shifted to PYED after 0 and 120 min were normalized to cultures grown in PYEX.  The 
values obtained for Dt2/X were divided by those for Dt0/X to calculate the fold difference in in 
gene expression after two hours of reduced ctpA expression. 

Coimmunoprecipitation. CtpA-3xFLAG and interacting proteins were isolated according to 
Ryan 2010.  Strains KR2828 and 2829 were grown to mid-exponentail phase, and 30 mL of 
culture was harvested by centrifugation at 8,000 rpm for 10 min in a JA-14 rotor. The cells were 
frozen at -80˚C overnight, then resuspended in 1.0 ml buffer A (50 mM Tris-Cl pH 7.5, 50 mM 
NaCl, 1 mM EDTA, 10 mM MgCl2, 0.5% dodecyl maltoside). Cells were lysed by adding 10 µl 
of 10 mg/ml lysozyme and 2 µl Benzonase nuclease (Novagen) and rotating end-over-end at 
room temperature for 15 min. Lysates were cleared by centrifugation for 10 min at 16,000×g. 
Anti-FLAG M2 agarose was prepared, added to cleared lysates, and washed according to the 
manufacturer’s instructions (FLAG Immunoprecipitation Kit, Sigma). To elute 
immunoprecipitates, 20 µl 2x SDS Sample Buffer was added, and samples were incubated for 5 
min at 100˚C. To determine the efficiency of immunoprecipitating CtpA-3xFLAG or CtpA, we 
analyzed 10µl of each cleared lysate or flow-through fraction and 0.5 µl of each 
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immunoprecipitate by SDS-PAGE and Western blotting with anti-FLAG M2 antibody (Sigma; 
1:5000).

Identification of proteins by mass spectrometry. To identify proteins that co-purified with 
CtpA-3xFLAG or CtpA, we analyzed samples by isolating interacting proteins as described 
above. Proteins were digested as described by Jimenez et al. (1998). Mass spectrometry was 
performed on peptides by the QB3 Proteomics/Mass Spectrometry Laboratory at UC Berkeley. 
Each sample was loaded onto a 10 cm nano LC column packed in a 100 mm inner diameter glass 
capillary with an emitter tip. The column consisted of Polaris c18 5 mm packing material 
(Varian). The column was directly coupled to an electrospray ionization source mounted on a 
Thermo-Finnigan Deca XP Plus ion trap mass spectrometer. The programs SEQUEST (Eng 
1994) and DTASelect (Tabb 2002) were used to identify peptides. Statistical cutoffs for peptide 
identification were set at levels shown to give very low rates of false positive identifications 
(Elias 2005). 

Suppressor screens. Strains carrying a mutation that complemented ∆ctpA appeared to be 
readily obtained by plating strain KR2423 on PYED (where the only copy of ctpA is controlled 
by the xylose promoter), however ctpA could be detected by PCR in all of these strains.  In order 
to reduce the rate of false positives, three different selections were carried out to identify 
additional mutations that would complement ∆ctpA.  For the first, strain KR2598 (∆ctpA 
pES144) was grown without chloramphenicol to encourage the loss of pES144 (∆ctpA 
transcriptionally fused to sacB, which encodes sucrose sensitivity). Cells were then plated on 
PYE/0.3% sucrose/oxytet and and screened for sensitivity to chloramphenicol and for the 
presence of ctpA.  For the second, a plasmid carrying a transposon was mated into strain 
KR2598.  Kanamycin resistant colonies were then resuspended in PYE for 2 hours and plated 
onto PYE/kan/oxy/sucrose. Candidates were screened for sensitivity to chloramphenicol and for 
the presence of ctpA.  PCR indicated that ctpA was present in all suppressor mutants isolated 
from this screen. Finally, a screen is being developed to create a strain to facilitate isolation of 
bona fide suppressor mutants: ∆ctpA + pJS14-pXyl-ctpA::3xFLAG-gusA-sacB.  This strain can 
then be grown on PYED/0.3% sucrose to select for colonies that have lost the covering plasmid.  
These cells can be patched onto PYE/x-glu (5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid 
and visually screened for white color, which will also indicate loss of ß-glucuronidase activity, 
encoded by gusA. Further confirmation can be done by immunoblotting for the presence of 
CtpA-3xFLAG, and screening the cells for sensitivity to chloramphenicol and for the presence of 
ctpA by PCR.

42



Table 1. List of strains and plasmids used in this study

Plasmid Description Reference

pJS14 Broad host range high copy vector J. Skerker, unpublished

pET28a E.coli expression vector Novagen

pNPTS138 Integratable vector containing sacB and kanR Spratt 1986

pDL6 pNPTS138-sspB::tetAR This study

pSK77 pCRII-ctpA region This study

pSK84 pBSK-3xFLAG Reisinger 2007

pSK166 pBSK-pXyl::ctpA::3xFLAG This study

pSK189 pNPTS138-ctpA::tetAR This study

pSA15 pJS14-pXyl-ctpA This study

pES133 pJS14-pXyl-ctpA::3xFLAG This study

pLB13 pJS14-pXyl-divJ::3xFLAG::ssrA This study

pAB6 pJS14-pXyl-ctpA::3xFLAG::ssrA This study

pAB12 pAB6-C123A This study

pAB11 pAB6-R129A This study

pES131 pET28a-His6::ctpA This study

pES162 pJS14-pctpA::ctpA::tc This study

pES137 pJS14-pctpA::ctpA::3xFLAG This study

pSK191 pSJ14-pctpA This study

pES147 pET28a-His6::CC2344 This study

pES148 pET28a-His6::CC2368 Kathleen Ryan

pES151 pNPTS138-CC2344-2355::omega Kathleen Ryan

pSK82 pNPTS138-CC2368::omega Sarah Resinger

pSK86 pNPTS138-CC2955::omega Sarah Resinger

pES144 pJS14-pctpA-sacB This study

pHPV414 pMiniHimar-Mariner trasposon conferring kanR Viollier 2004
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Strain Description Reference

KR684 CB15N Evinger 1977

KR1499 ΔsspB This study

KR2423 ΔsspB  ΔctpA + pAB6 This study

KR2612 ΔsspB  ΔcreS ΔctpA + pAB6 This study

CJW815 creS::GFP, creS Ausmees 2003

KR2443 creS::GFP, creS + pJS14 This study

KR2616 creS::GFP, creS + pSA15 This study

KR2570 creS::GFP, creS + pES133 This study

CJW1537 ΔcreS + pMR20-pXyl::creSΔN27::tc Cabeen 2009

CJW1231 ΔcreS + pMR20-creS::tc Cabeen 2009

KR2951 ΔctpA + pES162 This study

KR2828 ΔctpA + pES137 This study

KR2829 ΔctpA + pSK191 This study

KR2088 ΔCC2368 Sarah Reisinger

KR2613 ΔCC2344-5 Kathleen Ryan

KR2089 ΔCC2955 Sarah Resinger

KR2598 ΔctpA + pES144 This study

KR2598 pJS14-pXyl::ctpA::3xFLAG This study

Results
 In order to identify new signaling molecules in Caulobacter, we turned our attention to a 
previously understudied class of proteins in bacteria, the protein tyrosine phosphatases.  BLAST 
searches using known tyrosine phosphatases as queries identified four putative PTPs: CC0306, 
CC2344, CC2368 and CC2955.  We successfully deleted CC2344, CC2368 and CC2955 from 
the chromosome and observed no phenotypic effects on morphology, growth rate, phage 
sensitivity, or swarming in soft agar.  However, we were unable to delete CC0306 from the 
chromosome.  The amino acid sequence of CtpA had the highest homology to the classical 
protein tyrosine phosphatases, so we have renamed this gene ctpA for Caulobacter tyrosine 
phosphatase A. 

 We then searched for homologous proteins for which there was either functional or 
structural information, from PubMed or RCSB.  Alignment of these sequences showed little 
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homology across most of the length, but that all contained the active site motif: HCX5R (Figure 
1).  Despite this divergence in primary sequence, each of these previously studied proteins 
functions as a phosphatase, furthering our confidence that ctpA does in fact encode a protein 
phosphatase.

 We tested whether the catalytic active site residues were important for the function of 
CtpA.  Site directed mutagenesis was used to replace the catalytic cysteine and arginine residues 
with non-functional alanines.  These mutant proteins were stably expressed (Figure 1B) but did 
not support viability of a chromosomal deletion (Table 2).  These results provide genetic 
evidence that the phosphatase activity may be the essential function of CtpA.

Table 2. The wild-type sequence of ctpA is required for viability. The percentage of successful 
genomic replacements of ctpA with a tetracycline resistance cassette is shown. 

Covering plasmid
Successful ctpA::tetAR

% (n)
pAB6 (ctpA) 22 (159)

pAB12 (ctpA-C123A) 0 (100)

pAB11 (ctpA-R129A) 0 (100)

pJS14 (empty) 0 (100)

 Because ctpA is an essential gene, we created strain KR2423, where the only copy of 
ctpA is controlled by a xylose-inducible promoter. When ctpA expression is reduced by growing 
the cells in PYED, the density of the culture continues to increase slowly for about 10 hours, 
while the viability simultaneously drops off (Figure 1C).  Despite the lag in phenotype, 
CtpA-3xFLAG levels do drop immediately when the culture is shifted to PYED (Figure 1D 
inset).  This lag could occur because ctpA expression is not completely abolished. 
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Figure 1. (A) Alignment of the active site of Caulobacter crescentus CtpA with its closest 
homologs for which structural or functional data are available. Phos Nmen, non-classical 
eukaryotic-like phosphatase from Neisseria meningitides (Krishna 2007); Phos Atha, putative 
phosphoprotein phosphatase from Arabidopsis Thailand (Aceti 2008); Phos Tkod, protein 
tyrosine/serine phosphatase from Thermococcus kodakarensis (Jeon 2002); Ptpn Hsap, tyrosine 
phosphatase Ptpn22 from Homo sapiens (Barr 2008); RNA5 Bacu, RNA 5'-phosphatase from 
Baculovirus (Changela 2005); Pten Hsap, PTEN phosphoinositide phosphatase from Homo 
sapiens (Leslie 2002); Cdc14 Hsap, proline-directed phosphatase Cdc14 from Homo sapiens 
(Gray 2003); ClF1 Spom, protein phosphatase Clp1/Flp1 from Schizosaccharomyces pombe 
(Trainman 2004). Conserved active site cysteine and arginine residues are boxed. (B) Whole cell 
lysates were analyzed by SDS-PAGE and anti-FLAG Western blotting. All strains are ∆sspB. 
Strains in lanes 1, 3, and 5 have pSK189 integrated by single homologous recombination. Lane 
1, pAB6; lanes 2 and 3, pAB6-C123A; lanes 4 and 5, pAB6-R129A. (C) Growth curve showing 
turbidity (OD660) and viability (cfu/ml) during growth of KR2423 (∆sspB ∆ctpA + pAB6) in 
PYEX or PYED. (D) Graphical representation of the percentage of cell bodies existing as a chain 
of n cells during growth of KR2423 in PYED. Number of chains of cells counted in each sample: 
xylose=362, 0 h=163, 2 h=207, 4 h=161, 6 h=173, 8 h=172, 10 h=166, 12 h=111, 14 h=110. 
Below: Western blot showing levels of CtpA-3xFLAG after the indicated number of hours in 
PYED. 

 When we imaged strain KR2423 that had been grown in PYED with light microscopy, 
we saw that cells failed to complete cytokinesis and so existed as chains of up to 5 cells (Figure 
2E).  The chain lengths increased over time, with up to half of cell bodies existing as a chain 
after 14 hours of CtpA depletion (Figure 1D).  The cell edges also appeared ragged, indicating a 
defect in cell envelope integrity. We then decided to take a closer look at the cells to determine if 
the defect was in the inner membrane, peptidoglycan layer or the outer membrane.  Strain 
KR2423 was grown in PYED for 12 hours, and the cells were fixed, embedded in resin, sliced, 
stained and imaged with transmission electron microscopy.  These images show that when CtpA 
has been depleted, the inner membranes are correctly resolved between the two cell bodies 
(Figure 2F).  However, there is a mass of material between the two cell bodies that could contain 
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peptidoglycan, outer membrane, or both.  In addition, outer membrane blebs can be seen in all 
parts of the cell body (Figure 2F, 2G, Appendix Figure 1). 

Figure 2. (A-D) KR2423 (ΔsspB ΔctpA + pAB6) grown in PYEX. (E-H) KR2423 grown in 
PYED. (A, E) DIC images at t = 8 h. (B, F) TEM images of predivisional cell junctions at t = 12 
h. (C, G) TEM images of transverse sections at t = 12 h. (D, H) TEM images of sacculi at t = 12 
h. (A, E, D, H) Scale bar = 1 µm. (B, C, F, G) Scale bar = 100 nm. See also appendix Figure 1. 

 To determine if the material holding the cells together in chains was composed of PG or 
OM, we isolated the PG sacculi from cells of strain KR2423 grown in either PYEX or PYED. 
TEM imaging of PG sacculi isolated from cells depleted of CtpA shows that the cell bodies are 
still connected together (Figure 2H, A1).  These results indicate that the cell bodies are held 
together by material that contains PG, but does not rule out that OM is also present in the 
unresolved cell junctions. The sacculi isolated from strain KR2423 grown in PYED also 
appeared wrinkled and had darker striations (Figure 2H, A1).  These dark striations have been 
observed in sacculi with longer PG strands, isolated from Caulobacter cells recovering from A22 
treatment (Takacs 2010).  This also supports the hypothesis that PG remodeling is impaired when 
CtpA is depleted. 

 In Caulobacter, essential proteins often exhibit a phenotype when they are overexpressed 
as well as depleted (CtrA, DivK, DivL). To further investigate the function of CtpA, we created a 
high copy plasmid containing ctpA regulated by the xylose promoter. When this strain (KR2616) 
was grown in PYEX, the cells appear much straighter than when they are grown in PYED 
(Figure 1C).  Previously, only one protein was known to directly control the crescent shape of 
Caulobacter, the intermediate filament-like protein CreS (Ausmees 2003).  Cells lacking 
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functional CreS (creS::Tn5) are phenotypically normal but curvature is lost.  When the curvature 
of cells overexpressing CtpA was quantified using the protractor tool from ImageJ, we learned 
that the cells had a similar angle of curvature to a creS::Tn5 mutant (Figure 3G, 3H).  We 
therefore sought to determine whether CreS function is impaired when CtpA is overexpressed. 

 In order to curve the cells, CreS must attach to the membrane as an extended, stationary 
filament.  When CreS-GFP function is impaired by overexpressing a negative regulator or by 
detachment from the membrane, it exists as a coil or bunches up in one end of the cell (Cabeen 
2009, Charbon 2009, Ingerson-Mahar 2010). When CtpA is overexpressed, CreS-GFP appears 
similar to in wildtype cells, in that it is extended along the length of the cell (Figure 3F). 
 

Figure 3. (A, D) DIC and fluorescence images 
of CJW815 (creS, creS::GFP). (B, E) KR2616 
(CJW815 + pXyl-ctpA) grown in PYED. (C, F) 
KR2616 grown in PYEX. (G) Diagram of 
method used to measure cell curvature using 
ImageJ (Rasband 1997). (H) Cell angle 
distributions of the strains CJW761 (creS::Tn5), 
CJW815, and KR2616 grown for 20 h in either 
PYEX or PYED. Scale bar = 5 µm.

 When crescentin is expressed as the only Caulobacter protein in E. coli, the cells grow as 
chains, apparently because they cannot resolve the crescentin filament at the dividing septa 
(Cabeen 2009).  We therefore wondered whether CtpA depletion also prevented Caulobacter 
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from dividing the CreS filaments.  When CtpA is depleted in the creS::Tn5 a strain, the cells also 
fail to complete cytokinesis (Figure 4B). Cell bodies remain connected as chains, similar to when 
CtpA is depleted in a strain expressing crescentin (Figure 4C). Therefore, CreS is not responsible 
for holding these cells together. 

Figure 4. DIC images of strain 
KR2612 (ΔcreS ΔsspB ΔctpA + pAB6) 
grown in PYEX (A) or PYED (B) for 
8 h. Scale bar = 5 µm. (C) Graphical 
representation of the percentage of cell 
bodies existing as a chain of n cells 
during growth of KR2612 in PYED. 
Number of chains of cells counted in 
each sample: PYEX=183, 0 h=207, 2 
h=190, 4 h=324, 6 h=297, 8 h=203, 10 
h=239, 12 h=176, 14 h=188.

 CreS depends on the cytoskeletal protein MreB in order to localize and function normally 
(Cabeen 2009).  The small molecule A22 competitively binds to the ATP binding pocket of 
MreB, preventing polymerization (Gitai 2004, Bean 2009). When Caulobacter is treated with 
A22, MreB depolymerizes within minutes and CreS-GFP detaches from the membrane and can 
be seen as a dynamically moving filament in live cells (Cabeen 2009). Although CreS-GFP 
structures appeared stable when CtpA was overexpressed, we decided to observe them under 
time-lapse microscopy.  A strain overexpressing CtpA was treated with A22 or DMSO negative 
control, and placed onto 1% agarose pads made with minimal media.  Time-lapse imaging shows 
that the CreS-GFP filament is stable when CtpA is overexpressed, but can become dynamic when 
the cells are treated with A22 (Figure 5A, 5B, Table 3).  Therefore, CtpA does not cause the cells 
to straighten by affecting MreB. 
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Figure 5. Time-lapse images of KR2616 (creS, creS::GFP + pXyl-ctpA) grown in PYEX with 
(A) or without (B) A22. DIC (top) and CreS-GFP fluorescence images (bottom) were taken at 20 
min intervals. Cells were grown overnight in PYEX to induce excess CtpA then treated with 50 
µM A22 for 3 h before imaging. Scale bar = 5 µm. Outlines highlight a cell in which the 
crescentin structure was mobilized by treatment with A22.

Table 3. Quantification of CreS-GFP detachment when CtpA is overexpressed.

Treatment No. of observed 
CreS filaments

No. 
moved

No. 
stationary 

A22 103 0 103

DMSO 75 71 4

 We wondered if overexpressing CtpA would prevent the normal attachment of CreS to 
the inner membrane.  Cells from strain KR2616 were lysed with a French press, and the 
membranes were isolated and probed each fraction for known soluble and membrane proteins.  
These results show that when CtpA is overexpressed, both CreS and CreS-GFP are still 
associated with the membrane fraction (Figure 6A). As a control, we performed the same 
fractionation on a strain expressing a version of crescentin that does not attach to the membrane, 
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and we can detect completely soluble crescentin (Figure 6B). Our results agree with previously 
published studies (Cabeen 2010) and also show that CtpA is associated with the membrane 
fraction (Figure 5A).  This result is surprising because CtpA has no predicted signal sequences or 
transmembrane domains. 

 To determine if CtpA is associated with the inner or outer membrane, we isolated the total 
membrane fraction from strain KR2828 and separated them using sucrose density gradient 
centrifugation.  In these experiments, inner membrane vesicles are less dense, and outer 
membrane vesicles are more dense, migrating to the bottom of the gradient. Sequential samples 
were withdrawn and probed for known inner and outer membrane proteins as well as for the 
presence of CtpA-3xFLAG. These results show that CtpA co-fractionates with the inner 
membrane marker McpA rather than with the outer membrane marker RsaF (Figure 5C).  Since 
the active site of CtpA contains a cysteine residue that must be in a reducing environment to 
function, we speculate that CtpA is associated with the cytoplasmic face of the inner membrane.  

Figure 6. (A) Western blot 
showing cellular 
distributions of CreS-GFP, 
CreS and CtpA-3xFLAG in 
KR2570 (creS, creS::GFP + 
pXyl-ctpA::3xFLAG) grown 
in PYED or PYEX. (B) 
Western blot showing 
cellular distributions of 
CreS, McpA and CtrA in 
CJW1537 (ΔcreS +pXyl-
creSΔN27::tc). Normalized 
volumes of total cell lysate 
(T), the soluble fraction (S), 
and the membrane fraction 
(M) were analyzed by SDS-
PAGE and Western blotting. 
Ten times the normalized 
volume of the membrane 
fraction (M) was included 
for visualization of 

membrane-associated crescentin. (C) Fractions from sucrose density gradient centrifugation of 
cell membranes were analyzed by SDS-PAGE and Western blot against the inner membrane 
protein McpA, the outer membrane proteins RsaFa and RsaFb, and CtpA-3xFLAG. Fraction 
density increases from left to right.
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 Finally, we determined the cellular localization of CtpA using immunofluoresence 
microscopy (Figure 7A-F).  Swarmer cells (KR2828) were isolated and allowed to progress 
synchronously through the cell cycle.  At intervals, samples were removed, fixed and stored at 
4˚C overnight. Cells were then stained with anti-FLAG antibodies and propidium iodide, which 
in Caulobacter stains DNA in the entire cell.  These images show that early in the cell cycle 
CtpA-3xFLAG is not specifically localized.  Later in the cell cycle, CtpA-3xFLAG localizes to 
the division septum of predivisional cells (Figure 7G). Western blot analysis of the same strain 
shows that CtpA-3xFLAG levels are constant throughout the cell cycle (Figure 7H).  This result 
is consistent with microarray data that show that ctpA transcript levels are constant throughout 
the cell cycle (Laub 2002). This localization pattern is consistent with its predicted function in 
resolving the PG layers at the division plane. 

 We also performed microarray analysis to identify genes whose transcription is affected 
by CtpA depletion. Strain KR2423 was grown in PYEX, washed and shifted to PYED for 2 
hours.  RNA was extracted and transcript levels from cultures in PYED for 0 or 2 hours were 
normalized to transcript levels from cells grown in PYEX. (Appendix Table 1, available as 
electronic copy by request).
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Figure 7. Immunofluorescence 
microscopy of CtpA-3xFLAG. 
Swarmer cells were isolated, 
released into PYE and allowed to 
proceed synchronously through 
the cell cycle. (A-E) ΔctpA + 
pctpA::3xFLAG (F) ΔctpA + 
pctpA (A) t=30 min (B) t=60 min 
(C) t=90 min (D) t=105 min (E) 
t=120 min. (F) Strain KR2829. 
Green = Alexa fluor 488, red = 
propidium iodide. Scale bar = 5 
µm. (G) Schematic of CtpA 
localization throughout the cell 
cycle. (H) Western blot showing 
that CtpA-3xFLAG levels are 
constant throughout the cell cycle. 
CtrA levels are shown as a control 
for the synchrony.
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Conclusions
 We have shown through genetic evidence that the essential function of CtpA might be its 
phosphatase activity.  However, we were unable to demonstrate phosphatase activity of the 
wildtype protein in vitro.  As a control, we expressed and purified the LMWs CC2344 and 
CC2368, and assayed their phosphatase activity in vitro towards the small molecule pNPP.  
CC2344 exhibited phosphatase activity of 2.18 +/- 0.3 nmol pNPP/nmol protein, but CC2368 did 
not have detectable enzyme activity. 

 The lack of demonstrated phosphatase activity of CtpA could have a number of causes. 
First, only very small amounts of soluble protein could be purified (0.01 - 0.1 mg/mL). Despite 
various epitope tags used to purify CtpA (N-terminal His6, C-terminal His6, MBP, SBP), most of 
the recombinant proteins were found in the cell pellet. CtpA could associate tightly with the 
E.coli membrane, or might be restricted to inclusion bodies during expression. This can occur 
when the normal binding partners are absent in a heterologous system, causing the protein to be 
misfolded or insoluble.  Secondly, the sequence of amino acids near the active site could hinder 
detection of its phosphatase activity in vitro. In many other studied PTPs, there is a serine or 
threonine immediately after the catalytic arginine (Ramponi 1997). Though not thought to 
participate directly in the phosphatase reaction, when this residue is changed to an alanine, 
phosphatases exhibit slower hydrolysis of the phospho-enzyme intermediate, thus slowing the 
rate of reaction (Denu 1995). CtpA contains an alanine at this same site, which might make the 
phosphatase reaction so inefficient that it is difficult to detect. 

  If the rate of the reaction is slow, we might not be able to capture the enzyme-substrate 
complex using co-immunoprecipitation from Caulobacter cell lysates.  When we 
immunoprecipitated CtpA-3xFLAG, the band with the greatest difference in intensity compared 
to untagged CtpA was GroEL (Figure A2).  We are currently performing co-immunoprecipitation 
of CtpA-3xFLAG from cells that have been treated with formaldehyde so as to crosslink the 
substrates to the enzyme.  Bands that are specifically detected in immunoprecipitates from strains 
containing CtpA-3xFLAG will be identified by mass-spectrometry as described (Ryan 2010).

 CtpA could be required for the proper positioning of PG synthetic machinery.  For 
example, crescentin is thought to induce curvature of the cells by mechanically pulling on one 
side of the cell.  The asymmetric force causes the glycosidic bonds of PG to be more stressed on 
the opposite side of the cell, making it more energetically favorable to hydrolyze old PG and 
insert new PG there. This asymmetric insertion of new PG leads to the curved shape of 
Caulobacter.  When CtpA is overexpressed, CreS is still attached to the membrane.  However, 
the the localization of the PG hydrolysis or synthetic machinery could be impaired, preventing 
the asymmetric insertion of new PG. 

 Other proteins in Caulobacter have recently been shown to regulate cell curvature.  For 
example, the overexpression of CtpS (CTP synthase) straightens Caulobacter, doing so 
independently of its enzymatic activity.  CtpS directly interacts with CreS and inhibits its ability 
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to curve the cells (Ingerson-Mahar 2010). In the outer membrane, WbqL is required to properly 
assemble O-polysaccharides. Deletion of wbqL leads to altered O-polysaccharide synthesis, and 
CreS is unable to attach to the inner membrane and so can not curve cells (Cabeen 2010).  This 
result is interesting because it was not previously thought that CreS would be affected by events 
in the outer membrane.  Unlike CtpA, both CtpS and WbqL affect the proper function of CreS 
which in turn affects cell curvature. Bactofilins were recently identified as yet another class of 
cytoskeletal proteins that polymerize as sheets.  BacA and BacB localize to the cell pole, but 
when they are overexpressed, the cells are hyper curved, and the proteins localize along the inner 
curvature (Kuhn 2010).  Bactofilins exert their effect even in the absence of CreS, indicating they 
could have an independent mechanism for curving the cell, perhaps by affecting the location of 
PG deposition. Future studies will determine if CtpA affects the expression, location or function 
of bactofilins.

 CtpA could affect peptidoglycan structure by altering the degree of cross-linking between 
the strands or length of the glycan strands themselves.  In Helicobacter pylori, four proteins were 
found to be important for the corkscrew shape of the cells. When these genes were deleted, the 
cells became straight.  The peptidoglycan isolated from these straight cells contained glycan 
chains that were similar in length to PG isolated from the wildtype cells, but had many more 
peptide crosslinks (Sycuro 2010). However, PG sacculi isolated from wildytpe and crescentin-
null mutants exhibited the degree of cross-linking between glycan strands (Cabeen 2009).  
Therefore, it is unlikely that peptide cross-links play a major role in the shpe of Caulobacter. 

  When cells straighten due to a loss of function of CreS, this straightening is growth 
dependent. The asymmetric insertion of new PG could be due to spatial difference in initiation 
events or in the processivity of glycan strand synthesis. A computational study found that longer 
glycan strands due to increased processivity were associated with cell straightening (Sliusarenko 
2010).  Overexpression of CtpA could increase the processivity of glycan strand synthesis, 
resulting in straighter cells.  Conversely, depletion of CtpA could result in shorter glycan strands. 
If these glycan strands shorten significantly, it could lead to a loss of cell wall integrity and 
death. 

 There are other mutations that cause Caulobacter to grow as chains of cells. Depletion of 
the Tol or Pal proteins reduces the ability of cells to resolve the membranes at division septa, 
resulting in a chaining phenotype (Yeh 2010).  The deletion of DipM, a PG hydrolase, results in 
chains of cells (Moll 2010).  This result confirms that proper PG remodeling is essential for cell 
division, but since DipM functions in the periplasm, it is probably not the direct target of CtpA.  
A mutation in topoisomerase parC prevents completion of cell division, and cells exist as chains 
(Ward 1997, Ohta 1997, Wang 2004). FtsK is required for ParC localization, and temperature 
sensitive mutations in ftsK cause cells to exist as chains (Wang 2006).  Mutations in ftsK and 
parC impair the ability of duplicated chromosomes to partition into the two new daughter cells, 
thus preventing the downstream invagination of membranes and completion of cytokinesis.  
When CtpA is depleted, DAPI staining shows each cell body in the chain contains DNA, and 
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FACS analysis shows an increase in DNA content as more cell bodies are connected together 
(Figure A3).  Therefore, CtpA probably functions in a different pathway from the proteins that 
are responsible for resolving the chromosome.  

 In E. coli, the deletion of multiple amidases causes the cells to grow as chains, but the 
integrity of the cell envelope along the sidewalls appears to be uncompromised (Heinrich 2001). 
However, CtpA appears to affect global peptidoglycan synthesis because depletion causes the 
sacculi to appear wrinkled and striated over the whole cell body.  If CtpA was only important for 
PG remodeling at the midcell, then the rest of the cell body would appear normal.  In addition, 
when CtpA is overexpressed, it may localize aberrantly, thus also affecting global peptidoglycan  
remodeling.   Immunoflouresence microscopy on the strain overexpressing CtpA-3xFLAG will 
determine if expression levels affect its localization.  In addition, the glycan strand lengths and 
degree of peptide crosslinking can be determined by performing HPLC analysis on isolated 
sacculi. 

 The release of bits of outer membrane material could be due to a loss of attachment of the 
OM to the PG layer.  Many Gram-negative bacteria use Braun’s lipoprotein to attach the OM to 
the PG, but this protein is lacking in Caulobacter.  Instead, the IM protein Tol contacts the OM 
protein Pal to tether these layers of the cell envelope together. If these proteins are perturbed, the 
outer membrane is no longer intimately attached to the petidolgycan layer (Loubes 2001).  Tol-
Pal depletion strains imaged with tomography and SEM showed impaired membrane structure 
(Yeh 2010). The imaging methods were different from those used in this report, but the 
membranes of these cells appear to be slightly more intact than a CtpA depletion strain, and the 
phenotype appears to be isolated to the division plane. However, CtpA could directly regulate the 
activity of the Tol-Pal complex, leading to a loss of OM integrity when depleted. Alternatively, 
CtpA depletion could lead to defective PG, imparing the function of the Tol-Pal complex or other 
systems that keep the OM attached to other envelope layers.  Overexpression of CtpA could lead 
to more or stronger attachments of the OM to the PG so that these layers are bound more tightly.  
New PG could not insert as easily into a structure that was crowded with OM, which would slow 
down the remodeling over the whole wall and prevent rate induced changes in cell shape.

 Outer membrane vesicles (OMVs) are produced by Gram-negative bacteria to 
disseminate proteins and signals into the environment.  OMV’s contain outer membrane and 
periplasmic proteins as well as peptidoglycan, but no cytoplasmic proteins, and are often 
produced in response to stress. Pathogenic bacteria use OMV’s as decoys to evade the immune 
system or antibiotics (Ellis 2010).  In E. coli, OMV production is increased in cells with a 
mutation in sigmaE, an extracytoplasmic sigma factor activated in response to a stress such as 
increased temperature (Kulp 2010).  In Caulobacter, OMV’s were identified in wildtype cells 
(Smit 1981) as well as in cells recovering from a depletion of MreB (Takacs 2010). The OMV’s 
in these two reports were vastly different in size (20 nm vs 250 nm) but both are within the range 
of sizes that have been previously reported.  Cells that are depleted of CtpA shed bits of 
membrane, but these bodies do not enclose a separate space.  CtpA depletion could result in 
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increased OMV production, which may cause the release of too much essential cell wall, leading 
to cell death. 

 The presence of an essential phosphatase predicts that a kinase functions in the same 
pathway. If the two genes were deleted, the double mutant might have restored viability.  Using 
the sequence of the BY-kinase from E. coli Wzc in a BLAST search, we found that Caulobacter 
contains one predicted kinase, encoded by CC0164. We are currently attempting to delete this 
gene from the chromosome. After analyzing the phenotype of this mutant alone, we will attempt 
to combine the two mutations. If together they are synthetically beneficial, then we can conclude 
that the two proteins likely function in the same pathway. 

 Other synthetically beneficial mutations could occur in proteins that synthesize PG. It is 
likely that CtpA participates in PG synthesis or remodeling, but it is unclear exactly which 
process are affected. The PBP1a (penicillin binding protein) family of proteins exhibit both 
transglycosylase and transpeptidase activity, but none of the five homologs of PBP1a in 
Caulobacter have yet been studied.  We are currently deleting these genes to gain insight into 
which process these unstudied proteins control.  In addition, we will create double mutants to 
determine if the absence of one or more PBP proteins suppresses the CtpA depletion phenotype. 

Significance
 CtpA is the first phosphatase similar to eukaryotic protein tyrosine phosphatases that is 
known to be essential in a bacterium.  The essential function of CtpA is dependent on the 
catalytic active site residues.  CtpA is required for the proper remodeling of peptidoglycan at the 
division septum. CtpA is the first protein found to regulate curvature of Caulobacter that 
functions independently of CreS. Since the curved shape of Caulobacter depends on differential 
insertion of new peptidoglycan, CtpA probably regulates peptidoglycan synthesis or breakdown.  
This makes CtpA the first protein tyrosine phosphatase known to regulate peptidglycan 
remodeling.
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Appendix Figures

Figure A1. Transmission 
electron microscopy images of 
strain KR2423 grown in PYEX 
(A, D) or PYED (B, C, E, F, 
G) for 12 hours. (A, B, C) 
Sacculi were isolated and 
stained with uranyl acetate. 
Scale bar = 500 nm. (D, E, F, 
G) Thin sections were stained 
with lead citrate. Scale bar = 
200 nm.
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Figure A2. Coomassie stained gel of elution fractions 
from CtpA or CtpA-3xFLAG eluted from strains 
KR2829 (1) and KR2828 (2). The brightest band that 
eluted with the tagged but not the untagged was 
sequenced by mass spectrometry and identified as the 
chaperone GroEL. 

Figure A3. Each cell in a chain contains DNA when CtpA is depleted. Strain KR2423 was grown 
in PYEX then shifted to PYED for 8 hours. (A) DNA content was measured using FACS 
analysis. (B) Chromosomes were stained with DAPI.  
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