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Abstract
Multidrug tolerance (MDT) is the ability of pathogenic bacteria to survive killing
from exposure to multiple antibiotics, and is a major obstacle in the treatment of
infectious disease. A small population of bacteria (0.0001%) termed persisters is the
culprit that causes MDT and allows these cells to persist. In Escherichia coli the HipBA
toxin-antitoxin pair plays a role in multidrug tolerance and persistence. HipA, a 50 kDa
serine protein kinase, is the more stable toxin and abrogates cell growth in the absence of
the more labile antitoxin HipB. HipB is a transcription repressor that binds to the four
conserved (TATCCN8GGATA) operator sites of the hipBA promoter to autoregulate
expression of the hipBA operon. Delineation of the molecular mechanism of HipB-hipBA
operator binding is critical to understand fully the regulation of persistence by HipB.
Thus, we determined the equilibrium dissociation constants (Kd) of HipB for each of the
four hipBA operators and the paired operator sites O1O2 and O3O4. We found that the
affinity of HipB for binding the O1 and O3 operators is seven to eight times higher than
for the O2 and O4 operators. In addition, the affinity of HipB for the O1O2 and O3O4
operators is at least four times higher than the O1 and O3 operators. The HipB-operator
complex structures reveal that HipB makes the same key contacts to the conserved
TATCC motifs and bends each operator DNA by the same extent between 50° to 70°
implying thus the affinity differences are attributed to indirect readout of the 8 base pair
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spacer (N8). Mutational studies on residues involved in HipB-DNA interaction revealed
the contribution of a series of selected residues to binding affinity with residues K38 and
Q39 contributing greatly to affinity whereas other base contacting residues S29 and A40
contribute less to affinity. Surprisingly residue S43, which is involved in a hydrogen
bond to the DNA phosphate backbone contributes more than expected because S43
forms a hydrogen bond network with nearby water molecules.
HipA was the first described bona fide persistence factor. The hip locus was
discovered through a mutagenesis screen whereby hipA7 was isolated. Described herein,
biochemical and structure-function studies on HipA7, the gene product of the high
persistent mutant allele having two point mutations G22S and D291A, revealed that the
D291A mutation weakens the binding affinity for HipB by 3 to 4 fold. The HipA7
structure revealed the conformational heterogeneity of the P-loop motif (the ATP
binding motif), which suggests a dynamic role of the loop in regulation of the kinase
activity of HipA. To identify in vivo HipA substrates, we developed a mass spectrometry
(MS)-based kinase assay, which led to identification of a novel phosphorylation site
(residue S348) on HipA and proposed a consensus phosphorylation motif +ϕS, where +,
ϕ and S designate a positive, hydrophobic and serine amino acid residue, respectively.
Phosphorylation of peptides with this consensus motif, including the S150
(EENDFRISVAGAQEK), S348 (TGIHISDLK) and GltX (GKKLSKRH), was confirmed
subsequently by the MS-based kinase assay. Further analysis of the HipA7 structure
v

suggested that HipA might undergo pyrophosphorylation on residue S150, and the MSbased kinase assay confirmed pyrophosphorylation of HipA.
Thus, our data support that HipA is a persistence factor via its kinase activity
and precise hipBA gene regulation through HipB binding tightly to O1 and O3 is critical
for the survival of bacteria in the presence of antibiotics. In addition, we propose a
consensus motif for HipA substrates.
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Chapter 1. Introduction and general background
Multidrug tolerant bacteria survive periodic antibiotic treatment by forming
persisters, slow or non-growing cells that exist transiently. Due to low frequency of
persisters, studying persistence at a molecular level has been challenging. Nonetheless,
recent progress in this field has advanced our understanding of persistence. In this
dissertation, biochemical and structure-function studies of the type II toxin-antitoxin
(TA) module HipBA are discussed in detail to describe the role of this TA pair in
persistence. Starting from a general background in Chapter 1, the regulatory mechanism
of the hipBA operon is discussed focussing on the interaction between HipB and its
cognate operators in Chapter 2. Chapter 3 describes the structure-function study of a
high persistent mutant HipA (G22S/D291A), referred to as HipA7. Interesting findings
regarding substrate specificity are introduced. In Chapters 4 and 5, overall conclusions
and future directions are presented.

1.1 Bacterial persistence and persister cells
The term, bacterial persistence, is defined as “the phenomenon that isogenic
populations of antibiotic-sensitive bacteria produce rare cells that transiently become
multidrug tolerant” (1). The existence of these rare cells, found approximately 1 in 106
cells, were initially proposed in 1944 by a medical doctor, Joseph Bigger, as a name of
persisters (2). While he was testing penicillin to sterilize a Staphylococcus infection, he
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noticed that penicillin addition to Staphylococcus cultures resulted in lysis. Subsequent
plating of the lysed culture showed the appearance of colonies within 24 hours, which
had the same susceptibility to antibiotic as their parents had. The same behavior has
been observed in Escherichia coli (E. coli) and other bacterial genera by many researchers.
For example, the Lewis group observed a quick drop in cell number, subsequently
revealing two different populations when they used an antibiotic against E. coli cultures
(Figure 1A) (3). One population obviously consisted of resistant cells, regaining its
ability to grow after a short period. The other population, composed of persisters, shows
no change in cell number until the antibiotic is diminished. Interestingly, persisters can
be found in all growth phases yet with different frequencies (Figure 1B). To survive
fluctuating environments, bacteria generate diversity by stochastic phenotypic
switching, conferring fitness advantages under adverse conditions (4). This pre-existing
phenotypic diversity, referred to as a bet-hedging strategy (5), includes transiently slow
or non-growing persister cells tolerant to bactericidal antibiotics (6). In addition to the
bet-hedging strategy in the unstressed condition, numerous environmental signals
including starvation, oxidation, acid stress and heat shock also increase persister cells,
referred to as induced persistence (1).
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Figure 1. Existence of persisters
(A) After the addition of antibiotic, an instant drop in the cell numbers is observed. The
bacterial culture can result in two surviving populations: persister cells and resistant
cells (B) Persisters exist in all growth phase. Reprinted by permission from Nature
Publishing Group: Kim Lewis, 2007 (7).
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1.2 Multidrug resistance and multidrug tolerance
Multidrug resistance (MDR) and multidrug tolerance (MDT) are the ability of
pathogenic microbes to evade killing by a variety of antibiotics. MDR and MDT are
similar by definition but there are distinguishable aspects (Table 1). First, MDR is a
genetic trait while MDT is epigenetic. In MDR cells, extensive exposure to antibiotics
leads to mutations or horizontal gene transfer thus, the recipient or offspring can be also
resistant to antibiotics, showing an increase in the minimal inhibitory concentration
(MIC, lowest concentration of antibiotic to inhibit bacterial growth). However, MDT
cells are non-inheritable phenotypic variants and exist transiently. When the antibiotic
concentration is diminished, progeny cells are susceptible to the same concentration of
antibiotics, showing an unchanged MIC. Second, the mechanistic aspects of MDR and
MDT are different. Antibiotics kill bacterial cells by corrupting targets to produce toxic
intracellular molecules. MDR prevents antibiotics from binding to their targets by
multiple mechanisms thus targets cannot be corrupted. In contrast, MDT in general
allows antibiotic binding to their targets however, persistence factors such as
toxin/antitoxin modules can abolish the toxic effect by arresting cell growth (7,8). Finally,
unlike MDR, researchers had paid less attention to MDT despite its clinical importance.
This is mainly due to the low abundance of persisters making this aspect of bacterial
physiology difficult to study at the molecular level.
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Table 1. Comparison of selected properties of multidrug resistance and multidrug
tolerance
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1.3 Clinical importance of MDR and MDT
Infectious disease caused by non-MDR pathogens often cannot be eradicated,
suggesting that MDT might play a key role in recalcitrance to antibiotic treatment (9).
On the other hand, chronic infections are associated with biofilms, which have been
linked to many medical problems such as dental disease, middle ear infection, urinary
tract infection, catheter infection and cystic fibrosis (10). Antibiotics administered to
patients can kill most pathogenic bacteria in both biofilms and the bloodstream,
however, a small portion of cells in biofilms called persisters can survive antibiotics and
the fast immune response. Persisters are metabolically dormant, so they are insensitive
to antibiotic treatment (9). Persisters are critical especially when the immune system is
compromised by chemotherapy, HIV infection or immunosuppressants given to organ
transplant patients. More importantly, multiple exposure to antibiotics potentially
increases the chance of resistance development when persisters are counter-selected by
repetitive treatment of antibiotics. Persisters are also found in eukaryotes such as
Candida albicans, whose mechanism of formation is expected to be analogous to bacterial
counterparts (11).

1.4 Toxin antitoxin module
Toxin-antitoxin (TA) genes are genetic modules composed of a toxin gene and its
cognate antitoxin gene. TA modules were originally described in a mechanism called
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post-segregation killing (12) or plasmid addiction (13), where only daughter cells
inheriting a plasmid encoding the toxin-antitoxin pair can survive because the antitoxin
is less stable than the toxin, and undergoes degradation more rapidly in daughter cells
that do not inherit the TA genes. Thus, the toxin is free to kill the TA-less cell. Currently,
a number of chromosomally coded TA modules have been detected by homology
searches and bioinformatics approaches (14,15). Many biological roles for TA systems
have been proposed, including stress management (16), protection from bacteriophages
(17), formation of persister cells (18) and regulation of biofilm formation (19). All known
toxins are proteins, while the antitoxins are either proteins or small RNAs (sRNAs). In
general, toxins are more stable than antitoxins, and antitoxin genes are typically located
upstream of toxin genes. Depending on the nature and the mode of antitoxin action, five
classes (Type I, II, III, IV and V) have been assigned to date (20). Type I and III antitoxins
are small RNAs that counteract the toxins at the translational level by forming a complex
with the toxin mRNA or posttranslational levels by interacting directly with the toxin,
respectively. Type V TA loci encode an antitoxin protein possessing a sequence specific
endoribonuclease activity, which cleaves the toxin mRNA, thus preventing translation of
the toxin. Type IV antitoxins counteract the toxin by an indirect interaction (21) while
type II antitoxins neutralize toxins by direct interaction. Type II TA systems are the most
studied class, where both toxin and antitoxin are proteins. The labile antitoxin forms a
protein-protein complex with a stable toxin resulting in neutralization of the toxic effect
7

of the toxin. The labile antitoxin is rapidly degraded by proteases such as those in the
Clp family (16,22-24) or Lon protease (25-28). Transcription of the Type II TA modules is
autoregulated by the binding of antitoxins or TA complexes to their promoter regions.
To date, a number of chromosomal type II TA modules have been identified in bacteria,
including more than 33 in Escherichia coli and 85 in the pathogen Mycobacterium
tuberculosis (29), and these numbers are likely to increase. The Type II TA systems were
originally grouped into approximately 10 families based on sequence similarity and
gene structure (30,31), and each toxin family was assumed to be associated with a
specific antitoxin family. However, many hybrid toxin-antitoxin pairs (toxin of one class
and an antitoxin of another class) have been reported and their functionality has been
confirmed (32,33), as a result, it has been proposed to classify toxin (13 superfamily) and
antitoxin (20 superfamily) families independently (14).

1.5 hipA, the first persistence factor
Bacterial persistence remained unstudied for several decades ever since the
existence of persister cells were proposed by Bigger. In the 1980s, Harris Moyed and
colleagues revisited this phenomenon. They isolated several mutants from E. coli that
reproducibly produced high frequencies of persisters after challenging cells with
antibiotics. The responsible locus was mapped to the hip (high persistence) gene (34).
One gain-of-function mutant allele named hipA7 showed approximately 10,000 fold
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higher frequency of persisters. Nearly a decade later, the E. coli hip operon composed of
two cognate genes hipB and hipA was cloned (35). The hipBA operon encodes a
transcriptional repressor HipB (an 88 amino acid residue protein) that autoregulates
hipBA transcription and neutralizes HipA toxicity by binding to this toxin. The hipA
gene, proceeded by hipB, encodes a 440 amino acid residue protein (35). Due to the fact
that expressed HipA in E. coli caused toxicity in the absence of HipB and the toxicity is
rescued by HipB expression, HipA and HipB were recognized as a toxin and antitoxin
module (36). Activation of HipA is the result of HipB degradation by Lon protease (26).
Specifically, Lon protease recognizes the C-terminal 16 residues of HipB and degrades
the protein, which allows the release of HipA. A bioinformatics study suggested that
HipA belongs to a lipid kinase family (8). Indeed, HipA possesses kinase activity and
autophosphorylates residue serine 150. Interestingly, alanine substitution of residue
S150 abolished persistence phenotype thus it was proposed that phosphorylating S150 is
required for persistence (8). HipA overexpression results in growth arrest by inhibiting
macromolecular synthesis and the kinase activity of HipA is required for multidrug
tolerance (8). However, the ectopic expression of high persistence mutant HipA7
showed a non-toxic phenotype and no growth arrest was observed, suggesting that
other activities might be involve in persistence (37). It has been proposed that synthesis
of guanosine tetra- or pentaphosphate ((p)ppGpp) is involved in persistence (37).
Recently, the important role of (p)ppGpp in persistence pathway was proposed (38). In
9

this model, the accumulation of (p)ppGpp triggers PolyP accumulation by inhibiting
exopolyphosphatase (PPX) and activating polyphosphate kinase (PPK). The
accumulated PolyP stimulates Lon protease activity, thereby degrading the antitoxin
and releasing the toxin. The activated toxins inhibit translation and stop cell growth,
inducing persistence. To date, two HipA substrates including glutamyl-tRNA synthetase
(GltX) (38,39) and EF-Tu (40) have been reported.

1.6 Structural studies on HipBA
hipB encodes a 10 kDa protein and forms a dimer in solution. hipA encodes a 50
kDa protein and forms a complex with HipB with a 1:1 stoichiometry. HipB is a DNA
binding protein and was predicted to bind DNA via a helix-turn-helix (HTH) motif (35).
HipB subunit structure showed significant homology to members of 434 Cro family,
thus HipB has been classified as the Xre-HTH (xenobiotic response element-helix turn
helix) family member of transcription regulator (40,41). The HipA-HipB-DNA complex
structure revealed that the HipB dimer is sandwiched by HipA with a total of 36% of its
solvent accessible area buried between HipB and HipA (Figure 2) (40). As a transcription
repressor, E. coli HipB recognizes the four copies of the TATCCN8GGATA motif of the
hipBA promoter region (35). Upon binding DNA via the HipB HTH motif, the HipBA
complex bends DNA by 70° (40). HipA structurally resembles Cdk2 and possesses all
catalytic residues found in other prokaryotic and eukaryotic protein kinases (40). HipA
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is a globular protein composed of distinct N- and C-domains. The N-domain is further
divided into subdomain 1 and 2. The HipA-ATP complex structure shows that multiple
residues on the P-loop motif (ATP binding region) stabilize ATP. Surprisingly,
comparison of the apo- and phosphorylated HipA (pHipA) structures revealed a
dramatic change of the P-loop motif conformation upon phosphorylation of residue
S150, which is part of this motif (40,42). The P-loop motif of non-phosphorylated HipA is
proposed to be in an equilibrium between an in-state (a buried S150) and an out-state
(an exposed S150) conformation. However, the pHipA structure demonstrates that
pHipA is likely to adopt the out-state conformation because the phosphoserine residue
would cause steric clash in the in-state as well as thermodynamic instability by burying
the phosphate charge. In addition, the out-state P-loop motif conformation interferes
with ATP binding. Thus pHipA is unable to bind ATP with a physiologically relevant
affinity as well as to transfer the phosphoryl group to cognate substrates. Biochemical
and structural studies demonstrated that HipA (S150A), a mutant in which the serine
side chain has been replaced by an alanine, predominantly adopts the out-state
conformation (42). Thus phosphorylation of S150, rather than likely to begin persistence,
appears to be required to stop persistence, which is contradictory to the previously
proposed role (8,42).
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Figure 2. HipB-DNA complex
(A) HipA (blue) and HipB (green) form a complex with a 1:1 stoichiometry to cognate
DNA (orange) (B) A side view of the HipBA-DNA complex shows the close DNA
contact with the HipB dimer and the distorted DNA. PDB ID: 3DNV (40).
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1.7 Outstanding questions
Many Gram-negative bacteria with the hipBA locus contain varying numbers of
operators in their hipBA promoter region. These operators are expected to bind the
HipBA complex tightly to repress the gene expression. To date, there is no clear answer
why different number of operators are required and how they might play a role in the
gene regulation.
On the other hand, the mutant allele hipA7 has been predicted to achieve the
higher frequency of persister cells via reduced affinity of HipA7 for HipB due to the
disrupted hydrogen bonding network near residue D291. However, no quantitative
assessment of the interaction between HipA7 and HipB has been reported. In addition, it
is controversial whether the G22S mutation itself is enough to cause the high persistence
(Lewis, personal communication). Thus it is difficult to rationalize how the G22S
mutation of HipA7 might be involved in the high persistence.
Thus, herein is described a series of structure-function studies on the hipBA
system in order to understand gene regulation, HipA7-HipB interaction as well as the
substrate specificity of HipA. In order to assess the substrate specificity and
autophosphorylation of HipA, a robust mass spectrometer (MS)-based assay was
developed and resulted in a number of unexpected findings.
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Chapter 2. Molecular mechanism on hipBA gene
regulation
2.1 Introduction
Multidrug tolerance (MDT) describes the ability of pathogenic microbes to evade
killing by multiple antibiotics, and is an obstacle in the fight against the infectious
disease (7). Chronic diseases caused by pathogens in biofilms such as Pseudomonas
aeruginosa (43), Mycobacterium tuberculosis (44) and Staphylococcus aureus (45) are often
incurable due to antibiotic recalcitrance. MDT is conferred by specialized cells called
persisters, which comprise a small population (approximately 10-5-10-6 frequency in
growing cells) and are transiently dormant (2,7,35). Persisters were initially described in
1944 (2) but drew less attention because bacterial resistance was the outstanding
problem ever since the first commercial antibiotic penicillin was introduced (3).
Recently, persisters have been found in biofilms and growing evidence has linked
biofilm induced infections with persisters (46,47). Unlike resistant cells, persisters are
phenotypic variants and after the reversion to growing cells show unchanged minimal
inhibitory concentration (MIC) (7). Bactericidal antibiotics kill cells by inducing the
target to produce toxic compounds. Resistance is achieved by preventing antibiotics
from binding to targets while multidrug tolerance and persistence are achieved by
cellular dormancy under which no toxic materials can damage cells (3). Transcriptome
analysis (48) has revealed that a number of genes are upregulated in persisters, among
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which toxin/antitoxin (TA) modules are a special interest because their function is not
only related to physiology but also pathogenesis (49). TA modules were originally
described as a mechanism called post-segregation killing (12) or plasmid addiction (13),
whereby only daughter cells that inherited a plasmid encoding antitoxin gene can
survive because the antitoxin is less stable and undergoes degradation. To date, a
number of chromosomal TA modules have been identified in pathogenic bacteria; more
than 33 in Escherichia coli and 85 in Mycobacterium tuberculosis (29). Their functional roles
appear to be redundant because a single TA module knockout does not have a persister
phenotype (50), but multiple TA module knockouts decrease persister frequency (18).
TA modules are involved in cellular dormancy (51) or programmed cell death (52).
Regardless of their true physiological functions, their overexpression causes multidrug
tolerance and persistence (48).
Among a number of TA modules, E. coli high persistence locus hipBA module
was the first identified persistence factor (34). One mutation in the hip locus, called
hipA7, leads to high frequency (10-2) survival against prolonged exposure to antibiotics.
Recently, the Lewis group isolated this mutant from uropathogenic E. coli strains
(unpublished, personal communication). Deletion of hipBA does not show any
phenotype likely due to the presence of other persistence factors; however,
overexpression of the toxin hipA stops cell growth and these cells exhibit multidrug
tolerance (8). hipA encodes a 440 amino acid residue protein, which has serine protein
15

kinase activity and undergoes autophosphorylation on residue serine 150 (8). HipA is
proposed to phosphorylate EF-Tu (40) and GltX (38,39), resulting in a shutdown of
protein translation which leads to dormancy. As a transcription repressor belonging to
the Xre-HTH family (40), the anti-toxin HipB, a gene product of hipB, is a more labile 88
amino acid residue protein that autoregulates hipBA expression (34). HipB as a dimer
forms a tripartite complex with HipA and DNA (40), which suggests that HipB can
neutralize HipA toxicity by sequestering it in the nucleoid (40). HipB binds to four
operator sites in the promoter region of the hipBA operon with high affinity (53). Each
operator sites has a consensus motif TATCCN8GGATA, where N8, refers to a
nonconserved 8 base pair (bp) spacer. The palindromic consensus motif in operator sites
is recognized by the recognition helices of the HipB dimer via major groove contacts
(40). HipB binding to these operator sites causes significant DNA distortion, aligning the
recognition helices for the specific signature motif TATCC. HipB residues involved in
the specific base contacts via hydrogen bonding or hydrophobic interactions include
S29, K38, Q39, A40 and S43 (Figure 3B) (40). In addition, HipB makes 11 non-specific
contacts to the phosphate backbone of each half site (Figure 3A) (40). HipB or the HipBA
complex binds to the regulatory region of the hipBA operon with an apparent subnanomolar dissociation constant (53). Due to such tight binding, the access of RNA
polymerase to the -35 and -10 boxes of the hipBA operon is blocked thus the expression
of the hipBA is inhibited. Activation of persistence originates in the degradation of HipB
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and consequent release of HipA. More specifically, the C-terminal 16 residues of HipB
are recognized by an activated Lon protease and the protein is degraded (26) thereby
releasing the HipA toxin. Released HipA can be detrimental to cells since HipA can
phosphorylate its cellular targets (40). When the HipBA complex is released from the
DNA, transcription can be initiated and translation produces functional HipA and HipB.
The elevation of HipA and HipB concentration triggers binding of the HipBA complex
to the operator sites thus auto-regulation can be achieved (Figure 4) (53).
To understand fully the hipBA gene regulation mechanism, we have
characterized the HipB-operator interaction biochemically and structurally using
fluorescence polarization-based DNA binding assays and X-ray crystallography. We
tested the effect of mutations of key and the phosphate backbone HipB residues that are
involved in direct interaction with the base pairs of the consensus motif. We also
describe the affinity difference in HipB binding to each of the four operator sites, which
can be attributed to indirect readout. By analyzing the HipB-operator interaction in
depth, our study provides a detailed molecular mechanism of the hipBA gene regulation,
which underlies multidrug tolerance and persistence.
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Figure 3. HipB and the operator DNA interaction
(A) The interactions between HipB and the half site of the 21 base pair double stranded
palindromic O1 (ACTATCCCCTTAAGGGGATAG) are shown. Hydrogen bonds and
hydrophobic interactions are represented as arrows and solid lines, respectively. HipA
contacts with the DNA are shown in blue color. (B) The aligned HipB recognition helix
with contact residues (yellow cartoon) to the operator DNA bases (cyan sticks) are
shown. For clarity, only one HipB subunit and the DNA half site are shown. Reprinted
by permission from the American Association for the Advancement of Science:
Schumacher et al, 2009 (40).
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Figure 4. hipBA gene regulation model
In E. coli, the hipBA operon is autoregulated by the HipBA complex (blue and cyan) by
binding to four operator sites (O1, O2, O3 and O4) of the 5ʹ untranslated region. The
HipBA complex, when bound to operators, occludes RNA polymerase binding and thus
inhibits transcription. When HipB molecules are degraded by Lon protease, HipA
molecules are released and transcription initiates. The released HipA phosphorylates at
least one protein substrate and results in the shutdown of protein production, eventually
leading to cell dormancy. Each operator has the consensus sequence motif
TATCCN8GGATA, where N8 are eight random nucleotides. The operators are spaced by
10 or 21 nucleotides. O1 is defined as the operator closest to the HipB start codon.
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2.2 Materials and Methods
2.2.1 Protein expression and purification
Wild type and mutant HipB proteins were overexpressed and purified using
methods as described (26) with minor modification. Plasmid DNAs and primer
information are in Table 2. Plasmid DNAs (pET15b-hipB) were transformed into
BL21(DE3)pLysS-T1 competent cells, which were plated onto LBamp,cm agar (LB agar
containing 50 μg•mL-1 ampicillin and 34 μg•mL-1 chloramphenicol). 250 mL of LBamp,cm
were then inoculated by a single colony from the LBamp,cm plate or by glycerol stock
followed by incubation at 37 ˚C overnight. Overnight cultures were transferred into
flasks containing 1.5 L of LBamp,cm, which were incubated at 37 ˚C with shaking at 200
rpm. Wild-type HipB and mutant proteins were induced with 0.5 mM IPTG (Gold
Biotechnology Inc, St. Louis, MO) when the OD600 was 0.6. After 4 hours induction, cells
were harvested and stored at -80 ˚C until they were used. The frozen cells were thawed
and resuspended in 50 mL buffer A (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5%
glycerol) containing 20 μg•mL-1 DNase I (Roche, Indianapolis, IN). After homogenizing
the cells with a dounce tissue grinder, cells were disrupted using a microfluidizer
(model M110L, Microfluidics, Newton, MA) and centrifuged at 31,000 x g, 4 ˚C for 30
minutes. The supernatant was applied to 3 mL Ni-NTA affinity resin equilibrated with
Buffer A (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol) and allowed to run by
gravity. The column was then washed overnight with washing buffer (buffer A
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containing 20 mM imidazole) at 0.3 mL•min-1 flow rate. After eluting proteins with a 50200 mM imidazole gradient, protein homogeneity was estimated by a SDS-PAGE gel
and Coomassie Brilliant Blue staining. The typical protein yield was approximately 10
mg per 1 L culture estimated by a Bradford assay using BSA as the standard. For
crystallography, HipB proteins were further concentrated using 10,000 Da Amicon-Ultra
centrifugal filters (EMD Millipore, Billerica, MA).

2.2.2 Fluorescence polarization-based DNA-protein affinity
measurements
The binding affinities of HipB proteins for operator DNAs were determined by a
fluorescence polarization-based binding assay as described (26,54) with minor
modification. Each 20-mer single operator DNA sequences was designed based on the 5ʹ
UTR of hipBA operon found in the E. coli K-12 MG1655 genome. Hairpin DNAs were
designed to have five cytidines flanked by each operator site sequence (Table 3).
Operator DNAs purchased from IDT (Integrated DNA Technologies Inc., Coralville,
Iowa) were labelled with 6-carboxyfluorescein at the 5ʹ end and used without further
purification.
To reconstitute double stranded operator DNAs, 10 mM sodium cacodylate pH
6.4 were added to both fluoresceinylated and non-fluoresceinlylated DNAs to make 100
μM stock solutions, which were further diluted with the same buffer to make 1 μM
solutions. The complementary strand of each operator DNA was added and heated to 98
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°C for 10 minutes, and then annealed by slow cooling at room temperature for two
hours. For hairpin DNAs, the annealing was conducted by snap cooling in ice for two
hours.
Fluorescence polarization was measured at 10 °C in the presence of 1 nM
fluoresceinlylated DNA in 500 μL of buffer A (20 mM Tris-HCl pH 7.6, 200 mM NaCl, 1
mM EDTA, 1 mM DTT, 4% glycerol, 1 μg poly (deoxyinosinic-deoxycytidylic acid) and
0.24 mg/mL BSA). HipB proteins were titrated into the reaction mixture and the increase
in fluorescence polarization (with excitation/emission wavelengths 490/530nm,
respectively) was monitored using a Panvera Beacon 2000 (Panvera Corporation,
Madison, WI) as a function of increasing HipB concentration. Equilibrium dissociation
constants were calculated as described (26) with a minor modification. Briefly, the
increase in fluorescence millipolarization (mP = P·10-3 , where P is polarization) as a
function of the increasing HipB dimer concentration was fitted using the curve fitting
function of Kaleidagraph and the equation: mP = {(mPbound - mPfree) [HipB dimer]/(Kd +
[HipB dimer])} + mPfree, where mP is the millipolarization measured at a given
concentration of HipB, mPfree is the initial millipolarization of the free DNA, and mPbound
is the maximum millipolarization of specifically bound DNA.
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2.2.3 Crystallization of HipB-O1, HipB-O2, HipB-O3 and HipB-O4
All HipB-hipBA operator crystals were obtained at room temperature using the
vapor diffusion hanging drop method. DNA sequences used for crystallization (Table 4)
were purchased from IDT (Integrated DNA Technologies Inc., Coralville, Iowa). To
make a duplex DNA for crystallization, all 20-mer and 21-mer single stranded DNAs
were reconstituted with 10 mM sodium cacodylate pH 6.4 at 2 mM concentration and an
equal molar concentration of each complementary strand was mixed 1:1 to make a 1 mM
stock of duplex DNA. Each sample was heated to 95 ˚C for 10 minutes and allowed to
anneal slowly at room temperature for 2 hours. To make protein-DNA complexes, 12
mg/mL HipB protein was mixed with an equal volume of 1 mM duplex DNAs to make a
1:1 molar ratio (1 HipB dimer : 1 duplex DNA). Two crystal forms were obtained. The
blunt-end 20-mer DNAs formed crystals with HipB in the cubic space group P4132,
which were grown in 1 M sodium citrate in a pH range between 5.0 and 6.0. The onebase overhang 21-mer DNA-HipB complex formed a crystal in the trigonal space group
P3121 that were obtained from solutions of 0.02 M MgCl2, 0.05 M sodium cacodylate
trihydrate pH 6.0, 5 % 2-propanol and 0.001 M spermine. Diffraction quality crystals
were obtained in 24 hours for the cubic form and 36 hours for the trigonal space group
form.
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2.2.4 Data collection and structure determination of HipB-operator
complexes
Crystals were soaked in the crystallization solution with 15% or 20% glycerol
added and frozen promptly in the nitrogen gas stream. Data sets were collected using a
Rigaku FR-E+ Superbright rotating anode equipped with an HTC imaging plate system
(Table 5, 6 and 7). HKL3000 (55) was used for integration and scaling. Crystals of HipB
mutants bound to each operator were grown using the conditions for the wild type
protein-DNA crystals. Data sets were collected at SER-CAT 22 ID or BM at Argonne
National Laboratory (Table 8). To obtain phase information, the complex of HipB bound
to a palindromic O1 (top strand CTATCCCCTTAAGGGGATAG) was crystalized in a
space group P4132 and solved using single isomorphous replacement of a mercurysoaked crystal (Table 5, Courtesy of Dr. Maria A. Schumacher). All other HipB-operator
crystal structures were solved by molecular replacement using Phaser implemented in
PHENIX (56) and the HipB bound palindromic O1 structure as a search model. Model
building and structure refinement were performed using Coot (57) and software
packages in PHENIX (56). The cubic form of the HipB-operator structures contain one
HipB monomer and one single strand DNA per asymmetric unit (ASU), whilst the
trigonal form contains one HipB dimer and one double strand DNA per ASU.
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Table 2. Mutant hipB plasmid DNAs and primer sequences in this study

†

Each mutated codon is highlighted.
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Table 3. Hairpin operator sequences and equilibrium dissociation constants (Kd)

All measurements are the average of triplicate experiments and the standard deviations
are shown.
2 Experiments were conducted in buffer containing 20 mM Tris-HCl pH 7.5, 200 mM
NaCl and 5% glycerol.
3 The consensus motif is shown in bold text.
1

26

Table 4. DNA sequences used for structural studies
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Table 5. Selected crystallographic data for the cubic HipB-operator complex structures

28

Table 6. Selected crystallographic data for the trigonal HipB-operator complex
structures
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Table 7. Selected crystallographic data for the cubic HipB72-O4 and HipB (S29A)operator structures
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Table 8. Selected crystallographic data for the trigonal HipB (A40G)-O4 and the cubic
HipB (A40G)-operator structures
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2.3 Results and Discussion
2.3.1 HipB binds operator sites with different affinity
HipB and the HipBA complex bind the 5ʹ UTR of hipBA operon tightly to
regulate its expression (53). In E. coli K-12 MG1655, HipB appears to bind these four
operator sites cooperatively and simultaneously with a 1:1 stoichiometry (one HipB
dimer per one operator site), implying that HipB might bind to each operator site tightly
and with similar affinity (53). Interestingly, gel retardation assays revealed that there are
four different types of complexes that form in a concentration dependent manner, which
suggests a concentration dependent occupation of the operator sites by the HipBA
complex (53). HipA alone does not bind DNA; however, in the presence of HipB, HipA
binds DNA phosphate backbone directly by forming hydrogen bonds (Figure 3A) and
the HipBA complex appears to enhance DNA binding affinity (53). The four operator
sites each composed of the consensus motif TATCCN8GGATA are highly conserved
among E. coli strains (Figure 5), suggesting that the consensus motif sequence (TATCC
and GGATA) and the number of the operator sites play an important role in the hipBA
gene regulation. However, to date, the role of HipB (and HipA) in hipBA gene regulation
and the reason for containing four operator sites have not been fully delineated. To
understand more completely the role of the each operator site and thereby the molecular
mechanism underlying hipBA regulation, we determined the equilibrium dissociation
constant for each operator site using a fluorescence polarization-based DNA binding
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assay. We found that HipB binds tightly to each operator site but with different Kd
values (Figure 6). HipB binding to the O1 and O3 operators is seven times stronger
compared to the O2 (Table 9). We were unable to detect the polarization increase when
the fluoresceinylated O4 was titrated with increasing concentration of HipB, possibly
due to the palindromic nature of its sequence and incorrectly annealed strands. To
overcome this technical problem, we designed the hairpin forming operators O1H, O2H,
O3H and O4H, which enabled us to determine and compare their Kd values (Table 9). The
measured Kd revealed that HipB binding to the O1H is eight times stronger than binding
to the O4H. Moreover, the relative affinity values among the hairpin forming operators
are consistent with those of the non-hairpin forming operators (Table 9). Thus, the 5ʹ
UTR of the hipBA operon contains two relatively high affinity sites O1 and O3, which are
likely to be occupied by HipB prior to O2 and O4 in cells.
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Figure 5. Conservation of the hipBA operator sites among E. coli strains
Multiple sequence alignment of the 5ʹ UTR of many E. coli strains shows highly
conserved hipBA operator sites in terms of the number and sequence. Selected sequences
are obtained from NCBI database and the alignment was performed using CLUSTALW
(58). The diagram is generated using CLC Main Workbench (CLC bio.). The number was
assigned from the start codon as 1. Note that all E. coli strains contain a predicted
integration host factor (IHF) binding sequence. The colours of amino acids follow the
RASMOL scheme (59). Bright red for D and E, yellow for C and M, blue for K and R,
orange for S and R, mid blue for F and Y, cyan for N and Q, light grey for G, green for L,
V and I, dark grey for A, pink for W, pale blue for H and flesh for P.
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Figure 6. Representative binding isotherms for HipB binding to O1, O2, O3, O1H, O2H, O3H
and O4H
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Table 9. Equilibrium dissociation constants (Kd) of the individual hipBA operator
sites 1,2
Operator

Kd (nM)

Fold difference

O1

43 ± 3

1

O2

283 ± 14

7

O3

60 ± 11

1

O4
O1H
O2H 4

N.D.
11 ± 2
75 ± 16

N.D.3
1
7

O3H 4

16 ± 6

1

3

O4H
87 ± 16
8
1 All measurements are triplicated and averaged values are used for the calculation of
the relative Kd.
2 Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 200 mM
NaCl and 5% glycerol.
3 Not determined.
4 Experiments were conducted and data were analysed by an undergraduate researcher
Allen Wang.
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2.3.2 Mutations in HipB residues K38, Q39 and S43 reduce DNA
binding affinity
Proteins recognize specific DNA sequences using both direct and indirect
readout (60). A number of HipB residues interact directly with both DNA bases and
phosphate backbone, which were first described in the HipA-HipB-DNA complex by
Schumacher and colleagues (40). HipB residues of its HTH motif recognize the
nucleotides of the consensus motif TATCC by forming either hydrogen bonds or
hydrophobic contacts (Figure 3A and 3B). Specifically, HipB residue K38 makes
hydrogen bonds with guanosine 5 and 6, and Q39 forms hydrogen bonds with
adenosine 3. Residues S29, A40 and S43 make hydrophobic contacts with Thymidine 2, 4
and 4 respectively. In addition to these specific interactions to bases, HipB makes 11
phosphate contacts to each half site (Figure 3A).
To assess the importance of these key residues and see if there are any HipAmediated change in operator binding, we determined a series of HipB-hipBA operator
complex structures as well as binding affinities of HipB mutants to operator sites. Dr.
Maria A. Schumacher solved the HipB-palindromic O1 complex structure in the P4132
space group (PDB ID: 4Q2I) using a single isomorphous replacement with mercury.
Later, we solved HipB-O1, -O2, -O3 and -O4 complexes in the cubic space group P4132
using molecular replacement (Table 5). We also solved the complex structure of O4
operator bound to the C-terminal deletion mutant HipB Δ(73-88), referred to as HipB72.
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The HipB72-O4 complex structure supports the idea that the C-terminal 16 residues
contribute to DNA binding negligibly, which is consistent with our previous report (26).
The HipB-O1 complex structure superimposes on HipB-O2, -O3,-O4 within a RMSD of 0.1
Å for 71 Cα atoms and exhibit ~70° DNA bending. In these structures, three HipB
residues (K38, Q39 and S43) of the recognition helix play a critical role in DNA
recognition. Two key residues K38 and Q39 interact directly with guanosine 37, 38 and
adenosine 4, respectively, by forming hydrogen bonds while S43 makes both hydrogen
bonds with phosphate backbone and hydrophobic contact with thymidine 5 (Figure 7A).
To assess the contribution of these residues to the DNA binding affinity, we initially
attempted to determine the Kds for alanine-substituted mutants binding to the high
affinity sites O1 and O3. However, we were unable to obtain reproducible binding
isotherms due to the very low affinity. Previously, we reported that under slightly
different conditions the HipB binds to the paired operator O1O2 with a sub-nanomolar
Kd (26). To overcome the low affinity problem, we decided to use this O1O2 paired
operator site for binding studies of all HipB mutants. The HipB (K38A) and HipB
(Q39A) bind to the O1O2 operator site with a 10,000 and 300 fold weaker affinity,
respectively, compared to the wild type HipB (Table 10). Interestingly, the S43 to alanine
mutation reduces the affinity over 10,000 fold, which is more than expected (Table 10).
Thus, these residues stabilize the HipB-operator complexes, resulting in the DNA
distortion.
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Figure 7. HipB-DNA interaction
(A) HipB residues (in rectangular boxes) interacting with the O4 21mer (backbone
phosphate in red and blue) are shown. The arrow and solid lines represent hydrogen
bonds and van der Waals interaction, respectively. Bridging waters are shown as blue
ovals and labelled with a W. (B) HipB sequences from Gram-negative bacteria are
aligned. The recognition helix is shown in the red box. (C) The solvent network connects
waters (red spheres in the 2Fo-Fc electron density map contoured at 1.0 σ level) and the
hydroxyl of residue S43 to DNA. The hydrogen bonds are shown in the yellow dotted
lines. The HipB-O2 complex structure is used for generating the cartoon. The HipB-O1, O3 and -O4 complex structures show similar solvent network near S43.
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Table 10. Binding affinities for HipB mutants to the O1O2 operator
Protein

Kd (nM)†

Fold change

WT HipB‡ *

8±1

1

K38A‡ *

93,300 ± 22,000

11,662

Q39A‡ *

2,400 ± 1,800

300

S43A**

7,168 ± 1,100

11,947

S43G**

4,098 ± 584

6,830

S43T**

3,903 ± 1,772

6,505

S43C‡

404 ± 48

51

T41A‡

1,700 ± 800

212

S29A‡

13 ± 6

1.6

A40G‡

3±1

0.4

All measurements are averaged from triplicated experiments.
Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 200 mM
NaCl and 5% glycerol.
* Experiments were performed and data were analyzed by a former undergraduate
researcher Patrick McDonagh.
** Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 100 mM
NaCl and 5% glycerol. The Kd for the wild type HipB under this condition is 0.6 ± 0.1
nM. Note that the fold change in binding affinity is calculated by dividing the mutant
HipB binding affinity by the WT HipB binding affinity obtained in the same
experimental conditions. Any number above 10 is considered a substantial loss in
affinity.
†
‡
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2.3.3 The trigonal HipB-operator structures reveal an extensive water
network
The hydroxyl group of the S43 side chain forms two hydrogen bonds; with the
phosphate of the adenosine 4 and a water molecule. In addition, the β-carbon of S43 is
within van der Waals interaction distance from the same phosphate (Figure 7A). Thus
the HipB (S43) mutation to alanine is expected to lose one DNA hydrogen bond which is
insufficient to explain the massive reduction in affinity. Moreover, HipB (S43T) shows
over 400 fold reduced DNA binding affinity yet the hydroxyl group of the threonine
remains and the γ-carbon is expected to interact with phosphate backbone. To explain
the loss of DNA binding capability of the S43 mutants, we hypothesized that the
reduced affinity can be attributed to the loss of additional hydrogen bonds by a
disconnected solvent network. However, the complex structures in the cubic space
group contain a single stranded DNA in an asymmetric unit (ASU), which made it
difficult to assess the contribution of water molecules precisely. Thus, we solved the
HipB-O1, -O2, -O3 and -O4 complex structures in the trigonal space group P3121, which
contain a double stranded DNA in the ASU. Further, the HipB-palO2 and HipB-O4
complex structures completely eliminated potential statistical disorder problem. The
HipB-O1 complex structure is superimposable on HipB-O2, -O3 and -O4 within a RMSD
of 0.2 Å for 71 Cα atoms. The most interesting finding is that these structures reveal an
extensive water network originated from the S43, which connects multiple bases to the
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hydroxyl group (Figure 7C). Consequently, mutation of S43 by alanine or glycine would
result in the loss of some or all of this network and destabilize this series of watermediated protein-DNA contacts. The affinity of HipB (S43C) for the O1O2 operator is
approximately 50 fold weaker than the wild type HipB and is consistent with a sulfur
atom as the poorer hydrogen bond donor (Table 10). We postulate that the unexpected
loss of DNA binding of HipB (S43T) can be attributed to the disconnected water network
as well. Indeed, rotamer analysis of the threonine reveals that 93% of the possible
conformations (para + meta = 49% + 44%) of the side chain would result in the loss of the
hydrogen bond connected to the water network. Based on these biochemical and
structural observations, mutation in the S43 could result in significantly reduced DNA
binding affinity by losing more than two hydrogen bond contacts.

2.3.4 Some HipB residues directly interacting with DNA affect binding
affinity differently
The HipB-operator structures reveal that three amino acids R21, Q28 and E46
interact with the DNA phosphate backbone either directly or indirectly via bridging
water molecules (Figure 7A). Residues R21 and Q28 are located N-terminal to the
recognition helix and E46 is in the recognition helix. These residues, spatially localized
in a narrow region, are highly conserved in the HipB proteins of Gram-negative bacteria
(Figure 7B).
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To understand the role of these three residues in the DNA binding, we generated
the single alanine substituted mutants HipB (R21A), HipB (Q28A) and HipB (E46A).
Fluorescence polarization-based DNA binding assays demonstrated that mutation to
alanine abolished the DNA binding capability of both the single and O1O2 paired
operator sites (data not shown). Thus the side chains of R21, Q28 and E46 play an
important role in DNA binding. We postulate that these residues contribute to binding
by buttressing the DNA distortion that is necessary for specificity and high affinity by
clamping the phosphate backbone into a specific conformation. Thus the mutation to
alanine results in the loss of two hydrogen bond contacts and a weakened interaction
between HipB and the operators. Further analysis of the HipB-operator structures
revealed that two HipB residues S29 and A40, albeit modestly conserved, also directly
interact with bases. The side chain methyl group of the HipB residue A40 is within van
der Waals interaction distance to the O4 oxygen atom of the first thymidine of the
TATCC consensus sequence (Figure 7A). To examine the role of the recognition helix
residue A40 in the DNA binding, we generated HipB (A40G), and tested the ability of
this mutant to bind the O1O2 paired operator. HipB (A40G) shows a two-fold higher
affinity compared to the wild type HipB (Table 10). To confirm the structural integrity of
the mutant, we solved the HipB (A40G)-O1, -O2, -O3 and -O4 complexes in the P4132
space group. The analysis of these structures revealed that all complex structures are
superimposable onto the corresponding wild type HipB-operator complex structures
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within a RMSD of 0.13 Å for corresponding 71 Cα atoms and no backbone α-carbon
rearrangement occurred in the recognition helix upon mutation (Figure 8). In addition,
the HipB (A40G)-O4 structure in the P3121 space group, which is devoid of potential
statistical disorder problem, is also superimposable on the wild type HipB-O4 with a
RMSD of 0.3 Å for 71 Cα atoms. Thus, the contribution of the A40 binding to the
operators is unexpectedly small and if any it appears to play a weak inhibitory role.
Another HipB residue implicated in DNA binding is the hydroxyl group of S29,
which directly interacts with the C7 methyl group of the third thymidine of the TATCC
consensus sequence (Figure 7A). To assess the contribution of the residue S29 to the
DNA binding, we generated HipB (S29A), and measured the Kd using the fluorescence
polarization-based DNA binding assay. The Kd for the paired operator binding of HipB
(S29A) is essentially the same as the wild-type HipB binding (Table 10). In addition, the
structures of all HipB (S29A)-operators are superimposable to the wild-type
counterparts within a RMSD of 0.13 Å for 71 Cα atoms.
In summary, HipB residues directly interacting with DNA phosphate backbone
contribute to the stabilization of the HipB-operator complexes significantly whilst some
residues contacting directly with bases via van der Waals interaction contribute less.
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Figure 8. HipB mutants contributing less
(A) Wild type HipB interacting with O1 is shown in cartoon representation. The yellow
dotted lines indicate interactions with DNA. (B) HipB (S29A) mutant interacting with O1.
The hydroxyl group in S29 is removed in this mutant, resulting in the loss of a hydrogen
bond. (C) HipB (A40G) mutant interacting with O1. The mutation did not alter the
secondary structure in the recognition helix however, the hydrophobic interaction is
missing in this structure. Both mutant-O1 structures are in the same orientation as the
wild type HipB-O1.
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2.3.5 Mutations in the consensus motif result in the loss of HipB
binding
All bases in the consensus motif TATCC and GGATA are involved in the direct
interaction with multiple HipB residues including S29, K38, Q39, A40 and S43. Any
mutation in the consensus motif is expected to weaken HipB binding affinity.
Considering the high conservation of this motif among E. coli strains and the direct
interaction with HipB residues, the sequence of the consensus motif appears to be
required strictly for the HipB recognition. To assess the importance of the highly
conserved sequence, we tested the effects of mutations in the single and paired operator
sites on the HipB binding affinity. When the TATCC motif is mutated to the TATCG, the
binding affinity for the O1 and O2 operator becomes weaker by 44 and 81 fold,
respectively. In addition, any single mutation in the paired operator site O1O2 rendered
the affinity as if it is a single operator site (Table 11). We speculate that HipB binding to
the mutated single operator is significantly reduced due to the binding defect in the half
site (either TATCC or GGATA), which impairs stabilization of the DNA interaction.
Likewise, HipB binding to the impaired operator site O1O2 lacks communication
between the single operator sites, resulting in loss of cooperativity. Indeed, we observed
the complete loss of cooperativity when we mutated both operator sites. The affinity for
HipB binding to the mutated O1O2 operator is 50 fold weaker than the wild type paired
operator site O1O2 (Table 11). We further tested the affinity for HipB binding to the fadH
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O3 and eutH O1, which are predicted to be regulated by HipB (Lin 2014). We designed
hairpin forming DNAs using the half sequence so that each of these operator site
contains an 8 bp spacer and a single mutation in the TATCC or GGATA (Table 12). The
HipB binding affinity to these modified operator sites is significantly weaker than the O1
operator (Table 12). These observations suggest that any mutation in the consensus
motif would reduce the HipB binding affinity significantly and hence, elevate the HipA
toxin concentration resulting in growth arrest and MDT. Our mutant analyses support
the idea that no mutation either in HipB or the operator sites have been identified in
clinical isolates and not likely to emerge in nature because such mutations diminishing
DNA binding affinity would result in uncontrolled gene expression of hipBA and thus
cells with those mutations would be killed by HipA toxicity.
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Table 11. Equilibrium dissociation constants for HipB binding to the mutant
operators

All measurements are averaged from triplicated experiments. Most measurements were
performed by a summer research student Monal Depani.
‡ Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 200 mM
NaCl and 5% glycerol.
*, ** Mutated bases are shown in red color.
†
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Table 12. Operator sequences and their relative equilibrium dissociation constants

All DNAs are designed to form hairpin. The mutated and/or nearby bases are
highlighted in the red color. The consensus motif is underlined.
‡ Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 100 mM
NaCl and 5% glycerol. The fold difference is calculated in reference to the Kd value of the
O1H (11 ± 26 nM).
* Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 150 mM
NaCl and 5% glycerol to obtain reproducible binding isotherms. The fold difference for
the bottom half of the table is calculated in reference to the Kd value of the O4H (163 ± 26
nM).
†
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2.3.6 Indirect readout contributes to the affinity difference
Indirect readout such as sequence-dependent DNA conformational flexibility
plays an important role in protein-DNA interaction and affinity (61-63). We
hypothesized that the 8 bp spacer between TATCC and GGATA contributes to
stabilization of the HipB-DNA complex and thus results in affinity difference.
Previously, structural analysis showed that no direct HipB base contacts were observed
to the 8 bp spacer whilst DNA was distorted significantly, suggesting that the 8 bp
spacer might affect deformability (40). This analysis was based on the HipA-HipBpalindromic O1 complex structure solved at the resolution of 2.68 Å, which could lack
bridging waters in the 8 bp spacer region (40). Furthermore, the absence of HipB-O2, O3
and O4 structures made the analysis incomplete. To obtain structural insights into the
HipB-operator recognition and the role of the 8 bp spacer, we have determined HipB-O1,
HipB-O2, HipB-O3 and HipB-O4 complex crystal structures in two space groups (P4132
and P3121) using molecular replacement with a resolution range between 2.1 Å and 2.5
Å. In both space groups and all crystals, the DNA is significantly distorted; 70° in P4132
and 50° in P3121, respectively, when measured using CURVES+ (64). Interestingly, we
observed the phosphate backbone of the O2 adenosine 35 (Figure 7A) in the P3121 space
group deviates from the backbone of other operators. As a result, the direct contact of
the hydroxyl group of the T41 to phosphate backbone is missing; instead a monovalent
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cation atom appears to bridge the phosphate and the hydroxyl group. Residue T41 plays
an important role in the O2 operator binding because the affinity for HipB (T41A)
binding to the paired operator O1O2 was over 200 fold weaker than the wild type HipB
(Table 10). We also noticed that adenosine 35 belongs to an A-tract (contiguous 5ʹApApA-3ʹ), which can form a Bʹ-DNA conformation (65,66). Thus, it is predicted that the
lower affinity of the O2 operator might be partly due to the presence of the A-tract by
taking a Bʹ-conformation (Figure 9). Subsequent analysis of the minor groove and helical
parameters of the DNAs in the trigonal space group P3121 revealed that the O2 operator
shows a B-DNA like profile but some Bʹ-DNA specific characteristics such as presence of
monovalent cation ions within the minor groove (67) and negative propeller twisting of
base pairs (Figure 10) (68).
To assess the contribution of the A-tract to the DNA binding affinity, we
replaced the AAA by GGG, which destroys the A-tract but maintains the purine context.
Unlike our prediction, the fluorescence polarization-based DNA binding assay shows
that the mutation affects the binding capability of the O2 operator negligibly (Table 12).
Thus the A-tract does not appear to contribute to the DNA binding in the context of the
8 bp spacer sequence. The minor groove and helical parameter analyses show that the
profiles of the higher affinity sites O1 and O3 are similar while the profiles of the lower
affinity sites O2 and O4 are different from the O1 operator (Figure 10). In addition,
potential disorder of the O1, O2 and O3 operators negligibly affects the minor groove and
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helical parameters (Figure 11). These profiles of the O1 and O3 operator appear to be a
hallmark for the higher affinity sites since the DNA conformation is induced by the
HipB binding. In addition, the minor groove profile suggests that the 8 bp spacer of O2
and O4 operator might contribute to the HipB binding by different mechanisms. We also
noticed that the 8 bp spacer of the higher affinity sites O1 and O3 contain a guanosine at
both the 5ʹ and 3ʹ end. The lower affinity site O2 contains no guanosine at both ends
while the 8 bp spacer of the O4 operator contains a guanosine at the 5ʹ and a cytidine at
the 3ʹ end (Figure 9). To test whether these terminal guanosines are an element of the
higher affinity, we replaced the 5’ T and 3’ A of the O2 8 bp spacer with G and C,
respectively (TTTAGTGA  GTTAGTGC), and the 5’ G and 3’ G of the O3 8 bp spacer
with A and T, respectively (GCTCTACG  ACTCTACT). HipB binding to these
mutated single operator sites was essentially abolished (data not shown), suggesting
that the terminal base pairs play a critical role in the HipB binding. It is interesting to
point out that deletion of the entire A-tract maintained the binding capability of the O2
operator while a single base pair change in the A-tract abolished the DNA binding
completely. Furthermore, the context of the 8 bp spacer appears to be more important
regardless of the presence of the A-tract because, when we tested the palindromic O2
sequences including TATCCTCACGTGAGGATA and TATCCTTTATAAAGGATA,
HipB binding to these operator sites were both abolished as well. Next, we mutated the
cytidine at the 3ʹ end of the O4 8 bp spacer to the guanosine and determined the Kd,
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which showed essentially the same Kd as the wild type O4 operator. We speculate that
the flexibility of the 8 bp spacer ends might be an element for the higher affinity since
the 5’ T and 3’ A pair in the O2 operator is more flexible than the 5’ G and 3’ C pair in the
O1, O3 and O4 operator. We tested further how the flexibility of the O4 operator affect the
HipB binding affinity. When the 8 bp spacer of the O4 operator mutated to the more
flexible sequence (GCGATCGC  GCGTACGC) (69), no significant Kd difference was
observed compared to the wild type O4 operator. These observations suggest that the
contribution of the global flexibility of the 8 bp spacer plays a role in the affinity
difference. On the other hand, the lower affinity sites O2 and O4 contain a AT/GC ratio of
3 and 0.3, respectively while the higher affinity sites O1 and O3 have the value close to 1.
However, the equal AT and GC content is not sufficient to ensure the tight binding
because some poorly binding operator sites by mutation contain the AT/GC ratio of 1.
Thus, difference in AT/GC content could partly affect the global flexibility of the 8 bp
spacer resulting in a different energy cost for the DNA bending and difference in
affinity. Interestingly, we obtained consistent results when we calculated the HipBoperator electrostatic interaction energy using PBEQ-Solver (data not shown) (70). The
energy cost for the bending of the O2 and O4 is higher than the O1 and O3 thus the
affinity difference among operators can be attributed to a global flexibility of the 8 bp
spacer.
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Figure 9. Numbering scheme of the operator sites
(A) Each DNA base is numbered from the 5’ end of the top strand and continued to the
5’ of the bottom strand. The spacer region is highlighted in a rectangular box. The highly
conserved region (TATCC and GGATA) is colored in red. The DNA taken from the
crystal structure has a one base-pair overhang. (B) Sequences of the spacer regions of
each operator site are shown in a rectangular box. Mutated bases in the O1, O2, O3 and O4
operator for the binding studies are highlighted in blue. To make the 7 and 9 base pair
spacers in the context of the O1 operator, the TA base pair (grey shade) was deleted and
the CG base pair shown in blue color was inserted into the original O1 operator
sequence, respectively.
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Figure 10. Comparison of selected DNA operator conformation parameters
The helical parameters of the hipBA operator DNA in the P4132 space group were
analyzed using CURVES+ (64) and plotted with categories of minor groove width (A, B
and C), helical twist (D, E and F), roll (G, H and I) and propeller twist (J, K and L) as a
function of the DNA base-pair position, respectively. Each helical parameter of the O1,
O2, O3 and O4 operator is plotted with solid lines in colors of black, blue, green and red,
respectively. Note that all parameters of the O1 and O3 operator display similar profiles
while the O1 and O2 operator show the most discrepancy in the spacer region. The
position number of DNA was assigned from 5ʹ of the top strand and continues to the 5ʹ
of the bottom strand. The positions of bases 1, 2 and 21 are omitted in the analysis.
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Figure 11. Comparison of potentially disordered operator parameters
Due to potential disorder of the O1, O2 and O3 operators, each possible DNA
conformation (black and blue lines) was analyzed and compared. The top strands of the
O1A, O2A and O3A are TTTATCCGCTTAAGGATAA, TTTATCCTCACTAAAGGATAA
and TTTATCCGCTCTACGGGATAA, respectively. The top strands of the O1B, O2B and
O3B are TTTATCCCCTTAAGCGGATAA, TTTATCCTTTAGTGAGGATAA and
TTTATCCCGTAGAGCGGATAA, respectively. The analysis method and plot scheme
are the same as in Figure 10. i.e. categories of minor groove width (A, B and C), helical
twist (D, E and F), roll (G, H and I) and propeller twist (J, K and L) as a function of the
DNA base-pair position, respectively.
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2.3.7 The length of the spacer is important for the tight binding
It has been predicted that many genes possessing the consensus motif (TATCC
and GGATA) with a varying length of a spacer in their promoter region in E. coli
genome could be regulated by HipB (71). We have shown that HipB dimer recognizes an
operator site directly via the contact of the HTH motif to the major groove, resulting in
significant DNA bending. HipB is likely to bend DNA because the distance between the
HTH motifs is about 30 Å which is slightly shorter than the length of the intervening 10
bases (34 Å). Thus, the variation of the spacer length would cause the change of the
distortion state and cost more energy to bend, which will lead to affinity difference. To
test this hypothesis, we determined Kds of HipB binding to the O1 operator containing a
7 or 9 bp spacer between the TATCC and GGATA. As shown in Table 12, a single base
pair deletion or addition significantly diminished the HipB-operator binding affinity.
These results demonstrate that the length of the spacer is an important factor for the
HipB recognition of the operator sites and suggest limited HipB conformational
flexibility. Next, to confirm whether the 8 bp spacer ensures tight binding, we tested two
operators containing 8 bp spacer in the promoter regions of the yhiT-rbbA-yhhJ operon
(referred as rbbA) and ydeT. These two operators are poor HipB binders (Table 12). Thus
the 8 bp spacer is required for the ideal DNA recognition but it is not sufficient to ensure
the tight binding. We speculate that HipB is likely to regulate these genes (rbbA and
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ydeT) only at very high concentration in cells unless additional binding enhancing factor
is present.

2.3.8 Conclusions and perspectives
Inhibition of HipA transcription by HipB is one of the key steps to regulate
persistence. Previously, we proposed that HipA can be regulated posttranslationally by
two mechanisms; sequestration by HipB binding (40) and inhibition by phosphorylation
at residue S150 (42). In this study, we describe the molecular mechanism of the hipBA
gene regulation by HipB in depth. To understand the role of the four operator sites in
the promoter region, we determined the binding affinity of each operator site. We found
that HipB binds each operator site tightly, however, with different affinity, which
suggests that HipB or the HipBA complex occupy each operator site in a concentration
dependent manner and thereby they are likely to control transcription strength. Thus,
four operator sites are likely required for the maximal inhibition. We also demonstrate
that the direct and indirect readout play a role in HipB-DNA interaction. All residues
interacting with the DNA bases directly are critical for DNA recognition, binding
affinity and likely distortion while residues S29 and A40 contribute to the DNA binding
less. In addition, we propose that the context of the 8 bp spacer is critical for the affinity
difference among the operator sites. The O1 operator is likely to be the tightest binder to
HipB since it is naturally selected and highly conserved among E. coli stains. Finally, our
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biochemical and structural studies provide a clue to answer the question; how the
HipBA complex regulate the hipBA operon. The length of the inter- and intra-operator
spacer is an important factor for the allosteric regulation. Recently, it has been shown
that protein binding to DNA is substantially stabilized by binding of another protein
within 15 base pairs (72). Thus, HipB subunits bound to a single operator site containing
the 8 bp spacer can communicate each other through DNA, resulting in a tight binding.
Similarly, HipB or the HipBA complex binding to the paired operator site O1O2 or O3O4
(separated by a 10 base pair spacer between the operator sites) can be stabilized and
thereby exhibit cooperativity. In contrast, fadH, eutH and relA operators, which contain
26, 26 and 23 base pair spacers between the TATCC and GGATA, respectively, are
expected to lack cooperativity. Indeed, the HipB binding to the relA operator is
significantly weaker than the O1 operator (Table 12), demonstrating that the
communication between HipB subunits separated by 23 spacer is essentially abolished.
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Chapter 3. Biochemical and structural studies on HipA7
3.1 Introduction
Bacterial cultures maintain a small population of specialized cells, which
contribute to survival from killing by antibiotics and confer multidrug tolerance (3,48).
These cells, named persisters, have been known to exist for several decades (2), and
active research is ongoing to understand the underlying molecular mechanisms of
persistence. To identify the genetic elements responsible for the persistence phenotype,
mutants that showed a higher frequency of persistence were screened and isolated (53).
One mutant, named the hipA7 allele, increases persistence frequency by 10,000 fold in
stationary phase as compared to the wild-type hipA allele (53). Interestingly, HipA
overexpression stops bacterial growth and confers MDT (8) while ectopic expression of
HipA7 is nontoxic yet confers the same level of persistence as wild type HipA,
suggesting that overlapping but different molecular mechanism is involved in leading to
persistence phenotype (73). In addition, after observing the loss of the high persistence
phenotype upon relA and spoT (genes involved in ppGpp synthesis) knock-outs, Korch
and Hill proposed that HipA7 can increase the ppGpp levels, a bacterial alarmone, upon
sensing stress such as starvation and thereby increase in the number of persisters.
HipA is a 50 kDa protein and a serine protein kinase. HipB is a 10 kDa
transcription factor neutralizing the toxicity of the HipA in part by sequestration (53).
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Many Gram-negative bacteria chromosomally encode these proteins from the hipBA
operon the expression of which is autoregulated by HipB. In addition, HipA is regulated
by autophosphorylation on residue S150. We observed that phosphorylated HipA
exposes the buried P-loop motif, which blocks ATP binding. Thus we proposed that
autophosphorylation is inhibitory to the enzymatic activity and stops persistence (42).
To the contrary, the Lewis group first proposed that autophosphorylation is required for
persistence since HipA (S150A) lost persistence and multidrug tolerance (8). The high
persistence mutant HipA7 contains two mutations (G22S and D291A). The HipA
(D291A) single mutation alone was thought to confer high persistence phenotype (37).
However, the Lewis group recently obtained opposite results, that HipA (G22S) is
enough to confer high persistence phenotype (Lewis, personal communication).
Structural data should be helpful solving this conundrum.
To understand the molecular mechanism leading to high persistence phenotype,
our group previously solved a crystal structure of a HipA-HipB-DNA complex at a
resolution of 2.68 Å (40). Based on the structural analysis, it is proposed that the D291A
mutation would weaken the hydrogen bonding network connecting the HipA and HipB
(Figure 12). Thus, HipA7 might achieve high persistence by increasing free HipA7
concentration. To test this hypothesis, we performed structure-function studies and
biochemical assays as well. To assess the interaction between HipA7 and HipB
quantitatively, we determined the equilibrium dissociation constants of HipA-HipB and
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HipA7-HipB. We observed 3 to 4 times weaker binding in HipA-HipB compared to
HipA-HipB. The HipA7 structure determined at the resolution of 2.0 Å showed that a
water molecule is located in the space where the carboxylic group of D291 occupied,
providing a likely explanation of the slightly weaker affinity between HipA7 and HipB.
The structure also revealed that HipA7 in a new “out-state” P-loop motif conformation,
underscoring the conformational flexibility compared to other HipA structures. Other
interesting finding includes identification of an extra phosphorylation site, S348, using a
newly developed mass spectrometry (MS)-based kinase assay. This assay has allowed us
to propose a consensus motif for HipA phosphorylation. A more interesting finding is
the unexpected pyrophosphorylation of residue S150 that is supported by biochemical
and structural evidence. Together these findings are helping us to understand
completely the molecular mechanism underlying persistence.
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Figure 12. Hydrogen bonding network between HipA and HipB
(A) HipA forms a hydrogen bonding network with HipB, shown in dotted red box. In
this cartoon representation, the DNA is placed behind the HipB dimer. (B) A zoom-in
view shows that L327-D291-S285 of HipA are connected via hydrogen bonding to Q62 of
HipB (PDB ID: 3DNV) (40).

63

3.2 Materials and Methods
3.2.1 Protein expression and purification
All proteins were expressed and purified as described below. Plasmid DNAs
(pET28a-hipA, pET28a-hipA7 and pET15b-hipB) were transformed into BL21(DE3)pLysST1 competent cells, which were plated onto LB agar containing 50 μg•mL-1 kanamycin
and 34 μg•mL-1 chloramphenicol for HipA and HipA7 expressing cells, and LB agar
containing 100 μg•mL1 ampicillin and 34 μg•mL-1 chloramphenicol for HipB expressing
cells, respectively. All cells were grown at 37 ˚C with appropriate antibiotics. A single
colony was selected from each plate and inoculated into 250 mL LB for overnight
growth. 40 mL cells were transferred into 1.5 L LB and were incubated until the OD600
reached 0.6. Proteins were induced for four hours by adding 0.5 mM IPTG. Cells were
harvested by centrifugation at 4,000 x g, 4 ˚C for 10 minutes and the harvested cells were
stored in -80 ˚C until they were used. The frozen cells were thawed and resuspended in
50 mL buffer A (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol) containing 20
μg•mL-1 DNase I (Roche, Indianapolis, IN). After homogenizing the cells with a dounce
tissue grinder, cells were disrupted using a microfluidizer (model M110L, Microfluidics,
Newton, MA) and centrifuged at 31,000 x g, 4 ˚C for 0.5 hour. The supernatant was
applied to a 3 mL Ni-NTA affinity resin column equilibrated with Buffer A and allowed
to run by gravity. The column was washed overnight with washing buffer (buffer A
containing 20 mM imidazole) at 0.3 mL•min-1 flow rate. Proteins were eluted with a 5064

200 mM imidazole gradient. Protein homogeneity was estimated by SDS-PAGE gels
with coomassie blue staining. Buffer exchange or high protein concentrations were
achieved using Amicon ultra centrifugal filters (Millipore, Billerica, MA). The protein
concentration was estimated by a Bradford assay using BSA as the standard.

3.2.2 Crystallization of HipA7
HipA7 crystals were grown at room temperature using the vapor diffusion
hanging drop method. Initially, 20 mg•mL-1 of HipA7 protein was mixed with an equal
volume of commercially available crystallization solutions including JCSG+, CRYO I &
2, and Hampton Index. After 48 hours, diffraction quality crystals were obtained in
HEPES pH 7.5, 0.2 M NaCl, 40% PEG 300. The condition was further optimized by
systematically adjusting the concentration of PEG 300 and NaCl.

3.2.3 Structure determination and refinement
Crystals were soaked briefly in reservoir solution supplemented with 20%
glycerol and frozen in nitrogenous gas stream. Initially, data sets diffracting to 2.5 Å
resolution were collected using a home source rotating anode equipped an image plate
detector. Data sets diffracted to 2.0 Å resolution were obtained on SER-CAT 22 BM at
Argonne National Laboratory. To process data HKL3000 (55) was used and structures
were solved by molecular replacement using Phaser in PHENIX (56) and 3TPE (42) as a
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search model. Model building and refinement were performed using Coot (57) and the
software package PHENIX (Table 14) (56).

3.2.4 Nucleotide binding study of HipA7
To assess whether HipA7 binds ATP with the same or altered HipA affinity, UV
thermal melting experiments were performed with a PerkinElmer Lambda 25 UV/VIS
spectrophotometer equipped with PTP 6 Peltier system (42). 30 μg of HipA7 protein was
mixed with varying concentrations of ATP or ATP analogue in a total 500 μL of binding
buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl and 5 mM MgCl2). The samples were
mixed in quartz cuvettes, heated at a rate of 1˚C per minutes, and the UV absorbance at
310 nm was monitored in the temperature range between 20 ˚C and 70 ˚C. Data points
were obtained at every 30 seconds. Only one direction denaturation could be monitored
as HipA7 was irreversibly denatured at high temperature. As a control, equivalent
amounts of HipA protein was used in parallel. To dephosphorylate the HipA and
HipA7 proteins, λ phosphatase (0.125 μg protein per 1 U) was incubated with each
protein overnight. To remove λ phosphatase, the His6-tagged HipA proteins were
repurified by Ni-NTA affinity column chromatography. Dephosphorylated HipA and
HipA7 binding to nucleotide were conducted using the non-hydrolysable ATP analogue
adenosine 5′-(β, γ- imido) triphosphate (AMPPNP) since dephosphorylated proteins can
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hydrolyze ATP and can be rapidly rephosphorylated. Data were normalized and plotted
using Kaleidagraph (Synergy software, Reading, PA).

3.2.5 Generation of cysteine mutants and fluorophore labelling
HipB double mutants S29C/C71S and T27C/C71S were generated using site
directed mutagenesis. Both proteins were overexpressed in BL21 (DE3) pLysS-T1 cells
with 0.5 mM IPTG induction for 4 hours at 37 ˚C. Ni-NTA affinity column
chromatography purified proteins were labelled on these single cysteines using Alexa
488 fluorophore (Molecular Probes) using the company’s protocol. The stability and the
intensity of labelled S29C/C71S was suitable for conducting fluorescence polarizationbased HipA-HipB binding assays.

3.2.6 Fluorescence polarization-based binding assays
Fluorescence polarization-based assays were performed to determine the binding
affinity of HipB for HipA and HipA7 in the presence of the paired hipBA O1O2 operator
site (5ʹ-TTATCCGCTTAAGGGGATATTATAAGTTTTATCCTTTAGTGAGGATAA)
(26,54). The DNA, labelled with 6-carboxyfluorescein at the 5ʹ-end, was purchased
(Integrated DNA Technologies Inc., Coralville, Iowa) and used without further
purification. The labelled DNA was heated to 95 ˚C for two to five minutes in the
presence of an equal amount of the unlabeled complementary strand. The strands were
annealed by cooling slowly to room temperature. The binding affinity of HipA7 for
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HipB was determined by titrating HipA7 into a HipB saturated solution (~100 nM HipB,
which is 10 fold above the Kd (26)), which was pre-incubated with 1 nM labelled DNA for
2 minutes, in 0.5 mL binding buffer A (20 mM Tris-HCl pH 7.5, 200 mM NaCl and 5%
glycerol) at 10 ˚C. Changes in fluorescence polarization were monitored using a Panvera
Beacon 2000 (Panvera Corporation, Madison, WI) as a function of increasing
concentration of HipA7. The wavelengths used for excitation and emission were 490 nm
and 530 nm, respectively. Dissociation constants were obtained as described previously
(26). Briefly, the increase in fluorescence millipolarization (mP = P·10-3 , where P is
polarization) as a function of the increasing HipA7 concentration was fit using the curve
fitting function of Kaleidagraph and the equation: P = {(Pbound - Pfree) [Protein-DNA
complex)]/(Kd + [Protein-DNA complex])} + Pfree, where P is the polarization measured at
a given concentration of HipA7, Pfree is the initial polarization of the HipB-DNA
complex, and Pbound is the maximum polarization of specifically bound HipB-DNA.
Nonlinear least squares analysis is used to determine Pbound and Kd. HipB binding to
HipA7 in the absence of DNA was conducted using 10 nM Alexa 488-labelled HipB
(S29C/C71S). For control, HipA was used for all binding experiments.

3.2.7 Determination of Kd for HipA7 binding to HipB using ITC
To corroborate HipA-HipB and HipA7-HipB affinity, isothermal titration
calorimetry experiments were conducted. All proteins were dialyzed against degased
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buffer A (20 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol) at 4 ˚C. 600 μM HipB was
loaded into the syringe and titrated into 60 μM of HipA or HipA7 with increments of 10
μL. The reaction cell solutions were stirred at 300 rpm upon addition of HipB.
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Table 13. Selected crystallographic data for HipA7 structure
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3.3 Results and Discussion
3.3.1 HipA7 maintains a hydrated hydrogen bonding network near the
residue A291
Despite a low sequence identity to the serine protein kinase family (8), the active
site of HipA is structurally superimposable onto the mechanistically best understood
protein kinase, cAMP dependent protein kinase A (PKA, PDB ID: 1ATP) (74), revealing
its corresponding catalytic residues (Figure 13). The catalytic activity of HipA7 is likely
to be unaffected upon mutation since the active site of HipA is distantly located from
residues G22 and D291. Previously described HipA structures shows that these residues
are separated by over 25 Å from key catalytic residues including a proposed catalytic
base residue D309 and a magnesium binding residue D332 (40,42). The alanine
substitution of D291 has been suggested to reduce affinity for HipB binding by
disrupting the hydrogen bonding network, which connect HipA residues L327, D291
and S285 to HipB residue Q62 at the binding interface (Figure 14C) (40). As a result, a
higher concentration of free HipA7 might be present and consequently increase
persistence via its kinase activity. To test whether the alanine mutation of the residue
D291 affects the hydrogen bonding network and thus weakens the HipA7-HipB
complex, we solved the crystal structure of HipA7 at a resolution of 2.0 Å by molecular
replacement using wild type HipA (PDB ID: 3TPE) as the search model (42). As
expected, the quaternary structure of HipA7 has an overall similar fold as the wild type
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HipA (RMSD = 0.3 Å for 350 corresponding Cα atoms). In addition, the mutated
residues are approximately over 20 Å away from the α-carbon of the catalytic residue
D309, indicating that these mutations would neither affect ATP binding nor kinase
activity of HipA7 (Figure 14A). Intriguingly, the HipA7 crystal structure reveals that a
water molecule occupies the space where the carboxylic group of residue D291 of wild
type HipA is located, serving as a substitute for the side chain and thereby maintaining
hydrogen bonding network in this region (Figure 14B). However, the contribution of a
water molecule stabilizing this region might be weaker than the carboxylic group
because of the difference to enthalpic and entropic contribution. To test this hypothesis,
we determined the Kd for HipA7-HipB and HipA-HipB using a fluorescence
polarization-based binding assay in the presence of the fluoresceinylated paired
operator O1O2 or the Alexa Fluor 488 labelled HipB as reporting molecules. The affinity
for HipA7-HipB is approximately 3 to 4 times weaker compared to HipA-HipB, which
supports the hypothesis that the high persistence can be attributed to slightly weaker
binding between HipA7 and HipB (Table 15). We also obtained consistent results using
isothermal titration calorimetry (data not shown). Next, to test the ATP binding
capability of HipA7, we performed an ultraviolet-visible spectroscopy-based thermal
denaturation assay (42). In this assay, binding of nucleotides can increase the stability of
HipA, resulting in an increase in melting temperature. As shown in Figure 15, the ATP
binding ability of HipA7 (~100 μM of apparent K) is approximately the same as wild
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type HipA, indicating that HipA7 has a similar catalytic function as wild type HipA.
These biochemical and structural studies support the hypothesis that the weakened
binding affinity of HipA7 for HipB is the molecular basis leading to high persistence
phenotype.
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Figure 13. Active site of HipA
Conserved catalytic residues and interactions with MgATP in HipA. S150 is the
phosphorylation site connected to the P-loop motif. Corresponding key residues in the
active site of PKA are in the parenthesis. This drawing is adapted from references (7476).
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Figure 14. Mutated residues of HipA7 and the hydrogen bonding network.
(A) The mutated residues S22 and A291 are approximately 26 and 20 Å away from
residue D309, respectively. The hypothetical ATP analogue is modelled after aligning
HipA7 with the HipA-AMPCP complex structure (3FBR) (40) with a RMSD of 1.0 Å for
399 Cα atoms. The EF-Tu peptide (orange tube) is located closer to the S22 containing
region. (B) The hydrogen bonding network in HipA7 is highlighted with yellow dots. A
water molecule maintains the hydrogen bonding network near A291. The HipB residue
Q82 is modelled using the HipA-HipB-DNA complex structure (3DNV) after alignment.
(C) The D291-L327-S285-Q82 hydrogen bonding network of the HipA-HipB-DNA
complex (3DNV) is shown. The orientation is the same as in (B).
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Figure 15. Thermal stability of HipA and HipA7 in the presence of nucleotides
Thermal stability of HipA and HipA7 in the presence of nucleotides. Thermal
stabilization of HipA7 and HipA by nucleotide binding were tested using UV-VIS
thermal melting experiments. λ phosphatase treated HipA (depHipA) (A) and HipA7
(depHipA7) (B) were incubated with varying concentration of the non-hydrolysable
ATP analogue, AMPPNP, to monitor the absorbance change as a function of
temperature. As a consequence of binding, both HipA and HipA7 show increase in Tm
(the temperature at half maximum absorbance) as temperature increases. In contrast,
both phosphorylated HipA (C) and HipA7 (D) do not shift Tm significantly as
temperature increases, indicating that pHipA and pHipA7 do not bind ATP at
concentration of 2 mM.
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Table 14. Comparison of HipA-HipB binding with HipA7-HipB
Kd (nM)1,2
HipA-HipB3
HipA7-HipB3

O1O2 labelled

Cys labelled4

17 ± 3
44 ± 18

12 ± 2
39 ± 7

Fold difference
1
3

All measurements are average of triplicate experiments.
Experiments were conducted in a buffer containing 20 mM Tris-HCl pH 7.5, 200 mM
NaCl and 5% glycerol.
3 HipA and HipA7 were titrated into the solution containing 115 nM HipB and 1 nM
fluorescein labelled O1O2 (O1O2 labelled), or 6 nM Alexa Fluor 488 dye labelled HipB
(S29C/C71S) (Cys labelled).
4 Assays were performed and data were analyzed by an undergraduate researcher Allen
Wang.
1
2
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3.3.2 Substrate recognition appears to be altered in the HipA7 Nterminus subdomain 1
When the P-loop motif of HipA adopts the “in-state” form, the P-loop motif
divides the N-terminus domain into two sub-domains ND1 and ND2 (42). The ND1
contains four α helices and four β strands spanning about one hundred amino acid
residues. Compared to other eukaryotic serine protein kinases, the ND1 is a unique
domain containing other high persistent-inducing mutations including P86L (Lewis,
personal communication) and D88N (37). The ND1 has been suggested to play a role in
recognizing substrates. The low resolution EF-Tu peptide-HipA-AMPPCP complex
structure (PDB ID: 3FBR) (40) supports this hypothesis because one end of the bound
peptide is located near residue S22 (approximately 12 Å apart) (Figure 14A). Substrate
recognition by a non-catalytic region is important for efficient phosphorylation. For
example, cyclin-dependent kinase Cdk2 recruits the protein substrate p107 using a small
hydrophobic patch (RXL motif) of bound cyclin A, located 35 Å away from the active
site (77). Mutation in the RXL motif significantly reduces the phosphoryl transfer
efficiency. Interestingly, some bacteria have a trans-gene encoding HipA N-domain
separately. Examples include HI0666 in Haemophilus influenza RdKW20 and c5296 in E.
coli CFT073 (9). HipA of the pathogen E. coli O157:H7 EDL933 lacks approximately 100
amino acid residues that are comprising the ND1. In addition, hipB and the regulatory
sites in the hipA promoter region are missing in that strain. In the absence of these
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regulatory elements, expressed HipA is expected to cause toxicity and cell death (8,53).
To date, no physiological consequence of the ND1 of HipA deletion has been reported.
Interestingly, hipA in E. coli O157:H7 EDL933 is slightly upregulated within
Acanthamoeba castellanii (78). Thus, understanding the role of the N-domain of HipA will
lead to fuller understanding of the molecular mechanisms underlying multidrug
tolerance.

3.3.3 MS-based kinase assay reveals a novel phosphorylation site
The kinase activity of HipA is required for arresting cellular growth and
conferring multidrug tolerance (8). To test the hypothesis that kinase activity of HipA7 is
also required for MDT, we developed a mass spectrometry-based kinase assay in
collaboration with Dr. Ziqiang Guan (Duke University, Biochemistry), which enabled us
to detect autophosphorylation. Mass spectrometry experiments and most spectra
analyses were performed by Dr. Z. Guan. MS-base kinase assay allowed not only fast
and safe assessment but also simultaneous detection of multiple phosphorylation sites.
We observed unexpectedly two types of phosphorylated HipA (or HipA7) after 10
minutes incubation in the presence of 5 mM MgATP at 37 °C. In the mass spectra, two
additional peaks with increases in mass of 80 Da and 160 Da, respectively, are observed
(Figure 16). We interpreted that the +80 Da peak is singly phosphorylated HipA since
residue S150 has been known as a sole phosphorylation site (8,42). However, the +160 Da
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peak suggests an additional phosphorylation event. Moreover, doubly phosphorylated
HipA became dominant after 30 minutes incubation with ATP. To identity the
additional phosphorylation site, purified HipA was digested by trypsin under the
condition where the amount of the doubly phosphorylated HipA was maximized.
Surprisingly, MS-MS analysis revealed that residues S348 and S150 are phosphorylated.
Similar to the nearby residues of S150 (R148-I149-S150), S348 has a positively charged
residue histidine H346 at P-2 (the second position toward N terminus from S348) and a
hydrophobic residue, isoleucine I347 at P-1 (the first position toward N terminus from
S348). The identification of this novel phosphorylation site corroborates that a consensus
motif for HipA phosphorylation is +ϕS, where +, ϕ and S represent positively charged,
hydrophobic and a serine amino acid residues, respectively. Recently identified HipA
substrate glutamyl-tRNA synthetase (GltX) also contains this consensus motif (KLS), the
phosphorylation of which by HipA would cause translation inhibition leading to
persistence (38). In addition, we confirmed that HipA (R148K) can undergo
autophosphorylation and generate doubly phosphorylated forms, suggesting that the
positive charge at P-2 determines substrate specificity. The mode of the phosphorylation
at residue S348 appears to be intermolecular since the intramolecular phosphorylation
would require a large conformational change to move S348 into catalytic site. The
significance of S348 phosphorylation is unclear as its phosphorylation can be an artifact
since the MS analysis of overexpressed wild type HipA failed to detect substantial
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amounts of phosphorylation at residue S348 in cells. Regardless of the physiological
relevance, we found that the newly identified phosphorylation site S348 is useful as a
substrate peptide. Previously, we showed that HipA can phosphorylate the S150 peptide
(EENDFRISVAGAQEK) (42). By mimicking this approach, we designed a nanomeric
S348 peptide (TGIHISDLK) and conducted MS-based peptide kinase assays. Indeed, the
S348 peptide can be phosphorylated by HipA (or HipA7) as well (Figure 17).
Interestingly, the S348 peptide appears to be a better substrate than the S150 peptide
since the phosphorylation level of the S348 peptide is approximately 3 time higher than
the S150 peptide under the same experimental condition.
To determine the Kd of the S348 and GltX peptides for HipA, we designed
fluoresceinylated-peptides (5FAM-TGIHISDLK and 5FAM-GKKLSKRH) and
performed fluorescence polarization-based peptide binding assays. Unfortunately, we
were not able to observe any binding for these peptides even after titrating 20 μM or
higher concentration of HipA. However, we were able to detect phosphorylation on
these peptides reproducibly when we performed the MS-based kinase assay (Figure 18),
suggesting that these peptides are indeed HipA substrates yet perhaps as expected weak
binders.
The MS-based peptide kinase assay is a powerful tool for testing candidate HipA
substrates containing the consensus motif before testing full-length proteins. The use of
peptide increases the chance to succeed when full-length proteins with buried motif
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need a conformational change to be phosphorylated. A BLAST search using EcoCyc (79)
and the consensus motif (RIS, KIS, HIS and KLS) resulted in total 977 candidate
substrate proteins. Interestingly, four additional aminoacyl-tRNA synthetases (threonyl, alanyl-, methionyl- and cysteinyl-) contain the KLS sequence, suggesting that these
proteins could also be HipA substrates. A phosphoproteomic study on the E. coli
genome has revealed 79 phosphoproteins among which the HipA
(EENDFRISVAGAQEK) and the polynucleotide phosphorylase (EGLVHISQIADK)
contain the consensus motif (80). Combining with phosphoproteomic approach, in vivo
HipA and HipA7 substrates can be identified and tested, which will reveal novel
persistence pathways (See Appendix B).
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Figure 16. HipA autophosphorylation time course
1.6 μM dephosphorylated HipA was completely autophosphorylated in the presence of
5 mM MgATP at 37˚C in 30 minutes. The molecular weight increase for each
phosphorylation is 80 Da. Extended incubation of HipA in the presence of 5 mM MgATP
resulted in complete dephosphorylation of HipA. All reactions were quenched at each
time points with 6 M Guanidine-HCl with a ratio of 1:1 (v/v). Spectra are courtesy of Dr.
Z. Guan.
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Figure 17. Peptide kinase assay
50 μg HipA (S348T) is incubated with 400 μg of S348 (top) or S150 (bottom) peptide in
buffer containing 20 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2 and 1 mM DTT. To
dephosphorylate HipA, HipA was incubated with 0.5 mM ADP for 20 minutes at 37 ˚C.
The kinase reaction started by adding 3 mM ATP. After 10 minutes incubation, an
additional 3 mM ATP was added and the reaction mixture was incubated for another 20
minutes. Note that the scale of the intensity of these spectra are different. Spectra are
courtesy of Dr. Z. Guan.

84

Figure 18. GltX phosphorylation
Fluoresceinylated peptides (5FAM-GltX and 5FAM-S348) can be phosphorylated in the
presence of HipA (S348T). The (M+2H)2+ peaks for pGltX (top) and pS348 (bottom) are
increased by 40 Da. Experimental condition is the same as in Figure 17. Note that the
scale of the intensity of these spectra are different. Spectra are courtesy of Dr. Z. Guan.
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3.3.4 HipA is a serine-specific kinase
HipA was predicted to be a serine protein kinase and is known to
autophosphorylate at residue S150 (8). When the phosphorylated serine is hypothetically
replaced by phosphorylated tyrosine or phosphorylated threonine, steric clash can be
seen exclusively between the phosphotyrosine and catalytic site residues, suggesting
that HipA is unlikely to be a tyrosine kinase. To test whether HipA can phosphorylate
threonine, we performed an MS-based kinase assays using wild type HipA and
substrate peptides T150 (IREENDFRITVAGAQEK) and T348 (TGIHITDLK).
Surprisingly, none of these peptides was phosphorylated under the condition where
substantial amounts of both the S150 and S348 peptides were phosphorylated. Next, to
test the autophosphorylation capability of a threonine at position 150 of HipA, we
generated the HipA (S150T) mutant and analyzed the protein after Ni-NTA affinity
purification. Consistent with the result of peptide kinase assay, no intracellular
autophosphorylation of HipA (S150T) was detected. In addition, no phosphorylated
protein or peptides were detected after incubating with 5 mM MgATP for 1 hour at 37
°C or overnight at room temperature, suggesting that HipA might be a serine-specific
protein kinase. To test whether the HipA (S150T) binds ATP as well as wild type HipA,
we conducted an UV-VIS thermal melting assay. Surprisingly, no difference was
observed in ATP binding. Thus, it is not clear why the HipA (S150T) behaves like a
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kinase-dead protein but the physiological consequence of such a change would be the
loss of persistence and multidrug tolerance. Indeed, HipA (S150T) overexpression from
the pET28a plasmid in E. coli C41 (DE3) strain resulted in approximately a 10,000 fold
lower cell survival rate in the presence of ampicillin as compared to wild-type HipA
(Figure 19B). In addition, pET28a-hipA (S150T) harboring cells after induction with 0.5
mM IPTG continued growing as well as the kinase-dead mutants S150A and D309N
while pET28a-hipA harboring cells stopped cell growth within 1 hour of induction
(Figure 19A), suggesting that HipA (S150T) lacks kinase activity. Our results are
consistent with the earlier finding that the kinase activity of the overexpressed HipA is
required to arrest cell growth and confer multidrug tolerance (8). Hence, the inability of
hipA (S150T) strains to become persistent is readily understood, however, it is not clear
whether phosphorylation at residue S150 is required for persistence. On the one hand,
strains with hipA (S150A) cannot become persistent or multidrug tolerant (8). However,
this can be explained by the structure of HipA (S150A) which reveals that the P-loop
motif of HipA (S150A) adopts dominantly “out-state” conformation which greatly
diminishes its ability to bind ATP at physiologically relevant concentrations (42). On the
other hand, the lack of kinase activity of HipA (S150T) is unclear, as it binds ATP very
well and can take a kinase active conformation (structure not shown). Thus additional
studies on HipA (S150T) are required although we propose that S150 phosphorylation is
required to stop persistence rather than activate persistence (42).
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Figure 19. Effect of HipA mutations on cell growth and antibiotic tolerance
(A) Growth of E. coli C41 (DE3) strain expressing HipA and its mutants from a
pET28a plasmid was monitored. The strain was grown in LB broth containing 50
μg/mL kanamycin until OD600 reached approximately 0.3. HipA was induced with
0.5 mM IPTG designated as 0 time. (B) Antibiotic tolerance of E. coli C41 (DE3) strain
expressing HipA was performed. When the OD600 reached approximately 0.3, 1 mL
aliquots were removed and induced with 0.5 mM IPTG for 60 minutes. The induced
cells were challenged with 100 μg/mL ampicillin for 3 hours. The percent survival
was calculated as the ratio of CFU/mL post-treatment divided by CFU/mL
pretreatment. Experiments were triplicated and the ratio was averaged. Standard
deviations are shown with error bars. Note that HipA (S150E) overexpression
protected cells modestly although the protection is 1,000 fold lesser than the wild
type HipA.
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3.3.5 HipA7 structure reveals conformational heterogeneity of the Ploop motif
Phosphorylated HipA7 (pHipA7) adopts an “out-state” P-loop motif
conformation, showing noticeable differences in this region when compared to other
“out-state” structures such as pHipA (3TPE) and pHipA-ADP (3TPV) (42). In wild-type
pHipA, the region between amino acid residue 142 and 155 forms a loop while residues
between 135 and 141 are disordered (42). Unlike pHipA, pHipA7 clearly shows an
electron density between residues 134 and 155 (Figure 20). In addition, two α helices
(140-149, and 151-155) are formed and flank residue pS150. Thus, pHipA7 reveals
additional conformation of the P-loop motif region, which likely represents the postphosphoryl transfer state (Figure 21). In pHipA, loop residues (143-146) pack against
activation region (188-190) showing an ordered structure. In contrast, the activation
region of pHipA7 is flanked by two elements, the α5ʹ of the P-loop motif and a GTG
sequence. Residue T130 in α5 is a hinge point resulting in a kinked helix. The most
striking difference between pHipA and pHipA7 can be found in the P-loop motif region
(134-155), where the orientation and position of key residues involved in substrate
recognition are dramatically changed. For example, the α-carbons of residues R148, I149
and S150 between pHipA and pHipA7 are separated 6 Å, 8 Å and 3 Å away,
respectively (Figure 21). As a result, residue R148 is no longer facing the active site in
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pHipA7. However, the position of the S150 phosphoryl group still overlaps the position
of γ-phosphate of ATP and the phosphoryl group of pHipA.
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Figure 20. Secondary elements of pHipA7
pHipA7 in (A) ribbon representation and (B) with primary sequence indicates the
residues with the 17 α-helices in blue and 17 β-strands in cyan. α5ʹ and α5″ belong to Ploop motif and are newly identified elements in pHipA7. β8ʹ and β8″ belong to
activation region.

91

Figure 21. Comparison of P-loop motif of HipA with HipA7
P-loop motifs are highlighted with yellow and magenta color for HipA and HipA7,
respectively. Phosphoryl groups on S150 are overlapping with γ-PO4 of ATP. ATP is
modelled by aligning ATP bound HipA structure (PDB ID: 3DNT) (40). Key residues
involved in substrate recognition including R148, I149 and S150 are located 6 Å, 8 Å and
3 Å away from in these two conformations, respectively.
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3.3.6 HipA7 structure reveals unusual pyrophosphorylated state
To analyze the structure of phosphorylated state of HipA7, a phosphorylated
serine 150 (SEP150) is modelled to fit the Fo-Fc electron density map after molecular
replacement. No electron density supporting S348 phosphorylation was detected,
suggesting that residue S348 is not phosphorylated. Interestingly, after several cycles of
refinement, positive electron densities surrounding the phosphoryl group of SEP150
appeared at three distinct positions. Initially, we assumed that one water molecule and
two magnesium ions are coordinating the phosphoryl group to stabilize the negative
charges of SEP150 (Figure 22). When a water molecule is modelled into the upper
density near the phosphate, the distance between the oxygen atom of the water and the
oxygen in the phosphate lies within 2.2 Å. Judging from the size of the densities in Fo-Fc
map, it was also possible to model a pyrophosphorylated S150 (SPP150). When the
occupancy of the atoms of the SPP150 residue are set at 75 %, the B-factors (thermal
parameter) for individual atoms resulted in values between 40 and 60. Thus, the HipA7
crystal structure might represent either a singly phosphorylated or pyrophosphorylated
state on residue 150. The SPP150 would interact with positively charged residues in
vicinity. The α-phosphoryl group of SPP150 interacts with residue K266, the interaction
of which is absent in pHipA. The β-phosphate would interact with residue K313 (Figure
22B). Both residues K266 and K313 are well conserved in HipA among Gram-negative
bacteria.
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Figure 22. Electron density near residue S150
(A) When HipA7 is modelled with SEP150, extra electron densities are appear nearby at
three distinct locations. (B) When pyrophopho-S150 (SPP150) is modelled into the
nearby electron densities, the fitting into the electron density of the terminal phosphate
is poor. The other two locations are modelled with magnesium ions in green color. All
maps are contoured at 1.0 σ in PyMOL (The PyMOL Molecular Graphics System,
Version 1.5.0.4 Schrödinger, LLC.).
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3.3.7 HipA undergoes autopyrophosphorylation
At an early stage of developing the MS-based kinase assay, we observed a small
portion of overexpressed wild-type HipA exhibited a doubly phosphorylated form,
which was interpreted as autophosphorylation at residues S150 and S348. A time course
experiment also showed that the amount of doubly phosphorylated wild-type HipA can
be maximized after 30 minutes incubation in the presence of 5 mM MgATP at 37 ºC
(Figure 16). To test whether S348 phosphorylation is dependent on S150
phosphorylation or vice versa, we generated single mutants of each residue, and
conducted MS-based kinase assays. Ironically, all S348 mutants including HipA (S348T),
HipA (S348A) and HipA (S348R) were still doubly phosphorylated. As expected, none of
the S150 mutants including HipA (S150A) and HipA (S150T) were phosphorylated (data
not shown). Structural analysis of HipA7 has suggested that pyrophosphorylation at
residue S150 is feasible thus we tested whether HipA actually can undergo intracellular
pyrophosphorylation. To ensure that residue S150 should be the only phosphorylation
site, we used HipA (S348T) whose phosphorylation site is blocked. Purified HipA
(S348T) was analyzed directly by MS, i.e. no in vitro
dephosphorylation/rephosphorylation. Interestingly, we observed approximately 5 % of
the overexpressed protein contained a +160 Da peak in mass spectra (data not shown).
To confirm unambiguously the phosphorylation site, we maximized doubly
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phosphorylated HipA (S348T) by conducting a kinase assay for 30 minutes followed by
trypsin digestion. Surprisingly, pyrophosphorylation occurred at residue S150 and no
phosphorylation was observed at residue T348, which explains why we always observed
the +160 Da increase in mass in all S348 mutants. In addition, the same pattern of
pyrophosphorylated peptide was found in both trypsin-digested wild-type HipA and
HipA (S348T), which were overexpressed and purified directly from cells using Ni-NTA
affinity chromatography (Figure 23). Thus, HipA appears to undergo intracellular
autopyrophosphorylation on residue S150, and phosphorylation on residue S348 is not
required.
Reports on protein pyrophosphorylation are scarce. One example includes
inositol pyrophosphate (IP7 and IP8)-mediated protein pyrophosphorylation (81)
however, the biological significance is unknown. HipA autopyrophosphorylation is an
unprecedented example of kinase-dependent protein pyrophosphorylation.
Pyrophosphorylated HipA is unlikely to bind ATP and thus it is likely to inhibit its
kinase activity as does singly phosphorylate HipA. Mechanistically, β-phosphate
transfer from ATP is unlikely to occur due to catalytic site configuration. Indeed, when
γ-thio ATP was used for the MS-based kinase assay, only singly phosphorylated HipA
was observed with a 96 Da increase in mass. The transferred monothiophosphoryl
group blocked the second phosphoryl transfer, suggesting that HipA
autopyrophosphorylation is additive. We also observed that pyrophosphorylation can
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occur in the presence of 50 μM MgATP, suggesting that the pyrophosphorylation is a
kinase-dependent reaction not chemically driven by excess ATP and occurs at ATP
concentration near the apparent Kd for ATP.

3.3.8 Phosphorylation is reversible
To date, no dephosphorylating enzymes for pHipA has been identified in E. coli
(Lewis, personal communication), which raises the possibility that the HipA might act as
its own phosphatase. Many protein kinases have been reported to possess phosphatase
activity in the absence or presence of ADP (82). We also observed a MgADP-dependent
dephosphorylation activity of pHipA in vitro (Figure 24). As a control, we performed the
assay in the absence of ADP and confirmed no dephosphorylation was occurred.
Interestingly, we observed oscillation between dephosphorylated HipA and mono- or
pyrophosphorylated HipA while we were conducting time course experiments,
suggesting that HipA possesses dephosphorylation activity in an [ADP]/[ATP] ratio
dependent manner (Figure 16). However, we cannot completely eliminate the possibility
of any protein phosphatase contamination beyond the detection limit of the mass
spectrometry.
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Figure 23. Cellular level of pyrophosphorylated HipA
(A) HipA (S348T) was autophosphorylated in the presence of 5 mM MgATP for 1 hour
followed by trypsin digestion. Peaks represent the signature of pyrophosphoryated
protein. (B) The same pattern was observed with wild-type HipA purified by Ni-NTA
resin. The typical sample contains greater than 90% singly phosphorylated HipA. (C)
HipA (S348T) protein contains a small amount of pyrophosphorylated HipA as well.
Note the intensity of each peaks in (A) is higher than in (B) and (C).
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Figure 24. HipA undergoes dephosphorylation in an ADP dependent manner
(A) 1.6 μM of pHipA was incubated at 37 ˚C for 10 minutes in the presence of various
concentration of ADP. (B) 0.8 μM of pHipA was incubated at 37 ˚C in the presence of 0.5
mM MgADP at 37 ˚C and each samples were taken to mix with 6 M Guanidine-HCl in a
1:1 (v/v) ratio.
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3.3.9 Conclusions and perspectives
HipA is a persistence factor, which causes growth arrest and confers multidrug
tolerance. A gain of function mutant, the hipA7 allele, shows a 1,000~10,000 fold
increased persistence frequency when compared to wild type hipA allele. The weaker
binding affinity between HipA7 and HipB and its release have been proposed as part of
the molecular basis of high persistence phenotype. Our biochemical and structural
studies on HipA7 tested this hypothesis by providing quantitative assessment of
interaction between HipA7 and HipB. The mutation on D291 weakens the hydrogen
bonding network linking HipA to HipB and resulted in a 3 to 4 fold decrease in HipB
binding affinity, which consequently would increase free concentration of HipA7
leading to higher persistence. Structure-function study on HipA7 resulted in several
unexpected findings. First, the HipA7 structure revealed conformational heterogeneity,
based on which we proposed the dynamic movement of the P-loop motif. Second, we
identified an extra phosphorylation site S348, which allowed us to propose the HipA
phosphorylation consensus motif +ϕS. Using this consensus motif and a BLAST search,
approximately 1,000 candidate substrates were identified in E. coli genome. Combined
with a newly developed MS-based kinase assay and phosphoproteomic approach, in
vivo HipA substrates are expected to be identified and validated in future. Finally, the
most surprising finding is HipA-mediated pyrophosphorylation. HipA7 structure
represents a mixture of mostly singly and pyrophosphorylated states on residue S150. In

100

addition, the MS-based kinase assay confirmed intracellular pyrophosphorylation can
occur. In depth studies on biological relevance of HipA pyrophosphorylation might
reveal novel mechanisms leading to persistence or HipA regulation.
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Chapter 4. Overall conclusions
Multidrug resistance is responsible for acute infections while multidrug tolerance
is responsible for chronic infections. The hidden threat of MDT is developing MDR
because repetitive exposure of antibiotics will not only select persisters but also resistant
cells. Persisters play important roles in persistence and MDT especially in biofilms. The
molecular mechanisms of MDR have been relatively well studied however researchers
just started to understand the molecular mechanisms of MDT.
Persisters are dormant or slow-growing cells that exist transiently. It had long
been difficult to conduct in vivo analyses of the cells due to the lack of method for
obtaining large enough quantities of stable persisters. To isolate persisters, the Lewis
group developed a flow cytometry-based method using GFP expressing construct under
the assumption that persisters would have diminished protein production (83).
Consequently, persisters will contain less amount of GFP-labelled proteins compared to
normal dividing cells. Using this method, they were able to obtain the transcriptome of
persisters, and the analysis revealed multiple up-regulated and down-regulated genes
involved in cellular processes potentially leading to metabolic dormancy. To date
multiple mechanisms leading to dormancy have been proposed (3). Particularly, the
switch mechanism between dormancy and cell growth will provide us valuable
information to develop strategies for eradicating persisters and this chronic infections.
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hipBA gene regulation by HipB or the HipBA complex is a key step for inhibiting
HipA toxicity as uncontrolled hipA expression would be lethal to cells (53). E. coli hipBA
operon contains four operator sites with a consensus motif sequence TATCCN8GGATA
at its 5’ UTR (53). As a transcription repressor, HipB binds these operator sites tightly to
autoregulate hipA and hipB expression (53). HipB recognizes DNA major groove through
its HTH motif interaction and induces significant DNA bending (40). To fully
understand the molecular mechanism of hipBA gene regulation, we determined binding
affinities of HipB to either individual or paired operator sites. We also determined the
HipB-hipBA operator complex structures. These biochemical and structural studies
allowed us to further delineate how HipB achieves such tight binding affinity and
transmits information between operators upon DNA binding. To fully understand why
bacteria contain different number of hipBA operator sites, studies on the physiological
role of individual operator would be helpful. Currently, the Lewis group is testing the
effect of individual operator deletion on gene expression using β-galactosidase assays
(Lewis, personal communication).
hipA7 is a persistence gene because expression confers persistence. Recently, the
hipA7 allele has been found in uropathogenic E. coli strains (Lewis, personal
communication). Thus hipA7 allele is an important tool for studying persistence. To date,
three phenotypes of hipA7 were identified based on toxicity, cold sensitivity and
persistence frequency.
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Overexpression of hipA7 is not toxic while overexpression of hipA is toxic and
results in cell lysis (37). In the other hand, hipA7 shows a severe growth defect at low
temperature (84). The cold sensitivity appears to be linked to persistence as E. coil
colonies growing at 20 ˚C lose their high persistence phenotype. The responsible region
of HipA7 for cold sensitivity and persistence lies within the N-terminus 100 amino acid
residues, which contain the G22S substitution (84). Indeed, the Lewis’s group confirmed
that G22S single mutation is enough to show high persistence phenotype (Lewis,
personal communication). The cold sensitive phenotype can be utilized for screening
HipA targets. Recently, GltX was identified as a HipA substrate based on the
observation that HipA7 cold sensitivity can be suppressed by GltX expression (38).
Comparison of HipA with HipA7 in many aspects will lead to additional insights
into the mechanism(s) of persistence. On the basis of our biochemical data, the gene
regulation of hipA7 is likely less tight as that of wild-type hipA. The lower affinity of
HipA7 for HipB would lead to elevated levels of free HipA7, which then, at the least,
shutdown translation. Structural analysis of HipA7 revealed an altered surface profile,
suggesting that HipA7 might target alternative substrates. In addition, the active site of
HipA7 is identical to HipA thus the catalytic mechanism of these proteins would be the
same as other serine protein kinases. Indeed, HipA and HipA7 contain all catalytic
residues found in the most studied eukaryotic serine kinase, PKA. Finally, one
interesting observation from the HipA structure is the conformational heterogeneity of
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P-loop motif. Each conformational state might represent steps for phosphate transfer or
autoregulation. Combining these conformations will lead to a detailed molecular
mechanism.
Our phosphoproteomics approach resulted in a number of candidate substrates
of HipA and HipA7 (See Appendix B). Most targets are involved in cellular processes
such as metabolism, translation and energy production. Further validation awaits. One
of the approaches to validate these target is conducting kinase assays using proteomicsidentified peptides as substrates. Our group has developed a robust MS-based peptide
kinase assay. Complementary to this peptide kinase assay, the HipA
autophosphorylation time course followed by MS-analysis revealed an extra
phosphorylation site on HipA as well as a potentially significant function of unusual
pyrophosphorylation, which to the best of our knowledge has not been observed
previously for other kinases. After analyzing HipA substrate peptides, our group has
been able to propose a consensus motif for HipA phosphorylation. This short consensus
motif, +ϕS, could be useful for further database searches for new substrates.
To conclude, HipA is a persistence factor responsible for MDT. Precise gene
regulation is required for survival in a quickly changing environment. Dormancy can be
achieved by phosphorylating one or multiple cellular targets. In addition, HipA might
be a reversible switch in this process through autoregulation of its kinase activity.
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Chapter 5. Future directions
Despite the importance of HipA in bacterial persistence, its biochemical
characterization is not extensive. One main gap can be filled by studying the interaction
of HipA with inhibitor(s). HipA is a serine protein kinase and has a conserved active site
that is very similar to other eukaryotic serine protein kinases. HipA contains an extra Ndomain which shows no homology compared to other typical kinases (8). In addition,
the unusual P-loop motif ejection autoinhibits its kinase activity (42). Thus, HipAinhibitor complex structures might help the design of drugs to eradicate persisters. A
high throughput inhibitor screening strategy would need to be developed. Our initial
attempt utilized our UV-VIS melting assay to monitor the Tm shift by ATP binding. Any
compounds interfering ATP binding to HipA will affect its Tm. The caveat of this
approach is the background absorption by compounds. Any compounds that absorb
light at 310 nm will increase the noise and block our experimental signal. In addition,
HipA should be stable in the presence of compounds at elevated temperature.
Alternatively, native polyacrylamide gel electrophoresis could be performed to monitor
the appearance (or disappearance) of HipA and pHipA. Our preliminary data showed
that HipA autophosphorylation can be slowed in the presence of AMPPNP, resulting in
lower band intensity when compared to a control after one hour incubation with 3 mM
MgATP at 37 ˚C. Currently, we are optimizing conditions to screen approximately 1,000
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compounds from GlaxoSmithKline. Further elaborate screening will be performed using
a MS-based time course assay.
HipA has multiple enzymatic activities including
phosphorylation/dephosphorylation activity, ATPase activity (See Appendix C) and
pyrophosphorylation/pyrodephosphorylation activity. Among them, the ADPdependent dephosphorylation activity is of special interest because HipA might function
as an energy state sensor, switching its activity in response to the [ADP]/[ATP] ratio.
Cellular ATP levels increase through exponential phase and reach a maximum as the
cells enter the stationary phase. Once reached the maximum concentration, [ATP] level
fluctuates and decreases in stationary phase. ADP level undergoes similar fluctuation at
stationary phase in the opposite manner (85). HipA shows a similar oscillation pattern
over autophosphorylation in response to [ADP]/[ATP] ratio. To establish the linkage
between the energy state and pHipA oscillation, persistence phenotype should be
examined in the context of metabolic products. We are going to investigate the
metabolomic states of E. coli high persistence mutants at different growth stages through
a collaboration with Dr. Ziqiang Guan at the Duke University.
Finally, one direction would be to carry out a lipidomics study to characterize the
effects of HipA and its mutants, such as HipA7, on lipids or cell membrane
biochemistry. Previously, bioinformatics study showed that HipA belongs to the
phosphatidylinositol 3/4-kinase superfamily (8). Isolated persister cells are smaller
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compared to normal dividing cells, suggesting that persister cells have different cell
walls and membranes and perhaps different lipids (83). Thus, the lipid composition of
wthipA, ΔhipBA and hipA7 strains will be examined. The total lipids in each strain will be
extracted using a standard partitioning protocol (86), and analyzed using LC-MS/MS.
Differences in the lipid composition would suggest a physiological role of HipA in cell
wall composition and potentially the lipid metabolism. Currently, we are collaborating
with Dr. Ziqiang Guan in LIPID MAPS at Duke University. The preliminary result of the
first lipidomics analysis by Dr. Ziqiang Guan revealed that the hipA7 strain contained
four to five times more lipid X compared to wild-type MG1655 strain, suggesting the
possible role for HipA7 in the lipid A biosynthesis pathway; however, we were not able
to detect any differences in lipid A contents between these strains. We expect that the
systematic LC-MS/MS analysis of the entire lipid content of wthipA, ΔhipA and hipA7
strain will reveal any influence of HipA on membrane biochemistry of persisters.
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Appendix A. Multidrug resistance in pathogenic fungi
The pathogenic fungal species, Candida have emerged as important causal agents
of opportunistic oral and genital infections in human. They are responsible for the
significant rate of mortality during treatment of fungal infections of
immunocompromised patients suffering from AIDS, cancer chemotherapy and organ
transplantation (87). Among Candida species, C. albicans can form biofilms on the surface
of implanted devices, and thus is responsible for chronic infection (88). C. glabrata
accounts for almost one fourth of Candida blood stream infections in the USA (89).
After antimicrobial drugs were introduced for treatment of infections,
pathogenic fungi exhibiting strong pleiotropic drug resistance (PDR, also known as
MDR) have become the major problem for chemotherapeutic treatment of acute or
chronic diseases. Thus, there has been an urgent need for elucidating the molecular
mechanisms underlying PDR in order to develop novel therapeutics. One mechanism of
PDR in fungi is the overexpression of membrane-spanning efflux pumps belonging to
the ATP-binding cassette (ABC) family and major facilitator superfamily (MFS) (90,91).
These transporters result in effective expulsion of structurally and chemically dissimilar
drugs (Figure 25).
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Studies in Saccharomyces cerevisiae revealed that genes of these efflux pumps are
activated by the zinc-cluster transcription factors Pdr1p and Pdr3p (90,92). The level of
gene activation of the efflux pumps depends on the presence of different xenobiotics
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Figure 25. The proposed PDR mechanism model
The Pdr1p and Pdr3p homo or heterodimer interacts with PDREs in response to
antifungal drugs. The activated Pdr1p dimer then interacts with the mediator complex.
This interaction facilitates the recruitment of RNA polymerase II to pdr5p, which encodes
an ABC multidrug efflux pump.
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such as ketoconazole, rifampicin and cycloheximide (93,94). Although recent studies on
PDR have advanced our understanding on the molecular mechanism of detoxification
by Pdr1p and Pdr3p (90,95,96), numerous key mechanistic details remain unknown.
Foremost, the lack of knowledge of the Pdr1p and Pdr3p structures makes it difficult to
understand their transcription activation mechanisms fully and possible design novel
antifungal drugs targeting these proteins. Our goal is to solve germane crystal structures
of Pdr1p and Pdr3p to provide insight into how DNA and drug binding lead to gene
activation. Structural studies on Pdr1p and Pdr3p will reveal the mode and key elements
for DNA and multidrug binding, which will fill the gap in PDR mechanism.
Zinc-cluster transcription factor proteins, found exclusively in fungi, possess
distinct domains. S. cerevisiae Pdr1p and Pdr3p contain three functional domains: an Nterminal DNA-binding domain (DBD), a xenobiotic-binding domain (XBD) and a Cterminal transactivation domain (TAD) (Figure 26). The Pdr1p and Pdr3p DBD contain
Zn(II)2Cys6 clusters, where 6 cysteines coordinate two zinc atoms. This motif binds the 5’
UTR pleiotropic drug response elements (PDREs) of target genes, and is subdivided into
three regions: the zinc finger, the linker and the dimerization domain. The Pdr1p and
Pdr3p XBD recognize and are activated by a variety of antifungal drugs such as
ketoconazole, rifampicin and cycloheximide (94). The combined regions of the XBD and
TAD form the xenobiotic-responsive transactivation domain (X-TAD).
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Figure 26. Domains in Pdr1p
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The activator of GAL genes, Gal4p, is the first and the best characterized member
of zinc-cluster family (97), and structural studies on Gal4p have provided insight into
gene regulation mechanisms of this family members. The crystal structure of the S.
cerevisiae Gal4p DBD showed that it binds DNA as homodimer (98). In this structure, the
zinc clusters of the homodimer recognize the major grooves where a pair of CGG triplets
is separated by an 11 base pair spacer (CGG-N11-CCG) (Figure 27). The zinc finger
region and the coiled-coil dimerization domain are separated by a linker, which interacts
with the phosphodiester backbone of one DNA strand. The dimerization domain
contains heptad repeats, which forms a coiled-coil structure.
Although the domain composition of Pdr1p and Pdr3p is the same as Gal4p,
differences that determine DNA-binding specificity are found. First, Pdr1p and Pdr3p
DBD (~62% DBD sequence identity) can form both homo and heterodimers (99). In
addition, they recognize everted CGG triplets, which have no spacer (CCGCGG). Thus
we anticipate that Pdr1p and Pdr3p homo or heterodimers recognize DNA differently.
The regulatory domain or XBD is less conserved among family members;
however, deletion of this domain often results in constitutively active activators. Pdr1p
and Pdr3p gain-of-function mutations have been found in this domain, suggesting the
inhibitory role of this domain (100). Pdr1p and Pdr3p XBD directly interact with
xenobiotics such as ketoconazole with a Kd of 39 μM (94).
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Figure 27. The crystal structure of Gal4p DBD-DNA
The 65-residue protein, N-terminal fragment of the yeast transcriptional activator, GAL4
DBD, binds as a dimer to a symmetrical 17-base-pair sequence. A Zn2+-containing
domain recognizes a conserved CCG triplet at each end of the site through direct
contacts with the major groove. PDB ID: 1D66 (97).
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How the XBD binds drugs is completely unknown, however, we anticipate that
it will be similar to the other multidrug binding proteins. Our group has revealed that
chemically and structurally dissimilar drugs are recognized by either single or multiple
binding pockets of multidrug-binding transcription regulators. For example, Bacillus
subtilis BmrR upregulates the expression of the multidrug efflux transporter gene bmr in
response to multiple cationic chemicals. BmrR binds these cationic lipophilic toxins in a
rigid single binding pocket, which contains redundant negative residues (101). By
contrast, Staphylococcus aureus QacR represses the qacA multidrug efflux transporter
gene upon binding one or two of multiple cationic drugs in a large pocket, which is
composed of multiple overlapping “minipockets” (102) (Figure 28). The capacity of this
pocket to bind multiple ligands is mainly governed by the presence of redundant polar,
charged and aromatic residues, which neutralize positive charges of drugs (102).
Pdr1p and Pdr3p are critical intercellular xenobiotic sensors and transcription
regulators. Despite its importance, little is known structurally about their drug-binding
and DNA binding mechanisms. Our biochemical and structural studies on Pdr1p and
Pdr3p will fill the gap.
To date, the full length Pdr1p and Pdr3p (1063 and 976 amino acid residues,
respectively) cannot be overexpressed in E. coli despite many attempts using multiple
strategies such as different vectors with solubility tags and induction using different
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Figure 28. Multidrug binding in S. aureus QacR
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temperatures and IPTG concentrations. Thus, we will make truncated constructs of both
proteins and investigate individual domains. According to Thakur and colleagues (94),
the minimal length of the Pdr1p DBD containing the zinc- cluster motif is between the
amino acid residue 1 and 75. The Pdr3p DBD will be designed based on the sequence
alignment onto Pdr1p. Homology modelling of Pdr1p using SWISS MODEL predicts
that a coiled-coil dimerization domain spans to amino acid residue 110. The
corresponding Pdr3p DBD spans to amino acid residue 75. To begin, we cloned the
Pdr1p DBD (1-110) with a hexa-histidine tag. Using the fluorescence polarization-based
assay, the affinity of Pdr1p and Pdr3p for PDREs will be determined. Since we do not
know how long the dimerization domain is, we will examine the effect of every 10
amino acid residue increase on affinity for PDREs until no difference is detected. The
homology model also predicts that the N-terminus is disordered. Thus, we will apply
the same strategy to N-terminus to identify reasonable truncations for crystallography.
Preliminary induction test shows that the Pdr1p DBD (1-110) is overexpressed with 1
mM IPTG in Rosetta (DE3) cells after overnight incubation (Figure 29). After purifying
the protein using Ni-NTA affinity chromatography, we were able to obtain milligram
quantities of Pdr1p DBD (1-110) with

95% homogeneity, making this project feasible.

Partial protein folding and identity were confirmed by CD and LC-MS/MS analysis,
respectively. Our preliminary result shows that the Kds of PDRE1 (TCCGCGGA) and
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Figure 29. Pdr1p DBD (1-110) purification
His6-Pdr1p (1-110) eluted with 200 mM imidazole from Ni-NTA affinity column was
loaded onto an S200 column (left panel). Each fraction was loaded onto an SDS-PAGE
gel and the gel was stained with coomassie blue dye (right panel). The estimated
molecular weight of Pdr1p (1-110) (a red arrow) is 17 kDa. The typical yield is about 50
mg/L culture.
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PDRE2 (TCCGTGGA) for Pdr1p DBD (1-110) were 13 and 26 nM, respectively (Figure
30).
We cloned the Pdr1p XBD, residue 298-543, with a number of solubility tags.
Among them, MBP-Pdr1p XBD was overexpressed. Protein folding will be confirmed by
CD spectroscopy. We will examine the Kds of XBD binding to antifungal drugs such as
ketoconazole, rifampicin and cycloheximide using isothermal titration calorimetry (ITC).
To effect specific DNA recognition, we hypothesize that the mode of
dimerization of the Pdr1p and Pdr3p DBD might determine the specificity of target
genes. To test this hypothesis, we will determine and compare crystal structures of
Pdr1p and Pdr3p DBD-PDRE homodimers. Any difference in the CGG triplet
recognition will be linked to their gene regulation mechanisms. For drug recognition of
Pdr1p and Pdr3p XBD, we hypothesize that multiple “minipockets” are responsible for
multidrug binding. To test this hypothesis, we will determine XBD-drug structures
using X-ray crystallography. These drug-bound structures should reveal nature of
potential binding pockets. The Kds of DBD-PDRE and XBD-drugs of Pdr1p and Pdr3p
will be assessed using the fluorescence polarization-based assay and isothermal titration
calorimetry, respectively. DNAs and drugs will be purchased from Oligo etc. and Sigma,
respectively. To determine the structures, we will use DNAs in which deoxythymidine
is replace by 5-bromo-2-deoxy-uridine. We will also use selenomethionine-labelled
proteins. Both will allow MAD methods to be used for structure determination (103).
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Figure 30. Representative binding isotherms
Representative binding isotherms of Pdr1p (1-110)-PDRE1 (black) and Pdr1p (1-110)PDRE2 (Blue). The increase in millipolarization is plotted as a function of the Pdr1p (1110) dimer concentration.
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Currently, our focus is to determine the structures of DNA bound Pdr1p and
Pdr3p DBD homodimer. These structures will also provide insight into heterodimer
formation. In the future, the interactions of the DBD and XBD will be studied using
carboxyl-group footprinting MS to address the question of how drug binding affects the
conformations of the Pdr1p and Pdr3p DBD. Carboxy-group footprinting modifies
accessible carboxy groups on glutamate and aspartate residues using a soluble chemical
carbodiimide (104). Any residues involved in the interactions between DBD and XBD
will not be modified, which can be detected by LC-MS/MS.
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Appendix B. Comparative phosphoproteomics
Using a phosphoproteomics approach, our initial attempt to identify substrates
of HipA in vivo resulted in a total of 127 non-redundant phospho-peptides (98 phosphoproteins)(Figure 31), the size of which is comparable to the published result by the
Mann’s group phosphoproteomic study on E. coli MG1655 strain (80). Unfortunately,
pHipA peptides were not detected in our phosphoproteome, suggesting low abundance
of pHipA under our experimental condition. In addition, differences in growth stage
appear to affect the composition of phosphoproteome because only 31 proteins are
overlapped in both phosphoproteomes (Figure 31). We extended this approach to hipA7
MG1655 and ΔhipA MG1655 to compare and subtract among phosphoproteomes each
other. As a result, we were able to identify 81 and 83 non-redundant phospho-proteins
for hipA7 and ΔhipA, respectively. Thus, all obtained phosphoproteomes (hipA, hipA7
and ΔhipA) not only show comparable sizes to the published value but also display
differences in composition. We identified 58 for HipA and 31 for HipA7 specific targets
(Figure 32). In addition, 6 gene products including fusA, mdh, pykA, rpsA, rpsG and tsf are
suggested to be common targets for HipA and HipA7 (Table 16). These gene products
are involved in metabolism and protein production thus phosphorylation of these
proteins could shutdown macromolecular synthesis, leading to dormancy.
Phosphopeptides are not necessarily phosphorylated by HipA thus, direct validation is
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required to establish the involvement of phosphorylation by HipA and consequences of
the modification.
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Figure 31. Initial attempt to identify candidate HipA targets
A total of 98 phosphopeptides were identified in our study and data base search
resulted in the listed genes.
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Figure 32. Identified candidate HipA and HipA7 targets
Phosphoproteomic analyses of hipA, hipA7 and ΔhipA in MG1655 isogenic strains
revealed 98, 81 and 83 phosphoproteins, respectively.
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Table 15. Genes identified in phosphoproteomics hits

*The number of identified genes are shown in parenthesis.
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Appendix C. ATPase activity of HipA
The autodephosphorylation activity of HipA became dominant in the time
course experiment after 1 hour (Figure 16). The continuous decrease in pHipA level was
initially attributed to the instability of pHipA compared to the depHipA. The
aggregated pHipA might have been removed by centrifugation before injection into
HPLC column for MS analysis. Indeed the Tm of depHipA is 4˚C higher than that of
pHipA (Figure 33), supporting this hypothesis. However, this hypothesis is not enough
to explain why rephosphorylation had not occurred in the presence of a majority of
depHipA and relatively high concentration of ATP after 2 hours. We rehypothesized
that HipA might possess ATPase activity and facilitated ATP hydrolysis. To test this
hypothesis, we examined ATP levels at each time points during our time course
experiment. Indeed, the level of ATP was significantly decreased after 1 hour while the
level of ADP was significantly increased (Figure 34). As control experiments, HipA
(S150A) and HipA (D309N) were tested and no significant change in ATP or ADP levels
was observed. In addition, spontaneous hydrolysis of ATP in the absence of proteins
was negligible under the experimental conditions. Thus, these results support the
hypothesis that HipA possesses an ATPase activity and can cause ATP depletion in the
test tube. We further tested whether HipA can rephosphorylate with supplemented
ATP. As can be seen in Figure 35, the spike experiment demonstrated that HipA can
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oscillate between phosphorylation and dephosphorylation states with a supply of ATP.
Combining ADP-dependent dephosphorylation of HipA, we propose that the ratio of
[ADP]/[ATP] might be one of the determining factors for the directionality of HipA
enzymatic activities. If the ATPase activity of HipA is a result of the cyclic process
between phosphorylation and dephosphorylation, then HipA could passively respond
to the concentration of ADP and ATP. The cellular concentration of ADP and ATP at
different growth stages in E. coli have been reported (85,105). In general, the ratio of
[ADP]/[ATP] is relatively higher at stationary phase compared to the exponential phase,
implying that the autodephosphorylation activity of HipA might be dominant at
stationary phase and HipA is likely to modify its targets. Our lab is conducting
metabolomics study to answer the question how the energy state at different growth
stages affects the frequency of persisters.
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Figure 33. Thermal stability of pHipA and depHipA
Denaturation of HipA was monitored as a function of temperature using circular
dichroism spectroscopy (CD). Dephosphorylated HipA was obtained by treating the
protein with λ phosphatase followed by repurification using Ni-NTA affinity
chromatography. Each protein was diluted with CD buffer (20 mM Tris-HCl pH 7.5 and
300 mM NaF) before measurement.
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Figure 34. HipA depletes ATP
The concentration of (A) ATP and (ADP) after completion of HipA autophosphorylation
was measured at 0 time and in 1 hour. The y-axis represents percentage of each
nucleotides. For the change in ATP level, the amount of ATP (peak intensity in mass
spectra) at 0 time of in the presence of WT HipA is set as 100 % then, the amount of ATP
in 1 hour is calculated in reference to the 0 time value. For the change in ADP level, the
amount of ADP in the presence of WT HipA in 1 hour is set as 100 %, then the amount of
ADP at 0 time is calculated using the amount of ADP in 1 hour. The kinase-dead mutant
D309N and “out-loop” mutant S150A did not hydrolyze ATP.
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Figure 35. Oscillation of phosphorylation state of HipA
The HipA phosphorylation status oscillates during the time course of HipA
autophosphorylation when 5 mM MgATP was incubated in the reaction mixture. Due to
the ATPase activity of HipA, rephosphorylation did not occur when HipA
phosphorylation was completed. The amount of phosphorylated HipA (both singly and
doubly phosphorylated) increases with 3 mM supplemented ATP. Each of
phosphorylated states is designated as +0P, +1P and +2P, respectively.
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