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ABSTRACT: Heterocyst differentiation in the filamentous
cyanobacterium Anabaena sp. strain PCC 7120 occurs at
regular intervals under nitrogen starvation and is regulated by a
host of signaling molecules responsive to availability of fixed
nitrogen. The heterocyst differentiation inhibitor PatS contains
the active pentapeptide RGSGR (PatS-5) at its C-terminus
considered the minimum PatS fragment required for normal
heterocyst pattern formation. PatS-5 is known to bind HetR,
the master regulator of heterocyst differentiation, with a
moderate affinity and a submicromolar dissociation constant. Here we characterized the affinity of HetR for several PatS C-
terminal fragments by measuring the relative ability of each fragment to knockdown HetR binding to DNA in electrophoretic
mobility shift assays and using isothermal titration calorimetry (ITC). HetR bound to PatS-6 (ERGSGR) >30 times tighter (Kd =
7 nM) than to PatS-5 (Kd = 227 nM) and >1200 times tighter than to PatS-7 (DERGSGR) (Kd = 9280 nM). No binding was
detected between HetR and PatS-8 (CDERGSGR). Quantitative binding constants obtained from ITC measurements were
consistent with qualitative results from the gel shift knockdown assays. CW EPR spectroscopy confirmed that PatS-6 bound to a
MTSL spin-labeled HetR L252C mutant at a 10-fold lower concentration compared to PatS-5. Substituting the PatS-6 N-
terminal glutamate to aspartate, lysine, or glycine did not alter binding affinity, indicating that neither the charge nor size of the
N-terminal residue’s side chain played a role in enhanced HetR binding to PatS-6, but rather increased binding affinity resulted
from new interactions with the PatS-6 N-terminal residue peptide backbone.

Cyanobacteria are a diverse group of organisms known to
exist on Earth for more than 2 billion years1 and were

partially responsible for the oxidation of the planet’s
atmosphere by photosynthesis.2 In addition, many species of
cyanobacteria fix N2 gas,

3 an essential step in the nitrogen cycle,
contributing to the pool of organic compounds eventually used
in synthesis of nucleic and amino acids as well as numerous
other biomolecules.4 Under nitrogen-starved conditions, the
filamentous cyanobacterium Anabaena sp. strain PCC 7120
differentiates vegetative cells into specialized cells called
heterocysts,5 in order to facilitate nitrogen fixation in
heterocysts while maintaining photosynthesis in vegetative
cells. Differentiation of vegetative cells into heterocysts is
restricted to ∼10% of cells along the filament spaced in a
regular pattern.5 Development of heterocysts and maintenance
of the pattern appears to be tightly regulated by a network of
signaling molecules responsive to the amount of fixed nitrogen
available.6−8

Diffusible inhibitors of heterocyst differentiation are thought
to play an important role in pattern formation via the
establishment of inhibitor gradients that promote destruction
of positive regulatory factors for heterocyst differentiation.9,10

The PatS peptide and HetN protein are two inhibitors that
contribute to establishing this regulatory gradient in Anabae-

na.11 PatS is a 13- or 17-residue (ambiguity due to two
potential ATG start codons12) peptide required for initial
pattern formation13 and contains the pentapeptide RGSGR at
its C-terminus. PatS has been postulated to control the
heterocyst pattern by lateral inhibition8 via the RGSGR motif,
which has been shown to be the minimum sequence required
for the normal heterocyst patterned phenotype in vivo.12 HetN
is a 287-amino acid protein also containing the RGSGR
sequence but is not required for initial patterning. Instead,
HetN is necessary for proper heterocyst-pattern maintenance
during cellular growth and filament elongation afterward.14

However, proteolytic machinery capable of processing PatS or
HetN to smaller peptides has yet to be identified. In addition,
the active forms of PatS and HetN unfortunately have also not
been successfully isolated and are still unknown.
HetR is a 299-amino acid homodimeric protein that acts as a

positive regulator,15 considered the master regulatory switch for
initiation of heterocyst differentiation,16 and has recently been
identified as a direct binding partner for the RGSGR carboxyl
terminus of PatS (PatS-5).17 HetR is an autoregulatory
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transcription factor constitutively expressed at low levels in
every cell along the filament18 and is responsible for activating
expression of multiple downstream genes.15 However, tran-
scription of hetR is tightly regulated and is turned over rapidly
in Anabaena.19 Transcription of hetR is regulated temporally
and spatially.16,18 Under nitrogen starvation, hetR transcript
levels begin to increase 0.5 h after nitrogen step-down and
continue up to a 5-fold increase by 6−18 h.15,20 Gradients of
HetR are established along the filament where a maximum is
reached midway between differentiated heterocysts,11 which
also predicted to coincide with a minimum in RGSGR
concentration,11 and it is here that a vegetative cell is initiated
to differentiate into a heterocyst. It has been suggested that
these gradients of processed RGSGR-containing peptide forms
of PatS and HetN promote the post-translational degradation
of HetR20 and consequently play a role in controlling the HetR
gradient.11

There are four transcriptional start positions (tsps) of hetR in
Anabaena at nucleotides −728, −696, −271, and −184 (relative
to the translational start site), and correspondingly each tsp
leads to expression of a unique hetR mRNA transcript.20 The
−184 tsp transcript is involved in maintenance of basal levels of
hetR under all growth conditions.20,21 Transcripts starting from
the −728 and −696 tsps are also expressed at low levels under
nitrogen replete conditions20,21 but are significantly upregulated
by NrrA under nitrogen starvation.22,23 NrrA is the response
regulatory protein activated by NtcA.22,23 NtcA is the global
nitrogen regulatory protein that responds to 2-oxoglutarate
accumulation when Anabaena is nitrogen starved24 and is also
required for expression of hetR from −728 tsp.21 The −271 tsp
appears to be the only position that requires functional HetR
availability20 and is the only one of the four transcripts that is
regulated spatially along the filament.16 HetR was also found to
have in vitro binding activity with DNA around the −271 tsp.25
Accordingly, the PatS and HetN inhibitors have been shown to
have a negative effect on hetR transcription from tsp −271, and
it has been suggested that PatS may regulate patterning by
preventing HetR from activating transcription at this tsp, thus
contributing further to establishment of the HetR gradient.16

For these reasons, the −271 tsp is considered the site of HetR
autoregulation.
The RGSGR pentapeptide appears to play multiple roles in

HetR-related regulation. In addition to promoting HetR
destruction, PatS-5 inhibits HetR DNA-binding activity in
vitro.17,25,26 This appears to be accomplished from tight binding
between the peptide and HetR, which is capable of binding two
PatS-5 molecules per HetR homodimer. It also appears that the
PatS-5 binding site on HetR is in the proximity of the C-
terminal amino acid region R250-D256 based on EPR-based
cysteine scanning mutagenesis studies17 guided by in vivo
observations that conservative mutations of HetR in this region
exhibited differential PatS-5 sensitivity.26 The recent report of
the HetR crystal structure from Fischerella MV11 has also
modeled this C-terminal area, among other sites, to be likely
candidates for the PatS-5 binding site based on Nest
predictions from existing protein−peptide binding surfaces.27

Structures of the HetR−PatS complex or any HetR−DNA
complexes, however, remain unknown at this time.
Isothermal titration calorimetry (ITC) has proven to be a

valuable technique for studying thermodynamics of protein−
protein/peptide/nucleic acid/small molecule interactions par-
ticularly exemplified by the drug discovery industry.28 Such
information is valuable when comparing binding interactions of

peptide ligands to receptor targets and can be used to provide
insight into the binding mechanism.29,30 When coupled with
other biophysical strategies like electron paramagnetic reso-
nance (EPR) spectroscopy, nuclear magnetic resonance
spectroscopy, and X-ray crystallography, ITC can be a powerful
tool for understanding the fine molecular intricacies of
biological processes.
In this report we used ITC and EPR to investigate the in vitro

HetR binding affinity to several C-terminal PatS fragments of
varying length for both the native PatS sequence and for
selected amino acid substitutions. We also studied the relative
ability of these peptides to disrupt the DNA binding activity of
HetR using electrophoretic mobility shift assay (EMSA)
knockdown experiments. Surprisingly, our data indicated that
HetR binds to PatS-6 with more than 30 times greater affinity
compared to PatS-5, which raises important new questions as to
what is the active form of PatS in vivo. These surprising results,
and their implications, are discussed in detail below.

■ MATERIALS AND METHODS
Cloning, Expression, and Purification of HetR Protein

and Preparation of PatS Peptide. Cloning, overexpression,
and purification of recombinant soluble HetR were performed
as described previously.17 DNA binding was assessed using
electrophoretic mobility shift assays as described previously.17

The complementary oligonucleotides for the hetP-29-mer were
synthesized and HPLC purified by Integrated DNA Tech-
nologies (Coralville, IA) at 250 nmol scale synthesis for each
strand (forward sequence: 5 ′-GTAGGCGAGGGGTC-
TAACCCCTCATTACC-3 ′ and reverse sequence: 5 ′-
GGTAATGAGGGGTTAGACCCCTCGCCTAC-3′). Double-
stranded hetP-29-mer was annealed by suspending equal
stoichiometric concentrations of forward and reverse strands
together and heating to 85 °C for 10 min, followed by slow
cooling to room temperature. All native and mutant PatS
peptides were custom synthesized and purified by Peptide2.0
(Chantilly, VA) on a 5 mg scale and suspended in 100%
nanopure H2O to stock 10 mM concentrations.

EPR Spectroscopy. Generation of purified 252C HetR
protein (C48A, L252C double mutant) and subsequent site-
directed spin-labeling with the nitroxide spin radical (1-oxyl-
2,2,5,5-tetramethyl-pyrrolin-3-yl)methyl methanethiosulfonate
(MTSL), (Toronto Research Chemicals Inc.) was performed
as described previously.17 Spin-labeled 252C HetR was
concentrated to 200 μM prior to EPR measurements using
an Amicon Ultra membrane filter (Millipore). Approximately
30 mL of the HetR and HetR−PatS complexes was drawn into
1.1 mm internal diameter (1.6 mm external diameter) quartz
capillaries. Capillaries were placed into 3 mm internal diameter
quartz EPR tubes and inserted into the microwave cavity. CW
EPR spectra were collected at the Ohio Advanced EPR
Laboratory at X-band on a Bruker EMX CW-EPR spectrometer
using an ER041xG microwave bridge and ER4119-HS cavity
coupled with a BVT 3000 nitrogen gas temperature controller
(temperature stability ±0.2 K). CW EPR spectra were collected
by signal averaging 15 42-s field scans (consisting of 1024
points and 40 ms time constants and conversion times) with a
center field of 3370 G and sweep width of 100 G, microwave
frequency of 9.5 GHz, modulation frequency of 100 kHz,
modulation amplitude of 1 G, and microwave power of 1 mW
at 298 K. EPR spectral simulations to extract best-fit values of
the dynamics properties (Table 2) were performed as described
previously.17,31−35
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ITC Calorimetry. ITC data were collected at 25 °C on a
VP-ITC titration calorimeter (Microcal, Northampton, MA),
and the resulting isotherms were deconvoluted and fit using the
ORIGIN for ITC software package (Microcal, Piscataway, NJ)
provided with the instrument. It was necessary to purify a large
homogeneous batch of HetR in order to make a fair
comparison between peptides. Several passages of HetR were
made through a gel filtration column (Pharmacia Superdex200
HiLoad size exclusion column), and once enough was collected,
the HetR stock was dialyzed overnight into buffer containing 1
M NaCl, 10% (w/v) glycerol, 10 mM Tris pH 7.8, and 300 mM
imidazole. This reference buffer was later used in the reference
cell of the ITC titration as well as for diluting and equilibrating
concentrated stocks of synthetic PatS peptides for the ITC
titrant. All peptides were diluted to a final concentration of 100
μM with the exception of PatS-6nD, which required 300 μM
concentration and 15 μM HetR cell concentration for optimal
signal:noise sensitivity. All other HetR cell concentrations were
5 μM. The sample cell was loaded with 1.46 mL of degassed
HetR and the injection syringe loaded with 0.6 mL of PatS
peptide. Blank reference titrations were recorded for each PatS
peptide to account for the heats of dilution into sample buffer.
Titrations were performed in duplicate and consisted of 35 8
μL injections following an initial 4 μL injection.

■ RESULTS

EMSA Knockdown Comparison of Native PatS
Peptides. HetR has been shown to bind to a 29-base-pair
inverted-repeat-containing DNA sequence in the promoter
region of hetP, a gene encoding a protein that is involved in
regulating heterocyst differentiation downstream of HetR.17,36

This 29-mer DNA substrate containing the inverted repeat (5′-
GAGGGGTCTAACCCCTC-3′) was recently used to assess
the stoichiometry of HetR-DNA/PatS-5 complexes in EMSA
experiments.17 Here, we used the hetP-29-mer to study
disruption of HetR binding to DNA by various length C-
terminal PatS fragments. In the absence of added PatS, we

observed completely shifted DNA by EMSA at 3:1 ratios of
HetR:DNA or greater (Figure 1). At or above this ratio, an
additional supershifted species was observed for the HetR-hetP-
29-mer complex. PatS-5 disrupted the supershifted species at a
0.5:1 ratio (PatS:HetR) and completely knocked down the
shifted species at a 10:1 ratio.17 Here, we incubated the 4:1
ratio HetR-hetP-29-mer complex separately with 1:1 ratios of
PatS-5, PatS-6, PatS-7, and PatS-8 (Figure 1). We observed
qualitatively that PatS-7 had a similar disruptive effect on HetR
DNA binding activity as PatS-5. Surprisingly, PatS-6 disrupted
all shifted DNA at a 1:1 ratio, whereas PatS-8 failed to disrupt
HetR/DNA shifts at all. This result was unexpected based on
assumptions from an earlier report that a strain of Anabaena
expressing the PatS-8 minigene on a plasmid was still capable of
inhibiting heterocyst differentiation.37 This result provides
indirect evidence that PatS must be processed to a fragment
shorter than PatS-8 in order to be active in vivo.

Thermodynamics and Binding Affinities of Native and
Mutant PatS Peptides Binding to HetR. The observation
that disruption of HetR binding to DNA depended on the
length of the native PatS C-terminal peptides in EMSA
experiments prompted us to quantitatively determine the
binding affinities between HetR and each peptide using
isothermal titration calorimetry (ITC). We have previously
reported ITC data for HetR binding to PatS-5.17 Here, ITC
titration experiments were initially performed with PatS-6,
PatS-7, and PatS-8, all using the same batch of HetR. All
resulting ITC data were fit with a single binding site model,
which allowed determination of the binding stoichiometry n,
association constant Ka, and enthalpy of binding ΔH° (Figure 2
and Table 1). The ΔG° was determined from Ka, the
dissociation constants determined from the inverse of Ka, and
ΔS° calculated using ΔG° and ΔH° values. Each PatS peptide
bound to HetR in a 1:1 ratio with the exception of PatS-8, for
which we could not detect any heats of binding, in agreement
with the EMSA observations (PatS-8 also had undetectable
binding by ITC and EMSA under reducing conditions of

Figure 1. EMSA knockdown gel of PatS C-terminal peptides with the HetR-hetP-29-mer DNA complex. Lane A consists of the hetP-29-mer DNA
alone, lane B contains a 4:1 HetR:hetP-29-mer DNA complex, lane C contains a 3:1 HetR:hetP-29-mer DNA complex, lane D consists of the 4:1
HetR-hetP-29-mer DNA complex control sample, lane E is the complex incubated with a 1:1 ratio (relative to HetR) of PatS-5, lane F is 1:1
incubation with PatS-6, lane G is 1:1 incubation with PatS-7, and lane H is 1:1 incubation with PatS-8. The bottom band represents free hetP-29-mer
DNA, the middle band represents the primary shifted species of the HetR-hetP-29-mer DNA complex, and the top band represents the supershifted
species of the complex.
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dithiothreitol, data not shown). The ITC results for PatS-6
indicated surprisingly tight binding between PatS-6 and HetR
(Kd = 7.36 ± 0.45 nM), representing a >30-fold increase in
affinity compared to PatS-5 (Kd = 227 ± 23 nM).17

Furthermore, a >1200-fold reduction in binding affinity was
observed for PatS-7 (Kd = 9.28 ± 2.43 μM) compared to PatS-6
(and 40-fold reduction compared to PatS-5). The relative HetR
binding affinities to PatS-5 and PatS-7 were not discernible

from the EMSA data alone since PatS-7 and PatS-5 appeared to
similarly disrupt HetR DNA binding activity (Figure 1). The
ITC data indicated that HetR binding to PatS-5, PatS-6, and
PatS-7 was strongly exothermic for all binding reactions, driven
primarily by enthalpic contributions compared with entropic
contributions, with the exception of PatS-6 which had
comparable magnitudes of binding entropy and binding
enthalpy (ΔH° = −5.85 ± 0.03 kcal/mol and TΔS° = 5.25

Figure 2. Representative raw and fit ITC isotherms for PatS peptides titrated into HetR. Shown at the top are the raw data for PatS ligands titrated
into HetR solutions, and the bottom shows the processed binding isotherms calculated using the best-fit parameters for single binding site models.
Experiments were performed in duplicate at 25 °C.

Table 1. Summary of ITC Data for PatS C-Terminal Peptides Titrated into HetR Solutionsa

peptide n (no. of sites) Kd (nM) ΔG° (kcal/mol) ΔH° (kcal/mol) TΔS° (kcal/mol)

PatS-5* 1.04 ± 0.01* 227 ± 23* −9.06 ± 0.06* −8.34 ± 0.41* 0.73 ± 0.46*
PatS-6 0.99 ± 0.02 7.36 ± 0.45 −11.05 ± 0.08 −5.85 ± 0.03 5.25 ± 0.05
PatS-6nD 1.17 ± 0.01 25.7 ± 2.6 −10.36 ± 0.08 −3.60 ± 0.01 6.75 ± 0.07
PatS-6nK 0.97 ± 0.01 5.71 ± 1.33 −11.25 ± 0.14 −5.85 ± 0.04 5.44 ± 0.11
PatS-6nG 1.04 ± 0.01 7.88 ± 1.55 −11.07 ± 0.12 −3.68 ± 0.03 7.39 ± 0.15
PatS-7 0.95 ± 0.02 9280 ± 2430 −6.90 ± 0.16 −12.77 ± 0.23 −5.87 ± 0.39

aErrors are reported as the standard deviation between measurements for each set of titrations.The asterisk represents data reported previously.17
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± 0.05 kcal/mol). PatS-6, however, had a larger overall Gibbs
free energy (ΔG° = −11.05 ± 0.08 kcal/mol) compared to
PatS-5. PatS-7 was the only ligand that exhibited a negative
entropic contribution to binding (TΔS° = −5.87 ± 0.39 kcal/
mol) and a larger magnitude in enthalpy of binding (ΔH° =
−12.77 ± 0.23 kcal/mol) compared to the overall Gibbs free
energy (ΔG° = −6.90 ± 0.16 kcal/mol).
Having discovered that the N-terminal glutamate residue of

PatS-6 conferred more than an order of magnitude tighter
binding to HetR compared to PatS-5, we next investigated
specifically whether the glutamate residue was necessary for
tighter binding or whether other amino acids in this position
would maintain high affinity. To address this question, we
designed a series of PatS-6 peptides containing various amino
acid substitutions at the N-terminal position to determine
whether the charge and/or size of the amino acid side chain was
essential for increased binding affinity to HetR. The altered
peptides included a conservative substitution with another
negatively charged amino acid, aspartic acid (PatS-6nD,
DRGSGR), substitution of glutamate with a positively charged
amino acid, lysine (PatS-6nK, KRGSGR), and substitution with
a neutral charged amino acid that lacked a side chain altogether,
glycine (PatS-6nG, GRGSGR). ITC titrations of HetR were
repeated with these peptides, and the results are shown in
Figure 2. Each PatS-6 N-terminal variant bound HetR with a
1:1 stoichiometry and exhibited a highly exergonic Gibbs free
energy (Figure 2 and Table 1). PatS-6nK, with its N-terminal
substitution of a long-chain positively charged lysine, had a
comparable binding affinity (Kd = 5.71 ± 1.33 nM) and
thermodynamic parameters (ΔH° = −5.85 ± 0.04 kcal/mol,
TΔS° = 5.44 ± 0.11 kcal/mol, and ΔG° = −11.25 ± 0.14 kcal/
mol) compared to the native PatS-6. Similarly, PatS-6nG also
had a comparable binding affinity (Kd = 7.88 ± 1.55 nM) and
Gibbs free energy (ΔG° = −11.07 ± 0.12 kcal/mol) despite
replacing the negatively charged glutamate with an uncharged
glycine that lacked a side chain entirely. However, the enthalpic
contribution for PatS-6nG binding was reduced by nearly 40%
(ΔH° = −3.68 ± 0.03 kcal/mol), and the entropic contribution
was increased by 40% (TΔS° = 7.39 ± 0.15 kcal/mol),
indicating an entropically rather than an enthalpically driven
binding event. To our further surprise, PatS-6nD bind to HetR
with a ∼3.5-fold reduced binding affinity (Kd = 25.7 ± 2.6 nM)
compared to native PatS-6, despite the conservative sub-
stitution with aspartic acid. The Gibbs free energy (ΔG° =
−10.36 ± 0.08 kcal/mol) remained consistent with the native
PatS-6 and the other PatS-6 variants, yet similarly to the shorter
PatS-6nG, the enthalpic contribution was reduced by nearly
40% (ΔH° = −3.60 ± 0.01 kcal/mol) and the entropic
contribution was increased by 30% (TΔS° = 6.75 ± 0.07 kcal/
mol), resulting in an entropically driven interaction.
EPR Spectroscopy of Spin-Labeled HetR Titrated with

PatS-6. Continuous wave (CW) EPR was used to study PatS-6
binding to a HetR double mutant (C48A, L252C) spin-labeled
with the nitroxide free radical probe MTSL on the cysteine at
residue 252. We have previously shown that the CW EPR
spectrum of this spin-label HetR mutant experiences motional
averaging that is quenched when HetR binds to PatS-5.17 Here,
similarly as with PatS-5, we observed significant quenching of
the conformational dynamics of the electron radical associated
with the MTSL nitroxide group attached to 252C (Figure 3).
However, binding to PatS-6 quenched the spin-label motion at
a 10-fold lower concentration compared to PatS-5 (i.e., at a 1:1
ratio compared with a 10:1 ratio in the previous PatS-5

study17). The local rotational diffusion rate of the MTSL
electron radical in the PatS-6 bound state approached Riso =
9.12 × 105 s−1 compared to the free state (Riso = 5.25 × 106 s−1)
(simulation parameters are in Table 2), indicating almost an
order of magnitude reduction in the local rotational diffusion
rate of the spin-label after binding to PatS-6. PatS-8 was titrated
to a 10:1 excess into a spin-labeled sample of HetR 252C;
however, no quenching of motion was observed (data not
shown), serving as another negative control similar to the Poly-
G pentapeptide (GGGGG) used previously.17 Taken together,
the site-directed spin-labeling CW EPR titration data were in
strong agreement with the observed EMSA and ITC data,
indicating that HetR has a much higher affinity for PatS-6
compared to PatS-5.

■ DISCUSSION

While the functional forms of PatS and HetN that regulate
formation of patterns of heterocysts in filamentous cyanobac-
teria remain unknown, PatS-5 has served as a surrogate for the
full-length PatS peptide since its discovery as the minimally
required PatS peptide fragment for normal patterns of
heterocyst differentiation, and recent evidence suggests that
the PatS-5 sequence found in HetN is also required for HetN
function.11,38 However, here we have shown that PatS-6 binds
HetR with a 30-fold greater affinity compared to PatS-5,
suggesting that the interaction of HetR with PatS-6 may be the
more efficient of the two, and raising the alternative possibility

Figure 3. CW EPR spectra of PatS-6 titrations into the HetR 252C
mutant spin-labeled with MTSL. The control spectrum of HetR at 200
μM concentration is shown at the bottom. The remaining spectra
consist of PatS-6 titrated into the HetR solution at increasing
stoichiometric ratios (indicated above each spectrum). CW X-band
EPR spectra were recorded at room temperature. Experimental data
are represented by the solid blue lines, and best-fit data simulations are
represented by the red dashed lines.
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that PatS-6 might be the active processed form of PatS in vivo
instead of PatS-5. Our results clearly indicated that the length
of the PatS sequence, in this case PatS-5 (RGSGR), PatS-6
(ERGSGR), PatS-7 (DERGSGR), or PatS-8 (CDERGSGR),
has the potential to play a critical role in regulating heterocyst
differentiation inhibition based on observed differences in their
binding affinities to HetR. Since the active forms of PatS or
HetN have not, to date, been successfully isolated, it is plausible
that any one of these inhibitory sequences may accumulate as a
result of protease processing machinery and regulate heterocyst
differentiation via the aforementioned gradient of inhibitors
that promote destruction of HetR and other positive regulatory
factors. However, processing at least to PatS-7 sequences or
shorter appear to be minimally required to enable a binding
interaction between HetR and PatS fragments. The biological
significance of these findings remains to be shown, and testing
these hypotheses will require further in vivo studies.
After the discovery that HetR has significantly higher affinity

for PatS-6 compared to PatS-5, we set out to understand the
biophysical factors that contribute to the tighter binding. One
obvious question that needed to be answered was whether or
not the naturally occurring N-terminal glutamate in PatS-6 was
special or required for the increased binding affinity. We had
already been able to elucidate important information about the
PatS-HetR binding interaction from the ITC studies for HetR
binding to the native PatS peptide sequences. It was clear from
the thermodynamics information derived from the ITC data
that all HetR-PatS peptide binding interactions were highly
exothermic based on calculated ΔH° values. The relatively large
negative enthalpy and positive entropy associated with HetR-
PatS peptide binding interactions was consistent with ionic
interactions and/or formations of hydrogen bonds30,39−42 in
the complexes, which would be expected based on the charged
nature of the PatS ligands tested at pH 7.8. In order to explicitly
probe the importance of the N-terminal glutamate in PatS-6,
three modified PatS-6 sequences were prepared with
strategically selected substitutions of the N-terminal glutamate
and the binding affinities measured by ITC and compared to
the native PatS-6 peptide. Surprisingly, replacing the native N-
terminal glutamate of PatS-6 with a long chain positively
charged lysine did not compromise the tight binding affinity of
HetR, indicating that the negatively charged glutamate carboxyl
side chain did not make an important contribution to the tight
binding observed between PatS-6 and HetR. Since the charge
on the N-terminal amino acid side chain did not contribute to
increased binding affinity, this left the possibility that the
increased affinity was due either to a new hydrophobic
interaction with the side chain of the N-terminal residue of
PatS-6 or due to a new polar interaction, likely a hydrogen
bond, between HetR and the additional peptide backbone
formed between the N-terminal residue and the first arginine

residue in the RSGSR segment. These possibilities were clearly
addressed using data collected for a PatS-6 sequence that
contained a substitution of the N-terminal glutamate with a
neutral charged amino acid that lacked a side chain altogether,
namely the glycine residue in PatS-6nG. The ITC data for the
PatS-6nG indicated that HetR bound to this peptide without
any loss in binding affinity compared to the native PatS-6
sequence. This result indicated that the length and/or nature of
the side chain was not important for binding to HetR, ruling
out the importance of a new hydrophobic interaction. Rather,
the data indicated that the N-terminal residue confers increased
binding affinity with HetR purely through a new peptide
backbone interaction, possibly through the formation of new
hydrogen bonds. While the ITC data on the various length
native PatS peptide fragments and on the PatS-6 peptides that
contained various N-terminal amino acid substitutions have
shed important light regarding the specific interactions between
HetR and PatS, the detailed molecular level understanding of
the relative binding affinities of the PatS peptides will only be
fully realized once the three-dimensional structures of the
complexes become available.
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