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ABSTRACT: The phosphotransferase system (PTS) controls the use of sugars in
bacteria. The PTS is ubiquitous in bacteria, but it does not occur in plants and
animals; it modulates catabolite repression, intermediate metabolism, gene
expression, and chemotaxis. Its uniqueness and pleiotropic function make the
PTS an attractive target for new antibacterial drugs. The PTS is constituted of two
general proteins, namely, enzyme I (EI) and the histidine phosphocarrier (HPr), and
various sugar-specific permeases. EI has two domains: the N-terminal domain
(EIN), which binds to HPr, and the C-terminal domain (EIC), which contains the
dimerization interface. In this work, we determined the binding affinities of peptides
derived from EIN of Streptomyces coelicolor (EIN*) against HPr of the same
organism (HPr*), by using nuclear magnetic resonance and isothermal titration
calorimetry techniques. Furthermore, we measured the affinity of EIN* for (i) a
peptide derived from HPr*, containing the active-site histidine, and (ii) other

T

peptides identified previously by phage display and combinatorial chemistry in Escherichia coli [Mukhija, S. L., et al (1998) Eur. J.
Biochem. 254, 433—438; Mukhija, S., and Erni, B. (1997) Mol. Microbiol. 25, 1159—1166]. The affinities were in the range of ~10
UM, being slightly higher for the binding of EIN* with peptides derived from HPr*, phage display, or combinatorial chemistry
(Kp ~ S uM). Because the affinity of intact EIN* for the whole HPr* is 12 uM, we suggest that the assayed peptides might be
considered as good hit compounds for inhibiting the interaction between HPr* and EIN*.

he bacterial phosphoenolpyruvate (PEP):sugar phospho-

transferase system modulates the preferential use of
carbon sources in bacteria. It is involved in (i) the transport and
the uptake of several carbohydrates through the cell wall, (ii)
the cell movement toward the carbon sources (chemotaxis),
and (iii) the regulation of other metabolic pathways in both
Gram-negative and Gram-positive bacteria.'™* The basic
composition of the PTS is similar in all species described so
far; it consists of a cascade of phosphoryl-transfer stages from
PEP to the sugar-specific enzyme II permeases (EIIs). The first
two proteins in the cascade are common to all PTS substrates:
phosphocarrier enzyme I (EI) and histidine phosphocarrier
(HPr) proteins. In the first step of the PTS, EI is
phosphorylated by PEP in the presence of M§2+; subsequently,
the phosphoryl group is transferred to HPr.”® HPr is able to
transfer the phosphate group to the active site of an EII
permease (usually, but not exclusively, at a histidine residue). EI
is at the top of the PTS cascade, and by using PEP, it links the
PTS with glycolysis."> Therefore, any compound inhibiting EI
should have a pleiotropic effect, interrupting the phosphor-
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ylation, and uncoupling the phosphorylation cascade from
other catabolic routes; depletion of PEP, interruption of
carbohydrate transport, and repression of some genes could
compromise cell growth and infectivity. Therefore, we suggest
that the first phosphorylation step in the PTS may represent an
important drug target for altering cell growth.

Sequence comparisons among Els and HPrs from several
organisms reveal significant identity.® The 64 kDa EI protein in
the species described so far is a homodimer. Proteolytic
cleavage of EI* yields two domains.” The EIN comprises,
roughly, the first 230 residues of the protein: it contains the
HPr-binding domain and the active-site histidine.> The EIC
mediates dimerization and binds PEP in the presence of
Mg?*.*® The structure of EIN* has been determined by X-ray
and nuclear magnetic resonance (NMR),">"! and its complex
with HPr* has been characterized by NMR techniques.'” The
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isolated EIN®, which consists of an a-helix and an a/f
domains, is structurally similar to the phospho-histidine domain
of the pyruvate-phosphate dikinase."

Streptomyces is a soil-dwelling Gram-positive actinomycete,
with a high content of G and C, that grows on a variety of
carbon sources. The complete genome of Streptomyces coelicolor
has been sequenced, and the different components of the PTS
have been reported."*'® Previously, we have undertaken an
extensive description of the structures and conformational
stabilities of the HPr* and EI** proteins, as a first step in
understanding their binding reaction.’”° In addition, we have
also measured the affinity constant of a small peptide derived
from HPr*, containing the active-site histidine (Hisl$),
HPr’~, toward the entire EI*; the affinity constant is ~200
uM, lower than that measured for the intact HPr (~100
uM).*! In this work, we went a step further (i) to select a
peptide derived from the HPr* sequence that was able to bind
EIN* and (ii) to design peptides derived from the EIN*
sequence that were able to bind HPr*. In addition, we
measured the affinity of EIN* for peptides derived from phage
display studies or from support-based combinatorial libraries,
which are able to bind EI*.*** By using EIN*, instead of the
whole dimeric EI*, the protein—peptide binding reaction is not
complicated by the dimerization equilibrium of EI*°. The results
show that the affinity of the EIN**-derived peptides for HPr*
was ~10 uM, similar to that measured for the EIN**—HPr*
interaction [12 uM (unpublished results)]. On the other hand,
the affinities of HPr-derived, phage, and combinatorial peptides
for EIN* were higher (~8 yM) than that measured for the
HPr’3°—EI* complex (~200 uM™"), suggesting that dimeriza-
tion of EI* affects peptide binding; furthermore, the affinity of
these peptides was slightly higher than that between EIN* and
HPr*. Interestingly enough, most of the peptides showed
antimicrobial activity in vivo. Taken together, these results
indicate that (i) these peptides might be considered as hit
compounds against inhibition of EI** and (ii) peptides derived
from binding to the PTS proteins of a bacterial species can be
used against the PTS proteins of other organisms.

B MATERIALS AND METHODS

Materials. Deuterium oxide and deuterated Tris were
obtained from Apollo Scientific (Stockport, U.K.), and TSP was
from Sigma (Barcelona, Spain). The Ni** resin was from GE
Healthcare (Barcelona, Spain). Dialysis tubing (SpectraPor),
with a molecular mass cutoff of 3500 Da, was from Spectrum
Laboratories (Japan). Standard suppliers were used for all other
chemicals. Water was deionized and purified on a Millipore
system.

Protein Expression and Purification. EI*, EIN*, and
HPr* were purified as described previously.'”'”** The *N-
labeled HPr* was prepared by growing Escherichia coli C41
cells®® in M9 minimal medium as described previously;*®
protein purification was similar to that of the unlabeled
protein.'” Protein concentrations were determined from the
absorbance of individual amino acids®” at 280 nm, by using a
Shimadzu UV-1601 spectrophotometer, in a 1 cm path length
cell (Hellma).

Peptide Selection and Design. We followed a two-part
approach. First, we selected peptides that were able to bind
EIN*, and second, we designed peptides that were able to bind
HPr*. All peptides were purchased from Genscript; purity was
confirmed by mass spectrometry and sodium dodecyl sulfate.
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Peptides That Are Able To Bind EIN*. The HPr’~* peptide
(GWAEGLHARPASIFVRAATAT G-amidated) was derived
from HPr*, spanning residues Gly9—Gly30. Those amino
acids belong to the first a-helix of HPr* (residues Alal6—
Thr27, in the numbering of the intact protein) and the
preceding loop containing the active-site histidine and three
flanking residues on each side to avoid fraying effects. We have
previously assayed this peptide against the whole EI*, and its
affinity is ~200 yM.>'

We also studied peptide Phagel (GLRFGKTRVHYLVLG-
amidated), derived from phage display studies against EI*,
which has a small ICq, inhibition constant (25 uM),** and
Phage2 (KKWHLRKR-amidated), derived from support-based
combinatorial libraries, which has a small inhibition ICs, (30
4M).> Both peptides are positively charged, and they contain a
His residue, which is the putative active site.

Peptides That Are Able To Bind HPr¢. We have used our
previous modeled structure of EIN* *° and the structure of
EIN*—HPr* complex'” to design the peptides. Two different
peptides were designed: (i) the so-called EINbsite
(FVTEEGGPTSHSAILARA-amidated), containing the active-
site histidine of EIN** (His186) and comprising half of the sixth
a-helix of EIN**® and (ii) the so-called EINosite (YRALLA-
GAGEYLAGRVADLDD-amidated), comprising half of the
third a-helix, the in-between loop, and half of the fourth a-
helix of the intact EIN**® which shows contacts with the
active-site region of HPr™® in the EIN“~HPr* complex.">

Isothermal Titration Calorimetry. ITC measurements
were performed by using a VP-ITC isothermal titration
calorimeter (MicroCal, Northampton, MA). Two different
binding experiments were conducted.

Measuring the Affinity of Synthetic Peptides for EIN*. We
conducted the binding reactions between EIN™ and HPr~%,
Phagel, and Phage2 peptides. The sample cell (1.4 mL) was
loaded with EIN* (at a concentration of 20 yM); the syringe
was loaded with the corresponding peptide (at a concentration
of ~400 yM).

Measuring the Affinity of Synthetic Peptides for HPr*. We
conducted binding experiments involving HPr** and EINosite
and EINbsite peptides (and also with an equimolar mixture of
both peptides). The sample cell (1.4 mL) was loaded with
HPr* (at a concentration of 20 uM); the syringe was loaded
with the corresponding peptide (at a concentration of ~400
uM; in the peptide cocktail, the concentration of each EINsite
peptide was also 400 yM).

In all the assays, a total of 28 injections of 10 yL were added
sequentially to the sample cell after a 400 s spacing to ensure
that the thermal power returned to the baseline before the next
injection. The amount of thermal power required to maintain
the reaction cell at a constant temperature after each injection
was monitored as a function of time. The isotherms
(differential heat upon binding vs the molar ratio of the
compounds in the cell) were fit to a single-site model assuming
that the complex has a 1:1 stoichiometry. Data were analyzed
with software developed in our laboratory, implemented in
Origin 7.0 (OriginLab).

To determine the buffer-independent enthalpy of the binding
reaction, the effect of the buffer ionization heat was taken into
account by conducting the binding reaction in two buffers: (a)
10 mM Tris (pH 7) and (b) 10 mM Mops (pH 7), which have
different ionization enthalpies, AH,, (11.7 and 5.5 kcal mol ™,
respectively). With this procedure, the buffer-independent
enthalpy of the binding reaction, AH®, and the number of
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exchanged protons between the complex and the bulk solution,
ny, were calculated. The apparent enthalpy change, AH, .. bufrers
in the corresponding buffer is”®

AH = AH° + nyAH,

meas, buffer

(1)

A positive value of ny indicates a net protonation, and a
negative value of ny indicates a net deprotonation. The value of
ny depends on the number of functional ionizable groups
involved in the proton exchange and whose pK, changes
significantly upon formation of the protein—peptide complex.
The expression for ny is

m 10PKui—PH 1oPKai—PH
= Z KC—pH KF —pH
S+ 107K P gy poPRee @)

where m is the number of ionizable groups and pK§; and pK:,
are the pK, values for ionizable group i in the complex (C) and
free (F) states, respectively. Ionizable groups involved may
belong to the protein or the peptide. Therefore, ny is the
difference in the proton saturation fraction of the ionizable
groups in the complex and the free state. It is obvious that if
either (1) pK§; and pK:; are very similar or (2) pK; and pK};
are different but very far from the experimental pH, the
ionizable group does not contribute to the ny value. In
addition, ny is related to the pH dependency of the association
constant (or binding affinity), according to

d(log K )
o(pH) 3)

According to eqs 2 and 3, ny may take fractional values. For
example, let us assume that pH = 7, and there is just one
ionizable group with a pK{ of 5.5 and a pK: of 6.5 (this may be
a histidine residue with a pK, of 6.5 in the free protein that
undergoes a reduction in pK, upon ligand binding). Then,
according to eq 2, ny = 0.03 — 0.24 = —0.21, and this result
cannot be interpreted as if each of these histidine residues
releases 0.21 proton, but that, “on average”, each of these
histidine residues releases 0.21 proton (that is, some histidines
will release a proton and some will not). In fact, ny; = 0.03 —
0.24 = —0.21 means that in the free protein these histidine
residues exhibit a proton saturation fraction of 0.24 (that is,
24% of these histidine residues are protonated in the free
protein) and that in the complex these histidine residues exhibit
a proton saturation fraction of 0.03 (that is, 3% of these
histidine residues are protonated in the complex), because of a
reduction in pK, upon formation of the complex. As a
consequence of formation of the complex, protons are released
to the bulk solvent.

The change in heat capacity on binding (AC,) was calculated
from the enthalpy values obtained at different temperatures by
using the buffers described.

NMR Spectroscopy. The NMR experiments were
conducted in a Bruker Avance DRX-500 spectrometer (Bruker
GmbH), equipped with a triple-resonance probe and z-pulse
field gradients. Processing of spectra was conducted with
XWINNMR. TSP was used as the external chemical shift
reference, and the '*N dimension of the two-dimensional (2D)
heteronuclear single-gluantum coherence (HSQC) spectra was
referenced indirectly.”

One-Dimensional NMR Experiments. Water was suppressed
with the WATERGATE sequence.”® Usually, 512 scans were
acquired with a spectral width of 12 ppm, with 16K data points

ny = —
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in the time domain. The data matrix was zero-filled to 32 K
during processing. Experiments were conducted in 50 mM
phosphate buffer (pH 7.0); the lyophilized peptides (at 100
uM) were dissolved in a 90% H,0/10% D,O mixture.

2D Homonuclear Experiments. Common TOCSY, ROESY,
and NOESY experiments®® were conducted as described
previously®” at 10 °C in aqueous solution to assign Phagel,
Phage2, EINbsite, and EINosite peptides. Concentrations were
in all cases ~2 mM. Typically, 200 experiments, with 160 scans
for the NOESY and ROESY experiments and 80 scans for the
TOCSY experiments, were conducted with 4K points in the F,
dimension. The mixing times for the NOESY, ROESY, and
TOCSY experiments were 200, 200, and 80 ms, respectively.
Spectra were processed with XWINNMR, and they were zero-
filled to 4K and 1K points in F, and F), respectively; squared
sine bell functions were applied in both dimensions.

The same NMR experiments were conducted in 40% TFE at
10 °C for the EINbsite and EINosite peptides. HPr’~*° has
been previously assigned in aqueous and 40% TFE solutions.>*
We did not conduct experiments in the presence of TFE with
the Phage peptides because TFE titrations followed by CD did
not show sigmoidal curves (data not shown).

Measurements of T, (transverse relaxation time). Meas-
urements of T, provide a convenient method for assessing
binding.33 We measured the T, values of several mixtures of
peptides with the corresponding proteins. Experiments were
conducted at 25 °C in 50 mM phosphate buffer (pH 7.0). The
T, measurements were conducted by using the 1-1 echo
sequence (at echo times of 2.9 ms and 400 us).>* The width of
an isolated tryptophan or amide proton resonance was used to
measure the T,; its variation, as the concentration of one of the
components of the mixture in the complex was increased, was
fit to a 1:1 binding model,* according to the equation

K
Y = 05Y, 41 + X +
[macromolecule],
N 1/2
Kp
“lr+x+ —2 | —4x
[macromolecule],

4)

where X is the molar ratio of the ligand to the macromolecule,
Y is the physical magnitude that is being monitored (which can
be the chemical shift, the intensity of the signals, or the
relaxation times, as in this work) at each different concentration
of the ligand added, and [macromolecule], is the concentration
of the polypeptide chain that is kept constant throughout the
titration experiment.

2D PN HSQC NMR Spectra. Spectra of wild-type N-
labeled HPr*“ were acquired in the phase-sensitive mode;
frequency discrimination in the indirect dimensions was
achieved by using the echo/antiecho-TPPI method. The 2D
SN HSQC experiments®® were conducted with 4K data points
in the 'H dimension and 200 scans in the "N axis. The spectral
widths were 15 and 35 ppm in the 'H and "N dimensions,
respectively. Water was suppressed with the WATERGATE
sequence.’’ The concentration of HPr* was 110 uM, and the
corresponding EINosite and EINbsite concentration was 4
times higher. For the experiments with the EINbsite/EINosite
mixture, the concentration of each peptide was the same (400
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UM). Spectra were acquired at 25 °C in 50 mM phosphate
buffer (pH 7.0).

Translational Diffusion NMR Experiments (DOSY). Trans-
lational self-diffusion measurements were performed with the
pulsed-gradient spin-echo sequence for Phagel, Phage2,
EINbsite, and EINosite peptides; DOSY measurements have
been previously taken for HPr*~*°.** The following relationship
exists between the translational self-diffusion constant, D, and
the delays during acquisition:*® I/I, = exp[Dy28*G*(A — &/3
— 7/2)], where I is the measured peak intensity of a particular
(or a group of) resonance(s), I is the maximal peak intensity of
the same resonance(s) at the smaller gradient strength, D is the
translational self-diffusion constant (in cm?® s™'), § is the
duration (in seconds) of the gradient, G is the gradient strength
(in teslas per centimeter), A is the time (in seconds) between
the gradients, ¥y is the gyromagnetic constant of the proton,
and 7 is the recovery delay between the bipolar gradients (100
s in our experiments). Data are plotted as I/I, versus G* and
the exponential factor of the resulting curve is Dy *6*(A — &/3
— 7/2), from which D can be easily obtained. The duration of
the gradient was varied between 1.8 and 2.5 ms, and the time
between both gradients was 150 ms in all peptides. The methyl
groups between 0.8 and 1 ppm were used for integration in all
peptides. The gradient strength was calibrated by using the
value of D for the residual proton water line in a sample
containing 100% D,O in a § mm tube.’ It is important to
indicate at this stage that the determined D for each peptide is
the weighted average of the translational diffusion coefficients
of all species present in the solution. The averaged hydro-
dynamic radius, Ry, was obtained by assuming that the Ry of
dioxane is 2.12 A>” DOSY measurements with each peptide
were repeated twice; the reported D value is the average of
these two measurements. The peptide concentration was ~2
mM, and the required amount of the lyophilized biomolecule
was dissolved in 100% D,O.

Inhibition Tests. S. coelicolor CECT 3243 was used for
testing the antimicrobial activity of the peptides used in the
work, with antibiotic susceptibility disks. Liquid and solid ISP2
medium (0.4% glucose, 0.4% yeast extract, 1% malt extract) was
used for the maintenance and growth of the microorganism,
using standard protocols.*®

Sterile disks were impregnated with S uL of the desired
compound [water, Phagel (80 yM) and Phage2 (80 uM),
EINosite (300 M) and EINbsite (400 pM), HPr”~* (150
uM) and kanamycin (142.3 mM, S0 mg/mL) and ampicillin
(101.3 mM, 50 mg/mL)]. They were allowed to dry for 2 h
before being placed in agar plates with ISP2 medium streaked
with 100 uL of liquid culture of S. coelicolor CECT 3243 (10°
colony-forming units). The plates were then incubated
overnight at 28 °C. Experiments were repeated four times.

B RESULTS

Phagel, Phage2, EINbsite, and EINosite Peptides
Were Monomeric and Disordered in Solution. The R,
values experimentally determined from DOSY experiments
were similar, within error, to those calculated theoretically for
monomeric disordered peptides,® according to the expression
Ry, = RyM’, where R, = 0.027 + 0.01 nm and v = 0.50 + 0.01
(Table 1). Therefore, we can conclude that the peptides
populate a monomeric random-coil conformation.

The far-UV CD spectra in aqueous solution of the four
peptides had minima between 200 and 205 nm, further
suggesting that they were mainly disordered (data not shown).
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Table 1. Hydrodynamic Measurements of the Peptides

peptide® R, (A)b (D x 10% cm? s71) R, (A)°
Phagel (1716.0) 7+2 (24 +03) 11+3
Phage2 (1151.4) 6+2 (27 +03) 9+2
EINosite (2209.4) 12.3 + 0.8 (8.29 + 0.04) 12 +2
EINbsite (1843.0) 9.8 + 0.7 (9.49 + 0.01) 11+3

“The mass of each peptide is within the parentheses (in daltons).
*Determined from DOSY measurements. The errors in D are the
average of the fitting errors of two measurements. Errors in Ry are
propagation errors. “Determined by the equation of Danielsson and
co-workers.>®

We assigned the four peptides in aqueous solution, by using
homonuclear NMR standard methods.®>" Several lines of
evidence confirmed that the peptides did not have a well-
defined conformation. First, no long- or medium-range NOEs
were detected (Figure 1A—D), neither were short-range [i.., (i,
i + 2)] or medium-range [(i, i + 3) and (i, i + 4)] NOEs
detected. Second, the sequence-corrected conformational
shifts>"* for any of the peptide Ha protons were within the
commonly accepted range for random-coil peptides (A5l < 0.1
ppm) (Tables S1—S4 of the Supporting Information); only the
conformational shifts of the N- and C-terminal residues or
those of residues following an aromatic amino acid showed a
deviation from that interval.

We also conducted NMR experiments in the presence of
40% TFE for EINbsite and EINosite (Tables SS and S6 of the
Supporting Information), because some of their residues were
involved in the a-helices in the whole EIN* (the C-terminus in
EINbsite and both termini in EINosite). At that TFE
concentration, the sigmoidal titration of both peptides
(representing the coil < ordered structure reaction) has
finished, and the curve has reached a plateau (data not shown).
The results suggest that whereas EINbsite (Figure 1A of the
Supporting Information) had NN(j, i + 1) and medium-range
NOEs at the C-terminus, EINosite did not show any evidence
of medium-range NOEs (Figure 1B of the Supporting
Information); therefore, the EINosite peptide does not have
a strong tendency to acquire a helical conformation. This
behavior contrasts with that observed in HPr’~*°, where a full
formed helix was observed in the presence of the cosolvent.®

Phage1 and Phage2 Peptides Were Bound to EIN*¢
with a High Affinity. First, we assessed the binding by
measurements of the T, relaxation time. As there is a
tryptophan in Phagel and EIN lacks tryptophan residues, we
followed the changes in the T, relaxation time of that indole
signal as the EIN* concentration was increased (with a
constant Phagel concentration of 100 yM); the equilibrium
was fast on the NMR time scale because a single set of signals
was observed for the indole proton of Phagel. As the EIN*
concentration was increased, the T, relaxation time was
reduced, as a larger population of the EIN**~Phagel complex
(with a higher molecular weight) was present (Figure 2A). On
the other hand, because Phage2 has no isolated signals (Table
S2 of the Supporting Information), we followed the changes in
the T, relaxation time of the protons at 10.30 ppm of EIN*
(which correspond to two amide protons>*). In this case, the
equilibrium was also fast on the NMR time scale, but as the
Phage2 concentration was increased ([EIN*] = 95 M), the T,
increased, because a larger proportion of the EIN*—Phage2
complex was present (Figure 2B). It is important to note that
variations in T, for the Phage2—EIN* complex were smaller
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Figure 1. Summary of structural data for (A) Phagel, (B) Phage2, (C) EINbsite, and (D) EINosite peptides in aqueous solution. NOEs are classified
as strong, medium, or weak according to the height of the bar underneath the sequence. Intensities were judged by visual inspection from the NOE
contacts measured in the ROESY experiment. The corresponding Ha NOEs with the following HJ of a proline residue are indicated by an empty
bar in the row corresponding to the aN(i, i + 1) contacts. The dotted lines indicate NOE contacts that could not be unambiguously assigned because
of signal overlap. The numbering of EINDbsite and EINosite peptides corresponds to that of the whole sequence of EIN*.
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Figure 2. Affinity of the Phage peptide—EIN* complexes as measured
by NMR. (A) Variation of T, of the indole proton of Phagel upon
addition of EIN*. (B) Variation of the signals at 10.30 ppm in EIN*
upon addition of Phage2. Experiments were conducted at 25 °C in 50
mM phosphate buffer (pH 7.0). The curves were the fittings to a 1:1
binding model (eq 4) according to Fielding.33

than for the other complex, because of the different signals
observed in the two complexes (in the Phagel complex we
observed that of the peptide and in the Phage2 complex that of
EIN*). We determined the K, from the variation of the T,
relaxation time in both peptides (Figure 2). The values were 65
+ 56 uM for Phagel and 31 + 20 uM for Phage2.*

Second, we determined quantitatively the binding by ITC
(Table 2 and Figure 3A—C). To allow for a comparison, we
measured (i) the Ky, of the EIN*“~HPr’~*° complex, which was
~8 uM, 30 times smaller than that obtained for the EI*—
HPr’~* complex (~200 uM?"), and (i) the K of the EIN*—
HPr* complex (~12 uM). The Kp, of the EIN* complexes with
Phagel and Phage2 peptides were 2 times smaller (Table 2),
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and they were similar, within error, to those determined by
NMR (see above). The values of the binding enthalpies and
entropies indicate that the processes were entropically driven;
the AC, values were negative, as expected. A positive value of
ny indicates a protonation, the uptake of a proton by the
complex, as occurred in the EIN*“~HPr’~*° complex (Table 2),
where the number of exchanged protons was close to 0.5; a
positive value of ny was also obtained for the EIN*—HPr*™
complex (0.52). On the other hand, a negative value of ny
indicates a deprotonation, the release of a proton from a
residue in the complex; the values of ny were smaller and
negative in both Phage peptides.

EINbsite and EINosite Peptides Bound HPr¢ with a
Lower Affinity than Phagel and Phage2. First, we
determined qualitatively the binding by measuring the T,
relaxation time of an isolated signal at 9.49 ppm in the
spectrum of HPr*. In the presence of the peptides, T, increased
from 26.8 to 35.3 ms at a 1:2 HPr*:EIN peptide ratio; attempts
to obtain a titration curve like those in Phage peptides (Figure
2) failed, probably because of the smaller size of HPr*
compared to EIN*. Therefore, we tried to further confirm
the presence of binding by mapping the changes (in chemical
shifts and/or in signal intensities) in the HSQC spectra of
HPr* (Figure 2 of the Supporting Information). Upon addition
of EINsite peptide, there were signals that showed variations in
intensity and/or in some chemical shifts. Therefore, both NMR
experiments suggest that there was binding between EINsite
peptides and HPr*.

The affinities of both EINsite peptides for HPr were
determined by using ITC. The Ky values of the complexes
involving HPr* with the EIN*-derived peptides were 2 times
higher than those with the Phage peptides or HPr’~*° (Table 2
and Figure 3D,E); furthermore, the Ky, of HPr* with equimolar
amounts of both EIN**-derived peptides was similar to those of
the complexes involving the isolated peptides (Table 2 and
Figure 3F). As in the Phage peptides, the binding was
entropically driven.

The Peptides Have Activity in Vivo. The assays in vivo
have shown that all peptides, except EINosite, had
antimicrobiological activity against S. coelicolor CECT 3243
(Figure 4); even Phagel and Phage2, which were originally
designed against E. coli, showed activity similar to that shown
by the rest of the peptides. The reasons behind the absence of
activity in EINosite are not understood, but it could be due to
the lack of a sufficient peptide concentration or, more probably,
to the fact that it is the only peptide that does not contain the
active-site histidine (see above).
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Table 2. Thermodynamic Parameters for the Binding Reactions As Determined by ITC*

complex

EIN*—HPr ™
EIN**—Phagel
EIN*—Phage2
HPr**—EINbsite
HPr*“—EINosite

HPr*“—(EINbsite + EINosite)

Kp (uM) AH® (kcal/mol)”
8.4 10.7
S.1 -0.3
4.3 0.1
18 14
14 1.5
16 1.5

AC, (keal/mol)®  AG® (kcal/mol)?  —TAS® (keal mol™! K™)° i
—-0.28 —6.9 -17.6 0.49
-0.12 7.2 —6.9 —-0.30
-0.08 =73 -7.4 —0.08

0.03 —64 -7.8 —-0.26
—-0.08 —6.6 -8.1 —0.18
g —6.5 -8.0 —0.25

“All titrations were conducted in 10 mM Tris buffer (pH 7.0) at 25 °C. K, is the dissociation constant. Typical relative errors are 20—25% for Kp,
<8% for AG®, 5—10% for AH® and —TAS®, 20% for AC,, and 10% for ny. Experiments were conducted in duplicate. bThe value of the buffer-
independent enthalpy for the binding reaction was determined by conducting experiments in 10 mM Tris and Mops buffers (pH 7.0) at 25 °C, and
by using eq 1. “The heat capacity of the binding reaction was determined by conducting experiments in 10 mM Tris buffer (pH 7.0) at 15, 25, and 35
°C, for all the reactions except those involving Phagel and Phage2 peptides, where the 10 mM Mops buffer (pH 7.0) at 15 and 25 °C was used. In all
cases, a linear relationship between the value of the enthalpy of binding and the temperature was observed, in agreement with a well-defined constant
binding heat capacity over the temperature range considered (15—35 °C). 9AG® is the binding free energy at 25 °C, determined as AG® = RT In Kp,
“The value of the entropic contribution of the binding reaction at 25 °C, determined as —TAS® = AG® — AH°./The number of exchanged protons,
determined by conducting experiments in 10 mM Tris and Mops buffers (pH 7.0) at 25 °C, by using eq 1. This value was not determined because
of the nonlinearity of AH vs temperature, and the large associated errors when attempts to fit the data to several polynomial equations were used.
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Figure 3. Determination of the affinity constants of the complexes by ITC. The fitting curves were obtained assuming a 1:1 model. (A—C) Binding
of HPr* ™ and Phage peptides to EIN*. (D—F). Binding of EINsite peptides to HPr™,

B DISCUSSION

Affinity of the Peptides for EIN* and Their Acquisition
of Nativelike Structure. A favorable binding entropy
indicates that water molecules are expelled from the complex
interface, and this represents a main driving force counter-
balancing the conformational and roto-translational entropic
losses.”® These results differ from those of the association of the

whole EI* with HPr*, which was enthalpy-driven.21

Fur-

thermore, the Kp, of the EIN*~HPr* > complex (~8 uM) was
smaller than those for the EI*—~HPr’™* (~200 uM)*' and
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EIN*—HPr* (~12 yM) complexes. These differences might
arise from the presence of the EIC, because binding of HPr’~*°
probably requires dissociation of the dimeric EI** (as it happens
when the entire HPr* binds to EI*).

The measured enthalpies show differences among the species
assayed (Table 2); in fact, the binding enthalpy for the EIN*—
HPr’*° complex was similar to that measured for the EI*—
HPr’~*° complex, suggesting that the differences in the affinities
must rely on entropic considerations and, therefore, in the
dimeric character of EI*. The value of AH® is composed of the
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EINbsite

EINosite

Figure 4. Kirby—Bauer antibiotic testing of the peptides used in this
work. The antibiotics kanamycin and ampicillin (50 mg/mL) were
used as positive controls, and water was used as a negative control.
Note that the concentrations of kanamycin (142.3 mM, 50 mg/mL)
and ampicillin (101.3 mM, S0 mg/mL) were 1000 times higher than
that of the assayed peptides (in the range of micromolar).

intrinsic binding enthalpy (which is a result of the net balance
between formation and breakdown of van der Waals,
electrostatic, and hydrogen bond interactions between the
binding partners and the solvent) and the ionization enthalpy
of the groups involved in the proton exchange from the two
molecules of the complex (protein and peptide). The value of
AH® for the EIN*“~HPr’ ™ complex is the highest, suggesting
a protonation during the binding reaction,” as it is also
supported by the calculation of ny (Table 2). Conversely, the
formation of the Phagel and Phage2 complexes showed a small
deprotonation (Phagel) and no net proton transfer (Phage2);
therefore, the mechanism of binding seems to be different
among the species assayed, although in all of them, it resulted
in the burial of hydrophobic surfaces [because AC, values were
negative (Table 2)]. On the other hand, the mechanism of
binding seems also to be different from that previously reported
for the EI*—HPr~%° complex, where a stronger deprotonation
upon complex formation was observed (1 = —0.96).>!

We have previously observed, by using STD-NMR measure-
ments, that binding of EI* to HPr’~* involved acquisition of a
helical nativelike structure of the peptide. Attempts to conduct
STD-NMR measurements with the EIN*“—HPr*~* complex
were unsuccessful, probably because of the smaller size of EIN*
compared to EI*. Therefore, we should infer that the same
helixlike structure in HPr”~° is acquired upon binding to EIN*".
Interestingly enough, Phagel and Phage2 peptides have no
intrinsic tendency to form helical structure [as suggested by
prediction programs and by TFE titrations conducted in our
laboratories (data not shown)]; therefore, binding to EIN* of
those peptides does not involve the acquisition of helical
nativelike structure around the active-site histidine. This is
further supported by the fact that attempts to assess the binding
by CD measurements (which led to successful results in
assessing the binding of EI* to HPr’* ') did not yield
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variations in the ellipticity of the complex spectra when
compared to that of the spectrum of the isolated EIN* (data
not shown).

Affinity of the Designed Peptides for HPr*“ and Their
Acquisition of Nativelike Structure. Whereas EINbsite
comprises the active-site region of EIN* and EINosite involves
the region of EIN* close to the active site of HPr*, the affinity
of both peptides was the same, within error (Table 2); however,
the binding mechanisms were different as judged by the
dissimilar AC, values. This dissimilar binding mechanism was
further supported by the fact that the signals in the HSQC
spectra of HPr* affected by the two isolated peptides were
different (Figure 2 of the Supporting Information); the positive
value of AC, for EINbsite binding further suggests solvent
exposure of the hydrophobic surface upon binding. On the
other hand, the use of a “cocktail” mixture of both peptides did
not show a large variation in the affinity, suggesting that there is
not a synergic effect of both peptides on HPr*. The absence of
a synergic effect could imply that (i) other regions of EIN* are
needed to bind strongly to HPr*, (ii) both peptides are
mutually excluding, or (jii) they bind in an independent
fashion. With regard to the thermodynamic parameters of
formation of the HPr**—(EINbsite + EINosite) complex, the
nonlinearity of AH versus temperature might be due to large
conformational rearrangements upon binding or, alternatively,
to the pre-existence of a temperature-dependent conforma-
tional equilibrium.* The dissociation constant of EINbsite is
18 uM, and that for EINosite is very similar, 14 uM. The
binding enthalpies of these two peptides are also similar,
around 1.5 kcal/mol. In the titration with the peptide mixture, a
dissociation constant of 16 4M is obtained, which is close to the
geometric mean of the individual dissociation constants, and
also the binding enthalpy is the arithmetic mean of the
individual binding enthalpies. This finding is in agreement with
the hypothesis of independent mutually exclusive binding of
both peptides. If both peptides could bind simultaneously and
independently, we would expect an observed binding enthalpy
equal to the sum of the individual binding enthalpies. On the
other hand, if both peptides could bind simultaneously and
cooperatively (positive or negative cooperativity), we would
expect an observed dissociation constant different from that
obtained experimentally.

The affinities of the EINsite peptides for HPr* were similar
to that of the EIN*—HPr* complex, suggesting that even
though they do not contain the full binding region of EIN®,
most of the energetically important regions in binding are
present in those peptides. However, inhibition in vivo was
observed for only the EINbsite peptide, suggesting that the
presence of the active-site histidine might be important for
achieving activity (Figure 4). Furthermore, because these
peptides did not exhibit a strong intrinsic tendency to form
helical structure [as concluded from the experiments in the
presence of TFE (Figure 1 of the Supporting Information)], we
suggest that (i) nativelike helical structure in the peptides is not
necessary to achieve binding and probably (ii) upon binding to
HPr*“ the peptides do not acquire a fully, well-defined,
nativelike structure (as it occurs in the Phage peptides).

Finally, it could be thought that peptide binding involved the
unspecific presence of several molecules of the peptide for a
single molecule of the PTS protein. We have several pieces of
evidence suggesting that the complexes form a specific complex
with a 1:1 stoichiometry with either EIN* or HPr*. First, the
measurements of the relaxation time for the complexes allow
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the estimation of the molecular mass of the complexes; when
the rate of both molecules ([peptide] to [PTS protein]) equals
1, the calculated mass of the complex is close to that expected
from the addition of the masses of the isolated polypeptide
chains. Furthermore, in the range of concentrations explored,
the calculated masses of the complexes did not involve a
stoichiometry of 2:1 ([peptide]/[PTS protein]) or higher.
Second, the 1:1 stoichiometry equation (eq 4) fits well the T,
relaxation data (Figure 2). Third, we fit the ITC binding
isotherms to several stoichiometries (peptide:protein), and in
all cases, the fittings were worse or had a y* similar to that
obtained for the 1:1 stoichiometry; therefore, we used Occam’s
razor criteria to choose the simplest model. Finally, the binding
is not unspecific, because only some particular signals in the
NMR spectra are modified upon peptide addition (Figure 2 of
the Supporting Information), and among them, in our partial
assignment for HPr, we observed HislS, the active-site
histidine.

Biological Implications. Bacterial pathogens are becoming
increasingly resistant to the antibiotics used to tackle infectious
diseases. More than 150 antibiotics belonging to at least 17
different classes are now available. Each antibiotic operates at a
specific site within the cell. Some of them inhibit the cell wall
synthesis (as f-lactams). Others disorganize cell membranes
(such as polymixins). Others inhibit the protein synthesis (such
as chloramphenicol), DNA or RNA. Others target particular
biochemical pathways (such as methotrexate in the synthesis of
folic acid). However, the increasing resistance makes more
compelling than ever the search for new targets.*” Here we
propose the first phosphorylation step in PTS as a drug target.
Our strategy is different from that using PTS transporters as
vehicles for antibiotic uptake® or the use of PEP as
antibacterials.** Our methodology involves the inhibition of
the first phosphorylation step within the PTS cascade by using
the two general proteins as targets. We used a rational approach
to target the protein—protein interaction (PPI) interface of the
EIN*“—HPr* complex, based on (i) the structure of the
determined complex in other bacterial species and (ii)
combinatorial and phage display approaches against EI*
developed by other authors.”***

The first conclusion of our work is that the designed peptides
(based on short fragments comprising the active sites and
nearby regions in both proteins) can be considered good hit
compounds, because their affinities for the target proteins are
similar to that measured (12 #M) in the complex of both intact
proteins (EIN*—HPr). Thus, we may conclude that the
protein—protein interface of this complex is druggable, even
though the interfaces of both proteins are very large."”
Moreover, the intrinsic binding affinities for the peptides
could be even higher, because the observed binding affinity
contains an energetic penalty due to the conformational
restriction upon binding; therefore, conformationally restricted
ligands derived from these peptides might exhibit higher
binding affinities.

The second conclusion of our studies stems from the use of
peptides with no relationship to EI*, and designed for
inhibiting EI*. Phagel and Phage2 had the smallest K, values
(Table 2). Therefore, peptides that are not sequence-related to
ET* or HPr* showed the highest affinities. Interestingly enough,
both Phagel and Phage2 peptides were designed against the
EI*5*>** these results suggest that peptides designed against a
PTS protein in a species may be active against the homologous
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protein from another species, thus allowing the interspecies
jump.

Finally, our studies show that although the PPI of the EIN**—
HPr* complex mainly involves a-helices from both proteins
(close to the active sites), the Phagel, Phage2, and EINsite
peptides did not show a significant tendency to acquire a helical
nativelike structure, and they did bind to the protein target with
an affinity comparable to that of the intact protein (Table 2).
However, our studies suggest that although native structure
does not seem to be important to achieve binding (Figure 3)
and inhibition in vivo (Figure 4), the presence of the active-site
histidine might be a key residue allowing antimicrobial activity
in vivo. Therefore, we suggest that various chemotypes can bind
effectively to both PTS proteins, and thus, the possible hit
compounds do not need to exactly mimic the natural target of
the EI-HPr interface. These results indicate that several
scaffolds might be effective for disrupting this particular PPL
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NOE schemes of EINbsite and EINosite in the presence of 40%
TFE (Figure 1), HSQC spectra of HPr* with EINbsite,
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