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ABSTRACT: The Escherichia coli siderophore enterobactin is synthesized in response to iron starvation. 2,3-
Dihydro-2,3-dihydroxybenzoate dehydrogenase (EntA) produces 2,3-dihydroxybenzoate (DHB), a biosynthetic
intermediate. 2,3-Dihydroxybenzoate-AMP ligase (EntE) adenylates DHB, activating it for attachment to the
NRPS substrate holo-EntB. Using analytical ultracentrifugation, we found that EntA undergoes concentration-
dependent dimer—tetramer self-association (Kp = 12.3 uM). We further found that EntA can form a specific
complex with EntE. Pull-down assays revealed that recombinant EntA bait pulled down EntE from E. coli
lysates, whereas recombinant EntE bait could pull down EntA. Addition of the SMCC cross-linker to a mixture
of EntA and EntE resulted in a cross-linked product with a molecular mass of > 250 kDa, suggesting a complex
stoichiometry of one EntA tetramer and four EntE monomers. The effect of EntA on EntE activity was also
examined. Addition of a 4-fold excess of EntA to an EntE assay mixture resulted in a 6-fold stimulation of EntE
activity. EntA was also found to perturb the FRET signal between EntE donor residues and EntE-bound DHB.
By following the EntA-dependent decrease in the magnitude of the EntE—DHB FRET signal, EntA—EntE
binding behavior was found to be sigmoidal, suggesting the presence of both low- and high-affinity binding sites.
The EntA—EntE interaction was also directly measured by isothermal titration calorimetry at 10 °C. The
resulting binding isotherm fit well to a model describing two binding sites, supporting our AUC and fluorescence
data. Taken together, our data show that tetrameric EntA optimally interacts with EntE, resulting in an
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enhancement of EntE activity.

Under iron-limiting conditions, most bacteria synthesize and
secrete small molecules known as siderophores to obtain iron
from the extracellular environment (/, 2). Siderophores and the
proteins involved in their synthesis, secretion, and modification
are considered virulence factors in many pathogenic
bacteria (3—7). In extraintestinal environments, Escherichia coli
obtains ferric iron predominantly via the biosynthesis and
secretion of enterobactin, a catecholate-type siderophore (8, 9).
Enterobactin consists of three 2,3-dihydroxybenzoic acid (DHB)
moieties linked by amide bonds to three L-serine subunits cyclized
in a triserine trilactone core (Scheme 1A). High-affinity chelation
occurs through the hexadentate coordination of the three DHB
catechol groups of enterobactin to one Fe’™ atom (association
constant of ~1 x 10°° M™") (10). This extraordinary affinity for
ferric iron is needed to effectively scavenge low-abundance
extracellular Fe** and to compete with high-affinity chelators
such as mammalian serum transferrin (/7).

The biosynthesis and secretion of enterobactin require the
proteins expressed from eight genes (entA—F, entH, and entS).
Proteins encoded by the genes fepA—G then facilitate TonB-
dependent uptake of ferric enterobactin from the extracellular
environment. These genes are all under the control of the Fur
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Scheme 1: (A) Chemical Structure of Enterobactin, (B) Reac-
tion Catalyzed by E. coli 2,3-Dihydro-2,3-dihydroxybenzoate
Dehydrogenase, and (C) Reaction Catalyzed by E. coli 2,3-
Dihydroxybenzoate-AMP Ligase

A o
[EEOH
HN' 0
o] 0. 0
HO. 0.
) NH
I
o
HO’

B L

OH OH
NAD* + EE[ EntA (EKOH + NADH + H*
(oo} o070

2,3-dihiydro-DHB 2,3-DHB

C
OH .
9% + PPi

ATP + ?{ EntE
OH ———>
[} O o "AMP

2,3-DHB 2,3-DHB-AMP

repressor, such that expression is upregulated only when levels of
intracellular iron are low (/2—14). Enterobactin biosynthesis
involves six enzyme activities that can be broadly grouped into
two major segments that are functionally distinct (for a review,
see ref 9). The DHB synthesis segment includes the activities of
EntC (/5), EntB (the N-terminal isochorismatase domain) (/6),
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and 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase (EntA)
(17); these activities function sequentially to catalyze the conver-
sion of chorismate into DHB. The NRPS segment includes the
activities of EntD (/8), EntE (19), EntB [C-terminal aryl carrier
protein (ArCP) domain], and EntF (20); activities in the NRPS
segment function in concert to condense the three molecules each
of DHB and 1-serine into one enterobactin molecule (21, 22).
EntH has been shown to be a proofreading activity that ensures
proper acylation of holo-EntB during the NRPS process (23, 24).
The inner-membrane protein EntS secretes enterobactin from the
cytoplasm into the periplasm and is necessary for efficient
enterobactin export (25).

We now know that the majority of proteins in a cell form
specific complexes with one or more partner proteins to conduct
their biological activities, and many such interactions are now
targets in the development of novel chemotherapeutics (26—29).
To what extent do protein—protein interactions play a role in
enterobactin biosynthesis? Protein interactions within the NRPS
segment have already been reported (22, 30—33). The rate of
DHB adenylation by EntE was shown to increase in the presence
of the NRPS substrate phosphopantetheinylated EntB (holo-
EntB), consistent with the reported mechanism of EntE-catalyzed
acyl transfer to the P-Pant group on Ser245 of EntB (33). Residues
comprising the obligate EntE—holo-EntB interaction interface
have been identified through mutagenic studies (37). We have
recently reported that EntE can also efficiently interact with EntB
prior to its phosphopantetheinylation (i.e., as apo-EntB). We
showed that formation of the EntE—apo-EntB complex is
optimal in the presence of exogenous DHB, and that the inter-
action was of relatively low affinity (ECsy ~ 1.5 uM) (32).
The EntE—apo-EntB—DHB complex is likely regulatory in
nature and is thus distinct from the EntE—holo-EntB NRPS
obligate complex. Residues involved in the interaction interface of
the obligate interaction of acyl-holo-EntB with the NRPS sub-
strate holo-EntF have also been reported (22).

The enzymes EntA and EntE are found at the interface of the
two major segments of enterobactin biosynthesis. EntA (EC
1.3.1.28) catalyzes the final reaction in the DHB synthesis segment
(Scheme 1B). EntA has a subunit molecular mass of 26249
Da (17). The EntA crystal structure revealed EntA to be tetra-
meric, being composed of a dimer of dimers (34). EntE (EC
2.7.7.58) catalyzes the first reaction in the NRPS segment by
activating DHB, the product of EntA, through ATP-dependent
adenylation (Scheme 1C). EntE has a subunit molecular mass of
59112 Da and is monomeric, being a member of the adenylate-
forming family of enzymes (35—38). This enzyme catalyzes the
adenylation of DHB, as well as its attachment in the activated
form to the phosphopantetheine moiety of the downstream
NRPS substrate holo-EntB. The EntE catalytic mechanism has
been elucidated in a recent report showing that EntE catalyzes
two half-reactions in a bi-uni—uni-bi ping-pong mechanism. (i) In
the first half-reaction, DHB binds to EntE followed by the
cosubstrate ATP. DHB is then adenylated followed by release
of pyrophosphate (PP;). (ii) In the second half-reaction, the
EntE-DHB—AMP complex binds to holo-EntB, resulting in
the transfer of DHB to the phosphopantetheine group on Ser245
of EntB, resulting in the production of acyl-holo-EntB,; this is
followed by release of AMP from EntE (39). Interestingly, it has
also shown that in the absence of holo-EntB, EntE catalyzes the
slow production of P',P*-diadenosine 5'-tetraphosphate (Ap4A),
amolecule that isinvolved in the modulation of cellular stress (40).
This highlights not only the importance of the EntE—holo-EntB
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obligate interaction during normal enterobactin biosynthesis but
also a potential protective role for EntE when it is expressed in the
absence of EntB.

Here we report the first evidence of a protein—protein inter-
action between the sequentially related enzymes EntA and EntE,
thus establishing a direct, physical link between the DHB synth-
esis and NRPS segments of enterobactin biosynthesis. Through
the use of various in vitro assays, we show that EntA and EntE
specifically interact to form a protein—protein complex. The
nature of this interaction appears to be significantly affected by
the oligomeric structure of EntA, which undergoes a concentration-
dependent transition from dimer to tetramer at low micro-
molar concentrations. We report here that the EntA—EntE
interaction also results in stimulation of EntE activity, likely
through a conformational remodeling of the EntE active site,
such that EntA exerts an activating role in the first half-
reaction (DHB adenylation). EntE catalysis of DHB adenyla-
tion therefore appears to be optimized when the enzyme is
assembled into a complex with EntA during enterobactin
biosynthesis. The discoveries reported here further highlight
the integral role of protein—protein interactions in networking
the enterobactin biosynthetic pathway.

EXPERIMENTAL PROCEDURES

Reagents. Most reagents were purchased from Bioshop Canada,
Inc. (Burlington, ON). 2,3-Dihydroxybenzoic acid (DHB) was
purchased from Sigma-Aldrich (St. Louis, MO). Inorganic
pyrophosphatase was purchased from Invitrogen (Carlsbad, CA).

Protein Expression and Purification. Hexahistidine-tagged
EntA and EntE were purified from E. coli AG-1 cells [obtained
from the ASKA repository (/)] harboring appropriate pCA24N-
based expression constructs. Each protein was expressed with an
in-frame hexahistidine tag and spacer region at the N-terminus
(MRGSHHHHHHTDPALRA...), and a short extension at the
C-terminus (...GLCGR[STOP]). Recombinant EntA and EntE
were overexpressed and purified using immobilized metal affinity
chromatography as reported previously (32). In this study, all
protein concentrations were determined by measuring absorbance
at 280 nm and using molar extinction coefficients predicted from
primary amino acid sequences (¢ = 57300 and 20970 M~' cm ™!
for EntE and EntA, respectively). Protein concentrations are
reported as concentrations of the monomer subunit unless other-
wise indicated.

Analytical Ultracentrifugation. Sedimentation velocity ex-
periments were performed in a Beckman XL-I analytical ultra-
centrifuge with a four-place An-60Ti rotor. Runs were initiated
after extensive thermal equilibration (>5 h) of the rotor and
sample-containing cells at 20 °C. Solutions containing 50 mM
Tris (pH 7.5), 150 mM NaCl, 0.5 mM TCEP, and varying
concentrations of EntA or EntE were centrifuged at 40000 rpm
over approximately 10 h. A total of 250 absorbance scans were
collected per run in which the optical density at 280 nm was
measured. Sedimentation velocity data were fit to g(s*) and g"\(s*)
distributions using DCDT+ (version 2.2.1) (42). A number of
scans (~17 scans per analysis; w’f intervals all roughly between
10 x 107" and 16 x 10~'° rad*/s) from each run were selected
such that the peak broadening limit was always between ~150 and
160 kDa. Fits to g(s*) distributions were used for qualitative
graphical comparison of concentration-dependent sedimentation
behavior. Fits of g"(s*) distributions (in which concentration
distributions were not based on zero-time extrapolations) were
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used to quantitatively determine weight-average sedimentation
coefficients. SEDPHAT (43) was used for global analysis of
concentration-dependent EntA oligomerization. SEDPHAT glo-
bal analysis was performed using four sedimentation velocity runs
(EntA at 2,4, 8, and 18 uM; 250 scans per run). The data were fit
to the monomer—dimer self-association model of SEDPHAT, in
which the EntA dimer was modeled as the “monomer™ and the
EntA tetramer was modeled as the “dimer”, assuming that the
EntA dimer sedimented as a stable nondissociating species over
the concentration range examined, consistent with the reported
EntA crystal structure in which EntA subunits are arranged as a
dimer of dimers (34). Estimations of S,y values for the EntA
dimer and EntA tetramer, which are required in the SEDPHAT
global analysis, were obtained by hydrodynamic bead modeling
using HYDROPRO (44) with the EntA Protein Data Bank
(PDB) structure (2FWM) as input (either all four chains of the
tetrameric biological assembly or the two chains from the
structure that comprise the physiological dimer). The fit to the
SEDPHAT self-association model was optimized using both
simplex and Marquardt—Levenberg algorithms. For both
DCDT+ and SEDPHAT analyses, SEDNTERP (version 1.09)
(45) was used as appropriate for estimation of the following
parameters at 20 °C: solution viscosity, solution density, and
protein partial specific volume (as predicted from the primary
amino acid sequence).

Dynamic Light Scattering. Dynamic light scattering mea-
surements were performed on a temperature-controlled Wyatt
DynaPro Titan dynamic light scattering instrument (Protein
Solutions, Charlottesville, VA) using a 12 uL quartz cuvette at
20 °C. Prior to the collection of DLS data, purified EntE and
EntA samples were extensively dialyzed against a buffer contain-
ing 50 mM Tris (pH 8.0), 150 mM NaCl, and 0.5 mM TCEP.
Proteins were briefly centrifuged at 21000g immediately prior to
data acquisition to remove any particulate matter or insoluble
aggregates. Light scattering was measured at a wavelength of
831.15 nm and an angle of 90°. For each protein sample
measurement, data were collected for at least 50 acquisitions with
a 10 s averaging time per acquisition. Three independent mea-
surements were taken for each protein sample such that the
values reported are average values with accompanying standard
deviations. Light scattering data were analyzed using Dynamics
(version 6.12).

Pull-Down Assays. The ProFound Pull-Down PolyHis
Protein:Protein Interaction Kit (Pierce, Rockford, IL) was used
to study in situ interactions formed between hexahistidine-tagged
recombinant bait proteins (EntA and EntE) and chromosomally
expressed prey proteins from E. coli lysates in the presence or
absence of exogenous DHB (100 uM). Pull-down assays were
performed at room temperature as described previously (32). Bait
proteins and coeluting proteins were recovered and separated on
10% SDS—polyacrylamide gels. Proteins in bands excised from
the gel were trypsinized and analyzed by LC—MS/MS at the
McGill Mass Spectrometry Core Facility (McGill University,
Montreal, QC) as described previously (32).

Chemical Cross-Linking. Recombinant proteins were cova-
lently cross-linked using the Controlled Protein—protein Cross-
linking Kit (Pierce). In a typical cross-linking reaction, EntA was
dialyzed against phosphate-buffered saline (pH 7.2) and then
incubated with a 50-fold molar excess of the heterobifunctional
cross-linker sulfo-SMCC for 30 min at room temperature.
Purified maleimide-activated EntA-SMCC conjugate (22 uM)
was then incubated with purified EntE (2.5 uM) for 60 min at
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room temperature. Cross-linking reaction mixtures were concen-
trated using Microcon YM-30 centrifugal filter units (Millipore).
Concentrated proteins were then denatured and separated on a
10% SDS—polyacrylamide gel. Peptides recovered from bands
containing cross-linked proteins were analyzed by LC—MS/MS
as described above. As a control, maleimide-activated BSA was
prepared as described above and mixed with purified EntE;
proteins were then resolved on a 10% SDS—polyacrylamide gel.

Enzyme Activity Assays. A pyrophosphate release assay
adapted from ref 35 was used to monitor the effect of EntA on
EntE activity. Reaction mixtures (total volume of 100 uL)
containing EntE (1 uM) and EntA (0.25 and 4 uM), 0.2 unit of
E. coli inorganic pyrophosphatase, 75 mM Tris (pH 8.0), 10 mM
MgCl,, 5 mM ATP, 5 mM DTT, and 2 mM salicylate were
incubated at 37 °C, and aliquots were withdrawn at 30 s time
intervals. The amount of inorganic phosphate produced by the
coupled enzyme reactions was measured spectrophotometrically
by mixture with an ammonium molybdate—malachite green
solution, resulting in the formation of a chromophore that
maximally absorbs at 620 nm (46). A control experiment was also
performed in which EntE activity was assayed as described above,
but in the presence of 4 uM bovine serum albumin instead of
EntA. Additionally, EntA (4 uM) was assayed in the absence of
EntE to determine if our EntA preparation contained any residual
activities that could result in pyrophosphate formation. EntE
initial velocities were measured as the production of inorganic
pyrophosphate as a function of time.

Fluorescence Spectroscopy. Fluorescence emission spectra
(Aex = 280 nm) were recorded at 20 °C using a Shimadzu RF-
5301PC spectrofluorimeter. Solutions of EntE (3 uM) and DHB
(60 uM) in buffer A [SO mM Hepes (pH 8.0), 1.0 mM TCEP, and
15% glycerol] with or without EntA (3 uM) were supplemented
with KCl to a final concentration of either 100 or 300 mM. Slit
widths (excitation and emission) were set to 3 nm. Each spectrum
presented is the average of three scans. Fluorescence emission
data were corrected for background, dilution, and inner-filter
effects as appropriate.

Fluorescence Anisotropy. Fluorescence anisotropy mea-
surements were performed on a Varian Cary Eclipse spectro-
fluorimeter equipped with automated polarizers. Measurements
were taken for solutions containing buffer A and 100 mM KCl
supplemented with various combinations of DHB (20 uM), EntA
(15 uM), and EntE (7 uM). Measurements of DHB fluorescence
anisotropy in the presence and absence of proteins were taken in
triplicate at 20 °C at wavelengths of maximal DHB excitation and
emission (310 and 440 nm, respectively). Anisotropy (r) values
were calculated according to the following equation (adapted
from ref 47):

r = (Iyy = Ivn)/(Ivy + 2Iyn) (1)

where Iyy is the fluorescence emission intensity read at 440 nm
with polarizers positioned in a parallel orientation and vy is the
fluorescence emission intensity read at 440 nm with the polarizers
in a perpendicular orientation.

Fluorescence-Based Equilibrium Binding Assay. The
DHB—-EntE FRET signal (32) of solutions containing buffer A
with 100 mM KCl, 3 uM EntE, 60 uM DHB, and varying
concentrations of EntA (0.5—7 uM) was measured as the fluore-
scence emission intensity of the solution monitored at 440 nm
upon excitation at 280 nm. Fluorescence emission data were
recorded at 20 °C using a Varian Cary Eclipse spectrofluorimeter
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equipped with a Peltier temperature controller. Fluorescence
emission intensities were corrected for inner-filter effects, dilu-
tions, and background. To analyze equilibrium binding data
collected in these experiments, [EntA]young and [EntAlge. at a
given [EntA], were calculated from changes in EntE-bound
DHB fluorescence emission intensity (AF) measured at 440 nm in
the presence of varying concentrations of EntA:

AF =Fy—F )

where £ is the corrected fluorescence emission intensity of DHB
bound to EntE in the absence of EntA and F is the corrected
fluorescence emission intensity of DHB bound to EntE at a given
EntA concentration.

Binding assays were performed in triplicate to determine mean
values for changes in fluorescence intensity as a function of EntA
concentration. To normalize for slight variations in F, between
replicates, we expressed the change in fluorescence intensity (AF/
Fy) at a given [EntA],, by dividing this value by the maximal
change in fluorescence intensity observed in a given replicate at a
saturating concentration of EntA [(AF/Fy)max]. We define the
resulting ratio as fractional binding: (AF/Fy)/(AF/Fy)max, Where
(AF/Fy)max was obtained by plotting AF/F, as a function of
[EntA]ow and fitting the plotted data to the equation describing a
dose—response curve in Origin version 8.1 (OriginLab Corp.,
Northampton, MA); the curve maxima obtained from these fits
were used to determine (AF/Fy) .. We used fractional binding to
directly relate the observed decrease in DHB fluorescence emis-
sion at 440 nm to the fraction of EntE in complex with EntA, as
shown below:

[EntA]bound = [EntE]bound
= [EntE]total X (AF/FO)/(AF/FO)max (3)

In all fluorescence titration experiments in this study, [EntE]
was 3 uM. Because [EntA], was experimentally determined by
measuring OD»g,, we derived the concentration of EntA in the
free fraction as follows:

[EntA];.. = [EntA]

free

- [EHtA] bound (4)

total

Equilibrium binding data were fit to the Hill equation:
(AF/Fy)/(AF[Fy) o = [EntA]™ /(Kos™ + [EntA]

max " )

(5)
where ny is the Hill coefficient and K 5 is the concentration of
[EntA]se. at which 50% binding is observed. Nonlinear fits of
equilibrium binding data to the Hill equation were performed
using Origin version 8.1.

Isothermal Titration Calorimetry. Calorimetric titrations
were conducted using a VP-ITC isothermal titration microca-
lorimeter from MicroCal, Inc. (Piscataway, NJ). Calorimetry
experiments were performed at 10 °C to minimize protein
aggregation caused by mechanical stirring. Initial concentrations
in the cell and syringe were as follows: 10 «uM EntA and 170 uM
EntE, respectively. For ITC experiments, proteins were first
extensively dialyzed against a buffer containing 50 mM Hepes
(pH 8.0), 100 mM KCI, 1.0 mM TCEP, and 15% glycerol. A total
of 28 injections with a 10 4L injection volume were made at 240 s
intervals. An initial injection with a 4 uL. volume was included to
ensure accurate volume delivery from the syringe, and the heat

free
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generated from this injection was not included in the data
analysis. The final three injections displayed constant heat
evolution indicative of saturation of EntA binding sites for EntE,
and the integrated heats of these injections were averaged and
taken as the heat of dilution of EntE upon injection into the cell.
This averaged heat of EntE dilution was subtracted from
integrated heats evolved from EntA—EntE interaction to yield
corrected and normalized heat increments, which were then fit to
models describing either one-site or two-site binding. Fits were
refined by successive iterations until no further decreases in the y>
values of the fits were observed. Data were analyzed using Origin
version 5.0 (Microcal).

RESULTS

Protein Expression and Purification. Preparations of
recombinant, hexahistidine-tagged EntA and EntE were each
expressed in E. coli AG-1 cells and purified by a single IMAC
affinity chromatography step. The purity of proteins eluted from
the IMAC columns was assessed by SDS—polyacrylamide gel
electrophoresis and found to be nearly homogeneous (purity
of >95%). Yields obtained were typically in the range of 20—30 mg
of purified protein/L of culture.

Analytical Ultracentrifugation. We performed sedimenta-
tion velocity analytical ultracentrifugation (AUC) experiments on
solutions of purified EntA and EntE to gain insights into the
oligomeric state of these proteins as a function of concentration.
We used DCDT+- to perform model-independent, time-derivative
2(s*) analyses of our sedimentation velocity data, resulting in a
graphical representation of the abundance of sedimenting species
as a function of S5pw (Figure 1). We observed that EntE
consistently sedimented as a monomer with an S,ow value of
approximately 4.0, independent of EntE concentration between
2.5 and 13 uM (Figure 1A). In contrast, large changes in
EntA sedimentation behavior were observed upon alteration of
the EntA concentration. Over a concentration range from 2 to
18 uM, EntA sedimented as a single peak, but that peak posi-
tion shifted significantly with an increasing concentration
(Figure 1B). Concentration-dependent changes in sedimentation
coefficients of sedimenting species are indicative of reversible self-
association occurring between sedimenting species during the
AUC experiment. In such a situation, the g(s*) distribution
reflects an average reaction boundary of the reversible associa-
tion and not to discrete sedimenting species (48). We used the
2"\ (s*) analysis function of DCDT+ to quantitatively determine
Syw values for EntE and EntA at different concentrations
(Table 1). Consistent with our g(s*) analyses, the Spow of EntE
did not change significantly over the concentration range exam-
ined (Table 1, rows 1—3). The EntA S, w increased from 3.87 £
0.35 at a total loading concentration of 2 uM to 5.70 £ 0.09 at 18 uM
(Table 1, rows 4—7). A plot (not shown) of EntA Sy w versus
loading concentration revealed that the sedimentation coeffi-
cients followed a hyperbola-like trend with EntA concentration,
indicative of self-association over the observed concentration
range. We used SEDPHAT to assess the fit of our sedimentation
velocity data to a model describing dimer—tetramer self-associa-
tion [given that the EntA sedimenting species at 2 M had an Sy w
similar to that of the 60 kDa EntE monomer and that EntA also
adopts a globular fold, we concluded that at this concentration
EntA was predominantly in the dimeric (57.2 kDa) form]. For
SEDPHAT global analysis, we required sedimentation coefficients
for the EntA dimer and EntA tetramer. Because our sedimentation
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FIGURE 1: Sedimentation velocity analytical ultracentrifugation of
EntE and EntA. (A) g(s*) distributions fit to sedimentation velocity
data obtained at 20 °C from EntE solutions at the following concen-
trations: 2.5 uM (black circles), 4.5 uM (blue circles), and 13 uM (red
circles). (B) g(s*) distributions fit to sedimentation velocity data
obtained at 20 °C from EntA solutions at the following concentra-
tions: 2 uM (black circles), 8 uM (blue circles), and 18 uM (red circles).
For the sake of clarity, the g(s*) distribution of EntA at 4 uM is not
shown in this figure, but the Sy w for EntA at this concentration is
reported in Table 1. The left vertical line represents the Syyw of
dimeric EntA calculated with HYDROPRO. The right vertical line
represents the S,y w of tetrameric EntA calculated with HYDRO-
PRO.

Table 1: Sedimentation Velocity Analytical Ultracentrifugation of Purified
EntE and EntA

protein concn’ (uM) Szo’w” ¢/eror rmsd?
EntE 2.5 3.93+0.17 0.859 not applicable
EntE 4.5 4.04£0.07 0.879 not applicable
EntE 13.0 3.934+0.04 0.869 not applicable
EntA 2.0 3.87+0.35 0.866 0.01057
EntA 4.0 4.48+0.23 0.869 0.01054
EntA 8.0 4.97+0.15 0.883 0.01077
EntA 18.0 5.70 £0.09 0.864 0.01553

“Protein concentration determined by A,gy and expressed as a micro-
molar concentration of monomer subunits. “Weight-average sedimenta-
tion coefficients determined by fits to g”(s*) distributions using DCDT+.
Standard errors to fits also given. “Ratio of the absorbance contribution of
sedimenting species identified by g”\(s*) analysis to total absorbance in the
cell. “Local root-mean-square deviations of fits to the self-association
model using SEDPHAT global analysis.

velocity data indicated that our samples contained mixtures of
EntA dimer and tetramer over the concentration range examined,
we could not experimentally determine sedimentation coefficients
for discrete EntA dimer or tetramer. We therefore employed
hydrodynamic bead modeling using HYDROPRO, with the
published X-ray crystallographic structure of EntA (PDB entry
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2FWM) as input. According to our HYDROPRO analyses, the
EntA dimer was predicted to have an S, w value of 4.23 and the
EntA tetramer to have an Sy w value of 6.71. These positions are
shown in Figure 1B as vertical lines. The HY DROPRO-predicted
Syo.w of the EntA dimer is consistent with our experimental Spo w
of EntA determined by g”\(s*) analysis at the lowest concentration
that we examined (2 uM), indicating that EntA is mostly a dimer at
this concentration. At the upper boundary of our concentration
range (18 uM), our experimentally derived S,y w value of 5.70 is
significantly lower than that predicted for the homogeneous EntA
tetramer, suggesting that at this concentration EntA was present as
both dimers and tetramers, with the majority of the protein being
in the tetrameric form. Sedimentation velocity data from the
four runs (250 absorbance scans per run) recorded between 2 and
18 uM EntA fit well to the SEDPHAT monomer—dimer self-
association model (here the EntA dimer was modeled as a
monomer and the EntA tetramer as a dimer, assuming no
dissociation of dimer to monomer over this concentration range).
The reduced y* value of the global fit was 1.46, which is acceptable
given that a y* value of 1.00 in SEDPHAT global analysis
represents a perfect fit to the model (43). The root-mean-square
deviations of fits of local data sets to the global SEDPHAT self-
association model were also found to be acceptable [each root-
mean-square deviation (rmsd) was less than 0.016 (Table 1,
column 5)]. The Kp of the EntA dimer—tetramer equilibrium
was determined by SEDPHAT global analysis to be 12.30 uM (or
6.15 uM if total EntA is expressed as dimer equivalents).

Dynamic Light Scattering. We performed dynamic light
scattering (DLS) experiments at 20 °C to further investigate the
oligomeric structures of EntE (12 #M) and EntA (4 and 9 uM) in
solution (Table 2). We found that EntE had an average hydro-
dynamic radius of 3.6 + 0.1 nm with an apparent molecular mass
0f66.0 £+ 3.6 kDa (Table 2, row 1), consistent with our AUC data
that showed that EntE exists in solution as a monomer with a
sequence-predicted molecular mass of 60 kDa. EntE hydrody-
namic behavior did not change as a function of protein concen-
tration. At 24 uM, EntE was still observed to have a hydro-
dynamic radius of 3.5 nm and an apparent molecular mass of
65 kDa. In contrast, our DLS data, consistent with our AUC
results, showed that EntA hydrodynamic behavior was concen-
tration-dependent. At 4 uM, EntA in solution was observed to
have an average hydrodynamic radius of 3.7 4+ 0.1 nm and an
apparent molecular mass of 72.7 & 8.6 kDa (Table 2, row 2).
At 9 uM, EntA in solution was observed to have an average
hydrodynamic radius of 4.1 £ 0.1 nm and an apparent molecular
mass of 92.0 &+ 2.6 kDa (Table 2, row 3). The molecular masses
determined by DLS for EntA lie between its predicted size as a
dimer (57.2 kDa) and as a tetramer (114.4 kDa); at the lower
concentration, the apparent molecular mass is closer to the
predicted dimer size, while at the higher concentration, there is
a shift in the apparent molecular mass toward the predicted
tetramer size. These results agree with our AUC data showing
that EntA is a mixture of dimers and tetramers in this concentra-
tion range undergoing rapid equilibrium between these oligo-
meric states. In both our AUC and DLS experiments, we
observed an averaged species reflecting rapid dimer—tetramer
self-association.

Pull-Down Assays. We previously showed that recombinant
EntB when used as a bait protein could pull down chromoso-
mally expressed EntE from E. coli lysates and further that pull-
down efficiency increased substantially in the presence of exo-
genous DHB (32). Here we used purified, recombinant EntE and
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Table 2: Dynamic Light Scattering by EntE and EntA in Solution

protein Ry“ (nm) molecular mass (kDa) polydispersity (%) mass contribution” (%)
EntE® 3.6+0.1 66.0 £3.6 9.5+2.6 99.1+0.2
EntA (4 uM) 3.7+£0.2 72.7+£8.6 10.6£2.9 98.4+0.1
EntA (9 uM) 41+0.1 92.0+2.6 11.8+3.0 97.1+0.6

“Hydrodynamic radius. *Contribution of scattering species to the total mass of scattering species in the experiment. “EntE concentration of 12 uM.

EntA bait proteins in pull-down experiments to identify respec-
tive binding partners from lysates of iron-starved E. coli cells in
the presence and absence of exogenous DHB. Bait proteins were
immobilized to Co*"-chelate beads and then incubated with
lysates from E. coli BW25113 cells grown under iron-restricted
conditions (M63 minimal medium with 75 uM 2,2’-dipyridyl),
resulting in expression of the enterobactin biosynthetic machin-
ery by derepression of Fur. We initially used EntA as a bait
protein to determine what partner proteins could be pulled down
from E. coli cell lysates in the presence and absence of DHB
(Figure 2A). We found that EntA bait was able to pull down a
protein migrating at approximately 60 kDa by SDS—PAGE
analysis independent of whether exogenous DHB (100 uM) was
added to the cell lysate (Figure 2A, band a, —-DHB and +DHB,
respectively). Trypsinized proteins recovered from these bands
were analyzed by LC—MS/MS, and the recovered peptides were
found to correspond to E. coli EntE (Table S1 of the Supporting
Information, rows 1—41). The bands visible above the a (—DHB
and +DHB) bands were also present in a control experiment (in
which the lysate was applied to the empty column) and therefore
do not represent a prey protein that specifically binds to EntA
(data not shown). In a second pull-down experiment, we used
EntE as a bait protein to pull down partner proteins from iron-
restricted E. coli cell lysates with or without exogenously added
DHB (Figure 2B). EntE bait was also able to pull down a protein
migrating at approximately 30 kDa (Figure 2B, band d, + DHB)
that was determined by LC—MS/MS to be E. coli EntB (Table S1
of the Supporting Information, rows 42—57). This band was
observed only when exogenous 2,3-DHB was added to the lysate
prior to equilibration with immobilized EntE bait. We also found
that EntE pulled down in a DHB-independent manner a protein
migrating at approximately 26 kDa (Figure 2B, band e, —DHB
and +DHB, respectively). Mass spectrometry of proteins ex-
tracted from the e (—DHB) and e (+ DHB) bands confirmed that
they contained peptides corresponding to E. coli EntA (Table S1
of the Supporting Information, rows 58—78).

Chemical Cross-Linking. A solution of EntA was incubated
with the heterobifunctional cross-linker SMCC, resulting in
covalent attachment of the n-hydroxysuccinimide moiety of the
cross-linker to primary amines on EntA. Maleimide-activated
EntA (22 uM) was then mixed with a solution of EntE (2.5 uM) to
form cross-links between EntE cysteine residues and the EntA-
SMCC conjugate. Resolution of cross-linked products on an
SDS—polyacrylamide gel revealed the presence of a single band
corresponding to a large (>250 kDa) complex in addition to
bands corresponding to un-cross-linked EntA and EntE. This
additional band was observed in the presence of SMCC, but not in
the absence of SMCC (Figure S of the Supporting Information).
The size of the +SMCC band is consistent with a cross-linked
product containing four EntE monomers and four EntA mono-
mers. Analysis of tryptic peptides from proteins recovered from
the >250 kDa band revealed that it contained both E. coli EntA
and EntE sequences (Table S2 of the Supporting Information),

A

MW
(kDa) -DHB +DHB
193

Bait = EntA

Bait = EntE

110
58.3

30.2

256

FIGURE 2: Pull-down assays of EntA—EntE and EntE—EntB com-
plexes formed in situ. (A) Silver-stained 10% SDS—polyacrylamide
gel of E. coli proteins coeluted from Co*"-chelate beads when EntA
was used as bait. (B) Same as panel A, but with EntE being used as
bait. Lane —DHB contained proteins eluted from beads exposed to
the iron-restricted E. coli BW25113 lysate in the absence of exogenous
DHB. Lane +DHB contained proteins eluted from the beads ex-
posed to the iron-restricted E. coli BW25113 lysate in the presence of
exogenous DHB (100 #M). Positions of migration of protein molec-
ular mass standards (Kaleidoscope Pre-Stained Markers, Bio-Rad
Laboratories) are shown at the left of each gel. Labels a—e indicate
bands in which proteins were extracted and identified by LC—MS/
MS: (a) E. coli EntE from lysate, (b) EntA (bait), (c) EntE (bait), (d)
E. coli EntB from lysate, and (e) E. coli EntA from lysate. Peptide
sequences identified by LC—MS/MS for recovered chromosomally
expressed E. coli prey proteins are listed in Table S1 of the Supporting
Information.

confirming that this band represented a cross-linked EntA—EntE
complex. A control reaction in which maleimide-activated BSA
was mixed with EntE was also performed, and no cross-linked
species were observed, indicating the specificity of the EntA—
EntE cross-linked product (Figure S2 of the Supporting In-
formation).

EntE Activity Assays. Because we found that EntE can form
a complex with EntA, we were interested in determining the effect
of EntA interaction on EntE activity. It was previously reported
that the level of adenylation of DHB by EntE increased approxi-
mately 10-fold in the presence of the NRPS substrate holo-
EntB (33), a consequence of this obligate protein—protein inter-
action. Could a similar increase in EntE activity also occur in the
presence of the protein (EntA) that produces the DHB substrate
used by EntE? Here we found that addition of purified EntA at
concentrations of (.25 and 4 uM to a solution containing 1 uM
purified EntE resulted in 3-fold [Figure 3 (¥)] and 6-fold [Figure 3
(a)] increases in EntE initial velocity, respectively, relative to the
initial velocity of EntE-catalyzed production of pyrophosphate
product in the absence of EntA [Figure 3 (H)]. We did not observe
any significant change in EntE activity upon the addition of a
control protein, bovine serum albumin at a concentration of 4 uM
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FiGuRre 3: Stimulation of EntE activity by EntA. Initial velocities of
EntE (—) fit to the production of pyrophosphate as a function of
time: EntE alone (M), EntE and 0.25 uM EntA (v), EntE and 4 uM
EntA (a), EntE and 4 uM bovine serum albumin (®), and EntA
(4 uM) in the absence of EntE (O). Data shown are averaged values of
triplicate readings. Error bars represent the standard deviation from
averaged values.

[Figure 3 (@)], demonstrating that the observed increase in EntE
activity was specific to EntA. Furthermore, a control assay with
4 uM EntA performed in the absence of EntE resulted in the
production of no pyrophosphate [Figure 3 (O)], indicating the
presence of no contaminating activities in our EntA preparation
that could contribute to the observed EntA-dependent increases
in pyrophosphate production observed in our assays.

Effect of EntA on the EntE—DHB FRET Signal. The
observed stimulatory effect of EntA on EntE activity led us to
investigate if conformational changes at the EntE active site did
indeed occur upon formation of the EntA—EntE complex. We
used fluorescence spectroscopy to further investigate the En-
tA—EntE interaction by observing the effect of EntA on the
EntE—DHB FRET signal that we reported previously (32). The
corrected fluorescence emission spectrum of the EntE (3 uM)/
DHB (60 uM) solution containing 100 mM KCl in the absence of
EntA is shown in Figure 4 (---). The maximum at 440 nm
corresponds to DHB fluorescence emission upon excitation of
EntE intrinsic fluorophores at 280 nm. When the experiment was
repeated with the addition of 3 uM EntA, the observed corrected
spectrum exhibited a 1.75-fold decrease in the peak maximum at
440 nm [Figure 4 (—)]. We performed a similar experiment with
EntA present but increased the concentration of KCl from 100 to
300 mM [Figure 4 (---)]. We found that this increase in ionic
strength almost restored the EntE—DHB FRET signal to its
initial intensity, even in the presence of EntA. We did not observe
any KCl-dependent effect on the EntE—DHB FRET signal in the
absence of EntA. This specificity suggests that the restoration of
the FRET signal at 300 mM KCI is due to a salt-dependent
disruption of an EntA—EntE complex.

Fluorescence Anisotropy Experiments. To determine the
binding status of DHB during EntA—EntE interaction, we mea-
sured the fluorescence anisotropy of DHB in the absence and
presence of EntA and/or EntE. We observed that in the absence of
protein, the fluorescence anisotropy (r) of DHB at a concentra-
tion of 20 uM was near zero, indicating a rapid rate of rotational
diffusion in solution [Figure 5 (black bar)]. The addition of 15 uM
EntA to the DHB solution did not result in a significant increase
in DHB anisotropy [Figure 5 (dark gray bar)]. The addition of
EntE (7 uM) to DHB results in a relatively large increase in DHB
anisotropy, consistent with its ability to bind DHB as a substrate
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FIGURE 4: Perturbation of the DHB—EntE FRET signal by EntA.
Fluorescence emission spectra recorded at 20 °C show DHB fluor-
escence emission around 440 nm upon excitation of mixtures of DHB
with EntE with or without EntA at 280 nm: 3 uM EntE and 60 uM
DHB (--); 3 uM EntE, 60 uM DHB, and 3 uM EntA in a buffer
containing 100 mM KCI (—); and 3 uM EntE, 60 4uM DHB, and 3
uM EntA in a buffer containing 300 mM KCI (- - -).
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FIGURE 5: Fluorescence anisotropy of DHB. Fluorescence anisotro-
py measurements (Aex = 310 nm; Ao, = 440 nm) taken at 20 °C of
DHB alone and in the presence of EntE and/or EntA: 20 uM DHB
(black bar), 20 uM DHB and 15 uM EntA (dark gray bar), 20 uM
DHB and 7uM EntE (light gray bar), and 20 uM DHB, 15 uM EntA,
and 7 uM EntE (white bar).

[Figure 5 (light gray bar)]. The addition of both EntA (15 uM)
and EntE (7 uM) [Figure 5 (white bar)] resulted in the observed
DHB anisotropy similar to that of DHB with EntE, showing that
binding of EntA to EntE does not cause dissociation of DHB
from EntE. Consistent with the short fluorescence lifetime of
DHB [0.375 ns (49)], no additional increase in anisotropy was
observed with the addition of EntA.

Fluorescence-Based Equilibrium Binding Assay. Having
found that the change in the EntE—DHB FRET signal by EntA
was due to the EntA—EntE interaction, we followed the decrease
in this signal as a function of EntA concentration to measure the
equilibrium binding behavior of formation of the EntA—EntE
complex. By varying the concentration of EntA relative to a fixed
concentration of EntE and DHB, we found that EntA was able to
decrease the magnitude of the EntE—DHB FRET signal in a
saturable, concentration-dependent manner. At 20 °C, the decrease
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in the magnitude of the FRET signal was initially shallow
followed by a transition to a steeper decrease commencing at
an EntA concentration of approximately 4 uM (Figure 6A). We
used our SEDPHAT-derived equilibrium association constant
for the EntA dimer—tetramer equilibrium (K, = 1.63 x 10° M
when total EntA is expressed as dimer equivalents) to estimate
the fraction of tetrameric EntA at a given [EntA]y. The fol-
lowing equation, adapted from Cole (50), was used to relate the
concentration of the EntA dimer at a given [EntA]iy. (here
expressed as dimer equivalents):

[EntA] ey = [ = 1+ (148K[EntA] i gimer) ]/4Ka (6)

al,sdimer

We were thus able to estimate at each EntA concentration used
in our fluorescence-based equilibrium binding assay the fraction
of EntA occurring in the tetrameric form (Figure 6A, inset).
According to these calculations, the concentration of tetrameric
EntA found when [EntA] is saturating (7 uM) in our
fluorescence assay is ~2.8 uM (i.e., fraction of EntA as a tetramer
at this concentration estimated to be 0.4), which is approximately
equimolar with the fixed concentration of EntE in our binding
assay (3.0 uM).

EntA-dependent changes in the DHB—EntE FRET signal
were used to determine fractional binding [(AF/Fo)/(AF/Fo)max]-
Fractional binding values were then used to calculate [EntA]young
and [EntAlge. at a given [EntA]. (see Experimental Pro-
cedures). At 20 °C, the observed change in fractional binding
as a function of [EntA]g.. was sigmoidal in character (Figure 6B).
These data fit well (R* = 0.975) to the Hill equation. The Hill
coefficient (n5) determined from the nonlinear fit was 3.66, and
the Ky 5 value was determined to be 1.94 uM. A Scatchard replot
of our binding data revealed a concave-down trend (Figure 6B,
inset).

Isothermal Titration Calorimetry. We used isothermal
titration calorimetry to directly measure the EntA—EntE inter-
action, thus obtaining information about the affinity (Kj),
thermodynamics (AH and TAS), and stoichiometry (n). Because
of the precipitation of proteins upon mechanical stirring at higher
temperatures, we had to perform this experiment at 10 °C. At this
temperature, we were able to directly measure the EntA—EntE
interaction by the generation of heat upon successive injections of
asolution of 170 uM EntE into a solution of 10 uM EntA (Figure
7, top panel). The integrated heats of binding were corrected for
the heat of dilution of EntE and fit using Origin version 5.0 to
models describing either a single binding site or two independent
binding sites. The data clearly fit best to the model describing two
binding sites when compared to the single-site model fit, which is
evident from refined y* values (24409.0 and 61194.2, re-
spectively). The EntA—EntE binding isotherm fit to the two
independent binding sites model is shown in the bottom panel of
Figure 7. Binding parameters determined for the two sites by this
model are listed in Table 3. Both sites have a stoichiometry of ~1,
indicating that each interaction reflects one subunit of EntE
interacting with one subunit of EntA (Table 3, column 2). The
largest difference between the two sites is in their respective Ka
values, with site 1 having an approximately 10-fold lower affinity
than site 2 (Table 3, column 3). Binding at each site was observed
to be exothermic with a positive entropy component (Table 3,
columns 4 and 5). To improve our understanding of the
distribution of EntA dimers and tetramers present in the 10
uM EntA solution used for ITC at 10 °C, we also performed
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FI1GURE 6: Fluorescence-based equilibrium binding assay of the EntA—
EntE interaction. Binding of EntA to EntE corresponds to the decrease
in the magnitude of the DHB—EntE FRET signal at 440 nm with an
increasing concentration of EntA. (A) Decrease in fluorescence emis-
sion at 440 nm (4., = 280 nm) as a function of [EntA] o at 20 °C (@).
Data shown are averaged values of readings taken in triplicate and
normalized to correct for small changes in F, between replicates; error
bars represent standard deviations from average values. Fluorescence
emission at 440 nm is due to DHB emission resulting from FRET via
EntE donor residues excited at 280 nm. The inset shows an estimate of
the fraction of [EntA]iy occurring as a tetramer at concentrations
used in the fluorescence assay. Fractions as tetramer were determined
using the K of the dimer—tetramer equilibrium determined by SED-
PHAT global analysis of EntA sedimentation velocity AUC data in an
equation relating [EntA]gimer to the total loading concentration ex-
presed as EntA dimers. Fraction as tetramer = ([EntAJioai_as_dimer —
[EntAlgimer)/[EntAJoca_as_dimer- The solid line represents a nonlinear fit
of the data to a second-order polynomial describing eq 6 (see Results).
(B) Hill plot showing the change in fractional binding [(AF/Fy)/
(AF/Fy)max] as a function of [EntAlg. (M). Error bars along the y-axis
reflect standard deviations of averaged fractional binding determina-
tions from three experiments; error bars along the x-axis reflect
standard deviations of averaged [EntA]y.. determinations from three
experiments. The inset shows a Scatchard replot of the same data, in
which [EntA]poung = fractional binding x [EntE]o. See Experimen-
tal Procedures for details about how [EntA]young and [EntA]ge. were
determined.
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FIGURE 7: Isothermal titration calorimetry (ITC) of the EntA—EntE
interaction. The top panel shows heats evolved during successive
injections of a 170 uM EntE solution into a 10 uM EntA solution at
10 °C. The final three heats of injection were not observed to
significantly vary and were taken to represent heats of dilution of
EntE into a solution containing saturated EntA. The bottom panel
shows the EntA—EntE binding isotherm determined from the inte-
grated heats evolved during injection of EntE into the EntA solution.
Black squares represent corrected and normalized evolved heat
increments as a function of the EntE:EntA molar ratio at each
injection. The solid line represents the best fit of heat increment data
to a model describing two independent binding sites (see Table 3).

Table 3: Analysis of EntA—EntE Isothermal Titration Calorimetry Data

site” n° KA° (x107 MY AH (kcal/mol)  TAS (kcal/mol)
1 0.79£0.19 0.45+0.12 —4.55+1.20 4.08
2 0.96+0.21 4.06+£0.78 —6.99£0.40 2.89

“EntA—EntE isothermal titration calorimetry data collected at 10 °C
were fit to a model describing two independent binding sites using Origin
version 5.0. The final ¥ value of the fit was 24409.0. Standard errors of
fitted parameters are also given. “Stoichiometry. “Equilibrium association
constant.

sedimentation velocity analytical ultracentrifugation experiments
at 10 °C over the same EntA concentration range used at 20 °C
(see Table 1, rows 4—7) and found no significant temperature-
dependent differences in EntA sedimentation behavior (Table S3
of the Supporting Information). This indicates that there are no
significant temperature-dependent differences in the distributions
of EntA dimers and tetramers as a function of total protein
concentration.

DISCUSSION

Protein—protein interactions are now known to play a key role
in many metabolic processes mediated by sequential enzyme
activities (5/—353). Such interactions may facilitate the direct
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channeling of metabolic intermediates, resulting in optimization
of catalysis, sequestration of intermediates to protect against
diversion to other pathways, or protection against degradation of
labile intermediates (54—356). The biosynthesis of the E. coli
siderophore enterobactin is a cytoplasmic enzyme-mediated
process in which protein—protein interactions are now recog-
nized to be essential. Prior to this study, all protein—protein
interactions relevant to enterobactin biosynthesis had been
localized to proteins involved in the NRPS segment (EntE, EntB,
EntF, and EntD) and were found to be obligate for the
biosynthetic process (22, 30—32, 57). Here we report the first
experimental evidence of a protein—protein interaction between
EntA and EntE, thus establishing a direct link between the DHB
synthesis and NRPS segments. Formation of an EntA—EntE
complex during enterobactin biosynthesis could serve to facilitate
substrate channeling, thus minimizing dissociation of DHB into
the bulk medium and favoring direct, rapid entry of this inter-
mediate into the NRPS segment. Such channeling would be
advantageous because excessive accumulation of intracellular
DHB during enterobactin biosynthesis in E. coli under iron-
limiting conditions could interfere with iron uptake processes
potentially requiring molecular recognition of enterobactin DHB
moieties as part of their function (e.g., Fes and EntS).

In addition to facilitation of substrate channeling, we have
evidence that formation of the EntA—EntE complex positively
affects EntE activity. We found through our enzyme assays that
EntE activity increased significantly upon addition of EntA, and
in a manner dependent on EntA concentration. We propose that
this stimulation of EntE activity is due to optimization of the
EntE active site through conformational changes occurring upon
EntA binding. Our finding that EntA perturbs the FRET signal
between DHB and EntE intrinsic fluorophore donor residue(s)
supports this. Formation of a complex of EntA and EntE
therefore likely results in conformational changes at the EntE
active site causing translocation of bound DHB toward the ATP
cosubstrate and away from FRET donor residues such as Tyr236,
predicted to be found at the floor of the EntE active site,
consistent with the structure of the EntE homologue DhbE
(32, 37). Our fluorescence anisotropy experiments clearly show
that DHB is not dissociated upon formation of the EntA—EntE
complex, thus excluding this as an alternate explanation for the
EntA-induced reduction in the magnitude of the observed FRET
signal. Taken together, our data show that EntA induces a
conformational remodeling of the EntE active site upon forma-
tion of the EntA—EntE complex, resulting in a repositioning of
DHB within the substrate-binding cavity of EntE such that the
rate of EntE-catalyzed DHB adenylation in the first half-reaction
of the EntE mechanism is increased because of the proximity to
ATP (Scheme 2).

We also found that the decrease in the magnitude of the
DHB—EntE FRET signal was dependent on the concentration of
EntA, and we exploited this phenomenon to gain insight into the
equilibrium binding aspects of formation of the EntA—EntE
complex. Our equilibrium binding data at 20 °C fit well to the Hill
equation, with a Hill coefficient of > 1[ny = 3.66 (Figure 6B)]. A
Hill coefficient of that magnitude, along with the concave-down
behavior observed in the Scatchard replot of our binding data,
suggests possible positive cooperativity in the EntA—EntE inter-
action (i.e., EntE affinity for EntA increases as a function of EntA
concentration). Concordant with this binding behavior, our AUC
data show that the oligomeric structure of EntA changes over the
concentration range used in our equilibrium binding assay. We
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Scheme 2: Proposed Model of the Attenuation of the En-
tE—DHB FRET Signal upon EntA Interaction”

Ploop

| FReT | FRET
I activity

“EntE Y236isshown as a putative FRET donor at the base of the
EntE active site.

found that EntA exists as a mixture of dimers and tetramers at
concentrations between 2 and 18 M, with a transition from being
predominantly dimer at 2 uM to being predominantly tetramer at
18 uM. The sigmoidal binding behavior observed in the En-
tA—EntE interaction is therefore likely caused at least in part by
EntE binding with a higher affinity to EntA in the tetrameric
form. However, it appears that EntE can also interact with EntA
in nontetrameric forms (i.e., monomer or dimer) because we
observed stimulation of EntE activity in the presence of EntA at a
concentration of 0.25 uM, where the concentration of the EntA
tetramer would be negligible according to our analysis of EntA
self-association. That EntE binds with differential affinities to
EntA depending on the EntA oligomeric state is further sup-
ported by our measurement of the EntA—EntE interaction by
isothermal titration calorimetry (Figure 7 and Table 3). Injection
of EntE into a solution containing 10 uM EntA resulted in a
binding isotherm describing binding at two independent sites,
each with a stoichiometry of ~1, indicating 1:1 EntA—EntE
subunit interactions. Our sedimentation velocity analytical ultra-
centrifugation experiments showed that the distributions of the
EntA dimer and tetramer at 10 °C were similar to those observed
at 20 °C, and therefore at 10 uM EntA (the concentration used in
our ITC experiment), there is a significant proportion [>40%
(see the inset of Figure 6A)] of the protein in the tetrameric form.
Thus, the simplest explanation for the two binding sites that we
observed by ITC is that the high-affinity binding site (Table 3,
site 2) represents binding of EntE to tetrameric EntA, whereas the
low-affinity binding site (Table 3, site 1) represents binding of
EntE to dimeric EntA. Care must be taken in directly comparing
for the EntA—EntE complex the absolute values of the equilib-
rium binding constants obtained by ITC with the K5 value
obtained by our fluorescence-based equilibrium binding assay
because the ITC experiment had to be performed at 10 °C while
the fluorescence-based assays were performed at the more phy-
siologically relevant temperature of 20 °C. Given that, our ITC
experiment clearly detected the presence of a low-affinity binding
site and a high-affinity binding site in an EntA solution containing
a mixture of EntA dimers and EntA tetramers, which is consistent
with the effect of EntA concentration on the EntA—EntE binding
signal that we measured by fluorescence, and also consistent with
the EntA dimer—tetramer equilibrium detected by our AUC
experiments.

When taken together, our experimental data demonstrate that
EntE interacts with EntA and appears to form a higher-affinity
complex with EntA in the tetrameric form compared to EntA in
the dimeric form. Our cross-linking experiment detected only a
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Scheme 3: Proposed Mechanism of Assembly of the En-
tA—EntE and EntE—holo-EntB Complexes during Enterobac-
tin Biosynthesis”

EntA acyl-
holo-
EntB,
AMP

“In the first half-reaction, four EntE monomers (red ellipsoids)
bind with optimal affinity to one EntA tetramer (blue circles
indicate EntA monomers). Channeling then occurs in which
DHB (small circles) produced by EntA is directly transferred
to the EntE active site. Subsequent to DHB binding, ATP will
bind at the EntE active site. While in complex with EntA, EntE
catalyzes the production of the DHB—AMP species, followed by
release of pyrophosphate (PP;) and EntA. In the second half-
reaction, holo-EntB [subunits shown as green elliposids; dimer-
ization occurring through isochorismatase (IC) domains, con-
sistent with the EntB crystal structure (PDB entry 2FQ1)] as an
NRPS substrate forms a complex with the EntE-DHB—AMP
species. DHB is then directly transferred to the phosphopan-
tetheine (PPant) group attached to Ser245 of EntB, resulting in
the production of acyl-holo-EntB. EntE and AMP dissociate
from acyl-holo-EntB, allowing it to participate in downstream
NRPS steps. Dissociated EntE could then again form a complex
with an EntA tetramer, followed by another round of DHB
adenylation upon binding of DHB (via transfer from EntA) and
ATP.

large (> 250 kDa) cross-linked species that contained both EntA
and EntE (Figure S1 of the Supporting Information). This would
correspond to a complex comprised of four EntE monomers
binding to one EntA tetramer (~360 kDa), which agrees with the
stoichiometry of formation of the EntA—EntE complex revealed
by our ITC experiments (i.e., 1:1 subunit—subunit binding). The
effect of intracellular concentration on the oligomeric state of
EntA may thus play a regulatory role during enterobactin
biosynthesis, with activation of the process occurring upon EntA
tetramerization only at sufficiently high intracellular concentra-
tions following its expression after Fur derepression. Our pull-
down assays also showed that recombinant EntE bait could pull
down both chromosomally expressed EntA and EntB in situ from
E. coli lysates when exogenous DHB was present. This supports
our previous study (32) in which we showed that the EntE—EntB
interaction affinity increases significantly in the presence of
exogenous DHB, because of DHB binding to EntB as an allosteric
regulator. The most likely explanation for our pull-down data is
that EntA and EntB formed discrete and independent complexes
with the immobilized EntE bait during the pull-down experiment.
Consistent with this, we observed that EntA bait could pull down
EntE but not EntB and, in our previous study, that EntB bait
could pull down EntE but not EntA. To summarize our findings in
the context of what is currently known about EntA, EntE, and
EntB, we propose in Scheme 3 a model outlining the roles of
dynamic protein—protein interactions in enterobactin biosynthetic
steps involving EntE. In this model, EntE initially forms an
optimal affinity complex with tetrameric EntA, facilitating direct
channeling of DHB from EntA to the EntE active site. ATP would
then enter the EntE active site, and the first half-reaction



Article

(adenylation of DHB) would occur at an optimal rate along
with release of pyrophosphate. EntA would then dissociate from
EntE (subsequent to ATP hydrolysis), thus allowing the En-
tE-DHB—AMP complex to interact with the NRPS substrate
holo-EntB. Direct transfer of the DHB moiety to PPant-Ser245
would then occur, resulting in the formation of acyl-holo-EntB
followed by release of AMP. Dissociation of acyl-holo-EntB from
EntE would then allow the DHB moiety to be transferred to the
NRPS substrate holo-EntF for condensation with activated -
serine. Upon dissociation of acyl-holo-EntB, the EntE—EntA
complex would be regenerated, resulting in turnover of the
process. This model is consistent with recent reports elucidating
the EntE mechanism in the context of its two half-reactions (39, 40),
such that the EntA—EntE interaction enhances the first half-
reaction (formation of the DHB—AMP species at the active site of
EntE), followed by the obligate EntE—holo-EntB interaction
necessary for the transfer of DHB to holo-EntB Ser245. Our
findings are also relevant in terms of what is now known about the
superfamily to which EntE belongs, which has recently been
designated the ANL superfamily (encompassing acyl-CoA synthe-
tases, NRPS adenylation domains, and luciferases) (58). It has been
shown that adenylation domains within this superfamily undergo
significant conformational changes during catalysis, in a process
termed domain alternation, to switch catalytic modes between an
adenylate-forming conformation and a conformation that will
facilitate subsequent thioester formation. For example, the
C-terminal domain 4-chlorobenzoate: CoA ligase has been shown
to undergo a 140° rotation subsequent to adenylate formation,
rendering the enzyme competent for thioester formation with a
CoA molecule bound to the same protein (59). In the case of
EntE, acceleration of the rate of adenylate formation in the
presence of EntA may be due to its stabilization of EntE in the
adenylate-forming conformation, thus preventing domain alter-
nation [i.e., repositioning of the A8 loop into the EntE active
site (37)] until ATP hydrolysis has occurred. Dissociation of EntA
would then facilitate EntE domain alternation, thus allowing for
formation of the NRPS-obligate complex with the holo-EntB
substrate. It is worth investigating whether protein—protein
interactions modulate domain alternation in other free-standing
adenylation domains such as DhbE, involved in bacillibactin
biosynthesis in Bacillus subtilis (37), and BasE, which is involved
in acinetobactin biosynthesis in Acinetobacter baumannii (60).
Here we have shown that E. coli enterobactin biosynthesis
involves protein—protein interactions beyond the previously
reported obligate interactions required for NRPS. We have
established that there is a direct link between the terminal enzyme
activity involved in DHB synthesis (EntA) and the NRPS enzyme
EntE. Our study, in conjunction with previous reports, provides
strong evidence that EntE has evolved such that its enzymatic
activity is only fully optimized when the protein is participating in
a protein—protein interaction that facilitates conformational
remodeling of the EntE active site. We are now performing
experiments to investigate the formation and coordination of the
EntA—EntE and EntE—EntB complexes in vivo, and their effects
on the efficiency of enterobactin biosynthesis (i.e., does forma-
tion of the EntA—EntE complex result in the channeling of DHB,
or does formation of this complex serve to coordinate domain
alternation in concert with holo-EntB, or both?). It has recently
been reported that an endogenous catecholate siderophore is
produced in mammals, with a homologue of E. coli EntA
(BDH2) being essential for its biosynthesis; furthermore, a
mammalian homologue of E. coli EntE has also been identified (67).
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Elucidation of the protein—protein interaction network neces-
sary for E. coli enterobactin biosynthesis therefore provides not
only further insights into a biological process that is essential for
bacterial survival under iron-limiting conditions but also insights
useful in interpreting the newly identified BDH2-dependent
system that has been shown to play a role in mammalian iron
homeostasis.
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tein bands obtained from pull-down assays (Table S1), peptides
identified by LC—MS/MS after recovery from a protein band
obtained from an SMCC cross-linking experiment (Table S2),
sedimentation velocity AUC data for EntA at 10 °C (Table S3),
SDS—polyacrylamide gel of EntA and EntE covalently cross-
linked by SMCC (Figure S1), and SDS—polyacrylamide gel of a
control cross-linking reaction involving EntE and BSA (with and
without maleimide activation by SMCC) (Figure S2). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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