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ABSTRACT. 5-Enolpyruvylshikimate-3-phosphate (EPSP) synthase catalyzes the transfer of the enolpyruvyl
moiety from phosphoenolpyruvate (PEP) to shikimate-3-phosphate (S3P). Mutagenesis and X-ray
crystallography data suggest that the active site of the enzyme is in the cleft between its two globular
domains; however, they have not defined which residues are responsible for substrate binding and catalysis.
Here we attempt to establish the binding of the substrate S3P to the isolated N-terminal domain of EPSP
synthase using a combination of NMR spectroscopy and isothermal titration calorimetry. Our experimental
results indicate that there is a saturable and stable conformational change in the isolated N-terminal domain
upon S3P binding and that the chemical environment of the S3P phosphorus when bound to the isolated
domain is very similar to that of S3P bound to EPSP synthase. We also conclude that most of the free
energy of S3P binding to EPSP synthase is contributed by the N-terminal domain.

5-Enolpyruvylshikimate-3-phosphate (EP5Pynthase CO.H
(EC 2.5.1.9) catalyzes the formation of EPSP from shikimate- EPSP
3-phosphate (S3P) and phosphoenolpyruvate (PEP) in plants + )t synthase
and bacteria. This reaction (Figure 1) occurs as the penul- “0sP0” Y~ ~OH  20,p0” “copM
timate step of the shikimate pathway, which is ultimately OH
responsible for the biosynthesis of aromatic amino acijis ( S3P PEP
The pathway is not present in mammals, so enzymes of the
pathway are promising targets for antibiot®},(antiparasitic
(3), and herbicide4) development. EPSP synthase is in fact )k
the site of action of glyphosate (GLPp)( the active 2ogpo” N Vo~ “COM
ingredient of the commercially available herbicides RoundUp OH
and Touchdown. EPSP

The crystal structure of EPSP synthas& & resolution
reveals an open conformation of two globular domains whose 20,7 N coy
secondary structural elements are strikingly simi&@r This Ha
structure shows that the sia-helices comprising each GLP
domain are O“e”ted with their N-termlnl tOW_ar_O_' the cleft Ficure 1: Reaction catalyzed by EPSP synthase. The inhibitor,
between the domains, suggesting the possibility that the giyphosate, is also shown.
resulting macrodipole may direct the negatively charged
substrates into the cleft where the reaction occurs. Numerou
mutagenesis studieg-¢10) have confirmed the active site

COH

Socation by showing that mutation of many residues lining
the cleft decreases or abolishes enzymatic activity. According
" This research was supported by NIH Grant ROL GM43215. The to these experiments, residues from both domains contribute

WSU NMR Center equipment was supported by NIH Grants RR0631401 [0 the active site. However, various sources suggest that the
and RR12948, NSF Grants CHE-9115282 and DBI-9604689, and a N-terminal domain may be the primary contributor to S3P
grant from the Murdock Charitable Trust. binding in EPSP synthase.
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zggr‘]?gr' gr'\”'\l?\blegus'%;g%ssﬂggges- modification (L1). Krekel et al. observed that addition of S3P
! Abbreviations: DTT, dithiothreitbl; EPSP, 5-enolpyruvylshikimate- to theE. coli enzyme moderately increased the stability of

3-phosphate; GLP, glyphosate; HSQC, heteronuclear single quantumthe enzyme toward tryptic digestion, and particularly that
coherence; MALDI, matrix-assisted laser desorption ionization; NMR, of two N-terminal peptide segmentsd). Also, investigators

nuclear magnetic resonance; PEP, phosphoenolpyruvate; S3P, shikigy NMonsanto have published pictures of a crystal structure
mate-3-phosphate; SBEAGE, sodium dodecy! sulfatgolyacryl- f the S3P-b d EPSP h d ted |
amide gel electrophoresis; TAD, 50 mM Tris, pH 7.8, 3 mM sodium OT thé -boun synthase and reported severa

azide, 1 mM DTT buffer; TCEP, tris(2-carboxyethyl)phosphine. residues that are claimed to be directly involved in S3P
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binding, all of which are in the N-terminal domaii3). N-terminal domain in~500 uL of TAD buffer. S3P was
Finally, comparison to UDM-acetylglucosamine enolpyru- titrated into one sample by addition of small volumes of a
vyl transferase (MurA), an enzyme structurally and function- 136 mM stock, and®N-HSQCs 25) were acquired after each
ally analogous to EPSP synthadé{16), also supports the  addition to monitor the change in N-terminal domain peak
idea that the enolpyruvyl acceptor molecule (S3P for EPSP positions. After acquisition of high-quality®N-HSQCs,
synthase, UDMN-acetylglucosamine for MurA) binds to the samples of N-terminal domain alone and in saturating
N-terminal domain. Because of the pronounced similarities concentrations of S3P were lyophilized to dryness and
between the two enzymes, their active sites are expected taedissolved in RO buffer. The pH was maintained at 7.8,
have similar organizations. The crystal structure of MurA and?!*N-HSQCs were acquired at 0.5, 2, 4, 8, 16, 27, and
in the presence of a fluorinated intermediate reveals that42 h. Experiments were performed at 22 on a Varian
residues from both domains contribute to the active site of Inova 500 MHz spectrometer. Spectra were referenced
this enzyme 16). However, the C-terminal domain is mainly  externally to the'H resonance of TSP at 0.0 ppm. THhbI-
involved in PEP binding, while mostly residues from the HSQC pulse sequence used was from Varian’s Protein Pack
N-terminal domain contribute to the UDP-NAG binding site. software. Data were processed using NMRPIigé) (and
This portion of the active site corresponds to the S3P binding analyzed with PIPP2). FIDs were defined by 512 and 128
site in EPSP synthase. It is thus reasonable to expect thatomplex points in F2 and F1, respectively. Processing
the N-terminal domain is primarily responsible for S3P typically employed zero filling to 2048 (F2) and 1024 (F1),
binding in EPSP synthase. application of a 90 phase-shifted sinebell-squared window

Though the structures( 10 and mechanisml{—22) of function, and appropriate phase corrections.
EPSP synthase have been extensively investigated, the For3P NMR experiments, samples consisted of 0.6 mM
identity of residues that bind the substrates and inhibitor is EPSP synthase or 1.0 mM N-terminal domain in TAD (pH
as yet unknown. Here we attempt to establish the binding 7.8). S3P was added at &51.0x, and 2.0« relative molar
of S3P to the isolated N-terminal domain as a prelude to concentration to the full-length enzyme sample, and at these
NMR studies that will define the binding site of S3P in same concentrations following a 0x5addition to the
atomic detail. Because the isolated N-terminal domain retainsN-terminal domain sample. At 20 S3P, GLP was added
the secondary structural organization that it possesses in théo each sample, also at a Z.0nolar ratio. Control spectra
full-length protein £3), studies of the binding of S3P to the included samples of each protein alone and both S3P and
isolated domain should be applicable to the full-length GLP alone. After each addition, a 18P spectrum was

enzyme. acquired at 22C on a Varian Inova 500 MHz spectrometer.
Spectra were referenced to extdrhavl KH,PQ,, pH 7, at
MATERIALS AND METHODS 0 ppm. FIDs consisted of 24K points, and acquisition times

. . . . were 1 s. Processing was accomplished in FELIX 98.0
Protein Expression and PurificationWild-type EPSP  \gjecular Simulations) with zero filling to 32K points,

synthase was expressed and purified as described previousl pplication of an exponential window function using 20 Hz
(24). The N-terminal domain plasmid construct consisted of |, broadening, and appropriate phase corrections.

the entirearoA gene sequence modified by the insertion of Calorimetry. Samples were prepared of full-length EPSP
a stop codon immediately after codon 240 (Muta-gene synthase and N-terminal domain by dialysis of a-a1%)

mutagenesis kit, Biorad). The modified gene was ligated into . . .

pPET24b (Novagen) for overexpression; the new construct mM protein stock into 50 mM Tris, pH 7.8, 1 m_M .TCEP
was confirmed by DNA sequencing. coli BL21(ADE3) (Molecular Probes, Inc.). S3P was prepared by dilution from
was transformed with the plasmid. and cultures were & 136 mM stock in water into the same buffer. Isothermal

incubated at 37C in M9 media until OQoy = 0.6, at which microtitration calorimetry was performed at 2C using a

time overexpression was induced by the addition of 0.4 mM VP-ITC calorlmeter_ fFOm. Mlcroca_l Inc. Heat_s of dilution
IPTG and growth continued to completion. Cells were were measured by injecting S3P into buffer in the absence

harvested by centrifugation and stored-a0 °C. Lysis was of protein and were taken into account when fitting the data.

" Subsequently, a series of 30 uL injections of 2.4-2.8 mM
gfige;f)dirt])ysgdﬂl&oq r(i)s],c I)F/)T_ioz7y?e3a2]c'ilel\lIl a?jf’le;r: d(blo trle]'I/rlom S3P were dispensed into a 0.1 mM solution of the full-length
DTT (TAD buffer). Protein was precipitated from the lysis enzyme or the N-terminal domain. Data were fit via a least-

supernatant by Nk$O,. The resolubilized pellet was loaded squares al_gorlthrr_l to a single site model using software
onto a 315x 35 mm custom gel filtration column (Phar- provided with the instrument. The same program calculated

N . the stoichiometry i), association constanKy), enthalpy
macia) in TAD buffer, followed by elution from a MonoQ :
anion exchange column (Pharmacia) ia3D0 mM KCI, also (AH), and entropy A3 for the reaction. Thi, referred to

in TAD. This process afforded the N-terminal domain at in the text is the inverse of the calculatid
>95% purity by SDS-PAGE analysis. The domain was
characterized by N-terminal amino acid sequencing and
MALDI mass spectrometry (data not shown). For isotopic  NMR Spectroscopyt was immediately apparent from the
labeling, M9 medium was used wittNH,Cl as the nitrogen  HSQCs that a conformational change took place in the
source. Growth conditions and purification procedures were N-terminal domain upon addition of S3P. Peak positions
the same as for unlabeled protein. changed gradually until saturation was observed, which
NMR SpectroscopyS3P was isolated from cultures of occurred at 1.5 relative molar concentration of S3P. The

Klebsiella pneumoniaél8) and purified as described previ- S3P-bound state was stable for at least 7 days in a properly
ously 24). NMR samples contained1 mM 5N-labeled preserved sample. The original and final peak positions are

RESULTS
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Ficure 2: 15N-HSQC spectra of (A) the N-terminal domain alone, (B) the N-terminal domain in the presence of saturating S3P, (C) the
N-terminal domain alone 42 h after exchange int®Dand (D) the N-terminal domain plus S3P 42 h after exchange igth Beaks are
labeled in (C) according to their residue number (assignments obtained as desc@Bpdvnst resonances in (C) are also present in (D),
with the exception of those marked with an asterisk. The labels in (D) correspond to amide proton peaks that persist only when S3P is
bound. The region containing side chain amine peaks is indicated by the rectangle.
compared in Figure 2, panels A and B. Peak intensities 26 amide proton peaks remained for the sample containing
decreased with time after exchange intgQD After 42 h, the N-terminal domain alone (Figure 2C). In contrast, many
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Table 1: Line Widths irf!P Spectra

0.5x bound S3P full-length EPSP synthase N-terminal domain
Pi concn free S3P bound S3P free S3P
A | 0.25x ncP nd 20
] I 0.5x - 87 33
1A
WMAJ\/WW\W WMWMW W %’%t/\ﬁ W/"V’M. \r | 1.0x 76 nd 35
| | 2.0x 62 nd 36
] plus GLP 33 60 31
1.0x

a All values have units of hertZ.Not determined.
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Ficure 3: 3P NMR spectra of S3P in the presence of full-length W

EPSP synthase. Relative molar concentrations of S3P are given in
the upper left-hand corner of each spectrum. Chemical shifts are
described under Results.

|
more peaks remained after the same amount of time® D /b”UiNWW
for the sample containing S3P (Figure 2D). Comparison of
Figure 2C and Figure 2D revealed eight peaks (marked by 180 150 120 90 60 30 00 30 40 90 -120
an asterisk) that were present after 42 h in the sample of 1P ppm
N-terml_nal domain ?!0”3 but absent from the sample Ficure 4: 3P NMR spectra of S3P in the presence of the
containing S3P. Additionally, 10 of the strong resonances N-terminal domain. Relative molar concentrations of S3P are given
that appear in Figure 2D are absent from the spectrum ofin the upper left-hand corner of each spectrum. The inset at the
N-terminal domain alone. Clearly, a conformational change top right-hand side is an expansion of the middle portion of the
is occurring in the N-terminal domain which increases the 0.25x spectrum, which shows the position of the putative bound
solvent exposure of some residues and decreases that 0§3P peak.
others. Although most of the peaks in Figure 2D belong to
backbone amide protons, there are also many side chain(see Table 1), and it contributes to the line width of the free
amine peaks that are protected from exchange by theS3P peak in the 10 and 2.0< spectra. Even after GLP is

free GLP.

presence of S3P. added to the sample, the free S3P peak remains slightly
Whereas the HSQCs contain information about confor- broadened (33 Hz) compared to the natural line width of
mational changes in the N-terminal domain, #é NMR S3P alone (20 Hz, data not shown) due to the exchange

spectra provide insight into the chemical environment of S3P. equilibrium between the free and bound states. When GLP
The behavior of S3P in the presence of EPSP synthase hats added, the bound S3P resonance shifts upfielet@o7
been reported previous|Q8’ 29 and was reproduced here pPpmM and exhibits a new line width of 60 Hz, while bound
to ensure an accurate comparison to the results obtained fo@nd free GLP peaks appear at 8.7 and 5.1 ppm, respectively.
the N-terminal domain. The chemical shift of S3P bound to The free S3P peak remains situated at 1.8 ppm, where it
EPSP synthase is 1.4 ppm (Figure 3). The resonance is broa@!so resides in the absence of protein.

but readily observable when enzyme concentration is in  The S3P phosphorus resonance behaves similarly, though
excess (0.5 S3P) and only a small amount of free S3P is not identically, in the presence of N-terminal domain. The
present. Upon addition of S3P at equivalent or higher free S3P resonance at 1.8 ppm predominates at all concentra-
concentrations, however, the resonance of free S3P at 1.8ions studied (Figure 4). However, at lower relative concen-
ppm dominates, so that the two peaks are not resolvable atrations of S3P (0.2 and 0.5<), there appears an unre-
500 MHz. The line width of bound S3P at &5s 87 Hz solved but reproducibly detectable shoulder upfield of the
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Time (min) Table 2: Thermodynamic and Stoichiometric Parameters Calculated
0 20 40 60 80 100 120 140 from Calorimetry
LALLM LALLM EPSP synthase N-terminal domain
0.04 T E
parameter value error value error
N 0.274 +0.005 0.839 +0.162
0.2 1 N Ka 102800 M1 +4397 13591 M! +4002
2 AH —4.612 kcal/mol +0.108 —3.287 kcal/mol +0.965
0 0.4~ 1 AS 7.57 cal/((molK) nd? 7.69 cal/(molK) nd?
8 2 Not determined.
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Ficure 5: Raw (top) and fitted (bottom) calorimetry data from
the titration of the N-terminal domain with S3P.

T T 1

4 -0

free S3P peak that likely belongs to the bound S3P. The J
apex of this peak occurs at 1.5 ppm. Its line width cannot 3b
be directly measured due to the overlap, but its contribution Figure 6: Ribbon diagram of the backbone of residues-280
to the width of the free S3P peak is evident in thex0and in EPSP synthase (PDB Accession No. 1EPS). Helices 3b, 5b, and
subsequent spectra. An average line width of 33.8 Hz in these5d are shaded to show the proposed locale of S3P binding.
spectra is larger than that for S3P alone (20 Hz, data not
shown) and equivalent to the free S3P line width in the pDISCUSSION
presence of EPSP synthase and GLP, indicating that for this
sample, too, the S3P is exchanging between free and bound The results presented here correlate well with previous
states. The bound state line width will be dominated by the data from our lab and others. Chemical shift perturbations
rotational correlation time of the protein molecule, so it is described elsewher@3) localize the conformational change
significant that S3P bound to the full-length enzyme produces upon S3P binding to subdomains 3 and 5 [nomenclature from
a peak about twice as wide (60 Hz) as that for S3P bound to Stallings et al. §)]. A great majority of the hydrogen bonding
the N-terminal domain 433 Hz). Note also that the differences between the free and liganded N-terminal domain
N-terminal domain apparently does not bind GLP. This is also occur in these subdomains. According to th€®d D
consistent with the results of titrations monitored Bi- exchange experiments, residues 177, 178, and 180 become
HSQC which indicated that GLP does not bind to the more accessible to solvent upon S3P binding. These residues
N-terminal domain alone or to the preformed N-terminal are located ino-helix 5b just below Tyr200 and Ser197,
domainS3P complex (data not shown). which are purportedly involved in S3P binding3, 23.

Calorimetry. The ability of full-length EPSP synthase to Several additional residues (30, 31, 208, and 210) that
bind S3P was tested as a control for the calorimetry €XPerience a change in solvent accessibility are located in
conditions (data not shown). The experiments performed adjacenta-helices. These findings support the localization
resulted in a calculatelly of 9.7 uM, which agrees well ~ Of the S3P binding site to helices 3b, 5b, and 5d of the
with previously published data from other sourcag)(The ~ N-terminal domain (Figure 6).
N-terminal domain also bound reproducibly to S3P, and the The S3P phosphorus peak is known to undergo a small
raw and fitted data from one experiment are shown in Figure change in chemical shift upon binding to EPSP syntha8e (
5. The Microcal data-fitting program determine#&g@of 73.5 29). The change observed here, 0.4 ppm, compares favorably
uM for the N-terminal domain, only 7-fold higher than that with the results of Castellino et ak§) and previous findings
for the full-length enzyme. Values for all the calculated in our lab @9). A difference of—2.1 ppm upon addition of
parameters are listed in Table 2 and represent the averag&LP is also in agreement with these studies, as are the
from three experimental data sets for which two to three chemical shifts of free (5.1 ppm) and bound (8.7 ppm) GLP.
fitting sessions each were performed. Analysis of the chemical shifts of the N-terminal domain
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