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Mutagenesis of Folylpolyglutamate Synthetase Indicates That Dihydropteroate and
Tetrahydrofolate Bind to the Same Site
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ABSTRACT: The folylpolyglutamate synthetase (FPGS) enzymé&stherichia colidiffers from that of
Lactobacillus caseiin having dihydrofolate synthetase activity, which catalyzes the production of
dihydrofolate from dihydropteroate. The present study undertook mutagenesis to identify structural elements
that are directly responsible for the functional differences between the two enzymes. The amino terminal
domain (residues-1287) of theE. coli FPGS was found to bind tetrahydrofolate and dihydropteroate
with the same affinity as the intact enzyme. The domain-swap chimera proteins betwéerctlieand

the L. caseienzymes possess both folate or pteroate binding properties and enzymatic activities of their
amino terminal portion, suggesting that the N-terminal domain determines the folate substrate specificity.
Recent structural studies have identified two unique folate binding sites, the omega loaaseiFPGS

and the dihydropteroate binding loop in tBecoli enzyme. Mutants with swapped omega loops retained

the activities and folate or pteroate binding properties of the rest of the enzyme. MutatiageiFPGS

to contain ank. coli FPGS dihydropteroate binding loop did not alter its substrate specificity to using
dihydropteroate as a substrate. The mutant D154A, a residue specific for the dihydropteroate binding site
in E. coli FPGS, and D151A, the corresponding mutant inltheaseienzyme, were both defective in

using tetrahydrofolate as their substrate, suggesting that the binding site correspondind=tattie
pteroate binding site is also the tetrahydrofolate binding site for both enzymes. Tetrahydrofolate diglutamate
was a slightly less effective substrate than the monoglutamate with the wild-type enzyme but was a 40-
fold more effective substrate with the D151A mutant. This suggests that the 5,10-methylenetetrahydrofolate
binding site identified in theé.. caseiternary structure may bind diglutamate and polyglutamate folate
derivatives.

Folylpolyglutamate synthetase (FPGEC 6.3.2.17) cata-  and other folate biosynthetic enzymed actobacilluscauses
lyzes the MgATP-dependent addition of I-glutamate to folate its nutritional requirement for folate, first discovered by Snell
compounds. In organisms that require exogenous folates forand Peterson3jj. This discovery led to the use bhctoba-
growth, such atactobacillus caseiStreptococcus faecalis  cillus in folate microbiological assays, which facilitated the
and mammals, FPGS serves to synthesize a highly anionicpurification and identification of folic acid as a vitamin and
polyglutamate chain of four residues or longer on folate is still an assay that is used today. Siri€ecoli does not
substrates to retard folate transport through the cell membranehave specific transporters for folates, FPGS-DHFS is es-
(1, 2). This is the mechanism thought to be responsible for sential ). In yeast, there are two separate enzymes for FPGS
the accumulation and maintenance of cellular folate pools. and DHFS activities, and DHFS is essential in the absence
Many bacteria, such a@sscherichia coliand Corynebacte- of exogenous folate5( 6). Functional differences of FPGS
rium sp., can synthesize folate de noftne FPGS enzymes enzymes in bacteria and mammals may be explored for
from these bacteria have dihydrofolate synthetase (DHFS)rational drug design. A specific inhibitor of DHFS activity
activity, which catalyzes the addition afglutamate to of the bacteria enzyme may kill pathogenic bacteria without
dihydropteroate to form dihydrofolate. This enzyme is part harming the host, and since mammalian cells lack DHFS,
of the de novo folate biosynthetic pathway. A lack of DHFS such an inhibitor could be an effective antimicrobial drug.
Thus, a detailed understanding of the structural basis for the
differential binding of folate compounds hy caseiFPGS
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Ficure 1: Structural diagrams df. caseiFPGS (a) with mTHF (minus its glutamate residue) bound at the mTHF binding sité.audi

FPGS (b) bound in the DHP binding site. The N- and C-terminal domains are in brown and gray, respectively. Both DHP and mTHF are
shown in dark blue in their respective diagrams. The omega loop is shown in yellow in both diagrams, and the residues corresponding to
the pteroate binding loop @&. coli FPGS are in red. The nucleotides ADP in panel a and ACP4 in panel b are light blue in their binding
pocket. The location of selected residues that were mutated in this study are indicated. The numbering of the residues is the numbering
system for their respective enzymes.

is required forL. caseiFPGS to function, but itK, value is the corresponding site ih. caseiFPGS, described in Tan
high (3 mM) as compared to enzymes from other sources and Carlson’s studyld), is utilized by the enzyme. Aspartate
(10-70uM) (8, 9). TheK, value for ATP ofE. coliFPGS 151 inL. caseiFPGS and the corresponding aspartate 154
is 50uM. E. coliFPGS-DHFS has a broader folate specificity in E. coliFPGS are predicted to be involved in folate binding
thanL. caseiFPGS. It prefers 10-fomyl-THF as its mono- to the new pteroate binding site but not the mTHF binding
glutamate substrate and mTHF as its diglutamate substratesite identified in theL. casei ternary complex crystal

but will also efficiently use THF 10, 11). DHP is the structure. Mutation of these residues substantially decreased
substrate associated with tke coli DHFS activity that has  folate and pteroate binding and FPGS activity in both
the highest affinity for the enzyme. Folate triglutamates are enzymes, suggesting that the new pteroate binding site is
the predominant products &. coli FPGS. the primary site for pteroate and folate monoglutamate

The crystal structure of. caseiFPGS (ref12, RCSB binding. The greater activity of these mutants with tetrahy-
Protein Data Bank accession no. 1JBW) reveals that thisdrofolate diglutamate substrates suggests that the mTHF
enzyme has a modular architecture consisting of N- and binding site found ir_. caseiFPGS may be utilized by folate
C-terminal domains connected by a linker loop. The structure diglutamate and polyglutamate substrates.
of the ternary complex df. caseiFPGS with3,y-methylene-
adenosine tetraphosphate and mTHF shows that the mTHIJ\/l'A‘TERIALS AND METHODS
binding site is located in a cleft between the N- and the Materials. (6R9-5,6,7,8-THF and 7,8-dihydropteroate
C-terminal domains adjacent to the omega loop (residueswere from Schircks Laboratories. mTHF was prepared from
72—82, see Figure 1)1Q3). However, the binding site for ~ THF by the addition of formaldehyde in excess to the assay
mTHF monoglutamate is too far from the ATP binding site mix. THF di- and triglutamates were prepared by the
to allow catalysis. A recent computational studg4) reduction of folic acid di- and triglutamates with sodium
identified a binding pocket for folate distinct from that in  dithionite and stored at70°C as described previousl{§)
our crystal structure, which accommodates monoglutamatefollowed by reduction of the dihydro forms using dihydro-
substrates and has more favorable free energies of bindingolate reductasel().
for most substrates. It was suggested that the site observed Construction of Plasmid€ligonucleotide primers used
in the ternary complex structure may be utilized by some for constructing various mutants are shown in Table S1.
folate polyglutamate substrates. The recent crystal structureMutagenesis was performed on thecaseiFPGS otE. coli
of the E. coli FPGS shows that DHP is bound essentially in FPGS genes using the construct in the expression plasmid
this predicted pocket (rel5 RCSB Protein Data Bank pCYB1(NEB) as the template. The constructs are shown in
accession nos. 1W7K and 1W78). Mathieu et dl5)( Figure 2. For the construct ;Egs an Ndd site was
suggested that there may be distinct sites in FPGS for DHPintroduced into the "send of the forward primer, and$apl
and THF binding. The present study undertakes mutagenesisite was introduced into the ®nd of the reverse primer.
to identify structural elements that are responsible for the The PCR fragment was cut with restriction enzyningd
unigue folate binding characteristics©f coliFPGS-DHFS and Sap and inserted into the pCYBL1 vector prepared by
and L. casei FPGS and to shed light on the catalytic digestion with the same enzymes. For the chimera proteins
mechanisms of FPGS versus FPGS-DHFS. We made a serie§1-299Esgs-428, E1-287L299-428, L1-154E158-420, and B_157
of chimeric constructs of. coli FPGS-DHFS andl.. casei Liss-426 PCR (30 cycles) was used to generate two DNA
FPGS that showed that the N-terminal domain is sufficient fragments, one fronh. caseiFPGS and the other frora.
for binding both THF and DHP, while ATP binding needs coli FPGS-DHFS. ArNdd and aSap site was introduced
the intact N- and C-terminal structure. We constructed omegainto the forward and reverse primers, respectively, of the
loop exchange mutants betweEncoli andL. caseiFPGS DNA fragment encoding the amino terminus of the chimera
to determine the effect of that structure in the folate or protein. ASag and anAsp/18 site was introduced into the
pteroate substrate specificity of enzymes. We also mu-forward and reverse primers, respectively, of the DNA
tagenized individual residues to determine as to whether thefragment for the carboxyl terminus. The two fragments were
new pteroate binding site described in the coli crystal cut with the appropriate enzymes and ligated with the pCYB1
structure is also utilized by THF substrates and as to whethervector that was linearized witddd andAsp718. The L—74/
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Ficure 2: FPGS-DHFS mutants. The column on the left is a schematic representation of the mutants showing pertinent regions of the
protein. The column on the right indicates the expression levels of the recombinant protein.

Ego—o02/Lg3-425 and B-—gi/L70-so/Egz-420 mutants were generated  either THF or DHP was used as the substrate instead of
using primer pairs that contained the entire omega loop. ThemTHF.

oligonucleotide primer pairs were' phosphorylated and Radioligand Binding (Equilibrium DialysisMicrodialysis
annealed, leaving three nucleotide overhangs at theinds. cells with a dialysis membrane (MW cutoff of 12 kDa) were
A linear PCR product synthesized outward from primers used. One chamber was filled with 120 of FPGS protein
bordering the omega loop including the enzyme coding (1.5 mg/mL) in 10 mM Tris HCI, pH 7.5, 200 mM KCI, 10
sequence and the pCYB1 vector was generated by twomM MgCl,, and 10% DMSO (P-side). The other side was
primers containingap restriction sites at their ®nds. This filled with various concentrations of}>?P]-ATP in 120uL
PCR product was digested wiiafl, producing 5overhangs of the same bulffer as the P-side. The equilibrium was allowed
complementary to the omega loop fragment overhangs, andto proceed for 48 h at 4C, and the amount of labeled
the two were ligated. substrate in both sides was measured.

The point mutants were constructed using the Gene Editor Fluorescence Titration and Fluorescence Quenchirige
(Promega) mutagenesis kit and following the manufacturer’s direct binding of mTHF to FPGS proteins was characterized
instructions. The genes were mutagenized in pBluescript via intrinsic fluorescence quenching using an AVIV instru-
plasmids and subsequently subcloned into pCYB1 for ments (model ATF105) equipped with excitation intensity
expression. All constructs were confirmed by DNA sequenc- correction. Each 0.1 mL sample containedi protein in
ing. 10 mM Tris HCI (pH 7.5), 200 mM KCI, and 10 mM Mggl

Expression and Purification of Mutant Proteinghe ~ The quenched tryptophan fluorescence signal was measured
plasmid encoding a mutant protein was transformedfinto ~ &t increasing mTHF concentrations. The protein samples
coli strain BL21 for expression. FPGS mutants were ex- Were excited at 295 nm and emitted at 340 nm with the
pressed as fusion proteins using the IMPACT system from €xcitation and emission band-pass set at 3 nm Khealues
NEB. The cultures were induced with 1 mM IPTG at 32D were determined by fitting the fluorescence data to a
for 6 h. The crude extracts were loaded on a chitin column, hyperbolic regression analysis program HYPER (version
and the fusion proteins were cleaved with 50 mm DTT in 1.0).

10 mM Tris HCI, pH 7.5 1 M NaCl for 24 h at room Constructions of Chimera Proteindomain deletion
temperature (see Figures S1 and S2). The eluted proteingnutants of thé. colienzyme, having the N-terminal domain
were dialyzed against 10 mM Tris HCI, pH 7.5, 200 mM (residues £295, B_2o5) and the C-terminal domain (residues
KCI and stored at-70 °C with 20% DMSO. The protein ~ 296-425, Bxs-422) expressed separately, were constructed.
concentration was determined by a Bradford assay (Bio-Rad).The N-terminal domain formed a folded structure that

Enzymatic AssaEnzyme activities were measured by the Migrated on SDS-PAGE around 32 kDa (not shown). We
incorporation of H]-glutamate into 5,10-methylene-tetrahy- Were not able to purify the C-terminal domain.
drofolate, as described by Shari8); A standardL. casei RESULTS
FPGS assay mix consisted of 100 mM Tris (pH 9.75), 50
mM glycine, 200 mM KCI, 10 mM MgCJ, 5 mM DTT, Chimera proteins have been shown to be useful as tools
10% DMSO, 5 mM ATP, 25Q«M L-glutamate, 1.25Ci for understanding structurdunction relationships19). To
[®H]-glutamate, 10QuM THF, 12 mM formaldehyde, and  better understand the difference betweenltheaseiandE.
5—10ug of pure enzyme. For tHe. coliFPGS-DHFS assay, coli FPGS enzymes, the domain-exchange chimera mutants,
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Table 1: Binding Constari, for Methylene THF and DHP

Kq for methylene Kgq for
proteins THF (uM) DHP (M)

L. caseiwT 13 NA2
E. coliWwT 23 6.3
Ei1-288 98 12
L1-208/E2gs-a22 104 NA
E1-287L299-428 107 5.5
L1-71/Eg2-02/L 83428 23 203
E1-g1/L72-87/Eo3-422 31 10

a@No activity detected.

L1-208/E288-422 and B-287l209-426, @and the omega loop
exchange mutants, 1L71/Egy—g2/Lgz—428 and B—_gi/L7o-gdf
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of either thel. caseior theE. coliWT enzymes, indicating
that the glutamate binding is not affected. TKgvalue for
MTHF (590uM) was increased 18-fold as compared to the
L. caseiWT and 12-fold as compared to tlee coli WT.

Next, we measured the direct binding of DHP and mTHF
by the chimeric enzymes. Figure 4b shows the quenched
tryptophan fluorescence intensity against the increased
concentration of mMTHF. L 9¢Esgg-422 and B—_»g7L299-428
both bound mTHF. The&Ky values for mTHF of l_ood
E288—422 and 5—287/L299—428 were 104 and 107!M, respec-
tively, which are 5-fold higher than for their WT proteins
(Table 1). The E-2s7L 299-428 mutant had no enzyme activity,
showing that folate binding is not sufficient for FPGS
function. Figure 3b shows the change in the intensity of DHP

Eos-422, Were generated, expressed, and purified (see Figurefluorescence against the increasing concentration of DHP.

2). The purified mutant proteins were examined for their
folding properties, enzyme activity, and the ability to bind

While the WTL. caseiFPGS and k_»9¢E»gs-42> mutant did
not bind DHP, E-sg7/L299-428 bound DHP with a similar

ATP and folate. CD spectrometry was used to scan all the affinity as E. coli FPGS-DHFS. This suggests that the

purified proteins to ensure that the proteins folded normally.

To evaluate the ligand binding affinity, equilibrium dialysis
using [-3?P]-ATP was performed to obtain the binding
constantskg) for ATP, and fluorescence titration was used
for deducing the DHP binding constants.

N-Terminal Domain of E. coli FPGS Is Sufficient for
Binding THF and PteroateTo test the function of the
N-terminal domain of FPGS on folate binding, we cloned
the N-terminal domains df. caseiFPGS ancE. coli FPGS-
DHFS. Only the N-terminal domain of the. coli enzyme
but not ofL. caseienzyme could be expressed and purified.
Although no enzyme activity or ATP binding could be

C-terminal domain mutation did not affect the ability of
E1-287L 299 425 t0 bind DHP but did affect enzyme function.
The C-terminal domain per se did not affect the pteroate/
folate substrate specificity of the FPGS enzymes; therefore,
L1-20dEzss-422 had the properties of. casei FPGS, and
E17287/L29$428 had the properties oE. coli FPGS. We
conclude from the previous experiments that the N-terminal
domain alone is able to bind folate and determines both
FPGS and DHFS binding specificities.

Equilibrium dialysis was performed on tHe. coli WT
enzyme and the mutant Bg7/L »99-425 USing [y-32P]-ATP as
the substrate in the presence of 100 DHP. ATP binding

detected with the N-terminal domain mutant, fluorescence was not detected in |Ezg7/L299-428 Within the tested ATP
titration studies using DHP showed that it was able to bind concentration (6100 uM), whereas the WT bound ATP

DHP with a 2-fold higherKy value than the WT enzyme
(12 uM vs 6.3uM) (Table 1and Figure 4a). mTHF binding

with a Ky value of 30uM (not shown). This suggests that a
loss of activity of the mutant Ejgdlgo-428 iS due to

was studied using intrinsic fluorescence quenching. The defective ATP binding caused by the mutation.

N-terminal domain was able to bind mTHF withkg value
4-fold higher than the WT protein (28M vs 23uM) (Table

Omega Loop Exchange Chimeraghe L. casei FPGS
crystal structure shows the substrate, mTHF, bound within

1 and Figure 4a). This demonstrates that the N-terminal the cleft formed by the omega loop from the N-terminal

domain alone is sufficient to bind both THF and DHP

domain and elements of the C-terminal domain including

substrates but not for ATP binding. Since we have previously Y414 (Figure 1a). There is no apparent contact with other

shown that E143 in the N-terminal domain is required for
ATP binding @0), we conclude that ATP requires both the
N- and the C-terminal domains for binding.

Domain Switch Mutantsl 1 »9¢Esgs-42> coONtains the
N-terminal domain oL. caseiFPGS (residues-1298) and
the C-terminal domain (residues 28822) ofE. coli FPGS;
E1-287L 200-428 CONtains the N-terminal domain d&. coli
FPGS (residues-1287) and the C-terminal domain (residues
299-428) ofL. caseiFPGS. The conserved linker loop was

parts of the structurel@). Therefore, it was of interest to
know as to whether the omega loop determines the substrate
specificity for folate binding. We constructed a pair of
chimeras with only the omega loop (#81) switched
between the two enzymes.

Both the omega exchange mutants were found to be active.
When using mTHF as a substrate to measure their FPGS
activity, Ly—71/Eg>-—g2/L s3-428 Showed a 13-fold decrease, and
E1-si/L72-82/Eg3-422 revealed a 96-fold decrease in specific

chosen as the switch site. The chimera and WT proteins hadactivity as compared to their WT counterparts (Table 2). In

a similar mobility on SDS-PAGE with molecular weights
of about 43 kDa. Enzyme activity of both chimera proteins

terms of DHFS activity, k-71/Egr—g2/L g3-428 Showed no
activity, just like thel.. caselWT enzyme, while E gi/L75-gJ

was examined using mTHF to measure FPGS activity and Egs-42, Was still active but revealed a 11-fold decrease in

DHP to measure DHFS activity. As shown in Table 2,44
Ess-420 had 11% WTL. caseiFPGS activity but no DHFS
activity. BEi—os7L 200-428 had no activity, although the circular
dichroism spectrum shows that the global folding of the
protein is not affected. Th&, value for ATP of L—o9d
E2ss-422 Was 5.7 mM, which is 1.7-fold higher than that of
the L. caseiWT enzyme and 100-fold higher than that of
theE. coliWT enzyme (Table 2). Thk, value for glutamate
was 292uM, which is not very different from th&,, value

enzymatic activity as compared to tke coli WT enzyme.
The Km value for mTHF of L1771/E82792/L837423 and Efgl/
L72-s2/Eg3-422 Showed 4- and 2-fold increases, respectively,
as compared to their WT counterparts. However, khe
value for DHP of E-gi/L7o-g/Egs-422 Showed a 20-fold
increase as compared to the VET coli enzyme.

The two mutants were also analyzed for the direct binding
of mMTHF and DHP. mTHF bound to,L71/Ego—go/lg3—408 With
a Ky value of 23/le and to B_gi/L7o-g2/Egz-420 With a Ky
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Table 2: Enzyme Activities and Kinetic Constants of Chimera Proteins

specific activity specific activity Kmd for K2 for
with mTHF with DHP ATP with glutamate Kmé for Kmé for

proteins (nmol/mg/h) (nmol/mg/h) MTHF M) with mTHF (M) MTHF M) DHP M)
L. caseiwT 11800 NA 3400 470 32 ND
E. coliwT 13200 4100 54 300 50 6.3
Ei1-288 NA NA ND ND ND ND
L1-208/E2gs-a20 1300 NA 5700 292 590 ND
E1-287L 299-428 NA NA ND ND ND ND
L1-71/Ego-92/Lg3-428 912 NA ND ND 118 ND
Ei1-s1/L72-8/Eo3-222 138 376 ND ND 71 134

2 Vmax andK, values for the WT enzymes are true values obtained in previous studi@sand verified in this study. The values are apparent
VimaxandKp, values with some mutants if the appar&gtvalues are much higher than the WT enzyme because full saturation could not be achieved
due to the insensitivity of the assay at high glutamate concentrations and substrate inhibition at high ATP and THF conceértiatimtisity
detected. If the activity detected #0.1% of the specific activity of the WT enzyme, it is considered to be of no activity. If the assay with the WT
is 50 000 dpm, this is a value of 50 dpm at equal protein concentrations, where the background is about Z00odlpletermined. Th&, value
for ATP and glutamate of the chimera proteins 4a/Es> o2/l g3-428 and B_gi/L72-g2/Egs-420 Were the only constants not determined in enzymes that
had activity.
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Ficure 3: DHP fluorescence signals measured by the difference é 1.4 1
in fluorescence intensity in the presence vs the absence of theg & 4, |
proteins plotted against the increased concentration of DHP over aC § 11
range of concentrations from O to 1A®. (a) L. caseiWT protein, § 2 o8
E. coli WT protein, and E ,gs (b) L1-20dEsgg-422 and B_og7 32 £— L1-71/E82-92/L.83-428
L299-428 (C) L1-71/Ego—02/L g3-428 and B-gi/L.7o-g2/Eg3-422. gg gj ) B1-81L72-82/893-422
EREeS
value of 31uM (Table 1). Both had a similar binding affinity 0 ; . . .
as their WT counterparts. TH&; value for DHP of &g/ 0 %0 100 150 200
L 7o—go/Egs-422 Was 10uM, which is not much different from methylene THF (1M)
the K4 value of the WTE. colienzyme (6.3:M). In contrast, FicurRe 4: Tryptophan fluorescence quenching signals of the mutant

P : . roteins in the presence of 5,10-methylene-THF over a range of
L 1-71/Es2-02/Lg3-426 had weak binding with DHP, resulting Eoncentrations gom 0 to 2QaM. (a) L. cgseiWT protein,E. colig

in aKqvalue of 203«M. The results indicated that the omega  wT protein, and E_gs. (b) L1—208/Egs-422 and B_g7/L 205428 (C)
loop switch did not result in a complete switch in enzyme Li—71/Eso-92/Lgs-428 and B-gy/L7o-go/Egz-422.

activity. Li—71/Egr—9o/Lg3-428 Was similar toL. caseiFPGS,

while E;-gi/L72-g2/Ees-422 behaved like thé. colienzyme.  |oop does contribute to folate binding and folate substrate
It shows that switching the omega loop does not switch the specificity.

folate substrate specificity of FPGS. An intact three-  Mutations at the Pteroate Binding Sit& crystal structure
dimensional environment is required for the determination of E. coli FPGS identified a pteroate binding site in the
of FPGS/DHFS folate substrate specificity. However, the enzyme 15). The binding pocket to which the pteroate bound
binding of DHP to Li—71/Egy—9J/L g3-428 Shows that the omega  also exists irL. caseiFPGS (see the pteroate binding loop
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Table 3: Kinetic Properties of thie. caseiMutant Proteins

folate mTHF ATP  glutamate  Vmad
protein  substrate Kn2 Kp2(mM) K2 («M) (@mol/h/mg)
WT mTHF 32uM 34 470 19
MTHFGIu2 27uM ND® ND 14
F75A mTHF 23uM 0.18 53 1.0
D151A mTHF 11QuM 3.4 ND 0.3
mMTHFGIu2 10uM ND ND 1.2
R15E mTHF 84uM ND ND 17
MTHFGIu2 204uM ND ND 22
LC5DEL mTHF 90uM ND ND 3.6
MTHFGIu2 10uM ND ND 2.9
S152W  mTHF 116:M 0.44 ND 1.1
S152A° mTHF 34uM ND ND 1.1
T119W mTHF 3.8mM ND ND 16.
F121A mTHF 1.5mM ND ND 6.4
Y414A mTHF 48uM 0.23 2700 0.1

3 Vmax andK, values for the WT enzymes are true values obtained
in previous studies?( 9) and verified in this study. The values are
apparentVmax and K, values with some mutants if the apparétt

values are much higher than the WT enzyme because full saturation
could not be achieved due to the insensitivity of the assay at high
glutamate concentrations and substrate inhibition at high ATP and THF

concentrations? Not determined.

Figure 1), and it is distinct from the pocket that bound the
pteroate moiety of mTHF in the mTHF-ACP4 ternary
structure withL. caseiFPGS (3). The region that interacts

with the glutamate moiety of folates bound in the two pockets
overlaps in modeling studies, including such conserved

residues as S73, R82, T119, and F12L.icaseiFPGS and
the corresponding residues S83, R92, T122, and F1# in
coli FPGS (4). D154 inE. coli FPGS is a key residue that
interacts with the pterin group of DHP and is specific for
the pteroate binding pockel%). D151, the corresponding
residue inL. caseiFPGS, did not show any interactions in
the mTHF-ACP4L. casei FPGS complex structure. The
pteroate of mTHF bound in the mTHF-ACP4 pteroate
binding pocket interacts with F75 and Y414lofcaseiFPGS
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We constructed a D151A mutant FPGS to assess the
contribution of the new pteroate binding sitd tacaseiFPGS
activity since its analogue i&. coli FPGS (D154) interacts
directly with DHP (15), but D151 is distant from the mTHF
binding site in thel. caseiternary complex structurelg).

As compared to the WT enzyme, the D151A mutant had a
63-fold lowerVmax value and a 3.7-fold highé€,,, value with
THF as the substrate, resulting in a 230-fold less effective
enzyme (Table 3). We also mutated two residues, T119 and
S152, on the edge of the pteroate binding pocket to bulky
tryptophan or histidine residues, which could potentially
block entry into the pocket. The T119W mutant had a 125-
fold increase irK, for mTHF, and the S152W mutant had
a 17-fold decrease ¥naxand a 3.9-fold increase ik, for
MTHF. These data are consistent with the notion that the
new pteroate binding pocket identified B. coli FPGS-
DHFS also plays an important role in folate binding in the
L. caseiFPGS.

Y414 specifically interacts with mTHF in the. casei
ternary complex crystal structure. The Y414A mutant has a
Vmax Value that is 128-fold lower than WT, but tikg, value
for mTHF increased only 1.5-fold, whereas tig value for
glutamate increased 6-fold. This agrees with the prediction
that Y414 is involved in glutamate binding3, 14), and it
agrees with the finding from the N-terminal and domain
switch mutants that residues from the C-terminal domain are
not required for pteroate binding. Taken together, these
results suggest that the pteroate binding pocket is a functional
folate binding site irL. caseiFPGS and that it is the primary
binding site utilized by mTHF.

mTHF Diglutamate May Utilize the L. casei FPGS mTHF
Binding Site.mTHF diglutamate had a substrate activity
about equal to mTHF monoglutamate with the W.Tcasei
FPGS. With the D151A mutant, mTHF diglutamate had a
4-fold higherVmax value than the monoglutamate and an 11-
fold lower K, value (Table 3). This suggests that the mutant
protein was less impaired for diglutamate utilization than

(Figure 1). To assess the specific role in the folate binding o monoglutamate utilization. This may reflect the ability

specificity of residues in the identified folate binding site in

the crystal structures, we made a series of single mutations
at sites including R15, F75, T119, F121, D151, S152, and disrupted by the mutation.

Y414 in L. caseiFPGS and T122, D154, and A155 ih
coli FPGS.

We constructed a F121A mutantlof caseiFPGS, which

of mTHF diglutamate to bind at the ternary complex binding
pocket, as shown in Figure 5, and this binding would not be
In contrast, the R15E mutant
protein behaved much like the WT enzyme with mTHF
diglutamate being about as effective a substrate as mono-
glutamate, having both a high&r, andVnyax value than the

is predicted to interact with the pteroate moieties of substratesmonoglutamate. R15 is a residue that lines the active site of
bound at either binding site (Figure 1). This mutant enzyme L. caseiFPGS but interacts with the pteroate substrate with

has a 50-fold increase in theKalue for mTHF, consistent
with it playing an important role in folate binding (Table
3). F75 interacts with the pterin of mTHF in the casei

its peptide backbone moieties rather than its side chain. It
has been suggested to interact with the carbonyl residues of
polyglutamate substrated4).

ternary complex structure. It is, however, part of the omega We mutated D154 oE. coli FPGS, a residue that interacts

loop, which is involved in binding both ATP and pteroates

directly with DHP and that is at the corresponding site to

and is predicted to interact with the glutamate side chains in D151 in theL. caseienzyme. The mutant was severely

both models of pteroate bindin@4). Thus, mutation of F75
could affect the conformation of the omega lo@i) and
this residue may not be specific for the mTHF binding
pocket. The F75A mutant has a 7.5-fold increase inkhe
value for mTHF and a 20-fold decreaseMRpay, but it had a
significant decrease iy, for both ATP and glutamate,

impaired in its activity with THF as the substrate, even more
so than with DHP. Both substrates had large increases in
Km, but theVnax value with THF was 23-fold lower than
WT, whereas DHP had ¥ax value 2.5-fold lower than the
WT enzyme (Table 4). As withL. casei FPGS, THF
diglutamate was a better substrate with the D154A mutant

suggesting that it may be altering the structure of the omegathan the monoglutamate. I« value was 10-fold higher
loop. The activity of this mutant is about the same as that of than monoglutamate and similar to tg.« value of the WT

other omega loop mutants, and Kg, value for mTHF is
lower than that of the S73A mutant in the omega 1089 (

enzyme. However, th&, value of the diglutamate to the
mutant enzyme (30Q«M) was similar to that of the
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Table 4: Kinetic Properties of thE. coli Mutant Proteins
pteroate  THF/DHP ATPK 2 glutamate  Vnad
protein substrate K. (uM) (uM) Km? (uM)  umol/h/mg
D154A THF 340 230 200 18
DHP 140 37 3300 5.2
THFGIu2 300 ND ND 200
A155W THF 10 ND ND 21
DHP 80 555 ND 15
T122H THF 400 ND ND 32
DHP 980 ND ND 89
T122W THF 390 ND ND 46
DHP 150 ND ND 180
A155H THF 448 76 120 67
DHP 485 65 170 53
WT THF 50 54 300 415
DHP 6.3 7 3900 13
THFGIu2 1.4 ND ND 380

3 Vmax andK, values for the WT enzymes are true values obtained
in previous studies?( 9) and verified in this study. The values are
apparentVmax and K, values with some mutants if the apparétt

Sheng et al.

tively. The difference between the two classes of substrates
is that the former does not contain a glutamate moiety in its
chemical structure and that the latter normally consists of
one or more glutamate residues linkedjbyeptide bonds.
The data in our study do not support this possibility,
suggested by Mathieu et allg), that theE. coli enzyme
may contain different binding sites for DHP and THF. The
domain deletion and chimera mutants as well as previous
mutagenesis studiegd, 24) show that DHFS activity cannot
be separated from FPGS activity. The binding studies with
the N-terminal domain andiExs7L 299-428 and B—gi/L 7052/
Egs-420 mutants show that if a mutant is able to bind DHP,
it binds mTHF as well. The point mutations directed at the
pteroate binding site affected both the FPGS and the DHFS
activity in a very similar manner. The best examples are
EcT122H and EcA155H, which greatly increased g
values for both DHP and THF substrates.

C-Terminal Domain Is Required for ATP Binding and

values are much higher than the WT enzyme because full saturation | tamate Binding.The binding studies with th&. coli

could not be achieved due to the insensitivity of the assay at high
glutamate concentrations and substrate inhibition at high ATP and THF

concentrations? Not determined.

monoglutamate (34@M), whereas the diglutamate had a
much lowerK, value with the WT enzyme (1.4M). This

N-terminal domain and the domain switch chimera mutants
suggest that the C-terminal domain is not required for
pteroate binding and does not determine the pteroate/folate
specificity of the enzyme. The finding that the domain
exchange mutant |Ezg7/L 299428 Was inactive and was not

suggests that the mTHF binding pocket is ineffectively used gpje to bind ATP in the equilibrium dialysis experiment

for the diglutamate substrate Wy. coli FPGS. Similar to
the effect of the corresponding mutationd.incaseiFPGS,
T122W and T122H mutations caused large increaség,in
for both THF and DHP (Table 4), consistent with the bulky

suggests that the C-terminus is required and that the interface
between the two domains is the binding surface for the
substrates that allows catalysis to occur.

It has been reported by Bertrand et &5,26) that L.

residues blocking the pteroate binding site. The A155H ¢a5eiFPGS shares significant structural homology with UDP-
mutation had a similar effect, although the A155W mutation N-acetylmuramoyl--alanineo-glutamate ligase (MurD), an

did not increase th&, value for THF.

Mathieu et al. 15) refer to residues 2532 as a dihy-
dropteroate binding loop due to its position proximal to the
binding pocket. Early work in our laboratory showed that
the first 29 residues dt. coli FPGS can be deleted without
the loss of either FPGS or DHFS activit24). We did a

enzyme that catalyzes the addition mfglutamate to the
nucleotide precursor, uridine-diphospNeacetylmuramic
acid, in the murein biosynthetic pathwa?5]. Both proteins
have the same topology in their ATP binding and glutamate
binding motifs @5). In the L. caseicrystal structure, the
glutamate binding site is not refined. A structural comparison

similar deletion in the corresponding amino terminal region yyith the MurD-UDPN-acetylmuramoyl-alanines-glutamate

of L. caseiFPGS in which residues-3L8 were deleted. This

(the final product of MurD) complex provides evidence that

mutant protein was expressed and had a FPGS specifiGhe C-terminal domain binds glutamate. The site-directed

activity about 20% WT (Table 4, LEBEL). We investigated
as to whether mutating.. caseiFPGS to have the same

mutagenesis data also support this notion. Mutants S412A
(22) in the C-terminal ofL.. caseiFPGS and H338A in the

sequence as the. coli FPGS DHFS binding loop changed  ¢_terminal domain human FPGS7 and A309I @3) in E.
its folate substrate specificity. The mutant enzyme did not ¢qji FPGS resulted in large increases in tg value for

acquire DHFS activity but had a normal FPGS activity (not
shown).

DISCUSSION

DHFS and FPGS Actities Share the Same Binding Site.
L. casei FPGS andE. coli DHFS/FPGS represent two
different classes of folyj~-glutamate synthetase. The se-
gquence similarity betweeln caseiFPGS and. coli DHFS/

glutamate. In this study, we show that Y414A in the
C-terminal domain of the.. caseiFPGS also has a large
increase in the glutamat€,, value. All these residues are
conserved in all FPGS enzymes and are proximal to one
another in a cleft between the N- and the C-terminal domains,
which has been predicted to be the glutamate binding site
by X-ray crystallographyl(3) and computationalld) studies.
DHP Binding Site Is Also the Primary mTHF Binding Site

FPGS is about 35% with the conserved regions distributedin L. casei FPGSThe binding pocket corresponding to the

throughout the entire sequence length. The crystal structureE. coli FPGS pteroate binding site also existsLincasei

of L. caseiFPGS in a ternary complex with ACP4 and mTHF FPGS and was independently predicted by Tan and Carlson

has revealed that the mTHF sits adjacent to the omega loop(14). Their modeling gave more favorable docking energies

with the pteridine ring interacting with F75 from the omega for all folate substrates to the pteroate binding site, as

loop and Y414 from the C-terminal domait3). The E. compared to the mTHF binding site. The D151A and T119W

coli FPGS structure showed a different pteroate binding site mutants, directed to the pteroate binding siteLincasei

than the one irL. caseiFPGS. FPGS, both had a greater than 100-fold decrease in enzyme
Both DHFS and FPGS can catalyze the addition of one activity with the effect mainly on th&y.« value in the case

or multiple glutamate moieties onto DHP or THF, respec- of D151 and theK,, value for folate in the case of T119,



Folylpolyglutamate Synthetase Pteroate Binding Site

ks Diglu mTHF

Ficure 5: Stereoview diagram of the. caseiFPGS showing the
DHP and the predicted mTHF diglutamate binding sites. The D151
residue (red) is shown in proximity to the pterin of DHP (green),
and mutation has a strong effect on its activity. mTHF diglutamate
(dark blue) can bind productively to the mTHF binding site as
shown. The D151 residue is more distal to the mTHF diglutamate,
and its mutation has a 40-fold lesser effect than with THF
monoglutamate.

strongly suggesting that the pteroate binding site is the site
of mTHF binding inL. caseiFPGS.

MTHF Binding Site in L. casei FPGS May Be Used To
Bind Polyglutamate SubstratesTHF monoglutamate ori-
ented as in the ternary crystal structure would not be able to
effect catalysis because its terminal glutamate moiety is too
distant from the bound ATP. The results support the
suggestion by Tan and Carlsot¥j that the mTHF binding
site might be utilized by mTHF polyglutantate substrates.
We found that the D151A mutant had a much higher activity
with mTHF diglutamate as a substrate than with mono-
glutamate, consistent with the diglutamate binding to the
mTHF binding site, which is not affected by the mutation.
The D154A mutation oE. coli FPGS affects the apparent
Km value for THF monoglutamate and THF diglutamate, to

the same extent, suggesting that they bound to the same site,

namely, the pteroate binding site. If THF and DHP bind to
the same site, this suggests that selective inhibition of DHFS
activity may be difficult to achieve and would not be a
promising strategy for the rational design of antibiotics to
combat bacterial infections.

Pteroate Binding Loop Is Not Essential for Dihy-
dropteroate Bindingln contrast to the suggestion of Mathieu
et al. (L5 that residues 2432 of the E. coli enzyme,
particularly the IDLGL sequence from residues-22, might
be unique to DHFS enzymes, we note that deletion of the
first 28 residues irk. coli FPGS-DHFS does not inactivate
either the FPGS or the DHFS activit23) and that deletion
of the corresponding region a&f. caseiFPGS also did not
abrogate its activity. We do not, therefore, believe that this
loop is essential for DHFS substrate binding. We tested as
to whether the loop could confer DHFS activity lto casei
FPGS. However, when we constructéd casei FPGS
mutated to have thE. coli FPGS pteroate binding loop, the
mutant enzyme did not use DHP as a substrate, nor did it
lose its FPGS activity. We were unable to determine as to
which specific residues confer DHFS activity to tBecoli
FPGS-DHFS enzyme.

Pteroate Specificity Is Not Determined by the Omega Loop
or the Pteroate Binding LooBoth the C-terminal domain

deletion mutants and the chimera proteins provided evidence

that the N-terminal domain is sufficient for binding folate
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and for determination of the folate substrate specificity. The
omega loop exchange studies showed that7){Eg,—oJ/
Lg3-42¢, Which contains thés. coli FPGS omega loop, still
has the characteristics bf caseiFPGS, while E-_gi/L7,-gJ/
Egs-422, Which has thel.. caseiFPGS omega loop, retains
bifunctional enzyme activity. However, fluorescence studies
showed that L 71/Eg>—oJ/Lg3408 Was able to bind DHP
weakly with aKy value that is 30-fold higher than that of
the WT protein. This was the only mutation we studied that
changed the pteroate versus folate specificity of the enzyme.
These data suggest that the omega loop does contribute to
folate substrate specificity determination but that intact 3-D
structure elements surrounding the omega loop are more
important.
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