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ABSTRACT: Serine hydroxymethyltransferase is a pyridoxal 5'-phosphate-dependent enzyme that catalyzes the
interconversion of serine and glycine using tetrahydropteroylglutamate as the one-carbon carrier. In all
pyridoxal phosphate-dependent enzymes, amino acid substrates are bound and released through a
transaldimination process, in which an internal aldimine and an external aldimine are interconverted via
gem-diamine intermediates. Bioinformatic analyses of serine hydroxymethyltransferase sequences and
structures showed the presence of two highly conserved residues, a tyrosine and an arginine, engaged in a
cation—s interaction. In Escherichia coli serine hydroxymethyltranferase, the hydroxyl group of this
conserved tyrosine (Tyr55) is located in a position compatible with a role as hydrogen exchanger in the
transaldimination reaction. Because of the location of Tyr55 at the active site, the enhancement of its acidic
properties caused by the cation—x interaction with Arg235, and the hydrogen bonds established by its
hydroxyl group, a role of this residue as acid—base catalyst in the transaldimination process was envisaged.
The role played by this cation—u interaction in the E. coli serine hydroxymethyltransferase was investigated
by crystallography and site-directed mutagenesis using Y55F and three R235 mutant forms. The crystal
structure of the Y55F mutant suggests that the presence of Tyr55 is indispensable for a correct positioning
of the cofactor and for the maintenance of the structure of several loops involved in substrate and cofactor
binding. The kinetic properties of all mutant enzymes are profoundly altered. Substrate binding and
rapid kinetic experiments showed that both Y55 and R235 are required for a correct progress of the
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transaldimination reaction.

Serine hydroxymethyltransferase (SHMT;' EC 2.1.2.1) is a
pyridoxal 5'-phosphate (PLP) dependent enzyme that catalyzes
the reversible transfer of the Cg of serine to tetrahydropteroyl-
glutamate (H4PteGlu), with formation of glycine and 5,10-
methylene-H,PteGlu (7). SHMT is a ubiquitous enzyme because
of its essential function as a major source of one-carbon groups,
which are required for purine, thymidylate, and methionine
biosynthesis, as well as for many other methylation reactions.
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Increased activity of this enzyme coupled with enhanced DNA
synthesis in neoplastic tissues has suggested SHMT to be a
suitable target for cancer chemotherapy (2). The reaction cata-
lyzed by SHMT is of great interest since it represents a link
between amino acid and folate metabolisms.

Several hundred nonidentical SHMT primary structures cur-
rently appear in sequence data banks, and crystal structures of
the enzyme from various sources have been solved (2—6). In
SHMTs, monomers are organized into obligate homodimers
(in eukaryotes the enzyme occurs as a dimer of dimers), and the
active site is located at the interface region. The extensive
similarity of amino acid sequences and conservation of functional
residues indicate that all SHMTs are closely related both in
structure and in catalytic mechanism (7, §). In the past years,
many active site residues have been changed by site-directed
mutagenesis, and their role in binding and catalysis has been
discussed (9, 10). Several reaction mechanisms have been pro-
posed to explain the complex operation mode of SHMT. The
currently accepted mechanism consists in a modified folate-
dependent retroaldol cleavage via direct nucleophilic attack of
N° of HyPteGlu to Cgof serine, which results in the elimination of
the quinonoid intermediate (/7). On the other hand, little is
known on the earliest steps of the reaction: the transaldimination
process. This is a common passage in all reactions catalyzed by
PLP-dependent enzymes, essential for substrate binding and
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product release. In the transaldimination reaction, the incoming
amino acid substrate displaces the active site lysine residue from
the cofactor Schiff base linkage via the formation of the
gem-diamine I intermediate (Scheme 1). The reaction then
implies the transfer of a proton from the substrate amino group
to the amino group of the leaving lysine, with the formation of
gem-diamine II.

In the crystal structure of Escherichia coli SHMT (eSHMT) in
complex with glycine and 5-formyl-H4PteGlu (PDB ID
IDFO (3)), Tyr55 (the prime indicates that the residue is
contributed by the symmetry-related monomer, with respect to
the PLP-binding subunit) points toward the protein region where
the transaldimination reaction takes place, and its phenolic
oxygen is located within hydrogen-bonding distance from the
nitrogen atom of glycine (Figure 1). This led us to hypothesize
that the Tyr55 hydroxyl group might play a role as general
acid—base catalyst in the proton transfers occurring during the
transaldimination reaction (Scheme 1). An interesting feature of
Tyr55 resides in its engagement in a conserved cation—m
interaction with the positively charged Arg235. Cation—u inter-
action, the electrostatic attraction between a cation and the
negative electrostatic potential associated with a 7 system, is
recognized to play an important role in the structure and function
of biological systems (/2). In proteins, cation—x interactions
occur between the cationic side chain of lysine or arginine and the
aromatic side chain of phenylalanine, tyrosine, or tryptophan; the
energies of such interactions are between —2 and —4 kcal/mol (13),
similar to those of hydrogen bonds. Beside their structural

FIGURE 1: Superimposition of the active site residues of wild-type
eSHMT (green) in complex with glycine and 5-formyl-HyPteGlu
(PDB ID 1DFO; external aldimine form) and unliganded Bacillus
stearothermophilus SHMT (bsSSHMT; gray) (PDB ID 1KKJ; internal
aldimine form). Active site residues, PLP, and the PLP—Gly complex
are shown as sticks and colored according to atom type: N, blue;
O, red; P, orange; C, green for eSHMT and gray for hsSSHMT.
Hydrogen bonds of ¢eSHMT are indicated by dashed lines. The
picture was generated using PyMol (http://www.pymol.org).

Scheme 1: Transaldimination Reaction
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function, cation—zx interactions in proteins are important in
the recognition of ligands and in the catalytic mechanism of
several enzymes (/4, 15). It has been shown that Tyr residues
involved in cation—g interactions may have their pK, lowered by
1 to 3 pH units (the normal pK, of tyrosine residue is about 9.5)
and thus efficiently act as general base catalysts in enzyme
reactions (16, 17).

In the present work, a bioinformatic study was carried out,
showing that Tyr55" and Arg235 are strongly conserved within
the SHMT family and are involved in a cation— interaction in
the large majority of the available SHMT structures. The role of
Tyr55 and Arg235 in the catalytic and structural properties of
eSHMT was then investigated by site-directed mutagenesis and
protein crystallography. Y55F, R235Q, R235L, and R235K
eSHMT mutants were produced and thoroughly characterized
with respect to their catalytic properties, substrate and cofactor
binding properties, and thermal denaturation properties. The
three-dimensional structure of the YS55F mutant was solved by
X-ray crystallography.

EXPERIMENTAL PROCEDURES

Materials. Ingredients for bacterial growth and chemicals for
the purification of the enzymes were from Sigma-Aldrich;
DEAE-Sepharose and phenyl-Sepharose were from GE Health-
care. Wild-type and mutant forms of eSHMT and methylenete-
trahydrofolate dehydrogenase were purified as previously
described (18, 19). The subunit concentration of the holoenzyme
was calculated according to a molar absorptivity value of &gy =
44884 cm™' M~! (20). All enzymes were stored and all experi-
ments performed in 50 mM sodium Hepes (N-(2-hydroxy-
lethyl)piperazine-N'-2-ethanesulfonic acid), pH 7.2, containing
0.2 mM DTT and 0.1 mM EDTA. PLP was added to protein
samples during the purification procedure, but it was left out in
the final dialysis step. (65)-H4PteGlu, was a gift from Eprova
AG, Schaffhausen, Switzerland. PLP was from Sigma-Aldrich
(98% pure). All other reagents were from Sigma-Aldrich.

Preparation of Apoenzyme Samples. Apo-eSHMT was
prepared using L-cysteine as previously described (27). The
apoenzyme, whose subunit concentration was calculated accord-
ing to a molar absorptivity value of &5 = 42790 cm™' M~ (20),
was stored in 10% glycerol at —20 °C for no more than 3 days
before use. A small, residual fraction (less than 5%) of holo-
enzyme, estimated by activity assays, was present in the
apoenzyme samples. This observation was made with either
wild-type or mutant forms of the enzyme.

Site-Directed Mutagenesis. Site-directed mutagenesis of
the E. coli glyA (SHMT encoding gene) coding region was
performed with the QuickChange kit from Stratagene (La Jolla,
CA) using the pBS::glyA plasmid as template (/8) and two
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complementary oligonucleotide primers containing the muta-
tions (synthesized by MWG-Biotech AG, Anzinger, Germany).
The YSS5F, R235K, R235Q, and R235L genes were produced
using the primers ¥-GCTGACCAACAAATTTGCTGAAGG-
TTATC-3, 5-CTGGCGGGTCCGCAGGGCGGCCTGATCC-
3, ¥-CTGGCGGGTCCGAAGGGCGGCCTGATCC-3, and
5-CTGGCGGGTCCGCTGGGCGGCCTGATCC-3, respec-
tively, and their complementary oligonucleotides (the mutated
bases are underlined). E. coli DH 5o cells were used to amplify the
mutated plasmids. Both strands of the coding region of the
mutated genes were sequenced. The only differences with respect
to the wild-type nucleotide sequence were those intended.
Enzyme expression was performed using the GS1993 recA™
strain of E. coli (18).

Spectroscopic Measurements. Fluorescence emission mea-
surements were carried out at 20 °C with a LS50B spectro-
fluorometer (PerkinElmer Life Sciences) using a 1 cm path length
quartz cuvette. Fluorescence emission spectra were recorded
from 300 to 450 nm (1 nm sampling interval), with the excitation
wavelength set at 280 nm. UV—visible CD spectra were recorded
with a Jasco 725 spectropolarimeter in the circular dichroism
mode. Far- (190—250 nm) and near-UV (250—310 nm) and
visible (310—500 nm) CD spectra were measured using 0.2 and
1 cm path length quartz cuvettes. Kinetic measurements in the
activity assays were performed on a Hewlett-Packard 8453 diode-
array spectrophotometer. All spectroscopic measurements were
carried out at 20 °C in 50 mM sodium Hepes, pH 7.2, containing
0.2 mM DTT and 0.1 mM EDTA.

Measurement of the K; of PLP Binding Equilibrium
(K4(pLpy)- PLP binding equilibria were analyzed taking advan-
tage of the protein intrinsic fluorescence quenching observed
upon the binding event (2/). Dissociation constants of binding
equilibria were calculated from saturation curves obtained by
measuring the protein fluorescence emission intensity as a func-
tion of increasing PLP concentrations, as previously de-
scribed (22). The cofactor (from 1 to 400 nM) was added to
apoenzyme samples (25 nM) at 20 °C in 50 mM sodium Hepes,
pH 7.2, containing 0.2 mM DTT and 0.1 mM EDTA. Prelimin-
ary experiments demonstrated that the binding equilibrium of
all enzyme forms was established within the mixing time.
Fluorescence emission spectra (300—450 nm, 5 nm emission slit)
were recorded immediately after mixing PLP and apoenzyme
with a Horiba-Jobin Yvon FluoroMax-3 spectrofluoro-
meter, with excitation wavelength set at 280 nm (1 nm excitation
slit), at the same temperature and with a 1 cm path length
quartz cell.

Measurement of the K, of Substrate Binding Equilibrium
(Kaiser), Kaaiyy)- Affinity of amino acid ligands for SSHMT was
determined from the decrease in ellipticity of the PLP chromo-
phore at 425 nm during titration of ¢SHMT (33 uM) with
successive increasing concentrations of the amino acid ligand.
L-Serine concentrations were from 0.1 to 500 mM. Glycine
concentrations were varied between 0.2 and 500 mM. Spectra
were recorded between 500 and 350 nm at 30 °C. Data were
analyzed according to eq 11.

Rapid Kinetics. Stopped-flow absorbance experiments were
performed with an Applied Photophysics SX18 apparatus
(Leatherhead, U.K.) equipped with a 1 cm optical path observa-
tion chamber. Transient spectroscopy experiments were per-
formed with the same apparatus reconfigured with the
photodiode-array accessory. All experiments were carried out
in 50 mM sodium Hepes buffer, containing 0.2 mM DTT and
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0.1 mM EDTA, pH 7.2, at 30 °C. Each study was an average of
four to six traces.

Activity Assays. All assays were carried out at 30 °C in
50 mM sodium Hepes, pH 7.2, containing 0.2 mM DTT and
0.1 mM EDTA. The serine hydroxymethyltransferase activity
was measured with 0.05 uM enzyme samples with L-serine and
H4PteGlu as substrates, using a coupled assay as previously
described (23). In order to determine the Ky, for L-serine (Kser)),
H4PteGlu was maintained at 0.8 mM, and the L-serine concen-
tration was varied between 0.06 and 25 mM. For K, determina-
tions of H4PteGlu (Kin(tur)), L-serine concentrations were held
constant at 25 mM, and H4PteGlu concentrations varied from
3to 500 uM. The rate of L-allo-threonine cleavage (3 uM enzyme
samples) was followed by determining the rate of reduction of the
product acetaldehyde by alcohol dehydrogenase and NADH at
340 nm (24).

Data Analysis. All data analyses were carried out using the
software Prism (GraphPad Software Inc., San Diego, CA).
Rapid kinetics were analyzed according to the equation descri-
bing a single exponential process (25). Steady-state kinetic
parameters were obtained by nonlinear least-squares fitting of
initial velocity data to the Michaelis—Menten equation.

Fluorescence data obtained in PLP-binding equilibrium ex-
periments were analyzed as previously described (22).

The values of Ky for each amino acid ligand were obtained by
computer fitting to eq 11, where A® is the ellipticity change upon
substrate titration, A®,,,, is the maximum change of ellipticit,y
and [S] is the concentration of the amino acid ligand.

_ S|
AG = AGmax [S]TKd (1)

Thermal Denaturation Experiments. The protein samples
(2.3 uM) in 50 mM sodium Hepes buffer, pH 7.2, containing
0.2 uM DTT and 0.1 uM EDTA were heated from 30 to 95 °C
with a heating rate of 1 deg min~' controlled by a Jasco
programmable Peltier element. The dichroic activity at 220 nm
was monitored continuously every 0.5 °C. All thermal scans were
corrected for solvent contribution at the different temperatures.
Melting temperature (7},) values were calculated by taking the
first derivative of the ellipticity at 220 nm with respect to
temperature (26). All denaturation experiments were performed
in triplicate.

Protein Crystallization. Crystallization conditions were
initially screened by the Phoenix nanoliter dispensing robot
(ArtRobbins) and then refined manually. All attempts to crystal-
lize the Arg235 mutants failed, whereas crystallization of the
Y55F mutant succeded only after many trials. Crystallization
was achieved at 293 K by the hanging drop vapor diffusion
technique. A 2 uL volume of the protein sample concentrated to
20 mg/mL, equilibrated against 10 mM Tris-HCI, pH 7.5, was
mixed with an equal amount of the reservoir solution containing
0.1 M sodium Hepes at pH 7.5 and sodium citrate at a
concentration of 1.4 M. Only a few crystals were obtained, and
it was not possible to crystallize the protein in the presence of
glycine or L-serine. The crystals grew in 3—4 weeks to 0.4 x 0.3 x
0.2 mm? .

Data Collection and Processing. Diffraction data from
different crystals were collected at different synchrotron radia-
tion sources (ESRF (Grenoble, France), BESSY (Berlin,
Germany), and DESY (Hamburg, Germany)). The best data
set was collected as 1.0° oscillation frames using the MAR CCD
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Table 1: Crystal Parameters, Data Collection, and Refinement Statistics of
Y55F eSHMT*

data reduction and crystal parameters

space group P41212

a(A) 112.6

b (A) 112.6

c(A) 60.1

no. of molecules in ASU 1

solvent content (%) 48.9

Matthews coeff (A3/Da) 2.4

resolution range (A) 50—3.3 (3.42-3.3)

unique reflections 6600

completeness (%) 94.9 (97.3)

Rnerge’ 0.13 (0.48)

I 1.3 (0.86)

{/o(D) 9.7(2.5)
refinement

resolution range (A) 50—3.3

reflections used for refinement 6356

Rerys (%) 25.5

Riree (%) 275

correlation coeff F, — F, 0.896

correlation coeff F, — F free 0.897
Ramachandran plot

residues in most favored region (%) 90.7

residues in additionally allowed region (%) 7.3

residues in generously allowed region (%) 2.0

“Values in parentheses are for the highest resolution shell. ”Rperge =
Sz IChKT) = (IChKDY| > ey (hkl), where I(hkl) is the ith observation
of the reflection (hk/) and (I(hkl)) is the mean intensity of the (hk/) reflection.

detector on the BL14-1 beamline at BESSY (Berlin, Germany)
at a wavelength of 0.97 A. Data analysis performed with
DENZO (27) indicated that the crystals are tetragonal (P4212)
with the following unit cell dimensions: @ = 112.6 A;b = 1126 A;
¢ =689 A. Data were scaled using SCALEPACK (27) and are
94 0% complete at 3.3 A resolution, with an Rpyeree 0f 13% and a
5% of 1.3. The crystal contains two monomers per asymmetric
unit, with a Vy; of 2.41 A’ Da™" and a solvent content of 48.9%
(Table 1).

Structure Solution and Refinement. The structure was
solved by molecular replacement using a polyalanine-truncated
model built from the wild-type protein (PDB ID 1DFO) as search
probe for the rotational and translational searches. The rota-
tional and translational searches, performed with PHASER (28)
in the resolution range 10—3.0 A, produced a clear solution
corresponding to a monomer in the asymmetric unit. Refinement
of the atomic coordinates and displacement parameters was
carried out by Refmac5 (29—31). The final R factor and R free
at33A resolution are 25.5% and 27.5%, respectively, with rmsd
values of 0.005 A on the bond lengths and 0.776° on the bond
angles. All refinement statistics are presented in Table 1. Model
building was performed using the program package COOT (32).
The final model (a monomer) includes 417 residues and one
PLP molecule. The quality of the model was assessed using
PROCHECK (33); 100% of the residues were within the allowed
or generously allowed regions of the Ramachandran plot.

Analysis of SHMT Structures and Sequences. The co-
ordinates of the 29 structures of SHMTs available from the
Protein Data Bank (34) were downloaded from the PDB Web site
(http://www.rcsb.org/pdb/). For the 17 structures containing
coordinates only for one monomer we generated the symmetry-
related subunits using the program COOT (32). To identify
cation—xr interactions, we adopted the geometric criteria
described in ref 35, namely, (i) distance between the midpoint
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of the aromatic ring of the Tyr residue and the nitrogen atom of
the Arg residue closest to the Tyr ring <4.0 A, and (i) angle
between the line connecting the two aforementioned atoms and
the normal to the plane where the aromatic ring of the Tyr lies
<30°. Both parameters were calculated using in-house built
programs. Structure visualization and analysis (e.g., atomic
coordinate superpositions) were performed using the software
InsightII (Accelrys Inc.) (36).

The multiple sequence alignment of the 1271 proteins assigned
to the SHMT family by the Pfam database (37) was retrieved
from the Pfam Web site. Sequences incomplete in the regions of
interest for our analysis (e.g., those around eSHMT Tyr55 and
Arg235) were eliminated, reducing the data set to 1172 sequences.
Calculations of amino acid frequencies were performed by
in-house built programs.

Accession Numbers. Atomic coordinates and structural
factors have been deposited in the Protein Data Bank with
accession number 3G8M.

RESULTS

The Cation—a Interaction at the Active Site of eSSHMT.
In the crystal structure of the eSHMT ternary complex with
glycine and 5-formyl-H4PteGlu (all structures available for the
E. coli enzyme are in the external aldimine form) Tyr55" and Arg235
are placed at the dimer interface and form a T-geometry (12)
cation—u interaction (Figure 1). In eSSHMT, the positive charge of
Arg235 is not counterbalanced by any negative residue in its
proximity, and therefore the cation—s interaction is expected to
be quite strong, 3—10-fold stronger than usual (38). The distance
between Arg235 NH2 and the centroid of the Tyr55" aromatic ring
is 34 A. The side chains of Tyr55 and Arg235 are involved in
additional interactions with both protein and ligands: the Tyr55
hydroxyl group is hydrogen bonded to the side chain of His228
(OH-NE2 = 3.0 A) to the side chain of Lys229 (OH-NZ = 3.5 A)
and to the phosphate group of PLP (OH-OP = 2.5 A) Arg235is
hydrogen bonded to the main chain carbonyl oxygen of residue
Thr52' (NHI-O = 3.0 A) In the unliganded enzyme from Bacillus
stearothermophilus (bsSSHMT; this is the unliganded structure most
similar to eSSHMT available in the PDB), PLP is covalently bound
to the protein as an internal aldimine through a Schiff base linkage
between its C4' and the NZ of Lys229. The distance between the
Tyr55 hydroxyl oxygen and the internal aldimine nitrogen is 3.4 A
(Figure 1). When amino substrates bind to the enzyme, an external
aldimine is formed (Scheme 1). The crystal structure of eSSHMT in
complex with glycine shows a 3.6 A distance between the Tyr55
hydroxyl oxygen and the external aldimine nitrogen. The mechan-
ism of transaldimination (i.e., the transition between internal and
external aldimines) implies the presence of two gem-diamine inter-
mediates (Scheme 1), which differ for the position of a proton. The
superposition of the internal and external aldimine SHMT struc-
tures (Figure 1) shows that the Tyr55 hydroxyl group is ideally
positioned to function as the general acid—base catalyst in this
proton transfer and in proton transfers that might take place in the
previous or following steps of the transaldimination reaction.
Moreover, as said in the introduction, the involvement of Tyr55
in a cation— interaction is expected to enhance the acidic proper-
ties of this residue. The O—H bond of Tyr55' is further polarized by
the hydrogen bonds established with His228 and the phosphate
group of PLP. The constraints imposed by the cation—z and
hydrogen bond interactions help keeping the hydroxyl group in a
suitable orientation for acting as the acid—base catalyst in the
transaldimination process.
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Analysis of SHMT Structures and Sequences. Analysis of
the 29 SHMT structures available from the PDB (34) showed that
the interactions established by the side chain of Tyr5Y in
eSHMT, namely, the cation—s interaction with Arg235 and
the hydrogen bonds with the side chain nitrogen of His228 and
the phosphate moiety of PLP, are conserved in 41 of the
52 nonidentical active sites (see Supporting Information). In
particular, this set of interactions is present in all structures of
wild-type SHMTs in the holoenzyme form and in the large
majority of the mutant forms (17 and 24 active sites, respectively),
whereas it is altered in the structure of the enzymes in the apo
form and in some of the structures containing mutations of the
glutamate residue homologous to Glu57' in eSHMT, which is
essential for catalysis (//) (5 and 6 nonidentical active sites,
respectively). In all of the 41 active sites where the tyrosine
interactions are conserved, the hydroxyl group of this residue
points toward the region where the transaldimination reaction
takes place, asindicated by its distance from the C4’ atom of PLP,
the side chain nitrogen atom of the lysine residue homologous
to Lys229, and the nitrogen atom of the amino acid substrate
(Table A1). In the 6 active sites of mutant SHMTs where the set
of interactions is altered (E53Q bsSHMT and E75L rabbit
cytosolyc SHMT) the cation—s interaction and the hydrogen
bond of the tyrosine hydroxyl group with the histidine side chain
are not present (Table Al). However, also in these cases, the
hydrogen bond interaction with PLP is present, and the tyrosine
hydroxyl group points toward the active site region were the
transaldimination reaction takes place. The main chain con-
formation of these mutants is the same as that of the wild-
type enzymes (see Supporting Information), suggesting that
small changes in the side chain conformation would allow all
interactions to occur. Conversely, in the active site structure of
the apoenzyme forms, the tyrosine side chain assumes a com-
pletely different orientation and does not establish any of the
typical interactions. Evidently, the presence of PLP and the
formation of a hydrogen bond between the tyrosine residue
and the cofactor phosphate are required for these interactions to
occur. For an expanded analysis of SHMT structures, see
Supporting Information.

In addition to the structural conservation of the cation—n
interaction, Tyr55" and Arg235 are almost completely conserved
in SHMT sequences. Tyrosine and arginine residues are present
in the corresponding positions in 98% and 96%, respectively, of
the proteins assigned to the SHMT family by the Pfam database,
the most frequent replacement for arginine being glutamine
(3% of the sequences, which interestingly correspond to SHMTs
from Archaea).

Interestingly, the cation—u interaction is not present in other
enzymes closely related to SHMTs, such as those assigned to the
GABA -aminotransferase-like family by the SCOP database (see
Table 2 in Supporting Information), or in more distantly related
PLP-dependent enzymes, such as chicken heart mitochondrial
and cytosolic aspartate aminotransferase (PDB IDs 7AAT and
2CST, respectively), Citrobacter freundii tyrosine phenol-lyase
(PDB ID ITPL), porcine DOPA decarboxylase (PDB ID 1JS3),
and E. coli glutamate decarboxylase (A and B form) (PDB IDs
IXEY and 1PMM, respectively). With the only exception of
aspartate aminotransferases, none of these enzymes contain
tyrosine or arginine residues in a position similar to that observed
in SHMT structures (i.e., within a radius of 6.0 A from the NZ
atom of the catalytic lysine and the phosphate and C4A atoms of
PLP). In the two isoforms of aspartate aminotransferase the
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hydroxyl group of Tyr70' is hydrogen bonded to the phosphate
moiety of PLP, but the side chain of Arg266, equivalent to
eSHMT Arg235, is salt-bridged to the PLP phosphate and does
not form a cation—u interaction with Tyr70'.

Y55F eSHMT Crystal Structure. The structure of Y55F
eSHMT in the absence of substrates was solved by molecular
replacement at 3.3 A resolution. The crystallographic data are
summarized in Table 1, and details of structure refinement are
described in Experimental Procedures. YS5F eSHMT displays
the classic SHMT fold. It is a homodimer whose single subunits
comprise three different domains: the N-terminus (residues
1-33), containing one a-helix and one short f-strand; a large
N-terminal domain (residues 34—281), which is an afa sand-
wich, made of ten a-helices wrapped around a seven-stranded
p-sheet; and a small C-terminal domain (residues 282—417),
which is an o sandwich formed by a four-stranded f-sheet and
five o-helices, plus one small S-strand pairing with that of the
N-terminus. The active site is located at the interface between the
large and small domains and is made of amino acid residues
contributed by both subunits of the catalytic dimer.

The Y55F mutant shows significant structural differences with
respect to wild-type eSHMT, concerning Phe55, the PLP
cofactor, and the interacting protein residues. With respect to
wild-type Tyr55', the aromatic ring of Phe55 is shifted and
rotated about 90°, so that it is too far away from Arg235 for a
cation— interaction (Figure 2, panels A and C). In the mutant
structure, Arg235 forms a salt bridge with Glu36 (NHI-OEI =
3.8 A) which in the wild-type eSHMT interacts with the amide
nitrogen of Tyr55, balancing the loss of the cation—u interac-
tion. In the wild-type eSSHMT, Tyr65' and Ser35 interact with the
carboxylate group of substrates, and the loop regions made of
residues 34—37 and 64'—67 protrude toward PLP. In the Y55F
mutant, both loop regions have moved away from the PLP
binding site, and the hydroxyl group of Ser35 is oriented in the
opposite direction with respect to the wild-type structure.

The mode of binding of PLP is substantially different with
respect to that observed in wild-type eSHMT (Figure 2) and in all
other structures of the SHMT family, in which a number
of conserved interactions can be observed (Figure 2, panel B):
(1) a stacking interaction between the pyridine ring and His126;
(i) a salt bridge between the pyridinium nitrogen and Asp200
(N1-OD2 distance = 2.6 A) (iif) a hydrogen bond of the C3
hydroxyl group with the side chain hydroxyl group of Serl75
(03-0G distance = 2.8 A) (iv) hydrogen bonds of phosphate
oxygens with the side chain hydroxyl groups of Tyr55' (O2P-OH
distance = 2.8 A) and Ser99 (O1P-OG distance = 3.5 A). Other
conserved interactions (not shown in Figure 2) include the
hydrogen bonds between the C3 hydroxyl group and the nitrogen
of His203 (O3-NDI distance = 3.1 A) and between the phos-
phate oxygens and the main chain nitrogens of Gly98 (O1P-N =
34 A), Ser97 (OIP-N = 3.0 A), and Gly263' (O2P-N = 3.0 A).
In the Y55F mutant, the PLP cofactor is found in two different
positions, marked PLP-A and PLP-B in Figure 2 (panel A),
having an occupancy of 0.5 each and higher moblhty than the rest
of the structure (the averaged B factor of PLP is 13 A higher than
that of the rest of the protein). In both conformations, the
cofactor, whose C4' is covalently linked to Lys229 NZ to form an
internal aldimine, establishes peculiar interactions with the
protein moiety. The pyridine ring is rotated about 90° with
respect to the wild-type structure and has moved away from
His126 (in the direction of Phe55'), losing the stacking interaction
with this residue (Figure 1, panels A and C). The salt-bridge



FIGURE 2: Comparison between the active sites of wild-type and
Y55F eSHMTs. The PLP cofactor and the residues lining the
catalytic pocket are indicated as sticks. N, O, and P atoms are colored
as in Figure 1. Carbon atoms and secondary structure elements are
colored in gray for wild-type eSSHMT, and orange, red, and blue for
the B subunit and the N- and C-terminal domains of the A subunit of
Y55F, respectively. Carbon atoms of PLP in YS55F are in green.
Hydrogen bonds are shown as dotted lines. (A) Superimposition of
the active site structures of wild-type eSSHMT (in the ternary complex
with glycine and 5-formyl-H4PteGlu; PDB ID 1DFO) and of the
Y 55F mutant (unliganded form; PDB ID 3G8M). (B) Close-up of the
active site of wild-type eSHMT. (C) Close-up of the active site of
Y55F eSHMT. The pictures were generated by PyMol.

interaction between the pyridinium nitrogen and Asp200
(Figure 2, panel B), which is conserved in all enzymes belonging
to the SHMT family and is indispensable for catalysis (39), is
replaced by a salt bridge with Glu57' (N1-OE2 = 2.8 and 3.7 A in
PLP-B and PLP-A, respectively; Figure 2, panel C). In wild-type
eSHMT, Glu57 binds to the hydroxyl group of the L-serine
substrate and is essential for catalysis (/7). In YS5F, the hydrogen
bond between the C3’ hydroxyl group of PLP and Ser175 is lost,
since the loop of residues 171—182 is shifted apart from the PLP
binding site and the side chain hydroxyl group of Serl75 is
oriented in the opposite direction (Figure 2, panel A). In PLP-A,
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FIGURE 3: Monomeric crystal structures of wild-type eSHMT in
complex with glycine and 5-formyl-H4PteGlu (PBD ID 1DFO) and
Y55F eSHMT (PDB ID 3G8M) after structural superimposition of
the large N-terminal domains. Wild-type eSSHMT is colored in gray,
and the large N-terminal and small C-terminal domains of the YS5F
mutant are red and blue, respectively. The PLP—glycine complex and
S-formyl-H4PteGlu in wild-type eSSHMT are indicated as sticks and
colored by atom type: N, blue; O, red, P, orange, C, green. The picture
was generated by PyMol.

the phosphate group points to the opposite direction with respect
to wild-type eSSHMT. Therefore, it establishes novel interactions
with Arg235 (O3P-NH2 = 2.8 A; OIP-NH2 = 3.3 A) and
His228 (O3P-NE2 = 3.3 A) (Figure 2, panel C), which in wild-
type eSHMT are respectively involved in a cation—u interaction
and a hydrogen bond with Tyr55. In PLP-B, the phosphate
group is in a similar position with respect to wild-type eSHMT,
and accordingly, it establishes hydrogen bonds with Ser97,
Gly98, and Ser99 (Ser 97 OG-03P = 2.7 A; Ser 97 0G-02P =
2.9 A; Gly98 N-O2P = 2.9 A; O3P-Ser99 OG = 3.0 A; O3P-Ser99
N = 3.2 A) and with His228 (NE2-O2P = 3.5 A) (Figure 2,
panel C). Finally, the C2 and C2A atoms of both PLP con-
formations point toward a cavity which, in the wild-type ternary
complex, is occupied by S-formyl-H4PteGlu. The side chain of
residues Tyr65 and Phe357 also overlaps to the wild-type
5-formyl-H4PteGlu binding site. To allow for 5-formyl-H,Pte-
Glu binding, PLP, Tyr65', and Phe357 must then be displaced
and assume a conformation similar to that of the wild-type
enzyme.

Conformational differences between wild-type and YSSF
eSHMT can be also observed with respect to the relative
orientation of the large N-terminal and small C-terminal do-
mains, which enclose the active site (Figure 3). Separate super-
position of domain main chain atoms yielded rmsd values of
0.9 A for the large domain and 0.7 A for the small domain,
whereas superposition of both domains yielded the somewhat
higher rmsd value of 1.4 A. By comparison, in 5sSSHMT, which is
a close homologue of eSHMT (58% sequence identity), sub-
strate-induced conformational changes are much smaller. Struc-
tures of wild-type bsSSHMT are available both in the absence of
substrates (PDB ID 1KKJ) and in the presence of glycine and
5-formyl-H4PteGlu (PDB ID 1KL2). Separate superposition of
the large and small domains provided rmsd values of 0.4 and
0.3 A, respectively, while the superposition of both domains gave an
rmsd value of 0.6 A. As shown in Figure 3, where the superposition
of wild-type and Y55F eSHMT is limited to the large domain, in the
mutant enzyme the small domain is further apart from the large
domain, assuming a so-called open conformation.

Spectroscopic Studies. Wild-type eSSHMT exhibits a single
absorption band in the visible region of the spectrum, with
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FiGuRrE 4: Absorption spectra of wild-type and mutant eSSHMT forms in the absence and presence of substrates. Left panels show the absorption
spectra of 30 uM wild-type, Y55F, and R235Q eSHMTs at 30 °C before (continuous, thick lines) and after the addition of 90% saturating glycine
(dashed lines). Dotted lines are spectra taken after the addition of 100 uM H4PteGlu to the samples containing glycine. Right panels show the
absorption spectra of the same enzymes before (continuous, thick lines) and after the addition of 90% saturating L-serine (dashed lines).

maximum intensity at 422 nm, typical of the protonated internal
aldimine of PLP. All absorption spectra are shown in Figure 4. In
the spectrum of the Y55F mutant, the corresponding band has
slightly lesser intensity and is shifted toward lower wavelengths;
moreover, a second band centered at about 326 nm is present.
The R235K, R235Q, and R235L mutants show very similar
absorbance spectra, with a major band at 422 nm and a small
band at 334 nm (for simplicity, Figure 4 shows only the spectrum
of the R235Q mutant).

The addition of 90% saturating glycine (60 mM) to wild-
type eSHMT determined an increase of the 422 nm absorbing
band, corresponding to the formation of the external aldimine,
and the appearance of a band with a maximum at 343 nm,
interpreted as the gem-diamine intermediates (Scheme 1) (/).
When 100 uM H4PteGlu was added to the enzyme solution
containing glycine, another band with maximum absorbance
at 492 nm appeared, to the detriment of the external aldimine.
It is known from literature that the 492 nm absorbing band
corresponds to the accumulation of the quinonoid intermedi-
ate resulting from deprotonation of the C, of glycine in the
SHMT-Gly-H4PteGlu ternary complex (/). The effect of
H4PteGlu addition on the gem-diamine intermediate concen-
tration is obscured by the intense absorption of this compound
in the UV region. The absorbance changes observed upon
binding of 90% saturating glycine to the mutant enzymes
(calculated on the basis of the relevant dissociation constants;
Table 2) are characterized by the appearance of a much more
prominent 343 nm absorbing band. The bigger accumulation
of the gem-diamine intermediate corresponds to a decreased

Table 2: Dissociation Constants (K4) of PLP and Substrate Binding
Equilibria and Kinetic Constants (k) for Substrate Binding

enzyme KypLp)” Kaay) Kisen) kobsGly)” Kobs(ser)
form (nM) (mM) (mM) sh s
wild type 5.0 6.7 1.5 300 23
YS55F 19.5 70 23 0.32 0.55
R235K 4.2 204 103 0.42 0.66
R235Q 2.3 154 54 0.36 0.84
R235L 3.1 118 35 0.44 0.60

“The values of Ky and k,, are the average of three determinations, which
varied within a range of +£5%.

intensity of the external aldimine band. The formation of the
quinonoid intermediate upon addition of 100 uM H4PteGlu
was observed only with the Y55F mutant, although to a much
lesser extent with respect to wild-type eSHMT.

The addition of 90% saturating L-serine (13.5 mM) to wild-
type eSHMT determined an increase of the 422 nm band that also
shifted to higher wavelengths. The presence of a gem-diamine
intermediate is not evident from the absorption spectrum.
Similarly, L-serine binding to the mutant enzymes had the effect
to increase the 422 nm band. However, a small band around 330
nm, which may correspond to the gem-diamine intermediate, is
visible in the spectrum of Y55F and R235Q mutant enzymes.
Again, spectral changes observed with R235L and R235K
mutants are not shown, being very similar to those observed
with the R235Q mutant.

The far-UV CD spectra of wild-type and mutant enzymes
at 2.5 uM subunit concentration were virtually identical
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FiGure 5: Circular dichroism spectra of wild-type and mutant
eSHMT forms in the absence and presence of substrates. All CD
spectra were recorded on 30 uM enzyme samples at 30 °C. The
spectra of wild type (black line), Y55F (red line), and R235Q (blue
line) are shown before (upper panel) and after the addition of 90%
saturating glycine (middle panel) or L-serine (lower panel).

(data not shown), indicating that the mutations did not alter
the secondary structure of the enzyme.

The visible CD spectrum of wild-type eSHMT is characterized
by a positive cofactor band centered around 422 nm. All CD
spectra are shown in Figure 5. In the near-UV region, where the
ellipticity becomes negative, a broad band between 320 and
340 nm, also attributable to the cofactor, is visible. Below 310 nm,
the spectrum shows the characteristic CD bands of aromatic
residues (40). The cofactor contribution to the CD spectrum of
the Y55F mutant consists of two positive bands: one at 422 nm,
with lower ellipticity with respect to wild-type eSHMT, and the
other one in the 320—340 nm region. This latter band may
correspond to the 326 nm band visible in the absorption spectrum
of the Y55F mutant (Figure 4). The aromatic CD bands of Y55F
are substantially different from those of the wild-type enzyme. As
far as the Arg235 mutants are concerned, the CD spectrum in the
whole near-UV/visible region is quite similar in shape to that
of wild-type eSHMT, although it is characterized by higher
ellipticity values.

Changes of visible CD spectra upon binding of 90% saturating
glycine to wild-type and mutant eSHMTs reflect what is seen in
the absorbance spectra. The accumulation of a gem-diamine
intermediate, corresponding to a positive 343 nm CD band,
which can be barely seen with the wild type, is particularly evident
with the Y55F and Arg235 mutants (Figure 5, middle panel).
Interestingly, the aromatic CD bands of the wild-type and
mutant enzymes, so different from each other when the enzymes
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are in the unliganded form, become more alike when glycine is
bound. On the other hand, a substantial difference in the CD
spectra of wild-type and mutant enzymes is observed upon
binding of 90% saturating r-serine (Figure 5, lower panel). In
particular, the CD spectrum of the serine-bound Arg235 mutants
is profoundly different with respect to that of the wild-type and
Y 55F forms, in both the visible and aromatic regions; similarly to
the unliganded form, this spectrum is characterized by a promi-
nent positive cofactor band at 422 nm and a strong negative
contribution between 300 and 340 nm.

Rapid Kinetics of Substrate Binding (kopg(ser) Kobs(Gy))-
The spectral changes observed upon rapid mixing of 60 uM wild-
type eSSHMT with a pseudosaturating concentration of glycine
(25mM)), in a diode array stopped-flow spectrophotometer, were
very small and fast. Two absorption bands with maxima at
343 and 426 nm were present in the first spectrum acquired after
2 ms from the stop of flow (data not shown). From comparison of
this spectrum to that of the enzyme without ligands, it is clear that
the absorption band at 343 nm has formed in the dead time of the
instrument and that at the same time the internal aldimine 422 nm
band has turned into a less intense band with a maximum at
426 nm. In the following course of the reaction, the amplitude of
the 343 nm band decreased, while the 426 nm band increased.
Single wavelength kinetics at 426 and 343 nm are symmetric and
correspond to the same exponential process with a rate constant
of approximately 300 s (data not shown). Stopped-flow and
temperature-jump experiments with glycine had previously
shown that a 343 nm band corresponding to the gem-diamine
intermediates is formed very rapidly in a bimolecular step and
then transformed into a 425 nm absorbing external aldimine (41).
It follows that the spectral changes we observed correspond to the
conversion of the gem-diamine intermediates into the external
aldimine (Scheme 1, steps 2 and 3).

The same experiment performed with 60 M Y 55F and R235Q
mutant enzymes and 400 mM glycine gave similar spectral
changes but much slower kinetics (Figure 6). With each mutant,
single wavelength absorbance changes at 343 and 426 nm were
globally fitted to an exponential equation with shared rate
constant. Table 2 shows that the observed rate constants
(kobs(cly)) of external aldimine formation for the mutant enzymes
are about 3 orders of magnitude smaller than that of the wild-
type enzyme.

Rapid kinetic experiments with L-serine gave very similar
spectral changes to those observed with glycine. When wild-type
eSHMT (60 uM) was mixed with a pseudosaturating concentra-
tion of r-serine (25 mM), symmetrical absorbance changes at
330 and 426 nm were obtained (data not shown). These results
are consistent with an exponential process with a rate constant of
23's~!. Experiments carried out with the mutant enzymes, with
400 mM L-serine, gave 30—40-fold slower rate constants (Table 2,
Figure 7).

Cofactor and Substrate Binding Equilibria. The affinity of
wild-type and mutant forms for the cofactor was measured in
order to evaluate the impact of the mutations on the structure of
the active site. Since PLP binding to apo-eSHMT is known to
quench the intrinsic fluorescence emission of the enzyme (21), the
dissociation constant of the binding equilibrium was calculated
from saturation curves obtained by measuring the fluorescence
emission of apoenzyme (25 nM/subunit) at increasing PLP
concentrations (22). Table 2 shows that the calculated apparent
Kqprpy value is similar to wild type for all Arg235 mutants and
about 4-fold higher with Y55F.
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FIGURE 6: Rapid kinetics of glycine binding to mutant ¢eSHMTs.
Equal volumes of enzyme and glycine solutions in 50 mM sodium
Hepes buffer, pH 7.2, were stopped-flow mixed at 30 °C and
absorbance changes at 343 and 426 nm recorded. Enzyme concentra-
tion after mixing was 60 uM; glycine concentration was 400 mM with
all mutant enzymes. Experimental traces shown in the figure are the
average of four separate experiments and correspond to an increase
of absorbance at 426 nm and a decrease at 343 nm. Continuous lines
through the experimental data were obtained from global fitting of
data from both wavelengths to an exponential process with rate
constants listed in Table 2.
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FiGure 7: Rapid kinetics of L-serine binding to mutant eSHMTs.
Stopped-flow experiments with L-serine were carried out in the same
conditions described in Figure 6 and at the same enzyme concentra-
tion. L-Serine concentration after mixing was 400 mM with all mutant
enzymes. Kinetic traces were acquired at 330 and 426 nm. Experi-
mental data from both wavelengths were globally fitted to an
exponential process with rate constants listed in Table 2.

Binding of either L-serine or glycine to eSHMT results in
an extensive change of the circular dichroism spectrum of
the enzyme in the region were the cofactor absorbs light (42).

Vivoli et al.

The change of ellipticity at 422 nm was measured as a function of
substrate concentration in order to determine, according toeq 11,
the dissociation constant of substrate binding equilibria, which
are reported in Table 2. With respect to the wild-type enzyme,
calculated dissociation constants for glycine and L-serine are
about 10—15-fold higher for Y 55F and about 25—35-fold higher
for the Arg235 mutants.

Catalytic Properties of Mutant Enzymes. The Y55F
mutation resulted in a 4-fold reduction of kg, for the serine
hydroxymethyltransferase reaction; 15-, 30-, and 60-fold de-
creases of the same parameter were observed with R235K,
R235Q, and R235L, respectively (Table 3). All mutations had
the effect to increase the Kiyser, Which was 50-fold bigger with
Y55F and 1500-, 900-, and 450-fold bigger with R235K, R235Q),
and R235L, respectively. The Kty was also increased by all
mutations, although to a minor extent (less than 20-fold). In the
retroaldol cleavage of L-allo-threonine, the YS55F mutation
resulted in 25-fold reduction of k.,; 200- and 150-fold decrease
of the same parameter was observed for R235K and R235Q,
respectively. Also in this case, the mutations had the effect to
increase the Kiae-nr), Which was 40-fold bigger with Y55F and
60-fold bigger with R235K and R235Q. Parameters for L-allo-
threonine cleavage could not be measured for R235L mutant
with reasonable accuracy, due to very low activity. Catalytic
efficiencies with respect to amino acid substrates were strongly
reduced by all mutations. In particular, Y55F showed a 3 order
of magnitude decrease for both serine hydroxymethyltrans-
ferase and L-allo-threonine cleavage reactions; Arg235 mutants
showed a 5 order of magnitude decrease for serine hydroxy-
methyltransferase reaction and a 4 order of magnitude decrease
for the L-allo-threonine cleavage reaction.

Thermal Denaturation Experiments. The thermal stability
of wild-type and mutant eSSHMTs was investigated by monitor-
ing the change of ellipticity at 220 nm in the far-UV CD spectrum,
when the temperature was increased from 30 to 95 °C. The
observed sigmoid transitions were irreversible, and the CD
spectra measured at the end of the cooling phase differed from
those of the protein at 30 °C. The parameter chosen to compare
the transition curves was the apparent melting temperature (7)),
defined as the midpoint of the sigmoid denaturation process and
calculated by plotting the first derivative of the molar ellipticity
values as a function of temperature. The experiments were
performed on either holo or apo forms of the enzymes. The
presence of the cofactor stabilizes both wild-type and mutant
enzymes by 10—15 °C. However, Y55F and Arg235 mutations
have opposite effects on enzyme stability. In particular, while the
Y55F mutation destabilizes apo- and holo-eSHMT by about
7 and 4 °C, respectively, the Arg235 mutations stabilize apo and
holo forms by about 5—7 °C (Table 4). Binding of 65%
saturating L-serine to wild type further increased T, by 3.6 °C.
Because of the elevated optical activity of L-serine, which inter-
feres with the measurement of the CD signal at 220 nm, this
amino acid had to be added to no more than 65% saturation.
Interestingly, r-serine binding to the mutant enzymes did not
have any stabilizing effect.

DISCUSSION

Although PLP-dependent enzymes have been intensively
studied for more that 40 years, little is known about the catalysis
of one of their common mechanistic features: the transaldimina-
tion reaction, responsible for substrate binding and product
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Table 3: Kinetic Parameters of Serine Hydroxymethyltransferase and L-a/lo-Threonine Retroaldol Cleavage Reactions Catalyzed by Wild-Type and Mutant

eSHMT Forms*

serine hydroxymethytransferase reaction

retroaldol cleavage reaction

enzyme form kcal (minil) Km(Ser),7 (mM) Km(THF)C (mM) kcal/Km(Ser)d kczn (minil) Km(alIu—Thr) (mM) kcal/Km(alla—Thr)d
wild type 690 0.14 0.007 1 30 1.5 1

Y55F 180 7 0.11 52x107° 1.2 57 1x1073
R235K 48 218 0.14 44x107° 0.15 96 0.7 x107*
R235Q 20 127 0.12 32x107° 0.2 95 1 x107*
R235L 12 64 0.08 3.6x107° nd¢ nd nd

“Kinetic constants are the average of three determinations. The range of values was always less than +5%. "Apparent K, at saturating
[H4PteGlu]. “‘Apparent K, at saturating [L-serine]. “Catalytic efficiency with respect to either L-serine or L-allo-threonine, expressed as the ratio between

mutant and wild-type values. “Not determined.

Table 4: Apparent Melting Temperatures (7},) of Wild-Type and Mutant
¢SHMTs

T of T of T, with
apoenzymes holoenzymes L-serine (65% saturation)
0 0 O
wild type 58.8+0.3 69.5+1.3 73.1£0.9
Y55F 51.6+0.1 65.6+0.4 65.7+0.3
R235Q 64.0£1.1 75.4+0.5 72.8+£0.2
R235K 66.3 £0.8 77.3+0.3 752+£0.3
R235L 63.2+0.9 749+0.4 74.4+£0.5

“T, values are expressed as average + standard deviation calculated on
three independent determinations.

release. The hypothesis at the basis of this study was that residue
Tyr55 in ¢SHMT, involved in a cation—x interaction with
Arg235, may participate to this step of the catalytic cycle as a
proton exchanger. The results obtained with the Y55F, R235Q,
R235K, and R235L mutants clearly show that the residues under
study are both necessary for the correct proceeding of the
transaldimination reaction and play a role in the structure and
stability of eSSHMT.

The crystal structure of the Y55F mutant shows a number of
differences with respect to wild-type eSSHMT. In the active site
structure of the Y55F mutant, the Phe55' ring has moved from its
former position and has tilted by 90°, while Arg235 has not
changed its orientation. As is clear from Figure 2, Phe55 and
Arg235 do not establish a cation—u interaction. This suggests
that the formation of the interaction is subordinated to the
presence of a Tyr residue in position 55. In particular, the
analysis of known SHMT structures suggests that the formation
of the hydrogen bond between the Tyr hydroxyl group and the
PLP phosphate group is required for the cation—u interaction to
occur, whereas the hydrogen bond with His228 is not. In
agreement with this finding, the cation—s interaction between
bsSHMT Tyr51" and Arg232, homologous to eSHMT Tyr55
and Arg235, respectively, is also lost in the recently reported
structure of the YS51F mutant (43). In the SSHMT Y 55F mutant,
PLP is found in two equally populated positions, both with the
pyridine ring in a completely different orientation with respect to
wild-type (Figure 2) and to all other known SHMT structures. In
eSHMT, the interaction between Tyr55 and the phosphate
group of PLP seems to be of fundamental importance for a
correct positioning of the cofactor at the enzyme active site. The
atypical mode of PLP binding probably also takes place in the
enzyme in solution, as indicated by the anomalous absorption
and CD spectra of Y55F (Figures 4 and 5). Nevertheless, in the
Y55F mutant, the cofactor establishes a series of alternative

interactions that are roughly equivalent to those found in the
wild-type enzyme, and this justifies the relatively low Kyprp), that
is only 4-fold larger than wild type (Table 2).

The overall crystal structure of this mutant shows the enzyme
to be in a more open conformation, the large and small domains
being further apart than in the wild-type enzyme (Figure 3). The
rearrangement of the 64'—67' loop, which as a consequence of the
Y 55F mutation has moved away from the PLP binding site, may
force the movement of the small C-terminal domain and
be responsible for this conformational change (Figure 3). In
principle, another factor that might contribute to determine the
conformational differences observed between YS5SF and wild-
type eSHMT is the absence of substrates in the first structure and
their presence in the second. However, the structural variations
are somewhat larger than those observed in other SHMT
structures as a consequence of substrate binding, suggesting that
they are likely to result mostly from the mutation.

The mutant enzyme in solution shows a lower apparent
melting temperature (Table 4) and a lower stability to urea-
induced denaturation with respect to wild-type eSSHMT (data not
shown). The Y55F mutation has therefore the general effect to
destabilize the enzyme. The decrease in stability of the Y55F
mutant may be ascribed to the loss of interactions present in the
wild-type enzyme, as shown by the crystal structure, and in
particular to the loss of the cation—u interaction with Arg235
(Figure 2, panel A), which is located at the dimer interface.

On the other hand, the R235 mutations do not seem to alter the
active site structure to the extent observed with the Y55F mutant.
Although the crystal structure of these mutants could not be
obtained, their structural similarity to the wild-type e$SHMT can
be inferred by the absorption and CD spectra, as well as by the
Kqprp) values (Table 2). In particular, the aromatic CD bands of
the R235 mutants, which reflect the tertiary structure of the
enzyme, are similar in shape with respect to wild type, although
showing a difference in the ellipticity values, while the aromatic
CD spectrum of Y55F is profoundly different (Figure 5). The
absorption spectra of the R235 mutants in the cofactor region
(Figure 4) also indicate that PLP is surrounded by a chemical
environment similar to that of the wild type and is therefore
correctly positioned. Nevertheless, the catalytic efficiency of
R235 mutants is 10°-fold lower than wild type, whereas, quite
surprisingly, the YS55F mutant retains much more activity
(Table 3). In all mutants, the catalytic impairment results
partially from a decrease of k¢, (4-fold in YS5F and 15—60-fold
in R235 mutants) but is mainly due to the increase of Kpser)
(50-fold in YS5F and 450—1550-fold in R235 mutants). All
mutants also show lower affinity for the amino acid substrates
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(Table 2). These observations may be accounted for by an effect
of the mutations on the transaldimination process. When glycine
is bound, an evident accumulation of gem-diamine is observed,
suggesting that the external aldimine is a relatively less stable
intermediate than in the wild-type enzyme. The impairment of the
transaldimination process appears to result from the difficulty of
the gem-diamine to be converted into the external aldimine.
In fact, while with all mutants the rapid spectral changes taking
place in the dead time of the stopped-flow instrument correspond
to the conversion of the internal aldimine into the gem-diamine
(Scheme 1, step 1), the next step, the conversion of the gem-
diamine into the external aldimine (Scheme 1, steps 2 and 3), is
drastically slowed down by the mutations (Figures 6 and 7,
Table 2). This may be thought to be a consequence of the absence
of a proton exchanger that catalyzes the interconversion of the
gem-diamine intermediates and that may also protonate the
leaving lysine residue as the external aldimine is formed. This
can be obviously due to the lack of the OH group in the Y55F
mutant and, in the R235 mutants, to the increase of the pK, of
Tyr55' caused by the loss of the cation—u interaction. However,
the ke, of the serine hydroxymethyltransferase reaction catalyzed
by the Y55F mutant is more than 5-fold higher than the kopg(ser)
measured upon L-serine binding to the same enzyme, suggesting
that some structural rearrangement might take place upon
H,4PteGlu binding and partially compensate for the slowing
down of the transaldimination reaction. In agreement with the
higher efficiency of the Y5SSF mutant in catalyzing the serine
hydroxymethyltransferase reaction with respect to the Arg235
mutants, absorption spectra indicate that after addition of
H4PteGlu (Figure 4) the YS55F mutant is capable of producing
the quinonoid intermediate resulting from deprotonation of the
Ca atom of glycine, although to a far lesser extent than wild-type
eSHMT, whereas the Arg235 mutants do not form it. It seems
worth reminding that, while Tyr55' is directly involved in PLP
binding, Arg235 belongs to the second sphere residues, which are
too far from PLP to play a direct functional role in catalysis.
This observation reinforces the hypothesis that the presence of
Arg235 influences catalysis through its interaction with Tyr55'.
Although Lys, like Arg, can also establish cation—x interactions
with Tyr residues, Arg and Lys do not appear to be interchange-
able in this role (44, 45). Indeed, the mutant forms containing
a hydrophobic leucine, a polar glutamine, or a positively
charged lysine show a similar reduction in ks values toward
both substrates (Table 2) with respect to wild-type eSHMT,
indicating that none of those residues compensates efficiently for
the loss of Arg235. As a support to the hypothesized role of
Tyr55, it was recently shown that the Y51F mutant of 5sSSHMT
(corresponding to eSHMT YS55F) has no detectable catalytic
activity and accumulates the gem-diamine, although PLP is
bound at the active site in the same position as in the wild-type
enzyme (43). In order to explain the residual catalytic activity of
eSHMT Y55F, it seems reasonable to presume that in the absence
of the Tyr55 hydroxyl group another residue or a water molecule
may act as proton exchanger in the transaldimination reaction.
The observed catalytic activity of eSHMT Y55F is likely to be
subordinated to a rearrangement of PLP upon substrate binding,
which places it back into its canonical position. This statement is
supported by the spectral analyses of the enzyme—substrate
complexes: while the CD aromatic region of unliganded Y55F
reveals a difference of tertiary structure with respect to wild type,
these differences attenuate upon binding of either glycine or
L-serine (Figure 5).
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The transition between internal and external aldimine may
also be analyzed by thermal denaturation experiments, since it is
known that in SHMT the transaldimination process taking place
upon L-serine binding is associated to a conformational change
(from an open to a closed form) that determines an increase of
T glycine and substrate analogues that bind but do not trigger
the conformational change do not increase 7}, (46—48). Thermal
denaturation experiments show that 7}, does not increase upon
L-serine binding to mutant eSSHMTs (Table 4), suggesting that
their conformational change is reduced or absent. The conforma-
tional change induced by L-serine binding to wild-type SHMT is
also indicated by a large decrease of ellipticity of the cofactor CD
signal (47). It is clear that, upon binding of L-serine to the mutant
enzymes, a much smaller decrease of ellipticity at 420 nm is
observed (Figure 5). This hampering in conformational change
could contribute, together with the impairment of the transaldi-
mination reaction, to the lower catalytic efficiency of the mutants,
in terms of impediment in binding and releasing of substrates and
products. For sake of completion, it has to be reported that also
in sheep cytosolic SHMT the mutation of the arginine residue
homologous to Arg235 into an alanine led to a 30-fold reduction
of catalytic activity and to the accumulation of the gem-diamine
intermediate (/0).

The fact that the substitution of Arg235 has led to mutant
forms with higher stability is quite unusual, since in general
cation—u interactions have a stabilizing effect on protein struc-
ture (13), although this finding is not unprecedented (75). In its
structural context, Arg235 may represent a destabilizing residue
for wild-type eSHMT because it does not interact with any
negatively charged residue, its positive charges being only
counterbalanced by the z-electron cloud of Tyr55" (Figure 2,
panel A). The increased stability of the enzyme upon mutation of
Arg235 might therefore be contributed by the loss of its only
partially balanced positive charge. There are several examples in
which the mutation of residues involved in catalysis results in
more stable but less active enzymes (49). Interactions that conflict
with protein stability (the so-called frustrated interactions) but
often play a functionally relevant role have been shown to be
evolutionarily conserved in proteins (50) and frequently belong to
protein portions where charged amino acids are located in
electrostatically unfavorable environments (49). These features
are shared by Arg235, which might therefore represent a fru-
strated residue.

As shown in the Results section, Tyr55" and Arg235 are highly
conserved among the SHMT family sequences. The known
SHMT structures present an almost complete conservation of
the cation—sx interaction and of the other interactions that
enhance the acidity of the Tyr55" hydroxyl group and maintain
it in a suitable position to act as a proton exchanger in the
transaldimination reaction. This suggests that the role of the
eSHMT residues analyzed in this work might well have a more
general relevance. The most relevant exception is represented by
SHMTs from Archaea, where Arg is replaced by Gln. Based
on our finding that the eSHMT R235Q mutation increases
enzyme stability, it is tempting to speculate that the homologous
substitution in SHMT from Archaea may represent one of
the structural determinants accounting for adaptation at high
temperatures. Given the fact that in the SHMT family the
PLP binding site is at the dimer interface, the cation— interac-
tion between Tyr55 and Arg235 may then represent a com-
promise between the stability of the enzyme and its catalytic
role.
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