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ABSTRACT: Serine hydroxymethyltransferase (SHMT) catalyzes the reversible interconversion of serine
and glycine with tetrahydrofolate serving as the one-carbon carrier. SHMT also catalyzes the folate-
independent retroaldol cleavage of allothreonine and 3-phenylserine and the irreversible conversion of
5,10-methenyltetrahydrofolate to 5-formyltetrahydrofolate. Studies of wild-type and site mutants of SHMT
have failed to clearly establish the mechanism of this enzyme. The cleavage of 3-hydroxy amino acids to
glycine and an aldehyde occurs by a retroaldol mechanism. However, the folate-dependent cleavage of
serine can be described by either the same retroaldol mechanism with formaldehyde as an enzyme-bound
intermediate or by a nucleophilic displacement mechanism in which N5 of tetrahydrofolate displaces the
C3 hydroxyl of serine, forming a covalent intermediate. Glu75 of SHMT is clearly involved in the reaction
mechanism; it is within hydrogen bonding distance of the hydroxyl group of serine and the formyl group
of 5-formyltetrahydrofolate in complexes of these species with SHMT. This residue was changed to Leu
and GIn, and the structures, kinetics, and spectral properties of the site mutants were determined. Neither
mutation significantly changed the structure of SHMT, the spectral properties of its complexes, or the
kinetics of the retroaldol cleavage of allothreonine and 3-phenylserine. However, both mutations blocked
the folate-dependent serine-to-glycine reaction and the conversion of methenyltetrahydrofolate to
5-formyltetrahydrofolate. These results clearly indicate that interaction of Glu75 with folate is required
for folate-dependent reactions catalyzed by SHMT. Moreover, we can now propose a promising
modification to the retroaldol mechanism for serine cleavage. As the first step, N5 of tetrahydrofolate
makes a nucleophilic attack on C3 of serine, breaking the €2bond to form N5-hydroxymethylene-
tetrahydrofolate and an enzyme-bound glycine anion. The transient formation of formaldehyde as an
intermediate is possible, but not required. This mechanism explains the greatly enhanced rate of serine
cleavage in the presence of folate, and avoids some serious difficulties presented by the nucleophilic
displacement mechanism involving breakage of the-O8i bond.

Serine hydroxymethyltransferase (SHMTatalyzes the  the major source of one-carbon groups required for the
reversible interconversion of serine and glycine with the biosynthesis of purines, thymidylate, methionine, and many
hydroxymethyl group of serine (C3) being transferred jo H neurotransmitters. SHMT contains tightly bound PLP, and
PteGly to form CH-H4PteGly (1). This reaction serves as it is the interplay of HPteGly with PLP that is of great
interest in terms of both the catalytic mechanism and
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E. coli SI—%/MT; bsSHMT B. stearothermophilugHMT; PLP, pyridoxal f-phenylserine to glycine with acetaldehyde and benzalde-

5'-phosphate; kPteGlu, tetrahydrofolate; GFH,PteGlu, 5,10-meth- hyde, respectively 3).

ylene-HPteGlu; CH-H4PteGlu, 5,10-methenyl-#PteGlu; 5-CHO-H i
PteGlIu, 5-formyl-HPteGlu: CHOL-HPteGIu, N5-hydroxymethylene- SHMT has also been shown to catalyze the conversion of

HsPteGlu; SHMFQuin, intermediate between enzyme and glycine 9,10-CH-HsPteGly to 5-CHO-HPteGly, (Figure 1c) €);
absorbing near 500 nm. in this case, the 1-C group is at the oxidation level of formate
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Ficure 1: Proposed mechanisms for reactions catalyzed by SHMT and the requirement for generbhseidatalytic groups, labeled

B;—B-. (a) Retroaldol mechanism for conversion of the serine internal aldimine to the glycine aldimine with formation of formaldehyde.
E-Quin is the quinonoid intermediate and absorbs near 500 nm with a molar absorption coeffieid@000 cni! M1, B; is the putative

base required to accept the proton from the C3 hydroxyl group. (b) Condensation of formaldehyde (generated as shown in panel a) with
H4PteGlu to form CH-H,4PteGlu. Only a portion of the ¥PteGlu structure is shown. The carbinolamine and iminium cation are intermediates

in the formation of CH-H4PteGlu. (c) Proposed mechanism for conversion of*@HPteGlu to 5-CHO-HPteGlu with the formation of

the intermediate CHOH-iPteGlu. This reaction requires glycine as a ligand even though the glycine is not consumed. (d) Nucleophilic
displacement mechanism for the serine to glycine reaction. As in panel a, the first structure is the external aldimine of serine. It is not
known at what wavelength the putative covalent adduct labeled E-I would absorb, but from its structure it is most likely around 425 nm.
The intermediate labeled E-Quin is the same structure shown in panel a. (e) A concerted mechanism that combines the reactions shown in
panels a and b. Formaldehyde may be formed transiently in this mechanism if breaking of the bond between C2 and C3 of serine precedes

formation of a bond between N5 of,PteGlu and C3 of serine.



Serine Hydroxymethyltransferase Biochemistry, Vol. 43, No. 22, 20046867

instead of formaldehyde. Subsequent studies have providedpET22b vector as described previously). Each mutation
evidence that the formation of 5-CHO/PteGly plays an was confirmed by sequencing the cDNA insert in both
important regulatory role in 1-C metabolisis<7). directions. Each mutant protein was expressed ik .aroli
Three-dimensional structures have been determined for theglyA™ strain as previously described?). Purification was
cytosolic isozymes of human, rabbit, and mouse SHMT, as done by the same procedure published previously and
well as for SHMT from the prokaryote&scherichia coland ~ resulted in high yields ot 95% pure enzymes that exhibited
Bacillus stearothermophilu@@—12). The active sites from  the size and spectral characteristics of wild-type rcSHMT.
these structural studies show conservation of key residues. Kinetic StudiesAll spectra and steady state kinetic studies
Many of these residues have been changed by site-directedvere performed in a cell with a path length of 1 cm with an
mutagenesis, and their role in binding and catalysis has beerAgilent 8354 spectrophotometer at 3G. The buffer was
discussed. It has been suggested that the residues involve@ither 20 mM potassium phosphate or sodibiiN-bis(2-
in the condensation of formaldehyde withPeGly to form hydroxyethyl)-2-aminoethane sulfonate (pH 7.3) unless
CH,-H,PteGly, (Figure 1b; the second step in folate- Otherwise noted. Catalytic activities for the cleavage of serine
dependent conversion of serine to glycine) are the same adn the presence of #PteGlu and allothreonine in the absence
in the hydrolysis of CH-H,PteGly, to 5-CHO-H,PteGly of HsPteGlu were performed as previously describes).(
(Figure 1c) (3, 14). However, structural studies have been  Dissociation constaritdor serine, glycine, and 5-CHO-
inconclusive regarding the role of various residues in HiPteGlu were determined from double-reciprocal plots of
reactions catalyzed by SHMT, and have not establishedthe change in absorbance at 498 nm versus the change in
whether formaldehyde is involved as an intermediate. Stereo-the ligand concentratiorig). The ligand concentrations were
chemical considerations have raised doubts that formaldehydevaried over a 10-fold range that bracketed the respeétive
is an intermediate, and the structure of a complex of serine values. For determination of th€y for 5-CHO-H,PteGlu,
with B. stearothermophiluSHMT supported a proposed the glycine concentration was held constant at 100 mM.

mechanism in which N5 of iPteGly makes a nucleophilic The enzymatic rate of conversion of 5,10-GH,PteGlu
displacement of the serine hydroxyl to form a covalent adduct to 5-CHO-HPteGlu was determined by adding 50 mM
between HPteGly, and serine (Figure 1d)12, 15). This glycine to the reaction mixture and observing the increase

intermediate collapses into products without the involvement in absorbance at 502 nm, where the SH@Iy-5-CHO-H;-

of formaldehyde as an intermediate. Key differences betweenPteGlu ternary complex absorbs with a molar absorption
the retroaldol mechanism and this nucleophilic displacement coefficient of 40 000 M* cm™ (2, 3). These reactions were
mechanism include the geometry of reactive groups aroundperformed at 20C because the increase Ago, was much
the serine, the presence or absence of free formaldehydegreater upon formation of the ternary complex than at higher
and the role of acigbase groups. temperatures.

The purpose of this study is to elucidate the role of Glu75 ~ The rate of conversion ot-serine to enzyme-bound
in rcSHMT by site-directed mutagenesis and structure 9glycine and formaldehyde was determined on an Applied
determination. Glu75 could act as a proton donor or acceptor; Photophysics SX.18MV stopped-flow spectrophotometer.
it is situated at the active site, within hydrogen bonding SHMT (9.0 mg/mL) was flowed against 200 mMserine
distance of the C3 serine hydroxyl in a serr@HMT  at 30 °C, and the rate of formation of the SHMQuin
complex and of the formyl oxygen of 5-CHO;PteGlu in complex absprblng at 498 nm was observed. The kinetic
a complex of this species with SHMT. Spectral and kinetic traces were fit using software provided by Applied Photo-
work on several mutants of Glu75 in ScCSHMT has deter- Physics. The rate of formaldehyde release was followed by
mined that this residue plays an important role in the frapping the formaldehyde with Schiff's reagent and deter-
mechanism of the folate-dependent serine-to-glycine reactionMining the absorbance at 550 nm as previously described
(16), and structural studies on eSHMT suggest that Glu75 (20). A standard curve of formaldehyde and excess Schiff's
(GIu57 in eSHMT) is protonatedL(). The work presented ~ reagent was used to convert absorbance into nanomoles of
here confirms the importance of Glu75 in the folate- formaldehyde.
dependent cleavage of serine (as a general —dmde Crystallization. Crystallization was performed at room
catalyst) and establishes that it is not required for folate- temperature by the hanging drop vapor diffusion technique.
independent allothreonine cleavage. In addition, it is clear Crystals of both mutants were obtained by mixingl3of

that Glu75 is essential for the conversion of GH,PteGlu, an enzyme solution [3444 mg/mL in 20 mM potassium
to 5-CHO-HPteGly. The results are discussed in view of Phosphate (pH 7.3) with 1 mM dithiothreitol] with an equal
possible mechanisms for these reactions. volume of reservoir solution. The reservoir solution for E75L
rcSHMT consisted of 50 mM potassium phosphate (pH 6.6),
EXPERIMENTAL PROCEDURES 8.5-9.1% PEG 8000, and 100 mM KCI. For E75Q rcSHMT,

the reservoir solution consisted of 15 mM potassiuniN2-(
Materials. All amino acids, coenzymes, antibiotics, and morpholino)ethanesulfonate (pH 6.4), 8:80% PEG 4000,
buffers were obtained from Slgma (St LOUiS, MO) or Fisher and 30 mM KCI. Serine Comp]exes were formed by addmg
Scientific (Pittsburgh, PA). §-HsPteGlu and (6)-5-CHO-  0.25,L of 250 mM L-serine directly to the drop, giving an
H.PteGlu were gifts from Eprova AG (Schaffhausen, Swit- ~10 mM L-serine solution. Each mutant enzyme and the
zerland). Crystallization buffers were from Hampton Re- serine complexes formed yellow tetragonal bipyramidal
search (Laguna Niguel, CA). crystals that reached a maximum size~dd.7 mmx ~0.4
Site-Directed MutagenesidMutants of rcSHMT were

made using the QuickChange site-directed mutage_nesis kit 2These are apparef values as at least two steps are involved in
from Stratagene (La Jolla, CA) on rcSHMT cDNA in the forming the EQuin complex.
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mm x 0.2 mm in 2-3 days. To obtain a ternary complex, Ser, an omit map calculated with omission of these solvent
crystals formed from the enzyme and serine were soakedmolecules clearly indicated the presence of glycine (or
for a few minutes in a solution containing 1 mMS)eH - possibly disordered serine) in one of the two sites, and
PteGlu. Prior to data collection, crystals were washed with subsequent refinement included a Gly in this position. The
a solution of 8% PEG 4000, 100 mM KCI, and 50 mM amino acid binding sites of E75L-Ser contain primarily
potassium phosphate (pH 6.6). The wash was followed by aPQO?~, and the E75L model included these ions from the
quick transfer to a series of solutions containing 15, 23, and beginning.
27% PEG 4000 and finally 27% PEG 4000 and 23%  The original determination of the wild-type rcSHMT
glycerol. The crystals were then rapidly frozen in liquid N structure 9) was in space group4;2;2, with one tight dimer
Determination of the Structur®ata were collected from per asymmetric unit. In a Subsequent, higher-resomtion,
CryStalS of the E75Q and E75L mutants, with and without structure of an rCSHM:FH4PtEG|U Comp|exl the |OW@41
serine present; a partial data set was also obtained for E75Lsymmetry was found, with a pair of dimers in the asymmetric
rcSHMT crystals soaked in serine angRteGlu (E75L-Ser-  ynit (26). To verify the space group for these crystals, the
H,PteGlu set). All Crystals were isomorphous with each other data were reprocessed in space gré&dp. There was no
and with wild-type crystals; differences in unit cell dimen-  sjgnificant improvement ifR-factors, and the conformation
sions were slight. The space group Ws2,2. Images were  of the two dimers remained the same. We conclude that, to
integrated with mosflmZ1) and scaled with scal@g), using  the resolution of the current dat&®4,2:2 symmetry is
the DPS g3 interface. Initial structures were determined preserved for the E75L and E75Q mutants. Statistics from
by rigid body refinement of either the wild-type structure or - data collection and processing, and structure determination,
a previously refined mutant structure; the crystallographic are summarized in Table 1. Coordinates have been deposited
R at this stage was between 0.23 and 0.30, depending onn the Protein Data Bank2(), as entries 1RV3 (E75L-Ser),

the degree of similarity between the starting model and the 1Rrv4 (E75L), 1RVU (E75Q), and 1RVY (E75Q-Ser).
structure being determined. Manual adjustments in the region

of the mutation were made, and refinement was carried oOutRESULTS
using CNS 24) (for groupedB-factor refinement and atomic
position refinement using energy minimization) andZB)( Spectral Properties of cSHMT Mutants E75Q and E75L.
(for manual adjustments, and addition of water molecules). The mutant enzymes were expressed and purified by the
Multiple cycles of refinement, and placement of water same procedure used for recombinant wild-type rcSHMT.
molecules, were carried out for the two higher-resolution data The enzymes are yellow, exhibiting a single absorption
sets (E75L-Ser and E75Q). These structures were then usednaximum above 300 nm at 428 nm with a 278 nm:428 nm
as starting points for the corresponding lower-resolution ratio of 6.2. The mutant enzymes were stable-20 °C for
structures (E75L and E75L-SerfPteGlu, and E75Q-Ser, several months. Glycine, added to saturating conditions,
respectively). In the case of E75L-SesfMeGlu, the data  resulted in three observable absorption maxima at 498, 425,
were insufficient for complete refinement; a single cycle was and 343 nm. These absorption maxima reflect three inter-
carried out, followed by calculation of a difference map. Mmediates on the reaction pathway. The 343 nm peak is the
Accurate determination of this structure will require further gemdiamine, which occurs as the first covalent complex of
data collection. For E75L and E75Q-Ser, refinement was the enzyme 28). This is followed by formation of the
successfully carried out, although no attempt was made to€xternal aldimine complex, absorbing at 425 nm, which is
modify the solvent structure in these lower-resolution cases. Shown as the first and last structures in Figure 1a for serine
Final difference electron density maps for the four refined and glycine, respectively. The 498 nm-absorbing species is
structures did not contain any significant features. the quinonoid complex, in which a pair of electrons on C2
The mammalian SHMT structure is a homotetramer, which Of glycine are in resonance with threelectron system of
may be described as a dimer of dimers. In the structuresthe bound pyridoxal phosphateg). This structure is labeled
presented here, the asymmetric unit contains one tight dimer,E-Quin in Figure 1a. The spectra of both the E75Q and E75L
made up of chains A and B; the second dimer is related to 9lycine complexes are very similar to the spectrum of the
the first by a crystallographic symmetry operation. We use Wild-type rcSHMT-Gly complex. The major difference
a residue numbering scheme based on the human SHMTPetween the mutant and wild-type enzymes is that the
sequence to facilitate comparison with other mammalian a@bsorption peak near 500 nm is severalfold higher. As with
enzymes. With this scheme, each final structure includes the wild-type rcSHMTGly complex, lower temperatures and
residues 15275 and 283484 in chain A and residues 15 higher pH values shift the equilibrium from the aldimine
277 and 282484 in chain B. Missing residues, at the complex to thegemdiamine complex. By titrating the
N-terminus and in the middle of a flexible loop, do not appear €nzyme with glycine and determining the increase in
to play any role in molecular function. The dimer also absorption at 498 nm, we were able to determii& salue
includes two PLP molecules, each of which is primarily for glycine for each mutant rcSHMT (Table 2). The affinity
associated with one chain but also contacts residues fromfor glycine was nearly normal for E75Q, but was almost
the second chain. The amino acid binding site involving the 8-fold lower for E75L.
PLP primarily associated with chain A is designated site I,  The addition of either HPteGlu or 5-CHO-HPteGlu to
and the second site is site Il. Approximately 100 water the mutant rcSHMIGly complexes resulted in a severalfold
molecules are included, and one phosphate ion is present ifincrease in the absorption of the 500 nm peak &t@0This
most of the amino acid binding sites. is also observed with wild-type rcSHMT. This spectral effect
E75Q has three water molecules in one of its amino acid of 5-CHO-H,PteGlu permitted a determination of tl&
binding sites and a phosphate ion in the other. For E75Q-value for 5-CHO-HPteGlu for both E75Q and E75L
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Table 1: Summary of Data Collection, Data Reduction, and Structure Refinement

E75L E75L-Ser E75L-SerH,PteGlu E75Q E75Q-Ser
Data Collection and Initial Processing
unit cell dimensiong, ¢ (A) 115.0, 158.4 114.9, 158.3 114.7,158.0 114.6, 156.8 114.7,156.4
resolution (A) 36-2.95 49-2.40 49-2.95 58-2.50 27-2.90
Rsym 0.116 (0.553) 0.100 (0.566) 0.166 (0.669) 0.111 (0.544) 0.188 (0.626)
Io(l) 6.1(1.4) 6.0 (1.3) 3.4(1.0) 6.4 (1.4) 3.8(1.1)
completeness (%) 99.9 99.8 73.4 99.6 93.8
redundancy 9.0 13.0 5.3 5.3 5.8
no. of observations 207374 547673 87974 195522 130399
no. of unique reflections 23067 42006 16463 36699 22342
Structure Determination and Refinement

R/Ree 0.201/0.245 0.224/0.255 0.226/0.310 0.221/0.253 0.220/0.283
averageB 50 49 66 37 34
total no. of reflections 22868 41555 16382 36655 22026
no. of reflections in the test set 1113 2087 795 1843 1242
total no. of non-H atoms 7310 7310 7344 7326 7328
no. of water molecules 86 86 86 105 102
rmsd from ideal geometry

bond lengths (A) 0.007 0.007 0.008 0.007 0.007

bond angles (deg) 1.35 1.34 1.33 1.32 1.34

aData were collected at the Cornell High Energy Synchrotron Source (CHESS), station A-1, for E75L, E75L-Ser, and EF5R®&Iu

crystals, and on a rotating anode generator for E75Q and E75Q-Ser crystals. A single crystal was used for each collection, except fer E75L-Ser
H4PteGlu, for which two crystals were used. The detector was an ADSC Quantum-210 instrument at CHESS and a Rigaku R-axis instrument in

the home lab. Values d®ym andl/o(l) are given as the overall values (values for the highest-resolution shell in parentheses).

Table 2: Kinetic Constants for cSHMT Mutant Enzymes (&)

constant wild-type rcSHMT E75L E75Q

Km (Ser) (mM) 0.8 27 4.0

Kq (Gly) (mM) 6 45 7.7

Kg (5-CHO-HPteGlu) (M) 10 26 10

keat (Ser) (mir?) 600 not detectable 1.2

Km (alloThr) (mM) 15 22 15

Keat (@ll0Thr) (min?) 130 144 (110%) 560 (4309%0)
Ke-quin (Min~1) not determined 64 and 23 460 and 11
Kicho (min™1) 0.0028 0.34 0.13

aThis is aKq value.? Percentage of the wild-type value in parenthe$@phasic rate constants for formation of@uin from serine absorbing
at 498 nm . Estimate of the rate of formation of HCHO from serine as determined from the initial rate.

rcSHMT (Table 2). Compared to wild-type rcSHMT, E75L
rcSHMT has a 2.5-fold lower affinity for 5-CHO-4RteGlu
while E75Q rcSHMT has the same affinity.

Saturation of wild-type rcSHMT with-serine also results
in the three absorption maxima at 343, 425, and 498 nm,
but the intensity of the 343 and 498 nm peaks is greatly
diminished compared to those observed with glyci2@).(
However, with both E75Q and E75L rcSHMT, saturation
with serine results in significant absorption maxima at 343
and 498 nm (the absorption maximum with E75L rcSHMT
is actually at 502 nm) (Figure 2). Again, at lower temper-
atures or higher pH, the equilibrium is shifted toward the
gemdiamine intermediate absorbing at 343 nm. Titration of
E75Q and E75L rcSHMT with serine permitted determina-
tion of their respectivé&y values via a plot of the reciprocal
increase inAs9g against the reciprocal serine concentration
(Table 2). E75Q and E75L rcSHMTs had 5- and 30-fold
reduced affinity for serine, respectively, compared to the
wild-type enzyme.

Kinetic Constants for E75Q and E75L rcSHMT with Serine
and AllothreonineAttempts were made to determikig and
keat Values for the conversion of serine andRteGlu to
glycine and 5,10-CHH,PteGlu by the normal assay pro-
cedure. With E75L rcSHMT, there was no detectable activity,
but with a high concentration of E75Q, activity was observed
and ak.,value of 1.2 min' was determined, assuming that

0.16

0.12

0.08

Absorbance

0.04

0.00
300

350

400 450

Wavelength (nm)

FiGure 2: Spectra of E75L rcSHMT as a function of serine
concentration and temperature*)(1.2 mg/mL E75L rcSHMT at
pH 7.6, ¢--) after the addition of-serine to a final concentration
of 60 mM at 7°C, and (- - -) same solution but at 3T.

both serine and HPteGlu were at saturating concentrations
(serine at 50 mM and HPteGlu at 0.2 mM) (Table 2). This
represents a 500-fold decrease in activity compared to that
of the wild-type enzyme. In contrast, both mutant enzymes
exhibited greater catalytic activity with allothreonine in the
absence of EPteGlu than the wild-type enzyme (Table 2).
The K, values for allothreonine are increased by a factor of
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~10, while thek. value for E75Q rcSHMT is more than 10 —
4-fold higher than that of the wild-type enzyme. If allothreo-
nine is processed by the retroaldol cleavage mechanism g9 | e
shown in Figure 1a, and serine (in the presence£télsIu) I et e — e —m e .
is processed by the same mechanism followed by the | £ -
condensation of formaldehyde withyPteGlu (Figure 1b),
then these results strongly suggest that Glu75 is associated £ | '
with the condensation step and not with the retroaldol cIT |
cleavage step. If the mechanisms are not the same, Glu75 is @ .
clearly implicated in the one which operates in the presence 01
of folate. L

We had previously investigated the ability of cSHMT to 10 (/™
cleave serine to glycine and formaldehyde in the absence of f — o . .
H4PteGlu @9). We showed that this did occur very slowly, 10 . ‘ ‘ .
with aker0f 0.0028 min?. Evidence suggested that the rate- 0 10 20 30 40
determining step was the release of formaldehyde and not
serine cleavage 30). Both E75Q and E75L rcSHMT
saturated with serine show a significant absorption peak near “Tp
500 nm that is not seen with wild-type rcSHMT at pH .0,
but can be detected in the wild-type enzyme as a small peak
at higher pH values3{). This absorption peak represents 015 |
the quinonoid structure and is shown a€QHin in Figure
la. This intermediate can exist only if serine has been cleaved
to glycine and formaldehyde. The rate of formation of E
Quin for E75Q and E75L rcSHMT was determined by
observing the increase in absorbance at 498 nm in the :
presence of a saturating concentration-gerine, by stopped-
flow spectrophotometry. For each mutant enzyme, the rate
was fit by a double-exponential equation. For E75Q rc-

N

ol)

Time (min)

A (502nm)
o

0.05 |

SHMT, the rates were 460 and 11 minwith relative
amplitudes of 61 and 39%, respectively (Table 2). For E75L e
rcSHMT, the biphasic curve gave values koof 64 and 23 0 10 20 30 40
min~! with relative amplitudes of 42 and 58%, respectively. Time (min)

Because the amplitude of the 498 nm absorption peak with Ficure 3: Catalytic activity of cSHMT and Glu75 mutants in the

wild-type rcSHMT is so small, the rate of its formation could folate-independent conversion of serine to glycine and formaldehyde
not be determined by this method. and the hydrolysis of CHH,PteGlu to 5-CHO-HPteGlu. (a)

. . Formaldehyde formation with only serine as the substraig (
The appearance of the absorption peak near 500 nm raiSefyrmaldehyde formation with 30 nmol of E75L SHMTMY

the question of how fast formaldehyde is being formed by formaldehyde formation with 30 nmol of E75Q SHMT, an®)(
E75Q and E75L rcSHMT. As noted above, with wild-type formaldehyde formation with wild-type rcSHMT. (b) Appearance
rcSHMT, the value is 0.0028 mif. Since both E75tSer of the SHI\_/I1'-GIy-5-CHO-H4PteGIu ternary complex absorl:_)ing at
and E75QSer complexes exhibit a greater concentration of tsy%ze r;::“s‘l’_i":\tﬂhT@) E75L SHMT, @) E75Q SHMT, and #) wild-

the quinonoid intermediate than wild-type SHMT, it seemed '

likely that the rate of formation of glycine and formaldehyde involved in this reaction, in which the 1-C group is at the
would be significantly increased. We determined the rate of oxidation level of formate instead of formaldehyde, mimics
formation of formaldehyde by taking aliquots every few the acid-base catalysis of the formation of 5,10-EH.-
minutes of a solution containing enzyme and saturating serinePteGlu from formaldehyde and,PteGlu (3, 14). To test
and using Schiff's reagent to determine the formaldehyde this, we determined the ability of E75Q and E75L rcSHMT
concentration. We found that formaldehyde was formed but to catalyze the reaction shown in Figure 1c, including the
that the rate rapidly decreases with time, suggesting that theintermediate hydroxymethylene derivative shown as CHOH-
released formaldehyde inactivates the enzyme (Figure 3a).H;PteGlu. The maximum amount of this intermediate forms
Using the first data point, at 3 min, we calculatkg; app when CH-H,PteGlu is incubated at pH 4.04). The rate-
values for E75Q and E75L rcSHMT of 0.13 and 0.34 mjn  determining step for the enzymatic formation of 5-CH@-H
respectively (Table 2). These are minimum rate constants,PteGlu is the formation of this intermediate, which is rapidly
since we are unable to obtain a true initial rate. These ratesconverted to product by rcSHMT. The reaction requires

are much slower than the rate of appearance @uin, glycine, and product formation is monitored by the appear-
which suggests that formaldehyde release is rate-limiting for ance of the 502 nm-absorbing rcSHMJuin-5-CHO-H;-
the overall reaction, as found for wild-type rcSHM30. PteGlu complex (Figure 1a).

SHMT-Catalyzed Formation of 5-CHO,PiteGlu.In ad- Figure 3b shows the increase in absorbance at 502 nm

dition to catalyzing the interconversion of serine and glycine, when an aliquot of a concentrated solution of GH,PteGlu
SHMT catalyzes the formation of 5-CHO4PteGlu, and its  at pH 4.0 is added to 0.8 mL of the rcSHM3ly complex
polyglutamate forms, from 5,10-CH,PteGlu (Figure 1c). and the mutant proteins E75Q and E75L rcSHMT at pH 7.2
Arguments have been made that the atidse chemistry  and 20°C. With wild-type rcSHMT, there is a rapid burst
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the vicinity of the active site is maintained, except for residue
75 itself.

In E75L, Leu75is displaced £1 A at G,) relative to its
position in E75Q. This shift is accomplished by small
rotations of main chain torsion angles from approximately
residue 70to 78, particularly noticeable at the peptide bond
between residues 74nd 75, and serves to reduce the
exposure of the hydrophobic side chain to solvent. Tyr73
is affected by this shift; its Cis also displaced-1 A. To
compensate, the tyrosine side chain is rotated toward Leu75
placing its aromatic ring in approximately the same place
as in E75Q. However, its orientation is different, and its OH
can no longer make an H-bond to OP2 of PLP. In this
position, the tyrosine OH is close to the amino acid binding
site and would be expected to affect the binding and reaction
of serine and other amino acids. A smaller motion of the
Tyr83 side chain, which is adjacent to that of Tyr78
FiGURE 4: Overall view of the E75L-SeSHMT structure. Chain @ISO observed.

A (red) and chain B (orange) make up a tight dimer. A symmetry-  In both amino acid binding sites of E75L, and in one site
related dimer, which makes up the other half of the biologically of E75Q, there appears to be a large solvent species, probably
active tetramer, is partially visible, in shades of blue, at the top of 4 phosphate ion. Previous studies have shown that anions,

the figure. PLP molecules are shown in yellow space-filling form. RN N
Leu78 and its neighbor Tyr73are also shown in space-filling form such as phosphate, are competitive inhibitors of binding of

for site I, in light and dark green, respectively. The figure was drawn Sefine and egCine. to rcSHMT34). Hydrogen_bonds are
with Molscript (32). formed between this P& and surrounding residues Ser53,

Arg402, and Tyr83 in E75L, there is also an H-bond to
in the rate of formation of 5-CHO-#PteGlu, as indicated  Tyr73 (which may help to account for the conformation of
by the appearance of absorbance at 502 nm (Figure 3b). Thighis residue). Site | in E75Q is occupied by a trio of water
has been shown to result from the conversion of the molecules, one of which makes H-bonds to Ser53 and Tyr83
intermediate CHOH-EPteGlu, which exists in equilibrium E75L-Ser does not actually contain a well-defined serine
with CH™-H,PteGlu at this pH, to 5-CHO-{PteGlu. When in the crystal structure. In fact, both binding sites seem to
wild-type rcSHMT was replaced with E75Q and E75L be primarily occupied by phosphate. An omit map (leaving
rcSHMT in this assay, there was only a very small, rapid out the PQ?~ ions) does show a connection between the
increase in absorbance at 502 nm, most notable with E75Lfeature at the P§~ location in site Il and C4A of the
rcSHMT (Figure 3b). At this temperature and pH, the adjacent PLP, indicating possible partial occupancy by serine
absorbance of the ternary complex with glycine and 5-CHO- or glycine. Because of the superimposed phosphate, it is not
H4PteGlu is similar in intensity to that observed with the possible to make an accurate model of this species. Close
wild-type enzyme. We conclude that the Glu75 mutants do €xamination of the residues surrounding site Il indicates that
not catalyze the formation of 5-CHO;PteGlu from either  the side chain of Tyr73s poorly ordered; it probably has a
CH*-H,PteGlu or CHOH-HPteGlu. The small increase in different conformation when an amino acid is bound. The
absorbance at 502 nm seen with the mutant rcSHMTs maydquality of the E75L-SerH,PteGlu map is inadequate for
be the result of a small amount of 5-CHQMeGlu in our determining what species are bound in the amino acid
stock CH-H,PteGlu solution at pH 4.0. ]E)indint? sit%s.lehere is some} dr(]ansity in the Ei(pected (Iocati;m

or a bound folate in one of the two possible sites (site 1),

Structure of E75Q an_d E75L r(_:SHM'IThe overall_ which is consistent with the previous finding that 5-CHO-

structure of both mutants is very similar to that of the wild-

o : . ? . H,PteGly binds in only one site per dimeR@).
type protein, in keeping with earlier observations that SHMTs 4E75Q-Ser also doe)é not appeF;r o congin well-ordered
from different species, and with different substrates bound,

. ) . X serine. However, an omit map of the site | region contains
exhibit only small d|ffe_rences n _conf_ormaﬂoﬁl{lz, 26)'. density consistent with a bound glycine; site Il appears to
The overall structure is shown in Figure 4, and localized

. ) - . be occupied by P& . Although the Gly carboxyl is quite
d|fferenpes around t.he m.uta'uor.] site In F!gure'5. In Flgure clear in the map, density for (Cis weak, indicating that
5, and in the following discussion of active site residues

. . . ) > multiple conformations may be present. Accordingly, both
those with a prime belong to chain B for site | and chain A P y 0e P gy

for site 1. Besides th | d side chain of resid gemdiamine and external aldimine forms of glycine were
or site ll. Besides the actual mutated side chain of residue p i - yith the carboxyl groups of the two species in

75, the most obvious differences are in nearby tyrosine approximately the same location but the &toms well

residues 73and 83. separated (Figure 6). The limited resolution of the data does
In E75Q, the side chain of GIn75unlike the extended  not permit great accuracy in determining the Gly conforma-

side chain of wild-type Glu75is bent back toward the main  tion, but it does appear that the preferred position of the

chain, and a hydrogen bond is made between OE1 and thecarboxyl group is not consistent with the formation of a pair

amide N of the same residue. Two water molecules (which of H-bonds to Arg402 [as seen in eSHMT1, bsSHMT

are not present in E75L) help to stabilize this conformation. (12), and sites | and Il of mcSHMTI1Q)]. Instead, H-bonds

Differences between wild-type and E75Q TyraBd Tyr83 are formed to Tyr83 GIn75, and Arg402 gemdiamine,

are visible, but small, and the hydrogen bonding network in only one H-bond) or Ser53 (aldimine). These patterns are
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FIGURE 5: Stereoview comparing wild-type, E75L, and E75Q amino acid binding site I. The main chain within approxignAtef the

site is shown as a thin Ltrace, and side chains are shown in stick form. Water molecules appear as isolated spheres. The wild-type
structure is in yellow, E75Q in green, and E75L in red. Site Il is very similar, except that E75Q has a central phosphate ion instead of
water. In this view, an entering folate would come in from the top. This figure was drawn using Mol82jnd Raster3D33).

Ficure 6: Stereoview of bound glycine in E75Q-Ser sitgémDiamine and external aldimine forms, and the corresponding Lys257 side
chain conformations, are overlaid. The color code for atom types is as follows: yellow for C, blue for N, red for O, and magenta for P. A
difference electron density map produced by omitting PLP-Gly and a shell of neighboring protein residues is in green. The contour level
is 2.8, and only density surrounding PLP-Gly and the nearby Tya®8 Arg402 residues is drawn. This figure was drawn using Molscript

(32 and Raster3D33).

similar to those observed in mcSHMT sites Il and 10). specificity. One is that all reactions of 3-hydroxy amino acids
The structure suggests that the conformation of PLP and thecan be explained by a common retroaldol-type mechanism,
side chain of Lys257 may differ between E75Q and E75Q- with an aldehyde as an intermediate in both the folate-
Ser, and betweegemdiamine and external aldimine forms  dependent serine-to-glycine conversion and the folate-
of bound Gly, but higher-resolution data will be needed to independent threonine agidphenylserine reactions (Figure
confirm this. Aside from Lys257, protein residues surround- 1a). Similarly, the condensation of,PteGlu with formal-
ing site | exhibit no significant conformational differences gehyde and the conversion of CHH4PteGlu to 5-CHO-k
between E75Q and E75Q-Ser. _ PteGlu share a common mechanism (Figure 1b,c). A second
The E75Q-Ser structure confirms that E75Q rcSHMT s yje is that allothreonine an@-phenylserine cleavage occur
capable of converting serine to glycine in the absence of ,y 5 retroaldol mechanism, but serine angPtGlu are
folate, and that (at least in the crystal) the two binding sites .4 erted to products using a mechanism whose first step

in a mammalian SHMT dimer are not strictly equivaledit (  ig 5 nycleophilic displacement of the C3 hydroxyl group of
26). It is not possible to tell whether site Il does not bind (i< by N5 of HPteGlu, to form a serineH,PteGlu

ﬁef[me Iln ti?]e f|rsr: dpl?cremorlc;/vue?er 'tr?én?rsl s;1er|rn(|e, convetLts covalent intermediate; no formaldehyde is involved (Figure
0 glycine and formaidenyde, a en releases e1d) (12, 15). All these mechanisms rely on acibase
products. Likewise in the E75L-Ser structure, the absencechemistr with orotons beina shuttled to and from the
of serine could be due to a lower affinity for serine than for ) g’int rmpdi tes b g'tj ; N protein
phosphate or to conditions favoring conversion to glycine Propose ermediates by aciflase groups on prote
residues around the active site, and by water molecules.

and release of products.
One particularly good candidate for the involvement in
DISCUSSION acid—base chemistry at the active site is Glu75 in rcSHMT
There are two current views about the mechanism of (corresponding to Glu53 in bsSHMT, Glu57 in eSHMT,
SHMT which address its broad substrate and reaction Glu74 in scSHMT, and Glu75 in hcSHMT and mcSHMT).
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In sScSHMT, mutation of this residue to Gln or Lys lowered rotate freely, as expectedl5). However, two different
the catalytic activity for serine in the presence oPiteGlu research groups have shown that the principal product is in
by ~300-fold, but had little effect on the rate of cleavage of fact labeled at the R position 36, 37). Moreover, the 1.9
allothreonine 16). This study did not measure the effect on A structure of the bsSHMBer complex (the only structure
the conversion of CHH,PteGlu to 5-CHO-PteGlu, and reported to date for an SHMSer complex) 12) shows

a structure for this enzyme is not currently available. clearly that the hydroxyl group of serine is synperiplanar. A
However, the work clearly established that Glu75 is an retroaldol mechanism for serine in the synperiplanar con-
important catalytic residue. formation would give (1R)-[11-*H]CH>-H4PteGlu, assuming

Role of Glu75 As Determined from Spectral and Kinetic that the intermediate formaldehyde does not rotate. The
Properties of MutantsMutation of Glu75 did not signifi-  difficulty is then to explain (1) what keeps the formaldehyde
cantly affect the spectral properties of either the free enzyme from rotating and (2) how a rapid reaction rate can be
or the enzyme-glycine complex. However, the mutations achieved with this nonpreferred stereochemistry.

did have a dramatic effect on the spectral properties of the The first step of the retroaldol mechanism (Figure 1a)
enzyme-serine complex. The absorbance at 498 nm (502 requires a base to abstract a proton from a 3-hydroxy group
nm for the E75L mutant) shows that some of the serine hasof an amino acid. Two studies looked at the effect of the
been cleaved to enzyme-bound glycine (SHKUin) and substituent on thg-carbon (C3) of the amino acid on the
formaldehyde (Figure 2). We had previously shown that rate of retroaldol cleavage in the absence gPt¢Glu @,
rcSHMT does slowly catalyze the (folate-independent) 38). Both studies came to the conclusion that electron-
conversion of serine to glycine and formaldehyde, but the donating groups on C3 stabilize the transition state in the
turnover number of 0.0028 mifiwas governed by the rate  rate-determining step of the reaction. The resulting inter-
of release of formaldehyde rather than the cleavage of serinepretation was that, for substituted 3-hydroxy amino acid
(29, 30). We could make no statement in this previous study substrates, such as allothreonine ghghenylserine, the
about how fast serine was cleaved to glycine and formal- initial step in the mechanism could involve a transfer of the
dehyde. With the Glu75 mutants, we show that formaldehyde proton on Q to a base, forming either the alkoxide or a
release is greatly accelerated compared to that in wild-type highly negative hydroxyl group (as shown in Figure 1a; B
rcSHMT, but is still very slow with rates of 0.34 and 0.13 s the base). However, crystal structures indicate that there
min~* for E75L and E75Q, respectively (Table 2). From the is no suitable base near the 3-OH group of bound serine.
appearance of Ruin absorption at 498 nm, the rate of serine  Hydrogen bonding patterns from previous and current
cleavage could be determined directly, without regard for structural data suggest that Glu75 is probably in its acid form
formaldehyde release; it was found to be as high as 64 and(9, 12). It is likely to be the acid that donates a proton in the
460 mir* for E75L and E75Q rcSHMT, respectively. The  dehydration of CHOH-BPteGlu to form the iminium cation
rate of 460 min* for the E75Q mutant is similar to the rate  (B;H in Figure 1b). Data from this study also indicate that
of cleavage of allothreonine, and approacheskthevalue  Glu75 is required to catalyze the conversion of ‘GH,-

of 600 mirr* for the wild-type enzyme in the presence of PteGlu to 5-CHO-HPteGlu, as the E75Q and E75L mutants
H,PteGlu (Table 2). We conclude from these results, are nonfunctional for this reaction. This conversion requires
supported by the crystal structures of the mutants, that thethe donation of a proton to N10 of the folate (Figure 1c),
environment of the amino acid binding site and the role of and structural analysis shows that Glu75 is in position to do
PLP have not been altered significantly by changing GIu75 this, further suggesting that it is in the conjugate acid form.
to either GIn75 or Leu75, and that the mutant enzymes areEven if it is not protonated, it is not expected to be a strong
clearly competent for catalyzing folate-independent cleavage pase in the active site environment. Previous studies have
of 3-hydroxy amino acids, including serine. Therefore, the a|so indicated that no other nearby basic group (the 5
greatly reduced rate of the cleavage of serine asRt¢Glu  phosphate of PLP, His256, or His148) is a strong base-

to glycine and ChtH,PteGlu in the E75L and E75Q mutants  42).

must be associated with a step involving folate. This is further
supported by the complete loss of the ability of the mutant

en_zymesbto convert CHH,PteGlu to 5-CHO-bPteGlu retroaldol cleavage of both tleythroandthreoisomers of
(Figure 3b) (3, 14). the hydroxyl at C3, with therythroisomer being favored.
Mechanistic Implicationstigure 1 shows some possible | erythro8-phenylserine is modeled into the active site with
mechanisms for the reactions Catalyzed by SHMT, along with the C3 hydroxy' Synperip'anar' the pheny| ring Occupies a
the acid-base groups that are required for the proton transfer cavity lined by residues His148, Leul49, Ser203, Glu75
steps. From its location in SHM¥er and SHMTGly-5- Tyr82, Phe297 and Gly302 When thethreo isomer is
CHO-H,PteGlu complexes, we propose that Glu75 serves modeled with the same C3 hydroxyl conformation, there is
as both B and B in panels b and c of Figure 1. considerable overlap of the phenyl group with residues
The lowest-energy pathway for a retroaldol reaction Tyr73 and Glu75. Conversely, rotating the C3 hydroxyl to
requires the C3 hydroxyl of the substrate to be antiperiplanar the antiperiplanar position allows the phenyl group of the
to the amino group of the aldimine and the-823 bond of threoisomer to fit into the cavity but creates steric clashes
serine to be perpendicular to the plane of the PLP ra1j. for the erythro isomer. The situation for threonine versus
In a reaction starting with @)-[3-*H]serine bound in the  allothreonine is similar to that fathreo- versuserythro-s-
antiperiplanar conformation, it is predicted that the product phenylserine. Hence, it appears that substrate cleavage can
will be (119-[11-*H]CH,-H,PteGlu, if formaldehyde does occur for both synperiplanar and antiperiplanar conforma-
not rotate, or a racemic mixture of $and 1R if it does tions. The lack of a strong base and the lack of stereospeci-

All SHMTs that have been studied with respect to substrate
specificity catalyze at significant rates the folate-independent
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PLP ring PLP ring

Ficure 7: Stereoview of PLP, 5-CHO+RteGlu, glycine, and serine at the active site in various SHMT structures. Orange, yellow, and
cyan are for ternary complexes of SHMT with 5-CHQR#eGlu and glycine (external aldimine form) frdBn stearothermophilul?), E.

coli (11), and mouse (site | of cytosolic SHMT)Q), respectively. Red is for the binary complex of serine external aldimine with bsSHMT
(12). The CHO group of 5-CHO-HPteGlu is drawn with thin bonds, as a reminder that it would not be present in the reactigRteGHl

with the SHMT—Ser complex. No structure of a complex including serine aglté{Glu is available, but it is highly likely that the folate

in such a complex occupies essentially the same position as 5-CGR@Glu in the complexes that are pictured. Note thab® C3 of
serine is synperiplanar with respect to the PLP ring, and that theG32bond of serine is perpendicular to the plane of the ring. For the
mechanism shown in Figure 1e, thée spbital on N5 of HPteGlu should be rotated 18ffom the axis of the C2C3 bond of serine, i.e.,
pointing approximately along the green arrow. For the mechanism shown in Figure 1d, the orbital should freri@be axis of the
C3-0, bond of serine, approximately along the magenta arrow. This figure was drawn using Mol82yiph{ Raster3DJ3).

ficity at C3 suggest that abstraction of the C3 hydroxyl proton position to make an SN2 nucleophilic substitution of the
by a strong base (Bn Figure 1) is an unlikely first step in  serine hydroxyl.
amino acid cleavage, with or without folate present. A possible solution to the mechanistic problems described
An alternative to the two-step mechanism (Figure 1a,b) above is presented by a modified retroaldol mechanism based
for the folate-dependent reaction is the proposed single-stepon the assumption that the critical factor in forming the
nucleophilic displacement mechanism shown in Figure 1d; transition state for cleavage of the €23 bond of serine
N5 of H,PteGlu makes a direct attack on C3 of serine. This (and other substrates) is the highly electrophilic character
mechanism was proposed on the basis of the structure ofof the PLP ring. The C2C3 bond of serine is approximately
the bsSHMTSer complex 12); it requires the serine hy-  orthogonal to the plane of the PLP ring in the bsSHMT
droxyl to be synperiplanar to the aldimine nitrogen (as seen structure, as first predicted by Dunathadb), With this
in the structure) and does not involve free formaldehyde. geometry, the strong electron withdrawing effect of PLP will
Hence, the stereochemical difficulties of the retroaldol polarize the C2C3 bond, with positive charge accumulating
mechanism are avoided. Additionally, the nucleophilic on C3. An H-bond from Glu75, in its acid form, to,@vill
mechanism requires a proton donor (general acid) at theincrease this charge even further. The polarizedC2 bond
active site (H-bonded to the serine hydroxyl) to aid in the is easily broken. In the folate-independent cleavage (Figure
breaking of the O—C3 bond, rather than a strong base. As 1a), it is not necessary for a strong base to form an alkoxide
described above, Glu75 is probably protonated and is well ion from the hydroxyl of the amino acid. Instead, the partial
suited for this role. The direct displacement mechanism doespositive charge on C3 allows a weak base (e.g., water) to
not address the folate-independent cleavage of allothreonineaccept the proton from Qconcomitantly with the breakage
and -phenylserine, which is presumed to proceed via the of the C2-C3 bond to form the aldehyde. Groups on C3
retroaldol mechanism. that can donate electrons by either inductive effects or
However, there is a serious problem with this nucleophilic resonance will lower the transition state energy, thus ac-
mechanism. In the reverse reaction, the SH@8Tin complex counting for the substituent effects noted above. With serine,
must accept a 1-C group from the iminium cation to form there are no electron-donating groups on C3 and the transition
the covalent adduct. In the forward reaction, the iminium state energy for the folate-independent reaction will be higher
cation is formed via elimination of the serine hydroxyl as a than with allothreonine or phenylserine.
water molecule. In the reverse reaction, this water would In view of the mechanistic problems described above, we
have to make an SN2 attack on C3 of serine, eliminating propose the mechanism shown in Figure 1e for the serine
N5 of the covalent adduct. The SN2 substitution of a and HPteGlu to glycine and CHH4PteGlu conversion. In
secondary amine with a weak base such as water would bethis mechanism, the highly polarized C3 of serine is attacked
very unfavorable. A second consideration is the geometry by N5 of H,PteGlu, cleaving the C2C3 bond to generate
of the nucleophilic attack. For SN2 displacement, the N5-CHOH-H,PteGlu (carbinolamine intermediate) and the
attacking group should approach from the side opposite thequinonoid complex of glycine (SHMQuin). In this mech-
leaving group; i.e., the Sprbital of the tetrahedral N5 of  anism, the preferred direction for the nucleophilic attack by
H.PteGlu should be positioned opposite the serine-G3 N5 on C3 of serine is opposite of the €82 bond; i.e., the
bond. Examination of the structures of SHMT complexes N5—C3—C2 angle should be close to I80As shown in
with serine, and with 5-CHOH,PteGlu and glycine (Figure  Figure 7, N5 is much closer to being properly positioned
7), reveals that N5 of fPteGlu is far from being in a good  for such an SN2 attack on C3 of serine (in which the glycine
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anion is eliminated) than for the attack shown in Figure 1d
(in which the serine hydroxyl is eliminated). Whether the
reaction is concerted, as shown in Figure le, or stepwise,
with breakage of the C2C3 bond (creating a formaldehyde
intermediate) preceding formation of the NE3 bond,
awaits further study. We conclude, however, that this
mechanism properly explains the role of Glu75 as an acid
in both the retroaldol cleavage of all 3-hydroxy amino acids
and the conversion of CHH,PteGlu to 5-CHO-HPteGlu.
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