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Serine hydroxymethyltransferase (SHMT) plays an

important role in both amino acid and nucleotide

metabolism by providing one-carbon units for the

biosynthesis of purines, thymidylate, methionine and

choline [1]. SHMT is also considered to be an impor-

tant target for cancer chemotherapy [2]. It catalyses the
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Serine hydroxymethyltransferase (SHMT) from Bacillus stearothermophilus

(bsSHMT) is a pyridoxal 5¢-phosphate-dependent enzyme that catalyses the

conversion of l-serine and tetrahydrofolate to glycine and 5,10-methylene

tetrahydrofolate. In addition, the enzyme catalyses the tetrahydrofolate-

independent cleavage of 3-hydroxy amino acids and transamination. In this

article, we have examined the mechanism of the tetrahydrofolate-indepen-

dent cleavage of 3-hydroxy amino acids by SHMT. The three-dimensional

structure and biochemical properties of Y51F and Y61A bsSHMTs and

their complexes with substrates, especially l-allo-Thr, show that the cleav-

age of 3-hydroxy amino acids could proceed via Ca proton abstraction

rather than hydroxyl proton removal. Both mutations result in a complete

loss of tetrahydrofolate-dependent and tetrahydrofolate-independent activi-

ties. The mutation of Y51 to F strongly affects the binding of pyridoxal

5¢-phosphate, possibly as a consequence of a change in the orientation of

the phenyl ring in Y51F bsSHMT. The mutant enzyme could be com-

pletely reconstituted with pyridoxal 5¢-phosphate. However, there was an

alteration in the kmax value of the internal aldimine (396 nm), a decrease in

the rate of reduction with NaCNBH3 and a loss of the intermediate in the

interaction with methoxyamine (MA). The mutation of Y61 to A results in

the loss of interaction with Ca and Cb of the substrates. X-Ray structure

and visible CD studies show that the mutant is capable of forming an

external aldimine. However, the formation of the quinonoid intermediate is

hindered. It is suggested that Y61 is involved in the abstraction of the Ca
proton from 3-hydroxy amino acids. A new mechanism for the cleavage of

3-hydroxy amino acids via Ca proton abstraction by SHMT is proposed.
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reversible interconversion of l-Ser and tetrahydrofolate

(THF) to Gly and 5,10-methylene THF. In addition, it

catalyses the THF-independent cleavage of l-allo-Thr,

transamination, decarboxylation and racemization

reactions [3–5]. SHMT belongs to the a-family of

pyridoxal 5¢-phosphate (PLP)-dependent enzymes. The

reversible conversion of l-Ser to Gly proceeds via

several intermediates with distinct absorption maxima,

which have aided in the elucidation of the reaction

mechanism [2].

In an earlier study, we determined the structures

of Bacillus stearothermophilus SHMT (bsSHMT) and

its binary and ternary complexes [6]. Figure 1 depicts

the geometry of the active site of the bsSHMT–Ser

external aldimine, highlighting the residues that may

be involved in catalysis. A retro-aldol cleavage mech-

anism (Scheme 1A) has been proposed previously for

the l-Ser cleavage, in which the reaction begins with

an abstraction of a proton from the hydroxymethyl

group. However, structural and mutational studies

on the active site glutamate [E74 of sheep liver cyto-

solic SHMT (scSHMT) [7], E53 of bsSHMT [8] and

E75 of rabbit liver cytosolic SHMT (rcSHMT) [9]]

have shown that the THF-dependent conversion of

l-Ser to Gly is completely abolished in these

mutants. However, the THF-independent cleavage of

l-allo-Thr is enhanced several fold, clearly suggesting

that glutamate is not involved in the proton abstrac-

tion from 3-hydroxy amino acids. It has been shown

that the glutamate residue is involved in the appro-

priate positioning of l-Ser [7,8]. The loss of physio-

logical activity has been attributed to the loss of

interaction of E53 with THF [8]. Mutation of H147

in scSHMT (corresponding to H122 in bsSHMT)

does not result in a considerable loss of THF-depen-

dent and THF-independent activities [10]. Hence, it

is unlikely to be the residue involved in proton

abstraction from the hydroxyl group of l-Ser and

other 3-hydroxy amino acids. A detailed examination

of the binary and ternary complexes of bsSHMT has

enabled us to propose a direct displacement mecha-

nism (Scheme 1B) for the THF-dependent cleavage

of l-Ser, in which a nucleophilic attack by N5 of

THF facilitates Ca–Cb bond cleavage of l-Ser

accompanied by the release of a water molecule to

form the product (Gly quinonoid intermediate), and

THF is converted to 5,10-methylene THF [6] (Sche-

me 1B). Clearly, the same mechanism may not hold

good for the THF-independent reaction catalysed by

SHMT.

Active site Lys and Tyr residues have been

invoked as Ca proton abstractors in several PLP-

dependent enzymes, such as aspartate aminotransfer-

ase [11,12], 5-aminolaevulinate synthase [13] and ala-

nine racemase [14]. Structural and mutational

analysis of the active site Lys mutant K226M

bsSHMT demonstrated that Lys was not involved in

Ca proton abstraction [15]. As evident from Fig. 1,

Y51 and Y61 are the other possible candidates for

Ca proton abstraction. Sequence comparison of

SHMT from various sources has revealed that Y51,

Y60 and Y61 (numbering according to bsSHMT) are

well conserved. In the internal aldimine structure of

bsSHMT, the hydroxyl group of Y51 is found to

interact with the phosphate group of PLP (Fig. 1),

and the side-chain of Y61 is hydrogen bonded to

R357 (2.7 Å) and points away from E53 (5 Å). In

the external aldimine structure, Y61 points towards

E53, approaching its side-chain carboxylate group

and Cb of the bound ligand, l-Ser (2.8 Å) [6]. The

residues corresponding to Y61 of bsSHMT in

scSHMT (Y82) [7] and eSHMT (Y65) [16] have been

mutated to F previously. Studies on these mutants

have suggested that this residue may be involved in

proton abstraction, stabilization of the quinonoid

intermediate [7] and conversion of a closed to an

open form of the enzyme [16].

Although extensive studies have been carried out

on the mechanism of the THF-dependent reaction of

SHMT, not much is known about the mechanism of

Fig. 1. Active site geometry of bsSHMT–

Ser complex depicting the residues involved

in catalysis. The stereo diagram of the

bsSHMT–Ser active site shows the Schiff

base between PLP and the amino group of

L-Ser. Residues from the same subunit are

shown in yellow and those from the other

subunit in green. E53 and H122 interact

with the hydroxyl group of L-Ser, Y51

interacts with the phosphate group of PLP

and Y61 is close to Cb of L-Ser.
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the THF-independent cleavage of 3-hydroxy amino

acids. Clearly, E53 and H122 or K226 are not

involved in proton abstraction. It is possible that

cleavage occurs by a mechanism different from the

classical retro-aldol cleavage (Scheme 1C) [17]. In

this article, we describe structural and functional

studies on Y51F, Y61F and Y61A bsSHMTs. These

studies suggest that Y61 is a possible candidate for

proton abstraction from Ca of Gly and 3-hydroxy

amino acids, and that Y51 is involved in PLP

binding. An alternative mechanism, for the cleavage

of 3-hydroxy amino acids via the abstraction of a

Ca proton rather than a hydroxyl proton, is

proposed.

I 
L-Ser external 
Aldimine - 425 

II  
Gly quinonoid  

- 495 nm 

III  
Carbinolamine 

IV  
Iminium cation  

V 
Gly external   

Aldimine - 425 nm 

I 
L-Ser external  

Aldimine - 425 nm  

II  
Gly quinonoid    

- 495 nm  

III  
Gly external    

aldimine - 425 nm  

I 
E – Substrate external 

aldimine  –  425 nm  

II  
Quinonoid 

intermediate  – 425 nm 

III  
E – Product external   

aldimine  – 425 nm 

C 

B 

A 

Scheme 1. Reaction mechanisms proposed for THF–dependent cleavage of L-Ser and THF-independent cleavage of 3-hydroxy amino

acids by SHMT. (A) Retro-aldol mechanism. (B) Direct displacement mechanism. (C) Retro-aldol mechanism for the cleavage of 3-hydroxy

amino acids.
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Results and Discussion

PLP content and activity measurements of Y51F,

Y61A and Y61F bsSHMTs

The purified Y51F and Y61F bsSHMTs were nearly

colourless and pale yellow, respectively, indicating dif-

ferences in the PLP content of these preparations

(0.2 mol per mol of subunit in Y51F and 0.6 mol per

mole of subunit in Y61F bsSHMT, compared with

1 mol per mole of subunit in bsSHMT). The PLP con-

tent of Y61A bsSHMT was similar to that of

bsSHMT. The addition of 200 lm of PLP to the Y51F

and Y61F bsSHMTs (1 mgÆmL)1) in buffer D, fol-

lowed by incubation at 4 �C for 45 min and dialysis

against buffer not containing PLP, restored the PLP

content to 1 mol per mole of subunit. These observa-

tions suggest that PLP is lost during the purification of

Y51F and Y61F bsSHMTs and can be restored com-

pletely on reconstitution. All further experiments were

carried out with the reconstituted enzyme. The THF-

dependent cleavage of L-Ser was completely abolished

in all the mutants. When the activity was checked with

l-allo-Thr under the conditions used for bsSHMT, no

measurable activity could be detected. However, on

increasing the enzyme concentration 100-fold, a barely

detectable level of activity could be measured for

Y61A bsSHMT. The transamination reaction with

d-Ala was completely abolished in all the mutants.

The results of activity measurements are summarized

in Table 1. The kinetic parameters, such as Km and

Vmax, for the mutant enzymes could not be determined

because of their negligible activity.

Spectral and structural properties

Internal aldimine

The visible absorption spectrum of Y61A bsSHMT

(Fig. 2A) was similar to that of bsSHMT, with

maximum absorbance at 425 nm (Fig. 2A, inset). This

corresponds to the internal aldimine form. In contrast,

Y51F and Y61F bsSHMT mutants showed a kmax

value at 396 nm (Fig. 2B). Similar spectral changes

were observed in the Y121F mutant of 5-aminolaevuli-

nate synthase [13], K258H aspartate aminotransferase

[11], K226M bsSHMT [15] and K229R eSHMT [18].

As Y51F and Y61F bsSHMTs showed a kmax value

different from that of the wild-type enzyme, the mode

of PLP interaction in these mutants was examined

further. NaCNBH3 specifically reduces the internal

Table 1. Enzymatic activities of bsSHMT and its Tyr mutants.

Enzyme

Specific

activity (L-Ser)a
Specific

activity (L-allo-Thr)b
Transamination

(D-Ala)c (s)1)

bsSHMT 5.0 0.65 0.04

Y51F NDAd NDAd NDAd

Y61F NDAd NDAd NDAd

Y61A 0.05 0.03 NDAd

a Micromoles of HCHO per minute per milligram when L-Ser and

THF were used as substrates. b Micromoles of CH3CHO per min-

ute per milligram with L-allo-Thr as substrate. c Pseudo-first-order

rate constant. d No detectable activity.
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Fig. 2. (A) Absence of spectral changes in Y61A bsSHMT on addi-

tion of Gly or Gly + FTHF. Absorption spectra of Y61A bsSHMT

(1 mgÆmL)1) in final buffer D (d) and on addition of 50 mM of

L-Ser ⁄ Gly (——). Further addition of 1.8 mM ⁄ 1 mM THF ⁄ FTHF results

in a small amount of quinonoid intermediate at 495 nm ( ). Inset:

spectrum of bsSHMT (1 mgÆmL)1) in buffer D (——) showing the

absorption maximum at 425 nm, a characteristic of the PLP internal

aldimine. The addition of Gly (50 mM) results in a spectrum with an

additional small peak at 495 nm caused by formation of the quino-

noid intermediate (d); further addition of THF (1.8 mM) enhances

the concentration of the quinonoid intermediate ( ) with a concom-

itant loss of absorbance at 425 nm. (B) Spectral changes observed

on addition of Gly or Gly ⁄ FTHF to Y51F bsSHMT. The spectrum of

Y51F bsSHMT (1 mgÆmL)1) in buffer D (d) shows an absorption

maximum at 396 nm; on addition of 50 mM L-Ser ⁄ Gly (——), the

absorption maximum shifts to 412 nm; further addition of 1 mM

THF ⁄ FTHF ( ) does not result in quinonoid intermediate formation.

Y61F bsSHMT also shows similar results, but the data were not

included to avoid repetition.
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aldimine to a secondary amine [19]. In bsSHMT, this

reaction proceeds to completion in 5 min (Fig. 3,

inset). Although Y51F and Y61F bsSHMTs could be

reduced by NaCNBH3, the time required for comple-

tion of the reaction was 30 min (data for Y61F

bsSHMT not shown) (Fig. 3). The addition of MA to

bsSHMT results in its conversion to an oxime absorb-

ing at 325 nm through an intermediate absorbing at

388 nm. The intermediate is formed in 30 s and the

overall reaction takes 20 min to reach completion [20].

This intermediate is believed to be PLP (Fig. 4, inset).

Any disruption at the active site results in the loss of

this intermediate [15,21]. In all three mutants, the addi-

tion of MA results in the formation of the oxime in

approximately the same time (20 min). However, the

peak at 388 nm, corresponding to the formation of the

intermediate, is not observed (Fig. 4). The rate con-

stant for the conversion of the bsSHMT internal aldi-

mine to the intermediate is 1.6 s)1 and the rate of

conversion of the intermediate to the final product is

4 · 10)3 s)1. The formation of the oxime in the

mutants occurs with similar rate constants of

5 · 10)3 s)1 for Y51F, 2 · 10)3 s)1 for Y61F and

1 · 10)3 s)1 for Y61A bsSHMT. Thus, the mutants

were able to interact with MA without forming an

intermediate. These results suggest that the mutant

enzymes are in an internal aldimine form; however, the

environment of PLP is different.

The overall internal aldimine structures of Y51F

and Y61A bsSHMTs are very similar to that of

bsSHMT, with rmsd of 0.11 and 0.19 Å, respectively

for the superposition of all Ca atoms. In bsSHMT, the

Y51 hydroxyl group forms a hydrogen bond with the

phosphate oxygen of PLP. In Y51F bsSHMT, this

interaction is lost and the phenyl plane of F51 is

rotated by 75� when compared with that of Y51. PLP

is easily lost from Y51F as a result of this mutation. A

water molecule is present in Y51F bsSHMT at the

position corresponding to the hydroxyl of Y51. The

change in the orientation of F51 in the mutant induces

a corresponding change in the orientation of the

phenyl ring of Y61 by about 85� (Fig. 5). A smaller

change (18�) is also observed in the orientation of

Y60. However, this change in orientation is probably a

result of the change in w angle for the Y60–Y61 pep-

tide unit by about 26�. There is a small change in the

orientation of E53; no other significant changes were

observed in Y51F bsSHMT. In spite of these changes,

the orientation of PLP in Y51F bsSHMT is the same

as that of bsSHMT. Most of the observed changes

appear to result from the loss of stabilizing interactions

caused by the Y to F mutation. These changes may

account for the shift of the absorption maximum of the

internal aldimine from 425 to 396 nm in the mutant

(Fig. 2B), the loss of the characteristic ellipticity maxi-

mum at 425 nm for Y51F bsSHMT (Fig. 6) and the

absence of intermediate (Fig. 4) on interaction with

MA. Similar spectral changes are observed in Y61F

bsSHMT. As this mutant did not crystallize, the related

structural changes could not be ascertained.

In Y61A bsSHMT, the orientation of PLP is differ-

ent by about 11� along the N1–C3 axis when

compared with that of bsSHMT (data not shown).

However, there is no change in the kmax value of this

mutant (425 nm, Fig. 2A). In addition, there are no

significant changes in the orientation of residues E53,

Fig. 3. The reduction of bsSHMT and Y51F bsSHMT on addition of

NaCNBH3. Spectrum of Y51F bsSHMT (1 mgÆmL)1) (d); spectra on

addition of NaCNBH3 (1 mM) after 5 min (——) and 30 min ( ). Inset:

bsSHMT untreated (d) and 5 min after addition of NaCNBH3 (——).

Fig. 4. Interaction of bsSHMT and Y51F bsSHMT with MA. Spec-

trum of Y51F bsSHMT (d); on addition of MA (10 mM), there is a

marked decrease in absorbance at 396 nm in 2 min (——) and 20 min

( ). There is a concomitant increase in absorbance at 325 nm. Only

the Y51F spectrum is given to avoid repetition, as all mutants gave

similar results. Inset: interaction of MA with bsSHMT (d); MA

(2 mM) was added and the spectra were recorded after 30 s (——),

10 min ( ) and 20 min ( ). The figure shows the formation of an

intermediate with an absorption maximum at 388 nm prior to the

formation of the product oxime absorbing at 325 nm.

Role of Y51 and Y61 in bsSHMT catalysis B. S. Bhavani et al.
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Y51 and Y60 when compared with bsSHMT. In con-

trast, the spectral changes are minimal in Y61A

bsSHMT when compared with Y51F and Y61F

bsSHMTs. This is also reflected in the crystal structure

of the Y61A bsSHMT internal aldimine (figure not

shown).

Binary complex with Gly/L-Ser

The addition of l-Ser or Gly to Y51F and Y61F

bsSHMTs results in a shift of the kmax value from 396

to 412 nm (Fig. 2B, data not shown for Y61F

bsSHMT). There is no change in the kmax value when

these ligands are added to Y61A bsSHMT, unlike that

of bsSHMT (Fig. 2A). The addition of THF or 5-for-

myl-THF (FTHF) to the Gly external aldimine of

bsSHMT converts a large fraction of the molecules to

the quinonoid form, with an absorption maximum at

495 nm (Fig. 2A, inset) [7]. However, the addition of

THF or FTHF to the Gly external aldimine of Y51F

and Y61F bsSHMTs does not show the appearance of

a 495 nm peak (Fig. 2B), and Y61A bsSHMT shows a

barley detectable peak (0.8%) (Fig. 2A). This suggests

that the formation of the quinonoid intermediate is

affected in all three mutants.

The visible CD ellipticity maximum at 425 nm of

bsSHMT is reduced on formation of the external aldi-

mine with l-Ser or Gly [7]. Y61A bsSHMT exhibits

similar spectral characteristics (Fig. 6, inset). No CD

ellipticity is observed in the visible region with Y51F

or Y61F bsSHMT mutants. The addition of l-Ser does

not result in the appearance of any new CD peak.

However, the addition of Gly to Y51F bsSHMT

results in the appearance of a peak at 333 nm. This

peak indicates the formation of a gem-diamine [8]

(Fig. 6).

Although the overall structure of Y51F bsSHMT–

Gly is very similar to that of bsSHMT–Gly, with an

rmsd of 0.15 Å for the superposition of all Ca atoms,

significant differences were observed in the PLP orien-

tation and ligand binding properties. In the Y51F

bsSHMT–Gly complex, PLP is found in its gem-dia-

mine form, which is consistent with the observation of

a visible CD ellipticity maximum at 333 nm (Fig. 6).

However, the density connecting PLP and Gly is

weaker than that connecting PLP and Lys (Fig. 7),

and only the carboxyl of Gly has good density. These

observations, coupled with spectroscopic studies,

Fig. 5. Superposition of the active sites of

bsSHMT (blue) and Y51F bsSHMT (yellow)

showing the differences in the conformation

of residues Y ⁄ F51, E53, Y60 and Y61.

Fig. 6. Changes in the visible CD spectrum of Y51F and Y61A

bsSHMT on addition of L-Ser ⁄ Gly. The visible CD spectrum of Y51F

bsSHMT (d) (1 mgÆmL)1) shows no characteristic ellipticity maxi-

mum. However, on addition of Gly ( ), an ellipticity maximum is

observed at 343 nm, suggesting the formation of a gem-diamine;

the addition of 50 mM L-Ser does not produce a similar change (——).

Inset: the visible CD spectrum of Y61A bsSHMT (1 mgÆmL)1) (d)

shows an ellipticity maximum at 425 nm; the addition of 50 mM of

L-Ser (——) or Gly ( ) results in a decrease in the ellipticity maximum

of Y61A bsSHMT, suggesting the formation of an external

aldimine.
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suggest that the structure corresponds to the gem-dia-

mine form. The conformations of F51, Y60, Y61 and

E53 are very similar in Y51F and Y51F bsSHMT–

Gly, although they are different from those seen in

wild-type internal and external aldimines.

Another interesting observation is that the phos-

phate group of PLP is in two distinct conformations

(Fig. 7). The additional conformation may be attrib-

uted to the loss of hydrogen bonding between Y51F

and the phosphate oxygen. A few water molecules

could be fitted with partial occupancy close to the oxy-

gen atoms of the original phosphate. As a result of

these changes, PLP orientation is also different in

Y51F bsSHMT–Gly when compared with that of the

wild-type internal and Gly external aldimine. The

plane of the pyridine ring is rotated by about 22�
along the C2–N1 axis. As a consequence, the C5A

atom of PLP moves by 1.66 Å. The change in the

orientation of PLP and the conformation of F51,

Y60, Y61 and E53 could lead to Gly being present pre-

dominantly in the gem-diamine form (Figs 6 and 7).

In the Y61A bsSHMT–Gly complex, Gly is bound

to PLP as an external aldimine. The position of Gly

and orientation of PLP are very similar to those of the

bsSHMT–Gly complex. Y61A bsSHMT crystallizes in

the presence of Gly and FTHF in two forms, ortho-

rhombic and monoclinic, with almost identical unit cell

parameters. However, in both forms, no electron den-

sity is observed for FTHF. This is in contrast with the

result obtained with bsSHMT, where co-crystallization

with Gly and FTHF results in crystals of the ternary

complex in a lower symmetric monoclinic form. The

superposition of Y61A bsSHMT–Gly and bsSHMT–

Gly–FTHF shows that the mutation of Y61 to A cre-

ates a large cavity near the binding site of the pteridine

ring of FTHF, and this may affect the binding of

FTHF ⁄THF. The crystal structures of the Y51F and

Y61A bsSHMT–Ser complexes show that l-Ser forms

a clear external aldimine with PLP. The conformations

of F51 and Y61 in Y51F bsSHMT–Ser are similar to

those of Y51F bsSHMT–Gly. The external aldimine

may be stabilized by interactions of the l-Ser hydroxyl

group with E53 and the surrounding water molecules.

l-allo-Thr complex

In bsSHMT, l-allo-Thr is cleaved to Gly, and hence

the density corresponding to Gly only is observed

when crystals are obtained in the presence of l-allo-

Thr. The most interesting observation in these mutants

is that an intact l-allo-Thr is bound to PLP and forms

an external aldimine. Except for the bound ligand, the

structures of the Y51F and Y61A bsSHMT–l-allo-Thr

complexes (Fig. 8A,B) are very similar to that of

bsSHMT–Gly(allo-Thr) (crystals of bsSHMT obtained

in the presence of l-allo-Thr), with rmsd of 0.11 and

0.19 Å, respectively. The position and orientation of

l-allo-Thr are similar to those of l-Ser in Y51F and

Y61A bsSHMT–Ser complexes, with Oc interacting

with E53 and H122 (Fig. 8A). Cc of l-allo-Thr has a

hydrophobic interaction with the side-chain of S172.

In the Y51F bsSHMT-allo-Thr complex, the phos-

phate of PLP is in two conformations, as in Y51F

bsSHMT–Gly. In Y61A bsSHMT, the density for the

side-chain of l-allo-Thr is weaker than that for Y51F

bsSHMT-allo-Thr. These are the first two mutants of

SHMT in which l-allo-Thr is bound to PLP as an

external aldimine and is not further converted to Gly

and acetaldehyde. Mutation of Y51 and Y61 leads to

the loss of the THF-independent reaction. Therefore,

these residues may be directly involved in l-allo-Thr to

Gly conversions.

Mechanism of THF-independent cleavage

of L-allo-Thr by bsSHMT

The conversion of l-Ser to Gly by SHMT takes place

in the presence of THF by a direct displacement mech-

anism [6]. The cleavage of l-allo-Thr to Gly is THF

independent. The main difference between l-Ser and

l-allo-Thr is the substitution of the Cb hydrogen in

l-Ser by a methyl group in l-allo-Thr. It has been

proposed previously that the THF-independent conver-

sion of b-hydroxy amino acids, such as l-allo-Thr, by

SHMT takes place by a retro-aldol cleavage mecha-

nism (Scheme 1C) [17]. In this mechanism, the first

step is the abstraction of a proton from the side-chain

hydroxyl group. The crystal structure of the bsSHMT–

Fig. 7. Stereo diagram showing the electron density of the Y51F

bsSHMT gem-diamine. Electron density (Fo)Fc, contoured at 3r)

for the gem-diamine of the Y51F bsSHMT–Gly complex. PLP is

bonded to both K226 and Gly amino groups. The phosphate group

is in double conformation.
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Ser complex suggests that H122 and E53 are well posi-

tioned for abstracting a proton. The mutation of either

H122 or E53 in bsSHMT does not affect the cleavage

of l-allo-Thr, although the physiological activity of

SHMT is completely abolished [7–10]. This shows that

neither H122 nor E53 is involved in the abstraction of

the proton from the side-chain hydroxyl group. The

superposition of the bsSHMT–Gly–FTHF ternary

complex with Y51F and the Y61A bsSHMT–l-allo-

Thr complex shows that the additional methyl group

at Cb causes a severe steric clash with the FTHF mole-

cule. This may prevent binding of FTHF ⁄THF to

SHMT when an l-allo-Thr external aldimine is

formed, and cleavage occurs in the absence of THF.

Earlier studies have also shown that there is a linear

relationship between the rate of THF-independent

cleavage of b-substituted substrates and the hydration

equilibrium of the product aldehyde, demonstrating

that cleavage is accelerated by the presence of electron-

donating substituents at Cb [22]. It has been shown

that, of the b-hydroxy amino acid substrates, l-Ser

and a-methyl-l-Ser are the slowest reactants (105 fold

slower) for SHMT in the absence of THF [22]. How-

ever, the question that still remains unanswered is why

Y61 cannot abstract a Ca proton from l-Ser when

THF is not present. It is probable that the hydroxyl

group of l-Ser has a lower radius than the CH3 group

of l-allo-Thr, which facilitates higher hydration. This

makes the Ca–Cb bond energetically stable, and hence

the removal of the Ca proton by Y61 is unfavourable.

The studies presented here show that the mutation

of either Y51 or Y61 affects the THF-independent

cleavage of l-allo-Thr (Table 1). An examination of

the active site geometry in bsSHMT (Fig. 1) and the

Y51F and Y61A mutants shows that Y51 and Y61 are

not placed suitably for the removal of a proton from

the hydroxyl group of l-allo-Thr. However, they may

have a role in abstracting a proton from the Ca atom

of l-allo-Thr. The hydroxyl group of Y51 is 3.6 and

3.8 Å from Ca of Gly and Ser, respectively, in

bsSHMT. Of the two residues, Y51 is unlikely to be

involved in proton abstraction from Ca of the bound

ligand because of its greater distance and incorrect

geometry. In contrast, the hydroxyl group of Y61 is

3.3 and 3.2 Å from Ca of Gly and Ser, respectively.

Y61 may therefore be involved in Ca proton abstrac-

tion in the THF-independent reaction. The Y51 to F

mutation leads to a change in the orientation of Y61

and increases the distance between the hydroxyl group

of Y61 and Ca of the ligand. In Gly, l-Ser and l-allo-

Thr complexes with Y51F bsSHMT, the hydroxyl

group of Y61 and Ca of the bound ligand are at dis-

tances of 4.97, 4.39 and 4.39 Å, respectively. This may

lead to the loss of l-allo-Thr cleavage activity of Y51F

bsSHMT. It may therefore be concluded that Y51 is

important for PLP binding and appropriate position-

ing of Y61, and Y61 is involved in the abstraction of

the proton from the Ca carbon of l-allo-Thr. On the

basis of these observations, a possible mechanism

for the SHMT-catalysed cleavage of l-allo-Thr is

suggested (Scheme 2).

In this mechanism (Scheme 2), after the formation

of the l-allo-Thr external aldimine (II), cleavage is trig-

gered by the abstraction of a Ca proton by Y61, lead-

ing to the formation of a carbanion intermediate (III).

This is followed by an internal rearrangement of a pro-

ton from the side-chain hydroxyl group of l-allo-Thr

to Ca, and concomitant cleavage of the Ca–Cb bond.

This bond cleavage leads to the release of acetalde-

hyde, leaving behind the Gly quinonoid intermediate

(IV). Reprotonation of the quinonoid intermediate at

C4 converts it into the Gly external aldimine (V). This

is followed by the nucleophilic attack of the e-amino

group of the active site Lys on the Gly external aldi-

mine, leading to the internal aldimine and the release

of Gly. These results suggest that the catalysis of

A

B

Fig. 8. (A) Superposition of the active sites of Y51FbsSHMT

(yellow) and bsSHMT (blue) complexes obtained in the presence of

L-allo-Thr. The interactions of L-allo-Thr with E53 and H122 in

Y51FbsSHMT-allo-Thr (yellow) are shown as dotted lines. (B) Elec-

tron density (Fo)Fc, contoured at 3r) corresponding to L-allo-Thr in

Y61A bsSHMT.
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3-hydroxy amino acids could proceed via abstraction

of a Ca proton rather than the hydroxyl proton by

Y61 of bsSHMT.

Materials and methods

Site-directed mutagenesis

Plasmids were prepared by the alkaline lysis procedure

using the DH5a strain of Escherichia coli [23]. The prepara-

tion of competent cells and transformation were carried out

by the method of Alexander [24]. The Y51F bsSHMT

mutant was constructed by a PCR-based sense–antisense

primer method [25] with pRSH (bsSHMT gene cloned in

pRSET C vector) as template using appropriate sense

(5¢-GACGAACAAATTCGCGGAAGG-3¢) and anti-sense

(5¢-CCTTCCGCGAATTTGTTCGTC-3¢) primers and

Deep Vent Polymerase (New England Biolabs, Beverly,

MA, USA). The Y61F bsSHMT and Y61A bsSHMT

mutants were also generated by a similar procedure using

the following primers: Y61F (sense), 5¢-GCCGCTATTTT

GGCGGCTGC-3¢; Y6F (antisense), 5¢-GCAGCCGCCA

AAATAGCGGCG-3¢; Y61A (sense), 5¢-CGCCGCTATG

CTGGCGGCTGC-3¢; Y6A (antisense), 5¢-GCAGCCGCC

AGCATAGCGGCG-3¢. The nucleotides in italic indicate

the mutation introduced. The mutations were confirmed by

DNA sequencing.

Expression and purification of Y51F, Y61F and

Y61A bsSHMTs

Y51F, Y61F and Y61A bsSHMT constructs were trans-

formed into E. coli BL21 (DE3) pLysS strain. A single

colony was grown at 30 �C in 50 mL of Luria–Bertani (LB)

medium containing 50 lgÆmL)1 ampicillin. These cells were

inoculated into 1 L of terrific broth containing 50 lgÆmL)1

ampicillin. After 3–4 h at 30 �C (A600 = 0.6), cells were

induced with 0.3 mm isopropyl thio-b-d-galactoside for

4–5 h. The mutant enzymes were purified by a procedure

identical to that used for the wild-type enzyme [26]. Briefly,

the cells were harvested, resuspended in 60 mL of buffer A

(50 mm potassium phosphate, pH 7.4, 2-mercaptoethanol,

1 mm EDTA and 100 lm PLP) and sonicated. The super-

natant was subjected to 0–65% ammonium sulfate precipi-

tation. The pellet obtained was resuspended in 20–30 mL of

buffer B (20 mm potassium phosphate, pH 8.0, 1 mm

2-mercaptoethanol, 1 mm EDTA and 50 lm PLP) and

dialysed for 24 h against the same buffer (1 L with two

changes). The dialysed sample was loaded onto DEAE-cel-

lulose previously equilibrated with buffer B. The column

was washed with 500 mL of buffer B, and the bound pro-

tein was eluted with 50 mL of buffer C (200 mm potassium

phosphate, pH 6.4, 1 mm EDTA, 1 mm 2-mercaptoethanol,

50 lm PLP). The eluted protein was precipitated at 65%

ammonium sulfate saturation, and the pellet was resus-

pended in buffer D (50 mm potassium phosphate, pH 7.4,

1 mm EDTA, 1 mm 2-mercaptoethanol) and dialysed

against the same buffer (2 L, with two changes) for 24 h.

The purified proteins were homogeneous when examined

using SDS-PAGE. Protein was estimated by the method of

Lowry et al. [27] using BSA as the standard.

Enzyme assays

SHMT-catalysed THF-dependent cleavage of l-Ser to Gly

and 5,10-methylene THF was monitored using l-[3-14C]-Ser

(Amersham Pharmacia Biotech Ltd, Little Chalfont, Buck-

inghamshire, UK) [28]. One unit of enzyme activity was

defined as the amount of enzyme that catalyses the forma-

tion of 1 lmol of formaldehyde per minute at 37 �C.
Specific activity was expressed as units per milligram

of protein.

SHMT-catalysed THF-independent aldol cleavage of

l-allo-Thr to Gly and acetaldehyde was monitored at

340 nm by the NADH-dependent reduction of acetaldehyde

to ethanol and NAD+ by alcohol dehydrogenase present

in an excess amount in the reaction mixture [7]. NADH

consumed in the reaction was calculated using a molar

I 
L- allo -Thr external  
aldimine – 425 nm 

II 
Carbanion 

intermediate  

III 
Gl y q  uinonoid – 495 nm 

III 
Gly external 

aldimine – 495 nm  

Scheme 2. Proposed mechanism for the cleavage of L-allo-Thr.
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extinction coefficient of 6220 m
)1Æcm)1. Both THF-depen-

dent and THF-independent SHMT reactions were carried

out in duplicate using protein from three independent puri-

fications. The kinetic constants were calculated using dou-

ble reciprocal plots. The pseudo-first-order rate constant

for the THF-independent transamination of d-Ala was cal-

culated from the time course of the decrease in the absorp-

tion at 425 nm [7].

Spectroscopic methods

The visible absorption spectra were recorded on a JASCO

V-530 UV ⁄Visible spectrophotometer (Hachioji, Tokyo,

Japan) in buffer D at 25 ± 2 �C using 1 mgÆmL)1 (25 lm)

of the enzyme. CD measurements were made in a Jasco

J-500A automated recording spectropolarimeter. Spectra

were collected at a scan speed of 10 nmÆmin)1 and a

response time of 16 s. Visible CD spectra were recorded

from 550 to 300 nm using a protein concentration of

1 mgÆmL)1 in buffer D with or without substrates

(l-Ser ⁄Gly, THF ⁄FTHF).

Estimation of PLP at the active site

The enzyme (1 mgÆmL)1) was incubated with 0.1 m NaOH

for 5 min. The PLP content was determined by measuring

the absorbance at 388 nm assuming a molar absorption

coefficient of 6600 m
)1Æcm)1 for PLP [29].

Reduction with sodium cyanoborohydride

(NaCNBH3)

The wild-type, Y51F and Y61F bsSHMTs (1 mgÆmL)1)

were incubated with 1 mm NaCNBH3, and the absorption

spectra were recorded in the range 300–550 nm at 0, 5 and

30 min, respectively, at 37 �C. This treatment reduces the

internal aldimine to a secondary amine [18].

Crystallization, data collection and processing

The pellet containing the enzyme obtained after final

ammonium sulfate precipitation was resuspended in

100 mm Hepes pH 7.5 containing 0.2 mm EDTA and 5 mm

2-mercaptoethanol. Ammonium sulfate was removed and

the buffer was changed from phosphate to Hepes by

repeated concentration and dilution using an Amicon

Centricon filter (Millipore, Bangalore, India). Crystals of

Y51F and Y61A bsSHMT mutants were obtained by hang-

ing drop vapour diffusion using 50% 2-methyl 2,4-pentane-

diol as the precipitant. However, it was not possible to

obtain crystals of the Y61F mutant. The ligands (10 mm)

(Gly ⁄ l-Ser ⁄ l-allo-Thr) were used to obtain crystals of the

complexes. FTHF (2 mm) was incubated with the enzyme

when required [6]. Crystals were soaked in the mother
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liquor for a few seconds before flash freezing in a stream of

nitrogen at 100 K. Data were collected at liquid nitrogen

temperature using a Rigaku (Tokyo, Japan) RU-200 rotat-

ing anode X-ray generator (Cu Ka radiation) on a

MAR345 (Hamburg, Germany) image plate detector sys-

tem. Data were indexed, scaled and integrated using Denzo

and Scalepack of the HKL suite of programs (HKL

Research Inc., Charlottesville, VA, USA) [30]. Data collec-

tion statistics for Y51F bsSHMT and Y61A bsSHMT are

given in Tables 2 and 3, respectively.

Structure determination and refinement

The crystal structure of bsSHMT (1KKJ) was used as the

initial model for the refinement of Y51F and Y61A

bsSHMTs. Water and ligand molecules were removed from

the model. Rigid body refinement followed by restrained

positional refinement were carried out using refmac5 [31]

of the ccp4 suite of programs [32]. Five per cent of the

unique reflections were reserved for the calculation of free

R and for the validation and monitoring of the progress of

refinement [33]. The refinement statistics for Y51F

bsSHMT and Y61A bsSHMT are given in Tables 4 and 5,

respectively. Electron density was visualized using coot

[34]. Alternating cycles of refinement and model building

were carried out to improve the model. Ligand and water

molecules were added during the last few cycles of refine-

ment. Crystals of the ligand complexes of Y51F and Y61A

bsSHMTs with Gly, Ser and l-allo-Thr were refined in a

similar manner to that described above, starting from

bsSHMT–Gly (1KL1) as the initial model. Final structures

were validated using procheck [35]. Structures of different

complexes were superposed and rmsds for the superposi-

tions were calculated using the program align [36]. The

program contact was used to find the residues within

hydrogen bonding distances. Figures were generated using

pymol [37].
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