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Abstract 

We describe a model for the three-dimensional structure of E. coli serine hydroxymethyltransferase based on its 
sequence homology with other PLP enzymes of the a-family and whose tertiary structures are known. The model 
suggests that certain amino acid residues at the putative active site of the enzyme can adopt specific roles in the catalytic 
mechanism. These proposals were supported by analysis of the properties of a number of site-directed mutants. New 
active site features are  also proposed for further experimental testing. 
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Serine hydroxymethyltransferase (SHMT: E.C. 2.1.2. I )  catalyzes 
the reversible conversion of serine and tetrahydropteroyglutamate 
(H,PteGlu) to glycine  and 5, IO-methylene-H4PteG1u (Schirch, 
1982). This reaction is the major source of one-carbon groups 
required in the biosynthesis of methionine, choline, thymidylate, 
and purines. The  SHMT  enzyme is widely distributed in nature, 
and found in both prokaryotic and eukaryotic cells with the latter 
containing both cytosolic and mitochondrial forms. In addition to 
H4PteGlu, the enzyme also requires pyridoxal 5’-phosphate (PLP) 
as a coenzyme. It is one of a group of PLP enzymes that cleave  one 
of the bonds at the a-carbon of their amino acid substrate. These 
are referred to as the a-family of PLP enzymes and include the 
transaminases and amino acid decarboxylases (Alexander et al.. 
1 994). 

Three-dimensional structures have been determined for several 
members of the a-family of vitamin B6-dependent  enzymes. 
Amongst them are aspartate aminotransferase (AAT; McPhalen 
et al., 1992; Okamoto et al., 1994; Malashkevich et al., 1995). 
tyrosine phenol-lyase (ITPL) (Antson et al., 1993), w-amino acid 
aminotransferase (Watanabe et al., 1989), 2,2-dialkylglycine de- 
carboxylase (2DKB) (Toney et al., 1995), ornithine aminotrans- 
ferase (Shen et al., 1994), glutamate-1-semialdehyde aminomutase 
(Henning  et  al., 1997), and ornithine decarboxylase (IORD) (Mo- 
many et al., 1995a). Despite the widely differing reaction speci- 
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ficity and weak sequence similarity, these proteins share the same 
basic folding pattern, which was assumed also for  SHMT  (Pas- 
carella et al., 1993). The prolonged unavailability of the SHMT 
atomic structure prompted the construction of a three-dimensional 
“homology” model that integrated knowledge regarding the en- 
zyme acquired through site-directed mutagenesis experiments and 
other experimental measures. Escherichia coli SHMT was mod- 
eled because experimental data are readily available for this en- 
zyme. New features of the active site are proposed for further 
experimental testing. 

Results and discussion 

Homology modeling was based on the multiple sequence align- 
ment displayed in Figure 1. 

Comparison between the C, main-chain traces of the final E. 
coli SHMT model and the mitochondrial chicken aspartate amino- 
transferase (7AAT) is reported in Figure 2. They differ mostly in 
the  small  domain  that  was modeled primarily on  the 2,2- 
dialkylglycine decarboxylase structure because of higher local se- 
quence similarity, and better structural compatibility between the 
SHMT target sequence and the template conformation. The  SHMT 
segment encompassed by positions 369 and 387 was excluded 
from the model. It is presumably located at the interface between 
the small and the large domains and may take part in the subunit 
interface. The proline-rich segment 214-218 is predicted to fold in 
a nearly extended conformation and connects two ,&strands in the 
PLP binding domain. It occurs in a space region where both an 
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Fig. 1. Alignment of five structural templates and the E. coli (shmt in the 
figure) sequences reported with the one-letter amino acid code. In each 
block, top and bottom lines show the numbering of AAT and  SHMT  se- 
quences, respectively. Dashes represent sequence insertions or deletions. 
Italic letters in SHMT denote sequence portions excluded from the model. 
SHMT residues discussed in the text and relevant positions in the structural 
template sequences are boldfaced. Sequences of the five structural template 
are reported only from the equivalent N-terminal portion positions and are 
labelled by their PDB codes (7aat, 2cst, lars denote chicken mitochondrial, 
cytosolic, and E. coli aspartate aminotransferases; 2dkb and ltpl corre- 
spond to 2,2-dialkylglycine decarboxylase and tyrosine phenol-lyase re- 
spectively). 

a-helix in  AATs and tyrosine phenol lyase, and an aperiodic struc- 
ture in dialkylglycine decarboxylase are observed. 

Geometrical  properties of the  model were evaluated by 
PROCHECK (Laskowski et al., 1993) and were within the ac- 
cepted ranges. The three-dimensional profile method (Liithy et al., 
1992) indicated that the score calculated for most of the model 
structure was consistent and comparable with that calculated for 
the E. coli aspartate aminotransferase structure (I  ARS), except 
around sequence position 300 in the small domain, which is at the 
interface with the large domain. The low score is caused by the 
occurrence of a few hydrophobic residues at exposed sites, which 
could be a symptom of local misfolding. The E. coli  SHMT exists 
as  a  dimer  at physiological conditions; however, since the deleted 

segment 369-387 is likely to be involved, no subunit interactions 
were modeled. 

Despite the low sequence similarity amongst many PLP en- 
zymes of the a family with known three-dimensional structure, the 
basic architecture and conformation of the PLP-binding motif that 
forms most of the active site is conserved. The motif includes 
buried /?-strands connected by a-helices; the strands' geometry is 
more conserved to satisfy tighter structural constraints. The  com- 
parison of the least similar proteins amongst the five structural 
templates shows that the largest variations of the relative orienta- 
tion and dimension of the secondary structure elements are in the 
small domain. At the low level of sequence similarity between 
SHMT and the template structures, sequence alignments can be- 
come unreliable (Vogt et  al.,  1995). We used residues Asp200 and 
Lys229 in the active site region as anchor points for equivalent 
residues in AAT as well as match optimization of various sequence 
and structural features. Likewise, the Arg363 was known to cor- 
respond to Arg386 in  AAT (Delle Fratte et al., 1994). For these 
reasons, the alignment of the active site region provides a reason- 
able starting point for homology modeling. The final model con- 
firmed the compatibility of the SHMT sequence with the AAT fold. 
This conclusion is reinforced by the result of a TOPITS application 
(Rost et  al.,  1997) with E. coli SHMT  as query sequence, where 
structural compatibility was detected with dialkylglycine decar- 
boxylase and aspartate aminotransferase. This method searches the 
PDB known structures to assess the correlation between predicted 
secondary structure and side-chain accessibilities of a query se- 
quence and those observed in all the PDB structures. Each com- 
parison is assigned a score indicative of the quality of the match 
and is ranked accordingly. In our case, the top scoring structure 
was dialkylglycine decarboxylase followed by aspartate amino- 
transferase, with Z-scores of 2.83 and 2.77, respectively. 

The validity of the active pocket model was also assessed by 
reconsideration of site  directed  mutagenesis  experiments per- 
formed in these, and other, laboratories (Table 1). The substitution 
of Asp200 reduces the activity of the enzyme to such a level as to 
prevent any significant characterization of catalytic constants (un- 
publ. results). The sequence alignment and the structural model 
(Fig. 3) confirm that Asp200 is structurally equivalent to the iden- 
tically conserved AAT Asp222 (Mehta et al., 1993), which inter- 

Fig. 2. Superposition of the C ,  traces for the monomer SHMT model (thick line) and 7AAT (thin line). The active site PLP is 
represented by a ball-and-stick model. The thick bond between SHMT  site 368-388 indicates the position of the deleted segment. 
Numbering is shown for C, atoms at position multiples of  25 except for the N- and C-terminus (positions 39 and 417, respectively). 
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Table 1. Mutant forms of E. coli SHMT derived from site-directed mutagenesis experiments 

Mutantsa Structural and functional characteristics  References 

D200N,  D200E,  D200A 

A202G 

T226A 

H228N.  H228D 

K229H,  K229Q.  K229R 

R235D,  R235Q 

R363A,  R363K 

No catalytic  activity with L-serine and allothreonine.  D200N  and 
D200E  show  very slow transamination of o-alanine. 

Some  significant  changes in kinetic and spectral  properties  com- 
pared  to  wild-type and a lower  affinity  for PLP. 

Normal affinity  for  substrates  and  coenzymes but only 3% of the 
catalytic  activity of wild-type.  T226  plays an important  role in 
converting  the  gem-diamine  complex to the  external  aldimine 
complex and for  determining  substrate  specificity. 

kc,, for  the mutant enzymes  about 258 of  the  values  for  the wild- 
type  enzyme  with  either  L-serine or allothreonine as substrates; K ,  
for  amino  acid  substrates and reduced  folate  compounds  are  2-20- 
fold larger than those for wild-type.  H228N and H228D  mutants 
catalyze the transamination  of  o-alanine  at  approximately the same 
rate as the  wild-type while H228D  transaminates  L-alanine  by  an 
order of magnitude  faster  than  H228N and wild-type SHMTs. 

Significant  differences in spectral  properties of K229H  and  K229R 
relative  to  wild-type.  Both  K229H and K229R  do  not  show  cata- 
lytic activity with L-serine and allothreonine; no  transamination  of 
o-alanine was observed.  K229Q could catalyze one  turnover  of 
either  serine  to  glycine or glycine to serine at rates approaching 
those of the  wild-type  enzyme.  After  one  turnover,  K229Q  could 
not  expel the product and  could not  bind  new  substrate while it 
could transaminate o-alanine. 

Same  results as for  D200A 

R363A does not bind  serine  and  glycine  and  shows  no  activity 
with serine as substrate.  R363K  exhibits  only  0.03% of the  cata- 
lytic  activity  of  the  wild-type  enzyme and a 15-fold  reduction in 
affinity for  glycine  and  serine.  Both  the  mutant  enzymes  bind 
amino  acid  esters at the  active  site. 

Unpubl. data 

Unpubl.  data 

Angelaccio  et al. (1992) 

Hopkins  and  Schirch  (1986) 
Stover  et al. (1992) 

Schirch  et al. (1993) 
Iurescia  et al. (1996) 

Unpubl. data 

Delle  Fratte et al. (1994) 

”Amino  acids  indicated by one-letter  code 

acts with the pyridine nitrogen and stabilizes its positive charge 
(Kirsch et  al., 1984; Yano et al., 1992). Ala202 is also strictly 
conserved and occurs at an equivalent position in  AATs and other 
PLP-dependent enzymes of the a-family. According to the model, 
this residue contributes to the correct positioning of the PLP  at the 
active site, where a smaller or larger side chain would perturb the 
geometry of the cofactor binding site. Experimental results indi- 
cate that the SHMT mutant Ala202GIy shows  a fivefold lower k,,, 
for allothreonine and a 50% lowered affinity for  PLP (R. Contes- 
tabile & S. Angelaccio, unpubl. data). Each of five threonine res- 
idues (224, 225, 226, 227. and 230) near the active site lysyl 
residue (Lys229) were alternatively mutated to alanine (Angelac- 
cio  et al., 1992). Of these, Thr226, 227, and 230 are either con- 
served, or substituted by serines in the 32 available SHMT 
sequences. Thr226 is the only site where mutations induce signif- 
icant activity modifications (Table I ) .  According to the model 
(Fig. 4), Thr226 can form an H-bond to the ENHZ of the Lys229 in 
the external aldimine or to one of the oxygens of the PLP phos- 
phate group (Angelaccio et al., 1992). This role is reminiscent of 
that of  AAT Tyr70 (Kirsch et al., 1984; Hayashi & Kagamiyama, 
1995), which may correspond to the nonconserved SHMT Tyr59. 
Thr226 is equivalent to AAT Ser255, a position at which many 
enzymes of the a-family bear an hydroxyl group. Lack of the 

SHMT  dimeric model hampers a better understanding of the role 
of Thr226. Thr224, 225, 227, and 230, however, are not within 
interacting distance of the active site and are relatively insensitive 
to mutations (Angelaccio et al., 1992). His228 occurs in a position 
compatible with its observed catalytic role, such that it can interact 
with the hydroxyl group of the serine side chain in the external 
aldimine (Fig. 4) at a distance of about 3.0 A, in agreement with 
experimental results (Stover et al., 1992). Arg235 corresponds to 
AAT Arg266, which forms two H-bonds with the 5”phosphate 
ester group of the coenzyme. The model suggests that this residue, 
conserved in all SHMTs with the exception of enzymes from Me- 
thanococcusjannaschii (Swiss-Prot code glya-metja) and Methan- 
obacterium thermoautotrophicum (glya-metth) where it is replaced 
by a glutamine, plays a similar role. Arg235 is a critical residue 
since its substitution dramatically decreases the enzyme activity 
with L-serine and allothreonine as substrates (Table I ) .  Arg363 is 
also positioned to interact with the a-carboxylate of the amino acid 
substrate as clearly demonstrated by mutagenesis experiments (Delle 
Fratte et al., 1994). Interaction between a-carboxylate group of 
serine substrate and guanidinium group of Arg363 fixes the con- 
formation of the external aldimine (Fig. 4)  in such a way that the 
C,-C, bond to be cleaved is nearly perpendicular to the pyridine 
ring, consistently with hypothesis (Dunathan, 1966). The model 
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Fig. 3. (A) Superposition between SHMT (thick lines) and 7AAT (thin) active sites and (B) the SHMT active site. PLP is represented 
as open bonds. Residues are labeled by the one-letter code and by sequence position. 

also explains the stereochemical study (Malthouse  et  al., 1991), 
which showed that the enzymes catalyze the exchange of the pro-2S 
proton of glycine, which is stereochemically equivalent of hy- 
droxyl group of serine, 7,400 times faster than the pro-2R proton. 
Cys410  is predicted to  be exposed and far from the active site, in 
agreement with earlier results (Joshi-Tope & Schirch, 1990). 

The analysis of the SHMT active site, combined with evolu- 
tionary considerations, highlights further conserved or conserva- 
tively substituted residues that occur in positions suggestive of a 
catalytic or structural function and which can be tested by site- 
directed mutagenesis. Ser97  is conserved and predicted to form an 
H-bond to the phosphate group of PLP  (Fig. 3). It is also present 
in several AATs with a similar role, and probably it is utilized to 
correctly position the phosphate group of  PLP. Gly98  is also iden- 
tically conserved and aids in forming the binding site  for the PLP 
phosphate. The structurally equivalent Gly108  in AATs is also 
conserved and occurs in a position where no C, could be tolerated 
due to steric hindrance with the PLP phosphate. Ser99 is found in 
many SHMTs and predicted by the model to interact with the same 
phosphate group. It is matched to the AAT Thrl09, which is gen- 
erally conserved with exception of Sulfolobus solfataricus where a 
lysyl residue is found instead. His126 is nearly parallel to the PLP 
ring and it  is modeled to form an H-bond to Thr128.  The former is 
strictly conserved while the latter is conservatively replaced by 

Ser. The  two residues are structurally equivalent to the conserved 
AAT Trpl40 and Asn142, respectively. His129 in SHMT can in- 
teract with Asp200 and the N I  of the PLP ring and  it is equivalent 
to the conserved His143 of  AATs. This latter residue was replaced 
with Ala and Asn in AAT (Yano et al., 1991) by site-directed 
mutagenesis, and the results suggested that, although it is not es- 
sential for catalysis, it may well assist the formation of the enzyme- 
substrate complex. A site-directed mutagenesis study on three His 
residues of the sheep cytosolic SHMT was recently reported (Ja- 
gath et al., 1997), two of which correspond to E. coli His126 and 
His129. The role observed for the former is consistent with the 
model, namely, it interacts with PLP. However, experimental evi- 
dence presented (Jagath et al., 1997) would suggest that the latter 
His residue may be the base responsible for abstraction the a-proton 
from the substrate. This apparently conflicts with the role predicted 
by the model for the same residue. His203 can interact with the 
PLP phenolate and should be structurally equivalent to the con- 
served AAT Tyr225 (Goldberg et al., 1991). 

The structure of ornithine decarboxylase (10RD) (Momany 
et al., 1995a) was not included in the set of template structures. 
However, only one of its five domains is clearly structurally ho- 
mologous to the PLP-binding domain in AATs. A similarity be- 
tween the active site sequence of SHMT and other decarboxylases 
has already been described (Bossa et al., 1976) including, for 
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Fig. 4. Active  site SHMT model for external  aldimines of (A) serine and (B) o-alanine. PLP is represented by open  bonds.  Residues 
are labeled by the  one-letter  code and by sequence  position. 

example, His228 (354 in IORD). Comparison between the se- 
quences and structures of IORD and SHMT indicates other com- 
mon residues like His126 (223 in IORD).  SHMT  Gly179 might be 
matched to IORD Gly294  and to the conserved AAT Gly197 by a 
slight modification of the alignment in Figure 1. This latter residue 
belongs to a conserved segment (AAT positions 193-197) at the 
large/small domain interface, and is not at interacting distance 
from the active site. SHMT  Gly179 is not conserved (replaced by 
Arg, Phe, Gln) and therefore no evidence supports its equivalence 
to a functionally important residue. Structural comparison between 
the SHMT and lORD active sites shows that the model largely 
converges to the decarboxylase structure. For example, His126 and 
IORD  His223 share a similar geometry relative to the cofactor 
ring. Conformation of PLP  at both active sites reflects the differ- 
ences of cofactor binding between IORD and AATs, especially at 
its phosphate moiety. Consequently, a major deviation is observed 
between side-chain conformation of SHMT His228 and decarbox- 
ylase His354. This latter residue is proposed to interact with the 
cofactor phosphate, mainly to replace the function of AAT Arg266, 
which is absent in decarboxylases (Momany et al., 1995b). The 
presence of Arg235 in SHMT, equivalent to AAT Arg266, and, 
above all, experimental evidence (Stover et al., 1992) suggest that 
His228 can interact with the hydroxymethyl group of the substrate 
serine. The different conformation can thus be justified by the 
diverse roles that these His residues can play in SHMTs and pro- 

karyotic decarboxylases. The  PLP binding site differs also at de- 
carboxylase Ser197, equivalent to the conserved AAT Gly108 and 
SHMT Gly98. To assess the impact of the lORD coordinates onto 
the final SHMT model, we used the Insight11 module Modeller, 
which implements the modeling method (Sali & Blundell, 1993) 
based on satisfaction of spatial restraints derived from structural 
templates. To avoid overrepresentation of AATs,  we included in the 
template set only 7AAT, 2DKB, and the PLP-binding domain of 
lORD aligned according to Figure 1 and to previous analysis (Mo- 
many et al., 1995b). Comparison between the original and ten new 
SHMT active site models built with Modeller showed overall struc- 
tural convergence. Conformation of His228 side chain was less de- 
fined due to the predicted occupation of two different rotameric 
states, one of  which corresponds to  that assumed in the original model 
on the basis of experimental evidence (Stover et al., 1992). 

We built a model of the external aldimine with D-ala (Fig. 4) to 
propose possible explanations of the racemization and transami- 
nation activity observed for SHMT (Shostak & Schirch, 1988). 
Experimental evidence suggested the presence of two bases at the 
opposite sides of the PLP ring as a requirement for correct stereo- 
chemistry of racemization (Shostak & Schirch, 1988). The model 
shows  at least two active site His residues (SHMT sites 126 and 
203 in Fig, 4) with approximately appropriate positions to act as 
the expected bases. It must be noted, however, that the distances 
between the atoms E N  of His126 and 203 and C,  of the substrate 
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are about 4.2  and  4.5 p\, respectively. The long distance can be 
explained by model inaccuracy and/or by the lack of an appropri- 
ate simulation of the transition between open-closed form, which 
could influence the relative position of PLP and nearby side chains, 
similar to that observed in AATs (Kirsch et al., 1984). We assumed 
a cofactor tilt of about 20” and a rotation of His126 of about 30” 
around C&, bond upon substrate binding. 

The analysis of the modeled active site has thus suggested sev- 
eral residues, among the many identically conserved in the 32 
SHMT sequences, that are  good  candidates  for  rational  site- 
directed mutagenesis experiments, and has also provided a  frame- 
work for the interpretation of the properties of mutant enzymes 
produced in the past decade. Nonetheless, many features of the 
SHMT structure and activity remain obscure, especially the inter- 
action of the second substrate H,PteGlu at the active site and the 
geometry of the dimer interface. However, the presence of several 
charged or polar side chains, such as histidines, in the modeled 
active site provide a structural basis for the catalytic versatility of 
SHMT. This  enzyme displays transaminase, decarboxylase, and 
racemase activities associated with other PLP-dependent enzymes 
(Schirch, 1982). However, as in  AATs, a few residues could con- 
tribute to the construction of the active site from the adjacent 
subunit, and this could account for some properties of the enzyme, 
which cannot be explained by our model. Given the protracted 
absence of the crystallographic structure, the model presented here 
provides the only tertiary framework from which to continue struc- 
tural work, to unravel the structure of the physiological dimer, and 
also to elucidate further details of the active site, interaction with 
H,PteGlu, and other catalytic events. Comparison of the theoret- 
ical SHMT model with the experimentally determined structure 
will help in assessing the accuracy of homology modeling tech- 
niques applied at low level of similarity between target and tem- 
plate sequences.  Coordinates of the model are available at URL 
http://bach.bio.uniromal .it/SHMT. 

Materials  and  methods 

Thirty-two  SHMT isoenzyme sequences from various sources ex- 
tracted from the Swiss-Prot databank (Bairoch & Boeckmann, 1991) 
were aligned with the GCG routine “Pileup” (Wisconsin Package 
Version 9.0, Genetics Computer Group, Madison, Wisconsin). The 
resulting multiple alignment was utilized for secondary structure 
prediction and for detection of evolutionarily conserved residues. 

The homology model of E. coli SHMT was based on the struc- 
tures of five PLP-dependent enzymes: mitochondrial (McPhalen 
et al., 1992) and cytosolic (Malashkevich et al., 1995) chicken 
aspartate aminotransferases (PDB codes 7AAT and 2CST, respec- 
tively), E. coli (Okamoto et al., 1994) aspartate aminotransferase 
(1 ARS), tyrosine phenol lyase (Antson et al., 1993) from Citro- 
bacter intermedius (ITPL), and dialkylglycine decarboxylase (Toney 
et al., 1995) from Pseudomonas cepacia (2DKB). Despite the low 
sequence similarity among the templates and the target enzyme 
( 1  5% identity on average), they are considered structurally homol- 
ogous on the basis of several theoretical (Mehta et al., 1993; Pas- 
carella et al., 1993) and experimental considerations (Schirch, 1982). 

The preliminary step in any homology modeling approach is the 
construction of an accurate sequence alignment among the tem- 
plate structures and the target sequence, which is difficult in cases 
of low sequence similarity. Each of the four templates (2CST, 
1 ARS, ITPL, and 2DKB) were individually superposed on the 
7AAT structure using C, carbon atom coordinates for which tech- 

nical details are available (Rossmann & Argos, 1975). The  com- 
bined superpositions were manually inspected and refined, and a 
multiple sequence alignment subsequently derived from the result- 
ing structural equivalencies. A profile (Gribskov et al., 1987) was 
calculated from this alignment and the target E. coli SHMT se- 
quence matched to it using the GCG program “Profilegap.” Sta- 
tistical significance of the sequence similarity between the E. coli 
SHMT sequence and the profile derived from the other PLP en- 
zymes is discussed elsewhere (Pascarella et  al., 1993). However, 
due to the overall low sequence similarity, the resulting alignment 
was manually refined to optimize the matching of several charac- 
teristics including (a) observed and predicted secondary structures, 
(b) conserved SHMT hydrophobic side chains and buried positions 
in the template structures, (c) functionally important sites such as 
the PLP-binding active site lysine, and (d) insertions/deletions. 
The alignment and superposition of the five structures showed that 
the common fold began at Thr39 of the E. coli SHMT sequence 
(Fig. I). After deletion of the 38-residue N-terminus and of the 
segment Ile369-Cys387 (Fig. I ) ,  because they are not homologous 
to the structural templates, our model contained 360 residues (86.0% 
of the entire sequence). However, part of the latter C-terminal 
segment is predicted to fold with an a-helical conformation and 
contains the potentially important Arg372 conserved in  most  SHMTs. 

Molecular modeling utilized the packages Homology and Dis- 
cover in Insight (Insight11 user guide, October 1995, Biosym/MSI, 
San Diego, California). Structurally conserved regions (SCR) were 
identified on the multiple structure superposition (Greer, 1981) and 
coordinates were correspondingly assigned to the target SHMT 
sequence. The conformation of the side chains was also modeled 
as close as possible to that of the corresponding residues in the 
structural templates. Nonconserved regions were modeled by se- 
lecting the structure among the five templates, which best adapted 
to the target structural environment. The loops connecting the SCR 
were modeled using the function “search-loop” implemented in 
Insight, which searches a set of selected Protein Data Bank (Bern- 
stein et al., 1977) structures for loops that best fit the given struc- 
tural environment. The coordinates for the SHMT segment PNPVP 
(positions 214-218 with one-letter sequence code) were taken from 
the fragment PRPLP at positions 224-228 of chain C of thymi- 
dylate synthase structure (PDB code 2TSC). This structure frag- 
ment was selected by searching the NRL-3D databank (Pattabiraman 
et al., 1990) with the GCG routine “Findpattern” and PXPXP  as 
the query pattern (X meaning any residue). 

Side chain conformations were manually refined and the most 
severe steric overlaps removed. Several cycles of constrained en- 
ergy minimization regularized the structure and relative geomet- 
rical parameters. Geometrical and local environmental consistency 
of the model were checked with the programs Procheck (Laskowski 
et al., 1993) and Profile3D (Liithy et al., 1992). Hydrogen bonds 
were analyzed with the program Hbplus (McDonald & Thornton, 
1994). Secondary structure predictions were calculated from the 
Phd server (Rost & Sander, 1994). Stereo pictures were produced 
by the program Molscript (Kraulis, 1991). 
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