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Lu Liu and Daniel V. Santi* 
Departments of Biochemistry and Biophysics and of Pharmaceutical Chemistry, University of California, San Francisco, 

San Francisco, California 941 43-0448 
Received March 2, 1992; Revised Manuscript Received April 15, I992 

ABSTRACT: The conserved Asn 229 of thymidylate synthase (TS) forms a cyclic hydrogen bond network 
with the 3-NH and 4 - 0  of the nucleotide substrate dUMP. The Asn 229 to Asp mutant of Lactobacillus 
casei thymidylate synthase (TS N229D) has been prepared, purified, and investigated. Steady-state kinetic 
parameters of TS N229D show 3.5- and 10-fold increases in the K, values of CH2H4folate and dUMP, 
respectively, and a 1000-fold decrease in kWt. Most important, the Asp 229 mutation changes the substrate 
specificity of TS to an enzyme which recognizes and methylates dCMP in preference to dUMP. With TS 
N229D the K, for dCMP is bout 3-fold higher than for dUMP, and the K, for CH2H4folate is increased 
about 5-fold; however, the k,, for dCMP methylation is 120-fold higher than that for dUMP methylation. 
Specificity for dCMP versus dUMP, as measured by kcat/&, changes from negligible with wild-type TS 
to about a 40-fold increase with TS N229D. TS N229D reacts with CH2H4folate and FdUMP or FdCMP 
to form ternary complexes which are analogous to the TS-FdUMP-CH2H4folate complex. From what 
is known of the mechanism and structure of TS, the dramatic change in substrate specificity of TS N229D 
is proposed to involve a hydrogen bond network between Asp 229 and the 3-N and 4-NH2 of the cytosine 
heterocycle, causing protonation of the 3-N and stabilization of a reactive imino tautomer. A similar 
mechanism is proposed for related enzymes which catalyze one-carbon transfers to cytosine heterocycles. 

Xymidylate synthase (TS,’ EC 2.1.1.45) catalyzes the re- 
ductive methylation of dUMP by CH2H4folate to give dTMP 
and H2folate. Much is known about the structure and function 
of TS. Over 20 sequences of TS have revealed that TS is the 
most conserved of known enzymes (Perry et al., 1990; Per- 
ryman et al., 1986), and three-dimensional structures of free 
and bound enzyme forms have been determined (Hardy et al., 
1987; Matthews et al., 1990; Montfort et al., 1990; Perry et 
al., 1990). Basic features of the catalytic mechanism of TS 
have also been established (Scheme I) (Santi & Danenberg, 
1984). After formation of reversible complexes, the thiol of 
Cys 19g2 in Lactobacillus casei TS adds to the 6-carbon of 
dUMP to activate the 5-carbon toward reactions with elec- 
trophiles. The resultant enolate or equivalent enol, interme- 
diate 2, reacts with the one-carbon unit of CH2H4folate to give 
the covalent intermediate 3, which upon 8-elimination of 
H,folate, hydride transfer, and &elimination gives the products 
dTMP and H2folate. 

Several enzymes catalyze related one-carbon-transfer re- 
actions to the cytosine heterocycle. These include the DNA 
m5C methyltransferases, which catalyze methylation of cy- 
tosine residues of DNA by AdoMet, and dCMP hydroxy- 
methylase (dCMP Hmase) of T-even bacteriophage that 
catalyzes hydroxymethylation of dCMP by CH2H4folate. It 
is believed that these enzymes follow a similar catalytic path 
to TS since they also utilize a cysteine thiol as a nucleophilic 
catalyst and have analogous covalent intermediates (Santi & 
Danenberg, 1984; Wu & Santi, 1987; Basak et al., 1988; Chen, 
et al., 1991; Ivanetich & Santi, 1992). Further, the primary 
sequence of dCMP Hmase shows considerable homology with 
TS (Lamm et al., 1988). 
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With TS and related enzymes, it is likely that functional 
groups other than Cys are involved in facilitating recognition 
and chemistry at the pyrimidine ring. The crystal structure 
of the TS-dUMP complex shows that the completely con- 
served N229 and a highly ordered water molecule are in direct 
contact with the pyrimidine ring of dUMP. As depicted in 
Scheme I, N229 forms a hydrogen bond network bridging 
3-NH and 4-0 of the substrate dUMP; an ordered water 
molecular also forms a hydrogen bond with 4-0 and with the 
highly conserved His 199. It is reasonable to suggest that Asn 
229 may be involved in substrate recognition, stabilization of 
the enolate or equivalent enol, intermediate 2, and facilitation 
of subsequent proton transfers on the pyrimidine ring. The 
same hydrogen bond network could not form with cytosine, 
so N229 also offers a rationalization for the specificity of TS 
for dUMP versus dCMP. 
As an approach to understanding the structure and function 

of TS, the construction and analysis of multiple or 
“replacement sets” at highly conserved, putatively important 
residues have been undertaken (Climie et al., 1990; Michaels 
et al., 1990). Surprisingly, most residues studied tolerated one 
or more mutations without elimination of activity; indeed, 
several mutants of Asn 229 which cannot form the Asn 229- 
dUMP hydrogen bond network catalyzed dTMP formation. 

Abbreviations: TS, thymidylate synthase; dCMP Hmase, 2’- 
deoxycytidine-5’-monophosphate hydroxymethylase; dUMP, 2’-deoxy- 
uridine 5’-monophosphate; CH2H4folate, 5,10-methylene-5,6,7,8-tetra- 
hydrofolate; dTMP, thymidine 5’-monophosphate; dCMP, 2’-deoxy- 
cytidine 5’-monophosphate; m’dCMP, 5-methyl-2’-deoxycytidine 5’- 
monophosphate; H2folate, 7,l-dihydrofolate; FdUMP, 5-fluoro-2’- 
deoxyuridine 5’-monophosphate; FdCMP, 5-fluoro-2’-deoxycytidine 5’- 
monophosphate; TES, N-[tris(hydroxymethyl)methyl]-2-aminoethane- 
sulfonic acid; ratio of inhibitor to substrate which gives 50% 
inhibition. 

* The convention used follows the numbering system of Lactobacillus 
casei TS. 
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the Thy- E. coli strain ~ 2 9 1 3  recA was used. 
Protein Purification. Enzymes were purified by sequential 

chromatography on phosphocellulose and hydroxyapatite as 
described (Kealey & Santi, 1992). The purification was 
monitored by SDS-PAGE using 12% gels (Laemmli, 1970) 
and, when possible, by specific activity determinations. En- 
zyme preparations were concentrated using Amicon Centri- 
prep-30 concentrators and stored at -80 OC. 

Enzyme Assays. The standard assay buffer contained 50 
mM TES, pH 7.4, 25 mM MgCl,, 6.5 mM formaldehyde, 1 
mM EDTA, and 75 mM @-mercaptoethanol. Unless otherwise 
specified, the standard assay (1 mL) contained the above 
buffer plus 150 pM CH,H,folate and 150 pM dUMP for TS 
or 340 pM CH2H4folate and 400 pM dCMP for dCMP me- 
thylase. TS and dCMP methylase activities were monitored 
at 20 OC by the increase in absorbance at 340 nm which 
accompanies Hzfolate production. One unit is the amount of 
enzyme necessary to produce 1 pmol of product in 1 min. 
Steady-state kinetic parameters were obtained by nonlinear 
least squares fit of the data to the Michaelis-Menten equation. 
Z/S5m values for FdCMP and FdUMP on dCMP methylase 
activity were obtained by initial velocity measurements with 
varying inhibitor concentrations after initiation of the reaction 
with enzyme. Assay solutions contained 200 pM dCMP and 
345 pM CH,H,folate in the standard assay buffer. 

HPLC Analysis of Nucleotide Products. HPLC was per- 
formed using a Hewlett-Packard 1090 HPLC equipped with 
a diode array detector and an Altex Ultrasphere IP column 
(4.6 mm X 25 cm); absorbance spectra between 220 and 400 
nm were collected for all peaks. The eluant was 5 mM 
KH2P0, and 5 mM tetra-n-butylammonium sulfate buffer, 
pH 7.0, with specified acetonitrile concentration. The flow 
rate was 1 .O mL/min. With a 0 4 %  acetonitrile gradient over 
30 min, dCMP and m5dCMP had retention times of 15 and 
17.7 min, respectively; with a 0-30% acetonitrile gradient over 
30 min, FdUMP and FdCMP had retention times of 9.6 and 
13.6 min; with isocratic elution at 5% acetonitrile, retention 
times for dUMP and dTMP were 11.6 and 14.6 min, re- 
spectively. For analysis of 3H-labeled reactants and products, 
fractions (1 mL) were collected and counted in 5 mL of 
Aquasol 11. 

SDS-PAGE of Ternary Complexes. Covalent TS-[6- 
3H] FdUMP-CH,H,folate complexes were formed and ana- 
lyzed by SDS-12% PAGE as described (Sirawaraporn et al., 
1990). The TS N229D-FdCMP-(6R)-[6-3H]CH2H4folate 
complex was formed with 5.0 pM TS N229D, 38 pM FdCMP, 
and 2.4 mM (6R)-[6-3H]CH2H4folate in the standard TES 
assay buffer at room temperature for 4 h; the control reaction 
lacked FdCMP. Coomassie-stained gels were analyzed for 
radioactivity as described (Chamberlain, 1979). 

Ultraviolet Difference Spectroscopy of the TS N229D- 
FdCMP (or FdUMP)-CH,H$olate Complexes. UV spectra 
were obtained using a Hewlett-Packard 8452A diode array 
spectrophotometer. The ALE at 330 nm for the complex was 
determined by titration of 5.6 pM FdCMP and 13 pM 
CHzHafolate with TS N229D. Corrections were made for 
dilution and light scattering, and difference spectra were ob- 
tained by subtracting the spectrum of enzyme plus CH2H4- 
folate from the spectrum of the complete mixture. Binding 
stoichiometries were determined by titration of 13 pM 
CH,H,folate and 4.2 pM TS N229D (dimer) with FdCMP 
or 3.8 pM TS N229D (dimer) with FdUMP. 

RESULTS 
TS N229 mutants were prepared by cassette mutagenesis 

of pSCTS9(BglII-NheI), a derivative of the synthetic TS gene 

Scheme I 
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These findings have led us to the view that may residues of 
TS, including Asn 229, may assist in catalysis but are not 
essential. 

In the present work, we describe the properties of L. casei 
TS N229D. Although the mutant is a poor catalyst for dTMP 
formation, it is an excellent catalyst for the methylation of 
dCMP. We propose a mechanism which accounts for the 
change in substrate specificity and a catalytic role for Asp 229 
in the methylation of dCMP. 

MATERIALS AND METHODS 
Materials. Escherichia coli strain ~ 2 9 1 3  recA (AthyA572, 

recA56) (Climie et al., 1992), the plasmid pSCTS9 (Climie 
& Santi, 1990), and (6R)-[6-3H]CH2H4folate (26.6 mCi/ 
mmol) (Bruice & Santi, 1982) have been reported. Oligo- 
nucleotide synthesis was performed at the UCSF Biomolecular 
Resource Center. FdCMP was obtained from Sierra Biore- 
search and contained less than 1% FdUMP by HPLC analysis. 
Other materials have been described (Bruice & Santi, 1982) 
or were obtained from commercial sources. 

Mutagenesis. General procedures for DNA manipulations 
(Ausubel et al., 1989; Sambrook et al., 1989) and the method 
of constructing TS mutants by cassette mutagenesis (Climie 
& Santi, 1990) have been described. Monomer forms of 
plasmids encoding mutants N229V, L, I, C, M, and A (Climie, 
et al., 1990) were purified by agarose gel electrophoresis, 
retransformed to ~ 2 9 1 3  recA, and resequenced. The 
BgAIINheI fragment of pSCTS9 was replaced by a “stuffer” 
oligonucleotide 5’-GATCTGCGGCCGCATGCG-3’ to give 
pSCTSg(BglI1-NheI); the stuffer does not code for TS and 
has a unique Not1 site for restriction purification (Wells et 
al., 1986). Mutants N229D,G of L. casei TS were obtained 
by ligation of the BglIIINsiI fragment of pSCTS9(BglII- 
NheI) with a DNA cassette which carried the coding sequence 
of pSCTS9 except for a mixture of four codons at position 229 
[G(GA)(TA)] encoding Gly, Asp, and Glu. All other pro- 
cedures were as described (Climie et al., 1990) except that 
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Table I: Steady-State Kinetic Parameters of TS and N229D and N229A Mutants' 
K m  (PM) kmtlKm (s-l PM-') 

k-,b ts-') dUMP or dCMP CH7HAfolate dUMP or dCMP CH,Hlfolate 
TS activity 

wild type 3.6 5.0 10.0 0.71 0.36 

N229A nd' 

wild type nd 
N229D 0.45 150 170 0.30 X 0.26 X 
N229A nd 

N229D 0.0037 50.4 35.4 0.73 X lo4 0.10 x 104 

dCMP methylase activity 

"Assays are as described under Materials and Methods. At least 10Km dUMP and CHIHpfolate were used for determining the kinetic constants 
for the TS reaction, while 340 pM (2&) CH,H,folate and 594 pM (6K,,,) dCMP were used for dCMP methylation. *Calculation of k,, was based 
on the MW of the dimer. cNot detectable by spectrophotometric assay at 0.5 mM dCMP or dUMP. 
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FIGURE 1: Partial HPLC profile of a reaction mixture of dCMP 
methylated by the TS N229D mutant. The insert shows the UV 
spectra of the HPLC peak indicated. 

pSCTS9 (Climie & Santi, 1990). Plasmids were transformed 
into E. coli ~ 2 9 1 3  recA, sequenced, retransformed and se- 
quenced again through the cassette and flanking regions. 

Initial assessment of TS activity was by growth of Thy- E. 
coli x29 13 recA harboring mutant plasmids on minimal media 
not containing thymine. TS N229A and N229D did not 
complement ~ 2 9 1 3  recA, which indicates less than 0.002 unit 
of TS (mg of protein)-' in crude extracts (Climie et al., 1990). 
Several other N229 mutants (N229C, I, V, M, and L) have 
been shown to complement ~ 2 9 1 3  and were presumed to have 
TS activity (Climie et al., 1990). These results have been 
verified with purified preparations of the mutant proteins by 
spectrophotometric assay (unpublished results). 

TS N229A and N229D were expressed as about 10% and 
20%, respectively, of the total soluble extract in E. coli and 
were purified to apparent homogeneity. 

Purified N229A showed no TS activity under standard assay 
conditions, whereas TS N229D catalyzed a slow conversion 
of dUMP and CH2H4folate to dTMP and H2folate (Table I). 
The production of dTMP was verified by HPLC, UV spectra 
analysis of the product peak, and transfer of the tritium from 
[6-3H]CH2H4folate to the HPLC peak eluting as dTMP (data 
not shown). With TS N229D the K,  for dUMP was 10-fold 
higher than for wild-type TS, the K ,  for CHzH4folate was 
3.5-fold higher, k,, was about 103-fold lower, and k,,/K,,, 
values were approximately 104-fold lower. When measured 
as an inhibitor of dCMP methylation (see below), dUMP 
showed a Ki of 10 MM, some 5-fold lower than its K,. 

When dCMP was used as substrate rather than dUMP, TS 
N229D catalyzed formation of m5dCMP, as identified by 
HPLC and UV spectral analysis (Figure 1). Further, when 
[6-3H]CH2H4folate was used in the reaction, the tritium was 
transferred to mSdCMP. The latter experiment is analogous 
to that which established direct hydride transfer from 
CH,H4folate to dTMP in the TS reaction (Blakley; 1963; 
Pastore & Friedkin, 1962). Figure 2 shows the UV-vis ab- 
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FIGURE 2: Difference spectra obtained during the TS N229D-catalyzed 
dCMP methylation reaction by scanning at times (minutes) indicated 
in the figure. The reaction solution contained 20 pM dCMP, 100 
r M  CH2H4folate, and 0.55 pM TS N229D mutant. 

sorbance difference spectral changes which occur upon con- 
version of dCMP to m5dCMP. Using limiting dCMP, there 
was an increase in absorbance at 340 nm which upon com- 
pletion of reaction corresponds to a Ae,,,(340) of 6300 M-' 
cm-'. This spectral change is qualitatively and quantitatively 
characteristic of the conversion of CH2H4folate to Hzfolate 
[Aemx(340) of 6400 M-' cm-'1 (Wahba, 1961). Together, 
these data provide convincing evidence that TS N229D cat- 
alyzes the reductive methylation of dCMP by CH2H4folate 
to give m'dCMP and H2folate. 

Steady-state kinetic parameters for dCMP methylation and 
dTMP formation by TS N229D were determined (Table I). 
Compared to constants for dUMP as substrate, K,  for dCMP 
is 3-fold higher than that of dUMP, K,  for CH2H4folate is 
5-fold higher, and k,, is some 120-fold higher. 

As reported for several other TSs (Rode et al., 1990), we 
found that dCMP is a poor inhibitor of L. casei TS (Ki = 3 
mM). With a large amount of wild-type TS (100 pg) and a 
high concentration of dCMP (10 mM, 3Ki), there was no 
detectable formation of m5dCMP for up to 1 h; assuming we 
could detect lo4 unit/mL, dCMP methylase activity is es- 
timated to be under unit/mg of TS, which is equivalent 
to a k,, <0.001 s-'. Several purified N229 mutant proteins 
(A, C, G, I, L, and V) also did not catalyze methylation of 
dCMP (unpublished results), and thus far the ability to cat- 
alyze the conversion of dCMP to m5dCMP is limited to TS 
N229D. 

To measure apparent inhibition constants of TS N229D- 
catalyzed dCMP methylation by FdUMP and FdCMP, we 
first made initial velocity determinations at varying inhibitor 
concentrations after initiation of the reaction with enzyme. 
We obtained Z/S50% values for FdCMP and FdUMP of 0.05 
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FiGuRe 3: Difference spectra showing the loss of FdCMP and 
CH2H4folate absorbance and appearance of a new peak at 330 nm. 
For experimental conditions, refer to Materials and Methods. The 
dashed curve is for the mixture of TS N229D plus CH2H4folate. All 
the other curves show the spectral changes after additions of increasing 
amounts of FdCMP. 

and 0.35, respectively, but because of the potential complexity 
of the interactions (see below), interpretation of these values 
is guarded. When TS N229D was treated with [6-3H]- 
CH2H4folate and FdCMP or CH2H4folate and [6-3H]- 
FdUMP, the radioactivity migrated with the 35-kDa protein 
subunit on SDS-PAGE. These results indicate that, as with 
wild-type TS, TS N229D forms covalent ternary complexes 
with either of these nucleotides which have structures analo- 
gous to intermediate 3 (Scheme I). Ultraviolet difference 
spectral analysis of TS N229D plus CH2H4folate plus FdCMP 
or FdUMP versus TS N229D plus CH2H4folate (Figure 3) 
shows a peak at 330 nm characteristic of the well-studied 
TS-FdUMP-CH2H4folate complex which has a of 
17700 M-' cm-' (Santi et al., 1976). Spectrophotometric 
titrating of limiting FdCMP and excess CH2H4folate with TS 
N229D gave = 16 130 M-' cm-'; titration of TS N229D 
and excess CH2H$olate with FdCMP or FdUMP showed that, 
at saturation of the enzyme, 1 .O mol of FdCMP or 0.85 mol 
of FdUMP is bound per mole of TS N229D dimer. These 
results indicate that only one of the two sites of dimeric TS 
N229D is fully occupied by the ligands. Reported half-site 
interactions of wild-type TS with various ligands add credence 
to this finding (Danenberg dz Danenberg, 1979; Galivan et 
al., 1976; Pogolotti et al., 1986). 

DISCUSSION 
A single Asn to Asp mutation at 229 of TS changes the 

substrate specificity of the enzyme from one which recognizes 
and methylates dUMP to one which preferentially recognizes 
and methylates dCMP. 

TS N229D shows a greatly decreased ability to catalyze the 
normal TS reaction. dUMP and CH2H4folate show a 10- and 
3.5-fold increase, respectively, in K,,, values, and there is a 
103-fold decrease in kat. Several other mutations of Asn 229 
also show TS activity with lower kat values than that of 
wild-type TS (unpublished results), so we conclude that Asn 
229 assists but is not essential for TS activity. 

The most interesting property of TS N229D is its ability 
to catalyze redutive methylation of dCMP. In this reaction, 
the 6-hydrogen of the cofactor is transferred to the incipient 
methyl group of mSdCMP and stoichiometric formation of 
H2folate. Further, in the presence of CH2H4folate, both 
FdUMP and FdCMP form covalent ternary complexes with 
TS N229D which appear analogous to the well-studied TS- 
FdUMP-CH2H4folate complex. As with the latter, these 

Scheme I1 

covalent complexes are stable toward SDS-PAGE and show 
characteristic UV-vis difference spectra with AA- at 330 nm. 
Interestingly, spectral studies of the interaction of FdCMP and 
FdUMP with TS N229D suggest that only one of the two sites 
of the dimer is fully occupied by ligands. From available data, 
the TS N229D-catalyzed methylation of dCMP appears di- 
rectly analogous to the TS-catalyzed methylation of dUMP. 

The kinetic properties of TS N229D reveal that the K ,  
values for the substrates dCMP and CH2H4folate are some 
3-5-fold higher than the K,,, values for dUMP and CH2H4- 
folate. The k,, for TS N229D is some 120-fold higher using 
dCMP rather than dUMP and only 10-fold lower than dUMP 
methylation by wild-type TS. The k,,/K, values indicate that 
TS N229D has a 40-fold higher specificity for dCMP than 
for dUMP. In contrast, with wild-type TS, dCMP is not a 
substrate and binds very poorly. 

We have not observed dCMP methylase activity with any 
of seven other mutants of Asn 229 studied, so the Asp residue 
is presumed to be necessary for this reaction. Curiously, Asn 
229 of TS is not essential for methylation of dUMP, but Asp 
229 of TS N229D appears essential for methylation of dCMP. 

The ability of TS N229D to catalyze methylation of dCMP 
may be rationalized using the TS mechanism and structure 
as a framework. In TS, the amide of Asn 229 hydrogen bonds 
across the 3-NH and 4 - 0  of the uracil moiety of dUMP 
(Scheme I) and may assist in substrate binding, orientation 
and stabilization of the initial covalent adduct, and subsequent 
proton transfers. dCMP cannot form the same hydrogen bond 
network with Asn 229 and is neither a substrate nor a sig- 
nificant inhibitor of the enzyme. With TS N229D, the Asp 
229 residue could hydrogen bond to the 3-N and the 4-NH2 
of dCMP (Scheme 11). Proton donation to the 3-N and 
acceptance from the 4NH2 of dCMP by Asp 229 would assist 
to stabilize the cytosine in its normally highly unfavorable, but 
presumably reactive imino tautomeric form. The latter is 
analogous to the stable, reactive keto tautomer of dUMP (1, 
Scheme I) and is proposed to be a reactive intermediate in the 
TS N229D-catalyzed methylation of dCMP. When the tau- 
tomeric equilibrium of dCMP is shifted toward the putative 
reactive imino species, the reactivity of dCMP in the active 
site could in theory be increased by the magnitude of the 
tautomeric equilibrium constant, or as much as 105-fold 
(Kenner et al., 1955). Subsequently, the AspdCMP hydrogen 
bond network could stabilize the covalent dihydropyrimidine 
adduct and facilitate proton transfers of the heterocycle in a 
manner similar to that of TS. The caveat in this proposal is 
that since the pKa values of Asp and the 3-N of cytosine are 
both about 5 ,  one of the two residues would require protonation 
to form the proposed reactive imino species. It is possible that 
the pKa of Asp 229 is perturbed or that the small fraction of 
appropriately charged species of enzyme or substrate present 
at neutral pH is a highly reactive species. Future work will 
address this issue. 

dCMP Hmase from T-even bacteriophage catalyzes a re- 
action similar to that of TS in that the one-carbon unit of 
CH2H4folate is transferred to the cytosine of dCMP however, 
unlike TS, a subsequent redox reaction does not occur, and 
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223 229 

L. case! TS F L G -  - V P F N l  A - .  S Y A L  
T4Hmase1 V F G F R N D Y A W Q -  - K y v L 
T4 Hmase 2 V F G -  - F R N D Y A W Q K Y V L  

FIGURE 4: Alignment of the amino acid sequence of T4 dCMP Hmase 
with L. casei TS. Alignments 1 and 2 of dCMP Hmase with L. casei 
TS differ in whether the two amino acid insert of dCMP Hmase is 
placed after residue 225 or after residue 231 of TS. 

the products are Hm5dCMP and H,folate. Perhaps coinci- 
dentally, the K, values for dCMP and CH2H4folate for TS 
N229D are similar to those of 150 and 100 pM, respectively, 
reported for T4 dCMP Hmase (Pizer, 1962). The primary 
sequence of dCMP Hmase has considerable homology with 
TS, particularly in residues involved in substrate binding 
(Lamm et al., 1988). However, the proposed alignment (1, 
Figure 4) places a two amino acid insert of dCMP Hmase 
between TS residues 225 and 226 and aligns Ala 18 1 of dCMP 
Hmase with Asn 229 of TS. We have shown that TS N229A 
has neither TS nor dCMP methylase activity. An alternate 
alignment which eliminates the 225-226 insert places Asp 179 
of dCMP Hmase in alignment with Asn 229 of TS and gives 
an additional identity with the highly conserved Ala 23 1 of 
TS (2, Figure 4). The results described here support the 
alignment of Asn 179 of dCMP Hmase with Asn 229 of T S 3  

With the exception of Asp 229, TS contains all the features 
necessary to catalyze one-carbon transfer at the 5-position of 
the cytosine heterocycle. We speculate that the structures of 
enzymes which catalyze similar reactions on the cytosine 
heterocycle will reveal a similar hydrogen bond network to 
assist catalysis. From the present work, we would suggest the 
involvement of Asp or Glu in many cases of enzymatic me- 
thylation of cytosine residues. It also occurs to us that the 
hydrogen bonds of G-C base pairs in DNA could play a similar 
"catalytic" role in the stabilization of intermediates and proton 
transfers necessary for methylation of cytosine residues. 
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