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(Background: De novo thymidylate biosynthesis occurs in the nucleus.
Results: This pathway forms a multienzyme complex that is associated with the nuclear lamina and the DNA replication

Conclusion: De novo thymidylate biosynthesis occurs at the sites of DNA replication and is enriched at sites of replication

Significance: The compartmentation of thymidylate biosynthesis at the replication fork may permit regulation of dUTP incor-
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The de novo thymidylate biosynthetic pathway in mammalian
cells translocates to the nucleus for DNA replication and repair
and consists of the enzymes serine hydroxymethyltransferase 1
and 2« (SHMT1 and SHMT2a), thymidylate synthase, and
dihydrofolate reductase. In this study, we demonstrate that this
pathway forms a multienzyme complex that is associated with
the nuclear lamina. SHMT1 or SHMT2e« is required for co-lo-
calization of dihydrofolate reductase, SHMT, and thymidylate
synthase to the nuclear lamina, indicating that SHMT serves as
scaffold protein that is essential for complex formation. The
metabolic complex is enriched at sites of DNA replication initi-
ation and associated with proliferating cell nuclear antigen and
other components of the DNA replication machinery. These
data provide a mechanism for previous studies demonstrating
that SHMT expression is rate-limiting for de novo thymidylate
synthesis and indicate that de novo thymidylate biosynthesis
occurs at replication forks.

Regulation of cellular dTTP synthesis is essential for DNA
replication and genome stability in the nucleus (1) and mito-
chondria (2). Depressed de novo thymidylate synthesis resulting
from folate deficiency or anti-folate treatment results in
deoxyuridine misincorporation into mitochondrial DNA (2)
and nuclear DNA leading to genome instability (3). Tetrahy-
drofolate (THF)? is a metabolic cofactor that carries and acti-
vates single carbons for the synthesis of purine and thymidine

* This work was supported, in whole or in part, by National Institutes of Health
Grants DK58144 and HD059120 (to P. J. S.).

This article contains supplemental Figs. S1-S8 and Tables S1-S5.

" To whom correspondence should be addressed: 315 Savage Hall, Division of
Nutritional Sciences, Cornell University, Ithaca, NY 14853. Tel.: 607-255-
9751; Fax: 607-255-1033; E-mail: pjs13@cornell.edu.

2 The abbreviations used are: THF, tetrahydrofolate; SHMT, serine hydroxy-
methyltransferase; TYMS, thymidylate synthase; DHFR, dihydrofolate
reductase; SUMO, small ubiquitin-like modifier; PCNA, proliferating cell
nuclear antigen; SV40 LT, SV40 large T antigen; MEM, minimum essential
medium; TAP, tandem affinity purification.

MARCH 2, 2012+VOLUME 287+NUMBER 10

nucleotides and for homocysteine remethylation to methionine
(4). Folate-mediated one-carbon metabolism is compartmen-
talized in the mitochondria, nucleus, and cytoplasm of eukary-
otic cells (5). The enzymes that constitute the de novo thymidy-
late pathway include SHMT1, SHMT2q, thymidylate synthase
(TYMS), and dihydrofolate reductase (DHFR). Methylene-
THF generated by SHMT is the one-carbon donor for the
TYMS-catalyzed conversion of dUMP to thymidylate, generat-
ing dihydrofolate. DHFR catalyzes the NADPH-dependent
reduction of dihydrofolate to regenerate THF for subsequent
cycles of de novo thymidylate synthesis (Fig. 1). SHMT1, TYMS,
and DHEFR have been localized to the nucleus, and their trans-
location is mediated by post-translational modification with
the small ubiquitin-like modifier (SUMO) (6, 7). SHMT1
nuclear translocation is cell cycle-dependent and occurs during
the S and G,/M phases and in response to UV damage (7-9). In
mice, nuclear localization of the de novo thymidylate synthesis
pathway is required to minimize uracil misincorporation into
nuclear DNA (10). Intact purified nuclei from mouse liver
exhibit de novo thymidylate synthesis activity, whereas nuclei
disrupted by sonication lack this activity, indicating that the
formation of a multienzyme complex may be required for the
pathway to function (6).

Previous studies in cell culture and mouse models have
shown that SHMT1 expression determines de novo thymidylate
synthesis activity, indicating that this enzyme is limiting for
de novo thymidylate synthesis in vivo (11, 12). In mammals,
there are two SHMT isozymes encoded by distinct genes (13—
15). SHMTI1 encodes the cytoplasmic/nuclear isozyme
(SHMT1), and SHMT?2 encodes the mitochondrial (SHMT?2)
and the cytoplasmic/nuclear (SHMT2a) isoform through alter-
native promoter use (6, 13—15). This second SHM T2 transcript
encodes SHMT2aq, which provides functional redundancy with
SHMTT1 in the de novo thymidylate synthesis pathway. De novo
thymidylate biosynthesis activity is reduced by 75% in nuclei
isolated from Shmtl '~ mice (6).
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FIGURE 1. Schematic of folate-mediated one-carbon metabolism in the cytoplasm and nucleus. One-carbon metabolism is required for the de novo
synthesis of purines and thymidylate and for the remethylation of homocysteine to methionine. Folate-activated one-carbon units are shown in boldface type.
The de novo thymidylate pathway is sumoylated and translocates to the nucleus during S phase. MTHFD1, methylenetetrahydrofolate dehydrogenase; MTR,
methionine synthase; MTHFR, methylenetetrahydrofolate reductase; DHF, dihydrofolate.

Recent evidence indicates that the formation of a multien-
zyme metabolic complex is required for de novo purine nucle-
otide biosynthesis in the cytoplasm, referred to as a purinosome
(16, 17). Formation of the purinosome is regulated by cell cycle,
purine levels, protein kinases (18), microtubule networks (19),
and sumoylation (17), with disruption of microtubule networks
resulting in the suppression of de novo purine biosynthesis. A
nuclear multienzyme complex, termed the replitase, which
contained some of the enzyme activities required for the de
novo thymidylate cycle, including ribonucleotide reductase,
TYMS, and DHEFR, as well as DNA polymerase, was identified
in mammalian nuclear extracts from S phase cells (20, 21).
Other studies have identified SHMT1 as an interacting partner
with proliferating cell nuclear antigen (PCNA), indicating that
SHMT1 and the de novo thymidylate pathway may localize to
sites of DNA synthesis (8, 22). PCNA is a DNA replication and
repair processivity factor, which acts as a “sliding clamp” and
crucial factor for the localization of proteins to replication forks
and repair foci (23, 24).

Shmt1™’~ mice accumulate uracil within nuclear DNA (12)
and show increased susceptibility to neural tube defects (25)
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and intestinal cancer (26). In this study, we investigated the
presence of a nuclear multienzyme complex that included
SHMT and the entire de novo thymidylate pathway, and its
association with the DNA replication machinery. The results of
this study demonstrate that the de novo thymidylate synthesis
pathway is associated with nuclear lamina and that SHMT1 or
SHMT2« serve essential roles as scaffold proteins for complex
formation. Furthermore, this metabolic complex is enriched at
sites of DNA replication initiation, indicating that de novo thy-
midine nucleotide synthesis occurs at the sites of DNA
synthesis.

MATERIALS AND METHODS

Cell Lines and Culture Medium—HeLa cells were obtained
and cultured as reported previously (6). Cells were cultured in
a-MEM or DMEM (Hyclone) supplemented with 10% fetal
bovine serum (Hyclone) and penicillin/streptomycin (Mediat-
ech) at 37°C and 5% CO,. For all experiments, a-MEM
(Hyclone) lacking nucleosides was used and supplemented with
10% dialyzed and charcoal treated fetal bovine serum and pen-
icillin/streptomycin (Mediatech) with and without the four
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canonical deoxyribonucleosides, each at a concentration of 10
mg/liter. Cells were maintained at 37 °C and 5% CO,, for 2 pas-
sages over 1 week prior to transfection. The SH-SY5Y human
neuroblastoma cell line has been described previously (27).
Cells were cultured in a-MEM with 10% dialyzed fetal bovine
serum for all experiments. The expression of a dominant neg-
ative SHMT1 protein, DN2-SHMT1, was induced in cell lines
by the addition of 1 ug/ml tetracycline for a minimum of 4 days
prior to experimentation as described previously for SH-SY5Y-
FDH cell lines (28).

Generation of Human DN2-SHMT1-expressing Cell Lines—
Generation of the pet28a-DN2-SHMT1 cDNA was described
previously (29). This DN2-SHMT1 cDNA was cloned into the
Kpnl and BamHI (New England Biolabs) site of the
pcDNA4/TO/myc-His C vector (Invitrogen), generating
pcDNA4-DN2-SHMT1. Stable SH-SY5Y cell lines expressing
pcDNAG6/TR vector (Invitrogen) and pcDNA4-DN2-SHMT1
were generated. SH-SY5Y cells were electroporated with 20 ug
of plasmid DNA (pcDNA4-DN2-SHMT1 and pcDNA6/TR
vector) at 0.22 kV and 950 microfarads (Bio-Rad Gene-Pulser)
and then cultured with a-MEM for 48 h. The medium was
replaced with a-MEM containing blasticidin (10 ug/ml) and
Zeocin (100 ug/ml; Invitrogen) to select for cells that integrated
the plasmid. Individual colonies resistant to Zeocin treatment
were selected and expanded using a-MEM containing blastici-
din and Zeocin, and clonal lines expressing human DN2-
SHMT1 protein were screened by Western blot analyses.

Vectors and Transfection Procedures—The pCMV6-AC-
DHFR-GFP, pCMV6-AC-TYMS-GFP, phiYFP-SHMT1, and
TagRFP-N-SHMT2a vectors were previously described (6).
PmKate2-Lamin B1 was purchased from Evrogen. The pBABE-
Puro-SV40 LT vector was deposited in Addgene by Dr. Thomas
Roberts and purchased from Addgene (Addgene plasmid
13970). pNTAP; and pCMV-FLAG-MAT-Tag-1 were ob-
tained from Stratagene and Sigma, respectively. PCR was used
to create adapters on SHMT1 cDNA for ligation. The forward
primers for both pNTAP,-SHMT1 and pCMV-FLAG-
SHMT1-MAT-Tag-1 were 5'-ATATAAGCTTATGACGAT-
GCCAGTCAAC-3’, where the underline indicates a HindIII
(New England Biolabs Inc.) restriction site. The reverse primer
for pNTAP,-SHMT1 was 5 -ATATCTCGAGGAAGTCAG-
GCAGGCCAGG-3', where the underline indicates an Xhol
(New England Biolabs Inc.) restriction site. The reverse primer
for pCMV-FLAG-SHMT1-MAT-Tag-1 was 5'-ATAT-
AGATCTGAAGTCAGGCAGGCCAGG-3', where the under-
line indicates a BglII (New England Biolabs Inc.) restriction site.
PCRs were conducted as follows: 95 °C for 45 s, 55 °C for 45 s,
and 72 °C for 2 min. Following PCR, products were gel-purified
using the QIAquick gel extraction kit (Qiagen). Vectors and
PCR products were digested with their respective restriction
enzymes as per the manufacturer’s protocol. Ligation was com-
pleted using T4 DNA ligase (Invitrogen) as per the manufactur-
er’s protocol. All transfection procedures were completed using
Kit R (Lonza) for a Nucleofector II (Lonza) as per the manufac-
turer’s instructions.

Confocal Microscopy—Following nucleofection, cells were
incubated at 37 °C under 5% CO, for 24 h. For visualization of
nuclei in cells not transfected with pmKate2-Lamin B,
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DRAQ5 (Alexis Biochemicals) was used per the manufacturer’s
instructions. Confocal fluorescence microscopy (Leica TCS
SP2 system) was used to image all cells at the Cornell Micro-
scope and Imaging Facility.

Cell Cycle Synchronization and Analysis—HeLa cells at 60%
confluence were arrested at various cell cycle stages using 30
uM lovastatin (Sigma) (for G; phase), 2 mm hydroxyurea
(Sigma) (for S phase), or 100 ng/ml nocodazole (Sigma) (for
G,/M phase) following transfection. Preparation for fluores-
cence-activated cell sorting (FACS) was described previously
(8). FACS analysis was performed at the Biomedical Sciences
Flow Cytometry Core Laboratory, Cornell University.

Immunoblotting—SHMT1, SHMT2, TYMS, DHEFR, and
GAPDH immunoblots were performed as described previously
(6,7). Antibodies directed toward PCNA and the SV40 LT were
purchased from Abcam. Mouse anti-PCNA and mouse anti-
SV40 large T antigen were diluted in 5% nonfat dry milk
(Carnation) containing 1% Nonidet P-40 (U.S. Biologicals) at a
concentration of 1 pg/ml and 1:1000, respectively. Goat anti-
mouse HRP (Pierce) secondary antibodies were used at a dilu-
tion of 1:10,000. SuperSignal West Pico Chemiluminescent
substrate was used for visualization (Pierce).

Immunoprecipitation—Immunoprecipitation was con-
ducted using the Dynabeads Protein G immunoprecipitation
kit (Invitrogen). For whole cell immunoprecipitation, HeLa
cells were lysed using mammalian protein extraction reagent
(Pierce) supplemented with 2 mm B-mercaptoethanol (Calbi-
ochem), 0.1 mm EDTA (Fisher), 1 mm PMSF (Alexis Biochem-
icals), and 1:1000 protease inhibitor mixture (Sigma). For
immunoprecipitations from nuclear and cytosolic extracts,
nuclei were purified using the Active Motif Nuclear extract kit
per the manufacturer’s protocol. Antibodies directed toward
the following proteins were purchased from Abcam: DNA
polymerase §, uracil DNA glycosylase 2 (UNG2), PCNA, and
DHEFR. Lamin A/C, Lamin B1, DNA polymerase ¢, lysine dem-
ethylase 1 (KDM1), and replication factor C activator 1 (RFC1)
antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Non-immune IgG was purchased from
Pierce. SHMT1 antibody was obtained as described previously
(8). 1 mg of total protein per sample was incubated with 5 ug of
antibody overnight at 4 °C. The beads were collected and
washed four times with PBS, 0.1% Tween 20 (Fisher). For lamin
A/C and lamin Bl immunoprecipitations, washes contained
either 150 mm NaCl or 650 mm NaCl in PBS, 0.1% Tween 20.
For all immunoprecipitations, 40 ul of SDS-PAGE sample
buffer were added to the beads to elute the protein with heating
at 100 °C.

SHMTI1 Tandem Affinity Purification—pNTAP;-SHMT1
was transfected into HeLa cells as described above. For the iso-
lation of TAP-tagged SHMT1 and co-eluting proteins, the
Interplay Mammalian TAP System kit (Stratagene) was used
following the manufacturer’s protocol. For isolation of FLAG-
SHMT1-MAT and co-eluting proteins for peptide sequencing,
pCMV-FLAG-SHMT1-MAT-Tag-1 was transfected as de-
scribed above. Approximately 4 X 10° HeLa cells were used per
group. The groups were as follows: empty pCMV-FLAG-MAT-
Tag-1 control, pCMV-FLAG-SHMT1-MAT-Tag-1 S phase-
synchronized cells, and UV-treated cells. UV treatment was
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accomplished as previously reported (9). 24 h following treat-
ments, cells were washed with 20 ml of PBS, 1 mm PMSF three
times. Cells were scraped into 5 ml of PBS, 1 mm PMSF and
collected in 50-ml conical tubes (Corning Glass). Cells were
pelleted at 1000 rpm for 5 min and suspended in 15 ml of swell-
ing buffer (25 mm HEPES (Fisher), pH 7.8, 1.5 mm MgCl,
(Fisher), 10 mm KCl (Fisher), 0.1% Nonidet P-40 (U.S. Biologi-
cals), 1.0 mm PMSF (Alexis Biochemicals), 1:100 protease
inhibitor (Sigma)) and incubated on ice for 10 min. Cells were
homogenized with 25 strokes of a B-type Dounce homogenizer,
and cell lysis was verified by trypan blue (Fisher) exclusion. The
homogenate was then filtered (70-um mesh; BD Bioscience)
and centrifuged at 4000 rpm for 5 min to collect nuclei. Nuclei
were washed with 2X swelling buffer and pelleted by centrifu-
gation. Nuclei were suspended in 1 ml of ice-cold sodium phos-
phate (Fisher), pH 8.0, 75 mm NaCl, 1 mm PMSF, 1:100 protease
inhibitor for histidine tag isolation (Sigma). MgCl, was added
to a concentration of 2 mm. Benzonase (Sigma) was added at a
concentration of 250 units/ml sample for removal of DNA and
incubated for 30 min on ice. Following benzonase treatment,
samples were centrifuged at 14,000 rpm for 15 min. The super-
natant was collected, and FLAG-SHMT1-MAT and co-eluting
proteins were purified using Invitrogen His-TALON magnetic
beads per the manufacturer’s instructions. Following elution,
the eluates were combined and diluted with 1 volume of a solu-
tion containing 100 mm Tris, pH 7.4, 2 mm EDTA, and a 1:100
dilution of protease inhibitor mixture. FLAG immunoprecipi-
tation was conducted using FLAG affinity gel (Sigma) per the
manufacturer’s instructions. The eluate from the FLAG immu-
noprecipitation was then subjected to protein precipitation
using the ND protein precipitation kit (National Diagnostics)
per the manufacturer’s protocol. The protein pellet was sus-
pended in 20 ul of 20 mm Tris, pH 7.5, and 20 ul of 2X SDS-
PAGE loading buffer (Bio-Rad) and heated at 95 °C for 10 min.

Mass Spectrometry—Tandem affinity-purified samples from
S phase-blocked and UV-treated cells were run on a 12% poly-
acrylamide gel and were stained with Novex colloidal blue
staining reagent (Invitrogen). The lanes were excised and cut
into nine fractions of ~7 mm by 5-mm areas and sent to the
Harvard Microchemistry Facility for peptide digestion, purifi-
cation, and sequencing. Each excised fraction was reduced, car-
boxyamidomethylated, and digested with trypsin. Peptide iden-
tification of each digestion mixture was performed by
microcapillary reversed-phase HPLC nanoelectrospray tandem
mass spectrometry on an LTQ-Orbitrap Velos or XL mass
spectrometer (Thermo Fisher Scientific, San Jose, CA). The
Orbitrap repetitively surveyed an m/z range from 395 to 1600,
whereas data-dependent MS/MS spectra on the 20 (Velos) or
10 (XL) most abundant ions in each survey scan were acquired
in the linear ion trap. MS/MS spectra were acquired with rela-
tive collision energy of 30%, 2.5-Da isolation width, and recur-
ring ions were dynamically excluded for 60 s. Preliminary
sequencing of peptides was facilitated with the SEQUEST algo-
rithm with a 30 ppm mass tolerance against a species-specific
(human) subset of the UniProt Knowledgebase. With a custom
version of the Harvard Proteomics Browser Suite (Thermo
Fisher Scientific), peptide spectrum matches were accepted
with mass error of <2.5 ppm and score thresholds to attain an
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estimated false discovery rate of ~1%, using a reverse decoy
database strategy. Gene ontology term enrichment was per-
formed using DAVID with the total set of proteins with a pep-
tide count of =3 and a ratio of experimental group peptide
counts to control group peptide counts of >1 (30, 31).

Metabolic Isotope Tracer Studies—Metabolic isotope tracer
studies were completed as described previously (32).

Tandem Chromatin Immunoprecipitation—Clones 1, 2, and
3 of pBABE-Puro-SV40 LT-expressing HeLa cells that were
selected using puromycin were used for this experiment.
Approximately 2 X 10® cells were used per clone. Each plate
was washed three times with ice-cold PBS. The bifunctional
cross-linker dimethyl 3,3’-dithiobispropionimidate (Pierce)
was suspended at a concentration of 5 mM in PBS at pH 8.0, and
20 ml per plate was added. Cells were incubated at 4 °C for 30
min and then washed twice with PBS. 20 ml of ice-cold quench-
ing buffer (100 mm Tris, pH 8.0, 150 mm NaCl) was added per
plate, and the cells were incubated for 10 min at 4 °C. Each plate
was washed three times with PBS at room temperature. Each
plate was treated with a 1% formaldehyde (Fisher) solution in
PBS and then incubated at room temperature for 10 min. To
quench formaldehyde cross-linking, 3 ml of 1.375 M glycine
(Fisher) were added. Plates were washed three times with ice-
cold PBS supplemented with 0.5 mm PMSE. Cells were scraped
into 5 ml of ice-cold PBS containing 0.5 mMm PMSF and centri-
fuged at 1000 rpm for 5 min at 4 °C. The pelleted cells were
resuspended in 10 volumes of swelling buffer and then sub-
jected to Dounce homogenization and centrifugation as
reported above. Pelleted nuclei were resuspended in 5 ml of
sonication buffer (50 mm Hepes, pH 7.9, 140 mMm NaCl, 1 mm
EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,
0.5 mm PMSF, and 1:1000 protease inhibitor mixture). Nuclei
were sonicated using a 3-mm microtip probe on a Branson
Sonifier 150 at 80% with 10-s pulses, 10 times, with 1-min incu-
bations on ice between pulses. Sonicated nuclei were centri-
fuged at 14,000 rpm for 15 min at 4 °C, and the supernatant was
supplemented with 1 pg/ml sonicated salmon sperm DNA
(Invitrogen) and bovine serum albumin (Sigma) at 1 mg/ml.
The lysate was precleared using 50 ul of Invitrogen Protein G
Dynabeads for 2 h at 4 °C, beads were collected on a magnet,
and the supernatant was removed. Samples were divided into
1-ml aliquots for immunoprecipitation. 5 ug of PCNA (Abcam)
antibody was incubated for 12 h per 1-mlaliquot at4 °C. 50 ul of
Invitrogen Protein G Dynabeads were added, and the solution
was incubated for 1 h at 4 °C. The beads were collected with a
magnet and washed twice with 1 ml of sonication buffer. The
beads were washed twice with 1 ml of sonication buffer con-
taining 500 mm NaCl and then twice with 1 ml of a solution
containing 20 mwm Tris, pH 8.0, 1 mm EDTA, 250 mwm LiCl, 0.5%
Nonidet P-40, 0.5% sodium deoxycholate, 0.5 mm PMSF, and
protease inhibitor mixture. Two more washes were performed
with 1 ml of TE buffer. 50 ul of 10 mm DTT was then added to
the beads, which were then incubated at 37 °C for 30 min. The
eluate was removed, and that step was repeated. The eluates
were then combined and diluted 40X with sonication buffer.
10% of the sample was kept for input. The sample was then
aliquoted into 1-ml fractions for TYMS, DHFR, SHMT]1, and
IgG control immunoprecipitations. 5 ug of each antibody was
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used, and samples were incubated for 12 h at 4°C. 50 ul of
Invitrogen Protein G Dynabeads were added and incubated for
1 h at 4°C. Washes were performed as above. To elute the
proteins, 200 ul of a solution containing 50 mm Tris, pH 8.0, 1
mM EDTA, 1% SDS, and 50 mm NaHCO; was added, and the
beads were heated to 65 °C for 10 min. This step was repeated,
and eluates were combined, giving a 400-ul final volume. The
input and samples were then treated with 21 ul of 4 M NaCl and
incubated for 12 h at 65 °C. 2 ul of RNase A (5 mg/ml) (Rock-
land Immunochemicals, Inc.) was added to each sample, fol-
lowed by incubation at 37 °C for 1 h. EDTA was then added to a
concentration of 5 mM. 2 ul of proteinase K (10 mg/ml) (Rock-
land Immunochemicals, Inc.) was then added, and samples
were incubated for 2 h at 42 °C. Samples were extracted with
phenol/chloroform/isoamyl alcohol (Sigma) once and then
with chloroform/isoamyl alcohol (Sigma). 1 ul of glycogen
(Sigma) (20 mg/ml) was added, followed by the addition of 40 ul
of 3 M sodium acetate (Fisher) and 1 ml of 100% ethanol
(Pharmco-AAPER). Samples were vortexed and precipitated
for 12 h at —20 °C, followed by centrifugation at 14,000 rpm for
30 min. The pellets were washed with 75% ethanol. Centrifuga-
tion was repeated, and the pellet was allowed to dry at room
temperature. Samples were then suspended in 100 ul of 10 mm
Tris, pH 7.5, for real-time PCR analysis.

Real-time PCR—Forward and reverse primers surrounding
the SV40 origin of replication were 5'-CAGCAGGCAGAAG-
TATGCAAAGCA-3" and 5'-TACTTCTGGAATAGCTCA-
GAGGCCGA-3’, respectively. To amplify the pBABE-Puro
vector region, the forward and reverse primers were 5'-ACA-
GAGTTCTTGAAGTGGTGGCCT-3" and 5'-TGGTTT-
GTTTGCCGGATCAAGAGC-3', respectively. To amplify the
large T-antigen insert, the forward and reverse primers were
5'-ACTCCACACAGGCATAGAGTGTCT-3' and 5'-CCCA-
CCTGGCAAACTTTCCTCAAT-3', respectively. Real-time
PCR analysis was performed using the Quantifast SYBR Green
PCR kit (Qiagen). PCR products were quantified using an
Applied Biosystems 7500 real-time PCR system.

RESULTS

SHMTI1, SHMT20, DHFR, and TYMS Are Present in Nuclei
during S and G,/M Phases—SHMT1, SHMT2«a, TYMS, and
DHER have been localized previously to the nucleus and cyto-
plasm of human and mouse cell lines (6, 8, 10). Nuclear local-
ization of SHMT1 and SHMT2« in mouse embryonic fibro-
blasts and human cell lines (6, 8) is restricted to the S and G,/M
phases of the cell cycle and in response to UV damage (9). In this
study, the nuclear localization of TYMS and DHFR was deter-
mined as a function of cell cycle. As seen previously for SHMT]1,
DHER (supplemental Fig. S1) and TYMS (supplemental Fig. S2)
localized to the nucleus during S and G,/M phases but not in G,
phase. These data confirm that all of the enzymes necessary for
de novo thymidylate biosynthesis are present within the nucleus
during S and G,/M phases during DNA replication and repair
but are restricted to the cytoplasm in G;.

Identification of SHMTI1-interacting Proteins in Nuclear
Extracts—Intact purified nuclei from mouse liver can convert
tritium-labeled serine and dUMP to tritium-labeled thymidy-
late, but this activity is lost in sonicated nuclei, indicating that
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TABLE 1

Subsets of proteins identified using tandem affinity purification and
MS/MS

A complete listing of proteins identified is available in supplemental Tables S1-S5.

Function Protein S-phase uv Both
Identification
APEX1 v
LIG3 v
LIG4 4
MNATI1 v
NTHL1 v
DNA repair PCNA v
and replication POLD3 v
POLE v
PRIM1 v
PRIM2 v
RFC1 v
XAB2 v
RAD21 v
SKP1 v
ANAPCS v
ATR v
CDC27 v
CUL1 v
Cell cycle CCNBI1 v
CCNH v
CDK4 \
ATM v
STAGI v
YWHAB v
LMNA v
LMNBI v
LMNB2 v
DNAJA2 \
BATI v
Lamin Binding IMO7 v
Proteins LIMA1 v
MEDI10 M
MED14 v
MED19 \
MED22 v
MED4 v

nuclear integrity and multienzyme complex formation may be
necessary for de novo thymidylate synthesis (6). To determine if
the de novo thymidylate biosynthesis pathway is present in
nuclei within a multienzyme complex, SHMT1 tandem affinity
purification and SHMT1 co-precipitation experiments were
performed on benzonase-treated nuclear extracts isolated from
S phase cells and cells treated with UV (supplemental Fig. S3).
Over 833 proteins were identified as SHMT1-interacting pro-
teins. The list was refined by excluding proteins with fewer than
three peptides identified, and the remaining proteins were
grouped by gene ontology term enrichment using the bioinfor-
matics tool DAVID (Table 1 and supplemental Tables S1-S5).
Multiple proteins involved in nucleotide metabolism and DNA
replication and repair were identified, as well as 80 lamin-inter-
acting proteins. The majority of the identified proteins known
to be involved in DNA replication and repair, as well as lamin-
interacting proteins, were found in both S phase and
UV-treated samples, although some of these interactions were
identified only in one of those two exposures (Table 1).
Validation of SHMT1I-interacting Partners—DNA replica-
tion occurs on nucleoskeletal structures (34) and disruption
of the nuclear lamina results in DNA replication arrests (35,
36). Several proteins involved in DNA replication are lamin-
binding proteins, including PCNA, which acts as a proces-
sivity factor for DNA replication (37). SHMT1 has been
identified previously as a PCNA-interacting partner (8), and
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FIGURE 2. SHMT1 is a nuclear lamin-associated protein. A, both lamin A/C and lamin B1 co-immunoprecipitations from benzonase-treated nuclear extracts
contained SHMT1 even in high salt conditions (650 mm NaCl), whereas neither contained TYMS or DHFR even under low salt conditions (150 mm NaCl).
B, pNTAPb-SHMT1 and pNTAPb empty vectors were transfected into Hela cells, and tandem affinity purification was performed using streptavidin and
calmodulin resins. SHMT1, TYMS, and DHFR were detected in pNTAPb-SHMT1 transfections in samples that were not treated with nucleases. C, the DNA
dependence of SHMT1, TYMS, and DHFR interactions were determined by SHMT1 immunoprecipitation in purified nuclear extracts treated with or without
benzonase. TYMS and DHFR only immunoprecipitated with SHMT1 in samples lacking benzonase treatment. D, the interaction of SHMT1, lamin B1, and DHFR
was investigated by confocal microscopy following transfection of cDNAs encoding GFP-DHFR, SHMT1-YFP, and mKate-lamin B1 fusion proteins in cells
blocked in G, (30 um lovastatin), S phase (1 mm hydroxyurea), and G,/M (100 ng/ml nocodazole) phases of the cell cycle. Co-localization of DHFR and SHMT1
with lamin B1 is concomitant with nuclear localization of DHFR and SHMT1 during S and G,/M but not during G, phases of the cell cycle. IP,

immunoprecipitation.

this interaction was confirmed in this tandem affinity puri-
fication experiment (supplemental Fig. S3 and Table 1). To
validate SHMT1 as alamin-interacting partner, co-immuno-
precipitation experiments using benzonase-treated nuclear
extracts were performed with antibodies against either
lamin A/C or lamin B1. SHMT1 co-precipitated with lamin
A/C and lamin B1 antibodies under stringent (650 mm NaCl)
and less stringent conditions (150 mm NaCl) (Fig. 2A4). Nei-
ther TYMS nor DHFR co-precipitated with lamin proteins
under these conditions.

Other SHMT1-interacting partners identified in Table 1
were validated by co-immunoprecipitation followed by immu-
noblotting against the interacting protein. SHMT1, TYMS, and
DHER all co-precipitated with PCNA in nuclear extracts (sup-
plemental Fig. S4, A—C) but not in cytoplasmic extracts (sup-
plemental Fig. S4, A and B). Lysine demethylase 1 (KDM1),
which has been recently identified as a folate-binding protein
(38), immunoprecipitated with anti-SHMT1 antibodies (sup-
plemental Fig. S4D). Other proteins involved in DNA replica-
tion and repair, including DNA polymerases 6 and € (POLD and
POLE respectively), replication factor C activator 1 (RFC1), and
uracil DNA glycosylase 2 (UNG2) (supplemental Fig. S4E) co-
immunoprecipitated with SHMT1. In total, eight validations
were performed, and no false positives were identified.
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SHMT1I Interaction with TYMS and DHFR Is DNA-
dependent—Neither TYMS nor DHFR were identified as
SHMT1- or lamin-interacting proteins by tandem affinity puri-
fication. The ability of nuclear SHMT1 to interact with TYMS
and DHEFR in the absence of DNA digestion was determined by
co-precipitation with SHMT1 in small scale tandem affinity
purification (Fig. 2B) and SHMT1 immunoprecipitation (Fig.
2C). In the tandem affinity purification, both TYMS and DHFR
co-precipitated with SHMT1 in the absence of benzonase treat-
ment (Fig. 2B). However, neither TYMS nor DHFR co-precip-
itated with SHMT1 in nuclear extracts treated with benzonase,
whereas in the absence of benzonase treatment, co-immuno-
precipitates contained TYMS and DHEFR (Fig. 2C).

Co-localization of de Novo Thymidylate Biosynthesis Path-
way with Lamin B1—The co-localization of the de novo thymi-
dylate biosynthesis pathway with the nuclear lamina was inves-
tigated by confocal microscopy. HeLa cells transfected with
pCMV6-AC-DHFR-GFP, phiYFP-N-SHMTI1, and mKate2-
lamin B1 expression plasmids exhibited co-localization of
lamin B1, SHMT1, and DHER fusion proteins in filament-like
linear structures and clusters in the S and G,/M phases of the
cell cycle (Fig. 2D). To control for potential artifacts resulting
from lamin B1 fusion protein expression, confocal microscopy
was performed on HeLa cells following transfection of pPCMV6-
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FIGURE 3. SHMT1 and TYMS form linear lamin B1 co-localizing structures independent of nucleoside availability. The cDNAs encoding YFP-SHMT1,
TYMS-GFP, and mKate-lamin B1 fusion proteins were transfected into cells cultured in medium containing nucleosides (a-MEM), medium without nucleosides
(DMEM), and a-MEM that lacks either deoxyuridine (dU) or thymidine (dT) and visualized by confocal microscopy. The co-localization of SHMT1 and TYMS with

lamin B1 was independent of nucleosides in the culture medium.

AC-DHFR-GFP (supplemental Fig. S5A4), pPCMV6-AC-TYMS-
GFP (supplemental Fig. S5, B and C), or phiYFP-N-SHMT1
(supplemental Fig. S5C) plasmids. All three fusion proteins that
constitute the de novo thymidylate biosynthesis cycle co-local-
ized as linear structures within nuclei, demonstrating that the
formation of these structures was not of the result of lamin B1
overexpression.

Formation of Thymidylate Biosynthesis Complex Is
Nucleotide-independent—Previous studies have demonstrated
that the assembly of the purinosome, a cytoplasmic multien-
zyme complex comprising the de novo purine biosynthesis
enzymes, is regulated by purine levels within the cell. The effect
of nucleosides on the formation of the de novo thymidylate
biosynthesis pathway complex in nuclei was determined in
HeLa cells cultured in medium lacking all nucleosides
(DMEM), lacking only deoxyuridine (dU), lacking only thymi-
dine (dT), or replete with all nucleosides (a-MEM) following
transfection with the plasmids pCMV6-AC-TYMS-GFP, phi-
YFP-N-SHMT1, and mKate2-lamin B1 (Fig. 3). The presence
or absence of nucleosides in the culture media did not affect the
co-localization of SHMT1, TYMS, and lamin B1 as determined
by confocal microscopy, demonstrating that formation of the
observed linear structures is independent of nucleoside
availability.

SHMT1 and SHMT2a Are Required for DHFR, TYMS, and
Lamin B1 Co-localization—The lamin-binding property of
SHMTT1 and the lack of interactions among TYMS and DHFR
and lamins suggested that SHMT1 and/or SHM T2« may func-
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tion as scaffold proteins required for DHFR and TYMS local-
ization to the lamina and assembly of the de novo thymidylate
synthesis pathway complex. Therefore, the co-localization of
TYMS and DHEFR with nuclear lamins was investigated in the
absence of SHMT. DHFR-GFP and mKate-lamin B1 (supple-
mental Fig. S6A) or TYMS-GFP and mKate-lamin B1 (Fig. 4A4)
co-localized in HeLa cells transfected with scrambled siRNA in
95% of the observed cells, but co-localization was reduced to 50
and 75%, respectively, in cells treated with SHMT2 siRNA.
Lamin B1 and DHFR or TYMS co-localizing structures were
observed in only 5 and 14%, respectively, of cells treated with
SHMT1 siRNA and were absent in SHMT1 and SHMT2
siRNA-treated samples. Immunoblotting was performed
against SHMT1 and SHMT?2 to ensure that the knockdown of
those enzymes had occurred (Fig. 4B and supplemental Fig.
S6B). These data demonstrate that SHMT1 and SHMT2« func-
tion as scaffolds that are required for TYMS and DHFR co-lo-
calization with lamin B1.

TYMS, DHFR, and SHMT?2 Do Not Affect SHMT1 and Lamin
B1 Co-localization—The effect of TYMS, DHFR, and SHMT?2
expression on SHMT1 co-localization with lamin B1 was inves-
tigated in HeLa cells expressing SHMT1-YFP and mKate-lamin
B1 (supplemental Fig. S7A). Lamin B1 and SHMT1 co-localized
independent of reduced TYMS, DHER, or SHMT?2 expression,
which was achieved by siRNA treatment. Immunoblotting was
performed against TYMS, DHER, and SHMT2 to ensure that the
knockdown of those enzymes had occurred (supplemental Fig.
S7B). These data demonstrate that SHMT1 is essential for the de
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FIGURE 4. SHMT1 and SHMT2 are required for TYMS and lamin B1 co-localization. A, cDNAs encoding GFP-TYMS, mKate-lamin B1 fusion proteins, and
siRNAs, including scrambled (MOCK), SHMT1, SHMT2, or both SHMT1 and SHMT2, were transfected into HelLa cells. Cells were blocked in S phase using
hydroxyurea (2 mm) and visualized with confocal microscopy. For each siRNA treatment, 100 cells were counted. The presence of DHFR and lamin B1
co-localizing structures occurred in 95 £ 4,14 = 4.5,75 + 5.7, and 0 = 0.6% of cells transfected with scrambled, SHMT1, SHMT2, and both SHMT1 and SHMT2
siRNAs, respectively. Erroris expressedin S.D. (n = 3).B,immunoblotting was performed on siRNA-treated samples to ensure knockdown of SHMT1 and SHMT2.

GAPDH was visualized as a loading control.

novo thymidylate synthesis pathway complex formation and that
SHMT1 anchors the de novo thymidylate pathway to lamin B1.
SHMT2a Functions as Scaffold Protein Independent of
SHMTI1—Previous studies have demonstrated that SHMT1
and SHMT2a« are functionally redundant in nuclear de novo
thymidylate synthesis (6). The dependence of the SHMT2a-
lamin interaction on SHMT1, TYMS, and DHEFR expression
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was investigated in HeLa cells expressing SHMT2a-RFP and
mKate-lamin B1 fusion proteins (supplemental Fig. S8A).
SHMT2« and lamin Bl co-localized independent of TYMS,
DHER, and SHMT1 expression. Immunoblotting was per-
formed against TYMS, DHEFR, and SHMT1 to ensure that the
knockdown of those enzymes had occurred (supplemental Fig.
S8B). These data demonstrate that SHM T2« co-localizes with
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lamin B1 even in the absence of SHMT1, further supporting the
functional redundancy of SHM T2« and SHMT1 in nuclear de
novo thymidylate synthesis.

SHMT1 Scaffold Function Can Determine de Novo Thymidy-
late Synthesis Capacity—Previous studies of SHMT1-deficient
mice (12) and cell culture models (11, 32) have demonstrated
strong correlations between SHMT expression and de novo
thymidylate synthesis capacity, although enzyme kinetic stud-
ies do not indicate that SHMT1 is catalytically rate-limiting in
the de novo thymidylate biosynthesis pathway (39). To distin-
guish between the catalytic and scaffold functions of SHMT1 in
nuclear de novo thymidylate biosynthesis, the effect of express-
ing a dominant negative SHMT1 protein in SH-SY5Y cells that
express endogenous SHMT1 on de novo thymidylate synthesis
was determined. SHMT is a tetramer, best described as a dimer
of obligate dimers, in which amino acid residues from each
monomer in the obligate dimer contribute to both active sites
in the dimer (29, 40). Previously, we have described the gener-
ation of a dominant negative SHMT1 protein, termed DN2-
SHMT1(Y82A/Y83F/K257Q), that dimerizes with wild type
SHMT1, creating a stable protein that lacks catalytic activity in
both active sites of the dimer (29). Tyr-82 is required for hydro-
phobic stacking with the p-aminobenzoylglutamate moiety of
tetrahydrofolate, and the Y82A mutation eliminates folate
binding. The side chains of Tyr-83 and Lys-257 are required for
SHMT1 catalytic activity. Expression of DN2-SHMTT1 in cells
expressing endogenous SHMT1 results in the formation of
inactive SHMT1 tetramers and a decrease in the specific activ-
ity of SHMT1 in the cell. Co-expression of YFP-DN2-SHMT1
and mKate-lamin B fusion proteins resulted in the formation of
SHMT1-lamin B linear structures that were indistinguishable
from structures resulting from coexpression of wild-type YFP-
SHMT1 and mKATE-lamin B1 (Fig. 54), indicating that the
mutations in DN2-SHMT1 did not impair lamin binding
activity.

To determine the effect of DN2-SHMT1 expression on
SHMT1 activity in cells with respect to de novo thymidine bio-
synthesis and homocysteine remethylation, metabolic isotope
tracer experiments were performed using L-[*H]serine and
SH-SY5Y cells that express DN2-SHMT1 from a tet-inducible
promoter (28). In this assay, the methylene-THF that is gener-
ated by SHMT from 1-[*H,]serine is incorporated into methi-
onine or thymidine with the donated one-carbon unit retaining
two deuterium atoms (CD,) that were present on the hydroxy-
methyl group of serine (Fig. 1). Alternatively, if [L->H]serine
enters the mitochondria, the hydroxymethyl group will be
released from mitochondria as formate containing a single deu-
terium atom (CD,) and enter the methylene-THF pool with one
deuterium atom (CD,), which can be incorporated into methi-
onine or thymidylate (Fig. 1). CD,-methylene-THF can also be
converted to CD; methylene-THF through its reversible con-
version to methenyl-THF through the activity of MTHFD],
which was identified to interact with SHMT1 in the nucleus
both during S phase and in response to UV (supplemental Table
S2).

The effect of DN2-SHMT1 expression on CD, enrichment in
thymidine in DNA and on serine and methionine in cellular
protein was determined following the culture of SH-SY5Y with
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FIGURE 5. Dominant negative SHMT1 (DN2-SHMT1) localizes with lamin
B1 and enhances SHMT1 activity for de novo thymidylate biosynthesis.
A, cDNAs encoding mKate-lamin B1 and either YFP-SHMT1 or YFP-DN2-SHMT1
fusion proteins were expressed in HelLa cells, and co-localization of the pro-
teins was determined by confocal microscopy. Both SHMT1 and DN2-SHMT1
colocalize with lamin B1. B, the effect of tetracycline (Tet)-inducible expres-
sion of DN2-SHMT1 on SHMT1 activity in de novo thymidylate biosynthesis
was determined in SH-SY5Y cells. Cellular protein and DNA were isolated from
cells cultured for 8 days in defined medium containing L-[2,3,3-?H,]serine.
Isotopic enrichment of the one carbon derived from 1-[2,3,3-?H;]serine into
cellular protein pools was determined by the detection of labeled Met and
dehydroalanine (DHA). Dehydroalanine is formed from serine during the
derivatization procedure. Enrichment of [2,3,3-H;lserine in thymidine (dT)
was determined by analysis of nuclear DNA. All values are expressed as the
percentage of L-[2,3,3-?H;]serine-derived carbons that contain two deute-
rium atoms (CD,) in the target compound (the ratio of carbons containing
two deuterium atoms in the target compound divided by the total number of
carbons that contain one or two deuterium atoms X 100). Two independent
experiments were performed with duplicate measurements for each sample,
and identical values were obtained within each experiment. The results from
one experiment are shown. The data demonstrate that tet-inducible expres-
sion of DN2-SHMT1 decreased SHMT1 specific activity in homocysteine rem-
ethylation to methionine in the cytoplasm by 60%, whereas DN2-SHMT1
expression enhances SHMT1 specific activity in de novo thymidylate biosyn-
thesis by 45% C, immunoblotting was performed on SH-SY5Y-DN2-SHMT1
cells in a tet-inducible system. The SH-SY5Y-DN2-SHMT1 cells exhibited
increased levels of total SHMT1 in response to tetracycline. These cells were
used for isotopic tracer studies. GAPDH was used as a loading control.

L-[*H,]serine for 8 days. Fig. 5B shows that 81.3—86.6% of the
isotopically labeled serine used for protein synthesis was unme-
tabolized because it retained both deuteriums on the C3 carbon
in SH-SY5Y cells and SH-SY5Y-DN2-SHMT1 cells in the pres-
ence and absence of tetracycline. If the methionine and thymi-
dylate one-carbon units were only derived from SHMT], the
mass +2 species of these metabolites should be ~80% of the
labeled species. Expression of DN2-SHMT1 suppressed CD,
incorporation into methionine by 60%, consistent with a loss of
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FIGURE 6. The de novo dTMP synthesis pathway is associated with epi-
somal DNA in tandem chromatin immunoprecipitations. Hela cells were
transfected with pBABE-Puro-SV40 LT vector and selected for using puromy-
cin. Clones were isolated and immunoblots performed against SV40 LT to
ensure that clones were expressing SV40 LT (D). Tandem ChIP assays were
performed as described under “Materials and Methods” using antibodies
directed against PCNA and then antibodies directed against non-immune
1gG, SHMT1, TYMS, or DHFR. Three separate SV40 LT-expressing clones were
subjected to tandem ChlP in duplicate. Error is expressed as S.E. (error bars).
Regions of the pBABE-Puro-SV40 LT vector were probed for the presence of
SHMT1, TYMS, or DHFR using real-time PCR (A-C). All three enzymes precipi-
tated regions of the vector, including the large T antigen coding region (A),
SV40 origin of replication (B), and downstream region of the SV40 origin (C).
The highest occupancy was observed around the SV40 origin.

SHMTT1 specific activity in the cytoplasm. Interestingly, CD,
incorporation into thymidine within nuclear DNA was
increased by 82%, indicating that DN2-SHMT1 expression
increased the flux of SHMT1-derived one-carbon units into
thymidylate, presumably by recruiting wild type SHMT1 sub-
units to the lamina within the SHMT1 tetramer. These results
demonstrate that the lamin-binding activity and scaffold func-
tion of SHMT1 contribute more than its catalytic activity to de
novo thymidylate biosynthesis in this cell line (Fig. 5B).

De Novo Thymidylate Pathway Is Associated with Episomal
DNA—The interaction of SHMT1 and the de novo thymidylate
cycle with proteins involved in DNA replication and repair,
including UNG2, REC1, PCNA, and DNA polymerases é and €
(Table 1 and supplemental Fig. S4F) indicates that the thymi-
dylate biosynthesis pathway may function at the replication
fork. During DNA replication initiation, RFC interacts with
DNA at the primer-template junction and loads PCNA onto
the DNA template, which allows for the processive replication
of DNA by DNA polymerases & and € (23). Mammalian origins
of replication are not well characterized; therefore, a model
system of episomally replicating DNA was employed to deter-
mine if the de novo thymidylate biosynthesis pathway is present
at the replication fork (Fig. 6). HeLa cells were transfected with
the pBABE-Puro-SV40 LT plasmid, which contains both the
SV40 LT cDNA as well as the SV40 origin of replication. The
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SV40 LT is sufficient for replication initiation at the SV40 ori-
gin of replication (41) and has also been shown to induce S
phase (42). Tandem ChIP experiments using antibodies
directed against PCNA followed by IgG, SHMT1, TYMS, or
DHER showed that all three enzymes required for de novo thy-
midylate synthesis are present on DNA, with the greatest occu-
pancy observed at the SV40 origin of replication (Fig. 6B).
Because of the bidirectional nature of DNA replication, regions
either upstream or downstream of the SV40 origin of replica-
tion were also probed. The required enzymes for de novo thy-
midylate biosynthesis were present within the SV40 LT coding
region (Fig. 6A4) and also within a randomly chosen area of the
vector referred to as pBABE-Puro vector (Fig. 6C). These data
demonstrate that de novo thymidylate biosynthesis localizes to
replication forks and suggests the processive synthesis and
incorporation of dTTP into DNA during DNA replication.

DISCUSSION

This study demonstrates that the de novo thymidylate syn-
thesis pathway is present in the nucleus as a metabolic complex
associated with the nuclear lamina and that SHMT1 and
SHMT2a anchor the de novo thymidylate synthesis metabolic
complex to the nuclear lamina. Previous studies have shown
that de novo thymidylate synthesis activity in isolated nuclei is
impaired following sonication, indicating a role for nuclear
architecture in thymidylate synthesis (6). The results of this
study provide a mechanism for this observation by demonstrat-
ing that SHMT1 and SHM T2« are lamin-binding proteins that
serve as scaffold proteins that are essential for assembly of the
de novo thymidylate synthesis pathway into a multienzyme
complex in the nucleus.

The SHMT1 scaffold function probably accounts for its role
as a limiting factor for de novo thymidylate biosynthesis in cell
culture and mouse models (11, 12, 32). Uracil levels in nuclear
DNA, which are a proxy for thymidylate synthesis capacity, are
elevated in Shmt1™'~ mice compared with wild-type litter-
mates (12), demonstrating a key role of this enzyme in deter-
mining thymidylate synthesis capacity in vivo. The results from
this study indicate that the scaffold function of SHMT may be a
more important determinant of de novo thymidylate biosynthe-
sis capacity than its catalytic activity. Expression of a dominant
negative SHMT1 that lacked catalytic activity but retained
lamin binding activity in neuroblastoma reduced the incorpo-
ration of SHMT1-derived one-carbon units into methionine
synthesis, which occurs in the cytoplasm, but enhanced the
incorporation of SHMT1-derived one-carbon units into de
novo thymidylate synthesis, which occurs in the nucleus. Fur-
thermore, the identification of MTHFD1 as a component of the
nuclear thymidylate biosynthesis complex indicates that for-
mate may be an important source of nuclear methylene-THF
for de novo thymidylate biosynthesis.

These data also support a role for de novo thymidylate bio-
synthesis at the sites of nuclear DNA synthesis. TYMS and
DHER, like SHMT1, were shown to be present in the nucleus
only during S and G,/M phases and thereby enable nuclear de
novo thymidylate synthesis during DNA replication and repair.
The nuclear lamina has been observed to play an important role
in tethering DNA to the nuclear periphery during replication
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and repair, and in this study, it is shown to support the forma-
tion of the de novo thymidylate synthesis multienzyme com-
plex. The results of this study also indicate that de novo thymi-
dylate biosynthesis occurs at the sites of DNA synthesis and is
associated with the DNA replication machinery. SHMT1 was
shown to interact with PCNA, RFC1, and the DNA polymerases
dand €, and PCNA was shown to interact with SHMT1, TYMS,
and DHFR. SHMT1, TYMS, and DHER proteins are associated
with replicating DNA and are enriched at sites of DNA replica-
tion initiation.

Thymidine nucleotides are unique from the other nucleo-
tides required for DNA replication. They are not essential dur-
ing DNA replication, because dUTP can be incorporated into
DNA in lieu of dTTP. Furthermore, although all other nucleo-
tide synthesis occurs in the cytoplasm, we have shown that the
de novo thymidylate biosynthesis pathway localizes to the
nucleus and that its presence in the nucleus is essential to pre-
vent uracil accumulation in nuclear DNA (10). The finding that
SHMT1 is an essential scaffold for the formation of the de novo
thymidylate biosynthesis multicomplex accounts for the sensi-
tivity of Shmt"’~ mice to increased uracil misincorporation in
DNA, increased risk of intestinal cancer (26), and neural tube
defects (25). Furthermore, the nuclear compartmentation of de
novo thymidylate biosynthesis at the replication fork may per-
mit the regulation of dUTP incorporation into DNA, as
opposed to its misincorporation in DNA, for the regulation of
transcriptional networks and biological pathways, as has been
demonstrated in Drosophila (33, 43).
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