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ABSTRACT

S-adenosylhomocysteine hydrolase (SAH) is a key enzyme in the maintenance of methylation homeosta-
sis in eukaryotes because it is needed to metabolize the by-product of transmethylation reactions, S-
adenosylhomocysteine (AdoHcy), which causes by-product inhibition of methyltransferases (MTase’s).
Complete loss of SAH function is lethal. Partial loss of SAH function causes pleiotropic effects including
developmental abnormalities and reduced cytosine methylation. Here we describe a novel partial-function
missense allele of the Arabidopsis SAHI gene that causes loss of cytosine methylation specifically in non-CG
contexts controlled by the CMT3 DNA MTase and transcriptional reactivation of a silenced reporter gene,
without conferring developmental abnormalities. The CMT3 pathway depends on histone H3 lysine 9
methylation (H3 mK9) to guide DNA methylation. Our results suggest that this pathway is uniquely sensitive
to SAH impairment because of’its requirement for two transmethylation reactions that can both be inhibited
by AdoHcy. Our results further suggest that gene silencing pathways involving an interplay between histone
and DNA methylation in other eukaryotes can be selectively impaired by controlled SAH downregulation.

-ADENOSYLMETHIONINE (AdoMet) serves as the
methyl-group donor for transmethylation reactions
including modification of DNA, RNA, proteins, and
lipids, generating S-adenosylhomocysteine (AdoHcy) as
a by-product (reviewed in CHIANG 1998). In eukaryotes,
AdoHcy is further metabolized by S-adenosylhomocys-
teine hydrolase (SAH) to yield homocysteine and aden-
osine. The SAH-catalyzed reaction is critical to relieve
by-productinhibition of methyltransferases (MTase’s) by
AdoHcy. Consequently, loss of SAH function can have
pleiotropic effects. For example, null mutations in the
major Arabidopsis gene encoding SAH (At4gl13940,
hereafter referred to as SAHI) are embryonic lethal
(RocHA et al. 2005). Similarly, complete loss of SAH
function in the mouse is embryonic lethal (MILLER et al.
1994). Partial inactivation of plant SAH activity by mis-
sense mutations or anti-sense RNA expression confers
developmental abnormalities including slow growth,
reduced fertility, and reduced size (TANAKA et al. 1997;
RocHA et al. 2005). In humans partial loss of SAH func-
tion confers severe defects, including a lack of myelin in
the central nervous system, implicating perturbation of
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lipid biosynthesis as a key component of the SAH defi-
ciency (BARIC et al. 2004, 2005) . Nonetheless, controlled
downregulation of SAH has potential beneficial out-
comes, including suppression of viral replication in plants
and mammals (MASUTA ef al. 1995; CHIANG 1998; DE
CLERCQ 2004) and inhibition of mammalian parasites
(BujNIckl et al. 2003; Rapp et al. 2006).

Among the diverse transmethylation reactions con-
trolled by SAH, cytosine methylation has received par-
ticular attention because this modification plays a key
role in regulating gene expression and genome stability
via heterochromatin formation in mammals and plants.
In mammalian and plant cells, suppression of SAH by
chemical inhibitors or anti-sense RNA results in reduced
cytosine methylation (WOLFSON et al. 1986; TANAKA e al.
1997; Fojrova et al. 1998). Similarly, hogl missense mu-
tations in the Arabidopsis SAHI gene cause reduced
cytosine methylation on a transgene reporter and ribo-
somal DNA (rDNA) repeats (RocHA et al. 2005). One
mechanism for this reduction is AdoHcy inhibition of
cytosine MTase activity. Such inhibition has been dem-
onstrated in vitro for the mammalian Dnmtl enzyme
(BacoLrra et al. 1999). However, in some cases cytosine
methylation is targeted by histone protein methylation.
For example, in the fungus Newrospora crassa, mutation
of either the histone H3 lysine 9 (H3 K9) MTase DIM-5
or mutation of the K9 residue of H3 confers genome-
wide loss of cytosine methylation (TAMARU and SELKER
2001). In Arabidopsis, mutation of the H3 K9 MTase
SUVH4/KYP (hereafter referred to as SUVH4) confers
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reduced cytosine methylation in non-CG sequence
contexts that are controlled by the DNA MTase CMT3
(JACKSON et al. 2002; MALAGNAG et al. 2002). In mouse
embryonic stem cells, double mutation of the related
Suv39h1 and Suv39h2 H3 K9 MTase’s, or mutation of the
G9a H3 K9 MTase, results in loss of cytosine methylation
from specific regions of the genome (LEHNERTZ et al.
2003; XiN et al. 2003). Thus, modulation of SAH func-
tion can potentially disrupt DNA methylation pattern-
ing through both cytosine MTase and histone MTase
targets.

Here we describe a missense mutation in the Arabi-
dopsis SAHI gene, sahllL459F that confers reduced
genomic cytosine methylation specifically in non-CG
sequences controlled by CMT3. In contrast to the hogl
missense mutants in SAHI that display phenotypic ab-
normalities including slow growth and reduced fertility
(RocHA et al. 2005), the sahlL459 mutant is morpho-
logically normal. Nonetheless, this weak allele is suf-
ficient to cause depletion of non-CG methylation and
reactivation of a silenced reporter gene. Our results
suggest that CMT3-dependent non-CG methylation is
uniquely susceptible to even slight perturbations in SAH
activity because it relies on a pathway involving two types
of enzymes that can be inhibited by AdoHcy, the SUVH
H3 K9 MTase’s and the CMT3 cytosine MTase. Simulta-
neous inhibition of these enzymes, even at a very low
level, can thus result in a synergistic effect on the DNA
methylation output of the CMT3 pathway.

MATERIALS AND METHODS

Isolation of the sahlL459F mutation: The sahl1L459F mu-
tation was isolated from a previously described screen for
mutations that reduce PAI2silencing in the Wassilewskija (Ws)
pail background, resulting in a reduced blue fluorescence
phenotype (BARTEE et al. 2001). The sahlL459F allele segre-
gated in crosses as a single recessive mutation. The mutation
was mapped as previously described for ¢m¢3 mutations iso-
lated in the PAI2 silencing suppressor screen (BARTEE el al.
2001). Briefly, the Ws pail sahllL459F mutant was crossed to
the polymorphic strain Nd-0, which has a similar arrangement
of methylated PA/genes to Ws. Fo progeny of this cross with the
weak fluorescent phenotype diagnostic of individuals homo-
zygous for both the pail mutation and the silencing suppressor
mutation were isolated and used to identify the genomic re-
gion that cosegregated with the suppressor mutation. The
mapping analysis localized the mutation to a region of ~43 kb
on the lower arm of chromosome 4. Within this region, we
focused on the SAH 1 gene as a likely candidate to alter methyla-
tion metabolism. Sequencing of SAHI from the mutant iden-
tified a single C:G to T:A mutation that changed a leucine
to a phenylalanine, consistent with ethyl methanesulfonate
(EMS) mutagenesis used on the Ws pail strain. To facilitate ge-
netic analysis, a PCR-based dCAPS (NEFF et al. 1998) marker
was designed, where the base change created by the sahlL459F
mutation is combined with a mismatch at the end of a nearby
PCR primer to create a restriction site polymorphism. For
this marker, PCR products amplified with DRAF 5" CAGCTC
GAGCTCTGGAACGAGAAAGCAAGC 3’ and STUR 5" GTCA
GATTGGTCCTTTGACAGCTTTGTAG 3" were cleaved with

Stul: sah1L459F yields a 144-bp fragment and the wild type
yields 117- and 27-bp fragments.

The pail sahlL459F mutant was two times outcrossed with
the wild-type Ws to segregate pail sahlL459F and sahlL459F
strains used in this analysis. Other DNA methylation-deficient
strains used for comparison to sakhl1L459F in Figures 2, 3, and
5 were previously described: ¢mt3illa (BARTEE et al. 2001),
suvh4R302% (MALAGNAC et al. 2002), the met1-1 allele (KANKEL
et al. 2003) introgressed into the Ws background (BARTEE and
BENDER 2001), and the Ws drm1 drm2 double mutant (CAo and
Jacossen 2002b). Southern blot assays for DNA methylation
were performed as previously described (MELQUIST et al. 1999).
Previously described Southern blot probes for the PAI genes
(MELQUIST et al. 1999), the Mul DNA transposon (LipPMAN
et al. 2003), the Ta3 retrotransposon (JOHNSON et al. 2002), the
MEA-ISR repeat (CAo and JacosseN 2002a), and the 180-bp
centromere repeat (VONGS et al. 1993) were used.

Plant transformation with the T-SAHI and T-SHM genomic
clones: A 5.5-kb SnaBI Ws genomic fragment carrying the
SAH]1 gene was cloned into the Smal site of the pBIN19 plant
transformation vector (BEVAN 1984) to make the T-SAH I con-
struct (Figure 1B). A 7.4-kb Xbal-Smal Ws genomic fragment
carrying the neighboring SHM gene was cloned into the Xbal
and Smal sites of pBIN19 to make the T-SHM control construct.
Both constructs were transformed into the pail sahlL459F
strain using the floral dip method (CLouGH and BENT 1998).

Complementation of a yeast sahl mutant: A Saccharomyces
cerevisiae diploid strain heterozygous for an sahl deletion was
obtained from Open Biosystems (no. 20176, YSC1021-669867)
in strain background BYB4743 (MATa/a wra3A0/ura3A0
leu2A0/leu2A 0 his3A1/his3A 1 met]1 5SAO/METI lys2A0/LYS2). A
DNA fragment containing the S. cerevisiae SAHI promoter and
full-length coding sequence (Sc¢SAHT) was amplified by PCR
and cloned into the polylinker of pRS315 (LEU2 CEN), pRS316
(URA3 CEN), pRS325 (URA3 2.), or pRS425 (LEU2 2.) yeast
vectors (SIKORSKI and HIeTER 1989). The same ScSAHI pro-
moter sequence was fused to the start codon of the Arabidopsis
SAH1cDNA (AtSAH1, obtained from the Arabidopsis Biological
Resource Center), the sahll.459F cDNA (Atsah11.459F derived
from the SAHI cDNA by site-directed mutagenesis), or the
SAH2 cDNA (AtSAH?2, amplified from Ws RNA by reverse
transcriptase-PCR). These expression cassettes were cloned
into the polylinker of pRS315 or pRS425.

The heterozygous sahl/SAHI yeast strain was transformed
with either the SeSAHI URA3 CEN plasmid or the SeSAHI
URA32). plasmid. Tetrads were dissected from sporulated trans-
formants and analyzed for genetic and molecular markers to
identify Asahl (SeSAHI URA3 CEN) and Asahl (ScSAHI URA3
2) haploid strains. These strains were supertransformed with
LEU2 CEN or LEU2 2p. plasmids carrying no insert or with
ScSAH 1, AtSAH 1, Atsah1L459F or AISAH2 expression cassettes.
Cultures were grown overnight in selective SC —Leu broth and
density was determined by spectrophotometry at 600 nm. A
series of 10-fold dilutions of each culture, starting at ~10,000
cells per spot and ranging down to ~10 cells per spot, were
spotted on either SC —Leu medium or 0.1% 5-fluoroorotic Acid
(5-FOA) (United States Biological F5050) medium. Plates were
photographed after 2 days of growth at 30° (Figure 6).

Chromatin immunoprecipitation: Chromatin immunopre-
cipitation (ChIP) assays were performed using a previously de-
scribed method (GENDREL et al. 2002) starting with 0.7 g of leaf
tissue from 3-week-old plants grown in soilless potting mix
(Fafard mix no. 2) under continuous illumination. Chromatin
was immunoprecipitated with anti-H3 dimethyl K4 antibodies
(Upstate Biotechnologies, Lake Placid, NY) or with anti-H3
dimethyl K9 antibodies (gift of T. Jenuwein, Vienna Biocenter)
or carried through the protocol with no antibody added as a
control (mock precipitation). PCR primer sets for the center
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of the PAII-PAI4 inverted repeat, Ta3, and ACTIN were pre-
viously described (EBBs and BENDER 2006). PCR-amplified
products from ChIP template DNA were visualized on a 2.5%
agarose gel stained with Gel-Star (Cambrex). Each ChIP assay
was performed in three independent experiments, with results
from a representative experiment shown in Figure 7.

RESULTS

Isolation of the sahlL459F mutation as a suppressor
of PAI2 transcriptional silencing: The sahlL459F allele
was identified in a genetic screen for mutations that re-
duce cytosine methylation and silencing of the Ara-
bidopsis PAI2 gene, which encodes the tryptophan
biosynthetic enzyme phosphoribosylanthranilate isom-
erase (PAI). In the Ws strain of Arabidopsis, duplicated
PATI genes are arranged as an inverted repeat (PAII-
PAI4) at one locus and singlet genes (PAI2and PAI3) at
two other unlinked loci (BENDER and FINK 1995). These
four genes are densely methylated in both CG and non-
CG contexts over their regions of shared sequence iden-
tity, which includes proximal promoter sequences of
each gene (LUFF et al. 1999). The proximal promoters
are thus transcriptionally silenced. Moreover, PAI3 and
PAI4 encode nonfunctional PAI enzyme (MELQUIST
et al. 1999). Nonetheless, Ws expresses sufficient PAI
enzyme for normal tryptophan synthesis due to expres-
sion of PAII from a promoter that lies upstream of the
methylated region (MELQUIST and BENDER 2003). Tran-
scription from this upstream promoter is also required
to maintain PAJ cytosine methylation, indicating that
the PAII-PAI4 inverted repeat locus generates an RNA
signal for PATDNA methylation (MELQUIST and BENDER
2003).

To exploit the functional but methylated and silenced
PAI2 gene as a reporter for PAI cytosine methylation, we
isolated a Ws pail missense mutation that inactivates
PAI1 enzyme without affecting the RNA signal for PAI
DNA methylation generated by transcription of PAII—
PAI4 (BARTEE and BENDER 2001). The pail mutant dis-
plays a number of PAl-deficient phenotypes including
blue fluorescence under ultraviolet (UV) light due to
accumulation of a fluorescent tryptophan precursor,
yellow—green leaf color, pointed tips on juvenile leaves,
reduced plant size, and reduced fertility. In the pail
reporter background, mutations that decrease the tran-
scriptional silencing of the functional PAI2 gene can
be easily detected by suppression of blue fluorescence.
Using this pail suppressor screening strategy, we pre-
viously isolated 7 loss-of-function alleles in the SUVH4
H3 K9 MTase (MALAGNAC et al. 2002) and 11 loss-of-
function alleles in the CMT3 cytosine MTase (BARTEE
etal. 2001). Both suvh4and ¢mt3mutants display a strong
loss of non-CG methylation from the PAI2reporter. PAI2
is particularly responsive to loss of non-CG methylation
because the majority of cytosines in its promoter are
methylated non-CG residues (LUFF et al. 1999).

al? = 118]
Atl KHLDEKVALLHLGKLGARLTKLSKDQSDYVSIPIEGPYKPPHYRY 485
At2 KHLDEKVAALHLGKLGARLUTKLTKDQSDYVSIPVEGPYKPVHYRY 485
Nt KHLDEKVAALHLGKLGAKLUTKLSKDQADYISVPVEGPYKPAHYRY 485
Hs KKLDEAVAEAHLGKLNVKUTKLTEKQAQYLGHSCDGPFKPDHYRY 432
Mm KKLDEAVAEAHLGKLNVKUTKLTEKQAQYLGHPINGPFKPDHYRY 431
Rn KKLDEAVAEAHLGKLNVKUTKLTEKQAQYLGHPINGPFKPDHYRY 431
Dm KILDEEVASLHLEKLGVKLUTKLTEKQATYLGVSQTGPFKPDHYRY 431
Nc KILDEEVARLHLDHCNVHUTOLSDVQAEYLGLATEGPYKSDHYRY 449
Sc KILDEAVAKFHLGNLGVRUTKLSKVQOSEYLGIPEEGPFKADHYRY 449
Sp KKLDEEVARLHLGKLGVKUTTLTSVQOSDYLGIPVDGPYKADHYRY 433
Pfal KHLDEKVALYHLKKLNASUTELDDNQCQFLGVNKSGPFKSNEYRY 479
Pfur REIDEMVARIKLESMGI ELTEEQKKYLESWEHGT 421

FIGUrRe 1.—The sahlL459F mutation affects a conserved
residue in the SAH carboxy-terminal domain. The aligned
predicted carboxy-terminal amino acid sequences of SAH
from a variety of organisms are shown. These sequences cor-
respond to the region extending from a-helix a17 through a-
helix «18 to the carboxy terminus of the protein in the crystal
structure of the human SAH protein (TURNER el al. 1998), as
indicated over the alignment. The residue corresponding to
L459 in the Arabidopsis SAH1 protein is boxed, with the mu-
tation to F indicated over this position. The coordinate num-
ber of the carboxy-terminal residue for each amino acid
sequence is shown in the right margin. Atl is Arabidopsis
SAH1, At2 is Arabidopsis SAH2, Nt is Nicotiana tabacum, Hs
is Homo sapiens, Mm is Mus musculus, Rn is Rattus norvegicus,
Dm is Drosophila melanogaster, Nc is Neurospora crassa, Sc is Sac-
charomyces cerevisiae, Sp is Schizosaccharomyces pombe, Pfal is Plas-
modium falciparum, and Pfur is Pyrococcus furiosus.

In addition to multiple alleles of ¢mt3 and suvh4, the
pail suppressor screen yielded a single sah1L459F allele
of SAH]I. This mutation was cloned on the basis of its
map position (MATERIALS AND METHODS). The mutated
leucine residue is conserved in SAH enzymes from a
variety of organisms including humans, Drosophila, and
fungi, although thermophilic archaea maintain an iso-
leucine at the analogous position (PORCELLI et al. 2005,
Figure 1). This residue occurs near the carboxy termi-
nus of the protein. In the three-dimensional structure of
the human SAH tetramer solved by X-ray crystallogra-
phy, the analogous leucine residue lies in a linker region
between two a-helicies (al7 and «18, Figure 1) that
reach across and make contacts with the nicotinamide
adenine dinucleotide (NAD) cofactor-binding domain
on the adjacent monomer (TURNER et al. 1998).

In the pail background, the sahlL459Fmutation con-
ferred a partial suppression of fluorescence similar to
suvh4, but not as strong as cmt3 (Figure 2A). Like suvh4
and ¢mt3 mutations (BARTEE et al. 2001; MALAGNAC et al.
2002), the sahlL459F mutation did not confer any ob-
vious morphological defects, either in the pail back-
ground or in the wild-type Ws background. In contrast,
previously described hogl missense alleles of SAHI con-
fer slow growth and reduced fertility (RocHA et al.
2005).

The sahlL459F mutation was confirmed as the PAI2
silencing suppressor mutation by complementation
with a transgene carrying a genomic clone of the SAHI
locus (T-SAHI). Transgenic pail sahlL459F (1-SAHI)
plants displayed strong fluorescence similar to that of



1164 L. Mull, M. L. Ebbs and J. Bender

ol
|

pait pait
suvh4 cmi3

-

%o
pail saht
(T-SHW)

pail saht

(T-SAH1)

.,
‘v

Line 1

saht (T-SAH1)-1

saht (T-SAH1)-2

sah1 (T-SHIV)-1
(T-SHIM-2

* IF sant

c §

HMHMHMHMH
C  py el
P2*=..-....—....

=
=

p1.p4*>‘....o.50000.
P1-PAPp| « = «ie

Pap

P2 P

FiGurRe 2.—The sahlL459F mutation suppresses PAI2 si-
lencing. (A and B) Two-week-old seedlings of the indicated
genotypes grown on agar medium were photographed un-
der visible (top) or UV (bottom) light, with sahl indicating
sahlL459F (A) Representative seedlings of mutants isolated
from the PAI2silencing suppressor screen. (B) Representative
T2 generation seedlings of Ws pail sahlL459F transformed
with either an SAHI (T-SAH1I) or a control SHM (T-SHM) ge-
nomic transgene. (C) Genomic DNAs prepared from 4-week-
old plants of the indicated genotypes were cleaved with Hpall
(H) or Mspl (M) and used for Southern blot analysis with a
PAIprobe. P1-P4 is PAI1-PAI4, P2 is PAI2, and P3 is PAI3, with
asterisks indicating the positions of species methylated at PAL
internal sites. WT is Ws pail, sahl is Ws pail sahllL459F and
the remaining strains are Ws pail sah1L459F transformed with
the indicated transgenes, corresponding to the transgenic
lines shown in B.

the pail parental strain (Figure 2B). In contrast, pail
sahlL459F mutant plants transformed with a control
transgene carrying a genomic clone of a neighboring
gene At4g13930 encoding a serine hydroxymethyltrans-
ferase (T-SHM) displayed weak fluorescence similar to
that of the untransformed pail sahlL459F strain. The
pail sahlL459F (T-SAHI) transgenic plants also dis-
played remethylation of the PAI2 reporter gene as as-

sessed by Hpall and Mspl Southern blot assays for DNA
methylation (Figure 2C). These assays are described in
detail below.

The sahlL459F mutation reduces PAI cytosine meth-
ylation in non-CG contexts: The suppression of PAI-
deficient phenotypes in the pail background by the
sahlL459F mutation correlated with reduced methyla-
tion on the PAI2 reporter gene as well as the PAI3 and
PAII-PAI4 loci. The PAI demethylation conferred by
this mutation occurred primarily in non-CG sequence
contexts, as determined by Southern blot assays with
methylation-sensitive restriction enzymes and by bisul-
fite genomic sequencing.

For Southern blot analysis, genomic DNA was cleaved
with different enzymes that monitor methylation in
non-CG or CG sequence contexts. For comparison, we
included suvh4 and cmi3 mutants previously recovered
from the PAI2silencing suppressor screen (see above).
The ¢mt3 mutation confers a strong reduction of non-
CG methylation on all three PA7loci, whereas CG meth-
ylation patterning is only slightly reduced (BARTEE et al.
2001). The suvh4 mutation also confers a loss of non-
CG methylation on the singlet genes PAI2 and PAI3, but
does not alter the CG plus non-CG methylation pat-
terning on the PA/I-PAI4 inverted repeat (MALAGNAC
et al. 2002) because histone H3 lysine 9 methylation
(H3 mK9) at this locus is uniquely controlled by the
combined action of SUVH4 and a related enzyme
SUVHG6 (EBBs et al. 2005; EBBs and BENDER 2006).

To assess methylation in non-CG contexts, genomic
DNA was cleaved with Hincll, which has recognition
sites at the translational start codons of PAlI, PAI4, and
PAI2 (butnot PAI3 due to a polymorphism) (MALAGNAC
et al. 2002). Hincll monitors methylation of cytosines in
the contexts 5" CAG 3" and 5" CAT 3'on each of the two
DNA strands of its recognition site. In this assay, the
sahlL459F mutant displayed cleavage of PA/I-PAI4 and
PAI2 intermediate between the wild type and the c¢mt3
mutant, implying a partial loss of non-CG methylation
(Figure 3A). As a second assay for non-CG contexts,
genomic DNA was cleaved with Mspl, which has recog-
nition sites in the second introns of PAI2, PAI3, and PAI4
(but not PAII due to a polymorphism) (MALAGNAC el al.
2002) and monitors methylation of cytosines in the
context 5’ CCG 3'. The sahlL459F mutant displayed
Mspl cleavage of all three PAlloci intermediate between
the wild type and the ¢mt3 mutant (Figure 3B), similar to
the patterns observed for Hincll cleavage.

We additionally tested cleavage with Hpall, an iso-
schizomer of Mspl that is sensitive to methylation of ei-
ther cytosine in the recognition site 5 CCGG 3’ (CG and
CCG methylation). In this assay a slight increase in PAI2
cleavage was evident in sahlL459F relative to the wild
type, similarly to suvh4 and cmt3 (Figure 3B).

To monitor methylation specifically in a CG context
we used the enzyme Clal, which recognizes the sequence
5" ATCGAT 3’ in the third intron of each of the four PAI
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FiGure 3.—The sahlL459F mutation reduces PAIl non-CG
methylation. Genomic DNA prepared from 4-week-old plants
of the indicated genotypes was cleaved with (A) Hincll, (B)
Hpadll (left) or Mspl (right), or (C) Clal and used for Southern
blot analysis with a PAI probe. P1-P4 is PAI1-PAI4, P2 is PAI2,
and P3 is PAI3, with asterisks indicating the positions of spe-
cies methylated at PALinternal sites. All strain backgrounds
carried the pail mutation. WT is Ws pail and sahl is Ws
pail sahllL459F

genes. For comparison, we included a met] mutant de-
ficient in the major CG MTase (BARTEE and BENDER
2001; KANKEL et al. 2003). The sahlL459F suvh4, and
cmit3 mutants displayed PAI Clal cleavage patterns sim-
ilar to the wild type (Figure 3C). The metI mutant dis-
played partial Clal cleavage diagnostic of reduced CG
methylation at all three PA/loci. Together, the Southern
blot analyses indicate that the sahlL459F mutation pri-
marily reduces non-CG methylation patterning on the
PAI genes.

In addition to Southern blot assays, we monitored
methylation patterning on the proximal promoter re-
gions of PAIl and PAI2 in the sahlL459F mutant
background using genomic bisulfite sequencing. This
analysis showed reduced methylation at both PA/I and
PAI2 relative to the wild type, with a stronger reduction
in CNG and other non-CG contexts than in CG contexts
(Figure 4). Overall, the methylation patterns at the PAI2
reporter locus were similar among sahlL459F suvh4,
and c¢mt3. However, the sahlL459F mutant had a slightly
stronger depletion of CG methylation at PAI2 than
either suvh4 or c¢mit3, suggesting additional weak inhi-
bition of the MET1 CG methylation pathway specifically
in this background.

The sahlL459F mutation reduces non-CG methyla-
tion on transposon sequences: Our finding that the

100
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Ficure 4.—Genomic bisulfite methylation sequencing
data for PAII and PAI2 proximal promoter regions in the
sahl1L459F mutant. Eight independent top strand clones were
sequenced for PAII or PAI2 from bisulfite-treated DNA of Ws
pail sahlL459F (sahl) as previously described (MELQUIST and
BENDER 2003). The percentage of 5-methyl-cytosines detected
out of total cytosines available within the region of PAI se-
quence identity (344 bp for PAII or 338 bp for PAI2) is shown,
divided into the contexts CG (solid bars), CNG (open bars),
and other contexts (shaded bars). For comparison, previously
determined methylation patterns for wild-type Ws (WT)
(LUFF et al. 1999), Ws pail suvh4R302% (suvh4) (MALAGNAC
et al. 2002), and Ws pail ¢cmt3G456D (c¢mt3) (BARTEE el al.
2001) are shown.

sahlL459F allele causes demethylation of the PAI genes
at non-CG residues, similarly to suvh4 and ¢mt3 muta-
tions, suggested that the CMT3-controlled methylation
pathway might be uniquely susceptible to SAH pertur-
bations. To further investigate this issue, we monitored
methylation patterning at known endogenous targets
for the three cytosine methylation pathways character-
ized in Arabidopsis—SUVH4,/CMT3, DRM, or METT (re-
viewed in MATHIEU and BENDER 2004)—in the sah11.459F
mutant background.

Some Arabidopsis transposon sequences including
the Mul mutator-related DNA transposon and the 7a3
retrotransposon are densely methylated at both CG and
non-CG cytosines (JOHNSON el al. 2002; LIPPMAN et al.
2003; EBBs and BENDER 2006). Like the PAIgenes, these
transposons are partially demethylated in a suvh4 mu-
tant background and strongly demethylated in a emt3
mutant background in CCG contexts monitored by
Mspl cleavage. Using Mspl Southern blot analysis, we
found that the sailL459F mutation caused partially in-
creased cleavage of both of these transposons relative
to the wild-type parental strain (Figure 5). Therefore
SUVH4/CMT3 target loci in addition to the PAI genes
are partially demethylated in non-CG contexts by the
sahlL459F mutation.

The Arabidopsis DRM1 and DRM2 cytosine MTase’s
control establishment of new methylation imprints, as
well as maintenance of non-CG methylation at some loci
(Cao and JacosseN 2002a,b; Cao et al. 2003). In par-
ticular, the MEA-ISR direct repeat sequence is methyl-
ated and inhibited from cleavage by Mspl in the wild
type, but is demethylated and completely cleaved in
the drml drm2 mutant (Cao and JAcOBSEN 2002a). We
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F1GURE 5.—The sahlL459Fmutation reduces non-CG meth-
ylation on transposon sequences, similarly to suvi4 and cmt3
mutations. Genomic DNA prepared from 4-week-old plants of
the indicated genotypes was cleaved with the indicated restric-
tion enzymes and used for Southern blot analysis with the in-
dicated probes. (A) DNA digested with Mspl and HindIIl and
probed for Mul. (B) DNA digested with Mspl and probed for
Ta3. (C) DNA digested with Mspl and probed for MEA-ISR.
(D) DNA digested with Hpall (left) or Mspl (right) and
probed for the 180-bp centromere repeat. WT is the wild-type
Ws, sahl is sahlL459F and drml1+2 is Ws drml drm2. Arrow-
heads in left margins indicate the positions of fully cleaved
species.

found that in the sahlL459F mutant there was no in-
crease in Mspl cleavage of MEA-ISR relative to the wild
type (Figure 5C). This result suggests that DRM-mediated
non-CG methylation is not affected by the sahlL459F
mutation.

A major target for cytosine methylation in the Ara-
bidopsis genome is the 180-bp centromere-associated

repeat sequence (VONGS et al. 1993). This sequence
carries mainly CG methylation and is demethylated by
mutation of the MET1 CG-specific MTase, as indicated
by increased cleavage with the CG-sensitive enzyme
Hpall (KANKEL et al. 2003, Figure 5D). Hpall Southern
blot analysis showed no increase in centromere repeat
cleavage for the sahll459F mutant relative to the wild
type (Figure 5D). Thus, the sahl defect does not impair
MET1-controlled CG methylation at the centromere re-
peats. The centromere repeats also carry non-CG meth-
ylation, as indicated by increased cleavage with Mspl in
suvh4 and ¢mt3 mutant backgrounds relative to the wild
type (Figure 5D). However, Mspl Southern blot analysis
showed no obvious increase in centromere repeat cleav-
age for the sahlL459F mutant relative to the wild type.
The lack of a centromere demethylation phenotype
might reflect the limited sensitivity of the Southern blot
assay for this highly repetitive sequence and an overall
weaker effect on CCG methylation for sahIL459F rela-
tive to suvh4 or cmi3.

The sah1L459F mutation is a weak allele of SAHI: To
understand the degree to which the sahlL459F allele
disrupts SAH1 function, we determined whether the
Arabidopsis SAH1 vs. sah1L459F enzymes could com-
plement the lethality of a yeast sak I deletion mutant. We
also included Arabidopsis SAH2 (At3g23810) in this
analysis to determine whether it encodes a functional
enzyme. The predicted SAH2 protein is 96% identical to
SAH1 (RocHA et al. 2005). Both SAHI and SAH?2 are
represented in databases by multiple ¢cDNA and ex-
pressed sequence tag clones from a range of different
tissue sources. Moreover, RNA gel blot analysis with
gene-specific probesindicates thatboth SAHI and SAH2
transcripts accumulate to readily detectable levels in to-
tal RNA prepared from adult plants (data not shown).
However, an insertion mutation in SAH2 was previously
reported to confer no morphological or DNA methyl-
ation phenotypes, in contrast to the lethal phenotype of
SAHI insertion mutations (RocHa et al. 2005). A pos-
sible explanation for this result is that SAH2 does not
encode a functional enzyme. Alternatively, both SAH1
and SAH2 might be functional, but SAH1 might serve
the dominant role in the plant due to its expression
patterns or enzymatic properties.

To test the activities of the Arabidopsis SAH enzymes
in yeast, we used a plasmid shuffle strategy. For this
strategy, we constructed a haploid yeast strain where a
deletion of the genomic SAHI coding region is com-
plemented by the yeast SAHI gene expressed from its
own promoter carried on a URA3marked plasmid. We
then supertransformed this strain with LEU2-marked
plasmids, where each of the Arabidopsis SAH cDNAs, or
as a positive control the yeast SAHI gene, is expressed
from the yeast SAHI promoter. Serial dilutions of cul-
tures grown from each strain were plated on medium
containing 5-FOA, which selects against cells expressing
URA3. Thus, 5-FOA-resistant colonies recovered in this
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assay are those where the yeast SAHI gene on the URA3
vector has segregated away and where the plant SAH
gene on the LEU2vector is sufficient to complement the
genomic sahl deletion; an absence of 5-FOA-resistant
colonies indicates that the plant SAH gene is not able to
complement the genomic sahl deletion. We found that
when the Arabidopsis SAH 1, SAH2, or sah1L459FcDNAs
were expressed from a high copy 2 yeast vector, they
were all able to support growth on 5-FOA medium
(Figure 6). However, when the Arabidopsis SAH cDNAs
were expressed from a low-copy centromeric (CEN) plas-
mid, only wild-type SAHI and SAHZ2were able to support
growth on 5-FOA medium. The plasmid shuffle data
indicate that the sah1L459F allele confers partial loss of
function that can be compensated for by overexpression.
The data also indicate that both SAHI and SAH2 encode
functional SAH enzyme. Thus, the dominant role of
SAH]1 in the plant is likely due to differences in expres-
sion patterns between SAHI and SAH2.

Histone H3 methylation is maintained near wild-type
levels in the sahl1L459F mutant: H3 dimethylated at K9
(H3 2mK9) catalyzed by SUVH histone MTase’s is re-
quired for CMT3-mediated DNA methylation (JACKSON
et al. 2002, 2004; MALAGNAC et al. 2002; EBBS et al. 2005;
EBBs and BENDER 2006). The sahlL459F mutation
could thus selectively impair the CMT3 pathway by
combined inhibition of SUVH MTase’s and the CMT3
MTase. To estimate the severity of the sahlL459F" muta-
tion toward H3 K9 MTase’s, we performed ChIP analysis
of H3 2mK9 levels on heterochromatic loci in sah1L459F
relative to the wild type and suvh mutants. We also used
ChIP analysis to monitor levels of H3 dimethylated at
lysine 4 (H3 2mK4), a modification associated with tran-
scriptionally active genes (GENDREL ef al. 2002; LiPPMAN
et al. 2004).

H3 mK9 can be lost either through direct impairment
of SUVH activity or as an indirect consequence of tran-
scriptional activation (JOHNSON et al. 2002; EBBS et al.
2005). To avoid this ambiguity, we assayed H3 2mK9
levels at two heterochromatic loci where transcription is
not activated by reduced DNA methylation: the 7a3
retrotransposon and the PAII-PAI4 constitutively tran-
scribed inverted repeat. In the wild type, 71a3 is tran-
scriptionally silenced and enriched for H3 2mK9; in
suvh4, Ta3 is only partially demethylated and remains
transcriptionally silenced, but is strongly depleted for
H3 2mK9 (JoHNsON et al. 2002; EBBS el al. 2005; EBBS
and BENDER 2006). In the wild type, PAII-PAI4 is both
DNA methylated and transcriptionally active due to
an unmethylated promoter that lies upstream of PA/I
(MEeLQuIST and BENDER 2003). PAII-PAI4 is enriched
for H3 2mK9 despite its transcriptional activity (EBBS
et al. 2005; EBBs and BENDER 2006). In addition, the
accumulation of transcripts from the locus is not sig-
nificantly altered by reduced DNA methylation of the
internal inverted repeat sequences. Interestingly, H3
2mK9 at PAI1-PAI4 is not reduced in the suvh4 mutant
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F1GURE 6.—Arabidopsis sah11.459F can complement a yeast
SAH deficiency when overexpressed. Haploid yeast deleted
for SAHI and carrying a complementing yeast SAHI (Sc¢SAHT)
gene on a URA3vector were supertransformed with SeSAHI or
the Arabidopsis SAHI (AtSAHI), sahlL459F (AtL459F), or
SAH?2 (AtSAH?2) genes all expressed from the yeast SAHI pro-
moter carried on a LEU2 vector. As a negative control the
strain was also transformed with the empty LEU2 vector. Both
high-copy 2 and low-copy CEN vectors were tested. Serial di-
lutions of cultures grown from each strain were spotted in par-
allel on medium lacking leucine to indicate the total number
of supertransformed cells plated in each spot (SC —Leu) or
on medium containing 5-FOA to select against URA3 cells.

because a related H3 K9 MTase SUVHG6 is also active at
this locus; both SUVH4 and SUVH6 must be mutated to
cause loss of PAI1-PAI4 H3 2mK9 and non-CG methyl-
ation (EBBs et al. 2005; EBBs and BENDER 2006). How-
ever, the effects of the suvh6 mutation are locus specific:
partial demethylation of 7a3in suvh4is not enhanced in
suvh4 suvho6.

ChIP analysis showed that the sahlL459F mutant
maintained similar levels of H3 2mK9 relative to the
wild type at both Tu3 and PAII-PAI4 (Figure 7). In con-
trast, H3 2mK9 was lost from Ta3in suvh4 or suvh4 suvh6
mutant backgrounds and from PAII-PAI4 in the suvh4
suvh6 mutant background. Neither 7a3 nor PAII-PAI4
carried H3 2mK4 in any of the strains assayed, consistent
with a lack of transcriptional activation. These results
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FIGURE 7.—The sahlL459F mutation does not deplete H3
2mK9 or H3 2mK4 from modified regions. ChIP analysis of
the indicated mutants is shown. WT is Ws pail, sahl is Ws
pail sah1L459F suvh4is Ws pail suvh4, and 4+ 6is pail suvh4
suvh6 (EBBS et al. 2005). Primer sets specific for each locus
were used to amplify PCR products from total-input chroma-
tin (I), no antibody mock precipitation control (M), chroma-
tin immunoprecipitated with H3 anti-dimethyl K9 antibodies
(2mK9), or chromatin immunoprecipitated with H3 anti-
dimethyl K4 antibodies (2mK4) from the indicated mutants.
GelStarstained PCR products are shown. P1-P4 indicates the
PAII-PAI4 inverted repeat.

indicate that the sahllL459F mutation does not inhibit
the CMT3 DNA methylation pathway by strongly impair-
ing SUVH H3 K9 MTase activity. However, it should be
noted that a subtle modulation in H3 2mK9 levels would
not be detectable within the sensitivity of the ChIP assay.

The ACTIN gene is enriched for H3 2mK4 in the wild-
type and DNA methylation-deficient backgrounds in-
cluding suvh4 and c¢mt3 (JOHNSON et al. 2002; EBBS et al.
2005; EsBs and BENDER 2006). The levels of ACTIN H3
2mK4 were similar in the wild-type, sahlL459F and suvh
mutant backgrounds (Figure 7). This result suggests
that as for SUVH H3 K9 MTase’s, Arabidopsis H3 K4
MTase activity is not strongly inhibited by the sah1L459F
mutation.

DISCUSSION

The addition of a methyl group to the 5-position of
cytosine is a key epigenetic modification in mammals
and plants, signaling heterochromatin formation and
transcriptional silencing. Cytosine methylation func-
tions in genome defense against invasive sequences
(YODER et al. 1997; WALSH el al. 1998; M1uURra et al. 2001;
KaTo ef al. 2003; LippPMAN et al. 2003, 2004; BoURC’HIS
and BesTtor 2004), in regulation of gene dosage
through parental imprinting (pA RocHa and FERGUSON-

SmitH 2004; GEHRING ef al. 2004), and in centromere
compaction (Xu et al. 1999; SoppE et al. 2002). However,
aberrant methylation and silencing of tumor suppressor
genes is a common event in the progression of human
cancers (JoNES and BAyLIN 2002). In addition, methyl-
ation and silencing of newly integrated transgenes often
presents a technical barrier to the expression of novel
traits in transgenic plants and animals. Here we show
that weak impairment of the Arabidopsis SAH enzyme
that controls overall methylation homeostasis can spe-
cifically impair cytosine methylation and silencing with-
out other phenotypic consequences.

We recovered the sahlL459F missense allele of the
Arabidopsis SAHI gene through a genetic screen de-
signed to monitor transcriptional silencing of the PAI2
promoter sequence, which contains mainly methylated
non-CG cytosines (LUFF et al. 1999). In the non-CG
methylation maintenance pathway H3 mK9 mediated
by SUVH4 is required for DNA methylation mediated by
CMT3 (JACKSON et al. 2002; MALAGNAC el al. 2002). The
sahlL459F mutation confers similar partial non-CG de-
methylation of PAI2 and transposon sequences to a
suvh4 null mutation, but both sahlL459F and suvh4
confer weaker non-CG demethylation than a ¢m¢3 null
mutation (Figures 3 and 5). The sahlL459F mutation
does not cause demethylation of sequences controlled
by the DRM and MET1 MTase’s (Figures 3 and 5). To-
gether these results indicate that the SUVH4/CMT3
cytosine methylation pathway is preferentially inhibited
by impairment of SAH1 relative to the DRM or MET1
cytosine methylation pathways.

The sah1L459F mutant protein can complement a
yeast sahl deletion mutant when expressed from a high-
copy plasmid, demonstrating that the protein retains
partial enzymatic activity (Figure 6). Consistent with this
weak defect in enzyme activity, the sahlL459F mutation
does not confer developmental abnormalities. In con-
trast, previously described hog/ missense mutations in
SAH1 cause slow growth and decreased fertility (RocHA
et al. 2005). The hogl morphological defects might be
caused by partial impairment of MTase’s that catalyze
essential metabolic functions and/or by dysregulation
of gene expression due to loss of cytosine methylation.
For example, Southern blot and thin layer chromatog-
raphy-based assays show that the hogl-I mutant has re-
ductions in both CG and non-CG methylation (Rocna
et al. 2005). Loss of methylation in CG contexts, such as
in a metl mutant, is associated with developmental ab-
normalities including reduced size, abnormal flower
development, and delayed time to flowering (KANKEL
et al. 2003; SAZE et al. 2003; X1A0 et al. 2006). Further-
more, loss of methylation in both CG and non-CG con-
texts, such as in a metl ¢cmi3 double mutant, is associated
with transposon reactivation (KaTo et al. 2003).

The methylated transgene reporter used to isolate the
hogl alleles can be reactivated by metI or ¢mt3 mutations,
but not by a suvh4 mutation (RocHA et al. 2005). Since
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the sahllL459F mutation causes similar or weaker loss of
non-CG methylation compared to suvh4 and has mini-
mal effects on CG methylation, weak sahl alleles would
perhaps not be recovered from the hogl mutant screen.
Conversely, the pail mutant reporter background used
to isolate the sahlL459F allele might have selected
against stronger hogl-like sahl mutations due to pleio-
tropic effects of combined tryptophan deficiency and
SAHI impairment. Selection against strong sah/ alleles,
together with a limited spectrum of EMS-induced mu-
tations, could account for why we recovered only one
sahl allele from a screen that also yielded multiple loss-
of-function alleles for suvh4 and c¢mt3 (BARTEE el al.
2001; MALAGNAC et al. 2002). In addition, SAH is highly
conserved across eukaryotes (Figure 1), indicating that
there are strong structural constraints on SAH function.

In the crystal structure of human SAH, the L459-
analogous residue (L.406) lies in the center of a linker
region connecting two o-helicies (Figure 1) that make
contacts with the NAD cofactor-binding domain of the
adjacent monomer (TURNER e al. 1998). The substitu-
tion of the bulky phenylalanine side chain at this posi-
tion might thus impair optimal intersubunit contacts. In
comparison, the strongest of the hogl alleles, hogl-I
(T414I) (RocHA et al. 2005), mutates a conserved
threonine residue (T363 in the human SAH) to iso-
leucine at a position adjacent to a conserved phenylal-
anine (F362 in human SAH) that forms the base of a
hydrophobic binding pocket for the substrate adenine
ring in the human SAH structure (TURNER et al. 1998).

The CMTS3 pathway for maintenance of non-CG meth-
ylation presents at least two types of MTase enzymes that
can be inhibited by accumulation of AdoHcy in an sah
mutant background: SUVH H3 K9 MTase’s and the
CMT3 cytosine MTase. In particular, SUVH-catalyzed
dimethylation of H3 K9 is the epigenetic mark associ-
ated with CMT3-mediated cytosine methylation ( JACKSON
et al. 2004). However, ChIP analysis at the 7a3 retrotrans-
poson and the PAII-PAI4 transcribed inverted repeat
targets of SUVH4 and the related enzyme SUVH6 showed
that these targets maintain similar levels of H3 2mK9
between the wild type and the sahlL459F mutant (Figure
7). Thus, SAH impairment does not preferentially inhibit
SUVH MTase’s to cause strong depletion of H3 2mKO9,
with loss of CMT3-mediated cytosine methylation occur-
ring as a secondary effect.

Another possible explanation for preferential inhibi-
tion of the CMT3 pathway by SAH impairment is that
the CMTS3 cytosine MTase is uniquely susceptible to in-
hibition by AdoHcy. However, this possibility would
require that CMT3 has a significantly different active
site architecture than the DRM or MET1 cytosine MTase’s,
which are not strongly inhibited in the sahlL459F back-
ground (Figures 3 and 5). The chromomethylase family
to which CMT3 belongs is defined by the insertion of
a chromodomain between conserved cytosine MTase
catalytic motifs (GorLL and BeEsTor 2005). Thus, this

extra domain has the potential to alter the catalytic
properties of CMT3 relative to other cytosine MTase’s.
Future elucidation of the three-dimensional structures
of plant cytosine MTase’s will clarify this possibility.

Similarly, a histone MTase other than the SUVH en-
zymes required specifically in the CMT3 pathway could
be uniquely susceptible to inhibition by AdoHcy. For
example, in vitro studies have implicated H3 mK27 as
well as H3 mK9 in CMT3 binding (LINDROTH et al.
2004). However, this possibility would require that the
putative susceptible histone MTase has a significantly
different active site architecture than the SUVH H3 K9
MTase’s or the MTase’s that maintain H3 2mK4, which
are not strongly inhibited in the sah1L459Fbackground
(Figure 7).

The simplest explanation for the preferential inhibi-
tion of the SUVH/CMT3 DNA methylation pathway by
weak impairment of SAH1 is that simultaneous weak in-
hibition of the SUVH- and CMT3-mediated transmeth-
ylation reactions results in a synergistic strong inhibition
of the output of the pathway. Even though SUVH activity
is not impaired at the limit of detection in a ChIP assay
in the sah1L459Fbackground (Figure 7), a slight defect
in this step of the pathway could combine with a slight
defect in the CMT3-catalyzed step of the pathway to
create a substantial pathway bottleneck. If this explana-
tion indeed accounts for the preferential inhibition of
SUVH/CMT3 vs. the DRM or MET1 DNA methylation
pathways by sahlL459F it also suggests that the DRM
and MET1 pathways do not require histone methylation
signals.

In Neurospora H3 mK9 mediated by the DIM-5 his-
tone MTase is required for DNA methylation mediated
by the DIM-2 cytosine MTase (TAMARU and SELKER
2001). It would thus be interesting to determine whether
weak mutations in the Neurospora SAH gene (such as a
leucine-to-phenylalanine mutation at the residue anal-
ogous to the Arabidopsis SAH 1.459 residue, Figure 1)
would cause substantial genomic demethylation with-
out other phenotypic consequences. This result would
support the view that weak SAH impairment causes pref-
erential inhibition of histone methylation-dependent
cytosine methylation because the pathway depends on
sequential transmethylation reactions, rather than be-
cause one of the enzymes in the pathway is uniquely
susceptible to inhibition by AdoHcy.

In the mouse, cells deleted for the related Suv39hl
and Suv39h2 H3 K9 MTase’s display reduced cytosine
methylation at major satellite repeats (LEHNERTZ et al.
2003), and cells deleted for the G9a H3 K9 MTase
display a loss of methylation at an imprinted locus (XIN
et al. 2003). SAH impairment might thus be a useful
tool in further dissecting which regions of the mamma-
lian genome are under control of histone methylation-
dependent DNA methylation pathways. Controlled SAH
impairment by chemical inhibitors or RNA interfer-
ence could also serve as an alternative to inhibition of
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cytosine MTase’s by cytidine analogs in probing the
relationship between chromatin structure and gene
silencing.
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