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Transfection of petunia protoplasts with the plasmid pUCI18CaMVCAT, bearing the bacterial chloramphenicol acetyl-

transferase (CAT) gene, resulted in the appearance of CAT activity. No CAT activity was detected in protoplasts trans-

fected with the hemimethylated form of pUC118CaMVCAT. Transfection of petunia protoplasts with ss DNA constructs

bearing the coding and noncoding sequences of the CAT gene also resulted in the appearance of CAT activity, indicating

expression of ss DNA constructs in transfected protoplasts. The relevance of our observations to control of gene expres-
sion in plant cells is discussed.

Gene regulation; Plant protoplast; DNA methylation

1. INTRODUCTION

DNA methylation has been suggested to play a
central role in control of gene expression in mam-
malian cells [1]. Several lines of evidence support
this view. A correlation between gene activity and
non-methylated (hypomethylated) DNA  se-
quences, especially in the promoter region, has
been reported for various mammalian genes [2].
The inactivity of one of the two X chromosomes in
cells was suggested to be partially due to DNA
methylation [3] and inactivated genes can be ac-
tivated by demethylation while they are still in the
nucleus [4].

These studies, although establishing a correla-
tion between hypomethylation and gene expres-
sion, do not show whether demethylation is a cause
or a consequence of transcriptional activity. One
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way to address this question is by direct gene trans-
fer experiments in which DNA is first methylated in
vitro and then its ability to direct transcription in
vivo is studied. Indeed, expression of transfected
genes in animal cells was shown to be altered by in-
troducing or removing methyl groups from their
cytosine residues [5,4].

While in animal cells methylation appears to be
confined to cytosine residues of the CpG sequence,
in plant cells methyl groups are found on cytosine
of both CpG and CpNpG palindromic sequences
[7]. Also, the methylation level is higher in plant
DNA than that observed in animal DNA and can
be accounted for by up to 30% of the total cytosine
residues in the genome [7]. Indeed, recently [8] a
correlation between DNA methylation and inhibi-
tion of transcription activity of the maize trans-
posable element Ac has been observed. This cer-
tainly may indicate that methylation and de-
methylation processes play an important role in the
control of gene expression in plant cells. However,
no direct gene transfer experiments to elucidate this
question in plants have been reported so far.
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Here, it is shown for the first time that hemi-
methylated DNA constructs are not expressed in
transfected petunia protoplasts. Chloramphenicol
acetyltransferase (CAT) was detected in petunia
protoplasts transfected with unmethylated plas-
mids containing the bacterial CAT gene but not in
protoplasts transfected with the hemimethylated
form of the same plasmids.

2. MATERTALS AND METHODS

2.1. Materials

XL1-Blue E. coli strain and VCS-M13 helper phage were ob-
tained from Stratagene (USA); [“*Clchloramphenicol
(53 mCi/mmol) from Amersham (England); M13 universal
primer (17-mer) from Pharmacia (Sweden); 5-methyl-2'-deoxy-
cytidine 5'-triphosphate (5™dCTP} and all enzymes from
Boehringer-Mannheim (FRG); and all other biochemicals were
of molecular biology grade from Sigma (USA).
pUCSCaMVCAT was a generous gift from Dr V. Walbot
(Department of Biological Sciences, Stanford University).

2.2. Preparation of perunia protoplasts

Petunia hyvbride protoplasts (line 3704) were obtained from
exponentially growing cells by incubalting cells (25%, w/v) in
cpw solution [9] (10 mM CaCl;, 0.2 mM KH:;PO4, 2 mM
Mg804, 1 mM KNO; supplemented with 10% mannitol) con-
taining 2% cellulase R-10, 0.3% macerozyme R-10 (Yakulr
Pharmaceutical Industry, Nishinomiya, Japan) and 0.01% pec-
tolyase Y-23 (Seishin Pharmaceutical, Chiba, Japan), for 15 h
at 26°C in the dark.

2.3. Transfection of protoplasis with plasmid DNA molecules

Transfection of protoplasts with DNA molecules was per-
formed essentially as described by Krens et al. [10] and Vasil et
al. [11] and in cur previous works [12,13]. Briefly, protoplasts
were washed twice by centrifugation (300 x g, 5 min) in MS
‘150" medium [14] and resuspended in solution T (30 mM
CaCly, 13% mannitol) to give a concentration of 4 x 10° proto-
plasts/ml. Unless otherwise specified, 30 4g double-strand plas-
mid DNA or 15 gg single-strand constructs, B0 zg calf thymus
DNA and 0.4 ml polyethylene glycol (PEG) 1500 (40% in solu-
tion T) werc added sequentially, followed by mixing and a
30 min incubation at 26°C with gentle shaking. All subsequent
steps were as described in [12,13].

2.4, Determination of CAT activity

CAT activity in transfected protoplasts was determined as in
[12,13]. Briefly, cells were pelleted and resuspended to give a
concentration of 50% (v/v) in solution containing 0.25 M Tris-
HCI1 (pH 7.8), | mM EDTA and 0.5 mM PMSF. The suspen-
sion obtained was frozen in liquid nitrogen for § min and thaw-
ed at 37°C for 5 min. After repeating the freeze-thawing three
times, the suspension was centrifuged (10000 X g, 5 min), the
supernatant was collected, heated for 10 min at 60°C, and after
centrifugation, the supernatant was collected again. For CAT
activity determination 0.6 #Ci [“*Clchloramphenicol {CM)
(53 mCi/mmol), 0.5 mM acetyl-CoA and 0.25 M Tris-Cl (pH

168

FEBS LETTERS

August 198%

7.8) were added to the previously heated supernatant to give a
final volume of 250 zl. All subsequent steps were as described
before [12,13]. CAT activity is expressed as counts present in
spots of the acetylated forms of CM as a percentage of the
counts in spots of non-acetylated plus acetylated forms of CM.

2.5. Construction and synthesis of pUC118CaMVCAT (a and
b)

pUC118CaMVCAT was constructed by subcloning the
2330 bp Hindlll fragment (‘expression unit’) from
pUC8CaMVCAT [12,13] into the polylinker of pUCL18 vector
[15] (fig.1). The expression unit includes the cauliflower mosaic
virus (CaMV} 35 S promoter, the chloramphenicol acetyltrans-
ferase (CAT) gene and the nopaline synthase (NOS) poly-
adenylation sequence (fig.1). Two plasmids, pUCL1BCaMV
CATa and pUC118CaMVCATD, were isolated bearing the ex-
pression unit in opposite orientations, so that when single-
stranded molecules are produced, the expression unit is either in
the coding (ss-pUC118CaMVCATD) or noncoding orientation
(ss-pUC118CaMVCATa). The plasmids were propagated in
XL1-Blue E. coli and isolated as in [186].

2.6. Preparation of single-stranded (ss) DNA and in vitro
synthesis of hemimethylated double-stranded (ds) DNA

ss DNA molecules were obtained essentially as described [17].
Exponentially growing XL1-Blue E. coli cells (previously trans-
formed with pUC118CaMVCATa or b) were infecred with VCS-
M13 helper phage (1 x 10" PFU/ml) and the recombinant
phages which were released into the medium were precipitated
by polyethylene glycol (PEG) 8000 (20%, w/v) in 2.5 M NaCl
[17]. Second-strand synthesis of the single-stranded
pUC118CaMVCAT (a or b) was performed in a final volume of
30 41 of 44 mM Tris-HCI (pH 7.9), 20 mM MgCl;, 13 mM
DTT, 10 mM ATP, 300 M deoxynucleotides in the presence of
5 ug ss pUC118CaMVCAT (a or b) and 17-mer M13 universal
primer to give 1:100 molar ratio, respectively. To promole an-
nealing between the universal primer and ss DNA, the mixture
was allowed to incubate for 1 h at 55°C and then for 43 min at
37°C. At the end of the incubation period DNA polymerase I
Klenow fragment (10 U) and T, DNA ligase (2 U) were added
and the mixture was incubated at 28°C for 16 h to allow syn-
thesis of the complementary sirand. Formation of hemi-
methylated construct was obtained by substituting the dCTP in
the reaction mixture with 5"dCTP.

Kpnl Hind I

CaMV 355
prom.

nos plA)
Pstl,BamHl PsiT

puciigCamvenTo I car PUCIIBCa MVCATD

55Kb CaT
PsiT Pstl, BamHl
nos plA CaMy 355
Hing IT HindIT pram.

A B

Fig.1. Schematic representation of pUC118CaMVCATa and
pUC118CaMVCATD.
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3. RESULTS

3.1. The CAT gene of hemimethylated constructs
is not expressed in transfected protoplasts

The results in fig.2A show that transfection of
petunia protoplasts with pUC118CaMVCAT
resulted in the appearance of the CAT enzyme. It
is also evident from our results that the relative
orientation of the CAT expression unit (containing
the CaMV 33 S promoter, the bacterial CAT gene
and the NOS polyadenylation site; see fig.1) did
not affect its expression efficiency. Practically the
same levels of CAT activity were obtained follow-
ing transfection of petunia protoplasts with plas-
mids containing the CAT expression unit in the two
opposite orientations (fig.2A, lanes LII).

In order to study the effect of cytosine methyla-
tion on CAT gene expression, the plasmids
pUC118CaMVCATa and b (see fig.1) were hemi-
methylated via the procedure described in section
2. This method implies the use of ss DNA as a
template for a methylated and unmethylated com-
plementary strand [18].

Agarose gel electrophoresis clearly showed that
the in vitro synthesized ds constructs were indeed
hemimethylated as can be inferred from their
resistance to restriction by Psfl (fig.2B, lanes
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V,VII). Also, the hemimethylated plasmids were
found to be resistant to another series of restriction
enzyvmes such as Mspl, Hpall and Pvull but were
cleaved with restriction enzymes that are not sen-
sitive to cytosine methylation such as 7ugl and
Kpnl (not shown) [19}.

The view that the inability of PstI to digest the in
vitro hemimethylated ds DNA is indeed due to the
presence of methyl groups and not to the ex-
perimental conditions wsed can be inferred from
the results showing that the unmethylated in vitro
synthesized ds plasmids were cleaved by PstI as the
original plasmid (fig.2B, lanes IV, VI).

As is evident from our results, the in vitro syn-
thesized unmethylated ds constructs were able to
induce the appearance of the CAT enzyme in trans-
fected protoplasts (fig.2A, lanes I11,1V). However,
CAT activity in protoplasts transfected with the in
vitro synthesized ds DNA plasmids (fig.2A) was
significantly lower than that obtained following the
use of the original plasmids (fig.2A, lanes L,II).
Transfection of petunia protoplasts with the hemi-
methylated ds DNA constructs, on the other hand,
did not result in any CAT activity (fig.2A, lanes
V,VIL; and fig.3). Previously [13], we have shown
that the activity of the CAT expression unit in
transfected protoplasts is highly dependent on the

B [ I I Y Vvlvm
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Fig.2. Characterization of the in vitro synthesized ds pUC118CaMVCAT. (A) CAT expression in transfected protoplasts. (B) Gel elec-
trophoresis analysis. (A} Petunia protoplasts were transfected with the following DNA constructs: (1) supercoiled pUC118CaMVCATa,
(IT) supercailed pUC118CaMVCATDb, (I1LIV) in vitro synthesized ds pUCL18CaMVCATa and b, respectively; (V,VI) same as (111,1V)
but of the hemimethylated structures. All other experimental conditions and CAT activity determination were as described in section
2. (B) (I) ds pUC118CaMVCATa (original plasmid, see fig.1A). The following DNA constructs were incubated with PsfI: (11) ss
pUC118CaMVCATa, (III) ds pUC118CaMVCATa, (IV,V) non-methylated and hemimethylated constructs respectively, of the in vitro
synthesized pUC118CaMVCATa, (V1,VII) same as (IV,V) but of pUCL18CaMVCATD (see map in fig.1A,B); (VIII) A DNA digested
with HindlIIl - size markers. R, relaxed form of plasmid; SC, supercoiled form of plasmid. In all cases gel was loaded with 0.7 xg DNA.
Please note that as expected, only the non-methylated ds structures, and not the ss constructs or hemimethylated ds DNA, were cleaved
by Ps:1.
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Fig.3. Transfection of petunia protoplasts with hemimethylated
linearized DNA constructs: inhibition of CAT gene expression,
Petunia protoplasts were transfected with: (A) (I) in vitro syn-
thesized linear ds pUC118CaMVCATa; (I1) as (I) but plasmid
was cleaved with HemHI; (II1) ss pUC118CaMVCATa treated
with BamH]I; (IV) control calf thymus DNA. (B} (I,1I) In vitro
synthesized linear pUC118CaMVCAT (a,b, respectively);
(ITL,IV) same as (I,I1) but for the hemimethylated structures. All
experimental conditions including in vitro (second strand) syn-
thesis of ds DNA structures, hemimethylation, transfection of
protoplasts and CAT activity determination were as described in
section 2. The non-methylated and hemimethylated plasmids
were linearized by restriction with Kprl (see fig.1).

topology of the DNA constructs used, the linear
form being much more active than the supercoiled
form. Furthermore, transfection with the relaxed
forms led to very low levels of CAT activity [13].
Gel electrophoresis analysis showed (fig.2B), as ex-
pected, that the in vitro synthesized constructs are
in a relaxed form. Therefore, it is not surprising
that their introduction into petunia protoplasts
resulted in only a low level of CAT activity. A way
to increase their level of expression was to convert
them into their linear forms. The results in fig.3A
show that transfection of petunia protoplasts with
the unmethylated linearized structures of the in
vitro synthesized plasmids resulted in a high level
of CAT expression. Linearization did not alter the
properties of the pUC118CaMVCATa plasmid and
restriction of the lincarized form with BarmHI
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resulted in inactivation of the CAT gene (fig.3A,
lane I1, and see also map for BamHI restriction site
in fig.1). The same results were obtained following
the use of pUC118CaMVCATbD. The results in
fig.3B show tlat high CAT activity was observed
following transfection of protoplasts with the in
vitro synthesized linear plasmids containing the
CAT expression unit in the two opposite orienta-
tions (fig.3B, lanes [,I1). No CAT activity, how-
ever, could be detected following transfection of
petunia protoplasts with the two hemimethylated
Hinearized structures (fig.3B, lanes LILIV).

3.2. ss DNA constructs are active and can support
gene expression in plant protoplasts

The use of in vitro synthesized ds DNA plasmids
forced us to employ as a control in transfection ex-
periments ss DNA constructs which served as a
template for the complementary strand synthesis.
Surprisingly, the introduction of ss DNA
(pUC118CaMVCATa or b) constructs into pe-
tunia protoplasts also resulted in the expression of
the CAT gene, This is evident from the results in
fig.3A (lane ITI) and table 1 which show that trans-
fection of petunia protoplasts with the ss DNA
constructs resulted in the appearance of CAT ac-
tivity. Interestingly, transfection with a single-
DNA strand containing the noncoding sequence
resulted in a somewhat higher activity than that
observed following transfection with a strand con-
taining the coding sequence (table 1). The expres-
sion observed by transfection with the ss DNA
preparation was not due to contamination by ds
DNA as inferred from the results showing that
restriction with BamHI of the ss DNA preparation
did not practically affect its activity (table 1). On

Table 1

Expression of ss DNA constructs in transfected petunia
protoplasts

DNA construct Acetylated CM (%)

ds-pUC118CaMVCATa 11.2
ds-pUC118CaMVCATa-BamHI <0.3
ss-pUC118CaMVCATa 8.5
ss-pUC118CaMVCATa-BamHI 7.3
ss-pUC118CaMVCATD 7.1
ss-pUC118CaMVCATb-BamHI 5.4

All experimental conditions were as described in section 2 and
the legend to fig.3. Percentage of acetylated CM was measured
as described in the text
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the other hand, as expected, restriction with
BamHI abolished completely the expression of the
ds DNA (fig.3A and table 1}.

4, DISCUSSION

The present experiments clearly show that hemi-
methylated DNA constructs are not expressed in
transfected plant protoplasts. This is evident from
our experiments showing that transfection of
petunia protoplasts with hemimethylated plasmids
did not lead to the appearance of CAT activity as
opposed to transfection with unmethylated con-
structs of the same plasmids. The inhibition
reported is characteristic of the behavior of
methylated expression unit of animal genes and
was observed following transfection of animal cells
with plasmids containing genes such as the human
B-globin or Herpes Simplex thymidine kinase (TK)
genes [20,21].

The use of hemimethylated DNA constructs does
not allow studies on the question of whether the in-
activation of the CAT gene is due to methylation of
specific sites. However, indirect evidence supports
the view that inhibition of gene expression ob-
served in such systems is not due to unspecific
alteration of the DNA structure. This is inferred
from previous experiments showing that transfec-
tion of animal cells with similar hemimethylated
DNA constructs resulted in integration of the
transfected DNA into the chromosomal DNA [20].
Furthermore, in those experiments the integrated
hemimethylated DNA was subjected to the process
of DNA replication as any other chromosomal
DNA sequences [20]. Our present results also show
that both the relaxed and the linear forms of the
hemimethylated plasmids were not expressed. This
certainly shows that inhibition of expression was
independent of the DNA form. The CAT gene was
shown to be inactive in protoplasts transfected with
plasmids containing methylcytosine residues in
their coding or noncoding strands showing that in-
hibition via methylation is not strand specific.

In order to characterize further the behavior of
the hemimethylated DNA structure in plant cells,
we are currently attempting to study stable trans-
formation with hemimethylated DNA censtructs.
The function and fate of such hemimethylated se-
quences will be analyzed.
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Resuits of the present work also show that trans-
fection of plant protoplasts with ss DNA con-
structs containing the bacterial CAT gene resulted
in the appearance of CAT activity. The ability of
externally added ss DNA constructs to support syn-
thesis of specific products in microinjected oocytes
and transfected animal cell cultures has been
reported before [22,23]. To the best of our
knowledge, the present work is the first to
demonstrate the activity of ss DNA in plant proto-
plasts. It has been previously observed in microin-
jected cocytes [22] that 55 DNA serves as a template
for the synthesis of a complementary strand
resulting in the appearance of ds DNA. This newly
synthesized ds DNA serves as a substrate for the
RNA polymerase. The ability of the noncoding ss
DNA constructs to induce CAT activity in trans-
fected protoplasts indicates that a complementary
strand is also synthesized in the present system. If
true, the present system may serve as an experimen-
tal tool to study various aspects of DNA synthesis
and its replication in plant cells.

REFERENCES

[1] Doerfler, W. (1983) Annu. Rev. Biochem. 52, 93-124.
[2] Groudine, M. and Weintraub, H. (1981) Celi 24, 393-401.
[3] Wolf, S5.F., Jolly, D.J., Lunnen, K., Friedman, T. and
Migeon, B.R. (1982) Proc. Natl. Acad. Sci. USA BI,
2806-2810.
[4] Wolf, S.F., Dintgis, 8., Toniole, D., Persico, G., Lunnen,
K.D., Axelman, J. and Migeon, B.R. (1984) Nucleic Acids
Res. 12, 9333-9348.
[5] Kruczek, I. and Doerfler, W. {1983) Proc. Natl. Acad. Sci.
USA 80, 7586-7590.
[6] Yisraeli, J., Adelstein, R.S., Melioul, D., Nudel, U.,
Yaffe, D. and Cedar, H. (1986) Cell 46, 409-416.
[?7] Gruenbaum, Y., Naveh-Many, T., Cedar, H, and Razin,
AL (1981} Nature 292, 860-862.
[8] Kunze, R., Starlinger, P. and Schwartz, D. (1988) Mol.
Gen. Genet. 214, 325-327.
[9] Frearsou, E.M., Power, I.B. and Cocking, E.C. (1973)
Dev. Biol. 33, 130-137.
[10] Krens, F.A., Molendijk, L., Wullems, G.J. and
Schilperoort, R.A. (1982) Nature 296, 72-74.
[11] Vasil, V., Hauptmann, R.M., Morrish, F.M. and
Vasil, LK. (1988) Plant Cell Rep. 7, 499-503.
[12] Ballas, N., Zakai, N. and Loyter, A. (1987) Exp. Cell Res.
170, 228-234.
[13] Ballas, N., Zakai, N., Friedberg, D. and Loyter, A. {1988)
Plant Mol. Biol. 11, 517-527.
[14] Shneyour, V., Zelcer, A., Lzhar, S. and Beckmann, J.S.
(1984) Plant Sci. Lertt. 33, 293-302.

171



Volume 253, number 1,2 FEBS LETTERS August 1989

[158] Gruenbaum, Y., Landesman, Y., Drees, B., Bare, J.W.,
Saumweber, H., Paddy, M.R., Sedat, J.W., Smith, D.E.,
Benon, B.M. and Fisher, P.A. (1988) J. Cell. Biol. 106,
$85-596.

[16] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982)
Molecular Cloning: A Laboratory Manual, Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY.

[17] Messing, J. (1979) in: Recombinant DNA Technical
Bulletin, NIH publication no. 79-99 (National Institute of
Health, Bethesda, MD) 2, 43-48,

[18]) Keshet, L., Yisraeli, J. and Cedar, H. (1985) Proc. Nail.
Acad. Sci. USA 82, 2560-2564.

172

[19] Gruenbaum, Y., Cedar, H, and Razin, A. (1981) Nucleic
Acids Res. 9, 2509-2515.

[20) Yisraeli, J., Frank, D., Razin, A. and Cedar, H. {1988)
Proc, Natl. Acad. Sci. USA 85, 4638-4642.

[21] Buschhausen, G., Wittig, B., Graessmann, M. and
Graessmann, A. (1987) Proc. Natl. Acad. Sci. USA 34,
1177-1181.

[22] Cortese, R., Harland, R. and Melton, D. (1980) Proc.
Natl. Acad. Sci. USA 77, 4147-4151.

[23] Rauth, S., Song, K.-Y., Ayares, D., Wallace, L., Moore,
P.D. and Kucherlapati, R, (1986) Proc. Natl. Acad. Sci.
USA 83, 5587-5591.



