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ABSTRACT Plasmids carrying 24- or 32-base-pair inserts
of alternating (dG-dC) residues were used to analyze the level
of methylation of the G-C-G-C sites by Hha I DNA methyl-
transferase and their cleavage by Hha I endonuclease in the B-
DNA or Z-DNA conformation. In supercoiled plasmids in
which the inserts formed Z-DNA, the extent of methylation at
the insert G-C-G-C sites was dramatically lower than the level
of methylation at the G-C-G-C sites located outside the insert
in the same plasmid. Similarly, cleavage by Hha I endonucle-
ase was sharply lowered when the insert was in the Z-DNA
form. In the relaxed plasmid, all its G-C-G-C sites were meth-
ylated to the same extent and the unmethylated sites were
readily cleaved. After treatment with the methylase, the super-
coiled plasmid was linearized and then digested with Hha I
restriction endonuclease. This exposed unmethylated G-C-G-
C sites from the insert that had been protected against cleav-
age in the Z conformation. A chemical reaction was used to
study the distribution of the unmethylated cytosine residues.
No accumulation of unmethylated cytosine residues was found
anywhere along the entire 32-base-pair insert, which is consist-
ent with a cooperative B-Z transition.

There is considerable interest in the polymorphism of DNA
(for discussion, see ref. 1). It is known to exist in both right-
handed and left-handed conformations; the latter is more
prevalent in DNA that is torsionally strained because of neg-
ative supercoiling (2-5). Many enzymes act on DNA and it is
interesting to know the DNA conformation when it is acting
as a substrate. We have addressed this question for the DNA
sequence G-C-G-C, which is recognized by both the restric-
tion endonuclease Hha I and the Hha I methyltransferase
(6). The methyltransferase is known to add a methyl group to
the cytosine position 5 at the central C position. The Hha I
restriction endonuclease recognizes and cleaves this se-
quence when unmethylated. However, sequences with alter-
nating purines and pyrimidines, especially alternating gua-
nine and cytosine residues, form Z-DNA readily (7, 8). We
have varied the substrate conformation by using a plasmid
that has an insert of alternating guanine and cytosine resi-
dues, either 24 or 32 base pairs (bp) long. Previous work has
shown that this insert is in the form ofZ-DNA at the negative
superhelical densities found inside bacterial cells (4, 9). By
increasing the negative superhelical density in vitro, the
equilibrium for the insert can be pushed more strongly in the
direction ofZ-DNA. On the other hand, relaxing the plasmid
results in the loss of Z-DNA in the insert. We have used
these three systems of relaxed, native, and supercoiled plas-
mids as substrates for both the Hha I methyltransferase and
the Hha I restriction endonuclease. Our results have been
interpreted to indicate that neither of these two enzymes acts
on the appropriate sequence of nucleotides when it is in the
Z-DNA conformation but readily acts on the same sequence

when it is in the B-DNA conformation. Further, the evi-
dence is compatible with the entire segment existing as ei-
ther B-DNA or Z-DNA when this segment is in dynamic
equilibrium between these two conformations.

MATERIALS AND METHODS
Plasmid and DNA Preparation. Plasmid pLP32 has been

described (3) and plasmid pDHgl6 was a gift of D. E. Pul-
leyblank (10). The plasmids were supercoiled or relaxed by
topoisomerase I and the superhelical densities of the result-
ant plasmids were determined as described (3, 4, 9).
In Vitro Methylation of the Plasmid DNA. DNA methyl-

transferase Hha I and restriction endonucleases were ob-
tained from New England Biolabs. Plasmid DNA at different
superhelical densities was incubated at 50 jg/ml in 50 mM
Tris'HCI, pH 7.5/10 mM EDTA/5 mM 2-mercaptoetha-
nol/80 ,uM S-adenosylmethionine containing 1 unit of Hha I
methyltransferase per 1 Ag ofDNA at 37°C. At various times
after initiation of the reaction, DNA methylation was termi-
nated by incubation at 65°C for 20 min. DNA was analyzed
by restriction endonuclease cleavage and electrophoresis on
horizontal 1% agarose slab gels.

Sequencing of the Cytosine Residues in the Methylated and
Unmethylated Plasmids. Methylated or unmethylated plas-
mids were cleaved with Hpa II restriction endonuclease and
the fragments were 32p labeled at their 5' termini by using [y-
32P]ATP (New England Nuclear; >3000 Ci/mmol; 1 Ci = 37
GBq) and polynucleotide kinase as described (11). Subse-
quently, the DNA fragments were cleaved with restriction
endonucleases EcoRV and Bgl I to generate a fragment 234
nucleotides (nt) long. This fragment contained the (C-G)16
insert, was labeled at one end, and could be separated from
the rest of the labeled fragments easily. The labeled frag-
ments were separated on a 5% polyacrylamide gel, and the
234-nt-long fragment was cut out and thermoeluted accord-
ing to published protocols. The Maxam and Gilbert se-
quencing method was used (11). The reaction products were
analyzed on a 20% polyacrylamide sequence analysis gel.

RESULTS
Methylation of G-C-G-C Sites in a B or a Z Conformation.

The C-G insert generates a series of overlapping recognition
sites (5' G-C-G-C 3') for the Hha I methyltransferase and for
its restriction endonuclease that allows us to study whether
DNA in a Z or a B conformation can serve as an equally
good substrate for methylation or nuclease activity. The Hha
I methyltransferase recognizes the G-C-G-C sequence and
methylates the internal cytosine in this site (6). Plasmids
pLP32 and pDHgl6 contain 15 or 11 methylation sites in the
C-G insert and 32 or 12 methylation sites outside the insert,
respectively. The distribution of the G-C-G-C sites on the
two plasmids is shown in Fig. 1 (12).

Negative superhelical coiling induces the Z-conformation
in the C-G insert of the plasmid (2-4). The presence of G-C-

Abbreviations: bp, base pair(s); nt, nucleotide(s).
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FIG. 1. Distribution of Hha I sites on plasmids pLP32 and
pDHgl6 (3, 10, 12). (a) pLP32 is 4.3 kilobases long and contains a
32-bp insert of alternating dG-dC residues at the BamHI site. (b)
pDHgl6 is 2.1 kilobases long and contains a 24-bp insert of alternat-
ing dG-dC residues at the HindI11 site. The dashes mark the posi-
tions of the G-C-G-C sites along the molecule. pLP32 and pDHgl6
contain 15 or 11 sites within the insert and 31 and 12 sites outside the
insert, respectively. Cleavage of pLP32 at the insertion site and at
the Pst I site generated fragments slightly larger than 3233 and 1129
nt long. Cleavage of pDHgl6 at the insertion site and at the Pst I site
generated fragments slightly larger than 1417 and 783 nt long.

G-C sites in the Z-DNA insert as well as in the other region
of the plasmid provides an internal control for possible pref-
erential methylation patterns of the different regions. Re-
striction endonuclease Hha I recognizes and cleaves the se-
quence G-C-G-C but cannot cleave this site when the inter-
nal cytosine is methylated (6). This enzyme was used to
determine the level of methylation of the G-C-G-C sites in
the different plasmids.

Plasmid pLP32 was supercoiled (S in Fig. 2) to a linking
difference of -40 in the presence of the intercalator ethidi-
um. The native superhelical density (N in Fig. 2) had a link-
ing difference of -19, while the third plasmid was relaxed (R
in Fig. 2). The plasmids at the different superhelical densities
were then methylated using the Hha I methyltransferase for
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FIG. 2. Patterns of methylation of plasmid pLP32. pLP32 DNA
was relaxed (R), left in the native superhelical density (N), or highly
supercoiled (S). DNA at the three different superhelical densities
was methylated for 2, 3, 4, and 14 hr using the Hha I methyltrans-
ferase. To analyze the level of DNA methylation in the different
DNA probes, the methylated DNA was cleaved with the Hha I re-
striction endonuclease (lanes a) or restriction endonucleases Hha I
and Pst I (lanes b) or was left uncleaved (lanes c). Subsequently, the
DNA was analyzed by electrophoresis on horizontal 1% agarose
slab gels. Arrows: 1, nicked plasmid; 2, linearized plasmid; 3, 3233-
nt-long fragment; 4, supercoiled plasmid; 5, 1129-nt-long fragment.
[Since the exact Hha I cleavage site within the (C-G)16 insert is not
known, the actual lengths of the 3233- and 1129-nt fragments could
be slightly larger.]

20-90 min, 2, 3, 4, and 14 hr. To determine the level of meth-
ylation, the methylated plasmids were cleaved with restric-
tion endonuclease Hha I (lanes a in Fig. 2) or were left un-
cleaved (lanes c in Fig. 2). The products were then analyzed
on an agarose slab gel that was stained with ethidium bro-
mine. The predominant bands seen in the methylated and
uncleaved plasmids (lanes c in Fig. 2) represent the nicked
and the supercoiled forms of the plasmids. In the relaxed
plasmid [R (lanes c) in Fig. 2], a range of relaxed topoiso-
mers can be seen.
Cleavage of the plasmids after a short time of methylation

(results not shown for the short time periods) generated a
range of bands in many different sizes, indicating that many
of the G-C-G-C sites in each molecule were still unmethylat-
ed. As the time of methylation was increased, most of the
restriction fragments disappeared and gave rise to the nicked
linear and supercoiled forms of the plasmids.
There is a significant difference in the methylation pattern

of the relaxed and the supercoiled forms of the plasmid. In
the relaxed plasmid, 2 hr of methylation are sufficient to
methylate all the G-C-G-C sites in the plasmid. In the super-
coiled forms, methylation for as long as 14 hr cannot protect
all the G-C-G-C sites and, on cleavage with restriction endo-
nuclease Hha I, a certain percentage of the DNA molecules
could still be linearized. The appearance of a linear form
means that one site, or several sites near each other, were
not methylated.
To locate the unmethylated sites in the DNA molecules,

the plasmids were cleaved with restriction endonucleases
Hha I and Pst I simultaneously (lanes b in Fig. 2). Pst I
cleaves pLP32 at a single site at nt 3608 (12) (Fig. la). The
(C-G)16 segment was inserted at nucleotide 375 (BamHI site)
(3). If the unmethylated sites in the supercoiled plasmids
were located at the C-G insert, cleavage with Hha I/Pst I
should generate two fragments. Depending on the cleavage
site in the 32-nt insert, one fragment should be a little more
than 3233 nt long and the other slightly more than 1129 nt
long (Fig. la). After 3 hr or more of methylation, cleavage of
the supercoiled plasmids with restriction enzymes Hha I and
Pst I (lanes b in Fig. 2) generated three fragments. The high
molecular weight fragment is the linear form of the DNA
plasmid, which was created by a single Pst I cleavage and it
represents the DNA population that was fully methylated at
all Hha I sites. The two smaller fragments are of the expect-
ed size from cleavage at the Pst I site as well as at one (or
more) Hha I site in the insert. These results show that after a
long period of methylation the only sites that could not be
methylated were located in the Z-DNA segment.
A similar experiment was carried out with plasmid

pDHgl6 (Fig. 3). This plasmid, which is 2.1 kilobases long,
contains a segment of (C-G)12 (10). The plasmid was relaxed
(R), was left at the native superhelical density (N), or was
highly supercoiled (S). Supercoiling was carried out under
the same conditions as for pLP32, but the linking number
was not determined. The plasmids at the different superheli-
cal densities were methylated for different time periods us-
ing Hha I methyltransferase and then analyzed by cleavage
with restriction endonuclease Hha I (lanes a in Fig. 3). Here
too the difference between the relaxed and the supercoiled
plasmids is obvious. The relaxed plasmids could be com-
pletely methylated, whereas even after 14 hr of methylation
the supercoiled plasmid could be linearized by cleaving with
the Hha I restriction endonuclease. To locate the unmethyl-
ated sites, the plasmids were simultaneously cleaved with
restriction enzymes Pst I and Hha I (lanes b in Fig. 3). Three
fragments were found. The fragment in the linear form repre-
sents the completely methylated plasmid molecules that
were cleaved only by the Pst I restriction endonuclease. The
two other fragments, about 1417 and 783 nt long, indicate
that in addition to the cleavage at the Pst I site, the super-
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FIG. 3. Patterns of methylation of plasmid pDHgl6. pDHgl6
DNA was relaxed (R), left at the native superhelical density (N), or

highly supercoiled (S). DNA at these three different superhelical
densities was methylated for 3 and 14 hr by using the Hha I methyl-
transferase. The level of DNA methylation was determined by
cleaving with the restriction endonuclease Hha I (lanes a) or Hha I
and Pst I (lanes b) or left uncleaved (lanes c). The DNA was ana-

lyzed by electrophoresis on-a horizontal 1% agarose slab gel. The
nicked, linear, and supercoiled forms of the plasmids as well as the
1417- and 783-nt-long fragments are indicated by arrows 1-5, respec-

tively. [Since the exact Hha I cleavage site within the (C-G)12 insert
is not known, the actual lengths of the 1417- and 783-nt-long frag-
ments generated could be slightly larger.]

coiled plasmids were cleaved by the Hha I restriction endo-
nuclease at the C-G insert (see Fig. lb).
These results indicate that supercoiling of both plasmids,

which induced a Z-DNA conformation at the C-G insert,
sharply reduced the ability of the Hha I methyltransferase to
methylate its recognition sites within the insert. In contrast,
the ability to methylate the G-C-G-C sites located outside the
Z-DNA insert was not affected by the supercoiling of the
plasmids.

It should be noted, however, that even at the high super-

helical density with supercoiling of -40, a considerable per-

centage of the plasmid molecules was completely methylated
in the Z-DNA segment. That suggests a dynamic structure in
which there is an equilibrium between the Z and the B con-

formations. This would, after a long period of methylation,
produce complete methylation of the insert. The degree of
methylation is less with higher degrees of negative supercoil-
ing, as reported below, which is consonant with a shift of the
equilibrium toward Z-DNA.

Quantitative Measures of Methylation and Cleavage. The
conversion of B-DNA to Z-DNA involves a dramatic change
in the DNA structure. It is likely that hydrolytic enzymes
that recognize a specific sequence would also distinguish be-
tween the two forms. We extended our study to ask whether
restriction endonuclease Hha I would also recognize the dif-
ference between the B and the Z form.

After 14 hr of methylation, the supercoiled pLP32 and
pDHgl6 plasmids still contained unmethylated G-C-G-C
sites in the Z-DNA segment. This could be measured as Pst I
cleaves both plasmids at a single site, generating a linear
molecule in which the C-G insert is no longer in a Z-DNA

conformation. The supercoiled plasmids pLP32 and pDHgl6
were methylated for 14 hr with the Hha I methyltransferase
and then cleaved with the Hha I restriction endonuclease
(lanes a in Figs. 2 and 3) or with Hha I and Pst I simulta-
neously (lanes b in Figs. 2 and 3). We measured the extent of
cleavage at the G-C-G-C restriction sites in the circular and
linear forms of the plasmids. Using a Joyce-Loebl densitom-
eter, we scanned photographs of the gels and then calculated
the percentage of the DNA in the various cleaved fractions.
The plasmid preparation had some nicked material that we
assume was fully methylated after 14 hr of incubation. The
amount of nicked DNA was estimated by quantitative ab-
sorption measurements of the a lanes after 14 hr of incuba-
tion (Figs. 2 and 3) and are given in Table 1. The linear mate-
rial in the b lanes represents the fully methylated plasmids
cut by Pst I, and they are also given in Table 1. The latter
group arises from nicked plasmids as well as from fully meth-
ylated supercoiled plasmids. The data in Table 1 allow us to
determine the latter quantity. We found that the extent of
methylation is considerably reduced in the supercoiled plas-
mids (S) compared with the plasmids at native superhelical
density (N).
We can also make measurements regarding the extent of

Hha I cleavage in these same plasmids. Hha I cleavage oc-

curs only at unmethylated sites in the insert after 14 hr of
methylation. The two restriction fragments in the b lanes
(Table 1) arise from molecules that were cleaved by Pst I and
also had an unmethylated site in the insert. Thus the percent-
age of molecules cleaved by Hha I when the insert is in the Z
conformation can be calculated (Table 1). To interpret these
numbers, we need to know the number of target sites for
Hha I cleavage in the insert when it is in the Z conformation.
Unfortunately, that number is unavailable. Instead, we

know that there are more molecules with unmethylated sites
in the insert in the supercoiled plasmids (S) compared with
the normal (N). The data in Table 1 show, for example, that
only 4% of the pLP32 plasmids are fully methylated in the
supercoiled state (S) compared with 22% of the normal (N)
plasmids. This means that there will be many more potential
sites for Hha I cleavage in the supercoiled plasmids com-

pared with the normal. This is reflected in the fact that a

higher percentage of sites are cleaved in the supercoiled
plasmid compared with the normal. Because of this differ-
ence in target size, we cannot determine the effect of super-

coiling per se on Hha I cleavage.
However, the ability of Hha I to cleave an unmethylated

G-C-G-C site was considerably reduced when the DNA seg-

ment was in a Z conformation. For example, the results ob-
tained with pLP32 and pDHgl6 at the native superhelical
density showed that 84% of the DNA molecules that contain
at least one unmethylated G-C-G-C site at the G-C insert
could not be cleaved when the insert was in the Z conforma-
tion.

Distribution of the Methylated Cytosine Residues Within the
Z-DNA Segment. The Z-DNA segment that borders on DNA
in a B conformation might be uneven in its structure, and
there might be specific sites that are less accessible to the
DNA methyltransferase. Some experiments suggest a struc-
tural perturbation near the B-Z junction (14). The location of

Table 1. Percentage of DNA in various forms after 14 hr of incubation

Linear Nicked 100%o methylated Linear Restriction Cleaved Hha I sites

DNA* DNAt supercoiled DNA DNAt fragments* in Z conformation

pLP32-N 62 40 22 6 38 16

pLP32-S 37 33 4 28 63 44

pDHgl6-N 37 18 19 10 63 16

pDHgl6-S 27 19 8 16 72 22

*b lanes.
ta lanes.

Proc. Natl. Acad. Sci. USA 81 (1984)
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the unmethylated G-C-G-C sites within the insert might re-
flect the nature of the Z-DNA structure. We took advantage
of the fact that a cytosine residue that is methylated at posi-
tion 5 is less reactive to hydrazine so that a band correspond-
ing to that base does not appear in the piperidine cleavage
pattern (15, 16).
A highly supercoiled and a relaxed plasmid pLP32 were

methylated for 14 hr with the Hha I methyltransferase. An
unmethylated pLP32 plasmid at the native superhelical den-
sity was used as control. The plasmids were cleaved with the
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FIG. 4. Sequencing of the cytosine residues in methylated and

unmethylated plasmids. (a) A highly supercoiled plasmid pLP32

(lane III) and a relaxed pLP32 (lane II) were methylated for 14 hr

with Hhia I methyltransferase. Plasmid pLP32 at the native superhe-
lical density (lane I) was left unmethylated. Using the appropriate
restriction enzymes and an end-labeling reaction, we prepared frag-
ments 234-nt-long containing the (G-C)16 insert and labeled at the 5'

end from the different plasmids. The Maxam and Gilbert sequencing
reaction for the cytosine residues was carried out. The reaction

products were analyzed on a 20%o polyacrylamide sequencing gel.
(b) Sequence contained in the labeled 5' end. The cytosine residues

outlined by squares are residues that are not within a methylation
site of H/ha I methylase and therefore could not be methylated.
These show up in all three, lanes in a. Numbers along the sequence

ladder indicate positions of the cytosine residues in the sequence

shown in b.

restriction endonuclease Hpa II and were 32p labeled by us-
ing polynucleotide kinase. The fragments were then cleaved
with restriction endonucleases EcoRV and Bgl I to generate
a 234-bp fragment that contained the C-G insert and was la-
beled at one end.
The fragments were separated on a 5% polyacrylamide gel

and the fragment containing the C-G insert was eluted and
sequenced. A portion of the sequence containing the labeled
5' end of the fragment is shown in Fig. 4. The cytosine resi-
dues surrounded by squares are not part of a recognition site
for the Hha I methyltransferase and therefore they can serve
as an internal control for the level of methylation. The re-
sults of the sequencing reaction for the cytosine residues are
also shown in Fig. 4, which shows the portion between resi-
dues 14 and 51 of the sequence. Unmethylated plasmid
pLP32 (Fig. 4a, lane I) shows an even level of label along all
the cytosine residues, inside and outside the C-G insert. The
relaxed plasmid methylated with the Hha I methyltrans-
ferase showed a clear difference between the unmethylated
cytosine residues outside the insert (including the last cyto-
sine residue within the insert, which could not be methylated
by the H/ha I methyltransferase) and the methylated residues
in the C-G insert (Fig. 4a, lane II). This low level of label of
the methylated cytosine residues represents the background
level of the reaction. A low and even level of labeling was
found in the C-G insert of the methylated supercoiled plas-
mid (Fig. 4a, lane III). Since 63% of the supercoiled plasmid
molecules contain at least one unmethylated G-C-G-C site
within the insert (Table 1), the presence of specific unmeth-
ylated sites within the insert should have shown up as dis-
tinct highly labeled bands. The level of labeling in the C-G
insert suggests that few cytosine residues in each plasmid
molecule were left unmethylated. The distribution of the la-
beled bands indicated that there were no "hot spots" that
could not be methylated in the Z conformation, but rather a
random-location pattern of unmethylated G-C-G-C sites was
found in the Z-DNA insert of the different plasmid mole-
cules.

DISCUSSION
The structural transition of right-handed B-DNA to left-
handed Z-DNA is energetically favored in a negatively su-
percoiled circular double helix (2-5). This has been shown
through the use of specific anti-Z-DNA antibodies that bind
to the Z-DNA in the plasmids and has been visualized by
two-dimensional gel electrophoresis in which one dimension
is carried out with an intercalating molecule that unwinds the
plasmid and converts the Z-DNA to B-DNA, resulting in a
change in mobility. These methods have been used to show
that both the pBR322 plasmid carrying an insert of 32 bp
(pLP32) of alternating dG-dC residues (3) and the pDHg16
derivative of pBR322 carrying a 24-bp alternating dG-dC in-
sert (10) have the Z-DNA conformation at bacterial negative
superhelical densities. Crosslinking experiments with the
anti-Z-DNA antibody showed that the antibodies combine
directly with the (C-G)n insert in supercoiled pLP32 (4).
The present experiments show that negatively supercoiled

plasmids at typical in vivo bacterial negative superhelical
densities have a deficit of methylation relative to the relaxed
plasmid and that this deficit decreases steadily on incubation
with Hha I methyltransferase. The methylation deficit is
even greater with the more highly negatively supercoiled
plasmid. These results have been interpreted to indicate that
Z-DNA is not a substrate for this enzyme. It is clear that the
rate of cleavage by Hha I is sharply decreased in the C-G
insert when it is in the Z conformation. However, the depen-
dence of the cleavage rate on the level of negative supercoil-
ing could not be determined in these experiments.
The experiments with the cytosine sequencing reaction

show an interesting uniformity in the level of undermethyla-
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tion, which spans the entire insert without any accumulation
of undermethylation at any point. This suggests that there is
an equilibrium at all times between the B- and Z-DNA forms
and that the position of that equilibrium is influenced by the
level of negative supercoiling. Higher levels of negative su-
percoiling appear to favor a higher level ofZ-DNA and this is
reflected in a lower level of methylation. However, the uni-
form distribution of unmethylated sites throughout the insert
suggest that the conversion from Z-DNA to B-DNA (and
vice versa) is one that occurs uniformly through the entire
segment without favoring an accumulation of one structural
form or the other at one point of the insert. This is consistent
with observations about the cooperative nature of the transi-
tion from B-DNA to Z-DNA or vice versa. Cooperativity
implies that the entire segment converts within a very short
time period from one form to the other.
Behe and Felsenfeld (17) have shown that the equilibrium

between B-DNA and Z-DNA in the linear molecule poly(dG-
dC) is affected considerably by methylation of the cytosine
residues. Poly(dG-dC) exists largely as B-DNA at physiolog-
ical salt concentrations. However, poly(dG-m5dC) exists al-
most entirely as Z-DNA at the same salt concentration (17).
The methyl group thus strongly influences the equilibrium in
favor of Z-DNA. The structural basis of this preference for
Z-DNA was revealed in the crystal structure analysis of
(m5dC-dG)3, in which the methyl group was found to fill a
small hydrophobic depression on the surface of the molecule
and thereby exclude water molecules from that region (18).
The Z-DNA molecule thus appears to be stabilized by hydro-
phobic bonding on the surface that excludes the entry of de-
stabilizing water molecules. More recently, Klysik et al. (19)
have shown that the tendency for methylation to stabilize Z-
DNA can also be demonstrated in a plasmid, since a lower
negative superhelical density is required to stabilize a meth-
ylated insert of alternating dG-dC in the Z conformation than
would be necessary if the insert were not methylated.
The results of the present investigation present an interest-

ing paradox: as the Hha I methyltransferase begins to work
on the plasmid and methylate the insert, the insert has a
stronger tendency to convert to the Z-DNA conformation at
bacterial negative superhelical densities. Favoring the Z-
DNA conformation means that the methyltransferase is in-
hibited and is able to methylate less of the insert. Thus, the
structural transformation induced by the methylation reac-
tion acts in a negative way to decelerate the rate at which the
reaction can proceed on other residues. This is a good exam-
ple of negative feedback, which is often found as a compo-
nent of a control system.
These experiments have been carried out with a prokary-

otic methyltransferase and an endonuclease that act biologi-
cally to restrict the entrance of foreign DNA into the pro-
karyotic host cell. In eukaryotes, there exists another kind of
methyltransferase that acts to put methyl groups on the same
position 5 of cytosine in C-G sequences. In eukaryotes,
methylation in that position has been associated with gene
inactivation; that is, it inhibits transcription of neighboring
genes (20). We do not know whether the characteristics of
the prokaryotic methyltransferase are related in any way to

those of the eukaryotic methyltransferase; however, the re-
actions have some elements in common because they both
use the same S-adenosylmethionine substrate and they
methylate the same site on the cytosine residue. The pro-
karyotic enzyme, like the eukaryotic enzyme, will fully
methylate a C-G sequence which is hemimethylated on only
one strand. It is possible that the eukaryotic enzymes may
have similar properties and if so they will also be subject to
the negative feedback characteristics found in controlling the
extent of methylation that occurs in this prokaryotic system.
However, it should be pointed out that the experiments re-
ported here have as a substrate a long insert with alternating
cytosine and guanine residues. Segments such as this do not
occur in eukaryotic systems, although there are segments
with long sequences of alternating purine and pyrimidine res-
idues that can form Z-DNA. However, it remains to be seen
whether similar considerations govern the eukaryotic meth-
ylases in vivo.
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