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Abstract

The investigations presented in this thesis use various in vivo techniques to
understand how trans-acting factors control gene expression. The first part addresses the
transcriptional regulation of muscle creatine kinase (MCK). MCK expression is activated
during the course of development and is found only in differentiated muscle. Several in
vivo footprints are observed at the enhancer of this gene, but all of these interactions are
limited to cell types that express MCK. This is interesting because two of the footprints
appear to represent muscle specific use of general transcription factors, while the other two
correspond to sites that can bind the myogenic regulator, MyoD1, in vitro. MyoD1 and
these general factors are present in myoblasts, but can bind to the enhancer only in
myocytes. This suggests that either the factors themselves are post-translationally modified
(phosphorylation or protein:protein interactions), or the accessibility of the enhancer to the
factors is limited (changes in chromatin structure). The in vivo footprinting study of MCK
was performed with a new ligation mediated, single-sided PCR (polymerase chain reaction)
technique that I have developed.

The second half of the thesis concerns the regulation of mouse metallothionein
(MT). Metallothioneins are a family of highly conserved housekeeping genes whose
expression can be induced by heavy metals, steroids, and other stresses. By adapting a
primer extension method of genomic sequencing to in vivo footprinting, I've observed both
metal inducible and noninducible interactions at the promoter of MT-1. From these results
I've been able to limit the possible mechanisms by which metal responsive trans-acting
factors induce transcription. These interpretations correlate with a second line of
experiments involving the stable titration of positive acting factors necessary for induction
of MT. I've amplified the promoter of MT to 102-103 copies per cell by fusing the 5' and

3' ends of the MT gene to the coding region of DHFR and selecting cells for methotrexate
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resistance. In these cells, there is a metal-specific titration effect, and although it acts at the

level of transcription, it appears to be independent of direct DNA binding factors.
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Chapter 1
Introduction



Development and Transcription Factors:
Lessons from Muscle

Through the cascade of regulatory events that take place during development, the
totipotent cells of the embryo acquire the phenotypes of specialized cells. How this
happens for any particular cell type is somewhat of a mystery, but for the myogenic lineage
we are beginning to get glimpses of the regulatory processes involved. In Xenopus it has
been shown that one of the earliest events in the formation of muscle is the induction of the
animal hemisphere cells by the vegetal tissue of the blastula. This leads to the formation of
mesoderm, which subsequently differentiates into muscle, notochord, and other tissue
types (reviewed in Gurdon et al. 1989). The earliest cells yet found to express muscle
specific markers are the somites of the early gastrula (Sassoon et al. 1989). These produce
the myotomes and possibly populate the other muscle forming regions of the embryo such
as the limb buds. During development, there are at least four waves of skeletal muscle
formation: the production of the myotomes in the somites of the gastrula, the primary
muscle cells in the embryo, the secondary muscle cells in the fetus, and the satellite or
regenerative cells used after birth (Stockdale et al. 1989). The lineage relationship between
the early muscle cells and those found later in development is unclear. A further
complication is that the individual fibers that make up skeletal muscle can be of different
types (fast, slow, or a mixture of both). At least for the embryonic lineages, the fiber type
is determined by the muscle precursors and not by external cues such as innervation (Sanes

1987; Miller and Stockdale 1987).

Recent progress in our understanding of how a mesodermal precursor becomes
determined or committed to being a myoblast comes from the identification of a family of

genes whose ectopic expression can recruit otherwise nonmyogenic cells into the myogenic
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lineage. When the pluripotent fibroblast cell line 10T1/2 is treated with the cytosine analog
5-azacytidine, it can be converted to the myogenic, adipogenic, or chondrogenic lineage
(Taylor and Jones 1979). 5-azacytidine treatment is thought to function via demethylation
of the DNA, which could cause the expression of suppressed regulatory loci (Jones and
Taylor 1980). Because a high percentage of cells are converted to the myogenic lineage by
this treatment, it was suggested that one or a few loci were sufficient to activate myogenesis
(Konieczny and Emerson 1984). Transfection studies with myoblast DNA seemed to
confirm this hypothesis because the frequency of conversion was about 1 in 15,000
transfectants, which would be expected of a single genetic locus (Lassar et al. 1986). This
led to the identification of two myogenic regulatory genes, MyoD and myd, of which
MyoD has been cloned (Davis et al. 1987; Pinney et al. 1988). Both of these can convert
10T1/2 cells into the myogenic lineage and seem to play a role in determination.
Subsequently, the Wright and Olson laboratories cloned myogenin, a myogenic regulator
that is expressed preferentially during differentiation (Wright et al. 1989; Edmondson and
Olson. 1989). Surprisingly, the predicted protein product of this gene is similar to that of
MyoD. Recently, two additional genes have been isolated that also share protein similarity
with MyoD, Myf5 and herculin (MRF4) (Braun et al. 1989a; Rhodes and Konieczny.
1989; Miner and Wold 1990).

The four cloned myogenic regulators share one highly similar protein region that is
also found in a number of other regulatory genes such as the myc family of proto-
oncogenes, the immunoglobulin enhancer binding genes E12/47 and ITF-2, and the
daughterless, twist, and achaete-scute regulatory genes of Drosophila (DePinho et al. 1987;
Murre et al. 1989a; Henthorn et al. 1990; Caudy et al. 1988; Thisse et al. 1988; Cronmiller
et al. 1988; Villares and Cabrera 1987;). This region can putatively form a helix-loop-helix

(HLH) structure. It is preceded by a region of basic amino acids, and together they appear
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to be required for the activity of these proteins. Whether myd will also share this
HLH/basic region awaits its cloning.

Some of the HLH proteins have been shown to bind to specific sequences of DNA,
and in the cases where it has been studied, the HLH/basic region is required for this activity
(Murre et al. 1989a; Lassar et al. 1989; Henthorn et al. 1990). The same HLH/basic region
allows formation of hetero- and homodimers between these proteins. (However, it appears
that in some cases, the HLH can form dimers independent of the basic residues [Berk and
Schmidt 1990]. As discussed below, this may be significant in controlling the activities of
these factors). A heterodimer of MyoD and E12 binds more strongly to DNA than
homodimers of either protein. This and the expression pattern of the various members of
the HLH family have led Murre et al. (1989b) to suggest that there are three classes of
HLH proteins, of which two can interact to form functional factors. Class A consists of
ubiquitous factors such as daughterless and E12/47. These dimerize with the Class B
proteins that are tissue specific, for example, MyoD and the achaete-scute family. The third
Class, Class C, is represented by the myc proto-oncogene family; it has not yet been
shown to dimerize or bind specific sites on DNA.

All five myogenic regulators (MyoD, myd, myogenin, Myf5 and herculin) can
convert a nonmyogenic cell in culture into the myogenic lineage. Whether one or various
combinations of these can act as determination genes during muscle development in the
lifetime of an animal remains to be seen. More is known about the role these factors play at
the end point of the myogenesis pathway, the production of terminally differentiated
myocytes from replicating myoblasts. Differentiation results in withdrawal of myoblasts
from the cell cycle, activation of muscle specific gene expression, assembly of muscle
structures, and fusion of single cells into multinucleated muscle fibers. Studies with

primary muscle cells and established muscle cell lines have shown that changes in growth
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conditions and expression of myogenic regulatory genes are required for this differentiation

step.

Myogenic regulators and differentiation.

The transcriptional activation of myocyte specific genes is required for
differentiation. Some of the HLH family of proteins play a role in this activation and
because they are DNA binding proteins, they may be transcriptional activators. To
understand how these factors might be acting, it is helpful to review what is known about
the mechanism of transcriptional activation. Transcription by RNA polymerase II is
dependent on two sets of factors. One set is directly involved in the initiation and
elongation of transcription. Its known members, TFIIA, TFIIB, TFIID, TFIIE, and
TFIIF, interact more or less directly with RNA polymerase II to generate the basic
transcription apparatus (Parker 1989). This apparatus is in turn controlled by members of
the second set, the specific regulatory factors, which act to stimulate or repress it. The
HLH proteins are thought to fit in this second set. Such factors are specific for a subset of
genes, whereas the basic factors are thought to interact with most Pol II genes (Mitchell and
Tjian 1989). Recent studies have shown that many specific factors consist of two
functionally distinct domains. One domain binds to a specific sequence of DNA and serves
mostly to bring the other domain into proximity of the basic promoter. This second domain
is required for the activity of the factor and may modulate transcription by interacting with
one or more of the basic transcription factors such as the TATA-binding TFIID or the RNA
polymerase.

In a yeast cotransfection system, Henthorn et al. (1990) have shown that the HLH
factor E12/47 (ITF-1) can activate transcription after binding to the recognition site
UES5/xE2. This site is found in both the heavy chain and x light chain enhancers, and a

similar site is found in muscle specific enhancers (see below). The HLH/basic region,
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located in the carboxyl half of E12/47, interacts with the WE5/xE2 sequence, whereas the
amino half of E12/47 activates transcription (Henthorn et al. 1990). The activation domain
of a number of transcription factors, for example GAL4 and Ap1/Jun, have been shown to
function through regions of acidic residues that create areas of net negative charge. It has
been suggested that this negative charge region interacts with and stimulates the basic
transcription apparatus (reviewed in Ptashne 1988, Mitchell and Tjian 1989) The amino
terminus of MyoD, myogenin, and herculin are somewhat acidic, and MyoD can be
phosphorylated, which would also generate a net negative charge. Whether the acidic
regions of some of the HLH proteins can act like the acidic activating domain of GAL4
remains to be seen.

A number of genes are transcriptionally activated during differentiation. A well-
studied example of a myocyte specific gene is muscle creatine kinase (MCK). The
expression of MCK increases more than 100-fold during differentiation (Chamberlain et al.
1985). Much of this increase is transcriptional (Jaynes et al. 1986), and has been shown to
be dependent on a 200 bp enhancer located approximately 1 kb upstream of the
transcription start site (Jaynes et al. 1988; Sternberg et al. 1988). This enhancer contains
several sequence similarities found in other promoters and enhancers; however, its activity
is limited to muscle cells. /n vivo and in vitro footprinting studies have shown that at least
four of these are sites for DNA binding factors (Horlick and Benfield 1989; Buskin and
Hauschka 1989; Mueller and Wold 1989; Gossett et al. 1989). Two sites can be occupied
by factors present in many cell types, whereas the other two appear to be bound by muscle
specific factors. Mutational analysis is limited, but if the two sites that can be occupied by
muscle specific factors are removed, the activity of the enhancer is reduced 10- to 25-fold
(Buskin and Hauschka 1989). These same sites are bound by homo- and heterodimers of
the HLH proteins MyoD and E12/47 in vitro, which may contribute to the binding

observed in vivo (Lassar et al. 1989; Murre et al. 1989b). One of the interesting



observations about this enhancer comes from in vivo footprinting studies. These showed
that the endogenous MCK enhancer is free of bound factors in both nonmuscle and
myoblast cells even though extracts from these cells contain factors that will bind to it in
vitro (Mueller and Wold 1989). The picture gets even more confusing because the HLH
proteins MyoD and E12/47 also bind to the related pES/kE2 sites of immunoglobulin heavy
chain and kappa light chain enhancers (Murre et al. 1989b). From in vitro studies, the core
binding consensus site ascribed to MyoD and E12/47 is an extremely degenerate CANNTG
(Lassar et al. 1989). However, it should be pointed out that studies of E12/47 indicate that
certain sequences that match this consensus do not bind this factor in vitro (Murre et al.
1989a). Nevertheless, some additional factors must help specify correct in vivo binding.
One of the future challenges will be to determine what these other factors are, and
how they control transcriptional activity of the HLH proteins. A number of possibilities
exist. One possibility makes the assumption that the HLH proteins do not intrinsically have
a high affinity for their binding sites, but that the affinity can be increased by additional
DNA binding factors. These non-HLH DNA binding factors might stabilize the binding of
the HLH factors to the DNA in a cooperative fashion. This idea is consistent with the "all-
or-none" binding observed in vivo at the MCK enhancer (Mueller and Wold 1989). If
either the general factors or the muscle specific factors are missing, none of the sites can be
bound. The appeal of this model is that the triggering event that would allow binding, and
therefore transcription, might be a modest change in the concentration or activity of any one
factor. The affinity for the binding site could also be increased by certain combinations of
HLH proteins making heterodimers. A likely candidate for this type of function might be
myogenin. On differentiation, myogenin is activated in all skeletal muscle cell lines that
have been examined, and it might interact with MyoD or E12/47 to stimulate or specify

their activities.
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An alternative possibility might be that the binding sites for these factors are
physically blocked. This could be accomplished either through a restrictive chromatin
structure or by a specific negative DNA binding factor. Developmental changes in the
chromatin structure of muscle genes has not been investigated yet, but the idea of a specific
negative factor can probably be ruled out, at least for the MCK enhancer. Blocking by
specific negative factors has been suggested to take place at the DNA level in the
homeodomain gene, fushi tarazu (ftz). Engrailed (en) and even-skipped (eve), two
proteins with sequence similarities to ftz, bind and potentially block ftz binding (reviewed
in Serfling 1989; Biggin and Tjian 1989). This probably does not happen in muscle
differentiation, because in vivo footprinting of MCK has shown that there are no specific
negative DNA binding factors bound to the enhancer in the absence of transcription.

One last possibility is the existence of a negative factor that acts directly on the HLH
proteins, before they bind DNA, via protein:protein interactions. This model has recently
received some supportive evidence. Forced overexpression of one of the Class C HLH
proteins (myc) inhibits the differentiation of myoblasts into myocytes (Falcone et al. 1985;
Miner and Wold, Manuscript in preparation, 1990). An intriguing but unproven idea might
be that the Class C proteins block activity of the Class A and B proteins by physically
interacting with them and preventing DNA binding. At a recent meeting, Weintraub and
colleagues reported that they have identified a previously uncharacterized HLH-like protein,
Id, that can dimerize to other HLH proteins but cannot bind DNA (Berk and Schmidt
1990). Id lacks the basic region that accompanies the HLH region in the other HLH
proteins, which could explain why it does not bind DNA. Although Id is not a myc
protein, it fills the role postulated for the Class C proteins, and, as expected, the level of Id
is high in myoblasts and decreases as they differentiate into myocytes. Perhaps the Class C
HLH proteins (e.g., myc), that also decrease on differentiation, act as positive activators of

this newly discovered negative acting HLH protein.
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Myogenic regulators and determination.

Expression of the HLH proteins is required for differentiation, but what role might
they play in determination? Although the HLH proteins were originally isolated as
determination factors, this function is not as clear-cut as originally thought. The continued
expression of MyoD is not required for a cell line to remain determined to the myogenic
lineage (Montarras et al. 1989; Vaidya et al. 1989). Furthermore, the cells that populate the
limb buds of mouse do not express either MyoD or myogenin even though they are
determined to become muscle cells (Sassoon et al. 1989). Perhaps the other myogenic
regulators (myd, Myf5, or herculin) are expressed in these situations. Alternatively, there
could be a "master regulator” that has yet to be identified.

An interesting property that relates to the stability of the determined state is that
MyoD, myogenin, Myf5 and herculin autoregulate their own expression (Braun et al.
1989b; Rhodes and Konieczny 1989; Thayer et al. 1989; Miner and Wold 1990). In many
cell lines, the ectopic expression of one of these proteins activates the endogenous
counterpart and one or more of the other myogenic HLH genes. As has been postulated for
Jun/Ap1 complexes, this type of autoregulation could maintain an otherwise transient signal
(Angel et al. 1988). Transient external cues, for example induction, might activate genes
like MyoD whose products would then autoregulate the myogenic regulatory genes.

Why are there five or more myogenic regulators? Any one cell type does not need
all of these factors, and with the exception of myogenin, they appear to be somewhat
interchangeable. For example, the cell line BC3HI1 does not express MyoD but does
express Myf5, whereas for the cell line MM 14 the situation is reversed (Mueller and Wold
1989). In both lines, the myocyte specific gene MCK is expressed and furthermore,
preliminary results show that the in vivo footprint pattern at the enhancer is identical (P.
Garrity, unpublished observations). However, MCK is a relatively general muscle gene; it

is expressed in both skeletal and cardiac muscle tissue. For genes with more limited
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expression patterns, such as those that specify muscle fiber type (fast, slow, or mixed), it
remains possible that unique combinations of HLH factors could specify different patterns
of expression. It is also possible that the different waves of muscle development that take
place during the lifetime of an animal might require different HLH proteins. There is some
evidence to support this idea: herculin and MyoD are preferentially found in adult muscle
tissue, whereas Myf5 expression is highest in fetal tissue (Braun et al. 1989b; Rhodes and

Konieczny 1989; Miner and Wold 1990).

Future prospects.

Understanding muscle development has come a long way in recent years. Cell
culture model systems have been instrumental in understanding myogenesis. As usual, the
more that is learned about a problem, the more there are questions to be answered. How
do the HLH proteins, with such an apparently degenerate recognition site, know when and
where to activate transcription? Is there a "master regulatory" gene, or is myogenesis
simply dependent on the autoregulation of genes like MyoD? What specifies the formation
of different muscle fiber types in vivo? What factors activate cardiac and smooth muscle
genes? These muscle types express many of the same differentiation genes as skeletal
muscle, e.g. MCK and actin, but do not express any of the known myogenic regulators. A
combination of in vitro and in vivo analyses will be helpful in answering these questions,
but future work will also need to concentrate on the role these myogenic regulators play in

the development of different muscle lineages.
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In Vivo Footprinting of a Muscle Specific
Enhancer by Ligation Mediated PCR

PauL R. MUELLER AND BARBARA WOLD

In vivo protein-DNA interactions at the developmentally
regulated enhancer of the mouse muscle creatine kinase
(MCK) gene were examined by a newly developed poly-
merase chain reaction (PCR) footprinting procedure.
This ligation mediated, single-sided PCR technique per-
mits the exponential amplification of an entire sequence
ladder. Several footprints were detected in terminally
differentiated muscle cells where the MCK gene is actively
transcribed. None were observed in myogenic cells prior
to differentiation or in nonmuscle cells. Two footprints
appear to correspond to sites that can bind the myogenic
regulator MyoD1 in vitro, whereas two others represent
muscle specific use of apparently general factors. Because
MyoD1 is synthesized by undifferentiated myoblasts,
these data imply that additional regulatory mechanisms
must restrict the interaction between this protein and its
target site prior to differentiation.

HE DEVELOPMENTAL PROGRESSION FROM MESODERMAL

precursor cell to determined, proliferating myoblast and

from myoblast to posumitotic, differentiated muscle cell
(myocyte) involves a cascade of regulatory changes. The determina-
ton step that produces myoblasts occurs when the developmental
potential of a precursor is restricted to the myogenic lincage. A
significant inroad to understanding this developmental decision
comes from the recent identification of a family of genes whose
ectopic expression in cultured cells can recruit otherwise nonmyo-
genic cells to function as myoblasts. Several of these genes have been
cloned, including MyoD1 (1), myogenin (2), and Myt5 (3). Their
products are nuclear proteins, and all share some sequence similarity
with other important regulatory molecules. These include the myc
family of um‘u-pmlcius (4) and the immunoglobulin enhancer
binding proteins (E12 and E47) (5) in mammals, and the protein
products of the daughterless, nwist, and achaete-scute genes (6) in
Drosophila. Myoblasts can, in turn, be triggered to undergo differen-
tiation in cell culture by altering the signals provided by growth
factors, hormones, and exrracellular marrix components. Difterenti-
ation of skeletal muscle ultimarely includes cell cyele withdrawal,

transcriptional activation of muscle specific genes, assembly of

muscle structures, and cell fusion 1o produce multnucleated myo-
tubes.

P. R. Mucller and B. Wold are in the Div lsrnnnl Biology ar the Califorma Institute of
Technology, 156-29, Pasadena, CA 9112
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Transcriptional regulation of myoblast and myocyte specific genes
is central to the execution of this developmental pathway, but
knowledge of how this regulaton is achieved is limited. For
example, recent studies suggest that MyoD1 can act as a positive
transcriptional regulator by binding to sites in several myocyre
specific genes (7). However, MyoD1 is also expressed in proliferat-
ing myoblasts where it can positively regulate expression of its own
promorer, but where myocyre specific genes are transcriptionally
silent (8). This raises the question of how MyoD1 and its relatives
acr differently in myoblasts versus myocyres. Morcover, genes
expressed specifically in myocytes bind some factors in vitro that are
widely distributed in nonmuscle cells and myoblasts as well as in
myocytes (9-11). Whether these factors interact in the cell with
myocyte specific genes when they are transcriptionally silent is not
yet known.

In vivo footprinting can answer some of these questions by
providing information on when and how proteins occupy a given
regulatory region of DNA in the living cell. These experiments can
be especially useful when taken together with genetic characteriza-
tion of cis-acting elements and in vitro DNA binding studies of the
relevant factors. Sequence inspection, reverse genetic analysis, and
gel retardation experiments have identified a number of potendially
important cis-acting sequence clements in the upstream enhancer of
muscle creatine kinase (MCK) (9, 12, 13). Here, we have used
genomic footprinting to examine protein-DNA interactions at this
region in cells that express MCK (myocytes) and in cells that do not
(nonmyogenic cells and myoblasts).

Despite the information provided by in vivo footprinting and the
development of several genomic sequencing strategies for this
purpose (14, 15), application of these techniques has been limited.
In vivo footprinting of a single-copy regulatory region in large
genomes (mammals) by established strategies 1s technically challeng-
ing. Large cell numbers are required, and experiments often have an
unacceprable signal-to-noise ratio. Our genomic footprinting meth-
od largely climinates these problems and enables the in vivo
tootprinting of relatively small numbers of cells (about 10° nuclei)
or dissected tissues. It is based on exponential amplification of a
genomic sequence ladder by the polymerase chain reaction (PCR)
(16). Although presented as a footprinting technique, this method
should be generally applicable to any PCR problem in which only
one end of the region to be amplified is known. For example, Pleiter
etal. (17) have adapred it to the study of in vivo methylation patrerns
and genomic sequencing.

Footprinting with ligation mediated, single-sided PCR. In
vivo footprints are visuahized by comparing samples of DNA thae
have been exposed to nucleases or alkylating agents in the cell (in
vivo) with samples exposed to these agents after the DNA has been
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extracted from cells and deproteinized (in vitro or naked) (18).
Dimethyl sulfate (DMS) is commonly used as the alkylating agent
because cell membranes are freely and rapidly permeable to it (18).
Proteins bound to DNA often alter the accessibility of DMS to
guanines at or near the binding site (19). After purification of the
DNA, both in vitro and in vivo DMS-treated samples are quantita-
tively cleaved at the methylated guanine residues with piperidine
(20) and then compared to reveal the footprint.

The PCR consists of repeated cycles of template denaturation,
primer annealing, and DNA polymerase extension to exponentially
amplify a segment of DNA located between two primers. Each cycle
doubles the number of templates, and after 25 to 30 cycles a single-
copy gene can be amplified more than 10%fold (16). Conventional
PCR is not immediately applicable to sequencing or footprinting
because it requires two defined ends. A sequence or foorprint ladder
is composed of a population of relared nucleic acid fragments. One
end of cach fragment is fixed by a primer or restriction cut and 1s

Fig. 1. Schematic of ligation medi- A
ated PCR footprinting or sequenc-
ing. (A) Starting material is geno-
mic DNA that has been treated
with Maxam and Gilbert sequenc-
ing chemistry (20) . This leaves 5° e
and 3’ phosphates (20). The first
step (a) defines the fixed end of the
sequence ladder by denaturing the
cleaved genomic DNA and anncal-
ing a gene specific primer. Exten-
sion (dotted linc) of this primer to
the variable cleavage site generates
a family of blunt-ended duplex mol-
ecules, which are substrates for T4
DNA ligase—atalyzed addition (b)
of a specially designed linker (heavy

lines; see below) to each member of Primer intemal
the sequence ladder, thereby pro- l d  tofirst genomic
viding each with a common, de- e g
fined end. The genomic DNA pro- ==

vides the 5’ phosphate used in the —_—

ligation. Specificity is provided by e

the fact that the bulk of the geno- e —

mic DNA does not serve as a sub-
strate in the ligation reaction be-
causc it lacks a blunt double-strand-
ed end. The DNA is then dena-
wred (¢), and a sccond gene
specific primer is anncaled and ex-
tended. To increase specificity, the
second gene specific primer is posi-
tioned so that its extending end is
3' to that of the first primer. The
original genomic DNA is used g
again as a templare in this reaction,
only now it has the longer strand of
the linker covalently attached to it,
and the extension product reads through this added sequence. Each member
of the sequence ladder now has two defined ends (the common linker primer
and the second gene specific primer), and is suirable for PCR (16). After 16
rounds of PCR (d and ¢), the sequence ladder is amplified ~10%-fold. It is
visualized by primer extension of an cend-labeled, third primer (f). Ins
appearance 1s that of the corresponding sequence ladder, excepr that it is
uniformly longer by the additional length of the linker. The third primer
should overlap the sccond primer, and also be positioned so that its
extending end is 3 to that of the second primer. The sequence ladder can
also be visualized by filter blotting (/7). (B) Structure of the common linker.
The linker shown is but one example of the possible sequences that could be
used. It is important that: (i) the linker contains no §5° phosphates and is
staggered o climinate self-liganon and assure directionality in iig.\:iun_
respectively; (i) the duplex between the long and short oligomers is stable at
ligation conditions, bur not at PCR remperatures; and (i) the longer
oligomer should have a comparable T, (meltng temperature) to that of the
second gene \pﬂ‘di( primer (sce above)

T OHOCAATAACCCGAGAGATCTAAATTC-OH3*
F-OHCTAGACTTAAGOHS
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theretore the same tor all; whereas the other end is determined by
variable chemical cleavage or chain termination and is therefore
unique for each fragment. To apply PCR to a sequence ladder, we
have introduced a simple ligation step that adds a common oligonu-
cleotide sequence to the unique end of cach member. A primer
complementary to this new common sequence is then used, together
with a primer complementary to the original fixed end, for simulta-
ncous exponential amplification of all members of the sequence
ladder. The procedure has high sclectivity and specificity thar are
derived from the design of the ligaton step and the choice of
primers (Fig. 1). It also has high fidelity; a footprint consists of
subtle differences in the starting concentrations of particular mem-
bers of a sequence ladder, and these differences are reproducibly
retained through the amplification.

DD1 MM14 Fig. 2. In vivo footprint of metal-

y lothionein-1 promoter visualized by

8 g - 3 2 ligation mediated, single-sided PCR.

2 2 £|% & 8 A footprint is ~ 185 bp upstream of
2 2 £l2 £ 2 transcription start on the coding

strand of the MT-1 promoter (15)
in both DDI (lanes 1 to 3) and
MM 14 (lanes 4 to 6) cells. The Spl
consensus site is bracketed on left.
Naked DNA’s are genomic control
samples from DD1 or MM 14 cells
that were treated with DMS in
vitro. Myoblast and myocyte
DNA’s are from the same cells
grown under proliferation or differ-
entiation conditions, respectively,
and treated with DMS in vivo. In
vivo labels for DD1 cells are in
quotations because these cells are
differentiation  defective and therefore do not form truc myoblasts or
myocytes. Cell culture and DNA preparations as in Figs. 3 and 4. All primers
and oligomers were gel purified. For first strand synthesis, 3 ug of DMS-
piperidine treated DNA (15) and 0.3 pmol of primer 1 (44) were suspended
in 15 pl of 40 mM s, pH 7.7, 50 mM NaCl. The sample was heated at
95°C for 2 minutes and then incubated at 60°C for 30 minutes. Hybnidiza-
tion was stopped by transferring to ice; a solution of 7.5 ul of 20 mM
MgCl,, 20 mM dithiothreitol (DTT), and 0.02 mM of cach deoxynucleoside
triphosphate (ANTP) was added, then 1.5 pl of a 1:4 dilution of Sequenase
version 1.0 (USB) [diluted in 10 mM tris (pH 7.5), | mM EDTA| was
added, and the sample was incubated at 47°C for 5 minutes. The reaction
was stopped by heating at 60°C for 5 minutes, then adding 6 ul of 310 mM
tris (pH 7.7), and then heating for 10 minutes at 67°C. For ligation of linker,
the sample was transferred to ice, and a solution of 20 plof 17.5 mM MgCl,,
42.3 mM DTT, and BSA at 125 pg/ml was added, then 25 pl of ligation
mixture [ 10 mM MgCl,, 20 mAf DDT, 3 mM ATP, BSA at 50 pg/ml, with 5
wl of PCR linker mix (20 pmol of linker per microliter in 250 mM rris, pH
7.7) and 3 Weiss units of T4 ligase per 25 pl] was added. The linker was
prepared as described (45). After incubation overnight at 15°C, the reaction
was stopped by heating to 70°C for 10 minutes. The sample was precipitated
in the presence of 10 g of yeast carrier tRNA. For the PCR reaction; the
precipitated samples were washed once with 75 percent ethanol and then
suspended in water. 20 ul of 5% Taq buffer (200 mM NaCl, 25 mM tris pH
8.9, 25 mA MgCl,, 0.05 percent w/v gelatin) was added along with 20 nmol
of cach ANTT, 10 pmol of a primer 2 (44), 10 pmol of the longer oligomer of
the linker (Fig. 1B), and 5 units of Taq polymerase (Cetus). The volume was
adjusted to 100 pl with HO. Samples were covered with 90 pl of mineral
oil, heared to 94°C for 1 minute, and then manually cycled (denarured for 1
minute at 94°C, hvbndized for 2 munutes ar 63°C, and extended for 3
minutes at 76°C) 16 umes. Samples were placed on ice, | to 5 pmol of an
end-labeled (46) pnmer 3 (44) was added, along, with 2.5 units of Taq
polymerase and 20 nmol of cach ANTP. Samples were heated to 94°C for 2
minutes, hybridized at 66°C for 2 minutes, and extended at 76°C for 10
minutes. Polymerase activiry was stopped by chilling on ice, a:idmg 295 plof
260 mAf sodium acetate, 10 mM s pH 7.5, and 4 mM EDTA, and,
extracting with a mixture of 50 parts phenol, 50 parts chloroform, and 1 part
woanyl alcohol, The samples were precipitated, resuspended in loading: dye,
and half of each sample was placed on cach lane of a standard sequencing pel
(20

1 2 3 4 5 6
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We tested this PCR footprinting technique on the mouse metal-
lothionein 1 (MT-1) promoter, which has been well characterized
both in vivo and in vitro. Previously, we had used cells containing
more than 100 copies of the MT-I promoter to observe in vivo
interactions and found a prominent foorprint at the upstream Spl
binding site (Spl-A) (15). Using PCR footprinting, we reexamined
this region in MM 14 and DD cells thar contain only a single copy
of the MT-I gene per haploid genome. The expected footprint is
apparent in both MM 14 and DD lines, as indicated by comparison
of the naked DNA control sample (Fig. 2, lanes 1 and 4) with the in
vivo DNA sample from cells grown under cither proliferation (lanes
2 and 5) or differentiation (lanes 3 and 6) conditions. This result
illustrates the sensitivity of the technique; the dara shown are from a
9-hour, screened exposure on Kodak XAR-P film. These footprints
correlate with the observed basal expression of MT-1 in these cells
(Fig. 3), and establish thart the dara obrained from ligation mediated
PCR footprinting are consistent with data from more conventional
methods.

Expression of muscle regulatory genes during differentiation.
Differentiation of myoblasts into myocytes is accompanied by
complex changes in the expression of muscle regulatory and struc-
tural gene products as well as some housckeeping genes (Fig. 3)
(21). Levels of RNA’s relevant to this footprinting study were
examined in MM 14 cells, a permanent myogenic cell line (22), DD1
cells, a differentiation defective derivative of these (23), and two
other myogenic lines, aza-myoblasts and BC3H1 cells. Under differ-
entiation conditions, there was a decrease in expression of prolifera-
tion related genes, such as e-myc, and general housckeeping genes,
such as MT-1, in both myogenic and differentiation defective lines.
Myocyte specific gene products such as MCK (Fig. 3) and myosin
heavy chain (24) increased during differentiation in MM14 but
remained absent from DD cells. Two of the three known myogenic
regulators are expressed in the MM14 cells; MyoD1 remains
constant before and after differentiation, whereas myogenin is
activated upon differentiation. The third regulator, Myf5, could not
be detected in MM 14 cells, and all three are absent in DD1 cells.

In vivo footprinting of the muscle creatine kinase enhancer.
MCK expression is activated during muscle differentiation (Fig. 3)
(25). The MCK transcriptional control elements that have been
identified include an intronic enhancer region, a proximal promorer
region, and an upstream enhancer region (12, 13, 26). We have
focused on the upstream enhancer region because it confers high-
level stage and tissue specific expression on a reporter gene in both
cell culture (12, 13, 27) and transgenic mice (28). This enhancer is
located about 1 kb upstream of the transcription start and contains
sequence motifs similar to recognition sites of several purative
general and muscle specific transcription factors (see below). Four
of these potential binding sites arc occupied in MM14 myocytes
(Fig. 4), though none are detectably occupied in MM 14 myoblasts
or DD1 cells. Multiple, independent DNA preparations from cach
cell type were tested, and all interactions were highly reproducible
(summarizd in Fig. 5).

A myocyte specific in vivo footprint is near the upstream end of an
adenine-rich sequence (CTAAAAATAACCC) located at —1077
(Fig. 4, lane 3). The A-T—rich character of this sequence prevents us
from observing addirional interactions in this region employing the
DMS-guanine reaction. Factors from extracts of both muscle and
nonmuscle cells bind to this sequence in vitro (9), suggesting that
the in vivo interaction observed here results from myocyte specific
use of factors present in many other cell types, including myoblasts.
Evidence that this A-rich sequence may be acting as a positive,
myocyte specific regulatory element comes from studies of the
chicken myosin light chain 2-A (MLC2-A) promoter (10) and the
rat MCK enhancer (/7). In both cases, genetic and biochemical
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stuclies show that it contributes to muscle specific expression and
binds one or more proteins present in extracts both from muscle and
nonmuscle cells.

The enhancer contains an exact match to the in vitro binding site
of transcription factor AP-2 (29, 30). Although AP-2 is not a
myocyte specific factor (29), the in vivo tootprint is restricted to
differentiated MM14 cclls (Fig. 4, lane 9, and Fig. 5). The
protections obscrved are partial, an indication thar the site may be
occupied only part of the time, on average, or that the nature of the
physical inreraction between protein and DNA only partially oc-
cludes DMS accessibility. In either case, the reproducibility of this
observation in multiple experiments indicares that it is a genuine
footprint. There were no footprints at this site in proliferating
MM 14 myoblasts, differentiation defective DD1 cells (Fig. 4, lanes
8 and 11 and 12), Balb/c 3T3 fibroblasts, or L cells (24). This
myocyte specific pattern contrasts with the in vitro interactions
derecred with gel-mobility shift assays, in which factors from both
muscle and nonmuscle cell extracts bind in this region (9).

The AP-2 site and the adenine-rich clement flank a 110-base pair
(bp) central core that, by itself, retains most of the activity of the
upstream enhancer (9). Two sequences similar to elements found in
the immunoglobulin kappa (x) (31) and heavy (H) chain (32)
cellular enhancers are present in the core, and both are critical for the
activity of the murine MCK enhancer. Deletion of the x chain
enhancer-like sequence results in an ~10-fold decrease in enhancer
activity (33), and muration of the H chain enhancer—like sequence
results in decrease of about 25-fold (9). Buskin and Hauschka have
reported a myocyte specific binding activity, MEF-I (myocyre
enhancing factor onc) (9), that interacts with the H chain enhancer—
like sequence in vitro. We have therefore identified the H chain
enhancer—like site as MEF-I in Figs. 4 and 5. In vivo footprints
where found at both the k chain enhancer—like and MEF-1 (H chain
enhancer—like) sites in MM 14 myocytes, but not in the other cell
types tested (Fig. 4, compare lanes 3 and 9 to lanes 2, 5, 6, 8, 11,
and 12).

Based on similarity to cis-acting sequence motifs, it has been
suggested that the CarG and sphl elements present in the MCK

DD1 | MM14  BC,H1| AzaM
g %|§ 33 §|§ S

e ey =

>

Fig. 3. (lower right) RNA analysis
of muscle and nonmuscle specific
genes. Total RNA’s from MM14
(22) (lanes 3 and 4), BC,H1 (47)
(lanes 5 and 6), aza-myoblasts (48)
(AzaM, lanes 7 and 8), and DDI1
(23) (lanes 1 and 2), were exam-
ined. Lane 9 conrains yeast tRNA
(30 pg). Cells were grown under
proliferation (PRO) or differentia-
tion (DIFF) conditions. Each left
(DD1 and MMI14) and right
(BC;H1 and AzaM) sct of panels
arc from the same gel. The weak
band above myogenin in lane 4 is
independent of Myf5. The top sct
of pancls shows the extension of 2
pg of RNA with an MCK primer
to create a 72-nt fragment. The
middle set of panels shows RNase protection of 10 pg of RNA with c-myc,
MyoD1, and MT-1 probes simultancously to create 159-, 92-, and 67-nt
fragments, respectively. The bortom set of panels shows RNase protection of
6 pg of RNA with Myf5 and myogenin probes simultancously to creare 197-
and 175-nt fragments, respectively. The DD1 and MMI14 RNA's were
purified by the guanidinium-CsCl method (75). Cells were immunostained
with myosin heavy chain antibodies (24) ro determine the percentage of cells
that had differentiated (23). There were no detectable myocytes in the DDI
cultures in cither type of media. MM 14 cells in proliferation and differentia-
non media were 6 and 86 percent myosin positive, respectively. The
procedure for the MCK primer extension was as described (28) and for
RNase protection was as described (15).
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enhancer may be important for its function (12, 13). In the context
of other muscle specific genes, the CArG element has been shown to
be important for expression (34). The sph! clement has been shown
to be important for the actvity of the SV40 cnhancer (35).
However, neither of these sites in the MCK enhancer were detecta-
bly occupied in any of the cell lines we tested (Fig. 5) (24).

With the exception of MM 14 myocytes, the cell types tested had
no convincing protein-DNA interactions atr the MCK enhancer.
There was, however, a reproducible difference between in vivo and
in viro DMS treated DNA samples. It consists of two in vivo
hypersensitivities ar adenines — 1154 and — 1152, just upstream of
the MEF-I site (Fig. 4, lanes 8 and 9 and 11 and 12; Fig. 5) (24).
Although the piperidine cleavage reaction used favors strand scis-
sion at alkylated guanines, it may reveal, with reduced sensitiviry,
adenine residues that are particularly reactive with DMS. Hypersen-
sitivity to DMS alkylation may be caused by rorsional strain on the
DNA or by proteins closely interacting with DNA to creare local
hvdrophobic pockets (19). We now favor the former possibility, in
part because there are no associated protected residues that, in our
experience, tend to be a better general indicator of protein-DNA

Fig. 4. In vivo footprinting of MCK
enhancer in MM 14 muscle cells and a
differenniation  defective  derivative,
DDI cells. Noncoding and coding
strands were visualized by ligation
mediated PCR foorprinung (Figs. 1
and 2). Cell lines are labeled at the
top of cach set of footprint ladders.
In vitro DMS treated “naked” DNA

A-rich | l il l.

(NAK, lanes 1, 4, 7, or 10) arc PR A-rich
compared to in vivo DMS treated '1‘ N -—
DNA from cells grown in prolifera- “' -
tion (PRO, lanes 2, 5, 8, or 11) or * AR
diffcrentiation (DIFF, lanes 3, 6, 9, +31 BALeTFY

or 12) media. To conscrve space, o) Al
irrclevant parts of the footprint lad- ...

der are not shown; they contained no i

footprints (24). Brackets on the left ‘!n‘

of cach footprint ladder identify the

location of consensus sequences (sec —od

text for idenuity). Arrows on the nght '

of cach ladder mark bascs that were @ g,
consistently protected or hypersensi- i

tive in multiple experiments on inde- -
pendent preparations of DNA. These

data are summarized in Fig. 5. Occa- et
sionally, we have observed spurious L
fluctuation in the intensity of an indi- 4:&!
vidual band. For example, in lane 3 jﬁ
berween the MEF-I and  chain en-  MEF- S el e T MEF
hancer—like sites where there is an .ﬁi =
apparent protection, this was seen ==
only in the experiment shown, but 4

not in several others, and 1s thercfore . B

not considered a legitimate footprint. .
Thercfore multiple experiments arc ]
necessary; in all cases shown here, “a
multiple experiments confirmed the —"'-"'-
authenticity of the indicared  foor- o
prints. MM14 and DD cells were - ——
grown (27) and treated with DMS

vivo (13) as deseribed. DNA for in s K
vitro and in vive DMS treatment was K -
harvested from cells as per (15) or by S — .
adapration (49) of the RNA solation

procedure used in Fig. 3. In vitro -
DMS trcatment (naked DNA) was as

deseribed (15) except thar 2.5 ul of e el il
DMS per I ml of DNA solution was 1 2 8

wed Piperidine treatmenr of DNA

was as i (15), Liganon mediated single-sided 'CR was as in g 2 warh the excepions noted i (50)
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interactions. If this does represent protein binding, it differs from
the other foorprints observed because it occurs in all cell tvpes and
docs not change when MCK s expressed.

In vivo foorprinting of DDI, the differentiation defecuve deriva-
tve of MMI4, permitted us to ask whether any interactions
observed in fully differentiated myocytes are actually dependent on
the switch from growth factor—rich proliferation medium ro growth
factor—poor differentiation medium, irrespective of differentiation
itself. In particular, it seemed possible that in vivo binding by
putative gencral facrors like AP-2 might be regulated in response to
growth signals without requiring overt muscle differentiation. Al-
though this would be an clegant mechanism for linking withdrawal
from the cell cycle with expression of differentiation specific genes,
we found no support for this possibility. DD1 cells displayed no in
vivo footprints under either culture condition (Fig. 4, lanes 4 to 6,
and 10 to 12).

Regulation of DNA binding activities during myogenesis. All
in vivo protein-DNA interactions detected at the MCK enhancer
were confined to differentiated myocytes in which MCK is actively
transcribed. Although the correlation of in vivo footprints with gene
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CAIG AP-2 Sph

AGGCT A TGTAA GQ CA, G ACCC C TAATTAACE
U3 TCCOACHOGT ACATT: CC GTTECCGGACC CCTGT T CTACGGACCA ATATTAATTGD

A-rich
CTGAGCCTCA CCCCCACCCC GATGCCTAGA TCTTAGGCTC TATACACCAT GOAGGAGAAG CTCAC M GTCCCTGGTAG GATCCAGGGT 1044
-1143 GACTCGGAGT GGGGGTGGGA CCACGGACCC AGAATCCGAG ACATGTGGTA CCTCCTCTTC GAGCGAR QGG CAGGGACCAC CTAGGTCCCA

Fig. 5. Summary of in vivo DMS footprints observed over the upstream
MCK enhancer. Upstream sequence (12) of MCK from — 1243 o —1044 is
shown. The enhancer as defined by (12) is from = 1256 o — 1050, and the
core enhancer as defined by (9) 15 from 1207 to —1097. Sequence
similarities to known factor binding sites are boxed. Changes in sensitivity to
DMS (Fig. 4) are indicared; all interactions were reproducible. Identification

activity is direcr, their relation to specific in vitro binding activities
from various cell types is not so straightforward (Fig. 6). For
example, even though the A-rich and AP-2-like sites are occupied
only In myocytes in vivo, they can be occupied in vitro by factors
present in many cell types (9). This suggests developmentally
restricted use of general factors. An alternative possibility is that
factors that ultimarely occupy these sites in differentiated muscle are
different from those in extracts from nonmyogenic cells. In cither
case, a clear understanding of how this enhancer is regulated should
take into account the differential use of these recognition sites.

The MEF-I and x chain enhancer-like sites appear to be recogni-
tion clements for myogenesis-specific factors. However, a detailed
comparison of several in vitro assays with the in vivo data suggests
additional regulation beyond the simple presence or absence of the
factors. The MEF-I site is bound in vitro only when myocyte
extracts are used, and no binding activity has been detected at the k
chain enhancer—like site in these extracts (9). However, both sites
can be bound in vitro by recombinant MyoD1 protein (7). More-
over, polyclonal antibodics raised against MyoD1 recognize MEF-
I-DNA complexes (7, 36). These dara suggest a similarity or
identity berween MyoD1 and MEF-I, and imply that MyoD1 may
be, at least in part, responsible for the MEF-I or k chain enhancer—
like in vivo footprints (Fig. 6). However, MyoD1 RNA and protein
are present in both myoblasts and myocytes (Fig. 3) (8), whereas
MEF-I activity appears restricted to myocyte extracts. Thus, the
mere presence of MyoD1 is not sufficient to produce the in vivo
footprints observed or to activate the MCK enhancer.

A model for the developmental regulation of this myocyte specific
enhancer must accommodate both the in vivo and the in vitro data.
There are two substantially different possibilitics. One of these is
thar access of sequence specific DNA binding proteins to the
recognition sites is restricted unul differentiation is triggered. In this
view, the failure of factors present in nonmuscle cells or myoblasts to
act on this enhancer in vivo would be governed not by changes in
their intrinsic activities, buc by the availability of the MCK binding
sites in chromarin. The idea of restricted access to developmentally
regulated genes has often been discussed in the context of open and
closed chromatin configurations (37) or covalent modifications of
DNA such as methylation (38). Our dara on the absence of in vivo
binding ro the MCK enhancer by factors present in all cell types is
consistent with a model in which accessibility is limited. Accessibili-
ty may also be restricted if potential binding sites are already
occupied by competing, sequence specific DNA binding proteins
(39). We did nort, however, derect occupancy of any myocyte specific
sites in vivo in myoblasts or nonmuscle cells, nor did we find
evidence of any additional sites occupied in myoblasts that become
unoccupied in myocytes. While there may be undetected interac-
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of protected and hypersensitive bases was made by counting bases on
overexposed gels and alignment with marker DNA ladders. Hypersensitivi-
ties (&) and protections (V) were observed in MM 14 myocytes only, with
the exception of the two adenine hypersensitivities (&) at = 1153 and
— 1155, which were observed in all cell types.

tions, the complete absence of footprints in myoblasts and nonmus-
cle cells is striking.

An alternative possibility is that the intrinsic activity of the
enhancer binding factors themsclves is regulated, rather than the
accessibility of their binding sites. This regulation of activity could
occur by post-translational modification or via interplay among
factors. If the interaction of several factors with the MCK enhancer
is highly cooperative, the triggering event may be a modest change
in the concentration or activity of only one of these factors.
Specifically, MEF-I binding activity appears to be completely re-
stricted to differentiating myocytes (9), and may therefore regulate
enhancer activity by nucleating cooperative binding of general
factors. MEF-1 itself might be subject to further regulation. Protein-
protein interactions within the myc-MyoD1 regulatory family could
generate different binding affinities and specificities. For example,
dimerization appears to be important for activity of the related E12
and E47 immunoglobulin enhancer binding proteins (5). This
interaction is mediated through the structural similarity also found
in MyoD1, myogenin, and Myf5, and by analogy, such interactions
among the myogenic regulators could provide an clegant mecha-
nism for activating and modulating muscle specific enhancers.

The picture presented for the MCK enhancer in MM14 skeletal
myocytes cannot fully account for its known activity in other
myogenic cell types. This enhancer can drive muscle specific tran-
scription of a reporter gene in cardiac muscle where Myf5, myo-
genin, and MyoD1 expression is absent (28). In addition, some
established MCK  positive myogenic cell lines do not express
MyoD1, but do express myogenin or Myf5 (Fig. 3, lanes 5 to 8) (2,
3). How MCK expression is activated in these MyoD1 negative cells
is not yet known. One possibility is that more than one member of
the myc-MyoD1 regulatory family could interact ar the same binding
site. There is precedent for such overlapping binding specificities
among regulatory molecules in other systems (40). Alternauvely,
different recognition sites within the enhancer segment may be used
in ditferent types of myocytes. Comparison of the MM14 casc
presented here with studies of similar design in MyoD1 negarive
myocytes should reveal how different combinations of regulatory
molecules can activate this enhancer in related but distinct myogenic
cells.

Applications of single-sided ligation mediated PCR. We have
developed a ligation-based, single-sided PCR strategy and applied it
to genomic sequencing, Its sensitivity is high. From 1 pg of cellular
DNA, the sequence of a single copy scgment of a mammalian
genome (abour 3.3 pg per haploid genome) can be obrained trom
an overnight autoradiographic exposure. This opens the possibility
of in vivo footprinting from small cell numbers and specific
dissected tissues. In view of the high sensitivity and specificity of the
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A

A AP-Zsiie MEF- site Anich site
Sequence
similarities CAG Sphl - M
B AP2 Myoli ARBE
Myaoblasts
* Differentiation
c Myuogenin
Myocytes

MyoD1)?

(MyoD1)?

Fig. 6. Schematic representation of interactions between protein and DNA
at the MCK enhancer. See text for discussion. (A) Location of sequence
motifs similar to those of known binding factors. (B) Myoblasts contain
factors that can bind the MCK enhancer in vitro, but no interactions are
observed in vivo. (€) On differennation, the MCK enhancer 1s occupied at
four of these sequence similaritics. In addirion, myogenin (2), a factor with
substantial protein similaritics to MyoD1 is expressed. ARBE; A rich
binding facror.

technique, we expect that the lower limit of the number of nuclei per
sample will now be governed by statistical considerations, which are
quite complex for this procedure (17). In principle, if the number of
founder molecules representing a given member of the sequence
ladder before amplification is too low, fluctuation among samples
could give artifactual variation in the intensity of the corresponding
band ar the end of the amplificaion procedure. This might be
mistaken for a legitimate footprint. In practice, we have not worked
with cell numbers below 3 % 10° per reaction. We have empirically
determined that under these conditions multiple analyses of the
same sequence ladder are generally free of detectable under- or over-
representation of individual bands. For example, the similar intensi-
ty of bands in all DNA samples from DDI cells illustrates typical
reproducibility (Fig. 4, lanes 4 to 6 and 10 to 12). The few spurious
variations observed were resolved by comparing several independent
experiments, and only protections or hypersensitivities that appear
in cach experiment are identified as footprints in Figs. 4 and 5.

A second limitation on in vivo footprinting is heterogencity of the
starting cell population. If the cells are not uniform with respect to
expression of the gene of interest, footprints may be obscured by
background from physiologically distinct nuclei. In our experi-
ments, we have studied clonally derived cell lines, and care was taken
to achieve physiologic uniformity: cell populations of myoblasts
were as free of prematurely differentiated myocytes as possible (less
than 6 to 8 percent myocytes), and differentiated myocvie prepara-
tions were harvested when very few undifferentiated precursors
remained (less than 12 to 14 percent myoblasts), as determined by
immunostaining for myosin heavy chain (24).

Ligation mediated PCR can be adapted for uses other than in vivo
footprinting, For example, it has been used to determine the in vivo
micthylation pattern for genes subject to differential methylation
during development (17). Tt can also be used to clone a new segment
of genomic DNA beginning, for instance, with a primer positioned
near the 5" end of a known mRNA sequence to produce a nested
series extending into an unknown promoter (41). The procedure has
been adapred for sequencing all four bases and has been used with
multiplexing (/7), which permits several different sequences to be
determined simultancously (42). It may theretore be possible to
conduct a genomic sequence walk through a single copy gene,
beginnmg from a region of known sequence and  proceeding,
through new sequence by successive steps of one-sided PCR,
thereby entirely bypassing cloning, steps.
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For applications thar require single-base resolution, this method
ditfers significantly from another one-sided PCR strategy reported
recently in which terminal transferase is used o add an oligo-dG
(deoxvguanylare) or -dA (deoxvadenylare) rail to one end of each
substrate molecule (43). This homopolymeric tail is expected 1o be
somewhat variable in length, and terminal transferase will make
additions to random single-stranded ends as well as to blunt-end
duplexes. By contrast, the ligation method adds a uniform, defined
sequence to the end of cach molecule, and takes advantage of the
high specificity of DNA ligase for a blunt-end duplexed substrate.
These design features, together with other details of the ligation
based procedure, reduce nonspecific background and provide the
resolution required for genomic footprinting, sequencing, and
methylation studies.
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The hybrnidized linker was stored ar = 20°C and thawed on e as needed

Ihe labeled oligomer was phosphorylated with crude [y-PPIATE (Dulont) and
T4 polynucleotide kinase (NEB), and umincorporated P was removed by
Nensorb-20 columns (DuPont), Specific acoviy of the primer was 4 x 10" 1o
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. For footprninting the MCK enhancer, we used 2 g of DNA per reaction. The
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Constitutive and Metal Inducible Protein:DNA
Interactions at the Mouse Metallothionein-I
Promoter Examined by In Vivo and In Vitro

Footprinting
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Constitutive and metal-inducible
protein:DNA interactions at the mouse
metallothionein I promoter examined by
in vivo and in vitro footprinting

Paul R. Mueller, Stephen J. Salser,! and Barbara Wold?
Division of Biology, California Institute of Technology, Pasadena, California 91125 USA

A method of high resolution in vivo footprinting has been developed and used to survey the mouse
metallothionein I (MT-I) promoter for protein : DNA interactions associated with basal-level transcription and
with high-level metal-induced transcription. This promoter and its associated regulatory region is structurally
complex. It contains multiple potential binding sites for metal regulatory factors and for other transcription
factors, including SP1 and MLTF. In several cases potential recognition sites overlap, and the experiments
reported here provide a view of which sites are utilized in vivo. These data also show how the pattern of
protein : DNA contacts changes when cells are shifted from basal-level expression to metal-induced expression.
The noninduced footprint pattern consists of interactions at basal elements that are thought to be responsible
for the moderate transcription of this gene in the absence of added metals. These interactions remain
unchanged upon metal induction. When MT-I expression is increased by exposing cells to zinc or cadmium, a
new footprint pattern is observed. It includes the basal interactions and a new set of metal-dependent footprints
that are positioned over all five genetically defined metal responsive elements (MREs), MRE-A-MRE-E. In
addition, these data identify a sixth probable MRE, MRE-F, which displays a dimethylsulfate (DMS) footprint

similar to that at other MREs.

[Key Words: Metallothionein gene; in vivo footprinting; transcription; SP1; MLTEF)
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The structure of most eukaryotic promoters and asso-
ciated regulatory regions is complex, consisting of an
array of multiple, interdigitated sequence elements that
act as recognition sites for the proteins that govern tran-
scription (Dynan and Tjian 1985; reviewed by Maniatis
et al. 1987). The task of identifying physiologically rele-
vant sites and dissecting their individual functions is
complicated by several factors: Functional binding sites
are not readily discriminated from nonfunctional sites
by primary sequence alone; a given segment of DNA
sometimes serves as a binding site for two or more dif-
ferent factors; and it is often difficult to generate mu-
tants that ablate all copies of a recognition site without
also distorting the remaining sequences and their spatial
relationships. In vivo footprinting studies can circum-
vent some of these problems by providing information
on when and how recognition sites are occupied in the
cell (Ephrussi et al. 1985; Giniger et al. 1985; Jackson
and Felsenfeld 1985; Zinn and Maniatis 1986; Kemper et
al. 1987). In this work we use in vivo footprinting of the
mouse metallothionein-I (MT-I) promoter to begin to

"Present address: Department of Biochemistry, University of California,

San Francisco, California, USA.
*Corresponding author.

characterize DNA : protein contacts as they occur in the
cell under noninducing and inducing conditions.
Metallothionein genes (MT) code for small, cysteine-
rich proteins that bind heavy metals, and they are
present in all higher eukaryotes surveyed (reviewed by
Karin 1985; Hamer 1986). Expression of the murine
MT-I gene is regulated in response to several different
physiological cues. Mouse MT-L is typically expressed in
cultured cells at a significant basal level of about 102
mRNAs per cell (P. Mueller, unpubl.); in the presence of
added zinc or cadmium the mRNA level increases 5- to
20-fold. This metal-dependent accumulation of MT-I
RNA is primarily due to increased transcription
(Durnam and Palmiter 1981; Hamer and Walling 1982).
A scgment of the gene containing the promoter and
flanking sequences has been shown to direct both basal
and induced transcription of adjacent heterologous se-
quences (Brinster 1982; Mayo et al. 1982; Pavlakis and
Hamer 1983). DNA transfection studies of deletion mu-
tations and synthetic promoters, together with DNA se-
quence data from many MT genes, have led to the iden-
tification of sequence elements that are responsible for
metal induction (metal responsive elements or MREs)
(Carter et al. 1984; Stuart et al. 1984, 1985, Secarle ct al.
1985). Other sequence elements influence the levels of
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both basal and induced expression. In vitro transcription
of the related human MT-IIA gene showed that basal
transcription can be increased by the addition of SP1
(Lee et al. 1987a) and other factors including AP1 and
AP2 (Lee et al. 1987b; Mitchell ct al. 1987), but metal-
dependent transcription has not yet been established in
vitro, and metal dependent in vitro footprints have been
confined to a single cadmium-specific site near MRE-D
{Seguin and Hamer 1987).

The in vivo footprints presented here define two pat-
terns of apparent protein: DNA contacts associated
with basal level transcription and metal induced tran-
scription of the murine MT-I gene. The footprinting
strategy uses cells containing transfected, amplified MT
genes to increase sensitivity and a genomic primer ex-
tension reaction to provide high resolution footprints.
Our observations, taken together with existing genetic
data, suggest that proteins bound constitutively at basal
clements support transcription in the absence of metal
induction, and also amplify the increase in transcription
mediated by MREs in the presence of metals. These re-
sults focus attention on the potential for in vivo compe-
tition among factors at overlapping recognition sites,
and also provide an explicit set of predictions for DNA-
binding patterns expected from in vitro studies.

Results
In vivo footprinting strategy

In this work two different methods have been used to
visualize in vivo protein : DNA contacts on the mouse
MT-I promoter. The highest-resolution picture of these
interactions was obtained by treating intact cells with
dimethylsulfate (DMS). DMS methylates guanine res-
idues at the N7 position, rendering them susceptible to
subsequent cleavage with piperidine (Maxam and Gil-
bert 1980). Cellular proteins bound at or near specific
guanines can either enhance or reduce the frequency of
DMS methylation relative to the same residues in naked
DNA (Gilbert et al. 1976). Because cell membranes are
freely and rapidly permeable to DMS, this experiment
permits detection of DNA : protein contacts in intact
cells that have undergone a minimum of physiological
disruption. DMS was originally used for this purpose by
Giniger et al. (1985) and Ephrussi et al. (1985), and in the
work presented here the procedure was adapted for
mousc L cells.

The second method used to detect protein : DNA in-
teractions is DNase [ treatment of nuclei. Because
DNase 1s a large molecule and does not freely cross the
cell membrane, cells must be lysed to expose nucler for
digestion. Although such nuclei are probably not initi-
ating ncw rounds of transcription (Groudine ct al. 1981},
it is clear from prior DNase studies of several different
promoters that many specific protein : DNA contacts
can be detected (Jackson and Felsenfeld 1985, 1987, Zinn
and Manmiaus 1986; Gimble and Max 1987). Morcover,
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In vivo footprinting of mouse MT-1

DNasc 1 foorprints identify protein : DNA interactions
at all four residues. Therefore we use this method to
complement data obtained by DMS treatment.

DNase and DMS footprints were visualized using a
modification of the genomic sequencing procedure of
Huibregtse and Engelke (1986). Cleaved genomic DNA
was hybridized with a vast excess of a specific, end-la-
beled oligonucleotide primer under conditions that min-
imize self-renaturation of genomic DNA. The majority
of the unhybridized primer was removed, and the bound
primer was extended with AMV reverse transcriptase.
Finally, the extension products were separated on a se-
quencing gel.

The in vivo footprint experiments were performed on
L-cell lines transfected with a mouse MT-I-dihydrofo-
late reductase (DHFR) fusion gene. The gene contains
1775 bp of the MT-1 promoter and 5'-flanking sequence
fused to the coding region of DHFR cDNA (Fig. 1a). This
segment of the MT-I gene has been shown to direct both
basal and metal-induced gene expression when trans-
fected into cultured cells or mouse eggs (Brinster et al.
1982; Mayo et al. 1982; Pavlakis and Hamer 1983). The
cell lines used here, A-0.3 and A-60, were selected be-
cause they contain multiple copies of the fusion gene,
thus increasing the sensitivity of the footprint experi-
ments. Expression of the fusion genes follows the pat-
tern expected for MT-I regulated genes (Fig. 1b and P.
Mueller, S. Salser, and B. Wold, unpubl.). In the absence
of added metals, A-60 and A-0.3 cell lines display char-
acteristic basal-level expression; upon stimulation with
zing this level increased by 5- and 10-fold, respectively.

A DMS footprint of the MT-I promoter in A-60 cells
under both noninducing and inducing conditions is
shown in Figure 2. Pairwise comparison of in vitro
DMS-treated DNA, (‘naked’ DNA, Fig. 2, lanes 5 and 10)
with companion in vivo DMS-treated samples from cells
grown in the presence or absence of heavy metal induc-
tion (Fig. 2, + zinc, lanes 4 and 9; no zinc, lanes 3 and 8)
reveals several footprints in the region between —35 and
—190, and these are discussed individually in the sec-
tions that follow. By contrast, there are no detectable
interactions between —30 and +20, except a single,
small, but reproducible, hypersensitivity localized just
before the transcription start site. The 25-base oligonu-
cleotides used to prime reverse transcription of cleavage
products are complementary to residues —227 to —203
on the noncoding strand and to residues +47 to +23 on
the coding strand. With these primers we can visualize
both strands of the metal-responsive promoter sequence,
as defined previously in studies of 5* and 3’ deletion mu-
tations (Carter ct al. 1984; Stuart et al. 1984; Searle ct al.
1985). Footprint experiments were performed several
times on both cell lines, and DNA preparations from
these DMS treatments were often assayed in multiple
independent footprints. All interactions detected were
highly reproducible. Densitometric traces of the autora-
diograms were made, and the results are summarized in
Figure 3, in which the height of the arrows is propor-
tional to the degree of protection or enhancement at a
given site.
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- Figure 1. Zinc induction of MT/DHFR. (@) Map of plasmid

a plasmld MD MgD which contains ~7458 bp. Thin lines are pBR322, thick
solid lines are mouse MT-1, and thick striped lines are mouse

< MT-1 Promoter DHER. Construction is described in Materials and methods, (b)
MT-I/DHFR RNA measurements. RNA (15 pg total was hy-
bridized with a uniformly labeled, 126-base riboprobe that was
complementary to 80 bases (—) of the MT-promoted DHFR
mRNA as per Zinn et al. (1983) and Maternial and methods. The
{e— DHFR cDNA endogenous DHFR is complementary to 65 bases of this ribo-
probe, but can not be seen on these short exposures (=30 min).

MT-I Intron/ (Lanes 1-3), A-0.3 RNA; (lane 1), without zing; (lane 2) 130 mm
Poly A zinc sulfate for 4 hr; (lane 3) 130 mm zinc sulfate for 8 hr. (Lanes
4-9) A-60 RNA; (lane 4) without zing; (lane 5) 130 mm zinc

b sulfate for 4 hr; (lane 6) 130 mM zinc sulfate for 8 hr; (lane 7)
same as lane 4; (lane 8), 0.5% serum for total of 36 hr; (lane 9),

0.5% f tal of 36 hr and 60 ng/ml TPA for the last 12
A_0.3 A_60 A_60 o= serum for total o T ant ng/m or the las

pBR322

not known whether either actually functions as an SP1
binding site. Comparison of the in vitro (Fig. 2a, lane 10)
and in vivo (Fig. 2a, lanes 8 and 9) guanine ladders near
base —182 on the coding strand shows a prominent in
vivo footprint. Figure 2b shows an enlargement of this
footprint together with densitometric scans; the data are
summarized in Figure 3. The sequence within this re-
gion matches the SP1 GGCGGG core perfectly and
matches the extended consensus site at 8 of 10 bases
(Jones et al. 1986). For convenience, this is referred to as
the SP1-A site, while the more proximal sequence at
— 139 is referred to as the SP1-B site. The similarity be-
tween the pattern of in vivo DMS sensitivity at SP1-A
and that observed using purified SP1 in vitro is striking.
The consensus in vitro pattern is predominantly on one
strand, and shows protection of the first 4 bases and hy-
persensitivity at the 6th and/or 7th bases (Gidoni et al.
1984). The in vivo footprint at the SP1-A (—182) site is
virtually identical; the first four guanines are protected

SP1 binds to the MT-I promoter in vivo and in vitro

A sequence search of the MT-1 promoter reveals two ~70%, and the guanine at position 7 is ~threefold hy-
good matches to the consensus recognition site for the persensitive. Also in agreement with in vitro experi-
transcription factor SP1 {(Kadonaga et al. 1986; Jones et ments (Joncs et al. 1986) arc the less prominent interac-
al. 1986) that are centered at —182 and —139, but it is tions detected on the noncoding strand, with 35-40%

Figure 2. (a) In vivo DMS footprinting of the mouse MT-I promoter. Noncoding and coding strands are visualized by primer exten-
sion. The first and second loadings of the reaction products on a 60-cm gel are placed on top of each other with a slight space between
them. Distance from the start of transcription (TXN) is shown to the left of cach strand with ‘-’ indicating 5' from start and ‘—*
indicating 3’ from start. Potential sites for binding of transcription factors (based on DNA scquence and genetic data, see text) are
shown by brackets to the right of each strand. A-60 cells were the source of the DNAs. (DMS) dimethylsulfate; (PIP) piperidine; (NA)
naked DNA; (- ZN), DNA methylated in vivo from noninduced cells; (+ZN) DNA methylated in vivo from zinc-induced cells.
(Lanes 7 and 5] Control samples containing in vitro purified (naked) DNA that was not treated with DMS or piperidine. (Lanes 2 and 6)
Control samples containing in vitro purified (naked) DNA that was only treated with piperidine. (Lanes 3 and 7] DNA from nonin-
duced cells treated with DMS in vivo and piperidine in vitro. (Lanes 4 and 9) DNA from cells induced with 130 mm zinc sulfate for 4
hr before being treated with DMS in vivo and piperidine in vitro. (Lanes 5 and 10) In vitro purificd DNA (naked) treated with DMS and
piperidine in vitro. See Materials and methods for experimental details and Figure 3 for summary of data. (b) Detail of SP1-A coding
strand footprint. (Enfarged inset) Shorter exposure of coding strand over SP1-A region enlarged to show detail and constitutive nature
of the SP1 in vivo footprint. (NA) Naked DNA methylated in vitro; (—ZN) DNA methylated in vivo from noninduced cells; (+ZNJ,
DNA methylated in vivo from zine induced cells. Vertical lines beneath photo identity guanines in sequence. Densitometry plots
show the initial, normalized densitometry traces of the same region enlarged above, and are superimposed on cach other as indicated.
Difference plots illustrate regions of footprinting in noninduced and induced cells, and were obtained by subtracting the superimposed
densitometry plots from cach other as indicated. Horizontal bascline represents zero difference or no footpring; traces below it repre-
sent hypersensitivity; and traces above it represent protection. These data are quantitated in Figure 3.
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protection at the fifth and tenth bases. Specific guanine
residues are protected from DMS attack when those res-
idues are closely associated with a protein. If binding of a
particular protein results in complete exclusion of DMS
from guanines in its recognition site, 100% protection

29

are 70% protected in vivo, suggesting that at least 70%
of the MT-I genes are occupied throughout the 2-min
DMS treatment or, alternatively, all copies in all cells
are occupied 70% of the time on average. In contrast to
protection from DMS attack, quantitation of hypersensi-

will be observed when all copies of that site are occupied

tivity cannot be interpreted in a similarly straightfor-
continuously. Guanines — 184 to — 187 of the SP1-A site

ward fashion. It is thought that hypersensitivity to DMS

NONINDUCED fcooma
DNase-|

NONINDUCED W0, caarcaroce A MMW Q.E.LEEIEE&EEA !

TGCCAAG GAC
TCAGCACOG T1chcoIcc moicmmc e aarecete OA TTT CACGCGAGCE ?AMCMT T© HMWT"
“" B MRE-F
-200 SP1 MREE MRE-D MREC }*@7 -91
——asox GBO;

X

L1 lll

ZN-INDUCED r o, cagtcarace AAGG0ca0 TECCOCTATO CACACTO0C) CTCCACO0AT CICTOCRETE COEEoA
DMS N-CD. urcmcmao‘rrrccccrt moI ACAC ACCGC GAGGTCCCTC

AN L S

TCTGCCAAQ GACGCGOAGC GCATOACTAT
OGYTC CT

NONINDUCED i ——
DNase-| L
NONINDUCED m GAGCAACCOC CTOCTOOATE CAAA! COTCCAACA Al - A GOGCAGACTG TCCTCTAAGC GTCACCACGA CTTCAACGTC
DMS NED. eceaae TDGHGOCQ ﬁﬂ%—q—wf%ggr“b_%g‘” CAC O mmmrmc r T CCCATCCOAC AGGAGATTCA CAGTOGTGCT GAAGT TGCAG
TRANSCRIPTION
START
90 —WAE T T [7TA) e -
ZN-INDUCED l L u' mc“wlg CQTCCAACG AA QOOCAGACTG TCCTCTAAGC GTCACCACGA CTTCAACGTC
mG N CD. ACCCOAC CTCQTTOGCA OACOA TGGGAAA CGCGO AGCAGQTTGC TGATA [ICT CCCOGTCCOAC AGOGAGATTCG CAGTOGTGCT GAAGT TGCAG
f "

34

30
26 80
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Figure 3. Summary of in vivo DMS and DNase footprinting over the mouse MT-I promoter. The sequence of both strands of the
mouse MT-I promaoter are shown. (N-CD) Noncoding strand; (CD) coding strand. Basc pairs —200 through =91 are in the top half of
the figure, and basc pairs —90 through + 20 are in the bottom half of the figure. Potential recognition sites are shown schematically
between the noninduced and induced sequences. These sites are also localized directly on the sequences by horizontal lines: (SP1 and
MLTF) a line over the coding strand; (MRE] a line between the strands; (G element] a hine below the noncoding strand; [TATA box] a
box around both strands. Changes in methylation patterns (Fig. 2) are shown directly over the coding strand and under the noncoding
strand; protections are indicated by downward pointing arrows ( |, and hypersensiuvities are indicated by upward pointing arrows
[ 1). See the scale at the bottom of the figure for quantitation. All protections =15% and hypersensitivities = 1.3-fold are shown
Regions of protection from DNase digestion under noninduced conditions (Fig. 4] are shown for both strands by a sct of thick double
lines above the noninduced DMS footprints. The sequence of this promoter s as per Glanville cual. (1981), except that an additional

adenine was found at — 112 ( S.J. Salser, unpubl) and is added to the sequence and numbering throughout this paper
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results when protein : DNA interactions create a local
hydrophobic environment around a target guanine (Gil-
bert et al. 1976). It is also possible that local changes in
DNA conformation might alter DMS sensitivity
(Johnsrud 1978). Given the nature of hypersensitivity, it
is not possible to deduce the degree of occupancy by
comparison with DMS-treated naked DNA, but it is in-
formative to compare hypersensitivity at a given site
under noninducing and inducing conditions.

In agreement with the DMS data, the SP1-A site in
MT-1 is protected from DNase I digestion of nuclei, indi-
cating that protein is bound at this site. A DNase I foot-
print of A-0.3 nuclei is shown in Figure 4. Comparison of
the DNase I pattern on naked DNA (Fig. 4, lanes 2 and 6)
and on nuclei of noninduced cells (Fig. 4, lanes 4 and 8)
reveals a protected region of about 20 nucleotides at the
SP1-A site in nuclei. This pattern of DNase protection is
in agreement with the pattern observed for SP1 binding
to the SV40 promoter in vitro (Gidoni et al. 1984, 1985;
and see below) and in vivo (Buchanan and Gralla 1987).

The second prospective SP1 site, SP1-B, is centered at
—139. It is a 9 of 10 match with the consensus element,
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In vivo footprinting of mouse MT-I

includes a perfect match to the GGCGGG core, and is
inverted in orientation relative to the site at —182. A
DMS footprint is observed at this site, but it is much
less intense than the one at the SP1-A site, and the pat-
tern of protection and hypersensitivity is quite different
from the SP1 DMS consensus pattern defined in vitro
(Gidoni et al. 1984; Jones et al. 1986) and observed for
the SP1-A site in vivo. The DNase [ experiment corrobo-
rates the DMS data, showing a region of protection sur-
rounding the — 139 sequence (Fig. 4).

The data presented above suggest that the site at
— 182 is a bonafide SP1 site that is occupied in mouse L
cells. The proximal site, on the other hand, shows an in
vivo footprint that bears little resemblance to a simple
SP1 interaction. Although the footprint at the B site does
not look like a typical SP1 interaction, it remains pos-
sible that in the living cell multiple factors, including
SP1, compete for this site. To determine directly if, in
the absence of competing factors, bona fide SP1 binds
anywhere on the MT-I promoter, an in vitro footprint
experiment was done using purified SP1 (a gift of J. Ka-
donaga and R. Tjian.). Varying amounts of homogeneous

e I B <« PROTECTION

Figure 4. In vivo DNase I footprinting of the
mouse MT-I promoter. The MT promoter was foot-
printed using DNase [ as a cleaving agent as in Zinn
and Maniatis (1986) and the footprint was detected
by primer extension (see Fig. 2 legend and Materials
and methods). The noncoding strand is shown on
the right and the coding strand is shown on the left,
and potential factor binding sites are indicated by
brackets next to the photo. Regions of DNasce pro-
tection are shown by the thick vertical lines to the
left of the brackets. These were assigned by compar-
ison of naked and in vivo patterns. The boundarics
of protected regions are approximate due to typical
sequence preferences in the DNase 1 digestion
(Lanes 1 and 5) In vitro purified (naked) DNA not
treated with DNasc [ (lanes 3 and 7) DNAs purified
from nuclei without the addition of exogenous
DNasc [; (lanes 2 and 6) in vitro purified (naked)
DNA treated with DNase ©in vitro; (lanes 4 and &)
DNAs form nucler treated with DNase 1 in vivo
These data are summarnzed in Fig 3
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SP1 were used to protect MT-T and SV40 promoter frag-
ments from DNase | digestion (Fig. 5). The only sites
protected in MT-I are the two identified above by in vivo
footprinting and scquence similarity. The distal site is
protected at lower SP1 concentrations than is the prox-
imal site. The size of the region protected in both cases
is 18-20 bases, in agreement with the in vivo DNasce
footprint and with other in vitro SP1 footprints (Gidoni
et al. 1984; Jones and Tjian 1985; Jones et al. 1986). In
this experiment, the parallel SV40 footprint provides a

MO MT-l SV40
I |8 1
12345678910

Figure 5. In vitro binding of purified SP1 on the mouse MT-
promoter. The indicated amounts of SP1 (in microliters) were
incubated with end-labeled MT (lanes 1-5) and SV40 (lanes
6-10) promoter sequences and the subjected to DNase | trear-
ment in vitro (see Materials and methods). Regions of foot
printing arc indicated by brackets on the side of the photo. (A]
MT-1 SP'1-A site; (B) MT-1 SPL-B site [sce text]; and SVA0 sites
I =6 as per Gidoni et al. (1984)
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convenient, well-characterized standard for SP1 binding.
The distal murine MT-I site binds human SP1 with an
affinity betwceen that of strong and intermediate SV40
sites, whereas binding at the proximal MT site is similar
to that at weak SV40 sites. In summary, all in vivo and
in vitro data suggest that the scquence at — 182 of the
MT promoter 1s occupied by a murine SP1 protein in
vivo. This is consistent with the fact that deletion anal-
yses of MT-I indicate that sequence within this region
contributes to both basal and induced expression (Carter
ct al. 1984; Scarle ct al. 1985). By contrast, the proximal
SP1-B site at — 139 presents a more complicated picture.
Apparently it is a binding site for one or more proteins in
vivo, and it can serve as an SP1 site in vitro, albeit a
weak one. Whether SP1 is among the proteins that bind
there in vivo remains uncertain (see below).

Some genetic analyses suggest that sequences which
influence basal expression also amplify metal induction
(Carter et al. 1984; Searle et al. 1985; Karin et al. 1984;
Karin and Holtgreve 1984; Stuart et al. 1984). Is the SP1-
like in vivo footprint in Figure 2 affected, either qualita-
tively or quantitatively, by metal induction? The data in
Figures 2 and 3 show clearly that there is no major
change in the footprint at the SP1-A site upon zinc in-
duction. This is best visualized by inspection of the en-
larged footprint in the inset (Figure 2b, top), and is illus-
trated in the densitometric scans and difference plots
(Figure 2b, bottom); and is summarized in Figure 3. The
difference plots of noninduced and naked DNA or in-
duced and naked DNA pairs show clearly the SP1 foot-
print, and the difference plot between induced and non-
induced samples reveals the striking similarity of the
SP1-A footprint in cells under both conditions. The
same is true for cadmium induction (data not shown).
We conclude that if SP1 binding at the SP1-A site influ-
ences the level of expression during metal induction, it
does not do so by simply increasing occupancy nor by a
steric change that is strongly DMS sensitive. Metal in-
duction does have a detectable effect on the DMS- sensi-
tivity of some guanines in the sccond potential SP1-B
site located at — 139, but the juxtaposition of this site
with possible binding sites for other proteins may be re-
sponsible (see Discussion).

MLTF binds the murine MT-I gene in vivo

Another prominent set of hypersensitive and protected
guanine residues comprise a clear in vivo DMS footprint
between positions —94 and — 105 (Figs. 2a and 3). This
region is also protected from DNase [ digestion in nuclei
of noninduced cells (Fig. 4). Inspection of the sequence
in this region revealed a 9 of 12 bp match to the recogni-
tion site of the major late transcription factor (MLTEF), a
cellular factor that was first idenufied by its activity at
the major late promoter of adenovirus 2 (Ad 2] (Carthew
ct al. 1985; Miyamoto ct al. 1985; Sawadogo and Roceder
1985; Chodosh ¢t al. 1986). Comparison of our in vivo
DMS footprint with the in vitro DMS footprint for puri-
ficd MLTF at the Ad2 promoter (Miyamoto ct al. 1985)



shows that the patterns of protection from methylation
are very similar (Fig. 6). Morcover, recent in vitro foot-
printing experiments show that purifiecd MLTF binds at
this site in the murine MT-1 promoter (Carthew et al.
1987). This region also contains a weaker sequence simi-
larity (5 of 7) to the recognition site of transcription
factor AP1, which has been shown to function in the
human MT-IIA gene (Lee ct al. 1987a,b). AP1 activity
can be modulated by the phorbol ester TPA (Angel et al.
1987), and genes containing an AP1 element can be in-
duced by treating cells with TPA (Angel et al. 1986,
1987; Imbra and Karin 1987). In an initial expeniment,
we tested whether expression of the MT-1 genes in our
A-60 cells is elevated in response to TPA. The data in
Figure 1b show that the steady-state level of RNA was
not affected by TPA treatment. This experiment is not
decisive, but when the result is considered together with
divergence from the consensus site, it suggests that AP1
is not responsible for the footprint centered around
—100. We conclude that murine MLTF 1s bound to the
MT-I gene in vivo at the site between —93 and — 104,
Our data also show that there is little change in occu-
pancy at this site upon metal induction (Fig. 2a and sum-
marized in Figs. 3 and 6).

Metal dependent protection of MRE sequences

All MT genes contain multiple copies of MREs (Carter
et al. 1984; Karin et al. 1984; Stuart et al. 1984, 1985;
Anderson et al. 1986; Maroni et al. 1986). When two or
more MREs are inserted upstream from a basal pro-
moter, they can confer metal responsiveness upon that
promoter (Searle et al. 1985; Stuart ct al. 1985). MREs
are a family of moderately similar sequence of about 15
bp that are related to a rather loosely defined consensus
sequence: CTNTCC(A/G)CNCGGCCC, in which the
underscored bases comprise the core consensus element.
The five MREs of the mouse MT-1 genc have been desig-
nated MRE-A through MRE-E, with MRE-A bcing
closest to the start of transcription and MRE-E most dis-
tant (Stuart et al. 1984).

In noninduced cells, MREs A—E display a DNasc |
pattern that is essenually identical with naked DNA
(Fig. 4), and they show very little protection from in vivo
DMS treatment (Figs. 2, 3, 7), with the exception of
MRE-D, which is discussed below. Upon stimulation
with zinc, all of the MREs show protection of most
guanines in vivo. The degree of protection ranges from
20% to 65% and corresponds well with the ability of
cach individual MRE to confer metal response upon a
heterologous promoter (Stuart ct al. 1985). For example,
MRE-E is unable to confer metal inducibility on the
HSV-TK promoter, and it shows very little DMS protee-
tion here. The converse is true for clements A and C,
which arc more highly protected and are also potent
metal response clements in synthetic promoters. De-
tectable protection from DMS is dependent on zine -
duction at all sites except MRE-D, where metal treat-
ment enhances a preexisting low-level protection. Shght
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Figure 6. Comparison of in vitro and in vivo MLTF DMS foot-
prints. The in vitro DMS footprint pattern over the MLTF site
between — 63 and — 52 in the major late promoter of adenovirus
2 (Miyamoto et al. 1985) is compared to the in vivo DMS foot-
print pattern over the MLTF site between — 104 and —93 in the
mouse MT-1 promoter (Fig. 2a and 3). Carrots (-), hypersensi-
tivity; filled circles (), protection under noninduced and Zn-in-
duced conditions; and open circles (0), protection only observed
under induced conditions.

hypersensitivity at the last three or four positions of
most MREs is also observed. Figure 7 contains a sum-
mary of DMS footprints at MREs together with repre-
sentative densitometry. A simple interpretation of the
footprint pattern is that in the noninduced state MREs
are not occupied, but upon metal induction they are pro-
tected due to the binding of positive-acting metal-re-
sponsive factors (MRF). This agrees with data from in
vivo competition studies which show that the limiting
factors in metal induction act in a positive fashion (Se-
guin et al. 1984; Scholer et al. 1986; Mueller et al,, in
prep.). While this is the simplest view consistent with
all data, the absence of a footprint under noninducing
conditions must be interpreted cautiously, because it is
expected that some interactions will escape detection,
especially if they are relatively unstable or transitory.

Virtually all metal-dependent DMS protections can be
accounted for by MREs A—E, with the noteworthy ex-
ception of a cluster of protected residues centered
around —87 (Figs. 2 and 3). This region contains a sc-
quence that is moderately related to the MRE con-
sensus: It matches at 9 of 15 positions overall, but pos-
scsses greater similarity in the MRE ‘core’, in which 4 of
5 bases agree. The DMS pattern is also quite similar to
that at the other MREs (Fig. 7). Some deletion analyses
of this genc are consistent with the sequence func-
tioning as a hitherto unidentified MRE (Scarle ct al.
1985). Although these mutation data are not decisive,
the sequence similarity, footprint pattern, and deletion
data lead us to identify it provisionally as MRE-F. One
potentially interesting distinction between MRE-F and
the other MREs is that it appears to be less efficiently
protected from DMS when cells are treated with cad-
mium than when they are induced with zince (data not
shown), whereas the others are affected identically by
bhoth inducers
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Footprinting amplified and transfected genes
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In these experiments we have shown that in vivo foot-
printing studics can be executed successfully on trans-
fected, amplified genes, and this approach should be gen-
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crally applicable to promoters other than MT. It requires
=15 functional copies of the promoter per mammalian
genome (S. Salser, unpubl.), although single-copy genes
should be readily accessible in smaller genomes. In this
study, cell lines containing scts of active genes were de-
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Summary of in vivo DMS footprint patterns over MREs. The five previously idenubicd MREs A-E (Stuart et al. 1984) are

shown along with the potential MRE-F. All MREs arc oriented with the coding strand on top as they appear in the promoter except
MRE-B, which is inverted here to allow comparisons of the footprint patterns, Quantitation of DMS footprints under noninduced and
Zn-induced conditions was performed as deseribed in Materials and methods and 1s imdicated by downward pointing arrows ( | ) for
protection, and by upward pointing arrows (1 ] for hypersensitivities, Scale is at bottom of figure, An example of MRE densitometry is
shown for the coding strand of MRE-B on the right half of the figure. The inmitial, normalized plots are superimposed pairwisc as
indicated and the corresponding difference plots are shown on the right. Bencath the densitometry plots is the coding strand sequence
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rived by amplification of a chimeric MT-DHEFR con-
struct, but multiple-copy transformants could be equally
uscful. As in other transfection studies, it is necessary to
sclect for footprinting transformants that show proper
expression. Our cell lines were checked to ensurc metal
induction (Fig. 1b), and basal-level expression character-
istic of the native MT gene was maintained by contin-
uous sclection for DHFR expression (see Materials and
methods). From the 70% and 65% protection at SP1 and
MRE sites, respectively, it is clear that a large fraction of
the transfected MT promoters in these cells 1s aceessible
to binding by cellular factors. It 1s worth noting that

In vivo footprinting of mouse MT-1

Figure 8. Evolutionary conservaton of G elements in higher
eukaryotic metallothioneins. Shown are the 22 G elements
found in 11 MT promoters, and the consensus we have derived.
General conservation of G rich regions has been noted pre-
viously (Karin 1984) and designated variously as a basal level
enhancer (BLE) (Scholer et al. 1986), a part of the BLE (Karin et
al. 1987), or a G-rich sequence (Seguin et al. 1986). Numbers on
either side of the G elements indicate their location in the pro-
moters relative to the transcriptional start site. Arrows to the
left of the sequences indicate the orientation of the elements in
their promoter. All of the elements have been displayed in the
orientation of the consensus for comparative purposes. The
consensus along with the percent base usage is indicated at the
bottom of the figure. Sources: Drosophila MT (Maroni et al.
1986); human MT-la (Richards et al. 1984); human MT-Ib
(Heguy et al. 1986); human MT-le (Schmidt et al. 1985); human
MT-If and human MT-Ig (Varshney et al. 1986); human MT-II
(Karin et al. 1987); mouse MT-I (S.].S. unpubl.,, see Fig. 3 legend
and Glanville et al. 1981); mouse MT-II (Searle et al. 1984); rat
MT-I (Andersen et al. 1986); rat MT-II (R.D. Andersen, unpubl.
1986, NIH data base).

transfected target genes sometimes present specific limi-
tations. For example, a peculiarity of mouse MT-I is that
the endogenous gene is inducible by glucocorticoids, but
no cloned DNA segment that retains this property upon
transfection into cultured cells or into transgenic mice
has been identified (Mayo et al. 1982; Pavlakis and
Hamer 1983; Palmiter et al. 1982). In agreement with
these observations, we found that the MT-DHFR genes
are not induced by dexamethasone, and therefore we did
not attempt to footprint following hormone treatment.

Although in vivo footprinting is an effective method
for visualizing a subset of protein : DNA interactions on
a given gene, it is not expected that all protein : DNA
contacts will be detected by this assay. For example, we
do not observe significant footprinting over or near the
TATA box (Figs. 2 and 3), even though these genes are
being transcribed at a physiologically significant rate.
This is also the case in several other in vivo footprinting
studies of actively transcribing genes (Zinn and Maniatis
1986; Kemper et al. 1987). Nevertheless, it is clear that a
sct of proteins in nuclear extracts do bind in vitro in
other TATA containing genes (Davison et al. 1983;
Parker and Topol 1984; Sawadogo and Roeder 1985), and
previous genctic experiments have shown these se-
quences to be important for cfficient MT-I transcription
(Carter ct al. 1984). Perhaps the interactions that arc ob-
served in vivo at upstrecam clements are significantly
more stable than are those that occur at the TATA sc-
quence. In spite of these constraints, it is clear that we
have successfully identified interactions at MRF, SP1,
and MLTF binding sites in the murine MT-1 promoter,
and genetic analyses (Carter ct al. 1984; Stuart ct al.
1984, Scarle ct al. 1985) support the functional signifi-
cance of these interactions, Based on these results, we
suggest that 1t should now be efficient to survey other
complex control regions in this way at an carly stage in
their characterization to focus subsequent mutagenesis
or in vitro protein binding studies.
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Discussion

We have used in vivo genomic footprinting with DMS
and DNase | to observe DNA : protein interactions at
the MT-I promoter (Figs. 3 and 7). These experiments led
to definition of two sets of probable protein : DNA inter-
actions as they occur in cells under noninducing and in-
ducing conditions. The results obtained allowed us to
identify a new metal-responsive element, to limit the
possible mechanisms for interaction between basal-level
elements and metal-responsive elements, and to begin to
resolve how overlapping, and thus potentially com-
peting, recognition sites are actually used.

It is interesting to compare the pattern of in vivo pro-
tection at MREs with in vitro studies of Seguin and
Hamer (1987). They observed a cadmium-dependent Exo
I1I footprint at MRE-D when MT-I DNA was incubated
with a nuclear extract. Our results differ from their in
vitro data in two respects. First, they detect binding only
in the presence of cadmium but not in the presence of
zinc, whereas we find similar in vivo footprints with
both metals at MREs A-E. Second, they observe binding
at just one MRE, whereas we see footprints at MREs A-E
and F. The general pattern of in vivo interactions we
have observed is, however, in close agreement with in
vivo studies reported recently by Herschman and col-
leagues (Anderson et al. 1987) for the related rat MT-]
gene. We do not know the basis for the differences be-
tween in vivo and in vitro results, although it is inter-
esting that our data find MRE-D to be the only metal
response element showing a detectable footprint in the
absence of added metal (Fig. 7). It may also be relevant
that MRE-D (-150 to —136) overlaps the potential
binding site SP1-B ( — 143 to — 134), as discussed below.

Overlapping recognition sites and possible competition
among factors

The presence of overlapping potential binding sites at
the MRE-D/SP1-B region raises the possibility of compe-
tition among several different factors. DNA sequence
data alone do not provide enough information to predict
which factors, if any, will be bound at this site in the
cell. The in vitro SP1 footprint data (Fig. 5) establish that
this sequence can serve as a SP1 binding site in the ab-
sence of competing factors, which leaves open the possi-
bility that it may function as a SP1 sitc in vivo. The in
vivo DNase (Fig. 4) and DMS (Fig. 2) footprints show
that this region is occupied by factors in L cells, but the
absence of the characteristic SP1 DMS footprint pattern
makes it unlikely that SP1 is responsible. Another possi-
bility is that, in both the induced and noninduced state,
there is significant binding of metal-responsive factors at
this site. This alternative is supported by the pattern of
DMS footprinting. The DMS pattern at MRE-D in non-
induced cells 1s qualitatively similar to that at other
functional MREs after metal induction. The induced
pattern at MRE-D is quantitatively increased upon
metal induction but not qualitauvely changed from 1ts
basal pattern. It is interesting that MRE-D 15 the most
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cffective MRE when present in multiple copies in a syn-
thetic promoter (Stuart et al. 1985) and is also the only
MRE to show metal-dependent protein binding in vitro
(Seguin and Hamer 1987).

For the case of the MRE-D/SP1-B region, our working
model is that in L cells the balance between active SP1
and MRFs favors binding by MRF, but this may not be
the case in other cell types or under different physiolog-
ical conditions. The notion of in vivo competition for
overlapping sites has some appeal because it provides a
potentially sensitive mechanism for regulating gene ex-
pression in different cell types or tissues in response to
modest differences in relative levels of participating
factors. Small genetic changes can also tip the balance
between two binding sites, and such changes may be
important in the evolution of different patterns of ex-
pression. An inadvertent experimental example was pro-
vided when Stuart et al. (1985) placed oligomers con-
taining the MRE-D overlap region in front of a truncated
HSV-TK promoter containing only a TATA element.
The wild-type MRE-D region made TK expression metal
inducible. Surprisingly, they found that if the oligomer
was modified so as to make it a better match to the SP1
consensus without disrupting the MRE, the gene was no
longer inducible by metals, but exhibited a 10-fold ele-
vation in basal expression. Competition among factors
for binding in this region may also contribute to the
multiplicity of protein : DNA complexes observed as
distinct electrophoretic species when DNA is incubated
with crude nuclear extracts (Seguin and Hamer 1987).

The phenomenon of overlapping, potentially com-
peting recognition sites is probably not confined to the
MRE-D/SP1-B region. All higher cukaryotic MT genes
for which sequence data are available contain one or
more copies of a conserved 14-bp G-rich sequence, and
from 22 examples we have derived a consensus element
G(C/G)GGG(C/G)CG(T/G)GTGCA (Fig. 8). A function
has not yet been defined for this sequence feature, so it
is simply referred to here as the G element or G box.
Murine MT-I contains two of thesc clements: one cen-
tered around — 140, the other centered around —100.
Like other MT G-boxes, these overlap other potential
recognition sites. The site centered at — 140 overlaps the
MRE-D and SPI1-B sites, and the clement centered at
—100 overlaps the MLTF site. In other MT genes (for
example, human MT-IIA, human MT-IA, mouse MT-1I,
and Drosophila MT) G elements overlap potential SPI
and MRE sites. Our footprinting data did not detect in-
teractions specifically attributable to G clements, and
existing mutational studics assayed in various ccll lines
have also failed to detect a specific G-box function. On
the other hand, the presence of G-clements in all MT
genes, together with their substantial sequence simi-
larity, suggest that they are important enough to de-
mand evolutionary conscrvation, probably because they
serve as recognition sites for one or more factors. It
seems possible that the G elements may be required ina
physiological context that has not been tested by the
transfection assays and footprinting studies.



Interaction of MREs and basal elements

Although multiple MREs are sufficient to direct metal-
inducible transcription from heterologous promoters,
the absolute level of expression depends on additional
non-MRE upstream elements. For example, Stuart ct al.
(1985] found that in the context of a synthetic promoter,
SP1 elements amplify the MRE-mediated response, and
promoter mutations generally support this view. The ef-
fect is not simply additive, but is synergistic. A survey of
different MT regulatory regions shows that the theme of
multiple MREs combined with several potential basal
elements is common, but there is considerable flexi-
bility in basal element identity and sequence organiza-
tion. This suggests that the capacity of basal element
factors to enhance MRE activity is a general property
shared by several factors including SP1 (mouse MT-I,
human MT-1IA), APl (human MT-IIA), and MLTF
(mouse MT-I).

How do basal elements amplify metal induction? The
constitutive occupancy of SP1 and MLTF sites in vivo
rules out one straightforward mechanism for amplifying
metal- dependent expression: Active MREs do not func-
tion by simply increasing the efficiency of factor binding
at basal element sites. The possibilities that remain fall
into two classes. MREs and basal elements both may act
by increasing directly the rate of initiation. Alterna-
tively, basal elements might alter the rate of metal-in-
duced transcription by increasing the accessibility of
DNA to factors that do govern initiation—possibly
MREs. These different functions for basal elements are
not easily distinguished by standard cell transfection
assays or by current in vitro transcription systems, al-
though it should now be possible to introduce appropri-
ately mutated promoters and observe how ablation of
one or more of the basal elements affects the in vivo
protein : DNA interactions at MREs.

Materials and methods
Plasmid construction

Plasmid MD was constructed from the mouse MT-I genomic
sequences of pEE-3.8 (a gift from R. Palmiter) and the DHFR
sequences of SV3—DHFR (Southern and Berg 1982). The MT-
promoter fragment used in this plasmid contains ~1775 bp of 5
nontranslated sequences between EcoRl and Bglll. The Bglil
site ends 8 bp on the 5’ side of the MT translation start. The 3°
MT fragment contains the complete second intron and poly(A)
addition site of MT-I as an Alul-Hindlll fragment, with the
Alul site converted to a Bg/ll site. These fragments were in-
serted into pBR322 to create pMT-33. The coding region of
DHEFR, along with 60 bp on the 5 side of and 80 bp on the 3
side of the translation start and stop respectively, was removed
from SV3-DHFR as a FnuDIl-Bg/ll fragment and mscrred into
the Belll site of pMT-33 after addition of a BamHI linker at the
FnubIl site,

Cell culture

Murnine cell Tines A-0.3 (formerly KTO-A, Kim and Wold 1985]
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and A-60 were gifts from S. Kim, and were adapted for growth
in dialyzed calf serum. These lines were maintained in Dul-
becco’s modified Eagle’s medium (DME] supplemented with
10% dialyzed calf serum (Gibco), 100 U/ml penicillin G, 7.5
U/ml streptomycin, 4 pg/ml azaserine, 15 pg/ml adenine, and
3 x nonessential amino acids. Dialysis of the serum increased
the induction ratio of MT genes ~twofold by lowering the basal
level of expression (P.R. Mueller, unpubl.). A-0.3 and A-60 were
further supplemented with 0.3 um and 60 pm methotrexate
(MTX), respectively. The presence of MTX did not influence
the expression or induction of the MT genes (data not shown).
A-0.3 and A-60 contain 100 and 700 copies of pMD, respec-
tively (J. Jong, unpubl.).

RNA preparation and measurement

Cells were ~70% confluent before induction. Four or 8 hr prior
to harvesting the RNA, fresh media were added to the plates
with or without 130 pm zinc sulfate. Prior to TPA (12-O-tetra-
decanoyl-phorbol-13-acetate) inductions, cells were washed
with PBS and transferred to media containing 0.5% dialyzed
calf serum, without azaserine or methotrexate (MTX) for 24 hr.
TPA (in ETOH) or an equivalent volume of ETOH (14.4 ul) was
then added to the serum-starved media for an additional 12 hr.
Final concentration of TPA was 60 ng/ml. Total RNA for each
condition was prepared from two 150-cm plates according to
the method of Chirgwin et al. {1979), as modified by Ngai et al.
(1984). RNA was further purified by extraction with phenol/
Sevag and precipitation with isopropanol and then ethanol.
Subsequent treatment with RNase-free DNase had no effect on
RNA quantitation (data not shown), so this was not done rou-
tinely.

RNase protection was performed as described by Zinn et al.
(1983] and modified by Kim and Wold (1985). Fifteen micro-
grams of total RNA was hybridized with a molar excess (12 ng,
or 280 fmoles) of labeled probe of specific activity 7 x 10 cpm/
ng. The probe used protects the DHFR sequences in the con-
struct and the endogenous DHFR, but the endogenous signal is
much weaker than the strong construct signal and cannot be
scen on short exposures. Longer exposures of RNA experiments
performed on the parental cell lines show that the protected
endogenous band is ~15 bases shorter than the protected con-
struct band (P. Mueller, unpubl.). This is consistent the with
major transcriptional start site of mouse DHFR (Farnham and
Schimke 1986). Gel slices containing the protected probe were
excised and counted for quantitation.

In vivo and in vitro DMS/piperidine cleavage of DNA

Cells for in vivo footprinting were treated identically to those
used for RNA measurements. After 4 hr with or without 130
M zine sulfate, the media was replaced with media containing
1 pl/ml DMS (DMS was added immediately before use). This
replacement media also contained 130 mm zine sulfate, if ap-
propriate, and was prewarmed to 37°C in a 4% CO, cnviron-
ment. The DMS was allowed to react with the cells for 2 min,
at which time the DMS-containing media was removed and the
plates immediately were rinsed once with 37°C PBSA and sub-
sequently washed 3% with 37°C PBSA for 30 sce with gentle
shaking, Cells were lysed and seraped from cach plate in 1.5 ml
of DNA harvest buffer [1 msm Tris (pH 7.5, 400 mm NaCl, 2 mm
EDTA, 0.2% SDS, 0.2 mg/ml protciase K|, and this mixture
was incubated with occasional mixing tor an additional 3-5 hy
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at 37°C. DNA was extracted once each with phenol, phenol/
Sevag, and Sevag; and twice with cther. The DNA was then
precipitated once with isopropanol and once with cthanol be-
fore resuspending it in 10 mm Tris (pH 7.5), 1| mm EDTA. The
final nucleic acid concentration was 1-1.5 mg/ml, of which
50-60% was DNA. To precipitate the in vivo methylated DNA
in parallel with the in vitro methylated DNA (sce below), 200
wl of this mixture was mixed with 50 pul of 1.5 M sodium ace-
tate (pH 7.0), 1 M B-mercaptoethanol, 100 pg/ml yeast tRNA,
and 750 pl of ethanol. The pelleted DNA was washed once with
75% ethanol before being suspended in 200 pl of 1 M piperidine,
and then heated to 90°C for 30 min. Piperidine treatment
cleaves DNA at methylated guanines and eliminates contami-
nating RNA by base hydrolysis. Piperidine was removed by
vacuum followed by two cycles of washing and precipitation.

DNA for in vitro DMS treatment (naked) was prepared iden-
tically, except the in vivo DMS treatment step was omitted.
This DNA was methylated in vitro by adding 0.9 pl of DMS to
200 pl of DNA (~1 mg/ml) for 30 sec at room temperature. This
DMS condition was empirically determined to match the in
vivo DMS conditions. Under methylation would show a gen-
eral underrepresentation of lower-molecular-weight bands and
overrepresentation of high-molecular-weight bands. The con-
verse is true for overmethylation. Such mismatches in methyl-
ation conditions do not, however produce specific local pat-
terns of protection or hypersensitivity that would be casily mis-
taken for protein : DNA footprints. The reaction was stopped
with 50 pl ice-cold stop buffer [1.5 M sodium acetate (pH 7.0), |
M B-mercaptoethanol, 100 pg/ml of yeast tRNA| and 750 ul of
ethanol chilled to —70°C. The samples were then piperidine
treated in parallel with the in vivo samples. For in vitro con-
trols that were not reacted with DMS or piperidine, the DNA
was first cleaved with EcoRI and RNase A to reduce viscosity
and remove contaminating RNA, respectively, and then pro-
cessed in parallel with the other samples.

In vivo and in vitro genomic DNase treatment

Cells for in vivo DNase I footprinting were treated identically
to those used for RNA measurements. Preparation of nuclei and
in vivo DNase treatment was performed as described by Zinn
and Maniatis (1985) with slight modifications. Naked DNA (in
vitro) was prepared by the conditions described above, and di-
gested with DNase | (Boehringer Mannheim Biochemicals) to
the same extent as the nuclear samples (empirically deter-
mined). Underdigestion would show a general underrepresenta-
tion of lower-molecular-weight bands and overrepresentation of
high-molecular-weight bands. The converse is truc for overdi-
gestion. Such mismatches in DNase | conditions do not, how-
ever, produce specific local patterns of protection that would be
casily mistaken for protein : DNA footprints. Both the in vitro
and the in vivo DNAs were also digested with EcoRl and RNase
A to reduce viscosity and remove contaminating RNA.

Primer extension of DMS and DNase-cleaved genomic DNA

Visualizing the footprint patterns by primer extension elimi-
nates the technically challenging blotuing of sequencing gels
and subscquent hybridization (Church and Gilbert 1984). In ad-
dition, extension of an end-labeled primer ensures that single
base resolution 1s not compromised by cither radioacuve decay
of a multiply end-labeled probe or imprecise action of a single

stranded nuclease (Jackson and  Felsenfeld  1985) Because
loading more than —75 pg of DNA per lane (lane size 8
mm = (L8 mm) leads vo decreased resolution, our ]unn'dmu re
quired 15 copres per mammalian genome (I Mucller, un
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publ.). Specifically, 65 pg A-0.3 DNA or 14 ug of A-60 DNA
were mixed with 0.13 pmole labeled primer (sp. act
6-14 x 10pmole] and suspended in 55% deionized form-
amide, 6 x SSPE [900 mm NaCl, 60 mm NaH,PO, : H,O, 6 mm
EDTA (pH 7.4)|; final volume was 70 pl. The primers used were
complementary to =227 to — 203 on the noncoding strand and
to +47 to +23 on the coding strand. These 25-mers have a GC
content of 60% and 52%, respectively. Samples were heated to
95°C for 5 min and incubated for 30-60 min at 30°C. Thesc
conditions proved to maximize the amount of primer hybrid-
ized while minimizing the self-hybridization of the genomic
DNA and nonspecific background hybridization of the primers
(P. Mueller, unpubl.). Different length or GC content of the
primers might require different hybridization conditions. To
remove excess primer and change the reaction buffer, one of
two methods was used. For the DNase and early DMS experi-
ments, the hybridization mixwure was run over a quick-spin
column of Sephadex G-50 equilibrated in low KT buffer (12.5
mm KCl, 12.5 mm Tris, pH 8.3 at 50°C), and the volume of the
efflux was adjusted to 87.5 pl with low KT buffer. In other ex-
periments, the hybridization mixture was diluted to a volume
of 670 pl with 2.25 M ammonium acetate and then precipitated
with isopropanol. The pelleted DNA was then dissolved in 87.5
wl of low KT buffer. In cither case the DNA was then mixed
with 12.5 pl 8 x AMV reverse transcription buffer so that the
final concentrations were 50 mm KCl, 50 mm Tris, pH 8.3 at
50°C, 8 mm MgCl,, 0.8 mM dNTP, and 4 mm DTT. Two micro-
liters (28 units) AMV reverse transcriptase (Life Sciences, Inc.)
were added and primers were extended for 30 min at 50°C. The
reaction was terminated by adding 3 pl 500 mm EDTA, 35 pl 8
M ammonium acetate, and 10-20 pg yeast tRNA. Samples
were precipitated with 1 volume isopropanol, suspended in 12
! loading buffer [80% deionized formamide, 40 mMm Tris-borate
(pH 7.5)] and run on 8% denaturing polyacrylamide gels 0.8-
mm thick. Gels were dried and exposed for 1-10 days without
an intensifying screen.

In vitro footprinting of SP1

In vitro DNasc | footprints were performed, as described by
Briggs et al. (1986), with 95% homogencous, human SP1 that
was ~10 ng/ml (a gift from ]. Kadonaga and R. Tjian). The
mouse 400-bp MT-I promoter fragment was labeled at the
BamHli site of plasmid MT-1Ai (a gift from R. Palmiter), and the
SV40 326 bp promoter fragment was labeled at the HindlIll site
of plasmid SV2-DHFR (Southern and Berg 1982); 6.5 fmoles of
each of these end-labeled DNA fragments were used and 8
ng/ml was the final DNasc | concentration (Bochringer Mann-
heim Biochemicals). Gels were run as above.

Quantitation of DMS footprints

Several exposures of footprinting gels were prepared using
Kodak XAR-5 film without an intensifying screen. Densito-
metry was performed with a LKB UltroScan XL laser densito-
meter, which has a beam size of 800 pm by 50 um. Each lanc
was scanned nine times with a 200-um overlap between scans
and a 120-pm vertical step. These scans were analyzed using
the Turbo-Densitometry program [S.].8.). Averaging of the nine
scans produced a single composite scan per lane. To compare
the vanous lanes of cach loading (i.e., naked, in vivo nonin-
duced, and 1 vivo induced), the composite scans were aligned,
and the signal normahzed. This normalization was to se-
gquences i the guanine ladder that lacked both binding sites

and abservable footprints; this compensated for minor varia
tons mm sample loading, and had only a slight cffeet (= 10% 1 on
the bmal quanuition of protecuon and hypersensiuvity. To



38

quantitate individual protections and hypersensitivities, the in-
tegrated area for cach base in the original plots was subtracted
from the corresponding arca in the naked DNA plot, and the
difference was divided by the arca of the naked DNA base. Dif-
ference plots are useful for illustrating footprints and com-
paring occupancy under noninduced and induced conditions.
These were obtained by subtracting the digitized and normal-
ized scan of one lane from that of another lane on a point-by-
point basis. These plots indicate regions of protection above the
baseline and regions of hypersensitivity below the baseline.
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Abstract
Stable cell lines containing up to 1,400 copies of mouse metallothionein-I (MT-I)
controlling regions were generated by gene amplification of a transfected MT-
DHFR fusion construct. These additional copies acted as competitors for
transcription factors required for metal induced expression of the endogenous MT-1
and MT-II genes. Metal induced expression was reduced by ~70%, while basal
expression and glucocorticoid induction remained normal. Among several genes
assayed, the titration effect was specific for MT genes. In vivo footprints of the
endogenous MT-II gene indicate that DNA binding factors that interact with the MT
promoter are not titrated by this treatment. This suggests that additional factors
besides those that bind directly to the well-characterized metal responsive elements

(MREs) are required for metal induction of MT.
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Introduction

The expression of eukaryotic genes can be controlled by transcriptional, post-
transcriptional, or translational mechanisms. In many cases all of these mechanisms
function in concert to control the expression of a gene product. A good example of this is
found in the metallothionein (MT) gene family. Metallothionein genes code for highly
conserved, cysteine-rich heavy metal binding proteins that are found in all higher
eukaryotes (reviewed in Karin 1985; Hamer 1986). They appear to function in zinc and
copper homeostasis and to provide protection from heavy metal toxicity. Metallothioneins
have an appreciable basal level of expression that can be induced 2- to 40-fold by several
environmental signals including heavy metals, glucocorticoids, interferon, and stress
(Durnam and Palmiter 1981; Hamer and Walling 1982; Hager and Palmiter 1981; Mayo
and Palmiter 1981). In addition, they appear to be developmentally regulated.
Transcriptional control of MT has been shown to be dependent on basal, hormonal, and
metal responsive trans-acting factors that bind to cis-acting elements in the MT promoter.
Basal factors bind to the promoter constitutively and are thought to be responsible for basal
level expression (Anderson et al. 1987; Mueller et al. 1988). The additional binding of
environmentally responsive factors increases transcription by up to 20-fold. However, this
does not account entirely for the observed increase in MT expression. At least some of the
induction of MT mRNA takes place at the post-transcriptional level. Even after the
metallothionein protein is made, it can be stabilized up to 4-fold by the presence of metal
(Karin et al. 1981a; Durnam and Palmiter 1981). In fact, the only level at which control
has not been observed is translational efficiency (Durnam and Palmiter 1981).

In this work, we have studied the MT-I and MT-II genes of mouse. These are
chromosomally linked, have similar sequence motifs in their promoters and untranslated
RNA sequences, and differ by only 4 amino acids in their coding regions. Their

expression is coordinate (Searle et al. 1984; Yagle and Palmiter 1985). The steady-state
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level of MT-I mRNA is 1.5- to 2-fold higher than that of MT-II under both basal and
induced conditions. To further understand the regulation of MT, we have titrated trans-
acting regulatory factors by stably integrating multiple copies of the mouse MT-I promoter
and untranslated sequence elements into mouse cells. In cell lines that contain >500 copies
of cis-acting MT-I sequences, the endogenous MT-I and -II genes are induced by metals to
only 30% of their wild-type levels.  Basal level expression and induction by
glucocorticoids are unaffected. This is observed even in lines that have up to 1,400 copies
of MT-I cis-acting elements. The kinetics of mRNA induction suggests that this titration is
affecting transcription, but in vive footprinting analyses show that the binding of metal

responsive trans-acting factors to the promoter is unaltered.

Results

In vivo titration between excess copies of control-sequence DNA and limited
amounts of trans-acting regulatory factors can be used to gain insight into the mechanisms
of gene regulation in the absence of detailed biochemical knowledge of the regulatory
factors (Scholer and Gruss 1984). In mammalian cell culture systems, such studies are
usually performed by transient cotransfection of constant amounts of an indicator gene with
a variable amount of a competitor gene. Because only 1 to 10% of the cells actually take up
DNA in a transfection assay, only the cotransfected gene is detectably responsive to the
titration effect. In the 90 to 99% of the cells that are not transfected, the endogenous gene
cannot be affected. In addition, because these transfected cells are not stable, it is difficult
to study the molecular interactions that are being affected by the titration. We have stably
transfected mouse cells with a unique competitor gene that can be amplified to generate a
high copy number of competitor sequences. This allows titration of an endogenous

indicator gene and permits us to assay the level at which its regulation is titrated.
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A MT-I-DHFR fusion gene (pMD) was used as the competitor and the endogenous
MT genes were used as the indicator in these experiments (Fig. 1). pMD uses the mouse
MT-I promoter to drive expression of mouse DHFR protein. DHFR provides a selectable
marker for generating a graduated series of cell lines with increasing copies of pMD. This
is accomplished through the use of the folate analog, methotrexate (MTX), which acts as a
competitive inhibitor of DHFR. Cells can become resistant to MTX by overproducing
DHEFR protein, usually by means of gene amplification (reviewed in Stark and Wahl 1984).

The competitor gene pMD includes the complete MT-I genomic gene with 5' and 3'
flanking regions except for sequences encompassing half of the first exon, all of the first
intron, and half of the second exon (Fig 1). DHFR protein coding sequence replaces these
missing segments. The regions of MT included in the construct have been shown to direct
basal and metal induced expression, but not glucocorticoid induced expression (Mayo et al.
1982; Brinster et al. 1982; Pavlakis and Hamer 1983). The endogenous indicator genes are
also shown in Figure 1. The easily identifiable sequence motifs shared by the competitor
and indicator genes are indicated. In the promoter region, metal responsive elements
(MRESs) and several general factor binding sites, such as the Sp1 and TATA elements, are
potential competitive elements. In the 3' half of the genes, the remaining MT coding DNA
and a conserved 8 bp element of unknown function might serve the same purpose,
although only the promoter region has been shown to affect MT expression.

Three independent cell lines, A, B, and C, were made by transfection of the
competitor pMD fusion gene into a derivative of mouse L-cell fibroblasts (Kim and Wold
1985). These were all found to be resistant to concentrations of MTX 30-fold greater than
the parental line (Table 1). This resistance is the result of increased levels of DHFR
produced from the multiple copies of the transfected MT-DHFR gene (Mueller et al. 1988,
and P. Mueller, data not shown). Cells with additional copies of the pMD competitor gene

were generated from the original transfected lines by repeated rounds of selection using
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increasing levels of MTX. This was done in the absence of any metal or glucocorticoid
induction. Lines resistant to MTX levels 2 x 103 greater than the parental cell line's
resistance were eventually obtained. This correlates with up to 1,400 copies of the

competitor pMD per cell (Table 1).

Metal-specific titration of MT expression. We initially assayed titration of
the endogenous MT-I indicator gene (Fig. 2). Total RNA from zinc induced and
uninduced cells was examined by nuclease protection. This was done for the three
independently derived cell lines at different stages of pMD amplification and for the parental
cell line. In lines containing 500 or more copies of the competitor, the endogenous MT-I
gene cannot be induced with zinc to the same level as that observed in the parental line or
lines containing less than 100 copies (Fig. 2, lanes 8-14). The basal level of expression
remains largely unaffected (Fig.2, lanes 1-7). The reduction in the metal stimulated
expression of MT shows that the dominant mechanism of zinc induction is by the action of
positively acting regulatory molecules that are present in limiting quantities. If a negative
acting mechanism were involved, titration of negative factors should lead to an increase of
MT expression in the absence of inducer as the copy number of competitor increase. This
was not observed, so either there is no negative regulatory factors or they are in sufficient
abundance so as not to be titrated. These results are in agreement with those of Seguin et
al. (1984), who showed in a transient assay system that MT induction by cadmium is
controlled by positively acting factors. Nevertheless, our data do not rule-out the
possibility that MT metal regulation might use negative regulatory factors in addition to

positive ones.
Is the titration specific to MT genes? All cell lines used in this work were
previously transfected with HSV TK, and its expression was monitored to determine if the

metal induced titration effect also affects expression of other genes. Levels of HSV TK
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RNA remain largely unaffected by zinc induction and by the increased copies of pMD (Fig.
2). Furthermore, an endogenous cellular gene, glucose responsive protein 78 (GRP78),
which is a housekeeping gene that shares similarity with members of the heat shock gene
family (Munro and Pelham 1986; reviewed in Pelham 1986), is also unaffected by the
increased copies of competitor (Fig. 3c). It is expressed in the parental cell line at an
appreciable level, which is decreased several-fold upon zinc stimulation (Lanes 1 and 5,
Fig 3c). In the A-series of cells, this pattern of expression remains unchanged (Lanes 3-4
and 6-8, Fig. 3c). We conclude from these results that the cellular factors titrated are not
general ones such as RNA polymerase II, Sp1, or TATA binding factor that are used by
HSV TK, GRP78, and MT.

The lack of metal inducibility in three independently transfected and amplified cell
lines indicates that the titration is not the result of clonal variation. Further examination of
MT titration was performed on the A-series of cells. Mouse MT-I and MT-II share many
cis-acting sequence motifs such as Sp1l, TATA, and MREs, yet each also possesses sites
present in only one such as MLTF in MT-I and AP1 in MT-II (Fig. 1). If titration is
dependent on shared elements, both genes should be titrated. MT-I and -II mRNA levels
were measured in A-cells harvested under inducing and noninducing conditions at various
stages of competitor amplification (Fig. 3a). As the copy number of competitor increases,
the zinc induced expression of both genes decreases, whereas the basal expression remains
unchanged. Similar results were obtained with cadmium induction (data not shown). In
Figure 3d, MT expression is presented in terms of fold-induction. Without competing
DNA, MT-I and -II are ~9- and 12-fold zinc inducible, respectively. As the copy number
of competitor increases, the fold-inducibility by metal decreases. This trend continues until
700 copies of competitor are present. Further increases in the competitor copy number
does not lead to any further decrease in inducibility. One possible reason for the residual 3-

fold induction is that there is more than one species of factor contributing to the overall
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metal response: one that is titrated completely by ~700 copies of competitor, and another
that remains in excess at ~1,400 copies. In addition, the factors that drive basal expression
appear to be in sufficient abundance, as this high number of competitor molecules does not
titrate basal expression.

An unusual feature of the mouse MT genes is that even though the endogenous
MTs are induced by glucocorticoids, no cloned DNA segment that retains this property
upon transfection into cultured cells or transgenic mice has yet been identified (Mayo et al.
1982; Palmiter et al. 1982; Pavlakis and Hamer 1983). As expected from those prior
studies, the transfected pMD construct is not inducible by dexamethasone (DEX), a
synthetic analog of glucocorticoid (data not shown). If the mechanism of DEX induction is
entirely independent of that used by metal induction, no titration of DEX induced MT
should be observed. If, on the other hand, the two types of induction use a common
factor, titration of DEX induced expression might be seen. The parental cell line shows a
small, but reproducible 2- to 2.5-fold induction with DEX (Fig. 3b,d). This remains
unchanged by increased copies of pMD, confirming that metal and DEX induction of MT
are independent.

The titration of MT genes is limited to conditions of heavy metal induction, while
basal level expression and induction by other means is unaffected. Furthermore,
expression of other cellular and foreign genes is also unaffected by excess MT cis-acting
elements. Taken together, the data suggest that multiple copies of pMD titrate limiting
quantities of metal specific regulatory factors, although they do not reveal the mechanism of

action for the limiting factors.

The metal specific regulatory factors titrated are transcriptional. In
addition to MT promoter elements, pMD contains 5' and 3' untranslated MT flanking

sequences, and these are present in the RNA transcript made from this competitor.
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Although most of the MT metal induction takes place at the transcriptional level (Durnam
and Palmiter 1981; Hamer and Walling 1982), it remains possible that the limiting factors
are acting at a post-transcriptional level by interacting with these untranslated regions. MT-
DHFR RNA levels reach 4 x 104 copies per cell upon induction in the A-60 line (data not
shown), and this might titrate a putative factor regulating RNA stability. For example, a
candidate cis-acting RNA recognition element for such a regulatory factor might be the
sequence, TGTAAATA, found 18 to 27 bases 3' of translation stop in mouse, rat, chicken,
monkey, and in most human MT RNAs. No function has yet been assigned to this
element. To determine whether it is transcription or turnover that is affected by titration,
we examined the kinetics of MT-I and -II mRNA accumulation over time in the parental and
A-60 cell lines that contain 0 and 700 copies of pMD, respectively (Fig. 4a, data not
shown). A change in the half-life of these transcripts between the parental cells and the A-
60 cells would point to a stability factor.,

The kinetics of mRNA accumulation after induction can be used to estimate the half-
life of an transcript. The half-life of the mRNA is equal to the time needed for it to reach
half-maximal induction. In the parental cells, MT mRNA reaches maximal accumulation by
~8 hours (Fig 4a, lanes 1-6, data not shown). When allowance is made for initiating metal
response (which is very short, see below) and the nuclear dwell time, we can estimate the
half-life of MT mRNA to be slightly less than 4 hours. The same kinetic result is obtained
with the A-60 cells (Fig. 4a, lanes 7-12, data not shown), indicating that the stability of MT
RNA is not significantly changed between the parental and titrated cells. If the titration
effect were due entirely to post-transcriptional destabilization of MT mRNA, the half-life of
the message would have had to decrease from ~4 hours to 90 minutes, and that difference
would have been readily detected. Therefore, we conclude that the titration effect is acting
at a mechanistic level prior to mRNA stabilization, either at the level of transcription or an

early intranuclear processing event. This does not exclude a role for mRNA stabilization
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during metal induction, but any such mechanism is not overwhelmed by the 4 x 104
transcripts of MT-DHFR carrying MT-I sequences.

The induction of MT by metals has been shown to be a rapid, primary response
(Karin et al. 1980; Karin et al. 1981b; Mayo and Palmiter 1981). At the level of
protein:DNA interaction, this has been confirmed by in vivo footprinting studies which
show that the MREs of mouse MT-II are almost completely occupied 30 minutes after zinc
treatment is initiated (P. Mueller and B. Wold, manuscript in preparation). Moreover, full
occupancy in the footprint assay shows that the metal induction is highly uniform in the
population of cells. Within 2 hours of metal induction, hnMT-I and -II RNA have reached
new steady-state levels, where they remain constant for more than 4 hours (Fig. 4b, data
not shown). In the A-60 cells, the hnMT RNAs also obtain new study-state levels within 2
hours after zinc induction, although the absolute amount is lower (see below, data not
shown). Thus, in both the parental and titrated cells, the half-life of MT hnRNA is less
than 2 hours and probably considerably less, as would be expected of a nuclear precursor.

The rapid, homogeneous response of the MT promoter to metal, the short half-life
of MT hnRNA, and the fact that unspliced MT RNA is and early product of MT
transcription allowed us to use the levels of hnRNA to compare the kinetics of metal
induced MT transcription in the parental and titrating cell lines. In both cell types, the
constant amount of precursor RNA after induction shows that transcription is quickly
increased to a new constant level. Zinc induced and noninduced unspliced MT RNA levels
were measured in parental cells and in various members of the A-series of cells (Fig. 4c,
data not shown). As the copy number of pMD competitor DNA increases, the amount of
zinc induced MT hnRNA decreases, suggesting that the rate of metal induced transcription
also decreases with increasing competitor. This parallels the decrease that was observed
using probes for the mature message (Fig 3a). As expected, the increase in competitor has

no effect on the basal expression of the MT hnRNA (data not shown). Taken together with
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the conclusion that RNA turnover is not affected by titration, these results show that metal
specific transcriptional factors are in limiting quantities in these cells and can be titrated with
greater than 500 copies of DNA competitor.

In vivo DNA binding of metal responsive factors is unaltered by the
presence of titrating quantities of competitor sequences. Transcriptional
induction by metals has been shown to be dependent on cis-acting metal responsive
promoter elements (MREs) (Carter et al. 1984; Stuart et al. 1984; Stuart et al. 1985; Searle
et al. 1985; Searle et al. 1987; Culotta and Hamer 1989). These elements can be loosely
defined by the sequence CTNTGC(A/G)CNCGGCCC, in which the underlined residues
are the most highly conserved. Most MT genes have several MREs. For example, mouse
MT-I has 6 and MT-II has 9 MRE:s that can be footprinted in vivo (Mueller et al. 1988; P.
Mueller and B. Wold, manuscript in preparation). Mutagenesis studies show that multiple
MREs are needed for proper induction. This has been confirmed by promoter fusion
experiments that show that a basal level promoter requires multiple MREs for metal induced
expression (Searle et al., 1985; Stuart et al. 1985). Specific, metal induced changes in
DMS sensitivity at MRESs in vivo support the idea that there is a unique metal responsive
trans-acting factor (MRTF) that binds to MREs and induces transcription of MT genes
(Anderson et al. 1987; Mueller et al. 1988). Factors in cellular extracts (Seguin and Hamer
1987; Westin and Schaffner 1988) and partially purified proteins of 74 (Imbert et al. 1989)
and 108 kDa (Seguin and Prevost 1988) bind to MREs in vitro. The relationship of the 74
and 108 kDa polypeptides is not known, and neither completely mimics the induction or
binding activity of the MRTF observed in vivo .

It seemed reasonable that the MREs present on the competitor gene could
successfully compete for limited, metal responsive binding factors and that this would
explain the lack of transcriptional induction in titrated cells. Titration of binding activity

should cause a reduction in the occupancy of the MREs in vivo: either a large reduction in



53
occupancy at a subset of MREs or a small but equal reduction at all MREs. To test this, we
performed in vivo DMS footprinting of the endogenous single-copy MT-II gene in the
parental, A-0.3, and A-60 cell lines containing 0, 600, and 4,200 additional copies of the
MREs, respectively (recall that each competitor gene has 6 MREs). There was no
detectable difference in the intensity or pattern of footprints over any of the MREs of MT-II
(Fig. 5, and data not shown). Furthermore, occupancy of the putative binding sites for
Spl, Apl, and TFIID in MT-II do not show any difference at the footprint level (Fig. 5,
and data not shown). A representative example of these comparative footprints is in Figure
5, in which the DMS protection patterns over the coding strand of MRE-A and the TATA
site are shown. TATA shows moderate occupancy without zinc stimulation, which
increases with the occupancy of the MREs. There is no apparent difference in this pattern
or its intensity between the three cell types (Fig. 5, compare lanes 3, 6, and 9). The same
result was observed in the other 300 bp of the MT-II promoter that was examined in these
cell lines (data not shown). Neither the metal responsive binding factors nor any other
apparent DNA binding factor within the proximal MT-II promoter are titrated. It is possible
that the DMS footprint has failed to identify some metal responsive non-MRE interaction.
However, extensive genetic, deletion, and mutational studies have clearly shown that
MREs are both necessary and sufficient for metal induced transcription of MT genes
together with TATA (Carter et al. 1984; Stuart et al. 1984; Searle et al. 1985). The same
genetic studies show that no additional cis-acting element in this region is metal responsive.
Thus it seems unlikely that there is an independent species of metal responsive cis-acting

element that has escaped detection by all of these assays.
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Discussion

Transcriptional regulation of metallothionein is controlled by two or
more factors. In this work we have used a titration analysis to show that metal induction
of metallothionein expression is partially dependent on limiting, positive acting factors.
This is consistent with results of previous titration studies of metallothionein (Seguin et al.
1984; Scholer et al. 1986). The titrated factors are independent of those involved in MT
basal expression or in MT induction by glucocorticoids, and they appear to be specific to
metallothionein genes. This was also found to be the case for transient titration of mouse
MT-I (Seguin et al. 1984), but not for human MT-II4 (Scholer et al. 1986). In that work, it
was shown that SV40 and human MT compete for a common factor under conditions of
metal stimulation. This is not surprising because SV40 and human MT-II, share a number
of sequence similarities. Because the experiments presented in this work used stably
transfected cells, we were able to address the mechanism by which metal induction is
effected. The metal specific trans-acting factors that are limiting are transcriptional in
nature, but do not bind to the cis-acting metal response sequences (MREs) or any other
DNA motif in the promoter of MT, as assayed by in vivo footprinting. This last conclusion
was quite surprising, because the MREs have been shown to be responsible for
transcriptional induction of MT by metals. There are two possible explanations for this
apparent paradox.

The first is that there may be an additional cis-acting metal responsive DNA element
that is distinct from the well-characterized MRE. The factor that would bind to this element
would be essential for full metal response and has become limiting in the MT titration lines.
The remaining 3-fold induction would be due to a different species of factor, probably
those that interact directly with MREs. However, the fact that extensive deletion and
mutational analysis has shown that the proximal ~300 bases of MT genes are all that is

required for complete metal induction, argues against this possibility (Carter et al. 1984;
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Stuart et al. 1984; Searle et al. 1985). Nevertheless, in these cell lines an additional cis-
element may be especially important. If this model is correct, the irn vivo footprints data
suggest that such a discrete element would not be found in the proximal promoter, but
instead would reside in a less well-studied region. A possible candidate is the conserved 8
bp element found in the 3' untranslated region of many MT genes.

An alternative possibility is that the titration effect is caused by a factor that acts
through the MREs, but does not interact with them directly. In this case, the active metal
responsive trans-acting factor would consist of a complex of two proteins. One protein
would bind the DNA at the loosely conserved MRE on metal stimulation. This could be
designated as the MRE binding protein (MRB). A second protein would interact with the
bound MRB and would stimulate some early step in transcription. It would act as a metal
responsive activator (MRA). The net effect would be to generate a metal responsive trans-
activating factor (MRTF) in which the sequence-specific DNA binding function is joined to
the transcriptional activating region through protein:protein interactions, instead of being
present as two domains on a single protein. This latter situation is observed with many
specific transcription factors such as SP1 and GAL4. These are one protein with two
functionally distinct domains. One domain binds to a specific sequence of DNA and serves
mostly to bring the other domain into proximity of the basic promoter. This second domain
is required for the activity of the factor and may modulate transcription by interacting with
one or more of the basic transcription factors such as the TATA binding TFIID or the RNA
polymerase (reviewed in Mitchell and Tjian 1989). If the this model of MRTF is correct,
the MRB, but not the MRA, would be in sufficient excess, so it would not be titrated. The
remaining 3-fold induction of MT in the titrated cell lines could be caused by bound MRB
activating transcription independently of MRA. The advantage of such a two-tier

regulatory system might be that it allows fine tuning of the induction response.
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Alternatively, the two proteins that make up the complete MRTF might interact with factors
in addition to each other to modulate other cellular responses.

Regardless of which model explains the metal induction, the footprinting results
allow us to estimate the minimum number of factors present in a cell that can bind to the
MRE. The data shown in Figure 5 and our unpublished results indicate that the MREs are
on average at least 50% occupied after metal stimulation. Therefore, at any given time
2,100 MREs are bound by factors in A-60 cells. Because this number is based on
protection from DMS, this is undoubtably an underestimate and may be as high as 4,200
(see Mueller et al., 1988 for discussion). There must be at least 2,100 factors present per
cell, and because the cell lines used in this study do not contain sufficient numbers of
MRE:s to titrate binding activity, the actual number of factors could be significantly higher.

Titration and in vivo footprinting data have led us to propose that there is an
additional species of factor, distinct from that binding directly to MRE, that is responsible
for metal induction. We favor the model that proposes a trans-acting metal responsive
complex composed of two or more proteins acting together to stimulate metal induced
transcription of MT. This is consistent with the results of a transient MT-I titration study
that used replicating SV40 based plasmids for competitors and indicators (Seguin et al.
1984). Because that study was done transiently, the authors were not able to address
whether titration involved direct protein:DNA interactions. However, using various
deletion constructs, they found that the cis-acting elements responsible for titration are in
MRE containing sequences. Either the MREs themselves or sequences near them are
responsible for the titration. Because we did not detect any differences in protein:DNA
interactions in this region, the most likely explanation is that the titrated factor is dependent
on the MRE for its activity, but acts through protein:protein interactions. This would be
consistent with the accumulated genetic data on the cis-acting regions of MT responsible for

metal induction, although it remains possible that a previously unidentified metal dependent
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cis-acting element is instead responsible for our observations. In vitro purification of the
metal responsive trans-acting factor/complex, along with further mapping of cis-acting MT
sequences will be helpful in identifying the additional factors or elements responsible for

MT metal induction.
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MATERIALS AND METHODS

Competitor construction. Plasmid MD (pMD) was constructed as per Mueller
et al. (1988). The MT-I promoter fragment used in this plasmid contains ~1775 bp of §'
non-transcribed and 68 bp of non-translated sequences between Eco RI and Bgl II. The
Bgl II site ends 8 base pairs 5' of the MT translation start. The 3' metallothionein fragment
contains the complete second intron and poly A addition site of MT-I as an Alu I-Hind III
fragment with the Alu I site converted to a Bgl II site. These fragments were inserted into
pBR322 to create pMT-33. The coding region of DHFR, along with 60 base pairs 5' and
80 base pairs 3’ of the translation start and stop, respectively, was removed from SV3-
DHFR as a FnuD II-Bgl II fragment and inserted into the Bgl II site of pMT-33 after
addition of a Bam HI linker at the FnuD II site.

Construction of plasmids for RNA probes. The plasmids used for probe
synthesis were pSP6-MT-I, pMT-I INT, pT7-MT-II (a gift from P. Garrity), pSP6-ccHSV
TK (Kim and Wold 1985), and pT7-GRP78 (a gift from P. Garrity). pSP6-MT-I was
constructed by inserting an Eco RI/Xba I genomic mouse MT-I fragment into an SP64
vector. In vitro transcription with SP6 polymerase generates an antisense MT-I probe that
is complementary to part of the first intron and all of the the first exon, if cut with Bst EII
or part of the first intron and part of the first exon, if cut with Bgl II. pMT-I INT was
constructed by inserting a Bgl II/Hin PI fragment of pMT-IAi (an intron-less MT-I cDNA
plasmid, a gift of R. Palmiter) into a Bam HI/Acc I cut pT3/T7 vector. In vitro
transcription with T7 polymerase generates an antisense MT-I mRNA probe that is
complementary to the spliced MT-I sequences not present in pMD. In vitro transcription of
pT7-MT-II with T7 polymerase generates a antisense MT-II RNA probe complementary to
the first exon and part of the first intron of mouse MT-II. In vitro transcription of Ban I cut
SP6-aHSV TK with SP6 polymerase generates an antisense probe that is complementary

to 293 bases of HSV TK mRNA. [n vitro transcription of pT7-GRP78 with T7
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polymerase generates a probe that is complementary to the 3' untranslated region of the
mouse GRP78 gene.

Cell Culture. The parental cell line, A-O.3, B-0.3, and C-0.3, (formerly P,
KTO-A, KTO-B, and KTO-C, Kim and Wold 1985) and A-60, B-60, and C-60 were gifts
from S. Kim, and were grown as per Mueller et al. (1988). Cell lines A-5, A-20, and A-
1000 were generated as in Kim and Wold (1985), except that dialized serum was used.
Growth media for all cell lines except the parental line were supplemented with
methotrexate (MTX) as indicated in Table 1. The presence of MTX did not influence the
expression, induction, or titration of the MT genes (data not shown). The copy number of
the pMD was determined by Southern blotting as per Maniatis et al. (1982) (J.Jong and S.
Salser, unpublished data).

RNA preparation and measurement. Cells were ~70% confluent before
induction. Prior to harvesting the RNA, fresh media were added to the plates with or
without 90 uM zinc sulfate or 100 nM dexamethasone (DEX). Induction was for 8 hours
unless otherwise indicated. Total RNA for each condition was prepared from two 150 cm
plates by the method of Chirgwin et al. (1979) as modified by Mueller et al. (1988).
RNase protection was performed as described by Zinn et al. (1983) as modified by Kim
and Wold (1985). Gel slices containing the protected probe were excised and counted for
quantitation.

In vivo DMS footprinting. In vive and in vitro DMS/piperidine cleavage of
DNA was as per Mueller et al. (1988) as modified by Mueller and Wold (1989). Cells for
in vivo footprinting were treated identically to those used for RNA measurements. Ligation
mediated PCR was as per Mueller and Wold (1989). Primers used were: #1:CGGTTTGA-
AGAGTTCTAGGAGCGTG, #2: AGGAGCGTGATGGAGAGAAGCACGC, #3: AGG-
AGCGTGATGGAGAGAAGCACGCGG.
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Table 1. Copy number of competitor pMD per cell and resistance
to MTX.

Cell line uM MTXT Copies of pMD "
Parental (3.3) 0.01 0
A-0.3 0.3 100
A-5 5.0 300
A-20 20.0 650
A-60 60.0 700
A-1000 2000.0 1,400
B-0.3 0.3 70
B-60 60.0 600
ey 3 0.3 70
C-60 60.0 1.100

(¥) Concentration of methotrexate in the growth media.

(%) Copy number of competitor gene pMD per cell.
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Figure 1. Schematic map of competitor and indicator genes. These maps are
based on the published sequences of mouse MT-I (Glanville et al. 1981) and mouse MT-II
(Searle et al.1984), and construction of pMD (Mueller et al. 1988). The competitor gene
and MT-I share regions of sequence identity (see Methods). Thin lines represent sequence
that are not present in the mRNA. Thick lines represent sequences that are present in the
mRNA: light-striped lines: MT-I mRNA coding sequence; thick heavy-striped lines MT-II
mRNA coding sequence. Boxes represent sites where factors were observed to bind in
vivo (Mueller et al. 1988, Mueller and Wold, unpublished observations). Light stippled
boxes: basal elements occupied with and without metal induction; heavy stippled boxes:
(MREs) metal responsive elements, elements occupied with metal induction. Most MREs
were previously identified by Stuart et al. (1985). Arrow: transcription start; §: translation
start; €: translation stop; A, poly-adenine addition site. TGTAAATA: sequence found in
mouse, rat, chicken, monkey, and most human MT RNAs 18 to 27 bases 3' of translation

stop.
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Figure 2. RNA levels of the endogenous MT-I indicator gene and HSV TK
in three independently derived lines. MT-I measurement was made using 15 pg of
total RNA from the indicated cell lines and a uniformly labeled pMT-INT riboprobe. HSV
TK measurement was made using 10 pg of the same RNA and a uniformly labeled pSP6-
aHSV TK riboprobe. For copy number of competitor pMD, see Table 1. See Methods

for experimental details.
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Figure 3. RNA levels of the A series cell line. (a) RNA levels of the
endogenous MT-I and MT-II indicator genes with and without zinc. MT-I and MT-II RNA
measurement were simultaneously made using 5 pg of total RNA from the indicated cell
lines and a mixture of uniformly labeled pMT-INT and pT7-MT-II riboprobes. The
induction ratio is quantitated in panel d. (b) RNA levels of the endogenous MT-I indicator
gene with and without DEX. MT-I RNA measurement was made using 15 pg of total
RNA from the indicated cell lines and a uniformly labeled pMT-INT riboprobe. The
induction ratio is quantitated in panel d. (c) RNA levels of the endogenous GRP78 gene
with and without zinc. GRP78 RNA measurement was made using 30 pg of total RNA
from the indicated cell lines and a uniformly labeled pT7-GRP78 riboprobe. (d) Fold
induction of MT-I and MT-II versus copy number of pMD per cell. Data from gels used in

panels a and b, and unpublished results . See Methods for experimental details.
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Figure. 4. (a) Stability of MT-I mRNA in parental and A-60 cells is identical. (b) MT-I
hnRNA levels reach a peak level 2 hours after induction. (c) Decrease in the level of MT-1
hn RNA suggests that titration is acting at the level of transcription. Riboprobe use in these
experiments was pSP6-MT-I cut with Bst EII (panels a and b) or Bgl II (panel ¢). The
probe generated from pSP6-MT-I cut with Bst EII (panels a and b) will protect all of the
first exon and half of the first intron, whereas the probe generated from pSP6-MT-I cut
with Bgl IT (panel ¢) will protect only 37 bases of the first exon and half of the first intron.
The band identified as hn MT RNA in panels b and c is the unspliced precursor RNA

containing both exon and intron sequences. See Methods for experimental details.
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Figure 5. In vivo occupancy over promoter elements is not affected by
titration. /n vivo DMS footprints over the TATA element and MRE-A of the coding
strand of MT-II. Cell lines and conditions are indicated. Each lane contains equal amounts
of genomic DNA. Ligation mediated footprinting was performed as described in Mueller

and Wold (1989) and in Methods. Zinc induction was for 4 hours.
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Appendix I

Ligation Mediated PCR for Genomic Sequencing
and Footprinting

This is a detailed description of the ligation mediated PCR technique that I

developed. It was used in Chapters 2 and 4, and in Appendix II.
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PCR Genomic Sequencing for Footprinting

This procedure has appeared recently in Science, where it was used to footprint a muscle
specific enhancer in vivo (Mueller and Wold 1989). This is a more detailed description of
the technique. Because of the number of inquiries about the methodology, we felt this
handout might prove helpful. We have footprinted five genes using this procedure, and we
know of a number of labs that have had success footprinting, sequencing and cloning
genes with this technique. If you have any questions or suggested improvements, please
call us. Paul Mueller and Barbara Wold; California Institute of Technology; Division of

Biology; Pasadena , CA 91125; (818) 356-4923 or (818) 356-4916.

Introduction:
We have developed this technique to visualize footprints of single-copy genes in
mammalian cells. Previously, we had used primer extension to footprint multiple copies of
the metallothionein promoter (Mueller et al. 1988). In that method, randomly cleaved DNA

was visualized by extension of an end-labeled primer specific to the metallothionein

.............................. g
% # ....................... H
................. —

Random cleavage sites End-labeled primer

promoter. Because of limitations in sensitivity, it was applicable only to small genomes or
to genomes that contained multiple copies of the gene of interest (> 20 per genome). PCR
or the polymerase chain reaction (reviewed in Saiki et al. 1988; White et al. 1989) has been
used to amplify specific fragments of single-copy genes 106 times . It relies on two

primers that flank the specific fragment of DNA to be amplified. Repeated cycles of
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denaturation, annealing and extension exponentially amplify the DNA, each cycle doubling
the number of templates. This technique is not immediately applicable to sequencing or
footprinting because one end of the template is random. The procedure outlined here is
based on the idea that by attaching a common sequence to this random end it would create
suitable substrates for PCR, and therefore, exponentially amplify each representative of the

sequence ladder. The labeling step itself is essentially the same as the indirect labeling

.............................. P —
— — =
................. = —
Random cleavage sites *
common primer
—
n

2 copies p— SR —

of each fragment
sy —

gene specfic primer

method used previously, except that now it is done on 104 more templates. In practical
terms, starting with as little as 1 pg of mammalian DNA (equivalent to ~105 cells), a
genomic sequence ladder of a single-copy gene can be seen with an overnight exposure.

Additional uses of this method are: sequencing genomic DNA (Pfeifer et al. 1989),
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studying in vive methylation patterns of C residues (Pfeifer et al. 1989), or cloning
promoter elements. The latter can be done by picking primers from known sequence of a
¢DNA and extending those primers into the promoter (see below).

The details of the method are outlined below, however, two underlying technical
points deserve emphasis at outset. First, in order to keep background to a minimum, the
hybridizations and extensions should be performed at the highest temperatures that the
polymerases and annealed primers will allow. The Sequenase extension is performed at
470C and the Taq hybridizations are incubated at 63-69°C for this reason. These
temperatures may need to be adjusted on a case-by-case basis, depending on the Ty, of the
primers used. The second important point is that background can be greatly reduced by
using multiple primers, each primer having an extending end 3' to the previous one. This

adds a level of specificity that can not be obtained with a single 25 base primer.

Outline of Method:

(see figure on next page) Step 1. The starting material is genomic DNA that has been
cleaved in such a way that it retains a 5' phosphate at the cleavage site. This can be done at
a specific site by using a restriction enzyme, or at random bases by Maxam and Gilbert
chemistry (see Saluz and Jost 1987 for applications to genomic DNA) or DNase-I
treatment. I have worked mainly with DMS/piperidine chemistry to create G ladders, and
will describe the method from that viewpoint. (Please see Limitations section for DNase-I
or restriction enzyme cleavages.) For clarity, I've shown only one cleavage product at a
specific site, but in practice there would be a population of random cleavage products.
Step 2. The cleaved DNA is denatured and a specific primer is annealed to a region of
interest. Step 3. This primer is extended with a processive polymerase such as
Sequenase to create a blunt end at the random cleavage site (in the example of
DMS/piperidine treated DNA, at the former location of a guanine). Step 4. A common

linker is ligated to this blunt end. Because the linker is staggered on one end, it will ligate
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PCR Genomic Sequencing Scheme

Step 1 ‘ Cleave DNA with DMS/Piperidine

Step 2* Denature DNA, Anneal primer 1

primer 1
(not'part of rest Step 3 * Extend primer 1 with Sequenase
of reactions)
.............................. ——
Step 4 ‘ Ligate linker to blunt end
linker
Step 5 ‘ Denature newly made DNA, anneal primer 2
primer 2
f,'}",;ﬁ;‘fi‘o‘:ff i Step 6 l Extend primer 2 with Taq polymerase
................................... ‘m
- Step 7 ‘ Denature newly made DNA, anneal linker primer and primer 2
; g e ——
linker primgr primer 2
Step 8 ‘ Extend linker primer and primer 2with Taq polymerase
................................... e
linkerprimgr L iieeeeeeiieeea,
Repeat steps 7 & 8 for 15 cycles Amplify DNA

Step 9 ‘ Denature amplified DNA, anneal end-labeled primer 3, extend primer 3 with Taq polymerase

Step 10*

Visualize extended, end-labeled products on sequencing gel
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to the blunt-ended genomic Sequenase products in only one orientation. In addition, the
lack of 5' phosphates on the linker prevents linker:linker ligation products from forming.
These could interfere with subsequent steps in the procedure. Step 5. The DNA is
denatured and a second primer is annealed to the genomic DNA. In order to minimize
background, it is important that the extending end of the second primer be 3' to the first.
Step 6. This second primer is annealed to the genomic DNA and then extended through
the ligated linker region. Step 7 & 8. This is now a suitable substrate for a PCR
reaction. On one end (left in the figure) there is a linker sequence which a linker primer can
anneal to, and on the other end (right in the figure) there is a genomic sequence which a
gene-specific primer can anneal to. Only molecules that have both of these sequences will
be exponentially amplified (~15,000-fold); molecules with only one of the sequences will
be linearly amplified (~15-fold). The difference between the exponential amplification and
background from linear amplification provides a favorable signal-to-noise ratio. Note: in
practice, steps 5 to 8 are done simultaneously. (The exponentially amplified fragment is
now suitable for cloning—if sequencing or footprinting continue.) Step 9 &10. For the
last extension, a third overlapping primer is used to label the DNA indirectly, and these
end-labeled extension products are visualized on a standard sequencing gel. Once again,
this primer should have an extending end that is 3' to the last primer, but in addition it is
must overlap the last primer (see discussion of primers below). In order to simplify the
reaction, the second primer could be used to label the DNA indirectly (use a hot primer in
steps 7 & 8). Doing so will result in higher background and greater exposure to radiation
by the user. For the best results, a third primer is highly recommended. Alternativly,

visualization could be performed by blotting as in Pfeifer et al. (1989).

Design and position of primers: Shown on the next page is a schematic of two
possible positioning arrangements of the primers. I have tested a number of different

combinations and can make the following suggestions. The first and second primer may or
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may not overlap, but the extending end of the second primer must be 3' to the first primer.
If they do overlap, the overlap should be less than ~12 bases. The third primer, on the
other hand, can completely overlap the second primer and extend a few extra bases 3' to it
(as shown on the left), or it can be positioned with an overlap of ~15 bases (as shown on

the right). We have found, somewhat surprisingly, that if the second and third primers do

genomic DNA genomic DNA
< primer 1 ) primer 1
Increasing
- primer 2 Tm 3 primer 2
< primer 3 < primer 3

not overlap, the labeling extension will not work. They must compete for the same binding
site. The exact reason for this is unclear, but we believe it may involve the extension of
primer 2 during the hybridization phase excluding the hybridization of primer 3. (Because
of the high temperatures used during the hybridization phase of the PCR cycle, extension
probably begins immediately after the primer binds.) Alternatively, extension of of an
upstream primer by Taq polymerase may displace a downstream primer—perhaps through
an exonuclease activity. If primer 3 has a higher T than primer 2 it can compete better for
the overlapping binding site. In general, the Tm of the primers should increase from
primer 1— 2— 3. This way the Sequenase primer (primer 1) will be unstable under the
amplification conditions and the amplification primer (primer 2) will be unstable under the
labeling conditions. In practice, this doesn't appear to be that critical, but it would
probably be a bad idea to have the relative Ty;s go the other way. The Tms can be adjusted
by changing the GC content and/or the length of the primers, and will be discussed in more
detail in the comment section at the end of this handout. The linker primer is part of the

linker itself and is explained below.
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Linker: The linker I have used is of the following structure and sequence:

5"'-GCGGTGACCCGGGAGATCTGAATTC-3"' 25mer, 60% GC
CTAGACTTAAG-5' 1llmer,36% GC

The longer oligomer (which will be ligated to the genomic DNA) contains restriction sites
for Bst EIl, Sma I, Bgl II, and Eco RI. This oligomer will also function as the linker
primer in the PCR amplification. Restriction sites are important only for cloning purposes,
and are not used in sequencing or footprinting. The sole function of the 11mer is to create
a blunt end so that T4 DNA ligase can ligate the 25mer to the 5' end of the genomic DNA.
By making the short oligomer small and of low GC content, it cannot serve as a primer in
subsequent Taq polymerase reactions. Neither of the oligomers has 5' phosphates. The 3'
end of the 25mer is ligated to 5' end of the genomic DNA, and the 11mer does not ligate to
anything. The exact sequence, GC content, length, or type of restriction sites in this linker
is not that important. What is important is that: 1) the short oligomer should be able to
bind to the long oligomer at ligation conditions, but not Taq conditions; 2) the long
oligomer should have a T, in Taq buffer comparable to primer 2 (see comment section);

and 3) the linker is a ligatable structure.

Limitations, Cautions, and Disclaimers: This method has been working well for
the purpose of genomic Maxam and Gilbert sequencing (Pfeifer et al. 1989) and genomic
DMS footprinting (Mueller and Wold 1989). The only caution we have at this time is that
some unique sequence structures are not evenly represented in the sequence ladder.
Specifically, one of the promoters we are working with has a run of 13 G's in a row.
These G's do not have uniform intensity in the genomic DMS/piperidine ladder. We are
investigating the cause of this, but preliminary results suggest that the reason is either that
the Sequenase extension is stopping before the end of this sequence, or that it is difficult to

ligate a blunt-ended linker to such a structure. (See comment sections on Sequenase
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reactions and ligation conditions) The rest of the G ladder looks fine, so we feel this
problem will be rare.

Because of statistical limitations, we recommend that 2103 nuclei be used in each
reaction if sequencing or footprinting. Using fewer nuclei can result in missing bands or
fluctuations in the intensity of bands. See Pfeifer et al. (1989) for discussion.

Preliminary attempts to adapt this technique to DNA that has been cleaved with
restriction enzymes or DNase-I have been only partially successful. Enzymatic cleavage of
DNA leaves a 5' phosphate and a 3' OH. Piperidine treatment, on the other hand, leaves
DNA with a 5' phosphate as well as a 3' phosphate. (Piperidine is used to cleave DNA that
has been chemically modified by the Maxam and Gilbert sequencing or DMS footprinting
chemistry.) A 3' phosphate is enzymatically dead in that it can not be extended or ligated,
and such a 3' end may be important in reducing background. We are currently

investigating this possiblility.

Methods:

The procedure will be discussed from the point of view of genomic sequencing.
lutions:

1) Linker soln.(prepare ahead of time):
The oligomers for the linker are gel-purified before they are hybridized to each
other. I have not played with the hybridization conditions for the linkers, but the
following conditions seem to work well for me. The Tris that the ligase will
eventually need is used as a salt to anneal the two oligomers together. Add the
11mer and 25mer together in 250 mM Tris pH 7.7 to a final concentration of 20
pmole/pl each. Heat to 95°C for 5 min. Transfer to 70°C and gradually cool over
a period of ~ 1 hour to room temperature. Leave at room temperature for ~1 hour
then gradually cool over a period of ~1 hour to 4°C. Leave at 4°C for ~24 hours
and then store at -20°C. I typically thaw and keep the linkers on ice when I use

them.
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2) 5x Mg-free Sequenase buffer:
200 mM Tris, pH 7.7 (at room temp.)
250 mM NaCl

3) Mg/DTT/dNTP soln.(make fresh, keep on ice):
20 mM MgClIp
20mM DTT
0.2 mM of each dNTP (Pharmacia)

4) 310 mM Tris, pH 7.7 (at room temp.)
5) Dilution soln. (make fresh, keep on ice):
17.5 mM MgClp
423 mM DTT

125 pg/ml BSA

6) Ligation mix (Make fresh, keep ice-cold )

Final concentrations in ligation mix are:

10 mM MgClp
20 mM DTT

3 mM rATP (Pharmacia)
50 pg/ml BSA

50 mM Tris pH 7.7 (at room temp.)
100 pmoles linker per reaction
3 Weiss units of T4 DNA ligase per reaction (Promega and

Pharmacia have been tried and both work fine)

Make the ligation mix as a cocktail. First mix the Mg, DTT, rATP, BSA, and any

needed water together. Chill this on ice. Then add 5l of the ice-cold linker soln.
per reaction. Recall that the linkers are in 250 mM Tris. Finally, just before use,

add the ligase.
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7) 5x Taq buffer (store at -20°C):
200 mM NaCl
50 mM Tris pH 8.9 (at room temp.)
25 mM MgClp
0.05% (w/v) gelatin

8) Labeling mix (make fresh, keep on ice)
Final concentrations in labeling mix are:
40 mM NaCl
10 mM Tris pH 8.9 (at room temp.)
5 mM MgClp
0.01% (w/v) gelatin
2 mM for each ANTP
1-10 pmoles end-labeled primer 3 per reaction, (see comment
section)
2.5 units of Taq polymerase per reaction (add immediately before

use)

Make labeling mix as a cocktail. Dilute 5x Taq buffer with H2O, add dNTPs,and
primer. Chill on ice. Immediately before use, add 2.5 units Taq polymerase per
reaction. Final volume needed per reaction is 5 pl.

9) Taq stop soln.
260 mM NaOAc
10 mM Tris pH 7.5
4 mM EDTA
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Procedure:

(a) Sequenase reaction.

Mix;

3 pug cleaved DNA (Because we are using mouse genomic DNA, this is equivalent

to 4.5 x 105 nuclei)

0.3 pmole primer 1, (see comment section)

3 ul 5x Mg-free Sequenase buffer

adjust final volume to 15 pl
I use 1.5 ml siliconized tubes. In addition, to prevent tubes from "popping"
during the various heating steps, I use Cap-Locks (Intermountain Scientific).

Heat at 95°C for 2-4 min.
Transfer to 600C for 30 min.
Transfer to ice, quick spin at 40C (to remove condensation), keep on ice

Add 7.5 pl of ice-cold Mg/DTT/dNTP soln.
mix by pipet, keep chilled

Add 1.5 pl of ice-cold, freshly diluted Sequenase (1 part Sequenase:3 parts
ice-cold TE)
mix by pipet, keep chilled

Transfer to 470C for 5 min.

Transfer to 60°C for ~5 min.

Add 6 pl of room temp.310 mM Tris pH 7.7, mix by pipet, and immediately
Transfer to 67°C for 10 min.

Transfer to ice, quick spin at 4°C (to remove condensation), keep on ice
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(b) Ligation Reaction.

Add 20 pl of ice-cold dilution soln.
mix by pipet, keep chilled

Add 25 pl of ice-cold ligation mix
Mix by pipet, keep chilled.

Transfer to 15-20°C for overnight (see comment section on ligation)
Heat kill ligase by transferring to 70°C for 10 min.

Quick spin to remove condensation

Add 8.4 ul 3 M NaOAc and 1 pl of 10 mg/ml tRNA, mix

Add 220 pl EtOH, mix

Transfer to -20°C > 2 hours

(c) Taq Reactions (for sequencing or footprinting)

Spin samples 10-15 min. at 40C

Pellet will be somewhat large because of co-precipitated proteins—don't worry
Wash pellet with 75% EtOH

remove last traces of EtOH with pipet, bring up pellet in 70 pul H2O

Pellet should go into soln. in mins.

add 20 pl 5x Taq buffer

add 20 nmoles of each dNTP (2 pul of 10 mM soln.)

add 10 pmoles primer 2, (see comment section)

add 10 pmoles linker primer (the 25mer from the linker) (this may be
unnecessary)

(The above can be added as a freshly-made, 30 Ll per reaction cocktail)

Final volume should be 100 pl, mix by vortex

Cover with ~90 1 mineral oil

add 5 units Taq Polymerase to aqueous phase, mix, and transfer to ice
(When working with multiple samples, I routinely dilute the Taq poly-
merase 1:4 in 1X Taq buffer so that the final concentration of Taq
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polymerase is 1 unit per pl. Ithen add 5 pl of diluted Taq polymerase
per reaction. Adjust the other volumes accordingly so that the final
volume is still 100 pl.)

Quick spin to separate phases

Cycle ~16 times
denature 1 min. at 94-959C (first denaturing is for 2-4 min.)
hybridize 2 min. at 66°C (see comment section on Ty, of primers)
extend 3 min. at 76°C, add 5 sec. per cycle. (For the last extension, allow
10 minutes).
I have done this manually in water-filled temp-blocks. Theoretically, this could
be done in an automated thermal cycling machine, but be careful that all the
wells have uniform tempertures.

Transfer to ice
Add 5 pl of ice-cold labeling cocktail, mix, and keep on ice

Quick spin to separate phases

Transfer to 94-950C for 2-4 min.
Transfer to 69°C for 2 min. (see comment section on Ty, of primers)
Transfer to 76°C for 10 min.

Transfer to ice

Add 295 ul Taq stop soln.
Add 10 pg tRNA (Can be freshly added to stop soln. and added together)

Phenol/Sevag extract to remove mineral oil. Phenol/sevag is: 40-50 parts phenol

[equibrated in 150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA], 50-60

parts chloroform, and 1 part iso-amyl alcohol.

Precipitate aqueous with 2.5 volumes of EtOH

-200C for > 2 hours

Spin, wash with 75% EtOH, bring pellet up in loading dye (80% formamide, 0.5x

TBE, and dye markers B@B and X.C.), denature, and load on 6% sequencing gel.
The results are usually better if the sample is run on a thicker sequencing gel,
e.g., ~0.56 mm instead of the usual 0.2 mm. In order to read 200-300 bases,
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you will probably need to do a double-loading. Just split the sample before
precipitating it.

Comments:
1) Tm_of the Primers. Background can be kept to a minimum if the reactions are run
under temperature conditions that provide as much specificity as possible. For instance, I
run the Sequenase extension at 45 to 47°C so that the formation of imperfect duplexes
between the genomic DNA and the primer are minimized. (It would be better to use an
even higher temperature except that Sequenase does not function very well much above
500C.) Any primer that is still stable at this temperature in Sequenase buffer could be
used. I use a 25mer of ~50% GC content that has a Ty of ~60°C in this buffer. For this
reaction, this might not be the best primer condition. I think that something with a lower
Tm, like a 17mer of the same GC content (T, ~500C), might work better because it could
reduce background. I have not yet tested this idea. The amplification primer (primer 2)
should have an equal or higher T, than the Sequenase primer, and should match the Ty of
the linker primer. The conditions I suggest work well for a 25mer of ~60% GC content.
The labeling primer (primer 3) should have an even higher Ty. During the labeling
extension, the linker primer does not need to extend, and the labeling primer (#3) can better
compete with the amplification primer (#2) for occupancy if it has a higher Tm. Recall that
the amplification primer and the labeling primer must overlap or the labeling primer is
excluded from binding. The conditions I suggest work well for a 27mer of ~63% GC
content. I do not wish to leave you with the idea that the primers used must be like what
I've suggested here. The exact GC content or length of the primers is probably not that
important. What is important is their relationship to each other and to the temperature of the
reactions. (Of course, they must be specific to the gene of interest. For example, genome
size might influence the length of the primers you choose.) If you do use primers of

different Tps, adjust the hybridization conditions accordingly. I use the following formula
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to calculate the Tm of the primers: 81.5 + 16.6(log M) + 0.41(%GC) - 500/n. (n = length
of primer, M=molarity of salt in buffer. For 1x Taq buffer assume 40 mM NaCl and
0.66(10 mM Tris) = 47 mM salt.) Hybridizations work best if done ~ 20C above this
calculated Ty,. You may wish to determine this empirically for each of your primers. I
gel-purify my primers.

2) Sequenase reaction. Sequenase is used for the initial extension for two reasons.
First, it is a highly processive polymerase, and second, Sequenase buffer can be easily
modified to T4 DNA ligation buffer. The extension is done at 45 to 47°C instead of 37°C
in order to minimize background. In addition, the higher temperature seems to help the
Sequenase get through certain end structures. Other enzmes could be used for this
purpose. I have try only Sequenase version 1.0.

3) Heat Kill of Sequenase, If the Sequenase is not destroyed, it may extend the short
oligomer of the linker. Although 60°C seems to be sufficient to kill the Sequenase, I
routinely increase the heat kill temperature to 67°C as an extra precaution. The Tris that the
ligase will need is added before this higher temperature heat kill so that the shorter
extension products do not become denatured. (The Tris will act as a salt to increase the
Tms of the extension products.)

4) Ligation conditions, Most of the sequencing products appear to be ligated after ~45
min. at 15°C. Some regions seem to require longer periods of time to reach full intensity
(for example, long runs of guanines), so I suggest an overnight ligation. The ligation can
be done at room temperature (which would require less time), but this is close to the
calculated T, of the linker.

5)Tagq conditions. I've used only Taq polymerase from Cetus. I have found that NaCl
works about as well as KCl except when the region being amplified contains long tracks of
G's, in which case NaCl is clearly superior. I do not recommend the buffer that New
England Biolabs suggests because the salt they use (NH4SO04), is difficult to remove

before loading the samples on the gel and therefore the bands are not as well resolved. I've
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tested several pH and MgCl2 levels and found that those higher than Cetus recommends
work best for this procedure. I've also found that temperatures higher than those usually
used in PCR reactions can reduce the background without losing the signal in this
procedure.

6) Rounds of Amplification. I do only ~16 rounds of amplification. This seems like
a good compromise number. Additional rounds of amplification would require more
primer 2. (For 16 rounds, 10 pmoles are empirically in excess.) Additional primer 2
decreases the efficiency of the labeling step because, primer 3 and 2 partially compete for
the same binding site. Furthermore, the polymerase starts to die as the cycling continues.
For direct comparison of two sequence lanes (as in footprint analysis), lane-to-lane
variability that is due to polymerase death could be a problem. 16 rounds of amplification
do not show variability. For cloning or simple sequencing experiments, more rounds
could be done, but additional primer should be used during the amplification. (This has not
yet been tested.)

7) Labeling step, The labeling can be done with primer 2 during the amplification
cycles. Background is higher if this is done, but for simple sequencing this might not be a
problem. For footprint analysis or high quality sequencing, I recommend using a third
primer. At the time primer 3 is added, additional polymerase and dN'TPs are added. This
increases the signal several-fold. (I suspect that the polymerase and dNTPs are beginning
to break down from all of the cycling at high temperatures.) If primer 3 has a higher Tm
than primer 2, the hybridization can be done under conditions that favor primer 3. This
also increases the signal.

8) Efficiency. I have not yet determined the efficiency at each step in this procedure. I
can, however, make a practical comparison to the method used in Mueller et al. (1988). In
those experiments, genomic sequencing was done by one round of primer extension, on a
multi-copy gene, using AMV reverse transcriptase. Theoretically, if each step in the PCR

sequencing (Sequenase extension, ligation, 16 cycles of amplification, and labeling) was as
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efficient as the RT extension, then its signal should be ~60,000 times stronger. In practice,
I find the signal only ~15,000 times stronger. Therefore, the signal is ~25% of its expected
maximum. This, of course, ignores the differences between the polymerases and the
regions being sequenced, so it is a yery soft number.

9) Background problems It is very important that the DMS and the piperidine used in
the reactions be fresh. Old reagents give high levels of background. In addition, all of the
piperidine must be removed from the DNA before any enzymatic step (Saluz and Jost
1987). This can be done by using a speed-vac and multiple precipitations. A low signal-
to-noise level can sometimes be improved by increasing the denaturation temperature

during the Taq reaction to 95°C. Changing primers can also improve results.
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Appendix II

Genomic Sequencing and Methylation Analysis by
Ligation Mediated PCR

This appendix is included because it discusses some of the statistical limitations of
ligation mediated PCR as it is applied to genomic sequencing and footprinting.
It was published in Science, 246: 810-813, 1989.
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Genomic Sequencing and Methylation Analysis by

Ligation Mediated PCR

GERD P. PFEIFER, SABINE D. STEIGERWALD, PAUL R. MUELLER,
BAarBARA WoLD, ARTHUR D. RigGgs*

Genomic sequencing permits studies of in vivo DNA methylation and protein-DNA
interactions, but its use has been limited because of the complexity of the mammalian
genome. A newly developed genomic sequencing procedure in which a ligation
mediated polymerase chain reaction (PCR) is used generates high quality, reproduc-
ible sequence ladders starting with only 1 microgram of uncloned mammalian DNA
per reaction. Different sequence ladders can be created simultancously by inclusion of
multiple primers and visualized separately by rehybridization. Relatively little radioac-
tivity is needed for hybridization and exposure times arc short. Methylation patterns in
genomic DNA are readily detectable; for example, 17 CpG dinucleotides in the 5°
region of human X-linked PGK-1 (phosphoglycerate kinase 1) were found to be
methylated on an inactive human X chromosome, but unmethylated on an active X

chromosome.

ETHYLATION OF CrG DINUCLE-
otides in critical regions of many
vertebrate genes may be part of a

gene silencing mechanism involved in cell
differentiation, X chromosome inactivation,
and genomic imprinung (1, 2). Methyl-
ation-scnsitive restriction endonucleases are
commonly used to determine in vivo meth-
ylation patterns, but this limits the analysis
to a small subset of all CpG dinucleotides.
Another method for methylation analysis is
genomic sequencing (3), a method that re-
tains information normally lost during clon-
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ing, such as the location of 5-methylcyto-
sines (3) and DNA-protein interactions (4).
Genomic sequencing has, however, been
difficult, requiring large amounts of radioac-
tvity and long autoradiographic exposures
(5). Primer extension has been used to sim-
plify genomic sequencing, bur these proce-
dures still require the special preparation of
primers labeled to extremely high specific
activity and up to 50 pg of DNA per
sequencing lane (6).

We now describe a genomic sequencing
method in which we use a ligation mediated
polvmerase chain reaction (PCR) procedure
[see figure 1 in (7)]. Brietly, step 1 of our
genomie sequencing, procedure s base-spe
afic chemical cleavage of DNA samples (8)
atather G, G A, TaC
g 57 phosphorvlied molecules. Step 2 s

L or C(9), generat-

gene-specific primer extension of an oligo-
nucleotide (primer 1) by a DNA polymerase
to give molccules that have a blunt end on
the side opposite the primer (10). Step 3 is
the ligation of an unphosphorylated linker
to the blunt ends (17). Step 4 is the expo-
nential amplification of the linker-ligated
fragments with the use of the longer oligo-
nucleotide of the linker (as a linker-primer)
and a second gene-specific primer (primer
2) in a PCR reaction (12). After undergoing
15 o 18 amplification cycles, the DNA
fragments are scparated on a sequencing gel,
transferred by electroblotting o nylon
membranes (13), and hybridized with a sin-
gle-stranded gene-specific probe (14). This
procedure works well for all bases, sensitv-
ity is improved, and the background is
minimized by the transfer and hybridization
steps. Morcover, several different sequences
can be analyzed in a single experiment by
rehybridization of the membrane.

The human X-linked phosphoglveerate ki-
nase (PGK-1) gene is a housckeeping gene
that 1s subject to X inactivation. The 5'
region is a CpGerich island (15), bur, unlike
most autosomal CpG islands that are charac-
teristically unmethylated, the Hpa 11 sites in
the region shown (Fig. 1) are methvlared on
the acuve X chromosome (16, 17).

In an experiment with HeLa cell DNA,
two different primer sets (Fig. 1, D and E)
were included simulcancously in the primer
estension and amphficauon reactions. The
sequence defined by primer set 1 was visual-
ized fiest (Fig. 2A) by hvbndization with an
Leo RI-Dde [ hyvbridizanon probe. After
stripping, of the first probe tfrom the mem
brane and rehvbridizanon with an Xow 111
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Fig. 1. Sequence of the CpG
island containing the pro-
moter and first exon of the
human PGK-1 gene. Ar-
rows indicate the oligonu-
cleonde  primer iunimms
and the direction of reading,
D1 The asterisk indicares  the
major  ranscriprion  starg
site. “Ini™ marks the transla-
non start point.

AGAGCAGCGOOCGHGAMGGGHCGGTECGOGAGGCGGGGTGTGGOGCGGTAGTGTGGHOCC 18

TGTTCCTGOCCO0GC0GTOTICCOCATICTGCAAGCCTCOGGAGCGCACGTCGGCAGICG 143
In
GCTCCCTCGTTGACCGAATCACCGACGTCTCTCCOCAGCTGTATTICCAM.  ATG 198
TCG CTT TCT AAC AAG CTG ACG CTG GAC AAG CTG GAC GTT o137
F2 Fi

Pvu II probe, the sequence defined by prim-
er set F became visible (Fig. 2B). As shown,
both sequences could be read unambig-
uously; the correct calls would be made for a
total of 336 nucleotides, even if the se-
quence were not known.

5-Methylcytosine appears as a gap in the
cvtosine ladder of a Maxam-Gilbert se-
quencing gel. To test the procedure as an
assay for methylated cytosines, we studied
human-hamster hybrid cell lines that con-
tained either an inactive or an active human
X chromosome (17). Primer set A (Fig. 1)
allowed reading of the sequence toward the
transcription start site, and the dara indicate
that the human inactive X chromosome is
methylated at all 17 CpG dinucleotides in
the investigated region (Fig. 3, lane X;),
whereas the active X; chromosome is un-
methylated ar the same 17 sites (Fig. 3, lane
X.). By comparison with cloned DNA, we
found that Hel.a DNA has no detecrable
methylation at 52 CpG dinucleotides ana-
lyzed in the PGK-l-associated CpG-rich
island, a result consistent with this cell line
not having an inactive X chromosome.

Although the band patterns shown in
Figs. 2 and 3 are reproducible, band intensi-
ties vary from fragment to fragment within a
single lane; a few bands are weak or even
missing on short exposures. For example,
three bands in a region of about 100 nucleo-
tides are not seen in the sequence shown in
Fig. 3. Band intensity may vary because (i)
the chemical reactivity of individual bases
may differ; (11) small effects of sequence on
amplification efficiency may play some role,
although PCR can be very quantitative and
reproducible [+4% SD through 25 cycles
(I8)]; () certain sequences may not be
extended to a blunt end as efficiently in
primer extension prior to ligation; (iv) the
ligation step may introduce some  bias.
Overexposed autoradiograms can often be
used 1o obrain sequence information cven
from weak bands. This is the case for most
of the sites that we have studied, such as the
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CpG site at nucleotide position —119. The
intensities of only the weak bands were
increased by increasing the time for ligation
or the temperature of the first primer exten-
sion reaction (19). Thus, the steps before the
PCR may be very cfficient for strong bands.

Exponential amplification works so well
that band detection probably no longer lim-
its sensitivity. Comparing band intensities
with the standard genomic sequencing
method applied o the same PGK-1 se-
quence studied with primer set D, we esti-

6C GC
GATCGATC
~313+ - ;

~263~ =

.- oid --314

mate an amplification of 3000- to 6000-fold
after 15 PCR cycles (10 to 20% overall
efficiency). One microgram of Hela cell
DNA per reaction gave a strong signal with
short exposures (2 hours, Fig. 2B). Howev-
er, a stanstical hmit should be considered.
The lowest limit of the DNA needed for
sequence analysis is a single molecule for
cach band in the sequence ladder. For opti-
mum cfficiency of molecule usage, there
should be one chemical cleavage per length
of sequence to be analyzed, for example one
cut per 200 nucleotides (nt). To avoid band
intensity variation of more than 10% stan-
dard deviation that is duc only to statistical
sampling fluctuation, abour 100 founder
molecules are needed for each band. If
tion and first primer extension for an unfa-
vorable fragment is only about 10% effi-
cient, then 2 x 10° molecules (200 x
100 x 10) should give a band of invariant
intensity. This then would be a statistical
limit for experiments where visualization of
this band 15 important. Efforts at further
increasing the sensitivity of the method
should focus on weak bands and on the steps
that precede PCR, such as ligation and first
primer extension. Increasing ligation time
was helpful; however, attempts to increase

e
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5
B
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Fig. 2. Genomic sequence data for the 5" end of PGK-1m Hela DNA. Primer sers I and F were used
and rwo sequences were simultancously amplificd from 1 g of DNA per base-specific reaction. The
amplificd DNA was then split for gel analysis with the four nghtmost lanes of cach panel receiving 2.5
times more DNA than the first four left lanes in order to visualize the weakest bands. (A) A single-
stranded Eco RI-Dde I fragment was used as a hybridizatnon probe to visualize the sequence defined by
primer st D, (B) Rehybnidization of the nvlon membrane with a smglestranded Xma TH-Pyu 11
fragment allowed visuahization of the sequence defined by primer set F. The strong signal in all lancs at
position —436 ot A corresponds ta the Feo R sice ar which the DNA had been cur. The sequence

corresponds to the sequence m (13), except at position

430, where there is an extra A
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higanion cthicency by adding polvethylene
glveol (26) or hexamine cobale (21) 1o the

ligation mixtures were  unsuccesstul,

The

<)pnnmm temperature and Mg' concentri-
tions tor PCR depend on the primer and the

gene region o be studied. Optimization of
conditions was more  critical

tor certain

primers than for others. We obtained good
sequence ladders for each of the four primer
sets in Fig. 1, even though the region is

more than 70% G+C.

Instead of directly labeling the fragments
of the sequence ladder (7), we transferred to
nylon membranes and, to visualize the se-
quence, hybridized with a single-stranded
probe located 3° to the gene-specific prim-
ers. Transfer to membranes makes it possible
to use relatively low levels of radioacrivity,
results in minimal radiation exposure to

laboratory workers, and permits analysis of

multiple sequences by rehybridization of the
membrane (Fig. 2, A and B). We do not yet
know what the limit is for simultancous
ladder formation and sequenrial visualiza-
tion, but a membrane containing a sequence
ladder can be rehybridized up to 50 tumes

(22).

By improving the quality of the data and
by decreasing the amount of DNA needed,
genomic sequencing by ligation mediated
PCR should aid in vivo footprinting studics
(7) and studies on DNA cytosine methyl-

=32+

161 - -

812

.

Fig. 3. Genomic se-
quence  data  for
HeLa cell DNA and
Chinese hamster—hu-
man  hybrid  cell
DNA. The lanes la-
beled G, G+A,
T+C, and C show
results obtained with
2 pg of HeLa DNA
per lane. Oligonucle-
otides Al and A2
were used as primers
and a single-stranded
Mae II1-Apa I frag-
ment was the hybrid-
1zation probe. From
the bortom of the gel
to the top, the se-
quence  reads  the
lower strand 3' to 5°.
Also shown arc C
lancs for DNA (2
pg) from hamster-
human hybrid cells
contaimng, cither an
active (X,) or an -
actve (X)) human X
chromosome. Meth-
viated cvtosines,
\\‘h]&'ll AIP"'-H' as a
gap in the sequence
ladder, are indicated
by arrows

100

anon. The procedure also appears adequate
tor sequencing unknown DNA regions adja-
cent to any known region by primer exten-
sion into the unknown region. Step by step
genomic sequencing, in which the primers
are sclected from the previous sequence
determination, would avoid any cloning
procedure.

Most methylation studies to date have

used DNA 5-methyleytosine—sensitive re-

striction  endonuclea

¢s such as Hpa IL

Methylation analysis with PCR after Hpa I1
cleavage is more sensitive than genomic
sequencing, needing only a few molecules
(18), bur the Hpa II-PCR procedure assays
only about 6% of all merhylared sites. Geno-
mic sequencing allows analysis of all sites,
and we found that the inactive human X
chromosome in Chinese  hamster—human
hybrid cells faichfully retains a high level
methylation at 17 CpG sites in the PGK-1
upstream region, whereas an active X chro-
mosome is unmethylated ar these sites. It
has been suggested that more than 50% of
methylated cytosines are not at CpG sites
(23), and in viro DNA methyltransferase
will occasionally methylate cytosine at other
than CpG sites (24). It is therefore of inter-
est that we have not seen methylated cyto-
sines in dinucleotide sequences other than
CpG, even in the heavily methylated inactive
X chromosome. As additional information
obtained by genomic sequencing accumu-
lates, this question about the in vivo speci-
ficity of DNA methylransferase should be
answered.

o
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