erated by the CA1 circuitry.

The high-frequency population oscillation
(200 Hz) indicates precise temporal coher-
ence of pyramidal cell firing. CA1 pyramidal
neurons and interneurons are excited by the
CA3 Schaffer collaterals during hippocampal
sharp waves (9). We hypothesize that tran-
sient but powerful depolarization of the excit-
ed interneurons results in high-frequency fir-
ing of these cells which, in turn, determine
the precise timing of pyramidal cell discharg-
es. Inhibitory neurons may not cause the
population oscillation but may control the
timing of the action potentials of pyramidal
cells in the background of an excitatory CA3
barrage. Feedforward and recurrent excitation
of inhibitory cells, as well as specific mem-
brane conductances in interneurons, are re-
quired for the generation of the population
oscillation in the neocortex and may be oper-
ative in the CA1 region as well (12). When
sufficiently activated, the CA1 network shifts
into a fast, transient rhythmic activity, the
frequency of which is determined by the time
constants of the membrane conductances of
the interneurons.

The remote populations of CA1 pyrami-
dal cells with extremely sparse excitatory
collaterals (13) became synchronized with-
out a time lag. Spatial synchrony in this
region may be brought about by interactive
interneurons or by mutual effects of pyrami-
dal cells (14). Fast entrainment of inhibitory
interneurons at the observed frequency may
be possible by mutual excitation (15) or by
communication through interneuronal gap
junctions (16). Synchronization of pyrami-
dal cells in the absence of excitatory collat-
erals may be brought about by ephaptic
eftects (17). The voltage gradient across the
pyramidal cell layer during the emergence of
field oscillations will affect voltage-depen-
dent transmembrane currents and increase
coherent firing of pyramidal cells.

The coherent bursts of CAl pyramidal
cells can produce very large transient depolar-
izations on their postsynaptic targets in retro-
hippocampal areas. Transient postsynaptic
depolarization is a prerequisite of long-term
synaptic modification (18). Neuronal bursts
associated with theta thythm have been hy-
pothesized to be a physiological candidate of
long-term synaptic potentiation (19). The
powerful synchrony of pyramidal cells during
hippocampal sharp waves offers an alternative
mechanism to theta-related bursting. We hy-
pothesize that synaptic modification in hippo-
campal target structures is induced during
population oscillatory activity of the CAl
pyramidal cells.
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Acquisition of Myogenic Specificity by Replacement
of Three Amino Acid Residues from MyoD into E12

Robert L. Davis and Harold Weintraub*

The basic helix-loop-helix (bHLH) protein MyoD is a transcription factor that is important
for the induction of the myogenic phenotype. The DNA binding basic region (13 amino
acids) is necessary for recognition of the consensus MyoD binding site, for transcriptional
activation, and for conversion of fibroblasts to muscle. In contrast, the non-tissue—specific
bHLH protein E12 can bind to the MyoD binding site but does not induce myogenesis. Here,
it is shown that only two amino acids in the MyoD basic region and a single amino acid
from the junction, which separates the basic region and helix 1, are sufficient for myogenic
specificity when substituted into the corresponding region of E12. These findings suggest
that the recognition of particular determinants in the basic region is required for conversion

of fibroblasts to muscle.

Expression of MyoD in a large number of
cell types leads to their conversion to muscle
(1). Only 68 amino acids of MyoD, consist-
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ing of the bHLH domain, are necessary and
sufficient for myogenic conversion of stably
transfected 10TY fibroblasts (2). MyoD is a
muscle-specific transcription factor that
binds to most muscle-specific enhancer se-
quences, through specific CANNTG motifs
(N = specific subsets of nucleotides), to
activate muscle-specific gene expression (3).
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Studies with related bHLH proteins and
MyoD mutants that bind normally to DNA
but fail to activate transcription indicate
specific DNA binding is an event separable

Fig. 1. Myogenic conversion A
with chimeric MyoD-E12 pro- T
teins. NIH 3T3 fibroblasts
were transfected with expres-
sion vectors for E12-MyoD(B),
wild-type MyoD, and E12-My-
oD(BJ) and assayed 3 days :
later with phase-contrast mi- B
croscopy at (A) low power
(x50, high density cultures) or
(B) high power (x200, low
density cultures). In (C), E12
[N348NS4® — AT, MyoD(J)] is
assayed similarty (left). In the
two right-hand panels of (C),
cultures were histologically
stained with an antibody to
creatine kinase for indirect im-
munofluorescence microsco-
py (x400). Because expo-
sure time for the E12-Myo-
D(BJ) culture was three times

E12-MyoD(B)

C E12-[NgygNgyq—AT: MyoD(J)],

from subsequent transcriptional activation
and that the basic region of MyoD is re-
quired not only for DNA binding but also
for muscle-specific gene activation (4-6).

MyoD E12-MyoD(BJ)

AU -

that used for the MyoD culture, intensities of staining in the photos are comparable. Similar results were
obtained with transfected 10Tz fibroblasts as before.

Table 1. Summary of DNA binding, transactiva-
tion, and myogenic conversion activities of MyoD
and E12. DNA binding of homo- and hetero-
oligmers is shown as approximate relative affinity
for the right and left MyoD binding sites of the
MCK enhancer. DNA binding activity was mea-
sured as described below (22). For DNA binding,
100% is defined as the affinity of a hetero-oligo-
mer of wild-type MyoD and wild-type E12 proteins
for the right site (line 2). The “+ ++" represents 60
to 100% of maximal binding; the “++" 20 to 60%
maximal binding; the “+” 10 to 20% maximal
binding; the “+” 5 to 10% maximal binding; and
the “—" no detectable binding under the condi-
tions described here. Transactivation of the CAT
reporter gene [4R-TK CAT (4R)] transiently co-
transfected with the indicated MyoD and E12 ex-
pression vectors into 10T fibroblasts was as
described (5). CAT enzyme activity was normal-
ized to that of the EMSVscribe expression vector
alone, which was set to one. We measured muscle
conversion by observation of morphology with
phase contrast microscopy and by immunohisto-
chemical staining for muscle-specific gene prod-
ucts [myosin heavy chain and MGK; (2)]. The
“+++4" represents 90 to 100% of that obtained
with wild-type MyoD; the “+ ++" 50 to 90% of that
obtained with wild-type MyoD; the “++" 30 to
50% of that obtained with wild-type MyoD; the “+"
5 to 30% of that obtained with wild-type MyoD: the
“+" §% of that obtained with wild-type MyoD, but
was still detectable; and the “—" no detectable
myogenic conversion. Each transfection result is
an average of three to five independent experi-
ments for both transactivation and myogenic con-
version assays. The SVE2-5 and E47 expression
vectors are described in (20) and (27), respec-
tively. E12MyoD(BJ)AN is an NH,-terminal dele-
tion of E12 sequences, lacking the activation
domain, with the E12 sequence beginning at
amino acid 217.
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For example, the bHLH protein E12 (one
of the differentially spliced products of the
non-tissue-specific E2A gene) fails to sup-
port myogenesis on its own, although it too
can bind to MyoD binding sites. With
MyoD, E12 forms a hetero-oligomer that is
a major species responsible for muscle-spe-
cific gene activation and myogenesis (3, 7).
Similarly, a mutant MyoD protein contain-
ing the basic region of E12 also fails to
support myogenesis even though this chi-
meric molecule (MyoD-E12Basic) dimerizes
normally with wild-type E12 and binds well
to MyoD binding sites (4, 5). Back muta-
tion of only two residues of MyoD-E12Basic
to corresponding amino acids in the basic
region of MyoD (N!'* — A; N!'5 — T)
restores myogenic potential (5, 8). These
two residues are conserved in all myogenic
regulatory genes. It is thought that activa-
tion occurs when a buried, NH,-terminal
MyoD activation domain becomes released
and that this is mediated by the specific
interaction of the basic region to its cognate
DNA binding site (5).

Given the evidence demonstrating that
the MyoD basic region was required for
myogenesis, we tested whether the MyoD
basic region was also sufficient for myogen-
esis by asking if the MyoD basic region can
activate myogenesis in the context of E12.
A chimeric E12 that contained the MyoD

DNA binding
Protein Transactivation Muscle
Right Left (fold activation) conversion
CACCTG CATGTG

MyoD + - 750 ++++
MyoD + E12 +++ + +++
MyoD + E2-5 +++ + 1300 ++++
MyoD + E12-MyoD(B) +++ ++ 10 ++
MyoD + E12-MyoD(BJ) ++ ++ 680 +++
MyoD + MyoD-E12(B) ND* ND 130 ++
MyoD + MyoD-E12(BJ) ND ND 350 +++
E2-5 + + 3 -
E12 + + 210 -
E47 ND ND 180 -
E12-MyoD(B) ++ ++ 210 -
E12-MyoD(B) + E12 ++ ++ ND -
E12-MyoD(B) + E2-5 +++ +++ 200 -
E12-MyoD(B) + MyoD-E12(B) + ++ 28 -
E12-MyoD(B) + MyoD-E12(BJ) + + 24 -
E12-MyoD(BJ) ++ ++ 390 ++
E12-MyoD(BJ) + E12 +++ +++ ND ++
E12-MyoD(BJ) + E2-5 +++ ++ 310 ++
E12-MyoD(BJ) + MyoD-E12(B) + + 26 +
E12-MyoD(BJ) + MyoD-E12(BJ) +++ +- 360 ++
E12-MyoD(BJ)AN ++ ++ 3 -
E12-MyoD(BJ)AN + E2-5 +++ +++ 8 -
MyoD-E12(B) + - 4 -
MyoD-E12(B) + E12 ++ + ND -
MyoD-E12(B) + E2-5 + + 6 -
MyoD-E12(BJ) + - 140 -
MyoD-E12(BJ) + E12 ++ + ND -
MyoD-E12(BJ) + E2-5 + + 120 -

*ND = not determined.
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Protein DNA binding Transactivation Muscle
Alone With E12 (fold activation) conversion

MyoD + +++ 1290 ++++
E12-MyoD(BJ) ++ +++ 360 ++
E12[N548N549 — AT] + + 86 -
E12-MyoD(J) + + 3 -
E12[N548N54° — AT; MyoD(J)] + + 81 +
E12[N548NS49 — AT; D558 — K] + + 220 +
E12[N548 — A; D558 — K] + + 31 -
E12[N54® — T; D558 — K] + + 22 -
MyoD + +++ 590 ++++
MyoD(K'24 — D) + + 55 +
MyoD(A''# — ) + ++ 2 -
MyoD(A''* — D) + ++ 6 -
MyoD(A''#* — K) + + 1 -
MyoD(A'"* — V) + ++ 1 -
MyoD(A'4 - T) + ++ 18 -
Fig. 2. Activation of en- Probe:  Endogenous MyoD Myogenin
dogenous MyoD and myo- Ei2 G Ei2 C, PB
genin by E12-MyoD(BJ). Vector: MyoD MyoD(BJ) Cells _MyoD  MyoD(BJ) Cells MSP
Total RNA from 10T fi- BXP:~5—5~r 35 = ° " " A T
broblasts transiently trans- ' -
fected with MyoD or E12-
MyoD(BJ) expression vec- -
tors was assayed by quan-
titative reverse-transcrip- i - -
tion polymerase chain re-
action (RTPCR) as de- -
scribed (19), with the use o P ~ - .
of primers specific for en- -
dogenous mouse MyoD -
and myogenin. The figure =

shows results from two

separate experiments. Positive controls were from C2C12 mouse myoblasts (C, cells) (15). negative
controls included minus reverse transcriptase for RTPCR [RTase (—) lanes] and RNA from untrans-
fected 10T% cells as before. PB MSP represents Msp |-digested pBR322 size markers. The signais
produced by the PCR reaction were in the linear range with 30 cycles used in the experiments shown.
Similarly, all samples were normalized to the amount of signal obtained with an internal control PCR

analysis of EF1a as before (19).

Fig. 3. Structure of chi-

. T 129
meric MyoD and E12 98 Basic ~.- |3 Helix 1
proteins. The sequences —
of the basic and junction ~ MyoD (wt) CKAG EAF
regions of wild-type and  MyoD-E12(B) CKAQ EAF.
mutant oD and E12
are showw Vertical lines ~ MyoD-E12(BY) crad EAF-
indicate the borders (ar- 532 563
bitrary) of the basic re- L Basic , J  Helix 1
gion, the junction [the E12(wt) LPPEQKAEREKERRVANNARERLRVRDINEAF . .

first four residues of helix
1 as designated in (4)],
and helix 1. Sequences
altered in the mutant pro-
teins are in bold. For the

E12-MyoD(B)
E12-MyoD(BJ)
E12 [NS48N549,AT, DS58K] rep

LPP.

LPP:

chimeric proteins, the letters in parentheses [(B), basic region; (J), junction] indicated the domains
of the second protein that were substituted into the first protein listed. [For example, MyoD-E12(B)
has the basic region of E12 inserted into MyoD in place of the MyoD basic region]. The amino acid
numbers for the sequence shown are based on the mouse MyoD sequence (15) and the human E12
sequence (16, 17). Oligonucleotide-directed mutagenesis of both MyoD and E12 was performed as
described (4). Alithough the domain swaps shown there involved a total of 20 amino acids and 17
amino acids of basic region substituted for those of MyoD and E12, respectively, previous results
suggest that just the 13 amino acids adjacent to the junction are most critical for myogenesis (4, 5).
A partial human E12 cDNA from pE12R was digested with Hind Ill and Eco RI, rendered
blunt-ended, and cloned into the cDNA expression vector pEMSVscribe. And then mutagenesis
was induced to substitute MyoD sequences. We reconstructed a full-length human E12 cDNA from
these plasmids, in pEMSVscribe, by substituting an Eco Rl to Sfi | fragment of E12 from pBD13-2
for the 5’ blunt to 3’ Sfi | fragment of E12 from pE12R, with regeneration of the 5’ Eco Rl site.
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Table 2. Summary of DNA binding, transactiva-
tion, and myogenic conversion activities of
wild-type MyoD, and various MyoD and E12
mutants. Experimental conditions are the same
as those described in Table 1. The site used in
the DNA binding assays was the right MyoD
binding site of the MCK enhancer. Plus and
minus signs are as in the Table 1 legend.
E12-MyoD(J), MyoD (A — T), MyoD (A — 1),
and E12-MyoD(BJ)AN (Table 1) all act as dom-
inant negative inhibitors of myogenesis and
transactivation when cotransfected, at a two-to-
one ratio with MyoD, into 3T3 cells, suggesting
that they are efficiently expressed in these cells.
Abbreviations for the amino acid residues are:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H,
His; I, lle; K, Lys: L, Leu; M, Met; N, Asn; P, Pro;
Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and
Y, Tyr.

basic region [E12-MyoD(B)] failed to acti-
vate myogenesis in transfected 10TY: cells
but was able to activate a reporter gene,
4R-TK CAT, that contained four MyoD
binding sites driving a minimal promoter
choline acetyl transferase (CAT) gene fu-
sion (Table 1). This substitution also en-
hanced the in vitro affinity of E12 binding
to the MyoD binding sites in the muscle
creatine kinase (MCK) enhancer by a fac-
tor of ~5 over wild-type E12 (9, 10).

Cotransfection of E12-MyoD(B) with its
reciprocal partner MyoD-E12(B) failed to
restore myogenic conversion. Similarly,
cotransfection with an E12 expression vec-
tor or SVE2-5, an expression vector that
expressed a differentially spliced E2A gene
product similar to E12, also failed to restore
myogenesis. Transfer of the basic region of
myogenin into E12 or that of MyoD into rat
achaete-scute also did not allow myogenesis
(8, 11). Thus, although the basic region of
MyoD is necessary for myogenesis, it is not
sufficient when placed in another HLH
protein framework.

Because the junction between the basic
DNA binding domain and the HLH oligo-
merization domain is critical for myogenesis
(4), we constructed an E12 mutant that
contained the MyoD basic region and four
adjacent residues (the junction) between
the basic region of MyoD and helix 1
[E12-MyoD(BJ)]. This protein bound in
vitro to MyoD DNA binding sites and
when transiently transfected into 10TY:
cells transactivated 4R-TK CAT (Table 1).

In contrast to E12-MyoD{(B), E12-Myo-
D(BJ) converted either 10TY2 or NIH 3T3
cells to muscle at about one-third to one-
half the efficiency of wild-type MyoD (Fig.
1 and Table 1). These cells elongated,
fused, and contained a typical serrated lead-
ing edge indicative of cells transfected with
wild-type MyoD, although they were thin-
ner and more spindly than cells converted
by wild-type MyoD. In addition, they de-
veloped several prominent nucleoli, also

1029



characteristic of myogenic conversion.
Stable lines of myogenic cells could also be
derived. Using immunofluorescence, we
detected MCK and myosin heavy chain in
these cells. When assayed 2 days after
induction, the cells stained about one-
third as intensely as cells transfected with
wild-type MyoD; however, when assayed 5
days after induction, staining intensities
were comparable. Analysis of RNA for
endogenous MyoD and myogenin, which
are inducible in 10TV cells by exogenous-
ly supplied myogenic regulatory genes
(12), showed induction with E12-Myo-
D(BJ) to be about one-third to one-fifth
the amount of induction achieved with
wild-type MyoD when the cells were as-
sayed 2 days after induction. The basic
region of MyoD was required in EI12-
MyoD(BJ) because E12-MyoD(J), which
contains only the MyoD junction in an
E12 background, failed to convert 10Tz
cells to muscle (Table 2) (13). Increasing
the amount of transfected E12-MyoD(B]J)
plasmid failed to increase the efficiency of
myogenesis, and cotransfection with
SVE2-5 or E12 also failed. Cotransfection
of E12-MyoD(BJ) with MyoD-E12(B) led
to a decrease in myogenesis, whereas co-
transfected of E12-MyoD(BJ) with MyoD-
E12(BJ) showed neither synergism nor
antagonism.

E12-MyoD(BJ) could be activating en-
dogenous MyoD (12), which then activates
the muscle program. However, this is not
the case because we observed that E12-
MyoD(B]J) activates myogenesis, transient-
ly and in stable transformants, in NIH 3T3
cells (Fig. 1), which in contrast to 10T":
cells (Fig. 2) fail to express endogenous
MyoD when transfected with a MyoD ex-
pression vector (12).

We conclude that only the 21 residues of
MyoD that contain the basic region and the
junction with helix 1 are sufficient to confer
myogenic specificity to E12. The first four
basic region residues are nonessential for
myogenic conversion (4), and, of the 17
remaining residues, 6 in the basic region
and all 4 in the junction differ between
MyoD and E12 (Fig. 3).

Substitution of Ala!'* of MyoD (Fig. 3)
with I, D, T, K, or V yielded proteins that
bound specifically to DNA but did not
activate myogenesis or 4R-TK CAT (Ta-
ble 2). Given these results and previous
data (see above) pointing to A!4T!!5
being important for myogenic activation,
we constructed (E12-N°#N°# — AT);
however, the resulting protein was unable
to convert 10Tz cells to muscle. In con-
trast, when the MyoD junction was in-
cluded {E12 [N°*¥N*% — AT; MyoD(J)]}
(Fig. 3), muscle cell-specific activation
occurred. When stably transfected into
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NIH 3T3 cells, E12 [N*#8N°* — AT;
MyoD(J)] gave stable myogenic lines with
no activation of the endogenous MyoD
gene.

These results show that only two resi-
dues in the basic region of MyoD in
combination with several adjacent resi-
dues at the junction with helix 1 are
sufficient for myogenesis when placed into
the framework of E12. The junction resi-
dues are VRDI in E12 and LSKV in MyoD
(Fig. 3). Differences in the first and fourth
position are conservative; moreover, the
last position, like E12, contains an I in
herculin-mrf4 and the second position,
like E12, has an R in Caenorhabditis elegans
MyoD and Drosophila nautilus. These ob-
servations suggest that the third position
K, which is conserved in all members of
the MyoD family and absent in all other
known bHLH proteins, is a determinant of
muscle specificity (Fig. 3). To test this
hypothesis, we constructed E12 (N>4N>34°
— AT; D°%8 — K). This vector converted
10TY: fibroblasts to muscle at about one-
third the efficiency of MyoD. In contrast,
E12 [N°**¥ - A; D*°® — K] and E[N**° —
T; D?%® — K] failed to induce myogenesis.
The MyoD mutant MyoD (K'** — D)
could convert 10TV cells to muscle but
only at about one-tenth the efficiency of
wild-type MyoD, as determined by assay-
ing cell morphology and staining with
antibodies to MCK and myosin heavy
chain (Table 2). Thus, the K in the
junction of MyoD is not absolutely neces-
sary for myogenesis, and it is likely that in
the context of the entire MyoD basic
region and junction other residues can
contribute to specificity.

Together with previous experiments,
the data presented here suggest that a rec-
ognition process (5) must focus on specific
amino acid residues located in specific po-
sitions within the basic region and junction
region of MyoD to control whether subse-
quent muscle gene activation is permissible.
In addition, many muscle gene enhancers
contain binding sites for multiple ubiqui-
tously expressed transcription factors that
presumably cooperate with MyoD in build-
ing a regulatory machine capable of activat-
ing muscle-specific transcription. Whatever
the nature of this multiprotein complex, it
is apparently plastic enough to accommo-
date much of the framework of E12, which
is not obviously related to MyoD outside
the bHLH domain, in place of that of
MyoD.
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In vitro—translated MyoD and E12 proteins were

generated and used in mobility-shift assays as

described (4). Reticulocyte lysate (6 ! of RNA-
programmed lysate, plus 6 ul of unprogrammed
lysate or 6 nl of a different RNA-programmed
lysate) was incubated for 20 min at 37°C and then

added to 12 pl of 2x binding buffer [40 mM

Hepes (pH 7.6), 40 mM KCI, 6 mM MgCl,, 2 mM

EDTA, 2 mM dithiothreitol (DTT)] that contained

0 2 ng of double-stranded DNA probe (assuming

100% annealing of single-stranded oligonucleo-

tides, unlabeled oligonucleotide was in threefold

excess) and 1 pl of polydl-dC. The labeled oligo-
nucleotide of the double-stranded probe con-
tained the sequence 5'-GATCCCCCCAACACCT-

GCTGCCTGA-3', which has the right MyoD bind-

ing site of the MCK enhancer (underlined) (4).

The labeled oligonucleotide 5'-ATTAACCCAGA-

CATGTGGCTGCCCC-3’ contained left site of the

MCK enhancer (underlined). Binding reactions

were performed at room temperature for 15 min.

Under these conditions, the probe was In excess

over MyoD and E12, with E12 being in two- to

threefold excess over MyoD (4). After binding,
reactions were immediately loaded onto 5% poly-

acrylamide gels in 1x TBE (50 mM tris, .50 mM

boric acid, 1 mM EDTA) and separated by elec-

trophoresis at 20 V/cm for 2.5 hours. The gel was
dried and subjected to autoradiography.
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