Fig. 4. Occlusal (left) and labial (right) views of
the posteriormest right mandibular “cheek” tooth
of CD-1-1. Antfrior is to the top in the left figure,
to the right in the right figure. Scale bar, 2 mm.

Young Nile crocodiles have a diet consist-
ing mainly of insects, and as they grow
larger they eat proportionately more verte-
brates and fewer insects (15). If the Malawi
crocodylian had a comparable life history,
then the small, subadult fossil specimens
were primarily insectivorous. However, the
pronounced differences between the feeding
mechanisms of the Malawi crocodylian and
living crocodylians suggest a different or
more specialized diet for the fossil form.

Several amniote groups have indepen-
dently evolved the capacity for fore-aft
movement of the mandible during adduc-
tion (16). Tortoises, and to a lesser extent
some other turtles, retract their mandible in
a palinal (front-to-back) motion (17), and
extinct dicynodont (18) and tritylodontid
(19) therapsids and multituberculate mam-
mals (11) are inferred to have had palinal
movement. Proal movement is, to our
knowledge, only found in some mammals,
especially rodents (20), and in sphenodontid
rhynchocephalians (21), including the sole
living member, Sphenodon punctatus (the tua-
tara). Anterior movement of the mandible in
Sphenodon is accomplished by the M. ptery-
goideus, supporting our interpretation that
this muscle was responsible for the same
action in the Malawi crocodylian.

All of the amniotes with fore-aft mandib-
ular movement lack other forms of cranial
kinesis. This suggests that there is a func-
tional relation between the evolution of
fore-aft mandibular movement and having
an akinetic skull. The evolution of a mecha-
nism for intraoral food processing in the
Malawi crocodylian may also have been
related to its possession of a secondary pal-
ate, which could have allowed for the main-
tenance of breathing during food process-
ing, as in living mammals.
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Transfer of a Protein Encoded by a Single Nucleus to
Nearby Nuclei in Multinucleated Myotubes

EVELYN RALSTON* AND ZACH W. HALL

Specialized regions of muscle fibers may result from differential gene expression
within a single fiber. In order to investigate the range of action of individual nuclei in
multinucleated myotubes, C2 myoblasts were transfected to obtain stable cell lines that
express a reporter protein that is targeted to the nucleus. Hybrid myotubes were then
formed containing one or a few transfected nuclei as well as a large number of nuclei
from the parental strain. In order to determine how far the products of a single nucleus
extend, transfected nuclei were labeled with [*H]thymidine before fusion and the
myotubes were stained to identify the reporter protein. In such myotubes the fusion
protein was not confined to its nucleus of origin, but was restricted to nearby nuclei.

N ORDER TO CONSTRUCT AND MAIN-

tain specialized subcellular domains,

large extended cells like neurons and
muscle fibers must be able to distribute
proteins differentially within the cell. Muscle
fibers are multinucleated; an adult muscle
fiber may contain hundreds of nuclei evenly
distributed throughout its length, each capa-
ble of producing mRNA and protein. Mus-
cle fibers, nevertheless, produce proteins
that have a restricted distribution within the
fiber. A classic example is the acetylcholine

receptor (AChR), which is concentrated at
the neuromuscular junction (7). Another
example is the demonstration by Salviati et
al. (2) that a fast foreign nerve induces the
production of fast myosin in dually inner-
vated slow muscle fibers, but only in the
region of the ectopic, fast end plate.
Restricted protein distribution in muscle
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cells may reflect differences in gene expres-
sion within a single fiber: the AChR mRNA
is more abundant in the end plate region of
muscle than elsewhere (3), and in situ hy-
bridization shows that mRNA for the o
subunit of the AChR is associated with
nuclei close to the synapse (4). Thus activa-
tors and repressors involved in the regula-
tion of mRNA may also have a restricted
distribution. Such signals may be transferred
from one nucleus to another (5).

To investigate the possible range of action
of individual nuclei within multinucleated
muscle cells, we have generated stable trans-
fectants of the C2 mouse muscle cell line
that express a reporter protein fused to
nuclear localization signals and have exam-
ined the distribution of these proteins in
hybrid myotubes in which one or only a few
nuclei express the protein. Two segments of
the glucocorticoid receptor contain nuclear
localization signals (6). When fused to Es-
cherichia coli B-galactosidase, one of these,
NL1, targets the protein to the nucleus in
the absence of glucocorticoid, whereas the
other, NL2. targets the protein to the nucle-
us only in the presence of hormone (6). We
have used these two fusion proteins to deter-
mine the distribution of both targeted and
untargeted proteins produced from a single
nucleus within the myotube.

The plasmid for each fusion protein was
transfected into C2 myoblasts (7), along
with ptk-neo, a plasmid conferring neomy-
cin resistance (8). Clones of transfected cells
were selected by resistance to the neomycin
analog G418; those with the highest expres-
sion of each fusion protein were identified
by immunofluorescence and were subcloned
to form stable lines. The selected lines were
designated C2-Zn (targeted to the nucleus
in the absence of hormone) or C2-Zc (cyto-
plasmic in the absence of hormone).

Fig. 1. Expression of fusion
proteins in transfected C2
cells. Transfected C2 myo-
blasts (left) or myotubes
(right), grown on glass cov-
er slips, were fixed at room
temperature with 2% para-
formaldehyde for 20 min,
permeabilized with 1% Tri-
ton X-100 in Dulbecco’s
phosphate-buffered  saline
(PBS), stained with a mouse
monoclonal antibody to B-
galactosidase  (Promega),
followed "'by a fluorescein
isothiocyanate  (FITC)-la-
beled goat antibody to
mouse immunoglobulin G
(IgG) (Cappel Labs) Cover

C2-2Zn

C2-Zc
(no dex)

C2-Zc
(+ dex)

Myoblasts

When the protein was localized in myo-
blast cultures by immunofluorescence (Fig.
1, left), B-galactosidase was found mostly in
the nuclei of C2-Zn myoblasts, but only in
the cytoplasm of C2-Zc myoblasts. Addition
of the glucocorticoid dexamethasone to cul-
tures of C2-Zc myoblasts, however, resulted
in the rapid transport of the fusion protein
to the nucleus. No signal was detected when
the untransfected myoblasts were stained.
Although each cell in cultures of the C2-Zc
and C2-Zn clones was clearly stained, there
was some variability in the amount of fluo-
rescence between cells within a clonal line.

After transfer to low-serum medium, both
C2-Zn and C2-Zc cells fused to form multi-
nucleated myotubes that were indistinguish-
able from those formed by untransfected
cells. The distribution of fusion protein in
the myotubes (Fig. 1, right) was similar to
that seen with myoblasts. The protein was
localized mostly in the nuclei of C2-Zn
myotubes and in the cytoplasm of C2-Zc
myotubes, but in the latter case was trans-
ported to the nuclei on the addition of
dexamethasone to the culture medium.

Hybrid myotubes were formed between
each of the transfected cell lines and the
parental C2 myoblasts (9). To obtain hybrid
myotubes with one or a few labeled nuclei,
we used a 20: 1 ratio of parental to transfect-
ed myoblasts. The cells were plated at high
density to favor immediate fusion and to
avoid the formation of small segregated
clones of each cell line. To identify the
source of the individual nuclei, we incubated
the transfected cells in [*H]thymidine be-
fore fusion. In control experiments, myo-
tubes were formed with only the labeled
cells (Fig. 2). Examination of 359 nuclei in
three independent experiments showed that
99% of the nuclei identified with the dye
Hoechst 33258 were radioactively labeled.

Myotubes

slips were mounted in 90% glycerol containing paraphenylenediamine (17). Cells were observed with a
Leitz Ortholux II fluorescence microscope equipped with a Vario-Orthomat camera system. Dexameth-
asone (dex) (10~°M final concentration, obtained from a 10™*M stock solution in ethanol) was added 1

hour before fixation as indicated.

2 JUNE 1989

Fig. 2. Labeling of C2 nuclei with [*H]thymi-
dine. C2 myoblasts, grown with [*H]thymidine
(9), were trypsinized and plated on four-chamber
slides at a density of 60,000 cells per square
centimeter. After 3 days in fusion medium, they
were fixed, stained with bis-benzimide (Hoechst
33258) (Sigma), and coated with emulsion (Il-
ford K5). After 2 weeks the slides were developed
and mounted. (A) All nuclei are visible under
ultraviolet fluorescence after staining with
Hoechst 33258. (B) The same field under phase
optics shows that essentially all ‘nuclei can be
identified by *H autoradiography.

Thus, nuclei from the transfected cells could
be identified with certainty.

When hybrid myotubes formed by using
radioactively labeled Zn myoblasts and unla-
beled parental myoblasts were examined by
autoradiography and immunofluorescence,
it was apparent that the distribution of the
fusion protein usually extended beyond the
nucleus encoding it. Thus, in 17 of 20 cases
examined, not only the nucleus labeled with
[*H]thymidine, but also nearby unlabeled
nuclei were positive for B-galactosidase
(Fig. 3, A to F). For each of these 20 *H-
labeled nuclei, an average of 3.8 + 2.2 nu-
clei (mean + SD), including the source nu-
cleus, were stained for B-galactosidase. In
one instance, a cluster of ten nuclei sur-
rounding a single radioactive nucleus were
all positive for the fusion protein (Fig. 3D).
The intensity of nuclear staining for B-
galactosidase progressively decreased with
distance from the nucleus encoding it, so
that nuclei more than a few nuclear diame-
ters away were unstained. The extent of
staining, measured from the center of the
source nucleus to the center of the furthest
stained nucleus, averaged 34 = 31 pm. Nu-
clei in the immediate vicinity were not al-
ways stained (Fig. 3E), and direct contact
with the source nucleus was not required to
observe spreading of the fusion protein
(Fig. 3F). We conclude that a protein tar-
geted to the nucleus is not confined to the
source nucleus, but may spread to other
nuclei in its immediate vicinity.

Hybrid myotubes with C2-Zc cells and
the parental C2 cells behaved quite differ-
ently. In the absence of dexamethasone,
faint staining was seen throughout the cyto-
plasm, indicating that the protein was not
restricted in its diffusion along the length of
the myotube. When hormone was applied 1
hour before fixation and staining, many B-
galactosidase—positive nuclei were observed.
In contrast to myotubes formed with C2-Zn
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Fig. 3. Distribution of fu-
sion protein in hybrid myo-
tubes containing Zn nuclei.
Hybrid myotubes (9) were
formed between untrans-
fected C2 myoblasts and
*H-labeled Zn myoblasts, in
a ratio of 20: 1. After 3 days
in fusion medium, cells were
fixed, permeabilized, and
stained for B-galactosidase.
Nuclei were stained with
Hoechst 33258 and the

slides were processed for

autoradiography. Two weeks later they were developed and

mounted. (A) A Zn nucleus, positive for *H, is identified under

phase optics. (B) The same field is observed under fluorescence optics for the Hoechst dye to reveal
other nuclei in the same and in neighboring myotubes. (C) The same field is observed under
fluorescence with the filter for FITC to reveal those nuclei that contain detectable levels of B-
galactosidase. (D to F) Other examples of B-galactosidase staining in fields containing one *H-labeled
nucleus. In each case, the same steps were followed as in (A) to (C) to identify the nucleus and ascertain
that it was included in a mature myotube. The single *H-labeled nucleus is indicated by the arrowhead

in (B) to (F). Bar, 20 pm.

Fig. 4. Distribution of fu-
sion protein in two hybrid
myotubes (A and B) con-
taining Zc nuclei. Experi-
ments were performed as
in Fig. 3, except that Zc
myoblasts were used in-

stead of Zn myoblasts. Dexamethasone (107°M) was added 1 hour before fixation of the cells. The
arrowheads indicate the *H-labeled nucleus. Bar, 20 pm.

cells, positive nuclei could be easily detected
at least 400 pm from the source nucleus
(Fig. 4, A and B). In 17 myotubes, each
containing one >H-labeled nucleus, we
found an average of 10.3 + 4.6 B-galacto-
sidase—positive nuclei for each *H-labeled
nucleus; the furthest extent of staining aver-
aged 224 += 97 pm. These numbers are
probably underestimated, as quantitative es-
timates were limited by the difficulty of
following single fibers for long distances.

The results obtained with hybrid myo-
tubes containing one or a few C2-Zc nuclei
are consistent with experiments showing
that proteins are free to diffuse within the
myotube cytoplasm (10). The Zc fusion
protein has a molecular size of about 160
kD and probably forms a tetramer (11). Our
results thus suggest that there are no barriers
to the movement of even quite large pro-
teins within the cytoplasm of the myotube.

In hybrid myotubes formed with C2-Zn
myoblasts, the fusion protein was localized
to the source nucleus and its neighbors.
Thus factors produced from one nucleus can
be taken up by others. Blau et al. (5) have
postulated that such factors are responsible
for the activation of muscle genes from
human fibroblast nuclei in heterokaryons.
Our experiments demonstrate directly that
the products of one muscle nucleus within a
myotube can interact with others.

In myotubes containing a single (or a
few) Zn nuclei, the fusion protein was not
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found in nuclei throughout the fiber, but
only in those in the immediate vicinity. In
general, labeled nuclei were within 50 wm of
the source nucleus; none were found more
than 100 pm away. This observation leads
to several conclusions. (i) The stained nuclei
must have a relatively constant relation to
one another within a time scale defined by
the half-life of the fusion protein. Thus, if
nuclear movement occurs in C2 myotubes,
it must be slow or rare compared to the
displacement of 15 wm per hour reported
for chick myotubes (12). (ii) Neither nRNA
nor polysomes migrate a long distance from
their site of origin in myotubes. Although
earlier experiments (13) have suggested that
mRNA is not confined to the region around
the nucleus of origin, our results indicate
that mRNA does not range far. A similar
inference can be drawn from experiments
showing that AChR mRNA is found
around subsynaptic nuclei (4). (iii) Binding
of the fusion protein by nearby nuclei must
be relatively efficient and must occur at a
rapid rate compared to the time required for
the protein to diffuse along the length of the
fiber (14). (iv) In studies of muscle lineage,
caution must be exercised in the use of
reporter proteins directed to the nucleus
(15), since proteins produced by one nucleus
in a myotube may spread to its neighbors.
The major implication of our experi-
ments, however, is the suggestion that single
nuclei may have local domains of influence

within a myotube. Previous experiments on
chimeric mice in which electrophoretically
distinct isoenzymes are produced from dif-
ferent nuclei demonstrated that products of
each type of nucleus were uniformly distrib-
uted within the fibers (13), leading to the
conclusion that nuclei do not have distinct
domains within myotubes. If the nuclei were
randomly distributed, however, these ex-
periments would not have detected domains
extending over several nuclear diameters. By
examining specifically the products of single
identified nuclei, we have been able to dem-
onstrate that a protein targeted to the nucle-
us has only a limited range.

Note added in proof- After submission of
this manuscript, a report appeared (16) that
also suggests the existence of nuclear do-
mains within myotubes.
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Hidden Thermodynamics of Mutant Proteins:
A Molecular Dynamics Analysis

J1aL1 Gao, KrzyszTOF KUCZERA, BRUCE TIDOR, MARTIN KARPLUS

A molecular dynamics simulation method is used to determine the contributions of
individual amino acid residues and solvent molecules to free energy changes in
proteins. Its application to the hemoglobin interface mutant Asp G1(99)B—>Ala shows
that some of the contributions to the difference in the free energy of cooperativity are
as large as 60 kilocalories (kcal) per mole. Since the overall free energy change is only
—5.5 kcal/mole (versus the experimental value of —3.4 kcal/mole), essential elements of
the thermodynamics are hidden in the measured results. By exposing the individual
contributions, the free energy simulation provides new insights into the origin of
thermodynamic changes in mutant proteins and demonstrates the role of effects
beyond those usually considered in structural analyses.

HANGES IN PROTEIN STABILITY

and function resulting from muta-

tions can be determined experimen-
tally. The alterations in free energy are often
interpreted in terms of the structures of the
wild type and mutant protein (1, 2). How-
ever, the connection between structure and
measured thermodynamic quantities is not
simple; for example, relatively small mea-
sured free energy changes can be made up of
large contributions from a number of pro-
tein-protein and protein-solvent interactions
that almost cancel. Moreover, the conse-
quences of the removal of repulsive interac-
tions, not usually considered in structural
studies, can be as important as the loss of
attractive terms (such as hydrogen bond-
ing). We demonstrate how molecular
dynamics (MD) free energy simulations can
be used to estimate the individual thermody-
namic contributions that result from a muta-
tion. The change in the free energy of

Department of Chemistry, Harvard University, Cam-
bridge, MA 02138.

2 JUNE 1989

cooperativity of a mutant of hemoglobin
[Asp G1(99)B—>Ala] is decomposed into
contributions from the solvent, intersubunit
interactions, and intrasubunit alterations.
The qualitative insights obtained from this
decomposition increase our understanding
of protein mutants since the effects de-
scribed for hemoglobin are expected to play
a general role.

The free energy difference AG between
two states A and B can be calculated by
Monte Carlo and MD techniques (3-7). If
A corresponds to the wild-type protein and
B to the mutant, a simulation (which can be
envisioned as “computer alchemy” since one
amino acid is transformed into another) can
be used to determine their free energy differ-
ence. The simulation is based on thermody-
namic integration (8) with the equation

AG=CB_CA
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where AV = Vg — V4 and \ is a parameter,
such that V), = (1 = M) VA + AVg (9); Va
and Vg are empirical energy functions de-
scribing the solvated normal and mutant
hemoglobin molecules, respectively. The
calculation uses MD for evaluation of the
thermodynamic average, (AV),, where the
subscript \ indicates that the average is over
the hybrid system described by V. The
linear form of Eq. 1 allows the free energy to
be decomposed as

AG = AGy + Zo AG, @)
where AG, is the contribution from the free
energy change of the murtated residue and
AG, (r > 0) are the contributions from in-
teractions between the mutated residue and
any other residue or water molecule.

The free energy simulation and decompo-
sition method is illustrated for hemoglobin,
the classic example of cooperativity (10-12).
We consider the a;(; interface residue Asp
G1(99)B for which a series of naturally
occurring mutants have been shown to have
significantly reduced cooperativity and in-
creased oxygen affinity relative to normal
hemoglobin (10, 11, 13). Based on x-ray
structures of deoxy and oxy hemoglobin A,
Perutz et al. (14-16) suggested that the
essential role of Asp G1(99)B is to stabilize
the deoxy tetramer by making hydrogen
bonds to Tyr C7(42)a and to Asn
G4(97)a; these hydrogen bonds are absent
in the oxy tetramer. We supplement this
observational conclusion by a theoretical
analysis of the free energy changes induced
by the mutation Asp G1(99)p—Ala [Hb
Radcliffe (17)], which is of the “deletion”
type (1), and is therefore expected to lead to
relatively localized structural changes (18)
that are simplest to interpret (19). The over-
all change in the free energy of cooperativity
(13) is shown to result from a set of large but
nearly compensating interactions of Asp
G1(99)B with several amino acids and with
the solvent. Although both Tyr C7(42)a
and Asn G4(97)a play a significant role, the
calculations indicate that the solvent and
other interchain and intrachain interactions
are also important.

The essential free energy simulation re-
sults are shown in Table 1 (9, 21, 22).
Energy-minimized unliganded (23) and li-
ganded (24) x-ray structures for the normal
hemoglobin tetramers were used to generate
the starting configurations (Fig. 1), and the
stochastic boundary molecular dynamics
(SBMD) method (25) was used for the
(A1), simulations (26-28). Both the deoxy
and oxy tetramers are destabilized by the
mutation (by 66 and 60.5 kcal/mole, respec-
tively, per o;B, interface) (29), but the
deoxy tetramer is more destabilized, leading
to the observed reduction in cooperativity
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