numbered segments. The phenotypic
expression of insect segments appears to be
the result of a balance between two types of
pair-rule loci. There are apparently no genes
that control the expression of single seg-
ments as such. Workers in the field of fruit
fly genetics were surprised that the expres-
sion of monosegments was the result of the
interaction of pair-rule genes. However, it is
evident that this segmental pairing is merely
another manifestation of the underlying
diplomerous organization of uniramian ar-
thropods.

The suggestion that the phenotypic
expression of segments could be the result of
heterochronies in the segmental duplication
cycles (12) has important consequences. The
question of limb phylogeny shifts from ex-
plaining how one morphology evolved into
another, to understanding how the timing
of duplication cycles affects a range of mor-
phologies. This makes the evolutionary tran-
sition of one body plan into another more
comprehensible in terms of apparent con-
vergences, character reversals, and discon-
tinuities.

It now appears that uniramians can be
more firmly linked with biramous arthro-
pods than ever before. Interestingly, some
confirmation of the events postulated here
may be emerging from new analyses of
molecular data (16), wherein uniramians are
placed as the first offshoot of a line of
evolution leading to the biramous arthro-
pods.

The fact that Tesnusocaris, a 310-million-
year-old Coal Age animal, provides insights
concerning events of arthropod evolution
that must have happened 600 million years
ago in the early Cambrian is not contradic-
tory. We think that Cambrian fossils do exist
that clearly seem to have a similar anatomical
form (8), but previously have been misinter-
preted. Tesnusocaris is at present merely the
best known fossil with this form. That Tes-
nusocaris, as a missing link in arthropod
evolution, is a remipede should not be too
surprising. This merely seconds the argu-
ments for remipedes being a sister group to
all other crustaceans (9). Other investigators
hold positions contrary to this view (5),
although to date no concrete arguments
have been put forth against remipedes being
built on the most primitive of crustacean
body plans.

In conclusion, the assumption of serial
homology has been the central paradigm
governing comparisons betweéen the body
plans of various groups of segmented meta-
zoans. In fact, it would seem impossible to
attempt analyses of arthropod body plans
without it. In the absence of evidence to the
contrary, the paradigm of serial homology
seemed not only reasonable, but necessary—
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despite the fact that comparisons inevitably
reveal gross inconsistencies. The paradigm
of serial homology is an assumption, howev-
er, that is untested and may prove mislead-
ing. Now, evidence offers a different possi-
bility.

We suggest that the evolutionary se-
quence from annelid-like origins, through
an onychophoran-like ancestor, to diplopo-
dous myriapod-like uniramians established
the base of arthropod evolution from which
evolved crustaceans and possibly other bira-
mian groups. It seems that duplication cy-
cles leading to segment pairing and eventual
fusion are the unique derived feature of the
Arthropoda as a whole and have been a
central factor in the flexibility of body plan
design that has made the arthropods con-
spicuously successful since the Cambrian
explosion some 600 million years ago.
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Side Chain Contributions to the Stability of
Alpha-Helical Structure in Peptides

PinceHIANG C. Lyu, MArk 1. Lirr, Luis A. MARKY,

NEVILLE R. KALLENBACH

Short peptides that contain significant o-helical structure in aqueous solution allow
the investigation of the role of amino acid side chains in stabilizing or destabilizing -
helix structure. A host-guest system of soluble synthetic peptides was designed that
consisted of chains with the block sequence TyrSerGlu,Lys,X;Glu,Lys,, denoted EXK,
in which X represents any “guest” amino acid residue. Circular dichroism spectroscopy
indicates that the extent of helicity of these peptides follows the order Ala > Leu >
Met > GIn > Ile > Val > Ser > Thr > Asn > Gly. This order differs from both host-
guest copolymer values (Met > Ile > Leu > Ala > Gln > Val > Thr > Asn > Ser >
Gly) and the tendencies of these amino acids to occur in helices in globular proteins
(Ala > Met > Leu > Gln > Ile > Val > Asn, Thr > Ser > Gly), but matches the order
found in a series of synthetic coiled-coil a helices, except for Ser. Proton nuclear
magnetic resonance analysis of several EXK peptides indicates that these peptides are
partially helical, with the helical residues favoring the amino terminus.

BOUT ONE THIRD OF THE RESIDUES

in globular proteins of known struc-

ture are estimated to be « helical in
conformation (1). The reasons for this are
imperfectly understood, although the ques-
tion is of importance in trying to determine
or predict how proteins fold. Chou and
Fasman (2, 3) improved and extended a
number of earlier, less complete statistical
correlations to estimate the helical propensi-
ties of different side chains from the frequen-

Department of Chemistry, New York University, 4
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cy of occurrence of amino acids in helical
sequences in proteins of known structure.
More current schemes seek to take longer
range sequence correlations into account
(4), but these entail fitting a much larger set
of parameters than the simple Chou-Fasman
version, comprehensive data for which are
not yet available.

Scheraga and his co-workers (5) have
done experiments to define the quantitative
influence of each of the 20 standard side
chains on the stability of « helices empirical-
ly, introducing the amino acid as a “guest”
into a soluble copolymer of the form poly
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(X,G*), where X denotes the guest amino
acid and G* the “host” side chain, hydroxy-
propyl or hydroxybutyl glutamine. For each
natural amino acid, a value of s, the equilib-
rium constant for adding that amino acid to
the end of a nucleated helix (6), and an
estimate of the effect of the amino acid on
nucleating o helix, Zimm and Bragg’s o
parameter, were reported (5). The results of
this analysis showed an imperfect correla-
tion with the probability values derived by
Chou and Fasman (2, 3).

Subsequent investigations of helix stabil-
ity in short natural and synthetic peptide
fragments (7-10) revealed inconsistencies
with these host-guest values. Many peptides
of length 20 or less with helical structure
have been found or synthesized, and tem-
perature strongly influences their structure.
Neither observation is consistent with pre-
dictions from host-guest experiments based
on hydroxyalkyl glutamine host residues (5).
It is thus necessary to reevaluate these pa-
rameters in different backgrounds and to
establish whether a single, self-consistent set
of values can be obtained for naturally oc-
curring side chains. The relation between
this set of values and values determined for a
helices within globular proteins is of interest
also. Site-directed sequence alterations in
proteins make it possible to determine the
differential free energy (AG) change for
substituting amino acids at particular sites in
proteins, including helical sequences (11).
Whether or not the free energy differences in
globular proteins are simply related to pa-
rameters determined from isolated helices in
solution could prove crucial in understand-
ing both the relative balance of forces in the
two situations and how folding occurs.

Some factors that affect the structure and
stability of isolated o helices have been
identified. (i) The Ala side chain itself ap-
pears to exert a stronger stabilizing effect in
short isolated « helices (7-9) than predicted
by Chou-Fasman values, more complex
schemes (4), or Scheraga’s host-guest pa-
rameters (5). (ii) Charged groups can exert a
direct influence on helix stability. The ar-
rangement of positive and negative charges
along a helix affects helix stability, seemingly
by an interaction between charges and the
helix dipole (7, 12). Side chains containing
pairs of opposite charges spaced three resi-
dues apart so that they face each other on
the surface of the helix can also form ion
pairs (9, 13). (iii) The effect of the two
natural side chains that destabilize o helix
most effectively, Pro and Gly, can be ratio-
nalized in quite simple terms; Pro requires
bending of the helix axis if it occurs in the
interior of a helix, whereas Gly is thought to
stabilize the coil form relative to helix more
than other amino acids because of its greater
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Fig. 1. CD spectra of ten peptides in 10 mM KF,
neutral pH at 4°C (19). (A) Spectra of EAK,
ELK, EMK, and EQK showing a well-defined
isodichroic point near 201 nm. (B) Spectra of
EIK, EVK, and ENK. No fixed isodichroic point
is observed, and the minimum near 208 nm shifts
to lower frequency. (C) Spectra of ETK, ENK,
and EGK showing an isodichroic point near 203
nm. Peptides with high helix content shown in
(A) appear to share common helix and coil charac-
teristics, while those with medium helix content
in (B) do not. Peptides with still lower helix
content (C) again appear to have common helix
and coil features different from those in (A).

conformational freedom in that state (2, 14).
However, what distinguishes other side
chains at different positions in a helix from
those that are more or less stabilizing is not
clear (9, 15, 16). Among chemically similar
side chains, conformational restrictions im-
posed by helix formation are likely to be an
important factor (17).

To approach this problem, consistent esti-
mates of the helix-forming potential of each
amino acid are needed in a background of
natural rather than synthetic side chains. We
have used a de novo designed peptide sys-
tem that is highly soluble and shows partial
intramolecular helix formation in aqueous
solutions at low temperature to reevaluate
the effects of different amino acid side chains
on helix structure. The strategy is to intro-
duce substitutions at internal sites of chains
containing alternating blocks of Glu and Lys
residues (10, 18)

succinyl- YSEEEEKKKKXXXEEEE-
KKKK-NH,

The succinyl group at the amino terminus
and amidation of the carboxyl terminus have
been found to promote helicity in short
peptides (7). The alternation between acidic
and basic side chains in these peptides per-

mits ion pairing between E and K residues
spaced at positions i, i = 4 along the chain
near neutral pH, which also stabilizes a helix
(9). Insertion of test side chains into the
interior of this matrix enabled us to assess
the effect on helicity of these residues in a
relatively polar environment with minimal
intermolecular effects. Initially we have cho-
sen to substitute units consisting of three
groups at a time to amplify potentially small
differences among test side chains.

We recorded ultraviolet circular dichro-
ism [CD (19)] spectra of ten synthetic pep-
tides (20) of the EXK series: Ala (EAK),
Leu (ELK), Met (EMK), Glu (EQK), Ile
(EIK), Val (EVK), Ser (ESK), Thr (ETK),
Asn (ENK), and Gly (EGK) as the X sub-
stituent in the sequence at 4°C and neutral
pH, conditions that favor helix formation
(10). The shape of these spectra, and in
particular the value of the molar residue
ellipticity, [8], at 222 nm, provide a measure
of the « helix content in simple polypeptides
(21). Thus, the spectrum of EAK in Fig. 1
indicates a relatively high degree of helicity,
that of EGK relatively little. Qualitatively,
these values indicate that the relative order
of effectiveness of side chains in stabilizing
thea helixisA>L>M>Q>I>V>S
> T > N > G. However, it is essential to
establish that the helical structure in each
peptide is intramolecular and not a conse-
quence of the known tendency of a helices
to associate intermolecularly. Two checks on
this are shown in Fig. 2. In Fig. 2A, the
dependence of 8] at 222 nm on concentra-
tion is shown for the ten peptides at 4°C. No
dependence on concentration is observed
over the range studied. This result does not
preclude a tight intermolecular interaction,
however, such as occurs in coiled coils. A
more stringent test of the molecularity of the
helical structure is shown in Fig. 2B; as the
helix in EAK unfolds with increasing tem-
perature, the presence of an initial tight
association at low temperature should be
revealed as a dependence of the unfolding
on peptide concentration (22). The concen-
tration dependence of [6],; at four tem-
peratures is shown for the unfolding of
EAK, where it can be seen that the helix
content estimated from the CD spectra
shows no dependence on the peptide con-
centration at any point in the unfolding. We
believe that the helix in these peptides is
then intramolecular in origin and not inter-
molecular.

The order of effectiveness of different side
chains that we observe is inconsistent with
that found in either the host-guest experi-
ments (5) or the frequencies of occurrence
of these side chains in protein helices (2, 3)
(Table 1). This order resembles that deter-
mined recently for five nonpolar side chains
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Table 1. Helix content, free energy, and equilibrium constants for amino acid substitution in ten
synthetic peptides relative to other scales.

Peptide  —[0]22*  ft AAGE  AAGHS  Kxll  Kx/Kal  Sx/Sa#  Pax/Pan**
EAK 27300 085 —052 -079 179 1.00 1.00 1.00
ELK 24100 075 —040 —062 131 0.73 1.04 0.93
EMK 23100 072 038 —057 120  0.67 1.19 0.95
EQK 20,600 064 —031 —048 102 057 0.93 0.81
EIK 17,800 056 —025 —039 087 049 1.13 0.71
EVK 16000 050 020 —034 079 044 0.81 0.70
ESK 14200 044 016 —028 071 0.40 0.66 0.52
ETK 12900 040 —013 —023  0.65 0.37 0.72 0.56
ENK 11,600 036 —0.10 —0.18 060 034 0.70 0.56
EGK 8,100 025 0 0 0.43 0.24 0.49 0.45

*Mean residue ellipticity (deg cm? dmol™") of the peptides at 222 nm (4°C, pH 7). Values are based on triplicate
determinations with a standard deviation estimated to be less than +=3%. Tf = [([8)obs — [0]0)/([0]100 — [0]0)],
the fraction of helix; [8]o = 0 deg cm? dmol™", [6]190 = —32,000 deg cm? dmol™" (21). FAAG, = (AGgxk —
AGggk)/3, on the basis of an all-or-none two-state model (21), where AGgxx = —RTIn[f/(1 — f)]. §The free
energy of helix formation relative to Gly calculated from a multistate model (28) in which a helix sequence can exist at
any possible sites in the chain (6). The actual AG value for Gly is +0.47 kcal/mol, so that Gln (or Q) is very nearly
neutral with respect to the helix formation; those above Q are helix-stabilizing, those below it are destabiliz-
ing. IIThe equilibrium constant for helix formation, calculated from AAG,,. fRatios of stability constants for
helix formation of values in the previous column relative to Ala. For comparison, the ratio for A — G substitution in
C-peptide (7) is 0.37 at 3°C on the basis of a two-state model; our value is 0.39 if based on a two-state
calculation.  #Ratios of s values for helix formation from copolymer host-guest experiments (5). ~ **Ratios of
normalized frequencies of occurrence (P,) of amino acids in « helix in proteins (2).

by Baldwin’s group (9); however, Leu in
their peptides is found to be very close to
Ala in its helix-forming ability, in marked
contrast to our observation here. The order
we observe is most consistent with that
found by O’Neil and DeGrado (16), based
on a complete series of substitutions at a
solvent exposed site in a synthetic coiled-coil
a-helical model. The single difference we
find is Ser, which in ESK is less helix-
stabilizing than Ile and Val, whereas in the
dimer system (16) Ser is more stabilizing
than the latter. The adjacent Ser residues in
ESK may exert a cooperative destabilizing

effect on helix structure (23), a hypothesis
that can be tested by comparing a singly
substituted sequence.

Free energy differences among amino ac-
ids in their effect on helical structure in this
system can be calculated by assuming a
model of the transition between helix and
coil. One procedure that has been applied
assumes helix formation is totally coopera-
tive, hence that a given molecule is either
fully helical or coil (8, 9). On the basis of
such a “two-state” analysis, the difference
between the free energy contribution of Ala
to helix formation and that of Gly would be
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Fig. 2. Effect of concentration on the CD spectra of nine peptides. (A) Dependence of molar ellipticity
per residue at 222 nm on concentration at 4°C of EAK (—x—), ELK (#), EMK (x), EQK (A), EIK
(M), EVK (+), ESK ([), ETK (<), ENK (A), and EGK (0) and (B) of EAK at 4°C ((J), 25°C (#),
50°C (A), and 75°C (M). All measurements were performed in 10 mM KF, neutral pH with a 1-mm
pathlength cell. The lines shown are best-fit linear regression lines. Uncertainties in [8]5,, values are
estimated to be £2%, with most of the error being in the measurement of concentration rather than the
CD measurement, which represents the average of at least three determinations [see (19)].
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Fig. 3. The chemical shifts of the Co protons at
positions of identical sequence in four peptides,
EAK (------ ); ELK ( ); EK (—m— ), the par-
ent species lacking any insert; and EGK (——).
The data are derived from TOCSY experiments,
run at 25°C with a mixing time (50 ms) and 5
mM concentration of peptide in cach case. A
statistical correlation between upficld shifts of
these protons and helix content has been reported
(24, 27). The other NMR criteria of helicity noted
in the text reveal a similar distribution of helical
residues in EAK, ELK, and EK. The Glu and Lys
block toward the amino terminus from the substi-
tution site has greater helical content than the
corresponding block located at the carboxyl ter-
minus in all peptides we have studied. The values
of the CaH shifts for the maximally helical seg-
ment from residues 5 to 8 in the chain correlates
well with the values of [8],,, determined in CD
experiments: EAK > ELK > EK > EGK. The
uncertainty in chemical shift values is approxi-
mately =0.01 ppm.

0.52 kcal/mol, which is greater than that
derived from host-guest copolymer experi-
ments (5) or Chou-Fasman probabilities (3)
(Table 1).

However, 'H nuclear magnetic resonance
(NMR) spectroscopy makes it possible to
localize the helical structure within the chain
quite precisely (24). We have investigated
several of these peptides, including EAK,
ELK, and EGK, by this method. Complete
assignments of the spectra of these species
have been achieved, despite the degeneracy
in side chains, by use of a combination of
total correlation spectroscopy (TOCSY)
(25) and nuclear Overhauser and exchange
spectroscopy (NOESY) (26) experiments.
Several NMR criteria can distinguish helical
segments from extended or coil regions (24),
including NOEs indicating proximity be-
tween pairs of adjacent NH protons, NOEs
between NH residues and the CaH three
residues down the chain, the value of the
three-bond coupling constants 3 b1, as well
as the chemical shifts of the CaH protons
(27). In contrast to the simplest hypothesis
that chains are completely helix or coil, the
helical structure within EAK, ELK, and the
parent species is seen by these criteria to be
nonuniformly distributed within each chain.
The trend in CaH chemical shifts is illustrat-
ed in Fig. 3 as an example; upfield shifts of
these protons correlate with o helicity (24,
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27). The unsubstituted parent species has
less o helix than EAK or ELK, while all of
these are more helical than EGK. This order
is consistent with that determined by CD
spectroscopy (Table 1), and within each
helical peptide there is a tendency for resi-
dues nearer the amino terminus to be heli-
cal, while those near the carboxyl terminus
are less so.

A more realistic estimation of the differ-
ences in helicity among these molecules
should account for the fact that a given
chain can exist in partially helical, and par-
tially coiled conformations, rather than a
two-state situation. A statistical model (6),
in which the helical sequence is allowed to
occupy any positions in these short chains,
allows us to calculate the multistate AAG,
values (28). The relative order is seen to be
preserved, while the free energy differences
are seen to increase as a consequence of the
presence of intermediate states. This analysis
requires a value for o, the equilibrium con-
stant for helix initiation (6); in Table 1 we
used 1 x 1072 (28). However, these num-
bers are relatively insensitive to o values
from 2.5%x 107% to 1x107* (5). The
agreement between the AAG,, values at 4°C
and those found by O’Neil and DeGrado at
25°C (16) is good.

The advantages of our system are that the
peptides are short, soluble, and apparently
monomeric at low concentrations. Since the
parent chain lacking any X substitution is
nearly 60% o helical, the role of each guest
side chain on propagating rather than nucle-
ating helical structure is emphasized; the
differences between side chains should re-
flect differences in values of s rather than o
(6). Moreover, location of the substitution
site at the center of the chains avoids helix
“capping” effects (15, 29). While in principle
any test residue can be evaluated by incorpo-
rating it in the cassette, side chains that are
capable of interacting specifically with the
flanking Glu and Lys blocks will yield esti-
mates biased by these interactions. The role
of next-neighbor sequence and position of
test residues in the X block has been exam-
ined by comparing the helical structure in
ELK and EGK with the substitution Leu-
Gly-Leu (30); the helix content in this pep-
tide matches that predicted from the appro-
priate average of those in ELK and EGK,
which are triply substituted. Substitution of
single residues in short alanine-rich helical
peptides is effectively independent of posi-
tion and additive (8, 9), supporting the
hypothesis that a side chain exerts its effect
on helix structure at a local level.

The results of this survey of ten EXK
peptides reveal an order and quantitative s
values consistent with those determined by
O’Neil and DeGrado (16), with the excep-
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tion of Ser, which we believe is likely to
exhibit unusual behavior in clusters (23).
Since the two systems are different, the
extent of qualitative and quantitative agree-
ment encourages us to anticipate that a
single set of s values exists that describes a-
helix formation under conditions including
those representing early stages in folding
nascent polypeptide chains. It is not unex-
pected that the order we observe differs
from Chou-Fasman values (2, 3) and host-
guest values (5). The former probabilities
describe helical structures in globular pro-
teins in which the balance of forces stabiliz-
ing individual helices is likely to differ from
that governing folding of an isolated helix.
At present, we do not understand the rea-
sons for our disagreement with the results
on the series of substituted Ala peptides
studied in (9). The bulky Leu side chain may
compete more effectively than the smaller
Ala side chain with salt bridges that span the
insertion site. However, the relative effects
of Ile and Val seen in the two series are
consistent, yet should show a comparable
effect. Alternatively, the coil forms of the
peptides in these two series might differ,
altering the apparent s values. The order of
side chain effectiveness and calculated free
energy values reflect helix-coil differences,
and characterizing the coil forms poses
problems. The distinctive isodichroic behav-
ior in EXK peptides with high, medium,
and low helix content (Fig. 1) might in fact
reflect differences among the coil states. To
proceed further, details of the interactions
present in both the helix and coil forms of
these peptides need to be defined precisely.
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Increased Activity of Calcium Leak Channels in
Myotubes of Duchenne Human and mdx Mouse Origin

PEYING FONG, PAUL R. TURNER, WILFRED F. DENETCLAW,

RICHARD A. STEINHARDT*

Elevated free Ca®* concentrations found in adult dystrophic muscle fibers result in
enhanced protein degradation. Since the difference in concentrations may reflect
differences in entry, Ca®* leak channels in cultures of normal and Duchenne human
myotubes, and normal and mdx murine myotubes, have been identified and character-
ized. The open probability of leak channels is markedly increased in dystrophic
myotubes. Other channel properties, such as mean open times, single channel
conductance, ion selectivity, and behavior in the presence of pharmacological agents,
were similar among myotube types. Compared to the Ca** concentrations in normal

human and normal mouse myotubes, intracellular resting free Ca** concentrations

([Ca®*];) in myotubes of Duchenne and mdx origin were significantly higher at a time
when dystrophin is first expressed in normal tissue. Taken together, these findings
suggest that the increased open probability of Ca** leak channels contributes to the
elevated free intracellular Ca®>* concentration in Duchenne human and mdx mouse

myotubes.

DULT dx SINGLE SKELETAL FIBERS

have higher levels of intracellular

free Ca?" than normal mouse skele-
tal fibers; these elevated Ca®" concentra-
tions correlate with increased protein degra-
dation rates in the dystrophic condition (1).
The defective gene responsible for Du-
chenne muscular dystrophy in humans and
the dystrophic condition of the mdx mouse
results in the absence of dystrophin in mus-
cle cells and brain tissue (2—4). Dystrophin
is localized primarily to the sarcolemma of
skeletal muscle fibers (5, 6). The dystrophin
NH,-terminal coding sequence is similar to
that of a-actinin and may be involved in the
anchorage of F-actin filaments to cell mem-
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branes (7, 8). Dystrophin is associated with
the cell membrane by attachment to an
integral membrane protein (9, 10). We hy-
pothesized that the basic mechanism under-
lying the pathology of muscular dystrophy
could involve the modulation of Ca®* leak
channels whose properties are altered by the
absence of dystrophin.

Higher concentrations of free [Ca2+],-
measured in freshly dissected intact skeletal
muscle fibers from mice, as well as in 3-
week-old cultured human myotubes, corre-
lated with the absence of dystrophin (1, 11).
Before we could test any hypothesis of how
[Ca?*], becomes elevated in dystrophic tis-
sues, it was necessary to establish that the
defect in Ca** regulation was present in the
myotube stages being compared. Dystro-
phin expression is detectable after myoblast
fusion and shows a predominantly sarcolem-
mal distribution within a few days of myo-
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Fig. 1. Intracellular free Ca>* estimated by fura 2
fluorescence in normal and dystrophic myotubes
after a tenfold extracellular Ca** increase. (A)
Normal mouse ((J) and mdx mouse (H) myotubes
and (B) normal human (0O) and Duchenne hu-
man (M) myotubes. From 6 to 15 days after
myoblast fusion, ratio images of myotubes were
recorded over a 30-min period at the indicated
time points (+1.5 min). At time 0, myotubes
were bathed in a Ringer solution containing 1.8
mM extracellular Ca>* (138 mM NaCl, 2.7 mM
KCl, 1.8 mM CaCl,, 1.06 mM MgCl,, 12.4 mM
Hepes, and 5.6 mM glucose, pH 7.2). Myotubes
were then exposed to a Ringer solution contain-
ing 18.0 mM calcium. The mean [Ca®"],
(nM =+ SEM) is shown. Free Ca>* was calculated
as described (21).

tube formation (12-14). We therefore com-
pared [Ca®*]; in normal versus dystrophic
myotubes from human and mouse 6 to 15
days after myoblast fusion. Resting [Ca®*];
values for normal mouse and human myo-
tubes were 82 7 nM (mean = SEM)
(n =45) and 55 = 5 nM (n = 78), respec-
tively (Fig. 1); the analogous values for
myotubes from the mdx mouse and Du-
chenne human were already significantly
clevated [110 = 7 nM (n = 64) and 76 £ 5
nM (n = 78), respectively]. Exposure to a
tenfold increase in extracellular Ca?* (18
mM) showed [Ca*']; in normal mouse
myotubes to be tightly regulated, whereas
[Ca**); rose dramatically in mdx myotubes
(Fig. 1A). Unlike [Ca®*]; in normal mouse
myotubes, [Ca?*]; in normal human myo-
tubes increased under these conditions.
However, the rate of increase of [Ca?" ]; was
significantly higher in the Duchenne human
myotubes (Fig. 1B). Thus, the ability to
regulate free [Ca?*]; was impaired in myo-
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