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ABSTRACT
Field observations indicated a difference in the ability to
locomote at low body temperatures in two closely related species of
lizards from very different habitats and with radically different sea
sonal behavior.

I measured the critical thermal minimum (the body

temperature at which a cooling lizard just loses the ability to right
itself) in both species.

The winter-active, montane Sceloporus jarrovi

had a significantly lower critical thermal minimum in both summer and
winter than the winter-hibernating, lowland S^. magister.

Critical

thermal minima were significantly lower in winter than in summer for
both species.
To determine a physiological basis for these differences, I
examined the activity of myosin ATPase, which plays the limiting role
in the velocity of muscle contraction, and the energetics of muscle as
reflected by high energy phosphate compounds.

Microenvironmental con

ditions were correlated with behavior, constraints on winter activity,
and muscle physiology.
Ca

2+

-activated myosin ATPase activity in S_. magi ster of valley

bottoms is greater than that in the vertical rock-dwelling S^. jarrovi.
No seasonal acclimatization occurs in myosin ATPase activity in either
species.
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Changes in the muscle metabolism of hibernating animals has been
attributed to the lack of muscular contraction in the dormant animals.
I measured levels of phosphorylated compounds in a hindlimb muscle
from summer and winter lizards of both species.

Significant seasonal

changes occur in some of the phosphate compounds in both species even
though, within a given season, respective levels of phosphorylated com
pounds are similar in both species.

Phosphorylcreatine and total acid-

soluble phosphate levels increased in winter animals of both species.
Apparently the high levels of phosphoryl creatine in winter S^. magister
are not simply due to inactivity; winter-active S^. jarrovi contain
similar amounts.

Seasonal cycling of phosphate compounds may relate

more to parathyroid status than to muscle activity.
Winter activity in S_. jarrovi was site-specific and highly depen
dent on a favorable microclimate.

Winter dormancy in S^. magister

apparently is not dictated by the severity of the microclimate nor
physiological limitations of skeletal muscle, but may be strongly influ
enced by the thermal inertia of that relatively large species.

INTRODUCTION
The pioneering work on reptilian thermoregulation in the early
1940 1 s (Cowles and Bogert 1944) prompted much investigation into the
thermal limits, costs and benefits of such regulation.

This and other

papers (Cowles 1940, 1962 and Bogert 1949a) emphasized correctly the
designation of reptiles as ectotherms (animals deriving their body
heat from external sources such as solar radiation or by conduction
from the substratum) instead of poikilotherms ("cold-blooded" animals
whose body temperature is the same as the temperature of their sur
roundings).

I t is now well established that these animals are in fact

behavioral homeotherms, often regulating their active body temperature
as tightly as some birds and mammals.
Both field and laboratory observations indicate that the body
temperature in active lizards is amazingly consistent among individuals
of the same or similar species.

This preferred body temperature is

generally considered to be a "generic character"; i.e., closely related
species exhibit similar thermal preferenda (Cowles and Bogert 1944,
Bogert 1949b, Dawson 1975 and Licht et al. 1966).

The preferred body

temperature and other important thermal parameters of reptile populations
such as the critical thermal minimum and critical thermal maximum are
subject to adjustment based on the thermal history of the individual
(Lowe and Vance 1955 and Murrish and Vance 1968).

Therefore, the micro-

environmental temperatures or radiative, conductive and convective heat
1
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sources to which a lizard has been exposed affect its response to these
same environmental variables in the present.
Diurnal reptiles usually are most active at body temperatures
only a few degrees below their upper lethal limits.

During the summer,

diurnal temperature lizards usually have access to microenvironments
that exceed their maximal thermal tolerance and maintain viable activity
temperatures by shuttling within the microenvironmental mosaic (Porter
and Gates 1969, Porter et al. 1971 and Heath 1962).
The demonstration in the early 1970 1 s by C. H. Lowe and his
students that most temperate reptiles have the ability to survive super
cooling helped explain the distribution and behavior of several temper
ate species (Halpern and Lowe 1968; Lowe, Lardner and Halpern 1971; and
Halpern 1979).

This preadaptation for low-temperature survival has

allowed several reptiles—especially lizards--to exploit environments
generally considered unfit for reptilian habitation.

Lacerta vivipara

extends to the Arctic Circle in northern Europe (Porter 1972); Liolaemus
survives in the Andes Mountains of Peru at elevations exceeding 4300 m
(Pearson 1954 and Pearson and Bradford 1976); Sceloporus jarrovi remains
active during the winter at 3300 m in the Sierra Madre Occidental and
its outlyers in Mexico and southeastern Arizona (Lowe et al. 1971 and
Halpern 1979).

In fact, :S. jarrovi has been observed moving about at

body temperatures low enough to immobilize other lizards (Lowe, pers.
comm. 1975; Schwalbe, preliminary observations, this study).
This ability to move at a low body temperature poses some
interesting physiological questions.

Of the several neural and muscular

3

events which must occur for coordinated locomotion, which ones most
likely account for these observed differences in lizard behavior?
Prosser and his students, among others, have determined that two of the
most thermally labile events involved in controlling the rate of a
muscular movement in vivo are the contraction velocity itself and trans
mission of the nerve action potential across the neuromuscular junction
(Prosser 1973 and Hazel and Prosser 1974).

Cold blockage of neuro

muscular transmission prevents any muscular movement.
The contraction velocity or speed of muscle shortening is
directly proportional to myosin adenosinetriphosphatase (ATPase) activity
(Barany 1967).

The thermal dependence of this enzyme appears to vary

widely among a variety of organisms.

Pronounced differences were ob

served in the temperature optima and thermostabilities of myosin ATPase
and the thermal dependence of contractility in eight species of lizards
(Licht 1964a, b).

This temperature dependence was correlated with the

preferred temperatures of the respective species.
Thermal acclimation occurs in muscle ATPases in cockroaches and
houseflies (Thiessen and Mutchmor 1967), a lizard (Eapen and Pushpendran
1972) and in some fishes (Johnston, Frearson and Goldspink 1973,
Johnston et al. 1975, Johnston 1979).

However, no relationship was

found between environmental temperatures and Q-| 0 values for myosin
ATPase in 4 species of fish, frogs, turtles, mice and sparrows (Steinbach 1949).
In addition to the physiological processes causing cold immo
bilization in ectotherms, there are interesting questions concerning

4

muscle energetics in hibernating animals.

The energetics of muscular

contraction in active frogs, rats and turtles has been studied exten
sively (Mommaerts and Wallner 1967, Rail et al. 1976, Rail 1978 and
Glower and Kretzschmar 1976).

The muscle twitch requirements for

phosphorylcreatine (PC) and adenosine triphosphate (ATP) have been
measured for these animals along with resting levels of these com
pounds.

However, their work does not address the problem of contrac

tion energetics in dormant animals.
Numerous physiological changes occur in hibernating or estivating animals when compared to their active state (Aleksiuk 1976,
Kayser 1961, Pollock and MacAvoy 1978).

However, relatively little is

known about the relation of phosphate metabolism to dormancy.

In fact,

for hibernators, resting levels of PC and ATP are known for only a few
species; even less is known of other phosphorylated compounds.
Skeletal muscle contains elevated levels of PC in hibernating
ground squirrels, Citell us (Spermophilus) tridecern!ineatus (Zimny and
Gregory 1958), and lizards, Varanus greseus (qriseus) (Haggag, Raheem
and Khalil 1966), when compared to summer, active levels.
of dormancy on ATP levels vary considerably.

The effects

Some dormant animals

exhibit high ATP levels, others show no change or decreased levels
(Zimny and Gregory 1958, Haggag et al. 1966, Rahgupathiramireddy and
Swami 1967).

In these studies, the combined levels of high-energy

phosphates (ATP plus PC) are higher in dormant animals than in active
ones.

This increase has been attributed to the decreased muscular

contractions during dormancy compared to active periods.

These effects
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of hibernation on muscle phosphate levels have been obscured by phylogenetic differences as well as variation in laboratory and field
techniques.
There are two lizards in the southwestern United States that
allow the study of many of these physiological and environmental effects
while controlling for most of the variation in phylogeny and experimental
technique.

While closely related phylogenetically, these congeners

exhibit very different winter behavior.

Unlike most temperature rep

tiles, certain populations of Sceloporus jarrovi, the Mountain Spiny
Lizard, do not hibernate—they may be found basking throughout the winter
except during storms and overcast weather (Tinkle and Hadley 1973, Ruby
1977, Congdon 1977).

This diurnal activity occurs even though night

time temperatures of the lizards often fall below freezing and super
cooling is necessary for winter survival (Halpern 1979, Lowe et al.
1971).
The Desert Spiny Lizard, S_. magister, exhibits behavior typical
of temperate lizards.

These animals are active during the spring,

summer and fall, but spend the winter months (mid-November to mid-March)
in a dormant state (Parker and Pianka 1973).

Adults do not emerge from

this hibernation even during periods of warming in the winter.
Apparently, S^. magi ster is unable to move as effectively at low
body temperatures as 55. jarrovi (Schwalbe, preliminary observations,
this study).

The critical thermal minimum is defined as the "temperature

which causes a cold narcosis and effectually prevents locomotion" (Cowles
and Bogert 1944).

I f the critical thermal minima do differ between these

two lizards and the microenvironments are as different as the habitats
for the two species would indicate, these two animals present a model
system for the investigation of the relationship between the environ
ment and the physiology of locomotion and the role of dormancy in the
contraction energetics of vertebrate muscle.
Are these differences due to changes within the myosin molecule
Are there different levels of phosphorylated compounds, especially the
high-energy phosphates phosphorylcreatine and adenosine triphosphate,
that correlate with activity or inactivity in these animals?

And

finally, what are the microenvironmental limits on these animals which
affect the degree of winter activity in these species?

Are these

limits ultimately physiological or are they ecological, imposed by pres
sures other than the physiology of locomotion?

METHODS AND MATERIALS
Animals and Environments
Field Capture and Maintenance
5L magister were collected from a single population located
north and west of the intersection of Avra Valley Road and Sanders Road,
Pima County, Arizona, elevation 620 meters.

The S^ jarrovi population

was from the cliffs and talus slope at Barfoot Park, Chiricahua Moun
tains, Cochise County, Arizona, elevation 2930 meters.
During the summer, active, male lizards of both species were
noosed, weighed, measured, and transported in cloth bags to the labora
tory where they were housed overnight at room temperature (24 + 1°C).
Muscles were extracted within 24 hours of capture.
During the winter, active 5L jarrovi were captured and main
tained just as the summer animals.

However, winter S^. magister were

excavated from the dens of the pack rat (Neotoma albigula) where they
hibernate.

They were carried back to the laboratory in a cold box to

maintain dormancy.

Muscles of these hibernating lizards were extracted

within 4 hours of capture.
Microclimatology
Total solar radiation at the Chiricahua Mountains S^. jarrovi
location was measured using a hemispherical pyranometer (Weather Measure).
This instrument was calibrated against radiation measurements determined
7
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(with an Eppley pyranometer) on the same days by W. D. Sellers,
unpublished data, at the University of Arizona
The solar radiation representing a SL magister habitat was
assumed to be similar to that measured by Dr. Sellers at the Univer
sity of Arizona.

Throughout the 1950's and before, S^. magister was

still present on the university campus, just as the desert species
Cnemidophorus tigris and Urosaurus ornatus remain today (fide C. H.
lowe).

While S^. magister no longer remains on campus, i t is still

successful in many less-modified urban areas within the city limits of
Tucson.
Lizard deep body temperatures were measured in the field with a
Bailey thermocouple thermometer (Model BAT-4) or a Schultheis quickregistering mercury thermometer inserted into the vent of the animal
approximately thirty percent of the snout-vent length.

X-ray photo

graphs were taken to verify the position of the flexible temperature
probes.
Inside-crevice and external ambient temperatures were measured
using a thermocouple thermometer (Bailey BAT-4), a thermister thermo
meter (YSI Model 46C) or a continuous recording, three-channel thermo
graph (Weather Measure Model ET3).
from direct solar radiation.

All temperature sensors were shielded

Surface temperatures were measured with a

radiation thermometer (Barnes PRT-10).

Calibration of temperature meas

uring devices was traceable to the National Bureau of Standards.
Humidity was determined by measuring wet and dry bulb tempera
tures with a Bendix electric psychrometer at 10 cm above the substratum
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surface.

A wind-run cup anemometer (Sensitive Model 16108) recorded

average wind speeds.
Thermal buffering was calculated as the minimum temperature
difference in a 24-hour period between ambient air temperature and the
crevice or burrow temperature at the same depth as a lizard.
In addition, for JS. magister two experimental wooden boxes were
buried in two different habitat soil types at the Avra Valley study site
to determine thermal characteristics of those soil types.
creosotebush habitat on a silty clay loam soil.

Site 1 was a

Site 2 was an over

grazed mesquite-grassland on a sandy loam soil (Gelderman 1972).
boxes simulated Neotoma albigula burrows.

The

The boxes contained live S^

magister, some free within the box and some probed with thermocouples,
and other thermocouples to measure soil and air-pocket temperatures at
various depths.
Laboratory Procedure
Critical Thermal Minimum
The critical thermal minimum is the deep body temperature when
the animal could no longer roll itself over when placed on its back and
stimulated.
Lizards were placed in a 4-liter container suspended in 176 1
of 20% ethylene glycol at 10°C.

After a 45-minute period, all lizard

body temperatures had reached container temperature.

Cooling was begun

at 5°C/hr, a rate similar to that in natural habitats at this latitude.
Every 5 minutes a lizard was placed on its back and its left rear leg
squeezed to stimulate i t to right itself.

Deep body temperatures were
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recorded using tissue implant thermistor probes (YSI Model 511) or thermo
couples (36 gauge).

Air was pumped to the lizards through copper coils

suspended in the ethylene glycol.

Rubber gloves pre-cooled to bath

temperature were worn when stimulating the lizards, to insure no heat
transfer.
For some experiments, the critical thermal minimum was deter
mined by placing probed lizards into a refrigerator maintained at 0°C
(+ 2°C), and determining the loss of righting response as above.

The

cooling rates varied from 10 - 16°C/hr for these animals.
Myosin Extraction
Following decapitation and pithing of the lizards, the limb and
trunk muscles were combined and minced (muscles from 1 !5. maqister or
2 - 3 S. jarrovi were combined to provide enough muscle mass (6 - 30g)
for each set of experiments).

Dissection and extraction were carried

out over ice in a 4°C cold room.
A method modified from Barany, Barany and Bail in (1958) for frog
muscle was used to extract myosin from the lizard muscle.

The minced

muscle was stirred into 3 volumes of 0.3 M KCl, 0.15 M potassium phos
phate buffer (pH 6.6) for 15 minutes.

An equal volume of cold water

was added and the mixture was centrifuged at 15,000 rpm, 0°C for 5
minutes.

The supernatant was filtered through washed glass wool to

remove lipid. I diluted this supernatant with 6.5 volumes cold water
and adjusted the pH to 6.2 - 6.0 with 1.0 M Kh^PO^.

This solution was

allowed to precipitation for several hours at 0°C.

After centrifugation

at 10,000 rpm, 0°C for 5 min, the precipitate was dissolved in 0.6 M KCl,

0.01 M phosphate buffer, pH 6.4 (final concentrations).

An equal

volume of cold water was added and the precipitate (actomyosin) was
centrifuged at 20,000 rpm, 0°C for 20 min and discarded.

The super

natant was diluted with 6.5 volumes cold water and the myosin precipi
tate collected at 15,000 rpm, 0°C for 20 min.

This myosin was dissolved

with 2 M KC1 (adjusted to pH 7 with 0.1 M KHCOg) to a final KC1 concen
tration of 0.5 M.

This was centrifuged at 20,000 rpm, 0°C for 20 min,

and the upper portion of the supernatant was used as the purified
myosin.

The myosin concentration was determined according to Lowry et

al. 1951.

Suitable dilution of the myosin was made with 0.5 M KC1 prior

to activity measurements.

Myosin was also extracted using ammonium

sulfate according to Banerjee, F1 ink and Morkin 1976.
Measurement of Myosin ATPase Activity
For the saturated substrate experiments, the final reaction
medium contained 5 mM ATP, 5 mM CaC^^h^O or EDTA-2Na, 50 mM Tris-Cl
buffer at pH 8 and approximately 0.1 mg myosin/ml.

Potassium chloride

concentration or pH was varied in some of the experiments.

For the K +

(EDTA)-activated ATPase assays, the KC1 concentration was 500 mM; for
the Ca

2+

-activated ATPase, 50 mM.

In the binding affinity studies, ATP

concentration varied from 0.01 to 10 mM.

Test tubes containing all of

the reaction media except for the myosin and ATP were allowed to come to
thermal equilibrium in the appropriate temperature bath.

Myosin was

then added and the reaction initiated by the addition of ATP.

Addition

of one reaction volume of cold 15% trichloroacetic acid (TCA) stopped
the reaction at the appropriate time (5 - 30 min).

After centrifugation
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the supernatant was used to determine ATPase activity by measuring the
amount of inorganic phosphate released during the incubation period.
Inorganic phosphate was measured colorimetrically according to Fiske
and SubbaRow 1925.

Two milliliters of supernatant were added to 2.3

ml 1^0, 0.5 ml 5 N I^SO^ in 2.5% ammonium molybdate.
tion was initiated by adding 0.2 ml of reducer.

The color reac

After 5 min the optical

density was read at 650 mM on a Zeiss spectrophotometer.
To ascertain the temperature-dependence of the myosin ATPase,
temperature was controlled within 0.05°C in a water bath containing
36 1 of 20% ethylene glycol solution in conjunction with a cooling unit
(Haake "Frigid Midget" Chiller) and circulating pump for the methanol
coolant.

Buffer was kept in the temperature bath and adjusted to pH 8

at each experimental temperature by the addition of isismolar Tris-base
solution.

pH 8 was selected because that is near the pH found in tissues

of poikilotherms at temperatures near 0°C (Wood and Moberly 1970).

In

some experiments incubating shakers were also used to control reaction
temperature (+ 0.1°C).

Reaction pH was measured to + 0.01 pH with a

Radiometer Acid Base Analyzer PHM 71.
Sulfhydryl Modification
N-ethylmaleimide (NEM) derivatives of myosin were prepared by
incubating myosin dissolved in 0.5 M KC1, 0.05 M Tris-Cl at pH 7.0 with
the desired concentration of NEM in an ice bath for one hour.

The reac

tion was stopped by adding the appropriate volume of 0.05 M KC1, 4 mM
3-mercaptoethanol and 0.05 M Tris-Cl at pH 7.0 (Malik and Martonosi
1971).
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Gel Electrophoresis
Sodium dodecyl sulfate (SDS)-polyacrylmide disc electrophoresis
was performed on myosin samples (Weber and Osborn 1969).
used as a tracking dye instead of Bromphenol blue.

Pyronin Y was

After electrophore

sis, 7.5 or 10% gels were stained with 2.5% Coomassie blue in 50%
methanol and 7.5% acetic acid.
stored in 7.5% acetic acid.

Gels were electrically destained and

Mobilities of the myosin subunits were

determined using a scanning densitometer (Bausch and Lomb Model 32C).
Muscle Phosphate Extraction and Analysis
Following decapitation of a lizard, the iliotibialis muscle was
carefully dissected out of the hindlimb.

Muscles weighing 125 - 230 mg

(S. jarrovi) and 125 - 450 mg {S. magister) were incubated in 50 ml of
a phosphate-free Ringer's solution^ for 1 hour at 25°C and for 2 hours
at 0°C.

The muscle was removed from the Ringer's, blotted dry and

frozen immediately in isopentane suspended in liquid nitrogen.

In early

experiments, using right and left iliotibialis muscles from the same
lizard, this incubation technique was compared to exposing the muscle by
blunt dissection and (1) freezing i t in situ with pressurized dichlorodifluoromethane (Cryowik, Scientific Products), or (2) cutting the ten
dons and immersing the muscle immediately in isopentane suspended in
liquid nitrogen.
muscle.

The latter two methods required weighing the frozen

Weighing was quickly and carefully done to insure that

1. Composition of Ringer's solution: NaCl, 95 mM; NaHC03,
20 mM; KC1, 2.5 mM; MgCL 2 ; CaCl 2 , 1 H 2 0, 1 mM. 5% C0 2 , 95% 0 2 was
bubbled through the incubation medium continuously.
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temperatures remained below -40°C.

This was verified using 36-gauge

copper-constantan thermocouples implanted in similar-sized muscles.
These implanted muscles were frozen using isopentane in liquid nitrogen
or a Cryowik spray and then immersed in liquid nitrogen.

Temperatures

were monitored with a thermocouple thermometer (Bailey BAT-4) while the
muscles were weighed and then returned to liquid nitrogen.

Temperatures

did not rise above -50°C. Exposure of muscle temperatures above -20°C
has been shown to significantly decrease levels of PC and ATP (Goldberg
Martel and Kushmerick 1975).

The muscles were pulverized in liquid

nitrogen in a mortar and pestle, which was then allowed to equilibrate
thermally with a -15°C ethylene glycol bath.

Fifteen volumes of cold

(0°C) 0.5 N perchloric acid were added to the powdered muscle and
stirred vigorously, allowing formation of a wet slush.

I f the solution

froze solid, the sample was discarded because the enzymes hydrolyzing
PC and ATP are not inactivated under those conditions (Goldberg et al.
1975).

The muscle homogenate was transferred into a centrifuge tube,

vortexed vigorously for 2 minutes at 4°C, and centrifuged at 2000 rpm
for 10 minutes in the cold room (4°C).

The supernatant was neutralized

with 5.6 M potassium carbonate and centrifuged againJ

To this super

natant was added 10 ml of bromothymol blue (Sigma Chemical Company) as
1. In other early experiments, 1.0 ml of the PCA and muscle
extract was neutralized by pipetting onto 0.8 ml tricaprylyl tertiary
amine (Alamine 336, General Mills Chemicals) which had been injected
with a syringe onto 4.0 ml of trichlorotrifluorethane (Freon TF,
Miller-Stephenson Chemical Company) and vortexing vigorously at 4°C until
complete emulsification occurred. The sealed tube was centrifuged (2000
rpm, 10 minutes, 4°C) and the top layer carefully removed and measuree.
Final pH adjustments were made as in the potassium carbonate — Continued
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a pH indicator and pH was adjusted to 7.4 - 7.6 with 5 - 20 yl of
potassium bicarbonate.

Extracts and samples of the Ringer's solution

were frozen until the phosphate analysis was made.
Columns.

Two glass columns were used, 3 x 150 mm and 3 x 500

mm (Microbore, Altex Scientific) with polypropylene end fittings.

For

column packing, the analytical resins (see Resins and Resin Preparation
section) were slurried in 0.6 M ammonium chloride and injected into the
3 x 500 mm glass columns by means of a syringe attached to a length of
Teflon tubing until the column was full.
excluded from the slurry.

Air bubbles were carefully

The column was then pumped with distilled

water until operating pressures were attained (200 - 350 psi).

The

slurry concentration was such that approximately 1/6 of the column was
packed with each loading.

Pumping was stopped and the water above the

resin bed was carefully removed, the top of the bed gently stirred and
more resin introduced.

This procedure was repeated until the column

was filled with the packed resins.

The packed column was then rinsed

with water pumped at operating pressures until all ammonium chloride
was washed free as determined by the silver chloride precipitate test.
Between chromatograms the column was regenerated by injecting
1 - 2 ml of 1 N hydrochloric acid onto the precolumn with an automatic
injection valve (Altex Scientific).

This flushed any remaining anions

bound to the resins in preparation for the next run.
neutralization. This Alamine/Freon neutralization resulted in good
chromatograms in muscle samples except for one major flaw—often PC and
P.j did not separate sufficiently to quantify each of these important
compounds so this technique was rejected.

The shorter column was used as a precolumn for sample loading
and to protect the analytical resins from particulate contaminants in
the extracts and in the elution buffers.

The precolumn was injected

witn 0.3 - 0.5 ml of an anion exchange resin and rinsed with water
until chloride-free.
Resins and Resin Preparation.

The analytical resins are strong

anion exchangers DA-X4-20 (Durrum Chemical Company) and Aminex A-25
(BioRad Laboratories).

New resins were mixed 1:1, w/w, and thoroughly

stirred in 1 N hydrochloric acid, washed with distilled water, 0.5 N
sodium hydroxide, and again with water.

Following a second acid wash,

the resins were rinsed with water and slurried with 0.6 M ammonium
chloride.

Between each of the above washing steps, the resins were

recovered by centrifugation (5000 rpm, 10 minutes).

After 3 chromato-

grams, the used resins were collected and washed as above before
repacking.
The precolumn resin, another anion exchanger, Dowex AG1-X4,
200 - 400 mesh (Sigma Chemical Company) was activated by the same pro
cedure and was discarded after each run.
Solutions.

All solutions were made with reagent-grade chemicals

and glass-distilled water.

They were filtered with a 0.22 ym Millipore

filter to remove any particulate matter which can result in pressure and
flow irregularities.
The color-developing reagents were mixed according to Bessman
et al. 1974.

Two percent ascorbic acid in 2.5% sulfuric acid and 0.05%

ammonium molybdate in 2.5% sulfuric acid were mixed 1:1 (0.25 ml each)
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in the cups of the ashing unit by automatic pipettes actuated by the
washing manifold (see Apparatus section).

Each of the color reagents

contained 1.0 ml of Ultrawet 60L (Sigma Chemical Company) per liter to
facilitate flow and sample wash-out.
The oxidizing agent (0.1 ml of 0.01 M ammonium tetraborate in
3 N nitric acid) was automatically pipetted into the cup preceding the
column eluate.
The mixing chamber in the elution gradient generator contained
80 ml of 0.1 M ammonium chloride, 0.05 M ammonium tetraborate.

The

reservoir chamber contained 80 ml of 0.6 M ammonium chloride, 0.05 M
borate.
Apparatus.
Products, Inc.

The ashing unit was manufactured by Alsab Scientific

Column eluent up to 0.5 ml volume can be collected into

a single cup in the ashing unit.

The sample was ashed in the electric

furnace which consists of coils of nichrome wire lining the ceramic
trough into which the silica cups are suspended.

The entire turntable

rotated every 30 seconds so that the desired eluent volume could be
collected by adjusting the flow rate.
As the ashed sample rotated past the furnace, i t was allowed to
cool for approximately 1-1/2 minutes before the color-developing re
agents were added to the cups.

Color developed in the cup for 1 minute

until the solution was withdrawn and pumped peristaltically (Gibson
Minipulse II) through a debubbler to a colorimeter.
in the pump tubing was approximately 1-1/2 minutes.

Development time

Next the cup was automatically cleaned with a washing manifold
employing distilled water under pressure and a vacuum drain which cleans
with less than one part in ten-thousand carry-over.

Each cup was rinsed

vigorously for 30 seconds at each of 4 different positions on the turn
table.

The level of water at each rinse station was greater than in the

preceding one.

A solenoid valve stopped the flow of rinse water while

the washing manifold raised, allowing the turntable to rotate one posi
tion.

After the washing, each cup received a small amount of oxidizing

agent before i t returned to the starting position to receive eluent.
Figure 1 shows a schematic diagram of the entire system.

The

linear ammonium chloride-ammonium tetraborate gradient (see Solutions
section) was produced by connecting equal volumes of dilute and concen
trated buffer solutions with a siphon.

This gradient solution was pumped

from the dilute chamber to the column by a Milton Roy mini-pump.

As the

solution was pumped to the column, an equal volume of concentrated solu
tion was siphoned into the magnetically stirred dilute buffer chamber,
resulting in the increasing linear gradient.

A stainless steel gauge

(U.S. Gauge) continually monitored pump pressures up to 500 psi.
The eluent from the column passed through an ultraviolet spectro
photometer which recorded absorbance at a wavelength of 254 nm (ISCO
Model UA-4).
(1974).

This is an addition to the original system of Bessman

This aids in identification and quantification of compounds in

the eluent before ashing takes place.

From the ultraviolet spectro

photometer the eluent flowed into the cups of the ashing unit at rates
near 0.2 ml/min.
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P O Q.

Figure 1.

Schematic diagram of the chromatographic system. -- (1)
gradient generator; (2) high pressure pump; (3) pressure
gauge; (4) high pressure liquid chromatography column;
(5) ultraviolet spectrophotometer reading at 254 nm; (6)
strip chart recorder; (7) ashing unit; (8) peristaltic
pump; (9) debubbler; (10) colorimeter reading at 820 nm;
(11) strip chart recorder and integrator; (12) waste
(after Bessman et al. 1974).
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Teflon tubing (1/16" ID) connected the elution buffer reservoir
to the high-pressure pump and to the column.

This tubing also intro

duced column eluent into the ashing unit and connected the cup with
developing reagent to the peristaltic pump and the colorimeter.

This

tubing and plastic fittings were from Altex Scientific.
The rate of flow through the peristaltic pump is determined by
the relative diameters of the input and output tubing.

Ideally the

input and output to and from the colorimeter should differ only by the
volume of the air bubble introduced each time the washing manifold
raises while the turntable rotates.

Such flow rates were successfully

approximated using white color-coded input (0.040 in. ID) and orange
exit tubing (0.035 in. ID) from Scientific Products.
The colorimeter monitored the absorbance (at 820 nm wavelength)
of the molybdate blue which is proportional to the amount of inorganic
phosphate in the cups after ashing.

During ashing the various organic

phosphates were hydrolyzed to inorganic phosphate which was measured by
the colorimeter.

The colorimeter (Glenco Scientific Model 56V) was

attached to an integrating recorder (Linear Instruments Model 282) that
electronically integrates signals up to four times full scale.

This

was invaluable when measuring concentrations of abundant and trace
compounds from the same chromatogram.
Loading of Sample.

Each chromatographic sample usually con

tained 1000 - 2000 nmoles of total phosphate.

The volume of extract

to be loaded onto the column was determined by injecting 10 yl aliquots
of extract directly into the cup containing oxidizing agent on the
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ashing unit.

This resulted in integrated pulses of total phosphate

being recorded from the colorimeter.

These pulses were compared to

similar pulses created by injecting 10 nmoles of inorganic phosphate
(10 yl of 1 mM K^PO^) into the ashing unit.

The calculated amount of

extract was diluted 3-fold with cold distilled water and pumped onto the
column by the high pressure pump.
while flow rate was adjusted.

The sample was flushed with water

Flow rate was determined by connecting

the tubing from the column to a vertical glass pipette and adjusting
the pump until the desired flow of 100 yl in 30 seconds was attained.
The gradient was started and the beginning times indicated on both the
ultraviolet and colorimeter records.
Identification and Quantitation of Compounds.

Reagent-grade

standard compounds used in determining relative elution position for
glycolytic intermediates, various nucleotides, and other phosphorylated
compounds were obtained commerciallyJ

Elution positions of the various

compounds were ascertained by eluting known amounts of these standards
from the column and noting their respective positions on the ultra
violet and phosphate-recording chromatograms.

This procedure was

1. Abbreviations used in this paper: ADP, adenosine diphosphate 5 ;
AMP, adenosine monophosphate 0 ; ATP, adenosine triphosphate 8 ; DHAP,
dihydroxyacetone phosphate s ; Fru-1,6-P2, fructose-1, 6-diphosphate s ;
Fru-6-P, fructose-6-phosphate s ; G-l,6-P2, glucose-1, 6-diphosphate s ;
G-l-P, glucose-1-phosphate s ; G-6-P, glucose-6-phosphate s ; GDP, guanine
diphosphate 13 ; IMP, inosine monophosphates; NAD, nicotinamide adenine
dinucleotideb; PCA, perchloric acid; PC; phosphorylcreatine s ; 2-or 3-PGA,
2- or 3-phosphoglycerate s ; TASP, total acid-soluble phosphate; UDP,
uridine diphosphate^; ^Boehringer, c Calbiochem, s Sigma Chemical Company.

repeated as needed with varying combinations of standards to specify
individual elution positions.
Standard samples were treated with PCA and neutralized just as
the tissue samples.

In addition, standard samples were run that were

not mixed in the mortar and pestle in order to determine the accuracy
of the corrections made for sample loss in the glassware.
Compounds in the muscle extracts were then identified by elution
position.

The ultraviolet and colorimeter records were synchronized at

a 4 in/hour (10 cm/hr) chart speed, allowing the traces to be superim
posed on each other to distinguish between ultraviolet-absorbing and
non-absorbing compounds with similar elution times (e.g., Fru-1, 6-P£
and IMP).
Amounts of compounds recovered from the column were computed by
comparing the number of integrator swings on the colorimeter record to
the number of integrator swings elicited by 10 nmole injections of
Kh^PO^ directly into the cup on the ashing unit.

Addition or deletion

of bromothymol blue did not affect the phosphate measurement.
The measurement technique was found to be extremely sensitive
to temperature.

To minimize fluctuations in air flow in the laboratory

near the ashing unit a stainless steel hood was fitted closely over the
unit and vented through 10 cm clothes dryer hose to the air duct evacu
ating the building chemical hoods.

The dryer hose passed through a

stainless steel box where sodium hydroxide pellets were added to parti
ally neutralize the acid fumds from the ashing unit.

As insulation
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against sporadic air flow, Tygon tubing of the appropriate size was
slipped over the Teflon tubing to and from the peristaltic pump.
Once the phosphate compounds were bound to the anion exchange
resins, apparently no appreciable amount of hydrolysis occurred—even
of the more labile compounds such as PC and ATP.

An aliquot of muscle

extract that was loaded onto the column and allowed to sit at room
temperature for one week before eluting showed no difference in PC or
ATP levels from an aliquot of the same extract that had been loaded and
run during the same day.
Eluting first with 0.1 M NH^Cl, 0.05 tetraborate only and then
with the normal gradient provided additional evidence that no hydrolysis
occurs in compounds while bound to the column.

This first elution re

leased PC, G-l-P, P.j, and the triose and hexose phosphates.
ing compounds were eluted the following day.

The remain

There was not a trace of

inorganic phosphate in the second chromatogram, indicating no breakdown
of labile phosphate compounds such as ATP.

RESULTS
Microclimatology and Activity
Solar Radiation
Winter solar radiation for Sceloporus jarrovi and S_. magister
habitats are represented in Tables 1 and 2 by daily totals for January,
the month in which adult :S. magister are least likely to be active.
For January, 1977, mean daily solar radiation on clear days is signif
icantly greater at 2930 m elevation in the Chiricahua Mountains (17.62
Mjoules-m

-2

-day

-1

) than at 701 m in Tucson (15.03 Mjoules*m

Monthly means (clear and cloudy days) do not differ.

-2

-2

-2

-day

-1

-1

).

Maximum solar

radiation on a clear day in June 1977, was 30.80 Mjoules m
the Chiricahua Mountains and 31.35 Mjoules*m

-day

day

-1

in

in Tucson.

During the winter, S^. jarrovi was not observed active until
_2

solar radiation reached 540W-m .

Morning cloud cover preventing

radiation levels from reaching this threshold always precluded lizard
activity even though air temperatures, windspeed and total daily radi
ation might be within the ranges for lizard activity on other days.
Activity Temperatures
Sceloporus .jarrovi is active in winter at significantly lower
body temperatures than in summer (P < .01) (Table 3).

Associated

with this seasonal difference in S_. jarrovi body temperatures is a
significant decrease (3.6°C) in the air temperature at 1 cm during
24
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Table 1.

Winter solar radiation (daily totals) in a Sceloporus
.iarrovi forest habitat, Barfoot Park, Chiricahua Mountains,
Cochise County, Arizona, elevation 2930 m. -- Skies are at
least partially cloudy unless indicated as clear.

Solar Radiation
January 3
1977

Mjoules
2
m 'day

Solar Radiation
January
1977

Mjoules
2
m -day

1

14.98

15

17.51 clear

2

14.65

16

18.18 clear

3

14.65

17

15.48

4

9.76

18

11.45

5

3.70

19

5.22

6

12.29

20

4.55

7

15.32

21

3.53

8

3.88

22

2.19

9

13.63

23

12.79

10

16.50 clear

24

19.03 clear

11

16.84 clear

25

15.65

12

10.60

26

15.99

13

11.45

27-31

14

16.84

Monthly mean + standard error (N=27) = 12.18 + 1.02 Mjoules-nf -day" ;
mean + standard error on clear days (N=5) = 17.61 + 0.45 Mjoules*m~ 2 day"'.
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Table 2.

Winter solar radiation (daily totals) in a Sceloporus
magister desert habitat, Tucson, Pima County,
Arizona. — Data from Dr. W. D. Sellers, Institute
of Atmospheric Physics, University of Arizona.

Solar Radiation

Solar Radiation

January 8
1977

!M§ules
m -day

1

10.93

17

13.05

2

13.65

18

12.60

3

9.23

19

14.11

4

6.70

20

8.52

5

12.77

21

4.15

6

13.51

22

3.86

7

13.89

23

14.90

8

1.83

24

15.08

9

14.52

25

8.17

10

14.16

26

8.35

11

14.40 clear

27

14.79

12

14.32

28

13.35

13

14.28

29

8.06

14

14.44 clear

30

6.27

15

14.73 clear

31

16.53

16

15.12

a.

January
1977

*^8!^
m -day

_p
Monthly mean + standard error (N = 3T) = 11.62 + 0.71 Mjoules-m •
day"^; mean + standard error on clear days (N = 4) = 15.03 + 0.51
Mjoules'm"" 2 *day"'.

Table 3.

Deep body temperature (T.) as a function of air temperature (T a ,
in active lizards. -- Tne desert species,
magister, is
not winter-active. [Mean + standard error (N); ranges below
in parentheses].

Winter

Summer

S_. jarrovi

30.88+0.78(33)

S_. jarrovi

2.87

< .01

(18.5 - 36.4)
t , 11.00
2., < .001
18.98+0.75 (33)

\
'

3.49

< .01

34.15+0.64(19)

5k magister

0.78

> .2

34.93+0.78(18)

(25.0 - 38.0)

(28.3 - 39.4)

15.06

2.40

< .001

< .05

22.62+0.42 (19)

10.45

< .001 32.19+0.83 (18)

lcm
(12.0 - 27.0)

(19.2 - 25.4)

(26.0 - 38.0)
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winter activity (P < .05).

Body temperatures do not differ between

species during the summer (P > .2) in spite of a significantly higher
air temperature for ,S. magister (P < .001) on the order of 10°C.
Both species show a significant correlation between deep body
arid air temperatures (Figure 3) in the summer.

The slopes of the two

curves do not differ statistically but

jarrovi has a significantly

higher intercept (P < .05).

jarrovi there is no signifi

In winter

cant correlation between body and air temperature (P > .01) (Figure 2).
Thermal Buffering--^, jarrovi
Thermal buffering is defined as the amount of protection af
forded an organism by its microhabitat compared to the environment
outside that microhabitat.

In this study, thermal buffering is the

difference between the minimum temperature within a given microhabitat
and the minimum air temperature outside that microenvironment (see
Lowe et al. 1971).

The minimum crevice (microhabitat) temperature lags

behind the minimum air temperature by varying amounts of time (minutes
to hours) depending upon the thermal inertia of the substratum.
The amounts of thermal buffering afforded to !S. jarrovi by
various rocky habitats in the Chiricahua Mountains during the winter
season are presented in Table 4.

Table 4a contains the minimum inside

rock cliff crevice or talus rock slope temperature at various sites and
depths paired with the corresponding minimum outside air temperature at
1 cm above the rock surface for the indicated dates.

These data are

reduced in Table 4b to provide values for the maximum thermal buffering
measured for a given site and crevice depth.
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WINTER
40 r

36

32

_

28

24

20

S. jorrovi
Tb* 0.0743 Tq + 29.46
r= 0.0710 (33)
P>0.l

12

8

/

Ta- Tb

8

12

16

20

24

28

32

AIR TEMPERATURE AT I CM (°C)
Figure 2.

Deep body temperature and air temperature in Sceloporus
jarrovi in winter raicroenvironment. — Air temperature
is at 1 cm above the substratum.

30

SUMMER

44 r

S. jarrovi
Th«0.679 Ta+18.79

magister
Tb-0.789 Ta+ 9.53
r» 0.8441 (18)
P<0.00l
12

16

20

i

i

24

28

32

36

40

AIR TEMPERATURE AT I CM (°C)
Figure 3.

Deep body temperature and air temperature in Sceloporus
jarrovi and
magister in summer microenvironments. —
Air temperature is at 1 cm above the substratum.

Table 4.

Winter microenvironmental thermal buffering in S_. jarrovi rocky habitats in the
Chiricahua Mountains, Arizona. — (a) Monitored crevices in rock cliff sites,
and within a talus rock slope, during November-March cold season. Minimum
inside crevice temperature (°C) followed by minimum air temperature (°C) at 1
cm above rock surface (given in parentheses). Depth of crevice given under
site number, (b) Amount of thermal buffering (°C) = Minimum inside crevice
temperature - Minimum air temperature at 1 cm (from a).l
Road Vista Locality, 2930 m elev.

Barfoot Locality, 2930 m. elev.
Talus Slope

Cliff Crevices
Site 1
9 cm

Date
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
b. 1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12/18/75
1/4/76
1/18/76
2/1/76
2/14/76
3/6/76
11/28/76
12/28/76
12/30/76
1/14/77
1/17/77

Site 2
9.5 cm

Site 3
12 cm

Site 4
44 cm

Site 5
50 cm

Site 1
50 cm

Cliff Crevices

Site 2 Site 1
100 cm 20 cm

Site 3
50 cm

Site 4
90 cm

3.5(0.3)
4.0(-0.1)
11.8(4.0) 10.5(4.0)
4.0(2.0) 4.5(2.5)
4.0(-2.5)

6.0(-0.2)

0.5(0.0)
1,5(-7.8)

-7.0(-7.8)

5.9(3.5)
3.2(-5.3) (-2.5)(-5.3)

5.5(-1.0)
2.5(-1.0)

0.8(-4.4) (-3.6)(-4.4)
3.2

—

4.1
7.8
2.0

2.0
6.5
0.5

6.2
9.0

0.8

8.5

2.8

5.2
7.57
0.84
3

0.8
2.72
1.34
4

2.4
3.5
x
S.E.
N

1.

Site 2
25 cm

6.5

Mean thermal buffering for all cliff crevices (where lizards were observed winter-active) = 4.94 + 0.76 (N = 13).

6.5

Each cliff crevice site (at Barfoot or Road Vista) is a specific
locality where the author observed winter-active
one occasion during December and/or January.

jarrovi on more than

Data is presented for the

talus rock slope at Barfoot to compare the thermal properties of the
broken rock slope to those of the monolithic cliffs.
I f we limit the comparison between cliff and talus to crevices
at the same depth, the difference in thermal properties can more clearly
be seen.

The mean thermal buffering at 50 cm deep in the Barfoot cliff

crevice is 7.57 + 0.84°C (N = 3) (Site 5 at Barfoot Cliff, Table 4).
That is significantly higher (P <

.05) than the mean thermal buffering

of 2.72 + 1.34°C (N = 4) at 50 cm deep in the talus slope (Site 1 at
Barfoot Talus, Table 4).
A representative plot of microenvironmental and deep body tem
peratures is shown for S.. jarrovi #192 in Figure 4.

Notice that the

maximal thermal buffering for this date was 5.0°C; minimum crevice
temperature (=9.0°C) minus the minimum air temperature at 1 cm (=4.0°C).
Had the lizard not moved to the surface and emerged, its body tempera
ture would have remained the same as that of the crevice.
Thermal Buffering--^, magister
Values for winter microenvironmental thermal buffering in two
S.. magister habitats appear in Table 5.

The thermal gradient in the

mesquite-grass soil was measured to a depth of 70 cm.

While ambient air

temperatures fluctuated between 2 and 32°C, at 30 cm deep or deeper
soil temperatures were limited to a range of 12 to 16°C.
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Table 5.

Winter microenvironmental thermal buffering in S^. magister creosotebush soil habitat
(Site 1) and mesquite-grass soil habitat (Site 2) in the Avra Valley, Arizona. -Underground soil and air-pocket temperatures (°C) for sand-buried lizards, ambient
temperatures at 1 cm above ground surface, and thermal gradient in soil at site.

Outside
/in +
Ambient
T
1cm

1976
1.

February 8-9

2.
3.

Maximum
Thermal
Buffering

Underground
S 1 tS 1
T

-T.
s 30cm

T
27cm

12.2

1.7

February 14

6.0

10.0

15.0

16.0

February 27

2.0

11.5

13.2

13.2

Range

1.7 - 11.5

Mean

7.73

Temperatures
STtlj 2 flt
T
s 30cm

Thermal Gradient in Soil
Site 2
T

a 27cm

T
10cm

T
30cm

T
s 50cm

s 70cm

13.5

13.9

12.8

13.5

13.5

13.5

13.0

13.5

2.5

14.0

14.0

14.2
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hibernating nearer the surface were subjected to greater temperature
fluctuation and much less thermal buffering.

Hibernating S^. magister

were found within 1 cm of the surface upon occasion.

Apparently these

animals are afforded almost no thermal buffering by the soil.
Figure 5 is a plot of S_. magister deep body temperatures and
microenvironmental temperatures throughout a 24-hour period in February.
Note the close agreement of soil temperature at 20 cm and SL magister
body temperatures.
Humidity
The saturation deficit is the difference between the saturation
vapor pressure and the actual water vapor pressure at a given tempera
ture.

Sceloporus jarrovi were observed active in the winter at satura-

tion deficits between 508 and 2085 newtons-m

while actual water vapor

pressures ranged from 181 to 761 newtons-m

Summer S_. jarrovi and

.

S^. magi ster were active at saturation deficits as great as 2737 and
_2
5964 and as low as 280 and 298 newtons-m , respectively.
Wind Speed
Excessive winds curtail activity in both winter and summer
jarrovi and summer S^. magister.

S^. jarrovi were not observed active

during the winter where wind speeds exceeded 3 m/sec in the vicinity of
the active lizard.

S^. jarrovi were observed active at various basking

sites when the measured wind speed several meters away exceeded 5 m/sec.
The actual wind speed experienced by the lizard could not be determined.
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Winds greater than 9 m/sec depressed summer activity in both species
but probably not due to thermal constraints (see Discussion section).
The Critical Thermal Minimum
Muscular righting response is the variable tested.
is reliably small in Sceloporus (Table 6).

The variance

I t provides a sensitive test

for vertebrate ectotherms, and has been studied in both lizards and
snakes since i t was early proposed by Cowles and Bogert (1944) as a
behavioral thermal criterion.
The critical thermal minima (CTMin) of the forest IS. jarrovi
and desert S_. maqister in relation to season and rate of cooling are
given in Table 6.

The CTMin for S_. jarrovi is significantly lower than

for J5. maqister at each respective season (t and P in Table 6 and
Figure 6).

A significant lowering of the CTMin occurs during the winter

in each species.

Also, the winter CTMin for the desert magister is the

same as the summer CTMin for the forest jarrovi.

The difference is not

significant (P > .05).
Rate of cooling also affects righting responses in Sceloporus.
Both summer !S. maqister and summer S^. jarrovi when cooled at a rate of
5°C/hour are able to right themselves at significantly lower deep body
temperatures than when more rapidly cooled at 10 - 16°C/hour (P < .001)
(Table 7).
Myosin Adenosinetriphosphatase Activity
2+

Representative plots of Ca - and EDTA-activated myosin ATPase
activity as functions of temperature, pH, potassium chloride concentra-
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Table 6.

The critical thermal minimum (CTMin) of Sceloporus jarrovi
and
magister in relation to season and to each other. -Mean + standard error, and range (°C).

Cooling Rate
(°C'hr"l)

N

SL jarrovi

1

H

$.• magister

18

3.47 + 0.23 a

4.80

<.001

5.10 + 0.24 b

Summer CTMin
5

(3.9

(2.0 - 4.9)

-

13

7.0)

Winter CTMin

(-0.3 -• 4.1)
a.

£ < .05.

b.

P

< .01.

2.61

<.01

OC
OC

2.60 + 0.28 a

Q_

18

3.83 +

o

5

(2.4

6.2)

-

11

39
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W

The critical thermal minimum of Sceloporus jarrovi and S_.
magister in relation to season and to each other. -- S =
summer, W = winter; mean + 95% ci, range; data from Table 7.

Table 7.

Effect of experimental cooling rate on the critical thermal
minimum. -- Sceloporus jarrovi and j>. magister, summer;
mean + standard error, and range (°C).

Cooling Rate
(°C-hr-T) N

18

10 - 16

33

S^. jarrovi

3.47+0.23

Ji

£.

S.« magister

N

4.80

<.001

5.10 + 0.24

13

(2.0 - 4.9)

(3.9 - 7.0)

t = 4.38, P <.001

t = 5.96, P <.001

5.57 + 0.33
(3.5 - 11.2)

6.98

<.001

9.28+0.41
(4.6 - 14.3)
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tion and ATP concentration are shown in Figure 7.
presented in the appropriate tables and figures.

Actual data are
The responses of this

lizard myosin to these four variables are generally similar to those of
myosin from other vertebrates (e.g., rat, rabbit, frog, turtle) but do
show some interesting differences.
Temperature Dependence
2+

Both Ca - and EDTA-activated myosin ATPase show an increase in
activity between 0 and 36°C in both species in summer and winter
(Tables 8 and 9).

However, Ca

2+

activation elicits a different response

to temperature than EDTA activation in both species.

Qig' s for Ca

2+

-

activated myosin ATPase ranged from 1.0 - 1.8 for every 4°C interval
between 0 and 32°C for both 15. magister and S_. jarrovi in summer and
winter with only 4 exceptions ( Q - J Q = 3.0 at 0 - 4°C in winter S_.
magister; 2.8 at 8 - 12°C and 0.8 at 12 - 16°C in summer S^. jarrovi;
and 0.8 at 16 - 20°C in winter S. jarrovi).

While remarkably constant

over a wide temperature range, these Q - J Q ' S are lower than the values
near 2 observed over the same temperature range in rabbit and cat skeletal muscle myosin under both Ca

2+

and EDTA activation (Barany 1967).

EDTA activation elicits a different response to temperature but
one which is remarkably consistent for both species in both summer and
winter.

EDTA-activated myosin ATPase activity is severely diminished

at low temperatures with Q-JQ'S consistently greater than 4 for the
4-degree intervals between 0 and 12°C.
near 2 (1.99 - 2.46).

Between 12 and 16°C, Q-|g' s are

From 16 - 28°C, the temperature coefficients
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Characteristics of lizard myosin ATPase. -- Activity is in
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Table 8.

2+

Ca -activated myosin ATPase activity in lizards as a function of temperature.
-- Mean + standard error; N = 3 except where indicated in parentheses. See
Methods and Materials for assay procedure.

Summer

Winter

Temperature
(°C)

S k jarrovi
Activity
ymoles P.
/
i\
mg • min '

. jarrovi
Activity
ymoles P.
/
i\
mg • min '

24 1

0.151 + 0.006

0.216 + 0.018

0.138 + 0.007(2)

0.228 + 0.053(2)

0

0.059 + 0.007

0.102 + 0.008

0.057 + 0.010

0.079 + 0.001

4

0.072 + 0.004

0.125 + 0.007

0.072 + 0.012

0.124 + 0.014

8

0.077 + 0.008

0.134 + 0.004

0.077 + 0.013

0.152 + 0.027

12

0.116 + 0.015

0.168 + 0.007

0.090 + 0.017

0.167 + 0.028

16

0.108 + 0.006

0.189 + 0.014

0.125 + 0.019

0.210 + 0.056

20

0.127 + 0.010

0.192 + 0.004

0.114 + 0.016

0.217 + 0.002(2)

28

0.185 + 0.015

0.294 + 0.008

0.159 + 0.024

0.280 + 0.036

32

0.221 + 0.017

0.351 + 0.038

0.163 + 0.026

0.281 + 0.018

36

0.192 + 0.051

0.271 + 0.045

0.102 + 0.045

0.268 + 0.057

40

0.018 + 0.010

0.116 + 0.065

0.005 + 0.005

0.060 + 0.046

24 f

0.139 + 0.007(2)

0.229 + 0.007

0.163 + 0.058(2)

0.224 + 0.062(2)

i = I n i t i a l Assay
f = Final Assay

S^ magister
Activity
ymoles P.
/
i\
mg • min '

S_. maqister
Activity
ymoles P.
/
i_\
mg • min '

Table 9.

EDTA-activated myosin ATPase activity in lizards as a function of temperature.
-- Mean + standard error; N = 3 except where indicated in parentheses. See
Methods and Materials for assay procedure.

Summer

Reaction
Temperature
(°C)

Winter

S k jarrovi

S_. magister

S^ jarrovi

S^. magister

Activity
umoles

Activity
ymoles P.

Activity
ymoles P.

Activity
ymoles P.
(v
=-4
mg • mm '

(

mg

mm

)

<

mg

1)

mm

( mg

=-4

• mm '

24 1

0.873 + 0.202

1.038 + 0.201

1 .065 + 0.056

0.987 + 0.015

0

0.083 + 0.030

0.095 + 0.029

0.044 + 0.012

0.047 + 0.010

4

0.160 + 0.035

0.179 + 0.040

0.114 + 0.027

0.116 + 0.023

8

0.245 + 0.030

0.313 + 0.038

0.230 + 0.033

0.253 + 0.035

12

0.448 + 0.055

0.548 + 0.025

0.417 + 0.049

0.457 + 0.052

16

0.642 + 0.047

0.772 + 0.076

0.568 + 0.039

0.602 + 0.021

20

0.725 + 0.107

0.836 + 0.155

0.720 + 0.038

0.756 + 0.065

28

1.005 + 0.020

1.016 + 0.047

0.942 + 0.103

0.905 + 0.097

32

1 .043 + 0.090

1.119 + 0.183

0.984 + 0.128

0.914 + 0.126

36

1 .019 + 0.029(2)

1.016 + 0.160

0.839 + 0.120

0.815 + 0.073

40

0.441 + 0.152

0.680 + 0.240

0.333 + 0.074

0.413 + 0.119

24 f

0.724 + 0.024(2)

0.947 + 0.142

0.766 + 0.044(2)

0.763 + 0.092(2)

i = I n i t i a l Assay
f = Final Assay
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drop to near 1.5.

Above 28°C, thermal denaturation increases and Q- JQ ' s

drop to 1.0 and below.
Ca

2+

-activated myosin ATPase shows significant differences in

activity between species in both summer and winter lizards (Table 8).
These differences are most pronounced in summer animals.

Summer Ca

2+

-

activated ATPase activity is significantly greater in IS. magister
(P < .05) than in S^. jarrovi at all incubation temperatures except 36
and 40°C.

In the winter S. magister myosin ATPase activity again tends

to be higher than in S^. jarrovi; these differences are significant at
20 (P < .02), 28, 32 (P < .05) and 4°C (P * .05).
Arrhenius plots of the Ca

2+

-activated myosin ATPase data deviate

from linearity at temperatures above 28 - 32°C and below 4 - 8°C in
all lizards except for summer IS. magister which maintains linearity from
16 through 0°C (Figure 8).

Above 28°C the decrease in slope is due to

thermal denaturation of the protein.

Winter lizards of both species

begin to show this effect above 28°C whereas myosin from summer lizards
maintains its activity at 32°C.

For SL magister, the expected linearity

between 28 and 4°C is interrupted by a plateau between 16 - 20°C.
Similar anomalies can be caused by changing the length of incubation for
different temperatures.

However, incubation was 15 minutes for all of

these temperature experiments.
No species differences in activity of EDTA-activated myosin
ATPase appeared in either season (Table 9).

At temperatures between 16

and 32°C, EDTA-activated activity is 3 to 5 times that of the Ca
activated.

Near 0°C this difference diminishes.

2+

-

Arrhenius plots of
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Arrhenius plots of Ca -activated myosin ATPase in summer
and winter lizards. -- Plotted on logarithmic scale against
inverse temperature.

EDTA-activated myosin ATPase activity are linear between 12 - 28°C
(Figure 9).
ent slope.

Below 12°C, the plots are also linear, but with a differ
Above 28°C, thermal denaturation causes the observed non-

1inearity.
Season apparently does not affect ATPase activity in these
lizard species with respect to temperature.

Summer and winter values

for ATPase activity were the same for each species at each respective
temperature and for either mode of activation (Tables 10 and 11).

These

data are the same as in Tables 8 and 9, rearranged to show the seasonal
stability.

PH
Ca

2+

-activated ATPase in lizard myosin responds to pH in a

typical vertebrate manner.

Outside a pH range of 6.5 - 10.5, activity

falls to zero quite rapidly (Figure 10) due to irreversible denaturation.
Between those pH values, Ca

2+

-myosin ATPase shows two local maxima, a

smaller one at pH 6.5 - 7.0 and the greatest activity at pH 9 - 9.5.
i
In summer lizards, no differences in activity between species were
observed in physiological pH ranges although activity in 15. magister was
significantly greater (P < .01) than in :S. jarrovi at pH's of 8.93 and
9.33.

Apparently no oxidation of the sulfhydryl groups necessary for

ATPase activity occurred during extraction or storage since Ca

2+

-

activated myosin ATPase activities were the same in the presence or
absence of 1 mM dithiothreitol.
EDTA-activated myosin ATPase also shows activity between pH
6 - 10.5 (Figure 11).

In summer lizards, EDTA-activated myosin ATPase
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Table 10.

Myosin ATPase activity as a function of temperature in Sceloporus jarrovi. —
Mean +_ standard error; N = 3 except where noted in parentheses. See Methods
and Materials for assay procedure.

Ca

Reaction
Temperature
(°C)
24 1

2+

-Activated

EDTA-Activated

Winter

Summer

Winter

Summer

Activity
ymoles P.
(- 4'
v mg • mm

Activity
ymoles P.
(v
=-4
mg • mm '

Activity
ymoles P.

Activity
ymoles P.
(x
rl)
mg • min '

( mg
v

»-4

• mm '

0.138 + 0.077(2)

0.151 + 0.006

1 .065 + 0.056

0.873 + 0.202

0

0.057 + 0.010

0.059 + 0.007

0.044 + 0.012

0.083 + 0.030

4

0.072 + 0.012

0.072 + 0.004

0.144 + 0.027

0.160 + 0.035

8

0.077 + 0.013

0.077 + 0.008

0.230 + 0.033

0.245 + 0.030

12

0.090 + 0.017

0.116 + 0.015

0.417 + 0.049

0.448 + 0.055

16

0.125 + 0.019

0.108 + 0.006

0.568 + 0.039

0.642 + 0.047

20

0.114 + 0.016

0.127 + 0.010

0.720 + 0.038

0.725 + 0.107

28

0.159 + 0.024

0.185 + 0.015

0.942 + 0.103

1.005 + 0.020

32

0.163 + 0.026

0.221 + 0.017

0.984 + 0.128

1.043 + 0.090

36

0.102 + 0.045

0.192 + 0.051

0.839 + 0.120

1.019 + 0.029(2)

40

0.005 + 0.005

0.018 + 0.010

0.333 + 0.074

0.441 + 0.152

24 f

0.163 + 0.058(2)

0.139 + 0.007(2)

0.766 + 0.044(2)

0.724 + 0.024(2)

i = I n i t i a l Assay
f = Final Assay

Table 11.

Myosin ATPase activity as a function of temperature in Sceloporus maqister. —
Mean + standard error; N = 3 except where noted in parentheses. See Methods
and Materials for assay procedure.

Ca^ + -Activated

Reaction
Temperature
(°C)

Winter

Summer

Winter

Summer

Activity
ymoles P.

Activity
ymoles P.
(
^-)
mg • mm '

Activity
ymoles P.

Activity
ymoles P.
(
=^4
mg • min '

( mg
v

EDTA-Activated

=-4

• mm '

(v

-1)

mg • min '

0.228 + 0.053(2)

0.216 + 0.018

0.978 + 0.015

1.038 + 0.201

0

0.079 + 0.001

0.102 + 0.008

0.047 + 0.010

0.095 + 0.029

4

0.124 + 0.014

0.125 + 0.007

0.116 + 0.023

0.179 + 0.040

8

0.152 + 0.027

0.134 + 0.004

0.253 + 0.035

0.313 + 0.038

12

0.167 + 0.028

0.168 + 0.007

0.457 + 0.052

0.548 + 0.025

16

0.210 + 0.056

0.189 + 0.014

0.602 + 0.021

0.772 + 0.076

20

0.217 + 0.002(2)

0.192 + 0.004

0.756 + 0.065

0.836 + 0.155

28

0.280 + 0.036

0.294 + 0.008

0.905 + 0.097

1.016 + 0.047

32

0.281 + 0.018

0.351 + 0.038

0.914 + 0.126

1.119 + 0.183

36

0.268 + 0.057

0.271 + 0.045

0.815 + 0.073

1 .016 + 0.160

40

0.060 + 0.046

0.116 + 0.065

0.413 + 0.119

0.680 + 0.240

24 f

0.224 + 0.062(2)

0.229 + 0.007

0.763 + 0.092(2)

0.947 + 0.142

24 1

i = I n i t i a l Assay
f = Final Assay

S. jarrovi
• summer
o winter
S. mogister
A

summer

a winter

c
"p
'o*

E
tn
©

o
E
3
>>
h
O
<

Figure 10

Ca -activated myosin ATPase activity in lizards as a
function of pH.

activity is significantly greater in Si. magister than in SL jarrovi at
pH's of 7.06 (P < .05) and 7.4 (P < .01) (Figure 11).

Between pH's of

8 and 9.5, summer activity was higher in both species than in the
winter (P < .05).

No significant differences in ATPase activity were

observed between species in winter lizards.
Potassium Chloride Concentration.
Figure 7 and Tables 12 and 13 show the response of lizard myosin
ATPase activity to potassium chloride concentration.
and frog myosin, Ca

As in rat, rabbit

2+

-activated myosin ATPase activity diminishes

rapidly with increasing salt concentration.

Conversely, EDTA-activated

myosin activity shows a strong, positive correlation with KCl levels.
Ca

2+

-activated myosin shows significant seasonal differences

within each species at several KCl concentrations (Tables 12 and 13:
S_. jarrovi at 50, 100, 150, 250, and 300 mM KCl;
250, 400 and 500 mM).

magister at 150,

However, these apparent differences may actually

reflect experimental error, not real seasonal changes.

The Ca

2+

-

activated ATPase activity for summer S^. jarrovi myosin at 50 mM KCl
(0.55 + 0.005

moles P^/mg-min, Table 12) should be similar to that for

summer 5L jarrovi myosin measured at 24°C in the temperature experiment
(0.151 + 0.006 and 0.139 + 0.007

moles P^/mg-min, Table 8).

Obviously

something seriously depressed the activity in the summer S>. jarrovi in
the salt concentration experiments.

Likewise, the summer EDTA-activated

myosin ATPase activity in Si. jarrovi at 500 M KCl (0.412 + 0.078, Table
12) is significantly lower than the final 24°C EDTA assay in summer
S_. jarrovi (0.724 + 0.024, Table 9).
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EDTA-activated myosin ATPase activity in lizards as a
function of pH.

Table 12.

Myosin ATPase activity as a function of potassium chloride concentration in
Sceloporus jarrovi. — Mean + standard error; N = 3 except where indicated.
See Methods and Materials for assay procedure.

Winter 9

Summer

Winter 9

Summer

Activity
ymoles P..

Activity
ymoles P.

Activity
ymoles P.

Activity
ymoles P.

^ mg • min ^

^ mg • min ^

^ mg • min ^

^ mg • min ^

50

0.129+0.017

0.055+0.005

0.000+0.000

0.000+0.000

100

0.104+0.014

0.050+0.005

0.010+0.010

0.000+0.000

150

0.082+0.002

0.039+0.006

0.080+0.026

0.031+0.013

200

0.067+0.000

0.031+0.010

0.171+0.035

0.079+0.020

250

0.058+0.003

0.022+0.007

0.308+0.016

0.130+0.030

300

0.045+0.005

0.016+0.005

0.444+0.124

0.236+0.034

400

0.024+0.000

0.008+0.006

0.644+0.168

0.297+0.047

500

0.014 + 0.002

0.004 + 0.002

0.826 + 0.086

0.412 + 0.078

KC1
Concentration

a.

N = 2 for winter samples.

Table 13.

Myosin ATPase activity as a function of potassium chloride concentration in
Sceloporus magister. — Mean + standard error, N = 3 except where indicated.
See Methods and Materials for assay procedure.

Winter
KC1
Concentration

a.

Summer 9

Winter

Summer

Activity
ymoles P..

Activity
ymoles P.

Activity
ymoles P.

Activity
ymoles P.

^ mg • min ^

^ mg • min ^

^ mg • min ^

^ mg • min ^

50

0.179+0.030

0.118+0.008

0.0003+0.0003

0.000+0.000

100

0.151+0.026

0.095+0.004

0.034+0.006

0.005+0.005

150

0.152+0.006(2)

0.075+0.003

0.116+0.022

0.044+0.017

200

0.114+0.019

0.058+0.006

0.209+0.043

0.127+0.031

250

0.116+0.004(2)

0.046+0.002

0.336+0.080

0.202+0.047

300

0.084+0.017

0.032+0.005

0.443+0.078

0.298+0.052

400

0.059+0.010

0.016+0.003

0.603+0.107

0.433+0.064

500

0.044 + 0.006

0.008 + 0.008

0.745 + 0.134

0.519 + 0.072

N = 2 for summer Ca

2+

-activated values.
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Binding Affinity Studies
Michaelis-Menten constants (K ) and maximum reaction velocities
m
(V max )

are

presented as functions of temperature in Tables 14 and 15.

As in the substrate saturation experiments, the Ca

2+

-activated ATPase

activity (V
) tends to be higher in S. magister than in S. jarrovi.
m3 x
This difference was significant (P < .02) at 24°C in winter animals.

No

significant
seasonal differences were noted in maximum velocities (V „)
3
max
within a given species at a particular temperature.
The K of Ca
m

2+

-activated myosin ATPase in summer S. jarrovi at
—

3°C is significantly higher (P < .02) than that in winter animals.
S^. magister the summer K m of Ca
cantly lower than the winter

In

2+

-activated ATPase at 24°C is signifi

(P - .06).

No seasonal differences in the EDTA-activated V„,„
max were noted in
either species.

At 35°C, summer S^. magister had a significantly higher

V
than summer S. jarrovi (P < .05).
max
—

No trends in the EDTA-activated

K were noted within either species in either summer or winter at 3, 24 or 35 °C.
m
Sulfhydryl Modification
Modification of the sulfhydryl bonds by N-ethylmaleimide incuba
tion greatly affects the activity of lizard myosin (ATPase (Figure 12).
A molar ratio of 8 (moles NEM/mole myosin) produces the greatest change
in ATPase activity in lizard myosin--the same ratio producing maximal
activity changes in rabbit myosin (Malik and Martonosi 1971).
tion in 8 molar NEM/mole causes up to a 4-fold increase in Ca

Incuba2+

-

activated myosin ATPase and completely abolishes EDTA-activated activity
compared to untreated myosin at 35°C.

Table 14.

Michael is-Menten constant (K,,,) and maximum reaction velocity (V max ) for myosin
ATPase in Sceloporus jarrovi. -- Mean + standard error (N = 2). See Methods
and Materials for assay procedure.

Winter

Summer
max

Reaction
Temperature
(°C)

Km
(mM ATP)

ymoles P.
(•

mg • min

max
K
m
(mM ATP)

ymoles P.

( mg

Tn~)
• min

Ca^ + -Activated
3

0.055 + 0.015

0.037 + 0.011

0.172 + 0.006

0.028 + 0.004

24

0.262 + 0.238

0.075 + 0.001

0.080 + 0.005

0.063 + 0.007

35

0.172 + 0.114

0.114 + 0.002

0.606 + 0.194

0.329 + 0.039

3

0.867 + 0.362

0.130 + 0.066

0.538 + 0.151

0.042 + 0.000

24

0.575 + 0.205

0.335 + 0.091

0.784 + 0.081

0.179 + 0.042

35

0.904 + 0.260

0.640 + 0.224

0.504 + 0.007

0.124 + 0.022

EDTA-Activated

Table 15.

Michael is-Menten constant ( a n d maximum reaction velocity (V max ) for myosin
ATPase in Sceloporus magister. — Mean + standard error (N =2). See Methods
and Materials for assay procedure.

Winter

Reaction
Temperature
(°C)

Ca

K
m
(mM ATP)

Summer
max
ymoles P.
(v
-1)
mg • mm '

V
max
K
m
(mM ATP)

ymoles P
rr)
mg • mm

(•

2+

-Activated
3

0.136 + 0.037

0.075 + 0.021

0.509 + 0.395

0.080 +0.044

24

0.176 + 0.027

0.129 + 0.006

0.058 + 0.008

0.090 + 0.009

35

0.069 + 0.013

0.170 + 0.008

0.056 + 0.006

0.129 + 0.035

3

1.216 + 0.400

0.235 + 0.096

0.631 + 0.051

0.100 + 0.025

24

0.862 + 0.248

0.720 + 0.141

1.141 + 0.064

0.640 + 0.123

35

1.259 + 0.318

1.558 + 0.291

1.431 + 0.300

0.947 + 0.089

EDTA-Activated

n

EDTA
• S. jorrovi
o ^ mogister

Ca2+
• S. jorrovi
o S. mogister

5

10

15

20

25

30

35

40

45

CONCENTRATION OF NEM [moles NEM(moles myosin)"1]
Figure 12.

Lizard myosin ATPase activity as a function of
N-ethylmaleimide concentration.
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Table 16 contains the affinity constants of NEM-treated myosin
ATPase as functions of temperature.

Comparisons of these tables with

the corresponding values for untreated myosin (Tables 14 and 15) show
that NEM treatment nearly quadruples
the V
at 35°C in summer and
r
^
max
winter

maqister and winter S^. jarrovi, and approximately doubles

the V
in summer S. jarrovi.
max
— -

There was no difference in V
between
max

NEM-treated myosin and untreated myosin in summer S_. jarrovi at 24°C,
or in either species in summer or winter at 3°C.
S. magister

After NEM treatment,

myosin has a greater V mgx than S^. jarrovi in both seasons

at 24 and 35°C.
Because of the small sample size and subsequent large variance
for the Michaelis-Menten constant of the NEM-treated myosin (Table 16),
there are few statistically significant changes with temperature within
either species or season.

However, an interesting trend emerges.

In

both summer and winter lizards of both species, the K m at 3°C appears
to be higher than that at 24°C.

This is the same pattern found in the

for several unmodified enzymes—as temperature approaches the lower
limit for the organism, the K m increases sharply (Hochachka and Somero
1968, Somero and Hochachka 1968 and Somero 1969).
Subunit Structure of the Myosin Molecule
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
of the myosin used in the summer ATPase experiments revealed the presence
of several low molecular weight components along with the heavy band of
the myosin monomer.

This heavy band actually represents the myosin

Table 16.

2+

Michaelis-Menten constant (K m ) and maximum reaction velocity (V max ) for Ca activated ATPase in N-ethylmaleimide-treated a lizard myosin. -- Mean + standard
error (N = 2). See Methods and Materials for assay procedure.

Winter

Summer

K
m
(mM ATP)

V
max
ymoles P.
(
1\
mg • min 1

K
m
(mM ATP)

V
max
ymoles P.
#_
u
v mg • min '

3

0.228 + 0.174

0.020 + 0.007

0.154 + 0.094

0 .019 + 0.005

24

0.148 + 0.086

0.130 + 0.010

0.074 + 0.011

0 .079 + 0.013

35

0.376 + 0.116

0.498 + 0.119

0.191 + 0.021

0 .227 + 0.003

3

0.282 + 0.223

0.026 + 0.006

0.383 + 0.289

0 .028 + 0.001

24

0.094 + 0.017

0.212 + 0.008

0.232 + 0.135

0 .234 + 0.132

35

0.493 + 0.130

0.782 + 0.000

0.667 + 0.278

0 .653 + 0.211

Reaction
Temperature
(°C)

Sceloporus jarrovi

Sceloporus maqister

a.

8 moles NEM/mole myosin.
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monomer less the light chains which dissociate and migrate under SDSgel electrophoresis.

One cannot accurately determine the molecular

weight of such a large molecule using only SDS-gel electrophoresis
(Weber and Osborn 1969).

However, ultracentrifugal experiments and

electrophoresis of myosin digests from other species indicate that the
molecular weight is probably between 4 and 5 x 10

5

daltons.

Rabbit

myosin is now considered to have a molecular weight of 460,000 daltons.
Great variation in myosin molecular weight is not expected between
species.
Gels from the lizard myosin revealed no differences in the low
molecular weight components between species.

Three bands were always

observed and probably represent the light chains of the myosin molecule.
The average molecular weights for these components (which I shall refer
to as LC-1, LC-2, and LC-3) are 16,000, 18,700, and 27,800 daltons
(Figure 13).

These compare with molecular weights of 14,000, 15,000 and

26,000 daltons for light chains in rabbit muscle, 14,000 in a fish
(Dreizen and Kim 1971b) and 18,000 in the frog (Frearson and Perry 1975).
A band of apparent molecular weight of 48,000 ( + 2,000) daltons
was probably actin contamination.

Actin has been ascribed various

molecular weights from 46,000 - 60,000 (Gergely 1976).

Peptide sequenc

ing of actin indicates a molecular weight of 41,785 (Elzinga et al.
1973).
Occasionally very faint bands at 39,000 and 75,000 - 78,000
daltons may represent contamination by the regulatory proteins, tropo-
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Figure 13.

Determination of molecular weights of light chains of lizard
skeletal muscle myosin using sodium dodecyl sulfatepolyacrylamide gel electrophoresis.

myosin and/or troponin (Tn).

The 39,000 band may be troponin T or one

of the 2 subunits of tropomyosin.

The heavier band may be tropomyosin

or the troponin complex (TnC + TnT + Tnl) (Gergely 1976).
Phosphorylated Muscle Compounds
Figure 14 shows a chromatogram of a mixture of standards repre
senting glycolytic intermediates, various nucleotides and phosphorylated
compounds typically found in a muscle tissue sample.

Compounds contain

ing as little as 10 nmoles and as much as 1.5 ymoles of phosphate could
be separated and quantified.

Figure 15 shows the elution positions for

the standard compounds that were tested.

PC, G-l-P and P. were the

standards to elute first from the column, and could be eluted using 0.1
M ammonium chloride, 0.05 M ammonium tetraborate alone.

Compounds such

as ATP and GTP were very tightly bound and began eluting at an ammonium
chloride concentration of 0.34 to 0.35 M.

Table 17 shows the recovery

of known amounts of glycolytic intermediates and adenine nucleotides.
Resolution and recovery were generally good, with values greater than
90% for most compounds.

However, i t should be pointed out that the

recovery of any given standard depends on the relation concentrations
of compounds being eluted adjacent to the test compound.
I t is known that the trauma of surgery causes depletion of PC
in frog muscle as demonstrated by Seraydarian, Mommaerts and Wallner
(1960).

Incubation of muscle in Ringer's solution allows the PC and

ATP to return to near resting levels.

We investigated this phenomenon

in lizards by comparing PC levels in right and left iliotibialis muscles

Phosphate Standards
Amount of Extract: 0.135 ml in 2.0 ml
0.5NPCA
Column:
3 x 500 mm. Amines
Linear Gradient:

Extraction:
Chromatography:

Phosphate recording (Full 'Scale = 0.5 04). units)
Ultraviolet recording (Full Scale •* 0.7 O.D. units)

A-25 and Durnjm DA
SO mi, O.tM iNH-Ci. 0.
K;8.:0/ end 80 mi. 0.(
NHjCI. 0.05M K;S;0?
7/21/78
7/24/78

-10n moles Pi

ilL

Figure 14.

6 Hrs

Chromatogram of standard phosphorylated compounds typically found in a muscle
tissue sample.

a>

en

G-1-P

F-1.6-DP-,

-2,3-DPG

DHAP
GAP

NADP

3-PGAF-6-P
G-6-P

40
50
Eluent Volume (ml)
Figure 15.

Relative elution positions of phosphorylated compounds. See Methods section for chromatographic details.

VGTP
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Table 17.

Recovery of selected phosphate compounds from the high
pressure liquid chromatographic column.

Compound

Percent Recovery

PC

97.8 + 10.7 (4)*

pi

99.4 + 10.5 (5)

DHAP

99.3 + 4.8 (3)

Fru-6-P + G-6-P

98.2 +

2.9 (8)

NADH

92.3 +

9.8 (6)

2- or 3-PGA

98.9 + 11.1 (4)

Fru-1, 6-Pg

94.6 +

5.1 (4)

AMP

95.1 +

8.1 (3)

ADP

87.4 +

7.9 (8)

ATP

97.0 +

5.5 (8)

UTP

94.1 +

7.7 (4)

GTP

91 .5 + 10.5 (3)

IMP

87.8 + 10.7 (5)

Total Phosphate Recovered (nmoles)

1229.4 +134.2 (18)*

Total Phosphate Added (nmoles)

1265.2 +106.1 (18)

Total Phosphate Recovered/
Total Phosphate Added (%)

96.5 +

4.0 (18)

* Mean + standard error (N). Quantities ranged from 40 nmoles to 400
nmoles phosphate for each compound per chromatogram.
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from the same lizard that were (1) exposed and quick frozen in situ,
or (2) dissected and allowed to incubate in a Ringer's solution before
freezing (see Methods section).

As in frog muscle, i t was found that

the trauma of surgery causes depletion of PC in lizard muscle.

The

incubated muscle contained more than twice the amount of PC (12.77
ymoles/g) than the in situ freezing samples (5.67 ymoles/g).

Accord

ingly, this incubation procedure was routinely adopted.
Figures 16-19 show sample chromatograms from muscle extracts of
summer and winter S_. jarrovi and S. magister.

Table 18 summarizes the

data from the chromatograms of muscle extracts from 3-4 animals per
species, per season.
Several features are immediately apparent in all the chromato
grams in these figures.

ATP and PC plus P^ accounted for most of the

total acid-soluble phosphate.

The sum of these compounds comprised 86,

92, 74 and 81 percent of the total phosphate pool in summer S^. jarrovi
and S_. magister and winter :S. jarrovi and S^. magister, respectively.
The large peak of PC eluting prior to inorganic phosphate is the hall
mark characteristic of the phosphate profile.

This method allows direct

determination of PC levels independent of measurements of other com
pounds.

Earlier attempts to quantify PC were often imprecise, based

upon a differential hydrolysis of PC and ATP in molybdate for 30 minutes
at room temperature (Fiske and Subbarow 1929).

G-l-P, the only compound

overlapping at all with the elution of PC, appears in such small quanti
ties that any introduced error is less than 0.1% of PC content.

"k^at

Figure 16.

Chromatogram of phosphorylated compounds in a hindlimb muscle of a summer-active
Seeloporus jarrovi.

cr>

vo

Figure 17.

Chromatogram of phosphorylated compounds in a hindlimb muscle of a winter-active
Sceloporus jarrovi.

o

F1.6DP
AMP J IMP

Figure 18.

Chromatogram of phosphorylated corr.pounds in a hindlimb muscle of a summer-active
Sceloporus magi ster.

F1gure 19

—of pHosphoryUt.- c -P.und,
hibernating Sceloporus magister.

a

«,cl. of a winter-

Table 18.

Concentrations of phosphate fractions in lizard iliotibialis muscle.
Sceloporus jarrovi

Compound
TASP
Pi
PC
ATP
ADP
AMP
NAD
Hexose monophosphates
Fru 1,6-P2
IMP
PGA
Triose phosphates
Unknown 1
Unknown 2

Sceloporus maqister

Summer-Active

Winter-Active

Summer-Active

Winter-Hibernating

Concentration^

Concentration

Concentration

Concentration

,ymoles
^g tissue'

/ymoles P%
^g tissue'

/ymoles P N
*g tissue'

,ymoles_J\
^g tissue'
19.50
3.98
6,93
5.91
1.14
0.13
0.47

+
+
+
+
+
+
+

2.61
0.45
1 .31
0.70
0.18
0.03
0.13

(4)*
(4)a
(4)®
(4)
(4)
(4)
(3)

0.20
0.11
0.11
0.68
0.03
0.03

+
+
+
+
+
+

0.12
0.04
0.05
0.21
0.02
0.01

(4) a
(3)
(3)
(3)

40.03
9.00
13.98
6.63
1.65
0.16
1 .13
0.77
0.86
0.24
0.52
1 .39
2.53
0.08

+
+
+
+
+
+
+
+
+

T
+
+
+
+

2.29
0.16
0.79
0.69
0.07
0.05
0.30
0.18
0.07
0.09
0.08
0.25
0.25
0.01

(3)"
(3)a
(4)
(3)
(3)
(3)
(3)
< 4aU
(4) +
( 4 ). _
(4)
(4) a
(3)

30.68
8.78
9.52
10.04
1 .92
0.16
0.70
0.47
0.05
0.12
0.26

+
+
+
+

T
+
+
+
+
+
+

5.00
2.20
1.29
0.40
0.23
0.07
0.05
0.02
0.05
0.06
0.12

(3)
(4)
(3)
(4)
(4)
(2)
(2)
(3)
(4)
(3)

0.74 + 0.22 (4) b c
0.09 + 0.04 (3)

40.89
9.14
15.11
8.70
1 .82
0.15
0.99
0.47
0.18
0.10
0.21
1 .38
1 .87
0.06

+
+
+
+
+
+
+
+
+
+
+
+
+
+

4.65
0.48
2.08
1.64
0.12
0.02
0.21
0.17
0.12
0.06
0.06
0.08
0.33
0.03

(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3) .
(3)+
(2)
(3) c
(3)
(3)
(3)

moles ATP/g
moles ADP/g

3.27 + 0.34 (4) 1

2.69 + 0.26 (3)

3.80 + 0.47 (4)

3.12 + 0.47 (3)

moles PC/g
moles ATP/g

3.77 + 0.74 (4) b

6.60 + 0.32 (3) b

2.74 + 0.38 (4)°

5.50 + 0.91 (3) c

1.
t
a,b,c

Mean + standard error (N)
Means (in same row) significantly different (P < .01)
Means (in same row) significantly different (P < .05)

ATP and ADP peaks were easily resolved and quantified on all of
the chromatograms.

Resolution of the compounds eluting between 2-1/2

and 3 hours was more difficult.

Use of the ultraviolet recording of

the eluate prior to ashing was useful in identifying compounds such as
NAD, AMP, and IMP having similar elution positions to some of the nonultraviolet-absorbing hexose mono- and diphosphates.
The quantitation of P^, the hexose monophosphates (G-6-P and
Fru-6-P) and NAD is subject to greater error than the other compounds.
While peaks representing each of these compounds are apparent on all of
the chromatograms, the resolution is always poor.

The numbers calcu

lated for these compounds in Table 18 represent my best approximation.
The values for P^ are further compromised by the inclusion of dihydroxyacetone phosphate (DHAP).

These two compounds separate adequately on

the standard chromatograms but tend to overlap on the chromatograms from
muscle extracts.

Since glyceraldehyde-3 phosphate also elutes between

P.. and NAD, i t has been included in the values for the triose phosphates
in Table 20.
One of the most striking features of Table 18 is the similarity
of the phosphate profiles between the two species--even in winter-active
and winter-dormant animals.

With the exception of Fru-1 , 6-P£ and PGA,

winter levels of all phosphorylated compounds were indistinguishable
between the two species.

Summer 55. jarrovi and S^. magister differed

only in the levels of ATP and Unknown 1 (Figures 16-19).
Several significant seasonal changes were evident within each
species.

The compounds showing the greatest seasonal variation were
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Fru-1, 6-Pg and Unknown 1.

Fru-1, 6-P£ increased significantly in

winter SL jarrovi compared to summer S^. jarrovi and summer or winter
S_. magister.

:S. jarrovi showed a highly significant increase in

Unknown 1 during the winter.

!>. magister also exhibited a winter in

crease though not a significant one.
Total acid-soluble phosphate doubled from summer to winter in
S.. jarrovi and increased 1.3 times in

magister to 40.89 ymoles P./g.

These seasonal changes are similar in magnitude to those found in
Varanus griseus muscle by Haggag et al. (1966) who reported 31.3 and
61.6

moles P^/g in summer and winter lizards, respectively.
P.j more than doubled in winter S-. jarrovi but did not change in

S_. magister.

These values (3.91 - 9.14 ymoles P^/g) are higher than

those generally accepted for reptiles and amphibians of 1 - 5 ymoles
P^/g (Seraydarian et al. 1961, Davids, Cain and Delluva 1959, Kushmerick
1971 and Homsher et al. 1975).

The possibility exists that the elevated

P^ levels are a result of inadvertent hydrolysis of PC or ATP during
extraction of chromatography.

However, this extraction procedure

apparently does not break down PC extensively (Lowry and Passenou 1972)
and PC does not hydrolyze while bound to the anion-exchange resins (see
Methods section).

Little hydrolysis of ATP occurred during extraction

or chromatography as evidenced by the constant ATP/ADP ratios for each
species during both seasons (range 2.7 to 3.8).

These values are all

higher than the 2.4 and 2.3 calculated for frog sartiorus muscle by
Mommaerts and Wallner (1967) and Infante and Davies (1962).

These high P.. values probably indicate that PC levels in incu
bated lizard muscle do not return completely to resting levels under
these experimental conditions.

Because of the uncertainty of P.. meas

urements, the apparent winter increase of inorganic phosphate in S_.
jarrovi may not be real but may reflect hydrolyzed PC.

Mommaerts,

Saraydarian and Wallner (1962) found no difference in P^ between summer
and winter frogs.

The dissection-incubation technique utilized in this

study yields a complete profile of the phosphorylated compounds in a
near-resting state.

However, in order to determine the exact levels of

P.. and PC, specialized techniques would be necessary (Seraydarian et al .
1961 and Bergstrom et al . 1971).
PC levels increased in winter animals of both species.

These

levels are within normal ranges for ectothermic vertebrates of 5 - 20
ymoles P^/g (Kushmerick 1971).

The significant increase in the PC/ATP

ratios for both species is due to this rise in PC since no seasonal
changes occurred in any of the adenine nucleotides or in the ATP/ADP
ratio.

The range of ATP values in this study (5.91 - 10.04 ymoles P^/g)

is similar to the 6-15 ymoles P^/g of ATP found in frogs and turtles
(Kushmerick 1971)
The increase in PC and ATP in winter varanid lizards reported
by Haggag et al. (1966) may not reflect the actual levels of these com
pounds in vivo.

Excessive hydrolysis of labile phosphates (especially

PC) probably occurred during the muscle dissection.

Apparently no

attempt was made to allow the muscle to recover from the trauma of
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surgery before extraction.

Summer values of both PC (1.95 ymoles/g)

and ATP (2.24 ymoles P/g) fall far below established ranges for ectothermic vertebrates (Kushmerick 1971).

Additionally, the inorganic

phosphate fraction in summer and winter lizards represents an inordi
nately large percentage of the total phosphate pool (87 and 64%,
respectively).

Accordingly, the reliability of these data is question

able.
Several other compounds besides the adenine nucleotides showed
marked constancy between species and seasons.

NAD comprised 2.3 - 2.8%

of the total acid-soluble phosphate in summer and winter lizards of both
species.

A similar pattern existed for IMP.

The pattern for the hexose

monophosphates appears to be constant even though values could not be
obtained for summer S_. jarrovi due to poor resolution.

DISCUSSION
Hibernation and the Microclimate
Sceloporus jarrovi
Winter activity in Sceloporus jarrovi is dependent on the micro
climate and sites of winter activity are selected for a suitable thermal
environment.

In fact, in southeastern Arizona, many populations of S^.

jarrovi are not winter-active but remain dormant throughout the cold
months, presumably because of a lack of suitable activity sites (Lowe
pers. comm. 1975, Schwalbe, this study).

Acceptable combinations of

available crevices, proper rock type, slope aspect, elevation and wind
protection appear limited.
At the relatively high elevations studied, S_. jarrovi were only
observed winter-active on monolithic rock cliffs and roadcuts that were
east, south, or southeast-facing.

Differences in the thermal character

istics of the talus slopes compared to that of the cliffs themselves
probably account for the total lack of winter activity on the talus
slopes.

The effective absorptivity of solar radiation by the talus

should not differ much from that of the cliff parent material.

However,

the broken nature of the talus greatly decreases the conductive transfer
of heat to deeper layers (Geiger 1966, Kreith and Black 1980).

In addi

tion, the greater surface-area-to-volume ratio and the increased air
movement within the jumbled talus compared to that of the cliff results
78
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in much greater convective heat loss from the rocks to the winter air.
These differences are reflected by the significantly greater thermal
buffering (4.85°C greater) in the cliff crevice at 50 cm depth than at
the same depth in the talus slope (Table 4).
This restriction of activity to very large (> 100 m ) rock masses
does not hold true at lower elevations.

Lowe and his students investi-

gated winter activity in S L . jarrovi on rock masses 60 m

3

and smaller at

2000 m elevation in the Quinlan Mountains, Pima County, Arizona (Lowe
pers. comm. 1975).

Considering a lapse rate of 0.75°C/100 m elevation

in southeastern Arizona mountains (Lowe 1964), this is not surprising.
The lesser thermal capacity of the smaller rock mass at the lower eleva
tion is offset by less severe minimum temperatures.
I t is important to understand that the values of thermal buffer
ing afforded S^. jarrovi by its rocky habitat (Table 4) are not for
catastrophic freezes but represent the lowest temperatures observed
during the period of this study.

While doing preliminary fieldwork for

this study I observed several Su jarrovi emerge from the 12 cm deep
Barfoot Cliff crevice (Data-Site No. 6, Table 4) on at least three occa
sions.

During the next two winters I never saw another lizard emerge

from that crevice.

Since the minimum air temperature at Barfoot Park

reached as low as -10°C during November and December 1976, any lizards
in that crevice must have exceeded their supercooling limits between
-1.5 and -6.2°C (Halpern 1979, Lowe et al. 1971) and frozen to death.
The thermal buffering for that crevice was only 0.5°C at the relatively

mild outside ambient temperature of 0°C (Table 4, Data-Site 6). I was
unable to examine that crevice thoroughly for dead lizards because of
the crevice's location on the cliff face.

However, during January 1977

I found the mummified remains of at least 8 lizards in other crevices
from 10-25 cm deep.
The lack of correlation between deep body temperature and air
temperature in winter-active S^. jarrovi can be attributed largely to the
albedo change in this species when a cold animal is exposed to the sun.
Melanophore expansion occurs with a concomitant increase in absorptivity
of visible solar radiation from approximately 60% to 90% (Bagnara and
Hadley 1973, Porter, pers. comm. 1976).

Many other lizards, including

S^. magister, can also change their solar absorptivity, but usually to a
lesser degree (Norris 1967, Pearson 1977, Rice and Bradshaw 1980).

This

change in absorptivity is temperature-dependent; colder lizards are
darker than warmer ones.

The agamid lizard, Amphibolorus nuchal is,

changes its solar absorptivity from 32 to 24 per cent over a body temper
ature range of 12 to 40°C (Rice and Bradshaw 1980).

The change in !5.

jarrovi is dramatic and important to its winter activity.

Since approxi

mately 45 per cent of the sun's energy output is in the visible portion
of the spectrum (Sellers 1965), this suggested 30 per cent increase in
absorptivity by S^. jarrovi can mean up to a 13 per cent increase in the
solar energy absorbed by the lizard.
Sceloporus magi ster
Adult Sceloporus magister are not winter-active even though
solar radiation values and air temperatures are well above the thresholds

required for activity in j>. .jarrovi.

Juvenile JS. maqister are occa

sionally seen active in the winter following several successive warm,
clear days.

These juveniles are often as large as some adult

jarrovi.

This suggests a possible allometric basis for the differences in adult
behavior.

An adult S^. magister, having a 4- to 5-fold greater body

weight, has a smaller surface area/volume ratio and would warm more
slowly than

jarrovi.

With a few simplifying assumptions one can estimate the heating
rates for each of these lizards.
and

Assume for the moment that S^. jarrovi

maqister have the same solar absorptivity of 0.8 and are exposed

to the same solar radiation flux of 700 W-m
clear January day in southern Arizona.

_2

, a reasonable value for a

Assume further that substrate

albedos for both lizards equal 0.2, substratum surface temperatures are
30°C, air temperatures are 10°C, there is no wind, and conductive heat
transfer is negligible (see Norris 1967, Bartlett and Gates 1967).
Using the equations for heat gained by a lizard from direct and re
flected solar radiation (Bartlett and Gates 1967, Porter et al. 1971,
Muth 1977), one can calculate the time required for each lizard to heat
from 10 to 30°C body temperature.
tissue is assumed to be 3.43 J-g

-1

The specific heat capacity of lizard
-C

-1

(0.82 cal*g

-1

-C

-1

) (Bartholomew

and Tucker 1963).
I t would take a 20-g S_. jarrovi 17.2 minutes to reach a body
temperature of 30°C versus 42.9 min for an 80-g S-. magister.

Inclusion

of sky and ground thermal radiation would increase the difference
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between species as well as increasing the warming time for each species.
Forced convection at high wind speeds would cause a greater heat loss
in the smaller SL jarrovi than in

magister.

This convective heat loss

accounts for the lack of winter activity in S_. jarrovi when winds are
high.

While this slower warming rate would not preclude S^. magister from

achieving its preferred body temperature during the winter, i t probably
is a major factor, i f not the major factor, in influencing hibernation
in this species.
The values for thermal buffering in

magister habitats (Table

5) were measured in the open instead of under the canopy of desert
shrubs and trees where most Neotoma albigula burrows occur.

The addi

tional thermal buffering of 3-4°C afforded by even a leafless tree
canopy should insure survival of most hibernating 55. magister no matter
how shallow they were buried (Lowe and Hinds 1971).
Righting Responses in Lizards
As first described by Cowles and Bogert (1944), the critical
thermal minimum (CTMin) is the temperature that causes a cold narcosis
in reptiles, effectively preventing locomotion.

Below this body

temperature, a snake or lizard is unable to seek protection from predation or further cooling which could be lethal.

The critical thermal

maximum was also introduced by Cowles and Bogert (1944) and modified by
Lowe and Vance (1955) as "the arithmetic mean of the collective thermal
points at which locomotory activity becomes disorganized and the animal
loses its ability to escape from conditions that will promptly lead to

its death."

Both the critical thermal maximum and minimum have been

shown to acclimate (acclimatize) with temperature (season) (Lowe and
Vance 1955, Ballinger and Schrank 1970, Jacobson and Whitford 1970,
Prieto and Whitford 1971, Spellerberg 1972a, b).

For both critical

temperatures, colder acclimation or seasonal temperatures result in
lower critical maxima or minima.
Both Sceloporus jarrovi and S^. magister showed significant
seasonal acclimatization of the CTMin.

Spellerberg (1972b) demonstrated

both a genetic and environmental component in the acclimation of the
critical temperatures in 4 closely related species of Australian skinks.
I t is not yet clear how much of the observed differences between
jarrovi and S_. magister CTMin 1 s are due merely to differences in environ
mental temperatures.

I t is interesting to note that the CTMin for summer

S^. jarrovi is not statistically different from that of winter :S.
magister.

One implication is that the summer SL jarrovi thermal envi

ronment is nearly equivalent to the winter environment of S^. magister,
assuming body size and other species differences have less effect on the
CTMin than the thermal history of the lizards.
does not affect the CTMin in these two species.

Body size apparently
No correlation (P >

.1) was found between the CTMin and body weight for either species in
summer or winter.
An assumption at the beginning of this study was that the muscu
lar righting response being used to determine the critical thermal mini
mum was a spinal reflex not requiring integration by higher centers of
the brain.

This assumption was corroborated while developing the myosin
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extraction techniques.

Decapitated js. magister would still attempt to

right themselves (some successfully) when stimulated.

Failure appeared

to be due to a loss of the additional fulcrum length normally provided
by the head and nose and not due to any decrease in intensity or coor
dination of the righting reflex itself.
Function and Structure of the Myosin Molecule
Temperature Dependence of
Myosin ATPase
There are several interesting characteristics of the myosin ATPase
in these 2 lizard species, some of which may be adaptive.

The Ca

2+

-

activated myosin ATPase from 5L magister is significantly more active
than that from S_. jarrovi at most temperatures in both winter and summer
(Tables 8 and 9, Figures 8 and 9).

This is exactly the opposite that

one would predict from several lines of reasoning.
Fish exposed to colder environmental temperatures often show
higher specific activities of myofibrillar ATPase than fish from warmer
temperatures.

Muscle ATPases show a greater specific activity in cold-

acclimated cockroaches and houseflies (Thiessen and Mutchmore 1967) and
lizards (Eapen and Pushpendran 1972) than in warm-acclimated animals.
If such an effect were present in these two species of Sceloporus, !S.
jarrovi would be expected to have greater specific myosin ATPase activity
because of its colder environment (Table 3).
Apparently no natural temperature acclimitization occurs within
either of these two species since no consistent seasonal difference in
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enzyme activities were noted (Tables 10 and 11).

The thermal buffering

afforded hibernating !S. magister in its wintering sites predicts even
greater seasonal temperature differences for this species, yet no seasoonal ATPase differences were observed.
2+

Recent evidence on temperature acclimation in Mg

-activated

myofibrillar ATPase from fishes indicates that i t may be the calcium
regulatory protein (tropomyosin-troponin complex) on the actin molecule
that is responsible for the acclimation and may not be directly related
to the myosin molecule itself (McArdle and Johnston 1980).

Johnston

and his co-workers have found adaptive variations in myofibrillar ATPase
activity, muscle metabolism and Ca

2+

transport and Ca

2+

-ATPase activity

in the sarcoplasmic reticulum from fishes exposed to different environ
mental temperatures (Johnston and Lucking 1978, Johnston 1979, and
McArdle and Johnston 1980).

I t may well be that lizard myofibrillar

ATPase will show temperature acclimation or acclimitization but i t is
unlikely that the myosin ATPase does.
Myosin ATPase activity correlates negatively with body size in
mammals (Syrovy and Gutmann 1975).
closely related reptiles,

I f such a relationship held within

magister would again be expected to have a

lower specific activity in its ATPase since i t is 4 to 5 times heavier
than S_. jarrovi.
A possible explanation for the higher specific activity in
magister myosin is related to the predator escape behavior in the two
species.

Over much of its range, jS. magister is mostly terrestrial,

often dashing rapidly to cover a distance of several meters when
threatened.

I t is a wary species, difficult to approach closely unless

very near to cover or unaware of the observer.
vertical cliffs, rock faces and talus slopes.

S_. jarrovi inhabits
When threatened, i t needs

only to scurry a few centimeters to safety among the crevices or loose
rocks in its habitat.
Burst running speed at 25 - 35°C is significantly higher in the
lizards Cnemidophorus murinus, Dipsosaurus dorsal is, Sceloporus
occidental is and Uma inornata than in the more reclusive Gerrhonotus
multicarinatus (Bennett 1980).

In Dipsosaurus, Gerrhonotus and Uma,

this correlates with the thermal dependence of Ca

2+

-activated myosin

ATPase activity between 20 and 45°C (Bennett 1980, Licht 1964a).

Myosin

ATPase activity also correlates with velocity of swimming in fishes
(Steinbach 1949).

Myosin ATPase from the slow-moving sloth is much less

active than that from the cat (Barany 1967).

I t may be that the species

groups within the genus Sceloporus are sufficiently specialized with
respect to escape behavior to show similar differences in burst running
speed.

The torquatus species group (containing S_. jarrovi) exhibits

very different reproductive cycles and activity patterns from the
spinosus group which contains 5L maqister among others.
Thermal Stability
While temperature acclimation of myosin or myofibrillar ATPase
activity in reptiles may or may not occur, there is evidence for envi
ronmental (or preferred body) temperatures affecting the thermal
stability of myosin ATPase.

Lizard species with lower preferred body
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preferred body temperatures showed thermal denaturation of Ca

2+

-

activated myosin ATPase at lower temperatures than species operating at
higher temperatures (Licht 1964a).

While the differences are not sta

tistically significant, in this present study winter lizards of both
species begin to show a decrease in Ca

2+

-activated myosin ATPase at 28°C

whereas summer lizards maintain activity at 32°C (Figure 8, Tables 10
and 11).

This tendency toward thermal denaturation at lower tempera

tures in winter lizards may represent the response of different myosin
ATPase isoenzymes to temperature.

Rabbit myosin does produce different

isoenzymes of the fast muscle type (Weeds and Taylor 1975) and thyroid
hormone stimulates synthesis of a cardiac myosin isoenzyme in rabbits
(Flink, Rader and Morkin 1979).

Because of the size and complexity of

the myosin molecule, separation and characterization of myosin isoen
zymes is not likely to prove as fruitful as for isoenzymes of less
complicated molecules such as fish lactate dehydrogenases.
High Energy Phosphates and Hibernation
A link between the energy metabolism in skeletal muscle and the
activity state of the whole animal was first suggested by Zimny (1956)
and advanced by Zimny and Gregory (1958) and Haggag et al. (1966).
Zimny (1956) and Zimny and Gregory (1958) found elevated levels of PC
in hibernating ground squirrels.

Both PC and ATP were reported to

increase in inactive (hibernating) varanid lizards compared to active
ones (Haggag et al. 1966).

I found an increase in PC (but not ATP) in

winter lizards compared to summer ones in both Sceloporus jarrovi and
S_. magister.
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In the studies on ground squirrels and varanid lizards, the
increased winter level of PC was attributed to the decreased muscle
activity in winter-dormant animals; i.e., since hibernating animals do
not move above, muscular contractions do not occur, hence no hydrolysis
of ATP or PC occur and the levels of PC build.
My results indicate that muscle inactivity alone does not
account for this winter build-up of PC.

Winter values of PC were just

as high in winter-active, non-hibernatingjarrovi as in winter-inactive
hibernating S. magister.

Thus the muscular activity involved in winter

time body movement (in-out-around) at winter denning sites in S^. jarrovi
does not reduce PC levels in its skeletal muscle.

Factors other than

muscular activity per se must regulate the seasonal levels of this com
pound.
I f P.j is similarly limiting in lizard muscle as suggested in
frog muscle—a not unreasonable assumption since similar levels of PC,
ATP, and P^ occur among reptiles and amphibians (Kushmerick 1971,
Seraydarian et al. 1961)--the increase in PC (and TASP) shown in both
winter _S. jarrovi and winter J>. magister may reflect initial increases
in P.. which were then converted to ATP and then to PC.

Various investi

gators have suggested that inorganic phosphate may be limiting in
several metabolic reactions.

According to Seraydarian et al. (1961), the

true inorganic phosphate concentration in frog skeletal muscle is approx
imately 1.0 ymole/g.

Actin and myosin can bind 0.6 ymoles P^/g or more

(Gergely and Maruyama 1960).

Thus, the actual amount of inorganic
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phosphate freely available for phosphorylation of organic compounds may
be very small.

In addition, tissue culture experiments have shown an

increase in ATP concentration (and ATP/ADP ratio) in rat liver and
yeast cells correlated with increases in P^ in the incubating medium
(Erecinska et al. 1977).
The measured increase in winter level of PC might also be
explained by seasonal shifts in the activities of creatine phosphoryl
transferase and/or myosin ATPase.

Such shifts could result in the for

mation of more PC at the expense of ATP.

This resultant decrease in

ATP (and the ATP/ADP ratio) would activate the tricarboxylic acid cycle
and oxidative phosphorylation as well as glycolysis in order to re
establish a suitable ATP/ADP balance.

However, as discussed earlier

there is no seasonal shift in myosin ATPase for either species.

I am

unaware of any evidence for seasonal changes in creatine phosphoryl
transferase activity.
In addition to a seasonal increase in PC, there is indirect
evidence that a seasonal increase in inorganic phosphate may occur
in lizards.

Within 48 hours after parathyroidectomy, serum inorganic

phosphate levels almost doubled in the lizard, Anolis carolinensis
(Clark, Pang and Dix 1969

and Dix, Pang and Clark 1970).

The parathy

roid glands in the iguanid Anolis, and the skinks Chalcides and Scincus,
showed degeneration in cell size and number during the winter, with an
increase in the spring and summer (Clark et al. 1969 and Sidky 1965).
Such a natural atrophic process implies decreased parathyroid activity

in winter.

Assuming this same seasonal parathyroid process also occurs

in Sceloporus, available phosphate should increase in winter, allowing
the formation of higher levels of ATP which would then be converted
to PC in order to maintain a proper ATP/ADP balance.

Thus the observed

high winter levels of PC in lizards may be a direct consequence of
seasonal hormonal changes and may not be related at all to muscle
activity levels.

SUMMARY AND CONCLUSIONS
Winter activity in Sceloporus jarrovi is site specific, oc
curring only on rock cliffs or roadcuts that face east, south, or
southeast.

Such activity was very dependent upon the microclimate.

Unobstructed solar radiation was necessary for lizards to be active.
Cloud formation too early in the day precluded lizard emergence.
Low temperatures could also prevent emergence even on sunny days.
S.. jarrovi would only begin to move toward the surface within the
crevice when temperatures exceeded 6.5°C.

Winds exceeding 5 m/s

curtailed activity even on relatively warm, sunny winter days.
Adult S.. magister are not winter active - even at microclimatological conditions which would allow activity in S^ jarrovi.
Deep body temperatures of hibernating j>. magister closely match soil
temperatures at the same depth.
The actual amount of maximum thermal buffering (minimum out
side air temperature minus minimum inside crevice temperature) af
forded by SL jarrovi and S^. magister habitats are similar (approxi
mately 1-10°C).

The lower environmental temperatures encountered by

S.. jarrovi in its forest and high woodland habitats indicate that
supercooling regularly plays an important role in winter survival.
The winter mean thermal buffering for this species is 4.94°C.

The

greater thermal buffering in rock cliff habitats of S^ jarrovi com
pared to adjacent talus slopes probably explains the absence of
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winter activity on talus slopes.

Probably very few hibernating indi

viduals of the flatland :S. maqister supercool during a normal winter
because of more equable winter temperatures.
Deep body temperatures and associated air temperatures of
winter-active SL jarrovi were significantly lower than summer-active
ones.

Body temperature greatly exceeded air temperature at 1 cm

height in both summer and winter.

Body temperature in summer S^.

jarrovi did not differ from those in summer J5. magister even though
air temperatures at 1 cm differed by as much as 10°C or more in their
different habitats.

In summer animals of both species, body tempera

ture is significantly correlated with microenvironmental air tempera
ture.

Such correlation does not exist for winter-active S^. jarrovi.
The critical thermal minimum (CTMin) is significantly higher

in SL maqister than in

jarrovi in both summer and winter.

Seasonal

temperature acclimatization occurs in the CTMin; the winter CTMin is
significantly lower than the summer CTMin in both species.
cooling also affects the determination of the CTMin.

Rate of

Myosin ATPase

activity does not correlate positively with lizard righting responses
at low body temperatures.
Ca

2+

-activated myosin ATPase activity is significantly higher

in summer S^. maqister than in summer S^. jarrovi at all temperatures
.
Ox
measured below 36 C. In the winter, Ca -activated myosin ATPase
activity also tends to be higher in the hibernating S.. maqister than
in the active Sk jarrovi.

EDTA-activated myosin ATPase activity is

not different between the species in either summer or winter.

No
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seasonal natural acclimatization of myosin ATPase to temperature oc
curs in either species for either mode of activation.

The higher

myosin activity in S^. magister may be related to its ability to
escape predation by quick horizontal dashes across open flatlands;
the cliff-climbing SL jarrovi most often escapes by shuttling into
nearby rock crevices.
Myosin ATPases from both species respond in a typical verte
brate fashion to pH, salt concentration and sulfhydryl modification.
The light chain composition of myosin appears to be the same
in summer

jarrovi and S_. magister, as determined by SDS-poly-

acrylamide gel electrophoresis.

There are three distinct chains.

The largest (LC-1) has an average molecular weight of approximately
27,800.

Two smaller chains (LC-2 and LC-3) had molecular weights of

18,700 and 16,600, respectively.
Seasonal levels of phosphorylated compounds in hindlimb
muscles of both species were measured utilizing high pressure ionexchange chromatography.

In winter animals, the total acid-soluble

phosphate profile in winter-active S_. jarrovi was similar to that
in the winter-dormant _S. magister.

Summer lizards also exhibit no

consistent differences in levels of the major acid-soluble phosphates
between species.

Summer ATP levels are higher in _S. magister than in

S. jarrovi, although there is no interspecific difference in the ATP/

ADP ratios.
Several seasonal intraspecific differences are evident:
(1) Winter levels of total acid-soluble phosphate are higher than

summer levels in both species.

(2) phorphorylcreatine levels increase

during the winter in both species.

(3) Fructose-1, 6-diphosphate

is significantly higher in winter S.. jarrovi than in summer S.. jarrovi
or summer or winter S_. maqister.
Apparently winter-dormancy has little effect on levels of the
major phosphorylated compounds in the genus Sceloporus; winter-active
lizards show the same seasonal changes.
Winter hibernation in SL maqister apparently is not dictated
by limitations of muscle physiology but may be by the thermal inertia
of this large lizard.

S^. jarrovi remains winter-active in the face

of a more severe microclimate and equivalent or lesser muscular
performance.
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