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cause retinal RK decreases the cyclic
nucleotide response to photon stimulation (4), we suspect that pineal RK is
involved in the regulationof cyclic nucleotide responsiveness of pinealocytes
to adrenergicstimulation(15, 16). Finally, because rhodopsin regulates phosphodiesteraseactivity, we speculatethat
the pineal adrenoceptorsubstrateof RK
regulates phosphodiesterase.The phosphorylationof p-adrenoceptorsassociated with modulation of responsiveness
has been reported (17); the kinase involved might be RK.
The presence of RK activity in diverse
tissues suggests that this, or a closely
related, enzyme functions in these tissues to phosphorylate related integral
membranereceptors, each of which may
have evolved from the same ancestral
receptormolecule.
The findingof RK in the pinealglandis
only one in a series of findings that
biochemically link the mammalianeye
and pineal gland. First, both the retina
and pineal gland contain hydroxyindolean enzyme of limitO-methyltransferase,
ed distribution,which converts N-acetylserotonin to melatonin (18). Second,
as mentionedabove, both tissues contain
the S antigen (9). Third, the occurrence
of bilateral retinal blastomas is often
followed by the appearanceof a pineal
tumor-a syndromedescribedas trilateral blastoma(19). Althoughfunction may
have changed during evolution as the
mammalianpineal gland lost its photoreceptor function and became entirely
neurosecretory(11), both the retina and
pinealglandare biochemicallymore similar in mammals than is generally acknowledged.Recognitionof this relation
might allow pineal and retinal biochemists to benefit from advances in each
other's field.
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A. Liebman,J. Biol. Chem. 258, 12106(1983);
H. Shichi, K. Yamanoto,R. L. Somers, Vision
Res., in press. Two effectsof lighton rhodopsin
appear to be related to the control of retinal
cyclic GMP.One is to initiateevents that result
in activationof phosphodiesterase.The otheris
to convert rhodopsin into a form capable of
being phosphorylatedby RK. The resulting
phosphorylationappearsto decreasethe potency of photolyzedrhodopsinto activatephosphodiesterase.
Tissuesobtainedfrom250-gmalerats (SpragueDawley) were preparedby homogenization(1
mg of wet weight per 20 ,1) in 10 mM Pipes,
containing4 mMdithiothreitoland 1 mM EDTA
(pH 7.0). The kinase assay contained, unless
otherwise indicated, 50 mM potassium phosphate(pH6.8), containing1 mMMgC2, 0.1 mM
[32P]ATP(1 x 106 to 2 x 106 cpm/nmol), 0.5
nmol of rhodopsinin urea-treatedbovine rod
outer segments [H. Shichi, R. L. Somers, K.
Yamamoto,MethodsEnzymol.99, 362 (1983)],
and 5 pLgof supernatantprotein.The final volume of the assay was 50 ,ul. The assay was
stopped by the addition of 200 p1 of 0.125M
potassiumphosphatebuffer(pH 6.8), containing
62.5 mM potassiumfluoride, 12.5 mM EFDTA,
and 6.25 mM ATP. This was centrifuged
(10,000g),and the supernatantwas removed;2
,ulof the supernatantwas analyzedfor [32P]ATP
content by thin-layerchromatographyon PEI
cellulose (E. Merck),with IM lithiumchloride
used as the solvent [K. Randerathand E. Randerath,J. Chromatogr.16, I111(1964)].Identification and measurementof the [32P]ATPand
32po4indicatedthat less than 20 percentof the
ATP originallypresent was hydrolyzedduring
the assay.
of 10 mM tris
The pellet was dissolved in 40 pL1
acetate(pH 7.4), containing2.5 percentsodium
sulfate
2
(SDS), percent p-mercaptododecyl
ethanol,and5 mMEDTA. To this was added10
pl of 50 percent glycerol with 0.05 percent
bromophenolblue. The sample was kept at
room temperature,and a 25-p.lsamplewas appliedto a 10 percentacrylamide-SDSgel [U. K.
Laemmli, Nature (London) 227, 680 (1970)].
Electrophoresiswas for 30 to 40 minutesat 60 V
and then for 3.5 hours at 165 V (constantvoltage). The gel was stained, dried, and the
["P]phosphorylatedopsin bands were visualcut out of the gel, and
ized by autoradiography,
counted.
R. L. Somers and D. C. Klein, unpublished
results.
To determinethe tissue distributionof RK activity, we removedtissues from250-to 300-gmale
rats; ovaries were removed from 250-g female
rats. The tissues were immediatelyplaced on
solid CO2 and stored (-70?C). Tissues were
thawed individually, and small pieces were
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Caffeine and Related Methylxanthines: Possible
Naturally Occurring Pesticides
Abstract. Natural and synthetic methylxanthines inhibit insect feeding and are
pesticidal at concentrations known to occur in plants. These effects are due primarily
to inhibition of phosphodiesterase activity and to an increase in intracellular cyclic
adenosine monophosphate. At lower concentrations, methylxanthines are potent
synergists of other pesticides known to activate adenylate cyclase in insects. These
data suggest that methylxanthines may function as natural insecticides and that
phosphodiesterase inhibitors, alone or in combination with other compounds, may
be useful in insect control.
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specific toxins, compounds with pheromone-like activity, and bitter-tasting
aversive substances (3). This study presents evidence that the methylxanthines
have pestistatic and pesticidal activity
and describes the biochemical mechanisms by which such activity may occur.
In most experiments, tobacco hornworm (Manduca sexta) larvae were used

to studypestistaticandpesticidaleffects,
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because this species can be synchronously hatched and easily raised on either artificial or natural food. Before
examining the effects of methylxanthines, I first investigatedwhethertea or
coffee has any pestistatic or pesticidal
activity. Finely powdered tea leaves
(Camellia sinensis) or powdered coffee
beans (Coffea arabica) were added at
various concentrationsto a liquid artificial medium, which was then placed in
smallpetridishes and allowed to harden.
First instar larvae were then housed in
these dishes. At concentrationsfrom 0.3
to 10 percent (by weight)for coffee (Fig.
IA) and from 0.1 to 3 percent for tea,
there was a dose-dependentinhibitionof
feeding associated with hyperactivity,
tremors,and stuntedgrowth. At concentrationsgreater than 10 percent for coffee or 3 percentfor tea larvaewere killed
within 24 hours.
To investigate the possible contribution of endogenous methylxanthinesto
these effects, I next examinedthe action
of purified methylxanthines on larvae
raisedon either artificialor naturalfood.
When added to artificial medium, caffeine (the majormethylxanthinefound in
tea and coffee) exerted effects that were
qualitativelysimilar to those described
above. In addition, the concentrationof
purifiedcaffeine requiredfor 50 percent
inhibitionof weightgain was nearlyidentical to the concentrationof endogenous
caffeine in the coffee-medium mixture
that caused 50 percent inhibition of
weight gain (Fig. IA). Dried tea leaves,
which contain two to three times the
caffeine of dried coffee beans, were
about two to three times as effective as
coffee beans in inhibiting weight gain
(datanot shown). Furthermore,the concentrationsof caffeinefound naturallyin
undriedtea leaves (0.68 to 2.1 percent)
or coffee beans (0.8 to 1.8 percent)were
sufficientto kill most Manduca larvae,
suggestingthat naturallyoccurringmethylxanthines could function as endogenous insecticides (4, 5). When appliedas
a spray to natural feeding substrates
such as tomato leaves, caffeine, theophylline, or the synthetic compound 3isobutylmethylxanthine(IBMX) exerted
pestistatic and pesticidal effects that resulted in leaf protection (Fig. 1, B and
C).

Certainotherinsect species in addition
to Manduca sexta were affected by
methylxanthines. IBMX (mixed in appropriate artificial medium) inhibited
food consumption by mealworm larvae
[Tenebrio spp.; median effective dose
(ED50),0.1 to 0.3 percent], butterflylarvae (Vanessa cardui; ED50, 0.1 to 0.3
percent), and milkweed bug nymphs
12 OCTOBER1984

(Oncopeltus fasciatus; ED50, 0.3 percent); in solution, IBMX killed mosquito
larvae (Culex spp.; ED50, 0.0007 percent). Adultflourbeetles (Triboliumconfusum and T. castaneum)were unaffected by doses of IBMX up to 3 percent
however, in long-term tests, IBMX
(ED50,0.2 percent) inhibited reproduction of these two species.
In vertebratetissues, methylxanthines
are known to inhibit phosphodiesterase
(PDE)enzymes, which hydrolyzeadenosine 3',5'-monophosphate(cyclic AMP)
(2, 6). I therefore investigated whether
methylxanthinescould inhibit PDE activity in Manduca nerve cord and, if so,
whether the degree of such inhibition
was relatedto observed pestistaticactivity. The dose-dependent inhibition of
nerve cord PDE activity by the methyl-

A

xanthines (Fig. ID) showed a similar
pattern of activity (that is, rank-order
potency and relative efficacy)to the inhibitionof leaf consumptionby these same
methylxanthines(Fig. IC).
To determine whether the doses of
methylxanthines(see Fig. 1, B and C)
ingested by the larvae (causing pestistatic and pesticidal activity in vivo) were
actually absorbed by the animals and
were sufficientto inhibit PDE in vivo, I
performedadditionalstudies to estimate
concentrations of methylxanthine present in tissue after 3 days of feeding
larvae on various doses of theophyllinetreated leaves (7). In these studies, larvae feeding on leaves treated with a 1
percent spray (an amount causing about
50 percent inhibition of leaf consumption) were found to contain an internal
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Fig. 1. (A) Effect on tobacco hornwormbody weight of powdered coffee beans or caffeine
incorporatedinto artificialmedium (CarolinaBiological Supply). Weight (mean + standard
errorof the mean, n = 5) was measuredat the end of 7 days. The caffeine content of coffee
beans was determinedspectrophotometrically
afterselective extractionand separationby thinlayer chromatography.(B and C) Dose-dependentinhibitionof leaf consumption(antifeeding
effect)in a typicalexperimentwith caffeine(picturedin B) and a summaryof threeexperiments
withIBMX(0), caffeine(A), theophylline(0), and8-phenyltheophylline
(0) (quantitatedin C).
Isolated, hydratedtomato leaves were sprayed with the compoundsor with vehicle (usually
methanol) at the concentrations shown, allowed to dry, and placed in closed plexiglass
containers. A group of six 3-day-old tobacco hornwormlarvae (initiallyreared on artificial
medium)were then placed on each leaf, and the amountof leaf remainingwas measuredat the
end of 4 days. Values shown are means (? standarderrorof the meanfor threeexperiments)of
leaf area expressed as percent of control area. (D) Effect of the same methylxanthineson
inhibitionof cyclic AMP phosphodiesteraseactivity in homogenatesof hornwormnerve cord.
Nerve cordswere dissectedfromlarvae(40 to 60 mmlong), cleaned, andhomogenized(2mg/ml)
in 6 mM tris-maleate(pH 7.4). Phosphodiesteraseactivity was measuredin an assay system
containing(in 0. -ml total volume) 80 mM tris-maleate(pH 7.4), 6 mM MgSO4, 10-7M 3Hlabeled cyclic AMP, and 0.02 ml of tissue homogenate with or without drug. The rate of
formationof 3H-labeled5'-AMPwas measured(23)duringa 4-minuteincubationat 30?C.Under
these conditions, enzyme activity was linear with respect to time and enzyme concentration.
Values shown are means ? standarderrorof the mean for three separateexperiments.
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theophylline concentration of 4.1 ? 1.1
mM (mean ? standard deviation for two
groups of six pooled animals). Such a
concentration was sufficient to cause
more than 80 percent inhibition of PDE
activity in hornworm nerve cord in vitro.
This observation helps to rule out the
possibility of adenosine receptors acting
as a mechanism for the inhibition of leaf
consumption (antifeeding effects) of the
methylxanthines since, in vertebrates,
methylxanthines such as theophylline
are competitive adenosine receptor antagonists but exert such antagonism at
much lower concentrations, typically 1
to 25 ,pM (8). Thus, in the present experiments, a 0.1 percent spray of theophylline, which had little effect on feeding,
resulted in concentration of theophylline
in tissue (-400 pM) which would have
been sufficient virtually completely to
block adenosine receptor binding (8).
In addition, whereas caffeine has been
reported to be tenfold weaker than theophylline as an adenosine antagonist (8),
caffeine was somewhat more potent than
theophylline in preventing leaf-eating
and about equipotent as a PDE inhibitor
(Fig. 1, C and D). Also, whereas IBMX
and theophylline are roughly equipotent
in blocking adenosine receptors (8),
IBMX was about tenfold more potent
both in disruption of feeding and in PDE
inhibition (Fig. ID). Furthermore, the
potent adenosine antagonist 8-phenyltheophylline [inhibition constant (Ki) for
adenosine receptors, 0.12 to 1.0 ,uM (8,
9)] exerted little antifeeding effect and
was a weak PDE inhibitor (Fig. 1, C and
D). Finally, the nonxanthine papaverine
was a potent inhibitor of both insect PDE
(Ki, 40 FpM)and the ability of Manduca
to feed (ED50, 0.1 percent spray). Unlike
the methylxanthines, papaverine is an
inhibitor of adenosine uptake, and it potentiates, rather than blocks (as do methylxanthines), physiological effects on
adenosine receptors (10). Taken together, these data are more consistent with a
mechanism of action related to inhibition
of PDE than to blockade of adenosine
(11).
Furthermore, other experiments suggested that the effects described above
were probably not due to the reported
calcium-mobilizing effects of the methylxanthines (12, 13). Specifically, methylxanthines are known to mobilize calcium
from the sarcoplasmic reticulum, an effect blocked by diltiazem or procaine,
and in the present experiments neither
diltiazem nor procaine reversed the antifeeding effects of IBMX (12, 14). Methylxanthines may also affect calcium movement across the plasma membrane (12,
15), and in the present studies D-600,
verapamil, and nimodipine, which are
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Fig. 2. Time-courseexperimentshowing the
synergistic effect of caffeine and didemethylchlordimeform(DDCDM, an octopamine
agonist) comparedwith the effects of either
compoundalone on consumptionof tomato
leaves sprayed with the various agents. The
experimentalprocedure was similar to that
described in the legend to Fig. IC. Values
shownare the mean ? rangeof duplicatearea
measurementsexpressedas a percentof total
(starting)area and are typical of those seen in
two to four replicate experiments. Symbols:
(0) control; (A) caffeine (0.1 percent); (0)
DDCDM (0.01 percent); (A) caffeine
+ DDCDM.

known to block plasma membrane calcium channels, were unable to block the
pestistatic or pesticidal effects of IBMX.
In other studies, I have reported that
the formamidine pesticides are octopaminergic agonists and potent activators
of adenylate cyclase in insects, stimulating the synthesis of intracellular cyclic
AMP (16). By inhibiting breakdown of
cyclic AMP, the methylxanthines should
enhance receptor-mediated action of

Table 1. Effect of various octopamine agonists in the absence or presence of isobutylmethylxanthine(IBMX) on cyclic AMP content of Manduca sexta nerve cord. Nerve
cords from larvae (40 to 60 mm long) were
dissected; each cord was cut into 5-mm segments, and 6 to 8 segments were placed per
tubein 0.3 ml of oxygenatedinsect saline(22).
After incubationfor 10 minutes, the drug or
drugs listed were added, and the tubes were
incubated for 5 minutes at 25?C and then
boiled for 2 minutes. The contents of each
tube were then homogenizedand centrifuged,
the supernatantwas assayed in duplicatefor
cyclic AMP content by binding assay (23),
and the sediment was assayed for protein
content. The values (mean ? standarderror
of the mean for three experiments)show the
cyclic AMP content as a percent of control
activity (6.25 ? 1.05 pmol per milligramof
proteinfor six replicates).
Compound*
DDCDM
NC7
Octopamine

Cyclic IkMP
(percentof control)
Without
IBMX

With
IBMX

540 ? 380
220 ? 20
90 +? 30

1110 + 270
1390 + 300
640 + 100
220 + 30

*Theconcentrationof all compoundsaindIBMXwas

0.1 mM.

such octopamine agonists. Accordingly,
it was of interest to determine whether
methylxanthines would enhance the pesticidal activity of the formamidines or of
certain other octopamine agonists (17).
Leaves treated with a low dose of
caffeine or with a low (minimally toxic)
dose of the formamidine pesticide didemethylchlordimeform (DDCDM) were
eaten by a hornworm larvae at a rate
similar to that for control leaves (Fig. 2).
However, when caffeine was combined
with an identical amount of DDCDM,
marked inhibition of feeding occurred
and, by day 6, all larvae were dead.
Synergism was also observed when
DDCDM was combined with theophylline or IBMX. To quantitate this synergism, I next tested various concentrations of a primary octopaminergic pesticide in the absence or presence of a fixed
dose of methylxanthine and measured
remaining leaf area at the end of 4 days.
In the absence of IBMX, the ED50 of
DDCDM for inhibition of leaf consumption was about 0.2 gram-percent; in the
presence of IBMX (0.1 percent spray),
the ED50 of DDCDM was 0.003 percent.
In other words, IBMX shifted the
DDCDM dose-response curve to the left,
causing more than a 50-fold increase in
potency of the octopamine agonist. Similar enhancements were seen when IBMX
was combined with other formamidines,
including chlordimeform and monodemethylchlordimeform (18). IBMX also
enhanced the pesticidal potency of nonformamidine octopamine agonists, such
as 2-(2-methyl,4-chlorophenylimino)imidazolidine (NC7) (30-fold increase in potency) and 4-fluorophenylethanolamine
(100-fold increase) (17). Furthermore,
octopamine (0.1 to 1 percent spray), although exerting little antifeeding effect
alone, had substantial antifeeding activity when combined with 0.1 percent
IBMX.
As a result of the findings from these
experiments, I next investigated whether
IBMX, alone or combined with a primary octopamine agonist, would actually increase the cyclic AMP content of
insect tissues and whether this content
would be correlated with observed pesticidal effects. IBMX alone (0.1 mM)
caused more than a doubling of tissue
cyclic AMP content when intact, isolated Manduca nerve cords were incubated
under physiological conditions (Table 1).
Furthermore, when combined with various primary octopamine agonists, 0.1
mM IBMX caused synergistic increases
in cyclic AMP content. In other experiments with live larvae, the rank-order
pesticidal effectiveness of these same
combinations (on the basis of the ED50

value of the octopamine agonist for inhibition of leaf consumption) was
DDCDM + IBMX = NC7 + IBMX-octopamine + IBMX = DDCDM alone
> NC7 alone > octopamine alone (almost inactive). Thus, pesticidal effectiveness of various octopamineagonists,
alone or combined with IBMX, agreed
well with the ability of these same
agents, alone or in combination, to increase tissue cyclic AMP (Table 1).
These data, together with the following additionalobservations,provide supporting evidence for an involvement of
cyclic AMP in the primaryand synergistic pesticidal effects of the methylxanthines. (i) Forskolin, a diterpene that
appearsto activate the catalytic subunit
of adenylatecyclase directly (19), stimulated cyclic AMP production in hornworm nerve cord in the absence of calcium and, in leaf-eating experiments,
caused a disruptionof feeding that was
enhanced by IBMX. (ii) IBMX did not
enhance the pesticidal effects of certain
insecticides, includingDDT (a chlorinated hydrocarbon),chlorpyriphos(organophosphate), and Karathane, none of
which stimulated adenylate cyclase activity in insects in vitro. (iii) The metahydroxy isomer of octopamine was at
least ten times less potent than octopamine (where the hydroxyl is in the para
position)in activatingoctopamine-sensitive adenylate cyclase in insects; likewise, in the presence of IBMX, the meta
isomer of octopamine showed no pestistatic or pesticidalactivity whereasoctopamine did. (iv) Among several phenyliminoimidazolidine
derivatives,there was
a rank-ordercorrelationbetweenthe ability to activate adenylatecyclase in hornworms and the ability to disrupt their
feedingon tomatoleaves. (v) Finally, lipid-soluble cyclic AMP analogs such as
the p-chlorophenylthioderivative of cyclic AMP were observed to disruptfeeding. These analogs, which were found in
vitro to undergo significant hydrolysis
by PDE activity in nerve cord (an effect
blockedby IBMX), had their antifeeding
activity in vivo enhanced by IBMX.
Taken together, these data suggest
that the pestistatic and pesticidal effects
of the methylxanthines are mediated
through an alteration of concentrations
of cyclic AMP in tissue, most likely
secondarily to an inhibition of PDE.
These findingsalso suggestthat naturally
occurring methylxanthines could function as endogenousinsecticides. Finally,
these results raise the possibility that
methylxanthinesor nonxanthinePDE inhibitorsmay be of some practicaluse in
pest control, eitheralone or as synergists
of certain other primary pesticides. In

the latter case, potential toxicity for
mammalscould be reduced by targeting
the primarypesticide at a receptor-associated adenylate cyclase (for example,
octopamine) found primarily or exclusively in invertebrates(20, 21).
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11. Because adenosine receptorscan regulateproduction of cyclic AMP (9), these data do not
precludethe possibilitythatcompoundsprimarily affecting adenosine receptors (and subsequentlyaffectingcyclic AMP concentrationsin
the same directionas PDE inhibition)mightalso
exert antifeedingeffects.
12. J. R. Blinks,C. B. Olson, B. Jewell,P. Braveny,
Circ.Res. 30, 367 (1972).
13. Becausemethylxanthineshave also been reported to antagonizecertain prostaglandinactions
[D. Horrobin,M. Manku,D. Franks,P. Hamet,
Prostaglandins13, 33 (1977)],I tested but found
no effect of aspirin, either alone or combined
withDDCDM,on the abilityof Manducato feed
on tomatoleaves. Furthermore,althoughmethylxanthinesmay also block catecholamineuptake [S. Kalsner, R. Fran, G. Smith, Am. J.
a
Phys. 228, 1702(1975)],f3-phenylethylamine,
potent octopaminereuptakeblocker in insects
[P. Evans, J. Neurochem. 30, 1015 (1978)],
exertedno antifeedingeffects.
14. A. M. Katz, D. I. Repke, W. Hasselbach, J.
Biol. Chem. 252, 1938 (1977);T. Ishizuka and
M. Endo, Circ. Res. 52 (Suppl. 1), 110 (1983).
15. K. Saeki, S. Ikeda, M. Nishibori, Life Sci. 32
2973 (1983).
16. J. A. Nathanson and E. J. Hunnicutt, Mol.
Pharmacol.20, 68 (1981);J. A. Nathanson,Soc.
Neurosci. Abstr. 7, 317 (1981).
17. J. A. Nathanson, in Proceedings of the 17th
InternationalCongress of Entomology, Hamburg,Germany,20 to 26 August 1984,in press.
18. IBMX also enhancedthe ability of chlordimeformto inhibithatchingof Manducalarvaefrom
theireggs, a task demandingof motorcoordination.
19. K. Seamon, W. Padgett, J. Daly, Proc. Natl.
Acad. Sci. U.S.A. 78, 3363 (1981).
20. C. Lingle et al., Handb. Exp. Pharmacol.58-2,
787 (1982).
21. Such a combinationmight, however, still be
toxic to certainbeneficialinsects.
22. N. Zilber-Gachelinand D. Paupardin,Comp.
Biochem.Physiol 49, 441 (1974).
23. B. Brown, P. Elkins, J. Albano, Adv. Cyclic
NucleotideRes. 2, 25 (1972).
24. C. R. Filburnand J. Karn,Anal. Biochem. 52,
505 (1973).
25. Supportedin partby the McKnightFoundation
andthe JLN-DanielsResearchFund. I thankE.
J. Hunnicuttand C. J. Owenfor technicalassistance, W. J. Schwartz for helpful editorial advice, Ciba-Geigyfor formamidinecompounds,
and the GatewaysTomato Farmsfor botanical
specimens.

Referencesand Notes
1. E. Kaplan,J. H. Holmes, N. Sapeika,S. Afr. J.
Nutr. 10, 32 (1974); R. W. Schery, Plants for
Man (Prentice-Hall, Englewood Cliffs, N.J.,
1972),p. 583.
2. T. W. Rail, in PharmacologicalBasis of Therapeutics, A. G. Gilman,L. Goodman,A. Gilman,
Eds. (Macmillan,New York, 1980),p. 592.
3. P. A. Hedin, Ed., Plant Resistance to Insects
(American Chemical Society, Washington,
D.C., 1983).
4. Calculatedfrom (1) by using caffeine content
and knownwater content of tea plants.
5. Evaluationof the naturalinsect pests of caffeine-containingcrops does not help to assess
this hypothesisbecause insects capableof damaginga plant with a particulardefense are also
those that have resistanceto the defense.
6. E. W. SutherlandandT. W. Rall,J. Biol. Chem.
232, 1077 (1958); R. W. Butcher and E. W.
Sutherland,ibid. 237, 1244(1962).
7. Groups of six larvae were placed on leaves
treatedwith vehicle or theophyllinespray.After
3 days, leaf area was recordedand larvae(alive
or dead) were rinsed to remove any compound
adheringto their cuticle, homogenizedwhole,
and centrifugedand the cell-free supernatant
was assayed for theophyllinecontent by immunoenzymaticassay (Emit-aadTheophyllineAssay, Syva). This assay shows littlecross-reactivity with theophyllinemetabolites. Mammalian
studies indicate that theophylline penetrates
freely into all body compartments(2).
8. R. Bruns,J. Daly, S. Snyder,Proc. Natl. Acad.
Sci. U.S.A. 77, 5547(1980);M. Williamsand E.
A. Risley, ibid., p. 6892.
9. J. W. Daly, J. Med. Chem. 25, 197 (1982).
10. M. Huang and J. W. Daly, Life Sci. 14, 489
(1974).
13 April 1984;accepted 15 June 1984

Regulation of a Hybrid Gene by Glucose and
Temperature in Hamster Fibroblasts
Abstract. A novel eukaryotic hybrid gene has been constructed from the 5'
sequence of a rat gene and the bacterial neomycin-resistance gene. After transfection into hamster fibroblasts, the neo transcripts can be induced to high levels by the
absence of glucose. Furthermore, this hybrid gene can be regulated by temperature
when it is introduced into a temperature-sensitive mutant cell line.

The ability to introducedefined DNA
segmentsinto mammaliancells is a powerful tool for studying the regulationof
eukaryoticgene expression and for identifying specific DNA sequences responsible for such regulation.We have been
using DNA-mediatedgene transfertechniques to study the regulatedexpression
of a set of "glucose-regulatedproteins"
(GRP's)in mammaliancells. The GRP's
are cellular proteins synthesized constitutively at low but detectable levels under normaltissue cultureconditionsor in
whole organs; yet their synthesis is
markedlyenhanced in response to glucose starvationor exposure to inhibitors

of glycosylation (1). The most abundant
GRP in chicken, hamster, rat, mouse,
and human cells is a 78-kilodaltonprotein. While a one- to twofold increase in
GRP78can be detected after heat shock
of the cultured cells, it is distinct from
the major72- to 73-kilodaltonheat shock
proteincommonlyobserved in mammalian cells (1, 2).
We and others have described a temperature-sensitive (ts) hamster mutant
cell line, K12, which overproduces the
GRP's by a factor of 20 to 50 when the
cells are incubatedat the nonpermissive
temperature,40.5?C(3). Since the messenger RNA (mRNA) for GRP78is also

