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Summary

Mitochondria isolated from the posterior midgut of the
tobacco hornworm Manduca sextq contain arginine
kinase. The distribution of mitochondrial and cytoplasmic
marker enzymes indicates that the presence of
mitochondrial arginine kinase is not due to cytoplasmic
contamination. Arginine is not oxidized by the midgut
mitochondria but, when metabolic substrates and ATP are
present, respiration can be initiated by the addition of
arginine. Under these conditions, there is no return to State
4 respiration, indicating regeneration of ADP by the
arginine kinase reaction. Respiration can be blocked,
however, by atractyloside, an inhibitor of the adenine
nucleotide translocator. These results indicate that
arginine kinase resides outside the matrix. Mitochondrial

arginine are ineffective in stimulating respiration in the
presence of ATP. Coupling between the adenine nucleotide
translocator and arginine kinase was investigated using
kinetic and thermodynamic approaches. There were no
differences in the activities of arginine kinase in respiring
and non-respiring mitochondria when they were measured
at different ATP or arginine concentrations. This result
indicates that arginine kinase does not have preferential
access to the ATP exported out of the matix. A comparison
of the apparent equilibrium constant and the mass action
ratio of the arginine kinase reaction also confirms that
there is no microcompartmentation of the reaction.
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arginine kinase is specific ta -arginine since analogs of - kinase, mitochondria, epithelia.

Introduction

Phosphagen kinases catalyze the reversible phosphorylatiand ADP, are shuttled between the site of ATP synthesis and
of guanidine compounds, and several different phosphagets site of use. It has also been suggested that the presence of
kinases have been identified in animals (Morrison, 1973). Cd mitochondrial creatine kinase may increase the efficiency of
these phosphagen kinases, creatine kinase (CK; creatine + AdRidative phosphorylation by maintaining a low concentration
~ creatine phosphate + ADP) from mammals is the besif ATP in the vicinity of ATP synthesis.
understood. Several roles in cellular energetics have beenArginine kinase (AK) is the phosphagen kinase found in
attributed to the CK system, three of which are (1) as @sects. Schneideet al. (1989) demonstrated that AK and
temporal energy buffer, (2) as a spatial energy buffer, and (3yginine phosphate served as a temporal energy buffer system
to increase the efficiency of oxidative phosphorylationin locust femoral muscle. At rest, the arginine phosphate
(reviewed by Wallimanret al. 1992). As a temporal energy concentration in femoral muscle is four times higher than that
buffer, the CK system stabilizes ATP levels at the expense af ATP. When the locust jumps, ATP levels are stabilized at
creatine phosphate under conditions when ATP use exceeds the expense of arginine phosphate. In contrast, the resting
ability of the mitochondria to produce ATP. Spatial energylevels of ATP and arginine phosphate are nearly identical in
buffering has been proposed for cells such as cardiac myocyté® highly aerobic flight muscle. Upon initiation of flight, ATP
or spermatazoa, where there are cytosolic and mitochondrilglvels fall and there is no change in arginine phosphate
forms of the enzyme. Through the action of mitochondriaconcentration, indicating that flight muscle AK plays little or
creatine kinase, ATP produced at the mitochondria isi0 role in temporal energy buffering. Flight muscle, however,
converted to creatine phosphate, which diffuses to a cytosolis not the only aerobic insect tissue that contains AK. High
site of ATP utilization (e.g. myofibrillar ATPase). There, theactivities of this enzyme are found in ion-transporting epithelia
cytosolic creatine kinase converts the creatine phosphate sach as locust hindgut (Chamberlin and Phillips, 1983) and
ATP, and the creatine diffuses back to the mitochondridepidopteran midgut (Chamberlin, 1987; Gindligtgal. 1995).
Therefore, creatine and creatine phosphate, rather than ATihe present study explores the possibility that the AK system
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in the midgut of the tobacco hornworiignduca sextemight Metabolite analysis

serve as a temporal energy buffer. This function is most Metabolite levels were measured in the midgut after it had
effective if the arginine phosphate levels exceed ATP levels &een quickly dissected from the animal, rinsed and weighed in
rest. To determine whether the AK system could be involved cold saline identical to that described by Chamberlin (1994)
in an ATP buffering system in the midgut, ATP, arginine ancexcept that it lacked arginine. The tissue was then frozen in
arginine phosphate levels were measured in this tissue.  |iquid nitrogen and homogenized in 5 vols of 6% perchloric
If, like CK in vertebrates, AK is to play a role in increasing gcid. The homogenate was centrifuged at 12000 1 min,
the efficiency of oxidative phosphorylation, it must be presennd the supernatant removed and neutralized with 3#noll
in the mitochondria. Focusing on insect flight muscle, a tissUR,COz. The neutralized extract was then frozen in liquid
with a high mitochondrial density and high AK activity, nitrogen and stored aB0 °C until it was analyzed for arginine,
several researchers (Ellington and Hines, 1991; Schneiderarginine phosphate and ATP levels as described below.
al. 1989; Wysset al. 1995) have failed to detect a preliminary studies revealed that this extraction procedure did
mitochondrial form of AK. Like the insect flight muscle, the not lead to acid hydrolysis of arginine phosphate.
tobacco hornworm midgut also has a high mitochondrial Arginine, arginine phosphate, ATP and ADP levels were
content, and the present study demonstrates the presence of fMéasured spectrophotometrically in a Gilford Response
in m|tophondr|a_|solated from this tl_Ssue- _ spectrophotometer. Arginine and arginine phosphate were
If mitochondrial AK from the midgut acts in a manner measured according to a modified method of Gade (1985). The
analogous to that of CK in mammalian mitochondria, themyssay medium contained the tissue or mitochondrial extract,
there should be a functional coupling between AK and the mmol1 ADP, 0.4mmoltl NADH, 2.5mmolt! pyruvate
adenine nucleotide translocase (ANT), the transporter thag 5mmolil MgClz in 100 mmolt? imidazole, pH7.2. The
exchanges ATP and ADP across the inner mitochondrigirginine concentration was determined by measuring the
membrane. A functional coupling between CK and ANT haghange in NADH concentration upon the addition of 1 urtitml
been demonstrated in mammalian heart mitochondria usingttopine dehydrogenase (1 unifwrhol productmin). Once

both kinetic and thermodynamic approaches. For example, thge octopine dehydrogenase reaction had reached equilibrium,
Km for ATP of the creatine kinase reaction is over eight ime\k  (5unitsmrl) was added to determine the arginine

oligomycin-poisoned mitochondria because the CK reaction ATp was determined by monitoring the increase in NADPH
has preferred access to the ATP transported out of thghen hexokinase (2 units ™) was added to the assay medium
mitochondria (Wysst al. 1992). A comparison of the mass ¢ontaining tissue or mitochondrial extract, 0.4 mmbNADP,
action ratio ([ATP][creatine]/[ADP][creatine phosphate]) with 5 ymol L MgClz, 50 mmol 1 glucose and excess glucose-6-
the apparent equilibrium constamtef) of the CK reaction in phosphate dehydrogenase (L unitinl in 100 mmolt1
heart mitochondria (DeFuriat al. 1980) or mitoplasts (a imidazole, pH7.2.

preparation consisting of inner membrane and matrix only; App was determined by monitoring the change in NADH

Saks et. al. 1985) revealed that c_reating phosphate wagpsorbance when pyruvate kinase (2 unitdynwas added to
synthesized even when the mass action ratio was lesKéhan the assay medium containing mitochondrial extract,

This apparent violation of thermodynamics has beenggmmoltl KCl, 10mmolf! MgCla, 2mmollt
interpreted to mean that the CK reaction is not occurring in thﬁhosphoenolpyruvate, 0.3mmdtl NADH and lactate

bulk solution but in a microenvironment near ANT (Sekal.  gehydrogenase (2.5units™l in 100 mmolt! imidazole,
1985). In contrast to the CK system, Doumen and EIIingtorbH 7.2

(199() failed to show any coupling between AK and ANT in
mitochondria isolated from the horseshoe cralimglus Isolation of the mitochondria
polyphemups heart. In the present study, kinetic and Mitochondria were isolated using the method described in
thermodynamic studies were undertaken to determine wheth@&ibellato and Chamberlin (1994). Briefly, this entails gently
there is compartmentation of the AK reaction in mitochondridnomogenizing the posterior midguts in isolation medium and
isolated from the tobacco hornworm midgut. separating the mitochondria by differential centrifugation. To
assess the cytoplasmic contamination of the mitochondrial
preparation, the activities of AK, citrate synthase
(mitochondrial enzyme) and phosphoglucoisomerase
Insects (cytoplasmic enzyme) were measured in the homogenates and
Manduca sextdL.) larvae were raised from eggs providedisolated mitochondria. Prior to the measurement of these
by the United States Department of Agriculture (USDA) or aanzyme activities, the initial tissue homogenate used to prepare
colony derived from the USDA stock and maintained in themitochondria as well as the final mitochondrial suspension
Biological Sciences Department at Ohio University. Larvaevere sonicated after the addition of Triton X-100 (final
were fed a commercial diet (no. 9783, BioServ, Frenchtowrgoncentration 0.1%). Arginine kinase, citrate synthase and
NJ, USA) and maintained at 25°C on a 16h:8h L:D cyclephosphoglucoisomerase were assayed according to the
Fifth-instar larvae weighing 3-5.5g were used in all studies.methods described in Chamberlin (1994) and Chamhetrih

Materials and methods
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(1997). Homogenate and mitochondrial protein concentratiorsnd excess lactate dehydrogenase. The change of absorbance

were measured by the method of Gorealal. (1949). at 340nm was monitored after the sequential addition of
mitochondria, various concentrations of ATP and 4.6 mnol |
Mitochondrial respiration arginine.

Respiration of isolated mitochondria was measured using a The arginine-dependence of the AK reaction was
Clark-type electrode in a temperature-controlled (25°CHetermined in respiring mitochondria by suspending
chamber. One part mitochondrial suspension was added to ningtochondria in reaction medium containing 0.88 mmbl|
parts reaction medium (1% bovine serum albuminATP. Respiration was stimulated by the addition of different
120 mmol 1 KCI, 50 mmol ' sucrose, 5.55 mmott MgCly, concentrations of arginine. The assay for non-respiring
0.55mmolf! sodium malate, 0.11mmofi palmitoyl mitochondria was similar to that described above except that
carnitine, 10mmoltf KH2PQs, 10 mmol ! Hepes, pH7.2). 3mmoll ATP was present and arginine concentrations were
Respiration was stimulated by the addition of ADP (State ¥aried.
rate) or ATP plus arginine. The concentrations of the stock

solutions of ADP, ATP and arginine were measured Mass action ratio
spectrophotometrically. Data were recorded using a computer To determine whether the AK reaction in isolated
data-acquisition system (Sable Datacan V). mitochondria is displaced from equilibrium in respiring
mitochondria, the mass action ratio
Arginine kinase activity in respiring and non-respiring  ([ATP][arginine]/[ADP][arginine phosphate]) was compared
mitochondria with the Keq determined in the same mitochondrial

In order to use arginine-stimulated respiration as a measupeeparations. Mitochondria were prepared as described above,
of AK activity in respiring mitochondria, the AK reaction must but were diluted fivefold in isolation medium before the
be rate-limiting for oxygen consumption. If this is the casepeginning of the experiment. Reaction medium containing
then the arginine phosphate:@atio will not exceed the 1mmolll ATP, 0.5mmoltl ADP, 5mmolf! arginine and
ADP:Oz ratio. The arginine phosphate:@tio was determined 1 mmol ! arginine phosphate was equilibrated to 25°C, and
by measuring the amount of arginine phosphate produced atite mitochondrial suspension was added so that the
oxygen consumed after 5 mmol larginine had been added to mitochondria were diluted a further tenfold. 1, 5 and 10 min
the mitochondria in reaction medium containing variousafter the addition of the mitochondria, a sample of the
concentrations of ATP. After the addition of arginine, thesuspension was acidified, neutralized and frozen as described
oxygen consumption was monitored for 3—5 min. The chambeabove Keqwas determined by adding mitochondria to reaction
was then opened and a 328Gample of the suspension was medium containing ggml oligomycin and 1@moll1
added to 9@ of 20% perchloric acid. The acidifed sample atractyloside, and samples were taken 1, 5 and 10 min after the
was then neutralized, frozen, and subsequently analyzed faddition of mitochondria. Furthermore, 12min after the
arginine phosphate as described above. The ApRi® was  addition of the mitochondria, 1 mmotlarginine phosphate
determined in each preparation by measuring the amount wfas added, and samples were taken 1, 5 and 10 min later. ATP,
oxygen consumed after a sample of known ADP concentratioRDP, arginine phosphate and arginine levels were measured as
had been added to the respiration chamber. described above. Preliminary studies that involved pelleting

The velocities of the AK reaction at different ATP or the mitochondria and removing the supernatant prior to
arginine concentrations were determined in respiring and noperchloric acid extraction showed insignificant concentrations
respiring mitochondria. For respiring mitochondria, theof ATP, ADP, arginine and arginine phosphate in the
organelles were suspended in reaction medium containingitochondria.
various concentrations of ATP, and respiration was stimulated
by the addition of 4.6mmot} arginine. The arginine Calculations and statistics
phosphate:@ratio did not differ from the ADP:©ratio (see Values are expressed as meanset., with N indicating
Results) and, therefore, AK activity could be calculated fromthe number of midguts or mitochondrial preparations
the arginine-stimulated rate of respiration. Because there ismaeasured. Statistical analyses were conducted using analysis
respiration rate in the presence of ATP alone, it was necessarf/variance (ANOVA) and, where appropriate, a Tukggst-
to subtract this ATP-dependent rate from the total stimulatedoc test. P<0.05 was considered to represent a significant
rate (with ATP and arginine present). This corrected rate dlifference.
respiration (the arginine-stimulated rate) was converted to an
enzymatic activity by multiplying by the ADP:Oratio
determined in the same mitochondrial preparations. The Results
activity of AK in non-respiring mitochondria was measured ATP, arginine and arginine phosphate levels in the midgut
spectrophotometrically. The assay solution consisted ofere 1.26+0.2fmolg?t (N=9), 3.76+0.48imolg™? (N=13)
mitochondrial reaction medium to which was added 2mmholl and 0.45+0.0fimol g (N=13), respectively. The same, low
phosphoenolpyruvate, 0.2mmotl NADH, 2ugmli?l arginine phosphate:arginine ratio was detected in preliminary
oligomycin, 1Qumol =1 atractyloside, excess pyruvate kinasestudies in which midguts were incubated in oxygenated saline
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A Table 1 Enzyme activities in mitochondria and homogenates
ADP of posterior midguts
l Activity
(nmol min~mg-thomogenate)
Arg Ratio
l (mitochondria/

Mitochondria Homogenate homogenate)

Arginine kinase 716.1+13.6 1099.0+£50.0 0.65+0.026

Atr Citrate synthase 619.0£¢25.1  135.947.2 4.57+0.18

Phosphoglucoisomerase  9.3+0.4 108.3+4.1  0.087+0.0069

Values are means.£.m., N=4).

l MPC respiration (Fig. 1A), which returns to a low rate of oxygen
l consumption when all the ADP has been phosphorylated (State
4; Fig. 1A). The State 3 respiration rate of mitochondria in
reaction medium is 125.9+6.0 nmot@in~tmg~protein
(N=24) and the midgut mitochondria are well coupled, as
indicated by a high respiratory control ratio (State 3/State 4)
of 22.6+2.2 N=22). When arginine is added to mitochondria
that have synthesized ATP, an increase in respiration rate is
observed (Fig. 1A), but the respiration rate does not return to
! hArg the State 4 rate because ADP is regenerated by the
J Can mitochondrial AK reaction. The addition of atractyloside, an
inhibitor of the ANT, inhibits the arginine-stimulated
respiration (Fig. 1A). These results indicate that there is AK in
the mitochondria and that the enzyme is outside the matrix.
Arginine itself is not oxidized (Fig. 1B), and analogs Lef
arginine (homoarginine, canavanine-arginine) do not
stimulate mitochondrial respiration in the presence of ATP
(Fig. 1C). The presence of mitochondrial AK is confirmed by
the data presented in Table 1 in which the enzymatic activity
of AK is detected in isolated mitochondria. The presence of
AK in the mitochondria is not due to cytosolic contamination,
Fig. 1.  Respiration of isolated midgut mitochondria as indicated by the extremely low activity of the cytosolic

addition of 84 nmol of ADP to mitochondria suspended in reaCtiorbreparation (Table 1).

medium (see text for composition). After State 4 respiration had been The ATP-dependent respiration rate was the same at all ATP
achieved, 5mmott L-arginine (Arg) was added and respiration was

subsequently inhibited by the addition of Lol I™! atractyloside concentrations used (Fig. 2A). Both the total stlmulate_d_ rate
(Atr). (B) The effects of adding 168 nmol of ADP to mitochondria (the_ ATP-dependent _ral_te plu_s that produc_ed _by the addition of
suspended in modified reaction medium, which lacked palmitoyRrdinine) and the arginine-stimulated respiration rate (the total
carnitine and malate. 5 mmotiL-arginine and 5 mmott malate plus ~ Stimulated rate minus the ATP-dependent rate) saturate at ATP
100pmol It palmitoyl carnitine (MPC) were subsequently added.concentrations at or above 0.8 mmél(Fig. 2A). The total
(C) The effects of adding 5mmoll b-arginine (-Arg), stimulated rate never reaches the State 3 respiration rate
homoarginine (hArg), canavanine (Can) an¢hrginine on the (Fig. 2B). There is no difference between the arginine
respiration of mitochondria suspended in reaction medium containinghosphate:@ratio and the ADP:@ratio (Fig. 3). The results
0.85mmol t* ATP. presented in Figs 2 and 3 indicate that the rate of ADP
production by the AK reaction does not exceed the rate of ADP
transport by the adenine nucleotide translocator. Therefore, it
prior to freezing and extraction (data not shown). Thisyas valid to use the arginine-stimulated respiration rate to
indicates that the measured low level of arginine phosphate #alculate AK activity in respiring mitochondria as described in
freshly dissected midguts is not caused by anoxic conditiong4aterials and methods. The activity of AK in respiring and

which might arise during the dissection process. non-respiring mitochondria does not differ at several ATP (Fig.
The addition of ADP initiates a rapid increase in State 3i) or arginine (Fig. 5) concentrations.

10 nmol O,

1min
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Fig. 2. (A) Rate of oxygen consumption after 4.6 mmbéirginine had been added to mitochondria in reaction medium containing ATP (total
stimulated rate). The arginine-stimulated rate was calculated by subtracting the ATP-dependent rate from the total stien(BYddhe total
stimulated rate as a percentage of the State 3 rate determined for the same mitochondrial preparations. Values areMn@gn6)=

Ten minutes after the addition of mitochondria to reactiorhigher than theKeq Under respiring conditions, arginine
medium containing oligomycin and atractylosid€szq is  phosphate continues to be produced (Fig. 6B), as would be
17.5+0.7 N=6). When arginine phosphate is added to displacexpected if the AK reaction were driven by the relative
the equilibrium, the mass action ratio moves towardte substrate concentrations in bulk solution.

(Fig. 6A). The mass action ratio in respiring mitochondria is

< Respiring mitochondria
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Fig. 3. The arginine phosphate:Oratio in isolated midgut Fig. 4. Arginine kinase activity in respiring and non-respiring
mitochondria at different ATP concentrations. The ADP&io was  mitochondria at different ATP concentrations. The arginine kinase
determined by monitoring oxygen consumed after the addition cactivity in respiring mitochondria was calculated from the arginine-
164 nmol of ADP. Values are meanss#.M. (N=6). ArgP, arginine  stimulated respiration rate (Fig. 2A) as explained in the text. Values
phosphate. are means s.E.M., N=6.
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Fig. 5. Arginine kinase activity in respiring and non-respiring
mitochondria at different arginine concentrations. Values are mear — 0.9
+ S.E.M., N=6.
Discussion ?E:
Mitochondrial AK has been detected in crustaceans (Che 2 — 00 g
and Lehninger, 1973; Hird and Robin, 1985; Ellington anc ‘é g
Hines, 1991) and Merostomata (Doumen and Ellington 5 — 5
199(). A search for a mitochondrial form of the enzyme in 8 %
insects has been unsuccessful (Ellington and Hines, 199 = | 085 2
Schneideret al. 1989; Wysset al. 1995), although Munneke %
and Collier (1988) claimed to have detected insec | <
mitochondrial AK by assaying whole-body homogenates o
Drosophila melanogastei heir study, however, did not check
for cytosolic contamination of mitochondrial AK, and Wyss 0 I I I 0.80
al. (1995) could not replicate Munneke and Collier's (1988) 0 4 8 12

findings. Furthermore, Wys®t al. (1995) showed that Time (min)

Drosophilamuscle contains no mitochondrial AK. The presentrig 6. The mass action ratio and arginine phosphate concentration of
study clearly demonstrates the presence of a functional AK imitochondria added at time zero to reaction medium containing
insect mitochondria. Although there is a small amount oarginine, ATP, arginine phosphate and ADP. (A) Mitochondria
cytosolic contamination in the midgut mitochondrial poisoned with oligomycin and atractyloside. 1 mmblarginine
preparation, this contamination cannot account for all the Akphosphate was added at the time indicated by the arrow. (B) Respiring
activity present in the mitochondrial fraction. Although mitochondria. The d_ashed line represents the apparent equilibrium
experiments were not specifically designed to determine wheonstant Keq determined at 10min in A. Values are mearse.,
fraction of the total AK pool is mitochondrial, an estimate car' V=6

be made from the study with marker enzymes. Citrate synthasc

is enriched 4.6-fold by the isolation procedure, and therefore

the same enrichment of mitochondrial AK would be expectetieart is only 1% of the cytoplasmic AK activity (Doumen and

if it is assumed that citrate synthase and mitochondrial AKEllington, 199@).

are not differentially affected by the isolation procedure. A The location of midgut AK within the mitochondria can be
4.6-fold enrichment of mitochondrial AK at an activity of inferred from the respiration experiments. Atractyloside
156 nmol mintmgcellular protein would yield the observed inhibits the arginine-stimulated respiration in isolated

AK activity in isolated mitochondria (716.1 nmol mimg?
mitochondrial protein). 156 nmol mifimg-2 cellular protein is
14% of the total AK pool (1099.0 nmolmitmg?
cellular protein). In contrast, mitochondrial AK inmulus

mitochondria, indicating that ADP must be transported across
the inner mitochondrial membrane to stimulate respiration.
Therefore, mitochondrial AK must be located outside the
matrix, but these studies do not permit localization to the
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intermembrane space, to the outer face of the inner membramaintaining a low [ATP)/[ADP] ratio in the vicinity of the
or to either side of the outer membrane. adenine nucleotide translocase. Doumen and Ellington £1990
The mitochondrial AK in the tobacco hornworm midgut have argued that functional coupling of AK and the adenine
appears to be specifictearginine since the-isomer as well as nucleotide translocase is not an absolute prerequisite for
analogs of arginine failed to stimulate mitochondrial respiratiofncreasing the efficiency of oxidative phosphorylation. Simply
in the presence of ATP. This finding is supported by the worky having the kinase in the vicinity of the site of ATP
of Rosenthaét al.(1977) in which it was demonstrated that AK production, a low [ATP]/[ADP] ratio near the translocase will
isolated from entire tobacco hornworms could phosphorylatee maintained, resulting in a high rate of adenylate exchange
canavanine, but tHém for canavanine was 22mmol 44 times  even in the face of a high [ATP]/[ADP] ratio in the cytosol.
that for arginine. Similarly, Gindlingt al. (1995) showed that Furthermore, converting the ATP that has just been transported
AK purified from Heliothis virescensmidgut showed only out of the matrix into arginine phosphate would lower the free
modest activity with canavanine or homoarginine. energy of ATP synthesis and increase the efficiency of
The kinetic variables of the midgut AK reaction wereoxidative phosphorylation. This role for mitochondrial AK in
unaffected by oxidative phosphorylation. Similarly, Doumenthe tobacco hornworm midgut remains to be tested.
and Ellington (1996) demonstrated that thém for ATP and  Interestingly, adulManduca sextflight muscle, a tissue with
arginine of Limulus polyphemu#AK was the same in the a very high metabolic rate, does not have mitochondrial AK
presence or absence of mitochondrial respiration. Theggllington and Hines, 1991). It is difficult to speculate why the
findings indicate that, unlike the mitochondrial CK system inmidgut has mitochondrial AK whereas the flight muscle does
mammals, the AK of these arthropod mitochondria does nafot. It is interesting to note, however, that unlike flight muscle,
have preferred access to ATP transported across the inngith its intermittent periods of high metabolic demand, tissues
mitochondrial membrane. in which mitochondrial AK is found are those that work
Using a thermodynamic approach that comparedki&e continuously such as pumping hemolympHh.imulus
with the mass action ratio of the AK reaction, it is clear thabolyphemusheart, Doumen and Ellington, 1990; crayfish
the AK reaction is displaced from equilibrium in respiring heart, Ellington and Hines, 1991) or digesting nutrients and
midgut mitochondria. This probably reflects an AK activity transporting solute@llinectes sapidulsepatopancreas, Chen
that is low relative to the rate of mitochondrial ATP synthesisgnd Lehninger, 1973; insect midgut; the present study). The
Because arginine phosphate was synthesized when the maggochondrial AK in these tissues may facilitate the efficient
action ratio exceeded th¢keq it appears that the midgut AK  synthesis of ATP over long periods of energy demand.
reaction is governed by the thermodynamic properties of the Midgut AK could be a component of a temporal energy
bulk solution. This provides further evidence that the reactiopyffering system. The ATP levels in the tobacco hornworm
is not restricted to some microenvironment in themidgut measured in the present study agree with values reported
intermembrane space, such as the vicinity of ANT. This igreviously (Mandelet al. 1980). Although the arginine
similar to the observation of Doumen and Ellington ()90 phosphate levels are lower than those of ATP, arginine
who found no evidence supporting compartmentation of thgnosphate could provide ATP for a brief period should oxidative
Limulus polyphemusnzyme. Given thavlanduca sext@nd  phosphorylation fail to meet the metabolic demands of the tissue.
Limulus polyphemuare widely divergent arthropods, perhapsthe rate of oxygen consumption of the midgut tissue is
a lack of coupling with ANT may be a general characteristi® 2 nmol @min-tmgltissue (Chamberliret al. 1997) and,
of arthropod mitochondrial AKs. S _assuming an ADP:fatio of 5.2 (Fig. 3), 0.4Amol gl arginine
The role of mitochondrial AK in the midgut is still uncertain. phosphate would provide ATP for 2.4's. Normally, the caterpillar
The tobacco hornworm midgut actively transports ions at Verjeeds constantly and the midgut is always filled with food. Under
high rates (reviewed by Dow, 1986), and energy for thishese conditions, the midgut would not experience wide swings
process is provided by aerobic metabolism (Chamberlin, metabolic demand (e.g. post-prandial digestion and
1987). The small diffusion distances between mitochondriagdhsorption). During molting, however, the gut is purged and
and plasma membrane ion-motive ATPases in the midgyherefore the first meal after ecdysis may place a brief but severe
(Cioffi, 1984) would seem to preclude the need for an energy,aianolic demand on the tissue. It may be during this period that

shuttle system in this tissue. Nevertheless, CK is oftefq role of AK in temporal energy buffering may come into play.
associated with N@&K*-ATPase in vertebrate epithelia, and

evidence for a phosphocreatine circuit has been provided forThiS work was supported by a grant from the National

vertebrate epithelia such as elasmobranch rectal glan%t:ience Foundation (IBN-9407313). The technical assistance

mammalian nephron (Wallimann and Hemmer, 1994) an f Rob Noecker and Simona Aizicovici is greatly appreciated.

teleost gill (Kultz and Somero, 1995). Additional experimentSy s are extended to Jim Ballantyne and Lisa Crockett for
will be required to determine whether arginine phOSphat?eading a draft of the manuscript

hydrolysis is directly involved in supporting active ion
transport in the tobacco hornworm midgut.
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