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Fructose-1,6-bisphosphatse (FBPase) from larvae of the freeze-avoiding gall mofpiblema
scudderianaoccurs in two forms, which are interconverted by reversible phosphorylation and
separable by CM-cellulose column chromatography. The phosphoenzyme has properties that
would make it the more active formin vivo. Compared with the dephosphorylated form, the
phosphoenzyme had three-fold lower values for K fructose-1,6-bisphosphate and K Mg? *
and lower sensitivities to allosteric inhibitors (Iso values for fructose-2,6-bisphosphate and
AMP were 50% and 10-fold higher, respectively). The proportions of the two enzyme forms
in the larvae changed with the seasons and with acclimation to warm (£&) vs cold (£#C)
temperatures. The phosphorylated enzyme predominated (70% of total activity) in early aut-
umn and during the spring, as well as in warm acclimated larvae, all situations where glucone-
ogenesis via FBPase would be favoured. During the autumn cold-hardening period when the
larvae are actively synthesizing the antifreeze, glycerol, the ratio of the two enzyme forms
changed to about 50:50. This, plus allosteric inhibition and low temperature effects on enzyme
kinetics, would effectively suppress FBPase activity and prevent futile recycling of glycerol
carbon back into glycogen during the winter months when the 2 M pool of polyol must be
sustained for antifreeze protection. Acclimation studies suggested that low temperature itself
might be the signal that triggers enzyme dephosphorylation, and this could integrate control
over FBPase with the well-known phosphorylation-mediated activation of glycogen phos-
phorylase by low temperature in cold-hardy insects.] 1997 Elsevier Science Ltd
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INTRODUCTION hardy insects (Zachariassen, 1985), many of its physical
features suiting it for antifreeze or cryoprotectant actions
&%‘.éorey and Storey, 1988). Various metabolic consider-
ns also favour the use of glycerol, including the near
uantitative conversion of glycogen to glycerol that pre-
erves the net carbohydrate pool of the organism and the
lose links between glycerol metabolism and the central

Larvae of the goldenrod gall motlgpiblema scudderi-
ana(Clemens), use a freeze avoidance strategy to end
prolonged exposures to subzero temperatures during
winter. During autumn cold-hardening, supercooling
point is pushed te-38°C and the larvae synthesize hugF
amounts of glycerol, levels of the polyol rising to ove :
2000umol/g fresh mass or approx. 19% of total IarvaﬁJIyCOIytIC pathvyay (Storey and Storey, 1988). .
mass (Rickardet al., 1987). Glycerol is the most com-, The s_ynthe3|s of glycerol as a winter protectant in
mon of several polyhydric alcohols that occur in coldNSects s fuc_alled from reserves of glycogen that are
accumulated in the fat body during late summer feeding.
During the autumn cold-hardening period, the activities
*Author for corresp_ondence. Tel# 1 613 520 3677; Fax+ 1 613 of various enzymes needed for g|ycer0| Synthesis are
520 4389; e-mail: kbstorey@ccs.carleton.ca elevated and production is stimulated as ambient tem-

TDepartments of Biology and Chemistry, Carleton University, Ottawa . .
gntario Canada Kfé 586 y y Peratures drop. The trigger temperature for most species,

tPresent address: Biochemistry Department, Faculty of Medicine, DHI1_C|Uding _E- scudderianais within the range of 0-&, _
housie University, Halifax, Nova Scotia, Canada B3H 4H7 with maximal rates of glycogen to glycerol conversion
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between 0 and-10°C (Kelleher et al., 1987). Once FBPase/PFK, from 0.2 in mid-September to 6.8 in early
initiated by autumn cold temperatures, the build-up dflarch (Joanisse and Storey, 1994), levels of allosteric
glycerol pools is one way, and subsequent warihibitors (F2,6R and AMP) are greatly increased during
exposure does not impede the continuing accumulatiantive glycerol synthesis (Churchill and Storey, 1989b),
of the polyol (Churchill and Storey 1989a). This situatioand low assay temperature alters enzyme substrate affin-
changes later in the winter when the larvae begin tty and greatly increases sensitivity to allosteric inhibitors
respond to warming with a rapid catabolism of glycerqHolden and Storey, 1995). In the present study we
and restorage of the carbon into glycogen reserves. Homxamine the fourth potential regulatory influence on
ever, they still respond to recooling with renewed glyFBPase — reversible protein phosphorylation via the
cerol synthesis. By early spring the situation shifts agaiaction of protein kinases and protein phosphatases. The
the catabolic response to warming is even stronger arebults demonstrate that both seasonal and temperature-
the glycerol synthesis response to cold is even weakdependent changes in the distribution of the enzyme
The larvae thus clearly show seasonal changes in thetween phosphorylated and dephosphorylated forms
metabolic “poise” of their glycerol-synthesizing and glyoccurs, and that this mode of regulation is important for
cerol-catabolizing pathways (Churchill and Storeyegulating glycolytic vs gluconeogenic flux to achieve
1989a), and this must come from programmed changgligcerol synthesis vs catabolism.

in the key regulatory enzymes that control the pathways
involved. For example, an analysis of glycogen phos-
phorylase showed that not only did total enzyme activity
decline from autumn through to late winter, but th%\nimals and chemicals
stimulatory effect of low temperature on the enzyme

(percentage converted to the actiaeform) also faded ~ Galls containing the larvae of the mdh scudderiana
(Churchill and Storey, 1989a). were gathered in the Ottawa area in early September

A metabolic locus that is very important in glycerol989. Galls were stored in sacks outdoors where they

metabolism is the interconversion of fructose-6-pho§xperienced ambient winter temperatures. On various
phate (F6P) and fructose 1,6-bisphosphate (E),6me dates over the 1989-90 winter, groups of galls were
enzymes interconverting these two metabolites efferought into the lab and placed in holding incubators set
tively control the partitioning of carbohydrate betweeat the current outdoor temperature. Within the next few
the hexose phosphate and triose phosphate pob@irs, galls were opened and larvae removed, quickly
(because F1,6Pis readily equilibrated with the triose frozen in liquid nitrogen, and then transferred-t80°C
phosphates, glyceraldehyde-3-phosphate and d|hydr0f®|’. storage. In October 1989, other galls were placed in
acetone phosphate, via the aldolase reaction). The Agpnstant temperature incubators set at eithetC16r
dependence of the 6-phosphofructo-1-kinase reactiofi’C, and held there for three weeks. TH€C tempera-
(PFK), which converts F6P to F1,§Pmeans that the ture was chosen because it stimulates rapid glycerol syn-
biosynthesis of glycerol is a major energetic cost to tHBesis (Churchill and Storey, 1989b), whereas &atCl5
larvae and, therefore, one which needs to be closely redgiels of the cryoprotectant would remain low. All bio-
lated. However, PFK is functionally irreversibie vivo chemicals were purchased from Boehringer-Mannheim
and so the reconversion of glycerol to glycogen involvesorp. (Montreal, PQ, Canada) or Sigma Chemical Co.
fructose 1,6-bisphosphatase (FBPase) (D-fructose-1(§t Louis, MO, U.S.A.), unless otherwise stated.
bisphosphate 1-phosphohydrolase, EC 3.1.3.11) which . o
plays a key role in gluconeogenesis in all animaf§nZyme preparation and purification
(Tejwani, 1983). FBPase can be regulated in at least thre€samples of frozen larvae were homogenized 1:10 wiv
ways: (a) by changing the amount of enzyme present; (p) buffer A (15mM imidazole-HCI, 75 mM NaF,
by reversible protein phosphorylation which alter8.5mM EDTA, 3.5mM EGTA, 15 mM 2-mercaptoe-
enzyme substrate and effector affinities; and (c) kianol, 20% v/v glycerol, pH 7.5) with a few crystals of
powerful allosteric regulators including fructose 2,6the protease inhibitor, phenylmethylsulfonyl fluoride,
bisphosphate (F2,6P and AMP as inhibitors and added. After centrifugation for 20 min at 24,@pt a
bivalent cations as activators (Tejwani, 1983; Pilkis Sorvall RC-5B refrigerated centrifuge at@, the super-
al., 1987). Furthermore, for poikilothermic animals, temratant was removed and applied to a phosphocellulose
perature change can be an added factor that regulatelimn equilibrated in buffer A. The column was washed
enzyme function; for example, the low temperature trigvith 20 ml of buffer A and then FBPase was eluted with
gering of glycerol accumulation in many insects is due @ gradient of 0-1 M KClI in buffer A; 1 ml fractions were
a low temperature activation of glycogen phosphorylasellected and assayed. The five peak fractions were
(Storey and Storey, 1991). pooled and desalted by centrifugation (1 min at top speed
In recent studies we have shown that three of thesa a desk-top centrifuge) through a column of G-25
mechanisms clearly contribute to the regulatory contr8lephadex equilibrated in buffer B (10 mM imidazole—
of FBPase IinE. scudderiana Seasonal changes inHCI, 50 mM NaF, 2.5 mM EGTA, 2.5mM EDTA,
enzyme maximal activities alter the activity ratiol5 mM 2-mercaptoethanol, 20% v/v glycerol, pH 7.9).

MATERIALS AND METHODS
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The eluant from the G-25 column was then layered onto RESULTS
a CM-cellulose column equilibrated in buffer B. The col- ) . )
umn was washed with 20 ml of buffer B and eluted witfFnZYMe preparation anah vitro incubations
a linear gradient of 0-300 mM KCI in buffer B; 1 ml Partial purification of FBPase from4°C acclimated
fractions were collected and assayed. Peak fractions wérescudderiandarvae involved initial chromatography on
then collected, pooled, and desalted by centrifugatigosphocellulose from which the enzyme eluted in a sin-
through a G-25 column equilibrated in buffer B. gle peak at approx. 200 MM KCI (data not shown). The
enzyme was subsequently applied to a CM-cellulose ion
exchange column and on this column eluted in two dis-
tinct peaks at approx. 60 and 120 mM KClI, respectively
(Fig. 1). To determine whether these forms represented
The CM-cellulose column showed that FBPase elutésbzymes or were phosphorylated vs dephosphorylated
as two peaks. To determine if these peaks correspondetins of a single enzyme, crude enzyme extracts were
to phosphorylated and dephosphorylated forms @fcubatedin vitro under conditions that promoted the
FBPase, enzyme samples were incubateditro under actions of either endogenous protein phosphatases or pro-
conditions that would promote either phosphorylation dein kinases. Aftein vitro incubation, extracts were then
dephosphorylation of the enzyme. Samples of the frozenbjected to phosphocellulose and CM-cellulose chroma-
larvae were homogenized in buffer B and centrifuged &graphy as described above. Figure 2 shows that when
previously described. The supernatant was removed, danzyme extracts were incubated under conditions that
ided into two equal portions, and then stored on ice. ThHgomoted phosphorylation by cAMP-dependent protein
first portion was desalted by centrifugation through a Ginase, virtually all of the enzyme activity shifted into a
25 column equilibrated in buffer C (buffer B minussingle peak that eluted at G82 mM KCI. In contrast,
EGTA and EDTA). A 0.5 ml aliquot of the eluant waswhen enzyme extracts were incubated under conditions
incubated in 0.5 ml of buffer C containing 1 mM cyclicthat promoted dephosphorylation, activity shifted into a
3’5’ adenosine monophosphate (CAMP), 10 mM MgClpeak that eluted at 116 7 mM KCI. These two peaks
and 10 mM ATP, adjusted to pH 7 in order to promoteorresponded to those seen in Fig. 1, and demonstrate
phosphorylation of the enzyme. The second portion wézat the two peaks of FBPase activity occurring naturally
desalted by centrifugation through a G-25 column im the larvae can be identified as phosphorylated (eluting
buffer D (buffer B minus NaF, EGTA, and EDTA) andfirst) and dephosphorylated (eluting second) forms of
then a 0.5 ml aliquot was incubated with 0.5 ml of buffethe enzyme.
D containing 10 mM MgCJ, adjusted to pH 7 in order )
to promote dephosphorylation of the enzyme. Enzyme§asonal and temperature-dependent changes in the
were incubated at°€ for 24 h and then desalted by cenPhosphorylation state of FBPase
trifugation through a G-25 column equilibrated in buffer To determine whether the proportion of phosphoryl-
B. The preparations were then chromatographed on phated vs dephosphorylated FBPase in the larvae changed
phocellulose and CM-cellulose columns as describ&dth acclimation state or in a seasonal pattern that might

In vitro phosphorylation and dephosphorylation incu
bations

earlier. be related to cryoprotectant synthesis, FBPase was ana-
Enzyme assay and kinetics
100 |-

FBPase activity was measured by following F1,6P .
consumption in a coupled enzyme assay that converted gL 1240
NADP * to NADPH and was monitored at 340 nm on a z
Gilford 260 spectrophotometer with a water-jacketed cell  § | Lo &
holder that maintained the assay temperature 4C22 > £
Optimal assay conditions were determined to be 0.1 mM E B
F1,6R, 5 mM MgSQ, 0.2 mM NADP* and 1 unit each g r 1'%
of phosphoglucoisomerase and glucose-6-phosphate
dehydrogenase. Kinetic studies were performed on 20F 190
enzyme purified from larvae that were acclimated in the

laboratory at—4°C. K,, values were determined from 0 ¢es o eeoececccce
Michaelis—Menten plots. The Mor MgSO, was determ-
ined from plots of \,.. vs [activator] at suboptimal
F1,6R concentration, and.} values for AMP and F2,6P FIGURE 1. Elution profile ofE. scudderianamBPase on CM-cellu-
were determined from plots of V.. vs [inhibitor]. All lose. Peak fractlons frqm phosphocellulose chromatography of the
values were reported as meah$SEM for at least three enzyme from- 4°C acclimated larvae were pooled, applied to CM-

. . - ; - cellulose and eluted with a linear gradient of 0-300 mM KCI. Activi-
determinations. Statistical differences were determinggk were assayed at 22 and are shown relative to the velocity in the
using the Student's-test (two-tailed). peak tube.

Fraction number
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proportions of the two enzyme forms shifted until they
were nearly equal. Proportions of the two enzyme forms
also varied seasonally. In early September, the phos-
phorylated enzyme form predominated over the dephos-
phorylated (70 vs 30%) but the percentage of the phos-
phoenzyme decreased as the autumn progressed, and by
November 1 the percentages of the two enzyme forms
were equal. Over mid- to late winter the percentage of
phosphorylated FBPase rose again to 55-58% and by late
60 March the phosphoenzyme again comprised 70% of total
activity. By late April the distribution had changed again
to 59% phosphorylated, 41% dephosphorylated.

240

180

ww ‘fioxl

1120

Relative Velocity

0 10 20 30 40

Fraction Number Kinetic analysis

FIGURE 2. Effect ofin vitro incubations under conditions promoting ~ Kinetic properties of the phosphorylated and dephos-

enzyme phosphorylation or dephosphorylation on the subsequent gltorylated forms of FBPase were assessed using the
tion profile of E. scudderiand=BPase on CM-cellulose. The represenenzymes that were partially purified from-4°C

tative plot shows results from two separate incubations. The ﬁ”‘%fcclimated larvae (Fig. 1). Table 1 shows that the two

circles represent incubation under conditions promoting endogenous f had diff t kineti i Th
cAMP-dependent protein kinase activity. Open triangles show enzyrﬁ@zyme orms had very difierent kinelic properties. e

incubated under conditions that promote endogenous phosphatB§©Sphoenzyme had a significantly greater affinity for its
activity. Enzyme was eluted with a linear gradient of 0-300 mM KCIsubstrate, F1,6Pwith a K., value only one-third of the
Other information as in Fig. 1. value for the dephosphorylated form. Similarly, the
affinity of the phosphoenzyme for Md ion cofactor,

. : was also greater with a rox. one-third of the value
lysed in extracts from larvae sampled from various cor: g +app

ditions. After chromatography on CM-cellulose, the peaor the dephosphorylated form. In contrast, the phos-

areas for each form were calculated and Fig. 3 shows orylated enzyme was much less susceptible to the
o d rg. ects of inhibitors, AMP and fructose-2,6-bisphosphate,
percentage of FBPase activity present in the phosphoryl-

: - than was the dephosphorylated enzyme. The for
T e e o o 5% SaTP %, "6 of th phosphonated enzyme s S0% Hoher
than that of the dephosphorylated form, and thefor

showed distinctly different distributions of the tWOAfMP was 10-fold higher. The combined effects of the

enzyme forms. At the warmer temperature 68% Qf .. . S
o . netic differences between the two enzyme forms indi-
enzyme activity was in the phosphorylated form and 32%

) ) cate that the phosphorylated enzyme form would be
in the dephosphorylated form. At 4°C, however, the much more activén Vivo.

DISCUSSION

80 mmm Phospho ]
Dephospho The present study shows that FBPaseinscudderi-

anaexists in two forms, and that these are interconvert-
ible by reversible protein phosphorylation. Conditions of
in vitro incubation that promoted the action of endogen-
ous cAMP-dependent protein kinase thus shifted enzyme
activity into the form eluting off phosphocellulose at low
/I ionic strength (63 mM), whereas incubation under con-
ditions promoting protein phosphatase activity shifted the
enzyme to elute at higher ionic strength (110 mM).
Characterization of the kinetic properties of the two
enzyme forms showed that phosphorylation strongly alt-
ered these. The phosphoenzyme is clearly the more active
form with a greater affinity for substrate (Kthree-fold
lower) and M@ * (K, three-fold lower) and lower sensi-
tivity to inhibition by F2,6B (Isq 50% higher) or AMP

(Iso 10-fold higher) (Table 1). These characteristics agree
FIGURE 3. Seasonal changes in the percentagé.obcudderiana with the properties of the phosphorylated and dephos-

FBPase present in the phosphorylated (solid bars) vs dephosphoryl ?fbrylated forms of FBPase from mammalian liver
(shaded bars) forms in the larvae. The two enzyme forms were separ,

ated on CM-cellulose as described in Fig. 1, and peak areas were ca@%l-dal et al, . 1986) but are opposite to the EﬁECtS‘_ of
lated. For temperature acclimation, October larvae were acclimatedﬂbos_phorylauon on yeast FBPase (Gancetlal, 1983;
15 or - 4°C for 3 weeks. Data are mea#sSEM, n = 3. Pohlig and Holzer, 1985). Some authors have reported

60

Percentage

40 + 7
%
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TABLE 1. Properties of the phosphorylated and dephosphorylated forms of partially purified FBPase 4f@racclimatecE. scudderiana

Phosphorylated Dephosphorylated
Km F1,6B (uM) 25+ 6 76 £ 16*
KaMg2* (mM) 56+ 0.4 17.1+ 1.28%
lso F2,6R (uM) 0.95+ 0.10 0.60+ 0.10*
lso AMP (uM) 63.0+ 0.75 6.0+ 0.15t

Data are means SEM, n = 3-5 preparations of the purified enzymes. Assays were &.22
*Significantly different from the corresponding value for the high phosphate form using a two-tailed Studest,$> < 0.05; P < 0.005.

that the phosphoenzyme from rat liver showed a high&AP phosphatase and polyol dehydrogenase reactions.
affinity for F1,6R and less inhibition by F2,6Rand AMP  What is critical for overall efficiency, however, is that
than the dephosphorylated form (Ekdahl and Ekma@AP is not allowed to return to the hexose phosphate
1984; Vidalet al, 1986), although Pilki®t al. (1987), pool. That depends on inhibition of the FBPase and/or
in summarizing the field, showed that there was still corddolase reactions. An analysis of purified aldolase from
siderable uncertainty about the effects of phosphorylatién scudderianashowed the presence of a single enzyme
on the properties of the mammalian liver enzyme and ifsrm whose K, increased two-fold at & vs 22C, and
role in regulating enzyme function. that was somewhat more susceptible to inhibition by
FBPase is an important regulatory enzyme in carbfnorganic phosphate and glycerol-3-phosphate at low
hydrate metabolism, and along with PFK-1 sits at a crittemperatures (Holden and Storey, 1994). However, with
cal locus that controls carbon interconversion betwegfibstrate concentratioiirs vivo that are at least 100-fold
the hexose phosphate and triose phosphate portionshgfher than K, values, it is obvious that substrate is
glycolysis. When active, FBPase facilitates gluconeogiways saturating for aldolase and that little regulation of
enic flux whereas the enzyme is inactivated via th@js equilibrium enzyme is possible (Churchill and Sto-
actions of allosteric inhibitors, AMP and F2,§W|dal rey, 1989b; Holden and Storey' 1994) Regu|atory con-
et al, 1986; Hue and Rider, 1987; Pilket al, 1987), tro| over gluconeogenic flux from the triosephosphates is
and covalent modification (Meek and Nimmo, 1984y, s undoubtedly centered on FBPase.
Vidal et al., 1986; Ekdahl, 1992) when glycolysis needs Thig study, when combined with our previous data,

to be promoted. Based on the known patterns of carbgyo\ys that multi-faceted controls are applied to regulate
hydrate metabolism i&. scudderianait is proposed that Fgpase inE. scudderianaand thereby to help regulate

gluconeogenic flux, mediated by an active FBPasge qvcogen and glycerol pools that together represent
should be important at two different seasons: (a) duri% gueog gy P g P

prox. 20% of the total body mass of the larvae. The
late summer and early autumn _When glycc_)gen reseivirasent study shows that one of the mechanisms of con-
a][e Ibe|nrg Ila'd ?OW?]’ ?]nd (b)anwmn% th<3rt§pr]r|ngfgtclt<e?ranr fol is reversible protein phosphorylation, the kinetic
o glycerol pools when a signiticant portion ot tolal ca analysis indicating that the phosphoenzyme would be the
bon is reconverted to glycogen. Note that glycerol alsg . T o . ]
appears to have other fates in the spring such as OXidat{QHre active formin vivowith its greater affinity for sub
as an aerobic fuel or use as a substrate for biosynthe Ir@te and lower susceptibility to allosteric inhibitors. The
(Storey and Storey, 1991), fates that would make use

anging proportions of the phosphorylated and dephos-
the NADPH or NADH generated by polyol dehydrogenp _orylated over the seasons or with temperqture acclim-
ase or glycerol-3-phosphate dehydrogenase, respectiv@f.’n_show that the phosphoenzyme predominated under
In contrast, inhibition of FBPase is needed during tHePnditions where gluconeogensis should be active,
autumn period of active glycerol accumulation in ordef/nereas the proportion of the dephosphorylated enzyme
to achieve an energy-efficient, near-stoichiometric cof?S€ under conditions where gluconeogenesis needs to
version of glycogen into glycerol. During polyol Syn_be inhibited. The phosph_or_ylated _form thus predominated
thesis in cold-hardy insects, glycogen-derived carbon c&PProx. 70% of total activity) during early autumn when
reach the glycerol pool in one of two ways. Some of th@rvae were still feeding and accumulating glycogen
carbon flows through glycolysis and the ATP-dependeffiserves. The same situation was also found when
PFK-1 reaction to reach the triose phosphates that I¢@gtober larvae were acclimated to a warm temperature
into the reactions of glycerol synthesis. A high proportiofl5°C) at which glycerol is not synthesized. However,
of total carbon, however, is channelled through tH&e proportion of the phosphoenzyme dropped to approx.
hexose monophosphate shunt (HMS) in order to gener&f during later autumn when glycerol would be rapidly
the NADPH-reducing equivalents that are needed for tlgcumulating (Rickardst al, 1987), and was also low
conversion of sugar to polyhydric alcohol. The outputwhen larvae were placed at#4°C, a temperature that
of the HMS are F6P and glyceraldehyde-3-phosphagaickly stimulates glycerol production (Churchill and
(GAP). The former is processed via PFK-1 whereas tigtorey, 1989a). The percentage of phosphorylated
latter can be directly channelled into glycerol via thenzyme rose again during late winter and spring when



622 ALEIXO M. MUISE AND KENNETH B. STOREY

glycerol pools are being catabolized and carbon is beingtheir values at 2ZC. Furthermore, high glycerol (2 M,
channelled back into glycogen reserves. approx. natural levels at mid-winter) overrode the inhibi-

Changes in the phosphorylation state of FBPase camy effects of F2,6Pat high assay temperature but not
also be integrated with other controls on the enzyme &b low, an effect that would potentiate FBPase activity
provide effective control over gluconeogenesis in the lawhen temperatures rise in the spring and glycerol pools
vae. In addition to the seasonal changes in enzyme distreed to be cleared. The effect of temperature acclimation
bution between phosphorylated and dephosphorylated the FBPase phosphorylation state suggests that tem-
states, the maximal activity of FBPase in the larvae roperature change may also stimulate a change in the phos-
several-fold from autumn to spring, undoubtedly due tohorylation state of the enzyme, and may mediate the
increased protein synthesis. Furthermore, the ratio sdasonal change in the ratio of the phosphorylated vs
FBPase to PFK activities changed dramatically over tlieephosphorylated enzyme forms. A low-temperature trig-
seasons to shift the metabolic poise of carbohydrager is clearly responsible for the phosphorylation-
metabolism from predominantly glycolytic in the autummnediated activation of glycogen phosphorylase that
to predominantly gluconeogenic in the spring. In thanitiates polyol synthesis in many insect species (for
early autumn, PFK activity is high (approx. 2.5 U/g weteview see Storey and Storey, 1991), includigscud-
mass) whereas FBPase is very low (approx. 0.5 U/g wnaleriana (Churchill and Storey, 1989a). For phosphoryl-
a situation that would facilitate glycerol synthesigse, this arises because of differential temperature effects
(Joanisse and Storey, 1994). By January, howeven the activities of phosphorylase kinase and phosphoryl-
FBPase activity had risen by 14-fold, and by March PFKse phosphatase (Hayakawa and Chino, 1983; Hayakawa,
activity had fallen by more than half so that the ratio 0£985). Not surprisingly, temperature-dependent revers-
maximal activities, FBPase/PFK, changed from 0.2 in thble phosphorylation controls regulate glycogen synthet-
autumn to 6.8 in late winter. Coupled with a strong risase activity in the opposite way (Hayakawa and Chino,
during the spring in the percentage of larval FBPad®82). The present study provides the first firm indication
present in the more active, phosphorylated form, thisat temperature change may also coordinate changes in
would clearly favour gluconeogenic flux in the larvaghe phosphorylation state of other enzymes of carbo-
during the spring. hydrate metabolism in cold-hardy insects, apart from

Changes in the levels of allosteric modifiers in the lathose that directly control glycogen breakdown or syn-
vae add another level of control to FBPase, one whithesis. PFK and pyruvate kinase might also be controlled
when integrated with the seasonal changes in the amoumthis way as isoelectrofocusing revealed the presence
of FBPase protein and its phosphorylation state, woutd two forms of each enzyme in the larvae, the pro-
provide even tighter control over glycolytic vs gluconeportions of which changed dramatically between fall,
ogenic flux in the larvae. When polyol synthesis wawinter and spring (Joanisse and Storey, 1995); whether
stimulated by abruptly moving. scudderiandarvae to these represent phosphorylated and dephosphorylated
—-4°C, levels of the allosteric inhibitor of FBPase, F2,6P enzyme forms remains to be determined.
rose from 0.1 nmol/g wet weight in controls to 2 nmol/g
ww within 6 h and remained at approx. 4-8 nmol/g ww
over several days, while glycerol accumulated (Churchill REFERENCES
and Storey, 1989b). AMP levels also rose by three-folthurchill T. A. and Storey K. B. (1989a) Seasonal variation in the
within the first 1.5 days at the lower temperature to temperature-simulated interconversion of glycogen and glycerol
approx. 200 nmol/g ww. Compared with thg, values pool.s in a freeze avoiding moth Iarv@ryo-Lett._ 10, 127-136.

. LS . Churchill T. A. and Storey K. B. (1989b) Metabolic correlates to gly-

Shown in Table 1in VI\,/O I(_ev_els of either O_f t,hese metab- cerol biosynthesis in a freeze-avoiding insegpiblema scudderi-
olites would strongly inhibit FBPase activity and would ana 3. comp. Physiol. B59, 461-472.
be particularly effective on the dephosphorylated enzynidahl K. N. (1992) Further studies on the phosphorylation and kin-
form whose content increases under seasonal or low tem-etics of rat liver fructose-1,6-bisphosphatase: importance of three-
perature conditions where glycerol synthesis is favoured.di.mensional structure of a substrate to protein kinase JA.
In contrast, both F2,6Rand AMP are powerful activators Biochem.112, 719-723.

’ vz o . Ekdahl K. N. and Ekman P. (1984) The effect of fructose-2,6-
of PFK, and would stimulate the activity of this enzyme  pisphosphate and AMP on the activity of phosphorylated and
to facilitate the flow of carbon arising from activated gly- unphosphorylated fructose 1,6-bisphosphatase from rat REBS
cogenolysis into glycerol synthesis. Lett. 167, 203-207.

The present results also provide more evidence of tf&ncedo J. M., Mazon M. J. and Gancedo C. (1983) Fructose-2,6-
. . bisphosphate activates the cAMP-dependent phosphorylation of
rOIe_ _Of t_emperature c_hange in the regl‘”a‘tlon of enzyme yeast fructose 1,6-bisphosphatasevitro. J. Biol. Chem.258,
activity in cold-hardy insects. The study by Holden and 5993 5999.
Storey (1995) found temperature-dependent changesHuyakawa Y. (1985) Activation mechanism of insect fat body phos-
the kinetic properties of purified FBPase. Although the phorylase by coldinsect Biochem15, 123-128.
K,, for FBPase dropped by three-fold &G compared Hayak_awa'Y. gnd Chino H. (1982) Temperature-dependent activation
. L or inactivation of glycogen phosphorylase and synthase of fat body
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