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Abstract The effect of polyethylene glycol (PEG) on the activ- 
ity, intrinsic fluorescence, and oligomeric structure of homogene- 
ous cytosolic fructose-l,6-bisphosphatase (FBPasec) from en- 
dosperm of germinating castor oil seeds has been examined. In- 
creasing the PEG concentration in the FBPasec reaction mixture 
elicited a progressive 3-fold decrease in the enzyme's K~ for 
fructose-l,6-P 2. The presence of PEG also: (i) increased the ex- 
tent of FBPase c inhibition by high levels of fructose-l,6-Pz, 
(ii) enhanced the intensity of the enzyme's fluorescence emission 
spectra, and (iii) prevents dissociation of the active tetrameric 
native enzyme into inactive lower Mr forms during gel filtration 
HPLC. It is concluded that the activity and structure of plant 
FBPase c is modified by extreme dilution, probably as a result of 
partial deaggregation of the native tetrameric enzyme. 
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1. Introduction 

FBPaseo (EC 3.1.3.11) is considered to be a key regulatory 
enzyme of  the gluconeogenic pathway. In contrast  to the ho- 
motetrameric FBPase f rom most  non-plant  sources, the puri- 
fied COS FBPasec was recently shown to exist as a heterotetra- 
mer composed of  equal amounts  of  41- and 39-kDa polypep- 
tides [1]. However,  similar to its counterpart  f rom animals and 
yeast [2], the COS FBPaseo displays potent  synergistic inhibi- 
tion by F-2,6-P2 and A M P  [3]. Cytosolic enzymes such as 
FBPase, however, are present in vivo at far higher concentra- 
tions than are normally used during routine in vitro assays [4]. 
This difference is believed to be particularly important  for reg- 
ulatory oligomeric enzymes because their structure, and hence 
their kinetic properties, may be affected by both homologous 
and heterologous protein-protein interactions [4-11]. The inter- 
actions between proteins that probably exist at high protein 
concentrations prevailing in vivo can be specifically promoted  
in vitro by the addition of  compatible solutes (i.e. PEG) to the 
reaction mixture [6]. The mechanism involves exclusion of  the 
protein f rom the binary solvent, thus increasing the local en- 
zyme concentrat ion and favouring protein aggregation [4-7]. 
The in vitro activity of  homogeneous COS cytosolic pyruvate 
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kinase, for instance [9], as well as that of  a variety of  other 
non-plant  and plant regulatory enzymes, is enhanced by the 
presence of  P E G  [5 7,10,11]. However,  a P E G  effect on any 
FBPase has not  been documented [5,6]. In this report  we dem- 
onstrate that  the substrate saturation kinetics and intrinsic flu- 
orescence of  a plant FBPaseo are significantly altered by the 
addit ion of  P E G  to the assay medium and argue that these 
effects are elicited via stabilization of  the enzyme's native tetra- 
meric structure. 

2. Experimental 

2.1. Enzyme assay and purification 
Enzymic activity was routinely assayed at 30°C in a reaction mixture 

of 1 ml containing 50 mM Bis-Tris-propane-HCl (pH 7.5), 50 pM 
F-I,6-Pz, 5 mM MgC12, 0.2 mM EGTA, 0.15 mM NAD +, 2 units of 
hexose-P isomerase, 1 unit of Leuconostoe mesentroides glucose-6-P 
dehydrogenase, and various amounts of PEG. F-1,6-P2 was acid pre- 
treated as in [1] to remove any contaminating traces of F-2,6-P2, and 
its final concentration verified spectrophotometrically as in [12]. Assays 
were initiated by the addition of 0.1 ktg of purified FBPasec. FBPase c 
activity is defined as the amount of enzyme resulting in the production 
of 1 ¢tmol fructose-6-P, rain -1. Activity in all assays was proportional 
to the amount of enzyme added and remained linear with respect to 
time for at least 4 rain when the concentration of F-1,6-P2 was > 10 ¢tM. 
Because of substrate depletion, however, reaction rates became nonlin- 
ear with respect to time when the concentration of F-1,6-P2 was <10 
¢tM. For Km(F-1,6-P2) determinations, reaction rates were therefore 
estimated by the slopes of tangents drawn on the progress curve, as 
described by Dixon and Webb [13]. These tangents represent the reac- 
tion rates at the corresponding concentrations of substrate remaining 
[13]. Substrate saturation data were fitted to the Michaelis-Menten 
equation using a nonlinear least-squares regression computer kinetics 
program kindly provided by Dr. Steve Brooks [14]. I50 values (concen- 
tration of inhibitor necessary to reduce enzyme activity by 50%) were 
obtained by fitting inhibition data to the Job equation using the afore- 
mentioned computer kinetics program [14]. 

FBPasec was purified to homogeneity from 5-day-old germinating 
COS as described by Moorhead et al. [1], except that affinity chroma- 
tography on Whatman P-11 P-cellulose preceded anion-exchange 
chromatography on a Waters Protein Pak Q 8-HR column. This mod- 
ification allowed for the early removal of a contaminating acid phos- 
phatase that interferes with the FBPaseo assay [1], shortened the time 
required for purification, and resulted in a preparation having a specific 
activity of 72 units .rag protein -~. The final preparation was concen- 
trated to 4 mg. ml -l, frozen in liquid N 2, and stored at -800C in 20/~1 
aliquots. Prior to kinetic studies, aliquots of the final preparation were 
diluted into 5 mM Bis-Tris propane-HC1 (pH 7.5) containing 1 mM 
DTT. 

2.2. Fluorescence spectroscopy 
Intrinsic fluorescence measurements were performed with a Perkin- 

Elmer LS-50 spectrofluorometer using a 0.15 ml quartz micro cuvette 
thermostatted at 30°C and an excitation wavelength of 280 nm. Emis- 
sion spectra were corrected using buffer as a blank. Excitation and 
emission slit widths were 5 nm. Purified FBPaseo was diluted to 0.2 
mg.ml 1 in 50 mM Bis-Tris-propane-HC1 (pH 7.5) contain- 
ing 1 mM DTT in the presence and absence of 10% (w/v) PEG or 8 M 
urea. The intensity of fluorescence emission was linear with respect to 
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FBPase~ concentrations over 0 to 0.3 mg.ml ~. All solutions were fil- 
tered through 0.22 #m membranes prior to use. The FL Data Manager 
(version 3.0) from Perkin-Elmer was used to acquire and analyse the 
data. 

2.3. Gel filtration HPLC 
Gel filtration was performed at room temperature using a Pharmacia 

Superose 12 HR 10/30 column connected to a Waters 600E HPLC 
system and equilibrated with 50 mM HEPES-NaOH (pH 7.5) contain- 
ing 50 mM KC1, 5 mM MgCI> 1 mM DTT, and 0.04% (w/v) NaN3 in 
the presence or absence of 5% (w/v) PEG. Aliquots of purified FBPase~ 
were diluted to 0.75 mg. ml -t with column buffer prior to HPLC. Flow 
rate was 0.25 ml.min -~, sample volume was 20 #1, and elution was 
monitored at 280 nm using a Waters 486 detector. The following 
standards were used in the calibration of the column: apoferritin (443 
kDa), catalase (232 kDa), rabbit muscle pyruvate kinase (228 kDa), 
aldolase (158 kDa), bovine serum albumin (66 kDa), and ovalbumin (43 
kDa). Blue dextran was used to determine the column's void volume. 

3. Resu l t s  

3.1. Effect o f  PEG on FBPase~ kinetic properties 
Increasing the concentration of PEG in the FBPaseo reaction 

mixture progressively elicite: (i) a substantial increase in suscep- 
tibility of the enzyme to inhibition by high concentrations of 
F-1,6-P 2 (Fig. 1A), and (ii) an approximate 3-fold decrease in 
the enzyme's Km for F-1,6-P2 (Fig. 1B). Vma x w a s  unaltered, 
except at 20% (w/v) PEG where it was reduced by about 35% 
(Fig. 1A), possibly as a result of the pronounced F-1,6-P2 inhi- 
bition that occurred under these conditions. By contrast, inhibi- 
tion of the FBPasec by F-2,6-P 2 was unaffected by the presence 
of PEG. The I50 for F-2,6-P2 at 50 and 5 #M F-1,6-P2 was 50 
and 60 nM, respectively, in the presence of 0%, 10%, or 20% 
(w/v) PEG. 
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Fig. 1. (A) The effect of PEG on the F-1,6-P 2 saturation kinetics of 
germinating castor seed FBPas%. (B) Effect of PEG on the enzyme's 
K m for F-1,6-P 2. All values represent the means + S.E. of 3 separate 
determinations. Km values at 5, 10 and 20% (w/v) PEG are significantly 
lower than the corresponding value at 0% PEG (P < 0.05, 0.01 and 
0.005, respectively), using Student's t-test. 
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Fig. 2. The effect of 10% (w/v) PEG and 8 M urea on the fluorescence 
emission spectrum of castor seed FBPasec. Emission spectra were re- 
corded using an excitation wavelength of 280 nm and detecting emission 
between 300 and 400 nm as described in section 2. 

3.2. Effect o f  PEG on FBPasec. intrinsic fluorescence 
Fluorescence emission spectra of COS FBPaseo were re- 

corded using an excitation wavelength of 280 nm (Fig. 2). 
Under these conditions most of a protein's intrinsic fluores- 
cence can be attributed to tryptophan residues [15]. Consistent 
with our previous results [1], the COS FBPasec demonstrated 
an emission maximum at approximately 335 nm when excited 
at 280 nm (Fig. 2). The presence of 10% (w/v) PEG caused the 
intensity of the fluorescence emission spectra of COS FBPase 
to increase by approximately 30% without affecting the emis- 
sion maximum (Fig. 2). By contrast, denaturation of the 
FBPasec with 8 M urea caused the intensity of the enzyme's 
fluorescence emission to be reduced by about 30%, and gener- 
ates an emission spectrum exhibiting two maxima at about 310 
and 355 nm (Fig. 2). 

3.3. Effect o f  PEG on FBPase,. oligomeric structure 
Investigation of the quaternary structure of COS FBPase c by 

gel filtration HPLC confirmed a previous report [1] that a 
variety of oligomeric forms of this enzyme can occur. The 
injection of 15 #g of homogeneous FBPaseo, followed by elu- 
tion with the standard aqueous buffer, resulted in most of the 
protein being equally distributed between an active tetramer of 
approximately 140 kDa and an inactive low M r form (Fig. 3A, 
trace a, peaks I and II, respectively). A number of inactive 
smaller peaks were also observed. The elution of an inactive 
form at about 18.1 ml (i.e. peak II) which corresponds to a very 
low apparent Mr (i.e. <1 kDa) implies that an interaction be- 
tween the chromatography media and this form of FBPasec 
occurred. Immunoblotting using rabbit anti-(COS FBPaseo) 
IgG [1] confirmed the presence of immunoreactive polypeptides 
corresponding to the COS FBPasec subunits in the various A280 
absorbing peaks shown in Fig. 3A (trace a)(results not shown). 
Reinjecting 20 #1 of the active peak I observed in Fig. 3A (trace 
a) generated the smaller, inactive, low Mr forms (Fig. 3A, trace 
b). The addition of 5% (w/v) PEG to the eluent caused the bulk 
of the FBPasec to elute as a single active form, relative to 
inactive smaller Mr forms (Fig. 3B, trace c, peak I). Moreover, 
when a 20 #1 aliquot of the active peak observed in Fig. 3B 
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Fig. 3. The effect of PEG on the oligomeric structure of castor seed 
FBPaseo as determined by Superose 12 HR 10/30 gel filtration chroma- 
tograpy. The enzyme (15 /~g at 0.75 mg/ml) was chromatographed 
without (panel A, trace a) or with 5% (w/v) PEG (panel B, trace c) in 
the column buffer. An aliquot (20/tl) of the active peak I from traces 
(a) and (c) was reinjected onto the column to produce traces (b) and 
(d), respectively. V0 designates the void volume. 

(trace c, peak I) was rechromatographed in the PEG-containing 
buffer, essentially all of the protein eluted at the same position 
in an active form (Fig. 3B, trace d). Calibration of the column 
in the presence of 5% (w/v) PEG was negated by the anomalous 
elution volume of several of the protein standards relative to 
their respective Mrs. However, in the presence of 5% (w/v) PEG 
the elution volumes of the active FBPase form (i.e. Fig. 3B, 
peak I) and rabbit aldolase (158 kDa) were 18.9 and 18.6 ml, 
respectively. It is therefore assumed that the active form of 
FBPaseo obtained in the presence of 5% (w/v) PEG (Fig. 3B, 
peak I) corresponds to the native tetramer. 

4. Discussion 

Inert polymers like PEG are solvent-excluding agents that 
increase the fractional volume occupied by proteins. The 
change in excluded volume is believed to promote protein self- 
association by increasing the activity coefficient of protein 
monomers in equilibrium with the corresponding oligomers 
[6,7]. Indeed, PEG has been found to promote the self-associa- 
tion and/or activation of a number of regulatory enzymes in 
dilute solutions [5 11]. However, the present study demon- 
strates for the first time that PEG can also markedly influence 
the kinetic and structural properties of FBPase. Our results also 
indicate that the native COS FBPasec exists as a 140 kDa 
tetramer that can be readily converted into inactive lower Mr 
forms by dilution. 

The addition of PEG to the COS FBPaseo assay mixture 
elicited a significant increase in the enzyme's affinity for F-1,6- 
P2, as well as in its susceptibility to substrate inhibition 

(Fig. 1). Varying degrees of substrate inhibition have been re- 
ported for several non-plant FBPases [2,16]. However, in con- 
trast to our results (Fig. 1A), Kruger and Beevers [3] failed to 
observe significant F-1,6-P2 inhibition of an impure prepara- 
tion of COS FBPaseo. One general mechanism of substrate 
inhibition is substrate 'crowding' wherein two substrate mole- 
cules simultaneously bind to the active site in such a way that 
neither is able to react [13]. Conversely, chemical modification 
studies have revealed that high levels of F-1,6-P 2 inhibit mam- 
malian FBPase by binding to the F-2,6-P2 allosteric inhibitor 
site [16]. However, F-2,6-P2 binding sites of mammalian 
FBPases are controversial and include the active site in addition 
to a distinct allosteric site (as cited in [17]). In fact, the X-ray 
crystal structure of pig kidney FBPase complexed with F-2,6-P 2 
suggests that this negative modulator binds at the active site, 
and a distinct allosteric site [17]. Interestingly, although PEG 
significantly enhanced inhibition of the COS FBPaseo by high 
levels of F-l ,6-  P2 (Fig. 1A), it had no effect on inhibition of 
the enzyme by F-2,6-P2. These data suggest differing mecha- 
nisms for the inhibition of the COS FBPaseo by F-1,6-P2 vs. 
F-2,6-P2. 

The effects of PEG on the F-1,6-P2 saturation kinetics of the 
COS FBPaseo were correlated with a PEG-mediated: (i) in- 
crease in the intensity of the enzyme's intrinsic fluorescence 
emission spectrum (Fig. 2), and (ii) inhibition of the dilution- 
dependent dissociation of the active tetrameric native enzyme 
into inactive lower Mr forms (Fig. 3). The former result pro- 
vides evidence of gross conformational changes in the enzyme 
such that fluorescent amino-acid side chains shift to a more 
hydrophobic environment in the presence of PEG [15]. This 
implies that PEG promotes tighter folding of the COS FBPaseo, 
The consistent emission maxima obtained in the presence and 
absence of PEG indicates that no drastic structural changes to 
FBPaseo occurred upon the addition of PEG. By contrast, de- 
naturation of the enzyme with 8 M urea caused the intensity 
of its fluorescence emission to substantially decrease, and elic- 
ited pronounced shifts in its emission maximum (Fig. 2). 

The above findings indicate that the physical and kinetic 
properties of COS FBPasec are markedly influenced by its own 
concentration. Our results also show that only from the tetra- 
meric form could FBPasec activity be recovered after gel filtra- 
tion HPLC. This suggests that physical and kinetic data ob- 
tained with COS FBPaseo in a dilute aqueous medium may not 
accurately reflect the in vivo situation. Indeed, based upon the 
assumptions of Podest/t and Plaxton [9] and a maximal ex- 
tractable activity for the COS FBPasec of 1 unit .g  fresh wt -1 
(Hodgson and Plaxton, unpublished data), the cytosolic soluble 
protein and FBPasec concentrations of 5-day-germinated COS 
are as high as 100 and 0.1 mg.m1-1, respectively. Thus, the 
FBPaseo concentration present during routine in vitro activity 
assays (i.e. 0.05 to 0.1 /~g'm1-1) may be up to 2,000- and 
2,000,000-fold lower, respectively, than the FBPaseo and total 
soluble protein concentrations prevailing in situ. This suggests 
that an increase in homologous protein-protein interactions, 
probably promoting subunit aggregation, is responsible for the 
PEG-mediated activation and inhibition of COS FBPasec at 
low and high concentrations of F-1,6-P2, respectively. By con- 
trast, most other enzymes that have been examined in the pres- 
ence of PEG, or by various in situ approaches, do not display 
any significant alteration in their kinetic behaviour [5,6]. The 
exception appears to be certain regulatory oligomers such as 
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mammal ian  phosphofructokinase and pyruvate kinase [5,6], as 
well as plant  cytosolic pyruvate kinase, ribulose 1,5-P 2 carbox- 
ylase activase, and PPi-dependent phosphofructokinase [9-11]. 
This correlation places COS FBPase~ amongst  the regulatory 
enzymes and thus further emphasizes its preeminent role in the 
regulation of the gluconeogenic pathway in the plant  cytosol 
[1,3,181. 
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