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Abstract

The anomeric specificity of liver aldolase
(EeCe L4ele2.13) has been studied by rapid kinetic
techniques and computer simulation. From the rapid
kinetic measurements the enzyme has been demonstrated
to have a first-order utilization of 100% of the sube
strate present. This was in contrast to the aldolase
isolated from muscle tissue which has been shown to
have a biphasic utilization of substrate, The results
of the rapid kinetic measurements taken together vith
the results of computer simulation indicated that
liver aldolase utilizes g=FBP, open ¥BP, or both as
its substrate. This conclusion was supported by the
results of inhibition studies which employed substrate
analogues, Further, by measuring the rate of liver
aldolase vhen g=FBP is slowly generated by phospho-
fructokinase, it was additidnally concluded that
the open form of FBP alone is most likely not the
substrate of this enzyne,

Some general aspects of the mechanism of liver
aldolase were investigated és well, The rate of ex-
change of 3H into DHAP by this enzyme appears to in-
dicate that the rate limiting step for the overall
reaction mechanism may not be one of the steps involved
in the exchange reaction. The results of these ex-
reriments were not clear cut and additional experiments

1.



may be required to fully resolve this question,

- By employing group specific inactivating agents
such as chlorodinitrobenzene and L-hydroxymercuri-
benzoate, it was possible to demonstrate.the presence
of a cysteine group at the active site of liver zl-
dolase, The inactivation of liver aldolase by pyri-
doxal S-phosphate was also studied. It was found
that nuch higher levels of pyridoxal 5-phosphate were
required to inactivate liver aldolase than vere re-
quired to inactivate nuscle aldolase,

Five carbon mocno- and bisphosphate sugars were
studied as probes of the binding interaction betveen
liver aldolase and FBP., Tt was found that liver al-
dolase does not appear to have 2 binding site for the
6-phosphate of F2P,

A1l of the above findings are discussed in light
~of their implications to the molecular biology of

cellular regulation and evolution,



Introduction

General

The elucidation of the mechanisms of enzymatic
reactions is an important part of molecular biology.,.
These mechanisms represent an approach to understanding
life processes on a molecular and even an atomic level,
The results presented,herein, involve a study of the
mechanism and-anomeric specificity of fructose 1,6-bis-
phosphate aldolase (E.C.4.1.2.13) isolated from rabbit
livers (liver aldolase),

Fructose 1,6-bisphosphate aldolases catalyze the}
reaction:

fructose 1,6-bisphosphate aldﬂgase dghydroxyacetone
(FBP) Km 8.1X10- M phosphate

®dg 3z00¢ ( DHAP)

+
glyceraldehyde =3-
Phosphate
(G3P)
This reaction is part of both the glycolytic and the
gluconeogenic pathways.

Within the enzyme class of fructose 1,6~bisphos-
phate aldolases, there are several further classifica-
tions and types.1 Aldolases are categorized as either
Class I or Class II., Class I aldolases are those which
form a Schiff base as a part of their reaction mechan-

ism and in general these aldolases resemble the form of

the enzyme isolated from mammalian muscle tissue. The

5



Class I aldolases have a molecular weight of 150~160,000,
are composed of four subunits,and require no metal ion
for activity.2s5 In addition, Class I enzymes are broken
down into types according to the source from which the
enzyme has been isolated, Type A is isolated from mus-
cle tissue, type B from liver tissue, and type C is iso.
lated from brain tissue. These types are distinct chem-
ical species and as such have distinct chemical proper-
ties.

Class II aldolases are those which do not form a
Schiff  base intermediate, but rather, require a metal
ion for catalytic activity, Class II aldolases in general
resemble the aldolase isolated from yeast with respect to
their chemical properties. Class II aldolases have a
molecular weight of about 70,000 and are made up of two
subunits.4s5 Tye properties of some types of aldolases

are summarized in Table I,

Rapid Kinetic Techniques to Study Anomeric Specificity

The substrate of aldolase, FBP, is predominantly in

a cyclic hemiketal form in aqueous solution. The hemi-
ketal may have two stereochemical forms about the anomeric
carbon (the carbon which has the ketone moiety in the

open chain form). These stereochemical forms are referred
to as the a-anomer and the @ anomer. See Figure I,

The various types and classes of aldolases have

I
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Figure 1, Anomeric Composition of FBP
At neutral pH, in aqueous solution the anomeric
composition of FBP is ca., 80% B- FBP and 20% o ~FBP

wvith 2% or less in the open forn,
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varying anomeric specificities, that is varying speci-
ficity with respect to their utilization of the a=- or

g-~ form of fructose 1,6-bisphosphate. In addition,
yeast aldolase is known to have anomerase activity.6
Both the anomerase activity and the anomeric specificity
are possible key aspects of the overall regulatory
mechanism of glycolysis and gluconeogenesis,

The anomeric specificity of muscle aldolase as well
as the specificity of the other glycolytic and glyconeo-
genic enzymes has been studied by numerous investigators,
principally by way of rapid kinetic techniques such as
stopped flow and rapid quench. |

In stopped flow experiments,7 the enzyme and the
substrate are loaded into separate syringes. At time
zero, the syringes are driven forward and their contents
pass into a mixing chamber. An ultraviolet-visible spec
trophotometer is set up to monitor the effluent from this
mixing chamber. Downstream of this monitor is a third
syringe which is a feedback mechanism to stop the drive
mechanism, hence the name, stopped flow., (See Figure 2,)
Stopped flow apparati have typical dead times on the
order of 1-3 milliseconds and hence are very useful for
studying the early phases of enzymatic reactions.

In the rapid quench experiment,8 the enzyme and sub-
strate are loaded into separate syringes and at time zero
the syringes are driven_fdrward by a pneumatic drive as

8



Figure 2, Stopped Flow Apparatus

Used by permission of Durrum, Palo Alto, Cali-

fornia.
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in the stopped flow experiment., The contents of the

syringes are mixed and the effluent of this mixing chamber

passes to a second mixing chamber, where the reaction is

quenched by addition of a strong acid or base from a

third syringe. The time that the reaction is allowed

to proceed (between the mixing chambers) is varied. (See

Figure 3). The quenched reaction mixture islater neutral-

ized and then assayed to determine the concentration

of reactants, intermediates, and products, This type

of apparatus has a dead time of approximately 10-20 milli-

seconds and hence is also valuable to the study of énzy-

matic reactions. By studying the very early stages of

enzymatic reactilons, it is often possible to reveal

mechanistic details at the molecular level.

Substrate Analogues to Determine Anomeric Specificity
Another less direct approach to determining the

anomeric specificity of glycolytic enzymes is the use

of substrate analogues, Compounds are prepared which

have the stereochemistry of the o, the B~y Or the open

form and which can not anomerize to the other forms,

These compounds may act either as competitive inhib-

itors or as substrates. When they act as substrates,

the value of Vpgy and Ky are determined and compared to

these values for the normal substrate of the enzyme,

In cases where the compounds function as competitive

11



Figure 3, Rapid Quench Apparatus

Used by permission of Update Instrument, Inc,

Madison, Wisconsin,

12
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inhibitors, the value of K; is determined and used as
a measure of the degree of binding for the analogue
(and hence presumably for the corresponding anomer),
There are, however, many pitfalls in the interpretation
of the binding of competitive inhibitors. For example,
reduced binding may be due to steric bulk alkyl group in
the analogue not found in the substrate, rather than
being the result of incorrect anomeric composition, Thus
the interpretation of this type of study is less certain
than that based on the results of kinetic evaluation,
The anomeric specificity of the glycolytic and glu-~
oneogenic enzymes which have been determined through the
types of studies described above are shown in Figure L,
Benkovic and Schray have recently reviewed the anomeric
specificity of these enzymes.9’lO In Fiéure 5 is shovn
the portions of these metabolic pathways which involve
aldolase directly. UMNote from Figures 4 and 5 that in
general glycolysis occurs via utilization of the B- anome
eric forms and gluconeogenesis occurs principally via
utilization of the o-anomeric form of the substrate,
As you can see from Figure 5, however, phosphoglucose
isomerase (PGI) utilizes the o~ anomer of glucose 6-
phosphate as its substrate and produces the - anomer
of fructose- 6~phosphate as its product.tls12 This is of
course the incorrect anomeric form for coupling with

14



Figure 4. Anomeric Specificity in Glycolysis and

Gluconeogenesis

15
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Figure 5. Anomeric Specificity of the Enzymes Util-
izing F6P or FBP as Substrate

17



FIGURE 5
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phosphofructokinase during glycolysis, However, the
spontaneous o ~F6P—+ B~F6P rate is greater than the over=
all glycolytic flux rate.'O DPhosphofructokinase (PFK)
is specific for the B-anomer of F6P13’m"15’16 and pro-
duces B-FBP. Thus PFK is coupled to aldolase in muscle
cells, sincevmuscle aldolase is specific for the B-ano-
mer.6’17 This means that the muscle aldolase is not
coupled to the gluconeogenic pathway. Gluconeogenesis
is not an important process in muscle cells, The
yeast enzyme, as mentioned above, can utilize both the
a=and B-~anomeric form and is known to have anomerase
activity.6 The yeast aldolase, therefore, is coupled
both to the glycolytic and gluconeocgenic pathways.
Fructose bisphosphatase (FBPase) is knowvn to utilize
the o~anoner of F3P as its substrate.14 The o=F6P pro=
duced by fructose bisphosphatase is the anomeric form
utilized by PGI. finally, it should be pointed out that
FBPase and PFK utilize the opposite anomeric forms.
This is particularly important since the PFK-FRPase pair
is one of the main regulatory points in the glycolytic-
gluconeogenic pathway, If these enzyﬁes were not regu-
lated there would be a futile cycling of F6P and FBP
with a corresponding squandering of ATP to phosphorylate

F6P!

19



The Use of PFK to Slowly Generate 8- FBP

Rose and O'Connelll® p,ve ysed siow generation of

8- FBP by PIK to study the rate of muscle aldolase at
high enzyme to substrate concentration. The reaction
was followed by employing a small amount of[B-BH]ng (8
nanomoles) as substrate for PFK. This enzyme then slowly
produced only the B- anomer of FREP, ,13-16 The reaction
rate of muscle aldolase, which was present in vast ex-
cess of the level of 8- FBP, was measured by coupling
the aloolase reaction to triosephosphate isomerase,which
quickly exchanges the label out of[2-3H]G3P ( init-
ially[S-BH]F6P)-and into water, The reaction sequence
is shown in Figure 6. The rate of the aldolase reaction

was then taken to be proportional to:

dFBP o cpn BHOH
dt cpn FBP x time

Since the muscle aldolase has been demonstrated to bind

the cyclic form of the substrate and substrate analogues

very tightly,19’28’22 some predictions were possible
with regard to the rate of the reaction on increasing
aldolase concentration. If the open form were exclus-
ively the substrate of the reaction, increasing levels
of aldolase would have caused increased binding of the
B~ FBP produced by PFK and,hence, prevent the spontan-
eous B-to open interconversion, Therefo}e, the overall

20



Figure 6. Schematic Representation of the Reactions
Involved in the Measurement of the Rate of Liver
Aldolase Under Conditions of Slow Generation of

FBP by PFK

21
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rate of the aldolase reaction would have dropped on
increasing aldolase concentration. On the other hand,
if the B-anomer of the FBP is the substrate for the re-
action (with or without the open form also being a sub-
strate), the overall aldolase reaction rate would have
risen until it reached the level of the PFK reaction
rates The latter case was observed., It was cone
cluded that B-FBP is the substrate for muscle aldo-
lase, The open form was also concluded to be a sub=-
strate in as much as the mechanism of aldol cleavage
requires ring opening,

General Mechanistic Considerations

The mechanism by which muscle aldolase is be-
lieved to act on fructose 1,6-bisphosphate is shovm
in Figure 7,90 Folloving formation of the Michaelis com=
plex, a Schiff base is formed between the carbonyl
group of the substrate and a lysine residue located at
the active site of the enzyme., Lysine groups have also
been demonstrated to be involved in binding of the phos-
phate groups of the substrate,“+s22 A sulfhydryl group
then removes a proton from L-hydroxyl of the substrate,
The pair of elecfrons on the hydroxylate come in to
form the aldehyde portion of G3P with concommitant
C3=-CL4 bond breakage to give the carbanion of DHAP.23
The carbanion is then protonated by a histidine,2l
The Schiff base between DHAP and the enzyme is hydro-

23



Figure 7. Mechanism of Muscle Aldolase 20

Used by permission of Academic Press, New York,

N,Y,
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lyzed and the product dissociates,

General Mechanistic Considerations - Ky Values

The vliaues found in the literature for the
Michaelis constant (KM) determined for a particular
type of aldolase may vary significantly.4’26’27 This
is probably due to the effects of various ions on al-
dolase as described previously.zs’28 Therefore, the
values of these constants utilized in the experimental
section which follows, were determined independently
for the given set of conditions employed. |

General Mechanistic Considerations - Rate of i (0

Exchagge into DHAP

29 have demonstrated that tritium

Rose and Rieder
from 3HOH is exchanged onto the 3-position of DHAP by
muscle aldolase, This exchange occurs in the absence
of any other (aldehydic) substrate and, therefore,
represents a reaction of the following type:

Suon
E + DHAP 2E « DHAP 2! ® . DraP  ® + DTaP

H,0
Further, it is found that the presence of FBP causes
a significant decrease in the rate at which this ex-
change occurs in a region which is also involved in
binding FBP, Finally, it was also found that the rate

constant found by measuring exchange as a function of
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time in the absence of any other substrate, is greater
than the rate constant for the overall cleavage re=-
action of FBP,

General Mechanistic Considerations - Competitive

Inhibitors

In addition to being employed as analogues of the
various anomeric forms, substrate analogues have been
used as molecular probes of the active site of muscle
aldolase by Hartman and Barker.zo In this study mono-
and bisphosphate derivatives of saccharides, diols, and
Polyols were employed as competitive inhibitors., The
binding constants (Ki's) were determined and an attempt
was made to correlate tighter binding (smaller Ki) with
structural features of the molecules. From these
studies, the authors concluded that maximal binding
occurs when the competitive inhibitor has two phos=-
phate moieties separated by ten to twelve angstroms,
This distance was approximately the distance between
the phosphates of fructose 1,6-bisphosphate, Further,
the requirement of two phosphate groups for maximal
binding was consistent with the fact that muscle exX=-
hibits a 50:1 preference for FBP as substrate over F1P
as substrate, By way of comparison, the liver enzyme
has been shown to utilize FBP and F1P equally well.20
This has been attributed to a lack of a binding site

for the 6-phosphate group of FBP at the active site of
27



the liver enzyme, Finally, the authors concluded that
the presence of free hydroxyls was not an important
factor in binding.

General Mechanistic Considerations = Inactivation

Using 1=Chloro 2,L-=dinitrobenzene

Chlorodinitrobenzene has been shown by Kowal,
Cremona, and Horecker”> to inactivate rabbit muscle
aldolase., This reagent is specific for lysine groups
and the active site of muscle aldolase had been shown
previously by Horecker's group to contain lysine resi-
dues, It might, therefore, have been predicted that
the inactivation of muscle aldolase involved the dini-
trophenylation of the lysine group(s) present at the
active site, This, however, was not the case., The
reaction with muscle aldolase was much slower than that
described for similar enzymes such as transaldolase.
Furthermore, when chlorodinitrobenzene was utilized
previously to inactivate other enzymes, the inactivation
had been shown to involve only a small number of lysine
residues (in some cases a single residue was dinitro-
phenylated). The number of chlorodinitrobenzene groups
taken up by muscle aldolase was found to be > 10 per
mole of enzyme. The Inactivation of the muscle enzyme
was done under mildly basic conditions (pH 29,0)., At
pH 9,0, the inactivation was only 50% complete after
150 minutes of incubation at 25°C, vhen the pH was
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raised to 9.6 or greater the inactivation was nearly
complete in 60 minutes., When the enzyme from this last
inactivation was hydrolyzed, no peak for the € =DiP~
lysine was found in the amino acid analysises On high
voltage electrophoresis of the hydrolyzate, no € ~DIIP=
lysine was observed but instead a spot was observed
which migrated identically with S~DNP=-cysteine, This
inactivation was found to be greatly reduced by the
presence of FBP, DHAP, and F1P, all of which are sub-
strates. IF6P, which is not a substrate, did not pre-
vent the inactivation of the enzyme. Therefore, it was
concluded that this cysteine group was located at the
active site of muscle 2ldolase. The identity of
cysteine as the group involved in the inactivation was
confirmed by amperometric titration of the denatured
enzyme following inactivation, Following this work by
Horecker's group, the presence of cysteine at the active
site of muscle aldolase was confirmed by a variety of
techniques.51_35 The role of the sulfhydryl group of
cysteine in the cleavage of FBP is shown in Figure 7,
This mechanism is proposed based on groups which are
known to be present at the active site.20’56 In the
direction of FBP cleavage, following formation of the
Michaelis complex and Schiff  base formation, the
cysteine group functions to remove a proton from the
L=hydroxyl of the substrate., The hydroxylate anion
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intermediate collapses to form the aldehyde with the
breakage of the 03-04 bond. The reaction sequence is
then completed by protonation of the eneamine form of
DHAP by a histidine residue, breakdowvn of the Schiff
base, and release of DHAP from the enzyme. One of the
steps following cleavage of the C3"04 bond is believed
to be rate determining for the muscle aldolase sequence,

General liechanistic Considerations = Inactivation by

Pyridoxal S5-nhosvhate

Aldolase A, from muscle was found to be reversibly
inhibited by pyridoxal 5-phosphate (PLP). This inhibi-
tion was reversed on dilution. The presence of subs .
strate or substrate analogues protected the enzyme from
this inhibition. Turther, FBP was found to reverse this
inhibition.>! On this basis, it was postulated that
this inhibition is an active site phenomenon.

Thé sodium borohydfide (NaBHh).reduction product
of the PLP-aldolase A complex has been isolated and
characterized, PLP was found to have reacted with a
lysine at the active site via Schiff base formation,.
Following the NaBH4 reduction of the PLP-zldolase com-
plex, the enzyme is found to be catalytically inactive,
Howevér, it was observed that this reduction product
can still form a Schiff's base with DHAP, Following
the NaBH4 reduction of the PLP-aldolase-DHAP complex

and cyanogen bromide digestion, it was noted that PLP
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is linked principally to a lysine in the amino terminal
peptide, whereas, the DHAP was attached to a lysine in
the active site fragment, The carbonyl to phosphate
distance in PLP was-approximately the same as the
Phosphate to phosphate distance in FBP. Therefore, it
is believed that PLP binds first via its phosphate (at
the position normally occupied by the 1-phosphate of
TBP) and then forms a Schiff base with the lysine
involved in the binding of the 6-phosphate of the sub-
strate.ao’57

Another interesting observation is that aldolase A
(muscle) was vulnerable to photoinactivation in the
presence of PLP and that aldolase B (liver) was not
affected under identical conditions.aq’38 This photo=-
inactivation was more rapid than the dark reaction
(mentioned above) and required the presence of OXYEEnNe
The photoinactivation was not prevented by presence of
substrate analogues.*

*The Photoinactivated rabbit muscle aldolase has
only four out of forty-four histidines destroyed (1 per
suburit) and all other amino acids intact, but is 95%
inactivated, It has the same Ky for FDP and F1P, and
forms a Schiff  base with DHAP (which has been iso-
lated by NaBH), reduction).24s38 Although Ripa and
Pontremoli®® have shown that pyridoxal phosphate will
specifically sensitize histidine in other proteins,
other histidine sensitizers such as rose bengal destrog
22 out of the L4 histidines in rabbit muscle aldolase .2k
The precise nature of the photoreaction is not well
understood since the oxidized histidines were never
isolated and characterized, The rate of inactivation

is proportional to sensitizer concentration, up to a
maximum of four moles of pyridoxal phosphate per mole
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of enzyme., The rate of inactivatigp is also dependent
on thz wnartizal pressure of oxygen.”° This oxygen depen-
dence. iImnlies that pyridoxal, like rose bengel, acts
ny »roducing singlet oxygen.g7 Singlet oxygen forms
an adduct with dienes, including hetgaoggcles, which
breaks dowvn into oxidation products.®?s Specula-
tively, one possibility for the photoreaction rnight
be:

R H,0 15 O N\ T C >
N h ~ ) 2 NS T CH) - OHZ ¢ Ha
..» C2 | 0 H i XCU ?.,T> j S0 NZ\—

The resulting urea would be incapable of acting as a
proton sink necessary in the aldolase reactiocn,
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Rationale

The objectives of the present study are twofold,

The first objective is to determine the anomeric speci-
ficity of liver aldolase and where possible to determine
the mechanistic and biological results of the anomeric
specificity. The second objective is to study the mech-
anism of action of this enzyme bearing in mind the dif-
ferences between the properties of liver aldolase and
muscle aldolase in spite of extensive sequence and struce
tural homology.

One of the most promising techniques for studying
the anomeric specificity is stopped flow kinetics. This
is particularly true because of the particularly rapid
rate of interconversion of ©@=FDP and B8-~FDP, With the
stopped flow instrument, it is rossible to study the
reaction of liver aldolase at times shorter than the
half time for substrate interconversion. In addition,
it may be possible to obtain information regarding the
anomeric specificity of liver aldolase by way of a
mixed muscle aldolase - liver aldolase stopped flow
experiment. Schray et al.® pave used mixed raﬁid kin-
etic experiments to determine the anomeric specificity
of yeast aldolase and also to study the anomerase
activity of this enzyme,

In the past it has often been advantageous to

employ a computer simulation of complex enzyme systems.51
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The present experiments with three substrate forms
and in the case of the mixed muscle aldolase-liver
experiment, two enzymes and up to siyx Michaelis com-
plexes are ideally suited to computer simulation. The
reaction kinetics will be simulated based on a given
anomeric specificity and the results will be compared
to the experimental data,

Another less direct approach to determining the
anomeric specificity of liver aldolase is the use of
substrate analogues as competitive inhibitors. Ana-
logues of &-, -, and open FBP will be employed and
the binding constant K; of the analogue can be taken
as a measure of the strength of the interaction be-
tween the corresponding substrate form and fhe enzyme,

Finally by slowly generating B- FBP by using
Phosphofructokinase and F6P and measuring the rate of
the aldolase reaction with varying levels of aldolase
Present, it is possible to distinguish between B-FBP
utilization and utilization of the open form following

B-to open interconversion,ld G->H JF6P will be uti-
lized as the substrate for PFK and the aldolase re-
action will be coupled to triosephosphate isomerase (TI).
TI will rapidly exchange the tritium out of the[2=2g]
G3P produced in the aldolase reaction. The counts per
minute (cpm) found in 3HOH divided by the counts found
in E-5H]FBP will then be a measure of the aldolase
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reaction rate.

In order to achieve the second objéctive, it will
be necessary to probe the active site of the enzyme on
a molecular level, One fruitful approach to probing the
active site is the use of active site directed inact-
ivators. In the past, many reagents have been utilized
to specifically inactivate a single type of amino acid
group at the active site of aldolases such as: chloro-
dinitrobenzene (specific for lysine below pH 9,0 and
specific for cysteine above pH 9.6),52’55 phenylglyoxal
(specific for arginine),54’55 M=bromoacetylethanolamine
phosphate (specific for histidine),®s57 poridoxal phos-
phate (specific for lysine),?? anq tetranitromethane
(specific for sulfhydryls).>-sok In the present study
chlorodinitro benzene, pyridoxal phosphate, and 4~
hydroxymercuribenzcate (specific for sulfhydryls) will
be emploYed to probe the active site of liver aldolase,

Another commonly employed technique is to measure
the rate of isotope exchange either into or out of a
substrate.By so doing it will be possible to determine
whether or not the steps in the reaction sequence in-
volved in the exchange are rate determining to the over-
all reéction. In particular, by neasuring the rate at
which H is exchanged from 3HOH into SH-DHAP by liver
aldolase, it will be possible to determine if the pro-

cess of protonation of the DHAP carbanion is rate
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determining,

Finally, an interesting approach to determining
the number of phosphate binding loci at the active
site of aldolase was developed by Hartman and Barker,20
They studied the relative binding strength of a series
of mono- and bisphosphate analogues of FBP. One of the
differences between muscle aldolase and liver aldolase
is supposedly a lack of a binding site for the six phos-
phate of FBP in the liver enzyme. To probe this possi-
bility the relative binding strength of ribulose 1y5=~
bisphosphate, ribulose 5-phosphate and ribose 5=phos=-

phate will be measured.
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Experimental Methods

Iiver 7ldolase Prenaration

Aldolase from rabbit liver was prepared by the
procedure of Gracy et al.27 and by the procedure of
Chappel et al.so In the procedure of Gracy et 21. 500
grams of frozen, mature, full fed, I'ew Zealand Thite
rabbit liver (obtained from Pel-Freeze Biologicals)
vas passed through a meat grinder., This material was
then homogenized vwith 1 litre of 0,1} Tris (Cl), 2ml
ZDTA, at pH 7.5 in a aring type blender for 1 minute,
The pH was readjusted to ¥ 7,5 by addition of a small
amount of 1! iTall, The homogenate was then centri-
fuged for 1 hour 7 11,000xg. Following centrifugation
the supernatent was decanted and ammonium sulfate added
to 35% of szturation. The 35% solution was stirred for
30 minutes. Then the solution wes centrifuged
11,000xg for 1 hour. Iollowing centrifuzation, a layer
of cream colored material was observed floating on top
of the supernatant. The supernatant was removed by
suction filtration to avoid this floating material.,
Ammonium sulfate was then added to raise the level to
65% saturation, The 65% solution was stirred for 30
minutes and then was centrifuged @ 11,000xg for 30
minutes, After centrifugation, the supernatant was
decanted and the precipitate was taken up in 170 nls
of 10m Tris (Cl), 1mM EDTA, pH 7.5 This solution was
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then dialyzed three times against this same buffer to
remove the sulfate, The volume of the dialyzate was

350 mls, This was loaded on a phosphocellulose colunn

80 x 2ely cm which had been preequilibrateéed with 10mig
Tris (Cl), 'nl{ EDTA at pH 7.4e The flow rate during
loading was initially 0.7 ml/min and this had sloved to
0.2 ml/min by completion of the loading phase, The
loaded column was washed vith a litre of the same buffen
During the wash, the protein concentration of the wash
Aeluant was monitored (A280 ) and the level dropped

from > 30ng/ml to £ 0,15 mg/ml. Continued washing
beyond one litre did not substantially lower the Pro-
tein concentration in the eluant below O.l5 mg/ml,

The column was then eluted vith a linear gradient

formed between a reservoir which contained 10mii Tris
(Cl), 1lmi EDT4, pH 7.4 and a reservoir which contained
100mi] Tris (C1), 500mil HéCl, PE 7elte The flow rate

at the beginning of the gradient was = 0e5 ml/min, By
the end of the gradient, the flow rate was 2 l.O.ml/min.
Fractions of 18 mls were collected, Ilost of the activity
vas found in fractions 22-38 inclusive., These fractions
vere combined and dialyzed overnight against saturated
(HH4)2804 at pH 7.5. The enzyme which had been dialyzed
was centrifuged for one half hour 2 11,000xg. The pellet
was taken up in 7 mls of 10ml{ Tris (Cl), lmi{ EDTA, pH 7.5
Folloving resuspension of the pellet, the solution was
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dialyzed against three changes of the same buffer,
The dialyzate was placed on a phosphocellulose colunmn
2.4 x 60cm which had been preequilibrated vith S0mi{ Tris
(C1), 1m EDTA, DpH 7.5 The column was then washed with
2000mls of 50m} Tris (Cl), lmM EDTA,pH 7.5, Following
washing the column was eluted with this same buffer
conteining 2,5mi ¥BP, The flow rate duriﬁg this elution
vas approximately lml/min, Fractions of 12mls were
collected and activity was found in fractions 15 to 24,
These fractions were combined and dialyzed against satu-
rated smmonium sulfate to zive a precipitate. The
enzyme vas stored as the ammonium sulfate precipitate,
The yields from this procedure were poor (See Table 2),
the specific activity was mediocre, and the product
was unstable on storage as the ammonium sulfate pree=
cipitate, Therefore another vrocedure was sought which
- would improve the quantity, quality, and stability of
the enzyme produced, A procedure which promised to
be useful in this connection was the procedure of
Chappel et al.5o

The procedure of Chapvel et al..was used with only
slight modification, In this procedure, 500 grams of
frozen, mature, full fed, ilew Zealand 'hite rabbit liver
was passed through a meat grinder, This material was

then homogenized by blending for one minute in a Jaring
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type blender with one litre of 50mM Tris (Cl), 5mM EDTA,
50% (NH4)2504 at pH 7.4 The homogenate was centrifuged
@ 16,000xg for one hour at 4°C. The supernatant was
then filtered through multiple layers of cheesecloth to
remove the light material floating on the top of the
solution, After filtration, sufficient ammonium sulfate
was added to the filtrate to raise the concentration
from 4O% (concentration folloving thé honogenization and
centrifugation) to a concentration of 60%. This was the
only step in the procedure at vwhich it was possible to
stop for two to three days vithout loss of activity,
The 6055 ammonium sulfate solution was centrifuged 2
16,000xg for 30 minutes at .°C. The supernatant was
cecanted following centrifugation and the pellet was
resuspended in a minimal volume (150-200 mls) of 10mi]
Tris (Cl), 2mli EDTi, pI 8.0. This solution was then
dialyzed against three changes of this same buffer to
remove the ammoniunm sulfate. The dialyzate was treated
with 200 gus (dry weight) of diethylaminoethyl cellulose
(DEAR) in a batchiise manner, The DEAR enzyme suspension
vas immediateiy filtered in a Buchner filter., Then the
filtrate was adjusted to pH 7.4 by addition of 1M HCL.S
*Hote: The original procedure specified adjusting
the filtrate to pH 7.0. However, it was found that on
adjusting to pH 7,0, protein precipitated from solution.
This precipitated protein made loading the column in

the succeeding step impossible,
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The adjusted filtrate was then applied to a freshly
poured column of phosphocellulose (2.5 x 60cm) which
had been preequilibrated with 10mM Tris (Cl), 2mM =DTA,
PH 7.4, The flow rate during loading was 5 3 ml/min.
The loading step, as well as all subsequent vashings and
elutions, was accomplished using a closed syétem and a
reservoir avproximately six feet above the bottom of
the columne. During loading the eluant wes checked for
proteih concentration and aldolase activity. ‘/hile some
protein did pass through the column during loading,
1ittle or no aldolase activity was found in this eluant.
The column was then washed with oné litre of 1Omif
Tris (Cl), 2mi BDTA, p¥ 7.4 and then was washed with one
litre of this same buffer vhich contained 20mii XC1, Dur-
ing these wvashes, a great dezl of protein was eluted
but virtually no aldolese activity was eluted, During
the secohd weshing, protéin concentration was found to
decrease to a level of approxinately 0.1 ng/ml after
about 700 mls of buffer had vassed through the column,
The concentration then remained at about this level for
the remainder of the wash. Tollowing these washes, the
column was eluted with 1Omil Yris (Cl), 2ml =DTA, 20 ISs
KCl, pH 7.4, and O,2ml{ FBP, and 18 ml fractions were
collected. Activity was found in the early fractions
(fractions 2-7), The column was then eluted with
2,0mM FBP in 10mM Tris (Cl), 2mM EDTA, 20mM KCl at
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PH 7.4 Fractions of 18 mls were collected, The
authors of the procedure obtained 90 units of liver
aldolase at a specific activity of 20.0 units/mg from
the 0,2mM FBP elution step and 25 units of liver aldo=-
lase at a specific activity of 3,7 units/mg from the
2,0mM FBP elution step.

On repeating this procedure several times, typical
results obtained were 100 units of liver aldolase at a
specific activity of 1.16 units/mg from the O,2m FBP
elution step. No detectable activity was obtained from
the 2,0ml FBP elution., The fractions from the 0.2m}
FBP elution were pooled and dialyzed against three
changes of 50mM Tris (Cl) pH 7.4 to remove the substrate,
This was followed by dialysis against 100% (NHq)asoq,
S50mld Tris (Cl) at pH 7.4 This dialysis caused the
protein to precipitate and the enzyme was stored in
this form, The yields from this procedure were some-
vhat improved from those obtained using the procedure
of Gracy et al. both in terms of total units and in
terms of specific activity. (See Table 3 for details
of purification.) However, the enzyme obtained proved
also to be unstable on storage at 400 as the ammonium
sulfate precipitate., The activity dropped to one half
its level on storage at 400 as the precipitate for omne
month or less.

It was found that if fresh rabbit liver was
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utilized instead of frozen rabbit liver, yields were
higher and the enzyme obtained had vastly improved
stability on storage., The rabbits were New Zealand
‘hite, California hite, and mixed New Zealand-Califor-
nia. The average live weight was approximately 3 Kg
and the average age was about four to five months.

The rabbits were full fed until the time of slaughter.
Uithin twenty minutes of slaughter, the livers were
homogenized by blending 250 grams of liver with 500 nmls
of cold 5075 ammonium sulfate, 50mi Tris (Cl), S5mi EDTA,
at pH 7.4 for 1.5 minutes, A total of 500-800 grams of
liver were utilized for each preparation of enzyme,

The volumes in later steps were adjusted according. to
the amount of liver used. After homogenization, the
solution was transported to Bethlehem packed in ice,
A1l other steps in the procedure were as described
~above., The ratio of FBP:F6P activity was measured to
be certain that the animals had reached maturity., In
the embryo and in immature rabbits, the liver has been
found to contain a muscle type aldolase. The enzyme
has been shown to have an FBP:FAP activity ratio of
approximately 50:1, Further, as the animal matures,

it has been shovm that this enzyme is replaced by the
liver type aldolase (tyve B) vwhich has a FBP:F6P ratio

20

of 1:1. A value of approximately 1:1 was found and

therefore it was concluded that the rabbits were mature.

45



'The yields of enzyme were higher and the specific ac-

tivity was good. (See Table 4,) In addition, it was
found that the enzyme was stable to storage at 400 in
the form of the O.2mM FBP eluant from the phosphocellu-
lose columne. Furthermore, if this solution is concen-
trated 5-10 times by ultrafiltration, the enzyme is
stable for periods of six months or longer.

Following the substrate elution, it was necessary
to remove the FBP before attempting the stopped flow
experiments., Dialysis was performed using Spectrapor 1
dialysis tubing (Mw cutoff 6000-8000) purchased from
Fisher Scientific Inc. The aldolase solution was
dialyzed against three changes of 50mM Tris (c1),

PH 7e4e The volume of the aldolase solution was 100~
150 mls and the volume of each change of buffer was

10 litres, Dialysis was allowed to proceed for a
minimum of three hours. The final change of buffer
was allowed to dialyze for twelve hours. On attempting
the stopped flow experiments, it was found that the
enzyme solution still contained large amounts of
substrate. At least two explanations of this prob-
lem were possible, The enzyme might have had an ex-
tremely tight binding constant or it was possible that
the substrate was not dialyzed because of something
external (e.g. the dialysis tubing, the buffer system,
etce)e As will be shown later, the Ky for liver
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aldolase was found to be approximately 1 x 10‘53.

(KM = Kg for liver aldolase.) Even though this was
‘a tight binding, the binding alone was not adequate.
to explain the large amounts of substrate present
following dialysis. Therefore, it was decided to ex-
blore further the possible effects of the coﬁdifions
of dialysis,

A solution of O.2mi FBP in 10md Tris (Cl), 2mM
EDTA, 20m KCl, at pH 7.0 was dialyzed versus Imi{
Tris (Cl), pH 7.5 at 4°C. The volume of the FBP solu-
tion was 150 mls and the volume of the dialysis buffer
(Imif Tris (Cl), pH 7.5) was 10 litres. At various
times, 0.1 ml aliquots were removed from the dialysis
tubing and were assayed for FBP concentration, It was
found that no significant dialysis had occurred at
times petween O and 2 hours, At longer times (between
3 and 6‘hours) some slight dialysis had occurred.

At 1 day, 83% of the initial concentration of F=P
still remained inside the tubing. At 5 days aporroxi-
mately 65% F3P remeined., A similar exveriment was
performed with dialysis tubing obtained from Thomzas
Scientific Inc. which had a2 similar cutoff., At times
up to'S hours, no significant dialysis had occurred,
Therefore, the particular dialysis tubing employed
was not the causal agent, In 211 cases the tubing was

prepared for use according to the manufacturers instruc-
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tions. Spectrapor I’tubing was used in the following
exveriments,

A O0.2m solution of FBP in distilled water was
dialyzed against distilled water, This was also done
at AOC as were all successive dialysis experiments,

At times up to six hours, no significant dialysis had
occurred. At three days, 37% of the initial FBP re-
mained, The pH of the distilled water was approxié
mately pH 5,

A similar experiment was performed using F6P
in 10mM Tris (Cl), 2mM EDTA, pH 7.4, After three hours
of dialysis, approximately 85% of the FGP was found to
remain in the dialysis tubing and after nineteen hours
305 of the original F6P remained, The assays of F6P
were performed enzymatically with multiple determina=
tions of the three hour and the nineteen hour points.
~ Thus, F6P was found to dialyze at a rate greater than
that for FBP. Long times were required for the dialysis
system to reach equilibriun,

The sanme expériment was performed using ATP in
10mi{ Tris (Cl), 2mi EDTA, pH 7.4. After three hours,
92% of the ATP remained and at 7.5 hours, 83% of the
ATP remained,

Glucose was then dialyzed under the above condi-
tions. After three hours, only 18% of the glucose re-

mained, It was also found that NaCl dialyzed under
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-the same conditions and had substantially‘reached
equilibrium at three hours. Iinally, on testing.the
dialyzate using barium nitrate following the 40-60%
(NH4)2504 precipitation step in the procedure for puri-
fying liver aldolase (as per above), it was found that
the (NH4)2504 dialysis was nearly complete in three
hours.

Based on the above experiments, it was concluded
that dialysis of phosphate containing compounds through
regenerated cellulose tubing required establishing
that dialysis had occurred. In terms of the present
preparative procedure, it was concluded that dialysis
was not an efficient method for removing FBP from the
final enzyme solution. Instead, the FBP was removed
by adding a stoichiometric amount of NADH along with
a small amount of a-glycerophosphate dehydrogenase ard
triosephosphate isomerase., By this means the FBP was
converted to e-glycerol phosphate, The NAD produced
and the a-glycerolphosphate have been shovm to have
inhibitory effects on a-glycerophosphate dehydrogenase
at high concentrations. However, control runs under
the conditions employed in the stopped flow experiments
showed that increasing the levels of the coupling en-
zymes did not increase the velocity of the measured
reactione It was therefore concluded that this did not

cause an interference,
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The liver aldolase solution was reduced in volume
by ultrafiltration following removal of the FBP, This
voiume reduction typically resulted in a tenfold in—
crease in protein concentration. The concentrated
solution was then dialyzed against three changes of
50mM Tris (Cl), 5mM EDTA, pH 7.5 at 4°C. If it was
desired to reduce the volume further follovding this
dialysis, Sephadex G-25 was layered on the dialysis
tubing.

Assay Procedure Utilized in Liver Aldolase Isolation

and Purification

The assay procedure of Rutter, et al.,1 was employed
with slight modification. A4 typical assay mixture ine-
cluded:

510 A HZO

20 X 1} Triethanclamine (Cl) pH 7.5

20 X* 0,166} FBP

20 X 100 unit/ml %= glycerolphosphate dehydrogen-—

ase-triosephosphate isomerase

10 A 10m}] MADH

20 * aldolase solution
The change in absorbance at 340 nanometers was monitored
using a Beckman model 25 UV-visible spectrophotometer
and this was then converted to units/ml in the aldolase

solution being assayed. The assay can be represented

schematically as:
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+

NADH NAD
aldolase
FBP e G3P *+ DHAP < eglycerol-
phosphate

TI

In this assay procedure, the final concentration
of FBP is 8.3mM. It was found that under conditions
of lower final concentration of FBP, 25 u}l for example,
but still >>K.;s the rate of the aldolase reaction was
approximately 2075 greater. This wbuld appear to be a
case of substirate inhibition at high concentration of
B8P, Caution must theréfore be exercised in reporting
activities using this assay. Unless othervise speci-
fied, the above listed conditions were employed in all
instances vhere aldolase is measured in terms of units.

Prevaration of Iiemoslobin for Use as Standard in Slecw

trovhoresis

As was noted previously by Chappel et al.,so
hemoglobin was found to be one of the major vrotein
contaminants in the procedure for isolating liver al-
dolase., It was therefore desirable to have a source of
purified hemoglobin to use as a standard for gel elec-
trophoresis, If the phosphocellulose colunn chroma-

tography was effective, three bands of hemoglobin were

observed following elution with O.2m} F3P, 10ml Tris (c1),

2m} EDTA, 20mi KCl, PH 7.4 solution. The hemoglobin
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was then eluted by using a solution of ;Omﬂ Tris (Cl),
PH 7¢3, and 4OmM KCl. Fractions of 20 mls were col-
lected, and the first band of hemoglobin eluted in
fractions 72-83., The leading band of the hemoglobin
was used for electrophoresis, sinCe this componenf'
was most likely to be a contaminant in the liver al-
dolase fractions,

Stonved Moy

The stopped flow experiments were performed using
a Durrum model D 134 stopped flow instrument, (See
Figure 2 for schematic,) Stopped flow runs were made
with muscle aldolase, liver aldolase, and muscle plus
liver aldolase. In the ruscle aldolase experiment,
the final concentrations were 12 H}{ FBP, 20 units/ml
muscle aldolase (23wl sites, from Sigma), 175 units/ml

a-glycerophosphate dehydrogenase, L3520 units/ml

triosephosphate isomerass, 30 u I ¥ADH, 25md Tris (Cl),
5mif EDTA, The pH was 7.5 and the volume of the re-
action nixture was approximately 0.6 ml. In the liver
aldolase experiment, the conditions were as in the
muscle aldolase experiment except the following con-
ditions: 4.5 units/ml liver aldolase (189 m}f
sites), 50mi Tris (Cl), and 10wl ZDTA., In the mixed
liver plus muscle aldolase experiment, the final con-~
centrations were 12u }{ IBP, 20 units/ml muscle aldolase

(23 uli sites), 2.25 units/ml liver aldolase (93 pH
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sites), 175 units/ml a=glycerophosphate dehydrogenase,
4320 units/ml triosephosphate isomerase, 30u M ITADH,
50m{ Tris (Cl), 1Om} EDTA, The pH and reaction volume
were as above,

Commuter Simulation

The Chemicél Reaction Analysis ModelingvSystem
(CRAMS) program, described previously by Benkovic
and co-workers,BZ’33 vas utilized along with an IBM
370-168 computer to simulate the results of the stopped
flow experiment assuming various anomeric specificities,
In this progranm, time-reaction progress curves are
generated for given initial concentration and given
rate constants. The concentrations utilized for these
simulations were those employed in the actual stopped
flow experiments, Binding constants (KM = Ks) were
determined independently under the conditions of the
stopped.flow experimenté. (See Figures 8 and 9.)
It has been reported previously by Hehler25 and by
Rose and O'Connell23 that monovalent anions effect
the strength of the binding interactions and hence
the necessity of determining the value of KM under the
experimental conditions employed., The rate constants
for the interconversions of the anomeric forms of FRP
were those reported by Rose and co-workers.l9 The
anomeric composition was assumed to be L:l, Be; a-

with less than 2% of the open chain intermediate
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Figure 8, Lineweaver-Burk Plot for Muscle Aldolase
Velocity was measured as A Asqo/minute in assay
mixture which contained FBP at concentrations indicated,
63 uM NADH, (except that the highest FBP concentration
assay contained 125u}M NADH),:B unit/m! o-glycerol-

phosphate dehydrogenase/triosephosphate isomerase,
0,002 unit/ml muscle aldolase, 25mM Tris (Cl), 5mM
EDTA, pH 7.5, in a total volume of 40O n1.
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Figure 9., Lineweaver-Burk Plot for Liver Aldolase
Velocity was measured as A AB#O/minute in assay

mixture which contained FBP at concentrations in-

dicated, 125 uM NADH, 5 unit/ml s-glycerolphosphate

dehydrogenase/triosephosphate isomerase, 0,005 unit/ml

liver aldolase, 50mM Tris (Cl), 1OmM EDTA, pH 7.5,

in a total volume of 400 u1,
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ﬁresent in solution as reported by Gray and Barker, 20~ 00
The overall reaction scheme utilized in the simulations
is.shown in Figure 10, In individual simulations, the

§ystem was simplified by utilizing only the appropriate
portion of this overall reaction scheme, Utilizing
the K,;'s determined independently, the "on" step rate
was assumed to be diffusion limited and the "offu
step rate was then determined from the Kye The usual
value for a diffusion controlled process of 108 sec"1
was determined based on molar concentrations.61 A1l
concentrations were expressed in the program as micro-
molar concentrations and therefore this number becomes
10° sec'1.

The competitive binding simulation between the

two liichaelis complexes (liver aldolase & FBP and
muscle aldolase « FBP) in the absence of product forming
steps was accomplished similarly utilizing the ICRS
program of Shientel and lMaghenase and a liod Comp II
computer, This is illustrated in Figure 11,

Inhibition Utilizing Substrate Analogues to Determine

the Anonmeric Snecificity of Liver Aldolease

A number of inhibitors were employed in an effort
to further elucidate the anomeric specificity 6f
liver aldolase. These were variously analogues of
the a=-anomer, the B-anomer or the open form of FBEP,

The assays were performed as described earlier except
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Figure 10, Reaction Scheme Used in Computer Simulations
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Figure 11, Simulation of Competitive Formation of
the Michaelis Complexes ‘

Simulated for 93.4 uM liver aldolase sites,
25el uM muscle aldolase sites, 12,0 u M FBP, Kyj(liver) =
1 x 107, K (muscle)= 1 x 10~2M, with on steps
assumed to be diffusion limited, F= (FBP), M=
(muscle aldolase e FBP), and L =(liver aldolase ¢ FBP)
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that Tris (Cl) buffer was used instead of TZA (Cl),
The data was then plotted using a double reciproceal
(Lineweaver-Burk) plot and the binding constants
weré determined from these plots. Glucitol 1,6-bis-
phosphate, @ =2,5« Anhydroglucitcl 1,6-bisphosphate,
=24 5= Anhydromannitol 1,6-bisphosphate, and o=,

B =nethylfructofuranoside 1,6=bisphosphate employed
in these studies were the generous gift of Dr. Stephen
Jes Benkovic, Pennsylvénia State University. All other
inhibitors were purchased from Sigma Chemical Company |
and used without further purification,

Prensrstion of [5-"7]FGP

]

[E-BH]F6P vas vrepared starting from [S-BH]glu-
cose obtained from Amershem Inc.' This material wvas
vhosphorylated with yeast hexokinase, and isomerized
vith PGI, all of which were obtained from Sigma Chem-
ical Coﬁpany. The final resction mixture had 2 volume
of 1,25 ml, which contained (final concentrations)

Lomli TZA (Cl), pH 8.0, 2m ATP, Lmll }gCl,, 0.86 unit/ml
hexokinase, O.4 unit/ml PGI, 83 nanomoles [5—5H]glu-
cose, and 83 nanomoles unlabeled glucose, The reaction
mixture was allowed to egquilibrate for 10 minutes and
then.was quenched by addition of 100 A of 30% HCloq.
Follovwing this addition of HCth, the quenched mixture
vwas allowed to incubate for 2 hours to insure the com-

plete destruction of the PGI activity., The mixture
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| vas then neutralized to pH paper neutrality by addi-
tion of 2001 of 3} KOH., After neutralization, 20 A
G6PDH (2000 unit/ml) and 10 A of 0,02} TP wére added
to remove the G6P which had been formed,” This mixture
vas allowed to equilibrate for 10 minutes, Then it
vas applied to a freshly poured and washed Dovex=2
(C1) column vhich was 0.5 x 3 cm., After loading, the
column was washed vith 15 mls of 25mii Tris (Cl),

PH 7.5. The column was then eluted with 5mi HC1 and
approximately 0.7 ml fractions were collected, The
activity of the semples was determined by counting

of 501 of the sample in LOO A HZO + 5nmls of 2,5=di-
phenyloxazole: 1,4 bis PR-(5-nhenyloxazole)] benzene
cocktail., A Hewlett Packard model 3330 Tri-Carb sciﬁ~
tillation counter was employed, Based upon the cpn

in the fractions, a total of 27 nenomoles of [5-% IFEP
were obtained in fractions 12-1L, A1l of the above
steps were carried out at 25°C. Fractions 12-1L

from the 5mil elution step were then stored frozen until
they were used for the PFK: aldolase experiment,

This storazge period was less than one ireek,

leasurement of the Rate of Iiver Aldolase Reaction

undesr Conditions of Slow Production of B8-=FRP by PIFX
The rate of liver aldolase at high enzyme to
substrate concentrations was measured using FBP gen=

erated slovly fron [5—3H F6P and muscle phosphofructo-
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kinase (PFK) according to the procedure.of Rose and
0'Comnell.*® At t =0 the reaction was initiated by
injecting the enzymes into the solution containing

the labeled FGP with vortexing. The readtion was
terminated at t= 2.5 sec, by addition of concentrated
HCL vhich contained unlabeled FBP, The finai concen=
tration of HCi vos 0.6l and the final concentration of
FBP vas O.5miie All of the above steps were done at
0°Cc. It was necessary to meke two additions of 0.25 mg
of pevsin., Tach addition was followed by an incubation
of one hour at 0°C., This was necessary because PFK
and aldolase have been shovm to regain activity on
neutralization, I‘eutralization was accomplished by
addition of 300 A of 2l TEA to give a final pH= 7.4,
~After neutrelization the solution was diluted to a
final volume of 5 nls and applied to a freshly noured
and wasﬁed Doviex=2 (Cl) Eolumn 0e5 x 2.5 cnne The
column was then washed with 20 mls of 25m} Tris (Cl),
PH 7.5 IZlution with 5mll MC1 yielded 20 fractions of
1 ml each. Subsecuent to this, the column was eluted
with 100m HC1l and 20 fractions of 1 ml each were
collegted from this elution as well, The sanmples

were counted in 5 nls of 2,5-diphenyloxazole: 1,4~
bis=-[2-(5-phenyloxazole)]benzene cocktail plus 400 A
of water and 1002 of sample., The fractions were

assayed for FBP and the amount of FBP recovered was
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used to adjust the number of cpm to 100% FBP recovery.

Preparstion of [3="1] DIAD

| Dihydroxyacetone phosphate, cyclohexylamine salt,
dimethyl ketal -« H2 vras purchased as a lyophilized
solid from Sigma Chemical Company. Dihydroxyacetone
phosphate was prepared by dissolving 25mg of the
solid in 2 mls of distilled water, and this mixture
was then vortexed with 0.5 gm of Dowex 50 (H') resin.
The solutio§ ras then filtered and the filtrate kept
at 400C for L hours to completely hydrolyze the ketsl.
The solution of DHAP was then stored frozen at PHE =1,
Under these conditions of storage, the solutions were
stable for = week or nore, Howvever, DHAP was prepared
as close to the time it was used as possible, On czl-
culating the theoretical =amount of DHAP which should
have been produced from the ketal, it was found that
. hydrolysis was neezrly quantitative,

To prepare B-BH]DHAP, one millilitre of the DHAP

solution (1lL.2mi DHAP) was adjusted to pH 7.4 = 7.6
by addition of 30 A 2] TZA, After neutralization, k4
units of muscle aldolase were added to the solution.
This solution was teken up in a syringe and then added
to 1 ml of 0,1 Ci/ml “HCH in a sealed vial, At the end

1.5 hours the reaction was quenched by adding 2 mls

o}
b

of 20mii Cu(Oﬁc)Z. The quenched reaction mixture was
appliedito a freshly washed and poured Dowex-2 (Cl)
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column which was lel x 4 cm, The column was washed
vith 30 mls distilled HZO and then eluted with 50ml
HCl, Twenty fractions of 1 ml were collected. The
labeled DHAP was found between fractions 11 and 19.
The specific activity was approximately lu Ci/u Hole.
The low specific activity of the DHAP was the result
.of the fact that the 3HOH wvas of low specific activity,
1.8 uCi/ uliole. The total radiocactivity of the water
vas 0,1 Ci/ml. In the exchange experiment which fol-
lows, it would have been desirable to measure the rate
of exchange both out of DHAP and into DHAP., EHowever,
the low specific activity would have necessitated the
handling of enormous total amounts of radioactivity
as JHOH in order to obtain [E—BH]DHAP of sufficient
specific activity to measure the rate of exchange

out of DHAP,

jieasurenent of the Rwmte of Trchanzme of T into DUAPD

Catalyzed bv Liver Aldolese

A stock solution of unlabeled DHAP was prepared
as above, The concentration of DEAP was found to be
26.1mt, A 2,0 ml portion of this solution was neutral-
ized by addition of 60 A of 2M TEA and mixed vrAith
1.0 ml of liver aldolase which was l.1 units/ml
(specific activity =0.66 units/mg) and 0.6 ml of
distilled water. At t =0, 400X of 100mCi/ml ~HOH
was added to initiate the exchange reaction. The
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reaction mixture was immediately divided into four
equivalent 1.0 m1 portions, The final concentrations
in the reaction mixture were 13,1m} DHAP, 0,27 units/ml
liver aldolase, and 10mCi/ml “HOE. At t=2, 4, 10,

and 90 minutes, one of the porticns was quenched by
addition of 1.0 ml of 20mif Cu(0OAc),. The quénched
samples viere centrifuged to remove denatured protein

and then applied to a freshly washed and poured

Dowex=2 (Cl) columne. Care was taken in preparing the
Dowex=2 (Cl) columns to be sure that the pH of the
column prior to loading was 7.4e. 3Zach column was

then washed with 100 mls of 20m} TEA pH 7.5. TFollowing
the washing, the columns were eluted vith 50mi] HC1 and
fifteen fractions of 1,5 ml were collected. Counting
ras accomplished using 5 mls of the cocktail described
sbove plus LOO A H

=2
fractions were also assayed spectrophotometrically

Oy, and 100 A of the sample, The

for DEAP, The exchange is shovm schematically in
Figure 12,

Inactivation of uscle *ldolcse by l-chloro 2,56=di-

nitrobenzene

At t=0, 102 of 250m} l-chloro 2,6~dinitrobenzene
vas added to 2 2 ml1 solution which confained 2,0 units/ml
muscle aldolase in 10nji HCO; = NaCO; buffer at pH.9.6.

At various times, 20X of the reaction mixture veas

renoved and assayed for aldolase activity. The same
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Figure 12, Polyacrylamide Gel Electrophoresis Patterns
by Procedure of Ornstein and Davis,.

Tracking stain is répresented by anodic end in
figure. Patterns shown are for a.) 50 ul of 0,57 unit/
ml liver aldolase (spec, activity =0,5 unit/mg) in
25% sucrose, be) 50 y1 of 50 unit/ml o-glycerolphos-
phate dehydrogenase/triosephosphate isomerase in
25% sucrose, Ce.) 50 ul of 40-60% ammonium sulfate

supernatant in 25% sucrose.
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experiment was repeated with a volume in the reaction .
mixture of 1.0 ml, This gave a final concentration

of l-chloro 2,6-dinitrobenzene of 2,5mM. The above
inactivations were performed at 25°C. A control
portion of enzyme at the same concentration, in the
same buffer, and at 25°C showed no decrease in activity
during the time of the experiment. |

Inactivation of lluscle Aldolase and Liver Aldolase by

l=chloro 2,L-dinitrobenzene

Similar experiments were performed using l-chloro
2yl=dinitrobenzene and both muscle and liver aldolase.
In the experiment involving muscle aldolase, 2 mls
of a 1,0 unit/ml muscle aldolase solution buffered with
10mi; HaacCB:HC-B", PH 9.6 was mixed with 10a of
0.5l l=chloro 2,L4~dinitrobenzene (in ETOH). Periodically
aliquots of 20 A were removed and assayed for aldolase
~activity. The inactivation was performed at 25°C.

A control under identical conditions but without
l-chloro 2,4~dinitrobenzene was also run, (10X of
ETCH was added at t =0.)

The inactivation of liver sldolase was initiated
by adding 10A of 0.5 l-chloro 2,4~dinitrobenzene to
a solution of 0.435 unit/ml liver aldolase in 20m}
lia;C05 : HCO ~, at ol 9.8 with a total volume of 1 ml.

The specific activity of the aldolase was 0.73 units/mg.

A contrel was run under the conditions of the experiment
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and the temperature was 25°C. The experiment was
repeated with O.,2mM FBP ¥ DHAP + G3P equilibrium

mixture present in the reaction mixture.

Inactivation of Liver Aldolase by L-hydroxymercuri-
benzoate (disodium salt |

In this inactivation study, a 1 ml solution of
:NaCl buffer,

0474 unit/ml liver aldolase in 20mM H,CO

2773
PH 7.4 was inactivated by adding 101 of 100m} 4-hydrox-
ymercuribenzoate (obtained from Aldrich) at time zero
and periodically removing aliquots of this solution

for assay. lNote that the buffer system employed was

at the 1limit of its buffering range. 'This was done

in an effort to maintain conditions similar to the
previous inactivations. The experiment was done at

roon temperature, vith the appropriate controls, and

both in the presence and absence of substrate.

Inactivation of lluscle Aldolase and ILiver Aldolase by

Pyridoxal S-phosnhate (PLP)

A 1,0 ml solution of 1,40 unit/ml muscle aldolase,
20mii TEA (Cl) pH 7.5 and PLP final concentrations of
10w}, 20u k, and 25u i were employed to study this
inactivation. The inactivation was initiated by
addition of the PLP., The reactions were at 2500
and the appropriate controls were also run, Aliquots

of 20 A wvere again withdravm at various times and

assayed for activity., The inactivation mixture was
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kept in the dark by wrapping the reaction vessel with
aluminum foil, This was to prevent the photoinactiva-
tion of muscle aldolase as reported previously by

33

Horecker's group. The inactivation was also studied
under higher levels of PLP (up to 5,0ml) but inactiva-
tion was so rapid that these measurements were more
difficult, The same experiment was performed with
liver aldolase. The specific activity of the liver
aldolase was 0.5 units/mg. In the case of.the liver
enzyme 1t was necessary to go to 200u } PLP final
concentration to effect inactivation., In both the
liver aldolase and muscle aldolase inactivation studies,
it was noted that when aliquots were removed and
assayed, there was a gradual increase in the activity
at longer times of the assays, This was probably a
reversal of the inactivation on dilution as reported’
earlier by Horeckert's group., The activity of the
particular assay vas taken from the first 1.5 minutes
of the assay.37 In both the muscle and liver aldolase

experiments, controls were run under the same con-

ditions except no PLP was added.

Polyacrylamide Gel Tlectrophoresis of Liver Aldclase
Polyacrylamide gel electrophoresis was performed
on a solution of liver aldolase from a fresh rabbit
liver preparation using the procedure of Ornstein and
Davis as modified by Clarke.62’63 The gels were
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loaded as shown in Table 5. Gels 7y 8y and 9 were
sliced every 2 mm from the bottom to the top. The
remaining tubes were stained with a mixture of 1.25 gms
Coomasie brilliant blue, 454 mls of 50% methanol and
46 mls of glacial acetic acid as described by Ueber
and Osbcmn.6br The gels were then destained vith a
nixture of 3875 mls H,C, 50 mls methanol, and 75 mls
of glacial acetic acid, On staining it was found that- -
both the hemoglobin from the 40-607 ammonium sulfate
supernatant gels and the aldolase had migrated to the
cathode, The staining for the LO-60% ammonium sulfate
supernatent gels and for the triosephosphate isomerase/
'a-glycerolphosphate dehydrogenase gels are shovm in
Figure 12, An attempt was made to isolate thé activity
of a=-glycerolvhosphate dehydrogenase and triosevnhos-
phate isomerase from gel 8,}but this attennt wes
unsuccessful, It was epparent that what wras needed
was a procedure which employed the opposite polarity.

A procedure vhich employs the opposite polarity
is the method of Reisfeld et al.65 The gels were
loaded as showm in Table 6., "11 samples were run with
2 0.001% methyl green standard which vanished., The
electrophoresis was allowed to proceed at 6 mamps/tube
and 150 volts. The bufter employed was B =alanine:
acetic acid at pH L.3. Gels 1, 2, 6, and 10 were

stained as above, The remaining gels were sliced into
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4 mm slices. IEach slice was covered with Oe5 ml of
20mM Tris (Cl), 4mM EDTA, pH 7.5 and allowed to diffuse
at 4°C overnight, The slices from gels 7, 11, and 12
were combined, These had a total of 450 of

1.0 unit/ml liver aldolase loaded onto them at the out-
set of electrophoresis., On assaying the diffusate from
these combined gel slices, a trace of activity seemed
to be localized in slices 4=6 but even this was minimal,
The gel patterns from the stained gels are shown in
Figure 13, It was interesting to note that following
electrophoresis the unstained gels were 60=70 mm in
length, Following the staining and destaining pro=
cedure it was found that this length had increased

to approximately 90 mm,

Based on the electrophoresis patterans observed,
several experimental conclusions were reached. First,
hemoglobin was the constituent that made up the series
of bands which had migrated furthest towards the
cathode., The smeared heavy band which had migrated
very slowly from the anode was liver aldolase, and the
small sharp remaining band was fructose 1,6=bisphosphase
(FBPase)., FBPase activity was found in trace amounts in
the aldolase preparation by spectrophotometric assay.
FBPase was no doubt eluted from the phosphocellu-
lose column by the O.2mM FBP, However, it was
found that undér the conditions of the stopped
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Figure 13, Polyacrylamide Gel Electrophoresis Pat-
terns by Procedure of Reisfeld et al,

Patterns shown are for a.) 50 u1 of hemoglobin
prepared as in text in 25% sucrose, b,) 100 ul of
0¢5 unit/ml liver aldolase (spec. activity = 0,5 unit/
mg) in 25% sucrose., Gels were run for 1.5 hours @

150 volts x 6 ma/tube,
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flow experiment (ie. 10mi EDTA) there was no measurable
FBPase activity. The last observation to be made

from the electrophoresis experiments ﬁas that liver
alddlase activity is lost under the condition of the
Reisfeld procedure., This was most likely the result

of the low »Y of the buffer employed.

81



Results

‘Stopped Flow Kinetics

" Muscle 2ldolase

‘The oscilloscope trace from a typiéal muscle
aldolase stopped flow experiment is shown in Figure 144,
The conditions and final concentrations under which
the experiment was performed are: 12 u} FBP, 20 units/ml
muscle aldolase (23.4 MM sites), 175 units/ml ce-glycer-
olphosphate dehydrogenaée, 4320 units/ml triosephos-
phate isomerase, 30w M WADH, 25m¥ Tris (Cl), S5mM IDTA,
PH 7.5. The straight line crossing the lower portion
of the photogravh is the infinite time point which was
taken several minutes after the initiation of the’
reaction. 1ilote also that the offset for the infinite
time point is 0.3 C.D, units and the offset for the
reaction wvas O.4 C.D, units. The first line above
the border corresponds to the offset value.

The first-order replot from this data is shovm
in Figure 15, The curve consists of a rapid initial
phase followed by a slower second phase. Ixtrapo-
lation of the second vhase to time iero showed that
the first phase accounted for 70-74% of the total
substrate and the second phase 26-30%. The pseudo
first-order rate constant for the first phase is

L,7 sec'l and the constant for the second phase is

0.69‘seC"1.
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Figure 14, Stopped Flow Oscilloscope Traces

A.) 20 unit/ml (23.4u M sites) muscle aldolase,
175 unit/ml a-glycerolphosphate dehydrogenase/tri- |
osephosphate isomerase, 30y M NADH, 12 yM FBP, 25mM
Tris (Cl), 5mM EDTA, at pH 7.5. Slit width was 1 mm,
vertical offset of O.4 O,D., vertical scale of
0,05 O,D,/division, horizontal scale of 0.1 sec/divi-
sion. For the infinite time trace the vertical off-
set was 0.3 0,D,

Be) Lo5 unit/ml (187u M sites) liver aldolase,
175 unit/ml o-glycerolphosphate dehydrogenase/tri-
osephosphate isomerase, 30u M NADH, 12 uM FBP, 50mM
Tris (Cl), 10mM EDTA, at pH 7.5. Slit width was
1 mm, vertical offset was 0.3 O.,D., vertical scale of
0.05 0,D,/division, horizontal scale of 0,2 sec./divi-
sion.

Ce) 2.25 unit/ml (93u M sites) liver aldolase,
20 unit/ml (23.4 vM sites) muscle aldolase, 175 unit/ml

a=-glycerolphosphate dehydrogenase/triosephosphate
isomerase, 30 wM NADH, 12u M FBP, 50mM Tris (Cl),
10mM EDTA, at pH 7.5. Slit width was 1 mm, vertical
offset was Oo.4 0.D., vertical scale of 0,05 0,D./divi=-
sion,
 Note: Vertical offset value is one grid division
from bottom of grid, All runs were at 31°cC,
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Figure 15, First-order Replot for Muscle Aldolase
Stopped Flow Experiment (Oscilloscope trace Figure 14A)
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Liver Aldolase

The oscilloscope trace from a typical liver al-
dolase experiment is showm in Figure 14B, The final
concentrations in this experiment were:. 12 u} FBP,
L5 units/ml liver aldolase (187 Rl sites), 175 units/
ml oa=glycerolphosphate dehydrogenase, 4320 units/ml
triosephosphate isomerase, 30 u} NADH, 50mM Tris (Cl),
10mll EDTA, at pH 7.5. In this photograph, the offset
is the same for the infinite time point as during
the reaction trace,

The first-order replot for this data is showm
in Figure 16, It is readily apparent that this re-
plot curve is not biphasic like the muscle enzyme but
rather is a straight line, The rate constant for this
reaction is 1.7 sec™.

lluscle Aldolase Plus Liver Aldolase

In Figure 14C is shown the oscilloscope trace
from a typical stopped flow.experiment wvith both
muscle and liver aldolase present, The final concen-
trations in this experiment were: 12ull 8Py, 25,4 v}
sites muscle aldolase, 93.4u M sites.liver alcdolase,
175 units/ml a=~glycerolphosphate dehydrogenase,
4320 units/ml triosephosphate isomerase, 30u } NADH,
Somlf Tris (Cl), 10m} IDTA, pH 7.5. Again, the vertical
offset is the same for the infinite time point as it

was for the reaction trace,
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Figure 16, First-order Replot for Liver Aldolase
Stopped Flow Experiment (Oscilloscope trace Figure 14B)
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In Figure 17 is shown the first-order replot

| for the mixed muscle plus liver aldolase stopped flow
experiment, The curve is again biphasic with a rapid
initial phase followed by a slower second phase, I=x=-
trapolation of the second phase to time zero showéd
that each phase accounted for 50% of the overall re-
action, The pseudo first-order rate constant for the

1

first phase is 2.5 sec”™™ and for the second phase

0.69 sec-l.

Computer Sinulations

Liver 2ldolese Tnly

The results of computer simulation of a -anomer
utilization by liver aldolase are shown in Figure 18 as
a plot of log %FBP remaining versus time, This is plot-
ted from data obtained by using the CRAMS nrogram des-
cribed easrlier. The curve consists of a long lag period
(approximately 4LOO msec) followed by a first-order
utilization of the F3P,

A similer plot for the simulation of liver =2ldo-
lase utilization of exclusively the open form of FRBP is
shovm in Figure 19. This plot has a shorter lag period
(a2pproxinately 80 msec) followed by a straight line
utilization of F3P, |

Lastly, in Figure 20 is shown the plot for the
simulation of liver aldolase utilization of only the

B—anomer of ¥BP, This utilization plot is first-order

20 .



Figure 17, First~order Replot for Mixed Aldolase
Stopped Flow Experiment (Oscilloscope trace Figure 14C)
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Figure 18, Simulation of Utilization of o~FBP by Liver
Aldolase

Simulation by Chemical Reaction Analysis Modeling
System for 93.4u M liver aldolase sites and 121u M FBP.
Values of the rate constants for binding steps were
derived from KM values determined independently under
the conditions of the stopped flow experiments. The
value of kcat was the experimental value from the
stopped flow., The rate constants for anomerization of

B=FBP to a- FBP were those of Midelfort et al.19
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Figure 19, Simulation of Utilization of Open FEP by
Liver Aldolase

Simulation by Chemical Reaction Analysis Modeling
System for 93.4u M liver aldolase sites and 12u M FBP,
Values of the rate constants for binding steps were
derived from KM values determined independently under
the conditions of the stopped flow experiments., EThe
value of kcat was the experimental valge from the
stopped flows The rate constants for ring opening

were those of Midelfort et al.19
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Figure 20, Simulation of Utilization of B-FBP by
Liver Aldolase

Simulation by Chemical Reaction Analysis Modeling
System for 93.4u M liver aldolase sites and 12u M FBP,
Values of the rate constants for binding steps were
derived from KM values determined independently under
the conditions of the stopped flow experiments, The
value of kcat was the experimental value from the
stopped flow, The rate constants for anomerization

of a=FBP to 8-FBP were those of Midelfort et al.l9
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for greater than three half lives of FBP consumption,

Muscle Aldolase Plus Livér Aldolase

The simulated first-order plot for the mixture
of muscle plus liver aldolase under the same conditions
as the stopped flow experiment is shown in Figure 21,
In this simulation the muscle enzyme utilizes B ~FBP
and binds o -FBP very tightly. Utilization of both
the o~and B =FBP by the liver enzyme is simulated,
The plot is linear for greater than three half lives
of FBP utilization,

Figure 22 is the simulated first-order plot with
the muscle aldolase utilizing B -FBP and binding the
a =anomer of FBP very tightly and with utilization

of only the o~anomer of FBP by the liver enzyme,
This simulation gives a nearly linear plot for three
half-lives of FBP utilization.

If the simulation is performed assuming utiliza-
tion of only the g-anomer of FBP by the liver enzyme
and utilization as above by the muscle enzyme, the
progress curve obtained is that shown in Figure 23,
Note that this curve is biphasic,

The results of a similar simulation assuming
liver aldolase uses only the open form of FBP is
shown in Figure 24, This curve is also biphasic in

nature,
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Figure 2l. Simulation of Mixed Liver Aldolase Plus
Muscle Aldolase Experiment with Liver Aldolase Utili-
zation of o= and g~ FBP

Simulation by Chemical Reaction Analysis
Modeling System for 93.4 uM liver aldolase sites,
23¢ly M muscle aldolase sites, and 12u M FBP., Values
of the rate constants for the binding steps were
derived from KM values determined independently
under the conditions of the mixed stopped flow
experiment except for the binding of o-FBP by
muscle aldolase, This value was determined experi-
mentally as described below., The values of kcat
employed were those determined in the stopped flow
experiments. The rate constants for the intercon-
version of the various forms of FBP were those of

Midelfort et al,t’
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Figure 22, Simulation of Mixed Liver Aldolase Plus
Muscle Aldolase Experiment with Liver Aldolase Utilie
zation of a-FBP

Simulation by Chemical Reaction Analysis Modeling
System for 93.4 uM liver aldolase sites, 2344 uM
muscle aldolase sites, and 12 uM FBP, Values of the
rate constants for the binding steps were derived
from KM values determined independently under the con-
ditions of the mixed stopped flow experiment except
for the binding of o-FBP by muscle aldolase, This
value was determined exberimentally as described
below, The values of kcat employed were those deter=
mined in the stopped flow experiments., The rate con=
stants for the interconversion of the various forms

of FBP were those of Midelfort et al.19

102



(SO3SIANIL

gl ol - g0 |

¢¢ 34n9l4

| I-5
LOG%FDP - REMAINING

(v

HJdV) ¥3A + 310STW WIS

20

103



Figure 23, Simulation of Mixed Liver Aldolase Plus
Muscle Aldolase Experiment with Liver Aldolase Utili-
zation of B-FBP

Simulation by Chemical Reaction Analysis Modeling
System for 93.4 uM liver aldolase sites, 23¢4 uM
muscle aldolase sites, and 12 M FBP, Values of the
rate constants for the binding steps were derived
from KM’values determined independently under the con~
ditions of the mixed stopped flow experiment except
for the binding of a~FBP by muscle aldolase, This
value was determined experimentally as described
below, The values of kcat employed were those deter-
mined in the stopped flow experiments. The rate con-
stants for the interconversion of the various forms

of FBP were those of Midelfort et al.l?
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Figure 24, Simulétion of Mixed Liver Aldolase Plus
Muscle Aldolase Experiment with Liver Aldolase Utili-
zation of Open FBP

Simulation by Chemical Reaction Analysis Modeling
System for 93.4u M liver aldolase sites,’23.4iiﬂ
muscle aldolase sites, and 12 uM FBP, Values of the
rate constants for the binding steps were derived
from KM values determined independently under the con-
ditions of the mixed stopped flow experiment except
for the binding of o=FBP by muscle aldolase, This
value was determined experimentally as described
below, The values of kcat employed were those deter-
mined in the stopped flow experiments, The rate con-
stants for the interconversion of the various forms

of FBP were those of Midelfort et al.19
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Inhibition Studies - Substrate Analogues
oy B -methyl fructofuranoside

The Lineweaver - Burk plot for the competitive

inhibition of liver aldolase by a 1:1 mixture of

¢ -methyl fructofuranoside 1,6-bisphosphate and

B -methyl fructofuranoside 1,6~bisphosphate is seen
in Figure 25, The ratio of 1:1, o-: g, is the result
of the conditions of synthesis., The Ki for this mix-
ture is 4.6 x 10'?&.

In Figure 26 is shown the inhibition of muscle
aldolase by this same 1:1 mixture of ¢~and B -methyl
fructofuranoside 1,6-bisphosphate. The K; for this
inhibition is 2.7 x 1076y

a=249=anhydroglucitol 1,6=bisphosphate

The results of a study employing o -2, 5-anhydro-
glucitol 1,6~-bisphosphate are shown in Figure 27.

The inhibition pattern appears to be either noncom-
petitive or mixed, Treating the lines as noncom=
petitive leads to a value for K, = 1.2 x 107°M,

Glucitol 1,6-bisphosphate

The open chain FBP analogue glucitol 1,6~bis-
phosphate has a competitive inhibition pattern at all
but the lowest FBP concentration where the inhibition
is greater than expected for competitive inhibition,
The K; value for the linear portion of the plot is
Le3 x 10-6M. This plot is shown in Figure 28,
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Fig'uré 25 Competitive Inhibition of Liver Aldolase
by ®-and B~ _Methyl fructofuranoside 1 ,6-bisph_osphate
(MFFBP) |

Final concentrations were 50mM Tris (c1), 10mM
EDTAy pH 7.5, FBP as shown, 125 uM NADH, and
500uM MFFEP @ , 200 M MFFEP @ , 100 M
MFFBP B , uninhibited A& .
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Figure 26, Competitive Inhibition of Muscle Aldolase
by a-and - Methylfructofuranoside 1,6~bisphosphate

(MFFBP)

Final concentrations were 25mM Tris (C1), 5mM
EDTA, PH 7.5, FBP as shown, 125 M NADH, and 5 uM
MFFEP @ , 2.5 uM MFFBP @ , uninhibited & .
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Figure 27, Inhibition of Liver Aldolase bya- 245 = Anhy=-
droglucitol 1,6~bisphosphate ( o-AGREP)

Final concentrations were 25mM Tris (Cl), 5mM
EDTA, pH 745, FBP as indicated, 250 WM NADH, and
420w M 0~ AGBP O o, 168y M oAGEP @ , 84uM
«~-AGBP W , uninhibited &
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Figure 28, Competitive Inhibition of Liver Aldolase
by Glucitol 1,6-bisphosphate

Final concentrations viere 25mM Tris (Cl), 5mM
EDTA, PH 745, FBP as indicated, 125 uM NADH, and
60 uM glucitol 1,6=-bisphosphate @ , 40 uM glucitol
1,6-bisphosphate @ , 20 uM glucitol 1,6-bisphos-
rhate ® , unhibited & ,
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- Ribulose 1,5=-bisphosphate

Ribulose 1,5~bisphosphate inhibition of liver
aldolase is shown in Figure 29, The inhibition is
competitive with a Ki= 2.7 x 10'6&.

Ribulose S=phosphate

The inhibition of liver aldolase by ribulose
5=-phosphate is presented in Figure 30, The inhibition
rattern is either mixed or uncompetitive,

Ribose S5-phosphate

In Figure 31 the competitive inhibition pattern
obtained for the inhibition of liver aldolase by
ribose 5-phosphate is shown, The value found for the
inhibition constant is K, = 1,18 x 10™M,

Measurement of the Rate of Liver Aldolase When B-FBP
Is Slowly Generated by PFK

The Dowex=2 (Cl) elution patterns for the measure-
ment of the rate of aldolase when B-FBP is slowly
generated by PFK is shown in Figure 32 and Figure 33,
The product counts are found in the wash fractions as
SHOH., Fractions 1-20 contain unreacted [5-3H]F6P,
unlabeled DHAP and unlabeled G3P, Fractions 1-=20
are from the 5mM HC1l elution of the Dowex-2 (Cl).

As can be seen, much of the [ 5-°H] F6P has not reacted
to form B ~FBP in the 2,5 sec the reactions were
allowed to proceed, Fractions 21=40 are from the
100mM HC1 elution of the Dowex-2 (Cl) column and
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Figure 29, Competitive Inhibition of Liver Aldolase
by Ribulose 1l,5-bisphosphate (RuBP)

Final concentrations were 25mM Tris (Cl), 5mM
EDTA, pH 7.5, FBP as indicated, 125 uM NADH, and
50 uM RuBP @ , 25 UM RuBP @ , uninhibited A&
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Figure 30, Inhibition of Liver Aldolase by Ribulose-
5-phosphate (Ru5P)

Final concentrations were 25mM Tris ( Cl), 5mM
EDTA, PH 7.5, FBP as indicated, 125 yM NADH, and
500u M RuSP @ , 250 uM RuSP @ , 100 M Ru5P ® ,

uninhibited & .
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Figure 31, Competitive Inhibition of Liver Aldolase
by Ribose S-phosphate (R5P)

Final concentrations were 50mM Tris (Cl), 10mM
EDTA, pH 7.5, FBP as ’indicated, 125 vM NADH, and
2.5mM RSP @ , 1.25mM RSP @ , uninhibited &
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Figure 32. Dowex-2 (Cl) Flution Pattern from Measure-~
ment of Liver Aldolase Rate with g- FBP Generated by
PFK = 9 Nanoequivalents of Aldolase Sites

Fractions of i ml were collected, Fractions 1-20
were from 5mM HCl elution and fractions 21=-40 were from
100mM HCl elution. 100 A of each fraction was used
for scintillation as described in the text. The

volume of the wash fraction was 25 mls.

12y



FIGURE 32
- ML
Al
v L
<
x =
o,
S
. l - /\ 4
_W- 10 20 30

FRACTION

125




Figure 33, Dowex=2 (Cl) Elution Pattern from Measure-
ment of Liver Aldolase Rate with B-FBP Generated by
PFK -~ 56 Nanoequivalents of Aldolase Sites

Fractions of 1 ml were collected.s Fractions 1-20
were from 5mM HCl elution and fractions 21-40 were from
100mM HCl elution, 100 A of each fraction was used
for scintillation as described in the text., The

volume of the wash fraction was 25 mls.
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contain [5->H]FBP and unlabeled FEP added along with

the concentrated HCl quench. The theoretical amount

of FBP should be Pomer x 10-4MOLeS = o 5my FEP total.
On assaying for FBP in fractions 2l=25, it is found

that 0,26 mole of FBP was recovered in the 9 nano-
equivalent liver aldolase run, This corresponds to

52% recovery. The recovery rate in the 56 nanoequiva-
lent liver aldolase run is found to be 42%. The

counts per minute for FBP shown in Table 7 are corrected
to 100% recovery. As can also be seen in Table 7,

the rate of the liver aldolase reaction which is

given by the proportionality:

dFRP cpm JHOH
dt cpm FBP x time

increases on going from 9 nancequivalents of liver
aldolase to 56 nanoequivalents of liver aldolase,

Rate of 3H Exchange into DHAP by Liver Aldolase

The Dowex=2 (Cl) elution patterns using 50mM
HCl are shown in Figures 34=37, As mentioned pre-
viously, in this experiment the rate of exchange from
SHoH into DHAP is being measured, This is in order
to determine whether or not one of the steps involved
in protonating DHAP is rate limiting to the overall
liver aldolase reaction. The reaction progress curve
and the first-order replot are shown in Figure 38
and Figure 39 respectively, From these plots a rate
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Figure 34, Dowex=2 (Cl) Elution Pattern Using 50mM
HC1 from 3H Exchange into DHAP by Liver Aldolase =-
2 Minutes of Exchange ‘

Fractions of 1,5 ml were collected, 100 X of
each fraction was used for scintillation as described
in the text,

=~ — = DHAP

cpm
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Figure 35, Dowex=-2 (Cl) Elution Pattern Using 50mM
HC1 from 3H Exchange into DHAP by Liver Aldolase -
L Minutes of Exchange

Fraétions of 1,5 ml were collected, 100 A of
each fraction was used for scintillation as described
in the text.

-~ — — DHAP

cpm
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Figure 36, Dowex-2 (Cl) Elution Pattern Using 50mM
HC1 from 3H Exchange into DHAP by Liver Aldolase =
10 Minutes of Exchange

Fractions of 1,5 ml were collected, 100 A of
each fraction was used for scintillation as described

in this text,

— — — DHAP

cpm
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Figure 37, Dowex-2 (Cl) Elution Pattern Using 50mM
HCl from 3H Exchange into DHAP by Liver Aldolase -

90 Minutes of Exchange

Fractions of 1.5 ml were collected, 100 A of
each fraction was used for scintillation as described
in the text.

— — — DHAP

cpm
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Figure 38, Progress Curve for 3H Exchange into DHAP
by Liver Aldolase
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Figure 39, First-order Replot for 3H Exchange into
DHAP by Liver Aldolase
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constant of k'==0.028 min"l and an overall rate of

l.41 y Moles of exchange per minute, are found,

Inactivation of Muscle Aldolase by l-chloro 2,6-di=-
nitrobenzene and by l-chloro 29 li-dinitrobenzene

The inactivation of muscle aldolase by l-chloro
2y6-dinitrobenzene at pH 9.6 is shown in Figure 40,
The inactivation is 53% complete at 90 minutes and goes
to about 85% inactivation at 210 minutes. The results
of a similar inactivation of muscle aldolase by
l-chloro 2,4-dinitrobenzene is shown in Figure 41,

In this case the inactivation is 50% complete in
15 minutes and is 93% complete in 60 minutes,
Inactivation of Liver Aldolase by l-chloro 2elimdim
nitrobenzene

Liver aldolase is aiso inactivated by l-chloro
2yl~dinitrobenzene, This inactivation is shown in
Figure 42. The inactivation is 50% complete in
10 minutes and reaches 97% completion in 50 minutes,
In the presence of 100u M FBP, 100 uM DHAP, and 100u M
G3P in an equilibrium mixture, the inactivation is
22% complete at 10 minutes and is only 64% complete
at 50 minutes,

Inactivation of Liver Aldolase by 4-hydroxymercuri-
benzoate

The sulfhydryl specific reagent L-hydroxymercuri-

benzoate is shown to inactivate liver aldolase in

12



Figure 4O, Inactivation of Muscle Aldolase by 1-Cl
2y6=~dinitrobenzene

L Aldolase activity remaining plotted as
per cent inactivation

A Control
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Figure 41, Inactivation of Muscle Aldolase by 1-Cl
24 4=dinitrobenzene

@® Aldolase activity remaining plotted as
per cent inactivation

& Control
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Figure 42, Inactivation of Liver Aldolase by 1=Cl

2y 4~dinitrobenzene

® Aldolase
cent inactivation
B Aldolase

cent inactivation

activity remaining plotted as per
without substrate present
activity remaining plotted as per

with substrate present

® Control without substrate

A Control with substrate
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Figure 43, The inactivation is 90% complete at about

150 minutes, with 50% inactivation at about 25 minutes.

In the presence of an equilibrium mixture of 100 M
FBP, 100 uM DHAP, and 100 u M G3P, the inhibition is
75% complete at 150 minutes and 50% inactivation is
reached at about 55 minutes.

Inactivation of Muscle Aldolase by Pyridoxal S5=~phos~

phate (PLP)

In Figure 44 is shown the inactivation of muscle
aldolase by 10 uM PLP, The inactivation is 50% com-
plete by 3 minutes and in 20 minutes is more than
85% complete. The inactivation first-order replot
is shown for 10 ¥M, 20u M, and 25 uM PLP in Figure 45.
All of the replot curves are nonlinear. The levels
of PLP are such that the inactivation should be
pseudo first-order. A nonintegrated first-order
replot of the data in Figure 44 is presented in
Figure 46, The resultant line is curved, The non-
integrated second-order replot of the data from Figure
L4 is shown in Figure 47. This plot is also clearly
nonlinear, In Figure 44, the data is plotted using
the nonzerc level of activity at which the inactiva-
tion appears to terminate as the infinite time value.
In Figure 48 is the first-order replot obtained for
the 10w M PLP inactivation utilizing zero activity
as the infinite time value., This plot also is clearly
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Figure 43, Inactivation of Liver Aldolase by 4=hy=-
droxymercuribenzoate

® Aldolase activity remaining plotted as per
cent inactivation without substrate present

B Aldolase activity remaining plotted as per
cent inactivation with substrate present

A Control with and without substrate



_ (SNiW)amIL o
00z . og .00l . og . - 0.

€b 3un9ld

- 100

151

50
- %INACTIVATION



Figure 4L, 1Inactivation of Liver Aldolase by Pyri-
doxal 5-phosphate

[ Aldolase activity remaining

o Control. Both control and aldolase activi-
ties remained at or near the levels shown for times

of up to 90 minutes,
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Figure 45, Log % Activity Remaining vse. Time for
PLP Inactivation of Muscle Aldolase (10w M, 20 uM,
25 uM PLP)

A 10 yM PLP

® 20 uyM PLP

a 25 uM PLP
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Figure 46, Nonintegrated First-order Replot for
Inactivation of Muscle Aldolase by 10 uM PLP
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Figure 47. Nonintegrated Second-order Replot for
Inactivation of Muscle Aldolase by 10 uM PLP
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Figure 48. Log % Activity Remaining vs. Time for
10 vM PLP Inactivation of Muscle Aldolase with

Zero Activity as Infinite Time Value
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nonlinear,

Inactivation of Liver Aldolase by Pyridoxal D=pho Sw
ghate (PLP)

The results of the study of the inactivation of
liver aldolase by 200 M PLP are shown in Figure 49,
The activity drops to 60% in 5 to 10 minutes, At
4O minutes, the activity is still about 57%. The
first-order replot (integrated form) is shown in
Figure 50, This inactivation clearly also is not

first=order,
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Figure 49, Inactivation of Liver Aldolase by
200 uM Pyridoxal 5-~-phosphate
® Aldolase activity remaining

A& Control
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Figure 50, Log % Activity Remaining vs. Time for

200uM Pyridoxal 5-phosphate Inactivation of Liver
Aldoiase
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Discussion

Stopped Flow - Muscle Aldolase

The first-order replot for the muscle aldolase
stopped flow experiment shown in Figure 15 is bi=
phasic in shape, This biphasic shape has previously
been interpreted by Wurster and Hess,17 as well as
Schray, et al.,6 as resulting from rapid utilization
of the B-anomer of FBP in the first phase and slow
interconversion of the a-anomer of FBP to the 8- anomer
of FBP (or open form) in the second phase, Extrapo-
lation of the slow second phase to time zero gives a
value of 71% utilization in the rapid initial phase,
This is in good agreement with the value of 74%
obtained by the previous investigators., This is also
in good agreement with the known anomeric composition
of FBP in solution, It is also important to point
out that the t% for o=to B-interconversion is
00l sec (k 0= 8ol sec 1), Therefore, one would
not expect to see the slow second phase of this curve
unless the o-anomer of FBP is bound very tightly
by muscle aldolase and is thereby prevented from
spontaneously anpmerizing. It is possible to cal=-
culate the overall rate for the spontaneous o- to B-
interconversion using the rate constant for this
process determined by Midelfort, Gupta, and Rose™?

along with the concentration of *-FBP present at time
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zero (20% x 12u M=2.4uM)s From the second phase

of Figure 15, it is possible to obtain a kapparent of
1 "
0.69 sec —, Using this value of kapparent it is then
o

possible to calculate an actual rate for this second
bhase of the progress curve, The concentration of
free o~FBP is then given by:

[oFBPL., . =rate with aldolase x 2.4 uM
spontaneous rate

and  [*FBP] | 4 "2.4 M ~[lo~FBPL ... = [musciSFS%%Olase .

[muscle aldolase%.ree =huscle aldolasé]total = [muscle al-
dolase o
FBP]

= huscle aldolasel. .. [%~FBPJe,q0

K.,
diss “Triscle aldolase « o-FED]

-6

This value for K represents a binding of o-FBP

iss
to muscle aldola:e which is an order of magnitude
tighter than the binding of the substrate, B-FEP,
to this enzyme, This system may therefore be an
example of a system in which some of the binding
energy of the substrate binding is utilized to form a
transition state for the catalytic sequence., Hence,
the binding of g ~-FBP appears to be less tight than
the unreactive a-anomer,

Schray et al.6 demonstrated that yeast apoai-

dolase (formed by removal of the zinc ion), which
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is catalytically inactive, can catalyze the anomeri-
zation of ® -FBP to g -FBP, Therefore, the yeast en-
zyme would not give a biphasic progress curve as per
muscle aldolase, but rather, would have a straight
line utilization of both theq-and the g-anomer of
FBP, In a mixed run containing muscle aldolase: plus
yeast apoaldolase, the biphasic curve was found to

be replaced by a straight line utilization,

Stopped Flow - Liver Aldolase

The utilization of FBP by liver aldolase (Figure
16) is clearly not biphasic utilization of the g~ anomer
followed by a slower a-to B-interconversion as was the
case in the muscle aldolase experiment above, It
also 1s obviously not the opposite possibility:
e~utilization and slow g~to o~interconversion due to
tight binding of the g-amomer, In fact, the anomeric
specificity of this enzyme is not resolvable based
solely on this experiment. Several possibilities
fit the experimental data: 1,) B-utilization with
rapid spontaneous or catalyzed o-to &—anomerization,
2+) open utilization with spontaneous or catalyzed
ring opening, 3.) o- utilization with rapid B-to o -
anomerization, and combinations of these possibil=-
ities.

For example, consider the first of the above
possibilities, 8 -~ utilization with rapid spontaneous
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o -to p-anomerization, Rose and co=-workers have found

1

a rate constant k =" 8,1 sec”~ for the spontaneous

o8

L
(x-toB-:interconversion.l9 If the initial concentra-
tion of thec- anomer is 2.4p M, the overall rate of

the spontaneous o-to B= process is given by:

d_o » = k., [a=FBP ]
at oB

d o »8 ) = 8,1 sec™ x 2.4u M
GE3

d o *8 ) = 19.4uM sec™t

dt
The overall rate for B=FBP only utilization to form
product is given by:

cat [s ~FBP]

d 8 ( » Product) = k
dt .

The concentration of B-FBP is equal to 80% of the total
FBP ( [FBPJ .., = 12u M), therefore, [ g-FBFl = 9.6y M.
Using the value of kcat determined from the reaction
brogress curve, the overall rate is then,

d _B( =+ Products) = 1,7 st—:‘c-l X 9.6u M

dt

d_B( - Products) = 16.,3uM sec™t

dt

Since the spontaneous a-to g-rate is greater than

the overall rate of product formation from the g-anomer,
the progress curve would be a straight line, Sim~

ilar calculations for the other possibilities men-
tioned above show that they are compatible with the

straight 1line utilization of 100% of the FBP found
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experimentally., The results of the computer simu-
lations are also in agreement with these calculations,
It is possible to calculate a turnover number
from the liver aldolase stopped flow experiment,
As will be shown in the computer simulation section
of the discussion which follows, the liver aldolase
stopped flow experiment was performed under Vpygy cone-
ditions for 12u M aldolase catalytic sites. The
turnover number is defined as,

turnover number = kcat
# active sites

and
Vpax = kcat Btotal
kcat = vmax
Etotal
* - (1)
e o« turnover number = kcat - Xmax
# active sites Etotal (# active

sites)
For the conditions of the stopped flow experiment
Btotal (# active sites) = 12uM sites
A value of k. = 1.7 sec™! is obtained directly from
the progress curve of the stopped flow experiment,
From the definition of Viaye the experimental value

1 x 12 uM and on sub-

is found to be Vmax = 1.7 sec
stitution into (1) above the turnover number is found
to be:
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turnover number - Vﬁax 1 sec"l x 12
active sites l2u M active site
turnover number = 1,7 sec™t

active site
This is in agreement with the value found by Rutter1’44
of 1.8 sec™l/active site.

The similarity of the progress curve for the
liver aldolase experiment to that obtained for the
Yeast enzyme, especially in terms of the straight
line utilization of both anomers, prompted a mixed
stopped flow experiment with both muscle and liver
aldolase present,

Stopped Flow -~ Mixed (Muscle Aldolase Plus Liver
Aldolase)

The biphasic reaction curve shown in Figure 17

is the result of stopped flow experiments in which
both muscle aldolase and liver aldolase were present
under the conditions given in the legend. If the
slow second phase is extrapolated to time zero, it
is found that the rapid initial phase corresponds
to utilization of 50% of the total FBP present.,

The slow second phase has the same k as is found
for the second phase of the muscle aldolase stopped
flow experiment., It does not appear that the liver
enzyme contains an anomerase activity which can
catalyze the conversion of the c-anomer to the
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B-anomer in the presence of muscle aldolase as per
the yeast enzyme, Furthermore, this experiment also
does not fully resolve the anomeric specificity of
liver aldolase, The possible anomeric specificities
given above for the liver aldolase stopped flow ex~
periment must be investigated as possibilities for
the mixed stopped flow experiment. As can be seen
from Figure 10, this involves the solving of the
kinetic expression for a multiple equilibrium, multiple
intermediate, multiple substrate reaction., The exact
number of equilibria, intermediates, and substrate
forms depends on the anomeric specificity of liver
aldolase which is assumed in a given instance., In
order to solve this convoluted kinetics problem,

computer simulation was employed.

Computer Simulation
Competitive Binding Between Liver Aldolase and

Muscle Aldolase in the Absence of Product Formation
MW

The competitive binding of substrate by muscle
~aldolase and liver aldolase is shown schematically in
Figure 51, This simulation shows that within Oult
milliseconds (Figure 11l) virtually all of the sub=
strate is bound to the enzyme, Thusy clearly the
system is saturated with enzyme and the conditions of
the experiment are such that Vpax 15 attained for a
total of 12u M enzyme sites,
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Figure 51, Schematic Representation of Simulated

Competitive Formation of the Michaelis Complex
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Liver Aldolase Onlye a-Utilization

The computer simulation of utilization of the

e-anomer of the FBP shown in Figure 18 is presented
schematically in Figure 52, In Figure 18 there is
a long lag phase of approximately 400 milliseconds
followed by a straight line utilization of the FBP which
continues to 100% utilization., The lag is caused by
the fact that the g~to o-bound overall rate is greater
than the overall rate for utilization of the o- anomer
to form product. There is therefore a build up of
EL * o~ FBP and a corresponding increase in rate until
the steady state is reached, No such lag is seen in
the experimental first order replot, Therefore,
a=-FBP alone is not the substrate for liver aldolase,

Liver Aldolase Only, Open Utilization

The corresponding simulation of utilization of
only the open form by the enzyme is schematized in
Figure 53, The first-order plot for this simulation
is given in Figure 19, The shorter lag of about 80
milliseconds in this simulation corresponds to the
time required to convert all the B~ anomer to the
bound open forme The open form is immediately bound
by the enzyme causing a build up of EL ®* open FBP
and a corresponding increase in the overall rate., Due
to problems in mixing the concentrated liver aldolase
solution (14.9 mg/ml) in the stopped flow instrument,
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Figure 52. Schematic Representation of Simulation

of Utilization of a~FBP by Liver Aldolase
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Figure 55. Schematic Representation of Simulation

of Utilization of Open FBP by Liver Aldolase
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it is impossible to discern the time course of the
early stages of the reaction with accuracy. This
substrate utilization is therefore, a viable possi=-
bility.

Liver Aldolase Only, g-Utilization

The computer simulation of g=only utilization
by liver aldolase is given in Figures 20 and 5.,
The first order plot for this anomeric specificity
is linear to 100% FBP utilization. Since this is
similar to the experimentally determined line, this
possibility is also acceptable,

Mixed Liver and Muscle Aldolase with Liver

Aldolase Utilization of Only the g- Anomer of FBP

In order to verify the previous conclusion that
the c-anomer is not the substrate form utilized by
liver aldolase, a computer simulation of a mixed
muscle aldolase plus liver aldolase experiment was
performed, The muscle enzyme utilizes the 8- anomer
of FBP and binds the ®-znomer with a dissociation
constant Ky; o =1 x 1076, This utilization-
binding péttern for muscle aldolase is employed in
all the mixed simulations., The liver enzyme utile-
ization of the o~anomer is assumed, This system is
given schematically in Figure 55, The first order
replot for this simulation, shown in Figure 22, is
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Figure S4e Schematic Representation of Simulation

of Utilization of B~FBP by Liver Aldolase
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Figure 55. Schematic Representation of Simulation
of Mixed Liver Aldolase Plus Muscle Aldolase Ex-

periment with Liver Utilization of o~ FBP
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a linear utilization of 100% of the FBP present. As
seen earlier, the experimental result of the mixed
muscle aldolase plus liver aldolase stopped flow run
is biphasic. The utilization of the o- anomer of FBP
as substrate by the liver enzyme thus can also be ruled
out based on this mixed simulation.

Mixed Liver and Muscle Aldolase with Liver

Aldolase Utilization of Both ¢~and B- Anomers of FBP

The results of the investigation of the possible
utilization of both the a~and B-anomer of the FBP by
liver aldolase are shown in Figure 2l This simu-
lation is presented schematically in Figure 56, This
simulation results in a straight line and is also not
compatible with the experimental results,

Mixed Liver and Muscle Aldolase with Iiver

Aldolase Utilization of the B-Anomer of FRBP

In Figure 23 is shown the first-order plot
resulting from the mixed muscle aldolase plus liver
aldolase computer simulation with 8= FBP utilization
by liver aldolase. Figure 57 is the schematic zep-
resentation of this simulatione The first-order
plot from this simulation is biphasic and thus the
utilization of exclusively the B-anomer as substrate
by liver aldolase is still a viable possibilitye.
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Figure 56, Schematic Representation of Simulation
of Mixed Liver Aldolase Plus Muscle Aldolase Ex~

periment with Liver Utilization of o=and B-FBP
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Figure 57, Schematic Representation of Simulation
of Mixed Liver Aldolase Plus Muscle Aldolase Ex-

periment with Liver Utilization of B-FBP
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Mixed Liver and Muscle Aldolase with Liver

Aldolase Utilization of the Open Form of FBP

The simulation of a mixed liver aldolase plus

muscle aldolase stopped flow experiment with the liver
enzyme utilizing only the open form of FBP is shown in
Figure 24 and schematized in Figure 58. This simulation
also gives a biphasic curve and is compatible with the
experimental results,

Summary of Results from Stopped Flow and Computer

Simulations

The stopped flow experiment for muscle aldolase
i1s biphasic in nature with rapid utilization of the
- B-anomer of FBP followed by a slow second phase
corresponding to the o-anomer being slowly anomerized
to the B-anomer, The slow rate at which the second
phase occurs is the result of tight binding of the

c-anomer by muscle aldolase,

The liver aldolase stopped flow experiment is
firste-order throughout and hence is not similar to the
muscle enzyme in terms of specificity for the anomeric
forms of its substrate, The similarity of this ex=
periment to previous work done with yeast aldolase
prompted a mixed muscle plus liver aldolase experiment,

The mixed experiment presented a biphasic first
order replot. This necessitated computer simulation
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Figure 58, Schematic Representation of Simulation
of Mixed Liver Aldolase Plus Muscle Aldolase Ex=

periment with Liver Utilization of Open FBP
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to resolve the anomeric specificity of the liver
enzyme, Simulation of the utilization of o=FBP
exclusively by liver aldolase was not consistent
with experimental results. To further resolve the
specificity, simulations of mixed muscle aldolase
plus liver aldolase experiments were performed,
These simulations confirmed the inability of the
0—-anomer to serve as a substrate for liver aldolase
and also were inconsistent with utilization of both
the o-and the g~ anomer by the liver enzyme., Simu-
lations which employed utilization of the g—anomer or
open form of FBP by the liver enzyme were consistent
with the experimental results, A combined B=-and
open-FBP utilization would also have been consis~
tent with the experimental results.
Inhibition by Substrate Analogues (See Figure 59

for Structuresz

@ = B= methylfructofuranoside is not able to

ring open since the hydroxyl on the anomeric carbon
has been methylated., Therefore, this substrate
analogue provides a molecular probe of the active

site for the ability to bind the cyclic form of FBP,
The value of K; = 46 X 10"5ﬂ indicates a strong
interaction between this analogue and liver aldolase.
This seme inhibitor is found to have a K;= 2.7 x 10™M

for muscle aldolase, This is indicative of an
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Figure 59. Structures of Substrate Analogues
Employed as Inhibitors
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extremely tight binding interaction with the muscle
enzyme, The muscle enzyme is known to utilize the
B~ cyclic form of FBP as substrate and to bind the
a-very tightly. It is interesting to note that
the value of Ki determined for the muscle enzyme is
smaller (tighter binding) than the Ky for its sube-
strate., This may be the result of the fact that
muscle aldolase utilizes some of the binding energy
to form the transition state for the reaction which
follows the binding, This would cause the KM

value to be larger (less tight) for the substrate.
Since the inhibitor can not react, none of the
binding energy is siphoned off and the binding con-
stant reflects the entire strength of the‘binding
interaction, It is not clear if this occurs in
liver aldolase, Although the value of Ki determined
for o~ 4 8= methylfructofuranoside does not indicate
that this is the case, it is possible that the
slightly reduced binding of the inhibitor is the
result of unfavorable steric interactions at the
active site with the additional methyl groupe.

When the amalogue of the a- anomer, % =2y S5=Annhye=
droglucitol 1,6-bisphosphate is used as an inhibitor
of liver aldolase, the inhibition is not of a com~
petitive nature, The inhibition is either noncom-—

petitive (parallel lines) or mixed with the lines
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intersecting in the -x, +y quadrant., The value of
Ki determined by utilizing the formulas for noncom-
petitive lines (K; = 1.2 x 10™°) indicates that this
is a fairly weak interaction and may not involve the
active site, This is in good agreement with the
results of the stopped flow experiments and the come
puter simulations which are not consistent with utili-
zatlon of a~F¥BP by liver aldolase, Further, since
it appears that the ¢ -analogues of FBP do not bind
to liver aldolase to any significant extent, the Ky
value for only the B~ form of the methylfructofuranoside
1,6-bisphosphate may be tighter by a factor of two
than the value found experimentally,

The open chain FBP analogue, glucitol 1,6-bis-
phosphate, is seen to be a competitive inhibitor
of liver aldolase with K; = L.3 x 10_6ﬂ. This is
expected since it is mechanistically imperative
that the furanoside ring open, The requirement for
opening arises from the fact that on opening, a
ketonic carbonyl is formed which then stabilizes
the anionic intermediate, The carbonyl is also
necessary for formation of the Schiff's base between
the substrate and a lysine on the enzyme.

Summary of Anomeric Specificity Determined through Use

of Substrate Analogues as Tnhibitors

The cyclic analogues of FBP are found to bind
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to liver aldolase tightly, albeit not as tightly
as they bind to muscle aldolase, This may be the
result of steric considerations., Analogues of the

o —anomer bind to liver aldolase less tightly than

g - forms by a factor of 102, The open chain
analogues bind very tightly. This data is consis-
tent with utilization of the B =anomer of FBP as
substrate with or without the open form as substrate,
The data does not completely rule out the utiliza-
tion of only the open form of FBP, It does, however,
seem unlikely that the c¢yclic analogues such as the
methylfructofuranoside 1,6-bisphosphate would bind
with K; = 4 x 1077M if only the open chain is the
substrate form utilized,

Measurement of the Rate of Liver Aldolase under Con-

ditions of Slow Generation of the B -Anomer of I'BP

by Phosphofructokinase

In order to further distinguish among the re-
maining possible anomeric specificities of liver
aldolase, the rate of liver aldolase at high aldolase
levels relative to the substrate concentration has
been measured, B-[5-3H1FBP was slowly generated
from [5-3H]F6P by phosphofructokinase (PFK) according

118 as described

to the procedure of Rose and O'Connel
above,

The results of this experiment are given in
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Table 7, The number of counts found in the wash
and loading fraction (i.e. in the form of ~HOH)
increase relative to the number of counts found in
the FBP fraction on going from 9 nanoequivalents of
liver aldolase to 56 nanocequivalents of liver
aldolases If all the counts in the F6P fractions
are added together, (Figures 32 and 33) it can be
seen that ~ 20% of the [5--H] F6P still remain at
the time the reaction was quenched, Therefore,

PFK 1s indeed the rate limiting enzyme, If liver
aldolase utilizes only the open forﬁ of FBP as its
substrate and, as was seen in the section which
preceded, binds cyclic substrate forms (analogues)
tightly, the ratio of counts in SHOH to counts in
FBP should decrease on going from 9 to 56 nanoequiva-
lents of liver aldolase, This would be caused by
the fact that on increasing the level of aldolase
present, increased amounts of the nonsubstrate B8-
anomer are bound to the enzyme and are prevented
from opening to the active substrate form, If,

in fact, the B -anomer is the substrate for the
liver enzyme, the rate would increase as more enzyme
is added until the limiting PFK rate is reached.
This is observed and the g —anomer is concluded to
be the form of FBP utilized by liver aldolase, It
should be pointed out that this experiment did not
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eliminate the possibility that both the B ~anomer

and the open form of FBP are utilized, The experi-
ment is only inconsistent with the exclusive use of
the open form of FBP and tight binding of the B8 -
anomer., In as much as mechanistic considerations
demand ring opening as a step in the reaction se-
quence, it is most likely the case that both the open
form and the 8- are utilized as substrates, based

on all the experimental evidence presented,
Measurement of the Rate of Ixchange from SHOH into

DHAP by Liver Aldolase
The results presented in Figures 38 and 39

show that the rate of exchange of tritium from 3HOH
into DHAP is greater than the overall rate of the
liver aldolase cleavage reaction, The value found
of 1,41 Moles/min of DHAP undergoing exchange per
unit of enzyme is only slightly above the overall
rate in the forward direction. One unit of aldolase
is defined as the amount of aldolase required to
cleave one micromole of FBP/minute, One of the
steps in the exchange sequence may be rate limiting
to the cleavage reaction; however, based on this data,
this does not appear to be the case, However, as
can be seen from the equilibrium constant for aldol
cleavage of FBP (Keq = 8.1 x 10"5), the overall rate
in the reverse direction (i.e. FBP formation) is
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much larger than the rate_of cleavage, It may
therefore be that one of the steps in the exchange
reaction is rate determining in the direction of

FBP formation, If [5H]DHAP becomes available, the
rate of exchange out of DHAP by liver aldolase should

be measured to clarify this point.

Inactivation of Muscle Aldolase by l-chloro 29 6-dini-
trobenzene and le—chloro 29 i=dinitrobenzene

As mentioned above, l=chloro 2,4-dinitrobenzene

is known to inactivate muscle aldolase at pH > 9,0

by alkylating a cysteine group at the active site.52
The inactivation of muscle aldolase by l-chloro
246=~dinitrobenzene shown in Figure 40 is somewhat
slower than that found for l-chloro 2,4~dinitro-
benzene under the same conditions (shown in Figure
41), Inactivation by l-chloro 2,4-dinitrobenzenef
is 80% complete in LO minutes. ¥ith l-chloro 2y6=dim
nitrobenzene, 80% inactivation is not reached until
approximately 110-120 minutes., This difference may
be due to the bulky nitro group on the six carbon
interfering with the nucleophilic displacement
reaction occurring at the one carbon., The inactiva-
tion curve for l-chloro 2,4-dinitrobenzene shown in
Figure 41 is in good agreement with the previously

reported inactivation,
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Inactivation of ILiver Aldolase by l-chloro 2,L-

dinitrobenzene

Liver aldolase is inactivated by l=chloro 2,4=-
dinitrobenzene as shown in Figure 42. The inactiva-
tion is rapid and the enzyme is protected by the pres-
ence of substrate., This inactivation was done at pH
9.8 and by analogy to the muscle aldolase inactivas
tion may involve the alkylation of a cysteine group

at the active site of liver aldolase,

Inactivation of ILiver Aldolase by L-hydroxymercuri-
benzoate |

The inactivation of liver aldolase by L4-hydroxy-
mercuribenzoate is consistent with the presence of a
cysteine at the active site of liver aldolase., This
reagent is well known to be specific for reaction with
sulfhydryl groups., The rate of this inactivation is
also decreased by the presence of substrate. The in-
activation therefore most likely involves a cysteine

at the active site,

summary of Inactivation Involving Chlorodinitro-
benzene and 4-hydro§xgercuribenzoate

Inactivation of muscle aldolase at PH > 9,0 is

found to proceed as reported previously with l-chloxro
2y4~dinitrobenzene, Inactivation of muscle aldolase
with l-chloro 2,6-dinitrobenzene proceeds more slowly
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than with l-chloro 2,L4~dinitrobenzene, Liver aldo-
lase is rapidly and completely inactivated by l-chloro
2yL4=dinitrobenzene at pH 9.8, The presence of sub-
strate protects liver aldolase from this inactiva-
tions This is interpreted as involving the alkyla-
tion of a cysteine group at the active site of liver
aldolase. Inactivation of liver aldolase by 4-hydroxy-
mercuribenzoate, a sulfhydryl specific reagent, agrees
with this interpretation,

Inactivation of Muscle Aldolase and Liver Aldolase

by Pyridoxal S5-phosphate (PLP

The inactivation of muscle aldolase by 10u M
PLP shown in Figure 44 is very rapid and in 20 minutes
less than 15% of the control activity remains. The
previously reported results of Kowal, et al, are
similar to the above except that 4OO uM PLP is em-
ployed rather than 10w M PLP employed in the present
study. The first-order replots of the inactivation
for 10w M, 20 uM, and 25u M PLP shown in Figure 45
are clearly nonlinear for all three concentrations.
To estimate the strength of the binding interaction,
a value for Kinact is determined from the slope of the
first two minutes of the first-order replot. This
data is then plotted at 1/k versus 1/ [PLP] as shown
in Figure 60, The estimated binding constant for this

204



Figure 60. Plot of 1/k Inactivation vs. 1/ PLP]

for PLP Inactivation of Muscle Aldolase
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interaction is K; = 2.0 x lO"?M. The binding there-
fore is a strong interaction,

The nonintegrated first-order replot (Figure L46)
is also nonlinear as is the second-order nonintegrated
replot (Figure 47). Thus, while the interaction is
very strong, the kinetics are not straightforward.

Liver aldolase is also inactivated by PLP, but
at much higher concentration., In order to substan-
tially inactivate the liver enzyme, levels of 200u M
PLP are required, At this level inactivation is only
40% complete. At concentrations up to 2mM approxi-
mately 50% of the initial activity remained at in-
finite time, The first-order replot of this inac=
tivation (Figure 50) also is linear,

Aldolase B (liver) has been found to be replaced
by aldolase A (muscle) in primary hepatomas.39’4o The
aldolase isolated from hepatomas has been shown to be
identical in amino acid compocsitions, electrophoretic
mobility, immunological properties, and catalytic
properties to aldolase A isolated from normal muscle
tissues, Further, it has been shown that a close
correlation exists between the amount of aldolase B
remaining and the extent of dedifferentiation., That
is, in rapidly growing poorly differentiated tumors
aldolase A predominated and only traces of aldolase B

were found.qo-l+8
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Hepatomas are among the most lethal malignancies,
since there is at present no effective treatment for
this type of cancer. Patients diagnosed as having a
primary hepatoma have a five year survival rate of < 1%
The median survival time is 6 months.49 Current forms
of radiation therapy and chemotherapy are ineffective
because these methods do not discriminate sufficiently
between healthy and malignant tissue, They would in-
rlict intolerable demage to the liver without eradi-
cating the cancer.

An approach to solving this problem would be to
exploit the difference between aldolase isozymes
found in the malignant tissue and in the healthy
tissue surrounding the hepatoma. As shown herein,
vastly larger amounts of PLP are required to ine
activate liver aldolase than are required to ine-
activete muscle aldolase, Even at high concentration,
PLP only inactivates liver aldolase to the extent of
50%e Thus, PLP or a suitable derivative could reason-
ably te expected to enter the active site of aldol-
ase A found in malignant liver cells and inhibit
catelytic activity. Benign liver tissue which con-
tains only aldolase B should sustain only limited dame
age or be unaffected altogether,
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Inhibitors as Probes for the Number of Phosnhate

Binding Sites in Liver Aldolase

By employing five carbon mono~- and bisphosphate
substrate analogues as inhibitors of liver aldolase,
it 1s possible to derive information regarding the
number of phosphate binding sites present in this
enzyme. Ribulose 1,5-bisphosphate (Figure 29) has
& binding constant K; = 2.7 x 10'6ﬂ. This tight
binding is probably the result of the l-phosphate
moiety being located in the same position relative to
the carbonyl as it is in ¥BP, When ribose-5-phos-
phate (Figure 31) is employed as a competitive in-
hibitor the K, = 1.18 x lO'BE. The S5-phosphate of
ribose S5~phosphate is located at the same relative pPos-
ition to the carbonyl as the 6-phosphate in FBP, This
very weak binding interaction is probably the result
of the fact that liver aldolase either does not have
a 6-phosphate binding site or the position of the binde
ing site is such that the strength of the binding is
severely decreased, Ribulose S5=phosphate, in which
the 5-phosphate is one carbon closer to the carbonyl
than is the case with the 6-phosphate of FBP, has an
inhibition which is either uncompetitive or mixed
(Figure 30). From the levels of ribulose S5-phosphate
necessary to cause this inhibition, it is clear that
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this also is not a very strong interaction.

The interpretation of the data for this inhib-
ition as indicative of only one phosphate binding site
in liver aldolase (i.e. liver aldolase has no 6-phos—
phate binding site) is consistent with the 1:1 ratio
of activity of liver aldolase toward FBP and F1P, In
the muscle enzyme which is knowm to have both a
l-phosphate and a 6~=phosphate binding site, the

FBP:F1P retio is 50:1,.
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Conclusions
Based on stopped flow experiments and computer

simulations, liver aldolase appears to utilize the

B~anomer of FBP as its substrate, The spontaneous
rate of a-to B~ interconversion is adequate to give
the first-order utilization of 100% of the sub-
strate which was found experimentally. The simu-
lations are found not to be consistent with use of
only the ¢-anomer as substrate by liver aldolase.
The simulation of both a=andg- utilization also did
not fit the experimentally determined curve., Uti-
lization of the open form singly or together with the

B- anomer is consistent with experimental results as
well, From the results of studies which employ sub-
strate analogues, the same conclusion can be reached;
that g-FBP, open FBP, or both can serve as substrate
for liver aldolase., However, from the results of
measuring the rate of liver aldolase when g- I'BP is
generated slowly by PFK, it does not appear that
only the open form of FBP is employed as substrate,
M1 of these experiments taken together lead to the
conclusion that liver aldolase seems to utilize 8- FBP
and open FBP as its substrate, with no a- FBP binding
and with spontaneous @-to B-interconversion,

As mentioned in the introductory section, anomeric

specificity is thought to be involved in the regulation
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of the overall glycolytic and gluconeogenic pathway.
Anomeric specificity seems to be particularly im-
portant at the molecular level of coupling the re=-
actions of these pathways. The muscle enzyme
utilizes only the B -~ form of the FBP as substrate
(Figure 4) and is tightly coupled to glycolysis and .
is not coupled to the enzymes of gluconeogenesis,
Muscle tissue is principally functioning to produce
energy via glycolysis and has very limited gluconeo=
genic activity, On the other hand, yeast, which

has both an active glycolytic pathway and gluconeo-
genic pathway, contains an aldolase which utilizes
both o - and 8- FBP, Yeast aldolase also can
anomerize the ¢~ and 8- forms of FBP, It is now
possible to add to this that liver aldolase can
function in both glycolysis and gluconeogenesis,

both of which are active in liver tissue., The enzyme
is specific for B ~ FBP; however, the enzyme is
slower than muscle aldolase and yeast aldolase and
the spontaneous rates of anomerization are faster
than the rate of the liver enzyme. It is not clear
whether the enzyme contains an anomerase activity.

If such anomerase activity exists, it is not suf-
Tficient to give a single phase first-order replot

in mixed muscle aldolase - liver aldolase experiments,
Finally, some investigators now feel that aldolase
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is more important in regulating the overall rate of
glycolytic flux than had previously been thought.69
If this proves to be the case, anomeric specificity
may prove to be an extremely important part of the
molecular mechanism by which glycolysis and gluco-
neogenesis are regulated,

In terms of the reaction mechanism, it is found
that the rate of tritium exchange from ~HOH into
B-BH]DHAP by liver aldolase is greater than the
overall rate of the reaction., It can therefore be
concluded that none of the steps involved in the
exchange process are rate limiting to the overall
mechanism of cleavage., However, the rate of ex-
change was only l.4 times the overall rate, so this
conclusion is not definitive, If the technical
problems inherent in production of sufficiently
labeled 3-5H DEAP can be overcome, the rate of
tritium exchange out of 5H--DHAP should be measured
to further elucidate this point,

Based on studies employing chlorodinitrobenzene
compounds and 4~hydroxymercuribenzoate, it also
appears likely that liver aldolase utilizes a
cysteine located at the active site in the reaction
mechanism, The muscle type enzyme is also known

to employ a cysteine in its reaction mechanism,.
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Pyridoxal 5-phosphate is found to inactivate
muscle aldolase at levels much lower than was pre=
viously reported. The inactivation goes to greater
than 85% completion. Liver aldolase is inactivated
by PLP but at levels which are more than an order
of magnitude greater than required to inactivate
the muscle enzyme., Iven at high concentrations,
PLP does not inactivate liver to greater than 50%.
These results are particularly important since
liver aldolase is found to be replaced by muscle
type aldolase in hepatomas., These results could
possibly lead to a program of chemotherapy based
on the use of PLP and its derivatives against
hepatomase.

Based on inhibition studies which employed
ribulose 1,5-~bisphosphate, ribulose 5~phosphate,
ribose 5~phosphatey, it can be concluded that liver
aldolase has only a binding site for the l-phosphate
of FBP and none for the 6-phosphate, It is important
to notice that the derivatives employed had the
phosphates located at distances from the carbonyl
which corresponded to those of FBP, In the earlier

30

study by Hartman and Barker no attempt was made
to maintain this similarity and in fact many of
the inhibitors used by Hartman and Barker had no

carbonyl group at all.
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The inactivation of muscle aldolase by PLP is
known to involve formation of a Schiff's base be-
tween the carbonyl of PLP and the lysine at the
6-phosphate binding site on muscle aldolase. The
interpretation of the competitive inhibition data
as indicative that liver aldolase lacks a 6-phos-
bhate binding site is consistent with the fact that
much higher levels of PLP are needed to inactivate
liver aldolase than are required to inactivate
muscle aldolase,

Finally, liver aldolase is an interesting case
of molecular biological evolution. Because of the
necessity of a "flight or fight" response, it seems
that muscle tissue must certainly have evolved
before such specialized tissues as liver and brain.
Therefore, it appears logical that liver aldolase
evolved from muscle aldolase, The sequence of
liver aldolase varies only slightly from that of
muscle aldolase and the differences are all conser-
vative changes. In spite of the apparently modest
nature of these changes, several properties of the
enzyme are changedes TIirst, the liver enzyme has no
6-phosphate binding site., As a result of this
change the ratio of FBP:F1P activity is now 1:1
rather than 50:1 in muscle aldolase. Secondly, the
liver enzyme is much slower than the muscle enzyme,
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This may be due to a slight shift in the location
of one of the catalytic residues making the enzyme
function more slowly., This slow rate of reaction
may be important to regulation. Finally, and
rerhaps most importantly, the enzyme can function
both in glycolysis and gluconeogenesis which are
important to the specialized functioning of the
liver, This seems to have been accomplished by
liver aldolase not binding the o = FBP anomer and
therefore allowing the spontaneous anomerization to
proceed., Thus, very slight changes in the primary
sequence of aldolase which occurred during evolution
have caused sweeping changes in the molecular
broperties of the isozymes found in specialized

tissuese.
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