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Enzymes, particularly those catalyzing steps for the
various cellular pathways, have long been known to
possess a very high degree of specificity with regard to
their substrates. That is, only a single chemical
compound is transformed at significant rates. Modi-
fications or isomers of this compound are disallowed
(rates of less than 1%) unless the structural change is
minor.

A number of enzymes catalyze transformations of
sugars and their derivitives. These also are remarkably
specific, usually discriminating between the various
stereochemical isomers of the carbohydrate very ef-
fectively. Phosphoglucose isomerase, for example,
catalyzes the isomerization of D-glucose 6-phosphate to
D-fructose 6-phosphate (eq 1) and does not accept as
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substrate any of the other hexose isomers.

These various sugars may exist in a number of forms
in solution. Initiating what may well be the longest
running investigation of a fairly narrowly defined field,
Dubrunfaut in 1846 pointed out the changes which
occur in the effect of glucose on polarized light. In-
vestigations of this complex field continue actively
today. It is known that glucose, for example, may exist
in the acylic free carbonyl form (1), the cyclic pyranose
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(3) and furanose (4) forms, and the hydrated carbonyl
form (2). The particular forms which predominate for
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a particular sugar must be determined, as they are a
complex function of subtle differences in structure
between sugars.

The ring forms may themselves exist as two isomers
resulting from formation of an additional asymmetric
center. These are termed « and 8 and are referred to
as anomers. The alteration of the rotation of plane-
polarized light, subsequently termed mutarotation (for
change of rotation), is caused in the representative case
of glucose by conversion of one of the pyranose anomers
(the normally crystallized o anomer) into an equilibrium
mixture of both a- and §-pyranose forms,

In the cases of five- and six-carbon sugars and their
mono- and diphosphorylated derivities, the cyclic
structures are the principal form. Also, pyranose forms,
if structurally possible, constitute the largest compo-
nent, often to the exclusion of furanose forms. The
experimentally observed structures for the substrates
of greatest immediate interest, D-glucose 6-phosphate
(G6P) and D-fructose 1,6-bisphosphate (FDP), are
shown in Scheme I. The equilibrium in solution
generally favors one anomer, with the free carbonyl
form constituting a very small percentage.l® Addi-

(1) (a) W. Pigman and H. 8. Isbell, Adv. Carbohyd. Chem., 23, 11 (1968);
(b) H. S. Isbell and W. W. Pigman, J. Res. Natl. Bur. Stand., 18, 141 (1837).
Dr. Perry Frey has pointed out that the rate constants as noted in these
references are expressed in the base 10 and they have been corrected to
yield actual half-lives.

(2) B. Wurster and B. Hess, Z. Physiol. Chem., 353, 407 (1973).

(3) G. R. Gray and R. Barker, Biochemistry, 9, 2454 (1970).

(4) C. A. Swenson and R. Barker, Biochemistry, 10, 3151 (1971).
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Table I
Half-Lives®? of Anomerization of Sugars upon
Phosphorylation
Half-life  Half-life

Sugar ofa— gt of - ab Ref
Glucose 1740 3500 1
Glucose-6-P 5 10 14,15
Fructose-6-P 0.4 1.6 16
Fructose-1,6-P, 0.1 0.4 6

@ At ca. 25 °C and neutral pH. ? In seconds.

tionally, fructose 6-phosphate (F6P) is 80-90% SF6P,
10~-20% «-F6P, and <2% free carbonyl.557

There are several methods for determining the state
of equilibrium in solution for these and other ketoses.
Determination of optical rotation or rates of oxidation
was prominent in early work. More recently infrared
and 'H and ®*C NMR studies have been very inform-
ative.” The anomeric forms interconvert readily via the
free carbonyl,»® this process being termed anomeri-
zation (the terms mutarotation and 1-epimerization also
occur in the literature). The rates and mechanisms of
this interconversion have been studied for many years
with use principally of polarimetric methods, but in-
frared spectroscopy, solubility, polarographic methods,
and others have also found application. The mecha-
nism is believed to involve general acid-base catalysis
but, despite many attempts, it remains uncertain
whether catalysis is concerted or stepwise.l?

This Account deals with two areas related to these
equilibria: (1) current studies on rates of anomerization
of biologically important ketose and aldose phosphates;
and (2) more extensively, enzyme selectivity in cata-
lyzing reactions of the different anomeric and acylic
species, considering both mechanistic and regulatory
implications.

In Table I are listed half-lives for anomerization of
a number of compounds of interest. The rates of
nonenzymatic anomerization determined for various
sugars vary by factors of less than 10 as the number of
carbon atoms or the stereochemistry is changed.!
Points of special interest in Table I are the increases
in rate which occur on phosphorylation and with ring
contraction to furanose from pyranose (compare glu-
cose-6-P with fructose-6-P). These data have become
available only recently because the rapid rates of these
anomerizations and the unavailability of pure anomeric
forms made earlier methods insufficient. Rapid kinetics
techniques making use of enzyme selectivity, as dis-
cussed below, and NMR line-broadening studies and
the use of other NMR techniques’ to determine
equilibrium values have been combined to obtain this
information.

The rate enhancement observed in proceeding from
the six-membered pyranose ring in glucose 6-phosphate
to the five-membered furanose ring in fructose 6-
phosphate confirms previous observations.! More in-
teresting, perhaps, is the increased rate resulting from
monophosphorylation. Anomerization is known to be
subject to general acid—base catalysis,? and Bailey et

(5) T. A, W. Koener, Jr., L. W. Cary, N. S. Bhacca, and E. 8. Younathan,
Biochem. Biophys. Res. Commun., 47, 852 (1972).

19(76&(3. F. Midelfort, R. K. Gupta, and I. A. Rose, Biochemistry, 15,2178
( (7) G. R. Gray, Acc. Chem. Res., 9, 418 (1976).
(8) J. M. Los, L. B. Simpson, and K. Wiesner, J. Am. Chem. Soc., 78,

1564 (1956).
(9) R. L. Schowen, Prog. Phys. Org. Chem., 9, 275 (1972).
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al.!% have observed catalysis of glucose anomerization
by inorganic phosphate. They have found the dianionic
HPO,* species to be ca. 25-fold more effective than the
more fully protonated H,PO, species. The fully ionized
PO,* is ca. 10-fold more effective than HPO,2. The
pH-rate profile for glucose 6-phosphate anomerization
reveals that the dianionic species is responsible for the
enhanced anomerization rate of glucose 6-phosphate
over glucose.!! These results strongly implicate gen-
eral-base catalysis rather than a bifunctionali? or
tautomeric!® catalytic effect.

A single intramolecular phosphoryl group appears to
provide the maximum catalytic effect. This is shown
by the relatively small rate increase observed in
comparing fructose 6-phosphate to fructose 1,6-bis-
phosphate and by the facts that fructose 1,6-bis-
phosphate anomerization is not catalyzed by high
concentration of the bisphosphate® and that glucose
6-phosphate!! anomerization is not catalyzed by in-
organic phosphate.

The majority of previous investigations of enzyme-
catalyzed reactions of sugars and sugar phosphates have
neglected that difficult question of whether one or both
of the possible cyclic forms or the more commonly
drawn acyclic form (with a free carbonyl group) is the
true substrate. Considerable progress has recently been
made in determination of the forms of the substrates
that are actually utilized by enzymes that catalyze
reactions of various sugars and more particularly their
mono- and bisphosphates.

The earliest demonstration of an enzymatic anomeric
specificity was by Keilin and Hartree,!” who showed in
1952 that glucose oxidase is specific for the f-anomer
of D-glucose. Glucose dehydrogenase and galactose
dehydrogenase have been shown to act only upon the
8 anomers of their substrates.'®® These reactions are
easily studied since pure anomeric forms with slow
anomerization rates are available. Likewise the de-
termination of anomeric specificity for glycosidases
presents no problem since these enzymes catalyze re-
actions of nonanomerizing structures.

The pioneering work of Salas and his collaborators!*
initiated efforts to determine the anomeric specificity
of enzymes that act upon phosphorylated sugar sub-
strates. This is a much more difficult problem due to
the unavailability of pure anomers and the rapidity of
their anomerization. By determination of previously
unknown anomeric ratios by *C NMR and by utili-
zation of rapid kinetic techniques, these early results
have been extended and now a rather complete picture
has emerged.

Anomeric Preferences Observed
and Their Significance

An overview of this picture is presented in Scheme
II. The main features of glycolysis—gluconeogenesis

(10) J. M. Bailey, P. H. Fishman, and P. G. Pentchev, Biochemistry,
9, 1189 (1970).

(11) K. J. Schray and E. E. Howell, unpublished observations.

(12) C. G. Swain and J. F. Brown, Jr.,J. Am. Chem. Soc., 74, 2534 (1952).

(13) P. R. Rony, J. Am. Chem. Soc., 91, 6090 (1969).

(14) M. Salas, E. Vinuela, and A. Sols, J. Biol. Chem., 240, 561 (1965).

(15) J. M. Bailey, P. H. Fishman, and P. G. Pentchev, J. Biol. Chem.,
243, 4827 (1968).

(16) B. Wurster and B. Hess, FEBS Lett., 38, 257 (1974).

(17) D. Keilin and E. F. Hartree, Biochem. J., 50, 341 (1952).

(18) H. J. Strecker and 8. Korkes, J. Biol. Chem. 196, 769 (1952).

(19) K. Wallenfels and G. Kurz, Biochem. Z., 385, 559 (1962).
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Scheme II
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(6) Muscle aldolase, triosephosphate isomerase, and
glycerol-3-phosphate dehydrogenase are specific for the
free carbony! (unhydrated) forms of the triose phos-
phates, though these are not anomeric forms,%7
(7) (a) Mutarotase catalyzes anomerization of D-
glucose. (b) Phosphoglucose isomerase possesses
anomerase activity toward glucose 6-phosphate, fructose
6-phosphate,>®® and mannose 6-phosphate.?’” (c)
Glucose-6-phosphate 1-epimerase catalyzes the
anomerization of glucose 6-phosphate.®® (d) Yeast
aldolase anomerizes its substrate fructose 1,6-bis-

may be summarized as follows. More extensive de-
scriptions are available.?0-22

(1) Hexokinase and glucose-8-phosphatase are non-
specific, catalyzing reactions of both anomers.!>?

(2) (a) Phosphoglucomutase that produces a-glucose
1-phosphate utilizes a-glucose 6-phosphate.?  (b)
Glucose-6-phosphate dehydrogenase requires the §
anomer.!* (¢) Phosphoglucose isomerase (PGI) prefers
a-GBP and «-F6P by a factor of at least 20 over the 8
anomers.2%?®  Not shown in this scheme are the
anomeric specificities of the D-xylose, L-arabinose,

phosphomannose, and glucosamine-6-phosphate
isomerases®® 28 which are specific for the «, 3, 8, and «
substrate anomers, respectively.

(3) Phosphofructokinase (PFK) is specific for 8-

FGP'16,29-31

(4) Fructose-1,6-diphosphatase appears to be specific
for a-FDP. It has been shown to prefer - to 8- by a
factor of 5- to 10-fold,? but its action on the 8 anomer
now appears to be due to a contaminating nonspecific
phosphatase.®

(5) Muscle aldolase uses as substrate both 8-FDP and
acylic FDP,34% while yeast aldolase is nonspecific.3*

(20) B. Wurster and B. Hess, FEBS Lett., 408, 112 (1974).
(21) B. Wurster, B. Hess, T. A. W, Koerner, Jr., R. J. Voll, and E. S.

Younathan, FEBS Lett., 63, 17 (1976).

(22) S. J. Benkovic and K. J. Schray, Adv. Enzymol. Relat. Areas Mol.

Biol., 44, 139 {1976).

(23) A. Sols and R. K. Crane, J. Biol. Chem., 210, 581 (1954).
(24) R. Ben Zvi and M. Schramm, Biochem. Biophys. Res. Commun.,

2, 8 (1960).

(25) K. J. Schray, S. J. Benkovic, P. A. Benkovic, and I. A. Rose, J.

Biol. Chem., 248, 2219 (1973).

(26) K. J. Schray and 1. A. Rose, Biochemistry, 10, 1058 (1971).
(27) I. A. Rose, E. L. O’Connell, and K. J. Schray, J. Biol. Chem., 248,

2232 (1973).

(28) C. F. Midelfort and 1. A. Rose, Biochemistry, 16, 1590 (1977).
(29) R. Fishbein, P. A. Benkovic, K. J. Schray, L J. Siewers, J. J. Steffens,

and S. J. Benkovic, J. Biol. Chem., 249, 6047 (1974).

(30) J. BarTana and W. W. Cleland, J. Biol. Chem., 249, 1263 (1974).
(31) A. W. Koerner, Jr., A. E. Ashour, R. J, Voll, and E. S. Younathan,

Fed. Proc., Fed. Am. Soc. Exp. Biol., 32, 6868 (1973).

(32) P. A. Benkovic, W. P. Bullard, M. DeMaine, R. Fishbein, K. J.

Schray, J. J. Steffens, and S. J. Benkovic, J. Biol. Chem., 249, 930 (1974).

(33) W. A. Frey, R. Fishbein, M. M. deMaine, and S. J. Benkovic,

Biochemistry, 16, 2479 (1977).

phosphate.3*

The question may be raised as to whether these
observed specificities have significance beyond a ran-
dom selection due to their fit to their respective sub-
strate binding sites. Two possible alternatives suggest
themselves: reasons related to the mechanism of the
catalyzed reaction and/or reasons related to regulatory
selection.

Arguments Related to Enzyme Mechanism

Clearly the postulated enzyme reaction mechanism
must deal with the anomeric specificity (or lack of it)
in the reaction. Minimally, the geometry of the sub-
strate or reaction intermediates requires catalytic
groups to have precise loci. The use of a particular
substrate form becomes mechanistically significant if
the other form(s) could not be used equally well by the
enzyme because of the mechanism of the transforma-
tion. That is, the mechanism itself rather than simply
the location of catalytic residues imposes a stereo-
chemical requirement which is not satisfied equally well
by all substrate forms.

(34) K. J. Schray, R. Fishbein, W. Bullard, and S. J. Benkovic, J. Biol.
Chem., 250, 4883 (1975).

(35) B. Wurster and B. Hess, Biochem. Biophys. Res. Commun., 55,
985 (1973).

(36) S. J. Reynolds, D. W. Yates, and C. E. Pogson, Biochem. J., 122,
285 (1971).

(37) D. R. Trentham, C. H. McMurray, and C. E. Pogson, Biochem.
J., 114, 19 (1969).

(38) B. Wurster and B. Hess, Z. Phystol. Chem., 354, 408 (1972).
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A good example of specificity determined by
mechanism is the phosphoglucose isomerase specificity.
It has been shown that phospoglucose isomerases are
specific for one anomer and that in each case (six
substrates) the preferred anomer has a cis relationship
(on the same side of the ring) between the two oxygens
involved in the subsequent isomerization.

There is extensive evidence, stemming from studies
of seven isomerases,® 4! that the postulated enediol
intermediate for isomerization is a cis-enediol, i.e., one
which also has both hydroxyls on the same side of the
double bond (eq 2a). A relationship between the re-

Hc~OH H-C=0
I |

H=C-
O —OH
?HOH CHOH
fructose-6-P <> <> CHOH = JI:HOH
CHOH ?HOH

{ 2- 2-

CHa0P03 CH20PO3
I I

cis-enediol glucose-6-P

acyclic
free carbonyl
HpOPO 2~
H—0
OHH H (2a)
OH

HO

H OH

I

a-g]ucose-G-P

2- c/
—
-0t f&m
Bradg, o
C3 OH

quirements for cis structure at all steps of the reaction
is shown in the Newman projections of eq 2b. This
process must apply to both ring opening and ring
closing as they are the microscopic reverse of each other,
but is most easily visualized in the cyclization direction.
The cis relationship of the enediol (I) when maintained
in the acyclic glucose 6-phosphate (II) virtually ne-
cessitates ring closure to the anomer with cis hydroxyls
(IIT). The opposite anomers are not as readily capable
of forming the required cis enediol intermediate.
Speculation on the aldolase mechanism has always
assumed that an open-chain compound is the form
immediately preceding the cleavage reaction. That the
observed aldolase anomeric specificity is not directly
related to the mechanism of aldol cleavage is evident
since 5-deoxyfructose 1,6-bisphosphate is an excellent
substrate for both muscle and yeast aldolase.* However,
the specificity does clearly define the relative location
of the two 3-carbon halves at the time of aldol cleavage.
Furthermore the anomerization of FDP by yeast al-
dolase argues that the open-chain form provides the
most reasonable intermediate and is probably a com-

(39) L. A. Rose, Enzymes, 3rd Ed., 2, 290 (1970).
(40) I. A. Rose, CRC Crit. Rev. chhem 1, 33 (1973).
(41) E. A. Noltmann, Enzymes, 3rd Ed., 6 271 (1972).
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mon intermediate at the same active site for both
processes.

On the other hand, the nonspecificity of hexokinase
and glucose-6-phosphatase are mechanistically rea-
sonable because the reaction center is distant from the
anomeric center.

Implications for Metabolic Regulation

Apart from their mechanistic interest, the results
have implications for metabolic regulation. Numerous
mechanisms exist for cellular control of the rate at
which a particular enzyme-catalyzed reaction sequence
processes substrate. These pathways are, of course,
presumed to be sequential in that the product of one
step is the substrate for the next. Another important
factor is that two or more of these pathways may appear
to compete for the same substrate at branch points.
Regulation must determine how the substrate is par-
titioned between the competing pathways. The prin-
cipal mechanism for short-term control is feedback
inhibition/activation in which a product of a particular
pathway inhibits an early step in the pathway or ac-
tivates an alternate pathway.

Several questions may be raised concerning the effect
of the above observations on these concepts: (1) Are
the enzymes of a pathway “coupled”, that is, do they
utilize the same anomer that the preceding enzyme
produces? (2) When consecutive enzymes are not so
coupled, is spontaneous anomerization more rapid than
required for the metabolic flux of the system, or is it
potentially rate limiting or enzyme catalyzed? (3) Do
the opposite specificities of two or more enzymes which
compete for a substrate affect the partitioning of the
substrate pool to alternate pathways or do the opposite
specificities of enzymes which involve a cycling sub-
strate system affect cycling control?

(1) As seen in Scheme II, in the glycolytic direction
the major product (a-fructose 6-phosphate) produced
by phosphoglucose isomerase (PGI) is incorrect for
phosphofructokinase (PFK) though this is prior to the
rate-controlling phosphofructokinase step and thus
would not be expected to affect the system flux (see also
anomerase activity discussion below). Phospho-
fructokinase (PFK) produces the correct anomeric form
for utilization by muscle and yeast aldolase. In the
gluconeogenic direction the FDP produced by muscle
aldolase is incorrect for maximal fructose-1,6-bis-
phosphatase (FDPase) activity, although this consti-
tutes a minor pathway in muscle tissue. Yeast, however,
in which both glycolysis and gluconeogenesis are im-
portant, possesses an aldolase which can directly couple
to both PFK and FDPase (besides having anomerase
activity). FDPase then produces the correct anomer for
PGlI-catalyzed conversion to GGP.

At the level of G6P further important specificities
exist. Phosphoglucomutase and glucose-6-phosphate
dehydrogenase utilize different anomers in these first
steps of their differing pathways, and thus do not
rigorously compete for a common substrate pool. PGI
primarily shares substrate with phosphoglucomutase.
This is probably best viewed not as competition for
substrate but rather a beneficial coupling of these
enzymes in both glycogenolysis and glycogenesis.

(2) The lack of common pools may present a kinetic
barrier to enzyme couplings that requires a special
solution. For two successive reactions that use different
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anomeric forms the rate of anomerization will be an
important rate-determining step as the rate of the
second or depleting step becomes more rapid than the
reverse anomerization step in the steady state:
KE, kag kE,
_— g === ] ==
kBa

Thus when kE; > 8kg, there will be a lowering of the
concentration of § relative to a, and the steady state
attained will be a nonequilibrium state in the anom-
erization step. The result will be a slowing of the E,
step. This will be most severely felt in a transition
between steady states when, due to slow anomerization,
there will be a longer transient time and an underu-
tilization of Ej,; compared to the situation where
anomeric equilibrium obtains or that in which the two
enzymes are coupled through a common anomeric form.

The spontaneous rate of anomerization of the sugar
phosphates is rapid particularly for F6P and FDP.
These are, of course, first-order rates and thus the
amount of substrate ancmerized is directly proportional
to the amount of substrate free to anomerize. Thus, at
very low substrate levels the amount of substrate
anomerized may be small. Calculations indicate that
catalysis of anomerization of G6P may be required to
account for the high rate of yeast fermentation.!*

Based upon such considerations Wurster and Hess
proposed and then discovered® an enzyme in yeast, the
sole function of which is apparently the anomerization
of G6P. In higher organisms this special G6P anom-
erase function may be performed by PGI which has
much broader specificity, being very active with F6P
and mannose-6-P as well. Moreover, Gernert and
Keston*? have recently shown that the widely dis-
tributed enzyme mutarotase shows anomerase activity
toward G6P at pH 5.5 and have suggested that it may
play such a role in tissues of high glycolytic rate such
as retina. Furthermore the anomerase activity of PGI
is not simply a necessary side reaction of isomerase
activity since it has been shown that phosphomannose
isomerase does not manifest anomerase activity. It can

" be noted that phosphomannose isomerase is predicted
to produce 5-F6P, thus coupling directly to PFK and
making an F6P anomerase activity unnecessary as
opposed to the case of PGI. All of the above obser-
vations suggest a requirement for G6P anomerase ac-
tivity, and the presence of this activity has been
demonstrated.

At the FDP level it is interesting that yeast, which
utilizes the gluconeogenic pathway, possesses FDP
anomerase activity through its FDP aldolase whereas
muscle, involved primarily with glycolytic flux, does not.
This suggests that liver because of its gluconeogenic
activity may require an FDP anomerase if liver aldolase
is also specific for a single anomer.

(3) The PFK-FDPase pair constitutes one of the
main regulatory points of glycolysis—gluconeogenesis.
Regulation is necessary to avoid the breakdown of
adenosine triphosphate that results from an uncon-
trolled “futile cycle” in which PFK uses adenosine
triphosphate to phosphorylate F6P and FDPase hy-
drolyzes the FDP back to F6P. The two enzymes are
well known to have reciprocal activator—inhibitor re-

(42) E. Genert, Jr., and A. S. Keston, Arch, Biochem. Biophys., 161,
420 (1974).
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lationship such that effectors which inhibit one enzyme
activate the other, and vice versa. The direction of the
pathway is thus controlled by the concentrations cf
these effectors.

It may be that this regulatory control is further fa-
cilitated by the circumstance that the two steps do not
have common substrates but prefer opposite anomers
of F6P and FDP. That is, a-F6P produced by FDPase
cannot be immediately utilized by PFK, and the 3-FDP
produced by PFK is not acted upon by FDPase.

In recent investigations Clark et al.® have shown that
considerable cycling between F6P and FDP occurs in
bumblebee flight muscle but that under conditions of
increased glycolytic flux the amount of cycling de-
creases. For conditions of increased flux, it is reasonable
to postulate more rapid turnover of substrate pools and
possibly decreased concentrations. Anomerization rates
that would lead to the incorrect anomer would not
compete as effectively, and a smaller percent of the total
flux would anomerize. In the example given in eq 3 for

kREpFK RE gldolas
§-F6P ———3 GFDP e (3)
VB k{ia\”kaﬁ k{gQ\H\kaﬁ
P
<9 ..Fep «-FDP
RE FDPase

muscle glycolysis, EEqoise > SBFDP X kg, for liver
gluconeogenesis, kEpg; >aFDP X k.5 One may at-
tempt to answer the two questions which are thus
raised: Are the anomerization rates «F6P — SF6P and
BFDP — o«FDP sufficient to be non-rate-limiting in
glycolysis and gluconeogenesis respectively or slow
enough to prevent spontaneous cycling under conditions
of high flux?

Fructose 1,6-bisphosphate and fructose 6-phosphate
are present in liver at levels of 8-15 nmol/g and 20-70
nmol/g,* respectively, the lower values of F6P oc-
curring during high gluconeogenic flux. Rate constants
for aF6P — SF6P and SFDP — oFDP of 1.6 s and 8.1
st (25 °C, pH 7.6 and 7.2, respectively) have been
determined, and one may arbitrarily multiply them by
three to obtain an approximate rate at 37 °C. One may
then estimate ca. 43—-54 nmol s g o-FDP formation
(assuming 80% to 100% SFDP at 10 nmol/g) and ca.
21-104 nmol s7! g™ BF6P (assuming 20-100% «F6P in
20 nmol/g) or ca. 63-312 nmol s g! SF6P (at 60
nmol/g). Overall glycolytic flux of 3-4 and 12-25 nmol
s7! g7 for rat liver and brain, respectively, have been
measured, and gluconeogenic rates up to 20 nmol s g™*
have been measured for rat liver,446

The following conclusions may be drawn from these
data. (1) aF6P ~— BF6P rates appear to be sufficiently
rapid to be non-rate-limiting in glycolysis. In gluco-
neogenesis this rate is seemingly rapid enough to allow
considerable anomerization, making cycling by PFK
possible. However, we note a decrease in F6P con-
centration (3-fold) in high gluconeogenesis conditions
which would possibly serve to reduce cycling from the
normal state. (2) SFDP - «FDP rates are within a

(43) M. G. Clark, D. P. Bloxham, P, C. Holland, and H. A. Lardy,
Biochem, J., 134, 589 (1973).

(44) A. L. Greenbaum, K. A. Gumma, and P. McLean, Arch. Biochem.
Biophys., 143, 617 (1971).

(45) C. Veneziale, Biochemistry, 11, 3286 (1972).

(46) K. Lange, H. Kolbe, K. Keller, and H. Herken, Hoppe-Seyler’s
Z. Physiol. Chem., 353, 1385 (1972).
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factor of two of gluconeogenic flux and may require
nonspecific aldolase or FDP anomerase activity. It is
also possible that this step could limit the amount of
cycling occurring in glycolysis if no anomerase activity
were functioning. (3) These calculations may be altered
by the effect of pH on anomerization rates, the
availability of substrates for anomerization (i.e., whether
they are protein-bound or free to anomerize), and
whether the above values are maximal. These effects
would probably serve to decrease spontaneous anom-
erization in relation to flux rates and make the
anomerization steps more critical.

Thus the anomerization rates in vitro are not more
than an order of magnitude faster than rates of met-
abolic flux. In vivo rates may be considerably slower,
The similar rates, the pattern of coupled and uncoupled
specificities, and the observed anomerase activities all
suggest a role for these specificities in the partitioning
and possibly rates of utilization of these anomeric
substrate pools. The possibility arises that anomerase
activities may be required and that these steps are
potential regulatory points in addition to those already
known. Whether this latter possibility is true awaits
determination of anomerase activity levels and studies
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investigating possible regulators of these activities.
Conclusion

The determination of the anomeric specificities of
many of the enzymes of sugar metabolism allows the
development of an overview of the reasons for and of
the effects of these specificities. Enzyme reaction
mechanisms must take into account these specificities,
which may account for the anomeric preference ob-
served. These mechanistic considerations or, addi-
tionally, possible regulatory needs may have given rise
to enzymic development of these specificities. The
specificities are well coupled after the rate-determining
F6P = FDP step in both glycolysis and gluconeogenesis
but are uncoupled prior to this step. These uncoupled
steps may act to inhibit cycling of F6P and FDP by
imposition of an anomerization step between the en-
zymes. At the same time there is evidence from rate
comparisons and observations of anomerase activities
that anomerase activities acting on these steps may be
required for maximal flux rates.
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As evidenced by coverage in classic tests on stereo-
chemistry,! much of our information concerning the
conformational analysis of carbocyclic rings has tra-
ditionally been based on (and in some cases prejudiced
by) the vast amount of data available for the cyclo-
hexane ring system. In recent years, largely due to the
continued development of NMR spectroscopic tech-
niques, investigators such as Anet, Roberts, and others
have provided reports concerned with a variety of
conformational types.? As it turns out, the 1,4-
cyclohexadiene ring system must be dealt with in three
classes of compounds, 1,4-dihydrobenzenes (1), 1,4-
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dihydronaphthalenes (2), and 9,10-dihydroanthracenes
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(3), and each of these systems has caused considerable
controversy concerning some aspect of its stereo-
chemistry. It would appear that most of these diffi-
culties have now been resolved, and it is the purpose
of this Account to convey an accurate review of our
current understanding of these systems, as well as to
provide a perspective concerning the emergence of a
reasonable pattern of conformational behavior in spite
of our efforts to hinder this development through
preconceived notions and theoretical predictions.
The basic stereochemical concerns in these systems
can be categorized in four general divisions. (1) The
shape of the 14-cyclohexadiene ring: this includes the
possibility of a planar ring or a boat-shaped confor-
mation. (2) The values of the homoallylic coupling
constants: the geometrically dependent long-range,
five-bond coupling across the 1,4-cyclohexadiene ring.
(83) The behavior of substituents: this includes the
effect of substituents on the conformational preference
of the ring, as well as the effect of the ring on rotational
populations of the substituents. (4) Dynamic processes:

(1) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison,
“Conformational Analysis”, Interscience, New York, N.Y., 1965, p 125.

(2) L. M. Jackman and F. A. Cotton, “Dynamic Nuclear Magnetic
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