Compartmentation of Glycolytic and Glycogenolytic

Metabolism in Vascular Smooth Muscle

Abstract. Vascular smooth muscle is characterized by a high rate of aerobic
lactate production, which may be altered independently of oxidative phosphoryla-
tion. This finding suggested a cytoplasmic compartmentation of metabolism. Exoge-
nous glucose was found to be the sole precursor of aerobic glycolysis under
unstimulated conditions. Although tissue depolarization with high K* resulted in a
substantial reduction of endogenous glycogen, exogenous glucose remained the sole
precursor of aerobic lactate production. These data showed unequivocally that
carbohydrate metabolism is compartmentalized in vascular smooth muscle.

Traditionally, cellular metabolism has
been delineated into distinct, structurally
limited compartments, such as nuclear,
cytoplasmic, and mitochondrial. During
the past two decades, evidence has been
accumulating that the cytoplasm itself
may be functionally, if not structurally,
compartmentalized in relation to inter-
mediary metabolism. Compartmentation
of metabolic pathways within the cytosol
has been argued on the basis of cellular
energetic efficiency (/). Experimental
evidence obtained from matrix-bound
enzyme systems supports this view (2)
although metabolic compartmentation of
the cytoplasm has not yet been defini-
tively demonstrated. Specific localiza-
tion of enzymes, particularly of mem-
brane-bound complexes, has been
shown by the use of histochemical and
sedimentation techniques (3). Functional
compartmentation of metabolism has
been postulated on the basis of steady-
state isotopic data indicating the exis-
tence of multiple pools of metabolic in-
termediates (4). This evidence, however,
has been questioned in terms of cellular
inhomogeneity and the existence of al-
ternative metabolic pathways (5). We
present evidence that there are separate
pathways for glycolysis and glycogen-

olysis in porcine carotid artery; that is,
‘‘cytosolic’” carbohydrate metabolism
operates in at least two functionally ex-
clusive compartments.

Under fully oxygenated conditions,
the rate of lactate production (Ji,c) in
vascular smooth muscle is often greater
than the rate of oxygen consumption
(Jo,) on a molar basis (6). We showed
earlier that Jo, is correlated with isomet-
ric force (F,), whereas Ji,. is correlated
with Na-K transport (7). The alteration
of aerobic glycolysis independent of oxi-
dative phosphorylation under various

experimental conditions (7) suggests that

there is a compartmentation of metabo-
lism.

This hypothesis was investigated by
examining the effect of depolarization
with high K* on the pattern of carbohy-
drate utilization in porcine carotid ar-
tery. Under unstimulated control condi-
tions, glucose transport is rate-limiting
for its catabolism in vascular smooth
muscle (8). Increasing the potassium
concentration of the media (80 mM)
stimulates Jo,, Fo, and Jj,c in @ manner
similar to that found for porcine coro-
nary artery (7). Glycogen phosphorylase
is also stimulated under this condition
(6). Within the first 30 minutes of treat-

Table 1. Lactate production rate (J;,.) in micromoles per minute per gram for unstimulated
control artery rings and alterations with treatment from tissues in Figs. 1 and 2B. Data are
presented as the mean + S.E.M. for all tissues in each treatment group, with the number of
arterial segments in parentheses. Treatment-induced alterations are presented as a percentage
of the control rate [(experimental — control)/control] x 100. The ratio of lactate produced to
glucose uptake (Ji,cJg,) Was measured on a separate group of tissues that had lactate
production rates similar to the rates for control tissues. The media bathing individual tissues
were analyzed for glucose and lactate content after 120 minutes of incubation with or without
added KCI (80 mM). The chemical assays were performed with standard enzyme-linked

spectrophotometric procedures (18).

Mitf)utes Treatment-induced alterations

ie:]éil: Unstimulated (percent change)

bation Added KCl Added KCl in N,

‘ Jlac

30 0.108 = 0.01 (22) +38.0 = 9.0 (4) +90.5 = 9.0 (8)

60 0.102 £ 0.006 (14) +28.0 = 3.6 (8) +90.4 = 10.7 (4)
Jlac/ngu

120 0.930 *= 0.036* (12) +0.5 * 6.1 (4)

*J1ac g is compared in equivalent glucosy! units, so that a ratio of 1 indicates that all lactate can be derived

solely from glucose uptake.
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ment with added K*, tissue glycogen
content decreases by approximately 50
percent (Fig. 1), or an average of
1.41 = 0.15 pmole/g; this can account
for approximately 70 percent of the lac-
tate produced (Table 1). Alternatively,
total lactate production can be account-
ed for by glucose uptake, as indicated by
the ratio of Ji,c to Jy, in Table 1. More-
over, the intracellular concentration of
glucose remains negligible (8), and tissue
lactate content is constant after the ini-
tial 30 seconds of stimulation (9). There-
fore it was of interest to determine the
relative contribution of glucose uptake
and glycogenolysis to aerobic lactate
production. This was accomplished by
measuring the specific activities of media
lactate and glucose after arterial rings
were equilibrated with [U-'“Clglucose.
After a 150-minute incubation under un-
stimulated conditions, the lactate specif-
ic activity ratio (the specific activity of
lactate divided by the specific activity of
glucose) was 0.50 = 0.02 (N = 10); this
indicates that exogenous glucose was the
sole source of aerobic lactate produc-
tion. In these tissues the specific activity
of glycogen was approximately one-
tenth that of glucose in equivalent gluco-
syl units [the ratio of the specific activity
of glycogen to the specific activity of
glucose was 0.107 = 0.01 (N = 10)].
Therefore, in the absence of compart-
mentation, a substantial reduction of the
lactate specific activity ratio would be
seen after 30 minutes of incubation with
added K™ (80 mM) (10). This assumption
is valid whether or not preferential deg-
radation of labeled glycogen occurs with
time of depolarization (/7).

The precision of these experiments in
detecting alterations of the lactate specif-
ic activity ratio was evaluated by incu-
bating tissue rings under anaerobic con-
ditions with added K* (80 mA). Under
these conditions, all glucosyl units de-
rived from glycogen must be released as
lactate since oxidative phosphorylation
is inhibited by the absence of molecular
oxygen. Within 30 minutes of treatment,
the lactate specific activity ratio de-
creased to 0.42 = 0.02 (N = 4), which
shows that an alteration in the lactate
specific activity ratio can be measured
during a 30- or 60-minute experimental
period (Fig. 2B). The lactate specific
activity ratio was, however, unchanged
after 30 and 60 minutes of depolarization
under aerobic conditions (Fig. 2B). The
constancy of the lactate specific activity
ratio shows that glucosyl units derived
from glycogen degradation do not enter
the same pool of glycolytic intermediates
as that used in the aerobic production of
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lactate. Separate enzymatic pathways

for glycogenolysis and glycolysis there-

fore must be evoked to explain this find-
. ing.

It may be argued that the actual com-
partmentation of glycolytic pathways oc-
curs between different cell types within
the artery wall. Histological studies of
the intima media have shown that
smooth muscle is the predominant cell
type in porcine carotid artery (1/2). Thus
it-is unlikely that the metabolic effects
described here could be attributed to the
presence of other cell types.

Less than 5 percent of the glucose
taken up by unstimulated artery rings is
metabolized to CO, and water, as calcu-
lated from 'CO, production. This is
consistent with previous reports on vas-
cular smooth muscle (I3, 14). Prelimi-
nary findings indicate that, upon depo-

" larization, '“CO, production increases
by 0.0031 = 0.0013 nCi/g (P < 0.05) af-
ter 60 minutes. The additional amount of
radioactive label could originate from
glycogen since the decrease in the
amount of label in glycogen [0.0075 +
0.0023 uCi/g (P < 0.05)] can account for
the additional label found in CO,. If the
assumption is made that this additional
label does indeed originate from glyco-
gen [specific activity, 6.4 = 0.2 nCi/
mmole (N = 4)], then the calculated
change in the CO, production rate
(0.046 = 0.02 pwmole/min-g) is compara-
ble to the increase in the rate of oxygen
consumption (0.045 pmole/min-g) mea-
sured on an additional segment from the
same artery. Similar observations were
made on arteries incubated for 30 min-
utes with added K*. Thus it is likely that
the observed glycogenolysis provides
the substrate for the increase in oxida-
tive phosphorylation during a K*-in-
duced contraction. Vascular smooth
muscle—which appears to utilize pre-
dominantly lipids for oxidation under
resting conditions (/5)—may, like skele-
tal muscle, shift to glycogen metabolism
under the demand of increased contrac-
tile activity. This hypothesis warrants
further examination.

The constancy of the lactate specific
activity ratio not only indicates that gly-
colysis and glycogenolysis operate via
separate enzymatic pathways but also
implies that glucose transport must be
regulated to match the observed increase
in Ji,c during K* depolarization. This
follows because glucose transport is rate-
limiting for its catabolism in porcine ca-
rotid artery (8). Thus the regulation of
glucose transport is critical to the regula-
tion of this compartmentalized pathway
of glucose catabolism. Since aerobic gly-
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Fig. 1. Glycogen content of K*-depolarized
tissues as a function of the duration of treat-
ment with high K* (80 mM). The mean val-
ue = standard error (S.E.M.) of glycogen
content of all control artery segments
(N = 67) was 2.82 = 0.29 pmole/g. The gly-
cogen content of arteries incubated in high K*
T\ . (A) and anaerobic high K* (0J) media is

Tte- expressed as a percentage of the glycogen
content of their respective experimental con-
trol artery segments. Porcine carotid arteries
were dissected free from loose connective
tissue and adhering fat and cut into segments.
The segments were blotted and weighed, then
inverted and cannulated isometrically with
glass rods. The physiological saline incuba-
tion solution (PSS) contained (in millimoles per liter) NaCl, 130; NaHCO,, 14.9; KCl, 4.7;
KH,PO,, 1.18; MgS0,, 1.17; CaCl,, 1.6; and glucose, 5.40. Solutions were bubbled with a
mixture of 95 percent O, and 5 percent CO, at a pH bétween 7.3 and 7.4 at 37°C. K*
depolarization was induced by the addition of a concentrated KCl solution to increase the final
bath concentration by 80 mM. Anaerobic medium was prepared by aeration with 95 percent N,
and 5 percent CO,. When incubations were terminated, the glass rods were removed, and the
artery segments were frozen in liquid nitrogen. Tissues were then solubilized in NaOH, and the
glycogen fraction was precipitated with ethanol as described by Van Handle (19). Hydrolysis of
the purified glycogen was carried out in the presence of amyloglucosidase, and the final glucosyl
content was analyzed with standard enzyme-linked spectrofluorimetric procedures (/8). Inset:
time course of a typical K*-induced isometric contraction of a segment of porcine carotid artery
during the same time period as was used for recording glycogen content.
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into another group of 1-ml baths from the same stock PSS solution. This protocol was continued
for 3 hours with four tissues. Each individual incubation medium (1 ml) was then run on a
Dowex-1-Cl™ anion exchange column (1 by 6 cm; pH, 4.75) to separate glucose from lactate.
Individual columns were washed with 20 ml of H,O to collect the glucose fraction. Lactate was
removed from the column with 1M NH,CI (twice, 2 nil each time). The resulting fractions were
analyzed for glucose and lactate as well as for radioactivity. The data are presented as a ratio of
the specific activity of lactate to the specific activity of glucose. Two moles of lactate are
produced from one mole of glucose by glycolysis; therefore, a lactate specific activity ratio of
0.50 indicates that all lactate is derived from glucose, if it is assumed that the specific activities
of all other possible sources of lactate are lower than the specific activity of media glucose. The
data for the initial four control tissues are shown only through 120 minutes by which time a
steady state had been reached (that is, there was no significant difference between the specific
activity ratio for 120 minutes and that for either 150 or 180 minutes). Therefore all experimental
tissues were incubated in PSS containing [U-'“Clglucose for at least 120 minutes before
treatment to ensure that the label had reached a steady state. The equilibration of the lactic acid
pool with *C can be fitted to an exponential curve (——) yielding a time constant of 42 minutes.
(B) The effect of K* depolarization on-the lactate specific activity ratio of artery rings incubated
under aerobic (A) and anaerobic (CJ) conditions, and their unstimulated control tissues (O).
Control and treated tissues were carried through identical incubations. At the end of the
designated experimental periods, individual tissues were frozen in liquid N, and extracted as
described in Fig. 1; the media were analyzed as described above. The glycogen fraction was
also analyzed for radioactivity for determination of specific activity. Approximately 5 percent
of the label was recovered as glycogen under unstimulated control conditions, and this
percentage decreased with time of depolarization. Approximately 92 percent of the label was
incorporated into lactate in both unstimulated and dépolarized segments. For control tissues,
the glycogen specific activity ratio (ratio of the specific activity of glycogen to the specific
activity of glucose) for the 30- and 60-minute experimental periods was 0.107 = 0.010 (N = 10)
and 0.105 = 0.018 (N = 6), respectively. :
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colysis is correlated with Na-K trans-
port, knowledge of the regulation of aer-
obic glycolysis may be of major signifi-
cance for understanding the vascular
myopathies associated with hyperten-
sion, atherosclerosis, and aging, which
are known to be correlated with changes
in vascular Na-K transport (/6) and car-
bohydrate metabolism (13, 17).
RoNALD M. LYNCH
RicHARD J. PAUL
Department of Physiology,
University of Cincinnati College of
Medicine, Cincinnati, Ohio 45267
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Molecular Basis of Herbicide Resistance in Amaranthus hybridus

Abstract. Resistance of different species of weeds to s-triazines, a commonly used
class of herbicides, has been shown to involve a change in the binding affinity of the
herbicide to a chloroplast polypeptide of 32,000 daltons. A single amino acid
difference in this 32,000-dalton protein appears to be responsible for resistance to the

herbicide in Amaranthus hybridus.

Many commercially important herbi-
cides inhibit photosynthesis. One such
class of herbicides, the s-triazines, inhib-
it electron transfer on the reducing side
of photosystem II (PS II) (1, 2). The
mechanism of action of the triazines in-
volves the initial binding of the herbicide
to chloroplast thylakoid membranes and
blocking of electron transport at the sec-
ond stable electron acceptor of PS II (3).
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The high-affinity binding site for the her-
bicide is a thylakoid-membrane polypep-
tide of the PS II complex (4) and has
been identified as the ‘‘rapidly turned
over’” 32,000-dalton chloroplast-en-
coded membrane polypeptide (5).

In agricultural areas where atrazine
(2-chloro-4-(ethylamino)- 6- (isopropyl-
amino)-s-triazine) has been used exten-
sively, atrazine-resistant biotypes of

many species of weeds have appeared.
The first evidence of intraspecific resist-
ance to the s-triazines was reported for
Senecio vulgaris in 1970 (6). Since this
initial report, herbicide-resistant bio-
types have been identified among 28
different species of weeds in North
America and Europe (7). In all cases, the
appearance of resistant weeds followed a
continuous use of triazines (usually atra-
zine or simazine) over extended periods
of time. In the examples of triazine
resistance thus far examined, the bio-
chemical basis of resistance has been
identified as a change in the herbicide-
target site in the chloroplast (2, 8). When
chloroplasts were isolated from the re-
sistant biotype of Amaranthus hybridus,
it was demonstrated that a 32,000-dalton
polypeptide of PS II is present in the
thylakoids but does not bind the triazine
®).

Triazine resistance is maternally in-
herited (9), suggesting that this trait is
coded for by the chloroplast genome. A
chloroplast-encoded protein with a mo-
lecular size of 32,000 daltons has been
characterized in many higher plants (10).
This protein is tightly bound to thylakoid
membranes and rapidly metabolized,
and its synthesis is modulated by light
(11). Translation of the messenger RNA
(mRNA) for this protein occurs on chlo-
roplast ribosomes (/2) to produce a pre-
cursor polypeptide of 33,500 daltons in
Spirodela oligorhiza and 34,500 daltons
in maize and spinach (/3). In order to
investigate the genetic basis of triazine
resistance, we have studied the gene
which encodes this polypeptide, now
designated psbA, in herbicide-resistant
and herbicide-susceptible biotypes of the
weed Amaranthus hybridus. Seeds used
to propagate atrazine-resistant and atra-
zine-susceptible plants were from plant
material originally collected in the state
of Washington and previously character-
ized by chloroplast electron transport
studies (/4).

Chloroplast DNA was isolated (15)
from both atrazine-susceptible and atra-
zine-resistant biotypes of A. hybridus.
There is no apparent difference in the
pattern of DNA fragments generated by
Eco RI and Bam HI restriction endonu-
cleases when chloroplast DNA’s from
the two biotypes are compared (8). Fur-
thermore, with the use of the maize psbA
gene cloned in the recombinant plasmid
pZmc427 (10) as a probe, it was discov-
ered that psbA in A. Aybridus is present,
in both susceptible and resistant plants,
within a single Bam HI fragment [6 kilo-
base pairs (kb)] (8) and a single 3.68-kb
Eco RI fragment (16).
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