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Elevated Levels of Both Sucrose-Phosphate Synthase and
Sucrose Synthase in Vicia Guard Cells Indicate
Cell-Specific Carbohydrate Interconversions'

Daniel R. C. Hite, William H. Outlaw Jr.*, and Mitchell C. Tarczynski?
Department of Biological Science, B-157, Florida State University, Tallahassee, Florida 32306-3050

A long series of reports correlate larger stomatal aperture size
with elevated concentration of sucrose (Suc) in guard cells. To
assess the role and autonomy of guard cells with respect to these
changes, we have determined quantitatively the cellular distribu-
tion of the synthetic enzyme, Suc-phosphate synthase (SPS) and the
degradative enzyme Suc synthase (SS) in Vicia leaflet. As expected
for Suc-exporting cells, the photosynthetic parenchyma had a high
SPS:SS ratio of approximately 45. Also as expected, in epidermal
cells, which had only few and rudimentary plastids, the SPS:SS
ratio was low (0.4). Of all cells and tissues measured, those that
had the highest specific activity of SPS (about 4.8 umol mg™" of
protein h™') were guard cells. Guard cells also had a very high
relative specific activity of SS.

A stoma increases in size as a result of solute accumulation
in the flanking guard-cell pair. Fluctuations in the concentra-
tion of soluble carbohydrates were proposed earlier to be the
major osmotic factor in this mechanism of stomatal move-
ments (Kohl, 1886 [cited by Yemm and Willis, 1954]). Ex-
emplified by Sayre (1926), this so-called Classical Theory-——
starch (higher levels in guard cells of closed stomata) «—
sugar (higher levels in guard cells of open stomata)—was not
uncritically accepted (e.g. Williams, 1954) and was rejected
wholly because it was shown (Imamura, 1943; Yamashita,
1952; Fujino, 1959 [cited by Fujino, 1967]; Fischer and Hsiao,
1968; Humble and Raschke, 1971) that large amounts of K*
accumulate in guard cells of open stomata. Now, the long-
standing general observation that guard-cell starch contents
decrease upon stomatal opening, which has been confirmed
by semiquantitative (e.g. Mouravieff, 1972) and quantitative
techniques (Outlaw and Manchester, 1979), constitutes evi-
dence for a pathway leading to the accumulation of malate,
a counter ion to K* (Raschke, 1979; Outlaw, 1982). Notwith-
standing, there remain (a) the continuous history of reports
(Pearson, 1973; Outlaw and Manchester, 1979; unpublished
data cited by Outlaw, 1982; Reddy and Rama Das, 1986;
Poffenroth et al., 1992) of a positive correlation between
guard-cell sugar content and stomatal aperture size, and (b)
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the question of whether K salts account for all osmotic
changes in guard cells (see negative perspectives, MacRobbie
and Lettau, 1980a, 1980b). In addition, as discussed by
Outlaw (1983), Suc may function other than as a bulk os-
molyte in guard cells. Despite the importance of soluble
carbohydrates in guard cells, only few investigators (refs. in
Robinson and Preiss, 1985; Hite et al., 1992) have reported
an enzymic basis for guard-cell carbohydrate metabolism,
and none have borne directly on Suc metabolism, which we
address in this paper.

MATERIALS AND METHODS
Chemicals

Analytical enzymes were from Boehringer; most other
chemicals were from Sigma. Interfering contaminants in com-
mercial UDP-Glc were removed according to the method of
Outlaw et al. (1988).

Plant Material

Broad bean (Vicia faba L. cv Long Pod) plants were grown
in pre-1990-formulated Hall’s All Purpose potting mix. (Tests
revealed that batches of ‘this mix formulated more recently
were unsuitable for V. faba culture.) Except as noted, plants
were grown in a growth cabinet (nominally 600 mol m™? s™*
PAR, 60% RH, and a 15-h photoperiod with day/night
temperatures of 23/18°C). Except as noted, fully expanded
bifoliates of 3- to 5-week-old plants were used in all
experiments.

Enzyme Assays

SPS (EC 2.4.1.14), SS (EC 2.4.1.13), and INV (EC 3.2.1.26)
were assayed (a) in a conventional way (“macroassays”), with
aliquots of whole-leaf extract, and (b) by microscale methods
(“microassays”), suitable for analysis of single cells. Macro-
assays were used primarily for methods development and
validation, whereas microassays were used primarily to de-
termine the quantitative localization of enzyme activities in
Vicia leaflet. '

Abbreviations: INV, acid invertase(s); SPS, sucrose-P synthase;
SS, sucrose synthase. (Abbreviations connote protein, activity, or
specific activity, depending on context.)
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Macroassays

The extractions of SPS and SS were in 50 mmM Mes (pH 6.9,
pK = 6.1) that contained 5 mm MgCl;, 1 mm EDTA, 4 mm
DTT, 0.1% (w/v) BSA, and 2% (w/v) insoluble PVP. INV
extraction was in 100 mm NaPO, (pH 6.9, pK = 6.7) that
contained 200 mm NaCl, 1 mm EDTA, and 1 mm DTT. For
all enzymes, (a) extraction was near 0°C, (b) a tis-
sue:extraction cocktail ratio of 100 mg of fresh mass/2.5 mL
of cocktail was used, (c) extracts were used immediately after
centrifugation (5000g, 10 min), (d) substrate concentrations
were set on the basis of preliminary experiments, (e) pH was
optimized and tissue linearity and time linearity were con-
firmed, (f) stability during the assay of substrates, products,
and effectors was confirmed, and {g) NADH oxidation or
NADP* reduction was measured fluorometrically.

Both SPS and SS were measured in two steps, a “specific
step,” which was separately optimized for each activity in the
synthetic direction, and an “indicator step,” which was for
both enzymes an enzymic measurement of UDP released.
The specific step for SPS was 100 uL of 50 mm Hepes (pH
7.1, pK = 7.4), 5 mm MgCl;, 10 mm Fru-6-P, 10 mm UDP-
Glc, 0.02% (w/v) BSA, £5 muM Glc-6-P, =2 mu Pi. The assay
was conducted for 30 min at 35°C and was terminated by
heating to 95°C for 2 min. The specific step for SS was 100
wL of 50 mm Tris-Cl (pH 8.3, pK = 8.1), 5 mm MgCl,, 17 mm
Fru, #1.5 mm UDP-Gle, and 0.02% (w/v) BSA. The assay
was conducted for 1 h at 40°C and was terminated by heating
to 95°C for 2 min. The indicator steps for SPS and SS were
carried out by the addition to the specific-step reagent of 1
mL of 100 mm Tris-Cl (pH 8.1), 100 um phosphoenolpyruvate,
5 um NADH, 1 mm MgCl,, 50 mm KCl (required for pyruvate
kinase), 0.02% (w/v) BSA, 1.25 ug mL™" of lactate dehydro-
genase (EC 1.1.1.28), and 12.5 ug mL™" of pyruvate kinase
(EC 2.7.1.40; high concentration because of low affinity with
UDP). Incubation was complete after 50 min at 23°C. INV
was also measured in two steps. The INV-specific step was
100 uL of 100 mm acetate-Na (pH 4.8, pK = 4.8), £10 mM
Suc, and 0.02% (w/v) BSA. The assay was conducted for 1 h
at 50°C. One milliliter of indicator reagent was added to the
specific-step reagent, which terminated the reaction by pH
shift. The INV indicator reagent (cf. Lowry and Passonneau,
1972) was 100 mm Tris-Cl (pH 8.2), 1 mm MgCly, 0.3 mm
ATP, 50 um NADP™, 0.02% (w/v) BSA, 0.25 ug mL™ of Glc-
6-P dehydrogenase (EC 1.1.1.49), 1 ug mL™" of P-Glc iso-
merase (EC 5.3.1.9), and 4 pg mL™" of hexokinase (EC
2.7.1.1). Incubation was complete after 30 min at 23°C.

Microassays

Pieces of leaf were rapidly frozen in N; slurry (—=210°C, to
avoid the Leidenfrost effect) and then transferred to pow-
dered dry ice. Fragments measuring from 1 to 3 mm were
freeze-dried (72 h, —40°C, 10 um Hg). Individual cells of 6
to 15 ng dry mass were dissected out and weighed. The oil-
well technique was used for assays, the specific steps of
which were scaled down about 2000-fold from the macro-
scale version described above. NAD(P) oxidation (SPS, SS)
or reduction (INV) was measured by enzyme cycling (Kato et
al.,, 1973; Lowry and Passonneau, 1972, respectively). Gen-
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eral aspects of the quantitative histochemical methodology
have been described elsewhere (Lowry and Passonneau,
1972; Outlaw, 1980; Hampp and Outlaw, 1987). In exhaus-
tive preliminary experiments, we found protoplasts unsuita-
ble for the analysis of SPS and SS. The present histochemical
method provided complete recovery of SPS, but activities of
SS were diminished compared with those of fresh extract.

RESULTS

Figure 1 shows the results of six experiments in which SPS
and SS were assayed in leaflets of different ages along the
axis of a Vicia plant. Because absolute values vary (as will be
discussed below; cf. Sung et al., 1989), the specific activities
were normalized to the values of the leaflets at the third node
from the ground. SS was highest in young leaves and de-
clined as the leaves matured (similar in magnitude and trend
to the studies of four species by Claussen et al., 1985); these
findings lend support to the idea (refs. in Dali et al., 1992)
that SS is proportional to sink strength in tissues that utilize
nucleoside diphosphate sugars, such as developing leaves.
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Figure 1. The relative specific activities of SPS {top) and SS (bottom)
in leaves along the axis of V. faba. The raw values are normalized
to the leaf inserted at node 3. (This leaf is similar to “Leaf Position
4" of the diagram by Outlaw et al., 1992.) The ratio, SPS:SS, in the
leaf at node 3 was 2.8, whereas at node 5, the ratio was 0.27.
Results shown are for three plants (indicated by different symbols),
19 to 23 d of age. Other data (not shown) from older plants
confirmed this trend.
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SPS was very low in immature leaves and reached the highest
specific activity in fully expanded leaves. These data conform
to the notion that one role of SPS is in the mobilization of
newly assimilated carbon from source leaves (refs. in Worrell
et al.,, 1991). In summary, the main value of Figure 1 is to
demonstrate that SPS and SS in Vicia are distributed in a
predictable pattern. In all other subsequent studies, mature
leaves were used.

Fragments of freeze-dried leaves were assayed for SPS and
SS (macroassay) or were used for dissection of nanogram
tissue samples, which were assayed for these enzymes (mi-
croassay). Given the variability found in whole leaf, these
data (Fig. 2) show that the microassay yielded values for
various cell types that are consistent with whole-leaf values
obtained conventionally. To confirm that the apparently ma-
ture leaves did not differ between the tip and base {(which
would reflect a difference in development, Claussen et al.,
1985), we assayed leaf subsamples. Because Suc content
varies considerably from cell to cell (Outlaw and Manchester,
1979), palisade samples from different fragments of the same
sample were assayed. The similar variability (Fig. 2, first five
bars for SPS in second column of top panel) in SPS does not
prove but is consistent with the general idea that there is a
correlation between SPS and Suc concentration (e.g. Fieuw
and Willenbrink, 1987; Robbins and Pharr, 1987; Worrell et
al., 1991). On the experimental basis, the photosynthetic
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Figure 2. Summary of quantitative histochemical assays for SPS
(top) and SS (bottom) activities in various cell types on the experi-
mental basis (dry mass). The results shown above derive mainly
from two paired mature leaflets each for SPS (A and B) and SS (E
and F). (Data for three other leaflets are included for comparison.)
SPS, leaflet A: tip, s ; base,xxwx; SPS, leaflet B: tip, wems: ; base,
22 SPS, leaflet C:aun ; SPS, leaflet D:wsmess; SS, leaflet E: tip, sass;
base,~xn ; SS, leaflet F: tip, wii ; base, s ; SS, leaflet G: umm .
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Figure 3. SPS (@) and SS (M) in cells and tissues of V. faba leaflet. n
is indicated by s bars.

parenchyma, both types of which export sugar during pho-
tosynthesis (Outlaw and Fisher, 1975; Outlaw et al.,, 1975),
had the highest SPS within the leaf and the lowest SS,
whereas heterotrophic epidermal cells had the lowest SPS
and the highest SS. These first quantitative data for single-
cell localization of SPS and SS correlate well with the conclu-
sions obtained by developmental studies (see above).

The essence of this report is found in Figure 3. SPS and SS
data from the experiments reported in Figure 2 have been
summarized and converted to a protein basis (conversion
factors from Outlaw et al., 1985, except for vein, which was
determined to be 17% protein [dry mass basis] by the Folin
method). (The samples were treated equally, therefore st are
for the entire population and not the experiment averages.)
Figure 3 shows the distribution of SPS and SS in Vicia leaflet.
The photosynthetic parenchyma averaged approximately 2.3
umol mg™" of protein™* h™" of SPS (on a directly comparable
basis, similar to maize leaf, Kalt-Torres et al.,, 1987). SS
activity in these “bulk” tissues was low (about 0.06 umol mg™*
of protein h™), a directly comparable value for Vicia leaf is
unknown to us, and leaf SS varies widely among species
from 0 to 3.4 umol mg™" of Chl h™" (about 0.14 umol mg™*
of protein h™') (Huber, 1981). On a protein basis, guard cells
had the highest SPS (approximately 4.8 umol mg™" of protein
h™"), but these cells also had very high SS (about 1.1 gmol
mg~" of protein h™). Veins had intermediate levels of SPS
and SS. Epidermal cells had a pronounced level of SS but
lower SPS than any other cell or tissue assayed.

INV in guard cells was estimated to be 12 £+ 2 mmol kg™’
of dry mass h™! (n = 10). Interpretation of results with other
microassays was problematic because of low specific activi-
ties, and the problem was exacerbated by the need to keep
extract concentration low to maintain linearity.

DISCUSSION

Stomata open as a result of solute accumulation in the
subtending guard-cell pair. The decrease in solute potential
is correlated with accumulation of K salts (refs. in Outlaw,
1983). This important role of K uptake is an established fact
that has been demonstrated for many species, treatment
conditions, and experimental approaches. Indeed, a major
current research focus in stomatal physiology is the identifi-
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cation of and the elucidation of properties of ion channels
(Schroeder et al., 1984, and subsequent literature) that me-
diate K accumulation in and dissipation from guard cells. (For
a brief review, see Outlaw et al., 1992.) However, the focus
on K fluctuations has diminished the impact of reports
that Suc concentration increases when stomata open (see
introduction).

The reasons to invoke Suc involvement in stomatal move-
ment are compelling. First, in a series of careful studies,
MacRobbie (e.g. MacRobbie and Lettau, 1980a, 1980b) con-
cluded that K salts alone could not account for the guard-
cell-solute-potential differences observed when stomata
open. Second, Outlaw and Manchester (1979) reported a
small but repeatable and significant increase of guard-cell
Suc concentrations when stomata were opened in planta.
Third, Tallman’s laboratory (Poffenroth et al., 1992) has
recently found that guard-cell Suc concentration increases
when stomata on sonicated epidermal peels open. As a first
step toward understanding this aspect of the specialized
carbon metabolism of guard cells, we have quantified SPS
and SS in guard cells and other leaf cells of V. faba. We have
also established an upper limit for INV in guard cells.

The prime result of our study was finding that guard cells
have very high levels of SPS and SS. On face value, these
data indicate that guard cells have an enhanced capacity for
synthesis and an enhanced capacity for degradation of Suc
(approximately 1.4 and 0.3 pmol guard-cell pair™' h™ for
SPS and SS, respectively), consistent with the Suc changes
that occur with stomatal movement (0.27 pmol guard-cell
pair™!, calculated from Outlaw and Manchester, 1979). As
discussed earlier, SS is an indicator of sink strength in organs
and probably serves a consonant cell-specific role in epider-
mal cells and guard cells. As we envision it, Suc concentration
increase during stomatal opening could result from Suc up-
take (Reddy and Rama Das, 1986; Rohrig and Raschke, 1991)
or from synthesis mediated by guard-cell SPS. Understanding
temporal and environmental regulation of these enzymes in
guard cells is essential to understanding carbohydrate inter-
conversion in these cells.

Outlaw (1983) listed the myriad mechanisms through
which Suc might stabilize biological structures. Here, we
focus only on its potential role as an osmolyte. On a cell-
average basis, the concentration of Suc is 59 mmM, spongy
parenchyma; 45 mwm, palisade parenchyma; and 130 mm,
guard cells of open stomata (data of Qutlaw and Manchester,
1979), converted to cell basis (Outlaw et al., 1985) and,
finally, to a molarity basis (table 2.3 of Willmer, 1983). In the
present context, the important number, which to our knowl-
edge is not known, is the leaf cytosolic Suc concentration in
planta. Lacking solid data for this value in any leaf cell, we
speculate that it is higher there than in the vacuole. There
are two bases for this speculation. (a) The mathematical
modeling done by Fisher and Outlaw (1979) with Vicia leaflet
indicated that the palisade cytosolic Suc concentration was
3-fold that of the palisade vacuole (but see Farrar and Farrar,
1986); (b) in leaf (and some other but perhaps not all plant
cells), Suc transport into the vacuole is an energy-independ-
ent process (Kaiser and Heber, 1984), indicating that the
cytosol, the site of Suc synthesis, is at least as concentrated
in Suc as is the vacuole (except, of course, when or if the
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cytosol is rapidly drained). From these observations, we infer
that the guard-cell average 130 mM is the lower limit for the
cytosolic concentration. In summary, our present knowledge
is consistent with Suc being a significant and fluctuating
compatible osmolyte. This hypothesis is testable by measure-
ments of the nucleotide specificity of guard-cell SS, by elu-
cidation of the transport properties of the guard-cell chloro-
plast, by more detailed and localized measurements of guard-
cell Suc concentration, by kinetic measurements of Suc up-
take into guard cells, by kinetic characterization, and char-
acterization with respect to stomatal movements, of SS and
SPS.

To our knowledge, the quantitative SPS and SS values for
veins (Fig. 3; ¢f. Tomlinson et al., 1991) are the first from
source transport tissue. In addition to the general comments
made earlier, we are not presently able to ascribe a particular
localized function. It is noteworthy, however, that both en-
zZymes were measured on a tissue-averaged basis. Because SS
is enriched in certain cells of the phloem (see above), the
specific activity of this enzyme is obviously elevated far above
that of a “source cell,” prototypically the palisade parenchyma
(Nolte and Koch, 1992). An obvious correlation is the need
for energy (“sink”) to accumulate Suc in the companion cell-
sieve tube complex. As Suc fluxes in Vicia vein are modeled
{Outlaw et al., 1975), consideration of this correlation simply
depends on quantification of SS at high anatomical precision.
The minimum conclusion is that the concepts of sources and
sinks will be elucidated at the cell or tissue level and not at
the organ level.
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