
Plant Physiol. (1987) 84, 1309-1313
0032-0889/87/84/1 309/05/$0 1.00/0

Gabaculine Inhibition of Chlorophyll Biosynthesis and
Nodulation in Phaseolus lunatus L.'

Received for publication February 23, 1987 and in revised form May 4, 1987

THOMAS B. MAY, JAMES A. GUIKEMA*, RALPH L. HENRY, MARIE K. SCHULER, AND PETER P. WONG
Division ofBiology, Kansas State University, Manhattan, Kansas 66506

ABSTRACT

Gabaculine (3-amino-2,3-dihydrobenzoic acid) was an inhibitor of in
Piro chlorophyll biosynthesis in lima bean (Phaswolas lunatus L. cv
Henderson). When applied to roots of 9-day-old plants, 10 micromolar
gabaculine was sufficient to terminate biosynthesis of new chlorophyll.
The trifoliolate kaves which emerged after gabaculine treatment were
yellow. Gabaculine-treated plants had slightly lower dry weights; yet,
overall plant size showed very little change. Chlorophyll fluorescence
induction kinetics and CO2 exchange measurements were used to monitor
both immedite and long-term effects ofpgbacline on photosynthesis. A
lowered rate of the decline from the maximum level of fluorescence was
observed after 10 hours for nitrate-supplemented plants, and all treated
plants showed a slightly increased level of original fluorescence after 6
days. No change was observed in the rate of photosynthesis by unifoliolate
leaves. The trifoliolate leaves, though not able to photosynthesize, were
able to continue respiration. This suggested that heme biosynthesis for
mitochondrial cytochromes was not abolished. In untreated lima bean,
root nodules were induced by Rhizobiwm sp. 127E15. Following gaba-
culine treatment, root nodules formed, but were larely ineffective in
nitrogen fixation. Nodule dry weight, nitrogen fixation activity, and
leghemoglobin content were decreased by gabaculine.

Gabaculine is a potent, mechanism-based inhibitor of certain
pyridoxal phosphate-linked enzymes (5, 15, 17, 23). In plants, it
inhibits glutamate- 1-semialdehyde aminotransferase (5, 17),
thereby blocking the pathway of protoporphyrin biosynthesis
(17). Because gabaculine is a potent inhibitor of protoporphyrin
synthesis, it represents a useful tool in examining the relationship
between photosynthesis and Chl availability. However, its use
thus far has been limited to (a) examining the enzymes of the
pathway of Chl synthesis (5), (b) studying the relationship be-
tween Chl availability and the biosynthesis of Chl-binding pro-
teins (15), and (c) evaluating phytochrome as a product of the
Chl biosynthetic pathway (9). Few reports have addressed the
long-term effects of gabaculine on the photosynthetic apparatus
or processes such as nitrogen fixation which depend upon a
continued supply of photosynthate.
The aim of this study was to examine the effect of gabaculine

on lima bean. We have asked three specific questions. First, does
gabaculine, when administered to plant roots, inhibit Chl biosyn-
thesis in lima bean leaf tissue? Second, what are the long-term
physiological responses ofthe lima bean to gabaculine inhibition?
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Third, what effect does gabaculine have on the ability of lima
bean to form root nodules which are competent in nitrogen
fixation? Our results suggest that gabaculine is a potent inhibitor
of Chl biosynthesis when applied to the lima bean root system.
However, it has very little effect on long-term photosynthetic
rates in leaftissue which was green prior to gabaculine treatment.
Furthermore, gabaculine appears to inhibit formation of nodules
which are able to effectively fix nitrogen.

MATERIALS AND METHODS

Lima beans (Phaseolus lunatus L. cv Henderson) were planted
in 900 ml mason jars (2 plants/jar) containing a vermiculite/
perlite mixture and grown under conditions which have been
described previously (20). Half of the plants were grown in a
nutrient solution (20) containing KNO3 (1.22 g/L), and half
without nitrate. After 2 d of growth, all plants were inoculated
with Rhizobium sp. 127E15 which were obtained and cultured
as previously described (20). Gabaculine (3-amino-2,3-dihydro-
benzoic acid) was obtained from Fluka Chemical Corp. On the
morning of d 9, just prior to the onset of the daylight cycle, 150
ml of aqueous gabaculine (0, 10, 25, 50, or 500 FM) was added
to the plants in place oftheir normal watering. Day 9 was chosen
for gabaculine addition since nodulation had begun; yet, nodules
were not fully established (2). The unifoliolate leaves were
greened, but not fully expanded, and the trifoliolate leaves had
not yet emerged. Plants were monitored during the next 16 d
and were harvested on d 25.
During the interval between gabaculine application and plant

harvesting, two methods were used to monitor the photosynthetic
physiology of the unifoliolate leaves. First, the kinetics of Chl
fluorescence were measured with a fluorimeter (14) which was
modified for intact leaf tissue with fiber optics. An excitation
beam from a 300 W projector was passed through a 450 nm
broadband interference filter (Detric Optics) and focused onto
the leaf (140 ME m-2 s-') with fiber optics (Dolar Jenner Indus-
tries). Fluorescence was collected by a second fiber optics bundle
and monitored by a photomultiplier tube protected with a 680
nm narrow band interference filter. Plants were dark adapted for
30 min prior to fluorescence measurements. Second, in vivo rates
of photosynthesis and respiration were estimated by measuring
whole-leaf CO2 exchange rates (Analytical Development Com-
pany, Ltd. infrared CO2 gas analyzer). A chamber was placed
over a 4.09 cm2 area of intact leaf. CO2 exchange rates were
monitored for illuminated plants (380 ME m-2 s-'). Alternatively,
plants were placed in the dark for 1 h prior to determining dark
respiration rates. Each measurement represents the average of
two independent determinations.
The plants were harvested on d 25 and dry weights of roots,

stems, leaves, and nodules were determined. Length of roots and
stems, leaf areas, internode lengths, and nodule number were
measured. Chl content was determined after extraction with 80%
acetone (1). Leghemoglobin content of nodules was determined
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both by Western blotting with antibody against leghemoglobin
(18, 25) and by difference spectroscopy of nodule extracts for
leghemoglobin-heme (3). Heme was quantified using a difference
extinction coefficient of 23.4 x 103 M-l cm-' (3). Antibody
against leghemoglobin was prepared as previously described (7).
The concentration of leghemoglobin on Western blots was de-
termined by densitometry (Kontes Fiber Optic Scanner model
800) and quantified by comparison with blots of isolated leg-
hemoglobin. All absorption measurements were obtained in an
SLM/Aminco DW-2C spectrophotometer. Nitrogen fixation ac-
tivity was determined by acetylene reduction (20).

RESULTS

This study was initiated to ascertain the effect of gabaculine
on photosynthesis and modulation of lima bean. We made a
number of predictions based upon the assumption that gabacu-
line blocks higher plant protoporphyrin biosynthesis. First, if
gabaculine can be absorbed by the roots and translocated to the
partially expanded unifoliolate leaves, we expected a long-term
decline in photosynthesis owing to a block in Chl turnover. We
hoped to use the kinetics of Chl fluorescence and CO2 exchange
measurements to map the time course of this decline. Second, if
gabaculine can be absorbed by the roots and translocated to the
developing portion of the shoot, we expected an inhibition of
further development owing to an inhibition of Chl and heme
biosynthesis. Third, we expected an inhibition of nodule devel-
opment owing to (a) a decreased supply of photosynthate to the
developing nodule and (b) an interruption of nodule heme
biosynthesis. We had already established that gabaculine does
not affect the growth of free-living Rhizobium sp. 127E 15, even
at concentrations as high as 500 ,M (data not shown). However,
root nodules are rich in leghemoglobin and, thus, have a high
heme content. The heme moiety is thought to be synthesized by
the bacteria (6, 11, 19, 21, 22). However, there is a possibility
that the heme is coordinately synthesized by both plant and
bacteria (10, 12, 13) or by the plant alone. Therefore, a major
goal was to observe the leghemoglobin content of nodules from
gabaculine treated plants.

Figure 1 shows 14-d-old plants which were treated with gaba-
culine and illustrates two important metabolic consequences of
gabaculine inhibition. First, shoot growth and development were

not influenced by gabaculine. Plant height and emergence of first
and second trifoliolate leaves were nearly identical in all treat-
ments. Second, Chl biosynthesis in the leaf tissue was profoundly
affected. Unifoliolate leaves did not lose Chl; rather, there was
slightly less Chl per leafarea due to further leafexpansion. Newly
emerged trifoliolate leaves were chlorotic. Clearly, the inhibitor
was effectively absorbed by the roots and translocated to all parts
of the shoot tissue. Results shown in Figure 1 imply that shoot
growth in treated plants resulted from photosynthate supplied by
the unifoliolate leaves and suggest that gabaculine (or cessation
of Chl biosynthesis) has minimal long-term effects on photosyn-
thesis in greened leaves.
We monitored both the kinetics of Chl fluorescence induction

and the CO2 uptake rates of photosynthesis after gabaculine
treatment. Figure 2 shows the Chl fluorescence induction kinetics
immediately after gabaculine addition (0 h) and at two time-
points thereafter (17.5 and 158.5 h). Notice four important
features of this figure. First, age dependent changes in fluores-
cence occurred in the absence of gabaculine treatment. In both
nitrate-supplemented and deprived plants, aging of unifoliolate
leaves yielded a decline in the variable component of fluores-
cence. Second, there was no immediate effect of gabaculine.
Nearly identical fluorescence tracings were observed during the
first 0 to 5 h after gabaculine addition regardless of the inhibitor
concentration. Indeed, gabaculine concentrations as high as 500
JM showed similar results (data not shown). Third, nitrate-
supplemented lima bean (Fig. 2A), but not nitrate-deprived lima
bean (Fig. 2B), showed an interesting fluorescence change upon
gabaculine treatment. The rate of decline from Fp2 was dimin-
ished by the inhibitor. This parameter of nitrate-supplemented
plants began to decrease at 10, 15, and 36 h for the 50, 25, and
10 Mm gabaculine treatments, respectively. The difference be-
tween nitrate-supplemented and nitrate-deprived plants sug-
gested that gabaculine inhibition depends in part on nutritional
status. It is likely that these changes represent metabolic conse-
quences of gabaculine inhibition, rather than mapping the time
course of an inhibition of Chl biosynthesis itself. Fourth, a slight

2 Abbreviations: Fp, maximum extent of fluorescence emission; F,
extent of Chl fluorescence emission, measured as described in "Materials
and Methods;" F0, original level of fluorescence emission.
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FIG. 1. Lima beans grown in the pres-
ence ofgabaculine. Gabaculine was added
at concentrations of 0, 10, 25, and 50 ,uM
(as indicated below each plant) to nitrate-
supplemented plants (A) and to nitrate-
deprived plants (B). Trifoliate leaves are
denoted by arrows and are rated for rela-
tive Chl content on a scale of 0 (yellow)
to 3 (green).
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FIG. 2. Chl fluorescence induction kinetics of lima bean unifoliolate

leaves. At 0 h, gabaculine was administered to roots of nitrate-supple-
mented plants (A) and nitrate-deprived plants (B). Additions of 0, 10,
25, or 50 gM gabaculine are indicated by 1, 2, 3, and 4, respectively.
Immediately after gabaculine treatment (O h) and at two subsequent
times (17.5 and 158.5 h), plants were dark-adapted for 30 min and the
fluorescence induction kinetics were monitored. F0 and F, denote the
level of original fluorescence and the maximum extent of fluorescence,
respectively. 'Slope' denotes the decline from Fp.

rise in F0 was observed after 6 d for both nitrate-supplemented
and nitrate-deprived lima beans.

Table I shows the CO2 exchange rates in leaf tissue 2.5 d
(unifoliolate leaves) and 18 d (trifoliolate leaves) after gabaculine
treatment. The rate of photosynthesis in the unifoliolate leaves
was not significantly altered by gabaculine. Equivalent rates were
observed from the time of gabaculine treatment until the plants
were harvested. However, trifoliolate leaf photosynthesis was not
observed in gabaculine-treated plants. These trifoliolate leaves
showed a negative CO2 exchange rate, suggesting that respiration
was not abolished by gabaculine treatment. We dark-adapted
both untreated and gabaculine treated plants to further examine
respiration rates and found no difference between treatments
(Table 1).
The plants were harvested at 25 d and various parameters of

roots, leaves, and stems were examined. These parameters are
quantified in Figure 3. In nitrate-supplemented plants, the dry
weights of the root (Fig. 3A), leaf (Fig. 3B), stem (Fig. 3C), and
shoot (Fig. 3D) decreased sharply upon addition of 10 uM gaba-
culine. The Chl content ofthe unifoliolate leaves was diminished
by gabaculine (Fig. 3E). As also shown in Figure 1, Chl was
almost completely absent in the trifoliolate leaves (Fig. 3F). The
Chl a/b ratios of unifoliolate leaves was unchanged by the
inhibitor (data not shown). We observed similar trends in plants
which were nitrate-deprived. In these plants, the dry weights (Fig.

3, A-D) decreased to a lesser extent than the nitrate-supple-
mented plants. The trifoliolate leaves again showed a large de-
crease in Chl content (Fig. 3F). The other growth parameters,
such as internode number and length, were not significantly
different between treatments (data not shown).

All plants in this study were inoculated with Rhizobium sp.
127E15. As expected, only the nitrate-deprived plants showed
extensive root nodule formation. We were particularly interested
in the effects of gabaculine on nodule development. Addition of
10 gM gabaculine to lima bean yielded nodules which were
normal sized but had less red pigmentation than untreated plants.
These nodules appeared to lack leghemoglobin. Plants treated
with 25 ztM gabaculine had small nodules which were compara-
tively whiter. The nodules from 50 uM gabaculine treated lima
beans were also small but were more brownish-red in appearance.
Figure 4 shows that the nodule dry weight (Fig. 4A) decreased
with increasing gabaculine concentration. Nitrogen fixation ac-
tivity (Fig. 4C) also decreased. The amount of leghemoglobin,
measured by Western blots using antibody against the protein
moiety (Fig. 4D), was reduced for gabaculine treated plants. The
amount of the heme moiety (Fig. 4E) also showed a decrease.

DISCUSSION
Gabaculine is one of a class of potent inhibitors which target

pyridoxal phosphate-linked enzymes (23). Many of these inhib-
itors are mechanism-based in that they require the catalytic
environment of a specific active site to irreversibly modify the
target enzymes. In the case of gabaculine, a ,B-proton elimination
of the inhibitor yields an aromatic gabaculine derivative (24),
which then binds pyridoxal phosphate to form an m-carboxy-
phenylpyridoxamine (23). This product binds so tightly to the
active site that it can only be liberated by denaturation. Thus,
gabaculine is a highly specific, 'suicide' inhibitor. It has been
shown to inhibit y-aminobutyrate aminotransferase (23, 24), D-
amino acid aminotransferase (24), and aspartate aminotrans-
ferase (24) from animal and bacterial sources. In plants, gaba-
culine blocks glutamate- I -semialdehyde aminotransferase, which
is crucial in the protoporphyrin biosynthetic pathway (17). How-
ever, the ability ofgabaculine to block plant mitochondrial heme
biosynthesis has been questioned (8, 9). Our aim was to deter-
mine ifgabaculine, when administered to the root system, would
cause inhibition in intact plants. We wanted to quantify the
consequences of inhibition both on the photosynthetic parame-
ters ofthe developing shoot and on the nitrogen fixation capacity
of developing root nodules. Our results document a number of
effects which gabaculine treatment has on lima bean.

First, extremely low concentrations of gabaculine, adminis-
tered to roots, are effective in blocking Chl biosynthesis. In
nitrate-deprived plants, 10 gM gabaculine induced nearly com-
plete chlorosis of trifoliolate leaves (Fig. 3K). Nitrate-supple-
mented plants required 25 gM gabaculine for similar results (Fig.
3K). These concentrations are identical to those needed to block
Chl accumulation in cyanobacteria (15). Furthermore, Guikema
et al. (15) also observed that nutrient deficiency caused an
increased sensitivity to gabaculine. The cause of this increased
sensitivity is not clear. It is possible, for example, that nutrient
deficiency enhances the uptake of the inhibitor. It is equally
plausible that sensitivity to the inhibitor depends in part on the
intracellular pools of metabolites such as glutamate- 1-semialde-
hyde, and that pool sizes are responsive to plant nutrition. If
glutamate-1-semialdehyde and gabaculine were to compete for
residence at the aminotransferase active site, a nutrition-depend-
ent increase in glutamate-l-semialdehyde would diminish the
sensitivity to gabaculine. Nevertheless, our results suggest that
gabaculine is a useful chemical in examining the relationship
between Chl availability and chloroplast development in whole
plants. Leaf emergence and expansion is independent of Chl
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Table I. Photosynthetic and Respiration Measurementsfor Gabaculine-Treated Lima Bean Plants

Treatment Photosynthetic Rate' RespirationTreatment ~~~~~~~~~~~~~Rateb
with Gabaculine

Unifoliolatec Trifoliolated Trifoliolated
MM AMolC02/Mr2. S-I

+KNO3
0MM +18.1 +10.1 -3.9
10FM +15.0
25Mm +15.2
50JM +15.4 -3.5 -3.1

-KNO3
0 AM +17.2 +12.8 -3.6
10 AM +16.4
25Mm +14.7
50 JM +18.2 -3.0 -5.3

a Positive number represents net photosynthesis. Negative number represents net respiration.
b Respiration rates were determined after dark adapting plants for I h. c 2.5 d (52.5 h) after gabaculine
addition. d 18 d (444 h) after gabaculine addition.

FIG. 3. Effects of gabaculine on the biomass and leaf
Chl content of25-d-old lima bean plants. Root (A), leaf
(B), stem (C), and shoot (D) dry weights are expressed
in mg per plant. The Chl contents of unifoliolate (E)
and the first trifoliolate (F) leaves were examined by
spectrophotometric analysis after acetone extraction,
and are expressed as mg total Chl per g leaffresh weight.
In all experiments, both nitrate-supplemented (0) and
nodulated, nitrate-deprived (X) plants were examined.
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o FIG. 4. Effects of gabaculine on the nodulation of
limabean by Rhizobium sp. 127E15. Nodule dry weight
(A) and the number of nodules (B) are expressed per
plant. The acetylene reduction activity supported by
these nodules (C) is expressed permg nodule dry weight.

4- The leghemoglobin content of nodule extracts was de-
termined in two ways: by antibodies specific for the
protein moiety (D) and by spectrophotometric assess-
ment of the heme component (E).

Babacul ine 911M

-i.

=
E
go

4-

-

I,

'a

i;

_

-T

Ca

h- 400-
a. . 0
EO 07 ma
'=-

0-

W-0-j2
E tcm.,=
SW29_

!
-

la,._
.~- O2

cm

E-1
c>E

-n_C&I

1312 MAY ET AL.

mlI



GABACULINE INHIBITION IN LIMA BEAN

content (Fig. 1). It will be of interest to examine chloroplast
ultrastructure and membrane protein composition in order to
determine the extent to which Chl availability (or presence of
Chl precursors) influences these parameters.

Second, during our 25-d observation period, shoot develop-
ment was not affected by gabaculine (Fig. 1). All of the plants
grew to a similar height. Trifoliolate leaves, which had not
emerged at the time of gabaculine addition, fully expanded.
Furthermore, the unifoliolate leaves remained green after gaba-
culine treatment. Our results indicated that photosynthetic rates
of the trifoliolate leaves, but not unifoliolate leaves, were inhib-
ited by gabaculine (Table 1). Respiration rates of trifoliolate
leaves were not altered by gabaculine (Table 1), Although gaba-
culine inhibits protoporphyrin biosynthesis, these results suggest
that synthesis of mitochondrial heme was not completely
blocked. Other studies have also suggested that the mitochondria
are insensitive to gabaculine (8, 9, 16). Our results cannot distin-
guish between two possibilities. First, mitochondrial heme may
represent such a small percentage of leaf protoporphyrin, that
even a minor leak through the gabaculine block may be sufficient
to support respiration. Second, the mitochondrial inner mem-
brane may more effectively exclude gabaculine than does the
chloroplast envelope. Further experimentation will be required
to clarify this point.

Third, gabaculine appears to exert no significant long-term
effect (16 d) on photosynthesis. Our results showed that steady
state rates of CO2 gas exchange were not altered in unifoliolate
leaves (Table I). There was also no drastic change in Chl fluores-
cence induction kinetics. We did observe two effects of gabacu-
line on fluorescence transients. (a) A lower rate of decline from
F, occurred after 10 h. Interestingly, only the nitrate-supple-
mented lima beans exhibited this change. These plants would
have the more active sink demands due to faster growth. There-
fore, it is possible that the decline in this kinetic parameter
resulted from a change in the sink demand as a result of alter-
ations in carbon fixation (4). (b) Gabaculine induced a rise in F0
after 6 d. This could result from minor changes in the light
harvesting apparatus owing to the lack of Chl turnover. This rise
also occurs for gabaculine treated cyanobacteria (RL Henry, JA
Guikema, unpublished data).

Fourth, gabaculine inhibited the formation of effective root
nodules. Nearly equivalent numbers of root nodules were ob-
served in both the untreated and gabaculine inhibited plants (Fig.
4B). However, the nodules of treated plants lost the capacity to
fix nitrogen and, therefore, were ineffective (Fig. 4C). Further-
more, leghemoglobin, an important nodule-specific polypeptide,
was found in greatly diminished amounts in treated nodules (Fig.
4, D and E). These results suggest that gabaculine interferes with
normal nodule development, inhibits the expression of at least
one nodule-specific polypeptide, and yields nearly ineffective
root nodules.
Two events could account for the synthesis of ineffective

nodules. First, gabaculine blocks Chl synthesis in newly devel-
oping leaves. This inhibition must certainly result in a lowered
photosynthetic potential and, therefore, must yield a diminished
photosynthate supply to the developing nodule. It is possible that
nodule development is sensitive to the photosynthate supply. A
second possibility is more likely, however; gabaculine may target
an enzyme within the nodule and thereby yield a nodule which
is ineffective in nitrogen fixation. Aspartate aminotransferase
and glutamate decarboxylase may possibly be targets of gabacu-

line. However, the depressed leghemoglobin content in treated
plants is especially intriguing and suggests that the ineffective
nodules may stem from a block in protoporphyrin biosynthesis.
If this were true, then gabaculine would be a useful chemical for
examining whether the heme moiety is synthesized solely by the
bacteria (6, 11, 19, 21, 22) or coordinately by the plant and
bacteria (10, 12, 13).
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