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pairs this GTPase activity and results in a
form of Ga, (Ga*), which constitutively
activates AC (9, 10). Transgenic flies capa-
ble of expressing either wild-type G,
(G, WT) or Ga* under the control of the
GAL4-responsive upstream activating se-
quence (UAS) were generated (I1). Ex-
pression of these transgenes was driven by

Disruptions in mushroom body (MB) or central complex (CC) brain structures impair selected P-GAL4 insertions that demon-
Drosophila associative olfactory learning. Perturbations in adenosine 3',5' monophos-  strated prominent expression in the MBs or
phate signaling also disrupt learning. To integrate these observations, expression of a CC (12).

constitutively activated stimulatory heterotrimeric guanosine triphosphate-binding pro-

To examine associative learning in these

tein a subunit (Go.*) was targeted to these brain structures. The ability to associate odors  flies, a Pavlovian olfactory conditioning as-
with electroshock was abolished when Ga,,* was targeted to MB, but not CC, structures, say was used (13). In that procedure, flies
whereas sensorimotor responses to these stimuli remained normal. Expression of Ga,*  are trained by exposure to electroshock
did not affect gross MB morphology, and wild-type Gag expression did not affect paired with one odor [octanol (OCT) or
learning. Thus, olfactory learning depends on regulated G, signaling in Drosophila MBs.  methylcyclohexanol (MCH)] and subse-

Associative learning can be analyzed on
biochemical, neuroanatomical, and behav-
ioral levels. Perturbations in adenosine
3’,5" monophosphate (cAMP) signaling af-
fect learning in Aplysia, Drosophila, and
mice (I1-3). Gene disruptions of dunce
(cAMP phosphodiesterase 1I), rutabaga
[type [ adenylyl cyclase (AC)], and the DCO
catalytic and RI regulatory subunits of
cAMP-dependent protein kinase (PKA)
impair olfactory learning in flies (2, 3).
Neuroanatomically, Dunce, Rutabaga, and
DCO proteins are expressed throughout the
brain but are expressed at elevated levels in
the MBs (3, 4). Chemical ablation of the
MBs, as well as mutations disrupting either
MB or CC structures, produce defective
olfactory learning (5, 6). No functional
data, however, indicate that cAMP signal-
ing within the MBs or CC mediates this
type of learning.

To explore this notion, we restricted
disruption of the cAMP pathway to the
MBs or CC and examined the effects on
olfactory learning. We used the P-GAL4
enhancer trap system to target expression of
Ga, transgenes within the brain (7-9).
Upon receptor activation, Ge binds
guanosine triphosphate (GTP) and be-
comes activated, effecting AC stimulation
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quent exposure to a second odor without
electroshock. Immediately after training,
learning is measured by forcing flies to

(10). The GTPase activity of Ga, hydrolyz-  choose between the two odors used during
es GTP to guanosine diphosphate (GDP), training. No preference between odors re-

deactivating Ga. The GIn**® — Leu

215 sults in a performance index (PI) of zero (no

(Q215L) mutation in Drosophila Gea, im- learning), as is the case for naive flies.

Mushroom bodies

A

Performance index
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were heterozygous. After
assays of associative learn-
ing, Pls were calculated as
described in (25). Bars rep-
resent mean Pls = SEMs;
numbers above each bar indicate number of Pls per group.
In (A) through (D) (mushroom bodies), the symbols below
the bars are as follows: + represents a Canton-S chromo-
some, G* represents an insertion of UAS-Ga*, G1 repre-
sents UAS-Ga WT1, G2 represents UAS-Ga WT2, and P
represents the P-GAL4 insertion [insertion numbers are
specified in boxes above (A) through (D)]. Hence, only P/G*
flies expressed Go*. For each of the P-GAL4 lines 238Y,
C309, C747, and 201Y, a one-way analysis of variance
(ANOVA,) of Pls from all genotypes revealed significant dif-
ferences. For each P-GAL4 insertion, P/G* was compared
with both P/+ and G*/+, P/G1 was compared with both
P/+ and G1/+, P/G2 was compared with both P/+ and
G2/+, and P/G* was also compared with both P/G1 and
P/G2, producing a total of eight planned pairwise compar-
isons. To maintain an error rate of a = 0.05 in the experi-
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ment, the critical P value was adjusted to o = 0.006 (26). In each case, an asterisk above any group
indicates significant differences from all other groups (except in 238Y, where P/G2 was significantly
different from P/+ but not from G2/+). In (E) and (F) (central complex), the symbols below the bars are
as defined in (A) through (D). For each of the P-GAL4 lines C232 and OK348, Pls from all groups were
subjected to a one-way ANOVA, and P/G* was compared with P/+ and G*/+, producing two planned
pairwise comparisons. To maintain an error rate of a = 0.05 in the experiment, the critical P value was
adjusted to a = 0.025 (26). In both cases, no significant differences were detected.
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Avoidance of the odor previously paired learning).
with electroshock, however, yields a PI > 0
(with a score of 100 indicating maximal

Mushroom bodies

Fig. 2. P-GAL4 expression patterns in adult brains. In all cases, brains
were examined as whole mounts. In panel i in (A) through (D) and in (E) and
(F), brains from P-GAL4 lines crossed to UAS-GFPB' (GFP8", green fluo-
rescent protein, insertion B1) were examined under fluorescence micros-
copy (26). In panels ii and iii in (A) through (D), GAL4-dependent B-Gal
expression patterns were visualized immunohistochemically (77). In (G)
and (H), brains were stained with X-Gal (5-bromo-4-chloro-3-indol-g-D-
galactosidase) (20). In panels showing mushroom bodies, (A) shows line
238Y, (B) shows line C309, (C) shows line C747, and (D) shows line 201Y.
In panel i of (A), ol indicates optic lobes and tg indicates the thoracic
ganglion. The predominant site of expression in lines 238Y, C309, C747,
and 201Y was in the MBs. All lines labeled small neuronal subsets in the
thoracic ganglion. Panel ii of (A) through (D) shows a three-dimensional
confocal reconstruction from a frontal aspect. For clarity, the Kenyon cell
body layer of each pattern has been excluded. In lines 238Y, C309, and
C747, the a, B, and vy lobes (labeled) of the MBs stained strongly, except
that C309 showed less in the core regions of the a and B lobes (77). In line
201Y, the MB v lobe was extensively stained, but only narrow core ele-
ments of the a and B lobes showed staining. All lines in (A) through (D) also
stained in the pars intercerebralis (p). In line 238Y, a small number of
extrinsic neurons arborizing in the y lobe and neurons spanning the optic
lobes, which sent large horizontal tracts to the contralateral lobe and
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When Ga* was expressed in MBs by
each of three P-GAL4 insertions (238Y,

REPORTS

C309, and C747), learning was completely
abolished (Fig. 1, A through C). When a
fourth MB-expressing P-GAL4 insertion

Central complex

Gross morphology

branches to the lateral protocerebrum, were revealed. CC neurons inner-
vating narrow layers of the fan-shaped body and noduli, and a small
number of antennal lobe (al) afferents, were weakly stained. In line C309,
several classes of optic lobe neurons, a small set of antennal lobe local
interneurons, and CC neurons (a subset of the ellipsoid body and fan-
shaped body) stained weakly. In line C747, antennal lobe local interneu-
rons were labeled. CC neurons with arbors in the protocerebral bridge,
superior arch of the fan-shaped body, ellipsoid body, and noduli stained,
which did not appear to overlap with those of 238Y and C309. Large numbers
of optic lobe neurons stained, with dense regions of arborization in the medulla.
In line 201Y, two lateral neurons resembling MB feedback interneurons were
labeled. Paneliii of (A) through (D) shows the MB Kenyon cell body (k) layer. Line
238Y expressed B-Gal in Kenyon cell bodies. Line C747 (12, 17) stained more
strongly a subset of Kenyon cells similar to those of C309. Line 201Y showed
weak expression in a diffuse subset of cell bodies. In panels showing the
central complex, (E) shows line C232 (18). GFP was detected in cell bodies (ce)
and the neuropil (g) of the ellipsoid body. (F) shows line OK348. GFP was
detected in cell bodies (not shown) and the neuropil () of the fan-shaped body.
In panels showing gross morphology (20), brains from lines C309/UAS-lacZ (G)
and C309/UAS-lacZ/UAS-Ga* (H) are shown. Scale bar in panel i of (A), 50
m (applies to all i panels); in panelii of (A), 20 wm (applies to all il and iii panels);
in (E), 50 wm [also applies to (F)]; and in (G), 50 wm [also applies to (H)].
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(201Y) was used, expression of Go* re-
duced learning by ~50% (Fig. 1D). In con-
trast, expression of wild-type Ga, in each of
these four P-GAL4 lines had no effect on
learning (Fig. 1, A through D). Thus, learn-
ing deficits resulted from the Q215L muta-
tion constitutively activating Ga,* and not
simply from misregulation of endogenous
signaling by Gay, overexpression (9).

In these four learning-impaired lines, ol-
factory responses to OCT and MCH were
normal. Likewise, responses to electroshock
were normal (Table 1). This demonstrates
that expression of Ga* did not affect naive
sensorimotor responses to electroshock or
odors. Thus, all MB P-GAL4 lines express-
ing Go*, which showed normal sensorimo-
tor responses, showed learning defects (14).
When Go* was expressed in the ellipsoid
body or fan-shaped body of the CC (with
the use of P-GAL4 C232 or OK348, respec-
tively) (Fig. 2, E and F), learning was unaf-
fected (Fig. 1, E and F). This suggests that

such perturbation of G, signaling in the
CC is insufficient to disrupt olfactory learn-
ing (15).

The expression patterns of MB P-GAL4
lines were examined with confocal micros-
copy after immunolocalization of expres-
sion of the GAL4-driven (B-galactosidase
(B-Gal) reporter gene (16-18) (Fig. 2, A
through D). In lines 238Y, C309, and
C747, where learning was abolished with
Ga* expression, extensive expression in all
MB lobes was evident. In line 201Y, which
yielded a partial learning defect with Go *
expression, the vy lobe stained extensively,
whereas only narrow core elements of the a
and B lobes were labeled (17, 18). All MB-
expressing lines showed GAL4 activity else-
where in the brain. Optic lobe structural
mutants learn normally, which suggests that
Ga,* expression in the optic lobes did not
affect learning (5). Within the central
brain, the MBs and pars intercerebralis were
the only common regions of expression in
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Table 1. Olfactory acuity and shock reactivity are normal in P-GAL4 lines expressing Go* in the MBs.
Symbols in the left-hand column are as defined in the legend of Fig. 1. In each case, n = 8, exceptn =
6 for G*/+ in the 238Y MCH 1072 experiment. Olfactory acuity tests with odors at the concentrations
used during training and testing (10° dilution) and at 1072 dilutions were performed, and Pls were
calculated as described in (25). For each P-GAL4 line, Pls from four genotypes (+/+, G*/+, P/+, and
P/G*) and four odor levels (OCT 10°, OCT 102, MCH 10°, and MCH 1072) were subjected to a two-way
ANOVA, with genotype and odor level as main effects and.genotype X odor level as the interaction term.
For each P-GAL4 insertion, P/G* was compared with P/+ and G*/+ heterozygous controls at each of
the four odor levels, producing a total of eight pairwise planned comparisons. To maintain an error rate
of a = 0.05 in the experiment, the critical P value was adjusted to a = 0.008 (26). In no case were
significant differences detected. Shock reactivity tests to the training voltage (60 V) and to 20 V were
performed as described in (28). For each P-GAL4 line, Pls from four genotypes (+/+, G*/+, P/+, and
P/G*) and two shock groups (60 and 20 V) were subjected to a two-way ANOVA, with genotype and
shock group as main effects and genotype X shock group as the interaction term. For each P-GAL4
insertion, P/G* was compared with P/+ and G*/+ heterozygous controls for both shock groups,
producing a total of four pairwise planned comparisons. To maintain an error rate of a = 0.05 in the
experiment, the critical P value was adjusted to a = 0.013 (26). In no case were significant-differences
detected.

Olfactory acuity
Lines and _— A "
genotypes OCT dilution MCH dilution Shock reactivity
100 1072 100 1072 60V 20V

201Y

+/+ 66 + 5 44 + 8 62 +5 35+5 93 + 2 59 +6
G*/+ 69 + 4 40+ 8 70 = 4 40+7 87 =2 48 = 8
P/+ 70+5 37+5 67 =3 30+5 89 + 1 49+9
P/G* 61 +6 44 =7 70+ 6 32=+5 86 + 2 46 + 6
238Y

+/+ 53 + 4 28 =3 63 +3 22 £ 2 84 =3 25+6
G*/+ 58 + 5 28 +3 68 + 4 28 + 2 75 *2 24 + 4
P/+: 63+ 4 29 + 4 71+5 24 + 3 77+5 31*+5
P/G* 64 =5 17 =8 67 =4 21 +4 73+3 25+8
C309

+/+ 64 + 4 32=+7 58 + 4 26 *= 4 84 +3 32+7
G*/+ 61 +3 29 + 4 63+ 3 21+ 3 752 26 =3
P/+ 65+ 4 32 + 67 + 4 25+ 4 72 *+ 4 31+5
pP/G* 62 =3 32=*8 66 =5 27 =5 66 =6 25+6
C747

+/+ 53 + 4 28 =3 63 +3 22+ 2 84 +3 25+6
G*/+ 60 +5 27 + 3 70+3 26 + 5 73 +3 22 + 4
P/+ 59 + 4 28+ 5 71+4 30+4 77 +3 24 + 4
P/G* 54 + 2 35+3 76+ 3 28 + 2 68 =3 21 £ 4
2106 SCIENCE B VOL. 274 e« 20 DECEMBER 1996

all learning-impaired lines. Although we
cannot exclude a role for the pars intercere-
bralis in olfactory learning, this structure
has not been implicated previously in the
process. By contrast, chemical ablation of
the MBs is sufficient to abolish olfactory
learning (6, 15).

Pan-neural expression of Ga* during
development produced neither lethality nor
overt behavioral phenotypes, which sug-
gests that perturbation of G, signaling did
not significantly affect basic neuronal func-
tion (19). Furthermore, gross morphology
appeared normal when Go* and B-Gal
were coexpressed in the MBs (20) (Fig. 2, G
and H). These data suggest that the aboli-
tion of learning did not result from malde-
velopment of underlying structures. Admit-
tedly, more subtle, undetected changes in
MB structure might contribute to learning
defects, but chemical ablation experiments
show that >96% of MBs must be absent to
produce PIs below 20 (6). In contrast, Pls of
zero were obtained here with no detectable
effect on MB morphology.

We have presented in vivo evidence
that associative olfactory learning in Dro-
sophila requires regulated G; signaling with-
in MB neurons. MB expression of Ga * can
abolish associative learning, whereas null
alleles of dunce and rutabaga exhibit only
partial impairments. The dunce and rutabaga
mutations affect only one class of phospho-
diesterase or AC, respectively. In flies,
three ACs, in addition to Rutabaga, have
been identified (21). In mammals, Ga,
stimulates all ACs to some degree (22).
Thus, disruption of all AC regulation by
Go* expression could have more drastic
effects on signaling than removal of one
form of AC (as in rutabaga) or cyclic nucle-
otide phosphodiesterase (as in dunce). Al-
ternatively, activation of PKA-dependent
phosphorylation through Go * expression
could impede modulatory changes in shared
substrates or cellular systems by kinases oth-
er than PKA. Another possibility is that
Ga, could exert signaling effects other than
through the cAMP pathway, such as
through direct modulation of channels
(23). In such a scenario, Ga* expression
might also produce learning deficits greater
than those observed in dunce or rutabaga
mutants. Further analyses of G, signaling in
Drosophila should clarify these issues.
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A Mechanism of Drug Action Revealed by
Structural Studies of Enoyl Reductase
Clair Baldock, John B. Rafferty, Svetlana E. Sedelnikova,

Patrick J. Baker, Antoine R. Stuitje, Antoni R. Slabas,
Timothy R. Hawkes, David W. Rice*

Enoyl reductase (ENR), an enzyme involved in fatty acid biosynthesis, is the target for
antibacterial diazaborines and the front-line antituberculosis drug isoniazid. Analysis of
the structures of complexes of Escherichia coli ENR with nicotinamide adenine dinu-
cleotide and either thienodiazaborine or benzodiazaborine revealed the formation of a
covalent bond between the 2’ hydroxyl of the nicotinamide ribose and a boron atom in
the drugs to generate a tight, noncovalently bound bisubstrate analog. This analysis has
implications for the structure-based design of inhibitors of ENR, and similarities to other
oxidoreductases suggest that mimicking this molecular linkage may have generic
applications in other areas of medicinal chemistry.

ExNRr catalyzes the final reaction of the fatty
acid synthase cycle: the reduction of a car-
bon-carbon double bond in an enoyl moiety
that is covalently linked to an acyl carrier
protein. Recent studies have identified ENR
as the target for a number of therapeutic
agents against Mycobacterium tuberculosis (1)
and Escherichia coli (2). Mycobacterium tuber-
culosis ENR is the target for a metabolite of
isoniazid, a potent drug that is used in the
front-line chemotherapeutic treatment of tu-
berculosis. However, strains of M. tuberculo-
sis are emerging that are resistant to isoniazid
(3), with consequent problems in treatment.
Escherichia coli ENR is inhibited by a range of
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diazaborines, heterocyclic boron-containing
compounds whose action is thought to lead
to the inhibition of cell growth by prevent-
ing lipopolysaccharide synthesis (4). Bio-
chemical studies on E. coli ENR have shown
that nicotinamide adenine dinucleotide
(NAD™) is required for diazaborine binding;
this finding has led to the suggestion that the
drug binds to ENR in association with
NAD™ or that NAD* converts the drug to
an active form (5). To obtain a molecular
explanation for the inhibitory activities of
this class of antibacterial agents, we deter-
mined and analyzed the structure of E. coli
ENR in complexes with NAD* and either
thienodiazaborine or benzodiazaborine as
well as with NAD™ alone.

The structure of the ENR-NAD™ com-
plex was solved to 2.1 A (6); those of the
ENR-NADY-thienodiazaborine and ENR-
NAD™"-benzodiazaborine ~ complexes were
solved to 2.2 and 2.5 A, respectively (7)
(Table 1 and Fig. 1A). In the final map of
the ENR-NAD™* complex, the electron den-
sity is of high quality for most of the protein
atoms. However, there is a break in the
density for a stretch of 10 amino acid resi-
dues; these 10 residues form a loop, between
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