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A Baculovirus Blocks Insect Molting by Producing 
Ecdysteroid UDP-Glucosyl Transferase 

The predicted amino acid sequence of a newly identified gene of the insect baculovirus 
Autographa californica nuclear polyhedrosis virus was similar to several uridine 5'-  
diphosphate (UDP)-glucuronosyl transferases and at least one UDP-glucosyl transfer- 
ase. Genetic and biochemical studies confirmed that this gene encodes an ecdysteroid 
UDP-glucosyl transferase (egt). This enzyme catalyzes the transfer of glucose from 
UDP-glucose to ecdysteroids, which are insect molting hormones. Expression of the 
egt gene allowed the virus to interfere with normal insect development so that molting 
was blocked in infected larvae of fall armyworm (Spodopterafrugiperda). 

B ACULOVIRUSES CONSTITWE A LARGE 

group of DNA-containing viruses 
that infect only invertebrate hosts. 

These viruses, many of which infect pest 
lepidopteran species, are of particular inter- 
est because of their potential as biological 
control agents (1). Studies of Autogvapha 
caliJornica nuclear polyhedrosis virus 
(AcMNPV), the model system for baculo- 
virus research, are revealing the molecular 
mechanisms by which the virus implements 
its replication strategy. Most of the genes 
identified to date are involved in the interac- 
tion of the virus with its host cell, but little is 
known of the molecular aspects of infection 
at the organismal level. We now report that 
AcMNPV has a gene that allows the virus to 
manipulate the hormonal regulation of de- 
velopment of its larval host. 

The region of the AcMNPV genome con- 
taining the egt gene, spanning 8.4 to 9.6 
map units, first came to our attention as a 

hypermutable region in serially propagated 
viruses (2). The sequence of this region 
revealed an open reading frame that could 
encode a 57-kD polypeptide of 506 amino 
acids (Fig. 1). The egt product shares 21 to 
22% amino acid sequence identity with 
several mammalian UDP-glucuronosyl 
transferases, also shown in Fig. 1. In mam- 
mals, the UDP-glucuronosyl transferases 
catalyze the transfer of glucuronic acid to a 
wide variety of exogenous and endogenous 
lipophilic substrates (3). This conjugation 
reaction is of critical importance in the 
detoxification and safe elimination of a mul- 
titude of drugs and carcinogens. In addition, 
the normal metabolism and disposal of vari- 
ous endogenous compounds, such as biliru- 
bin and steroid hormones, proceed through 
their conjugation with glucuronic acid. 
Available evidence on insect systems indi- 
cates that sugar conjugation reactions of this 
type involve glucose rather than glucuronic 
acid transfer (4). No sequences of UDP- 

Departments of Entomology and Genetics, University of glucos~l transferase genes were in 
Georgia, Athens, GA 30602. GenBank at the time of our search, but the 

Table 1. Substrate specificity of egt gene product. 
Substrates were incubated in the presence of 
medium derived from ap ro riately infected cells 
and 0.05 $3 UDP-[U-'C~lucose (312.5 mCU 
mmol) for 1 hour at 37°C. All substrates were 
used at a concentration of 1 rnM. Other condi- 
tions were as described in the legend to Fig. 2. 
Amounts of glucose transferred were calculated 
after scintillation counting of the appropriate 
regions of the chromatography plates. A hyphen 
indicates that less than 1% of the glucose was 
transferred. 

wt vEGTZ 
(pmol (pmol 

Substrate glucose glucose 
trans- trans- 
ferred) ferred) 

p-Aminobenzoic acid 
Bilirubin 
Chloramphenicol 
Cholesterol 
Diethylstilbestrol 
Ecdysone 
P-Estradiol 
20-Hydroxyecdysone 
8-Hydroxyquinoline 
Makisterone A 
(-) Menthol 
Methylumbelliferol 
a-Naphthol 
p-Nitrophenol 
Phenolphthalein 
Testosterone 
a-Tetralol 

sequence of a UDP-glucosyl transferase 
gene from Zea  mays (maize) was subse- 
quently reported ( 5 ) .  The COOH-terminal 
portion of this protein also displays homolo- 
gy to egt and to mammalian UDP-glucur- 
onosyl transferases (Fig. 1). 

Mammalian UDP-glucuronosyl transfer- 
ases are known to be membrane-bound, and 
the anlino acid sequences of these proteins 
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contain both a putative signal sequence at 
the ~~2-termi;us and ahalt-transfer se- 
quence at the COOH-terminus (6-8). Al- 
though the predicted amino acid sequence 
of egt contains a putative signal sequence, 
the protein is approximately 30 amino acids 
shorter than the mammalian enzymes at the 
COOH-terminus (Fig. 1) and lacks the resi- 
dues that constitute the halt-transfer se- 
quence. These facts suggested the possibility 
that the egt protein is secreted. 

The predicted amino acid sequence of the 
AcMNPV egt protein suggested to us that 
the enzyme might conjugate and eliminate 
some compound in the insect hemolymph. 
As in mammals, a wide variety of both 
exogenous and endogenous substrates are 
prone to conjugation in insect systems (4). 
Recently, an ecdysteroid-glucose conjugate 
was reported (9). Therefore, several ecdys- 
teroids were included among the com- 
pounds tested as potential substrates for egt- 
mediated conjugation (Fig. 2). 

Spodopterafirrgiperda (fall armyworm) cells, 
which serve as hosts for AcMNPV, were 
infected with wild-type (wt) AcMNPV L-1 

(10) or the recombinant virus vEGTZ. This 
mutant virus differs from wt AcMNPV only 
in the disruption of the egt gene by the 
insertion of the ficherichia coli P-galacto- 
sidase gene (Fig. 1). Twelve hours after 
infection, lysates or media were incubated in 
the presence of [3~]ecdysone and either 
UDP-glucose (Fig. 2) or UDP-glucuronic 
acid. Samples were then analyzed for ecdy- 
sone derivatives with altered polarities by 
thin-layer chromatography. A novel ecdysone 
derivative (EG) was observed only when the 
lysate or extracellular medium of wt 
AcMNPV-infd cells was used (Fig. 2A). 
When UDP-[U-'4C]glucose was included in 
the reaction mix, it was possible to detect both 
3H and I4C in the product (Fig. 2B), confirm- 
ing that the conjugation reaction involves the 
transfer of glucase fiom UDP-glucose to ec- 
dysone. The ecdysteroid UDP-glucosyl trans- 
ferase activity was found predominantly in the 
extracellular medium. No ecdysteroid-conju- 
gating activity was produced by mock-infect- 
ed or vEGTZinfected cells. 

Although several ecdysteroids could func- 
tion as substrates for this enzyme, none of 

the other compounds tested were conjugat- 
ed to a significant extent (Table 1). The 
ecdysteroids ecdysone, 20-hydroxyecdy- 
sone, and makisterone A were conjugated 
only in the presence of medium fiom wt- 
infected cells when UDP-glucose was in- 
cluded in the reaction mix. They were not 
conjugated when UDP-glucuronic acid was 
used (11) or when they were incubated in 
the presence of medium from vEGTZ (Ta- 
ble 1) or mock-infected cells (1 1). Thus, we 
conclude that the product of the egt gene is 
an ecdysteroid UDP-glucosyl transferase 
that is secreted into the extracellular medium 
by wt virus-infected cells. 

Hemolymph titers of ecdysteroids fluctu- 
ate in a cyclic fashion to regulate both larval- 
larval and larval-pupal molts (12). Since 
glucose conjugation is suspected to act as an 

A Mock wt vEGTZ 8 
r - l r - 7 l - l  

E 
H 

Fig. 1. Similarity of egt M 

gene product to several 
UDP-glu~onosyl trans- E 
ferases and a UDP-glu- H 
cosy1 transferase. The f: 
vredicted amino acid se- 
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A 
~ , ~ ,  

above proteins is also 
displayed. Uppercase let- 
ters denote exact match- 
es; lowercase letters cor- 
respond to substitutions 
that occur frequently 
among related proteins 
(15). Substitutions that 
occur infrequently are 
indicated by a dot. Gaps 
in a sequence are desig- 
nated by hyphens; a car- 
et marks where an amino 
acid has been deleted 
from the sequence. The 
amino acid sequence be- 
tween the vertical arrows 
was replaced by the P- 
galactosidase gene in 
vEGTZ. 
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Fig. 2. AcMNPV-specific ecdysone UDP-gluco- 
syl transferase activity. (A)  Spodoptera fiugiperda 
cells were infected with wt AcMNPV (wt) or 
vEGTZ at a multiplicity of infection of 20. 
Twelve hours later, the cells (C) and overlying 
medium (M) were harvested separately; the cells 
were lysed in tissue culture fluid by several strokes 
of a Dounce homogenizer. Mock-infected cell 
cultures were treated in parallel. The enzymatic 
assay was modified from Bansal and Gessner (16). 
The standard incubation mixture included the 
following: cell lysate containing 10 pg of total 
protein or medium from the equivalent number 
of cells; 10 mM MgC12; 10 mM tris maleate, pH 
7.4; 1 mM unlabeled UDP-glucose (Sigma 
Chemical); 100 phf unlabeled ecdysone (Sigma 
Chemical); and 0.25 pCi [3H]ecdysone (DuPont 
Biotechnology Systems). The final reaction vol- 
ume was 50 4. Reactions were carried out for 5 
min at 37T,  then stopped by the addition of two 
volumes of ethanol. Products were evaporated 
and resuspended in 60% ethanol. (B) Cell lysates 
from wt-infected cells were assayed as described 
above except that the concentration of UDP- 
glucose was reduced to 3.16 pM and the reaction 
was allowed to proceed for 30 min. The UDP- 
glucose used was either unlabeled (lane 1) or 
UDP-[U-'4C]glucose (0.05 pCi; DuPont Bio- 
technology Systems) (lane 2). [3H]Ecdysone was 
included in both reactions. Products were separat- 
ed by thin-layer chromatography on silica-gel 
plates (Merck) as dexribed (16). [3H]Ecdlsone 
([3H]E) and UDP-[U-"C]glucose ([I C]G) 
were also subjected to chromatography. Autora- 
diographs of the silica-gel plates are presented. 
Scintillation counting confirmed the presence of 
both 3H and I4C in the ecdysone-glucose conju- 
gate in (B), lane 2. The positions of unconjugated 
(E) and conjugated (EG) ecdysone, as well as 
UDP-glucose (UDPG), are indicated. 
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ecdysteroid inactivation mechanism (9), we 
tested whether AcMNPV infection, through 
the expression of egt, would disrupt the 
normal developmental process of the host 
insect. Sixteen newly ecdysed fourth instar 
S. jkugipevda larvae were infected by injection 
either with wt AcMNPV or vEGTZ and 
monitored daily for any perturbations in 
their development. One cohort of 16 larvae 
was injected with tissue culture fluid as a 
negative control. All larvae injected with 
tissue culture fluid molted to fifth instar as 
expected. Only 1 of 16 larvae infected with 
wt virus made this transition. In contrast, all 
larvae infected with the mutant vEGTZ 
underwent a fourth-to-fifth instar molt. 
Thus, it is clear that egt expression by wt 
AcMNPV specifically inhibits host molting. 

Both infected groups of larvae subse- 
quently succumbed t o  the viral infection, 
showing that disruption of egt did not pre- 
vent vEGTZ from completing its infectious 
cycle. Using newly ecdysed fifth instar lar- 
vae, we have observed that no wt-infected 
larvae showed any signs of pupation, where- 
as the majority of vEGTZ-infected insects 
displayed several behavioral modifications 
(feeding cessation, wandering, and spin- 
ning) characteristic of an impending larval- 
pupal molt. However, all virus-infected ani- 
mals died before pupation. 

The data show that the baculovirus 
AcMNPV specifically interrupts the normal 
development of its insect host by producing 
an ecdysteroid UDP-glucosyl transferase, 
which is possibly secreted into the hemo- 
lymph by infected cells. Our observations 
provide the first genetic and developmental 
evidence in support of the hypothesis (9) 
that glucose conjugation by UDP-glucosyl 
transferases is a mechanism for ecdysteroid 
inactivation. AcMNPV egt is the first identi- 
fied gene encoding a glucosyl transferase 
capable of conjugating ecdysteroids. The 
identification of an insect virus gene encod- 
ing such an enzyme should greatly facilitate 
the study of equivalent insect genes. 

It is probable that other baculoviruses and 
other insect viruses also interfere with the 
development of their hosts by altering hor- 
monal regulation. A more detailed analysis 
of the regulation of AcMNPV egt expression 
in the insect, as well as a closer study of the 
hormonal changes brought about by viral 
infection, will lead to a deeper understand- 
ing of the significance of this activity to the 
viral life cycle. In particular, such studies 
should reveal the evolutionary advantage 
gained by viruses expressing an ecdysteroid 
UDP-glucosyl transferase. 
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T Cells Against a Bacterial Heat Shock Protein 
Recognize Stressed Macrophages 

Heat shock proteins are evolutionarily highly conserved polypeptides that are pro- 
duced under a variety of stress conditions to  preserve cellular functions. A major 
antigen of tubercle bacilli of 65 kilodaltons is a heat shock protein that has significant 
sequence similarity and cross-reactivity with antigens of  various other microbes. 
Monoclonal antibodies against this common bacterial heat shock protein were used to  
identify a molecule of simiiar size in murine macrophages. Macrophages subjected to  
various stress stimuli including interferon-? activation and viral infection were 
recognized by class I-restricted CD8 T cells raised against the bacterial heat shock 
protein. These data suggest that heat shock proteins are processed in stressed host cells 
and that epitopes shared by heat shock proteins of bacterial and host origin are 
presented in the context of class I molecules. 

E XPOSURE OF CELLS TO VARIOUS 

stress conditions leads to the synthe- 
sis of a family of polypeptides termed 

heat shock proteins (hsp's) (1 ) .  After immu- 
nization with tubercle or leprosy bacilli, a 
major fraction of T cells and antibodies is 
directed against the 65-kD hsp, a newly 
discovered member of the hsp family (2-4). 
This hsp is a homolog of the GroEL hsp of 
60 kD in Eschevichia coli and shares some 
degree of homology with the E. coli DnaK 
hsp of 70 kD, which is a homolog of the 
mycobacterial 71-kD hsp (2). Pathogenic 
mycobacteria preferentially live and replicate 
- - 
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inside macrophages, and it can be assumed 
that the stress imposed by activated macro- 
phages induces abundant hsp synthesis in 
their intracellular parasites, which will then 
result in a strong immune response to this 
antigen. T cells with specificity for the 65- 
kD hsp are not only demonstrable in pa- 
tients but also in many healthy individuals, 
and a great variety of microbes are known to 
have similar hsp's (2, 3). Indeed, hsp's have 
been highly conserved in evolution, and in 
some cases similar molecules are shared by 
prokaryotic and eukaryotic cells (1). Our 
study reveals that a homolog of the myco- 
bacterial 65-kD hsp is present in murine 
macrophages. This molecule is recognized 
by T cells raised against the mycobacterial 
65-kD hsp and could serve as a target for 
protective and autoreactive immune re- 
sponses. 

Lysates of bone marrow4erived macro- 
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