020
2000}~ :

1000}

80 ..

90 e~
.5

1
-1000

L

1000
Fig. 6. Computer simulation of continuous-rota-
tion gel electrophoresis. Nine simulated mole-
cules ranging in size from 20 to 100 beads were
started at the origin. Their paths were traced
(dotted lines) for 50 revolutions of the electric
field. The electric field rotated constantly with a
period of 200 while the strength of the field was
switched each half revolution between a value of 7
and 3. The axes are labeled with distance in units
of maximal bead spacings, which, when compared
with actual DNA contour length, correspond to 3
wm. This simulation ran 10 hours on an IBM
PC/AT computer (11).

circular gel rotates continuously in a fixed-
direction electric field. The mechanical setup
is similar to Southern’s (3), but instead of
tacking between two fixed angles, the gel
rotates at a constant rate and the electric
field is switched between a high and low
value every half revolution. The pattern of
DNA migration, starting from three point
sources, is shown in Fig. 5. The average
direction of the electric field over time is
straight up; it is in this direction that small
DNA fragments travel (long streaks). The
unexpected asymmetry of the pattern is
caused by differences in the realignment
rates of the molecules recently exposed to
strong or weak fields. This characteristic
pattern has been duplicated in tube-model
simulations (Fig. 6). The simulation gives
the correct lobe shape, that is, the correct
angles and distances for the same relative
size molecules. The model behaves correctly
for different gel rotation rates, including the
production of minor lobes at greater rates.
Attempts are now being made to reproduce
the resolving properties of field-inversion
gel electrophoresis (2).

With readily available equipment, we
have made observations of individual
strands of DNA undergoing electrophoresis
in pulsed and constant electric fields. Our
images bear remarkable resemblance to sim-
ulations based on independently developed
models. Investigations directed toward im-
proving separations of large DNA strands
are expected to advance rapidly with these
new experimental techniques. A videocas-
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sette recording showing molecular motion is
available for education and research (12).
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Correct Folding of Circularly Permuted Variants of a

Ba Barrel Enzyme in Vivo

KAroLIN LUGER, ULRICH HOMMEL, MARZELL HEROLD,
JaAN HOFSTEENGE, KASPER KIRSCHNER*

An important question in protein folding is whether the natural amino and carboxyl
termini and the given order of secondary structure segments are critical to the stability
and to the folding pathway of proteins. Here it is shown that two circularly permuted
versions of the gene of a single-domain Ba barrel enzyme can be expressed in
Escherichia coli. The variants are enzymically active and are practically indistinguishable
from the original enzyme by several structural and spectroscopic criteria, despite the
creation of new termini and the cleavage of a surface loop. This novel genetic approach
should be useful for protein folding studies both in vitro and in vivo.

HE THREE-DIMENSIONAL STRUC-
ture of a native protein is determined
by its amino acid sequence (1), but it
is unknown why and how a given polypep-
tide chain folds (2). From the comparison of
the structures of homologous single-domain
proteins and from reassembly studies with
protein fragments, it appears that secondary
structure segments that make up the internal
core of a protein—and not the surface
loops—are responsible for its stability (3, 4).
One view of the folding mechanism envis-
ages multiple routes involving partially fold-
ed intermediates with local nativelike struc-
ture (5). These folded regions are thought to
consist mainly of secondary structure seg-
ments that are adjacent in the sequence.
Kinetic studies of the folding of mutant or
homologous sequences have contributed
importantly toward understanding protein
folding (2). A more radical perturbation of
the sequence is to rearrange the order of
secondary structure segments by circular
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permutation; that is, by linking the natural
amino and carboxyl termini through a new
peptide bond and by cleaving one of the
existing surface loops to create new termini.
The sequence of bovine pancreatic trypsin
inhibitor was the first to be permuted circu-
larly by chemical condensation and limited
proteolysis (6). However, this approach is
not readily applicable to other proteins. It
also provides no information on protein
folding in vivo. We propose that circular
permutation of the corresponding structural
gene is a specific and versatile approach for
varying the connectivity of secondary struc-
ture segments in a systematic manner and
for producing the corresponding protein
variants in bacteria. To demonstrate the
feasibility of this novel approach, we con-
structed two different circular permutations
of the structural gene. These genes were
expressed in Escherichia coli, and the corre-
sponding proteins were purified to homoge-
neity. Several structural and functional
properties of these circularly permuted pro-
teins show that they fold to a compact
structure that is similar to that of the wild-
type enzyme.

The structure of phosphoribosyl anthrani-
late isomerase from Escherichia coli (ePRAI),
which is part of a bifunctional enzyme, has
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been elucidated recently (7). It is an eight-
fold Ba barrel, a folding pattern that has
been found in at least 13 other enzymes (8).
The structure of the monofunctional, mono-
meric enzyme from Saccharomyces cerevisiae
(yPRALI) is not known, but both ePRAI and
yPRAI can be assumed to have the same
general fold since they show 30% sequence
identity (9). The active site of ePRAI is

Fig. 1. Schematic representation of A
the eightfold Ba-barrel folding pat-
tern of xPRAI, cPRAI-1, and
cPRAI-2. Triangles represent f
strands, numbered in sequential or-
der from the amino-terminus (N),
perpendicular to the plane of the
page, and running downward (26).
Circles are perpendicular o helices
coming upward, numbered as the
preceding B strands. Connections
from a to B are shown as bold lines
and from B to « as dashed lines. C,
carboxyl  terminus.  Secondary
structure regions that were trans-
ferred to yield the circularly per-
muted proteins are shaded. (A and
C) xPRAI Dartial sequences are
given of the amino and carboxyl
termini and of the loops (A) be-
tween a helix 6 and B strand 7, and
(C) between B strand 6 and « helix
6. (B) cPRAI-1. Four new amino
acid residues (underlined) were in-
troduced to connect the original
amino and carboxyl termini. New

termini were generated by cleavage of the loop joining a6 and B7 and by addition of extra residues
(underlined). (D) cPRAI-2. The original termini were connected as in cPRAI-1 [compare with (B)].
New termini were generated by cleavage of the loop joining 86 and a6, and addition of extra residues
(underlined). Abbreviations for the amino acid residues are as follows: A, Ala; D, Asp; E, Glu; G, Gly;

located at the carboxyl terminal end of the
central B barrel (7). As shown by the align-
ment . of another eight homologous se-
quences with those of ePRAI and yPRAI,
this assignment is probably true for all spe-
cies. A variant of yPRAI, which has five
additional amino acids added to its original
amino terminus [extended yPRAI (xPRAI)]
(Fig. 1, A and C), can be expressed in E. coli.

-5 M
H ¢ i
D D
8 P
s S
M M
s S

H, His; K, Lys; L, Leu; M, Met; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.

Fig. 2. Construction of Met' ... ... GI¥GIlu Ser Pro™... Lys®%xx
the gene encoding A AAGGCA GCT TGG AGT ATG::: - CAA GAG AGC CCC - AAA TAG GTT ATT ACT
cPRAI-1. Partial amino . . w
acid and DNA  se- Met™ Arg Asp Pro Ser'Met'.-----. GIN'"Glu Ser Pro'’":- Lys®'sss

. B ATG AGG GAT CCG AGT ATG - - ---- GAA GAG AGC CCC---AAA TAG GTT ATT ACT
quences; numbering of e
wild-type yPRAI (13). s

New amino acids are — 1

1

shown in bold type.
New restriction sites are c

! I o
Met™ Ar;m ------- M) Leu Pro"’°-~ém1yr Asp His #x=x

indicated by brackets. ATG AGGB::L Icce AGT ATG-- -~ CAA (:;\"l'" CTC CCC - AAA TAT i::TI CAT TAG
(A) yPRAI and the

TRP-1 gene (13), con-

tained in the vector — 1 I

pMA (27). (B) Introduc-

I\

tion of a new Bam HI Met"Arg Asp Pro Ser Met'-------- GIn’WA.p His *#x

: : D ATG AGG GAT CCG AGT ATG """ CAA GAT CAT TAG
| ——)

site allowed expression Bt

of the TRP-1 gene in the

ATG expression vector

I | e

pDS 56/RBSII-1 (28),
resulting in xPRAI. (C)
Further modification in- E
troduced new Bgl IT and
Bcl I restriction sites, F
thus leading to substitu-

MetSArg Asp Leu Gly Gly'™ .-
ATG AGG GAT CTC GGT GGG -

.. Slys®*Tyr Asp Pro  Ser Met -+ GIn" Asp His **¥

ATG AGG GAT CTC CCC--- AAA TAT GAT CCG AGT ATG'--CAA GAT CAT TAG

- Lys?*Tyr Asp Pro  Ser Met! .. Ala'®Asp His *xx
AAA TAT GAT CCG AGT ATG --GCA GAT CAT TAG

tions in the loop between a helix 6 and B strand 7 and at the carboxyl terminus (compare with Fig. 1B).

(D) Excision of fragment II and subsequent religation of the remaining plasmid generated fragment I in
an expressible form. (E) Insertion of fragment II into the Bam HI site of plasmid D1 in the correct

orientation generated the coding sequence for cPRAI-1. (F) The coding sequence of cPRAI-2 that was
constructed analcously to the coding sequence of cPRAI-1 (A to E). New restriction sites were
introduced by olig: 1ucleotide-directed mutagenesis, with the use of the vector pMAC (27, 29). Ligated
DNA regions wer:. confirmed by sequence analysis (30).
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Since its catalytic properties are similar to
those of ePRAI and yPRAI (Table 1), the
active sites must also be similar and the
extension of the amino-terminus does not
affect correct folding.

The structure of xPRAI is probably that
of a “limit Ba barrel,” which has no addi-
tional secondary structure segments either
preceding B strand 1 or following a helix 8.
The Ba barrel structure fulfills the two main
preconditions for the construction of a sta-
ble circularly permuted protein: (i) the car-
boxyl and amino termini are in close prox-
imity (that is, predisposed for covalent link-
age), and (i1) each of the 15 surface loops
could be cleaved to create the new termini.
Several catalytic amino acid residues are
located on various B strands. Therefore,
enzyme activity measurements (10, 11)
should be a sensitive probe for the correct
arrangement of these secondary structure
segments.

Two different surface loops were chosen
for creating new amino and carboxyl termini
to test whether protein folding is affected by
the particular mode of circular permutation.
Both variants have the original protein ter-
mini joined by the same new oligopeptide
loop (Fig. 1, B and D). cPRAI-1 is opened
at the loop between a helix 6 and B strand 7,
which is opposite to the active site. cPRAI-2
is opened at the loop between B strand 6
and a helix 6, which is at the active site, and
also contains two conserved residues (Gly'>°
and Gly'*? (7)). The lengths of both loops
vary widely among the ten known sequences
of PRAI The sequences of the new oligo-
peptide joining the original protein termini
and of the additions to the new termini are
not unreasonable choices in terms of pre-
ferred surface location and chain flexibility
(12).

The following describes briefly the steps
leading to the structural gene of cPRAI-1.
Subcloning the TRP-1 gene (13) into a
vector allowing high expression in E. coli
required the generation of a unique BAM
HI restriction site to give xPRAI (Fig. 2, A
and B). The introduction of two further
restriction sites with matching 5’ protruding
ends permitted the stepwise rearrangement
that led to the coding sequence for cPRAI-1
(Fig. 2, Cto E). The gene for cPRAI-2 was
constructed analogously (Fig. 3, B to E).

xPRAI, cPRAI-1, and cPRAI-2 were pro-
duced in E. coli at high levels after transfor-
mation with the corresponding expression
plasmids. In all cases, after centrifugation of
the disrupted cells, about 10% of the PRAI
activity was found in the supernatant and
90% was found in the pellet after reconstitu-
tion. The three enzymes were purified from
the corresponding pellets as follows. The
insoluble proteins were dissolved in 3M
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guanidinium chloride (GuCl) and subse-
quently refolded by dialysis against buffer.
Each renatured enzyme was purified further
by chromatography on an anion-exchange
column. As judged from gel electrophoresis
in the presence of SDS, each protein was
more than 98% pure. The amino termini of
refolded cPRAI-1 and cPRAI-2 were se-
quenced by the automated Edman method
(14) to provide an identity check by an
independent method. The observed se-
quences (MRDLPESL... and MRD-LG
GT. . .) agreed with the expected sequences
(compare Fig. 2, E and F). Native cPRAI-1
was purified partially from the supernatant
to provide for a standard protein that had
not passed through a cycle of aggregation,
unfolding, and refolding. yPRAI was puri-
fied for comparative purposes from an over-
producing strain of yeast (15).

Refolded xPRAI, ¢cPRAI-1, and cPRAI-2
are monomers of the expected molecular
weights (M, ~25,000) and have similar
Stokes’ radii, as assessed by equilibrium
ultracentrifugation and gel filtration. The
ultraviolet (UV) absorption, fluorescence

A AAG GCA GCT TGG AGT ATG:: -+ -+ GCA GGT GGG ACA -+

MetS Arg Asp Pro Ser'Met! ..o

emission (excitation at 280 nm), and far-UV
circular dichroism (CD) spectra of these
proteins were practically identical (Figs. 4,
5, and 6). Thus all three proteins appear to
be folded compactly and in a similar man-
ner.

Steady-state kinetic analysis of the various
forms of PRAI was performed to compare
the properties of the corresponding active
sites (10, 15) (Table 1). xPRAI rather than
yPRAI is the relevant standard of compari-
son because it has the same four amino-
terminal residues and has been expressed
and purified exactly as the two circularly
permuted variants.

The important results are as follows. (i)
Both circularly permuted variants are enzy-
mically active. The data in Table 1 show that
cPRAI-1 has practically the same rate con-
stant (key) and Michaelis constant (Kp,)
values as ePRAIL yPRAI, and xPRAI. Thus
the structures of the corresponding active
sites must be similar. cPRAI-2 1s also enzy-
mically active. However, because the K,
value is at least 400-fold greater than that of
xPRAL only the value of k¢,/K,, was mea-

224
Meth oo aid*aly e|y‘5°rm ..... Lys2hee

- AAA TAG GTT ATT ACT

-ala*aly Gy Hhr.... Lys"’“ oww

B ATG AGG GAT CCG AGT ATG ««-+ -« CA GGT GGG ACA---- AAA TAG GTT ATT ACT
\ V / /

Met™

C  ATG AGG GAT CCG AGT ATG'*

—l/ T |\‘
m‘ K‘Asp Lou Gly Gy'0Thr - LysPHTyr Asp His ¥%

GGA GATCT) CTC GGT GGG ACA**

" AAA TAT GAT CAT TAG

am HI Bgl lI Bell
T
Fig. 3. Construction of the gene MWSA’m, ,,,,,,, m we )
encoding cPRAI-2. The partial D ATG AGG GAT CCG AGT ATG - GCA GAT CAT TAG
BamHI

amino acid and DNA sequences of

all intermediates between yPRAI

and cPRAI-2 are given in the same
format as Fig. 2. E

WetSArg Asp Leu Gly Gm\mma‘“up His 3%

ATG AGG GAT CTC GGT GGG -+

AAA TAT GAT CCG AGT ATG :*** GCA GAT CAT TAG

Table 1. Steady-state and refolding kinetics of purified xPRAI, cPRAI-1, and cPRAI-2 (24). The assay
was performed at 25°C in 50 mM tris-HCl buffer, pH 7.5. The labile substrate phosphoribosyl
anthranilate (PRA) was generated from anthranilate and phosphoribosyl pyrophosphate in the cuvette
by the phosphoribosyl transferase—catalyzed reaction (11). The disappearance of PRA was monitored
fluorimetrically. The K, and ke, values (with SE) were generally determined by analysis of entire
progress curves, but only initial velocities were measured for cPRAI-2. Refolding was initiated by 200-
fold dilution of 2 mg of protein per milliliter in 4M GuCl with 0.05M potassium phosphate buffer, pH
6.5, containing 0.1M KCl, 0.02M dithioerythritol (DTE), and 0.01M K,Mg-EDTA, at 20°C.
Refolding was monitored by fluorescence emission at 320 nm (excitation at 280 nm). kyps, observed

first-order-rate constant.

Steady-state constants

PRA isomerase

Slow refolding

rate constants

variants kcal Ky kcat/Km 103 x kobs
O] (nM) (nM~'s7™h) )
Wild-type PRAI
e¢PRAI (11) 40 + 4 5.0=+0.8 8.0
yPRAI (15) 50 +5 4.0 £ 0.6 12.5
xPRAI (Fig. 1, A and C) 79 = 8 3.7+ 0.6 21.3 35+02
Circularly permuted xPRAI
cPRAI-1 (Fig. 1B)* 4.6 = 0.7
cPRAI-1 (Fig. 1B)? 59+ 6 55+09 10.7 1.7+0.1
cPRAI-2 (Fig. 1D)T >2 >2000 0.001 22*02

*Purified from the soluble fraction.
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fRefolded in vitro.

sured accurately. The value of k., is about
30-fold smaller than that of xPRAIL (i)
cPRAI-1, which had been purified from the
soluble fraction to about 50% purity, had
the same K, value as ¢cPRA-1 purified to
homogeneity from the pellet. This observa-

Absorption
o
[€2)
o

0.25

250 275 300 325 350
Wavelength (nm)

Fig. 4. Ultraviolet absorption spectra of xPRAI,
cPRAI-1, and cPRAI-2. The three native proteins
were dialyzed against 0.05M potassium phos-
phate buffer, pH 7.5, containing 1 mM EDTA.
Each protein solution was adjusted to about 1 mg
of protein per milliliter and to the same absorp-
tion at the maximum of the peptide bond absorp-
tion [A = 230 nm, optical path length (d) =1
cm]. The slightly increased absorption at 278 nm
of cPRAI-1 and cPRAI-2 with respect to xPRAI
is probably due to the additional Tyr residue in
the oligopeptide loop that connects the original
amino and carboxyl termini (compare with Fig. 1,
B and D). Solid line, xPRAI; dashed line, cPRAI-
1; dotted line, cPRAI-2.

Relative fluorescence

330 350 370 390

Wavelength (nm)

Fig. 5. Fluorescence emission spectra of xPRAI,
cPRAI-1, and cPRAI-2. Fluorescence of the same
preparations that were used for the measurements
in Fig. 4 was excited at 280 nm in 1-cm? cuvettes.
Protein concentration diluted - 0.1 mg per milli-
liter with the buffer descrlbw n Fig. 4. Lines are
as described in Fig. 2. "
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tion indicates that the products of in vivo
and in vitro folding are identical in this case.

The new oligopeptide that connects the
original amino and carboxyl termini of both
cPRAI-1 and cPRAI-2 contains two Lys
and one Asp residue (compare with Fig. 1,
B and D) and is thus potentially susceptible
to the action of trypsin or V8-protease.
However, neither xPRAI, cPRAI-1, or
cPRAI-2 were attacked by these proteases,
as judged by their unaltered enzymic activi-
ties and mobilities during gel electrophore-
sis in the presence of SDS. These data show
not only that the new loop in both cPRAI-1

0.250

0.500

0.750

[6] 103+deg cm?.dmol

1.000

200 220 240 260
Wavelength (nm)

Fig. 6. Far-ultraviolet circular dichroism spectra
of xPRAI, ¢cPRAI-1, and cPRAI-2. The same
preparations that were used for the measurements
in Fig. 4 were scanned in d = 0.1-cm cuvettes.
Protein concentration diluted to 0.7 mg per milli-
liter with the buffer described in Fig. 4. Lines are
as described in Fig. 2.

:;Og L T {— ]
B (e}
os |l oo “
s [ °8 ]
w a
04 | .
EE\
L a B
8g
0+ BS 8 n [}
1 1 1 ﬁ
0 2 4
GuCl (M)

Fig. 7. Reversible unfolding of xPRAI, cPRAI-1,
and cPRAI-2. Unfolding studies were performed
in 50 mM potassium phosphate buffer, pH 7.5,
containing 5 mM EDTA, 5 mM DTE, and the
concentrations of GuCl as indicated. Protein con-
centrations, 0.7 mg of protein per milliliter. Pro-
tein unfolding was measured by monitoring the
circular dichroism at 222 nm (8,2) in 0.1-cm
cuvettes. The linear change of 6,,, above 3M
concentration of GuCl was extrapolated to zero
GuCl concentration. F,y, is the apparent normal-
ized deviation from this base line, averaged from
four independent experiments each. O, xPRAI;
0, cPRAI-1; A, cPRAI-2.
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and cPRAI-2 is inaccessible to the proteases,
but also that the two structures are as com-
pact as the parent structure of xPRAIL Thus
the lower kcqo/Km value of cPRAI-2 must be
caused mainly by the modification of the
loop between B strand 6 and « helix 6.

xPRAI, ¢PRAI-1, and cPRAI-2 unfold
reversibly in GuCl, as shown by the success-
ful purification of these proteins from the
insoluble cell fraction. At equilibrium, the
unfolding curves of xPRAI, cPRAI-1, and
cPRAI-2 were moderately cooperative and
asymmetric (Fig. 7). The transition mid-
points were at 0.88M (xPRAI), 0.76M
(cPRAI-1), and 0.88M (cPRAI-2) GuClL
The overall unfolding transitions of xPRAI
and cPRAI-2 are practically indistinguish-
able, but that of cPRAI-1 is less cooperative.
The rates of refolding were measured to
detect qualitative differences in the respec-
tive folding behavior. The progress curves
were observed by fluorescence spectroscopy,
and consisted of both a rapid [half-time
(fi2) <1 s] and a slow phase. The latter
phase was fitted to a single exponential. As
seen in Table 1 the rate constants of the slow
refolding step vary only twofold among
xPRAI, ¢PRAI-1, and cPRAI-2.

This work demonstrates that circularly
permuted proteins can be expressed from
the corresponding circularly permuted genes
in E. coli. The three-dimensional structures
of the two mutant proteins are similar to
those of the wild-type protein as judged by a
number of independent criteria: UV, fluo-
rescence and CD spectroscopy; gel filtra-
tion; sedimentation; resistance towards pro-
teases; and folding equilibria and rates. The
only major difference, the lower enzymic
activity of cPRAI-2, was expected, since the
opened loop is at the active site and contains
two conserved amino acid residues.

These results add to our understanding of
protein folding. First, neither the original
amino and carboxyl termini, nor the two
surface loops that were cut in the process of
circular permutation, are essential for find-
ing a pathway to the stable folding pattern
of xPRAIL. Second, the results are most
easily explained by the existence of multiple
folding pathways (5) in which the same
overall structure arises by the interaction of
folding units that consist of neighboring
secondary structure segments. Regions such
as B70L7[330Lg or (16[37(17‘380(8, which were
rearranged in cPRAI-1 and cPRAI-2, re-
spectively, are analogous to the carboxyl
terminus of the a subunit of tryptophan
synthase (16). This protein also has an eight-
fold Ba barrel folding pattern (17), and the
region aePro7Bsag appears to fold and un-
fold independently (18, 19). Third, the re-
sults also support the “thermodynamic hy-
pothesis” (1), which views protein struc-

tures as minimal free energy states.

Have circular permutations occurred dur-
ing the evolution of certain proteins? Con-
canavalin A is not a relevant example, be-
cause circular permutation occurs posttrans-
lationally (20, 21). However, about 30% of
the presently known protein domains have
adjacent amino and carboxyl terminal re-
gions (22) and could therefore have been
circularly permuted in vivo by tandem gene
duplication, fusion, and deletion (23).
Whereas examples of naturally permuted
genes are expected to be found in the future,
directed circular permutation should be
valuable for the construction of variants for
protein-folding studies both in vitro and in
vivo.
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Involvement of Juvenile Hormone in the Regulation
of Pheromone Release Activities in a Moth

MIcCHEL CUSSON AND JEREMY N. MCNEIL*

Juvenile hormone has been implicated in the mediation of several reproduction-related
events in adult insects, but had previously been found to play no role in the regulation
of sex pheromone production and release behavior (“calling”) in moths. In females of
the true armyworm moth, Pseudaletia unipuncta, juvenile hormone is shown to be
essential to the initiation of both calling behavior and pheromone production. Females
without corpora allata, the source of juvenile hormone, do not call and do not produce
pheromone, but injection of juvenile hormone into allatectomized females restored
these activities. The armyworm’s control system has likely evolved in response to the
adults’ migratory behavior which may necessitate that mating be restricted to the

period following migration.

EMALES OF MANY INSECT SPECIES

attract mates by means of a sex phero-

mone, the release of which is fre-
quently associated with a characteristic be-
havior termed “calling” (1). Early studies of
the physiological regulation of pheromone
emission indicated that the presence of cor-
pora allata (CA), the source of juvenile
hormone (JH), was essential for mate attrac-
tion in some cockroaches, but that phero-
mone release was unaffected by CA removal
in the females of two species of moth (2).
Subsequent investigations on other moths
yielded similar results (3, 4). We now report
that, unlike the moth species previously
studied, females of the true armyworm,
Pseudaletia unipuncta (Noctuidae), require
CA in order to synthesize pheromone and
express calling behavior.

After comparing the reproductive cycle of
cockroaches with that of moths, Barth (2)
proposed the hypothesis that neuroendo-
crine control of pheromone release activities
would be expected to evolve only in insects
that are long-lived as adults and in which
there are periods when mating is sup-
pressed. Unlike cockroaches, the moths that
he and others examined have short adult
lives and are physiologically ready to mate
soon after eclosion, making the involvement
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of a complex endocrine control system un-
necessary. In contrast with these moths, P.
unipuncta females do not mate immediately
after emergence. Instead, they delay all mat-
ing-related activities for varying lengths of
time in response to environmental condi-
tions. When they are subjected to tempera-
tures and photoperiods that mimic those
encountered in the spring or in the fall
[which are thought to be associated with
long-distance flights (5)], females initiate
calling at a much older age than when they
are exposed to summer-like conditions (6).
Because migratory behavior, and the often-
associated arrest in ovarian development,
appear to be under the control of JH in
some species of insects (7), we tested the
hypothesis that the same hormone might
play a key role in either suppressing or
stimulating pheromone production and call-
ing behavior in armyworm moths.

We have demonstrated that the brain-
suboesophageal ganglion (SOG) complex of
P. unipuncta females contains a substance
with effects similar to the pheromone bio-
synthesis-activating neuropeptide (PBAN)
discovered in Heliothis zea (8). Armyworm
females that were neck-ligated during the
photophase did not produce pheromone
during the following scotophase (dark
phase) (9). However, ligated females inject-
ed with a brain-SOG homogenate contained
relatively large amounts of pheromone 3
hours following injection, whether the injec-
tion was performed during the scotophase

or the photophase (Table 1). This indicates
that the true armyworm’s pheromone gland,
unlike that of H. zes (10), can produce
pheromone during the photophase.

We have also shown the existence of a
clear relation between pheromone release
activities and ovarian development in P.
unipuncta, and we proposed two models to
explain the possible involvement of JH as
the factor governing the initiation of phero-
mone production and calling (11). In one
model (Fig. 1A), JH acts directly on the
central nervous system (CNS) to allow the
release of PBAN [possibly by the corpora
cardiaca (10)] for pheromone biosynthesis
and the sending of neural messages (4) that
initiate the expression of calling behavior.
The second model (Fig. 1B) involves an
intermediate hormone released by the ovary,
in response to JH stimulation. We present
data that support the former model.

The CA were removed (allatectomy) from
newly emerged females, anesthetized under
CO,. These, along with untreated controls
and sham-operated females, were observed
daily during the last 1.5 hours of the scoto-
phase to determine the age of first calling
(12). At the end of the fifth scotophase, all
females were sacrificed for pheromone titer
analysis and ovarian development assess-
ment.

More than half of the sham-operated and
control females called by day 5, whereas
none of the allatectomized ones did (Fig.
2A). Furthermore, allatectomized females

1

o
w
>
P-4

Allatotropin, )\
allatostatin, | A A
1
1}
1
1
]
1
1
t
1
]
1
1
1
1
1
1
i
1
1

@

or both

s o
z
@
c
5
=
-

CA

Ovarian
factor?

JH

__________,___-.._.
T
i
I
1
i
.

' v

Pheromone
gland

Ovary

\

Fig. 1. Diagram illustrating the two pathways (A
and B) proposed by Cusson and McNeil (11) to
explain the role of JH in the regulation of phero-
mone production and calling behavior in Pseudale-
tia unipuncta.
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