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ABSTRACT Caenorhabditis elegans sense natural chemicals in their environ-
ment and use them as cues to regulate their development. This investigation
probes the mechanism of sensory trafficking by evaluating the processing of fluo-
rescent derivatives of natural products in C. elegans. Fluorescent analogs of dau-
mone, an ascaroside, and apigenin were prepared by total synthesis and evalu-
ated for their ability to induce entry into a nonaging dauer state. Fluorescent
imaging detailed the uptake and localization of every labeled compound at each
stage of the C. elegans life cycle. Comparative analyses against natural products
that did not induce dauer indicated that dauer-triggering natural products accumu-
lated in the cuticle of the pharnyx. Subsequent transport of these molecules to am-
phid neurons signaled entry into the dauer state. These studies provide cogent
evidence supporting the roles of the glycosylated fatty acid daumone and related
ascarosides and the ubiquitous plant flavone apigenin as chemical cues regulat-
ing C. elegans development.
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typically involves passage through multiple host—

guest relations (7). While genomic and proteomic
experiments provide a blueprint of an organism, they do
not provide a complete explanation of the molecular
communication between organisms and their environ-
ment. Environmental signals often trigger responses
that are far more complex than those elicited by a single
genetic or proteomic event (2). Within recent years, the
discovery and elucidation of small molecule signals that
induce C. elegans into a dauer or resting state has
opened a new avenue for understanding how environ-
mental cues regulate development and aging (3). In this
investigation, we focus attention on the physiological
mechanisms by which C. elegans sense and process
fluorescent analogs of natural products. Our studies
compare endogenous and xenobiotic signals with an at-
tempt to identify the molecular plasticity of the C. ele-
gans lifecycle.

C. elegans sense environmental signals in part
through ciliated amphids at the tips of their heads and
phasmids in their tails (4-6). Early tracking experiments
established that fluorescent dyes such as fluorescein
isothiocyanate (FITC) move from solution through the
cilia at the top of their heads to sensory neurons within
the amphid (7). While genetic approaches have uncov-
ered aspects of the signal transduction pathways in-
volved in this reception (8—10), the underlying mecha-
nisms by which the chemical signals are transported
and processed within C. elegans remain unresolved.

Small molecules, including damone (1), trigger the
entry of L1 larvae into a nonaging dauer state. Recently,
the structure of 1 was determined by isolation from
large scale extracts of C. elegans followed by a combina-
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tion of NMR studies (1) and total syntheses (11, 12).
Using this molecule as a starting point, we investigated
the transport of 1 and other non-dauer-inducing natural
products in C. elegans. The goal of these studies was to
identify and visualize features underlying the mecha-
nism or mechanisms by which 1 enters the worm. In par-
ticular, we hoped to determine whether this transport
was related to dauer induction or was a general phe-
nomenon of small molecule uptake and transit. If mech-
anisms underlying uptake of 1 were specific to dauer in-
duction, we then sought to address whether other
natural products found in the environmental niche of

C. elegans could also access components of the discov-
ered transport mechanisms.

RESULTS AND DISCUSSION

Our studies began with the preparation of a panel of mo-
lecular probes (Schemes 1 and 2). This effort was
streamlined by using a centralized method to prepare a
group of labeled natural products, each bearing a single
common fluorophore (12). The use of a single dye not
only was advantageous to expedite our synthetic efforts
but also allowed us to directly compare each labeled
natural product with minimal spurious perturbations.

Synthesis of Fluorescent Probes 4 and 5 from
Daumone 1. Our studies began by evaluating daumone
1, a signal for dauer stage entry (2, 11). Using an ap-
proach recently developed by O’Doherty (13), we pre-
pared 100 mg of daumone (1) by total synthesis. Ali-
quots of this material were then coupled in parallel to
blue and green fluorescent amines 2 (see ref 12) and 3
(14) by treatment with O-benzotriazole-N,N,N',N'-
tetramethyl-uronium-hexafluoro-phosphate (HBTU;
Scheme 1) to deliver 4 and 5, respectively. Complete
synthetic details are provided within the Supporting In-
formation.

We then screened 4 and 5 for their ability to mimic 1
in vivo. We began by determining the activity of 1, 4, and
5in C. elegans using agar plates (see ref 11). After these
assays were conducted, it became apparent that the
solubility of 1, 4, and 5 in agar led to the formation of
gradients of 1, 4, and 5 within the gel. These gradients
were readily apparent upon examination of the fluores-
cence from 4 or 5 in cross-sections of the each gel, either
using a CCD camera or employing a fluorescent micro-
scope. While liquid agar was amenable to the addition
of 4 or 5, we often found that during cooling a consider-
able portion of the probes concentrated in the aqueous
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media surrounding the gel. The presence of these gradi-
ents was problematic when screening for dauer induc-
tion, because the movement of worms through the plate
would uncontrollably adjust their exposure to com-
pound and thereby increase the likelihood of inducing
secondary effects such as chemotactic responses (15).

On the basis of this concern, we developed a liquid
based assay that provided a homogeneous solution of
1, 4, and 5 (Figure 1). When this screen was used,
worms entered dauer development (Figure 1, panel a)
when treated with 1 at an ED,, value of 50 = 10 uM
(Figure 1, panels b and c). This value was considerably
lower than the 386 uM (see ref 11) reported using agar
analyses (16). The blue fluorescent analog 4 was slightly
more active and the green fluorescent analog 5 less ac-
tive than 1 with ED., values of 20 = 5 wM and 200 =
25 M, respectively.

Fluorescent Probes 4 and 5 Localize within the
Pharyngeal Cuticle of Adult C. elegans. We next evalu-
ated the localization of 4 and 5 in live adult C. elegans.
Worms were treated with a mixture of 4 and 5 and then
gauged by two-color image analysis (Figure 2, panel a).
While comparable in localization, the fluorescence from
4 (Figure 2, panel b) or 5 (Figure 2, panel ¢) did not ap-
pear in the amphid neurons but rather concentrated
within the cuticle of the pharynx and in the first intesti-
nal cell, Int1, in adult animals. Control experiments were
conducted to establish that fluorescent labeling did
not alter probe uptake. First, we established that fluores-
cent dye 12 was readily removed, returning worms that
were indistinguishable from those treated with solvent
alone (Figure 2, panel d). Only autofluorescent cells ap-
peared when worms were imaged after compound 12
was cleared from their intestinal track (Figure 2, panel e).
Second, we determined that 100 wM 1 completely in-
hibited the uptake of 5 .M 4 or 5, thereby verifying that
4 and 5 shared their uptake machinery with 1.

Daumone 1 Is Not the Only Natural Product That
Can Induce Dauer Development. Initially, we were inter-
ested in determining whether the localization of 4 and 5
in the cuticle of the pharynx (Figure 2, panels b and c)
was a general phenomenon observed during natural
product digestion or the response was specific to mate-
rials that induced entry into dauer development. We ad-
dressed this question by screening a small library of
natural products (N = 953) for inducers of dauer devel-
opment. Again, we found that a liquid based screen was
far more effective because it could be conducted rap-

VOL.3 NO.5 ¢ 294-304 + 2008

295



296

H +
N nmcr \_\

ii) HBTU, Et,N,
THF, RT, 72%

|
N N
- H i) HBTU, EtN, -
N + THF, RT, 78%
| ~ONH,CF
o 0 ;
o 2

iii) HBTU, Et,N,

Hﬁ\ THF, RT, 69%

J\/\/\/\/

H
Nonmer

Scheme 1. Structures and syntheses of fluorescent probes 4 and 5 from daumone 1 and 19 from ascaroside 18.

idly with reduced effort. From this screen, only apigenin
14 induced dauer formation at a concentration under
100 pM; the bulk of the natural products either resulted
in no response or were toxic.

The identification of apigenin 14 was not completely
surprising because recent studies by Shim and cowork-
ers (17) indicate that 14 inhibited the growth of C. ele-
gans. In their studies, L1 stage worms treated with 14
reached L4 stage with only modest growth inhibition.
However, potent growth inhibition was observed in prog-
eny of worms treated with 14. Intrigued by these obser-
vations, we prepared a fluorescent analog of apigenin
13 for comparison with 4 and 5.

After evaluation of several synthetic schemes (18),
an optimum route was established beginning with the
protection of 2,4,6-trihydroxyacetophenone 6 as its bis-
methoxyethoxymethyl (MVEM) ether 7 (Scheme 2). Once
protected, an aldol condensation with p-alloxybenzal-
dehyde 8 was used to provide chalcone 9. Subsequent
ring closure of 9 in the presence of |, afforded 4'-
alloxyapigenin 10. Fluorescent analog 13 was prepared
by applying olefin cross metathesis with Grubbs
second-generation catalyst 11 to couple 10 to 12 (see
ref 13). Complete synthetic details are provided within
the Supporting Information. We then evaluated the ac-
tivity of 13 (Scheme 2). Liquid phase screening
(Figure 1) indicated that the fluorescent apigenin ana-
log 13 also induced dauer formation with an ED,, value
of 80 = 20 wM. However, this activity was accompa-
nied by considerable toxicity as indicated by an LD,
value of 50 £ 10 pM.
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Comparable labeling methods were also used to pre-
pare fluorescent analogs of natural products identified
as toxic (LD, value < 100 puM) during the library
screening effort. Mycophenolic acid and amphotericin
B were selected given ready access to active fluorescent
analogs. Using the methods in Scheme 2, we synthe-
sized the first toxic probe 16 by coupling mycophenolic
acid 15 to 2. An amphotericin B analog 17 was also pre-
pared using previously described methods (see ref 14).
The toxicity of these analogs was validated by toxicity
screening (19) in wild-type C. elegans returning LD, val-
ues of 90 = 10 wM for 16 and 110 = 20 M for 17. Sub-
sequent screening indicated that neither 16 nor 17 in-
duced dauer development.

We then compared the localization of the apigenin
probe 13 and the two toxic probes, 16 and 17, against
the fluorescent daumone probes 4 and 5 (Figure 2,
panels a—c). While more diffuse than 4, apigenin 13
also localized within the buccal cavity cuticle, procor-
pus, pharyngeal sieve, isthmus, and grinder of the phar-
ynx (Figure 2, panel f). The two toxic materials 16
(Figure 2, panel g) and 17 (Figure 2, panel h), however,
localized in a different fashion, appearing throughout
the worm with slight concentration in the gonad and
basal membrane of the pharynx.

Development of Fluorescent Probes with Enhanced
Dauer Activity Permits in Vivo Imaging of Neuronal
Transmission. As these studies were completed,
Schroeder and Clardy reported the isolation of ascaro-
side 18 (Scheme 2) from extracts of C. elegans (20). Ac-
tivity analyses indicated that ascaroside 18 was 2 or-
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Scheme 2. Structures and syntheses of fluorescent probes 13 from apigenin 14, 16 from mycophenolic acid 15, and ampho-
tericin probe 17.

ders of magnitude more potent than 1. The question sym-collidine in DMF to produce probe 19 (Scheme 2).
then remained as to whether 1 and 18 were processed ~ We then determined that ascaroside 18 and its fluores-
by the same mechanism within the worm. Intrigued by ~ cent analog 19 induced dauer with EC., values of 1.6
this query, we synthesized 18 by means of our de novo  and 2.1 pM, respectively, when worms were treated dur-
asymmetric synthesis (see ref 12) and coupled it to dye  ing L1 (Figure 1, panels b and c). These values are in

2 by treatment with o-(7-azabenzotriazol-1-y)-N,N,N',N’-  agreement with the published EC,, value of 1.1 pM for
tetramethyluronium hexafluorophosphate (HATU) and 18 (see ref 20).
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Figure 1. Screening for dauer induction. a) A white light image depicting C. elegans induced into dauer state by 4. Relative activity of dauer-
inducing probes at b) 1 M or c) 50 .M. Assays were developed by treating 200—300 worms as egg, during hatching, or in L1 stage with the as-
cribed compound in a volume of 200 pL of M9 media for 20 min. The worms were then washed with fresh media to clear unabsorbed probes, trans-
ferred to blank NG agar plates, and incubated for 52—72 h at 23 °C. The percentage of dauer worms was determined from the average of five as-
says of 200—300 worms. Each screen was conducted with a solvent control at 0—2% dauer formation. Dauer states were counted in agar based
upon their characteristic morphology as apparent in panel a and verified by counting the worms after treatment with 1% (w/v) aqueous SDS solu-
tion. The average and deviation of both plate and SDS-treated larvae are presented.

To ensure complete validation of this analysis, we
carefully screened a temporal window of natural prod-
uct exposure beginning at egg stage and running until
L2. As shown in Figure 1, only minor deviations were ob-
served if the worms were treated at the beginning or
end of L1 stage. However, we noticed that the efficacy
of 18 or 19 also dropped when they were added during
egg stage (~30% reduction). Comparable observations
were obtained with 1, 4, and 13 (Figure 1, panel ¢).

We then compared the activity of 19 with that of 5 us-
ing two-color image analysis. A 200-fold excess of 5 to
19 was required to obtain comparable emission. After
exposure of adult worms for 1 h, both 5 and 19 were ob-
served within the buccal cavity cuticle, procorpus, pha-
ryngeal sieve, isthmus, and grinder of the pharynx
(Figure 2, panel i). However, the more active ascaroside
19 was also observed within an amphid intermediate
neuron (AIN) on the right side of the Int1 cell.

We continued these studies by conducting time
course imaging to identify other neurons that were tar-
geted by compound 19. Within 10 min of exposure, as-
caroside 19 was observed in neurons at the anterior of
the terminal bulb of the pharynx (Figure 2, panel j). Un-
fortunately after screening concentration, time, and fixa-
tion methods, we were not able to obtain sufficient reso-
lution to assign the localization to a single neuron. We
were also not able to resolve these cells using confocal
or two-photon microscopy. This lack of resolution sug-
gested that 19 moved between several neurons within
this region. By analysis of the image in Figure 2, panel j,
one can see multiple regions of intensity for both left
and right axes. This observation makes anatomical
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sense because the neurons shown to be involved in ac-
tivating dauer state, ADF, ASG, ASI, and AS], are found
within these bilaterally symmetric areas. In addition, at-
tempts at identifying the position of these neurons by
costaining with fluorescent dyes (i.e., DIL) also lacked
resolution suggesting that the activity of 19 somehow al-
tered the transport of DIL as compared with that in un-
treated wild-type organisms (not shown). Further, at-
tempts to identify the position of the neurons by
comparison with differential interference contrast (DIC)
phase contrast images was also complicated due the
diffuse nature of the fluorescent region about the am-
phid neurons (AN in Figure 2, panel j). While correlation
between the more active analog 19 appearing in am-
phid neurons and pharynx and the less active 4 and 5
appearing only in the pharynx was suggestive that the
more extensive localization of analog 19 was related to
additional sensory transitions; the inability to obtain
higher resolution prevented us from providing a com-
plete description of the neuronal transport of 19.

We then validated that 1 and 18 share common tar-
gets by conducting competition experiments. The treat-
ment of adult worms with 18 blocked the subsequent
uptake of both 4 (Figure 2, panel k) and 19 (Figure 2,
panel |) indicating that these materials did in fact share
a common mechanism of initial localization. Compa-
rable experiments were conducted on daumone 1 and
apigenin 14. While complicated by solubility issues,

5 M apigenin 14 reduced the uptake in the pharynx
of 1 WM 13 or 1 pM 5 by 25% =+ 5% or 32% = 6%, re-
spectively. These values were obtained by comparing
the average fluorescence intensity observed in the phar-

www.acschemicalbiology.org
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Figure 2. Histological localization of fluorescent natural product analogs in live wild-type adult C. elegans variety Bristol strain N2. a) Daumone ana-
logs 4 (red) and 5 (green) colocalize in adult C. elegans as given by appearance of yellow from the mixing of red and green. Both b) 4 and c) 5 con-
centrated within buccal cavity cuticle (bcc), procorpus (p), isthmus (i), pharyngeal sieve (ps), and grinder (g) of the cuticle of the pharynx and the
first intestinal cell (Int1). Control experiments as given by the treatment of adult worms with d) solvent or e) compound 12 followed by washing
with media returned worms with only autofluorescent cells within the gut (af) and the first intestinal cell (Int1). f) Apigenin analog 13 also localizes
within the cuticle of the pharynx (bcc, p, ps, i, and g) and the first intestinal cell (Int1). g) The two toxic probes 16 and 17 do not target the cuticle
of the pharynx with uptake apparent throughout the majority of the worm and modest concentration within the gonad (go) and basal lamina (bl) of
the pharynx. h) The localization of amphotericin analog 17 was comparable to that of 16 bearing a similar dispersion throughout the worm and
modest concentration in the gonad (go) and basal lamina (bl) of the pharynx. i) Blue fluorescent 19 (false colored in red) and green fluorescent dau-
mone 5 (in green) colocalize within the cuticle of the pharynx. The more active ascaroside 19 is also observed in an amphid intermediate neuron
(AINR) on the right side of the worm. j) When treated for a shorter period of 10 min, ascaroside 19 is observed within both right and left amphid
neurons (ANR and ANL) near the posterior to the terminal bulb of pharynx and grinder (g). Pretreatment of worms with 18 blocks the uptake of both
k) 5 and [) 19. Images were collected after treating adult worms with ascribed compound in M9 media for 1 h and were then washing with M9 me-
dia to clear each probe from the digestive track, unless noted otherwise. Blue fluorescence was collected by excitation at 377 = 50 nm and emis-
sion at 447 = 60 nm. Green fluorescence was collected by excitation at 500 + 24 nm and emission at 542 + 27 nm.

ynx in images of worms (35—50 worms used per data rodites have passed the window to enter dauer state).
point) that were pretreated with 14 to that in images of Initially, our goal was to develop a detailed temporal

untreated worms. and spatial picture of the transport of the dauer-

Life Cycle Analyses Support the Metabolite inducing probes as L1 worms entered the dauer state.
Interplay between Neuronal and Pharyngeal After beginning our analyses, we soon realized that
Structures. Because of the lack of resolution of the the transport of the fluorescent dauer probes 4, 5, 13,

neuronal uptake of 19, we turned our attention to ex-  and 19 was far more complex than that arising from
amining the transport of these molecules through the  examining a single state change. We therefore ex-
more relevant dauer states (note that adult hermaph-  panded the scope of our study to examine the trans-
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Figure 3. Life cycle analysis. a) Embryos treated with 25 uM 4 in M9 media. b) A worm hatching after being treated with 25 pM 4 in M9 media dur-
ing embryogenesis. This worm grows into c) a dauer worm and exits dauer as d) an L4 worm. e) Embryos treated with 50 uM 5 in M9 media. f) A
worm hatched in 50 .M 5 in M9 media after being treated during embryogenesis with 25 pM 4 in M9 media. This worm grows into g) a dauer state
and exits dauer as h) an L4 worm. i) Embryos treated with 50 M 13 in M9 media. j) A worm treated with 50 .M 13 in M9 in L1 progresses into k)
a dauer state and exits as [) an L4 worm. m) Embryos treated with 10 uM 19 in M9 media. n) A worm treated with 10 uM 19 in M9 in L1 enters into
0) a dauer state and exits as p) anL4 worm. q) Embryos treated with 50 M control 12 in M9 media. r) A worm treated with 50 .M of control 12 in
M9 in L1 enters into s) a dauer state and exits as t) an L4 worm. Unless otherwise noted, the worm in panels b—d, f—g, j—|, n—o, and r—t were
treated at L1 with the ascribed compound in M9 media, washed three times with an equivalent volume of M9 media, and then transported to M9
agar for entry into the dauer state and subsequent return to L4. Blue fluorescence was collected by excitation at 377 = 50 nm and emission at 447
=+ 60 nm, and green was collected by excitation at 500 = 24 nm and emission at 542 + 27 nm. Abbreviations: af, autofluorescent gut cells; bcc,
buccal cavity cuticle; g, grinder; i, isthmus; Int1, first intestinal cell; ld, lipid droplets; n1—n6, neurons; p, procorpus; ps, pharyngeal sieve; pc,
posterior cell.

port phenomena from the egg to dauer states fol- panel i) were readily apparent in developing larvae
lowed by their re-entry as L4 larvae and growth into within the eggs, while the green fluorescent 5 (Figure 3,
adult hermaphrodites. panel e) and control 12 (Figure 3, panel ) were not. Sur-
Using eggs collected from adult hermaphrodites, prisingly, this uptake was targeted to specific cells
we observed that blue fluorescent probes 4 (Figure 3,  within the anterior of the developing embryo. After treat-
panel a), 13 (Figure 3, panel m), and 19 (Figure 3, ment at the egg stage with 4, fluorescence was also ob-
VOL.3 NO.5 + 294-304 + 2008 BAIGA ET AL. www.acschemicalbiology.org



2.5mM FITC 50 uM 4 then 2.5 mM FITC 75 nM 19 then 2.5 mM FITC

f g h

2.5 mM FITC then 50 uM 4 2.5 mM FITC then 50 uM 13 2.5 mM FITC then 75 nM 19

50 uM 13 then 2.5 mM FITC

2.5 mM FITC then 50 uM 1

Figure 4. Dauer-inducing natural products block the staining of amphid neurons. a) The uptake of FITC in an adult hermaphrodite. Two-color images
indicate that treatment of worms with b) 4, c) 13, or d) 19 blocks the uptake of FITC. Worms treated first with FITC and then with e) 1, f) 4, g) 13, or
h) 19 are not capable of expelling FITC from their amphid neurons. Blue fluorescence was collected by excitation at 377 = 50 nm and emission at

447 + 60 nm, and green was collected by excitation at 500 + 24 nm and emission at 542 = 27 nm.

served during hatching in the pharynx and in specific
cells at the posterior (pc) of the worm (Figure 3, panel b).
Comparable localization within these cells was also ob-
served when worms were treated with 13 and 19. These
posterior cells remained fluorescent only for a brief
time after hatching, as the L1 worms that developed af-
ter treatment with 4 during embryogenesis (Figure 3,
panel f) no longer displayed fluorescence in these
cells.

We also determined that probe localization in L1
worms that were treated during embryogenesis was
identical to that in worms treated after entry into L1
stage using two-color analysis. Embryos were treated
with blue fluorescent 4 until just prior to hatching,
washed three times with media, and transferred into
media containing 5 (Figure 3, panel f). Because 5 was
shown not to cross into the egg (Figure 3, panel e), the
presence of green fluorescence in hatched worms was
suggestive of uptake after hatching, and blue fluores-
cence was indicative of uptake during the egg stage.
Other than the obvious enhancement of 5 in the intesti-
nal track, the localization of 4 and 5 fluorescence as
given by the formation of yellow (Figure 3, panel f) was
identical, thereby confirming that comparable uptake
occurred prior to and after hatching.

www.acschemicalbiology.org

Next, we tracked the localization of probes as worms
transitioned into the dauer diapause. At the completion
of L1, worms failed to cross into the L2 stage as 4, 5,
13, and 19 induced diapause. After reaching the dauer
state, fluorescence from 4, 5, and 13 appeared in lipid
droplets (as assigned by comparison with DIC micros-
copy) within the intestine in worms treated with 4
(Figure 1, panel ¢), 5 (Figure 3, panel k), 13 (Figure 3,
panel 0), and 19 (not shown). The position of these lipid
droplets can also be compared with the autofluores-
cent cells in control 12 (Figure 3, panel s). The more ac-
tive 19, however, also resulted in significant localization
in the cuticle of the pharynx and in neurons posterior
to the grinder (n1 and n2 in Figure 3, panel k). Similar lo-
calization of the apigenin analog 13 was also observed
in the pharyngeal cuticle (Figure 3, panel o).

We then evaluated worms as they exited the dauer di-
apause. Because the worms were treated with the corre-
sponding probe prior to entry into the dauer stage, any
fluorescence observed at this stage arose from probe
that was previously acquired and stored throughout the
dauer process. Remarkably, fluorescence from 4
(Figure 3, panel d), 5 (Figure 3, panel h), and 13
(Figure 3, panel [) was retained in the cuticle of the phar-
ynx after exit from the dauer state. This observation
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was in agreement with the localization of these probes
when presented to L4 stage worms (not shown) or dur-
ing the adult stage (Figure 2). The localization of the
more potent analog 19 also appeared within neurons
(n3—né in Figure 3, panel |) of the L4 stage worm. While
the function and role of this response is not under-
stood at this time, the suggestion that worms also sense
their internally stored natural products well after exit
from the dauer state may be indicative of a unique
mechanism of transit and secondary signaling.

Blockage of Neuronal Dye Uptake. Intrigued by this
observation, we returned to adults to evaluate the role
that the dauer-inducing probes played in regulating neu-
ronal sensing. We applied the Hedgecock staining
method (22) to address the lack of localization of 4, 5,
and 13 within amphid neurons (see also ref 8). In this
method, fluorescein isothiocyanate (FITC) stains six
pairs of amphid sensory neurons (Figure 4, panel a).
Strikingly, the addition of 1, 4, 5, 13, 14, 18, and 19
blocked the uptake of FITC into the amphid neurons in
a dose-dependent manner. From two-color imaging, the
addition of 4 (Figure 4, panel b), 13 (Figure 4, panel ),
or 19 (Figure 4, panel d) caused marked restriction of
FITC to the buccal cavity cuticle. This was accompanied
by substantial decreases in the localization of 4 and 13
in the pharyngeal sieve, grinder, and isthmus when
compared with worms treated with FITC alone (Figure 4,
panel a). The fact that 4 and 13 were not observed in the
buccal cavity cuticle suggests that interactions in the
pharyngeal cuticle regulate FITC uptake.

We then investigated the role of the probes in flush-
ing FITC from the neurons. Worms were first treated with
FITC and then probes 1 (Figure 4, panel e), 4 (Figure 4,
panel ), 13 (Figure 4, panel ), and 19 (Figure 4, panel €)
failed to clear FITC from amphid neurons. Together,
these observations indicate that the blockage in FITC up-
take arose from events triggered by the uptake of a
dauer-inducing natural product. This suggestion is not
a new observation (see ref 8), as occlusion has been
noted in number of dauer-defective mutants including
daf-6, daf-10, and daf-19 (21-23). While we have yet to
define a direct connection between the uptake of dauer-
inducing natural products, contact with their receptors,
and subsequent signal transduction networks, the FITC
uptake blocking experiments demonstrate that 4, 5, 13,
and 19 generate responses common to genetic
phenotypes.
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To summarize, we have shown that daumone 1 and
the corresponding fluorescent analogs 4 and 5 induce
dauer formation. Similar activity was also observed for
apigenin 14 and a fluorescent apigenin analog 15. We
also confirmed that the recently identified ascaroside 18
is considerably more active than daumone (1) and have
prepared a more active fluorescent analog 19 thereof.

Histological analyses in live C. elegans indicate that
daumone (1), apigenin (13), and ascaroside 18 concen-
trate in the cuticle of the pharynx in worms prior to
dauer entry and in adults. This localized material is
then transited to amphid neurons as a signal for dauer
entry. The imaging of the latter process was only pos-
sible for the more active probe 19. Life cycle studies in-
dicate that 19 is stored in lipid cells during the dauer
state and released into the cuticle and amphid neurons
upon exit into the L4 stage. Moreover, we also ob-
served that several of the dauer-inducing materials
(e.g., 4, 13, and 19) were able to cross the egg mem-
brane and enter developing larvae. This transport event
was also effective in leading subsequent worms into
dauer development. This transition occurred both be-
fore and after egg laying suggesting that dauer induc-
tion can be communicated from adults to their progeny.
While further studies are needed to complete a de-
tailed understanding of the mechanisms regarding the
targeting of dauer-inducing probes during embryogen-
esis, the fact that shared localization of 4, 13, and 19
was observed in specific cells within the head of the em-
bryo suggests that these materials also serve as devel-
opmental regulators.

In addition, the phenotypic mimicry of the plant-
derived flavone 13 and its associated fluorescent probe
14 hints at other yet to be identified dauer-inducing mol-
ecules in the environmental niche of C. elegans. More-
over, the likely role of these natural compounds in medi-
ating complex interspecies ecological interactions
suggests the probable existence of intricate evolutionary
processes affecting the tuning of biosynthesis in one spe-
cies and signaling in another. In the specific laboratory
setting examined here, the two classes of dauer-inducing
natural products studied, ascarosides 4 and 19 and fla-
vone 13, were taken up and processed in a similar man-
ner within the worm, while other non-dauer-inducing
natural products such as 16 and 17 were taken up and lo-
calized using different mechanisms. These comparative
observations suggest that a unique process exists for
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dauer entry that involves absorption in the cuticle of the
pharynx followed by transit to amphid neurons. Studies
are now underway to link these images to subsequent
physiological events leading to receptor modulation. In

particular, current foci seek to understand why the lack
of neuronal transfer (FITC uptake) occurs both in dauer-
defective mutants and worms already induced by small
molecules to enter the dauer state.

METHODS

General Synthetic Methods. Synthetic procedures and copies
of NMR spectra for each material described are provided within
the Supporting Information.

C. elegans Protocols. C. elegans Bristol variety, strain N2,
were grown on nematode growth media (NGM) agar plates with
E. coli (OP50) as a food source under standard uncrowded and
well-fed conditions at 20 °C unless otherwise stated.

Dauer Formation Assays. Adult worms were placed on a plate
containing 3 mL of NGM agar and incubated at 20 °C for 4—

6 h. After incubation, adult worms were removed, and the eggs
or L1-staged progeny were collected by centrifugation after sus-
pension of the agarin 5 mL of M9 media. Eggs or L1 stage worms
were then resuspended in 190 pL of M9 media in a 96 well
plate and treated with a 10 uL solution of the desired com-
pound (1, 4, 5, 14, or 15) suspended in 50% (v/v) aqueous
DMSO or 50% (v/v) aqueous ethanol. After incubation for 4 h
at 23 °C, the solution was transferred to a 1 mL NGM agar plate,
and the eggs or L1-stage larvae were then incubated for 52—
72 h at 23 °C. The number of eggs or larvae was counted be-
fore and after incubation. A 1% (w/v) aqueous SDS solution
(1.0 mL) was added to the plate, and the surviving worms were
counted as dauer larvae.

Uptake Studies. Worms were gathered from plates by soak-
ing 3 mL of agar in 10 mL of M9 media. Worms were collected
by settling or by centrifugation at 1200 rpm (~450g force) for
2—3 min. In a 96 well plate, ~250 worms in 200 pL of M9 me-
dia were treated with a 20X solution of the fluorescent materi-
als described in Figures 1 and 2 dissolved in 20—50% (v/v)
aqueous DMSO. After incubation for 1 h, the solution was di-
luted into a tube containing 1 mL of chilled M9 media and incu-
bated for 20 min. The worms were collected by centrifugation,
the media was removed, and the process was repeated three
times to clear materials from the intestine. Worms were immobi-
lized by the addition of 0.5 M NaN, and mounted on a glass
slide. Images were collected on a Nikon TE2000 microscope.
Blue fluorescence was collected by excitation at 377 = 50 nm
and emission 447 = 60 nm. Green fluorescence was collected
by excitation at 500 = 24 nm and emission 542 = 27 nm. Red
fluorescence was collected by excitation at 543 * 22 nm and
emission at 593 = 40 nm. Images were accrued in grayscale and
colored during subsequent image processing with Photoshop
(Adobe) or Image] (NIH) (24).

FITC Uptake Studies. Worms were gathered from plates by
soaking 3 mL of agar in 10 mL of M9 media. Worms were col-
lected by settling or by centrifugation at 1200 rpm (~450g force)
for 2—3 min. In a 96 well plate, ~250 worms in 200 pL of M9
media were treated with 10 pL of 500 wM 1, 4, 5, or 13 in 50%
(v/v) aqueous DMSO. Due to insolubility problems, treatment
with 14 required a lower concentration by treatment of
200—300 worms in 20 pL of M9 media with 190 pL of 5 pM
14 in 10% (v/v) aqueous DMSO. After incubation for 1 h, 20 uL
of a 25 mM solution of FITC in water was added. The worms
were incubated for 4 h and then immobilized by the addition
of 0.5 M NaN;, mounted on a glass slide, and imaged. Images
were collected on a Nikon TE2000 microscope. Blue fluores-
cence was collected by excitation at 377 = 50 nm and emis-
sion 447 * 60 nm. Green fluorescence was collected by excita-
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tion at 500 * 24 nm and emission 542 * 27 nm. Images were
accrued in grayscale and colored during subsequent image
processing.
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