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Summary

We describe ten polyene analogs of farnesol, typified
by 3,7,11-trimethyl-2,4,6,8,10-dodecapentenaldehyde
oxime, which preserve the length, cross-section, and
approximate hydrophobicity of farnesol. Four of the
ten display strong quorum-sensing activity in the hu-
man pathogen Candida albicans, with IC5, values for
inhibition of germ-tube formation as low as 10 pM.
The polyenes display absorption maxima between
320 and 380 nm, with the extinction coefficients for
the oximes approaching 100,000. All but two of the
analogs are fluorescent, with excitation maxima vary-
ing over the range of 320-370 nm. Oxime anti-4, which
can undergo fluorescence excitation at wavelengths
beyond 400 nm, is demonstrated to be useful for con-
focal fluorescence microscopic imaging of fungal
cells. The farnesol analogs are also expected to be
useful for detection of farnesol binding proteins and
in determination of farnesol pharmacokinetics.

Introduction

We have been investigating the basis for quorum sens-
ing in Candida albicans, an important human pathogen.
Quorum sensing involves accumulation of a secreted
quorum-sensing molecule (QSM) to a concentration
sufficient to elicit a response from the producing cells.
In the case of C. albicans, the first eukaryotic organism
shown to engage in quorum sensing, the accumulation
of the sesquiterpene farnesol blocks the morphological
shift from yeast to mycelia, eliminating germ-tube for-
mation [1]. We became interested in following the pro-
cess of QSM uptake and localization with fluorescence
spectroscopy and microscopy. Fluorophore-containing
analogs have been used to study ligand interactions for
undecaprenyl pyrophosphate [2], and Kim et al. dem-
onstrated uptake of farnesyl pyrophosphate analogs
incorporating anthranylate or dansyl fluorophores by
leukemia cells [3]. However, the results of our investiga-
tions of the relationship between structure and QSM
activity in forty synthetic and natural farnesol analogs
suggested that any attempt to incorporate a typical flu-
orescent reporter would preclude binding to a farnesol
receptor or binding protein [4]. In approaching this
problem, we were inspired by the example of the pari-
naric acids. These fluorescent fatty acid natural prod-
ucts contain a conjugated tetraene subunit with ab-
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sorption and emission maxima near 300 and 410 nm,
respectively, and have been applied as fluorescent
membrane probes [5]. Prestwich and coworkers re-
ported a conjugated pentaene based upon geranyl-
geranyl pyrophosphate that exhibited absorption and
emission near 360 and 450 nm, respectively [6]. During
the course of our studies, the same group reported a
pentaene analog (E-3) of farnesol featuring similar pho-
tophysical properties [7]; a separate group has recently
reported pentaene analogs of lipids [8]. However, fun-
gal cells often display significant emission upon excita-
tion in the 320-380 nm range; this autofluorescence in-
terferes with the use of fluorescent probes [9, 10].
Accordingly, we set out to develop a series of farnesol
analogs that would preserve the approximate length,
cross-section, and hydrophobicity of farnesol while ex-
tending fluorescence excitation to wavelengths beyond
380 nm. We now report the synthesis and photophysi-
cal properties of a series of fluorescent farnesol ana-
logs that combine a polar head group with a pentaene
backbone and that undergo fluorescent excitation at
wavelengths beyond 400 nm (Figure 1).

Results and Discussion

Fluorescent Farnesol Analogs

The head groups include an ester, aldehyde, alcohol,
oxime, and carboxylic acid (Figure 1); synthetic pro-
cedures and spectral characterization are included in
the Supplemental Data available with this article online.
The photophysical and biological properties of selected
probes are summarized in Table 1. With the exception
of the two esters (E-1 and Z-1), the probes were fluo-
rescent.

Most of the probes have excitation maxima at or be-
low 360 nm. However, oxime anti-4 features maxima at
362 and 382 nm with excitation extending beyond 400
nm, an important spectral range for confocal fluores-
cence microscopy; fluorescence spectra for anti-4 and
most of the other new compounds are provided in the
Supplemental Data available with this article online.

Biological Activity

Our report of quorum sensing in C. albicans was the
first such example reported for fungi [1]. C. albicans
cells excrete farnesol continuously. When the accumu-
lated farnesol exceeds a threshold value, it causes the
cells to grow in the yeast rather than the mycelia mor-
phology, as evidenced by a lack of germ-tube forma-
tion. For E,E-farnesol, a concentration of 1.2 uM results
in a 50% reduction in the fraction of cells exhibiting a
mycelial morphology. At levels up to 300 uM, accumu-
lated or added farnesol alters only cell morphology not
growth rate [1]. Thus, active farnesol analogs prevent
mycelia growth, causing the cells to instead grow as
yeasts. All ten pentaenes from the current study were
compared with farnesol for the ability to inhibit germ-
tube formation in C. albicans; values for the aldehydes
(E-2, Z-2), alcohols (E-3, Z-3), and E-oximes (syn-4, anti-4)
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Figure 1. Farnesol and Fluorescent Analogs

are illustrated in Table 1 (the ICs, values for E-1, Z-1, E-5,
and Z-5 are not shown but were found to be >100 pM).
Four of the fluorescent probes are active in quorum-
sensing assays (Table 1) with two, alcohol E-3 and
oxime anti-4, possessing greater activity than 4-thia-
2,3-dihydrofarnesol, the most potent synthetic lead
identified in our earlier study of forty farnesol analogs
[4]. These results demonstrate that the fluorescent
probes possess sufficient solubility and stability to be
accessible to C. albicans cells and, once there, interact
strongly with the receptors or binding proteins respon-
sible for fungal quorum sensing. The relative activity of
the probes is in agreement with trends observed in the
earlier studies in which the most potent quorum-sens-
ing activity was displayed by primary alcohols possess-
ing similar length and cross-section as farnesol. In the
current study, the active analogs feature a weakly
acidic head group (alcohols E-3 or Z-3; oximes syn-4
and anti-4). The earlier studies demonstrated that sig-
nificant modifications of the farnesyl backbone led to
dramatic reductions in quorum-sensing activity, and the
biological activity of the alcohols and oximes validates
the decision to embed the fluorophore within the hy-
drophobic backbone [4]. In the earlier work, farnesoic

Figure 2. C. albicans Stained with Fluorescent Oxime

Left: fluorescence microscopy (405 nm excitation) of a C. albicans
cell (approximately 4.2 x 3.2 um in size) stained with anti-4. Right:
differential interference contrast image of the same cell.

acid, farnesaldehyde, and methyl farnesoate possess
only 3.3%, 0.4%, and 0.1%, respectively, of the quo-
rum-sensing activity [4] of farnesol. It was, therefore,
not entirely surprising to find minimal activity (IC5o >
100 uM) for the pentaene acids (5), esters (1), or alde-
hydes (2). Although it is natural to assume a correlation
between reduced QSM and weaker interactions with a
receptor or binding protein, it is important to note that
the lower activity could also reflect reduced analog
availability resulting from inability to enter cells, se-
questration by another protein or binding agent, or en-
zymatic modification.

To demonstrate the effectiveness of these fluores-
cent analogs in fungal cell biology, we observed C. albi-
cans A72 cells that had been stained with anti-oxime
4 by fluorescence microscopy (405 nm excitation) and
differential-interference-contrast microscopy (Figure 2).
Both the cytoplasmic and nuclear membranes are
stained, and there appears to be a significant nuclear
localization of the fluorescent analog. The latter obser-
vation may be significant; in mammalian cells, the Far-
nesol X receptor (FXR) is a nuclear receptor involved in
the regulation of sterol and bile acid metabolism [11].

Significance

Farnesol is a recently discovered regulatory molecule
in fungal biology. In addition to acting as a QSM in
C. albicans [1], farnesol alters circadian rhythms in
Neurospora crassa [12] and triggers apoptosis in As-
pergillus nidulans (S. Harris, personal communica-
tion). In none of these cases is there an understand-
ing of the molecular basis for signaling/regulation,
and the availability of fluorescent analogs may help

Table 1. Photophysical and Biological Properties of Selected Analogs

Compound uva Fluorescence® Bioactivity
A (e) A () ICs0 (1M)°

E-2 384 (2.4 x 10%) 321 (6 x 107%); 336 (4 x 1074); 353 (3 x 107%) >100

Z-2 392 (2.9 x 10%) 321 (4 x 1074); 336 (4 x 107%); 353 (2 x 1074) >100

E-3[7] 321 (2.0 x 10%), 336 (2.8 x 10%), 353 (2.6 x 10%) 321, 336, 353 (1 x 1072) 10

Z-3 323 (4.5 x 10%), 338 (6.8 x 10%), 356 (6.3 x 10%) 323 (4 x 1073); 338 (3 x 1073); 356 (4 x 1079) 50

syn-4 368 (6.0 x 10%), 389 (5.2 x 10%) 368, 389 (2 x 1079) 25

anti-4 345 (6.4 x 10%), 363 (9.6 x 10%), 382 (9.1 x 10%) 345, 363, 382 (1 x 1079) 10

Farnesol [4] - - 1.2

4-thia-2,3-dihydrofarnesol [4] - 16

2Wavelengths in nm.

b Concentration resulting in 50% reduction of germ-tube formation in C. albicans.
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to elucidate farnesol’s mode of action. The incorpora-
tion of a conjugated system containing both a pen-
taene and a carbonyl or oxime head group extends
the absorption spectra to beyond 400 nm, minimizing
autofluorescence of the fungal cells and facilitating
applications in confocal microscopy. The analogs,
which achieve useful fluorescence while preserving
much of the length, shape, and hydrophobicity of far-
nesol, are expected to effectively mimic interactions
of farnesol with binding or transport proteins. For
C. albicans, in which the mode of farnesol’s activity
as a QSM remains unknown, the biologically active
fluorescent analogs provide a means of identifying pre-
sumptive farnesol targets or farnesol binding proteins
as well as any subcellular or organellar localization of
exogenous farnesol. C. albicans is the most important
fungal pathogen of humans. Studies of the ability of
farnesol to control fungal morphology have until now
been conducted in vitro. However, in mammalian sys-
tems, the secretion of farnesol by C. albicans may
contribute to pathogenesis by acting as a virulence
factor or virulence determinant. The fluorescent far-
nesol analogs described above may help identify
mammalian targets of secreted farnesol and, if the
metabolic fates of farnesol and the fluorescent farne-
sol analogs are at all comparable, may be useful in
monitoring the pharmacokinetics of exogenous farne-
sol. In conclusion, we have developed a class of far-
nesol analogs that achieve useful fluorescence prop-
erties while maintaining the core sesquiterpene struc-
ture. Application of these analogs to investigation of
quorum sensing is currently in progress and will be
reported separately.

Experimental Procedures

Standard procedures and methods for bioassay of QSM activity
have been described elsewhere [1, 4]. Briefly, bioassays were per-
formed in 25 ml flasks in a pH 6.5 medium consisting of 11 mM
imidazole, 3 mM MgSO,, and 2.6 mM N-acetyl-D-glucosamine.

For microscopy, C. albicans A72 was inoculated into the same
medium in the presence of 50 uM of the anti-oxime farnesol analog
(anti-4) taken from a freshly prepared stock (4.3 mM in methanol).
The cells were shaken at 250 rpm in a New Brunswick Scientific
G2 shaker for 4 hr at 37°C. For fluorescence microscopy, the cells
were washed three times in 50 mM potassium phosphate buffer
(pH 6.5) and observed with an Olympus FluorView FV500 micro-
scope with the 100x lens with oil immersion. Synthetic procedures
and characterization data for new compounds are included in the
Supplemental Data.

Supplemental Data

Supplemental Data include Supplemental Experimental Proce-
dures, spectral characterization for new compounds, and refer-
ences for preparation of known compounds and can be found with
this article online at http://www.chembiol.com/cgi/content/full/12/
6/639/DC1/.
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