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ABSTRACT: Photoswitchable lipids have emerged as attractive
tools for the optical control of lipid bioactivity, metabolism, and
biophysical properties. Their design is typically based on the
incorporation of an azobenzene photoswitch into the hydrophobic
lipid tail, which can be switched between its trans- and cis-form Q H '
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using two different wavelengths of light. While glycero- and
sphingolipids have been successfully designed to be photo-
switchable, isoprenoid lipids have not yet been investigated.
Herein, we describe the development of photoswitchable analogs
of an isoprenoid lipid and systematically assess their potential for N O\JQ/\OJ:_O,,_O-
the optical control of various steps in the isoprenylation processing \©/ ¢

pathway of CaaX proteins in Saccharomyces cerevisiage. One
photoswitchable analog of farnesyl diphosphate (AzoFPP-1)
allowed effective optical control of substrate prenylation by farnesyltransferase. The subsequent steps of isoprenylation processing
(proteolysis by either Ste24 or Rcel and carboxyl methylation by Stel4) were less affected by photoisomerization of the group
introduced into the lipid moiety of the substrate a-factor, a mating pheromone from yeast. We assessed both proteolysis and
methylation of the a-factor analogs in vitro and the bioactivity of a fully processed a-factor analog containing the photoswitch,
exogenously added to cognate yeast cells. Combined, these data describe the first successful conversion of an isoprenoid lipid into a
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photolipid and suggest the utility of this approach for the optical control of protein prenylation.

Bl INTRODUCTION

Approximately 10—20% of all mammalian proteins are thought
to undergo protein lipidation." Among the most common
types of posttranslational modifications are fatty acylation and
isoprenylation.” The latter consists of the attachment of an
isoprenoid lipid with 3 isoprene repeats (farnesylation, 1S
carbons) or 4 isoprene repeats (geranylgeranylation, 20
carbons) by either protein farnesyltransferase (FTase), or
types 1, 2, or 3 geranylgeranyltransferase (GGTase I, 11, or III)
to specific protein substrates. These groups are linked via a
thioether bond to one or two cysteine residues positioned near
the C-terminus of a target protein.” This step is followed by
removal of a C-terminal tripeptide sequence by either Ste24 or
Ras converting CAAX endopeptidase 1 (RCE1) enzymes,”
and finally methylation of the newly exposed carboxyl cysteine
by protein-S-isoprenylcysteine O-methyltransferase (ICMT).®
Combined, these modifications generate the functional or
active states of the lipidated protein through modulation of its
cellular localization or protein—protein interactions.”

Several chemical probes have been developed to study and
inhibit protein isoprenylation as a means to disrupt the
processing of CaaX proteins implicated in disease pathways.®
Farnesyltransferase inhibitors (FTIs) have been explored in
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several trials for cancer therapy’ and have recently been
approved for the treatment of hepatitis D virus infections,
progeria, and progeroid laminopathies.'” To allow for
improved spatiotemporal control of protein farnesylation, we
have previously synthesized FTIs with photocleavable
protecting groups that enable the UV-A light-triggered
activation of these caged molecules."! However, this light-
induced inhibition of farnesyltransferase (FTase) is an indirect
method to control the function of isoprenylated proteins, and
it does not allow for reversibility or activation of the process.
We envisioned that reversible control of the structure of the
isoprenoid lipid and, in turn, its function could be achieved
through the incorporation of a reversibly photoswitchable
moiety, such as a hydrophobic azobenzene, into an isoprenoid
substrate.
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In recent years, this approach has been extensively explored
for photoswitchable sphingolipids and glycerolipids.'” These
photolipids have been used to control biological targets of
signaling lipids, including GPCRs,"*™" jon channels,'*™"*
enzymes,'”~>* nuclear hormone receptors,”>** and immunor-
eceptors,” and as a means to control membrane biophysics in
model membranes’®™** and cells.”” However, to date, this
approach has not been extended to other important classes of
lipids, such as steroids or isoprenoids. The development of
photoswitchable isoprenoid lipids was further motivated by
previously reported arene-rich analogs that proved to be
efficient substrates for FTase (Figure 1A).”" These included a
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Figure 1. Design of photoswitchable FPP analogs and optical probing
of prenylation processing. (A) “Azologization” of FPP and arene-rich
analog. (B) Schematic illustration of protein farnesylation and
subsequent processing. (C) Schematic representation of optical
probing of peptide prenylation and processing with photoswitchable
FPP analogs.

benzyl phenyl ether, which is a structural isostere (“azos-
tere”"*?) of azobenzenes. Photoswitchable analogs could, in
principle, allow for optical control of substrate prenylation,
processing, and bioactivity (Figure 1B). Herein, we systemati-
cally explore the use of photoswitchable farnesyl diphosphate
(FPP) analogs, termed AzoFPPs, for the optical control of
protein isoprenylation, the subsequent processing of isopreny-
lated peptides, and the bioactivity of a prenylated fully
processed, bioactive peptide (Figure 1C). Each enzymatic
step in the CaaX pathway was explored with a peptide
substrate in either the trans- or cis-forms to probe the relative
sensitivity of lipid structure to the protein isoprenylation
processing steps. Lastly, the bioactivity of the mature, fully
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processed peptide a-factor containing the photoswitchable
lipid moiety was assessed using a yeast growth arrest assay. Our
results suggest that AzoFPPs enable optical control of the
isoprenylation step catalyzed by FTases without significantly
affecting subsequent processing steps.

B RESULTS AND DISCUSSION

Design, Synthesis, and Photophysical Character-
ization of Photoswitchable FPP Analogs. Initially, two
photoswitchable analogs of FPP (Figure 2A) were designed
and synthesized (see Figure S1 for the synthetic routes). The
first analog, AzoFPP-1, was based on directly incorporating an
azobenzene into an isoprenoid-like allylic scaffold. The second
analog, AzoFPP-2, was inspired by a previously reported aryl-
FPP derivative developed by Spielmann et al. that showed
better steady-state kinetic parameters for isoprenylating an H-
Ras sequence compared with FPP, the physiological
substrate.”” This aryl-FPP analog allowed for straightforward
azologization’"*” to obtain a photoswitchable analog. Briefly,
3-hydroxy azobenzene (2) was coupled to a prenol-derived
alcohol (1) via a Mitsunobu reaction, followed by
deprotection, which was then transformed into a chloride
under Appel conditions.” This allowed for the introduction of
the diphosphate functionality into 4. Ion exchange chromatog-
raphy and further purification gave AzoFPP-1 (5). The
azobenzene precursor 6 for AzoFPP-2 (7) was generated
under Baeyer—Mills conditions®*** followed by a similar
reaction sequence to yield the diphosphate (Figure 2A). UV—
vis spectroscopy showed that AzoFPP-1 behaved similarly to
an unsubstituted azobenzene (Figure 2B). Isomerization from
the thermodynamically favored trans-configuration to the cis-
form was triggered with UV irradiation (1 = 365 nm), as
evidenced by monitoring via reversed-phase HPLC (Figure
S2). This process was reversible using blue light (4 = 460 nm)
over multiple cycles (Figure 2C). Both compounds underwent
slow thermal relaxation to the trans-isomer with ¢;,, = 25 h for
AzoFPP-1 and t;/, = 29 h for Azo-FPP-2, measured in PBS
buffer at 37 °C.

Optical Control of Peptide Farnesylation. Molecular
docking studies of the photoswitchable FPP analogs into the
structure of Rattus norvegicus FTase (rFTase, PDB 1JCR)
suggested that the trans isomer of the analogs would be
accepted by the enzyme better than the cis isomer. Notably, we
found that trans-AzoFPP-1 (Figure 2E) exhibited a similar
binding pose relative to the peptide substrate compared to
endogenous FPP (Figure 2D), while cis-AzoFPP-1 exhibited
some visible steric clash with leucine of the substrate peptide
CVLS, suggesting that this photoisomer may be a less effective
substrate for transfer by interfering with the binding of the
peptide substrate, the second step in the kinetic mechanism of
the enzyme after farnesyl diphosphate (FPP) binding.**~**

Based on these promising docking results, the in vitro
farnesylation of a model peptide (8a) with AzoFPP-1 by yeast
farnesyltransferase (yFTase) was explored (Figure 3A, B). The
model peptide contained a dansyl fluorophore (4., = 335 nm;
Aem = 518 nm) for visualization, an RAG sequence to increase
solubility and ionization in mass spectrometry, and a CVIA
sequence derived from the precursor to the prenylated yeast
mating pheromone a-factor. The ratio of 8a to the
corresponding farnesylated peptide 8b (with FPP) or 8c, d
(with AzoFPP-1) was monitored by LC-MS. While the
substrate 8a exhibited a single peak with a retention time of
27.9 min in the absence of enzyme, incubation with yFTase
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Figure 2. Synthesis, photophysical characterization, and molecular docking of photoswitchable farnesyl diphosphate analogs. (A) Chemical
synthesis of AzoFPP-1 and AzoFPP-2. (B) The UV—vis spectra of AzoFPP-1 in varying wavelength-adapted photostationary states were obtained
using SO yM AzoFPP-1 in PBS. (C) Reversible cycling between photoisomers with alternating illumination at the two distinct wavelengths, 365
and 460 nm, demonstrated the rapid rate of isomerization. The reactions were performed using SO #M AzoFPP-1 in PBS. (D) Crystal structure of
FTase (gray) bound to farnesyl diphosphate (green) and peptide substrate (gray sticks). Spheres are shown for the leucine residue in the CVLS
substrate sequence. PDB 1JCR. (E) Molecular docking of AzoFPP-1 in trans (cyan) and cis (purple) into FTase. Spheres are shown for the leucine

residue in the CVLS substrate sequence.

and FPP resulted in the formation of a new peak with a longer
retention time of 58.8 min and a mass consistent with the
formation of the farnesylated product 8b (Figure 3C).
Similarly, in the presence of yFTase and AzoFPP-1, a new
product eluting at 55.1 min with a mass consistent with the
formation of 8c was observed (Figure 3D). At saturating
substrate concentrations (22 uM FPP, 2.4 uM peptide), 63%
of 8a was converted to 8b, and this conversion was not
significantly affected by irradiation with UV-A light (Figure
3E). For comparison, 51% of 8a was converted to 8c under the
same conditions with AzoFPP-1. Thus, AzoFPP-1 appears to
be an efficient substrate for yFTase, reacting at approximately
80% of the rate observed with FPP. Most importantly, upon
irradiation with UV-A light prior to enzyme addition, the
conversion to the product was markedly reduced from 51% to
10% (5-fold), demonstrating that trans-AzoFPP-1 undergoes
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significantly more effective transfer to the peptide substrate
allowing for optical control of substrate farnesylation. It is
important to note that the reaction mixtures containing
AzoFPP-1 were allowed to relax for 12 h after quenching
and prior to analysis; thus, only 8c was observed and not 8d.
This step simplified the analysis because while 8d has a distinct
retention time that can be detected, it slowly converts to 8c;
allowing complete relaxation eliminated the need to analyze
the enzymatic reactions immediately upon completion. To
examine whether this marked reduction in rate manifested by
cis-AzoFPP-1 was attributable to an effect on Ky, or k_,, similar
experiments were performed at lower isoprenoid concen-
trations near Ky. Under those conditions, trans-AzoFPP-1
again yielded S5-fold greater conversion than cis-AzoFPP-1
(Figure S3). Since the rates measured at high substrate

concentration should reflect differences in k., while the rates
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Figure 3. Optical control of peptide farnesylation. (A) Schematic representation of model peptide substrate farnesylation with AzoFPP-1 in the
trans and cis form. (B) Chemical structure of peptide substrate for FTase (8) and a-factor variants (9—11) with various functionalizations (a—d).
(C, D) HPLC chromatograms showing conversion of 8a to 8b (C) or 8c (D) upon incubation of 8a with FPP and yFTase in the dark (top) or
after UV-A irradiation (bottom). Substrate concentrations were at saturating levels. Absorbance was monitored at 220 nm. (E) Quantification of

panels C and D. Error bars represent SEM.

observed at low substrate concentrations can reflect effects on
both k., and Ky, these results suggest that the major impact of
isomerization is on k. Parallel experiments performed with a
mammalian farnesyltransferase (R. norvegicus, rFTase) ex-
hibited a similar preference for the trans-AzoFPP-1 isomer
(Figure S4 and SS). Substrate AzoFPP-2 did not undergo
detectable yFTase- or rFTase-catalyzed transfer to a peptide
substrate and was therefore not further pursued in this study.

Optical Probing of Prenylation Processing. Given the
substantial (S-fold) optical control of the prenyltransferase-
catalyzed reaction obtained with AzoFPP-1, we then decided
to investigate the subsequent steps in the isoprenylation
processing pathway, including proteolysis and carboxyl
methylation, and the bioactivity of peptides containing the
photoswitchable isoprenoid group. For this purpose, the yeast
mating pheromone a-factor was employed because it is a well-
established substrate for these enzymes, and has a simple
bioactive cellular assay. a-Factor has been extensively studied
for its three posttranslational modifications (isoprenylation,
proteolysis, and carboxyl methylation) that are required for
proper mating between two haploid yeast (S. cerevisiae)
cells.””~* a-Factor precursors 9a and 10a containing VIA
and Cys-COOH C-termini were synthesized by standard solid
phase peptide synthetic methods. a-Factor precursor 11a with
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a C-terminal methyl ester was prepared using a side chain
anchoring methodology where Fmoc-Cys-OMe linked to a
trityl resin via its thiol group (Figure S7) was employed for
subsequent solid phase peptide synthesis.*"** Subsequent
peptides were then prenylated chemically with transtrans-
farnesyl bromide or the corresponding chloride precursor used
to prepare AzoFPP-1 at pH 5.0 in the presence of Zn(OAc),
and Nal. These conditions were optimized (Figure S8) based
on previously reported procedures.**”** Peptides containing a
VIA (9b and 9¢), Cys-COOH (10b and 10c), or Cys-COMe
(11b and 11c¢) termini were obtained in this manner. Using
these model peptides, each processing enzyme was assayed for
activity with its respective a-factor substrate in either the trans-
form (dark) or cis-form (after UV-A irradiation) for light-
dependent conversion. Compounds 9b and 9c were used in
experiments with the proteases Rcel and Ste24, and 10b and
10c were utilized with the isoprenylcysteine carboxyl
methyltransferase, Stel4, the ICMT from Saccharomyces
cerevisiae (Figure 4A). To accomplish this, samples were
irradiated using our Cell DISCO system*”*" (75 ms irradiation
every 15 s at 370 nm). Generally, azobenzene-containing
peptides were converted to products at rates similar to their
farnesylated counterpart in each of the enzymatic steps studied,
except in the case of Rcel where a 2-fold decrease was

https://doi.org/10.1021/acschembio.2c00645
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Error bars represent SEM.

observed with the photolipid-containing peptide (Figure 4B).
Each enzyme exhibited only minimal light-dependent activity
differences when treated with saturating concentrations of
substrate (Figure 4B). These enzymes were further tested at
substrate concentrations nearer to the Ky to test for possible
K, effects, such as changes in binding affinity between the two
isoprenoid conformations (Figure S8). No significant differ-
ences were observed, suggesting that cis/trans isomerization of
the diazo-arene had little effect on these enzymatic trans-
formations.

Finally, the bioactivity of the “fully processed” peptides 11b
(afactor), 11c, and 11d was assessed in a yeast growth arrest
halo assay employing the DISCO system adapted to a 24-well
format (Figure 4C).">*" All three peptides were found to be
active in this receptor-mediated growth arrest assay and
exhibited similar potencies. These data suggest that the
bioactivity of a-factor is not sensitive to the structural prenyl-
group variations explored. Overall, the optical probing of the
prenylation processing pathway reported here suggests that the
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photoswitchable analog permits selective control of peptide
lipidation by farnesyltransferase but exhibits little effect on the
subsequent processing steps.

Concluding Remarks. Here, we show that isoprenoid
lipids can be modified to contain a molecular photoswitch to
function as photoswitchable substrates for peptide lipidation
by farnesyltransferase. This work enlarges the classes of lipids
that can be modified with photoswitches to isoprenoids, which
have not been previously investigated using this approach.'>**
The development of the photoswitchable FPP analog AzoFPP-
1 and its integration into a series of photoswitchable a-factor
analogs enabled us to systematically test the utility of these
compounds for optical control of various steps in the CaaX
processing pathway, including protein isoprenylation, proteo-
Iytic processing, carboxyl methylation, and a-factor bioactivity.
This study demonstrated that peptide lipidation with AzoFPP-
1 could be effectively modulated through switching between its
trans and cis form, while proteolysis, carboxymethylation, and
bioactivity were not sensitive to photoisomerization. These
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findings suggest that the initial lipidation step is more tightly
controlled by lipid structure than the subsequent processing
steps and that the tool developed here enables selective optical
control of this initial step. Given the importance of
isoprenylated proteins in signal transduction pathways, these
photoswitchable isoprenoids could be particularly useful for
decelerating protein prenylation in a temporally controllable
manner or for probing cellular signaling processes that sense or
are tightly controlled by isoprenoid structure.”>***

To date, 2213 isoprenoid lipids have been described (LIPID
MAPS*>%%), Many of these exhibit linear isoprenoid chains
that could be functionalized with an azobenzene in an
analogous fashion to yield optical control of their function.
Linear isoprenoid lipids with interesting bioactivity include the
tocotrienols (Vitamin E),”” cannabinoids (cannabigerol or
cannabigerolic acid) )8 the moenomycin antibiotics,”” or other
natural products such as auraptene and umbelliprenin.*’
Isoprenoid lipids have further been used in the design of
synthetic gharmacophores, such as the Ras inhibitor
salirasib.”"** Future efforts will address the development of
photoswitchable isoprenoids based on these and other
bioactive metabolites to assess how modular the described
approach is for the class of isoprenoid lipids.

B MATERIALS AND METHODS

Photophysical Characterization of AzoFPP-1 and AzoFPP-2.
UV—vis spectra were recorded using a Varian Cary 50 Bio UV—visible
spectrophotometer. Photoswitching was achieved using 365 or 460
nm LED light sources. The LEDs were pointed directly onto the top
of the sample cuvette with photoswitch (S0 M in DMSO). An initial
spectrum was recorded (dark-adapted state, black) and then again
following illumination at 365 nm for 30 s (cis-adapted state, gray). A
third spectrum was recorded after irradiation at 470 nm for 30 s
(trans-adapted state, blue). Absorption at 340 nm was recorded over
several switching cycles while alternating illumination at 365 and 460
nm.

Molecular Docking. For modeling of AzoFPP-1 in cis and trans
confirmations into the active site of PFTase (pdb file 1JCR), docking
was performed using MacroModel v #9.9 and its program Glide. The
FTase crystal structure was prepared and minimized using the default
settings in the protein preparation wizard as part of the Maestro
(Schrodinger Release 2021-03, Maestro Version 12.9.137) package.
Prime function was used to fill in missing loops and side chains.
Afterward, a receptor grid large enough to encompass the entire
binding site for AzoFPP-1 was generated from the prepared PFTase
enzyme. An extra precision docking parameter was set, and 10 000
ligand poses per docking were run per AzoFPP-1 confirmation. The
conformations with the overall highest binding score were chosen for
display here.

yFTase Mediated Prenylation of Peptide dns-CVIA with
AzoFPP-1 and AzoFPP-2. yFTase was expressed and purified as
previously described.®*** To test if yFTase would process AzoFPP-1,
a solution of 2.4 uM 8a was prepared in yFTase prenylation buffer
(50 mM Tris pH 7.5, 1S mM DTT, 10 mM MgCl,, S0 uM ZnCl,, 20
mM KCl) along with either AzoFPP-1 or AzoFPP-2 at 22 yM and
placed in a low-adhesion microcentrifuge tube. Afterward, the
enzymatic reactions were initiated by adding yFTase to a final
enzyme concentration of 0.100 #M and a final volume of 250 yL, then
incubating at RT for 20 h. The reactions were quenched by the
addition of S0 uL of glacial CH;COOH before subjecting to them
LCMS analysis. LCMS analysis was performed on an Agilent 1200
series system (Windows 10, ChemStation Software, G1322A
Degasser, G1312A binary pump, G1329A autosampler, G1315B
diode array detector, 6130 quadrupole) equipped with a C18 column
(Agilent ZORBAX 300-SB-C18, S uM, 4.6 mm X 250 mm). Samples
were not filtered as filtration caused the observation of no peptide
products.
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Kinetic Analysis to Determine Reactivity of trans- and cis-
AzoFPP-1 with yFTase. A solution of 2.4 yM 8a was prepared in
yFTase prenylation buffer along with either farnesyl diphosphate
(FPP) or AzoFPP-1 at 22 uM (high concentration) or 1 uM (low
concentration). UV irradiation of select samples was done by placing
the solution in round quartz tubes (10 mm X 50 mm) with 1 mm wall
thickness and irradiating in a Rayonet reactor using 3 X 350 nm bulbs
(14 W, RPR-3500 A) for 2 min. To confirm that AzoFPP-1 was
completely isomerized after 2 min and had not relaxed within the time
frame required to carry out the enzymatic reaction, a solution
containing only AzoFPP-1 at 22 uM in prenylation buffer was
analyzed by LCMS before and after irradiation with incubation at RT
for 1 h. A complete shift in retention time was observed (Figure S2).
Afterward, the enzymatic reactions were carried out in low-adhesion
microcentrifuge tubes and initiated by adding yFTase to a final
enzyme concentration of 0.175 uM and a final volume of 450 yL, then
incubating at RT for 15 min. The reactions were quenched by the
addition of S0 uL of glacial CH;COOH before subjecting them to
LCMS analysis. LCMS analysis was performed on an Agilent 1200
series system (Windows 10, ChemStation Software, G1322A
Degasser, G1312A binary pump, G1329A autosampler, G1315B
diode array detector, 6130 quadrupole) equipped with a C18 column
(Agilent ZORBAX 300-SB-C18, S uM, 4.6 mm X 250 mm). Samples
were not filtered as filtration again caused the observation of no
peptide products. All reactions were run in triplicate. The extent of
enzymatic conversion was determined by the integration of the
starting material and product peaks in 220 nm absorbance
chromatograms. This assumes that 8a and 8c have a similar &,
since all the amide bonds as well as the dansyl group exhibit
absorbance at that wavelength. To confirm the validity of this
assumption, a master mix containing all the reaction components
except the enzyme was prepared (2.4 uM 8a, 22 uM, SO mM Tris pH
7.5, 15 mM DTT, 10 mM MgCl,, 50 uM ZnCl,, 20 mM KCI). This
solution was split into two equal aliquots placed in two low-adhesion
microcentrifuge tubes. One aliquot received yFTase enzyme in Tris
buffer to a final concentration of 0.175 M and a final volume of 450
uL, while the other received an equal volume of only Tris buffer. After
incubating at RT until ~50% conversion was observed each solution
received S0 uL of glacial CH;COOH and both were subjected to LC-
MS analysis. The integrated 220 nm absorbance of the 8a peak in the
case of the no enzyme solution was 1765.3 units, while the sum of the
integrated areas of 8a and 8c peaks was 1735.2 units in the case of the
sample with yFTase enzyme, which are within 2% of each other.

rFTase Mediated Prenylation of Peptide dns-CVIS with
AzoFPP-1 and AzoFPP-2. To ascertain if mammalian FTase would
process AzoFPP-1 and AzoFPP-2, Rattus norvegicus FTase (rFTase)
was expressed and purified as previously described.*>*® dns-CVLS
peptide, representing the native sequence of the enzyme with the
addition of a dansyl fluorophore for detection and quantification, was
incubated at 3 M in an rFTase prenylation buffer (50 mM HEPPSO-
NaOH, pH 7.8, S mM TCEP, and S mM MgCl2) (50 uL total) for 20
min in 0.65 mL low-adhesion Eppendorf tubes. Enzyme solution (S0
uL) containing 100 nM rFTase and 10 M AzoFPP-1 or AzoFPP-2
was then incubated at RT for 16 h before adding an equal volume of
20% CH;COOH in (CH;),CHOH and subjecting it to HPLC
analysis. HPLC analysis was performed at ambient temperature on an
Agilent 1260 HPLC system with autosampler and UV—vis and
fluorescence detection using a C18 reversed-phase analytical column
(Zorbax XDB-C18). A linear gradient from 30% acetonitrile in 25
mM ammonium acetate to 100% acetonitrile flowing at 1 mL/min
over 30 min was used. Peptides and products were detected by
fluorescence (Ao, 340 nm, A,, 496 nm). In the case of AzoFPP-1,
complete conversion was observed. In the case of AzoFPP-2, no
conversion was observed (data not shown).

Kinetic Analysis to Determine Reactivity of trans- and cis-
AzoFPP-1 with rFTase. To test if there would be a difference in the
rate of processing of trans-AzoFPP-1 vs cis-AzoFPP-1 by rFTase,
solutions of 3 yuM dns-GCVLS peptide in rFTase prenylation buffer
were incubated for 20 min in 0.65 mL low-adhesion Eppendorf tubes.
These solutions were then either nonilluminated (trans-isomer) or
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illuminated with 365 nm LED light (cis isomer) for 3 min in the dark.
To initiate the reaction, SO uL solutions containing 100 nM rFTase
and 10 yM AzoFPP-1 in rFTase prenylation buffer were added to
each tube. Reactions were incubated at RT for different time points,
30, 60, 120, 240, or 360 min, before quenching and running HPLC
analysis as described above. Reaction progress, expressed as %
conversion, was calculated by dividing the product integral by the sum
of the product and substrate integrals followed by my multiplication
by 100.

Growth Arrest Assay. Growth arrest assays were performed as
previously described with modifications.”>*" Briefly, supersensitive,
ss2 MATa cells (strain SM2375) were grown overnight at 30 °C in
yeast peptone dextrose (YPD) media. Cells were pelleted at 2000g,
washed twice with ddH,O prior to resuspension in ddH,0 at 1 X 10°
cells/mL, and combined with Bacto agar (1.1% in YPD) for a final
concentration of 250 000 cells/mL. Cells were spread onto solid YPD
medium in each well of a 24-well plate to form a lawn of MATa cells
at 20 000 cells/well. Dilutions of FPP (11b) and AzoFPP-1 (11c,d)
a-factor analogs were prepared in 0.5% bovine serum albumin (BSA)/
YPD. UV-treated samples were irradiated for 2 min at 365 nm. For all
samples, 2.5 pL of diluted a-factor analog were spotted onto the lawn
in 3000, 300, 30, 15, 7.5, and 3.8 pg amounts. Plates were incubated
for 24 h at 30 °C in the dark or under UV-A irradiation using the Cell
DISCO system (5 ms irradiation every 15 s at 370 nm).*”** The assay
endpoint was determined for each a-factor analog and UV treatment
condition to be the lowest concentration at which agar clearance was
detectable. Each experiment was performed in triplicate.

Protease and Methyltransferase Assays. Proteolytic and
methylation assays were performed using crude membrane prepara-
tions as previously described.*”*® Briefly, proteolysis by Rcel and
Ste24 was measured using a coupled proteolysis/methylation assay in
which crude membrane preparations from S. cerevisiae overexpressing
Rcel or Ste24 (S pug) were combined with excess amounts of Stel4
overexpressing crude membranes (10 ug per condition). FPP (9b) or
AzoFPP-1 (9c,d) a-factor analogs were assayed at saturating
(maximal velocity, V,,,,) conditions of 15 uM (Figure 4B). These
compounds were also tested below established Ky values for the
enzymes (Figure S7).** Samples were preirradiated with UV-A (370
nm) light for 2 min. Subsequently, 20 uM S-adensoyl ["*C-methyl]-L-
methionine (52.6 mCi/mmol) (PerkinElmer, USA) in 100 mM Tris-
HCI, pH 7.5, was added to the reaction. Reactions were incubated at
30 °C for 30 min under dark or UV-A conditions using the Cell
DISCO, as described above. Reactions were terminated with the
addition of 50 uL of 1 M NaOH/1% SDS. Reaction mixtures were
spotted onto filter paper, which was placed in the neck of a closed vial
above 10 mL of scintillation fluid. [**C]-methanol vapors were
allowed to diffuse into the scintillation fluid for 3 h at RT and
subsequently quantified by liquid scintillation counting. Sample
counts were corrected using background in the absence of enzyme.
For the evaluation of methylation by Stel4, similar conditions were
used, with FPP (10b) or AzoFPP-1 (10cd) a-factor analogs at
saturating (maximal velocity, V,,,,) conditions of 25 uM (Figure
4B).** Substrate (5 uM) was used for conditions below Ky, of Stel4
(Figure S7). Each reaction was performed in duplicate and counted
three times. Assays were repeated in triplicate. Enzyme specific
activity is reported as picomoles of methyl groups transferred per
minute per milligram of enzyme.
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