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Abstract

Several assays have been developed to monitor the in vitro catalytic activity of Hedgehog acyltransferase (Hhat),
an enzyme critical to the Hedgehog signaling pathway in cells. However, the majority of these previously reported
assays involve radioactive fatty acyl donor substrates, multiple steps to achieve product readout, or specialized
equipment. To increase safety, efficiency, and convenience, we developed a direct, fluorescent in vitro assay to
monitor Hhat activity. Our assay utilizes purified Hhat, a fluorescently labeled fatty acyl-CoA donor substrate, and
a Sonic hedgehog (Shh) peptide recipient substrate sufficient for fatty acylation. The protocol is a straightforward
process that yields direct readout of fatty acylated Shh peptide via fluorescence detection of the transferred fatty

acyl group.
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Graphical abstract
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Graphical abstract adapted from Schonbrun and Resh (2022)

Background

The Hedgehog (Hh) pathway plays an essential role in embryonic development and in multiple cancers in adults.
Signaling is mediated by the secretion of Hh proteins, e.g., Sonic hedgehog (Shh), ultimately resulting in the
activation of GLI transcription factors and expression of Hh pathway target genes. An essential component of the
signaling pathway is the enzyme Hedgehog acyltransferase (Hhat), which catalyzes the transfer of palmitate as well
as other fatty acyl groups to the N-terminal cysteine of Hh proteins (Schonbrun and Resh, 2022). This post-
translational modification has been shown to be required for Hh signaling (Micchelli et al., 2002; Chen et al., 2004).
Hhat is a member of the membrane-bound O-acyltransferase enzyme family and is localized in the membrane of
the endoplasmic reticulum. To date, several assays have been reported to measure the catalytic activity of Hhat in
vitro. However, some of these assays rely on the use of radioactive substrates (Buglino and Resh, 2008; Jiang et al.,
2021), which have safety hazards and require specialized waste disposal. Others require specialized equipment
(Lanyon-Hogg et al., 2017) or multiple steps (Lanyon-Hogg et al., 2015) to achieve product readout, or measure a
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change in fluorescence anisotropy conferred by fatty acylation of a fluorescently conjugated Shh peptide (Lanyon-
Hogg et al., 2019; Andrei et al., 2022). We set out to develop a straightforward, fluorescence-based assay to quantify
the catalytic activity of purified Hhat in vitro by directly monitoring the transfer of a fluorescently labeled fatty acid
to Shh. This protocol has the advantage of allowing for unambiguous competition analysis with other fatty acyl-
CoAs (in addition to competition analysis with alternative forms of Shh substrate), by including these unlabeled
substrates in the reaction. The two labeled substrates, biotinylated Shh peptide and NBD-labeled fatty acyl-CoAs
(as well as the corresponding, unlabeled compounds for competition analysis) are readily obtained from commercial
sources. Our assay is sensitive and specific and can potentially be adapted to a high-throughput format using a
streptavidin-coated multi-well plate to capture the biotinylated Shh substrate.

Materials and Reagents

1. 0.5 mL tubes (RPI, catalog number: 145505)

2. Black side, transparent bottom 96-well plate (Thermo Scientific, catalog number: 265301)

3. Biotinylated Shh peptide [CGPGRGFGKR-(PEG2)-K(Biotin)-NH2] [Anaspec and Peptide 2.0, custom
synthesis, PEG2 = Fmoc-NH-PEG2-CH2-COOH; M.W. (theoretical) 1532.82 g/mol, order at least 5 mg, free
N-terminus, NH; at C-terminus, trifluoroacetate salt, QC analysis by MS and >95% purity by peak area on
HPLC (220 nm, C18 column, Buffer A: 0.05% TFA in H,O, Buffer B: 0.05% TFA in 90% CH3CN, linear
gradient 10%—-35% B in 25 min] (store at a minimum of -20 °C)

4. Nitrobenzoxadiazole (NBD)-fatty acyl-CoAs (Avanti, catalog numbers: 810229P and 810705P) (store aliquots
at a minimum of -20 °C)

5. n-Dodecyl-B-D-maltopyranoside (DDM) (Anatrace, catalog number: D310) (store at -20 °C)

6. 3x FLAG® peptide (Millipore Sigma, catalog number: F4799) (store at -20 °C)

7.  n-Octyl-B-D-glucopyranoside (OG) (EMD Millipore, catalog number: 494459) (store at room temperature)

8. Triton X-100 (Fisher Scientific, catalog number: BP151-500) (store at room temperature)

9. MES (Fisher Scientific, catalog number: BP300-100) (store at room temperature)

10. DTT (Promega, catalog number: V3151) (store aliquots at -20 °C)

11. Pierce™ high-capacity streptavidin beads (Thermo Scientific, catalog number: 20361) (store at 4 °C)

12. Purified Hhat and mock purified eluate or elution buffer (see Recipes) (Schonbrun and Resh, 2022) (store at
-80 °C)

13. Reaction buffer (see Recipes)

14. Wash buffer (see Recipes)

Equipment

1. Fluorescence plate reader (BioTek Synergy H1)

2. Refrigerated tabletop microcentrifuge (Eppendorf Centrifuge, model: 5417R)

3. PicoFuge (Stratagene)

4. Vacuum aspirator with attached 26" G needle (Becton Dickinson, catalog number: 305111)
5. Repeat or regular pipettors

Software

1.  GenS5 (BioTek)
2. Excel (Microsoft)
3. Prism (GraphPad)
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Procedure

A. Assay setup

Set up the appropriate number of 0.5 mL plastic tubes in a rack at room temperature. Reactions should be

performed in at least duplicate.

Prepare fresh reaction buffer (room temperature) by adding DTT prior to the start of the assay.

Prepare a suspension of streptavidin-coated beads in wash buffer.

a. Transfer a total volume of slurry corresponding to 15 pL of slurry per reaction into a tube. Example:
In an assay with eight reactions to be assayed in duplicate, 240 uL [(8 x 2) x 15 uL] of slurry should
be prepared along with an additional 60 uL (4 % 15 ulL) for the standards, to make a total of 300 uL
slurry (240 uL + 60 uL). The combined slurry should be resuspended with 1,000 uL [(16 + 4) x 50
uL] wash buffer after washing. Be sure to include in the calculation for the beads the additional beads
needed for NBD standards at the end of the assay (see step C5).

b. Wash the beads once by adding a total volume of wash buffer corresponding to 50 pL per reaction to
the tube and inverting the tube several times.

c. Centrifuge the beads at 2,700 x g and 4 °C for 1 min in a tabletop microcentrifuge and aspirate the
supernatant using a 26%2 G needle.

d. Resuspend the beads with a total volume of wash buffer corresponding to 50 puL of wash buffer per
reaction.

e. Keep tube on ice.

Aliquot reaction buffer and the desired concentrations of NBD-fatty acyl-CoA (we typically use 10 uM)

and Shh peptide (we typically use 10 pM) into each tube. For inhibition or substrate competition assays,

include drug/inhibitor [e.g., RU-SKI 201 (Cayman, catalog number: 21101)] or unlabeled substrates (e.g.,

non-fluorescent fatty acyl-CoA or non-biotinylated Shh protein/peptide) at desired concentrations. Include

appropriate control reactions.

Note: The final volume in each tube should be 100 uL, and importantly, should include a final

concentration of 0.1% DDM (detergent component of the purified Hhat eluate). Final concentrations of

MES, OG (w/v), and DTT from the reaction buffer should be in the range of 125 mM, 0.06%, and 750 uM,

respectively. If desired, a master mix of reaction buffer and substrates can be prepared.

B. Reaction

Initiate the reaction by adding purified Hhat enzyme (or equivalent volume of mock purified eluate or
elution buffer as a negative control) (we typically use 130 nM Hhat). Briefly vortex and pulse-spin in a
PicoFuge to collect the sample at the bottom of the tube.

Immediately incubate the reactions in the dark at 37 °C for the desired amount of time.

Note: For kinetic studies, a time course must be performed first to determine the linear range of the
reaction. Suggested time points for initial kinetic studies are 0, 10, 20, 40, 60, and 90 min.

Quench the reactions by placing the tubes on ice and adding 60 pL of ice-cold bead suspension.

C. Isolation and quantification of reaction products

Incubate tubes in the dark with rocking at 4 °C for 1 h.

Centrifuge the beads at 2,700 x g and 4 °C for 1 min in a tabletop microcentrifuge and carefully aspirate
the supernatant using a 26%2 G needle.

Wash the beads three times with 100 pL of wash buffer. Between each wash, spin tubes and aspirate
supernatant as above.

Tip for washing: place the tubes in a single rack, cover the top of the rack, and invert the rack
approximately five times to wash.
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4. After the final wash, carefully aspirate the supernatant, resuspend the beads in each tube with 60 puL of
wash buffer, and carefully transfer the beads from each tube to individual wells of a black side, transparent
bottom 96-well plate. Use a fresh pipette tip for each tube.

Note: To maximize bead transfer, after the first transfer of beads into the plate, use the pipette tip to push
residual beads from the sides down to the bottom of the tube where some suspension remains and transfer
this remaining suspension into the same well.

5. To obtain a conversion factor of NBD fluorescence (RFU) to pmol of NBD-labeled product for data
quantification (see next section), load standards [known amounts (e.g., 500-2,000 pmol)] of NBD-acyl-
CoA in bead suspension (60 pL, as in step C4) into separate wells of the plate.

6. Read NBD fluorescence (RFU) in a plate reader at excitation/emission wavelengths of 465/535 nm.

Data analysis

Export RFU readings from Gen5 software directly to an Excel spreadsheet.

Quantify NBD-acylated Shh product using the RFU-to-pmol conversion factor obtained from the standards. To
obtain the conversion factor, divide the RFU output value by the known number of pmol of NBD donor loaded.
For calculation of the initial rate, choose a time point at which the reaction is linear (we typically use 10 min).
Divide pmol of NBD-acylated Shh produced at that time point by the number of minutes, then divide by the
number of pmol of Hhat to give pmol NBD-acylated Shh per min per pmol Hhat in units of min™".

Data can be plotted in Excel or GraphPad Prism with a standard bar or line graph, or in GraphPad Prism with
best-fit kinetic models, as appropriate (e.g., Figure 1).

Note: For kinetic models, data should be presented as an initial rate (pmol product per min or pmol product
per min per amount of enzyme).
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Figure 1. Hhat enzymatic activity as a function of NBD-palmitoyl-CoA concentration. Increasing
concentrations of NBD-palmitoyl-CoA were incubated with 25 pM wild-type Shh peptide and purified Hhat
for 10 min at 37°C. The initial rate of Hhat-mediated NBD-palmitoylation of Shh was quantified; Michaelis—
Menten fit of the data (produced in GraphPad Prism) is shown with apparent kinetic parameters as insets
(Schonbrun and Resh, 2022).
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Recipes

1. Elution buffer
20 mM HEPES, pH 7.5
350 mM NaCl
1% (v/v) glycerol
1% (w/v) DDM
150 pg/mL 3x FLAG® peptide

2. Reaction buffer
167 mM MES, pH 6.5
0.083% (w/v) OG
1 mM DTT (added fresh)

3. Wash buffer
167 mM MES, pH 6.5
0.083% (v/v) Triton X-100
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