THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 13, pp. 8559-8568, March 27, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Propofol Inhibits SIRT2 Deacetylase through a Conformation-

specific, Allosteric Site™

Received for publication, October 21,2014, and in revised form, February 4, 2015 Published, JBC Papers in Press, February 9, 2015, DOI 10.1074/jbcM114.620732

Brian P. Weiser™® and Roderic G. Eckenhoff*'

From the Departments of * Anesthesiology and Critical Care and SPharmacology, University of Pennsylvania Perelman School of

Medicine, Philadelphia, Pennsylvania 19104

Background: The general anesthetic propofol binds many on-pathway and off-pathway proteins.

Results: The deacetylase SIRT2 is a target of propofol, and propofol can inhibit the enzymatic function of the protein.
Conclusion: SIRT?2 is a novel, presumably off-pathway protein target of the general anesthetic propofol.
Significance: Propofol might affect cellular events that are regulated by the acetylation state of proteins.

meta-Azi-propofol (AziPm) is a photoactive analog of the
general anesthetic propofol. We photolabeled a myelin-en-
riched fraction from rat brain with [*H]AziPm and identified the
sirtuin deacetylase SIRT2 as a target of the anesthetic. AziPm
photolabeled three SIRT2 residues (Tyr'3°, Phe'®?, and Met>°°)
that are located in a single allosteric protein site, and propofol
inhibited [*H]AziPm photolabeling of this site in myelin SIRT2.
Structural modeling and in vitro experiments with recombinant
human SIRT2 determined that propofol and [*H]AziPm only
bind specifically and competitively to the enzyme when
co-equilibrated with other substrates, which suggests that the
anesthetic site is either created or stabilized in enzymatic con-
formations that are induced by substrate binding. In contrast to
SIRT?2, specific binding of [*H]AziPm or propofol to recombi-
nant human SIRT1 was not observed. Residues that line the
propofol binding site on SIRT2 contact the sirtuin co-substrate
NAD™" during enzymatic catalysis, and assays that measured
SIRT2 deacetylation of acetylated «-tubulin revealed that
propofol inhibits enzymatic function. We conclude that propo-
fol inhibits the mammalian deacetylase SIRT2 through a confor-
mation-specific, allosteric protein site that is unique from the
previously described binding sites of other inhibitors. This sug-
gests that propofol might influence cellular events that are reg-
ulated by protein acetylation state.

Propofol is an injectable hypnotic that is used for induction
and maintenance of general anesthesia. Proteins involved in
neurotransmission are among the pharmacologic targets that
are affected by propofol to cause hypnosis (1, 2). Characterizing
the molecular interactions between propofol and these proteins
should allow the rational design of new hypnotics that specifi-
cally target relevant binding sites. Designing ligands with
greater selectivity for specific sites should also alleviate side
effects caused by propofol binding to off-pathway protein tar-
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gets that do not contribute to hypnosis. For example, propofol
has been reported to cause multiple adverse neurological side
effects in mammals (3-6); however, the molecular targets
underlying their causes are not clear. Therefore, comprehen-
sive knowledge of propofol substrates in all tissue types is nec-
essary to improve drug action.

To assist in the identification of propofol targets and binding
sites, photoactive analogs that retain anesthetic efficacy have
been developed by our group and others (7—10). These photo-
labels can be used to discover novel propofol targets from com-
plex protein mixtures (11-13). In this work, we used meta-azi-
propofol (AziPm)* (see Fig. 1A), a photoactive propofol analog
developed in our laboratory (7), to investigate drug binding in
rat CNS tissue. We identified sirtuin isoform 2 (SIRT2), a pro-
tein deacetylase, as a specific target of propofol and AziPm in
mammalian myelin. During enzymatic catalysis, SIRT2 couples
deacetylation of acetyl lysine with NAD™ hydrolysis, which
results in the formation of nicotinamide and O-acetyl-ADP-
ribose. We found that clinical concentrations of propofol
inhibit this enzymatic function of SIRT2, and we characterized
the allosteric protein site that propofol binds. Possible physio-
logical implications for SIRT2 inhibition by propofol are also
discussed.

EXPERIMENTAL PROCEDURES

Materials—?2,6-Diisopropylphenol (propofol) was purchased
from Sigma-Aldrich, and AziPm was synthesized according
to published methods (7). The applications of [*H]AziPm (11,
14) and epothilone D (15) have been described in previous
work, and all other chemicals and reagents were commercially
available. Recombinant human SIRT2, representing residues
13-319, and recombinant human SIRT1, representing the full-
length protein, were purchased from Sigma-Aldrich, and the
identities of the proteins were confirmed with mass spectrom-
etry. For tissue preparation, adult female Sprague-Dawley rats
(~300 g) were used, and protocols were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the
University of Pennsylvania. Electrophoresis apparatuses, gels,

2The abbreviations and trivial names used are: AziPm, meta-azi-propofol;
propofol, 2,6-diisopropylphenol; ADPr, ADP-ribose; DMSO, dimethyl
sulfoxide.
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molecular weight markers, and PVDF were from Bio-Rad, and
*H-sensitive Amersham Biosciences Hyperfilm MP was used
for autoradiography. Developed autoradiographs, Coomassie
G-250-stained membranes, and Coomassie G-250-stained gels
were scanned with a Bio-Rad GS-800 calibrated densitometer,
and the Quantity One software that accompanies the instru-
ment was used for optical density quantification. Western blots
were scanned with a Kodak Image Station 4000MM Pro, and
band quantification was performed with the accompanying
Carestream molecular imaging software. For liquid scintillation
counting, MP Biomedicals EcoLite(+) liquid scintillation cock-
tail was used with a PerkinElmer Life Sciences Tri-Carb
2800TR instrument. A Synergy H1 microplate reader from
BioTek was used for fluorescence-based assays.

Preparation of Rat Myelin for Photolabeling—Rats briefly
anesthetized with isoflurane were decapitated, and the brains
were removed. The brains were washed in ice-cold isolation
buffer (0.32 m sucrose, 5 mm Tris, pH 7.4, supplemented with
Roche Applied Science complete protease inhibitor cocktail),
and then the brains were transferred to fresh isolation buffer.
After mincing, tissue was homogenized by hand with a glass
and Teflon homogenizer to produce total brain homogenate,
and the enriched myelin fraction was prepared without deter-
gents as described elsewhere (16). After a protein assay, 200-ug
aliquots were frozen at —80 °C.

Mpyelin Photolabeling with [PHJAziPm and SDS-PAGE—
After thawing, myelin samples were diluted to 1 mg/ml with
isolation buffer. 4 um [PH]AziPm was added with 180 um non-
radioactive AziPm, the indicated concentrations of propofol, or
DMSO vehicle (all contained 0.5% DMSO). After transferring
to a quartz cuvette (1-mm path length), samples were photola-
beled for 20 min with a Rayonet photochemical reactor with a
350 nm bulb (Southern New England Ultraviolet Co., Branford,
CT). Subsequently, the sample was pelleted, and the superna-
tant was removed. The pellet was gently resuspended in 300 ul
of 25 mwm Tris, pH 7.4, the sample was centrifuged, and the
supernatant was discarded. The pellet was washed again by
resuspension in 300 ul of 25 mm Tris, pH 7.4, and after recen-
trifugation, the supernatant was discarded, and the pellet was
dissolved in buffer with detergent (5% glycerol, 1% Triton
X-100, 0.5% SDS, and 20 mm Tris, pH 7.6). Detergent-solubi-
lized protein was separated on 4—15% polyacrylamide gels. For
autoradiography, protein was transferred to PVDF, and after
drying, the membranes were exposed directly to film for 31 days
at 4 °C. After the films were developed, the membranes were
stained with Coomassie R-250, and the membranes and films
were scanned. For scintillation counting, the gels were stained
with Coomassie G-250, and after vertically separating the lanes,
these were sliced horizontally into 1-mm pieces. The gel slices
were dissolved overnight in sealed scintillation vials containing
350 ul of 30% hydrogen peroxide. After cooling, scintillation
fluid was added for counting.

Myelin Photolabeling and SDS-PAGE for Mass Spectro-
metry—Myelin diluted to 1 mg/ml with isolation buffer was
photolabeled for 20 min with 4 uMm non-radioactive AziPm.
After photolabeling, the sample was centrifuged and washed
twice, as described above, with 25 mm Tris, pH 7.4, and the final
pellet was solubilized. 50 ug of protein was separated by SDS-
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PAGE in adjacent lanes. The gel was stained with Coomassie
G-250, and the three gel pieces indicated in Fig. 1C were excised
from each lane for either trypsin or chymotrypsin digestion.
After digestion, mass spectrometry analysis was performed by
microcapillary reverse-phase ultra performance liquid chroma-
tography with online nanospray tandem mass spectrometry
(LC-MS/MS) on a Thermo LTQ-Orbitrap XL mass spectrom-
eter. Raw data were acquired with Xcalibur, and the spectra
were searched with SEQUEST against either a full tryptic or a
partial chymotryptic rat proteome database for protein identi-
fication. Methionine oxidation was permitted, and filters for
protein identification included 10-ppm parent ion tolerance, 1
atomic mass unit fragment ion tolerance, A CN of 0.05, and two
unique peptides. The sequences of the proteins identified from
all three bands were then compiled into a new database. With
SEQUEST, we searched the spectra against this new database
for an AziPm mass modification (216.07620 atomic mass units)
on any amino acid of every full tryptic or partial chymotryptic
peptide; only three residue modifications, including methio-
nine oxidation, were permitted on each peptide. Filters for
identification of modified peptides included 10-ppm parent ion
tolerance, 1 atomic mass unit fragment ion tolerance, A CN of
0.05, and Xcorr scores of 1, 2, and 3 for +1 ions, +2 ions, and
+3ions, respectively. All spectra were then inspected manually
for verification.

Structural Analyses of Sirtuins—For SIRT2 structures, chains
A from Protein Data Bank (PDB) codes 3ZGO and 3ZGV were
used (17). In the 3ZGO structure, which was re-refined from
the dataset of PDB code 1J8F, SIRT2 is bound only to the struc-
tural cofactor zinc, and the 3ZGO structure is referred to as
“apo-SIRT2” in this work (17, 18). In the 3ZGV structure,
SIRT?2 is bound to zinc and ADP-ribose, and the 3ZGV struc-
ture is referred to as “ADPr-SIRT2”. Both SIRT2 structures
were loaded into SWISS-MODEL via the ExPASy web server
(19-22), and models of human SIRT2 were rebuilt using the
original structures (i.e. 3ZGO and 3ZGV) as the templates. This
procedure built missing side chains in the structures while
keeping all other atoms in the exact coordinates as the available
crystal structures. Similar to SIRT2, a SIRT1 structure bound to
zinc was used and is referred to as “apo-SIRT1” (PDB code
41G9, chain A), and a SIRT1 structure bound to zinc and ADP-
ribose was used and is referred to as “ADPr-SIRT1” (PDB code
4XKQ) (23). During crystallization, both ADPr-SIRT2 and
ADPr-SIRT1 also engaged neighboring molecules in their
respective active sites, effectively simulating acetyl peptide sub-
strate binding. For ADPr-SIRT2, the peptide substrate binding
groove of the enzyme was engaged by a loop from a neighboring
protein molecule, and a leucine side chain pointed into the
acetyl lysine binding site (17); for ADPr-SIRT1, the extended
C-terminal tail from an adjacent protein molecule was inserted
into the peptide substrate binding groove (23). The structure of
human SIRT3 bound to zinc and the inhibitor Ex-527 was from
PDB code 4BV3 (24), and the structure of Thermotoga mari-
tima Sir2 (Sir2Tm) bound to zinc and nicotinamide was from
PDB code 1YC5 (25). Hydrogen atoms were removed from all
sirtuin structures that were used for modeling. For protein
cavity analysis, the program fpocket was used (26). Visual
molecular dynamics (27) and PyMOL (28) were used for
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other structural analyses and preparation of structural
images, and sequence alignments were performed with
Clustal W2 (29-31).

Photolabeling Recombinant Human SIRT2 and SIRT1—At a
final concentration of 50 ug/ml, recombinant human SIRT?2 or
recombinant human SIRT1 was photolabeled with 4 um
[®H]AziPm = propofol with and without 2 mm ADP-ribose, 100
mM nicotinamide, and 250 ng/ul of core histones purified from
HeLa cell chromatin (histones were purchased form Active
Motif, Carlsbad, CA). Prior to these experiments, histone acety-
lation was confirmed by Western blot with an acetyl lysine anti-
body (Cell Signaling Technology, Danvers, MA). The substrates
and ligands for photolabeling were mixed in buffer (10 mm KCl
and 10 mm Hepes, pH 7.6) and briefly vortexed, and samples
were photolabeled in a 1-mm quartz cuvette with a lamp
described elsewhere (11). After photolabeling, the substrates
were separated with SDS-PAGE and stained with Coomassie
G-250. The protein bands were then excised and dissolved in
350 ul of 30% hydrogen peroxide, and scintillation fluid was
added for counting.

Preparation of Soluble Brain Extract—A rat was briefly anes-
thetized with isoflurane before decapitation. The brain was
removed and washed in ice-cold assay buffer (25 mm Tris, pH 7.6,
2 mm MgCl,, 50 mm NaCl, 2 uMm trichostatin A (from Sigma-
Aldrich), and Roche Applied Science complete protease inhib-
itor cocktail). The brain was transferred to ~5 ml of fresh assay
buffer and homogenized by hand. The homogenate was centri-
fuged at 15,000 X g for 15 min, and the supernatant was set
aside. The pellet was resuspended in 1 ml of fresh assay buffer,
and after another 15,000 X g centrifugation, the supernatants
were combined. This was centrifuged at 30,000 X g for 15 min,
and the final supernatant was used as the soluble brain extract.

Tubulin Deacetylase Assays—For each deacetylase assay, 30
pg of the soluble brain extract protein was used, and the final
assay volume was 30 ul. All components were dissolved in the
assay buffer described above, and the assays were performed in
0.2-ml PCR tubes. When added to the reaction, final concen-
trations of 1 mM NAD™, 100 mM nicotinamide, and 3 ug of
recombinant human SIRT2 were used. After briefly vortexing
the assay mixture, the tubes were incubated at 37 °C for 3 h with
brief mixing every 30 min. The reactions were terminated by
adding Laemmli buffer and then placing the tubes in boiling
water. SDS-PAGE and Western blots for acetylated a-tubulin
were typically performed with both 1 ug and 3 pg of soluble
extract protein.

Acetyl Peptide Deacetylase Assays—Two different micro-
plate- and fluorescence-based sirtuin assay kits were purchased
and used. 1) The SIRT2 inhibitor screening assay kit (catalog
number EPI010 from Sigma-Aldrich), which is designed for
IC,, determination, was used with the manufacturer-recom-
mended dilutions of SIRT2 and the provided acetyl peptide
substrate, and with variable concentrations of NAD". Enzyme
reactions were performed at 37 °C for 1 h. In this assay, recom-
binant human SIRT2 deacetylates an acetyl peptide that is con-
jugated to a fluorescent group. Upon peptide deacetylation, the
fluorescent group is released and provides a detectable signal
(Apx/Agam = 395/541 (where EX and EM designate excitation
and emission)) that should theoretically increase or decrease in

SASBMB

MARCH 27,2015 +VOLUME 290-NUMBER 13

Inhibition of SIRT2 by Propofol

the presence of an activator or inhibitor, respectively. As a pos-
itive control with this kit, we measured that 10 mM nicotin-
amide inhibited SIRT?2 activity by 91 * 2%. 2) The SIRTainty
class I1I histone deacetylase assay kit (catalog number 17-10090
from EMD Millipore) was used with recombinant human
SIRT2. In this assay, SIRT2 activity is measured through the
formation of the enzymatic product nicotinamide, which is
converted to nicotinic acid and NHj by the enzyme nicotin-
amidase (co-incubated in the enzyme assay); NH; is subse-
quently reacted with a developing reagent to provide a fluores-
cent signal (Apyx/Agy =~ 420/460) that should also theoretically
increase or decrease in the presence of an activator or inhibitor,
respectively. These experiments were performed with 1 um
SIRT2, 0.5 mm NAD™, 40 uMm acetylated peptide (provided in
the SIRTainty kit), and the recommended dilution of nicotin-
amidase. Enzyme reactions were performed at 37 °C for 4 min.
Based on the mol of nicotinamide produced, ~15% of the
NAD™ was consumed under these conditions during control
experiments.

Western Blotting—Detergent-solubilized protein was sepa-
rated by SDS-PAGE and then transferred to PVDF. Membranes
were blocked with 1.5% bovine serum albumin in TBS-T
(Tris-buffered saline with 0.1% Tween 20). A 1:1000 dilution
of primary antibody was applied overnight in TBS-T at 4 °C
on a shaker. The anti-SIRT2 antibody was from Abcam
(Cambridge, England), and the immunogen was the syn-
thetic peptide LEDLVRREHANI corresponding to amino
acids 341-352 of rat SIRT2; the anti-acetylated a-tubulin
antibody, clone 6-11B-1, was from Sigma-Aldrich and rec-
ognizes acetyl lysine 40. After removing the primary anti-
body, the membrane was washed with TBS-T, and a second-
ary antibody conjugated to horseradish peroxidase was
applied for 1 h. After washing with TBS-T, the blots were
developed with Amersham Biosciences ECL Select reagent
and scanned. The blots were then washed briefly in TBS-T
followed by water before staining with Coomassie R-250 and
drying before scanning.

Data Analysis and Figure Preparation—Where applicable,
mean values with standard error are shown unless noted other-
wise. For the Western blot standard curves, the net intensities
from acetylated a-tubulin blots of known amounts of soluble
brain extract were plotted and curve-fit according to a one-
phase, exponential decay, and the resulting coefficients of
determination (R*) were equal to 0.9999. To estimate the con-
centration of propofol that inhibits SIRT2 by 50%, we first plot-
ted relative Western blot intensity versus absolute deacetylase
activity using experimental values (SIRT2 assays with 0, 0.3, and
3 uM propofol, and the no activity baseline); R? of the linear fit
was 0.9906. From the regression equation, we calculated abso-
lute deacetylase activities for assays with 30 and 300 um propo-
fol using experimentally determined relative intensities. The
absolute activities were plotted as a percentage of control, and a
sigmoidal curve with a variable slope was fit with the minimum
and maximum constrained to 0 and 100, respectively. All curve
fits and data analyses were performed within the GraphPad
Prism version 6.0e software.
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FIGURE 1. A, chemical structures of propofol and AziPm. B, Coomassie R-250-stained membrane and corresponding autoradiograph of 50 g of myelin protein
separated with SDS-PAGE after photolabeling with 4 um [*H]JAziPm = 400 um propofol (+p) or 180 um AziPm (+A). Optical density (0.D.) quantification from
the autoradiograph lanes is shown in the aligned traces. C, Coomassie G-250-stained gel of 50 g of myelin protein separated with SDS-PAGE after photola-
beling with 4 um (non-tritiated) AziPm. The boxed gel regions were excised for LC-MS/MS and processed with either trypsin or chymotrypsin digestion as

described under “Experimental Procedures.”

TABLE 1
SIRT2 peptides identified with LC-MS/MS as photolabeled by AziPm
Peptide Observed Calculated Enzyme
Photolabeled peptide” charge MH+ MH+ used”
131p  FALAKELY"PGQF . K44 +2 1599.8101 1599.8069  Chymo
13?F  ALAKELY*PGQF .K'#* +2 1452.7406 14527385  Chymo
1341, ARELY*PGOF . K144 +2 1268.6200 1268.6173  Chymo
13 ELY'PGQFK. P14° +1 11975819 11975802  Trypsin
1721, . ERVAGLEPQDLVEAHGTF*Y . T'%?  +3 2347.1260 2347.1216  Chymo
202k . EYTM*SwMK . EZ 1t +1 1291.5378 12915349  Trypsin

“ The photolabeled peptide is shown between periods. * indicates that a
216.0762-Da modification was detected. Amino acid numbering is according to
full-length rat SIRT2.

? Chymo indicates chymotrypsin.

RESULTS

Myelin Photolabeling—We isolated a myelin-enriched frac-
tion from rat brain for photolabeling with 4 um [PH]AziPm, a
concentration that approximates the EC,, dose for anesthetiz-
ing tadpoles (7, 11). To measure the specificity of anesthetic
binding, we also photolabeled with 4 um [*H]AziPm while co-
equilibrating with 400 um propofol or 180 um (non-radioac-
tive) AziPm, which are concentrations that approach their
maximum aqueous solubility. The protein was separated by
SDS-PAGE and transferred to a membrane for autoradiogra-
phy. Based on optical density from the radioactivity (Fig. 1B),
propofol and AziPm inhibited [*H]AziPm binding to myelin
proteins an average of 41 and 53%, respectively, throughout the
lanes. [*H]AziPm incorporation was concentrated in four
bands shown as peaks at: 1) >250 kDa, 2) 80-95 kDa, 3) 55-70
kDa, and 4) 35-40 kDa, and propofol decreased [*H]AziPm
labeling of these peak regions by 50 — 69%.

The >250-kDa band did not enter the resolving gel and was
likely aggregated protein; however, the high selectivity of pho-
tolabeling in the remaining bands suggested strong binding to
few proteins. To identify these proteins, we photolabeled
myelin with 4 um AziPm and excised the bands from a separate
SDS-PAGE gel (Fig. 1C). We then employed a mass spectrom-
etry-based approach whereby we first identified all the proteins
in the bands and then searched for an AziPm mass adduct on
those proteins. Six unique peptides from trypsin- and chymo-
trypsin-digested samples of the 35—40-kDa band were identi-
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fied as photolabeled by AziPm (Table 1 and supplemental Fig.
S1), and these peptides were all assigned to SIRT2. With this
approach, we did not identify adducts on proteins from the
other bands and therefore pursued the relevance of propofol
binding to SIRT?2.

Conformation-specific and Isoform-selective Binding—After
photolabeling separate myelin samples, we confirmed that
propofol concentration-dependently inhibited 4 um [°H]-
AziPm photolabeling of the ~37-kDa SIRT2 band (Fig. 24). We
then photolabeled recombinant human SIRT2 with 4 um
[PH]AziPm * propofol to test the specificity of binding in solu-
tion. Human and rat SIRT2 are highly conserved and share 88%
sequence identity, and thus it was surprising when our initial
attempts to inhibit [*H]AziPm photolabeling of human SIRT2
with propofol were unsuccessful (Fig. 2B).

To investigate these contrasting results, we analyzed the
AziPm binding site on high-resolution structures of SIRT2,
which were also derived from recombinant human protein.
Crystal structures of human SIRT2 represent two enzymatic
conformations that are dictated by the presence or absence of
bound substrates. In one structure, referred to here as apo-
SIRT2, the enzyme is bound only to its structural, non-catalytic
cofactor zinc (17, 18, 23). The second structure, referred to here
as ADPr-SIRT2, represents an enzyme bound to zinc, a pseudo-
peptide substrate, and ADP-ribose, which binds in the cleft
occupied by NAD™ during enzymatic catalysis (17). In ADPr-
SIRT2, with substrate bound, the helical domain containing the
zinc subdomain is rotated over the NAD™ cleft, hinging on
loops that connect to the Rossmann fold domain (17); similar
conformational transitions have been observed with other
mammalian sirtuins (23, 32). AziPm photolabeled Tyr'?’,
Phe'®°, and Met**® on the helical domain of rat SIRT2, and
these residues converge in the folded protein at a single site (Fig.
3, A and B).

Although the photolabeled residues are similarly positioned
in both SIRT2 conformations, the protein topology revealed
that these amino acids surround a cavity that is present in
ADPr-SIRT?2, but that is absent in apo-SIRT2 (Fig. 3, A-C). The
volume of this cavity is ~360 A* and should therefore accom-
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FIGURE 2. A, representative Coomassie G-250-stained gel lane of myelin protein separated with SDS-PAGE after photolabeling with 4 um *H]AziPm = 3, 30, or 100 um
propofol. Each gel lane was cut horizontally into 1-mm pieces, and the radioactivity content in each slice is shown in the aligned graph. B, shown are the levels of
covalent [*H]AziPm binding to human SIRT2 in solution. In this experiment, SIRT2 was photolabeled with 4 um [*H]AziPm + the indicated concentrations of propofol,
and no additional substrates were added. Each mean was derived from 3-6 values from separate photolabeling experiments. Mean values are shown with S.E.
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FIGURE 3., top, the positions of residues that were photolabeled by AziPm are shown in the apo-SIRT2 structure. The Rossmann fold of SIRT2 is colored dark blue, zinc
is colored orange, and the indicated photolabeled residues are shown as red sticks outlined by a transparent surface topology. Bottom, enlarged view of the photolabeled
residues on the apo-SIRT2 structure, but with the solid surface topology of the protein shown. B, identical views as in A, but with the structure of ADPr-SIRT2. ADP-ribose
is colored yellow. C, the cavity in the ADPr-SIRT2 structure is shown with a black surface representation, which has a volume of 364 A%. D, segments of the human and rat
SIRT2 sequences, which were derived from the indicated UniProt codes, are aligned. Identical residues are indicated by the asterisks, residues photolabeled by AziPm
are bolded and red, residues lining the anesthetic cavity in ADPr-SIRT2 are highlighted yellow, and boxed residues form the protein C-pocket.
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and substrates on the means and their interaction (***, p < 0.001 for all comparisons). Bonferroni’s post hoc tests comparing the indicated means determined
that the substrates significantly increased [*H]AziPm binding (p < 0.001), and that this binding was inhibited by propofol (p < 0.001). ns, not significant. C, the
levels of covalent [*H]AziPm binding to human SIRT1 in solution are shown. This experiment was performed identically to that shown in B, but with SIRT1
instead of SIRT2, and the means were from 3-5 values. Two-way analysis of variance did not determine a significant effect of propofol or substrates on the
means or their interaction (p > 0.05). D, top, on the apo-SIRT1 structure, residues Tyr*'7, Phe®¢, and Cys*®°, which are homologous to the SIRT2 residues that
were photolabeled by AziPm, are shown as red sticks outlined by a transparent surface topology; zinc is colored orange. Bottom, enlarged view of the residues, but

with the solid surface topology of the protein shown. E, identical views as in D, but with the structure of ADPr-SIRT1. Mean values are shown with S.E.

modate propofol and AziPm, which have van der Waals vol-
umes of 192 and 197 A3, respectively. Residues that line this
cavity are identical in rat and human SIRT2, with the exception
of rat Met*°®, which is a leucine in the human protein (Fig. 3D).

This suggested that [PH]AziPm and propofol might bind
selectively to SIRT2 conformations that can be induced and/or
stabilized by substrate binding. To test this experimentally, we
photolabeled recombinant human SIRT2 while co-incubating
with >10-fold concentration (mol to mol) of acetylated human
histones, which are protein substrates of SIRT2, and excess
ADP-ribose and nicotinamide, which together mimic the co-
substrate NAD™ (Fig. 44). Without allowing for enzymatic
catalysis, simultaneous binding of these substrates should
increase the equilibrium fraction of the enzyme that assumes a
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conformation more similar to ADPr-SIRT2 than apo-SIRT2.
As predicted with modeling, [*H]AziPm preferentially photo-
labeled SIRT2 when the enzyme was co-equilibrated with these
substrates, and propofol readily displaced [*H]AziPm from the
SIRT?2 site under these conditions (Fig. 4B). In the absence of
propofol, we also measured ~20-fold greater [*H]AziPm bind-
ing per mol of SIRT?2 relative to histones, despite the excess
amounts of the latter, and co-equilibration with propofol had
no effect on histone photolabeling.

Of the 15 residues that surround the propofol cavity on
SIRT2, 10 residues were identical in SIRT 1, which was the high-
est similarity among the seven human sirtuin isoforms. We
therefore tested whether the anesthetics bind to a conserved
site on recombinant human SIRT1 using an identical in vitro
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FIGURE 5. A, Western blot showing relative amounts of SIRT2 in rat brain fractions: SE, soluble brain extract; b, brain homogenate; my, myelin. The Coomassie
R-250-stained membrane is shown for loading. B, Western blot demonstrating deacetylation of acetylated a-tubulin (Acet-tubulin) from rat brain by recombi-
nant human SIRT2 (hSIRT2). In this assay, SIRT2 activity was pronounced with the addition of 3 ug of SIRT2 and 1 mm NAD™, and deacetylase activity was
inhibited by the SIRT2 inhibitor nicotinamide (nicot.); the histone deacetylase inhibitor trichostatin A was added to all reactions. 3 ug of soluble extract protein
from an assay was loaded in each lane for this blot. C, propofol concentration-dependently inhibited SIRT2 deacetylation of acetylated a-tubulin. Assays were
performed similar to B with the indicated substrates * propofol. D, representative standard curve from a Western blot used to determine absolute levels of
acetylated a-tubulin deacetylation by SIRT2 in the absence and presence of propofol. For this, increasing amounts of soluble brain extract protein were
separated via SDS-PAGE, and alongside this, 1 ng of protein from SIRT2 deacetylase assays that contained no inhibitor, 0.3 um propofol, or 3 um propofol was
separated. Densitometry from the standards allowed generation of the standard curve, from which absolute levels of deacetylase activity in the assay samples
were determined. In this assay, 0.3 and 3 um propofol inhibited SIRT2 activity by 9 = 1 and 33 = 4%, respectively. E, from the tubulin deacetylase assays, the
absolute levels of SIRT2 inhibition at each propofol concentration are shown and were used to fit the sigmoidal curve drawn in red; 25 *+ 2 um propofol was

necessary to inhibit the enzyme by 50%, and the slope of the curve was equal to —0.5 = 0.1. Mean values are shown with S.E.

photolabeling approach. Levels of [*H]AziPm binding per mol
of SIRT1 were lower than SIRT2, and propofol did not inhibit
photolabeling whether or not the enzyme was co-equilibrated
with the acetylated histones, ADP-ribose, and nicotinamide
substrates (Fig. 4C). SIRT1 also lacks a discernable cavity at this
location in the apo-SIRT1 and ADPr-SIRT1 crystal structures
(Fig. 4, D and E), which also represent different conformations
due to substrate binding (23); in the ADPr-SIRT1 structure, the
residues around the cavity remain compact (Fig. 4E), as
opposed to the spreading of residues seen in ADPr-SIRT?2 (Fig.
3B). Together, our data suggest that propofol and AziPm show
selectivity for binding sirtuin isoform 2.

SIRT?2 Functional Assays—To test whether propofol affects
SIRT?2 enzymatic activity, we measured SIRT2 deacetylation of
acetylated a-tubulin that was derived from mammalian tissue
(33, 34). For this, we prepared a soluble extract from rat brain
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that contained only a small amount of native SIRT2 (Fig. 54).
Deacetylation of a-tubulin in this soluble extract was acceler-
ated by the addition of recombinant human SIRT2 and 1 mm
NAD7, and enzymatic activity was prevented by the sirtuin
inhibitor nicotinamide (Fig. 5B). The inability of other sirtuins
to deacetylate a-tubulin (33), and the addition of the histone
deacetylase inhibitor trichostatin A to all reactions, ensured
that deacetylation was SIRT2-dependent.

With this assay, we observed concentration-dependent inhi-
bition of SIRT?2 activity by propofol (Fig. 5C), including at the
anesthetic concentration of 3 um (7, 11). To quantify the abso-
lute inhibition of SIRT2 by propofol, we accounted for the
potential non-linearity of the Western blot chemiluminescent
signal intensity. We generated internal standard curves by load-
ing increasing amounts of soluble extract protein on a gel, and
alongside this, we loaded the soluble extract from enzyme
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assays containing 0 -3 um propofol (Fig. 5D). In the absence of
an inhibitor, 70 £ 2% of total acetylated a-tubulin was deacety-
lated in the assay, and propofol concentrations of 0.3 and 3 um
inhibited SIRT2 deacetylase activity by 9 = 1 and 33 = 4%,
respectively. The data from these experiments enabled us to
extrapolate the absolute inhibition of SIRT2 by 30 and 300 um
propofol, and a curve fit to the data estimated that 50% inhibi-
tion of SIRT2 should occur with 25 = 2 um propofol (Fig. 5E).

Because general anesthetics can affect tubulin polymeriza-
tion (15), and because acetylation of a-tubulin is used as a
surrogate for microtubule stability, we also confirmed that
propofol inhibition of SIRT2 was independent of the poly-
merization state of tubulin. The microtubule-stabilizing
agent epothilone D (15, 35) was added to separate assays at a
concentration of 2 um, which is sufficient to increase microtu-
bule stability in vivo (15). Epothilone D did not affect SIRT2
deacetylation of a-tubulin, nor did it affect propofol inhibition
of SIRT2 (Fig. 6). This is consistent with observations that
SIRT?2 deacetylation of a-tubulin is not affected by co-incuba-
tion with taxol (33).

Finally, in addition to the experiments using brain extract, we
tested whether propofol affected SIRT2 function using enzyme
assay kits that were commercially available. Both assays mea-
sured SIRT2 deacetylase activity in the absence of the soluble
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FIGURE 6. SIRT2 deacetylase assay Western blot and quantification, as in
Fig. 5C, but with the microtubule-stabilizing agent epothilone D (epo-D)
added to some reactions. Epothilone D did not affect SIRT2 deacetylase
activity or propofol inhibition of SIRT2. hSIRT2, human SIRT2; nicot., nicotin-
amide; Acet-tubulin, acetylated a-tubulin.

brain milieu. Interestingly, propofol concentrations as high as
300-400 uM had no effect on SIRT2 deacetylase activity in
these in vitro assays, which used small acetylated peptides as
substrates (Fig. 7, A-C).

DISCUSSION

In this work, we identified mammalian SIRT?2 as a target of
propofol and showed that this anesthetic can inhibit the tubulin
deacetylase activity of the enzyme. Propofol binds to an allo-
steric cavity that has not been described previously as an inhib-
itory site. Strong agreement between structural modeling and
photolabeling experiments suggested that the propofol site is
either created or stabilized when SIRT2 is bound to substrate(s)
and has presumably undergone a conformational transition.

Despite the allosteric nature of this site, three residues that
line the propofol site (Ile'®®, Asp'”®, and Thr'”?) also line the
protein “C-pocket” that is highly conserved across sirtuins (25,
36) (Fig. 3D). Ile*®” and Asp'”° specifically contact the nicotin-
amide moiety of NAD™ during enzymatic reactions (25, 36),
and mutagenesis of Asp'”® reduces enzymatic activity (18).
These residues are also adjacent to the acetyl lysine substrate
site (17, 37). However, propofol does not bind within the
C-pocket itself, in contrast to other sirtuin inhibitors such as
nicotinamide (25) and Ex-527 (24, 38). The uniqueness of the
propofol site was first demonstrated by the lack of competition
between AziPm and nicotinamide for SIRT2 binding (Fig. 4B).
This can also be modeled by aligning the SIRT2 C-pocket to
those of sirtuins co-crystallized with nicotinamide and Ex-527
(Fig. 8). The residues photolabeled by AziPm are ~7—-14 A from
nicotinamide and Ex-527, and the ligands are separated from
these residues by a tunnel that constricts to ~4 A in the SIRT2
protein (17).

AziPm photolabeling of multiple SIRT2 residues suggests
that the ligand is somewhat mobile in the site. The portion of
the cavity containing Tyr'®® is also dynamic, being part of the
flexible loop that connects the Rossmann fold domain to the
helical domain. Along with these ligand and site dynamics, spe-
cific binding of propofol only to substrate-bound SIRT?2 in solu-
tion (Fig. 4B) raises intriguing questions about the conforma-
tion of the enzyme in myelin. In order for [*H]AziPm to bind
strongly and specifically to myelin SIRT2 (Figs. 1B and 2A4),
there must be a significant fraction of SIRT2 in adult myelin
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FIGURE 7. A, SIRT2 deacetylase activity in the presence of propofol, shown as the percentage of control, using the SIRTainty class IIl histone deacetylase assay
kit (EMD Millipore) and the included acetyl peptide substrate. Experimental conditions are described under “Experimental Procedures.” B, SIRT2 activity in the
presence of propofol using the SIRT2 inhibitor screening assay (Sigma-Aldrich) and the included fluorophore-conjugated acetyl peptide substrate. Experi-
ments were performed according to the manufacturer’sinstructions. C, SIRT2 activity using the same kit as in B, with the fluorophore-conjugated acetyl peptide
substrate, but with varying concentrations of NAD ™. For assays in A-C, mean values are shown with S.D.
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FIGURE 8. In A and B, the ADPr-SIRT2 structure is shown in cyan, zinc is
colored orange, ADP-ribose is colored yellow, and residues photolabeled
by AziPm are shown as red sticks. The propofol binding cavity is filled with
the black surface representation. A, the C-pocket residues of SIRT2 were
aligned to the C-pocket residues of Sir2Tm (PDB code 1YC5). The alignment
root mean square was 0.75 A, and the Sir2Tm C-pocket residues are traced in
the transparent magenta. In 1YC5, Sir2Tm is bound to nicotinamide, and the
position of this inhibitor, which binds to a separate site than propofol, is
shown as green sticks. B, the C-pocket residues of SIRT2 were aligned to those
of SIRT3 (PDB code 4BV3). The alignment root mean square was 0.26 A, and
the SIRT3 C-pocket residues are traced in the transparent magenta. In 4BV3,
SIRT3 is bound to the inhibitor Ex-527, which binds to the same site as nico-
tinamide and is shown as green sticks.

that is complexed with substrate or is otherwise induced into a
conformation more similar to ADPr-SIRT2 than apo-SIRT2.
The components that mediate this ligand specificity were likely
present in the tubulin deacetylase assays that were performed
with the soluble brain extract.

The efficacy of propofol as a SIRT2 inhibitor was revealed in
the tubulin deacetylase assays, yet our in vitro experiments
using acetylated peptides as substrates suggest a complex allo-
steric pharmacology. It is possible that the same components
that promote propofol binding to SIRT2 in myelin also underlie
the efficacy of propofol as an inhibitor and that propofol itself
does not affect the function of the apo-enzyme in solution. An
alternative explanation is that propofol inhibition of SIRT2 is
specific to certain substrates, including full-length tubulin;
however, the mechanism by which the enzyme could be sensi-
tized to inhibition through the identified allosteric site in a sub-
strate-specific manner is unclear.

There are many potential physiological implications of
SIRT?2 binding and enzymatic inhibition in myelin and elsewhere.
Because SIRT2 is a soluble protein that is not known to directly
affect neuronal excitability, it seems unlikely that propofol-SIRT2
interactions would contribute to hypnosis. However, although we
used acetylated a-tubulin as a model substrate in our assays,
there are numerous other proteins and cellular processes that
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are regulated by SIRT2. For example, as a major deacetylase in
oligodendrocytes (39 —41), SIRT?2 activity regulates the devel-
opment of myelin and also remyelination of axons after crush
injury (42). In other cell types, SIRT2 deacetylates transcription
factors (43) and histones (44, 45) to regulate transcription and
chromatin structure, and SIRT2 regulates metabolic enzyme
function (46). The relevance of a SIRT2-propofol interaction is
therefore likely as an off-pathway target of the drug. Future
studies that test the effects of propofol on these processes, spe-
cifically in the context of SIRT2 inhibition, could help to
improve the optimal administration of propofol and other clin-
ically used general anesthetics.

Finally, in addition to SIRT?2, there remain other proteins in
myelin and other CNS tissue fractions that bind to propofol and
have not yet been identified (Fig. 1B). In this work, the identifi-
cation of photolabeled protein was contingent on identifying
AziPm mass adducts on peptides. The advantage of this strat-
egy is that most proteins are retained in the SDS-PAGE gel and
can potentially be identified, which is in contrast to other
approaches such as two-dimensional gel electrophoresis that
aim to purify photolabeled protein. However, adduct identifi-
cation is also contingent on extensive sequencing of proteins. Sol-
uble peptides are favored with LC-MS/MS sequencing, hindering
detection of more hydrophobic propofol protein sites, and exten-
sive sequencing becomes more challenging for larger proteins.
Therefore, although our approach was successfully implemented
for SIRT2 identification, this work also demonstrates the chal-
lenges associated with unbiased identification of unknown
anesthetic protein targets. Alternative proteomic and chemical
strategies using anesthetic analogs should continue to uncover
additional propofol targets that might contribute to both off-
pathway and on-pathway pharmacologic mechanisms.
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