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ABSTRACT: Propofol is a widely used intravenous general anesthetic. We synthesized 2-fluoro-1,3-diisopropylbenzene, a
compound that we call “fropofol”, to directly assess the significance of the propofol 1-hydroxyl for pharmacologically relevant
molecular recognition in vitro and for anesthetic efficacy in vivo. Compared to propofol, fropofol had a similar molecular volume
and only a small increase in hydrophobicity. Isothermal titration calorimetry and competition assays revealed that fropofol had
higher affinity for a protein site governed largely by van der Waals interactions. Within another protein model containing
hydrogen bond interactions, propofol demonstrated higher affinity. In vivo, fropofol demonstrated no anesthetic efficacy, but at
high concentrations produced excitatory activity in tadpoles and mice; fropofol also antagonized propofol-induced hypnosis. In a
propofol protein target that contributes to hypnosis, α1β2γ2L GABAA receptors, fropofol demonstrated no significant effect
alone or on propofol positive allosteric modulation of the ion channel, suggesting an additional requirement for the 1-hydroxyl
within synaptic GABAA receptor site(s). However, fropofol caused similar adverse cardiovascular effects as propofol by a dose-
dependent depression of myocardial contractility. Our results directly implicate the propofol 1-hydroxyl as contributing to
molecular recognition within protein targets leading to hypnosis, but not necessarily within protein targets leading to side effects
of the drug.
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The mechanisms underlying general anesthetic action
leading to desired anesthesia endpoints or adverse effects

have been a mystery for nearly two centuries. The first major
proposal for a mechanism of anesthetic-induced hypnosis arose
when a relationship between anesthetic lipophilicity and
potency was independently observed by Meyer and Overton.1,2

This correlation led to various hypotheses for membrane
mediated mechanisms of anesthesia; however, evidence that

anesthetics bind and cause functional effects through specific
sites on multiple protein targets has steadily emerged.
Crystallized anesthetic−protein complexes,3−5 recognition of
highly specific and selective responses by ion channels,6,7 and
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elucidation of receptor binding site character using photolabel
analogues8−12 have propelled the concept of protein-mediated
mechanisms to general acceptance.
The binding affinity of a drug for a protein site is generally

mediated by multiple specific noncovalent interactions in a
process known as molecular recognition. Drug occupancy of a
target protein site results in alteration(s) in protein
conformation and/or dynamics that reflect (or produce)
changes in the protein’s activity. General anesthetic ligands
are a unique class of drugs in that they share only broad
physicochemical features, such as low molecular weight and
hydrophobicity. While causing similar desired endpoints
including hypnosis, immobility, and amnesia, and adverse
effects including cardiovascular depression, nausea, and hyper-
thermia, the drug concentrations to achieve the effects can be
considerably different between anesthetics. These observations
suggest that a penchant of an individual anesthetic for a
pharmacological effect may be reliant on distinctive chemical
features giving rise to a relative higher affinity for particular
protein target(s). It is therefore essential to characterize the
molecular interactions between proteins and anesthetics to
successfully design new anesthetic agents that selectively cause
the desirable effects through specific targets.
Propofol (2,6-diisopropylphenol) is the most widely used

intravenous general anesthetic for the induction and main-
tenance of anesthesia.13 While a fairly simple compound,
propofol contains a particular feature within its chemical
structure, a 1-hydroxyl, that is capable of distinctive
intermolecular interactions.14−16 The hydrophilic group
permits hydrogen bonding to both aqueous solvent and to
amino acids within protein targets, which contribute to
solvation and specific molecular recognition, respectively.
Solvation is critical for hydrophobic ligands to gain access to
protein target(s).17 Previous studies that examined various
substitutions on the alkylphenol backbone could not rigorously
attribute the changes in ligand efficacy to molecular recognition
or to solvation.18,19 To achieve this, a modification of propofol
that removes hydrogen bonding propensity while retaining
solvation properties, and then a comparison of both ligand
activity and binding, is essential.
Thus, we substituted the 1-hydroxyl of propofol with a

fluorine atom to produce 2-fluoro-1,3-diisopropylbenzene, or
“fropofol” (Figure 1). This otherwise physicochemically similar

analogue to propofol allowed us to explicitly link the 1-hydroxyl

to protein affinity and, most importantly, to multiple in vivo

consequences. Our data indicates that hydrogen bonding plays

a surprisingly dominant role in molecular recognition for

propofol-protein interactions that contribute to hypnosis,

whereas the loss of the hydrophilic feature did not prevent

binding to targets that lead to less favorable endpoints.

■ RESULTS AND DISCUSSION

To directly evaluate the contribution of the 1-hydroxyl in
propofol molecular recognition, we designed an analogue that
selectively weakens the hydrogen bond capability while
retaining other physiochemical properties of propofol. The
synthesis of fropofol involved the diazotization of 2,6-
diisopropylaniline, precipitation of the tetrafluoroborate salt,
and dediazotization-fluorination under mild vacuum overnight
(Scheme 1). 1H, 13C, and 19F NMR spectra are presented in
Supporting Information Figures 1−3, and the calculated mass/
charge value was appropriate for the fropofol chemical
structure.

The physiochemical properties of propofol and fropofol are
reported in Table 1. The calculated van der Waals molecular
volumes were similar between the two compounds with
fropofol (189 Å3) being marginally smaller than propofol
(192 Å3). Based on the Meyer−Overton rule, the increase in
hydrophobicity by calculated octanol/water partition coeffi-
cients for fropofol (3.96) relative to propofol (3.79) predicted a
modest increase in the compound’s anesthetic potency.2

Consistent with the clogP value, the measured maximum
aqueous concentration achieved by fropofol was 116 ± 4.4 μM,
approximately 5-fold less than propofol; however, the solubility
of fropofol exceeded or was within the same range of
halogenated alkylphenols that retain activity; 2,4-diethylphenol
bromide and 4-iodo-2,6-diisopropylphenol.19

We initiated studies of fropofol binding to model proteins.
Previously, anesthetic binding to horse spleen apoferritin
(HSAF) had been found to correlate strongly with GABAA
receptor potentiation and tadpole loss of righting reflex
(LORR).20,21 Anesthetic binding to a single site on HSAF is
exothermic and mediated by electrostatic and hydrophobic
interactions;21 a hydrogen bond was not apparent in the crystal
structure of the complex with propofol. Propofol and fropofol
bound HSAF with low micromolar KD values (Figure 2A, B;
Table 1); however, fropofol had a 4- to 5-fold increase in
affinity (KD = 1.7 μM (0.5−2.9) (95% CI)) relative to propofol
(KD = 9.0 μM (7.1−11) (95% CI)).
The propofol photoactive analogue meta-azi-propofol

(AziPm) has been shown to photolabel the crystallographically
determined propofol site on HSAF.22 Therefore, we used
[3H]AziPm photoradiolabeling with and without competing
ligands to definitively determine the fropofol-HSAF binding
site. One μM propofol or fropofol caused a 31% and 61%
reduction in [3H]AziPm binding to HSAF, respectively. 1-
Aminoanthracene (1-AMA) also binds the same site on
HSAF.23 1-AMA decreases in fluorescence when displaced
from the HSAF site, and this feature allows calculation of ligand
KD values through competition experiments. Calculated KD
values from 1-AMA fluorescence competition (Figure 3A)
correlated well with ITC and photoradiolabel competition
studies for both propofol (KD = 10 μM (7−15) (95% CI)) and
fropofol (KD = 0.7 μM (0.3−1.5) (95% CI)). Cumulatively, the
data show that propofol and fropofol bind within the same

Figure 1. Chemical Structures. Chemical structures of 2,6-
diisopropylphenol (propofol) and 2-fluoro-1,3-diisopropylbenzene
(fropofol).

Scheme 1. Synthesis
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hydrophobic cavity on HSAF;21 however, fropofol consistently
demonstrated an approximately 3- to 5-fold increase in affinity,
presumably due to the modest increase in hydrophobicity.
Propofol has also been shown with crystallography to bind

two sites within domain III of human serum albumin (hSA).4

Within each site there resides hydrogen bonding partners that
facilitate propofol binding.4,24 Similar to HSAF, ITC measure-
ments showed propofol and fropofol bound to hSA exothermi-
cally (Figure 3A, B; Table 1). The cumulative KD of propofol
binding to hSA was determined as 43 μM (36−50) (95% CI),
with stoichiometry being dominated by the higher affinity
complex.25 Fropofol demonstrated similar stoichiometry but
with a cumulative KD of 91 μM (72−110) (95% CI).
[3H]AziPm photoradiolabeling competition experiments

were also performed with hSA, and these experiments were
supplemented with CNBr digestion to specifically study
binding to domain III. Within the isolated domain III
fragments, propofol significantly decreased radiolabel incorpo-
ration to about 67 ± 5% of the control [3H]AziPm
photolabeling, while fropofol inhibited it by only half as
much (37 ± 12% (mean ± SEM); Figure 3C). This suggests
that the substitution of the 1-hydroxyl results in lower affinity
to the specific propofol hSA binding sites that contain hydrogen
bonding partners.
Together, our data with HSAF and hSA demonstrate a

contribution of the propofol hydroxyl for specific molecular
recognition of model proteins. Our results demonstrate that
propofol binds with higher affinity than fropofol to sites that
contain hydrogen bond interactions, but that in the absence of
hydrogen bond partners, fropofol binds with higher affinity.
The relatively high affinities of these interactions also suggest
that this result is independent of the solubility of the ligands.
It bears mentioning that substitution for the 1-hydroxyl

would also result in electronic changes that could modulate
binding. It is very difficult to entirely separate this possibility
from the hydrogen bonding hypothesis, but it seems an unlikely
explanation for the large differences measured and the generally
weaker van der Waals interactions that would be influenced.
Halogens can also serve as weak hydrogen bond acceptors.
However, fluorine, due to its high electronegativity and lack of
polarizability,26,27 is generally excluded from this form of
interaction.28

Next, to characterize the relevance of the hydroxyl on
pharmacological activity, we performed several in vivo experi-
ments. The pharmacological activity of fropofol within albino
Xenopus laevis tadpoles was evaluated over the course of 60 and
90 min exposure periods. When administered 3−100 μM
fropofol, none of the X. laevis tadpoles within any dose group
exhibited the standard loss-of-mobility endpoints. In contrast,

Table 1. Physicochemical Parameters and Binding Properties of Propofol and Fropofol

physicochemical properties propofol (2,6-diisopropylphenol) fropofol (2-fluoro-1,3-diisopropylbenzene)

molecular weight 178.27 Da 180.26 Da
van der Waals volume 192 Å 189 Å
cLogP 3.79 3.96
density 0.96 g/cm3 0.9 g/cm3

propofol (2,6-diisopropylphenol) fropofol (2-fluoro-1,3-diisopropylbenzene)

protein affinities (μM)a HSAFb hSA HSAFb hSA

ITC 9 (7.1−11) 43 (36−50) 1.7 (0.5−2.9) 91 (72−110)
1-AMA competitionc 10 (7−15) 0.7 (0.3−1.5)

aValues are represented as mean (95% CI). bStoichiometry of HSAF sites were fixed at N = 1. cKD Fluorescence data derived from Cheng−Prusoff
equation.

Figure 2. Propofol and fropofol horse spleen apoferrition (HSAF)
binding. Isothermal titration calorimetry profiles of HSAF(A-B)
interaction with propofol (A) or fropofol (B) using sequential
titrations. Top: time response heat change from addition of ligand.
Bottom: best fit attained from a single site binding model (best χ2

statistic) fitted to a 1:1 stoichiometry for HSAF. Drug affinities (KD)
for HSAF site were 9 and 1.7 μM for propofol and fropofol,
respectively. (C) HSAF fluorescence competition using 1-amino-
anthracene with titrations of either propofol (PfL; black circles) or
fropofol (FfL; blue circles). Intensity was corrected for ambient ligand
and protein fluorescence (see Table 1).

Figure 3. Propofol and fropofol human serum albumin (hSA) binding.
Isothermal titration calorimetry profiles of hSA interaction with
propofol (A) or fropofol (B) using incremental titrations. Top: time
response heat change from addition of ligand. Bottom: best fit attained
from a single site binding model (best χ2 statistic) resulting in roughly
1:2 stoichiometry for hSA for fropofol (n = 1.3 ± 0.9) and propofol (n
= 1.4 ± 0.5). Affinity (KD) for the hSA sites were 43 and 91 μM for
propofol and fropofol respectively (see Table 1). (C) Competition
binding assay with [3H]AziPm photoradiolabeling of hSA hSA CNBr
14.9−12.1 kDa domain III digestion fragment with DMSO control or
75 μM propofol (PfL) or fropofol (FfL) competition. Quantitation of
dpm (disintegrations per minute) was normalized to averaged relative
lane intensities of Commassie blue (CB) stain. Data sets are
represented as normalized mean ± normalized SEM and were
analyzed by one-way ANOVA with Bonferroni’s post hoc test (p <
0.05) comparing significance in competition to fragment control (*).
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excitatory phenotypes29 were observed in some tadpoles
(∼11%) at 40−60 min with greater than 30 μM concentrations,
and longer (80−90 min) exposures to these high concen-
trations produced this behavior in ∼70% of the tadpoles. This
excitatory behavior included continuous tight circular and/or
“darting” swimming patterns, previously reported as indicators
of lower class seizures in X. laevis.29 When fropofol-containing
water was exchanged for fresh pond water, normal swimming
behaviors resumed within 10−15 min.
The excitatory activity was similarly observed within a

mammalian model. Wild type C57/Bl6 mice were given bolus
tail vein injections of fropofol dissolved in 10% lipid emulsion.
At low dose (96 mg/kg), no observable effects were noted. At
higher dose (180 mg/kg), electroencephalography (EEG)
recordings and physical observation showed generalized
tonic-clonic seizure-like activity 2 min post injection (Figure
4A), after which a lethargic postictal state was observed. Mice
resumed normal activity within 2−3 h, and no toxicity was
observed within the following days postinjection. Loss of
righting reflex, the standard endpoint for general anesthetics,
was produced with 20 mg/kg of propofol, but not with even the
highest dose of fropofol.
To ensure that fropofol accessed the brain, some mice were

euthanized at 45 s and at 10 min after IV bolus injection of 96
and 200 mg/kg, respectively, and fropofol content in the brain
was assayed by reverse phase-high performance liquid
chromatography. At both time points, fropofol was detectable
within processed brain samples at 38 μg/gram of brain tissue
and 51 μg/gram of brain tissue for the lower and higher doses,
respectively. These concentrations are higher than propofol
concentrations that result in hypnosis.30 When combined with
the obvious central nervous system-derived behavioral change,
this confirms that exclusion by either the blood-brain barrier or
through active pumps does not explain the absence of a
fropofol hypnotic action.
Finally, in order to determine whether fropofol has

subphenotypic hypnotic activity,31 tadpoles were exposed to
increasing concentrations of propofol in the presence of four
fixed concentrations of fropofol (0, 5, 25, and 100 μM). Rather
than demonstrating an additive effect, fropofol induced a right-
shift in the propofol dose−response curve (Figure 4B),
indicating antagonism toward propofol induced hypnosis at
all concentrations.
To test our hypothesis and determine a potential mechanism

for fropofol excitatory activity and antagonism of propofol
induced hypnosis, we investigated the influence of these agents

on recombinantly expressed GABAA receptors. Propofol has
been shown to be a strong positive modulator of GABAA
receptors,33 which likely contributes to its hypnotic action.
Perfusion with propofol in the absence of GABA caused minor
direct activation, consistent with previous literature (Figure
5A).33 Also consistent with previous studies, coexposure to
propofol and GABA resulted in a concentration-dependent
increase in current up to 80 μM (Figure 5B); positive
modulation began to decline at propofol concentrations of
100 μM.33,34 In contrast, 5 and 50 μM fropofol elicited no
significant direct activation of the receptor (Figure 5A).
Furthermore, fropofol, at any concentration, demonstrated no
significant modulation or inhibition of the α1β2γ2L GABAA
receptor at solubility permitted concentrations (Figure 5).
To determine whether the antagonistic action of fropofol on

propofol hypnosis was mediated through GABAA receptors, we
exposed all three ligands (GABA, propofol, and fropofol) to the
recombinant ion channels. The introduction of 50 μM fropofol
resulted in no significant change of propofol positive
modulation of the GABAA receptor (Figure 5A, B, D), and
exposure of saturating concentrations of fropofol displayed no
significant alteration of 5 μM propofol potentiation of GABAA
receptor currents (Figure 5C, D).
In total, fropofol had no influence whatsoever on propofol

positive modulation of the α1β2γ2L GABAA receptor. Because
propofol has shown similar potency across most synaptic
GABAA receptor subtypes,34,35 these data suggest that fropofol
in vivo excitatory activity and antagonism of propofol hypnosis
were via a non-GABAergic mechanism. However, we examined
only a single subtype, and thus cannot completely rule out
GABAergic antagonism as underlying fropofol excitation.
Fropofol might be a useful tool to characterize GABAA
receptor specificity. In addition, these data suggest that our
previous demonstration of the correlation of affinity for HSAF
“anesthetic site”, GABAA receptor potentiation, and LORR21

represents only a portion of the molecular recognition features
required for transducing a likely major component for the
pharmacological effect. While HSAF provides a convenient
model amenable to high throughput screening, which is a
considerable improvement over previous approaches, like the
Meyer−Overton rule,32 these fropofol data strongly indicate an
additional requirement for a hydrogen bond within synaptic
GABAA receptor site(s).
As fropofol does not partake in the molecular recognition

features that lead to hypnosis, we decided to examine whether
the propofol 1-hydroxyl was similarly vital for mechanisms

Figure 4. Ligand in vivo activity. (A) EEG recording 1.75−2.4 min after injection of 200 mg/kg fropofol. Phenotypical seizure activity observed
within frontal association (FrA), primary motor (M1), medial parietal association area (MPAA), primary somatosensory (S1), and primary auditory
(A1) traces. Postictal state (PI) was observed after seizing activity. (B) Propofol dose−response curves with the coadministration of 0 μM (black
circles), 5 μM (violet triangles), 25 μM (green squares), and 100 μM (red diamonds) of fropofol within X. laevis tadpoles. Immobility was measured
as loss of spontaneous movement.
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resulting in an alternative pharmacological endpoint. A known
adverse effect of propofol is cardiovascular depression, which
previous reports suggest is at least partially caused by a direct
effect on myocardial contraction.36,37 The influence of propofol
and fropofol on myocardial contractility was measured by the
change in force development of isolated, intact rat trabecular
muscle. A concentration of 100 μM propofol depressed
maximum force development by 49 ± 4% (Figure 6), and
100 μM fropofol exposure resulted in a similar effect with a 35
± 1% reduction (Figure 6). These results suggest that the
molecular interactions that lead to the decrease in myocardial
contractility are less dependent on the 1-hydroxyl, and likely
hydrogen bond interactions, in contrast to GABAA receptor
potentiation. These data indicate that fropofol would be an
effective tool to dissect interactions within these different
molecular targets and tissues.
The cardiovascular and excitatory activity of fropofol

emphasizes the importance of distinguishing different forms
of molecular recognition involved in the pharmacology of
propofol. Our evidence suggests that more degenerate, apolar
binding sites may transduce either no effect or are associated

with certain adverse effects. Furthermore, we demonstrate that
these alternative non-hydrogen bonding dependent pathways
that fropofol unveils are probably non-GABAergic. By
expanding the repertoire of recognized propofol targets, and
relating molecular recognition features with the functional
effect, further progress in anesthetic development is possible.
In summary, we synthesized a propofol analogue with

fluorine replacing the 1-hydroxyl to result in the loss of
hydrogen bond capabilities. The compound, fropofol, displayed
analogous physiochemical properties and specific binding to
commonly employed anesthetic-site protein models. Within a
protein site defined primarily by hydrophobic forces, fropofol
showed greater affinity than propofol. However, within a model
containing cavities with clear hydrogen bonding residues,
fropofol demonstrated lower affinity. Within animal models,
fropofol administration resulted in no hypnotic activity, but
rather weak excitatory activity. The excitatory activity and
antagonism of propofol efficacy was determined not to be
mediated by direct postsynaptic GABAergic signaling. On the
other hand, fropofol induced myocardial depression like that of
propofol. These data indicate that hydrogen bonding is a
critical molecular recognition feature for propofol protein
binding sites that transduce hypnosis, and that fropofol may be
used to identify and distinguish these sites.

■ METHODS
General Synthetic Procedures. Solvents and reagents used were

purchased from commercial sources unless otherwise noted. 1H, 13C,
and 19F nuclear magnetic resonance (NMR) spectra are provided in
the Supporting Information. 1H and 13C NMR spectra were recorded
using a Bruker DMX 500 MHz NMR spectrometer, and 19F NMR
spectra was recorded using Bruker DMX 360 MHz NMR
spectrometer. Purity of Fropofol was determined using reverse
phase-high performance liquid chromatography (rpHPLC) with C-
18 analytical column. An isocratic gradient (67:28:5:0.1 acetonitrile/
ddH2O/isopropanol/trifluoroacetic acid) with a 1 mL/min flow at
ambient temperature (21−22 °C) was applied, and fropofol was
monitored for UV−vis absorbance at 210 and 205 nm. The retention
time for fropofol was observed at 8.5 min with a purity of >98%.

Preparation of 2-Fluoro-1,3-diisopropylbenzene (Fropofol).
A 250 mL round-bottom flask (rbf) with stir bar was filled with 2.0 g
(11.3 mmol) of >99% pure 2,6-diisopropylaniline, water (39 mL), and
48% HBF4 (5.7 g; 31.1 mmol). This clear, homogeneous solution was
cooled to 0 °C in an ice−water bath. A solution of NaNO2 (0.78 g;
11.3 mmol) in water (1.7 mL) was added dropwise over the course of
5 min, while keeping the temperature of the stirred solution below 3

Figure 5. GABAA receptor activity. (A) Effect on current by
concentrations of propofol (PfL; n = 3), fropofol (FfL; n = 5), or
propofol and fropofol (n = 5) without GABA EC10 and propofol (n =
5), fropofol (n = 8), or propofol and fropofol with (n = 6) GABA
EC10 within X. laevis oocytes expressing α1β2γ2L GABAA receptor.
GABA represents initial control EC10 exposure for modulation studies
(n = 19). Data is normalized to maximum GABA response and
represented as mean ± SEM. Data were analyzed by one-way ANOVA
with Bonferroni’s post hoc test (p < 0.05) showing significant
differences in fropofol or propofol or propofol and fropofol
modulation (*) or significance from EC00 (†). (B) Propofol (PfL;
black circles), fropofol (FfL; blue circles), or propofol with 50 μM
fropofol (green squares) concentration−response curves for α1β2γ2L
GABAA receptor positive modulation in the presence of GABA EC10.
Each point represents individually tested oocytes. Lines represent
polynomial (PfL/black solid; PfL+ 50 μM FfL/green solid) and linear
(FfL/blue dash) best fit curves. (C) Response to fropofol (FfL)
concentrations in the presence of 5 μM propofol represented as mean
± SEM (n = 3−6). (D) Representative traces of evoked current by
GABA EC10 control and following combined of GABA EC10 and 5
μM propofol (PfL; left); GABA EC10 control and following combined
of GABA EC10 and 50 μM fropofol (FfL; middle); GABA EC10
control and following combined of GABA EC10, 5 μM propofol and
50 μM fropofol (PfL+FfL; right) exposures within individual X. laevis
oocytes expressing α1β2γ2L GABAA receptor.

Figure 6. Influence on trabecular muscle generation. Force develop-
ment by intact trabecular muscle over a range of propofol (PfL; n = 8)
and fropofol (FfL; n = 3) concentrations. Force development was
normalized to initial force development without agent exposure.
Values are represented at normalized mean ± SEM.
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°C. After stirring for a few additional minutes, the resulting yellow
crystals were suction filtered on a fritted glass funnel and then
transferred to a 250 mL rbf, which was evacuated under aspirator
pressure overnight. The next day, the resulting brown liquid residue
was extracted with hexanes (3 × 25 mL) and the combined organic
layers were washed with 1 N KOH solution (4 × 35 mL), followed by
water (3 × 15 mL). The organic layer was dried over magnesium
sulfate and concentrated in vacuo to yield 1.53 g of a yellow oil. The
product was purified by passing it through a plug of silica gel (33 cc)
using hexane. Evaporation of the solvent followed by bulb-to-bulb
transfer of the residue under dynamic vacuum gave 1.15 g (57%) of
fropofol as a clear, colorless liquid. 1H NMR (500 MHz, CDCl3): δ
7.14−7.23 (3H, m), 3.41 (2H, sep, J = 7 Hz), 1.40 (12H, d, J = 7 Hz).
13C NMR (125 MHz, CDCl3): δ 158.5 (d, JC−F = 243 Hz), 135.1 (d,
JC−F = 15 Hz), 124.4 (d, JC−F = 6.3 Hz), 123.8 (d, JC−F = 3.8 Hz), 27.2
(d, J = 3.8 Hz), 22.8 ppm. 19F NMR (360 MHz, CDCl3): δ −126.14
ppm (t, J = 3.6 Hz). HRMS m/z calculated for C12H17F (M)+

180.1314; found 180.1311.
Physicochemical Properties. The density of fropofol was

determined from triplicate measurements of the volume/mass
relationship. The extinction coefficient (Σ270 = 10611/M) was
calculated through the UV (Varian Cary 300 Bio UV−vis
spectrophotometer) benzene absorption at 270 nm within a
methanolic solution of known concentrations. The maximal water
solubility (116 ± 4.4 μM; mean ± SD) was calculated from the
extinction coefficient after 24 h titration and incubation in double
distilled water (ddH2O). Octanol/water partition coefficients were
calculated using XLOGP3.38 Molecular volume was calculated using
NAMD program developed by the Theoretical Biophysics Group in
the Beckman Institute for Advanced Science and Technology at the
University of Illinois at Urbana−Champaign.39
Isothermal Titration Calorimetry. Isothermal titration calorim-

etry (ITC) permits the calculation of the binding affinity and entropy
based on measurement of binding enthalpy. Propofol and fropofol
injections into the soluble protein models horse spleen apoferritin
(HSAF) and human serum albumin (hSA) were conducted similar to
previously reported procedures21 and were resolved using a VP-ITC
microcalorimeter (MicroCal, Inc., Northampton, MA). For all ITC
studies, 20 mM sodium phosphate buffer containing 130 mM NaCl
(pH 7.0) was used and referenced against ddH2O. The sample cell
(1.43 mL) contained either 5 or 2.5 μM HSAF or 20 μM hSA solution
at 20 or 26 °C based on pilot studies, respectively. The injectate
solution (286 μL) was either propofol (160 μM) or fropofol (75 μM).
Injections were titrated (15 μL) into the sample cell for HSAF.
Because of the low-affinity interaction(s) with hSA, and the limited
solubility of the ligand(s), sequential titrations were performed to
achieve near complete occupancy of the binding site(s). This was
accomplished by loading and titrating (10−40 μM) with the same
ligand, propofol (0.55 mM), or fropofol (85 μM) without removal
from the sample cell until the titration signal was near constant. The
titrations were linked together prior to data analysis using ConCat32
software provided by MicroCal, Inc. The signals of buffer into buffer,
ligand to buffer, and buffer to protein were subtracted after separate
titrations. Origin 5.0 software was used to best fit thermodynamic
parameters to the heat profiles.
Fluorescence Competition with HSAF. A fluorescence com-

petition assay utilizing 1-aminoanthracine (1-AMA) allowed compar-
ison of ligand−protein binding in HSAF. The extent of 1-AMA
fluorescence inhibition has been previously reported as a reliable
measurement of anesthetic occupation of hydrophobic protein
cavities.20,23 All solutions were prepared in 20 mM sodium phosphate
buffer containing 130 mM NaCl (pH 7.2) in 1 mL quartz cuvettes. For
competition with the HSAF anesthetic site,21 samples containing 5 μM
HSAF and 5 μM 1-AMA were mixed with increasing concentrations of
propofol (1−350 μM) or fropofol (1−100 μM). The 1-AMA
fluorescence was determined with 380 nm excitation and emission
monitoring between 400 and 700 nm. The fluorescence curves were
corrected by subtraction of the 1-AMA/protein, ligand/protein and
ligand/1-AMA baseline emission post acquisition. The fluorescence
intensity versus concentration data were fitted to variable slope Hill

models to obtain the IC50 and Hill slope. The KD was calculated using
the Cheng−Prusoff equation23 to correct for the presence of the 1-
AMA competitors.

[3H]m-Azipropofol Photolabel Competition with HSAF. In
addition to 1-AMA, we employed radiophotolabel competition using
tritiated m-azipropofol ([3H]AziPm) to confirm occupancy of the
HSAF propofol site. In 1 mm quartz cuvettes, 3 μM HSAF and 1 μM
[3H]AziPm, respectively, in ddH2O were combined with 10 μM
fropofol or propofol, or vehicle control (DMSO). After 5 min
equilibration, the sample was irradiated for 10 min with ∼340−375 nm
light generated by filtering a 100 W arc mercury lamp through
broadband (∼340−625 nm) and UV bandpass (∼250−375 nm) filters
(lamp and filters from Newport, Stratford, CT). After precipitation
with 4× volume cold acetone and two additional cold acetone washes
(1 mL each), the dried pellet was suspended in 1% SDS, 1% Triton-X,
and 5 mM Tris (pH 7.6) to achieve 12 μM HSAF (BCA Protein Assay
Kit using HSAF as standard). A sample volume of 5 uL was
scintillation counted using Ecolite (+) liquid scintillation cocktail (MP
Biomedicals) with a PerkinElmer Tri-Carb 2800TR instrument. The
final dpm (disintegrations per minute) were normalized to protein
content.

[3H]m-Azipropofol Photolabel Competition with hSA. Similar
competition experiments were used for hSA, except that CNBr protein
digestion was used after photolabeling. Thus, after irradiation of 5 μM
hSA (>98%; Fluka) and 2 μM [3H]AziPm with 75 μM fropofol or
propofol or vehicle control (DMSO), samples were diluted to 1.5 μM
hSA with 0.1 M Tris-HCl (pH 8.0) and 3% SDS. DTT was then added
to achieve 2 mM and samples were heated for 2 min at 96 °C. CNBr
and formic acid were added to produce a 9 mM CNBr, 70% formic
acid solution. These samples were left at room temperature for 24 h,
followed by the addition of 200 μL of N-ethylmorpholine (97%,
Sigma). Following acetone precipitation and drying under nitrogen,
the pellets were resuspended in 1.5% SDS, 50 mM Tris pH 7.0.
Protein content was determined with the BCA Protein Assay Kit using
hSA as standard. A total of 30 μg of digested protein was separated on
4−15% SDS gels. After electrophoresis, the gel was stained with
Commassie blue G-250 and imaged using Kodak Image Station 4000
mm Pro. Bands were excised and the polyacrylamide dissolved with
30% H2O2 for ∼3 h at 65−70 °C. The sample volume was scintillation
counted using Ecolite (+) liquid scintillation cocktail with a
PerkinElmer Tri-Carb 2800TR instrument. The final dpm were
normalized to the Commassie blue stain intensity relative to the total
sample lane. In a parallel study, bands were excised and submitted to
the Proteomics Core Facility at the University of Pennsylvania for
mass spectrometry to verify band peptide content.

Activity in Tadpoles. Behavioral activity was initially determined
in albino X. laevis tadpoles (stages 45−47) as previously
described.22,29,40 Tadpoles (n = 240) were incubated in Petri dishes
(10 tadpoles/dish) with concentrations (3, 30, 70, and 100 μM) of
fropofol dissolved in pond water, containing <0.01% DMSO vehicle,
for 60 or 90 min. Because loss of righting was not observed with any
fropofol concentration, fropofol was coadministered with propofol to
look for pharmacological additivity. Tadpoles (n = 630) were
incubated with varying concentrations of fropofol (0, 5, 25, and 100
μM) and propofol (0.25−3 μM) dissolved in pond water containing
<0.01% DMSO vehicle and were evaluated after 30 min. Hypnosis was
defined as the percentage of tadpoles that did not demonstrate
spontaneous movement over the course of a 30 s period preceding
each time point. After both study conditions, the tadpoles were
transferred to fresh pond water and observed overnight for signs of
toxicity. The water temperature remained between 21 and 22 °C
throughout the experiments. All animal care and experimental
procedures involving X. laevis tadpoles were carried out according to
protocol approved by the IACUC of University of Pennsylvania.

Pharmacological Activity in Mice. Fropofol was dissolved in
10% lipid emulsion to 30 g/L and two dosages, 96 mg/kg (n = 2) and
180 mg/kg (n = 2), were introduced into 12−20 week C57/B6 mice
via tail vein bolus injection. Mice were then monitored for changes in
behavior immediately and over the following days post injection. Some
mice were euthanized by cervical dislocation within 45 s or 10 min
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post injection, and the brain was rapidly removed and frozen for
subsequent fropofol extraction. Fropofol extraction proceeded
according to methods published for propofol.41 Briefly, 2 volumes of
0.22 μm filtered PBS buffer was added to weighed brain samples. The
brain was homogenized for 5 s using a Polytron PT 1300D hand-held
homogenizer (Kinematica), vortexed for 30 s, and centrifuged for 20
min at 14 000g. The supernatant was removed and 2 volumes of
HPLC-grade acetonitrile was added. Samples were vortexed for 30 s
and centrifuged for 20 min at 14 000g. Fropofol amount was quantified
using the same rpHPLC method as mentioned above. All brain tissue
extractions were conducted within 12 h of rpHPLC quantification and
the fropofol peak was clearly distinguishable from tissue peaks with the
determined retention time of 8.5 min. Generated standard curves with
neat fropofol in methanol provided absolute concentration values.
Based on an average (n = 4) of fropofol spiked brain tissue samples,
recovery from tissue was determined to be 4.8 ± 0.2% for both 210
and 205 nm wavelengths (similar for propofol).
Electroencephalography (EEG) Recording. 12−20 week C57/

B6 male mice (n = 2) were placed under general anesthesia maintained
with isoflurane and implanted with five right-sided chronically
indwelling silver ball EEG electrodes over frontal association cortex
(2.6 mm anterior to bregma, 1.0 mm lateral), primary motor cortex
(2.0 mm anterior to bregma, 2.0 mm lateral), the medial parietal
association area (1.7 mm posterior to bregma, 1.2 mm lateral), primary
somatosensory cortex (2.0 mm posterior to bregma, 2.6 mm lateral),
and primary auditory cortex (2.3 mm posterior to bregma, 4.0 mm
lateral); the leads were secured with dental cement. After a minimum
of a 2 week recovery, a tail vein catheter was placed in the lateral tail
vein of an implanted mouse and secured. After recording a 5 min
baseline EEG, 200 mg/kg fropofol in 10% lipid emulsion was injected
over 3 s through the catheter, and the catheter was flushed with 100
μL of normal saline. Acqknowledge (Biopac Systems Inc., Golea, CA)
was used for processing with a 0.8−59 Hz software bandpass filter. All
animal care and experimental procedures involving mice were carried
out according to protocol approved by the IACUC of the University of
Pennsylvania.
Electrophysiology. α1β2γ2L γ-Aminobutyric Acid Type A

(GABAA) Receptor Expression within Oocytes. cDNAs for GABAA
receptor α1, β2, and γ2L subunits were kindly provided by Dr. Robert
Pearce (University of Wisconsin). Defolliculated stage V−VI X. laevis
oocytes were microinjected with 2.8 ng of in vitro transcribed cRNA
(mMessage mMachine kit, Ambion, Austin, TX) of α1/β2/γ2L
subunits at a 1:1:10 weight ratio, respectively. Oocytes were incubated
at 18 °C in a gentamycin supplemented ND96 solution (in mM: 96
NaCl, 2 KCl, 1 MgCl2, 1.8 CaCl2, 5 HEPES, 2.5 Na-Pyr, pH 7.4 with
NaOH) for 16−24 before use. All animal care and experimental
procedures involving X. laevis frogs were carried out according to a
protocol approved by the IACUC of Thomas Jefferson University.
Occyte Electrophysiology Recordings. GABAA receptor whole-

oocyte currents were recorded at room temperature (21−23 °C)
under two electrode voltage clamp (TEVC) conditions (OC-725C,
Warner Instrument, Hamden, CT). All recordings were made at a
holding voltage of −80 mV. Oocytes were continuously perfused with
ND96-based solutions using gravity-driven perfusion system with an
approximate perfusion rate 2−4 mL/min. The perfusion system was
outfitted with Teflon tubing for drug exposure studies. γ-Aminobutyric
acid (GABA; Sigma) solutions were prepared daily in ND96. Propofol
and fropofol were directly dissolved in ND96 facilitated by sonication.
Initially each oocyte was exposed to 2.5−5 μM GABA for the effective
concentration (EC) 7−13 of maximum GABAA receptor activation.
Maximum GABA response was determined by a 10 mM GABA
perfusion post drug exposure and washout. To determine modulatory
activity, oocytes were perfused for 20 s with the test compound(s)
immediately followed by 20 s perfusion with the test compound and
GABA at determined EC10. Oocytes continuously perfused in ND96
solution or fropofol ND96 based solution prepared as noted above.
Data acquisition and initial analysis were performed using pClamp 9.2/
10.3 (Molecular Devices, Sunnyvale, CA). Macroscopic currents were
low-pass filtered at 1 kHz and digitized at 2 kHz. Expression of
α1β2γ2L cRNA within X. laevis oocytes generated GABAA receptors

that demonstrated a GABA EC50 of 33 μM (95% CI, 29−38) with a
Hill coeffficient of 0.87 ± 0.04 (mean ± SEM) within 18−24 h post
microinjection.

Trabeculae Preparation. Drug effects on myocardial contractility
were conducted as previously reported.42 Briefly LBN/F1 rats (250−
300g, Harlan Laboratories, Indianapolis, IN) were anesthetized by
intraperitoneal injection of pentobarbital (100 mg/kg); the heart was
exposed by sternotomy and rapidly removed. After transfer to a
dissection dish, the aorta was cannulated and the heart perfused in a
retrograde fashion with dissecting Krebs-Henseleit (K−H) solution (in
mM: 120 NaCl, 20 NaHCO3, 5 KCl, 1.2 MgCl2, 10 glucose, 0.5 CaCl2,
and 20 2,3-butanedione monoxime (BDM) (pH 7.35−7.45);
equilibrated with 95% O2 and 5% CO2). The trabecular muscle was
dissected from the right ventricle and mounted between a force
transducer and a motor arm. The muscle was superfused with K−H
solution without BDM at ∼10 mL/min, and stimulated at 0.5 Hz. A
transducer (KG7, Scientific Instruments GmbH, Heidelberg, Ger-
many) was used to measure the developed force, and expressed as
millinewtons per square millimeter of cross-sectional area. The
muscles underwent isometric contractions with a set resting muscle
length that was set at 15% of the total force development
corresponding to resting sarcomere length of 2.20−2.30 μm as
determined by laser diffraction.43 Propofol or fropofol was added to
non-BDM containing K−H solution at desired concentrations during
the experiments. Similar force depression was observed at both 37 °C
and room temperature (20−22 °C); the experiments reported herein
were performed at room temperature. Animal care and experimental
protocols were approved by the Animal Care and Use Committee of
The Johns Hopkins University School of Medicine. Data is
represented as mean ± SEM of experiments normalized to initial
force development without drug exposure.

Statistics. GraphPad Prism5, unless otherwise noted, was used for
preparation and statistical data analysis. Details are given in the figure
legends.
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