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tail groups were varied.

The melting curves of fatty acid amide hydrolase (FAAH) in the presence of 29 reversible inhibitors were
measured using a thiol-reactive fluorophore. The thermal stability (T.,) of the FAAH/inhibitor complex
varied significantly depending on the chemical characteristics of the inhibitors, notably variations in
the head group. Two separate distributions were observed when T, was plotted against K;. The majority
of the inhibitors showed a positive correlation between binding affinity and T,,, however inhibitors with
a pyridine carboxylic acid moiety in the head group fell in a distinct and uncorrelated distribution when

© 2008 Published by Elsevier Ltd.

It has been shown that the effects of ligands on an enzyme may
be observed by measuring shifts in the enzyme’s thermal stability,
which may in turn have implications on inhibitor potency. Indeed,
a potential correlation between thermal stability and ligand affin-
ity has been observed.! An additional motivation for studying the
effect of ligand binding on stability is its implications toward crys-
tallization of protein-ligand complexes since thermal stability has
been linked to an increased likelihood of improving crystal
diffraction.?

Fatty acid amide hydrolase (FAAH) is an integral membrane
protein and the primary enzyme responsible for the catabolism
of fatty acid amides in vivo including anandamide, an endogenous
cannabinoid, and oleamide, a sleep-inducing signaling molecule.?
FAAH inactivation has been shown to reduce pain and inflamma-
tion,*> which makes the enzyme a potential new drug target for
possible analgesics. Consistent with this premise, the FAAH inhib-
itors URB597 and OL-135 (compound 16 in the present study) have
shown in vivo efficacy in mouse pain models.%’ The structure of rat
FAAH was solved at 2.8 A in complex with the irreversible covalent
inhibitor methoxy arachidonyl fluorophosphonate (MAFP)8 but
additional structures with pharmacologically relevant inhibitors
remain to be elucidated. The capacity to rank new compounds by
their ability to impart structural stability may prove to be a key
in obtaining new FAAH-inhibitor structures, thereby furthering
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our understanding of the enzyme’s mechanism and facilitating
drug design.

Mei et al.? studied the stability of FAAH as a function of guanid-
inium hydrochloride concentration and hydrostatic pressure and
concluded that conformational changes mediated by inhibitor
binding to the active site lead to tighter interaction between mono-
mers and an increase in enzyme stability. This also resulted in a re-
duced ability of the protein to bind to membranes. In a more high
throughput manner and with an increased array of inhibitors, we
report a survey of a representative library of reversible inhibitors
that has been created based on the enzyme’s natural substrates.!°
To date, these compounds have been ranked as inhibitors based
primarily on K;.''-'> We explore the relationship between K; and
stability, and the potential use of protein melting point as a com-
plementary metric for assessing ligand efficacy for crystallization
and drug candidate screening. Using a thiol-reactive fluorophore,
we determined melting curves for FAAH either alone or in the pres-
ence of a variety of inhibitors. Relationships between T,, and K; are
discussed.

The identification of suitable enzyme inhibitors is a focus of
many areas of protein biochemistry including structural studies
and drug design. A leading parameter often cited for ranking small
molecules is their inhibitory potency as measured enzymologically
by ICsg or K;. However, as these approaches are valuable, they may
prove to be insufficient for gaining a comprehensive understanding
of potential inhibitor-enzyme complexes. For example, the mea-
surement of the on-off-rates or the stabilizing potential of lead
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compounds may provide complementary yet independent insight
into molecular interactions. We have taken the latter approach to
characterize 29 compounds (in addition to the co-crystallized irre-
versible inhibitor MAFP) against the integral membrane enzyme
FAAH by measuring the protein’s melting point (T,,) once com-
plexed with these inhibitors using CPM (7-diethylamino-3-(4'-
maleimidylphenyl)-4-methylcoumarin) as an indicator (Supple-
mentary Material).!® As temperature increases, domains of the
protein unfold to expose internal cysteines to the CPM in the sol-
vent. Fluorescence increases as CPM in the solvent binds to the
newly exposed cysteines, indicating that the protein is unfolding,
and allowing T, to be measured. In comparing these results with
predetermined K; values, we find that correlations between the
two approaches differ depending on the structural characteristics
of the inhibitors themselves.

The inhibitors tested in the present study can be described as
bivalent with a hydrophilic ‘head group’ that likely binds to the en-
zyme’s catalytic triad and cytosolic port and a hydrophobic ‘tail
group’ that packs in the enzyme’s acyl chain binding pocket.® In
characterizing the effects of these compounds, two distinct distri-
butions become apparent when stability (Ty,) is plotted against
inhibition (K;) (Fig. 1). One distribution demonstrates a strong lin-
ear correlation between stability and binding affinity (R*=0.81)
and comprises a varied collection of head and tail group structures
(Supplemental Fig. 1). In contrast, a second distribution (circled) is
distinguished by a constant head group (2-pyridine-6-carboxylic
acid) with variable hydrophobic tails (Fig. 1). This group exhibits
a less clear correlation between stability and inhibition. In this
study, 1 (Fig. 2) was identified as the most stabilizing inhibitor
for FAAH despite having an intermediate Ki.

The pyridine nitrogen in the correlated and uncorrelated classes
of inhibitors has been shown to be an important factor for inhibitor
affinity and has been attributed to hydrogenbond formation in the
active site and cytosolic port of FAAH.!! The addition of a carbox-
ylic acid to this head group results in a significant increase in sta-
bility compared to the addition of alternative functionalities
(Fig. 3). An increase in stability is observed for all inhibitors sur-
veyed that contain the 2-pyr-6-CO,H portion, validating the obser-
vation that this group is an important stabilizing factor (Fig. 4).
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Figure 2. Most thermally stabilizing inhibitor: compound 1. By comparison, the Ty,
for MAFP treated protein, which yielded the only available crystal structure, is 59.3.

However, it was also observed that this modification led to a de-
crease in inhibitor potency. One possible explanation for this coun-
terintuitive observation is that the on-rate may be reduced for
carboxylic acid-bearing inhibitors, and they interact more tightly
once bound. Attempts to determine the on- and off-rates of any
FAAH compound by surface plasmon resonance have not been suc-
cessful due to the incompatible nature of this particular system
(the presence of detergent, extreme hydrophobicity and low
molecular weight of the ligands, etc.). Alternatively, since the enzy-
matic assay is conducted at pH 9, where the carboxylic acids are
most likely deprotonated, while the thermal denaturations are
conducted at pH 7.5, it is possible that the enzymatic assays under-
estimate the inhibitory potency and binding affinity at physiologi-
cal pH. Indeed, in the case of 2, the K; as measured at pH 7.5 is
10.4 nM as opposed to 20 nM at pH 9.'4

To probe if the importance of the carboxylic acid head group lies
in its interaction with the catalytic base Lys142, mutant rat FAAH
K142A was tested against 16 and its carboxylic acid-bearing analog
2 (Fig. 4). Though these compounds yield different K; values toward
wild-type enzyme, they each provided indistinguishable stabiliz-
ing potential toward both the wild-type and mutant proteins
(Fig. 5). Apo Ty, in this study varies slightly from that indicated
in Figure 1 due to the K142A mutant only being available in a
slightly different construct and purification method. This indicates
that the interaction that imparts increased stabilizing potential to
the carboxylic acid-bearing compounds must lie with some other
amino acid in the protein. Monte Carlo simulations suggest that
there are other candidates available for such hydrogen-bond
formation.!”
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Figure 1. Ty, versus In(K;) showing two distinct distributions of inhibitors with (x) or without () a 2-pyridine-6-carboxylic acid head groups. The former inhibitors are
distributed with no apparent correlation between stability and inhibition (oval). Remaining inhibitors show a strong correlation between T, and K; (R?> = 0.81). The Y-axis
intersects the X-axis at the T, for the apo-enzyme. No K; value was attainable for the 2-pyr-6-CO,H compound 9, although thermal stability was substantially increased
(Tm = 61.4). MAFP is not shown on the graph due to its irreversible binding, thus a lack of K; (T, = 59.3). Efforts to fit a regression line for those inhibitors bearing pyridine-6-
carboxylic acid head groups (x) yielded poor fit (R?> = 0.72) strongly dominated by outlier compound 23. Omitting this latter compound from the regression yields no fit

(R2=0.24).
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Figure 4. The addition of a carboxylic acid significantly increases stability (T,,) but lowers inhibitory potency (K;).

70 results may arise from the differences in the energetics of binding
attributed to the hydrophobic interactions in the acyl binding

i f pocket versus the more polar and complementary ones in the cyto-

12 601 solic port of the enzyme. Additionally, the introduction of a carbox-
°e ylic acid to the aryl head group of an inhibitor is not only more
= 504 i { stabilizing, but also creates an independent relationship to inhibi-
tory potency when compared to other inhibitors. The question of

i ! how the carboxylic acid is behaving in the binding pocket of FAAH,

40 ~— T T T T T whether the inhibitors are binding in a different mode (protonated
& > g" ob"' ob'” vs deprotonated), and what specific interaction may be responsible

é\é &v Qo°° <zoé\ @Q°° Q°° remains to be established. These observations made using the ther-
c,°‘° & écP v0° mal denaturation assay provide a complementary approach to

y‘,& ~’;\v'-"v » evaluate candidate ligands providing insights not observed using

Figure 5. K142A rat FAAH showed no difference in stability when bound to
compound 16 or its carboxylic acid-bearing analog 2 compared to wild-type ATM
rat FAAH expressed from the pTrcHis vector'® (see Supplemental Material).

In conclusion, this study shows a correlation between inhibitory
potency and stabilizing potential of a class of FAAH inhibitors that
bear a variety of hydrophilic head groups that are poised to interact
with the catalytic triad and cytosolic port of the enzyme. In con-
trast, when the head group is held constant and a variety of hydro-
phobic tail groups are examined there is no clear correlation. These

more classical methods.
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