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Structural and functional insights
into ABHD5, a ligand-regulated
lipase co-activator

YanYuan Tseng'?*‘, Matthew A. Sanders’3, Huamei Zhang'3, Li Zhou?, Chia-Yi Chou' &
James G. Granneman®3**

Alpha/beta hydrolase domain-containing protein 5 (ABHDY5) is a highly conserved protein that
regulates various lipid metabolic pathways via interactions with members of the perilipin (PLIN) and
Patatin-like phospholipase domain-containing protein (PNPLA) protein families. Loss of function
mutations in ABHD5 result in Chanarin—-Dorfman Syndrome (CDS), characterized by ectopic lipid
accumulation in numerous cell types and severe ichthyosis. Recent data demonstrates that ABHD5

is the target of synthetic and endogenous ligands that might be therapeutic beneficial for treating
metabolic diseases and cancers. However, the structural basis of ABHD5 functional activities, such

as protein-protein interactions and ligand binding is presently unknown. To address this gap, we
constructed theoretical structural models of ABHD5 by comparative modeling and topological shape
analysis to assess the spatial patterns of ABHD5 conformations computed in protein dynamics. We
identified functionally important residues on ABHDS5 surface for lipolysis activation by PNPLA2, lipid
droplet targeting and PLIN-binding. We validated the computational model by examining the effects
of mutating key residues in ABHD5 on an array of functional assays. Our integrated computational and
experimental findings provide new insights into the structural basis of the diverse functions of ABHD5
as well as pathological mutations that result in CDS.

ABHDS5 (ap hydrolase domain-containing protein 5) is a highly conserved protein that plays diverse roles in
lipid metabolism including lipolysis in adipose tissue and muscle!?, lipid barrier formation in skin®*#, Hepatitis C
Virus assembly and production®, and suppression of tumor progression in colon and prostate cancer®’. However,
the mechanisms by which ABHD?5 influences such diverse processes are not well understood, but likely involve
interactions with specific binding partners and lipid ligands.

Although ABHDS5 is a member of the af hydrolase family, the conserved serine nucleophile of closely-related
paralogs has been substituted by asparagine; thus, ABHD5 has no known independent hydrolase activity. Pres-
ently, the best known function of ABHD5 is that of a coactivator of Patatin-like phospholipase domain-containing
protein 2 (PNPLA2, aka Adipose Triglyceride Lipase, ATGL), the rate-limiting triglyceride lipase enzyme in
adipose tissue, liver and heart. Because loss of ABHD5 function does not precisely phenocopy loss of PNPLA2,
ABHDS likely regulates additional pathways. Indeed, very recent work indicates that ABHDS5 alters the functional
activities of other PNPLA family members, including PNPLA1* and PNPLA38. Furthermore, ABHD5 interacts
with certain members of the perilipin (PLIN) family of lipid droplet scaffold proteins to regulate subcellular
targeting and interactions with effector proteins, like PNPLA2°-!!. In this regard we recently demonstrated that
binding of long chain acyl-Coenzyme A'? to ABHD5 promotes its interactions with PLIN proteins and suppresses
interactions with PNPLA2. Thus, it seems likely that duplication of the ancestral gene allowed evolution of novel
functional domains/surfaces of ABHDS5 that sense metabolic status, regulate protein-protein interactions, and
control substrate accessibility of PNPLA family members, yet do not require serine hydrolase activity.

To better understand a structure-function relationship of ABHDS5, we sought to computationally and experi-
mentally identify and characterize its binding surfaces that are linked to its biological functions. We applied
homology modeling to ABHD5 primary sequence to construct a structural model. We took the advantages of
molecular dynamics (MD) simulations'® to refine the initial model and further explored a variety of conforma-
tions that might not be evident in native models or structures. After MD refinement, we utilized Alpha-Shape
theory'*" to conduct shape analysis and perform surface perturbation on our ABHD5 structural models. To
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validate our predicted model, we assessed the effects of site-directed mutagenesis on the core functions of
ABHDS5, including LD targeting, PLIN binding and PNPLA2/ATGL activation. Lastly, we mapped the geo-
metric locations of disease-causing mutations of human ABHD5 that result in Chanarin-Dorfman Syndrome
(CDS)*-2, a genetic defect of neutral lipid metabolism®. Together, our structure model and experimental tests
provide important new clues to facilitate the understanding of ABHD5 molecular functions in metabolic control,
skin barrier formation, Hepatitis C Virus morphogenesis and tumor progression.

Results

Computational structural model of ABHD5. Shape analysis of a structural model. To gain insights
into structure-function relationships of ABHD5, we built an initial computational structural model for mouse
ABHDS5 based on homology modeling?. To further refine the initial model, we sampled diverse conformations
using MD simulations®® (Fig. 1a,b). For each structural conformer at a given time, we identified the structural
feature of a pocket using the weighted 3D Alpha Shape Delaunay triangulation with the flow algorithm!#-161%,
After partitioning the surface of ABHD5, we identified more than 30 putative pockets'*~'%*. For each pocket, we
extracted residues and determined the spatial pattern (a substring of pocket residues). We further computed the
molecular volumes (MV) and solvent accessible areas (SAA) of a pocket. As shown in Fig. 1c-e, each of these
conformers possesses a main binding pocket that contains a mean of 61 binding residues, a mean of molecular
volume of 2360 A* and a corresponding solvent accessible area of 1514 A2, Geometric calculations also indicated
that the binding pocket has an elongated shape with a corresponding MV correlated with SAA. Following pair-
wise structural alignment of conformers at a cutoff RMSD (Root Mean Square Deviation) value of 0.25 A, the
diversity of dynamic pocket conformations could be divided into six subclasses. The detailed geometric meas-
urement of each subclass allowed us to identify putative functional pockets on the ABHD5 surface and further
extract functionally important residues. As shown in Fig. 1d, the simulated MVs in ABHD5 binding pockets
fluctuate over time. These dynamic shapes implied that the geometric locations of atoms will differ across these
conformers during simulations. Using dynamic shape analysis'*"*°, we then computed geometric locations of
pockets, surfaces, and cores of these six clustered conformers in a trajectory. The binding surface structural
features of representative conformers are presented in Fig. 1f.

To further assess the spatial patterns of a dynamic binding pocket, we computed the probability of specific
residues occupying a pocket (Fig. 1g). As an example, Y330 has 97.3% likelihood of occupying the binding pocket
of conformers, whereas D334 has 67.3%, indicating Y330 constantly appears as a pocket residue on the ABHD5
surface. Although the crystal structures of ABHD5 are unknown, we took advantage of the surface perturba-
tion during simulations to sample and reconstruct putative shapes of ABHD5 and characterize its functionally
important residues that might be involved in biological activity.

Dissecting a structural model. Next we assessed all pairwise residue contact profiles using MD simulations. As
shown simulations in Fig. 2a, we compared the structures of conformers at different time steps in a trajectory.
Most of pocket residues (brown spheres) exhibited fluctuations of <a RMSD of 2.5 A measured by root mean
square fluctuation (RMSF) in the trajectory’®. The RMSF measurement indicates that our predicted model is
structurally compact and folded as Alpha Beta 3-Layer aba Sandwich? (CATH: 3.40.50.1820) of its core struc-
tures that have been folded properly**?%. More importantly, the identified pockets significantly agree with struc-
tural evidence that functionally important residues tend to cluster closely to form a specific shape, such as a
pocket or shallow depression area'®". These structural features can be detected on a protein surface by our
topology-based method. In contrast, conformational changes of RMSF of >3 A mostly came from rearrange-
ments of multiple loops or unstructured regions. Based on the RMSF cutoff of 3 A for separation, we further
refined the model into 5 segments which also divided the binding pocket correspondingly shown spheres in
Fig. 2b, where pocket residues appear as brown spheres. Note that at N terminus and C terminus are expected
to have higher RMSF values as both termini tend to form flexible loops. The sequence starts from 1 to 70 (red,
S1), then to 71 to 150 (yellow, S2), green (151 to 220, S3), 221 to 275 (cyan, S4) and ends in 276 to 350 (blue, S5)
segments. The red segment (S1) is the most flexible and dynamic one with the highest RMSF at N terminus. The
yellow and green (S2, S3) segments are composed of all beta sheets known to build the protein core and maintain
its structural stability. As shown in Fig. 2¢, the surface areas of the binding pocket appear mostly in the green,
cyan and blue (S3, S4, S5) segments.

In our shape analysis by the flow algorithm'*-16, the predicted binding pocket (Fig. 2¢c) contains three
entrances: pocket entrance-1 and entrance-2 are symmetrically regulated by yellow, and green (S2, S3) segments,
whereas the main entrance-3 is modulated by both cyan and blue (S4, S5) segments. These structural features
suggest that ligands/substrates would potentially contact the entrance residues of the predicted binding pocket.

Compared with other ABHD family members (e.g., MGLL (monoglyceride lipase), ABHD6 and ABHD12),
the SI segment, which is composed of loops and short-helices (colored violet in Fig. 2d), is exclusive to close
paralogs ABHD5 and ABHD4, suggesting a conserved role in subcellular targeting to intracellular lipid droplets
(LD). Our structural alignment across species also reveals that the 1-50 residues of S1 segment possesses a unique
feature only found in ABHD5 othologs. Removal of the first 40 residues in S1 prevents targeting of ABHD5 to
intracellular lipid droplets?, which is thought to be mediated by a hydrophobic cluster of Trp residues (W21,
W25, and W29).

The S2 segment is highly conserved in the af hydrolase family. The structural alignment of superimposition of
ABHD5 and MGLL shows a small RMSD of 4.2 A, indicating these proteins are structurally related. As shown in
Fig. 2e, the S2 segment constructs the protein core with beta sheets connected by loops and helices. The catalytic
center of nucleophilic Ser (e.g., ABHD4 or MGLL) or inactive Asn (ABHD5) is structurally conserved and situ-
ated on the edge of a helix from N'*° to K'%® of the S2 segment. Extending from the protein core, the S3 and S4
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Figure 1. Assessing the dynamic surface of ABHDS5 in MD simulations. (a) During MD simulations of 30 ns, ABHD5
dynamic conformations in a trajectory were sampled and refined. The backbone (global) and predicted main binding
pocket (local) of RMSD values range within 7 A. Their RMSD distributions of backbone (blue) and binding-pocket
(red) were computed in (b) with a mean of 6.2 A and 5.9 A, respectively. The trivial difference of RMSD indicates

that the binding pocket reshapes along with the conformation of the backbone. In each 100 ps step, the geometric
measurement of the dynamic pocket was assessed, including the mean number (61 amino acid residues) of pocket
residues in (c), its mean molecular volume (MV, 2360 A%) in (d) and mean solvent accessible areas (SAA, 1514 A?)

in (e) during simulations. In structural analysis of structural alignment on the 300 conformers, classification was
performed based on the customized cutoffs with incremental decreases from 3.5 to 1.5 A of RMSD. Six subclasses were
classified for shape analysis. For each of subclasses, a representative in (f) with the middle RMSD was selected with its
identified binding pocket (green). Each residue of ABHD5 was assigned with a probability of appearing as a pocket
residue on the dynamic surfaces (green) of the 300 conformers. (g) How a pocket residue emerged from a residue on
the surface or vice versa is recorded in the dynamic conformers. By identifying the geometric locations of a residue in
all 300 conformers, the likelihood of a pocket residue is computed for dynamically occupying a pocket in the trajectory.
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Figure 2. ABHDS5 conformations with RMSF analysis. Structural comparisons of conformers were performed
to assess residue dynamic movement and contact during MD simulations. (a) Pocket residues (brown) exhibited
relatively constrained (<2.5 A) values of RMSF compared to those of the backbone (blue). Based on the RMSE,
the model can be divided into five segments of S1, S2, S3, S4, and S5 as in (b). Subsequently, the surface areas of
the identified pocket with structural features e.g., pocket mouths were also separated correspondingly in (c). The
structural alignment between ABHD5 (grey) and MGLL (monoglyceride lipase, E.C 3.1.1.23) in cyan reveals
that S1 is a characteristic structural feature (pink) in (d) of LD-targeting that has undergone the evolution of
subcellular localization on LD membrane. Among ABHD family members, ABHD5 and ABHD4 only have
capacity of LD translocation. The structural comparison further unveiled that the distinctive lid (orange) of
MGLL is superimposed with the putative lid (blue) in (e) of ABHDS5 which has a significantly larger lid-like
structural feature in (f) with additional charged and hydrophobic residues that might be involved in regulation
or protein—protein interaction.
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segments create an amphipathic lid-like domain, which is a characteristic structural feature of many lipases?®?.

Comparison of the lid-like domains of ABHD5 and MGLL (Fig. 2f) revealed that the lid-like domain of ABHD5
is significantly larger (~ 70 residues) and could regulate protein-protein interactions. Closer examination of the
model indicated that S2 interacts with S4 and S5 segments. The identification of structural features in this RMSF
model of ABHD5 highlighted the structural features that could be important in mediating its complex functions.
For instance, S3 and S4 possess a dynamic and lid-like domain that might participate in reversible interactions
with PLIN and PNPLA family members.

Identifying ABHD5 binding surfaces. The main functional-pocket of lipase activation. ~Shape analysis
identified the main binding pocket of ABHD5 consisting 63 residues with a solvent accessible area of 1812 A>
and a molecular volume of 2586 A’ (Fig. 3a,b). Among the binding pocket residues, 18 are polar, including four
Ser, one Asp, six Glu, three Lys, and four Arg residues (Fig. 3b). We defined pocket a as the pocket that involves
in ABHD5 function. Geometrically, the model reveals that the binding pocket has three entrances gated by R217
and R299 for the second and third entrances, respectively, whereas the first entrance gated by R116 (Fig. 2c)
is channeled to the second largest binding pocket 0 (see definition below). Moreover, the pocket 6 contains a
large hydrophobic surface patch enriched with Gly residues located near the pocket entrances, which could be
involved in binding phospholipids and selectivity on the membrane surface®. To interrogate each of the pocket
residues, we assessed the physicochemical attributes (e.g., charge and hydrophobicity) of each residue mapped
to ABHDS5 surface (Fig. 3c). The pocket entrance gated by R299 manifests a negatively charged interface that
potentially interacts with the positively charged interfaces of binding partners.

We next explored residues on ABHD?5 surfaces to delineate a site-specific mechanism underlying ATGL
activation. The negatively charged amino acid residues including Arg, and Lys could be utilized for binding
membrane’ and positively charged (polar) residues including Asp and Glu might play important roles in salt-
bridges and protein stability. With the 63 identified pocket residues of the main binding pocket Fig. 3a,b, we
primarily focused on the four Arg pocket residues (R217, R229, R277, and R299) and the only one Asp (D334),
because of their physicochemical attributes in protein function, stability and protein—protein interactions.

Using the weighted Alpha Shape in structural analysis, we identified the one Arg (R299) spatially close to
the geometric center of Asp (D334) as shown in Fig. 3d. In our prior study, we demonstrated that R299, G328
and D334 forms a functional surface (Fig. 3d) of pocket a on the binding pocket. We characterized the pocket a
with the site-specific key residues R299, G328 and D334 clustered (Fig. 3e) in the spatial pattern, and uncovered
their functional role of activating ATGL lipolysis®. To characterize the biochemical role of D334, we assessed
the physiochemical attribute of the carboxyl side-chain of Asp (D) on this surface. To do so, we considered the
corresponding spatial position of D334 of homologs across species in the entire structure database. In brief,
we conducted a large-scale surface matching of pockets collected in our pocket database'***32-% to identify
the substitution patterns of a pocket residue D334 that have evolved naturally. We identified the five potential
amino-acid substitutions of Asp (D), including (E, G, H, N, and Y) that potentially alter its physicochemical
attribute in the binding network.

Experimentally, we found that D334G and D334N? significantly abrogated ATGL activation without affect-
ing protein expression. Furthermore, we found that D334A mutation also eliminates ATGL activation, but this
mutation also reduced protein expression and PLIN binding. In contrast, ABHD5 function remained largely
intact in the D334E mutant, which maintains the negative charge. Site-directed mutagenesis of R299 and G328
abolishes PNPLA2/ATGL lipolysis activation by ABHD5, whereas reconstructing this pocket in ABHD4 confers
lipase activation to this close paralog’®. In colocalization analysis, we transfected Cos7 cells with PLIN5-EYFP
and PNPLA2/ATGL-ECFP in the presence of oleic acid. In Fig. 4a, we observed the colocalization between WT
ABHDS5 and PLINS5 as a control. We assessed the colocalization between ABHD5 and PLIN5 using Pearson’s
regression (r). Compared to WT ABHDS5 (r=0.793), we consider r <0.5 as an indication of partly defective colo-
calization, and a strongly defective case if r <0.1. We found that the double substitutions of R299N and G328S
do not significantly affect LD targeting or PLIN binding (r=0.678, Fig. 4b). Taken together, the triad of R299,
G328, and D334 on this novel surface of ABHDS5 has been evolutionarily shaped for activating PNPLA2/ATGL
lipolysis, which manifests a unique structural signature of ABHD5 in proteins.

Identification of a conserved functional pocket. ABHD?5 is a complex protein that differentially interacts with
effector and repressor proteins in a ligand-dependent fashion. Therefore, we hypothesized that ABHD5 contains
additional functional surfaces related to protein-protein interactions and ligand binding. Our model revealed
a putative binding pocket that is connected to the main functional pocket on the ABHD5 surface. We defined
pocket 0 as a pocket that might participate in ABHD5 function. This binding pocket is composed of 20 pocket
residues with a solvent accessible area of 287 A2 and a molecular volume of 398 A’ (Fig. 5a,b). The binding
pocket contains a Gly-rich cluster (G87, G88, G89, G91 G113, G115 and exhibits an amphipathic helix compos-
ing of the aromatic rings of H84, F86 and W93 and lipophilic Leu residues including 190, L92, L95, and L100. Of
G87, G113 and G115. In colocalization analysis by confocal imaging, we found that alanine or serine mutation
of G113 completely disrupted membrane targeting, interactions with PLIN1 and PLIN5 (Fig. 4c), as well as acti-
vation of PNPLA2/ATGL-dependent lipolysis. Similarly, W93A mutation completely disrupted both PNPLA2/
ATGL activation and LD targeting (Fig. 4d,). These observations indicate that pocket 6 which contributes to
core functions of ABHD5, including LD targeting, interactions with PLIN proteins, and activation of PNPLA2/
ATGL.

Shape analysis revealed that the predicted binding pocket including H84, F86, D110, G113, R116 and S117
(Fig. 5¢) matches with a highly conserved domain among lipases (e.g., MGLL in Fig. 2d) and phospholipase
families. Interestingly, this binding pocket encompasses a structurally conserved signature of R116, G113 and
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Figure 3. Shape analysis on ABHD5 surface. (a) Using the 3D weighted alpha shape with the flow algorithm,
shape analysis was performed on the ABHD5 refined structural model. The binding pocket of ABHD5 was
identified and assessed for the geometric measurement of molecule volume, solvent accessible area and the
number of pocket residues in (b). The spatial pattern of the ABHD5 binding pocket represents a novel binding
surface in ABHD family. The binding pocket possesses the key residues R299, G328 and D334 that play a crucial
role in activating ATGL lipolysis. (c) The biochemical and biophysical properties of the binding pocket reflects
on the computed electrostatic potential surface. The color key ranges from — 5 kT/e (red) to 5 kT/e (blue).

The neighborhood of R299, G328 and D334 exhibits a stronger negatively charged surface that is a hotspot or
interface of interacting with positively charged binding partners. (d) As the geometric center of R229GD surface
patch, D334 is clustered spatially with R299, G328 (pink), H329 (green), Y330 (cyan) and V*'Y*?A3% (red)
buried on the binding pocket (light green dots). The close up view showed the geometric orientation of the
surface patch R**G**D* while positively charged D334 (yellow spheres) is stabilized with negatively charged
R299 (blue sticks) with a salt-bridge. (e) The functionally important residues (R299, G328 and D334) and (R116,
G113 and D110) are identified and characterized on the binding surfaces of ABHD5.
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Figure 4. Subcellular localization of ABHD5 mutants in lipid droplet formation assays. Cos7 cells were
cotransfected with cherry-tagged ABHD5 or ABHD5 mutants, PLIN5-EYFP and ATGL-ECFP and exposed

to oleic acid overnight. Cells were fixed and imaged by confocal microscopy using a x60 water immersion
objective. Representative regions of interest containing triply-transected cells are shown. All mutants were
defective in preventing lipid droplet formation as indicated by clusters of PLIN5-containing LD. Colocalization
between ABHD5 and PLIN5 was performed using Pearson’s regression (r) in the cellSens software package.
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Figure 5. Identification of ABHDS5 binding pockets. (a) The binding pocket 8 (R"°G'*D'', blue) was identified
spatially attached to the main binding pocket a (R*G*#D3*, green). (b) Closer examination of the binding pocket
0 (R"'*G'"*D'"%) indicated Gly-rich surface might recognize the phosphate moiety of phospholipid on the LD
surface (c) Embedded within the binding pocket 8 (R!'*G'"*D!9), the putative key residues S117, G113 and D110
are spatially clustered with R116 and H84. (d) The geometric locations of the functionally important residues R299,
G328, and D334 are situated closely on the pocket a which synergistically cooperates with the pocket 6 that harbors
a surface patch of R116, G113, and D110. Connecting the binding pockets (pocket a and ), the constriction region
(pink) could play a role of gating the channel that accommodates the acyl-tail of ligand/substrate entering the

main pocket o from its entrance-1 or pocket 6 from entrance-2. (¢) R"'6G''*D''’ is a newly identified surface patch
in the present study, while R**G**D** has been identified and experimentally tested to active ATGL lipolysis in
our previous study. Electrostatic potential were computed on R*G*#D?** and R*G!* D! surface patches, each
clustered in the same spatial pattern. R**G**D** surface patch exhibits negatively charged neighborhood, whereas
R!6G*D1° displays positively charged surface patch. (f) The guanidinium group of positively charged residue R116
interacts with the aromatic rings of W93 and W66 within a range of 5.9 and 3.8 A, respectively.
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D110 on pocket 8 among ABHD5, ABHD4, and related lipases. As shown in Fig. 3e, we identified the geometric
locations of the subgroups of functionally important residues (R299, G328 and D334) and (R116, G113 and
D110) on pocket a and 0, respectively. We further characterized the pocket 0 with the identified key residues
R116, G113 and D110 clustered in the spatial pattern and attempted to explore their putative biological roles on
the LD membrane by constructing ABHD5 mutants. Indicated by electrostatic surface potential in Fig. 5e, the
pocket entrance of pocket 0 gated by R116 displays a stronger positively charged interface that could be impor-
tant in binding negatively charged phospholipids of LD membrane. In comparison of the electrostatic surface of
RI16GIBDMO to that of R*°G*8D?** reveals that pocket 8 and a manifest distinct physicochemical features. We
hypothesize that the positively-charged surface patch (Fig. 5e) of pocket 6 recognizes negatively charge phosphate
moiety of a phospholipid. Moreover, the guanidinium group of R116 could play multiple roles including building
hydrogen bonds with D110 and Ser117 and cation-m interactions with the aromatic ring of W93.

To assess the functional significance of these amino acids we examined the effects of ABHD5 point mutations
on PNPLA2/ATGL activation in transfected Cos7 cells. PNPLA2/ATGL activation was assessed by comparing
lipid droplet accumulation in the presence of ABHD5 and WT PNPLA2/ATGL versus ABHD5 and lipase-dead
S47A ATGL (negative control). Compared to WT ABHDS5, we found that point mutation of binding pocket resi-
dues G113S, S117A or D110N suppressed activation of PNPLA2/ATGL (Fig. 6a). These ABHD5 mutations also
disrupted colocalization with PLIN5 (Fig. 4c,e,f). In contrast, R116N disrupted LD-targeting, but not lipolysis
activation (Fig. 6a) or interactions with PLIN1 or PLIN5. We concluded that ABHD5 manifests a novel surface
patch of R"6G!* DM with functionally important residues H84, W93 and S117 to engage in LD-targeting and
PLIN-binding.

The structural prediction and experimental results suggest that the binding pocket 6 cooperates with the
main binding pocket o (Fig. 5a). The binding pocket 8 is required to carry out LD-targeting with PLIN and to
prepare the biophysical settings of the main functional pocket a activating PNPLA2/ATGL. In this regard, our
model further suggests that the pocket 0 residues H84, D110, G113, R116, S117 might carry out uncharacterized
reactivities required for interfacial activation (Fig. 2d).

A constriction region in ABHDS5 connects the two binding pockets (pocket o and 6). A unique feature of ABHD5
is a constriction zone that contacts or overlaps pocket residues H84, F86, G87, G88, G89, L90, G91, L92, W93,
and L95 (Fig. 5d). This boundary region is mostly constructed by highly conserved Gly and Leu residues, and is
gated by R116, W93 and F86. Close examination of the pocket residues and spatial neighborhoods surrounding
the constriction region revealed an amphipathic helix of ~ 20 residues (84-105) located in the S2 segment. H84
is a highly conserved residue interacting with a cluster of Gly residues that might mediate phospholipid recog-
nition in a hydrogen bonding network. To characterize the spatial position of H84 that has been substituted in
evolution, we utilized shape analysis of surface matching against our database of spatial patterns. We identified
four amino acid substitutions including Q, L, P, and Y that might be allowed in the binding network, whereas
K and R appear to be disallowed. Consistent with this analysis, mutation of H82K or H82R in humans (H84
in mouse) causes CDS in humans (see Table 1; Fig. 6a). Experimentally, mutation of H84K in mouse ABHD5
completely disrupted LD targeting, PLIN association and ATGL activation (Fig. 4F). In colocalization analysis,
the H84K mutant of mouse ABHD5 was excluded from PLIN5-containing LD (Pearson’s regression r=— 0.312).
Interestingly, we also found that H84A mutation does not significantly disrupt function, indicating positively
charged residues (R or K) at H84 is deleterious to ABHDS5 function.

In our RMSF model, we found that the S2 segment (composed of the constriction region) interacts with S4
and S5 segments, which regulate pocket entrances shown in Fig. 5d. This structural relationship indicates that
this constriction region connects the two binding pockets (a and ). Geometric calculations revealed that F86 of
the S2 segment interacts with the Y272 of S4, and W93 of S2 is oriented closer to stabilize the charged residues
R116 and D110, while L92 of S2 simultaneously interacts with the Y332 and F339 of the S5 segment, indicat-
ing that the lid-like domain of the S4 segment frequently interacts with the amphipathic helix in S2 to regulate
access to the binding pocket 6. These observations suggest that F86, W93 and R116 coordinate interactions with
the constriction region so that they could function to gate the entrance of the binding pocket 8 channeling into
the main binding pocket a, when ABHD5 is bound to LD. In support of this hypothesis, we found that W93A
mutation blocks association with PLIN5 on LD (Pearson’s regression r = — 0.050 in Fig. 4C). This single mutation
strongly indicates that W93 plays a crucial role not only in targeting LD surface but also might stabilize R116 on
the surface patch of pocket 0 via cation-n interactions (Fig. 5f).

Applying affinity probes to interacting with the binding pocket residues of ABHD5 by
NBD-HE-HP. We recently demonstrated that ABHD5 contains binding sites for acyl-Coenzyme A and
synthetic ligands. Furthermore occupancy of the site by acyl-CoA promotes a conformation of ABHD5 that
binds PLIN proteins and prevents PNPL2/ATGL activation, whereas occupancy by synthetic ligands SR4995 or
SR4559 prevent PLIN interaction and promote ATGL activation. To explore how ligands interact with ABHDS5,
we took advantage of our discovery that the covalent affinity label NBD-HE-HP bonds covalently to Y3302
(Figs. 6b-d, 7a). As mentioned above, Y330 is present within the binding pocket a and the pocket is sufficiently
large (2586 A3) to accommodate the NBD-HE-HP molecule (Fig. 7a,b).

To better determine the binding surface of ABHD5, we docked NBD-HE-HP into the geometric center of the
predicted binding surface in molecular dynamic simulations (see “Methods and data”). As shown in Fig. 7a, one
pose placed the reactive nitrophenol moiety of NBD-HE-HP the near Y330 in the H**YVYAD?*** motif (Fig. 7b).
As docked onto Y330, NBD-HE-HP arrives in the neighborhood of E262 and C301 within the binding pocket
(Fig. 7c). Dynamic modeling also placed the 7-nitro-2-1,3-benzoxadiazol-4-yl substructure (i.e., NBD moiety)
near the hydroxyl moiety of a Ser225 with multiple potential poses at (H84, S117, Fig. 7d), or at (Q228, S225,
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Figure 6. Lipid droplet formation and NBD-HE-HP affinity probe labeling in transfected Cos7 cells. (a) Cos7
cells transfected as described in “Methods and data” were lipid loaded and scored for the presence of lipid
droplets by blinded analysis. Only cells visibly expressing all three transfected proteins (ABHD5 or ABHD5
mutant-mCherry, Plin1-EYFP, and ATGL or ATGL S47A-ECFP) were scored. Results are mean + SEM from
three independent experiments. **p <0.01 compared to wild-type ABHD5/ATGL; ***p <0.001 compared to
wild-type ABHD5/ATGL. (b) Cos7 cells transfected with cherry-tagged ABHD5 or ABHD5 mutants were
labeled with the affinity probe NBD-HE-HP (50 uM) then labeled proteins were resolved by SDS-PAGE and
imaged as described in “Methods and data”. The gel was then immediately transferred to a PVDF membrane and
cherry-tagged proteins were detected with dsRed antibody (c), then immunoblot was reprobed with a/p-tubulin
antibody (d). One of two independent experiments with similar results is shown.
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2. LD-targeting
3. NBD-labeling

Severely affects HB84: a pocket residue (Fig. 8)
. 1. PLIN-binding (Fig. 4g) 1. H84 is involved in PLIN1-binding
HB82R (Mouse: H84K) pocket 82 2. LD-targeting (Fig. 4g) 2. H84K disrupts NBD-HE-HP binding
3. NBD-labeling (Fig. 6b-d) (Fig. 7d)
Severely affects S117: a pocket residue (Fig. 8)
. 1. PLIN-binding (Fig. 4e) 1. 8117 is involved in PLIN1-binding
SH5G (Mouse: SH7A) | pocket 82 2. LD-targeting (Fig. de) 2. 5117A disrupts NBD-HE-HP binding
3. NBD-labeling (Fig. 6b—d) (Fig. 7d)
Q130: a surface residue (Fig. 8)
Q130P (Mouse Q132) surface S2 NA Q130P likely causes structural instability or
folding issues
E260: a pocket residue (Fig. 8)
Severely affects!® 1. E260 is involved in PLIN-binding
1 PLII\%,— bindin 2. Mouse E262K charged inversion disrupts
E260K (Mouse E262K) pocket S4 . & PLIN-binding and NBD-HE-HP binding

(Fig. 7¢)
3. Mouse E262A disrupts NBD-HE-HP bind-
ing but not PLIN-binding (Fig. 7c)

Table 1. CDS-causing non-synonymous single nucleotide polymorphisms in ABHD5.

Figure 7. Affinity probe of identifying ABHD5 binding sites. The docking pose underpinned by LC-MS/MS
analysis demonstrated the affinity probe forms an adduct with Y330. (a) The binding pose of NBD-HE-HP
(sticks) was predicted in the binding pocket a (R**?G*?D***). The nitrophenol moiety of NBD-HE-HP was
docked spatially close to the hydroxyl group of Y330 (purple) and the NBD moiety was placed near the
neighborhood of C301 and Y330 of H*YVYAD?** motif (orange spheres) in a close-up view in (b), whereas the
acyl-tail (cyan sticks) penetrated the tunnel that connects the binding pockets (a and 0). (¢) The NBD moiety of
NBD-HE-HP has a higher affinity of binding to Y330 and E262, S117 and H84 as shown in (d), S225 and Q228
in (e). Our experimental tests showed that mutations on these identified residues lead to disrupting NBD-HE-

HP-labeling.

Scientific Reports |

(2022) 12:2565 |

https://doi.org/10.1038/s41598-021-04179-7

nature portfolio




www.nature.com/scientificreports/

E262K =, .. *Q132P

%
'f 3
)‘ﬁg.,ﬁb

S117G

Figure 8. Structural identification and experimental characterization of human CDS-causing mutations on
ABHD5. Human ABHDS5 harbors CDS-causing mutations H82R, S115G, Q130P, E260K, G271R (corresponding
to mouse H84, S117, Q132, E262 and G273) that were structurally located on the binding pockets (pocket o and
0) or surface, whereas R234N and R280N (mouse R236 and R282, see Table 1) were reported pathogenic nsSNPs
located on ABHDS5 surface.

Fig. 7e) with the acyl-tail moiety of NBD-HE-HP oriented into the hydrophobic constriction region that connects
the two binding pockets (pocket a and pocket ). Docking and geometric calculations further predicted that
NBD-HE-HP also interacts with the polar residues such as H84 and S117 on the binding pocket 8 (Fig. 6b-d).
Consistent with the modeling data, Q228A (Fig. 7e) mutation significantly disrupted NBD-HE-HP labeling with-
out affecting LD targeting or PLIN interactions. Mutations of H84 and S117 disrupted LD targeting and abolished
labeling by NBD-HE-HP. In our previous study, our experimental data uncovered that E262K mutant severely
abrogates PLIN interactions and NBD-HE-HP labeling, whereas E262A only affects NBD-HE-HP labeling.
Collectively, our findings indicate that pocket a (Q228, Y330 and E262) and pocket 6 (H84 and S117) residues
are cooperatively involved in the binding sites for protein binding partners and potential endogenous ligands.

Identifying the structural locations of CDS-causing mutations in ABHD5.  Our refined model also
provides new structural insights into disease-causing mutations of human ABHD5, including H82R*, S115G™,
Q130P* and E260K* (corresponding to mouse H84, S117, Q132, E262 in mouse ABHD5) that result in CDS
(OMIM:275630, Online Mendelian Inheritance in Man) (see Table 1). Our model also classifies disease-causing
mutations in ABHD5 based on their geometric locations, e.g., surface, pocket, and core'****!. Shape analy-
sis revealed that the majority (>97%) of human disease-causing non-synonymous single nucleotide polymor-
phisms (nsSNPs) in protein coding regions located in pockets and protein—protein interfaces'***!. As mapped
onto our 3D model in (Fig. 8), the structural locations of the CDS-associated nsSNPs were geometrically classi-
fied. For instance, shape analysis revealed that H84, and S117 are located on the pocket 0, E262 on the pocket a,
and Q132 on the shallow surface of S2 segment.

We sought to identify human nsSNPs that might exhibit a spectrum of susceptibility to CDS caused by
pathologically defective ABHDS5. To assess the mutational influence of a mutant, we identified its structural
location and characterized its physiochemical attributes that might influence ABHD5 functions. Importantly,
experimental tests on the mouse ABHD5 (Table 1) were performed to evaluate mutational effects elicited by
selected nsSNP(s). Our data showed that the pocket residue E262 interacts with NBD-HE-HP (Fig. 7¢), indicating
a potential binding site for endogenous ligands or/and for PLIN or ATGL via electrostatics. Our experimental
data' support that the charge inversion of E262K mutant might alter this crucial binding interface of binding
partners, thereby interrupting interactions with ATGL and PLIN proteins. In contrast, E262A mutant prevented
NBD-HE-HP labeling without affecting interactions with ATGL or PLIN. The charge inversion of E262K is
projected on the surface and consequently perturbs the binding with PLIN. In contrast to E262A, the substitu-
tion that introduced the charged residue in place of neutral or short side-chain ones does not drastically and
constitutively perturb the binding interface. Moreover, E262 has functional significances on the main binding
pocket a. The mutation of E262A suppressed the binding with ligands such as NBD-HE-HP mostly because the
short side-chain of A262 does not confer favorable atomic contacts with NBD-HE-HP (Fig. 7¢).

It appears that substitution of the imidazole ring of H82 by positively charged side-chain or the polar side-
chain of S115 by a short hydrophobic side-chain residues increase susceptibility to CDS. As a pocket residue,
S117 of mouse ABHD5 was oriented on the surface of the pocket 8 (Fig. 5¢). Our experimental data (Figs. 4d,
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6a) showed that S117A substitution impaired the mouse PNPLA2/ATGL lipolysis, since the removal of the
side-chain of S117 noticeably inhibited LD-targeting and the binding to PLIN. In addition to the impaired LD
translocation, the mouse S117A mutant abolished NBD-HE-HP labeling (Fig. 6b-d, 7d). Moreover, the human
CDS mutations (Table 1) drastically alter physiochemical properties of these pocket residues. For example, the
imidazole moiety of a pocket 0 residue H82 of human ABHD5 mutated to the guanidinium group with positive
charge of R82 might reduce the efficiency of the charge relay system between H82 and D108 or alter electrostatics
to disrupt the interactions with PLIN. We found that the pathological CDS is highly associated with the muta-
tional defects on targeting PLIN5-containing LD and NBD-HE-HP labeling detected in our experimental tests.
Similarly, the substitution of either K or A at H84 of mouse ABHD5 blocked NBD-HE-HP labeling (Fig. 6b-d).
In support of structural analysis, our experimental data (Figs. 4g, 6b—d) unequivocally showed that the nsSNPs
of H84 and S117 oriented and juxtaposed within the pocket 0 (Figs. 5c, 8d) that account for disease-causing
defects in ABHD5 structure.

Discussion

ABHDS arose in vertebrates following gene duplication, loss of serine hydrolase activity, and evolution of novel
surfaces that mediate protein-protein interactions and allosteric regulation by endogenous metabolic ligands'2.
Importantly, ABHD5 has been implicated in diverse biological functions, including triglyceride mobilization
and sequestration, skin barrier formation and tumor suppression, suggesting involvement of metabolic control
beyond lipolysis regulation. Indeed, growing evidence indicates that ABHD5 might be best characterized as a
complex metabolic transducer that integrates extracellular and intracellular signals to regulate the trafficking
and activity of PNPLA family members. Thus, it is well-known that ABHD?5 regulates the activity of PNPLA2/
ATGL on lipid droplets in adipocytes via phosphorylation-dependent interactions with PLIN1*2. Furthermore,
ABHD?5 contains binding pocket for long chain acyl-CoA and synthetic ligands that control its interaction with
PNPLA and PLIN family members®'.

To facilitate understanding of the functional and structural mechanisms of these biological activities, we
explored the binding surfaces that confer this complex regulation. We computed the dynamic shapes of ABHD5
in the simulations of multiple time scales. Our structural analysis identified major binding surface that could
be divided into two connected binding pockets (pocket a and pocket 0 in Fig. 5a) which cycle among transient
states (Fig. 1f). The experimental data strongly indicate that each of the identified binding pockets carries out
its biological function, and the two binding pockets are functionally interconnected and cooperate with each
other to allosterically regulate PNPLA2/ATGL activity. That is, the pocket 0 first involved in LD-targeting and
membrane binding, whereas the pocket a subsequently activates PNPLA2/ATGL lipolysis. Interestingly, their
pocket resides might be allosterically regulated by our synthetic compounds and endogenous ligands.

To gain structural insights into how ABHD?5 activates PNPLA2/ATGL, we first focused on the binding
surface of pocket a at R299, G328, and D334°. The binding surface of pocket a exhibits a structural signature
for PNPLA2/ATGL lipolysis activation that is not shared by any other known ABHD members. Site-directed
mutagenesis of R299, G328 and D334 verified the importance of these residues in PNPLA2/ATGL activation
and support the structural relationships of these residues based on shape analysis. Perhaps more importantly,
substituting the N290R and S319G in ABHD4, which does not activate PNPLA2/ATGL, was sufficient to confer
lipase activation in ABHD4. This discovery of the novel binding surface of pocket a provides a platform for the
assessment of gain or loss of function in ABHD5, and further highlights the underlying mechanism of PNPLA2/
ATGL activation that might be the fundamental strategy of cells to access the TG molecules within LD.

In addition to the novel binding surface of pocket o for ATGL activation, the present study discovered the
surface patch of R116, G113 and D110 of pocket 6 that is highly conserved across species. In the Pfam database®,
the surface composed of the position 80-180 of ABHD?5 is highly conserved among the ABHD family members.
We also speculate that R"'°G'*D!% on pocket 8 could be involved in interfacial activation. In support of this
speculation, we showed that mutation of W93 (Fig. 4d) disrupted targeting to PLIN5 on lipid droplets. In addi-
tion to W93, our model and experimental data also suggested that the pocket 6 harbors functionally important
residues including H84, D110, G113, R116 and S117. Consistent with the predictions of the model, H84K, W93A,
D110A, and G113S disrupted the ability of ABHDS5 to bind lipid droplets, interact with PLIN, and activate ATGL,
whereas H84A and S117A markedly inhibits covalent labeling by the affinity probe NBD-HE-HP. In support of
the computational identifications, site-specific mutagenesis and cellular imaging were performed on the func-
tionally important residues on the newly discovered R!'*G!"*D'? surface patch. The findings led us to layout the
configuration on the surface patch of pocket 0 that is divided by two sets of functionally important residues to
carry out membrane binding. Clearly, the surface of pocket 0 is critical for facilitating in the core functions of
ABHDS5, and likely other closely-related paralogs.

On the ABHD?5 surface, we identified R*°, G*?® and D*** on pocket o for PNPLA2/ATGL lipolysis activation
and further discovered R''¢, G!** and D''® on pocket 8 for LD-targeting and PLIN-binding. We concluded that
a protein could utilize the triad of R (Arg), G (Gly) and D (Asp) to construct a binding interface to interact with
other bioactive molecules. For example, G'**> might directly influence membrane selectivity and binding on
surface while negatively charged D% might contribute to structure stability and protein-protein interaction.
Recently, we identified a surface patch of R*’, G*** and D*** on human ACE2 (Angiotensin Converting Enzyme
2, a cell membrane receptor) form a critical interface bound and attacked by the Spike proteins of SARS-CoV-2
(Severe Acute Respiratory Syndrome coronavirus) with strong binding affinity**. Our experimental data of Spike-
binding, cell-based attachment, and in vivo SARS-CoV-2 pseudovirus assays successfully demonstrated that the
D355N of human nsSNP and the G354D/Q of primate nsSNP abrogated the Spike-protein binding of SARS-
CoV2, indicating a low susceptibility to SARS-CoV2 infections. The structural identification and characterization
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of the binding interface constructed by Arg, Gly and Asp for protein-protein interactions are qualitatively in
agreement with our experimental evaluations.

As mentioned above, our refined model indicates that the pocket a and pocket 6 are connected by a con-
striction region composed of hydrophobic residues. As shown in Fig. 5d, the surrounding boundary surface
connects two binding pockets (pocket a and 0) and share the common residues lining the pockets, indicating
that they cooperate to carry out multiple ABHD5 functions. For example, the constriction region could regulate
access of ligands to the binding pockets. Our geometric calculations in the RMSF model (Fig. 2¢) showed that
the lid-like domain (from the position 180 to 280 covered by S3 and S4) of ABHD?5 interacts the amphipathic
helix of S2 that constructs the constriction region. Moreover, the residue contacts between the flexible lid-like
domain and the boundary zone gives the clues as to how structure of the lid-like domain might control access
to the two main pockets.

Our dynamic model also predicted binding sites for endogenous and synthetic ABHD5 ligands. We previ-
ously reported that ABHD5 can be covalently bound by the promiscuous lipase affinity ligand NBD-HE-HP. This
labeling can be blocked by endogenous oleoyl-CoA and the synthetic ligand SR4995'2, indicating the existence
of overlapping or interacting binding sites. Proteomic analysis demonstrated that the reactive nitrophenol of
NBD-HE-HP forms an adduct with Y330 of ABHD5, which our computational model places within the puta-
tive ligand binding pocket a. Furthermore, docking poses in simulations placed the NBD-HE-HP moiety close
to Y330 and C301 and mutation of Y330 to Ala greatly disrupted binding of NBD-HE-HP to ABHDS5 (Fig. 7a).
The active pose further provided structural identification of residues e.g., E262 that might be involved in binding
NBD-HE-HP, which implicated intradomain interactions. Our experimental data discriminated the mutational
effects between E262K and E262A, and further identified the main binding attribute via electrostatics with bind-
ing partners such as PLIN, ATGL and binding ligands. Although E262A mutant appears normal in the tests of
PLIN binding, it significantly affected NBD-HE-HP labeling. Interestingly, the experimental observations were
reproduced in the mutants H84K and H84A which also expressed distinguishable mutational effects. That is,
H84K severely abolished both PLIN1 and NBD-HE-HP binding, whereas H84A mutant blocked NBD-HE-HP
labeling only. In this regard, it appears that protein-protein interaction has a higher sensitivity to electrostatic
binding than protein-ligand interaction.

With these severe mutational effects observed in E262, H84, and S117 mutants, we have been able to identify
and characterize the complex interactions of ABHDS5 with its partner proteins (PLIN, PNPLA2/ATGL) and
ligands. In support of our conclusions, our experimental data and findings indicate that mutations in pocket o
and pocket 0 confer susceptibility to human CDS and further suggest critical binding sites for protein interac-
tions and ligand binding. These important findings give structural and functional insights into a site-specific
mechanism underlying PNPLA2/ATGL activation and facilitate the understanding of ABHD5 complex molecular
functions.

In conclusion, our combination of computational analysis and experimental tests provides a theoretical and
functional basis to elucidate ABHD5 molecular functions of fat mobilizing activity. Based on topological shape
analysis, we identified two functional pockets on the ABHDS5 surface using structural modeling, and geometric
computations. We further identified and characterized functionally important residues that are directly associated
to ABHD5 molecular functions. We constructed a variety of site-directed mutants to determine their roles in
biological activities including LD-targeting, protein—protein interaction, ligand binding and lipolysis activation,
using an array of biochemical assays and cellular imaging in live cells. Importantly, we structurally classified
ABHDS5 nsSNPs based on their geometric locations and characterized their functionally defective roles that are
highly associated with human Chanarin-Dorfman Syndrome. From these new findings, our structural model
and experimental validation provide biological insights to facilitate the understanding of ABHD5 molecular
functions of a metabolic transducer.

Methods and data

A computational structural model of ABHD5..  To assess a structure-function relationship of ABHDS5,
we built a theoretical model for mouse ABHD5 because it has no crystal structure. The initial model is computed
based on a soluble epoxide hydrolase (sSEH ABHD7, pdb1qo7) of Aspergillus niger* as a homology template by
Modeller?*. Their sequence identity between ABHD5 and sEH can be as low as<15%, of sequence identity.
Despite their low pair-wise sequence identities, the structural fold (Alpha Beta 3-Layer aba Sandwich, CATH:
3.40.50.1820)* of ABHD5 belongs to the ABHD family and its overall scaffold appears structurally conserved
across species, according to CATH fold classification. The model was constructed and evaluated wtih z-score of
Discrete Optimized Protein Energy — 0.82<0 and a model score of 0.98>a cutoff of 0.70%. Structurally simi-
lar to most of family members, ABHD5 is composed of a core of alpha helices and beta sheets with multiple
loops connecting them. With this initial model, we performed structural refinement by MD simulations'>*¢
and conducted geometric calculations. ABHD5 primary sequence is the only input, and we sought to probe
ABHDS5 structural models and identify functionally important residues with our developed structure-based
shape analysis.

Sampling ABHD5 conformations by MD simulations.  We utilized a technique of molecular dynam-
ics (MD) simulations and topology-based geometric computations to explore a variety of ABHD5 conforma-
tions. Using GROMACS*® with AMBER all-atom force field*, we computed conformers at a given time in a tra-
jectory. The time evolution of ABHD5 structural conformers contain a diverse of conformations with perturbed
local structures. We collected the perturbed conformations at every 100 pico second during the simulations of
30 nano second. The 300 conformers were compared with the initial model to obtain a time series of RMSDs. We
obtained putative structural conformations for further structural comparison and shape analysis.
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To obtain the major categories of ABHDS5 structural models, we performed structural classifications on these
models to determine their conformational changes. Using the customized cutoffs with incremental decreases
from 3.5 to 1.5 A of RMSD, we conducted pairwise structural comparisons of conformers. Iteratively, these
diverse conformers can be classified into subclasses. Subsequently, we computed six clustered subclasses in a
trajectory, after the structural comparisons of conformations at different time steps. Based on their RMSD values
of comparison, we further selected a representative close to the average value of RMSD for each classified subclass
based on their overall structural conformers. For each ABHD5 conformer, we further conducted shape analysis
for the identification of pocket, surface and interior.

Performing shape analysis on ABHD5 conformations. We conducted shape analysis on these struc-
tural conformers in the trajectory based on the Alpha Shape Theory'’~°. Using the weighted Delaunay trian-
gulation, we triangulated the atomic coordinates of each ABHD5 conformer. We then used the flow algorithm
to analytically compute the molecular volumes (MV) and solvent accessible areas (SAA) of putative binding
pockets on the ABHD5 surface. In these structural conformers, we computed more than 30 putative pockets
on the ABHD5 surface. For each conformer, we further extracted binding pocket residues from each pocket
to determine its spatial pattern by CASTp (Computed Atlas of Surface Topography of proteins)'>'6. We further
identified binding pockets by using SplitPocket algorithm (http://pocket.med.wayne.edu/)'*** and character-
ized their local surface features such as pocket, surface and interior by the Volbl package'*-'%'51%, As shown in
Fig. 1c-e. these structural models in a trajectory contain a mean of 61 binding residues in ABHD5, a mean of
molecular volume of 2360 A% and its corresponding solvent accessible area of 1514 A% As shown, the MVs in
ABHD?5 binding pockets have been fluctuated over time. The dynamic shapes of ABHD5 pockets implicates that
MD simulations potentially perturb and rearrange the geometric locations of atoms across these structural con-
formers. We recapitulated conformers and identified their dynamic pockets for each subclass shown in Fig. 1f.
We further characterized each residue on a geometric location by evaluating its likelihood of appearing a p%%],(et
residue in a trajectory over time (Fig. 1g). Define the likelihood (¢) of a dynamic pocket residue as ¢ =
where p = lifaresidue is located on a pocket, and p = 0if not a pocket residue, which is determined by the geo—
metric location of a residue. The likelihood of a dynamic pocket residue is computed by analyzing the perturbed
conformations at every 100 pico during the simulations of 30 nano second (n = 300).

RMSF model of ABHD5. To further dissect the predicted binding pocket, we attributed the movements
in dynamics to a pocket residue in MD simulations. We performed structural comparisons of conformations at
different time steps in the trajectory. Using GROMACS package, we measured RMSF (root mean square fluc-
tuation) of a residue in the simulations. In addition, we collected the pocket residues on the ABHD5 functional
surface for RMSF comparisons. Based on the RMSF calculation with a cutoff of 3 A for separation, we divided a
model into five segments with color labels such as red (1-70), yellow (71-150), green (151-220), cyan (221-275)
and blue (276-350), which also separated the binding pocket correspondingly.

Characterizing ABHD5 surface and docking the ligandable pockets with NBD-HE-HP. To
assess physiochemical attributes of ABHD5 surface, we conducted the computations of electrostatics potential
surface. Using APBS (Adaptive Poisson-Boltzmann Solver)*, we focused on the structural features of pocket
mouth residues including R116, R217, and R299 to characterize ABHDS5 binding surfaces based on electrostatics
calculations.

Using affinity probes such as NBD-HE-HP, we explored the ligandable pockets after the identification of
binding pockets. We performed docking NBD-HE-HP into the geometric center of each identified binding
surface in molecular dynamic simulations, using the AMBER force field””. We prepared the topology includ-
ing partial charges of NBD-HE-HP with the QM/MM utility sqm in antechamber*’ for molecular docking and
simulations. We presented ABHD5 surface and binding pockets with PYMOL (https://github.com/schrodinger/
pymol-open-source) and Chimera®.

NBD-HE-HP affinity probe labeling. NBD-HE-HP affinity label was synthesized and purified as
described®2. NBD-HE-HP affinity labeling of Cos7 cells (American Type Culture Collection) was performed
as previously described'?. Briefly, cells were transfected with PLIN1 and wild type or mutant ABHD5 then lipid
loaded overnight with 200 uM oleic acid. One day after transfection, cells were labeled with 50 uM NBD-HE-HP
in serum-free DMEM for two hours at 37 °C. Cells were rinsed with PBS and protein-matched aliquots of cell
lysates were separated by SDS-PAGE. After visualization for NBD-HE-HP labeling, unfixed gel was transferred
and detected with dsRed antibody (Takara Bio), then reprobed for o/p-tubulin (Cell Signaling Technology). Gels
and immunoblots were visualized on an Azure Biosystems C600 Imager (Cyan2 channel for fluorescent visuali-
zation of NBD-HE-HP labelled ABHD5).

Lipid droplet scoring. Lipid droplet scoring was performed as previously described’. Briefly, Cos7 cells
plated on coverslips in 12-well dishes were transfected with 0.5 ug each/well of mCherry-tagged mouse ABHD5
protein, mouse PLINI-EYFP, and either mouse ATGL-ECFP or ATGL S47A-ECFP (lipase inactive) using
Lipofectamine” and Plus reagent” (Invitrogen) as described by the manufacturer. Cells were then lipid loaded
for 16-20 h with 200 uM oleic acid, then fixed with 4% paraformaldehyde. Lipid droplet scoring was performed
by an investigator blinded to transfection conditions. For each transfection condition in each experiment 25 or
more cells visibly expressing all three proteins were scored. Confocal microscopy was performed using an auto-
mated Olympus IX81 microscope equipped with a spinning disc confocal unit, a 60X 1.2 NA water immersion
object and a Hamamatsu ORCA Flash CMOS camera. Post-capture analysis was performed in using Olympus
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cellSens Dimension software. Mutant ABHD5 proteins were made using standard molecular biological meth-
ods, and all PCR-generated constructs were confirmed by sequencing.

Received: 13 September 2021; Accepted: 9 December 2021
Published online: 16 February 2022

References

1.

10.

11.

12.
13.
. Tseng, Y. Y. & Li, W. H. Identification of protein functional surfaces by the concept of a split pocket. Proteins 76, 959-976 (2009).
15.
16.

17.
18.

19.
20.
21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.

33.
. Tseng, Y. Y. & Li, W. H. Classification of protein functional surfaces using structural characteristics. Proc. Natl. Acad. Sci. USA 109,

35.
36.

37.

Schweiger, M., Lass, A., Zimmermann, R., Eichmann, T. O. & Zechner, R. Neutral lipid storage disease: Genetic disorders caused
by mutations in adipose triglyceride lipase/PNPLA2 or CGI-58/ ABHD5. Am. J. Physiol. Endocrinol. Metab. 297, E289-296. https://
doi.org/10.1152/ajpend0.00099.2009 (2009).

. Son, Y. et al. Adipocyte-specific Beclinl deletion impairs lipolysis and mitochondrial integrity in adipose tissue. Mol. Metab. 39,

101005. https://doi.org/10.1016/j.molmet.2020.101005 (2020).

. Ohno, Y, Nara, A., Nakamichi, S. & Kihara, A. Molecular mechanism of the ichthyosis pathology of Chanarin-Dorfman syndrome:

Stimulation of PNPLA1-catalyzed omega-O-acylceramide production by ABHD5. J. Dermatol. Sci. 92, 245-253. https://doi.org/
10.1016/j.jdermsci.2018.11.005 (2018).

. Hirabayashi, T. et al. PNPLA1 has a crucial role in skin barrier function by directing acylceramide biosynthesis. Nat. Commun. 8,

14609. https://doi.org/10.1038/ncomms14609 (2017).

. Vieyres, G., Reichert, I., Carpentier, A., Vondran, F. W. R. & Pietschmann, T. The ATGL lipase cooperates with ABHDS5 to mobilize

lipids for hepatitis C virus assembly. PLoS Pathog. 16, e1008554. https://doi.org/10.1371/journal.ppat.1008554 (2020).

. Ou, J. et al. Loss of abhd5 promotes colorectal tumor development and progression by inducing aerobic glycolysis and epithelial-

mesenchymal transition. Cell Rep. 9, 1798-1811. https://doi.org/10.1016/j.celrep.2014.11.016 (2014).

. Chen, G. et al. Loss of ABHD5 promotes the aggressiveness of prostate cancer cells. Sci. Rep. 7, 13021. https://doi.org/10.1038/

541598-017-13398-w (2017).

. Yang, A., Mottillo, E. P, Mladenovic-Lucas, L., Zhou, L. & Granneman, J. G. Dynamic interactions of ABHD5 with PNPLA3 regulate

triacylglycerol metabolism in brown adipocytes. Nat. Metab. 1, 560-569. https://doi.org/10.1038/542255-019-0066-3 (2019).

. Sanders, M. A., Zhang, H., Mladenovic, L., Tseng, Y. Y. & Granneman, J. G. Molecular basis of ABHD?5 lipolysis activation. Sci.

Rep. 7,42589. https://doi.org/10.1038/srep42589 (2017).

Granneman, J. G., Moore, H. P, Mottillo, E. P. & Zhu, Z. Functional interactions between Mldp (LSDP5) and Abhd5 in the control
of intracellular lipid accumulation. J. Biol. Chem. 284, 3049-3057. https://doi.org/10.1074/jbc.M808251200 (2009).

Granneman, J. G., Moore, H. P, Krishnamoorthy, R. & Rathod, M. Perilipin controls lipolysis by regulating the interactions of
AB-hydrolase containing 5 (Abhd5) and adipose triglyceride lipase (Atgl). J. Biol. Chem. 284, 34538-34544. https://doi.org/10.
1074/jbc.M109.068478 (2009).

Sanders, M. A. et al. Endogenous and synthetic ABHD5 ligands regulate ABHD5-perilipin interactions and lipolysis in fat and
muscle. Cell Metab. 22, 851-860. https://doi.org/10.1016/j.cmet.2015.08.023 (2015).

Van Der Spoel, D. et al. GROMACS: Fast, flexible, and free. J. Comput. Chem. 26, 1701-1718 (2005).

Liang, J., Edelsbrunner, H. & Woodward, C. Anatomy of protein pockets and cavities: Measurement of binding site geometry and
implications for ligand design. Protein Sci. 7, 1884-1897 (1998).

Liang, J., Edelsbrunner, H., Fu, P, Sudhakar, P. V. & Subramaniam, S. Analytical shape computation of macromolecules: I Molecular
area and volume through alpha shape. Proteins 33, 1-17 (1998).

Edelsbrunner, H. & Mucke, E. Three-dimensional alpha shapes. ACM Trans. Graph. 13, 43-72 (1994).

Edelsbrunner, H., Facello, M. & Liang, J. On the definition and the construction of pockets in macromolecules. Discret. Appl. Math.
88, 83-102 (1998).

Edelsbrunner, H., Facello, M., Fu, P. & Liang, ]. Measuring proteins and voids in proteins. Proc. 28th Ann. Hawaii Int. Conf. Syst.
Sci. 5, 256-264 (1995).

Dorfman, M. L., Hershko, C., Eisenberg, S. & Sagher, E. Ichthyosiform dermatosis with systemic lipidosis. Arch. Dermatol. 110,
261-266 (1974).

Chanarin, I. et al. Neutral-lipid storage disease: A new disorder of lipid metabolism. BM]J 1, 553-555. https://doi.org/10.1136/
bm;j.1.5957.553 (1975).

Fischer, J. et al. Two new loci for autosomal recessive ichthyosis on chromosomes 3p21 and 19p12-q12 and evidence for further
genetic heterogeneity. Am. J. Hum. Genet. 66, 904-913. https://doi.org/10.1086/302814 (2000).

Eswar, N. et al. Comparative protein structure modeling using MODELLER. Curr. Protoc. Protein Sci. 2,9 (2007).

Tseng, Y. Y., Dupree, C., Chen, Z. J. & Li, W. H. SplitPocket: Identification of protein functional surfaces and characterization of
their spatial patterns. Nucleic Acids Res. 37, W384-389 (2009).

Sillitoe, I. et al. CATH: Comprehensive structural and functional annotations for genome sequences. Nucleic Acids Res. 43, D376-
381. https://doi.org/10.1093/nar/gku947 (2015).

Melo, E, Sanchez, R. & Sali, A. Statistical potentials for fold assessment. Protein Sci. 11, 430-448. https://doi.org/10.1002/pro.
110430 (2002).

Boeszoermenyi, A. et al. Structure of a CGI-58 motif provides the molecular basis of lipid droplet anchoring. J. Biol. Chem. 290,
26361-26372. https://doi.org/10.1074/jbc.M115.682203 (2015).

Roussel, A. et al. Crystal structure of the open form of dog gastric lipase in complex with a phosphonate inhibitor. J. Biol. Chem.
277, 2266-2274. https://doi.org/10.1074/jbc.M109484200 (2002).

Rydel, T. . et al. The crystal structure, mutagenesis, and activity studies reveal that patatin is a lipid acyl hydrolase with a Ser-Asp
catalytic dyad. Biochemistry 42, 6696-6708. https://doi.org/10.1021/bi027156r (2003).

Hall, K., Lee, T. H., Daly, N. L., Craik, D. J. & Aguilar, M. I. Gly(6) of kalata B1 is critical for the selective binding to phosphatidy-
lethanolamine membranes. Biochem. Biophys. Acta. 2354-2361, 2012. https://doi.org/10.1016/j.bbamem.2012.04.007 (1818).
McMahon, H. T. & Gallop, J. L. Membrane curvature and mechanisms of dynamic cell membrane remodelling. Nature 438,
590-596. https://doi.org/10.1038/nature04396 (2005).

Tseng, Y. Y., Dundas, J. & Liang, J. Predicting protein function and binding profile via matching of local evolutionary and geometric
surface patterns. J. Mol. Biol. 387, 451-464 (2009).

Tseng, Y. Y. & Li, W. H. PSC: Protein surface classification. Nucleic Acids Res. 40, W435-439 (2012).

1170-1175 (2012).

Tseng, Y. Y. & Li, W. H. Evolutionary approach to predicting the binding site residues of a protein from its primary sequence. Proc.
Natl. Acad. Sci. USA 108, 5313-5318. https://doi.org/10.1073/pnas.1102210108 (2011).

Tseng, Y. Y., Chen, Z.]. & Li, W. H. fPOP: Footprinting functional pockets of proteins by comparative spatial patterns. Nucleic
Acids Res. 38, D288-295. https://doi.org/10.1093/nar/gkp900 (2010).

Schleinitz, N. et al. Two new mutations of the ABHD5 gene in a new adult case of Chanarin Dorfman syndrome: An uncommon
lipid storage disease. Arch. Dermatol. 141, 798-800. https://doi.org/10.1001/archderm.141.6.798 (2005).

Scientific Reports |

(2022) 12:2565 | https://doi.org/10.1038/s41598-021-04179-7 nature portfolio


https://doi.org/10.1152/ajpendo.00099.2009
https://doi.org/10.1152/ajpendo.00099.2009
https://doi.org/10.1016/j.molmet.2020.101005
https://doi.org/10.1016/j.jdermsci.2018.11.005
https://doi.org/10.1016/j.jdermsci.2018.11.005
https://doi.org/10.1038/ncomms14609
https://doi.org/10.1371/journal.ppat.1008554
https://doi.org/10.1016/j.celrep.2014.11.016
https://doi.org/10.1038/s41598-017-13398-w
https://doi.org/10.1038/s41598-017-13398-w
https://doi.org/10.1038/s42255-019-0066-3
https://doi.org/10.1038/srep42589
https://doi.org/10.1074/jbc.M808251200
https://doi.org/10.1074/jbc.M109.068478
https://doi.org/10.1074/jbc.M109.068478
https://doi.org/10.1016/j.cmet.2015.08.023
https://doi.org/10.1136/bmj.1.5957.553
https://doi.org/10.1136/bmj.1.5957.553
https://doi.org/10.1086/302814
https://doi.org/10.1093/nar/gku947
https://doi.org/10.1002/pro.110430
https://doi.org/10.1002/pro.110430
https://doi.org/10.1074/jbc.M115.682203
https://doi.org/10.1074/jbc.M109484200
https://doi.org/10.1021/bi027156r
https://doi.org/10.1016/j.bbamem.2012.04.007
https://doi.org/10.1038/nature04396
https://doi.org/10.1073/pnas.1102210108
https://doi.org/10.1093/nar/gkp900
https://doi.org/10.1001/archderm.141.6.798

www.nature.com/scientificreports/

38. Ben Selma, Z. et al. A novel S115G mutation of CGI-58 in a Turkish patient with Dorfman-Chanarin syndrome. J. Investig. Der-
matol. 127, 2273-2276. https://doi.org/10.1038/sj.jid.5700860 (2007).

39. Lefevre, C. et al. Mutations in CGI-58, the gene encoding a new protein of the esterase/lipase/thioesterase subfamily, in Chana-
rin-Dorfman syndrome. Am. J. Hum. Genet. 69, 1002-1012. https://doi.org/10.1086/324121 (2001).

40. Stitziel, N. O. et al. Structural location of disease-associated single-nucleotide polymorphisms. J. Mol. Biol. 327, 1021-1030. https://
doi.org/10.1016/50022-2836(03)00240-7 (2003).

41. Tseng, Y. Y. & Liang, J. Estimation of amino acid residue substitution rates at local spatial regions and application in protein func-
tion inference: A Bayesian Monte Carlo approach. Mol. Biol. Evol. 23, 421-436. https://doi.org/10.1093/molbev/msj048 (2006).

42. Eskiocak, A. H., Missaglia, S., Moro, L., Durdu, M. & Tavian, D. A novel mutation of ABHD5 gene in a Chanarin Dorfman patient
with unusual dermatological findings. Lipids Health Dis. 18, 232. https://doi.org/10.1186/s12944-019-1181-6 (2019).

43. Finn, R. D. et al. The Pfam protein families database: Towards a more sustainable future. Nucleic Acids Res. 44, D279-285. https://
doi.org/10.1093/nar/gkv1344 (2016).

44. Joyraj Bhattacharjee, M. et al. Identifying primate ACE2 variants that confer resistance to SARS-CoV-2. Mol. Biol. Evol. https://
doi.org/10.1093/molbev/msab060 (2021).

45. Zou, J. et al. Structure of Aspergillus niger epoxide hydrolase at 1.8 A resolution: Implications for the structure and function of the
mammalian microsomal class of epoxide hydrolases. Structure 8, 111-122. https://doi.org/10.1016/s0969-2126(00)00087-3 (2000).

46. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. GROMACS 4: Algorithms for highly efficient, load-balanced, and scalable
molecular simulation. J. Chem. Theory Comput. 4, 435-447. https://doi.org/10.1021/ct700301q (2008).

47. Duan, Y. et al. A point-charge force field for molecular mechanics simulations of proteins based on condensed-phase quantum
mechanical calculations. J. Comput. Chem. 24, 1999-2012 (2003).

48. Baker, N. A,, Sept, D., Joseph, S., Holst, M. J. & McCammon, J. A. Electrostatics of nanosystems: Application to microtubules and
the ribosome. Proc. Natl. Acad. Sci. USA 98, 10037-10041. https://doi.org/10.1073/pnas.181342398 (2001).

49. Walker, R. C., Crowley, M. E. & Case, D. A. The implementation of a fast and accurate QM/MM potential method in Amber. J.
Comput. Chem. 29, 1019-1031. https://doi.org/10.1002/jcc.20857 (2008).

50. Pettersen, E. E. et al. UCSF Chimera—a visualization system for exploratory research and analysis. J. Comput. Chem. 25, 1605-1612.
https://doi.org/10.1002/jcc.20084 (2004).

51. Birner-Gruenberger, R. & Hermetter, A. Activity-based proteomics of lipolytic enzymes. Curr. Drug Discov. Technol. 4, 1-11.
https://doi.org/10.2174/157016307781115458 (2007).

52. Aggarwal, S. et al. Novel nonsense mutation of ABHD5 in Dorfman-Chanarin syndrome with unusual findings: A challenge for
genotype-phenotype correlation. Eur. J. Med. Genet. 55, 173-177. https://doi.org/10.1016/j.jmg.2012.01.013 (2012).

Acknowledgements
We thank Elaine Meng and Eric Pettersen in Chimera team of UCSF for their invaluable discussion in ligands.
This study was supported by NIH Grants R0OIDK105963, and R0O1DK76629 (JGG), and RO1CA204962 (YYT).

Author contributions

Y.Y.T. and J.G.G. designed and supervised the study. Y.Y.T. conducted structural analyses. M.A.S., H.Z., L.Z. and
J.G.G. conducted the experiments. C.-Y.C. participated in structural analyses. Y.Y.T., M.A.S. and J.G.G. wrote
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.Y.T. or ].G.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:2565 | https://doi.org/10.1038/s41598-021-04179-7 nature portfolio


https://doi.org/10.1038/sj.jid.5700860
https://doi.org/10.1086/324121
https://doi.org/10.1016/s0022-2836(03)00240-7
https://doi.org/10.1016/s0022-2836(03)00240-7
https://doi.org/10.1093/molbev/msj048
https://doi.org/10.1186/s12944-019-1181-6
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1093/nar/gkv1344
https://doi.org/10.1093/molbev/msab060
https://doi.org/10.1093/molbev/msab060
https://doi.org/10.1016/s0969-2126(00)00087-3
https://doi.org/10.1021/ct700301q
https://doi.org/10.1073/pnas.181342398
https://doi.org/10.1002/jcc.20857
https://doi.org/10.1002/jcc.20084
https://doi.org/10.2174/157016307781115458
https://doi.org/10.1016/j.ejmg.2012.01.013
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Structural and functional insights into ABHD5, a ligand-regulated lipase co-activator
	Results
	Computational structural model of ABHD5. 
	Shape analysis of a structural model. 
	Dissecting a structural model. 

	Identifying ABHD5 binding surfaces. 
	The main functional-pocket of lipase activation. 
	Identification of a conserved functional pocket. 
	A constriction region in ABHD5 connects the two binding pockets (pocket α and θ). 

	Applying affinity probes to interacting with the binding pocket residues of ABHD5 by NBD-HE-HP. 
	Identifying the structural locations of CDS-causing mutations in ABHD5. 

	Discussion
	Methods and data
	A computational structural model of ABHD5.. 
	Sampling ABHD5 conformations by MD simulations. 
	Performing shape analysis on ABHD5 conformations. 
	RMSF model of ABHD5. 
	Characterizing ABHD5 surface and docking the ligandable pockets with NBD-HE-HP. 
	NBD-HE-HP affinity probe labeling. 
	Lipid droplet scoring. 

	References
	Acknowledgements


