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Peptide:N-glycanase (NGLY1) is an enzyme responsible for cleaving oligosaccharide moieties from mis-
folded glycoproteins to enable their proper degradation. Deletion and truncation mutations in this gene
are responsible for an inherited disorder of the endoplasmic reticulum-associated degradation pathway.
However, the literature is unclear whether the disorder is a result of mutations leading to loss-of-func-
tion, loss of substrate specificity, loss of protein stability or a combination of these factors. In this
communication, without burdening ourselves with the mechanistic underpinning of disease causation
because of mutations on the NGLY1 protein, we demonstrate the successful application of virtual ligand
screening (VLS) combined with experimental high-throughput validation to the discovery of novel small-
molecules that show binding to the transglutaminase domain of NGLY1. Attempts at recombinant
expression and purification of six different constructs led to successful expression of five, with three
constructs purified to homogeneity. Most mutant variants failed to purify possibly because of misfolding
and the resultant exposure of surface hydrophobicity that led to protein aggregation. For the purified con-
structs, our threading/structure-based VLS algorithm, FINDSITEcomb, was employed to predict ligands that
may bind to the protein. Then, the predictions were assessed by high-throughput differential scanning
fluorimetry. This led to the identification of nine different ligands that bind to the protein of interest
and provide clues to the nature of pharmacophore that facilitates binding. This is the first study that
has identified novel ligands that bind to the NGLY1 protein as a possible starting point in the discovery
of ligands with potential therapeutic applications in the treatment of the disorder caused by NGLY1
mutants.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Protein glycosylation is an important posttranslational modifi-
cation, PTM, whereby sugar moieties are added onto specific amino
acids in proteins.1 Glycosylation is a critical process responsible for
a wide range of biological processes including, but not limited to,
intercellular communication, cell adherence to extracellular matrix
and recognition.2 Glycosidic bonds between proteins and sugars
can be broadly classified into N-, O-, C-linked glycosylation, with
the former two being the most common.1 Glycosylation is critical
for the proper functioning and regulation of the biosynthetic-
secretory pathway in the endoplasmic reticulum (ER) and Golgi
apparatus, with a lot of proteins typically expressed in a cell under-
going this modification.3,4 Glycosylation is widely found in
secreted proteins, surface receptors and ligands, organelle-resident
proteins and also in proteins that are trafficked from the Golgi
through the cytoplasm in post-Golgi carriers.3

In the endoplasmic reticulum, glycosylation is used to monitor
the status of protein folding, acting as a quality control mechanism
to ensure that only properly folded proteins are trafficked to the
Golgi.3,5,6 Upon detection of misfolded proteins, proper recycling
requires enzymes that can segregate the sugars from the proteins
for the lysosomal and proteasomal degradation of the respective
portions.7 The enzyme that plays the most important role in such
scenarios are peptide:N-glycanases (for N-linked glycans).8 Other
enzymes that play critical roles are ENGase and b-galactosidase.9

NGLY1 is an N-glycanase gene that encodes an enzyme that
catalyzes the hydrolysis of an N(4)-(acetyl-beta-D-glucosaminyl)
asparagine residue to N-acetyl-beta-D-glucosaminylamine and a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2016.08.019&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2016.08.019
mailto:bharath.srinivasan@biology.gatech.edu
mailto:skolnick@gatech.edu
mailto:skolnick@gatech.edu
http://dx.doi.org/10.1016/j.bmc.2016.08.019
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc


B. Srinivasan et al. / Bioorg. Med. Chem. 24 (2016) 4750–4758 4751
peptide containing an aspartate residue.7 The encoded enzyme, a
cytoplasmic protein, plays an important role in the proteasome-
mediated degradation of misfolded glycoproteins synthesized in
the ER and subsequently translocated to the cytoplasm. By per-
forming the initial cleavage of bulky N-glycan chains on misfolded
glycoproteins, NGLY1 makes further proteolysis possible.7

Glycoproteins thus trimmed can enter the cylinder of the 20S pro-
teasome to be acted upon by proteases.9 UniProt entry reports
multiple transcript variants encoding different isoforms for
peptide:N-glycanase (Q96IV0). The protein has a three domain
architecture with the amino terminal domain implicated as having
interactions with p97 and HR23B, the carboxy terminal domain
implicated in interacting with mannose that results in sugar
substrate recognition and the central transglutaminase domain
implicated in catalysis.7

Improper degradation of misfolded glycoproteins leads to dis-
ease.10 Several different variants of NGLY1 have been implicated,
with the most predominant being R402X, R402del and R542X
(human transcript 1 numbering).11 These variations lead to a novel
autosomal recessive disorder of the endoplasmic reticulum associ-
ated degradation (ERAD) pathway manifest in neurological
dysfunction, abnormal tear production, and liver disease.11

We have employed our threading/structure-based FINDSITEcomb

algorithm12 to predict ligands that might bind to NGLY1. FINDSITE-
based approaches have the advantage that they are as fast as tradi-
tional ligand-based approaches and yet overcome the limitations
of traditional ligand- or structure-based approaches.12

Furthermore, this study is a successful example for the effective
integration of computational methods and high-throughput exper-
imental screening to arrive at small-molecules that show binding
to protein targets of immediate therapeutic importance. Given
the critical role that glycosylation plays in several important
biological processes, it might be desirable to regulate, rather than
abolish, the role some of the enzymes play in glycosylation
pathways.13 With that intent, this work reports several binders of
human NGLY1 as possible small-molecules that might stabilize/
modulate the protein’s function.

2. Materials and methods

2.1. Reagents

All reagents and chemicals, unless mentioned otherwise, were
procured from Sigma–Aldrich (St. Louis, MO). HEPES, pH 7.3, buffer
and dimethyl sulfoxide (DMSO) were obtained from Fischer
Bioreagents. Extrinsic fluorophore dye, Sypro-orange, was from
Invitrogen (Carlsbad, CA). 96-Well PCR-plates and plate seals were
from Eppendorf (NY, USA). The artificial gene synthesis exercise
was carried out by Genscript (Piscataway, NJ). The small molecule
library containing oncology drug set III (97 compounds), mechanis-
tic set II (816 compounds) diversity set III (synthetic) (1597 com-
pounds) and natural product set (118 compounds) were obtained
from the open chemical repository of the Developmental
Therapeutics Program (DTP) of the National Cancer Institute
(NCI), National Institutes of Health (NIH) (http://dtp.cancer.gov).

2.2. Cloning, expression and purification of NGLY1 constructs

2.2.1. Design and synthesis of the genes
Six different gene constructs were designed to increase the

chances of protein expression and subsequent purification
(Fig. 1). The source sequence for human NGly1 gene was transcript
1 (NM_018297) (see Supplementary Material). The six constructs
were full-length NGLY1 (FLNGLY1), the R402 truncation variant
of full length NGLY1 (R402XFLNGLY1), the catalytic domain of
NGLY1 (CDNGLY1), the R402 truncation variant of the catalytic
domain of NGLY1 (R402XCDNGLY1), the R542 truncation variant
of full length NGLY1 (R542XFLNGLY1) and the R402 deletion
variant of full length NGLY1 (R402del FLNGLY1). Since all six gene
constructs are segments of eukaryotic genes, there are several
factors that could potentially hamper their expression in a
prokaryotic expression system like Escherichia coli. The principal
factor that determines expression failure in heterologous system
is the differential codon usage patterns for the two different organ-
isms (human and E. coli in the present case). This is mainly because
of the differential tRNA gene pools that account for codon bias. This
limitation can be circumvented by either expressing the gene of
interest in E. coli with plasmid encoded tRNAs for the deficient
tRNAs or, a more common approach is to resynthesize the gene
of interest taking into account the codon bias while keeping the
amino acid sequence invariant. The latter approach has the advan-
tage of not having to burden the expression system with multiple
plasmids and their maintenance. Thus, we have designed and
synthesized a codon-optimized version of each gene, the sequence
of which is specified in SI material.

2.2.2. Cloning of the genes in pET30
The synthesized gene constructs were cloned into the pET30a

vector with a carboxy-terminus hexa-histidine tag, a T7 promoter
to drive the transcription and kanamycin resistance for selection.
The genes were cloned into the NdeI and HindIII sites of the
Multiple cloning site (MCS) on the vector. The pET series of vectors
have a bacterial origin of replication and can be expressed in the
BL21(DE3) Escherichia coli strain with a prophage (engineered
phage) that has T7 RNA polymerase controlled by Lac regulatory
construct. Further, these strains are deficient in Lon and Omp T
proteases that could potentially cleave the recombinantly
expressed proteins.

All the synthesized and cloned genes were assessed by sequenc-
ing and insert release to assess whether the inserted fragments are
of the correct length (Fig. S1).

2.3. Expression optimization

Expression optimization exercises were undertaken for all the
six constructs (FLNGLY1, R402XFLNGLY1, CDNGly, R402XCDNGly,
R542XFLNGLY1 and R402del FLNGLY1). The concentration of IPTG
and the temperature of induction were varied to optimize the right
conditions under which to express the protein.

2.4. Protein purification

The expression plasmid was transformed into E. coli BL21 (DE3)
for expression.Apreinoculumwasgrownovernight in Luria–Bertani
broth. 10%was inoculated into terrificbrothwithkanamycin (20 lg/
ml) as the selection marker and incubated at 37 �C till the optical
density was 0.6 and induced with IPTG at a final concentration of
0.3 mM that was standardized from the previous step. Induction
was carried out at 17 �C for 15–18 h. The cells were pelleted down
at 2600�g for 30 min and were resuspended in 30 ml of lysis buffer
(50 mMTris HCl, pH 8.0, 100 mMNaCl, 2 mMDTT and10% glycerol).
The cells were lysed using a sonicator (40% amplitude, 3 s on, 5 s off
for 35–40 cycles) and the obtained cell lysate was centrifuged at
12,900�g for 35 min. The supernatant was kept for binding with
buffer-equilibrated nickel nitrilotriacetic acid beads (Ni–NTA His-
Bind� Resin, Qiagen, USA) for 3 h. The beads were washed with
30 ml ofwashbuffer (lysis buffer containing15 mMand20 mMimi-
dazole, respectively). The bound enzyme was eluted with 5 ml of
elution buffer (lysis buffer containing 250 mM imidazole). After
the elution of the protein from Ni–NTA beads, 1 mM EDTA was

http://dtp.cancer.gov


Figure 1. Schematic representation of the various constructs of NGLY1. The first sequence shows the reference sequence for transcript 1 of human full-length NGLY1 with
numbers depicting amino acids. The domain boundary demarcations are as reported in Suzuki.9 The additional residues in other constructs are coming either from the hexa-
histidine tags or from restriction sites (see Supporting Information for the SDS–PAGE image and sequences).
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added to protect the protein fromoxidation by trace nickel. The pro-
teinwas dialyzed extensively to get rid of the excess salt. It was then
concentrated to the required volume using Macrosep centrifugal
devices (Pall Co., USA) with 10 kDa cutoff membrane and stored at
�20 �C. Then, SDS–PAGE analysis was performed using standard
protocols.14 Protein concentrationswere determined by themethod
of Bradford15 with bovine serum albumin (BSA) as a protein stan-
dard. Recombinant hexa-histidine tagged full-length NGLY1,
CDNGLY1 and R402XNGLY1 showed a single band on the SDS–poly-
acrylamide gel corresponding to molecular masses of �75 kDa,
36 kDa and �48 kDa, respectively (Fig. S2).

2.5. Structure modeling for full-length NGLY1

Full length NGLY1 sequence was parsed into three domains
(1–119, 158–464 and 465–654) by the structure prediction module
TASSERvmt-lite in FINDSITEcomb, which were then modeled inde-
pendently. We also modeled the full length NGLY1 sequence with-
out domain parsing using TASSERvmt-lite.16 Since this full length
model only provides a reliably predicted central, catalytic domain
of NGLY1, we superimposed the independently modeled domains
on to the full length model to create a better full length prediction.

2.6. FINDSITEcomb for virtual ligand screening

FINDSITEcomb was employed to carry out virtual ligand screen-
ing on both full-length NGLY1, the central transglutaminase
domain of NGLY1 and the various truncation and deletion con-
structs. The FINDSITEcomb methodology for ligand virtual screening
is described in detail in Ref. 12, with its experimental validation
found in Ref. 17. FINDSITEcomb is a composite approach consisting
of the improved FINDSITE-based approach FINDSITEfilt12,18 and the
extended FINDSITE-based approach FINDSITEX.19 The basic
assumption of FINDSITEcomb is that evolutionarily related proteins
have a high chance of binding similar ligands. For a given protein
target with unknown ligands, we predict its potential ligands by
finding ligands that bind evolutionary related proteins.

An overview of FINDSITEcomb is shown in Figure 2. For a given
protein with unknown binding ligands and unknown structure,
FINDSITEcomb first builds a structure model using a state-of-the-
art threading method20,21 and one of the best protein structure
modeling approaches, TASSERVMT.22 The structure model is subse-
quently employed to search a library of proteins with experimen-
tally bound ligands (PDB holo structures23) in the FINDSITEfilt

component12 as well as a library of modeled structures of proteins
having experimentally determined binders but no experimental
structures of the complex (DrugBank24 & ChEMBL25) in the
FINDSITEX component.19 The ligands of the top 100 ranked pockets
from the PDB, and of the top ranked proteins from DrugBank &
ChEMBL (called ‘template ligands’) are used as ‘seeds’ to search
against a compound library. The compound library ligands are
independently ranked by the three components (FINDSITEfilt using
PDB, FINDSITEX using DrugBank & FINDSITEX using ChEMBL)
according to their similarity to the respective template ligands.
The best of the three rankings gives the final prediction, and is
the maximal score of a compound in the ranking of FINDSITEfilt,
FINDSITEX using DrugBank and FINDSITEX using ChEMBL. In
practice, the top 1% of ranked ligands of the compound library is
considered for further experimental testing.

FINDSITEcomb has been benchmarked on the DUD set26 and is
shown to be significantly better than the structure-based docking
methods that require experimental structures.27,28 It is far faster
and is not limited by the availability of experimental structures.
FINDSITEcomb has also been extensively experimentally verified.17

In this study, a compound library with molecules from the
National Cancer Institute (NCI) and ZINC829 (culled to TC < 0.7) as
background was used. The NCI molecules (see (http://dtp.nci.nih.
gov/branches/dscb/repo_open.html)) library consists of 1597
molecules from the Diversity Set III, 97 from the Approved Oncol-
ogy Drugs Set IV, and 118 from the Natural Product Set II (total
1812 NCI molecules). Together with the ZINC8 background,
FINDSITEcomb screened a total of 69,683 molecules. NCI molecules
ranked within the top 1% (i.e., higher than 700th) for each target
were subsequently considered for experimental validation. The
central catalytic domain (NGLY1_D:158-464AA) of NGLY1 was also
screened.

2.7. Acquisition and quantification of thermal shift assays

Experimental validation of the VLS hits was carried out using a
high-throughput thermal shift assay methodology following estab-
lished guidelines.17,30–32 Briefly, protein samples were dispensed
into 96-well PCR plates with sypro-orange, SO, as the extrinsic
fluorophore dye and thermal melting was carried out by heating
the samples from 25 �C to 74 �C using a 1 �C/min heating ramp in
a RealPlex quantitative PCR instrument (Eppendorf, NY, USA). SO
was kept at 5� concentration and 5 lM of protein was used. The
20 ll reaction mix contained 100 mM HEPES pH 7.3, 150 mM NaCl
and the protein. Appropriate dye and protein controls were
included in each plate as an internal reference. Each melting
curve was assigned a quality score (Q), which is the ratio of the
melting-associated increase in fluorescence (DFmelt) to the total
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Figure 2. Flowchart of the FINDSITEcomb virtual ligand screening method and the high-throughput experimental validation protocol 4e.17

B. Srinivasan et al. / Bioorg. Med. Chem. 24 (2016) 4750–4758 4753
fluorescence range (DFtotal). Q = 1 is a high-quality curve, while
Q = 0 indicates no thermal transition.33

2.7.1. Data analysis
The validity of FINDSITEcomb’s top 75 predictions on CDNGLY1

was assessed by the thermal melt assay methodology. The curves
were fit to Boltzmann’s equation (Eq. 1) to obtain the melting tem-
perature, Tm, from the observed fluorescence intensity, I (Fig. 5A–
C).

I ¼ Imin þ ½Imax � Imin�
1þ e

Tm�T
að Þ ð1Þ

where Imin and Imax are the minimum and maximum intensities; T is
the temperature and a denotes the slope of the curve at the unfold-
ing transition midpoint temperature, Tm. Further, the first derivative
of each melting isotherm was derived and fit to a Gaussian whose
mean gave an accurate estimate of the Tm (Fig. 5B–D). The fluores-
cence intensity was used to compute the ratio of fraction unfolded
(fu) and fraction folded (1 � fu). Approximate thermodynamic
parameters were estimated by van’t Hoff34 and Gibbs–Helmholtz
analyses.35 Further, rough estimates of ligand-binding affinity at
Tm were computed by employing Eq. 2,36 with slight modifications.

KLðTmÞ ¼
exp �DH

R
1
Tm

� 1
To

� �n o

½L� ; ð2Þ

where KL is the ligand association constant, [L] is the free ligand
concentration at Tm ([LTm] � [L]total, when [L]total � the total con-
centration of protein), T0 is the melting temperature of the protein
in the absence of ligand, DH is the van’t Hoff enthalpy of binding at
temperature T and R is the gas constant. KD is the inverse of KL(Tm).

3. Results

3.1. Cloning, expression and purification of different constructs
of NGLY1

Figure 1 shows the various constructs that were designed to
increase the chances of success to get soluble pure protein.
Subsequent to gene optimization, gene synthesis was carried out
by Genscript (Piscataway, NJ). The codon-optimized, artificially
synthesized genes were cloned into pET30a vector and expressed
in BL21(DE3) cells. The clones were confirmed by insert release
(Fig. S1) and sequencing. The various constructs (full-length
NGLY1, the R402 truncation variant of NGLY1, the R402del variant
of NGLY1, the R542 truncation variant of NGLY1, the catalytic
domain of NGLY1 and the R402 truncation variant of the catalytic
domain of NGLY1) were expressed. However, only FLNGLY1, the
central catalytic domain and R402X FLNGLY1 were purified to
homogeneity (Fig. S2). The R402delFLNGLY1 and R542XFLNGLY1
constructs, though expressed, resulted in pull down of a lot of con-
taminating proteins. This could be because possible protein
misfolding exposes surface hydrophobicity. However,
R402XCDNGLY1 showed no expression whatsoever as assessed
by SDS–PAGE gel analysis.

To gain further insights into possible structural changes
effected by the truncation of proteins, structure models for repre-
sentative constructs FLNGLY1 and R402X FLNGLY1 were predicted
with high confidence. The predicted TM-scores of the structure
predictions for PUB domain was 0.702344, for transglutaminase
domain it was 0.665067 and for the PAW domain it was
0.747682. It should be noted here that the values of TM-score
range from 0 to 1 with 1 meaning perfect model quality. All
TM-scores are highly significant. The full length and truncated
models are shown in Figure 3. We calculated the accessible surface
area (ASA) of the full length NGLY1 model and truncated model
(1–402) to compute possible differences in surface hydrophobicity.
The ASA for the full length and truncated model was 8875.9 Å2 and
8994.3 Å2, respectively. The difference in ASA is 118.4 Å2 corre-
sponding to the hydrophobic surface area that is exposed. It could
be reasonably speculated that this increased hydrophobicity
results in undesirable interactions with proteins in the E. coli
cytosol, thereby obviating attempts at purifying the aberrant
constructs. Lack of ability to purify the disease-causing variants
in recombinant protein expression systems is in itself an indication
of one possible mechanism for disease causation. It could be
hypothesized that, among other possibilities, the truncated vari-
ants precipitate and pull down other proteins to form aggregates.



Figure 3. Modelling of FLNGLY1 and R402X FLNGLY1.
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However, further careful investigations are required for substanti-
ating this plausible hypothesis.

3.2. Thermal stability assessment for wild-type FLNGLY1 and
R402XFLNGLY1

Having successfully purified recombinant FLNGLY1 and
R402XFLNGLY1, the proteins were assessed for their thermal sta-
bility. This is to ensure their utility for high-throughput experi-
mental differential scanning fluorimetry.17,30,32 Figure 4A and B
shows the thermal stability curves for the wild-type FLNGLY1
and the R402XFLNGLY1. As is seen in the figure, the thermal melt
curves of FLNGLY1 are multiphasic, possibly corresponding to the
differential stability of individual domains making up the
FLNGLY1. The midpoint of the first transition was around 38 �C,
while that of the second transition was 52 �C. Human NGLY1 is a
protein with three distinct domains, viz., the peptide:N-glycanase
ubiquitin associated domain (also called the protein–protein
interaction domain) (PUB), the ‘Present in PNGase and other worm
proteins’ domain (PAW) and the transglutaminase domain (TG).9 It
is very difficult to deconvolute the composite thermal melt curve
into individual components corresponding to the three domains.

Thermal melt curves of R402X, (which essentially led to the
truncation of the carboxy terminus PAW domain responsible for
the recognition of carbohydrate substrate), though marginally bet-
ter than the wild-type FLNGLY1, gave a broad plateau as seen in
the first derivative of the thermal melting curves. This indicates
that the N-terminal PUB domain and the central TG domains
may still have an order of magnitude difference in their thermal
stabilities. Moreover, it should be noted that the first transition
in the thermal melt curve dramatically shifted from �38 �C to
�48 �C indicating better thermal stability for the truncated version
as compared to the wild-type. This observation was counterintu-
itive, since it was expected that the truncated variant would be less
stable than the wild-type full-length protein.

To further assess whether this multiphasic thermal melt profile
is conducive for carrying out high-throughput experimental ther-
mal melting curves to identify small-molecule binders, we carried
out the experiment in the presence of a small molecule, Actino-
mycin D. Biochemical intuition and presence of several carboxyl
oxygens and amino groups, which can serve as hydrogen bonding
acceptors and donors, respectively, led to the assumption that
actinomycin D might bind to the protein. As is seen from Fig-
ure 4C and D, it is clear that the small-molecule shows binding
to the full-length protein. An exact estimate for DTm was hard to
obtain because of the inability to deconvolute the spectra into its
individual components. However, approximate manual estimates
yielded a DTm value of �6 �C indicating reasonable binding. It
has to pointed out here that there is no literature for small-
molecule binders for NGLY1.

Lack of unambiguous thermal melt isotherms was discouraging,
especially with respect to the utility of the protein for high-
throughput thermal melt experiments to discover small-molecule
binders for this protein. To circumvent this problem, DSF
experiments were carried out with CDNGLY1.

3.3. Virtual screening for central catalytic domain (amino acid
residues 158–464)

FINDSITEcomb was employed to carry out virtual ligand screen-
ing as delineated in Section 2 (Fig. 2). Top first templates for tem-
plate ligands by FINDSITEfilt (that uses experimental holo template
proteins and their associated ligands)12,18 and FINDSITEX (that uses
predicted holo template protein structures based on known bind-
ing ligands)19 were: 1X3WA from PDB23 (30% sequence identity
to target); Cytochrome c oxidase subunit 7C, mitochondrial (11%
sequence identity to target from the DrugBank24); Endoribonuclease
dicer (8% sequence identity to the target from ChEMBL database),
respectively. The set of 76 NCI molecules (http://dtp.nci.nih.gov/
branches/dscb/repo_open.html) within the top 1% (700) of the
VLS predictions are listed in Table S1. The small-molecules
obtained through VLS predictions can be clustered into 22 clusters
with a Tanimoto Coefficient37,38 cutoff of 0.7. The cluster centroids
are also listed in Table 1. A cursory glance at the kinds of ligands
picked up by the VLS algorithm shows that the most populated
cluster contains 19 small molecules that are cholate-like. The sec-
ond most populated cluster has 14 small nucleoside analogue like
molecules. It should be noted that the former group of compounds
contains cyclic scaffolds with hydroxylation while the latter group
contain pentose sugar moieties.

3.4. Differential scanning fluorimetry, DSF, based assessment of
ligand binding

Before carryingouthigh-throughputexperimental screening, the
thermalmelt curve for the transglutaminasedomainofNGLY1alone
was assessed. As seen in Figure 5, the protein yielded a single unfold-
ing transition in its thermalmelt profilewith a Tm value of�38 �C. A
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Figure 4. Thermal unfolding curves of FLNGLY1 and R402XFLNGLY1. (A) Primary unfolding curves for the wild-type protein and the truncation mutation. (B) Gaussian fit of
the first-derivative for curves in (A). (C) Primary unfolding curves for wild-type FLNGLY1 in the presence of the small-molecule, NSC3053. (D) Gaussian fit of first-derivative
for curves in (C). On the plots A and C, the y-axis represents the normalized fluorescence and the x-axis represents the temperature in �C while in curves B and D, the y axis
represents the first derivative dF/d(�C) and the x-axis represents the temperature in �C. The top panel of the figure shows the domain organization of the wild-type FLNGLY1
protein. The experimental data points were fit to the respective equations using the non-linear curve-fitting algorithm of GraphPad Prism v 6.0e.
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total of 76 molecules were screened and yielded 29 interpretable
curves. Eight out of the 29molecules that yielded interpretable ther-
mal melt curves gave positive shifts indicative of a �27.6% success
rate. Figure 5A shows the thermal melt assay curves for seven novel
small molecules, and Figure 5B shows the first derivative of the
obtained curves. Actinomycin D (NSC3053) is also included, and as
expected, stabilized the CDNGLY1 protein. However, it was not the
best binder, which was NSC40275. The DTm values ranged from
0.8 �C to4.7 �C indicativeof reasonablelMbindingaffinities (Table2
and Fig. 5A and B). The small-molecule, NSC30275 gave an atypical
thermal shift curve (Fig. 5C). However, repetition of the thermal
shift assay experiment gave a consistent shift. Further, inspection
of the first derivative for the thermal melt curve too didn’t indicate
any anomalous behavior (Fig. 5D). To eliminate the possibility of
any undesirable interaction of the extrinsic fluorophore dye Sypro-
orange, SO, with the small molecules giving rise to aberrant signal,
appropriate controls were carried out. The obtained success rate is
comparable to that obtained in our previous work on several differ-
ent therapeutically important proteins.17

The resulting eight novel hits were castanospermine
(NSC614552), antibiotic A-31438 (NSC209870), batyl alcohol
(NSC284200), Aleuritic acid (NSC7668), N-ethylanthranilic acid
(NSC16162), 3-anilino-2-naphthoic acid (NSC40275), methyl 2-
(benzoylamino)-4,6-o-benzylidene-2-deoxyhexopyranosid-3-ulose
(NSC99925), all with reasonable DTm values (Fig. 6). The best hit,
NSC40275, gave a DTm of 4.66 �C. NSC40275 belongs to the cluster
containing N-ethylanthranilic acid (NSC16162, Rank 364, with a
mTC score 0.679591). A detailed analysis on the nature of these
molecules and their properties, especially with respect to their
binding of NGLY1 is elaborated upon in the discussion.

4. Discussion

Rare diseases are a group of afflictions with mostly genetic
underpinnings that affect a tiny fraction of the population. Often,
big pharmaceutical companies do not focus on discovering thera-
pies for such ailments given the minimal returns on investment
for the research and development costs associated with drug
development. Hence, it is contingent upon the research community
to help develop therapies for such rare diseases to improve the
quality of life for these patients. For most rare diseases, there is
minimal information on the underlying biochemistry, and hence,
no therapy or treatments exist. NGLY1 deficiency is one such
condition that requires considerable research efforts to understand
the underlying biochemical basis for a therapeutic solution. A key
challenge is to identify small molecule binders of NGLY1 that may
be effective at modulating the biological process or disease state by
either stabilizing, activating or inhibiting NGLY1.



Table 1
Classification of the small-molecule hits obtained through VLS predictions that form 22 clusters with a Tanimoto Coefficient (TC) cutoff of 0.7

fdRank mTC score ID (NSC/CAS) Cluster size Name

8 0.89668 1614 19 BHDTACAa

134 0.723355 127947 1 Ethyl 2-cyano-3-imino-3-(2-oxooctahydro-1-benzofuran-3-yl)propanoate
154 0.717943 280594 1 ADMBDRPDPb

160 0.716085 20192 7 Streptovaricin complex, fraction c
164 0.714849 69-74-9 14 Cytarabine
190 0.709878 2561 2 Benzyl.beta.-D-arabinopyranoside
221 0.701268 47619 1 1,3-Di-tert-butyl-2-thiourea
282 0.691339 5451–09-2 1 Aminolevulinic
364 0.679591 16162 2 N-Ethylanthranilic acid
400 0.675179 317003 1 TDEAHMMc

416 0.673912 227309 1 Chlorobiocin
457 0.668769 81660 1 Reserpinolic acid
487 0.665655 14974 5 Glaucarubol
496 0.664494 67546 1 (+)-(S)-Boldine
533 0.66046 99925 2 Khelline-quinone
548 0.659466 15133 5 Glaucarubol
579 0.65685 153365 1 Xylopyranoside, methyl 3-deoxy-3-(3-methyl-3-nitrosoureido), .beta.-D-
595 0.655579 6731 7 Dicyclohexyl phthalate
615 0.653608 15571 1 Antineoplastic-15571
627 0.652109 407628 1 WLN: T C666 A GVN LM&TTJ
676 0.647523 14540 1 WLN: T56 BM DN FNVNVJ C3 F1 H1
681 0.647059 47617 1 1,3-Di-tert-butyl-2-thiourea

a 3.Beta.-hydroxy-7,11-dioxo-4,4,14-trimethyl-5.alpha.-cholan-24-oic acid.
b 3-Amino-1,5-dihydro-5-methyl-1-.beta.-D-ribofuranosyl-1,4,5,6,8-pentaazaacenaphthylene 50-(dihydrogen phosphate).
c 9H-Thioxanthen-9-one, 1-[[2-(dimethylamino)ethyl]amino]-7-hydroxy-4-methyl-, monohydriodide.

Figure 5. Thermal unfolding curves of CDNGLY1. (A) Primary unfolding curves for CDNGLY1 in the presence of small-molecules that were screened from FINDSITEcomb VLS
predictions and yielded positive shifts. (B) Gaussian fit of first-derivative for curves in (A). (C) Atypical primary unfolding curves for CDNGLY1 in the presence of the small-
molecule, NSC40275, that was obtained from the screened FINDSITEcomb VLS predictions and yielded positive shifts. (D) Gaussian fit of first-derivative for curves in (C). The
experimental data points were fit to the respective equations using the non-linear curve-fitting algorithm of GraphPad Prism v 6.0e.
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Table 2
Summary of virtual ligand screening, thermal shift assay and binding parameters for
the hits obtained on CDNGLY1

Identity Rank Q# Tm (�C) DTm (�C) KD (lM)b

Protein NA 1.0 37.23 NA NA
NSC3053 NA 0.1c 40.18 2.95 88.5
NSC40275 451 0.7 41.89 4.66 32.9
NSC614552 534 1.2 40.07 2.84 94.3
NSC209870 21 0.9 39.55 2.32 127.7
NSC7668 11 0.7 39.3 2.07 150.9
NSC99925 533 1.1 39.14 1.91 162.3
NSC284200 57 1.2 38.61 1.38 221.5
NSC9064 15 1.1 38.24 1.01 275.3
NSC16162 364 0.4 38.01 0.78 315.3

# Quality score (Q) is the ratio of the melting-associated increase in fluorescence
(DFmelt) and total range in fluorescence (DFtotal). A Q value of 1 represents a high-
quality curve, while a value of 0 shows an absence of melting as described earlier.33

b KD is the dissociation constant computed from the magnitude of thermal shifts
obtained relative to the protein alone.

c In spite of the low Q value for NSC3053, the absolute fluorescence value is
59,000, way above the baseline of negative fluorescent value of the dye sypro
orange with increasing temperature.
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Experimental high-throughput screening, HTS, of small mole-
cules has been widely applied to meet several objectives in basic
and clinical research. Small molecules and their interaction with
proteins implicated in disease causation have proven to be indis-
pensable tools in evaluating the improvement or modification of
defective functions.39 Such molecules represent pharmacological
leads that can eventually be developed for treating diseases. Inno-
vations in the development of miniaturized, cost-effective, robust
and reproducible assay formats is a crucial first step in the identi-
fication of potential ‘hits’ to be optimized as downstream drug can-
didates. However, the rate limiting steps in such experimental HTS
screens has been the absence of reliable virtual ligand screening
algorithms that can narrow down the chemical space to make it
accessible for cost effective experimental high-throughput screen-
ing. In the present study, we have successfully demonstrated the
application of our novel virtual ligand-screening algorithm
Figure 6. Structure of small molecules showing binding to CDNGLY1 as assessed by therm
from Pubchem (http://pubchem.ncbi.nlm.nih.gov) and the figure was generated using C
FINDSITEcomb to a rare genetic disorder of glycoprotein processing.
This study is a proof of concept that, apart from generic application
in finding novel protein–ligand interactions,17 demonstrates that
VLS methodology can be applied to real-life situations to deduce
small-molecules that can lead to possible therapeutic applications.
The methodology found eight novel binders with lM affinities,
representing a success rate of 28%. In the following paragraphs,
we present a brief discussion on the classes of molecules obtained
highlighting the non-trivial nature of the obtained interacting
small-molecules, thus emphasizing the qualitatively better perfor-
mance of our VLS over the existing prior-art.

Castanospermine (NSC614552) is a tetrahydroxylated alkaloid
isolated from plant sources. It is a potent inhibitor of select glucosi-
dases and possesses antiviral activity.40–44 It was highly surprising
that castanospermine binding was observed for the central transg-
lutaminase domain of NGLY1. It should be noted that previous lit-
erature implicates the carboxy terminus PAW domain in binding
and recognizing the carbohydrate substrate.45 However, our results
seem to suggest that the central domain of NGLY1 might have a
role in not only carrying out the hydrolysis of the N-linked glycan
but also in recognizing the sugar moiety (however weak) by
stabilizing the geometry for optimal catalysis.

Batyl alcohol (NSC284200) and aleuritic acid (NSC7668) are
important components of medical formulations and cosmetics.
However, to the best of our knowledge, no reports exist that show
specific interaction of these small-molecules with enzymes. Bind-
ing and stabilization of CDNGLY1 by both aleuritic acid and batyl
alcohol, which share substantial structural similarity, is non-intu-
itive and requires sophisticated protein fold and small-molecule
similarity metrices. Similarly, 3-anilino-2-naphthoic acid
(NSC40275) and N-ethylanthranilic acid (NSC16162) are used in
coloring applications. A close inspection of their structures show
marked similarities especially vis-à-vis the ortho substitution of
either an aryl or alkyl amino group with respect to the carboxylate
group on a benzene ring structure. This observation, combined
with the juxtaposition of amino and carbonyl groups in methyl-
2-(benzoylamino)-4,6-o-benzylidene-2-deoxyhexopyranosid-3-
ulose (NSC99925) and dactinomycin (NSC3053) is too compelling
al shift assay methodology. The SDF files for the small molecules were downloaded
hemBioDraw 14.0.

http://pubchem.ncbi.nlm.nih.gov
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to be mere coincidence. We posit that the spatial arrangement of
NH and CO groups anchored onto a ringed system might form
the pharmacophore enabling their binding to the protein. Further,
2,3,4,5-tetrakis (hydroxymethyl) cyclopentanone (NSC9064) and
the antibiotic A-31438 (3-O-alpha-mycarosylerythronolide B;
NSC209870) are polyhydroxy compounds mimicking sugar groups.
This reinforces our earlier observation that the central transglu-
taminase domain of NGLY1 is also, possibly, involved in sugar
recognition.

Having presented the above analysis, we recognize that the
thermal stability imparted by the small-molecule binding is poor
and requires considerable efforts to improve the initial hits. How-
ever, the compounds represent promising hits that are non-intu-
itive and non-trivial. In summary, this paper demonstrates the
necessity for reliable and novel approaches to carry out virtual
ligand screening with particular emphasis on molecular targets
involved in/implicated with the causation of rare disorders and
provides a proof-of-concept for NGLY1.
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