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Summary

Herpes virus entry mediator (HVEM) regulates positive and negative signals for T-cell activation
through co-signaling pathways. Dysfunction of the HVEM co-signaling network is associated with
multiple pathologies related to autoimmunity, infectious disease and cancer, making the associated
molecules biologically and therapeutically attractive targets. HVEM interacts with three ligands
from two different superfamilies using two different binding interfaces. The engagement with
ligands CD160 and B- and T- lymphocyte attenuator (BTLA), members of immunoglobulin
superfamily, is associated with inhibitory signals, whereas inflammatory responses are regulated
through the interaction with LIGHT from the TNF superfamily. We computationally redesigned
the HVEM recognition interfaces using a residue-specific pharmacophore approach, ProtLID, to
achieve switchable binding specificity. In subsequent cell-based binding assays the new interfaces,
designed with only single or double mutations, exhibited selective binding to only one or two out
of the three cognate ligands.
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HVEM:CD160

eTOC blurb

Shrestha et al. uses a residue-based pharmacophore a computational approach to design mutations
for the interface of HVEM to make it selective to one or two out of its three cognate ligands. In
cell assay experiments 15 of the 25 designed single and double point mutants proved to introduce
statistically significant selectivity.
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Introduction

Herpes virus entry mediator (HVEM) provides stimulatory and inhibitory co-signaling
pathways (signal 2) for host immune responses (Murphy et al., 2006; Ward-Kavanagh et al.,
2016) subsequent to T-cell receptor (TCR) engagement with the peptide/MHC complex
(signal 1) (Bretscher and Cohn, 1970; Lafferty and Cunningham, 1975). HVEM interacts
with multiple ligands from the tumor necrosis factor (TNF) and Immunoglobulin (Ig)
superfamilies to provide functionally orthogonal signals. HVEM transmits a co-inhibitory
signal to the T-cell upon binding CD160 (Cai et al., 2008) or B- and T- lymphocyte
attenuator (BTLA) (Sedy et al., 2005) from the Ig superfamily, but elicits a co-stimulatory
signal upon interaction with LIGHT or lymphotoxin a (LTa) from the TNF superfamily
(Mauri et al., 1998). The actual functional role of HVEM (Cai et al., 2008; Cai and Freeman,
2009) depends on the identity of the ligands engaged, expression patterns on different cell
types, and the #rans or cis configuration of molecular interactions.

The extracellular domain of HVEM, a type | membrane protein, is composed of four
cysteine-rich domains (CRDs); CRD1-CRD4, of which only CRD1-3 have been structurally
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characterized (Bodmer et al., 2002). The ectodomain of HVEM has two unique binding
sites, with CRD1 of HVEM containing the binding sites for BTLA (Sedy et al., 2005) and
CD160 (Cai et al., 2008), and CRD2 and CRD3 providing the binding sites for LIGHT and
LTa (del Rio et al., 2010; Ware, 2008). Ligands in different superfamilies exhibited
modestly cooperative interactions, as demonstrated by the twofold enhancement of BTLA
and CD160 binding affinity when LIGHT is also present (Cai et al., 2008; Cai and Freeman,
2009). Co-expression of HVEM and BTLA or CD160 leads to the formation of a cis
complex that inhibits binding of other ligands (LIGHT, BTLA, and CD160) interacting in
trans (Cheung et al., 2009a). Engagement of membrane LIGHT with HVEM presumably
hinders trans HVEM:BTLA interaction due to membrane restriction. In contrast,
glycosylphosphatidylinositol (GPI) linked CD160 can form ternary complexes with
membrane bound HVEM:LIGHT (Steinberg et al., 2011).

LIGHT, a member of TNF superfamily, is a type 1l transmembrane protein that forms
homotrimers on the cell surface (Mauri et al., 1998). LIGHT has two alternatively spliced
isoforms, a cytosolic and a membrane-bound form that lacks an intracellular domain for
signaling. Interaction with the trimeric TNF-ligands, either LIGHT or LTa, directs
clustering of HVEM and results in the recruitment of cytosolic TNFR-associated factor
(TRAF) adaptor family of ubiquitin E3 ligases for cellular activation, differentiation, and
survival signaling (Cheung et al., 2009b). Formation of these multimeric assemblies
involving LIGHT and HVEM provides a co-stimulatory signal. LIGHT acts as a regulator of
its receptor HVEM, the up-regulation of LIGHT during T-cell activation or DC maturation is
inversely affecting HVEM expression (Morel et al., 2000; Tamada et al., 2000).

BTLA shares functional and structural similarity with other checkpoint receptors, such as
CTLA-4 and PD-1 (Watanabe et al., 2003). BTLA is composed of an Ig domain with a
cytoplasmic tail for signaling. BTLA delivers an inhibitory signal to immune cells (Cheung
et al., 2009b; Steinberg et al., 2011). Engagement of BTLA with HVEM induces
phosphorylation of the BTLA immunoreceptor tyrosine-based inhibitory motif, resulting in
recruitment of tyrosine phosphatases SHP1 and SHP2, which reduces cellular activation and
growth (Gavrieli et al., 2003; Sedy et al., 2005; Watanabe et al., 2003). The outcome of
HVEM:BTLA interaction also impacts LIGHT engagement — membrane bound LIGHT
disrupts ¢/is HVEM:BTLA interaction by promoting HVEM activation, but soluble LIGHT
promotes HVEM:BTLA inhibitory interactions (Steinberg et al., 2011).

Human CD160 was originally described as a cell surface antigen tethered through a GPI link
(Maiza et al., 1993); however, subsequent reports also identified an alternative isoform
containing transmembrane and signaling domains, which activate the ERK1/2 signaling
pathway (Giustiniani et al., 2009). In both isoforms, the extracellular domain belonging to
IgSF engages ligands that include MHC molecules (Agrawal et al., 1999; Barakonyi et al.,
2004; Fons et al., 2006; Le Bouteiller et al., 2011) and induces NK and T cell activity.
CD160 interacts with HVEM competitively at the same binding site as BTLA (Cai et al.,
2008). The function of CD160:HVEM interaction varies on different cell types. Trans
CD160 and HVEM interaction delivers a co-inhibitory signal in T lymphocytes to suppress
T cell proliferation and cytokine production (Cai et al., 2008; Vigano et al., 2014), whereas
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due to the co-stimulatory signals in NK cells, it induces effector activity of NK cell in
conjunction with cytokines and enhances lytic activity (Sedy et al., 2013; Tu et al., 2015).

HVEM mutations are linked to multiple pathologies - autoimmunity, infectious disease, and
cancer (Boice et al., 2016; Coenen et al., 2009; del Rio et al., 2010; Ward-Kavanagh et al.,
2016); therefore, HVEM has generated significant attention as a therapeutic target. Due to
the bi-directional effects of HVEM in the immune system, careful and selective modulation
of HVEM function is necessary to regulate the balance of the immune response. Blocking
the co-stimulatory activity of HVEM:LIGHT interactions with specific biologics such as
mABsS or fusion proteins (del Rio et al., 2010) can modulate the immune system and control
inflammatory and autoimmune pathology in transgenic mouse models (Shaikh et al., 2001).
The immuno-suppressive role of HVEM:BTLA interaction was shown to counterbalance
LIGHT-activated inflammation (Murphy and Murphy, 2010) in infectious diseases (Breloer
et al., 2015). BTLA-specific checkpoint inhibitors (Sedy et al., 2014) are employed for anti-
tumor treatment (Derre et al., 2010). Although CD160 performs cell-specific biological
functions (Ward-Kavanagh et al., 2016), negative signaling through HVEM:CD160
engagement might also be useful in attenuating autoimmune diseases.

Computational approaches have supported remarkable achievements for the design of novel
folds (Kuhlman et al., 2003), optimization of existing binders for the realization of modified
or new enzymatic functions (Rothlisberger et al., 2008), and novel binding functions
(Looger et al., 2003). Computational design methods facilitate the assessment of large-scale
sequence variation to reduce the number of designs required for subsequent experimental
validation (Lippow et al., 2007; Mandell and Kortemme, 2009). One important application
of computational interface design includes the alteration of binding specificity. Interface
design for selectivity can consider both positive and negative design elements to jointly
optimize the desired interactions and reduce unwanted interactions (Bolon et al., 2005;
Havranek and Harbury, 2003; Shrestha et al., 2019).

Here, we describe the application of ProtLID (Protein Ligand Interface Design) (Shrestha et
al., 2019; Yap and Fiser, 2016) to computationally redesigned the HVEM binding interface
for enhanced selectivity. ProtLID generates residue-based pharmacophores (rs-
pharmacophore) over the binding interfaces of HVEM for LIGHT, CD160, and BTLA.
These rs-pharmacophores identify positions for the introduction of mutations predicted to
alter selectivity. A number of variants were experimentally validated using cell-based
binding assays. We discovered single and double mutant variants of HVEM that support a
selective recognition of its cognate ligands. These new constructs can serve as selective
reagents or possible starting points in drug development applications.

Generation of residue-specific pharmacophores

HVEM has multiple interacting ligands (LIGHT, BTLA, CD160, LTa ). In addition to
ligand engagement, the functionality of HVEM pathway is sensitive to other variables —
molecular form, expression pattern, and fransand cis interaction configuration.
Understanding the context-dependent molecular interactions of HVEM with its cognate
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partners can reveal underlying mechanistic details and facilitate development of novel
strategies to modulate its function. Engineered variants of HVEM that can selectively
engage subsets of its ligands can facilitate this discovery process (Fig. 1.).

The recognition surfaces of BTLA and CD160 substantially overlap on CRD1 of HVEM, as
defined by their respective complexes - HYEM:BTLA (PDB code: 2AW?2) (Compaan et al.,
2005) and HVEM:CD160 (6NG3)(Liu et al., 2019). (Equivalent positions of HVEM
interface residues among these PDB files are listed in Suppl. Table 6.) The binding interface
of the HVEM:BTLA complex is formed by interactions between 15 residues from BTLA
and 12 residues from HVEM (Supp. Table 1), whereas the CD160:HVEM binding interface
contains CD160 and HVEM, each contribute 10 residues. In the present work, we excluded
Cys residues from the interface definition as they are critical for maintaining the CRD fold
(Cys Rich Domains with three disulfide bonds). Although BTLA and CD160 both belong to
the Immunoglobulin Superfamily (IgSF) and exhibit the same topology, they share only 16%
sequence identity. Despite their limited homology, BTLA and CD160 share eight common
residues that interact with HVEM (Supp. Table 1). Furthermore, some residues on the
HVEM interface (D45, T71, G72, and VV74) interact with physio-chemically similar
residues, including G66, N28, 129, and L123 on CD160 and G76, Q37, L38, and 1124 on
BTLA (Supp. Table 1). Post-translational modifications currently cannot be included in the
rs-pharmacophopre calculation, and these modifications can make major difference in
binding affinity and specificity. N28 of CD160 is one such possible site, which is
glycosylated.

BTLA- and CD160-specific rs-pharmacophores were generated using our ProtLID
program(Yap and Fiser, 2016). Rs-pharmacophore describes the spatial positions and residue
preferences of a hypothetical complementary interface for a given target binding site that are
inferred from extensive molecular dynamics simulations of single amino acid probes.
ProtLID calculation progresses through four major steps: (1) identifying interface residues
using the CSU program (Sobolev et al., 1999). Qualifying residue interactions between the
receptor and ligand must satisfy CSU classification for legitimate interactions and must be
within 4.0 A distance (Sobolev et al., 1999) and at least 1 A2 accessible surface area; (2) A
hypothetical mesh is generated over interface residues using a 1 A distance and probe radius
over the solvent accessible region of the interface residues, which serves as starting points
for subsequent MD simulations; (3) performing extensive molecular dynamics (MD)
simulations with single residue probes starting from each mesh point using AMBER (Case
et al., 2005) with seven replicas, each with different starting orientations; (4) a surface
normalized interacting residue preference is determined over the mesh points and assigned
to interface residues.

The differences observed between the ligand specific rs-pharmacophores and the wild type
interface can be utilized to guide the selection of positions and types of mutations to achieve
a desired specificity. The patches obtained from rs-pharmacophore constructed on CD160
and BTLA interfaces were structurally aligned with the wild type HVEM interface (Supp.
Table 1). Next, the rs-pharmacophores were used to select positions and residue types for
designing interface selectivity. On average, the algorithm suggested eight variants per
position for CD160 and BTLA (Suppl. Table 2). Positions with well defined, one-to-one

Structure. Author manuscript; available in PMC 2021 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shrestha et al.

Page 6

interacting residue contacts usually accept a smaller number of variants such as G66 in
CD160 that interacts only with D45 in HVEM and for which F and | residues are suggested
by the CD160 specific rs-pharmacophore. Whereas residues that participate in a network of
interactions, such as Q124 in CD160 that interacts with K56, G72, S58, T73 in HVEM has a
lager variety of hypothetical contacts predicted by the rs-pharmacophore
(DEHKNPQRSTWY) (Suppl. Table 1 and 2). On average, two contacts per residue were
identified for the CD160:HVEM and BTLA:HVEM interface residues (Suppl. Table 2).

ProtLID generated rs-pharmacophores for the HVEM:LIGHT interface, which is formed by
the contribution of 14 and 12 residues from HVEM and LIGHT, respectively (Suppl. Table
3). These interfacial residues are distributed over two adjacent LIGHT protomers and
interact with the CRD2 and CRD3 domains of HVEM. The rs-pharmacophore suggested an
average of 9 variants per residue for the exploration of LIGHT-specific HVEM interface
design (Suppl. Table 4).

The predicted rs-pharmacophore for CD160, BTLA and LIGHT recapitulated the wild type
residues at 45%, 62% and 75%, respectively, of the positions contributing to the HVEM
interface (Suppl. Tables 2 and 4). With the exception of CD160, this represents a favorable
enrichment of wild type residues within the calculated pharmacophores, as compared with
the randomly expected 58%, 24% and 7%, respectively. The random model calculates the
probability of matching the wild type interface residue from the same number of choices as
the number of residues suggested by the rs-pharmacophore. In addition, in the case of
LIGHT, the five positions where the wild type residues are not recapitulated include A85
and G89, which are excluded from the pharmacophore calculation due to the lack of
functionally discriminative side-chain atoms.

Selection of variants for interface redesigning

Two distinct surfaces on the HVEM molecule function to recognize ligands within two
different superfamilies (i.e., the IgSF and TNFSF). The BTLA and CD160 interfaces overlap
on the surface of HYEM CRD1. Comparison of the rs-pharmacophores generated for
CD160 and BTLA, with the corresponding wild type interface of HVEM predicted
mutations for achieving the desired selectivity (Suppl. Table 1 and 2). As part of the design
process, positions with the same residue types in both rs-pharmacophores and that also
matches the wild type HVEM interface residue are eliminated from further consideration, as
these are not likely to provide discrimination (Suppl. Fig. 2). Priority was given to rs-
pharmacophore differences at equivalent structural positions that were predicted to either
enhance or disrupt the interface.

A total of six mutations distributed over five positions, were selected to re-engineer the
LIGHT specific interface (Suppl. Table 3). Most of these mutations were selected to disrupt
the targeted interaction; therefore, amino acids that were excluded from the rs-
pharmacophore were chosen for experimental validation. For instance, for D100 in HVEM,
only a single interacting residue was identified in LIGHT, R226 (Suppl. Tables 3 and 4) and
these form a hydrogen bond or salt bridge interaction, therefore we selected R and K
residues to replace D100 in HVEM, which were excluded from the preferred list of residues
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for this position in the rs-pharmacophore (DEHNPQSTY) in order to introduce a disruptive
electrostatic interaction.

To modulate the HVEM recognition surface shared by BTLA and CD160, we followed a
selection strategy similar to that employed for engineering PD-1 variants that selectively
bind to only one of its ligand, PD-L1 (Shrestha et al., 2019). First, we focused on positions
proximal to only one ligand. For instance, E52 of HVEM is near R42 of BTLA, but the
binding interface for CD160 does not include an interaction with E52 (Suppl. Table 1 and
Fig. 6). We sought to introduce a disrupting mutation at this position, which would reduce
the strength of the HVEM:BTLA, while not impacting the HYEM:CD160 interaction.
Positively charged residues (R or K) were selected to mutate E52 in HVEM, as these were
not listed in rs-pharmacophore generated for BTLA (DENPQSTY) (Suppl. Table 2).

Next, we focused on interface residues involved in a complex network of interactions with
multiple contact residues. Based on the calculated rs-pharmacophores, these residues are
predicted to tolerate a more diverse set of substitutions, therefore providing greater
flexibility for exploration. This situation is the case for Q124 of CD160 and E125 of BTLA
(Suppl. Table 1). These two residues from the two ligands are in close proximity to the same
three residues (S58, G72, and T73) on HVEM (Suppl. Table 1). The calculated rs-
pharmacophores for CD160 has a larger set of preferred residues than BTLA. The additional
and unique rs-pharmacophore residues (DEHPS) for Q124 in CD160 appear to compensate
hydrogen-bond donor or acceptor properties (excluding proline), and these are absent for
E125 in BTLA, presumably to avoid the unfavorable contacts between same charges. Shared
residue preferences at these positions include positively charged (RK), polar (QNT) and
aromatic (WY) residues (Suppl. Table 1). We chose S58 for mutation on HVEM because it
interacts with three key residues of CD160 (D67, R122, and Q124) and is proximal to E125
of BTLA, as well. A total of four variants (S58L, S58R, S58K, and S58Q) were selected for
experimental testing.

Finally, we also explored residues that were modestly distal to the interface, which did not
satisfy the default distance criteria required for binding (i.e., at least one atom from the
interacting residues being within 4 A of each other). However, considering the dynamics of
the interface structures and especially if a mutation from a smaller to a larger sidechain takes
place, these residues can participate in the interface. These positions, which include
L87F/WI/Y and L70D in HVEM, were identified by relaxed criteria (increasing distance
thresholds) for interface definition.

Synergy of double mutants

After a first round of experimental testing of 18 single point mutations, we considered
combinations of eight single mutants to generate seven double mutants with the aim of
achieving higher selectivity through additivity or synergy (Suppl. Table 5).

For instance, when focusing to establish a BTLA-selective HVEM variant, single point
mutations H861 and D100R on HVEM were effective in reducing HVEM binding to LIGHT,
but binding to CD160 was only moderately reduced. Therefore, double mutants of D100R
with three others, H861, M103K and G891 were constructed to explore a possible synergy.

Structure. Author manuscript; available in PMC 2021 November 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shrestha et al.

Page 8

Among these newly constructed double mutants, D100R with M103K achieved the highest
level of BTLA-selective binding, with almost complete elimination of binding to both
LIGHT and CD160 (Fig. 2B). We also combined D100R with G89I, in order to reduce
HVEM binding to CD160. Both single mutants diminished LIGHT binding and when
combined showed reduced LIGHT and CD160 binding, thus generating an HVEM variant
selective for BTLA binding.

Redesign the interface to switch binding specificity

We studied the HVEM interaction network with its three ligands through the design of 18
single mutants (Fig. 2A) and subsequently created seven double mutants. Site directed
mutagenesis was performed, and all point mutations were sequence validated and expressed
as GFP fusions presented on the surface of suspension adapted HEK-293 cells. Protein
expression levels of mutants were statistically indistinguishable from WT HVEM (Suppl.
Fig.3). Analysis of the HVEM mutants binding to its ligands was performed by high-
throughput flow cytometry. The percent of HVEM-expressing cells bound to its ligands was
determined and the data normalized to the highest ligand concentration for wild-type HVEM
binding.

Out of 25 HVEM mutants examined experimentally, we identified 15 mutants, including five
double mutants, covering a total of nine positions on HVEM (Fig. 2B), the most effective of
which are delineated in Table 1. EC50 and Bmax values for all 15 mutants are listed in Fig
3. and shown in Suppl. 4.The corresponding concentration-dependent binding of ligands for
the six most effective mutants are shown in Fig. 4. Concentration dependent titration curves
for the remaining 9 variants are shown in Suppl. Fig. 6. Corresponding raw FACS plots of
binding are shown for the most effective HYEM mutants and the wild type protein in Suppl.
Figure 5.

The overlapping binding sites of BTLA and CD160 on HVEM create competition for
binding, and selectivity can be achieved either by positive or negative design. We also
screened for designs that either preserved or eliminated binding to LIGHT. The S58Q single
mutant (Table 1, Fig. 4) and the S58Q:L70D double mutant of HVEM (Suppl. Table 5, Fig.
3) exhibited the greatest selectivity for BTLA, while still preserving LIGHT binding.
Specifically, these mutations slightly enhanced the binding specificity for BTLA and
drastically decreased it for CD160, while leaving the interaction with LIGHT unchanged
(Fig. 2B). Another double mutant (D100R:M103K) resulted in BTLA binding close to wild
type, with substantial reductions in binding to both LIGHT and CD160 (Table 1).

Binding selectivity for CD160 relative to BTLA, while retaining close to wild type LIGHT
binding, was achieved through the single HYEM G89F mutant using positive design
principles, where HVEM binding to CD160 increased significantly. The G89F:E69R double
mutant resulted in similar selectivity by drastically reducing BTLA binding, while LIGHT
and CD160 binding remained close to wild type levels (Tablel, Fig. 3). The HVEM L87W
or L87F single mutants exhibited increased selectivity for CD160 through positive design, as
binding to CD160 increased, while LIGHT and BTLA binding stayed close to wild type
(Suppl. Table 5, Fig 3). LIGHT-selective binding was exhibited by the E52R or E52K single
mutants, which reduced binding to both BTLA and CD160. Finally, the HVEM
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H861:M103K double mutant reduced LIGHT binding, while preserving CD160 and BTLA
binding at close to wild type levels (Table 1, Fig. 4).

One of the variables associated with bi-directional HVEM signaling (co-stimulatory or co-
inhibitory) to T-cells is ligand engagement. The binding of LIGHT to HVEM signals T cell
activation, whereas CD160 or BTLA results in down-regulation. Perturbing the binding site
for CD160 and BTLA allows for exclusive binding of LIGHT to HVEM, which elicits the
associated co-stimulatory signal; however, the overall effect of HVEM upon the concomitant
engagement of LIGHT and BTLA/CD160 results in a co-inhibitory signal (Cai and
Freeman, 2009). Achieving ligand selectivity with HVEM is primarily important for
balancing the signal; therefore, our design efforts include an HVEM interface selective for
LIGHT. LIGHT selective mutations such as E52K or E52R maintain wild type binding
affinity for LIGHT, but disrupts the binding to CD160 (p-value 0.01) and BTLA (p-value
0.006) (Table. 1 and Fig. 2B, Fig 4).

Structural environment of selective mutants

We generated comparative models of the complexes with Modeller (Sali and Blundell, 1993)
to examine the predicted interactions between interfacial residues. The E52K mutation in
HVEM CRD1 experimentally reduces binding with BTLA and CD160. One speculative
explanation is that this mutation introduces contacts unfavorable for CD160 binding because
of the presence of H126 in CD160, which prefers K52 over E52 in HVEM (Fig 5A and 6A).
Similarly, E52K (HVEM) could also be disruptive due to unfavorable electrostatic with R42
on BTLA (Fig. 5A and 6AA). In contrast, there are no contacts between E52 and any
residues from LIGHT, consistent with the preserved wild type binding activity with LIGHT.

The S58Q mutant located on HVEM CRD1 (Fig. 5B and Fig. 6B) participates in interactions
with BTLA and CD160 and results in different outcomes - it disrupts interaction with
CD160 while significantly improving the binding with BTLA, with no appreciable effect on
LIGHT binding . The S58Q mutation at the HVEM:BTLA interface could potentially create
more favorable environment for E125 (OE2) with Q58 (NE2). But in case of CD160, the
S58Q substitution in HVEM is unfavorable due to the orientation of hydrogen bond donor
and acceptor atoms of R122 and Q124 (Fig. 6B). It presumably disrupts the contact
observed in wild type between hydrogen bond acceptor S58 (HVEM) and hydrogen bond
donor R122 (CD160). Another possible explanation is rearrangement of backbone structure
upon mutation.

In another example, selective single point mutants were combined to enhance the binding
selectivity of HVEM towards only BTLA and CD160, such as M103K and H861. Structural
modeling of the M103K mutation predicts unfavorable electrostatics with R226 in LIGHT.
Likewise, H861 is predicted to disrupt favorable polar interactions between H86 and E175 of
LIGHT (Fig. 5C). The non-proximal positions of these residues suggests that there is no
synergy between these two mutations (M103K and H861) when binding to LIGHT, and the
resulting strong inhibition of the double mutant is the additive effect of the two individual
mutations. For some mutations identified with the pharmacophore approach, including
D100R, G89F, L87F, and L87W, the experimental outcomes did not agree with those
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predicted by the pharmacophore and may potentially require dynamic simulation to uncover
the underlying structural mechanism, which may involve allosteric effects.

Discussion

HVEM is involved in a wide range of physiological immune responses, and is of central
biomedical importance; for instance, it is frequently mutated in germinal center
lymphomas(Cheung et al., 2010; Launay et al., 2012; Lohr et al., 2012), as loss of HVEM
leads to B cell proliferation and drives germinal center lymphomas. Loss of HVEM supports
tumor microenvironment. These effects are connected to the loss of inhibitory signals
elicited by HVEM-BTLA engagement, which can be restored by administration of soluble
HVEM ectodomain and promote tumor repression (Boice et al., 2016). HVEM is highly
expressed in the gut epithelium and contributes to the pathogenesis of colitis (Boice et al.,
2016). The mutations described in the current study were compared with the somatic
mutations cataloged in the COSMIC database (Sondka et al., 2018). Of the 11 unique
HVEM positions examined in this study, only three have a corresponding entry in the
COSMIC database. D45F mutation was suggested in our study as a possible site to alter
binding, but experimental evaluation did not show a statistically significant change in
binding properties. The single somatic mutation with a clinical correlation was the D45G,
which is associated with large intestinal cancer. The H861 mutation in our study statistically
significantly reduces LIGHT binding and as might be predicted to cause T cell stimulation.
A single corresponding sample entry in the COSMIC database reported a H86Y mutant and
associated was it with malignant melanoma. Finally, the G891 or G89F mutations, which we
demonstrate results in a complete abolishment of binding to all three ligands (G89I) or a
sharp reduction in BTLA binding (G89F). The only corresponding entry in the COSMIC
database reports a G89C mutation associated with lung carcinoma.

A recent study explored binding selectivity of HVEM using alanine scanning, saturation and
combinatorial mutagenesis (Sedy et al., 2017). The authors found four positions to be
important for BTLA binding selectivity, of which two were examined in our study. S58R
was shown in both studies to reduce CD160 binding while maintaining or slightly increasing
LIGHT and BTLA binding. The L70W mutation was reported to increase binding affinity
for BTLA. We have not explored this specific mutation, but we did demonstrate that L70D
exhibited a similar effect, increased binding to BTLA and a reduced affinity for CD160.
However, this was not the most selective mutant we observed for this type of selectivity (i.e.,
the S58Q mutant was most effective) (Table 1, Fig. 2, 3 and 4).

In this work we employed a computational approach to identify mutant variants of HVEM
that selectively bind to one or two of its three cognate ligands. A total of 25 mutations were
proposed and 15 of those exhibited a statistically significant change in binding preferences.
These variants will be useful for further dissecting the complex HVEM signaling network.
The rs-pharmacophore based approach described in this work could serve as a paradigm for
the rational design of binding specificities in biomedically important proteins and the
development of new and enhanced biologics.
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STAR Methods

Resource Availability

Lead Contact—Requests for further information or resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Andras Fiser
(andras.fiser@einsteinmed.org).

Materials Availability

Constructs generated in this study are available upon request.

Data and Code Availability

This study did not generate new code.

Experimental Models and Subject Details

Experimental models—We used the human embryonic kidney HEK 293 Freestyle
(Invitrogen). These cells are maintained in serum free HEK Freestyle media (Invitrogen).
Cells are grown at 37 °C in a humidified shaking incubator (Kuhner) with 5% CO2. The sex
of the HEK 293 cells is Female.

Mutagenesis of human HVEM & binding to LIGHT, CD160, and BTLA—Site-
directed mutagenesis was carried out using overlapping primer PCR with KOD Hot Start
DNA polymerase and a full-length human HVEM GFP fusion construct as template. Double
mutants were generated using single mutants as initial templates for PCR. Sequence-verified
clones were transiently transfected into HEK 293 Freestyle suspension cells (Invitrogen) and
checked by flow cytometry for GFP expression. Cell surface expressed hHVEM mutants
(100K cells) were queried with recombinant 0.25ug BTLA, CD160 and LIGHT His-tagged
proteins (R&D systems) in 1x Dulbecco’s phosphate buffered saline and 0.2% BSA (DPBS/
BSA). After 1 hour incubation at room temperature shaking at 900rpm cells were washed
two times with 1X DPBS/BSA by centrifugation at 500 rpm and subsequently incubated
with 0.1 ug PE conjugated anti-6X HIS tag antibody (AbCam) for 30min. After secondary
antibody incubation cells were washed two more time with DPBS/BSA and immediately
analyzed by flow cytometry. Cells were gated using single color controls and untransfected
cells. Percent bound was determined as the percentage of GFP positive cells that were
positive for PE (double positive) and was normalized to wild-type for each protein queried.
Titrations were carried out similarly except that all three proteins queried were added to
100K WT or mutant HVEM expressing cells at the indicated concentrations. For titration
experiments flow data was gated for GFP positive cells (HVEM expression) and the
GeoMean of PE fluorescence (protein bound) was plotted as a function of soluble protein
concentration. Titration data was normalized to the GeoMean fluorescence value for WT
binding at the highest concentration of query protein. Titration data was fit using the single-
site binding equation Y = Bmax*X/(Kd + X) in the Graphpad Prism software and represents
three independent experiments.
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Method details

HVEM:LIGHT, HVEM:CD160, and HVEM:BTLA complexes—Rs-pharmacophore
generation starts with determining the binding interface from known receptor-ligand
complexes using the program CSU (Sobolev et al., 1999) (Supp. Figl). The crystallographic
structures of ectodomains (PDB codes and chain identifiers: BTLA: 2AW2.A; LIGHT:
4RSU.A and 4RSU.B; CD160: 6NG3.A; HVEM: 4RSU.D, 2AW2.B, and 6NG3.A) and
complexes (HVEM:BTLA PDB code 2AW2; HVEM:LIGHT PDB code 4RSU,;
HVEM:CD160 PDB code 6NG3) were used for this step. Missing residues in the complexes
were added using Modeller (Sali and Blundell, 1993).

Residue-specific pharmacophore generation—ProtLID (Protein Ligand Interface
Design) originally developed to identify cognate ligand binding partners for given target
proteins (Yap and Fiser, 2016) and subsequently, it was used to redesign the interface for
enhancing the binding specificity in PD-1 pathway (Shrestha et al., 2019). ProtLID consists
multiple steps of a hypothetical interface design - identifying interface residues, generating a
hypothetical mesh to represent an interface, running of MD simulation of single amino acids
probes, clustering of MD trajectories, and generating a rs-pharmacophore.

In this study, three distinct sets of rs-pharmacophores for LIGHT, BTLA, and CD160 were
generated using ProtLID focusing on redesigning HVEM interface for selectivity (Fig. 1).
HVEM has two spatially distinct binding sites for a member of TNF superfamily (LIGHT)
and IgSF superfamily (BTLA and CD160). First, we ran ProtLID protocol on LIGHT
interface extracted from LIGHT:HVEM complex (4RSU). The interface is a dimer of
homotrimeric LIGHT interacting on residues of CRD2 and CRD3 region of HVEM. Next,
we calculated rs-pharmacophore for the BTLA and CD160 interfaces that bind to HVEM on
CRD1, approximately on the opposite of LIGHT binding site using their respective
complexes (2AW?2 for BTLA:HVEM and 6NG3 for CD160:HVEM ) .

Computational HVEM interface redesign—Resulting rs-pharmacophores were
compared with one other and the wild type residues of HVEM interface as defined by the
CSU program (Sobolev et al., 1999). A union of residue preferences suggested by the rs-
pharmacophores was considered for residues with multiple contacts.

After assigning ligand specific rs-pharmacophores for HVEM residues, the selection of
potential mutants followed various strategies. For example, LIGHT specific variants for
HVEM were chosen from the rs-pharmacophore suggested pools of residues, as these are
assumed to enhance compatibility of interface contacts (positive design). However, using
similar concept, the variants not suggested in the rs-pharmacophore were included for
negative design. This approach is straightforward since there was no competing molecule
included. However, BTLA and CD160 share a binding interface on HVEM therefore the
selection of mutants relied on exploiting the differences between the ligands specific
pharmacophores.

Quantification and Statistical Analysis—For statistical analysis of data on Figure 2B,
3, and 4, we used Graphpad Prism (https://www.graphpad.com/scientific-software/prism/).
Statistical t-tests in Table 1 and S5 were performed by SciPy (https://docs.scipy.org/doc/
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scipy/reference/stats.html) and StatModels (https://www.statsmodels.org/stable/index.html).
For all experiments N = 3 and represents the number of replicate independent experiments.
All data shows average values obtained from three independent experiments and the error
bars show standard deviation. All titration data was fit using a standard single-site binding
model Y = Byax™*X/(ECsg + X).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A residue-based pharmacophore approach is used to design specific protein
interfaces
. Designed point mutations of HVEM introduced six-way selectivity
. Cell based assays confirmed selectivity of mutants
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HVEM:LIGHT

HVEM:BTLA

HVEM:CD160

Figure 1.
Interfaces in the HVEM:LIGHT:BTLA:CD160 complex and schema of design process.

Three rows refer to binary complexes of HVEM with LIGHT, BTLA, and CD160m,
respectively. (A) Crystal structures of complexes of LIGHT, CD160, and BTLA with
HVEM. (B) Corresponding cartoon representation: yellow eclipse represents cysteine rich
domains of HVEM and rectangle-like shape represent ligand monomers. (C) Interface
residues from both proteins are represented using circles within the white area and their
corresponding interactions are shown in black line. (D) rs-pharmacophore residue preference
as calculated by ProtLID (E) Rs-pharmacophore guided design of HVEM interface. (F)
Effective mutations for modulating HVEM specificity in six different ways.
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Figure 2.
Engineered positions in HVEM and their binding affinity. (A) Cartoon representation of

HVEM domains - CRD1 (red), CRD2 (blue), and CRD3 (yellow). Targeted residue positions
are in stick and ball model and highlighted in colors. Residues with green color represent the
mutational sites for BTLA or CD160 and magenta color shows residues binding with
LIGHT. (B) Experimentally observed Normalized % Bound measures for three ligands -
LIGHT, CD160, and BTLA. Single and double point mutations are in the upper and lower
panels, respectively. Mutations represented by red circles are the most effective for
switching the binding specificities according to their p-values obtained from Welch’s t-test
(Suppl. Table 5). Other mutations with statistically significant modulation of binding
selectivity are marked with hollow circles.
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EC50 BTLA (nM) Bmax BTLA

EC50 CD160 (nM) Bmax CD160

EC50 LIGHT (nM) Bmax LIGHT

E52R 137.6 £184.7 06+0.2 406.9+£317.2 0906 2272 13+0.2
E52K 162221402 0602 28311934 0202 1965 10202
$58Q 356+254 1.2+£0.1 2653:1995  02+02 39:7.1 13203
EB69R 69.8 £ 59.1 0.7+01 644 £85.7 1.0+£02 1877 1.1+0.2
L70D 18.3 + 16.3 0.7£0.1 37362777  05%05 Bad Fit
H86I 291417 1.0+ 0.1 115.0 £ 481 1.0+ 01 No Binding
L87F 239+35.2 1.0£02 88.2+2112 1104 13+49 11207
L87TW 8.3%10.4 1.0£0.1 125182 1.1£0.1 1873 12207
GB9F 24381760  09:04 496 +53.7 1803 59+78 21:05
D100R 57.0+474 1.0£02 959854 04+04 No Binding
M103K 64.0 905 1.3£03 772:1113 11+03 No Binding
§58Q_L70D 216 +28.6 1.1+£0.1 3143.0+£28279 03+02 32+39 12202
E69R_G89F 222.9+130.0 0102 163.1 £ 400.6 1510 32+58 14=+03
H8BI_M103K 407 +29.4 1.1£0.1 178.9 £ 160.1 12+03 No Binding
D100R_M103K  31.8+17.8 0200 190.3+124.5 0201 No Binding
WT 10079 1.0+ 0.1 428 +23.3 1.1+£01 40+3.2 1201

Figure 3.

EC50 and Bmax values of binding of the hHVEM mutants to ligands BTLA, CD160 and

LIGHT.
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Figure 4.

Geometric mean of percent bound ligand as a function of concentration. Panels show HVEM
binding of ligands LIGHT, BTLA and CD160, respectively. Different colors of lines refer to
different mutant variants of HVEM: black: E52K, purple: L87W, red: D100R_M103K, light
blue: G89F, green: S58K and yellow H861_M103K. Blue line corresponds to the wild type

HVEM.
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Figure 5.
Structural insight for selected mutations using homology models. Upper panel is for wild

type residue positions — (A) E52K, (B) S58Q, (C) H861/M103K whereas lower panel
represents models of corresponding mutant structures. HVEM, CD160, BTLA, and LIGHT
are colored with magenta, green, cyan, and yellow, respectively.
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Figure 6.
Structural environment of some of the selective mutants. (A) E52K for HVEM:BTLA, (B)

S58Q for HVEM:CD160. Upper and lower panels are for wild type and mutant residue.
HVEM, CD160, and BTLA are colored with magenta, green, and cyan, respectively.
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List of identified HVEM mutations for binding selectivity to it three ligands. Statistical p-values of pairwise

comparisons are marked as: BTLA:LIGHT (italic), CD160:LIGHT (regular), and BTLA:CD160 (Bold).

Mutations TNFSF IgSF p-value (Welch’s t-test)
LIGHT | CD160 | BTLA
E52K + - - 9.62E-03, 3.56E-03
L87W - + - 6.58E-02, 5.15E-02

D100R:M103K

1.44E-03, 1.00E-03

H861:M103K - + + 1.22E-03, 7.31E-05
G89F + + - 1.17E-02, 3.21E-03
S58Q + - + 3.17E-03, 3.63E-04
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Key Resources Table

REAGENT or RESOURCE | source | 1DENTIFIER
Antibodies
Anti-6X HIS Tag PE | Abcam | cats abr2467

Chemicals, Peptides, and Recombinant Proteins

Human CD160-His

R&D Systems

Cat# 6177-CD-050

Human BTLA-His

R&D Systems

Cat# 9235-BT-050

Human LIGHT (TNF14) His

R&D Systems

Cat# 664-L1-025

Deposited Data

Human HVEM and BTLA complex (Compaan, et al., 2005) PDB: 2AW2
Human HVEM and LIGHT complex | N/A PDB: 4RSU
Human HVEM and CD160 complex | (Liu, etal., 2019) PDB: 6NG3
Experimental Models: Cell Lines

HEK 293-F Freestyle | Thermofisher | CAt# R79007
Oligonucleotides

DNA primers | see Table S3 for all primers | N/A

Recombinant DNA

human HVEM (TNFRSF14) |

GeneCopoeia

Cat# EX-M0900-M98

Software and Algorithms

Modeller (Sali and Blundell, 1993) https://salilab.org/modeller/

PyMOL PyMOL version 1.7 https://sourceforge.net/projects/pymol/files/pymol/1.7/
Prism Prism version 8.3.0 https://www.graphpad.com/scientific-software/prism/
INKSCAPE INKSCAPE version 0.92 https://inkscape.org

Python Python version 3.7.5 https://www.python.org

StatsModels StatsModels version 0.10.2 | https://www.statsmodels.org/stable/index.html
pandas pandas version 0.25.3 https://pandas.pydata.org/index.html

NumPy NumPy version 1.17.4 http://www.numpy.org

SciPy SciPy version 1.3.3 https://docs.scipy.org/doc/scipy/reference/stats.html
Matplotlib Matplotlib version 3.1.2 https://matplotlib.org

ProtLID (Yap and Fiser, 2016) N/A
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