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Abstract

We developed a rational protocol with a minimal number of mutated residues to create highly
potent and selective protein-based inhibitors. Guided by an interaction and dihedral
correlation network of ubiquitin (Ub) and MERS coronaviral papain-like protease (PLpro)
complex, our designed ubiquitin variant (UbV) with 3 mutated residues (A46F, K48E, and
E64Y) resulted in a ~3,500-fold increase in functional inhibition as compared with the wild-
type Ub (wtUb). Further optimization with C-terminal R74N and G75S mutations led to a Kp
of 1.5 nM and ICso of 9.7 nM and 27,000-fold and 5,500-fold increases in affinity and
potency and selectivity, respectively, without destabilizing the UbV structure. This approach
effectively designs tight binding inhibitors, which assists the development of therapeutics for

COVID-19 and other coronaviruses.
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Efficiently determining which residues of a protein to modify to increase the binding affinities
between a protein-based inhibitor and the target protein is the key in protein drug development.
Strategies that can accurately identify residues for protein engineering to increase protein—
protein interaction (PPI) also have broad applications in therapeutics and cell-biology studies.
In addition, utilizing a handful of mutated residues to achieve significantly enhanced PPI
lowers the possibility of introducing unstable engineered proteins. However, the task is even
more challenging because it requires highly integrated molecular modeling and experimental

techniques to understand PPIs for rational protein design.

Ubiquitin (Ub) is a 76-residue small protein associated with post-translational modifications.
It plays critical roles in numerous biological functions!. Ub canonically binds to its cascade
E1-E2-E3 enzymes for ubiquitination and Ub chain formation to modify nearly half of the
human proteome??. Conversely, deubiquitinase (DUB)* cleaves the covalent isopeptide bonds
from the Ub chains or substrates to release Ub and substrates. Misregulation of these enzymes
substantially affects cellular functions, hence leading to diseases such as cancers®. DUBs have
been identified in several viral genomes as a tool interfering in the host antiviral defense.
Papain-like protease (PLpro) of coronavirus (CoV) is classified as a Ub-specific protease type
of viral DUBS. Studies show that PLpro alters the innate immune responses, which contributes
to the rapid spread of CoVs (MERS, SARS-CoV, SARS-CoV-2) 812, thus causing pandemic

deaths and decreasing the global economy!?.

PLpro of MERS and SARS-CoV-2 are crucial for viral replication via proteolytic cleavage of
viral nonstructural proteins (NSPs). The PLpro domain resides in NSP3, which drives viral
genome replication and subgenomic RNA synthesis.!*!> PLpro can recognize and cleave the
NSP1-2, NSP2-3 and NSP3-4 junctions after the amino acid sequence LXGG to yield
functional viral proteins as well as perform deubiquitination and deISGylation.!'!!1%16
Deubiquitination and deISGylation alter host signaling pathways critical for inducing cellular
antiviral and pro-inflammatory innate immune responses and eventually suppresses the

antiviral response.!®!7

Therefore, inhibition of PLpro simultaneously disrupts the viral
replication and prevents PLpro from disrupting the innate immune response. With both

properties, PLpro is an ideal antiviral drug target.
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Although small molecule inhibitors achieve uM to sub-pM half maximal inhibitory
concentration (ICso) of the PLpro of SARS-CoV and CoV-2!%16:18-20 " engineering its natural
substrate Ub as a protein-based inhibitor offers an alternative strategy to inhibit PLpro function.
Importantly, wtUb exhibits high thermostability (Tm > 90°C) and so is a great template for
protein design. The protein drug also has potential advantages such as good binding specificity
to PLpro and easy synthesis as compared with chemical compounds. Phage-display screened
Ub variants (UbVs) against cognate enzymes including MERS PLpro demonstrated their
feasibility in regulating the activities of E3 ligases and DUBs?!-*2, Computational results were
used to rationally design a screening library for identifying tight binding regulator UbVs for
USP7% and USP21%. However, the empirical screening remains expensive and time-

consuming.

Here we present an integrated computational and experimental approach to design UbVs with
2 to 3 mutated residues to achieve 3500-fold inhibitory efficiency and binding affinity as
compared with the wtUb to MERS PLpro and create protein-based inhibitors to inhibit the
function of the viral protein (Table 1). MERS PLpro cleaves both K48 and K63-linked Ub

chains,®!!

and it has distinct inhibitor recognition specificity different from SARS-CoV and
SARS-CoV-2.%° Here we used non-covalent amino acid interaction networks of the Ub and
MERS PLpro (Ub-PLpro) complex to guide the design of UbVs for increasing the UbV-PLpro
binding affinity that inhibits the function of PLpro. The initial design began with 2-point
mutations for cost-efficient experiments and for keeping an intact overall complex structure.
Binding affinity Kp and ICsp measurement confirmed the inhibition of our designed dual-
mutation UbVs and suggested additional UbVs. Integrating both experimental data and

computation analysis re-informed the design to yield more UbVs for experiments (Fig. 1).

We first performed several 500-ns atomistic molecular dynamic (MD) simulations to model
full protein flexibility for the wtUb—PLpro complex. By using combined side-chain dihedral
correlation (Fig. SIA) and force distribution analyses (FDA)?%?7 (Fig. S2), we identified 4
highly correlated regions at the contact interfaces of Ub—PLpro: the hydrophobic core, alpha
helix, C-terminal tail of Ub (named Ub-tail), and Zn binding region (Fig. 2). Next, we
suggested highly interactive residues with strong correlation in the residue network as potential
mutation residues in each region (Fig. 2 and see method in Fig. S1). Notably, existing studies

showed that altering residues near the C-terminus of Ub hampered its biological function;?*-3°
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therefore, we hypothesized that mutating our suggested residues in the Ub-tail could prevent
the substrate from ubiquitination. MERS PLpro favors binding and cleaving K48 and K63-
linked Ub chains®!!, which implies that residues near the conjugation points interact with
PLpro frequently. Of note, K48 and K63 are in the hydrophobic core and Zn binding region,
respectively. Mutating residues in the dense interactive spots may easily hamper PPI, which
also offers potential in strengthening their interactions. Because the Zn binding and Ub-tail
regions are more flexible, we began with modifying A46 and K48 in the hydrophobic core and
V70 and R42 in the helix region. We considered side-chain proximity between a UbV and
PLpro to utilize unused space or enhance charge-charge attraction to design mutations.

Coincidentally, these mutated residues were also reported in existing UbVs?3!,

To predict the intermolecular attractions between each UbV-PLpro, we used molecular
mechanics Poisson-Boltzmann surface area (MM/PBSA) and local structural analysis to
evaluate PPI energy (Fig. S3) and investigate the local attraction (Fig. S4), respectively.
Variants with A46 and K48 mutation led to better UbV—-PLpro attractions. However, the
K48E-V70E variant could not yield good van der Waal (vdW) interactions and modifying R42
to the oppositely charged residue R42D yielded poor predicted UbV—PLpro interaction
energies (Table S1 and Fig. S4). The results suggested that mutating R42 or V70 may not lead
to tight binding events. Hence, we first focused on the variants altering A46 and K48.
Additionally, for every designed UbV with predicted stronger UbV—PLpro attractions than that
of wtUb (Table S1), we also performed PPI Gaussian-accelerated MD (PPI-GaMD) in an
explicit solvent model to examine their binding residence time, with protein flexibility and
solvent effects also considered®* (Fig. S5). Because PPI-GaMD applied boost potential to
enhance conformational sampling, the residence time cannot be compared directly with the
binding affinity or dissociation rate constant (k,z). Nevertheless, the dissociation time for these
UbVs was all longer than that of the wtUb, which suggests that these variants should serve as
tighter binders than wtUb.

Next, we evaluated the UbV-dependent inhibitory efficiencies for MERS PLpro by using
sensitive fluorescent polarization (FP) to monitor the dynamics of fluorescein conjugated to
the C-terminus of ISG15 (Fig. S7). We examined the designed 4 UbVs with dual mutations in
positions A46F and K48 (E, S, I and L) as well as 2 single-mutation UbVs, A46F and K48E.
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The designed UbVs all bound tightly to PLpro (Kp in Table 1) and efficiently inhibited the
enzyme function with reduced ICso (Fig. 3A). In comparison to wtUb, substitution of A46 in
the hydrophobic core by a non-polar residue PHE successfully formed stronger vdW attractions
with nearby residues of PLpro (Fig 4A and Table S1). For example, A46F induced local
conformational arrangements and recruited Y208 and Y223 in PLpro to form pi-pi interactions
and R233 in PLpro to form pi-cation attractions (Fig 4A). The polarity of K48 in wtUb
significantly affected both the local interactions and network correlation due to the large
repulsive force to the surrounding K204 of PLpro. Mutation of K48 to nonpolar or negatively
charged residues such as LEU or GLU should increase the attractive forces with the K204 (Fig.
4A). Notably, the single-point mutations A46F and K48E could achieve an I1Cso 1.6 and 3.9
uM, respectively, as compared with wtUb (52.9 uM). The 46-48 mutants further elevated the
inhibition to ICsp ~0.2 uM (Table 1), approximately 250-fold as compared with wtUb. We
found a synergistic effect by A46F and K48E (or K48L/K48S/K481) toward the interactions of
PLpro and UbV (Fig. 3E).

We demonstrated that mutating two residues in the hydrophobic core is an effective strategy
for inhibitor design, so we further added more mutated residues from our suggested list (Fig.
2). We chose A46F-K48E (termed UbV2), which exhibits good ICso and Kp, and added one
mutated residue, E64Y, from the Zn binding region. Because MERS PLpro explicitly
recognizes K63-linked Ub chains, and our residue network shows a strong correlation around
S65 (Fig. S1), we conjectured that modifying the nearby residue E64 may contribute to both
binding strength and specificity. Experimental measurements for A46F-K48E-E64Y (termed
UbV3) showed remarkable binding specificity and inhibition to PLpro, with an ICs of 15
nM, significantly agreeing with the strongest computed binding energy (Table 1). Both the
root mean square fluctuation (RMSF) and dihedral entropies of the protein (Fig. S6) were
reduced as compared with that of UbV2, so the Zn binding region was largely stabilized in
the UbV3—PLpro complex (Fig. 4B). The stability prediction also agrees with our
experiments of UbV3 yielding high thermostability (Fig. S10). In addition to impressive
functional inhibition, UbV3 bound highly specifically to MERS PLpro (Fig. S11), which is

also an essential attribute for a good inhibitor.
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We next altered two residues, R75 and G75 of the Ub-tail region from our non-covalent
network, which also serve a role in preventing cells from utilizing the UbVs. New sets of 74
and 75 mutations were added to our dual UbVs (Table 1), and the 4-point mutation A46F-
K48E-R74N-G75S (termed UbV4) yielded a reduced ICso of 110 nM. Therefore, we further
included E64Y to UbV4 to use all 3 highly correlated regions and the designed 5-point
mutant UbVS5, resulting in an ICso of 9.7 nM (5,500-fold of wtUb) and Kp of 1.5 nM (Table
1). Our UbV3 and UbVS5 exhibit great inhibition equivalent to the reported variants for
MERS PLpro’!. They also preserve the thermostability shown by far-UV circular dichroism.
The reported variants with 15 mutated residues revealed denatured states at 80 °C?* , which is
significantly less thermostable than our UbVs (Fig S10). Mutating too many residues in Ub
easily brings stability issues. Our work demonstrates the advantage and efficacy of modifying

only a few residues of a protein template for protein-based inhibitors.

In this study, we established a novel approach to modify a minimum of 2 to 3 residues within
the correlation network in the Ub—PLpro interface to enhance PPI and achieve 250- to 3,500-
fold reduction of MERS PLpro activity. A combination of 5 mutated residues selected from
the hydrophobic core, zinc finger region and the Ub-tail resulted in a 5,500-fold (ICso = 9.7
nM) reduction in PLpro function and a 27,000-fold enhancement in UbV—-PLpro complex
affinity. Our design platform computationally examines a correlation network of protein
sidechains and local pair-wise forces to efficiently design UbVs for experiments. Integrating
experimental measurements and further structural analysis using MD simulations and post-
analysis iteratively re-informs new design. The approach is transformative for identifying key
mutation sites and specific residues to guide rational design with high efficiency for many
Ub-bound DUBs and proteins®***, including SARS-CoV-2. In contrast to producing variant-
specific antibodies/vaccines for diverse spike proteins, tight and specific UbV inhibitors for
the PLpro-CoV2 can provide a prominent solution to retard viral replication and rescue the
antiviral immune response simultaneously. Our platform is also generalized and can be
applied to other protein templates for engineering tightly bound variants for various

applications.
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Ubiquitin and variants Binding Dis_sociation ICso Ko PLpro selectivity*
(ki';f/’rflﬂél) Time (ns) MERS-CoV SARS-CoV-2

w.t Ub -41.95 + 2.56 32 52.91 +6.98 UM 40.75 + 3.82 uM - -
A4BF -48.25 + 1.09 67.5 1.64+0.03uM 2.74+029uM  **+ -
K48E -49.52 + 2.56 75 3.94+042uM 5.15+0.71 uM ++ -
E64Y -42.00 + 1.49 68 0.29+0.03uM 0.46£0.04 yM  *+H+++ -
A46F-KA48E (UbV2) -50.54 + 2.35 207 0.20+0.00 M 0.22+0.03 M *+H+++ -
A46F-K48L -49.03 + 2.33 200 0.23 +0.01 uM N/A N/A N/A
A46F-K48S 4713 +2.84 N/A 0.18 +0.01 uM N/A N/A N/A
A46F-K48E-G75R -45.24 + 1.48 40 9.74+0.15uM 1M.41+126um  NA N/A
A46F-K48I N/A N/A 0.49 + 0.04 uM N/A N/A N/A
A46F-K48E-E64Y (UbV3) -53.77 + 1.37 >250 14.84+144nM  2.77nM et -
A46F-K48E-R74N-G75S (UbV4)  -50.18 + 0.88 65 0.11+0.01uM 0.15+0.02uM  +++++ -
A46F-K48L-R74N-G75S -46.49 + 0.98 >250 0.13+0.01 yM  0.14 + 0.02 uM N/A N/A
A4BF-KABE-E64Y-R74N-G75S -50.81 £ 3.25 88 9.71 £0.74 nM 1.48 nM PRI -
(UbV5)

ME.2** -47.98 +1.72 >250 15.62 + 2.54 nM N/A bttt -
ME.4** N/A N/A 28.57 £1.94 nM N/A e -

Table 1. Computational and experimental evaluation of binding affinity between MERS-

CoV-PLpro and UbVs.
* One “+” indicates 0-20% reduction of PLpro activity compared to UbV-free conditions.

** ME.2 and ME.4 were previous UbVs?! introducing 15 mutation sites. The PLpro
selectivity for ME.2 and ME.4 UbVs were extracted from published work>!.
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Figure 1. Workflow of rational design of ubiquitin (Ub) variants. (a) Molecular modeling
with molecular dynamics (MD) simulations and post-analysis to reveal highly correlated
regions between the interface of PLpro (presented marine trace) and Ub (orange). (b)

Integrated computational and experimental design, validation, and interpretation.
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b zinc blndlg region Alpha helix region

Figure 2. Highly correlated regions between Ub and MERS-CoV PLpro. (a) Suggested
potential mutation residues based on interaction networks: R42, A46, K48, E64, V70, R74,
and G75. Color-coded regions: Ubiquitin (Ub, orange), PLpro (marine), Zn binding region
(palegreen), Hydrophobic core (lightblue), Alpha helix region (paleyellow) and Ub-tail
(wheat). Note that R42 and V70 were not considered in further Ub variant (UbV) designs and
experiments after computational prediction. (b) Computed dihedral correlation network

showing how mutation leads to conformation changes at distal regions.
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Figure 3. The inhibitory ICso and affinity constants of UbVs. (a) ICso curves of selected 7

UbVs and wild-type Ub (wtUb) show PLpro activity progressively inhibited from 2- to 5-

point mutations. (b) BLI sensorgram and fitting curve of UbV2 show Kp of 0.22 uM. (¢) The

measured ICso and Kp values are highly correlated. (d) BLI sensorgram of tight binders

UbV3 and UbV4. (e) Experimentally measured ICso of 26 UbVs are summarized in a

logarithmic scale, with black, green, orange and blue circles indicating weak, medium, strong

and very strong inhibitors, respectively.
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A46F-K48E

Y223

Figure 4. Analysis of conformational dynamics and interactions of wtUb and UbVs for the
hydrophobic core and Zn binding region. Ub and PLpro are orange and marine, respectively.
(a) New attractions introduced by A46F and K48E mutations in the hydrophobic core. (b)
Superposition of 50 conformations from a 500-ns MD run. The Zn binding region of PLpro
(pale green) is highly stabilized by E64Y mutation, where the hinge motion of backbone
E230 (salmon) in the interaction network contributes significantly to the loop conformations.

Wile-type E64 or mutated Y64 is shown in stick.
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