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Abstract
Tripartite motif (TRIM) E3 ligases target specific substrates, including viral proteins, for proteasomal degradation, and are 
thus essential regulators of the innate antiviral response. TRIM69 ubiquitinates the non-structural NS3 protein of Dengue 
virus for its degradation by the host machinery. This antiviral strategy abrogates the immunosuppression mediated by the 
NS2B–NS3 protease complex. To understand how this host-driven antiviral response against Dengue virus, we sought to 
define the mode of interaction between human TRIM69 and Dengue NS2B–NS3 and the subsequent polyubiquitination of 
the protease by the E3 ligase. We show that NS2B–NS3Δpro is sufficient as a substrate for ubiquitination by TRIM69 using 
ELISA and in vitro assays. Using hydrogen–deuterium exchange mass spectrometry (HDXMS), we mapped the interface of 
the interaction between TRIM69 and NS2B–NS3Δpro, and propose a rationale for the binding and subsequent ubiquitina-
tion process. Furthermore, through sequence analysis, we showed that the regions targeted by TRIM69 on the DENV-2 NS3 
protease (NS3Δpro) are well conserved across DENV serotypes and other flaviviruses, including Zika virus, West Nile virus, 
and Japanese encephalitis virus. Our results show the direct interactions of TRIM69 with viral proteins, provide mechanistic 
insights at a molecular level, and highlight the functional relevance of TRIM69 interacting with the Dengue viral protein. 
Collectively, our findings suggest that TRIM69 may act as a pan-antiflaviviral restriction factor.
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Introduction

Mosquito-borne viral infections, such as Dengue are 
endemic to subtropical and tropical climates [1]. Upon entry 
into the cell, Dengue virus (DENV) hijacks the host cell 
machinery to translate the genomic RNA into a polyprotein, 
the cleavage of which by host and viral proteases leads to 
the formation of various structural and non-structural (NS) 
proteins [2]. Of the various NS proteins, NS3 is of particular 
importance, as it is responsible for proteolysis of the poly-
protein via its N-terminal serine protease domain (NS3pro) 
[3]. However, it requires complexation with a hydrophilic 
segment of 18 residues from NS2B as cofactor to form a 
proteolytically active NS2B–NS3 protease complex [4–6]. 
Indeed, studies suggest that flaviviral replication can be dis-
rupted by inhibiting NS2B–NS3pro function [7].

Concurrently, following entry into the cell, Dengue virus 
(DENV) is recognized by cognate innate immune recep-
tors, which trigger the activation of the Type I Interferon 
system and the production of antiviral interferon-stimulated 

Cellular and Molecular Life Sciences

 *	 Nikhil Kumar Tulsian 
	 nikhil.tulsian@nus.edu.sg

 *	 J. Sivaraman 
	 dbsjayar@nus.edu.sg

1	 Department of Biological Sciences, National University 
of Singapore, 14 Science Drive 4, Singapore 117543, 
Singapore

2	 Department of Biochemistry, National University 
of Singapore, 28 Medical Drive, Singapore 117546, 
Singapore

3	 Department of Pharmacology, Yong Loo Lin School 
of Medicine, National University of Singapore, 16 Medical 
Drive, Singapore 117600, Singapore

4	 Department of Biochemistry and Molecular Biology, 
Virginia Commonwealth University, 1101 E Marshall Street, 
Richmond, VA 23298, USA

http://orcid.org/0000-0001-6577-6748
http://orcid.org/0000-0002-6100-3251
http://orcid.org/0000-0001-9781-5326
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-022-04245-x&domain=pdf


	 T. Bagga et al.

1 3

233  Page 2 of 14

genes. These genes, in turn, “restrict” viral replication and 
the subsequent establishment of a productive infection (or 
diseased state) [8–10]. Of the many interferon-stimulated 
genes expressed, Tripartite Motif proteins (TRIMs) have 
received significant attention as antiviral restriction factors 
[11]. Many TRIM proteins exert indirect inhibition by modu-
lating interferon signalling in response to highly divergent 
viral infections, whereas others function by directly interact-
ing with and inducing destruction of viral RNA or proteins 
[11]. Indeed, various studies have reported TRIM-mediated 
restriction of numerous arthropod-borne, positive-sense 
RNA viruses in addition to DENV, including Zika virus 
(ZIKV), West Nile virus (WNV), Japanese encephalitis 
virus (JEV), Yellow fever virus (YFV), Hepatitis C virus 
(HCV), and Tick-borne encephalitis virus (TBEV) [12–17].

Despite utilizing divergent antiviral mechanisms, TRIM 
family proteins are characterized by a conserved N-terminal 
tripartite motif comprising of the catalytic RING domain, 
one or two B-box domains, and coiled-coil (CC) domain 
which mediates TRIM dimerization, followed by a vari-
able C-terminal domain which mediates interaction with 
target substrates [18]. Based on the C-terminal domain, 
TRIMs have been classified into 11 subfamilies with the 
largest C-IV subfamily characterized by the SPRY/B30.2 
(PRY–SPRY) domain at the C-terminus being the largest 
[19].

The non-structural NS proteins are critical for viral rep-
lication and subverting the host antiviral response, and this 
is common to numerous flaviviruses [2]. The host counters 
this viral attack through the action of TRIMs as E3 ligases, 
which ubiquitinate and destroy the NS proteins [20]. Previ-
ous work has shown that TRIM52 interacts with and ubiq-
uitinates the JEV NS2A protein, and that the C-terminal 
SPRY domain of TRIM14 interacts with the NS5A protein 
of HCV to mediate its ubiquitination [13, 14]. This ubiqui-
tination function is similarly indispensable against a range 
of other viruses [21, 22]: the zinc-finger antiviral protein 
(ZAP) requires the E3-ligase activity of TRIM25 to restrict 
alphavirus Sindbis virus (SINV) in the host cell [21], and 
the in vivo replication of Influenza, a negative-sense RNA 
virus, is inhibited by TRIM56 via its C-terminal domain in 
a non-degradative manner [22].

Specifically, TRIMs have been shown to impede viral 
entry and inhibit viral transcription, replication, and spread 
within the host [23]. Understanding the specific roles of 
TRIM proteins as viral restriction factors will help to eluci-
date the antiviral mechanisms employed by hosts, as well as 
aid in the development of antiviral therapeutics.

In 2018, Wang and colleagues [16] identified the role 
for host TRIM69 in restricting DENV-2 replication by 
binding to and inducing the polyubiquitination-depend-
ent proteasomal degradation of the NS3 protein [16]. 
However, the molecular determinants governing this 

interaction are still unknown. To this end, we investi-
gated the interactions of human TRIM69 and the protease 
domain of DENV-2 NS2B–NS3 and mapped the binding 
regions. We found that the protease domain (NS3Δpro) 
of full-length NS3 was sufficient to interact with TRIM69 
for polyubiquitination. We identified three regions on 
human TRIM69 spanning residues Leu181T–His199T, 
Thr223T–Glu234T and Ser398T–Gly412T that reside in 
the CC and PRY–SPRY domain as interaction sites for 
the NS3 protease (T indicates TRIM69 residues). Fur-
thermore, we identified the TRIM69 interaction sites 
on NS3Δpro as Tyr73N–Val90N; Trp139N–Leu148N; 
Leu150N–Leu165N and Pro188N–Leu199N; these regions 
are conserved across DENV serotypes (DENV-1, DENV-
3, and DENV-4) as well as other flavivirus NS3 proteins 
(N indicates NS protein residues). Collectively, our find-
ings show that TRIM69 interacts with NS3 through mul-
tiple distinct domains and suggests that the host deploys 
TRIM69 as a pan-antiviral factor to limit f lavivirus 
infections.

Results

Sequence analysis

TRIM69 consists of four domains: the canonical RING-, 
B-box, CC (forming the tripartite/RBCC domain at 
the N-terminus), and C-terminal PRY–SPRY (Fig. 1a). 
Sequence alignment and phylogenetic analysis of human 
TRIM69 against other human TRIMs suggest that TRIM22, 
TRIM21, and TRIM69 diverge from a common ancestor 
(Fig.  1b). Further sequence alignment of TRIM RING 
domain (Figure SF1) shows conservation of key residues in 
these conserved domains. The acidic residue (Glu10) located 
at the N-terminal region of the core TRIM25 RING region is 
critical for stabilization of the RING/E2~Ub arrangement for 
ubiquitin transfer [24, 25]. An equivalent Glu38 residue is 
present in TRIM69, suggesting a similar role for TRIM69 in 
ubiquitin transfer (Figure SF1). The C-terminal PRY–SPRY 
domain of TRIMs has conserved β-strands and aromatic 
amino acid residues (Figure SF2) and is involved in inter-
action with distinct target proteins [20]. The PRY–SPRY 
domain of TRIM69 targets viral protease NS3, and thus can 
inhibit viral replication and promote clearance of virus.

TRIM69 ubiquitinates DENV‑2 NS2B–NS3Δpro

We purified the full-length human TRIM69 protein (1–500 
aa) as a GST-tagged construct and found that it eluted 
predominantly as a dimer in size-exclusion chromatogra-
phy (Figure SF3). However, the Dynamic Light Scattering 
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(DLS) result indicates that TRIM69 forms a dimer of dimer 
(Figure SF3). The protein was unstable after cleaving the 
GST tag; therefore, all experiments were performed with 
GST–TRIM69.

The DENV-2 NS3 protease domain (NS3Δpro) 
requires the NS2B core region as a cofactor for its cata-
lytic activity and stability [6]. Consequently, a His-tagged 
NS2B–NS3Δpro fusion construct was designed by con-
necting the core 18 residues of NS2B to the N-terminus 
of the NS3 protease domain (1–185 aa) through a flexible 
glycine-rich linker, as described previously by Luo et al., 
for DENV-4 full length NS3 [6]. This construct is hereaf-
ter referred to as “NS2B–NS3Δpro”. The NS2B–NS3Δpro 
protein eluted as a monomer in gel filtration, and this was 
confirmed by dynamic light scattering (DLS) analysis (Fig-
ure SF4).

In Dengue virus suppression, TRIM69 interacts 
with and targets DENV NS3 for ubiquitination. Using 
ELISA, we assessed the interaction between purified 
DENV NS2B–NS3Δpro and TRIM69. We found that 
NS2B–NS3Δpro also interacts with TRIM69 (Fig. 2a), 
an observation hitherto not reported. An in  vitro sub-
strate ubiquitination assay was carried out using the 
recombinantly purified E1, E2, and E3 enzymes, and 
Ub and NS2B–NS3Δpro proteins (Figure SF5). We 
showed that TRIM69 as an E3 ligase can mediate ubiq-
uitination of NS2B–NS3Δpro leading to the formation of 

polyubiquitinated products of NS2B–NS3Δpro (Fig. 2b). 
Thus, suggesting that TRIM69 likely affects the protease 
activity of NS2B–NS3Δpro, which, in turn, negatively 
impacts the viral replication process.

Characterization of TRIM69 and NS2B–NS3Δpro 
interactions using HDXMS

We next used amide hydrogen–deuterium exchange mass 
spectrometry (HDXMS) to identify the interaction interface 
between TRIM69 and NS2B–NS3Δpro, and to probe the 
accompanying changes in their conformational dynamics in 
a time-dependent manner [27–29].

Domain‑specific conformational dynamics of TRIM69

Previous studies have reported the high-resolution crystal 
structures of TRIM69 RING (PDB: 4NQJ) and CC (PDB: 
6YXE) domains, and described the dimerization of the 
TRIM69 RING domain during activation [24, 30]. However, 
these structures represent only a snapshot of the individual 
domains and not a complete picture of the intrinsic dynamics 
of the full-length TRIM69. Here, using full-length TRIM69, 
a total of 66 pepsin-cleaved peptide fragments were ana-
lysed, covering 87% of the primary sequence of the protein 
(Figure SF6).

Fig. 1   Domain architecture and phylogenetic analysis of TRIM69 
protein. a Schematic diagram of the domain organization of TRIM69 
with the approximate residue boundaries. It contains a tripartite motif 
consisting of an N-terminal catalytic RING domain, a B-box domain, 
and coiled-coil (CC) domain, followed by a C-terminal SPRY 
domain. The RING domain contains two “zinc finger” motifs which 
exert TRIM’s E3 ubiquitin ligase activity, the exact function of the 
B-box domain which also contains a “zinc finger” motif is unknown. 

The CC domain forms an antiparallel dimer and mediates homo- and 
hetero-dimerization of TRIMs, while the SPRY domain is involved 
in substrate recruitment. b Phylogenetic tree analysis for 5 major 
TRIM proteins, namely, TRIM21, TRIM22, TRIM23, TRIM25, and 
TRIM69 with antiflaviviral activity. The analysis shows that TRIM21, 
TRIM22, and TRIM69 descent from a common ancestor. Phylogram 
generated using Jalview [63]
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The HDXMS results revealed TRIM69 to be a highly 
dynamic protein, with an average protein-wide relative deu-
terium uptake (RFU) of ~ 0.4–0.5 across various peptides 
(Fig. 3a, ST1). A time-dependent increase in deuterium 
uptake was observed across most regions, with a short label-
ling time (1 min) indicative of low intrinsic dynamics, and a 

longer labelling time (10, 100 min) of high intrinsic dynam-
ics. As expected, peptides spanning the dimer interface 
across the RING and CC domains showed relatively lower 
deuterium uptake (Fig. 3a, red and blue boxes) as compared 
with other regions. These domain-specific changes in the 
inherent dynamics of the anti-parallel TRIM69 dimer were 
reflected by mapping the RFU values onto a full-length 
model of TRIM69 (Fig. 3b); this model was predicted by 
AlphaFold2 (AF-Q86TW6-F1), which showed similarity 
to the high-resolution structures of individual domains of 
TRIM69 [24, 30, 31].

Conformational dynamics of NS2B–NS3Δpro

We next determined the inherent dynamics of DENV 
NS2B–NS3Δpro. Considering that the in vitro ubiquit-
ination assays that were performed at 37 °C, the HDXMS 
experiments were also conducted at this temperature. We 
analysed a total of 75 peptides spanning > 93% of the amino 
acid sequence of NS2B–NS3Δpro (Figures SF7, ST2). A 
protein-wide profile of NS2B–NS3Δpro alone revealed 
protein-specific RFU, wherein peptides spanning His-NS2B 
(residues 1–70, pink box Fig. 3c) showed high RFU values 
(~ 0.4–0.6) at all labelling timeframes, as compared with the 
time-dependent increases in deuterium uptake observed for 
the NS3Δpro segment (green box, Fig. 3c). These confor-
mational changes are better depicted by the heatmap of RFU 
values mapped onto a crystal structure (PDB ID: 2FOM) of a 
deletion construct (residues 48–220) of NS2B–NS3Δpro in 
Fig. 3d [32]. Peptides spanning the N-terminal and C-termi-
nal residues of NS3 had the greatest deuterium uptake, sug-
gesting these regions to be unstructured and highly dynamic, 
and, therefore, disordered in the crystal structures (PDB 
2FOM and 6MO0). Heat maps of peptides spanning the cen-
tral region of NS2B–NS3Δpro also showed time-dependent 
conformational changes and revealed large-scale domain 
movement (Fig. 3b). These loci- and domain-specific deute-
rium exchange values indicate that NS2B–NS3Δpro exhibits 
protein-specific inherent dynamic propensities in solution.

NS2B–NS3Δpro binding leads to conformational dynamics 
of TRIM69

Next, we sought to monitor the conformational changes 
accompanying TRIM69:NS2B–NS3Δpro complex for-
mation. HDXMS experiments were performed with equi-
molar concentrations of TRIM69 and NS2B–NS3Δpro to 
stabilize the interaction. First, we examined the binding of 
NS2B–NS3Δpro to TRIM69 and observed the changes in 
deuterium exchange values of peptides spanning TRIM69. 
Comparing deuterium exchange values of TRIM69 in the 
presence or absence of NS2B–NS3Δpro, we observed that 
most peptides showed an overall decrease in deuterium 

Fig. 2   ELISA confirms the interaction of TRIM69 with DENV 
NS2B–NS3 Protease. a Compared with BSA (grey bar) control, the 
NS2B–NS3Δpro showed direct interaction with TRIM69 (black 
bar) as observed by the increased absorbance at 450 nm, probed by 
anti-TRIM69 antibody. Here we show for the first time that the NS3 
protease domain is alone sufficient for interaction with TRIM69. b 
TRIM69 mediates NS2B–NS3Δpro ubiquitination in vitro. Assay is 
carried out with recombinantly purified GST–TRIM69 (E3) in the 
presence (+) or absence (−) of each of the assay components (repre-
sented by lanes 1–7 in the blot), i.e., E1, E2 (UbcH5b), Ubiquitin, and 
ATP with NS2B–NS3Δpro as substrate. The reaction products were 
resolved on 12.5% SDS–PAGE gel and analysed by immunoblotting 
using anti-Ubiquitin antibody. NS2B–NS3Δpro (1–185  aa) ubiquit-
ination was only observed in lane 7 in the presence of all the ubiquit-
ination components, while partial TRIM69 autoubiquitination activity 
can be seen in lane 5
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exchange (blue boxes, Fig. 4a, Table ST3). These results 
indicate that NS2B–NS3Δpro binding leads to a global 
reduction in the conformational dynamics of TRIM69. A 
“difference map” was generated by mapping these differ-
ences in deuterium exchange values onto the structures of 
different domains of TRIM69 (Fig. 4b). Regions showing 
lower deuterium uptake (mapped in shades of blue) were 
primarily located to the RING and CC domains, suggesting 
that NS2B–NS3Δpro binding promotes and stabilizes the 
dimerization of TRIM69, which is essential for its catalytic 
activity.

Peptides spanning residues Leu181T–Leu199T, 
Thr223T–Glu234T, and Ser398T–Gly412T (T indicates 
TRIM69 residues) of the TRIM69 CC and SPRY domains, 
showed significantly large-scale increases in deuterium 
exchange in the complex state (pink boxes, Fig. 4a; mapped 
in red, Fig. 4b). The increase in deuterium exchange across 
these regions of TRIM69 indicates greater conformational 
flexibility at these loci upon NS2B–NS3Δpro binding. 
The full-length structure of TRIM69 generated by Alpha-
fold (Fig. 4b) shows that the C-terminal SPRY domain 
protrudes from the TRIM69 long axis formed by the elon-
gated CC structure without steric clashing. In addition, the 
large-scale increases in deuterium exchange indicate that 
NS2B–NS3Δpro binding induces domain movement across 
the C-terminal SPRY domain, which is accompanied by 
localized, partial unfolding of the CC domain (Fig. 6).

TRIM69 interacts with specific residues of NS2B–NS3Δpro

In parallel, we probed the effects of TRIM69 on 
NS2B–NS3Δpro structure as the result of their inter-
action and determined the complementary interaction 
interface map. We compared the changes in deuterium 
exchange of the NS2B–NS3Δpro:TRIM69 complex with 
that of NS2B–NS3Δpro alone (Fig. 4c, Table ST4). We 
observed predominant conformational changes across the 
NS2B–NS3Δpro protein at the 10-min labelling timepoint. 
NS2B–NS3Δpro shows an inherently high dynamic propen-
sity; yet binding to TRIM69 did not lead to stable changes 
at all timepoints.

P e p t i d e s  s p a n n i n g  r e s i d u e s 
Ala31N–Glu41N of the NS2B protein, and peptides covering 
Ala120N–Trp133N, Trp139N–Leu148N, Leu150N–Leu165N, 
and Pro188N–Leu199N (N indicates NS2/3 protein residues) 
of NS3Δpro all showed decreases in deuterium exchange 
(blue boxes, Fig.  4c). These differences were mapped 
onto the crystal structure of the deletion construct of the 
NS2B–NS3Δpro fusion protein (PDB ID: 2FOM). The 
difference map of the NS2B–NS3Δpro:TRIM69 complex 
showed that the decreased deuterium exchange is promi-
nent towards the C-terminal end of NS2B–NS3Δpro protein 

(mapped in blue, Fig. 4d). These results highlight the regions 
of NS2B–NS3Δpro that interact with TRIM69 and sug-
gest that TRIM69 reduces the conformational dynamics of 
NS2B–NS3 and promotes proteolytic processing of this viral 
protein.

We found high sequence conservation for DENV-2 
NS3Δpro when compared with NS3 protease domain of 
other DENV serotypes. Notably, Lys104, which is targeted 
by TRIM69 for ubiquitination, is conserved among the sero-
types (Fig. 5a) [16]. This suggests that TRIM69 may interact 
with and ubiquitinate the NS2B–NS3 protease from other 
DENV serotypes. Similarly, sequence comparison revealed 
conservation in the NS3Δpro regions targeted by TRIM69, 
in addition to Lys104, among other flaviviruses, such as 
ZIKV and WNV (Fig. 5b). From this analysis, we propose 
that TRIM69 likely exhibits pan-antiviral activity against 
human–pathogenic flaviviruses through its ubiquitination 
activity. However, further studies are warranted to confirm 
the role of TRIM69 on these flaviviruses.

HDXMS reveals interaction interface of TRIM69:NS2B–
NS3Δpro complex

We observed significant conformational dynamics for 
TRIM69 and NS2B–NS3Δpro at various regions. For 
TRIM69, decreased deuterium exchange was observed 
throughout the protein, with large-magnitude differences 
observed for the CC domain. Upon closer examination 
of the mass spectra of selected peptides of TRIM69, we 
observed characteristic mass spectral broadening of the 
isotopic distribution for peptides spanning the CC dimeri-
zation interface (Fig. 4a, pink boxes). Besides, the helical 
segments flanking the CC domain perpendicular to the short 
α-helices (peptide 126–141; B-box) showed increased deu-
terium exchange in the complex. These HDXMS results 
indicate that NS2B–NS3Δpro binding leads to reduced 
dynamics of TRIM69, wherein NS2B–NS3Δpro binds and 
promotes formation of higher order (tetrameric) oligomers 
of TRIM69 and mediates stable complex formation. Based 
on our observations and combined with previous predictions 
[24, 35], we propose a model for TRIM69:NS2B–NS3Δpro 
complex formation (Fig. 6). This complex mediates efficient 
NS2B–NS3Δpro substrate ubiquitination. In the complex the 
RING domains undergo juxtaposition and promote TRIM69 
dimerization, with the SPRY domain binding to and stabi-
lizing the interaction with the substrate, NS2B–NS3Δpro.

When in complex with TRIM69, we noted significant 
changes in deuterium exchange in NS2B–NS3Δpro for 
peptides that spanned the key residues of the NS3 protein. 
Superimposition of the two difference maps of TRIM69 
and NS2B–NS3Δpro indicated that two molecules of 
NS2B–NS3Δpro become docked between the N-terminal 
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RING and C-terminal SPRY domains flanking the central 
CC domain of a dimeric TRIM69, yielding a 2:2 stoichio-
metric interaction.

Discussion

The human immune system employs different mechanisms 
to prevent viral infection and pathogenesis. A key strategy 
is to curb viral replication via the actions of the host’s E3 
ligases, which ubiquitinate crucial viral proteins and target 
them for proteasomal degradation. Members of the Flavi-
viridae RNA virus family, including DENV, possess unique 
strategies to not only promote their replication in the host 
but also control the host’s intrinsic immune response to pre-
vent viral clearance. In particular, the DENV NS3, cleaves 
viral polyproteins to generate viral protein products, while 
it simultaneously suppresses the immune response by inhib-
iting Interferon α/β (IFN-α/β) induction [36, 37]. Wang 
et al., reported that human E3 ligase TRIM69 ubiquitinates 
DENV-2 NS3, thereby supressing the viral replication pro-
cess [16, 38]. Ubiquitination of DENV NS2B/3 by TRIM69 
for proteasomal degradation is the essential regulatory ele-
ment of innate antiviral responses [11, 20, 23]. Although 
several TRIM protein interactions and the ubiquitination of 
several substrate NS proteins were reported [13, 14, 21, 22], 
the interaction interface region between TRIM and NS pro-
teins, the requirement of minimum region of the substrate 
for ubiquitination were not known.

The mapping of interacting regions in the current study 
uncovers how TRIM69 recognizes and abrogates NS2B/NS3 
activity. We characterized the interactions between human 
TRIM69 and the DENV-2 NS2B–NS3 protease. Our west-
ern blot analysis of the NS2B–NS3Δpro (1–185 aa) ubiq-
uitination reaction in the presence of TRIM69 as E3 ligase 
confirmed that the NS3 protease domain is ubiquitinated, 
which marks the NS3 for clearance by the host proteasomal 
machinery (Fig. 2b). Using HDXMS analysis, we identi-
fied the interacting interface between these two proteins. 
Our domain mapping analysis reveals that both the CC 

and SPRY domains bind to NS3 (Fig. 4b). Three peptides 
situated within the CC and SPRY domains of TRIM69—
Leu181T–His199T, Thr223T–Glu234T, Ser398T–Gly412T—
interact with NS2B–NS3. From our results, we suggest that 
the NS3 protease domain alone is sufficient to act as target 
for TRIM69-mediated ubiquitin-dependent proteasomal deg-
radation of the NS2B–NS3 protease complex.

TRIM69 binds to the C-terminus of the NS2B–NS3 
protease complex. These interaction sites are key to active 
(closed) or inactive (open) conformations of NS2B relative 
to NS3Δpro. Our HDXMS results highlight that TRIM69 
binding manifests significant conformational changes in 
the NS2B–NS3 protease, perhaps priming it for protea-
somal degradation. A previous study reported that Lys104 
(Lys154 in our fusion construct) acts as the ubiquitination 
site on NS3 [16]. The current data shows that the Lys104N 
side chain protrudes away from the NS3 interaction inter-
face (residues Trp139N–Leu148N) (Fig. 4c) with TRIM69, 
emphasizing the functional relevance of this interface in effi-
cient NS3 ubiquitination. Sequence alignment reveals that 
these regions are well conserved across the DENV serotypes 
(DENV-1, DENV-3, and DENV-4), suggesting that TRIM69 
might also target other DENV serotypes and play a pan-
antiviral role against dengue virus infection. Moreover, we 
note high sequence conservation among the flavivirus NS3 
proteins, including conservation of Lys104, which is essen-
tial for ubiquitination (Fig. 5A).

Based on the C-terminal PRY–SPRY domain structure, 
the TRIM69, TRIM21 and TRIM22 are classified as the 
Class-IV subfamily. Several Class-IV family TRIMs act as 
antiviral restriction factors against diverse families of viruses 
by directly targeting of the viral proteins (Table ST5). The 
TRIM-mediated resistance to viruses can be attributed 
to their conserved, multidomain composition. The RING 
domain confers E3 ligase activity [39–41], the B-box and 
CC-domains mediate higher order oligomerization (includ-
ing dimerization) of TRIMs, which define the spatial organi-
zation of the RING and C-terminal SPRY [24, 33, 42–44], 
while the B30.2/SPRY domain mediates interaction with 
target substrates [18]. TRIM69 forms an antiparallel dimer 
in solution primarily due to self-association through its CC 
domain, which positions the RING domain at opposite ends 
of the dimer [33]. Multiple high-resolution structures of 
NS2B–NS3Δpro (PDB: 6MO0, 2FOM) show that it exists 
as a monomer [32, 34].

Molecular insights into the mechanism of action of some 
TRIM proteins have been investigated to identify the deter-
minants for their restriction specificity [11, 12, 24]. In most 
cases, the SPRY domain mediates their interaction with the 
viral protein. Previous studies have shown that the TRIM21 
interacts with the Fc segment of IgG, mediating an antivi-
ral response to antibody opsonized adenovirus and targets 
the virus for proteasomal degradation [26]. Deletion mutant 

Fig. 3   Intrinsic dynamics of TRIM69 and NS2B–NS3. Plot of rela-
tive fractional uptake (RFU, y-axis) of free TRIM69 (a) and NS2B–
NS3Δpro (c) proteins for each pepsin digested fragment listed from 
N-to-C-terminus (x-axis) at three labeling times as indicated. Each 
dot represents each peptide with their residue numbers indicated as 
per the domain organization of TRIM69 (a) and NS2B–NS3 (c). b 
RFU values (10 min labeling time) are mapped onto a model of full-
length TRIM69 (AF-Q86TW6-F1, generated from AlphaFold2) 
shown in cartoon representation and colored as indicated. d RFU val-
ues at 1 min (d i) and 100 min (d ii) labeling timepoints are mapped 
on to the high-resolution structure of deletion construct of NS2B–
NS3Δpro (PDB:2FOM) monomer and indicated in cartoon represen-
tation. N- (M48) and C- (K220) residues of the structure are indicated 
for reference

◂
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analysis showed that the SPRY domain of TRIM14 inter-
acts with IAV nucleoprotein (NP) and HBV HBx protein 
and leads to their degradation [45, 46]. Similarly, the SPRY 
domain of TRIM41 is sufficient for interaction with Enh 
I and Enh II proteins of HBV and the NP protein of IAV 
(Table ST5) [47, 48]. However, viral restriction requires 

RING E3 activity for efficient clearance of the protein by 
the ubiquitin–proteasome pathway [47–50]. These studies 
show that the host deploys multiple TRIM proteins, which 
might act in unison to effectively inhibit the viral lifecycle. 
In addition, certain TRIMs restrict viruses from multiple 
families, thus acting as a pan-antiviral, as exemplified by 

Fig. 4   HDXMS reveals conformational dynamics of NS2B–NS3 and 
TRIM69. Plots showing the differences in deuterium exchange values 
(y-axis) between TRIM69:NS2B–NS3 complex with free TRIM69 
protein (a) and free NS2B–NS3 proteins (c) at different labeling 
times (1, 10, 100  min) for various pepsin-digested fragments listed 
from N-to-C-terminus (x-axis). ± 0.3 Da is considered as significance 
threshold cutoff indicated by red-dashed lines and standard deviation 
is in gray. Positive differences indicate increased deuterium exchange 

(pink boxes) and negative values indicate decreased (blue boxes) deu-
terium exchange in TRIM69:NS2B–NS3Δpro complex. Blue boxes 
highlight peptides showing significant ‘protection’ against deuterium 
uptake in the peptides in TRIM69:NS2B–NS3Δpro complex. Differ-
ences at 10 min labeling time are mapped on to predicted model of b 
TRIM69 (AF-Q86TW6-F1) and d NS2B–NS3Δpro monomer (PDB: 
2FOM), shown in cartoon representation as per key
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TRIM22. The antiviral activity of TRIM22 depends on 
its RING E3 ligase activity varies depending on the virus 
[51]. The E3 ligase activity of TRIM22 RING domain is 
required for inhibition of HIV GAG [51], HCV NS5A [15], 
IAV NP [41], HBV core promoter (CP) [40], and EMCV 
3CPRO proteins, while its NLS (nuclear localization signal) 
and SPRY domain is sufficient to curtail PRRSV replica-
tion [15, 50–52]. On the other hand, certain TRIMs block 
viruses in a species or family specific manner. TRIM5α, the 
best characterized TRIM so far, acts as an antiviral factor 
against retroviruses. Its RBCC motif mediates higher order 
oligomerization, which supports multivalent interactions 
with the viral capsid lattice, while the SPRY domain facili-
tates viral restriction. In addition, species specific retroviral 
restriction by TRIM5α has been observed with the rhesus 
monkey orthologue of TRIM5α (rhTRIM5α) being able to 
antagonize HIV-1, while the human TRIM5α is ineffective 
against HIV [43, 53–56]. These studies help to understand 
the molecular interface of host–pathogen interactions that 
helps identify their role in the innate immune response.

The above studies, however, do not define the finer details 
molecular interactions between TRIMs and the viral proteins 
and shed light on the overall changes in the TRIM protein 
which facilitates efficient interaction targeting the viral pro-
tein. As such, the current report represents the first study 
that describes the protein surfaces that are involved in the 

interaction between TRIM69 and viral protein NS2B–NS3. 
Furthermore, our study elucidates the molecular mechanism 
and overall dynamics of host TRIM69–viral protein inter-
actions, which might target not only one, but rather several 
members of the flaviviridae family. Collectively, our study 
points toward TRIM69 as a host factor with antiviral activ-
ity against flaviviruses. These findings will aid in future 
investigations for the development of drug targets against 
NS2B–NS3 proteases.

Materials and methods

Recombinant protein cloning, expression, 
and purification

The gene construct encoding DENV-2 NGC (GenBank 
M29095) NS2B–NS3 sequence was designed by linking the 
core fragment spanning residues 43–66 from NS2B linked to 
full length NS3 (residues 1–618) via a Gly–Ser–Gly linker, 
as described previously [6]. The gene was codon optimized 
and synthesized into pET-32b plasmid by GenScript (Pis-
cataway). To generate the NS2B–NS3Δpro construct the 
region coding for NS2B–NS3 protease domain was ampli-
fied by PCR using forward primer (5′-GCC​GGA​TCC​CTC​
GAG​GCT​GAT​TTG​ GAA​CTG​-3′) and reverse primer 

Fig. 5   Multiple Sequence alignment of DENV-2 NS3 protease with 
the protease domain from other DENV serotypes as well as related 
flaviviruses infecting humans. a Sequence alignment of NS3 protease 
domain (residues 1 to 185) from DENV-2 with the protease domain 
from other DENV serotypes. b Sequence alignment of DENV-2 
NS3pro with NS3pro domain of other flaviviruses, such as ZIKV, 
WNV, JEV, and HCV. The peptide fragments from DENV-2 NS3 pro-
tease that mediate interaction with TRIM69 are highlighted in blue. 
Lys104 which is targeted by TRIM69 for ubiquitination is indicated 

with a green triangle and conserved across the DENV serotypes, 
WNV, and JEV. Columns are framed in blue for residues with greater 
than 70% similarity based on their physico-chemical properties. Resi-
dues are represented with single letter amino acid code, with identi-
cal residues indicated in white font and boxed in red, while identical 
are indicated in red font. Secondary structure elements are displayed 
above the protein sequence blocks. Alignments were generated using 
Clustal Omega and ESPript [64, 65]
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(5′-AAA​AAG​CTT​TTA​CTT TCG​AAA​GAT​GTC​ATC-3′). 
The amplified product was digested with BamHI and Hin-
dIII restriction enzymes and cloned into similarly digested 
pET-M vector (a modified pET-32a vector designed in our 
laboratory by removing the thioredoxin tag) using T4 ligase 
(Roche). The expression construct codes for a N-terminal 
hexa-histidine tag fused to N-terminus of NS2B–NS3Pro. 
The genes coding for full-length human TRIM69, ubiqui-
tin (Ub), and UbcH5b (E2) were purchased from GenScript 
(USA) in pGEX-6P-1 vector (GE healthcare). The plasmid 
coding for the His-tagged Ube1 (34965, deposited by Cyn-
thia Wolberger) was purchased from Addgene (Cambridge, 
MA, USA).

E. coli BL21(DE3) cells transformed with GST-fusion 
plasmids, while ultracompetent E. coli shuffle cells were 
used for expressing recombinant NS2B–NS3Δpro pro-
tein. Briefly, bacterial cells were cultured in LB medium 
supplemented with 100 μg/mL ampicillin and grown at 
37 °C until the absorbance (600 nm) reached ~ 0.8, induced 
with 0.4  mM Isopropyl β-d-1-thiogalactopyranoside 
(IPTG) and shifted to 16 °C, overnight. Cells expressing 
TRIM69 and NS2B–NS3Δpro were supplemented with 
60 μM ZnCl2 solution as both proteins are zinc-binding 
proteins. Harvested cell pellets were resuspended in lysis 

buffer (50 mM Tris–Cl pH 7.5, 0.5 M NaCl, 5% glycerol, 
3 mM DTT) supplemented with protease cocktail inhibi-
tor tablet (Roche). The cells were lysed by sonication and 
clarified by centrifuged at 18,000 rpm for 30 min (Beck-
mann Coulter centrifuge JA-20 rotor) at 4 °C. The clari-
fied supernatant was loaded onto Ni–NTA beads (Qiagen) 
or GST beads (Qiagen) pre-equilibrated with lysis buffer. 
The column was washed thrice with lysis buffer, supple-
mented with imidazole (10–50 mM) for Ni–NTA purifi-
cation. The protein was eluted with lysis buffer supple-
mented with 500 mM Imidazole for His-NS2B–NS3Δpro 
and Ube1, while 50 mM reduced glutathione was used to 
elute TRIM69. For GST-tagged Ub and UbcH5b proteins, 
on-column GST-tag cleavage was performed (overnight at 
4 °C) using PreScission Protease (GE Healthcare), prior to 
gel filtration chromatography. Proteins were further puri-
fied to homogeneity using gel filtration and ion-exchange 
chromatography using ӒKTA pure chromatography sys-
tem (GE Healthcare) on a Superdex™ 200 10/300 GL 
(Analytical S200)/HiLoad™ 16/600 Superdex™ 200 pg/
HiLoad™ 16/600 Superdex™ 75 pg in buffer (20 mM Tris 
7.5/8.0, 0.15 M NaCl, 5% glycerol, 1 mM DTT). Followed 
by Mono Q™ 5/50 GL anion-exchange chromatography to 
remove any impurities. Eluted protein was concentrated 

Fig. 6   Model of interaction of TRIM69 and NS2B–NS3Δpro. 
HDXMS data revealed various peptides showing protection against 
deuterium exchange in TRIM69 and NS2B–NS3Δpro protein during 
their complex formation. The differences in deuterium exchange val-
ues were mapped onto structures of TRIM69 (AF-Q86TW6-F1) and 
NS2B–NS3Δpro (2FOM), shown in cartoon representation. Differ-

ence map at 10  min of deuterium labelling is shown for transverse 
orientation of dimeric TRIM69 (dimer, left) and NS2B–NS3Δpro 
(monomer, right). Based on the residues showing protection, an inter-
action model is shown in 2:2 stoichiometry ratio of TRIM69:NS2B–
NS3Δpro, with the predicted regions of interaction indicated by dou-
ble-headed arrows
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using Amicon centrifugal filters and quantified using Nan-
odrop spectrophotometer. All the dynamic light scattering 
studies were carried out on a DynaPro NanoStar Dynamic 
Light Scattering instrument (Wyatt Technology Corpora-
tion, CA, USA).

Enzyme linked immunosorbent assay (ELISA)

ELISA assay was carried out between TRIM69 and 
NS2B–NS3Δpro proteins. 5 μg of NS2B–NS3Δpro pro-
tein or BSA as control in coating buffer was coated on 
96-well plates (Thermo Fisher Scientific, MA, USA) over-
night at 4 °C. The plates were washed twice with PBS and 
blocked with 1% BSA in PBS + 0.01% Tween-20) for 2 h 
at room temperature. Proteins were bound with 100 μL 
of TRIM69 (1 μg) at 37 °C for 1 h. Plate was washed 
three times to remove unbound proteins, and incubated 
with 100 μL of 1 μg/mL monoclonal mouse anti-GST (sc-
53909; Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
or polyclonal rabbit anti-Ubiquitin (sc-9133; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) as primary anti-
body for 2 h at room temperature. To remove traces of 
unbound antibody, the plate was washed three times with 
PBST, and incubated with 100 μL of 1:5000 dilution goat 
anti-mouse F(ab’)2–HRP-conjugated (sc-3697; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) or goat anti-rabbit 
HRP-conjugated (A120-101P; BETHYL laboratories, Inc, 
TX, USA) as secondary antibody. Plates were washed 
and then visualized by adding 80 μL of substrate TMB 
(3,3′,5,5′-tetramethylbenzidine) and the reaction stopped 
with 1 M HCl. Absorbance values at 450 nM were meas-
ured on Tecan Infinite 200 PRO multimode plate reader 
(Tecan Group Ltd., Switzerland).

In vitro ubiquitination assays

To assess the activity, ubiquitination assay was performed. 
Each reaction consisted of 0.05 μM E1 (Ube1), 1 μM E2 
(UbcH5b), 2 μM TRIM69 as E3 ligase, and 20 μM WT 
Ubiquitin kept at 37  °C overnight in a reaction buffer 
(50 mM HEPES, pH 7.5, 100 mM NaCl, 10 mM MgCl2, 
5 mM ATP and 1 mM DTT) for autoubiquitination. Subse-
quently 2 μM His-NS2B–NS3Δpro was added to the reac-
tion mixture for substrate ubiquitination. To quench the 
reaction, 6 × SDS loading dye was added and the samples 
were subjected to boiling for 10 min at 95 °C. Denaturing 
gel electrophoresis was performed to assess the samples, 
followed by western blotting to probe the proteins using 
anti-ubiquitin antibody (1:2000 dilution). The western-
blot membrane was washed with 1 × TBS (with 0.05% 
Tween-20), and incubated with horseradish peroxidase 

(HRP)-conjugated goat anti-mouse as secondary antibody 
in a 1:10,000 dilution. Immobilon® Crecendo Western 
HRP substrate (Millipore, Merck) was used to detect the 
antibody-bound protein bands following the manufacture’s 
protocol. The bands were visualized with GeneSys figure 
acquisition software with Syngene PXI multi-application 
Gel Imaging system (Cambridge, UK).

Hydrogen–deuterium exchange (HDXMS) 
of TRIM69–NS3 interaction

Conformational changes accompanying the protein–pro-
tein interaction of TRIM69 with NS2B–NS3Δpro were 
determined  by HDXMS. HDXMS analysis was car-
ried out for free TRIM69, free NS2–NS3Δpro and 
TRIM69:NS2–NS3Δpro complex. For each hydro-
gen–deuterium exchange labeling reaction ~ 75 pmol of the 
protein was diluted in deuterated buffer (50 mM HEPES 
pH 7.5, 100 mM NaCl) to a final 90% D2O concentra-
tion. For HDXMS of free proteins, 3 μL of 1.5 mg/mL 
of TRIM69 and 0.25 μL of 7 mg/mL of NS2–NS3Δpro 
were used. For HDXMS of complex, 3 μL of 1.5 mg/mL 
of TRIM69 and 0.25 μL of 3.5 mg/mL of NS2–NS3Δpro 
were mixed as 2:2 stoichiometric ratio and incubated for 
15 min before deuterium labeling reaction. Deuterium 
labeling for the three conditions was carried out for 1-, 
10-, and 100-min timepoints at 37 °C. The exchange reac-
tion was stopped by lowering the pH to ~ 2.6 and tem-
perature to 0 °C by addition of chilled quench solution 
(0.5 M guanidinium hydrochloride, 10 mM Dithiothreitol, 
trifluoroacetic acid). Non-deuterated control experiments 
of TRIM69 and NS2–NS3Δpro alone were also carried 
out by diluting the samples in aqueous buffer, followed by 
quench solution. Non-deuterated reactions are references 
to determine the masses of individual peptides.

The quenched samples were incubated on ice (0 °C) for 
15 s and then injected into HDX sample manager (Waters, 
USA) for pepsin digestion. Samples were subjected to 
non-specific proteolytic cleavage for 3 min by loading 
onto immobilized pepsin cartridge (Enzymate™, Waters, 
USA) maintained at 12 °C [57]. Quenched samples were 
pumped at 100 µl/min flow of 0.1% formic acid in LC–MS 
grade water (Merck KGA, Germany) by auxiliary sam-
ple manager (nanoACQUITY™, Waters, USA). Next, 
the digested pepsin-cleaved fragments (“peptides”) were 
then trapped onto VanGuard C18 pre-column followed by 
reverse-phase chromatography using ACQUITY UPLC 
BEH C18 (1.7 µm, 1.0 × 100 mm) column. To minimize 
deuterium–hydrogen back exchange, a ‘near-zero degree’ 
ultra-performance liquid chromatography (“UPLC”) was 
carried out by maintaining the column at 0–3 °C tempera-
ture [58]. Peptides were eluted using a 10 min long 8–40% 
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gradient of increasing concentration of solvent B (0.1% 
formic acid in acetonitrile) and decreasing concentration 
of solvent A (0.1% formic acid in water), pumped at 40 µl/
min by nanoACQUITY™ binary solvent manager. The 
peptides eluted were then subjected to mass analysis by 
injecting onto a coupled high resolution Synapt G2-Si 
mass spectrometer (Waters, Manchester, UK).

Mass spectrometry data acquisition and HDXMS 
data analysis

Mass spectrometry data for each sample was acquired for 
10 min with mass spectrometer operated in ion-mobility 
HDMSE mode [28, 58–60]. Mass spectra of non-deuter-
ated controls were used for peak identification and peptide 
matching using ProteinLynx Global Server v3.0.1 software 
(Waters, Milford, MA, USA) against individual databases 
consisting amino acid sequences of TRIM69 (UniProt ID: 
Q86WT6) and NS2B–NS3Δpro (UniProt ID: Q91H74). A 
list of identified peptides was generated from three different 
replicates, which was then loaded onto a semi-automated 
software DynamX v3.0 (Waters, Milford, MA, USA) for 
analysis of deuteration of various peptides. Amount of 
deuterium incorporated was estimated as ‘centroid’ values 
and estimated as the mass differences of deuterated pep-
tide and non-deuterated peptide [60]. Relative deuterium 
uptake (RFU) of each peptide was then calculated as the 
ratio of number of deuterons incorporated by the peptide to 
the maximum number of exchangeable amides available for 
the peptide. All values reported are an average of biological 
replicates, each performed in three independent deuterium 
exchange reactions, and are not corrected for their back-
exchange [60–62].
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