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ABSTRACT: Activity-regulated cytoskeleton-associated protein
(Arc) forms virus-like capsids for mRNA transport between
neurons. Unlike HIV-1 Group-specific Antigen (Gag), which uses
its Nucleocapsid (NC) domain to bind HIV-1 genomic mRNA,
mammalian Arc lacks the NC domain, and their direct mRNA
binding interactions remain underexplored. This study examined
rat Arc’s binding to rat Arc S’ UTR (ASU), HIV-1 5’ UTR (HSU),
and GFP mRNAs, revealing weak binding with no significant
preference. Adding the HIV-1 NC domain to rArc’s C-terminus
significantly improved binding to HSU, while also showing
substantial binding to ASU at about 60% of its HSU level and
exhibiting twice the affinity for ASU over GFP mRNA.
Importantly, rArc-NC binds 3.4 times more ASU and HSU than
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GST-NC, indicating that rArc NTD-CA aids mRNA binding by HIV-1 NC. These findings suggest a conserved Gag protein—mRNA
interaction mechanism, highlighting the potential for developing mRNA delivery systems that combine endogenous Gag NTD-CA

with retroviral NC and UTRs.

B INTRODUCTION

The mammalian genome contains numerous protein-coding
genes originally derived from sequences encoded by trans-
posons' or retroviruses” that have been domesticated to
restrict their function and repurpose these transposable
elements as a genetic resource for novel purposes.’
Interestingly, many of these transposon-derived genes are
active in the brain.” While their specific molecular functions are
often unclear, a few have gained scientific attention recently.
One such example is the activity-regulated cytoskeleton-
associated protein (Arc), which shares biochemical properties
with retroviral/retrotransposon Gag proteins.”® Arc is crucial
for promoting synaptic plasticity and memory formation,” and
its dysfunctions are associated with various neurological and
neurodevelopmental disorders."”"" The retroviral-like proper-
ties of Arc include the ability to self-assemble into oligomeric
particles resembling retrovirus capsids to encapsulate mRNA.
These Arc capsids are released from neurons in extracellular
vesicles (EVs) and facilitate the transfer of Arc mRNA to new
target cells, where it can undergo activity-dependent trans-
lation in the mammalian brain."”

HIV-1 is one of the most extensively studied retroviral gag
proteins. It consists of three major protein domains: matrix
(MA), capsid (CA), and nucleocapsid (NC). The HIV-1 MA
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domain features a conserved cluster of highly basic amino acids
that interact with acidic phospholipids, mediating Gag-
membrane binding. Besides acidic phospholipids, the highly
basic MA domain also binds to RNA. The CA domain
primarily drives capsid formation, promoting protein—protein
interactions via dimer, trimer, and hexamer interfaces. The NC
domain of HIV-1 Gag is characterized by two zinc finger-like
motifs flanked by highly basic sequences, recognizing the
packaging signal in the viral genomic mRNA, which promotes
selective viral genome packaging.'* ™' Studies have also shown
that the NC domain alone is not sufficient for the
encapsulation of the HIV-1 genomic mRNA but relies on
the structural integrity of the CA domain lattice.'” Mammalian
Arc (mArc) proteins, gag homologues, contain the N-terminal
Domain (NTD) and C-terminal CA domains but lack the NC
domain and zinc ﬁngers.lz’18 Despite missing the NC domain,
recombinantly purified mArc proteins can still encapsulate
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mRNAs.'”"” Recent findings indicate that mArc NTD has a
positive patch of residues, termed an oligomerization motif,
which may bind mRNAs through ionic interactions during
capsid assembly inside cells or in solution.'’

Interest in using endogenous capsid-forming proteins as
drug carriers is growing due to their potential to deliver
therapeutic mRNAs with high specificity and efficiency.
However, a deeper understanding of the mechanisms behind
the mRNA loading by these proteins is essential. An mRNA
consists of a protein-coding open reading frame (ORF) flanked
by two noncoding regions: the S’ untranslated region (5
UTR) at the beginning and the 3’ untranslated region (3’
UTR) at the end.”” The 5’ UTR regulates mRNA translation
into proteins, affecting the molecule’s stability, localization, and
translation. The 3’ UTR primarily regulates mRNA local-
ization, stability, and translation.”! Additionally, the UTRs of
Gag proteins play a crucial role in mRNA encapsulation during
the capsid assembly. HIV-1 gag selectively encapsulates
genomic mRNA through specific interactions between the
psi () signaling element in the HIV-1 5’ UTR and the NC
domain’s zinc ﬁnge1‘s.16’22_24 Unlike its mammalian orthologs,
Drosophila Arc (dArc1) has an NC domain, and without its 3’
UTR, it shows low mRNA transduction efliciency and little
cargo specificity.”> Similarly, the encapsulation selectivity and
mRNA delivery efliciency of Paternally Expressed Gene 10
(PEG10), which also has an NC domain, improve when the
mRNA cargo is flanked by its S’ and 3’ UTRs.*® These
highlight the crucial role of UTRs in Gag-NC proteins’ capsid
assembly. However, mArc lacking the NC domain can also
encapsulate non-UTR mRNAs and form capsids in solu-
tion.' > A recent study suggests that, although the rat Arc 5’
UTR enhances rat Arc capsid stability, which contributes to
efficient encapsulation and transfer of mRNA both in vitro and
in vivo, the system lacks specificity in selecting cargo for
loading.27 Overall, these findings highlight gaps in our
understanding of endogenous Gag-mRNA interactions, which
are crucial for the design of future endogenous retrovirus-like
mRNA carriers.

In this work, we investigated fundamental protein—mRNA
interactions in a cell-free environment, devoid of cellular
components essential for capsid formation and mRNA
encapsulation. Given the critical role of UTRs and NC
domains in Gag protein capsid assembly and noting the
absence of an NC domain in mammalian Arc proteins, we first
examined the rat Arc (rArc) protein binding with two UTR
sequences, rArc 5’ UTR (ASU) and HIV-1 S'UTR (HSU), as
well as a non-UTR GFP ORF mRNA. Results obtained from
both direct binding and sandwich assays showed no significant
difference in rArc protein’s binding to UTR and non-UTR
mRNAs, suggesting that direct mRNA binding to rArc is
primarily electrostatic via its NT domain. Subsequently, we
modified the C-terminus of wild-type rArc, by adding the HIV-
1 NC to evaluate its effect on mRNA binding. The engineered
rArc-NC demonstrated significantly enhanced binding to HSU
and ASU, with a 13-fold and 8-fold increase, respectively,
compared to rArc. Additionally, rArc-NC exhibited nearly
twice the binding affinity for ASU compared to GFP ORF
mRNA, likely due to secondary structural similarity between
ASU and HSU. This highlights the potential of rArc-NC as an
endogenous virus-like mRNA carrier combining Gag NTD-CA
with NC and UTR+ cargo mRNAs. Importantly, rArc-NC
binds both ASU and HSU significantly more efficiently than
GST-NC, suggesting that rArc’s NT domain may facilitate

electrostatic interactions with mRNAs while the CA lattice
stabilizes these interactions, in addition to the direct binding
by NC. These findings highlight again the potential for
developing mRNA nanocarriers that integrate the capsid
structure of endogenous Gag MA-CA domains with the
binding specificity of retroviral NC and UTRs. Overall, this
work offers insights into Gag-mRNA interactions and high-
lights potential protein engineering enhancements to improve
the specificity and efficiency of endogenous virus-like mRNA
delivery systems.

B MATERIALS AND METHODS

Chemicals and Reagents. Oligo ethylene glycol (EG)
alkanethiolates HS—(CH,),;—(OC,H,),—OH and HS—(CH,),,—
(OC,H,)¢—OCH,—COOH were purchased from ProChimia Surfa-
ces (Gdynia, Poland). N-Hydroxysuccinimide (NHS), Tris base,
glycerol, Tween-20, NuPAGE 4—12% Bis-Tris Mini Protein Gels,
NuPAGE LDS Sample Buffer (4X), Pierce Protease Inhibitor Mini
Tablets, Pierce Glutathione Agarose, SuperBlock Blocking Buffer,
fluorescent secondary antibody (Alexa Fluor 647 goat antirabbit),
Luria—Bertani (LB) broth, sodium chloride (>99.0%), absolute
ethanol (200-proof), Ampicillin sodium salt, and Pierce 660 nm
Protein Assay Reagent were purchased from ThermoFisher Scientific
(Waltham, MA). N-(3-(Dimethylamino)propyl)-N’-ethylcarbodii-
mide hydrochloride (EDC), HEPES, 2-mercaptoethanol (2-ME),
Triton X-100, and magnesium chloride (>99.0%) were purchased
from Millipore Sigma (Burlington, MA). Ethanolamine hydrochloride
(>98.0%) was purchased from TCI America (Portland, OR).
Nuclease and endotoxin-free molecular biology grade water was
purchased from Neta Scientific (Marlton, NJ). Sodium acetate (99%)
was purchased from BeanTown Chemical (Hudson, NH). PTFE 0.45
um filters (25 mm) were purchased from Cole-Parmer (Vernon Hills,
IL). Stable and BL21 competent E. coli cells, restriction enzymes
(BamHI1, Xhol, Apal), DNA polymerase master mix (Phusion Hot
Start Flex 2X Master Mix), Gibson Assembly Master Mix, HiScribe
T7 mRNA Kit with CleanCap Reagent AG, and Monarch RNA
Cleanup Kit were purchased from New England BioLabs (Ipswich,
MA). Terrific Broth was purchased from Research Product Interna-
tional (Mt. Prospect, IL). Isopropyl f-D-1-thiogalactopyranoside
(IPTG), reduced glutathione, dithiothreitol (DTT), and benzonase
nuclease were purchased from Sigma-Aldrich (St. Louis, MO).
PreScission protease was purchased from GenScript (Piscataway, NJ),
and gravity flow columns were purchased from Marvelgent
Biosciences (Canton, MA). The primary antibody (rabbit polyclonal
anti-Arc) was purchased from Synaptic Systems (Gottingen,
Germany). The Nucleospin Gel and PCR Clean-up Kit and Wizard
Plus SV Minipreps DNA Purification Systems were purchased from
Macherey-Nagel (Allentown, PA) and Promega Corporation
(Madison, WI), respectively.

Plasmids Cloning. A rArc plasmid (pGEX-6pl-GST-ArcFL,
#119877), GFP plasmid (pcDNA3-EGFP, #13031), HIV-1 Gag
plasmid (pMET-GAG-HRAS, #80604), and HIV-1 pNL4-3 vector
plasmid (pNL4-3 envFS eGFP gag2xFS, #101341) were purchased
from Addgene (Watertown, MA). The ASU-GFP plasmid (pcDNA3-
ASU-GFP) was provided by Dr. Wenchao Gu. The GST-NC protein
construct was produced by PCR (primer sets in Table S3) amplifying
the HIV-1 NC domain sequence from the HIV-1 Gag plasmid and
ligating it into the BamH1 and Xhol sites of the pGEX-6p1 backbone
via Gibson assembly. rArc-NC was generated by Gibson assembly of
PCR-amplified (primer sets in Table S3) rArc and NC fragments with
the BamH1 and Xhol linearized pGEX-6p1 vector. The HSU mRNA
construct was produced by Gibson assembly of the PCR-amplified
(primer sets in Table S3) HSU fragment from the HIV-1 pNL4-3
vector plasmid with the BamH1 and Apal linearized pcDNA3 vector.
These plasmids were transformed into NEB Stable E. coli cells, and
individual colonies were screened by full plasmid sequencing at
Eurofins Genomics or PlasmidSaurus.
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Protein Purification. The plasmids pGEX-6pl-GST-ArcFL,
pGEX-6p1-GST-NC, and pGEX-6pl-GST-ArcFL-NC were trans-
formed into E. coli BL21 competent cells and spread on LB agar plates
containing ampicillin. The plates were incubated overnight at 37 °C.
A single colony was picked to initiate starter cultures for protein
expression and grown overnight at 37 °C in LB medium with
ampicillin. These starter cultures were then used to inoculate 500 mL
of 2X TB medium supplemented with ampicillin, S mM HEPES, and
2 mM MgCl,. The cultures were grown at 37 °C and 250 rpm until
the OD600 reached 0.5—0.7, followed by induction with 0.5 mM
IPTG and incubation at 21 °C and 250 rpm for 18—20 h. Cultures
were harvested by centrifugation at 6000g for 15 min at 4 °C, and the
resulting cell pellets were flash-frozen using liquid nitrogen. For lysis,
the pellets were resuspended in 20 mL of lysis buffer (50 mM Tris,
100 mM NaCl, 5% glycerol, 1 mM DTT, 0.1% Triton X-100, 2 mM
MgCl, pH 8.0) along with two protease inhibitor tablets and 2500
units of Benzonase Nuclease. The cells were lysed by sonication (10
pulses of 30 s on and 90 s off at a 60% duty cycle), and the debris was
pelleted by centrifugation at 22 000g for 1 h. The cleared lysates were
incubated with GST agarose affinity resin overnight at 4 °C. The
resin-bound protein was washed four times on a gravity flow column
using a wash buffer (50 mM Tris, 100 mM NaCl, 1 mM EDTA, 1
mM DTT, 0.1% Triton X-100, 5% glycerol, pH 8.0). The GST-NC
protein was eluted with GST elution buffer (50 mM Tris, S0 mM
NaCl, and 10 mM reduced glutathione, pH 8.0). For the rArc and
rArc-NC constructs, the resin-bound protein was re-equilibrated in
elution buffer (containing 100 mM NaCl, SO mM Tris, 1 mM EDTA,
1 mM DTT, pH 8.0) and cleaved on-resin overnight at 4 °C using
PreScission Protease. The cleaved rArc and rArc-NC proteins were
eluted, while the GST protein bound to the resin was subsequently
eluted with the GST elution buffer. The purity of the proteins was
verified by SDS-PAGE and Western blot. Protein concentrations were
measured using a BioTek Cytation 7 Imager and a Pierce 660 nm
Protein Assay Kit.

Western Blot Analysis. 100 ng of purified rArc and rArc-NC
proteins were mixed with NuPAGE LDS Sample Buffer (4X) and 10%
2-ME, then incubated at 90 °C for 10 min. The samples were loaded
onto NuPAGE 4—12% Bis-Tris Mini Protein gels and run at 200 V for
30 min to separate the proteins. Proteins were transferred to a PVDF
membrane by using the iBlot2 system (ThermoFisher Scientific).
Membranes were blocked with SuperBlock Blocking Buffer for 1 h at
room temperature, followed by overnight incubation at 4 °C with 0.5
ug/mL Arc primary antibody in SuperBlock Blocking Buffer. After five
washes with 1X PBST (1X PBS with 0.05% Tween-20), membranes
were incubated with 0.4 pg/mL fluorescent secondary antibody in
SuperBlock Blocking Buffer for 1 h at RT, washed five times with 1X
PBST, and imaged using the Azure Biosystems 300 Imager.

In Vitro Transcription of mRNA. The plasmids encoding ASU
(pcDNA3-ASU-GFP), HSU (pcDNA3-HSU), and GFP (pcDNA-
EGFP) mRNAs were linearized by PCR (primer sets in Table S3) and
purified using the Macharey-Nagel Nucleospin Gel and PCR Clean-
up Kit. Primers were designed with the forward primer upstream of
the T7 promoter (all mRNAs) and the reverse primer, adding a 120
bp polyA tail to the GFP mRNA. The ASU and HSU mRNAs did not
have a polyA tail. mRNA was synthesized with the HiScribe T7
mRNA Kit with CleanCap Reagent AG, following the manufacturer’s
protocol. After 2 h of incubation at 37 °C, 30 uL of water and 2 yL of
DNase I were added to the reaction mixture and incubated for 1 h at
37 °C. The mRNA was then purified using the Monarch RNA
Cleanup Kit as per the manufacturer’s protocol. mRNA quality was
verified by gel electrophoresis and fragment bioanalyzer, and mRNA
concentration was measured using a BioTek Cytation 7 Imager.

SPR Biosensor. A six-channel SPR biosensor developed at the
Institute of Photonics and Electronics, Prague, Czech Republic, was
used in this study.*® This biosensor, with temperature stabilization,
utilizes wavelength spectroscopy of surface plasmons. It features a
dispersionless microfluidic system that delivers the sample analyte
directly to the SPR chip surface using a two-pump system, eliminating
inter- and intradispersion effects. Light is collimated and polarized in
the sensor head before it reaches the SPR coupling prism. The

reflected light is collected and directed to a six-channel spectrograph.
SPR gold chips were prepared by coating glass slides with a thin layer
of titanium (1—-2 nm) and gold (48 nm) via electron-beam
evaporation at the Cornell NanoScale Facility (CNF). The SPR
chip is coupled with the prism by using immersion oil to match the
refractive index, preventing irrelevant signals. A flow cell with six
separate chambers, each about 80 ym deep, confines the sample
during the experiments. A peristaltic pump delivers the liquid sample
to the flow cell and sensor surface. The sensor has a temperature
controller (ILX Lightwave, LDT-5525) to maintain temperatures
between S and 40 °C. In this study, a 1 nm SPR wavelength shift
corresponded to a change in protein surface coverage of 17 ng/cm?,*'
which was used to calibrate the surface coverage of bound protein.

Surface Functionalization and Protein Immobilization.
Gold-coated SPR chips were rinsed with Milli-Q water and absolute
ethanol and then dried with nitrogen. The gold surface was treated
with oxygen plasma at medium RF power on a Harrick Plasma
Cleaner for S min, rinsed again with Milli-Q water and absolute
ethanol, and dried with nitrogen. The chips were immersed in a 0.2
mM ethanolic solution of OEG,OH and OEG¢COOH thiols in a 7:3
ratio for 16—20 h. After rinsing with ethanol and Milli-Q water and
drying with nitrogen, the chips were mounted on the SPR sensor
using immersion oil to match the refractive index of the prism. All
SPR experiments were performed at 25 °C with a baseline stability of
0.01 °C. Protein immobilization was conducted in real-time. A
baseline was established under Milli-Q water at 20 xL/min.
Carboxylate groups from OEG4COOH thiols were activated with a
mixture of NHS (20 mM) and EDC (80 mM) in Milli-Q water for 10
min at 5 #L/min, followed by a Milli-Q wash at 20 yL/min. Sodium
acetate buffer (SA-10, pH 5.0) was introduced, and protein solutions
(50—-100 pg/mL GST, GST-NC, rArc, and rArc-NC in SA-10, pH
5.0) were injected at 20 xL/min until the surface had ~(3.3-3.5) X
10" proteins/cm® The protein density calculation is provided in
Note S1 and Table S1, showing the theoretical estimate for the total
number of bound proteins/ cm? based on a reference protein of MW
60 kDa. The immobilized surface was washed with SA-10 for 3 min,
followed by a 2 min exposure to PBS with 0.5 M NaCl (PBS-Na) to
remove noncovalently bound proteins. A short SA-10 wash followed.
Residual unreacted NHS groups were deactivated by injecting 1 M
ethanolamine buffer (pH 8.0) for 10 min at a rate of 20 #L/min. SA-
10 buffer was injected again to establish the final protein
immobilization levels (Figure S4).

Detection of mRNA Bound to Proteins. TrisS0 buffer (50 mM
Tris, pH 7) was used for the detection of mRNA bound to
immobilized proteins. 100 nM ASU, HSU, and GFP ORF mRNA
samples in TrisS0 were flowed over protein-functionalized and
reference (GST immobilized) surfaces for 13 min at 20 xL/min. After
detection, the TrisS0 buffer was flowed for at least 15 min at 20 uL/
min to re-establish the baseline. The final detection levels of mRNAs
bound to proteins were measured by the wavelength shift difference
between buffer baselines before sample injection and after TrisSO
buffer washing. To account for molecular weight differences among
the mRNAs, the wavelength shifts were converted to the number of
mRNA molecules per square centimeter of the SPR chip surface. The
calculation is provided in Note S2 and Table S2, showing the
theoretical estimate for the total number of protein-bound mRNA/
cm? based on a reference protein of MW 60 kDa.

Sandwich Assays. For the sandwich assays, 100 nM ASU, HSU,
and GFP ORF mRNAs were flowed over the surface functionalized
with either GST-NC or rArc-NC as described above. After mRNA
detection and baseline establishment by TrisSO buffer, 200 nM rArc
protein was flowed over the mRNA for 8 min at 20 #L/min. This was
followed by flowing TrisSO for 10 min at a rate of 20 uL/min to
reestablish the baseline. The final detection levels of rArc protein
captured by bound mRNAs were determined by the wavelength shift
difference between the buffer baselines before and after TrisS0 buffer
washing. The number of rArc proteins captured by bound mRNAs per
square centimeter of the SPR chip surface was then calculated as
previously described. Similarly, the number of mRNA proteins bound
to either GST-NC or rArc-NC was calculated as described earlier.
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Figure 1. (A) Domain architecture comparison of proteins used in this study with HIV-1 Gag. (B) The amino acid sequence of the HIV-1 NC
domain featuring two zinc fingers, ZF1 and ZF2, linked by a basic region. AlphaFold-predicted secondary structures of (C) rArc with highlighted
protein domains, (D) the HIV-1 NC domain with an N-terminal GST fusion tag (GST-NC), and (E) the engineered rArc protein with an HIV-1
NC domain (rArc-NC), displaying the HIV-1 NC domain appended to the C-terminal random coil tail of rArc. Vienna RNAfold-predicted
secondary structures of (F) ASU and (G) HSU with main stem-loops highlighted. Scale-bar indicates base-pair probabilities.

The ratio of these two values provided the number of rArc proteins
captured by a single-bound mRNA molecule.

Statistical Analysis. Experimental data are shown as mean =+
standard deviation using bar graphs. Statistical analyses were
performed using GraphPad Prism (version 10.0.2). Sample compar-
isons were made using the unpaired t test, where ns indicates p > 0.05,
* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001,
and **** indicates p < 0.0001.

B RESULTS AND DISCUSSION

Production of Recombinant GST, rArc, GST-NC, and
rArc-NC Proteins. Figure 1A shows the domain architecture
comparison between the proteins used in this study and those
in HIV-1 Gag. The study utilized GST, wildtype rArc, the
HIV-1 NC domain with an N-terminal GST tag (GST-NC),
and an engineered rArc protein with a C-terminal HIV-1 NC

domain after the random coil tail of rArc (rArc-NC). This
rArc-NC design allowed the random coil tail of rArc to serve as
a linker, ensuring the independent folding of rArc and NC
proteins without disrupting their secondary structures. This
was confirmed by the structural model of the engineered rArc-
NC protein, built using AlphaFold2*® under the colabfold
framework.”” The secondary structure indicated that the rArc
and NC fragments folded independently, as shown in Figure
1E compared to wildtype rArc and GST-NC in Figure 1C and
D, respectively. To maximize the soluble protein yield, a pGEX
expression vector was used, adding a GST fusion tag to the N-
terminus of each protein. Recombinant fusion proteins were
expressed in bacteria via IPTG induction. SDS-PAGE analysis
confirmed the presence of rArc (45.33 kDa), GST-NC (34.08
kDa), and rArc-NC (53.01 kDa) in purified samples (Figure
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Figure 2. SDS-PAGE analysis of the purified recombinant (A) rArc, (B) GST-NC, and (C) rArc-NC proteins showing their size and purity.
Western Blot analysis of the purified (D) rArc and (E) rArc-NC proteins. (F) Gel electrophoresis showing the size and quality of the in vitro

transcribed ASU, H5U, and GFP mRNAs.

2A—C) with purities of approximately 90%, 85%, and 90%,
respectively, as determined by Image] (Figure S1A—C).
Additionally, Western Blotting using an anti-Arc polyclonal
antibody verified the immunoreactivity of rArc and rArc-NC
proteins (Figure 2D and E). The yields were approximately 1
mg for rArc and rArc-NC and 5 mg for GST-NC, per liter of
bacterial culture. Proteins were stored at —80 °C with final
protein concentrations between 200 and 300 ug/mL. The GST
tag (26.43 kDa), eluted after rArc and rArc-NC, was analyzed
by SDS-PAGE and found to be 100% pure (Figure S6A). It
was stored under the same conditions as those of the other
proteins.

In Vitro Transcription of A5U, H5U, and GFP mRNAs.
Two UTR mRNAs, rArc S'UTR (ASU) and HIV-1 S'UTR
(HSU), along with a non-UTR GFP ORF mRNA with a polyA
tail were utilized in this study. The molecular weights of these
mRNAs were 106.89, 121.69, and 382.95 kDa, respectively.
They were synthesized via in vitro transcription (IVT) using
T7 RNA polymerase, with linearized plasmids serving as
templates. RNA quality and size were verified through gel
electrophoresis, showing prominent bands corresponding to
ASU (334 bases), HSU (396 bases), and GFP (1186 bases;
Figure 2F). Further size and integrity confirmations were
obtained using a fragment BioAnalyzer (Figure S2A—C).
Spectrophotometric analysis yielded A,4)/Ayg, ratios of >2,
indicating minimal protein or DNA contamination. The
synthesized mRNAs had concentrations of approximately 2
mg/mL and were stored at —80 °C without dilution.

Surface Plasmon Resonance (SPR) Biosensors for
Cell-Free Protein—mRNA Binding. Cellular components
like cell membrane® > and tRNA**** influence gag protein—
mRNA interactions during capsid assembly. To isolate these
effects and understand protein—mRNA binding in real-time,
cell-free methods are crucial. Therefore, real-time cell-free
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protein—mRNA binding experiments were conducted using a
custom-built six-channel SPR biosensor. Gold-coated SPR
chips were functionalized with a low-fouling self-assembled
monolayer (SAM) of the OEG,0OH/OEG,COOH (OH/
COOH) in a 7:3 ratio (Figure S3A). Proteins were
immobilized via amine coupling with carbodiimide chemistry
(Figure S3B and C). A detailed sensorgram of the
immobilization process is shown in Figure S4A and B. The
surface protein density for all proteins was standardized based
on the surface density that ensured 100% surface coverage of
rArc (Note S1). Table S1 lists the surface protein densities for
the immobilized proteins (GST, rArc, GST-NC, and rArc-
NC), with the GST surface serving as a reference for
nonspecific interactions and baseline drift. To investigate the
protein—mRNA binding interactions, mRNA samples were
flowed through the protein-functionalized sensor surfaces
(Figure 3A—C). The wavelength shifts in the SPR sensorgram
after mRNA flow indicated successful protein—mRNA binding.
The wavelength shifts, caused by changes in the local refractive
index upon protein—mRNA binding, are proportional to the
molecular weight of mRNA and were used to quantify the
number of mRNA molecules per cm® binding to the proteins
(Note S2 and Table S2).

Interaction of Wildtype rArc Protein with mRNAs.
The NC domain in retroviruses is crucial for RNA
encapsulation and maintaining capsid integrity as it specifically
binds to the unique 5" UTRs to package viral genomic RNA
into capsids. Although rArc lacks the NC domain, it can form
capsids with both its own UTR and non-UTR mRNA."*"**’
While including the ASU motif in cargo mRNA stabilizes rArc
capsids, rArc does not preferentially load ASU-bearing
mRNAs.”” Overall, these findings suggest that unlike retroviral
and drosophila proteins, the rArc protein may not selectively
bind its UTRs. Using direct binding methods like SPR to
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Figure 3. Schematic representation of SPR binding assays with ASU mRNA captured by (A) rArc, (B) GST-NC, and (C) rArc-NC proteins. Real-
time SPR sensorgrams showing the capture of (D) 100 nM ASU, H5U, and GFP mRNAs by rArc, (E) 100 nM ASU and HSU mRNAs by GST-
NC, and (F) 100 nM ASU, HSU, and GFP mRNAs by rArc-NC. Bar graph displaying the number of (G) ASU, HSU, and GFP mRNAs bound per
cm? of the chip surface by rArc; (H) ASU and HSU mRNAs bound per cm? of the chip surface by GST-NC; and (I) ASU, HSU, and GFP mRNAs
bound per cm? of the chip surface by rArc and rArc-NC. (J) Bar graph comparing the number of ASU and HSU mRNAs bound per cm? of the chip
surface by GST-NC and rArc-NC. Samples were compared using an unpaired t test where ns represents a p > 0.05, * represents p < 0.05, **
represents p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001.

assess rArc binding to UTR versus non-UTR mRNAs is crucial
for understanding mRNA—protein binding mechanisms in
retrotransposon capsids. Here, we used two $'UTR mRNA
motifs, ASU and HSU, and a non-UTR GFP ORF mRNA to
assess how these mRNAs interact with the rArc protein in a
cell-free environment. The SPR wavelength shifts indicated
weak binding of the three mRNAs by rArc protein (Figure
3D), with no significant difference observed in the number of
ASU, HSU, and GFP mRNAs bound (Figure 3G). These
results demonstrate the critical role of the NC domain in
effective and specific mRNA binding, suggesting that in its
absence, the binding of mRNAs to surface-bound rArc proteins
is not dependent on mRNA identity but is predominantly
electrostatic, mediated by the NT domain.'”** The NT
domain, which typically binds to the cell membrane during
capsid assembly due to its positive charge, primarily binds to
negatively charged mRNA in the absence of the cell
membrane. To minimize potential mRNA degradation or
loss of secondary structure, we conducted binding experiments
with mRNA incubated with 3 mM Mg?* at 4 °C before testing.
Mg* ions stabilize mRNA by neutralizing the negatively
charged phosphate backbone.**™** No differences were
observed in rArc-mRNA binding with or without Mg>*
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incubation (Figure SSA and B), supporting the authenticity
of the results obtained. GST protein, with no known mRNA
binding sites, was used as a reference in our assays. Assays on
GST-functionalized surfaces showed negligible mRNA binding
(Figure S6B,C), confirming that the interactions observed were
specific to the rArc protein and not due to experimental
artifacts. In conclusion, these results show that without an NC
domain, rArc protein lacks strong or specific mRNA binding.
This suggests a broader, less selective interaction mechanism
during mammalian retrotransposon capsid assembly, indicating
the need for further studies to enhance mRNA encapsulation
for developing new mRNA drug delivery carriers based on
mammalian Arc proteins.

Interaction of Engineered rArc Protein with mRNAs.
The NC domain is a 55 amino acid sequence in the HIV-1 Gag
polyprotein, containing two zinc finger-like motifs of the form
Cys-X,-Cys-X,-His-X,-Cys (X = variable amino acid), where
three cysteines and one histidine bind to a Zn** ion. These zinc
fingers are separated by a basic linker segment (Figure 1B)."¢
The zinc fingers are involved in recognizing and encapsulating
the HIV-1 genomic RNA through specific interactions with the
psi signaling element in the HSU."'” The psi element
contains four stem-loop structures (SL1 through SL4, Figure
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Figure 4. Schematic representation of sandwich assays with ASU mRNA captured by (A) immobilized GST-NC and (B) immobilized rArc-NC
proteins followed by flowing free rArc proteins. Real-time sensorgrams showing the capture of ASU, HSU, and GFP mRNAs by (C) immobilized
GST-NC and (D) immobilized rArc-NC proteins and the subsequent binding of free rArc to mRNAs. Bar graphs display the number of rArc
proteins bound per ASU, HSU, and GFP mRNAs captured by (E) immobilized GST-NC and (F) immobilized rArc-NC.

1G) that aid in recognizing the HIV-1 genomic RNA.'“** To
examine how the HIV-1 NC domain affects an exogenous Gag
protein and alters its binding to mRINAs, we engineered rArc
by adding the HIV-1 NC domain to its C-terminus. SPR
binding assays using immobilized rArc-NC (engineered rArc)
and ASU, HSU, and GFP mRNAs demonstrated enhanced
mRNA binding compared to wildtype rArc. Notably, Figure 3F
shows that the wavelength shifts of mRNAs binding to
immobilized rArc-NC are approximately an order of
magnitude higher than rArc (Figure 3D), indicating increased
mRNA binding per cm” of the chip surface. Specifically, rArc-
NC bound to HSU and ASU mRNAs approximately 13 and 8
times more effectively than did rArc. rArc-NC exhibited higher
binding to HSU than to ASU and GFP mRNAs. It showed
substantial binding to ASU at about 60% of its HSU level and
twice the affinity for ASU over GFP mRNA (Figure 3I),
highlighting its ability to differentiate between UTR and non-
UTR mRNAs in a cell-free environment. Furthermore, despite
both GST-NC and Arc-NC proteins having the same NC
domain at their C-terminal ends, rArc-NC bound 3.4 times
more mRNA (ASU and H5U) than GST-NC (Figure 3]). This
underscores the influence of the partner protein; GST in GST-
NC does not bind mRNA, while rArc in rArc-NC enhances
mRNA binding through the NT domain. It demonstrates the
collaborative nature of Gag protein domains in mRNA binding
and highlights the potential of combining the endogenous Gag
NTD-CA shell with the retroviral NC and UTRs for
developing new mRNA drug carriers. Notably, the HIV-1
NC domain, purified with the GST tag intact (GST-NC),
bound not only to HSU mRNA, as expected, but also to a
significant amount of ASU mRNA (Figure 3E and H). This
can be explained by the predicted secondary structures from
Vienna RNAfold,” showing very similar stem-loops for ASU
and HSU (Figure 1F and G), suggesting that the interaction of

ASU with the NC domain may involve nonelectrostatic
components. This finding suggests a potentially conserved
RNA binding mechanism in both retroviral and retrotranspo-
son Gag proteins influenced by UTR secondary structures. If
the HIV-1 NC domain can effectively load ASU, other
endogenous Gag homologous genes in mammalian cells might
also be targeted for loading into Gag-NC capsids. Future in
vitro and in vivo studies are needed to assess the specificity of
mRNA drug loading, as delivering multiple gag genes along
with an mRNA drug could complicate therapeutic applications.

Unlike retroviral Gag proteins or Drosophila Arc, mamma-
lian Arc Jacks an NC domain, which is critical for RNA binding
and capsid assembly in retroviruses. However, our study
reveals that rArc can still facilitate HIV-1 NC in loading the
HIV §' UTR, indicating functional and structural parallels
between rArc and retroviral Gag. Interestingly, rArc does not
specifically or strongly bind to its own 5’ UTR, setting it apart
from retroviruses. This raises compelling questions about how
mammalian Arc has evolved to form capsid-like structures and
interact with mRNA. Further studies are necessary to evaluate
the specificity of mRNA drug loading via Gag proteins and
investigate the potential of incorporating a Gag NC domain
into human Arc. This modification could enhance mRNA
binding and support functional capsid formation, offering
promising prospects for drug delivery in humans.

Sandwich Assays with Free rArc Protein and Bound
MRNAs. The direct binding assays demonstrated that
immobilized rArc protein binds to both UTR and non-UTR
mRNAs without distinction, raising critical questions about
how free rArc protein interacts with these mRNAs in a cell-free
environment. To address these questions, we performed
sandwich assays with free rArc protein and bound mRNAs.
In these sandwich assays, 100 nM ASU, HSU, and GFP
mRNAs were first bound on surfaces with immobilized GST-
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NC or rArc-NC proteins, followed by the addition of 200 nM
free rArc protein to be captured by the bound mRNAs (Figure
4A and B). Since rArc protein was flowed over the
immobilized GST-NC and rArc-NC surfaces, it could also
interact with these proteins in addition to the mRNA bound to
them. To account for protein—protein interactions in these
sandwich assays, reference channels were used where the buffer
was flowed instead of mRNA, followed by free rArc. The actual
responses for mRNA and free rArc interactions were obtained
by subtracting the reference channel responses from the
analyte channel responses (Figure S7). Real-time sensorgrams
in Figure 4C and D show the capture of ASU, HSU, and GFP
mRNA by GST-NC and rArc-NC, respectively, and the
subsequent interaction of free rArc proteins with the bound
mRNAs. To allow a fair comparison despite different mRNA
sizes and molecular weights, the number of rArc proteins
captured by one molecule of ASU, HSU, and GFP mRNAs was
calculated. Figure 4E and F show that the number of rArc
proteins per mRNA follows the same trend for mRNAs bound
to either GST-NC or rArc-NC: rArc/ASU < rArc/HSU <
rArc/GFP. This trend aligns with the mRNA sizes, ASU <
HSU < GFP, indicating that larger mRNAs, which carry more
negative charge, bind more rArc molecules. This suggests that
the interaction of rArc with mRNAs in the absence of cellular
components is mainly electrostatic and independent of mRNA
identity, like observations from direct binding assays. In
conclusion, both immobilized and free rArc protein interacts
with UTR and non-UTR mRNAs similarly in a cell-free
environment.

B CONCLUSIONS

In conclusion, this study explored protein—mRNA interactions
in a cell-free system, specifically, focusing on the rat Arc (rArc)
protein with and without the HIV-1 NC domain and their
interactions with rArc S'UTR (ASU), HIV-1 S'UTR (HSU),
and non-UTR GFP ORF mRNAs. Wildtype rArc showed
nonselective, mainly electrostatic mRNA binding, whereas the
engineered rArc-NC had significantly improved interactions,
especially with UTR mRNAs. These findings highlight the
potential of using structural components from endogenous
Gag NTD-CA domains, retroviral NC, and UTRs to create
effective, virus-like mRNA delivery systems. This research lays
the groundwork for designing endogenous capsid proteins,
aiming to use the Arc protein as a gene therapy delivery
vehicle.
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