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ESS offers more than just neutron instruments

• Besides instruments, we are also
establishing user support labs
• On-site @ ESS: several”general” user labs

(chemistry, LS & SCM, characterization) 
• Off-site @ MV, LU: DEMAX support labs 

(DEuteration & MAcromolecular
Xtallization support lab) for chemical & 
biological deuteration and support for 
protein crystal growth



Neutrons for Life Sciences

Enzyme mechanism, effect of 
mutations, drug binding
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Crystal (Å) structures: Localization of 
hydrogen atoms

Nanoscale structures: characterization of 
components in complexes

Nanoscale structures: lipid membranes, 
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Neutron reflectometrySingle crystal diffraction Small angle neutron scattering
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Lipid nanoparticles (LNPs) are the most clinically advanced de-
livery system for RNA-based drugs but have predominantly
been investigated for intravenous and intramuscular adminis-
tration. Subcutaneous administration opens the possibility of
patient self-administration and hence long-term chronic treat-
ment that could enable messenger RNA (mRNA) to be used as a
novel modality for protein replacement or regenerative thera-
pies. In this study, we show that subcutaneous administration
of mRNA formulated within LNPs can result in measurable
plasma exposure of a secreted protein. However, subcutaneous
administration of mRNA formulated within LNPs was
observed to be associated with dose-limiting inflammatory re-
sponses. To overcome this limitation, we investigated the
concept of incorporating aliphatic ester prodrugs of anti-in-
flammatory steroids within LNPs, i.e., functionalized LNPs to
suppress the inflammatory response. We show that the effec-
tiveness of this approach depends on the alkyl chain length of
the ester prodrug, which determines its retention at the site
of administration. An unexpected additional benefit to this
approach is the prolongation observed in the duration of pro-
tein expression. Our results demonstrate that subcutaneous
administration of mRNA formulated in functionalized LNPs
is a viable approach to achieving systemic levels of therapeutic
proteins, which has the added benefits of being amenable to
self-administration when chronic treatment is required.

INTRODUCTION
Chemically modified messenger RNA (mRNA) is an emerging class
of nucleic acid-based therapeutics that is able to encode for both
wild-type and engineered intracellular, transmembrane, and secreted
proteins.1 Modified mRNA is chemically engineered to structurally
resemble natural, mature, and processed mRNA in the cytoplasm,
while not eliciting an immunological response when administered.

The endogenousmachinery of the transfected cell is utilized for in vivo
translation of the message to the corresponding protein that un-
dergoes post-transcriptional modifications and folding prior to
secretion.1,2

Substantial investment has been made in the last decades to modify
the structural elements of the mRNA (including modifications of
the nucleotides and cap structure) to enable increased protein expres-
sion and reduced immunogenicity. However, there are still some
fundamental challenges with the use of mRNA as therapeutics,
including stability, duration of action, in vivo pharmacokinetic/phar-
macodynamic (PK/PD), and effective delivery to the target cell type or
tissue. In general, the technology has progressed significantly since
the first non-clinical studies in the 1990s and has to date been
explored for vaccines, protein replacement therapies, and in regener-
ative medicine applications.1–10

One of the major obstacles facing the successful development of
mRNA-based therapies is the identification of a safe and effective de-
livery system that can offer protection of the mRNA from endonucle-
ases and exonucleases and effectively deliver the mRNA into the cells
in a manner that is acceptable to patients. Broadly speaking, RNA de-
livery can be mediated by viral and non-viral vectors.2,11,12 Lipid
nanoparticles (LNPs), initially developed for in vivo delivery of small
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of a second steroid, namely budesonide, were incorporated within an
alternative LNP prepared using L608 as the ionizable amino lipid. For
this, fatty acid ester prodrugs of budesonide having alkyl chain of C8
(caprylate), C14 (myristate), C16 (palmitate), and C18:1 (oleate) were
synthesized, incorporated within hFGF21 mRNA L608 LNPs, and
compared to L608 LNPs not containing steroid.

Similar to MC3 LNPs, hFGF21 mRNA formulated in L608 LNPs re-
sulted in measurable plasma exposures of hFGF21 protein following
s.c. administration (although plasma levels in three out of five mice
were below the limit of quantification of the assay at the 24-h termi-
nation time point). Furthermore, s.c. administration of the L608
LNPs not containing steroid was again associated with both local
and systemic inflammatory responses (Figure 5).

Similar to the incorporation of rofleponide prodrugs within MC3
LNPs, inclusion of budesonide prodrugs within L608 LNPs was
able to maintain plasma protein levels of hFGF21 during the 24-h

duration of the study (Figure 5A). Incorporation of the shorter chain
length prodrug budesonide-C8 within L608 LNPs failed to protect
from local inflammatory responses, with edema being observed in
four of the five mice treated (similar to the incorporation of the
shorter chain length prodrug rofleponide-C5 withinMC3 LNPs). Bet-
ter local tolerability was observed upon incorporating the longer
chain length esters of budesonide-C16 and budesonide-C18:1 where
edema was only observed in one or two mice (Figure 5C). Interest-
ingly, and in contrast to the observation for MC3 LNPs with roflepo-
nide esters, incorporation of the C14 prodrug of budesonide did not
improve local tolerability, with all mice showing edema at the site of
injection. The improved local tolerability upon incorporation of bu-
desonide prodrugs having longer alkyl chain lengths into L608
LNPs was confirmed by histological evaluation of the injection site,
where less cell infiltrates, fibrin buildup, and cell necrosis were
observed (exemplified by histological section of hFGF21 mRNA
L608 LNPs with and without B-C16, Figures 5D and 5E).

In terms of systemic inflammatory responses, there was a trend of
decreasing plasma haptoglobin with increasing the ester prodrug
chain length of budesonide, with levels for the C16 and C18:1 being
significantly lower compared with the L608 LNP not containing ste-
roid (Figure 5B). Incorporation of budesonide prodrugs, however,
had little effect on cytokine levels, which were overall close to baseline
and not particularly elevated for hFGF21mRNA L608 LNPs (data not
shown).

Effect of steroid ester prodrug on duration of protein expression

and comparison to parent steroid

Investigations to identify the most suitable prodrug ester of the two
steroids indicated that incorporation of the steroid prodrugs within
MC3 or L608 mRNA LNPs resulted in prolonged protein expression,
at least during the 24-h period investigated in these studies (Figures
4A and 5A). To further investigate this phenomenon, follow-up
studies were conducted to extend the duration of pharmacokinetic
sampling to 72 h.

Due to the limited amount of blood that could be sampled, as well as
the plasma volumes required for various analyses, three parallel
groups of mice were used in these studies, wherein one group was
sampled during the period 0–24 h, a second group during the period
24–48 h, and a third group during the period 48–72 h. Separate
studies were carried out comparing either the steroid ester prodrug
(rofleponide-C16 or budesonide-C16) or parent steroid, all formu-
lated in MC3 LNPs to MC3 LNPs not containing steroid.

Table 1. Organ distribution of luminescence following s.c. and i.v. administration of 0.3 mg/kg Luc mRNA in MC3 LNPs (mean ± SEM)

Route Time Injection site/skin (%) Lymph nodes (%) Liver (%) Spleen (%) Kidneys (%) Heart (%) Lungs (%)

s.c.

8 h 99.2 ± 0.5 0.71 ± 0.52 0.07 ± 0.03 0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

24 h 98.2 ± 0.8 1.72 ± 0.84 0.07 ± 0.03 0.02 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00

48 h 98.2 ± 0.9 1.39 ± 0.79 0.23 ± 0.06 0.09 ± 0.02 0.01 ± 0.00 0.04 ± 0.01 0.00 ± 0.00

i.v. 8 h 1.11 ± 0.44 0.30 ± 0.07 97.6 ± 0.5 0.96 ± 0.16 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00

Figure 3. Characterization of steroid prodrug distribution within LNPs

(A) Schematic of the isotopic contrast variation used to highlight the location of AICs

in the LNPs with partially deuterated rofleponide-C14 prodrug depicted as red tri-

angles. (B) SANSdata (symbols) and best fit (lines) shown as scattering intensity as a

function of the scattering vector (q) for mRNA-containing MC3 LNPs with a ro-

fleponide-C14/mRNA1:1weight ratio. The data shown are forMC3 LNPs in 15–100

vol % D2O buffer (PBS, pH 7.4). The solid lines show the best fit model, where most

AICmolecules are located in the shell. The dotted and broken lines show themodels

that assume the AIC molecules partitioning in the core or distributed homogenously

throughout the particle, respectively. The corresponding models are shown above.

The intensity for each dataset contrast is offset by an order of magnitude for clarity.
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ABSTRACT: Liposomes are well-established systems for drug delivery
and biosensing applications. The design of a liposomal carrier requires
careful choice of lipid composition and formulation method. These
determine many vesicle properties including lamellarity, which can have
a strong effect on both encapsulation efficiency and the efflux rate of
encapsulated active compounds. Despite this, a comprehensive study on
how the lipid composition and formulation method affect vesicle
lamellarity is still lacking. Here, we combine small-angle neutron
scattering and cryogenic transmission electron microscopy to study the
effect of three different well-established formulation methods followed
by extrusion through 100 nm polycarbonate membranes on the resulting
vesicle membrane structure. Specifically, we examine vesicles formulated from the commonly used phospholipids 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) via film hydration followed by (i) agitation on a shaker or (ii) freeze−thawing, or (iii)
the reverse-phase evaporation vesicle method. After extrusion, up to half of the total lipid content is still assembled into
multilamellar structures. However, we achieved unilamellar vesicle populations when as little as 0.1 mol % PEG-modified lipid
was included in the vesicle formulation. Interestingly, DPPC with 5 mol % PEGylated lipid produces a combination of
cylindrical micelles and vesicles. In conclusion, our results provide important insights into the effect of the formulation method
and lipid composition on producing liposomes with a defined membrane structure.

■ INTRODUCTION
Liposomes are soft self-assembled structures that have been
extensively used for drug delivery and biosensing applica-
tions.1−3 They are vesicles comprising a phospholipid bilayer
surrounding an inner aqueous cavity. Their intrinsic bio-
compatibility, chemical versatility, and potential for stimuli-
responsive behavior make them ideal candidates for biological
applications.4 Furthermore, they have the ability to encapsulate
both hydrophobic and hydrophilic compounds, within the
bilayer and the aqueous core, respectively.5 Additionally,
amphiphilic compounds can be encapsulated in liposomes,
partitioning between the lipid bilayer and the aqueous
compartment.6 There are several parameters to consider
when designing liposome-based drug carriers. Among these,
vesicle lamellarity (number of consecutive lipid bilayers within
one vesicle) is particularly important: it is known to affect the
encapsulation efficiency, liposome internalization by cells, and
efflux rate of encapsulated therapeutic agents which have
implications for drug delivery and shelf life of formulations.7,8

Therefore, for applications which rely on release of
encapsulated contents or sequestration of an active molecule

in the membrane bilayer, the lamellarity has a profound effect
on their efficacy.
Despite this, vesicle lamellarity has been largely overlooked

in the literature, with the current belief that by performing
multiple extrusions (on average 21 passages) through
membranes with a pore size smaller than 200 nm, almost
exclusively unilamellar vesicle populations can be produced,
regardless of composition and formulation method. Benchtop
techniques cannot provide information about lamellarity and
more advanced techniques are therefore required to determine
degrees of multilamellarity. Among these, 31Phosphorus NMR
(31P NMR) has been used to estimate vesicle lamellarity, but it
requires careful calibration because the concentration of the
shift reagent affects the calculated lamellarity.9 Alternatively,
experimentalists rely on cryogenic transmission electron
microscopy (cryo-TEM) or small-angle scattering. Cryo-
TEM can provide exact information about the morphology
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Abstract: Hybrid nanoparticles from lipidic and polymeric components were assembled to serve as
vehicles for the transfection of messenger RNA (mRNA) using di↵erent portions of the cationic lipid
DOTAP (1,2-Dioleoyl-3-trimethylammonium-propane) and the cationic biopolymer protamine as
model systems. Two di↵erent sequential assembly approaches in comparison with a direct single-step
protocol were applied, and molecular organization in correlation with biological activity of the
resulting nanoparticle systems was investigated. Di↵erences in the structure of the nanoparticles
were revealed by thorough physicochemical characterization including small angle neutron scattering
(SANS), small angle X-ray scattering (SAXS), and cryogenic transmission electron microscopy
(cryo-TEM). All hybrid systems, combining lipid and polymer, displayed significantly increased
transfection in comparison to lipid/mRNA and polymer/mRNA particles alone. For the hybrid
nanoparticles, characteristic di↵erences regarding the internal organization, release characteristics,
and activity were determined depending on the assembly route. The systems with the highest
transfection e�cacy were characterized by a heterogenous internal organization, accompanied by
facilitated release. Such a system could be best obtained by the single step protocol, starting with
a lipid and polymer mixture for nanoparticle formation.

Keywords: vaccination; Covid-19; cancer immunotherapy; RNA; cationic polymer; cationic lipid;
lipid-polymer hybrid nanoparticles; small angle scattering

Cells 2020, 9, 2034; doi:10.3390/cells9092034 www.mdpi.com/journal/cells
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Transient and stabilized complexes of Nsp7, Nsp8,
and Nsp12 in SARS-CoV-2 replication
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ABSTRACT The replication transcription complex (RTC) from the virus SARS-CoV-2 is responsible for recognizing and pro-
cessing RNA for two principal purposes. The RTC copies viral RNA for propagation into new virus and for ribosomal transcription
of viral proteins. To accomplish these activities, the RTC mechanism must also conform to a large number of imperatives,
including RNA over DNA base recognition, basepairing, distinguishing viral and host RNA, production of mRNA that conforms
to host ribosome conventions, interfacing with error checking machinery, and evading host immune responses. In addition, the
RTC will discontinuously transcribe specific sections of viral RNA to amplify certain proteins over others. Central to SARS-CoV-2
viability, the RTC is therefore dynamic and sophisticated. We have conducted a systematic structural investigation of three com-
ponents that make up the RTC: Nsp7, Nsp8, and Nsp12 (also known as RNA-dependent RNA polymerase). We have solved
high-resolution crystal structures of the Nsp7/8 complex, providing insight into the interaction between the proteins. We have
used small-angle x-ray and neutron solution scattering (SAXS and SANS) on each component individually as pairs and
higher-order complexes and with and without RNA. Using size exclusion chromatography and multiangle light scattering-
coupled SAXS, we defined which combination of components forms transient or stable complexes. We used contrast-matching
to mask specific complex-forming components to test whether components change conformation upon complexation. Alto-
gether, we find that individual Nsp7, Nsp8, and Nsp12 structures vary based on whether other proteins in their complex are pre-
sent. Combining our crystal structure, atomic coordinates reported elsewhere, SAXS, SANS, and other biophysical techniques,
we provide greater insight into the RTC assembly, mechanism, and potential avenues for disruption of the complex and its
functions.

INTRODUCTION

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) virus has plagued every populated continent
and has been implicated in 3,000,000 deaths at the time of
writing. Recently deployed vaccines have provided much
hope. However, distribution, voluntary immunization, and
mutations in the virus remain major concerns. The develop-
ment and application of treatments that attack fundamental

Submitted March 4, 2021, and accepted for publication June 4, 2021.
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SIGNIFICANCE The SARS-CoV-2 virus has been implicated in 3,000,000 deaths. No therapeutic has been developed
with sufficient efficacy to change the course of the pandemic. The single US-approved therapeutic targets the replication
transcription complex (RTC), which is responsible for copying the viral RNA genome to pass to new virus. Here, we
structurally characterize three components of the RTC with and without RNA using crystallography and solution small-
angle scattering. Combining the structural information on each component on its own and in combinatorial mixtures, we
develop an understanding of how the RTC assembles. This understanding provides insights into the RTC functions and
assembly processes that could be inhibited. This impacts not only SARS-CoV-2 but most RNA viruses.
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Nsp7 (Fig. 1 A) has three consecutive a-helices (a1, a2, and
a3) forming a three-helical coiled-coil bundle and the C-ter-
minal loop (residues 62–70) that in some structures is fol-
lowed by a short, not well-defined helix (residues 68–72).
The conformation of Nsp8 has previously been described
to resemble a golf club (Fig. 1 A; (9)). It has an N-terminal
a-helix (a1) that starts in our structure at Asp78 because of
the truncation by Glu-C, which is highly positively charged
for binding RNA. This helix is followed by the second a-he-
lix (a2), which connects through a long loop to a half b-bar-

rel-like domain formed by five antiparallel b strands (b1–5)
with a small a-helix (a3) inserted between the first and sec-
ond strands and another insertion of a long loop that con-
tains two half-turn helices (labeled a4). The C-terminus
(193–198) of the Nsp8 is well defined in Nsp7/8B, but not
in other forms.

In all of our crystal forms, the heterodimer formed be-
tween Nsp7 and 8 places Nsp7 near the half b-barrel-like
domain of Nsp8 with the N-terminal helix of Nsp8 extended
and pointing away (approximate dimensions of 40 ! 40 !

FIGURE 4 Complexation of Nsp8 and Nsp7/8 with the nucleic acid. (A) SEC-MALS chromatograms for Nsp8, Nsp8 þ dsRNA, Nsp8þ ssRNA, dsRNA,
and ssRNA (top) and Nsp7/8, Nsp7/8þ dsRNA, and dsRNA (bottom) are colored as indicated. Solid lines represent the light scattering in detector units (left
axis), and symbols represent molecular mass versus elution time (right axis). (B) Experimental SAXS profiles for Nsp7/8, Nsp8 þ dsRNA, and Nsp7/8 þ
dsRNA collected at the SEC peak shown together with calculated SAXS profiles from best fitting atomic models (black line) or alternative model (dash line).
Guinier plots for experimental SAXS curves are shown in the inset. Residuals of best-fit models (colored as indicated), alternative models (gray), and good-
ness-of-fit values (c2) are shown in bottom plot. (C) Solution model of Nsp8-dsRNA (magenta and RNA in red) used in the calculate SAXS profile in (B) with
overlaid SAXS-based shape. (D) Nsp8 EMSAwith radio-labeled polynucleotides shows no binding of ssDNA (right) and binding of all ssRNA substrates. (E)
Ensemble of structures that fit Nsp7/8 used in the calculated SAXS profile in (B). Mass of each model is indicated. (F) The ensemble that fits the SAXS from
Nsp7/8 þ dsRNAwith mass of each model indicated. (G) SANS data for the Nsp7/8/RNA complex (pink circles) and Nsp7/8/DNA in 65% D2O (light blue
circles) were fit by the models shown in (E) and (C).

Wilamowski et al.
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Drug discovery and development process

Target 
selection

Target 
validation

Lead
compound
discovery

Lead
compound

optimization
Preclinical

development
Clinical 
studies

• Identification of target
• Is the target ”druggable”?
• NPX, SANS, NR

• Validation of target
• Target characterization
• NPX, NR, SANS

• Generation & improvement of lead compound
• Mechanism, mode of binding/inhibition
• SANS, NR, NPX

• Compound modifications
• Formulation, delivery system, introduction route
• SANS, NR, NPX

?



How can you access ESS in the future? 

• Access is managed through calls for 
proposals
• Since 2019 we use this portal & system 

to offer pilot access to our DEMAX lab 
services
• UPCOMING: Jan 2022 – call for 

deuteration proposals will be issued
• Future: also used for beamtime 

proposals

If you are curious: 
https://useroffice.ess.eu/SignIn

User Access Modes

Peer-reviewed Access

Quick Access

Discretionary Access

Industrial Proprietary Access

https://useroffice.ess.eu/SignIn


For additional information, contacts:
Science Focus Team coordinator: 
Esko Oksanen esko.oksanen@ess.eu

Deuteration services & crystallography:
Zoë Fisher (zoe.fisher@ess.eu)

• Science using neutrons:
https://europeanspallationsource.se/science-using-neutrons

• Weekly construction updates & progress:
https://europeanspallationsource.se/site-weekly-updates

• Scientific & publication highlights:
https://europeanspallationsource.se/article/2021/09/27/highlights-published-papers

mailto:esko.oksanen@ess.eu
mailto:zoe.fisher@ess.eu
https://europeanspallationsource.se/science-using-neutrons
https://europeanspallationsource.se/site-weekly-updates
https://europeanspallationsource.se/article/2021/09/27/highlights-published-papers

