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Advancements in the field of cryo-electron microscopy (cryo-EM) have greatly contributed to our current un-
derstanding of virus structures and life cycles. In this review, we discuss the application of single particle cryo-
electron microscopy (EM) for the structure elucidation of small enveloped icosahedral viruses, namely, alpha-
and flaviviruses. We focus on technical advances in cryo-EM data collection, image processing, three-dimensional
reconstruction, and refinement strategies for obtaining high-resolution structures of these viruses. Each of these
developments enabled new insights into the alpha- and flavivirus architecture, leading to a better understanding
of their biology, pathogenesis, immune response, immunogen design, and therapeutic development.

1. Introduction

Viruses are infectious particles that parasitize almost every living
system: prokaryotes and eukaryotes. They cause enormous health bur-
dens to humans, plants, and animals, notwithstanding economic bur-
dens to nations worldwide. A virus particle simply comprises a genome,
either single- or double-stranded RNA or DNA molecule(s) protected by
a protein capsid. The capsid shell can be a single layer, as in the case of
rhinoviruses (Rossmann et al., 1985) and enteroviruses (Plevka et al.,
2012), or multiple capsid shells, such as paramecium bursaria chlorella
virus (PBCV) (Fang et al., 2019) and faustovirus (Klose et al., 2016). In
addition, virus particles can be with or without a membrane bilayer
enclosing the viral genome. Viruses with a lipid envelope surrounding
the capsid and viral genome are called enveloped viruses, including
viruses such as alphaviruses (Jose et al., 2009), flaviviruses (Kuhn et al.,
2002), coronaviruses (Yao et al., 2020), and filoviruses (Bharat et al.,
2012). Viruses that lack a lipid envelope have either a helical or
spherical (icosahedral symmetry) structure, but having a lipid envelope
allows viruses to deviate from strict symmetrical architectures and
accommodate variable shapes, such as with rubella virus (Battisti et al.,
2012; Mangala Prasad et al., 2017), influenza virus (Noda, 2011), ebola
virus (Bharat et al., 2012) and hepatitis B virus (Crowther et al., 1994).
Every virus also has a virus attachment factor entrenched in its outer-
most layer (capsid layer in non-enveloped viruses and lipid bilayer in
enveloped viruses) that facilitates the attachment of the virus to its host
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cell (Louten, 2016).

The three-dimensional (3D) structure of viruses can provide mech-
anistic insights into the viral life cycle, which can provide a roadmap to
design effective vaccines and antivirals (Chiu and Schmid, 1997).
Different methods have been used to determine viral structures
depending on virus morphology. Major techniques have been x-ray
crystallography, x-ray fiber diffraction, cryo-electron microscopy (cryo-
EM), and cryo-electron tomography (cryo-ET). X-ray crystallography
has successfully been used to determine the structures of icosahedral
viruses since the 1970s. The earliest virus structures solved using x-ray
crystallography were of icosahedral plant viruses (Abad-Zapatero et al.,
1980; Harrison et al., 1978; Liljas et al., 1982) followed by structures of
animal viruses such as human rhinovirus (Rossmann et al., 1985), and
poliovirus (Hogle et al., 1985). Similarly, viruses with helical symmetry
such as tobacco mosaic virus have been studied using X-ray fiber
diffraction (Namba and Stubbs, 1986). X-ray methods work well for
viruses that can form a crystalline lattice or fibers. However, due to the
inherent flexibility of membrane bilayers, these methods give limited
results for the structure determination of enveloped viruses as these
viruses rarely yield long-range, ordered lattices. With the development
and application of transmission electron microscopy (TEM) methods to
biological samples, low-resolution structures of icosahedral viruses
could be determined from two-dimensional projection images. As TEM
does not require ordered stacking of virus particles, it became an
attractive tool to study enveloped viruses (Crowther et al., 1970b).
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Fig. 1. (A) General architecture of flavivirus, Surface view (Left) and central slab view of flavivirus (Right); (B) Organization of E (Yellow and coral) and M (purple)
protein dimers as present on flavivirion surface (lateral view); (C) Top view of antiparallel E protein dimer. (D) General architecture of alphavirus, Surface view and
central slab view of alphavirus (Right); (E) Organization of E1 (green), E2 (red), Capsid (purple) proteins across the lipid bilayer of an alphavirus (lateral view); (F)
Top view of a trimeric glycoprotein spike as present on alphavirions. PDB ID 7KV8 and 6NK7 were used for making figures for flavivirus and alphavirus structures
respectively. Five-fold, three-fold, and two-fold icosahedral symmetry axes on the virus structure are represented by pentagon, triangle and oval in panels A and D.
Figures were generated using UCSF Chimera (Pettersen et al., 2004) and UCSF ChimeraX (Goddard et al., 2018). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Development of TEM sample vitrification (Adrian et al., 1984; Chiu
et al., 1986; Dubochet et al., 1982a) avoided artifacts, such as dehy-
dration, induced due to heavy metal staining of biological samples
leading to the use of cryogenic transmission electron microscopy (cryo-
TEM or more commonly referred to as cryo-EM) to determine enveloped
virus structures. However, it was still imperative that the virion particles
were symmetrical and identical in shape and size. Thus, initial structures
of enveloped viruses that were determined were of symmetrical alpha-
viruses, Semliki Forest virus (SFV; 35 A) (Vogel et al., 1986), Sindbis
virus (SINV; 35 A) (Fuller, 1987; Paredes et al., 1993), followed by
herpes simplex virus 1 nucleocapsid structure (HSV1; 40 A) (Schrag
et al., 1989).

Though low resolution cryo-EM structures of symmetrical, envel-
oped viruses could be determined, elucidation of protein arrangement in
the structures was possible only by fitting crystal structures of respective
viral proteins in the cryo-EM density maps. Availability of crystal
structures for the surface glycoproteins of alphaviruses (Lescar et al.,
2001) and flaviviruses (Rey et al., 1995) as well as capsid protein of
alphaviruses (Choi et al., 1991; Lee et al., 1996) enabled interpretation
of low-resolution cryo-EM structures of both alphaviruses (Mukho-
padhyay et al., 2006; Zhang et al., 2002) and flaviviruses (Kuhn et al.,
2002). Using crystal structures to interpret cryo-EM map density became
the established way of elucidating cryo-EM structures of viruses as it is
not possible to trace protein chains in density maps >5 A (Baker et al.,

2007). Subsequent technological advancements in biological cryo-EM
methods through the last four decades have now made it possible to
determine enveloped virus structure determination to near-atomic res-
olutions (Hardy et al., 2021; Khare et al., 2021; Newton et al., 2021;
Renner et al.,, 2021a; Wang et al., 2022b; Wang et al., 2022c). The
present review focuses on computational cryo-EM structure determi-
nation of small, enveloped, spherical viruses with icosahedral symme-
try, namely, flaviviruses and alphaviruses, which have been studied
extensively due to their enormous global health burdens and symmet-
rical structure properties.

Flavi- and alphaviruses are arthropod-borne viruses causing severe
diseases in humans and other animals with a wide geographical span.
Flaviviruses such as dengue virus (DENV) cause more than 100 million
infections yearly characterized by fever, vomiting, and joint and muscle
pain. In severe cases, dengue infections can also lead to life-threatening
conditions known as dengue hemorrhagic fever or dengue shock syn-
drome (Carod-Artal et al., 2013; Halstead, 2007). Other flaviviruses
such as Japanese encephalitis virus (JEV) (Griffiths et al., 2014; Rosen,
1986), and West Nile virus (WNV) (Petersen et al., 2013; Suthar et al.,
2013) cause encephalitis in humans. Zika virus (ZIKV) causes congenital
microcephaly (Brasil et al., 2016; Honein et al., 2017; Plourde and
Bloch, 2016) and Guillain-Barre’ syndrome in adults (Cao-Lormeau
et al., 2016; Passi et al., 2017). Tick-borne encephalitis virus (TBEV
causes 13,000 cases of human meningitis and encephalitis annually
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(Bogovic and Strle, 2015). Alphaviruses such as chikungunya (CHIKV)
(Silva and Dermody, 2017), Ross River virus (RRV) (Farmer and
Suhrbier, 2019), Mayaro virus (MAYV) (Taylor et al., 2005), getah virus
(GETV) (Liu et al., 2019), O’nyong nyong virus (ONNV) (Rezza et al.,
2017), and SINV (Adouchief et al., 2016) induce myalgia and fever-rash-
arthralgia conditions (Suhrbier et al., 2012). Furthermore, eastern
equine encephalitis virus (EEEV) (Deresiewicz et al., 1997), western
equine encephalitis virus (WEEV) (Centers for Disease Control and
Prevention CDC, 1995), and Venezuelan equine encephalitis virus
(VEEV) (Weaver et al., 2004) cause encephalitis and severe neurological
diseases in humans and some animals (Aréchiga-Ceballos and Aguilar-
Setién, 2015).

Both flaviviruses and alphaviruses are icosahedral membrane-
enveloped viruses with similarly sized positive-sense single-stranded
RNA genomes. Their positive sense RNA genomes are in complex with
the viral capsid protein and surrounded by a lipid bilayer decorated with
heterodimers of their respective glycoproteins (Fig. 1A and 1D) (Kuhn
etal., 2002; Von Bonsdorff and Harrison, 1975). The fusion glycoprotein
of flaviviruses (E) (Rey et al., 1995), and alphaviruses (E1) (Lescar et al.,
2001) share a similar overall fold and are both triggered for membrane
fusion by low pH conditions (Allison et al., 1995; Wahlberg and Garoff,
1992), but their arrangement on virion surface is significantly different
(Pulkkinen et al., 2022; Wang et al., 2022b). Detailed reviews on alpha-
and flavivirus biology, structure, proteins, and life cycle have been
previously published (Button et al., 2020; Hasan et al., 2018a; Her-
nandez et al., 2014; Jose et al., 2009; Kuhn, 2013; Mukhopadhyay et al.,
2005; Griffin, 2013; Sirohi and Kuhn, 2017). Thus, in this review, only a
general overview is provided on these aspects.

Mature flavivirus structures contain 180 copies each of its envelope
glycoprotein (E) and membrane protein (M) forming heterodimers.
These are arranged as 90 dimers that lie laterally on the mature virion
surface in an icosahedral fashion following T = 3 quasi-symmetry with
each asymmetric unit consisting of 3 heterodimers of E and M (Kuhn
et al., 2002) (Fig. 1A, 1B & 1C). The inner capsid shell that encloses the
genome does not align with the surface glycoproteins symmetry and
likely forms an asymmetric nucleocapsid core (Kuhn et al., 2002; Prasad
et al., 2017; Therkelsen et al., 2018). Flaviviruses enter cells through
receptor-mediated endocytosis and deliver their genomic material into
the cytoplasm through virus membrane fusion with endosomal mem-
branes at low pH. Once released in the cytosol, the RNA genome is
translated into a single polyprotein by the host translation machinery.
The polyprotein is further processed into functional proteins by either
viral or host-encoded proteases in the endoplasmic reticulum (ER). As-
sembly of flavivirus occurs on the ER membrane where the capsid pro-
teins in association with newly replicated viral genome on the
cytoplasmic side buds into the ER lumen along with the membrane-
anchored E and precursor membrane (prM) glycoproteins forming the
virion surface (Byk and Gamarnik, 2016). The newly assembled,
immature virions have 60 trimeric spikes of prM-E heterodimer ar-
ranged on their surface in an icosahedral pattern (Kostyuchenko et al.,
2013; Prasad et al., 2017; Zhang et al., 2003b) giving it the spiky
appearance typical of immature flavivirions. Glycosylation of prM and E
proteins occurs in the trans-Golgi network (TGN) along with proteolytic
cleavage of prM to pr and M proteins. In the TGN, immature flavivirions
undergo major conformational changes to form mature flavivirions with
a smooth surface appearance (Fig. 1A, 1B & 1C), which are subse-
quently released out of the cell by exocytosis (Hasan et al., 2018a; Kuhn
et al., 2002). The pr peptide dissociates from the virion surface after
exocytosis, leaving only E and M proteins on mature virion surface (Yu
et al., 2008).

In contrast, alphaviruses contain an outer glycoprotein layer with
240 copies each of its surface glycoproteins, E1 and E2. Heterodimers of
El and E2 are arranged as 80 trimeric spikes in an icosahedral, T = 4
pattern with each asymmetric unit comprising 4 E1-E2 heterodimers
(Hasan et al., 2018b; Kuhn, 2007; Sun et al., 2013; Tellinghuisen et al.,
2001). The inner capsid shell in the virion also forms an icosahedron
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Table 1
Alphavirus structures with near-atomic resolution (<5.0 A).
S. Structure EMD ID Year Resolution Reference
No. &y
1. VEEV EMD-5275 2011 4.8 (Zhang et al.,
2011b)
2 VEEV VLP EMD- 2021 3.5 (Ma et al., 2021)
31566
3 VEEV VLP EMD- 2021 4.2 (Basore et al.,
24117 2021)
4 VEEV VLP- EMD- 2021 4.3 (Basore et al.,
LDLRAD3 24116 2021)
5 VEEV VLP- EMD- 2021 3.0 (Ma et al., 2021)
LDLRAD3 31567
6 VEEV VLP EMD- 2022 4.2 (Kafai et al.,
25102 2022)
7 VEEV VLP- Fab EMD- 2022 4.0 (Kafai et al.,
hVEEV-63 25103 2022)
8 SINV EMD-9693 2018 3.5 (Chen et al.,
2018)
9 CHIKV-mouse EMD-9395 2019 5.0 (Basore et al.,

Mxra8 2019)

10 CHIKV EMD-5577 2013 5.0 (Sun et al., 2013)
11 CHIKV VLP EMD-9393 2019 4.2 (Basore et al.,
2019
12 CHIKV-Fab EMD- 2020 4.7 (Zhou et al.,
fragment of 30477 2020b)
CHK-263
13 MAYV EMD- 2021 4.4 (Ribeiro-Filho
22961 et al.,, 2021)
14 Barmah Forest EMD-1886 2011 5.0 (Kostyuchenko
virus (BFV) etal., 2011)
15 GETV EMD- 2022 2.8 (Wang et al.,
31533 2022b)
16 GETV EMD32412 2022 3.5 (Wang et al.,
2022¢)
17 EEEV VLP EMD- 2020 4.2 (Williamson
22276 et al., 2020)
18 Chimeric EEEV ~ EMD-9280 2018 4.4 (Hasan et al.,
2018b)

with T = 4 arrangement similar to the outer glycoprotein surface
(Fig. 1D, 1E & 1F). Alphaviruses, like flaviviruses, enter host cells via
receptor-mediated endocytosis and release their nucleocapsid into the
cytosol by membrane fusion in acidic endosomal compartments. Upon
genome release, a 26S subgenomic mRNA is translated into a poly-
protein containing its structural proteins (Kuhn, 2013; Strauss et al.,
1984; Griffin, 2013; Strauss and Strauss, 1994). The translated glyco-
proteins are assembled in the ER and are cleaved by virus or host
encoded-proteases. The capsid protein is autocatalytically cleaved and
encapsulates newly replicated RNA genomes forming nucleocapsid
cores in the cytoplasm. The translated glycoproteins are transported to
the plasma membrane via ER and TGN, during which the glycoproteins
are glycosylated and the precursor form of E2 glycoprotein (pE2) is
proteolytically cleaved into E2 and E3 (Holmes et al., 2020; Nelson
et al., 2005). Interactions between the nucleocapsid core and the cyto-
plasmic tail of E2 glycoprotein results in the budding of virus particles
from the plasma membrane (Lee et al., 1996; Owen and Kuhn, 1997;
Skoging et al., 1996). Though alphaviruses bud into icosahedral parti-
cles, the nucleocapsid core follows icosahedral symmetry only when it
interacts with the ordered glycoprotein shell (Chmielewski et al., 2022;
Lescar et al., 2001; Mangala Prasad et al., 2022; Mukhopadhyay et al.,
2002a; Mukhopadhyay et al., 2002b; Pletnev et al., 2001). After virus
exocytosis from host cell, E3 dissociates from the virion with only E1 and
E2 forming the glycoprotein complex on mature virion (Holmes et al.,
2020).

Although alphaviruses and flaviviruses differ in their cellular life
cycles and respective glycoprotein arrangements on virion surface; both
virus structures follow icosahedral symmetry, making the overall cryo-
EM structure determination process similar for these virus genera.
During the past few decades, cryo-EM structures of these viruses have
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Table 2
Flavivirus structures with near-atomic resolution (<5.0 10\).

S. Structure EMD Year Resolution Reference

No. D A&

1 Usutu virus (USUV) EMD- 2021 2.4 (Khare et al.,

23273 2021)
2 TBEV EMD- 2022 3.3 (Pulkkinen
14512 et al., 2022)
3 Mature TBEV EMD- 2018 39 (Fuzik et al.,
3752 2018)

4 Mature TBEV-Fab-19/ EMD- 2018 3.9 (Fuzik et al.,
1786 3754 2018)

5 DENV1 EMD- 2013 4.5 (Kostyuchenko

2142 et al., 2013)

6 DENV2 EMD- 2012 3.5 (Zhang et al.,

5520 2013b)

7 DENV2- scFv Fragment EMD- 2021 3.5 (Sharma et al.,
of EDE1 C10 30465 2021)

8 DENV2_NGC_Fab_C10 EMD- 2021 3.1 (Lim et al.,
(28°C) 31677 2021)

9 DENV2_NGC_Fab_C10 EMD- 2021 4.4 Lim et al.,
(4°C) 31680 2021)

10 DENV2- Fab SIgN-3C EMD- 2020 4.2 (Zhang et al.,
(pH 6.5) 30194 2020)

11 DENV2- Fab SIgN-3C EMD- 2020 4.5 (Zhang et al.,
(pH 8.0) 30195 2020)

12 DENV4 EMD- 2014 4.1 (Kostyuchenko

2485 et al., 2014)

13 Chimeric Binjari virus EMD- 2021 2.5 (Hardy et al.,
(BinJV) and DENV2 23042 2021)

14 WNVKUN EMD- 2021 3.1 (Hardy et al.,

23044 2021)

15 Chimeric BinJV and EMD- 2021 29 (Hardy et al.,
KUNV 23043 2021)

16 Chimeric BinJV and EMD- 2021 3.7 (Hardy et al.,
Murray Valley 23045 2021)
Encephalitis Virus
(MVEV)

17 JEV EMD- 2017 4.3 (Wang et al.,

6685 2017)
18 JEV-2F2 Fab complex EMD- 2018 4.7 (Qiu et al.,
6854 2018)
19 Spondweni virus EMD- 2021 2.6 (Renner et al.,
(SPOV) 11371 2021a)
20 DENV2 EMD- 2021 3.1 (Renner et al.,
11370 2021a)

21 Immature BinJV EMD- 2021 4.4 (Newton et al.,
23147 2021)

22 ZIKV EMD- 2018 3.1 (Sevvana et al.,
7543 2018)

23 ZIKV EMD- 2016 3.8 (Sirohi et al.,
8116 2016)

24 Thermally stable ZIKV EMD- 2016 3.7 (Kostyuchenko
8139 et al., 2016)

25 ZIKV-E protein- EMD- 2020 4.0 (Sevvanaetal.,
ADI30056 22818 2020)

26 ZIKV-Fab ZIKV-195 EMD- 2019 4.0 (Long et al.,

9131 2019)

27 ZIKV-Fab C10 at pH EMD- 2016 4.4 (Zhang et al.,
6.5 9573 2016)

28 ZIKV-Fab C10 at pH EMD- 2016 4.0 (Zhang et al.,
8.0 9575 2016)

29 ZIKV- Fab SIgN-3C (pH EMD- 2020 3.8 (Zhang et al.,
6.5) 30192 2016

30 ZIKV- Fab SIgN-3C (pH  EMD- 2020 4.8 (Zhang et al.,
8.0) 30193 2016

31 ZIKV-Fab EMD- 2020 4.1 (Tyagi et al.,

30337 2020)

progressed from low resolution (24-35 f\) (Fuller, 1987; Kuhn et al.,
2002; Vogel et al., 1986) to near-atomic resolutions (2.4—2.8 A) (Hardy
et al., 2021; Khare et al., 2021; Wang et al., 2022a; Wang et al., 2022b)
(Table 1 and 2). These studies have elucidated the structural features of
these viruses and provided important insights into surface epitopes,
receptor binding, fusion mechanism, assembly, and budding.
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Fig. 2. General workflow of Single Particle Reconstruction.

2. Three-dimensional (3D) structural determination of
flaviviruses and alphaviruses using single particle cryo-EM

Cryo-EM imaging produces two-dimensional (2D) projection images
of 3D virus particles. Cryo-EM images collected across different areas on
a sample grid, containing virus samples spread randomly, provide
different views or projections of a given virus particle. These 2D pro-
jection images from different virions in the sample are then computa-
tionally combined to reconstruct a 3D electron density map of the virus
using algorithms primarily based on the ’central section theorem’ or
projection slice theorem (Crowther et al., 1970a; De Rosier and Klug,
1968). The ‘central section theorem’ states that the Fourier transform
(FT) of a 2D projection of a 3D object is identical to a central section of
the FT of the 3D particle. This section passes through the origin in a
perpendicular direction to the projection. Thus, the original 3D particle
can be regained by using these many central sections to fill a volume in
Fourier space and then calculating the inverse FT of this volume
(Crowther and Amos, 1972; Rosenthal, 2015). A general overview of
single-particle cryo-EM reconstruction is given in Fig. 2 and explained in
the following sections.

With rapid advancements in microscope instrumentation, image
processing algorithms, and computational methods, single particle 3-D
reconstruction of alphaviruses and flaviviruses has now achieved near-
atomic resolutions. The backbone models can be consistently built
which allows residue-level understanding of viral architecture, assem-
bly, and conformational changes between different viral states. More-
over, with advancements in asymmetric reconstruction strategies, it is
now possible to visualize the complete virion structure with both its
icosahedral and non-icosahedral structural features.
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2.1. Cryo-EM sample preparation of alphaviruses and flaviviruses

Sample preparation is an essential part of cryo-EM experiments. A
purified virus sample, either alone or in conjunction with other bio-
molecules, is applied onto glow-discharged TEM grids, blotted to a thin
aqueous layer, and immediately plunge-frozen in liquid ethane (around
—180 °C) (Dubochet et al., 1982b). Though viruses can be directly iso-
lated from their natural reservoirs, such as pigs (Wang et al., 2022¢), and
mosquitoes (Fu et al., 2017; Mourya et al., 2001), the production of
these viruses in large quantities suitable for structural analysis is carried
out by infections in cultured cell lines (Fuller, 1987; Kuhn et al., 2002;
Mangala Prasad et al., 2022; Prasad et al., 2017; Sirohi et al., 2016).
Virus-like particles (VLPs) have also been designed for alphaviruses
(Hohn et al., 2007) which replicate the original virus architecture but
are non-infectious, making them safer for experimental handling
(Basore et al., 2021; Sun et al., 2013; Yap et al., 2017). For flaviviruses,
designing VLPs that faithfully represent the wild-type virions has not
been successful, however recombinant subviral particles (RSPs) that
consist only of prM and E glycoproteins without the capsid protein have
been characterized which are smaller in diameter than the native virion
(Allison et al., 2003; Chao et al., 2014; Ferlenghi et al., 2001).

Homogenous virus preparation is critical for obtaining near-atomic
resolution cryo-EM reconstruction. This is a challenge, especially for
flaviviruses, as viruses secreted from cells are generally a heterogeneous
mixture of mature and partially mature virions due to inefficient prM
cleavage by cellular furin protease. Thus, strategies to obtain homoge-
nous mature flavivirus samples have been developed. One example is the
use of Vero-furin cells which stably express high levels of human furin
causing enhanced prM cleavage and resulting in a higher percentage of
mature virions in flavivirus preparations (Mukherjee et al., 2016).
Similarly, improved homogenous flavivirus preparations have also been
obtained by creating chimeric viruses using prM-E proteins from path-
ogenic flaviviruses incorporated into an insect-specific flavivirus,
namely, Binjari virus (BinJV), along with substitution of WNV (Kunjin
strain) specific furin cleavage site into the target prM-E sequence. This
approach has been successful in large scale production of homogenous
and mature virion particles due to relatively high replication efficiency
of the chimeric virus and improved furin cleavage enabling near-atomic
resolution structure determination of mature flavivirus particles (Hardy
et al., 2021). Nearly homogenous preparations of immature flavivirus,
as secreted naturally in the case of BinJV, has also resulted in the highest
resolution structure of immature flavivirus till-date (Newton et al.,
2021).

2.2. Microscope setup and data collection

Developments in the transmission electron microscope (TEM) and
detector hardware have been critical in the evolution of the single-
particle analysis (SPA) methodology. For example, commercial stable
cold stages allowed imaging of samples at liquid nitrogen temperature
(Vogel et al., 1986). Image quality also improved with brighter and more
coherent electron beams producing field emission guns (Suloway et al.,
2005). Initially, EM images were recorded on film, which required
development and digitization (Mancini et al., 2000; Sun et al., 2013).
Subsequently, CCD cameras came into existence that allowed automa-
tion of data collection and resulted in near-atomic resolution structures
of flavivirus (Bammes et al., 2011; Zhang et al., 2013b) and alphavirus
(Zhang et al., 2011a). However, due to the indirect detection of elec-
trons, CCD images suffered from loss of resolution and sensitivity. Major
improvements in the resolution of single particle cryo-EM structures are
owed mainly to the advent of direct electron detectors (DED) (McMullan
et al., 2009). Images from a DED have higher contrast, preserve high-
resolution signal at low electron doses, and have faster readouts,
enabling the recording of multi-frame images or movies. Simultaneous
improvement in data collection software such as Leginon (Carragher
et al., 2000), SerialEM (Mastronarde, 2005), EPU
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(ThermoFisherScientific), Latitude S (Gatan, Inc.) and UCSFImage (Li
et al., 2015) has also made large scale data collection user-friendly.
These advancements in detector and data collection throughput have
significantly contributed to achieving high-resolution structures for
alphaviruses (Chen et al., 2018; Wang et al., 2022b; Wang et al., 2022¢)
and flaviviruses (Hardy et al., 2021; Sevvana et al., 2018) by improving
data quality and quantity.

2.3. Image processing workflow

Single-particle cryo-EM data is collected in the form of either images
or movies. The raw cryo-EM images can be blurred, have a low signal-to-
noise ratio (SNR), or have other issues such as astigmatism, which needs
to be corrected or accounted for to extract the highest signal
information.

2.3.1. Motion correction

Traditional detectors, such as film and CCD cameras, often output
blurry images because of beam-induced particle movement during
image acquisition, which reduces data quality (Henderson and Glaeser,
1985). Using DEDs, images can now be collected as a movie or a series of
frames at short-time exposure. Cross-correlation between frames within
one exposure can efficiently correct the uniform whole-frame motion.
This algorithm has been incorporated in MotionCorr (Li et al., 2013)
software which was successfully employed in near-atomic resolution
structure determination of flaviviruses (Kostyuchenko et al., 2016;
Wang et al., 2017) and alphaviruses (Zhou et al., 2020b). More recent
beam-induced motion correction algorithms such as MotionCorr2
(Zheng et al., 2017) assume the sample motion as a local distortion that
changes smoothly during the exposure and it corrects both uniform
whole-frame motion plus anisotropic local motion. Examples, where
MotionCorr2 has been used for frame alignment, include mature and
immature Kunjin virus (KUNV) (Therkelsen et al., 2018) (flavivirus),
DENV (Hardy et al., 2021) (flavivirus), and VEEV (Ma et al., 2021)
(alphavirus) structures. The subsequently de-blurred image is used for
defocus and contrast transfer function determination. Movie alignment
of frames using the Imagic-4D software package was used for MAYV
(alphavirus) cryo-EM data processing (Ribeiro-Filho et al., 2021).

2.3.2. CTF estimation

Cryo-EM images recorded in a TEM are affected by the microscope
parameters and can be defined by its contrast transfer function (CTF).
The CTF is a function of many terms, such as electron wavelength
(defined by the accelerating voltage of the microscope), the spherical
aberration of the microscope lens, and the applied under-focusing (or
defocusing) of the image. Only the defocus of images varies in a typical
cryo-EM dataset while other terms affecting CTF are constant for a given
data collection session. Thus, the defocus for each motion-corrected
average image is determined by fitting a CTF model to the observed
CTF. CTF correction can then be performed to restore the correct phases
at all spatial frequencies in an image. Several programs can automati-
cally or semi-automatically compute these CTF parameters, such as Getf
(Zhang, 2016), CTFFIND (Mindell and Grigorieff, 2003), and CTFIT in
EMAN (Ludtke et al., 1999). Examples, where Gctf has been used for CTF
determination, include SINV/EEEV alphavirus (Williamson et al., 2020)
and many flaviviruses reconstructions (Fuzik et al., 2018; Hardy et al.,
2021; Newton et al., 2021; Wang et al., 2017; Williamson et al., 2020).
Similarly, CTFFIND4 was used for CTF determination of several alpha-
viruses (Chen et al., 2022; Chen et al., 2018; Hasan et al., 2018c; Ma
et al., 2021; Mangala Prasad et al., 2022; Wang et al., 2022b) and fla-
viviruses (Pulkkinen et al., 2022; Renner et al., 2021b; Sevvana et al.,
2018; Therkelsen et al., 2018) resulting in high-resolution structures.
CTFIT (EMAN) has also been used for CTF correction of both flavivirus
(Zhang et al., 2013b) and alphavirus (Sun et al., 2013; Zhang et al.,
2011a) cryo-EM reconstructions. Recently, the Imagic program CTF-
FIND was used for full-dataset CTF correction of MAYV (alphavirus)
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(Ribeiro-Filho et al., 2021). For thick samples, defocus variation can also
occur along the ice thickness which further affects accurate signal
assessment. Thus, defocus gradients are also taken into account during
the reconstruction process, such as in the case of GETV cryo-EM
reconstruction (Wang et al., 2022b; Zhu et al., 2018).

2.3.3. Particle selection and extraction

The next step of image processing is individual particle identification
and extraction from cryo-EM micrographs. As alpha- and flavivirions are
large spherical entities, they do not require extensive particle-picking
strategies as may be required for smaller asymmetric protein com-
plexes. Manual, automated, and semi-automated detection approaches
have been used for virus particle picking. Visualization of selected
particles by the human eye is essential for manual picking and can be
improved by using low-pass filters. For example, e2boxer (EMANZ2)
(Tang et al., 2007) has been used for boxing and manual particle picking
of immature ZIKV (flavivirus) (Newton et al., 2021; Prasad et al., 2017)
and CHIKV-MXRAS (alphavirus) (Song et al., 2019). Whereas, Newton
et al. used Relion (Scheres, 2012) for manual particle picking of BinJV
(flavivirus). In the semi-automated process, a subset of particles is
manually picked from a few representative micrographs that cover the
defocus range of the dataset and are used to calculate low-resolution 2D
class averages. These 2D classes are used as templates for automated
particle picking from the entire dataset. For example, Xmipp (Scheres
et al., 2008) has been used for semiautomatic particle picking of TBEV
(flavivirus) (Pulkkinen et al., 2022). Using a gaussian blob of a defined
range of radius is another standard particle-picking method (Zivanov
et al., 2018). The picked particles are then extracted from the micro-
graphs to create a particle stack. Single particle analysis software such as
EMAN?2, Relion, and Xmipp have primarily been used for automatic as
well as manual particle picking and extracting particles (Scheres, 2012;
Scheres et al., 2008; Tang et al., 2007). For instance, Chen et al. used
eboxer2.py from EMAN?2 for particle picking of SINV (alphavirus) (Chen
et al., 2018) while automatic particle picking of VEEV VLP-LDLRAD3-
D1 complex particles (alphavirus) was performed using the Laplacian-
of-Gaussian model available in Relion (Ma et al., 2021).

Other programs used for particle picking of flaviviruses; include
FindEM (Roseman, 2004) which was used for mature and immature
KUNV datasets (Therkelsen et al., 2018), cryoSPARC (Punjani et al.,
2017) in case of Spondweni virus (SPOV) particles and Ethan (Kivioja
et al., 2000) for DENV (Renner et al., 2021a; Zhang et al., 2013b).

2.3.4. 2D classification

At this stage, stacks of extracted virus particle images are available
free of drift, and CTF estimated. The next step is increasing the SNR by
sorting, aligning, and averaging 2D images according to their in-plane
rotations and translations. This procedure is known as 2D classifica-
tion or 2D averaging. 2D averaging is vital for producing high-quality
initial 3D models and dumping bad particles (Chung et al., 2020). Un-
supervised or reference-free alignment is carried out to group particles
by statistically comparing all particle images pixel by pixel using prin-
cipal component or multivariate statistical analysis. Another approach is
by using maximum likelihood (ML) which allocates a specific particle to
a set of classes with a probability distribution (Sigworth, 1998). Based
on maximum interclass and minimum intraclass variance, particles are
grouped into 2D classes which can then be iteratively refined to reduce
variations within the classes. Thus, each 2D class represents a specific
view of the stoichiometrically and conformationally homogeneous
particle images and shows greater details because of its enhanced signal-
to-noise ratios compared to original images (Frank, 1990; Van Heel
et al., 2000).

2D class averaging provides valuable awareness of a dataset’s het-
erogeneity and orientation bias. The high structural symmetry appli-
cable to alpha- and flavivirions generally produces a compact set of
classes. The "bad classes’ which are generally identified by their lack of
well-resolved features, can be discarded at this stage, and iterative 2D
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classification steps can be done to refine the quality of classes. Only the
refined, high-quality 2D classes are then used for 3D classification and
reconstruction. Data processing software packages are available that can
perform alignment and 2D classification with different degrees of
manual control. For example, Scipion (de la Rosa-Trevin et al., 2016;
Lander et al., 2009), Appion (Lander et al., 2009), EMAN (Ludtke et al.,
1999), Relion (Scheres, 2012) and cryoSPARC (Punjani et al., 2017).
Relion has been employed for reference-free 2D class averaging of many
flaviviruses (Newton et al., 2021; Prasad et al., 2017; Pulkkinen et al.,
2022; Sevvana et al., 2018) and alphaviruses (Chen et al., 2018; Man-
gala Prasad et al., 2022; Wang et al., 2022b).

3. 3D reconstruction: Obtaining 3D information from 2D
projections

After having 2D class averages with improved SNR, the next step is
3D reconstruction. All 3D reconstruction methods follow a general path
of initial 3D model generation, relative five spatial orientation deter-
mination, and 3-D map synthesis. The differences lie in the algorithms
used for alignment and reconstruction.

3.1. Initial 3D model generation

The first step common to all the 3D reconstruction methods is to
generate an initial 3D reference model. An initial model can be built by
determining the common lines of a few images and computing their
icosahedral orientations without using any reference model (Crowther
et al., 1970a)(). The common lines method was used for the recon-
struction of SFV (Fuller, 1987) and DENV (Kuhn et al., 2002). For small
icosahedral virions like alpha- and flaviviruses even a soft sphere can be
used as an initial model (Mangala Prasad et al., 2022). Alternatively, a
low-resolution initial 3D model can also be generated ab initio by
randomly allocating icosahedral orientations to a few hundred 2D class
averages and reconstructing a 3D density of approximately the size of
the target virus particle (Liu et al., 2007). This method is known as the
Multipath simulated annealing approach (MPSA) and has been used for
center and orientation determination of both flaviviruses (Kostyuchenko
et al., 2014; Kostyuchenko et al., 2013; Zhang et al., 2013b) and
alphaviruses (Zhang et al., 2011a). Furthermore, a previously deter-
mined icosahedral alphavirus (Song et al., 2019; Wang et al., 2022c;
Williamson et al., 2020) or flavivirus density map can be used to
generate an initial model by scaling its size to match the experimental
dataset, and subsequently, low pass filtering the density map to only
retain the overall shape and size of the virion (Hardy et al., 2021; Renner
et al., 2021a).

3.2. Orientation determination

SPA’s most challenging and rate-limiting step is particle orientation
and center determination. This process primarily involves correlating
the virus particle images with 2D reference projections from an initial
3D model or a model obtained in the previous iteration and determining
orientation and particle center.

3.2.1. Common lines method

Ab initio 3D reconstructions can be obtained computationally by
computing the relative orientation between particles using the common
line theorem that says that each pair of 2D projections of the same 3D
structure has at least one line (1D) projection in common. In Fourier
space, a common line is the intersection of FT of 2D projection planes
that pass through the origin of the 3D FT of the object. Therefore, at least
three 2D projections are needed for relative orientation determination.
However, common lines using individual, noisy images produce unre-
liable 3D reconstructions. The presence of 2D class averaging and
symmetry greatly helps the reconstruction (Crowther et al., 1970a;
Crowther et al., 1970b). The common lines procedure has been
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Fig. 3. Advanced 3D reconstruction methods for alphavirus and flaviviruses: (A) Icosahedral reconstruction; (B) Whole particle asymmetric reconstruction; (C)
Reconstruction based on focused classification; (D) Localized or block-based reconstructions. Figures were created using BioRender.com.

employed for 3D reconstruction of alphaviruses such as SFV at 22 A
(Fuller et al., 1995) and 9 A (Mancini et al., 2000) and SINV at 11 A
(Zhang et al., 2002), as well as flaviviruses such as DENV2 at 24 A (Kuhn
et al., 2002). This method is available in many software packages for
example, EMAN2 (Tang et al., 2007), SIMPL (Elmlund and Elmlund,
2012), and real space IMAGIC (van Heel et al., 1996).

Another common lines-based algorithm for ab initio angular assign-
ment in real space is angular reconstitution. The angular reconstitution
algorithm assumes that particles are distributed with random orienta-
tions and sees intersecting 1-D lines from 2-D projections. Initially, 2-D
class averages are chosen as starting points, preferably representing
orthogonal views of the 3-D object. Random Euler angles are assigned to
each class averages (statements) using sinograms, and sinogram func-
tions to generate a preliminary 3D reconstruction . Then, reprojections
of this initial 3D reconstruction are used as an anchor set for the next
cycle of angular reconstitution (Schatz et al., 1997; Van Heel, 1987b).
This process is repeated until convergence, followed by 3D reconstruc-
tion based on these angles employing a weighted-projection algorithm
(Harauz and van Heel, 1986). Angular reconstitution has recently been
used for orientation determination of MAYV particle datasets, resulting
in a 4.4 A resolution structure (Ribeiro-Filho et al., 2021).

3.2.2. Projection matching (PM)

In this method, pre-centered experimental 2D particle images are
compared with computationally generated 2D views of a 3D reference
model. Angles are assigned based on similarity functions such as cross-
correlation, phase residuals, and overlap integral principles (Frank,
1990; Saxton and Frank, 1976; Van Heel, 1987a). The best-matched
projection is allocated to each particle, assuming it to be true. After
relative orientations are defined, each particle image is back-projected
into a new 3D reconstruction. Projection matching has been used for
orientation determination in many alphavirus reconstructions, such as
VEEV (Zhang et al., 2011a), SINV (Zhang et al., 2002), CHIKV VLP (Sun
et al., 2013) and EEEV (Hasan et al., 2018b) as well as flavivirus re-
constructions such as DENV (Kuhn et al., 2002) (Pokidysheva et al.,
2006) and WNV (Mukhopadhyay et al., 2003).

3.2.3. Maximum Likelihood (ML)

A more recent approach to orientation determination using a refer-
ence model is based on applying a maximum likelihood estimate to
projection matching. Similar to 2D classification, ML-based orientation
determination does not allocate a similarity-based single relative
orientation to the particle image but rather assigns a set of probabilities
to images in different orientations. ML methods can powerfully model
the noise in cryo-EM images and automate judgments regarding filtering
and weighting. Moreover, ML methods can identify coexisting hetero-
geneous structural states in the sample, delivering valuable insights into
the viral life cycle (Scheres et al., 2005a; Scheres et al., 2005b; Sigworth,
1998). Many recent SPA reconstruction packages such as Relion, Frea-
lign (Grigorieff, 2016), Xmipp, and PRIME (Elmlund et al., 2013)
implement ML-based orientation determination. Besides, Relion also
incorporates an ML-based ability to classify heterogeneous samples.
Among the SPA of flaviviruses and alphaviruses, ML-based methods
have helped achieve resolution better than 3 A (Hardy et al., 2021;
Khare et al., 2021; Ma et al., 2021; Renner et al., 2021a; Sevvana et al.,
2018; Wang et al., 2022b).

3.3. 3D refinement

Once each particle is assigned its orientations and a 3D map is
reconstructed, it can be further refined by iterative cycles of projection
matching with finer angle search. Each new cycle improves the accuracy
of orientations, and more accurate angles will produce higher-resolution
maps. After several iterations, the reconstruction process reaches a point
where no significant changes in orientation assignments occur, and a
final 3D map is thus generated (Guo and Jiang, 2014b). Various 3D cryo-
EM map refinement software are available such as CryoSPARC, Relion,
and Phenix (Afonine et al., 2018) which employ a combination of sta-
tistical methods like Bayesian inference and maximum-likelihood opti-
mization to refine the maps.

3.3.1. High-resolution refinement/polishing
The second phase of refinement or polishing is carried out to further
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improve the 3-D map quality. Only the good particles with pre-
determined orientation/center parameters from the first refinement
phase are used to further refine the orientations to sub-degree and
centers to subpixel accuracy (Guo and Jiang, 2014a; Guo and Jiang,
2014b). Furthermore, additional parameters such as astigmatism,
defocus, CTF, beam tilt, and magnification/elliptical distortion are also
refined in each iteration resulting in an improved 3D map resolution
(Guo and Jiang, 2014b; Sun et al., 2021). Another refinement approach
is based on Bayesian analysis (Scheres, 2012) that has also been suc-
cessful in improving the resolution of flavivirus cryo-EM structures such
as in the case of SPOV, DENV (Renner et al., 2021a), and TBEV (Pulk-
kinen et al., 2022).

4. 3D classification and sub-icosahedral reconstruction

Icosahedral structure redundancy has been advantageous to struc-
tural biology to gain resolution by averaging different subunits together.
Although alphaviruses and flaviviruses are icosahedral viruses having
highly symmetrical envelope and capsid characteristics, inherent
asymmetric elements also exist such as the genomic RNA and minor
structural proteins which do not follow icosahedral symmetry. Applying
icosahedral symmetry during 3D reconstructions of these virions results
in asymmetrical features being obliterated or poorly resolved (Kos-
tyuchenko et al., 2016; Sirohi et al., 2016; Therkelsen et al., 2018)
(Fig. 3A). Additionally, there can be structural variability and compo-
sitional heterogeneity within the icosahedral arrangement of the virion
shells themselves which can limit the resolution of the obtained struc-
tures. Analysis of local heterogeneity requires classifying particle images
into structurally homogenous classes and can be performed using mul-
tiple 3D reference models for projection-matching. However, the lack of
prior information on structural variability severely limits the pertinency
of this approach (Nogales and Scheres, 2015). Development of an ML-
based 3D classification approach (Scheres et al., 2007) has capitalized
on this idea and has been used for the 3D classification of many alpha-
viruses (Chen et al., 2022; Song et al., 2019; Wang et al., 2022b) and
flaviviruses (Fuzik et al., 2018; Therkelsen et al., 2018; Wang et al.,
2017) to tease out minor inconsistencies and improve the overall reso-
lution of the cryo-EM structures. In addition, recent strategies of local-
ized and sub-particle reconstructions have helped to resolve local
heterogeneities in virus structures and further improve map resolutions.
Below we discuss non-icosahedral methods used for the alphavirus and
flavivirus 3D reconstructions.

4.1. Whole particle asymmetric refinement

The simplest way to resolve asymmetry is excluding symmetry con-
straints while averaging the dataset, also called C1 symmetry recon-
struction. The process is computationally expensive for it samples the
complete globe of probable orientations (Fig. 3B) This method also
compromises the resolution as each icosahedral particle contributes to
the final reconstruction only once for every symmetry-related orienta-
tion. This strategy has been used to resolve the variable position of the
flavivirus nucleocapsid concerning the outer glycoprotein layer in KUNV
and ZIKV (Therkelsen et al., 2018).

4.2. Reconstructions based on focused classification

The computational search of particle orientations is limited to a
single asymmetric unit (ASU) during an icosahedral refinement
(Scheres, 2012). Thus, each ASU contributes equally to the 3D recon-
struction regardless of having asymmetric features in some areas of the
structure. Symmetry expansion is performed to mine out unique asym-
metric elements that involve the assignment of every possible symmetry-
based orientation to each particle and the alignment of each ASU in the
dataset. Symmetry expansion is subsequently followed by either focused
classification or localized or block-based reconstruction depending upon
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the type of structural heterogeneity (Discrete vs. continuous heteroge-
neity) (Goetschius et al., 2019). For example, discrete heterogeneities
such as partial occupancy of Fab fragments on the E glycoproteins can be
quantified using focused classification (Ilca et al., 2015). Focussed
classification uses a mask to identify a smaller sub-volume (suspected to
have unique features) within the refined virus structure and the masked
volume is then subjected to 3D classification without the further
refinement of angles or offsets (Fig. 3C). Focussed classification has been
successfully applied to the reconstruction map of the TBEV flavivirion
complexed to a Fab fragment to delineate virus population classes rep-
resenting occupied and unoccupied Fab sites (Fuzik et al., 2018).

4.3. Localized/Block-based reconstruction

Whereas focussed approaches use a mask to define the sub-volume of
interest, sub-particle reconstruction methods extract smaller sub-
particle volumes from the full virion particles. The extracted sub-
volumes are re-centered, re-extracted from the original micrographs,
and 3D classified which allows for precise offsets and angular re-
finements (Fig. 3D). To improve the low-resolution icosahedral maps of
alphavirus EEEV at low pH, local reconstruction of ASU which contained
glycoprotein spikes from both quasi-3-fold and icosahedral 3-fold sym-
metry positions was performed (Chen et al., 2022). Sixty ASU from each
particle image in the dataset was extracted using the localrec program
(Ilca et al., 2015) and reconstructed using cisTEM (Grant et al., 2018).
Improved resolution in each case demonstrated that EEEV particles
experience conformational changes causing spatial dislocations of E1-E2
glycoproteins in each ASU and indicating an imperfect icosahedral
symmetry on the viral surface (Chen et al., 2022). DilNunno et al.
extracted a raft subvolume (containing three M and E dimer pairs) from
ZIKV (flavivirus) 3D map using their in-house ISECC software and fol-
lowed it up with 3D classification and reconstruction of the sub-volumes
using Relion. Local reconstruction improved the resolution to 3.4 A and
led to the discovery of two previously undiscovered lipid moieties
located near M and E helices (DiNunno et al., 2020). Likewise, Renner
et al. obtained a 3.8 A resolution map by local reconstruction of glyco-
protein spikes in immature SPOV (flavivirus) (Renner et al., 2021a).

A similar sub-particle approach involves partitioning the virion
structure into smaller blocks (which may not be the ASU) after con-
ventional icosahedral refinement. Subsequently, the 2D image of each
block is re-extracted, classified, and refined (reconstructed) indepen-
dently with its local mean defocus value (Zhu et al., 2018) (Fig. 3D).
Finally, reconstructions of all blocks are combined to produce a com-
plete virion structure. This block-based procedure was successfully
employed to improve resolution, resolve structural plasticity and defo-
cus gradient in the ~ 70 nm GETV alphavirion. Three categories of
blocks comprising two trimers near the icosahedral twofold axis, four
trimers near the icosahedral-three-fold axis, and five trimers near the
icosahedral fivefold axis were extracted from a 4.1 A map, 3D classified
and refined independently, followed by local defocus estimation. Final
3D refinement yielded 2.85 A, 2.92 A, and 2.81 A density maps
respectively for the different blocks (Wang et al., 2022b). Likewise,
resolution damage caused due to the plasticity of the virus has been
compensated by block-based reconstruction. The icosahedral recon-
struction of VEEV VLP (alphavirus) in complex with its receptor
LDLRAD3-D1 at 4.1 A resolution was improved by extracting two blocks
(one block of five trimer spikes plus linked capsid near the five-fold axis
and the second block contains six trimers plus capsid around the two-
fold axis) and reconstructing them separately. The final refinements
resultedina 3.0 A (five-fold block) and 3.1 A maps (two-fold block). The
resulting structure showed detailed contacts between the LDLRAD3 re-
ceptor protein and the VEEV glycoproteins (Ma et al., 2021). A similar
methodology was also used to solve the structure of another alphavirus,
SINV, to 3.5 A (Chen et al., 2018).
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5. Resolution evaluation and validation of cryo-EM maps

The next step in SPA involves validation of the accuracy of 3D
reconstruction results. Most reconstruction algorithms use a “gold-
standard” technique where datasets are divided into two halves at the
outset and processed independently. The resulting half-reconstruction
maps are cross-correlated as a spatial frequency function to determine
the resolution. These correlations are called “Fourier Shell Correlations
(FSCs)”. The 0.143 threshold is used as a criterion for determining the
final resolution of the reconstruction map. The resolution obtained from
completely independent reconstruction will be free of model bias and
accurate (Harauz and van Heel, 1986; Scheres and Chen, 2012). Another
method is tilt pair validation which involves the consistency test be-
tween the orientation of the tilted particle whose tilt angle and tilt axis
are known and the untilted particle whose orientation is determined in
the model reconstruction (Henderson et al., 2011). Further, the quality
of density maps can be evaluated visually at various resolutions. For
example, protein backbone and side chains can be modeled faithfully at
~ 2 A and most side chains can be defined near 3 A. At 4 A, protein
backbone tracing and bulky side chains can be located as the pitch of
alpha helices and separate beta strands are intact. However, at 5-8 A,
protein backbone tracing is ambiguous with loss in the separation of
beta-strands and alpha-helices visible as only rod-shaped densities.
Beyond 8 A, only rigid-body model fitting can be done as the resolution
is insufficient for secondary structure modeling (Baker et al., 2007). For
symmetrical viruses, validation at low resolution can also be achieved
through the triangulation number and copy number spotted from the
reconstruction which is known for alpha- and flaviviruses (Guo and
Jiang, 2014b).

High-resolution density contrast in a cryo-EM map is critical for
structure interpretation which is lost due to resolution-dependent
amplitude or B-factor falloff. This B-factor is restored by plotting the
logarithm of radially averaged amplitude against the square of recip-
rocal resolution and fitting it to a linear decay function in the Guinier
plot. The estimated B-factor is then applied to the resolution shells to
restore the amplitude through a process called map sharpening.
(Rosenthal and Henderson, 2003). Map sharpening does not affect res-
olution but improves interpretability which in turn helps to build better
atomic models in the cryo-EM map. The built atomic model evaluation
can be carried out using software such as Coot (Emsley and Cowtan,
2004), Buccaneer (Cowtan, 2006), wARP/ARP (Pereira and Lamzin,
2017), or PHENIX (Afonine et al., 2018). The final quality of the model
can also be evaluated using software like MolProbity (Chen et al., 2010)
and PROCHECK (Laskowski et al., 1993), which evaluate stereochem-
istry parameters of the atomic model (bond length, angles, and Ram-
achandran plot).

6. Discussion/ conclusion

The past few decades have seen many sub-nanometer resolution
(6-10 }0\) (Mancini et al., 2000; Prasad et al., 2017; Song et al., 2019;
Therkelsen et al., 2018; Williamson et al., 2020; Zhang et al., 2003a) and
several near-atomic resolution (2—4 f\) (Chen et al., 2018; Hardy et al.,
2021; Khare et al., 2021; Ma et al., 2021; Renner et al., 2021a; Sevvana
et al., 2018; Wang et al., 2022a; Zhang et al., 2013b) reconstructions of
alphavirus and flavivirus structures. Both cryo-electron microscope
instrumentation and image processing advances have been major con-
tributors to this increase in structure resolutions. Notable technical
breakthroughs essential for the success of the SPA methodology have
been the commercial cold stages, field emission gun, intermediate
voltage, and improved illumination systems, DED detection, and the
automation of data collection (Barton et al., 2011; McMullan et al.,
2009; Suloway et al., 2005). Equally significant has been the develop-
ment of robust algorithms for various steps in SPA workflow in the last
few decades (Frank et al., 1996; Grigorieff, 2007; Punjani et al., 2017;
Scheres, 2012; Scheres et al., 2008; Tang et al., 2007; van Heel et al.,
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Table 3
High resolution Cryo-EM structures of neutralization antibodies complexed with
alphaviruses (<10 ;\).

S. Structure EMD ID Year Resolution Reference
No. €Y
1. EEEV-3 EMD- 2018 7.3 (Hasan et al.,
9274 2018b)
2 EEEV-5 EMD- 2018 7.5 (Hasan et al.,
9275 2018b)
3 EEEV-42 EMD- 2018 7.7 (Hasan et al.,
9249 2018b)
4 EEEV-58 EMD- 2018 7.3 (Hasan et al.,
9278 2018b)
5 EEEV-Fab22 (pH EMD- 2022 6.7 (Chen et al.,
7.4) 24203 2022)
6 Chimeric SINV/ EMD- 2023 6.6 (Williamson
EEEV-IgG-94 26946 et al., 2023)
7 Chimeric SINV/ EMD- 2023 5.2 (Williamson
EEEV-IgG-106 26947 et al., 2023)
8 Chimeric EEEV- EMD- 2021 7.2 (Williamson
33 22223 et al., 2023)
9 CHK-124 EMD- 2020 5.2 (Zhou et al.,
30476 2020a)
10 CHK-263 EMD- 2020 4.7 (Zhou et al.,
30477 2020a)
11 CHK-263 IgG EMD- 2020 5.9 (Zhou et al.,
30478 2020a)
12 Fab chk-265 EMD- 2020 5.3 (Powell et al.,
21509 2020)
13 RRV-Fab chk-265 EMD- 2020 6.3 (Powell et al.,
21473 2020)
14 hVEEV-63 EMD- 2022 4.0 (Kafai et al.,
25103 2022)
15 VEEV VLP- Fab EMD- 2022 4.0 (Kafai et al.,
hVEEV-63 25103 2022)
1996).

Due to the availability of high-resolution cryo-EM structures, novel
structural insights into these viruses’ architecture, assembly, disas-
sembly and maturation have been possible. Among flaviviruses, high
resolution structures have revealed distinct lipid moieties that lie in
binding pockets formed by transmembrane helices of E and M proteins
(DiNunno et al., 2020) (Hardy et al., 2021) (Renner et al., 2021a). These
lipid binding pockets have been proposed to stabilize the E protein on
mature virions and identified as potential target for antiviral develop-
ment. Similar hydrophobic binding pocket has also been identified in
alphaviruses (Chen et al., 2018). In case of alphaviruses, previously
undescribed glycosylation and S-acylation sites in both the E1 and E2
glycoproteins have also been identified that might be involved in viral
immune evasion, cell-entry, and stabilizing the E1-E2 heterodimer in the
lipid bilayer (Wang et al., 2022b; Wang et al., 2022c). Whole particle
asymmetric refinement of the immature and mature flavivirus have
shown the variations in nucleocapsid core interactions with surface
glycoproteins (Therkelsen et al., 2018). Similarly, high resolution
structure of immature flaviviruses (Kostyuchenko et al., 2013; Newton
etal., 2021; Renner et al., 2021a); has provided detailed insights into the
furin recognition site on prM protein and mechanism of flavivirus
maturation. High resolution cryo-EM structures of alphaviruses have
also contributed to our understanding of virus maturation and pro-
cessing of glycoproteins to produce infectious virions (Yap et al., 2017).

Cryo-EM structures of both alphaviruses and flaviviruses in complex
with various receptors (such as VEEV vlp-LDLRAD3 (Basore et al., 2021;
Ma et al., 2021), CHIKV-Mxr8 (Basore et al., 2019), EEEV-Heparan
sulfate analogue (Chen et al., 2020), and DENV-DC-SIGN carbohy-
drate recognition domain (Pokidysheva et al., 2006)) have been re-
ported which have elucidated epitopes involved in virion entry into the
host cell. Additionally, cryo-EM structures have provided insights into
conformational intermediates and alternate structural states for alpha-
and flaviviruses during their life cycles (Chen et al., 2022; Fibriansah
et al., 2013; Morrone et al., 2020a; Morrone et al., 2020b; Yu et al.,
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Table 4
High resolution Cryo-EM structures of neutralization antibodies complexed with
flaviviruses (<10 f\).

S. Structure EMD Year Resolution Reference
No. D A&
1 DENV2- scFv EMD- 2021 3.5 (Sharma et al.,
Fragment of EDE1 C10 30465 2021)
2 DENV2_NGC_Fab_C10 EMD- 2021 3.1 (Lim et al.,
(28 °C) (1Fab:3E) 31677 2021)
3 DENV2_NGC_Fab_C10 EMD- 2021 3.3 (Lim et al.,
(28 °C) (2Fab:3E) 31678 2021)
4 DENV2_NGC_Fab_C10 EMD- 2021 3.6 (Lim et al.,
(28 °C) (3Fab:3E) 31679 2021)
5 DENV2_NGC_Fab_C10 EMD- 2021 4.4 (Lim et al.,
4°0) 31680 2021)
6 DENV2 _F(ab’)2-local EMD- 2021 4.9 (Lim et al.,
31681 2021)
7 DENV2_NGC_F(ab’)2 EMD- 2021 3.4 (Lim et al.,
31682 2021)
8 DENV2- Fab SIgN-3C EMD- 2020 4.2 (Zhang et al.,
(pH 6.5) 30194 2020)
9 DENV2- Fab SIgN-3C EMD- 2020 4.5 (Zhang et al.,
(pH 8.0) 30195 2020)
10 DENV2- Fab SIgN-3C EMD- 2020 7.8 (Zhang et al.,
(pH 5.0) 30196 2020)
11 DENV2- SIgN-3C IgG EMD- 2020 6.1 (Zhang et al.,
30197 2020)
12 DENV2-anti-PrM12 EMD- 2023 10.2 (A. Dowd et al.,
29020 2023)
13 DENV2-anti-PrM13 EMD- 2023 9.8 (A. Dowd et al.,
29021 2023)
14 DENV2-human Fab EMD- 2015 6.5 (Fibriansah
2D22 2967 et al., 2015)
15 DENV2-human Fab EMD- 2015 6.9 (Fibriansah
2D22 (37 °C) 2996 et al., 2015)
16 DENV3-Fab 5J7 EMD- 2015 9.0 (Fibriansah
5935 et al., 2015)
17 DENV1-Fab 1F4 EMD- 2014 6.0 (Fibriansah
2442 et al., 2014)
18 JEV-2F2 Fab EMD- 2018 4.7 (Qiu et al.,
6854 2018)
19 JEV-2H4 Fab EMD- 2018 4.6 (Qiu et al.,
6855 2018)
20 TBEV-Fab 19/1786 EMD- 2018 3.9 (Fuzik et al.,
3754 2018)
21 ZIKV- Fab_G9E EMD- 2023 5.9 (Adams et al.,
33718 2023)
22 ZIKV- DH1017.IgM EMD- 2022 5.3 (Singh et al.,
Fabc 25606 2022)
23 ZIKV-E protein- EMD- 2020 4.0 (Sevvana et al.,
ADI30056 22818 2020)
24 ZIKV-Fab EMD- 2018 9.7 (Tharakaraman
7613 et al., 2018)
25 ZIKV-Fab C10 EMD- 2020 9.4 (Morrone et al.,
30279 2020a)
26 ZIKV-Fab EMD- 2020 4.1 (Tyagi et al.,
30337 2020)
27 ZIKV-E protein- EMD- 2020 4.0 (Sevvana et al.,
ADI30056 22818 2020)
28 ZIKV-Fab ZIKV-195 EMD- 2019 4.0 (Long et al.,
9131 2019)
29 ZIKV-Fab C10 at pH EMD- 2016 4.4 (Zhang et al.,
6.5 9573 2016)
30 ZIKV-Fab C10 at pH EMD- 2016 4.0 (Zhang et al.,
8.0 9575 2016)
31 ZIKV- Fab SIgN-3C EMD- 2020 3.8 (Zhang et al.,
(pH 6.5) 30192 2020)
32 ZIKV- Fab SIgN-3C EMD- 2020 4.8 (Zhang et al.,
(pH 8.0) 30193 2020)
33 Immature ZIKV- EMD- 2020 8.0 (Tan et al.,
DV62.5 Fab 0932 2020)
34 ZIKV-Z23-Fab EMD- 2016 9.4 (Wang et al.,
9542 2016)
35 BinJV-pr specific Fab EMD- 2021 9.6 (Newton et al.,
2A7 23330 2021)
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2008; Zhang et al., 2013a). Moreover, cryo-EM structures of neutralizing
antibodies with these virions have revealed mechanistic insights into
antibody interactions and highlighted protective surface epitopes
pertinent to vaccine design (Table 3 & 4).

Within the group of known enveloped viruses, alpha- and flavivi-
ruses have the largest repertoire of full virion structures solved by single
particle cryo-EM. Cryo-EM reconstructions of other symmetrical envel-
oped viruses such as PBCV (3.5 A) Fang et al., 2019) and Rift Valley fever
virus (13 ;\) (Halldorsson et al., 2018) have been reported, but they are
few in comparison. Furthermore, many enveloped viruses are pleo-
morphic which make them unsuitable for structure determination using
SPA. The structural organization of these pleomorphic viruses has been
determined using cryo-electron tomography (cryo-ET) and sub-
tomogram averaging (STA) (Stass et al., 2019) such as in case of
human immunodeficiency virus (Mangala Prasad et al., 2022; Mattei
et al., 2016; Qu et al., 2021), influenza A virus (Harris et al., 2006;
Huang et al., 2022; Peukes et al., 2020), ebola virus (Bharat et al., 2012;
Tran et al., 2014; Wan et al., 2020) and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV2) (Ke et al., 2020; Turonova et al.,
2020; Yao et al., 2020).

In recent years, cryo-ET has also been used to study alpha- and fla-
viviruses, expanding the horizon on the type of questions that can be
asked about these virus structures and life cycles. As cryo-ET does not
depend on averages to generate a 3D reconstruction, heterogeneous
samples can be imaged, both in vitro and in situ. Though the resolution
achieved with cryo-ET is limited to roughly 20 A (Frank and McEwen,
1992; Subramaniam et al., 2007), development in sub-tomogram aver-
aging (STA) methods has helped to achieve near-nanometer and
sub-nanometer structures of similar sub-volumes extracted from
cryo-electron tomograms (Bharat and Scheres, 2016). Cryo-ET with STA
has helped to visualize structural intermediates during membrane fusion
in CHIKV (Mangala Prasad et al., 2022) as well as study viral assembly
intermediates in CHIKV-infected human cells (Chmielewski et al.,
2022). Cryo-ET has also been used to delineate pleomorphic maturation
intermediates (Plevka et al., 2014) and analyze capsid organization (Tan
et al., 2020) in DENV particles. Thus, advancement in cryo-EM methods
has immensely contributed to our understanding of these two virus
genera which assists us in not only comprehending virus biology but also
devising more potent ways to thwart viral infections.
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