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Abstract

Cryo electron microscopy (cryoEM) has emerged as an excellent tool for resolving high-resolution 

three-dimensional structures of membrane proteins in a lipid-containing environment with 

interacting partners. The near atomic resolution structures of Venezuelan equine encephalitis virus 

and dengue virus revealed transmembrane helices in lipid bilayers, receptor-binding glycosylation 

moieties, and functionally important interactions between their fusion protein and membrane-

anchored chaperone protein. For pleomorphic enveloped viruses, such as human 

immunodeficiency virus, glycoprotein complexes can be imaged in isolation to reveal molecular 

interactions at different states. These high-resolution cryoEM structures have clarified important 

domains not previously resolved by crystallography and illustrate exciting opportunities to 

visualize viral membrane proteins in their native and possibly transiently stable functional states, 

thus uncovering mechanisms of action and informing anti-viral strategies.

Introduction

Membrane proteins constitute about 30% of all proteins and are involved in vital functions 

such as energy metabolism, signal transduction and immune protection. Most current drugs 

on the market target membrane proteins, and high-resolution three-dimensional (3D) 

structures of membrane proteins are highly sought after for rational design of improved 

therapeutic interventions.

Viral membrane proteins typically form the external layer of enveloped viruses. Historically, 

these viruses are the culprits behind some of the most medically significant human diseases. 

Examples include the human immunodeficiency virus (HIV — the AIDS virus) — and the 

various types of influenza viruses — viruses that cause seasonal and pandemic flu. Other 

enveloped viruses, such as herpes simplex viruses and cytomegaloviruses, can cause chronic 

or dormant life-long human infections that can be re-activated by environmental factors or in 

individuals with weakened immune systems, to cause recurring, sometimes life-threatening 

infections. In tropical and sub-tropical regions, enveloped viruses can be spread rapidly via 
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insect vectors (such as mosquitos) to cause acute, life-threatening infections. Prominent 

examples include dengue, Yellow fever, West Nile, Ebola.

Recent technology advancement allows for atomic modeling and 3D structure determination 

of large complexes by high-resolution cryo electron microscopy (cryoEM). These cryoEM 

structures have revealed protein structures and protein–lipid interactions in or close to their 

native membrane environment, an advantage over the conventional structural method of X-

ray crystallography. When applied to viral membrane proteins that function as large 

molecular complexes and/or have multiple, transiently stable states, cryoEM is particularly 

advantageous, as these qualities make them unsuitable for either X-ray crystallography or 

NMR. This review aims to provide an overview of recent progress of high-resolution 

cryoEM in structural studies of membrane proteins of enveloped viruses.

High-resolution cryoEM and membrane protein structures

Membrane proteins are difficult to study for a number of reasons. First, the presence of 

trans-membrane (TM) domains in membrane proteins presents technical difficulties for the 

isolation of membrane proteins. TM domains are hydrophobic and have a tendency either to 

form large aggregates or to stick to hydrophobic surfaces when removed from their native 

lipid-bilayer environment. Second, for viral membrane proteins, it is technically challenging 

to ensure structural homogeneity and stability, which are pre-requisites of high-resolution 

structural studies. Drastic conformational changes occur when they are exposed to the low 

pH environment in the late endosome and/or upon binding to their host receptor molecules 

during the endocytosis pathway of cell entry. As a result, isolation of membrane proteins in 

large quantity, at high concentration and in soluble form — conditions required for X-ray 

crystallography or nuclear magnetic resonance — has always been quite difficult and 

remains a rate-limiting step of structure determination.

Single-particle cryoEM is a technique for determining 3D structures from projection images 

of molecular complexes suspended in physiological buffer solution, thus in a non-crystalline 

form. Images are recorded while molecular complexes are kept within vitreous ice in the 

vacuum environment of the column of a transmission electron microscope. Recent hardware 

improvements in microscope optics, sample holders and electron detection devices have 

made recording of cryoEM images of biological samples a routine practice. Automation in 

both image acquisition and data processing has significantly reduced the amount of sample 

required for cryoEM imaging to just a few micrograms, and time for data processing to a 

few days. When conventional methods (such as photographic films or charge-coupled 

devices, CCD) are used for recording images, the image contrast is relatively low and high-

resolution cryoEM reconstructions are limited to large complexes, such as an entire virus 

particle. Indeed, atomic or near-atomic resolution structures of several viruses and protein 

assemblies have been determined by single-particle cryoEM, allowing ab initio atomic 

model building by following the amino acid side chains or nucleic acid bases identifiable in 

their cryoEM density maps. In particular, these cryoEM structures have revealed protein 

structures and protein–lipid interactions in or close to their native membrane environment, 

an advantage over the conventional virus structure determination method of X-ray 

crystallography.
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Recently, technologies for direct electron detection (DED) and electron counting became 

commercially available for cryoEM imaging (Figure 1a). Such DED cameras have changed 

how cryoEM is performed in three significantly ways. First, movie stacks of dose-

fractionating image frames are recorded, allowing motion correction to minimize image 

blurring incurred by specimen motion and charging. Second, when such cameras are 

operated in counting mode, electron events are distinguished from background noise, 

essentially achieving optimal quantum detection efficiency in imaging. Third, in rare cases 

where the subject of interest are over 100–200 nm in size (such as an entire herpesvirus or 

mimivirus virion), ‘super-resolution’ counting mode available on some of these cameras can 

be used to image such large objects at atomic resolution by subpixel sampling. For all these 

cameras, image processing programs have been developed to correct motion-induced image 

by either per-frame or per-particle alignment [1•,2•].

Indeed, DED cameras have made it possible to derive atomic models for even small 

membrane protein complexes, such as the ~0.4 MDa truncated mammalian transient 

receptor potential channel (TRPV1) [3••,4] (Figure 1b). Using motion-corrected, super-

resolution counting mode direct electron detection images, the structure of the truncated 

TRPV1 has been determined to an overall resolution of 3.4 Å. Comparison with voltage-

gated channels revealed structural similarities and differences that account for its unique 

functionalities. Like voltage-gated channels, TRPV1 exhibits four-fold symmetry around a 

central ion pathway formed by transmembrane (TM) segments 5–6 (S5–S6) and the 

intervening pore loop, which is flanked by S1–S4 voltage-sensor-like domains (Figure 1c). 

This cryoEM structure of TRPV1 also shows a wide extracellular ‘mouth’ with a short 

selectivity filter and facilitation of subunit organization by interactions among cytoplasmic 

domains, including amino-terminal ankyrin repeats. The same approach can be readily 

applied to viral membrane protein complexes of similar sizes, such as the herpesvirus 

gB/gH-gL complexes and HIV env trimers.

Membrane protein structures in alphaviruses

Viruses in the Togaviridae and Flaviviridae are icosahedral enveloped viruses and exhibit 

drastic structural transformation during viral maturation and cell entry. These viruses were 

among the first to have their viral membrane proteins resolved by cryoEM [5–12]. Mature 

virions enter cells through an endocytic pathway and sense the low pH environment inside 

the late endosome, leading to fusion of the viral membrane envelop with host membrane and 

the release of a viral capsid into the host cytoplasm. The fusion pathway has been postulated 

based on the pre-fusion and post-fusion crystal structures of the viral fusion protein E1 in 

conjunction with many cryoEM structures and biochemical studies. These postulated fusion 

intermediates are now subjected to direct observation by cryo electron microscopy and 

tomography at molecular resolution, employing reconstituted systems such as liposome and 

virus incubation [13].

The first high-resolution cryoEM structure for enveloped viruses is also that of an 

alphavirus, an attenuated vaccine strain (TC-83) of Venezuelan equine encephalitis virus 

(VEEV) at 4.4 Å resolution [14••] (Figure 2). VEEV has been developed into a biological 

weapon and is classified as an NIAID Category B priority pathogen. The cryoEM density 
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map contained strong mass densities of viral proteins E1, E2 and weak density for E3 

(Figure 2a). Though earlier subnanometer resolution cryoEM structure already resolved TM 

helices [15], amino acid residues with bulky side chains on the TM helix of both E1 and E2 

began to be identifiable in the 4.4 Å cryoEM map (Figure 2b). Using these amino acid 

residues as constraints, atomic models of the full-length VEEV membrane proteins E1 and 

E2 were built by combining de novo models of E1/E2 TM helices and atomic models 

derived from homologous ectodomains of Chikungunya virus [16] (Figure 2c). The TM 

domains of E1 and E2 were absent in the available X-ray models of alphaviruses [16,17]. 

Derived from the cryoEM densities of the VEEV virion, these atomic models represent the 

full-length E1 and E2 molecules in their native lipid-containing environment with 

interacting partners. In addition, the cryoEM structure also revealed the cytoplasmic tails of 

the membrane proteins that extend beyond their TM helices to interact with the nucleocapsid 

protein (Figure 2c).

The in situ molecular interactions among E1, E2 and E3 clarify mechanisms for the initial 

stage of alphavirus nucleocapsid core formation, and shed light on the virulence attenuation, 

host recognition and neutralizing activities of VEEV and other alphavirus pathogens. 

Notably, no human vaccines or antiviral drugs thus far have been licensed for general use 

and the vaccine strain reconstructed by Zhang et al. is one of the few experimental vaccines 

that have been used to protect laboratory workers and military personnel [14••]. Although 

derived from a map of the still limited 4.4 Å resolution, the atomic model of this 

experimental VEEV vaccine reveals new molecular interactions not available from X-ray 

models of the ectodomains of E1 and E2 and offers valuable information for bio-engineering 

efforts to develop vaccines and antiviral strategies.

Protein–lipid interactions in dengue virus

Dengue virus is a prevalent mosquito-borne flavivirus that is endemic across tropical and 

some subtropical regions and is listed as a potential bio-threat agent [18]. Dengue virus 

infection can cause diseases ranging from self-limiting dengue fever to potentially lethal 

dengue shock syndrome and dengue hemorrhagic fever (DSS/DHF). With an estimate of 

more than 50 million people infected annually, dengue virus spread is recognized as a major 

urban public health concern by the World Health Organization [19]. Currently, there are 

neither licensed vaccines nor specific antiviral therapies against dengue infections.

Two membrane proteins M (also prM, its precursor) and E play multiple roles in viral 

maturation and subsequent low pH-induced fusion with host endosomal membrane; as such, 

they are critical to the viral life cycle. These membrane proteins are derived from a 

polyprotein that is first cleaved to yield prM and E. prM initially binds to E in the ‘spiky 

immature’ form [20] in the neutral pH of the endoplasmic reticulum. They undergo a 

maturation process that includes the formation of E dimers in the low pH environment of the 

trans-Golgi network (TGN) [20] (to form the low pH immature, or ‘smooth immature’ 

virus), the cleavage of the pr portion from prM (to produce M), and the shedding of pr when 

the virus is finally released in the neutral pH in the extracellular space, yielding the ‘smooth 

mature’ virus. In an effort to illustrate this process, a structure of an engineered montage 

protein that contains pr, the N-terminal 20-amino acid segment of M (M1–20) and the 
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ectodomain of E (the portion outside the membrane) was solved crystallographically [21], 

along with the low resolution structures of both the spiky and the smooth immature viruses 

(12.5 Å and 25 Å, respectively) by cryoEM [20]. This crystal structure was then fit into the 

25 Å resolution cryoEM structure of the ‘smooth immature’ virus [20] to explain how pr 

stabilizes E dimer at the low pH encountered in TGN. The pre-fusion dimer of the 

ectodomain of E at neutral pH, which was thought to resemble that in the smooth mature 

virus, was also determined by X-ray crystallography [22,23]. Following endocytosis and 

exposure to low pH in the late endosome, these E dimers dissociate to form fusogenic 

trimers that mediate fusion with endosomal membrane. The structure of the ectodomain of E 

as a trimer (after fusion) was captured in the crystal structure in its low pH post-fusion form 

[24]. The crystals used for these structural determinations [21–24] were obtained outside the 

context of the whole virion and only contained the ectodomain of E. CryoEM has been used 

to obtain the 3D structures of the immature viruses [9,25••], and the structure of the mature 

dengue virions first at 24 Å [10], then to subnanometer [11], and recently to near atomic 

resolutions [26••,27•].

The 3.5 Å resolution cryoEM structure of the mature virion of dengue virus serotype 2 

reveals the in situ molecular interactions among the lipid bilayer, the full-length membrane 

proteins M and E (Figure 3a–d) [26••]. The structure shows that interactions between the N-

terminal 20-amino acid segment of M (M1–20) and E are critical for sensing the pH changes 

during dengue virus cell entry. Thus, M is a chaperone membrane protein and acts as a latch 

to keep E in its prefusion, relatively higher energy state. In particular, M–E interactions 

involve three hydrophobic pockets with three histidine residues that constitute a putative 

low-pH sensor controlling release of the latch (Figure 3e). Pocket #2 contains two 

juxtaposed histidine residues, one each from M and E (Figure 3f). Protonation of these 

histidine residues in the low pH environment in the late endosome during viral entry would 

disrupt E-M interactions, allowing rising of E and exposure of its fusogenic peptide. The 

spatial relationship between the TM domain of M, its loop region (amino acids 1–20) and a 

histidine ‘double-door’, together with the inferred position of pr segment [22], also explains 

how the virus prevents E from popping outward throughout the low pH environment through 

trans-Golgi network during maturation. This earlier maturation of dengue virus in the trans-

Golgi network, which involves another pH-sensitive event, is to load the latch [26••].

HIV Env protein structures and prospect of high-resolution cryoEM for 

smaller complexes

Human immunodeficiency virus 1 (HIV-1) is an enveloped virus that causes acquired 

immunodeficiency syndrome (AIDS). HIV-1 uses a trimeric complex of its envelope 

glycoprotein (Env) to gain entry into host cells. During its synthesis and assembly in the 

host cell, the Env precursor is highly glycosylated, forms a trimeric complex, and is 

subsequently cleaved to yield a heterotrimeric fusion complex of gp120 and gp41 subunits. 

At the initial stage of HIV infection, binding of gp120 to CD4 and the che-mokine receptors 

on target cells triggers conformational changes that drive fusion of the viral and cell 

membranes. Env trimer contains the receptor binding sites and membrane fusion machinery 

and is the only target for broadly neutralizing antibodies (bnAbs). Atomic structures of the 
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soluble gp120 core fragments in the CD4-bound state [28–31] and the trimeric gp41 

ectodomain fragments in the post-fusion state [32–35] have been solved by X-ray 

crystallography. However, these gp120 and gp41 structures were determined in isolation and 

in the absence of functionally important components, such as the V1/V2/V3 regions of 

gp120 and the fusion peptide of gp41.

Recently, 3D structures of engineered variants of cleaved, soluble Env trimers [i.e. SOSIP 

trimers, which are cleaved at residues 664 or 681 recombinant trimers from the BG505 

genotype, stabilized by specific substitutions, including a disulfide bond (termed SOS) 

between residue 501 (HXB2 numbering) and 605, and an Ile-to-Pro mutation at position 

559] in complex with a CD4 binding site bnAb’s, PGV04 and VRC03, both were 

determined by single-particle cryoEM at ~6 Å resolution [36••,37••] (Figure 4a,b). These 

stabilized SOSIP trimer structures are similar to one another and recapitulate the ‘closed’, 

prefusion form of the Env trimer. The structures reveal shielding glycans and the spatial 

arrangement of Env components, including the V1/V2, V3, HR1, and HR2 domains. The 

cryoEM density maps also show that the stem, coiled coil helices of gp41 forms the core of 

the Env trimer and provide insights into trimer assembly and gp120-gp41 interactions 

(Figure 4). The cryoEM structure by Lyumkis et al. [36••] correlates nicely with an X-ray 

structure solved in parallel by the same group to about 5 Å resolution [38] and maps out the 

CD4bs epitope cluster for bnAbs, which covers a more extensive area and defines a more 

complex site of vulnerability than previously described. Comparison with the structure of 

Env trimer in its open, CD4-bound state [39] suggests that the gp41 stem helix bundle of 

gp41 forms the core of the trimer and acts as the anchor for structural reorganization from 

the closed, unliganded form to the ‘open’ conformation upon CD4 receptor binding [37••]. 

This use of a coiled coil helix bundle as an anchor for structural transition from the closed, 

prefusion state to an activated intermediate state is a feature common to class 1 viral fusion 

proteins, such as the influenza hemagglutinin trimers [40].

It is of note that structures of the full-length HIV-1 Env trimer complex in its unliganded, 

prefusion state have also appeared in recent years [41,42••], purportedly at progressively 

improved resolutions from 11 to 6 Å. These structures posited the presence of a cavity at the 

center of the spike, thus differ drastically from those described above. One could argue that 

this situation might reflect possible flexibility of Env trimer and the possibility that the 

different structures are simply different incarnation of the same Env trimer in different 

functional states. Others opined that some of these structures suffered from model bias or 

what is known as the ‘Einstein out of noise’ problem [43].

The predisposing factors of model bias include image data with very noisy images, huge 

number of noisy images, and use of models with high-resolution information (such as 

atomic models derived from homology modeling) or strong features (such as aggressively 

masked intermediate maps) to drive refinement. With just one of these factors, the very 

choice of initial model (such as a portrait of Einstein) has been shown to bias or even dictate 

the outcome of structure refinement [44,45]; that is, you get what you seek.

To prevent model bias, the obvious strategy is simply to avoid these predisposing factors. 

Mass of large complexes, such as entire virion particles of the alpha virus and dengue virus 
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described above, provides sufficient electron scattering power to yield images of high 

contrast and reduces the number of particles needed in refinement. When operated with the 

revolutionary electron counting mode, novel DED cameras can capture all individual 

electron events, thus achieving quantum efficiency and essentially eliminating background 

noise in the cryoEM images. Images recorded with counting mode on a DED camera have 

greatly improved contrast, thus reducing the number of images required and enabling atomic 

resolution reconstruction for small complexes such as the HIV Env trimers.

In addition to the above practices aimed at avoiding model bias, one must also rely on other 

internal controls or external measures for structural validation. For structures better than 4.5 

Å resolution, chemical information from other independent sources, such as the identities of 

amino acid residues and nucleic acid bases, can be utilized as powerful internal controls, 

provided that this sequence information is not used for refinement. One way to utilize such 

controls is to intentionally omit a sequence segment (e.g. 10%) in initial model building and 

test for the emergence of densities that match the omitted sequence in the refined structure. 

The emerged densities should match the chemical information omitted in terms of identity of 

amino acid or base residues. Of note, carboxyl groups in acidic amino acids (Glu and Asp) 

are particularly susceptible to electron damage. Carboxyl side chains in Glu and Asp could 

be simply knocked off by high-energy electrons and become invisible in cryoEM maps, 

whereas side chain densities of other amino acids are resolved and remain visible 

[46,47,48,49•]. This is not the case for electron densities maps in X-ray crystallography 

where carboxyl groups of Glu and Asp are not damaged by X-ray photons and are visible. 

Relying on these powerful internal controls, high-resolution cryoEM can finally forgo the 

tedious Fourier shell correlation calculations, which, tagged ‘gold-standard’ or not, measure 

merely the reproducibility of a structure but do not eliminate systematic errors of software 

packages.

Conclusions

In 1975, Henderson and Unwin demonstrated the potential of electron microscopy for 

studying membrane proteins through their pioneering effort of imaging purple membrane 

crystalline protein arrays and resolving trans-membrane helices of bacteriorhodopsin [50]. 

Since then, much of the progress in high-resolution cryoEM has come from non-crystalline 

samples directly imaged in vitrified water without the use of embedding materials, thanks to 

improvements in both electron microscope instrumentation and image processing methods. 

Inherently low contrast of cryoEM images recorded on photographic films had limited 

realization of near atomic resolution to large complexes, exemplified by icosahedral and 

helical viruses. Atomic models of several membrane-containing viruses by high-resolution 

cryoEM revealed the trans-membrane domains of their membrane proteins and critically 

important molecular interactions among viral proteins in situ. These earlier advancements, 

together with the improved image contrast afforded by direct electron detection or counting, 

high-resolution cryoEM now offers exciting opportunities to reveal molecular interactions at 

atomic details of viral membrane protein complexes, either in situ on structurally 

homogeneous viruses or off site after being isolated from structural heterogeneous/

pleomorphic viruses.
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Figure 1. 
High-resolution cryoEM structure of membrane protein complex TRPV1. (a) Image of 

TRPV1 embedded in vitreous ice. The image was obtained by motion correction from image 

stacks acquired on a Gatan K2 direction electron detection camera using ‘super-resolution’ 

counting mode. (b) Shaded surface representation of the cryoEM density map of TRPV1 

channel complex. The overall resolution is 3.4 Å for the entire map. The transmembrane 

(TM) domain is more stable and better resolved than the cytoplasmic domain. Each complex 

contains four identical subunits, which are color-coded differently. (c) CryoEM density map 

(gray wire) and atomic model (sticks) of TM helix S6. Amino acid residues are labeled 

revealing prominent side chain densities projecting out from the helix. (d) Ribbon diagram 

of TRPV1 atomic model with each of the four identical subunits color-coded, showing 

views from side. Adapted from Liao et al. [3••] with permissions from the authors and the 

publisher.
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Figure 2. 
In situ structures of alphavirus membrane proteins. (a) Density slice of the cryoEM 

reconstruction of the VEEV TC-83 virion. (b) CryoEM densities of an asymmetric unit 

segmented out from the virion map. Each unit contains four copies of membrane proteins 

E1, E2, as well as E3 and the capsid protein. (c) Enlarged view of the boxed region of (b) 

showing the TM domains (endodomains) of E1 and E2 and their interactions with the capsid 

protein. The cryoEM densities are shown as semitransparent shades and the models are 

shown as ribbon (homology model) or as sticks (de novo model). The C terminal helix of 

both E1 and E2 interacts with the capsid protein. Adapted from Zhang et al. [14••] with 

permissions from the authors and the publisher.
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Figure 3. 
Atomic model of the dengue virus mature virion. (a) Overview of the E:M:M:E 

heterotetramer with associated membrane. Transmembrane and perimembrane helices are 

labeled. The density map prior to Fourier amplitude rescaling and B-factor correction is 

displayed in gray by volume rendering. (b) Shaded surface representation of the density map 

of the heterotetramer, composed of two E:M dimers, one at right and also behind in the 

center, the other at left and also in front in the center. (c) Ribbon diagram of the atomic 

model of M. (d) Ribbon diagrams of the E:M:M:E heterotetramer. (e–f) Pockets involved in 
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the E:M interaction. Adapted from Zhang et al. [26••] with permissions from the authors and 

the publisher.
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Figure 4. 
Prefusion structure of the ectodomain of HIV Env trimer determined at ~6 Å resolution by 

cryoEM [36••]. (a) CryoEM image (left, 2.6 μm underfocus) and the side (middle) and top 

(right) views of the 6 Å resolution cryoEM structure of Env–VRC03 complex. Key structure 

components, as well as the fitted X-ray models (ribbons) of the gp120, gp41 and antibody 

subunits are indicated. (b) CryoEM structure of Env-pgv04 and models. (c) Model of the 

ectodomain of Env monomer shown as ribbons. Panel a and panels b–c are adapted from 

Lyumkis et al. [36••] and Bartesaghi et al. [37••], respectively, with permissions from the 

authors and the publishers.
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