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ABSTRACT:. Recent developments in electron cryomicroscopy and image analysis have made it a powerful
tool to investigate the structure, assembly, and dynamics of biological supramolecular assemblies. The
subjects of study now include a variety of biological samples that may be homogeneous or heterogeneous,
symmetric or nonsymmetric. The combination of this technique with X-ray crystallography plays an
increasingly important role in structural biology and provides unique structural information for understanding
large, complex biological systems. Here we provide an overview of the technologies and specific
applications to virus structure and function.

Many biological functions are carried out by complex, construction have emerged as a powerful technique in struc-
multicomponent macromolecular assemblies. The structure,tural biology. Atomic or near atomic models in the resolution
assembly, and dynamics of these molecular machines haveange of 3.5-10 A were obtained for over a dozen integral
long been the focus of biological studies and, due to their membrane proteins using ordered two-dimensional ari@ys (
unusual complexity, have brought significant challenges and The typical resolution of structural information derived by
driven innovations to the techniques of structural biology. single particle cryoEM is currently around 20 A. Instrumental
X-ray crystallography and NMR are still the major methods and computational advancements have, however, improved
for providing structural information at atomic detail. Crystal- the resolution beyond 10 A in some icosahedral viruses by
lography is the method of choice for the determination of taking advantage of the symmetry. The 7.8 A resolution
homogeneous structures with high complexity and large cryoEM reconstruction of Hepatitis B virus capsid allowed
sizes, e.g., the 2.4 A resolution structure of the large subunitvisualization of secondary structure elements and the protein
and 3.3 A resolution structure of the small subunit of the fold (8, 9), which was confirmed later by the 3.5 A X-ray
ribosome , 2), the 2.8 A structure of yeast RNA polymerase  structure 10). The Herpesvirus capsid, with a diameter of
11 (3, 4), and the 3.5 A resolution structures of the bluetongue 1250 A and a molecular weight 0f0.2 billion, was
virus and reovirus cores5( 6). Over the past 10 years, visualized at 8.5 A resolution by cryoEM reconstructia)(
electron cryomicroscopy and three-dimensional image re- The resolution and structural information provided by

TWe acknowledge grants from the National Institutes of Health cryoEM and X-ray _cry_stallography are complimentary.
(GM34220, GM54076, and Al40101) for support of the authors and Recently, the combination of these methods has largely
work from our laboratory presented in this review. expanded our understanding of the structure and function of

* Corresponding author. Address: Department of Molecular Biology i ; ; ;
MB31, The Scripps Research Institute, 10550 North Torrey Pines Road,the biological supramolecular complexes, including the

La Jolla, CA 92037. Phone: 858-784-9705. FAX: 858-784-8660. 'iPOSome and complex virus structures. The low-resolution
Website: http://noda.scripps.edu/. E-mail: jackj@scripps.edu. cryoEM model was used to determine the approximate

10.1021/bi020170j CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/28/2002



11518 Biochemistry, Vol. 41, No. 39, 2002 Current Topics

orientation and position of ribosomal subunits in the crystal images must be recorded to obtain different views of the
unit cells of both the large and small ribosomal components, object. To reconstruct the native 3D structure from 2D
and this information helped locate the heavy atoms required projections, the orientation and position of the different views
to solve the phase problem in the high-resolution structure must be determined. Two approaches have been established
determinationsi2, 13). The low-resolution cryoEM map of  to solve this problem: the tilt reconstructiog1( 22) and
icosahedral virus particles is now routinely used to obtain a the common line method8, 24). In the former approach,
set of initial phases for the measured X-ray diffraction successive images are recorded with the sample tilted by
intensities. The phases are then refined by noncrystallo-defined angles between exposures. Thus, the relative orienta-
graphic symmetry averaging and phase extension, to solvetion for each view is known. An advantage of the tilting
the high-resolution crystal structures of viruses (for example, method is that it gives the correct hand for the reconstruction.
ref 14). A wealth of information on the dynamic nature of The common line method assumes the particles in the
domain interactions in complex structures has been obtainedsolution are randomly oriented; hence, the cryoEM images
by fitting the atomic models from X-ray crystallography into contain many different views of the macromolecule. The
the low-resolution cryoEM mapdl). Fourier transform of each image corresponds to a central
This review will give a brief introduction to cryoEM and  plane of the transform of the 3D object. Since the images
3D image reconstruction and will focus on recent utilization are 2D projections of the same 3D object, each pair of them
of these methods in concert in structural studies of viruses share a common line in the Fourier space, and the angle
which are excellent model systems for biological macromo- between their Fourier transforms defines their relative
lecular complexes. In-depth descriptions of experimental orientation. This reciprocal-space-based approach requires
details of the cryoEM technique have been reviewssH high signal-to-noise ratio for the cryoEM images and is
20). particularly useful when the specimen has high symmetry
Experimental Method of Cryoem Image Reconstruction. such as icosahedral viruses.
A typical cryoEM reconstruction requires the following steps:  Once the parameters for the orientation and position of
flash freezing the sample onto holey EM grids; acqui- each image are determined, an initial 3D density map is
sition of micrographs under low dose condition; image analy- calculated. This initial map is used for subsequent refinement
sis and 3D reconstruction; assessment of quality and resolu-of the orientation and position of the images using model-
tion; and interpretation and presentation of the structure. based methods such as polar Fourier transf@sngnd cross
The sample preparation of single particles for cryoEM is common line 26, 27). Each 2D image is compared to the
straightforward when compared to crystal preparation for predicted projection of the 3D reconstruction, and better
X-ray diffraction. A few microliters of sample solution are parameters of orientation and position are determined for
applied onto a glow-discharged EM grid coated with the individual particle projections and a revised 3D map
perforated carbon film. The grid is then blotted with filter computed. This procedure is iterated to convergence. The
paper to remove excess solution, rapidly plunged into liquid resolution of the final reconstruction is typically evaluated
ethane slush, and stored in liquid nitrogen. The use of ethaneby the consistency of the two independent reconstructions,
leads to rapid freezing of the sample solution, which vitrifies each computed with a randomly split half of the data set
the sample into a glasslike state and prevents formation of (28). A variety of software packages are available to
crystalline ice. Such a procedure allows the sample solutionvisualize, analyze, and present the 3D structure and dynamic
to form a thin layer (up to several thousand Angstroms) in information derived from cryoEM (for example, see 29).
the holes of the grid where the biological objects are evenly CryoEM is also used for structure determination by
distributed. The sample is maintained at liquid nitrogen electron crystallography7f. Here, the protein sample is
temperatures with a specially designed cryo specimen holderprepared as ordered 2D arrays (2D crystals) by various
and is transferred into the electron microscope vacuum for strategies. Integral membrane proteins can be reconstituted
examination. A “good” area is located on the grid at low in a synthetic lipid bilayer. Water-soluble proteins will often
magnification. To avoid damaging the area used for data self-organize as a monolayer by directly adsorbing to a
collection, alignment of the electron beam and focusing is surface or associating with a surface containing ligands that
performed at high magnification in an area adjacent to the bind to the proteins. CryoEM images are recorded for a
one to be photographed. Micrographs are recorded in a lowsample that is tilted by various angles relative to the electron
dose mode (520 electrons/A) to minimize radiation beam. These images are used to calculate 2D Fourier
damage to the macromolecules. Due to the lack of amplitudetransforms of the arrays, each corresponding to a central
contrast caused by the small difference in electron scatteringplane of the Fourier transform of the 3D structure. The
between water and biological molecules, images are gener-amplitude and phase information are integrated to compute
ated by slightly underfocusing the sample to enhance phasea 3D map by inverse Fourier transform. In some cases,
contrast. The image formed, however, is a distortion of the electron diffraction intensities can be incorporated into the
true structure due to the contrast transfer function, a calculation. For highly ordered 2D crystals, cryoEM and
parameter that is characteristic of the particular microscopeimage analysis is able to yield 3D structures at near atomic
used, and the data must be corrected for this while creatingresolution in the membrane plane. Higher resolution is
the high-resolution reconstruction. achieved with this method than with single particle ap-
Each image of the biological molecule recorded under proaches because of the large number of molecules in the
cryoEM conditions is a 2D projection of 3D density. Many 2D crystals and their well defined position and orientation
in the lattice. Nevertheless, the resolution perpendicular to

L Abbreviations: cryoEM, electron cryomicroscopy; 3D, three- the membrane plane is significantly lower. This anisotropy
dimensional; 2D, two-dimensional. in resolution is due to the “missing cone” effect because it
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Nirus NVirus
Ficure 1: (a) Stereoview of the cryoEM map of coxsackieviraslenovirus receptor (CAR) bound to coxsackievirus B3 (CVB3). The

virus is shown as a gray surface. The Ig-like extracellular domains D1 and D2 of CAR are in red, and the transmembrane and cytoplasmic

portions of CAR are green. This complex structure may mimic the initial binding state of CVB3 with CAR. Abundant interactions would

occur between domain D1 and the virus. In contrast, the transmembrane and cytoplasmic portions are connected to domain D2 by only

weak density, suggesting a flexible hinge between them. (b) Stereoview ofitt@c® of CAR D1 and D2 domains (black) fitted into the
cryoEM map (light blue). Portions of VP1 (blue) and VP3 (red) of CVB3 are shown. The sugar moiety of the glycosylated Asn108 of
domain D1 is indicated by yellow. Figures were adapted frdB) (ith permission.

is not possible to collect images with a tilt angle nea?;90 Fourth, only a small amount of sample is required and the
hence, the measured data do not cover the full Fourier spacesample does not need to be at high concentration. For typical
CryoEM and image reconstruction of single particles has viruses,~1 mg/mL is sufficient to produce images with
several advantages over X-ray crystallography. First, thereenough particles for analysis. Finally, the sample is main-
is no special requirement for the purity of the sample, and it tained in a native hydrated form by rapid freezing; thus, the
is practical to analyze nonhomogeneous samples by manuaktructure obtained represents the state of macromolecule in
or computational classification of structurally distinct popula- solution. Flash freezing of the sample also allows time-
tions of particles. Hepatitis B coat protein forms two types resolved analysis of transient, functional states of macro-
of icosahedral particles with triangulation numbédrs= 3 molecules with a time resolution at the millisecond level
or 4. CryoEM micrographs of the mixed sample were achievable with specially designed spray equipmagk.(n
recorded, and images were classified to yield reconstructionssummary, cryoEM is particularly suitable for studies of large,
at 9 and 11 A resolution for the two different particles, flexible, nonhomogeneous macromolecular assemblies. The
respectively ). Second, there is no limit to the size of the method also allows the investigation of large scale confor-
object. The optimal molecular weight for high-resolution mational change often associated with biological function,
single particle analysis is1—10 MDa. The theoretical lower  including virus maturation33), genome packaging, mem-
limit is roughly 100 kDa 80). A striking achievement for a  brane fusion 34), muscle contraction35), and chaperonin
small complex is the 10 A resolution cryoEM structure of functions @6).
Ul small nuclear ribonucleoprotein particle @240 kDa Receptors Binding to ViruseSomplexes between viruses
(31). Different strategies may allow even smaller objects to and cellular receptors are ideal specimens for study by cryo-
be investigated, such as heavy-metallic cluster labeling, EM. It is difficult or impossible, in some cases, to create a
binding a small object to a large carrier (e.g., a virus capsid), homogeneous solution of the complex that is completely free
or difference imaging. Third, the molecule of interest does of the individual components; therefore, they may be impos-
not need to be crystallized, and it can be an asymmetric singlesible to crystallize. Often, high-resolution structures of each
particle or display helical, icosahedral, or other symmetry. component of the complex have been determined by crystal-
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lography. By combining this information with the reconstruc-
tion, a wealth of detail may be gained regarding the pattern
of molecular interactions between the virus and receptors.

The cryoEM structures of poliovirus type | complexed with
the extracellular three-domain receptor (CD155) revealed that
the binding site was in a canyon at the poliovirus surface
and had a footprint similar to that of binding of major type
human rhinoviruses with their receptor, the intercellular
adhesion molecule-137—40). Nevertheless, the relative
orientation between the receptors and viruses were remark-
ably different. The amino acid residues that defined the
specificity of recognition also differed. Interestingly, the
cellular receptor (very low-density lipoprotein receptor) to
human rhinovirus 2 belonging to the minor group bound
around the 5-fold vertices of the virus rather than in the
canyon 41). The similarity in receptor recognition between
poliovirus and major group rhinoviruses and the difference
between major and minor group rhinoviruses reflect the
diversity in adaptability of picornaviruses and may be related
to different uncoating mechanisms.

The cryoEM structure of coxsackievirus A21 complexed
with the five extracellular domains of its receptor presented
a striking view of the virus particle with a radius of 150 A
decorated by the 180 A long receptof®)( The five domains
displayed increasing flexibility from the binding domain
closest to the virus toward the remote end as the density iNFcure 2: (a) Shaded surface view of the 8.5 A resolution cryoEM
the cryoEM map decreased progressively. A first view of structure oflT = 16 HSV-1 capsid with 12 pentons (red), 150 hexons
interactions between a virus and its full-length receptor was (blue), and 320 triplexes (green). (b) A side view of two subunits
derived by cryoEM for group B coxsackievirus and the extracted from a 6-fold averaged C hexon. Each subunit consists

7 . S of a VP5 molecule and a VP26 molecule (dashed lines) on the top
coxsackievirus-adenovirus receptor which includes trans- o¢\/ps_(c) The same view as panel b with the cryoEM map shown

membrane and cytoplasmic portions (Figure 43)( as semitransparent surface. The 24 putativieelices are shown
The outer capsid proteinl of reovirus T3D strain binds  as gold cylinders (5 A diameter) in one of the subunits. The upper

to the carbohydrate moiety on the surface of host cells, which (U), middle (M), and floor (F) domains of VP5 are indicated.
is critical for viral attachment. Monoclonal antibody to F'9ures were adapted fron1) with permission.
another capsid protein3 blocks the binding 061 to sialic
acid and inhibits reovirus-induced hemagglutination. Binding By combining 5860 images of particles from 130 micro-
of reovirus with IgG and Fab was examined by cryoEM)( graphs, cryoEM revealed the structure of human herpes
It was proposed that IgG binding to3 leads to steric  simplex virus type 1 capsid at 8.5 A resolution (Figure 2)
hindrance for access of the sialic acid binding domain®f  (11). This icosahedral capsid is formed by four protein types
whereas Fab did not inhibit HA, which is consistent with arranged in & = 16 lattice, with a total molecular mass of
immuno-biochemical evidence. 0.2 billion Daltons and a diameter of 1250 A. More than 30
A cryoEM reconstruction of adenovirus in complex with helices were identified in the density map for the capsid
its internalization receptax,35 integrin and high-resolution  proteins VP5, VP19C and VP23.
crystal structures of foot-and-mouth disease virus-oligosac- Bacteriophagé has al = 7 capsid encapsidating a linear
charide receptor complexes are also examples of the ap-dsDNA genome. The nucleoprotein head is attached through
plication of these techniqued§, 46). a connector to a long, flexible tail. The mature capsid is
Virus Assemblyl.ack of icosahedral symmetry and varia- stabilized by binding of a small protein gpD at the 3-fold
tion in size and shape of the HIV capsid has set back the vertices. The binding sites for gpD are created or exposed
structural investigation of this enveloped RNA virus. In vitro, only after the prohead expands. The crystallographic trimer
recombinant capsid proteins of HIV-1 spontaneously as- in the 1.1 A resolution X-ray structure of gpD fit well with
semble into helical tubes and cones that resemble the virusthe thimble-shaped protrusion at the 3-fold axis of the 15 A
capsid. Image reconstruction of the helical assemblies of resolution cryoEM map of the capsid8). The gpD protein
HIV-1 CA proteins at 26-30 A resolution allowed fitting makes contacts with the capsid via a relatively hydrophobic
of the atomic structures of two domains of the capsid protein and conservative area where the visible N-terminus (Ser15)
into the map, showing that the N-terminal domains form the is located.
hexameric rings and the C-terminal dimerization domains Genome Packaging?ackaging of the viral genome is
connect each ring to six neighbo#s7}. A molecular model either a highly cooperative co-assembly of viral proteins and
for the HIV cone structure was proposed in accordance with nucleic acids induced by specific and nonspecific interactions
the principle of a fullerene cone, in which the body of the or a well-controlled process, which is directed by multiple
cone is composed curved arrays of capsid protein hexamersstructural components of the virus requiring a preformed
and the narrow and wide ends are closed by inclusion of 5 shell. The nucleic acid packaged in the capsid cannot follow
and 7 pentamers, respectively. the icosahedral symmetry, although it may be organized in
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Prohead Il
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Ficure 3: (a) CryoEM reconstructions of prohead Il (left) and head Il (right) of HK97 show dramatic rearrangement of the capsid structure.

In both panels: left, top view; right, cutaway view. This figure was adapted frorBGefith permission. (b) The pseudoatomic model of
prohead Il derived by fitting subunits in the crystal structure of head Il into the cryoEM map of prohead Il (semi-transparent surface).
Seven subunits in the asymmetric unit are in different colors, and the neighboring subunits are in gray. Subunit rotations between prohead
Il and head Il are as large as3@ith translations as large as 58 A. A significant portion of the tip of the E-loop protrudes outside the
cryoEM density, implying either variation of conformations or disorder of this region in prohead Il. (c) Local refolding of the subunit
during the transition from prohead Il to head Il. The E-loop is more hinged in prohead Il (purple) than in head Il (yellow). The gray portion

of the N-arm was omitted in the prohead Il model due to steric clash, indicating different folding than that in head II.

a specific form that is required for the next step of the virus encapsidating the natural BMV genomic RNA, which is
life cycle, e.qg., replication and/or translocation of the nucleic indistinguishable from authentic virions, and a 120-subunits
acid across a membrane. capsid packaging an engineered mRNA containing only the
The crystal structure of the heathil connector of the ~ BMV capsid protein gene56). Modeling of the capsid
bacteriophage29 was determined at 3.2 A resolution using protein structure from the closely related CCMV into the
a low-resolution cryoEM map from 2D arrays of the cryoEM maps of the two capsids suggested that assembly
connector proteins, and the derived atomic model was readilyof the T = 1 particle with a dimer in the icosahedral
fitted into the cryoEM maps of the prohead and partially asymmetric unit may exploit dramatically different coat
DNA-filled prohead 49). The structural components of the protein interactions as well as interactions similar to those
connector are proposed to comprise a rotary motor with thein the T = 3 patrticle. This also demonstrated the versatility
prohead RNA-ATPase complex acting as a stator, the DNA of capsid protein in particle assembly.
acting as a spindle, and the connector as a ball-race. The Capsid MaturationVirus capsid maturation is a common
helical nature of the DNA converts the rotary movement of process during assembly of many bacteriophages and some
the connector into translation of the DNA. animal viruses. The irreversible transition from the procapsid
The dsRNA genome of bluetongue virus is packaged into to the mature capsid involves remarkable physicochemical
spherical shells that were observed in the X-ray electron changes, including dramatic expansion of the particle,
density at 3.5 A resolution. The RNA forms spirals putatively dissociation of scaffolding proteins, binding of accessory
associated with transcriptional enzyme complexes near theproteins, rearrangement of the capsid proteins, and/or cova-
5-fold vertices of the capsid, facilitating RNA replication lent cross-linking between capsid proteins by auto-catalysis.
(50). Concentric layers of packaged nucleic acids were HK97, a dsDNA bacteriophage, provides an excellent
observed by cryoEM in dsDNA bacteriophage p22, herpes example for structural studies on capsid maturation (Figure

simplex virus, and two dsRNA viruses of threoviridae 3). A single-chain 385-residue coat protein forms the earliest
family, demonstrating striking similarity in the genome precursor, prohead |, which is converted to prohead Il by
organization of these viruse51—54). proteolysis of the N-terminal 102 residues of the coat protein.

The amount of packaged genome directs the in vivo Prohead Il then expands by as much as 25% into head |,
assembly of brome mosaic virus capsid proteins into two which produces the mature capsid, head Il. A series of
different surface lattices: a 180-subunit capsid = 3) intermediates during maturation from prohead | to head Il



11522 Biochemistry, Vol. 41, No. 39, 2002 Current Topics

were captured and imaged by cryoEMI6]. The X-ray on an elegant device that punctures the outer cell membrane
structure of the mature capsid, head Il, revealed the topologyof E. coli and disrupts the intermembrane peptidoglycan
of the catenated cross-linking between residues K169 andlayer, allowing ejection of phage DNA into the ho§d4j.
N356 from adjacent subunits. This chain-mail organization These structural studies have implications for membrane
of subunits maintains the stable, large capsid (diameter 660functions that are regulated by specific proteins in many
A) with a remarkably thin shell of proteins (thickness 18 A) cellular processes.
(57). Indeed, the structure has been referred to as a molecular Conclusion and Prospect§he combination of X-ray
balloon. Insights into particle maturation were obtained when crystallography and cryoEM has had a significant impact
the coat protein model from the crystal structure of the head on structural biology, and it is driving our understanding of
was docked into the cryoEM map of the prohead Il at 12 A piological mechanisms into a new phase. In the era of
resolution. The modeling and comparison of prohead and structural genomics, X-ray crystallography is moving toward
head revealed that large subunit rotations and translationsa high throughput mode, and increasingly abundant structural
as well as local refolding accounted for the dramatic change data about individual proteins will be available. It is clear
in size and morphology between prohead and head. that the majority of cellular proteins function as complexes
Exceptional insights were also obtained from the cryoEM with other proteins or nucleic acids, and there is more
structures of the nucleocapsid, nucleocapsid core, procapsiddemand for rapid progress in cryoEM technology. Automated
and two recombinant particles of the enveloped dsRNA procedures for sample preparation and data acquisition on
bacteriophagep6. These studies revealed the maturation powerful electron microscopes is being establistG §6).
pathway of this multicomponent machine for RNA packaging Robust and fast computational algorithms are being devel-
and polymerizationg8). oped, and databases are being built for depositing and sharing
Change of pH and metal ion concentration reversibly the structural information from cryoEM. New methods are
drives the native CCMV particle into a 15% larger swollen emerging to dock atomic models into cryoEM maps in a
form where the quaternary structures of the hexamer andmore efficient and quantitative manner with objective valida-
pentamer remain essentially unchanged while the quasi-3-tion of the results§7—69). Moreover, electron tomography
fold axes dramatically expand generating large holes in the enables reconstruction of 3D maps of more polymorphic
particle surfaceq9). Maturation of NvV, a simple sSRNA  objects such as mitochondrionQ{ 71), Golgi apparatus7@),
virus, involves large rearrangements in tertiary and quater- and whole cells{3, 74). The combination of cryoEM, X-ray
nary structure of the coat protein subunits, which may be crystallography, NMR, and other techniques will continue
related to electrostatically driven repositioning of internal to broaden the type of objects that can be studied. These
helices 83). Detailed movements of the subunits were methods will reveal the functional dynamics of biological
mapped by fitting the atomic model of the capsid, determined systems and, in the long term, establish atomic resolution
by crystallography, into the cryoEM density of the procapsid cell biology by the creative blending of multi-resolution
(33). information spanning organizations from atoms, molecules,
Membrane Fusion/PenetratiofEnveloped viruses carry  and molecular assemblage to organelles, cells, and eventually
glycoproteins at the capsid surface that are responsible fortissues.
receptor recognition and entry into host cells through
membrane fusion. However, membranes and glycosylation ck NOWLEDGMENT
cause exceptional difficulties for crystallization of the whole
viruses. Docking the high-resolution X-ray structure of  \we thank members of our laboratory for helpful and
components into the low-resolution cryoEM map has been stimulating discussion.
a successful strategy to gain knowledge for these viruses.
The X-ray structure of the fusion glycoprotein E1 of Semliki
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