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Structure determination of proteins on the order of 10* Da is
routinely performed at atomic resolution by x-ray crystallogra-
phy and NMR. Proteins on the order of 10°~10° Da (especially
symmetrical protein assemblies) have been solved by x-ray
methods, but these larger molecules and molecular arrays are
generally studied by electron microscopy. Several small (10*
Da) proteins have been determined in near atomic detail by
electron methods, but for larger structures, the resolution is
typically limited to 10-30 A.

A single organic molecule is destroyed by a dose of x-rays or
electrons far less than that required to determine its structure
(1). This limitation is overcome by irradiation at a low level and
averaging over many molecules for detection. The images or
diffraction patterns to be averaged must come from molecules
that are identically oriented, as any deviations will limit the
resolution of the result. In x-ray analysis, this requirement is
met by the use of three-dimensional crystals. In electron mi-
croscopy, there are two alternatives: the use of crystals, which
must be very thin, preferably a single layer thick (or “two-
dimensional”) to allow transmission of the electron beam and
facilitate interpretation of the data; or correlation analysis,
whereby images of single particles are grouped on the basis of
similar features and thus, presumably, similar orientations (2).
The single particle approach has the advantage that crystals
are not required, but the effectiveness of correlation analysis
for determining orientations is limited for smaller molecules
(less than about 10° Da). As a result of these considerations,
electron crystallography is often the method of choice for com-
plexes larger than about 10° Da.

Improvements in all aspects of electron crystallography,
from sample preparation to data collection and image process-
ing, have extended the range of application and resolution of
the approach. Here we review some recent developments, with
particular regard to structure determination of two-dimen-
sional crystals formed on lipid layers. The utility of the ap-
proach and potential for solution of biological problems are
illustrated by results obtained for the ~10%-Da RNA polymer-
ase II transcription initiation complex.

Lipid Layer Crystallization
Electron crystallography originated from studies of naturally
occurring, ordered arrays of proteins, such as regular viruses
and two-dimensional crystals of membrane proteins (3). A
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three-dimensional structure can be derived from a single elec-
tron microscope picture of an array if its natural symmetry
affords many different views, related in a known manner. For
example, structures of viral capsid proteins have been deter-
mined from single images of helically or icosahedrally symmet-
ric particles. In the case of two-dimensional crystals, a three-
dimensional structure may be reconstructed from multiple
images of the specimen tilted at various angles to the incident
electron beam. Multiple images are readily obtained from spec-
imens embedded in negative stain, allowing rapid structure
determination to the resolution of the molecular envelope in
stain (typically about 15 A). Unstained specimens, preserved in
amorphous ice or in a very concentrated solution of a small
organic molecule such as glucose or tannin, may be solved to
near atomic resolution (4, 5).

As natural ordering of proteins is rare, a general method of
forming two-dimensional arrays was developed to expand the
range of the electron crystallographic approach (6, 7). The
method entails binding the protein of interest to a lipid layer,
either by the use of an appropriate lipid-ligand or through
electrostatic interaction with a charged lipid layer. Bound pro-
teins are constrained in two dimensions without loss of mobil-
ity because of the rapid lateral diffusion of lipids. A high con-
centration of bound protein drives the crystallization process,
with ordering in two dimensions determined by protein-protein
interaction. Dozens of proteins have been crystallized in this
way (8), and the following advantages of the procedure have
emerged. First, only a small amount of material is required;
under favorable circumstances, 10-1000 ug of protein will
suffice for three-dimensional structure determination. Second,
two-dimensional crystals form under a wide range of aqueous
solution conditions, including physiologic pH and ionic
strength. Third, a two-dimensional crystal exposes a face for
interacting molecules, facilitating the analysis of multiprotein
complexes. Fourth, structure determination by electron crys-
tallography is comparatively rapid, with no limitation on the
size of the protein studied up to 10° Da and beyond. To sum-
marize, electron microscopy of two-dimensional crystals on
lipid layers is of particular benefit for proteins whose size,
scarcity, or fragile nature precludes structure determination by
other methods.

Generality of Lipid Layer Crystallization

The first requirement of the lipid layer crystallization ap-
proach is for a protein of sufficient quality to form ordered
arrays. Homogeneity and structural regularity are crucial, al-
though deviations may be tolerated if they are confined to the
crystal faces and do not affect intermolecular contacts in the
crystal plane. For example, monoclonal antibodies were crys-
tallized in two dimensions (9) but failed to do so in three
dimensions, perhaps because of carbohydrate chains projecting
from the crystal faces whose heterogeneity or poor capacity for
ordering interfered with three-dimensional crystal growth. In
general, it appears that any protein capable of ordering in three
dimensions will do so in two dimensions, but not the reverse.

The next requirement is for a method of binding a protein of
interest to a lipid layer. The initial development of lipid layer
crystallization employed specific lipid ligands, such as lipid-
haptens and lipid-nucleotides. Although effective, this ap-
proach suffers both from limitation to available protein-ligand
pairs and from the demand for lipid-ligand synthesis. More
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convenient and general approaches include the use of lipid-
adaptors, such as metal-lipids for binding oligohistidine-tagged
proteins (10) and the use of uniformly charged lipid layers, for
binding almost any protein through electrostatic interactions
(11). Whereas binding to lipid-ligands and lipid-adaptors is not
very dependent on solution conditions, binding through elec-
trostatic interactions can only occur within a narrow range of
ionic strength and would be expected to be pH-dependent as
well. At lower ionic strengths, protein binding but no crystal-
lization may be observed, perhaps because interaction with the
lipid layers is so strong as to impede rotational reorientation
needed for crystalline ordering. At higher ionic strengths di-
minished electrostatic interaction would result in little protein
binding. Because of the ease and generality of binding to
charged layers, this approach will be the first to be tried for
many new proteins, and variation of monovalent salt concen-
tration in the range of approximately 100-300 mm will be
necessary in each case.

The formation of two-dimensional protein crystals on lipid
layers is frequently accompanied by the accretion of additional
crystalline protein layers (epitaxial growth). This interferes
with structural analysis by electron microscopy and can be
minimized by the control of time, protein concentration, and
other crystallization conditions. The formation of multiple lay-
ers can be exploited, however, for the generation of three-
dimensional crystals suitable for x-ray analysis (12, 13). Such
“seeding” of three-dimensional crystal growth has been per-
formed in a number of instances and may prove general.

Structure of RNA Polymerase 11

The benefits of protein crystallization on lipid layers are
illustrated by application of the approach to the RNA polym-
erase II transcription initiation complex. When the first micro-
grams of a well defined RNA polymerase II, active in the
initiation of transcription, became available by isolation from
yeast, two-dimensional crystallization trials were performed,
with the use of positively charged lipids for polymerase bind-
ing. These trials were immediately successful, but the two-
dimensional crystals obtained were small and poorly ordered,
diffracting to only about 30-A resolution (14). Though unsuit-
able for structure determination, these crystals provided a
starting point for further investigation. The ease, rapidity, and
small amount of material required for two-dimensional crys-
tallization were exploited to screen protein fractions for the
formation of larger, better ordered arrays. It soon emerged that
polymerase preparations varied in their content of two sub-
units, Rpb4 and Rpb7, and in quality of crystallization. Rpb4
and Rpb7 were generally found in substoichiometric amounts
relative to the other polymerase subunits, and the resulting
heterogeneity of polymerase preparations was identified as a
possible impediment to crystallization. The problem was cir-
cumvented by the use of a yeast strain in which the gene for
Rpb4 was deleted, and polymerase purified from this strain
lacked Rpb7 as well. The deletion enzyme, termed A4/7 polym-
erase II, was homogeneous and formed two-dimensional crys-
tals of good size and quality, diffracting to the limit of resolu-
tion in negative stain (15).

The three-dimensional structure of A4/7 polymerase II was
derived from images of stained specimens to a nominal resolu-
tion of 16 A (16) (Fig. 1). A notable feature of the structure was
a cleft about 25 A in diameter, appropriate in size for binding
duplex DNA. A similar cleft in x-ray structures of much smaller
single subunit polymerases harbors the active center (17), and
the polymerase II cleft has been thought to do so as well.
Support for this idea comes from the recent electron crystallo-
graphic analysis of an RNA polymerase II transcription elon-
gation complex containing the enzyme in the act of transcrip-
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Fic. 1. Structure of RNA polymerase II-transcription factor
complexes revealed by two-dimensional crystallography. In blue
is shown the three-dimensional structure of yeast RNA polymerase II at
16-A resolution. C denotes the active center cleft. A indicates the do-
main of protein density controlling entry and exit from the cleft. In
green and magenta, denoted B and E, are the projected differences
between factor B- and factor E-RNA polymerase II complexes, respec-
tively, and the polymerase alone. The yellow dashed line marks out the
110-A distance from B to the active center cleft and represents the
presumed path of DNA from the TATA box to the transcription start
site. The red dot indicates the point of attachment of the C-terminal
domain of the largest subunit to the enzyme.

tion, with associated DNA and RNA. Difference structure
determination between two-dimensional crystals of the elonga-
tion complex and polymerase alone revealed additional density
in the complex, attributed to nucleic acid, in the 25-A cleft.!
There was no other difference, showing that the structure of
the polymerase alone was in the elongation conformation, as
previously proposed on the basis of electron crystallography of
Escherichia coli RNA polymerase (18).

Alternative conformations of RNA polymerase II for tran-
scription initiation and RNA chain elongation were anticipated
from the nearly continuous ring of protein density surrounding
the 25 A cleft, impeding entry of DNA, and from previous
studies of E. coli RNA polymerase and the smaller single sub-
unit enzymes, pointing to a role of protein flexibility in opening
and closing the cleft. Evidence for such flexibility of RNA po-
lymerase II came from a second two-dimensional crystal form
of the enzyme in which a domain of protein density (A in Fig. 1)
at the mouth of the cleft was apparently absent because of
motion or disorder (19, 20). This open conformation is presum-
ably important not only for entry of DNA in transcription
initiation but also for exit during termination.

Additional features of RNA polymerase II structure have
been revealed by studies of two-dimensional crystals in nega-
tive stain. The problem of polymerase heterogeneity because of
substoichiometric Rpb4 and Rpb7 could be circumvented not
only by the use of A4/7 polymerase II but also by the isolation
of wild type polymerase containing a full complement of these
subunits from yeast grown under appropriate conditions. This
wild type polymerase formed well ordered two-dimensional
crystals, and difference structure determination revealed the
locations of Rpb4 and Rpb7 (21). Difference structure determi-
nation also identified the point on the surface of the enzyme
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from which the C-terminal domain of the largest subunit em-
anates into solution (22).

Structure of the RNA Polymerase II Transcription
Initiation Complex

RNA polymerase II alone cannot recognize a promoter or
initiate transcription. A set of additional proteins, termed gen-
eral transcription factors, is required. Five such factors, de-
noted (TFID) B, E, F, H, and TBP, enable initiation at a core
promoter, which comprises a TATA box and transcription start
site (23). TBP recognizes the TATA box and creates a context
for binding factor B which, in turn, interacts with RNA polym-
erase II. Biochemical studies have shown that factor B-polym-
erase interaction determines the distance from the TATA box
to the transcription start site (24), about 30 base pairs in most
polymerase II promoters in most eukaryote organisms. Molec-
ular measurement of this distance, the hallmark of a polymer-
ase II promoter, underlies transcription initiation.

The mechanism of distance measurement has been inferred
from electron crystallography of RNA polymerase II-factor B
complexes. Difference structure determination between these
complexes and polymerase alone revealed the location of factor
B, about 110 A from the active center cleft (25). The coincidence
of this spacing, corresponding to about 30 base pairs of duplex
DNA, with the conserved distance from the TATA box to the
transcription start site, suggests a simple stereochemical basis
for start site determination; promoter DNA follows a straight
path on the surface of the polymerase from the B-binding site to
the DNA-binding cleft, juxtaposing the start site in the DNA
with the enzyme active center, where initiation occurs. (This
proposal can accommodate the extraordinary situation in the
yeast Saccharomyces cerevisiae, where the TATA box-tran-
scription start site spacing is 40-120 base pairs, because a
straight path only represents the minimum distance from the
B-binding site to the DNA-binding cleft, and longer distances
are not excluded.)

The proposed mechanism of distance measurement may be
tested by two-dimensional crystallography of additional polym-
erase-general transcription factor and polymerase-DNA com-
plexes. The location of factor E in such complexes, adjacent to
the active center cleft, has already been determined (25). Sim-
ilar analyses should reveal the locations of factors F and H and
promoter DNA. The combined information from two-dimen-
sional crystallography will yield a picture of an entire tran-
scription initiation complex, illuminating the roles of all the
general transcription factors in the initiation mechanism, as
well as the mode of polymerase-promoter DNA interaction.

Future Directions: Helical Protein Crystals on Lipid
Nanotubes

A promising extension of the lipid layer crystallization ap-
proach entails the use of lipid nanotubes rather than planar
lipid layers. This development originated from the spontaneous
formation of helical crystals of E. coli RNA polymerase ad-
sorbed on planar lipid layers. The helical crystallization proc-
ess evidently provided the driving force for extrusion of cylin-
drical lipid vesicles from planar layers or spherical vesicles
(18). The same result could be achieved deliberately by the use
of lipid nanotubes, which represent the preferred hydrated
state of some lipid mixtures. Inclusion of metal-lipids or
charged lipids in the mixtures enables the binding of oligohis-
tidine-tagged proteins or binding by electrostatic lipid-protein
interaction, as described above (26).

The main advantage of lipid nanotubes over planar lipid
layers is the greater ease of three-dimensional structure deter-
mination. A single view of a helical crystal usually provides
sufficient information for three-dimensional reconstruction to
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an acceptable resolution (about 15 A). A planar crystal, on the
other hand, must be imaged at many angles of tilt with respect
to the electron beam, which poses a number of problems, some
of them possibly insuperable; there is a loss of resolution upon
tilting, due in part to specimen charging, which is especially
severe in the case of frozen, hydrated specimens; tilting beyond
about 60° is impractical, resulting in a “missing cone” of infor-
mation in any three-dimensional data set from a planar two-
dimensional crystal.

Another benefit of lipid nanotubes is that protein binding is
more readily measured. The nanotubes can be harvested by
centrifugation and the amount of bound protein simply quan-
titated. In studies with planar layers, binding has thus far been
monitored qualitatively by the observation of single protein
particles in the electron microscope.

The efficient transfer of crystals on planar layers to electron
microscope specimen grids without distortion or other damage
proved a major impediment in studies of RNA polymerase II
and other proteins in the past and has only recently been
alleviated by the “loop transfer” method (27). It remains to be
seen how lipid nanotubes compare with planar layers in this
regard. Lipid nanotubes are mechanically more stable than
planar layers, and they are maintained in suspension, so their
transfer is, in principle, straightforward.

In some instances, helical crystals arise spontaneously from
proteins associated with lipid layers, driving the formation of
lipid tubes of a particular diameter, presumably because a
pattern of intermolecular contacts that maximizes the degree
of helical order occurs for that diameter (curvature). If pre-
formed lipid nanotubes are used, their diameters may not be
appropriate, and well ordered helical crystals may be rare, or in
some cases, unobtainable.

Future Directions: Two-dimensional
Crystallography and Single Particle Analysis

There are problems intrinsic to the two-dimensional crystal-
lography of large molecular complexes that will diminish the
resolution of the analysis. The number of intermolecular con-
tacts possible in a two-dimensional array is limited by the
reduced dimensionality of the system. As the size of the com-
plex increases, the density of intermolecular contacts is further
reduced by the smaller surface-to-volume ratio. Larger com-
plexes are also more prone to structural variation because of
flexibility between protein domains.

The best approach for such a specimen may be to combine
crystallographic and single particle techniques. Crystallo-
graphic analysis will extract the structural information avail-
able from whatever ordering is obtained and provide an initial
model. Single particle analysis will then refine this model,
correcting insofar as possible variation, distortion, and lack of
long range order (28, 29). The application of this combined
approach to RNA polymerase II in ice revealed conformational
variation of the enzyme that may account for a limitation on
the degree of order of the crystals and on the resolution of
structure determination (19).

Summary and Conclusions

The formation of two-dimensional crystals on lipid layers is
widely applicable and, in combination with electron microscopy
and image processing, affords a facile route to the structure
determination of even very large multiprotein complexes at
moderate (~15 A) resolution. The value of structural informa-
tion at this resolution is illustrated by studies of RNA polym-
erase II (~600 kDa). Electron crystal structures of the polym-
erase alone, of cocrystals with the initiation factors B and E,
and of cocrystals with DNA and RNA have revealed the loca-
tions of the various components in transcription initiation and
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elongation complexes. The location of factor B led to a simple
hypothesis for the basis of transcription start site selection and
for the conserved distance between the TATA box and start site
in almost all RNA polymerase II promoters.

Two new approaches hold promise for extension of structure
determination by electron microscopy to higher resolution.
Combined crystallographic and single particle analysis may be
used to overcome limitations on resolution because of confor-
mational variation, local or long range disorder, and deviations
from flatness and other specimen defects. Crystallization on
lipid nanotubes rather than planar layers enables three-dimen-
sional structure determination without the requirement for
recording multiple images at a range of angles of tilt to the
electron beam. Lipid layer crystallization can also serve as a
starting point for x-ray analysis. It can lead to three-dimen-
sional crystallization by providing a structural “assay” for de-
riving protein preparations capable of forming well ordered
crystalline arrays and by providing two-dimensional “seeds” for
three-dimensional crystal growth.

The balance between two-dimensional crystallography and
single particle analysis techniques may change with time. The
resolution of structures obtained by single particle techniques
is continually improving. As the quality of images, the effi-
ciency of particle alignment, and the power of data analysis
algorithms increase, single particle analysis may become the
technique of choice in the future.
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