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Visualization and Functional
Analysis of RNA-Dependent
RNA Polymerase Lattices
John M. Lyle,1* Esther Bullitt,2* Kurt Bienz,3 Karla Kirkegaard1†
Positive-strand RNA viruses such as poliovirus replicate their genomes on
intracellular membranes of their eukaryotic hosts. Electron microscopy has
revealed that purified poliovirus RNA-dependent RNA polymerase forms planar
and tubular oligomeric arrays. The structural integrity of these arrays correlates
with cooperative RNA binding and RNA elongation and is sensitive to mutations
that disrupt intermolecular contacts predicted by the polymerase structure.
Membranous vesicles isolated from poliovirus-infected cells contain structures
consistent with the presence of two-dimensional polymerase arrays on their
surfaces during infection. Therefore, host cytoplasmic membranes may function
as physical foundations for two-dimensional polymerase arrays, conferring the
advantages of surface catalysis to viral RNA replication.
Nucleic acid synthesis is often associated
with large, static “factories” (1). For positivestrand RNA viruses such as poliovirus, footand-mouth disease virus, hepatitis C virus,
and many others, the RNA replication complexes form on the cytosolic surface of cytoplasmic membranes (2–4). The role of this
membrane association is not known, but it
may be to (i) concentrate and compartmentalize viral products by targeting to a common structure, (ii) provide key lipid constituents to the viral RNA replication complexes,
or (iii) physically support the RNA replication complex.
Poliovirus RNA synthesis is catalyzed by a
virally encoded RNA-dependent RNA polymerase, termed 3D (5). The 3D polymerase is a
soluble enzyme, but it is targeted to membranes
by binding to another viral protein, 3AB (6–8),
also part of the RNA replication complex. Poliovirus polymerase forms homo-oligomers, as
demonstrated by its cooperative elongation and
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RNA-binding activity with respect to protein
concentration, facile cross-linking with glutaraldehyde (9, 10), and interactions in a yeast
two-hybrid system (7, 11). The three-dimensional crystal structure of the poliovirus polymerase determined by x-ray crystallography
(12) revealed two interfaces between polymerase molecules (Fig. 1A). Based on a right-hand
metaphor for polymerase structure, Interface I
involves residues on the side of the thumb
domain and residues on the back of the palm of
an adjacent polymerase, forming a head-to-tail
oligomeric fiber through the crystal (12). Amino acid substitutions predicted to disrupt interface I are lethal to the virus (13, 14) and reduce
RNA-binding affinity (14). Interface II involves intermolecular donation of the NH2terminal domain of one polymerase to a region
of the thumb near the active site of its neighboring polymerase, forming a head-to-tail fiber
through the crystal that intersects the fibers
formed by interface I at a 90° angle (Fig. 1A)
(12). However, the region of 3D polymerase
around interface II is not completely resolved in
the x-ray structure (12), and alternative crystal
forms reveal that alternative packing conformations around interface II allow polymerasepolymerase interactions in this region, even in
the absence of the NH2-terminal donation (15).
For wild-type polymerase, the existence of the
intermolecular NH2-terminal donation shown

21 JUNE 2002 VOL 296 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on February 4, 2007

into the ER lumen (Fig. 3C). Glycosylation of
Asn10 and Asn20 was also confirmed in vitro
(13).
On the basis of the analysis of glycosylation sites and the prediction of transmembrane regions, we propose a seven-transmembrane topology for SPP with the
NH2-terminus in the ER lumen, the COOHterminus containing the ER retrieval signal
in the cytosol, and the active-site motifs
YD and LGLGD in the center of adjacent
transmembrane regions (Fig. 3D). Such
motifs are also present in adjacent transmembrane regions of presenilins (3, 5, 6 ).
However, the predicted orientation of the
transmembrane regions containing the YD
and LGLGD motifs is opposite in presenilins compared with that of SPP, in accordance with the opposite orientation of the
substrates. The substrates of presenilins,
NOTCH-1 and !-APP, are type I membrane proteins, whereas SPP substrates
have a type II orientation (Fig. 3D).
Genetic evidence supports the explanation that presenilins are "-secretases, which
catalyze cleavage of !-APP in its transmembrane region and liberate A! peptides
(6 ). Recent observations, however, question presenilins as the proteolytic components that cleave !-APP and NOTCH and
suggest alternative functions, such as that
of a molecular chaperone for membrane
proteins (20). The identification of SPP as a
presenilin-type aspartic protease favors the
former view that presenilins are proteases.
The identification of potential SPP homologs may in fact expand the number of
potential proteases, which may account for
"-secretase activity in systems that exclude
the action of presenilins (20). Identification
of functional human SPP may allow elucidation of the mechanism of intramembrane
proteolysis and address the still-unsolved
question of how the cleavage of peptide
bonds can be achieved in an environment
that is thought to preclude hydrolysis.

in Fig. 1A has been substantiated by intermolecular cross-linking of engineered cysteine residues (14). The abrogation of polymerase activity and viral viability by mutations in the
NH2-terminal region shows that the NH2-terminal sequences, and likely their intermolecular
donation, are essential for polymerase function
(14). In combination, biochemical, mutational,
and structural data suggest that the oligomeric
association of polymerase through interfaces I
and II is required for RNA replication in infected cells.
To investigate the higher-order structure
of poliovirus 3D polymerase, we evaluated
electron micrographs of purified enzymes.
Wild-type polymerase, purified to 99% homogeneity, formed large sheets—planar arrays hundreds of polymerase molecules in
length and width (Fig. 1B). These two-dimensional lattices of polymerase can also
take the form of twisted sheets and tubes,
with diameters ranging from 400 to 1000 Å
(Fig. 1C, “t”) so that at least 20 polymerases
compose their circumference. Electron-dense
regions 60 Å thick along the edges of the
polymerase tubes (Fig. 1C, arrowhead) indicate that the tubes are one polymerase thick.
Upon prolonged incubation at 4°C, fibers

(“f ”) with a diameter of 120 Å (two polymerases) extended from the ends of tubes and
sheets (Fig. 1C).
We determined the effects of two sets of
mutations on the higher-order structures observed by electron microscopy. The #IntI
mutant polymerase R455A:R456A:L446N
(Arg4553 Ala:Arg4563 Ala:Leu4463 Asn) is
predicted to disrupt intermolecular interface I
(Fig. 1A). #IntI polymerases formed only
fibers 120 Å in width, similar to those seen
with prolonged incubation of wild-type polymerase (Fig. 1D). This is in marked contrast
to the predominant species of large sheets and
tubes seen with wild-type polymerase.
The #65 mutant polymerase, lacking the
NH2-terminal 65 amino acids, is predicted to
disrupt interface II, although the extent of
disruption is unknown because the precise
disposition of the NH2-terminal strand in
interface II differs among three different
polymerase crystal forms (15). Electron microscopy (Fig. 1E) revealed that the mutant
polymerase retained the ability to form large,
ordered sheets and tubes. However, wild-type
and #65 polymerases (Fig. 1, C and E) revealed differences in the diameters of the
tubes formed and in the lattice parameters, as

Fig. 1. Mutations that disrupt
polymerase-polymerase interactions at interface I and interface
II disrupt higher-order polymerase structures. (A) Crystallographic unit cell of the threedimensional
structure
of
poliovirus RNA-dependent RNA
polymerase. Two sets of intermolecular contacts, interface I
and interface II, are indicated
(12). The four polymerase
monomers that compose the
unit cell are shown in different
colors, with the thumb ( T) and
finger (F) domains indicated.
The orientation of the polymerase fibers in the published threedimensional structure is shown
by the lattice posts and predicts
an unlimited three-dimensional
array. The wild-type amino acids, which are mutated in the
#IntI
polymerase
(R455A:
R456A:L446N), are shown as
space-filling
representations.
The resolved portions of the
NH2-terminal 65 amino acids,
deleted in the #65 mutation as
a partial disruption of interface
II, are seen in the thumb region
in the color of the adjacent molecule from which they originate.
Molecular modeling was performed with the Swiss PDB Viewer and
rendered with POV-RAY (37). Coordinates for the unit cell of the
three-dimensional structure of poliovirus RNA-dependent RNA polymerase were provided by J. Hansen ( Yale University) and S. Schultz
(Diné College) and can be obtained from the National Center for
Biotechnology Information library under PDB identification number
1RDR. Cloning, mutagenesis, and purification methods were as described (38). (B to E) Images of nega-tively stained preparations of
purified polymerase. Bars, 1000 Å. Magnifications in (C), (D), and (E)

determined by visual inspection and by Fourier transform analysis (16 ). Polymerases that
carry mutations designed to alter Interface I
and II, containing both the #IntI and #65
mutations, did not form ordered structures
(16). Therefore, the integrity of both interfaces I and II contributes to formation of the
oligomeric structures of wild-type polymerase shown in Fig. 1.
Electron microscopic images do not
necessarily reflect the majority of molecules in a population. To test whether a
large proportion of the polymerase molecules in solution could oligomerize into
large structures, we performed turbidity assays as described (17 ). Polymerase showed
a marked increase in turbidity upon incubation; this increased turbidity was dependent on the presence of the interfaces seen
in the crystal structure (Fig. 1F).
We examined the ability of mutant polymerases to function in RNA binding and in
RNA elongation. We performed RNA binding and polymerization assays with heteropolymeric RNA HP1 (Fig. 2A) as a substrate
for the polymerase. RNA HP1 is a 110nucleotide (nt) RNA derived from the 3’
noncoding region of poliovirus RNA, which
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are identical. (B and C) Sheets (s), tubes (t), fibers (f ), and twisted
sheets (ts) formed by wild-type ( WT ) poliovirus polymerase. The
arrowhead in (C) indicates the edge of a tube, with a wall thickness of
$60 Å. (D) A 120 Å fiber formed by #IntI polymerase. (E) Sheets and
tubes formed by #65 polymerase. Polymerase was present in these
reactions at 2 %M. (F) Optical density at 350 nm of 15 %M polymerase upon dilution into 10 mM tris-HCl ( pH 7.5), 40 mM NaCl, and
30% glycerol with incubation at 25°C. Two independent time courses
with wild-type (WT) polymerase and one time course with a polymerase containing both the #65 and #IntI mutations are shown.
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includes 20 nt of polyadenylate and 5 U
residues designed to form a self-priming
RNA hairpin structure (9). As was seen for
smaller substrates, disruption of interface I,
but not interface II, reduced polymerase af-

finity for RNA (Fig. 2B) (14). Polymerase
that contained both the #65 and the #IntI
mutations showed RNA-binding affinity similar to that of polymerase that contained only
the #IntI mutation (Fig. 2B). Therefore, the
Fig. 2. Effect of mutations
at interfaces I and II on
polymerase binding and
template utilization of
110-nt RNA. (A) Predicted
secondary structure of the
110-nt RNA HP1 (9) used
as a binding substrate and
elongation template. The
amount of total RNA HP1
bound in the presence of
increasing polymerase concentration was measured
by a nitrocellulose filter assay as described (5) and is
plotted for wild-type (WT)
(■), #IntI polymerase (!),
#65 (‚#), and #IntI#65
({) polymerases at pH 7.5
(B). The extent of elongation of 32P-labeled HP1
RNA under these conditions is shown as a function of polymerase concentration for wild-type
(■) and #IntI (!) polymerases at pH 7.5 (C) and
pH 5.5 (D). Negatively
stained preparations of
wild-type polymerase at 2
%M are shown in the absence (E) and presence (F)
of 4 %M oligo(U)24.

Fig. 3. Electron micrographs and immunostaining of membranous vesicles
induced during poliovirus infection. Images of negatively stained preparations of membranous vesicles, isolated from poliovirus-infected HeLa cells as
described (25), are shown. Poliovirus infections were performed in the
absence (A, C, and E) or presence (B and D) of nocodazole (10 %g/ml) and
cytochalasin (5 %g/ml) to test the role of the cytoskeleton in the formation
of tubular structures. The effectiveness of this treatment was shown by
vesiculation of the Golgi (staining with [(7-nitro-2-1,3-benzoxadiazol-4yl)amino]dodecanoyl-ceramide; Molecular Probes) (16) and loss of integrity
of actin filaments [staining with rhodamine-conjugated phalloidin; Molecular
Probes (16)]. Electron micrographs of isolated vesicles from cells infected

2220

integrity of interface I, but not interface II, is
required for high-affinity RNA binding.
The ability of wild-type and mutant polymerases to elongate RNA HP1 varied significantly. No elongation activity was observed
for polymerase with disrupted interface II
(16), corroborating previous reports that
polymerase activity is sensitive to NH2-terminal mutations (14, 18). At pH 7.5, both
wild-type and #IntI polymerase were capable
of elongating RNA HP1, although #IntI
polymerase was less efficient (Fig. 2C). At
this pH, formation of the oligomeric sheets in
solution (Fig. 1) required long incubation
periods, and oligomerization was not cooperative with respect to concentration. At pH
5.5, a condition under which polymerase oligomerization occurs rapidly (9, 16 ), polymerase activity is optimized and elongation
of RNA HP1 is highly cooperative (Fig. 2D)
(9). Under these conditions, #IntI mutations
substantially reduced the cooperativity of
RNA HP1 elongation (Fig. 2D). Therefore,
the elongation activity at pH 7.5 (Fig. 2C)
does not reflect the activity of highly oligomerized polymerase, and little effect of the
#IntI mutations was observed. The low pH
optimum for poliovirus polymerase activity
and oligomerization could reflect the lack of
protein and membrane cofactors that normally increase the rate of oligomerization, or it
could reflect the actual pH on the surface of
the membranes in infected cells. Although
derived from the endoplasmic reticulum (19,
20), the membranes on which poliovirus

with poliovirus in the absence (A) orpresence (B) of nocodazole and cytochalasin with mouse monoclonal antibody to polymerase followed by goat
antibody to mouse IgG coupled to 100 Å gold beads in the presence of 160
mM NaCl. Isolated vesicles are shown from cells infected with poliovirus in
the absence (C) or presence (D) of nocodazole and cytochalasin that were
incubated in a solution containing 30 mM NaCl before staining. Immunostaining of such vesicles with mouse monoclonal antibody to polymerase
followed by goat antibody to mouse IgG coupled to 50 Å gold beads is
shown (E). Arrow indicates 120 Å filament, and arrowheads indicate staining
at the end and at a disruption in the larger (200 to 400 Å) tubes. Bars, 1000
Å. Magnifications in (A) and (B) and in (C) and (D) are identical.
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RNA replication occurs also contain lysosomal markers (21), and the local pH in the
RNA replication complexes is not known.
That the large oligomeric polymerase lattices themselves are RNA-binding structures
can be seen from the marked increase in
ordering of lattices formed in the presence of
RNA (Fig. 2, E and F). Nonetheless, the
formation of large two-dimensional sheets
and tubes by purified polymerase in solution
does not address whether such structures
form in infected cells. Indeed, the presence of
400 to 1000 Å tubes has not been reported in
intact cells, despite many descriptions of the
ultrastructure of poliovirus-infected cells [for
example, (19–24 )]. However, Egger et al.
(25) described the formation of tubules emanating from preparations of membranous vesicles obtained from poliovirus-infected cells
after centrifugation and incubation in low-salt
solutions. These membranous vesicles were
shown to contain all viral proteins required
for RNA replication (25).
We have investigated the structure of
these tubules. Tubules from poliovirus-induced vesicles were formed as described (25)
from cells treated with nocodazole and cytochalasin D (Fig. 3A). These drugs, which
target microtubules and microfilaments, respectively, disrupt all cellular cytoskeletal elements, including intermediate filaments,
which are dependent on the presence of intact
microtubules and microfilaments for their integrity (26 ) but have no effect on the replication of poliovirus, suggesting that an intact
cytoskeleton is not required for formation of
the RNA replication complex (27). Poliovirus infection produced vesicles with viral
polymerase on their surface in both treated

and untreated cells (Fig. 3, A and B). Upon
incubation in low-salt solution, tubular structures extruded from membranous vesicles in
both cases (Fig. 3, C and D), indicating that
these structures did not require the integrity
of the cellular cytoskeleton.
Immunostaining showed that polymerase
was present on fibers of $120 Å diameter
and on detached aggregates. Thus, under conditions similar to those that induce tube formation in vitro, polymerase was found on
tubular protrusions resembling those found in
purified enzyme preparations. Therefore, we
suggest that tubule formation from the poliovirus-induced membranes under low-salt
conditions is indicative of the presence of
sheets of polymerase coating the membranes
in poliovirus-infected cells. Larger tubules
stained for polymerase only at ends or at
structural distortions (Fig. 3E), making it
likely that they contain other components in
addition to polymerase. A possible scenario
is that these tubules consist of a core of
polymerase that was initially present on the
membrane surface and, upon extrusion, remained attached to other components of the
RNA replication machinery. Such structures
also contain other viral replication proteins
such as 2C and 2BC (25).
Although it was thought that poliovirus
polymerase functions as an oligomer (9, 10,
12, 13, 28) and two sets of intermolecular
contacts were revealed in the unit cell of the
three-dimensional structure (12), the large assemblies seen by electron microscopy were
unexpected (Fig. 1). For wild-type polymerase, these large, ordered arrays are often seen
as flat sheets. These lattices also take the
form of tubes of various diameters. The for-

Fig. 4. Model of higher-order
polymerase structure during poliovirus infection. One model for
polymerase array formation is
shown. To model this structure
on intracellular membranes, we
altered the angle of interaction
of fibers interacting at interface
II to allow for the formation of a
planar lattice. Flexibility is more
likely around interface II than
around interface I, given the variability of interface II between
different crystal forms of the
polymerase (15). 3AB is represented as a globular, integral
membrane protein in black (3a)
and gray (3b); the dimerization
of 3AB is the simplest interpretation of 3A-3A interactions observed in a two-hybrid system
(11). Fibers of polymerase connected along interface I lie horizontally. These fibers are connected to one another through interactions at interface II,
modeled to extend the lattice as a planar array, shown in perspective. Contacts with 3AB
through the 3AB binding site (7, 8), rendered in space-filled yellow side chains, could occur at
every other polymerase along the axes defined by both interfaces. The figure was constructed
and rendered as described in Fig. 1.

mation of these large assemblies appears to
be a critical component in high-affinity RNA
binding and, therefore, in RNA elongation.
Other proteins have been shown, in isolation, to form two-dimensional lattices. Interconversion between flat sheets and tubular
structures is seen at the polymerizing end of
eukaryotic microtubules (29), and such interconversions may also be important in the
polymerization of FtsZ, a protein found in the
septal plate during bacterial cell division
(30). Protein p1 of bacteriophage &29 is postulated to mediate the association of the
phage DNA replication complex with host
cell membranes and, in isolation, forms large
protofilament sheets (31). For poliovirus
polymerase, we hypothesize that the formation of two-dimensional sheets (Fig. 1B) by
purified polymerase reflects the functional
oligomerization of the polymerase into large
lattices that coat the membranes upon which
poliovirus RNA replicates in infected cells.
The use of a planar membrane surface for
nucleic acid replication complexes in such
diverse systems as positive-strand RNA viruses, &29 DNA phage, and bacterial genome
replication (32, 33) may indicate that this
strategy is of broad use in diverse biological
systems.
In contrast to &29 p1 protein, poliovirus
polymerase is not itself a membrane-associated protein. However, it binds specifically to
another viral protein, 3AB, which associates
with intracellular membranes. We previously
identified a specific surface on the polymerase molecule for 3AB binding, consisting of
polymerase residues Phe377, Arg379, Glu382,
and Val391 (7, 8). Figure 4 presents a model
in which polymerase molecules are shown
interacting along interface I in the horizontal
direction. The polymerases are attached to
the membrane through their interaction with
3AB molecules. Because each polymerase in
these fibers is rotated 180° with respect to the
adjacent polymerase (12), the 3AB-interacting surface could contact the membrane every second polymerase molecule. It is likely
that this tethering of polymerase to membranes increases its local concentration, facilitating oligomerization into structures such as
that shown in Fig. 1B.
Our data suggest that RNA replication occurs on a catalytic shell of polymerase molecules. We suggest that such two-dimensional
lattices of enzyme are analogous to surface
catalysts. Advantages of surface catalysis include a reduction in dimensionality of collisions
between reactants, an increase in substrate affinity that can result from the clustering of
multiple binding sites (34), and retention of the
products of sequential reactions (35). Retention
of products is particularly relevant to the genome replication of RNA viruses, because the
negative-strand product serves as a template for
a positive strand to complete a round of repli-

www.sciencemag.org SCIENCE VOL 296 21 JUNE 2002

Downloaded from www.sciencemag.org on February 4, 2007

REPORTS

2221

REPORTS
material on Science Online at www.sciencemag.org/
cgi/content/full/296/5576/2218/DC1.
39. We thank S. M. Crowder, K. C. Garcia, D. Egger, I. R.
Lehman, E. Mocarski Jr., and P. Sarnow for critical
reading of the manuscript; D. Egger for experimental
contributions; and S. Schultz and R. Striker for experimental suggestions. J.M.L. is recipient of a predoc-

2222

5 February 2002; accepted 13 May 2002

Covariation of Synaptonemal
Complex Length and Mammalian
Meiotic Exchange Rates
Audrey Lynn,1* Kara E. Koehler,1* LuAnn Judis,1 Ernest R. Chan,1
Jonathan P. Cherry,1 Stuart Schwartz,1,2 Allen Seftel,3,4
Patricia A. Hunt,1 Terry J. Hassold1†

References and Notes

1. P. R. Cook, Science 284, 1790 (1999).
2. E. Wimmer, C. U. T. Hellen, X. Cao, Annu. Rev. Genet.
27, 353 (1993).
3. J. H. Strauss, E. G. Strauss, Microbiol. Rev. 58, 491
(1994).
4. T. J. Chambers, C. S. Hahn, R. Galler, C. M. Rice, Annu.
Rev. Microbiol. 44, 649 (1990).
5. T. A. Van Dyke, J. B. Flanegan, J. Virol. 35, 732 (1980).
6. J. Lama, A. V. Paul, K. S. Harris, E. Wimmer, J. Biol.
Chem. 269, 66 (1994).
7. D. A. Hope, S. E. Diamond, K. Kirkegaard, J. Virol. 71,
9490 (1997).
8. J. M. Lyle et al., J. Biol Chem. 277, 16324 (2002).
9. J. Pata, S. C. Schultz, K. Kirkegaard, RNA 1, 466 (1995).
10. M. T. Beckman, K. Kirkegaard, J. Biol. Chem. 273,
6724 (1998).
11. W. Xiang, A. Cuconati, D. Hope, K. Kirkegaard, E.
Wimmer, J. Virol. 72, 6732 (1998).
12. J. L. Hansen, A. M. Long, S. C. Schultz, Structure 5,
1109 (1997).
13. S. E. Diamond, K. Kirkegaard, J. Virol. 68, 863 (1994).
14. S. D. Hobson et al., EMBO J. 20, 1153 (2001).
15. S. D. Hobson, thesis, University of Colorado, Boulder
(2000).
16. J. M. Lyle, E. Bullitt, K. Bienz, K. Kirkegaard, unpublished data.
17. H. Flyvbjerg, E. Jobs, S. Leibler, Proc. Natl. Acad. Sci.
U.S.A. 93, 5975 (1996).
18. S. J. Plotch, O. Palant, Y. Gluzman, J. Virol. 63, 216
(1989).
19. D. A. Suhy, T. H. Giddings Jr., K. Kirkegaard, J. Virol.
74, 8953 (2000).
20. R. C. Rust et al., J. Virol. 75, 9808 (2001).
21. A. Schlegel, T. H. Giddings Jr., M. S. Ladinsky, K.
Kirkegaard, J. Virol. 70, 6576 (1996).
22. S. Dales, H. J. Eggers, I. Tamm, G. E. Palade, Virology
26, 379 (1965).
23. K. Bienz, D. Egger, L. Pasamontes, Virology 160, 220
(1987).
24. K. Bienz, D. Egger, T. Pfister, M. Troxler, J. Virol. 66,
2740 (1992).
25. D. Egger, L. Pasamontes, R. Bolten, V. Boyko, K. Bienz,
J. Virol. 70, 8675 (1996).
26. M. W. Klymkowsky, Nature Cell Biol. 1, 121 (1999).
27. J. R. Doedens, L. A. Maynell, M. W. Klymkowski, K.
Kirkegaard, Arch. Virol. 9, 159 (1994).
28. A. V. Paul et al., Virology 272, 72 (2000).
29. D. Chretien, S. D. Fuller, E. Karsenti, J. Cell Biol. 129,
1311 (1995).
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Analysis of recombination between loci (linkage analysis) has been a cornerstone of human genetic research, enabling investigators to localize and, ultimately, identify genetic loci. However, despite these efforts little is known
about patterns of meiotic exchange in human germ cells or the mechanisms that
control these patterns. Using recently developed immunofluorescence methodology to examine exchanges in human spermatocytes, we have identified
remarkable variation in the rate of recombination within and among individuals.
Subsequent analyses indicate that, in humans and mice, this variation is linked
to differences in the length of the synaptonemal complex. Thus, at least in
mammals, a physical structure, the synaptonemal complex, reflects genetic
rather than physical distance.
Virtually all human genetic linkage studies
have examined individual chromosomes or
chromosome segments. Consequently, little
is known about the overall number and location of meiotic exchanges in individual germ
cells. Only one systematic linkage analysis of
genome-wide levels of recombination in humans has been published. Broman and colleagues (1, 2) analyzed the inheritance of
short tandem repeat polymorphisms in eight
of the CEPH (Centre d’Etude du Polymorphisme Humain) reference families, examining all detectable recombination events per
meiosis. This approach provides a useful tool
for studying human recombination but has at
least two limitations. First, it requires wellcharacterized, three-generation (or deeper)
families. Hence, without acquisition of additional families, analysis is effectively limited
to the few hundred meioses available from
the CEPH registry. Second, the approach relies on analysis of transmitted haploid products instead of cells undergoing meiosis; consequently, only one-half of all exchanges can
be detected (for example, after a single exDepartment of Genetics, Case Western Reserve University, 2The Center for Human Genetics, University
Hospitals of Cleveland, 3Department of Urology, Case
Western Reserve University and University Hospitals
of Cleveland, 4Cleveland VA Medical Center, 10900
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change, only two of the four chromatids are
recombinant).
Recent cytological studies suggest that, by
using antibodies against the DNA mismatch
repair protein MLH1 to analyze meiosis I
spermatocytes and oocytes (3), it may be
possible to overcome these limitations. Specifically, studies analyzing the localization of
MLH1 foci on synaptonemal complexes
(SCs) in mouse (4) and human (5) spermatocytes suggested that these foci identify the
sites of meiotic exchanges. However, as these
analyses were based on small numbers of
cells— 45 spermatocytes from three mice (4 )
and 46 spermatocytes from a single human
(5)—it was not possible to examine intra- and
interindividual variation, nor was it possible
to determine whether recombination varied
with intrinsic or extrinsic factors (for example, the age of the individual).
To address these issues directly, we analyzed pachytene-stage cells from 14 control
males (Fig. 1, table S1) (6); first, we asked
whether the number and location of MLH1
foci conformed to expectations for a molecule that marks the sites of exchange. Details
of these initial analyses are provided in supporting online text. Briefly, observations on
1384 cells from the 14 individuals yielded an
overall mean of 49.1 ' 4.8 foci per cell and
a range of 34 to 66 foci per cell, which is
remarkably similar to data from CEPH males
(fig. S1); estimates of chromosome-specific
and total autosomal male maps were consis-
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cation. The presence of multiple binding sites
results in a high avidity of the polymerase array
for single-stranded RNA, retaining the intermediates of RNA amplification while maintaining
a low local affinity at each polymerase to allow
the local template and primer movements necessary for processive RNA elongation. RNA
recombination, which occurs by template
switching during RNA replication (36), is responsible for much of the diversity of RNA
viruses. The high frequency of switching between RNA templates might result from the
presence of multiple templates and nascent
strands on a shared polymerase lattice.

