10.

11.

16.
17.

18.

19.

20.

typical for closely related avian congeners [J. C.
Avise and R. M. Zink, Auk 105, 516 (1988)]. The
diagnostic enzymes Eco RV, Bgl I, and Ava |
were selected for analysis of all individuals from
each population across the region.

When DNA from all birds was analyzed with Bgl I,
Ava [, and Eco RV, a few showed minor length
variations in a single ~5-kb Eco RV band, but the
haplotypes of all birds could be clearly related to
one or the other parental type.

W. 8. Moore, J. H. Graham, J. T. Price, Mol. Biol.
Evol. 8, 327 (1991); S. D. Ferris et al., Proc. Natl.
Acad. Sci. U.S.A. 80, 2290 (1983); N. Barton and
J. S. Jones, Nature 306, 317 (1983); J. R. Powell,
Proc. Natl. Acad. Sci. U.S.A. 80, 492 (1983).

. Tail length is not sexually dimorphic in these taxa,

but only male birds have beards.

. Using an approach similar to that of T. W. Quinn

and B. N. White [in Avian Genetics, F. Cooke and
P. A. Buckley, Eds. (Academic Press, London,
1987), pp. 163-198], we cloned restriction frag-
ments of manakin DNA into bacteriophage \ or
plasmid vectors and used randomly selected
recombinant clones as DNA hybridization probes
in Southern blotting to screen for RFLP markers.
The A5-Bgl Il probe-enzyme combination detects
a 5.6-kb band in M. vitellinus that is cleaved into a
3.7- and a 1.9-kb band in M. candei, the pSCN3-
Ava Il combination detects a 5.5-kb band in M.
candei that is cleaved into a 4.8- and a 0.7-kb
band in M. vitellinus (both combinations reveal
additional bands that are not diagnostic). Het-
erozygotes were indicated by the presence of all
three marker bands.

. One-way analysis of variance (ANOVA) on sam-

ple data from localities 1 through 7 indicates no
significant variation for beard length and tail
length (P > 0.5) [Minitab Data Analysis Software,
release 6.1.1, Minitab Inc., 1987]. Fisher’s exact
test on allele frequencies from localities 1 through
7 indicates no significant variation for pPSCN3-Ava
Il (P = 094) or A 5-Bgl Il (P = 0.07) (SAS
Procedures Guide, release 6.07, SAS Institute,
Carey, NC, 1991).

. Any spatially varying pattern within a population

could in principle be due to a complex, spatially
varying pattern of selection forces or environmen-
tal determinants. Given the genetic evidence of
hybridization and the lack of any apparent habitat
heterogeneity, our data are most simply explained
by introgression of golden-collared traits as a
result of hybridization.

A. Lill, Z. Tierpsychol. 36, 1 (1974).

If female M. candei prefer golden collars, traits not
originally present in males of their species, sexual
selection may be based on preexisting sensory or
cognitive biases, rather than on coevolution be-
tween female preference and the preferred trait
[M. J. Ryan, in Oxford Surveys in Evolutionary
Biology, D. Futuyma and J. Antonovics, Eds.
(Oxford Univ. Press, New York, 1990), vol: 7, pp.
157-195; M. J. Ryan and A. S. Rand, Evolution 44,
305 (1990); A. L. Basolo, Science 250, 808
(1990)]. Intrasexual selection could also be based
on such preexisting biases.

Beards are male secondary sexual characteris-
tics in Manacus, yet the longer beard of M.
vitellinus has not introgressed together with the
plumage color traits. This suggests that selection
for golden collars can predominate over any
selection that may be occurring on beard length,
and that the gene (or genes) for beard length are
not closely linked to those for plumage color.
Alternatively, the lack of introgression may be due
to tight linkage of beard length to loci with alleles
that are negatively selected in hybrids.

That introgression of golden collars stops at the
Rio Changuinola may be a coincidence or may
indicate that the river creates a dispersal barrier
over which golden-collared traits have not
crossed. Genetic differentiation across wide rivers
in South America has been documented in other
manakins [A. P. Capparella, Acta XIX Congressus
Internationalis Ornithologici 2, 1658 (1988)].
Collar width was measured directly. Yellowness of
underparts was ranked on a scale from 1 to 5, with
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reference specimens selected to define the inte-
ger points of the scale; a score of 5.0 was defined
by an M. candei specimen with uniform yellow
underparts, 1.0 by an M. vitellinus specimen with
gray-green underparts (reference series United
States National Museum (USNM) accession num-
bers: 5.0, 608192; 4.0, 608168; 3.0, 608186; 2.0,
606944, 1.0, 13636). Throat color was ranked
similarly; the white throats of M. candei were
assigned a score of 6.0, 5.0 was defined by a
locality 3 bird with a lemon-yellow throat, and 1.0
by a locality 10 bird with a golden-orange throat
(reference series USNM accession numbers: 6.0,
608192; 5.0, 608158; 4.0, 608167; 3.0, 606915;
2.0, 608146; 1.0, 608136).
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Evidence of DNA Bending in Transcription
Complexes Imaged by Scanning Force Microscopy

William A. Rees, Rebecca W. Keller,* James P. Vesenka,T
Guoliang Yang, Carlos Bustamante

Complexes of Escherichia coli RNA polymerase with DNA containing the N P, promoter
have been deposited on mica and imaged in air with a scanning force microscope. The
topographic images reveal the gross spatial relations of the polymerase relative to the DNA
template. The DNA appears bent in open promoter complexes containing RNA polymerase
bound to the promoter and appears more severely bent in elongation complexes in which
RNA polymerase has synthesized a 15-nucleotide transcript. This difference could be
related to the conformational changes that accompany the maturation of open promoter
complexes into elongation complexes and suggests that formation of the elongation com-
plex involves a considerable modification of the spatial relations between the polymerase

and the DNA template.

Scarming force microscopy (SFM) has
been used to generate high-resolution im-
ages of nucleic acids (1-7) and proteins (8,
9). Some of these images were obtained
under conditions that preserve the state of
hydration of the macromolecules, which
suggests that SFM could be a powerful tool
for investigation of the structure of complex
macromolecular assemblies in their native
conformation (10). This report describes
the homogeneous deposition and reliable
imaging of complexes of E. coli RNA poly-
merase and a DNA fragment containing the
A P, promoter. In particular, we investigat-
ed the spatial relations between the RNA
polymerase and the DNA template in open
promoter complexes (OPCs) and in stable
elongation complexes with a nascent 15-
nucleotide transcript (C15 complexes).
Transcription complexes were prepared
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by a modification of the method of Levin et
al. (I11) and made use of a 681-base pair
(bp) DNA fragment as the template (12).
Complexes were imaged at low humidity in
air with a Nanoscope II SFM (Digital In-
struments) with tips that were modified
with an electron beam (I, 2, 13). Samples
were prepared in a low-salt buffer contain-
ing 5 mM MgCl, and deposited onto freshly
cleaved, previously unmodified mica. The
remainder of the deposition procedure was
based on a previously published method
(1). Images were obtained within 30 min of
sample preparation.

Unbound DNA, unbound RNA polymer-
ase, and RNA polymerase-DNA complexes
can be seen against a relatively flat back-
ground in representative fields of complexes
(Fig. 1). The DNA templates with RNA-
polymerase located about four-ninths of the
distance from one end (at the A P; promoter)
were identified as complexes. In images of
individual OPCs (Fig. 2A) and C15 complex-
es (Fig. 2B), the RNA polymerase appears as
a slightly asymmetric structute sitting astride
the template with the flanking arms of the
DNA meeting underneath the polymerase.
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The ratio of the maximum lateral diameter to
the perpendicular lateral diameter of the
RNA polymerase was measured in 35 OPCs
and 35 C15 complexes, with values (mean =
SD) of 1.24 + 0.26 in OPCs and 1.25 = 0.25
in C15 complexes (14). These values are
consistent with those determined by other
techniques for free RNA polymerase (15, 16)
and RNA polymerase in complexes with
DNA (17).

Significantly, the template appears sys-
tematically bent in the region bound to the
polymerase (Fig. 2) (18). Studies of gel
band shifts of OPCs and elongation com-
plexes on DNA containing the T7Al pro-
moter (19), as well as OPCs on the P,
promoter (20), have been interpreted as
evidence for RNA polymerase—induced
bending of DNA or for highly flexible
regions in the DNA. However, neutron
diffraction studies showed no evidence of

gross conformational changes in the T7Al
promoter upon complex formation (7).
Similarly, earlier studies of RNA polymer-
ase-DNA complexes by electron microsco-
py (EM) showed that polymerase only
slightly increased the propensity of the
DNA to bend at the lac promoter (21).

Williams (22) has imaged negatively
stained complexes of RNA polymerase and
T7 DNA by EM. Although the micro-
graphs show bending of the DNA in some
fraction of the complexes, these data were
neither discussed nor statistically analyzed.
Recently, cryo-electron and regular elec-
tron micrographs of OPCs and elongation
complexes on plasmid DNA (pUCY)
showed the polymerase molecules located at
the apices of loops on the supercoiled DNA
(23). These observations indicate that the
RNA polymerase may either bend the su-
percoiled DNA or increase its flexibility in
these complexes.

To investigate whether bending of the
template was induced by the binding of
RNA polymerase to the N P; promoter, we
performed a statistical analysis on images of
120 OPCs and 120 C15 complexes ob-
tained from large scanned fields similar to
and including those shown in Fig. 1. Lines
were drawn through the axes of the DNA
molecule on both sides of the polymerase,
and the angle of their intersection (®) was
measured (Fig. 3). The bend angle, 0, is the
supplement of the measured angle (8 =
180° — ®).

The mean bend angle in the preparation
of OPCs is 54° (Fig. 4A). This is a signifi-
cant amount of bending because it occurs
over the 70 to 80 bp that RNA polymerase
contacts on promoters (24-28). The DNA
template is significantly more bent in C15
complexes, with a mean bend angle of 92°
(Fig. 4B). For comparison, the bend angle
distribution was determined at a position

Fig. 1. Images from the SFM of E. coli RNA
polymerase-DNA complexes. Long thin arrow,
free DNA, short thick arrow, free RNA polymer-
ase; and long thick arrows, complexes. (A)
OPCs on a 681-bp DNA fragment. The start site
of transcription from the N P, promoter is locat-
ed 387 bp from the left end of the fragment, and
transcription proceeds from left to right (38).
(B) C15 elongation complexes. For details of
preparation, see (12).

Fig. 2. Surface plots of enlarged images of (A) six OPCs and (B) six C15 complexes. The plane of
the mica is inclined 60° to display the topography of the surface.
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four-ninths of the distance from either end
of DNA fragments that had been deposited
in the absence of RNA polymerase. The
distribution is Gaussian and centered at § =
0° (Fig. 4C), indicating no intrinsic curva-
ture of the fragments at these locations.

Several potential artifacts were eliminat-
ed as possible causes of these results:

1) The observed bend angle might have
resulted from the added flexibility conferred
to the molecule by the melted region of
DNA transcription bubble. Although no
unequivocal value is known for the bending
rigidity of a melted DNA region, the ex-
pected angular distribution attributable to
this “hinge” structure, unlike that ob-
served, should be isotropic and thus cen-
tered at a mean value of § = 0°.

2) The observed bending could be ac-
counted for by random thermal fluctuations
of the template, which may have regained
its double-stranded form upon deposition
on the surface, instead of by its interaction
with the polymerase. The observed bend
angle distributions were compared with the
distribution expected for double-stranded
DNA by a standard statistical test. This
analysis (29) indicated that the observed
distributions were not a result of random
(thermally induced) bending of the tem-
plate. This is confirmed by the bend angle
distribution of the DNA fragments alone
(Fig. 4C).

3) The procedures for rinsing and re-
moving excess liquid from the mica surface
after deposition could have been responsi-
ble for the bent conformations. However,
the binding of the complexes to the surface
was fast, complete within 2 min after dep-
osition. Moreover, no reorientation of the
DNA molecules by the rinsing flow or the
N, flow, used to remove excess water, was
observed.

4) Finally, it is possible that adsorption
forces altered the width of the bend angle
distribution or shifted the mean of the

Flig. 3. Enlarged image of an OPC depicting the
measured angle & and its relation to the bend
angle 6.
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distribution away from 8 = 0° toward high-
er angles. To alter the width of the distri-

- butions, however, or induce a shift in their

means, the surface must interact preferen-
tially with highly bent molecules over those
with straight (0 = 0°) configurations. We
consider this possibility unlikely in view of
the nonspecific, electrostatic nature of the
interaction between the complexes and the
mica surface. It seems even more unlikely,
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Fig. 4. Histograms of the frequency of occur-
rence of (A) OPCs and (B) C15 complexes
with various bend angles (120 candidates for
each were measured). Only complexes con-
taining an RNA polymerase that was located
about four-ninths of the distance from one end
of the DNA fragment and was unobstructed by
other DNA templates or complexes were cho-
sen. Images revealing more than one poly-
merase bound in the interior of a template and
overlapping complexes were discarded from
the statistical analysis. Bend angle (mean %
SD): (A) 54° = 31° (intermediates in the path-
way to OPC formation may be responsible for
the multimodal nature of the distribution) and
(B) 92° + 37°. (C) Histogram of the frequency
of occurrence of bend angles four-ninths of
the distance from either end of DNA fragments
deposited in the absence of RNA polymerase.
A circular mask with the average apparent
dimensions of the polymerase was placed at
these locations on 57 fragments, and the bend
angles were measured.
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although not impossible, that the signifi-
cant difference in mean bend angles ob-
served between OPCs and C15 complexes
deposited under identical conditions was
caused by a surface-binding selectivity be-
tween the two populations. Surface artifacts
therefore seem unlikely to account for the
data, which should reflect the solution con-
formations.

The maturation of OPCs to stable elon-
gation complexes is accompanied by many
changes in the structure and physical prop-
erties of the complexes. These include (i)
loss of the sigma factor (28, 30), (ii) in-
creased resistance to dissociation by salts
(31-34), and (iii) a drastic reduction in the
size of the hydroxyl radical footprint of
RNA polymerase on the DNA (24, 25).
Structural changes in the complex could
involve conformational changes in the pro-
tein or the DNA, or both. On the basis of
band shift data, Heumann and co-workers
(19, 25) proposed that changes in the bend
angle of the template may contribute to
structural differences between OPCs and
elongation complexes. Alternatively, dif-
ferential protease sensitivity of the two
types of complexes has been interpreted as
evidence for a conformational change in
the polymerase (35).

We speculate that the reduction in the
size of the footprint observed in elongation
complexes could be as much a result of
increased bending of the DNA template as
of changes in the conformation of the
polymerase. In particular, the significant
difference in the mean bend angles be-
tween OPCs and C15 complexes suggests
that the conformational changes that ac-
company the maturation of transcription
complexes involve a modification in the
spatial relation between the polymerase
and the template.

Despite present resolution limitations,
SFM is rapidly becoming a useful tool for the
investigation of the conformation of com-
plex macromolecules. As sharper tips be-
come available, it will be possible, for exam-
ples, to use SFM to probe the quaternary
structure of the polymerase in transcription
complexes. These studies are a step toward
imaging macromolecular assemblies under
physiological buffers and, perhaps, following
their interactions in real time.
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DNA Sequence Determination by Hybridization:
A Strategy for Efficient Large-Scale Sequencing

R. Drmanac, S. Drmanac, Z. Strezoska,* T. Paunesku,* |. Labat,*
M. Zeremski,* J. Snoddy,t W. K. Funkhouser, B. Koop,#
L. Hood,§ R. Crkvenjakov]

The concept of sequencing by hybridization (SBH) makes use of an array of all possible
n-nucleotide oligomers (n-mers) to identify n-mers present in an unknown DNA sequence.
Computational approaches can then be used to assemble the complete sequence. As a
validation of this concept, the sequences of three DNA fragments, 343 base pairs in length,
were determined with octamer oligonucleotides. Possible applications of SBH include
physical mapping (ordering) of overlapping DNA clones, sequence checking, DNA fin-
gerprinting comparisons of normal and disease-causing genes, and the identification of
DNA fragments with particular sequence motifs in complementary DNA and genomic
libraries. The SBH techniques may accelerate the mapping and sequencing phases of the
human genome project.

The success of the human genome project
will depend on whether DNA sequencing
approaches can greatly increase through-
put [at least 100-fold more than the cur-

re

nt value of ~10% base pairs (bp) per day

per machine] and decrease cost. Strategies
that may help to accomplish this task
include a greatly improved method of

S€

quencing based on the conventional au-

tomated fluorescent DNA sequencers and
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the advent of new sequencing technolo-
gies (1-3).

Any linear sequence is an assembly of

overlapping, shorter subsequences. Se-
quencing by hybridization (SBH) (4-10)
is based on the use of oligonucleotide
hybridization to determine the set of con-
stituent subsequences, (such as 8-mers)
present in a DNA fragment. Unknown
DNA samples can be attached to a support
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