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Rvbl and Rvb2 are highly conserved proteins present in archaea and
eukaryotes. These proteins are members of a large superfamily of ATPases
associated with diverse cellular activities—the AAA™ superfamily. The
Rvbs have been found in multiprotein complexes that have wide ranges of
functions, including DNA repair, transcription, chromatin remodeling,
ribosomal RNA processing, and small nucleolar RNA accumulation. Here
we show that yeast Rvbl and Rvb2 form a heterohexameric ring structure
rather than the double-hexameric ring structure proposed to be formed by
the human proteins. The yeast Rvb1/2 complex has enhanced ATPase
activity compared with the individual Rvb proteins; furthermore, the
ATPase activity of the Rvb1/2 complex is further increased in the presence
of double-stranded DNA with 5’ or 3’ overhangs. The yeast Rvb1/2 ring
undergoes nucleotide-dependent conformational changes as observed by
electron microscopy. In addition, consistent with a role for these proteins in
chromatin remodeling and DNA repair, the yeast Rvb1/2 complex exhibits
DNA helicase activity with a preference for unwinding in the 5'-to-3’
direction. The individual Rvb proteins also exhibit helicase activity, albeit
weaker than that of the Rvb1/2 complex. These results clearly establish the
yeast Rvb1/2 complex as a heterohexameric ATP-dependent DNA helicase
and highlight the possible roles played by the Rvb proteins within
multiprotein complexes.

© 2008 Elsevier Ltd. All rights reserved.

Edited by K. Morikawa Keywords: AAA™; electron microscopy; helicase; Rvb1; Rvb2

Introduction

Rvb1 and Rvb2 are two homologous and highly
conserved protein members of the ATPases asso-
ciated with diverse cellular activities (AAA™) super-
family. These proteins are present in archaea and in
all eukaryotic genomes examined.' They are essen-
tial in yeast and Drosophila melanogaster and are
likely to be essential in mammalian cells as well.>™
Rvbl and Rvb2 are involved in many cellular

*Corresponding author. E-mail address:
walid.houry@utoronto.ca.

+ A.G.,,K.L.Y.C. and ].H. contributed equally to this work.
Abbreviations used: AAA*, ATPases associated with
diverse cellular activities; dsDNA, double-stranded DNA;

ssDNA, single-stranded DNA; TEM, transmission
electron microscopy; STEM, scanning transmission
electron microscopy; TMYV, tobacco mosaic virus; M/L,
mass per length.

processes. This is reflected in the multiplicity of
names by which Rvbl and Rvb2 proteins are
known. Rvb1 (YDR190C in yeast) is also known as
RuvBL1, Tip49a, Tip48/Tip49, ECP-54, Pontin, Tihl,
p50, and Tap54p3, while Rvb2 (YPL235W in yeast) is
also known as RUVBL%( Tip49b, ECP-51, Tip49/
Tip48, Reptin, Tih2, p47, and Tapb4a.

Although the yeast Rvb proteins have no sig-
nificant sequence similarity with the bacterial RuvB
ATPase that promotes the branch migration and
resolution of Holliday junctions in complex with
RuvA and RuvC,”” overexpression of bacterial
RuvAB complex in yeast can complement rvb1A
and rob2A deletions.® Yeast Rvbl and Rvb2 have
been shown to affect the transcription regulation of
5% of yeast genes”'’ and proposed to act as DNA
helicases. Furthermore, they are implicated in a
wide range of cellular activities, including DNA
replication and repair,” cell cycle progression,"
and chromatin remodeling.” More specifically, in
mammalian cells, the Rvb proteins were found to
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modulate cellular transformation, signaling, apop-
tosis, and response to DNA damage by interacting
with proteins such as PB-catenin, c-Myc, and
ATF2.412 In addition, consistent with previous
reports that implicate the Rvb proteins in modulat-
ing ribosomal RNA processing and small nucleolar
RNA maturation,'>!* we recently identified a new
complex formed by Rvbl, Rvb2, Tahl, and Pihl
proteins, which we termed the R2TP c:omplex,15 that
is involved in small nucleolar RNA accumulation
(paper accepted in Journal of Cell Biology).

Although Rvbl and Rvb2 might function inde-
pendently, they probably function as a complex as
shown in vitro'® and in vivo.'' In fact, it has been
found that both Rvb1 and Rvb2 proteins are integral
subunits of multiprotein complexes such as the
chromatin remodeling INO80'”*® and SWR-C!9-2!
complexes, the histone acetylase Tip60 complex,*
and the transcription activator c-Myc complex.” In
all of these multiprotein complexes, the presence of
Rvb1 and that of Rvb2 proteins were reported to be
essential for their proper function.

The human Rvb1/2 complex has been imaged by
electron microscopy and was found to consist of two
stacked hexameric rings.'® The crystal structure of

human Rvb1 has been solved as a hexamer,?* and the
human Rvb1 sequence shares 69% sequence identity
and 83% sequence similarity with yeast Rvb1 (Fig. 1).
Based on that structure, the Rvb sequence can be
divided into three structural fragments (Fig. 1): (1) an
N-terminal discontinuous apoa subdomain of the
AAA" domain, (2) an insertion domain within the
apa subdomain, and (3) a C-terminal all-a sub-
domain of the AAA™ domain (Fig. 1). The insertion
domain has been proposed to be a novel DNA /RNA
binding domain.?*

Reports on the in vitro ATPase and helicase
activities of purified mammalian Rvbs have been
rather controversial, with different groups reporting
contradictory results. Some of these results indicate
that rat Rvbl alone and human Rvb2 alone are
active ATPases and helicases.>?® However, the
human Rvb1/2 complex was shown to have ATPase
activity but lacked helicase activity.'® Other groups
were unable to detect ATPase or helicase activities
for human Rvb1.>%*

As part of an effort aimed at understanding the
function of the R2TP complex,'” we endeavored to
biochemically, biophysically, and structurally
describe the yeast Rvb1 and Rvb2 proteins, both of
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Fig. 1. Sequence alignment of yeast Rvb1l and Rvb2 with human Rvb1l. Sequences of yeast Rvbl (NP_010476), yeast
Rvb2 (NP_015089), and human Rvbl (NP_003698) were aligned using the multiple sequence alignment tool
MUSCLE.?>?® Similar and identical residues were colored using the online server BOXSHADE 3.21 [http://www.ch.
embnet.org/software/BOX_form.html}. Purple represents identical residues; orange, similar residues. Percent identities
and similarities of yeast Rvb1 or Rvb2 with human Rvb1 were generated by pairwise alignment using the EMBOSS water
pairwise alignment algorithm on the European Bioinformatics Institute Web site [http://www.ebi.ac.uk/emboss/align/

index.html]. Domains are boxed in their respective colors according to the X-ray crystal structure of human Rvb

1.24

Sequences that are part of the apa subdomain of the AAA™ domain are boxed in red, while those that are part of the
putative DNA /RNA binding domain (the insertion domain) are boxed in light green. The C-terminal all-a subdomain of
the AAA™ domain is boxed in blue. Several consensus motifs are also highlighted based on the alignment of Neuwald et

al.?” and on the solved structure of human Rvb1.%
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which are not well characterized. Here we show that
Rvb1 alone and Rvb2 alone are active ATPases and
helicases in vitro. We also show that yeast Rvb1 and
Rvb2 form a heterohexameric single-ring complex
that has enhanced ATPase and helicase activities
compared with the individual components. We also
demonstrate that the Rvb1l/2 complex undergoes
nucleotide-dependent conformational changes as
observed by electron microscopy. These results
reveal that the yeast Rvb proteins exhibit the hall-
mark features of AAA™ helicases.

Results

The Rvb1 and Rvb2 proteins form a tight
heterohexameric complex

The RVB1 and RVB2 genes were cloned from
Saccharomyces cerevisine genome and subsequently

(a)

expressed in Escherichia coli and purified as
described in Materials and Methods. Both proteins
were judged to be more than 98% pure by SDS-
PAGE analysis.

Size-exclusion chromatography analysis was first
carried out in order to assess the oligomeric state of
each protein alone (Fig. 2a). Considering that the
theoretical molecular mass of Rvb1 is 50.5 kDa and
that of Rvb2 is 51.6 kDa, both Rvb1 and Rvb2 alone
eluted at the expected elution volume for a mono-
mer (30-60 kDa) at 5 pM monomer concentration
(Fig. 2a). However, both proteins formed higher-
order oligomers (200-700 kDa) when higher con-
centrations were employed (40 pM). The addition of
ADP (Fig. 2a) and that of ATP (not shown) did not
significantly affect the observed elution profiles.

Rvb1 and Rvb2 were first preincubated at 4 °C for
4 h prior to injection on the size-exclusion chroma-
tography column to analyze the oligomeric state of
the Rvb1/2 complex. Unlike Rvb1 and Rvb2 alone,

(b)
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Fig. 2. Influence of protein concentration on the oligomerization of Rvb proteins. (a) Rvb1 and Rvb2 proteins as well as
the Rvb1/2 complex were incubated at different concentrations for 4 h on ice in buffer B with or without addition of
1.5 mM ADP and then loaded on a Superdex 200 HR 10/30 column (Amersham Biosciences) equilibrated with the same
buffer. Fractions were collected at 1-mL intervals, and proteins were then visualized on SDS-PAGE gels by silver staining.
The positions of the molecular mass standards (in kilodaltons) are given along the upper x-axis. (b) Purified Rvb1, Rvb2,
and ClpX (3 uM) were incubated for 4 h at 4 °C in buffer B. aRvb1 antibodies cross-linked to Protein A-Sepharose beads
were added to the purified proteins and incubated for 1 h at 4 °C. The immunocaptured proteins were washed, eluted
from the beads, separated on SDS-PAGE gel, and visualized with silver staining. (c) Lower panel shows the sedimentation
equilibrium profile of a mixture of 3 uM Rvb1 +3 uM Rvb2 in the presence of 0.3 mM ADP plotted as absorbance at 280 nm
versus radius measured from the center of rotor. Solid line represents the best fit to the data. The corresponding

distribution of the residuals is shown in the upper panel.
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the Rvb1/2 complex eluted as a large oligomer even
at low protein concentrations (Fig. 2a). The addition
of ADP (Fig. 2a) and that of ATP (not shown) did not
affect the elution profiles observed.

Affinity-purified aRvb1 antibodies were used to
immunocapture Rvbl from a mixture of 3 uM Rvb1
and 3 pM Rvb2 in order to explicitly demonstrate
that the large oligomers observed when Rvbl and
Rvb2 proteins are mixed together (Fig. 2a) are a
heterocomplex of Rvbl and Rvb2. As shown in
Fig. 2b, Rvb2 was coimmunocaptured with Rvbl,
indicating that the complexes observed result from a
direct interaction between the two proteins. The
specificity of the antibodies used is demonstrated by
the fact that the aRvb1 antibodies do not immuno-
capture Rvb2 alone or ClpX, an unrelated AAA™
protein (Fig. 2b).

Sedimentation equilibrium analytical ultracentri-
fugation experiments were carried out on a mixture
of 3 uM Rvbl and 3 pM Rvb2 in the presence of
0.3 mM ADP to obtain a more accurate determina-
tion of the oligomeric state of the Rvb1/2 complex.
Data were best fit to a single-species model with an
apparent molecular mass of 313+15 kDa (Fig. 2c).
This corresponds to a hexameric assembly of the
Rvb1 and Rvb2 proteins.

The results shown in Fig. 2 clearly indicate that
Rvbl and Rvb2 tightly interact to form a hetero-
hexameric complex.

The Rvb1/2 complex forms a 6-fold symmetrical
single-ring particle

Transmission electron microscopy (TEM) studies
combined with single-particle image processing
were carried out in order to further analyze the
structure of the Rvb helicases. The Rvbs were
incubated at 2 pM concentration (1 puM Rvbl+
1 pM Rvb2) with ADP, ATP, or ATPvS, and the
samples were subsequently imaged at the electron
microscope.

Abundant ring-shaped particles were observed
when Rvbl and Rvb2 proteins were mixed (Fig.
3a—c). They were consistently more abundant when
both proteins were mixed in the presence of ADP
(Fig. 3a) than in the presence of ATP (Fig. 3b) and
that of ATPyS (Fig. 3c). Larger irregular particles
were also observed, but they constituted only 5% of
observed particles. Consistent with the chromato-
graphy experiments at low protein concentration
(5 uM, Fig. 2a), ring-shaped particles were not ob-
served in samples containing only one of the Rvb
proteins.

Micrographs of the complex in the presence of
ADP were digitized and analyzed using algorithms
capable of detecting rotational symmetries in order
to formally establish the symmetry of the ring-
shaped Rvb1/2 particles.” Sixfold symmetry was
detected mostly at a radius of 63.5 A, which
corresponds to the outer ring of the particle. The
analysis was repeated with images of rings
assembled in the presence of ATP and ATP~S, also
detecting 6-fold symmetry. Results for the t test and

the spectral ratio product are shown in Table 1.
Interestingly, no other order of symmetry was found
to be statistically significant.

Since only top views were observed for these
particles and none of the images observed could be
interpreted as side views, we could not determine
from these micrographs whether Rvbl and Rvb2
assemble into single-ring structures, double-ring
structures, or higher-order ring structures. Thus,
we used scanning TEM (STEM) to determine
whether Rvb1/2 complexes form single-ring struc-
tures or higher-order ring structures. In images
obtained by STEM, the intensity at any pixel is
directly proportional to the mass, providing quanti-
tative information of the particle mass. The absolute
accuracy of this method for particles in the range of
mass expected for the Rvb1/2 complexes is ~10%.*
Therefore, although this method may not be sen-
sitive enough to determine the number of subunits
per ring, it is adequate to establish whether the
Rvb1/2 complex has a single- or double-hexameric
ring structure.

Samples containing the Rvb1 and Rvb2 proteins in
the presence of nucleotide were freeze dried on
carbon films, and STEM images were recorded.
Round particles appeared in the images (Fig. 3d),
and the mass of these particles was calculated as
detailed in Materials and Methods. A few larger
irregular particles were also observed by STEM, but,
similarly to the TEM images, they only accounted
for less than 5% of particles. The histograms of the
round particles in Fig. 3e display a unimodal dis-
tribution of particles in the different nucleotide
states centered at the mass expected for a single-
hexameric ring. Significantly, no particle was found
with the mass expected for a double-hexameric ring.
The mean and SD of the data set obtained from
the samples in the presence of ADP, ATP, and ATPyS
are shown in Fig. 3e.

Hence, the data from the STEM and TEM experi-
ments together with the results from the size-
exclusion chromatography and sedimentation equi-
librium experiments strongly suggest that the Rvbl
and Rvb2 proteins assemble predominantly into a
single-hexameric ring structure.

Rvb1, Rvb2, and Rvb1/2 are active ATPases

Rvb proteins are members of the AAA™ family
and hence are expected to be active ATPases. Never-
theless, there has been some controversy about
the ability of these proteins, derived from differ-
ent organisms, to hydrolyze ATP. Here we investi-
gated the ATPase activities of the yeast Rvbl and
Rvb2 proteins and whether DNA affects these
activities.

Initially, we studied the dependence of the ATP
hydrolysis rates on Rvb concentrations. Increasing
concentrations of Rvb1, Rvb2, or preformed Rvb1/2
complex were incubated with ATP, and the initial
hydrolysis rates were measured. As shown in
Fig. 4a, Rvbl and Rvb2 alone are active ATPases
but the Rvb1l/2 complex hydrolyzed ATP much
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Fig. 3. The Rvb1/2 complex forms single rings as observed by electron microscopy. (a—c) TEM micrographs of
negatively stained ring-shaped particles obtained upon incubation of Rvb1 and Rvb2 proteins with different nucleotides.
(d) STEM micrographs of assembled ring-shaped Rvb1/2 complexes mixed with TMV rods. (e) The histograms were
obtained from STEM micrographs and show the mass distribution of the particles in the presence of different nucleotides.
The average mass (M,,.) and the SD (in parentheses) for each data set are shown.

more efficiently especially at monomer concentra-
tions higher than 4 pM.

Complete Michaelis-Menten kinetic analysis was
performed on Rvbl (5 uM), Rvb2 (5 uM), and
preformed Rvbl/2 complex (2.5 pM Rvb1+2.5 uM
Rvb2). Rvb1/2 complex has higher k. and lower
Ky than those of Rvb1 alone, which are better than
those of Rvb2 alone (Fig. 4b).

We next investigated the effect of various DNA
substrates on the ATPase activity of the Rvbs. As
shown in Fig. 4c, circular double-stranded DNA
(dsDNA, p11 circular, pETM60 circular), circular

Table 1. Analysis of the rotational symmetry of the Rvb1/
2 ring-shaped particles

t test and
Particles Symmetry significance Spectral
Nucleotide analyzed detected level (p) ratio product
ADP 915 6 <0.000001 1.08x10"7
ATP 1271 6 <0.000001  5.11x10*
ATPyS 1041 6 <0.000001  1.31x10%

single-stranded DNA (ssDNA circular), linear
dsDNA with blunt ends (p11 b_b), and total yeast
RNA had no effect on the ATPase activity of the
Rvbs. However, linear dsDNA containing at least
one 5’ or 3’ overhang (p11 5'_5', p11 3’_3’, pETM60
b_5’, pihl DNA b_5") resulted in about twofold
enhancement of the ATPase activity of the Rvb1/2
complex but not that of Rvb1l or Rvb2 alone.
Although we did not observe an effect of DNA on
the initial ATP hydrolysis rates of Rvbl and Rvb2
alone, the presence of linearized dsDNA with one
protruding 5’ end (pETM60 b_5’) nevertheless
allowed Rvbl and Rvb2 as well as the Rvbl/2
complex to hydrolyze ATP for longer times (Fig. 4d).
No such effect was observed using circular ssDNA
(data not shown). Attenuation of ATP hydrolysis
with time may be explained by an accumulation of
ADP that would directly compete with ATP or that
the generated ADP might cause a conformational
change in the Rvbs resulting in reduced ATP hydro-
lysis efficiency. The DNA substrate may stabilize
a certain Rvb protein conformation that prevents
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Fig. 4. Rvb proteins are active ATPases. (a) Dependence of ATP hydrolysis rates on the concentration of the Rvb
proteins. Shown are the initial rates for ATP hydrolysis at different concentrations of Rvb proteins in the presence of 4 mM
ATP. The curves become linear above ~4 pM Rvb monomer concentration. For the Rvb1/2 complex, Rvbl and Rvb2
proteins were preincubated for 4 h at 4 °C prior to addition of ATP. (b) k.. and Ky; were calculated for the Rvb proteins at
5 uM Rvbl and 5 puM Rvb2 and for a preformed complex of 2.5 pM Rvb1+2.5 uM Rvb2 (monomer concentrations). (c)
Enhancement of ATP hydrolysis rates of the Rvb proteins by linear DNA substrate. Different DNA or RNA substrates
were added to 5 uM Rvbl, 5 pM Rvb2, and a preformed complex of 2.5 pM Rvb1+2.5 uM Rvb2 (monomer
concentrations). Initial rates of ATP hydrolysis were measured in the presence of 5 pmol of DNA or RNA substrates. See
Materials and Methods for the description of the substrates used. (d) Hydrolysis of ATP by 5 uM Rvb proteins was
monitored as a function of time in the absence or presence of 5 pmol of linear DNA (pETM60 b_5") (upper panel). The Rvb
proteins and linear DNA were preincubated at room temperature for 10 min prior to addition of ATP. For the Rvb1/2
complex (lower panel), either linear DNA was directly mixed with 2.5 uM Rvb1 and 2.5 pM Rvb2 or the Rvb proteins were
first preincubated for 4 h at 4 °C prior to addition of linear DNA and then ATP. The release of P; was measured by the
colorimetric assay at 660 nm as described in Materials and Methods.

inhibition by ADP, which seems to indicate that the
Rvbs, alone or in complex, are functionally more
efficient in the presence of DNA. The results shown
in Fig. 4d indicate that Rvbl and Rvb2 alone bind
DNA, although DNA does not significantly enhance
their initial ATP hydrolysis rate.

Observation of the nucleotide-dependent
conformational changes in the Rvb1/2 complex
by electron microscopy

Based on the above results, we speculated that the
Rvbs might undergo nucleotide-dependent confor-

mational changes, as has been described for other
members of the AAA™ superfamily. To this end, we
obtained the two-dimensional averages of the
Rvb1/2 complex in the presence of ADP, ATP, and
ATP~S. In these experiments, Mg®" was not added
to the buffers to reduce ATP and ATPvS hydrolyses
(see Materials and Methods).

Nearly all the particles observed in the electron
micrographs were oriented with the 6-fold symme-
try axis perpendicular to the grid. Thus, particle
images were selected from micrographs and aligned
by correlation averaging to calculate an average of
the top views for each nucleotide state. The two-
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dimensional average of the ring-shaped particles in
the presence of ADP showed a hexagon with
straight edges measuring ~142 A between opposite
vertices and with a heavily stained area of ~17 A in
diameter at the center of the particle that may
represent a channel (Fig. 5, columns 1 and 2, ADP).
Interestingly, the projection structure of the ring-
shaped particles in the presence of ATP (Fig. 5,
columns 1 and 2, ATP) showed dramatic structural
differences compared with the ADP structure. In the
presence of ATP, Rvbl/2 complex also showed a
slightly bigger hexagon that measured ~152 A
between opposite vertices and had a smaller
(~15 A in diameter) stain-penetrated area at the
center of the particle. The ATP hexagon had concave
edges and some radial areas of stain penetration
instead of the smooth stain-excluded area observed
in the ADP form. As expected, the obtained two-
dimensional average in the presence of ATPyS was
very similar to and had dimensions identical with
the one obtained for the ATP state (Fig. 5, columns 1
and 2, ATPYS).

Next, we evaluated the heterogeneity of the
Rvb1/2 complexes assembled in the presence of
ADP, ATP, and ATP~S. To do this, we carried out a
reference-free two-dimensional image classification
of the particles extracted from the electron micro-
graphs. Resulting class averages from this classifi-
cation method should show all variations present in
the data regardless of source. Because in this data
set all the particles represent the same orientation,
with the 6-fold symmetry axis perpendicular to the
grid, the variation shown in the class averages is
due to multiple conformations. The two-dimen-

sional class averages obtained in the presence of
ADP produced four class averages resembling the
ADP state with minor differences between them,
which were interpreted as resulting from minor
structural differences induced by the stain (Fig. 5,
columns 3-6, ADP).

An identical classification approach for the rings
assembled in the presence of ATP showed that about
9% of the selected particles are in fact in the ADP
conformation (Fig. 5, column 3, ATP), which could
be the result of some ATP hydrolysis by the helicases
in the absence of added Mg”*. The other three class
averages obtained from this sample resembled the
ATP state (Fig. 5, columns 4-6, ATP), and the
classification approach separated particles that had
clockwise features (Fig. 5, columns 5 and 6, ATP)
from those that had counterclockwise features (Fig.
5, column 4, ATP). These two classes of particles
represent top and bottom views of the structure.
Particles that had clockwise features were split into
two classes (Fig. 5, columns 5 and 6, ATP) by the
classification program probably because small dif-
ferences in the stain accumulated at the edge of the
particles.

For the sample in the presence of ATPvS, all four
class averages obtained resembled the ATP state
(Fig. 5, columns 3-6, ATPyS). Similarly, the classifi-
cation approach separated particles that had clock-
wise features (Fig. 5, column 4, ATPvS) from those
that had counterclockwise features (Fig. 5, columns
5 and 6, ATP+S). A fourth group of particles that
showed no specific orientation of features was
found. This group represents particles that were
distorted or flattened during the staining process.

impose six
fold rotational
symmetry

2D average

ADP

ATP

ATPYS

2D class averages obtained from
reference-free image classification

ojojolo
B0
eloleie

Fig. 5. Structures of the hexameric ring-shaped Rvb1/2 complexes depend on the nature of the bound nucleotide.
Shown are projection structures of the ring-shaped Rvb1/2 particles in the presence of different nucleotides. Images
shown in the different columns are as follows: (1) two-dimensional averages of the ring-shaped particles; (2) two-
dimensional averages obtained by imposing 6-fold rotational symmetry to the averages in (1); and (3-6) resulting class
averages obtained from a reference-free image classification analysis of the full set of ring-shaped particle images.
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These results confirm that the Rvb1/2 complex
exhibits a nucleotide-dependent conformational
change.

Rvb1, Rvb2, and Rvb1/2 are active helicases

The above results clearly demonstrate the ability of
the Rvb proteins to interact with DNA, to hydrolyze
ATP, and to undergo nucleotide-dependent con-
formational changes. Consequently, experiments
were carried out to determine if the Rvbs function
as active helicases. A radiolabeled 15-nucleotide-
long DNA primer was annealed onto single-
stranded M13mp18 plasmid and incubated with
the Rvbs in the presence or absence of ATP. As shown
in Fig. 6a, Rvbl, Rvb2, and Rvb1/2 were all able to
release (unwind) the bound oligonucleotide in an
ATP-dependent manner. However, Rvbl and Rvb2
alone have weak helicase activity, with similar rates
of unwinding (data not shown). In addition, Rvb2 is
able to unwind a greater amount of substrate com-
pared with Rvbl. The Rvb1l/2 complex exhibits
greater helicase activity both in rate of unwinding
and in amount of oligonucleotide released compared
with Rvbl and Rvb2 alone, with complete unwind-
ing of substrate observed at 45 min. Quantitative
analysis of the data from several experimental repli-
cates indicates that the Rvb1/2 complex unwinds

(a)

DNA substrate

boiled

about two to three times faster than Rvb1 and Rvb2
alone, demonstrating that Rvb1l and Rvb2 in com-
plex act synergistically to unwind DNA duplexes.

The preferential directionality of the helicase
activity of the Rvbs was assessed using a substrate
consisting of a 28-nucleotide-long primer annealed
onto a 43mer, for 3’-to-5’ directionality test, or a
45mer, for 5’-to-3’ directionality test (Fig. 6b).
Directionality is given with respect to the ssDNA
flanking the duplex. Rvb1 and Rvb2 alone exhibited
no significant helicase activity on either substrate,
but the Rvb1/2 complex was able to unwind the 28-
nucleotide-long primer, with strong preference for
unwinding in the 5-to-3’ direction (Fig. 6b). With
the use of shorter primers, the data suggest that
Rvb1 and Rvb2 alone have weak preferential 5’-to-3’
unwinding activities as well (not shown).

It is important to note that although Rvb1 and
Rvb2 alone are capable of releasing a 15-nucleotide-
long primer (Fig. 6a), they were not able to release a
28-nucleotide-long primer (Fig. 6b). Furthermore,
Rvb2 was unable to release a 40-nucleotide-long
primer from M13mpl8 (data not shown). These
results suggest that each component alone has
limited processivity and that the Rvb1/2 complex
is probably the physiologically efficient helicase.

The above experiments clearly establish the Rvbs
as active helicases whether alone or in complex.

Rvb1/Rvb2
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Fig. 6. Rvb proteins are active helicases. (a) Helicase activity assays of the Rvb proteins. Rvb1 and Rvb2 proteins as
well as the Rvb1/2 complex were incubated with the indicated DNA substrate consisting of an oligonucleotide labeled at
the 5’ end annealed to M13 ssDNA circular plasmid. The reaction was initiated by the addition of ATP. At different time
points, aliquots were removed and the bound and released radiolabeled oligonucleotides were visualized on 10% native
TAE-PAGE gels. Schematics are shown on the left. Stars indicate the position where the oligonucleotide was labeled with
2P, (b) The preferential directionality of the Rvb helicase activities was assessed using 5'-to-3’ and 3'-to-5' substrates,
shown in cartoon representation on the right, next to their gel positions. Arrows indicate the proposed direction of

translocation of the helicase.
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However, the Rvb1/2 complex seems to be the most
competent helicase.

Discussion

The ATPase and helicase activities of the Rvbs

In this study, we have clearly established that
yeast Rvbl and Rvb2 proteins, whether alone or in
complex, are active ATPases and helicases. The
nature of the activities of the Rvb proteins has been
rather controversial since several published studies
have yielded conflicting results. The different con-
clusions reached by various groups could be
attributed to the different methods used to purify
the proteins, could be the result of buffer conditions
employed in the assays, or might be true differences
between Rvbs from different species.

One group found that rat Rvb1*® and human
Rvb2® have an ATPase activity that was stimulated
by ssDNA but not dsDNA. In that particular study,
rat Rvb1 was found to have 3’-to-5' helicase activity,
while human Rvb2 exhibited 5'-to-3" activity.” In
contrast to these results, two groups found that
human Rvb1l had no or marginal ATPase activity
and no helicase activity.”** However, more recently,
Puri et al.'® found that human Rvb1 and Rvb2 are
active as ATPases but that DNA did not stimulate
their activity.

Our results clearly demonstrate that the yeast
Rvb1 and Rvb2 proteins and the Rvb1/2 complex
are active ATPases, with the Rvb1l/2 complex
having the highest activity, followed by Rvb1l and
then by Rvb2 (Fig. 4a). Hence, the ATPase activity of
the individual Rvb proteins is significantly
improved by the formation of the Rvb1/2 complex
as indicated by the k. and Ky values (Fig. 4b).
These values are comparable with those measured
for E. coli RuvB®' and with those published by Tkura
et al.”* for the yeast Rvbs.

Our data also show that the Rvb proteins are ATP-
dependent helicases since the presence of ATP was
required for helicase activity (Fig. 6). Furthermore,
we found that specific DNA substrates stimulated
the ATPase activity. As shown in Fig. 4c, the ATPase
activity of the Rvb1/2 complex is dramatically
enhanced in the presence of linear dsDNA with
5" or 3’ overhangs. In addition, we observed that
although the presence of DNA did not change the
initial ATP hydrolysis rates obtained for Rvbl and
Rvb2 alone, it allowed Rvb1 and Rvb2 as well as the
Rvb1/2 complex to hydrolyze ATP for longer times.
These data indicate an interdependency of the
helicase and ATPase activities.

Based on our helicase assays, we observed that
Rvb1/2 unwinds DNA more efficiently compared
with Rvb1 and Rvb2 alone. In addition, Rvb2 seems
to be able to unwind a greater amount of substrate
compared with Rvb1 (Fig. 6a), although Rvb2 has a
lower ATPase activity compared with Rvbl in the
presence or absence of DNA (Fig. 4). The 5'-to-3’

preferential directionality of the Rvb1/2 helicase
(Fig. 6b) is similar to that reported for human Rvb2’
and for E. coli RuvAB®* but opposite of the polarity
observed for rat Rvb1.?®

The mechanism by which the Rvb1/2 complex
binds and unwinds DNA substrate remains to be
elucidated. It has been suggested that the insertion
domain in the Rvbs (Fig. 1) is a novel DNA/RNA
binding domain.** The Rvb1/2 hexamer most likely
opens up to allow single-stranded nucleic acid to
bind the central channel. This is supported by the
fact that the Rvb1/2 complex is able to release a
15mer nucleotide from single-stranded circular M13
plasmid (Fig. 6a). This is also supported by our
electron microscopy analyses in which the central
channel of the Rvb1/2 hexameric complex is ~15-
17 A in diameter (Fig. 5), large enough to accom-
modate ssDNA, but not dsDNA. The diameter of the
central channel is comparable with that of other
helicases, such as the E1 helicase from Papilloma-
virus,” in which the crystal structure shows a
central channel diameter of 20 A occupied by
ssDNA. It has been proposed that ring-shaped
helicases can bind one DNA/RNA strand through
their central channel, while the other strand contacts
the outside of the ring. This has been shown for the
bacteriophage T7 gp4D helicase®**° and for the Rho
helicase.?*%” Such a mechanism might also apply for
the Rvb1/2 hexamer.

The oligomeric state of the Rvb1/2 complex

Helicases can function as monomers, dimers, or
larger oligomers. Importantly, a large number of
helicases oligomerize into homohexameric rings,
including viral (T7 gp4 and T4 gp4l), bacterial
(DnaB and RuvB), and eukaryotic (human Bloom’s
syndrome helicase) helicases.*® Size-exclusion chro-
matography indicated that Rvbl and Rvb2 exist
mainly as monomers at low concentrations but form
larger oligomers in a concentration-dependent
manner (Fig. 2a). Equilibrium sedimentation analy-
sis performed on a range of concentrations for Rvb1
and Rvb2 also indicated the heterogeneity of these
samples (data not shown). These results agree with
the observation that human Rvb1l forms hexamers
under the high concentration conditions used for X-
ray crystallography®* and with the observation of
multiple oligomeric states for human Rvb2.'® Also,
monomers of the bacterial RuvB have been shown to
cooperatively assemble into higher oligomers in a
concentration-dependent manner.*

Incubation of Rvb1 and Rvb2 proteins resulted in
the formation of a large complex that was shown to
correspond to a hexamer by equilibrium sedimenta-
tion experiments (Fig. 2c) and electron microscopy
(Figs. 3 and 5 and Table 1). The immunocapture
experiment illustrated in Fig. 2b and the observation
by electron microscopy of antibody-labeled hex-
americ rings using affinity-purified aRvbl and
aRvb2 antibodies (data not shown) demonstrate
the presence of both Rvb1 and Rvb2 proteins in the
hexameric rings. Size-exclusion chromatography
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experiments as illustrated in Fig. 2a and our prior in
vivo pull-down experiments'> suggest the presence
of equimolar concentrations of Rvb1 and Rvb2 in the
Rvb1/2 complex.

Our finding that yeast Rvbl and Rvb2 form a
single-hexameric ring is in contrast with the finding
that human Rvb1 and Rvb2 form a double-hexame-
ric ring.'® This is rather surprising since human and
yeast Rvbs share ~70% sequence identity (Fig. 1).
The difference either could be due to the purification
protocols used, especially since the human Rvbs
purified by Puri ef al.'® were inactive as helicases,
which contradicts the findings of Kanemaki et al.’ or
might be an actual difference between the human
and yeast Rvbs. In support of the latter possibility, it
was found that the deletion of the two yeast RVB
genes cannot be complemented by human, mouse,
and rat Rvbs, "' indicating a possible structural
difference between yeast and mammalian Rvbs.

The oligomeric state of the Rvb proteins when
acting as helicases needs to be further considered.
Our data showed that the highest helicase activity
was observed when Rvb1 and Rvb2 together were
incubated with ATP. This condition correlates with
the presence of heterohexameric rings in the electron
micrographs. The same correlation exists with
respect to the ATPase activity. These results strongly
support the conclusion that the functional form of
these proteins is the heterohexameric ring. Interest-
ingly, a ring-like arrangement is not uncommon in
proteins involved in DNA metabolism because this
is proposed to increase the processivity of the
enzymes.* However, we also observed lower heli-
case and ATPase activities when only Rvb1 or Rvb2
was present in the reaction, under conditions in
which we were not able to observe ring-shaped
particles for these proteins. Hence, it is possible that
each protein alone can act as a helicase as some other
lower-order oligomer, as has been reported for
RecQ*! and UvrD.*?

In conclusion, our study has demonstrated that
the yeast Rvbs are active ATPases and are ATP-
dependent helicases that form heterohexameric ring
structures that undergo nucleotide-dependent con-
formational changes. These findings show that the
yeast Rvb proteins fulfill the main defining features
of the AAA™ superfamily of proteins. Our work sets
the stage for future investigations to unveil the
structural details of the mechanism of function of
this essential family of helicases.

Materials and Methods

Recombinant protein expression, purification, and
manipulation

The Rvbl and Rvb2 genes were PCR amplified from
yeast S. cerevisine S288C genomic DNA and cloned into
pProEX HTb expression vector (Invitrogen) for the Rvb1
protein and into pll expression vector for the Rvb2
protein.*> Both proteins were expressed as N-terminal
Hiseg—tobacco etch virus protease fusion proteins in E. coli

BL21(DE3) gold (pRIL) and purified using Ni-nitrilo-
triacetic acid resin (Qiagen) according to the manufac-
turer’s protocols. The purified proteins were dialyzed
and stored in buffer A (25 mM Tris-HCl, pH 7.5,
200 mM KCl, 1 mM DTT, and 10% glycerol). Tobacco
etch virus protease was used to remove the His, tag to
generate untagged proteins. The proteins were further
purified on a Bio-Scale CHT5-I hydroxyapatite column
(BioRad) and a MonoQ column (Amersham Biosciences).
The concentrations of purified Rvbl and Rvb2 were
determined using the Bradford assay method.** All
molar concentrations are typically given for monomers
except as indicated.

Size-exclusion chromatography

Size-exclusion chromatography was performed using a
calibrated Superdex 200 HR 10/30 column (Amersham
Biosciences) attached to an AKTA FPLC system (Amer-
sham Biosciences). The column was equilibrated with
buffer B (25 mM Tris-HCl, pH 7.5, 200 mM KCl, 5 mM
MgCl,, 1 mM DTT, and 10% glycerol). The molecular mass
standards (Sigma) used were as follows: thyroglobulin,
669 kDa; apoferritin, 443 kDa; p-amylase, 200 kDa; alcohol
dehydrogenase, 150 kDa; bovine serum albumin, 66 kDa;
carbonic anhydrase, 21 kDa; and cytochrome C, 12.4 kDa.
All experiments were performed at 4 °C, and absorbance
was monitored at 280 nm. Nucleotides were added to the
buffer as needed. For the Rvb1l/2 complex, an equal
amount of Rvb1 and Rvb2 proteins was preincubated for
4 h at4 °C to ensure proper complex formation prior to use
in assays.

Sedimentation equilibrium analysis of Rvb proteins

Sedimentation equilibrium experiments and analysis
were performed at the Ultracentrifugation Service Facility
at the University of Toronto Department of Biochemistry.
Rvb1 and Rvb2 proteins as well as the preformed Rvb1/2
complex were at a 6 uM monomer concentration in buffer
B, and 0.3 mM ADP was added. Samples were spun at
6000, 8000, 10,000, and 14,000 rpm at 4 °C in a Beckman
Optima XL-A analytical ultracentrifuge using an An-60 Ti
rotor. Absorbance was monitored at 230 and 280 nm. Data
analysis was performed using the Origin MicroCal XL-A/
CL-I Data Analysis Software Package version 4.0.

Measurement of the ATPase activity of the Rvb
proteins

The ATPase activity of the Rvb proteins was measured
by determining the free phosphate released after ATP
hydrolysis using a colorimetric assay as described
previously.* Briefly, Rvb proteins were placed in buffer
B, containing various concentrations of ATP. However,
buffer C (25 mM Tris-HCI, pH 7.5, 25 mM KCl, 5 mM
MgCl,, 1 mM DTT, and 10% glycerol) was used when
DNA or RNA substrates were added. Assays were
performed in 200-pL volumes at 37 °C in a quartz plate.
At different time points, 10-pL aliquots of the assay
mixture were removed and added to 200 uL of color
developing solution (1 mM malachite green, 8.5 mM
ammonium molybdate, and 1 M HCl). Color development
was allowed to proceed for 1 min and was then stopped
by the addition of 25 uL of 37% citric acid. Absorbance
was measured at 660 nm and converted to moles of
phosphate produced using a KH,PO, standard curve.
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Initial rates were derived from data collected in the first
10 min of the reactions.

The DNA/RNA substrates used in the assays were as
follows:

p11 circular (5708 bp): from Ref. 43;

pll b_b (680 bp; 1198 bp; 2263 bp; 1567 bp): pll
plasmid digested with Rsal in the presence of SAP to
generate blunt ends;

pl115’_5" (5708 bp): p11 plasmid digested with EcoRI in
the presence of SAP to generate 5’ protruding ends;
pl1 3’_3" (5708 bp): p11 plasmid digested with Pstl in
the presence of SAP to generate 3’ protruding ends;
PETME6O0 circular (7922 bp): from Ref. 46;

PETM60 b_5" (6882 bp): pETM60, in which the PIH1
gene was cloned and cut with Ncol, and then the
linearized vector was mixed with T4 polymerase to fill
the 5’ protruding ends; subsequently, the resulting
DNA was digested with BamHI enzyme, which
releases PIHI1, to generate a linear DNA with one
blunt end and one 5’ protruding end;

pihl1 DNA b_5" (1032 bp): corresponds to the released
PIH1 above;

ssDNA circular (7249 bases): single-stranded M13
DNA (M13mp18) was a generous gift from Dr. Igor
Chevelev (University of Toronto);

total RNA: total yeast RNA was extracted with phenol
chloroform and precipitated in 1/10 volume of 5 M
LiCl and 2.5 volumes of ethanol.

Digested DNA was purified using an Invitrogen PCR
purification kit.

Antibodies

Rabbit aRvb1 antibody was raised using Rvb1 protein
expressed and purified from E. coli. The antibody was
generated at the University of Toronto Division of
Comparative Medicine and affinity purified on CNBr
Sepharose beads to which purified proteins were cross-
linked using established protocols.

Helicase assays

The preparation of DNA substrates was carried out as
follows: For the experiment illustrated in Fig. 6a, 2 pmol of
a 15mer DNA primer (GGA TCC CCG GGT ACC) was
labeled at the 5" end with 20 nCi of 6000 Ci/mmol [y**P]
ATP (Perkin-Elmer) using T4 polynucleotide kinase (NEB)
for 30 min at 37 °C and then stopped with 10 mM
ethylenediaminetetraacetic acid (EDTA). An equimolar
amount of single-stranded M13mp18 DNA was added to
the mixture in hybridization buffer D (20 mM Tris-HClI,
pH 7.5,100 mM NaCl, 10 mM MgCl,, and 1 mM DTT) and
boiled for 5 min at 95 °C. The mixture was slowly cooled to
room temperature to allow the primer to anneal to
M13mp18. The mixture was applied to 1 mL of Sephadex
G75 (Pharmacia) column, equilibrated with hybridization
buffer, and the radioactivity in the collected fractions was
quantified by liquid scintillation counting.

Four picomoles of a 28mer oligonucleotide (GAC TCT
AGA GGATCC CCG GGT ACC GAG C) was radiolabeled
at the 5" end with 40 pCi of 6000 Ci/mmol [y**P]ATP with
T4 polynucleotide kinase to make the directionality
substrates for the experiment illustrated in Fig. 6b. The
reaction was stopped with 10 mM EDTA and incubated at
65 °C for 20 min. The mixture was then divided into two.

One half was mixed with an equimolar amount of 43mer
oligonucleotide A (GCT CGG TAC CCG GGG ATC CTC
TAG AGT CAT TGC AGT GCA AGA C), and the other
half was mixed with an equimolar amount of 45mer
oligonucleotide B (ACA CTT ACG TGA CCT AAG CTC
GGT ACC CGG GGATCC TCT AGA GTC). Samples were
boiled for 5 min at 95 °C and then slowly cooled to room
temperature. Each mixture was applied to 1 mL of
Sephadex G75 column, and purity was assessed by
running the collected fractions on 10% TAE (Tris—
acetate-EDTA)-PAGE gels. 28mer annealed to oligonu-
cleotide A is the 3’-to-5’ substrate, while 28mer annealed
to oligonucleotide B is the 5'-to-3’ substrate.

Helicase assay was carried out in a 10-pL reaction
volume at 30 °C for 1 h. pH levels were varied, as well as
the concentrations of protein, KCl, NaCl, MgCl,, and ATP,
to obtain optimal assay conditions. Both Rvb1 and Rvb2
performed optimally in buffer E (40 mM Tris—-HCl, pH 7.5,
50 mM NaCl, 3 mM MgCl,, and 10% glycerol) at a protein
monomer concentration of 2.8 pmol/pL. ATP (1 mM) was
added to start the reaction. The final concentration of
15mer DNA substrate, the 3’-to-5' directionality substrate,
and 5’-to-3’ directionality substrate was 16 uCi/uL
(2.8 pmol/pL). For time course experiments, an 80-uL
reaction volume was used and 10-uL samples were
taken at time 0 before the addition of ATP and at 2,
10, 20, 30, and 45 min after the addition of ATP. Reac-
tions were stopped with buffer F (50% glycerol, 50 mM
EDTA, 0.6% SDS, 0.15% Bromophenol blue, and
0.19% xylene cyanol). All samples were run on 10% native
TAE-PAGE gels. Radiolabeled oligonucleotide was
detected by autoradiography.

TEM

Rvbl and Rvb2 proteins were mixed in equimolar
amounts to produce ring-shaped particles. Typically, Rvb1
and Rvb2 were combined in buffer A, and then ADP, ATP,
or ATPyS was added to a final concentration of 1.5 mM.
The final concentration of each protein during the
assembly was 15 uM, and the volume of the assembly
reaction was 20 pL. Assembly reactions with only one of
the Rvb proteins present were performed in a similar
manner. Proteins were usually incubated at 37 °C for
30 min, and then a 1/15 dilution of the mixture was
applied to the electron microscopy grid. Incubations of 4 h
at 4 °C were also used with similar results.

All samples were applied by floating a 10-uL drop to
carbon-coated grids previously glow discharged and
negatively stained with 2% uranyl acetate. Specimens
were observed in a JEOL 2010F electron microscope
operated at 200 kV. Images were collected at 50,000
with a dose of ~10 electrons/A% All images were
recorded on Kodak SO-163 films, scanned on a Nikon
Super COOLSCAN 9000 ED at 6.35 pum/pixel, and
averaged two times to produce data at 2.54 A/pixel.

Single-particle image processing

Particles were extracted interactively from digitized
fields using the Boxer (EMAN) program.”” Normalized
particles were translationally aligned relative to a pre-
viously obtained circularly symmetrical reference image
produced by averaging the data set to perform the
symmetry analysis. The presence of statistically significant
rotational symmetry in the data was then assessed using
two statistical tests, the spectral ratlo product and
Student’s t test, as previously described.”
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Cross-correlation methods were used in the classalign2
program (EMAN)* to align the ring-shaped particles and
to obtain the two-dimensional averages. Typically, one
particle of the data set was selected as a reference for the
first cycle of alignment, averaging the aligned particles
and then generating a second reference that was used in a
subsequent alignment cycle. The process was iterated up
to eight times to obtain the final two-dimensional average.
The same procedure was followed starting with three
particles as the initial reference to assess the robustness of
the results and to prove non-model bias of the final two-
dimensional averages.

The particle heterogeneity in the raw images was
analyzed using a reference-free two-dimensional image
classification implemented in the refine2d.py program in
EMAN.* This method is equivalent to the multivariate
statistical analysis that has been used classically in the
single-particle processing field,*” but in this case, the Eigen
images are calculated from class averages initially
obtained using rotational and radial harmonics of the
power spectrum of the particles instead of the raw
particles. The process was typically iterated eight times,
and the class averages obtained at the end of each iteration
were used to produce the Figen images that seeded the
multivariate statistical analysis of the next iteration.

STEM

Specimens were prepared according to the standard
method of the Brookhaven National Laboratory STEM
facility}. Briefly, a 2-uL drop of a 100-pg/mL solution of
tobacco mosaic virus (TMV), used as a calibration
standard, was absorbed for 1 min onto freshly prepared
carbon films supported on a holey membrane on a
titanium grid. The grid was washed four times in water,
and a 3-uL drop of a 1/10 dilution of previously
assembled ring-shaped particles was applied to the grid
for 1 min and thoroughly washed five times with 100 mM
ammonium acetate and five more times with 20 mM
ammonium acetate. The excess liquid was blotted with
filter paper, and the grid was plunged into liquid nitrogen
slush for quick freezing. The ~1-pm-thick ice layer was
freeze dried by transferring the grid into an ion-pumped
chamber and gradually increasing the temperature (over-
night) to —80 °C. Grids were then transferred under
vacuum to the STEM.

Images were collected on the Brookhaven National
Laboratory 40-kV STEM with a 0.25-nm probe. Low-dose
techniques were used to collect the images with an
average electron dose <1000 e /nm?, and the grid was
kept at —150 °C during data collection, which keeps the
mass loss <2% due to radiation damage. Images were
collected digitally from the large detector (40-200-mrad
acceptance angles) and used for mass determination.
Large-angle signals are proportional to the mass in the
irradiated pixel for thin specimens. Obtained images had a
scan width of 0.512 pm.

Processing of STEM images

Mass measurements were made with the program
PCMass29.%° Particles were selected with a circular cursor,
and the number of electrons scattered by the particle area
was added and then subtracted from the number of
electrons scattered from the background. The result was

T http:/ /www.biology.bnl.gov /stem/specimen.html

then multiplied by a standard calibration constant
(115 Da/e”) to determine the mass. The calibration
constant was calculated using the TMV included in the
specimen. Absolute scaling of the images was also done by
using the TMV. First, in each image, as many measure-
ments as possible were collected from the TMV particles
and mass per length (M/L) average was calculated.
Images with an SD in the M/L average greater than
+£1.4 kDa/A were rejected. Images with an average M/L
for TMV of 13.1+1.4 kDa/A were used directly for mass
determination. Finally, for images with a TMV M/L
average different from 13.1 kDa/A, a scaling factor was
calculated to bring the TMV M/L average to 13.1 kDa/A.
This scaling factor was then applied to the Rvb1+Rvb2
particles in these images. TMV M/L average was found to
be very close to the expected 13.1 kDa/A for most of the
images. Histograms and statistics were obtained with
Microsoft Excel.
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