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SUMMARY

RapA, as abundant as ¢’° in the cell, is an RNA poly-
merase (RNAP)-associated Swi2/Snf2 protein with
ATPase activity. It stimulates RNAP recycling during
transcription. We report a structure of RapA that is
also a full-length structure for the entire Swi2/Snf2
family. RapA contains seven domains, two of which
exhibit novel protein folds. Our model of RapAin com-
plex with ATP and double-stranded DNA (dsDNA)
suggests that RapA may bind to and translocate on
dsDNA. Our kinetic template-switching assay shows
that RapA facilitates the release of sequestered
RNAP from a posttranscrption/posttermination com-
plex for transcription reinitiation. Our in vitro compe-
tition experiment indicates that RapA binds to core
RNAP only but is readily displaceable by ¢’°. RapA
is likely another general transcription factor, the
structure of which provides a framework for future
studies of this bacterial Swi2/Snf2 protein and its im-
portant roles in RNAP recycling during transcription.

INTRODUCTION

Members of the Swi2/Snf2 family, classified into 25 subfamilies
including a RapA group, mediate mobilization of various nucleic
acid-protein complexes to facilitate gene expression (Flaus
et al., 2006). A total of 1306 sequences have been identified for
the 24 non-RapA subfamilies; they play important roles in many
nuclear processes such as replication, transcription, DNA repair,
and recombination (Brown et al., 2007; Dirscherl and Krebs,
2004; Flaus et al., 2006; Mohrmann and Verrijzer, 2005; Pazin
and Kadonaga, 1997; Wu and Grunstein, 2000). So far, most of
the studies on Swi2/Snf2 have focused on proteins that show
transcriptional regulation mediated by ATP-dependent remodel-
ing of chromatin structure (Durr et al., 2006; Flaus et al., 2006;
Pazin and Kadonaga, 1997; Tsukiyama and Wu, 1997). Although
the mechanism of Swi2/Snf2 is largely unknown, crystal struc-
tures for the ATPase core of a Swi2/Snf2 protein, Rad54, revealed
two helical Swi2/Snf2-specific domains that are fused to a RecA-
like architecture found in the DExx box helicases (Durr et al.,
2005; Thoma et al., 2005).

RapA (also known as HepA) represents 220 bacterial/archaeal
members in the RapA group, among which Escherichia coli RapA

(Swiss-prot entry P60240) remains the only member for which
a biological function has been demonstrated (Bork and Koonin,
1993; Eisen et al., 1995; Flaus et al., 2006; Kolsto et al., 1993;
Lewis et al., 1992). It is an RNA polymerase (RNAP)-associated
protein with ATPase activity; it also binds to DNA and RNA
(McKinley and Sukhodolets, 2007; Muzzin et al., 1998; Sukhodo-
lets and Jin, 1998). We showed previously that RNAP becomes
sequestered or immobilized in a posttranscrption/posttermina-
tion complex (PTC) after one or few rounds of transcription, and
that RapA reactivates the sequestered RNAP during multiround
transcription in vitro (Sukhodolets et al., 2001). RapA-mediated
RNAP recycling is dependent on the ATPase activity of RapA;
the ATPase activity of RapA is stimulated upon the binding of
RapA to RNAP (Sukhodolets et al., 2001; Sukhodolets and Jin,
2000). The mechanism whereby RapA reactivates the immobi-
lized RNAP is unknown. We hypothesized previously that RapA
can remodel the PTC and thereby reactivate the sequestered
RNAP for transcription reinitiation (Sukhodolets et al., 2001).

In E. coli, RNAP exists in two forms, the core RNAP (CORE)
and the RNAP holoenzyme (HOLO). The CORE, consisting of
subunits axBR’, is capable of transcription elongation and termi-
nation; whereas the HOLO, consisting of «,pf'c, is capable of
transcription initiation from promoters on a DNA template
(Burgess et al., 1987; Travers and Burgess, 1969). We showed
previously that RapA forms a complex with either the CORE or
the HOLO, but with higher affinity for the CORE, suggesting
that the RapA-binding site on RNAP may be distinct from the
o-binding site (Sukhodolets and Jin, 1998, 2000). Other works
showed, however, that the protein binds to the CORE but not
to the HOLO, suggesting that RapA and o factor may share
a common binding site (Muzzin et al., 1998). As the first step in
our effort to establish the structure-and-function relationship of
RapA, we determined the crystal structure of full-length E. coli
RapA in complex with a sulfate ion (RapAeSQ,) at 3.2-A resolu-
tion. Our data provide a framework for understanding RapA-de-
pendent RNAP recycling as well as a guide for further studies
aimed at dissecting the precise mechanism of bacterial transcrip-
tional regulation in general and of RNAP recycling in particular.

RESULTS

Overall Structure

We determined the full-length structure of E. coli RapA via mul-
tiwavelength anomalous diffraction phasing at 3.2-A resolution.
Detailed statistics for phasing and refinement can be found in

Structure 16, 1417-1427, September 10, 2008 ©2008 Elsevier Ltd All rights reserved 1417


mailto:djjin@helix.nih.gov
mailto:jix@ncifcrf.gov

Table 1. Data Collection, Phasing, and Refinement Statistics
Full Length
Crystal 2 Ntd

Crystal 1

Data collection

3

Wavelength (A) 0.97935 0.97951 0.97935 0.97922
Resolution (A) 50-3.4 50-3.4 50-3.2 30-2.15
Space group P432:2 P432:2 P43 c2
Unit cell parameters (A)
a 123.8 123.7 123.9 219.5
b 123.8 123.7 123.9 39.2
© 187.7 187.5 188.0 61.3
Rmerge (%)% 14.6 14.7 9.7 9.1
/o 241 22.3 11.9 9.7
Completeness (%) 99.9 99.9 97.3 90.4
Redundancy 17.0 17.0 3.8 3.1
Refinement
No. of reflections 44,669 (2166)¢ °©
Nonhydrogen atoms
Protein 15,332
Sulfate ion 10
R factor (%)° 25.0 (35.7)
Riree (%)° 30.0 (43.4)
B factor, Wilson plot (32) 84.1
B factor, overall (AZ) 68.7
RMSD
Bond distances (Z\) 0.016
Bond angles (°) 1.5
Ramachandran plot
Most favored 64.5
Disallowed 0

#Rmerge = =[(I — < I >)| / (), where | is the observed intensity.

PR factor = 100 x Z| |Fo| — |Fc| |/ =|Fo|, where Fo and Fc are the
observed and calculated structure factors, respectively.

° Riee Was calculated with 5% of the data.

d Statistics in the highest resolution shell (3.20-3.31 A) are shown in
parentheses.

®The refinement of the Ntd structure is in progress, and the structure will
be published elsewhere.

Table 1. There are two RapAeSO, complexes in the asymmetric
unit, each containing 961 (residues 2-962) out of 968 amino acid
residues and one sulfate ion. Among the 1922 amino acid resi-
dues, the backbone of seven and the side chains of 186 do not
show perfect electron density (final 2Fo-Fc) at the contour level
of 1.0 o. Out of the 186 side chains, 112 are on the surface of
the protein.

As depicted in Figure 1, the RapA structure contains seven
domains and three linkers: an N-terminal domain (Ntd), two
RecA-like domains 1A and 2A, two Swi2/Snf2-specific domains
1B and 2B, a Spacer domain, and a C-terminal domain (Ctd), and
Linker1 between Ntd and 1A, Linker2 between 1B and 2B, and
Linker3 between 2B and Spacer. Of the two crystallographically
independent molecules, the backbones of their Linker1-to-Ctd
fragments are virtually identical (root mean square deviation
[RMSD] = 0.023 A for 796 out of 855 pairs of Ca positions) and
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the backbones of their Ntd fragments are similar (RMSD =
0.318 A for 105 out of 106 pairs of Ca positions). However, the
relative positioning of the Ntd with respect to the Linker1-to-
Ctd fragment is noticeably different in the two molecules (see
Figure S1A available online) likely due to crystal packing.

The Ntd contains two subdomains, NtdA and NtdB, both
folded as a highly bent antiparallel § sheet (Figure 1). This fold is
also found in transcription factor NusG (Knowlton et al., 2003;
Steiner et al., 2002), ribosomal protein L24 (Ban et al., 2000),
human SMN (survival of motor neuron) protein (Selenko et al.,
2001), mammalian DNA repair factor 53BP1, putative fission
yeast DNA repair factor Crb2 (Botuyan et al., 2006), and bacterial
transcription-repair coupling factor known as Mfd (Deaconescu
et al., 2006). The functional roles of the Ntd homologs in these
proteins suggest that the Ntd of RapA may interact with both
nucleic acids and RNAP. The two RecA-like domains (1A and
2A) and the two Swi2/Snf2-specific domains (1B and 2B), con-
taining a total of 514 amino acid residues, form the ATPase
core of RapA, characteristic for the Swi2/Snf2 proteins (Figure 1).
Both the Spacer and the Ctd are of the «/f fold in nature with a
central B sheet flanked by helices and loops. The B sheet in the
Spacer is antiparallel and flanked by three o helices, while the
B sheet in the Ctd is mainly antiparallel and flanked by four «
helices, among which the two longer helices exhibit a coiled-
coil arrangement (Figure 1). Our structural comparison using the
DALI server (Holm and Sander, 1996) indicates that the folds of
both the Spacer and the Ctd are novel.

Figure 2 depicts the structural and sequence characteristics of
RapA in detail. The three linkers contain 31, 25, and 44 amino
acid residues, respectively. Linker1 is composed of three o heli-
ces, connecting the Ntd and the ATPase core; Linker2 consists
of two B strands, tethering the two lobes of the ATPase core;
and Linker3 contains three o helices, forming an elongated,
L-shaped connector between the ATPase core and the Spacer.
Representative electron density is shown for Linker3 in Figure 1.
Together, Linker1 and Linker3 cover a distance of approximately
100 A cross one face of the RapA molecule (Figures 1 and 2).

RecA-Like Architecture

RapA is capable of ATP hydrolysis (Muzzin et al., 1998; Sukho-
dolets and Jin, 1998). The structural basis for the ATPase activity
is the RecA-like architecture formed by the two RecA-like
domains 1A and 2A (Figure 3). Structure-based sequence align-
ment reveals the location of six functional motifs conserved for
ATPase-core-containing proteins, including the DExx box heli-
cases and members of the Swi2/Snf2 family (Figure 3).

The six functional motifs form two clusters: the cluster of
motifs I-Ill is located in domain 1A and the cluster of motifs IV-VI
is located in domain 2A (Figure 3E). As revealed by many heli-
case structures, motifs | (Walker A), Il (Walker B or DExx box),
Ill, V, and VI interact with MgATP while motifs Ill, IV, and V inter-
act with nucleic acids (Caruthers and McKay, 2002). ADP or ATP
analogs have been cocrystallized with many helicases such that
the B-phosphate group of the nucleotide is bound in the P loop of
motif |. In a zebra fish (Zf) Rad54eS0O, structure (PDB entry 1Z3I),
a sulfate ion is found in the P loop (Thoma et al., 2005). Similarly,
a P loop-bound sulfate ion has been found in our RapAeSO,
structure (Figures 1, 2A, and 3D). As demonstrated by mutational
analysis, the six motifs are involved in chromatin remodeling
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Figure 1. Overall Structure of E. coli RapA
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On the top, the domain organization of RapA is shown with boundaries (residue numbers in the sequence). In the middle, the domain arrangement is shown sche-
matically by two views of the molecule related to each other by a 180° rotation around the vertical axis. On the left, right, and bottom, the folds of individual
domains and a cluster of four domains (1A, 1B, 2A, and 2B, which form the ATPase core of the enzyme) are illustrated. Both the orientation and the scale of
the individual domains and the ATPase core are optimized for best viewing. The Ntd contains two sub-domains, NtdA and NtdB, which share the same fold.
The Linker3 is illustrated as a stick model (C, gray; N, blue; O, red) outlined with the composite annealed omit map (green net, 2Fo - Fc, contoured at 1.0 o).
The Spacer and the Ctd exhibit novel folds. The sulfate ion bound to the ATPase core is shown as a sphere model. The color scheme used here (Ntd in red, Linker1
in black, 1A in blue, 1B in cyan, Linker2 in green, 2A in yellow, 2B in orange, Linker3 in magenta, Spacer in green and Ctd in gray) is also used in other figures.

and translocation on DNA (Durr et al., 2005; Laurent et al., 1993;
Thom4 et al., 2005), and in RNAP recycling during transcription
(Sukhodolets et al., 2001). Therefore, for the ATPase activity in
general, and for the translocase activity in particular, the two
clusters of functional motifs must be in close proximity to each
other. As shown in Figure 3A, the two clusters in helicase PcrA
face each other (Velankar et al., 1999). Similarly, the two clusters
in the ZfRad54eS0, structure (PDB entry 1Z3l) also face each
other (Figure 3B). This arrangement of the two RecA-like do-
mains is apparently compatible with the ATP-hydrolysis activity.
However, the two clusters in a Sulfolobus solfataricus (Ss)
Rad54eDNA structure (PDB entry 1263, Figure 3C) are located
on the opposite sides of the two RecA-like domains (Durr et al.,
2005). This arrangement of the two RecA-like domains, which
was also observed in a ligand-free SsRad54 structure (PDB entry
1Z6A), was proposed to be the “open” conformation during
translocation or DNA uptake (Durr et al., 2005). Biochemical
analysis of several SsRad54 mutants suggests that the RecA-
like architecture of SsRad54 adopts a “closed” conformation

that should be similar to that in ZfRad54eSO, (PDB entry 1Z3l,
Figure 3B) for ATP hydrolysis. The “closed” (Figure 3B) and the
“open” (Figure 3C) forms relate to each other by a dramatic 180°
flip (Durr et al., 2005).

The arrangement of the two RecA-like domains in our RapAeSO,
structure (Figure 3D) is similar to those in PcrAeATPeDNA (Fig-
ure 3A) and ZfRad54eS04 (Figure 3B). This arrangement, com-
patible with ATP hydrolysis, is stabilized by additional domains
that are present in RapA but absent from the Rad54 structures.
Thus, the 180° flip of the 2A/2B lobe with respect to the 1A/1B
lobe in the ATPase core of RapA may not occur during the func-
tional cycle, although conformational changes are expected.

ATPase Core

The ATPase core of both RapA and Rad54 is composed of four
domains, including 1A, 1B, 2A, and 2B (Figures 1 and 4). The two
RecA-like domains 1A and 2A are conserved for many ATP-de-
pendent nucleic-acid-manipulating enzymes. Domains 1B and
2B, on the other hand, are enzyme specific (Flaus et al., 2006).
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Figure 3. RecA-like Architecture and the Six
Conserved Functional Motifs

(A-D) The RacA-like architecture of DExx box
helicase PcrA in complex with DNA and an ATP
analog (PDB entry 2PJR), ZfRad54 in complex
with a sulfate ion (PDB entry 1Z3l), SsRad54 in
complex with dsDNA (PDB entry 1Z63), and
E. coli RapA in complex with a sulfate ion are illus-
trated as Ca traces on the basis of the superposi-
tion of domain 1A. Domain 1A is shown in blue and
2Ain yellow. Indicated in red are the six functional
motifs, the sequences of which are shown in (E).
The ATP and SO, are shown as stick models while
DNA molecules as tubes.

Domain RecA-like Domain 1A

Motif T II ITI (E) Structure-based sequence alignment for
Interaction * MgATP III, V, VI, Mg~ II, ATP, DNA the six functional motifs in PcrAeATPeDNA,
PcrA (3PJR)® 31AGAGSGKT3g 220IHIDEYQD34 250GDADQSIYPWR,60 ZfRad54eS0,, SsRad54eDNA, and RapAeSO,.
ZfRad54 (123I) 177DEMGLGKT144 267VICDEGHR294 318SGTPIQEDLLY 324 Amino acid residues highlighted in red are also
SsRad54 (1263) 46sDDMGLGKT 476 559 IVIDEAONs66 590TGTPIEQKVDDgoo shown in red in (A—D). The functional motifs are
EcRapA 177DEVGLGKT 184 277LVVDEAHHz244 313TATPEQLGMES323 labeled in (D) only. The roles (interactions) of the
Domain Eech-Llike Dowmain ZA six functional motifs are predicted on the basis of
Motif v v VI helicase structures (Caruthers and McKay, 2002).
Interaction * DNA II, DNA, ATP II, ATP

PcrA (3PJ'R)]’ 358 YRTNAQSR365 563 T LHAAKGLEs71 606 VGITRAEE:3

ZfRad54 (1Z3I) 514SNYTQTLDs21 5675 KAGGCGLNs7s 506QAMARVWR 603

SsRad54 (1Z63) 754 TQFVDMGK741 807VKAGGFGINg:s 839DRVYRIGQg46

EcRapA 510CAKAATALs:7 563SEIGSEGRNs71 505GRLDRIGQg02

* According to Caruthers and McKay (2002). ® PDB accession code.

The Swi2/Snf2 proteins are ATP-dependent dsDNA translo-
cases. In vitro, RapA binds both single-stranded and double-
stranded polynucleotide molecules, but exhibits higher affinity
for dsDNA (Sukhodolets and Jin, 1998). It has ATPase activity,
which is stimulated upon its binding to RNAP (Sukhodolets and
Jin, 2000). Therefore, RapA is likely an ATPase-dependent
dsDNA translocase.

The arrangement of the four domains in the ATPase core of
RapA (Figure 4A) is similar to that in the ZfRad54eSQO, structure
(PDB entry 1Z3lI, Figure 4B), the “closed” conformation of Swi2/
Snf2. Although the “open” form of Rad54 exhibits a 180° flip of
the 2A/2B lobe (Figure 4C), the relative positioning of domain
2B with respect to 2A is unchanged. The arrangement of the
four domains in the ATPase core of RapA supports the classifica-
tion of the RapA group as a subfamily within the Swi2/Snf2 fam-
ily, in spite of relatively lower sequence homology between RapA
and the other 24 subfamilies (Flaus et al., 2006). Mfd, the bacte-
rial transcription-repair coupling factor, is also a DNA translo-
case (Deaconescu et al., 2006). However, the ATPase core of
Mfd (PDB entry 2EYQ) shows significant difference in the loca-
tion and the orientation of domain 2B with respect to the 2A
domain (Figure 4D).

Model of RapA in Complex with ATP and dsDNA

The superposition of domain 1A in PcrAeATPeDNA (PDB entry
3PJR), SsRad54eDNA (PDB entry 1263), and RapAeSO, shows
that the B-phosphate group in PcrAeATPeDNA and the sulfate

ion in RapAeSQO, share the same binding site (not shown) and
that the ssDNA in PcrAeATPeDNA and one strand of the dsDNA
in SsRad54eDNA share the same binding mode to the 1A domain
(Figure 5A). These similarities suggest an ATP-binding site and
a dsDNA-binding site on the ATPase core of RapA, leading to
a model for the RapAeATPedsDNA complex (Figure 5B). The
model suggests that the ATP may be bound to RapA in a similar
manner as it is bound to PcrA (PDB entry 3PJR) and that the
minor groove of dsDNA may interact with domains 1A, 2A, and
2B. Previously, it was shown that mutations in domain 2B of
SsRad54 interfere with its catalytic activity (Durr et al., 2005).
Thus, both the structural and the biochemical data indicate the
involvement of domain 2B in the translocation of Swi2/Snf2
proteins on dsDNA.

On the basis of remarkable structural and topological similar-
ities of the RecA-like architectures found in Swi2/Snf2 enzymes
and DExx box helicases, Durr and coworkers proposed a unified
mechanism for these proteins (2006). Despite many functional
differences, members of both families bind the 3'-5' strand
at an equivalent site across the two RecA domains, indicating
that the ATP-driven conformational changes of the RecA-like
architecture transport DNA substrates via the 3’-5' strand in
analogous ways. Both the binding mode and the transporting
direction of DNA in our RapAeATPedsDNA model are completely
in agreement with the unified mechanism. The translocation
direction of the ATPase core along the minor groove of dsDNA
is opposite to the transporting direction of the DNA (Figure 5B).

Figure 2. Structure and Sequence Characteristics of RapA

(A) Stereoview shows the Ca trace of RapA. Every twentieth Co position is labeled with the tenth Ca position between every two labels indicated with a sphere.
The domain structure of the protein is color-coded as in Figure 1. The sulfate ion is shown as a stick model in black.

(B) Sequence of RapA with secondary structure elements indicated above. One N-terminal residue and six C-terminal residues were not observed. Underlined are
the six functional motifs located in the RecA-like domains 1A and 2A of the ATPase core.
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SsRad54

Kinetic Template-Switching Experiments
Thus far, the PTC is only operationally defined (Sukhodolets
et al., 2001). It is known, however, that RapA binds to and forms
a 1:1 complex with RNAP (Muzzin et al., 1998; Sukhodolets and
Jin, 1998), that the ATPase activity of RapA is stimulated upon its
binding to RNAP (Sukhodolets and Jin, 2000), and that RapA
binds to DNA and RNA but exhibits higher affinity for dsDNA (Mc-
Kinley and Sukhodolets, 2007; Muzzin et al., 1998; Sukhodolets
and Jin, 1998). Therefore, the PTC can be an RNAPeDNAeRNA
complex, an RNAPeDNA complex, or an RNAPeRNA complex.
In this study, we tested whether RapA promotes the release of
RNAP from the PTC using a kinetic template-switching assay.
As indicated in Figure 6, two DNA templates are used, each
carrying a strong promoter, the pTac and the AP, respectively.
Both templates also carry a weak promoter, RNAT, of which the
activity is almost undetectable under the conditions used. Tran-
scription terminators are positioned downstream of each pro-
moter to give a distinguishing RNA product. RNAP is incubated
with the first template containing the pTac and transcription is
initiated by the addition of NTPs and allowed to finish (lane 1).
If an equal molar amount of the second template containing
the AP, is added at the same time when the transcription of the
pTac is initiated, small amounts of completed transcripts from
both promoters are made, as would be expected if RNAP parti-
tions between the two templates (lane 3). However, if the second
template carrying the AP, is added as little as 1 min after the tran-
scription of the pTac is initiated, very little or no AP, activity is
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Figure 4. The ATPase Core of Swi2/Snf2
Proteins RapA and Rad54

(A-D) Domains 1A, 1B, 2A, and 2B in the ATPase
core of E. coli RapA, ZfRad54 (PDB entry 1Z3l),
SsRad54eDNA (PDB entry 1Z63), and E. coli
Mfd (PDB entry 2EYQ) are illustrated as surface
representation. The dsDNA in (C) is shown as a
tube-and-stick model.

observed (lanes 7, 9, and 11). In the latter
case, almost all of the RNAP appears to
initiate on the pTac only, which suggests
that RNAP becomes sequestered in an
arrested state with the first template and
thus cannot be released for initiation
at the AP, introduced by the second
template.

If RapA is added to these same tran-
scription reactions (even number lanes,
Figure 6), two differences are observed.
First, the AP, promoter from the second
template can be transcribed very effi-
ciently even when RapA is added 5 min
after the initiation of the reaction. Second,
the total transcription is increased for all
promoters including the weak RNA7T pro-
moter. RapA appears to facilitate the
release of RNAP from the PTC derived
from the first template, which allows rein-
itiation of transcription at any available
promoter thereby increasing the catalytic
efficiency of RNAP. Because RNAP must dissociate from the
PTC to initiate transcription in trans from the AP, promoter lo-
cated in the second template, the activity of RapA in the release
of sequestered RNAP from the PTC is demonstrated.

Competition Between RapA and o’° for Binding

to RNAP In Vitro

We showed previously that RapA forms a complex with either the
CORE or the HOLO (Sukhodolets and Jin, 1998, 2000); other
studies have shown that the protein binds to the CORE but not
to the HOLO (Muzzin et al., 1998). To further test whether RapA
and ¢’ compete for binding to the CORE, we performed in vitro
competition experiment by monitoring the formation of the
RapAeCORE and 570e¢CORE complexes using gel filtration
chromatography (Figure 7).

When the CORE and RapA are premixed in the presence of
0.3 M NaCl, a significant amount of RapAeCORE is detected
and the complex is well separated from the free RapA (Figure 7A).
However, when equal molar amounts of 6”° and RapA are added
simultaneously to the CORE that is limiting, no RapAeCORE is
detected; rather, only the 670eéCORE complex is formed (Fig-
ure 7B). Moreover, 6'° can readily replace RapA from preformed
RapAeCORE, resulting in almost exclusive formation of the
o70eCORE complex (Figure 7C). These results are consistent
with the notion that RapA and ¢’° compete for binding to the
CORE. In addition, the data demonstrate that the c'°eCORE
complex is more stable, in agreement with the previous reports

1422 Structure 16, 1417-1427, September 10, 2008 ©2008 Elsevier Ltd All rights reserved


www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov
www.ncbi.nlm.nih.gov

Structure
Structure and Activity of RapA

that the effective binding affinity of o”° for RNAP is much higher
than that of RapA (Gill et al., 1991; Muzzin et al., 1998; Sukhodo-
lets and Jin, 2000). These results also provide an interpretation
for the apparent association of RapA with HOLO we reported
previously (Sukhodolets and Jin, 1998, 2000). If the HOLO frac-
tions from the RNAP preparations are not saturated by ¢7°, RapA
will bind to the free CORE, resulting in an apparent RapAeHOLO
complex, which is in fact a mixture of the ¢’®eCORE and
RapAeCORE complexes.

DISCUSSION

We have determined the first structure of E. coli RapA at 3.2-A
resolution, which is also the first full-length structure for the entire
Swi2/Snf2 family of 1526 known members. The RapA molecule
contains seven domains (Ntd, 1A, 1B, 2A, 2B, Spacer, and
Ctd), among which the Spacer and Ctd exhibit novel protein
folds (Figure 1). The Ntd contains two copies of a Tudor-like fold
found in transcription factors NusG and Mfd (Deaconescu et al.,
2006; Knowlton et al., 2003; Steiner et al., 2002). Domains 1A
and 2A form the RecA-like architecture that is conserved among
the DExx box helicases (Figure 3), while Domains 1A, 1B, 2A, and
2B form the ATPase core in which the arrangement of the four
domains may be conserved among members of the Swi2/Snf2
family (Figure 4).

We have identified an ATP-binding site and a dsDNA-binding
site on RapA, leading to a model of the RapAeATPedsDNA com-
plex (Figure 5B), which is in agreement with the unified mecha-
nism for Swi2/Snf2 enzymes and DExx box helicase proteins
(Darr et al., 2006). Our template-switching experiment shows
that RNAP becomes sequestered in the PTC after one or few
rounds of transcription and that RapA facilitates the release of im-
mobilized RNAP from the PTC (Figure 6), thus demonstrating the
role of RapA in mobilization of nucleic acid-protein complexes to
facilitate transcription reinitiation. Our model and in vitro tran-
scription data suggest that RapA may use its ATPase activity to
remodel the PTC, leading to the release of sequestered RNAP
from the PTC for transcription reinitiation. However, the mecha-
nism underlying RapA remodeling of PTC remains to be eluci-
dated. Although we demonstrated competition between RapA
and o’ in vitro (Figure 7), the mechanism underlying the compe-
tition is not understood at present. It is plausible that RapA and
¢"° may share a common binding site or have partially overlap-
ped binding sites on RNAP. Equally plausible, however, is that
binding of 6’° to the CORE results in conformational changes
of the CORE that preclude binding of RapA. The details of
RapA-RNAP interactions remain to be further studied.

RapA, consistently copurified with RNAP (Muzzin et al., 1998;
Sukhodolets and Jin, 1998), is as abundant as ¢”° in the cell (Su-
khodolets and Jin, 2000). Therefore, it is likely another general
transcription factor. The structure of RapA provides a framework
for further structural and biochemical investigations on, for ex-
ample, the accurate RapA-binding site on RNAP, the exact com-
position of the PTC, how and where RNAP becomes seques-
tered in the PTC, the DNA translocase activity of RapA and its
precise mechanism, and additional factors that may contribute
to the destabilization of the PTC. Conceivably, such studies
may also shed lights on how other Swi2/Snif2 proteins function
in general.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids Containing rapA

The bacterial media, genetic manipulations, and procedures used in this study
have been described previously (Miller, 1972). The rapA clone (pDJ4374) used
for overproduction of the recombinant RapA proteins were constructed as fol-
lows. The wt rapA gene from K12 MG1655 was amplified via polymerase chain
reaction using the following primers: rapA-10 F, 5'-CATGGATCC ATGCCT TT
TACACTT GGTCAACGCT (BamHI site underlined) and rapA-31R, 5'-GCA
AAGCTTACTGATGCGTTACAA (Hindlll site underlined). The polymerase chain
reaction products (~3 kb) were digested with BamHI and Hindlll, and cloned
into the expression vector pQE8OL (QIAGEN), which was digested with the
same restriction enzymes.

The rap (AA1-107) clone (pRapA107) used for overproduction of the RapA
amino-terminus fragment (covering amino acid residual 1 to 107) was cloned
similarly as the intact rapA clone described above, except that primer
rapA107Hindlll R (5-AATTAAGCTTACACCAGTTTGCTATCAAGGA) was
used in the place of rapA-31R.

The intact recombinant rapA clone and its derivatives were initially trans-
formed into the XL Blue strain (Stratagene). These rapA clones all encoded
few extra amino acid including 6 His residuals at the amino-terminus of the re-
combinant RapA proteins inherited from the expression vector. The se-
quences of these rapA clones were validated by DNA sequencing.

For overproduction of the recombinant RapA proteins that were incorpo-
rated with Selenomethionine (SeMet), the different rapA clones were trans-
formed into the strain DJ791, which is auxotrophic for methionine in the K12
MG1655 background. DJ791 was constructed by phage P1 transduction to in-
troduce a Tn10 (Kan) linked met mutation [metaog thi::Tn10 (kan)] into strain DJ
624 which has a chromosomal lac/® to ensure the repression of rapA in the ab-
sence of IPTG.

Overexpression of rapA and Purification of Recombinant RapA
Proteins

Fresh cultures (1/100 dilution of overnight culture) were grown with shaking in
the presence of ampicillin (100 ug/ml) at 37°C, either in LB or in a synthetic min-
imal SeMet medium (http://www.moleculardimensions.com) to synthesize Se-
Met-label RapA proteins. IPTG (final concentration 1mM) was added to the
cultures when they reached ODgqo = 0.5 to induce expression of rapA. The in-
duced cultures were then grown at 30°C for approximately 4 hr before cells
were harvested by centrifugation. The resulting cell pastes were either stored
at —80°C or used immediately for purification.

The recombinant RapA protein and its derivatives were purified essentially
as described (Sukhodolets and Jin, 2000). The cell pellets were resuspended
in 100 ml of extraction buffer (20 mM tris-HCI, 20 mM imidazole, 500 mM NaCl,
and two tablets of protease inhibitor [pH 7.5]) and lysed using a homogenizer
(APV). The lysed cell solution was centrifuged for 30 min at 15,000 x g. The su-
pernatant was filtered before being loaded onto a nickel column (IMCA, GE
HealthCare). A linear gradient was applied during the elution of the protein
with buffer A (20 mM tris-HCI, 20 mM imidazole and 500 mM NaCl [pH 7.5])
and B (20 mM tris-HCI, 200 mM imidazole and 500 mM NaCl [pH 7.5]). Then,
the fractionation was loaded onto de-salting column to exchange buffer
from IMCA with sizing buffer (20 mM tri-HCI, 200 mM NaCl, 0.5 mM DTT
and 1.0 mM EDTA [pH 7.5]). Finally, the protein solution was concentrated
and loaded onto gel-filtration column Sephacryl S200 (GE HealthCare) and
eluted with the sizing buffer. Mass spectrometry showed that 22 out of a total
of 24 Met of RapA were converted into SeMet. The purified proteins were de-
salted, concentrated, and rapidly frozen in liquid N, and stored at —80°C.

Crystallization and X-ray Diffraction Data Collection

Crystallization screening was performed at 19 + 1°C with a Hydra Il Plus One
robot (Matrix Liquid Handling Solutions, Thermo Fisher Scientific). Single crys-
tals of the full length grew from the drops containing 0.3 pl protein solution (20
mM tris-HCI, 200 mM NaCl, 1.0 mM DTT and 1.0 mM EDTA [pH 7.5]) and 0.3 pl
reservoir solution (1.6 M AmSO,, 2.5% v/v 1,4-Dioxane, 10.% v/v ethylene-
glycol and 0.1 M MES [pH 6.5]). Single crystals of the Ntd grew from the drops
containing 0.2 pl protein solution (20 mM tris-HCI, 200 mM NaCl, 1.0 mM DTT,
and 1.0 mM EDTA [pH7.5]) and 0.6 ul reservoir solution [200 mM CA(OAc).,
20% PEGS8000 and 0.1 M MES (pH 6.5)].
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Figure 5. Hypothetical Model of the RapAeATPedsDNA Complex

(A) The ATPase core of RapA (ribbon diagram in the same color scheme defined in Figure 1) is shown with superimposed dsDNA (tube-and-stick model) from the
SsRad54eDNA structure (PDB entry 1Z63), and the ATP (stick model) and a portion of ssDNA (tube-and-stick model) from the PcrAeATPeDNA structure (PDB
entry 3PJR). The SsRad54 and the PcrA are not shown for clarity.
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X-ray diffraction data were collected at 100 K at the Advanced Photon
Source, Argonne National Laboratory. Anomalous diffraction data for the full
length were collected at the SBC-CAT beamline 19-ID equipped with an
ADSC Quantum 315 CCD detector. Data for the Ntd were collected at the
SER-CAT beamline 22-ID equipped with a MarResearch 300 CCD detector.
Data processing was performed with the HKL program suite (Otwinowski
and Minor, 1997). Inversion beam geometry was used to collect the SeMAD
data for the full length, resulting in high completeness, high redundancy, and
higher than average Rnerqe Values. Statistics for the data are summarized in
Table 1.

Structure Solution and Refinement

A total of 20 out of 22 incorporated Se atoms were found with SHELXD (Shel-
drick et al., 1993) and refined with SHARP (de La Fortelle and Bricogne, 1997).
The heavy atom phases were improved with DM and SOLOMON (Collabora-
tive Computational Project Number 4, 1994). The resulting electron density
was of higher than average quality for the resolution (Figure S2), which allowed
an initial model containing 670 amino acid residues to be built. The crystal
structure of SsRad54 (PDB entry 1Z63) assisted tracing the ATPase core al-
though the sequence identity for the region between the two proteins was be-
low 20%.

The initial structure was refined with the CNS (Briinger et al., 1998). A total of
2132 (4.6%) reflections were selected for cross validation (R¢.ee). Bulk solvent
correction was employed. During the refinement, the experimental phases
were combined with model phases, which gradually generated electron den-
sity that enabled the inclusion of 184 more amino acid residues into the model,
resulting in the Linker1-to-Ctd fragment (amino acid residues 108-962). Al-
though insufficient to define the structure of the Ntd (amino acid residues
1-107), the electron density clearly outlined a domain structure that was
tethered to the rest of RapA (Figure S1B). The Ntd structure was solved inde-
pendently by the single wavelength anomalous diffraction (SAD) method at
2.15-A resolution. The Se positions were identified with SOLVE (Terwilliger
and Berendzen, 1999) and refined with SHARP (de La Fortelle and Bricogne,
1997). The heavy atom phases were improved with DM and SOLOMON
(Collaborative Computational Project Number 4, 1994). Partial model was
automatically built with RESOLVE (Terwilliger, 2002) and completed manually.
The Ntd structure was then included into the full-length structure.

The crystal of the full-length RapA was twinned in space group P43, follow-
ing the twin law h, -k, -I with a twin fraction of % . Nonetheless, the structure
determination was performed in space group P43242 until the refinement stuck
at R = 0.34 and R¢e = 0.38. The electron density was outstanding for the res-
olution and no additional structural features were revealed by phase combina-

(min)

AP, (2" Template)

pTac (15t Template)

Figure 6. RapA Facilitates the Release of
RNAP in an In Vitro DNA Template-Switch
Transcription Assay

The reaction was started (as time 0) by the addition
of NTPs into a preincubated complex of RNAP and
a plasmid DNA containing pTac (the first template)
either in the presence (+) or absence (—) of RapA;
and at various times as indicated, an equal molar
amount of another plasmid DNA containing AP,
(as a second template) was added, followed by
1-hr incubation for the reaction to complete. The
transcripts for pTac and AP, are indicated. The
RNAI transcript from a relatively weak promoter
present in both plasmids is also indicated.

RNA1 (Both Templates)

tion. The refinement was then continued and finished in space group P43 with
perfect merohedral twinning (Yeates, 1997).

Noncrystallographic symmetry restraints, treated separately for the Ntd and
for the rest of the molecule, were enforced. The 2F ,—F and F,—F. electron den-
sity maps were regularly calculated and examined. One sulfate ion was found
for each RapA molecule, and no water molecule was identified. Only grouped
B factors were refined. Upon completion, the entire structure was verified with
the composite annealed omit map (Briinger et al., 1998). The final structure
was assessed with PROCHECK (Laskowski et al., 1993). The statistics of
the structure are summarized in Table 1. All graphics work was performed us-
ing the O program suite (Jones et al., 1991). lllustrations were prepared with
PyMOL (DeLano, 2002).

Molecular Modeling

The RapAeATPedsDNA complex (Figure 5B) was modeled in three steps. First,
on the basis of the superposition of domain 1A in PcrAeATPeDNA (PDB entry
3PJR), SsRad54eDNA (PDB entry 1Z63) and RapAeSO,, an ATP molecule was
docked into the ATP-binding site and a putative DNA-binding site on RapA
was located. The RMSD values for the superpositions are 2.65 Afor127 pairs
of Ca positions between PcrA and RapA, and 1.86 Afor 161 pairs of Co. posi-
tions between SsRad54 and RapA. Second, we removed the ssDNA and
slightly adjusted the position of the dsDNA guided by the position of the
ssDNA, and optimized the RapAeATPedsDNA model, during which the
RapA, ATP, and dsDNA were treated as rigid bodies. Third, the energy of
the model complex was minimized, which eliminated clashes between the pro-
tein and the ATP and DNA molecules. Both refinement steps were performed
using the CNS program package (Briinger and Rice, 1997).

In Vitro Transcription Assays

The reactions were basically performed and analyzed as described previously
(Sukhodolets et al., 2001). Briefly, the reaction was started by the addition of
NTPs containing [2->2P]JUTP into a preincubated mix containing RNAP and
plasmid (pTac) DNA with or without RapA at 37°C. At different time points as
indicated in the legend of Figure 6, a second plasmid DNA (A\P,) was added
into the reaction, followed by an additional 1 hr of incubation before the reac-
tion was stopped. There are strong terminators after each of the three pro-
moters (pTac, AP,, and RNAT) in the plasmids used, resulting in transcripts
with distinct sizes.

Competition of RapA and ¢”° for Binding to CORE In Vitro
The CORE free of 6’° and active o’° were purified as described (Zhi and Jin,
2003; Zhi et al., 2003). Complex formation of CORE with either ’° or RapA

(B) The RapAeATPedsDNA model suggests a role of domain 2B in ATP-binding-associated advancement of dsDNA for Swi2/Snf2 proteins. In this view, the ATP
molecule is not visible. The white arrow suggests the transporting direction of DNA; the black arrow suggests the translocation direction of the ATPase core along
the minor groove of dsDNA. For clarity, only the ATPase core is shown instead of the full-length structure.
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Figure 7. Gel Filtration Analyses: RapA and ¢’° Compete for Binding
to CORE In Vitro

The loaded protein mixture is indicated in the lane on the far right (ON). The po-
sitions for subunits of CORE, RapA, and ¢’° are indicated. The concentration
of each purified protein used in the representative set of experiments was
1 uM.

(A) RapA + CORE.

(B) (RapA + ¢’°) + CORE. RapA and ¢”° were premixed on ice followed by
incubation with CORE at room temperature for 15 min.

(C) (RapA + CORE) + ¢’°. RapA and CORE were premixed and incubated at
room temperature for 15 min, followed by the addition of ¢’® and incubation
at room temperature for another 15 min.

(D-F) Controls of the experiment for CORE, ¢7°, and RapA, respectively.

was studied essentially as described (Sukhodolets and Jin, 1998) with the fol-
lowing modifications. Two Superose-6 HR 10/30 columns (Amersham Biosci-
ences), connected in tandem (total bed volume 48 ml), were used for better
separation of the complexes from unbound protein. One uM of each purified
protein was eluted either separately or premixed in 130 ul of TGED buffer
(0.01M Tris [pH 7.9], 5% glycerol, 0.1 m M EDTA, and 0.1 mM DTT) containing
0.3 M NaCl. Unless otherwise stated, samples with two or more purified pro-
teins were incubated at room temperature for 15 min before loading on the col-
umn that was pre-equilibrated with the above buffer. The column was run with
the same buffer at a flow rate of 0.5 ml/min at 4°C, and the eluted fractions of
1.0 ml were collected using an AKTA system (Amersham Biosciences). Each
fraction was concentrated using Microcon 30 concentrators (Amicon) at
4°C, and the samples were analyzed using a 4%-12% NuPAGE SDS gel (Invi-
trogen). The gels were stained by QuickBlue Stain (bostonbiologicals) and
dried using Gel-Dry drying solution (Invitrogen).
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ACCESSION NUMBERS

The coordinates and structure factors for the full-length SeMet-substituted
RapA have been deposited with the Protein Data Bank (Rutgers, the State Uni-
versity of New Jersey) under the accession code 3DMQ.

SUPPLEMENTAL DATA

Supplemental Data include two figures and are available at http://www.
structure.org/cgi/content/full/16/9/1417/DCA1/.
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