L T

/

1\

=y

Rickettsia Sca2 has evolved formin-like activity
through a different molecular mechanism
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Sca2 (surface cell antigen 2) is the only bacterial protein known to
promote both actin filament nucleation and profilin-dependent
elongation, mimicking eukaryotic formins to assemble actin comet
tails for Rickettsia motility. We show that Sca2’s functional mim-
icry of formins is achieved through a unique mechanism. Unlike
formins, Sca2 is monomeric, but has N- and C-terminal repeat
domains (NRD and CRD) that interact with each other for proces-
sive barbed-end elongation. The crystal structure of NRD reveals a
previously undescribed fold, consisting of helix-loop-helix repeats
arranged into an overall crescent shape. CRD is predicted to share
this fold and might form together with NRD, a doughnut-shaped
formin-like structure. In between NRD and CRD, proline-rich sequen-
ces mediate the incorporation of profilin-actin for elongation, and
WASP-homology 2 (WH2) domains recruit actin monomers for
nucleation. Sca2’s a-helical fold is unusual among Gram-nega-
tive autotransporters, which overwhelmingly fold as g-solenoids.
Rickettsia has therefore “rediscovered” formin-like actin nucle-
ation and elongation.

passenger domain | translocator domain | spotted fever

M any bacterial pathogens use the actin cytoskeleton of host
eukaryotic cells for invasion and motility (1, 2). In so do-
ing, bacteria often resort to mimicry by expressing proteins that
adopt core functions of key actin cytoskeletal components, par-
ticularly actin filament nucleation and elongation factors. How-
ever, bacterial proteins tend to bypass the elaborate regulatory
networks characteristic of their eukaryotic counterparts, offering
a rare opportunity to dissect their functions within a simplified
system (2, 3), with implications for our understanding of path-
ogenicity and the eukaryotic actin cytoskeleton alike.

Rickettsiae are obligate intracellular Gram-negative pathogens
that are transmitted to humans via arthropod vectors, such as
ticks, fleas, and lice (4). Rickettsia species are responsible for
a number of severe human diseases, including typhus and spotted
fever (5). The spotted fever group, including Rickettsia parkeri,
Rickettsia conorii, Rickettsia rickettsii, and over 20 other species
throughout the world, uses the host-cell actin cytoskeleton to
spread inter- and intracellularly. Similar to Listeria and Shigella,
Rickettsia forms actin comet tails to propel its movement.
However, the actin tails of Rickettsia consist of long and un-
branched actin filaments, whereas those of Listeria and Shigella
contain shorter and densely branched filaments (6, 7). These
morphological differences stem from different molecular mech-
anisms for comet tail formation by these pathogens. Listeria and
Shigella rely heavily on the activity of the host Arp2/3 complex
that localizes uniformly along their tails (6). Although the Arp2/3
complex, activated by either host nucleation promoting factors
(8) or the Rickettsia surface protein RickA (9, 10), is necessary
for Rickettsia invasion (11), it is absent from Rickettsia tails (6).
Another protein, Sca2 (surface cell antigen 2), has been impli-
cated in comet tail formation by spotted fever group Rickettsia
species (12, 13).

Sca2 is an autotransporter protein, comprising a short N-ter-
minal signal sequence, a large passenger domain, and a C-ter-
minal translocator domain (Fig. 14). The signal peptide targets
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autotransporter proteins for passage across the inner bacterial
membrane. This first step is followed by insertion of the trans-
locator domain into the outer membrane, where it forms a pore
through which the passenger domain is translocated and either
cleaved or held tethered on the surface of the bacterium (14). By
immunofluorescence microscopy, Sca2 has been localized to the
actin tail-associated surface of R. parkeri (13), and disruption of
the sca2 gene in R. rickettsii inhibits actin-tail formation and
motility (12), which also results in reduced virulence. Sca2 may
play a separate role in mediating the association of Rickettsia
pathogens with mammalian host cells. Thus, Escherichia coli cells
expressing R. conorii Sca2 gain the ability to adhere and invade
mammalian cells (15). The minimal domain sufficient for asso-
ciation with mammalian cells was recently mapped to Sca2 res-
idues 34-556 (16).

In vitro, Sca2 displays actin assembly properties that resemble
those of eukaryotic formins; it nucleates unbranched actin fila-
ments, processively associates with growing barbed ends, requires
profilin-actin for efficient elongation, and inhibits the activity of
capping protein (13). Although these activities led to the sug-
gestion that Sca2 functionally mimics eukaryotic formins, it is
unknown how this is mechanistically achieved. Here, we show
that Rickettsia Sca2 has evolved formin-like activity through an
entirely unique structural and functional mechanism.

Results

N- and C-terminal Domains of Sca2 Cooperate for Optimal Polymerization
Activity. The polymerization activity of R. parkeri Sca2 decreased
incrementally with C-terminal deletions, but the fragment 34-
670 retained appreciable activity, leading to the suggestion that
the N-terminal region of Sca2 structurally and functionally
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Fig. 1. Actin polymerization activities of Sca2 constructs. (A) Domain organization of Sca2 and constructs used in this study (SS, signaling sequence; W, WH2

domains A, B and C; AC, autochaperone domain; TD, translocator domain. Constructs that were also made as Avi-tag fusions for Qdot labeling are highlighted
in red. Constructs containing mutations in the proline-rich regions or WH2 domains are highlighted in magenta or maroon, respectively (the specific
mutations are described in Fig. S2A). (B) Normalized time course of polymerization of 2 uM Mg-ATP-actin (6% pyrene-labeled) alone (black) or in the presence
of 25 nM Sca2 constructs, as indicated. Initial polymerization rates were calculated between 0.1 and 0.3 of the normalized fluorescence and are shown in
parenthesis. (C-F) Time course of polymerization of 2 pM Mg-ATP-actin (6% pyrene-labeled) alone (black) or with increasing concentrations of the Sca2
constructs shown in B (C), as well as constructs Sca421-670 (D), Sca34-1342 (E), and Sca1515-Wagc (F), which are not shown in B.

mimics the formin-homology 2 (FH2) domain (13). Here, we set
out to test this hypothesis. Guided by the domain organization
of R. conorii Sca2 (the species studied here, sharing 91.3%
sequence identity with R. parkeri Sca2), we designed 20 pro-
tein constructs, including both N- and C-terminal deletions, as
well as middle fragments and mutants (Fig. 14, and Figs. S1
and S2A). Purification tags were removed (Fig. S2B), as they
can potentially affect polymerization, particularly the GST tag
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that induces dimerization, a factor known to increase the
polymerization activity of WH2 domain-based nucleators (17).
Bulk polymerization was measured using the pyrene-actin
assay with 2 pM Mg-ATP-actin (6% pyrene-labeled) (18).
Although the results confirmed some of the previous obser-
vations (13), we made several new and unexpected findings
that suggest cooperation between the N- and C-terminal
domains of Sca2 for activity (Fig. 1 and Fig. S3).
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Scad00 (residues 34-400) had nucleation activity that increased
in a dose-dependent manner, and was nearly indistinguishable
from that of Sca670 with polymerization rates at 25 nM of 0.87
and 0.82 nM:s™" (the polymerization rate for actin alone was 0.5
nM- s’l) In contrast, Sca421-670 had no measurable activity at any
concentration. Note that residues 400420 were not included in
the latter construct because this region was prone to degradation
(Fig. S2B). Combined, these results suggested that Sca2 residues
34-400 accounted for all of the polymerization activity of Sca670,
proposed previously to mimic the FH2 domain of eukaryotic for-
mins. Sca702, including proline-rich domain (PRD)1, had similar
activity to Sca400 and Sca670. In contrast, a marked increase in
polymerization activity was observed with construct Scal023 (po-
lymerization rate 1.4 nM-s~ ) comprising the WH2 domains,
suggesting that the WH2 domains contribute significantly to the
nucleation activity. The activity of Scal087, including PRD2, was
essentially indistinguishable from that of Scal023. In contrast,
every construct comprising the WH2 domains but lacking either
the N- or C-terminal domains (421-1023, 670-1515, 868-1023,
868-1515) sequestered actin monomers and inhibited polymeri-
zation. Surprisingly, construct Sca401 1515 had very strong activity
(polymerization rate 2.5 nM:s~'), approaching that of the full-
length passenger domain Scal515 (polymerlzatlon rate 2.8 nM-s™).
Scal515-Wapc, carrying four point mutations in each of the WH2

A actin 1.5 uM + Sca1515 0.1 nM
ra

B actin 1.5 uM + Sca1515-Qdot + profilin 4 M

:

actin 1 5 pM + Sca401 1515-Qdot + profilin 4 uM

580 s 890 s C
»
e}
w

actin 1 5 uM + Qdot Sca1023 + proflhn 4 pM

®Sca401-1515
BSca401-1515-Qdot ®Sca1515p5p1,

domains of residues implicated in actin binding (19), had no
detectable nucleation activity (Fig. 1F) and additionally inhibited
elongation (see below). It thus emerges that the constructs with
the highest polymerization activity (Scal515, Sca401-1515 and
Scal023/Scal087, in that order) contained the WH2 domains and
either the entire N-terminal domain or the entire C-terminal
domain and at least part of the N-terminal domain. Therefore,
contrary to previous results (13), we find that the nucleation
activity of Sca2 decreases somewhat symmetrically with N- or
C-terminal deletions.

Profilin-Dependent Barbed-End Elongation. Constructs Scal515,
Scad01-1515, and Scal023/Scal087 were also set apart from the
others in that they all lowered the steady-state level of actin
polymer (Fig. 1 B and C and Fig. S3), suggesting that they remain
bound at the barbed end and raise the critical concentration
for actin polymerization. This effect was less pronounced for
Sca401-1515, lacking the N-terminal Sca400 fragment, which was
also the smallest fragment displaying polymerization activity
(Fig. 1B). To investigate this point further, we monitored the
elongation of phalloidin-stabilized F-actin seeds in the presence
of 0.5 pM actin (6% pyrene-labeled) i.e., below the critical
concentration for monomer addition at the pointed end, such
that elongation could only occur at the barbed end. Sca400 and
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Fig. 2. Actin filament elongation by Sca2. (A) Polymerization of 1.5 pM ATP-actin in the presence of 0.1 nM Sca1515 (Upper) or 0.05 nM Sca1515 and 4 pM
profilin (Lower). Green and red arrowheads point to the barbed ends of actin filaments growing on their own or associated with Sca1515, respectively. (Scale
bars, 2 um.) The plots on the right illustrate the growth of individual actin filaments alone (black) or associated with Sca1515 (red dashed) versus time. (B)
Polymerization of 1.5 pM ATP-actin in the presence of 4 uM profilin and Sca1515-Qdot, Sca401-1515-Qdot, and Qdot-Sca1023. Arrows point to Qdot-Sca2
constructs (red) bound to actin filament barbed ends (green). White asterisk indicates filament-buckling events. The plot on the right of Sca1515-Qdot
illustrates the growth of the actin filament shown on the left, before (green) and after (red) its association with Sca1515-Qdot. (Scale bars, 1 um.) (C)
Elongation rates of actin filaments alone (black) or in the presence of Sca2 constructs and profilin, as indicated by color-coded labels. At least eight filaments
were measured for each construct. (D) Exponential fits of the percent of Sca2 constructs (red, Sca1515-Qdot; blue, Sca401-1515-Qdot; green, Qdot-Sca1023)
associated with filament-barbed ends over time (dots). The calculated half lifetimes and number of measurements are: Sca1515-Qdot (t;, = 1,050 + 40s, n =
61), Sca401-1515-Qdot (t;» = 707 + 28 s, n = 32), Qdot-Sca1023 (t;, = 361 + 85, n = 107).
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Sca670 had no effect on elongation at any concentration,
whereas Scal515, Scal023, and ScalO87 all severely inhibited
barbed-end elongation in a concentration-dependent manner (Fig.
S44). The WH2 domain mutant Scal515-Wapc also strongly
inhibited barbed-end elongation, and this effect was not a result of
monomer sequestration, as suggested by comparison with Sca421-
1023, which inhibited polymerization by sequestration (Figs. S3
and S4B). Therefore, the WH2 domains are required for nucle-
ation (Fig. 1F), but not for barbed-end binding. Sca401-1515 also
inhibited barbed-end elongation but at higher concentrations.
Therefore, removing the first 400 aa of Sca2 results in a construct
with strong nucleation activity (Fig. 1B), but reduced barbed-end
binding affinity.

To conclusively show the barbed-end tracking activity of Sca2
constructs, we used total internal reflection fluorescence (TIRF)
microscopy to directly observe filament assembly in the presence
of 1.5 pM Mg-ATP-actin (33% Oregon Green-labeled) and Sca2
constructs (Fig. 2). In control experiments (in the absence of
Sca2 constructs), filaments grew at a rate of 10 sub-s™'. In the
presence of 0.1 nM Scal515, we observed two populations of
filaments growing either at the control rate or at the much slower
rate of 0.1 sub-s™ (Fig. 2 4 and C). The addition of 4 yM
profilin accelerated 28-fold the elongation rate of the second
population, to 2.8 sub-s™'. Profilin-actin accelerates the elon-
gation rate of formins by binding to their PRDs (i.e., the FH1
domain) (20). Sca2 contains two PRDs spaced 370-aa apart. We
asked whether one or both of the PRDs contributed to the
binding of profilin-actin by mutating them individually and si-
multaneously within construct Scal515. PRD1 and PRD2 con-
tain three and two predicted profilin-actin binding sites,
respectively. We substituted two consecutive proline residues in
each of the predicted profilin-actin binding sites with serine res-
idues (Fig. 14 and Fig. S24). All three mutants (Scal515prp1,
Scal515prp2, and Scal515prp;2) inhibited elongation from pro-
filin-actin to approximately the level observed in the absence of
profilin (Fig. 2C). This result suggested that profilin-actin is in-
corporated through both PRD1 and PRD2, and that these two
sites cooperate for efficient elongation. However, the PRD
mutants displayed nucleation activities and steady-state polymer
levels very similar to those of Scal515 (Fig. S3), indicating that
the PRD regions are not implicated in nucleation nor barbed-
end binding.

To further clarify the mechanism of barbed-end binding and
elongation by Sca2, we labeled the three constructs that lowered
the steady-state level of actin polymer (Scal515, Sca401-1515,
and Scal023) with quantum dots (Qdots) and tracked their ac-
tivities by TIRF. These experiments allowed us to conclusively
show that Sca2 was bound at the barbed end and further clarified
the role of the N- and C-terminal domains for this activity. In-
deed, the barbed-end elongation rate and association lifetime
were reduced for the N- and C-terminal deletion constructs
Sca401-1515 and Scal023 compared with Scal515 (Fig. 2 B and D
and Movies S1, S2, and S3).

The N- and C-terminal Domains of Sca2 Interact and Cooperate for
Filament Assembly. The formin FH2 domain forms a doughnut-
shaped dimer (21), a fold that appears optimally adapted for
elongation of the two long-pitch helices of the actin filament
(22). In contrast, we found here by analytical size-exclusion
chromatography (SEC) that Sca2 is a monomer (Fig. S5), which
is also consistent with the fact that Sca2 has a monomeric type of
translocator domain (14). How does a monomeric protein track
the two long-pitch helices of the filament? Up to this point, our
data suggest cooperation and a certain level of pseudosymmetry
between the N- and C-terminal domains of Sca2. Indeed, the
polymerization activity of Sca2 decreases gradually with both
N- or C-terminal deletions (Fig. 1B). Sca421-670 and Sca670-
1515 had no activity or sequestered monomers, respectively, but
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construct Sca401-1515, in which these two fragments were
combined, had strong polymerization activity (Fig. 1B). Optimal
barbed-end processivity also required intact N- and C-terminal
domains (Fig. 2 B-D and Fig. S4). Finally, the two distantly
separated PRDs appeared to cooperate for elongation from
profilin-actin, suggesting that they are both near the barbed end
of the filament (Fig. 2C). We thus speculated that the N- and
C-terminal domains might interact with each other. To test this
possibility, we coexpressed constructs His-Sca670 and GST-
Sca670-1515, which copurified through His- and GST-tag affinity
columns and SEC, and remained as a complex after removal of
the GST-tag, as confirmed by mass spectrometry (Fig. 3 4 and
B). What is more, the purified complex restored the activity of
the full-length passenger domain in a pyrene-actin polymeriza-
tion assay (Fig. 3C). Very similar results were obtained by
coexpressing His-Sca670 and GST-Sca868-1515 (Fig. 3 D-F),
showing that the ~200 aa from 670 to 868 are not necessary for
this interaction. Smaller C-terminal fragments could not be an-
alyzed because of limited protein expression. We thus conclude
that, at least functionally, Sca2 is not a formin; it displays formin-
like nucleation and elongation activities through cooperation of
its N- and C-terminal domains within a monomeric protein.

Structure-Function of the N- and C-Terminal Domains of Sca2. Sca400
was the smallest fragment studied here capable of activating
polymerization, albeit weakly (Fig. 1 B and C), and it also con-
tributed to processivity (Fig. 2 B-D). This fragment was found
serendipitously as a degradation product in crystallization trials
with Sca670, and was subsequently found to account for all of the
activity of Sca670, proposed to mimic the FH2 domain. We thus
expected Sca400 to bind F-actin, which was confirmed in a high-
speed cosedimentation assay (Fig. 3G). The ability to nucleate
filaments would be consistent with recruitment of more than
one actin monomer by Sca400 to form a nucleus. However, by
isothermal titration calorimetry (ITC) we could only detect
weak-affinity binding (K4 = 25 pM) to one LatB-actin mono-
mer (Fig. 3H). If Sca400 binds a second monomer, the affinity
must be too weak (at least with bound LatB) to be detected by
this method, which correlates with the weak nucleation activity
of this construct.

The structure of Scad00 was determined using the single-
wavelength anomalous dispersion method and X-ray data col-
lected from a selenomethionine-derivatized crystal (Materials
and Methods and Table 1). The structure was refined to 2.18 A
resolution and revealed a unique all-helical fold (Fig. 44 and
Movie S4), as confirmed by a search for structural homologs with
the program Dali (23). Residues 363-400 were disordered and
not observed in the structure. The rest of the structure was well-
defined in the electron density map, and consisted mainly of
a series of helix-loop-helix repeats stacked upon each other,
taking on an overall crescent shape. Seven such repeats were
identified, including three incomplete repeats (Fig. 4B). The first
helix of the repeat was longer, up to seven helical turns, whereas
the second helix was approximately two helical turns long. The
repeats superimposed well for the last three turns of the first
helix and up to the end of the second helix, but large variations
were observed at the N termini of the first helix. The repeats
were poorly conserved at the sequence level (Fig. 4C), explaining
why they had remained undetected until the structure was
solved. Sequence conservation was higher around the loop
region, where three residues (Tyr, Pro, and Glu) were ob-
served in most of the repeats. Even the few nonrepeat regions
of the structure (yellow in Fig. 44) still loosely resembled the
repeat regions.

In contrast to other autotransporters, much of which are
predicted to form parallel p-helical structures (24, 25), the entire
structure of Sca2 is predicted to consist of a-helices connected by
loops or less-ordered regions (Fig. S6). This prediction was ex-
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Fig. 3. The N- and C-terminal domains of Sca2 interact and cooperate for actin filament assembly. (A) SDS/PAGE analysis of the coexpressed complex of His-
Sca670 and GST-Sca670-1515 after successive copurification steps through a Ni-NTA affinity column, SEC, a GST-affinity column, and repurified through a GST
affinity column after cleavage of the GST tag. (B) The identity of the two proteins was confirmed by mass spectrometry (theoretical masses are shown in
parenthesis). (C) Time course of polymerization of 2 pM Mg-ATP-actin (6% pyrene-labeled) alone (black) or with addition of 25 nM of the complex of Sca670
and Sca670-1515 or the indicated Sca2 fragments. Polymerization rates (calculated as in Fig. 1B) are shown for comparison. (D-F) Same as A-C, but for
coexpressed constructs His-Sca670 and GST-Sca868-1515. (G) SDS/PAGE analysis of supernatant (S) and pellet (P) fractions after cosedimentation at 278,000 x g
of F-actin (15 pM) with increasing ratios of Sca400. Controls, F-actin, and Sca400 alone, are also shown. (H) Analysis by ITC of the binding of G-actin to Sca400
at 20 °C. The figure shows the binding isotherm derived from the integrated heats of binding plotted against the molar ratio of ligand (Sca400, at 340 uM)
added to LatB-actin in the cell (at 17 pM) after subtracting the heat of dilution. The best-fit parameters (solid red line) correspond to a one-site binding model

with dissociation constant Kq of 25 uM.

perimentally confirmed here for construct Sca868-1515, the far-
UV circular dichroism spectrum of which showed a typical
a-helical profile with minima at 208 and 222 nm (Fig. 4D). Re-
markably, like Sca400 the C-terminal domain also contained
predicted helix—loop-helix repeats (Fig. 4E), which is why we
named these two regions the N- and C-terminal repeat domains
(NRD and CRD). As discussed below, folding conservation
among passenger domains results from translocation and fold-
ing constraints (24, 26), and the new fold observed in NRD,
dominated by local contacts (interacting residues are near in
sequence), obeys basic principles of vectorial folding and is most
likely preserved throughout most of the Sca2 polypeptide.

The shape of NRD is overall similar to that of one mono-
mer of the FH2 domain, suggesting that the binding site for
actin is on the inner concave side of the crescent-shaped
structure, making contacts with both the N- and C-terminal
ends of NRD (Figs. S7 and S84). To test this possibility, we
generated three deletion mutants: Sca78-400, Sca325, and
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Sca78-325 (Fig. 14 and Fig. S84). All three mutants lost the
ability to induce actin polymerization (Fig. S8C), confirming
that both ends of NRD contribute toward actin assembly. At
least one of the constructs, Sca325, still weakly cosedimented
with F-actin (Fig. S8D) (Sca78-400 could not be tested be-
cause it overlaps with actin in the gel). These findings support
the similarity in the overall shapes of Sca400 and the formin
FH2 domain, and are consistent with the fact that Sca2 from
R. canadensis and R. peacockii, species that do not form actin
tails (13), contain deletions near the C terminus of NRD
(Figs. S1 and S8B).

Discussion

Differences and Similarities of Sca2 with Other Autotransporter
Proteins. Autotransporters are virulence factors secreted by
Gram-negative bacteria. Their C-terminal translocator domain
forms a pore at the outer membrane for secretion of the large
N-terminal passenger domain, which can be either cleaved or
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Table 1. Crystallographic data and refinement statistics

Native Se-Met (peak)
Protein Data Bank ID 4)70
Data collection
Source CHESS A1 CHESS A1
Wavelength (A) 0.9769 0.9769
Space group P2,2,2 P2,242

Unit cell

a, b, c(A)

oy ()
Resolution (A)
Rmerge (%)*
/o |
Completeness (%)
Redundancy

Refinement

Resolution (A)
No. reflections

82.02 102.87 55.05

82.22 102.93 55.17

90.0, 90.0, 90.0 90.0, 90.0, 90.0
2.18-64.0 (2.18-2.25) 2.5-43.6 (2.5-2.59)
4.50 (49.0) 3.1 (32.2)

13.5 (2.5) 20.50 (3.2)
97.4 (74.0) 99.70 (99.9)
6.83 (6.03) 27.4 (26.9)

2.18-64.0 (2.18-2.25)
24,526 (1,836)

Rwork (%)’ 17.9 (28.6)
Reree (%)* 22.7 (33.1)
No. atoms 2,832
Protein 2,685
Ligands 30
Solvent 109
B-factors (A?) 64.20
Protein 64.0
Solvent 62.50
R.m.s deviations
Bond lengths (A) 0.005
Bond angles (°) 0.720
Ramachandran (%)
Favored 99.0
Outliers 0.3

Numbers in parenthesis correspond to last resolution shell.
*Rmerge = Zhii || — ()|//Zhks 1, where I and (I) are the observed and mean intensities of all of the observations of
reflection hkl, including its symmetry-related equivalents.
"Ruork = Zhi ||Fobs| = |Featc||[/Zhki |Fobs|, Where Fops and Feyic are the observed and calculated structure factors of

reflection hkl.

*Riree, SaMe as Ryork, but calculated for a randomly selected subset of reflections (5%) that were not used in

refinement.

held tethered on the surface of the bacterium after secretion.
Translocator domains are either ~300- or ~75-aa long, giving
rise to two types of autotransporters, monomeric and trimeric,
whereby the 12 strands of the p-barrel that forms the trans-
location pore are all contributed by a single chain or by three
chains (14) (Fig. S9). The size of the pore formed by the trans-
locator domain is only ~10-18 A in diameter, implying that the
passenger domain must be at least partially unfolded during
translocation. The small size of the pore imposes major con-
straints on the folding of passenger domains, 97% of which are
predicted to form parallel p-helical structures (also known as
B-solenoids) despite wide sequence and functional diversity
(24, 25). Existing crystal structures of passenger domains support
this prediction (14, 27-31) (Fig. S9). The p-solenoid fold is both
repetitive and local in nature, meaning that 3D interactions in-
volve amino acids that are close in sequence. This principle holds
true for the single non—p-helical structure of a passenger domain
determined thus far, that of the esterase EstA, which displays
a fold comprising both a-helices and p-strands (26). Sca2 is
unique among autotransporters (Fig. S9); with a 281-aa trans-
locator domain it clearly belongs to the monomeric subgroup of
autotransporters, and appears to stay tethered on the surface of
the bacterium (13), but its entire passenger domain is predicted
to be a-helical (Fig. S6), as established here experimentally for
two large constructs, NRD and Sca868-1515 (Fig. 4). Although
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repeats could not be detected for residues 401-670, this region is
similarly predicted to be mostly a-helical (Fig. S6) and contrib-
utes toward the nucleation activity by cooperation with the C-
terminal region of Sca2. Indeed, separately Sca421-670 and
Sca670-1515 had no nucleation activity, but construct Sca401-
1515 in which these two fragments were combined had strong
polymerization activity (Fig. 1). Sca421-670 was also required for
barbed-end binding and elongation (Fig. 2). For all these rea-
sons, we anticipate that residues 401-670 form part of the bar-
bed-end tracking unit. At the C terminus, however, residues
1342-1515 do not appear to conform to the same folding pattern
as the rest of the Sca2 passenger domain. Except for a few short
predicted a-helices and B-strands, this region seems to be mostly
disordered (Fig. S6) and does not contribute to the overall po-
lymerization activity (Fig. 1E). Therefore, it is unlikely that
residues 1342-1515 form part of the nucleation-elongation re-
gion of Sca2, but may instead function as an autochaperone
domain, which are found in this location in most if not all
autotransporters (32).

Despite the differences between Sca2 and other passenger
domains, the helix-loop-helix repeat observed here for NRD,
which we propose is also present in CRD, resembles that of
other autotransporters in that it is repetitive and local, suggesting
that, like p-helical passengers domains (24, 33), Sca2 also folds in
a sequential (or vectorial) manner. In the absence of an external

Madasu et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307235110/-/DCSupplemental/pnas.201307235SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1307235110

L T

z

1\

BN AS - PNAS D)

A

N-terminus == 1

C-terminus

34 ASFKDLVSKTPAWEKHNSTQQQNIWKDLTPNEKIKKWQEAALVPSFTQAQNDLGIKYKETDLSSFLDNTRHKARQARAEILLYIERVKQQDFDTKKQAYINQGVVPT 140

G

141 DIEAATNLGISYDPSKIDNNVEHDQKVRRAEKDKKAVIELYVSSINRGIKYKHYVDNDIIPEIQEVRTALNMNKDDAQSFVASIRTEIMENAKGQYIADSHIPTEKELKKK 251
4 e~

252 FGISRDDNRDGYIKSIRLKVMDKEKPQYIADSHIPTEKELEQKFGADKGEATNYIASIATQMMLDKKSYYIDNNIIPNADELMNEFKIGPVKATSYINQIRAGIEANQFLN 362

Sca400 repeats
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Fig. 4. The fold of NRD and CRD consists of helix-loop-helix repeats. (4) Two views of the 2.18 A crystal structure of NRD rotated by 180°. The structure
represents a previously unknown fold, consisting of a series of helix-loop-helix repeats staked upon each other (colored red), giving rise to an overall crescent
shaped structure. Regions outside the repeats are colored yellow. The secondary structure assignment based on the crystal structure is shown above the
sequence. (B and C) Structural and sequence alignment of the repeats of NRD. The side chains of the most highly conserved residues of the repeat are shown
(cyan) and highlighted blue in the sequence alignment. (D) The far-UV circular dichroism spectrum of Sca868-1515 displays minima at 208 and 222 nm,
characteristic of all-helical structures. (E) The fragment Sca1088-1341, within this region, also contains a series of predicted helix-loop-helix repeats (four
were identifiable from sequence, but more may exist). Like for NRD, sequence conservation is higher in the loop region of the repeat (highlighted in blue).

energy source, such as ATP or a proton gradient, it has been
proposed that this folding mechanism may additionally provide
the energy required for secretion (24, 33), which might also apply
to Sca2. Is the new fold of NRD unique to Sca2? Other than
Sca2 from other Rickettsia species, we could not find any protein
sharing significant sequence identity with Sca2. However, the
B-solenoid fold is observed in unrelated proteins, which have
converged toward a common solution to the constraints of auto-
transporter secretion in Gram-negative bacteria. By analogy, we
could expect that other proteins may have adopted NRD’s fold,
but their number will be necessarily small, probably a small subset
of the 3% of non—p-solenoid passenger domains.

Differences and Similarities of Sca2 with Eukaryotic Formins and
Proposed Mechanism of Actin Assembly. Sca2 shares distinctive
functional properties with eukaryotic formins, including the
ability to promote both actin filament nucleation and profilin-
dependent barbed-end elongation, allowing it to play a key role
in actin comet tail formation and virulence of various Rickettsia
species (13). Based on these similarities, it was proposed that the
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N-terminal domain of Sca2 might resemble the FH2 domain of
formins. Although we have found that this is not the case, and
show that Sca2 has adopted formin-like activity through a dif-
ferent fold and mechanism, we also observe interesting parallels
between Sca2 and eukaryotic formins. Distinct from formins that
function as dimers, Sca2 is monomeric (Fig. S5). Unlike formins,
for which the nucleation and elongation activities can be mapped
respectively to the FH2-tail and FH1-FH2 domains (20, 34-38),
all of the domains of Sca2 participate in these activities (Figs. 1
and 2). Another key difference is that full-length formins, like
many cytoskeletal proteins, are internally inhibited and require
activation by converging inputs (39), whereas full-length Sca?2 is
active, reflecting the simplicity of bacterial proteins. The basic
fold of Sca2’s NRD is also entirely different from that of the
formin FH2 domain (Fig. S7). Curiously, however, the overall
crescent shape of the structure of NRD is surprisingly similar to
that of a monomer in the FH2 fold, and even the electrostatic
surface-charge distribution is similar for both folds. Moreover,
our deletion studies suggest that NRD binds actin through its
concave surface (Fig. S8), analogous to the interaction of the
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Fig. 5. Model of nucleation and elongation of Sca2. The N- and C-terminal
domains of Sca2 interact and might give rise to an FH2-like processive cap at
the barbed end of the actin filament for elongation. Prorich regions adja-
cent to these domains mediate the incorporation of profilin-actin com-
plexes. The WH2 domains recruit actin monomers for efficient nucleation. A
detailed account of the experimental evidence leading to this model is
shown in Fig. S10.

FH2 domain with actin (Fig. S7). We have shown here that the
CRD of Sca2 also has a fold dominated by helices and, like
NRD, presents a series of helix-loop-helix repeats that we an-
ticipate give rise to a structure resembling that of NRD (Fig. 4).
Indeed, the NRD fold was uniquely observed here, and it obeys
basic principles of autotransporter folding (Fig. S9). Because,
despite sequence diversity, ~97% of passenger domains form
B-solenoids (24, 25), it appears unlikely that the helix-loop-helix
repeat-containing CRD will adopt yet another fold, different
from that of NRD. If this prediction is confirmed, the N- and
C-terminal domains of Sca2, which as shown here interact with
one another (Fig. 3), might form an FH2-like doughnut at the
barbed end of the elongating filament (Fig. 5). This model
resolves another intriguing difference between Sca2 and formins;
the PRDs in Sca2 are found 370-aa apart, positioned C- and N-
terminally to our two proposed FH2-like domains. As shown
here, the two PRDs contribute synergistically to the profilin-
dependent elongation activity of Sca2 (Fig. 2). The interaction
between the two ends of Sca2 would bring the PRDs in close
proximity to each other, and near the barbed end of the elon-
gating filament, as proposed for the FH1-FH2 of formins (40).
We cannot rule out Sca2 dimerization on the surface of the
bacterium, but this appears unlikely because, unlike formins
(39), the Sca2 monomer is active and intramolecular inter-
actions, as a result of their proximity, are likely to prevail over
intermolecular interactions. Moreover, GST-tag induced di-
merization had no effect on activity (13).

What is the role of the middle WH2 domain repeat of Sca2? A
series of studies have recently shown that the FH2 domain of
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most formins is insufficient to promote efficient nucleation.
Some formins, including formin-like 3 (FMNL3) (35), inverted
formin 2 (INF2) (34), and mammalian diaphanous-related for-
min 1 (mDial) (38), recruit actin monomers for nucleation
through sequences C-terminal to the FH2 domain, which in
some cases are related to the WH2 domain (34, 35, 41). Other
formins use their C-terminal tails to recruit accessory proteins
that contribute actin monomers for nucleation (42). For exam-
ple, the Drosophila formin Cappuccino and its mammalian
counterparts Fmnl and Fmn2 recruit Spire, a protein that has
a repeat of four WH2 domains, and cooperate for efficient fila-
ment assembly (43). Similarly, mDial and the yeast formin Bnil
recruit the actin monomer-binding proteins APC (37) and Bud6
(36), respectively, which contribute actin monomers for effi-
cient nucleation. In Sca2, the WH2 domains sequester actin
monomers when analyzed in isolation, but when combined
with the N- and C-terminal domains, they contribute strongly
to the nucleation activity (Fig. 1).

In summary, the ensemble of our data suggests that Sca2 is
a unique type of actin filament nucleation and elongation protein
(Fig. 5 and Fig. S10). Unlike formins, Sca2 is monomeric but its
N- and C-terminal domains interact to give rise to a barbed-end
tracking unit, structurally different from formins but with an
overall shape that resembles that of the FH2 domain, its two
PRDs converge to function together in the recruitment of pro-
filin-actin, analogous to the FH1 domain of formins, and its
middle WH2 domain repeat contributes actin monomers for
nucleation, analogous to the tail domains of certain formins.

Materials and Methods

Protein Expression and Purification. Various protein constructs were amplified
by PCR from the R. conorii sca2 gene (GenBank: AAL02648) (Fig. 1A). Most of
the constructs were cloned between the Sapl and Pstl sites of vector pTYB11
(New England BioLabs), containing a chitin affinity tag and an intein do-
main, and expressed in E. coli BL21 (DE3) cells grown in Terrific Broth media.
The longest constructs (Sca1515, Sca1023, Sca1087, Sca702, Sca401-1515)
were cloned between the BamHI and Xhol sites of vector pGEX-6P-1 (GE
Healthcare), containing an N-terminal GST affinity tag, and expressed in E.
coli BL21 (DE3) RPIL cells. Selenomethionine-substituted construct Sca400
was obtained by growing cells in SelenoMet medium (Se-Met; Athena En-
zyme Systems), supplemented with 70 mg-mL™" selenomethionine (Acros
Organics). Cells were resuspended in either chitin (50 mM Tris-HCI pH 8.0,
500 mM NacCl, 4 mM benzamidine HCl, 1 mM EDTA, 1 mM DTT, and 1 mM
PMSF) or GST [50 mM Tris-HCI, pH 8.0, 200 mM NaCl, 4 mM benzamidine HCl,
5% (vol/vol) Glycerol, 1 mM DTT, 1 mM EDTA, 1 mM PMSF] buffers and lysed
using a microfluidizer (MicroFluidics Corporation). After purification on
chitin or GST affinity columns, the chitin and GST affinity tags were removed
by either self-cleavage of the intein, induced by addition of 50 mM DTT for
16 h at 20 °C, or incubation with PreScission Protease (GE Healthcare) for 4 h
at 20 °C. Self-cleavage of the intein leaves no extra residues on the Sca2
constructs, whereas five N-terminal amino acids (GPLGS) remain after
cleavage of the GST tag. All of the proteins were additionally purified
through a Superdex-200 gel filtration column (GE Healthcare) in 50 mM
Tris-HCl, pH 7.5, 50 mM NacCl, 4 mM benzamidine HCl and 1 mM DTT. Point
mutations into these constructs, including in the proline-rich regions, WH2
domains (Fig. 1A and Fig. S2A), and mutations R400G and K420Q that re-
duced proteolytic degradation, were introduced using the QuikChange Il
XL site-directed mutagenesis kit (Strategene). See Fig. 2B for additional
information and an SDS/PAGE analysis of the purified proteins.

Coexpression and Copurification of Sca670 and Sca670-1515. Sca670 and
Sca670-1515 (as well as Sca670 and Sca868-1515) were cloned into the
compatible vectors pRSFDUET-1 and pGEX-6P-1, respectively, and coex-
pressed in BL21 (DE3) RPIL cells. Cells were lysed as above, and proteins were
purified on a Ni-NTA affinity column. His-Sca670 and GST-Sca670-1515
emerge as a complex, which was additionally purified through an SD200 gel-
filtration column. The complex was then purified on a GST affinity column,
followed by cleavage of the GST tag and repurification through the GST
affinity column to remove any uncleaved protein. The molecular weights of
His-Sca670 and Sca670-1515 were confirmed by mass spectrometry analysis of
their complex.
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Protein Labeling with Qdots. The AviTag sequence (GGGLNDIFEAQKIEWHE)
was added N-terminally to Sca1023 and C-terminally to Sca1515 and Sca401-
1515, separated by a 5-aa linker (GAPGS). This sequence is biotinylated at
Lys12 by E. coli biotin ligase during protein expression (44). Constructs
were coexpressed with E. coli biotin ligase by cotransfection with plasmid
pBirAcm (Avidity) (45). Protein expression and purification were conducted
as above, in medium supplemented with 100 pM biotin. Conjugation
with streptavidin-coupled quantum dot 625 (QD-625; Invitrogen) was car-
ried out according to the manufacturer’s protocol and confirmed by SDS
gel electrophoresis.

Actin Polymerization Assay. Actin polymerization was measured as the fluo-
rescence increase resulting from the incorporation of pyrene-labeled actin
into filaments, using a Cary Eclipse Fluorescence Spectrophotometer (Varian).
Before data acquisition, 2 pM Mg-ATP-actin (6% pyrene-labeled) was mixed
with different concentrations (as indicated in the figures) of Sca2 constructs
in F-buffer (10 mM Tris, pH 7.5, 1 mM MgCl,, 50 mM KCl, 1 mM EGTA, 0.1
mM NaNs;, 0.02 mg-mL~" BSA, 0.2 mM ATP). Data acquisition started 10 s
after mixing. All of the measurements were done at 25 °C. Control experi-
ments were carried out with addition of buffer alone. Polymerization rates
were calculated as the slope of the polymerization curve between 0.1 and
0.3 of the fluorescence normalized to the actin control, and converted to
nM-s~" (nanomolar monomers adding to filaments per second), assuming
a total concentration of polymerizable actin of 1.9 uM, as previously de-
scribed (18).

Barbed-End Elongation Assay. Filament barbed-end elongation was moni-
tored by pyrene-actin polymerization as described above, using 1.5 uM
phalloidin-stabilized F-actin seeds and 0.5 pM actin monomers (6% pyrene
labeled); that is, a monomer concentration that falls in between the critical
concentrations for filament elongation at the pointed (0.6 uM) and barbed
(0.1 uM) ends (46). The actin seeds were generated by polymerization of
10 uM actin in F-buffer for 2 h at 23 °C, followed by the addition of 20 uM
phalloidin and centrifugation at 435,000 x g for 20 min. The pellet was
resuspended in 3x F-buffer to a concentration of 6 pM, and passed through
a 27'-gauge syringe needle five times to shear the actin filaments. The
resuspended F-actin seeds were allowed to reanneal overnight at 23 °C. For
each Sca2 construct concentration, initial slopes were taken at 10% com-
pletion of the elongation reactions (47).

Sedimentation Assay with F-actin. Actin (20 M) in G-buffer (2 mM Tris, pH
7.4, 0.2 mM CaCly, 0.2 mM ATP, 0.5 mM DTT, 1 mM NaNs) was polymerized
with addition of 50 mM KCl, 2 mM MgCl, and 1 mM EGTA for 30 min at
room temperature. Sca2 constructs were centrifuged at 278,000 x g for
30 min to remove potential aggregates. F-actin at 15 pM was incubated with
15 pM Sca2 constructs for 1 h at room temperature. Samples were centri-
fuged at 278,000 x g for 30 min. Equal volumes of supernatant and pellets
were analyzed by SDS/PAGE.

TIRF Microscopy. TIRF microscopy images were collected at 10-s intervals with
an iXon EMCCD camera (Andor Technology) using an Olympus IX-71 mi-
croscope fit with through-the-objective TIRF illumination. Mg-ATP-actin (1.5
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uM, 33% Oregon Green-labeled) was mixed with 2x TIRF buffer [1x: 10 mM
Imidazole pH 7.0, 50 mM KCl, 1 mM MgCl,, 1 mM EGTA, 50 mM DTT, 0.2 mM
ATP, 50 uM CaCl,, 15 mM glucose, 20 pg-mL~" catalase, 100 pg-mL~" glucose
oxidase, and 0.5% (wt/vol) methylcellulose 400 centipoise] and Sca2 or Sca2-
Qdot constructs at 0.1 or 0.05 nM concentration (with or without 4 uM
profilin), and transferred to a flow cell for imaging at 23 °C. The coverslip
was coated with NEM-myosin Il to capture the actin filaments.

Isothermal Titration Calorimetry. Sca400 at 340 pM was titrated in 10 pL
injections into 17 uM monomeric actin with bound latrunculin B (LatB) using
a VP-ITC calorimeter (MicroCal). The experiments were performed at 20 °Cin
50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 4 mM benzamidine HCl, 1 mM DTT, and
17 pM LatB. The duration of each injection was 20 s, with an interval of 4 min
between injections. The heat of binding was corrected for the small exo-
thermic heat of injection resulting from injecting Sca400 into buffer. Data
were analyzed using MicroCal'’s scrips in the Origin program (OriginLab).

Crystallization, Data Collection, and Structure Determination. Sca400 was
concentrated to 10 mg-mL~" in 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 4 mM
benzamidine HCl, 1 mM DTT. Crystals of unmodified and selenomethionine-
substituted Sca400 were obtained by hanging-drop vapor diffusion at 4 °C. A
typical 2-pL drop consisted of a 1:1 (vol/vol) mixture of protein solution and
a well solution containing 0.2 M sodium citrate, 18-20% (wt/vol) PEG 3350.
The crystallization of selenomethionine-substituted Sca400 required in ad-
dition 1 mM L-glutathione reduced and 1 mM L-glutathione oxidized
(Hampton Research). Crystals were flash-frozen in liquid nitrogen after a short
passage through a solution containing 30% (vol/vol) glycerol added to the
crystallization buffer. X-ray datasets were collected at the Cornell High Energy
Synchrotron Source (CHESS) beamline A1. Data indexation and scaling were
done with the XDS package (48). The structure was determined using the
single-wavelength anomalous diffraction method. Selenium sites were found
and phases were calculated with SHELXD (49). Model building and refinement
were done with Coot (50) and Phenix (51) (Table 1). lllustrations of the struc-
ture were prepared with PyMOL (Schrédinger).

Circular Dichroism. The far UV spectrum of Sca868-1515 was obtained at
a protein concentration of 5 uM in 50 mM phosphate buffer, pH 7.5, 50 mM
NaF, 4 mM benzamidine HCl, and 1 mM DTT, using a Aviv Model 410 Circular
Dichroism Spectrometer (Aviv Biomedical, Inc.). Measurements were taken
at 22 °C.
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