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Abstract

In Caulobacter crescentus, the PopZ polar scaffold protein supports asymmetric cell division by
recruiting distinct sets of binding partners to opposite cell poles. To understand how polar
organizing centers are established by PopZ, we investigated a set of mutated PopZ proteins for
defects in sub-cellular localization and recruitment activity. We identified a domain within the C-
terminal 76 amino acids that is necessary and sufficient for accumulation as a single subcellular
focus, a domain within the N-terminal 23 amino acids that is necessary for bipolar targeting, and a
linker domain between these localization determinants that tolerates large variation. Mutations that
inhibited dynamic PopZ localization inhibited the recruitment of other factors to cell poles.
Mutations in the C-terminal domain also blocked discrete steps in the assembly of higher-order
structures. Biophysical analysis of purified wildtype and assembly-defective mutant proteins
indicates that PopZ self-associates into an elongated trimer, which readily forms a dimer of trimers
through lateral contact. The final six amino acids of PopZ are necessary for connecting the
hexamers into filaments, and these structures are important for sub-cellular localization. Thus,
PopZ undergoes multiple orders of self-assembly, and the formation of an interconnected
superstructure is a key feature of polar organization in Caulobacter.

INTRODUCTION

In asymmetric cell divisions, unequal partitioning of regulatory factors results in daughter
cells with different characteristics and activities. This is a fundamental aspect of cell type
differentiation and stem cell maintenance in eukaryotes (Yamashita and Fuller 2008; Kusek
etal., 2012), and it is also a key aspect in the cell cycle of many bacterial species, which
upon division produce morphologically and behaviorally distinct cell types. In all cases, a
set of behavioral determinants is specifically targeted to one side of the division plane and
held in place until septation is complete. This is a particularly remarkable feat in prokaryotes
given that it occurs in the absence of extracellular cues, without directed vesicular transport,
and in a small contiguous cytoplasm, across which molecules can readily diffuse. Bacterial
asymmetry typically involves unequal distribution of proteins between the two cell poles,
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though the underlying processes of pole recognition and protein complex assembly are not
fully understood (Bowman et al., 2011).

The gram negative bacterium Caulobacter crescentus divides asymmetrically during each
cell cycle, producing daughter cells with different morphologies and transcriptional
programs (Fig 1A). In predivisional cells, one of the poles has a membranous stalk and the
other a flagellum. Each pole accumulates a different set of cytoplasmic regulatory proteins
that govern the behavior of the nascent daughter cells. Differentially localized polar proteins
include components of the proteolytic machinery, kinases, phosphatases, di-guanylate
cyclases, and phosphodiesterases that control the timing of DNA replication, global
transcriptional activity, and also regulate the production and activity of stalks and flagella
(Kirkpatrick and Viollier 2012; Abel et al., 2011). Additionally, the pole is used to tether the
chromosomal centromere, which facilitates the distribution of newly replicated DNA
between daughter cells (Ptacin et al., 2010; Schofield et al., 2010) and regulates the timing
and localization of the division plane (Thanbichler 2009).

Many polar proteins are de-localized in the absence of a protein called PopZ (Polar
Organizing Protein Z), which is hypothesized to act as a scaffold for polar assembly. PopZ
itself is a polar protein, and its activity is regulated as a function of the cell cycle. Prior to
the initiation of DNA replication, it is localized only to the flagellar pole of the cell (Fig
1A). Replication initiation is a cue that triggers PopZ accumulation at the opposite cell pole
(Bowman et al., 2010), and at this location it tethers the newly replicated chromosome by
interacting directly with the centromere binding protein ParB (Bowman et al., 2008,
Ebersbach et al., 2008). At the old pole, ParB anchoring is relaxed, a set of polar regulatory
proteins is recruited, and the flagellum is replaced by a stalk (Fig 1A). At least seven
different stalked pole proteins are known to be delocalized in the absence of PopZ (Bowman
et al., 2010; Ebersbach et al., 2008), and no other stalked pole proteins are known to be
correctly localized in this mutant. PopZ tethering of the ParB/par S centromere to the cell
poles is critical for the placement of the FtsZ division ring and the assembly of the divisome.
The MipZ ATPase binds to ParB and functions to inhibit FtsZ polymerization (Thanbichler
and Shapiro 2006). A gradient of MipZ emanating from each polar focus of ParB restricts
the assembly of FtsZ to mid-cell where the concentration of MipZ is at its lowest
(Kiekebusch et al., 2012). Thus, deletion of PopZ results in filamentous cells where cell
division is often delayed or incorrectly positioned at a site near the cell pole (Ebersbach et
al. 2008).

The mechanism by which PopZ itself is localized within the cell is not fully understood.
Previous work has shown that PopZ accumulates in polar foci when expressed
heterologously in E. coli (Bowman et al., 2008; Ebersbach et al., 2008). Since E. cali is
evolutionarily separated from C. crescentus by a large distance and do not produce any
proteins that are homologous to PopZ, these observations suggest that sub-cellular
accumulation of PopZ occurs by a mechanism that is, to some extent, intrinsic to PopZ
itself. One model proposes that localized PopZ accumulation is driven by the self-assembly
of PopZ sub-units into large macromolecular structures (Ebersbach et al., 2008). Evidence
for self-assembly comes from the observations that purified PopZ behaves like a large
multiprotein complex during native gel electrophoresis, and that it can undergo further
assembly into filament networks, as observed by transmission electron microscopy
(Bowman et al., 2008).

A related question is how the assembling PopZ complexes become localized to the cell
poles. In E. cali, this could be explained by entropic differences between the area of
condensed chromosome that fills the bulk of the cell and relatively open areas of cytoplasm
at the poles (Ebersbach et al., 2008). Biophysical models predict that large macromolecular
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complexes, such as those that may be formed by PopZ, are more stable and more likely to
accumulate in areas that offer more free space. Such a mechanism has also been described
for the polar accumulation of misfolded protein aggregates in E. coli (Winkler et al., 2010;
Rokney et al., 2009), but it is a novel concept when applied to a natively expressed, fully
functional protein such as PopZ.

While this passive mechanism of self-assembly and preferential accumulation in nucleoid-
free regions may be sufficient to explain sub-cellular localization patterns in E. cali, it is not
sufficient to explain how PopZ becomes localized in C. crescentus, where PopZ localization
is dynamic and under cell cycle control. Recent work (Laloux and Jacobs-Wagner 2013) has
shown that ParA, which is active in chromosome segregation and accumulates at the new
pole during this process, is localized at the correct time and place for stimulating the
assembly of a new macromolecular complex of PopZ at this location. Additionally, there is
evidence that ParA interacts with the N-terminal region of PopZ and that perturbations in
ParA distribution affect the dynamics of PopZ localization. From a structural standpoint, the
relationship between the self-assembly of PopZ into homotypic complexes and additional
effects that could come from the ParA interaction is unclear.

Some additional clues about PopZ assembly and localization may come from comparing it
to a functionally analogous protein, DivIVA, which is found in gram positive bacteria. Like
PopZ, DivIVA organizes the cytoplasm by acting as a polar recruitment factor for
chromosome centromeres and other regulatory proteins (Kaval and Halbedel 2012; Donovan
et al., 2012). PopZ and DivIVA are also similar in that they form oligomers of defined size,
which undergo further assembly into a branched filamentous superstructure in vitro
(Stahlberg et al., 2004; Bowman et al., 2008). It is significant that DivIVA and PopZ are
both capable of forming oligomers and accumulating at cell poles when expressed
heterologously, indicating that these proteins are self-sufficient for assembly and
localization activity even in a non-native cytoplasmic environment (Bowman et al., 2008;
Ebersbach et al., 2008; Edwards et al., 2000). DivIVVA localizes to cell poles because it has
specific affinity for negatively curved membrane surfaces (Lenarcic et al., 2009;
Ramamurthi and Losick 2009). Membrane insertion is achieved by a small hydrophobic
loop near the N-terminus, and the C-terminus links DivIVA into a tetramer through
interactions along a long coiled coil domain (Oliva et al., 2010). A model for pole specificity
posits that higher-order assembly between oligomers is important for the recognition of cell
poles, as such superstructures are likely to be more sensitive to the geometry of a gently
curved membrane. Consistent with this, a DivIVA mutant protein that lacks the final 38
amino acids of the C-terminus is capable of localizing to the membrane, but does not
accumulate at the pole (Ramamurthi and Losick 2009), and a protein that lacks the final 20
amino acids exhibits reduced affinity for curved liposomes (Lenarcic et al., 2009). However,
a link between higher-order assembly and localization to curved membranes has not been
established.

As monomers, PopZ and DivIVA have nearly the same molecular weight and both are
predominantly alpha helical. However, their primary sequences share no regions of
homology, and although coiled coil prediction programs correctly identify those regions in
DivIVA, none are found in PopZ. Here, we use mutational analysis to divide the PopZ
primary sequence into distinct functional regions, and then combine these results with
biophysical analysis of purified wildtype PopZ and mutated PopZ complexes to elucidate
the relationship between PopZ structure and function. We demonstrate that the C-terminal
76 amino acids of PopZ are necessary and sufficient for accumulation as a single localized
focus, and that this same region is also necessary and sufficient for oligomer formation. We
also find that the central 76 amino acids of PopZ is a flexibly sized linker that connects the
C-terminal domain with a 26 amino acid region in the N-terminus that is required for cell
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cycle-controlled bi-polar distribution of PopZ. Overall, these results suggest that PopZ
assembly and sub-cellular accumulation are mechanistically linked, yet not sufficient to
achieve controlled bi-polar localization. Biophysical analysis of purified PopZ revealed that
the oligomeric form of PopZ is comprised of paired three-helix bundles, with a quaternary
structure unlike DivIVA. Through direct visualization, we find that PopZ oligomers undergo
higher-order assembly into elongated filaments, and demonstrate that filaments are the
active, localization competent form of PopZ.

Homologs of popZ are present in nearly all genera of Alphaproteobacteria (Supplementary
Figure S1). The most strongly conserved parts of the protein are found within an 18 amino
acid region at the N-terminus and a 65 amino acid region at the C-terminus (Fig1B).
Structural prediction algorithms suggest that both of these regions contain alpha helices. The
intervening sequence, which has less conservation identity and is somewhat variable in
length, is negatively charged and proline rich in many homologs. The coincidence of areas
of sequence conservation and alpha helical content within C. crescentus PopZ revealed three
distinct regions in the 178 amino acid protein, henceforth referred to as R1 (amino acids 1—
23), R2 (amino acids 24-101), and R3 (amino acids 102-177). Because PopZ performs
multiple functions in the cell, we reasoned that these distinct regions may be responsible for
different aspects of PopZ activity. The distinct nature of these regions is supported by our
study of phylogenetic sequence conservation, which suggests that N and C termini are
evolving under different processes in some lineages (Supplementary Figure S2).

The C-terminal region of PopZ is necessary and sufficient for sub-cellular accumulation

An important aspect of PopZ’s polar organizing function is its ability to dynamically
localize to the cell poles. To determine if any of the three distinct regions of PopZ were
sufficient for polar localization, we expressed each individual region as a fusion protein with
the fluorescent localization marker mCherry at the N-terminus (Figure 2A,B). Strains were
constructed in a ApopZ knockout background in order to eliminate the possibility that the
labeled proteins could be influenced by interacting with endogenous PopZ. Whereas
mCherry-R1 and mCherry-R2 were distributed diffusely in the cytoplasm, mCherry-R3 was
found in tightly localized foci, suggesting that a localization determinant for PopZ lies
within the C-terminal region. In contrast to the mixture of monopolar and bipolar
distribution patterns observed in the full length mCherry-PopZ control strain, 97% of cells
expressing mCherry-R3 had a single focus. Moreover, the single focus was found away from
the pole in 47% of cells, whereas non-polar foci were never observed in cells expressing full
length mCherry-PopZ. Cells expressing mCherry-R3 were filamentous, indicating that this
fusion protein is unable to complement the cell division defect associated with the loss of
full length PopZ. Our results suggest that R3 is sufficient for sub-cellular accumulation, and
the R1 and R2 regions include additional activities that are required for bipolar localization
and for supporting normal cell division.

To determine if R3 is necessary for polar localization, we created a series of mutations in
which portions of the C-terminus were removed (Figure3A). We combined each mutation
with an N-terminal Venus tag to produce a fluorescently labeled fusion protein in a ApopZ
strain background (Figure 3B). We found that the shortest truncation variant, Venus-
PopZA134-177, which lacks the last two predicted alpha helical regions within R3, was
diffuse in the cytoplasm. VVenus-PopZA460-177, Which lacks the last 18 amino acids of R3,
was also delocalized, indicating that the final predicted alpha helical region is critical for
efficient sub-cellular accumulation. Venus-PopZA17,_177, which lacks the last six amino
acids of R3, exhibited distinct polar foci within a large pool of diffusely distributed protein.
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Using computational methods to quantify the amount of localized protein, we found that 0%
of Venus-PopZA134_177, 4% of Venus-PopZA160_177, and 17% of Venus-PopZAi7o_177
accumulated as polar foci, compared with 100% polar localization in cells that express full
length Venus PopZ (Figure 3C).

In parallel, we assessed protein function by asking if an untagged copy of the mutated PopZ
could complement the cell division phenotype of the popZ knockout. We quantified this
activity by measuring average cell length. We found that cells expressing any of the three
truncated proteins were elongated relative to the wildtype control, indicating that they do not
fully complement the loss of PopZ (Figure 3D). Since PopZ contributes to the timing and
placement of the cytokinetic Z-ring via centromere anchoring at the new pole (Thanbichler,
2009), we asked if the increased cell length is associated with a centromere anchoring
defect. We measured the distance between chromosome centromeres and cell poles in our
PopZ mutant strains and our full length PopZ control strain, and found that the average
distance corresponded closely with the differences in their average cell lengths
(Supplementary Figure S3).

We also quantified the localization of SpmX, a member of the cell cycle regulatory network
that accumulates at the stalked pole in wildtype cells (Radhakrishnan et al., 2008), and is de-
localized in the absence of PopZ (Bowman et al., 2010). We found that strains expressing
the Venus-tagged PopZ truncation mutants were defective in recruiting SpmX-mCherry to
the cell poles (Figure 3E), and the percent of localized SpmX-mCherry was roughly
proportional to the percent of polar localized Venus-PopZ (Compare Figure 3F to 3C). To
test the possibility that de-localized PopZ fragments have dominant negative effects, we co-
expressed Venus-PopZAj34_177 With untagged wildtype PopZ or mCherry-PopZ protein.
Cell length and mCherry-PopZ localization were normal in these strains even though the
localization of Venus-PopZAj34_177 remained diffuse, indicating that the first 133 amino
acids of PopZ are not dominant negative when free in the cytoplasm (Supplementary Figure
S4). Together, our analysis of isolated PopZ regions and C-terminal truncation mutants
show that the C-terminal region of PopZ (R3) is necessary and sufficient for subcellular
accumulation, but not sufficient for cell cycle - controlled bi-polar distribution. In strains
where mutant variants of PopZ were mostly diffuse in the cytoplasm, the polar organizing
activity of PopZ was impaired, leading to defects in cell division.

The R2 middle region of PopZ is arequired spacer between the R1 N and R3 C terminal

regions

We added regions of R1/R2 back to R3 in order to determine which parts are needed for
restoring functionality (Figure 4A). The constructs were expressed as N-terminal Venus-
tagged fusion proteins in a ApopZ strain background (Figure 4B). We lengthened the C
terminal region by a twenty one amino acid portion of R2 and found that Venus-PopZA1_gg
accumulated as a single sub-cellular focus, similar to mCherry-R3, and its expression did not
compliment the cell division defect of the ApopZ strain background. When we fused the R1
region directly to R3, thereby creating a construct that contained the most conserved regions
of the protein without any intervening R2 sequence, we found that Venus-PopZAy4_192 Was
diffuse throughout the cytoplasm. However, when R1 was added together with a twenty
amino acid section from R2, this variant, Venus-PopZA,,_g1, regained bi-polar localization.
Thus, a large part of the R2 region is dispensable for the localization activity of PopZ.

To determine if specific sequences within amino acids 81-102 of R2 are required for PopZ
localization, we created a Venus tagged construct that encoded all of PopZ except for this
region. We found that Venus-PopZAgi_102 accumulated at both cell poles, indicating that
this section of R2 is not a requirement for polar localization. We then asked if we could
substitute a different region of R2 for making a localization-competent PopZ variant. To do
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this, we linked R1 and R3 with amino acids 24-47 from R2. This construct, Venus-
PopZA4g_102, appeared similar to Venus-PopZA,4_g; in localization. Our observations that
amino acids 24-47 and 81-102 are independently sufficient as a link between R1 and R3,
together with the fact that the R2 region is not well conserved among Al phaproteobacterial
homologs, suggested that this region tolerates a large amount of variability in both length
and sequence. To determine if the sequence can be varied, we randomly scrambled amino
acids 24-47 and 82-102 and asked if these altered sequences could still function as linkers
between R1 and R3. When tagged with N-terminal Venus, these two PopZ variants, Venus-
POpZoa_a7scrtAag-102 and Venus-PopZA,,_g1+g2-102scr Were localized to both cell poles
(Figure 4C,D).

We then asked if the localization patterns of our R2/R3 replacement mutants correlated with
PopZ function. The R2 deletion mutants that exhibited a normal bi-polar localization pattern
were the same length as the wildtype control strain (Figure 4E), and showed no difference in
the amount of SpmX-mCherry localization (Figure 4F). In every case where PopZ
localization was defective, the cells were elongated and the polar accumulation of SpmX-
mCherry was reduced compared to the wildtype Venus-PopZ expressing control strain.
Interestingly, the Venus-PopZA;_gg variant, which fails to accumulate at a second cell pole
but is not defective in polar accumulation per se, exhibited defects that were comparable to
the fully de-localized Venus-PopZA,4_192 Variant. This indicates that the N-terminal 80
amino acids are required for the polar organization activities of PopZ, and is consistent with
the idea that dynamic, bi-polar localization is critical for normal function. Overall, our
internal deletion experiments suggest that R2 acts a spacer for separating the two
evolutionarily conserved modules encoded within R1 and R3, and that it can be functionally
replaced by a short linker containing a random mixture of prolines, alanines, and negatively
charged amino acids.

The N-terminal region of PopZ facilitates cell cycle-controlled bipolar distribution

To investigate the role of the conserved 23 amino acid region at the N terminus of PopZ, we
substituted four of the most highly conserved amino acids in this region with alanine (Figure
5A). We observed the sub-cellular localization of these mutated proteins by expressing them
as fusions tagged with N-terminal Venus in a ApopZ background (Figure 5B,C). All of the
strains produced bright Venus-PopZ polar foci and cells with bi-polar PopZ localization.
However, among cells expressing the Venus-PopZ 113A and Venus-PopZ I17A variants, the
percentage with bi-polar Venus-PopZ distribution was greatly reduced compared to the
wildtype control (Figure 5D). Moreover, single foci were occasionally observed away from
a cell pole (14% of all cells for PopZ 117A, 5% for PopZ 113A), as we observed in cells
expressing PopZ variants with no N-terminal region (47% of cells expressing mCherry-R3,
39% of cells expressing Venus-PopZA1_gg).

We assessed polar organization activity of the N-terminal mutant proteins by asking if they
could complement the cell division phenotype of the popZ knockout (Figure 5E) and support
SpmX polar localization (Figure 5F). Strains expressing Venus-PopZ E12A and Venus-
PopZ R19A, which were similar to wildtype Venus-PopZ in polar distribution, had normal
SpmX-mCherry localization, and strains expressing the corresponding untagged versions of
these mutant proteins had cell lengths that were not significantly different than wildtype.
Strains expressing Venus-PopZ 113A and Venus-PopZ 117A, which had relatively severe
defects in bi-polar localization, also exhibited defects in polar recruitment of SpmX-
mCherry. Since the relatively faint SpmX-mCherry foci were found at the same poles as the
mutant forms of Venus-PopZ, co-localization of these PopZ variants with SpmX-mCherry
was not sufficient for robust recruitment. Cells expressing PopZ 113A were on average
slightly longer than wildtype, and cells expressing the 117A variant, which produced the
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strongest defects in Venus-PopZ and SpmX-mCherry polar localization, were more than
twice as long as the wildtype control strain. Together, our results indicate that the
evolutionarily conserved region within R1 is critical for controlling PopZ distribution
between cell poles, and for PopZ’s function as a polar organizing protein in C. crescentus.

The C-terminus of PopZ is necessary for oligomeric assembly

We asked if the localization patterns of our mutated PopZ proteins correlated with their
ability to form oligomeric complexes. Native gel electrophoresis on whole cell lysates is
useful in detecting protein oligomerization (Gallagher 2001), and wildtype PopZ, despite a
nominal molecular mass of 19 kDa and highly negative charge, runs as two slowly migrating
bands in this assay, consistent with its being present in larger complexes (Bowman et al.,
2008). In these gels, a ladder of standard proteins is included as a reference, but because the
mobility of proteins and protein complexes are strongly influenced by charge and
hydrodynamic radius in addition to molecular weight, the molecular mass of the PopZ
complexes cannot be accurately determined with this method.

In comparing the mobility of wildtype PopZ with C-terminal truncations (Figure 3G), we
found that the most diffusely localized forms, PopZAq34_177 and PopZA1g0-177, did not run
like either of the slowly migrating bands in wildtype lysates, but exhibited prominent bands
migrating below the 66 kDa standard. Such a large mobility shift cannot be explained by the
slight change in isoelectric point (pl from 4.0 to 3.8) or molecular mass (a loss of 2 kDa
between PopZA1g09-177 and wildtype, as demonstrated by SDS-PAGE, lower panel of Figure
3G), suggesting that the last 16 amino acids of PopZ include a region that is necessary for
the assembly of oligomeric forms. With the loss of only six amino acids, PopZA172_177 also
exhibited anomalous migration on native gels. The majority of the mutant protein migrated
with the 66 kDa standard, and the remainder ran in a single band, which corresponded to the
slowest migrating band produced in wildtype cells. The faster migrating of the two PopZ
bands observed in wildtype lysates was not detected in PopZA47,_177 samples. In order to
match the localization pattern directly with oligomerization state, we performed native gel
electrophoresis on lysates from strains expressing VVenus-tagged PopZ mutant proteins. We
observed that the fusion proteins behaved similarly to un-tagged protein, with proportional
shifts for the increase in molecular weight (Supplementary Figure S6). Thus, the N-terminal
fluorescent protein tag used in our localization experiments had little effect on the influence
of C-terminal mutations in oligomeric assembly. Overall, our native gel analysis of these
PopZ variants indicated that the loss of oligomerization was correlated with diffuse sub-
cellular localization.

The C-terminal region of PopZ is sufficient for oligomeric assembly

To determine if the localization patterns of regions R1, R2, and R3 correlate with their
capacity for oligomeric complex formation, we measured the oligomerization state of PopZ
fragments in cells expressing mCherry-R1, mCherry-R2, mCherry-R3, compared with a
control strain expressing full length mCherry-PopZ (Figure 2C). We found that mCherry-R3
and full length mCherry-PopZ ran as multiple bands on native gels with relatively slow
mobility, indicating oligomer formation. The bands in the mCherry-R3 lysates were more
numerous and more widely distributed than those in the full length mCherry-PopZ lysates,
suggesting that the assembly of oligomeric complexes by the truncated protein is less rigidly
defined. In contrast, mCherry-R1 and mCherry-R2 ran as single bands with faster mobility,
suggesting an absence of oligomer formation. mCherry-R1 (pl 5.3, 30.0 kDa) ran slower
than mCherry-R2 (pl 4.6, 35.6 kDa), a difference that may be attributable to the influence of
charge. When we resolved the same lysates under denaturing conditions, we observed that
all four mCherry fusion proteins ran as a single predominant band. This supports our
conclusion that full length mCherry-popZ and mCherry-R3 are present in multiple
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oligomeric forms, as the complex banding pattern cannot be attributed to truncated
monomers arising from protein degradation. The relatively slow migration of mCherry-R2
during SDS-PAGE is a probably consequence of the distribution of charged residues in the
primary sequence. Long stretches of acidic amino acids can block SDS binding, thereby
reducing mobility under denaturing conditions (Shi et al., 2012).

To confirm that the slowly migrating bands formed by mCherry-R3 are formed through self-
association of PopZ protein sequences, we performed a mixed oligomerization experiment
in which full length PopZ is offered as a binding partner (Figure 2D). To do this, we
expressed FLAG-PopZ, which could be uniquely identified with a FLAG specific antibody,
together with mCherry-R3 or mCherry-R1. If FLAG-PopZ co-assembled with mCherry-R3
or mCherry-R1, we would expect a shift in the mobility of the FLAG-PopZ oligomers on
native gels, due to the incorporation of mCherry-tagged sub-units with a different size and
shape. When expressed by itself, FLAG-PopZ behaved like untagged PopZ, forming slowly
migrating bands on native gels. This pattern was unchanged when FLAG-PopZ was co-
expressed with mCherry-R1, indicating that these proteins do not co-assemble. However,
FLAG-PopZ migrated in a complex ladder pattern when co-expressed with mCherry-R3,
suggesting that multiple hetero-oligomeric species were formed. The additional bands were
not caused by protein degradation, as the size of FLAG-PopZ monomers on denaturing gels
was not altered by the expression of mCherry-R3. Cumulatively, our gel electrophoresis
experiments indicate that mCherry-R3 can self-assemble into oligomeric complexes and co-
assemble with full length PopZ. Together with fluorescence localization data, the results
indicate a correlation between oligomeric assembly and sub-cellular localization.

Mutations in the N-terminal and middle regions of PopZ do not affect oligomeric assembly

We also examined the oligomerization capacity of untagged PopZ variants that had point
mutations in the N-terminal region or internal deletions in the R2 region. None of the point
mutations in the N-terminal domain affected the mobility of PopZ in native gels (Figure
5G), indicating that these perturbations do not affect oligomeric assembly. Notably, the
normal oligomerization of PopZ 117A protein shows that oligomer formation per se is not
sufficient for bi-polar distribution in cells. Among the mutant variants with internal deletions
in the R2 region, we were unable to detect any signal on western blots for strains expressing
PopZ Aq_gp and PopZ Ay4_102, and the signal from PopZ Ay4_g1 on denaturing gels was
weak compared to PopZ Agy_192 and PopZ Aug_102 (Figure 4G). Our inability to detect some
of these proteins by western suggests that the anti-PopZ antibody specifically recognizes
epitopes within R2 region, and this is supported by our inability to detect Venus-tagged
versions of the same variants (Supplementary Figure S6), which are clearly visible by
fluorescence microscopy. On native gels, PopZ A4 g1, POpZ Agy_102, and PopZ Agg_10o all
ran as two distinct bands, in a pattern that is similar to wildtype PopZ except that the bands
migrate more quickly through the gel (Figure 4G). The PopZ Ay4_g; and PopZ Ayg_102
variants migrated faster than PopZ Agj_1qp, a difference that correlates roughly with the
varying lengths of R2. These patterns suggest normal oligomer formation, and this is
consistent with our observation that these variants are functional in vivo (Figure 4B-F).
Overall, our native gel analysis of PopZ variants in regions 1 and 2 found no evidence that
these regions are important for oligomeric assembly.

Point mutations in the C-terminal domain affect oligomerization and polar localization

To further investigate the relationships between sub-cellular localization, oligomeric
assembly, and cell function, we created a series of strains bearing point mutations in the C-
terminal region of PopZ (Figure 6A). We chose six highly conserved residues and converted
each into an alanine residue. The sub-cellular localization of the mutant proteins was
observed by expressing them as fusion proteins with N-terminal Venus (Figure 6 B,C). We
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quantified the polar recruitment of SpmX-mCherry in strains expressing these Venus-tagged
variants, and the average cell length and PopZ oligomerization state in strains expressing
untagged forms of mutant protein. Our cell length analysis revealed that three out of the six
point mutations in R3 (D153A, L156A, V164A) caused cell division defects, indicating
impaired PopZ function (Figure 6D). These mutations also reduced PopZ localization at cell
poles (Figure 6 C), and polar recruitment of SpmX-mCherry (Figure 6E). For the other three
point mutants (P146A, V160A, E167A), the majority of Venus tagged protein was localized
to both cell poles, cell length was not significantly perturbed, and SpmX-mCherry
recruitment was closer to the normal level. Thus, in our set of R3 point mutants, we
observed a consistent correlation between polar localization and functional activity.

We assayed the oligomerization capacity of the R3 point mutant proteins using native gels
(Figure 6F). Among the three that are mostly diffuse in the cytoplasm, two (L156A and
V164A) exhibited defects in oligomerization. Both formed the two slowly migrating bands
observed in wildtype cell lysates, but some of the protein also accumulated in a form that ran
faster than the 66 kDa standard. The other mislocalized mutant protein, D153A, exhibited
robust oligomer formation that appeared very similar to wildtype, thus the normal pattern of
PopZ oligomerization is not sufficient for polar accumulation.

Among the three point mutations in R3 that complement the cell division defect of ApopZ
and produce protein that localizes efficiently to the cell poles, V160A and P146A, exhibited
alternative oligomerization profiles (Figure 6F). PopZ V160A accumulated predominantly
in the slowest migrating form, and some of the protein ran below the 66 kDa marker. This
oligomerization profile is quite similar to that of PopZA172_177. The P146A mutant protein
exhibited the inverse phenotype, accumulating exclusively in the faster migrating form.
Thus, either of the oligomeric forms can be compatible with robust PopZ activity. Together,
our oligomerization, localization, and cell length analyses indicate that the formation of at
least one of the two oligomeric species is necessary, but not sufficient for bi-polar
localization and function in vivo.

PopZ oligomers form highly elongated structures

We used a combination of biophysical methods to obtain an accurate assessment of the
molecular mass, size, shape, and fold of purified PopZ protein. Our analyses included
wildtype protein and two mutant proteins that, in vivo, had exhibited well-defined defects in
their oligomerization profiles. We chose the PopZ P146A mutant protein because it
assembles exclusively into the faster migrating of the two oligomeric forms (Figure 6F), and
PopZ A172_177 because it preferentially assembles into the slower migrating form (Figure
3G). When we ran recombinantly expressed and purified proteins on native gels (Figure
7A), we found that the oligomerization states of PopZ A17o_177 and PopZ P146A were
consistent with what we observed in C. crescentus cell lysates. As we did not observe any
protein running as quickly migrating monomers in either preparation, the oligomeric form of
PopZ appears to be stabilized in these conditions. Purified wildtype PopZ ran as a single
band, with a mobility that was similar to the slower of the two oligomeric species found in
C. crescentus whole cell lysates. This is consistent with previous studies, which have shown
that two oligomeric forms can be observed in E. coli at low expression levels, and that only
one form is produced at preparatory expression levels (Bowman et al., 2008; Ebersbach et
al., 2008). Surprisingly, purified wildtype PopZ ran slightly slower than purified
PopZA172_177, even though these proteins appeared to have identical mobility in C.
crescentus lysates (Figure 3G).

We used SEC/MALLS (size exclusion chromatography followed by multiangle laser light
scattering) to obtain information on molecular mass, size, and shape of the PopZ oligomers
(Figure 7B, Table 1). In SEC, the mobility of the protein is determined by hydrodynamic
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size, which is a function of mass and shape. The light scattering analysis provides a shape
independent method for determining molecular mass within 5% accuracy (Folta-Stogniew
and K R Williams 1999) and orthogonal methods for analyzing size and shape (Wyatt 1993).
We found that all variants of PopZ protein eluted from the SEC column in order of their
apparent sizes as determined by native gel electrophoresis. They also eluted ahead of
Apoferritin, a globular protein of 475 kDa that is also included as a standard in our native
gels. The molecular mass measurements indicated that PopZ oligomers are no more than
200 kDa (Table 1), thus their rapid elution compared to this spherical shaped standard
suggests that they have elongated structures.

Light scattering analysis confirmed that the unusual behavior of PopZ during SEC is due to
the shape of PopZ complexes. We used multiple angle light scattering (MALLS) to obtain
the root mean square radius (rms radius, or Rg), which represents the average distance of all
points in the particle from the center of mass. We also used Dynamic Light Scattering
(DLYS), to obtain the hydrodynamic radius (Rh), which is equivalent to the radius of a hard
sphere that would diffuse at the same rate. The Rq and Rh values for wildtype PopZ, PopZ
P146A, and PopZA17,_177 were all equivalent to or higher than that of apoferritin, which is a
few times larger in mass (Table 1), indicating that PopZ and the mutated variants have an
extended shape. The expression p, defined as the ratio of Rg to Rh, has been used to
characterize elongated molecules in solution (Burchard et al., 1980). The computed value of
p for wildtype PopZ as well as PopZA,7,_177and PopZ P146A is 1.0 or greater, indicating
that PopZ structures behave like semi-flexible rods (Hearst and WH Stockmayer 1962).
There was an indication of even more extended configurations (i.e. higher p values) in the
wildtype and the P146A samples, suggesting that in vivo functionality is in some way
correlated with further elongated structures.

Because fully denatured proteins also exhibit rod-like characteristics during sizing on SEC
(Corbett and Roche 1984; Wilkins et al., 1999), we analyzed our protein samples by circular
dichroism to ask if they had elements of secondary structure. We observed a strong alpha
helix signature in each case (Supplementary Figure S7), indicating that significant portions
the proteins are structured. The spectra also included characteristics of natively unfolded
proteins, which have disordered regions that can take on extended configurations (Chemes et
al., 2012; Fink 2005). The alpha helical signature in PopZA47,_177 was somewhat reduced
compared to the other samples, suggesting that this truncation affects the stability of a
helical element.

Functional PopZ filaments are formed through higher-order interactions between trimers
and hexamers

Additional information about PopZ assembly was derived from SEC/MALLS analyses
performed at various protein concentrations (Figure 7B, Table 1). For stable oligomers,
elution time from the SEC column and molecular mass are independent of the protein
concentration in the eluting peak. We observed this behavior for PopZA172_177, and the
experimentally determined molecular mass (125 kDa +/- 5%) indicates that it is a hexamer
(The Mw of PopZA172_177 monomer is 20.7 kDa). In contrast, the calculated molecular mass
and elution time of PopZ P146A exhibited concentration dependent effects, suggesting some
variability in oligomeric structure. At the lowest concentration, we found that the molecular
mass of PopZ P146A was 61 kDa (+/- 5%), consistent with it being a trimer (The Mw of
PopZ P146A monomer is 21.2 kDa). With increasing protein concentration, PopZ P146A
showed a 16% increase in molecular mass and the elution time in SEC was shifted forward
correspondingly.

A more pronounced concentration effect was observed for wildtype PopZ. At the lowest
concentration, the calculated molecular mass and elution time for wildtype PopZ was nearly
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identical to PopZAq7o_177, suggesting that it may also form a hexamer. This is consistent
with our observation that wildtype and PopZA172_177 oligomers had the same mobility on
native gels of whole cell lysates (Figure 3G), in which the concentration of PopZ was low
compared to our purified preparations. With increasing protein concentrations, wildtype
PopZ exhibited a 66% increase in calculated molecular mass and correspondingly large
forward shifts in elution time. Since our calculation of molecular mass measures the average
of all particles in the sample, the fractional increases that we observed at higher
concentrations could indicate that the oligomers are beginning to assemble into higher-order
structures, which exist in equilibrium with the base oligomeric form of the protein, i.e.
hexamers for wildtype PopZ and trimers for PopZ P146A. This is supported by our multi-
angle light scattering analysis, in which the non-linear relationship between incident light
angle and scatter indicated some heterogeneity in particle size (Supplementary Figure S8).
This analysis indicated that some of the protein is present in particles that are heavier than
the base oligomer. Transient assembly and disassembly of higher-order protein complexes
could also be responsible for the slightly reduced mobility of purified wildtype PopZ relative
to PopZA17o_177 on native gels (Figure 7A).

A previous study showed that purified PopZ forms filament structures that are directly
visible by TEM (Bowman et al., 2008), and we reasoned that these could be the large
particles indicated by our light scattering analysis. Our preparation of wildtype protein
(Figure 7C) was visible as short filaments of 40-50 nanometers in length, as previously
observed, a length that exceeds the population averaged value of Ry (Table 1) by
approximately five fold. Thus, the protein visible in our TEM preparatory technique appears
to be enriched for higher-order PopZ structures that are larger than individual hexamers and
trimers, and which are present in lower abundance in our native gel and SEC-LS analyses.
Since we did not observe any concentration-dependent effects on the mobility of
PopZA177_177 hexamers by SEC-LS, we predicted that this mutant would be defective in
assembling the higher-order structures. As expected, PopZA17,_177 formed only small and
amorphous particles by TEM. In contrast, PopZ P146A, which is functional in vivo and
exhibits behavior that is consistent with higher-order assembly during SEC-LS, formed
filamentous structures that resemble wildtype. Together, the data suggests a correlation
between filament formation and functional activity in vivo. Given that PopZ behaves like an
interconnected macromolecular complex in cells (Bowman et al., 2010; Ebersbach et al.,
2008), it is reasonable to predict that this is the active form of PopZ in the cell.

Together, the data suggests that PopZA17,_177, but not PopZ P146A, is defective in
assembling oligomeric sub-units into higher-order structures. To test this hypothesis, we
asked if PopZA17,_177 and PopZ P146A exhibit differential ability to co-assemble with
wildtype PopZ. We created mixed oligomers by combining proteins in their denatured state
and allowing them to refold together during dialysis, and measured assembly by running the
products on a native gel (Figure 7D). We found that combinations of wildtype and PopZ
P146A protein ran as a single band that migrated to the same position as pure wildtype
protein, indicating that the proteins are forming combined structures. The position of this
band was super-shifted relative to PopZ Aq70_177. Given that these proteins differ by only
3.6 kDa in mass and 0.09 in pl, it is unlikely that the difference in migration is due to these
physiochemical properties, and the slower migrating band is more likely retarded by the
formation of higher-order structures, as we observed by SEC-LS and TEM. When we
combined wildtype and PopZA47,_177, the product ran as two bands. This is consistent with
the formation of mixed hexamers, in which only those with a sufficient fraction of wildtype
subunits can form higher-order, super-shifted structures. In the mixture of PopZ P146A and
PopZA172_177 a significant fraction of the protein re-assembled as trimers, and the hexamer
band exhibited a small amount of super-shifting. Overall, our data indicates that PopZ
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P146A can combine with wildtype PopZ to form supershifted oligomeric complexes, and
that PopZA170_1771s reduced in this capcity.

DISCUSSION

The PopZ protein localizes to the cell pole, where it functions as a polar organizer in
recruiting different protein complexes at distinct times in the cell cycle. PopZ first assembles
at the pole opposite the stalk following the initiation of DNA replication, where it is
essential for the polar capture of the ParB/par S centromere during chromosome segregation
(Bowman et al., 2008; Ebersbach et al., 2008) and consequently for the mid-cell deposition
of the FtsZ cell division ring (Thanbichler 2009). It remains at this pole through the
remainder of the cell cycle (Fig 1A), later releasing the centromere and recruiting a different
set of proteins that are present at the stalked pole (Bowman et al., 2010). Electron
microscopy has shown that PopZ is present in a macromolecular structure that fills the
cytoplasm at cell poles, and it may build this structure by assembling into an interconnected
filament network. Consistent with the self-assembly model, purified 19 kDa PopZ
monomers migrate on native gels as higher-order structures (Bowman et al., 2008). Here, we
have used a combination of genetic and biophysical approaches to investigate the
remarkable biochemical properties of this small protein and find how they are related to the
construction of polar macromolecular complexes in vivo.

Among the 23 different popZ mutants that we analyzed, 13 displayed significant defects in
PopZ localization. Strains bearing these localization defective mutants also had a cell
division phenotype, indicating that PopZ must be in the right place in order to function,
consistent with PopZ’s role as a polar organizing factor. PopZ localization defects fell into
two distinct categories: aberrant positional accumulation as a single sub-cellular focus, or an
increase in diffuse distribution throughout the cytoplasm. This suggests that two different
processes are at play in the PopZ localization process. One is the accumulation of PopZ into
sub-cellular foci and the other controls the sites of accumulation so that PopZ localizes at the
proper cell poles at the correct time in the cell cycle.

We identified three PopZ mutant proteins that formed improperly localized sub-cellular foci,
usually at only one pole and less frequently at an interior location, which led to a
filamentous cell division phenotype. Two of these, Venus-PopZA1_gp and mCherry-
PopZA1_101, lacked the highly conserved 23 amino acid region in the N terminus and the
internal linker. The other, 117A, contained a point mutation within the N-terminal region.
The localization pattern of these mutant proteins in C. crescentus is similar to the
localization of full length PopZ in E. coli (Bowman et al., 2008).Taken together, these
observations suggest that the conserved N-terminus of PopZ facilitates the cell cycle-
specific activation of bipolar localization through a mechanism present in C. crescentus but
not in E. coli. A recent study has shown that the chromosome partitioning protein ParA,
which is present in C. crescentus but not in E. coli, accumulates at the new pole during the
time of PopZ localization and could act as a landmark for recruiting PopZ to this location
(Laloux and Jacobs-Wagner 2013). Moreover, ParA was found to interact with the N-
terminus of PopZ when the two proteins were expressed heterologously in E. coli. The
mono-polar localization pattern observed for our Venus-PopZA1_gg, mCherry-PopZA1_101,
and Venus-PopZ 117A mutants is consistent with the ParA recruitment mechanism that was
proposed. It is also possible that the packing of the N-terminal domain with respect to other
regions of PopZ can influence the dynamics of structural assembly, which may affect the
seeding of new foci. Some support for this is evident in the localization phenotypes of our
PopZ linker region deletion mutants. PopZ tolerates large changes in the R2 sequence
between the R1 N terminal region and the R3 C terminal region, but sub-cellular
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accumulation is lost if R2 becomes too short, perhaps because there is not enough
conformational flexibility to form interconnected structures.

We found that the C terminal region of PopZ is critical for sub-cellular accumulation, as all
mutations in this region resulted in protein with an elevated level of diffuse localization in
the cytoplasm. Since the proteins that were partially localized retained the capacity for bi-
polar distribution, the defect in these cases appears to be related to the interconnections
necessary for holding PopZ in a cohesive complex, not in the use of poles as sites of
accumulation. Many of the localization defective proteins also exhibited defects in
oligomerization. Those that failed to produce any oligomers were diffuse, while those that
exhibited aberrant oligomerization had reduced quantities of polar localization compared to
wildtype PopZ. Together, these observations suggest that sub-cellular accumulation of PopZ
is linked to oligomer formation, a conclusion that is supported by our observation that the
R3 C-terminal region is sufficient for both of these functions. Laloux and Jacobs-Wagner
(2013) performed a similar examination on the sub-cellular localization and oligomerization
of PopZ fragments. Their results were in agreement with ours except that in their study, an
R3 fragment tagged with C-terminal YFP formed oligomers that did not accumulate in
intracellular foci. Although their construct included three fewer amino acids on the N-
terminal side of R3, another possible explanation for this discrepancy is the effect of the C-
terminal fluorescent protein tag, which could inhibit localization. In support of this, full
length PopZ-YFP exhibits only 60% polar localization (Laloux and Jacobs-Wagner, 2013),
and full length PopZ tagged with C-terminal mCherry fails to localize in cells (our
unpublished data).

Our biophysical analysis of mutated PopZ proteins provided information that enables us to
make confident predictions about oligomer size and shape. The truncated PopZA179_177
protein failed to form filaments in vitro and exhibited no concentration-dependent increase
in molecular mass, indicating that this protein is ‘locked’ as an oligomer that does not form
higher-order structures such as filaments and filament assemblies. Having a stable
oligomeric form allowed us to make reliable measurements with laser scattering, and we
determined that this oligomer is a rod-shaped structure that is comprised of six sub-units. In
order to measure the base oligomer size of purified wildtype PopZ, we used low protein
concentration to reduce interference from the assembly of higher-order forms. Again, we
found that the oligomer is comprised of six sub-units.

In wildtype cell lysates, PopZ runs as two distinct bands, but only the larger form is present
in purified preparations. To characterize the faster migrating band, we analyzed PopZ
P146A, which is stable in this form. At the lowest concentration measured, P146A was a
trimer. Surprisingly, this half sized oligomer assembles into filaments and is fully functional
invivo. To explain this, we propose that the larger, hexameric form of wildtype PopZ is
comprised of a dimer of trimers, and that the P146 A mutation destabilizes the trimer-trimer
interface. A model of the PopZ assembly process is presented in Figure 8B. Since the radius
of the hexamer (as indicated by Ry and Rh) is nearly the same as that of the trimer, we
conclude that trimers interact to form hexamers by side-to-side association. The width of the
filaments observed by TEM (4-5 nm) is less than the estimated length of the oligomers, thus
filaments are most likely formed by end-to-end interactions between hexamers. With regard
to the assembly of PopZP146A into filaments, contacts made in these end-to-end
interactions could stabilize the interface weakened by the P146A mutation, thereby resulting
in normally shaped higher-order structures.

The behavior of PopZA170_177 suggests that this mutation does not affect associations
between trimers, but destabilizes end-to-end contact between hexamers, thereby preventing
filament assembly. We propose that the assembly of oligomers into relatively short filaments
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is an intermediate step in the formation of a much larger three-dimensional interconnected
network that forms at the cell poles in vivo. We found evidence that individual oligomers
can interact to form larger structures in our TEM images and in our biophysical analysis of
purified protein. However, the 66% increase in average molecular mass that we observed at
increased protein concentrations of wildtype protein in SEC-LS is not consistent with
extensive polymerization, suggesting that purified PopZ exists in a dynamic equilibrium
between individual oligomers and higher-order structures, and that almost all of the protein
is present as uncomplexed oligomers at the lowest concentrations. A likely reason for the
fact that PopZ runs as well-defined bands on native gels and single peaks by SEC is that
individual oligomers and higher-ordered structures are in rapid equilibrium, and our
separation methods are too slow to differentiate these dynamic states. Inter-oligomer
interactions may be stabilized by conditions in vivo, at high protein concentration, and on
the grid surface in our TEM preparations, shifting the equilibrium towards higher-ordered
forms.

While PopZ has functional similarity to the DivIVA polar organizing protein in gram
positive bacteria, this study has revealed some significant differences. Whereas DivIVA
forms a tetrameric rod that is comprised mainly of a coiled coil (Oliva et al., 2010), PopZ
forms trimers and hexamers that are not predicted to include any coiled coils. Thus, it is
likely that the associations between monomers and the folds that are involved in producing
elongated structures are not similar. Such a difference in structure could reflect different
localization mechanisms. Whereas the curved structure of DivIVA oligomers may enable
localization to curved membranes, PopZ may form superstructures in order to be excluded
from DNA (Saberi and Emberly 2010; Ebersbach et al., 2008). Consistent with this,
DivIVA-GFP has a cup shaped localization pattern around cell poles (Ramamurthi and
Losick 2009; Lenarcic et al., 2009), but such a pattern is not clearly indicated in
superresolution images of fluorescently tagged PopZ (Gahlmann et al., 2013) or in electron
micrographs of wildtype C. crescentus (Bowman et al., 2010), where the PopZ domain
appears to fill the entire area of the pole.

Our study shows that higher-order assembly within the C-terminal domain of PopZ plays an
essential role in forming superstructures that are the polar localized, active form of PopZ in
the cell. Notably, the assembled form of PopZ has a well-defined structure, as evident by the
tight distribution of oligomer sizes. This is significantly different from examples of bacterial
proteins that localize through aggregation, all of which are partially denatured due to
temperature stress or mutation (Rokney et al., 2009; Winkler et al., 2010). PopZ may
therefore be a “structured aggregate™ like those formed by prion and prion-like proteins in
eukaryotic cells (Eisenberg and Jucker 2012), one of a small number of cases in which the
normal physiological activity of the protein is performed in the assembled conformational
state (Fowler et al., 2007). The timing of superstructure assembly and its location to the cell
pole are therefore under tight control in C. crescentus cells, and future studies are needed to
understand how temporal and spatial cues are coordinated with higher-order assembly and
heterologous interactions with other proteins.

Experimental Procedures

C. crescentus strains and cell growth

All C. crescentus strains used in this study are derived from the synchronizeable wild-type
strain CB15N, and were grown at 28°C in PYE medium(0.2% bactopeptone, 0.1% yeast
extract, 1 mM MgSQy,, 0.5 mM CaCl,). When appropriate, popZ expression was stimulated
by the addition of Na-vanillate at 500 pM for 120 min before imaging. When popZ was
introduced on the pPBXMCS-2 plasmid (Thanbichler et al., 2007), the leakiness of the un-
induced xyl X promoter was sufficient for expression. Strains were analyzed at mid-
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exponential phase of growth for imaging and at stationary phase for protein electrophoresis.
Descriptions of strains and plasmids used in this study are in Supplementary Tables 1 and 2.

Gel electrophoresis and Western blotting

Whole cell lysates for protein analysis were prepared by pelleting 10 mL of stationary phase
cultures. Pellets were resuspended in 10 mL of Co-IP Buffer (20 mM Hepes, 100 mM NacCl,
20% glycerol, pH 7.5). Cells were repelleted and resuspended in 1.5 mL of Co-IP buffer
plus added protease inhibitors. Cells were lysed with a sonicator microtip (Branson) using
three sets of ten 1 second pulses, and debris was pelleted by centrifugation at 13,000 x g for
10 minutes. 10 pg of total protein was loaded for electrophoresis. SDS-PAGE (buffered with
25mM Tris, 250 mM glycine, 0.5% SDS, pH 8.3) and native gel electrophoresis (buffered
with 25mM Tris, 192 mM glycine, pH 8.8) used 12% or 4-20% Tris-glycine gels (Bio-Rad),
respectively, followed by electrophoretic transfer to a PVDF membrane (Millipore).
Immunoblotting was performed with anti-PopZ sera (Bowman et al., 2008) or with anti-
FLAG (Sigma), followed by detection with chemiluminescent substrate (Pierce).

Light Microscopy and quantitative image analysis

Images were collected as described by Bowman et al. (2010). For all image panels, the
brightness and contrast of the images were balanced identically. For computational image
analyses, MicrobeTracker (Sliusarenko et al., 2011) was used to determine cell outlines from
phase images, and length was determined from a line drawn along the long axis of the cell.
SpotFinderZ was used to identify and outline fluorescent foci within the cells. To measure
the amount of polar localization, the total intensity of these puncta was divided by the total
fluorescence intensity within the cell. For particularly bright puncta the outline of the focus
extended beyond the cell border, sometimes resulting in localization ratios that were slightly
higher than 100%.

Protein expression and purification

For expression of 6His-PopZ and variants, E. coli Rosetta strains bearing pET28-6His-PopZ
and mutants (Supplementary Table 1) were cultured at 37°C in LB supplemented with 30ug/
ml kanamycin and 20ug/ml chloramphenicol. Mid-log phase cultures were shifted to 30°C
and induced with ImM IPTG for 2 hours before pelleting and storage at —80°C until use.
Pellets were resuspended in Lysis/Wash buffer (100mM Na-phosphate pH8, 10mM Tris-Cl,
300mM NacCl, 8M urea, 20mM imidazole) supplemented with Roche Complete protease
inhibitors. After solubilization, lysates were applied to Talon metal affinity resin (Clontech)
and washed with Lysis/Wash buffer before elution in 200mM phosphate, 10mM Tris-Cl,
300mM NacCl, 8M urea, 250mM imidazole, pH8. Purified samples were refolded via
dialysis against 20mM Tris-Cl pH8.5 at 4°C. Refolded protein samples displayed similar
oligomeric assembly characteristics to natively-purified samples as judged by gel filtration,
native gel electrophoresis, and electron microscopy (data not shown).

Mixed oligomerization assay

Refolding dialysis on mixtures of PopZ variants was performed to assess co-oligomerization
of wild type 6His-PopZ and mutant proteins. Briefly, 6His-PopZ wild type, P146A, and
S172 were purified as described above. Denatured samples were normalized to 0.3 mg/ml
and equal volumes of the indicated samples (or elution buffer) were mixed, applied to mini
Slide-a-Lyzer dialysis caps and dialyzed against 20mM Tris-Cl pH8.5 at 4°C for refolding.
Approximately 0.2-0.4 pg of each mix was loaded onto a 4-15% Tris-Glycine native gel
(BioRad) and run at 80V for 4 hours at 4°C before staining with Coomassie R250.
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Proteins were diluted to a concentration of 0.110 mg/ml in buffer (20 mM Tris pH 8.5,
25mM NacCl), and 5ul was added to glow-discharged carbon-coated Formvar grids (Ted
Pella 01753F). After 1.5 minutes incubation, the grids were floated on a large drop of buffer
for 20 seconds before blotting with filter paper (Whatman #1). Before any drying could
occur, grids were incubated in 5ul of uranyl acetate for 30 seconds. After another brief
blotting, grids were imaged as described (Bowman et al. 2008).

The light scattering data were collected using a Superose 610/300, HR Size Exclusion
Chromatography (SEC) column (GE Healthcare, Piscataway, NJ), connected to High
Performance Liquid Chromatography System (HPLC), Agilent 1200, (Agilent Technologies,
Wilmington, DE) equipped with an autosampler. The elution from SEC was monitored by a
photodiode array (PDA) UV/VIS detector (Agilent Technologies, Wilmington, DE),
differential refractometer (OPTI-Lab rEx Wyatt Corp., Santa Barbara, CA), static and
dynamic, multiangle laser light scattering (LS) detector (HELEOS Il with QELS capability,
Wyatt Corp., Santa Barbara, CA). The SEC-UV/LS/RI system was equilibrated in running
buffer (150mM NaCl, 20mM Tris-Cl pH 8.5) at the flow rate of 0.3 ml/min. Two software
packages were used for data collection and analysis: the Chemstation software (Agilent
Technologies, Wilmington, DE) controlled the HPLC operation and data collection from the
multi-wavelength UV/VIS detector, while the ASTRA software (Wyatt Corp., Santa
Barbara, CA) collected data from the refractive index detector, the light scattering detectors,
and recorded the UV trace at 280 nm sent from the PDA detector. The weight average
molecular masses, Mw, were determined across the entire elution profile in the intervals of 1
sec from static LS measurement using ASTRA software as previously described (Folta-
Stogniew and Williams, 1999). Hydrodynamic radii, Rh, were measured from an “on-line”
dynamic LS measurement every 2 sec. The dynamic light scattering signal was analyzed by
the method of cumulants (Koppel, 1972).

Circular dichrosim

Circular Dichroism (CD) measurements were performed using Chirascan (Applied
Photophysics ;Leatherhead, United Kingdom) instrument with a 0.1 or 1 mm pathlength
quartz cuvette The CD spectra of PopZ, WT (8.1 microM; monomer), PopZ P146A (5.7
microM) and PopZA172-177 (5.4 microM) in optically clear buffer (50 mM potassium borate,
10 mM Sodium Fluoride, pH 7.5) were recorded from 180 to 260 nm. Each spectrum is an
average of five scans with background of buffer alone subtracted. Secondary structure
analysis of the spectra was performed using CDNN 2.1 software (developed by Gerald
Bdhm) supplied by Applied Photophysics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Subcellular localization of PopZ as a function of the cell cycle and PopZ sequence.

A. A schematic of the Caulobacter cell cycle. Circles and theta structures within the cell
indicate the replicating chromosome. Following the initiation of DNA replication, a new
focus of PopZ assembles at the pole opposite the stalk, where it is required for tethering the
newly duplicated ParB/parS centromere.

B. PopZ primary sequence, with shaded regions indicating the degree of conservation in
Alphaproteobacteria. Black bars under the sequence represent predicted a-helices. The R1,
R2, and R3 regions of the PopZ protein are indicated above the sequence as red, green, and
blue bars, respectively.
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Figure 2.

The C-terminal region of PopZ is sufficient for sub-cellular localization and oligomer
formation.

A. Schematic of individual PopZ regions.

B. Images of strains expressing full length mCherry-PopZ (GB1078), mCherry-PopZ R1
(GB1079), mCherry-PopZ R2 (GB1080), and mCherry-PopZ R3 (GB750) in a ApopZ
background. mCherry fluorescence (red) overlays the phase contrast image (grayscale). Bar
=1pum.

C. Electrophoretic migration of individual PopZ regions. Whole cell lysates of strains
expressing no PopZ (GB255), mCherry-PopZ (GB1078), mCherry-PopZ R1(GB1079),
mCherry-PopZ R2 (GB1080), and mCherry-PopZ R3 (GB750) were resolved on native and
denaturing gels, then probed with anti-mCherry sera by immunoblotting. Cross-reactive
bands are indicated by an asterisk.

D. Electrophoretic migration of co-expressed PopZ variants. A PopZ-FLAG fusion was
expressed by itself (GB135) and in parallel with either mCherry-PopZ R1 (GB757) or
mCherry-PopZ R3 (GB758). Whole cell lysates were resolved on native and denaturing
gels, then probed with anti-FLAG sera by immunablotting.
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Figure3.
The C-terminal region of PopZ is necessary for sub-cellular localization and oligomer
formation.

A. Schematic of PopZ truncations.

B. Images of strains expressing full length mVenus-PopZ (AP323) (WT), mVenus-
PopZAi134-177 (AP303), mVenus-PopZA160-177 (AP322), and mVenus-PopZA17o-177
(AP305) in a ApopZ background. Venus fluorescence (green) overlays the phase contrast
image (grayscale).

C. Percent of polar localized PopZ signal in B.
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D. Average cell length of strains expressing WT PopZ (GB699), no PopZ (GB255),
PopZAq134-177 (GB885), PopZA160-177 (GBBBG), and PopZAq79_177 (GB888) ina ApopZ
background.

E. Localization of SpmX-mCherry in PopZ variant backgrounds. Strains in B are modified
to express SpmX-mCherry from the chromosomal spmX promoter. Images from AP253,
AP236, AP280, AP300, and AP282 are presented. SpmX-mCherry fluorescence (red)
overlays the phase contrast image (grayscale).

F. Percent of polar localized SpmX-mCherry signal in PopZ variant strains, shown in E.
G. Electrophoretic migration of PopZ truncations. Whole cell lysates of strains in panel D
were resolved on native and denaturing gels, then probed with anti-PopZ sera by
immunoblotting.

In images, Bar = 1um. In graphs, error bars represent SEM from 2 separate experiments of
30-60 cells each.
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Figure4.

The middle region of PopZ (R2) is a required spacer between N and C termini.

A. Schematic of internal PopZ deletions.

B. Images of strains expressing mVenus-PopZ (AP323) (WT), mVenus-PopZA1_gg
(AP321), mVenus-PopZAz4_102 (AP324), mVenus-PopZAo,_g1 (AP327), mVenus-
PopZAgi-102 (AP320), and mVenus-PopZAsg_102 (AP301) in a ApopZ background. Venus
fluorescence (green) overlays the phase contrast image (grayscale).

C. Images of strains expressing scrambled R2 regions in a ApopZ spmX-mCherry
background. mVenus-PopZA,g_102+24-47scr (AP343) has the linker sequence
EEDPPPADAAAPPAPEAVPPEPPE and mVenus-PopZAy4_g1+82_102scr (AP344) has the
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linker sequence PDDEPEFETPPPERAYAPSVA. Venus fluorescence (green) overlays the
phase contrast image (grayscale).

D. Percent of polar localized PopZ signal in B and C.

E. Average cell length of strains expressing WT PopZ (GB699), no PopZ (GB255),
PopZA1_gg (GB1115), PopZAos_10p (GB1117), PopZAy,_g1 (GB1116), PopZAgi_102
(GB1119), and PopZA4g_ 102 (GB1118) in a ApopZ background.

F. Percent of polar localized SpmX-mCherry signal in PopZ variant strains. Strains in B are
modified to express SpmX-mCherry from the chromosomal spmX promoter. Data from
AP253, AP236, AP299, AP254, AP257, AP298, AP342, AP343, and AP344 are presented.
Corresponding images are in Supplementary Figure S5.

G. Electrophoretic migration of PopZ variants. Whole cell lysates of strains in panel E were
resolved on native and denaturing gels, then probed with anti-PopZ sera by immunoblotting.
In images, Bar = 1um. In graphs, error bars represent SEM from 2 separate experiments of
30-60 cells each.
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Figureb5.

The N-terminal R1 region of PopZ is necessary for bi-polar distribution.

A. Schematic of N-terminal PopZ amino acid substitutions.

B. Images of strains expressing mVenus-PopZ (AP323) (WT), mVenus-PopZ E12A
(AP316), mVenus-PopZ 113A (AP313), mVenus-PopZ I117A (AP314), and mVenus-PopZ
R19A (AP315) in a ApopZ background. Venus fluorescence (green) overlays the phase
contrast image (grayscale).

C. Percent of polar localized PopZ signal in B.D. Average cell length in strains expressing
WT PopZ (GB699), no PopZ (GB255), PopZ E12A (GB899), PopZ 113A (GB897), PopZ
117A (GB898), and PopZ R19A (GB900).
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E. Percent of polar localized SpmX-mCherry signal in PopZ variant strains. Strains in B are
modified to express SpmX-mCherry from the chromosomal spmX promoter. Data from
AP253, AP236, AP292, AP293, AP290, and AP291 are presented. Corresponding images
are in Supplementary Figure S5.F. Percent of cells exhibiting bi-polar localization of Venus-
PopZ, in strains shown in panel B.

G. Electrophoretic migration of PopZ N-terminal mutant proteins. Whole cell lysates of
strains in panel D were resolved on native and denaturing gels, then probed with anti-PopZ
sera by immunoblotting.

In images, Bar = 1um. In graphs, error bars represent SEM from 2 separate experiments of
30-60 cells each.
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Figure6.

Amino acid substitutions in the C-terminal R3 region of PopZ affect both localization and
oligomer formation.

A. Schematic of C-terminal PopZ amino acid substitutions.

B. Images of strains expressing mVenus-PopZ (AP323) (WT), mVenus-PopZ P146A
(AP306), mVVenus-PopZ D153A (AP308), mVenus-PopZ L156A (AP309), mVenus-PopZ
V160A (AP310), mVenus-PopZ V164A (AP311), and mVenus-PopZ E167A (AP312) ina
ApopZ background.
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C. Percent of polar localized PopZ signal in B. D. Average cell length of strains expressing
WT PopZ (GB699), no PopZ (GB255), PopZ P146A (GB890), PopZ D153A (GB892),
PopZ L156A (GB893), PopZ V160A (GB894), PopZ V164A (GB895), and PopZ E167A
(GB896) in a ApopZ background.

E. Percent of polar localized SpmX-mCherry signal in PopZ variant strains. Strains in B are
modified to express SpmX-mCherry from the chromosomal spmX promoter. Data from
AP253, AP236, AP283, AP285, AP286, AP287, AP288, and AP289 are presented.
Corresponding images are in Supplementary Figure S5.

F. Electrophoretic migration of PopZ N-terminal mutant proteins. Whole cell lysates of
strains in panel D were resolved on native and denaturing gels, then probed with anti-PopZ
sera by immunoblotting.

In images, Bar = 1um. In graphs, error bars represent SEM from 2 separate experiments of
30-60 cells each.
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Figure7.
Biophysical analysis of PopZ complexes.

A. Recombinant wildtype 6His-PopZ protein and the indicated 6-His tagged mutant forms
were purified from E. coli, resolved by native gel electrophoresis, and subsequently stained

with Coomassie blue.

B. SEC-LS analysis. The mobility of 6His-tagged proteins (X-axis) was determined by
measuring protein concentration in fractions eluting from the column (narrow lines). The
peak concentration is indicated by a triangle below the X-axis. Fractions in the vicinity of
the peak were analyzed by MALLS to determine the molecular mass of the particles (Y-axis,
thick lines). Three separate column runs were performed for each 6His-PopZ variant, with
increasing amounts of protein loaded. Darker shading represents data from runs with more

protein. In a separate run, apoferritin was used as a standard.

C. TEM microscopy on purified 6His tagged proteins, prepared at a concentration of 0.11

mg/ml. Scale bar 50nm.

D. Co-assembly of purified proteins. 6-His tagged proteins were denatured in 5M urea and
then refolded by dialysis before running on a native gel and staining with Coomassie blue.
Proteins were mixed at the following ratios: 2:1 WT:P146A (lane 5), 2:1 WT:A172-177

(lane 6), 2:1 A172-177:P164A (lane 7).
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Fig. 8.

Functionally distinct regions of PopZ are responsible for control of cell division and the
assembly of PopZ superstructures.

A. Schematic diagram of the PopZ protein sequence. Distinct functional regions, based on
areas of conserved sequence, predicted positions of alpha helices, and our functional data,
are color coded.

B. A model showing the relationship between PopZ assembly and sub-cellular localization.
The first step is the self-association of monomers into rod-shaped trimers, which
subsequently dimerize through lateral contact to form hexamers. End-to-end contacts
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between hexamers produce filaments, and in vivo, these filaments accumulate at cell poles.
Each step in this process can be blocked by a mutation in PopZ, as indicated. Each of the
forms is metastable and its frequency is influenced by protein concentration and conditions
in the buffer or cell extract.
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Table 1

Size and shape of PopZ complexes determined by SEC-LS

cmple ;:tog;?téittii%% ﬁ%ﬁgﬁ:ﬂ calcutl’ated Ry | calculated R,
(mg/mi) weight (kDa)@ | ("M) (average, nm)©

6His-WT 0.007 122 (+1-5%) | 856

BHis-WT 0.059 163 (+I-5%) | 12.0

6His-WT 0.230 202 (+-5%) | 180 115 (+/- 0.3)

6His-A172-177 | 0.008 128 (+I-5%) | 9.3

6His-A172-177 | 0.085 121 (+1-5%) | 9.7

6His-A172-177 | 0.253 127 (+1-5%) | 93 9.1 (+/-0.3)

6His-P146A | 0.014 64 (+-5%) | 100

GHis-P146A | 0.131 66 (+-5%) | 8.0

6His-P146A | 0.22 71(+-5%) | 130 6.8 (+/- 0.3)

apoferritin 475 (+1-5%) | 6.4 6.9 (+-0.3)

aAverage value determined from all incident light angles.
Determined from first order Zimm fitting, excluding low angle (<45° ) signal coming from large particles.

Due the limited sensitivity of dynamic light scattering, this value could only be determined in fractions with high protein concentrations.
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