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Abstract

The polar organizing protein Z (PopZ) is necessary for the formation of three-dimensional microdomains at
the cell poles in Caulobacter crescentus, where it functions as a hub protein that recruits multiple regula-
tory proteins from the cytoplasm. Although a large portion of the protein is predicted to be natively unstruc-
tured, in reconstituted systems PopZ can self-assemble into a macromolecular scaffold that directly binds
to at least ten different proteins. Here we report the solution NMR structure of PopZ2'3*='77 a truncated
form of PopZ that does not self-assemble but retains the ability to interact with heterologous proteins.
We show that the unbound form of PopZ2'3*~'77 is unstructured in solution, with the exception of a small
amphipathic a-helix in residues M10-117, which is included within a highly conserved region near the N-
terminal. In applying NMR techniques to map the interactions between PopZ2'3#-177 and one of its binding
partners, RcdA, we find evidence that the a-helix and adjoining amino acids extending to position E23
serve as the core of the binding motif. Consistent with this, a point mutation at position 117 severely com-
promises binding. Our results show that a partially structured Molecular Recognition Feature (MoRF)
within an intrinsically disordered domain of PopZ contributes to the assembly of polar microdomains,
revealing a structural basis for complex network assembly in Alphaproteobacteria that is analogous to
those formed by intrinsically disordered hub proteins in other kingdoms.

© 2020 Elsevier Ltd. All rights reserved.

Introduction

Biological systems are inherently complex, often
involving multistep biochemical pathways and
multiple levels of regulation among a large
number of physically and functionally interacting
components. In many cases, interactive networks
are highly dynamic, changing rapidly in response
to regulatory signals and adjusting their
connectivity to accommodate a range of activities.
Interestingly, there is a positive correlation
between higher levels of complexity and higher
levels of structural disorder in networking
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components.’? At the core of these networks are
intrinsically disordered proteins (IDPs) and their
intrinsically disordered domains (IDDs) that have lit-
tle or no native structure outside of their interactions
with other proteins. Moreover, the disordered nature
of the protein binding interface is inherent to the
function of dynamic, multi-partner binding inter-
faces,’ hereafter referred to as interaction hubs.

In cases where the IDD serves as the hub
interface, core interface regions of IDD hubs tend
to be 10-50 amino acids in length.* The contact
sequence on the IDD side of a hub is a conserved
region called a Molecular Recognition Feature
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(MoRF). A prominent example of an IDD hub pro-
tein is the tumor suppressor protein p53, which
physically interacts with numerous binding partners
via IDDs with MoRFs located in the N- and C-
terminal sections of the protein.>”” There are a
number of other examples of IDD hubs in eukary-
otic systems,®>'® and their inherent networking
capability may have been important in supporting
the expansion of organismal complexity in this king-
dom.™"" Furthermore, investigations of IDP struc-
ture and function have direct implications for
cancer research, as IDPs account for 79% of pro-
teins associated with human cancer.

The structures of IDDs at hub interfaces can be
investigated through X-ray crystallography,” nuclear
magnetic resonance (NMR) spectroscopy,'®'® and
single molecule techniques.'® These show that the
core of the binding interface consists of a short ser-
ies of amino acids from the IDD, generally less than
20 residues in length, which acquire a relatively
constrained structure as they make direct contact
with the globular binding partner. The constrained
amino acids usually adopt an irregular coiled con-
formation, but a-helices and B-strands have also
been observed at IDD binding interfaces, and these
are predicted at frequencies of approximately 20%
and 5%, respectively.'” The structural flexibility of
the IDD also gives the core binding region confor-
mational heterogeneity in the bound state,'®2°
allowing the IDD to shift between a range of poten-
tial conformations across a dimpled binding energy
landscape with no clear minimum, leading to what
is called the “fuzzy complex” model.

In a typical bacterial proteome, 6% of the amino
acids are predicted to be disordered and as many
as 40% of proteins contain an IDD with the
general characteristics of a protein interaction
motif.'” Given the observed correlation between
organismal complexity and the number of IDDs
and IDD hub proteins in a proteome,’'"?223 it is
not surprising that IDDs mediate the assembly of
complex structures in bacteria. The C-terminal
region of FtsZ is an IDD that interacts with at least
six other proteins during assembly and closure of
the division ring at mid-cell.>*2%" Complex struc-
tures are also found at bacterial cell poles. In many
species, cell poles are sites for the assembly of
flagella, pili, and stalks,>’° and they can also
serve as locations for multiprotein complexes that
regulate chromosome replication and the direction-
ality of chromosome segregation.®*> A well-
characterized example of complex cell pole organi-
zation is Caulobacter crescentus, in which at least
100 different proteins are localized to one or both
cell poles over the course of the cell cycle.*

In C. crescentus and other
Alphaproteobacteria,®**® a self-assembling pole-
localized scaffolding protein called polar organizing
protein Z (PopZ) glays a key role in the assembly of
polar complexes.”® In the absence of PopZ, multiple
regulatory proteins fail to be recruited to the cell

poles, and chromosomal centromeres fail to dock
at their polar destination.*”*® Because PopZ has
the capacity to self-assemble into oligomers and
higher ordered structures,*® overproduction of the
protein results in expanded scaffolds, which recruit
polar regulatory proteins across a larger area of the
cell pole.*”*® PopZ will also assemble into large
macromolecular complexes when expressed in
Escherichia coli cells, and these structures will
selectively recruit co-expressed binding part-
ners.**"" Thus far, ten different Caulobacter pro-
teins have been found to co-assemble with PopZ
in this system, and these include cell cycle regula-
tors, mediators of chromosome segregation, and
factors associated with cell polarization.*'**
Together with additional evidence that supports
direct physical interaction, the conclusion is that
PopZ is an interaction hub that facilitates the
assembly of multiprotein complexes.

The first 133 amino acids of PopZ were predicted
to be intrinsically disordered*' and distinct from the
C-terminal  self-assembly domain.** The IDD
includes a 25 amino acid sequence at the extreme
N-terminal that is required for co-assembly with
nine of the ten interaction partners identified in
E. coli co-expression experiments. Within this N-
terminal sequence is a highly conserved stretch of
10-15 amino acids that is predicted to be o-
helical and may function as a MoRF.*°

In this work, we have utilized solution NMR
spectroscopy to determine the major
conformational states of the N-terminal 133 amino
acids of PopZ (PopzZ2'3*"'77). Truncation of the C-
terminal of PopZ inhibits the formation of higher
assembly, thus PopZ2'3*'77 stays soluble in
solution. We have previously shown that this
truncated variant is sufficient for interacting with
multiple heterologous binding partners, even in
the absence of homo-oligomeric assembly.*' NMR
analyses reveal a largely disordered protein with
an a-helical region close to the N-terminal. We also
characterize the interaction between PopZ and one
of its binding partners, a cell cycle regulatory pro-
tein called RcdA.*"*>® Our analyses revealed that
the binding region comprises the N-terminal a-helix
region and a few amino acids proximal to it. Intro-
ducing a point mutation in the binding helical region
(117A) diminished the binding capacity of PopZ 3=

77 to RcdA. Thus, we conclusively define a MoRF
region within PopZ and gain mechanistic insight
into the function of this intrinsically disordered bac-
terial hub protein.

Results

Structure of PopZ*'3*'7” by NMR spectroscopy

2D and 3D high resolution solution NMR spectra
were acquired using a 700 or 800 MHz NMR
spectrometer of the truncated PopZ*'3*'77, which
includes the first 133 residues followed by a Leu-
Glu linker and 6xHis-tag. All data were processed
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using NMRPipe*’ and analyzed using Sparky from
NMRFAM.*® Uniform peak widths and intensities of
NMR spectral peaks indicate PopZ2'3*'7” was in a
stable state necessary for NMR study. The intrinsic
disorder of PopZ2'3*177 is shown by the 2D 'H-°N
HSQC spectrum with the characteristic narrow 'H
chemical shift dispersion typically seen for IDPs
(Figure S1), with the exception of sidechain amine
and amide resonances from arginine and glutamine
residues, respectively. Comparatively, ordered pro-
teins tend to have a wider dispersion of 'H reso-
nances than proteins without a well-defined fold.*®
The disordered nature of PopZ2'®*'77 is further
supported by the distinct lack of abundance of
long-range interactions in 'H-"°N NOESY data.
Standard triple resonance experiments were per-
formed for protein backbone and sidechain reso-
nance assignments including HNCA, HNcoCA,
HNCO, HNcaCO, HNCACB, CBCAcoNH,
CCcoNH, HBHANH, HBHAcoNH, and HcccoNH.
As such, 84.7% of the protein backbone was
assigned, including the Leu-Glu linker on the C-
terminal of PopZ2™*'77, For simplicity, the linker
residues are referred to as L134 and E135 in
assignments. A full list of the assignments, repre-
sentative strip plot for making assignments, and
schematic showing backbone assignment com-
pleteness is presented in the Supplemental Infor-
mation (Table S1, Figures S2 and S3,
respectively). Most of the missing assignments
were due to the abundance of proline residues,
which account for 20% of the PopzA'3+'7"
sequence. We were able to obtain partial conforma-
tional information on some of the proline residues
by calculating the differences between proline CB
and Cy chemical shifts.> This analysis indicates
that 11 of the 25 proline residues are linked to the
preceding amino acid by a peptide bond that is in
the trans conformation. Additionally, we observed
a number of low-intensity peaks in the 'H-'°N
HSQC spectrum that indicate small subpopulations
of PopZ213+-177 conformers. Many of the peaks cor-
responded to residues next to proline, suggesting
that these subpopulations are comprised of species
with peptide bonds in the cis configuration.
Carbon secondary chemical shifts are known to
be strong reporters on secondary structural
characteristics.”’ Typically, secondary chemical
shifts are defined as the deviation of '*Ca, 'CB,
and "3C (carbonyl) chemical shifts from those that
are generated by random coil. '*CB secondary
chemical shifts in PopZA'3*'77 spectra showed a
continuous range of negative values between N-
terminal residues T9-D25, while '*Co secondary
chemical shifts showed a range of positive values
in this same region (Figure S4). These data were
plotted in a single structural propensity (SSP) plot®?
that indicates a helical motif in this part of the pro-
tein (Figure 1(A1);. Multiple correlations observed
in the ™®N- and '3C-edited NOESY-HSQC spectra
support the existence of this helix (Figure S5)

including 45 sequential (i — j = 1) and 13
medium-range (li — jl < 4) correlations. Secondary
chemical shifts tended to be more randomly ori-
ented in the middle of the sequence (residues 46—
100), as expected for an IDP. In the C-terminal
region (residues 101—134), we observed a consis-
tent, but small, a-helical propensity. In applying
our data to the structural analysis program
Ponderosa-C/S,>® we did not find evidence for a
well-defined a-helix in the C-terminal region,
although the consistent pattern of secondary shifts
could indicate transient helical character.

We obtained additional information on long-range
orientation by measuring Residual Dipolar Coupling
(RDC) in axially stretched polyacrylamide gels. We
observed mostly negative couplings in the center of
the sequence and a cluster of positive couplings in
the suspected a-helical binding region, a pattern
that is commonly observed for a-helices in this
type of analysis.** The C-terminal region (residues
100-134) showed weaker couplings that were both
positive and negative. We obtained dipolar coupling
information for all residues except for 25 proline
residues and 20 other residue couplings that could
not be measured due to overlapping NH reso-
nances (Figure 1(B) and (C)).

Torsion angle predictions for ¢ and | were
generated from TALOS-N (Table S2). Chemical
shift assignments, '>N-NOESY-HSQC and '3C-
NOESY-HSQC peak lists, and RDC restraints
were uploaded to Ponderosa-C/S server® for struc-
ture calculations. The 20 most favored structures
were uploaded to the Protein Structure Validation
Software® suite for validation. Global quality scores
were good, and Ramachandran plots from MolPro-
bity found 85.6% of all residues in most favored
regions, 9.5% in allowed regions, and 4.9% in disal-
lowed regions. 97.2% of ordered residues were in
favored regions. A more detailed analysis of the val-
idation is presented in Table S3. The 20 predicted
structures show no other well folded secondary
structure elements besides an N-terminal a-helix
(M10-117) (Figure 2).

Additional analysis was carried out using the
CIDER (Classification of Intrinsically Disordered
Ensemble Regions) server,*® which is generally uti-
lized to calculate and present the various sequence
parameters commonly associated with disordered
protein sequences. The analysis yielded low values
for fraction of charged residues, FCR (0.256) and
net charge per residue, NCPR (—0.195). Kappa
(x), a patterning parameter describing mixing vs.
segregation of charged residues in the linear pro-
tein sequence was calculated to be 0.202, and
omega (), an analogous parameter that takes into
consideration prolines,”” was 0.244. The CIDER
results indicated that (i) the net charge per residue
was generally negative with the exception of a small
net positive region close to the N-terminal (Fig-
ure S6(A)), (ii) the charged residues are relatively
well-mixed with other residues throughout the pro-
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Figure 1. NMR characterization of PopZ*'3*'77. (A) Single structure propensity (SSP) plot showing predicted

secondary structure domains across the PopZ*'34+17*

sequence, where positive values represent helical propensity

and negative values represent sheet propensity. (B) and (C) RDC measurements as a function of amino acid residue
for a 5.4 mm (B) and 6.0 mm (C) outer diameter (OD) polyacrylamide gel axially stretched to 4.2 mm OD. (D)
Heteronuclear NOE ratios observed as a function of amino acid residue. Positive values near the N-terminal are
indicative of an ordered secondary structure. (E) R, relaxation rates and (F) R, relaxation rates observed as a function
of amino acid residue. Larger values near the N-terminal are indicative of ordered secondary structure.

tein primary sequence, and (iii) that the proline and
charged residues were also well-mixed. The
PopZ213+177 sequence is predicted by CIDER to
fall within region 2 of the diagram of states (Fig-
ure S6B), the boundary region between weak and
strong polyampholytes. The CIDER results are
summarized in Table S4.

Protein dynamics

To obtain information of structure dynamics, we
determined hetero NOE ratios (Figure 1(D)) and
longitudinal (T;) and transverse (T) relaxation

times, as well as their respective Ry and Ry
relaxation rates (Figure 1(E) and (F),
respectively), for the majority of the PopzA'3*

sequence. Global Ty and T, values could not be
accurately determined due to the disordered
nature of the protein. Hetero NOE values showed
primarily small magnitudes of negative sign.
However, a range of positve NOE values,
typically seen with a-helical character, was
observed between residues T9 and R19.
Additionally, we observed shorter T, relaxation
times for T9-R19 relative to other residues, and
shorter T, times across T9-E23 were also
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Figure 2. PopZ*'3*177 structural ensemble. (A) PopZ2'34'77 cartoon structure generated from Ponderosa-C/S**
and visualized using PyMOL.>® Green represents disorder along the sequence and red represents a short o-helical
secondary structure on the N-terminal. (B) PopZ*'3*'77 cartoon overlay of the top 20 best-evaluated structures

generated from Ponderosa-C/S.>*

observed, and these local decreases are indicative
of a-helical character.

PopZ*'3*'77 binding studies

We and others have previously shown that PopZ
binds to at least ten different binding partners.
Additionally, when '®N-enriched PopZ*'3*'77 was
mixed with saturating concentrations of two differ-
ent unlabeled protein binding partners, we
observed that both protein-bound conformations
exhibited a nearly identical set of changes in 2D
'H-"®*N HSQC spectra. This suggests that PopZ*
4134-177 interacts with these two binding partners
via the same set of amino acids. In this study, we
have continued the binding experiments with one
of those binding partners, RcdA. In C. crescentus,
RcdA is co-localized with PopZ at one of the cell
poles at the time of chromosome replication initia-
tion,*® and it serves as an adaptor that interacts
with specific protein substrates and links them to
the CIpXP protease for degradation in vitro® and
in vivo.**° PopZ interaction appears to be function-
ally separable from protease adaptor activity, sug-
gesting that RcdA has multiple binding
interfaces.®"®? By observing 'H-'>°N HSQC spectra
of isotopically labeled PopZ*'3*'7” under multiple
RcdA concentrations and at a higher magnetic field
(700 MHz), we obtained sufficient resolution for
accurate peak identification even in congested
regions of the spectra.

2D 'H-'®N HSQC spectra were acquired from
130 pM "*N-enriched PopZ*'®*'77 in the presence
of unlabeled RcdA binding partner at a range of
concentrations between 0 and 960 uM (Figure 3
(A) and (B)). Most PopZ2'3*'77 NMR peaks
remained unchanged in all conditions, indicating
residues that do not interact with RcdA. For a
minority of PopZ2'3*'77 residues, increasing
concentration of RcdA caused chemical shift

perturbation and spectral broadening, and in
some cases led to severe signal attenuation or
loss of detection. Those peaks that display the
greatest shifts and broadening likely indicate
residues that interact directly with RcdA, while
peaks that display moderate signal attenuation
and chemical shift perturbation likely correspond
to amino acids that participate in secondary or
indirect binding interactions. Binding residues
were determined by comparing combined AHN
chemical shifts for each residue, where peaks
undergoing a shift greater than the standard
deviation were considered binding.®®> Combined
AHN chemical shift perturbations (Figure 3(C))
and peak intensity perturbations (Figure S7) of
PopZ213*177 ypon binding to RcdA reveals that
the binding motif of PopZ2'®*'77 is between T9-
E23 (Figures 4 and S8), as peaks corresponding
to these residues undergo both significant chemical
shift perturbations and line broadening most likely
due to direct interaction with RcdA, although poten-
tial secondary structure changes cannot be
excluded. Residue D25 is expected to experience
indirect binding effects, as it exhibits chemical shift
perturbation but no significant broadening. Notably,
the a-helix (M10-117) determined by our structural
model is found within the RcdA binding region. A
schematic of full-sequence PopZ showing sec-
ondary structure elements and the proposed bind-
ing region is shown in Figure 4(C).

While most perturbed peaks broadened beyond
detection, some peaks were still detectable in the
baseline when we significantly lowered the
contour levels of the spectra (Figure 3(B)).
Residues L14, 121, and S22 are likely binding as
well, but their exact chemical shift perturbation
could not be determined due to extensive overlap
with neighboring peaks. T9 and E23 (residues at
the edge of the binding region) showed only a
moderate amount of chemical shift perturbation
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Figure 3. Binding of PopZ*'**'7” to RcdA. 2D 'H-"®N HSQC spectra overlay of '®N-enriched PopZ*'3*'77 in
solution with and without the RcdA binding partner exhibit spectral changes upon binding. Colored bars show RcdA
concentration for each spectrum. (A) 130 pM PopZ2'34177 with differing concentrations of RcdA: 0 uM (red) and
960 uM (blue). Peaks undergoing significant change are labeled. For simplicity, the spectra were shown without the
sidechain region. Dashed boxes represent regions seen in (B). (B) Enlarged regions highlight changes upon
increasing RcdA concentration. Arrows indicate direction of peak shift. Binding of RcdA resulted in the chemical shift
perturbation and significant broadening of a number of peaks. The contours were lowered in the spectra with high
concentration of RcdA to show weak peaks. (C) AHN combined chemical shift perturbations of PopZ*'3+'77 upon
binding to RcdA. Binding is indicated by the most pronounced chemical shift perturbations (red) found between
residues T9-E23. The patterned columns represent residues that perturbed beyond detection before saturation was
achieved. Therefore, the perturbation data from these patterned columns are from the last titration point where the
peak was observed. Asterisks indicate residues with significant perturbations that we were not able to determine
precisely due to severe peak overlap. “P” labels on the x-axis indicate proline residues which inherently cannot be
observed in 2D "H-">N HSQC spectra. A few resonances in the C-terminal region could not be observed under the
buffer conditions for ligand binding experiments.
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Figure 4. Binding motif of PopZ*'®*~'77, (A) The amphipathic nature of the helix is shown from this perspective,
where hydrophobic residues are colored cyan and hydrophilic residues are colored blue. 117, a critical residue for
binding, is colored limon for distinction. Hydrogen atoms have been removed for simplicity. (B) The binding motif as
viewed from the side. Structures were generated from Ponderosa-C/S®® and visualized using PyMOL.® (C) Schematic
of full sequence PopZ. Secondary structure elements are shown in red and disordered regions are shown in black.
Sections are separated to show the N-terminal, proline-glutamate rich domain (PED), C-terminal, binding region, and

scaffold assembly region.

and signal broadening, which is likely induced by
secondary or indirect binding effects. D24 showed
little change. The chemical shift perturbations that
we observed in these experiments are closely
matched with those produced by another binding
partner, ChpT,*" indicating that the same subset
of amino acids in PopZ2'3+"77 participate in binding
to both partners. We therefore conclude that resi-
dues T9-E23, which include an a-helix that spans
M10-117, act as a MoRF region that is directly
responsible for interacting with at least two of its
binding partners. Similar observations of chemical

shift perturbations have been reported in the bound
conformations of other MoRFs, including one in the
C-terminal domain of p53.%5*%% Interestingly,
CIDER results indicated that the net charge per
residue across the PopZ*'3+'77 sequence is gener-
ally negative with the exception of a small net pos-
itive region in the MoRF region due to residues R18
and R19 (Figure S6(A)). This could suggest that the
dispersion of positive and negative charge within
the binding region is critical for the electrostatic
interaction between PopZ and its protein binding
partners.
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To obtain genetic evidence for the functionality of
the predicted MoRF in PopZ2'3+'77, we introduced
a point mutation into the most highly conserved
residue within the T9-E23 region b¥ reglacing lle
17 with Ala (I117A). Notably, the 'H-"N HSQC
spectral peaks corresponding to the a-helix were
perturbed compared to wildtype PopzA'3+17”
spectra, indicating the 117A mutation disrupts the
binding site. Adding excess RcdA (up to 1.0 mM)
to 120 uM I117A PopZ2'3*'"7 did not induce

spectral shifts or broadening (Figure S9),
indicating that binding did not occur. This
indicates that 117 of PopZ2'**'77 is critical for

binding RcdA in vitro. We also tested RcdA
binding in an E. coli co-expression assay
(Figure 5). Here, RcdA was produced as a fusion
protein with green fluorescent protein (RcdA-GFP)
and co-expressed with either full-length wildtype
PopZ or the full-length 117A mutant (each
produced as fusions with mCherry for visualization
by fluorescence microscopy). Due to the presence
of the C-terminal self-assembly domain in full-
length PopZ, both of the PopZ variants
accumulated at the cell poles of the bacteria.>®
RcdA-GFP exhibited strong co-localization with
wildtype PopZ, but much weaker co-localization
with the [17A mutant, confirming the interaction
defect.

RcdA-GFP

RcdA-GFP

phase contrast

Discussion/Conclusion

In this work, we have structurally characterized
the multi-protein  binding domain of the
alphaproteobacterial hub protein PopZ. Native
PopZ is 177 amino acid residues in length, and
we have investigated a truncated version,
PopzA'3+177  which includes the first 133
residues, a short linker, and 6xHis-tag. In the
unbound form of PopZ*'3*'77, we find that the
critical binding motif includes a short a-helical
segment between residues M10 and 117, with
additional unstructured residues on either side. To
analyze a bound form of PopZ*'®*'77 and probe
the binding interface, we used NMR titration
studies against a binding partner, RcdA. We
found that residues T9-E23 bind either directly or
indirectly to the RcdA, forming a MoRF that may
include a mixture of a-helical and coiled features.
Residue 117, which lies at the center of the
binding motif, remains critical for the interaction,
and disruption of this residue leads to significant
perturbation of the MoRF spectral peaks and
drastic loss in binding. Adjacent to 117 lie R18 and
R19, which contrast with the generally negative
charge of PopZ2'3*'77 in forming a small island of
positive charge. Positive charges at these
positions are evolutionarily conserved and are

w

merge

normalized fluor. intensity

05
cell length
merge

normalized fluor. intensity

05
cell length

Figure 5. Localization of RcdA-GFP and wildtype or I117A mutant PopZ in an E. coli co-expression assay. (A) Full-
length wildtype PopZ (upper panels) or the I17A point mutant (lower panels) was fused to the C-terminal of mChy (red
signal) and co-expressed in E. coli cells with RcdA-GFP (green signal). Single channel fluorescence images are
overlayed on a phase contrast image (left panels), shown independently (center panels), or overlayed to show co-
localization of fluorescent proteins (right panels). (B) Distributions of mChy-PopZ and RcdA-GFP are shown by plotting
normalized fluorescent pixel intensities (Y-axis) as a function of cell length (X-axis), with cells oriented such that 0
marks open poles and 1 marks poles with mChy-PopZ foci (n = 10). Bars show standard deviation between cells.
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likely to be important for electrostatic interactions
between PopZ and its binding partners.
Consistent with this, changing R19 to glutamate
contributes to the loss of binding affinity to ParA
and ParB.%®

In earlier work we used NMR spectroscopy to
demonstrate binding between PopZ'3*'"7 and a
different binding partner, ChpT.*" Comparison of
the spectra from RcdA and ChpT binding showed
a nearly identical pattern of chemical shift perturba-
tions, suggesting that both proteins interact with the
same set of amino acids in PopZA'3*'77  even
though these two proteins exhibit no sequence or
structural homology.®¢” The only significant differ-
ence was in the peak corresponding to D25,
located at the C-terminal end of the binding region,
which did not show significant perturbation in com-
plex with ChpT.

The cell cycle-dependent timing and intensity of
polar localization of PopZ binding partners differ
significantly and are not directly proportional to
the localization pattern of PopZ. The
transmembrane scaffolding protein SpmX is
recruited by PopZ to the stalked pole,*®> whereas
transmembrane histidine kinases DivL and CckA,
which are also direct binding partners of PopZ,
are localized to the opposing swarmer pole or dis-
tributed between the two poles, respectively.®®
Other PopZ binding partners, including RcdA, ChpT
and the protease adaptor protein CpdR,® are local-
ized transiently to the stalked pole. Such wide vari-
ation in timing and localization of PopZ binding
partners could not occur if polar localization were
determined simply by the ability to interact with
PopZ, and this suggests the existence of regulatory
mechanisms that affect PopZ interaction. Kinases,
their downstream effectors, and other factors that
regulate the production and degradation of the sec-
ondary messenger c-di-GMP exhibit highly polar-
ized localization and activity in C. crescentus.”®">
PopZ binds directly to some of the elements within
these signaling networks, and in doing so it could
establish feedback loops that reinforce polar asym-
metry through a signal that increases or decreases
PopZ’s affinity for certain binding partners. Protein
phosphorylation is one potential signal, as interac-
tions involving eukaryotic IDPs can be regulated
in this manner.”>~"° The symmetry-break in C. cres-
centus could be established by cell division, if the
PopZ that accumulates at the newly formed pole
establishes different signaling complexes than
PopZ at the old pole.

We have shown that the PopZ side of the binding
interface includes an o-helix. Binding helices are
common in eukaryotic IDP hub domains, and
there are multiple examples of interactions that
are mediated by a single helix.”*’% In many IDPs,
relatively stable elements of secondary structure
called «MoRFs form the core of the binding inter-
face, and these are thought to aid binding by provid-
ing pre-formed structure that increases the stability

of the bound complex.2%®2 Qur structural analysis
of PopZ2'3*177 "demonstrates an «MoRF in
Alphaproteobacteria, a feature that appears to be
less common in bacterial proteomes than in eukary-
otic proteomes.'” Another bacterial protein with
comparable structural and functional qualities is
the divisome assembly protein FtsZ, which has a
C-terminal IDP hub domain consisting of a disor-
dered linker followed by a MoRF. In complex with
different binding partners, FtsZ's MoRF region can
be partially o-helical®®® or an extended linear
motif.?® For FtsZ, a destabilized «MORF may pro-
vide increased structural flexibility that allows bind-
ing to a wider range of binding surfaces. While our
results suggest that the MoRF in PopZ is a-helical,
transient unfolding is likely to occur, and some bind-
ing complexes may utilize other structural confor-
mations of this region.®

Since our analysis of secondary structure was
limited to the unbound state of Popz2'3*177 a
remaining question is whether the helical region in
the N-terminal MoRF of PopZ'3*'77 is altered
upon interaction with binding partner proteins. For
some IDPs, the transition from unbound to bound
state involves the formation of additional o-
helices,®® extension of a preformed helix,®® or stabi-
lization of coil.2” Similarly, the bound form of PopZ"
4134-177 could acquire more complex structural
character through stabilization of features on either
side of the M10-117 helix. Consistent with this, we
find that the set of amino acids that undergo chem-
ical shift perturbation during interaction extends out
to residue D25 for RcdA or E23 for ChpT. We note
that M10-117 forms an amphipathic helix (Fig-
ure 4A), and that the amphipathic nature of this
structure would continue if the helix were extended
to E23. Furthermore, secondary structural predic-
tion algorithms consistently predict that the helix
extends to at least 121 or $22.%¢® Together, the evi-
dence suggests that the helical portion of the PopZ
4134-177 oaMoRF could include several amino
acids beyond 117 in the bound form of Popz2'3+
177 though further studies will be needed to confirm
this hypothesis.

Our finding that the 117A mutation inhibits the
interaction between PopZ and RcdA is consistent
with earlier studies, which show that cell division
defects in a popZ deletion strain can be rescued
by expression of wildtype PopZ. The 117A mutant
cannot rescue the cell division defects in a popZ
deletion strain, and the 117A mutant PopZ protein
fails to recruit a direct binding partner, SpmX, to
the cell pole.>**® Similarly, PopZ bearing an 113A
point mutation was found to be partially functional
in rescuing popZ deletion phenotypes. We propose
that the hydrophobic side of the amphipathic PopZ
oMoRF (which includes 113 and 117) fits into a
hydrophobic groove on RcdA, ChpT, SpmX, and
other binding partners, in a manner that is analo-
gous to the interaction of the amphipathic PUMA
aMoRF with Mcl-1.”® Hydrophobic residues have
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been shown to increase binding affinit(}/ in MoRF
regions,®® as demonstrated for PUMA®’ and other
binding helices in IDPs.°"° Mutations in charged
and polar amino acids in the N-terminal region of
PopZ appear to have variable effects on binding.
For example, the E12K R19E double mutation inhi-
bits binding to ParB but not ParA, while the S22P
mutant inhibits binding to ParA but not ParB.%® It
may be that all or most of PopZ’s binding partners
use contact with the hydrophobic side of the helix
formed b} M10-117 to form a “fuzzy” binding inter-
mediate,”’ but that these interactions are not strong
enough to lead to longer-term binding without addi-
tional contacts on other faces of the helix or periph-
eral contacts outside of the core helix.

In light of the fact that PopZ forms trimers,
hexamers, and higher ordered structures
in vivo,*®>* it is also possible that multiple M10-
117 + MoRF helices work together to form a com-
plex interface that binds the target protein. Although
our results do not rule this model out, we note that
our data was collected with a truncated form of
PopZ that does not self-assemble.®® A related
question is how the large, ~80 amino acid disor-
dered region on the C-terminal side of the a«MoRF
region of PopZ contributes to binding. While total
deletion of the disordered region results in loss of
PopZ function, it can be reduced to half size and
also scrambled without having strong effects on
the ability to interact with other proteins*' or com-
plement the popZ knockout phenotype in vivo.*®
This region may be a flexible linker that separates
the PopZ C-terminal oligomerization domain (resi-
dues 134-177) from the MoRF, while also contribut-
ing to the structural disorder that facilitates “fuzzy
complexes” between IDP and target proteins.?"%*
We suggest that PopZ2'3*'77 pinds and reels the
binding partners to the superstructure through sam-
pling of its various disordered conformers, where a
wide range of motion increases the likelihood of
encountering and binding to other proteins in its
local environment. This is similar to the fly-caster
model for other IDPs,?* although there is no clear
evidence to suggest that PopZ would fold upon
binding. Oligomerization of full-length PopZ via the
C-terminal domain, which is predicted to be highly
structured, may act as an anchor around which
these binding events occur. Another possibility that
is not mutually exclusive is that the disordered
domain creates a phase-separated droplet,®® and
this may provide a microenvironment that is con-
ducive to hub binding activity, as has been pro-
posed for the organization of transcription factor
complexes in eukaryotes.*®

Materials and Methods

PopZ*'**'77 and RcdA protein expression and

purification for NMR experiments

The expression and purification of PopzA13+177

protein was described previously.*! Briefly, wild-

type PopZ2'3*'77 was cloned into the E. coli
expression vector pET28a (Novagen) with a
6xHis-tag and Leu-Glu linker gstrain YA#134), see
Table S5. U-"®N and U-'3C, "N enriched variants
of PopZ*'3*177 were produced by expressing the
proteins in minimal media supplemented either with
'SNH,CI (for uniform labeling with nitrogen-15) or
NH,CI and "®Cg-glucose (for uniform labeling with
nitrogen-15 and carbon-13), respectively. A plasmid
carrying the PopZ*'3*'77 gene with the 117A muta-
tion was also constructed (strain YA#129), see
Table S5. U-""N enriched 117A PopZ*'**77 were
expressed in minimal medium supplemented with
SNH,CI. Isotopes were purchased from Cambridge
Isotope Laboratories, Inc.

PopZA'3*177 was expressed for 12 h by shaking
at 37 °C after induction. Cell pellets were
resuspended in Buffer A (25 mM Tris, 150 mM
NaCl, 20 mM imidazole at pH 7.5) supplemented
with Halt EDTA-free protease inhibitor and
Benzonase nuclease. The cells were lysed using
a French press. The protein was purified by two
rounds of Ni-affinity chromatography using a Fast
Protein Liquid Chromatography instrument (FPLC;
GE Healthcare AKTA purifier 900 equipped with
GE Healthcare HisTrap HP 1 ml column). The
protein fractions were pooled and the buffer was
exchanged to Buffer B (25 mM Tris, 150 mM NaCl
pH 7.5). The purity of the sample was analyzed
by 12% SDS-PAGE and staining with Coomassie
blue.

The expression and purification of the RcdA
protein was described previously.” " In short, natural
abundance SUMO-RcdA fusion protein was
expressed in E. coli by shaking the cells in LB med-
ium for 12 h at 21 °C after induction. Cell pellets
were resuspended in Buffer C (20 mM HEPES,
100 mM KCI, 2 mM MgCl,, 20 mM imidazole at
pH 7.5). Cells were lysed using a French press
and the protein was purified by two rounds of Ni-
affinity chromatography using FPLC. The protein
was buffer exchanged into Buffer D (25 mM Tris,
150 mM NaCl at pH 7.5), and the fusion protein
was cleaved by 1 Unit SUMO Express Protease
(Lucigen) per 200 pg Sumo-RcdA. After cleavage,
the protein samples were purified by Ni-affinity
chromatography using FPLC. The protein was buf-
fer exchanged to Buffer E (20 mM HEPES, 100 mM
KCI, 2 mM MgCI, at pH 7.5) for NMR experiments.
The purity of the samples was analyzed by 12%
SDS-PAGE and staining with Coomassie blue.

NMR spectroscopy

For NMR_assignment experiments, the purified
PopZ2'3*177 was buffer exchanged into Buffer F
(50 mM phosphate, 50 mM citric acid, 20 mM
NaCl, and 3 mM NaN3 at pH 5.5). D,O, NaNg,
and DSS were added to a 5% v/v, 4 mM, and
0.2 mM final concentration, respectively, at a final
PopZ213*177  concentration of 0.90 mM. The
protein concentration was estimated using UV-Vis
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spectrophotometry (exg0 = 2980 cm™' M~ "). The
NMR sample was packed into a 5-mm Shigemi
NMR tube. The 2D 'H-'N Heteronuclear Single
Quantum Correlation (HSQC) NMR spectrum and
standard protein backbone and side-chain NMR
spectra (including 3D HNCA, HNcoCA, HNCO,
HNcaCO, HNCACB, CBCAcoNH, CCcoNH,
HBHANH, HBHAcoNH, and HcccoNH, '°N- and
3C-edited NOESY) were collected at 25 °C on a
Bruker AVANCE Il HD 800 MHz NMR
spectrometer (CUNY Advanced Science Research
Center, New York, NY) equipped with a 5-mm
triple resonance inverse TCI CryoProbe. All NMR
data were processed using NMRPipe.*” Analysis
and assignments of the 2D and 3D data sets were
carried out using NMRFAM-Sparky.*® The assign-
ment process was facilitated by using the PINE ser-
ver for initial automated assignments®”’® before
completing the assignments manually. The sec-
ondary chemical shift values were calculated by
subtracting experimental chemical shift values from
random coil values supplied by NMRFAM-Sparky.
Relaxation and heteronuclear NOE data were ana-
lyzed using the Dynamics Center software package
(Bruker BioSpin, Inc).

To characterize the binding site of PopZA13+177 to
RcdA, a series of 130 yM "°N-enriched Popz2'3+
177 samples were prepared in the presence of
varying concentration of RcdA in Buffer E: 0 pM
RcdA (PopZ*'**'"7 only), 50 pM RcdA, 100 pM
RcdA, 150 uM RcdA, 200 pM RcdA, 300 uM
RcdA, 500 uM RcdA, 700 pM RcdA, 900 puM
RcdA, and 960 yM RcdA. 2D 'H-'°N HSQC
spectra were collected on all samples at 25 °C on
a Bruker AVANCE Il HD 700 MHz NMR
spectrometer (CUNY Advanced Science Research
Center, New York, NY). Combined 'H and "N

chemical shift perturbations (AHN) were
calculated using Eq. (1),
AHN = 1/(AH)? + (0.15 x AN)? 1)

where AH and AN are the chemical shift perturbations in
ppm for 'H and '°N, respectively, and 0.15 is a scaling
factor corresponding to the relative chemical shift
dispersion in the 'H and '®N dimensions.

Residual dipolar coupling (RDC)

For RDC NMR experiments, the purified
Popz2'3*177 was buffer exchanged into Buffer F.
The protein was concentrated and D,O, NaNs,
and DSS were added to a 5% v/v, 4 mM, and
0.2 mM concentration, respectively, at a final
PopZA'3*177 concentration of 0.20 mM. The
protein sample was used to rehydrate a 5.4 mm
or 6.0 mm (outer diameter) gel previously cast
and dehydrated (see RDC gel preparation below).
The gel was stretched into a New Era Enterprises
4.2 mm (inner diameter) NMR tube for RDC NMR
experiments. The 'H-""N HSQC NMR spectrum
was collected at 25 °C on a Bruker AVANCE Il

HD 800 MHz NMR spectrometer equipped with a
5-mm triple resonance inverse TCI CryoProbe.

RDC gel preparation

RDC gel preparation and sample preparation
were performed using New Era Enterprises gel
kits. A 5.4% acrylamide RDC gel was created by
mixing 40% bis-acrylamide purchased from Bio-
Rad with water and polymerized with 0.1% w/v
ammonium persulfate and 0.1% v/v TEMED. This
was cast in a New Era Enterprises gel stretching
chamber and allowed to polymerize overnight at
room temperature with the chamber sealed with
parafilm to prevent leakage. The gel was removed
from the chamber and dialyzed in pure water for
8 h followed by a second round of dialysis in fresh
water. The gel was then cut to approximately
2.1 cm in length using a razor blade and then
dehydrated on a flat surface for 18-24 h in a
desiccator at room temperature. The dehydrated
gel was placed back in the gel chamber and the
gel was incubated overnight with the protein
solution at 4 °C before being stretched into a New
Era Enterprises 4.2 mm (inner diameter) NMR
tube using a New Era Enterprises gel stretching
kit. The end of the gel was slowly pressed out of
the tube until approximately 2.1 cm in length was
left in the tube. The protruding section of the gel
was cut off using a razor blade.

Structural constraints

Backbone angles and secondary structure
elements were predicted using TALOS-N.*® Xplor-
NIH based calculations from the Ponderosa-C/S
package®® calculated the conformational states
with the Ponderosa-X refinement option which uti-
lized chemical shift values, distance constraints
from 'H-'"N HSQC NOESY and 'H-'C HSQC
NOESY spectra, and residual dipolar coupling
(RDC) constraints.'® Weighting factors were kept
at default values. Tolerance levels were set at
0.35, 0.35, and 0.025 ppm for N, C, and H, respec-
tively. Constraint violations from the top 20 best-
evaluated structures were analyzed using Pon-
derosa Analyzer'®>® and structural calculations
were subsequently refined in iterative steps using
the Constraints only-X option. Finally, an ensemble
of 100 conformers was calculated using the final
step option with a foIIowing explicit water refinement
force field by Xplor-NIH.'°" The explicit water refine-
ment consisted of the following steps: (1) immer-
sion in a shell of water (7 A) and energy
minimization; (2) slow heating from 100 to 500 K
in 100 K temperature steps with 200 molecular
dynamics (MD) steps per temperature step with
3 fs time steps; (3) refinement at 500 K using
2000 MD steps with 4 fs time steps; (4) slow cooling
from 500 K to 25 K in 25 K temperature steps with
200 MD steps per temperature step with 4 fs time
steps; (5) 200 steps for final energy minimiza-
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tion.'%2 The 20 best evaluated structures were sub-
mitted to the Protein Structure Validation Software
(PSVS)®® suite for structural validation.

CIDER analysis

Sequence analysis of PopZ2'3'77 (without the
Leu-Glu linker and 6xHis-tag) was performed by
accessing CIDER®® at http:/pappulab.wustl.edu/
CIDER/analysis/.

Fluorescence microscopy

Overnight cultures of E. coli bearing plasmids
pACYC + mCherry-PopZ (or pACYC + mCherry-
PopZ 117A) and pBAD + RcdA-GFP (strain
YA#138, YA#142, see Table S5) were diluted 100-
fold in fresh LB media and grown for 2 h at 30 °C
before stimulation of mChy-PopZ and RcdA-GFP
expression with 100 pM IPTG and 0.005%
arabinose, respectively. For induction of
pACYC + mCherry-PopZ 117A, 140 uM IPTG was
added to keep the expression equivalent to
pACYC + mCherry-PopZ expression. Cells were
immobilized on a 1% agarose gel pad and viewed
with a Zeiss Axio Imager Z2 epifluorescence
microscope equipped with a Hamamatsu Orca-
Flash 4.0 sCMOS camera and a Plan-
Apochromat 100x/1.46 Oil Ph3 objective. Zen
Blue software was used for image capture and
quantification. Ten representative cells from WT
and 117A mutant PopZ samples were chosen.
Cells with mChy-PopZ foci at both poles were
excluded. Pixel intensities (after subtracting
average  background  fluorescence)  were
measured along a straight line drawn lengthwise
through the middle of the cells. Cubic spline
interpolation was used to generate fluorescence
intensity values for 100 equally spaced points on
each line, and pixel intensities were normalized to
1 as the maximum value.
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