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Abstract

E. coli single-stranded-DNA binding protein (EcSSB)
displays nearest-neighbor (NN) and non-nearest-
neighbor (NNN)) cooperativity in binding ssDNA
during genome maintenance. NNN cooperativity
requires the intrinsically-disordered linkers (IDL)
of the C-terminal tails. Potassium glutamate
(KGlu), the primary E. coli salt, promotes NNN-
cooperativity, while KCI inhibits it. We find that
KGlu promotes compaction of a single polymeric
SSB-coated ssDNA beyond what occurs in KCI,
indicating a link of compaction to NNN-
cooperativity. EcSSB also undergoes liquid-liquid
phase separation (LLPS), inhibited by ssDNA
binding. We find that LLPS, Ilike NNN-
cooperativity, is promoted by increasing [KGIu] in
the physiological range, while increasing [KCI]
and/or deletion of the IDL eliminate LLPS, indicat-
ing similar interactions in both processes. From
quantitative determinations of interactions of KGlu
and KCI with protein model compounds, we
deduce that the opposing effects of KGlu and
KCIl on SSB LLPS and cooperativity arise from
their opposite interactions with amide groups.
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Cover lllustration: E. coli SSB protein, an essential replication and repair
protein, can form a biomolecular condensate via phase separation in the
absence of DNA. Phase separation is promoted by potassium glutamate (KGlu),
which is the major physiological monovalent salt in bacteria, however, single
stranded DNA binding to SSB inhibits this phase separation. However, when
SSB is bound to polymeric single stranded DNA, KGlu promotes cooperative
binding of SSB on the DNA and compaction of single DNA molecules. The non-
physiological salt, KCI, inhibits both phase separation and DNA collapse. The
equilibria in the presence of KGlu are proposed to be used to regulate SSB
function in genome maintenance. The cover refers to the JMB article in this
issue by A.G. Kozlov et al., “How Glutamate Promotes Liquid-liquid Phase
Separation and DNA Binding Cooperativity of E. coli SSB Protein,” Volume xxx,
Issue xx. The figure was made by Kacey Mersch.
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KGlu interacts unfavorably with the backbone (especially Gly) and side chain amide groups of the IDL,
promoting amide-amide interactions in LLPS and NNN-cooperativity. By contrast, KCl interacts favorably
with these amide groups and therefore inhibits LLPS and NNN-cooperativity. These results highlight the

importance of salt interactions in regulating the propensity of proteins to undergo LLPS.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

Single stranded (ss) DNA binding proteins (SSBs)
are essential in all kingdoms of life. SSBs bind
ssDNA intermediates formed transiently during
genome maintenance to protect them from
degradation and inhibit DNA  secondary
structures.' ™ Escherichia coli SSB (EcSSB) also
serves as a central hub for binding numerous
metabolic proteins (SSB interacting proteins —
SIPs) involved in replication, recombination and
repair.”

EcSSB functions as a homo-tetramer (Figure 1
(A)),*® with each subunit (177 amino acids (aa))
composed of two domains (Figure 1(B)): a struc-
tured N-terminal DNA binding domain (DBD) (resi-

dues 1-112), and a C-terminal domain (residues
113-177, Figure 1(D)) composed of a flexible,
intrinsically disordered linker (IDL) [56aa] and a nine
residue “acidic tip” (Figure 1(B)). This acidic tip is
conserved among many bacterial SSBs and is the
primary site of interaction with the SIPs.>" '
EcSSB binds ssDNA in two major modes referred
to as (SSB)35 and (SSB)gs, where the subscripts
denote the average number of ssDNA nucleotides
occluded.'* ' The relative stabilities of these
modes depend on salt concentration and ty e,
and protein to DNA ratio (binding density), *"®#*
as well as applied force.?® %%

In the (SSB)gs mode, favored at [NaCl] > 0.20 M
or [Mg®] > 10 mM at 25C, the ssDNA wraps
around all four subunits of the tetramer® with a
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Figure 1. E. coli SSB constructs. (A) Cartoon of EcSSB tetramer. Opposing subunits of the tetrameric core in
cyan (front) and green (back) are shown with intrinsically disordered tails. (B) Schematic of EcSSB subunit (177 aa),
composed of an N-terminal DNA binding domain, OB fold (112 aa), intrinsically disordered linker, IDL (56 aa), and 9
aa conserved acidic tip (MDFDDDIPF). (C) EcSSB constructs: (i) SSB-AL deletes the IDL (SSBA115-168); (ii) SSB-
EcPfEc chimera replaces the Ec IDL (56 aa) with the PfIDL (80 aa); (iii) Two-tailed EcSSB dimeric construct (SSB-
LD-Drl) in which 2 OB folds of upper and lower dimers are connected through Deinococcus radiodurans (Dr) linker;
(iv—vi) EcSSB constructs containing different deletions within the IDL. (D) Sequences of C-termini (intrinsically
disordered IDL plus Ec tip (/talic)) for EcSSB, EcPfEc chimera and all IDL deletion constructs; positively and
negatively charged residues are shown in blue and red, respectively, glycines are shown in green.
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~65 nucleotide occluded site size. The topology of
ssDNA wrapping in the (SSB)gs binding mode fol-
lows the seams on a baseball such that ssDNA
enters and exits the tetramer in close proximity.
On long ssDNA, the (SSB)gs mode displays “lim-
ited” cooperativity between adjacent
tetramers.'®?*#? In this mode SSB can diffuse
along ssDNA destabilizing DNA hairpins and pro-
moting RecA filament formation.?°

In the (SSB)ss mode, favored at [NaCl] < 10 mM
or [MQCIQ] < 1 mM, and high SSB to DNA
ratios,'*'>'® ssDNA interacts with only two sub-
units on average with a ~35 nucleotide occluded
site size. In this mode SSB binds ssDNA with unlim-
ited nearest-neighbor (NN) cooperativity favoring
formation of long protein clusters.'”'820:22.24.31.3
Based on structural considerations it was sug-
gested that SSB NN cooperativity might be pro-
moted by interactions of adjacent tetramers
through the L4s loops within the tetrameric core®
as well as directly through the residues of the core
not involved in DNA binding.**** In this mode
SSB can diffuse along ssDNA®>*® and undergo
direct or intersegment transfer between separate
ssDNA molecules® or between distant sites on
the same DNA molecule.®® The ability to undergo
direct transfer appears to glay a role in SSB recy-
cling during replication.**

Another level of non-nearest-neighbor (NNN)
cooperativity has been identified recently for SSB
bound to polymeric ssDNA. %2232 This NNN coop-
erativity occurs between SSB tetramers distantly
bound to polymeric ssDNA and results in com-
paction/condensation of nucleoprotein complexes.
Such interactions require the IDL**** and are pro-
moted by glutamate and acetate salts.”**%%

EcSSB also undergoes liquid-liquid phase
separation (LLPS) under solution conditions that
mimic the E. coli environment. The intrinsically
disordered C-terminal tails of SSB are essential
for LLPS, which is suppressed by ssDNA.?>” Here
we explore the ability of EcSSB to undergo LLPS
as a function of temperature, salt type and concen-
tration. We also explore how modifications within
the IDL affect LLPS. We show that elevated con-
centrations of potassium glutamate (KGlu), the pri-
mary monovalent salt in E. coli>**° promotes
LLPS whereas KCI has the opposite effect. A similar
observation was first made by Harami et al. using
NaGlu and NaCl.®” We present a thermodynamic
analysis of interactions of KCI with protein model
compounds and compare these with results for
KGIu*® showing that these large opposing effects
of KGlu and KCl on SSB LLPS likely result from their
opposite interactions with backbone (especially G)
and side chain amides of the SSB IDL in solution.
We therefore propose that these amide groups
interact with one another in the condensed phase,
reducing or eliminating their interactions with water
and salt ions. These amide-amide interactions,

favored by KGlu and disfavored by KCI, appear to
be important contributors to LLPS.

SSB LLPS, like NNN cooperative interactions of
DNA-bound SSB, is a highly cooperative process.
We find that conditions that promote LLPS also
promote NNN cooperativity of SSB binding to
ssDNA and conclude that similar cooperative
interactions of tail residues drive these two
processes mediated by ssDNA.

Results

Constructing phase diagrams using turbidity
measurements

Liquid-liquid phase separation (LLPS) of EcSSB,
recently observed in the absence of ssDNA, is
inhibited by binding of ssDNA.>” We refer to this
phenomenon as LLPS, or simply phase separation
(PS), although it has also been referred to as phase
separation aided percolation (PSP).*' LLPS of SSB
is promoted by KGlu and requires the intrinsically
disordered tails of SSB.?” Here, we explore how
KGlu and KCI affect phase separation by determin-
ing their effect on the temperature corresponding to
the phase boundary for different concentrations of
SSB. These measurements were performed at dif-
ferent concentrations of KCl and KGlu using spec-
troscopic turbidity measurements.**** The results
of typical experiments at two SSB concentrations
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Figure 2. Determination of Tpg from turbidity mea-
surements. Increase in turbidity (OD) monitored at
600 nm for wiSSB at 3 uM (orange circles) and 12 uM
(gray circles) as the temperature decreases from 25 °C
to 3 °C and from 50 °C to 30 °C, respectively, with ramp
rate 0.2 °C/min (buffer T, 0.2 M KGlu). Tpg in each case
is obtained from extrapolation of the linear part of
turbidity curve to the temperature axis. Corresponding
reverse turbidity curves (orange and grey solid lines)
obtained by increasing temperature with the rate 0.3 °C/
min. No LLPS (change in turbidity) is observed for SSB-
EcPfEc (13 uM) and SSB-AL (10 uM) from 25 °C to 3°C
(green circles, buffer T, 0.1 M KGilu).
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(8 and 12 uM) are shown in Figure 2 (buffer T,
0.20 M KGlu). Starting at a temperature above the
cloud point temperature (Tpg) (25 °C and 50 °C,
respectively), where the solutions are homoge-
neous, the temperature was decreased gradually.
When the Tpg is reached (~23 °C and 44 °C,
respectively) the turbidity of the solution starts to
increase. We use this as a proxy for the onset of
phase separation. The further increase in turbidit¥
reflects the growth of phase separated droplets.®
However, at some point this process slows and tur-
bidity starts to decrease (12 uM, grey circles).
Importantly, this process is reversible (3 uM, orange
line) in the temperature range where turbidity rises,
whereas reversibility is lost as the temperature is
decreased further into the region where turbidity
begins to decrease (12 uM, grey line). This irre-
versibility is supported by the fact that after the tem-
perature reversal the SSB concentration decreased
to 9 uM from the starting concentration of 12 uM,
whereas the SSB concentration is maintained in
the experiment performed at the lower [SSB] of
3 uM.

We used TIRF microscopy to monitor LLPS in the
temperature range where the turbidity changes
abruptly (see Figure S1). An SSB solution (5 uM)
containing 20 nM of SSB labeled with Cy5 in
buffer T, 0.20 M KGlu prepared at 32 °C (above
the Tpg) was placed in a temperature controlled
glass slide assembly. Rapid formation of dense
phase droplets was observed as the temperature
of the slide holder was maintained below
Tps = 30 °C in the range where turbidity increases
(see images taken at 27.5 °C in Figure S1).
However, the growth of freely diffusing droplets
resulting in an increase in droplet size that is
expected for a metastable phase®’*°* was not
observed. We suggest that droplet growth might
be detectable at longer times. However, after 1-2
minutes the number of droplets decreases, presum-
ably reflecting movement to the bottom of the slide
channel under gravitational force and thus, disap-
pearance from the focal plane of the microscope.
Surprisingly, at temperatures near the maximum
in turbidity we observe formation of fiber-like struc-
tures along with the freely diffusing liquid droplets
(see images obtained for 22 °C in Figure S1). How-
ever, we have found no evidence that such fiber-like
structures form in the reversible regime. Routinely,
our experimental procedure includes a return to
the initial temperature at the start of the experiment
(homogeneous phase). We find that if the transition
occurs in the reversible range (see Figure 2) the UV
spectrum after the experiment is the same as at the
start of the experiment with no indication of light
scattering, which suggests that an irreversible solid
phase does not form in the reversible region.

These results show that turbidity measurements
yield a reliable determination of the apparent Tps,
at which the formation of dense phase starts to
occur.*®*® We used this characteristic temperature

to construct plots of Tpg vs [SSB] under different
conditions. We use these as proxies for the low con-
centration arms of coexistence curves*®*® to exam-
ine the effects of salt concentration and type and
SSB tail modifications on EcSSB phase separation.

Effects of glutamate vs. chloride on liquid-
liquid phase separation of EcSSB

We investigated the effects of KGIlu and KCI
concentrations on the phase behavior of wtSSB.
Low concentration arms of coexistence curves
(Tps vs [SSB]) are shown in Figure 3(A) for 6
concentrations of KGlu from 30 mM to 0.40 M.
The upper limit on the concentration of SSB
tetramers is ~17 uM based on its solubility of 18—
21 puM after dialysis at room temperature (22 °C)
in buffer T with no added salt. The upper
temperature limit is ~55 °C, above which the SSB
tetramer begins to dissociate.” The coexistence
curve in the [SSB]-Tpg plane has a parabolic shape
(Figure 3(A)).*>*548 We find that Tpg increases with
increasing [KGlu] indicating that KGlu promotes
phase separation and this effect is more pro-
nounced at high SSB concentrations (Figure 3(A)).

In contrast, the effect of [KCI] on Tpg of SSB
differs qualitatively from that of [KGlu] (Figure 3
(B)). In KCI, all Tpg values are shifted to lower
temperatures and show the opposite dependence
on [KCI]. The Tpg is nearly constant at low [KCI]
(<60 mM) but then decreases gradually, indicating
that KCI disfavors phase separation, eventually
eliminating condensate formation at high [KCI].
Effects of 60 mM KCI and NaCl (blue and green
circles in Figure 3(B)) are essentially the same
indicating that interactions of K* and Na® with
these SSB groups are the same (see Discussion).
We note that the addition of 50 mM NacCl
significantly decreases the ability of SSB to
undergo phase separation in 0.10 M KGilu
(compare orange and green circle dependences in
Figure 4(A)), although it does not eliminate phase
separation (compare with Figure 3(B)).

In the Tris buffer used to obtain the data in
Figure 3(A and B), the pH drops by nearly a full
pH unit from high to low temperature. Therefore,
we also performed experiments in a phosphate
buffer (Buffer-P, pH 7.5) for which the pH changes
less dramatically from 7.61 to 7.46 in the range
from 2 to 55 °C. These experiments were
performed at constant [SSB] (8 uM tetramer), and
the Tps was determined as a function of [KCI] and
[KGIu] (Figure 3(C)). We observe a biphasic
dependence of Tpg on [KGlu]. We observe an
initial increase in Tpg that reaches a plateau
between 0.10-0.30 M KGlu, followed by a further
increase in Tpg above 0.40 M KGlu. In contrast,
there is little effect of [KCI] until concentrations
>0.05 M, where increasing [KCI] inhibits phase
separation. These dramatic differences between
KCl and KGlu are due to differences in the
interactions of CI™ and Glu~ with SSB groups that
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Figure 3. Increasing [Glu ] facilitates EcSSB LLPS, but increasing [Cl ] inhibits LLPS. SSB liquid-liquid
phase diagrams (Tps vs. [SSB], buffer T) obtained at different concentrations of (A) KGlu: 30 mM (blue), 40 mM
(green), 50 mM (magenta), 100 mM (orange), 200 mM (dark yellow) and 400 mM (violet); (B) KCI: 40 mM (magenta),
50 mM (dark yellow), 60 mM (blue), 80 mM (purple), 100 mM (dark green) and 60 mM NaCl (green). (C) - SSB phase
diagrams (Tps vs [salt], buffer P) obtained for 8 uM SSB as a function of KCI (squares) and KGilu (circles).
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conditions are shown for comparison, including the effect of addition of 50 mM NaCl (panel A, green circles for wtSSB
and open green circles for SSB-LD-Drl).
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are exposed in solution but buried in forming the
SSB-SSB interactions that drive LLPS.

Phase separation of EcSSB is dependent on its
intrinsically disordered linker (IDL)

Harami et al. showed that removal of the
intrinsically disordered EcSSB tail eliminates
phase separation of SSB under the solution
conditions used for their experiments.®” In contrast,
removal of the conserved acidic tip only weakens
phase separation, but does not eliminate it. Here
we show that the IDL of the C-terminal tail is neces-
sary for phase separation even at low micromolar
SSB concentrations. An SSB-AL construct, in which
the IDL was deleted but the acidic tip remains
(A113-168), does not undergo phase separation
under conditions that promote it for wtSSB
(0.10 M KGlu) within the temperature and concen-
tration range examined (2-55 °C and 1-18 uM
SSB, respectively, see Figure 2). The same is true
for a chimeric construct, SSB-EcPfEc (Figure 1(C
(ii))), in which the IDL of E. coli SSB was replaced
with the longer and more highly charged IDL of P.
falciparum SSB (Figure 1(D)). This indicates that
not only the presence but also the amino acid
sequence/composition of the IDL is critical for
phase separation.

We next examined how the number of SSB tails
and the length of the IDL affects phase
separation. We examined an SSB variant, SSB-
LD-Drl, with only two tails as well as three variants
with different length deletions within the IDL
(SSBA151-166; SSBA130-166, SSBA120-166)
(Figure 1(C and D)). Figure 4(A) (open orange
circles) shows that the two tailed variant is less
effective at undergoing phase separation in
0.10 M KGlu. This indicates the importance of the
multi-valency resulting from having four tails.
Similar to wtSSB, addition of 50 mM NaCl
significantly decreases Tpg of SSB-LD-Drl
(Figure 4(A), open green circles). Interestingly, in
these conditions (0.10 M KGlu + 50 mM NacCl) the
coexistence curves of SSB-LD-Drl and wtSSB are
essentially the same (Figure 4(A), open and filled
green circles) indicating that the number of tails
(two vs four) has a much smaller effect on phase
separation at elevated [NaCl].

The low concentration arms of coexistence
curves determined for the three SSB variants with
partial deletions of the IDL are shown in Figure 4
(B). Variants deleting 16 and 37 residues at the
junction with the acidic tip (A151-166 and A130-
166) increase Tpg and therefore promote phase
separation compared to wiSSB. The effect of the
37-residue deletion is greater than that of the 16-
residue deletion. However, deletion of an
additional 10 residues (A120-166) reduces Tpsg
from that of wtSSB, indicating that this construct is
less effective at undergoing phase separation
(Figure 4(B)). As mentioned above, the SSB-AL
variant in which the entire linker is deleted (A113—

168) does not undergo phase separation under
the same solution conditions. That the shorter
deletions, A151-166 and A130-166, promote
phase separation was unexpected (see
Discussion). However, we note that the propensity
of these variants to still undergo phase separation

correlates with their ability to form NNN
cooperative complexes on polymeric M13
ssDNA 732

We also find that a peptide corresponding to the
entire EcSSB tail (residues 113—-177) does not
undergo phase separation at the highest
concentrations that we can achieve (600—-800 uM)
even at the lowest temperature examined (3 °C).
Although this might be related to the fact that the
effective concentration of the C-terminal tails of
one witSSB tetramer is calculated to be in the mM
range, it is likely that the multi-valency of the
tetrameric SSB core is required for LLPS. In
addition, the SSB core has weak interactions with
the negatively charged tips of the tails.****°%" |n
fact, we find that an SSB construct in which the four
negative charges in the tip (Asp) are reversed to
positive charges, MKFKKKIPF does not undergo
phase separation in 0.10 M KGlu (data not shown)
suggesting that the tip-core interactions are likely
important for phase separation (see Discussion).

DNA binding to SSB inhibits phase separation.

Whereas wtSSB alone undergoes phase
separation in 0.10 M KGlu as shown above, this
phase separation is reversed upon SSB binding to
ssDNA. Under conditions where we observe SSB
droplets (4 pM), we note that droplets disappear
upon addition of (dT)s5 at a 1:1 stoichiometric ratio
with wtSSB tetramer (Figure S2(B)). Furthermore,
solutions containing preformed 1:1 complexes of
wtSSB with dTgs or dT+ ([SSB] = 15 uM) do not
show any indication of turbidity in 0.10 M KGilu
even at the lowest temperature examined, 3 °C
(Figure S2(A)). These results indicate that phase
separation is eliminated even when SSB is only
partially bound with ssDNA in (SSB)3s mode (see
Discussion). These observations are consistent
with those of Harami et al.*”

Determinants of SSB phase separation
correlate with the ability to form NNN
complexes on long single stranded DNA

EcSSB displays high non-nearest-neighbor
(NNN) cooperativity on natural polymeric ssDNA
(e.g., ss M13 phage DNA) at low [NaCl)/[KCI] as
indicated by a bimodal distribution of SSB-ssDNA
complexes at less than saturating SSB
concentrations in gel electrophoresis and
sedimentation velocity experiments.'®* This NNN
cooperativity is also promoted at high [KGIu] and
[acetate] (>0.10 M), but is inhibited at high [KCI]**
(see Figure S3). This cooperativity results from
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Figure 5. Glutamate promotes additional compaction of single polymeric DNA molecules coated with SSB.
(A) lllustration of ssDNA curtains decorated with SSB. (B) Schematic of the salt exchange assay. The length of SSB-
ssDNA is changed when different buffer is loaded. (C) Representative kymograph (top) and single-particle tracking
(bottom) showing the compaction of SSB-coated ssDNA end (green). Dashed orange lines denote when the buffer
was switched. (D) Correlation between ssDNA-SSB lengths at 0 and 300 mM KCI (black), and at 0 and 300 mM KGilu
(red). The solid lines are a linear fit to the data (N = 29 molecules). The dashed line represents a slope of 1. (E)
Correlation between ssDNA-SSB lengths at 300 mM KCI and 300 mM KGlu (orange). (F) Representative kymograph
and single-particle tracking showing the compaction of SSB-AL-coated ssDNA. (G) Correlation between length of
ssDNA coated with EcSSB-AL at 0 and 300 mM KCI, and at 0 and 300 mM KGilu (N = 42 molecules). (H) Correlation
between length of ssDNA coated with SSB-AL at 300 mM KCI and 300 mM KGilu.

interactions between SSB tetramers distantly
bound to ssDNA and requires the IDL.**

The conditions that promote NNN cooperativity of
EcSSB binding to polymeric ssDNA are similar to
those that promote SSB phase separation. To
explore this further, we used ssDNA curtains on
low complexity ssDNA®® to examine the SSB-
induced collapse of ssDNA as a function of [KCI]
and [KGlu] (Figure 5(A)). For these experiments
we used both wtSSB and the SSB-AL variant, which
does not form NNN complexes on ssDNA. The low
complexity ssDNA contains only thymine and cyto-
sine bases and thus does not form any internal base
pairs. One end of ssDNA is tethered to the surface,
and the other end is fluorescently labeled via an anti
dsDNA-antibody. By fluorescently tracking the free
DNA end, we can monitor changes in the ssDNA
length due to the addition of EcSSB in different buf-
fers (Figure 5(B)). We first confirmed that changing
the salt concentration and type does not influence

the length of unbound ssDNA (Figure S4). Next,
we monitored the salt-dependent changes in
ssDNA incubated with excess EcSSB. EcSSB
was first added to the flow cells in imaging buffer
without added salt. These conditions favor SSB
binding in its (SSB)3;5 mode. All free EcSSB was
then washed out of the flow cell. The imaging buffer
was then switched from 0 to 300 mM KCI, condi-
tions that promote formation of the more compact,
fully wrapped (SSB)ss complex. Hence the Ec-
SSB-ssDNA filament undergoes a dramatic com-
paction as shown previously.”> However, when
the 300 mM KCl is replaced with 300 mM KGlu a fur-
ther compaction of the ssDNA occurs beyond that
expected from formation of the (SSB)gs binding
mode. This additional compaction is reversed when
the imaging buffer is switched back to 300 mM KClI
(Figure 5(C)). We quantified the ssDNA length
across multiple molecules and plotted the length
in 300 mM KCI and 300 mM KGlu vs. the length in
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the absence of added salt (0 mM salt). These
showed a linear fit with a slope of 0.53 for the
300 mM KCI data (N = 29 ssDNA:EcSSB mole-
cules) and 0.42 for the 300 mM KGlu data (N = 42
molecules) (Figure 5(D)) indicating that the SSB-
ssDNA was compacted more in the presence of
KGlu compared to KCI (Figure 5(E)).

Experiments with SSB-AL showed a much
smaller effect of KGlu, on ssDNA compaction
(Figure 5(F-H)). These experiments show that
the large additional compaction of wtSSB-ssDNA
complexes promoted by KGlu correlates with the
promotion by KGIlu of NNN cooperativity of
wtSSB* and that the EcSSB IDL is required for
both effects. Furthermore, the conditions that pro-
mote SSB-DNA compaction and NNN cooperativity
are the same as those that promote phase
separation.

Interestingly, whereas Bell et al.”® showed an
additional compaction (condensation) of SSB-
ssDNA complexes beyond that expected for forma-
tion of the fullé/ wrapped (SSB)gs binding mode,
Schaub et al.”® did not observe this additional
SSB-DNA compaction. However, the experiments
of Bell et al.”® were performed in buffers containing
sodium acetate as the added monovalent salt,
whereas the Schaub et al.>* experiments were per-
formed in buffers containing NaCl. This apparent
discrepancy can be explained by the observation
that, like glutamate salts, high acetate salt concen-
trations also promote NNN cooperativity, whereas
chloride salts do not.**

Interactions of KCI with model compounds
with the most common functional groups of
proteins; comparison with KGlu

We hypothesize that the dramatic differences in
the effects of KGlu vs. KClI on EcSSB phase
separation are due to the preferential interactions
of these salts with the EcSSB C-terminal tails. To
assess this, here we determine the interactions of
KCI with a series of model compounds displaying
subsets of the functional groups of proteins. KGlu
was the subject of an analogous previous study.*’

Results of osmolality measurements on solutions
of KCl and 18 model compounds and effects of KCI
on the solubility of naphthalene are shown in
Figure S5. Panels A-C plot osmolality differences
AOsm (Eqg. (1) in Methods) as a function of the
product of model compound (my) and KCI (mj3)
molalities. These plots are linear over the
concentration ranges investigated and chemical
potential derivatives (Opo/0mg)t e me = toz (Eq. (2)
in Methods), listed in Table S1, are obtained from
the slopes. A negative u»3 indicates a favorable
interaction; interactions of KCI with the most polar
compounds studied (urea, formamide,
malonamide; glycine, alanine) are favorable while
Uz becomes increasingly unfavorable as the
amount of hydrocarbon in the model compound
increases. Panel D of Figure S5 plots the
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Figure 6. Intrinsic Strengths of Interaction of KGlu
and KCI with Unified C, N and O Atoms of Proteins.
Interaction potentials («-values: Eq. (4) and Table S2)
quantify the interactions of KCI (blue) and KGIu*® (red)
with a unit area of each type of unified atom of the
protein model compounds at 23-25 °C. Unfavorable
interactions have positive x-values.

logarithm of the solubility of naphthalene as a
function of KCI concentration; the pus3 value
quantifying the very unfavorable KCl-naphthalene
interaction is obtained from the slope (see Eq. (3)
of Methods).

Table S1 compares these i3 values with those
determined previously for KGlu.”® For all com-
pounds investigated, KGlu pp3 values are much less
favorable/much more unfavorable than for KCI, in
some cases by an order of magnitude. The only
favorable interaction of KGlu is with glycine,
explained as net-favorable interactions of the ions
of KGlu with the ammonium and carboxylate groups
of glycine.

Dissection of the set of KCI-model compound o3
values using ASA information for these model
compounds’>? yields z-values (Eq. (4) in Methods)
that quantify the intrinsic strengths of interaction of
KCI with unit areas of the 6 most common types
of protein O, N and C unified atoms. Predicted 3
values obtained from these «-values are compared
with observed a-values in Figure S6 and Table S1.

KCI «-values are compared with KGlu «-values in
Figure 6. The bar graph shows that both salts
interact unfavorably with both aliphatic and
aromatic hydrocarbon (sp°C and sp°C unified
atoms), but exhibit opposite interactions with polar
and charged N and O unified atoms. KCI interacts
favorably with amide and carboxylate sp?O and
unfavorably with amide sp?N and cationic N. By
contrast, KGlu interacts unfavorably with amide
and carboxylate sp’0 and favorably with amide
sp®N and cationic N.

From these comparisons we deduce that the
dramatically different effects of KCI vs. KGlu on
SSB LLPS, especially at high salt where KGlu
promotes but KCI inhibits LLPS, result from the
very different non-Coulombic interactions of these
salts with amide groups in the IDL regions of the
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C-terminal tails which are buried in amide-amide
interactions that help drive SSB LLPS. KGlu
interacts unfavorably with these amides in solution
(Tables S2, S3 and Discussion) and therefore
promotes amide-amide interactions in LLPS and
NNN-cooperativity. By contrast, KCI interacts
favorably with these amide groups in solution and
therefore inhibits LLPS and NNN-cooperativity.

Discussion

The formation of membraneless biomolecular
condensates (phase separation) is a well-
recognized, biologically important process.>* >’
Phase separation has been studied most widely
and thought to be most relevant in eukaryotic sys-
tems. This is due to the fact that intrinsically disor-
dered regions (IDRs) of proteins, that are effective
drivers of phase separation, make up ~40% of
eukaryotic proteomes, but less than ~5% of bacte-
rial proteomes.®® However, it has been argued that
membraneless biomolecular condensates are also
important in bacteria.*’

It has been shown that the E. coli SSB tetramer
can undergo phase separation at conditions that
mimic physiological (20 mM NaCl, 50 mM NaGlu,
5 mM Mg Acetate, pH 7.5).%” Most experiments in
that study were performed by varying SSB concen-
tration at or near 25 °C. In our experiments we mon-
itored the turbidity of SSB solutions upon lowering
the temperature and determined the temperature
at which turbidity is first observed (Tps)**** (Fig-
ure 2). This allowed us to construct phase diagrams
(coexistence curves) of Tpg vs [SSB]***¢*%9 o
determine how they are affected by solution condi-
tions (salt concentration and type).

The temperature-induced onset of turbidity is
reversible in a narrow temperature range indicating
that the cloud points are reasonable proxies for the
actual Tyimogar below which the system separates
into two coexisting phases.**>~** We also note that
this approach (starting with highly soluble SSB in the
buffer alone) allows one to interrogate conditions of
any mixture of salts at any concentration.

EcSSB IDL is required for phase separation

Whereas the roles of the tetrameric SSB core
(DNA binding domain) and the conserved acidic
tips of the C-termini (binding site for numerous
metabolic proteins) have been well recognized,
the role of the SSB linker (IDL) that connects the
two regions is less clear. Our recent studies
revealed that the IDL affects the relative stabilities
of the two major binding modes as well as
cooperative binding to ssDNA.**?*32 As shown pre-
viously®” and in this report, the IDL is also needed
for phase separation. However, the IDL does not
play a role in the interaction of SSB with at least four
of its SIP partners.’® In general bacterial SSBs pos-
sess a broad range of IDLs differing in length from

25 to 125 residues and amino acid composition.**°

A survey of 134 bacterial SSB proteins showed that
independent of the length a majority of the IDL’s
have low complexity compositions rich in glycines
and are predicted to form globules.** A statistically
significant clustering of Gly residues was found to
be conserved across three out of six SSB classes:
actinobacteria, a-proteobacteria, and g-
proteobacteria.®® Recent bioinformatics analysis of
more than 700 SSBs from 15 major phylogenetic
groups of bacteria also showed that ~70% have
prion like regions.*” Harami et al. also showed the
importance of the C-terminal tail of EcSSB for
phase separation and found that removal of the
conserved acidic tip diminishes but does not elimi-
nate phase separation highlighting the importance
of the IDL.*”

Here we demonstrate that reducing the number of
SSB tails from four to two reduces its propensity to
undergo phase separation. We also show that
removal of the EcSSB IDL to form SSB-AL
eliminates phase separation in buffer containing
0.10 M KGlu. This highlights the importance of
multi-valency in protein systems that undergo
phase separation. Phase separation is also
eliminated if the E. coli IDL is replaced with the P.
falciparum 1DL to form SSB-EcPfEc. PfSSB itself
also does not undergo phase separation under the
same conditions. The EcSSB and PfSSB IDLs
differ in length, charge and amino acid
composition (Figure 1(D)). The Ec-IDL is rich in
Glycine (~30%), which occur in a series of short
segregated linear clusters, XGGX and XGGGX,
where X represents Q, R, A,l and W (Figure 1(D)).
It has been shown that the presence of GG
repeats within disordered low complexity regions,
and when flanked by Arginine (RGG/RG), promote
phase separation and/or self-assembly of many
proteins.®' %% Similarly, G flanked by Q or alipha-
tic/aromatic residues were also found to be impor-
tant in driving phase separation.®? This is the
case forthe Ec-IDL. In contrast, the P£IDL contains
only 2 Gly in the entire IDL (Figure 1(D)) and has 24
charged residues (17 anionic (D, E) and 7 cationic
(K,R) charged residues in PEIDL vs 3 (1 anionic
(E) and 2 cationic (R)) in Ec-IDL. We hypothesize
that the Pf-IDL exhibits a lower propensity for phase
separation, in particular because of the large num-
ber of carboxylates and the small number of glyci-
nes in its amino acid composition.

Previous atomistic simulations predict a compact
globule conformation for the EcSSB tails, whereas
the PfSSB tails are predicted to be more
extended. This was supported by hydrodynamic
parameters determined from sedimentation
velocity experiments at low [NaCl].** These proper-
ties suggest that the EcSSB tail should be more
prone to intermolecular interactions promoting con-
densation. Thus, both the amino acid sequence,
composition and the IDL charge influence the differ-
ent phase behaviors of the Ec and PfIDLs.
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Interestingly, we found that some partial deletions
within the EcSSB IDL (SSBA151-166; SSBA130—
166) enhance the propensity of SSB to undergo
phase separation, whereas a larger deletion
(SSBA120-166) has the opposite effect and a
total deletion of the IDL (SSB-AL) eliminates
phase separation. These differences appear to be
due to changes in the Glycine content of these
partial deletions. First we note that for these
partial deletions the percentage of Gly residues in
the remaining IDL increases from 42%
(SSBA151-166), to 53% (SSBA130-166) and to
55% (SSBA120-166) (Figure 1(D)) and the ratio
of longer GGG vs shorter GG repeats also
increases (2 vs 5, 2 vs 2, 1 vs 1, respectively).
Gly-rich  regions can drive self-assembly,
especially if the Gly-rich regions or poly-Gly tracts
are increased.®® This is consistent with our finding
that the SSBA130-166 construct shows the highest
tendency for phase separation (53% Gly content
and 2 GG and 2 GGG repeats). We speculate that
this construct has an optimal balance of overall
Gly content and number of GG and GGG repeats
that promote phase separation. However, the speci-
ficity of the residues flanking these repeats may
also be important and the precise balance among
these factors remains to be determined. Interest-
ingly, atomistic simulations predict that all C termi-
nal deletion peptides (Figure 1(D)) should adopt
compact conformations similar to the full length
Ec-tail,* and, therefore should show some propen-
sity to undergo phase separation.

Although we find that a peptide with the Ec-IDL
sequence does not undergo phase separation
even in the presence of high concentrations of
KGlu, this might be due to an inability to obtain
sufficiently high peptide concentrations, which
never exceeded ~800 pM. A simple calculation
assuming a random conformation of Ec-tail
suggests that the concentration of the four C-
terminal tails in the vicinity of the tetrameric core
could be as much as few millimolar (or higher, if
more compact).” If these high concentrations are
required to achieve phase separation, then this
might explain the decrease in Tpg that we observe
for the two tailed EcSSB-LD-Drl (Figure 4(A)). How-
ever, the need for multi-valency, achieved by the
tetrameric nature of EcSSB, is also likely to be an
important contributor to LLPS.

In addition to the IDL interactions, we note that
interactions between the conserved C-terminal
acidic tip (MDFDDDIPF) and the tetrameric DNA
binding core might also contribute to phase
separation. In fact, all of the deletion constructs
that undergo phase separation still contain the
acidic tip which can weakly interact with the
positively charged tetrameric core and therefore
compete for ssDNA binding.?*3237:2%T These addi-
tional core-tip interactions appear to enhance SSB
phase separation. Importantly, we find that an
SSB construct in which the negative charges in
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the tip are reversed to positive -charges,
MKFKKKIPF (all four D replaced with K) does not
undergo phase separation, suggesting that the tip-
core interactions are important, although we cannot
exclude that the charge reversal may influence
linker-linker interactions.

Effects of KGlu and KCI on phase separation
indicate the significance of amide-amide
interactions but not charge-charge
interactions involving EcSSB tails

Effects of salt concentration on phase separation
have been examined for a number of sgstems,
primarily using chloride salts (NaCI/KCI).°* %% In
most cases, increases in [NaCl] or [KCI] (up to
0.3 M) decreased or even eliminated phase separa-
tion. However, the opposite effect was shown for
FUS LC®® and lysozyme.® Only a limited number
of studies have explored phase separation at higher
salt concentrations (>0.5 M)°?’° or by varying the
anion type.®>%%7172 These latter studies show that
the driving forces for phase separation are reduced
for anions that interact more favorably with protein
groups (i.e., are on the “salting in” end of the
Hofmeisterseries’”® ">:F >Cl >Br >CIO; >| >-
SCN 772 and HPOZ > CO3 > CI .°° Similar
effects of Hofmeister cations following the series
Na* ~ K* > Rb* > Cs* > Li* ~ Ca®* were shown
for FUS protein.”® Tsang et al. examined the effects
of several salt types on phase separation of the
Fragile X FMRP protein bound to RNA, but all were
chloride salts.”®

Since Glu™ is the major monovalent cytoplasmic
anion in E. coli, ranging in concentration from 0.03
to 0.25 molal,***° we chose to compare the effects
of KGlu vs KCl on EcSSB phase separation.
Replacement of chloride with glutamate enhances
the binding affinities of many proteins for nucleic
acids””"® ‘including EcSSB*° and also affects
SSB NNN cooperativity.”* Harami et al. showed that
an increase in [NaCl] eliminates phase separation,
although phase separation is still observed at
increased [NaGlu].>” Here we examined the profiles
of the low concentration arms of coexistence curves
as influenced by [KGlu] and [KCI]. This approach
provides a 3D phase diagram of Tpg as a function
of two variables [SSB] and [salt].

Effects of Glu™ and ClI salts on Tpg result from
differences in interaction of the ions of these salts
with SSB in the condensate and in the dilute
solution phase. In general, two types of salt ion-
protein interactions contribute to these salt effects.
Long-range Coulombic interactions of salt ions
with protein charges are dominant at low salt
concentration. These Coulombic interactions are
primarily determined by salt ion valence, and
therefore should be similar for the CI- and Glu™
salts studied here. Weak, short-range ion-specific
interactions, like those of salt ions with
hydrocarbon groups of proteins which are
responsible for the Hofmeister ion series for
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protein processes, contribute more at high salt
concentration where Coulombic effects are
minimized.

For this discussion, we assume that salt effects
on the transfer of an SSB tetramer from dilute
solution to condensate arise from SSB-SSB
interactions in the condensate that change the
number of unneutralized SSB charges and/or the
ASA and hydration of the SSB tetramer. Salt
effects could also arise from the transfer of SSB
itself, since the environment of the condensate is
different from that of a dilute solution.

We hypothesize that the opposite effects of
[KGlu] and [KCI] on EcSSB phase separation
result from the opposite directions of the
noncoulombic, Hofmeister-like preferential
interactions of these salts with amide groups of
the IDL, especially with G backbone amides (17
per IDL) and perhaps also Q and N side chain
amides (14 per IDL). KGlu favors both SSB LLPS
(Figure 3) and SSB-DNA collapse (Figure 5)* at
all [KGlu] investigated (> 0.01 M), while KCI disfa-
vors both these processes except at the lowest
[KCI] investigated (0.01-0.03 M). This indicates that
coulombic effects of these salts are not the major
determinant of these salt dependences, and there-
fore that SSB-SSB charge-charge interactions are
not a major determinant of LLPS or NNN coopera-
tivity thermodynamics.

The insensitivity of Tpg to [KCI] at or below
0.03 M, a salt range where Tpg increases with
increasing [KGlu], indicates compensation
between a nonspecific coulombic effect of KCI on
SSB- charge-charge interactions, favoring LLPS
and increasing Tpg, and an ion-specific effect of
KCI, reducing Tps. Therefore the charge-charge
interactions in LLPS appear to be between small
numbers of like charges (e.g., the carboxylates at
the tip of the SSB tails) and the coulombic effect
of both salts screens these charges and reduces
their unfavorable interactions. For KGlu, the
predicted nonspecific Coulombic and ion-specific
contributions to the observed increase in Tpg with
increasing [KGlu] are not separable without a
quantitative analysis (in preparation).

The large differences in effects of KGlu and KCI
on Tpg are non-coulombic and anion-specific and
result from differences in interactions of these
salts with regions of SSB that are involved in
LLPS and NNN cooperativity. The existence of
these Hofmeister-like salt-specific differences
means that SSB-SSB interactions in the high SSB
concentration environment of the condensate
reduce the water-accessible surface area (ASA)
and/or hydration of SSB, resulting in release of
water from this previously hydrated SSB surface.
For KGlu to favor LLPS its ions must interact
unfavorably in the solution phase with the SSB
ASA that is involved in SSB-SSB interactions in
the condensate. Conversely, for KCI to disfavor
LLPS its ions must interact favorably in the
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solution phase with the SSB ASA that is involved
in SSB-SSB interactions in the condensate.

From the o-values that quantify strengths of
interaction of KGlu and KCI with a unit area of the
different types of unified C, N and O atoms of
SSB in Figure 6, it is straightforward to deduce
which SSB functional groups are most responsible
for the opposite effects of [KGlu] and [KCI] on
LLPS. Because SSB charge-charge interactions
are of like charges and destabilizing for LLPS, no
dehydration of these charged groups is expected
in the SSB condensate. For this reason we focus
on hydrocarbon and amide groups in the IDL of
the EcSSB tails to explain the different effects of
KGlu vs. KCI.

(i) From Figure 6 and Table S2, both salts interact
unfavorably with aliphatic sp°C and aromatic
sp®C, so burial of hydrocarbon ASA in the SSB
condensate would be favored by addition of either
salt and therefore would not explain the opposite
effects of KGlu vs. KCl on LLPS.

KGlu interacts unfavorably with amide sp?Q and
favorably with amide sp®N, while KCI interacts
favorably with amide sp®O and unfavorably with
amide sp®N. The most accessible amide groups
on the SSB tails (those with the largest ASA) are
the backbone amides of the 17 G residues and
the 14 Q and N side chains. More than half of
the amide ASA of G residues and about half the
ASA of side chain amides is amide spZO, and o-
values (Figure 6; Table S2) for the interactions of
KGlu and KCI with amide sp?0 are substantially
larger in magnitude than z-values for interaction
of these salts with amide spzN. Therefore, the
interactions with amide sp®0 are predicted to
dominate the salt-amide interaction (see
Table S3). Because LLPS is more favorable in
KGlu for the IDL deletion that removes residues
130-166 than for the full length IDL, and this A
(130-166) variant has 10 G but only 1 Q and
1 N in 19 residues, it appears that the opposite
interactions of the salts with amide groups of G
residues are the most significant contributors to
the salt effects, and therefore that burial and/or
dehydration of G residues is a significant driving
force for EcSSB LLPS and, by extension, for
NNN cooperativity.

PfSSB, as well as the chimeric SSB variant, EcP-
fEcSSB, do not undergo LLPS or display NNN
cooperativity, even in KGlu. However, the PSSB
tail also has a large number of N and Q amide side
chains (29) but only two G residues, so the total
number of amides is the same as in EcSSB but
with a very different distribution of G, N and Q.
This also indicates that the most significant amide
interactions in the EcSSB condensate involve the
G amide backbone. Furthermore, the P/SSB tail
also contains 21 anionic side chains vs 5 for
EcSSB, with only 7 PfSSB cationic side chains.

(i

=

(iii)
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Hence, there would be a large coulombic cost to
any tail-tail interactions in PfSSB and
EcPfECSSB.

We propose that the large opposing effects of
KGlu and KCI on LLPS provide a thermodynamic
signature of extensive burial of amide residues in
amide-amide interactions involving the many G
residues of the EcSSB tails. The fluidity of the
condensate indicates that these amide
interactions are very different than those involved
in alpha helix or beta sheet formation where
dehydration and direct hydrogen bonding
interactions are involved. We therefore propose
that these fluid amide-amide interactions are
water-mediated, involving partial but not complete
dehydration of amide sp“O and amide sp®N atoms.

Effects of amino acid composition and sequence
on the ability of proteins and protein-nucleic acid
complexes to undergo phase separation have
been determined in numerous studies.*%°>81.82
Here we show the dramatically different effects of
the physiological salt KGlu and the laboratory salt
KCI on SSB phase separation. We discover from
the interactions of these salts with protein model
compounds that the differences in their effects on
SSB LLPS stems from differences in their interac-
tions with amide groups, and consequently deduce
that amide-amide interactions involving the many G
residues and/or Q and N side chains of the IDL play
a key role in SSB LLPS. Salt concentration and the
nature of the salt ions clearly regulate LLPS in this
system. This is a consideration in vivo, because
the cytoplasmic [KGlu] varies over a wide range
with growth osmolality.“®®® Similar effects on phase
separation of different salt types at hith concentra-
tions have been reported recently.®* These salt
effects are not ionic strength effects as in classical
Debye-Huckel analyses because solutions of KCI
and KGlu at the same concentration have the same
ionic strength but have drastically different effects
on SSB LLPS. Our results provide an explanation
for why IDRs that are rich in Gly regions are more
prone to undergo LLPS.%°

SSB phase separation and NNN cooperative
ssDNA binding are driven by the same forces

The Ec-IDL plays an important role in SSB
binding to ssDNA, affecting the relative stabilities
of the major binding modes and DNA binding
cooperativity.”>**** Deletion of the IDL promotes
the (SSB)35s binding mode and minimizes the effects
of anion type.”® However, removal of the IDL or
replacement of NaCl with NaGlu does not affect
nearest-neighbor (NN) cooperativity in the (SSB)gs
binding mode.**#*8° At the same time, removal of
the linker practically eliminates NN cooperativity in
the (SSB)g5 binding mode in low salt conditions.”***

The situation is strikingly different for the binding
of SSB to polymeric ssDNA. In this case non-
nearest-neighbor (NNN) cooperative interactions
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can occur among SSB tetramers distantly bound
to the ssDNA, resulting in
compaction/condensation of single nucleoprotein
complexes.?®2%32 This was first observed using sin-
gle molecule force microscopy with A-ssDNA which
undergoes additional compaction (beyond the
expected compaction due to DNA wrapping in the
(SSB)ss mode) upon SSB binding at high sodium
acetate concentrations.”® In fact, acetate is close
to glutamate in the Hofmeister series and behaves
similarly to glutamate. Indeed, we show here that
the additional compaction of SSB-polymeric ssDNA
complexes in KGlu is observed in ssDNA curtain
experiments and is reversed when KGilu is replaced
with KCI (0.30 M). Importantly, little additional com-
paction is detected for SSB-AL coated ssDNA indi-
cating that this additional compaction is due to the
interaction of KGlu with the IDL.

The cooperative formation of high binding density
complexes was detected for the binding of SSB to
M13 ssDNA using electrophoretic mobility shift
assays at low [NaClI]."® It was manifested at low [NaCl]
when less than saturating amounts of SSB are bound
to the ssDNA in the form of bimodal distributions of
the nucleoprotein complexes, with the faster moving
band ascribed to the highly cooperative, fully saturated
(compact) complex and the slower band reflecting the
lower cooperativity (SSB)gs complexes. An increase
in [NaCl] to 0.2-0.3 M eliminated these highly coopera-
tive complexes. These observations are supported by
sedimentation velocity experiments®* (Figure S3),
which demonstrate: (1) at low [salt] (10 mM) bimodal
distributions (NNN cooperativity) are not affected by
the type of salt; (2) when [salt] increases to 0.20 M
NaCl/KCI, the bimodal distributions are eliminated,
but remain in the presence of even 0.50 M KGlu; (3)
removal/replacement of the EcSSB IDL totally elimi-
nates high cooperativity in all salt conditions; (4) dele-
tions within the IDL and reduction to two tails (SSB-
LD-Drl) do not eliminate bimodal distributions.

These comparisons indicate that the same conditions
that favor NNN cooperative binding of SSB on ssDNA
also favor phase separation of SSB in the absence of
DNA (Figure 7), suggesting that both processes are
governed by the same forces and both driven by
linker-mediated interactions.”>**%"%°5! Yet we and
Harami et al. show that binding of even short lengths
of ssDNA to SSB t