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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, like NNN-cooperativity, is promoted by increasing [KGlu]
in the physiological range, while increasing [KCI] and/or deletion of the IDL eliminate LLPS,
indicating 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 KCl on SSB LLPS and cooperativity arise from their opposite interactions
with amide groups. KGlu interacts unfavorably with the backbone (especially Gly) and side
chain amide groups of the IDL and therefore promotes amide-amide interactions in LLPS
and NNN-cooperativity. By contrast, KCI 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.

Keywords: DNA replication, cooperativity; liquid-liquid phase separation, single molecule

DNA collapse, biomolecular condensates.

Abbreviations: LLPS, liquid-liquid phase separation; SSB, single stranded DNA binding
protein; IDP, intrinsically disordered protein; IDL, intrinsically disordered linker; SIP, SSB

interacting protein; ssDNA, single stranded DNA.
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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 (Chase and Williams,
1986, Meyer and Laine, 1990, Lohman and Ferrari, 1994, Wold, 1997). 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 (Shereda et

al., 2008).

EcSSB functions as a homo-tetramer (Fig. 1A) (Lohman and Ferrari, 1994,
Raghunathan et al., 2000), with each subunit (177 amino acids (aa)) composed of two
domains (Fig. 1B): a structured N-terminal DNA binding domain (DBD) (residues 1-112),
and a C-terminal domain (residues 113-177, Fig. 1D) composed of a flexible, intrinsically
disordered linker (IDL) [56 aa] and a nine residue “acidic tip” (Fig. 1B). This acidic tip is
conserved among many bacterial SSBs and is the primary site of interaction with the SIPs
(Shereda et al., 2008, Genschel et al., 2000, Kozlov et al., 2010b, Marceau et al., 2011,
Shereda et al., 2009, Ryzhikov and Korolev, 2012, Antony et al., 2013, Shinn et al., 2019).
EcSSB binds ssDNA in two major modes referred to as (SSB)ss and (SSB)es, where the
subscripts denote the average number of ssDNA nucleotides occluded (Lohman and
Overman, 1985, Bujalowski and Lohman, 1986). The relative stabilities of these modes
depend on salt concentration and type, and protein to DNA ratio (binding density)
(Chrysogelos and Griffith, 1982, Griffith et al., 1984, Lohman and Overman, 1985, Lohman
et al., 1986, Bujalowski et al., 1988, Ferrari et al., 1994, Roy et al., 2007, Hamon et al., 2007,
Kozlov et al., 2017, Kozlov et al., 2019), as well as applied force (Zhou et al., 2011,

Suksombat et al., 2015, Hatch et al., 2008, Bell et al., 2015).
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Fig. 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.

In the (SSB)ss mode, favored at [NaCI]>0.20 M or [Mg?*]>10 mM at 25°C, the ssDNA

wraps around all four subunits of the tetramer (Raghunathan et al., 2000) with a ~65
4


https://doi.org/10.1101/2022.01.17.476650

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476650; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

nucleotide occluded site size. The topology of ssDNA wrapping in the (SSB)ss binding mode
follows the seams on a baseball such that ssDNA enters and exits the tetramer in close
proximity. On long ssDNA, the (SSB)es mode displays "limited" cooperativity between
adjacent tetramers (Chrysogelos and Griffith, 1982, Bujalowski and Lohman, 1987, Kozlov
et al., 2019). In this mode SSB can diffuse along ssDNA destabilizing DNA hairpins and

promoting RecA filament formation (Zhou et al., 2011, Roy et al., 2009).

In the (SSB)3s mode, favored at [NaCl]<10 mM or [MgClz]<1 mM, and high SSB to
DNA ratios (Lohman and Overman, 1985, Bujalowski and Lohman, 1986, Lohman et al.,
1986), ssDNA interacts with only two subunits on average with a ~35 nucleotide occluded
site size. In this mode SSB binds ssDNA with unlimited nearest-neighbor (NN) cooperativity
favoring formation of long protein clusters (Griffith et al., 1984, Lohman et al., 1986, Hamon
et al., 2007, Sigal et al., 1972, Ferrari et al., 1994, Kozlov et al., 2015, Kozlov et al., 2019).
Based on structural considerations it was suggested that SSB NN cooperativity might be
promoted by interactions of adjacent tetramers through the L4s loops within the tetrameric
core (Raghunathan et al., 2000) as well as directly through the residues of the core not
involved in DNA binding (Dubiel et al., 2019, Kozlov et al., 2019). In this mode SSB can
diffuse along ssDNA (Zhou et al., 2011, Suksombat et al., 2015) and undergo direct or
intersegment transfer between separate ssDNA molecules (Kozlov and Lohman, 2002) or
between distant sites on the same DNA molecule (Lee et al., 2014). The ability to undergo
direct transfer appears to play a role in SSB recycling during replication (Kozlov and

Lohman, 2002, Spenkelink et al., 2019).

Another level of non-nearest-neighbor (NNN) cooperativity has been identified
recently for SSB bound to polymeric ssDNA (Bell et al., 2015, Kozlov et al., 2015, Kozlov et
al., 2017). This NNN cooperativity occurs between SSB tetramers distantly bound to
polymeric ssDNA and results in compaction/condensation of nucleoprotein complexes.

5
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Such interactions require the IDL (Kozlov et al., 2015, Kozlov et al., 2017) and are promoted

by glutamate and acetate salts (Bell et al., 2015, Kozlov et al., 2015, Kozlov et al., 2017).

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 (Harami et al., 2020). Here we
explore the ability of EcSSB to undergo LLPS as a function of temperature, salt type and
concentration. We also explore how modifications within the IDL affect LLPS. We show that
elevated concentrations of potassium glutamate (KGlu), the primary monovalent salt in E.
coli (Richey et al., 1987, Record et al., 1998), promotes LLPS whereas KCI has the opposite
effect. We present a thermodynamic analysis of interactions of KCI with protein model
compounds and compare these with results for KGlu (Cheng et al., 2016) showing that these
large opposing effects of KGlu and KCI 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.
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Liquid-liquid phase separation (LLPS) of EcSSB, recently observed in the absence
of ssDNA, is inhibited by binding of ssDNA (Harami et al., 2020). 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) (Cohan and Pappu, 2020). LLPS of SSB is
promoted by KGIlu and requires the intrinsically disordered tails of SSB (Harami et al., 2020).
Here, we explore how KGlu and KCI affect phase separation by determining their effect on
the temperature corresponding to the phase boundary for different concentrations of SSB.
These measurements were performed at different concentrations of KCl and KGlu using
spectroscopic turbidity measurements (Amiram et al., 2011, Lyons et al., 2013, Cinar et al.,
2019). The results of typical experiments at two SSB concentrations (3 and 12 uM) are
shown in Fig. 2 (buffer T, 0.20 M KGlu). Starting at a temperature above the cloud point
temperature (Tps) (25 °C and 50 °C, respectively), where the solutions are homogeneous,
the temperature was decreased gradually. When the Tps 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 turbidity reflects the growth of phase
separated droplets (Harami et al., 2020). However, at some point this process slows and
turbidity starts to decrease (12 uM, grey circles). Importantly, this process is reversible (3
MM, 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 irreversibility is supported by the fact that after the temperature
reversal the SSB concentration decreased to 9 uM from the starting concentration of 12 yM,
whereas the SSB concentration is maintained in the experiment performed at the lower

[SSB] of 3 uM.
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Fig. 2. Determination of Tes from turbidity measurements.

Increase in turbidity (OD) monitored at 600 nm for wtSSB at 3 uM (orange circles) and 12
MM (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, 0.2M KGlu). Tes 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, 0.1M KGlu).

We used TIRF microscopy to monitor LLPS in the temperature range where the
turbidity changes abruptly (see Fig. 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 Tps) 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 Fig. S1). However, the

8
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growth of freely diffusing droplets resulting in an increase in droplet size that is expected for
a metastable phase (Rubinstein, 2003, Posey et al., 2018, Harami et al., 2020) was not
observed. We suggest that droplet growth might be detectable at longer times. However,
after 1-2 minutes the number of droplets decreases, presumably reflecting movement to the
bottom of the slide channel under gravitational force and thus, disappearance from the focal
plane of the microscope. Surprisingly, at temperatures near the maximum in turbidity we
observe formation of fiber-like structures along with the freely diffusing liquid droplets (see
images obtained for 22 °C in Fig. S1). These results show that turbidity measurements yield
a reliable determination of the apparent Tps, at which the formation of dense phase starts to
occur (Thomson et al.,, 1987, Petsev et al., 2003, Posey et al., 2018). We used this
characteristic temperature to construct plots of Tes vs [SSB] under different conditions. We
use these as proxies for the low concentration arms of coexistence curves (Rubinstein,
2003, Posey et al., 2018) to examine 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 KGlu and KCI concentrations on the phase behavior
of wtSSB. Low concentration arms of coexistence curves (Tps vs [SSB]) are shown in Fig.
3A for 6 concentrations of KGlu from 30 mM to 0.40 M. The upper limit on the concentration
of SSB tetramers is ~17 yM based on its solubility of 18-21 yM 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 (Kozlov and Lohman, 1999). The
coexistence curve in the [SSB]-Tes plane has a parabolic shape (Fig. 3A) (Petsev et al.,
2003, Rubinstein, 2003, Posey et al., 2018). We find that Tes increases with increasing
[KGlu] indicating that KGlu promotes phase separation and this effect is more pronounced

at high SSB concentrations (Fig. 3A).
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Fig. 3. Increasing [Glu" ] facilitates EcSSB LLPS, but increasing [CI] inhibits LLPS.

SSB liquid-liquid phase diagrams (Tes 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 NacCl (green).
(C) - SSB phase diagrams (Tps vs [salt], buffer P) obtained for 8 yM SSB as a function of
KCI (squares) and KGlu (circles).

In contrast, the effect of [KCI] on Tes of SSB differs qualitatively from that of [KGlu]
(Fig. 3B). In KCl, all Tps values are shifted to lower temperatures and show the opposite
dependence on [KCI]. The Tps is nearly constant at low [KCI] (< 60 mM) but then decreases

gradually, indicating that KCI disfavors phase separation, eventually eliminating condensate
10
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formation at high [KCI]. Effects of 60 mM KCI and NaCl (blue and green circles in Fig. 3B)
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 NaCl significantly
decreases the ability of SSB to undergo phase separation in 0.10 M KGlu (compare orange
and green circle dependences in Fig. 4A), although it does not eliminate phase separation

(compare with Fig. 3B).

In the Tris buffer used to obtain the data in Fig. 3A and 3B, 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
MM tetramer), and the Tps was determined as a function of [KCI] and [KGIu] (Fig. 3C). We
observe a biphasic dependence of Tps on [KGlu]. We observe an initial increase in Tes that
reaches a plateau between 0.10-0.30 M KGlu, followed by a further increase in Tps 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 KCI and
KGlu are due to differences in the interactions of CI" and Glu™ with SSB groups that 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.(Harami et al., 2020) 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
necessary 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
11
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the temperature and concentration range examined (2 — 55 °C and 1 — 18 yM SSB,
respectively, see Fig.2). The same is true for a chimeric construct, SSB-EcPfEc (Fig. 1C(ii)),
in which the IDL of E. coli SSB was replaced with the longer and more highly charged IDL
of P. falciparum SSB (Fig. 1D). This indicates that not only the presence but also the amino

acid sequence/composition of the IDL is critical for phase separation.
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Fig. 4. Number of tails and IDL deletions affect EcSSB LLPS.

SSB liquid-liquid phase diagrams (Tres vs [SSB], buffer T, 0.1M KGu) obtained for: (A) - two
tailed SSB-LD-Drl (open orange circles) and (B) - SSB with IDL deletions, A151-166 (green),
A130-166 (grey), A120-166 (magenta). Phase diagrams of wtSSB for the same conditions
are shown for comparison, including effect of the addition of 50 mM NaCl (panel A, open
orange circles for wtSSB and open green circles for SSB-LD-Drl).

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) (Fig. 1C and 1D). Figure 4A (open orange circles) shows that the two tailed

variant is less effective at undergoing phase separation in 0.10 M KGlu. This indicates the
12
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importance of the multi-valency resulting from having four tails. Similar to wtSSB, addition
of 50 mM NaCl significantly decreases Tps of SSB-LD-Drl (Fig. 4A, open green circles).
Interestingly, in these conditions (0.10 M KGlu + 50 mM NaCl) the coexistence curves of
SSB-LD-Drl and wtSSB are essentially the same (Fig. 4A, open and filled green circles)
indicating that the number of tails (two vs four) has a much smaller effect on phase

separation at elevated [NacCl].

The low concentration arms of coexistence curves determined for the three SSB
variants with partial deletions of the IDL are shown in Fig. 4B. Variants deleting 16 and 37
residues at the junction with the acidic tip (A151-166 and A130-166) increase Tes and
therefore promote phase separation compared to wtSSB. 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 Tps from that of wtSSB, indicating that this construct is less
effective at undergoing phase separation (Fig. 4B). 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 (Kozlov et al., 2015, Kozlov et al., 2017).

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 wtSSB
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 (Kozlov et al., 2010a, Su et al., 2014, Kozlov et
13
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al., 2015, Kozlov et al., 2017). In 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 uM), we note that droplets disappear upon addition of (dT)ss at a
1:1 stoichiometric ratio with wtSSB tetramer (Fig. S2B). Furthermore, solutions containing
preformed 1:1 complexes of wtSSB with dTss or dT+ ([SSB]=15 uM) do not show any
indication of turbidity in 0.10 M KGlu even at the lowest temperature examined, 3 °C (Fig.
S2A). These results indicate that phase separation is eliminated even when SSB is only
partially bound with ssDNA in (SSB)ss mode (see Discussion). These observations are

consistent with those of Harami et al. (Harami et al., 2020).

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 (Lohman et al., 1986, Kozlov et al., 2015). This
NNN cooperativity is also promoted at high [KGlu] and [acetate] (>0.10 M), but is inhibited
at high [KCI] (Kozlov et al., 2017) (see Fig. S3). This cooperativity results from interactions

between SSB tetramers distantly bound to ssDNA and requires the IDL (Kozlov et al., 2015).
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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 (Schaub et al., 2018) to examine the SSB-
induced collapse of ssDNA as a function of [KCI] and [KGIu] (Fig. 5A). 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 cytosine 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 buffers (Fig. 5B). We first confirmed that changing the salt concentration and type
does not influence the length of unbound ssDNA (Fig. 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)3s mode. All free EcSSB was then washed out of the flow cell. The imaging buffer was
then switched from 0 to 300 mM KCI, conditions that promote formation of the more
compact, fully wrapped (SSB)ess complex. Hence the EcSSB-ssDNA filament undergoes a
dramatic compaction as shown previously (Schaub et al., 2018). However, when the 300
mM KCl is replaced with 300 mM KGlu a further compaction of the ssDNA occurs beyond
that expected from formation of the (SSB)es binding mode. This additional compaction is
reversed when the imaging buffer is switched back to 300 mM KCI (Fig. 5C). We quantified
the ssDNA length across multiple molecules and plotted the length in 300 mM KCI and 300
mM KGlu vs. the length in 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 molecules) and 0.42 for
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the 300 mM KGIu data (N=42 molecules) (Fig. 5D) indicating that the SSB-ssDNA was

compacted more in the presence of KGlu compared to KCI (Fig. 5E).
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Fig. 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 KGlu (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 KCl, and at 0 and 300
mM KGIu (N = 42 molecules). (H) Correlation between length of ssDNA coated with SSB-
AL at 300 mM KCI and 300 mM KGlu.
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Experiments with SSB-AL showed a much smaller effect of KGlu, on ssDNA
compaction (Figs. 5F, 5G, 5H). These experiments show that the large additional
compaction of wtSSB-ssDNA complexes promoted by KGlu correlates with the promotion
by KGlu of NNN cooperativity of wtSSB (Kozlov et al., 2015) and that the EcSSB IDL is
required for both effects. Furthermore, the conditions that promote SSB-DNA compaction

and NNN cooperativity are the same as those that promote phase separation.

Interestingly, whereas Bell et al. (Bell et al., 2015) showed an additional compaction
(condensation) of SSB-ssDNA complexes beyond that expected for formation of the fully
wrapped (SSB)es binding mode, Schaub et al. (Schaub et al., 2018), did not observe this
additional SSB-DNA compaction. However, the experiments of Bell et al. (Bell et al., 2015)
were performed in buffers containing sodium acetate as the added monovalent salt,
whereas the Schaub et al. (Schaub et al., 2018) experiments were performed in buffers
containing NaCl. This apparent discrepancy can be explained by the observation that, like
glutamate salts, high acetate salt concentrations also promote NNN cooperativity, whereas

chloride salts do not (Kozlov et al., 2017).

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. KCI 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 (Cheng et al., 2016).

Results of osmolality measurements on solutions of KCI and 18 model compounds

and effects of KCI on the solubility of naphthalene are shown in Figure S5. Panels A-C plot
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osmolality differences AOsm (Eq. 1 in Methods) as a function of the product of model
compound (m2) and KCI (m3) molalities. These plots are linear over the concentration ranges
investigated and chemical potential derivatives (0u2/0ms)rpm2 = p2z (Eg. 2 in Methods),
listed in Table S1, are obtained from the slopes. A negative 23 indicates a favorable
interaction; interactions of KCI with the most polar compounds studied (urea, formamide,
malonamide; glycine, alanine) are favorable while p23 becomes increasingly unfavorable as
the amount of hydrocarbon in the model compound increases. Panel D of Fig S5 plots the
logarithm of the solubility of naphthalene as a function of KCI concentration; the 23 value
quantifying the very unfavorable KCl-naphthalene interaction is obtained from the slope (see

Eq. 3 of Methods).

Table S1 compares these 23 values with those determined previously for KGlu
(Cheng et al., 2016). For all compounds investigated, KGlu p23 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 KGIu with the ammonium and carboxylate groups of glycine.

Dissection of the set of KCI-model compound 23 values using ASA information for
these model compounds (Cheng et al., 2016, Cheng et al., 2017) yields a-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 p»3 values obtained from

these a-values are compared with observed a-values in Fig. S6 and Table S1.

KCI a-values are compared with KGlu a-values in Fig. 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. KCl interacts favorably with amide and carboxylate sp?O and unfavorably with amide
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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.

favorable unfavorable

Amide sp2 O =
Anionic sp2 O
KGlu
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Fig. 6. Intrinsic Strengths of Interaction of KGlu and KCI with Unified C, N and O
Atoms of Proteins. Interaction potentials (a-values: Eq. 4 and Table S2) quantify the
interactions of KCI (blue) and KGlu (Cheng et al., 2016) (red) with a unit area of each type
of unified atom of the protein model compounds at 23-25°C. Unfavorable interactions have
positive a-values.

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 C-terminal tails which are buried in amide-amide interactions that help
drive SSB LLPS. KGlu interacts unfavorably with these amides in solution 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.
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Discussion

The formation of membraneless biomolecular condensates (phase separation) is a
well-recognized, biologically important process (Banani et al., 2017, Alberti et al., 2019, Shin
and Brangwynne, 2017, Holehouse and Pappu, 2018). Phase separation has been studied
most widely and thought to be most relevant in eukaryotic systems. This is due to the fact
that intrinsically disordered regions (IDRs) of proteins, that are effective drivers of phase
separation, make up ~40% of eukaryotic proteomes, but less than ~5% of bacterial
proteomes (van der Lee et al., 2014). However, it has been argued that membraneless

biomolecular condensates are also important in bacteria (Cohan and Pappu, 2020).

It has been shown that the E. coli SSB tetramer can undergo phase separation at
conditions that mimic physiological (20mM NaCl, 50 mM NaGlu, 5 mM Mg Acetate, pH 7.5)
(Harami et al., 2020). Most experiments in that study were performed by varying SSB
concentration at or near 25°C. In our experiments we monitored the turbidity of SSB
solutions upon lowering the temperature and determined the temperature at which turbidity
is first observed (Tps) (Amiram et al., 2011, Lyons et al., 2013, Cinar et al., 2019) (Fig.2).
This allowed us to construct phase diagrams (coexistence curves) of Tps vs [SSB]
(Rubinstein, 2003, Posey et al., 2018, Falahati and Haji-Akbari, 2019, Alberti et al., 2019) to

determine how they are affected by solution conditions (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 Toimoda belOW
which the system separates into two coexisting phases (Thomson et al., 1987, Petsev et al.,
2003, Rubinstein, 2003, Posey et al., 2018, Falahati and Haji-Akbari, 2019). 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.
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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 (Kozlov et al., 2015, Kozlov et al.,
2017, Kozlov et al., 2019). As shown previously (Harami et al., 2020) 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 (Shinn et al., 2019). In general
bacterial SSBs possess a broad range of IDLs differing in length from 25 to 125 residues
and amino acid composition (Kozlov et al., 2015, Cohan et al., 2021). 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 (Kozlov et
al., 2015). 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
(Cohan et al., 2021). 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., 2020). Harami et al. (Harami et al., 2020) 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 eliminate 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 IDL
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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
(Fig. 1D). 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 (Fig. 1D). 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 (Chong et al., 2018, Murthy et al., 2021, Kar et al., 2021). Similarly, G flanked
by Q or aliphatic/aromatic residues were also found to be important in driving phase
separation (Chong et al., 2018, Murthy et al., 2021). This is the case for the Ec-IDL. In
contrast, the Pf-IDL contains only 2 Gly in the entire IDL (Fig. 1D) and has 24 charged
residues (17 anionic (D, E) and 7 cationic (K,R) charged residues in Pf-IDL 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 number of carboxylates and the
small number of glycines 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] (Kozlov et al., 2015). These properties suggest that the EcSSB
tail should be more prone to intermolecular interactions promoting condensation. Thus, both
the amino acid sequence, composition and the IDL charge influence the different phase
behaviors of the Ec and Pf IDLs.

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
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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 1D) 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
(Kar et al., 2021). 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 specificity of the
residues flanking these repeats may also be important and the precise balance among these
factors remains to be determined. Interestingly, atomistic simulations predict that all C
terminal deletion peptides (Fig.1D) should adopt compact conformations similar to the full
length Ec-tail (Kozlov et al., 2015), and, therefore should show some propensity 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 uM.
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) (Kozlov et al., 2015). If these high
concentrations are required to achieve phase separation, then this might explain the
decrease in Tps that we observe for the two tailed EcSSB-LD-Drl (Fig. 4A). However, the
need for multi-valency, achieved by the tetrameric nature of EcSSB, is also likely to be an

important contributor to LLPS.

23


https://doi.org/10.1101/2022.01.17.476650

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476650; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

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 (Kozlov et al., 2010a, Su et al.,
2014, Kozlov et al., 2015, Kozlov et al., 2017, Harami et al., 2020). These additional core-
tip interactions appear to enhance SSB phase separation. Importantly, we find that an SSB
construct in which the negative charges in 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 systems, primarily using chloride salts (NaCI/KCl ) (Boyko et al., 2019, Boeynaems et al.,
2017, Nott et al., 2015, Brady et al., 2017, Burke et al., 2015). In most cases, increases in
[NaCl] or [KCI] (up to 0.3 M) decreased or even eliminated phase separation. However, the
opposite effect was shown for FUS LC (Burke et al., 2015) and lysozyme (Taratuta et al.,
1990). Only a limited number of studies have explored phase separation at higher salt
concentrations (>0.5 M) (Krainer et al., 2021, Taratuta et al., 1990) or by varying the anion
type (Taratuta et al., 1990, Mason et al., 2010, Boeynaems et al., 2017, Zhang and Cremer,
2009). 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 Hofmeister series (Hofmeister, 1888, von Hippel and Schleich, 1969, Pegram and

Record, 2007): F> CI> Br> CIO4 >I">SCN" (Taratuta et al., 1990, Zhang and Cremer, 2009,

24


https://doi.org/10.1101/2022.01.17.476650

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476650; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Mason et al., 2010) and HPO4*>CO3;*>CI" (Boeynaems et al., 2017)). Similar effects of
Hofmeister cations following the series Na*~K*>Rb*>Cs*>Li*~Ca?* were shown for FUS
protein (Krainer et al., 2021). Tsang et al. (Tsang et al., 2019) 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 (Richey et al., 1987, Record et al., 1998), 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 (Leirmo et
al., 1987, Kontur et al., 2010, Deredge et al., 2010) including EcSSB (Overman et al., 1988)
and also affects SSB NNN cooperativity (Kozlov et al., 2017). Harami et al. (Harami et al.,
2020) 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 [KGIu] and [KCI]. This approach
provides a 3D phase diagram of Tps as a function of two variables [SSB] and [salt].

Effects of Glu” and CI" salts on Tps 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 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
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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 (Fig 3) and SSB-DNA collapse (Fig. 5) (Kozlov et al., 2017) at
all [KGIu] investigated (= 0.01 M), while KCI disfavors 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 therefore that SSB-SSB
charge-charge interactions are not a major determinant of LLPS or NNN cooperativity

thermodynamics.

The insensitivity of Tps to [KCI] at or below 0.03 M, a salt range where Tps increases
with increasing [KGlu], indicates compensation between a nonspecific coulombic effect of
KCI on SSB- charge-charge interactions, favoring LLPS and increasing Tes, and an ion-
specific effect of KCI, reducing Tes. 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 Tps with increasing [KGIu] are not separable

without a quantitative analysis (in preparation).

The large differences in effects of KGlu and KCIl on Tps 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-
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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 solution phase with the SSB ASA that

is involved in SSB-SSB interactions in the condensate.

From the a-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 Fig. 6, it is straightforward
to deduce which SSB functional groups are most responsible for the opposite effects of
[KGIu] 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 Fig. 6 and Table S2, both salts interact unfavorably with aliphatic sp>C and aromatic
spC, 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.

i) KGlu interacts unfavorably with amide sp?O 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 sp®0, and a-values (Fig. 6;
Table S2) for the interactions of KGlu and KCI with amide sp®0 are substantially larger in

magnitude than a-values for interaction of these salts with amide sp®N. Therefore, the
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interactions with amide sp?O are predicted to dominate the salt-amide interaction. 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 butonly 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.

iii) PFSSB, as well as the chimeric SSB variant, EcPfEcSSB, do not undergo LLPS or display
NNN cooperativity, even in KGlu. However, the PfSSB 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 PfSSB tail also contains 21 anionic side chains vs 5 for EcSSB,
with only 7 PfSSB cationic side chains. 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 (Alberti et al., 2019, Posey et al., 2018, Choi et al., 2020, Martin et al.,
28
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2020). 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 interactions 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 (Richey et al., 1987, Cayley et al., 1991).
Similar effects on phase separation of different salt types at high concentrations have been
reported recently (Fetahaj et al., 2021). 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.

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 (Kozlov et al., 2015,
Kozlov et al., 2017, Kozlov et al., 2019). Deletion of the IDL promotes the (SSB)ss binding
mode and minimizes the effects of anion type (Kozlov et al., 2017). However, removal of the
IDL or replacement of NaCl with NaGlu does not affect nearest-neighbor (NN) cooperativity
in the (SSB)es binding mode (Kozlov et al., 2019, Overman et al., 1988, Bujalowski and
Lohman, 1987). At the same time, removal of the linker practically eliminates NN
cooperativity in the (SSB)ss binding mode in low salt conditions (Ferrari et al., 1994, Kozlov

et al., 2019).
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The situation is strikingly different for the binding of SSB to polymeric ssDNA. In this
case non-nearest-neighbor (NNN) cooperative interactions can occur among SSB tetramers
distantly bound to the ssDNA, resulting in compaction/condensation of single nucleoprotein
complexes (Bell et al., 2015, Kozlov et al., 2015, Kozlov et al., 2017). This was first observed
using single molecule force microscopy for A-ssDNA which undergoes additional
compaction (beyond the expected compaction resulting from wrapping in the (SSB)ss mode)
upon SSB binding at high sodium acetate concentrations (Bell et al., 2015). 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 KGlu is replaced with KCI
(0.30 M). Importantly, little additional compaction is detected for SSB-AL coated ssDNA

indicating 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 [NaCl]
(Lohman et al., 1986). 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)ss
complexes. An increase in [NaCl] to 0.2-0.3 M eliminated these highly cooperative
complexes. These observations are supported by sedimentation velocity experiments
(Kozlov et al., 2015, Kozlov et al., 2017) (Fig.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
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eliminates high cooperativity in all salt conditions; (4) deletions 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 (Fig.
7), suggesting that both processes are governed by the same forces and both driven by
linker-mediated interactions (Kozlov et al., 2010a, Su et al., 2014, Kozlov et al., 2015, Kozlov
et al., 2017, Harami et al., 2020). Yet, we and Harami et al. (Harami et al., 2020) show that
binding of even short lengths of ssDNA to SSB tetramers eliminates phase separation.
However, when SSB is bound to polymeric ssDNA, phase separation can be replaced by
NNN cooperative binding of SSB to ssDNA. In this sense, NNN cooperative binding of SSB
to polymeric ssDNA and phase separation of SSB alone can be viewed as competitive
processes. Since phase separation does not occur for SSB bound to ssDNA, the binding of

SSB to a polymeric ssDNA causes collapse of a single DNA molecule.

Glu
SSB = = 2 SSBPS
+ c +
DNA DNA
u Glu
(SSB-DNA)NC F—— (SSB-DNA)NNN
Cl-

Fig. 7. SSB LLPS and NNN cooperativity on polymeric ssDNA are driven by
the same forces. This scheme shows the various states of SSB and its complexes
with ssDNA: SSB is free SSB tetramer; SSBps is the SSB tetramer in the dense
condensate; (SSB-DNA)nc is SSB bound non-cooperatively to polymeric ssDNA,;
(SSB-DNA)nnn is SSB bound with non-nearest neighbor cooperativity to polymeric
ssDNA. Glutamate promotes and chloride inhibits both LLPS of free SSB as well as
non-nearest-neighbor (NNN) cooperative complexes on polymeric ssDNA.
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Biological implications of SSB phase separation.

It has been proposed that the propensity of E. coli SSB alone to undergo phase
separation and the loss of this ability upon binding ssDNA implicates phase separation of
SSB in vivo as a mechanism to sequester SSB until it is needed for DNA metabolism
(Harami et al., 2020, Yu et al., 2016). First, highly concentrated/condensed SSB can be
easily delivered to ssDNA. SSB has been reported to localize near the cell membrane (Zhao
et al., 2019), as well as at replication forks (Spenkelink et al., 2019). Second, it is possible
that SSB condensates may serve as vehicles to deliver myriad SSB interacting proteins
(SIPs) to their places of action on DNA. SIPs usually interact weakly (K¢~0.1- 1uM) with
SSB through the conserved acidic tip, (Kozlov et al., 2010b, Zhou et al., 2011, Shinn et al.,
2019). However, in SSB condensates SIP accumulation should increase due to the high
SSB concentrations (~ 4 mM) (Harami et al., 2020). In fact, Harami et al. (Harami et al.,
2020) showed that RecQ is enriched in SSB condensates in vivo. Third, dissolution of the
SSB condensates upon interaction with DNA could result in the immediate coating of the
ssDNA with SSB and result in the release of the SIPs to function on ssDNA. It is important
to note that the loss of the ability of SSB bound to ssDNA to undergo phase separation is
replaced by the ability of a single polymeric ssDNA molecule, when saturated with SSB, to
undergo compaction/condensation via NNN cooperative interactions of DNA bound SSB
tetramers. This, in turn, could bring together different proteins bound exclusively to SSB or

ssDNA for further action.

Materials and Methods

Reagents and buffers

Buffers were prepared with reagent grade chemicals and distilled water treated with

a Milli Q (Millipore, Bedford, MA) water purification system. Buffer T is 10 mM Tris, pH 8.1
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(25°C), 0.1 mM NasEDTA, Buffer P is 10 mM phosphate, pH 7.5 (25°C), 0.1 mM NasEDTA.
The final concentrations of monovalent salts (KGlu, KCI and NaCl, Sigma-Aldrich, reagent
grade) in the solutions were achieved by mixing with solutions of Buffer T or Buffer P
containing 1 M KGlu, 2 M KCI or 2 M NaCl. Single molecule imaging buffers (I) and (ll) are
10 mM Tris-HCI, pH 7.5, 1 mM DTT, and 0.2 mg/ml BSA (NEB B9000S) and 10 mM Tris-

HCI, pH 8.1, 0.5 mM 2-mercaptoethanol, respectively.

Plasmodium falciparum SSB (PfSSB), E. coli SSB protein (EcSSB) and its tail
variants (see Fig. 1) were expressed and purified as described (Antony et al., 2012, Kozlov
et al., 2015) including a new variant, SSB-Ktip in which 4 Asp in the tip sequence were
replaced with 4 Lys. All SSB proteins in this study form stable tetramers under all solution
conditions used in this study as determined by sedimentation velocity (Antony et al., 2012,
Kozlov et al., 2015). SSB-LD-Drl is an SSB dimer construct in which two OB folds of each
monomer are covalently linked using a 23 amino acid linker from DrSSB (Fig.1C(iii)) as
described (Antony et al., 2013) and thus possesses only two C-terminal tails (Fig.1C(iii)).
Protein concentrations were determined spectrophotometrically (Lohman and Overman,
1985) (buffer T, 0.20 M NaCl) using e280=1.13 x 10° M"' cm™ for wtSSB, SSBA151-166 and
SSBKtip; £280=8.98 x 10* M cm™ for SSBA130-166, SSBA120-166, SSB-AL and SSB-
EcPfEC; £250=9.58 x 10* M™" cm™ for PfSSB; and &280=1.01 x 10°> M* cm™ for SSB-LD-Drl

and are reported as SSB tetramer concentrations (or dimers in the case of SSB-LD-Drl).

Single stranded M13 mp18 DNA used for sedimentation velocity experiments was
from New England Biolabs (Catalog #N4040S). The concentration was determined
spectrophotometrically in buffer T + 0.10 M NaCl using e»ss = 7370 M' cm™
(nucleotide)(Berkowitz and Day, 1974). Low-complexity single stranded DNA substrates

used for the ssDNA curtains were prepared as described (Schaub et al., 2018, Zhang et al.,

2020). Briefly, 5 uM of phosphorylated template oligo IF239 (/5Phos/AG GAG AAA AAG
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AAA AAA AGA AAA GAA GG) and 4.5 uM biotinylated primer oligo IF238 (5/Biosg/TC TCC
TCC TTC T) were annealed in T4 ligase reaction buffer (NEB B0202S). The mixture was
heated to 75°C for 5 min and cooled to 4°C at a rate of =1°C min~". Annealed circles were
ligated with the addition of 1 uL of T4 DNA ligase (NEB M0202S) at room temperature for
~4 hours. Low-complexity ssDNA was synthesized in phi29 DNA polymerase reaction buffer
(NEB M0269S), 500 uM dCTP and dTTP (NEB N0446S), 0.2 mg mL™" BSA (NEB B9000S),
10 nM annealed circles, and 100 nM of home-made phi29 DNA polymerase. The solution
was mixed and immediately injected into the flow cell and incubated at 30°C for ~30 min.
ssDNA synthesis was quenched by removing excess nucleotides and polymerase with
imaging buffer (I). ssDNA was end-labeled with mouse anti-dsDNA primary antibody
(Thermo MA1-35346) followed by Alexa488-labeled goat anti-mouse secondary antibody

(Thermo A28175) in the flow cell.
Turbidity measurements.

Turbidity measurements were performed using a Cary-100 spectrophotometer
(Agilent, Santa Clara, CA) with a Temperature-Controller 550 and a 8x6 muliti-cell block-
750 thermostat accessory. Typically, low volume (140 uL) cells (1 cm pathway) were filled
with solutions containing protein and varied buffer/salt composition at a temperature above
the apparent phase separation transition temperature, Tps, where the solution is totally
transparent. Phase separation was monitored by following the increase in turbidity (light
scattering) at 600 nm upon continuous decrease of the temperature (0.2 °C/min). The
reversibility of the transitions was monitored by increasing the temperature at a rate of 0.2-

0.3°C/min.

Analytical sedimentation
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Sedimentation velocity experiments were performed as described (Kozlov et al.,
2015, Kozlov et al., 2017, Kozlov et al., 2019) with an Optima XL-A analytical ultracentrifuge
and An50Ti rotor (Beckman Instruments, Fullerton, CA) at 15000 rpm in buffer T, 25°C, with
the salt concentration and type as indicated. A constant DNA concentration (typically 25 uM)
was used and the protein/DNA ratios are indicated as Res=65X[Piot]/[DNA(NtS )ot], Where [Piot]
is the total SSB tetramer concentration and [DNA(nts). is the total DNA concentration in
nucleotides. The absorbance was monitored at 260 nm, which mainly reflects the
absorbance of the ssDNA, as the contribution of SSB to the absorbance at 260 nm is very
small compared to the DNA at protein/DNA ratio Res ~0.6 used in this study (Kozlov et al.,
2015, Kozlov et al., 2017, Kozlov et al., 2019). Data were analyzed using SEDFIT
(www.analyticalultracentrifugation.com) to obtain c(s) distributions (Dam and Schuck,
2004). The densities and viscosities at 25°C were calculated using SEDNTERP for KCI/NaCl

solutions and from van Holst et al. (van Holst et al., 2008) for KGlu solutions.

Single-molecule Fluorescence Microscopy

Flow cells were prepared as described (Soniat et al., 2017, Schaub et al., 2018). Briefly, a
4-mm-wide, 100-uym-high flow channel was constructed between a glass coverslip (VWR
48393 059) and a custom-made flow cell containing 1-2-pm-wide chromium barriers using
two-sided tape (3M 665). Single-molecule fluorescent images were collected with an
inverted Nikon Ti-E microscope using prism based TIRF microscopy. The sample was
illuminated with a 488 nm laser (Coherent Sapphire; 5 mW at front prism face). Fluorescent
imaging was recorded using electron-multiplying charge-coupled device (EMCCD) camera
(Andor iXon DU897). Subsequent images were exported as uncompressed TIFF stacks for

further analysis.

DNA ends were tracked using custom written FIJI scripts. Briefly, the intensity of

fluorescent spot located at the ssDNA end was fit to a two-dimensional Gaussian for sub-
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pixel particle localization. The trajectory of the center of the Gaussian was then plotted as a
function of time. The plateaus in length change were then averaged together to reveal the
corresponding length at different conditions. Kymographs were generated by taking a
single-pixel wide section for each individual DNA molecule. 200 nM protein in imaging buffer
(I) containing BSA was injected into the flow cell to generate EcSSB-coated ssDNA or
EcSSB-AL-coated ssDNA. Buffer exchange experiments were conducted in either imaging
buffer (1) or imaging buffer (I) supplemented with 300 mM KCI or 300 mM KGlu. All
experiments were conducted at 1 mL min™' flow rate at 37°C. Data were collected with a 50-

ms exposure at a 5 second frame rate.

Fluorescence imaging experiments (Fig. S1) were conducted with an Olympus IX83
Cell" equipped with three lasers, an image splitter (Olympus), an ANDOR iXon Ultra 897U
EMCCD camera (Oxford Instruments), a temperature controlled slide holder (Warner
Instruments TC-324C), and an objective heater (Warner Instruments TC-124A). A glass
flow-channel was coated with PEG-5000 surface to prevent non-specific bindings. The
experiments were performed in imaging buffer-(1l) at 5 uM unlabeled SSB (+20 nM of SSB
labeled with Cy5 at position A122C in the tail as described (Sokoloski et al., 2016)). The
sample was excited with a 640-nm laser, and the emission was passed through an
ET700/75M filter (Chroma). The data was recorded with a 30-ms exposure for 2000 frames

using the Olympus cellSens Dimension software.

Confocal fluorescence measurements (Fig. S2) were performed on a Picoquant MT200
instrument (Picoquant, Germany) using an Olympus microscope (Olympus I1X-73, Japan)
equipped with water immersion objective (60x 1.2 UPlanSApo Superapochromat, Olympus,
Japan). The Alexa 555 fluorescence was excited using a 485 nm pulsed laser (LDH PC-
485, Picoquant, Germany) and emitted photons were collected through the objective and
separated according to polarization using a polarizer beam splitter cube (Ealing, Scotts
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Valley, CA, USA) and further refined by a 642 + 40 nm bandpass filter (E642/80m, Chroma,
Bellows Falls, VT, USA). All measurements were performed in uncoated polymer coverslip
cuvettes (30 ul per well) (Ibidi, Germany) at 23 + 1°C in a temperature-controlled room.
Imaging was performed using both XY and Z monodirectional scanning with 1 ms collecting
steps with 256x256 pixel resolution. The experiments were performed in imaging buffer-(Il)
at 4 uM unlabeled SSB (+20 nM of SSB labeled with Alexa Fluor 555 at position A122C in

the tail as described (Sokoloski et al., 2016)).
Vapor pressure osmometry

Osmolalities of solutions of protein model compounds and/or KCI were measured on
Wescor Vapro 5600 Vapor Pressure Osmometers (VPO) calibrated as previously described
(Cheng et al., 2016, Knowles et al., 2015, Cheng et al., 2017). Differences in osmolality
(AOsm(m2,m3)) between a three-component solution (0Osm(m2,ms3)) and the corresponding

two-component solutions (Osm(mz), Osm(ms)) were calculated using Eq. 1:

AOsm(mz,m3)) = Osm(mz,m3) — (Osm(mz) + Osm(msz)) (1)

These AOsm(m2,m3) quantify the free energy consequences of interactions between the

two solutes in water, as shown in Eq. 2:

AOsm(my,m3) = E2m,ms, (2)

where p23 is the chemical potential partial derivative (du2/dms)rem2 Which quantifies the
preferential interaction of solute 3 (salt) with solute 2 (model compound), relative to
interactions with water (Robinson and Stokes, 1961, Capp et al., 2009, Cheng et al., 2020).
Hence the slope of a plot of AOs(m2,m3) vs. momsis p23/RT. In Eq. 2, the product m,m; is

the probability of an interaction of species 2 and 3, and %ﬁ‘ is the intrinsic strength of that

interaction.
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Solubility

The molal-scale concentration of naphthalene in the saturated solution (m3%) at 25
°C was determined as a function of KCI concentration by previously described methods
(Knowles et al., 2015, Cheng et al., 2017). Values were normalized by the fitted solubility
in the absence of KCI and the natural logarithm of the normalized solubility was plotted vs.
KCI molality, ms. The limiting value of the salt-naphthalene preferential interaction coefficient

w23 (i.e. the solubility “m-value”) is determined from the initial slope of this plot:

(6lnm‘2gs
oms;

) = — W3/RT 3)

Intrinsic Strengths of Interaction of KCI with Unified O, N, and C Atoms of Protein

Groups (a-Values)

Analysis of the set of u23 values for interactions of KCI with protein model compounds
yields intrinsic strengths of interaction (designated a-values) of KCI with a unit area (ASA)
of the various types (hybridization states, functional group context) of C, N, and O unified
atoms of proteins. (Unified C, N and O atoms include all covalently bonded hydrogens).
Details of this analysis for salts and other solutes have been described (Cheng et al., 2016,
Cheng et al.,, 2017). A negative (positive) a-value indicates a favorable (unfavorable)
interaction of KCI with that atom-type. This analysis has been used to quantify interactions
of a wide range of biochemical solutes with unified atoms of proteins and nucleobases, and
thereby predict or interpret effects of these solutes on protein and nucleic acid processes
(Sengupta et al., 2016, Sengupta et al., 2017). a-Values are obtained by dissection of 23
values into additive contributions a;ASA; where ASAiis the water accessible surface area of
one of the six types of unified atom (where the index i (1 < i < 6) represents aliphatic sp°C,
aromatic and amide sp?C, amide sp?N, cationic sp?N and sp®N, amide sp?O, anionic

(carboxylate) sp?0) on the model compounds.
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Uaz = X a;ASA; (4)

These ASA values have been reported (Cheng et al., 2016, Cheng et al., 2017). The set of
uo3 values (19 in this case) is much larger than the number of a; values (6) being
determined, testing the assumption of additivity in Eq. 4 and yielding unique determinations
of the a; values by multiple linear regression. Values of a; for KGlu interactions with these
six types of protein unified atoms have been reported (Cheng et al., 2016). Reported
uncertainties for uz3 are one standard deviation based on the fitting error, and for a-values

are the propagated uncertainty (Knowles et al., 2015).
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Supplemental Information

Fiber formation
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Figure S1. Microscopic observations support formation of liquid phase

droplets in the range of linear increase of turbidity and formation of solid
phase at the maximum of turbidity curve.

Change in turbidity (OD at 600 nm) of a wtSSB protein solution (5 uM) (buffer T, 0.20 M
KGlu) measured upon decreasing temperature from 35°C to 3°C and reflecting formation
liquid-liquid phase at temperatures below Trs=30.1°C. Superimposed with the turbidity curve
are microscopic images of a 5 uM SSB solution containing 20 nM of SSB labeled with Cy5
(buffer T, 0.20 M KGIlu ) at 27.5°C and 22.5°C using TIRF confocal microscope (see
Materials and Methods) and reflecting appearance of liquid droplets in the linear part of

turbidity curve and fibril like structures at the maximum of turbidity change, respectively.
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Figure S2. DNA binding to SSB inhibits phase separation.

(A) Turbidity curves for SSB alone (4 uM, green) and for preformed SSB:dTss7o =1:1
complexes (15 yM, magenta) obtained upon decreasing temperature in the range from 35°C
to 3°C with a rate of 0.2 °C/min (buffer T, 0.1M KGlu). (B) Microscopic images of 4 uM
solution of SSB (+ 20 nM of SSB labeled with Alexa 555; exc: 485 nm, em: 642440 nm)
obtained for (i)- SSB alone; (ii)- and upon addition of 2 yM dT3s, and (iii)- addition of 4 yM
dTss (buffer T, 0.1M KGlu). The images were obtained at room temperature, ~23°C, in the

region of intermediate turbidity (as indicated by the arrow in panel A).
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Figure S3. Salt concentration and type regulate non nearest-neighbor (NNN)
cooperative binding of wtSSB to M13-ssDNA (modified from Fig. 3 of Kozlov et
al(Kozlov et al., 2017)). Highly cooperative SSB-ssDNA binding persists in high [KGlu], but
is diminished in high [KCI]. Representative sedimentation velocity c(s) distributions
converted to 20 °C, water conditions for wtSSB-M13ssDNA complexes at protein to DNA
ratio: Res = 0.56 (blue), where Res = [SSBietr,tot] X 65/[M13sSDNAns tot]. M13ssDNA alone (25
MM nts) is shown in green. (a) — 10 mM KClI, (b) — 10 mM KGlu, (c) — 0.20 M KCl, (d) — 0.20
M KGlu, (e) — 0.50 M KCl and (f) — 0.50 M KGlu.
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Figure S4. Change in salt concentration and type have little or no effect on

the length of unbound ssDNA.

(A) Representative kymograph (top) and single-particle tracking (bottom) showing the
effects of salt on ssDNA end (green). Dashed orange lines denote when the buffer was
switched. (B) Correlation between ssDNA lengths at 0 and 300 mM KCI (black), and at 0
and 300 mM KGlu (red). The solid lines are a linear fit to the data (N = 11 molecules). The

dashed line represents a slope of 1. (C) Correlation between ssDNA lengths at 300 mM KCI

and 300 mM KGlu (orange).
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Figure S5. Determinations of p23 for Interactions of KCI with Protein Model Compounds
by Osmometry and Solubility Assays. In Panels A — C, osmolality differences AOsm
(defined in Eq. 1) at 23 °C are plotted as a function of the product of molalities of KCI (m3)
and the model compound (m2) according to Eq. 2 and p23 is obtained from the slope. In
Panel D, the logarithm of the normalized solubility of naphthalene (m;55/m,55°) at 25 °C is

plotted vs the molal concentration of KCI (m3) according to Eq 3 and p2s is obtained from the

slope.
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Figure S6. Predicted vs Observed p2; Values for KCI. Values are listed in table S1. The

dashed line represents agreement between predicted and observed 23 values.

53


https://doi.org/10.1101/2022.01.17.476650

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.17.476650; this version posted January 18, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Table S1. Values of p23 at 23 °C for KCI- model compound interactions
and comparison with KGlu (Cheng et al., 2016). Three compounds with
primarily amide ASA are listed first. Other compounds are listed in order
from the most favorable to the most unfavorable interaction with KCI.

Units of yz3 are cal mol' m™.

KCI KGlu
Model
Compound Observed Predicted | Observed Predicted
formamide 615 40+ 6 * *
malonamide -57 5 -31+10 48 + 2 77 +13
urea -28+3 -39+ 10 312 -6+ 11
glycine -77+£6 -72 £ 10 -50 £ 4 -38+8
alanine -49+6 -38 £ 10 29+2 24 +8
valine 20+ 4 16 + 11 1175 1098
proline 25+4 -3+ 11 1614 160+ 7
glycine betaine 28 +1 45 + 11 202 +4 204 +7
methylurea 393 407 1116 121+ 8
acrylamide 405 215 * *
propionamide 515 637 174 £ 6 176 £ 7
methylacetamide 80 £ 12 97 +7 * *
1,3-dmu 95+4 119+8 2495 248 + 6
ethylurea 96 +3 69 +8 * *
1,1-dmu 1114 807 * *
aama 134 £ 4 116 £ 11 406 + 6 390 = 11
1,3-deu 151+3 177 £10 348 7 3507
1,1-deu 154 + 2 134+ 9 284 +4 292+8
benzene * * 291 £ 11 265+ 8
naphthalene 203 12 207 4 322+14 34210

*not determined
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Table S2. Intrinsic Strengths (a-Values) for Interactions of KCI with

O, N, C Unified Atoms of Protein Model Compounds

Unified Atom (Type, KCI a-value KGlu a-value?
Hybridization) (cal mol"' m'A-?) (cal mol"' m'A-?)
Amide sp?0 -1.85 +0.05 0.76 £ 0.15
Amide sp®N 0.34 £0.07 -0.39 £ 0.07
Carboxylate sp?0O -1.84 +0.11 0.37 £0.07
Cationic sp®N,sp®N 0.55 +0.04 -1.87 +£0.07
Aliphatic sp3C 0.86 £ 0.04 1.34 £ 0.02
Aromatic sp°C 0.76 £ 0.02 1.25+£0.04

2 (Cheng et al., 2016)
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Table S3. Contributions to Effects of KGlu and KCI on Tps From
Interactions of these Salts with G Backbone and Q,N Side Chain
Amide Groups

Amide Residue G backbone Q, N side chain
Contribution to PS
Amide O ASA (A?) 28 A? 45 A?
Amide N ASA (A?) 17 A? 53 A?
KCI-Amide O +52 cal mol'* m' | +83 cal mol”' m™’

Contribution to PS

KCI-Amide N -6 cal mol' m™" -18 cal mol”' m™"
Contribution to PS

Net KCI-Amide O,N +46 cal mol'* m™' | +65 cal mol"' m""
Contribution to PS

K-Glu Amide O -21 calmol" m™' | -34 cal mol'' m"
Contribution to PS

KGlu-Amide N +7 calmol'm? | +21 cal mol'' m™*
Contribution to PS

Net KGlu-Amide O,N | -14 cal mol'* m™* | -13 cal mol'* m™’
Contribution to PS

Total Possible KCI + 3.1 kcal mol* | +3.6 kcal mol' m-
Contribution per SSB m-’ 1
tetramer?

Total Possible KGlu | -1.0 kcal mol™" m™ | -0.7 kcal mol”' m™"
Contribution per SSB 1

tetramer?

@ From salt interactions with 17x4 G amides and 14x4 Q,N side-chain amides.
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