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Abstract

Redb is a protein from bacteriophage k that binds to single-stranded DNA (ssDNA) to promote the anneal-
ing of complementary strands. Together with k-exonuclease (k-exo), Redb is part of a two-component
DNA recombination system involved in multiple aspects of genome maintenance. The proteins have been
exploited in powerful methods for bacterial genome engineering in which Redb can anneal an electropo-
rated oligonucleotide to a complementary target site at the lagging strand of a replication fork. Successful
annealing in vivo requires the interaction of Redb with E. coli single-stranded DNA-binding protein (SSB),
which coats the ssDNA at the lagging strand to coordinate access of numerous replication proteins. Pre-
vious mutational analysis revealed that the interaction between Redb and SSB involves the C-terminal
domain (CTD) of Redb and the C-terminal tail of SSB (SSB-Ct), the site for binding of numerous host pro-
teins. Here, we have determined the x-ray crystal structure of Redb CTD in complex with a peptide cor-
responding to the last nine residues of SSB (MDFDDDIPF). Formation of the complex is predominantly
mediated by hydrophobic interactions between two phenylalanine side chains of SSB (Phe-171 and
Phe-177) and an apolar groove on the CTD, combined with electrostatic interactions between the C-
terminal carboxylate of SSB and Lys-214 of the CTD. Mutation of any of these residues to alanine signif-
icantly disrupts the interaction of full-length Redb and SSB proteins. Structural knowledge of this interac-
tion will help to expand the utility of Redb-mediated recombination to a wider range of bacterial hosts for
applications in synthetic biology.

� 2024 The Authors. Published by Elsevier Ltd.
Introduction

Redb is a 261-amino acid (Mr 29.6 kDa) protein
from bacteriophage k that binds to single-stranded
DNA (ssDNA) to promote the annealing of
complementary strands.1,2 It functions together with
an exonuclease (k-exo) as part of a two-component
DNA recombination system with potential roles in
replication, genome packaging, repair of double-
rs. Published by Elsevier Ltd.
stranded DNA (dsDNA) breaks, and promotion of
genetic diversity.3,4 A schematic overview of the
system is shown in Figure 1. First, k-exo binds to
dsDNA ends and resects the 50-strand to form a
long 30-overhang.5–7 Redb then assembles on the
30-overhang to promote its annealing with a comple-
mentary DNA strand. The two proteins form a com-
plex that is thought to mediate loading of Redb
directly onto the 30-overhang as it is generated by
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Figure 1. Overview of protein–protein interactions
involved in Red recombination. (A) The k-exo trimer
(yellow) binds to double stranded DNA ends and
processively digests the 50-strand to form a 30-overhang.
An interaction with the CTD loads Redb directly onto the
ssDNA as it is formed by k-exo. (B) Redb forms an
oligomeric complex on ssDNA via it’s N-terminal DNA-
binding domain. A similar type of complex can form on
an electroporated oligonucleotide, without involvement
of k-exo16,17 (C) An interaction of the CTD with the C-
terminal tail of SSB (red tip at the end of the black tail)
brings the Redb-ssDNA complex to the replication fork,
where it can scan the lagging strand for a complemen-
tary sequence to anneal with. The magenta circle
indicates the crystallized complex containing the CTD
and the SSB C-tail peptide.
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k-exo.8,9 Binding of Redb to k-exo is mediated by its
C-terminal domain (CTD, residues 194–261),
whereas its N-terminal domain (NTD, residues 1–
177) is responsible for DNA-binding and
oligomerization.10,11

Homologs of k-exo and Redb are encoded in the
genomes of a wide variety of bacteriophage with
dsDNA genomes.12 While their precise roles for
phage propagation have been elusive, the proteins
have been exploited in powerful methods for bacte-
rial genome engineering known as recombineering
and multiplexed automated genome engineering
(MAGE).13–15 In one type of recombineering called
single-strand oligonucleotide repair (ssOR), a syn-
thetic oligonucleotide that is complementary to a
target site but encodes an alteration is electropo-
rated into E. coli cells expressing Redb. Redb then
binds the oligonucleotide and anneals it to a target
site exposed as ssDNA at the lagging strand of a
replication fork.16,17 Redb forms a protein–protein
interaction with E. coli SSB protein,18 which coats
the ssDNA at the lagging strand to protect it from
degradation and coordinate access of numerous
proteins involved in replication19–21 (Figure 1C).
Mutational analysis indicates that this interaction
involves the acidic C-terminal tail of SSB (C-tail)
and a site on Redb CTD that overlaps with its k-
exo binding site.18 Mutations that disrupt the
Redb-SSB interaction completely abolish oligonu-
cleotide recombination in vivo.18 This suggests that
for a Redb–ssDNA complex to gain access to the
complementary target site on the lagging strand, it
must interact with the SSB C-tail to either displace
SSB and expose the ssDNA at the target site or
co-localize to the lagging strand and compete with
SSB for the target site.
Here, we have determined the x-ray crystal

structure of the Redb CTD in complex with a
peptide corresponding to the last nine residues of
SSB (SSB-Ct, residues 169–177, MDFDDDIPF).
All nine residues of the SSB peptide are ordered
in the complex and bind to the expected
hydrophobic groove on the surface of the CTD,
largely through the insertion of two phenylalanine
side chains of SSB (Phe-171 and Phe-177), as
well as electrostatic interactions with the SSB C-
terminal carboxylate. Mutation of residues forming
key interactions in the structure to alanine
significantly disrupts the complex formed by the
full-length proteins, suggesting that the
interactions seen in the crystal structure are
functionally relevant. A dimeric form of the CTD–
SSB-Ct complex was observed in all four crystal
forms, but native mass spectrometry (nMS) did
not detect the presence of the dimeric complex in
solution. nMS also revealed that the complex
between the CTD and the SSB-Ct peptide is
weak, suggesting that further interactions or
oligomeric assemblies may be relevant in vivo.
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Structural knowledge of the complex helps to
explain prior data on the ability of Redb and
orthologous proteins to operate in bacterial hosts
with different C-terminal sequences of their SSB
proteins.22

Results

Crystal structure of Redb CTD in complex with
SSB-Ct peptide

For structural analysis, attempts to crystallize full-
length Redb with the SSB-Ct peptide did not yield
crystals, likely due to flexibility between the Redb
N- and C-terminal domains and/or the non-uniform
oligomerization of Redb that has been detected by
nMS.23 Since mutational data suggests that the
interaction involves the CTD of Redb and the C-
tail of SSB,18 we focused on just the CTD–SSB-Ct
complex for crystallization, as indicated by the
magenta circle in Figure 1C, and found numerous
conditions that gave large single crystals. All these
conditions required the presence of the peptide for
growth and contained high concentrations of salt
as themain precipitant, suggesting that the complex
may be stabilized to a significant degree by
hydrophobic interactions. Diffraction data from four
different crystal forms was collected at Beamline
31-ID of the Advanced Photon Source and refined
to resolutions ranging from 1.5-1.8 �A resolution
(Table 1).
The four crystal forms reveal essentially the same

structure, with all nine residues of the SSB-Ct
peptide visible in the electron density and bound
to the expected groove on the surface of the CTD
(Figure 2). The N-terminal tryptophan of the
peptide, which was added for concentration
measurement, was also ordered in the complex
but formed few interactions. As the resolution and
refinement statistics are best for Form 1, it will be
described here. The CTD–SSB-Ct peptide
interaction buries 1078 �A2 of solvent-accessible
surface area. The peptide is bound in a
conformation with some degree of internally folded
structure, with the side chains of Met-169 and Ile-
175 in contact with one another and residues
170–174 bulging out to form a U-shape
(Figure 2A). This conformation is partially
stabilized by intra-peptide hydrogen bonds
between the backbone carbonyl of Asp-170 and
the backbone amide of Asp-173, the side chain
carboxylate of Asp-170 and the backbone amides
of Asp-172 and Asp-173, and the side chain
carboxylate of Asp-173 and the backbone amide
of Asp-170 (see dashed purple lines in Figure 2A).
The most prominent interactions of the complex

are the insertions of the phenyl rings of Phe-171
and Phe-177 of SSB-Ct into a hydrophobic groove
on the CTD that is formed by all three of its a-
helices (Figure 2). The phenyl ring of Phe-177 of
SSB-Ct inserts into a pocket formed by the side
chains of several apolar residues of the CTD
3

including Leu-209, Leu-212, Leu-220, Leu-223,
Phe-249, Leu-250, and the aliphatic portions of
Lys-214 and Asp-219. The phenyl ring of Phe-171
of SSB-Ct inserts into an adjacent pocket on the
CTD formed by the side chains of Leu-220, Leu-
223, Cys-224, Ile-227, Phe-228, Phe-249, and
Ala-246. Leu-220, Leu-223 and Phe-249 of the
CTD are part of both pockets and bridge the two
(Figure 2A and B). The side chain of Ile-175 of
SSB-Ct is not buried as deeply as Phe-171 and
Phe-177 but does form hydrophobic interactions
with Leu-223, Ile-227, and Phe-249 of the CTD.
The complex is also stabilized by electrostatic

interactions. Most prominent is an ion pair
between the C-terminal carboxylate of Phe-177 of
SSB-Ct and the terminal amine of Lys-214 of the
CTD. Lys-253 of the CTD is also close to the C-
terminus of the SSB-Ct peptide as predicted18 but
contacts the backbone carbonyl of Ile-175 of SSB-
Ct instead of the C-terminal carboxylate. Lys-253
also forms a distant (3.7 �A) ion pair with the car-
boxylate of Asp-174 of SSB-Ct, although the two
side chains are solvent-exposed and flexible based
on their relatively high temperature factors. The side
chains of the remaining residues of SSB-Ct, includ-
ing Met-169, Asp-170, Asp-172, Asp-173, and Pro-
176 generally point away from the CTD and do not
form close interactions with it. The carboxylates of
Asp-170 and Asp-172 do, however, form potential
long-range electrostatic interactions (8–11 �A) with
a positively charged surface of the CTD formed in
large part by Arg-229 and Lys-245 (Figure 2B).
As expected, SSB-Ct binds to a site on the CTD

that overlaps significantly with the site for binding
to k-exo (Figure 3). Accommodation of the two
different ligands is accompanied by minor
changes to side chains of residues lining the
apolar cleft on the CTD, which reorient in the
complex with SSB-Ct to accommodate the
different binding partner. The two largest side
chain movements occur in Phe-249 and Lys-253
of the CTD (Figure 3B). Reorientation of the Phe-
249 side chain opens a new pocket on the CTD
that allows for insertion of the phenyl ring of Phe-
171 of SSB-Ct. This pocket is not occupied by k-
exo in its complex with the CTD. Similarly, Lys-
253 of the CTD reorients to allow the C-terminal
carboxylate of SSB-Ct to move in and contact
Lys-214 of the CTD, and Lys-253 to contact Asp-
174 and the backbone carbonyl of Ile-175 of SSB-
Ct. Overall, SSB-Ct and k-exo contact partially,
but not completely, overlapping surfaces on the
CTD, and the contours of the CTD surface change
in the two structures due to side chain movements
that accommodate the different binding partners.

Structure of a Redb CTD–SSB-Ct dimer

All four crystal forms contain the same C2-
symmetric dimer of the CTD–SSB-Ct complex
(Figure 4), either in the asymmetric unit (Forms
1,2,4), or along a crystallographic 2-fold (Form 3).



Table 1 X-ray data collection and structure determination statistics.

Form 1 (Na/K PO4) Form 2 ([NH4]2[SO4]) Form 3 (Na citrate) Form 4 ([NH4]2[PO4])

PDB 8TFU 8TG7 8TG8 8TGC

Data Collection

Wavelength (�A) 0.97930 0.97930 0.97930 0.97931

Resolution range

(high bin) (�A)

1.48–35.44

(1.48–1.59)

1.78–49.41

(1.78–1.89)

1.58–49.53

(1.58–1.68)

1.48–35.64

(1.48–1.64)

Space Group P212121 P212121 P41212 P212121

Unit Cell

a, b, c (�A) 37.8, 68.3, 70.9 38.3, 69.2, 70.5 70.0, 70.0, 38.4 37.6, 67.9, 71.3

a,b,c (�) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Completeness-ellipsoidal (high bin) (%) 91.9 (52.5) 92.8 (41.8) 91.1 (40.9) 85.1 (52.5)

Completeness-spherical (high bin) (%) 80.1 (21.2) 86.5 (25.5) 84.6 (24.3) 63.3 (12.2)

Unique reflections/total 25,018 / 154,349 16,243 / 101,937 11,588 / 141,963 19,557 / 109,757

Multiplicity 6.2 (6.1) 6.3 (6.8) 12.3 (11.8) 5.6 (3.1)

I/rI 14.1(1.2) 15.1 (1.3) 18.8 (1.2) 13.4 (1.4)

Rmerge (all I+ & I-) (%) 0.062 (1.22) 0.055 (1.40) 0.054 (2.12) 0.074 (0.699)

Rpim (all I+ & I-) (%) 0.027 (0.526) 0.024 (0.576) 0.022 (0.857) 0.033 (0.475)

Refinement

Resolution (�A) 1.48–34.15 1.77–49.41 1.58–49.53 1.48–35.66

CTD Subunits per A.U. 2 2 1 2

Rwork/Rfree (%) 18.4 / 22.4 18.4 / 23.8 20.5 / 23.8 20.4 / 26.0

r.m.s. deviations

Bonds 0.012 0.011 0.011 0.009

Angles 1.7 1.6 1.7 1.6

Ramachandran Stats

Favored (%) 98.7 97.2 97.3 98.7

Allowed (%) 1.3 2.8 2.7 1.3

Disallowed (%) 0 0 0 0

No. atoms 1,405 1,323 654 1,469

Protein 1,074 1,040 516 1,074

Peptide 184 184 92 184

Water 147 99 46 211

Mean B Factors (�A2)

Protein 31.0 42.2 46.7 22.9

Peptide 46.5 54.7 63.0 37.9

Water 44.4 55.2 55.9 36.4
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The dimer buries 1,027 �A2 of total solvent
accessible surface area, 223 �A2 between the two
protein chains, 394 �A2 between the two peptides,
and 631 �A2 by cross protein-peptide interactions.
Thus, the dimer is largely held together by
interactions involving the two SSB-Ct peptides.
Specifically, the side chains of Met-169, Ile-175,
and Pro-176 of the two peptides come together to
form hydrophobic interactions about the 2-fold axis
(Figure 4B). Limited interactions involving the two
CTDs are also formed. Most prominently, Gln-226
of the CTD forms a bi-dentate pair of hydrogen
bonds with the backbone amide and carbonyl of
Met-169 of the peptide from the neighboring
complex (Figure 4C). Each Gln-226 side chain
also forms a hydrogen bond with the backbone
carbonyl of Gln-226 of the other subunit of the
dimer. These interactions form a network of
hydrogen bonds that is repeated about the 2-fold
axis of symmetry. The N-terminal tryptophan of
the SSB-Ct peptide forms some van der Waals
interactions at the dimer interface, particularly with
4

the side chain of Pro-222 on the CTD. The
tryptophan was added to the peptide as a handle
to measure its concentration and thus the
interactions it forms would not be relevant to the
native CTD–SSB complex.
To determine if the dimer of the CTD–SSB-Ct

complex exists in solution, nMS was performed on
the CTD alone and in complex with SSB-Ct
peptide. For these experiments, the peptide did
not contain the extra N-terminal Trp residue that
was used for crystallization, as it would not be
present in the physiologically relevant complex.
Moreover, both 9-mer and 15-mer versions of the
SSB-Ct were tested, to determine if extending
further back into the SSB sequence affects
complex formation. The 9-mer peptide grew
crystals with the CTD to result in essentially the
same structure described above, indicating that
the extra Trp residue did not affect the structure. It
is therefore reasonable to directly compare the
nMS data to the crystal structures. The 15-mer
peptide on the other hand did not form crystals



Figure 2. Structure of the Redb CTD in complex with SSB-Ct peptide. (A) View of the complex with the CTD in
yellow ribbon and the SSB-Ct peptide in green. Hydrogen bonds within 3.7 �A are shown as dashed magenta lines.
The 1.5�A resolution 2Fo-Fc electron density map is contoured around the peptide in grey mesh. The sequence of the
SSB-Ct peptide is shown below the structure with the two key phenylalanine residues underlined. (B) Electrostatic
molecular surface view of the CTD with positively charged regions in blue and negatively charged regions in red.
Notice that the side chains of Phe-171 and Phe-177 of SSB-Ct insert deeply into two adjacent apolar pockets on the
CTD. Also notice that the four negatively charged aspartate residues and C-terminal carboxylate of SSB-Ct form
potentially favorable electrostatic interactions with positively charged residues of the CTD (labeled in yellow).
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with the CTD, suggesting that some or all the
additional six residues may be disordered in the
complex.
nMS of the CTD alone in 200 mM ammonium

acetate revealed that it is fully monomeric at 1 lM
and 5 lM, but forms a small amount of dimer at
10 lM, around 10% of total species detected
(Figure 5). This small amount of dimer could
5

conceivably be due to non-specific binding in
nano-electrospray ionization (nanoESI), as
opposed to specific dimer formation in solution.
The experimental masses of the CTD monomer
and dimer matched (within 1 amu.) those
calculated from the amino acid sequence of the
CTD, indicating that the purified protein is fully
intact and unmodified.



Figure 3. Structural comparison of the complexes of Redb CTD with SSB-Ct and k-exo. (A) Structure of the k-
exo trimer (subunits in green, cyan, and wheat) in complex with three copies of Redb CTD (pink). Each CTD contacts
only one k-exo subunit at a time (as indicated by the arrow). Structural coordinates are from PDB ID 6M9K.18 (B)
Superposition of the CTD bound to SSB-Ct (yellow and green) and to the k-exo trimer (pink and cyan). The close-up
view is of the boxed region in panel A from the direction indicated by the arrow in panel A. The SSB-Ct peptide is
shown with all side chains in green. Selected side chains of the CTD and k-exo are shown. Notice that Phe-249 of the
CTD adopts different orientations to accommodate Phe-171 of SSB-Ct (yellow side chain) or Phe-94 of k-exo (pink
side chain). Phe-177 of SSB-Ct binds to approximately the same pocket on the CTD as Phe-94 of k-exo, while Phe-
171 of SSB-Ct plugs into a new pocket on the CTD formed by the re-orientation of Phe-249.
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nMS of the CTD–SSB-Ct complex was first
performed under conditions like those used for
crystallization. Specifically, the CTD and SSB-Ct
were mixed at concentrations of 1.06 and 1.7 mM,
respectively (a molar ratio of 1 to 1.6), and then
diluted to 10 lM and 16 lM in 800 mM ammonium
acetate to mimic the high salt conditions of the
crystals. Surprisingly, only a very small amount of
the CTD–SSB-Ct complex was detected, and
nearly all the CTD protein was present as a
monomer that was unbound to peptide
(Figure 6A). The small amount of CTD–SSB-Ct
complex detected, �1% of the total CTD, was
present as a monomer, and no dimeric complex
was detected. Analysis of the complex of the CTD
with the 15-mer SSB-Ct peptide at double the
concentration (20 lM CTD and 32 lM 15-mer
peptide) yielded similar results, with �6% of the
CTD complexed with SSB-Ct peptide as a
monomer, and no observation of dimer
(Figure 6B). Lastly, the concentration of
ammonium acetate was lowered to 200 mM to
better mimic physiological ionic strength and
tested with 1.5 lM CTD and a 10-fold excess of 9-
mer SSB-Ct (15 lM). Again, only a very small
amount of CTD–SSB-Ct complex was observed
(�3% of the total CTD), which was fully
monomeric (Figure 6C).
In summary, nMS indicates that the CTD exists

predominantly as a monomer at concentrations
ranging from 1 � 20 lM, both alone and when
6

mixed with the SSB-Ct peptide (9-mer and 15-
mer). The dimeric version of the CTD–SSB-Ct
complex present in the crystal structures was not
observed. nMS further indicates that the SSB-Ct
peptide binds to the CTD with an affinity
significantly weaker than 20 lM. This result is
consistent with previous data from fluorescence
anisotropy titrations indicating that while full-length
Redb binds to fluorescein-labeled SSB-Ct peptide
with an apparent Kd of 11 lM, the CTD resulted in
only a slight increase in anisotropy that could not
be fit to a binding curve.18 For the CTD, the lack
of anisotropy increase could be due to its smaller
size (10 kDa) and lack of oligomerization, as the ani-
sotropy increase is strongly dependent on change
in mass. By contrast, full-length Redb (32 kDa)
can form oligomers as large as 12-mers to produce
much larger complexes.23 However, preliminary
nMS experiments with full-length Redb and SSB-
Ct also indicate an unexpectedly weak interaction
(data not shown).
Mutational analysis of the Redb–SSB-Ct
interaction

To evaluate the functional significance of the
complex seen in the crystal structures, residues of
the CTD and SSB-Ct that make key interactions in
the structure were mutated to alanine in the
respective full-length proteins and tested for
complex formation using a Ni-spin pull-down



Figure 4. Structure of the Redb CTD–SSB-Ct dimer. The three panels show three different orientations of the
dimer: (A) Front, (B) Bottom, (C) Top. The boxed panels to the right show close-up views in each orientation with side
chain interactions shown in stick form. A network of hydrogen bonds involving Gln-226 of each CTD is shown in
dashed lines in panel C. The views in panels B and C are looking down the 2-fold axis from the bottom and top,
respectively.
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assay. In this assay, N-terminally 6His-tagged SSB
(6His-SSB) and un-tagged Redb were expressed in
separate cultures of BL21-AI E. coli, and harvested
cells were combined prior to sonication to form a
mixed-cell lysate that was clarified by
centrifugation and loaded onto a Ni-NTA spin
column. A positive control shows that 6His-SSB
effectively pulls down un-tagged Redb such that a
purified complex elutes with 500 mM imidazole
(Figure 7A, top row, lane “E”). By contrast, the
individual F171A and F177A mutations in SSB
that remove key hydrophobic interactions almost
completely disrupt the complex, as little to no
band for un-tagged Redb was present in the
respective elutions. The F177A mutation was
tested previously with a similar result.18 The I175A
7

mutation in SSB partially disrupts the complex, in
concordance with the side chain of I175 being only
partially buried at the interface. By contrast, muta-
tions at five residues of SSB that do not make close
interactions with the CTD in the complex, including
M169A, D172A, D173A, D174A, and P176A have
little if any effect on complex formation, as normal
bands for un-tagged Redb were present in the
respective elutions. It is particularly noteworthy that
the P176A mutation does not destabilize the com-
plex, indicating that proline at this position does
not impart any unique conformational properties to
SSB-Ct that are required for binding. The lack of
effects of P176A and M169A also suggest that the
dimer interaction seen in the crystal structures is
not important for binding of the full-length proteins,



Figure 5. nMS of Redb CTD. CTD protein was dialyzed into 200 mM ammonium acetate pH 7.0 and analyzed by
nMS with the following settings: R6k, IST30, TG1, low ion transmission. Notice that the CTD is fully monomeric at 1
and 5 mM, while some dimer is formed at 10 mM, possibly due to non-specific binding when high concentrations of
CTD are present in a single droplet. The experiments shown are representative of multiple experiments under
different conditions, which all lead to similar conclusions.
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as these residues of SSB (along with Ile-175) form
much of the dimer interface. Unexpectedly, D170A
results in partial disruption of the complex, despite
Asp-170 not forming any close interactions with
8

the CTD in the complex. Although Asp-170 could
potentially form long-range electrostatic interactions
with the underlying positively charged surface of the
CTD that includes Lys-245 (Figure 2A), the distance



Figure 6. nMS of Redb CTD in complex with SSB-Ct peptide. (A) The CTD–SSB-Ct complex was prepared by
mixing 1.06 mM CTD with 1.7 mM CTD 9-mer peptide, and then diluted to 11/17 mM in 800 mM ammonium acetate.
(B) The CTD–SSB-Ct complex was prepared as in panel A except with 15-mer peptide and at double the final
concentration (20 mM CTD and 32 mM peptide). (C) The complex was prepared with 1.5 mM CTD and a 10-fold excess
of 9-mer peptide (15 mM) in 200 mM ammonium acetate. All samples were analyzed by nMS with the following
settings: R50k for A and B, R3k for C, IST5, TG1, low ion transmission. The experiments shown are representative of
multiple experiments under different conditions, which all lead to similar conclusions.
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Figure 7. Mutational analysis of the Redb–SSB interaction by Ni-spin pull-down. Separate batches of E. coli
cells expressing untagged Redb and 6His-tagged-SSB were mixed and lysed by sonication. The soluble portions of
the lysates were loaded onto Qiagen Ni-NTA spin columns, washed four times with 30 mM imidazole (lanes labeled
W1, W4 for the first and fourth washes), and eluted with 500 mM imidazole (lanes labeled E). An interaction between
the two proteins is seen by co-elution of un-tagged Redb with 6His-tagged-SSB in lane E. Protein variants of Redb
and SSB are indicated in red to highlight them, and variants deemed to have significantly disrupted the complex are
indicated by an asterisk. None of the mutations had noticeable effects on soluble expression of the proteins, as
essentially equivalent bands are seen for each protein when the whole cell (“WC”) and soluble (“SOL”) portions of
each cell lysate were loaded. The experiments for each protein variant were performed at least twice with similar
results.
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of 8.3�A between these residues is too far to account
for the disruption of the interaction seen for D170A
in the pull-down.
Several residues that line the apolar cleft on the

Redb CTD are involved in the interaction with
SSB-Ct. We tested seven of them: L223, I227,
F228, F249, and L250 that make hydrophobic
interactions with F171 and/or F177 of SSB-Ct, and
K214 and K253 that make electrostatic
interactions with the C-terminal carboxylate and
peptide backbone of SSB-Ct, respectively.
Mutation of any of these seven residues to alanine
significantly disrupts the complex formed by full-
length Redb and SSB proteins (Figure 7B).
10
Together, the mutational data strongly support
the conclusion that the interactions observed in
the crystal structure are relevant to the complex
formed between the full-length Redb and SSB
proteins in solution. Mutations at residues that
make close contacts in the structure significantly
disrupt the complex, while nearly all the mutations
at residues that don’t make substantial contacts
have little to no effect (D170A being an
exception). All our mutations were to alanine, and
thus involved simple removal of side chain
interactions as opposed to stronger mutations
such as charge reversals or insertions. This
suggests a relatively weak association that is
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sensitive to loss of virtually any of the individual
stabilizing interactions, consistent with the
moderate affinity of the Redb–SSB-Ct complex
(Kd = 11 lM) measured previously by
fluorescence anisotropy.18

Importantly, none of the mutations significantly
altered the expression or solubility of either
protein, as similar bands were seen in the whole
cell (WC) and soluble (SOL) portions of the cell
lysates for each protein variant (Figure 7). This
suggests that the mutations do not dramatically
alter the folding or solubility of the respective
proteins. An advantage of the Ni-spin pull-down
method is that it does not require protein
purification and thus allows for multiple variants,
16 in our case, to be assessed. The pull-down
also mimics cellular conditions as it is performed
in the presence of other cellular components from
the lysate and at close to physiological ionic
strength (50 mM sodium phosphate, 300 mM
NaCl, 10–30 mM imidazole, pH 8.0).

Conservation analysis of the CTD

To determine if the groove on the CTD that is
used for binding to SSB-Ct and k-exo is
conserved, we input the CTD amino acid
sequence (residues 192–261) into CONSURF
server24 using the default parameters. This gener-
ated a multiple sequence alignment of 60 CD-HIT
sequences meeting the min/max similarity criteria.
Most of the sequences correspond to CTDs of
RecT/Redb family homologs, suggesting a con-
served domain architecture. The resulting multiple
sequence alignment is provided as a supplemen-
tary html file, and a conservation plot of the struc-
ture is shown in Figure 8. The sequences share
from 38 – 94% sequence identity with the CTD of
Redb from bacteriophage k. Nine of the 70 amino
acid residues are invariant in these sequences,
including Lys-214 which contacts the C-terminal
carboxylate of SSB-Ct, and Lys-245 which does
not make direct contacts with SSB-Ct but forms
the positively charged surface underneath the car-
boxylate groups of Asp-170, Asp-172, and Asp-
173 of SSB-Ct. The residues that form the apolar
DNA-binding groove for the two Phe residues of
SSB-Ct are in general conserved, but only one of
them, Phe-228 at end of the right side of the groove
in Figure 8A, is invariant. Two of the invariant resi-
dues (Arg-230 and Glu-242) form a close ion pair
on the surface of the CTD (on the right as viewed
in Figure 8, behind Phe-228), and four of the resi-
dues (Pro-222, Leu-221, Trp-216, and Ile-205) form
a line of consecutively contacting residues that is
predominantly buried in the middle of the structure
(partly seen in Figure 8B). Overall, the conservation
analysis indicates that the residues lining the
groove on the CTD that is used to bind to SSB-Ct
and k-exo are well conserved and thus likely to be
used for binding to the equivalent protein partners
of RecT/Redb homologs.
11
Discussion

As predicted,18 the SSB binding site on the Redb
CTD overlaps extensively with the site for binding of
k-exo. This supports the conclusion that the two
interactions cannot occur at the same time (i.e.
are mutually exclusive), and further supports a
“hand-off” mechanism in which the interaction of
Redb with k-exo helps to load Redb onto the first
ssDNA (Figure 1A), while the interaction of Redb
with SSB helps the initial Redb–ssDNA complex
to access the second ssDNA at the target site of
annealing at the lagging strand of a replication fork
(Figure 1C). However, we have yet to exclude the
possibility of a ternary (Redbk-exo-SSB) complex
experimentally. In a previous competition experi-
ment,18 titrating purified Redb–k-exo complex into
fluorescein-labeled SSB-Ct peptide resulted in
some increase in anisotropy (about half of that with
Redb alone), suggesting that the peptide was either
displacing Redb subunits from the k-exo trimer, or
binding to a different site on the 3:3 complex. Fur-
ther experiments, such as by native MS, will be
needed to more fully test the possibility of a ternary
complex.
The binding mode observed in the structure is

largely consistent with our previous prediction,18

with the C-terminal Phe-177 side chain of SSB
inserting into the same pocket on the CTD as
Phe-249 of k-exo. While we also predicted that
the C-terminal carboxylate of SSB would be
involved in the interaction and form an ion pair with
Lys-253, the structure reveals that it instead forms
an ion pair with Lys-214. Lys-253 does however
reorient to form two interactions with the SSB pep-
tide, a hydrogen bond to the backbone carbonyl of
Ile-175, and an ion pair with the carboxylate of
Asp-174. The observation that the K253A mutation
significantly disrupts the complex observed by Ni-
spin pull-down indicates that one or both interac-
tions (with Ile-175 or Asp-174) are important. The
fact that the D174A mutation in SSB has minimal
effect on the complex suggests that the important
interaction is Lys-253 with the backbone carbonyl
of Ile-175. This can be rationalized by the structure,
as the interaction of Lys-253 with the backbone car-
bonyl of Ile-175 is closer and more buried.
At least 18 E. coli proteins are known to bind to

SSB,25–53 many via the SSB C-tail, and structures
of at least eight of them have been determined in
complex with the same SSB-Ct peptide used in this
study (Table 2). Moreover, two other phage pro-
teins, coliphage virion N4 RNA polymerase,54 and
recombination mediator Orf from phage k,55 have
been shown to interact with SSB, suggesting that
interactions of SSB with many other phage proteins
are likely to occur. Interestingly, in all other struc-
tures of SSB-Ct bound to an interacting protein, only
the last three to five residues of the SSB-Ct peptide
are ordered (Table 2). Most of these proteins have
different folds and/or binding modes from one



Figure 8. Conservation analysis of the CTD. (A,B) Front and back views of a molecular surface representation of
the CTD–SSB-Ct complex color coded according to sequence conservation as determined by CONSURF (24). The
invariant residues on the surface in dark purple are labeled. Cases where the backbone of the residues is exposed on
the surface view are indicated by “bb” after the residue number. (C) The CTD amino acid sequence colored as for the
structures in panels A and B. The variability scale was determined from a multiple sequence alignment of 60
homologous sequences meeting the min/max similarity hit criteria from the default parameters in CONSURF. Notice
that the residues of the groove on the CTD underneath the SSB-Ct peptide are in general highly conserved, indicating
that homologous RecT/Redb family proteins likely use a similar groove for interactions with their host SSB and
nuclease partner proteins.
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another, suggesting that their interactions with SSB
have apparently evolved convergently in many
instances. In all these structures, binding to the C-
terminal Phe-177 residue of SSB is a central fea-
ture, both with its side chain and with its C-
terminal carboxylate. The interaction with the C-
terminal carboxylate often involves a conserved
arginine residue that forms a “basic lip”, and many
of these proteins also have a “basic ridge” that binds
to the carboxylates of D173 and D174 of SSB-Ct.
This latter feature is less prominent for our complex
of SSB-Ct with Redb CTD, as the carboxylates of
the four aspartate side chains are largely exposed.
However, the underlying surface of the CTD,
though distant (8–11 �A), is positively charged, sug-
gesting that the overall charge complementarity
may be important. Most importantly, the complex
of the CTD with SSB-Ct involves a prominent inter-
action with the side chain of Phe-171 of SSB that
has not been seen in any of the other complexes.
Both the structure and the Ni-spin pull-down data
indicate that the interaction involving Phe-171 is a
key feature of the complex. While the involvement
12
of Phe-171 of SSB has not been observed for any
other protein complex, two binding sites for SSB-
Ct were observed in the E. coli exonuclease I com-
plex, only one of which was deemed functional by
mutational analysis.25 As the Phe177 C-a atoms
of the two modeled copies of SSB-Ct were only
14.8�A apart from one another, it is conceivable that
the Phe177 residue of the second copy of SSB-Ct
could have corresponded to Phe-171 of the first
SSB-Ct peptide.
The binding affinities of several proteins for SSB

(or SSB-Ct) have been measured and range from
0.1 – 11 lM (Table 2). The affinity of the Redb–
SSB-Ct complex measured by fluorescence
polarization18 is at the low end of this spectrum
(11 lM), even though our CTD–SSB-Ct structure
includes more ordered residues of SSB-Ct and bur-
ies more solvent accessible surface area than any
of the other complexes. There may be an entropic
penalty for folding the SSB-Ct peptide into the U-
shaped conformation observed in the complex with
the CTD. Alternatively, the weaker affinity could be
due to differences in the methods or buffer condi-



Table 2 Known SSB binding partners, structures of complexes, and affinity of interaction.

SSB-interacting Protein Structure Affinity Measurement Qualitative

Interaction
(PDB) SSB-Ct residues

ordered

Exonuclease I 3C94 [25] DIPF 136 nM [25]

RecO 3Q8D [26] IPF 60–340 nM [26]; 83–323 nM [27]

PriA helicase 4NL8 [28] DDIPF 3.8 mM [27]; 2.4–6.9 mM [29]

DNA Pol III (Chi) 3SXU [30] DIPF 8.9–9.9 mM [30] [31–34]

RNase HI 4Z0U [35] DIPF 2.0 mM [35]

RecJ 5F56 [36] ADLPF

UDG 3UF7 (2011) DIPF 0.17 mM [37]

DnaG Primase 6CBR, 6CBS, 6CBT (2018) DDIPF 11–14 mM [38]

PriC 625 nM [39]; 3.7 mM [27]

RecQ 6 mM [40] [41]

MgsA 360 nM [42]

DNA Pol IV 2 mM [43] [44]

RadD 5.4 mM [45] [46]

RecG 2.6–3.9 mM [47] [48]

AlkB [49]

DinG [50]

Topo III [51,52]

DNA Pol V [53]

N4 RNA Pol [54]

Phage k Orf [55]
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tions used for the various measurements, or from
differences in using full-length SSB vs. the SSB-Ct
peptide for the measurement.
Some proteins have been suggested to remodel

SSB to displace it from the bound ssDNA to gain
access to it. For example, PriA was shown to shift
SSB from the SSB65 into the SSB35 binding mode,
where larger segments of the ssDNA are
exposed.28 This shift in binding mode could occur
through sequestering of the SSB C-tail, which
removes its interaction with the DNA-binding
groove on the SSB core domain and reduces coop-
erative binding interactions. However, regardless of
binding mode, SSB slides along ssDNA by a repta-
tion (bulge formation) mechanism in which all the
sequences along the lagging strand would be suc-
cessively exposed during replication.56 Binding of
the initial Redb-ssDNA complex to SSB at the lag-
ging strand could thus help it to sample the lagging
strand sequence until the complementary target site
is encountered, at which point Redb-mediated
annealing could occur. In this scenario, Redb would
not need to remodel or displace SSB from the
ssDNA, but rather sample the lagging strand
sequence as it is exposed during the inherent repta-
tion of SSB along the ssDNA.
The current mutational data indicates that the

interaction between Redb and SSB is mediated
largely, if not exclusively, by the CTD of Redb and
the C-tail of SSB. Single point mutations at
residues of the CTD or the SSB C-tail at the
interface seen in the structure can completely
disrupt the complex, as seen by Ni-spin pull-down
(Figure 7 and reference18). Thus, it is likely that
the interaction we have captured in the crystal is
13
representative of the interaction that occurs
in vivo. However, based on the current data we can-
not exclude the possibility that other regions of each
protein, such as the NTD of Redb or the core
domain or inter-domain linker (IDL) of SSB are
involved in the interaction. In fact, the weak interac-
tion seen for the purified CTD and SSB-Ct by nMS
suggests that other interactions or factors may be
involved. Moreover, given that SSB is a tetramer
and Redb can also oligomerize, it is intriguing to
speculate that multiple CTD–SSB-Ct interactions
could occur simultaneously at the lagging strand
to increase the avidity of the complex. The shortest
oligonucleotide that can be recombined in vivo is
approximately 20 nucleotides.23 Based on the four
bp/monomer observed for Redb-dsDNA filaments
by cryo-EM57 and the sizes of Redb-ssDNA com-
plexes detected by nMS,23 a 20-mer oligonucleotide
would likely be bound by five copies of Redb. Thus,
the dimer interaction seen in all four crystal forms
could still be relevant for the interactions of the
full-length Redb and SSB proteins in vivo, despite
the lack of dimerization seen for the CTD–SSB-Ct
complex by nMS in vitro.
The structure of the CTD–SSB-Ct complex

reported here may help to explain the differences
in efficiency of Redb-mediated recombination in
different bacterial hosts.22 Although the sequence
of the SSB-Ct is, in general, highly conserved, resi-
dues further upstream from the C-terminus are
more variable. Our work shows that the 7th residue
from the end, Phe-171 in the case of E. coli SSB, is
an important determinant for the interaction of Redb
from bacteriophage k with E. coli SSB. The residue
at this position was also shown to be a strong deter-
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minant of the efficiency of recombination by ortho-
logs of Redb in different bacterial hosts.22 It is likely
that each Redb ortholog will contain a CTD with a
surface that is optimized for the SSB-Ct of its host
SSB protein. Structural analysis of other CTD–
SSB-Ct complexes native to other host bacteria will
reveal the basis for the specificity of their interac-
tions and guide efforts to optimize recombination
efficiency in each host.58
Materials and Methods

Protein expression and purification

Cloning and purification of the Redb CTD was as
described previously.11 Briefly, the gene corre-
sponding to residues 182–261 of the CTD was
cloned into a pET-28b vector for expression of the
protein with an N-terminal 6His tag and an interven-
ing site for thrombin cleavage. The protein was
expressed in E. coli BL21-AI cells, and purified by
nickel affinity chromatography (2 x 5 ml Cytiva
HisTrap Fast Flow), thrombin cleavage to remove
the 6His tag (Cytiva, product # 27084601), a second
pass on the HisTrap column to remove any un-
cleaved CTD protein, anion exchange chromatog-
raphy (Cytiva HiTrap Q Fast Flow), and gel filtration
(Cytiva Sephadex S-300) using 20 mM Tris pH 7.5
and 300 mM NaCl as the column running buffer.
Pooled fractions from the gel filtration column were
concentrated to 27 mg/ml (Vivaspin 20, MWCO
10 kDa) and stored in 100 ll aliquots at �80 �C.
The protein concentration was determined by O.D.
at 280 nm using the extinction coefficient calculated
from the amino acid sequence (6990 M�1 cm�1).
The final purified protein contains an extra N-
terminal Gly-Ser-His-Met sequence from the vector
after cleaving with thrombin.
Peptide synthesis

A peptide corresponding to the last nine residues
of SSB with an N-terminal tryptophan added for
concentration measurement was synthesized by
standard Fmoc chemistry, purified by reversed
phase HPLC to > 95% homogeneity,
authenticated by high-resolution mass
spectrometry, and quantified by O.D. at 280 nM
(e = 5500 M�1 cm�1). This peptide was used for
crystallization and x-ray structure determination.
Peptides used for nMS corresponding to the last 9
(MDFDDIPF) or 15 (PSNEPPMDFDDIPF)
residues of SSB were purchased from WatsonBio
at 4 mg quantity, > 98% purity, lyophilized as TFA
salts.
Crystallization and x-ray structure
determination

SSB-Ct peptide (white powder) was dissolved in
100% dimethylformamide (DMF) to make a stock
concentration of 34 mM, which was stored at
14
�20 �C. For crystallization, an aliquot of purified
13 mg/ml (1.38 mM) Redb CTD (in 20 mM Tris pH
7.5, 300 mM NaCl) was thawed, and 76.9 ll was
mixed with 5.0 ll of 34 mM SSB-Ct peptide (in
DMF). Slight precipitation, presumably of the SSB-
Ct peptide, was observed but disappeared upon
mixing. The complex was then diluted by adding
18.1 ll of ddH2O to result in a final complex of
10 mg/ml (1.1 mM) Redb CTD and 1.7 mM SSB-
Ct peptide. Crystal screens were performed in 96-
well hanging drop format using a Mosquito
instrument. Hanging drops contained 0.2 ll of
complex and 0.2 ll of cocktail solution and were
hung over 100 ll of cocktail solution. Cocktail
solutions were from standard commercial crystal
screens from Hampton Research and Molecular
Dimensions. Crystals grew from several different
conditions, all of which contained high
concentrations of salt as the main precipitating
agent. After optimization in 24-well plates with
2 ll + 2 ll hanging drops and 1 ml of well solution,
Form 1 crystals grew from 0.48 M sodium
phosphate monobasic monohydrate, 1.2 M
potassium phosphate dibasic, pH 7.2, and were
transferred into the same solution supplemented
with 30% glycerol as cryoprotectant. Form 2
crystals grew from 2.0 M ammonium sulfate,
0.1 M Tris pH 8.6, and were transferred into 2.2 M
ammonium sulfate, 0.1 M Tris pH 8.6, 30%
glycerol as cryoprotectant. Form 3 crystals grew
from 1.2 M sodium citrate tribasic dihydrate, 0.1 M
Tris pH 8.6, and were transferred into 1.5 M
sodium citrate tribasic dehydrate, 0.1 M Tris pH
8.6, 30% glycerol as cryoprotectant. Form 4
crystals grew from 2.4 M ammonium phosphate
dibasic, 0.1 M Tris pH 8.5, and were transferred
into 3.0 M ammonium phosphate dibasic and 20%
glycerol as cryoprotectant. All crystals were
mounted in nylon loops (Hampton Research) and
plunge-frozen in liquid nitrogen.
X-ray diffraction data were collected at Beamline

31-ID of the Advanced Photon Source at Argonne
National laboratory. Images were processed with
an automatic workflow consisting of autoPROC
version 1.1.7,59 XDS60 (version Jan 26, 2018,
BUILT 20180808), POINTLESS version 1.11.21,61

AIMLESS version 0.7.4,62 CCP4 version
7.0.075,63 and STARANISO version 2.3.28.64 The
final anisotropic (ellipsoidal) reduced data sets were
used for structure determination and crystallo-
graphic refinement. The Form 1 structure was
determined by molecular replacement (MOLREP
version 11.4.0365 using a single chain (monomer)
of the structure of the Redb CTD determined in
complex with k-exo as a starting model (PDB
accession code 6M9K). After the first round of
refinement (REFMAC5 version 5.8.026766), clear
density for all ten residues of the peptide was
observed, and a model for the peptide was built
using COOT.67 Multiple rounds of model adjust-
ment and addition of water molecules in COOT,
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alternating with refinement in REFMAC5, resulted
in a final model with R and free R values of 18.4
and 22.4%, respectively. Forms 2, 3, and 4 were
determined by molecular replacement using the
Form 1 structure as a starting model and re-built
and refined as described for Form 1. Full data col-
lection and refinement statistics are provided in
Table 1. Solvent accessible surface areas buried
upon complex formation were calculated using
AREAIMOL version 7.1.018 with a probe radius of
1.4 �A. Structural figures were generated using
PyMOL.68
Nickel-spin pull-down assay

Ni-spin pull-down assays were performed as
described previously.18 Briefly, Redb with its native
(un-tagged) sequence was expressed from pET-9a,
and 6His-SSB was expressed from pET-28b, in
separate 50 ml cultures of BL21-AI E. coli cells
(Invitrogen). The indicated mutations in Redb and
6His-SSB were introduced into each vector using
the QuikChange method (Agilent Technologies)
and confirmed by Sanger di-deoxy DNA sequenc-
ing. After induction with 0.2% arabinose and 1 mM
IPTG for four hours, cells were harvested by cen-
trifugation, re-suspended in 3.0 ml of Sonication
Buffer (50 mMNaH2PO4, 300mMNaCl, 10mM imi-
dazole), and frozen at�80 �C. Thawed cells, 1.5 ml
each of Redb and 6His-SSB, were mixed, incu-
bated for 60 min with 1 mg/ml lysozyme and pro-
tease inhibitors (leupeptin, pepstatin, and PMSF),
lysed by sonication, and centrifuged at 38,000 x g.
The clarified supernatants were loaded onto Ni-
NTA spin columns (Qiagen), washed (4 x 500 ll)
with Sonication Buffer containing 30 mM imidazole,
and eluted (2 x 200 ll) with buffer containing
500 mM imidazole. Fractions analyzed by SDS-
PAGE included whole cell lysate (WC), soluble por-
tion of the lysate after centrifugation (SOL), the first
and fourth washes with 30 mM imidazole (W1 and
W4), and the first elution with 500mM imidazole (E).
Native mass spectrometry

nMS experiments were performed on a Q
Exactive Ultra-High Mass Range (UHMR) orbitrap
mass spectrometer from Thermo Fisher that was
modified with a 4-cm 12 lens for surface-induced
dissociation (SID, not used in this work69). Redb
CTD protein was prepared by buffer exchange into
200 mM ammonium acetate pH 7 (unadjusted)
using a Pierce 96-well microdialysis plate with a
3.5 K MWCO (Thermo Fisher). Both SSB-Ct 9-
mer and 15-mer peptide were dissolved in ddH2O.
CTD was diluted at the indicated concentration into
200 mM ammonium acetate pH 7 (unadjusted). For
the preparation of CTD–SSB-Ct complexes, CTD
was first mixed with SSB-Ct peptide at the concen-
tration used for growing crystals (1.06 mM CTD,
1.7 mM SSB-Ct) and then diluted to the indicated
final concentration in 800 mM ammonium acetate.
15
Each sample was injected into an in-house pulled
borosilicate filament capillary (OD 1.0 mm, ID
0.78 mm) and subsequently ionized by nano-
electrospray ionization. The instrument tuning set-
tings were as follows: capillary temperature 250 �
C, Source DC Offset 21 V, S-lens RF level 200,
detector m/z optimization low m/z, noise threshold
4.64, ion transmission target low m/z. The low m/z
transmission includes the following settings: Injec-
tion flatapole RF amplitude 150, bent flatapole RF
amplitude 300, Transfer multiple and HCD-cell RF
amplitudes 250, and C-trap RF amplitude 2300.
Other instruments settings include as follows: injec-
tion flatapole DC 5 V, inter flatapole lens 4 V, bent
flatapole DC 2 V, Transfer multipole DC 0 V, C-
trap entrance lens inject 1.8 V, HCD field gradient
200 V, HCD cell pressure 1 (UHV sensor 7E-11 �
1E-10 mbar), and resolution 6,250 for protein alone
while 3,125 and 50,000 for the complexes as
defined at 400m/z. The spray voltage was adjusted
between 0.5 and 0.8 kV and held constant for the
acquisition duration. Ion activation was necessary
for improved transmission and de-adducting of ions.
This activation via in-source trapping (IST) of �5 V
was used.
All data were deconvolved using UniDec

V6.0.3.70 The deconvolution settings used for
CTD alone included the following: m/z range
1250–3000, charge range 1–15, mass range 7–
21 kDa, sample mass every 1 Da, split Gaussian/
Lorentzian peak FWHM 0.7 Th, charge smooth
width 1.0. The deconvolution settings used for the
CTD–SSB-Ct complex included the following: m/z
range 1250–3000, charge range 1–6, mass range
8–13 kDa, sample mass every 1 Da, split Gaus-
sian/Lorentzian peak FWHM0.1 Th, charge smooth
width 1.0.
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