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The chromatophores in Paulinella are evolutionary-eatly-stage photosynthetic orga-
nelles. Biological processes in chromatophores depend on a combination of chro-
matophore and nucleus-encoded proteins. Interestingly, besides proteins carrying
chromatophore-targeting signals, a large arsenal of short chromatophore-targeted
proteins (sCTPs; <90 amino acids) without recognizable targeting signals were found
in chromatophores. This situation resembles endosymbionts in plants and insects
that are manipulated by host-derived antimicrobial peptides. Previously, we identi-
fied an expanded family of sCTPs of unknown function, named here “DNA-binding
(DB)-sCTPs”. DB-sCTPs contain a ~45 amino acid motif that is conserved in some
bacterial proteins with predicted functions in DNA processing. Here, we explored
antimicrobial activity, DNA-binding capacity, and structures of three purified recom-
binant DB-sCTDPs. All three proteins exhibited antimicrobial activity against bacte-
ria involving membrane permeabilization, and bound to bacterial lipids in vitro. A
combination of in vitro assays demonstrated binding of recombinant DB-sCTPs to
chromatophore-derived genomic DNA sequences with an affinity in the low nM range.
Additionally, we report the 1.2 A crystal structure of one DB-sCTP. In silico docking
studies suggest that helix a2 inserts into the DNA major grove and the exposed resi-
dues, that are highly variable between different DB-sCTPs, confer interaction with the
DNA bases. Identification of photosystem II subunit CP43 as a potential interaction
partner of one DB-sCTD, suggests DB-sCTPs to be involved in more complex regulatory
mechanisms. We hypothesize that membrane binding of DB-sCTPs is related to their
import into chromatophores. Once inside, they interact with the chromatophore genome
potentially providing nuclear control over genetic information processing.

endosymbiosis | effector proteins | antimicrobial peptides | DNA-binding protein | host control

The cercozoan amoeba Paulinella chromatophora contains evolutionary-eatly-stage pho-
tosynthetic organelles of cyanobacterial origin termed “chromatophores” (1, 2). Despite
their relatively recent origin (-100 Mya) compared to primary plastids that evolved ~1.6
billion years ago in the Archaeplastida, the chromatophores reached an astonishing level
of cellular integration. Chromatophores are ~140 times larger in volume compared to
their free-living relatives, and each Paulinella cell contains strictly two chromatophores of
which one segregates to the daughter cell upon host cell division and duplicates shortly
after (3, 4). The functional replacement of chromatophore genes by nuclear genes resulted
in metabolic pathways and multiprotein complexes of dual genetic origin in the chromat-
ophore (e.g., photosystem I contains two nucleus-encoded subunits, PsaE and PsaK) (5, 6).
The tight interconnection of host and chromatophore biological networks suggests coor-
dination between replication of their genomes and gene expression, especially of nuclear
and chromatophore genes encoding proteins that are involved in the same biological
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'The chromatophore is delimited by two membranes and a peptidoglycan wall. Whereas
the cytoplasmic membrane is of cyanobacterial origin, the outer membrane is likely
host-derived. Nucleus-encoded proteins that translocate across this “symbiotic interface” fall
into two classes. Whereas long chromatophore-targeted proteins [ICTPs; ~ >250 amino acids
(aa)] contain a conserved bipartite N-terminal targeting signal that likely mediates protein
trafficking via the secretory pathway to the chromatophore, short chromatophore-targeted
proteins (sSCTPs; <90 aa) lack recognizable targeting signals (6, 7). The mechanism underlying
import of sCTPs is not well understood. Despite the lack of N-terminal signal peptides (SPs)
that typically mediate cotranslational sorting of proteins into the secretory pathway, immuno
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gold analyses suggest vesicular transport through the Golgi to be
involved in translocating sCTPs across the outer chromatophore
membrane (5).

Although some sCTPs have functions related to photosynthesis
(e.g., PsaE and PsaK), most sCTDPs are orphan proteins with
unknown cellular functions. Interestingly, short secreted proteins
that are specifically expressed in bacteriocytes (i.e., the
symbiont-housing cells) have been reported in several other unre-
lated endosymbiotic associations. These include the expanded arse-
nal of several hundred nodule-specific cysteine-rich (NCR) peptides
in some legumes (8-10), the bacteriocyte-specific cysteine-rich
(BCR) peptides in aphids (11), defensin-like peptides in the Alnus
tree, and coleoptericin-A in the grain weevil Sitophilus (12). These
short proteins apparently are targeted to the symbiotic bacteria and,
at high concentrations, show antimicrobial activity against diverse
bacteria in invitro assays (12-15). Therefore, these short
symbiont-targeted proteins have been collectively referred to as
“symbiotic antimicrobial peptides” (16). Their precise functions
within the symbiotic associations (at sublethal concentrations) are
only beginning to be characterized and seem to range from inhibi-
tion of endosymbiont division resulting in gigantism and poly-
ploidy of the endosymbionts (12, 17, 18), spatial confinement of
the bacteria to the symbiotic organ (12), modulating permeability
of endosymbiont membranes (13), metabolic interference (19), to
changing expression profiles in the target bacteria (20).

Scrutiny of sCTPs in P chromatophora revealed that many of
these short proteins cluster into four extended protein groups (21).
Similar to NCRs and BCRs, members of sCTP “group 3” and
“group 4” (as defined in ref. 21) are characterized by the occur-
rence of multiple repetitive Cys motifs (CxxC or CxxxxC). Most
members of sSCTP “group 2” that are the focus of this study,
contain one Cys in a conserved position close to the N terminus,
and sometimes one or more additional Cys in variable positions
but all feature a conserved ~45-aa-long sequence motif (Fig. 14

and ST Appendix, Fig. S14). Interestingly, this motif is also found
in a number of bacterial and viral proteins that contain other
domains related to DNA processing (e.g., domains annotated as
“group I intron endonuclease domains” or “Superfamily II DNA
or RNA helicase domains”) (21), suggesting that the conserved
motif could function in protein—-DNA interaction.

Here we show that, similar to previously described symbiotic
AMPs, sCTPs display antimicrobial activity against Escherichia
coli and additionally, bind in vitro to bacterial membrane lipids.
However, the bacterial membrane does not seem to be the main
site of function of sCTPs. Instead, revealing the structure of one
representative group 2 sCTP by X-ray crystallography at atomic
resolution and different in vitro assays characterize group 2 sCTPs
as proteins that are capable to bind to the chromatophore genome
— likely in a sequence-specific manner. Thus, we name these pro-
teins DNA-binding (DB-)sCTPs here and hypothesize that they
represent nuclear factors involved in genetic information process-
ing in the chromatophore.

Results

In Silico Analysis of DB-sCTPs. Previous protein mass spectrometric
(MS) analyses detected 12 DB-sCTPs in chromatophores (Fig. 14)
(21). Screening the available P chromatophora transcriptome
dataset (GenBank: GEZNO00000000.1; ref. 22) revealed DB-
sCTPs to form an expanded protein family containing at least 204
members (21, 22). For 161 of these proteins full-length sequence
information is available (S7 Appendix, Fig. S1B and Dataset S1).
MS-identified DB-sCTPs range in size from 54 to 78 aa (Fig. 1B)
corresponding to 5.9-8.4 kDa (Fig. 1C). The whole DB-sCTP
family including all 161 full-length members shows overall a similar
size range (53 to 84 aa and 5.9 to 9.2 kDa); only two proteins
of 94 and 100 aa length exceed the previously observed length
cutoff of <90 aa for sCTDPs. These two outliers show an N-terminal
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Fig. 1.

Amino acid sequence alignment and predicted characteristics of DB-sCTPs. (A) Clustal-Q alignment of 11 out of 12 MS-identified DB-sCTPs. (Scaffold16209-

size858| m.97815 was excluded from the alignment due to an unusual 9-aa insertion within the conserved motif.) The three experimentally studied DB-sCTPs have
red sequence identifiers. Red frame, conserved motif (see also S/ Appendix, Fig. S1A). The asterisk highlights the conserved Cys. Secondary structural elements
identified by X-ray crystallography (see text below) are mapped on the alignment (yellow, p-strand; red, o-helix). Black arrowheads, exposed residues of helix
a2 predicted to interact with the DNA; gray arrowheads, more conserved hydrophobic residues of o2 facing inward. (B-F) Box plots and bar graph representing
distribution of protein lengths (B), molecular weights (C), subcellular localization predicted by TargetP (SP, signal peptide; mTP, mitochondrial transit peptide;
O, other localization) (D); isoelectric points (pl) (£), and GRAVY scores (i.e., sum of hydropathy values of all aa divided by the protein length) (F) for the 12 MS-
identified DB-sCTPs (MS) and all 161 full-length DB-sCTPs (All). Whiskers in box plots represent the 2.5 and 97.5 percentile. Outliers are represented by dots.
Values for the natural and recombinant versions of the experimentally studied DB-sCTPs sCTP-16589, sCTP-21477, and sCTP-23166 are indicated by blue, gray,

and red crosses (natural) and circles (recombinant), respectively.
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extension of ~30 aa (87 Appendix, Fig. S1B). As noted before for
sCTPs in general, predicted signal peptides (SPs) or mitochondrial
transit peptides (mTPs) are largely missing in DB-sCTPs. Only
for 7 out of 161 predicted DB-sCTPs, mostly weak predictions of
mTDPs or SPs were obtained with TargetP (23) of which almost all
reach well into the conserved motif, suggesting that they represent
false-positive predictions (Fig. 1D and SI Appendix, Fig. S1B).
Most MS-identified as well as predicted DB-sCTPs are cationic
(75% and 60%, respectively; pI > 7.5); however, both groups
encompass also neutral (6.5 < pI < 7.5) or anionic proteins (pl
< 6.5) (Fig. 1E). The grand average hydropathy of most DB-
sCTPs ranges from -0.45 to 0 characterizing DB-sCTPs as overall
hydrophilic (Fig. 1F).

DB-sCTPs Show Antimicrobial Activity against E. coli and Bind
to Bacterial Lipids In Vitro. As P chromatophora is as of yet not
amenable to genetic manipulations, we aimed to characterize
DB-sCTPs in in vitro assays. To this end, three representative
DB-sCTPs  (scaffold16589-5ize840|m.99155,  scaffold21477-
size653|m.11522, and scaffold23166-size602|m.12020; from here
on sCTP-16589, sCTP-21477, and sCTP-23160, respectively; see
Fig. 1) were heterologously expressed as recombinant proteins with an
N-terminal decahistidin tag (Hiso) in E. coli. The recombinant,
purified proteins (Material and Methods and SI Appendix, Fig. S2A)
were used for all further experiments. If not indicated otherwise,
50 mM MES pH 5.5 was used as buffer system in these experiments,
in which all three purified proteins were stable (S Appendix, Fig. S2B).

To test whether DB-sCTPs exhibit antimicrobial activity under
conditions similar to those previously used for symbiotic AMPs
(e.g., refs. 14, 18, 24, and 25), the three recombinant DB-sCTPs
were tested in confrontation assays with . co/i. At concentrations
in the low pM range, all three DB-sCTDPs showed a time- and
dose-dependent antimicrobial effect in a drop-plate assay and efhi-
ciently killed the cells at concentrations of 5 uM (corresponding to
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~100 pg protein per E. coli cell); sCTP-21477 and sCTP-16589
already markedly reduced colony formation at concentrations of
1 pM (Fig. 2A4). Importantly, 25 uM of the His-tag alone that was
used as a control, did not show any antimicrobial activity under the
same experimental conditions after 4-h incubation time (Fig. 2B).
However, the observed antimicrobial activity does not seem to be
a unique feature of DB-sCTPs as similar activities were seen for
other soluble sCTPs used in the same confrontation assays
[sCTP-28115 (member of sCTP group 3), sCTP-24369 (member
of sCTP group 4), and sCTP-41490 (annotated as 4-oxalocrotonate
tautomerase; not member of any sCTP group)] (SI Appendix,
Fig. S3 A and B).

Fluorescence analyses of Pl-stained DB-sCTP-treated E. coli
cells revealed that antimicrobial activity was accompanied by the
permeabilization of the cytoplasmic membrane (Fig. 2 Cand D).
Whereas Hoechst 33342 stains both live and dead cells, PI is
impermeable to the intact cytoplasmic membrane. Both, fluores-
cence microscopy as well as fluorescence quantification in a plate
reader clearly showed an increase in membrane permeability
caused by the treatment with 5 pM or 25 pM sCTP-16589.
Pl-stained E. coli cells treated with the His-tag alone showed flu-
orescence intensities comparable to nontreated cells. Similar results
were obtained for the other two DB-sCTDs.

To explore whether sCTPs can directly bind to membrane
lipids, sCTPs from different groups (sCTP-21477, sCTP-28115,
sCTP-24369, and sCTP-41490; for group affiliation see above)
were tested in protein-lipid overlay assays (S/ Appendix, Fig. S3C).
All four proteins bound to a very similar set of lipids with a clear
preference to negatively charged lipids (phosphoinositides, phos-
phatidic acid, phosphatidylserine, and cardiolipin). However,
binding-preferences appear to be more specific as the negatively
charged phosphatidyl glycerol (PG) was not or only very weakly
bound. The strong binding of all four proteins to cardiolipin
suggested that sCTPs can bind to bacterial membranes, which
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Fig. 2. Antimicrobial activity against E. coli and binding of DB-sCTPs to bacterial membrane lipids. (A) E. coli cells were incubated with DB-sCTPs at indicated
concentrations for 0, 1, 2, and 4 h, spotted onto LB agar plates at ten-fold dilutions from ODg,, of 107" to 107° and then grown overnight at 37 °C. (B) Same assay
as in A using the His-tag alone as a negative control. (C) Epifluorescence microscopic analysis of E. coli cells that were incubated with 25 uM His-Tag or 5 uM or
25 uM sCTP-16589 for 1 h and stained with Hoechst 33342 (Hoechst) and propidium iodide (PI). Mock-treated cells were used as a negative control (NC). DIC,
differential interference contrast; PI, red channel; Hoechst, blue channel; Merge, merge of both fluorescence channels. The scale bar is 10 ym. (D) Fluorescence
in arbitrary fluorescence units [FU] of Pl-stained E. coli cells treated with no protein, His-tag or sCTP-16589 as in C. Mean and SD of three independent samples
are displayed. (F and F) Floatation assays of sCTPs in sucrose gradients with and without liposomes. Following ultracentrifugation, the gradients were fractionated
into bottom (B), middle (M), and top fraction (T) and protein recovered subjected to SDS-PAGE. The Coomassie-stained gels are displayed. (E) Binding of three
different DB-sCTPs to liposomes of E. coli polar lipids. (F) Binding of sCTPs from different groups to liposomes of cyanobacterial lipids.
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was confirmed by floatation assays. Whereas the proteins alone
remained in the bottom fraction of the discontinuous sucrose
gradient during ultracentrifugation, addition of liposomes, gen-
erated from E. coli polar lipid extracts, resulted in the floatation
of the protein with the liposomes to the top fraction (Fig. 2E).
Importantly, the same binding behavior was observed for diverse
sCTPs using liposomes mimicking cyanobacterial membranes,
which contain the three glycolipids monogalactosyl diacylglycerol
(MGDG), digalactosyl diacylglycerol (DGDG), and sulfoquino-
vosyl diacylglycerol (SQDG), plus PG, but lack cardiolipin (26)
(Fig. 2P

DB-sCTPs Bind with High Affinity to Chromatophore Genomic
DNA In Vitro. Given the observation of a conserved sequence
motif in DB-sCTPs (Fig. 14) that also occurs in various DNA-
processing proteins in bacteria (21), we hypothesized that the
bacterial membrane was not the primary target of DB-sCTPs,
but following membrane translocation, DB-sCTPs bind to DNA
targets in the chromatophore. In line with this hypothesis, we
could pull down DB-sCTPs from P chromatophora lysate using
P,,.5» 2 DNA fragment surrounding the promoter region for
the chromatophore hemB gene (encoding the §-aminolevulinic
acid dehydratase involved in chlorophyll biosynthesis) as a bait.
MS analysis of the eluate identified among 41 proteins five
DB-sCTPs, among them was the previously studied sCTP-23166.
Other proteins that were identified included for instance several
ribosomal proteins, the a-subunit of the chromatophore-encoded
RNA polymerase, a histone, and highly expressed enzymes of
the central carbon metabolism of the P chromatophora host cell
(Dataset S2).

To confirm DNA-binding capacity of DB-sCTPs, we performed
electrophoretic mobility shift assays (EMSAs) using the P, frag-
ment (Fig. 34). At molar ratios of 75:1 (protein:DNA) for
sCTP-16589 and 250:1 for sCTP-21477 and sCTP-23166, the

recombinant proteins bound to the DNA indicated by the shift of
the band. Bovine serum albumin (BSA) that was used as a negative
control, did not show DNA binding at a 5,000:1 molar ratio.
Since the hypothesized DNA-binding potential of all three
DB-sCTPs analyzed was confirmed by EMSA, BLI experiments
were developed to characterize the binding kinetics in more detail
(for the optimization of the experimental procedure see ST Appendix,
Fig. S4). The binding affinity of sCTP-23166 to the immobilized
P, was investigated by recording association and dissociation
curves at protein concentrations ranging from saturation to close to
the detection limit (0.5 to 0.1 uM, respectively) (Fig. 3 B and C)
Determmed assoc1at10n and dissociation rates (k g of 1.95 x 107
0.87 x 10755 k,, of 56,380 17,910 M s'') (Fig. 3BandC)
yielded a KD of 3.4 + 1.2 nM, which identified sCTP-23166 as a
high-affinity dsSDNA-binding protein. Using further two promoter
regions of the chromatophore genes hemL and birA (encoding a
glutamate-1-semialdehyde 2,1-aminomutase involved in chlorophyll
biosynthesis and a biotin-acetyl-CoA-carboxylase ligase involved in
transcriptional control of biotin biosynthetic pathway enzymes,
respectively) in BLI analyses (Fig. 3 D—F) demonstrated that
sCTP-23166 binds at a fixed concentration with different affinities
to different promoter regions (Fig. 3D). Finally, the three different
DB-sCTPs (sCTP-23166, sCTP-21477, and sCTP-16589) bind
with markedly different affinities to the same promoter region (here:

Py, Fig. 3E).

3D Structure Determination by X-ray Crystallography. To
investigate the structural basis for the observed high binding
affinity of sCTP-23166 to dsDNA, we determined the 3D
structure of the protein by X-ray crystallography. We obtained
a structure at 1.2 A resolution (pdb-code: 8BGE) with two
monomers present in the asymmetric unit, covering the whole
protein sequence. Only the first two N-terminal aa show no
clear electron density indicating that they are structurally flexible
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Fig. 3. DB-sCTPs are DNA-binding proteins. (A) EMSA with the three DB-sCTPs and the P,z fragment at molar ratios from 25:1 to 500:1 (protein:DNA).
BSA:Ppems (5,000:1) was used as a control. (B) Binding of sCTP-23166 to Pj,,,,s immobilized on SAX BLI sensors. The changes in thickness generated by the binding
of sCTP-23166 at 0.1 to 0.5 pM to Py, was recorded for 300 s; then dissociation was measured for 120 s. Fitting curves (k,,: nonlinear fit using the equation

Y =Y, + Aekt

i koir: linear fit) are shown in yellow for the fitted data range superimposed on the experimental curves. (C) Determined rate constants k,,, were

plotted against the corresponding sCTP-23166 concentrations. The slope equals the negative association constant —k,,. The quotient k./k,, equals the Kp.
(D) Binding of sCTP-23166 (0.5 uM) to three different immobilized DNA probes covering promoter regions of the hemB, hemL, and birA genes immobilized on
SAX2 sensors. (E) Binding of the three DB-sCTPs sCTP-16589, sCTP-23166, and sCTP-21477 to the P,;,, DNA probe immobilized on SAX2 sensors. (F) GC profiles

of DNA probes used for EMSA and BLI over a 22-nt sliding window.

40f9 https://doi.org/10.1073/pnas.2221595120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials

Downloaded from https://www.pnas.org by DKFZ-HGF DEUTSCHES KREBSFORSCHUNGSZENTRUM BIBLIOTHEK W500 on September 15, 2023 from |P address 134.94.118.197.

(Fig. 4A). The structure was refined to a final R, of 13.6% and
Ri. 0f 17.9%, respectively. All data and refinement statistics are
given in SI Appendix, Table S1. The observed crystallographic

dimer is due to the crystal packing since the interactions between

both monomers are only weak, with a maximum interface area
of 384 A> and a complexation significance score of 0.000 when
calculated via the PDBePISA server (https://www.ebi.ac.uk/

msd-srv/prot_int/cgi-bin/piserver). The two monomers have the

sum-of-pairs
BLOSSOM-62

Fig. 4. X-ray crystallography-derived 3D structure of sCTP-23166 and predicted DNA interaction. (4) Cartoon representation of the sCTP-23166 structure (pdb-
code: 8B6E). (B) 2D topology diagram of sCTP-23166. (C) Hydrophobic core of sCTP-23166. (D) Superposition of the structures of sCTP-23166 (violet) with TU3E
(orange) and 113J (gray). (E and F) Predicted protein:DNA interaction. (E) Helix a2 deeply inserts into the DNA major grove where residues GIn33, Asn34, Lys37,
and Lys43 interact with the DNA bases. (F) Residues Ser21, Tyr36, Arg40, and Leu44 contact the DNA backbone. (G) Comparison of protein:DNA interaction of
sCTP-23166 (violet), TU3E (orange), and 113] (gray). (H) Amino acid conservation calculated from the alignment of 161 DB-sCTPs (S/ Appendlix, Fig. S1B) mapped
on the crystal structure of sCTP-23166. Top, worm model in which the thickness corresponds to sequence conservation; Bottom, ribbon model.
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same overall fold as shown by the rmsd value of 0.41 A (over 51
Co atoms) when comparing both protein chains. Therefore, we
describe only the monomeric structure in the following.

sCTP-23166 folds into a three-stranded antiparallel f-sheet
[B1, residues (res.) 8 to 10; P2, res. 14 to 17; B3, res. 50 to 52]
and two a-helices (a1, res. 20 to 27; a2, res. 32 to 41), adopting
a B1-P2-al-a2-P3 topology; an 8-residue loop links helix o2
with strand p3 (Figs. 14 and 4 A and B). The two a-helices form
a helix—turn-helix (HTH) structure that is packed on one side
of the 3-stranded B-sheet forming together a hydrophobic core
composed of residues Val8, Vall1, Tyr17, Leu20, Ala23, Ala24,
Leu29, Ile35, Ala38, Ile39, Ala45, and Trp50 (Fig. 4C). This
fold is known for several DNA-binding proteins in terms of the
overall topology and secondary structure composition [e.g., the
Xis protein from the Escherichia virus Lambda (pdb-code: 21EF;
ref. 27) or the DNA-binding N terminus of GP44, a bacterio-
phage SPO1 protein described as an RNA polymerase inhibitor
(pdb-code: 6L6V) ref. 28]. However, the spatial arrangement
of the secondary structures (especially the orientation of the
helices toward the three-stranded p-sheet) differ in these other
proteins, as seen by the high rmsd values of 2.7 A (over 35 Ca
atoms) and 3.6 A (over 44 Ca atoms), respectively, when over-
laid with sCTP-23166 (SI Appendix, Fig. S5A).

By PDBeFold (https://www.ebi.ac.uk/msd-srv/ssm/) and DALI
(http://ekhidna2.biocenter. helsinki.fi/dali/) searches against the
PDB database (using default settings), we found only two proteins
— more precisely protein domains—which adopt an almost iden-
tical fold and arrangement of the secondary structure elements to
cach other despite low aa sequence similarity to sCTP-23166.
These were the DNA-binding C-terminal HTH domains of
the homing endonucleases I-Hmul from Bacillus virus SPO1
(pdb-code: 1U3E; ref. 29) and I-Tevl from Escherichia virus T4
(pdb-code: 113]; ref. 30) with rmsd values of 1.8 A (over 51 Ca
atoms) and 1.4 A (over 45 Ca atoms), respectively (Fig. 4D and
SI Appendix, Fig. S5B).

A sequence identity of at least 35.9 % between sCTP-23166
and the remaining two experimentally studied DB-sCTPs,
sCTP-16589 and sCTP-24177, suggests a high structural simi-
larity (31). Hence using the 3D structure of sSCTP-23166 to gen-
erate homology models of sCTP-16589 and sCTP-24177, resulted
in structurally similar models (87 Appendix, Fig. S5C; rmsd values
of 0.16 A and 0.17 A, respectively). In organisms outside of
Paulinella, we never found the conserved domain as a standalone
protein (using BlastP against the NCBI nr database). Solely a few
phages contain the conserved HTH domain fused only to an
N-terminal transmembrane domain (87 Appendix, Fig. S5D).

An In Silico Docking Approach Reveals Putative DNA-Binding
Mode of sCTP-23166. We also aimed for the structure of the DNA-
bound sCTP-23166 complex; however, no complex crystal of
sufficient quality for X-ray crystallography could be obtained.
Therefore, we performed molecular docking to gain additional
insights into the DNA-binding mode. The results suggest that
helix a2 inserts into the major groove of the DNA (Fig. 4 £-G)
where the side chains of GIn33, Asn34, and Lys37 (originating
from the exposed side of a2) as well as of Lys43 (originating
from the loop connecting o2 and 3) contact specific bases of the
double helix (Fig. 4E). The polar side chains of Ser21, Tyr36, and
particularly the positively charged Arg40 are in close proximity to
the negatively charged phosphate backbones of the DNA strands
enabling polar and salt-bridge interactions (Fig. 4F). As the
optimal DNA target sequence is yet unknown, a random sequence
(ATATGCGCGCGCATAT) was used for the docking. Docking
the structure of sCTP-23166 as well as the homology models
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of sCTP-16589 and sCTP-24177 to further random sequences
(GGGGGGGG, GACTACGT, and AGTCAGTC) suggested that
DNA-binding always occurs via helix a2, but not all DB-sCTPs
bind to the same DNA sequence (S/ Appendix, Table S2).

Mapping protein conservation over the whole alignment of 161
DB-sCTPs onto the sCTP-23166 protein structure reveals high
conservation mostly for aa forming the hydrophobic core; in con-
trast, the predicted DNA proximal residues of helix a2 show par-
ticularly low aa conservation (Figs. 14 and 4H).

Although an unbiased docking via HADDOCK2.4 using
random patches was performed, the resulting sCTP-23166:DNA
complex is surprisingly similar to the DNA-binding modes of
the HTH domains of both the homing endonucleases I-Hmul
and I-TevI (both structures were determined in the DNA-bound
state), where also the more C-terminal helices are deeply buried
in the major groove (Fig. 4G). In I-Hmul (pdb-code: 1U3E)
the side chains of Arg149, Lys151, Asp154, and Argl60 are
forming hydrogen bonds and the side chain of Tyr153, a hydro-
phobic interaction with the bases of the dsDNA, whereas the
side chains of Tyr138, Tyr148, Lys157, His162, His163,
Lys164, and Tyrl70 are in close proximity to the phosphate
backbone of the DNA (29). In the HTH domain of I-Tevl
(pdb-code: 113]), interactions with the DNA bases occur only
through one direct hydrophobic interaction between the side
chain of Tyr231 and the C5-methyl group of a specific thymine,
and one water-bridged hydrogen bond between the main chain
nitrogen of Gly227 and another nucleotide in the DNA recog-
nition site. Side chains of Arg220, Ser225, Thr230, Tyr231,
Arg232, Lys237, and Tyr242 are in close contact with the DNA
backbone (30).

Also in other DNA-binding proteins with similar topology,
such as the Xis protein (pdb-code: 2IEF) or the N terminus of
GP44 (pdb-code: 6L6V), helix a2 is inserted deeply into the DNA
major groove (27, 28). However, for the Xis protein, for which
the DNA-binding mode has been explored in detail, the
DNA-binding mode differs slightly from the previously discussed
proteins. Here the loop connecting two B-strands (called the
“wing” motif) is buried in the adjacent minor groove. Furthermore,
three monomers of Xis bind to the double-stranded DNA-helix
cooperatively with all three monomers showing differences in the
number of interacting residues with the DNA (27).

Photosystem Il Subunit CP43 Is a Potential Interaction Partner of
sCTP-23166. To test if SCTP-23166 interacts with chromatophore-
localized proteins and to identify potential interaction partners,
we performed an in vitro pull-down assay using recombinant
sCTP-23166, and as a control, recombinant sCTP-41490 as bait
proteins. Proteins pulled down from P chromatophora lysate using
both bait proteins were identified by LC-MS/MS and results from
quadruplicates compared quantitatively. Besides sCTP-23166
itself, one protein appeared massively enriched in all four samples
when sCTP-23166 was used as bait compared to the control.
This protein was the chromatophore-encoded chlorophyll-binding
photosystem II subunit CP43 (PsbC, PCC0034; Difference 8.4;
-logP 6.0; see SI Appendix, Fig. S6 and Dataset S3). Only four
other proteins appeared significantly enriched, however, are not
considered as likely interaction partners. These proteins were
enriched to much lower levels (Difference < 2), and three of these
proteins apparently localize to the host cell, whereas for the last
protein subcellular localization is unknown.

DB-sCTP Orthologs in Paulinella micropora Show Differential

Expression. Following chromatophore establishment, photosynthetic
members of Paulinella diverged into at least three species (32). For

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
https://www.ebi.ac.uk/msd-srv/ssm/
http://ekhidna2.biocenter.helsinki.fi/dali/
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2221595120#supplementary-materials

Downloaded from https://www.pnas.org by DKFZ-HGF DEUTSCHES KREBSFORSCHUNGSZENTRUM BIBLIOTHEK W500 on September 15, 2023 from | P address 134.94.118.197.

the photosynthetic 2 micropora strain KRO1 the nuclear genome has
been assembled and differential gene expression analyzed throughout
the diurnal cycle and under high-light stress (33). BlastP using the
MS-identified DB-sCTPs identified 48 proteins <90 aa among
KRO1 proteins that share the conserved sequence motif characteristic
for DB-sCTPs in P chromatophora (SI Appendix, Fig. S7). Of note,
29% of these proteins are differentially expressed (i.e. |log, [fold
change]| > 1; 2= 0.05) under high-light vs. control light conditions,
and 20% are classified as “diurnal genes” showing rhythmic
differential expression throughout the day; this compares to 9%
and 4% of high-light-reactive and diurnal genes, respectively, among
all nuclear-encoded proteins (33). Furthermore, a large majority
(42/48) of these proteins have been assigned to 20 different (out
of 71) distinct coexpression modules. Some of these modules were
shown to be enriched in genes involved in specific pathways (such
as nitrogen metabolism, arginine or monoterpenoid biosynthesis)
or associated with specific GO terms (such as gene expression or

RNA processing) (33).

Discussion

DB-sCTPs Are DNA-Binding Proteins. In this work, we describe
a class of DNA-binding proteins, the DB-sCTPs, that form an
expanded protein family with >200 members in P chromatophora.
Only 12 of these proteins have been identified in chromatophores
by protein MS so far. But likely more if not all of them localize to
the chromatophore as no DB-sCTPs were confidently identified
as chromatophore-depleted by MS (6, 21).

X-ray crystallography revealed that DB-sCTPs are almost
entirely comprised of a standalone HTH domain that is com-
posed of two a-helices and three B-strands. The underlying aa
sequence is conserved in a variety of bacterial and viral proteins
[often annotated as GIY-YIG or HNH type endonucleases or
proteins containing domains that are typical for such endonucle-
ases (34)] (SI Appendix, Fig. S5B and ref. 21). However, outside
of Paulinella this conserved HTH domain is typically combined
with other domains in the same protein. Thus, the origin and
exact cellular function of these standalone HTH proteins in
Paulinella cannot be determined with certainty. Their origin
might involve HGT from bacterial sources, possibly in rela-
tion to the invasion of the genome with a homing endonuclease.
However, intact GIY-YIG or HNH type endonucleases were
neither found in the transcriptome dataset available for
P chromatophora (22) nor the gene models for the nuclear genome
of P micrapora KRO1 (33).

Homing endonucleases that mediate the horizontal transfer of
genetic elements to unoccupied integration points use a combi-
nation of several DNA-binding domains to recognize their 12- to
40-bp-long DNA target sequences (29, 30, 34). In I-Hmu and
[-Tevl, the structure and DNA-binding mode of these domains
have been characterized in detail (29, 30). In I-Hmul, the HTH
domain contacts the terminal eight base pairs of the target site
forming seven direct contacts to five different DNA bases as well
as several contacts with phosphate groups of the DNA backbone
(29). Thus, the HTH domain is a major factor determining the
binding specificity of I-Hmul. The HTH domain of I-Tevl,
directly contacts six nucleotides of the target site. However, here,
contacts are made predominantly to the phosphate groups of the
DNA backbone, thus, contributing less to the sequence specificity
of the binding (30).

In line with its structural similarity to the DNA-binding HTH
domains of I-Hmu and I-Tevl, EMSA, pull-down from complex
P, chromatophora lysates, and BLI analyses confirmed that DB-sCTPs
generally have the capacity to bind to double-stranded DNA, in
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particular fragments amplified from the chromatophore genome
comprising putative promoter regions (Dataset S2 and Fig. 3).

DNA-Binding Properties of DB-sCTPs. Our unbiased in silico
docking approach suggests that similar to the DNA-binding mode
of HTH-containing endonucleases, helix a2 of sCTP-23166
functions as “recognition helix” (Fig. 4G). Whereas some aa
residues form unspecific contacts with the phosphate backbone
(Fig. 4F), other side chains appear to contact specific DNA bases
(Fig. 4E). Although the exact interaction of different DB-sCTPs
with the DNA bases, can only be characterized once their cognate
DNA target sequences are known, this arrangement suggests
that the binding of DB-sCTPs to DNA has a sequence-specific
component.

Over the expanded family of DB-sCTDs, the aa residues that
are predicted to interact with the DNA show highest variation
(Figs. 14 and 4H), which implies that the >200 DB-sCTPs have
divergent sequence-dependent DNA-binding preferences. This
assumption is supported by the fact that different DB-sCTPs show
differential binding to different random DNA sequences in unbi-
ased docking studies (SI Appendix, Table S2). Additionally, our
BLI measurements confirmed that sCTP-23166 shows at a given
concentration different affinities to different promoter regions
(Fig. 3D). Vice versa, the three experimentally studied DB-sCTPs
show, at a given concentration, different binding affinities to the
same DNA fragment (P,,,,) (Fig. 3E).

As DNA fragments used in the different in vitro binding assays
were chosen arbitrarily and varied in their sequence as well as GC
content (Fig. 3F), the DNA-binding properties detected likely
reflect mostly the unspecific binding component of DB-sCTPs
plus some contribution of sequence elements similar to the opti-
mal target that were present by chance in these DNA fragments.
Nevertheless, the binding affinity determined for sCTP-23166 to
Py,,.5 with a K in the low nM range is close to binding affinities
reported for some cyanobacterial transcription factors (TFs) [e.g.,
a K, of 27 nM for the nitrogen-control TF NtcA to its binding
site in the g/nA promoter (35)]. However, experimentally deter-
mined binding affinities of different TFs vary greatly depending
on experimental conditions (pH, ion composition, presence/
absence of ligands) and also K, values that are several orders of
magnitude lower have been reported [e.g., 1 t0 0.1 pM for the TF
NEF-kB (36)].

We assume that the binding affinity of DB-sCTPs greatly
enhances once the optimal sequence is presented and potential
interaction partners or ligands are provided. Whether DB-sCTPs
function as monomers with low sequence specificity (recognizing
~5 nucleotides) or show more stringent sequence specificity (e.g.,
by forming complexes with other DNA-binding proteins) is not
known yet. The finding of the photosynthetic reaction center pro-
tein CP43 (PCCO0034) as a potential interaction partner of
sCTP-23166 suggests that possibly the latter is true. In chloro-
plasts, the expression of subunits of the photosynthetic machinery
(incl. the psb6C gene) is tightly controlled by nucleus-encoded
factors (mostly at the posttranscriptional level) (37). An important
process, termed control by epistasy of synthesis, ensures that effi-
cient synthesis of one chloroplast-encoded subunit of a multipro-
tein complex only occurs when other subunits are present that are
required for assembly of the complex. It is tempting to speculate
that in the chromatophore similar control mechanisms evolved.
Here, the interaction of chromatophore-encoded proteins with
DB-sCTPs (e.g., when their proper assembly into a multiprotein
complex is not possible owing to a deficiency of other subunits of
the complex) could lead to the formation of a protein complex
including two DB-sCTP monomers that can then bind
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sequence-specifically to the DNA, blocking further transcription
of the protein under control. Future experimentation will be
required to test this hypothesis.

Antimicrobial Activity and Membrane Lipid-Binding Characteristics
of sCTPs. We hypothesize that the observed antimicrobial activity of
DB-sCTPs is not primarily related to their DNA-binding capacity,
since very similar antimicrobial activities were observed for all
sCTPs tested, irrespective of their affiliation to a specific group or
predicted cellular function (Fig. 24 and SI Appendix, Fig. S3B).
Furthermore, these activities resemble the antimicrobial activities
that have been observed in similar confrontation assays for NCR
proteins from legumes and BCR proteins from aphids where also
protein concentrations in the low pM range resulted in bacterial
membrane permeabilization and cell death (14, 15, 18).

We found that for sCTPs in P chromatophora, the observed
antimicrobial effect is accompanied by the ability to bind to bac-
terial (including cyanobacterial) membrane lipids. We assume that
this membrane-binding capacity leads to a disturbance of the
membrane barrier function at the high-protein concentrations
applied in the confrontation assays, whereas at lower concentra-
tions in the cellular context, binding of sCTPs to the chromato-
phore inner membrane would be nondisruptive. We hypothesize
that this characteristic of the sCTDs is related to their import
mechanism into the chromatophore. Binding to the chromato-
phore inner membrane following their release from Golgi-derived
vesicles might facilitate translocation of sCTPs across the inner
chromatophore membrane by a so far unknown mechanism.
However, all sCTDs tested here were cationic and our lipid overlay
assays demonstrated preferential binding to lipids with negatively
charged head groups. Whether anionic and neutral sCTPs show
a similar lipid binding behavior remains to be tested.

A Possible Function of DB-sCTPs as Nuclear Regulators of
Chromatophore Genetic Information Processing. The coordi-
nation of host and chromatophore cell cycles and dependence
of chromatophore functions on proteins of dual genetic origin
underpins the need of coordinated genetic information processing
between the nucleus and chromatophore. Chromatophore-encoded
proteins seem to provide only limited capacity for autonomous
transcriptional regulation [e.g., only 6 out of 35 genes encoding
TFs identified in closely related free-living cyanobacterium
Synechococcus sp. WH5701 survived reductive genome evolution
in the chromatophore (38)]. With their capacity to bind to DNA,
the expanded family of DB-sCTPs, thus, represents interesting
candidates that could act as nuclear switches controlling aspects of
genetic information processing in the chromatophore.

In line with this idea, in P micropora KRO1, many DB-sCTPs
are differentially expressed under high-light stress or throughout
the diurnal cycle (33) and thus, might be involved in translating
environmental or diurnal signals into a suitable expressional
response in the chromatophore. For other DB-sCTDPs, expression
or DNA-binding behavior could be modulated by other environ-
mental or cellular triggers.

In sum, here we describe an expanded family of short
nucleus-encoded proteins in P chromatophora that are targeted to
the chromatophore and have the capacity to bind with high affinicy
to double-stranded DNA. Exposed amino acid residues of helix a2
that seems to function as recognition helix, are highly variable
between the >200 members of the DB-sCTP family, apparently
resulting in a differential, nucleotide sequence-specific binding
behavior. We hypothesize that DB-sCTPs represent factors provid-
ing P chromatophora with nuclear control over aspects of genetic
information processing in the chromatophore and thus, might play
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a central role in the integration of host and chromatophore bio-
logical networks during the process of organellogenesis.

Material and Methods

Cultivation of P. chromatophora and Synthesis of Complementary DNA.
P.chromatophora CCAC0185 (axenic version) was grown and total RNA extracted
as described before (22). cDNA was prepared as described in S/ Appendix.

Heterologous Expression and Purification of Recombinant Proteins. His;-
tagged P. chromatophora proteins were overexpressed in E. coli, purified on Ni-NTA
columns followed by reverse-phase high-performance liquid chromatography,
and eluates lyophilized. For all following experiments, the recombinant proteins
were dissolved in 10 mM MES/NaOH pH 5.5. For details see S/ Appendix.

SDS-PAGE and Western Blot Analysis. Proteins were analyzed by SDS-PAGE
under denaturing conditions on 16% polyacrylamide Tris-Tricine gels (39) and
by western blots using anti-His antibodies conjugated to horseradish peroxidase
(HRP)in combination with SuperSignal West Pico PLUS HRP chemiluminescent
substrate. For details see S/ Appendix.

E. coli Confrontation Assay and Pl Staining. E. coli cells were harvested, resus-
pended in 10 mM MES/NaOH pH 5.5 to an 0D, of 0.2, and incubated with
proteins at the indicated concentrations at 37 °Cfor 0 to 4 h. Then, 5 L of serially
diluted cells were spotted onto nutrient agar plates, and incubated overnight at
37 °C before documentation.

E. coli cells diluted to an 0Dy of 0.1 with 10 mM MES/NaOH pH 5.5 were
incubated with proteins at indicated concentrations at 37 °C and 400 rpm for
30 min. Mock treated cells were used as a reference. Then, cells were stained
with Pl and Hoechst 33342 for further 30 min and analyzed by epifluorescence
microscopy and in a plate reader. More details are provided in S/ Appendix.

Floatation Assays. Liposomes either composed of 100% E. coli polar lipid
extract, or 50% MGDG, 31% DGDG, 11% PG, and 8% SQDG (mimicking cyano-
bacterial membranes) were incubated with proteins at a molar ratio of 1:1,000
(protein:lipid) for 30 min at RT. The samples were mixed 1:1 with 60% sucrose
(final conc. 30%), overlaid stepwise with 20% sucrose and 0% sucrose, and sub-
jected to ultracentrifugation. Then, the gradient was fractionated and protein
collected from top, middle and bottom fractions analyzed by SDS-PAGE. For
details, see SI Appendix.

DNA Affinity Purification. MyOne™ Streptavidin C1 Dynabeads™ (Thermofisher)
were coated with a 351-nt-long biotinylated DNA fragment surrounding Pyomg
amplified from P chromatophora gDNA. Negative control beads were coated with
the biotinylated primer. Beads were used to pull down protein from P. chromato-
phora whole-cell lysate. Protein eluted from the washed beads was analyzed by
MS-based protein fingerprinting. For details, see S/ Appendix.

EMSA.The P,....; fragment was incubated with purified DB-sCTPs at the indicated
molar ratios for 30 min at RT.Then, samples were analyzed by gel electrophoresis.
For details, see S/ Appendix.

BLI Measurements. Biotinylated DNA fragments amplified from P. chromato-
phora gDNA were loaded onto High Precision streptavidin-coated SAX or SAX2
biosensors and protein association and dissociation studied in 10 mM MES/NaOH
pH 5.5and 100 mM NaCl on a BLltz platform. For details on the experimentation
and evaluation procedures, see S/ Appendix.

Protein Crystallization and 3D Structure Determination by X-ray
Crystallography. sCTP-23166 was crystallized by sitting-drop vapor-diffusion.
Diffraction data from obtained crystals were collected at beamline P13 (DESY,
Hamburg, Germany). Details on crystallization conditions and data processing
are provided in S/ Appendix.The final structure was deposited in the World Wide
Protein Data Bank (https://www.rcsh.org) under the accession code 8B6E. Figures
were generated using PyMOL (Schrodinger LLC; www.pymol.org)

Protein-Nucleotide Docking and Homology Modeling. Proteins and nucle-
otides were docked using HADDOCK 2.4 (40). Modeller-10.2 (41) was used for
generation of homology models and Clustal € (42) for sequence alignment. For
details, see SI Appendix.
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Data, Materials, and Software Availability. Protein structure data have been
deposited in World Wide Protein Data Bank (https://www.rcsb.org/structure/8B6E)
(43). All study data are included in the article and/or supporting information.
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