bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528846; this version posted February 16, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

No o b~ w N

(0]

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

available under aCC-BY-NC-ND 4.0 International license.

Hemi Manganese Exporters 1 and 2 enable manganese transport at the plasma

membrane in cyanobacteria

Mara Reis"?, Fabian Brandenburg'®’, Michael Knopp®, Samantha Flachbart', Andrea

Brautigam?, Sabine Metzger®, Sven B. Gould*, Marion Eisenhut*?

Institute of Plant Biochemistry, Cluster of Excellence on Plant Sciences (CEPLAS),
Heinrich-Heine University, Dusseldorf, Germany.

Computational Biology, Faculty of Biology, CeBiTec, Bielefeld University, Bielefeld,
Germany

Department of Solar Materials, Helmholtz-Centre for Environmental Research - UFZ,
Leipzig, Germany.

Institute for Molecular Evolution, Heinrich-Heine University, Dusseldorf, Germany.
MS-Platform, Cluster of Excellence on Plant Sciences (CEPLAS), Botanical Institute,

University of Cologne, Cologne, Germany.

* These authors contributed equally.

Correspondence to marion.eisenhut@uni-bielefeld.de

Short running head (max 50 characters):

Manganese transport in cyanobacteria


https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528846; this version posted February 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Manganese (Mn) is key to oxygenic photosynthesis as it catalyzes the splitting of water in
photosystem Il and functions as cofactor of multiple enzymes. A single ABC-type transporter,
MntCAB, is so far established for the uptake of the metal under limiting conditions in
cyanobacteria. It is unknown, how Mn is imported under replete conditions. We identified two
proteins in the model cyanobacterium Synechocystis sp. PCC 6803, which are homologous to
the unknown protein family 0016 (UPF0016) member manganese exporter (Mnx). In contrast to
Mnx, which consists of six transmembrane domains, the new candidate proteins contain only
three transmembrane domains. Hence, we named them hemi manganese exporter (Hmx) 1 and
2. Knock-out mutants in hmx1 and/or hmx2 showed sensitivity toward low Mn supplementation,
and reduced intracellular Mn pools. Additional deletion of mntC hindered the cells to thrive
unless external Mn was added and enhanced the depletion of their intracellular Mn pool. In
accordance with the observed localization of Hmx1 and Hmx2 in the plasma membrane, we
postulate a Mn uptake function for a heteromeric Hmx1/2 across the plasma membrane under a
wide range of Mn concentrations and a supporting role for the MntCAB system under Mn-
limiting conditions. On the basis of their phylogenies, we propose that Hmx1 and Hmx2 are the
ancestral progenitors of eukaryote-type UPF0016 proteins with six transmembrane domains.
The Mn transport function of Hmx1/2 underscores this as fundamental ancient feature of the
UPF0016 family. Likely, Hmx1 and Hmx2 coevolved with the internalization of the oxygen-

evolving complex.

INTRODUCTION
The transition metal manganese (Mn) is of crucial importance across all kingdoms of life. Mn
associates with proteins, metabolites, and nucleic acids (reviewed in Bosma et al., 2021), fulfills

an activating role for several proteins, and serves as a direct cofactor of a variety of enzymes
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(Hansch and Mendel, 2009; Schmidt and Husted, 2019). Mn-dependent superoxide dismutase
is central in scavenging of reactive oxygen species, and also Mn?'-ions associated with
uncharacterized small molecules are suggested to defend against oxidative stress (Jakubovics
and Jenkinson, 2001; Marschner, 2012). Diverse enzymes of carbon metabolism (Marschner,
2012), glucosyltransferases (Breton et al., 2006), oxalate decarboxylase (Tottey et al., 2008),
and enzymes involved in isoprenoid and amino acid biosynthesis are strictly Mn-requiring
(Schmidt et al., 2020). In oxygenic photosynthetic organisms, Mn is of even higher importance,
since it functions as the inorganic catalyst in the oxidation of water. Together with oxygen and
calcium atoms, Mn ions form the Mn,OsCa cluster and catalyze the light-driven splitting of water
molecules into electrons, protons, and molecular oxygen, as part of photosystem Il (Nelson and
Junge, 2015). Consequently, photoautotrophic cyanobacteria have a 100-fold higher demand
for Mn than non-photosynthetic bacteria (Keren et al., 2002). Critical for proper provision of the
cell with Mn is a sufficient uptake of the metal from the environment into the cytoplasm, and
further integration into the target proteins and molecules. In bacteria, two different types of Mn
importers are known: the ATP-binding cassette (ABC) type transporter and the Natural
Resistance-Associated Macrophage Protein (NRAMP) type transporter (Bosma et al., 2021).
Though NRAMP proteins, such as MntH (Kehres et al., 2000), are encoded by cyanobacterial
genomes, their specific relevance in metal transport has not been investigated so far. In
contrast, the ABC-type Mn transporter MntCAB (Bartsevich and Pakrasi, 1995; Bartsevich and
Pakrasi, 1996) is well studied in the model cyanobacterium Synechocystis sp. PCC 6803
(Synechocystis). Expression of the mntCAB-operon occurs under the control of the two-
component system ManS/ManR (Ogawa et al., 2002; Yamaguchi et al., 2002). Sensing of Mn
limitation induces the expression and installation of the high-affinity transporter in the plasma
membrane and enables cell growth under such conditions (Bartsevich and Pakrasi, 1995).
Intriguingly, a deletion mutant in mntC was still able to accumulate Mn inside the cells when

(sub)micromolar amounts of Mn were present in the growth medium. This hinted at the
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81 presence of a second, yet unidentified Mn uptake system in Synechocystis (Bartsevich and
82  Pakrasi, 1996).
83 Another class of Mn transporter occurring in cyanobacteria and also eukaryotes, was
84 only recently identified. The cyanobacterial founding member is Mn exporter (Mnx)
85 (Brandenburg et al., 2017b), also named SynPAM71 (Gandini et al., 2017). Mnx resides in the
86  thylakoid membrane and shuttles Mn from the cytoplasm into the thylakoid lumen to i) assist in
87  Mn provision to PSIl and ii) prevent detrimental overaccumulation of Mn in the cytoplasm
88  (Brandenburg et al., 2017b). Mnx belongs to the Uncharacterized Protein Family (UPF) 0016.
89 Most members of the family consist of two copies of a repetitive domain that contains a
90 conserved ExXGD motif in the first of three predicted transmembrane domains (TMDs), making
91 them 6-TMD proteins (Demaegd et al., 2014). Transport of specifically Mn was demonstrated for
92  the UPF0016 members PAM71 (Schneider et al., 2016), CMT1 (Eisenhut et al., 2018; Zhang et
93 al., 2018), PML1 (Hoecker et al., 2020), PML2 (Hoecker et al., 2020), and PML3 (Yang et al.,
94  2021; He et al.,, 2022) in Arabidopsis thaliana (Arabidopsis). In other analyses, also Ca was
95 determined as transport substrate (Wang et al., 2016; Frank et al., 2019).
96 In this study, we identified and characterized two additional members of the UPF0016 in
97  Synechocystis. Hemi manganese exporter (Hmx) 1 and 2 are each 3-TMD proteins and jointly
98 function as a constitutive Mn importer in the plasma membrane of Synechocystis. They likely
99 represent the ancestral state from which the 6-TMD proteins, such as Mnx or PAM71, which is

100 the only version of UPF0016 proteins occurring in eukaryotes, evolved through gene fusion.

101

102

103 RESULTS

104

105 The genome of Synechocystis encodes two half-sized proteins with respect to UPF0016

106 representatives
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107  Transporters of the Mnx family (UPFO016) are critical for proper Mn distribution within the
108 cyanobacterial (Brandenburg et al., 2017b; Gandini et al., 2017) and plant cell (Schneider et al.,
109 2016; Eisenhut et al., 2018; Zhang et al., 2018; Hoecker et al., 2020; Yang et al., 2021; He et
110 al., 2022). While we identified two plastid-targeted Mnx proteins for all members of the green
111 lineage (Schneider et al., 2016; Hoecker et al., 2017; Eisenhut et al., 2018), in cyanobacteria
112  just a single homolog was found. Closer inspection of cyanobacterial genomes, however,
113  revealed the existence of two additional genes encoding more distantly related UPF0016
114  proteins. These proteins are half-size versions of the canonical Mnx proteins and contain only
115 one cluster consisting of three TMDs including the conserved ExGD motif, of which two in
116 tandem are characteristic for UPF0016 proteins (Figure 1A). Accordingly, we named these
117 proteins Hemi manganese exporter (Hmx) 1 and 2. In Synechocystis, Hmx1 is encoded by
118  slr1170 and Hmx2 by ssr1558. A BlastP run shows that SIr1170 and Ssr1558 have a 35% and
119 31% sequence identity to Synechocystis Mnx, respectively. Furthermore, we found Hmx1/Hmx2
120 orthologues to be encoded by neighboring genes in the majority (90 %) of the 172
121 cyanobacterial species we analyzed, while in only a few (10%) species, such as in
122 Synechocystis, they were dispersed across the genome (Supplemental Table S1). In those
123  cases, where hmx1l and hmx2 genes are organized as a transcriptional unit, we frequently
124  detected a third gene being part of the operon (Figure 1B). The functions of the corresponding
125 genes remain unknown. One exception is pshb28-2 of Cyanothece sp. ATCC 51142, which was
126  identified upstream of the slrl170 orthologue. Psb28-2 is involved in PSIl and chlorophyll
127  biosynthesis (Dobakova et al., 2009; Nowaczyk et al., 2012).

128

129  Deletion of hmx1 or hmx2 impairs intracellular Mn accumulation

130 Due to the frequent genomic appearance of the genes in transcriptional units, we hypothesized
131 that Hmx1 and Hmx2 interact and function in Mn transport, as other members of the Mnx family

132  do. To test this hypothesis, single and double mutants of hmx1 or/and hmx2 were generated by
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133 insertional inactivation in Synechocystis. In the case of hmx1l, a spectinomycin resistance
134  cassette and in the case of hmx2, a kanamycin resistance cassette was inserted into the coding
135 region leading to an interruption of the respective reading frame (Figure 2A). As verified by
136 PCR, we obtained fully segregated mutant lines for Ahmx1, Ahmx2, and Ahmx1/Ahmx2 (Figure
137  2B). All lines were tested for their susceptibility toward different Mn concentrations (Figure 2C).
138 In contrast to the Amnx mutant, which is sensitive toward elevated Mn supply (Brandenburg et
139 al., 2017b; Gandini et al., 2017), mutants in hmx genes were not susceptible to high but low Mn
140  concentrations in the medium. Without any and with standard (1x, 9 pM MnCl;) Mn supply,
141 single and double mutants displayed retarded growth. This impairment was improved by
142  elevated (5%, 10x) Mn concentrations in the medium. The results support the assumption that
143 Hmx1 and Hmx2 facilitate Mn transport, likely Mn import. We additionally examined the
144  intracellular Mn concentrations and found that all mutant lines, whether single or double mutant,
145  accumulated significantly less Mn inside the cell (excluding the periplasmic space) after the
146  addition of 1x MnCl, (Figure 2D). The equal growth and accumulation phenotype of single and
147  double mutants indicated that Hmx1 and Hmx2 functionally assemble as heteromers in vivo.

148

149

150 Hmx1 and Hmx2 reside in the plasma membrane

151 The low Mn sensitive phenotype and the reduced intracellular Mn pools of the mutants pointed
152  toward an import function for Hmx1/2, prompting the investigation of the subcellular localization
153  of the proteins. We generated mutant lines expressing either Hmx1 (hmx1:cfp) or Hmx2
154  (hmx2:cfp) fused to a C-terminal cyan fluorescent protein (CFP). The fusion constructs were
155 designed in such a way that they replaced the original gene. That is, hmx1:cfp and hmx2:cfp
156 were introduced into the native genomic context under control of the respective native promoter.
157 To use these constructs as complementation lines and thus demonstrate that the observed

158 phenotypes are only due to the deletion of the specific gene, we transformed Ahmx1 and Ahmx2

159  single-mutant cells. Full segregation of the expression lines demonstrated that the fused version
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160 fully displaced the knockout alleles (Supplemental Figure S1A). In comparison to
161  Ahmx1/Ahmx2, the hmx21:cfp and hmx2:cfp lines are not sensitive toward low Mn concentrations
162  (Supplemental Figure S1B). On the one hand this demonstrates that the CFP fusion proteins
163  functionally assembled in the correct native cellular site, and on the other hand that the
164  expression lines could be used to complement the mutants. Confocal fluorescent microscopy
165 revealed that the CFP signals of both Hmx1 and Hmx2 did not fully overlap with the signal of the
166  chlorophyll autofluorescence, but were rather oriented toward the outside of the cell. This
167  suggests that both Hmx1 and Hmx2 reside in the plasma membrane (Figure 3).

168

169 Double mutants in hmx2 and mntC are not viable under Mn-limiting conditions

170  Previous work identified MntCAB as the major Mn importer at the plasma membrane under Mn-
171  limiting conditions (Bartsevich and Pakrasi, 1996). Since in these experiments Mn uptake was
172 not fully abolished in a AmntC mutant, the presence of a second high-affinity transport system
173  was postulated. Hmx1/2 also reside in the plasma membrane and likely facilitate Mn transport.
174  To provide further evidence for their transporter function, we generated a single mutant in mntC,
175  AmntC (Figure 4A) and a double mutant with an additional defect in hmx2, AmntC/Ahmx2. In the
176  AmntC mutant, zero MntCAB transport activity was observed (Bartsevich and Pakrasi, 1996).
177  After genotype verification (Figure 4B), the mutant lines were studied for their Mn sensitivity
178  (Figure 4C). As expected, AmntC showed strong growth retardation only on medium lacking Mn.
179 A concentration of 0.5x (4.5 pM) MnCl, in the BG11 medium was sufficient to fully compensate
180 the phenotype. The Ahmx2 mutant underperformed under reduced Mn availability conditions
181  (w/o to 1x MnCly), but could be rescued by elevated (5x) Mn concentrations. The double mutant
182 mounted the strongest Mn sensitivity phenotype. A MnCl, concentration below 1x was not
183 sufficient to allow AmntC/Ahmx2 to grow. However, 5x MnCl, in the medium fully rescued the
184  phenotype. The determination of intracellular Mn demonstrated likewise that AmntC and

185 AmntC/Ahmx2 contained significantly depleted Mn pools after a 5-day period of Mn limitation
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186  (Figure 4D). Furthermore, the addition of 0.5x MnCl, resulted in disturbed intracellular
187 accumulation in all mutant lines, with the most pronounced impairment observed in
188 AmntC/Ahmx2. The accumulation was significantly reduced even in comparison to both single
189  mutants, Ahmx2 and AmntC (Figure 4D).

190 To test for house-keeping or inducible gene expression, the coefficient of variation was
191 calculated from 46 publicly available data sets in short read data archive and showed that hmx1
192 and hmx2 belong to the transcripts of low variation, whereas mntCAB were highly variable
193  transcripts (Supplemental Figure S2).

194

195 Hmx1 and Hmx2 are conserved across and are almost exclusive to cyanobacteria

196 To determine the evolutionary origin of the investigated Mn transporters, a database of 5,455
197  bacterial and 212 archaeal complete genomes was screened via diamond BLASTp. Since Mnx,
198 Hmx1, and Hmx2 share substantial sequence identity, additional pairwise global alignments
199 were used to determine the annotation of all hits. The gene distribution suggests a
200 cyanobacterial origin of Hmx1 and Hmx2, since Hmx-type homologs with three TMDs are rarely
201 found outside of cyanobacteria, independent of the chosen e-value cutoff (Figure 5,
202  Supplemental Figure S3, Supplemental Table S2). Exceptions are single Hmx1/Hmx2 homologs
203 in e.g., Desulfovibrio desulfuricans ND132 or Desulfovibrio magneticus RS-1. In contrast, Mnx
204 homologs with six TMDs are present in a wider range of Proteobacteria, Actinobacteria,
205 Chlorobi, Clostridia, and one member of the Negativicutes. Eukaryotic genomes appear to
206 encode only Mnx homologs and their conserved six TMDs (Supplemental Figure S4,
207  Supplemental Table S2).

208

209 DISCUSSION

210 Members of the UPF0016 family have recently emerged as important representatives of

211  secondary transporters with Ca®" and, most importantly, Mn** as substrates (Stribny et al.,
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212 2020). Typically, 6-TMD transporters occur in a wide range of eukaryotic groups (Supplemental
213 Figure S4) and also cyanobacteria (Figure 5). In eukaryotes the transporters serve in Ca®* and
214  Mn* uptake into the Golgi apparatus, where Mn-dependent glucosyltransferases are located. A
215 functional defect of the human homolog TMEM165 is linked to cases of congenital disorders of
216  glycosylation, an inheritable disease leading to various pathological symptoms (Foulquier et al.,
217  2012; Stribny et al., 2020). In photosynthetic eukaryotes, genes encoding 6-TMD members of
218 the UPF0016 family have undergone multiple duplication events (Hoecker et al., 2017). The
219 genome of Arabidopsis for instance encodes five UPF0016 proteins (Hoecker et al., 2017).
220 CHLOROPLAST MANGANESE TRANSPORTER 1 (CMT1) and PHOTOSYNTHESIS-
221  AFFECTED MUTANT 71 (PAM71) reside in plastid membranes. CMT1 imports Mn across the
222  plastid inner envelope into the plastid stroma, while PAM71 facilitates uptake into the thylakoid
223  lumen to provide Mn for its incorporation into the oxygen evolving complex of PSII (Schneider et
224  al.,, 2016; Eisenhut et al., 2018; Zhang et al., 2018). PHOTOSYNTHESIS-AFFECTED MUTANT
225 71 LIKE 3 (PML3), also known as BIVALENT CATION TRANSPORTER 3 (BICAT3), is trans-
226  Golgi localized and plays a critical role in glycosylation reactions under Mn limitation conditions,
227 in cell wall biosynthesis (Yang et al., 2021), and the allocation of Mn between Golgi apparatus
228 and chloroplast (He et al., 2022). PML4 and PML5 localize to the endoplasmic reticulum and
229  likely fine-tune the uptake of Mn (Hoecker et al., 2020). We identified half-sized versions of the
230 UPFO0016 proteins, Hmx1 and Hmx2, in the cyanobacterium Synechocystis that each contain
231  three instead of six TMDs (Figure 1A).

232

233  Hmx1 and Hmx2 enable constitutive Mn uptake as heteromers at the plasma membrane
234  The vast majority of cyanobacterial genomes encode two genes encoding 3-TMD proteins,
235 where hmx1 and hmx2 are usually arranged in an operon (Figure 1B, Supplemental Table S1).
236  Since such regulatory systems typically contain genes coding for functionally related partners,

237  we expected both proteins Hmx1 and Hmx2 to assemble as heteromers and function as Mn
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238 transporter in the same way as their 6-TMD homologs of the UPF0016 family. Our experimental
239  results fully support this hypothesis.

240 We were able to delete the genes in single and double knock-out mutants (Figure 2B).
241  The full genome segregation indicates that Hmx1 and Hmx2 are not essential for survival under
242  standard conditions with 1x (9 uM) MnCl, supplementation. The reduced growth performance at
243 this concentration and even more so in the absence of Mn (Figure 2C), however, clearly
244  demonstrates its important role in Mn uptake. The decreased ability to accumulate Mn inside of
245  cells after a 9 pM MnCl;, pulse (Figure 2D) furthermore corroborates the Mn uptake function for
246 Hmx1/2.

247 The only Mn ABC-type transporter MntCAB that has been described for cyanobacteria
248  until now serves Mn import at the plasma membrane under Mn-limitation (Bartsevich and
249  Pakrasi, 1995; Bartsevich and Pakrasi, 1996). Intriguingly, mntCAB knockout lines continued to
250 show Mn uptake when supplemented with micromolar amounts of Mn, indicating the presence
251 of a second, yet unidentified Mn uptake system (Bartsevich and Pakrasi, 1996). Our analysis of
252  double mutants with deletions in both mntC and hmx2 revealed that both transporters assist
253  each other at Mn scarcity, since AmntC/Ahmx2 mutants are not able to survive without any Mn
254  supplementation (Figure 4C) and they show the weakest intracellular Mn accumulation (Figure
255 4D). Bartsevich and Pakrasi (Bartsevich and Pakrasi, 1996) furthermore postulated that the
256 additional Mn transport system should be active at different, likely micromolar extracellular Mn
257  conditions. This feature holds true for Hmx1/2. While the AmntC mutant shows the strongest
258  growth retardation at Ox MnCl,, the phenotype is already fully recued at 0.5x (4.5 pM) MnCl,.
259 This result was expected, since expression of mntCAB occurs under the control of the
260 ManS/ManR two-component system (Ogawa et al., 2002; Yamaguchi et al., 2002) and is known
261 to be induced only at extracellular Mn concentrations below 1 uM (Yamaguchi et al., 2002;
262  Eisenhut, 2020). Thus, at 4.5 uM MnCl, MntCAB is not expressed and another Mn uptake

263 system must compensate its absence, which is Hmx1/2. Ahmx2 shows impaired growth

10
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264  performance at concentrations up to 5x MnCl, (Figure 2C) and the Ahmx1 and Ahmx2 mutants
265  both display Mn sensitivity over a rather broad range of MnCl, concentrations (0-45 uM) (Figure
266  2C). Together with the observation that their gene expression appears to be rather house-
267  keeping than inducible (Supplemental Figure S2), we postulate that Hmx1/2 functions as
268  constitutive Mn transporter.

269 It was furthermore postulated (Bartsevich and Pakrasi, 1996) that the unidentified Mn
270  transporter should be highly specific for Mn. This criterion, too, is fulfilled by Hmx1/2. Besides
271  Mn, only Ca has been demonstrated to be a substrate for some UPF0016 proteins (Demaegd et
272 al., 2013; Colinet et al., 2016; Wang et al., 2016; Frank et al., 2019). For its 6-TMD homolog
273  Mnx, specifically Mn-dependent effects were demonstrated (Brandenburg et al., 2017b). Thus, it
274  is also very likely that Hmx1/2 have a high specificity for Mn.

275 Finally, to serve Mn import, the proteins are expected to localize to the plasma
276 membrane. We observed in both lines expressing hmxl:cfp or hmx2:cfp, that the CFP
277  fluorescence did not overlap with the chlorophyll autofluorescence (Figure 3), which would be
278 indicative for a thylakoid membrane localization. The halo-like appearance is different from
279 thylakoid membrane proteins, such as Mnx (Brandenburg et al., 2017b) and rather indicates
280 Hmx1 and Hmx2 residing in the plasma membrane. Uptake across the plasma membrane
281 serves Mn delivery to cytoplasmic Mn-requiring proteins and also further passage via the
282  thylakoid membrane transporter Mnx to assist Mn incorporation into PSIl. To minimize
283  experimental artifacts, the CFP fusion constructs were introduced into the genes” native
284  chromosomal sites, so that expression was guided by the native promoters and an
285  overexpression artifact can be ruled out. Furthermore, since the expression lines did not show
286  Mn sensitivity (Supplemental Figure S1B), we argue that Hmx1:CFP and Hmx2:CFP reside in
287  their designated locations and are functional.

288 Strikingly, the compensation of the Mn sensitive phenotype of Ahmx2 (Figure 2C) and

289  the viability of the AmntC/Ahmx2 double mutant (Figure 4C) at elevated Mn concentrations

11


https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528846; this version posted February 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

290 suggest the presence of an additional Mn uptake system at the plasma membrane. However,
291 this transporter likely has only a low-affinity for Mn as indicated by the compensation with 5x
292  MnCl, (at minimum). A good candidate for the low-affinity Mn transport system is the Fe(lll)
293  ABC-type transporter FUtABC (Katoh et al., 2001). Expression of the transporter subunits is
294  slightly enhanced at Mn limitation (Sharon et al., 2014). FUtABC might transport Mn as co-
295  substrate by a piggybacking mechanism (Brandenburg et al., 2017b; Eisenhut, 2020).

296 Hmx1 and Hmx2 are rather small proteins (117 and 92 amino acids, respectively). They
297  both comprise three TMDs and contain the signature ExGD motive, which is suggested to
298 participate in forming the pore of the transporter (Stribny et al., 2020). According to our
299  experimental results, they are only functional if assembling as heteromers: single and double
300 mutants in hmx1 and hmx2 have congruent phenotypes. That is, they show reduced growth on
301 medium with low Mn concentrations (Figure 2C) and have smaller intracellular Mn pools in
302 comparison to the WT (Figure 2D). If homomers were active in Mn transport, single deletions of
303  either hmx1 or hmx2 would not have resulted in Mn sensitivity and additive characteristics in the
304 Ahmx1/Ahmx2 double mutant would have been expected. Also, hmx1 and hmx2 are with 90 %
305 (Supplemental Table S1) predominantly encoded as operons, which supports a functional
306 interaction of both 3-TMD proteins and single 3-TMD units are too small for building a
307 transporter pore. Thus, we suggest that Hmx1/2 is required to assemble as multimeric
308 heteromers to enable Mn transport. Schneider et al. observed interaction of PAM71, a 6-TMD
309 protein of the UPF0016, with itself (Schneider et al., 2016). Likely, as demonstrated for
310 SWEETs (Xuan et al., 2013) or MFS eukaryote sugar transporters (Abramson et al., 2003),
311 UPFO0016 proteins form a functional transporter, if assembling into 12-TMD complexes. Future
312  structural studies could provide evidence that the 3-TMDs and their conserved ExGD motif, as
313  represented by Hmx1 and Hmx2, in all cases act as the principle building block.

314 In summary, through the characterization of Hmx1/2 we propose to having identified the

315 so far only biochemically evidenced Mn transporter of cyanobacteria. It allows constitutive Mn
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316 uptake and in collaboration with the MntCAB system ensures proper Mn provision under both
317 Mn-limiting and sufficient conditions. A model with Hmx1/2 integrated into the Mn homeostasis
318 network is provided in Figure 6. Like chloroplasts of the green lineage (Chloroplastida), also
319 cyanobacteria employ two transporters of the UPF0016 family for sequential uptake of Mn. A
320 comparable example is the occurrence of Cu-specific P-type ATPases in both cyanobacteria
321 (CtaA and PacS) (Kanamaru et al., 1994; Phung et al., 1994; Tottey et al., 2001) and plants
322 (PAAl and PAA2) (Abdel-Ghany et al., 2005). In both cases the homologs act in tandem to
323 transport Cu’-ions via the plasma membrane/chloroplast envelope and the thylakoid membrane.

324
325 Cyanobacterial Hmx1 and Hmx2 represent the ancestral form of UPFO016 proteins

326 Pairs of Hmx proteins are almost exclusively encoded in cyanobacterial genomes (Figure 5).
327 Isolated hmx genes, so called singletons, can be found in microorganisms other than
328 cyanobacteria (Demaegd et al., 2014). Thus, hmx1 and hmx2 likely evolved by duplication of a
329 single hmx gene. Even screening with a fairly low e-value (Supplemental Figure S3), resulted in
330 the detection of Hmx homologs with three TMDs, also as singletons, only in very few cases
331 outside of the cyanobacterial group (Figure 5, Supplemental Table S2). Cyanobacteria,
332  however, frequently encode the fusion form (UPF0016 proteins) with six TMDs. In contrast to
333 the 3-TMD proteins, this 6-TMD type is also observed in several other bacteria, such as
334  Gammaproteobacteria with MneA in Vibrio cholerae (Fisher et al., 2016), Deltaproteobacteria or
335  Actinobacteria (Figure 5). An ancestral origin of UPF0016 proteins and subsequential loss in the
336 vast majority of lineages cannot be ruled out, but parsimony suggests a cyanobacterial origin of
337  both Hmx proteins, accompanied by a fusion event to produce 6-TMD proteins of the Mnx-type,
338 which was then laterally transferred to other prokaryotic groups including some archaea
339  (Supplemental Table S2). Fusion forms of proteins, such as Mnx, have a higher probability to be
340 retained after lateral gene transfer. Since our experiments with the knockout mutants in hmx1

341 and/or hmx2 demonstrated that both proteins are essential for the function as Mn transporter,
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342 Hmx proteins only add an advantage, if both proteins are transferred. Thus, their individual
343  probability of being retained after lateral gene transfer is rather low. It is conceivable that Hmx1
344 and Hmx2 represent the ancestral progenitor of the fused 6-TMD form of UPF0016 proteins,
345 which was — through endosymbiosis — carried into the eukaryotic tree of life (Hoecker et al.,
346  2021). Strikingly, eukaryote genomes only contain 6-TMD versions of UPF0016 members
347  (Supplemental Figure S4).

348 In conclusion, cyanobacteria employ all organizational structures of UPF0016 proteins,
349  from basic 3-TMD units to fused 6-TMD proteins. Hence, cyanobacteria are the most suitable
350 model to study the evolution and function of this important class of transport proteins. The Mn
351 transport function of Hmx1/2 highlights this as fundamental ancient feature of the UPF0016
352 family. We suggest that Hmx1/2 coevolved as an essential consequence of the cellular
353 internalization of the OEC (reviewed in Martin et al., 2018) at the basis of cyanobacteria
354  performing oxygenic photosynthesis.

355

356 MATERIAL AND METHODS

357 Synechocystis Strains and Growth Conditions

358 The glucose-tolerant Japanese strain of Synechocystis sp. PCC 6803 obtained from Martin
359 Hagemann (University of Rostock, Germany) served as wild type (WT). Axenic cultures were
360 routinously grown in BG11 medium adjusted with 20 mM HEPES-KOH to pH 7.5 (Rippka et al.,
361 1979) in a shaker at 30 °C and 200 rpm, illuminated with 100 pmol photons m? s constant
362  white light. Growth medium of the mutant lines was supplemented with appropriate antibiotics,
363 50 ug mL™ kanamycin (Km), 20 yg mL™ spectinomycin (Sp), or 12.5 ug mL™ gentamycin (Gm).
364

365 Generation of Synechocystis Knockout and Double-Knockout Lines

366 The Ahmx1 knockout mutant was generated by introduction of the plasmid pUC-4S including a

367  Sp resistance cassette after Hincll digestion into the Nael restriction site of the PCR-amplified

14


https://doi.org/10.1101/2023.02.16.528846
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528846; this version posted February 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

368 (primers FB69 and FB70; Supplemental Table S3) open reading frame of slr1170. The cloning
369 vector pJET1.2 (ThermoFisher) served as vector backbone. To generate the knockout construct
370 for hmx2, the open reading frame for ssr1558 including upstream and downstream sequences
371 was amplified using the primers ME368 and ME369 (Supplemental Table S3). The Km
372  resistance cassette derived from the plasmid pUC-4K after digestion with Hincll was inserted
373 into the Smal restriction site of hmx2. The construct for generating a AmntC mutant was
374  produced by amplification of the open reading frame sll1598 using the primers ME163 and
375 ME164 (Supplemental Table S3). The Sp resistance cassette from pUC-4S was introduced into
376 the Mscl site. All restriction enzymes were purchased from New England Biolabs, USA.

377  Transformation, selection on Sp- or Km-containing BG11 plates and segregation of independent
378 clones was verified by PCR analysis as described in (Eisenhut et al., 2006). The Ahmx1/Ahmx2,
379 and Ahmx2/AmntC double knockout mutants were generated by transformation of single
380 mutants with the desired knockout-construct, following the same protocol.

381

382  Subcellular localization experiments

383  For the generation of CFP-fusion protein constructs, the CFP-coding sequence and Gm
384 resistance cassette from a vector as described in (Heinz et al., 2016) was utilized. Using the
385 primers FB105 and FB106 (Supplemental Table S3) Xhol and Nhel restriction sites were added
386 by PCR to the hmx1 open reading frame including its 800 bp upstream region. Similarly, the 800
387 bp downstream region of hmx1 was PCR amplified with EcoRI restriction sites added to both
388 ends (primers FB107 and FB108; Supplemental Table S3). Restriction digest and T4 DNA
389 Ligase (all NEB enzymes) were used to first clone the 3'-region of hmx1 downstream of a CFP
390 and Gm resistance cassette, before hmx1 including the 5’-region of hmx1 was cloned upstream
391 of the cfp gene. A GSGSG peptide linker separates the gene of interest and hmx1 to allow
392  proper folding of both proteins. As vector backbone, pJET1.2 (ThermoFisher) was used. A

393 hmx2:cfp fusion was generated in the same way using primers FB109, FB110 and FB111,
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394  FB112 (Supplemental Table S3). Synechocystis Ahmx1 and Ahmx2 cells were transformed with
395 the constructs as described above, using Gm for selection. The antibiotics Km and Sp used for
396 selection of the knockout of hmx1 and hmx2, respectively, were omitted from the medium to
397 allow replacement of the knockout alleles by the expression alleles. Successful transformation
398 and segregation was verified by PCR using primers FB69/FB70 (hmx1:cfp) or ME368/ME369
399 (hmx2:cfp). For primer sequences see Supplemental Table S3.

400 For imaging, the cells were immobilized on microscopic glass slides by a thin layer of solid
401 BG11l medium (1:1 mixture of 2-fold concentrated BG11l medium, with 24 mM sodium
402  thiosulfate added and 3% [w/v] bacto agar). A Leica TCS SP8 STED 3X microscope with a HC
403 PL APO CS2 100x/1.40 OIL objective was used. An argon laser at 488 nm and 70 W output
404  intensity was used for excitation. Emission was detected using Leica HyD hybrid detectors from
405 470-530 nm (CFP) and 660-700 nm (chlorophyll). Microscopy was performed at the Center of
406  Advanced Imaging, Heinrich-Heine University Dusseldorf.

407

408 Drop Tests

409 The effect of varying amounts of MnCl, on the different lines was tested on solid BG11 medium.
410  Cultures were grown until mid-log phase and 5 d starved for Mn by cultivating in BG11 medium
411 without MnCl, (BG11 -Mn). Then, 2 pL of culture with an OD;5o of 0.25 and subsequent 1:10,
412  1:100, and 1:1000 dilutions were spotted onto agar plates (BG11, pH 7.5 with 24 mM sodium
413  thiosulfate added; solidified with 1.5% [w/v] bacto agar). The plates were supplemented with
414 MnCl, as indicated (1x MnCl, = 9 uM MnCl;) and did not contain antibiotics. Plates were
415  incubated under continuous white-light illumination of 100 ymol photons m? s™ at 30 °C for 5 d.
416

417  ICP-MS Measurements

418  Cells were washed with EDTA (20 mM HEPES-KOH, pH 7.5, and 5 mM EDTA) (Keren et al.,

419  2002) before and after pre-cultivation under Mn-limiting conditions (BG11 -Mn) for 5 d, to ensure
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420  similar intracellular Mn concentrations in all lines. Before the experiment, cells were adjusted to
421 an ODs5 of 0.8 and treated with MnCl, concentrations as given in the respective experiments.
422  Before the experiment and 4 h after MnCl, treatment, samples were taken and washed as
423  described in (Brandenburg et al., 2017a). In short, to determine the total content of Mn in a
424  sample, cells were washed two times with ice-cold HEPES (20 mM HEPES-KOH, pH 7.5) to
425  preserve the periplasmic Mn storage. Additionally, the samples were washed two times with 4
426 mL Milli-Q grade (18 MQ cm) water before further processing. To release the periplasmic Mn
427 pool, a second set of samples was washed initially two times with HEPES containing 5 mM
428 EDTA and subsequentially washed two times with Milli-Q grade water. The washed samples
429  were re-suspended afterwards in 0.4 mL 65% nitric acid and digested for 3 h at 70 °C. The
430 digested samples were diluted to ~4 % nitric acid with 6.5 mL Milli-Q grade water. Elemental
431  composition of the samples was determined by ICP-MS (Agilent 7700) at the CEPLAS Plant
432  Metabolism and Metabolomics Facility, University of Cologne. The cell numbers of the samples
433  were estimated using a cell counter (Beckman Coulter Z2).

434

435  Sequence Analysis and Identification of Candidate Genes

436  Proteins of the UPF0016 were identified using Pfam (http://pfam.xfam.org) (Finn et al., 2016)

437 and BlastP (https://blast.ncbi.nim.nih.gov/Blast.cgi) analysis (Altschul et al., 1990). DNA and
438 protein sequences were obtained from the genome database CyanoBase
439  (http://genome.microbedb.jp/cyanobase). Clustal Omega
440  (https://www.ebi.ac.uk/Tools/msa/clustalo) was used for sequence alignment (Sievers et al.,
441  2011).

442

443  Phylogenetic Analysis

444 A database of 5,655 complete prokaryotic genomes of the RefSeq database (O’Leary et al.,

445  2016) was search via diamond blastp (Buchfink et al., 2015) using the “--very-sensitive” option.
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446  Since Mnx, Hmx1, and Hmx2 share significant sequence identity, exact pairwise global
447  alignments were produced to determine whether queries with multiple hit are a Hmx protein or
448 the fusion Mnx protein (Rice et al., 2000). Homologs were visualized using a presence-and-
449  absence matrix, color-coding their pairwise local identity. The same set of seed sequences was
450 used to search for eukaryotic homologs within a database of 150 eukaryotes (Ku et al., 2015).
451  All significant hits with a maximum e-value of 1x10™° and at least 25% sequence identity were
452  retained for further analysis (Supplementary Table S2).
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641

642  Figure legends

643 Figure 1: A) Amino acid alignment of UPF0016 members of Synechocystis. Grey boxes
644  indicate predicted transmembrane domains. The conserved ExGD motif is highlighted in red.
645  Asterisks (*) indicate strictly conserved residues and a colon (:) depicts residues with similar
646  properties. B) Genomic organization of hmx1 (orange) and hmx2 (red) orthologs across some
647  selected cyanobacteria. Additional genes as part of the transcriptional unit are depicted in grey.
648  The direction of arrows indicates the orientation in the genome.

649

650 Figure 2: Analysis of Ahmx1 and Ahmx2 mutants. A) Scheme for the generation of mutants in
651 hmx1l (Ahmx1) and hmx2 (Ahmx2) by insertional inactivation. B) Verification of mutations in
652  Ahmx1, Ahmx2, Ahmx1/Ahmx2, and Ahmx2/Ahmx1 by genotyping. PCR analysis was performed

653  with gDNA and gene specific primers (hmx1: primers FB69/FB70, WT = 954 bp; Mu = 5,002 bp.
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654 hmx2: primers ME368/ME369, WT = 1,279 bp; Mu = 2,531 bp). C) Droptest to monitor Mn
655  sensitivity. Cells were washed with BG11 -Mn and adjusted to an ODs5o of 0.25. Cells were
656 diluted 1:10, 1:100, 1:1000 with BG11 -Mn and 2 pL of these cell suspensions were dropped
657 onto BG11l medium supplemented without (w/0) MnCl, (0 uM), 1x MnCl, (9 puM), 5x MnCl, (45
658  pM), or 10x MnCl, (90 uM). Pictures were taken after 5 d growth at 30 °C, 70 umol photons m
659 s™. D) Determination of intracellular Mn concentrations before (0 h) and 4 h after addition of 9
660 uM MnCl,. Cells were precultivated for 5 d in BG11 -Mn and then treated with 9 uM MnCl,.
661 Samples were taken before (0 h) and 4 h after the addition of MnCl,. To only determine the
662 intracellular Mn pool, periplasmic Mn was eliminated by two washing steps with 5 mM EDTA in
663 20 mM HEPES buffer (pH 7.5). Data obtained for the WT measurement at 0 h was set to 100 %
664  and subsequent values were normalized to this point. Typical values obtained for the WT at O h
665 were 1.4*10° Mn atoms/cell (= 100%). Shown are averages and standard deviations of three
666  biological (with five technical) replicates each. Asterisks indicate significant differences between
667 the reference value and specified knockout mutant according to a Student’s t-test (*: P < 0.05;
668 **: P <0.01).

669

670  Figure 3: Subcellular localization of Hmx1 and Hmx2. The subcellular localization of Hmx1 and
671 Hmx2 was determined by confocal fluorescence microscopy. CFP was C-terminally fused to
672 Hmx1 and Hmx2. The fusion constructs were introduced into the original hmx1 and hmx2 locus,
673  resulting in the strains hmx1:cfp and hmx2:cfp and expression under the endogenous promoter.
674  Typical results for hmx1:cfp are shown in A and B and for hmx2:cfp in C and D. CFP
675 fluorescence is shown in orange, chlorophyll autofluorescence in blue, and a merged image
676  shows both signals at the same time (A and C). Intensities of the signals from the outside to the
677 inside of the cell at various positions of the cell circumference were analyzed as indicated by the
678  regions of interest (ROIs) (B and D). Intensities of the signals along the cell circumference were

679 analyzed as indicated by the ROIs (B and D).
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680

681  Figure 4: Analysis of Ahmx2 and AmntC mutants. A) Scheme for the generation of a mutant in
682 mntC (AmntC) by deletion (A = 35 bp) and insertion of a spectinomycin resistance cassette
683  (SpF). B) Verification of mutations in Ahmx2, AmntC, and Ahmx2/AmntC by genotyping. PCR
684  analysis was performed with gDNA and gene specific primers (hmx2: primers ME368/ME369,
685 WT =1,279 bp; Mu = 2,531 bp. mntC: primers ME163/ME164, WT = 664 bp; Mu = 2,712 bp). C)
686 Droptest to monitor Mn sensitivity. Cells were washed with BG11-Mn and adjusted to an OD75
687 of 0.25. Cells were diluted 1:10, 1:100, 1:1000 with BG11-Mn and 2 pL of these cell
688  suspensions were dropped onto BG11 medium supplemented without (w/0) MnCl, (0 pM), 0.5x
689  MnCl; (4.5 uM), 0.75x MnCl, (6.75 puM), 1x MnCl, (9 uM), 2.5x MnCl, (22.5 uM), or 5x MnCl, (45
690  uM). Pictures were taken after 5 d growth at 30 °C, 70 umol photons m? s™. D) Determination of
691 intracellular Mn concentrations before (0 h) and 4 h after addition of 4.5 uM MnCl,. Cells were
692  precultivated for 5 d in BG11 -Mn and then treated with 4.5 uM MnCl,. Samples were taken
693 before (0 h) and 4 h after the addition of MnCl,. To exclusively determine the intracellular Mn
694  pool, periplasmic Mn was eliminated by two washing steps with 5 mM EDTA in 20 mM HEPES
695  buffer (pH 7.5). Data obtained for the WT measurement at O h was set to 100 %, and
696  subsequent values were normalized to this point. Typical values obtained for the WT at O h were
697  1*10° Mn atoms/cell (= 100%). Shown are averages and standard deviations of 4 or 5 biological
698  with 5 technical replicates each. Asterisks indicate significant differences between referring WT
699  value and specified knockout mutant according to a Student’s t-test (*: P < 0.05; **: P <0.01).
700

701  Figure 5: Occurrence of UPF0016 genes in prokaryotic genomes. A database of 5,655
702  complete prokaryotic genomes was searched for homologs of Mnx, Hmx1, and Hmx2 via
703  DIAMOND. The presence-and-absence pattern was color coded based on sequence identity
704  and only hits with at least 25 % sequence identity and a maximum e-value of 1E-10 were

705  plotted.
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706

707  Figure 6: Biological role of Hmx1 and Hmx2 in cellular Mn homeostasis of cyanobacteria. For
708  Synechocystis, two distinct Mn pools were observed: up to 80% of the cellular content was
709 found to accumulate in the periplasm, while only 20% reside inside the intracellular space
710 (Keren et al., 2002). In the periplasmic space, Mn is most likely loosely bound to the outer
711  membrane by the negative membrane potential or bound to soluble Mn-binding proteins, such
712 as MncA (Keren et al., 2002; Tottey et al., 2008). Inside the cell, roughly 80% of the Mn is
713  associated with the Mn-cluster of the OEC. This major sink of Mn is assumed to being supplied
714  via two routes. i) The tetratricopeptide repeat protein PratA delivers Mn from the periplasm
715  directly to the precursor of the D1 reaction center protein in the biogenesis centers of the cell
716  (Stengel et al., 2012). ii) The manganese exporter Mnx (Brandenburg et al., 2017b), also known
717 as SynPAM71 (Gandini et al., 2017) transports Mn from the cytoplasm into the thylakoid lumen
718 and thus serves as an alternative delivery option. Besides the ABC-type transporter MntCAB,
719  which is only expressed under Mn-limiting conditions (Bartsevich and Pakrasi, 1996), the here
720  studied UPF0016 proteins Hmx1 and Hmx2 serve Mn import at the plasma membrane and
721  biogenesis centers. They form heteromers and are constitutively active. The ferric Fe importer

722 FutABC likely has a low-affinity Mn uptake activity.
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