


* [ron availability is a potent control on
marine phytoplankton and bacterioplankton
productivity

e Availability of iron to marine microbiota
iIs mediated not just by supply, but by
In situ iron chemistry



Chemical forms of iron in seawater
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How do we address the chemical complexity
of iron in seawater?

e Mass spectrometry techniques
e Advanced separation techniques

e Electrochemical techniques

This is challenging!



What can be gained from characterizing
the Fe transporter pool?

A “biologically informed”
approach to chemistry




- Siderophores

- Metalloproteins of various
states of integrity

- Hemes

- Nanogel polymers

- Polysaccharides

- Humic substances

- Non-siderophore secondary metabolites
- Cellular debris

- Lithogenic colloids

- 'Free' metals
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What can be gained from characterizing
the Fe transporter pool?

A “biologically informed”
approach to chemistry

Model marine organisms
e Growth studies

= e Genomics

0 e Transcriptomics

e Gene Knockouts

Natural populations
e - omics studies



Iron uptake systems in marine bacteria



* Most of what is known about Fe transport comes from
studies with model pathogenic bacteria
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 ATP binding cassette transporters (ABCT)

FE‘(“') B12, Heme,
siderophores

Cytoplasmic
Membrane




 TonB Dependent Transporters (TBDT)
Sidemphomﬁ e

D000 0e00008000000000

-“n 1AE568H 9434068

.1 :‘.-IZ:'J ]‘.-‘.Zl .1-

| | ) ISIRIEY .-
-'_Ir.l"_- ". 4 Iry '_..-

5ﬁnrbnbbﬁhrﬁbrhﬁohrn

l'.'ln'
44 H 1

bﬁhﬁfhfhﬁ@%ﬁﬁfbﬂbbﬁh#

Feit ’,-""' N-terminal extension
3“””
Periplasmic
‘_." binding protein
B ]
b 454548 SR ABC (AR L4 ECeL (e 0 e o8 {4 ( ﬂ}aﬁ? “ﬁ
IM /1)) transporter || _:-,_I,-r-..;r,:. ij
y Y LA IRLRLRIA 1
ddsed 3 i888888888

Fe* +Fur /== Fe™-Fur =-=---- 4} = * * *

Iron transport genes



Feo transport

Quter membrane




Do we actually find these archetypal iron
transporters in all marine bacteria?

First look: genome/metagenome survey

- Hopkinson and Barbeau EMI 2012

- Toulza et al. PLOS One 2012
- Desai et al. Front. Microbiol 2012



Iron transporters in marine prokaryotic genomes

Taxa Mo. ATP Perm Bind FeoA FeoB FTR1 NRAMP ZIP TBDT Hydrox Catechol Haem
Alphaprotecbacitena &1 51 b4 40 8 4 4 5 27 43 28 g 31
Gammaprotecbactena &7 42 48 30 34 29 17 30 23 b6 50 38 36
Other Protecbactena 14 3 4 1 11 11 2 1 7 13 5 6 4
Bacteriodetes 16 1 1 1 16 15 0 15 16 16 8 4 14
Picocyanobacteria 22 22 22 7 2 1 0 15 2 1 0 0 1
Other Cyanobacteria 15 14 15 5 10 8 7 3 8 8 7 2 2
Other Bactena 15 5 & 6 9 7 4 10 10 5 2 2 1
Archaea B 0 1 0 4 4 2 1 4 0 0 0 0

Hopkinson and Barbeau EMI 2012



Iron uptake genes in the GOS metagenomes

Frequency *
Gene (genes per genome) [
Fe* ABC ATPase 0.52 ;ﬁ,
+ Fe* ABC permease 0.54 T
Fe* ABC binding 0.49 -
FeoA 0.27 - -
FeoB 0.07
FTRA1 0.06
NRAMP 0.18
- ZIP 0.46
TBDT 2.45
Hydrox 0.12 ;
Catechol 0.17 L
_ . Haem ) __D.EIE é_‘ .

Hopkinson & Barbeau EMI 2012



Molecular mechanisms underlying microbial
Fe acquisition in the marine environment:

A focus on transport of
the model Fe-binding ligand heme



« Heme Is a fundamental building block In

diverse enzymes across all domains of
life

a)

Cytochrome bol. May 2011 Molecule of the Month by
David Goodsell doi: 10.2210/rcsb_pdbfmom_2011_ 5



* |n the process of 'regenerating’ or
'recycling’ Fe from sinking matter, what
Fe-ligand complexes might a bacterium ~

encounter?
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e |Intracellular heme contents of common
marine phytoplankton have been
determined

* Heme concentrations in POM from the
North Atlantic have also been determined

» Heme concentration in dissolved fraction
(<0.2 um) have been determined for
estuarine water but were below DL for
oligotrophic seawater.

Honey et al. MEPS 2013; Gledhill Mar. Chem. 2007; Vong et al. ACA 2007



 Heme uptake in pathogens
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Phylogenetic distribution of heme transport
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Heme uptake genes in marine roseobacters

Oceanicola granulosus HTCC2516
Rhodobacterales bacterium HTCC2083

Octadecabacter antarcticus str. 238

Octadecabacter antarcticus str. 307 ««+eeuss
Roseobacter sp. R2A57

Thalassiobium sp. R2ZAB2 «««ssrvsrenrrnennes
10g Roseovarius nubinhibens ISM s« ssssesesasss

Roseobacter sp. AzwK-3b

5399 Roseovarius sp. TM1035 ««xeveevurranrnnanns
ROSeoVarius Sp. 217 «seessesrncreuaranranns
100 100 Phaeobacter gallaeciensis 2.10
28 Phaeobacter gallaeciensis BS107

Phaeobacter gallaeciensis ANG1

Pelagibaca bermudensis HTCC2601 «+-.....
Citreicella sp. SE45  +revruersesrseiianinns
Oceanicola sp. 124

Oceanicola batsensis HTCC2597

Phaeobacter sp. Y4l

Roseobacter sp. SK209-2-6 ~ «=rerrrvereres
Roseobacter sp. MED193  «.evviiieiiinis
Ruegeria sp. R11 «rreresserrseriannens
Ruegeria sp. TrichCH4B  =-xeeeereenanens
Ruegeria sp. TM1040  seeereeesennnnnanens

Ruegeria pomeroyi DSS-3
Rhodobacterales bacterium KLH11

Ruegeria sp. str. TW15

Ruegeria lacuscaerulensis strain ITI-1157
Jannaschia sp. str. CCS1  «esereeereieaianns
Rhodobacterales bacterium HTCC2150

0 Rhodobacterales bacterium HTCC2654
Maritimibacter alkaliphilus HTCC2654
Dinoroseobacter shibae DFL 12 ««-v.-

Roseobacter litoralis Och 149

L Roseobacter denitrificans OCh 114 «=«xxxves
QOceanibulbus indolifex HEL-45

84— Sulfitobacter sp. EE-36 +++++ereuseananannns
Sulfitobacter sp. NAS-14-1 «+eeeereanianns
Roseobacter sp. GAI101

o

71

Sagittula stellata E-37

Roseobacter sp. CCS2
E Loktanella vestfoldensis SKAS3 «rvsenvnvas
54

Loktanella sp. SE62

1000 bp

Escherichia coli str. K-12

Roe et al. AEM in press
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e Sequence conservation of hmuS gene makes it
an appropriate subject for targeted
metagenomics (degenerate primer based)
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* Phylogeny of hmuS component of heme uptake

pathway can provide insight to
distribution/diversity of capability in the marine

environment



hmuS phylogeny Is
congruent with 16S
taxonomy

Roe et al. AEM in press



hmuS detected in the
marine environment
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Roe et al. AEM in press

|:| = Global Ocean Sampling




Work with roseobacter isolates



Ruegeria sp. TrichCH4B ~ Ruegeria sp. TM1040




Marine Isolates can grow on Ferric-porphyrin complexes as the sole
Iron source

Silicibacter sp. TrichCH4B

o+ 200 nM FE‘C|3
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Roe et al. AEM in press



Marine Isolates can grow on Ferric-porphyrin complexes as the sole
Iron source

Ruegeria sp. TM1040
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Biochemical
confirmation of TBDT
substrates is critical!

Functional characterization of
“heme” TBDT via knockout
mutation



Generation of TBDT knockout in TM1040 using Gibson cloned
pRL271 derived suicide vector

PMB1 ori sacB TM1040 0347 2210 bp
TM1040 0347 3124 bp
Deletion of 460 bp

pLHO347 - 6347 bp ATM1040_0347::kan

Kanamycin Resistance

X X

TM1040 0346 TM1040_0347 TM1040 0348

_.-;_'_’_:

(Confirmed by sequencing)

_.g_-_'_':_

TM1040_ 0346 TM1040_ 0348
- ATM1040 0347::kan -




Comparative analysis of metal uptake systems
in marine Roseobacter genomes
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Roseo TBDT phylogeny appears to be structured by putative substrate
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Solute binding protein of ABCT is most divergent in the whole complex...

- Solute binding protein

- Permease

lodBC-Al”

- ATPase




Metal solute binding proteins of Roseobacters cluster by substrate with
experimentally characterized SBPs from human pathogens
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Does the sequence diversity of metal uptake receptors
reflect substrate diversity in the environment?

4

e.g. — diversity of Fe-ligand complexes,
and physico-chemical forms of Fe



Increase understanding
at the molecular level

Improve annotation capabilities
for marine -omics studies
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