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Abstract

Fe is a critical nutrient to the marine biological pump, which is the process that exports
photosynthetically fixed carbon in the upper ocean to the deep ocean. Fe limitation controls
photosynthetic activity in large regions of the oceans, and the subsequent degradation of exported
photosynthetic material is facilitated particularly by marine heterotrophic bacteria. Despite their
importance in the carbon cycle and the scarcity of Fe in seawater, the Fe requirements, storage and
cytosolic utilization of these marine heterotrophs has been less studied. Here, we characterized the
Fe metallome of Pseudoalteromonas (BB2-AT2). We found that with two copies of bacterioferritin
(Bfr), Pseudoalteromonas possesses substantial capacity for luxury uptake of Fe. Fe:C in the
whole cell metallome was estimated (assuming C:P stoichiometry ~51:1) to be between ~83
umol:mol Fe:C, ~11 fold higher than prior marine bacteria surveys, which could support growth
for at least 2.6 divisions in the absence of further Fe acquisition. Under these replete conditions
other major cytosolic Fe-associated proteins were observed including superoxide dismutase
(SodA; with other metal SOD isoforms absent under Fe replete conditions) and catalase (KatG)
involved in reactive oxygen stress mitigation and aconitase (AcnB), succinate dehydrogenase
(FrdB) and cytochromes (QcrA and Cyt1) involved in respiration. With the aid of singular value
decomposition (SVD), we were able to computationally attribute peaks within the metallome to
specific metalloproteins contributors. A putative Fe complex TonB transporter associated with the
closely related Alferomonas bacterium was found to be abundant within the Pacific Ocean
mesopelagic environment. Despite the extreme scarcity of Fe in seawater, the marine heterotroph
Pseudoalteromonas has expansive Fe storage capacity and utilization strategies, implying that
within detritus and sinking particles environments, there is significant opportunity for Fe
acquisition. Together these results imply an evolved dedication of marine Pseudoalteromonas to
maintaining an Fe metalloproteome, likely due to its dependence on Fe-based respiratory
metabolism.
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Introduction

Fe is an essential element to nearly all living organisms and limited in availability within the
surface ocean due to the low solubility of Fe3* in oxic seawater.! Field incubation
experiments have demonstrated that Fe limitation controls primary productivity in major
regions of the oceans and in turn can affect the biological pump of carbon from the surface
to the deep ocean.2=> This biological pump removes carbon through the fixation of CO, by
marine phototrophs, many of which utilize sophisticated metalloproteins throughput their
metabolism. The biogenic particles that result from these phototrophic organisms are then
consumed by microbially mediated degradation and zooplanktonic members of the
community, also facilitated by metalloenzymes, representing an additional and valuable
component of carbon-cycling within the marine environment.8:” Thus, understanding the
microbial metalloenzymes that mediate these processes facilitates understanding global
biogeochemical changes.®

Mechanisms for sequestering scarce bioactive trace metals, such as Fe, are critical to carbon
cycling.10 Fe limitation is known to be important in controlling photosynthetic activity in
the epipelagic zone (0-200m), but there is increasing interest in the challenges in Fe
nutrition faced by heterotrophic bacteria in the epipelagic and mesopelagic zones (200—
1000m), where Fe sources can vary including, dust, sinking particles, coastal sediment and
hydrothermal vents.2-11-13 Fe serves roles in catalysis and electron transport within
autotrophic and heterotrophic microbes, however the partitioning of these trace metals into
their respective metalloenzymes is a question outstanding.141> Notably, pelagic
heterotrophic bacteria require greater quotas of Fe per unit biomass in comparison to
phytoplankton.16-20 The strategies of heterotrophic Fe uptake have been probed at the
molecular level, ascertaining the structural details of organism-specific siderophores,21-27
and additionally at the biological level in an effort to understand Fe transport processes and
taxonomic specificity.28-31 Despite the understandings gained on the mechanisms of Fe
uptake and transport, the marine heterotrophic bacterial cellular metallome remains
underexplored.

Pseudoalteromonas is a ubiquitous marine heterotroph, a genus that was proposed within the
y-subgroup of the Proteobacteria class, isolated in both the open ocean and coastal marine
environment.32 Numerous metagenomic -transcriptomic studies have characterized the
cosmopolitan nature of this bacterium from global sampling campaigns.33:34 Observed as a
constituent of phytoplankton blooms and sinking particles in field and mesocosm
experiments,35-38 these organisms have been characterized as fast-growing copiotrophic
bacteria adapted to organic-rich conditions, in contrast to oligotrophic microbes that grow
under low substrate concentration with higher affinities for specific carbon substrates.39:40,
Alteromonadales have been isolated from the surface of particles within sediment traps and
are often associated with detritus and other marine snow sources, making them an ideal
model microbe for exploring biochemistries relevant to carbon export.4142 Understanding
how trace metals influence Pseudoalteromonas, including their organic matter degradation
capabilities and their metalloenzyme reactivity and metal selectivity, is useful in
understanding the biogeochemical constraints on these microbes.#3-4°
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This study examines the connections between the biogeochemistry of marine heterotrophic
bacteria and Fe through the investigation of the cellular metalloproteome of
Pseudoalteromonas. This method employs two dimensions of chemical separation using
anion exchange and size exclusion chromatography on cytosolic metalloproteins after native
(non-denaturing) lysis methods (Fig 1).46-48 The resulting 384 sub-samples of the purified
lysate were characterized by proteomics and inductively coupled plasma-mass spectrometry
(ICP-MS) to identify protein and elemental distributions within each sample, which together
elucidates the major soluble metalloprotein reservoirs. This manuscript focuses on the Fe
metallome of Pseudoalteromonas, while a future manuscript will describe the additional
metals.

Experimental

Culturing of Pseudoalteromonas

Marine broth medium was prepared by microwave sterilization4® of 800 mL of 0.2 um-
filtered Vineyard Sound seawater with the addition of 0.2 um-filter-sterilized solutions of 4 g
peptone (Fisher Scientific) and 0.8 g yeast extract (BD Difco). Marine agar plates were
prepared with the same composition as that of the marine broth described herein, with the
inclusion of 12 g granulated agar (Fisher Scientific) and sterilization achieved by
autoclaving for 30 min. Cultures of Pseudoalteromonas sp. BB2-AT2 were revived from a
20% glycerol stock of BB2-AT2 (provided by Kay Bidle, Rutgers University) and used to
inoculate approximately 1 mL of marine broth. The inoculated solution was allowed to
incubate at 23 °C for 3 hours, then streaked onto a marine agar plate with 50 pL inoculum
and incubated at 23 °C overnight. Pellets of BB2-AT2 were grown in volume 500 mL of
marine broth medium by inoculation at 23 °C with selection of a single colony from a
marine agar plate. Growth curves were obtained with a SpectraMax Me® unit (Molecular
Devices) through absorbance measurements at 600 nm pipetting aliquots into a Corning
clear 96 well plate at each time point. Samples were analyzed at 23 °C with a kinetic run
over a period of 18 hours with a read interval of 30 minutes, with aliquots added at every
timepoint. To validate this approach these plate reader growth rates were successfully
intercompared with growth measurements using a Shimadzu UV-1601 spectrophotometer in
a quartz cuvette (b = 1 cm) with a 2.5 mL aliquot of inoculated medium (Supplementary
Information). Pellets were harvested in mid-exponential phase by centrifugation at 8,000
rpm for 20 minutes using an Eppendorf 5810R centrifuge at 3 °C, the solution was decanted,
and the pellet washed with 0.2 um-filtered seawater (4 mL x 3). Pellets of biomass were
stored at —80 °C until chromatographic analysis was performed.

Cellular metal quota analysis

The measured quotas reflect contributions of intracellular and extracellular metals. Biomass
from triplicate 10 mL cultures were centrifuged at 8,000 rpm for 20 minutes at 3 °C at mid-
exponential phase of growth. The cell pellet was washed by resuspension in ~1 mL filtered
seawater, transferred to an acid-cleaned microfuge tube and centrifuged again for 15 min at
14,000 RPM at 4 °C. The whole cell pellet was digested in 800 pl of 5% trace metal grade
HNO3 (Optima) containing 1 ppb Indium (In) then cells were resuspended multiple times.
After digesting for 7 days at room temperature solids were removed by centrifugation, and
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supernatants were collected for quota analysis. Process blank digestions containing acid but
no cells were performed in parallel. Digests were diluted by a factor of 10 with additional
5% nitric acid (also containing 1 ppb In), transferred to acid-washed 96 deepwell plates
(Thermo Scientific) before being analyzed on an ICAP-Q inductively coupled plasma-mass
spectrometer (Thermo) with an SC-4 DX FAST autosampler (Elemental Scientific, Inc.).
Metal concentrations were calibrated to a multi-element standard curve (Spex, Certiprep)
over a range of 1 — 50 ppb. Phosphorus concentrations were also measured by ICPMS and
calibrated to a separate standard curve ranging from 100-1500 ppb using a stock solution of
NagPO,4. Samples were analyzed in KED mode using helium as a collision gas after a 45 s
sample uptake window. Mass windows were scanned 3- times during measurements. In was
used to correct for variation in sample delivery and plasma suppression between samples.
Blanks were subtracted from measured concentrations. Technical replicates (/7=3, 3, 2) were
averaged for each biological triplicates (Supplemental Information). Averages of biological
replicates and their standard deviation were then calculated.

Metalloproteomic analysis

The genome of BB2-AT2 was downloaded from NCBI, sequenced by JCVI (https://
www.nchi.nlm.nih.gov/sra/?term=BB2AT2; accessed December 11, 2019); previously
classified as Alteromonas, upon BLAST analysis more closely matches the taxon
Pseudoalteromonas. For metalloproteomic analysis, all plasticware used was acid-washed
unless otherwise mentioned. Buffers were prepared in Milli-Q water with Tris base (Fisher
BioReagents) and NaCl (Sigma Aldrich, trace metal basis) with removal of extraneous metal
contaminants from solution by Chelex prepared accordingly.>? The pellet of BB2-AT2 was
suspended in approximately 6 mL of 50 mM Tris buffer (pH 8.8) under anaerobic conditions
(<1 ppm O») in an N,—filled anaerobic chamber (Coy Laboratory Products Inc.) using a
Fisherbrand Model 120 sonic dismembrator, sonicated for 40 s at 2s on/off intervals while
on ice. The resulting solution was then diluted to approximately 30 mL with additional 50
mM Tris buffer (pH 8.8) and centrifuged at 4,000 rpm at 3 °C for 15-20 min. The resulting
supernatant was decanted and then purified by anion exchange chromatography using an
Agilent 1100 series HPLC. A single-use GE HiTrap Q HP anion exchange column was
conditioned prior to use by washing the column with 50 mM Tris buffer (pH 8.8) for 5 min
at a flow rate of 1 mL/min, then 50 mM Tris buffer containing 1 M sodium chloride (pH 8.8)
for 5 min at a flow rate of 1 mL/min and finally with 50 mM Tris buffer (pH 8.8) for 5 min
at a flow rate of 1 mL/min. The supernatant was then loaded onto the column via a 60 mL
loading syringe onto the column using Carter 12/8 cassette peristaltic pump at a rate of 0.5
mL/min. The sample-loaded column was then connected to the Agilent HPLC system and
eluted with a gradient of sodium chloride at a rate of 0.25 mL/min. The method includes the
following gradient- 50 mM Tris buffer (pH 8.8) for 5 minutes, followed by a linear increase
from 100% 50 mM Tris buffer (pH 8.8) to 100% 50 mM Tris buffer containing 1 M NaCl
(pH 8.8) over the course of 40 min and then 50 mM Tris buffer (pH 8.8, 1 M NaCl) for 8
min. Fractions were collected with a Bio-Rad 2110 fraction collector in 2 mL microtubes at
arate of 1 fraction every 4 min, and immediately stored on ice.

Anion exchange fractions were concentrated prior to separation by size exclusion
chromatography. 5000 Da molecular weight cutoff PES Vivaspin columns were washed with
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0.5 mL (x 2) Tris pH 8.8 buffer prior to use. Anion exchange fractions were loaded onto the
Vivaspin columns and centrifuged at 5000 rpm for 30 min using an Eppendorf MiniSpin. 0.1
mL of each concentrated anion exchange fraction was injected into a Michrom
BioResources, Inc. HPLC system containing a Tosoh Bioscience 5-um particle size TSKgel
G3000SWixl size exclusion column with guard column. Samples were eluted using an
isocratic method of 50 mM Tris buffer (pH 7.5, 50 mM sodium chloride) at a flow rate of 0.5
mL/min. Fractions from size exclusion chromatography were collected usinga CTC
Analytics HTC Pal autosampler system into an acid-washed 1.2 mL 96-well storage plate
(Thermo Scientific), covered for storage until analysis with an acid-washed 96 cap sealing
mat (Thermo Scientific).

For protein digestion, 90 uL of each sample was diluted with 96 uL 100 mM ammonium
bicarbonate solution and 10 L acetonitrile. Then 15 L of a freshly-prepared 10 mM
dithiothreitol solution was added to the samples and incubated at 70 °C for 30 min with
shaking at 400 rpm. The samples were then allowed to cool to room temperature, and 30 pL
freshly-prepared 20 mM iodoacetamide was added to each sample and allowed to incubate
for 30 min in the dark. Following reduction and alkylation, 10 pL of a 0.03 pg/uL trypsin
stock (Promega Gold) was added to each sample and then incubated for approximately 18
hours at 37 °C with shaking at 400 rpm. Samples were then analyzed by an LC-MS on a Q-
Exactive (Thermo Scientific) after separation on a C18 column following a gradient of 2—
95% acetonitrile over a 90 min gradient using a Michrom Paradigm MG4 liquid
chromatography system. Samples were ionized by electrospray with 1800 mV potential.
Proteomic analyses were used for peptide spectra matching using the SEQUEST algorithm
within Proteome Discoverer (v. 2.1) and visualized in Scaffold (v. 4); protein threshold =
99.9%; minimum # peptides = 2; peptide threshold = 99%. All protein identifications were
matched by sequence similarity to the specific hit result of BLAST search (Table 1).

Methodological comparisons were conducted in the same experimental procedure as
described, however variation of the method of lysis was explored. For bead-beating lysis, the
pellet of cellular material was suspended in 2 mL Tris buffer (pH 8.8) and approximately
100 pL acid-washed glass beads (500 um, Acros Organics). The pellet was lysed by 3— 30
sec pulses in an anaerobic environment with a MiniBeadBeater (BioSpec Products), each
followed by cooling on ice for 5 min intervals. For freeze-grinding lysis, the cell pellet of
was frozen under liquid nitrogen and ground into a fine powder with an acid-washed mortar
and pestle. The disrupted cells were thawed under anaerobic conditions.

Global metaproteomic analysis

Marine protein samples were collected and analyzed from the METZY ME expedition
(KM1128) in October 2011 aboard the A/ VVKilo Moana and on the ProteOMZ expedition
(FK160115) on the R/V/Falkor using extraction and analysis methods reported previously.
51-54 While cyanobacterial functional proteins, two component regulatory systems, and the
nitrite oxidoreductase enzyme have been described within these metaproteomic datasets, the
Pseudoalteromonas transporter described in this study has not been described. Paired
metagenomic analyses were used for peptide spectra matching using the SEQUEST
algorithm within Proteome Discoverer.?! Total spectral counts are displayed without
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normalization approaches.>* Map and protein section were prepared using Ocean Data View
(version 5.0.0; Schlitzer, R., Ocean Data View, odv.awi.de, 2018) and the Ocean Protein
Portal (https://proteinportal.whoi.edu/). METATRYP software and marine microbial tryptic
peptide database (https://metatryp.whoi.edu/)®> was used to query the occurrence of tryptic
peptides within the protein coding sequences predicted from genomes and metagenomes.

Statistical approaches: Linear regressions and singular value decomposition (SVD)

analysis

Linear regressions were used to compare metalloproteome results where the metal
concentration generated by ICP-MS were compared with proteomics data generated by
Orbitrap LC-MS. Because multiple metalloproteins are present in the multi-dimensional
dataset, subsets of data along one anion exchange fraction were used for linear regressions
(e.g. comparing samples along the 600 mM fraction).

An approach for reconstruction of multiple major metalloproteins and the metal distributions
across fractions in 2D space was tested using singular value decomposition (SVD). The
generalized form of the data matrix can be represented as the following:

[Prmwr, [P2IMw, [P3lMwE| [PalMwr ||| [MIMwE,
[P1IIMWF, [P2IMWF, [P3IMWF, [PulMWE;||xa|  [[MIMWE,
[P1IMWE3 [P2lMWE;3 [P3IMWE3 [PrIMWE3|| 3| = |[MIMWF;

[P1IMwE, [P2lMWEF, [P3IMWF,, [PrIMWE,|*| |MIMWE,

Where proteomic data can be represented as an 77X p matrix, A, consisting of the total
spectral counts of all proteins defined within metalloproteome space. The p matrix, x,
represents the proportionality constants that weight the ionization efficiencies of each
proteinaceous species accordingly. The p matrix, M, represents the concentration of Fe
within the metalloproteomic space. The product of the pseudoinverse of A and the M
fractions is defined to approximate the solution to this system of nonhomogeneous linear
equations®S:

x2ATM

Calculation of the singular variable decomposition (SVD), gives the following reduction of
the data matrix, A. The pseudoinverse of the protein data matrix was computed through the
SVD (MATLAB code provided in SI), and the product of the resultant matrix with that of
the Fe data matrix yielded the proportionality constants of each protein within the Fe
metalloproteome, effectively the solution of the system of linear equations. {/is comprised
of columns, composed by the eigenvectors of AA7, Dare the singular values, defined as the
square roots of eigenvalues from AAT or A”A, the eigenvectors of A”A comprise the
columns of V/

A=uvpvT
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where, A* = vDTuT

T

xxvDtul M

Where the columns of Uand Vare orthonormal and the matrix, D, is diagonal with positive
real entries.

Results and Discussion

To provide environmental context for the Pseudoalteromonas bacterium in this study, we
examined the distribution of a putative TonB Fe acquisition protein attributed to closely
related Alteromonas in metaproteomic samples from the Central Equatorial Pacific Ocean
(Expedition KM1128 METZYME October 2011). This expedition followed a transect from
17°N to 15°S, near the Hawaiian Islands (154.4°W) to the Tonga-Fiji region (173.1°W). A
TonB-dependent family protein with the KEGG description Fe complex outermembrane
receptor protein (KEGG Orthology, KO2014) was observed in the mesopelagic of this
region as depicted in Fig 2. Taxonomic classification of specific peptides identified by
metaproteomics was conducted using the METATRYP least common ancestor analysis
(LCA) with all peptides being specific to either the phylum Proteobacteria, and many to the
order Alteromonadales or species Alteromonas (Table 2). The chemical structure of Fe
complexes used by this oceanic Alteromonas instance of the KO2014 transport system is to
our knowledge not yet known, but may be siderophores.>”8 A similarity search of this
K02014 transport protein to the sequence of the ferric enterobactin receptor of BB2-AT2
(BB2AT2_1746) produced specific hits to the CirA protein family, providing additional
indication that this TonB system may be responsible for siderophore uptake (Supplemental
Information). Metaproteomic data showed these organisms occupy a broad swath of the
mesopelagic, ranging from 100-600 m, where the exported biogenic material from the
euphotic zone occurs.5%:60 A maximum abundance of this Fe complex outermembrane
protein was observed at the equator where increased export of organic matter arises from
higher productivity associated with equatorial upwelling. These proteins were observed in
the free-living bacterial size class (filter size range 0.2 — 3.0 um), although it is also likely
that these observations also reflect bacteria associated with fragile particles were released
during filtration onto the 51 um prefilter and caught on the downstream smaller 0.2 pm
bacterial size during filtration. Together these results demonstrate A/teromonas is widely
distributed in the mesopelagic Pacific Ocean and makes significant quantities of putative
TonB Fe complex transporter, implying cellular resources being expended on Fe acquisition.

Cellular metal quota and stoichiometry of Pseudoalteromonas (BB2-AT2)

The cellular metal quotas of Pseudoalteromonas BB2-AT2 were quantified by acid digestion
of whole cells and ICP-MS analysis (Table 3). Approximately a third of the total metal
abundance within this organism’s metallome was devoted to Fe (31%), and approximately
half was devoted to Zn (48%). Other metal constituents contributed the reminder of the
cellular metallome with Mn at 9%, Ni at 6%, Cu at 4%, Mo at 0.6% and Co at 0.4%.
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In contrast to the cellular metal quota, the metalloproteomic separation method releases the
soluble metal pools by native extraction, removal of the particulate cell debris by
centrifugation, anion exchange chromatography, followed by a 10 kDa molecular weight
cutoff, size exclusion chromatography and metal analysis of the resulting supernatants.
Combining the sum of these metal fractions can be used to assess the soluble metallome,
relative to the total metal quota. The total and soluble metallomes were largely consistent
with the exceptions of Zn and Ni (Table 3). The variations between the whole cell and
soluble metallome likely reflects the additional contribution of metals associated with the
cell surface adsorption, low molecular weight compounds below 10 kDa and membrane
proteins. Zn associated with membrane proteins, <10 kDa compounds and extracellular
adsorption are likely lost during chromatographic separation The prevalence of Ni within the
soluble metalloproteome implies presence of soluble Ni metalloproteins and minimal
membrane and extracellular adsorption.

The metal stoichiometry relative to P (also measured by ICPMS) within Pseudoalteromonas
was calculated in both the whole cellular metallome and in the sum of the cytosolic
metalloproteomic fractions (Table 3). In the cellular metallome, the Zn:P ratio is the highest
amongst all of these trace metal micronutrients compared, followed by Fe, Mn and Ni. Prior
studies of coastal Pseudoalteromonas strains (Pseudoalteromonas sp., strain PAtI-P2)
measured C:P ratios of ~51:1,51 significantly below canonical Redfield ratios of 106:162,
Using this value as an estimate of the Fe:C for Pseudoalteromonas, Fe:C was estimated to be
~84 umol:mol Fe:C, which is ~11 fold higher than measured in a survey of five marine
bacteria (7.5 pmol:mol Fe:C16.18) Concentrations of P in the cytosolic metalloproteomic
fractions were too low to quantitiate relative to the blank, likely reflective of the removal of
the phospholipid bilayer, and hence metal: P values for soluble metallome were not
calculated. Since this study was conducted in rich organic media compared to prior studies
that used low metal media, the stoichiometry presented here also examines the capacity for
luxury uptake into cellular storage mechanisms. To our knowledge there is little metal
stoichiometric data to compare for the other metals to for marine heterotrophic bacteria at
this time.

Cytosolic Fe is localized within bacterioferritin and reactive oxygen stress mitigation

proteins

The Fe metallome of Pseudoalteromonaswas comprised of several abundant Fe
metalloproteins including the bacterioferritin (Bfr) Fe storage protein, the reactive oxygen
stress mitigation proteins, superoxide dismutase (SodA) and catalase (KatG), and the
aconitate hydratase (AcnB), the Fe-S cluster subunit of succinate dehydrogenase, the
ubiquinol-cytochrome c reductase, Fe-S subunit and cytochrome cl, all involved in
respiration (Table 4).

The major reservoir of Fe within this organism was within the Fe storage proteins. Two
bacterioferritin genes (677) are present within this organism’s genome. Notably, the bfr genes
have distinct sequences and are localized in one operon (Fig 3A). Proteomic analysis was
able to distinguish between these Bfr protein copies (BB2AT2_0668 and BB2AT2_0669)
through tryptic peptides that were unique to each copy (Fig 3B), indicating that both copies
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were in active use. The distributions of Fe and Bfr protein along the 450 mM NaCl anion
exchange fraction metalloproteome samples (where the majority of this protein eluted) were
well correlated (r2 values of 0.87 and 0.91 for Bfrgggg and Bfrgggo, respectively; Figure 3C).
These proteins were observed in qualitatively equal abundance and contained the majority of
cytosolic Fe, consistent with observations of an elevated Fe cellular quota as described
above. Their similar size (18 and 19 kDa) resulted in their elution in similar molecular
weight fractions within the 450 mM anion exchange fraction (Fig 3D). The relatively low
total spectral counts of the Bfr proteins implies a high stoichiometry of Fe: protein, and
future targeted proteomics efforts could determine the precise stoichiometry. Bacterioferritin
functions as an Fe cage, encapsulating Fe(OH)3(s) and minimizing the pool of labile Fe
within the cell, thereby preventing Fe from forming Fenton ions and their deleterious
oxidative reactions to DNA and other biomolecules.53 Pseudoalteromonas appear to bear
some similarity to the pathogen, Pseudomonas aeruginosa, which also bears two distinct
bacterioferritin proteins of comparable molecular weight (~18 kDa) containing
approximately 520 + 20 Fe atoms per molecule of bacterioferritin.5* The gene neighborhood
this pair of bacterioferritins reside in contains other potential proteins related to Fe
homeostasis and regulation such as the hybrid signal transduction histidine kinase barA
(BB2AT2_0666) and a hypothetical protein (BB2AT2_0667) preceded these bfrgenes, but
were not observed in the metalloproteome of this organism. Histidine kinases are localized
to the membrane and hence were likely not extracted by the native approach used.85 Also
proceeding the bfr genes within the genome is a putative bacterioferritin-associated
ferredoxin (BB2AT2_0670), bfd, which is likely a motif employed to mobilize Fe from the
bacterioferritin to the cellular contents.56:87 This gene cluster and the abundance and
duplication of active Bfr proteins demonstrates the importance and capabilities for Fe
storage within the Pseudoalteromonas cellular metalloproteome.

An abundant superoxide dismutase SodA (BB2AT2_2621) from the Fe superoxide
dismutase superfamily was observed with over 60 total spectral counts in the
metalloproteome. In contrast, SodC (BB2AT2_1013) from the Cu/Zn superoxide dismutase
superfamily and SodN (BB2AT2_2930) in the Ni superoxide dismutase superfamily were
not observed in this metalloproteomic analysis. Preferential utilization of this Fe-based
SodA by BB2-AT?2 is noteworthy, particularly in light of this organism’s accumulation of Ni
within the cytosol (35.0 + 8.37%; Table 1), and may imply this microbe’s preferred use of
SodA under replete nutrient conditions as in our media. SodA co-elutes with both Fe and
Mn within the cytosol (Fig 4A and B). Fe and Mn superoxide dismutase isoforms are
difficult to distinguish solely by sequence analysis, where the putative binding residues
include His 27, His 74, His 162, and a third residue, likely to be Asp.48:68 In BB2-AT2, the
SodA has a higher degree of correlation with Fe (r2 = 0.67) than with that of Mn (r2 = 0.38),
and Fe is more than 10-fold more abundant than Mn at the SodA maxima (Fig. 4), implying
Fe likely dominates its metal use, although the presence of co-eluting Fe-metalloenzyme
KatG and AcnB peaks (see below) makes this difficult to be certain of. Additional
purification and/or growth of the organism under Fe-depleted, Mn-replete conditions could
further confirm the metal use within SodA.

Catalase-peroxidase, KatG, was also present as a defense mechanism against reactive
oxygen stress within the metallome of Pseudoalteromonas (BB2AT2_4151). The
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distributions of catalase-peroxidase and Fe showed an overlap in the elution profiles.
Examining the 450 mM anion exchange fraction, where the major elution band of this
protein is observed, coelution between Fe and KatG was observed (Fig 4C). Comparison of
the Fe and protein distributions along the 450 mM NaCl anion exchange fraction, where the
majority of this protein eluted, reveals a correlation of 0.63 (r2) for KatG. The correlation
may have been affected by the broad KatG elution profile (fractions 6-13) and its potential
relationship with the smaller of two Fe peaks. Ferrochelatase, #/emH, an enzyme tasked with
catalyzing the terminal step in the biosynthesis of heme, a critical step in the formation of a
functional KatG enzyme, was present in the genome (BB2AT2_3756), however not observed
in the proteome assembled from all metalloproteome samples.

Aconitate hydratase 2 (AcnB, BB2AT2_2248) is a key respiratory protein within
heterotrophic bacteria and an additional metalloprotein observed to coelute with Fe in this
study. The major distribution of AcnB was observed to be most abundant in the 450 and 500
mM NaCl anion exchange fractions of the metalloproteome of BB2-AT2, consistent with the
substantial distribution of Fe (Fig 5A). Upon further observation of this 450 mM NacCl
fraction containing the greatest abundance of AcnB, there is noteworthy overlap between
these two distributions (r2 = 0.46, Fig 5B). Comparison of the 500 mM NaCl anion exchange
fraction of AcnB also yields notable overlap between the Fe and protein distributions
(centered on fraction 5), and another region of minimal overlap, perhaps indicative of the
apo form of this protein (centered on fraction 9-10); due to these multiple AcnB protein
peaks the correlation between these metal and protein fractions at 500 mM NaCl yields
minimal correlation, r2 = 0.11.

The Fe-S cluster subunit of succinate dehydrogenase (FrdB, BB2AT2_2645) is a respiratory
protein complex observed to coelute with Fe (Fig 5C). Primarily localized along the 450 and
500 mM NacCl anion exchange fractions, this protein separated amongst a variety of
molecular weight fractions and coelutes with both the smaller and larger Fe peaks in the
450mM anion exchange fraction (r2 = 0.56, Fig 5D). Comparison of the 500 mM NaCl
anion exchange fraction of FrdB also yields notable overlap between the Fe and protein
distributions (Fraction 4), and a region of minimal overlap (fractions 11-14), perhaps
indicative of either the monomeric or apo form of this protein; the correlation between these
metal and protein fractions at 500 mM NaCl yields minimal and negative correlation, r2 =
-0.27, likely due to the poorly separated FrdB from the other Fe metalloproteins described
above. The two Fe associated FrdB peaks in the 450 and 500 mM fractions appeared to be
shouldered under the larger signal associated with the AcnB described above, reflecting their
relative contribution to the metallome.

Additional respiratory proteins within the cytochrome family of proteins, were observed
within this metalloproteomic analysis; it is apparent that these peripheral membrane proteins
can be stripped from the membrane easily with native lysis conditions. Three cytochrome
genes (gcrA, gerBand cytl) are present within this organism’s genome, localized within one
operon (Fig 6A). The ubigquinol-cytochrome ¢ reductase, Fe-sulfur subunit (QcrA
BB2AT2_2645), a component of the electron transport chain, was identified to coelute with
the distribution of Fe at the 300 mM NaCl anion exchange fraction (Fig 6B). Along this 300
mM NaCl anion exchange fraction, QcrA produced an r2 = 0.59. Cytochrome c1 (Cyt1,
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BB2AT2_3487) was also identified via metalloproteomics to coelute with Fe, with the
majority of the abundance of this protein separated along the 250 mM NaCl anion exchange
fraction (Fig 6C), with an r2 = 0.93. These respiratory cytochrome proteins were well
detected within the Fe metalloproteome, despite the relatively small Fe demand within each
of them due to their good chromatographic separation from other major Fe proteins.

of cell disruption methods

In order to further optimize the metalloproteome methodology, we compared several
methods of cell disruption, summarized in Table 5. A major concern in the analysis of
metalloproteins is the denaturation and subsequent loss of metal, which would negate the
ability to determine metal-protein relationships. In order to explore the potential for
denaturation in future studies, we examined three methods of cell disruption: sonication,
bead beating and freeze-grinding lysis. In each case, the use of detergents was avoided in
order to prevent metal-protein dissociation. While sonication is performed on ice to
minimize denaturation associated with heating, we were concerned about the energy input of
sonication, which has the potential to shear DNA and could influence more labile metal-
protein interactions. While all three methods were able to identify hundreds of soluble
proteins from cultures of Pseudoalteromonas, the total number of proteins (defined here as
the sum of all protein total spectral counts obtained from the entire metalloproteomic
separation) obtained from freeze-grinding lysis was >30% higher than sonication and bead
beating, indicating a more effective extraction of proteins from the cell. Comparison of
metalloproteomic chromatographic separation of aconitase and bacterioferritin proteins
showed reasonable reproducibility, particularly for the latter although bacterioferritin is
known to be heat-stable®® (Fig 7). It is unclear why the distributions of aconitase appear
somewhat different, and could be attributed to the loss of the Fe-S cluster, resulting in the
apo form of this protein; the observation of a single, broad distribution of aconitase in the
freeze grinding data might indicate minimal demetallation with this methodology. From this
comparison, it appears all three methods are capable of producing metalloproteomes, but
that freeze-grinding lysis yields a greater number of proteins, and hence could provide a
more comprehensive analysis.

Singular variable decomposition analysis of metalloproteomic data

The native separation employed in this metalloproteomic method can result in metal peaks
comprised of multiple metalloproteins due to overlap in their elution profiles. Peak
shouldering interferes with regression analyses in the less abundant metalloprotein (or with
lower metal: protein stoichiometry). As a means of computationally recreating metal profiles
from protein distributions, we employed singular variable decomposition (SVD), as
described in the methods. To model the relative contributions of metalloproteins to the
soluble metal abundances, a low-rank data matrix from selected proteins reconstructed the
distribution of Fe. Applied to the metalloproteome, the total metal concentration (in M),
[M], is equal to the sum of the individual protein fractions (P1, P, P3... Py), represented in
total spectral counts, with a proportionality constant associated with each protein fraction
(X1, X2, X3... Xn):
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[M] = x1[P1] + x2[P2] + x3[P3]... + x,[P,] @)

These proportionality constants represent the aggregate ionization efficiency of peptides
from each protein identified and their metal stoichiometry, and their estimation by SVD. The
solution to the values of these proportionality constants is obtained by solving the
nonhomogeneous system of linear equations, which can be represented in the general form,

[M] = [P]x @)

The data matrices, [M] and [A], have been truncated to remove edges of the dataset featuring
no proteinaceous components, thus reducing the chance of spurious assignments. The
following expression (Equation 1) was written for the Fe-associated metalloproteome based
on the observations described above.

[Fe] =
x1[Bfrossg] + x2[Bfroseo] + x3[SodAnea1] + x4[KatGyysi] + ®)
xs5[AcnBosg] + xe[Frdaess] + x7[QcrAszags] + xg[Cytlzagy]

The proportionality constants (x;-x7) were solved for using SVD and equation 3 for 94
samples where Fe metalloproteins were observed (Table 6). Substituting the protein spectral
count data into equation 3 with the solved constants, a prediction of the Fe metallome from
protein data was produced. A comparison of the Fe distribution from ICP-MS distribution
and that of the SVD-calculated representation of the Fe distribution indicates good
agreement (Fig 8), with an r2 of 0.84. This method provides a quantitative assessment of the
relative influence of metalloproteins to the metalloproteome of the organism, where Bfryggg
and Bfrgggg appear to majorly contribute, based on the magnitude of the singular value
(Table 7), and relatively equal contributions of 38.2 and 33.6%, respectively. KatGg151
appears to contribute to the Fe metalloproteome at 18.1%, while SodAg21, AcNByoys,
QcrAasgs, Cytlaagy, and FrdBaogss have minor contributions with 3.5, 3.2, 1.6, 1.6% and a
negative value, respectively. SVD appears to be a useful approach to modeling the major
features of the metalloproteomic data from the protein total spectral counts. Future
applications of SVD on cultures grown on low Fe medium to reduce the dominance of the
bacterioferritins would be useful, as well as its application to other metals.”®

We investigated the cellular quotas and intracellular metal reservoirs of Fe in the abundant
marine bacterium Pseudoalteromonas grown under replete culture conditions using
metalloproteomic approaches. Despite the scarcity of Fe in marine environments caused by
the low solubility of Fe, Pseudoalteromonas demonstrated an impressive ability to
accumulate and use Fe within its metalloproteins. The presence of 72% of soluble
metallome Fe present within bacterioferritin storage proteins implies that cellular growth
could continue for 2.6 divisions in the absence of any further Fe acquisition, and likely
substantially further if Fe sparing mechanisms are utilized. These high Fe quotas and Fe
metalloprotein used could reflect a dedication to Fe due to its use in the key respiratory
enzyme aconitase as well as specialized abilities to acquire it from metal-rich detrital
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particulate material as described in Fig. 2. Future metalloproteomic studies of cultures
grown on low Fe medium to reduce the dominance of the bacterioferritins and potential
replacement of FeSOD would be useful to compare to these replete observations. In
addition, the study of the Pseudoalteromonas metalloproteome composition with regards to
other metals will be valuable.”® This study improves our understanding of the
biogeochemistry of marine heterotrophic bacteria by characterizing the contribution of
specific metalloproteins to the cellular Fe quota of Pseudoalteromonasand demonstrating
the molecular basis for its impressive Fe storage capabilities using bacterioferritin.

Conclusions

Copiotrophs, such as the ubiquitous marine heterotroph, Pseudoalteromonas, appear well-
equipped at storing Fe, showcasing an adaptation that could make them competitive for
nutrient uptake relative to oligotrophs. Fe:C in the whole cell metallome was estimated
(assuming C:P stoichiometry ~51:1) to be between ~83 umol:mol Fe:C, ~11 fold higher than
prior marine bacteria surveys. This substantial Fe quota within Pseudoalteromonas was
attributed to luxury uptake, mediated by two active copies of bacterioferritin proteins that
together contributed ~72% of the Fe metallome identified. Catalytic functions have Fe
prioritized amongst a small subset of proteins devoted to destruction of reactive oxygen
species, such as superoxide dismutase (SodA) and catalase/peroxidase (KatG). Fe was also
observed to coelute with AcnB, consistent with its role Fe in catalyzing the isomerization of
citrate within the tricarboxylic acid cycle. FrdB, which possesses roles in both respiration
and in the oxidation of succinate within the tricarboxylic acid cycle, was also found to
coelute with Fe. Respiratory cytochromes (QcrA and Cyt1) were also observed within the Fe
metallome Pseudoalteromonas. Three methods of cell disruption were compared for the Fe
metalloproteome of BB2-AT2, including sonication, bead beating, and freeze grinding.
Elution of Fe-associated proteins were relatively consistent amongst methods and the total
number of proteins extracted was greatest from freeze grinding. SVD was used to model the
major features of the metalloproteomic data. An Fe complex TonB transporter associated
with the closely related Alteromonas bacterium was found to be abundant within the Pacific
Ocean mesopelagic environment. This study improves our understanding of the
biogeochemistry of marine heterotrophic bacteria by characterizing the contribution of
specific metalloproteins to the cellular Fe quota of Pseudoalteromonasand demonstrating
the molecular basis for its impressive Fe storage capabilities using bacterioferritin.
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Significance to Metallomics

Fe is an essential nutrient to marine heterotrophic bacteria that catalyze the decay of
biogenic particles derived from phototrophic organisms. Pseudoalteromonas associates
with detrital matter and marine snow, making it an ideal model microbe for exploring
biochemistries relevant to carbon export. We have used metalloproteomics to identify the
Fe reservoirs within this bacterium, which includes two active copies of the
bacterioferritin protein, enabling significant Fe storage, and contributing to ~72% of the
Fe metallome. Incorporation of Fe into reactive oxygen stress mitigation and respiratory
enzymes was also identified. Together, our results indicate the substantial storage
capacity for Fe within this marine heterotrophic bacterium, despite the scarcity of Fe in
seawater.
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Fig 1.

Thge metalloproteomics pipeline, where cells are lysed under native conditions (no detergent
employed), and subjected to two dimensions of chromatography: anion exchange
chromatography and size exclusion chromatography. The pipeline separates a single
biological sample into 384 native samples suitable for protein, metal and enzyme assay
analyses. Comparison of protein and metal distributions can elucidate major metal
metalloprotein reservoirs within the soluble cellular lysate.
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Fig 2.
Stgtion locations for (A) METZYME (KM1128) and (B) ProteOMZ (FK160115)
expeditions in the Central Pacific Ocean. Abundance (in total spectral counts) of
Alteromonas TonB-dependent Fe complex outermembrane protein (KO2014) obtained from
metaproteomic datasets collected on (C) METZYME (latitude on horizontal axis) and (D)
ProteOMZ (distance from Station 4 on horizontal axis). Ocean sections were visualized
using Ocean Data View and the Ocean Protein Portal.
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Fig 3.

(Ag) Gene neighborhood diagram indicating two unique bacterioferritin (Bfr) proteins and
their respective sequences (B) with highlighted portions indicating unique tryptic peptides
that were observed in proteomic analysis of Bfr proteins. (C) Comparison of distribution of
Fe within the purified cytosolic lysate of BB2-AT2 to that of two distinct Bfr proteins
observed by proteomic analysis. (D) Comparison (with selection of exclusively the 450 mM
anion exchange fraction, where these proteins were observed in highest abundance) with that
of the distribution of Fe in the cytosol provides confidence of the Fe-containing nature of
these proteins.
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Fig 4.

Tr?e repertoire of reactive oxygen species mitigation proteins including, (A) comparison of
the distributions of Fe and Mn within the purified cytosolic lysate of BB2-AT2 to that of
reactive oxygen stress mitigation proteins, (B) superoxide dismutase (SodA) and (C)
catalase/peroxidase (KatG) with comparison of the 450 mM anion exchange fraction (where
these proteins were observed in highest abundance) of protein and the corresponding metals.
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Fig 5.
(Ag) The distribution of aconitase (AcnB) observed within the cytosolic metalloproteome of
BB2-AT2 and (B) comparison of this protein to the concentration of Fe within the 450 and
500 mM NacCl anion exchange fractions. (C) The distribution of the Fe-S cluster subunit of
succinate dehydrogenase (FrdB) observed within the cytosolic metalloproteome of BB2-AT2
and (D) comparison of this protein to the concentration of Fe within the 450 and 500 mM
NaCl anion exchange fractions.
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Fig 6.

(A) Gene neighborhood diagram indicating three unique cytochrome proteins and (B)
comparison of the distribution of ubiquinol-cytochrome ¢ reductase (QcrA) along the 300
mM NacCl anion exchange fraction. (C) The distribution of cytochrome c1 (Cytl) observed
within the metalloproteome and its comparison along the 250 mM NaCl anion exchange
fraction.
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Fig 7.

Comparison of cell disruption methods within the 450 mM NaCl anion exchange fraction of
the Fe metalloproteome of BB2-AT2, including the comparison of AcnB and Bfrgggg With
(A) sonication, (B) bead beating and (C) freeze grinding.
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Fig 8.

Cgmparison of the truncated Fe distribution obtained by ICP-MS analysis (A) and the SVD-
constructed data of this Fe distribution (B) indicating a good relationship between the data
and model of all Fe metalloproteins within BB2-AT2, demonstrating the utility of modeling
the major features of a metalloproteomic dataset.
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