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Abstract

Pseudoalteromonas (BB2-AT2) is a ubiquitous marine heterotroph, often associated with labile organic carbon sources in the ocean
(e.g. phytoplankton blooms and sinking particles). Heterotrophs hydrolyze exported photosynthetic materials, components of the
biological carbon pump, with the use of diverse metalloenzymes containing zinc (Zn), manganese (Mn), cobalt (Co), and nickel (Ni).
Studies on the metal requirements and cytosolic utilization of metals for marine heterotrophs are scarce, despite their relevance
to global carbon cycling. Here, we characterized the Zn, Mn, Co, and Ni metallome of BB2-AT2. We found that the Zn metallome is
complex and cytosolic Zn is associated with numerous proteins for transcription (47.2% of the metallome, obtained from singular
value decomposition of the metalloproteomic data), translation (33.5%), proteolysis (12.8%), and alkaline phosphatase activity (6.4%).
Numerous proteolytic enzymes also appear to be putatively associated with Mn, and to a lesser extent, Co. Putative identification of
the Ni-associated proteins, phosphoglucomutase and a protein in the cupin superfamily, provides new insights for Ni utilization in
marine heterotrophs. BB2-AT2 relies on numerous transition metals for proteolytic and phosphatase activities, inferring an adaptative
potential to metal limitation. Our field observations of increased alkaline phosphatase activity upon addition of Zn in field incubations
suggest that such metal limitation operates in sinking particulate material collected from sediment traps. Taken together, this study
improves our understanding of the Zn, Mn, Co, and Ni metallome of marine heterotrophic bacteria and provides novel and mechanistic
frameworks for understanding the influence of nutrient limitation on biogeochemical cycling.
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Metalloproteomics was used to understand the Zn, Mn, Co, and Ni metallome of a ubiquitous marine heterotrophic bacterium.

Introduction tion of CO, by marine phototrophs.!-? Phototrophic organisms are
consumed by zooplanktonic members of the community and de-
composed by microbially mediated degradation during their sink-
ing and biogeochemical carbon export. Viral infection contributes
to the fate of organic matter, as well, contributing to bacterial
heterotrophy and the formation of sinking particles.>® Together,
the processes of photosynthesis and decomposition of sinking or-
ganic matter represent two critical components of the biological

The trace elements zinc (Zn), manganese (Mn), cobalt (Co), and
nickel (Ni) have important physiological relevance in marine mi-
crobes, which utilize sophisticated metalloproteins for metabolic
purposes. Concentrations of essential trace metals, such as iron
(Fe), can be extremely low in the upper ocean and can influence
primary productivity, which removes carbon through the fixa-
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pump within the marine environment.”# Notably, many of these
photosynthetic and carbon export processes are facilitated by
metalloenzymes, linking trace metal geochemistry to global bio-
geochemical changes >3

The low concentration of trace metals, such as Fe, has been
demonstrated to limit phytoplankton productivity and biomass
formation.'® However, the scarcity of bioactive metals also has
the potential to induce metal substitution, mismetallation, or
even repress the key catalytic function. The repression of bac-
terial proteolytic and B-glucosidase activities due to trace metal
limitation has been documented in the marine environment.?2
The activity of these enzymatic processes dictates the hydrolysis
of dissolved organic matter (DOM) in the euphotic zone, and the
degradation of particulate organic matter (POM) observed within
the meso- and bathypelagic zones.?’?” The cosmopolitan marine
heterotroph Pseudoalteromonas, within the order of Alteromon-
adales, has been isolated from the surface of particles within sedi-
ment traps and is often associated with detritus and other marine
snow sources (e.g. organic matter falling through the water col-
umn from the photic and euphotic zones).?*=° Pseudoalteromonas
is a model organism for profiling the microbial activity rele-
vant to carbon export and silica ballast dissolution.?®?%:31 More-
over, many of the proteases within the genomes of heterotrophic
bacteria are metal-associated proteases, including dipeptidases,
aminopeptidases, and oligopeptidases. Understanding the cytoso-
lic partitioning and utilization of trace metals within Pseudoal-
teromonas is instructive in understanding the impacts of trace
metal limitation on global, microbially mediated carbon export
processes.?32.33

This study examines the connections between the biogeochem-
istry of marine heterotrophic bacteria and Zn, Mn, Co, and Ni
through investigation of the cellular metalloproteome of Pseudoal-
teromonas. This method employs two dimensions of chemical sep-
aration using anion exchange and size exclusion chromatogra-
phy on cytosolic metalloproteins after native (nondenaturing) ly-
sis methods.**° The resulting subsamples of the purified lysate
were characterized by proteomics and inductively coupled plasma
mass spectrometry (ICP-MS) to identify protein and element dis-
tributions within each sample, which together elucidate statisti-
cal correlations of major metal and protein reservoirs, offering pu-
tative metalloprotein assignments. This native 2D approach has
the advantage of being able to survey the soluble metallome for
multiple metals, and providing putative metal assignments that
can inspire follow-up studies, as opposed to more focused studies
on individual proteins purified to homogeneity for characteriza-
tion. This article focuses on the Zn, Mn, Co, and Ni metallome of
Pseudoalteromonas and builds on our previous findings describing
the Fe metallome in this microbe.*?

Experimental methods

Cellular metal quota and metalloproteomic
analysis

Experimental details for the culturing, cellular metal quota anal-
ysis, and metalloproteomic analysis of BB2-AT2 are provided in
Mazzotta et al.*° In summary, cultures were grown in marine broth
medium in Vineyard Sound seawater at 23°C, and the resulting
pellets were stored at —80°C until further processing. For total
cellular metal abundances (metallome), pellets were digested in
5% HNOs; and the resulting supernatant solutions were measured
by ICP-MS. Metalloproteomic analyses provided native metallo-
protein separation involving three steps: (i) native lysis within an
anaerobic environment; (ii) separation of the proteins by surface
charge via anion exchange chromatography; and (iii) separation of
the proteins by molecular weight via size exclusion chromatog-

raphy. The resulting native extracts were then analyzed by ICP-
MS for metal content and high-resolution Orbitrap liquid chro-
matography mass spectrometry for protein content (after tryp-
tic digestion). Singular value decomposition (SVD), as described
in detail in Mazzotta et al., reconstructed the metal abundances
and relative protein abundances were compared to identify ma-
jor uses of metals within the metalloproteome (Equation S1, Fig.
S3, and Table S54).4°

Mid-log- versus stationary-phase proteome
experiments

BB2-AT?2 was inoculated into duplicate plastic Erlenmyer flasks
with 225 ml of marine broth medium each inoculated with 2.2%
volume from a single starter culture. Cultures were grown at 18°C
and 70 ml was harvested from each at 10, 22, and 46 h for log
phase, late log phase, and stationary phase, respectively. Optical
densities at 600 nm (ODgqo) of the duplicate cultures at 10 h were
0.11 and 0.11, and at 46 h they were 0.86 and 0.94 (Fig. S5). At the
46 h time point, a biofilm was evident on the culture surface. Cells
were harvested by centrifugation at 9000 rpm for 15 min at 4°C in
an Eppendorf 5810R centrifuge, decanted, and transferred to mi-
crocentrifuge tubes and centrifuged at 11 000 rpm for 8 min at
4°C. Supernatants were decanted and pellets were frozen at —80°C
until extraction, as previously described.** From one replicate, 10,
22, and 46 h time points were extracted, while samples from the
other replicate were archived for backup use. Briefly, extraction
involved resuspending pellets in 100 mM ammonium bicarbon-
ate buffer (pH = 8.0), sonicating on ice, centrifuging, and precipi-
tating supernatants in solvent at —20°C. The precipitated protein
was resuspended in a urea buffer, reduced, alkylated, and trypsin
digested for mass spectrometry analysis.

For global proteomics analysis of BB2-AT2 cultures, trypsin-
digested samples (4 ug protein measured before tryptic digestion
via the BCA assay using bovine serum albumin as a standard)
were concentrated onto a peptide cap trap and rinsed with 150 ul
0.1% formic acid, 5% acetonitrile (ACN), and 94.9% water before
gradient elution through a reverse-phase Magic C18 AQ column
(0.2 mm x 150 mm, 3 um particle size, 200 A pore size, Michrom
Bioresources Inc.) on an Advance HPLC system (Michrom Biore-
sources Inc.) at a flow rate of 0.75 ul/min. The chromatography
consisted of a nonlinear gradient from 5% to 95% of a 0.1% formic
acid in acetonitrile for 320 min (starting with 95% 0.1% formic
acid in water). A linear ion trap quadrupole mass spectrome-
ter (Thermo Scientific) was used with an Advance CaptiveSpray
source (Michrom Bioresources). The linear trap quadrupole (LTQ)
was set to perform tandem mass spectrometry on the top five ions
using data-dependent settings with a dynamic exclusion window
of 30 s, and ions were monitored over a range of 400-2000 mass-
to-charge ratio. Each sample was injected three times (technical
triplicates), results were averaged, and standard deviation was
calculated. All spectral count results are provided in the Supple-
mentary Material, and log-phase and stationary-phase data are
presented in the article.

The LTQ mass spectra files were searched using SEQUEST
(Bioworks version 3.3, Thermo Inc.). Peptide probability database
search results were further processed using Scaffold 2.0
(Proteome Software Inc) with SEQUEST filters ACN > 0.1
and Xcorr vs. charge state of 1.9, 2.4, and 2.9 for +1, +2, and +3
charges, respectively. Spectral counts were normalized across
samples in Scaffold.

Sediment trap material incubation experiment

Sediment trap material from METZYME station 5 on the R/V
Kilo Moana (KM1128 on 18 October 2011) was collected in the
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Fig. 1 (A) Comparison of the metal:P stoichiometry of the whole cell metal quota of Pseudoalteromonas sp. (BB2-AT2) with several strains of
phytoplankton, characterized by Ho et al. (Ni:P data were unavailable for comparison).** (B) Comparison of the M:P stoichiometry of BB2-AT?2 with the
M:P stoichiometries derived from the regression of dissolved metal concentrations in the upper water column against dissolved macronutrient
concentrations obtained in the North Atlantic, North Pacific, and Southern Oceans by Twining and Baines (Mn:P data were unavailable for

comparison).*®

equatorial Central Pacific Ocean at 0°, 158° W using sediment
traps.*? The traps were surface tethered and deployed for 3 days
at depths of 60, 150, and 500 m. The 500 m sample data are
available in the Supplementary Material but, due to low biomass,
there was no discernable signal detected and they were not in-
cluded in our analysis. At each depth, 12 baffled sediment trap
tubes (3" diameter, 24" height) were held in a rack and fitted at
the bottom with a funnel and a removable, acid-cleaned 250 ml
polyethylene bottle. The bottles were filled with clean brine made
by freezing surface seawater collected by a trace metal rosette at
sea, all prepared within clean room conditions, and buffered to
pH = 8.2 with borate but without additional chemical preserva-
tive. Of the 12 tubes, 2 were combined, screened through an acid-
washed 350 um nylon mesh to remove zooplankton, and then gen-
tly mixed to homogeneity. Particle material (30 ml) from the trap
was combined with 30 ml of filtered seawater (Station 6 at 30 m)
into 60 ml polycarbonate bottles used for an experimental treat-
ment replicate. Three treatments were prepared for each depth in
quintuplicate: control (no addition), a Zn addition (50 nM, ZnCly),
and the metal chelator disodium ethylenediaminetetraacetic acid
(EDTA, 2 x 10™* M). At time zero, a no-addition treatment was
generated and sacrificed immediately. Bottles were incubated in
darkness and at either ~24°C (60 m) or 14°C (150 m) to simu-
late the mesopelagic conditions of the depths from which the
samples originated. After 1.2, 2.2, and 5.0 day time points, sub-
samples were taken by gently swirling each bottle and remov-
ing an aliquot for phosphatase activity. Enz-Chek alkaline phos-
phatase assay was used in 96-well plate format according to the
manufacturer’s instructions on a SpectraMax M5 spectrofluorom-
eter (Molecular Probes). The alkaline phosphatase assay consisted
of a 6,8-difluoro-4-methylumbelliferyl phosphate (DiIFMUP) solu-
tion diluted 50x into 200 mM Tris-HCI, pH 7.8, containing 2 mM
sodium azide to produce the 10 mM stock solution. The stan-
dard curve for calibration was made using porcine alkaline phos-
phatase diluted in sterile seawater. Plate assays consisted of 100 ul
of sediment trap sample plus 25 pl DIFMUP (40 uM) into a 96-
well plate and incubated at 22°C with shaking at 300 rpm with
5 s on and 25 s off. Readings were taken every 30 min over sev-
eral hours to determine the DIFMUP reaction rate. All sample
transfers were conducted in a fabricated clean room space, with
acid-rinsed pipette tips, although the 96-well plate and phos-

phatase reagents were not acid cleaned or trace metal purified,
respectively.

Results and discussion
Cellular metal quota and stoichiometries

Whole cell metal quotas of Pseudoalteromonas sp. (BB2-AT?2) were
compared with the metalloproteomic metal quotas (also see table
3 in Mazzotta et al).*> While Mazzotta et al. focused on the cellu-
lar Fe utilization, this article focuses on the non-Fe cellular con-
stituents, including the following trace metals in differing abun-
dances: Zn, Mn, Ni, Cu, Mo, and Co.

Zn contributed to approximately half of the cellular metal
quota, demonstrating a substantial role for Zn, as well as Fe, which
was documented in Mazzotta et al,, for this marine heterotroph
under replete conditions. While there are little metal stoichio-
metric data beyond Fe in marine heterotrophic bacteria to com-
pare, the metal stoichiometries of marine phytoplankton have
been thoroughly characterized.?-®43% Regressions of dissolved
metal concentrations in the upper water column against dis-
solved macronutrient concentrations in the North Pacific, North
Atlantic, and Southern Oceans are used to infer ecological stoi-
chiometries of metals in the bulk phytoplankton communities (as
they are set by the degradation of biological particulate phases)
and can provide additional comparisons to the metal quotas of
BB2-AT2.%8

A comparison of Pseudoalteromonas sp. metal stoichiometries
with marine phytoplankton cultures characterized by Ho and col-
leagues indicates as much as 6x the Zn:phosphorus (P) quota rel-
ative to other plankton (Fig. 1A).** Comparison of the Zn:P stoi-
chiometry of Pseudoalteromonas BB2-AT?2 with the dissolved-phase
ecological stoichiometry (regressions of dissolved metal concen-
trations in the upper water column against dissolved macronu-
trient phosphorus) obtained in field studies indicates a particular
preference for Zn within this heterotrophic bacterium (Fig. 1B).#8
In contrast, some phytoplankton have a greater Mn:P ratio rela-
tive to Zn:P; for example, Pyramimonas parkeae has ~7x the Mn:P
ratio to that of BB2-AT2. The Co:P in Pseudoalteromonas is 25-50%
of the Co:P content of marine phytoplankton within this com-
parison. Ni:P ratios of BB2-AT2 were comparable with the North
Pacific data (NLI:P = 0.92 for BB2-AT2 and 1 for North Pacific),
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1.8x less than that of the North Atlantic and 2x less than that of
the Southern Ocean. While Ni has been less studied,**->? the com-
parison of these metal quotas implies that heterotrophic com-
munities might possess a multitude of enzymes that require or
use Ni. Notably, the Fe:P of BB2-AT2 is comparable with that of
the diatom Emiliania huxleyi. The cellular Fe:P concentration ra-
tio is lower than that of green algae, P. parkeae, and ~3.6x lower
than that of Gymnodinium chlorophoroum. Given the replete condi-
tions of BB2-AT2’s growth, the Fe:P is 4x that of the North Atlantic
metal:macronutrient and 8-fold that of the North Pacific. The Zn:P
in BB2-AT2 was 1.1x that of the Southern Ocean, 2.6x that of the
North Atlantic, and 1.5x that of the North Pacific.

These cellular metal quota data of Pseudoalteromonas BB2-AT2
can be compared with the metalloproteome of this strain.*® The
characterization of the metalloproteome consists of the release of
the soluble protein pool by native extraction, removal of particu-
late cell debris by centrifugation, and analysis of the metal con-
tent of the resulting supernatant. The sum of the purified metal
fractions from the metalloproteome can then be used to estimate
the soluble metallome. The decrease in Zn in the soluble metal-
loproteome compared with the overall cellular Zn quota could be
explained by loss of Zn associated with particulate fractions of the
cell, including but not limited to exterior membrane proteins. The
increased prevalence of Ni within the soluble metalloproteome
infers a soluble Ni metalloprotein reservoir within this organism
(Table 3 in Mazzotta et al., 2020).

The partitioning of metals, and specifically Zn, within the
cytosolic proteins, was probed through metalloproteomics, ex-
panding on the Fe metalloproteome findings for this model het-
erotroph.*’ The native extracts from the BB2-AT2 produced 384
fractions after 2D separation, and each of those subsamples was
analyzed by ICP-MS and nano-liquid chromatography-mass spec-
trometry (LC-MS) for metal and protein content, respectively. Zn
showed the most complex metalloproteome, with its large total
Zn:P ratio found in the cellular metal quota, while Co, Mn, and Ni
were far less complex. The following sections of this article dis-
cuss the usage of each metal, as well as categorization with re-
spect to putative cellular function.

Zn metallome: transcription, translation, alkaline
phosphatase, and proteolysis

The cytosolic Zn metallome of Pseudoalteromonas was found to be
complex (Fig. 2B), featuring numerous metalloproteins in vary-
ing abundances. Unlike the Fe metallome of BB2-AT2, where Fe
was localized to a small subset of proteins, Zn was distributed
throughout the proteome to a variety of proteins. This complex-
ity rendered the metalloproteomic characterization challenging,
but major Zn reservoirs were nonetheless apparent and included
proteins involved in the following functions: transcription, trans-
lation, alkaline phosphatase, and proteolysis. These putative Zn-
associated proteins are listed in Table 1 and their details are
described subsequently.

Two major reservoirs of Zn appear associated with the g and
B’ subunits of DNA-directed RNA polymerase subunits, RpoB
(BB2AT2_2307) and RpoC (BB2AT2_2308), respectively. RNA poly-
merase is a well-known metalloenzyme and appears to constitute
a major Zn reservoir within Pseudoalteromonas. The rpoB and rpoC
genes were located adjacently and flanked on each side by several
ribosomal proteins (Fig. 2A). It is possible that these genes are co-
transcribed and that one of these ribosomal proteins acts as an in-
ternal promoter for the rpoB and rpoC genes, as has been reported

in the heterotroph Escherichia coli.>®> RpoB and RpoC are compa-
rable in size: ~150 and 154 kDa, respectively. Proteomic analysis
distinguished between these two proteins through identification
of tryptic peptides that are unique to each protein (Table S1). Cy-
tosolic Zn and RpoB were well correlated with an R? value of 0.82
for the 500 mM NacCl anion exchange fraction (Fig. 2C-E). Com-
parison of cytosolic Zn and RpoC also indicated similar elution
profiles, with correlations of R? value of 0.57 for the 600 mM NaCl
anion exchange fraction (Fig. 2F-H). The 700 mM NaCl anion ex-
change fraction represented a region of poor correlation due to
the overlap from other dominant Zn-associated proteins (Fig. 21.

Zn was also associated with several 30S and 50S riboso-
mal proteins within the 2D metallome of Pseudoalteromonas
(Table 1). Ribosomal proteins S1 (RpsA, BB2AT2_0147), S2 (RpsB,
BB2AT2_2512), S3 (RpsC, BB2AT2_3106), S4 (RpsD, BB2AT2_2037),
L7/L12 (RpIL, BB2AT2_2305),L4/L1 (RpID, BB2AT2_3110),L13 (RpIM,
BB2AT2_3483), and L20 (RpIT, BB2AT2_0114) are localized along
the 400-500 mM NaCl anion exchange fractions (Fig. 3). These pro-
teins, separated amongst a variety of molecular weight fractions
(MWEFs), coeluted with major distributions of Zn within the metal-
lome of BB2-AT?2. These observations are consistent with reports
of Zn-binding domains observed in key translation proteins ensur-
ing proper functioning of bacterial ribosomes.>**>> Linear regres-
sions of these proteins and Zn distributions produced R? values
between 0.28 and 0.85 (Table 1). Noting that these RNA proteins
cluster together, these observations may reflect multiprotein ri-
bosomal protein complexes. Comparison of protein size and size
exclusion elution profiles did not show a relationship, consistent
with this notion of elution of protein complexes (Fig. S2). More-
over, proteins involved in transcription and translation overlapped
in their elution profiles within this 2D separation scheme, making
their specific contributions to the Zn metallome signal somewhat
challenging to disentangle. These putative assignments warrant
further investigation, as this Zn-binding component of these frac-
tions may be strictly due to statistical correlations between these
protein and metal fractions. Additional chromatographic separa-
tion as well as numerical modeling approaches can help refine
their relative contributions (discussed subsequently; Equation S1,
Fig. S3, and Table S4).

Zn was observed to be associated with three isoforms
of the alkaline phosphatase enzyme PhoA (BB2AT2_3714 and
BB2AT2_3715) and PhoD (BB2AT2_2009), where two of the three
proteins were observed in substantial abundance (with respect
to total spectral counts). The majority of PhoA and PhoD eluted
along the 700 mM NacCl anion exchange fraction (Fig. 4A-F), offset
from the Zn proteins described earlier. Within this anion exchange
fraction, Zn and PhoAs74 and PhoAsys were correlated with R?
values of 0.90 and 0.84, respectively. PhoD was less abundantin to-
tal spectral counts relative to the two other alkaline phosphatase
enzymes observed within this analysis. The majority of the abun-
dance of PhoD, observed in the 600 mM NaCl fraction (Fig. 4E),
correlated with Zn, producing an R? = 0.58 (Fig. 4F).

Alkaline phosphatase enzymes have been characterized to
bind Zn, as well as Co, so it is plausible to infer cambialism
with multiple metal-binding isoforms.>®%> PhoD is a putatively
identified cambialistic enzyme, as it features comparable over-
lap with multiple metals within the chromatographic profiles, as
well as comparable R? values for Zn and Co (R? = 0.58 and 0.52,
respectively). Input from rivers, hydrothermal environments, sedi-
mentary sources, and eolian deposition, where major geochemical
sources of Co are present, could present the possibility for alterna-
tive metal-binding scenarios in regions of trace metal limitation
and requires further investigation 4636369
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Table 1. Summary of putative metal-associated metalloproteins observed within this analysis of Pseudoalteromonas sp., BB2-AT2, including
the fractions where they were observed, their maximum peak maximum, and R? with various metals, defined at the global maximum

of the proteome. AEF, anion exchange fraction; MWF, molecular weight fraction

R2
AEF (mM MWE,

Gene no. Protein Annotation NacCl) MWF (no) [protein]max Mn Zn Co Ni

2307 RpoB B-subunit, DNA-directed RNA polymerase 200-800 4-14 B 0.41 0.82 0.52 0.51
2308 RpoC B’- subunit, DNA-directed RNA polymerase 200-700 3-14 5 —0.45 0.57 0.20 0.17
0768 GltX Glutamyl tRNA synthetase 450-500 4-11 5 0.49 0.58 0.61 0.82
2009 PhoD Alkaline phosphatase 450-600 4-10 9 0.08 0.58 0.52 0.34
3714 PhoA Alkaline phosphatase 200-700 3-14 7 0.53 0.90 0.19 0.16
3715 PhoA Alkaline phosphatase 700-800 3-14 6 0.45 0.84 0.14 0.10
0650 Pm17 Peptidase B 400-500 4-12 11 -0.19 0.60 0.17 0.26
0925 Pm17 Peptidase B 450-800 5-10 6 0.28 069 -015 -0.12
2396 Pm28 Glutamate carboxypeptidase 200-800 3-6 4 0.68 0.71 0.67 0.82
2101 Pm3 Dipeptidase 300-400 8-12 8 -0.11 0.67 0.29 —0.04
1871 Pm3 Dipeptidase 200-800 2-7.9 9 0.14 0.15 —0.28 —0.28
2594 Ps66 L,D-carboxypeptidase 400-450 8-10 8 -0.11 0.64 0.26  —0.07
2677 PepN Aminopeptidase 350-400 8--11 8 0.10 0.74 0.45 0.08
3233 Pm24 Prolidase 350-400 7-9 8 —0.09 0.69 0.19 —0.08
0147 RpsA Ribosomal protein S1 (30S) 300-600 2-16 10 —0.48 0.70 0.43 0.32
2512 RpsB Ribosomal protein S2 (30S) 200-800 4-7 5 0.55 0.83 0.79 0.65
3106 RpsC Ribosomal protein S3 (30S) 200-800 4-8 5 0.52 0.45 0.43 0.72
2037 RpsD Ribosomal protein S4 (30S) 200-800 4-7 6 0.38 0.61 0.65 0.51
2305 RplL Ribosomal protein L7/L12 (50S) 250-500 7-16 8 —0.25 0.28 0.28 0.23
3110 RpID Ribosomal protein, L4/L1 family (50S) 200-700 4-7 5 0.33 0.32 0.30 0.67
3483 RpIM Ribosomal protein L13 (50S) 200-500 4-6 5 0.54 0.22 0.13 0.02
0114 RplT Ribosomal protein L20 (50S) 450-600 4-5 5 0.66 0.85 0.80 0.87
0116 MBL Metallo-B-lactamase 200-250 12-13 12 —0.18 0.04 —0.20 -0.16
0291 Pm24 Glycyl aminopeptidase 250-400 3-8 7 -013 -015 -032 —-0.30
1846 Pm?20 Dipeptidase 300-500 4-7 7 —0.10 —0.46 —0.23 —0.18
2147 Pmé61 Proline aminopeptidase 400-450 6-8 6,7 0.64 0.55 0.06  -0.05
2230 Pm17 Leucyl aminopeptidase 400-500 6-7 4 0.25 0.41 0.74 0.49
2892 Pm1 Aminopeptidase 400-800 3-8 4 0.59 0.26 0.45 0.32
0632 Arginase Arginase 400-450 4-11 9 0.24 0.84 0.77 0.70
0549 ComFB Annotated: ‘metallopeptidase’ 300 11-12 11 -0.12 0.16  —-0.09 -0.17
3458 DUF5117  ‘Extracellular metal-dependent peptidase’; 200-350 4-8 6 -0.11  -048 -026 -0.21

domain of unknown function

1566 Pgm Phosphoglucomutase 450-600 4-13 7,9 0.14 0.81 0.50 0.50
2699 Cupin_4 Cupin superfamily protein 700-800 7-12 8 0.86 0.37 0.83 0.90

Numerous proteolytic enzymes are associated with Zn in
the BB2-AT2 metallome. BB2-AT2 features ~104 proteolytic
enzymes within its genome, which were estimated by summing
the proteins annotated as proteases, peptidases, and proteinases
(screened via Basic Local Alignment Search Tool (BLAST) for fur-
ther verification). Among these, 37 were observed within the na-
tive metalloproteome (selected metalloproteases shown in Fig. 5).
In comparison, 62 proteases were observed in the detergent-based
(sodium dodecyl sulfate (SDS)-based) total proteome extraction
(calculated from data found in Tables S2 and S3). The difference
between the two methodologies may be the result of loss of se-
creted extracellular proteases upon repeated washing of the cells
prior to separation, as well as due to proteases that are associated
with the membrane or the periplasm and lost in centrifugation of
the particulate biomass fraction. Of the metalloproteases identi-
fied in this metalloproteomic analysis, several putatively associ-
ated with Zn, Mn, and Co enzymes were determined by compar-
ing the metal and protein distributions (Figs 6 and 7). The most
abundant metalloproteases included aminopeptidase-type pro-
teases that function to cleave terminal amino acid linkages, as
well as dipeptidases, which function to cleave peptides into dipep-
tide fragments.

The Zn metallome described here is the most complex of the
metals within the metallome of Pseudoalteromonas. The cytosolic

Zn distribution resulted in metal local/global maxima that were
composed of multiple metalloproteins as indicated by the elu-
tion profiles within the 2D native separation. To account for the
contribution of multiple metalloproteins to the metallome sig-
nal, we employed singular value decomposition (SVD), as previ-
ously reported for the Fe metalloproteome of BB2-AT2 (Equation
S1, Fig. S3, and Table S4).%° The SVD enabled an approxima-
tion of the percentage contribution of major biochemical func-
tions to the Zn metallome of BB2-AT2, as follows: transcrip-
tion (47.2%), translation (33.5%), proteolysis (12.8%), and alkaline
phosphatase (6.4%).

Mn and Co metallome: proteolysis

The maximum concentrations of Co and Mn within the met-
allome of Pseudoalteromoas were observed within the 400 and
450 mM NaCl anion exchange fractions (Fig. 6A and B). Distin-
guishing between Mn- and Co-protein associations in these re-
gions of frequent protein coelution was difficult and putative
assignments of these reservoirs are discussed subsequently. Mn
within this organism is partitioned among some proteolytic en-
zymes, as well as the Fe/Mn superoxide dismutase (SOD) protein,
which was discussed previously in Mazzotta et al.
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Peptidase M17 (BB2AT2_2230, PM17), within the leucyl
aminopeptidase family, catalyzes the preferential hydrolysis
of leucine-containing peptides at the N-terminus of protein and
peptide substrates. The most abundant distribution of PM17,
observed along the 450 mM NacCl anion exchange fraction, was
correlated to the distribution of metals, producing R? values of
0.25, 0.41, and 0.74 for Mn, Zn, and Co, respectively (Fig. 7A and
B). Peptidase M61 (BB2AT2_2147, PM61), a proline aminopeptidase
superfamily protein, hydrolyzes proline-containing dipeptides,
and primarily eluted in the 400 mM NaCl anion exchange frac-
tion (Fig. 7C and D). Comparison of PM61 with the distributions
of Mn, Zn, and Co produced R? values of 0.64, 0.55, and 0.06,
respectively. PM1 (BB2AT2_2892), within the M1 family of met-
allopeptidases, features broad-specificity aminopeptidase and
glutamyl aminopeptidase activity. Correlation between PM1
and Mn, Zn, and Co revealed R? values of 0.59, 0.26, and 0.45,
respectively (Fig. 7E and 7F). Some of these regression results may
be affected by the distribution of more abundant metalloproteins
and their shouldering effects. Despite having a high R? value in
PM17, Co was lower in abundance relative to Mn (which itself has
a shoulder here), and hence the high R? should not be interpreted
as it being the only potential contributor to this enzyme. SVD

methods assist in these putative assignments and complex
contributions.

Arginase (BB2AT2_0632) is a putative metal-associated protein.
The majority of this protein’s abundance is observed along the
450 mM NacCl anion exchange fraction in two distinct distribu-
tions between the 4-6 and 8-11 MWTFs (Fig. 7G and 7H). The res-
olution of two distinct protein distributions within the same an-
ion exchange fraction may be indicative of some monomeric or
apo form of this arginase. Thus, we sought to correlate metal and
protein within these two distributions. Comparison of the correla-
tions (R?) between metal and arginase produced R? values of 0.24,
0.84, and 0.77 for Mn, Zn, and Co, respectively. Arginase has been
reported to form dimers in certain bacteria.”® Given the size exclu-
sion chromatography, it is likely that this distribution within MWF
8-11 is in monomeric form, while MWF 4-6 is the dimeric form.
Furthermore, BLAST analysis of the protein sequence indicated
an active site composed of Asp and His residues, possibly accom-
modating a binuclear metal site, as well as the potential for cam-
bialism. From these results, the major Co metalloprotein reservoir
does not appear to include a cobalt-containing Bq,-related protein
such as the By,-requiring methionine synthase found within Pseu-
doalteromonas, which appears to be a By, auxotroph.”? It is possible
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that the Bij,—metalloenzyme coordination was not preserved dur-
ing separation, or that protein abundance is minor relative to the
features described earlier, as was observed in Prochlorococcus.*’

Ni metallome: phosphoglucomutase and cupin
superfamily proteins

Characterization of the Ni metallome of Pseudoalteromonas re-
vealed two putative assignments (Fig. 8). Phosphoglucomutase
(BB2AT2_1566, Pgm) is an enzyme responsible for the interconver-
sion of glucose 1-phosphate and fructose 1-phosphate, which is
critical to glucose metabolism. Pgm localized among the 450 and
500 mM NaCl anion exchange fractions (Fig. 8B-D). A comparison
of the correlation (R?) between the distribution of Pgm and those
of Zn, Co, and Ni produced values of 0.81, 0.50, and 0.50, respec-
tively (Fig. 8C). Pgm and metals Ni and Zn in the 500 mM NacCl
anion exchange fraction also showed correlations with coefficient
values of 0.50 and 0.80, respectively. The correlation of Pgm and
Zn was likely due to the coelution of the dominant ribosomal and
transcription-related Zn proteins in this region of the 2D sepa-
ration (Figs 2-5). Moreover, multiple smaller peaks for Pgm were
observed in the size exclusion dimension, which may represent
forms of the apo-Pgm or multimers. The abundance of Ni on the
Pgm maximum was higher than that of Zn or Co, and reflected the
major Ni protein in the metallome. Notably, the relative activity of
Pgm observed in various metals follows the trend Ni(II) > Co(II) >
Mn(Il) > Cd(Il) > Zn(1l) at pH 7.4, which is also consistent with the
observations of different isoforms of this protein.”>”* Additional
chromatographic separation and structural biochemistry paired
with metalloproteomics could confirm the metal identity of the
Pgm active site in marine heterotrophs.

While the Ni-associated SOD, SodN, is observed within the
genome of Pseudoalteromonas (sodN, BB2AT2_2930), this protein
was not detected within the metalloproteome of this organ-
ism under these growth conditions, unlike marine cyanobacte-
ria where it is an important and abundant Ni metalloprotein.*°-6¢
This organism appears reliant upon the Fe-associated SOD un-
der these replete growth conditions.*® Another potential contrib-
utor to the Ni metallome of this organism could be urease, which

features a binuclear Ni active site. A putative urease 23 kDa
accessory protein was observed within the genome of BB2-AT?2
(BB2AT?2_3099), which does not appear to feature Ni binding in the
metalloproteome.

An additional putative Ni metalloenzyme was observed within
the cupin superfamily, a series of proteins with diverse function-
ality. The cupin 4 family protein (BB2AT2_2699) was the only cu-
pin superfamily protein observed within this metalloproteomic
analysis, despite two genes of the cupin 2 family of proteins be-
ing observed within the genome (BB2AT2_0545, cupin 2 domain-
containing protein and BB2AT2_2590, cupin 2 domain-containing
protein). This protein was observed to be most abundant along
the 800 mM NacCl anion exchange fraction (Fig. 9A). Comparison
of this distribution of cupin_4 with those of Ni, Mn, and Zn pro-
duced R? values of 0.91, 0.86, and 0.37, respectively (Fig. 9B). No-
tably the abundance of Ni at the Ni-cupin maxima (800 mM AE,
8 MWF) had ~10-fold higher Ni than either Mn or Zn, implying a
putative Ni-binding site within this enzyme.

It is possible that this cupin protein also possesses phospho-
glucose isomerase activity, similar to Pgm. Ni-associated cupin-
type phosphoglucose isomerases have been characterized within
the archaea Archaeoglobus fulgidus, Methanosarcina mazei, and Py-
rococcus furiosus, as well as within the bacteria Salmonella en-
terica, serovar Typhimurium, and Ensifer meliloti.*’-”>”77 Phyloge-
netic analysis suggests that these bacterial cupin phosphoglu-
cose isomerases originated from euryarchaeota via lateral gene
transfer”” Sequence analysis via BLAST identified an additional
possible function of this cupin superfamily protein as a peptidyl-
arginine hydroxylase. However, the function of this protein is cur-
rently unknown. Further biochemical analyses are necessary to
understand how metal is trafficked to this protein, the catalytic
activity of this protein associated with different metals, as well as
the metabolic function of this cupin within Pseudoalteromonas.

The results presented here imply underappreciated uses of
Ni within marine heterotrophs. Nickel’s biochemical functions
and its relationship to biogeochemical cycles remain poorly con-
strained relative to other metals. Its role in the urease and Ni
SOD enzymes have been discussed, but here we identify two
other putative Ni metalloproteins that appear to be the major
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Fig. 6 The cytosolic metallome of (A) Mn and (B) Co within Pseudoalteromonas.

reservoirs of Ni within an important marine heterotrophic bac-
terium #9.78-80.51,66,52 \While the Ni-associated SOD and urease are
both present within the Pseudoalteromonas genome, they were not
observed within this metalloproteome. Pgm and cupin instead ap-
pear to form the dominant Ni reservoir under these replete cul-
ture conditions.
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Global proteome analysis of exponential- and
stationary-phase Pseudoalteromonas cells

The global proteome of Pseudoalteromonas BB2-AT2 showed
numerous changes during growth progression from expo-
nential phase into stationary phase. Analysis of stationary-
and mid-exponential-phase cultures resulted in 675 protein
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identifications. Notably, the abundances of alkaline phosphatases, number of proteases that were observed in the stationary-
proteases, and TonB-dependent receptors were all elevated in phase experiment were also found to be present in the met-
the late-exponential-phase cultures, consistent with increased allome. The prominence and dynamic increase in abundance
synthesis of degradation enzymes in response to a transition of phosphatases and proteases, compared with the metallo-

to depleted media in stationary phase (Fig. 10). Similarly, a proteome results described earlier, imply that the Zn use in
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Pseudoalteromonas should increase further in nutrient-depleted
conditions.

Sediment trap material incubation experiment

The reliance on multiple transition metals for proteolytic diges-
tion highlights the adaptive potential of Pseudoalteromonas to func-
tion in metal-limited environments. Export of sinking particulate
material from the upper water column represents an important
component of global carbon cycling, yet little is known about the
potential for metal limitation for the degradation of this sinking
material 1942.81 We conducted experiments on this material to ex-
amine the influence of metals under trace metal conditions in
the Central Pacific Ocean. Alkaline phosphatase activity was de-
tected in sinking material collected by sediment traps, with the
60 m sample having ~10-fold more activity (per milliliter of incu-
bation sample) compared with the 150 m, and activity decreased
over 5 days in all treatments (Fig. 11). The reproducibility associ-
ated with the quintuplicate analyses was reasonable, and implied
some success in producing relatively homogenous treatments
despite the challenge of the clean-sediment-trap experimental
design.

EDTA and Zn effects were apparent at the early time points
in the 60 m experiment, but the phosphatase signal decreased
rapidly as biomass rapidly degraded. In contrast, differences in
EDTA and Zn treatments were apparent by Day 1 in the 150 m ex-
periment and the trends continued throughout the experiment,
implying that these treatments impacted the microbes or their en-
zymes within 24 h. The addition of EDTA lessened alkaline phos-
phatase activity in both the 60 and 150 m experiments, likely due
to inactivation of the enzyme by removal of the Zn or other di-
valent cation needed for activity. Activity was 32% lower after
1.2 days and 21% after 2.2 days in the 60 m experiment relative
to the control, but could not be differentiated by Day 5. Activ-
ity decreased by ~25% at all time points in EDTA treatments for
the 150 m experiment. Zn addition treatments also showed some
enhanced phosphatase activity relative to the control in 60 and
150m samples, presumably through increased availability of Zn
for enzymatic activity. A 10% increase in phosphatase activity was
observed after 1.2 days in the 60 m experiment. Zn additions also

50

® Similar abundance

@ >95% confidence different

@® Proteases

@® TonB receptors

@ Alkaline Phosphatases
— 1:1line

Stationary Phase (Spectral Counts)

0 10 20 30 40 50
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Fig. 10 Comparison of protein abundance in Pseudoalteromonas (BB2-AT2)
harvested at midlog (exponential) and stationary phases. Spectral
counts of technical triplicates were averaged (see the Supplementary
Material). Proteins with differing abundances according to Fisher’s test
95% confidence interval are shown in green or other colors, while
proteins not significantly different between treatments are shown in
black. A number of proteases, TonB-dependent transporters, and
alkaline phosphatase were more abundant at stationary phase,
consistent with an adaptive response to depletion of nutrients.

resulted in increased phosphatase activity in the 150 m experi-
ment, particularly at the final time point.

Together these laboratory and field experiments imply that the
availability of Zn in the upper water column may be an impor-
tant constraint on remineralization rates and ultimately carbon
export flux. Zn availability could be an overlooked parameter con-
trolling the remineralization efficiency and depth of carbon ex-
port. In many oceanic waters, Zn is depleted in the euphotic zone,
until reaching a ‘zincocline’ that often co-occurs and correlates
with the silica distribution.®?-#* Moreover, Zn is often complexed
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Fig. 11 Sinking particulate material collected at 60 m (left) and 150 m (right) by the sediment trap was incubated with Zn or EDTA and compared with
controls for alkaline phosphatase activity over 5 days. Quintuplicate treatments were averaged and standard deviations shown. Increased and
decreased enzyme activity with Zn and EDTA additions, respectively, was observed, consistent with influence on metal demand within the alkaline

phosphatase enzymes present.

by organic ligands in the euphotic zone.®>-% Hence, Zn availability,
both in total and by complexation, is likely low in many regions.
The remineralization depth is predicted to be important in con-
trolling the air-sea carbon balance, and Zn could be a constraint
not only in marine photoautotrophy, but also on the less studied
marine heterotrophic processes that contribute to carbon export
of the marine biological pump.**#’

Conclusions

Pseudoalteromonas is an abundant marine heterotroph. When
grown under replete conditions, it possesses a substantial quota
of trace metals, indicating their unique adaptability relative to
oligotrophic organisms. Unlike the metallomes of marine phyto-
plankton that are dominated by Fe, the majority of the metallome
of Pseudoalteromonas is devoted to Zn, which facilitates proteol-
ysis, transcription, translation, and phosphorus hydrolysis. SVD
analysis enabled an approximation of the percentage contribu-
tion of each of the biochemical functions to the Zn metallome.
It showed that transcription (47.2%) and translation (33.5%) are
major contributions, followed by proteolysis (12.8%) and alkaline
phosphatase (6.4%). A variety of proteases were observed to be
used by this bacterium, including several putatively identified as
Mn-associated, and less that were Co-associated. Future biochem-
ical investigations should aim to clarify the relative importance of
heterotrophic bacterial-driven proteolytic transformations, in an
effort to better understand the diversity and abundance of these
proteolytic systems. This would establish constraints on ectoen-
zyme activities on dissolved and particulate carbon mineraliza-
tion within the water column. Modulation of trace metal availabil-
ity of sinking particulate material showed addition and removal
of metals to influence alkaline phosphatase activity, implying the
potential for control of remineralization by Zn and other met-
als. Ni-associated proteins observed within this analysis included
Pgm and a cupin superfamily protein, which revealed, for the first
time, the Ni utilization of a marine heterotroph. The function of
this cupin superfamily protein is currently unknown, but it may
play a role in phosphoglucose isomerization. This study improves
our understanding of the Zn, Mn, Co, and Ni biogeochemistry of

marine heterotrophic bacteria via the characterization of various
features of their metalloproteome.

Supplementary material

Supplementary data are available at Metallomics online.
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