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ABSTRACT

Divalent metal cations are essential to the structure
and function of the ribosome. Previous characteri-
zations of the ribosome performed under standard
laboratory conditions have implicated Mg?* as a pri-
mary mediator of ribosomal structure and function.
Possible contributions of Fe?* as a ribosomal cofac-
tor have been largely overlooked, despite the ribo-
some’s early evolution in a high Fe?** environment,
and the continued use of Fe?* by obligate anaerobes
inhabiting high Fe?* niches. Here, we show that (i)
Fe?* cleaves RNA by in-line cleavage, a non-oxidative
mechanism that has not previously been shown ex-
perimentally for this metal, (ii) the first-order in-line
rate constant with respect to divalent cations is >200
times greater with Fe?* than with Mg?*, (iii) functional
ribosomes are associated with Fe?* after purification
from cells grown under low O, and high Fe?* and (iv)
a small fraction of Fe?* that is associated with the
ribosome is not exchangeable with surrounding di-
valent cations, presumably because those ions are
tightly coordinated by rRNA and deeply buried in the
ribosome. In total, these results expand the ancient
role of iron in biochemistry and highlight a possible
new mechanism of iron toxicity.

INTRODUCTION

The translation system is responsible for the synthesis of all
coded proteins and contains life’s most conserved ribonu-
cleic acids. The common core of the ribosome is universal to
all life (1,2) and has been essentially invariant since the last
universal common ancestor (3—-5). Thus, ribosomes can be
interrogated as molecular fossils (6-8). Because ribosomal
structure and function are strongly dependent on divalent
cations (M>*) (9), and because ribosomes originated long
before the Great Oxidation Event (GOE), understanding ri-
bosomal origins and evolution requires characterization of
ribosomal interactions with M?* ions under pre-GOE con-
ditions (10-14).

In extant aerobic life, Mg?* appears to be the dominant
M?* ion in the translation system. Hundreds of Mg>* ions
mediate ribosomal RNA (rRNA) folding and ribosomal as-
sembly, in some instances binding to specific sites in the uni-
versal rRNA common core by direct coordination (9,15-
17). Mg?* ions facilitate association of the large ribosomal
subunit (LSU) and small ribosomal subunit (SSU) (18), sta-
bilize folded tRNA (19), maintain the reading frame dur-
ing translation (20) and link ribosomal proteins (rProteins)
to rRNA (21). Mg?* also facilitates in-line cleavage (22—
25), an RNA self-cleavage reaction (26-29).

Before the GOE, anoxia would have stabilized abundant
Fe”* in the biosphere and hydrosphere. Under pre-GOE
conditions, Fe’* would not have caused the damage to
biomolecules that occurs today in the presence of O,, via
Fenton chemistry (30). In Fenton chemistry, H,O5, a prod-
uct of Fe?* autoxidation by O, (31), is reduced by Fe’*,
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generating hydroxyl radicals that can oxidatively damage
nucleic acids (32-36). We recently reported that Fe’* can
fold RNA and mediate in vitro translation under ‘pre-GOE’
conditions: in the presence of abundant Fe?* and in the ab-
sence of O (37). Based on these findings, we proposed that
early ribosomal folding and catalysis used Fe?" instead of,
or in combination with Mg?* and other M** ions. How-
ever, we found lower translation rates with anoxic Fe** than
with Mg?* (37). While lower translation rates with Fe?* are
consistent with ribosomal adaptation to Mg?* over the last
two billion years, this explanation alone appears insufficient
because the common core of the ribosome, including the
functional centers, has been conserved for over 3 billion
years. One possible explanation for this finding is that non-
oxidative damage of RNA mediated by Fe?* is faster than
with Mg?*.

Here, we demonstrate that Fe’* can damage RNA by in-
line cleavage, which is distinct from previously characterized
oxidative processes. We discovered that this second, non-
oxidative mechanism of Fe’"-mediated RNA damage by in-
line cleavage can be more extensive in some conditions than
oxidative damage. We show that anoxic Fe" is efficient in
catalyzing in-line cleavage, cleaving rRNA far more rapidly
and extensively than Mg?*. Given that the reaction is likely
first-order with respect to the metal ion (38,39), the reaction
rate constant (M~! s~!) appears to be over 200 times greater
for rRNA with Fe?* than with Mg?*. The in-line mecha-
nism of cleavage by Fe>* was validated here by a variety of
methods including reaction product characterization.

While metals such as Mg?>* cleave RNA, they are
nonetheless essential for folding and function. In paral-
lel with our experiments comparing Fe’* and Mg?* in-
line cleavage, we investigated whether ribosomes from FEs-
cherichia coli grown in pre-GOE conditions associate func-
tionally with Fe?* in vivo. We grew E. coli in anoxic con-
ditions with ample Fe?* in the growth media. We purified
ribosomes from these bacteria and have probed their inter-
actions with metals. We identified tightly bound M?*, which
survive ribosomal purification. A small fraction (~2%) of
Fe?* ions are not exchangeable with Mg”* in solution and
are detectable after purification involving repeated washes
in high [Mg?*] buffers. We use these tightly bound ions as
reporters for more general M?* association in vivo. The data
are consistent with a model in which certain M?* ions are
deeply buried and highly coordinated within the ribosome
(16). Our results suggest that ribosomes grown in pre-GOE
conditions contain ~10 tightly bound Fe?* ions compared
to ~1 Fe?* ion in ribosomes from standard growth condi-
tions. Ribosomes washed with Fe?* contained significantly
higher Fe?* and showed more rRNA degradation than ri-
bosomes washed with Mg?*. Our combined results show
the capacity for Fe?* to (i) associate with functional ribo-
somes in vivo and in vitro and (ii) mediate significant non-
oxidative damage. Our results have significant implications
for the evolution of rRNA and iron toxicity in disease.

MATERIALS AND METHODS
rRNA purification

A one-tenth volume of sodium acetate (3.0 M, pH 5.2) and
an equal volume of 25:24:1 phenol:chloroform:isoamyl al-

cohol (Fisher BioReagents, pH 5.2) were added to purified
ribosomes. The sample was vortexed and spun at 16,200 x
g in a table-top centrifuge for 5 min. The top aqueous layer
was transferred to a new tube and extracted twice with a
24:1 mixture of chloroform:isoamyl alcohol (Acros Organ-
ics) using the same procedure. rRNA was then precipitated
by adding two volumes of 100% ethanol, followed by incu-
bation at —20°C for 30 min. Precipitated rRNA was pel-
leted by centrifuging at 16,100 x g for 15 min. The pellet
was washed with 70% ethanol and suspended in 0.1 mM
sodium-EDTA (pH 8.0). rRNA concentrations were quan-
tified by Areo (14260 = 40 ng rRNA 1’11171).

rRNA in-line cleavage reaction rates

Nuclease-free water (IDT) was used in all experiments in-
volving purified or transcribed RNA. rRNA for in-line
cleavage experiments was purified as above by phenol-
chloroform extraction followed by ethanol precipitation
of commercial E. coli ribosomes (New England Bio-
labs). All in-line cleavage reaction solutions were pre-
pared and incubated in an anoxic Coy chamber (97%
Ar, 3% H, headspace). Fe’* and Mg>* solutions were
prepared by dissolving a known mass of FeCl,-4H,0
or MgCl, salt in degassed water inside the Coy cham-
ber. rRNA (0.5 pg wl™') was suspended in degassed
20 mM N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic
acid (HEPES, pH 7.6), 30 mM KCl, 5% (v/v) glycerol [In-
vitrogen (UltraPure)], and either 25 mM of MgCl, or 1 mM
of FeCl,. Reactions were placed on a 37°C heat block and
incubated for 4 days for MgCl, and no M?* and for 8
h for FeCl,. At each time point (0, 1.5, 3, 6, 12, 24, 48
and 96 h for the MgCl, or no M?" and 0, 7.5, 15, 30, 60,
120, 240 and 480 min for FeCl,) 4.5 pl aliquots were com-
bined with 0.5 pl of 1 M sodium phosphate buffer pH 7.6
to precipitate the Fe>* or Mg?* from solution and stored at
—80°C. Aliquots were defrosted on ice and combined with
2X Gel Loading Buffer II (Amicon) then loaded onto a 1%
Tris/borate/EDTA agarose gel and run at 120 V for 1.25 h.
The RNA in the gel was stained with GelStar™ (Lonza) and
imaged with an Azure 6000 Imaging System (Azure Biosys-
tems). Azurespot software was used as a pixel counter to
create lane profiles. rRNA peaks were integrated by fitting
to an Exponentially Modified Gaussian distribution us-
ing Igor Pro (v 7.08) (Supplementary Figure S1). Observed
pseudo first-order rate constants (kop,s) were found by tak-
ing the negative of the slope from the natural logarithm of
the normalized peak area versus time plot. Reaction rate
constants (k) were calculated by k = kops/[M>*].

In-line cleavage banding patterns

a-rTRNA (40), which is composed of the core of the LSU
rRNA, was synthesized and purified as previously de-
scribed. Lyophilized a-rRNA was resuspended in degassed
nuclease-free water (IDT) inside the Coy chamber. Fe>*
and Mg?* solutions were prepared by dissolving known
amounts of FeSO4-7H,O or MgSO, in degassed nuclease-
free water inside the Coy chamber. To initiate the reaction,
1 mM (final concentration) of Mg>" or Fe?* was added to
0.02 pg wl~! a-rRNA in 20 mM HEPES-Tris (pH 7.2) in a
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37°C heat block. Samples were removed at 0, 0.25, 0.5 and
1 h for added Fe?*, and at 24 h for added Mg?*. Divalent
cation chelation beads (Hampton Research) were added to
quench the reactions. The chelation beads were removed us-
ing spin columns. RNA cleavage products were visualized
using denaturing PAGE (6%, 8 M urea) run at 120 V for
~1.3 h stained with SYBR Green II.

Fenton chemistry reactions

Purified rRNA from E. coli ribosomes (New England
Biolabs) was obtained by phenol-chloroform extraction
and ethanol precipitation as above. A stock solution of
Fe/EDTA was prepared inside the Coy chamber by dissolv-
ing a known amount of FeCl,-4H,0 salt in degassed water
then mixing with EDTA in degassed water. The Fe/EDTA
was removed from the Coy chamber for the Fenton re-
actions. rRNA was suspended to 0.5 wg wl~! in 20 mM
HEPES (pH 7.6), and 30 mM KCIl, with 0% or 5% (v/v)
glycerol and either I mM Fe/10 mM EDTA/10 mM ascor-
bate plus 0.3% (v/v) H,O, or 10 mM EDTA as the reaction
initiators wherein the initiators were separately dispensed
onto the tube wall then vortexed with the other components.
For the zero time points, reaction components were mixed
in tubes containing the thiourea quenching agent at a final
concentration of 100 mM. For non-zero time points, the re-
action mixtures were prepared as bulk solutions and incu-
bated at 37°C on a heat block, after which aliquots were
removed at 0, 10 and 60 min and mixed with the thiourea
quenching agent at a final concentration of 100 mM. The
stopped solutions were immediately frozen and stored at
—80°C. For analysis, samples were defrosted on ice, com-
bined with 2X Gel Loading Buffer II, loaded onto a 1%
Tris/borate/EDTA agarose gel and run at 120 V for 1.25
h.

Characterization of ApA cleavage products by HPLC

In-line cleavage reagents were prepared as described above
in the Coy chamber. In duplicate reactions, 0.5 mM ApA
RNA dinucleotide (5’ to 3’; TriLink BioTechnologies) was
suspended in degassed 20 mM HEPES/NaOH (pH 7.6), 30
mM KCl, 5% (v/v) glycerol and combined with either wa-
ter, 25 mM MgCl, or 25 mM FeCl, (final concentrations).
Reactions were placed on a 37°C heat block with aliquots
removed at 0, 0.25, 0.5, 1, 2, 4 and 8 days for no M** and
Mg?* samples and at 0, 0.25, 0.5, 1 and 2 days for Fe?* sam-
ples. Aliquots were immediately quenched with 100 mM fi-
nal concentration sodium phosphate pH 7.6, centrifuged at
2,000 x g for 1 min, and the ApA-containing supernatant
was collected to avoid transfer of Fe or Mg phosphate pre-
cipitate to the High Performance Liquid Chromatography
(HPLC) column. The samples were stored at —80°C prior to
placement in the HPLC where they were held at 4°C. HPLC
analyses were conducted on an Agilent 1260 Infinity HPLC
with a DAD UV-Vis detector, with a path length of 1.0 cm.
Products of the reactions were separated using a Kinetex
XB-C18 column (150 x 2.1 mm, 2.6 wm particle size). The
flow rate was 0.3 ml min~! and the column temperature was
held at 25°C. The mobile phase was 100% 0.1% formic acid
(aq) for 5 min ramped to 55% acetonitrile over 25 min. The
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acetonitrile concentration was then ramped to 100% and
was held as such for 10 min before returning to 0.1% formic
acid (aq) for column equilibration for 15 min. We recorded
the elution at 210, 220 and 260 nm wavelengths, with a 180—
400 nm spectrum detected in 2 nm steps. To characterize
reaction products, standards were spiked into product mix-
tures. The spiked standards were 0.5 mM ApA in 20 mM
HEPES (pH 7.6), 30 mM KCl, 5% (v/v) glycerol with either
water, 2.5 wM adenosine, 3’-adenosine monophosphate or
2',3'-cyclic adenosine monophosphate.

Characterization of ApA cleavage products by LC-MS

ApA was prepared anoxically at 0.5 mM with 20 mM
HEPES pH 7.6, 30 mM KClI, 5% (v/v) glycerol and 25 mM
FeCl,, and then incubated at 37°C for 2 days. The sample
was analyzed by liquid chromatography mass spectrome-
try using an Agilent 1290 HPLC; Agilent 1260 Autosam-
pler and DAD UV-Vis detector; path length: 0.6 cm; Agi-
lent 1260 quaternary pump and RID; column: Phenomenex
Kinetex 2.6 mmxB-C18100A, LC column 150 x 2.1 mm;
column temp: 25°C; 10 wl injection with needle wash, 100
wl s~ injection speed. The solvents were (A) 0.1% formic
acid in LC-MS grade water and (B) LC-MS grade acetoni-
trile with a flow rates of 0.3 ml min~!; gradient: 5 min 100%
A, 0% B; 20 min ramp to 45% A, 55% B; 10 min 0% A, 100%
B; 1 min ramp 100% A, 0% B; 9 min 100% A, 0% B. Elu-
tions were recorded at 210, 220 and 260 nm, with the entire
spectrum (180-400 nm) detected in 2 nm steps. This system
was coupled to an Agilent 6130 single quad MS Electro-
spray Ionization Mass Spectrometry system with scanning
of +65 to £2,000 m/z and capillary voltage of 2.0 kV.

Cell culture and harvesting

Culturing media consisted of LB broth (10 g 17! NaCl,
10 g 17! tryptone, 5 g 17! yeast extract) amended with
4 mM tricine, 50 mM sodium fumarate and 80 mM 3-
(N-morpholino)propanesulfonic acid (MOPS; titrated with
NaOH to pH 7.8). Fifty ml cultures containing all of
these ingredients plus 0.25% (v/v) glycerol were inoculated
from glycerol stocks of E. coli MREG600 cells and shaken
overnight at 37°C with or without O, and with either | mM
FeCl, or ambient Fe?* [6-9 wM, measured by the ferrozine
assay (41)]. Two ml of each overnight culture was used to
inoculate 1-1 cultures in the same conditions. These cultures
were then orbitally shaken at 37°C to ODggg 0.6-0.7. Aer-
obic cultures were grown in foil-covered Erlenmeyer flasks.
Anacrobic fumarate-respiring cultures were inoculated into
stoppered glass bottles containing medium that had been
degassed with N, for one hour to remove O,. Cells were
then harvested by centrifugation at 4,415 x g for 10 min,
washed in 20 ml buffer containing 10 mM Tris pH 7.4, 30
mM NaCl and 1 mM EDTA, and pelleted at 10,000 x g for
10 min. Cell pellets were stored at —80°C until ribosome
purification.

Ribosome purification

The ribosome purification procedure was modified from
Maguire et al. (42). All purification steps were performed
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in the Coy chamber unless otherwise noted. Buffers var-
ied in their metal cation content. The typical wash buffer
contained 100 mM NH4CIl, 0.5 mM EDTA, 3 mM B-
mercaptoethanol, 20 mM Tris pH 7.5, 3 mM MgCl, and
22 mM NaCl. For ‘Fe purification’ experiments, buffer was
composed of 100 mM NHyCI, 0.5 mM EDTA, 3 mM B-
mercaptoethanol, 20 mM Tris pH 7.5, 1 mM FeCl, and 28
mM NaCl. Sodium chloride concentrations were increased
here to maintain the ionic strength of the buffer (131 mM).
Elution buffers contained the same composition as the wash
buffer except for NH4Cl1 (300 mM). Frozen cell pellets were
resuspended in ribosome wash buffer and lysed in a Bead-
Bug microtube compact homogenizer using 0.5 mm diame-
ter zirconium beads (Benchmark Scientific). Cell lysate was
transferred into centrifuge bottles inside the Coy cham-
ber which were tightly sealed to prevent O, contamination.
Cell debris were removed by centrifuging outside of the
Coy chamber at 30,000 x g for 30 min at 4°C. The solu-
ble lysate was then transferred back into the chamber and
loaded onto a column containing pre-equilibrated, cysteine-
linked, SulfoLink™ Coupling Resin (Thermo Fisher Scien-
tific). The resin was washed with 10 column volumes of
wash buffer. Ribosomes were eluted into three 10 ml frac-
tions with elution buffer. Eluted fractions were pooled in-
side the Coy chamber into ultracentrifuge bottles which
were tightly sealed. Ribosomes were pelleted outside the
chamber by centrifuging at 302,000 x g for 3 h at 4°C under
vacuum in a Beckman Optima XPN-100 Ultracentrifuge
using a Type 70 Ti rotor. Tubes containing ribosome pellets
were brought back into the Coy chamber and suspended in
buffer containing 20 mM HEPES (pH 7.6), 30 mM KCl and
7 mM B-mercaptoethanol, heat-sealed in mylar bags, and
stored at —80°C. Ribosome concentrations were calculated
with a NanoDrop spectrophotometer assuming 1A,4 = 60
ng ribosome ml~! (conversion factor provided by New Eng-
land Biolabs). This conversion factor was used to estimate
the molecular mass of bacterial ribosomes, from which mo-
larity was calculated. Biological triplicates of each growth
and purification method were taken for downstream analy-
ses.

Ribosomal Fe content

Purified ribosomes were analyzed for iron content by total
reflection X-ray fluorescence spectroscopy (TRXF) as de-
scribed in Bray and Lenz et al. (37).

rProtein electrophoresis

For SDS-PAGE, purified ribosomes were normalized to
3.33 mg ml~! in 2X SDS-PAGE loading buffer, heated at
95°C for 5 min, and then incubated on ice for 2 min. Sam-
ples were loaded onto a 12% SDS acrylamide gel with a 4%
stacking gel and run at 180 V for 60 min.

In vitro translation

Translation reactions were based on the methods of Bray
and Lenz et al. (37) with minor modifications. All 15 wl
reactions contained 2.25 pl of purified ribosome samples
normalized to 9 wg wl~! (so that the final concentration

of ribosomes in our reactions was 1.35 wg pl~'), 0.1 mM
amino acid mix, 0.2 mM tRNAs, ~0.2 pg wl~! of dihy-
drofolate reductase mRNA, and 3 pl of factor mix (with
RNA polymerase, and transcription/translation factors in
10 mM Mg?*) from the PURExpress® A Ribosome Kit
(New England Biolabs). The reaction buffer was based on
Shimizu et al. (43), with HEPES instead of phosphate buffer
to avoid precipitation of metal phosphates. Buffer consisted
of 20 mM HEPES (pH 7.3), 95 mM potassium glutamate,
5 mM NHyCI, 0.5 mM CaCl,, 1 mM spermidine, § mM
putrescine, 1 mM dithiothreitol (DTT), 2 mM adenosine
triphosphate (ATP), 2 mM guanosine triphosphate (GTP),
1 mM uridine triphosphate (UTP), 1 mM cytidine triphos-
phate (CTP), 10 mM creatine phosphate (CP) and 53 pM
10-formyltetrahydrofolate. Divalent cation salts (MgCl, or
FeCl,) were added to 9 mM final concentration. The reac-
tion buffer was lyophilized and stored at —80°C until resus-
pension in anoxic nuclease-free water immediately before
experiments in the Coy chamber. Reaction mixtures were
assembled in the chamber and run at 37°C in a heat block
for 120 min. Reactions were quenched on ice to terminate
translation (43) and stored on ice until they were assayed for
the extent of protein synthesis. Protein synthesis was mea-
sured using a DHFR assay kit (Sigma-Aldrich), which mea-
sures the oxidation of NADPH (60 mM) to NADP™* by di-
hydrofolic acid (51 pM). Assays were performed by adding
5 wl of protein synthesis reaction to 995 ul of 1X assay
buffer. The NADPH absorbance peak at 340 nm (Abssq)
was measured in 15 s intervals over 2.5 min. The slope of
the linear regression of Abssyg versus time was used to esti-
mate protein activity (Abszq min~!).

Protein characterization by LC-MS/MS

After ribosomal purification, samples were reduced with B-
mercaptoethanol, and then alkylated with 14 mM iodoac-
etamide (HEPES, pH 7.6) for 30 minutes at room temper-
ature in the dark. Alkylation was quenched with 5 mM
dithiothreitol for 15 min at room temperature in the dark.
Proteins were purified by the methanol/chloroform precip-
itation method and were then digested with trypsin in a
buffer containing 5% acetonitrile, 1.6 M urea and 50 mM
HEPES (pH 8.8) at 37°C with shaking overnight. The di-
gestion was quenched with addition of trifluoroacetic acid
to a final concentration of ~0.2%. Peptides were purified by
Stage-Tip (44) prior to LC-MS/MS analysis.

Peptides were dissolved in a solution containing 5% ace-
tonitrile and 4% formic acid and loaded onto a C18-packed
microcapillary column (Magic CI8AQ, 3 pm, 200 A, 75
pm x 16 cm, Michrom Bioresources) by a Dionex WPS-
3000TPL RS autosampler (Thermostatted Pulled Loop
Rapid Separation Nano/Capillary Autosampler). Peptides
were separated by a Dionex UltiMate 3000 UHPLC sys-
tem (Thermo Scientific) using a 112-minute gradient of 4—
17% acetonitrile containing 0.125% formic acid. The LC
was coupled to an LTQ Orbitrap Elite Hybrid Mass Spec-
trometer (Thermo Scientific) with Xcalibur software (ver-
sion 3.0.63). MS analysis was performed with the data de-
pendent Top15 method; for each cycle, a full MS scan with
60,000 resolution and 1 x 10° AGC (automatic gain con-
trol) target in the Orbitrap cell was followed by up to 15
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Figure 1. In-line cleavage of rRNA in anoxia. In-line cleavage of purified rRNAs with (A) 1 mM Fe?* (0-8 h) and (B) 25 mM Mg2" (0-96 h). Reactions
were conducted in an anoxic Coy chamber at 37°C in the presence of the hydroxyl radical quencher glycerol (5% v/v) and were analyzed by 1% agarose
gel electrophoresis. Pseudo first-order rate plots were extracted from 23S and 16S rRNA band intensities for (C) 1 mM Fe?* and (D) 25 mM Mg?". The
Mg2* time axis is 10 times greater than the Fe?" time axis. Error bars represent the SEM (standard error of the mean; n = 3).

MS/MS scans in the Orbitrap cell for the most intense ions.
Selected ions were excluded from further sequencing for 90
s. lons with single or unassigned charge were not sequenced.
Maximum ion accumulation time was 1,000 ms for each full
MS scan, and 50 ms for each MS/MS scan.

Raw MS files were analyzed by MaxQuant (version
1.6.2.3; 45). MS spectra were searched against the E. coli
database from UniProt containing common contaminants
using the integrated Andromeda search engine (46). Due to
the unavailability of the proteome database for E. coli strain
MRE-600, the database for strain K12 was used. It has been
shown that the two strains have nearly identical ribosome
associated proteins (47). All samples were searched sepa-
rately and set as individual experiments. Default parame-
ters in MaxQuant were used, except the maximum number
of missed cleavages was set at 3. Label-free quantification
was enabled with the LFQ minimum ratio count of 1. The
match-between-runs option was enabled. The false discov-
ery rates (FDR) were kept at 0.01 at both the peptide and
protein levels.

The results were processed using Perseus software (48).
In the final dataset, the reverse hits and contaminants were
removed. The LFQ intensity of each protein from the pro-
teinGroups table was extracted and reported. For the vol-
cano plots showing differential regulation of proteins, the
ratios used were from the LFQ intensities of samples from
each of the three experiments. The cutoff for differential
expression was set at 2-fold. P-values were calculated us-

ing a two-sided T-test on biological triplicate measurements
with the threshold P-value of 0.05 for significant regulation.
The raw files are available at http://www.peptideatlas.org/
PASS/PASS01418 (username: PASS01418 and password:
ZW2939nnw).

RESULTS
In-line cleavage of rRNA: Mg?* and anoxic Fe?*

By manipulating reaction conditions, we could switch the
mode of rRNA cleavage between Fenton and in-line mech-
anisms. In-line is the only possible mechanism of cleavage
by Mg>* due to its fixed oxidation state and inability to
generate hydroxyl radicals. We confirm the expectation that
Mg?*-mediated in-line cleavage reactions are not inhibited
by anoxia or hydroxyl radical quenchers (Supplementary
Figure S2).

We confirm here in a variety of experiments that RNA is
degraded by in-line cleavage when incubated with Fe>* un-
der anoxic conditions (Figure 1A). Most of the experiments
employed the rRNA of E. coli as substrate. A shorter RNA
[a-RNA (40)] showed on a higher size resolution gel that
RNA banding patterns and reaction products were nearly
identical for Mg?* and anoxic Fe?* reactions (Figure 2),
indicating that preferred sites of cleavage are the same for
both metals. Common sites of cleavage are indications of
common mechanisms of cleavage (23). Neither Mg?* nor
anoxic Fe?* cleavage was inhibited by glycerol (5%), which
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Figure 2. In-line cleavage banding patterns are the same for rRNA cleavage
with Mg?* and anoxic Fe?". Several primary cleavage bands of a-rRNA
(40) are indicated by arrows. This gel is 6% polyacrylamide, 8 M urea show-
ing in-line cleavage mediated by 1 mM Mg?* or 1 mM anoxic Fe?* at
37°C for varying amounts of time. Reactions were run in 20 mM Tris—
HEPES (pH 7.2).

Table 1. rRNA cleavage pseudo first-order rate constants

Metal rRNA kops (1075 571 SEM (1073 s 1)
1 mM Fe?*

238 67 12

16S 25 8.2
25 mM Mg?*

238 5 1.1

16S 3 0.8

is known to quench hydroxyl radical and to inhibit hydroxyl
radical cleavage (49). By contrast, glycerol inhibited cleav-
age by Fe?* under conditions that favor Fenton-type cleav-
age (Supplementary Figure S3). Glycerol did not inhibit
Mg?* in-line cleavage under any conditions (Supplementary
Figure S2).

In the absence of O,, cleavage rates are significantly
greater for Fe’* than for Mg?*. For 16S and 23S rRNAs,
1 mM Fe?* caused significant in-line cleavage of rRNA af-
ter 30 min at 37°C. Both rRNAs were completely degraded
after 2 hours in anoxic Fe>* (Figure 1A). By contrast, when
the M2* ion was switched from 1 mM Fe?* to 25 mM Mg”*,
only a modest amount of in-line cleavage was observed after
6 h (Figure 1B). Fitting of the data to a pseudo first-order
rate model (Figure 1C and D) reveals apparent rate constant
for cleavage of the full-length 23S rRNA with Fe>* is 67 x
1073 s~! and with Mg?* is 5 x 107> s~!. The rate constants
for cleavage of the 16S rRNA is 25 x 1073 s~! for Fe?* and
3 x 107 s7! for Mg?" (Table 1). These apparent rate con-
stants do not account for differences in metal concentration
or in RNA length.

In sum, reactions with Mg”>* and anoxic Fe’* showed a
lack of inhibition by a hydroxyl radical quencher. By con-
trast, the quencher inhibited reactions with Fe?* in the pres-
ence of O,. The observed rate constant for in-line cleavage
for rRNA is ~10 times greater for 1 mM Fe?* than for 25
mM Mg?*. Under these conditions, in-line cleavage is ex-

pected to scale with metal concentration (38,39) so that that
the reaction rate constant, k (M~ s7!), is increased with
Fe?* by ~300 times for the 23S and by ~200 times for the
16S. We demonstrate that although Fe?* interacts in the
same way as Mg?* with RNA, the cleavage potency of Fe>*
is greatly enhanced.

Characterization of in-line cleavage reaction products

To confirm that Fe?* catalyzes non-oxidative in-line RNA
cleavage, a series of cleavage reactions were performed on
the dinucleotide ApA. The products of the reaction were
characterized by HPLC via spiking with standards, and
by LC-MS. A small RNA with only one possible cleav-
age site allowed us to identify specific cleavage products,
which report on the mechanism of scission. In-line cleav-
age leads to a 2/,3’-cyclic phosphate upstream of the scis-
sion site and a downstream 5-OH RNA fragment. Subse-
quently, the 2’,3’-cyclic phosphate can hydrolyze to either
a 2'- or 3’- monophosphate. Conversely, oxidative cleavage
of RNA by a hydroxyl radical that may be formed during
iron oxidative processes abstracts a proton from a ribose
sugar leading to a variety of products but not 2',3'-cyclic
phosphate, 2’-phosphate, or 3’-phosphate RNA fragments
(50). Anoxic incubation of ApA with 25 mM Mg?* or Fe**
produces adenosine, 2',3'-cyclic adenosine monophosphate
(2/,3-cAMP) and 3’-adenosine monophosphate (3’-AMP)
(Figure 3A-D and Supplementary Figure S4). The reper-
toire of products is matched for the two metals, pointing to
a common in-line cleavage mechanism.

M?* exchange during ribosomal purification

We hypothesized that O, and Fe’* content during bacterial
growth could affect the iron content of ribosomes. How-
ever, the vast majority of ribosomal M?* ions are exchange-
able (51) and canonical ribosome purification procedures
use high Mg”* buffers (52) to maintain folding and stability.
Therefore, spontaneous exchange of in vivo bound M>* with
those in the buffer occurs during purification, suggesting
that the final Fe>* content of purified ribosomes depends on
the type of M?* in the purification buffer. Indeed, ribosomes
purified in solutions with 1 mM Fe?* contained significantly
higher Fe?* than those purified in 3 mM Mg>* regardless
of growth condition (Figure 4). All ribosome samples puri-
fied in I mM Fe?* contained similar Fe>* (~400-600 mol Fe
mol~! ribosome). These results show that the vast majority
of ribosomal M*" ions are exchangeable and that M** ex-
change takes place during purification.

Tight ribosomal binding of a subset of M**

A small subset of ribosomal M?* ions are not exchange-
able during purification. Ribosomes retain this subset of in
vivo divalent cations after purification. We harvested E. coli
in log phase from four growth conditions: oxic or anoxic
with high Fe?" in the medium (1 mM Fe?*), and oxic or
anoxic without added Fe?* in the growth medium (6-9 uM
Fe?*). Ribosomes from E. coli grown in pre-GOE condi-
tions (anoxic, high Fe**) contained quantitatively repro-
ducible elevated levels of Fe>* after purification in solutions
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Figure 3. 2',3-cAMP is formed upon incubation of ApA with FeZ* or
Mg?*. HPLC chromatograms show the accumulation of 2/,3'-cAMP, a di-
rect product of in-line cleavage, upon incubation of ApA with either (A) 25
mM Fe?*, (B) 25 mM Mg2* or (C) no metal as the negative control. Panel
(D) shows identification of the 2’,3'-cyclic adenosine monophosphate by
LC-MS of ApA incubated with 25 mM Fe?* for 2 days. Labeled species
correspond to [M—H]™ ions. Reactions were incubated anoxically at 37°C
in the presence of 5% (v/v) glycerol.

Nucleic Acids Research, 2020 7

1000
a § o f
o 100 1 [O Fe* purified ribosomes
"g @ Mg purified ribosomes
[ o
()
5
10
2 10 L
2
x
C
o
= 14 f f f
“pre-GOE”
0-1 T T ) p T T B
oe no Fe? - no Fe?*
1 mM Fe added 1 mM Fe added
aerobic anaerobic

Figure 4. Tron content (mol Fe mol~! ribosome) of purified ribosomes. E.
coli were grown aerobically or anaerobically at | mM Fe?" or ambient Fe>*
(6-9 wM, no Fe added), and purified in buffers containing either 3 mM
Mg?* (black circles) or | mM Fe* (white circles). Error bars represent the
SEM (n = 3).

containing Mg?*. We detected around 9 mol Fe mol~! ri-
bosome from cells grown in pre-GOE conditions purified in
solutions with high Mg?* (Figure 4). The three other growth
conditions yielded ribosomes containing near background
levels of Fe** (<2 mol Fe mol~! ribosome).

Quantitating translation

Ribosomes from all four growth conditions produced active
protein in translation assays. Ribosomes were functional in
vitro under standard conditions (with 10 mM Mg**) and
also in 8 mM Fe?* + 2 mM Mg?* under anoxia. Regardless
of whether translation activity was assayed in the presence
of 10 mM Mg?* or 8 mM Fe?* + 2 mM Mg?*, ribosomes
synthesized aerobically in the absence of Fe’* have higher
activity than the ribosomes synthesized anaerobically in the
absence of Fe’* (P < 0.08; Supplementary Figure S5). The
presence of 1 mM Fe?* in the bacterial growth conditions
did not affect ribosomal activity; the only differences are
whether growth conditions are aerobic or anaerobic, and
whether 10 mM Mg?* or 8 mM Fe?* + 2 mM Mg?* are
used in the assay. Translation was reduced in the presence of
Fe?* compared to Mg?*, consistent with our previous work
(37). The translational activity of ribosomes harvested from
anaerobic cells was slightly less than from those from aer-
obic cells. Ribosomes from all four growth conditions con-
tained intact 23S, 16S and 5S rRNAs with purification in 3
mM Mg?* (Figure 5A) resulting in a higher proportion of
intact rRNA relative to purification in 1 mM Fe** (Figure
5B). Each purification also contained a full suite of rPro-
teins as indicated by mass spectrometric analysis and by
gel electrophoresis (Supplementary Figure S6). The protein
composition of ribosomes from 1 mM Fe?* growth condi-
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Figure 5. Agarose gels (1%) showing rRNA from ribosomes purified in (A) 3 mM Mg>* and (B) | mM Fe?*. The banding pattern suggests that rRNA is
less degraded in ribosomes purified with 3 mM Mg?* than in ribosomes purified with 1 mM Fe?*.

tions (Supplementary Figure S6B) was similar to that from
Mg?* growth conditions (Supplementary Figure S6A).

rProtein characterization

In addition to an oxidative mechanism, our results pointed
to a non-oxidative cleavage mechanism of RNA with Fe?*.
So, we next asked whether ribosomes might adopt different
proteins to cope with high Fe?* in both oxic and anoxic con-
ditions. Ribosomes under all four growth conditions con-
tained a full repertoire of rProteins, and were associated
with additional proteins, as determined by mass spectrome-
try. These non-ribosomal proteins ranged in function from
translation to central metabolism. Proteins from anaerobic
pathways were generally more abundant in ribosomes from
anaerobic cells while proteins from aerobic pathways were
more abundant in ribosomes from aerobic cells (Supple-
mentary Tables S1 and S2). Proteins for synthesis of enter-
obactin, an Fe3*-binding siderophore, were more abundant
in ribosomes from aerobic cells and from those grown with-
out the addition of Fe, while the bacterial non-heme ferritin
subunit was more abundant in ribosomes from anaerobic
cells regardless of the Fe’* content in the media (Supple-
mentary Table S2). Several proteins were differentially ex-
pressed in ribosomes grown in pre-GOE conditions relative

to other growth conditions (Supplementary Figure S7). No-
tably, ribosomes grown anaerobically with high Fe?* had
five times the abundance of the protein YceD than ribo-
somes grown anaerobically without added Fe?*. Anaero-
bic high Fe?* ribosomes had one third the abundance of
the rProtein S12 methylthiotransferase protein RimO and
rRNA LSU methyltransferase K/L protein RImL than ri-
bosomes from aerobically grown cells with 1 mM Fe?*.

DISCUSSION
Iron promotes rapid in-line cleavage of rRNA

Mg?* is known to cleave the RNA phosphodiester back-
bone via an in-line mechanism (22,23). We have shown here
that Fe?*, like Mg?*, can cleave RNA by a non-oxidative
in-line mechanism. We used cleavage of 23S and 16S rRNA
to determine the observed rate constants of both Mg>*-
and Fe”*-mediated cleavage. The ks, uncorrected for metal
concentration, for in-line cleavage by Fe* is around 10
times greater than by Mg?*. Previous studies suggest that in-
line cleavage is first-order with respect to metal concentra-
tion (38,39), allowing the calculation of a per molar metal
reaction rate constant by k = kops/[M>*]. Assuming this
first-order relationship in our experiments, & with Fe?* is
~300 times greater for the 23S and ~200 times greater for
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the 16S than with Mg?*. In Supplementary Table S3 we
compare our results to literature k values of Mg>* and Zn?*
cleavage taken under a range of conditions (38,39,53-57),
normalizing for the number of cleavable phosphates in the
RNA substrate. Changes in metal identity, RNA length,
RNA folding, pH, and temperature result in differences in
apparent rate constants. The values extend over four or-
ders of magnitude. Rate enhancement by switching Mg>*
to another metal while other conditions are held constant
is greater for Fe?* than for Zn?*, highlighting the rapidity
of cleavage by Fe”".

Support for a non-oxidative in-line mechanism of cleav-
age of RNA by anoxic Fe?* is provided by observations that
the rate of the reaction is not attenuated by anoxia and that
the sites of cleavage appear to be conserved for Mgt and
anoxic Fe?* (Figure 2). The absence of hydroxyl radical in-
termediates in the anoxic cleavage reaction is confirmed by
the lack of inhibition by a hydroxyl radical quencher known
to inhibit Fenton chemistry (32). Cleavage products of the
RNA dinucleotide ApA include only those that are expected
from an in-line mechanism and align with products formed
with Mg?*. Among these is 2’,3'-cyclic phosphate, the hall-
mark of in-line attack of the bridging phosphate by the 2'-
OH.

In-line cleavage is the dominant mechanism of Fe?* cleav-
age when contributions from Fenton-mediated processes
are minimized and is the only mechanism of Mg?* cleav-
age. By contrast, in oxic environments, transient Fe’* oxi-
dation generates hydroxyl radicals (31) that cleave nucleic
acids (30,32-35). Our results have significant implications
for iron toxicity and human disease. The potency of Fe?* in
inducing rRNA cleavage may lead to decreased longevity of
Fe?*-containing ribosomes. In fact, rRNA cleavage linked
to Fe?™ oxidation, as in the human ribosome in Alzheimer’s
disease (58), or in yeast rRNA (59), could be in some mea-
sure attributable to Fe?* in-line cleavage.

Fe?* appears to be a potent all-around cofactor for nu-
cleic acids. The combined results indicate that:

a) rRNA folds at a lower concentration of Fe>* than Mg>*
(37),

b) at least a subset of ribozymes and DNAzymes are more
active in Fe?* than in Mg?* (60,61),

c) the translation system is functional when Fe’* is the
dominant divalent cation (37),

d) at low concentrations of M?*, T7 RNA polymerase is
more active with Fe?* than with Mg>* (62),

e) a broad variety of nucleic acid processing enzymes are
active with Fe’* instead of Mg”* (62),

f) rates of in-line cleavage are significantly greater for Fe>*
than for Mg>* (here), and

g) Fe?* but not Mg?* confers oxidoreductase functionality
to some RNAs (17,63).

Why so fast?

Our previous DFT computations (62) help explain why Fe**
is such a potent cofactor for RNA. Conformations and
geometries of coordination complexes with water and/or
phosphate are nearly identical for Fe** or Mg?*. However,
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differences between Mg?" and Fe?* are seen in the electronic
structures of coordination complexes.

Firstly, because of low lying d orbitals, Fe?* has greater
electron withdrawing power than Mg?* from first shell
phosphate ligands. In coordination complexes with phos-
phate groups, the phosphorus atom is a better electrophile
when M?* = Fe?" than when M>* = Mg?". This difference
between Mg?* and Fe?* is apparent in both ribozyme reac-
tions and in-line cleavage reactions.

Secondly, Fe(H,O)s>* is a stronger acid than
Mg(H,0)¢>*; depletion of electrons is greater from
water molecules that coordinate Fe?* than from those
that coordinate Mg”*. The lower pK, of Fe(H,0)s>* may
promote protonation of the 5-OH leaving group during
cleavage. Metal hydrates with low pK,s have been reported
to induce RNA cleavage better than less acidic metal
hydrates (22).

During in-line cleavage reactions, RNA coordinates M2*
or the M?* hydrate (22,23). Indeed, studies of the in-line
cleavage fragment patterns have previously been used to
probe structural information on RNA molecules, such as
metal-binding sites (26,27). We demonstrated with ApA
that RNA secondary structure is not required for in-line
cleavage. The same activities that drive in-line cleavage (e.g.
2’-OH activation and coordination of the leaving group) are
thought to occur in metal-catalyzed ribozyme cleavage (64).
Multiple ribozymes (60) and DNAzymes (61) have been ob-
served to function with Fe?* as a cofactor. Our results with
Fe?* in-line cleavage, and in-line cleavage in general, require
no enzymatic activity.

The remarkably high cleavage activity of Fe>* with RNA
demonstrated here bears relevance to prebiotic chemistry
and early biochemistry. Because these reactions are cat-
alytic, they increase both forward and reverse reaction rates.
RNA degradation through Fe?* cleavage should be weighed
against potential RNA polymerization and the benefits of
increased function. The same dualism exists with Mg”*, but
our work suggests higher stakes with Fe?*. At the extremes,
without M?*, RNA cannot form complex folds and has
few avenues for catalytic or functional activity while ex-
cessive M?* degrades RNA.. There theoretically exists some
point of balance wherein M?* is beneficially utilized with
acceptable frequency of cleavage. Given the increased po-
tency of cleavage with Fe?* relative to Mg?*, this balancing
point may be at a lower concentration of Fe?* than Mg>*.
Enhanced cofactor characteristics of Fe’* may allow RNA
to access more functions using less metal. On early Earth,
heightened RNA cleavage in the presence of Fe?" if bal-
anced by a similar rate of RNA resupply would allow func-
tional space to be explored in short time. RNAs would be se-
lected that could cooperate with or tolerate a potent metal.
Therefore, Fe>* may have been a force for accelerated RNA
evolution on early Earth.

Fe?* associates with rRNA in vivo

Exchange of non-native metals for native metals is well-
known during purification of proteins (51). We observe
analogous phenomena with rRNA. Fe?* can exchange with
Mg?* (and vice versa) during purification of ribosomes. Ri-
bosomes purified in either Fe?* or Mg?* associate with 500—
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1000 M?* ions that match the type of ion in the purifica-
tion buffers. Our data support the tight association and lack
of exchange of around 9 M?* per ribosome. This subset of
M?* do not exchange during purification. The number of
non-exchangeable M?* closely matches the number of M?*
identified previously as a special class of deeply buried and
highly coordinated M?* in dinuclear microclusters (M>*-
nc’s) (16). Mg?* ions in M?*-uc’s are directly chelated by
multiple phosphate oxygens of the rRNA backbone and are
substantially dehydrated. M?*-p.c’s within the LSU provide
a framework for the ribosome’s peptidyl transferase cen-
ter, the site of protein synthesis in the ribosome, suggest-
ing an essential and ancient role for M?*-p.c’s in the ribo-
some. There are four dinuclear M?*-uc’s in the LSU and
one in the SSU, accounting for 10 M2* (16). Displacement
of these M?* would require large-scale changes in riboso-
mal conformation. In sum, there are ten M>* per ribosome
that are expected to be refractory to exchange. We hypothe-
size that this subset M>* are contained in M?* -uc’s, which
can be occupied by either Mg?* or Fe* (17), depending on
growth conditions.

We also hypothesize that ribosomes harvested from aer-
obic cells have low Fe?* /Mg?* ratios because of low intra-
cellular Fe>* availability and lability (65). This hypothesis is
supported by our observation that the number of slow ex-
changing Fe?" per ribosome from aerobic cells is near the
baseline of our measurements. It appears that ribosomes
harvested from pre-GOE conditions have high Fe?"/Mg>*
ratios because of high intracellular Fe** availability and la-
bility, as indicated by the close match in the number of
slowly exchanging Fe’" per ribosome and the number of
available M?" sites in ribosomal M?*-pc’s. In these exper-
iments, we detect only the Fe?* ions that do not exchange
during purification.

Anoxic Fe?* degrades rRNA within ribosomes

rRNA from all four growth conditions showed partial hy-
drolysis when ribosomes were purified in anoxic Fe’*. It
appears that Fe>* can mediate rRNA degradation by an
in-line mechanism during ribosomal purification in anoxic
Fe?*. Less rRNA cleavage was observed in ribosomes pu-
riﬁzed with Mg?*, which contain orders of magnitude lower
Fe**.

Summary

Here, we have shown for the first time that bacteria grown
in pre-GOE conditions contain functional ribosomes with
tightly bound Fe atoms. The ~10 ribosomal Fe ions in ri-
bosomes grown anoxically with high Fe>* are likely deeply
buried and specifically bound to rRNA. Depending on in-
tracellular Fe lability, ribosomes may have higher Fe con-
tent in vivo given the high capacity for the ribosome to sub-
stitute ~600 loosely bound Mg”* ions for Fe**. Further-
more, direct association of the rRNA with Fe atoms results
in a fast rate of in-line cleavage. 1 mM Fe?* gives a ~10 times
higher kops than does 25 mM Mg?* so that the assumed per
molar metal rate constant is hundreds of times greater with
Fe?* than with Mg?*. This highlights a potential role of pro-
tection from in-line cleavage for rProteins and suggests that

Fe?* may drive rapid cycling of RNA between monomers
and polymers. Our results support a model in which alter-
nate M>* ions, namely Fe>*, participated in the origin and
early evolution of life: first in abiotic proto-biochemical sys-
tems, through potentially rapid rounds of formation and
breakdown of RNA structures, and then within early cel-
lular life up until the GOE (66). Our study also expands the
role of Fe”* in modern biochemistry by showing that extant
life retains the ability to incorporate Fe into ribosomes. We
surmise that extant organisms under certain environmental
and cellular states may use Fe>* as a ribosomal cofactor.
In addition, obligate anaerobic organisms that have spent
the entirety of their evolutionary history in permanently
anoxic environments may still use abundant Fe?* in their
ribosomes in vivo.
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