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Iron oxyhydroxide minerals, known to be chemically reactive and
significant for elemental cycling, are thought to have been
abundant in early-Earth seawater, sediments, and hydrothermal
systems. In the anoxic Fe?*-rich early oceans, these minerals would
have been only partially oxidized and thus redox-active, perhaps
able to promote prebiotic chemical reactions. We show that pyru-
vate, a simple organic molecule that can form in hydrothermal
systems, can undergo reductive amination in the presence of
mixed-valence iron oxyhydroxides to form the amino acid alanine,
as well as the reduced product lactate. Furthermore, geochemical
gradients of pH, redox, and temperature in iron oxyhydroxide
systems affect product selectivity. The maximum yield of alanine
was observed when the iron oxyhydroxide mineral contained 1:1
Fe(ll):Fe(lll), under alkaline conditions, and at moderately warm
temperatures. These represent conditions that may be found, for
example, in iron-containing sediments near an alkaline hydrother-
mal vent system. The partially oxidized state of the precipitate
was significant in promoting amino acid formation: Purely ferrous
hydroxides did not drive reductive amination but instead pro-
moted pyruvate reduction to lactate, and ferric hydroxides did
not result in any reaction. Prebiotic chemistry driven by redox-
active iron hydroxide minerals on the early Earth would therefore
be strongly affected by geochemical gradients of E,, pH, and tem-
perature, and liquid-phase products would be able to diffuse to
other conditions within the sediment column to participate in
further reactions.

life emergence | iron hydroxides | hydrothermal vents | early Earth |
gradients

he synthesis of biomolecules, particularly amino acids and

their condensation into peptides, from geochemical carbon
and nitrogen sources is an important research topic for assessing
the role of specific geochemical environments and mineral
phases in the emergence of life. One mineral type of interest that
would have been abundant in the mildly acidic, iron-rich oceans
of the early Earth (1-3) is the iron oxyhydroxides, which can
precipitate in a variety of stable or metastable redox states (4, 5).
Iron oxides/oxyhydroxides are versatile reactive minerals that can
drive redox reactions and concentrate phosphorus species, trace
metals, organic molecules, and other anions (6-11). On the early
Earth, iron oxyhydroxides and/or green rust would likely have
been present in the water column as well as seafloor sediments,
playing a fundamental role in elemental cycling and redox
chemistry (4, 10). Iron oxyhydroxides would also have been a
primary component in alkaline hydrothermal vent mounds and
chimneys, which have been proposed as a possible environment
for the emergence of metabolism due to their ambient pH, Ej,
ion/chemical, and temperature gradients (12-15).

Seafloor hydrothermal sediments and chimneys are flow-
through gradient systems that combine reactive minerals with
organic compounds in a variety of possible reaction conditions.
Alkaline vents produced by serpentinization on the early Earth
could generate pH gradients from ~5.5 to 6.5 in the ocean to ~9
to 11 in the alkaline hydrothermal fluid, and temperatures could
range from the cold seafloor to the warm ~70 to 90 °C vent
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interior (2, 16). In modern alkaline vent systems the carbonate
chimneys contain brucite Mg(OH), (16), but in a mildly acidic
early-Earth ocean rich in dissolved Fe** (with minor Fe**) chim-
neys as well as associated sediments would have contained a com-
bination of iron oxyhydroxides that also adopt a brucite structure
(along with sulfides) with varying Fe(II):Fe(IIl) ratios (1, 13, 17).
Redox-active minerals such as iron or iron/nickel sulfides found
in hydrothermal systems can abiotically reduce carbon-containing
substrates to form formate, acetate, pyruvate, amino acids and
peptides, a-hydroxy acids («HAs), methanol, and/or methane (18-
24). Tt has also been shown that iron oxides/oxyhydroxides and/or
green rust are capable of reducing nitrate and nitrite to nitrous
oxide or ammonia (8, 25, 26). Ammonia may thus have been pre-
sent in early Earth’s oceans and hydrothermal vent systems, being
ultimately sourced from mineral-catalyzed reduction of atmospheric
N, and/or gas-phase nitrogen oxides (i.e., NOy species) (27-30).
In this work we attempted reductive amination reactions in the
presence of a precursor carbonyl compound and ammonia,
driven by mixed-valence iron oxyhydroxides similar to those
likely to be found in early-Earth oceans, hydrothermal vents, and
sediments. We focused on reactions of pyruvate, which is of
particular relevance for the emergence of metabolism since it is a
key intermediate in various metabolic pathways. It has been
shown that pyruvate and other a-keto acids can react in the
presence of transition metal sulfide minerals to form a variety of
products including lactate, p-hydroxy ketones, thiols (in the
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presence of sulfide), and the amino acid alanine (in the presence
of ammonia) (31-33). Novikov and Copley (31) showed that,
even when ammonia was present, the yield of alanine synthesis
from pyruvate (and whether alanine formed at all in favor of
some other product) was dependent on which mineral was present.
Reductive amination of a-keto acids in the presence of reduced
iron hydroxide was also reported for the production of phenylal-
anine (32); however, reductive amination of pyruvate driven by
mixed valence or ferric iron hydroxide has not been reported.

We also tested the effect of the pH, redox, and temperature
gradients in iron oxyhydroxide precipitates, keeping in mind that
in a chemical diffusive system like a seafloor sediment or hy-
drothermal mound, products formed in one location may diffuse
to another location with different conditions to carry out further
reactions (34-36). To simulate reactions at different locations in
wet sediments subject to chemical gradients, we reacted pyruvate
and ammonia in closed vials containing freshly precipitated iron
hydroxide. We explored the effect of geochemical gradients by
using the individual vial experiments to represent different
points within a sediment column: varying the mole fraction
of Fe(II) relative to total Fe in the mineral precipitate from
0 to 100%, the pH between 5 and 11, and temperature from 25
to 80 °C. We also investigated reactions that might occur in a
hydrothermal chimney structure containing mixed-valence iron
oxyhydroxides by growing simulated chimneys in the laboratory;
this technique resulted in gradients being created within a single
experiment (Fig. 1). Organic products were analyzed using liquid
"H NMR spectroscopy and mineral samples were analyzed by
anaerobic X-ray diffraction and colorimetry. Under the condi-
tions we explored—all of which contained ammonia but did not
include sulfide—we identified two main reaction products, ala-
nine and lactate (along with minor acetate concentrations) (Fig. 2).
The relative consumption of pyruvate to produce lactate and/or
alanine was dependent upon the oxidation state of the iron hy-
droxide mineral precipitate, the pH, and the temperature. These
experiments provide a basis for understanding how reductive
amination may be driven in seafloor systems by minerals, and
how ambient geochemical gradients can drive selectivity for
various products.

Fig. 1. Iron hydroxide precipitates simulating seafloor sediment and hydrother-
mal chimneys. (A) Vial of freshly precipitated iron hydroxides [Fe(ll):Fe(lll) = 2:1]
reacting with pyruvate and ammonia after 72 h. (B) Simulated hydrother-
mal chimney precipitated from a hydrothermal fluid simulant (containing pyru-

vate and NaOH) into an early-Earth ocean simulant containing Fe [Fe(ll):Fe(lll) =
2:1] and ammonia; photo taken after 4 h.
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Fig. 2. Reductive amination of pyruvate to alanine and/or reduction of
pyruvate to lactate in the presence of iron hydroxides. The relative yields of
each product depended on the pH and Fe(ll):Fe(lll) ratio in the iron hy-
droxide precipitate.

Experimental Considerations for Reacting Iron
Oxyhydroxides at Gradient Conditions
Reacting Pyruvate with Ammonia in the Presence of Iron Oxyhydroxides.
Reactions were carried out in a nitrogen-purged glove box to
simulate the anoxic conditions of the early Earth. Iron [Fe(II)
and/or Fe(III)] was added as chloride salts in the desired mole
fraction of Fe(II):Fe(IlI) along with pyruvate and ammonia into
a glass vial of Milli-Q water (18.2 MQ-cm) that had been sparged
with argon to remove dissolved oxygen. Sodium hydroxide was
then added slowly to precipitate with the dissolved Fe?* and/or
Fe* as iron hydroxides and to adjust the pH. Relative concen-
trations of reactants were chosen to be consistent with the ex-
periments of Huber and Wichtershiuser (32), who previously
attempted this reaction with a purely ferrous hydroxide pre-
cipitate. This coprecipitation method resulted in a ~1- to 2-cm-
thick layer of green, brown, or red precipitate (depending on the
ratio of Fe** to Fe**) at the bottom of the vial (Fig. 1 and SI
Appendix, Fig. S1). The vials were left at room temperature or
placed in a hot water bath for 72 h, and samples were taken at
24-h intervals. The reactions were allowed to proceed without
external mixing, since this is analogous to seafloor processes
where precipitates settle out of the water column to form layers
of sediments through which fluids slowly percolate and gradients
can persist. However, we observed that agitating the reaction
mixture did not significantly affect the results. For sampling, the
vial was agitated to ensure a constant liquid:solid ratio between
samples; after sampling the precipitates were returned to the hot
water bath. The samples were centrifuged and the supernatant was
transferred to another tube, treated with additional NaOH to
remove any remaining iron, and analyzed with liquid "H NMR. The
concentrations of pyruvate and its products are expressed as rela-
tive to the total concentration of all detectable organic species in
the liquid phase (pyruvate + lactate + alanine + acetate), calcu-
lated using the area of the methyl region peaks. The identity of
alanine, lactate, and pyruvate in a representative reaction mixture
[1:1 Fe(II):Fe(IIl), pH = 10, temperature = 70 °C, t = 72 h] was
confirmed by high-resolution mass spectrometry (SI Appendix).
We also performed experiments in which the pyruvate reaction
was conducted in a vial containing a laboratory-grown hydrother-
mal chimney of iron hydroxides, to determine whether the self-
assembling structure of the precipitate had any effect on the re-
action. An inverted glass vial was used as the chimney vessel (37).
An alkaline solution (representing the hydrothermal fluid) was in-
jected with a syringe into a solution containing dissolved Fe**
and/or Fe** (representing dissolved iron in the early ocean); pyru-
vate and ammonia were added to the ocean and hydrothermal so-
lutions in different combinations. The alkaline solution was slowly
injected over 24 to 48 h, and then the vial was drained and the liquid
and the chimney precipitates were sampled. This chimney experiment
was repeated at room temperature and in a hot water bath at 70 °C.

Control Reactions. Control experiments were performed to con-
firm that synthesis of alanine and/or lactate was occurring from
pyruvate only and that it required the presence of the mineral
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precipitate. In experiments where pyruvate was not included, or in
experiments where only soluble Fe?* was present along with py-
ruvate, alanine and lactate were not observed. In experiments
where ammonia was not included, only lactate was observed. When
alanine or lactate (instead of pyruvate) were added to an experi-
ment containing minerals precipitated at various Fe(II):Fe(III) ra-
tios, no reaction was observed, and significant adsorption of alanine
or lactate into the mineral was not observed. In summary, a system
where external pyruvate, ammonia, and iron-containing precipitate
are all present is required to produce alanine.

Results and Discussion

Alanine and Lactate Synthesis from Pyruvate. The reactivity of py-
ruvate over 72 h varied depending on both the experiment pH
and the Fe(II):Fe(III) ratio in the mineral precipitate (Fig. 3).
Under certain conditions no products were observed and only
pyruvate was recovered at the end of the experiment. Under
some conditions, only reduction of pyruvate to lactate was ob-
served, and under other conditions synthesis of alanine was ob-
served along with lactate. The condition that produced the
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Fig. 3. Pyruvate reactions in the presence of ammonia and freshly pre-
cipitated iron hydroxides as a function of time. Experiments conducted at
70 °C are shown; pH and Fe(ll) mole fraction in the mineral were varied: (A)
66% Fe?*, pH 10 (lactate yield shown in S/ Appendix, Fig. S3) and (B) 90%
Fe?*, pH 9.2. The dotted line represents a least squares (ordinary) fit using a
one phase decay model (i.e., first-order decay model; the exponential term
can be used to estimate the half-life of the process). Each marker on the
graph is the mean of three replicate measurements and the error bars
consist of the SE on the mean.
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highest yield of alanine (~70%) along with ~30% lactate was pH
10, Fe(II):Fe(1II) = 1:1, and 70 °C, although high alanine yields
were observed in various experiments around these values. At
70 °C, a reasonable condition for a warm alkaline vent envi-
ronment, the reaction took between 48 and 72 h to reach com-
pletion under conditions where both alanine and lactate were
synthesized. At lower temperatures (50 °C) the same reactions
proceeded but more slowly, and at room temperature very little
pyruvate reactivity was observed. Once the pyruvate was con-
sumed and the alanine and lactate were formed, we did not
observe any significant decrease of alanine or lactate over the
rest of the sampling period; therefore, it is likely that these
components, if formed in a prebiotic environment, would not be
degraded rapidly and could become concentrated for subsequent
reactions. Lactate synthesis, when it occurred, was highly effi-
cient. When the precipitate was formed with 90 to 100% ferrous
iron, most of the pyruvate had already converted to lactate even
in the ¢ = 0 sample at pH 9.2 (Fig. 3B). In another case (75% Fe(II),
pH 7; SI Appendix, Fig. S5) no alanine was produced but ~30%
lactate was present in the ¢ = 0 sample, eventually increasing to
30 to 50% lactate after 72 h. Meanwhile, alanine synthesis, when
it occurred, was usually first observed at 24 h and was not com-
plete until 48 h; alanine was not observed in the ¢ = 0 sample of
any experiment.

Acetate was observed in most experiments in <5% yield but
did not increase or decrease with time and was also present in
pyruvate control samples, so it was concluded to be a product of
decarboxylation of the pyruvate reagent and not a reaction
product. The SE of triplicate samples taken from the same ex-
periment at a given time point was usually low, since samples
were agitated to ensure a homogenous distribution of solid/liquid
while sampling. However, the average yields of products observed
in different experiments varied sometimes up to 10 to 15% between
repeated experiments at the same conditions. The variability in
reaction yield between repeated experiments likely depends on a
number of unpredictable factors resulting from these nonequilibrium
conditions such as particle size distribution and morphology of the
aggregates. It is possible that this observation is transferrable to
natural systems, such as sediments or vents, where factors like
available mineral surface area and the permeability of the result-
ing sediments potentially affect reaction rates.

We also tested whether oxaloacetate in place of pyruvate
could react with iron hydroxides to produce aspartic acid, which
is more likely to concentrate in these minerals (38). However, at
the conditions tested [70 °C, 66% Fe(II), pH 9] only pyruvate, al-
anine, and lactate were observed, indicating that oxaloacetate
rapidly decarboxylated to pyruvate under these reaction conditions.

Effect of Iron Oxidation State of the Mineral Precipitate. The ratio of
Fe(II):Fe(III) in the iron hydroxide precipitate had a dramatic
effect on the reactions of pyruvate in this system. Even though
ammonia was present at the same concentration in all experi-
ments, alanine was only produced when the iron hydroxide
mineral was partially oxidized. Fig. 4 shows results from experi-
ments at pH 9, 70 °C, at 48 h, for a range of iron hydroxide
oxidation states. When the iron minerals were mostly oxidized [0
to 30% Fe(II)] pyruvate did not appear to react at all, and when
the iron hydroxides were completely reduced [100% Fe(II)] all
of the pyruvate was quickly consumed to form lactate. However,
at intermediate mineral oxidation states alanine was produced as
well as lactate, with alanine yield at its highest when the iron hy-
droxide mineral contained about 50% Fe(II). Interestingly, the al-
anine yield dropped off as the percent Fe(Il) in the mineral
increased from this point, until at 90% Fe(Il) the pyruvate was
almost all consumed in the ¢t = 0 sample to form lactate, and the
remaining pyruvate reacted to form alanine over the next 48 h.
The competition between alanine and lactate production therefore
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Fig. 4. Pyruvate reactions after 48 h at pH 9.2 and 70 °C as a function of the Fe(ll) vs. Fe(lll) mole fraction of the iron hydroxide precipitate. (A) Means and
SEM for alanine (blue), pyruvate (red), and lactate (green) over the range of Fe(ll) mole fraction tested. (B-D) Plots of analyte reaction yields (B: alanine; C:
pyruvate; D: lactate) with values from individual experiments superimposed; the box extends from the 25th to 75th percentiles, with the horizontal line in the
box representing the median; whiskers represent the lowest and highest datum.

is highly dependent on the Fe(II) composition in the simulated
mineral.

The effect of the Fe(II) mole fraction in the hydroxide mineral
on pyruvate reactivity can be explained by the variety of mineral
phases that could form under these conditions. Depending on
the specific chemical conditions, precipitates in our experiments
may be composed of various iron minerals including ferrous
hydroxide Fe(OH),, goethite (x-FeOOH), akaganeite (p-FeOOH),
magnetite (Fe;O,), chloride green rusts GR(CI™), lepidocrocite
(y-FeOOH), and/or ferric oxide (39-41). The precipitation of
maSgnetite would be expected from precipitation of Fe** and
Fe’* at Fe**:Fe>* = 1:2, which is also the beginning of our range
of observed alanine synthesis; green rust can form at >33% Fe**
but can also transform to magnetite (42, 43). We analyzed a
precipitate from one of the experiments that gave the maximum
yield of alanine [50% Fe(II)/pH 9.2/70 °C] and observed mag-
netite and ferric oxide (SI Appendix). However, these precipi-
tates are extremely sensitive to even small amounts of oxygen
and this result may not be representative of the actual mineral-
ogy at the time of the reaction. The ratio of Fe(II):Fe(III) in an
iron oxyhydroxide precipitate in an early-Earth ocean or seafloor
system could vary, since even though the dissolved iron in the
early anoxic ocean was likely mostly Fe**, some oxidation to
Fe*™ could occur (17). Early-Earth seafloor sediments or hy-
drothermal mounds could have contained any or all of these
minerals [and green rusts in a natural system might have formed
GR(CO;37) as well as GR(CI™) due to dissolved oceanic CO,].
The conversion of pyruvate to alanine rather than lactate (or,
whether any reaction occurs at all) would be highly dependent on
the mineral oxidation state and other environmental factors.
Thus, in a heterogeneous sediment column or hydrothermal
mound subject to a redox gradient, both alanine and lactate
products as well as unreacted pyruvate would be expected.

Iron sulfides have also been shown to be capable of driving
reductive amination of a-keto acids to form amino acids (31, 32).
However, Huber and Wachtershauser (32) found that amino acid

Barge et al.

synthesis did not occur with freshly precipitated sulfides of other
metals including Zn, Mn, Co, Cu, and Ni and that replacing the
Fe(II) with Ni(II) in sulfide precipitates simply decreased the
amino acid yield proportional to the decreased concentration
of Fe. We also did an experiment in which half of the Fe(II) was
replaced with Ni(II) (at a condition of [Fe(I) + Ni(I)|/[Fe(II) +
Ni(IT) + Fe(III)] = 75% or 66%, at 75 °C and pH 9). We observed
a similar effect in that adding Ni did not increase the yield of
alanine, and in fact no pyruvate reaction was observed at all. The
remaining Fe(II) in this case would have been about 33 to 37%
of the total [Fe + Ni], which is in the iron oxidation range where
we typically did not observe any reaction of pyruvate (Fig. 4).

Effect of pH. Alkaline conditions strongly favored the formation
of alanine (along with lactate), whereas neutral conditions only
favored lactate production. The effect of pH in the 7-11 range
was tested at 66% Fe(II) and 75% Fe(II) at 70 °C. At 66%
Fe(II), about a third of the pyruvate was rapidly consumed to
form lactate and then no further reaction of pyruvate was ob-
served. At 75% Fe(Il), after the initial lactate production, slightly
more pyruvate reacted to form lactate over 72 h (yielding up to
~50% lactate eventually). Above pH 9 in experiments with 66%
Fe(II), alanine was produced as well as lactate, with alanine rel-
ative concentrations increasing steeply between pH 9 and 10 (S7
Appendix, Fig. S8). Above pH 10, the reaction proceeded more
quickly and within 24 h nearly all of the pyruvate was consumed
to form alanine and lactate. Similar trends were observed for
75% Fe(II), with an increase in alanine formation between pH 9
and 10, although at this Fe(II) content much of the pyruvate did
not react at all. The increase in alanine formation with pH was
anticipated given the pK, of ammonium at 9.24; above this pH
more ammonia (NH;3) than ammonium (NH,") is present and
would favor amino acid formation since ammonia is a strong
nucleophile. Even if ammonia were present throughout a per-
meable sediment column or hydrothermal mound containing
iron oxyhydroxides, amino acid formation from pyruvate would
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probably only be favored near a sufficiently alkaline condition
such as a vent fluid.

Effect of Temperature. Under conditions where alanine and lac-
tate production were favored [50% Fe(II), pH 9.2], we tested the
effect of temperature between room temperature and 80 °C (S/
Appendix, Fig. S9). At room temperature, only about 15% of the
pyruvate had reacted after 72 h (to form ~4 to 7% alanine and
lactate). However, at 50 °C and above, more pyruvate reacted and
after 72 h ~60% alanine had formed. As temperature increased
above 50 °C, the yield of alanine did not change significantly; al-
though the pyruvate was consumed faster at high temperature, by
72 h the yield was generally the same. However, unlike alanine,
the total yield of lactate after 72 h did appear to increase slightly
with temperature. These observations indicate that, in a seafloor
system, only moderate to warm temperatures are required for
pyruvate to react to form alanine and/or lactate, and the reaction
could occur in various places in a thermal gradient between sea-
water and hydrothermal fluid as long as the temperature is above
about 50 °C. The amount of pyruvate consumed in the experiment
after 72 h increased significantly from 25 to 60 °C, and at higher
temperatures it would probably all be reacted in under 72 h. It is
reasonable to expect that pyruvate near a high-temperature, al-
kaline condition containing partially oxidized iron oxyhydroxides
would all be converted to alanine and lactate.

Hydrothermal Chimney Simulations. In natural vent systems, hy-
drothermal chimneys can form large and self-organized structures,
containing networks of pores and/or redox-active minerals across
which the gradients between vent fluid and seawater are focused.
Previous work on simulating prebiotic hydrothermal chimneys has
focused on factors such as carbon fixation reactions and in-
corporation and reactivity of organics in the chimney (19, 20, 37,
44). We attempted pyruvate reactions in experiments where iron
hydroxides were precipitated in a hydrothermal chimney structure
instead of in simulated sediment. Whereas sediment experiments
were each at constant condition representing a point within a
larger gradient, the chimney experiment maintains gradients across
the precipitate in a single vial. Chimneys were grown via injection
of an alkaline solution (representing a hydrothermal fluid) into an
acidic solution containing dissolved Fe?* and/or Fe** (represent-
ing the anoxic iron-rich early ocean) so that a chemical garden
structure grew at the injection point (Fig. 1B). Various ocean and
hydrothermal simulant configurations of fluid chemistry, injection
rates, and volumes were tested in an attempt to synthesize chim-
neys which were analogous to the batch precipitation experiments
in terms of precipitate composition and total precipitate volume,
and which would generate observable products of lactate and/or
alanine in 72 h (SI Appendix, Table S2). In chimney experiments,
we sometimes observed lactate, but never alanine synthesis. This
could be due to several factors, including that simulated chimneys
are only a few centimeters high and there is not very much pre-
cipitate to react with pyruvate and ammonia compared with the
much higher amount of solids present in the sediment experi-
ments. Also, since the chimney is a flow-through system, pyruvate
may have a shorter contact time with the minerals than in sediment
experiments. Our simulated chimneys were small and quickly
formed to perform experiments on reasonable laboratory time-
scales. However, hydrothermal chimneys in geological settings can
persist for hundreds of thousands of years and grow to be tens of
meters in height (45, 46). In a real chimney, there would be more
mineral surface area interacting with reactants for longer periods
of time and it is possible that reactions would occur that were not
observable in our laboratory simulations.

Summary

Iron oxyhydroxide precipitates in aqueous systems are highly
reactive for driving reactions of pyruvate, and partial oxidation of
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the iron hydroxide mineral was effective for promoting reductive
amination to alanine. Redox, pH, and temperature gradients in
the iron oxyhydroxide systems greatly affected the relative yield
of products including amino acid and aHA formation. Alanine
synthesis from pyruvate strongly depended on the mole fractions
of Fe(II) and Fe(III) in the iron hydroxide precipitate, yielding a
maximum of alanine production at a 1:1 Fe(II):Fe(III) pro-
portion. No reaction of pyruvate was observed at all in cases
where the iron hydroxide was completely oxidized, while only
lactate formed in cases where it was completely reduced. In the
pH gradient, only lactate formed at neutral pH, whereas alanine
as well as lactate were formed at alkaline pH (at and above the
pK. of ammonia at ~9.25). Although some alanine and lactate
formation occurred at room temperature (in the 72-h reaction
period), at and above 50 °C substantial amounts of alanine and
lactate were produced, indicating that pyruvate reactions would
be accelerated in hydrothermally warmed settings. Reactive iron
oxyhydroxide precipitates were required to stoichiometrically,
and perhaps catalytically, drive the reactions.

The precise mechanism of pyruvate reductive amination to
alanine in these systems was not established. Products from re-
ductive amination reactions vary greatly in diversity and yield
depending on experimental conditions and the properties and
selectivity of the catalyst (47, 48). The iron oxyhydroxide pre-
cipitates in our experiments are able to drive reductive amination
under mild conditions, at relatively low temperatures, and
without the addition of H,. In our sediment experiments the
mineral surface area was measured to be ~51 m?%/g and particle
size ~1 to 2 pm (for a representative experiment at the condi-
tions corresponding to the maximum alanine yield). Also, the
total mass of iron precipitates in a typical experiment compared
with the 2.5 mM pyruvate initially added means that carbon
content of the precipitate would only be at trace levels (we
measured ~0.37% C in the solids in one representative experi-
ment). In a natural sediment system or hydrothermal mound this
would likely be true as well, with particle size and reactive sur-
face area being factors that could affect organic content
depending on locations within the geochemical gradients. Other
likely parameters favoring the high yields of alanine in our ex-
periments include the relative excess of ammonia to pyruvate,
our use of water as the solvent, and the alkaline conditions, all of
which have been shown in reductive amination studies to favor
the formation of primary as opposed to secondary or tertiary
amines (47). Ammonia in natural prebiotic seafloor/vent systems,
being sourced by reduction of N, or NOy species, may not have
been in such excess compared with pyruvate as it is in our ex-
periments and thus the yield of amino acids compared with other
products under early-Earth conditions may have been lower.

There was an incomplete pyruvate mass balance in many of
these experiments which may be trapped in the solid phase,
perhaps as intermediates bound to surfaces. However, the re-
actants and products detected are soluble in water, meaning that
in a permeable sediment column or hydrothermal mound they
might be able to diffuse to another site within the gradient and
undergo subsequent reactions under different conditions. The
production of lactate in many of our experiments is also in-
teresting for prebiotic chemistry since aHAs can enable peptide
bond formation, and even form long polymers themselves (49,
50). Different amino acids/aHAs or their precursors may interact
more strongly with hydrothermal mineral surfaces (38, 51, 52)
and/or may have different stabilities at these moderate hydro-
thermal temperatures (53). For other amino acids, it is also
possible that the selectivity of the iron oxyhydroxide minerals for
different precursors or ammonia sources could affect the relative
yield of the amine and/or other products; this, as well as the
effect of ammonia concentration, remains to be investigated in
future work. In summary, iron oxyhydroxide minerals pre-
cipitated in early-Earth conditions promote reactions of pyruvate
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including reductive amination to alanine and reduction to lac-
tate. The geochemical redox, pH, and temperature gradients
affect product selectivity and therefore must be considered in
gauging the likelihood of amino acid synthesis from simple
precursors in these systems, as well as their stability and re-
tention for other prebiotic processes.

Materials and Methods

Pyruvate (as Na-pyruvate) and ammonia (as NH4Cl) were reacted with either
freshly precipitated iron oxyhydroxides or simulated hydrothermal chimneys
of iron hydroxide for 72 h. Iron oxyhydroxide precipitates were formed by
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