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Metabolic engineering has facilitated the production of pharma-
ceuticals, fuels, and soft materials but is generally limited to
optimizing well-defined metabolic pathways. We hypothesized
that the reaction space available to metabolic engineering could
be expanded by coupling extracellular electron transfer to the
performance of an exogenous redox-active metal catalyst. Here
we demonstrate that the electroactive bacterium Shewanella
oneidensis can control the activity of a copper catalyst in atom-
transfer radical polymerization (ATRP) via extracellular electron
transfer. Using S. oneidensis, we achieved precise control over
the molecular weight and polydispersity of a bioorthogonal poly-
mer while similar organisms, such as Escherichia coli, showed no
significant activity. We found that catalyst performance was a
strong function of bacterial metabolism and specific electron
transport proteins, both of which offer potential biological targets
for future applications. Overall, our results suggest that manipu-
lating extracellular electron transport pathways may be a general
strategy for incorporating organometallic catalysis into the reper-
toire of metabolically controlled transformations.

metabolic engineering | polymerization | extracellular electron transport

Metabolic engineering has provided alternative production
pathways for the synthesis of pharmaceuticals (1), fuels
(2), and soft materials by redirecting carbon flux toward specific
metabolites (3). Despite significant progress, the reaction space
available for metabolic engineering is still relatively limited com-
pared with synthetic chemistry (4). One way to expand the scope of
metabolic transformations is to leverage respiratory electron
flux, which can be used for power generation, as in microbial
fuel cells (5, 6), or inverted to produce metabolites from ex-
ogenously supplied electrons, as in bioelectrosynthesis (7, 8).
The flexibility of these applications can be further extended by
coupling metabolic transformations to processes that occur
independently of the cell, such as nanoparticle photoexcitation
or electrocatalytic hydrogen generation (9, 10). However, these
advances are still generally limited to native metabolic inter-
mediates and products.

In an effort to expand the power of microbial catalysis, we
hypothesized that electron flux from metabolic activity could be
adapted to control exogenous, bioorthogonal reactions via ex-
tracellular electron transfer to a redox-active metal catalyst. To
test our hypothesis, we leveraged the electroactive bacterium
Shewanella oneidensis MR-1. Similar to other electroactive bac-
teria (11, 12), MR-1 is able to transport electron equivalents over
micrometer distances and has specialized machinery for moving
electrons in and out of the cell (13, 14). Under anaerobic con-
ditions, MR-1 consumes lactate, or other small carbon sources,
and deposits electrons into redox-active organics, metals, and
materials. Given the relatively negative potential of its terminal
outer membrane cytochromes [~-350 to +50 mV vs. standard
hydrogen electrode (SHE)] (15, 16), MR-1 is able to reduce a
variety of soluble metals including U(VI), Cr(VI), Fe(III), V(V),
and Mn(IV), as well as oxides such as hematite, ferrihydrite, and
graphene oxide (17, 18). MR-1 can also respire onto electrodes
poised at an appropriate potential (19). Overall, the unique

www.pnas.org/cgi/doi/10.1073/pnas.1800869115

electron transport machinery and genetic tractability of MR-1
has made it a popular organism for use in microbial fuel cells (5,
6), bioelectrosynthesis (7, 8), and bioremediation (20, 21).

To explore if extracellular electron transfer from MR-1 could
control the performance of an exogenous metal catalyst, we ex-
amined atom-transfer radical polymerization (ATRP). In ATRP,
a redox-active metal catalyst reacts with a halogenated initiator
to generate a radical that propagates through the addition of
monomers or reacts with the newly oxidized catalyst to produce a
dormant polymer chain (Fig. 14) (22). The concentration of
active radicals and polymerization rate is controlled by the redox
equilibrium of the metal catalyst, which can be influenced
through the application of an external potential (23-26). This
suggests that an electroactive bacterium with appropriate redox
capabilities, such as MR-1, could control catalysis in a similar
manner to an electrode via direct extracellular electron transfer
to the metal catalyst (27). Here we show that MR-1 can activate
copper (Cu) catalysts for ATRP and that this mechanism is
coupled to bacterial metabolism via specific electron transport
proteins. Organisms lacking analogous extracellular electron
transport machinery, such as Escherichia coli, showed minimal
polymerization activity under our conditions. Polymerizations
in the presence of MR-1 exhibited rates comparable to other
aqueous controlled radical polymerizations and provided
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Metabolic engineering benefits from the tunable and tightly con-
trolled transformations afforded by biological systems. However,
these reactions have generally been limited to naturally occurring
pathways and products. In this work, we coopt metabolic electron
transfer from Shewanella oneidensis to control the activity of an
exogenous metal catalyst in an abiotic reaction scheme: atom-
transfer radical polymerization. In the presence of S. oneidensis,
polymerizations exhibited well-defined kinetics and yielded
polymers with controlled molecular weights and low poly-
dispersities. Additionally, polymerization activity was de-
pendent on electroactive metabolism and specific electron transport
proteins, both of which provide handles to control material syn-
thesis. This work serves as a proof-of-principle toward expanding
the scope of reactions available to metabolic engineers to include
previously discovered transition-metalcatalyzed reactions.
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Fig. 1. S. oneidensis enabled ATRP and initial polymerization kinetics. (A) Electron equivalents generated from S. oneidensis MR-1 reduce a metal catalyst
from an inactive state (M) to an active state (MREP). The active catalyst reacts with a halogenated initiator or polymer chain to produce a radical (gray
arrow) that can polymerize olefins. The radical can also react with the now-deactivated catalyst (M®*) to form a dormant chain (black arrow, Right). (B) ATRP
initiator (HEBIB) and macromonomer (OEOMAsq0) used in this study. (C) Monomer conversion after 24 h under various conditions with (white) and without
(purple) trace metal mix added to bacterial media. (D) Kinetics of monomer conversion in MR-1 or E. coli culture using Cu(ll)-EDTA as catalyst (E) Extracellular
Cu(ll) reduction monitored with the Cu(l) specific fluorescent dye CF4. Data show mean + SD of three independent experiments. **P < 0.01.

narrowly dispersed polymers with controlled molecular weights.
Ultimately, our results demonstrate that extracellular electron
transport can control redox-based catalysis and suggest that
targeting biological electron transport pathways may combine
the genetic tunability of metabolic engineering with the mechanism-
driven design of organometallic catalysis.

Results

Exogenous Metals and S. oneidensis Enable ATRP. An anaerobic
reaction mixture containing poly(ethylene glycol) methyl ether
methacrylate monomer with M,, = 500 g/mol (OEOMAs) and a
halogenated initiator was inoculated with stationary-phase MR-1
(anaerobically pregrown with lactate/fumarate) (Fig. 1B). After
24 h, the solution became viscous and almost complete conver-
sion of monomer was measured using 'H NMR spectroscopy. As
expected, no polymerization activity was observed under aerobic
conditions. Cell-free and MR-1 supernatant controls also
showed minimal monomer conversion. Bacterial pregrowth and
reaction mixture balance volume was comprised of Shewanella
basal medium (SBM), which contains EDTA and several redox-
active metals that could be functioning as catalysts (SI Appendix,
Table S1). Reaction mixtures omitting these metals displayed
significantly attenuated polymerization activity (Fig. 1C). Simi-
larly, removal of initiator decreased monomer conversion after
24 h of MR-1 culture, independently of metal presence. We
measured background radical polymerization activity in all re-
actions containing metabolically active cells. Contributors to this
background polymerization could include bacterially secreted
flavins and outer membrane heme-containing proteins. Flavins
can act as radical initiators while heme-containing proteins have
previously been used as catalysts for ATRP (28, 29). However,
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the significant decrease in monomer conversion when exogenous
metals were removed from solution suggests that it is primarily
extracellular metal ions that act as catalysts. Following the ki-
netics of the polymerization, we discovered that metals, initiator,
and MR-1 were all required to give well-controlled first-order ki-
netics in OEOMA s, conversion, which is indicative of a constant
radical concentration (SI Appendix, Fig. S1). Foregoing any of
these components resulted in decreased monomer conversion and
non-first-order polymerization kinetics. Together, these results
confirm that exogenous metals and MR-1 are required for the
controlled polymerization kinetics that are characteristic of ATRP.

Identification of Cu as a Viable ATRP Catalyst. Next, we identified
the specific metal responsible for polymerization activity. Based
on previous studies of ATRP (22), we hypothesized that poly-
merization activity could be primarily attributed to Shewanella-
induced reduction of Cu(II) to Cu(I). Indeed, almost complete
rescue of polymerization activity was observed when all exoge-
nous metals were removed from the reaction culture except for
CuS0O45H,0 and EDTA (Fig. 1D). We also briefly explored the
activity of other known polymerization catalysts present in SBM.
For example, both Fe(III) and Co(III) can be reduced by MR-
1 and can serve as catalysts for ATRP and cobalt-mediated
radical polymerization, respectively (30). Co(III)-porphyrins
can also catalyze the radical-based dehalogenation of C-Cl
bonds in the presence of MR-1 (27). We found that both FeSO4
and Co(NO3), yielded polymerization activity above metal-free
controls (SI Appendix, Fig. S2), but continued with Cu(II/T) since
it is the most well-understood and established catalyst for ATRP.
Notably, substituting E. coli MG1655 for MR-1 under otherwise
identical conditions completely abolished polymerization activity
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with Cu(II/T) as the catalyst (Fig. 1D). Additionally, we did not
observe any significant polymerization activity under several al-
ternative E. coli culture conditions. Overall, these results show
that Cu(II/I) is an active catalyst for MR-1-enabled ATRP and
suggest that the unique electron transport machinery of MR-1 is
critical for polymerization activity.

ATRP activity in our system is contingent upon the MR-1-
controlled reduction of Cu(II) to Cu(I). Thus, we measured the
extracellular concentration of Cu(I) using the Cu(I)-specific
fluorescent probe Copper Fluor-4 (CF4) (31). Cultures of MR-
1 were incubated with CuSO,4-5H,O and CF4, spun down, and
the extracellular concentration of Cu(I) measured via plate
reader. Immediate reduction of Cu(Il) was observed in the
presence of MR-1, whereas E. coli controls showed minimal
reduction on the same time scale (Fig. 1E). In eukaryotic sys-
tems, incubation with exogenous copper results in a measurable
increase in free cytoplasmic Cu(I) (32). In contrast, bacteria
quickly detect and sequester free Cu(I) (33). The effective con-
centration of free Cu(I) in bacterial cytoplasm is estimated to be
in the attomolar (10~'® M) range and is difficult to detect
(34). Consistent with these reports, we measured no signifi-
cant increase in cytoplasmic Cu(I) (via flow cytometry) fol-
lowing incubation of MR-1 with CuSO,45H,O and CF4 (S
Appendix, Fig. ST). Together, these data confirm that MR-1 ex-
tracellularly reduces Cu(II) and explain the observed differences
in polymerization activity between MR-1 and E. coli.

Use of Tris(2-pyridylmethyl)amine Ligand Accelerates Polymerization
Rate and Improves Control of Polymer Properties. Having demon-
strated robust monomer conversion, we measured the properties of
polymers formed with MR-1, Cu(II), and EDTA. Polymerization
kinetics were well-controlled under these conditions, but polymer
molecular weights were higher than expected based on the
monomer-to-initiator ratio. Similarly, we measured a nonlinear de-
pendence of molecular weight on monomer conversion (SI Appen-
dix, Fig. S9). Under aqueous conditions, Cu(I) is prone to
decomposition in the absence of a suitable ligand, which can lead to
kinetic anomalies and uncontrolled molecular weights (23). Thus, we
predicted that changing the ligand would yield improved control
over polymer microstructure. We replaced EDTA with Tris(2-
pyridylmethyl)amine (TPMA), a well-known ligand for aqueous
ATRP, and observed an immediate increase in polymerization rate.
Complete conversion of OEOMAs, occurred in ~2 h while cell-
free, supernatant, and E. coli experiments showed no significant
conversion. A higher molecular weight macromonomer, OEOMAgyy,
showed similar polymerization kinetics in the presence of MR-1 and
Cu(II/T)-TPMA (SI Appendix, Fig. S13). Under optimized conditions,
we achieved precise control over poly(OEOMAs,) molecular weight
and measured a linear relationship between polymer molecular
weight and conversion, indicative of a living polymerization (Fig. 2B).

Repeated addition of OEOMAs, to the microbial culture yielded
first-order kinetics with rate constants consistent with the initial ad-
dition (Fig. 2C). Moreover, we prepared diblock copolymers via se-
quential addition of OEOMA5, and N-isopropylacrylamide
(NIPAM) to the MR-1 culture (SI Appendix, Figs. S14 and S15).
Combined, these results demonstrate the living nature of the poly-
merization, highlight its synthetic utility, and definitively show that the
reaction is metal-catalyzed. Our data are also consistent with previous
reports on aqueous ATRP describing the significant influence of
catalyst stability on polymer conversion and microstructure.

Viable Bacteria Enable ATRP, Not Secreted or Released Reducing
Factors. Having established that MR-1 facilitates ATRP, we next
examined the biological factors that contribute to polymerization
activity. Specifically, we investigated whether promiscuous cellular
reductants or metabolic activity of viable bacteria were responsible
for Cu(Il) reduction and subsequent catalysis. The cytoplasm and
periplasm of bacteria are reducing environments, easily capable of
reducing Cu(II). Under stress conditions, cell lysis can release in-
tracellular reductants and influence the overall redox potential of a
microbial culture. Both E. coli and MR-1 can secrete reducing fac-
tors, such as glutathione and flavins, into the extracellular space (35—
38). Secretion or release of metal ions, like Fe(I), could also cause
Cu(Il) reduction. We hypothesize that these effects may explain
polymerization activity that was previously observed with E. coli and
Pseudomonas aeruginosa (24). Indeed, polymerizations using gluta-
thione as reductant showed dose-dependent polymerization activity,
but polymerization rates were at least an order of magnitude slower
relative to reactions containing MR-1 (S Appendix, Fig. S16). Lysed
MR-1 and E. coli also showed significant polymerization activity,
consistent with the release of intracellular reducing factors. How-
ever, heat-killed cells from both species, which are metabolically
inactive but retain membrane structure, showed no detectable po-
lymerization activity (SI Appendix, Fig. S17). Combined with the
minimal activity of supernatant from active MR-1 cultures, these
results demonstrate that secreted reducing factors are not a signifi-
cant contributor to polymerization activity in our system.

To further rule out cell lysis and assess the influence of Cu(1I/
I) toxicity on polymerization activity, we evaluated MR-1 and E.
coli viability under optimized polymerization conditions. Cu(II/T)
is a potent microbial toxin, particularly under anaerobic condi-
tions. Similar to Fe(III/II), Cu(II/I) can participate in Fenton
chemistry and contribute to oxidative stress (39). In addition,
copper can readily replace iron in enzyme cofactors, such as
those in fumarate reductase (40). We speculated that Cu(II)
supplementation may induce cell lysis, thereby contributing to
polymerization activity. However, under aerobic conditions, we
observed minimal inhibition of MR-1 growth when it was in-
cubated with exogenous Cu(Il) (5§ pM) (SI Appendix, Fig. S18).
Switching to our standard reaction conditions, we measured no
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Fig. 2. Kinetics and properties of polymers formed with MR-1. (A) First-order

kinetics for conversion of monomer over time using Cu(ll)-TPMA with MR-1. (B)

Molecular weight and polydispersity of poly(OEOMAsq) as a function of monomer conversion. (C) Repeated addition of OEOMAsg, monomer showing first-

order kinetics and living nature of polymerization. Data show mean + SD of
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significant difference in MR-1 colony-forming units (CFUs)
following polymerization (SI Appendix, Fig. S19). Similarly,
bacterial viability measurements, assessed via fluorescence mi-
croscopy, showed minimal loss in cell viability for both MR-1
(74% viable) and E. coli (86% viable) under typical polymeri-
zation conditions and corroborated our CFU counts (SI Ap-
pendix, Fig. S20). Moreover, scanning electron micrographs
revealed that polymer was extracellular and closely associated
with intact MR-1 (SI Appendix, Fig. S22). Finally, we note that
the Cu(II/T) concentrations (2 pM and below) used in our studies
are significantly lower than levels reported to induce a microbial
stress response in MR-1 (41). Together, these data suggest that
the Cu(II/T) concentrations and monomer/initiator used for our
polymerizations do not elicit a stress response that can explain
polymerization activity.

Carbon Source Affects Polymerization Kinetics. To investigate the
extent of metabolic control over catalyst performance, we exam-
ined the effect of carbon source on polymerization activity. Carbon
source affects electron flux through the central metabolism of MR-
1 and should influence polymerization rate if they are coupled (Fig.
34). With TPMA as the ligand, we found that MR-1 fed with
lactate, which generates four electron equivalents per molecule,
yielded the fastest rate of polymerization (Fig. 3B). In contrast,
starved cells showed lower polymerization activity, as did cells fed
with acetate, which cannot be used as a carbon source by MR-
1 under anaerobic conditions (42). MR-1 supplied with pyruvate,
which yields two electron equivalents per molecule, showed poly-
merization activity between lactate- and acetate-fed/starved cells.
The residual activity observed in starved and acetate-fed cells is
likely due to latent metabolic activity from growth in rich media or
from residual electron density on the outer membrane cyto-
chromes, both of which have been observed for MR-1 and Geo-
bacter sulfurreducens (18, 43). The short time scale (<2 h) of
reactions conducted using TPMA also makes it challenging to
observe metabolic effects. Replacing TPMA with EDTA resulted
in a larger difference between lactate-fed and starved cells, likely
because the longer time scale of these polymerizations (24 h) ac-
centuated metabolic differences (SI Appendix, Fig. S23). The
EDTA experiments also suggest that continuous metabolic activity
and associated Cu(II) reduction counters catalyst deactivation
when a less supportive ligand is used (23). In sum, these results
demonstrate that polymerization rate is strongly coupled to meta-
bolic activity and subsequent electron flux.

MtrC Expression Is Critical for ATRP Activity. MR-1 uses specialized
respiratory pathways to transport electron equivalents from the
cytoplasm and periplasm to the extracellular space (Fig. 44) (13,
44). To understand how the components of these pathways in-
fluence ATRP activity, we measured the effect of knocking out
select cytochromes and other redox-relevant proteins on poly-
merization kinetics. Molecular hydrogen and flavins are strong
reductants generated by MR-1 that may participate in Cu(II) re-
duction (45, 46). However, knockouts of periplasmic hydrogenases
(AhydAAhyaB) and an inner-membrane flavin exporter (Abfe)
exhibited no difference in monomer conversion compared with
MR-1. In contrast, a mutant lacking outer-membrane cytochromes
(AmtrCAomcA) showed significantly attenuated polymerization
rates (Fig. 4B). MtrC is a key decaheme c-type cytochrome
through which MR-1 interacts with metals and metal oxides; our
results suggest that it is also important for Cu(II) reduction (14).
E. coli cytochromes are not homologous to MtrC and the organ-
ism largely lacks the cytochrome content of MR-1 (42 cytochrome
genes in MR-1 vs. 5-7 in E. coli) (47). This deficiency in extra-
cellular electron transport machinery explains why E. coli showed
minimal polymerization activity. Complete abolishment of activity
was not observed for the AmtrCAomcA mutant because it is un-
likely that Cu(II) reduction is completely tied to an exclusive cy-
tochrome reduction pathway. MR-1 expresses several other
electron transfer proteins that could mediate Cu(II) reduction and
their transcription levels appear agnostic toward different soluble
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Fig. 3. Polymerization activity is controlled by electroactive metabolism. (A)
Simplified carbon metabolism of S. oneidensis. (B) Polymerization kinetics
for MR-1 supplied with different carbon sources using Cu(ll)-TPMA as cata-
lyst. Data show mean + SD of three independent experiments. Statistical
analysis for B is presented in S/ Appendix, Fig. S24.

electron acceptors (17). MR-1 also possesses outer-membrane
cytochromes other than MtrC (e.g., MtrF), which can compen-
sate for its absence (48). We attempted to inhibit all outer-
membrane cytochromes using KCN, but found that this also
disrupted positive polymerization controls. Notably, normal poly-
merization activity was partially rescued after complementation
with a plasmid encoding MtrC (Fig. 4C). This finding is consistent
with previous reports showing that MtrC alone is sufficient to
rescue the majority of electron transfer activity and that OmcA is
not required for the Mtr pathway to function (48). More impor-
tantly, the complementation result suggests that polymerization
activity can be controlled by manipulating MtrC expression. Al-
together, our results highlight the unique role that outer-mem-
brane cytochromes play in extracellular electron transport and
offer additional support for a specific and manipulable link be-
tween metabolic activity and catalyst performance.

Discussion

In this study, we evaluated the ability of an electroactive bacteria to
control an extracellular metal-catalyzed reaction. The majority of
reports describing nonenzymatic metal catalysis in the presence of
cells have focused on developing new reactions for bioorthogonal
labeling or prodrug activation (49, 50). These reactions are com-
patible with the cellular environment, but are generally not under
metabolic control. In contrast, several metabolic engineering efforts
have coupled abiotic catalytic cycles to cellular metabolism through
the use of secondary metabolites such as hydrogen, formate, and
other small molecules, or through bioelectrochemical cells (5, 7, 9,
51). Synthesizing aspects of these fields, we showed that respiratory
electron flux can be directly harnessed to control the performance
of a metal-catalyzed polymerization and that extracellular electron
transfer proteins are a critical enabler of this process.

Radical polymerizations in the presence of MR-1 and Cu(II/I)-
TPMA were very well-controlled. We initially chose OEOMAs as
a monomer because it is common in aqueous radical polymerizations
and allows for quantitative rate comparisons between polymerization
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Electron transfer proteins impact polymerization kinetics. (A) Key proteins involved in extracellular electron transport in MR-1. (B) Effect of gene

knockouts on polymerization activity using Cu(ll)-TPMA. (C) Rescue of normal polymerization activity via complementation with a plasmid encoding MtrC,
using Cu(ll)-TPMA as a catalyst. Data show mean + SD of three independent experiments. Statistical analysis for B and C is presented in S/ Appendix, Figs.

S25 and S26, respectively.

methodologies. Under optimized conditions, the rate of polymeriza-
tion was first order with a rate constant comparable to polymeriza-
tions conducted in the presence of an external electrode (52).
Specifically, MR-1 with Cu(II/I) -TPMA polymerized OEOMAsq
with a rate constant of 2.20 h™" at 30 °C while electrochenncal ATRP
under similar conditions yielded a rate constant of ~1.52 h™! at 25 °C
(52). We measured similar rate constants under several alternative
conditions (SI Appendix, Table S5). Also similar to electrochemical
ATRP, we found that very low concentrations of catalyst (0.2 pM)
were sufficient for polymerization activity. In contrast, polymeriza-
tions conducted in the presence of a sacrificial reductant require
higher catalyst concentrations (22). Polymerizations in the presence of
MR-1 yielded polymers with well-defined molecular weights and
narrow molecular weight distributions. We also highlighted the syn-
thetic utility of our polymerization by preparing diblock copolymers
with controlled molecular weight using OEOMA 5, and NIPAM as
monomers. Similar polymers have been used for self-assembly, drug
delivery, and other applications (53). Alternatively, polymers with
well-defined microstructure could be used to coat bacterial cells,
providing protection from toxins or initiating biofilm phenotypes
(54, 55). Given our results, it is likely that a wide variety of appli-
cations relying on water-soluble polymers can leverage S. oneidensis
controlled polymerization.

By probing the biology of S. oneidensis controlled ATRP, we
demonstrated that electroactive metabolism and polymerization
activity are highly coupled. The catabolic pathways controlling
electron flux exerted significant influence on polymerization rate,
which makes them promising targets for future engineering
applications. For example, pathways for utilization of different
carbon sources (e.g., glucose, glycerol, xylose) or increasing elec-
tron-equivalent flux to the inner membrane via NADH de-
hydrogenase overexpression could be integrated into S. oneidensis
to modulate Cu(II) reduction (56-58). Alternatively, controlling
the expression of electron transfer proteins could be used to tune
polymerization activity. Toward this goal, we identified MtrC as an
important regulator of polymerization activity in S. oneidensis.
Although E. coli does not natively possess cytochromes that are
homologous to MtrC, the Mtr pathway can be heterologously
expressed in it (59); this offers a potential means to adapt our
polymerization system into a standard chassis organism. Other
electroactive bacteria with outer-membrane cytochromes, such as
G. sulfurreducens, could also be used to control polymerization
activity (60). Overall, we found that MtrC serves as a master
controller of polymerization activity and believe that it is a
promising biological target for future optimization and synthetic
biology applications involving extracellular metal catalysis.

In conclusion, we discovered that S. oneidensis MR-1 can ef-
fectively control polymerization activity in the absence of an elec-
trode via extracellular electron transfer to a redox-active metal
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catalyst. Polymers formed in the presence of S. oneidensis and
Cu(II/T) were narrowly dispersed with defined molecular weights
indicative of a living polymerization. Furthermore, polymerization
kinetics were strongly dependent on catalyst structure, metabolic
activity, and specific electron transport proteins. Future work may
focus on optimizing both the chemical (e.g., ligand design) and
biological (e.g., cytochrome expression) components of our system.
More importantly, the reduction potential of MR-1 combined with
the wealth of chemical transformations enabled by redox-active
transition metals suggests that our system can be readily expanded
to reactions beyond polymerization. Overall, our results demon-
strate that the metabolic activity of an electroactive bacterium can
be coupled to the performance of a redox-active metal catalyst and
indicate that engineering of bacterial electron transport pathways
may provide a general template for adapting traditional metal-
catalyzed reactions for use in metabolic engineering.

Materials and Methods

All stock solutions and reaction mixtures were prepared in an anaerobic glove
box. Before polymerizations, stock solutions of HEBIB (100x stock, 2.9 pL in 287 uL
SBM containing casamino acids) and Cu-EDTA (200x stock from 10 mg
CuSO,45H,0 in 1 L of 1.35 mM EDTA buffer) or Cu-TPMA (200x stock from
8.9 mg CuBr, and 11.6 mg TPMA in 100 mL DMF) were mixed. Afterward, a 2 mL
polymerization reaction mixture was prepared as follows. To a sterile poly-
propylene culture tube was added 60% wt/wt sodium lactate solution (5.7 pL),
1 M fumarate solution (80 uL), OEOMAsq (92.6 pL, 200 pmol), HEBIB (2.9 pL of
100x stock), Cu-EDTA (10 pL of a 200x aqueous stock) or Cu-TMPA (10 pL of a
200x DMF stock), and a balance of SBM lacking trace mineral mix. Final con-
centrations were lactate (20 mM), fumarate (40 mM), OEOMAsq, (0.1 M), HEBIB
(0.1 mM), and Cu-EDTA (0.2 uM) or Cu-TPMA (2.0 pM). For reactions with dif-
ferent carbon sources, lactate was replaced with sodium pyruvate (20 mM) or
sodium acetate (20 mM). Polymerization was initiated by adding 20 pL of 100x
cell stock (ODgoo = 2.0) to bring the final reaction volume to 2 mL and starting
bacterial ODgq to 0.02. Final reaction mixtures were incubated at 30 °C (S. onei-
densis) or 37 °C (E. coli). Time points were aliquoted, diluted with deuterium oxide
or GPC solvents, exposed to air to quench the reaction, then flash frozen in liquid
N,. Aliquots were stored at —20 °C until analysis via NMR spectroscopy or GPC.
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