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Abstract

Synthetic biology has enabled the production of many value-added chemicals via microbial
fermentation. However, the problem of low product titers from recombinant pathways has limited
the utility of this approach. Methods to increase metabolic flux are therefore critical to the success
of metabolic engineering. Here we demonstrate that vitamin E-derived designer micelles,
originally developed for use in synthetic chemistry, are biocompatible and accelerate flux through
a styrene production pathway in Escherichia coli. We show that these micelles associate non-
covalently with the bacterial outer-membrane and that this interaction increases membrane
permeability. In addition, these micelles also accommodate both heterogeneous and organic-
soluble transition metal catalysts and accelerate biocompatible cyclopropanation /n vivo. Overall,
this work demonstrates that these surfactants hold great promise for further application in the field
of synthetic biotechnology, and for expanding the types of molecules that can be readily accessed
from renewable resources via the combination of microbial fermentation and biocompatible
chemistry.
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Here we disclose that vitamin E-derived synthetic micelles, originally developed for use as nano-
reactors for synthetic chemistry in water, are biocompatible and accelerate flux through an
engineered styrene production pathway in the microorganism E. co/i NST74. We also demonstrate

that these microbe-associated micelles can accommodate both heterogeneous and organic-soluble
transition metal catalysts, and accelerate biocompatible cyclopropanation /n vivo.
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The production of small molecules of societal importance from renewable, non-petroleum
derived feedstocks is arguably one of the foremost challenges facing the field of chemical
synthesis.[!] Alongside advances in “green” synthetic methodologies, the use of
metabolically engineered microorganisms has emerged as a viable and elegant solution to
this challenge.[2] However, maximizing titers of desired products from engineered metabolic
pathways remains a central challenge in synthetic biology. This is due, in part, to the
regulatory elements and metabolic enzymes that have evolved to counteract metabolite
accumulation, as well as the toxicity of many of these metabolites at high concentrations.
These problems are typically addressed by: (i) knocking-out genes involved in negative
feedback regulation or product catabolism and/or (ii) increasing metabolite flux and
reducing product toxicity via in situ product removal (ISPR).[3! Genetic methods for ISPR
include the heterologous expression of transmembrane efflux pumps from solvent-tolerant
microbes.[4] Chemical methods for ISPR involve sequestering the desired (typically
hydrophobic) metabolite into a separate organic phase.[>] This most often involves the use of
an organic solvent overlay (/+dodecane), but can also employ the use of a solvent-
impregnated resin (Amberlite® XAD4) or surfactant micelles (Triton X-100).[6]

In the field of green chemistry, designer surfactants have recently been shown to facilitate
transition metal catalysis in water by sequestering reagents into the hydrophobic interior of a
micelle.[’] However, the application of these compounds in microbial fermentations has not
been explored. Here we report that the vitamin E-derived designer surfactants PTS,
TPGS-750-Mand TPGS-1000 are biocompatible and accelerate flux through a styrene
production pathway in £. coli, dramatically increasing production titers above the threshold
of toxicity. We demonstrate that these designer micelles also accommodate both
heterogeneous and organic-soluble iron catalysts for biocompatible cyclopropanation, and
that co-localization of the reaction components in the micelle interior results in increased
product titers and enhanced reactivity /n7 vivo. To the best of our knowledge, this is the first
example of micellar catalysis in the presence of a living microorganism.

Our studies began by investigating whether micelles could increase flux through a styrene
production pathway in £. coliNST74 (a feedback-deregulated L-phenylalanine
overproducer). This engineered pathway consists of aphenylalanine ammonia lyase (PAL2)
from Arabidopsis thalianaand a cinnamic acid decarboxylase (FDC1) from Saccharomyces
cerevisiae, which together convert phenylalanine to styrene (Figure 2A).I81 The utility of this
pathway is limited by the fact that styrene is toxic to £. coliat low concentrations (ca. 2.5
mM) viaa mechanism that is thought to involve accumulation of the planar arene in the cell
membrane (log ~Py,= 3.0).[°] Maximizing production from this pathway has therefore relied
on genetic (overexpression of the AcrAB-TolC efflux pump) and chemical (solvent overlay
and gas stripping) ISPR approaches.[4?.69] We began by screening a range of surfactants and
supramolecules that are known to bind hydrophobic compounds. We found that the addition
of a- and B-(H/OMe) cyclodextrins marginally increased styrene concentrations (Table 1,
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Entry 2 and Table S1). Cationic and anionic surfactants generally inhibited styrene
production (Table 1, Entries 4 and 5, and Table $1).[69.10] The nonionic surfactants Triton
X-100 and Tween-80 had no significant effect on this pathway (Table 1, Entries 6 and 7).
Most notably, addition of the vitamin E-derived surfactants PTS (1), TPGS-750-M (2) and
TPGS-1000 (3) enhanced styrene production by nearly two-fold (Table 1, Entries 8-10 and
Figure 3A). Use of 5% wt/v surfactant further increased styrene production to a maximum of
5.5 mM for the O-methylated succinic acid derivative 2 (Table 1, Entry 17 and Figure 3B).
This is twice the concentration that is toxic to £. cofi and a four-fold improvement in overall
production. This increase is also comparable to that achieved by a 20% wt/v solvent overlay
of ~dodecane (Table 1, Entry 19).[69] The addition of vitamin E C-acetate had no effect on
styrene production, indicating that self-assembly of the amphiphiles in the culture medium is
a prerequisite for ISPR.I11] In the presence of the third-generation designer surfactant
SPGS-550-M (nok), styrene reached a maximum concentration of 0.4 mM after 24 h and
then decreased over time. The reason for this is unclear, however this data suggests that the
[3-sitosterol moiety of the surfactant plays a role in styrene depletion in vivo (Table 1, Entry
11 and Figure S3).

In order to assess whether these micelles accelerate flux through styrene biosynthesis we
calculated the first derivative of the production time-course curves 12 h after surfactant
addition. Comparing these values to those from control cultures containing no surfactant
allowed us to express the relative rate-of-change of styrene production with respect to time

(f (t)/f’(t) control Table 1, Table S1). For 5% wt/v 2 and 3 we calculated a 3.3 fold
increase in the relative rate-of-change of styrene production, which then decreased over time
as production levels plateaued (Figure S2). Therefore as well as increasing overall styrene
production levels, these surfactants also accelerated flux through this pathway. Due to the
success of surfactants 2 and 3 up to this point, and their commercial availability as solids, we
focused the remainder of our study on these molecules.

Having discovered that vitamin E surfactants increased styrene production, we next studied
their biocompatibility and interaction with £. coli. We found that the growth of wild-type £.
coliNST74 in media containing styrene (4 mM) was dependent on the presence of 2 or 3,
confirming that styrene is toxic to £. coliat this concentration and that the presence of
micelles alleviates this toxicity /n vivo (Figure S5). The addition of 2 or 3 to the styrene-
producing strain resulted in a prolonged stationary growth phase and an up to 200-fold
increase in the number of viable cells (cfu/mL) after 60 h (Figures 4A/B and Table S2).
Unexpectedly, centrifugation of cultures containing 5% w/v 2 produced a milky cell-
containing supernatant and a transparent gel-like pellet, which is a hallmark of bacterial
slime (Figure S7). £. coliis known to secrete biofilm-like exo-polysaccharide “slimes” to
protect the cell from external environmental stress.[12] We confirmed the organism’s ability
to secrete polysaccharide slime by observing the growth of black colonies on BHI-sucrose-
Congo Red agar plates (Figure $8).[100.13] The reason for slime formation occurring only in
response to 5% wt/v 2 is unclear, however the less polar O-methylated micelle exterior of 2
(Z=Me, Figure 3A) could favour binding to lipids in the bacterial membrane causing
enhanced disruption.
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To further explore this hypothesis we imaged the cells by transmission electron microscopy
(cryo-TEM). Whole-cell images showed that 2 and 3 coat the cell surface in an amorphous
matrix of nanomicelles (Figure 4D, Figure S10/11). Cells grown in the presence of 2 are
more densely covered than cells treated with 3, supporting our hypothesis that slime
production occurs in response to an increased micelle presence at the cell membrane.
Plastic-mounted cell slice images after multiple washes showed no observable micelles on
either side of the cell membrane, indicating that micelles are not internalized, and that the
extracellular interaction is non-covalent (Figure S12-S14).

To investigate whether the association of these micelles weakens the cell membrane we
conducted a plasmid stability test. This assay uses the loss of plasmid DNA (and associated
antibiotic resistance) by a microorganism when grown on non-selective media as a proxy for
membrane impairment.[14] When styrene-producing cultures treated with 5% wt/v 3 were
grown overnight on non-selective LB-agar only 9% regrowth on selective LB-agar was
observed, indicating near-complete loss of the pTrc99 A plasmid. However, cells from
slime-producing cultures containing 5% wt/v 2 retained 96% regrowth under these
conditions, and cells treated with 2% wt/v 2 or 3 exhibited 52% and 44% recovery,
respectively (Table S3). The interaction between vitamin E surfactants and £. colitherefore
weakens the cell membrane, and slime production appears to protect the cell from this effect.

We next investigated the effect of micelles on non-enzymatic catalysis /77 vivo by examining
the effect of 2 on our previously reported biocompatible cyclopropanation reaction (Figure
5).151 Under our optimized conditions (3 equivethyldiazoacetate (EDA), 2.5 mol% iron (111)
phthalocyanine (FePcCl)) and using 2% wt/v 2, cyclopropane production was increased by
two-fold (560 mgL~1, 96% yield, Table 2, Entry 2). In contrast, using a 20% wt/v overlay of
n-dodecane the titre of 4 was reduced to 49 mgL~1 and the yield of the reaction decreased to
12% (Table 2, Entry 3). This is likely a three-phase effect manifested by the heterogeneous
nature of the phthalocyanine catalyst in the culture medium. Reactivity was restored to this
system by using the organic-soluble catalyst tetraphenylporphyriniron(l11) chloride
(FeTPPCI), however the yield of 4 was reduced due to its diminished activity relative to
FePcCl (Table 2, Entry 4). In contrast, both homo- and heterogeneous catalysts were highly
active in cultures with TPGS-750-M micelles. The reactivity of FeTPPCI was also enhanced
in the presence of 2, which reduced the reaction time by 36 h, an observation that is best
rationalized by the solubility of the catalyst in the micelle interior (Figure 5C, Table 2, Entry
5). Vitamin E-derived designer micelles therefore support both homo- and heterogeneous
catalysis /n vivo, and, in addition to their pronounced effect on metabolite flux at the cell
membrane, also increase the overall productivity and rate of biocompatible reactions outside
of the cell vialocalization of the reaction components.

The development of non-enzymatic, biocompatible reactions for use in microbial
fermentations is a promising approach to expanding the types of molecules that can be
accessed from renewable, non-petroleum derived feedstocks, particularly molecules of
industrial importance that are not accessible using known enzymatic chemistry.l15161 /n vivo
micellar catalysis represents a new way of interfacing non-enzymatic transformations with
the products of microbial metabolism. In particular, it could enable the use of reactions/
reagents in fermentations that would be otherwise toxic to the producing microorganism.
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This approach resembles strategies used by microbes that generate reactive or toxic
metabolites (e.g. micro compartments, and membrane-bound organelles such as the
annamoxosome).[17] These naturally compartmentalized pathways could provide inspiration
for the types of intermediates and modes of reactivity that can be accommodated and utilized
within a microbe-associated micelle.

Metabolite sequestration into micelles offers many benefits compared to the use of an
organic solvent overlay. In the case of styrene production, significantly more solvent overlay
was required for comparable ISPR from £. coli (157 mmol dodecane vs. 4 mmol 2).
Sequestering styrene into dodecane also restricted the use of heterogeneous catalysts for
cyclopropanation due to partitioning of the reaction components into three phases,
highlighting an important limitation of using solvent overlays and non-enzymatic catalysis
simultaneously.

In summary, this study establishes that (i) vitamin E designer surfactants previously
developed and used exclusively for synthetic chemistry purposes are biocompatible and
accelerate flux through engineered styrene biosynthesis in £. coli, outperforming surfactants
previously used in the field of synthetic biotechnology; and (ii) nanomicelles formed by
these molecules associate with the outer membrane of £. co/iand can accelerate non-
enzymatic catalysis /n vivo. This represents the first example of micellar catalysis in the
presence of a living microorganism, a strategy that will enable biocompatible reaction
development. Future studies will focus on expanding the use of these micelles 7n vivoto
encompass reaction manifolds that would be otherwise unproductive in fermentation media
and/or toxic to E. coli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 3.
A) Vitamin E-derived designer surfactants 1-3. B) The effect of 5% wt/v 2 or 3 on styrene

production from engineered £. coli. Experiments were performed as described in Table 1
and Section S3. Error bars represent the standard deviation of values from three independent
experiments.
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Investigating the effect of 2 and 3 on styrene-producing £. coli. A) The addition of 2 or 3
alleviates the toxic effects of styrene on cell growth. B) Serial dilution and plate count assays
after 60 h show an increased number of viable cells in cultures containing 2 or 3, and slime
production by £. colithat may protect the cell from the effects of 2 (see Section S10 for
additional data). C) and D) Cryo-TEM images of styrene-producing E. coli (C) + 2 (D).
Scale bars = 0.5 um. Data from slime-producing cultures is coloured green. Cells were
grown as described in Table 1 and Section S3. Surfactants were added at 5% wt/v unless
stated otherwise. Error bars represent the standard deviation of values from three
independent experiments; *P< 0.05 **P< 0.005 (Welch’s T-test).
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Figureb.

Biocompatible cyclopropanation in £. col-associated micelles. A) Biocompatible
cyclopropanation. B) Organic-soluble FeTPPCI and heterogeneous FePcCl catalysts. C)
Metabolite production time-course for Fe-catalyzed cyclopropanation reactions in the
presence and absence of 5% wt/v 2. Reactions were conducted aerobically in 100 mL of
MM1 media in sealed 500 mL Erlenmeyer flasks at 32 °C with shaking at 220 rpm. The
reaction components and 2 were added at the point-of-induction of the styrene-producing
pathway (ODggg=0.6—0.8). Cyclopropane concentrations were determined inorganic extracts
of culture aliguots by GC relative to an internal standard of 1,3,5-trimethoxybenzene using a
standard curve. Data points are shown as mean values from three independent experiments.
Errors bars have been removed for clarity. The iron catalyst used in each experiment is
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shown in parenthesis. Full experimental conditions and additional data can be found in
Section S11 and Figures S18-22.
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Additive screen in styrene-producing cultures of engineered £. coli.

Table 1

Entry  Culture Additive Styrene (mM) f,(t—12)/,
f (t_12)cont'ml

1 None 1.49
2 Me-B-Cyclodextrin 1.86
4  16-BAC 0.02
5  SDS 1.29
6 Triton X-100 1.70
7 Tween-80 1.86
8 PTS() 2.70
9 TPGS-750-M (2) 251
10 TPGS-1000 (3) 2.64
11 SPGS-550-M (nok) o 36/elj0.03/%
12 Vitamin E O-Ac 1.38
13 prsy 4.07
14 7pGs-1000 (34 4.36
15 TpGs-750-M (2)f4] 4.62
16 TPGS-1000 (3)// 5.24
17 1PGs-750-M (2)/b/ 552
18 TpGs-750-M (2)/] 3.95
19 rrdodecane/d/ 550

1
1.24
<1
<1
1.10
1.33
1.81
1.68
1.78

Page 14

Cells were grown aerobically in 100 mL of MM1 media in sealed 500 mL Erlenmeyer flasks at 32 °C with shaking at 220 rpm. Additives were
added at 3.2 mM at the point-of-induction of the styrene-producing pathway (ODgp0=0.6-0.8). Styrene concentrations were determined inorganic
extracts of culture aliquots by GC relative to an internal standard of 1,3,5-trimethoxybenzene using a standard curve. All data is shown as an
average of three independent experiments. Detailed experimental procedures and a complete list of all surfactants tested can be found in Sections

S3, S4 and Table S1.

By i,

oA

% wt/v,
1 00, iy,

[ 20% wt/v,

[e]after 24 h,

[ﬂafter 48 h.
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Table 2

End-point production levels of cyclopropane 4 in the presence and absence of TPGS-750-M or r-dodecane.

Entry Catalyst Additive % Yield Titer (mg/L)
1 FePcCl - 97 282
2 FePcCl 2% TPGS-750-M oelal 560
3 FePcCl  20% r+dodecane 1208] 49
4 FeTPPCI  20% r+dodecane 84 401
5 FeTPPCI 2% TPGS-750-M 95 553

Experiments and analyses were performed as described in Figure 5. Yields refer to the relative concentrations of styrene and cyclopropane relative
to an internal standard.

Blgg p,

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 May 10.



	Abstract
	Micelles and Microbes
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

