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Rational Design of Covalent Multiheme Cytochrome-Carbon
Dot Biohybrids for Photoinduced Electron Transfer

Huijie Zhang, Carla Casadevall, Jessica H. van Wonderen, Lin Su, Julea N. Butt,*

Erwin Reisner,* and Lars J. C. Jeuken*

Biohybrid systems can combine inorganic light-harvesting materials and
whole-cell biocatalysts to utilize solar energy for the production of chemicals
and fuels. Whole-cell biocatalysts have an intrinsic self-repair ability and are
able to produce a wide variety of multicarbon chemicals in a sustainable way
with metabolic engineering. Current whole-cell biohybrid systems have a yet
undefined electron transfer pathway between the light-absorber and metabolic
enzymes, limiting rational design. To enable engineering of efficient electron
transfer pathways, covalent biohybrids consisting of graphitic nitrogen doped
carbon dots (g-N-CDs) and the outer-membrane decaheme protein, MtrC
from Shewanella oneidensis MR-1 are developed. MtrC is a subunit of the
MtrCAB protein complex, which provides a direct conduit for bidirectional
electron exchange across the bacterial outer membrane. The g-N-CDs are
functionalized with a maleimide moiety by either carbodiimide chemistry or
acyl chloride activation and coupled to a surface-exposed cysteine of a Y657C
MtrC mutant. MtrC~g-N-CD biohybrids are characterized by native and
denaturing gel electrophoresis, chromatography, microscopy, and
fluorescence lifetime spectroscopy. In the presence of a sacrificial electron
donor, visible light irradiation of the MtrC~g-N-CD biohybrids results in
reduced MtrC. The biohybrids may find application in photoinduced
transmembrane electron transfer in S. oneidensis MR-1 for chemical synthesis
in the future.

photosynthesis is to interface synthetic,
inorganic light-harvesting materials with
biocatalysts.?] Biocatalysts display high se-
lectivity and low overpotential requirements
for redox reactions, whereas synthetic nano-
materials offer robust, tunable, and efficient
light harvesting properties. Thus, semiarti-
ficial photosynthetic systems that combine
the advantages of synthetic and biological
systems show great promise to overcome
the limitations of natural and artificial
photosynthesis for the production of so-
lar fuels and added-value chemicals.!*!

Inorganic-biological ~ biohybrid  sys-
tems can be divided into enzyme-based
and whole-cell-based systems. Several
biohybrid systems combining synthetic
light-harvesting materials with enzymes or
whole cells have been reported for light-
driven reactions,* such as H, evolution,®!
CO, reduction,® carbon—carbon bond
formation,/' and N, reduction.’] In
enzyme-based biohybrid systems, sacrifi-
cial electron donors are typically required
to lower charge recombination or back
reactions for solar chemicals and fuels
generation.’] In natural photosynthe-
sis, chemical back reactions are further

1. Introduction

In the quest to find alternative sustainable technologies to de-
crease our reliance on fossil fuels, semiartificial photosynthe-
sis has attracted increasing attention to harvest solar energy
for fuel generation.'! An emerging direction in semiartificial

minimized by separating the oxidative and reductive half reac-
tions on either side of the thylakoid membrane."”) Using whole
cells as biocatalysts could mimic such compartmentalization and
separate the oxidative reaction at the nanoparticle from the reduc-
tive reactions inside the whole-cell biocatalysts. Moreover, living
whole-cell biocatalysts can self-replicate, self-repair, and produce
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Figure 1. Schematic representation of strategies for photoreduction of S. oneidensis MR-1 cytochromes: a) Diffusional encounter: redox proteins and
soluble synthetic photosensitizers (PS).l'9%172] b) Physisorption: redox protein adsorbed on photoactive nanoparticle (NP) (including dye-sensitized
TiO, nanoparticle).[7%l ¢) Covalent labeling: Redox protein photosensitized by site-selective labeling with [Ru(I1) (4-bromomethyl-4'-methylbipyridine)
(bipyridine),]** (RuMe).['8] d) This work: Covalent labeling: MtrC photosensitized by site-selective labeling with maleimide functionalized g-N-CD. e)
The structure of MtrC. The 10 hemes are in red color. The disulfide bond is shown in magenta. The 657 Tyr (blue) in WT MtrC is mutated to surface
exposed Cys (Y657C MtrC). SED: sacrificial electron donor. CB: conduction band. VB: valence band.

complex chemical products due to their diverse metabolic
pathways.[123b11]

As a model dissimilatory metal-reducing bacterium, She-
wanella oneidensis MR-1 is a promising biohybrid system as it
efficiently exchanges electrons between the cellular metabolism
and its external environment.['?) We have previously shown that
S. oneidensis MR-1 can photocatalytically produce hydrogen and
hydrogenate C=C and C=0 bonds with soluble organic and
inorganic photosensitizers.'>l However, the products were de-
tected only in the presence of a cell-permeable electron mediator
and occurred independently of the metal-reducing (Mtr) path-
ways responsible for extracellular electron transport. Biohybrid
systems with self-assembled CdS nanoparticles on S. oneiden-
sis MR-1 have shown light-driven hydrogen generation,!'?d] but
the complexity of these whole-cell biohybrid systems makes it
difficult to differentiate between various electron transfer path-
ways. It is unclear whether the hydrogen was produced directly
by light-harvesting nanoparticles themselves, by nanoparticle-
hydrogenase hybrids, or by electron transfer from the nanopar-
ticles through the outer membrane to hydrogenases inside the
bacteria. Recent studies on a hybrid system interfacing the CO,-
and N,-fixing bacterium Xanthobacter autotrophicus with CdTe
quantum dots show light-driven CO, and N, fixation with inter-
nal quantum efficiencies reaching the biochemical limits. How-
ever, the electron transfer pathways from the quantum dots to the
microorganism remain unclear."¥ Therefore, rational design of
biohybrids is essential to ensure well-defined and effective trans-
membrane electron transfer and engineer whole-cell biohybrid
photocatalysts.

Key to the ability of extracellular electron transfer in S. onei-
densis MR-1 is a heterotrimeric protein complex, MtrCAB, which
provides a direct conduit for bidirectional electron exchange
across its outer membrane.[**! Spanning the lipid bilayer is the
MtrAB subcomplex with a g-barrel porin (MtrB) wrapped around
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a decaheme cytochrome (MtrA). Binding the external face of
the MtrAB is MtrC, also containing 10 hemes.[*] The com-
bined 20 hemes of MtrCAB create a 185 A conducting wire
that has been shown in vitro to stabilize charge separation of
photosensitizer by transferring electrons through the lipid bi-
layer of a liposome to generate reductive equivalents in the
lumen.!’l Tt has previously been shown that, in the presence
of a sacrificial electron donor, MtrC can be photoreduced in
vitro by a number of abiotic photosensitizers including dyes
and dye-sensitized TiO, nanoparticles either in solution or on
an electrode.'%17] Recently, a Ru(11)(2,2"-bipyridine);-based dye
was covalently attached to MtrC and photoreduction of the 10
heme groups in MtrC was achieved in presence of an electron
donor.['®! The state-of-the-art strategies used for the photoreduc-
tion of redox proteins, including MtrC, can be summarized as
follows: i) Diffusional encounter between redox proteins and
soluble synthetic photosensitizers;!'%'72l ii) Physisorption of re-
dox proteins on light-harvesting nanoparticles (including dye-
sensitized TiO, nanoparticles);['7*<] And, iii) site-selective, co-
valent labeling of redox proteins with Ru(bipyridine),-dyes!'%’]
(Figure 1a—c).

In this work, we developed a photosensitized-MtrC biohybrid
by selective, covalent coupling to graphitic nitrogen-doped car-
bon dots (g-N-CDs) (Figure 1d). Carbon dots (CDs) have been
shown as efficient and versatile redox-active photocatalytic ma-
terials for applications in light-driven transformations.[¢1%] The
choice of CDs in this work was based on previous studies, which
showed its feasibility to chemically modify their surface via sev-
eral synthetic strategies.’¢2%1 Additionally, their electrostatic in-
teractions with molecular catalysts and enzymes have been ex-
plored for light-driven solar fuel production, demonstrating elec-
tron transfer from CDs to molecular catalysts and enzymes.>*21]
Recently, we have shown that MtrC can be photoreduced by CDs
in suspension.['®] However, direct, covalent coupling of CDs to

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Scheme 1. Procedure for the synthesis of a) g-N-CD and their maleimide derivative functionalized g-N-CD using b.1) the carbodiimide or b.2) the
acyl chloride activation strategies, respectively, and their respective attachment to a cysteine containing protein (named approach 1 and approach 2,

respectively). EDC: 1-ethyl-3-carbodiimide hydrochloride.

biocatalysts for solar energy conversion has not yet been explored.
Here, g-N-CDs are surface-functionalized with a maleimide-
derivative by either carbodiimide chemistry or acyl chloride ac-
tivation. To couple g-N-CDs to MtrC, a MtrC construct was used
from which the native N-terminal lipid anchor was genetically
removed.[??] This construct (named WT MtrC hereafter) contains
22 cysteine residues of which 20 cysteines are coupled to the 10
heme cofactors via thioether bonds in domain II and IV and 2
cysteines form a disulfide bond located on the surface of MtrC in
Domain III (Figure le). A surface exposed tyrosine close to the
terminus of the heme chain was mutated to a cysteine (Y657C
MtrC), providing a single available thiol group for covalent link-
age to maleimide modified g-N-CDs. Previous transient absorp-
tion spectroscopy with Y657C MtrC modified with a Ru(II)(2,2’-
bipyridine), dye on the cysteine confirmed ultrafast photoelec-
tron transfer (< ps) from the Ru-dye to the heme chain.['¥] WT
and Y657C MtrC also carry C-terminal Strep II affinity tags to aid
the biohybrids purification. Last, we show electron transfer from
g-N-CDs to MtrC, suggesting it will be possible to drive photo-
induced transmembrane electron transfer in S. oneidensis MR-1
for chemicals and fuels generation in the future.

2. Results and Discussion

2.1. Synthesis and Characterization of g-N-CDs and Maleimide
Functionalized g-N-CDs

g-N-CDs were synthesized by pyrolysis of aspartic acid in air
at 320 °C for 100 h (Scheme 1a), as previously reported.!'"]
Dissolution in aqueous NaOH produced a dark brown solu-
tion, which was passed through a microfilter (0.22 pm) and
freeze-dried to obtain a brown solid. Fluorescence emission
spectroscopy, UV-vis spectroscopy, TEM characterization, 'H
NMR spectroscopy, and attenuated total reflectance Fourier
transform infrared (ATR FT-IR) spectroscopy of the materials
are consistent with previously reported data (Figures S1-S4,
Supporting Information).2'?! The size of g-N-CDs is about 2.8
+ 0.2 nm (Figure S2, Supporting Information). Further mod-
ification of the g-N-CD with the maleimide derivative moiety
was achieved following two different strategies: 1) traditional
carbodiimide coupling chemistry to amine-modified maleimide
(1-(2-aminoethyl)maleimide); and 2) thionyl chloride activation
of the g-N-CD surface followed by amide bond formation with
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an amine-modified maleimide (4-(1-aminophenyl)maleimide)
(Scheme 1b.1 and 1b.2, named approach 1 and 2, respectively).
The carbodiimide chemistry used in approach 1 takes only a
single step in aqueous phase at room temperature. However, it
is harder to scale-up because the purification step for remov-
ing the excess EDC and maleimide leads to only part of the
g-N-CD-mal fraction being available for the covalent coupling
to the protein. The synthetic method in approach 2 takes two
steps for maleimide modification, but the products can be
produced on a larger scale. Moreover, despite both approaches
use maleimide derivatives, it is worth mentioning that the linker
is also different to compare the effect of having an aliphatic
(g-N-CD-mal;) or an aromatic (g-N-CD-mal,) spacer in the
electron transfer between g-N-CD and MtrC. Therefore, both
approaches were explored to modify the g-N-CD with maleimide.
Hereafter, we use the notation g-N-CD-mal, to indicate
maleimide modification with approach 1 and g-N-CD-mal, for
approach 2.

The g-N-CD-maleimide in approach 1 was synthesized
through carbodiimide chemistry (Scheme 1b.1). Briefly, g-N-
CD was reacted with 1-ethyl-3-carbodiimide hydrochloride (EDC)
and 1-(2-aminoethyl)maleimide at 21 °C for 2 h in the dark. Ex-
cess EDC and 1-(2-aminoethyl)maleimide were removed by size
exclusion chromatography (for details, see the Experimental Sec-
tion). ATR FT-IR spectroscopy of g-N-CD-mal, shows the ap-
pearance of two new peaks at 1440 and 1409 cm™!, which cor-
respond to the N-H bending and C-N stretching modes of the
amide bond and support that the maleimide derivative is cova-
lently bound to the g-N-CD surface (Figure S5, Supporting Infor-
mation). The peaks at 1367 and 1586 cm™!, corresponding to the
symmetric and antisymmetric C=0 stretches of the carboxylic
acid group of g-N-CDs, are still present,?'! which indicates that
not all the carboxylate groups were modified (Figure S5, Support-
ing Information). The C=0 stretch of the amide bond is very
likely hidden by the large C=0 stretch peak of the carboxylate
groups. The broad signal at 3500-2500 cm™! is due to the N-H
stretching of the amide bond, and O-H stretching of carboxylic
acid and water. Additionally, "H NMR spectroscopy shows a new
signal at 6.9 ppm in g-N-CD-mal, compared to g-N-CD, which is
assigned to the —CH at the C=C bond of the maleimide derivative
(Figure S6, Supporting Information), confirming the presence of
the maleimide group in the g-N-CD-mal, product. No sharp peak
feature of free maleimide was observed in the final g-N-CD-mal,
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Figure 2. Fluorescence emission spectra at different excitation wavelengths (360, 380, 400, 420, 440, 460, and 480 nm) for the a) g-N-CD and b) g-N-
CD-mal, in H,O at pH 7.0, 21 °C. The results for samples prepared by approach 1 are shown in Figure S1 (Supporting Information).

'H NMR spectrum, which shows that all excess maleimide start-
ing material was removed by the size exclusion chromatography
(Figure S6, Supporting Information).

The synthetic strategy of approach 2 was designed to activate
the initial low reactive carboxylic acid surface groups of the start-
ing g-N-CD by acyl chloride (Scheme 1b.2). Acyl chloride activa-
tion of the carboxylic acid groups of g-N-CD was carried out upon
reaction with thionyl chloride at 80 °C under inert atmosphere,
according to a previously reported procedure.*¢! This leads to acyl
chloride modification of all the exposed carboxylic acid groups, as
confirmed by ATR FT-IR spectroscopy from the shift of the car-
bonyl band from 1570 cm™ in g-N-CD (g-N-CD-CO,H) to 1704
cm~! in g-N-CD-COCI (Figure S4, Supporting Information). Fur-
ther reaction of g-N-CD-COCI with 4-(1-aminophenyl)maleimide
(slow addition at 0 °C) in anhydrous dichloromethane (DCM) us-
ing triethylamine (Et;N) as a base at room temperature for 2 days
leads to the maleimide functionalized adducts (see Scheme 1b.2
and the Experimental Section for further details). The solvent was
removed under reduced pressure, and the reaction crude was re-
dispersed in dichloromethane, washed with water and neutral-
ized to pH 7 by addition of aqueous HCI (1 M). The neutral-
ized aqueous phase was freeze-dried and a brown solid was ob-
tained. The reaction product g-N-CD-mal, was again analyzed
by ATR FT-IR spectroscopy (Figure S4, Supporting Information).
The peak at 1707 cm™~! disappeared, indicating g-N-CD-COCl was
modified, and the amide C=0, N-H and C-N stretching fre-
quencies at 1560, 1440, and 1400 cm™! for g-N-CD-mal, confirms
the amide bond formation between g-N-CD and the maleimide
derivative. The '"H-NMR spectrum of g-N-CD-mal shows a new
set of aromatic signals absent in the initial g-N-CD that are most
likely derived from the bound maleimide derivative, as suggested
by the analyses of the latter "H-NMR spectrum (Figure S7, Sup-
porting Information).

Both the g-N-CD and g-N-CD-maleimide particles in the two
approaches show slightly different fluorescence and absorption
properties for several reasons. First, the nature of the linker
containing the maleimide derivative is different. Second, dif-
ferent extents of surface functionalization of the g-N-CD were
achieved with the two different approaches. Finally, g-N-CD-mal,
and a control sample (g-N-CD) were purified by a size exclu-
sion column which removed some smaller size particles (for
details, see the Experimental Section). With approach 2 there
is more maleimide derivative functionalized on the surface as
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seen in the FTIR spectrum (Figures S4 and S5, Supporting In-
formation). Although all fluorescence and absorption spectra
of the g-N-CD and g-N-CD-mal samples are similar, we note
that there is a more pronounced difference between the spec-
tra of g-N-CD-mal and unmodified g-N-CD in approach 2 com-
pared to approach 1 (Figure 2; and Figure S1, Supporting In-
formation). Importantly, the g-N-CD-mal samples synthesized
by both approaches retain their fluorescence and absorption
properties.

2.2. Preparation and Characterization of Protein~g-N-CD
Biohybrids

Protein~g-N-CD biohybrids were prepared following a general
coupling strategy via the reaction of the maleimide in the g-
N-CD-maleimide and the thiol of the surface-exposed cysteine
residues (Scheme 1). First, proteins were treated with tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) for 20-30 min,
following a similar reported procedure,!**! to reduce any disul-
fide bonds between surface exposed cysteines (Figure 1e). After
removing excess TCEP by ultrafiltration, g-N-CD-maleimide was
added to react with the proteins. The reaction pH was kept be-
low 7.5 to minimize side reactions between maleimide and other
residues of the protein (lysines). Bovine Serum Albumin (BSA)
was used as a model protein to demonstrate that this approach
is universal for coupling g-N-CDs to proteins. The monomeric
BSA has a molecular weight of 66.5 kDa. It contains 35 cys-
teine residues, which form 17 intramolecular disulfide bonds and
one free cysteine residue to react with g-N-CD-maleimide (Figure
S8, Supporting Information).[?*] The same conjugation approach
was subsequently applied to a MtrC mutant (Y657C MtrC) con-
taining a freely exposed cysteine residue and the wild type MtrC
(WT MtrC) as a control.

2.3. BSA~g-N-CD Biohybrids

Gel electrophoresis was used to confirm the formation of the
BSA~g-N-CD biohybrids, as this method conveniently indicates
protein modifications even with the presence of free, unreacted g-
N-CD-maleimide (i.e., no purification of the biohybrid is required
before analysis). Both sodium dodecyl sulfate—polyacrylamide gel
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electrophoresis (SDS-PAGE) and Native-PAGE were performed
to provide qualitative information on the size and charge changes
of BSA after conjugation to g-N-CD maleimide.

SDS-PAGE with proteins visualized by Coomassie Stain
(Figure 3a) confirms that BSA does not covalently bind to
g-N-CD unless the g-N-CDs are modified with maleimide
(Figure 3a, lanes 1-3). g-N-CD is not stained by Coomassie Stain
and hence not visible on the SDS-PAGE in Figure 3a (lane 5).
The BSA~g-N-CD biohybrid, (Figure 3a, lane 3) shows a broad
band, migrating slower than BSA (Figure 3a, lane 1), in line with
the larger size of the biohybrid compared to BSA. This relatively
broad band of the BSA~g-N-CD biohybrid, is expected, based on
the heterogeneous size distribution of g-N-CDs. We note here
that in SDS-PAGE, proteins migrate as unfolded polypeptides in-
side SDS micelles, where the SDS-polypeptide micelles are much
larger than folded proteins.[**! This is in contrast to g-N-CD,
which will neither unfold nor be bound to SDS micelles. There-
fore, the change in migration due to the modification with g-N-
CD is relatively small, in spite of the comparable size of g-N-CD
(2.8 + 0.2 nm) and BSA (about 7.1 nm when folded). Analysis of
the other control samples confirmed the specific conjugation of
BSA and g-N-CD-maleimide through formation of a maleimide-
thiol bond. When reacting maleimide on the g-N-CD-mal; sur-
face with 2-mercaptoethanol prior to additional of BSA, which
should prevent coupling to the protein, the sample indeed mi-
grates in a comparable manner to the original BSA sample (com-
pare Figure 3a, lanes 1 and 4).

A complementary view of the contents of the samples de-
scribed above was provided when the SDS-PAGE gels were visu-
alized by fluorescence imaging with UV irradiation (Figure 3b).

Coomassie UV illumination

BSA + + + + - + 4+ + o+ -
g-N-CD -+ - - 4 -+ - -+
g-N-CD-mal, - -+ - - - - 4+ - -
g-N-CD-mal,
neutralized
a)kDa

250
150

SDS-PAGE 100
75

- = =+ - - = =+ -

50

c)

Native-PAGE

1.2 345 1 2345

Figure 3. SDS-PAGE gel images of BSA samples visualized by a)
Coomassie Stain and b) under UV illumination, Native-PAGE images of
BSA samples visualized by c) Coomassie Stain and d) under UV illumina-
tion. Lanes: 1. BSA; 2. BSA/g-N-CD; 3. BSA~g-N-CD biohybrid,; 4. BSA/[g-
N-CD-mal; neutralized by 2-mercaptoethanol]; 5. g-N-CD. Samples pre-
pared by approach 1.
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In this way the location of the g-N-CDs is directly revealed. The
unreacted g-N-CDs in all samples migrate as a very broad band
at the front (bottom in Figure 3b) of the gel due to its heterogene-
ity. However, the BSA~g-N-CD biohybrids (Figure 3b lane 3) also
show a faint fluorescent band at the location of BSA, which is
not observed in the other samples. Hence this provides additional
confirmation that BSA is covalently coupled to g-N-CDs through
a thiol-maleimide linkage.

Comparable conclusions were reached from analysis of the
samples by Native-PAGE. Proteins visualized by Coomassie Stain
show that BSA~g-N-CD biohybrid, migrates further than un-
modified BSA (Figure 3c), which is attributed to the negative sur-
face charge of g-N-CDs (Figure 3c, lane 3). Similar to SDS-PAGE,
the BSA~g-N-CD biohybrid, appears fluorescent from the g-N-
CDs on Native-PAGE under UV illumination (Figure 3d, lane 3).

Size exclusion chromatography (SEC) was attempted to char-
acterize and purify the BSA~g-N-CD biohybrids (Figures S9 and
S10, Supporting Information). However, separating BSA from
g-N-CD by SEC proved very challenging due to the size hetero-
geneity of g-N-CD and elution profiles that do not conform to
the expected protein/particle size. Altered elution profiles of as-
semblies between serum albumin and nanoparticles have been
reported before,[®] and are likely due to varying weak interac-
tions between the g-N-CD with the column resin. g-N-CDs elute
along a broad elution volume, overlapping with BSA. Further,
no significant difference was observed between nonreacted BSA
control (BSA and g-N-CD mixture) and BSA~g-N-CD biohybrids
(BSA and g-N-CD-mal,) (Figure S10, Supporting Information).
UV-vis absorbance and fluorescence emission spectra confirm
the g-N-CD is present in all the elution fractions (Figure S10,
Supporting Information). Furthermore, the elution profile of the
g-N-CD-maleimide and its BSA~g-N-CD biohybrids was ob-
served to depend on the exact nature of the resin and elu-
tion buffer, while g-N-CD-mal, elutes differently from g-N-CDs
(Figure S9, Supporting Information). Nevertheless, SDS-PAGE
shows the biohybrids are only formed when BSA reacts with g-N-
CD-maleimide (Figure S9, Supporting Information). It was thus
concluded that the SEC elution profile is consistent with biohy-
brid formation, but SEC cannot be used to purify BSA~g-N-CD
biohybrids from unreacted BSA and g-N-CD-maleimide. Finally,
TEM analysis of the biohybrid samples also suggested the for-
mation of the BSA~g-N-CD biohybrids. In the TEM images the
g-N-CDs (dark dots with graphitic fringes) can be seen within the
protein scaffold (gray background shadow, Figure S10d, Support-
ing Information). Although unambiguous assignment of g-N-CD
and BSA in the TEM images of the BSA~g-N-CD biohybrid sam-
ples is challenging due to the low electron density of both BSA
and g-N-CD, the TEM images are consistent with the possible
formation of BSA~g-N-CD biohybrids (Figure S10d, Supporting
Information).

2.4. Y657C MtrC~g-N-CD Biohybrids
2.4.1. Formation of Y657C MtrC~g-N-CD Biohybrids
The methodology used for preparation and analysis of BSA~g-

N-CD biohybrids as described above was then applied to the la-
beling of the Y657C MtrC with g-N-CD-maleimide. As a control,

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U017 SUOWILIOD A0 3|ded!dde aup Aq peusenob ae ssjolie YO ‘8sn Jo sa|ni oy Areiqi]auljuO 8|1 UO (SUORIPUOD-pUe-SLLIRY/LI0O" A3 |1 ARl 1[eu1|UO//:SANY) SUORIPUOD pue SWie | 8u 88S *[£202/80/20] Uo AkeiqiTauliuo A8(Im e1ibuy 1e3 JO AIseAIuN AQ ¥0Z20£202 WHPe/Z00T OT/I0pAW0D A8 | Im Aeiq Bl uo//Sdny Wwoly pepeojumod ‘0 ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

Native-PAGE

Coomassie UV illumination

Y657C MtrC  + + + - + - + + 4+ - o+ -

WTMtrC - - - + - - - -+ -

g-N-CD -+ - - -+ - 4+ - - -+

g-N-CD-mal, - - + + - - -+ 4 - -
g-N-CD-mal,

neutralized -~ - - - t - - - - -+ -

a) b)

123 456 123456

Figure 4. Native-PAGE images of MtrC samples visualized by a)
Coomassie Stain and b) under UV illumination. Lanes: 1. Y657C
MtrC, 2. Y657C MtrC/g-N-CD, 3. Y657C MtrC~g-N-CD biohybrid,, 4.
WT MtrC/g-N-CD-maly, 5. Y657C MtrC/[g-N-CD-mal; neutralizad by 2-
mercaptoethanol], 6. g-N-CD. Samples prepared by approach 1.

parallel procedures were performed with WT MtrC, which lacks
the surface reactive Cys at position 657. Similar to BSA samples,
SDS-PAGE with proteins visualized by Coomassie Stain shows
Y657C MtrC~g-N-CD biohybrid, appear as a slightly broadened
band, migrating marginally slower than MtrC, although the dif-
ference in migration is much less clear than for BSA (Figure
S1la, Supporting Information). Control samples in which g-N-
CDs were not modified with maleimide or the maleimide was
neutralized with 2-mercaptoethanol prior to the reaction appear
identical to Y657C MtrC (Figure S11a, Supporting Information),
as expected. Furthermore, reacting g-N-CD-mal; with WT MtrC,
which does not have a surface exposed cysteine, indeed does not
produce a change in migration on SDS-PAGE. The SDS-PAGE
gel was also visualized under UV illumination to detect fluo-
rescence from g-N-CD (Figure S11b, Supporting Information).
However, in its denatured form MtrC has intrinsic fluorescence
on an SDS-PAGE gel, as previously reported for cytochromes,2°!
which makes it impossible to specifically detect fluorescence due
to g-N-CD.

In Native-PAGE, modification with g-N-CD resulted in a dif-
fuse, fluorescent band that migrated just below that of unmodi-
fied MtrC (Figure 4a,b, lane 3), which is attributed to the nega-
tively charged g-N-CD. Unexpectedly, a much fainter band is also
observed in the control sample with WT MtrC. While for Y657C
MtrC~g-N-CD biohybrid, the sample as a whole migrates faster
in Native-PAGE, for WT MtrC/g-N-CD-mal, an unexpected weak
second band is visible (Figure 4a,b, lane 4), likely due to a par-
tial side reaction or unspecific interaction between g-N-CD-mal,
and MtrC.I%l This is consistent with the fact that only the lower
minor band in the WT MtrC/g-N-CD-mal; samples exhibits flu-
orescence.

The reaction mixture contains the Y657C MtrC~g-N-CD bio-
hybrids, unreacted g-N-CD-mal, which is added in excess, and
possibly unreacted Y657C MtrC. Because the unreacted g-N-CD-
mal will interfere with the evaluation of the electron transfer be-

Adv. Funct. Mater. 2023, 2302204 2302204 (6 of 12)

www.afm-journal.de

tween g-N-CD and MtrC in the biohybrids, further purification
of the biohybrids from free g-N-CD-mal is necessary.

2.4.2. Size Exclusion Chromatography

As for BSA, SEC proved also very challenging for the purification
of Y657C-g-N-CD biohybrids. Compared to the mixture of Y657C
and g-N-CD, the Y657C MtrC~g-N-CD biohybrids elute later
from a Superdex 200 Increase 10/300 GL column in borate buffer
(Figure 5a). At first glance, this would suggest that the Y657C
MtrC~g-N-CD biohybrid, is smaller than the unmodified Y657C
MtrC. However, we speculate that the interactions between the
g-N-CD and Superdex resin, as previously reported,?’! results
in a retention of Y657C MtrC~g-N-CD biohybrid, and thus a
delay in its elution. Indeed, when performed on Superdex 200
Increase 3.2/300 resin in MOPS buffer, Y657C MtrC~g-N-CD
biohybrid, elute at a similar volume as unmodified Y657C MtrC
(Figure S12, Supporting Information). UV-vis absorbance and
fluorescence emission analysis are consistent with the Y657C
MtrC~g-N-CD biohybrid, fractions containing both MtrC and g-
N-CDs (Figure 5b,c). However, similar elution profiles were ob-
tained with control experiments with either Y657C MtrC and g-
N-CD (without maleimide modification) or WT MtrC (without
cysteine mutation) and g-N-CD-mal, (Figure S13, Supporting In-
formation). Importantly, SDS-PAGE and Native-PAGE confirm
that covalent biohybrids are only formed with g-N-CD-maleimide
(Figure S12b, Supporting Information). TEM images of Y657C
MtrC~g-N-CD biohybrid, after SEC show the presence of CDs
within the protein homogeneously in all the sample, suggesting
the formation of the biohybrids (Figure 5d). In contrast, for the
coeluted MtrC and g-N-CDs without prior covalent labeling upon
incubation of MtrC with g-N-CD or g-N-CD-mal, the samples are
heterogenous, showing parts of the sample grid containing only
protein and other parts showing aggregates of g-N-CDs (Figure
S13d, Supporting Information). The latter is in agreement with
coeluted, but not covalently attached, protein and g-N-CDs. Taken
together, this strongly suggests that noncovalent interactions be-
tween g-N-CD and MtrC as well as g-N-CDs and the SEC resin
impair the purification of Y657C MtrC~g-N-CD biohybrids with
size exclusion chromatography.

2.4.3. Strep-Tag Affinity Chromatography

As SEC chromatography appears challenging for purifying
protein~g-N-CD Dbiohybrids, affinity chromatography was ex-
plored. Since BSA does not contain any suitable affinity tags,
affinity chromatography could not be used for its purifica-
tion. However, MtrC carries a C-terminal Strep II-tag,'>1%]
which thus offers the possibility to remove unreacted g-N-
CD-maleimide from the biohybrids. UV-vis absorbance spec-
troscopy, fluorescence emission spectroscopy, and Native-PAGE
were used to analyze the flow through (FT), washing (W), and
elution (E) fractions of chromatography with Strep-Tactin resin
as detailed in the Experimental Section.

The g-N-CD-mal, shows absorbance below 600 nm and a flu-
orescence emission when it is excited by UV light. The UV-
vis spectrum and fluorescence emission spectrum of the flow
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Figure 5. a) Elution profile on a Superdex 200 Increase 10/300 GL SEC column of mixtures of Y657C MtrC and g-N-CDs, and Y657C MtrC and g-N-CD-
mal, after conjugation (pH 8.0, 20 mm borate buffer). b) UV-vis absorption and c) fluorescence (exited at 360 nm) spectra of SEC elution fractions as
indicated in (a). d) TEM of Y657C MtrC~g-N-CD biohybrid, sample eluted at fraction 2. Arrows indicate 3 examples of electron density due to g-N-CD
and circles indicate approximate electron density due to MtrC. Samples prepared by approach 2. The SEC results for samples prepared by approach 1

are shown in Figure S12 (Supporting Information).

through (FT) and wash (W) fractions (Figure S14, Supporting
Information) confirm that the g-N-CD-mal, does not unspecif-
ically bind to the Strep—Tactin resin so that these particles can be
removed using standard washing step (Figure 6a, black trace).
However, UV-vis spectroscopy indicates that in the presence
of g-N-CDs, strep-tag MtrC binds less efficiently to the Strep—
Tactin resin and even after a 16 h incubation, some protein ap-
pears in the washing steps. Note that there is more MtrC lost in
the purification of the Y657C MtrC~g-N-CD biohybrid, sample

compared to the WT MtrC/g-N-CD-mal; control sample (Figure
S14, Supporting Information). We speculate that in the Y657C
MtrC~g-N-CD biohybrid sample, the close proximity of g-N-CD
to the C-terminal strep-tag interferes with the binding to the resin
(residue 657 is close to the C-terminus of MtrC of 671 amino
acids).

The elution (E) fractions were further characterized by UV-
vis absorbance spectroscopy and fluorescence emission spec-
troscopy. Compared to Y657C MtrC alone, the absorbance at

a) . b, Ncoma c) Native-PAGE
et ——g-N-CD-mal, 7 -N-LbL-maly . . . .
WT MrGlg N-CD-mal, —— WT MrClgN-CD-mal, Coomassie UV illumination
0.6. —— Y657C MIrC~g-N-CD biohybrid, 415000 — YESTG G- NECT bkl
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o | c
£ 04 3 8000
o (@]
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Figure 6. a) UV-vis absorption spectra and b) Fluorescence emission spectra of the strep tag column elution fractions. c) Native-PAGE images visualized
by Coomassie Blue (left) and under UV illumination (right). Lanes: 1. WT MtrC, 2. Y657C MtrC, 3. Elution fraction of WT MtrC/g-N-CD-mal, 4. Elution
fraction of Y657C MtrC~g-N-CD biohybrid,. The slowest migrating bands in the Y657C MtrC samples (Figure 6c, lane 2 and 4) are MtrC dimers. Samples
prepared by approach 1. pH 7.0, 20 mm MOPS, 30 mm Na,SO,, 21 °C.
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Figure 7. a) Fluorescence lifetime decay (circle) and fitting (solid line) curves, b) the shortest half-life time 7, of g-N-CD-mal,, Y657C MtrC/g-N-CD
(mixture without conjugation), WT MtrC/g-N-CD-mal; and Y657C MtrC~g-N-CD biohybrid,. **p-value = 0.008 (Data are the average of n = 3 datasets
and error bars show standard deviation). Samples prepared by approach 1. The results of samples prepared by approach 2 are shown in Figure S15
(Supporting Information). pH 7.0, 20 mm MOPS, 30 mm Na,SOy, 21 °C anaerobic, excitation at 375 nm with emission measured at 475 nm. Fitting

parameters are given in Table 1.

300 nm in the Y657C MtrC~g-N-CD biohybrid, elution sample
is higher, consistent with the presence of g-N-CDs and thus bio-
hybrid formation (Figure 6a). To a much lesser extent, UV—vis ab-
sorbance spectroscopy also indicates g-N-CDs in the WT MtrC/g-
N-CD-mal; control sample, again consistent with the Native-
PAGE result (Figure 4a,b), which indicates minor side reactions
between g-N-CD-mal, and lysines or the (reduced) disulfide bond
from WT MtrC and/or unspecific interaction between g-N-CD-
mal, and MtrC. The g-N-CD concentration was estimated using
the extinction coefficient of g-N-CD-mal; (1.25 x 10° m~! cm™,
details in the Experimental Section) and determined to be 106
+ 34% with respect to the concentration of the MtrC in the
Y657C MtrC~g-N-CD biohybrid, sample. The g-N-CD concen-
tration in the WT MtrC/g-N-CD-mal, control sample is 43 +
24% respect to that of MtrC. The fluorescence emission spec-
trum (Figure 6b) further confirms the presence of g-N-CD in
the samples and the fluorescence intensity of Y657C MtrC~g-N-
CD biohybrid, is higher than that of WT MtrC/g-N-CD-mal,, as
expected.

The elution fractions were also characterized by Native-PAGE
(Figure 6¢). The Y657C MtrC~g-N-CD biohybrid, (Figure 6¢, lane
4) appears as a broad fluorescent band below that of MtrC alone.
In the WT MtrC/g-N-CD-mal, control sample (Figure 6¢, lane 3)
two bands are visible under Coomassie Stain, the main unmod-
ified MtrC band and a lower minor band. Only the lower minor
band in the WT MtrC/g-N-CD-mal; shows fluorescence under
UV illumination and is again assigned to the side reaction cou-
pling g-N-CD-mal, to WT MtrC.

Therefore, although SEC was unable to separate biohybrids
from the Y657C MtrC and g-N-CD-maleimide reaction mixture,
strep-tag affinity chromatography is a convenient method to sep-
arate unreacted g-N-CD-maleimide from Y657C MtrC~g-N-CD
biohybrids.

2.5. Electron Transfer Study of MtrC~g-N-CD Biohybrid

The surface exposed cysteine of Y657C MtrC is located near the
terminus of the heme chain (at a distance of 4.6 A from sulfur
of the cysteine to the heme edge('®]). Thus, labeling of Y657C
MtrC with g-N-CD is expected to bring heme and g-N-CD into
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sufficient proximity to allow for energy/electron transfer follow-
ing excitation of the g-N-CD. This was explored by fluorescence
lifetime measurements and photoreduction of MtrC during con-
tinuous irradiation in the presence of a sacrificial electron donor.
The purified Y657C MtrC~g-N-CD biohybrids were used for the
electron transfer study (details are in the Experimental Section).

2.5.1. Fluorescence Lifetime

Energy/electron transfer between g-N-CD and MtrC in the bio-
hybrids was evaluated with fluorescence lifetime. The decays of
lifetime curves and fitting curves are shown in Figure 7a; and
Figure S15a (Supporting Information). The lifetime curves were
fitted with a 3-exponential decay and considered the instrument
response function (IRF). Two components of the exponential de-
cay account for 77-92% of the total signal in all the samples
and have relatively short lifetimes (7, and r,) (Table 1; and Table
S1, Supporting Information). The third component has a much
longer lifetime (z;) and accounts for the remaining signal inten-
sity (8-23%). The 7, in the Y657C MtrC~g-N-CD biohybrid sam-
ples becomes shorter than that of g-N-CD-maleimide (Figure 7b;
and Figure S15b and Table 1; and Table S1, Supporting Informa-
tion), indicating that in the Y657C MtrC~g-N-CD biohybrid, the
lifetime of g-N-CD is shorter due to either electron transfer or en-
ergy transfer between g-N-CD and Y657C MtrC.[?”] The lifetimes
of g-N-CD in the mixture of Y657C MtrC and g-N-CD (without
conjugation) and the WT MtrC/g-N-CD-maleimide control sam-
ple are not significantly affected, suggesting that only the specific
coupling at the Cys mutant site, close to the heme edge, shortens
the lifetime. If it is assumed that the shortening of fluorescence
lifetime in the Y657C MtrC~g-N-CD biohybrid sample is solely
due to electron transfer, and not for instance energy transfer, a
rate constant for charge separation can be calculated of about
0.30 x 10° s7! in the Y657C MtrC~g-N-CD biohybrid.

2.5.2. Cumulative Photoreduction
To obtain insight into the electron transfer properties within

the biohybrids, the ability of g-N-CD to photoreduce Y657C
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Table 1. Half-life time of g-N-CD-maly, Y657C MtrC/g-N-CD (mixture without conjugation), WT/g-N-CD-mal;, and Y657C MtrC~g-N-CD biohybrid,.
(Data are the average of n = 3 datasets and errors show standard deviation). Results for approach 2 are in Table S1 (Supporting Information).

7, [ns] Percentage 7, [ns] Percentage 73 [ns] Percentage
g-N-CD-mal, 0.82 +0.05 52.1+0.7 2.96 +0.18 403 +0.9 9.19 +0.61 7.6+038
Y657C MtrC/g-N-CD 0.80 +0.03 51.9+0.9 2.77 £ 0.06 413 +0.8 8.49 +0.17 6.8 +0.2
WT MtrC/g-N-CD-mal, 0.80 + 0.04 513+ 15 3.03 +£0.25 405+ 1.6 8.99 +0.48 8.1+03
Y657C MtrC~g-N-CD biohybrid, 0.66 + 0.03 51.8+ 1.0 2.84 +0.07 39.6 £ 06 8.87 +£0.25 8.6+05

MtrC was monitored by UV-vis spectroscopy during contin-
uous irradiation under anaerobic conditions using ethylene-
diaminetetraacetic acid (EDTA) as a sacrificial electron donor,
Figure 1d.['%** MtrC photoreduction is conveniently determined
by changes in absorbance of the Soret band. In the dark, the
protein is fully oxidized with all hemes in the Fe(III) state as
indicated by the maximum absorbance at 410 nm of the Soret
band (Figures S16 and S17, black trace, Supporting Informa-
tion). Fully reduced MtrC shows an intense Soret band with max-
imum absorbance at 420 nm (Figure S17, red traces, Supporting
Information). The WT MtrC with g-N-CD-mal, in situ mixture
(without preparation procedures for conjugation) shows a shift
of the Soret band from 410 to 420 nm with irradiation (Figure
S16, Supporting Information), indicating that reduction takes
place when there is no covalent binding, consistent with previ-
ous reports.[1?¢1%] This also shows that the g-N-CD-maleimide
can still transfer electron to MtrC after maleimide modification.
The time course of the photoreduction (Figure 8) shows that
Y657C MtrC~g-N-CD biohybrids are almost fully reduced after
60 min irradiation. In the first 60 min, the photoreduction ef-
ficiency is higher in the Y657C MtrC~g-N-CD biohybrid sample

Y657C MtrC~g-N-CD biohybrid,, no EDTA, light
—@—Y657C MtrC~g-N-CD biohybrid,, EDTA, dark
—8—Y657C MtrC, EDTA, light

1209 o wr MtrC/g-N-CD-mal,, EDTA, light
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©
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Figure 8. Time course changes under different conditions for Y657C MtrC,
WT MtrC/g-N-CD-mal;, and Y657C MtrC~g-N-CD biohybrid,, percentage
of reduced MtrC defined by optical absorbance spectroscopy (Data are the
average of n = 3 datasets and error show standard deviation for the WT
MtrC/g-N-CD-mal; and Y657C MtrC~g-N-CD biohybrid, with illumination
in the presence of EDTA). 500 mm EDTA in anaerobic pH 8.5, 20 mm Tris,
100 mm NaCl. Samples prepared by approach 1. The results of samples
prepared by approach 2 are shown in Figure S16 (Supporting Information).
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than that of the control sample WT MtrC/g-N-CD-mal, (prepared
with the conjugation procedure). There is no significant reduc-
tion of MtrC observed without EDTA, light or g-N-CD for the
Y657C MtrC samples (Figure 8).

Thus, photoreduction of MtrC by the covalently coupled g-N-
CD was achieved in the Y657C MtrC~g-N-CD biohybrid. The
cumulative photoreduction of the MtrC occurs on the timescale
of tens of minutes even though the fluorescence lifetime of the
Y657C MtrC~g-N-CD biohybrid suggests that the electron trans-
fer from g-N-CD to MtrC, i.e., charge separation, is much faster.
A similar behavior was previously observed for Y657C MtrC la-
beled with a Ru(II)(2,2’-bipyridine), dye on the 657 cysteine po-
sition (RuMe-MtrC). Cumulative photoreduction of RuMe-MtrC
in the presence of a sacrificial electron donor took about 1 h,!*¢"]
despite a fast charge separation rate (kog &~ 100 X 10° s71) de-
termined by time-resolved photoluminescence spectroscopy and
transient absorbance spectroscopy.[*®!] For RuMe-MtrC these ob-
servations were reconciled by noting that cumulative photoreduc-
tion requires that the hole of the photosensitiser in the charge
separated state is filled by oxidation of the sacrificial electron
donor before charge recombination (kcp = 301 x 10° s~1)!18a] re.
turns the system to its ground state (Figure S18, Supporting In-
formation). It is thus likely that for the MtrC~g-N-CD biohybrid
a fast charge recombination outcompetes the EDTA oxidation,
thus explaining the cumulative photoreduction rates reported
here.

3. Conclusions

We have developed a biohybrid by covalently modifying cys-
teine containing proteins with maleimide-modified g-N-CDs.
The surface modification of g-N-CD with maleimide deriva-
tives was achieved by two synthetic approaches, either carbodi-
imide chemistry or acyl chloride activation. The successful for-
mation of the MtrC~g-N-CD biohybrids was supported by SDS-
PAGE and Native-PAGE, with some unspecific reaction between
MtrC and g-N-CD-maleimide as shown with WT MtrC. No sig-
nificant difference was observed between MtrC~g-N-CD biohy-
brids prepared with the two synthetic approaches, even though
acyl chloride activation could potentially lead to a higher cover-
age of maleimide. We also do not observe a significant differ-
ence in life-time fluorescence, suggesting the different linkers
(ethyl vs phenyl) do not affect the particles nor their interaction
with MtrC. Both approaches are straightforward and can be ap-
plied to assess the labeling of other proteins and enzymes with
CDs.

Although the reaction between maleimide-modified g-N-
CDs and cysteines is simple and efficient, purification of the
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biohybrids requires special attention. Size exclusion chromatog-
raphy appears challenging due to electrostatic interactions
between g-N-CDs and proteins and unspecific interactions
between g-N-CDs and the chromatography resin. Affinity chro-
matography such as strep-tag affinity chromatography provides
good results and the biohybrids were purified with almost all free
g-N-CDs removed. UV-vis spectroscopy, fluorescence emission
spectroscopy, and Native-PAGE were used to confirm the forma-
tion and purification of Y657C MtrC~g-N-CD biohybrids. The
fluorescence lifetime is shorter for the biohybrids due to either
electron transfer or energy transfer after conjugation. Moreover,
photoreduction studies monitored by UV-vis spectroscopy show
the reduction of the MtrC heme groups from Fe(III) to Fe(II)
under light irradiation in the presence of EDTA as sacrificial
electron donor. This observation supports electron transfer from
g-N-CD to the MtrC within the biohybrid, demonstrating that
covalent biohybrids between carbon dots and redox proteins can
support photoinduced electron transfer. Using g-N-CDs as the
light-absorber will lead to a more sustainable system due to its
tunable structure, low cost, and biocompatibility.

MtrC~g-N-CD biohybrids could find a potential application in
various reaction systems, such as liposomal microreactors for
photocatalysis. For instance, we have recently shown an exam-
ple of microreactors with encapsulated N,O reductase for the
photochemical reduction of N,0.[') Moreover, MtrC~g-N-CD
biohybrids can potentially be applied in whole cells of S. onei-
densis MR-1. Previous (noncovalent) biohybrids of S. oneiden-
sis MR-1 have shown biophotocatalysis for, for instance, hydro-
gen production.['?d] Another example shows S. oneidensis MR-1
respiring on hydrocarbons that acted as electron donor to sup-
ply electrons for photocatalytic hydrogen evolution outside the
cells.[?8] In the future, we envision that MtrC~g-N-CD biohybrids
can be reassembled into whole S. oneidensis MR-1 to drive organic
synthesis inside the cell with fuel production (e.g., CO, reduc-
tion) outside the bacterium, where the covalently linked MtrC~g-
N-CD biohybrid provides a well-defined transmembrane electron
transfer pathway to efficiently drive the whole-cell biocatalyst.

4. Experimental Section

Materials and Reagents: Reagents and solvents were purchased
from commercial sources and used as received unless otherwise
stated: deuterium oxide (Sigma-Aldrich, 99.9 atom % D), deuter-
ated methanol (Sigma-Aldrich, 99.9 atom % D), ethanol (VWR
Chemicals), 2-propanol (Honeywell), diethylether (Sigma-Aldrich,
HPLC grade), dichloromethane (Sigma-Aldrich, HPLC grade), ace-
tonitrile (Fischer Scientific,c, HPLC grade), ethyl acetate (Sigma-
Aldrich, HPLC grade), sulfuric acid (Fisher Chemical, >95%), hy-
drochloric acid (Sigma-Aldrich, >95%), thionyl chloride (Sigma-
Aldrich, reagent grade, 97%), tris(hydroxymethyl)aminomethane
(Tris, Sigma-Aldrich), tris(2-carboxyethyl)phosphine (TCEP, Sigma-
Aldrich), 1-(2-aminoethyl)maleimide hydrochloride (Sigma-Aldrich),
4-(1-aminophenyl)ymaleimide (TCl Chemicals, >93.0%), (1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride) (EDC, Thermo
Fisher), Albumin Bovine Fraction V (BSA, Melford), 2-mercaptoethanol
(Sigma-Aldrich), 4-morpholineethanesulfonic acid (MES, Sigma-Aldrich),
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich). Sodium formate
(Sigma-Aldrich, >99.0%) was dried before use. Millipore water (18.2 MQ
cm at 25 °C) was used throughout this work. Solvents used for synthesis
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such as tetrahydrofuran (THF), triethylamine (Et;N), dimethylformamide
(DMF), and dichloromethane (DCM) were distilled on sodium (THF) or
calcium hydride (Et;N, DMF, and DCM) before use.

Characterization: 'H Nuclear magnetic resonance (NMR) spectra
were recorded on the following Bruker spectrometers: a 400 MHz Avance
111 (BBO Probe), a 500 MHz AV Il (BBO Smart Probe), an Avance 500 TCI
Cryoprobe (TCl and ATM cryoprobe) or a Bruker AV-111-HD-850 spectrom-
eter under standard conditions (298 K) unless otherwise indicated. All 'H
chemical shifts are reported in ppm and have been internally calibrated to
H,O or the residual protons of the deuterated solvent. The '*C chemical
shifts have been internally calibrated to the carbon atoms of the deuter-
ated solvent. UV-visible spectroscopy was carried out on a Agilent Gary
60 Spectrophotometer or a Portable Ocean Optics UV-vis using quartz cu-
vettes with 1cm path length. Infrared spectra were obtained with a Thermo
Scientific Nicolet iS50 FT-IR spectrometer or PerkinElmer Spectrum Two
FT-IR Spectrometer. Fluorescence Emission spectra were recorded using a
spectrofluorometer (FS5 Spectrofluorometer, Edinburgh Instrument or a
PicoQuant FluoTime 300) at the indicated excitation wavelengths in a cu-
vette with a 1 cm path length. Fluorescence lifetime measurements were
taken with excitation wavelength at 375 or 360 nm and emission wave-
length at 475 nm. Transmission electron microscopy (TEM) images were
collected using a Thermo Scientific (FEI) Talos F200X G2 TEM operating
at 200 kV. TEM images were acquired using a Ceta 16 M CMOS camera.
Samples were prepared by applying 5 ulL of the suspended sample in an
aqueous solution onto continuous carbon 300 mesh Cu grids that were
negative glow discharged using a Quorum Technologies GloQube.

MirC Protein Expression and Purification: WT and Y657C MtrC, lack-
ing the lipid attachment site of wild-type MtrC and carrying a C-terminal
Strep Il affinity tag, were obtained following a previously reported
procedurel60:182.22] and directly used. Briefly, proteins were produced by
Shewanella oneidensis MR-1 after expression from the corresponding gene
inserted into a pBAD202/D-TOPO vector. Purification from the spent me-
dia was by high-capacity Strep-Tactin XT Superflow column (5 mL, IBA
Solutions for Life Sciences).

Synthesis of g-N-CD and g-N-CD-Maleimide: ~N-doped graphitic carbon
dots (g-N-CDs) were synthesized by pyrolysis of L-aspartic acid at 320 °C
for 100 h according to previously published procedures.[?°]

The g-N-CD-mal, (approach 1) was synthesized by carbodiimide chem-
istry. g-N-CD (10 mg mL™') was mixed with 1-(2-aminoethylymaleimide
hydrochloride (10 mm) in pH 5.5, 100 mm MES buffer. After addition of
EDC to an end concentration of 20 mm, the mixture was incubated for 2 h
at 21 °Cin the dark. Excess 1-(2-aminoethyl)maleimide hydrochloride and
EDC was removed by NAP-5 desalting column (Cytiva) (equilibration and
elution bufferis pH 7.0, 20 mm MOPS, 30 mm Na,SO,). The reaction mix-
ture sample (0.1 mL) was loaded in each column and buffer (0.4 mL) was
added. 0.5 mL of the eluent was collected which contains g-N-CD-mal;.
For ATR FT-IR and "H NMR spectroscopy, the g-N-CD and g-N-CD-mal,
were eluted with Milli-Q H,O instead of buffer (NAP-5 desalting column
was equilibrated with Milli-Q H,0), followed by freeze drying. The extinc-
tion coefficient of g-N-CD-mal; was calculated based on the slope of ab-
sorbance at 300 nm using a serial dilution of a g-N-CD-mal; solution with
known concentration.

The g-N-CD-mal, (approach 2) was synthesized by thionyl chloride
activation of g-N-CD surface followed by amide bond formation with a
maleimide derivative. g-N-CD-COCI was prepared in a similar manner as
previously reported for amorphous carbon dotsl>8] by refluxing g-N-CD
(250.0 mg) in neat thionyl chloride (12 mL) at 80 °C under an N, atmo-
sphere for 2 h. Thionyl chloride was removed under reduced pressure,
and the resulting g-N-CD-COCI was dissolved in dry THF (5 mL) and fil-
tered. The solvent was evaporated under high vacuum at 40 °C to yield acyl
chloride capped g-N-CDs (204.5 mg, 82% yield). Then a dichloromethane
(anhydrous) solution (10 mL) containing CD-COCI (204.5 mg) was added
dropwise at 0 °C to a solution of 4-(1-aminophenyl)maleimide (1.0 mg,
9.1 mmol) and Et;N (1 mL, 36 eq.) in dichloromethane (8 mL). The yel-
lowish solution was left stirring 2 days at room temperature. The solvent
was removed under reduced pressure, redispersed in dichloromethane,
washed with aqueous HCI (1 m) and then neutralized to pH 7. Elemental
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analysis found: C, 34.79%; H, 5.51%; N, 7.41%, whereas for the initial g-
N-CD-CO,H was C, 39.46%; H, 2.36%; N, 13.43%.

Synthesis of Protein~g-N-CD Biohybrids: The proteins (BSA or MtrC,
the concentration of BSA was calculated using a molecular weight of
66.5 kDa and the concentration of MtrC was calculated using an extinc-
tion coefficient of 1326 mm~' cm™! at 410 nm) were first reduced by
adding 10-15 fold TCEP and incubated for 20-30 min at 21 °C in ei-
ther pH 7.0, 20 mm MOPS, 30 mm Na,SO, or pH 7.0, 20 mm Tris,
100 mm NaCl. TCEP and its oxidation product were separated from the
reduced protein by centrifugal filtration in spin concentrators (30 kDa
cut-off). Labeling proteins with g-N-CD-mal, was performed in pH 7.0,
20 mm MOPS, 30 mm Na,SO, buffer. The reduced protein (10 um) was
added into a solution containing g-N-CD-mal; at volume ratio of 1:1
(molar ratio is around 1:10) and the samples were incubated at 21 °C
for 3 h under dark. Labeling of the proteins with g-N-CD-mal, was per-
formed in pH 7.3, 20 mm Tris-HCl buffer, 100 mm NaCl. The reduced
proteins (~40um) were added to about 10-fold molar excess of g-N-CD-
mal, and then incubated in a bacterial shaker overnight at 50 rpm and
18 °C. The bioconjugate reaction crude was buffer exchanged by centrifu-
gal filtration in spin concentrators (30 kDa cut-off) to pH 8.0, 20 mm
borate buffer for further purification by SEC and frozen at —80 °C until
used.

Purification of Protein~g-N-CD Biohybrids: ~ Size exclusion chromatog-
raphy was performed on an AKTA pure with either a Superdex 200 Increase
10/300 GL prepacked column (Cytiva) or Superdex 200 increase 3.2/300
prepacked column (Cytiva). The columns were equilibrated with either pH
8.0, 20 mM borate buffer (to partially suppress CD-matrix interaction facil-
itating the purification in the case of protein~g-N-CD biohybrid,) or with
pH 7.4, 20 mm MOPS, 30 mm Na,SO, (in the case of protein~g-N-CD
biohybrid;) (2 column volumes). The reaction mixtures (up to 0.5 mL for
Superdex 200 Increase 10/300 GL or 40 pL for the Superdex 200 Increase
3.2/300) were injected to the column via a loop. The column was eluted
at the manufacturers recommended flow rate. The purified samples were
used for electron transfer study (fluorescence lifetime and photoreduc-
tion).

Affinity chromatography of reaction mixtures was performed with
Strep-Tactin XT 4Flow resin (IBA Lifesciences). 500 uL Y657C MtrC~g-
N-CD biohybrid; or WT MtrC/g-N-CD-mal; sample (5 pm MtrC) was
diluted into 1.5 mL (pH 7.0, 20 mm MOPS, 30 mm Na,SO,4) and then
mixed with 0.5 mL bed volume resin. The mixture was rotated for 16 h at
4 °C and poured into an empty column the next day. The flow through,
washing (10 column volumes) and elution fraction (1.5 column volumes)
were collected. The washing buffer is pH 8.0, 100 mm Tris-Cl, 150 mm
NaCl, 1 mm EDTA. The elution buffer is 50 mm biotin in washing buffer.
The elution fraction was buffer exchanged into pH 7.0, 20 mm MOPS,
30 mm Na,SO, buffer by centrifugal filtration in spin concentrators
(30 kDa cut-off). The purified samples were used for electron transfer
study (fluorescence lifetime and photoreduction).

Photoreduction of Biohybrids: The photoreduction experiments were
performed in a MBraun glovebox (O, < 1 ppm) at 20 °C with 500 mm
EDTA (pH 8.5, 20 mm Tris-HCl, 100 mm NacCl) as the sacrificial electron
donor. The samples were irradiated by a cold light source holding a 150 W
(15 V) halogen lamp (OSRAM) with a fiber optic arm (Kriiss KL5125) or
with a LED (8.75 W, A = 385 nm). The samples were in a quartz cuvette
and placed 2 cm from the light source when irradiated. The light intensity
at the sample under these conditions was ~450 + 40 mW cm~2 at 400 nm
for the halogen lamp irradiation and 5.1 + 0.1 W cm~2 at 385 nm. After
the desired irradiation time, the absorbance spectrum was taken. After ir-
radiation for 2 h, additional dithionite was added to fully reduce MtrC. The
absorbance at 420 nm of the fully reduced MtrC was used as 100% re-
duction to determine the reduced percentage at the different illumination
times.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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