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Broadening the Scope of the Flavin-Tag Method by
Improving Flavin Incorporation and Incorporating Flavin

Analogs

Yapei Tong,” Marnix R. Loonstra,”” and Marco W. Fraaije*"

Methods for facile site-selective modifications of proteins are in
high demand. We have recently shown that a flavin transferase
can be used for site-specific covalent attachment of a chromo-
and fluorogenic flavin (FMN) to any targeted protein. Although
this Flavin-tag method resulted in efficient labeling of proteins
in vitro, labelling in E. coli cells resulted in partial flavin
incorporation. It was also restricted in the type of installed label
with only one type of flavin, FMN, being incorporated. Here, we

Introduction

Site-specific protein labeling plays a core role in investigating
protein function at molecular level. Site-specific protein labeling
is, essentially, artificially modifying proteins at the post-transla-
tional stage by covalent attachment of a chromo- or fluoro-
phore. In recent years, enzymatically catalyzed protein modifica-
tions have become popular as they provide a versatile platform
for efficient bioconjugation methods that only require mild
reaction conditions while being extremely specific and attaining
a high modification efficiency."™ Many of these methods are
based on the coupling action of an enzyme on a specific
peptide, coined “tag”. Exemplary methods include biotin ligase
(AP tag),” transglutaminase (Q tag),® sortase A lipoic acid
ligase (LAP tag),” phosphopantetheinyl transferase (ACP or PCP
tags),” E2 small ubiquitin-like modifier-conjugating enzyme
Ubc9 (LACE tag)," and flavin transferase (Flavin-tag).""

We have recently introduced the Flavin-tag method."" This
protein labeling method is based on the covalent enzymatic
tethering of flavin mononucleotide (FMN) to a threonine
residue of a short target peptide through a phosphate ester
bond (Scheme 1). This covalent flavinylation is catalyzed by the
flavin transferase from V. cholerae (ApbE).'*'¥ This method-
ology, applicable to both invitro and invivo settings, only
requires a flavin transferase as labelling enzyme, FAD as label
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report on an extension of the Flavin-tag method that addresses
previous limitations. We demonstrate that co-expression of FAD
synthetase improves the flavin incorporation efficiency, allow-
ing complete flavin-labeling of a target protein in E. coli cells.
Furthermore, we have found that various flavin derivatives and
even a nicotinamide can be covalently attached to a target
protein, rendering this method even more versatile and
valuable.

@@= FAD AMP

flavin
transferase

Scheme 1. The Flavin-tag method: a specific threonine-containing sequence
is recognized by flavin transferase (ApbE) for covalent flavin attachment
(threonyl-FMN) at the expense of FAD."")

precursor, and a tagged target protein and can be performed
under mild conditions. Nevertheless, the described Flavin-tag
method had some limitations. In particular, the relatively low
incorporation of FMN in the recombinant target protein in
living cells could limit the application in bioorthogonal systems.
Improvement of the Flavin-tag method can significantly expand
the application of this labeling method. Motivated by a desire
to enhance the flavinylation efficiency of recombinant proteins
in Escherichia coli cells, we set out to improve the incorporation
efficiency, as well as to diversify the label scope of the Flavin-
tag method.

Covalent tethering of FMN by action of a flavin transferase
relies on FAD as substrate. In cells, the flavin cofactor FAD is
synthesized in a two-step process from riboflavin. First, FMN is
formed from riboflavin by action of a flavokinase. FMN is further
converted into FAD by FMN adenylyltransferase activity (Fig-
ure 1)." Some bifunctional FAD synthetases possess both
activities.""'"® To boost the intracellular level of FAD, we have
explored the use of the bifunctional and well-studied FAD
synthetase from Corynebacterium ammoniagenes (FADS). FADS
is an efficient enzyme in producing FAD from its riboflavin
precursor and also accepts riboflavin derivatives for the
chemical synthesis of FAD analogs."®'® Except for its use in vivo
to promote incorporation of FMN on the Flavin-tag, we also
used FADS as biocatalyst to prepare FAD derivatives. Specifi-

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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compound R, R, R, to be produced in soluble form in E. coli BL21-Al (Figure S2A).
(1) 5-deazariboflavin c -CH, -CH, First, we assessed the flavinylation of maltose binding protein
(2) roseoflavin N -CH, N(CHs), (MBP) equipped with a N- or C-terminal Flavin-tag (MBP-NF1
(3) 7,8-dichlororiboflavin N cl cl and MBP-CF1, respectively). MBP-NF1 and MBP-CF1 were co-
(4) 7-methyl-8-ethylflavin N expressed with FADS and ApbE. The resulting recombinant MBP
(5) 7-ethyl-8-methylflavin N was purified as yellow protein fraction and analyzed by mass

_OH
HO. o
~oH ATP ADP
Ry~ _N_N_O — 2
* CI X FAD
Ry R, \WNH synthetase
o

riboflavin derivatives

FAD derivatives

Figure 1. Enzymatic conversion of riboflavin (derivatives) into FMN/FAD
(derivatives). Overview of modifications in the isoalloxazine moiety of the
flavins used in this study. FADS was used for converting 5-deazariboflavin
(1), roseoflavin (2), 7,8-dichlororiboflavin (3), 7-methyl-8-ethylflavin (4), and
7-ethyl-8-methylflavin (5) into the corresponding FAD derivatives.

cally, FADS was found to be able to convert all tested riboflavin
analogs into their corresponding FAD derivatives (Figure 1).
These FAD derivatives could subsequently be used as unnatural
substrates of the flavin transferase ApbE, resulting in the
covalent modification of Flavin-tagged target proteins with the
corresponding unnatural FMN analogs.

Results and Discussion
Boosting flavinylation by co-expressing FADS and ApbE

In our previous paper, where the Flavin-tag method was first
described, we demonstrated that FMN could be incorporated in
Flavin-tagged proteins in E. coli cells! However, flavin
incorporation was far from complete reaching at most 45%
flavinylation using optimal conditions. As part of our efforts to
create a more effective flavinylation system for the site-specific
labeling of recombinant proteins in E. coli, we explored
approaches to boost the efficiency of flavinylation. First, we
tested whether addition of riboflavin in the medium would
improve the amount of flavinylated protein. Adding up to
120 mg/L riboflavin to the TB medium did not lead to a
significant increase in FMN incorporation (Figure S1). We
speculated that low levels of FAD in E. coli might be the limiting
factor for the flavinylation of recombinant Flavin-tagged
proteins. It has been shown that FADS can increase the
productivity of FAD from riboflavin in C. ammoniagenes cells."®
We hypothesized that overexpressing FADS in E. coli would
result in a higher intracellular level of FAD. ApbE could take
advantage of the overproduced FAD to flavinylate Flavin-
tagged recombinant proteins. To test our hypothesis, the genes
encoding for full-length FADS (amino acids 1-338, 36.8 kDa)
and truncated ApbE (amino acids 19-334, 35.1 kDa)"'? were
cloned into a standard pRSF-Duet-1 vector. Upon induction of
heterologous protein co-expression, both enzymes were found
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spectrometry. Gratifyingly, for both MBP variants, ESI-MS
analysis revealed only peaks corresponding to the FMN-
modified proteins. Proteins without a flavin attached were not
detected. This revealed that full modification of MPB-NF1/CF1
occurred invivo when expressing at 30°C (Figure 2A and
Figure S3). Similar results were obtained when expressing the
MPB variants at 24°C and 37 °C. Only when expressing at 17°C
flavin incorporation was incomplete (Figure 2A). The low
expression level of ApbE and FADS at 17°C may be the main
reason for the decreased flavinylation of the target protein
(Figure S2B).

To further confirm that the combination of ApbE and FADS
could generate a 100% FMN-incorporation of recombinant
proteins in E. coli, additional experiments were carried out with
two other proteins: ADH and SUMO, carrying N-terminal and C-
terminal Flavin-tags. ADH is an engineered thermostable
alcohol dehydrogenase from Candida magnoliae DSMZ 70638
(ADH).”® Previously, Flavin-tagged versions of this ADH were
analyzed and found to have similar enzyme activity."" The
SUMO protein is structurally related to ubiquitin and known to
be well-expressed as recombinant protein. All four Flavin-
tagged proteins were found to be fully flavinylated when the
cells were grown at 30°C for 24 h (Figure 2B). These results
nicely demonstrate that co-expressing FADS indeed boosts
flavin incorporation of Flavin-tagged proteins. Furthermore, the
results demonstrated that fully modified target proteins can be
obtained in E. coli by which in vitro reactions can be avoided,
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Figure 2. The flavinylation efficiency in E. coli cells. (A) The effect of
expression temperature on FMN incorporation efficiency in E. coli using MBP
as target protein. (B) Flavinylation efficiency of Flavin-tagged ADH and
SUMO in E. coli. N=N-terminal tag, C=C-terminal tag, F1-tag =GVDGLS-
GATLTS.
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saving time and resources needed for purification of target
proteins and the required flavin transferase.

Synthesis of FAD derivatives

A covalently attached FMN, tethered via a Flavin-tag, exhibits
attractive features such as being a chromophore (intense yellow
color) and fluorescent. Still, it would be attractive when the
Flavin-tag can be used to label proteins with other probes,
which alternative spectral features. Therefore, we explored the
use of FAD derivatives as substrate for the flavin transferase,
AbpE. Total synthesis of FAD derivatives is not really feasible as
it is a rather complex molecule. As the ADP part should not be
changed, we focused on the riboflavin moiety of FAD. Synthesis
procedures for various riboflavin derivatives have been reported
in literature.* Previous studies have shown that FAD
synthetase exhibits a broad specificity for riboflavin substrates.
For example, lamurri et al. demonstrated that a truncated C-
terminal RFK domain from FADS could convert 7,8-dichlororibo-
flavin, 8-aminoriboflavin, and 5-deazariboflavin to their corre-
sponding FMN derivatives."” Hence, we set out to investigate
the ability of full-length recombinant FADS to convert riboflavin
derivatives into their corresponding FAD analogs. For this, we
selected five riboflavin analogs (5-deazariboflavin (1), roseo-
flavin (2), 7,8-dichlororiboflavin (3), 7-methyl-8-ethylflavin (4),
and 7-ethyl-8-methylflavin (5)) whether FADS could convert
these flavins into the corresponding FAD derivatives (Figure 1).
We found that all riboflavin analogs were accepted by FADS for
the synthesis of the respective FAD derivatives (Figure S4).
Incubating each riboflavin analog (100 uM) with 15 uM FADS
resulted in the complete conversion within 16 h at 25°C
(Figure S5). The products were purified and isolated from the
reaction mixture by reverse-phase liquid chromatography

followed by freeze-drying. The purified compounds show the
expected flavin absorption spectra (Figure S6). To further
confirm that the products are the expected FAD derivatives, the
purified compounds were analyzed by the negative-ion mass
spectrometry. The observed molecular weights were in perfect
agreement with the calculated molecular weights of the FAD
form of the riboflavin analogs (Figure S7). This demonstrates
that FADS can successfully synthesize such FAD derivatives
from the corresponding riboflavin precursors.

Synthesis and analysis of FMN derivatives-modified MBP

Encouraged by the successful synthesis of the FAD derivatives
using FADS, we further examined their utility as site-specific
chromogenic and fluorescent probes for recombinant proteins
carrying a Flavin-tag. We used FAD derivatives to modify MBP.
MBP variants with an N-terminal or C-terminal Flavin-tag (MBP-
NF1/CF1) were expressed, purified and subsequently used in
in vitro flavinylation reactions. It was found that all five FAD
derivatives were substrates of ApbE and the respective FMN
moieties were efficiently attached to the Flavin-tags of MBP.
Fully modified protein was observed when a 60 uM solution of
MBP-NF1/CF1 was treated with 1 mM FAD or a FAD derivative
and 20 pM ApbE for 4 hours, in 50 mM Tris-HCl (pH 8.0)
containing 10 mM Mg?". The modified MBP was purified using
Ni?* affinity chromatography and was analyzed by ESI-MS
(Figure 3). The MBP variants displayed different colors due to
the different spectral features of the attached flavins. For
example, roseo-FMN modified MBP had a clear red color.
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Figure 3. Electrospray ionization mass analysis of MBP-NF1 (a-g) and MBP-CF1 (h-n) that were modified with different FMN derivatives. The control shows the
mass of the purified MBP without treatment, while the rest of the panels show the mass of the protein after incubation with FAD derivatives and ApbE. The
mass difference corresponds to the mass of FMN derivatives. N=N-terminal tag, C=C-terminal tag, F1-tag =GVDGLSGATLTS.
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The influence of FAD derivatives and tag location on in vitro
coupling efficiency

Next, the modification efficiency of different FAD derivatives
with Flavin-tagged MBP was investigated. To determine the
efficiency of flavinylation, we monitored the covalent incorpo-
ration of FMN derivatives over time (Table 1 and Figure S8).
Reactions were initiated by adding ApbE (1.0 mg/mL) to the
reaction mixtures containing 1.0 mM FAD derivative, 10 mM
Mg?", and 3.0 mg/mL Flavin-tagged MBP. Samples were taken
at distinct time intervals and analyzed by in-gel fluorescence.
All the FAD derivatives were tested for the flavin incorporation
with the Flavin-tag at the C- or N-terminus of MBP. The
efficiency of covalent flavinylation of MBP-NF1 was somewhat
higher compared to the C-terminal variant (t,,, of 0.02-0.46 h vs.
0.09-1.47 h, respectively) (Table 1), indicating that the Flavin-tag
located at the N-terminus is more prone to flavinylation.
Surprisingly, ApbE displays a similar incorporation efficiency
with all tested FAD derivatives and is, therefore, capable of
incorporating all tested FMN derivatives to the Flavin-tag. The
differences in the isoalloxazine moiety of these FAD derivatives
only slightly affect the reaction rate. The crystal structure of
ApbE (PDB:6NXI) explains the broad substrate scope. Inspection
of the active site of ApbE reveals that the FAD binding pocket is
composed of two subpockets: an adenosine binding pocket
and an isoalloxazine binding pocket (Figure S9). The bound
adenosine moiety is located in the inside of the overall FAD
binding pocket, and is stabilized by hydrogen bonds formed
with the main chain carbonyl oxygens of residues 1259, A110
and interactions with the side chains of residues D112 and 1259
(Figure S9B)." Binding is further stabilized by a hydrogen bond
that is formed between the side chain of the catalytic residue
H257 and the 3-OH of the ribose moiety (Figure S9B). The
bound isoalloxazine part is relatively exposed, and seems to be
mainly bound in the binding pocket through m-mt interactions
with residue Y69. The binding of FAD derivatives, as well as the
positioning of the catalytic histidine H257 do not seem to be
influenced by substitutions on the isoalloxazine ring. A
subsequent substrate acceptance test further supported our
analysis. We tested whether ApbE could also use NADH as
substrate, which also contains an ADP moiety but has a
nicotinamide riboside moiety instead of a riboflavin moiety
when compared with FAD. Intriguingly, ApbE was also able to

Table 1. The influence of FAD derivatives and tag location on rate of
flavinylation (t.,).”

FAD NF1 [t,, , h] CF1 It , h]
derivative

FAD 0.11 £0.01 0.42 £0.06
5-deaza-FAD 0.04 £+0.01 0.14 £0.02
roseo-FAD 0.03 £0.01 0.08 £0.01
7,8-dichloro-FAD 0.10 £0.02 0.29 £0.03
7-methyl-8-ethyl-FAD 0.46 +£0.04 147 £0.19
7-ethyl-8-methyl-FAD 0.02 +0.004 0.09 £0.01

[a] The reactions were performed in 50 mM Tris-HCI buffer, pH 8.0 and at
fixed concentrations of reactants and enzyme: 1.0 mM FAD derivative,
10 mM Mg**, 3.0 mg/mL MBP and 1.0 mg/mL ApbE.
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covalently modify Flavin-tagged MBP with NADH, incorporating
nicotinamide mononucleotide (NMN). Except for the typical
absorbance at 340 nm of the attached NMN, mass spectrometry
of the protein also confirmed the expected mass of the target
protein with a tethered NMN (Figure S10).

Determination of physicochemical properties of modified
MBP by FMN derivatives

To gain a better insight into the spectral properties of MBP
equipped with different flavins, we measured their absorption
spectra (Figure 4A). This revealed that all modified MBP variants
displayed features identical to those of the corresponding FMN
derivatives free in solution. The FMN derivatives had been
prepared using the engineered riboflavin kinase from C
ammoniagenes (CaRFK) and the respective riboflavin derivatives
(Figures S11 and S12).

To determine the fluorescence quantum yields (®;) of MBP-
NF1 variants, we monitored the fluorescence at a specific
excitation wavelength, which was based on the maximum
absorption wavelength of the FMN derivative-modified MBP-
NF1 variants. The @; of flavin-modified MBP was calculated by
comparing the integrated fluorescence intensity of the MBP
variant with that of fluorescein, which was used as a reference

(A) control

S-tdeazaFMN-MBP-NF1
roseoFMN-MBP-NF1
7.8-dichloro-FMN-MBP-NF1
7-methyl-8-ethyl-FMN-MBP-NF1
7-ethyl-8-methyl-FMN-MBP-NF1

FMN-MBP-NF1

0.2

ERRRRN

= 5-deazaFMN-MBP-NF1

= 4000 — roseoFMN-MBP-NF1
= —— 7,B-dichloro-FMN-MBP-NF1
2 3000 —— 7-methyl-B-ethyl-FMN-MBP-NF1
.g —— T-ethyl-8-methyl-FMN-MBP-NF1
S ——  FMN-MBP-NF1
o
c 2000
1]
o
7]
£ 1000+
[=]
=
L

0 T T —

400 450 500 550 600 650
wavelength [nm]

Figure 4. Spectral properties of MBPs containing different FMN derivatives.
(A) UV/Vis absorption spectra of flavin-labelled MBP-NF1 variants. (B)
Emission spectra of flavin-MBP-NF1 variants were obtained by exciting the
samples at an excitation wavelength based on the maximum absorption of
these FMN derivatives and measuring fluorescence emission spectra (410-
700 nm).
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Table 2. Fluorescence and redox properties of FMN derivatives and MBP-NF1 labeled with these FMN derivatives.

FMN derivative Quantum yield hex [NM] Aem [NM] E,, [mV]

free/bound® free/bound free/bound free/bound™
FMN 0.21/0.09 450/446 536/536 —207/-221+9
5-deaza-FMN 0.85/0.38 400/400 458/458 < —325/< —-325
roseo-FMN 0.003/0.001 510/520 536/536 —225+4+20/-236+1
7-methyl-8-ethyl-FMN 0.23/0.07 447/446 533/533 —208+1/—-205+7
7-ethyl-8-methyl-FMN 0.19/0.08 447/446 534/534 —223+11/-213+12
7,8-dichloro-FMN 0.05/0.03 444/445 533/533 —102+£2/-924+2

[a] Standard deviations of two independent measurements was below 10%. [b] The reactions were carried out in 50 mM phosphate (pH 7.0) buffer,
containing 400 uM xanthine, 5 uM benzyl viologen, 50 mM glucose, 5 ng/mL catalase, 50 ug/mL glucose oxidase. Standard deviation of two independent

measurements is given.

standard (®;=0.91)."> All the flavin-modified MBP variants
exhibited fluorescence with excitation and emission wave-
lengths similar to the flavins free in solution (Figure 4B,
Figure S12B, and Table 2). However, the ®; of flavin-labeled
MBP was consistently lower (25-50%) than the fluorescence
quantum vyields of the flavins when free in solution. We
speculate that the decrease in fluorescence of the covalently
attached flavins is due to quenching by the protein micro-
environment. The quantum yield of FMN ($;_0.21) is in good
agreement with the previously reported value (d;_0.22).2"
Similar fluorescence quantum yields as those for FMN (®;=
0.21) were determined for 7-ethyl-8-methyl-FMN (®;=0.19) and
for 7-methyl-8-ethyl-FMN (®;=0.23). A significantly larger
quantum yield, ®;=0.85, was found for 5-deaza-FMN. This
shows that incorporation of 5-deazaflavin using the Flavin-tag
results in a highly fluorescent protein. A poor fluorescence
signal was detected for roseo-FMN, in agreement with the
known literature on this natural flavin derivative.?**

Determination of the redox potential of FMN derivatives and
FMN derivatives-labeled MBP

Flavin analogs with substituents in the 5, 7, and 8 positions are
also valuable for systematically altering the redox potential (E,,)
of the cofactor.”?® Although the studied FMN derivatives are
very similar to that of FMN, their redox properties are
modulated by the substitution. Hence, the redox potentials of
the free FMN derivatives and FMN-labeled MBP were deter-
mined at pH 7 using the method described by Massey which
involves the use of reference redox dyes.” =" As shown in
Table 2, the redox potentials of FMN, roseo-FMN, 7-methyl-8-
ethyl-FMN, and 7-ethyl-8-methyl-FMN are in the same range
(from —207 to —225mV). 7,8-Dichloro-FMN displayed the
highest E,, (=102 mV) while 5-deaza-FMN displays the lowest
redox potential (below —325 mV) (Table 2 and Figure S13). The
E., values of the flavins attached to MBP are very similar to the
corresponding free FMN derivatives. The results show that the
flavin-attachment does hardly affect the redox properties of the
flavin moiety.

ChemBioChem 2022, 23, 202200144 (5 of 8)

Conclusion

In summary, we have improved the efficiency of the Flavin-tag
protein labeling method. For boosting flavin labeling in E. coli,
the co-expression of FADS (resulting in higher intracellular FAD
levels) leads to complete labeling of Flavin-tagged recombinant
proteins. Flavin labeling was demonstrated using several
structurally and functionally distinct proteins (MBP, ADH, and
SUMO). Complete flavinylation could be achieved with having
the Flavin-tag at the C- or N-terminus. Thus, fully flavin-labeled
protein can be easily obtained in living cells by increasing the
FAD synthetic capability of the host. It is worth noting that we
have previously demonstrated that the Flavin tag method can
also be used to attach a flavin in a loop region of a target
protein."" Thus, the Flavin-tag method is not restricted to the
N- or C-terminus of a protein.

As an extension to the Flavin-tag method, we have
established that also flavin derivatives can be attached to
recombinant proteins using the small Flavin-tag peptide and
the flavin transferase, ApbE. In previous work, only FAD was
used to label Flavin-tagged proteins with a covalently attached
FMN." In this work, we enzymatically synthesized several FAD
derivatives, with substituents in the isoalloxazine moiety, and
demonstrated that these are accepted as substrates by ApbE as
well. The resulting flavinylated proteins, depending on the type
of flavin, exhibit highly different absorbance, fluorescence and
redox properties (Scheme 2). For example, recombinant pro-
teins can now be equipped with a stably bound roseoflavin
label, which results in a bright red-colored protein. Alternatively,
the use of 5-deaza-FAD results in a highly fluorescent 5-deaza-
FMN-containing protein. Intriguingly, we have discovered that
even NADH can be used for incorporation a covalently tethered
nicotinamide moiety to a target protein. This extension in
possibilities of labeling Flavin-tagged proteins will further
expand the application of the Flavin-tag method as an efficient
protein labeling method.

Experimental Section

Chemicals and strains: Ni Sepharose™ 6 fast flow was purchased
from GE Healthcare. T4 ligase and the restriction enzyme Bsal were
purchased from New England Biolabs. E. coli NEB 10-beta and
BL21(DE3) (NEB, Ipswich, MA, USA) strains were used as the host for

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Scheme 2. Flavin-tag labeling allow installing different chromo- and fluoro-
phores, including flavin (yellow), roseoflavin (red), 5-deazaflavin (fluorescent),
and nicotinamide.

cloning and protein expression. Roseoflavin was ordered from
Toronto Research Chemicals. 5-Deazariboflavin was chemically
synthesized using a previously published protocol (Figure S14).%?
All other chemicals were ordered from Sigma-Aldrich.

Plasmid construction: The E. coli codon-optimized mbp gene with
N-terminus and C-terminus Flavin-tag (F1: GVDGLSGATLTS) were
synthesized by Twist Bioscience. MBP constructs carrying N-terminal
or C-terminal Flavin-tags were cloned into a pBAD—N-His6x vector
using the Golden Gate method.®? The genes apbe and FADS were
cloned into multiple cloning site 1 (MCS-1; Hind Ill and Ncol) and
MCS-2 (Ndel and Pac 1) of pRSF-Duet-1, respectively. The plasmids
were isolated and sent for sequencing (GATC, Germany) to confirm
the correct ligation of the genes. All the protein sequences, primers,
and vectors used for this work are shown in Tables S1-S3.

Expression and purification: The recombinant strain E. coli NEB 10-
beta, carrying the apbe or mbp gene, was incubated at 24°C for
24 h in 200 mL TB medium containing 50 pg/mL ampicillin. L-
arabinose was added (0.02% w/v) when the ODgy, was around 1.0.
Cells were harvested by centrifugation (6,000 rpm, 20 minutes, 4 °C,
Beckman-Coulter centrifuge), and the pellet was resuspended in
lysis buffer (50 mM Tris-HCI buffer, pH 8) containing 100 mM MgCl,,
1 pg/mL DNase, and 0.1 mM phenylmethylsulfonyl fluoride. Cells
were lysed by ultrasonic treatment, and the extract was cleared by
centrifugation (12,000 rpm, 30 minutes, 4°C). The His6x-tagged
proteins were purified using 4 mL HisTrap Ni-Sepharose HP
columns (GE Healthcare Lifesciences, USA) and desalted with a
HiPrep 26/10 Desalting column (GE Healthcare Lifesciences), using
50 mM Tris-HCI buffer, pH 8. Enzyme aliquots were frozen using
liquid nitrogen and stored at —80°C until further use. The enzyme
concentration was determined by measuring the absorbance at
280 nm and using the extinction coefficient of 32,890 M~'cm™’
(ApbE) and 66,350 M"'cm™" (MBP) (calculated based on protein
sequence using Expasy server).

For the overexpression of bifunctional FAD synthetase from C.
ammoniagenes (FADS, NCBI#: D37967.1) and the riboflavin kinase
(CaRFK), which was composed of the C-terminal kinase domain of
the FAD synthetase from C. ammoniagenes, E. coli NEB10 beta cells
were transformed with the pBAD-NHis-FADS plasmid or pBAD-
NHis-CaRFK and grown in 200 mL TB medium containing 50 pug/mL
ampicillin at 24°C for 24 h. The expression was induced by adding
0.02% L-arabinose at an ODg, of 0.8-1.0. The purification of FADS
and CaRFK was carried out the same method as that of ApbE and
MBP. Purity was checked with SDS-PAGE analysis, and protein
concentrations were measured by measuring the absorbance at
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280 nm and using the extinction coefficient of 28,420 M 'cm™'

(FADS) and 14,440 M~'em™' (CaRFK) (calculated based on protein
sequence using Expasy server).

For the co-expression of ApbE with MBP, ADH, and SUMO, E. coli
BL21 (Al) cells were transformed with the plasmid carrying the apbe
gene and the plasmids carrying mbp, adh, or sumo gene. The cells
were grown in 30 mL TB medium containing 50 pg/mL kanamycin
and ampicillin. The expression was induced by adding 0.5 mM IPTG
and 0.02% L-arabinose at an ODy, of 0.8-1.0. Expression continued
overnight at 37°C, at 30°C and 24°C for 24 hours, and 17°C for
48 hours. Cells were harvested by centrifugation and purified as
described above for ApbE. The purified protein concentration was
measured by using Pierce™ Rapid Gold BCA Protein Assay Kit
(Thermoscientific). The samples were diluted to 1 uM before
carrying out the mass spectrometry experiment for the binding
efficiency analysis.

Size exclusion chromatography: SUMO was cleaved from SUMO-
ApbE by adding SUMO protease at 4°C overnight. Then samples
were used for gel filtration analysis on an AKTA purifier (GE
Healthcare Lifesciences, USA). Samples were applied to a Superdex
200 increase 10/300 GL column (GE Healthcare Lifesciences, USA).
The column was equilibrated with 50 mM Tris-HCI (pH 8) buffer
containing 200 mM NacCl.

HPLC analysis: High-performance liquid chromatography (HPLC)
was used to monitor the enzymatic synthesis of the FAD and FMN
derivatives. Samples were taken after 16 h to check the conversion
of flavin analogs. The HPLC method was described in previous
work."®*¥ Briefly, 100 uL reaction mixture were quenched with 30
uL 100% formic acid (FA), followed by incubation on ice for 5 min.
Then, the samples were spun down at 13,000 g at 4°C for 5 min to
remove the denatured enzyme and were neutralized with 20 pL
1.6 mM NaOH. The supernatant (100 uL) was used for HPLC analysis
(JASCO, UV-2075 Plus). Samples were separated on a C18 (Gemini’
5um C18 110 A, LC Column 250x4.6 mm) column by applying a
linear gradient of 50 MM ammonium acetate pH 6.0 with 5%
acetonitrile (solvent A) and 100% acetonitrile (solvent B). Roseo-
FAD/FMN/flavin at: t=0 min/100:0 (A:B), t=20 min/75:30 (A:B),
t=30min/5:95 (A:B), t=35min/5:95 (A:B), t=40min/75:30
(A:B), t=45 min/100:0 (A:B). The separation was monitored over
time at 510 nm for roseo-FAD/FMN/flavin. 7,8-Dichloro-FAD/FMN/
flavin,  7-methyl-8-ethyl-FAD/FMN/flavin,  7-ethyl-8-methyl-FAD/
FMN/flavin, 5-deaza-FAD/FMN/flavin, at: t=0 min/100:0 (A:B), t=
16 min/80:20 (A:B), t=19 min/5:95 (A:B), t=22 min/5:95 (A:B),
t=26 min/95:5 (A:B), t=28 min/100:0 (A:B). The separation was
monitored over time at 400 nm for 5-deaza-FAD/FMN/flavin, and
450 nm for others.

Chemoenzymatic synthesis of FAD and FMN derivatives: The FAD
and FMN derivatives were synthesized by FADS using riboflavin
analogs. FADS (15 uM) or CaRFK (10 pM) was added to the reaction
mixtures containing 100 uM flavin analogs in 50 mM Tris-HCl, pH 8,
15 mM MgCl,, 3 mM ATP. The reaction mixtures with a total volume
of 50 mL were incubated at 25°C for 16 h. The reaction mixtures
were first analyzed by HPLC to determine whether the reaction was
complete. The fully converted reaction mixture was spun down at
12,000 g (Centrifuge 5920 R, Eppendorf) for 20 minutes, then the
supernatant was applied to a Reveleris C18-WP Flash cartridge
column. FAD derivatives were eluted with 5% ethanol in deionized
water, and as described above, purity was verified by HPLC, as
described above. The product was concentrated by freeze-drying.
FAD and FMN derivatives were either kept at —20°C for long-term
storage or at 4°C for short-term storage. The formation of FAD
derivatives and FMN derivatives was confirmed by LCMS.
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Fluorescence analysis of in vitro flavinylation efficiency: ApbE
catalyzes the flavin transfer to its target proteins, using FAD as
substrate, producing AMP. Flavinylation of the target protein can
be measured by SDS-PAGE followed by exposure of gels to UV
light. By this method, the fluorescence of FMN can be measured,
offering a relatively simple and reliable method to detect covalently
bound flavin. Standard in vitro flavinylation"*** was performed in
50 mM Tris-HCI buffer at pH 8, containing 1 mM FAD derivatives,
10 mM MgCl,, target protein (3 mg/mL) and ApbE (1 mg/mL). The
reactions were typically carried out by incubation at 30°C. To
monitor flavinylation in time, the in vitro reaction was initiated by
adding ApbE, samples were taken at distinct time points and were
immediately quenched by adding 4x SDS-PAGE loading buffer. The
samples were subsequently applied to a 12% polyacrylamide gel,
and the in-gel fluorescent bands were detected using the imaging
system (FUJIFILM-LAS-3000). After that, the gels were stained with
InstantBlue.

Purification and identification of modified target protein from
in vitro reaction mixture: Based on the in-gel fluorescence analysis
result, the final reaction mixture was applied to 0.5 mL HisTrap Ni-
Sepharose HP columns (GE Healthcare Lifesciences, USA) and
desalted by the buffer exchange (50 mM Tris-HCI buffer pH 8) with
a 10 kDa Amicon® Ultra 0.5 mL Centrifugal Filters. The purified
samples were used for the ESI-MS analyses to identify the final
modified proteins.

ESI-MS analysis: Electrospray lonization Mass spectrometry (ESI-MS)
was used to verify successfully synthesized FAD derivatives, FMN
derivatives, and FMN derivatives modified MBP. The measurements
were performed using the ACQUITY UPLC H-Class System (Waters)
coupled to a Xevo' G2 quadrupole/time-of-flight (QToF) mass
spectrometer (Waters) equipped with a PDA detector.

ESI-MS analysis of modified proteins: The eluent system employed
was a combination of solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetonitrile) at a flow rate of 0.3 mL/
min. Protein samples were separated on an Acquity BEH C4 (150 %
2.1 mm, 1.7 um, Waters) column operated at 40°C. Protein samples
were diluted to 1 uM prior to analysis. The sample injection volume
was 3 pL. Protein was eluted using solvents A and B as the mobile
phase, using the following gradient: linear from 5 to 70% B (v/v)
from 0-10 min, 70 to 95% B from 10-11 min, kept at 95% B from
11-13 min, returning to 20% B in 2 min, re-equilibration to 5% B
from 15-20 min. Mass spectra were obtained in the ESI-positive ion
mode. Obtained charge density spectra were deconvoluted using
the MagTran software. The mass spectra images were generated
using the software MagTran. The concentration of modified MBP-
NF1 was measured by using the extinction coefficient of these FMN
derivatives"?*3 (Table S4).

ESI-MS analysis of FMN and FAD derivatives: Adduct formation
was analyzed using an Acquity UPLC" BEH C18 (50% 2.1 mm, 1.7 um,
Waters) column. The mobile phase consisted of solvent A (0.1%
NH,Cl in water) and solvent B (0.1% NH,Cl in acetonitrile).
Compounds were eluted at a flow rate of 0.3 mL/min. The analysis
was performed by injecting 3 pL of FMN and FAD derivatives
solutions (300 uM). The gradient varied linearly from 1 to 99% B (v/
v) from 0-10.5 min, kept at 95% B from 10.5-11 min, returning to
1% B in 1 min, re-equilibration to 1% B from 12-15 min. The mass
spectrometer detected negative ions over the mass range m/z 300-
1,000. Chromatograms were also recorded at a wavelength of
510 nm (roseo-FMN/FAD) or 400 nm (5-deaza-FMN/FAD) or 450 nm
(7,8-dichloro-FMN/FAD, 7-methyl-8-ethyl-FMN/FAD, and 7-ethyl-8-
methyl-FMN/FAD).

Fluorescence quantum yield analysis: For quantum yield (dy)
measurements, FMN derivatives, MBP modified with FMN deriva-
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tives, and fluorescein (as a reference standard) were diluted in PBS
pH 7.4 and 0.1 M NaOH buffer, respectively. Fluorescence spectra of
individual samples were recorded by exciting the sample at the
maximum absorbance wavelength as shown in Table 2, using a
JASCO FP-8300 spectrofluorometer and measuring the fluorescence
emission in the range of 410-700 nm. The integrated fluorescence
intensity was calculated from the fluorescence spectra. The formula
(1) was used to calculate the fluorescence quantum yield:

F (fr\ (1’
- (A :

of unknown samples, where F is the integrated intensity (areas), f, is
an absorption factor (f,=1-10"", where A=absorbance <0.1), n is
the refractive index (RI) of the solvent (PBS pH 7.4 or 0.1 M NaOH),
and @f is the quantum vyield of the reference fluorophore
fluorescein (@f =0.91).57%

Redox potential determination: The reductive titration of FMN
derivatives and FMN derivatives modified MBP-NF1 variants were
performed spectroscopically according to the xanthine/xanthine
oxidase electron delivering system as described by Massey.”*" The
reaction was performed in 50 mM potassium phosphate, pH 7.0, at
25°C containing 5pM benzyl viologen as a mediator, 50 mM
glucose, 5pg/mL catalase, 50 ug/mL glucose oxidase, 400 uM
xanthine, and xanthine oxidase in catalytic amounts. Anaerobic
conditions were established with argon layered upon the top of the
cuvette for 10 min. The spectra were collected for 60 min.
Anthraquinone-2-sulfonate (AQS) (E,=—225 mV), Neutral Red (E,=
—325 mV), and Nile Blue (E,__117 mV) were used as dyes for redox
potential determination. The E,, values of FMN derivatives and
modified MBP were determined using the Nernst equation.”
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