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ABSTRACT: Enzyme-catalyzed reactions often rely on a noncovalently bound
cofactor whose reactivity is tuned by its immediate environment. Flavin
cofactors, the most versatile catalyst encountered in biology, are often
maintained within the protein throughout numbers of complex ionic and
aromatic interactions. Here, we have investigated the role of 7— stacking and
hydrogen bond interactions between a tyrosine and the isoalloxazine moiety of
the flavin adenine dinucleotide (FAD) in an FAD-dependent RNA
methyltransferase. Combining several static and time-resolved spectroscopies %,
as well as biochemical approaches, we showed that aromatic stacking is assisted
by a hydrogen bond between the phenol group and the amide of an adjacent
active site loop. A mechanism of recognition and binding of the redox cofactoris =,

proposed.

any biological reactions are catalyzed by cofactor-

dependent enzymes. For this purpose, these enzymes
have to recognize their specific cofactor, bind it, and finally
stabilize it within the catalytic site in a proper orientation for
catalysis. Besides metal ions, a number of small organic
biomolecules are used as cofactors. Flavins such as flavin
mononucleotide (FMN) and flavin adenine dinucleotide
(FAD) are the most versatile organic cofactors in living cells.
The large chemical diversity of flavin-dependent reactions
encompasses dehydrogenation, oxidation, monooxygenation,
halogenation, reduction of disulfides and various types of
double bond, and sensing processes (e.g., light and redox
status).'~® Over the past several years, there have been exciting
developments in the field of flavoenzymology, with the
discovery of new flavoenzymes that are unexpectedly implicated
in biological processes such as protein folding, apoptosis, axon
guidance, chromatin remodeling, and nucleotide biosyn-
thesis.”'® The wide range of processes catalyzed by
flavoenzymes makes them promising leads for chemical
synthetic catalysts.11 In this context, it is crucial to better
understand the molecular basis for such versatility and in
particular the link between flavin reactivity and its binding
mode. Flavin binds to the enzyme’s active site mostly through
noncovalent interactions. Among them, aromatic stacking
interactions are particularly important because they provide
an efficient method of molecular recognition and allow fine
modulation of the redox reactivity of the flavin."'™*® Crystal
structures of several flavoenzymes have revealed that stacking
often involves an aromatic residue of the protein (such as
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phenylalanine, tyrosine side chains) and the isoalloxazine ring
of the flavin.'”™** FMN-containing flavodoxins, for example,
have been exquisite models for investigating the reversible
association between the protein and FMN because they are
small, abundant, stable proteins and the cofactor interacts
noncovalently throughout ionic and aromatic interactions.>*~>¢
Furthermore, FMN is less complex than FAD, which has an
additional $’-adenosine monophosphate (5’-AMP) moiety
(Figure 1A). Nevertheless, the mechanism of FMN recognition
and binding by the apoprotein remains partly unclear. Indeed,
the pathway(s) by which the FMN cofactor binds to the
apoprotein has been the subject of several debates. Notably,
there has been some disagreement regarding the location of the
initial interaction between the FMN and the apoprotein as well
as the degree of conformational change associated with this
interaction.”” ~>* The situation is even more unclear in the case
of FAD, while it is the flavin cofactor most employed by
flavoenzymes. We have recently characterized the complex
chemical mechanism of an FAD-dependent RNA methyltrans-
ferase (TrmFO) that catalyzes the formation of S-methylur-
idine at position 54 in tRNAs.**™>” The enzyme transfers a
methylene moiety from the initial carbon donor, the
methylenetetrahydrofolate (CH,THF), to the nucleophilic N°
atom of the fully reduced FADH™ forming a highly reactive
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Figure 1. (A) Chemical structure of FAD and its constituting moieties. (B) Sequence alignment of the N-terminal regions of TrmFO and
TrmFOgg. The flavoproteins are classified by a consensus sequence containing the amino acid side implicated in the binding of the ribose
diphosphate of FAD. The consensus sequence of the TrmFO family is delimited by a blue box and is shared by the glutathione reductase. The
sequence and the boundaries of TrmFOr1 and TrmFOgg ASL are delimited by the red box. (C) Electrostatic surface (+5 kT/e, red for negative and
blue for positive) of the TrmFOyp; FAD binding site. The FAD molecule is represented as yellow sticks. The S-ADP of the FAD moiety is
completely wrapped by the N-terminal region of the ASL, whereas the isoalloxazine is stacked against the phenol group of the conserved Y343
(green). The OH group of the side chain of Y346 is poised 3.2 A from the NH amide of the conserved CS1 (red).

iminium intermediate.***” The activated methylene is sub-
sequently transferred to the tRNA, and the electrons stored in
FADH™ serve to reduce the exocyclic methylene into a methyl
group. The ability of FAD to cycle between several redox and
alkylated forms is unique in flavoenzymology, and this reactivity
must be finely tuned by its protein environment. The crystal
structure of TrmFO from Thermus thermophilus (TrmFOrr)
allowed the identification of several important amino acids in
the immediate proximity of FAD.”® The adenosine, pyrophos-
phate, and ribityl moieties of FAD make extensive interactions
with the NH amide group of several amino acids within the
consensus sequence (Figure 1B). The si face of the
isoalloxazine ring is held by the side chains of extremely
conserved cysteine S1 (CS1) and tyrosine 343 (Y343) residues
through van der Waals interactions, while the re face is
accessible to the solvent for catalysis (Figure 1C). Y343 is
engaged in a 7—7 stacking interaction with the pyrimidine
moiety of the isoalloxazine, and its amide group establishes a
hydrogen bond with the O2 atom of the flavin ring. Moreover,
its hydroxyl group makes a hydrogen bond with the NH amide
group of CS1 located in a long flexible active site loop (ASL)
lining along the isoalloxazine edge and covering the ADP
moiety of FAD (Figure 1C). Under these circumstances, we
thought that this particular residue deserved a more detailed
characterization. For the study reported here, we choose
TrmFO from Bacillus subtilis (TrmFOyg) in which the cysteine
and tyrosine residues corresponding to C51 and Y343 are
located at positions 53 (C53) and 346 (Y346), respectively.
Our results establish that the hydrogen bond between the
hydroxyl of Y346 and the amide chain of the important C53
allows the productive 77—z aromatic interaction. We also
propose for the first time a mechanism of recognition and
binding of the FAD redox cofactor by the apoprotein likely
shared by most noncovalent FAD-containing proteins.
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B MATERIALS AND METHODS

Protein Preparations. Wild-type holo-TrmFOgg was
expressed and purified as previously described.> Y346A and
Y346F mutants were prepared by site-directed mutagenesis
using the QuikChange site-directed mutagenesis kit (Strata-
gene). The mutants were expressed and purified as described
for the wild-type enzyme. Briefly, the C-terminally His-tagged
Y346 mutants were expressed in Escherichia coli BL21(DE3) in
LB medium. The cells were grown in the dark at 37 °C until the
ODgy was 0.6 and then induced with 0.5 mM isopropyl 1-thio-
p-p-galactopyranoside (IPTG). After overnight incubation at 29
°C, the cells were harvested by centrifugation at 3000g for 15
min at 4 °C and the resulting pellets were resuspended in 50
mM sodium phosphate (pH 8), 300 mM NaCl, and 20 mM
imidazole (buffer A) containing 20 uL of Protein Inhibitor
Cocktail (PIC, Sigma) and S mM f-mercaptoethanol. The cells
were lysed by sonication, and the lysate was centrifuged at
3000g for 40 min. The supernatants were subsequently loaded
at 4 °C onto a 5 mL Ni*’NTA agarose affinity column
(Qiagen) pre-equilibrated with buffer A. After being washed
with § column volumes of buffer A, the mutants were eluted
with buffer A containing 250 mM imidazole. The proteins were
further purified on a HighLoad 16/60 Superdex 200 column
equilibrated in 50 mM sodium phosphate (pH 8) and 150 mM
NaCl. The fractions containing the Y346 mutant were pooled,
and their purity was judged by SDS—PAGE. The protein
concentration was determined by the Bradford method. After
purification, all the proteins were concentrated and stored in 50
mM sodium phosphate (pH 8), 150 mM NaCl, and 20% (v/v)
glycerol and stored at —80 °C. If necessary, the buffer was
exchanged on a PD10 column (GE healthcare). The amount of
purified protein obtained from 1 L of LB was estimated to be
~30 and 15 mg for Y346A and Y346F mutants, respectively.
The quality of the protein mutants was checked by analytical
gel filtration on a Superdex 200 10/300 GL instrument (GE
healthcare) and by dynamic light scattering using a Zetasier
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Nano-ZSP (Malvern). Both techniques indicated that the
samples were homogeneous and that both Y346A and Y346F
variants were purified as stable monomers. For preparation of
wild-type apoprotein, holo-TrmFO (30 mg/mL) in 3 mL was
dialyzed for 9 days against six changes of 500 mL of 2 M KBr in
50 mM sodium phosphate (pH 9) containing 300 uM EDTA
and S mM DTT. The protein aggregates were removed by
centrifugation at 10000g and 4 °C for 15 min. The supernatant
containing ~1 mg of protein was recovered and exchanged with
50 mM sodium phosphate (pH 8), 150 mM NaCl, and 20% (v/
v) glycerol on a PD10 column. Because we noticed that
freezing the apoprotein impeded FAD binding, the protein was
always used just after its preparation.

Gel Shift Assay. Protein—tRNA complexes with holo-
TrmFO, Y346A TrmFO, and Y346F TrmFO were recon-
stituted in vitro by mixing 10 M bulk tRNA purified form
Bacillus subtilis strain BFS2838 carrying inactivated the
gidQerm® gene with increasing amounts of protein (from 4 to
136 uM) in S0 mM N-(2-hydroxyethyl)piperazine-N-2-
ethanesulfonic acid-Na buffer (HEPES-Na, Sigma) (pH 7.5),
100 mM ammonium sulfate, 100 yuM EDTA, 25 mM
mercaptoethanol (Promega), and 20% glycerol (buffer A) to
a final volume of 20 yL. Bulk tRNAs of B. subtilis BFS2838
were obtained essentially as described previously,** except that
the tRNA deacylation step was omitted. The samples were
incubated for 20 min at 25 °C, and then 1% bromophenol blue
was added to the mixture. The samples were loaded on native
gel acrylamide/Bis (37.5:1), and electrophoresis was conducted
for 2 h at 4 °C and 100 V. RNAs were colored with a 0.1%
toluidine solution.

Test of Methylation of tRNA. The kinetics of formation of
mSUS4 by TrmFO was determined as described previously
using an E. coli [@-**P]JUTP-labeled tRNA™P transcript.** 3¢
The reaction was started by the addition of 0.2 uM holo-
TrmFO or freshly purified Y346 mutants. The reaction was
stopped at different incubation times by the addition of phenol.
After extraction of the radioactive transcript, the tRNA was
subjected to nuclease P1 (Roche), which generated 5'-
nucleoside monophosphates. The various hydrolysates were
then analyzed by two-dimensional thin-layer chromatography
on cellulose plates (Machery Nagel). The amount of m°U
formed per tRNA molecule was determined by measuring the
radioactivity in the TLC spots using a Phosphorlmager screen
and quantification with ImageQuant.

Probing the Ability of TrmFOgs To Form a Covalent
Complex with 5-FU MiniRNA. The 5-FU mini-RNA used
was $'P-GGUCCGGGCGGG(S-FU)UCGAGUCCCGUCC-
GGACC-OH3’ (Thermo Fisher Scientific Dharmacon) and
corresponds to nucleotides 1—7 and 50—72 of B. subtilis
tRNA™P, The same mini-RNA without the 5-F had been shown
to be a substrate of TrmFOpg.”° The lyophilized mini-RNA was
dissolved in RNase free water to a final concentration of 1 mM.
Prior to being mixed with the protein, the 5-FU-containing
mini-RNA was refolded by being heated at 80 °C for 5 min and
then cooled on ice for 2 min. To probe the formation of a
covalent TrmFOgg—RNA complex, the holoprotein, Y346A
mutant, or Y346F mutant at a final concentration of ~30 yuM
was incubated at 37 °C for 40 min with a 2-fold molar excess of
5-FU mini-RNA in buffer A. The covalent RNA—enzyme
complex was visualized on a 12% SDS—PAGE gel stained with
Coomassie blue.

Fluorescence Assay. The emission fluorescence spectra of
FAD alone and in complex with the proteins were recorded in a
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quartz cuvette at room temperature on a Cary eclipse
fluorescence spectrophotometer (Varian). The excitation and
emission slits were set at 5 and 10 nm, respectively. After
excitation at 450 nm, the fluorescence emission was recorded
every nanometer from 460 to 700 nm. The resulting spectra
were corrected from the contribution of the buffer [SO mM
sodium phosphate (pH 8.0)]. In all experiments, the
concentration of FAD was 2 or 5 M while that of proteins
was varied. Before the spectra were recorded, protein and FAD
were incubated for S min to reach the equilibrium. The
dissociation constant (Kj) of the protein—FAD complex was
determined by fitting the fluorescence emission at 525 nm to eq
1 as previously described:>"

F=FE

end

Ce— (G + Ky + Cp) = (G + Ky + Cp)* — 4C,Cp
2

+ F

(1)
where F represents the fluorescence emission intensity at 530
nm after each addition, F,,4 is the remaining emission intensity
at the end of the titration, F; is the difference in emission
intensity between 1 uM free FAD and 1 yM flavodoxin, C, is
the total protein concentration after each addition (apo +
holo), Ky is the dissociation constant of the apoprotein—FAD
complex in micromolar, and Cg is the starting concentration of
flavin.

The kinetics of FAD replacement from the apoprotein—FAD
complex by ADP were measured by the fluorescence emission
of flavin at 520 nm. Briefly, FAD (2 uM) was incubated with
wild-type apoprotein or mutants (~10 uM) for S min. Then,
the FAD replacement started after the addition of ADP (2

With notations of A (apoTrmFO), B (ADP), and C (FAD),
and considering A and B in excess relative to C to treat the
association as a pseudo-first-order reaction, the overall rate (1)
for the replacement reaction depends on both the individual
association and dissociation rates:

A= (ko Ko, **[B])/ (Ko, “*[B] + k,,"“[C]) if [B] > [C]

Therefore, the observed replacement rate is 4 ~ k.

Stopped-Flow Kinetics. The binding kinetics of FAD were
performed on a TGK Scientific SF-61DX2 stopped-flow
fluorescence spectrophotometer equipped with a temperature-
controlled circulating water bath. FAD (1 uM) was rapidly
mixed with various protein concentrations. All reactions were
performed in reaction buffer [SO mM sodium phosphate (pH
8.0)] at 20 °C. FAD fluorescence was recorded by exciting at
450 nm and collected through a GG-45S nm cutoff filter. Up to
three transients were collected and averaged for each condition.
The background signal was determined against buffer to allow
data scaling. The observed rates (k,,) were determined by
fitting the averaged transients to a single-exponential equation
(eq 2) using SigmaPlot 12.

AF = A exp(—ky,t) )

Circular Dichroism and Thermal Stability. Circular
dichroism spectra were recorded with a Chirascan-plus CD
spectrometer (Applied Photophysics). The protein samples
were in S mM phosphate buffer (pH 7.5). The far-ultraviolet
spectra (190—260 nm) were measured in quartz cells with an
optical path length of of 0.5 or 4 mm and represent an average
of four accumulations. Spectra were acquired at a resolution of
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1 nm, with time per points set to 1 s and a bandwidth of 1 nm.
All spectra were corrected for the buffer baseline. The proteins
were subjected to the thermal melting profile by monitoring the
changes in circular dichroism spectra from 195 to 250 nm. For
thermal unfolding curves from 25 to 70 °C, samples were
continuously scanned at a rate of 0.5 °C min~". The bandwidth
was set to 1 nm, and the time per points was set to 0.7 s. The
protein samples were in S mM sodium phosphate buffer (pH
7.5) in a 4/10 mm quartz cuvette. The thermal denaturation
curves were analyzed with a simple two-state model for folded
(N) and unfolded (U) protein: curves for the circular
dichroism signal (Y,,) as a function of temperature (T) were
fitted using a nonlinear least-squares analysis to the following
equation (eq 3):

Yy + myT + (Yy + myT) expl:MR{m(% - %)]
AH, (1 1
1+exp[ R (;—?m>]
Q)

Y;’bs -
where Yy, represents the observed circular dichroism signal, Yy
and Yy are the spectral parameters of the native (with slope
my) and denatured (with slope my) forms, respectively, T is
the temperature, R is the gas constant (8.314 J K™ mol™),
AH,, is the apparent van’t Hoff enthalpy, and T, is the
apparent temperature of transition (i.e,, 50% of the protein is in
the native state).

Fluorescence Measurements under High Pressure.
High-pressure experiments were conducted using a S mm X 5
mm quartz cuvette contained within a high-pressure cell and
surrounded by a copper jacket for temperature control. The
sample compartments of the SLM 8000 spectrofluorometer
were modified to accept the high-pressure system, which has
four sapphire windows for both transmission and 90°
fluorescence studies.*' The tryptophans of TrmFOyg protein
at a final concentration of ~35 uM were excited at 295 nm (8
nm slits), and the emission was monitored from 310 to 450 nm
(4 nm slits). No photobleaching was observed under our
experimental conditions. Following each pressure increment,
the enzyme was allowed to equilibrate for at least S min before
fluorescence emission was recorded. The standard volume
change during unfolding, AV®, at temperature T was
determined from the simulation of the equation AV’ =
[0AG’(p)/dp]y, where AG(p) is the standard Gibbs free
energy change at pressure p, determined from the equilibrium
constant for a two-state transition model, AG’(p) = —RT In K
= —RT In[(Fy — F,)/(F, — Fp)], where F, is the fluorescence
intensity at pressure p and Fy and Fj are the asymptotic
intensity values of the native and denatured states, respectively.
The standard Gibbs free energy change at 0.1 MPa is obtained
according to the equation AG® = lim AG’(p) when p — 0.1
MPa. The half-transition pressure (P;,) is given by the
equation P, = —AG’/AV°.

Limited Proteolysis and Mass Spectrometry Analysis.
The mild trypsinolysis was conducted with 3.5 g of TrmFOgg
(~4 uM) with a 1/200 mass ratio of trypsin (pancreatic bovine;
Sigma) for different times at room temperature in 20 uL of 50
mM HEPES (pH 7.5) containing 100 mM ammonium acetate,
200 yuM EDTA, 1 mM mercaptoethanol, and 20% glycerol. The
proteolysis reactions were stopped by the addition of the serine
protease inhibitor 4-(2-aminoethyl)-benzenesulfonyl fluoride
(Perfabloc SC, Euromedex) at a final concentration of 0.5 mM
and heated in loading buffer for 2 min at 90 °C. For the

4357

experiments in the presence of FAD, the wild-type apoprotein
or the Y346A or Y346F mutant (~4 yuM) was incubated with
40 uM FAD for 15 min prior to trypsin treatment. Digested
protein (7.5 pg) was loaded on a 12% SDS—polyacrylamide gel
and analyzed by Coomassie blue staining. Bands corresponding
to TrmFO proteins were excised and subjected to enzymatic
digestion. Briefly, protein bands were excised and extensively
washed with CH;CN and 25 mM NHHCO;. The excised
bands were treated with 100 yL of 10 mM DTT at 57 °C for 30
min. The DTT was removed, and 100 uL of 55 mM
iodoacetamide was added for cysteine carbamidomethylation.
The reaction was allowed to proceed at room temperature for
30 min. After removal of the supernatant, the gel slices were
washed again with CH;CN and 25 mM NH,HCO; and dried.
We added 20 pL of 10 ng/uL Asp-N (Roche) diluted in 25
mM NH,HCO;, and the mixture was incubated overnight at
room temperature. Peptides were extracted in 60% acetonitrile
and 0.1% (v/v) formic acid, and 0.5 pL was mixed with an
equal volume of a-cyano-4-hydroxycinnamic acid [10 mg/mL,
50% CH;CN (Sigma-Aldrich)]. Crystals were obtained using
the dried droplet method, and AspN-generated peptide
mixtures were analyzed by MALDI-TOF-TOF 5800 (ABSciex).
Survey scans were performed using delayed extraction (390 ns)
in reflector mode for a total of 15000 shots. Peak lists were
processed and analyzed with ProteinPilot software (ABSciex),
using the MASCOT algorithm. The search parameters were as
follows: TrmFOygg sequence, digest reagent Asp-N (cleavage at
the N-terminus of D/E) or semitrypsin, cysteine carbamido-
methylation, and oxidation (methionine and tryptophan) were
considered a complete and variable modification, and the
peptide mass tolerance was set at 10 ppm.

B RESULTS AND DISCUSSION

A molecular model of TrmFOgg confirmed that Y346 is
engaged in the same interactions as those observed in
TrmFOpr (Figure S1 and discussion of the Supporting
Information). Therefore, to evaluate the role of Y346 in the
binding of FAD, two mutants, Y346F and Y346A, were
generated. The Y346F mutant is expected to conserve the
ability to stack against the isoalloxazine ring, while it should
lose the ability to engage in a hydrogen bond with the NH
amide group of CS53. In contrast, the alanine variant is expected
to abolish both interactions. Replacement of the tyrosine with
either an alanine or a phenylalanine did not modify significantly
the secondary structure of the wild-type protein as evidenced
by the similar far-UV circular dichroism of Y346F, Y346A, and
wild type holo-TrmFO (Figure S2 of the Supporting
Information).

Characterization of the Optical Properties of the
Tyrosine 346 Mutants. UV—visible spectroscopy was used to
verify the presence of FAD in the mutants. As previously
shown, wild-type holo-TrmFO exhibited a complex spectrum
because of the presence of three enzyme populations*®*’
(Figure S3A of the Supporting Information). One contains a
noncovalently bound oxidized FAD (FAD,,), while the second
contains a reduced FAD covalently attached via a methylene
bridge between NS and the sulfur atom of a C53. This latter
species is endowed with a tRNA methylating activity from now
termed a methylating species (MS). The third population
contains a catalytically inactive radical derived from the former
by a one-electron oxidation (Figure S3A of the Supporting
Information). These spectral features disappeared upon CS53
mutation, which generates a protein containing only FAD,,
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(Figure S3A of the Supporting Information). In contrast to
wild-type holo-TrmFO and the CS53A mutant, the visible
spectrum of both Y346 variants did not contain FAD,, features
while they displayed a broad band at ~355 nm attributed
exclusively to MS, present in only ~7 and <4% of Y346A and
Y346F proteins, respectively (Figure S3A of the Supporting
Information). Y346 mutants were thus purified mainly as an
apoprotein form. Obviously, FAD binding has been greatly
affected by the deletion of the phenol group at position 346. A
phenylalanine in this position could not replace the tyrosine,
and it was slightly more deleterious than an alanine. Several
changes in the absorbance spectra of free FAD,, were observed
upon addition of either Y346 mutant, which is consistent with
the binding of the flavin to the apoprotein (Figure S3B,C of the
Supporting Information). Furthermore, in these reconstituted
holoprotein Y346F and Y346A mutants, the maximal peak of
their major flavin absorbance SO—S1 transition in the 450 nm
region has been red-shifted by 2 and 7 nm relative to the C53A
holo-TrmFO (~445 nm) (Figure S3 of the Supporting
Information), demonstrating that the polarity of the native
environment of the isoalloxazine has been altered by the
mutations.

Tyrosine 346 Is Not Required for tRNA Binding,
Covalent Catalysis, or Methylation. To determine whether
the mutants retained the ability of the protein to bind tRNAs,
the freshly purified variants were subjected to a gel shift assay
with bulk tRNAs isolated from a B. subtilis strain deleted from
TrmFO and compared with that performed in the presence of
wild-type holoprotein. Mutation of Y346 did not significantly
impair the capacity of TrmFO to form a stable complex with
the tRNA (Figure 2A), showing that FAD is not required for
tRNA recognition or binding. It has been established that
following the binding of tRNA, the wild-type holoenzyme has
to flip out US4 into the active site and activate the CS position
of uridine by addition of C226 cysteinate of the protein to the
C6 position of the uridine, thus generating a covalent
intermediate complex between TrmFO and the tRNA
substrate.>>*® This complex is formed irreversibly when the
RNA substrate contains a S-fluorouridine at the target
position.*® Similarly, the formation of a covalent complex was
scrutinized in the Y346 mutants by using a 31-mer B. subtilis
mini-tRNA*P containing S-fluorouridine at the target position
(5-FU mini-RNA). In the case of wild-type holo-TrmFO, the
covalent complex appears on a SDS electrophoresis gel as a
well-defined band corresponding to a species migrating more
slowly than the free enzyme (Figure 2B). The same
phenomenon was observed in the case of Y346 mutants
(Figure 2B). Finally, as shown in Figure 2C, Y346 mutants
were active for methylation of a tRNA transcript with formation
of m*US4 at a rate comparable to that of the wild type (Figure
2C). Altogether, the results firmly establish that tyrosine 346 is
not required for (i) binding the tRNA substrate properly, (ii)
forming the FAD-based methylating agent, and (iii) the later
being active during tRNA methylation. The function of this
tyrosine is rather restricted to FAD binding and/or its
stabilization very specifically.

Tyrosine 346 Controls the Affinity of the Enzyme for
the Oxidized FAD. To estimate the relative importance of
stacking and hydrogen bond properties of Y346, the affinity of
both mutants for FAD, was determined by fluorescence
titration. The isoalloxazine moiety is a fluorescent species that is
usually quenched when bound to proteins. This spectroscopic
property is used advantageously to determine Ky values for
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Figure 2. (A) Gel shift assays of wild-type holo-TrmFO and the as-
purified Y346 mutants with bulk tRNAs. The first lane contains tRNA
(10 uM) in the absence of protein, while the following lanes
correspond to the tRNA (10 4#M) mixed with increasing amounts of
protein (2.12, 4.25, 8.5, 17, 34, 68, and 136 uM). (B) SDS—PAGE gel
after Coomassie blue staining showing the formation of a covalent
complex between either wild-type holoprotein or Y346 TrmFO
mutants and the S-FU-mini-RNA. (C) Time course for the tRNA
m*US4 methylation activity of TrmFOpg. All the reactions were
monitored as described in Materials and Methods. The [a-?P]JUTP-
labeled tRNA™P transcript was incubated at 37 °C under aerobic
conditions with 0.2 uM freshly purified TrmFO and the reaction
stopped at different times. The relative amount of m*U formed per
tRNA molecule was determined by autoradiography. Note that the
activity must be conducted with freshly purified protein; otherwise, no
activity was detected. Addition of free FAD (10 uM) to the Y346
mutants did not affect their kinetics of tRNA methylation. Although
the wild-type apoprotein was able to bind the tRNA properly, the
protein was inactive most likely because of the loss of the MS during
the KBr treatment.

flavin. Surprisingly, titration of free FAD,, by the Y346A or
Y346F mutant resulted in an increase in flavin fluorescence
(Figure 3AB). Free FAD,, in a water solution exhibits a
relatively weak fluorescence quantum yield (PFAD ~ 0.03 vs
®FMN ~ 0.3) as a consequence of its ADP moiety acting as an
intrinsic quencher of isoalloxazine fluorescence.”* On the
basis of this quenching mechanism and molecular dynamic, the
existence of three different FAD_, conformations were
identified in water, stacked, unstacked, and a partially stacked
conformation, with the dominant one being the stacked
conformation having the lowest fluorescence yield.**~ =46 The
increase in FAD, fluorescence in the presence of mutants is a
clear indication that the protein has converted most of the
stacked free FAD,, into a protein-bound open conformation,
which is not quenched by its protein environment. This
contrasts with our previous denaturation experiments of wild-
type TrmFO showing that the fluorescence of FAD is quenched
in the holoprotein.>* ">’ To resolve this discrepancy and to
determine if Y346 is involved in this quenching, the wild-type
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Figure 3. Fluorescence emission spectra of FAD in the presence of
increasing concentrations of (A) Y3464, (B) Y346F, and (C) wild-
type apoprotein in S0 mM sodium phosphate (pH 8). With the
mutants, the fluorescence increased following addition of protein with
a concomitant 525 to 520 nm blue shift. The insets are the variations
of maximal fluorescence vs the concentration of added protein fitted to
a one-binding site equation (eq 1). The dissociation constants of FAD
for wild-type, Y346A, and Y346F TrmFO were 0.12 + 0.02, 0.3 +
0.06, and 0.6 + 0.1, respectively.

aproprotein has been prepared from holo-TrmFO by KBr
treatment and the resulting apo-TrmFO was subjected to the
same fluorescence titration experiments. The KBr treatment did
not disrupt the native fold of apo-TrmFO as evidenced by its
far-UV circular dichroism spectrum closely resembling that of
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the holoprotein (Figure S2A of the Supporting Information). In
contrast to both mutants, the experiments conducted with wild-
type apo-TrmFO led to a decrease in FAD, fluorescence down
to a plateau for around the equivalence (Figure 3C), indicating
an efficient fluorescence quenching of the FAD,, open
conformation most likely caused by the stacking of tyrosine
346 against the isoalloxazine. Because in the mutants the
isoalloxazine is not stacked, one can conclude that the hydrogen
bond between the Y346 and the NH amide group of C53 is
required for productive 7—7 stacking interaction between the
phenol group and the isoalloxazine moiety. We cannot discard
the fact that the dipole moment of Y346 might be equally
important as it is known from model studies that the phenolic
ring has an affinity for stacking with the flavin ring higher than
that of the phenyl ring or phenylalanine.'' Indeed, the absence
of stacking results in a decrease in the affinity of the protein for
FAD by factors of ~3 and ~6 for Y346A and Y346F mutants,
respectively (Figure 3). A phenylalanine in this position could
thus not replace the tyrosine but is even more destabilizing than
an alanine.

Tyrosine 346 Mutants Accelerate the Rate of FAD
Dissociation. The lower affinity of Y346 variants for FAD,,
could originate from impairment of the rates of association or
dissociation or both. To address this question, we first tried to
identify the components of FAD, that are critical for
recognition and binding by the apoprotein. First, we observed
that the fluorescence of riboflavin or FMN was not significantly
altered by the apoprotein, indicating that the isoalloxazine and
the ribityl phosphate are not the major contributors for FAD
binding (Figure S4 of the Supporting Information). To test
whether the 5'-AMP moiety is the crucial anchoring point of
the cofactor into the protein, a competition test between AMP
and FAD,, was performed. Addition of a large excess of 5'-
AMP did not change the fluorescence of the reconstituted
apoprotein—FAD complex, indicating that 5’-AMP could not
displace the FAD. In contrast, a large excess of 5'-ADP led to a
full dissociation of the bound FAD from the wild type and
Y346 variants, confirming 5-ADP as the major anchoring
element (Figure SS of the Supporting Information). Recently, it
was shown that ADP competes with FAD in putrescine oxidase,
and the enzyme was isolated with ADP bound at the ADP
binding site of FAD.*” If ADP is added at a sufficiently high
concentration to the reconstituted apoprotein—FAD complex,
the rate of ADP incorporation should be limited by the FAD
dissociation rate. We used this approach to determine the
FAD,, dissociation rate constants. FAD was thus shown to be
released slowly with rate constants of ~0.018 + 0.002, 0.01 +
0.002, and 0.002 =+ 0.0005 s~ for Y346F, Y346A, and wild-type
apoprotein, respectively (Figure 4A). The highest dissociation
rate constants observed with the mutants are likely the major
contributing factors in their lower affinity for FAD,. Finally,
the kinetics of binding of FAD to Y346 variants were
investigated by stopped-flow spectrofluorometry at various
protein concentrations. After FAD had been rapidly mixed with
the protein, the kinetics of the fluorescence increase were fitted
to a monoexponential (Figure 4B). The rate constant varied
linearly with the protein concentration, allowing us to calculate
the bimolecular rate constant of FAD association. This rate
constant for the three proteins is comparable, varying between
0.02 and ~0.03 uM™" s™. For the Y346F mutant, the linear
plot intersects the observed rate constant axis at a value of
~0.025 + 0.003 s™%, which is the k. value for FAD and is
consistent with that obtained from the competition reaction
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Figure 4. (A) Kinetics of dissociation of FAD from the reconstituted
apoprotein—FAD complex. The kinetics corresponding to wild-type
TrmFO is shown in the inset. In the Y346 mutants, the dissociation of
FAD is reflected by the decrease in fluorescence at 520 nm, while for
the wild type, it provokes an increase in fluorescence. The kinetics
were fitted to a single exponential. (B) Kinetics of binding of FAD to
Y346 mutants under pseudo-first-order conditions in 50 mM sodium
phosphate (pH 8). The inset shows the observed rate constants for
FAD binding as a function of protein concentration.

(Figure 4A,B). MgCl, and inorganic phosphate had no
significant effect on the association rates unless they are
present at a high concentration (Figure S6 of the Supporting
Information). Therefore, mutations of Y346 have specifically
impaired the protein—FAD complex stability, and the presence
of phenylalanine endowed with a stacking capability is not
enough to decrease the dissociation rate constant of the redox
cofactor.

Conformational Stability of the Tyrosine Mutants. The
presence of a redox cofactor often stabilizes the native
protein.”*To investigate the effect of Y346 on the conforma-
tional stability of the protein, the structural changes induced by
high pressure were monitored through tryptophan fluorescence
spectroscopy. Conformational changes ultimately leading to
unfolding can be induced by increased pressure.** ™ Increasing
the hydrostatic pressure provoked a sigmoidal augmentation of
fluorescence for wild-type holoprotein and as-isolated TrmFO
mutants (Figure S7 of the Supporting Information). The
transition observed with wild-type holo-TrmFO was charac-
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terized by a volume change (AV;) of —75.8 + 3 cm® mol™ and
a half-transition pressure P, of ~156 + 9 MPa. Replacement
of Y346 with either an alanine or a phenylalanine leads to lower
Py, values (108 + 7 and 95 + 4 MPa for Y346A and Y346F,
respectively), reflecting decreased protein stability. The Y346F
mutation is a more destabilizing mutation, which is also
corroborated by thermal denaturation experiments (Figure S8
of the Supporting Information). Furthermore, apparent AV
values increased upon Y346 mutation (—83 + 3 and —97 + 5
cm® mol™ for Y346A and Y346F, respectively). As previously
suggested, this is an indication of a reduction in the size of
internal cavities and of an increased penetration of water
molecules into the protein core.> In the mutants, the absence
of FAD may have exposed hydrophobic pockets forced to be
filled by water under high pressure. To further substantiate this
hypothesis, the ability of the holoprotein and the Y346 variants
to bind ANS had been measured. ANS is a fluorescent probe of
accessible hydrophobic patches, and its binding to solvent-
accessible clusters of nonpolar side chains leads to a marked
increase in fluorescence emission accompanied by a blue shift.
The binding of ANS to holo-TrmFO provoked a significant
increase of the ANS fluorescence with a blue shift (Figure S9 of
the Supporting Information). As for the Y346 mutants, the
amplitude and the blue-shift of the maximal peak of ANS
fluorescence were more pronounced, indicating that the
absence of FAD exposes hydrophobic regions that are
protected by the FAD in the holoenzyme (Figure S9 of the
Supporting Information). Hence, FAD is important for the
overall stability of the protein most likely by ordering the
flexibility around the active site.

Ordering the Active Site Loop by the FAD Cofactor.
Proteases are known to cut at flexible and accessible
polypeptide sites, and limited trypsinolysis can be used to
assess the mobility of loops that are adjacent to redox cofactors.
We have used this strategy to evaluate the impact of the
mutations and FAD binding on the structure of the active site
loop (ASL) lining along the isoalloxazine that is connected to
Y346 by a hydrogen bond with CS3 (Figure 1C). Wild-type
apo-TrmFO and Y346 mutants were thus subjected to mild
trypsinolysis treatments either in the absence or in the presence
of an excess of FAD (Figure S). The results showed that all
trypsin-treated proteins were cleaved to different extents,
generating a fragment that migrated on the gel at a position
corresponding to a mass of ~45 kDa. Cleavage was shown to
occur at RS9 by mass spectrometry and peptide mass
fingerprinting analysis, generating a truncated form named
AS9-TrmFO (Figure S10 of the Supporting Information).
Interestingly, we observed that FAD had a strong protecting
effect on the wild-type protein (Figure SA), as no AS9-TrmFO
was detected after reaction for more than 2 h. Hence, while in
the wild-type apoprotein RS9 seems to be accessible to trypsin,
in the holoprotein this site becomes buried, which is consistent
with the structural model of holo-TrmFOyg (Figure S6 of the
Supporting Information). Likewise, the binding of FAD to wild-
type apoprotein has efficiently ordered the conformational
sampling of the ASL in the vicinity of the RS9. In contrast, in
the case of both mutants, FAD protected from proteolysis only
partly, pointing to the critical function of Y346, and more
specifically the H-bond between Y346 and CS3, for controlling
the structural flexibility of the loop and protecting RS9 from
trypsinolysis (Figure S). As shown from the fluorescence
studies (Figure S4 of the Supporting Information), ADP is
primordial for the firm binding of FAD to the apoprotein. To
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Figure 5. Limited proteolytic profiles in the absence and presence of
FAD for (A) wild-type apoprotein, (B) Y346F, and (C) Y346A
TrmFO. The mild trypsinolysis kinetics were conducted with the
incubation of ~4 M protein and a 1/200 mass ratio of trypsin for
different times and stopped by the addition of the serine protease
inhibitor 4-(2-aminoethyl)benzenesulfonyl fluoride (Perfabloc SC,
Euromedex). For the experiments in the presence of FAD, the wild-
type apoprotein or the Y346A or -F mutant (~4 uM) was incubated
with 40 uM FAD for 1S min prior to trypsin treatment. Digested
protein (7.5 pg) was loaded on a 12% SDS—polyacrylamide gel and
analyzed by Coomassie blue staining.

test if the ADP binding to wild-type apoprotein could protect
the protein from trypsin cleavage, the mild trypsinolysis was
repeated in the presence of ADP. The ADP-bound TrmFO was
as sensitive as the wild -type apoprotein to trypsin treatment
(data not shown), indicating that the protecting effect of FAD
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is likely caused by the binding of isoalloxazine, which is located
~7 A from RS9 (Figure 6).

Figure 6. Surface representation of a TrmFOgg homology model with
a close-up on the FAD finding site. The ASL is colored red, and RS9
determined to be the cleavage site of tryprin is represented as sticks.

H CONCLUSION

Altogether, the results presented here establish that the
hydrogen bond between the hydroxyl group of Y346 and the
NH amide group of CS3 favors a productive stacking between
the tyrosine and the isoalloxazine ring of FAD. First, the
purified Y346F mutant, in which the phenylalanine should
conserve the ability to stack against the isoalloxazine, contains
less FAD than the Y346A mutant. Second, the quenching of
FAD fluorescence by the apoprotein is observed only with the
wild type and not with Y346F mutant, indicating that in the
latter, the phenylalanine does not stack properly against the
isoalloxazine ring of FAD. Third, the Y346F mutant exhibits an
affinity for FAD ~2 and ~6 times lower than that for Y346A
and wild-type apoprotein, respectively. According to the kinetic
data, this difference is mainly attributed to its higher FAD
dissociation rate constant. Fourth, FAD plays a major role in
the structure and conformational flexibility of the ASL, which is
not the case for the Y346F mutant. For all these reasons, it
appears that in Y346F mutant, the phenylalanine is not engaged
in a productive 7—7 stacking interaction with the isoalloxazine.

On the basis of all our results, a mechanism of FAD
recognition and binding can be postulated (Figure 7). First,
reversible binding of FAD by TrmFO is an indication that the
redox cofactor is incorporated into a folded state of the protein.
In aqueous medium, FAD coexists under several reversible
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Figure 7. Proposed mechanism of FAD recognition and binding by the apoprotein.

conformations; nonetheless, the closed conformation in which
the isoalloxazine stacked against the adenine moiety is the
predominant form.**™* The apoprotein displaces the equili-
brium toward the unstacked form of FAD by anchoring the 5'-
ADP moiety throughout interaction with several amino acids of
the consensus sequence located in the positively charged
groove of the FAD binding site. The use of the ADP moiety as
the major anchoring point to the apoprotein has been observed
in several flavoenzymes,*”**** and this phenomenon could be a
general feature among the FAD binding proteins. Anchoring
the ADP likely restricts the conformational sampling of the
cofactor and may help the isoalloxazine to translocate into the
active site. As soon as the isoalloxazine binds, the mobility of
the ASL is diminished and the H-bond between the OH group
of Y346 and the NH amide of CS3 stabilizes the phenol side
chain from free rotation. This reinforces the 7—n overlap and
consequently orders the FAD binding in the most compact and
energetically favorable state for catalysis. The proposed
bipartite binding mechanism of FAD is reminiscent of that of
another dinucleotide redox cofactor, the NAD(P)H.***” By
anchoring the adenosine ribophosphate moiety to the enzyme,
the nicotinamide moiety of NAD(P)H is free to explore the
accessible conformational space until reaching the proper
configuration for hydride transfer. This shared binding
mechanism may be partly due to the presence of the same
canonical dinucleotide binding motif carried by the Rossman
fold. The conformational sampling mechanism is widespread in
biological electron transfer systems>® and could be at the origin
of redox cofactor binding specificity.
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