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ABSTRACT

Thymidylate is a vital DNA precursor synthesized by thymidylate synthases. ThyX is a flavin-dependent
thymidylate synthase found in several human pathogens and absent in humans, which makes it a
potential target for antimicrobial drugs. This enzyme methylates the 2'-deoxyuridine 5'-monophosphate
(dUMP) to 2'-deoxythymidine 5'-monophosphate (dTMP) using a reduced flavin adenine dinucleotide
(FADH-) as prosthetic group and (6R)-Ns,N;o-methylene-5,6,7,8-tetrahydrofolate (CH,THF) as a
methylene donor. Recently, it was shown that ThyX-catalyzed reaction is a complex process wherein
FADH- promotes both methylene transfer and reduction of the transferred methylene into a methyl
group. Here, we studied the dynamic and photophysics of FADH- bound to ThyX, in several substrate-

binding states (no substrate, in the presence of dUMP or folate or both) by femtosecond transient
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absorption spectroscopy. This methodology provides valuable information about the ground-state
configuration of the isoalloxazine moiety of FADH™ and the rigidity of its local environment, through
spectra shape and excited-state lifetime parameters. In the absence of substrate, the environment of
FADH- in ThyX is only mildly more constrained than that of free FADH" in solution. The addition of dUMP
however narrows the distribution of ground-state configurations and increases the constraints on the
butterfly bending motion in the excited state. Folate binding results in the selection of new ground-state
configurations, presumably located at a greater distance from the conical intersection where excited-
state decay occurs. When both substrates are present, the ground-state configuration appears on the
contrary rather limited to a geometry close to the conical intersection, which explains the relatively fast
excited-state decay (100 ps on the average), even if the environment of the isoalloxazine is densely

packed. Hence, although the environment of the flavin is dramatically constrained, FADH™ retains a
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dynamic necessary to shuttle carbon from folate to dUMP. Our study demonstrates the high sensitivity

of FADH™ photophysics to the constraints exerted by its immediate surroundings.

1. INTRODUCTION

2'-deoxythymidine 5'-monophosphate (dTMP) is an essential biomolecule since it forms one of the
four building blocks of DNA. This precursor results from the reductive methylation of the Cs carbon of 2'-
deoxyuridine 5'-monophosphate (dUMP) catalyzed by thymidylate synthases.* Most living organisms,
including humans, rely on a so-called "classical" thymidylate synthase (ThyA in E. coli), which uses 5,10-
methylenetetrahydrofolate (CH,THF) as both carbon donor and reducing agent, to generate dTMP from
dUMP.5> The mechanism of classical thymidylate synthase has been very well established.”

Some bacteria and archaea, notably several severe pathogens, use an alternative thymidylate
synthase, namely flavin-dependent thymidylate synthase ThyX, which differs in term of structure and
chemical mechanism from that of the classical thymidylate synthase.® For these reasons, ThyX
represents a promising antimicrobial target. ThyX functions with a prosthetic group, flavin adenine
dinucleotide (FAD), for activity and use NADPH, CH,THF and dUMP as substrates to produce NADP*, THF
and dTMP.%6 Although, the chemical mechanism of ThyX has been subjected to strong debates,-%6
recent findings®'7'8 suggest that ThyX may share a similar mechanism to that of the bacterial flavin-
dependent tRNA methyltransferase, TrmF0.Y'1° The recently proposed chemical mechanism of ThyX is
described in Fig. 1. The first step consists of the reduction of oxidized FAD (FAD,,) by NADPH leading to
the flavin hydroquinone (FADH-), which is then used as a mediator in the transfer of methylene from
CH,THF to dUMP. In particular, a flavin carbinolamine, which could be in equilibrium with its iminium
counterpart, is formed transiently during the carbon transfer reaction. The reaction ends with the
reduction of the nucleotidic methylene by FADH-, thereby converting the dUMP into dTMP and
recovering the initial FAD,,. Thus, the flavin acts as both a carbon and hydride transfer agent in a unique
reactivity.

This flavin chemistry is supported by a series of crystallographic structures of oxidized ThyX from
Thermotoga maritima (TmThyX) in complex with its substrates,?° and by the recent crystal structure of
the flavin carbinolamine intermediate in TmThyX.!® In the free form (pdb 102A), TmThyX exhibits two
large cavities bordering the two opposite faces (re and si) of the isoalloxazine (Fig. 2A). The presence of

positively charged R;s placed in front of N;-FAD is likely to stabilize the negatively charged FADH™ species.
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The nucleotidic substrate binds to the si-side of FAD in which lies the conserved R;;, residue, essential for
dUMP activation (pdb 1026, Fig. 2B).1*1® The most compelling evidences regarding the role of flavin as a
mediator in the carbon transfer reaction is provided by the structure of TmThyX in complex with both
dUMP and CH,THF (Fig. 2D).%° In this structure (pdb 4GT9), the substrates adopt a stacked configuration
where the planar isoalloxazine ring of FAD,, is sandwiched between CH,THF and dUMP. The pterin
moiety of CH,THF is also sandwiched between the re-face of the isoalloxazine and the imidazole ring of
Hisss, which is again a shared folate-binding feature with TrmFO.2! Most importantly, the reactive Ns
nitrogen of FAD,, is ideally poised to shuttle the CH, from CH,THF to Cs-dUMP. In the structure with the
carbinolamine adduct, the isoalloxazine adopts a butterfly conformation, significantly bent along its
Ci10a-Caa axis and its Ns is pyramidal, consistent with an sp® hybridized nitrogen and alkylation of Ns.'8
Furthermore in this structure, the methylene group of the carbinolamine adduct seems properly
oriented for Sy2 attack by the activated nucleobase to generate an intermolecular C—C bond, leading to
the FAD-CH,-dUMP intermediate (Fig. 1). Finally, the structure of a TmThyX mutant (E144R) complexed
with CH,THF only shows that the folate can also bind in the dUMP-binding site (pdb 4GTE). However, in
this configuration, the methylene moiety is too far from the Ns-FAD to allow any carbon transfer (Fig.
2C).?% In addition, CH,THF affects the binding of the isoalloxazine, which is repelled from its initial
position observed in all wild-type structures of ThyX. It should also be noted that the (p-aminobenzoyl)-
glutamate moiety of CH,THF is not visible indicating a significant mobility of this chemical group. Hence,
the folate-binding site observed in this mutant is most likely non-functional.

Although, the structures of oxidized TmThyX offer insights into mechanistic perspectives of flavin-

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

dependent thymidylate biosynthesis, the oxidized flavin is not catalytically active. Furthermore, the mere
proximity of the reactive N5 FAD,, nitrogen with both substrates is not sufficient since some dynamics of
FADH- is expected to occur, namely an inversion of the configuration of its Ns nitrogen, to allow the
transfer of the carbon from the folate present at the re-face to dUMP lying at si-face of the isoalloxazine.
Interestingly, in the flavin monooxygenase RutA, such a type of Ns nitrogen inversion has also been
invoked to allow the transfer of activated oxygen from the re-side to the si-side of FAD where the uracil
substrate is bound.?? Unfortunately, the structure of reduced ThyX and the involvement of FADH-
dynamic relevant to the catalysis are still missing. More generally, the effect of substrate(s) on the
photodynamic of flavin in reduced flavoenzymes has not been studied so far. In fact, nitrogen inversion
could be promoted by the peculiar structure of the FADH™ isoalloxazine ring, which unlike FAD,,, can

adopt various bent conformations (see below).


https://doi.org/10.1039/d1cp03379d

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D1CP03379D

In the present work, we attempted to gain some additional insights about the configuration of the
isoalloxazine in catalytically-relevant situations by using the photophysical properties of FADH™ itself.

The photophysics of FAD,, has been used in numerous studies of flavoproteins.?*32 The guiding
principle is that electronic excitation of the oxidized isoalloxazine makes it prone to be reduced by
suitable electron donors placed at short distance.33-3> Ultrafast electron transfer from close-lying
aromatic aminoacids to excited FAD,, has indeed been observed in many flavoproteins.?3?’ Using the
theory of electron transfer,3%37 one may relate the rate of electron transfer to the distance between the
electron donor and the flavin.3® This property has been used to show that the active site of TmThyX is
highly flexible in the absence of substrate and that binding of dUMP abolishes this flexibility.?® Yang et al.
have similarly probed angstrom-scale structural changes in a single flavin reductase molecule.?®

Using FADH™ instead of FAD,, is much a less widespread approach although the properties of this
species are quite interesting. FADH™ in aqueous solution undergoes very fast (multiexponential) excited-
state decay (in the range of 8-25 ps).344044 This decay however becomes much slower (0.6-3 ns) when
the flavin is imbedded in a protein environment,*>->* which makes the fluorescence of this species readily
detectable as is also the case in rigid glasses at 77 K.>2 This behavior is related to the geometry of the
reduced isoalloxazine, which is bent along the Ns-N;q short axis, as concluded by different NMR
measurements®>>* and theoretical calculations.>>% The bend angle ranges between 8° and 28°
depending on the source and is strongly affected by the environment of the molecule (protic solvent,
rigid protein), some lower values (2-18°) being reported inside several reduced flavoproteins.®>-¢7 This is
well understood given the low barrier to ring inversion (2-4.8 kcal/mol>*>%38), also called butterfly
motion, between two bent configurations of the isoalloxazine (edge pointing toward the re or si face),
with the Ng-substituent and Ns-H atom lying either in the equatorial plane or in axial position.*>>* Within
this context, continuous motion along the butterfly bending coordinate, leading to a conical intersection
(ClI) with the ground state, has been proposed to explain the rapid excited-state decay of FADH" in
solution.3*%344 In the more rigid environment of certain flavoproteins, this motion is supposed to be
hindered, thereby explaining the much enhanced excited-state lifetime.*® It has alternatively been
proposed that the existence of different conformers, differing by their degree of planarity, and reduced
to one in rigid environment, could explain the fast non-exponential decay of the excited state in fluid
solution.4%42 Little is known about the actual geometry of the Cl. Ai et al.%® calculated for FADH" in
vacuum a Cl with pronounced out-of-plane bending of the phenyl ring, pyramidalization at Cy, and
extension of Cyg,—-Np and Cg,—Cy bonds. Gozem et al.%° similarly calculated a highly distorted Cl in the

deactivation pathway of a Ns-alkylated 4a-hydroxy flavin.
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Here we present a study, performed by femtosecond transient absorption spectroscopy, of the
photophysics of FADH™ in TmThyX in four situations: free of substrates, in complex with dUMP or with
the catalytically inactive analogue of CH,THF, 5-methyltetrahydrofolate (CH;THF) and reduced TmThyX in
complex with both dUMP and CH;THF. The latter was chosen as it is the closest folate derivative to
CH,THF and differs from it by only one hydride. The advantage of substituting CH,THF by CH;THF is to
avoid the reaction of carbon transfer from folate to flavin. The interest of these four systems is double.
They first materialize enzymatically-relevant intermediates in the catalytic cycle, following the flavin
reduction and preceding the carbon transfer step. They additionally implement different environments
of the reduced flavin, with variable constraints exerted on its isoalloxazine moiety. We thereby aim at
evaluating the ability of FADH™ to sense these constraints and reciprocally inform on the impact of the
different substrates on its structure. Our results are discussed within the context of the enzymatic

activity of ThyX.

2. MATERIALS AND METHODS

2.1. Samples preparation

TmThyX was expressed and purified as previously described.!” The FAD-free apoprotein was prepared
by treating TmThyX with saturating amounts of NaCl in the presence of buffer solution of 20 mM Tris-

HCI, pH 8.0; 2 mM 2-mercaptoethanol until precipitation. The solution was then centrifuged at 13,000

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

rpm. The precipitated protein was washed several times with saturated NaCl solution and then dissolved
in 20 mM Tris-HCI, pH 8.0; 2 mM 2-mercaptoethanol buffer. The sample was then loaded on a superdex-
S$200 (GE) equilibrated with a 50 mM sodium phosphate pH 8, 100 mM L-arginine and 1 mM
ethylenediaminetetraacetic acid (EDTA). Further buffer exchange was carried out with a Pd10 column.

FADH- (0.1 M, phosphate buffer at pH 8) was prepared by reducing FAD,, (Sigma-Aldrich) by adding
stoichiometric quantities of sodium dithionite.}”4%52 Steady-state absorption spectroscopy was used to
monitor the titration and stop the reaction at the equivalence point.

All samples containing TmThyX were prepared in phosphate buffer (0.1 M) at pH 8, with 10% glycerol
in anaerobic conditions. The TmThyX monomer concentration was here chosen in slight excess (1.25
times) of the flavin concentration (0.4 to 0.55 mM), which should guaranty full complexation of the
flavin. dUMP and CH;THF were used in larger excess (8-12 times). ThyX is known to bind dUMP with a
dissociation constant of 0.03 uM and CH,THF or both dUMP and CH,THF with dissociation constants of

the same order of magnitude.>41¢ The flavin concentration was measured by recording the steady-state

5
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absorption spectra of identical mixtures devoid of ThyX (not shown). At a practical level, apo-TmThyX
was added to solutions of FADH- containing CH;THF (Eprova, Switzerland) or dUMP (Sigma-Aldrich) and
CH3THF. In the case of the complex with dUMP, the flavin and dUMP were added to the protein solution,
to avoid precipitation. The incorporation of FADH™ and the complexation of the two substrates was
confirmed by steady state spectroscopy (see details in Section 3.1).

Steady-state absorption spectra were measured with a CARY 300 (Varian) double-beam

spectrophotometer. The samples were kept at 10 °C with the help of a circulating thermostat bath.

2.2. Femtosecond transient absorption spectroscopy

Transient absorption spectra were recorded by the pump-probe technique, with a white-light
continuum probe, as previously described.’®’* The pump pulses (50 fs) were tuned at 360 nm by sum
frequency of a beam at 810 nm taken from the amplified fs laser (Tsunami+Spitfire, Spectra-Physics) and
a beam at 648 nm produced in a non-collinear optical parametric amplifier (NOPA, Clark MXR). The
energy used to excite the samples was ~70 nJ per pulse, focused on a surface of ~11600 um? (at half of
maximum). It was checked by varying the excitation energy that the working energy lies in the linear
regime. The excited fraction of the samples was calculated by using a previously detailed’? method using
the transient absorption spectra of the [Ru(bpy);]?* complex”® recorded under the same conditions: the
excited fraction was found to be in the order of 1-2%.

The samples were kept in 1-mm-path, fused silica, anaerobic screw cap cells (Hellma), continuously
moving in two dimensions to avoid consecutive irradiation of the same volume. Experiments were
performed at 10 °C, and steady-state absorption spectra were regularly recorded to check that no
degradation of the samples occurred.

The polarizations of the pump and probe beams were set at the magic angle, to eliminate any
contribution of rotational diffusion to the signals. The transient absorption spectra (AA) were corrected
from the chirp of the probe beam, independently measured by recording cross-phase modulation’*

(XPM) in the pure solvent.

2.3. Data analysis

The transient absorption data were globally fitted’”> to a sum of exponential functions, in cases
followed by a small plateau, convoluted by a Gaussian function representing the instrument response
function (~100 fs, full width at half maximum). Singular value decomposition’® was applied to reduce the

dimensionality to the data, filter out noise and ease the fitting procedure. The global fits yield time
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constants and spectra of pre-exponential factors, called decay-associated difference spectra (DADS;
presented in ESIt). The latter were used to build so-called evolution-associated difference spectra
(EADS),”> which correspond to a virtual cascading model with unit quantum yield between successive
states and summarize the dynamics of the data (see example of free FADH~ in aqueous solution, detailed
in ESI, T Section S1).

As will be seen below, the dynamics of the transient absorption data reflects both the evolution of
the transient population on the excited-state surface and the decay of this population from the excited-
state surface. In order to focus as much as possible on the excited-state decay, we integrated the
transient spectra between 380 and 700 nm to smooth out the spectral changes occurring while the
transient population evolves on the excited-state surface. The obtained kinetic traces were fitted to sum
of exponentials (parameters in Table 2). The average decay time (1) and standard deviation of decay
times (o) were finally calculated (values in Table 3) using the fitted parameters. The procedure is detailed

in ESI, T Section S1.3 with the representative example of free FADH™ in solution.

3. RESULTS AND DISCUSSION

3.1. Steady-state absorption spectroscopy

Fig. 3 shows the steady-state absorption spectra of reduced TmThyX (i.e. bearing FADH"), noted rX,
and rX complexed with dUMP (rXd), with CH;THF (rX5) and with both dUMP and CH;THF (rXd5). The

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

spectra of rXd, rX5 and rXd5 are consistent with previously published spectra of complexes with dUMP
and CH,THF,'#1® which confirms the correct binding of the substrates. The spectrum of free FADH" in
solution is given for reference (dotted line). For mutual comparison, all spectra are presented in molar
extinction coefficient units (€) relative to the flavin concentration.

The absorption spectrum of free FADH™ exhibits a characteristic weakly structured sloping shape,
decreasing towards zero by 500 nm.>%6377.78 |n their seminal work, Ghisla et al.>? established that the
absorption of reduced flavins in the near UV and visible range is composed of three electronic transitions
overlapping to various degrees. These transitions are for instance well distinguished at 415 nm (noted
T,), 356 nm (T,) and 296 nm (T3) for anionic reduced tetraacetyl riboflavin in ethanol at 77 K. This analysis
has been supported by fluorescence polarization excitation experiments,*> and more recently by Stark

spectroscopy®® as well as theoretical calculations.?37° At room temperature or in reduced FMN (flavin
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adenine mononucleotide) or FAD in aqueous solution, these bands are reduced to shallow structures, as
observed here, presumably due to heterogeneous broadening.

The absorption spectra of our TmThyX systems show significant differences as compared to that of
free FADH". For rX, one observes that the weak structures of FADH™ are enhanced. A clear shoulder is in
particular visible around 390 nm (T;) and a weaker one by 345 nm (T,). Within the context of the
temperature and environment effects reported by Ghisla et al.,*? this may be interpreted by a stiffening
of the flavin environment or loss of hydrogen bonds, that reduce the magnitude of inhomogeneous
broadening and reveals the underlying transitions. Similar features are observed for rXd with a red shift
of the transitions, T, being found around 415 nm and T, around 352 nm. The red shift of T, has in
particular been related to the degree of planarity of the isoalloxazine ring;>? it can thus be here deduced
that the addition of dUMP induces a partial planarization of the molecule. This is well understood
referring to the crystal structure of oxidized TmThyX in complex with dUMP,* which shows a ©t-r stacking
of the isoalloxazine and pyrimidine moiety of dUMP, both rings being nearly parallel and separated by a
distance of ~3.5 A (Fig. 2B). The pyrimidine moreover faces the central ring of the isoalloxazine, which
should indeed favor the planarization of the flavin.

Much less binding effects are seen in the case of rX5. The absorption spectrum only shows a mild and
broad shoulder around 390 nm, probably to be assigned to T,. The spectrum of rX5 is in fact less
structured than that of rX, and more similar to that of free FADH™ (as previously observed?®), which
suggest a significant change in the surroundings of the isoalloxazine, with possibly more heterogeneous
broadening and loss of planarity. Although there is no structure of wild-type TmThyX in complex with
CH,THF, the structure of TmThyX E144R mutant shows that the folate can take the place of dUMP,
forcing the flavin to adopt a non-canonical conformation (Fig. 2C). Furthermore, in this structure, only 2
out of 4 flavins and folates are resolved, suggesting that these molecules are highly mobile. In contrast, a
very large distortion of the absorption spectrum is observed for the rXd5 complex, its T, transition being
strongly red shifted to ~440 nm. By letting the sample oxidize under air, we verified that this band does
not belong to FAD,, (hypothetically produced by accidental exposition to air), the spectrum of which
appears around 470 nm in this complex (not shown), with characteristic vibronic structures
(460/483 nm) not observed in the reduced sample. The large red shift of T, in rXd5 suggests that binding
of both dUMP and CH;THF substrates induces an even larger planarization of the molecule than upon
binding of dUMP alone. This is coherent with the crystal structure of oxidized TmThyX bound to both
dUMP and CH,THF (pdb 4GT9),%° which shows that FAD,, is sandwiched between CH,THF and dUMP (Fig.

2D). This structure further shows that, while the isoalloxazine of FAD,, and dUMP lie in almost parallel
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configuration (dihedral angle of ~3°), the isocytosine ring of CH,THF is more significantly twisted
relatively to the isoalloxazine plane (~18°).

Note that the absorption spectra of the rX complexes with CH;THF are obscured below ~350 nm due
to a large excess of folate in the solution (4 mM). The red edge of the CH;THF absorption (hard to

subtract), peaking at 290 nm,® is unfortunately visible in those spectra.

3.2. Transient absorption spectroscopy

3.2.1. Common features

We performed femtosecond transient absorption spectroscopy of the four TmThyX systems described
above with excitation at 360 nm. Raw spectra at selected pump-probe delays within a time window of
3.2 ns are shown in Fig. 4. For reference, the transient spectra of FADH™ in solution (phosphate buffer at
pH 8), in agreement with previously reported ones,*%4244 are recalled in ESI,T Fig. S1.

Globally, the transient spectra of the TmThyX systems show similar features as those of FADH™ in
solution, namely two positive bands located at around 390 nm (TA,), with more or less marked
substructures (e.g. local peaks at 375 and 410 nm for rX), and around 530 nm (TA,), with more or less
extended and structured red wing (towards 700 nm). This overall shape likely results from the
superposition of a purely positive and dominant transient absorption contribution covering the whole
spectrum and two negative contributions, coming from ground-state bleaching below ~500 nm
(particularly intense below 400 nm; see Fig. 3) and stimulated emission, possibly lying around 450 nm

where a marked dip is observed. Unfortunately no reliable recording of the steady-state fluorescence

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

spectra could be made, due to the weakness of the signal. The major differences between the different
complexes lie (i) in the shape of the TA, band and its evolution during the first picoseconds and (ii) in the
excited-state decay rate. We used multiexponential global analysis (see Section 2.3) to characterize these
evolutions. The results are gathered in Table 1 (time constants) and Fig. 5 (EADS); the corresponding
DADS are available in ESI,T Fig. S4. For convenience, the EADS are also presented in normalized form (at
the maximum of the TA, band) in Fig. S5 and compared to each other in Fig. S6 (ESI,t Section S2.2).
3.2.2. Interpretative background

We will essentially follow interpretations of the transient absorption spectra of FADH™ in aqueous
solution reported earlier in the literature,34434% and briefly recalled in the Introduction. For the sake of
comparison, we propose here in ESI,T Section S1 (unpublished) transient spectra of FADH~ in solution,
recorded under the same experimental conditions as for the TmThyX complexes and analyzed with the

same tools.
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The first issue is the initial evolution of the TA, band, which in the case of FADH- in solution is a
narrowing of the band on its red side (loss of a shoulder around 595 nm), with a slight blue shift of its
maximum (Fig. S1). It takes here place mostly in 0.27 ps, with a smaller component of 1.5 ps (Fig. S2B). It
has been interpreted as a relaxation of the excited state, coming in part from the response of water
molecules (possibly also buffer constituents) to the change of electronic distribution in the excited
state.®182 |t is also possible that the nonplanar configuration of the isoalloxazine undergoes some
primary reshuffling, also driven by the change of charge distribution. Pauszek et al. later proposed that it
could also be due to S,—S; relaxation when the T, transition is excited.®® This interesting hypothesis
applies both to the present results with excitation at 360 nm and an experiment formerly published with
excitation at 387.5 nm,* since both wavelengths likely overlap the T, transition. One would however
expect that excitation at 360 nm favors transition T, and that the magnitude of the S,—S, relaxation
would consequently be more important. The difference between both experiments at this level is
nonetheless not obvious. Furthermore, the transient spectra of FADH, in aqueous solution
(unpublished?3) which are very similar to those of FADH-, display almost no ultrafast relaxation of the
TA, band even though the absorption spectra are relatively comparable®?7® and the T, transition is also
excited at 387.5 nm. From these elements we deduce that S,—S; relaxation likely does not contribute
substantially to the evolution of the transient absorption spectra in the first picoseconds, possibly
because it is faster than our time resolution (~100 fs).

The second issue is the excited-state decay, which for FADH™ in solution is here seen to occur in 1.5,
8.4 and 32 ps. This multiexponential decay has been interpreted as coming from the motion of the
system along the butterfly bending coordinate towards a conical intersection (Cl) with the ground
state.34%344 Multiexponentiality arises from the distribution and spread of configurations along this
coordinate and possibly spatial extension of the Cl seam. The original Cl model** does not explicitly
specify if this movement is strictly continuous along a barrierless pathway or if some small potential
energy barrier needs to be crossed before reaching the Cl. The barrierless view however seems
reasonable given the nonexponentiality of the excited-state decay (substantial barriers would likely favor
precursor-successor relationships, with simpler kinetics). Let us mention at this respect that Gozem et
al.?® calculated a barrierless pathway to the Cl in the Ns-alkylated 4a-hydroxy flavin they studied. Within
that framework, we did not seek any precise meaning for each of the time constants produced by global
analysis. As explained in Section 2.3, we alternatively characterized the overall excited-state decay with
the integral decay trace (Fig. 6), of which we provide the parameters of a multiexponential analysis

(Table 2) and the corresponding average decay time and standard deviation of decay times (7 and o,
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Table 3). Note that o is essentially provided for reference, to give a sense of the width of the distribution

of time constants. For simplicity the discussion will be mostly restricted to .

3.2.3. Reduced TmThyX (rX)

For rX, the TA, band initially peaks at ~570 nm (EADS1, Fig. 5A) but rapidly looses intensity on its red
edge and shifts to ~540 nm (EADS2) with a time constant of 0.26 ps. This shift and narrowing continues
to a smaller extent during the next phase of 2.5 ps, the TA, band finally peaking at 535 nm. This
phenomenon corresponds well to the early phase observed for FADH™ in aqueous solution*? (see above
and ESI,T Section S1). The same interpretation is retained here, namely a combination of response from
the immediate surroundings (aminoacids or water molecules possibly standing at short distance of the
flavin) and primary relaxation of the isoalloxazine configuration, driven by the change of charge
distribution. Excited-state decay follows, mostly in 42 and 117 ps, without much change of spectral
shape (better seen on the normalized EADS in ESI,T Section S2.2). A small plateau is found, possibly
corresponding to some long-lived (ns) population, insufficiently resolved in this experiment. The average
integral decay time (), excluding the plateau, is found to be 81 ps, that is, 4.2 times longer than the
FADH- reference in solution. This slowing down suggests that ThyX provides to the isoalloxazine a mildly
more rigid environment than the aqueous solution, which is consistent with the visible but moderate
effect of ThyX binding on the steady-state absorption spectrum of FADH- (see Section 3.1 and Fig. 3). It is
also in agreement with the absence of dense packing in the immediate surroundings of the isoalloxazine

seen in a crystal of oxidized TmThyX (Fig. 2A, pdb 102A).! In fact, it was observed from the crystal

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

structures in this work that the flavin (FAD,,) could present different conformations that differ from one
another by the positioning of the isoalloxazine within the large pocket of the active site. The functional
relevance of these conformations has yet to be established.

3.2.4. rX complexed to dUMP (rXd)

The case of complex rXd is similar as far as spectral shape is concerned (Fig. 5B), but the fast blue shift
of the TA, band (543 nm to 530 nm in 0.67 ps) is less marked, its initial (in EADS1) red wing being
significantly reduced as compared to rX. The initial shape of the TA, band is a signature of the ground-
state configuration of the isoalloxazine, instantly projected in the excited state (directly on S; or through
S, via ultrafast internal conversion; see Section 3.2.2). It may then be hypothesized that the width of this
band, in particular its red extension, reflects the distribution of ground-state configurations. Within this
analysis grid, the introduction of dUMP in the binding pocket of ThyX would reduce the extent of ground-

state configuration distribution, in agreement with the stacking of the flavin and dUMP described above
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(Section 3.1). After the sub-ps relaxation phase, excited-state decay of rXd mostly occurs with a time
constant of 135 ps, with minor components of 8.8 and 1170 ps. The integral average decay time is 218
ps, which is 11 times longer than the FADH™ reference. We see that the addition of dUMP further slows
down the excited-state decay, by a factor of 2.2 as compared to rX. This effect is interpreted as resulting
from the (further) hindering of the butterfly bending motion in the rXd complex, also in agreement with
the stacking of the flavin and dUMP described above.

3.2.5. rX complexed to CH;THF (rX5)

Quite a peculiar behavior is observed for the rX5 complex (Fig. 5C). On the one hand, the shape of the
TA, band is much broader (EADS1) and the amplitude of its initial relaxation is smaller than in the
preceding cases. The relaxed TA, band (in EADS2) has indeed still a large red extension, with a more
pronounced shoulder around 585 nm than in rX and rXd. The time constant of this relaxation (1.5 ps) is
also slightly longer than in the preceding cases. The image that emerges from these observations is that
the presence of CH;THF likely favors new configurations of the isoalloxazine in the ground state and
hinders their relaxation to the same degree as for rX and rXd. It was however observed that the steady-
state absorption spectrum of the rX5 complex does not show any clearly detached T, transition, as in rX
and rXd (Fig. 3). It may then be hypothesized that the presence of CH;THF rather favors a large
distribution of configurations, explaining the broadness of both steady-state T, and (initial) transient TA,
bands, and that these configurations are likely not planar since the T, band is apparently not red shifted.
This would be consistent with the structure of oxidized TmThyX E144R mutant in complex with CH,THF,
showing a certain flexibility of the active site and in particular of the flavin, which adopts non-canonical
conformations, i.e different from those seen in the wild type enzyme (Fig. 2C). On the other hand, the
excited-state decay of rX5 is relatively slow (57, 365 and 1630 ps), with an average integral decay time of
464 ps, i.e. 24 times slower than the FADH™ reference. In view of the of the preceding elements, this
effect may either be interpreted as an increased hindrance exerted by the local environment on the
butterfly bending coordinate of the isoalloxazine, or else a larger distance to run between the initial
(relaxed) configuration and the geometry of the Cl with the ground state. Although both interpretations
could simultaneously contribute to various degrees, the second hypothesis has the advantage of being
compatible with the mildly constrained view of the flavin environment drawn from the steady-state
absorption spectrum (Section 3.1). It is incidentally not excluded that the geometry of the Cl, as well as
the shape of the potential energy surface along the pathway for reaching it, might depend on the exact
environment of the isoalloxazine and the constraints it exerts on it; only precise theoretical calculations

in the presence of controlled environments could confirm this hypothesis.
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3.2.6. rX complexed to dUMP and CH;THF (rXd5)

The final case is yet significantly different from the preceding ones. The initial TA, band of rXd5
(EADS1, Fig. 5D) has first a reduced red extension and undergoes a quite small ultrafast relaxation (in
0.61 ps; better seen in ESI, T Fig. S5D). This observation suggests that the dense packing of the flavin and
substrates in this complex,?® reduces the distribution of ground-state configurations and selects
geometries that happen to be nearly relaxed in the existed state. The 2.5 ps phase is in fact here the
beginning of a surprisingly fast excited-state decay, which further proceeds in 26 ps and 145 ps. In this
experiment, a small constant offset was found, coming from an experimental artifact. This spurious
component was removed from the DADS, EADS representations and subtracted from the integral decay.
The average integral decay time is found to be 80 ps (4.2 times the FADH- reference), i.e. nearly the
same as rX. Following the interpretation key developed above, we propose that the configuration of the
isoalloxazine in rXd5, which have been determined to be the most planar one of all complexes by steady-
state absorption spectroscopy (Section 3.1), is close to the geometry of the Cl. It could thus reach it
relatively rapidly in spite of a dense environment, which would otherwise be expected to exert a large
constraint on the butterfly bending motion. One may wonder if the effect of this constraint would
manifest itself as the somewhat broader distribution of integral decay times found for rXd5 as compared

to rX (o =65 ps vs. 38 ps, Table 3).

3.3. Catalytic implications

Our steady state and transient spectroscopy data can be discussed in the context of ThyX chemical

Published on 28 September 2021. Downloaded by INIST - CNRS on 10/1/2021 12:36:31 PM.

mechanism. Previous enzyme kinetics studies revealed that dUMP is the first substrate to bind to ThyX
followed by CH,THF.378 QOur data are consistent with the fact that the binding of dUMP has the
consequence of promoting a more planar conformation of isoalloxazine while reducing its dynamics. In
contrast, although folate binding produces a much greater effect on the dynamics of FADH-, this
substrate does not affect planarity. This could be interpreted by non-functional conformations of the
flavin induced by folate alone, which is consistent with the structural changes observed in the active site
of TmThyX E144R mutant (Fig. 2C). This mode of folate binding was considered physiologically relevant,
before the discovery that flavin mediates carbon transfer.2’ However, in this position, the CH, of CH,THF
is too far away to allow its attack by the nucleophilic N5 nitrogen of FADH-. This phenomenon may have a
physiological meaning since it would prevent a transfer of carbon to the flavin in the absence of dUMP
(uncoupling reactions). Indeed, a carbon transfer, in the absence of dUMP, could lead to adverse

reactions leading to an alkylation of the protein residues via the formation of formaldehyde. As a
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methylene transfer mediator, the isoalloxazine should adopt suitable conformations. Thus in the
presence of both substrates, the Ns-FADH- must point in the direction of the folate to allow its
nucleophilic attack. Once the methylene grafted on Ns, the latter must undergo a configuration inversion
to transfer the methylene to dUMP. Although, in the rXd5 complex, the flavin adopts a more planar
conformation than that observed with rXd with a geometry close to that of the Cl, it retains an important
dynamic probably necessary for the unidirectional transfer of carbon from folate to the flavin and then

from the latter to the dUMP.

4. CONCLUSIONS

We have shown that femtosecond transient absorption spectroscopy of fully reduced FAD is very
sensitive to the interactions of the isoalloxazine moiety with its local environment in the enzyme’s active
site. Essentially two parameters characterize those interactions: the shape of the transient absorption
band around 530 nm (TA,), notably its width and extension of the red wing, and the excited-state decay
rate. The shape of TA,, in particular before an initial ultrafast phase (in the range of 1 ps), reveals the
variety of configurations selected by the environment, typically in terms of butterfly bending angle and
possibly other less obvious structural features. The excited-state decay rate informs on the other hand
on the constraints exerted by the environment on the reactive coordinate (presumably the butterfly
bending motion) that leads the excited state to a Cl crossing back to the ground state. These elements
should be regarded as complementary to the analysis of the steady-state absorption spectrum that also
inform on the rigidity of the environment and degree of planarity of the isoalloxazine, in the ground
state.

Applying this approach to the case of ThyX is particularly interesting because this enzyme is able to
bind two different substrates: a folate derivative and dUMP. Different complexes of reduced TmThyX
(rX) could be prepared, with one substrate only (rXd, rX5) or both of them (rXd5). It first appears that the
environment of FADH™ in rX is only mildly more constrained than in solution and does not change much
the configuration of the isoalloxazine. When dUMP is added (rXd), the distribution of ground-state
configurations appears somewhat reduced and the constraints on the butterfly bending motion in the
excited state further increased, which agrees well with a close stacking of dUMP to the isoalloxazine
even in the reduced enzyme. The effects of CH;THF binding (rX5) are significantly different. New or more
diverse ground-state configurations appear that are presumably located at a greater distance from the

Cl, thereby explaining the relatively slow excited-state decay. This is possibly due to the folate binding
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mode in rX5, which forces the flavin to adopt non-functional conformations as seen in the crystal
structures of oxidized TmThyX E144R mutant.?® When both substrates are present (rXd5), the ground-
state configuration appears on the contrary rather limited to a geometry close to the Cl, which explains
the relatively fast excited-state decay although the environment of the isoalloxazine is densely packed.
These results indicate that, in the catalytic structure of methylene pre-transfer reaction, the reduced
flavin sandwiched between the two substrates adopts a planar conformation while retaining a relative
dynamic, which will be necessary to ensure its role as a carbon transfer agent. In fact, an inversion of the
configuration of the Ns nitrogen of FADH" is expected to occur during the methylation reaction to allow
the transfer of the carbon from the CH,THF present at the re-face to dUMP lying at si-face of the
isoalloxazine. Contrary to what was previously predicted, namely that dUMP plays a key role in the
conformational flexibility of the active site of ThyX, we show here that folate by itself can bind to rX and
induce a much greater effect than dUMP on the enzyme active site dynamic, even though this effect is
likely attributed to non-catalytic productive binding. This could have important future consequences in
targeting the folate-binding site as an effective way for enzyme inhibition. More generally, our study
demonstrates the remarkable richness of the FADH- photophysics under various environments. This may
motivate future studies on other flavoenzyme systems with multiple substrates, as well as theoretical

calculations to refine the mechanistic details.
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Fig. 1. Catalytic cycle of ThyX. The reduced flavin, FADH™, acts as (i) methylene transfer agent between

CH,THF and dUMP via the formation of a flavin carbinolamine species (HO-CH,-FAD) and as (ii) reducing

agent of the exocyclic methylene present on the Cs-dUMP via a hydride transfer to convert it into a

methyl group.
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Fig. 2. Crystal structures of oxidized TmThyX in four different substrate binding states. A) TmThyX free of
substrates (pdb: 102A). B) TmThyX in complex with dUMP (pdb: 1026). C) TmThyX E144R mutant in
complex with CH,THF (pdb: 4GTE). D) TmThyX in complex with both dUMP and CH,THF (pdb: 4GT9).
Flavin, dUMP and CH,THF are shown as yellow, gray and magenta sticks, respectively.
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Fig. 3. Steady-state absorption spectra of the four reduced TmThyX systems under study: without added
substrates (rX; black), with dUMP (rXd; red), with CH;THF (rX5; green), with dUMP and CH;THF (rXd5;
blue). The spectrum of free FADH™ in solution is recalled in dotted line. All spectra are presented in molar

extinction coefficient units (g) relative to the flavin concentration. The approximate position of the T;

and T, transitions is indicated.
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Fig. 4. Femtosecond transient absorption spectra of the four reduced TmThyX systems (see notations in
Section 3.1) at selected pump-probe delays, with excitation at 360 nm. The approximate position of the

TA; and TA, bands is indicated.
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Fig. 5. Evolution-associated difference spectra (EADS) of the four reduced TmThyX systems under study
(see notations in Section 3.1). In the case of complex rX, the small ill-defined plateau (DADS5) has been
removed from the calculation of the EADS.

T
1.0 -
<<(1 0.8 -
e}
B J
[
5 0.6 _
2
£ 1
g 0.4 —1rX R ]
3 I rXd %
rX5 R
02 ——rxds5
l ---- FADH in sol.
oolwwnd vl 0™ TS
1 10 100 1000
Time (ps)

Fig. 6. Normalized integral decay traces of the four reduced TmThyX systems under study (symbols). The
corresponding multiexponential fits (parameters in Table 2) are shown in continuous lines. The curve in
dotted lines refers to free FADH™ in aqueous solution.
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Table 1. Time constants (t; in ps, with fit errors) of the global multiexponential analysis of the four

reduced TmThyX systems under study. The last line refers to free FADH™ in solution, under the same

experimental conditions (ESI, T Section S1).

sample 7 (ps) o (ps) 73 (ps) 7 (ps) plateau
rxX 0.26 £ 0.06 25104 4216 117+ 14 yes
rXd 0.67 £0.13 88+1.6 135+7 1170 + 340 no
rx5 1.5+0.2 57+13 365 £ 50 1630 + 540 no
rXds 0.61+0.13 25+0.5 264 145+9 no
FADH~ 0.27 £0.04 1.5+0.1 8.4+0.7 32+1 yes

Table 2. Time constants (t; in ps) of the multiexponential analysis of the integral decay traces. The

corresponding relative amplitudes (a;) and indicated in parentheses. The last line refers to free FADH™ in

solution.
sample 7 (a1) B (ay) 7 (as) 7 (34) plateau
rxX 0.38 (0.02) 41 (0.41) 114 (0.55) - (0.02)
rXd 17 (0.13) 148 (0.80) 1330 (0.07) - -
rX5 1.6 (0.12) 63 (0.14) 375(0.60) 1680 (0.14) -
rXds 1.6 (0.22) 22 (0.26) 143 (0.52) - -
FADH- 2.0(0.21) 10.9(0.35)  35(0.42) _ (0.02)

Table 3. Average decay time (7) and standard deviation of decay times (o) calculated from the

multiexponential fit of the integral decay traces (see ESI,T Section S1.3). The ratios of 7 relative to free

FADH- are provided in the last column.

sample T (ps) o(ps)  T/Trer

rxX 81 38 4.2

rXd 218 317 11

rx5 464 504 24

rxds 80 65 4.2

FADH~ 19.2 13.8 1
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