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Abstract

Flavoproteins are unique redox coenzymes and the dynamic solvation at their function sites is
critical to the understanding of their electron-transfer properties. Here, we report our complete
characterization of the function-site solvation of holoflavodoxin in three redox states and of the
binding-site solvation of apoflavodoxin. Using intrinsic flavin cofactor and tryptophan residue as
the local optical probes with two site-specific mutations, we observed distinct ultrafast solvation
dynamics at the function site in the three states and at the related recognition site of the cofactor,
ranging from a few to hundreds of picoseconds. The initial ultrafast motion in 1-2.6 ps reflects the
local water-network relaxation around the shallow, solvent-exposed function site. The second
relaxation in 20-40 ps results from the coupled local water-protein fluctuation. The third dynamics
in hundreds of picoseconds is from the intrinsic fluctuation of the loose loops flanking the cofactor
at the function site. These solvation dynamics with different amplitudes well correlate with the
redox states from the oxidized form, to the more rigid semiquinone and to the much looser
hydroquinone. This observation of the redox control of local protein conformation plasticity and
water network flexibility is significant and such an intimate relationship is essential to the
biological function of interprotein electron transfer.

Introduction

Flavoproteins are ubiquitous in biology and have unique electron-transfer (ET) properties
due to the rich redox chemistry of the cofactor flavin molecules.1~” They mostly contain
flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) as their cofactors and
participate in a variety of biological functions such as cell apoptosis, detoxification,® redox
reactions,”10 light-driven DNA repair,11:12 and blue-light photoreceptors.11:13:14 To
perform these various biological activities, the dynamical motions at function sites are
essential to their catalytic reactions, as we have recently observed in photolyases.12:15 Here,
we choose an ET flavoprotein of flavodoxin as a model system and systematically
characterize the function-site solvation in its three redox states of oxidized form (OX), one-
electron reduced neutral semiquinone (SQ), and two-electron fully reduced anionic
hydroquinone (HQ). Such characterization of the local solvation in the three states is critical
to understanding how the functional ET dynamics are modulated by local protein motions in
flavodoxin.

Flavodoxin is a small family of flavoproteins with FMN as the cofactor and has been
recognized as the electron carrier in many bacteria.16=18 The x-ray structures in three redox
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states have been solved!® and Figure 1 (top left) shows the crystal structure of wild-type
Desulfovibrio vulgaris flavodoxin in its oxidized state, which is constituted of a central five-
stranded parallel B-sheet flanked by two a-helices. The FMN cofactor is bound with three
loops at the top of the protein and is therefore solvent exposed. There are total 6 polar/
charged amino acid residues (S58, T59, W60, D62, Y98 and C102) within 6 A from the
isoalloxazine ring of FMN, and FMN is sandwiched by two aromatic residues of W60 and
Y98 (Fig. 1, top middle). In the other two redox states, the x-ray structures show a
significant cis-trans peptide bond conversion between G61 and D62, resulting in the
formation of a hydrogen bond between the N5 hydrogen of the isoalloxazine ring and the
carbonyl oxygen of G61 (Fig. 1, bottom panel).1 Figure 1 (top right) also shows a snapshot
of our molecular dynamics (MD) simulations (1 ns) and clearly the FMN moiety is inserted
into the hydrophobic packet and the exposed dimethylbenzene ring is surrounded by surface
water molecules and neighboring negatively charged residues.

Using the intrinsic cofactor FMN as the local optical probe without extrinsic labeling, we are
able to map out the entire evolution of local relaxations upon excitation at the function site
in three redox states. To eliminate the potential ET quenching of excited FMN from the
stacked aromatic residues of W60 and Y98 in OX and SQ states,20-24 we have designed a
double mutation of W60F/Y98F using the redox inert residue of phenylalanine and reported
the excited-state FMN lifetimes in 6 ns, 230 ps and 800 ps for the three redox states of OX,
SQ, and HQ, respectively.24 The long lifetime of 6 ns in the oxidized state provides a
sufficient time window to measure various local motions.1%:25-27 By examining the
femtosecond (fs)-resolved fluorescence dynamics and entire emission spectra of excited
FMN at the function site, we observed the very different solvation dynamics in the three
states and thus reveal their different local properties, structurally and dynamically, at the
function site. We also examine the solvation dynamics of the FMN binding site in
apoflavodoxin without FMN, using intrinsic W60 as a local optical probe by mutation of the
other tryptophan residue (W140F). The single W60 gates the entrance of the binding pocket
and thus also directly report the local water and protein motions at the binding site of
apoflavodoxin.

Materials and Methods

Protein Preparation

The procedures of the expression and purification for D. vulgaris flavodoxin wild type and
its mutants have been well established.28 Upon purification the two flavodoxin mutants
(W60FY98F and W140F) contained the oxidized FMN and was then converted to either the
neutral radical semiquinone form2? (FMNH?®) or the two-electron reduced anionic
hydroquinone state39 (FMNH") under the anaerobic conditions. For fs-resolved experiments,
the oxidized flavodoxin was prepared at the concentration of 50 uM in 50 mM phosphate
buffer solution at pH 7. For the reduced states, the samples in 200-250 uM were mixed with
the reducing agents in 50 mM MOPS buffer at pH 7 for the semiquinone and in 50 mM
phosphate buffer at pH 8.3 for the hydroquinone. The FMN sample (USBioAnalyzed, more
than 98% weight purity) was directly used without further purification with a concentration
of 400 uM in 50 mM phosphate buffer at pH 7. Apoflavodoxin of the W140F mutant was
prepared by following the well-documented trichloroacetic-acid procedure3! except that the
buffer solution of 50 mM Tris-HCI at pH 7.5 at room temperature was used throughout the
preparation.

Femtosecond Methods

All fs-resolved measurements were carried out using the fluorescence up-conversion
method. The experimental layout has been described elsewhere.32 Briefly, the pump
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wavelengths were set at 400 nm for holoflavodoxin in OX and HQ states and FMN in buffer
solution, at 560 nm for holoflavodoxin in SQ state, and at 290 nm for apoflavodoxin. The
pulse energy typically was attenuated to 50-100 nJ for the OX state, free FMN and
apoflavodoxin, and to 140-200 nJ for SQ and HQ states. The instrument response time
under the current noncollinear geometry is about 450 fs, and all data were taken at a magic
angle (54.79). The fs-resolved emission spectra at various delay times were obtained by
scanning the mixing crystal angles and monochromator wavelengths simultaneously over
the entire emission range. The time zero at each wavelength was carefully calibrated and a
variety of delay times were appropriately chosen to reconstruct the 3D fs-resolved emission
spectra.

Results and Discussion

Ultrafast Fluorescence Transients and Solvation Dynamics in Three Redox States

Figure 2 shows the steady-state absorption and emission spectra of the W60F/Y98F mutant
in different redox states. The absorption spectra in three redox states are similar to those of
the wild type,28 indicating that the mutant has a negligible structural perturbation and can
represent wild-type flavodoxin. The corresponding emission spectra are shown in the thick
lines. The steady-state fluorescence emission of OX state shows a peak at 515 nm with a
shoulder at 545 nm while in SQ and HQ states the spectra have the significant broadening
around the peak regions of 680 nm and 530 nm, respectively, leading to the non-log-norm
emission profiles. These structural features in emission typically result from the
heterogeneous electrostatic distributions and different structural flexibility around the
(partially) buried chromophore inside the protein.15:33

Figure 3A-3C show several typical fluorescence transients of OX, SQ, and HQ states gated
from the blue to red side of the emission spectra. As a comparison, we also measured the
dynamics of FMN* in buffer solution (Fig. 3D). All transients were taken within 3.5-ns time
windows and exhibit a general trend of decay at the blue side and rise at the red side, a
manifestation of typical solvation dynamics. Strikingly, the transients show significantly
different decay behaviors for the three states. In OX state (Fig. 3A), the transients at the blue
side are fitted with three solvation components ranging from 0.9-1.8, 9-30, and 600700 ps
besides the long lifetime component in 6 ns. After the emission peak, the transients show
rise components in 20-30 ps. In SQ state, the transients (Fig. 3B) are clearly slower than
those in OX state. At the blue side, the transients exhibit two decay components in 3.5-5 and
25-58 ps. Due to the short lifetime (230 ps) of SQ state, the second solvation component
could mix with the lifetime emission and any further slow relaxation will not be detected.
Thus, the relaxation is not completed yet before the total excited-state deactivation. At the
red side, the rise components in 1.4-5 ps are clearly present. In HQ state, the solvation
dynamics at the blue side become faster again in 0.9-3.5, 10-31, and 55-300 ps, similar to
those observed in OX state, but with much more pronounced amplitude for the first
component. The third relaxation in hundreds of picoseconds could also mix with the lifetime
component of 800 ps. At the red side, we also observed a fast decay component of 35 ps
(10-15%) besides the lifetime decay (Fig. 3C), indicating a loose binding pocket to allow
FMNH~™ to proceed to a butterfly bending and distortion motions for fast deactivation as also
observed in (6-4) photolyase, 1234 photoreceptor cryptochrome3® and chemical systems.24
In all the three redox states, at the far-red side of the emission, the transients become fast
decay again, a general phenomenon for the slow solvation in heterogeneous protein
environments through various spectral tunings.1%:36

To extract the solvation correlation function, the fs-resolved emission spectra (FRES) are
typically constructed using the obtained transients at various wavelengths.37:38 However, for
the irregular spectral profiles not following the standard log-norm distribution, we have to
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directly measure the FRES to follow the entire spectral evolution. Instead of using the
emission peaks, we calculated the averaged frequency (v) of FRES to obtain the averaged
Stokes shifts and thus derive the solvation correlation function.3?

Femtosecond-Resolved Emission Spectra and Redox-Dependent Correlation Functions

Figure 4 shows the reconstructed three-dimensional plots of FRES (upper panel) and a few
snapshots at various delay times (lower panel) in the three states. The corresponding steady-
state emission spectra are shown at the bottom. In all cases, we observed minor spectral
shifts but obvious emission profile changes. As we observed in photolyases,1® the spectra of
FMN in the three states here show little shifts of the emission peaks but obvious shrinking at
the blue side and broadening at the red side. Such shape changes by the spectral tuning
reflect heterogeneous local electrostatics and corresponding anisotropic relaxation.1%40 To
quantify such changes of local relaxations, we calculated the averaged frequencies and use
the relative stabilization energies AE(t), relative to the time-zero averaged energy, to
represent the solvation dynamics. The derived functions then could be fitted by the
following equation with three exponential decays.

AE=AE e”" " +AE2e™ /™ + AE3e ™ +AE s, AE +AE>+AE3+AE=0. [

To further evaluate the local flexibility through solvation, we define an averaged solvation
speed (or averaged environment reorganization rate) in term of energy drop (in cm™1) per
picosecond by local relaxation.1%:27

T TR [21

Figure 5 shows the derived relaxation functions in the three states and Table 1 gives the
summary of their time scales, stabilization energies and solvation speeds. Clearly, the
correlation functions of three redox states are significantly different.

Specifically, in OX state, the solvation dynamics occur in 1 (53%), 25 (26%) and 670 ps
(21%) (Fig. 5A). For the shallow binding pocket with the partial exposure of FMN to the
protein surface, the three time scales mainly represent the local water-network relaxation,
coupled water-protein fluctuation and intrinsic collective protein motion, respectively.25~
21,4142 Erom our MD simulations, about 20-25 water molecules are found within 6 A to the
isoalloxazine ring of FMN and around the entrance of the function site (Fig. 5A). Given the
loop nature of the function site, the time scales of 1 and 25 ps are consistent with the
dynamics of hydrating water molecules at the protein surface observed in the other proteins.
26,43 |n SQ state, the solvation drastically slows down in 2.6 (75%) and 40 ps (25%) (Fig.
5B). The MD simulations show no obvious changes in number of neighboring water
molecules (Fig. 5B) and the main difference is the local structures in the two redox states
(Fig. 1). The SQ protein has superior stability** and a tighter binding pocket due to the
formation of a specific hydrogen bond between the N5 position of FMN and the backbone
carbonyl oxygen of G61 (Fig. 1), indicating a more rigid local structure (Fig. 5B). Thus,
such a structural change in rigidity directly affects the neighboring water-network flexibility
and coupled water-protein fluctuations, leading to the observed slow solvation dynamics.
The lack of observation of the third longtime protein relaxation in subnanosecond is due to
the short chromophore’s lifetime (230 ps).
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For HQ state, the solvation becomes faster again and the time scales are 1 (83%), 21 (14%),
and 180 ps (3%), comparable to those of OX state, but with a significant increase of the first
fast component (Fig. 5C). From the x-ray structure,1 our MD simulations (Fig. 5C), and the
NMR studies,* the shallow binding pocket become looser, mainly in the regions of 56-82
residues of the 60°s loop and 91-103 residues of the 90°s loop and largely due to the
repulsion between FMNH™ and the surrounding negatively-charged residues such as D62
and D95 (Fig. 1 and Fig. 5C). Thus, the local hydrogen-bond network becomes more
flexible and also more water molecules can penetrate into or are trapped around the function
site, resulting in a larger stabilization energy in 1 ps and suggesting a more polar
environment in HQ state. Since the stabilization energy depends on the local polarization
and the dipole-moment change (Au) between the ground and excited states, and the recent
experiments by Stark spectroscopy suggested a similar value of dipole-moment changes in
three redox states,*6=48 the observed large increase of AE; (360 cm™1) in HQ state must
reflect the local environment change and in this case both the local water network and
protein structure probably become more flexible. Interestingly, we observed a very similar
stabilization energy of AE, (50-60 cm™1) for all the three states, reflecting the same amount
of relaxation energy from coupled water-protein fluctuations. Since there isno ET
quenching of FMNH™ in HQ state, we also examined the solvation dynamics of the wide-
type protein and obtained the similar results as in the mutant (Table 1). The increase in
stabilization energy of AE, (97 cm™1) probably results from the contributions of stacked
Y98 (polar) and W60 residues while in the mutant, FMN is sandwiched by the nonpolar
residue of phenylalanine.

The solvation speeds in the three states (Table 1) are dramatically different and directly
elucidate the local flexibility. The first and second solvation speeds (S; and Sy)
systematically changes from the largest in HQ state, to the middle in OX state, and to the
smallest in SQ, reflecting an evolution of the hydrogen-bond network from flexible to rigid
and correlating well with the local protein mobility. The third solvation speed (Ss) is similar,
indicating an intrinsic collective motion of flavodoxin. Thus, we observed a relatively tight
function site in SQ state with both rigid local water networks and inflexible sidechains and a
relatively loose function site in HQ state with considerable water-network flexibility and
sidechain mobility, a drastic difference of the local properties for these two physiological in
vivo states in cell.

We also examined the solvation dynamics of FMN in buffer solution as a control to quantify
the stabilization energy (Table 1). We observed three time scales of 0.4 (11%), 1.4 (70%)
and 11 ps (19%). Compared to bulk water,38:49 the solvation dynamics overall slow down,
presumably resulting from the more hydrogen-bond networks and ions of the ribityl
phosphate moiety. For the log-norm distribution of FRES, the relaxation energy can be
derived by calculating either the emission peak shifts or averaged frequency changes (Table
1). We obtained a stabilization energy of 341 cm™1 for the first two fast relaxations, similar
to the values (345-360 cm~1) in HQ state but much larger than those in OX and SQ states
(111-154 cm™1), suggesting more and looser water molecules in the function site of HQ
state, less mobile water molecules in OX state and even more rigid in SQ state.

Binding Site Solvation and Protein Surface Hydration

We further examined the local solvation dynamics at the binding site without the cofactor
FMN inside the pocket. The x-ray structure of apoflavodoxin®9 shows that the tryptophan
residue W60 slightly rotates and perfectly covers the entrance of the binding pocket and lies
down at the protein surface with a maximum emission peak at 343 nm. Using the mutant
W140F, the single tryptophan W60 can be used as a local probe to study the surface
hydration dynamics around the binding site as extensively used in our other studies.?® Figure
6 shows the final results and the obtained time scales and stabilization energies are also
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given in Table 1. Significantly, we observed the two similar relaxations in 1 (50%) and 18.3
ps (50%), reflecting the initial local water-network relaxations and subsequent water-protein
coupling fluctuations, completely consistent with the dynamics observed in the other
proteins with the similar local protein properties.26:43 The lack of the possible third
relaxation is due to mixing with one short lifetime (400 ps) of W60. Compared with
holoflavodoxin in OX state, the second relaxation (18.3 ps) of the water-protein coupling
motion becomes obviously faster, reflecting a more flexible structure in apoflavodoxin and a
more rigid binding structure in holoflavodoxin. The observed more stabilization energy by a
factor of 4-5 results from the larger change of dipole moments (Az) of W60, consistent with
the reported values of dipole-moment changes, 1.1 D for FMN“6 and ~5 D for tryptophan.>?
Thus, for the shallow and hydrophobic binding site of FMN, the local hydration dynamics
probed by W60 show the similar fast water-network relaxations, both in time and energy, as
the function-site solvation probed by the cofactor FMN. Moreover, the two probes can
distinguish the different water-protein coupling motions, reflecting the intrinsic different
flexibility of the local structures with and without binding of the cofactor FMN.

Conclusion

We reported a systematic study of the local solvation dynamics in the binding site of
apoflavodoxin and in the function site of holoflavodoxin in three redox states using the
intrinsic tryptophan (W60) and cofactor FMN as the local optical probes without extrinsic
labeling. With site-directed mutations, we designed two mutants to reach the specificity for
W60 and to eliminate the potential quenching of FMN, respectively. With femtosecond
resolution, we observed the distinct solvation dynamics in apoflavodoxin and in three redox
states of holoflavodoxin. From the apoflavodoxin to oxidized holoflavodoxin (FMN), we
observed the similar fast water-network relaxation in 1 ps but different water-protein
coupling fluctuations (18.3 vs. 25 ps) from the two different structural flexibilities. From the
oxidized to semiquinone (FMNH?®) states, the local structure becomes more rigid due to the
extra hydrogen-bond formation by the redox switching. The local solvation dynamics
significantly slow down to 2.6 and 40 ps, a clear correlation between the local structural
rigidity and water-network immobility. From the semiquinone to hydroquinone (FMNH"™)
states, the solvation relaxations become faster again in 1 and 21 ps with a significant
increase in total solvation energy, due to a more polar environment with more mobile water
molecules in a looser and larger pocket caused by the negative repulsion between the
anionic cofactor and neighboring negatively-charged residues. With the long excited-state
lifetime of the local probe, we also observed the intrinsic protein relaxation in hundreds of
picoseconds as shown in oxidized and partially hydroquinone states.

The observed distinct solvation dynamics in three redox states are significant, reflecting the
redox dependence of protein conformation plasticity and water network flexibility and
ultimately relating to the biological function. As an electron shuttle, the compact, immobile
function site in semiquinone state is ideal to dock into electron-donor partners (such as
flavodoxin reductase or photosystem 1) for reduction and the loose, flexible function site in
hydroquinone state is necessary to deliver electron to a variety of the electron-acceptor
partners (such as ferreodoxin-NADP™ reductase or methionine synthase) with non-specific
interacting interfaces.18:52-54 The observed correlation between the redox states and the
solvation dynamics is fundamental and elucidates the intrinsic dynamical relationship
between hydration networks and local protein structures. For a given redox state with a
unique structure, it requires a certain water network for its stability and flexibility. In turn,
the dynamics of such a specific water network controls the flexibility of the local protein
structure, an intimate relationship of water-protein coupling motions. Clearly, such a
relationship of redox states with protein conformation flexibility and water network mobility
at the function site is essential for performing its various biological activities.
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Figure 1.

Top panel: (Left) The x-ray crystal structure of oxidized D. vulgaris flavodoxin (PDB:
3FX2). (Middle) Close view of the FMN binding site embraced by two 60’s and 90’s loops.
The FMN cofactor is sandwiched by two aromatic resides of W60 and Y98. (Right) Surface-
map representation of a snapshot of 1-ns MD simulations, showing the function site with
hydrating water molecules within 6 A from the isoalloxazine ring and neighboring
negatively-charged residues (red). Lower panel: The local x-ray structures of three redox
states show the loop flipping in SQ and HQ states to form a hydrogen bond with N5 of the
isoalloxazine ring.
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Figure 2.

Steady-state absorption (thin line) and emission (thick line) spectra of W60F/Y98F mutant
in OX, SQ, and HQ states. The excitation wavelengths were 400 nm for OX and HQ states,
and 560 nm for SQ state. For SQ state, the emission spectrum was fitted with a log-normal
function to extrapolate the emission longer than 800 nm as shown in dashed line.
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Figure 3.

0 30 60 90

Normalized femtosecond-resolved fluorescence transients of W60F/Y98F mutant in (A) OX
(B) SQ (C) HQ states and (D) FMN in buffer solution. These transients were gated from the
blue to red side of the emission spectra. Note the drastic differences in three redox states.
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Figure 4.
Upper panel: Three-dimensional representation of femtosecond-resolved emission spectra

of W60F/Y98F mutant in (A) OX (B) SQ and (C) HQ states. The intensity was scaled by a
color code. Lower panel: Three snapshots of the femtosecond-resolved emission spectra at
typical delay times for the three states with their corresponding steady-state emission
spectra. For comparison and clarity, the steady-state emission peaks were indicated by gray
dotted lines.
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Figure 5.

Upper panel: Surface-map representation of a snapshot of the function site of flavodoxin in
(A) OX (B) SQ and (C) HQ states from 1-ns MD simulations. Only water molecules within
6A from the isoalloxazine ring are shown. The negatively charged residues are indicated in
red color. Lower panel: Solvation responses at the function site of flavodoxin in three redox
states represented by the stabilization energy changes (AE) with time. The insets show the
responses at short time scale.
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Figure 6.

(A) Normalized femtosecond-resolved fluorescence transients of apoflavodoxin (W60)
gated from the blue to red side of the emission spectrum. The transients are shown at two
different time scales. (B) Representative of normalized femtosecond-resolved emission
spectra (FRES) at different delay times. The symbols represent the experimental data and
the solid lines are from the log-normal fitting. The dashed line is the steady-state emission
spectrum. (C) Solvation response at the binding site of apoflavodoxin represented by the
stabilization energy change (AE) with time and the inset shows the short time range.
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