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Abstract: The photogenerated triplet states of riboflavin and flavin mononucleotide (FMN) have been
examined by time-resolved electron paramagnetic resonance (EPR) spectroscopy at low temperature (T
) 80 K). Because of the high time resolution of the utilized EPR instrumentation, the triplets are for the first
time observed in the nonequilibrated electron-spin polarized state and not in their equilibrated forms with
the population of the triplet sublevels governed by Boltzmann distribution. The electron-spin polarization
pattern directly reflects the anisotropy of the intersystem crossing from the excited singlet-state precursor.
Spectral analysis of the resulting enhanced absorptive and emissive EPR signals yields the zero-field splitting
parameters, |D| and |E|, and the zero-field populations of the triplet at high accuracy. These parameters
are sensitive probes for the protonation state of the flavin’s isoalloxazine ring, as becomes evident by a
comparison of the spectra recorded at different pH values of the solvent. The three protonation states of
the flavins can furthermore be distinguished by the kinetics of the transient EPR signals, which are dominated
by spin-lattice relaxation. The fastest decays are observed for the protonated FMN and riboflavin triplets,
followed by the deprotonated flavin triplets. Slow decays are measured for the triplet states of neutral FMN
and riboflavin. Because proton transfer is found to be slow on the time scale of spin-polarized triplet detection
by transient EPR, the pH-dependent spin-relaxation and zero-field splitting parameters offer a novel approach
to probe the protonation state of flavins in their singlet ground state through the characterization of their
triplet-state properties.

Introduction

Flavins are the most frequently encountered organic cofactors
in nature.1-4 They can assume three different redox states: fully
oxidized, one-electron reduced, and fully reduced.5-7 Each of
these redox states exists in a cationic, neutral, and anionic form
depending on the pH of the solution. The fully oxidized redox
state (Figure 1) is typically the energetically most stable one in
flavoproteins. While proteins with flavin cofactors rarely utilize
the electronic properties of photogenerated excited states, this
chromophore is nevertheless widely used as a versatile photo-
sensitizer in the oxidation of biologically important molecules,
such as amino acids,8,9 proteins,10,11DNA and nucleotides,12-15

and EDTA.16,17 In these photooxidations, three prominent
features of the flavin’s 7,8-dimethyl isoalloxazine ring are
exploited:18 the ground-state optical absorption in the visible
region ranging from 400 to 500 nm, the high quantum yield
for intersystem crossing (ISC),19 and the high oxidation potential
of the triplet state. These features are also prerequisite for the
quantitative generation of the one-electron reduced semiquinone
radical or the two-electron reduced hydroquinone forms of
flavins in proteins mostly starting from the fully oxidized redox
state of the flavin cofactor. Such photoreduction reactions are
typically conducted in the presence of blue light and using an
exogenous electron donor such as EDTA or dithionite.20

However, intraprotein photoreduction processes have also been
observed in the absence of external reductants, for example, in
the DNA-repair enzyme photolyase.21,22 In this redox reaction,
the triplet state of the flavin adenine dinucleotide (FAD)
chromophore is involved.23,24
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Confirming early indications,25 the flavin triplet state has
recently also been accepted as a reactive intermediate in the
primary reaction of biological photoreception of blue light.26

In the light-sensitive LOV domains of the phototropin blue-
light receptor,27 the triplet is generated via ISC from the excited
singlet-state precursor.28 It decays within a few microseconds
by generating an adduct of the flavin mononucleotide (FMN)
cofactor with a nearby cysteine residue.29-31 Presently it is being
discussed whether this primary photoreaction of blue-light
sensing proceeds via an ionic mechanism,26 or, in close analogy
to the above-mentioned photooxidation of amino acids,9 via a
radical-pair mechanism with a triplet-configured radical pair
converting to a singlet-configured radical pair as a precursor
for covalent-bond formation.32-34 In either case, it is of utmost
importance to obtain more information on the electronic
properties of flavin triplet states and, in particular, on the
protonation state of the isoalloxazine core. Therefore, a detailed
knowledge of the electronic structure of the flavin in the triplet
state is required.

Despite some initial progress,19,35-38 limited information on
flavin triplets has been obtained from electron-paramagnetic
resonance (EPR) thus far. To fill this gap, we have studied the
lowest-lying photogenerated triplet states of FMN and riboflavin
and their dependence on the pH of the surrounding medium. In
the past, flavin triplets have been examined in their equilibrium
state when the initial electron-spin polarization of the triplet
sublevels arising from spin-selective ISC from the excited

singlet-state precursor has decayed to the Boltzmann-equilibrium
population.35-38 Using high-time resolution EPR methods, we
now show that it is possible to observe flavin triplets in their
nonequilibrated electron-spin polarized state. To preserve as
much as possible of the initial polarization, the triplets are
detected in a frozen glassy matrix to slow relaxation to the
equilibrium state. From these experiments, the spin-spin
coupling parameters of the triplet, the so-called zero-field
splitting (ZFS) parameters, as well as the zero-field populations
are obtained. These parameters are important, for example, to
judge the quality of the flavin-triplet wave functions calculated
by modern quantum-chemical methods.39-41 By our experi-
ments, we furthermore can give a lower limit for the time scale
of proton transfer in the frozen glassy solutions investigated;
during the lifetime of electron-spin polarization, protonation or
deprotonation of triplet-state flavin does not occur. Our studies
thus reflect the protonation state of the electronic ground state
of the flavin. The method described of using the photoexcited
triplet as a time-resolved probe for the protonation state of the
singlet ground state is novel and of potential value for the study
of flavin-containing proteins.

Materials and Methods

Sample Preparation.Riboflavin and FMN were purchased from
Sigma and were used without further purification. At pH 8.0, an aqueous
buffer solution containing 10 mM sodium phosphate and 10 mM NaCl
was used. The pH of the buffer was adjusted with HCl at low pH< 3
and with NaOH at high pH> 8. Glycerol was added to all buffer
solutions (60% concentration (v/v)) to yield a transparent glass in the
frozen state. FMN and riboflavin were then dissolved at a concentration
in the range 0.08-0.7 mM, and the final pH values were measured
with a digital pH meter. Optical absorption spectra of the different FMN
and riboflavin solutions were recorded on a Shimadzu UV-1601PC
spectrophotometer (data not shown) and were found to agree well with
those published.42 All samples were then deoxygenated, transferred into
EPR suprasil quartz tubes (3-mm inner diameter) under an argon
atmosphere, and rapidly frozen in liquid nitrogen.

EPR Instrumentation. Time-resolved (tr) EPR experiments were
performed using a laboratory-built spectrometer consisting of an AEG
electromagnet, a Bruker ER041 MR (Rheinstetten, Germany) micro-
wave bridge in conjunction with a Bruker ER4118X-MD-5W1 dielectric
resonator, which was immersed in a laboratory-built helium-gas flow
cryostat. The temperature of the sample was controlled to(1 K by a
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Figure 1. Structures and the IUPAC numbering scheme of cationic (2a and2b), neutral (1), and anionic (3) flavin species in the fully oxidized redox state.
R ) -CH2(CHOH)3CH2OH in riboflavin and R) -CH2(CHOH)3CH2OPO3

2- in FMN.
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LakeShore Cryotronics 321 (Westerville, OH) auto-tuning temperature
controller. The microwave (mw) frequency was measured by an EIP
548 (Milpitas, CA) frequency counter, and the magnetic field was
measured by a Bruker ER035MR NMR gaussmeter. The time-
dependent EPR signal elicited by pulsed laser excitation was amplified
in a broadband low-noise preamplifier and detected directly without
magnetic-field modulation using a Tektronix TDS-520A digitizing
oscilloscope. The time resolution of the spectrometer is in the 40-100
ns range.

Optical excitation of the samples was provided by a Nd:YAG
(neodymium yttrium/aluminum garnet) laser-pumped dye laser BMI
AL.152C (Thomson-CSF, Buyancourt, France) with a wavelength of
440 nm (laser dye, coumarin-120), a pulse duration of about 6 ns, a
pulse energy of 1 mJ, and a laser repetition rate of 1 Hz.

Simulation of EPR Spectra.The EPR powder spectra have been
analyzed using a computer program for simulation and fitting of spectra
with isotropicg-factor and dipolar coupling tensorD. The spectra were
calculated by computing the resonant magnetic-field positions at the
given mw frequency by numerical diagonalization of the Hamiltonian
H, which was approximated by the sum of the Zeeman and electron
dipolar interactions:

The latter contribution depends on the Euler anglesΩ ) (R, â, γ),
which specify the orientation of the triplet-state principal axes with
respect to the external magnetic-field vectorB. The electronic spin-
vector operator of the triplet state (S ) 1) is denotedS, andâe is the
Bohr magneton. The orientation dependence of the dipolar-coupling
term is that of a rank-two tensor,

whereR(Ω) is a Cartesian rotation operator. The diagonal tensorDd is
traceless and parametrized in terms of two ZFS parameters,D andE:
Dd ) Diag(D/3 - E, D/3 + E, -2D/3). The magnitude of the ZFS
parameter|D| is a measure of the delocalization of the molecular orbitals
involved in the triplet state and is proportional to〈r3〉-1, wherer is the
distance between the unpaired electrons and〈...〉 denotes the average
over the electron distribution. The magnitude of the ZFS parameter
|E| is related to the degree of distortion from axial symmetry. The
quotient 3|E|/|D| lies in the range 0e 3|E|/||D| e 1, where the two
extremes represent axial symmetry (E ) 0) and orthorhombic symmetry
(3|E|/|D| ) 1).43,44

In the spectral analysis, effects due to spin relaxation and molecular
motion were neglected. This is adequate as long as spectra are analyzed
that were extracted from the two-dimensional data setS(B0, t) at times
soon after the laser pulse (i.e.,t , T1, T2).

The detected EPR line shape is the cumulative signal from all
photogenerated flavin triplets in the sample. As the flavin molecules
have random orientation and the excitation laser pulse is effectively
unpolarized, the spectrum appears as the sum over all orientations of
the triplets with respect to the external magnetic field. The two
resonance magnetic-field positions for a specific orientationΩ are found
from the energy splittings between the eigenstates of the Hamiltonian
(eq 1). The relative weights of these transitions are calculated from
the population differences between the corresponding eigenstates. The
level populations in the presence of the magnetic field are computed
from the populationspX, pY, andpZ of the Cartesian triplet sublevels
TX, TY, and TZ in zero-magnetic field in first-order perturbation
treatment.45

Generally, the shape of the powder spectrum does not strongly
depend on the numerical value of the intrinsic line width of the two-

line spectrum for one single orientationΩ. This leaves essentially a
total of four independent parameters in the model, namely the ZFS
parameters,D and E, and the three zero-field level populations
constrained by the normalization condition,pX + pY + pZ ) 1, to two
independent parameters. It should be noted that a fundamental ambiguity
exists as to the sign ofD andE since the EPR line positions depend
only on their relative signs. Therefore, only absolute values of the ZFS
parameters,|D| and |E|, are given.

A nonlinear least-squares fitting routine based on an interior-
reflective Newton method (Matlab, The Mathworks, Natick, MA) was
used to find the optimum parameter set for simulating a given
experimental spectrum. The starting parameter set was systematically
varied over a wide range of physically plausible values to avoid
convergence of the optimization procedure into a local minimum. The
error margins of the fitted parameters were estimated from the
confidence intervals obtained from the fitting routine.

Results and Discussion

EPR Spectra of the Lowest Triplet State of Flavin
Derivatives.Samples of FMN and riboflavin in frozen aqueous
solutions at 80 K were irradiated with 440-nm laser pulses of
about 6-ns pulse duration. For repetitive signal accumulation,
a low pulse-repetition frequency of 1 Hz was chosen to ensure
that the flavins are relaxed to the ground state prior to each
laser pulse. This is important as the triplet lifetime of FMN in
the temperature range around 80 K in a frozen glycerol matrix
is in the 100-ms range.19,35The time evolution of the transverse
magnetization after pulsed laser excitation was monitored for
various static magnetic fields. The complete experimental data
set consists of transient EPR signals taken with a maximum
time resolution of 10 ns per data point (as determined by the
transient digitizer) at equidistant magnetic-field points covering
the whole spectrum. This implies a two-dimensional variation
of the signal intensity with respect to both the magnetic field
(B0) and the time axis (t). In contrast to previous EPR
observations of flavin triplets,35-38 the tr-EPR experiments
presented here were performed without magnetic-field modula-
tion but in the direct-detection mode instead. Hence, the signals
have a nonderivative line shape where the sign ofS(B0, t)
directly reflects the electron-spin polarized nature of the EPR
transition. Positive signals indicate enhanced absorptive (A) and
negative emissive (E) spin polarization.

The complete transient EPR signal of photoexcited FMN is
shown in Figure 2. A similar data set has been obtained for
riboflavin (data not shown). Each spectrum consists of a narrow
emissively electron-spin polarized feature centered atg ≈ 4
around 168.5 mT and a broad signal contribution centered atg
≈ 2 in the magnetic-field range 280 mT< B0 < 410 mT with
emissive spin polarization belowg ≈ 2 and enhanced absorptive
spin polarization aboveg ≈ 2. Such a pattern is typical of a
triplet state from a photoexcited aromatic hydrocarbon where
the lowest triplet is populated via ISC from an excited singlet-
state precursor.46,47 The narrow lines at 168.5 mT are the so-
called half-field transitions arising from formal “∆MS ) (2”
resonances between the lowest and highest energy levels in an
intermediate magnetic-field regime in which the eigenfunctions
of the spin Hamiltonian become linear combinations of the high-
field states andMS ∈ {-1, 0, +1} are no longer adequate
quantum numbers. In the past, using continuous-wave EPR with

(43) Poole, C. P., Jr.; Farach, H. A.; Jackson, W. K.J. Chem. Phys.1974, 61,
2220.

(44) Hall, P. L.; Angel, B. R.; Jones, J. P. E.J. Magn. Reson.1974, 15, 64.
(45) Felix, C. C.; Weissman, S. I.Proc. Natl. Acad. Sci. U.S.A.1975, 72, 4203.

(46) Terazima, M.; Yamauchi, S.; Hirota, N.J. Phys. Chem.1985, 89, 1220.
(47) Gonen, O.; Levanon, H.J. Phys. Chem.1985, 89, 1637.

H(Ω) ) gâeB‚S + S‚D(Ω)‚S (1)

D(Ω) ) R(Ω)‚Dd‚R(Ω)-1 (2)
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first-derivative detection of the signal with respect toB0 (as a
consequence of magnetic-field modulation), observation of
flavin triplets was mostly restricted to the “∆MS ) (2”
transition centered atg ≈ 4 because of the high intensity of
this line in first-derivative mode.35-38 The comparatively low
intensity of the first derivative of the anisotropic and, hence,
broad∆MS ) (1 transitions in the range 280 mT< B0 < 410
mT and centered aboutg ≈ 2 typically preclude the observation
of the complete flavin triplet signal by continuous-wave EPR.
We have found only one report in the literature in which the
entire continuous-wave EPR spectrum of a protonated FMN
triplet state is described; however, it is detected not in its spin-
polarized state but rather in its quasi-stationary (Boltzmann)
equilibrated state. In an EPR experiment with high time
resolution, however, which is for the first time performed here
on the lowest FMN and riboflavin triplets, the full electron-
spin polarization of all transitions between the non-Boltzmann
populated energy levels is exploited. Hence, a characteristic
powder pattern is observed in which the∆MS ) (1 transitions
at the canonical orientations of the flavin-triplet principal axes
(X, Y, andZ) are separated by|D′| + 3|E′|, |D′| - 3|E′|, and
2|D′| (with |D′| ) |D| hc/(gâe) and |E′| ) |E| hc/(gâe); h and
c are the Planck constant and the vacuum speed of light,
respectively) and centered about theg-value of the triplet. Unlike
previous EPR observations of the lowest triplet state of FMN,38

no narrow signal was detected in the center of the∆MS ) (1
region. Such a signal could, in principle, arise from stable FMN
radicals generated as a consequence of irreversible FMN
photochemistry under high-intensity illumination conditions or
from a double-quantum transition in the triplet manifold
connecting the lowest and the highest energy levels. A double-
quantum transition can be induced by the simultaneous absorp-
tion of two microwave quanta. However, its transition prob-
ability is low, and hence, it is typically not observed in direct-
detection tr-EPR of triplet states of organic molecules.

Transient EPR spectra can be extracted from the two-
dimensional data setsS(B0, t) at any fixed time after the laser
pulse as slices parallel to the magnetic-field axis. Likewise, the
time evolution of the transverse magnetization may be obtained
for any given field as a slice along the time axis (see below).
The rise time of the triplet EPR signal is limited by the
instrumental time response of the spectrometer, which is in the

range of 40-100 ns. The exponential decay of the electron-
spin polarized signal does not reflect the lifetime of the flavin
triplet states, which, for flavins in a glassy matrix at 77 K, has
been reported to be in the 100-ms range.19,35 Rather, for very
low microwave power, the effective decay time can be identified
with the spin-lattice relaxation timeT1 characterizing the decay
of the electron-spin polarization to Boltzmann-equilibrium (see
also below).48 Because of the sensitivity loss as a consequence
of the direct signal detection, a relaxed triplet state in Boltz-
mann-equilibrium population is usually not accessible by
transient EPR, and therefore, information on the triplet lifetime
cannot be given from our experiments.

From a spectral simulation of the electron-spin polarized
powder pattern of the∆MS ) (1 transitions, the ZFS
parameters,|D| and|E|, of the triplet state are obtained at high
accuracy. For this purpose, EPR spectra have been extracted at
the maximum of the signal amplitude (Figures 3 and 4) to avoid
spectral line-shape distortions due to anisotropic (i.e., magnetic-
field dependent) spin relaxation. The ZFS parameters obtained
from line-shape fittings are summarized in Table 1. The|D|
value obtained for the FMN triplet at pH 8.0,|D| ) (0.0568(
0.0006) cm-1, is comparable to the one reported earlier from
optically detected magnetic resonance (ODMR),|D| ) 0.058
cm-1.49 The corresponding|E| value (|E| ) (0.0173( 0.001)
cm-1), however, is smaller than that obtained previously,|E|
) 0.019 cm-1. The same trend is observed for the ZFS
parameters of the riboflavin triplet state (Table 1). Because only
part of the primary data used to extract the ZFS parameters is
presented in the earlier ODMR study and no quantitative error
margins have been given,49 it is difficult to judge the accuracy
of the values reported previously. We have tried to reproduce
our experimental spectra with simulations using the ZFS
parameters from ODMR; however, we did not receive a good
agreement between experiment and simulation. We are never-
theless confident that our ZFS values are reliable and accurate,

(48) Atkins, P. W.; McLauchlan, K. A.; Percival, P. W.Mol. Phys.1973, 25,
281.

(49) Moore, T. A.; Kwiram, A. L.Biochemistry1974, 13, 5403.

Figure 2. Complete transient EPR data setS(B0, t) of FMN in frozen
aqueous solution (pH 8.0) measured atT ) 80 K. The data set has been
obtained by measuring EPR time profiles at equidistant values of the
magnetic fieldB0. Each time profile is the average of 25 acquisitions
recorded with a laser-pulse repetition rate of 1 Hz. Other parameters:
microwave frequency, 9.68 GHz; microwave power, 25 dB (0.63 mW);
detection bandwidth, 100 MHz.

Figure 3. Transient EPR spectra of the photoexcited triplet state of FMN
recorded at a temperature of 80 K at two different pH values: (A) pH 8.0
and (B) pH 2.8. The signal intensity of each time trace of the complete
data setS(B0, t) was integrated over a time window of 500 ns centered at
t ) 1 µs after pulsed laser excitation. Parameters are as those in Figure 2.
The dashed line in (A) represents a spectral simulation using the parameters
of Table 1.
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as in cases where|D| ≈ 3|E| already very subtle variations of
|D| and|E| give rise to significant changes of the spectral line
shape.

Within experimental error, the|D| and |E| values of FMN
and riboflavin at pH-1.2 and 12.5 are very similar. At pH
8.0, however, the riboflavin|D| value is significantly smaller
than that of FMN (Table 1). Hence, because the|D| parameter
is a measure for the delocalization of the two unpaired electron
spins in the triplet and is inversely proportional to the cubed
distance between the spin centers (|D| ∝ 〈r3〉-1), this indicates
more delocalized unpaired electron spins in the riboflavin triplet
compared to that in the FMN triplet. One reason for this finding
might be that because of the inferior water solubility of
riboflavin compared to FMN, some aggregation might take place
with the 7,8-dimethyl isoalloxazine moieties of two or more
riboflavin molecules getting in close distance to each other. By

π-stacking interactions, the triplet-spin configuration then could
be partially delocalized over two or more isoalloxazine rings,
thus increasing the average distancer between the two unpaired
spins, which in turn results in a smaller|D| value. Such
overlapping is frequently observed in crystal structures of
riboflavin and its related compounds.50,51 It could be an
energetically favorable packing mode for the isoalloxazine ring.

The pH Dependence of EPR Spectra of Flavin Derivatives.
To study protonated and deprotonated flavins in the triplet state
we first examined the protonation behavior in the glassy glycerol
matrix at 80 K. For this purpose, the FMN triplets recorded at
pH 8.0 (Figures 3A and 4) and at pH 2.5 (Figure 3B) have
been compared. At the higher proton concentration, the iso-
alloxazine ring in the triplet state of FMN is expected to get
easily protonated, as the threshold for flavin-triplet protonation
is at pK ) 4.5.52,53Within experimental error, however, the two
spectra were found to be identical (Figure 3). The same findings
have been obtained for the riboflavin triplet states recorded at
pH 8.0 and 2.5 (results not shown). Therefore, we conclude
that flavin-triplet protonation under low-temperature conditions
is either inhibited or drastically slowed to a time scale far longer
than that of the decay of electron-spin polarization. A second
explanation could be that the electron distribution of (unpro-

(50) Ebitani, M.; In, Y.; Ishida, T.; Sakaguchi, K.-i.; Flippen-Anderson, J. L.;
Karle, I. L. Acta Crystallogr., Sect. B1993, 49, 136.

(51) Wang, M.; Fritchie, C. J., Jr.Acta Crystallogr., Sect. B1973, 29, 2040.
(52) Schreiner, S.; Kramer, H. E. A. Influence of pH on Flavins in the Triplet

State. InFlaVins and FlaVoproteins; Singer, T. P., Ed.; Elsevier: Amster-
dam, 1976; p 793.

(53) Schreiner, S.; Steiner, U.; Kramer, H. E. A.Photochem. Photobiol.1975,
21, 81.

Figure 4. Transient EPR spectra of FMN (A) and riboflavin (B) measured at 80 K (drawn lines) at three different pH values: pH-1.2 (top), pH 8.0
(middle), and pH 12.5 (bottom). The spectra have been obtained as described in Figure 2. The dashed lines represent spectral simulations using the parameters
given in Table 1. The vertical lines are drawn to assist the reader in recognizing the changes in spectral line width as a function of buffer pH.

Table 1. Triplet Zero-Field Splitting and Population Parameters of
Free FMN and Riboflavin in Frozen Aqueous Solution (T ) 80 K)
Obtained by Simulation of the Time-Resolved EPR Spectra of
Figures 3A and 4a

pH |D|/(10-4 cm-1) |E|/(10-4 cm-1) pX pY pZ

FMN -1.2 629 172 0.50 0 0.50
8.0 568 173 0.33 0.67 0

12.5 565 132 0.40 0.60 0
riboflavin -1.2 634 177 0.50 0 0.50

8.0 557 165 0.33 0.67 0
12.5 560 138 0.42 0.58 0

a Estimated error ranges for the|D| and|E| values are(6 × 10-4 cm-1

and(1 × 10-3 cm-1, respectively, and for the zero-field populations the
value is (pi) ( 0.04.

The Photoinduced Triplet of Flavins A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 36, 2004 11397



tonated) FMN in the triplet-spin configuration (compound31,
see Figure 1; the superscript3 or 1 denotes the spin multiplicity
of the triplet and the singlet state, respectively), and hence, the
ZFS parameters are identical to those of protonated FMN in
the triplet state (either compound32aor 32b). This is, however,
very unlikely for the following reason: The one-electron reduced
forms of 1 and2, that is, the FMN anion and neutral radicals,
respectively, show very different hyperfine couplings in EPR/
ENDOR experiments.54-57 The hyperfine couplings probe the
(singly occupied) frontier orbital of the radical at the positions
of the various magnetic nuclei (i.e., protons and/or14N or 15N
nuclei). To a first approximation, the one-electron reduced
radical forms of1 and 2 and the triplet states31 and 32,
respectively, share the same LUMO. Therefore, having different
hyperfine couplings in the anion and neutral radical states, it is
very unlikely that the triplet states could be identical.

As the triplet state of FMN and riboflavin in frozen aqueous
solution do not become protonated on the time scale of our
experiments at pH values lower than the pK of triplet protona-
tion, we followed a different strategy to examine the triplet states
of flavins in the various protonation states. Prior to freezing,
the pH of the samples is adjusted such that the proton
concentration is well above the one necessary for protonation
of the ground state (i.e., pH< 0) or below the threshold for
deprotonation (i.e., pH> 10). We therefore expect to observe
protonated and deprotonated flavin triplets that reflect the
protonation state of the ground-state molecules. The results of
these experiments are summarized in Figure 4. Clearly, the
spectra taken at the different pH values are very distinct. Not
only the width of the triplet signals varies, but also the electron-
spin polarization pattern in the spectral region aroundg ≈ 2.
All three spectra of FMN and riboflavin, respectively, can be
simulated with the formalism outlined in the Materials and
Methods section. The ZFS parameters and the zero-field
populations that determine the shape of the electron-spin
polarization pattern are summarized in Table 1. While the FMN
and riboflavin triplets that are deprotonated at N(3) show the
smallest ZFS parameters corresponding to considerable delo-
calization of the unpaired electron spin, the triplet states of the
compounds1 and2 show larger|D| values. This is indicative
of a stronger confinement of the unpaired electron spins in the
triplet states31 and 32. Both FMN and riboflavin follow the
same trend. Hence, by tr-EPR the protonation state of the triplet
and, for the reason outlined above, the ground states can be
probed by measurement of the ZFS parameters and zero-field
populations.

In the ground state of the oxidized flavin, the N(1)-protonated
configuration (i.e., compound12a) is energetically more stable
than the N(5)-protonated configuration (i.e.,12b). Although there
is no experimental evidence, it appears generally accepted that
in the triplet state, on the other hand, the N(5)-protonated form,
32b, appears to be energetically favored over the N(1)-protonated
form, 32a.18 Using density-functional theory calculations at the
UB3LYP/6-31G** level of theory performed with Gaussian0358

(geometries of12a, 12b, 32a, and32b have been optimized at
the UB3LYP/6-31G* level), we have confirmed the results of
previous calculations performed at a less computationally
expensive level. In the triplet state,32b is 79.6 kJ/mol lower in
energy than32a, whereas in the ground state,12b is 34.5 kJ/
mol higher in energy than12a. On the basis of these predictions
and on our findings that protonation and deprotonation are
drastically slowed at 80 K, we conclude that the protonated
triplet states observed by tr-EPR at very high proton concentra-
tions (i.e., pH-1.2) arise from the N(1)-protonated flavin rather
than the N(5)-protonated form.

The pH Dependence of EPR Decay Curves of Flavin
Derivatives.Differences between the various flavin triplets can

(54) Kurreck, H.; Bock, M.; Bretz, N.; Elsner, M.; Kraus, H.; Lubitz, W.; Mu¨ller,
F.; Geissler, J.; Kroneck, P. M. H.J. Am. Chem. Soc.1984, 106, 737.

(55) Kay, C. W. M.; Feicht, R.; Schulz, K.; Sadewater, P.; Sancar, A.; Bacher,
A.; Möbius, K.; Richter, G.; Weber, S.Biochemistry1999, 38, 16740.

(56) Weber, S.; Mo¨bius, K.; Richter, G.; Kay, C. W. M.J. Am. Chem. Soc.
2001, 123, 3790.

(57) Garcı´a, J. I.; Medina, M.; Sancho, J.; Alonso, P. J.; Go´mez-Moreno, C.;
Mayoral, J. A.; Martı´nez, J. I.J. Phys. Chem. A2002, 106, 4729.

(58) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A.Gaussian 03,
revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.

Figure 5. EPR time traces of FMN (A) and riboflavin (B) measured at 80
K (drawn lines) at three different pH values: pH-1.2, pH 8.0, and pH
12.5. The time traces have been recorded at the magnetic field positions
298.0, 291.0, and 285.0 mT, respectively. Parameters are as those in Figure
2 except for the microwave power: 55 dB (0.63µW). The drawn lines
represent fittings with biexponential decay functions using the parameters
given in Table 2.
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also be monitored by comparing the decay times of the electron-
spin polarized EPR signals (Figure 5). The respective spin-
lattice relaxation times extracted from the decay curves recorded
at low microwave power (Table 2) do not exhibit any significant
magnetic-field (B0) anisotropy. Nevertheless, to ensure compa-
rability between the different protonation states, all time
constants have been obtained from the analysis of time traces
at B0 positions corresponding to the minimum amplitude of the
electron-spin polarized signal.

The individual EPR time traces have been analyzed by fitting
to biexponential decay functions. The results of our analysis
are summarized in Table 2. In each case there is a major
component reflecting the spin-lattice relaxation time of the
respective protonation state of the triplet. A minor contribution
is due to the presence of a remainder of the acid-base couple
from the protonation equilibrium. Hence, three characteristic
relaxation times are sufficient to describe all three decay curves
of the differently protonated FMN and riboflavin triplets. The
longest decays are observed for the triplets of the neutral state,
31 (160 and 168µs for FMN and riboflavin, respectively). Faster
decay times are found for the protonated (cationic)32 (12 µs
and 16µs) and the deprotonated (anionic)33 (22 µs and 27µs)
triplet states. Although there is no direct connection between
the lifetime and the spin-lattice relaxation time of the triplet
(see also above), the different decay times of the spin polariza-

tion for the three protonation states of the flavin triplets,31, 32,
and 33, follow a trend that has been previously observed for
the pH dependence of the triplet lifetimes of FMN measured
under similar conditions.35 While the triplet lifetime is governed
by the intersystem-crossing rate from the excited triplet state
to the singlet ground state, the spin-lattice relaxation rate
depends on fluctuations of magnetic parameters with spectral
components near the microwave frequency. Apparently, both
processes have a similar dependence on the protonation states
of the nitrogens N(1), N(3), and N(5).

Conclusions

By time-resolved EPR we have demonstrated that the
protonation state of the 7,8-dimethyl isoalloxazine moiety of
flavins has a significant influence on the delocalization of the
unpaired electron spins in the triplet state. This becomes evident
when the spectral line shapes and the decays of the electron-
spin polarization of the triplets are compared at different proton
concentrations. Protonation or deprotonation of the triplet seems
impossible in the frozen solution at 80 K on the microsecond
time scale of the decay of electron-spin polarization. Therefore,
by transient EPR, the protonation state of the singlet ground
state is observed. This opens a novel approach to probe the
protonation state of the ground state of flavin cofactors in
proteins by examination of their photogenerated triplet states
in an EPR experiment of appropriate time resolution. First
applications of this method to the FMN cofactor in LOV
domains of phototropin and several other flavoproteins are
currently being examined in our laboratory using this method.
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Table 2. EPR Signal Decay Time Constants of Free FMN and
Riboflavin in Frozen Aqueous Solution (T ) 80 K) Obtained by
Fitting of the Respective EPR Time Profiles with Biexponential
Decay Functions S(t) ) Afast exp(-t/Tfast) + Aslow exp(-t/Tslow)a

pH Tfast/µs Tslow/µs Afast/Aslow

FMN -1.2 12 160 64
8.0 19 160 0.05

12.5 22 160 1.07
riboflavin -1.2 16 168 6.3

8.0 23 168 0.07
12.5 27 168 1.63

a Estimated error range is(5%.
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