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Flavin cofactors are among the most efficient and flexible
electron carriers involved in cell metabolism. Incorporated in
a protein framework they can operate as redox mediators
between two-electron donors and one-electron-acceptor
molecules, perform various catalytic reactions, and act as
molecular switches in light-activated cell-signaling process-
es.[1–3] The isoalloxazine unit of flavins is able to adopt
different redox and protonation states, as represented in
Scheme 1 by the oxidized flavin mononucleotide FMN,
anionic semiquinone FMNC� , neutral semiquinone FMNHC,
and anionic hydroquinone FMNH� .

The versatility in chemical behavior is thought to originate
from the conformational interplay between a protein and the
flavin cofactor, which affects its environment through electro-
static interactions, bending of the isoalloxazine moiety,
aromatic stacking with amino acid side chains, and the
formation of hydrogen bonds, depending on its redox and
protonation state.[4–6] The analysis of more than 1000 protein
3D structures deposited in the protein data bank (PDB) that

contain the flavin cofactors FMN or flavin dinucleotide
(FAD) showed that the dihedral angle between the planes
formed by the pyrimidine and benzene rings of the isoallox-
azine moiety, also referred to as the “butterfly bend”, varies
from 0 to 348.[7] However, a straightforward correlation
between the flavin structure, as determined by X-ray crystal-
structure analysis, and its molecular function can be decep-
tive. The intense X-rays generate photoelectrons that can
reduce active-site cofactors of the protein during X-ray
crystal-data collection[8, 9] and thus change the flavin geome-
try. As a result, flavin redox states and structures may be
misinterpreted. This phenomenon has been recognized for
flavins;[10–12] however, there has been no detailed assessment
of the extent to which intense X-rays lead to structural
alterations of the flavin moieties. Knowledge of these
processes and the proper tools that can be used to resolve
these challenges is necessary to enhance our understanding of
flavin functionality.

Herein, we present structures obtained at atomic reso-
lution of the FMN-containing flavoenzyme NrdI in its initial
oxidized form (NrdIox) and neutral semiquinone form
(NrdIsq). The X-ray crystallographic analysis was comple-
mented by in situ single-crystal Raman spectroscopy to
determine the active-site structure with respect to its redox
and protonation state, whereby spectra were recorded prior to
and subsequent to X-ray crystal-data collection. The exper-
imental flavin geometries were also modeled through quan-
tum-mechanical/molecular-mechanical (QM/MM) calcula-
tions. With this study, we aimed to shed light on the extent
of flavin-cofactor perturbation due to experimental setup and
to construct more accurate models of the enzyme active site
with the flavin cofactor in various redox and protonation
states.

The Bacillus cereus NrdI enzyme (Figure 1) belongs to a
group of enzymes that are thought to be important for the in
vivo function of class Ib ribonucleotide reductase (RNR).
These enzymes reduce the diferric oxygen-bridged metal
cluster of the R2 subunit to the diferrous state and thus
initiate the regeneration of the essential tyrosyl radical.[13–15]

The crystal structures of NrdIox and NrdIsq were refined to a
resolution of 1.12 and 1.15 �, respectively. During refine-
ment, no restraints were applied to the planarity or bond
lengths of the FMN cofactor (Figure 2a). The chemical
reduction of the NrdIox crystal to NrdIsq before crystallo-
graphic data collection was confirmed by single-crystal
Raman spectroscopy (Figure 2b) and light-absorption spec-
troscopy (see Figure S1b in the Supporting Information).

Single-crystal Raman spectroscopy has previously been
used to probe the buried and solvent-exposed conformations
of the flavin cofactor in flavodoxin and para-hydroxybenzoate

Scheme 1. Selected physiologically relevant FMN redox and protona-
tion states (R = ribityl phosphate).
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hydroxylase;[16,17] however, to our knowledge no such experi-
ments have been combined with X-ray crystallography. The
isoalloxazine ring system of our frozen NrdI crystals exhibited
a number of sharp Raman bands that are characteristic of
flavin proteins in the 1100–1800 cm�1 region (Tables 1 and
2).[18] The Raman spectra were obtained with a diode laser
with an excitation wavelength of 785 nm (BM01, ESRF). The
Raman bands of the NrdIox and NrdIsq crystals before
exposure to X-rays were assigned on the basis of hybrid
density functional theory (DFT) calculations of lumiflavin

(7,8,10-trimethylisoalloxazine; the frequencies were scaled by
a factor 0.9614[19]) in combination with reported assignments
of flavin Raman modes.[20–22]

The single-crystal Raman spectra of NrdIox and NrdIsq

(Figure 2b) showed that the flavin structure (and hence the
vibrational modes) changed during X-ray crystal-data collec-
tion. The influence of X-ray radiation was most apparent for
oxidized FMN crystals: in the spectra of these crystals, a
number of bands shifted in frequency or disappeared, and an
increase in fluorescence from the crystal was observed. The
diminishment of the carbonyl stretching vibration at
1720 cm�1 can be rationalized by comparing the calculated
frequencies of this vibration in the oxidized and one-electron-
reduced anionic semiquinone lumiflavin models: the differ-
ence in frequency is 78 cm�1. Raman bands at 1582, 1549, and
1501 cm�1 are dominated by vibrations involving the N5, C4a,
C10a, and N1 atoms; the corresponding bond lengths depend
on the flavin redox state. These Raman modes also disap-
peared upon X-ray illumination. Additionally, the peak
positions of some modes described mostly by ring stretching,
hydrogen-atom bending, and methyl deformation changed by
a few wavenumbers.

For crystals soaked in sodium dithionite to generate the
neutral semiquinone form of FMN, the intensity of the flavin
Raman bands decreased after X-ray irradiation (Figure 2 b).
The fluorescence from the crystal also decreased substan-
tially. These observations indicate the conversion of the
neutral semiquinone form into the fully reduced anionic form
FMNH� , which is a poor Raman scatterer.[23]

With the aim of describing radiation-induced perturba-
tions of and protein effects on isoalloxazine geometries, we
modeled different redox and protonation states of the flexible
flavin cofactor in a frozen protein environment by using QM/
MM methods. Previously, ab initio calculations of lumiflavin
(LF) in physiologically relevant protonation states in vacuo
predicted approximately planar structures for the oxidized
and one-electron-reduced semiquinone isoalloxazine ring
systems, whereas the two-electron-reduced hydroquinone

Figure 1. View of the FMN cofactor (yellow) bound in a pocket on the
NrdI surface. The benzene ring of the isoalloxazine moiety is solvent-
exposed, whereas the pyrimidine ring is buried and hydrogen-bonded
to the protein. The dashed red lines represent polar contacts with
distances less than 3 �.

Table 1: Comparison of Raman shifts for NrdIox before and after X-ray
crystal-data collection.

~nnbefore

[cm�1][a]

~nncalcd

[cm�1][b]
Assignment[c] ~nnafter

[cm�1][d]

1720 1716 n(C4=O), d(N3�H)
1665 1698 n(C2=O), d(N3�H)
1609 1609 n(ring I) 1609
1582 1566 n(N5�C4a), n(C10a�N1)
1549 1528 n(ring I), n(C10a�N1)
1501 1515 n(N5�C4a), n(C10a�N1),

n(ring I)
1466 1473 n(ring I,II), methyl deformation 1476
1408 1408 n(ring I,II), methyl deformation 1401
1357 1324 a) n(ring I,II,III)

1350 b) d(N3�H)
1354 c) n(ring I,II,III), d(N3�H)

1229 1239 d(C6�H), d(C9�H) 1234

[a] Raman bands recorded for single-crystal NrdI flavin before X-ray
crystal-data collection. [b] Raman shifts calculated by using UB3LYP, 6-
31 +G(d,p). [c] Approximate stretching (n) and bending (d) modes.
[d] Raman bands observed in the spectrum recorded after X-ray crystal-
data collection.

Table 2: Comparison of Raman shifts for NrdIsq before and after X-ray
crystal-data collection.

~nnbefore

[cm�1][a]
~nncalcd

[cm�1][b]
Assignment[c] After X-ray

irradiation[d]

1666 1683 n(C2=O), d(N3�H) n.c.
1649 n(C4=O), d(N3�H)

1617 1592 n(ring I) n.c.
1609 1582 n(ring I), d(N5�H),

n(C10a�N1), n(N5�C4a)
n.c.

1531 1683 n(C10a�N1), n(ring I),
d(N5�H)

d.i.

1505 1649 d(N5�H), n(ring I,II) d.i.
1397 1592 n(ring I), n(N5�C4a),

n(C10a�N1)
d.i.

1345 1582 d(N5�H), d(N3�H),
n(ring I,II,III)

d.i.

1231 1683 d(N5�H), d(C6�H), d(C9�H) d.i.

[a–c] See Table 1. [d] Raman bands are indicated for which no apparent
change (n.c.) or an approximate 50 % decrease in intensity (d.i.) was
observed after X-ray crystal-data collection.
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forms are bent around the virtual N5–N10 axis.[24] The
corresponding bending angles observed in NrdIox and NrdIsq

deviate from planarity by 4.6 and 11.08, respectively: a
significant distortion in comparison to the theoretical pre-
dictions. The B3LYP hybrid functional was used for the
isoalloxazine ring system and most of the connected ribityl
chain, whereas the AMBER force field was applied to the
protein scaffold and FMN remnants. We used the protein
structure of NrdIox when modeling the oxidized FMN and
one-electron-reduced FMNC� states. When NrdIox is chemi-
cally reduced to NrdIsq, the isoalloxazine N5 atom becomes
protonated and forms a hydrogen bond to the protein
backbone, which undergoes a conformational change (see
Figure S2 in the Supporting Information). Consequently, we
used the NrdIsq crystal structure when modeling the proton-
ated, reduced states FMNHC, FMNH� , and FMNH2.

The crystal structures of the FMN cofactors of NrdIox and
NrdIsq are shown in Figure 2 a; the atoms are displayed as
ellipsoids describing the experimental atomic displacement
parameters (ADPs). From these representations, it can be
seen that the benzene part of the isoalloxazine unit exhibit
disorder perpendicular to the molecular plane. If the changes
in the Raman spectra are taken into account, it is most likely
that these ADPs are a record of the structural distortion
accumulated during X-ray crystal-data collection and not a
result of molecular flexibility. The effect is most pronounced
for NrdIsq, which indicates that the largest shift from the initial
state occurs in this structure. Strikingly, the QM/MM models
that most accurately resemble the experimental structures
NrdIox and NrdIsq are those which correspond to the one-
electron-reduced forms of the oxidized and semiquinone
flavins, FMNC�QM/MM and FMNH�QM/MM, respectively (Fig-

Figure 2. a) Ellipsoids drawn at 50% probability describing atomic-displacement parameters of the NrdI flavin cofactors enclosed by the
sA-weighted 2Fo�Fc map contoured at 1s. b) In situ single-crystal Raman spectra of NrdI before and after data collection with the cofactor initially
in its oxidized state (PDBid:2X2O) and neutral semiquinone state (PDBid:2X2P). c) Comparison of experimental structures with QM/MM models.
The one-electron-reduced flavin models (blue) correspond to the experimental structures (red), whereas the models of the initial systems are
essentially planar (green).
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ure 2c and Table 3). The oxidized and neutral semiquinone
models FMNQM/MM and FMNHCQM/MM both have a propeller
twist along the length of the isoalloxazine moiety and are

slightly bent in the opposite direction with respect to the
experimental structures. Hence, these models are influenced
by the protein environment and deviate from the correspond-
ing planar lumiflavin (LF) models, which were geometry-
optimized in vacuo.

To conclude, we have shown in this study how X-ray
crystallography, which is used as a method for determining the
structure of proteins, itself induces structural changes in the
flavin moiety. We have demonstrated the value of in situ
Raman spectroscopy and QM/MM calculations for the
accurate interpretation of the structure of the active site in
flavin proteins. In our model system, the flavin cofactors of
both NrdIox and NrdIsq crystal structures are most correctly
described as the intermediate radiation-induced one-elec-
tron-reduced states of FMN and FMNHC, respectively. As
mentioned earlier, the butterfly bending of flavins has been
linked to reactivity, the tuning of redox potential, and signal
transduction. Therefore, the many flavoprotein crystal struc-
tures deposited in the Protein Data Bank that have been
determined without monitoring by in situ spectroscopy have
to be treated with caution if used to deduce detailed reaction
mechanisms on the basis of their flavin structures.
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Table 3: Comparison of experimental structures with QM/MM and
hybrid DFT geometry-optimized models.

RMSD [�][a] Butterfly bend [8][b]

NrdIox NrdIsq

FMNQM/MM
[c] 0.115 �3.1 (�7.7)

FMNC�QM/MM 0.075 3.3 (�1.3)
LFB3LYP 0.085 0.0 (�4.6)
LFC�B3LYP 0.086 0.0 (�4.6)
FMNHCQM/MM

[c] 0.171 �3.9 (�14.9)
FMNH�QM/MM 0.075 14.1 (+3.1)
LFHCB3LYP 0.161 0.0 (�11.0)
LFH�B3LYP 0.123 19.5 (+8.5)
FMNH2 QM/MM

[c] 0.204 0.270 �7.1
LFH2 B3LYP 0.307 0.230 26.1

[a] Root-mean-square deviation of the geometry-optimized model from
the experimental X-ray crystal structure. [b] Dihedral angle of the two
isoalloxazine planes defined by the virtual N5�10 axis. Values in
parenthesis are the difference with respect to the corresponding
experimental structure. [c] The isoalloxazine ring system is propeller-
twisted rather than bent.
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