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long to a family of diflavin-containing electron

transport proteins that transfer a hydride ion
from NADPH and channel the two reducing equivalents
derived from the hydride ion via the FAD and FMN pros-
thetic groups in one-electron transfer steps to structur-
ally diverse proteins including the large superfamily of
microsomal P450 monooxygenases (P450, CYP),
squalene monooxygenase (1, 2), heme oxygenase (3),
fatty acid desaturase (4), and cytochrome bs (5). The
family of diflavin electron transporters also includes the
Bacillus megaterium cytochrome P450gy; reductase (6)
and structurally related homologues from Bacillus subti-
lis (7) and Fusarium oxysporum (8), as well as nitric ox-
ide synthase (9), methionine synthase reductase (10),
novel reductase 1 (11), and the o subunit of bacterial
sulfite reductases (12). The mechanism of electron
transfer between CPR and P450 has still not been estab-
lished after more than four decades of intense research
and remains both elusive and controversial despite ex-
tensive studies using kinetic, spectroscopic, crystallo-
graphic, and site-directed mutagenesis techniques
(13-16).

Separate lines of research converge on the involve-
ment of intramolecular conformational changes to the
reductase during electron transfer to P450 enzymes.
One line of investigation supports CPR protein domain
dissociation (17-19), while another one points to a flip-
ping of the FMN cofactor between two binding sites
within CPR (20). In the latter hypothesis CPR obtains
electrons from FAD at one site and delivers them to the
P450 electron acceptor at the other. This hypothesis is
based on the crystal structure of fully functional yeast

N ADPH-cytochrome P450 reductases (CPRs) be-
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ABSTRACT NADPH-cytochrome P450 reductase (CPR) transfers two reducing
equivalents derived from NADPH via FAD and FMN to microsomal P450 monooxy-
genases in one-electron transfer steps. The crystal structure of yeast CPR (yCPR)
contains a surface-exposed FMN binding site (FMN2 site) at the interface of the
FMN binding and connecting domains, in addition to the single buried site that has
been observed in rat CPR. This finding provides a testable hypothesis of how in-
tramolecular (between FAD and FMN) and intermolecular (between FMN and P450)
electron transfer may occur in CPR. To verify that occupancy of the FMN2 site is
not an artifact of crystallization, a surface plasmon resonance (SPR) biosensor
technique has been applied to probe the selectivity of this site under functional
conditions. A series of kinetic and equilibrium binding experiments involving yCPR
immobilized on different sensor chip surfaces was performed using FMN and FAD,
as well as FMN-derived compounds, including riboflavin, dimethylalloxazine, and
alloxazine, and other molecules that resemble the planar isoalloxazine ring struc-
ture. Only FMN and FAD showed stoichiometric binding responses. Binding affinity
for FMN was in the submicromolar range, 30 times higher than that for FAD. Asso-
ciation kinetic rates for the yCPR/FMN complex were up to 60-fold higher than for
the yCPR/FAD complex. Taken together, these data indicate that (i) the surface-
exposed site in yCPR is highly selective toward binding flavins, (ii) binding of FMN
in this site is notably favored, and finally, (jii) both the phosphate group and the
isoalloxazine ring of FMN are essential for binding.
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Figure 1. yCPR domain structure and cofactor binding. Front
(a) and back (b) views of yCPR represented by semitrans-
parent surfaces of the FMN binding (light green), FAD/
NADPH binding (cyan), and connecting (rose) domains.
Amino groups of lysine residues accessible for immobiliza-
tion on the CM5 surface are shown by the blue nitrogen van
der Waals spheres. a) FMN2 is clearly visible in the front
view through the opening between yCPR domains. NADPH is
highlighted in magenta, FAD in yellow, FMN1 in green, and
FMN2 in blue. Oxygen atoms of FMN are in red, phosphorus
in yellow-green. b) The image is rotated ~180° around the
vertical axis in the plane of the drawing compared to the im-
age in panel a. The first visible N-terminal residue, N47, in
the yCPR structure to which a sequence carrying a His,, tag
is attached, is shown in red. Images were prepared using
VMD software (42). c) View of yCPR clipped by the plane
(cyan) through the cofactor-binding bowl. Surface and FMN2
are colored by elements, FMN1 is green, FAD is yellow.
NADPH is removed for clarity. Image was prepared using
CHIMERA (43).

CPR (yCPR) (20), which revealed a novel, to our knowl-
edge, second FMN-binding site at the interface of the
FMN binding and connecting domains (Figure 1) in addi-
tion to the FMN binding site (FMN1 site) observed previ-
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ously in rat CPR (21). Activity of the yCPR does not re-
quire added FMN; thus if the FMN2 site is involved in
electron transport, it is likely that a single FMN moves
between the two sites. The dimethylbenzene edge of the
FMN?2 isoalloxazine (specifically the C8-methyl group)
protrudes from below the protein surface toward two
nearby acidic clusters that were mapped to bind cyto-
chrome c and P450 (22-24).

In contrast, current structural knowledge of mamma-
lian CPR has been based until recently on the X-ray struc-
ture of a compact conformation of the truncated rat
CPR lacking the 64 N-terminal residues (21, 25), which
can reduce cytochrome ¢, a nonphysiologic substrate,
but is inactive toward microsomal cytochromes P450, its
physiological partners (26, 27). From the compact CPR
structure it is difficult to rationalize how a large electron
acceptor such as P450 could approach sufficiently
closely to the FMN1 isoalloxazine ring for electron trans-
fer to occur. More recently, the crystal structures of the
engineered human CPR with the truncated hinge con-
necting the FMN binding domain to the rest of the mol-
ecule (18) or with the FMN domain swapped with its
yeast counterpart (17) have been determined in ex-
tended conformations, with the FMN domain virtually
dissociated from the rest of the CPR molecule. Also, the
combined NMR and small-angle X-ray scattering (SAXS)
studies predict two-state equilibrium between the com-
pact and extended human CPR conformations in order
to satisfactorily describe the shape of the experimental
scattering profile (19). All three research groups hypoth-
esize that to accept electrons a P450 enzyme would
bind to the dissociated FMN binding domain.

An alternative structure-based mechanism implicat-
ing flipping of the FMN cofactor between two binding
sites within enclosed protein environment rather than
domain dissociation has been proposed in our prior
work (20). The proposed mechanism is consistent with
the P450 requirement of two one-electron donation
steps separated in time and with experimental observa-
tions that CPR from the different species differ in their
FAD and FMN environments, redox potentials, and ki-
netic parameters (13). Residues constituting the FMN2
site are far less conserved across the cpr gene family but
clearly show phylum-specific variations that may modu-
late the redox characteristics of different CPRs (20). Con-
sistent with the FMN flipping hypothesis is the well
documented phenomenon that FMN, in contrast to FAD,
can be reversibly released from mammalian CPR in

www.acschemicalbiology.org
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Figure 2. Organic molecules used for probing the yCPR FMN2 binding site. a) Chemical structures of small organic mol-
ecules selected based on similarity of their chemical structures to isoalloxazine ring system. b) FMN, FAD, and FMN-
derived molecules lacking a phosphate group. c) Glycerol phosphates.

vitro, whereas to release FAD, CPR must be partially de-
natured (28, 29). Detection of a unique second FMN
binding site in an essential and extensively studied elec-
tron donor protein such as CPR was a surprising discov-
ery, and we were alert to the possibility that the obser-
vation might be an artifact of crystallization. Accordingly,
in the present work we applied surface plasmon reso-
nance (SPR) biosensor technology (30) to address selec-
tivity of the yCPR FMN2 site under native functional con-
ditions and to ascertain if occupancy of this site in the
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crystal was due to salting-in of an organic molecule
into a random hydrophobic pocket or to unspecific inter-
actions via a phosphate group. We have developed a
system employing yCPR attached to the surfaces of dif-
ferent biosensor chips to examine binding of FMN, FAD,
as well as derivatives of FMN, and a number of low mo-
lecular weight organic compounds resembling the pla-
nar structure of the isoalloxazine ring (Figure 2). These
experiments revealed a surface-exposed site that is
highly selective toward binding flavin prosthetic groups,
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FMN and FAD, and that FMN binds in this site with a sub-
micromolar Kp, at least an order of magnitude tighter
than that of FAD. Kinetic rate association constants (ko)
for the yCPR/FMN complex obtained on two different
surfaces are 40- to 60-fold greater than those of the
yCPR/FAD complex. Neither inorganic phosphates nor
glycerol phosphates in the running buffer affected FMN
or FAD binding in the FMN2 site, indicating that binding
is specific and requires the simultaneous presence of
both the phosphate group and izoalloxazine ring.

RESULTS AND DISCUSSION

Immobilization of yCPR on Sensor Chip Surfaces.
The yCPR was immobilized either on an NTA chip via
the His,, tag or, alternatively, on a CM5 chip by cova-
lent coupling via protein lysyl amino groups. The amount
of yCPR immobilized on the Ni-NTA chip was optimal
with 3 ng per flow cell (Figure 3, panel a), maximizing
the response signal and at the same time minimizing
baseline drift due to dissociation of weakly bound pro-
tein molecules. The NTA sensor surface has a relatively
low binding capacity. At higherimmobilization levels not
all protein molecules have full access to the Ni-NTA
sites for efficient binding, and thus higher dissociation
rates are observed. Drift of the biosensor signal creates
considerable problems for analysis of small molecule
binding to immobilized protein, although correction of
systematic baseline drift using an algorithm imple-
mented in Biacore Evaluation Software (GE Healthcare)
allowed the concentration dependence of the equilib-
rium signal for FMN and FAD binding to yCPR to be
obtained.

Covalent coupling of the target protein to the CM5
surface overcomes the signal drift problem and allows
a higher amount of immobilized protein (Figure 3,
panel b). However, covalent attachment via solvent-
accessible lysine residues is random and results in
many possible permutations of the conjugation pat-
tern, including those leading to protein orientations on
the chip that are unproductive for further ligand binding.

Binding of Flavin Cofactors to yCPR. The fact that the
biosensor response is directly proportional to the
amount of immobilized material leads to the conclu-
sion that Ni-NTA immobilized yCPR binds FMN with 1:1
stoichiometry at saturating concentrations of FMN. In
this regard, the value of yCPR saturation response on
the Ni-NTA surface (3000 RU) divided by the protein/
ligand molecular weight ratio (77,000,cpr/460mn = 167
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Figure 3. Sensograms of yCPR immobilization on Biacore
chips. a) yCPR immobilization on Ni-NTA chip. Channel 1:
activated Ni-NTA surface. Channel 2: nonactivated NTA sur-
face. HBS, NTA chip running buffer; yCPR, 100 nM yCPR in
HBS running buffer; EDTA, NTA chip regeneration solu-
tion. b) yCPR immobilization on CM5 chip. EDC/NHS, CM5
surface activation solution; HBS-EP, CM5 chip running
buffer; yCPR, 0.65 .M yCPR in 10 mM acetate buffer, pH
5.5; ethanolamine, 1 M ethanolamine, pH 8.5. Im = quan-
tity of immobilized yCPR in RU (1 RU = 1 pg of protein).

or 77,000ycpr/830pp = 93) results in a maximal signal
increase value (18 RU for FMN and 32 RU for FAD) for 1:1
yCPR/ligand binding stoichiometry. Indeed, the FMN
binding response on the Ni-NTA surface at saturating
concentrations is within 18 RU difference between the
sample and reference channels (Figure 4, panel a), indi-
cating that all yCPR molecules on the surface are bound
to FMN. At the same time, the FAD response is within
25 RU (Figure 4, panel b), which is lower than the poten-
tial maximum for equimolar binding, indicating that
about 75% of the immobilized yCPR molecules are
bound to FAD. Accordingly, the yCPR saturation re-
sponse on the CM5 surface (12,000 RU) divided by the
protein/ligand molecular weight ratio would result in
maximal signal increase values of 72 RU for FMN and
129 RU for FAD for 1:1 binding stoichiometry. In prac-
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Figure 4. Equilibrium data analysis of FMN and FAD binding to yCPR. Dependence of NTA (a, b) and CM5 immobilized yCPR
(c, d) equilibrium signal on FMN or FAD concentrations. The data for the SPR sensorgrams were fitted to a single-site in-
teraction model. Individual curves for one series of measurements are shown in each panel. Each series of measurements
was repeated at least five times and reported in Table 1 as the average of five independent determinations.

tice, the FMN response at saturating concentrations is
within 22 RU (Figure 5), indicating that less than one-
third of immobilized yCPR molecules are bound to FMN.
Therefore, more than two-thirds of the yCPR molecules
are apparently immobilized on the CM5 chip in orienta-
tions unproductive for ligand binding. This ratio agrees
with the distribution of 22 solvent-accessible lysines on
the yCPR surface, a majority of which are concentrated
around the opening between the yCPR domains, which
apparently serve to provide access for FMN to the FMN2
site (Figure 1, panel a). By contrast, the Hisy, tag is lo-
cated on the opposite yCPR surface (Figure 1, panel b),
defining a single attachment point to achieve a more

www.acschemicalbiology.org

specifically oriented layer where all molecules are acces-
sible for ligand binding.

Analysis of yCPR/flavin stoichiometry performed pre-
viously (20) indicates that yCPR retains a single copy of
each flavin acquired during E. coli expression through all
purification steps, which agrees with the properties of
rat CPR, where reversible FMN removal can be achieved
only upon treatment with 2 M KBr at slightly alkaline pH
over 12—14 h (31). To exclude any possibility of FMN
depletion during the inactivation of residual active
groups on the CM5 surface, treatment of the chip sur-
face with ethanolamine was substituted with several
hours of continuous washing with the HBS-EP buffer that
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Figure 5. Ligand binding to yCPR immobilized on the CM5 chip. Com-
pound numbering is the same as in Figure 2. The biosensor response
corresponds to the difference of equilibrium signals between sample
(+yCPR) and reference (—yCPR) channels. Compound concentrations
were within a 25—30 M range. Nonspecific interactions of compounds
with the dextran matrix in the reference channel result in a negative
difference signal. Each measurement was repeated at least four times.

lead to spontaneous inactivation of the reactive groups.
These changes in the immobilization protocol did not af-
fect FMN or FAD binding (data not shown), indicating
that the same number of binding sites is available for
binding under both inactivation conditions, showing
that the immobilization procedures did not result in co-
factor depletion. To the contrary, an attempt to remove
FMN from the FMN1 site by continuous wash of yCPR im-
mobilized on the CM5 chip with 2 M KBr solution re-
sulted in the irreversible loss of yCPR’s ability to bind ei-
ther FMN or FAD, probably because of protein
denaturation.

Binding of Organic Molecules to yCPR. Yeast CPR im-
mobilized on the CM5 surface of the sensor chip was

probed with the flavin prosthetic groups FMN and FAD,
as well as with truncated FMN-derived molecules such
as riboflavin, dimethylalloxazine, and alloxazine

(Figure 2, panel b) and a number of low molecular
weight compounds selected for their resemblance to
the planar structure of the isoalloxazine ring (Figure 2,
panel a). NADPH and NADH were also used to probe the
solvent-exposed NADPH binding site on the CPR sur-
face. Small positive responses were generated by the
acridine derivatives, compounds 1—3. Although none
of the compounds 4—6 and 9—13 generated a positive
response upon addition to immobilized yCPR, they inter-
acted nonspecifically with the dextran surface, which re-
sulted in a negative difference signal between sample
and reference channel due to the larger accessible dex-
tran surface in the reference channel (Figure 5). These
compounds included chlorpromazine (5) and tri-
fluoperazine (6), commonly used antipsychotic tranquil-
lizers shown elsewhere to inhibit NADPH-induced micro-
somal lipid peroxidation in rats by inhibiting CPR (32).
However, neither compound generated a positive re-
sponse, indicating that no SPR-detectable binding oc-
curred with yCPR. A significant finding was that a series
of flavin-derived molecules lacking a phosphate group,
e.g., riboflavin (9), 7,8-dimethylalloxazine (10), and al-
loxazine (11) (Figure 2, panel b), also did not show posi-
tive binding, indicating an essential role for the phos-
phate group. No positive binding was detected for
NADPH and NADP* (12, 13), perhaps due to the solvent-
accessible nature of the NADPH binding site in CPR
that may result in high k,, and k. values for the
CPR—NADPH complex. These data confirm that the FAD
binding observed by Biocore occurs through its FMN
moiety and that the adenosine diphosphate moiety
does not contribute to binding. In contrast, FMN (7) and

1ABLE 1. Kinetic and thermodynamic parameters of FMN and FAD binding to immobilized yCPR-

Chip

oL surface

kon, M1 571 Kofi, 571 Ko (Koit /o), M (calculated)  x? Kp, M (steady state) x*

yCPR/FMN NTA (5.8 + 0.5) X 10* 9.5+ 0.6) X 1073 (1.6 £0.2) X 1077 6.79 (3.5+09) X107 1.43
CM5 (8.4 =0.1) X 10* (9.95+0.07) X 102 (1.18 =0.02) X 1077 0.145 (3.0 =0.8) X 1077 2.26
yCPR/FAD NTA  (1.39 £ 0.02) X 10*° (5.0 = 0.1) X 103 (3.60 £0.09) X 10°® 222 (2.3*=0.6) X10°® 4.22
CM5  (1.36 + 0.03) X 10> (6.04 + 0.08) X 10> (4.4 = 0.1) X 10°¢ 0.304 (10 =3) X 107 1.51

9k, = association rate constant; k. = dissociation rate constant; Ky = equilibrium dissociation constant. x*> = 2(ri— r)?/(n — p), where
rii is a fitted value at the ith point, ry; is an experimental value at the same point, n is the number of data points, and p is the number of fit-
ted parameters. All data reported are the average of five independent determinations
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FAD (8) generated clear stoichiometric (FMN) or substoi-
chiometric (FAD) responses, which we interpreted as
binding of flavin cofactors to the surface-exposed site
of yCPR immobilized on the chip surface, likely the same
one observed in the X-ray structure of yCPR (20).

Although the FMN phosphate group does not make
direct salt-bridge interactions in the FMN2 sites (20),
electrostatic interactions are suggested with Arg439,
which is within 5.8 A from the FMN2 phosphate
(Figure 1, panel ). An invariant residue across the cpr
gene family, Arg439 makes salt-bridge contacts with
both the FAD diphosphate moiety and Glu361. These in-
teractions are apparently indispensable for CPR func-
tion, as the negative charge at Glu361 is conserved in
CPR via phylum-specific replacement with an aspartate.
Electrostatic interactions with Arg439 may synergize
with the H-bonding interactions between the FMN2 ribi-
tyl moiety and Asp187, making the FMN ribitylphos-
phate tail indispensable for binding. When the FMN2
site is occupied during the electron transfer and thus
when the FMN1 site is empty, some conformational
changes might occur to generate additional FMN con-
tacts in the FMN2 site.

Kinetic and Thermodynamic Parameters of FMN and
FAD Binding to yCPR. The equilibrium Kjp values for FMN
and FAD binding to yCPR immobilized either on Ni-NTA
or CM5 surfaces have been calculated from the depen-
dence of the equilibrium binding signal on ligand con-
centration (Figure 4 and Table 1). Kp values of (3.5 *
0.9) X 1077 and (2.3 * 0.6) X 10~® M were obtained
for the yCPR/FMN and yCPR/FAD complexes, respec-
tively, on the Ni-NTA surface. These differences in equi-
librium dissociation constants indicate that the yCPR/
FMN complex is >6 times tighter than the yCPR/FAD
complex. On the CM5 surface, steady-state binding ex-
periments resulted in a very similar K; value of (3.0 +
0.8) X 1077 M for the yCPR/FMN complex and a 4-fold
higher Kp value of (10.0 = 3.0) X 107 M for the yCPR/
FAD complex, suggesting that the yCPR/FMN complex is
30 times tighter. Kinetic rate constants were calculated
from corresponding kinetic curves measured at different
ligand concentrations (Table 1). Bimolecular associa-
tion rate constants, ky,, for the yCPR/FMN complex are
consistently 40—60 times higher than those for the
yCPR/FAD complex on both Ni-NTA and CM5 surfaces.
Thermodynamic constants calculated using kinetic rates
indicate binding affinity for the yCPR/FMN complex
20— 40 times higher than for yCPR/FAD, depending on
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the surface type. Apparently, kinetic and steady-state re-
sults agree better on the CM5 surface, probably due to
higher experimental error associated with the baseline
drift on the Ni-NTA chip.

Kp values determined for complexes with both FMN
and FAD suggest that binding of FMN in the FMN2 site
is notably favored. FAD, with an adenosine moiety at-
tached through a pyrophosphate group, is perhaps too
bulky to be unambiguously and rapidly positioned in the
FMN?2 site, consistent with its significantly reduced as-
sociation rate and binding affinity. Association kinetic
rates (ko) obtained for both yCPR/FMN and yCPR/FAD
complexes are considerably lower than in diffusion-
controlled binding. This may be due at least in part to
the relatively buried nature of the FMN2 site (Figure 1),
which results in a diffusion barrier hampering FMN ac-
cess from the bulk solvent. However, these values do
not pertain to the putative mechanism of FMN shuttling
that is predicted to occur without dissociation of FMN
from the reductase upon entry to the FMN2 site from the
protein interior.

Role of a Phosphate Group in FMN Anchoring. The
specific binding of phospholipids to CPR has been dem-
onstrated previously (33-36). The major effect of phos-
pholipids on P450 enzymatic activities is attributed to
their facilitation of the formation of an active P450/CPR
complex (37). A series of control experiments on FMN
and FAD binding in the presence of orthophosphate, py-
rophosphate, or glycerol phosphates (at 1 mM concen-
tration in the running buffer) was performed to find out if
phosphate-containing metabolites compete with FMN
or FAD for binding in the FMN2 site. We found that none
of these metabolites, including glycerol-1-phosphate
(comparable to FMN but lacking an isoalloxazine ring
and a carbinol module (Figure 2, panel ¢)), affected FMN
or FAD binding in the FMN2 site (data not shown). This
result rules out the possibility that FMN binding occurs
in a random protein pocket with accidental affinity to the
phosphate anion, indicating that the FMN2 site can
function in the phosphate-rich environment of living
cells (e.g., the orthophosphate level in yeast cells ex-
ceeds 20 mM (38)). Lack of competition with glycerol-1-
phosphate indicates also that the isoalloxazine ring
is a prerequisite of specific FMN binding in the FMN2
site.

In summary, the concept of flavin motion as integral
to catalytic function has been developed for
p-hydroxybenzoate hydroxylase and related flavopro-
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teins that catalyze hydroxylation of an aromatic ring
(39). In these enzymes, movement of flavin occurs by ro-
tation of the isoalloxazine ring about the ribityl side
chain in the plane of the ring and is coupled with the re-
duction by NADPH followed by reaction with oxygen to
form a flavin-C4-hydroperoxide, an active form of oxygen
in flavoprotein hydroxylases. A similar FMN flipping
mechanism has been suggested by the X-ray structure
of yeast CPR (20) as opposed to an alternative domain
dissociation hypothesis that prevails for human CPR
(17-19) and nitric oxide synthase (40). Given that FMN
delivers one electron at a time, the FMN-domain-P450
complex would have to disassemble after the delivery of
the first electron in order to allow FMN to reassociate

with FAD to obtain the second electron. Although such
a domain “flapping” is feasible in principle, the flapping
rate must be fast enough to accommodate measured
FMN-FAD electron transfer rates as well as the much
slower rates of P450 catalysis. Because FMN flipping is
unencumbered by domain dissociation/association, it
would occur on a faster time scale. Further, the observa-
tions that intramolecular electron transfer from FAD to
FMN is completely or essentially impaired in CPR vari-
ants engineered to adopt an extended conformation
(17-19) are not in favor of domain flapping hypoth-
esis. In any case, a CPR system competent in physiologi-
cal electron transfer to P450 should be a starting point
to invalidate one or the other hypotheses.

METHODS

Protein Preparation. The truncated form of yCPR lacking 33
residues, including the N-terminal hydrophobic membrane an-
chor (41), which has been successfully used in crystallographic
studies (20), was further modified by extension of the N-terminal
His tag from 6 to 12 His residues to enhance its immobilization
on the Ni-NTA chip of the biosensor instrument. The protein was
expressed and purified as described previously (20).

Chemicals and Consumables. Low molecular weight organic
compounds 9(10H)-acridone (1), 9-chloroacridine (3), and 7,8-
dimethylalloxazine (10) were purchased from Acros Organics;
9-aminoacridine hydrochloride (2) and thionin (4), from Alfa Ae-
sar; chlorpromazine (5), trifluoperazine dihydrochloride (6),
FMN (7), FAD (8), riboflavin (9), alloxazine (11), NADPH, and
NADP* from Sigma-Aldrich. Glycerol phosphates and inorganic
phosphates were purchased from Fluka. The structures of com-
pounds are shown in Figure 2.

For binding experiments, all compounds were dissolved in
DMSO as 1 mM stock solutions. These stock solutions were di-
luted with running buffer to the working concentrations ranging
from 25 to 30 uM, which reduced the DMSO concentration to
~3% (v/v). For experiments on yCPR/FMN and yCPR/FAD com-
plexes dilution of corresponding stock solutions was in the 20
nM to 45 wM range.

HBS (NTA chip running buffer) (10 mM HEPES, pH 7.4,

150 mM NaCl, 0.05 mM EDTA, 0.005% surfactant P20), NTA
chip regeneration solution (10 mM HEPES, pH 8.3, 150 mM
NaCl, 350 mM EDTA, 0.005% surfactant P20), HBS-EP (CM5 chip
running buffer) (10 mM HEPES, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20), amine coupling kit, 1-ethyl-3(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), ethanolamine-HCl, research grade
sensor CM5 chips carrying hydrophilic carboxymethylated dex-
tran matrix, and sensor NTA chips carrying carboxymethylated
dextran preimmobilized with chelating agent nitrilotriacetic acid
were all purchased from GE Healthcare (USA).

Immobilization of yCPR on NTA Sensor Chip Surface. The yCPR
was immobilized on an NTA chip via the His,, tag. The sensor
surface (with preimmobilized NTA chelating agent) was activated
by injection of 0.5 mM NiCl, in HBS running buffer at a flow
rate of 10 L min~! to saturate NTA sites, followed by washing
with HBS buffer alone (Figure 3A). Then 100 nM His,,-tagged
yCPR in HBS buffer was injected at a flow rate of 10 pL min~? un-
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til the baseline level stabilized at ~3000 arbitrary response
units (RUs), corresponding to 3 ng of the protein per flow cell
(with the Biacore instrument calibrated at 1 RU =~ 1 pg protein).
The sensor chip was regenerated by stripping Ni>* ions from
the surface with a 3 min flush using NTA chip regeneration solu-
tion containing 350 mM EDTA after each series of binding
analyses.

Covalent Immobilization of yCPR on CM5 Sensor Chip Surface.
The yCPR was immobilized on a CM5 chip by covalent coupling
via solvent-accessible protein lysine amino groups. For efficient
covalent coupling, the protein was electrostatically concentrated
near the dextran matrix. For this purpose a coupling solution
with low ionic strength and pH lower than the protein isoelec-
tric point has been used. The optimal pH value of 5.5 was experi-
mentally determined for yCPR using the immobilization pH
scouting protocol including injection of yCPR solutions at differ-
ent pH values ranging from 7.4 through 5.0 over a sensor chip
that has not been activated. The immobilization was carried out
in four steps: (i) activation of carboxyl groups on the CM5 sen-
sor surface, (i) immobilization of yCPR, (iii) inactivation of re-
sidual active groups, and finally (iv) conditioning of the sensor
surface with the running buffer (Figure 3, panel b). The surface of
the CM5 chip was activated following a standard EDC/NHS
amine coupling protocol. yCPR (0.65 uM in 10 mM acetate
buffer, pH 5.5) was injected over an activated chip surface for
10 min followed by 10 min injection of HBS-EP running buffer to
remove excess protein and then by 7 min injection of 1 M etha-
nolamine, pH 8.5, to inactivate residual active groups. Finally,
the surface was washed with a 5 min pulse of HBS-EP buffer.
Typically, about 12 ng of yCPR was immobilized per flow cell
(12,000 RU), which is four times higher than the optimized yCPR
immobilization level on Ni-NTA chip.

To avoid exposure of immobilized yCPR to the basic pH of
the ethanolamine solution in control experiments, spontane-
ous inactivation of residual active groups in step (jii) was
achieved by washing the chip surface with HBS-EP buffer con-
tinuously for several hours.

SPR-Based Binding Assays. All Biacore data were collected at
25 °C using a dual flow cell Biacore 3000 instrument (GE Health-
care) equipped with the Biacore Control and Evaluation Version
4.1 software. During the binding assays, the binding response
signals in RUs were continuously recorded and presented
graphically as a function of time. All the sensorgrams were pro-
cessed by using Biacore Evaluation Version 4.1 software with
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automatic correction for nonspecific bulk refractive index ef-
fect. The specific binding profiles of the compounds to the im-
mobilized yCPR were obtained after subtracting the response
signal from the control flow cell carrying no immobilized protein.

Probing CM5 Immobilized yCPR with the Organic Molecules.
Each ligand binding cycle included four phases: (i) equilibra-
tion of the sensor surface carrying immobilized yCPR with the
running buffer, (i) association phase, consisting of 6 min injec-
tion of 25—35 wM compound solution in the running buffer at
10 pL min~1, followed by (iii) compound dissociation upon
6 min injection of running buffer containing 3% DMSO, and fi-
nally (iv) surface regeneration with 1 M NaCl in the running
buffer.

Steady-State Analysis of SPR Data. Steady-state binding ex-
periments were carried out at different concentrations of FMN
and FAD. The equilibrium signals (R.) were plotted against the
ligand concentrations. The curve fitting efficiency was evaluated
by x? (average squared residual per data point (Table 1)), a sta-
tistical value in the Biacore technique. Under the conditions
tested, the kinetics of flavin binding were fast enough to reach
a plateau within the injection time, which allowed use of the
steady-state Rn.x values to accurately calculate equilibrium con-
stants. The blank run was subtracted from each sensorgram
prior to data processing. The resulting sensorgrams were di-
rectly used for fitting. Data collected during the first 20 s after in-
jection were excluded from the fitting procedure, as recom-
mended by the manufacturer, to minimize sample dispersion
and mass transport effects. Default software settings were kept
for the fitting procedures.

To determine the equilibrium dissociation constant (Kp =
1/Kp) for the interaction, the equilibrium data were fitted to a
single-site model:

Req=Ropn CK /(1 + CK) )

where Ry, stands for the maximal response, C is the concentra-
tion of a ligand, Req is the equilibrium response at given ligand
concentration, and Kj is the equilibrium association constant.
All results are summarized in Table 1 as the average of five in-
dependent determinations.

Kinetic Analysis of SPR Data. Kinetic rate constants were calcu-
lated from the sensorgrams by globally fitting response curves
obtained at various ligand concentrations to 1:1 binding model
with baseline drift. Association (k,,) and dissociation (ko) rate
constants were fitted simultaneously:

dR
d_t = konC(Rmax - R - koffR @

where R stands for the biosensor response of the formed com-
plex, C is the concentration of the ligand, and Ry is the maxi-
mal theoretical value of binding response for a given ligand.

To compensate for a baseline drift, total biosensor response
(Reota) for a complex is described by

Rtotal:R + RI + D(t - ton) (3)

where R, is a bulk refractive index contribution, D is a slope of
the baseline drift, and t,, is the starting time for sample
injection.

Equilibrium dissociation constants (Kp) were calculated as a
ratio of the rate constants ku/ ko, and summarized in Table 1
as the average of five independent determinations.
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