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Electron-transferring flavoprotein from pig kidney is composed of four non-covalently
bound components: ¢ and 8 subunits, flavin adenine dinucleotide (FAD), and adenosine
monophosphate (AMP). This paper reveals the pathway of assembly of the electron-trans-
ferring flavoprotein. The holoprotein can be formed by two different pathways. (i) e+ 8=
(a-8)*, (a-B)* +AMP=(q-3-AMP)*, (a-8-AMP)* = q-3-AMP, @-8-AMP+FAD=holopro-
tein. (ii) a+8=a-8, a-B+FAD=a-3-FAD, a-3-FAD+AMP =holoprotein. Here the pres-
ence and absence of asterisks distinguish different conformations with the same composi-
tion. The monomeric forms of « and g2 showed no significant binding with FAD and AMP.
AMP and FAD associated with different heterodimer forms which were formed as a result
of weak binding between « and 8. The binding of ¢+ 2+ AMP was much faster than that of
a+ 8 +FAD because the rate of ¢+ 8—(a-8)* was much faster than that of ¢+ 8—a-8. The
a-3-AMP complex associated with FAD rapidly. As a result, the binding of FAD with the
subunits is promoted by AMP. The a-8-FAD complex associated with AMP much more
slowly than the mixture of ¢ and 8. Thus the AMP binding with the subunits is inhibited
by the preceding FAD binding.
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Electron-transferring flavoprotein (ETF) is a mitochon-
drial protein (I) which serves as an electron acceptor of
several mitochondrial dehydrogenases. Some of these
dehydrogenases, such as short-, medium-, and long-chain
acyl-CoA dehydrogenases (2), are included in the degrada-
tion system of fatty acids. Others, such as isovaleryl-CoA
dehydrogenase (3) and 2-methyl butyryl-CoA dehydrogen-
ase (4), are included in the catabolic system of amino acids.
Thus, the electron abstraction from these dehydrogenases
by ETF promotes energy production. In addition, the
electrons accepted by ETF are transferred to the mitochon-
drial respiratory chain by way of ETF-CoQ oxidoreductase
(5) and are used for ATP production at the end.

Mammalian ETF is composed of two nonidentical sub-
units and two small molecules, FAD and AMP (6, 7). These
four components are bound tightly by non-covalent interac-
tions. The subunit molecular weights were estimated (8-
11) to be 33,000 for a subunit and 29,000 for £ subunit.
The crystal structure of ETF (12, 13) has not been
published yet and the location of the binding sites of FAD
and AMP are unknown.

It seems physiologically significant that ETF contains
AMP because ETF works as a part of the ATP-synthesizing
system. However, the function of AMP in the holoprotein
form is presently unclear because AMP-deficient ETF has
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Abbreviations: AMP, adenosine 5’-monophosphate; DTT, dithio-
threitol; ETF, electron-transferring flavoprotein; FAD, flavin ade-
nine dinucleotide.
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the same electron-transferring activity as the holoprotein
(6). The role of AMP was suggested by the in vitro
renaturation of ETF (6). In those experiments, the sub-
units unfolded by denaturant were diluted by buffer solu-
tion containing FAD and AMP. The subunit refolding and
the assembly of the four components were initiated by the
dilution. As shown by Fig. 6 in a previous paper (6), the
binding between FAD and the subunits is made fast by
AMP. This result indicated that the AMP plays a role in (i)
the refolding steps of the subunits or (ii) the assembling
process of the four components. In the preceding paper
(14), we investigated the refolding and unfolding reactions
of @ and B subunits, and clarified that neither AMP nor
FAD affects the subunit refolding.

The present study focuses on the later process, namely,
assembly of the refolded subunits, FAD, and AMP. The
clarified overall association pathway is summarized in
Schemes 1 and 2. Here, 2-8* and «-8" are two different
forms of a-£ complex and A* and A are two different forms
of a-B-AMP complex. In Scheme 1, AMP associates with
the subunits before FAD does. In Scheme 2, the order is
reversed. Based on these schemes, we discuss the role of
AMP in the process of assembly. Further, we discuss the
conformational change of the protein during the assembly.
The protein conformation is closely related with its binding
ability with FAD and AMP.

MATERIALS AND METHODS

Materials—ETF was purified from pig kidney by the
method of Gorelick et al. (9) with some modifications (15).
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The a and £ subunits of ETF were separated in urea-de-
natured forms (11). FAD was purified as previously de-
scribed (6). AMP was purchased from Sigma. Other
chemicals were from Nacalai Tesque.

Molar Extinction Coefficients—Concentrations were
determined spectrophotometrically using the following
molar extinction coefficients: &;,;=15,600 M~'.ecm™! for
unfolded form of a (11), &240=8,300 M~'+cm™! for unfold-
ed form of g (11), €450=11,300 M~'.cm™' for FAD (16),
and £,40=15,400 M~'+.cm™' for AMP (17).

Buffer Conditions of the Reactions—Unless otherwise
stated, all reactions were carried out in 50 mM potassium
phosphate, pH 7.6, 5% v/v glycerol, 1 mM DTT, and 0.08
M urea at 25°C.

Preparation of Refolded Subunits—The contents of the
stock solution of urea-denatured subunit was 100 uM a or
£ in 50 mM potassium phosphate buffer, pH 7.6, containing
4 M urea, 5% v/v glycerol, and 10 mM DTT. The refolded
forms of @ and £ were prepared by diluting the urea-de-
natured subunits with buffer solution to give the final
concentrations of 0.1-0.5 M subunits and 0.08 M urea at
25°C. For the completion of the folding reaction, the diluted
subunits were incubated for at least 20 min (14) before
being used for experiments.

The concentration of the refolded subunit was checked by
the flavin fluorescence increment after incubation with
excess of the partner subunit, AMP, and FAD. The yield of
the recoverable refolded subunit always exceeded 85% of
the starting urea-denatured forms of subunits. The subunit
concentration cited in this paper indicates the concentration
of recoverable refolded subunit quantified in this way. The
refolded subunits were stable below 0.5 4M: they lost only
2-4% of recoverability in 1 h.

Fluorometric Measurements—Flavin fluorescence was
measured by 450-nm excitation and 490-nm detection.
Protein fluorescence (tryptophan fluorescence) was mea-
sured by 300-nm excitation and 350-nm detection. The
ordinate scales of the figures which display fluorescence
time courses indicate the output value of the fluorimeter.
The instruments were the same as those described previ-
ously (14).

Molar Extinction Coefficients of Subunits in the Presence
of FAD or AMP—A gel filtration column (1.5X16 c¢m)
filled with Sephadex G-25 superfine gel (Pharmacia) was
fitted on an HPLC system and the temperature was
maintained at 25°C. The buffer solution containing 0-80
uM AMP or 0-1 uM FAD was fed continuously at a rate of

1 ml/min. A 0.9-ml solution of 2 #4M « or £ containing
AMP or FAD, the concentration of which was the same as
that in the running buffer, was subjected to gel filtration.
The elution was monitored by the absorbance and re-
fractive index detectors connected in tandem.

The subunit eluted from the column should be in equilib-
rium with the AMP or FAD contained in the running buffer.
If the subunit associates with the AMP or FAD, the peak
height of the absorbance elution profile should be enlarged
by the bound AMP or FAD. On the other hand, the
perturbation of the refractive index elution profile by the
binding of AMP or FAD should be very small, because the
molecular weights of AMP and FAD are only 1-3% of those
of the subunits.

The molar extinction coeflicient, which is an indicator of
the ligand binding, was determined as follows. The weight
concentration (cw) of the subunits at the peak is given by
cw=RI/(dn/dcy), where RI is the peak height of the
refractive index and (dn/dec,) is the specific refractive
increment (n is refractive index). The molar concentration
(¢m) of the subunits at the peak is given by ¢, = cu/(M X g/
mol), where M is the molecular weight. Therefore, the
molar extinction coefficient (¢) can be calculated by the
equation,

__Abs
e =298
Cm
_ Abs dn
_Tr—x(———dcw )XMX_g—fmo X

where Abs is the peak height of the absorbance. We used
the value of dn/dec,=0.187 ml-g~', which is common for
simple proteins (18). The molecular weights determined by
SDS-PAGE (11), 32,900 («) and 28,600 (8), were used for
the M value.

The amount of the subunit molecules eluted from the
column was 70-80% of the loaded protein as judged by the
peak area of the refractive index elution profile, and 70-
75% as judged by the recovery to the holoprotein after
incubation with the partner subunit, FAD, and AMP. This
result confirms that the subunit eluted from the column is
almost completely native.

Estimation of Apparent Molecular Weight—The appar-
ent molecular weight was estimated by the method of
Takagi et al.(18, 19), in which a light-scattering photom-
eter and a refractometer were connected after a gel
filtration column. Our system was described previously (6).
The apparent molecular weight (M,,,) can be obtained by
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the equation (18, 19),

LS
MPPZXXWS

where LS and RI are the peak heights of light-scattering
and refractive index, respectively, and x is the instrument
constant.

Electrophoresis—Isoelectric focusing was carried out as
described previously (6). Gel plates stained by Coomassie
Brilliant Blue R-250 were scanned with an LKB 2202
UltroScan laser densitometer.

Calculations by Computer—Curve fitting (non-linear
least-squares analysis) was performed by using the Gauss-
Newton method. Time course of reaction was simulated by
numerically solving differential equations by using the
biquadratic Runge-Kutta method. The computer programs
were originally written by us.

RESULTS

Reaction by Mixing All the Components of ETF—Figure
1 shows the time courses of the reactions of refolded « and
B, FAD, and various concentrations of AMP. The enhance-
ment of flavin fluorescence reflects the binding of FAD with
a and £, because the FAD in the holoprotein is more
fluorescent than free FAD (9) and the FAD in the «-8-FAD
complex is as fluorescent as the FAD in the holoprotein (6).
The result in Fig. 1 clearly shows that the binding of FAD
with subunits is made fast by raising the AMP concentra-
tion. The concentrations of « and S also affected the
reaction rate: the time required for the half completion was
reduced by raising the concentrations of « and £. On the
other hand, the concentration of FAD did not affect the time
course in the range of 1-4 4 M.

Interaction of Single Subunit with AMP and FAD—The
possibility of complex formation between a single subunit
(a or B) and a ligand (AMP or FAD) was examined by
measuring the molar extinction coefficient (e) of the
subunit equilibrated with the solution containing AMP or
FAD as described in “MATERIALS AND METHODS.” In the
absence of AMP and FAD, the extinction coefficients at 270
nm (&;70) were estimated to be 14 («) and 7.5 mM~'-cm™*
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Fig. 1. Effect of AMP on the reaction of a, 2, FAD, and AMP.
Before the reaction, urea-denatured a and £ were diluted with the
buffer solution to give the final concentration of 0.2 ¢M in 2 m! and
allowed to refold for 20 min. At zero time, small volume (4-14 u1) of
FAD and AMP solution was added to the solution of the refolded
subunits to give the final concentrations of 2 4 M FAD, and 0 (1), 2.5
(2), 5 (3), 10 (4), or 20 uM (5) AMP.
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(B). The &370 values of the ligands, 10.3 (AMP) and 34
mM~'-cm™! (FAD), are both large enough for the binding to
be detected. However, we detected no change of &,,, values
of @ and B in the presence of 0-80 M AMP or 0-1 M
FAD, indicating that the single subunit binds neither AMP
nor FAD in the absence of the partner subunit. This is
consistent with our previous result (11): the protein and
flavin fluorescence spectra were not altered by mixing
single subunit, AMP, and FAD.

Interaction between a and f—Figure 2 shows the gel
filtration of mixtures of o and 8 with different concentra-
tions at injection. At low concentration (1), the peak of the
elution profile (27.40 min) was located between the peaks
of @ (27.32min) and g (27.45 min) chromatographed
separately (data not shown). At higher concentrations (2
and 3), the peak of the subunit mixture appeared earlier,
suggesting a weak association between a and £. This peak
shift cannot be ascribed to interactions between the same
subunit, because the peak positions of single subunits were
not shifted by the concentration (data not shown).

The dissociation constant between « and 8 was estimated
from the apparent molecular weight (M,,,) measured by
light-scattering (see “MATERIALS AND METHODS”). The
M,,, value of the subunit mixture at 1.5 uM was (59+
14)% of the M,,, value of the holoprotein. This value
corresponds to the degree of association of (18+28)%: the
subunits are almost in the monomer forms at 1.5 uM.
Taking account of the error range, the dissociation constant
between a and £ can be estimated to be much higher than
1 M. The dissociation constant could not be determined
because of the aggregation of the subunits at high concen-
tration (11).

Binding of a, 8, and AMP—Figure 3A shows the time
course of the tryptophan fluorescence of 0.1 uM a and 8
before and after the addition of 80 4M AMP. As shown in
the inset of Fig. 3A, the relaxation curve fitted well with
hyperbolic function of time ().

Y -Y,
konst +1

Y(¢), Y., and Y, are the fluorescence values at time ¢,
infinite time, and zero time, respectively, and k,,s is the

Y(t)= + Y, (3)

Absorbance (230 nm)

Retention Time / min

Fig. 2. Molecular sieve chromatography of mixtures of ¢ and
B with different concentrations. Mixtures of refolded a and 8
[0.0625 (1), 0.25 (2), or 1 M (3)] in 1 m! of solution were loaded on
a Superose 12 HR 10/30 column (Pharmacia) maintained at 25°C. The
flow rate was 0.5 ml/min. The left-hand bar indicates the absorbance
scale: 0.00625 (1), 0.025 (2), and 0.1 (3).
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observed rate constant.

In the previous sections, it was demonstrated that o and
B weakly interact with each other and that a single subunit
does not associate with AMP. These results lead to Scheme
4 as the mechanism of the binding of «, £, and AMP.

atB oz a-ph, a-frHAMP T o fAMP (4)

In this scheme, AMP associates with a heterodimer form
(a-f*) which results from the weak binding between a and
B. Using the steady state method with the assumptions of
(a]l>»(a-B8*) and [B) > [a-B*], the reaction velocity (v=
d(e-S5-AMP]/d¢) is represented as

_ ka[AMP) (2] (8]
V=% kst [AMP) ®)

Here, the brackets represent molar concentration. The
time course should obey a hyperbolic function of time when
the concentrations of « and g are identical to each other and
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Fig. 3. A: Protein fluorescence time course of the binding of «,
B, and AMP. Before the reaction, urea-denatured a and 8 were
diluted with the buffer solution to give final concentrations of 0.1 ¢ M
in 2ml. At zero time, 4 !l of solution of AMP was added to the
solution of the refolded subunits to give the final concentration of 80
uM. Inset: The circles show the data of fluorescence value at
several points. The best- fit curve for the function Y (¢)=(Y,— Y.)/
(kovst +1) + Y., is shown. B: Dependence of k.., on AMP concentra-
tion. The concentrations of « and g were both 0.1 M. The best-fit
curve was drawn according to the equation Ays=a(AMP]/(b+
(AMP]), with the parameters a=0.0293 s~! and b=57.1 M. Inset:
Dependence of k,,, on subunit concentration. The concentration of
AMP was 80 M. The concentrations (¢) of a« and 8 were set to be
identical to each other.
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the concentration of AMP is constant during the reaction.
The observed rate constant should be

k.. [AMP]c

Fo =/ TAMPT ©
where ¢, is the starting concentration of each subunit. This
equation implies that the ks value depends on [AMP]
hyperbolically and on ¢, proportionally.

The fluorescence time courses at various ¢, and {AMP]
were curve-fitted to Eq. 3 to obtain the k,,s values. Figure
3B shows the dependence of k,,s on [AMP] when ¢, =0.1
u#M. As expected, the ks value depended on [AMP]
hyperbolically. The inset of Fig. 3B shows the dependence
of ks on ¢ when [AMP] =80 uM. Proportionality be-
tween ko and ¢, was also observed when [AMP] =10 M
and when {AMP] =800 M (data not shown). These results
agree well with Eq. 6, supporting the validity of Scheme 4.
The kinetic parameters were estimated from these data as
k=029 yuMe5~' and kb, /k ;=57 uM.

The fluorescence change (Y.,— Y;) by the reaction was
constant over a wide range of {AMP] (20-400 #M) when ¢,
was constant, indicating that the binding of «, 8, and AMP
is tight enough under the conditions of these experiments.
This result justifies the simplification of Scheme 4, where
the dissociation of AMP from «-8-AMP is omitted. The
dissociation of @-8-AMP will be described later.

Isomerization and FAD Binding of a-f-AMP—We
previously (15) demonstrated that «-£8-AMP exists in an
equilibrium between two different forms (A and A*) and
only one of them (A) combines with FAD to become the
holoprotein.

3 Ll
A* _:‘—_' A, A+FAD == holoprotein 0

The time course of the reaction between «-5-AMP and an
excess of FAD obeys a double exponential function of time.
The observed rate constants of the first and second phases

© 0.20 T T T T
Q
a
[+9]
Q
8 B 0.2 T
s g L T T
s 3 I J
f— o
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o 0.10 éo.lo 4 1
> 0200 400
E‘ Time /8
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Fig.4. Time course of the binding between FAD and o-3-AMP.
At zero time, 2 ul of stock solution of a-5-AMP (60 M) was added
to the 2-ml solution of FAD. The conditions after the mixing were 0.4
#M FAD and 0.06 uM a-8-AMP. In the main panel, the buffer
conditions both for the stock solution of a-4-AMP and for the reaction
with FAD were as described in “MATERIALS AND METHODS” (5%
v/v glycerol). In the inset, the stock solution contained 15% v/v
glycerol, while the conditions of the reaction mixture was the same as
the main panel (5% v/v glycerol). The dotted curves show the reaction
phases separated by curve-fitting: the data of the main panel after 50
s were fitted to Y (£) = a,exp(— ky¢) + gt + a, and the data of the inset
after 0 8 were fitted to Y () =a,exp(— kit) + a,exp(— kat) +axt +a,.
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(% and k,, respectively) are represented as follows (15).

b=l kst ks + ket [FAD] + £,

+[(kiy+ ks + ki [FAD]+£,)?
—4(ki sk [FAD) + kisko+ b ok ) 172} 8)

qué{k,ua+k.3+k+,[FAD]+k.4

— (ks +k s+ ki [FAD] +£_,)?
—4(ki 3k, [FAD] + kysko, + ks ) ]2} 9

a-S-AMP can be prepared in two different ways: by
mixing «, £, and AMP (as described above) and by
releasing the FAD from the holoprotein (20). These two
kinds of a-8-AMP showed the same FAD-binding time
course under the same conditions (data not shown),
confirming the identity between them. In the experiments
described below, we used «-8-AMP prepared by detaching
the FAD from the holoprotein, because of the simplicity of
this method.

We previously (15) determined the values of k,,, k.,
k.., and k_, under conditions different from those of this
study. Some modifications of the procedure were needed to
determine the kinetic parameters in this study. Figure 4
(main panel) shows the time course of the reaction between
a-f-AMP and an excess of FAD: the amplitude of the first
phase was too small to detect clearly. According to Scheme
7, the two phases are roughly explained as follows (15). The
fast phase corresponds to the diminishing of A by binding
with FAD, and the slow phase corresponds to the slow
conversion of A* to A. Thus, the amplitude of the fast phase
is expected to be enlarged when the [A]/[A*] ratio at the
start of the reaction is raised. We previously reported that
the A*=A equilibrium is shifted rightward by anions or
glycerol (20). In the experiment in the inset of Fig. 4,
a-f-AMP was preincubated in a high concentration of
glycerol (15% v/v) but the reaction mixture contained 5%
v/v glycerol [in the main panel, the glycerol concentration
was 5%v/v both for the preincubation and for the reaction
with FAD]. As expected, the fast phase became obvious
after preincubation with the high concentration of glycerol.
We could measure both the phases of the reaction by this
method.

The time courses fitted better with a modified function
Y(t)=aiexp(—kit) + qexp(—kit) + ast + a, than the
simple double exponential function Y (¢)=a,exp(—kt)+
a; exp(— k;t) + a,. The requirement of the term a,t arises
from the very slow fluorescence enhancement after the
completion of the second phase. This is due to the slow
re-association of the small amounts of &« and g which had
dissociated in the stock solution of @-8-AMP (mentioned
later).

Figure 5, A and B, shows the &, and %, values obtained by
curve-fitting of the time courses at various FAD concentra-
tions. These % and %, data sets were simultaneously curve-
fitted to Egs. 8 and 9, respectively, to obtain the four kinetic
parameters. They were estimated as k,;=(2.48+0.12) X
107287, k3=(3.70+0.35) 10725}, k,,=0.154+0.010
x#M™'es7! and & ,=(0.98+0.80) x 1072 5! [(best-fit val-
ue) =+ (standard deviation)]. The estimation of the k_, value
is relatively unreliable because the standard deviation is
similar to the best-fit value. The k_, value will be estimated
more carefully in a later section.
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Which of A* and A Is Formed First by the Binding of a,
B, and AMP? —If A is the first product, the reaction is
expressed as

k., k.,
a+pf+AMP—A T—*’ A*, A+FAD = holoprotein
(10)

Conversely, if A* is formed earlier, the reaction is express-
ed as

3 ko, .
a+B+AMP—A* % A, A-+FAD == holoprotein
' a1

The association of «, 8, and AMP (the first step of Schemes
10 and 11) obeys Eq. 5. The other kinetic parameters were
determined in the preceding section. Figure 6A shows the
simulated holoprotein concentration time courses. Based on
Scheme 10 (curve a), the first product (A) can combine with
FAD instantly, so that the production of the holoprotein is
initiated immediately after the start of the reaction. On the
other hand, based on Scheme 11 (curve b), the first product
(A*) cannot associate with FAD until it converts to A, so
that the time course of holoprotein shows a clear lag phase.

ki / g1

ko / g

A I 1 i 1

0 1 2 3
[FAD] / M

Fig. 5. Dependence on FAD concentration of k, (A) and k, (B) of
the binding reaction between FAD and a-8-AMP. The observed
rate constants of the fast and slow phases (k and k,, respectively)
were determined by curve-fitting of the time course, as described in
the legend to Fig. 4. The data of symbol ‘<’ were obtained by the
experiments where «-f-AMP was preincubated in the same buffer as
used in the binding reaction. The data of symbol ‘O’ were obtained by
the experiments where a-8-AMP was preincubated with 156% v/v
glycerol to enhance the amplitude of the fast phase. The data of the
symbol ‘@’ were also obtained with the preincubation with 16% v/v
glycerol but by using a stopped-flow apparatus. The glycerol concen-
tration for the binding reactions was 5% v/v for all the data. The
best-fit curves obtained with Eqs. 8 and 9 are shown.
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Fig. 6. A: Simulated time course of holoprotein
concentration after mixing a, 8, AMP, and FAD.

= 9 0.56—T— T The reaction of 0.1 xM « and 8, 20 M AMP, and 2
2 o #M FAD was simulated according to Scheme 10
~ 3 (curve a) or Scheme 11 (curve b). B: Flavin fluores-
= 3 cence time course of the reaction of «, g2, AMP,
3 s and FAD. Before the reaction, urea-denatured a and
2 = 0.50 £ were allowed to refold. At zero time, FAD and AMP
x5 B were added. The conditions of the reaction were 0.1
° & uM a and 8, 20 uM AMP, and 2 4 M FAD.
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Fig. 7. Time course of the reaction for investigating the disso-
ciation of a-8-AMP. The «-8-AMP was stocked in the same buffer
as that for the reaction. At — 10 min, 10 ul of «-8-AMP (52 u M) was
mixed with 1,990 u] of buffer solution in the spectrophotometric cell
to give the final concentration of 0.26 uM. At O min, 5 ] of FAD
solution was added to the reaction mixture to give the final concentra-
tion of 2 uM. At 12 min, 5 4l of AMP solution was added to the
reaction mixture to give the final concentration of 20 uM. The arrow
Y, indicates the fluorescence value of 2 yM FAD without a-8-AMP.
The Y, value is the linearly extrapolated value from the time course
at 4-12 min to zero time. The Y, value is the final fluorescence. Inset:
Decay of fraction of a- 3-AMP after the dilution. The experiments
similar to that in the main panel were carried out with various
preincubation times (the time from the dilution of a-8-AMP to the
addition of FAD). The values of (Y,— Y;)/(Yy—Y,) were plotted
against the preincubation time. The curve shows the simulated time
course according to Scheme 12 with k_,=8x10"*s"*.

The experimentally measured time course (Fig. 6B),
showing a clear lag phase, was quite similar to curve b in
Fig. 6A. This result indicates that Scheme 11 holds true.
Dissociation Rate of AMP from a-f8-AMP—The dissoci-
ation of «, §, and AMP was observed by diluting the
solution of a-#-AMP. In the experiment shown in Fig. 7,
the stock solution of @-8-AMP (52 x4 M) was diluted to 0.26
#M at —10 min. After 10-min preincubation, 2 M FAD
was added to the diluted a-8-AMP. Although the reaction
between FAD and «-8-AMP is biphasic, only the second
phase was detected clearly because of the rapidity of the
first phase (relaxation time is 5.1 s). After the completion
of the second phase, the flavin fluorescence continued to
increase very slowly (4-12 min), reflecting the association
of FAD with « and A subunits which had split from
a-f-AMP during the preincubation (— 10~0 min). The slow

Time / min

Fig. 8. Flavin fluorescence time course after the dilution of
holoprotein. The holoprotein was diluted from 26 M to 13 nM in
the buffer solution containing 0 (®) or 1 4uM (O) FAD. The arrow
indicates the fluorescence intensity of 13nM free FAD. Inset:
Simulated time course of the reaction after the dilution of
holoprotein to 13 nM in the absence of FAD. The reaction was
simulated according to Scheme 1. The k_, value was set at 10~ (1),
10~* (2), or 10°*871(8).

fluorescence enhancement (4-12 min) was made fast after
the addition of 20 uM AMP (12 min), confirming that the
slow fluorescence enhancement was due to the re-associa-
tion of the split subunits.

The arrow Y, in Fig. 7 indicates the fluorescence value of
2 uM free FAD. The Y, value was obtained by linear
extrapolation from the time course at 4-12 min to zero
time. The difference between Y, and Y, corresponds to the
sum of the concentrations of A* and A at zero time. The Y,
value indicates the final fluorescence value. The difference
between Y; and Y, corresponds to the total concentration of
the protein. Thus the ratio r=(Y; — Y;)/(Y;— Y,) indicates
the proportion of a-8-AMP at zero time to the total
protein. The r values obtained with various preincubation
times are shown in the inset of Fig. 7. The dissociation of
a-f3-AMP after the dilution can be simulated according to
the following scheme.

k, k_» k.,
A A 2 A B —
ATA TAMP+aﬂ,afﬂ = a+p (12)
All the parameters in this scheme were estimated above,
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except for the k_, value and the &_,/k,, ratio. The simula-
tion was repetitively tried with different k_, values. The
best-fit curve was obtained when k_,=8.0x10"*s"!. The
same k., value was also obtained at a lower concentration
(0.075 uM) of a-B-AMP. The uncertainty of the dissocia-
tion constant (Ks =k ,/k,,) of a-8* caused no serious
error: the simulated time courses with K, =1 M and
Ky, =100 4M (not shown) were almost the same as that
obtained with K;; =10 4«M (shown in the inset).

Dissociation Rate of FAD from Holoprotein—The disgo-
ciation of FAD from holoprotein after dilution should
proceed by the reactions of Scheme 1 leftward. The inset in
Fig. 8 shows the simulation of the dissociation of 13 nM
holoprotein. The &, value was set to be 10~3(curve 1), 10~*
(2), and 1075 s71(3).

The closed circles in Fig. 8 show the experimentally
obtained time course of flavin fluorescence after the dilu-
tion of the holoprotein from 26 M to 13 nM. The arrow in
Fig. 8 indicates the fluorescence intensity of 13 nM free
FAD: if all the bound FAD in the holoprotein is detached,
the fluorescence intensity should be quenched to this level.
About 20% release of FAD in 1h (closed circles) corre-
sponds to k. ,=10"*s""! (curve 2 in the inset). If this k_,
value is correct, only 0.4% of the bound FAD should be
released in the presence of 1 uM free FAD, according to the
simulation (not shown). However, in reality, about 15% of
the FAD was released in 1 h even in the presence of 1 uM
FAD (open circles). This can be explained by a side
reaction, such as irreversible degeneration of the holo-
protein. The FAD dissociation by k_, is very small even in
the absence of 1 #«M FAD (closed circles). Therefore, the
k_, value is estimated to be smaller than 10~*s~!. The FAD
release due to Scheme 2 can be ignored because the AMP
release from the holoprotein is very slow (k_,<107%"!,
described later).

Binding of a, B, and FAD—When a, £, and FAD were
mixed, very slow formation of «-8-FAD was observed

0.03

0.0 [ ]?/31]/ o
a
0‘00 s " i i re A u‘ i
0 1 2 3 4 5
[FAD] / «M

Fig. 9. The initial rate of FAD binding with 0.2 4M ¢ and 2 at
various FAD concentrations. The initial FAD binding rate (=
(d(a-8-FAD]/dt)...) was determined from the slope of the flavin
fluorescence time course in the initial few minutes, according to the
difference of flavin fluorescence intensity between a-8-FAD and free
FAD of known concentration. The best-fit curve was drawn according
to the equation w=a[FAD]/(b+[FAD)]), where a=2.9%10?
nM~'-s~' and b=0.78 «M. Inset: The binding rate of 0.5 uM FAD
with various concentrations of subunits. The concentrations of
the two subunits were identical to each other in the reactions of
symbol ‘0.’ The concentrations of a and £ were respectively 0.1 and
0.4 uM for ‘@’ and 0.4 and 0.2 uM for ‘a.’
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(Fig. 1, curve 1). In the previous sections, it was demon-
strated that « and S subunits weakly interact with each
other and that a single subunit does not associate with FAD.
Therefore we can consider the binding mechanism of a, S,
FAD to be as follows.

a+p :‘z a-BF, a-BF+FAD .':: 2-8-FAD  (13)

Here, a-BF is the heterodimer form which associates with
FAD. Using the steady state method, the reaction velocity
(v=d[a-£-FAD]/d¢) is represented as

,— ks [FAD] [«](8)
F-i/keo+ [FAD] *

when the dissociation rate of «-8-FAD is negligible.

Figure 9 shows the experimentally obtained initial v
values at (a]=[(8]=0.2 4M and at various points of
(FAD]. The hyperbolic dependence of v on [FAD] is
consistent with Eq. 14. The inset of Fig. 9 shows the
dependence of von [« ][8] when [FAD] =0.56 xM. Propor-
tionality between v and [«][f] was also observed when
(FAD]=0.1 xM and when (FAD]=2xM (data not
shown). These results agree well with Eq. 14, supporting
the validity of Scheme 13. The kinetic parameters were
estimated from these data as k,;=7.2x107* yM~'«g~! and
k_s/k.s=0.78 uM. It should be noted that the «-8F form in
Scheme 13 is distinct from the «-8* form in Scheme 4
because the association rate constants from monomeric a
and S are largely different between them. The k_; value was
estimated to be smaller than 10~ s~} from similar experi-
ments to those carried out for the estimation of the k_,
value (Fig. 8).

Binding of AMP with a-f-FAD—The isoelectric points
of the holoprotein and «-5-FAD are 6.7 and 7.1, respec-
tively (6). Using this difference, the binding of AMP with
a-S-FAD was investigated (see the legend to Fig. 10).

(14)

g 10 A A 4 .
o o R
et | ]
[5)
a L -
ot
h‘ L -
a 0.5 o 1
2 : i
2 : 5 ]
5 3 | _ _
= ~ 0 50 100 |
T 0.0 [AMP]/ uM

0 2 4 6 8

Time / h

Fig. 10. Time course of the binding between AMP and a-8-
FAD. The a-8-FAD was prepared as described previously (6). a-8-
FAD (5 4 M) was incubated with 20 (O), 40 (®), or 80 uM (»)} AMP.
After the intended incubation time, 10 x1 of the reaction mixture was
applied to isoelectric focusing for separating the holoprotein and
a-f-FAD. The two bands visualized by staining were measured by a
densitometer and the holoprotein fraction was calculated by r=H/
(H+F), where H and F are the planimetrically determined holo-
protein and a-8-FAD, respectively. The main panel shows the r value
as a function of the incubation time. The data of each time course was
curve-fitted to r=a exp(— kuet) + b, and the obtained k¢ values are
plotted against the AMP concentration in the inset.
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Figure 10 shows the time courses of the binding of a-5-
FAD with different concentrations of AMP, under the
conditions where the concentration of AMP is much higher
than «-8-FAD. The data set of each time course fitted well
with a single exponential function, and the observed rate
constant was proportional to the AMP concentration as
shown in the inset of Fig. 10. These results can be explained
by a simple bimolecular reaction model.

a-B-FAD+AMP % holoprotein

The kinetic parameters were estimated as k,,=3.8x107%
uM™teg and k_, <107% 87'. The binding experiment under
conditions where the concentration of «-8-FAD is much
higher than AMP gave essentially the same k., and k_;
values, supporting the validity of this scheme. Until now,
we have observed only one form of «-8-FAD, unlike
a-f-AMP.

DISCUSSION

Overview of the Assembly—In this study, we clarified
that the holoprotein of ETF can be formed by the two
different pathways (Schemes 1 and 2). The values of the
kinetic parameters in the schemes are summarized in Table
I

The interaction between a and £ is so weak that most
molecules are in the monomer states under the conditions
employed in this study (0.1-0.5 4 M subunits). The binding
rate of @ + 4+ AMP (curve 1in Fig. 11) is much higher than
that of @ + 8 +FAD (the curve in the main panel of Fig. 9)
(the concentrations of @ and £ are the same in both
figures]. The maximum binding rate of AMP is about 400
times higher than that of FAD. The resulting «-5-AMP
associates with FAD much more rapidly than « + 8 does
(see the next section). Therefore, the main pathway of the
holoprotein formation is Scheme 1. As shown in Fig. 11, the
reaction of «-8-FAD + AMP (curve 2) is much slower than
a+pf+AMP (curve 1). The binding of AMP with the

TABLE I. Kinetic parameters of the reactions included in the
agsembly pathway of ETF.

k., =0.29 uMt.5"!

Ku=k./ku>1uM

k,=k, K4>0.298""!

ko,=k../(57 uM)>5X107* yM~'-g7!

k_,=8.0 X10™*s™!

k3=2.5%X10""g"!

k;=37x10"1g"!
ki =0.15 yM~1e57!
k,<10*g!

ky=T7.2X10"* uM'.57!
Kiw=ko/ky>1 M
ko=h Kyu>7.2%X1074s7!
kio=hk /(0.78 £M)>9.2X 10 uM~'.5"!
k(<107
ky;=3.8X10"° yM~t.g™!
k_,<107*5™!
The assembly pathways are as follows:
ks k.,[FAD)
A
k_y | kg
s k[FAD] k.;[AMP]
a-ff———a-f-FAD ——

holoprotein

holoprotein

a-B* and a-SF are two different forms of the a -8 complex and A* and
A are two different forms of the a-8-AMP complex.

K. Sato et al.

protein is prevented by the previous FAD binding.

Effect of AMP on the Assembly—The experiment of Fig.
1 clearly shows that the binding between FAD and the
subunits is promoted by AMP. The function of AMP can be
quantitatively discussed by comparing the FAD binding
rate between a+ 8 and a-8-AMP. According to Eq. 14
with the assumption that the backward dissociation is
negligible, the time course of the reaction «+8-+FAD
should be a hyperbolic function of time when [a]=[8].
The time (7,) required for the half completion of o+ 8+
FAD is given by

1 1,400 uM-.s
[ c ’

when [@]=[8]=c and [FAD] is infinite. On the other
hand, the binding of «-8-AMP+FAD obeys a double
exponential function of time as shown in Fig. 4. The greater
part of the fluorescence increment in Fig. 4 belongs to the
slow phase. Thus the rate of the reaction can be simply
characterized by the half-completion time (7;) of the slow
phase as follows at infinite FAD concentration.

~_In2

ks
Under the conditions employed in this study (0.1-0.5 uM
subunits), the FAD binding is much faster with «-8-AMP
(7,=28 8) than with a + 8 (1, =2,800-14,000 s).

The binding rate of a +8-+FAD is dependent on the
subunit concentration. According to Eq. 15, the subunits
have to be concentrated to more than 50 4uM to show the
similar FAD binding rate of «-8-AMP. However, it is
difficult to attain this situation because the subunits are
susceptible to irreversible denaturation or aggregation at
such a high concentration (11). The subunits of oligomeric
proteins present hydrophobic surfaces, which is important
for subunit-subunit contact in the oligomeric forms. The
aggregation is probably due to the non-specific interactions
between the hydrophobic surfaces of the subunits. The
aggregation is observed in the concentrated solutions of «,
B, or the mixture of both, but not observed for the ligand-

(15)

=

=28s8

T2

Yo / nM- gl
-8

G A A X
0 100 200 300 400

[AMP] / «M

Fig. 11 Calculated initial binding rates of reactions, a+ 8+
AMP (curve 1) and q-5-FAD+AMP (curve 2), as a function of
the AMP concentration. The protein concentrations are 0.2 uM
and £ (1) and 0.2 4uM a-8-FAD (2). The initial binding rates (w) of
curve 1 were calculated by using Eq. 5 and those of curve 2 were
calculated by u=k,;(a-#-FAD}[AMP].
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a+ */3\\ AMP -
- A 5
B .
\H an holoprotem
a- B FA
: AMP

Fig. 12. Assembly pathway of ETF. The dashed line links loose
conformations and the dotted line links compact conformations.

binding dimeric forms (a-8-AMP, «-8-FAD, and «-8-
FAD-AMP)(11).

The dependence of the binding rate of « + 8+ FAD on the
subunit concentration is due to the weak binding between a
and S. As the subunit concentration increases, the propor-
tion of @-SF is raised and subsequently the FAD binding is
enhanced. The binding of AMP with «+ 8 induces the
dimerization of the subunits and results in the increase of
the concentration of A. By this mechanism, AMP promotes
the binding between FAD and the apoprotein even in low
subunit concentrations.

Two Conformations of Heterodimer—We previously
(20) reported the structural difference between the two
forms of a-8-AMP (A* and A). The A form is compactly
folded while the A* form is partially unfolded. The circular
dichroism at 220 nm of A* is about 75% of that of A,
indicating that A has more structured peptide backbone
than A*. In addition, A* and A show very different
molecular weights (120,000 (A*) and 56,000(A)] on gel
filtration. These values correspond to Stokes radii of 42
(A*) and 32 A (A) (21). [The true molecular weights have
been confirmed by light-scattering method to be about
60,000 for both A* and A.] The conformations of the
holoprotein (20) and «-8-FAD (6) are similar to the A
form with respect to the retention time on gel filtration and
the far-UV circular dichroism spectrum. This finding seems
reasonable because FAD is bound with the A form not with
the A* form: the compact conformation has the proper
FAD-binding site while the loose conformation does not.

The rate constant of formation of «-8* from monomeric
subunits (k., =0.29 yM~'-s7") is much larger than that of
a-BF (ks=7.2%10"* uM~'-87!). The dimerization rate
constant should be related with the conformation of the
heterodimer. It can be speculated that « - 8* has a relatively
loose conformation (immediately after the docking of the
subunits) while «-A% has a compact conformation (addi-
tionally folded after the docking). This consideration is
congistent with the fact that the product of «-8*+ AMP is
the loose A* form and the product of a-8F+FAD is the
compact a-5-FAD.

The pathway of the assembly of ETF can be schematized
as in Fig. 12. The molecular species of loose conformation
are linked by the dashed line and those of compact confor-
mation are linked by the dotted line. The difference in the
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AMP-binding site between the loose and compact confor-
mations can be speculated by comparing the rates between
the reactions I and II in Fig. 12. The AMP binding rate
constant is much larger for a-8* (k. >5%1073 yM~t.571)
than for «-8-FAD (k,,;=3.8%x107%yM~'+s"!) and the
AMP dissociation rate constant is much larger for A* (k_,=
8x107*s87") than for the holoprotein (k_; <107*s7'). Thus
both association and dissociation of AMP are much faster
for the looser conformation. This result leads to a specula-
tion that the AMP-binding site is exposed to the solvent in
the loose conformation, while it is buried in the protein in
the compact conformation.

As a result, the loose conformation is suitable for AMP
binding while the compact conformation is suitable for FAD
binding.
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