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ABSTRACT. Xanthine oxidase (XOD) consists of two identical subunits. For the past 50 years or so, it was
assumed that the two subunits carry out catalysiependentlyHerein, we report that the presence of
6-formylpterin (6FP) or other substrates (such as xanthine or xanthopterin) at one of the two active sites
affects the binding affinity and catalysis rate of 6FP at the other. When the two XOD active sites were
occupied by two 6FPs simultaneously, the conversion rate X218 2 s71) of 6FP to 6CP is 2.95-fold

faster than the conversion rate (0.951072 s7%) in the case of single 6FP bound condition. The presence

of xanthine can accelerate the catalysis rate of 6FP by XOD as well as the activity-recovering rate of
alloxanthine-inhibited XOD. Our experimental observations demonstrate unambiguously that the two XOD
subunits are strongly cooperative in both binding and catalysis. The inhibition corisenit §FP toward

XOD was measured by a stopped-flow method to be 0.94 nM.

Xanthine oxidase (XOD)is a 290 kDa homodimer protein ~ Chemical treatment o€lostridium symbiosunglutamate
(1). In each subunit, there are four cofactors, namely*™o  dehydrogenase h§-mercaptoethanol leads to activation of
cofactor, two [2Fe-2S] clusters, and a FAD unit. The Nto five subunits that otherwise are inactive and also results in
site can transfer and insert an oxygen atom into theHC positive cooperative interactions among the six catalytic
bond of many substrates with concomitant reductive conver- subunits of the enzymé ). Replacement of an amino acid,
sion of M&* to Mo*". The reduced MY cofactor then  Arg-475, by glutamine converts the cooperativity of aldehyde
passes two electrons via the two [2F2S] cofactors to the  dehydrogenase from extreme negative cooperativity (i.e.,
FAD site, converting it to FADH which then reduces  half-of-the-sites reactivity) to positive cooperativitygj. In
molecular oxygen to ©* or HO,. In addition to xanthine,  the case of human glutathione transferase P1-1 (EC2.5.1.18),
many biomolecules, such as hypoxanthine, are also substratefeplacement of Cys-47 with alanine or serine decreases the
of XOD. XOD consists of two identical subunits. During  affinity for GSH and triggers a positive kinetic cooperativity
the past 50 years or so, it was always assumed that the twqyjith respect to the substrate7). Another example is NAD-
XOD subunits carry out catalysisidependently(1—3), dependent isocitrate dehydrogenase frBaccharomyces
despite the observation of substrate inhibition phenomenoncergjisiae, which is an octamer composed of two hetero-
at high substrate concentration conditiors §). In the subunits, IDH1 and IDH2 18). Replacement of a serine
literature, this was observed in many oligomeric enzymes yesigue by alanine at the active site of IDH1 results in a
in which cooperativity exists among catalytic subunés-( 6-fold decrease in th¥/max and a decrease in cooperativity
9). Very strong negative cooperativity leads to complete 10ss ;i jittle change in theSs for isocitrate. If the same
of activity in”the neighbor subunits, which is known as *half- e pacement occurs in the IDH2 subunit, a 60-fold decrease
of-the-sites” reactivity phenomeno8, @). Some oligomeric in the maximal velocity and a 2-fold reduction 8 for

enzymes having lack of cooperativity among subunits Were js.citrate were observed, but the cooperativity was unaf-
transformed into cooperative forms after a single mutation fected. It was also reported that binding of2Zrion to

of an amlnto O?(;'r? ?edarl at.Ct'V€ ?liﬁbﬂ(—cltZ). Fpr lexartnplel, It ¢ Escherichia coliornithine transcarbamoylas&9d) and man-
Wﬁs rehpcf)ret k'a eletion to h €L ermlpa ex enslllont o! nitol-1-phosphate dehydrogenase (frékspergillus para-
phospholructoxinase converts the enzyme irom nonarlos erICsiticus (20) converts the oligomeric enzymes from nonco-

to allosteric (3). Replacement of an amino acid (Cys-509) . - . . . .
by tyrosine or serine converenicillium chrysogenurATP operative to positively cooperative. With so many oligomeric
enzymes having cooperativity in mind, it is therefore

sulfurylase from an allosteric enzyme that requires the L .
. . reasonable to wonder whether cooperativity exists between
presence of an allosteric effector;fhosphoadenosing-5 :
the two XOD subunits.

phosphosulfate (PAPS) to an intrinsically cooperative one

at pH 8 in the absence of the allosteric effectds)( In this paper, we provide solid experimental evidence to
show that both the binding and catalytic functions of the

two XOD subunits are, in fact, highly associated with one
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MATERIALS AND METHODS active XOD can be determined also by the “fast phase”
o . component metho®{, 28). In the presence of xanthine and
Purification of Enzymes6-Formylpterin (6FP,>99%, under an anaerobic conditions, the consecutive oxidative
Lancaster) was used as received. XOD was purchased fromeatalysis of xanthine by XOD accumulates electrons in the
Sigma. It is believed that XOD from commercial samples enzyme cofactors and leads to bleaching of the absorbance
might contain three different forms, namely, a doubly active of XOD at 450 nm. This bleaching (i.e., the reduction of
dimer, a mixed dimer, and a doubly inactive dimer. The XOD cofactors) displays a distinct two-component (both fast
inactive unit mlght be in the desulfo for_nil) or .IaCk the and slow phases) decay patte%)( The percentage of the
molybdenum metal 22, 23). By following a literature  fast phase was reported to be linearly proportional to the
procedure, XOD was purified using a Sepharose-fifate  specific activity, or the value of the AFR, of XOI27). In
affinity column @4). The Sepharose 4Holate gel was  our hands, a solution of the initially eluted XOD sample in
prepared by coupling folic acid with EAH-Sepharose 4B (.1 M phosphate buffer solution (pH 8.5) was preincubated
(Pharmacia Biotech) in the presence of EDGethyl-N'- with glucose oxidase (0.13 mg/mL), catalase (0.066 mg/mL),
(3-dimethylaminopyropl)carbodiimide hydrochloride]. The andbp-glucose (100 mM)Z9) for 20 min to remove @from
commercial XOD sample was first dissolved in a 0.1 M the solution, and then, excess xanthine (20@ final
phosphate buffer (pH 7.5) and then placed in a centricon concentration) was added to reduce the cofactors of XOD.
centrifugal tube with a 100 K membrane (Millipore, YM-  an AFR value of 179 was obtained by comparing the value
100) to concentrate the enzyme solution under a centrifugingof Aeyso m to the standard curvea plot of Aeso nm @s a
field of 1000 rpm. The solution was then passed through a fynction of the value of the AFRC—displayed in Figure 8
Sephadex G-25 column to remove small molecules and of ref 27. The AFRSC value of 179 corresponds to a purity

additives from the enzyme. An excess amount of allopurinol of 850%. Thus, based on the two methods, the fraction of
was added to the enzyme solution to convert XOD com- active XOD in the purified sample was ca. 85%. The

pletely to the form of the alloxanthireXOD(Mo**) com-
plex. The alloxanthine XOD(Mo*") complex was isolated

by passing the solution through a Sephadex G-25 column.
The solution was concentrated again to a volume of 0.5 mL
before passing through a Sepharose—4@ate affinity
column (0.7 cmx 8 cm). The completely active XOD in
the form of the alloxanthineXOD complex passes through
the affinity column more rapidly than the partially active
and the completely inactive XODs. The eluted solution was
collected in test tubes in volumes of 1 mL each. The
absorbanceXso nn) Of each collected sample was measured.
The initial seven collected samples contained highly con-
centrated, fully active XOD and were combined into a test
tube. Ferricyanide (1 mM) was added to the concentrated
alloxanthine-XOD solution to directly oxidize the M@ unit

and to dissociate the alloxanthin¥OD(Mo*t) complex

(25). The solution was passed again through a Sephadex G-28"

column. The final solution was concentrated under a
centrifuging field to obtain free and active XOD.

The total XOD concentration, [XOBR] including both
active and inactive forms was determined by the-tiNsible
absorbance at 450 nm with an absorption coefficies$,nm
of 37 800 M1cm (25). The percentage of functionally
active XOD in the purified sample was determined by two
methods. The first one is the activitflavin ratio (AFR)
method 6, 27). The AFR value is a ratio of the absorbance
at 295 nm of uric acid, which is formed by catalysis of excess
xanthine within 1 min, versus the absorbance of oxidized
XOD at 450 nm Assp nmy- IN the experiments, the absorbance
Auso nmOf a purified XOD solution (0.1 M phosphate buffer,
pH 8.5, 25°C) was determined to be 0.200. The stock
solution was then diluted 200 time&46o nm = 0.001), and
an aliquot of the enzyme solution was added to anBD
xanthine solution at 25C. After 1 min catalysis, the
measured\gs nmOf uric acid is 0.178. Therefore, the AFFE
value for the purified XOD sample was 178. According to
the literature, the value of the AR for completely active
XOD is 210 @6, 27). Therefore, the sample contains 84.8%
(i.e., 178/210) of functionally active XOD enzymes. In
addition to the AFR method, the fraction of functionally

concentration of functional XOD active sites in monomeric
form, [XOD]m. Was equal to 85% of the total XOD
concentration, [XOD]. The concentration of dimeric XOD,
[XOD]gi, is equal to half of the [XODj..

Enzyme Actity MeasurementsThe XOD activity was
measured by addition of an aliquot of the XOD (or
alloxanthine-XOD complex) solution to a 100M xanthine
solution (in 0.1 M phosphate buffer, pH 7.5), followed by
measuring the uric acid absorption at 295 nm as a function
of time. TheAxgs nmWas divided byAezgs nm between uric
acid and xanthineXezos nm= 1.13 x 10* M~ cm™!) and
converted to the uric acid concentration. The rate of catalysis
of a XOD—6FP solution was divided by the free XOD
concentration to express as a normalized activity.

In the stopped-flow experiment (Applied Photophysics,
odel pistar-180), 4aM (the concentration of functional
active sites) XOD aqueous solution (in 0.1 M phosphate
buffer, pH 7.5) was injected into a 6FP (M, 0.1 equiv
relative to the XOD functional active site) aqueous solution
at 22°C, and the absorbance at 620 nm was monitored at a
sample cell of 0.2« 0.2 x 1 cn? volume with the path length

of 1 cm. To avoid the simultaneous binding of two 6FPs to
a XOD molecule, all experiments, unless otherwise men-
tioned, were carried out by adding aliquots of XOD solution
into a dilute 6FP solution, instead of the other way around.

RESULTS AND DISCUSSION

Determination of the Value ofiior the Inhibition of XOD
by 6FP. The compound 6FP is a very poor substrate for XOD
and can be slowly converted to 6-carboxylpterin (6CP) via
enzyme reaction. Mixing 6FP and XOD results in the
formation of a 6FP/XOD complex, which has a distinct
broadband absorption at 620 nB9). The 620 nm absorbing
species was previously assigned to a 6/Md complex, and
the amount of the 620 nm absorbance change was directly
proportional to the specific activity of the enzymaqy.
Because of its very slow rate of conversion, 6FP is considered
to be a very good inhibitor of XOD. Values & of 6FP for
the inhibition of XOD have been reported in the literature
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Ficure 1: The bleaching of a solution of the XCB5FP, complex o t(sec) )
monitored as a function of time in the UWis spectra at 388 nm.  FIGURE 2: The UV-visible decay of a solution of the XOBGFP,
The XOD-6FP, complex was prepared by mixing a solution of complex at 620 nm monitored as a function of time. A solution of
40uM XOD (the concentration of functional active sites) in 0.1 M 40 uM XOD (concentration of functional active sites) in 0.1 M
phosphate buffer (pH= 7.5, 22°C) with 4.0uM 6FP. The solid ~ phosphate buffer (pH 7.5, 2Z) was mixed with 4M 6FP (final
line represents the linear fitting of the decay in the 388 nm concentration). The decay of the 620 nm absorbance was monitored
absorbance, and the slope is equal #gdtl The catalytic rate of ~ 10 s after mixing XOD into the dilute 6FP solution. The decay
6FP was obtained by dividing the slope Mysgs nm The inset  was fitted to a single-exponential function, exigk. + ka)t]. A (ko
displays the (6CP- 6FP) difference spectrum of subtracting the + k) value of 1.02x 1073 s~ was obtained. The inset displays
spectrum of 6CP from that of 6FP. the difference spectrum by subtracting the spectrum of the XOD
6FP, complex from the sum of the spectra of individual components,

to be 0.6 81) and 1.78 nM 82). These values being obtained °FF and XOD.

by the traditional LineweaverBurk plot (1M vs 1/[S]) are 373 ,M by using the equation [ESE [ES], e+t (see

based on the MichaelisMenten model, which is a kinetic  gq 4), where al + ks) value of 1.02x 10-3s7% (see results
model derived for single site enzymes. The basic assumptionin Figure 2) is adapted in the calculation. Therefove=
in the kinetics of the MichaelisMenten model is the steady- | [ES] = 3.55 x 10° M s~L. By treating the [XOD-6FP}]

state approximation condition for the formation and con- = 3.73,M, one obtains &s; value of 0.95x 103 s L. The

sumption of the enzymesubstrate ([ES]) complex, as well - next challenge is to measure the valueskoéindk,. From
as a rapid equilibration between the reactants (enzyme pluseq 1, the rate of formation of the [ES] complex, d[X©D

substrate) and the enzymsubstrate complex. Since the gFpJ/dt, is equal to—(k, + ks)[XOD—6FPy] + kXOD]-
dissociation rate of the XOB6FP, complex is far too slow  [6FP] or

(on the order of 10* s™* at 22°C, vide infra), the reactants
(substrates plus enzymes) are not in dynamic equilibrium dXOD—6FPR,)/dt =
with the enzyme-substrate complex on the time scale of —(k, + kg)[XOD—6FP]] + k,[XOD][6FP] (2)
~238 min (vide infra) at 22C. Therefore, the Lineweaver
Burk method is not a correct one for measuring accurate To obtain the value ofkg + ki), 40 uM XOD was mixed
values ofKp, or K; for very slowly dissociating substrates, jth 4 4M (i.e., 0.1 equiv) 6FP to generate the XOBFP,
such as 6FP. In this case, it was necessary to deduce a valigomplex. Since binding of 6FP to the XOD active sites is
process to measure correctly the valueok,, andk; for essentially quantitative and irreversible (vide infra), nearly
inhibition of XOD by 6FP. Based on eq 1, the rate of 3| free 6FP is converted to the XGEBFP, complex within
) ) a few seconds after mixing XOD with 6FP, and the
- _ -3 concentration of free 6FP is negligibly small. Therefore, in
6FP+ XOD ko XOD—6FP, —6CP+XOD (1) the absence of free 6FP, d[XOIBFP]/dt becomes equal
to the rate of dissociation of the isolated X©bBFP,

complex, that is,
formation ) of 6CP is equal toks multiplied by the piex I

concentration of the enzymesubstrate complex, that i¥, —d[XOD—6FP]J/dt = (k, + ky)[XOD—6FPR] (3)
= d[6CP]/d = ks[XOD—6FP]. Conversion of 6FP to 6CP

will lead to bleaching at 388 NM\eags nm = €scp — €6rp = Via rearrangement and integration of eq 3, one obtains
—5380 Mt cm™1). By mixing 40.0uM XOD (the concen-

tration of functional active sites, [XOR}) with 4.0uM (i.e., [XOD—6FP] = [XOD—6FR)], g (kethkat (4)

0.1 equiv) 6FP and monitoring the bleaching at 388 nm (i.e.,

the formation of 6CP) as a function of time, one can obtain A value for k. + ks) of 1.02 x 1072 s™* was obtained by
the rate of catalysi¥ = d[6CP]/d = ks[ES] = 3.55x 10°° fitting the decay of theAszo nm absorbance of the XOB

M s~ (see Figure 1). Since the conversion of 6FP to 6CP is 6FP, complex to eq 4 (see Figure 2). Since the valudeof
very slow and the equilibrium constarki/k;) is very large is 0.95x 102 s, the value ok; is thus 0.7x 104 s at
(ca. 18°M™, vide infra), binding of 6FP to the XOD active 22 °C. The value ok, is so small that once a XOB6FP,
sites is nearly quantitative and irreversible, and the concen-complex is formed, it does not dissociate appreciably back
tration of the enzymesubstrate complex is virtually equal to free 6FP and XOD within a time scale of 238 min at 22
to the concentration of 6FP (i.e., [XOBBFPR] = 4.0 uM) °C. The major exit channel of the bound 6FP is enzymatic
at the very early mixing time of 6FP and XOD. After 70 s conversion to 6CP.

of mixing (i.e., the midpoint of the experiments in Figure To obtain the value of; for the formation of the XOB

1), the concentration of the [ES] complex is estimated to be 6FP, complex, a stopped-flow mixing experiment was
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FiGure 3: The absorbancAAsz nm () plotted as a function of
time after mixing 4«M 6FP with a solution of 2M XOD dimer
([XOD]g) in 0.1 M phosphate buffer (pH 7.5, 2£) in a stopped-
flow spectrometer (b) processed to be in the form of([S]ES])/
([Elo — [ES])) as a function of the mixing time, where [E} and
[Slo are the initial concentrations of XOD dimer and 6FP,
respectively, and [ES] is the concentration of the XO&FP
complex at timet. The solid line is a fitting curve based on the
equation ([ — [ES])([Elo — [ES]) = A exp[([Sh — [E]o)kat].
Thle complex formation ratk; is obtained to be 1.0% 10¢ M~1

s L

undertaken. The rate of complex formatiok, can be

obtained by mixing XOD with a dilute (e.g., 0.1 equiv) 6FP
solution and monitoring in real time the formation of the
XOD—-6FP, complex at 620 nm. Based on eq 5 and under

E+ S&[ES] (5)

the condition of highly dilute 6FP (e.g., 0.1 equiv), each XOD
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(a) 0.032
: %‘%Q\**’* —e— 1.eqv. 6FP
= e —A— 2 eqv. 6FP
00241 A\ * —O— 3 eqv. 6FP
E \ WO \ —%*— 4 eqv. 6FP
s ¢ A\ x
2] \ \AD \
< 0016{ & [\ X
4 o *
o AN\ %
0.008- 0q AR0 %y
LY ‘AERE:*,
LY TR0
0.000 T T v : 4
0 10 20 30 40
t (min)
(®) 501 :
U7777) observed lag time
I |29 time predicted by
= 40 independent catalysis model
E 5]
£
= 204
(=)
©
o %I
0 -

2 3
[6FPJ/[XOD]

FiGURE 4: Bleaching in the intensity of the 620 nm absorbance
(i.e., a measure of the amount of the XOD/6FP complexes) as a
function of time (a) in the presence of@), 2 (»), 3 @), and 4

(%) equiv of 6FP and (b) the observed lag time in panel a and the
predicted lag time by the independent catalysis model as a function
of the number of equivalents of 6FP. The solution containgNIiO
XOD (concentration of the functional active sites) and different
amounts of 6FP in 0.1 M phosphate buffer at pH 7.5 and@2

of complex formationk (see Figure 3b). The intrinsic rate
constank; is larger than a reported value of 1x610° M1

s 1 derived from a steady-state experiment for 6FP binding
to XOD (33) but is close to &; value of 2x 1P M1 s?

for xanthine binding to XOD 34). By definition, K; = (k2

+ ks)/ky, and therefore, the value &f for the inhibition of
XOD by 6FP is equal to 0.94 nM (1.02 10°%/(1.09 x 1(F))

at 22°C. The value ok; so obtained is for the binding of
the first 6FP to one of the XOD active sites with the other
active site unoccupied. Notice that the valuégpis 9 orders

subunit can only bind with a 6FP. One considers the kinetics of magnitude larger than the value & (- ks) andk; is on

in Scheme 1. The rate of complex formatidg, can be
obtained by fitting the experimental data ((S] [ES])/([E]o
— [ES]) vs timet (see eq 6, Scheme 1), wheredBhd [S}

Scheme 1

d[ESYdt = k [E][S] = k ([E]o — [ESD([S]o - [ES])

[L/([E]Jo — [ESD([S]o — [ESI)] d[ES] = & dt

STAEY - [ESD([S]o — [ESD)] d[ES] =1 k dt

IAISYo - [EIIATEYe - [ES]) — 1/([STo - [ESD)] A[ES] = k dt
[1/([S]o — [Elo)]In ([S]o — [ESDA[E]o — [ES]) = k t

In ([S]o — [ESD/([E]o - [ES]) = ([Slo— [E]o) k t + A

([SIo— [ESD/([E]o — [ES]) = A*exp([S]o — [E]o) k t 6)

are the initial concentrations of the XOD functional active

the order of 10* s™%; binding of 6FP to XOD is quantitative
and irreversible. The XOB6FP, complex will not dissociate
back to free 6FP and XOD within a time scale of ca. 238
min at 22°C. In other words, the reactants (6FP and XOD)
and the products (the XOBG6FP, complexes) in eq 1 are
not in dynamic equilibriunfnor in a steady-state condition)
within ca. 238 min after mixing 6FP and XOD at 2€.
Therefore, the traditional steady-state method of the Line-
weaver-Burk plot is not an appropriate tool for obtaining
the values oK; or K, for very strong binding but very slowly
dissociating or reacting substrates.

To investigate the cooperativity between the two XOD
active sites, the rate of conversion of 6FP to 6CP was

sites and 6FP, respectively, and [ES] is the concentration of measured in the presence of different equivalents of 6FP.

the XOD—6FP, complex at timet. As is shown in Figure
3a, the formation of the XOB6FP, complex is nearly
completed within 200 ms after mixing XOD and 6FP.
Rearranging the data in a plot of (ESt [ES])/([E]o — [ES])

Figure 4a displays the lag time, as well as the onset decay,
of the As20 nmabsorbance in the presence of different amounts
of 6FP. Sincek; is 10 orders larger thak, andk; is on the
order of 10* s, binding of the first 6FP to XOD active

vs timet and then fitting these data according to eq 6, one sites to form XOD-6FP, is quantitative and irreversible. All

obtains a value of 1.0 10 M~1 s71 for the intrinsic rate

XOD subunits will be converted to the forms of XOIBFP,
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and XOD-6FPR,, when the amount of 6FP is greater than 1
equiv, leading to [XODJee = 0. Because the concentration
of free XOD is almost zero, eq 2 becomes d[XO6FP]/d

= —(k: + k3g)[XOD—6FP]. By fitting the decay of thé\s20 nm

in Figure 4a to a single-exponential function, we obtain
roughly the samekg + ks) values of 1.75«< 1072 s* for all

four curves depicted in Figure 4a. Since XOD has two active
sites, the decay of th8s20 nm (i-€., conversions of 6FP to
6CP from XOD-6FP, and XOD-6FR) should be two
exponentials when the amount of 6FP is larger than 0.5 equiv.
The two-exponential decays will be the same in the case of
independent catalysis between the two XOD subunits and
will be different when cooperative interactions exist between
the two catalytic subunits. The decay of #go nmin Figure

4a can be fitted reasonably well by a single-exponential
function, indicating that the two expected exponential
functions are probably on the same order, if there is any
difference. The value of the fitted decay rate of 17303
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Ficure 5: The absorbance at 388 nm as a function of time in the
presence of 1, 2, and 4 equiv of 6FP in a XOD solution. The
experimental conditions are the same as those in Figure 4.

to the decay of thésyo nmabsorbance will be proportional

to the amount of 6FP added. The more 6FP added, the longer
the lag time would be. The lag time is also related to the
6FP to 6CP conversion rate (or the decay of ey nm

sin Figure 4a can only be treated as an approximated and@Psorbance). A faster conversion rate will result in a shorter
averaged 6FP/XOD complex disappearance rate. This averi@d time required to convert all free 6FP in solution to 6CP

aged decay rate (or the XOD/6FP disappearance rate) is 1.7
fold larger than the XOB-6FP, disappearance rate of 1.02

x 1073 s71, suggesting that the second exponential function
(i.e., the disappearance rate for X©BFR,) is probably a
few fold larger than that for XOB6FR. In Figure 4, another
important information is the lag time prior to the decay of
the As20 nm The observed lag time is 0, 6.5, 11, and 16 min
for 1, 2, 3, and 4 equiv of 6FP, respectively. In the following
section, the lag time will be analyzed according to the
independent catalysis model. It will be shown that the
predicted lag time from the independent catalysis model was

not observed and, therefore, the independent catalysis mode

does not operate in the current XOD system. The analysis
is as follows. Since the XOD molecule has two catalytic
subunits, there should be two sets of kinetic parameters, (
ko, k3) and ki', ko', k3'), for binding and catalysis of XOB
6FP, and XOD-6FP, respectively. The kinetic parameters
(k!, k2, k3') and (i, ko, k3) are the same in the case of the

independent catalysis model but are different in the case of

the cooperative catalysis model. In the earlier sections, we
have obtained the values df;{ k;, ks) for binding of the
first 6FP to XOD. Since the value & is ca. 9 orders of
magnitude larger thark{ + ks) andk; is approximately 1
order of magnitude smaller thag, binding of the first 6FP
to XOD active sites to form XOB6FP; is quantitative and
irreversible and the major exit channel of the bound 6FP is
conversion to 6CP. Under the condition of independent
catalysis, binding of the second 6FP to the active site of
XOD—6FP, is the same as the first 6FP, that is, quantitative

before the onset decay of tAe,, nmabsorbance (or, the onset

decrease of the [ES]) occurs. Under the condition of the
independent catalysis, binding of the first and the second
6FP to XOD active sites are both quantitative and irrevers-
ible. When 6FP is in large excess, all XODs are in the form
of XOD—6FR,, that is, [ES]= [XOD] me. The 6CP formation
rate is now equal to the product kf and [XOD}n,, that is,

A[PY/At = KXOD],,, or At=k, {A[P}/[XOD],
(7)

Pnder the condition of excess 6FP and the condition of
independent catalysis, the unit lag tim®&t) for the conver-
sion of 1 equiv of 6FP to 6CP will be equal kg* = (0.95

x 1073 s 11 = 17.5 min, since 1 equiv of 6CR A[P] =

[ES] = [XOD]me that is, A[P] = [XOD]m in €q 7. The
independent catalysis model predicts that the unit lag time
should be a constant value of 17.5 min in the presence of an
additional equivalent of 6FP. That is to say, according to
the independent catalysis model, the lag time in Figure 4a,b
should be 0, 17.5, 35, and 52.5 min for 1, 2, 3, and 4 equiv
of 6FP, respectively. Experimentally, the observed lag time
of 0, 6.5, 11, and 16 min is-3-fold shorter than the values
predicted by the independent catalysis model. Therefore, the
independent catalysis model is not the working model for
the XOD system. The much shorter lag time and the faster
decay rates observed in Figure 4 are consistent with the
hypothesis that the 6FP to 6CP conversion rate of XOD
6FR; is faster than that for XOP6FR, that is, binding of a
6FP can accelerate the 6FP to 6CP conversion rate at the

and irreversible. In this case, the disappearance rates of 6FRydjacent XOD active site. Although we do not have the exact

to 6CP for XOD-6FP, and XOD-6FF; are the same and
are 1.02x 102 s, and the enzyme is always operating at
a Vmax condition when the amount of 6FP is larger than 1
equiv. The above predicted disappearance rate of1.02 2

st for XOD/6FP complex, based on the independent
catalysis model, is slower than the experimentally observed
value of ~1.75 x 1072 s ! in Figure 4a, suggesting that
cooperative interaction exists between the two XOD sub-
units. Regarding the lag time (see Figure 4a,b),Ah8 nm
absorbance will not start to decay until all free 6FP in
solution is converted to 6CP. Therefore, the lag time prior

ki' andk;’ values for binding of the second 6FP, thevalue

is most probably very small, similar @, and is many orders
smaller thank;' such that binding of the second 6FP to
XOD—6FP; active site is also quantitative and irreversible.
This argument is supported by nearly the same (within
limited experimental errors) saturat@gbo nmabsorbances of
XOD solutions in the presence of 1, 2, 3, and 4 equiv of
6FP (see Figure 4a). The faster decay rate and the shorter
lag time than the values predicted by the independent model
are probably due to the contribution from a fast¢rvalue
thanks. The value ofks’ will be deduced from Figure 5.
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As discussed above, the conversion rate of 6FP to 6CP in 0.001 A XOD 10 uM/ 6FP 10 uM
XOD—6FP, seems to be faster than the conversion rate in x‘{ o add Xamﬁine 500 uM”
the XOD—6FP, complex. This phenomenon of cooperative o 1 —+— add xanthopterin 20 uM
interaction-accelerated 6FP to 6CP conversion is also g -0.01 A\*ﬁ
illustrated in Figure 5, where the formation of 6CP was g A
monitored at the 388 nm bleaching from a XOD solution < 002]Q A%
containing 1, 2, and 4 equiv of 6FP, respectively. In Figure < \ A‘ﬁ%

5, the initial slope (i.e., the formation rate of 6CP) becomes O\o AA‘ \,@\*\*

larger when higher equivalents of 6FP are present in the XOD 0031 o 5 ““‘m_‘;’fl’f:ﬁ
solution, indicating a faster 6FP to 6CP conversion rate at Xp-0—0~p—-0-0-0-0—""9
higher equivalents of 6FP. At very low equivalents of 6FP 0 1o 20 30 40 =0 oo
(e.g., 0.1 equiv, the condition in Figure 1), tess nm Time (min)

bleaching with a rate constant d& is solely due to FiGure 6: Bleaching in the intensity of the 620 nm absorbance
contribution from the XOD-6FP,. When the concentration (ie., a measure of the amount of the XOBFR, (n = 1, 2)

of 6FP is larger than 1 equiv, the bleaching of tgs nm complexes) in the absenca)(and the presence of 5aM xanthine
(i.e., the 6CP formation rate) is composed of two exponential (O) and 20uM xanthopterin ¢). 6FP (10uM) was added to a
functions with rate constants &¢ andks'. At higher 6FP XOD solution (10uM, concentration of functional active sites) in
equivalents, the contribution of the XOBFP, component 0.1 M phosphate at pH 7.5 and 22. An aliquot of xanthine (final

S concentration, 50QM) or xanthopterin (final concentration, 201)
diminishes and the XOB6FF, component becomes more was then added to the solution (after the formation of the XOD

and more dominant. By dividing the initial slope in Figure 6Fp complexes had occurred), followed by repeated scanning (every
5 by Aezgg nmecp-erp and [XOD}o, We obtained a 6FP to 2 min) to monitor the decay in the 620 nm absorbance.

6CP conversion rate of 2.8 103 s from the solution
containing 4 equiv of 6FP. This conversion rate of 28  the solution. If the two XOD active sites are catalytically
108 st is ~2.95-fold larger than thés value of 0.95x independent from each other, the decay rate ofAke nm
102 st for 6FP to 6CP conversion from XOBBFP. absorbance would remain unchanged whether the adjacent
Although we do not have the value &' for the second active site of XOD-6FP, was occupied by other substrates
6FP, binding of the second 6FP to the active site of XOD or not. As is shown in Figure 6, the presence of xanthine
6FP, is probably similar to binding of the first 6FP, that is, significantly enhances the decay rate of #go nm absor-
nearly quantitative and irreversible. This assumption is bance (i.e., the conversion rate of 6FP to 6CP). On the other
supported by the nearly the same maximAga nm absor- hand, the presence of a 6,6-ring substrate, xanthopterin, leads
bances of a XOD solution in the presence of 1, 2, 3, and 4 to a slower conversion rate of 6FP to 6CP. The data in Figure
equiv of 6FP (see Figure 4a). Therefore, nearly all XOD 6 demonstrate unambiguously that cooperative interactions
exists in the form of XOB-6FR; in the presence of 4 equiv  exist between the two XOD active sites. The independent
of 6FP. The value of 2.8 108 s71, thus, corresponds to  catalysis model cannot explain the observations shown above
the 6FP to 6CP conversion rate of X@BFR, with, if there in Figures 4-6. Notice that the 6FP molecules in the active
is any, very small contribution from XOB6FP,. Notice that sites of XOD will not be replaced by the subsequently added
the 6FP to 6CP conversion rate of 0.95.0 2 s~ for XOD— substrates, sinde for 6FP is on the order of 10 s (i.e.,
6FP; is ~3-fold smaller than the above 2:8103s™*. The the system isiot in a state of dynamic equilibriumvithin
greater the contribution from the XCEBFP, species, the  the time scale of 238 min at 2Z). Even if the system were
slower the observed 6FP to 6CP conversion rate will be (seein a dynamic equilibrium, one would expect to observe an
results in Figure 5). Therefore, without a doubt, the 6FP to immediate and complete drop in the intensity of &gy nm
6CP conversion rate from XOB6FR; is larger than that for ~ upon addition of large amount of other competing substrates,
the XOD—6FP. The above data clearly show that the rather than the results depicted in Figure 6. Binding of
preoccupation of a 6FP at a XOD active site can acceleratexanthine to the XOD active sites does not generate a long-
the 6FP to 6CP conversion rate of the adjacent active sitelived, stable [ES] complex, and thus no increase inA8e nm
by ~2.95-fold. The 2.95-fold largeg’ value tharks matches is observed. Mixing of 2@M xanthopterin alone with XOD
quite well with the 3-fold shorter observed lag time as does not generate a long-lived ES complex, and thus no
compared to the values calculated from the independentincrease in thédszo nmabsorbance is observed. Addition of
model (i.e., based on the rate constlg)t a high concentration (e.g., 1QfM) of xanthopterin to the

To provide more evidence for cooperative interactions XOD active sites does result in a very short time formation
between XOD subunits, the effects of heterosubstrates onof ES complex and thus an increase (not a decrease) over a
the conversion of the XOB6FP, complex were studied. In  very short time (ca. 1 min) in the absorbance at 620 nm.
the presence of 1 equiv of 6FP, all XOD active sites will be The observations in Figure 6 cannot be explained by the

converted to be in the forms of XOB6FP, and XOD-6FR, independent catalysis model but are consistent with the
sincek; is 9 orders of magnitude larger thak ¢ ks) and cooperative interaction model. In addition to the XOD/6FP
ko is on the order of 10* sX. The decay 0fAs20 nmfor the system, another well-known nondynamic equilibrium system
as-formed (without column separation) X6BFR, (n =1 is the very long-lived stable alloxanthir&XOD(Mo*")

or 2) complexes was monitored in the absence and thecomplex system, which has a dissociation half-life>d h
presence of other substrates (such as xanthine or xanthopin air at room temperature. As shown in Figure 7, the
terin). As time goes by, more and more X©BFPR, was presence of xanthine significantly accelerates the dissociation
converted to XOB-6FR, leading to more and more XOD rate of the alloxanthine from the XOD(MY active site,
active sites becoming available to other free substrates inand thus results in a much faster recovery rate of the XOD
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1.0 = regulator-binding-induced enzyme conformation changes,
> e ‘ﬁ";‘(ﬁﬁ *
s LA * binding of a substrate at an active site of oligomeric enzymes
c 08 could also result in significant conformation changes near
© ﬂ,‘ﬁf
Q s " the enzyme active sites. This type of substrate-binding-
Q o . .o.o... induced protein conformation changes are, however, dynamic
G 04l ...00 in nature and are retained only during the time period of
g 11g000° substrate binding at an active site. To have such dynamic
3 024® XOD-alloxanthine complex cooperative interactions among different subunits show up
3 . :ﬂg;ﬂ;’:g{j:y‘):ﬁ:‘;‘e""“e in kinetic data, it requires simultaneous binding of two
X o0 substrates at adjacent enzyme active sites. When the catalysis

rate is too fast or when thk, value of a substrate is too
large, the substrate retention time at an active site is too short
to allow simultaneous binding of two substrate molecules at
adjacent active sites, leading to difficulty observing the
cooperative interactions kinetically. This explains why so
many oligomeric enzymes, including the XOD system, are

Time (hr)

FIGURE 7: The recovery of the XOD activity from an alloxanthine
XOD(Mo*") complex solution in 0.1 M phosphate at pH 7.5 in the
absence®) and the presencex() of 200uM xanthine at 22C in
air. The alloxanthine XOD(Mo*") complex solution was obtained
by mixing a XOD solution with excess amount of allopurinol,

followed by passing the solution through a Sephadex G-25 column “ o :
to isolate the alloxanthireXOD(Mo**) complex. The XOD activity thought to be "noncooperative’. A very high substrate

was monitored by removing an aliquot of the XOD solution every Concentration condition will favor simultaneous binding of
20 min to examine for its activity using xanthine as a substrate. Mmore than one substrate molecule at active sites and thus
the occurrence of cooperative interactions among catalytic
activity. The results in Figure 7 again demonstrate that very subunits. Previously, it was reported that the catalysis rate
strong cooperative interactions exist between the two XOD becomes slower at very high xanthine concentrations, a
active sites. phenomenon known as “substrate inhibitioa;$, 37). This
Previously, it was reported in 1949 that binding of 1 equiv phenomenon was formerly rationalized by assuming binding
of 6FP leads to deactivation of more than one unit of XOD of substrates to a presumed regulatory site at very high
activity (31). However, the structure of XOD homodimer substrate concentrationg)( The XOD crystal structure,
was not known at that time, and thus the negative cooperativehowever, depicts the absence of such a regulatory site. To
interactions between XOD active sites were never taken into rationalize the “substrate inhibition” phenomenon, it was also
consideration. It was proposed that XOD from commercial postulated that when the amount of substrate is in excess,
sources might contain three different forms, namely, doubly the enzyme in reduced form might form a stable inactive
active dimer, mixed dimer, and doubly inactive dimer. The enzyme-substrate complex, analogous to the alloxanthine
inactive unit could be in the desulfo for21) or be lacking XOD(Mo*") complex 6, 37). Such a putative inactive
the molybdenum metaPl@, 23). The doubly active dimers  enzyme-substrate complex was, however, never isolated.
could be separated from the other two forms via a SepharoseThe “substrate inhibition” phenomenon can now be well
4B—folate gel column 24). In the current study, the XOD  rationalized by the cooperative interactions exerted between
sample was purified by a Sepharose 4Blate affinity two adjacent XOD active sites. Besides the very high
column to have~85% activity. Although other components, substrate concentration condition, an alternative to increase
such as doubly inactive and mixed dimer, may exist in the the substrate retention time at enzyme active sites is to use
final enzyme samples and allow binding of substrates as well, tight binding but slow catalyzing substrates. The long
these “impurities” will not produce the cooperative catalysis substrate retention time of such inhibitor-like substrates at
phenomenon due to the absence of catalysis sites. Only carenzyme active sites significantly prolongs the time period
the doubly active dimers produce the cooperative catalysisof the binding-induced protein conformational changes,
phenomenon. The presence of other “impurities”, in fact, allowing the occurrence of simultaneous binding of two
might make the cooperative effects less pronounced by substrates at adjacent active sites. Simultaneous binding of
diluting the effects of cooperative interactions produced from two substrates at adjacent active sites is prerequisite for the
these doubly active dimers. Therefore, high purity of the operation of cooperative interactions among catalytic sub-
enzyme sample is not a prerequisite factor for the observationunits. In this paper, we have demonstrated for the first time
of the cooperative catalysis in multimeric enzymes. In fact, that tight binding but slow catalyzing substrates, such as 6FP,
the above cooperative interactions between the two XOD are very useful tools for the studies of the cooperativity in
subunits can also be observed from commercial XOD “noncooperative” oligomeric enzymes.
samples with 45% purity. In conclusion, our experimental evidence clearly shows
In the literature, the cooperative binding and catalysis that the two XOD subunits are highly interrelated to each
phenomena have been observed in many biological systemsother in both binding and catalysis. Binding of a 6FP
For example, binding of an oxygen molecule to hemoglobin accelerates the catalysis rate of a preoccupied 6FP at the
(35 can promote binding of another oxygen molecule. other active site. The presence of different substrates (at low
Another example of allosteric interactions between different concentrations) in the solution can also change the conversion
binding sites is aspartate transcarbamoyla3®. (Upon rate of 6FP to 6CP at the XOD active sites. These
binding of a regulator (either ATP or CTP) at the regulatory observations demonstrate unambiguously that the two active
site, there are significant changes in both the protein sites of XOD are highly dependent on one another for both
conformation near the active site and the enzyme’s ability binding and catalysis. It is necessary now to reexamine the
to bind a substrate. Many other examples have been discussetiterature data regarding the XOD catalysis kinetics and
in the Introduction section. Similar to the phenomenon of models, especially when dealing with these tight-binding
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slow-conversion substrates, by taking into account the effects
of cooperative interactions between the XOD subunits.
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