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SUMMARY 

The applicability of affinity electrophoresis to the determination of dissociation 
constants of protein-ligand complexes is demonstrated for conditions more general 
than those originally adopted (HoiejSi er nl., Biochim. Biophys. Acra, 499 (1977) 290- 

300). In particular, the et?ects of incomplete immobilization of the “immobilized” 
ligand, the mobility of the protein-free l&and complex, the effect of protein concen- 
tration and the kinetics of the protein-ligand complex formation are treated in detail. 
It is shown that dissociation constants can be determined even when these compli- 
cating factors are not neali=ible; in fact, in some cases these factors may be useful for -= 
obtaining additional information about the complex_ The applicability of affinity 
electrophoresis to the study of the kinetics of slow protein-ligand reactions is demon- 
strated. The interaction of lectins with sugars in this system can be considered very 
fast, and its kinetics has practically no effect on the dissociation constant determina- 
tion 

__ . 

INTRODUCTION 

The principle of affinity electrophoresis in polyacrylamide gel was used first by 
Takeo and Nakamura for the quantitative study of phosphorylase interaction with 
glycogen’. Later we used affinity electrophoresis on 0-glycosyl polyacrylamide gels as 
a means of identification of lectins in a complex mixture’. After refinement and sin+ 
plification of this technique, we developed it into a versatile method applicable to the 
quantitative study of lectin-suga$-5 and enzyme-inhibitor6 interactions. 

A variant of this method using agarose gel instead of polyacrylamide Se1 is 
being currently developed by Bag-Hansen and his co-workers, and seems to be very 
promising for the study of macromolecule-macromolecule interactions7-9. 

Important features of our improved method3,” are: 
(a) Immobilization of the l&and in the gel is achieved by preparation of a suit- 

able macromolecular derivative (e.g., soluble 0-glycosyl polyacrylamide copol~- 
mers3--5,10 or coupling to a dextran of high molecular weight6). This macromolecular 
derivative is then added in the desired amount to the polymerization mixture used for 
the preparation of polyacrylamide gels. _4fter completion of polymerization the macro- 
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molecular derivative which carries the ligand is presumably “immobilized” by physical 
entrapment into the gel network. 

(b) In addition to the immobilized ligand, a free l&and (in zenera different 
from the immobilized one) can also be incorporated into the gel. The interaction with 
free l&and counteracts the retardation caused by immobilized ligand, so that not only 
the dissociation constant of the protein-immobilized ligand complex (Ki) but also that 
of the protein-free ligand complex (K) can be easily estimated from the dependence of 
mobility on the concentrations of both the immobilized and the free ligand3. 

(c) The applicability of this method and especially the evaluation of the results 
(dissociation constant estimation) are based on several assumptions : 

(i) The concentration of protein in the misrating zone is much lower than 
concentration of immobilized or free l&and. 

(ii) The mobility of the protein-free ligand complex is identical with that of 
the free protein. 

<iii) The immobilization of the ligand by means of its macromoIecular deriva- 
tive is complete, so that the protein-immobilized ligand complex has zero mobility. 

(iv) The complex formation is very fast in comparison with the movement 
of the protein band in the gel. 

(v) The basic eqn. 1 used for the evaluation of Ki and K in our simple system3 
was derived from an analogous equation used for the description of a similar affinity 
chromatographic system”, not directly from the notion of the mechanism of the elec- 
trophoretic system. 

n 
do-d== y1 +) 

The present communication is an attempt to investigate the applicability of af- 
finity electrophoresis to cases lvhere some of the above assumptions are not valid and 
to evaluate the effect of violation of these assumptions on the values of the dissocia- 
tion constants obtained. 

total protein concentration in the moving zone (M)_ 
actual concentration of free protein in the moving zone (M). 
total concentration of “free” ligand (low molecular-weight) in the affinity 
eel (M)_ 
actual concentration of free l&and within the moving zone (AZ). 
total concentration of “immobilized” ligand (in the form of macromoiecu- 
lat derivative) in the affinity se1 (M). 
actual concentration of “immobilized” l&and (uncomplexed) within the ‘, 
moving zone (Al). 
distance travelled by the protein band from the start during the whole 
electrophoretic experiment (time to) in the affinity gel; Le., mobility in the 
affinity geI (mm). 
distance travehed by the protein band from start during time to in the con- 
troI (non-interacti& gel; i.e., mobility in the control gel (mm). 



THEORETICAL ASPECTS OF AFFINITY ELECXROPHORESIS 3 

d =a 

Ad 

D 

Di 
k, 
K 

KS 
K?_’ 

t 

f0 

r 0 

x 

Y 
[Xl 

lIxil 

mobility of the protein band in aflinity geI under equilibrium conditions 
(very fast reaction or preincubation of the protein with l&d before elec- 
trophoresis) (mm). 
difference of mobilities of the protein band under non-equilibrium and 
equilibrium conditions (mm). 
mobility of the protein-free ligand complex (Le. the distance reached by 
this complex during time to) (mm). 
mobility of the protein-“immobilized” ligand complex (mm). 
rate constant of the protein-ligand complex formation (M-l set-l). 
dissociation constant of the protein-free ligand complex (M). 
dissociation constant of the protein-immobilized ligand complex (M). 
equilibrium (association) constant of the protein-immobilized l&and com- 
plex (M-1). 
time (tr, t2, r, specified in the text) (set). 
duration of the electrophoretic experiment (set). 
rate of electrophoretic movement of the protein zone in the control (non- 
interacting) gel (mm see-I). 
abscissa. 
ordinate. 
concentration of the protein-free ligand complex (M); also used for the 
complex alone. 
concentration of the protein-immobilized ligand complex (M); also used 
for the complex alone. 

Dissociation constants were used rather than equilibrium (association) ones 
because most of the equations are then obtained in a more compact form. 

RESULTS AND DISCUSSION 

Independent derivation of eqn. 1 

During the entire affinity eletrophoretic experiment (time to) the protein zone 
moves a distance d,, in the control gel and a distance d (d x do) in the aflinity gel con- 
taining immobilized (ci) and free ligand (c)_ When the above-mentioned simplifying, 

’ assumptions hold, the time tl spent by each protein molecule either in the free state or 
in the complex with free ligand is t, = d/do-to and the time spenf in the complex with 
immobilized ligand is tt = to (do - d)/d,. Thus, at any moment of the separation, eqns. 
2 and 3 are valid: 

If ci >> a < c, then (Ci),, A ci and (c),, A c, and eqns. 3 can be written as 

(34 
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Putting [_~i] and [X] from eqns. 3a into eqn. 2 yields directly eqn. 1: 

d Ki 
do-_d=F (1) 

Generalization of eqn. I for the case when D + do and Di # 0 
The equation describing the generalized case can be derived if a way essentially 

identical with that in the above paragraph. The following equation can be written; 

d = dl + d2 f d3 (4) 

where d,, dz and d3 are distances travelled in the form of free protein, complex [X] and 
complex [Xi], respectively. Clearly, 

do D a n’=tr--+ttz--+tf3-- 
tC to to 

to = tl i I, f t, 

@a) 

(4b) 

where tl, t2 and f3 are the times spent in the form of free protein, complex [X] and 
complex [X,], respectively, and do, D and Di are the mobilities of these species..Again, 
the ratios of actual concentrations of these forms are proportional to the total times 
of their existence: 

fxil =. t3 Lxil [Xl 
1-u I2 (a),, = $ (a),, = $ (5) 

Combination of eqns. 3, 4a, 4b and 5, fogether with the assumption that ci 9 a < c 
yields, after several simple algebraic operations, the general eqn. 6: 

d Ki*D Kid0 f ciD, 
D--d = K-(DK, f Dci - I+‘,, - =,D,) - ’ + DK, f Dci - Kid, ;- ciDi 

(6) 

This is again a straight-line equation and, as in the case of eqn. 1 (which is a special 
case of eqn. 6 for D = do and Di = 0) it allo\vs us to estimate both Ki and K (Fig. la)_ 
The intercept of the straight line with the y-axis yields Ki because do and ci are known 
parameters and Di and D can be determined separately. Similarly, K is given by the 
intercept of the straight line with the s-axis, which is 

It is important that eqn. 6 is valid irrespective of the intrinsic mobility of the 
immobilized or free iigand. Obviously, in the case of neutral ligands (e.g. 0-glycosyl 
polyacrylamide copolymers and sugars) this intrinsic mobility is zero but in the case 
of charged ligands the intrinsic mobilities will be generally non-zero (positive or nega- 
tive, depending on pH). 
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Fig. 1. Graphical estimation of K! and K. (a) General case (eqn. 6). (b) D = do, D, = 0 (eqn. 1). 
(c) c = 0 (eqn. 7); line 1; D, = 0; line 2: D, > 0. (d) D = do, D, > 0 (eqn. 8). (e) D + do, Di = 0 
(eqn. 9). 

Experimental consequences of eqn. 6. The prerequisite for Ki and K determina- 
tion in the general case is the knolvledge of Di and D. According to their definitions, 
D1 can be determined as the limit of d for c1 -+ OS and D as the limit of d for fixed ci 
(e.g., zero) and c -+ co. For this purpose eqn. 7 can be used, which allows for an easy 

estimation of D; similarly, the D value can be obtained by plotting lj(& - d) vs. l/c 
in the gels devoid of immobilized ligand (the controls shouId contain identical concen- 
trations of substance similar to the free 5gand but non-interacting with the protein). 
Clearly, the differences (d,, - d) wil! be usually much lower when measured as a func- 
tion of c than in the case of dependence on ci* 

Typical experimental results expectable during Di and D estimation and the re- 
lationship between dO, D, Di and d are schematically shown in Fig: 3,. 

The need for preliminary determination of DL and D might be avoided by using 
an alternative approach in which d is expressed directly as 2 non-linear function of c, 
with known parameters ci and d,, and unknown parameters K, Ki, D and Di. All the 
unknown parameters can be estimated by some approximating computerized method 
of fitting several experimental points with this curve. Application of this approach is 
now under study in this laboratory_ 

Eqn. 6 can be partially simplified in special cases. 
When D = G$ and D, = 0, eqn. 6 becomes eqn. 1 (Fig. lb). 



a 

Fig. 2. Schematic representation of the patterns of affinity gels expected under various conditions. 
All samples were run from the top of gels for identical times (r,,). (a) Comparison of typical magnitude 
of the mobilities ci, ~4, D, and Di. 1 = Control gel; 7 = gel containing high concentration of the 
free ligand (D -: r&J; 3 = affinity gel containing high concentration of immobilized ligand (DI > 
0): 4 = the same as under 3, except that Dl = 0; 5 = affinity gel containing optimal concentrations 
of immobilized and free ligand. (b) Estimation of Di (Dl 1 0). I = Control gel: Z-6 = affinity gels 
containing increasing Ci- (c) The same as under (b) except that DL = 0. (d) Estimation of D (D -C do). 
1 = Control gel; 2-5 = gels containing increasing concentrations of free ligand. 

When c = 0, an experimentally important case. only the dependence of mobil- 
ity on ci is measured and K, is determined_ Eqn. 6 transforms into 6b: 

n Kid, i CiDi -= 
d, -- d d,Ci - CiDi 

(6b) 

which is equivalent to 

(7) 

This equation is further simplified when Di = 0, i.e. in the case of complete immobi- 
lization of the ligand: 

(7a) 

Eqn. 7a is a more convenient form of the equations used in our previous studies3*‘s6 
for Ki determination. 
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Experimental conseqziettces ofeqtz. 7. Eqn. 7 describes the situation when the 
macromolecular derivative used for immobilization of the ligand is too small to be 
completely entrapped in the gel network. It is important that regardless of the ~~ 
value, Ki can be determined directly from the intercept of the straight line (l/c& - d] 
KS. l/c,) (Fig. Ic) with the x-axis. The value of Di is obtained from the intercept of this 

straight line with y-axis (I/[& - Oil)_ 
Bog-Hansen and co-workers7-9 studied the interaction of concanavalin A (Con 

A) with some glycoproteins, employing the methodology of affinity electrophoresis in 
agarose gel in a series of agarose gel slabs containing increasing concentrations of 
Con A. Electrophoresis was done under conditions when the intrinsic mobility of Con 
A was approximately zero. The retardation of glycoproteins observed on the affinity 
gels containing Con A was dependent on the Con A concentration. Obviously, this is 
exactly the case described by eqn. 7. In fact, the possibility of Ki determination 
regardless of the Di value was recently mentioned by Bog-Hansen and Takeo (T. C. 
Bog-Hansen, personal communication). 

The applicability of eqn. 7 for the quantitative study of protein A-IgG inter- 
actions was also confirmed by Zikan”. 

It seems likely that eqn. 7 may be generally u;eful for the study of macromole- 
cule-macromolecule interactions_ In conjunction with the molecular weights of both 
reacting components Di should provide information on the stoicheiometry of the 
complex. 

In the case when D = do and Di f 0, the interaction of the protein with free 
ligand has only a negligible effect on its mobility and the “immobilized ligand” is not 

- - fully immobile. 
Eqn. 6 can be written in this case as 

d Kimdo 

___ = KCi(do - Di) ’ + 

Kid, t c,D, 

d, - d Ci(dtl - Di) 
(8) 

Thus, Ki is determined from the intercept of the straight line with the y-axis and K 
from the intercept with the x-axis (-_Y = K (1 + [c, DiiKi cl,])) (Fig. Id). Unfortu- 
nately, also in this case a separate determination of Di is necessary, and the conclu- 
sions reached in the discussion of eqn. 6 hold also for eqn. 8. 

In the experimentally important case when D + d,, and Di = 0, the immobili- 
zation of the ligand is complete but the complex of protein with the free ligand has a 
mobility different from that of free protein. Eqn. 6 simplifies to: 

d KiD Kid, 
D-d = K(DKi + DCi - Kido) ’ t DK, + Dc~ - Kid0 (9) 

In this case the K value can be determined without knowledge of Ki, but a 
separate determination of D is again necessary because it appears in the dependent 
variable and because the intercept of the straight line with the x-axis is equal to 
--K-(&/D) (Fig. Ie). 

The effect of protein concentration 

The effect of protein concentration in the migrating zone on the value of dis- 
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sociation constants determined by affinity electrophoresis will be described here only 
for the simplest case covered by eqn. 7a_ 

Using the same type of reasonin g as above, the following set of equations can 
be written : 

n (& K_ = (a)dci - 1-G) 
--=pj- = d* - n Exil 

(a),, = a - [xi1 

After elimination of (a),, and [Xi] from these equations we obtain 

d d 
Ki=d,-_Ci - a e - 

d0 

which can be rewritten as 

1 Ki 1 1 ad 
do_d=d,--t+-- 

Ciclo’ 

(10) 

(loa) 

Analogously, eqn. 10b can be derived to describe the more general case (D, + 0): 

1 
cl, - Di + 

a(n - I&) 
ci(do - Df)’ 

Eqn. 10a is formally analogous to eqn. 7a, which holds in the cases when the protein 
concentration can be considered negligible. When a is not negligible its effect will be 
seen as a non-linearity of the plot I/(& - n) vs. I/c, (Fig. 3a). 

Honever, this non-linearity can be eliminated by rewriting eqn. 10 in the form : 

and plotting d/d,, KS. cicJ(~I~ - ci). This straight line yields Ki directly from its intercept 
with the s-axis (Fig. 3b). 

Experitnettral cottsequettces of eqtts. IOa and IOc. Although in most cases the 
value of a is known approximately, it may be difficult to determine its exact value 
experimentally owing to stacking and diffusion phenomena during the electrophoresis. 
Thus, it is advantageous that the effective a value can be obtained directly from eqn 
lob as the tangent of the curve. However, during affinity electrophoresis the phenome: 
non of “sharpening” of interacting zones in affinity gels is observed. The sharpening 
increases vsith ci and iti is a direct consequence of decrease of the time spent by the 
protein molecules in a free (diffusible) state. Thus, the effective protein concentration 
will differ to some extent for gels with different ci- This effect should be corrected by 
measurement of the zone width and recalculation of protein concentrations. All these 
complicating factors prompt us to use (I CC ci vvhenever possible. This condition is dif- 
ficult to meet in cases of strong interactions when the lowest applicable protein con- 
centration is limited by the sensitivity of common staining techniques. Sufficient in- 
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Ki d-c, 
do-d 

Fig. 3. The effect of protein concentration on Ki determination_ (a) Graphical representation of eqns. 
7a (line 1) and 10a (curve 2). (b) Estimation of Ki using eqn. 1Oc. 

crease of the detection sensitivity may be achieved, e.g. by application of specific 
enzyme-staining techniques’ or radioactively labe!led protein9. 

To illustrate the effect of protein concentration, an example from our previous 
work may be taken 3*-1 _ In the case of a Iectin of mol.wt. 50,000, its concentration during 
affinity etectrophoresis is typically a = 2.5- IOM5 134, whereas ci are IO-IO0 times 
higher. The error caused by neglectins protein concentration is CQ. l-10%. This value 
lies within the limits of experimental error. However, in the case of strong interactions 
(e.g., Helix pomatia lectin with o-GalNAc3 or enzyme-blue dextrat?) neglectin_g the 
protein concentration may lead to serious errors. Reinvestigation of some of our pre- 
vious results with respect to the effect of protein concentration on Ki values is now _ 
under study in this laboratory. 

The effect of the kitzetics of cornpIes formation 
The effect of the kinetics will be described here again only for the simple case 

covered by eqn. 7a (c = 0, D, = 0, D = d,,, protein with single binding site), assuming 
that Ci 3 a, that diffusion and stacking can be neglected and that the zone width is 
very small. Under these conditions (which can be reasonably met in practice), the 
kinetics of the protein-immobilized ligand complex formation during the movement 
of protein zone through the affinity gel is approximately the same as in the case of 
complex formation within the small vessel with a volume equal to that of the protein 
zone containing the ligand (ci)- After reaching the equilibrium concentration of the 
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complex, the ratio (a),J[Xil will be conserved throughout the rest of experiment 
(movement in the “ocean” of the &and). Thus, during the later phases of the experi- 
ment the separation will proceed under equilibrium conditions so that only a “transi- 
tion phenomenon” at the beginning of the electrophoretic run may be expected_ 

Under the above conditions the complex formation is a pseudo-monomolecular 
reaction described by the differential kinetic eqn. 11: 

dExi1 
___ = kiCi(Q - [Xi]) - k,Ki[Xi] 

dt 
(11) 

which can be integrated to 

Cxil = 
cia 

Ci f Ki 

(1 _ e-_(ctiKdklt 
1 (1 la) 

describing [Xi] as a function of time. 
As described above, in our simple case the ratio of the mobilities of a protein 

zone in the affinity gel (containing only immobilized l&and -ci) to that in a control 
gel is generally 

d t 1 (ahc * - lIxil _=-zzz -= 
4 to a a (1 lb) 

where r, is the time spent by a protein molecule i n the uncomplexed (free) state and to 
is the time of duration of the entire electrophoretic experiment_ 

However, when [X,] and thus a are functions of time, eqn. 11 b holds in its dif- 
ferential form : 

dd a - [Xi1 _ 
dt=vo- a 9 

do ,?, = - 
to 

(114 

After introduction of the expression for [Xi] from eqn. 1 la, this gives the dif- 
ferential eqn. 1 Id: 

dd -=, 
dt 

,I- ci 
[ Ci f Ki 

which can be integrated to 

Eqn. 12 describes the distance travelled by the protein zone in an afiinity gel as 
a function of time. When the complex formation is very fast (k, -+ oo), the second 
term of this equation becomes negligible and eqn. 12 is transformed into a simple form 
equivalent to eqn. ‘ia. As expected, the effect of complex formation kinetics on the 
experimentaliy measured d value is such that it causes an increase in comparison with 
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Fig. 4. The effect of kinetics of protein-immobilized &and compIex formation on the electrophoretic 
mobility in affinity gel (eqn. 12). 1 = Control gel (cl = 0); 2-4 = affinity gels (k,), < (k& < (k,), = 
00). 

the experiment performed under equilibrium conditions (Fig. 4). This increase is de- 
scribed by the second term of eqn. 12; the maximum absolute value of this increment 
is 

Ad,,, = v,, - Ct 
(Ci + Ki)’ k, 

(t --f 03) (124 

However, the relative effect of the kinetics will be at a maximum at the very beginning 
of the experiment when Ad/d,, or Ad/d,-, is at a maximum. The effect of the kinetics 
depends primarily on the k, value in relation to the Ki value. 

E_~peritmntaZ conseqztences of eqn. 12. The predictible effect of the kinetics of 
the complex formation on the experimentally measurable d values can be shown by 
introduction of values into eqn. lz’for a particular case. Thus, in the case of Con A 
interaction with immobilized a-D-mannosyl residues under the conditions of affinity 
electrophoresis in an acidic buffer system 3, the following approximate values can be 
used: ~b = lo-’ mm set-l, Ci = 10m4 M, Ki = 4. lo-’ M; the value of k, is ca. 

IO5 M-l set-’ (ref. 13). 
These values yield the following approximate corrections of measured d values 

as compared with the experiment performed under equilibrium conditions: for t = 1 ’ 
set, 20%; r = 10 set, 2%; t = 100 set, 0.2%; t = 1 h,O.CMK%. 

The reaction can be considered very fast and the effects of the kinetics are not 
observed. Moreover, the lectin-sugar complex formation is a relative12 slow reaction3 
so that in most other cases its effect on the results of affinity electrophoresis need not 
be considered. 

In cases when all effects of the kinetics must be eliminated, it is advisable to 
prepare the electrophoretic sample of the protein in the medium containing the same 
concentration of the ligand (in the form of its soluble macromolecular derivative) as 
that present in the gel. After sufficient incubation time an equilibrium is reached, and 
the sample can be subjected to electrophoresis under equilibrium conditions. 

In the cases of sufficiently slow reactions, eqn. 12 could be used even for the 
determination of the rate constants of the reaction. For this purpose the K1 value 
should be determined under equilibrium conditions (preincubation with the ligand), 
and then the difference Ad between the distances travelled by the protein zone under 
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the non-equilibrium and equilibrium conditions (at identical t) could be measured as 
a function of time: 

which 

Ad = -& (1 - e-sn:r); 

is equivalent to 

dd e--W = 1 - -k, 
A 

B = cr + Ki 

Wb) 

This equation can be solved graphically and the root k, is obtained as the 
intercept of the left-hand side exponential function and the right-hand side straight 
Iine. For this purpose a single LLtd value is sufficient in principle. 

Thus, at least in principle, affinity electrophoresis might serve also for the study 
of the kinetics of molecular interactions. For example, rate constants can easily be 
measured in the case of a hypothetical complex formation characterized by the same 
parameters (kI, GJ’,) as in the above example (Con A-a-n-mannoside comp1e.u) but the 
Ki being four orders of magnitude lower (K, = 4- low9 M) and consequently also ci 
four orders of magnitude lower -lo-’ &I). In such a case, dd/deQ at t = 1 h is ca. 0.5, 
i.e. a 507; deviation from the equilibrium experiment. 

Thus it appears that affinity electrophoresis is applicable under conditions more 
general than those originally adopted (eqns. 6,6b, 7,8,9, lOa, IOc). The effect of the 
kinetics of complex formation on the results of affinity electrophoresis is shown at 
Ieast in a simple case (eqn. 12), and the applicability of affinity electrophoresis to the 
study of kinetics of complex formation is demonstrated (eqn. 12b). 

However, several other problems remain to be solved. First, most of the equa- 
tions presented here hoId exactly only for proteins with a single @and-binding site. 
Multiple interactions and their effects, especially on the Ki.value, are still to be ex- 
amined. Also the effect of microscopic non-homogeneity of the immobilized ligand 
concentration (islets of higher local concentration on the macromolecules of the car- 
rierj has not been treated theoretically or experimentally so far. It would be desirable 
to deveIop simple practical methods for solving the general equations and possibly to 
examine the applicability of other equations (IOa, lOc, 12) under more general condi- 
tions (Oi f 0, D f do, c # 0). 
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