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ABSTRACT. Intrinsic factor (IFsg) is a cobalamin (Cbl)-transporting protein of 50 kDa, which can be cleaved
into two fragments: the 30 kDa N-terminal peptidedBnd the 20 kDa C-terminal glycopeptidexdF
Experiments on binding of Cbl to 5 IF2, and IFso revealed comparable association rate constants
(Ktco =4 x 108, 14 x 1CF, and 26x 1P M~1s71, respectively), but the equilibrium dissociation constants
were essentially different, = 200 uM, 0.2 uM, and <1 pM, respectively). The smaller fragment,
IF20, had unexpectedly high affinity for Cbl; however, efficient retention of the ligand required the presence
of both fragments. Detailed schemes of the interaction of Cbl wighdRd with 1Fzo and IR, are presented,

where the sequential attachment of Cbl to thg Bnd
retention of the ligand. Each isolated fragment of

IFso domains plays the key role in recognition and
IF was tested for the binding to the specific receptor

cubilin in the presence or absence of Cbl. Neither apo nor holo forms,eht IR, were recognized

by the receptor. When two fragments were mixed

and incubated with Cbl, they associated into a stable

complex, Iko+20°Cbl, which bound to cubilin as well as the noncleavegk€Ebl complex. We suggest
that formation of the cubilin recognition site on IF is caused by assembly of two distant domains, which

allows the saturated protein to be recognized by

the receptor. The obtained parameters for ligand and

receptor binding indicate that both full-lengthsgland the fragments may be involved in Cbl assimilation.

Intrinsic factor (IF} is one of three cobalamin (Chl or vita-
min Byy)-transporting proteins present in a mammalian organ-
ism (1—3). Abundant secretion of IF into the intestinal tract is
necessary for normal assimilation of the vitamin. IF is relative-
ly resistant to proteolysis, and its binding activity exceeds by
far the amount of Chl liberated from food, 3). High selec-
tivity toward Cbl @) and high affinity of the saturated protein
for the specific receptoi5( 6) distinguish IF from other Cbl
transporters. The above features guarantee (i) uptake of th
physiologically active ligand and (ii) accessibility of the re-
ceptor, which is not blocked by an excess of unsaturated IF.

IF is employed as an additive to many vitamin preparations
as well as in the Schilling test. The binder is also used for
measurement of Cbl levels in biological sampl&s §).
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Therefore, understanding the mechanisms behind IF action
is important for proper application of this protein for both
analytical and medical purposes. The continuing controversy
over the affinity of specific binders for Cbl with exceptional
dispersion of the resultsKgp = 10°14-108 M (9—-12)]
emphasizes the significance and necessity of the thorough
kinetic analysis.

In our previous work13), we investigated oligomerization

&f the full-length protein g and its two proteolytic frag-

ments upon Cbl binding. The first fragmentgdFepresented
the N-terminal peptide of 30 kDa with most of the conserva-
tive residues and all disulfide bridges. The second fragment,
IF20, contained only 13 kDa of the C-terminal sequence, and
the rest of its massx7 kDa) originated from the attached
carbohydrates. Dissection of IF provided an excellent op-
portunity to gain deeper insight into the role of different
domains during ligand binding and receptor recognition. A
two-domain organization of IF was suggested, where as-
sembly of the distant units, 4Fand Ik, appeared to be
important for adjustment of the ligand inside the binding site.
The two domains mentioned above were connected by a link,
which seemed to be responsible for dimerization of the full-
length protein after its saturation with Cbl. Dimers were,
however, unstable under in vitro conditions.

In this paper, we quantify (i) binding of Cbl to IF and its
fragments, (ii) assembly of the IF domains in the presence
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of Cbl, and (iii) interaction of the IF variants with cubilin.
A composite organization of both the Cbl binding and
receptor recognition sites is suggested.

EXPERIMENTAL PROCEDURES

Materials

All standard chemicals were purchased from Merck, Roche

Molecular Biochemicals, and Sigma-Aldrich,®ICbl/CNCblI
and P’Co]CNCbl were obtained from Sigma-Aldrich and
ICN Pharmaceutical Ltd., respectively. The®Cbl specific
matrix CobaPure was a product of Cobento Biotech A/S.

Methods
Expression and Purification of Human IFhe recombi-

nant IF was produced from plants as described in our

previous publications§, 13). IF from gastric juice was
purified according to the method of ré#.
Spectral Measurements and Molar Absorbaridee molar

Biochemistry, Vol. 44, No. 9, 20053605

and the final concentrations of the reagents were as fol-
lows: 20uM IF, 15uM Cbl, and~100u4M CobaPure active
groups. The sample was incubated with mild agitation in
0.2 M R at pH 7.5 and 20C. After different time intervals,
the suspension was briefly centrifuged (for 10 s at 14 000
rpm), whereupon the concentration of Cbl in the supernatant
was measured spectroscopically. The supernatant and the
pellet were mixed again, and incubation was continued. The
time of the reaction included only the suspended state of
the sample. In the alternative filtration setup;2 mL of
the IF/Cbl/resin suspension was prepared, and 200
fractions were quickly filtered at time intervals. The absor-
bance in the filtrate was then measured. Filtration and
centrifugation methods gave similar results.

Cbl Exchange in the Firm If€bl Complexedissociation
of the 1R0420H2OChI or 1FeH,OCbl complex (each at 12

uMin 0.2 M B, at pH 7.5 and 20C) was initiated by mixing

the sample with 5@M CNCbl as described previousl{ D).
The transition from the IfH,OCbl complex to the IRCNCbI

absorbancies of apo-IF and its fragments were calculatedcommex was monitored asg; and Ass, values determined
from the known number of Trp, Tyr, and Cys-Cys residues after adsorption of free Cbls on charcoal. The total change

according to the equatiogygo = 550Nrp + 149Ny, +
12:Ns-s M~ ecm™ (15). The molar absorbance of unsatur-
ated IF at 354 nm was calculated from the relatiggy =
€280(Assd Azg0).-

The specific adsorptionAg) of the protein-associated

ligand was measured in the following way. Subsaturating

concentrations of Chl (xM) were added to Ik (25—35
uM), and the change in the optical respomsg at 280 and

in absorbanceAgs; + AAgs; = 0.3—0.4) during the reaction
time of 16 h was sufficient to make the measurements
reliable. Calculation of the relative change in absorbance
(Ags1/Ass2) eliminated any possible error introduced by partial
protein precipitation.

Binding of[5"Cq]CNCDbl to IF at Low Protein Concentra-
tions. The experiments were performed by a modified
charcoal methodl(7). In short, a preparation of unsaturated

354 nm was related to the concentration of added Cbl. |F;; or IF; and IR, (80—100 pM) was mixed witl§’Cbl at
Increments Ae) to the original molar absorbance of apo-IF  concentrations varying from 5 to 230 pM. The samples were
(€0) were calculated. The molar absorbance of 100% saturatedncubated for 10 min (26C) or 20 h (5°C), whereupon the

(100% pure) holo-IF corresponded to the relatios €, +

excess of the free ligand was adsorbed on charcoal for 10

Ae. These coefficients were used to calculate the faction of min. The protein-associated radioactivity was measured in
active protein in the obtained preparations; see the nextthe supernatant. Radioactivity in the control samples (without

paragraph and section 1 of the Appendix.

Saturation of IF and Remal of Free HOCDbI. Saturated
proteins Ike-Cbl and Ikg420:Cbl (10-30u4M, 0.2 M B, pH
7.5) were produced by adding a-380% molar excess of
H,OCbl. Free HOCbl was removed via adsorption for 10
min on the specific matrix CobaPure (230% of the sample
volume).

Stopped-Flow Experiments on Cbl Bindirgttachment
of H,OCbl to IR, IF3q, IF2, Or a protein-protein model
was monitored on a DX.17MV stopped-flow spectrofluo-
rometer (Applied Photophysics) in 0.2 M & pH 7.5 and

IF) was subtracted from that in the experimental samples
(with IF).

Binding of Cbl at Physiological ConcentratioriEhe assay
was carried out as described in the previous paragraph with
certain modifications. The protein was taken in high excess
(10—50 nM IFso or IF50 with 1F20) and mixed with*’Cbl (2
nM). The sample of Ik and IR, (slow Cbl binding) could
contain a small contamination of 4~(fast Cbl binding).
Therefore, a control experiment was carried out, in which
the potential binding activity of l§ was suppressed by
“cold” Chbl (2 nM) prior to the binding of the “hot” Cbl. No

20 °C. Cbl served as a reporting agent because of thedifference between the two setups was found. Small portions

changing absorbance of thigpeak caused by protein binding
(11, 16). The optical response was recordeddads with a

of the reaction medium were mixed with charcoal at time
intervals. When the reaction proceeded (20 min), all the

band-pass of 18.6 nm. When it was possible, we usedsamples were incubated with charcoal for an additional 10
constant Chl and variable protein concentrations to maintainmin and centrifuged. Radioactivity was measured in the

the minimal absorbance of the sample.

Dissociation of the PeptideLigand ComplexesThe
stability of the peptide ligand complexes was investigated
in an assay where 5 or IF,, competed with the specific
resin CobaPure for #DCbl. This novel material from
Cobento Biotech is capable of,&8Cbl binding kiads= 20
M= st kags= 107 573, Kg &~ 5 uM) at 20 °C and pH
3—7. A concentration of the active groups in the matrix of
6 mM ensured efficient OCbl binding even in the diluted
suspension. The peptigdigand sample (30@L) was mixed
with the resin suspension (14, 1:1 matrix:water ratio),

supernatant.

Binding of IF to the ReceptorBinding of IF to im-
mobilized cubilin was performed on a BlAcore 2000
instrument as described previoush; 6, 13).

Kinetic Analysis.Fitting was performed with help of
KyPlot 4 (Kyence Inc.) and Gepasi 3.28). The statistical
data are presented as the meaihe standard deviation.

RESULTS

Spectral Characteristics of the Unsaturated IBolation
of the full-length protein, 1k, and fragments I and 1o
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Ficure 1: Absorbance spectra of the native and cleaved forms of IF. The data were obtained in OoifféiPat pH 7.5 and 20C. The
amplitudes of optical change at 280 and 355 nm upon addition,0fChl were used to calculatke in Table 1. (A) Absorbance spectra

of full-length IFs,. The bottom solid line is the spectrum for 2M apo-IFso devoid of Cbl. The dashed spectra were obtained after addition

of 5 x 5.0uM Cbl (the amplitudes were corrected for dilution). The top solid line is the spectrum of the completely resaturated protein.
(B) Absorbance spectra of the cleaved proteingHF,o. The bottom spectrum was recorded for a mixture ofi®61F o and 30uM IF 3.

The top spectrum is for the same protein resaturated with Cbl.

Table 1: Coefficients of Molar Absorbance (Mcm™?) for IF and maximal ampl_'tUde equal to 0'0_540'003 or 004& 0.003 )
the IFH,OCbl Complex at pH 7.5 cm 1, respectively. On that basis, the coefficient of relative
IF form 280 nm 354 nm optical response was calculateg (= 2500 4+ 500 M
cm1), whereupon the, values of 2000, 2500, and 3000

zgg::ég’ o ig 288 2383 M~ cm~t were sequentially assigned as the constants in eq
apo-IRy, o 42 000 2500 2.2. Three curves were fitted using the sameand for each
H,OCbl 19900 23200 €, the optimal rate constants were calculated by regression
IFso-HOCbl, Ae 20 600 31000 analysis: ksorcol = (3.0 £ 0.2) x 10, (3.4 0.3) x 10,
IFso-H0Cbl (100%) 62 600 33500 and (4.1 0.5) x 10° ML st andkso_cp = 100+ 20, 140

2The data foress, from ref 11.” Molar absorbance of an absolute 4 10, and 180+ 20 s'¢, respectively. The final values are
preparation (100% pure and 100% active). All coefficients were |igtaq jn Table 2 with maximal dispersion of the results
determined with a standard deviatior-3% from the mean valuen( - . . .
= 15). obtained. This experiment allowed us to make an estimate

of the dissociation constatiso cp (40 + 20 uM); i.e., the

was described in our previous publicatic8). All protein afnr?lty.of IF3o for Cbl was low, yet detectable.
samples were devoid of Cbl and renatured prior to the Binding of Cbl to the C-Terminal Fragment, 4 The
binding experiments1(3). Absorbance spectra of the apo analogous experiment with the glycopeptideolBemon-
forms of IFso and IFo with IF» are shown in Figure 1 strated significantly higher affinity for the ligand (Figure 2B).
(bottom curves). The coefficients of molar absorbance were The data that are presented suggest thaei0Cbl could
calculated as described in Materials and Methods and ared/ready saturate this fragment. Therefore, the final fit was
presented in Table 1. carried out according to the irreversible model (eq 2.4) with
Absorbance Ratio of the Aeé Protein. The optical WO regression coefficientsey = 1200+ 100 M™* cm™
response from KOCbI was measured at the subsaturating a"dkeorco = (14 + 3) x 1P M~ 574 (n = 3).
concentrations of the ligand (Figure 1A). This allowed us to  Association of Ik and IR Cbl. Injection of I/ into the
establish the increment&e of the Cbl molar absorbance Preincubated Ik Cbl sample caused increase in absorbance
added to that of the apoproteity,(Table 1). The parameters ~ at 355 nm (Figure 2C). The effect was ascribed to association
€0, Ae, andR (AxsdAsss) Were used to calculate the fraction  Of the peptides, because the observed velocity was dependent
of the active protein (AP) as discussed in section 1 of the On the Ik concentration. The fitting was performed accord-
Appendix. Estimated values of AP were 0.870.03 for IR ing to eq 2.4 for the irreversible binding with an of 3400
and >0.85 for IR with IF». Absorbance spectra of the 200 M*cm ! and akis of (4 + 0.5) x 10° M~ s7* (n

saturated |k Cbl and IRo+20-Chl complexes did not differ = 3).
from each other (Figure 1A,B) and from that of the protein,  Binding of Chl to the Full-Length Form, Hg. Addition
which was not subjected to GdnHCI treatmes ( of Cbl to the full-length protein induced a biphasic response

As follows from Table 1 and our previously published data (Figure 2D). The first phase had a higher amplitude, was
(11, 16, 19), the spectrum of Cbl is sensitive to the Chbl-dependent, and seemed to represent attachment of Cbl
surrounding conditions. Therefore, the change in intensity to IFs,. The second phase was Cbhl insensitive, and its
of they-peak during the binding experiments was related to expression varied betweensifpreparations from 20 to 50%
the binding of Cbl to IF and the following protein association. of the total amplitudeAA = 0.05+ 0.005 cm!). Since the

Binding of Cbl to the N-Terminal Fragment,4&H,OCbl purity of the protein, its molecular mas&3j, equilibrium
at a constant concentration was exposed to varying concen-binding of Cbl, and receptor recognition were similar and
trations of the Ik peptide, and the optical response was comparable to those of gastric IF (this publication and ref
followed over time (Figure 2A). The recorded reaction 13), each Iy preparation was considered to be uniform.
corresponded to the reversible binding (see section 2 of theTherefore, variations in the second phase were ascribed to
Appendix). Extrapolation to the infinite concentration ofJF  some conformational differences in IF apo forms, possibly,
according to the hyperbolic function or eq 2.1 gave the originating from the denaturingrenaturing procedure. This
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Ficure 2: Stopped-flow measurements of the absorbance changes induce®Bphbinding. All reactions were performed in 0.2 M P

buffer at pH 7.5 and 20C, and the change in absorbance at 355 nm was recorded. Final concentrations of the binding species in the
detection cell are given. The calculated rate constants are presented in Table 2. See the main text for the details. (A) Binding of Chl (20
uM) to IF3 (20, 40, and 8@M). The data were fitted using eq 2.2. (B) Binding of Cbl (20) to IF,, (20, 40, and 8@M). The data were

fitted using eqgs 2.2 and 2.4. (C) Binding of,iFCbl (20 uM) to IF3, (20, 40, and 8QM). The data were fitted using eq 2.4. (D) Binding

of Cbl (10, 15, and 3@&M) to IFs, (10 uM). The data were fitted according to a two-step model (section 3 of the Appendix).

Table 2: Rate Constants of Cbl Binding and IF Oligomerization

reaction ki (x105M~ts™?) ko (s} Kaiss
|F30 + Cbl had |F30'Cb| K’30+Cbl =35+0.& |('3me| =140+ 4 K3O,CbI: 40 + ZOIMMa
=200+ 80uMP
|F20 + Chl < |F20'Cb| k20+(;b| =144+ 3 kz(ycm =4+ 3a,b KZO,CbIZ 0.2+ O.ZILLMD
|F30 + |F20'Cb| hig |F30+20'Cb| k+3o =40+£05% k_30 = (27i 02) X 1(TSC K3o =7+1 p'\/la'C
|F20 + ”:30 + Cbl < |F30+20'Cb| real equilibriumKeq= KZO,CbKBO =2 x 1018 M2
IF20 + Cbl <> IF30420°Chl apparent equ”ibriurﬂ‘,(;;ozoycm: (KZO,CbKSO)/[IFSO] (M)
IFs0 + Cbl <> IF50++Chbl (1) Ksor1 = 264 32 Kso—1 < 43¢ K5o)1 =< O.l/,tMa'c
=60+ 2°(A)
=40+ 4° (B)
IFs0*+*Cbl <> |F50:Chl (2) Ksot2 =204+ 5 sla Kso-2 < 104ac K50,2 < 1075ac
IF50 + Cbl< |F50‘Cb| eqUilibriUm,Km,cm: K50,1K50,2 <1012 M¢ (A)
=(3+ 1) x 102 M (B)
2IF50°Cbl < (|F50‘Cb|)2 >0.01 >0.01 1+ 0.1/,4Md

a Determined from the data in Figure 2Determined from the data in Figure 8Determined from the data in Figure 4From ref13. The
values are presented as the meathe standard deviation.

subject requires a separate survey, which is now in progressminutes from 15 to 0.3t 0.05 uM (Figure 3A, bottom
For the binding kinetics aimed for this publication, the curves curve). The presence of3fin the solution did not essentially
in Figure 2D were simulated according to the two-step decelerate Chl absorption [Figure 3A)], whereas added

model: (i) Cbl binding for whiclAA; = 0.0354- 0.001 cnt? IF,o forced the process to slow [Figure 3A1)]. It was
andkso+1 = (26 4+ 3) x 10° Mt st and (ii) conformational concluded that the small fragmentgéfFhad a higher affinity
transition for whichAA; = 0.014 0.001 cnt! andkspiz = for Chl than IR, However, the most noticeable effect was

20 + 5 s! (see section 3 of the Appendix for the details). observed for the I5/IF2o/Cbl and IFEy/Cbl mixtures, when
Dissociation of Cbl from the IF Fragmentsi the previous ~ no visible removal of the ligand from the water phase was

paragraphs, we analyzed the binding of Cbl to the fragmentsdetected (Figure 3A, top curves).

(Figure 2A,B) and estimated théit c, andk_cy. Yet, the The preliminary experiment (Figure 3A) showed that the

precision of measurements could be questioned. Thereforeyelocity vags 0Of Cbl adsorption on the resin was essentially

the affinity of the fragments for Cbl was probed directly in slower than the velocity of equilibration of Cbl with the IF

a competition assay employing an insoluble Cbl-specific fragments (Figure 2A,B). In addition, the CobaPufebl

adsorbent CobaPure (Figure 3). The preliminary experimentinteraction was hampered by IF due to the fastHIEbl <

showed that the resin efficiently removed free Cbl from the IF-Cbl equilibrium, where the HCbl complex seemed to

water phase so that its concentration decreased in a fewbe much less reactive with the resin than free Cbl. This made
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Ficure 3: Suppression of BOCbl adsorption on the CobaPure resin by IF variants. All reactions were performed in Q.Bufte? at pH

7.5 and 20°C. Precipitation of Cbl was started by mixing the sample (Cbl with or without IF) with the insoluble Cbl-adsorbent CobaPure
(see Materials and Methods). The decreasing level of Cbl in the solution was followed over time. The theoretical background is discussed
in section 4 of the Appendix. The calculated constants are presented in Table 2. (A) Qualitative effect of different IF forms. The reaction

was conducted at the following initial concentrations: (@8 Cbl, 20 uM IF, and~250 uM active groups of the resin. (B) Quantitative
effect of IRz The reaction was conducted at the following initial concentrationsuM%bl, 0—80 uM IF 30, and~100uM active groups
of the resin. (C) Quantitative effect of J§ The reaction was conducted at the following initial concentrationsuM4bl, 0—48 uM IF

and~100uM active groups of the resin. (D) Initial velocity of Cbl precipitation as a function of the peptide concentration. The curves were

fitted using eq 4. The calculated dissociation const&ngsy and Kzocp Of the corresponding peptig€Cbl complexes are given in Table
2. The dashed line is a tangent@M IF, and its intersection with the [IF] axis is equal to JJF+ Kooch:

it possible to estimate the 1Ebl dissociation constantn

pM); see Figure 4A. The incubation time of 10 min was

the simplest case, adsorption of Cbl in time could be clearly not sufficient for the reaction to reach the equilibrium,

approximated by an exponent wkh= Kyaqd(1 + IF/Kecp),

when comparing the 10 min and 20 h curves. This was

yet, comparable concentrations of the reagents and theparticularly visible at the point of equivalence g~ 5

additional very slow interaction of HEbl with the resin

required a more elaborate analysis (section 4 of the Ap-

pendix).

To determine the dissociation constants of the peptide
Cbl complexes, we varied concentrations ofplBnd IR0
and calculated the corresponding initial velocities of Cbl
adsorption, v,gs from the differentiated exponential ap-

Cbl) where the reaction decelerated progressively in ac-
cordance with the product of concentrations=( kcp[IF][
Cbhl]). As a consequence, the transient 10 min curve could
not be fit according to the equilibrium equation (Appendix,
eg 2.1). On the other hand, a time-dependent function (eq
2.4) with a constant of 10 min and a variablé&, (3’Chl)
seemed to be a fair approximation for the 10 min data. The

proximations (solid lines in Figure 3B,C). Dependencies of fitting was performed with the assigned constant= 95

vagsON IR0 and 1k (Figure 3D) were fitted using eq 4 which
gave the dissociation constants of the fragmeZibl com-
plexes: KBO,CbI: 200+ 80/,{M and K20,0b|= 0.2+ OZ//LM,
respectively. The following velocities of adsorption were
calculated as [lfg] or [IF3g — o: wzpes= 0.2+ 0.1 and
v30es= 0 &+ 1 uM min~%, respectively. This points to slow
interaction of the Ik Cbl complex with the matrix.

The strong binders Hg and IRz with IF, completely

cpm/pM and two regression parameters: sf]F/= 83 + 1
pM andkicp = (60 & 2) x 10° M1 s 1. The rate constant
of Chl attachment was somewhat higher than that in the
stopped-flow measurements (Figure 2D).

In the “near equilibrium experiment” for lgand 1k, with
IF20 in Figure 4A, the incubation was conducted for 20 h,
and the produced curves were fit according to the reversible
mechanism (eq 2.1). The following results were obtained:

protected Cbl from adsorption on the resin, and the method [IFsg] = 90£1 pM, Kso.coi= 0.1+ 0.1 pM, and [Ikg+1F2q]
described above could not be used for determination of their~ 90 pM, andKszo20,coi~ 2 NM. Both dissociation constants

affinities for Cbl.

Saturation of IF with Radioacte >’Cbl at Low Protein
ConcentrationsThe full-length recombinant binder dg=and
the equimolar mixture of lip and IRy (all diluted to 86-90

were not precise because of either very high or very low
affinity for the ligand under the conditions used in the
experiment. Therefore, we confine us to the statement that
Kso,col < 1 pM andKszoz0.coi> 1 NM. The second coefficient

pM) were subjected to saturation with increasing concentra- Ksoz0,coiWas actually not a constant because it is expected

tions of the radioactive ligandfCo]CNCbl (954 2 cpm/

to be dependent on d-concentrationKzozo,coi= Ked[IF3d
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FIGURE 4: Interaction betweerP{Co]CNCbl and IF at different protein concentrations. (A) Saturation of recombinant IF at a low protein
concentration£85 pM). IR or the equimolar mixture of Hg and IR was incubated with different concentrations®@Ehbl for either 10
min or 20 h. Protein-associated radioactivity (@3 cpm/pM) was measured by a charcoal method. The fit of the 10 min transition curve

and the 20 h near-equilibrium data was performed on the basis of eqs 2.4 and 2.1, respectively (solid lines). The results are presented in
Table 2. Dashed curves in all panels demonstrate theoretical simulations performed on the basis of the final model; see the text for the

details. (B) Saturation of gastric IF at a low protein concentratio®( pM). All data are as in panel A. (C) Binding ®Cbl to recombinant

IF at physiological concentration8Chl (2 nM) was incubated with 2650 nM IF, and the appearance of the stable pret&i@bl complexes

was followed over time by a charcoal method. (D) Cbl exchange at high protein concentrations.sggHgQEDbI or |FRz0420H,OCbI
complex (124M) was mixed with CNCbl (5:M), and displacement of the endogenous ligand by the exogenous one was followed over

time by absorbance measurements.

The analogous test was performed with gastric IF. The
analysis gave the following values: = 74 + 2 pM and
Kico = (40 £ 4) x 10° M~ s7 for the 10 min curve and
IFgast= 86 £ 1 pM andKgrchi = 3 & 1 pM for the near-
equilibrium 20 h experiment.

Binding of Cbl to IF at Physiological Concentrations.
Interaction between°{Co]CNCbl and different variants of
recombinant IF was followed over time at physiological
concentrations: 2 nM’Cbl and 16-50 nM IF. As expected,
the IFso + Cbl reaction was already finished after incubation
for 2 min (the 50 nM curve is shown in Figure 4C). An
equimolar mixture of the I and IRy fragments (16-50
nM) was also quite efficient, and the binding reaction was
generally accomplished after incubation for 10 min (Figure
4C, the middle curves). On the other hand, neithgg er
IF2o could bind Cbl when taken separately (the curves for
10 nM peptides are shown in Figure 4C). An attempt to
interpret the biphasic kinetics of thes=1F,,—Cbl binding
in Figure 4C is made in the Discussion.

Dissociation of IFChl Complexes at High Concentrations
Detachment of HOCbI from the binder was initiated by a
4-fold excess of CNCbl in the medium. The data in Figure
4D were fitted using an exponent (solid line) whereupon the
initial velocity of the process was calculated by differentiation
of the approximating function. It was equal @ cy, =
k-_apdIF-H,OCDbI] and was independent of the mechanism;
however, the interpretation &f 4o, essentially depended on
the chosen model. At present, we simply report the following
values: K_app=0.10=+ 0.01 and 0.05: 0.01 ht for IFzp:20°

Cbl and Ik Chbl, respectively. Interestingly enough, the
velocity of the ligand exchange for the GdnHCI-treated
protein was 2-fold slower than that of the preparation without
GdnHCI treatment1(3).

Simulation of Chl BindingThe deduction of the final
kinetic scheme for Cbl binding to IF is presented in the
Discussion. Most of the rate constants were obtained from
the experiments with results depicted in Figures 2 and 3.
Therefore, the behavior of the model was verified using the
data of another test (Figure 4), which was conducted by
another method and under different conditions. The theoreti-
cal curves (Figure 4, dashed lines) were generated with help
of the simulating program Gepasl8) and the suggested
schemes. The model showed a reasonable agreement with
the experimental data, yet a better correspondence could be
obtained by increasingcp from 2 x 10°to 5 x 10’ M2
s (not shown). A possible explanation of the deviation
visible in Figure 4C is given in the Discussion.

Binding of IF Variants to CubilinBIACore analysis of
interaction with the specific receptor showed no binding of
IFso and Chl when they were added separately to the cubilin-
coated chip (Figure 5A). Mixing of lip and Cbl prior to the
receptor binding initiated a response from the chip (Figure
5A). The recorded curves were similar to those observed
for the original protein, which was not exposed to GdnHCI
(23).

The analogous experiment was performed with the sepa-
rated fragments. The binding was observed for neithgy IF
nor Ik, with or without Cbl (Figure 5B,C). A slight response
in Figure 5B was caused by artificial adsorption of Cbl added
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Ficure 5: Interaction of IF variants with the receptor cubilin. IF, Chl, or a mixture of each was exposed to a plasmon resonance chip
coated with cubilin ). The flow of the sample was changed to the buffer which caused dissociation of IF from the re@gp(é) (
Full-length 150 (100 nM), Chbl (200 nM), or a mixture of each was exposed to cubilin. (B) N-Terminal fragmen160 nM), Chl (50

uM), or a mixture of each was exposed to cubilin. (C) C-Terminal fragmegt(IF®0 nM), Cbl (5uM), or a mixture of each was exposed

to cubilin. (D) Two fragments, I and IR (100 and 200 nM, respectively), Cbl (200 nM), or a mixture of each was exposed to cubilin.

at high concentrations to saturatedFThe mixture of two with a high degree of homology2{, 22) and four of five
peptides, Ikp and IR, was also incapable of receptor binding potential Cbl binding site2@) are located on the low-affinity
in the absence of Chl. On the other hand, thg/lF,, sample fragment Ik.

with add_ed le (Figure 5D) interaqted with cubilin in a Although the binding of Cbl to pure i5was weak, this
manner identical to that of b Cbl (Figure 5A). “inferior” peptide proved to be essential for retention of the
DISCUSSION ligand. Thus, rapid formation of the heterologous two-peptide

; : : : P " lex, IRor20Chl, was detected in the if+IF,-Chl
In this paper, we investigate (i) the kinetics of Cbl binding comp 4 ) .
to the specific protein IF, (ii) the assembly of the protein MXture during the stopped-flow (Figure 2C) and light

domains by the ligand, and (ijii) the recognition of holo-IF SCattering experimentsly). Binding of the ligand by this
by the receptor. The protein was purified from the recom- COMPlex was much stronger than by the isolateg bl
binant plants by affinity chromatograph, (L3) and devoid ~ COMPIeX, saying nothing about3fCbl. In fact, the ability
of Cbl by GdnHCI treatment. Three unsaturated apo forms of IFso and IR0 to hold Cbl was quite compargble with the
(the full-length binder IK, the N-terminal peptide H, and ~ corresponding feature of the full-length proteindfudged
the C-terminal glycopeptide ) were isolated as described oM their dissociation rate constants (Figures 3A and 4D
previously 03). The renatured proteins induced the typical 2nd Table 2). Firm encapsulation of Cbl inside the reas-
changes in the spectrum of Cbl upon its binding (Figure 1). sembl_ed I.szo-ctl)l construction indicated practically normal
They also demonstrated a high affinity for Cbl (Figure 4) ©ordanization of its ligand site. Therefore, we came to a
and normal interaction with the receptor (Figure 5). The conclusion that interaction of Cbl with fragmentssdfand
fraction of the active protein (AP) was determined by a new !F20 Closely imitates binding to the native form stFin this
spectral method suggested in section 1 of the Appendix. The®9ard, one might speculate that the protein sequence®f IF
obtained value of AP (0.9 0.03) indicated a high recovery =~ COMPrises the prlmord|al Cbl binding site, whl_ch was later
of the protein. built up and refined by attachment of thesdkinit.

We started our investigation from the partial reactions  Investigation of the partial reactions made detailed recon-
between the fragments and the ligandzelF Chl and Ik struction of the ligand binding in the 4FIF,y/Cbl mixture
+ Cbl. Taken in these combinations, the reactants did not possible (see Figure 6A). This case seems to be relevant also
produce any oligomerslg) and obeyed the bimolecular in vivo because the associating fragments of gastric IF have
reversible kinetics (section 2 of the Appendix and 26j. been described in the literatur24j. The presented minimal
Experiments on the direct interaction between the peptidesmodel ignores Ik—Cbl, IFso—IFs0, 1Fa0—IF20, and Iko—
and Chl (Figure 2A,B), as well as competition with a Chl IFy interactions as statistically insignificant (see Figures 2
specific resin (Figure 3), revealed (i) the low affinity obF  and 3 and refl3). The assumptions outlined above reduced
for Chl and (i) a relatively good binding of frto Chl (Table the complexity of the model and allowed us to draw a linear
2), when compared with thiéc, of <1 pM determined for scheme with only two steps. First, Cbl binds tadM®ith
the full-length Ik (Figure 4A,B, this publication and ref  the shown rate constants. At the next stepy Hpproaches
11). This finding was not anticipated, because the regions IF,*Cbl, and in most cases, two peptides build the ac-
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Ficure 6: Binding of Cbl to IF and ligand-induced assembly of the domains (minimal schemes). (A) Interaction of Chl with IF fragments.
Cbl preferentially binds to o, whereupon their complex interacts withgdFThe produced monomer “glued” by Cbl reconstructs both the

ligand binding site and the receptor recognition site. However, it cannot dimerize because of the damaged interdomain link. (B) Interaction
of Cbl with full-length IFs,. Initial binding of Cbl to the C-terminal domain (3§ is followed by interaction with the N-terminal part @.

Two connected domains encapsulate Cbl and form the receptor recognition site. In vitro dimerization is possible at high protein concentrations.
See the text for the details.

~J
Receptor

complished ligand site (Figure 6A, top branch). As follows the domains seemed to be a quite sensitive affair, because
from the scheme, the disassembly of thelkCbl complex expression of the second phase varied betwegyplepara-

is limited by detachment of Yy with the rate constark_z. tions. The observed difference could be caused by slight
The data on Cbl exchange (Figure 4D) allowed us to evaluatechanges during preparation of apo-IF which influenced
this constant sinck ap, = K-so. coordination of the domains. This subject requires the

Association of the fragments with the tight peptidigand following clarification. The final model of interaction
complex was also possible at physiological protein concentra-between monomeric Hyand Cbl included two steps and is
tions ([IFzq] = [IF2] = 10—50 nM) and ligand concentrations shown in Figure 6B. The rate constants of the forward
([Cbl] = 2 nM) (Figure 4C). The binding kinetics for i reactions were obtained directly from the experiments
with IFy and Chl in Figure 4C was expected to be ex- depicted in Figures 2D and 4A,B (10 min curves). As for
ponential according to the scheme in Figure 6A (top branch), the reverse reactions, we assunkegl; to be equal or less
yet two phases were discovered. We assume that the firstthankzoci Of isolated Iko. The rate coefficient for detach-
phase reflects the appearance of the firga.lfo: Cbl complex ment of the I, domain kso-2) was calculated indirectly from
assembled in the correct manner. At the same time, one carthe experiment at low protein concentrations where no
speculate about a parallel formation of a loosgyEbl--- dimerization was possible (Figure 4A,B, 22 h curves). Thus,
IF3p aggregate as a consequence of erroneous collisionthe assumed equilibrium consta€y cpof <1 pM was used
between Ik and IR Chbl (Figure 6A, bottom branch). Such  to evaluatekso—, according to the equatiolsoco = Kso o/
aggregates appear with a probability ®20% and are (1 + ksor2/Kso-2).
reassembled during tight fixation of the ligand either directly It is unclear to what extent dimerization ofsf=Cbl with
or via complete dissociation of the unproductive formation. a K4 of 1 uM (13) influences dissociation of Chl, yet, a

The IR0+20'Cbl composite construction seemed to restore “chase” experiment at a high concentration of IF (Figure 4D)
all the normal properties of the native protein; however, it allows us to make a prognosis. The process was simulated
could not dimerize 13). We explained this phenomenon by with the rate constants from Figure 6B considering equal
some damage in the corresponding sli®,(as schematically ~ parameters for EDCbl and CNCbl. The dashed curves in
shown in Figure 6A. The physiological role of IF dimeriza- Figure 4D show the results of modeling, going from top to
tion remains unknown because the dimers are unstable andottom: (1) Ik and Ik, (2) IFse with prohibited dimer-
dissociate easily, at least under in vitro conditions. ization or “leaking” dimer, and (3) lp with allowed

Thorough examination of the partial reactions simplified dimerization (“dim”) when the dimers do not liberate Cbl.
analysis of the biphasic interaction between full-lengtiy IF The produced curves point to an insignificant effect of
and Cbl (Figure 2D). Thus, the first phase probably reflected dimerization on Cbl retention. This indicates either the direct
the ligand binding to the C-terminal domain ofs}FThe leakage of Chl from the dimers or the existence of half-
second phase was attributed to assembly of the domainsppen dimers omitted in Figure 6B for the sake of simplicity.
where the detected rate constant may actually correspond to The investigation demonstrates that interaction of Cbl with
the last step in a series of transitions. Interaction betweenlF is a complex process. Formation of a composite binding
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site with two domains “glued” together by Cbl requires the can be expressed as follows:

correct shape of the ligand. The presence of a “wrong”

substrate is expected to cause erroneous distance between (6 + AP x Ae®9)[IF]

the approaching domains which will preclude their “clasp”. R= (e 354 L Ap o Ae354)[IF] (1.1)
This can be a reason for the extraordinary selectivity of IF 0

for Cbl (4) combined with a high affinity for the ligand. In -\ hare AP is the active protein presented as the fraction of
that regard, we have to discuss the conflicting valugsgf total IF (AP = 0—1), 250 and ;%54 are the coefficients of
observed for all Cbl specific binder812). The appropriate | oiar absorbance for apo-IBe280 and Ae®* are increments
explanation may come from the saturation experiments ;, ¢, upon saturation with Cbl, and [IF] is the molar

depicted in Figure 4. The curves (typically used g concentration of the binding sites. AP can be expressed via

calculatiorjs) _show thgt the insufficient incubat_ion _time of the known coefficients, andAe (Table 1) and the measured
the protein-ligand mixture, as well as application of .0 ofR:

inappropriate equations, will result in severe overestimation

of Kep. It should be also stressed that the point of half- .20 — Re, >
saturation for an E+ S < ES binding reaction does not AP=—0br—0 (1.2)
correspond t&;, = Ks but to S, = 0.56, + Ks (WhereE, RAe™ — Ae

is the total concentration of the binding sites). These
considerations may explain th€cy values of =100 pM
reported often in the literature.

The exceptional ligand selectivity is not the only particular
feature of IF. Thus, only Cbl-saturated-Gbl is recognized
by the receptor cubiling, 6), whereas two other binders
interact with their receptors in both apo and holo formhs ( When the initial concentration, and S are comparable,
2). Dissection of IF into two fragments provided an op- ESqat equilibrium is expressed via the functio20( 25):
portunity to test different IF domains, whether they carry

2. Equations of Bimolecular Kineticé& simple binding
scheme can be written as

k+S
E+S=—ES

the receptor recognition site. As one can see from panels B Ec+S+Ks— \/(E0 + S+ K)* — 4E,S,
and C of Figure 5, none of the isolated fragments was capable ESq= 2
of inducing a response from the cubilin-coated chip. The (2.1)

presence of a saturating amount of Cbl did not change this
situation. The mixture of the disconnected peptides dRd

IF2o did not interact with the receptor either (Figure 5D).
Only when the fragments were assembled by Cbl in one
complex, Iko20°Chl, did they bind to the receptor (Figure
5D) in a manner indistinguishable from that ofdfCbl. We

The dependence of EgSon & can be used for calculation
of both E; andKs (=k-4k+s) by either nonlinear regression
analysis or a graphical method suggested by DixZ#).

The time-dependent increase in the ES concentration from
0 to ESQq (20) can be expressed as:

hypothesize that the recognition site is composed of at least i _zkt !

two distant components situated ondfnd IR domains. ES=ESJ1- e 2.2)
Assembly of two fragments (domains) by Cbl brings the q k. ES '
scattered components of the receptor recognition site to- 1+ +s q(l _ e—Zkt)

gether, which makes HEbl compatible with cubilin (Figure

6). We cannot completely rule out a situation in which | Zk |

interaction of two domains induces an essential conforma-
tional change in only one part of the molecule, eithep IF  where ES, is calculated via eq 2.1t is time, and}k is
or IF,, which dramatically increases its affinity for the described by the equation
receptor, yet at present, there is no evidence that can support
this mechanism. Yk=k (Bo+ S~ 2E]) +k (2.3)
Analysis of the IF+ Cbl, IF + IF, and IF+ cubilin
reactions allowed us to suggest a plausible model of ligand
binding and receptor recognition. Following assays concern-
ing behavior of the Cbl analogues under analogous conditions
may provide more detailed information about the mechanism
of Chl assimilation.

Optionally, a response coefficieat can be introduced into
egs 2.1 and 2.2 to relate absorbaice concentration ES
via A = €5,ES. The experimental point& versust were
subjected to the nonlinear regression analysis with two
unknown regression parametdes, and k.

The time dependence of an irreversible reactlon € 0)
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APPENDIX 1- ge"‘ﬁ(&"Eﬂ)t

1. Measurement of the Aet Proteinvia the Absorbance
Ratio. The spectrum of a Cbl-saturated binder is defined by where ks is set as the regression parameter for the
two main components: the absorbance peak of the proteindependencyA = ¢AES versug.
moiety (280 nm) and the-peak of Cbl (354 nm for bt 3. Two-Step Binding ModelThe data are presented in
OCbl and IF). The absorbance raf(Aso/Asss) Of IF-Cbl Figure 2D. The curves were simulated using Gepasi1B, (
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which calculates transient concentrations of all intermediates
according to the kinetic scheme, the values of rate constants,
and the initial concentrations of metabolites. The following
scheme was employed:

k Ky
E+S— E--S—ES

where E and S are rand Cbl, respectively. The appearance
of E---S and ES was monitored over time, whereupon the
optimal values ofky; and ki, were calculated by the
regression analysid§).

4. Stability of the PeptideCbl ComplexesThe affinity
of peptide E for ligand S was measured via a “competition”
or “trap” experiment with a specific adsorbent (Figure 3).
The initial velocity of S adsorptionzfg) was measured at
differentEg concentrations. The scheme of interaction could
be drawn as follows:

(fast) 9
KY
S+E < ES
(stow)d &, Lk (very slow) 10.
S-4 ES-4

where E, S, and A stand for peptidesdfor IF,o, Chbl, and
adsorbent, respectivellfs is the dissociation constant of the
fast equilibration between E and S, akd® and k. are

the rate constant of S and ES adsorption, respectively. We
did not indicate dissociation from the adsorbent because this
process is irrelevant for analysis of the initial velocity of
adsorptiorvags The concentration o& was sufficiently high

to be considered as a constant throughout the experiment.
The dependency afags 0N Ep can be expressed as follows:

Vads ™ k—l—aSA(S) —ES)+ k—l—aeSAEsz
ES

k+aSAS) - k+aSAS)§ + k+aeSAS)§

where S and Eg are the total concentrations of the ligand
and peptide, respectively, and ES is expressed in eq 2.1.
Then, after separation of the constantsy{ir ki SAS and

(i) ves= ki2AS), the above equation can be rewritten and
used for calculation oKs:

ES

Vads— Vs — (Us - Ueg%? 4)
The notation in eq 4 should be interpreted as followsnd
ves @re the initial velocities of S adsorption whé&jg = 0
andEy — o, respectively (note thak = ES atEy — o« in
the equation fored. Fitting of the experimental data was
performed using eq 4 with three regression coefficients:
Ves andKa.

21.
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