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ABSTRACT: Human intrinsic factor (IF) was purified from the recombinant plantArabidopsis thalianaby
affinity chromatography. Cobalamin (Cbl) saturated protein was separated by gel filtration into peaks I
and II, which contained according to SDS electrophoresis the 50 kDa full-length protein IF50 and a mixture
of two fragments, respectively. Two components of peak II were identified as the 30 kDa N-terminal
peptide IF30 and the 20 kDa C-terminal glycopeptide IF20. Measurements ofMw under the nondenaturing
conditions were conducted by static light scattering. They revealed 100 kDa IF dimers in peak I, whereas
50 kDa cleaved monomers were found in peak II. The protein devoid of Cbl dissociated to the elementary
units incapable of association in the absence of Cbl. The individual proteolytic fragments bound Cbl at
high concentration of the ligand; however, neither IF30‚Cbl nor IF20‚Cbl oligomerized. A mixture of two
fragments IF30 + IF20 and Cbl produced a firm complex, IF30+20‚Cbl, which could not associate to dimers.
In contrast to IF30+20‚Cbl, the saturated full-length monomers IF50‚Cbl dimerized withKd ≈ 1 µM. We
suggest a two-domain organization of the full-length protein, where two distant units, IF30 and IF20, can
be assembled only by Cbl. They are connected by a protease-sensitive link, whose native structure is
likely to be important for dimerization. However, linkage between two domains is not compulsory for
Cbl binding. Advantages of the two-domain structure of IF are discussed.

Intrinsic factor (IF)1 is a cobalamin (Cbl, vitamin B12)
binding protein important for adsorption of the vitamin during
digestion (1-3). Cbl of dietary source binds with high
affinity to IF in the small intestine, and their complex is
internalized with the help of the multiligand receptor cubilin-
amnionless (4, 5). Two other Cbl-specific proteins, transco-
balamin and haptocorrin, carry the vitamin in plasma and
other body fluids (1, 2). The recent studies performed on
the recombinant proteins helped to establish some funda-
mental properties of the Cbl transporters including details
of the ligand binding (6-9), structure of the disulfide bridges
(6, 10), and approximate location of IF’s glycosylation site
(11).

IF stands somewhat apart from two other Cbl carriers.
First, IF binds Cbl with exceptionally high selectivity and
can distinguish it among different analogues (9, 12). Second,
only the saturated holo-IF interacts with the receptor (11,
13). The mechanisms behind the above features are still
unknown. The conventional scheme of interaction between
Cbl, IF, and the receptor implies a stoichiometry of 1:1.
Another model suggests oligomerization of gastric IF upon
Cbl binding (1, 14-16). However, the latter effect was
irreproducible (1, 15) which questioned its relevance.

In the present paper we describe the Cbl-induced oligo-
merization of recombinant IF from plants. The protein was
purified as both the full-length form of 50 kDa (IF50) and
two cleavage products of 30 kDa and 20 kDa (IF30 and IF20).
Binding of Cbl to IF50 caused dimerization of the protein.
Two IF fragments assembled together in a firm complex with
Cbl, which did not dimerize. We suggest a novel model for
the domain organization of IF and discuss its relevance for
Cbl uptake.

EXPERIMENTAL PROCEDURES

Materials

All salts and media components were purchased from
Merck, Roche Molecular Biochemicals, Sigma-Aldrich, and
Beckton & Dickinson. All forms of Cbl were from Sigma-
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Aldrich. Sephacryl S-200 and ConA-Sepharose were ob-
tained from Amersham Pharmacia Biotech.

Methods

Purification of Human IF.The preparation of human
gastric IF (17) was obtained as described earlier.

Purification of the Full-Length IF and Its Fragments from
Plants. The isolation procedure corresponded to the one
described earlier (11) with certain modifications. The full-
length protein and the fragments were purified from the plant
extract by affinity chromatography as the ligand-saturated
preparations. They were separated into two fractions (peak
I and II) by gel filtration on a 550 mL Sephacryl S-200
column equilibrated with 0.1 M Tris and 1 M NaCl, pH 7.5.
The apo forms were obtained after GdnHCl treatment (11)
followed by renaturing, when IF in 5 M GdnHCl solution
was diluted 10 times with 0.2 M Pi buffer, pH 7.5. The
protein was concentrated by ultr-filtration and subjected to
extensive dialysis against the same buffer.

The preparation of IF50 was additionally purified by gel
filtration on a 100 mL Sephacryl S-200 column equilibrated
with 0.2 M Pi buffer, pH 7.5.

The renatured fragments IF30 and IF20 were separated from
each other on ConA-Sepharose. The protein sample (4-5
mL, ≈2 mg/mL) in 0.2 M Pi buffer was applied to a 5 mL
column of ConA-Sepharose at room temperature. The
glycopeptide IF20 was effectively adsorbed on the matrix via
its carbohydrate moiety whereas IF30 was collected in the
break-through fraction. The column was washed with Pi

buffer, and the adsorbed fragment was eluted in 10% glucose
and 0.1 M Pi buffer, pH 7.5. The preparation of IF20 was
slightly contaminated with IF50 (≈10%) and, therefore,
additionally purified by gel filtration on a 100 mL Sephacryl
S-200 column.

Electrophoresis, Western Blot Analysis, and Peptide
Sequencing.SDS-PAGE and blotting were performed
according to the standard procedure. Reduction with dithio-
threitol was carried out prior to electrophoresis. The protein
from the blotted samples was sequenced on the equipment
from Applied Biosystems Procise.

Determination of SH Groups.Apo-IF (20-30 µM) in
either 0.2 M Pi buffer, pH 7.5, or 5 M GdnHCl was mixed
with 50µM 5,5′-dithiobis(2-nitrobenzoic acid) and incubated
for 30 min, whereupon absorbance at 412 nm was measured.
The value ofA412 in the control sample without IF was
subtracted from the experimental data. The extinction coef-
ficient of 13600 M-1 cm-1 was used for calculations.

Dissociation of the Protein-Ligand Complexes.The
velocity of Cbl liberation was investigated by the ligand
exchange method as described earlier (9). In short, the
holoprotein saturated with Cbl‚OH2 (12µM) was mixed with
Cbl‚CN (50 µM) and incubated at room temperature. At
certain time intervals, the samples were taken out and mixed
with charcoal. Absorbance in the supernatant was measured.
The degree of the ligand displacement was measured
spectroscopically from the ratioA361/A352 and plotted versus
incubation time.

Binding of IF to the Receptor.Binding of IF to cubilin
was performed by surface plasmon resonance analysis on a
BIAcore 2000 instrument as described elsewhere (18). In
short, human cubilin was immobilized on the surface of the

sensor chip and subjected to a flow of solution containing
10-100 nM IF. The increase of the surface plasmon
resonance signal due to IF-cubilin interaction was followed
in time. The flow of the IF-free buffer caused detachment
of IF from cubilin and decrease of the signal.

Determination of the Molecular Mass by Laser Light
Scattering.Molecular masses were determined by analysis
of the static light scattering (LS), which allowed calculation
of the absolute value ofMLS (19). The preparation of IF (100
µL, 100-300 µg of protein) was applied to a Superose-12
HR 30 column and run on HPLC system LC-10Advp
(Shimadzu Corp.) at a flow of 0.5 mL/min in 0.1 M Tris
and 0.2 M NaCl, pH 7.5. Light scattering (LS), refractive
index (RI), and absorbance were measured in the elution
profile in slices of 0.002 mL. The values from 10 slices were
averaged and presented in the figures. The following modules
were used as in-line detectors: light scattering module
MiniDAWN (Wyatt Technology Corp.), differential refrac-
tometric detector RID-10A (Shimadzu Corp.), and UV-vis
absorbance detector SPD-10Av (Shimadzu Corp.). When the
apo forms of IF were resaturated with Cbl, the time of
incubation prior to HPLC was 1-2 h. The response from
RI and absorbance detectors (millivolts) corresponded to
milligram per milliliter concentration and optical density at
1 cm light path, respectively. Absorbance was measured at
one of the following wavelengths: 280 nm for protein
detection; 355 nm for IF+ Cbl‚OH2; 361 nm for IF+ Cbl‚
CN; 570 nm for IF+ Cbl‚OH2 if 50 µM Cbl‚OH2 was
present in the elution buffer.

Calculation ofMLS was performed by a “two-detector”
method (20, 21) as well as using ASTRA software (Wyatt
Technology Corp.). Both methods are based on the propor-
tionality of LS to the product of the weight-average molar
mass (Mw) and the concentration of the macromolecule
(milligram per milliliter) (19).

The two-detector method is a good approximation for
proteins withMw < 500 kDa separated by gel permeation
chromatography. It requires calibration of the detectors using
a protein with the known molecular mass as well as
assignment of the dn/dc coefficient (20, 21). In this caseMLS

can be calculated from the equation:

where LS and RI are measurements of the corresponding
detectors andKRI/LS is the calibration constant. The value of
KRI/LS ) 32 was obtained using bovine serum albumin (BSA)
as a calibrator (Mw ) 66.2 kDa, dn/dc ) 0.187). The value
of dn/dc for a glycoprotein can be calculated according to
the formula: dn/dc ) [protein fraction]× 0.187+ [carbo-
hydrate fraction]× 0.15. The followingdn/dc coefficients
were assigned to IF30, IF50, and IF20: 0.187, 0.181, and 0.172,
assuming 0%, 15%, and 40% content of carbohydrates,
respectively. The obtained values ofMLS are presented as
the mean( SD.

The multiangle analysis was performed by ASTRA
software. Thedn/dc coefficients mentioned above were used
during calculations.

Dissociation of the dimers (IF‚Cbl)2 to monomers IF‚Cbl
(d T m + m) was studied on the diluted protein samples
(2-50 µM) subjected to HPLC. The apparent molecular

MLS ) LS
RI

KRI/LS

dn/dc
(1)
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massesMLS
app were determined in the eluent and plotted

versus total concentration of the subunitsE0 ) m + 2d in
the peak fractions. The values ofE0 (micromolar) were
calculated according toA280 or RI measurements (E0 ) A280/
0.063;E0 ) RI/0.04). The curveMLS

app vs E0 was fitted to
the equation:

whereMLS
m is the molecular mass of a monomer based on

the light scattering data,Kd is the equilibrium dissociation
constant for the reactiond T m + m, and E0 is the total
concentration of IF‚Cbl subunits in the monomers and the
dimers. The optimal values ofMLS

m and Kd ((SE) were
found by nonlinear regression analysis using the program
KyPlot 4 (Kyence Inc.).

RESULTS

Purification of the Full-Length Protein IF50 and Fragments
IF30 and IF20. The recombinant human IF was isolated from
the plant extract by affinity chromatography and subsequent
gel filtration (11). The elution profile (Figure 1A) revealed
the presence of two peaks (I and II) containing a Cbl-
saturated protein as judged from the absorbance ratioA280/
A355 ≈ 2. According to SDS electrophoresis, the main
component of peak I was the full-length IF50 (Figure 1A,
upper inset, lane I) with the N-terminal sequence STQTQSS-
(C)S.... The material from peak II revealed two major
peptides with approximate molecular masses of 30 and 20
kDa (lane II). The band of IF30 represented the N-terminal
fragment STQTQSS(C)S... and contained no carbohydrates
(11). The band IF20 comprised actually two C-terminal
fragments, which originated from the adjacent cleavage sites
GPGPTSASXI... (≈30-50%) and SASXITVIYT... (≈50-
70%). As followed from the sequence, the protein moiety
of IF20 accounted only for 13 kDa, implying the presence of
7 kDa oligosaccharides (11). At least one N-glycosylation
site could be assigned to the Asn residue marked as X. This
residue was not detected during sequencing because of some

posttranslational modification. Figure 1B schematically
indicates the cleavage position and the glycosylation site in
the primary structure of IF.

Notations “peak I” and “peak II” throughout the text are
applied to the Cbl-saturated proteins in the corresponding
gel filtration fractions. The samples under these names were
not subjected to any additional treatment. The cleaved IF
from peak II accounted for 30-60% of the expressed protein
depending on the plant material. However, no following
degradation was detected in the crude extract, at least for
24 h at room temperature.

Ligand Exchange and Receptor Affinity of Holo-IF Vari-
ants.The separated holoproteins from peaks I and II (Figure
1A) were tested with respect to velocity of Cbl exchange
(Figure 2A) and interaction with the specific receptor cubilin
(Figure 2B). The presented curves revealed similar charac-
teristics for both IF variants. Their properties were compa-
rable to IF from other sources (9, 11).

Determination of MLS for Holo Forms.The recombinant
samples from peaks I and II [as well as a preparation of
gastric holo-IF (17)] were subjected to size exclusion HPLC
followed by measurements of laser light scattering (LS),
refractive index (RI), and absorbance (Figure 3). The
molecular massesMLS were calculated from LS-RI data as
described in the Methods section.

The full-length protein from peak I (Figure 3A) revealed
characteristics similar to gastric IF (Figure 3C),Ve ≈ 12.6
mL andMLS ≈ 90-95 kDa. The major component of peak
I seemed to represent the dimer (IF50‚Cbl)2 when relating
MLS ) 95 kDa of the native sample toMw ) 50 kDa of the
elementary unit on SDS electrophoresis. On the contrary,
the preparation from peak II revealed the presence of a
smaller protein withMLS ) 53 kDa (Figure 3B). We assumed
it to be a composite complex of two peptides with the ligand
IF30+20‚Cbl, which lost the ability to dimerize. The low-
weight complex IF30+20‚Cbl contaminated the dimers from
peak I, which accounted for the asymmetric shape of the
elution profile in Figure 3A (see also SDS-PAGE, lane I,
in Figure 1A).

The profile of a standard protein (BSA) withMw ) 66.2
kDa is given in Figure 3D for comparison and in order to

FIGURE 1: Subforms of recombinant human IF from plants. Panel A: Gel filtration profile of an IF preparation. The profile from a Sephacryl
S-200 column was recorded at 280 nm (protein moiety) and 355 nm (Cbl moiety). The star indicates the elution volume of a 66.2 kDa
standard BSA. Upper inset: SDS-PAGE of the material from peaks I and II. Lower inset: SDS-PAGE of the purified forms IF50, IF30,
and IF20 devoid of Cbl. Panel B: Scheme of the IF’s primary structure. The full-length IF50 is split into the fragments IF30 and IF20. Two
adjacent cleavage sites are indicated by the arrows. The plausible pattern of the disulfide bridges in IF30 is suggested on the basis of our
previous work (6). The small fragment IF20 is composed of the 13 kDa peptide (rectangle) plus 5-7 kDa of carbohydrates (cross) (11).
Failure to detect the Asn residue (X) during sequencing was ascribed to its glycosylation.

MLS
app) MLS

m + MLS
m Kd + 4E0 - xKd

2 + 8KdE0

4E0
(2)
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corroborate the accuracy of measurements (MLS ) 66 ( 1
kDa).

Preparation of the Apo Forms.The apoproteins were
prepared by treatment of the proteins from peaks I and II
with GdnHCl and subsequent renaturing (see the Methods
section). The recovered Cbl binding capacity in IF50 and IF30

+ IF20 preparations was approximately 80%. Additional
purification increased this value to 95-98%. The preliminary
analysis concerning Cbl binding, receptor recognition, and
absorbance spectroscopy pointed to normal renaturing of all
IF variants. None of the mentioned IF’s contained free SH
groups. The SDS-PAGE of the pure apo forms are shown
in Figure 1A, lower inset. In the text below we continue to

use the abbreviations IF50, IF30, and IF20, which refer to the
renatured apoproteins in contrast to the original holoproteins
from peaks I and II.

Determination of MLS for Apo-IF50 ( Cbl. When the apo
form IF50 was subjected to HPLC, both the elution volume
and the LS measurements unequivocally showed the presence
of a monomeric protein withMLS ) 48 kDa (Figure 4A).
No traces of the dimers were found. Partial saturation with
Cbl (one-half of the binding capacity) caused visible changes
in the elution profile (Figure 4B). It could now be separated
in two overlapping components withMw ≈ 80 kDa andMw

≈ 50 kDa. As seen from the absorbance measurements, Cbl
was associated only with the first peak.

FIGURE 2: Functional properties of full-length and cleaved IF’s. Panel A: Dissociation of IF‚Cbl complexes. The process was followed by
exchange of the endogenous ligand Cbl‚OH2 (12 µM) for the exogenous one Cbl‚CN (50µM). The curves were obtained for the full-length
protein (I) and the cleaved form (II). The apparent rate constantsk-app of Cbl‚OH2 dissociation were estimated from the initial slopeV0 )
k-app[IF‚Cbl]0 as 4× 10-5 s-1 (I) and 1× 10-4 s-1 (II). Panel B: Binding of holo-IF to the specific receptor cubilin. The binding process
was followed on BIAcore equipment. The receptor was immobilized on the surface of a sensor chip and subjected to a flow of the indicated
forms of IF. The relative response was measured in time. The arrow indicates the time when the protein flow was changed for the buffer
and the dissociation of IF from cubilin was initiated. Interaction of holo-IF with cubilin was characterized byk+) (3-6) × 105 M-1s-1 and
k_ ) (1-2) × 10-3 s-1; Kcub ) 3-6 nM in all cases.

FIGURE 3: Light scattering measurements of holo-IF’s and a standard. The proteins were applied to size exclusion HPLC. Measurements
of light scattering (LS), refractive index (RI), and absorbance were performed in the eluent and used forMLS calculations by either a
two-detector method (black diamonds in the figure) or ASTRA software (subscript to the figure); see the Methods section for details. Panel
A: Recombinant IF from plants (peak I), ASTRAMLS ) 95 ( 1 kDa. Panel B: Recombinant IF from plants (peak II), ASTRAMLS ) 53
( 1 kDa. Panel C: Gastric IF, ASTRAMLS ) 92 ( 1 kDa. Panel D: Standard protein, BSA, ASTRAMLS ) 66 ( 1 kDa.
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When IF50 was exposed to an excess of the ligand (Cbl‚
OH2), the prevailing amount of the protein was eluted in
the lower volume, andMLS increased to 84 kDa (Figure 4C).
The profiles recorded for other Cbl forms (Cbl‚CN and
adenosyl-Cbl, not shown) did not differ from Cbl‚OH2.

Determination of MLS for the Fragments( Cbl. Two
mixed fragments (IF30 + IF20, 1:1) eluted separately as 28
and 20 kDa proteins (Figure 5A). No tendency to association
was detected. The same was the case for the individual
samples IF30 and IF20, where the presence of Cbl (Figure
5B,C) or its absence (not shown) did not influence the
measuredMLS of 27 and 18 kDa, respectively. The affinity
of IF30 to Cbl was very weak, and only the presence of 50
µM Cbl in the elution buffer prevented complete dissociation
of the ligand from the peptide (Figure 5B). Approximately
20-30% of IF30 did bind the ligand under the mentioned
conditions, but no peptide association was found.

The glycopeptide IF20 revealed much higher affinity to
the ligand. This fragment remained essentially saturated with
Cbl‚OH2 (Cbl‚CN) even without any additives to the elution

buffer (Figure 5C). The only molecular form on the HPLC
profile was an 18 kDa protein.

The mixture of two peptides, IF20 + IF30, with Cbl (1:1:
2) showed a shift inVe and an increase ofMLS to 50 kDa,
which corresponded to the assembled complex IF30+20‚Cbl
(Figure 5D).

Stability of the IF Oligomers.We analyzed the stability
of the produced protein associates in terms of theirMLS

app.
A number of the diluted samples were used in this experi-
ment. The lowest concentration prior to HPLC was≈2 µM,
which gave the level of≈0.3µM in the eluted peak (Figure
6A,B). The averaged records of LS and RI were sufficiently
accurate to performMLS calculations. A noticeable change
was found for the diluted full-length protein (Figure 6A)
when compared with its concentrated sample (Figure 4C).
Thus, the diluted sample contained a protein of lower Stokes
radius and molecular mass according to the determined
values ofVe andMLS

app. On the contrary, the peptide complex
IF30+20‚Cbl revealed no visible change in its molecular mass
(compare Figure 5D with Figure 6B). The presence or
absence of 10 mM Ca2+ in the elution buffer did not
influenceMLS

app of any sample and neither did the time of
incubation from 2 min to 24 h (not shown).

Several HPLC profiles, analogous to those in Figure 6A,B,
were recorded. They were used to produce dependencies of
the apparent molecular masses versus total concentration of
the subunits (IFsub) in the peak fractions (Figure 6C). The
Cbl-saturated dimeric forms (both freshly purified and
GdnHCl-treated) revealed a clear tendency to dissociate to
monomers withKd ≈ 1 µM at the decreasing protein
concentrations (Figure 6C, upper curves). However, dis-
sociation to monomers did not influence the degree of IF
saturation with Cbl. At IFsub f 0, the molecular masses of
the monomers wereMLS

m ) 53 kDa (peak I) and 47 kDa
(IF50 + Cbl). The slight discrepancy could be ascribed to
loss of a native or artificial peptide, which was originally
bound to holo-IF (I) but dissociated during GdnHCl treat-
ment.

In contrast to the unstable dimers, the cleaved construction
IF30+20‚Cbl did not essentially change itsMLS

appupon dilution
or concentration (Figure 6C, lower line). There was a
potential drift from 46 kDa (IFsub ) 0) to 50 kDa (IFsub )
12 µM) which could be ascribed, with certain reservations,
to weak dimerization (Kd ≈ 300 µM).

DISCUSSION

In the present work we investigated the influence of Cbl
on the oligomeric state of IF. Oligomerization of gastric IF
upon Cbl binding was occasionally observed before (1, 14,
16). At the same time, this phenomenon was difficult to
reproduce (15). Confirmation or rejection of the mentioned
effect would be important to interpret the interaction between
Cbl, IF, and the specific receptor cubilin. Therefore, we have
conducted a systematic analysis of IF oligomers using static
light scattering (LS) coupled to size exclusion chromato-
graphy. Determination of the molecular mass by LS is
independent of the Stokes radius, protein conformation, or
branching (19-21) in contrast to gel filtration and sedimen-
tation methods.

The work was performed primarily on the recombinant
protein from plants. The main protein species of plant IF

FIGURE 4: Light scattering measurements of recombinant apo-IF50
from plants( Cbl. All notation as in Figure 3. Panel A: IF50 devoid
of Cbl, ASTRA MLS ) 46 ( 1 kDa. Panel B: IF50 half-saturated
with Cbl, ASTRAMLS1 ) 76 ( 1 kDa,MLS2 ) 52 ( 1 kDa. Panel
C: IF50 saturated with an excess of Cbl, ASTRAMLS ) 85 ( 1
kDa.
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observed on SDS-PAGE were the 50 kDa full-length form
IF50 and the fragments IF30 and IF20 (Figure 1A). The latter
two corresponded to the N-terminal peptide of≈30 kDa and
the C-terminal glycopeptide of≈20 kDa, respectively (Figure
1B). Cleavage of IF at the indicated site (Figure 1B) seems
to be a ubiquitous phenomenon, because varying amounts
of kindred fragments were also observed for gastric IF (16)
and recombinant IF from yeast (8, 9).

Gel filtration analysis showed that the plant protein
contained two subforms, which were separated during gel
filtration into peaks I and II (Figure 1A). LS measurements
established different molecular masses of these samples: (I)
MLS ) 95 kDa and (II)MLS ) 53 kDa; see Figure 3A,B.
Comparison ofMLS to the SDS-PAGE bands of (I) 50 kDa
and (II) 30+ 20 kDa indicated the presence of the dimers
and the nicked monomers in the above fractions. The sample
of gastric holo-IF (≈55 kDa on SDS-PAGE) demonstrated
the presence of the dimers (Figure 3C); i.e., the behavior of
the recombinant protein from plants matched the natural
protein in that respect. Other physiological properties of the
dimer and the nicked monomer were surprisingly similar, at
least concerning the velocities of Cbl exchange (Figure 2A)
and the receptor binding (Figure 2B). None of the mentioned
features differed from the plant protein from IF’s of other
sources (9, 11, 13).

Analysis of the holo forms I and II from the gel filtration
profile revealed the presence of IF oligomers, yet the effect
could be artificial and caused by the purification method.
Therefore, all IF forms were devoid of Cbl, renatured, and
isolated as the individual samples IF50, IF30, and IF20 (Figure
1A, lower inset). When the full-length IF50 was mixed with
increasing amounts of Cbl (1:0, 1:0.5, 1:2), a clear transition
from a 48 kDa monomer to a 84 kDa “dimer” was found
(Figure 4). Only Cbl-saturated protein dimerized, as was
particularly noticeable in a half-saturated sample (Figure 4B).

The molecular mass of the obtained dimer was, however,
reproducibly lower than could have been expected. The
asymmetric shape of the elution peak (Figure 4C) pointed
to an existing dimer-monomer equilibrium, which shifted
rapidly upon dilution during gel filtration.

Analysis of the apparent molecular masses in a broad range
of the protein concentration demonstrated that the dimers
(IF50‚Cbl)2, indeed, had a tendency to dissociate to the
monomers IF50‚Cbl at decreasing protein concentrations
(Figure 6C). The calculated dissociation constantKd ≈ 1
µM for the dimer-monomer equilibrium (Figure 6C)
indicates that the dimers can be observed only at a relatively
high concentration of the protein,>5 µM. In other words,
dimerization does not seem to be important under physi-
ological concentrations of IF≈50 nM (14-16), unless there
is a stabilizing agent to fasten the dimer. The presence of
such an agent can be hypothesized from the 2:1 ratio reported
for the IF50‚Cbl + receptor interaction (23). Our negative
result with Ca2+ eliminates this ion from the list of potential
fasteners. Despite uncertainty about the physiological role
of the dimers, oligomerization to (IF50‚Cbl)2 appeared to be
essential for separation of the full-length protein from the
fragments.

Isolation of two IF fragments, IF30 and IF20, in the
individual form opened a convenient way to explore the
structure of the protein and establish the functional role of
different domains. The frequent occurrence of these frag-
ments, when working with natural and recombinant IF’s from
different sources, points to a two-domain organization of this
Cbl binder. The N-terminal “head” domain IF30 accounts for
28-30 kDa of the protein sequence and contains all S-S
bridges, as well as most of the conservative residues (6, 22).
The C-terminal “tail” domain includes only a minor part of
the protein sequence,≈13 kDa, while the rest of its mass
originates from the oligosaccharides. These two domains

FIGURE 5: Light scattering measurements of the IF fragments( Cbl. All notation as in Figure 3. Panel A: IF30 + IF20, ASTRA MLS1 )
26 ( 1 kDa,MLS2 ) 22 ( 3 kDa. Panel B: IF30 in the presence of 50µM Cbl in the elution buffer, ASTRAMLS ) 27 ( 1 kDa. Panel
C: IF20 + Cbl, ASTRA MLS ) 18 ( 1 kDa. Panel D: IF30 + IF20 + Cbl, ASTRA MLS ) 50 ( 1 kDa.
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seem to be relatively independent from each other and resist
proteolysis. On the contrary, the connecting interdomain part
of ≈2 kDa is quite susceptible to cleavage.

Each isolated fragment (IF30 or IF20) did not oligomerize,
when taken either alone (not shown) or in the presence of
Cbl (Figure 5B,C). Curiously enough, the affinity of the small
tail fragment IF20 to Cbl was significantly higher than that
of the bigger peptide IF30. Thus, IF20 retained Cbl during
HPLC, whereas the IF30‚Cbl complex easily liberated the
ligand in the absence of Cbl in the elution buffer.

When the fragments were mixed together at a ratio of 1:1
(IF30 + IF20), they did not form any aggregates without Cbl
(Figure 5A). However, they produced a firm associate of 50
kDa as soon as Cbl was added (Figure 5D). Despite the
proper molecular weight, the cleaved construction IF30+20‚
Cbl was not completely identical to the full-length IF50‚Cbl
because the ability to form dimers was completely lost. At

the same time, the cleaved monomers IF30+20‚Cbl were quite
stable. Neither dilution nor concentration caused any sig-
nificant change in the measured molecular mass ofMLS

m )
46 ( 1 kDa.

Self-assembly of two disjointed IF fragments into a stable
structure, IF30+20‚Cbl, upon Cbl binding supports our hypo-
thesis about a two-domain organization of IF. These domains
are expected to be sufficiently distant and operate almost
independently from each other. They can even be discon-
nected but still retain the ability to bind the ligand. As for
the lack of dimerization observed for the cleaved monomer
IF30+20‚Cbl, this effect can be interpreted in different ways.
The most straightforward explanation implies cleavage inside
the dimerization site, where, in addition, a small peptide can
be eliminated from the sequence. That makes the stretch of
the sequence SPDHE... ...PTSAS (connecting the domains
IF30 and IF20) the most legitimate candidate for the dimer-
ization site.

The simplest uncontroversial scheme of interaction be-
tween Cbl and IF domains is depicted in Figure 7. The upper
sketch (A) shows the reaction for the full-length protein IF50.
Binding of Cbl brings together the distant domains, where-
upon two monomers associate into a dimer. An antiparallel
association might be conjectured, since the alternative parallel
scheme presumes contacts between two homologous domains
IF30-IF30 and IF20-IF20. The experimental data (Figure
5B,C) do not support the latter hypothesis.

The lower sketch (B) in Figure 7 depicts the interaction
between two separated units, IF30 and IF20. The presence of
Cbl “glues” them into an almost native construction.
However, the following association to dimers is essentially
impaired because the responsible region of the sequence is
damaged or even lost.

A two-domain organization of IF may be advantageous
for Cbl recognition. Thus, examination of the ligand by two
practically independent units ensures a “double proof” during
the ligand binding. Furthermore, connection of two distant
domains by Cbl may build a distinctive signal to the receptor.
In that way the receptor can discriminate the Cbl-saturated
binder from the apoprotein. These issues are investigated in
our next publication.
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FIGURE 6: Light scattering measurements of the diluted samples.
All notation as in Figure 3. Panel A: IF50 + Cbl, ASTRA
processing of the unaveraged raw data was unreliable. Panel B:
IF30 + IF20 + Cbl, ASTRA processing of the unaveraged raw data
was unreliable. Panel C: Dependence of the apparent molecular
mass on the total concentration of IF. The data were fitted by eq 2
with the following parameters: (1) peak I,MLS

m ) 53 ( 1 kDa,
Kd ) 1.3( 0.4µM; (2) IF50‚Cbl, MLS

m ) 47 ( 1 kDa,Kd ) 0.9(
0.1 µM; (3) IF30+20‚Cbl, MLS

m ) 46 ( 1 kDa, Kd ) 300 ( 200
µM.

FIGURE 7: Scheme of Cbl-induced oligomerization of IF species.
(A) Dimerization of the full-length protein IF50 after attachment of
Cbl. (B) Association of the fragments IF30 and IF20 into a cleaved
monomer where no following dimerization is possible. See the main
text for details.

Assembly of the Intrinsic Factor Domains Biochemistry, Vol. 43, No. 47, 200415101



REFERENCES

1. Gräsbeck, R. (1984) Biochemistry and clinical chemistry of vitamin
B12 transport and the related diseases,Clin. Biochem. 17, 99-
107.

2. Nexø, E. (1998) Cobalamin binding proteins, inVitamin B12 and
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