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Abstract

Serum albumin binds to a variety of endogenous ligands and drugs. Human serum albumin (HSA) binds to heme via hydro-
phobic interactions and axial coordination of the iron center by protein residue Tyr161. Human serum albumin binds to
another tetrapyrrole, cobalamin (Cbl), but the structural and functional properties of this complex are poorly understood.
Herein, we investigate the reaction between aquacobalamin (H,OCbl) and bovine serum albumin (BSA, the bovine coun-
terpart of HSA) using Ultraviolet—Visible and fluorescent spectroscopy, and electron paramagnetic resonance. The reaction
between H,OCbl and BSA led to the formation of a BSA-CbI(III) complex consistent with N-axial ligation (amino). Prior
to the formation of this complex, the reactants participate in an additional binding event that has been examined by fluores-
cence spectroscopy. Binding of BSA to Cbl(III) reduced complex formation between the bound cobalamin and free cyanide
to form cyanocobalamin (CNCbl), suggesting that the f-axial position of the cobalamin may be occupied by an amino acid
residue from the protein. Reaction of BSA containing reduced disulfide bonds with H,OCbl produces cob(Il)alamin and
disulfide with intermediate formation of thiolate Cbl(III)-BSA complex and its decomposition. Finally, in vitro studies showed
that cobalamin binds to BSA only in the presence of an excess of protein, which is in contrast to heme binding to BSA that
involves a 1:1 stoichiometry. In vitro formation of BSA-CbI(III) complex does not preclude subsequent heme binding, which
occurs without displacement of H,OCbl bound to BSA. These data suggest that the two tetrapyrroles interact with BSA in
different binding pockets.
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Fig. 1 Structure of aquacobalamin

substituted by various endo- and exogenous ligands [2, 3].
An interaction of non-toxic H,OCbl with cyanide leading to
the formation of cyanocobalamin (CNCbl) underlies its use
as an antidote to this toxin [4, 5].

The interaction of Cbls with proteins represents an impor-
tant part of their biological functions [6, 7]. Cbls are com-
mon cofactors of various enzyme systems. In mammals,
Cbl-dependent proteins methionine synthase and methylmal-
onyl-CoA mutase catalyze the synthesis of methionine from
homocysteine and the isomerization of methylmalonyl-CoA
to succinyl-CoA, respectively [8]. The transport of Cbls and
their intracellular processing involves a sequence of specific
proteins: the transport of Cbls from the oral cavity to the
duodenum is carried out by haptocorrin [6, 9], after that
intrinsic factor transfers Cbls to enterocytes [6, 9] and then
transcobalamin escorts them to the cells [6, 9-11]. Inside
the cells, Cbls can be subjected to f-axial deligation by the
CblC-protein [12-15].

Serum albumins are the most abundant proteins in the
circulatory system [16]. Human serum albumin in circula-
tion is found in concentrations between 527 and 783 micro-
molar [17]. They act as transporters of numerous endo- and
exogenous compounds. Serum albumins are capable of
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binding and transferring fatty acids [18, 19], bilirubin [20,
21], porphyrins [22-24], steroids [25, 26] and other com-
pounds. They are also capable of binding metal ions and
drugs at specific sites [27, 28]. Binding of drugs with plasma
proteins is an important pharmacological characteristic: the
tight binding reduces the active concentration of the drug in
the blood plasma and leads to its slow release.

Due to its readily commercial availability and high struc-
ture conservation with serum albumins from other species,
bovine serum albumin (BSA) is frequently used as a gen-
eral model of serum albumins in various in vitro studies.
Bovine serum albumin presents 75% amino acid residue
identity compared to human serum albumin. The structure
of BSA contains 583 amino acid residues, in particular, it
includes 35 cysteines (i.e., 34 cysteines are oxidized and
form intramolecular disulfide bridges and one cysteine is in
thiol form), 4 methionines, 2 tryptophans, 17 histidines, 58
lysines, 23 arginines, 20 tyrosines and others [29].

The interaction of CNCbl with serum albumins has been
studied in several works [30-32]. It was shown that CNCbl
is capable of quenching fluorescence of human (HSA) and
bovine serum albumins. In the case of HSA, the quenching
occurs via the dynamic mechanism [30], whereas CNCbl
quenches BSA fluorescence via the static or combined mech-
anism [31]. It is noted that BSA structure is significantly
altered during the formation of complex with CNCbl [32].
H,OCbl is also capable of interacting with serum albumin,
i.e., to form a nitrogenous complex [33-36]. The Co(IlI)-
BSA coordination was reported to be tight and proposed to
occur via histidine residues [34, 35]. These studies provided
information on the interaction of BSA with H,OCbl under
equilibrium conditions [34, 35], and one of them [34] uti-
lized concentrations of H,OCbl exceeding those of BSA,
which lacks biological relevance. Under such conditions,
one study identified a binding stoichiometry of 1.4 mol
of H,OCbl per mole of BSA, and this ratio was shown to
increase up to 5-16 mol of H,OCbl per mole of BSA with
temperature, time and the addition of urea [34]. The other
investigation determined this stoichiometry to be 0.5 mol
H,OCbl per mol of BSA [35]. The complexation of H,OCbl
with BSA was also shown using *'P NMR spectroscopy
[36] (binding ligands on Co(III) affects chemical shifts of
31P). While advances have been made, our knowledge of
the kinetic and structural features involved in the binding of
albumin to vitamin B, is very limited, which hampers our
understanding of the potential biological relevance of this
interaction. For example, binding of H,OCbl to BSA via
other nitrogenous groups (e.g., of amino groups), the kinetics
of BSA-CbI(III) complex formation, and whether H,OCbl
binding disrupts the known association of the tetrapyrrole
heme with BSA have not been examined. Herein, we dem-
onstrate that: (i) bovine serum albumin binds to H,OCbl
to form a stable complex that features N-coordination with
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contribution of a lysine amino group, (ii) binding of BSA
to H,OCbl occurs with forward and reverse reaction rates
of (128 + 4) M~! min~! and (0.015 +0.002) min~", respec-
tively, which yield a binding constant of 8500 M~!, (iii)
binding of BSA to H,OCbl limits the ability of the cobala-
min to coordinate cyanide to form cyanocobalamin, suggest-
ing that the f-axial position of cobalamin is occupied by an
amino acid residue from the protein, (iv) pre-reduction of
disulfide bonds in BSA and subsequent reaction with aqua-
cobalamin leads to reduction of the micronutrient to cob(II)
alamin, and (v) binding of aquacobalamin to BSA requires
a molar excess of protein and does not impair the protein’s
ability to bind heme, suggesting the existence of distinct
binding modes for each tetrapyrrole.

Experimental section
Reagents

Hydroxocobalamin hydrochloride (Sigma; HOCbl; >96%),
bovine serum albumin (Sigma or Acros Organics; heat
shock fraction, pH 5.2; >96%) and glutathione (Sigma;
GSH; >98%) were used without additional purifica-
tion. Oxygen-free argon was used to deoxygenate reagent
solutions.

Buffer solutions (acetate, phosphate and borate) were
used to maintain pH during the measurements. lonic strength
was adjusted to 0.2 M using NaNOj in all measurements.

The pH values of solutions were determined using Mul-
titest IPL-103 pH-meter (SEMICO) equipped with ESK-
10601/7 electrode (Izmeritelnaya tekhnika) filled by 3.0 M
KCI solution. The electrode was preliminarily calibrated
using standard buffer solutions (pH 1.65-12.45).

Concentrations of Cbl stock solutions were determined
using UV-Vis spectroscopy via a conversion of Cbl to its
dicyano-form (extinction coefficient is 30400 M~! cm™! at
368 nm [37]).

Reduction of disulfide bonds in BSA

Reduction of disulfide bonds in BSA was performed using
0.2 M sodium borohydride added to a 0.002 M BSA solu-
tion, for 12 h. This method is advantageous for this study
over other ways of disulfide bond reduction in BSA (e.g.,
using dithiothreitol or tris(2-carboxyethyl)phosphine), since
there is no borohydride or other redox active products of its
decomposition in the system by the end of the reduction. The
content of thiol groups in BSA was determined using Ell-
man’s reagent at pH 8, 25 °C [38]. Under our experimental
conditions, this reduction protocol leads to the formation

of 6 thiol groups per molecule of albumin (three disulfide
bonds were reduced).

Preparation of BSA, heme and cobalamin stock
solutions for end-point binding experiments

A stock solution of 1 mM BSA (Sigma, product Nr. 7906)
was prepared by dissolving lyophilized BSA in buffer EPPS
(40 mM, pH 7.4) supplemented with 150 mM NaCl and
10% glycerol. Solutions of BSA were prepared freshly and
kept on ice during the course of the experiments. Aquaco-
balamin stock solutions were prepared and the concentration
was measured as described above. Hemin solutions were
prepared by dissolving solid hemin in 0.1 N NaOH and 5%
DMSO. Addition of DMSO prevents the formation of por-
phyrin dimers [39]. The concentration of heme was deter-
mined spectrophotometrically using an absorption extinction
coefficient of 58.4 mM~" cm™! at 385 nm [40].

Buffer exchange of BSA solutions

For buffer-exchange reactions, spin-filters with a molecu-
lar weight cut-off of 30 kDa were handled as suggested by
the manufacturer (Amicon). Briefly, spin-filters were first
hydrated with 0.5 mL mQ H,O by one cycle of centrifuga-
tion at 13,000 rpm, 10 min, at 4 °C. The spin-filters were
then equilibrated with 0.5 mL buffer (EPPS (40 mM, pH
7.4) supplemented with 150 mM NaCl and 10% glycerol), by
performing one more cycle of centrifugation at 13,000 rpm,
10 min, at 4 °C. The filtrates were discarded, and the appro-
priate protein solution (BSA, BSA-Cbl(III), BSA-heme,
BSA-heme +Cbl, as needed) were loaded onto the spin-
filters. Buffer-exchange was performed by successive cen-
trifugation cycles, disposal of the filtrate, and addition of
buffer to wash-off unwanted, unreacted diethylpyrocarbon-
ate (DEPC), Cbl or heme (see experiments outlined below).
Free Cbl and free heme eluted in the filtrate, whereas BSA,
BSA-heme and BSA-CbI(III) complexes were retained in the
filter and utilized for further analysis.

Ethoxylation of BSA with DEPC

The modification of His residues and to a much lesser extent
of Lys and Tyr residues in proteins has been investigated
extensively using DEPC [41]. An aliquot of 1 mM BSA
prepared as described above was incubated with 150 mM
DEPC, for 2 h on ice. Removal of unreacted DEPC was per-
formed by applying 5 cycles of buffer exchange using spin
filters with a molecular weight cut-off of 30 kDa (Amicon).
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End-point binding analysis of the interactions
of BSA with the tetrapyrroles heme
and aquacobalamin

Formation of complexes between BSA and the respective
tetrapyrroles was monitored by direct mixing of protein to
tetrapyrrole in a 1.1-1 molar ratio, with subsequent record-
ing of the UV-Visible spectrum between 250 and 700 nm
after 10 min. Complexes of BSA with each tetrapyrrole were
also formed by incubating the reactants (1 mM BSA with
1 mM heme or 1 mM aquacobalamin) for 1 h, at room tem-
perature (20 + 1 °C), followed by 5 cycles of buffer-exchange
to eliminate unbound tetrapyrrole. UV—Visible spectra of the
buffer-cleared complexes were recorded to examine maxi-
mum tetrapyrrole loading in each case.

UV-Visible spectroscopy

Ultraviolet—Visible (UV-Vis) spectra were recorded on a
cryothermostated (+0.1 °C) Cary 50 UV-Vis spectropho-
tometer in quartz cells.

Fluorescence spectroscopy

Fluorescence emission spectra were recorded on a Shimadzu
RF-6000 spectrofluorophotometer in non-fluorescent cells
under aerobic conditions at room temperature (19+ 1 °C).
The excitation wavelength was 280 nm, the excitation and
emission bandwidths were 1.5 and 20.0 nm, respectively.
The fluorescence intensities were corrected with respect to
the inner filter effect. Dynamic quenching was examined as
described by Stern—Volmer Eq. (1) [32].
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where F, and F are fluorescence intensities in the absence
and in the presence of a quencher. K is quenching rate
constant, M~ s™1. Ky is the Stern—Volmer fluorescence
quenching constant, M~!. 7, is the average fluorescence
lifetime of the BSA molecule without quencher, s; [Q] is
the quencher concentration, M. Considering formation of a
stable complex between BSA and H,OCbl, we determined
equilibrium constants for this interaction using Eq. (2) [32].
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where F; and F are fluorescence intensities in the absence
and in the presence of a quencher. K is the equilibrium con-
stant for the binding quencher by BSA, M™. n is the number
of binding sites. [Q] is the quencher concentration, M.
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EPR spectrometry

EPR spectra were measured at liquid nitrogen temperature
at 96.5 K, with a BRUKER-BIOSPIN EMX spectrometer
operating in the X-band (9.5 GHz). The EPR parameters
were: modulation frequency of 100 kHz, microwave power
of 1 mW, modulation amplitude of 3 G, time constant of
40.96 ms, sweep time of 180.22 s, sweep width of 4000G
with a central field of 2500 G, resolution of 4096 points and
one scan.

Experimental data were analyzed using Origin 7.5
software.
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Fig.2 UV-Vis spectra of the reaction between H,0OCbl (8 x 107> M) and BSA (9x 10™* M) at pH 7.2, 37 °C (a). UV-Vis spectra of H,0Cbl (1;
5% 107> M) and BSA-CbI(III) complex (2; 5x 107> M) at pH 7.2, 37 °C (b)
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Results and discussion

Aquacobalamin binds to BSA with distinct spectral
features, stoichiometry and pH dependence

The reaction between H,OCbl and BSA was accompanied
by a slight red-shift in the UV-Vis spectrum compared to
free H,OCbl, as shown in Fig. 2. Increases in absorbance
intensity are observed at 370 and 550 nm, with isosbestic
points appearing at 353, 389, 411 and 532 nm.

It should be noted that these UV—-Vis spectral changes
are not characteristic for binding thiols by CbI(III) [42] (i.e.,
UV-Vis spectrum of thiolato-Cbl(IIT) exhibits maxima at
373, 535 and 560 nm) and likely correspond to binding
of a weaker axial ligand such as nitrogen (amino) group.
Similar changes were observed during the complexation of
amino acids on CbI(IIl) via amino group [43]. We found
that Cbl(III) does not form complexes with amide groups
of asparagine and glutamine (Cbl(III) binds asparagine and
glutamine via amino groups [43]) and with guanidine that
mimics a side chain of arginine. To determine the type of
group taking part in the binding, we recorded UV—Vis spec-
tra of the reactions of H,OCbl with ethylenediamine and
imidazole. The reaction with amino group in ethylenedi-
amine mimics BSA binding via terminal amino group or
amino group of lysine side chain and the interaction with
imidazole — binding via histidine side chain. We found that
reactions of Cbl(III) with ethylenediamine and imidazole
(Fig. 3) at pH 7.2 are accompanied by UV—Vis spectral
changes similar to those collected in the course of reaction
with BSA (Fig. 2). The interaction with imidazole proceeds

Absorbance

E T E T L V e 1
300 400 500 600 700
Wavelength, nm

Fig.3 UV-Vis spectra of H,OCbl (5x 107 M; 1) and complexes of
CbI(IIT) (5% 10~ M) with ethylenediamine (3 x 1072 M; 2), imidazole
(3x1072 M; 3) and BSA (9x10™* M; 4) incubated at pH 7.2, 37 °C
for 1 h
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Fig.4 Typical kinetic curve of the reaction between H,OCbl
(8x 107> M) and BSA (9x 10™* M) at pH 7.2, 37 °C

within several seconds, but the reaction with ethylenedi-
amine—within several tens of minutes as the reaction with
BSA. Therefore, these results suggest that binding of BSA
with CbI(III) occurs via an amino group.

Next, we studied the kinetics of the reaction between
H,OCbl and an excess of BSA. A typical time-course
curve is provided in Fig. 4. The binding event can be best
described by an exponential equation that is first order with
respect to the concentration of H,OCbl.

Observed rate constants of the reaction (k, ;) with vary-
ing concentrations of BSA were also determined. The kg ;
exhibited a linear dependence with BSA concentration,
which indicates first order with respect to BSA and has a
positive Y-intercept. For the ligand exchange reactions with

k min”
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Fig.5 Plot of observed rate constants (k. ;) of the reaction between
H,0Cbl and BSA versus BSA concentration at pH 7.2, 37 °C
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Scheme 1 Complex formation between BSA and H,OCbl

H,OCbl, the intercept can be explained by a reverse reaction
(i.e., a dissociation of formed complex). At pH 7.2, 37 °C
values of rate constants of forward (k’;;) and reverse (k' ,,
Y-intercept in Fig. 5) reactions (Scheme 1) are (128 + 4)
M~ min~! and (0.015 +0.002) min~!, and value of equi-
librium constant determined as k’,/k’ , ratio is 8500 M ™!
(Fig. 5). This value differs from a previously reported value
of 1.8 x 10* M~" at pH 7.4, 37 °C using equilibrium dialysis
[34]. A major difference concerns the experimental condi-
tions. Our study was performed utilizing varying concentra-
tions of BSA, with [BSA] > [H,OCbl], and this condition
was selected for two reasons: (a) BSA is the ligand in our
reaction, providing a nitrogen atom for the axial coordina-
tion to H,OCbl, so we thought it reasonable to vary the
concentration of ligand, BSA, while keeping H,OCbl con-
stant; and (b) [BSA]>[H,OCbl] are conditions that more
closely resemble the biological context in which this binding
event could occur. In blood, the concentration of BSA is
0.5-0.8 mM [17], whereas the concentration of cobalamin
ranges from 200 to 800 pM, with maximum levels of c.a.
2500 pM reached only under treatment for severe vitamin
B,, deficiency [44]. The study of Taylor and Hanna [34]
consisted of equilibrium dialysis where [BSA] < [H,0Cbl].
These experimental conditions facilitate the occurrence of
non-specific binding of H,OCbl to BSA, which the authors

K., M min”
140
120
100
801
601
401 .

20+ .

0 n . . . .
4 5 6 7 8 9 10

Fig.6 Plot of rate constant of forward reaction (k’;;) between
H,0Cbl and BSA versus pH at 37 °C
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themselves acknowledged in their publication [34]. Thus,
the previously published binding constant of 1.8 x 10* M™!
likely represents a blend of specific and non-specific associa-
tions of H,OCbl to BSA.

Examination of the dependence of the direct reaction,
k’;1, on pH is shown in Fig. 6. Binding of BSA to H,OCbl
exhibits a bell-shaped profile that can be explained by the
influence of acid-base properties of both reactants on the
kinetics.

One of the pK, values determining the profile of pH-
dependence is pK, of H,OCbl (7.8 at 25 °C [42]). Figure 6.
indicates that the second pK, related to BSA is expected to
be more than 7.8. Since mean pK, value of histidine moieties
for various proteins is 6.6 at 25 °C [45], it can be assumed
that this equilibrium involves lysine, a more basic acid, and
corresponds to deprotonation of its side chain amino group
(mean pK, value of side chain amino group of lysine is 10.5
whereas the value for terminal amino group is 8.0 at 25 °C
[45D).

Dependence of rate constants of reverse reaction (k’,)
on pH is shown in Fig. 7. The dependence has profile of
S-shaped curve. Fitting this plot with use of a sigmoid curve
equation produces pK,=8.8 + 0.1 that is close to pK, of a
lysine amino group.

The UV-Visible spectral and kinetic analysis of the bind-
ing of BSA with H,OCbl suggests the mechanisms shown
in Scheme 2. Two acid-base equilibria are characteristic for
initial reactants: protonation of hydroxocobalamin and pro-
tonation of a NH,—group of protein. Hydroxocobalamin is
inactive in ligand exchange reactions and only H,OCbl is
capable of participating in these reactions. Probably, both
forms of amino group interact with H,OCbl, however, -NH,
form is a stronger nucleophile and reacts with H,OCbl at a

. o
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0.015 L]

0.012 1

0.009

0.006

0.003

0.000 ~

T T T T T
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Fig.7 Plot of rate constant of reverse reaction (k’,,) between H,OCbl
and BSA versus pH at 37 °C
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Scheme 2 Mechanism of reaction between H,OCbl and bovine
serum albumin

higher rate. A protonated amino group is weakly bound to
Co(III) and it dissociates more rapidly than -NH, form. It
should be noted that this binding mode differs from sug-
gested earlier one involving histidine [34, 35]. Proof of His
involvement was provided by competition studies using
Cd?**, which bind to His residues of BSA [35]. Cd** has a
binding affinity for His residues of BSA of 6.3 x 10> M~!
[46]. Interestingly, the authors noted that Cd** was effective
in preventing formation of a 1:1 BSA-CbI(III) complex, but
ineffective at displacing 0.4 equivalents of H,OCbl bound to
BSA from the initial 1:1 molar mixture of H,OCbl and BSA
[35]. This suggests that there are at least two distinct bind-
ing modes in the association of H,OCbl to BSA, only one of
which is disrupted by Cd**. Another possibility is the occur-
rence of intramolecular ligand exchange reactions, where
neighbor Lys and His residues in the protein could compete
and alternate for the coordination of the Co center, depend-
ing on the microenvironment and conformational arrange-
ment of the protein. Unequivocal resolution of this conun-
drum requires structural elucidation of the BSA-CbI(III)
complex. Unfortunately, our attempts to obtain crystals of
BSA-CbI(IIT) complex have been unsuccessful. While our
studies do not exclude the participation of His residues in
the associations of H,OCbl with BSA, our results along with
previous literature suggest that such binding events predomi-
nantly occur at H,OCbl >> BSA, are non-specific, and occur
under conditions not relevant in biology.

Pre-formation of a BSA-Cbl(lll) complex reduces
the reactivity of the bound cobalamin with cyanide

To further characterize the properties of the BSA-CbI(III)
complex, we examined whether pre-formation of a complex
between H,OCbl and BSA has an impact in subsequent bind-
ing of the cobalamin molecule to free cyanide. Reaction of an
alkaline solution of cyanide with BSA-H,OCbl complex has

Wavelength, nm

Fig.8 UV-Vis spectra of CNCbl (5% 107 M) (1), product of the
reaction between CN~ (5x 107> M) and H,0OCbl (5x 107> M) incu-
bated in the presence of BSA (4 x 10~ M) for 1 h (2; time after addi-
tion of cyanide — 10 min), and the BSA/H,OCbl mixture incubated
for 1 h (3). pH 7.2, 37 °C

been investigated earlier [34]. Addition of cyanide was shown
to result in dissociation of cobalamin from the complex [34].
However, data on the interaction at physiological pH, where
cyanide exists mostly in the protonated, less nucleophilic
HCN-form, are lacking.

Figure 8 shows that cyanide influences the spectra of
an aquacobalamin—BSA mixture. Simultaneous mixing
of H,OCbl with BSA and cyanide did not affect the con-
version of Cbl(IIT) to CNCbl. In contrast, prolonged pre-
incubation of H,OCbl in the presence of BSA decreased the
yield of conversion of Cbl(III) to CNCbl upon addition of
free cyanide (Fig. S1). Decrease in the conversion degree of
CbI(III) to CNCbl is pronounced only after several minutes
of incubation of H,OCbl with BSA and the lowest yield of
CNCbl is observed after the incubation for 30 min and more
at 37 °C. The prolonged pre-incubation of BSA with H,OCbl
also slightly reduced the observed rate constant at which
cyanide binds to Cbl(III) to form CNCbl. Thus, the observed
rate constants for cyanide (0.5 mM) binding to free H,OCbl
and H,OCbl incubated with BSA (0.9 mM) for 30 min are
0.09 and 0.07 s~! (pH 7.2, 37 °C), respectively (Fig. S1).

The weak influence of BSA on the rate of reaction of
aquacobalamin with cyanide can be explained by the
involvement in the reaction of only H,OCbl that is present
in solution in the equilibrium with amino complex which
reacts with cyanide much slower. This equilibrium is estab-
lishing relatively slow. Reaction of H,OCbl with cyanide is
characterized by high equilibrium constant [47] that finally
will shift CbI(III) in the presence of BSA to CNCbl. It is also
possible that binding of Cbl leads to heterogeneous BSA-Cbl
complex pools. For example, a fraction of the bound Cbl
may exist as H,OCbl, without any axial ligands from the
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protein displacing the water group, whereas another fraction
may involve direct coordination of a N-containing ligand,
such as Lys, making the reaction of the cobalt center with
cyanide less favorable.

Therefore, the formation of complex between CbI(III)
and BSA can decrease the number of coordination centers
available for ligand exchange. The effect of BSA on cyanide
binding by CbI(III) differs from that of thiocyanate bind-
ing to Cbl(III) [48]: thiocyanate retards the reaction, but it
does not influence the yield of CNCbl formation. This can
be explained by lower lability of bulk of the BSA-Cbl(III)
complex in which the upper axial ligand of the Cbl molecule
cannot be directly substituted by CN™ in contrast to the more
labile thiocyanate ligand.

Studies on the reaction between aquacobalamin
and bovine serum albumin using fluorescent
spectroscopy

UV-Visible spectroscopy showed that addition of an excess
of H,OCbl to BSA does not induce any changes in the
spectrum within the first minutes after mixing (Fig. S2).
The same results were obtained when an excess of BSA
was added to an H,OCblI solution. Nevertheless, several
interactions (electrostatic, hydrophobic, hydrogen bonds
formation and others) that do not affect chromophores of
reactants likely proceed within this time. These interactions
can be studied using fluorescent spectroscopy by monitoring
Trp fluorescence quenching in the protein (335 nm) upon
binding to its ligand.

We established that addition of H,OCbl results in quench-
ing fluorescence of BSA at 335 nm (Fig. 9). It should be
noted that not only decrease in intensity of fluorescence
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Fig.9 Fluorescence emission spectra of BSA (1x 107 M) in the
presence of H,OCbl at pH 7.0, room temperature (19+1 °C)
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emission peak occurs, but the peak is distinctly split, as
was observed for the interaction between CNCbl and BSA
[32] (Fig. S3). This can occur upon changes in the environ-
ment surrounding tryptophan units in the protein: reaction
between CNCbl and BSA leads to folding polypeptide chains
in close proximity of one of tryptophan units that decreases
polarity of surrounding environment [32].

Fluorescence quenching of Trp induced by cobalamin
binding has been proposed to occur via two possible mecha-
nisms: static and dynamic. The static mechanism proceeds
via the formation of a stable complex between BSA and
cobalamin, whereas the dynamic binding route involves
rapid contact between reactants within the lifetime of the
excited state.

Our experimental results in the form of a Stern—Volmer
plot are shown in Fig. 10. A linear dependence was docu-
mented, suggestive of a single type of quenching mechanism.
The value of the dynamic fluorescence quenching constant
is Kgy=1(6.5 +0.4)-10* M~ at (19+ 1) °C, pH 7.0. Since
the value of 7 is ca. 1078 s [49], Kq is 6.5-102 M~ 571,
This value substantially exceeds the maximum value of the
dynamic quenching rate constant for proteins (2-10'° M~! s~
[50]) that can result from complex formation between BSA
and H,OCbl. Thus, our experimental results are in line with
the proposal that BSA fluorescence quenching by H,OCbl
proceeds via a static mechanism, as it has been described for
CNCbl in this concentration range [31, 32].

Fitting the plot of log((F, — F)/F) versus log[H,OCbl]
(Fig. 11) gives values n=(1.23+0.01), logKk=(5.9+0.1).
For the reaction between CNCbl and BSA performed under
the same conditions, these values are n=(1.01 +0.03),
logK=(4.7+0.2) (Figs. S4,S5). Thus, regardless of the
chemical nature of the f-axial ligand of the cobalamin
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Fig. 10 Stern—Volmer plot for the interaction between BSA (1x107°
M) and H,OCbl at pH 7.0, (19+1) °C
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Fig. 11 Plot of log((F, — F)/F) versus log[H,OCbl] for the reaction
between BSA (1 x107° M) and H,0Cbl at pH 7.0, (19+1) °C

moiety, fluorescence studies indicate a stoichiometry of
association of 1:1 for BSA:Cbl.

These results indicate that an additional equilibrium
precedes the amino complex formation between Cbl(III)
and BSA, and this could also mean mixed binding states,
that include pools with and without axial ligation. Results
from a study with CNCbl showed that complex formation
with BSA likely involves via 7 — z-stacking [32]. The bulk
and spatial arrangement of the cobalamin molecule make
it at a first glance counter-intuitive that # — z-stacking
interactions may assist in its binding to proteins that lack
a canonical cobalamin binding site. As discussed above
from literature and our experiments using UV—-Visible
spectrophotometry, distinct binding association modes
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occur for BSA-CbI(IIT) depending on the relative concen-
tration of reactants. It is plausible that prior to changes
in the axial coordination environment of the cobalamin
molecule, conformational rearrangement occurs within the
protein to stabilize the bound tetrapyrrole via hydrophobic
interactions and hydrogen bond formation. Additionally,
comparison of equilibrium constants of BSA binding by
CNCbl and H,0Cbl shows that H,OCbl is more tightly
bound. This can be explained by the difference in charge
of the complexes: H,OCbl is positively charged (+ 1)
whereas CNCbl is neutral.

Pre-reduced bovine serum albumin exhibits
cobalamin reductase activity

The commercial BSA sample contains 0.5 thiol groups per
protein molecule as was determined by the Ellman’s assay
(there is only one free thiol group in native BSA molecule
[17, 51]). The thiol groups of commercial, untreated BSA
did not react with H,OCbl, probably, due to sterical hin-
drances. To gain further insight into the molecular proximity
of the albumin and the cobalamin moiety, we investigated
the interaction of H,OCbl with pre-reduced BSA.

As seen in Fig. 12, the interaction of H,OCbl with
reduced BSA includes several consecutive stages. The
first phase of the reaction led to a reduction in peak inten-
sity at 350 and 525 nm and an increase in absorbance at
366-464 and at 545-625 nm (Fig. 12a). A second phase
is characterized by a decrease in absorbance at 355 and
530 nm and appearance of a new wavelength maximum at
475 nm (Fig. 12b). UV-Vis spectra collected during the first
step are similar to those observed during the formation of

Absorbance

T T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700
Wavelength, nm

Fig. 12 UV-Vis spectra of the first (a) and following (b) stages of the reaction between H,0OCbl (4 x 107> M) and BSA (4 x 10~* M) containing
reduced disulfide bonds (6 thiol groups per BSA molecule) at pH 7.1, 25 °C
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Fig. 13 Typical kinetic curves of the first (a) and following (b) steps of the reaction between H,OCbl (4 X 107 M) and BSA (4x10™* M) con-
taining reduced disulfide bonds (6 thiol groups per BSA molecule) at pH 7.1, 25 °C

thiolato-Cbl(III) [42], and the spectrum of the final product
after the second step coincides with that of Cbl(II) [48].

To confirm these results, we monitored formation of
Cbl(II) by EPR spectrometry. EPR spectra of a mixture of
H,OCbl with reduced BSA recorded after incubation for
30 min and 4 h coincides with that of authentic Cbl(II) (Fig.
S6).

We next examined the kinetics of reaction between
H,OCbl and an excess of reduced BSA. Typical kinetic
curves are shown in Fig. 13. Kinetic curves of the first step
(formation of thiolatocobalamin intermediate) are described
by an exponential equation (Fig. 13a) that indicates the first
order with respect to cobalamin. Curves of the subsequent
step (formation of cob(II)alamin exhibits more complex cur-
vature and is described by double exponential equation that
is typical for two consecutive steps (Fig. 13 b).

The observed rate constants were calculated for the first
step (Kyps01)- Plot of kg 5, versus BSA concentration is lin-
ear (Fig. S7) demonstrating the first order of the reaction
with respect to BSA concentration. The shape of kinetic
curves for the second and third steps does not depend on
BSA concentration (Fig. S8). Probably, decomposition of
BSA-CbI(IIT) complex occurs during these steps, and this
does not involve a second protein molecule.

The rate of the first step does not depend on pH in the
range between 5 and 6. A slight increase in observed reac-
tion rates was observed upon shift to pH 7, but a further
decrease was observed at pH more than 7 (Fig. S9). We
were unable to study the kinetics at pH more than 7.5, since,
under these conditions, the intensity of spectral changes of
thiolato-Cbl(III)-BSA complex formation is very low (Fig.
S10), and also, the kinetic curves exhibit a complex shape
(Fig. S11) which was difficult to analyze. The increase in
reaction rate at pH 6-7 can be explained by deprotonation

@ Springer

of thiol groups in BSA (thiolate anion is a stronger nucleo-
phile than thiol; mean pK, value of thiol groups of different
proteins is 6.8 at 25 °C [45]), and further decrease in rate at
pH more than 7—by transformation of H,OCbl] to the less
reactive hydroxo-form (7.8 at 25 °C [42]).

The rate constant of the second step (k*,,) remains unchanged
at pH 5-7 and its value is k’,,=(0.086+0.010) min~! (25 °C).
The value of the rate constant of the third step was not deter-
mined due to its low reproducibility.

Based on these data, a multi-step mechanism can be sug-
gested for the reaction between H,OCbl and albumin contain-
ing reduced disulfide bonds (Scheme 3). The water moiety
on the Co(IIl) ion is initially substituted by a thiol group
of BSA. However, the formed thiolato-complex is unstable
and further decomposed. This thiolato-complex is the least
stable of all known complexes of Cbl(III) with biological
thiols [52] and bulk thiol-containing dendrimers [53], but it is
more stable than the complex with hydrogen sulfide [54]. The
decomposition of thiolato-Cbl(IIT)-BSA complex to CbI(II)
includes two steps: the first step likely involves generation of
intermediate Cbl(II)-thiyl radical complex, and further the
radical leaves coordination sphere of Cbl(Il) and dimerizes to
disulfide. The possibility of existence of Cbl(II)-thiyl radical
complexes has been shown earlier [55]. However, detection
of this complex by EPR method is impossible in alkaline and
neutral medium [55], which likely explains close similarity
between EPR spectra collected during the reaction of H,OCbl
with BSA and that of CbI(II) (Fig. S5).

Ethoxylation of His residues in BSA does not impair
heme or aquacobalamin binding to BSA

The associations of heme, a known ligand of BSA, and aqua-
cobalamin with BSA were investigated in the presence of
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Scheme 3 Mechanism of

reaction between H,OCbl and

bovine serum albumin contain-

ing reduced disulfide bonds OH’ H20

. H '
o=
N N

DEPC, an agent known to block the nitrogen atom of His
residues, and to a much lesser extent, to modify Tyr and Lys
residues.

Analysis of BSA-heme complex

Formation of BSA-heme was monitored by end-point meas-
urement UV—-Vis spectroscopy. First, native BSA or BSA
pre-treated with DEPC was incubated with equimolar con-
centrations of heme. Binding of BSA resulted in a red-shift
in the UV—visible spectrum with absorption maxima appear-
ing at 394 and 620 nm, compared to the free tetrapyrrole in
buffer that presented absorption maxima at 358, 387 and
614 nm (Fig. S12 A). Interestingly, we found that the spec-
tral properties of BSA-heme complexes formed at 1:1 ratio
of protein and ligand are slightly different from the complex
formed at higher BSA concentrations, such as for example
at 20-fold excess of BSA (Fig. S12 B). Incubation of native
or DEPC-treated BSA with hemin in equimolar concentra-
tions generated BSA-heme complexes that are practically
identical (Fig. S12 C), suggesting no direct interference of
DEPC with heme coordination to BSA. Incubation of native
or DEPC-treated BSA with hemin where BSA concentra-
tion was higher than that of heme, showed that the presence
of excess, unreacted DEPC competed for heme binding to
BSA (D), but this effect was eliminated by buffer exchange
of the DEPC-treated BSA prior to the addition of heme (E).
These results are in line with the reported properties of the
human counterpart, HSA-heme complex, whereby block-
ing of His residues is not expected to have a major impact
in heme binding to the protein. While His146 was shown to
contribute to heme stabilization in HSA, the crystal structure
showed that the tetrapyrrole is tightly held mainly by hydro-
phobic interactions and by axial coordination with Tyr161
[56]. All these critical amino acid residues are conserved in
the bovine albumin utilized in the present study.

i
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Analysis of BSA-H,0Cbl complex and dual tetrapyrrole
binding

Binding of BSA to H,OCbl led to a red-shift in the
UV-Visible spectrum (absorption maxima at 358, 506 and
540 nm) compared to free H,OCbl in buffer (absorption
maxima at 351, 499 and 529 nm). Incubation of DEPC-
treated BSA with H,OCbl in equimolar concentrations
(Fig. S13 A) as well as at BSA concentration substantially
exceeding that of H,OCbl (20:1 BSA to H,OCbl, Fig. S13
B), led to modest disruption in BSA-H,OCbl complex
formation, but similarly to the case of heme binding to
BSA, this effect was eliminated upon buffer exchange of
the BSA-DEPC protein prior to performing binding studies
with H,OCbl (Fig. S13 C).

We next investigated the retention of tetrapyrroles by BSA
under native conditions, with subsequent buffer exchange
using centrifugal spin-filters with a molecular weight cut-off
of 30 kDa (protein complexes are retained, whereas unbound
tetrapyrroles are collected in the filtrate). Our data show
that H,OCbl binding to BSA to form a BSA-H,OCbl com-
plex occurs in the presence of excess BSA. Unlike the case
of BSA-heme, incubation of 1:1 BSA-H,OCbl followed by
buffer exchange shows substantial loss of unbound H,OCbl
(Fig. 14a, tube on the left). In contrast, the vast majority of
heme was retained by BSA, suggesting distinct stoichiome-
try of complex formation (Fig. 14a). The BSA-H,OCbl com-
plex retained by the spin-filter system after 5 cycles of buffer
exchange was utilized to test heme binding to pre-formed
BSA-H,OCbl that contains maximal amount of H,OCbl.

Our data show that presence of maximal amounts of
bound H,OCbl did not preclude subsequent heme binding to
BSA (Fig. S14). Under our experimental conditions, H,OCbl
was not displaced from BSA upon heme binding (lack of
H,OCbl displacement was verified by UV—Visible analysis
before and after buffer exchange). Subtraction of the initial
UV-Vis spectrum of BSA-H,OCbl from the UV—Vis spec-
trum of the di-tetrapyrrole complex gave a UV—Vis spectrum
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Fig. 14 a BSA mixed with equimolar H,OCbl and flow-through after
the first cycle of buffer exchange (filtrate is bright red; left tube). BSA
mixed with equimolar heme led to practically complete binding of the
tetrapyrrole to BSA, with very little liberation of free heme after the
first cycle of buffer exchange (right tube). b Shows the BSA-H,OCbl
(left tube) and BSA-heme (right tube) complexes retained by the
spin-filter system after 5 cycles of buffer exchange. The experiments
were performed in buffer EPPS (40 mM, pH 7.4) supplemented with
150 mM NaCl and 10% glycerol, at room temperature (20 + 1 °C)

that does not differ markedly from that of authentic BSA-
heme complex (Fig. S14 C). This suggests that presence
of BSA-bound H,OCbl does not significantly disturb heme
electronics. While binding of heme and cobalamin to BSA
was not mutually exclusive under our experimental condi-
tions, the data suggest that BSA interacts with each tetrapy-
rrole in a distinct manner. Detailed structural characteriza-
tion and functional implications of this finding await further
investigation.

Structural characteristics of the BSA-heme complex
and dual binding with H,0Cbl

The crystal structure of the complex between HSA and heme
(PDB access codes IN5U and 109X [56, 57]) showed that
the tetrapyrrole is held within its binding pocket mainly
via hydrophobic interactions, and H-bonding interactions
between the propionate groups of hemin and amino acid
residues Argl14, His146 and Lys190 of the protein [56]. In
addition, the iron center of the heme moiety is axially coor-
dinated by Tyr161 residue from the protein (Fig. 15) [56].
These amino acid residues are conserved in the structure of
BSA, which may enable the same heme binding function
by the bovine counterpart, BSA. While heme and cobala-
min are structurally and evolutionary related tetrapyrroles
[58], vitamin B, has a much larger structure and spatial
arrangement compared to heme. Thus, it is possible that
heme and cobalamin bind at different sites in BSA. To our
knowledge, there are only three reports documenting dual
heme and aquacobalamin binding to proteins [59-61]. In
these cases, dual binding appears to involve different sites
in the respective proteins. Structural elucidation studies are
therefore required to unequivocally clarify whether serum
albumins possess distinct binding sites for these two tetrapy-
rroles, or if the well-characterized heme binding pocket of
albumin could undergo the required conformational changes
to accommodate the bulkier aquacobalamin ligand.

Fig. 15 Structure of human serum albumin (HSA) in complex with
heme (PDB IN5U). Binding of heme by HSA involves axial coor-
dination by Tyrl61 and salt-bridge stabilization of the heme propi-
onates by residues Argl14, His146 and Lys190 of the protein [56].
The tetrapyrrole is accommodated in a compact hydrophobic envi-
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ronment. The spatial arrangement seen for the HSA-heme complex
would make it unlikely that H,OCbl could bind to the protein via the
same binding site, unless rather substantial conformational changes
take place. The images were created with PyMOL(TM) 1.7.6.3—
Incentive Product, Copyright (C) Schrodinger, LLC
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Conclusions

In this study, we found that aquacobalamin is capable of
forming a N-ligated complex (amino) with bovine serum
albumin. An additional binding event precedes the coordi-
nation of BSA on Co(III) ion. Reduction of disulfide bonds
in BSA drastically changes its interaction pathway with
H,OCbl. In this case, coordination of BSA on Co(IIl) pro-
ceeds via thiol group, but the formed thiolate complex is
unstable and further decomposes to Cbl(II) and disulfide.
Thus, pre-reduced BSA acted as a cobalamin reductase
under the experimental conditions of the present study. The
binding of H,OCbl to BSA reduced the yield of CNCbl for-
mation upon reaction with cyanide. While the x-ray struc-
ture and biological relevance of the interaction between
serum albumin and cobalamin remains to be elucidated,
the formation of complexes between cobalamin and non-
canonical binders of the micronutrient has been previously
documented. For example, under pathological conditions,
vitamin B, was found associated to immunoglobulins G and
M, and to a lesser extent, presumably to albumin [62]. Our
studies showed that binding of cobalamin to BSA modified
the reactivity of the micronutrient. This could be a mecha-
nism to limit unwanted side reactions of the redox active
cobalamin when the binding capacity of its cognate transport
proteins in plasma, namely, transcobalamin and haptocor-
rin, has been exceeded. Results from this study showed that
binding of heme and cobalamin to BSA are not mutually
exclusive under our experimental conditions. This expands
the repertoire of ligands that albumin can accommodate in
concert.
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