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Abstract

Background: Intrinsic factor (IF) is a glycoprotein crucial for cobalamin (vitamin B12) absorption in the human body. This study
aimed to evaluate the binding affinity of nitrosylcobalamin (NO-Cbl), a cobalamin analog, to recombinant human IF derived from plants,
using hydroxocobalamin (OH-Cbl) as a comparative standard. Methods: Surface plasmon resonance (SPR) was employed to assess
the kinetic parameters of NO-Cbl and OH-Cbl interactions with plant- derived IF across various concentrations. Results: SPR analysis
demonstrated that NO-Cbl and OH-Cbl exhibited high binding affinities to IF, with equilibrium dissociation constant (Kp) values in the
picomolar range. OH-Cbl showed a slightly stronger binding affinity (Kp = 4.79 x 107! M) than NO-Cbl (Kp = 8.58 x 1071 M).
Despite NO-Cbl and OH-Cbl both being bound to IF, differences in binding affinity and stability were observed, particularly at higher
concentrations. Conclusion: Variations in IF binding between NO-Cbl and OH-Cbl may be attributed to the saturation of binding sites
or recognition issues specific to plant-derived IF. This study underscores the potential of NO-Cbl as a targeted therapeutic agent capable
of leveraging natural cobalamin uptake pathways. These results also highlight the suitability of using recombinant plant-derived IF as a
model for predicting the biological activity of cobalamin analogs despite the nuanced differences from native human IF.
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surface plasmon resonance (SPR)

1. Introduction

Cobalamin (vitamin Bi5) is an essential cofactor in
various metabolic processes, including DNA synthesis,
fatty acid metabolism, and myelin production [1]. Its ab-
sorption in the human body is mediated by intrinsic fac-
tor (IF), a glycoprotein secreted by the parietal cells of the
stomach [2]. IF binds to cobalamin in the small intestine, fa-
cilitating its transport across the intestinal epithelium and its
subsequent delivery to tissues via other cobalamin-binding
proteins, such as transcobalamin II [3].

The study of cobalamin analogs has garnered signif-
icant interest due to the potential therapeutic applications
of these analogs, particularly in diagnosis and cancer treat-
ment of cancer [4—6]. Nitrosylcobalamin (NO-Cbl) is a
modified form of cobalamin in which a nitric oxide (NO)
group is attached to the cobalt center of the corrin ring [7].
This modification is designed to exploit the natural cobal-
amin uptake mechanisms while introducing the ability to
deliver nitric oxide selectively to target cells, such as cancer
cells, that overexpress cobalamin (CD320) receptors [3,8—
10]. The ability of NO-Cbl to bind IF effectively is a crit-
ical determinant of its potential to be recognized by other
cobalamin-binding proteins, thereby ensuring its bioavail-
ability and therapeutic efficacy.

Intrinsic factor serves as an ideal model for study-
ing the binding kinetics of cobalamin analogs due to its
highly specific interaction with cobalamin. By evaluating
the binding affinity and kinetic behavior of NO-Cbl in com-
parison to hydroxocobalamin (OH-Cbl), a naturally occur-
ring and biologically recognized form of cobalamin [11], re-
searchers can gain insights into the potential biological ac-
tivity and therapeutic applicability of NO-Cbl. Such studies
are particularly relevant given the growing interest in devel-
oping cobalamin-based drug delivery systems and targeted
therapies [12—-16].

Previous research has demonstrated that modifications
to the corrin ring of cobalamin can significantly impact
its binding affinity and recognition by cobalamin-binding
proteins [10]. Slnterestingly, chemical modifications can
abrogate the biological activity of cobalamin analogs by
disrupting their interaction with transport proteins such as
transcobalamin II (TCII) [17]. Similarly, the use of surface
plasmon resonance highlighted the importance of struc-
tural integrity for effective binding to IF, with even subtle
changes leading to altered binding kinetics [18].

Surface plasmon resonance (SPR) is an experimental
technique used to study biomolecular interactions between
two analytes in real time. SPR is useful in drug discov-
ery to help identify receptor-ligand interactions as well as
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biomarkers for disease [19-23]. The general experimen-
tal flow involves immobilizing analyte A on a sensor chip
surface, flowing analyte B over the surface, and detecting
changes in refractive index as binding occurs. This non-
invasive approach allows for characterization of molecular
interactions under near-physiological conditions, making it
possible to study complex biological systems such as cobal-
amin and its binding partners.

In this study, we explore the binding kinetics of NO-
Cbl and OH-Cbl to recombinant human IF derived from
plants (Arabidopsis thaliana) [24]. The use of plant-derived
IF offers several advantages, including the potential for
large-scale, pathogen-free production. Crucially, plants do
not produce cobalamins as they are exclusively synthesized
by certain bacteria and archaea [25]. Consequently, recom-
binant intrinsic factor (rIF) produced in plants is completely
free of cobalamin. In contrast, human-derived intrinsic fac-
tor (hIF) may retain trace amounts of bound cobalamin or
haptocorrins (cobalamin binding proteins) potentially lead-
ing to reduced binding efficiency in a SPR model [26].

This study builds upon previous research on NO-Cbl
and OH-Cbl by specifically focusing on their binding affini-
ties and kinetics with IF, an aspect critical to understanding
their therapeutic relevance and biological function. By in-
vestigating these interactions, we aim to bridge the gap be-
tween the established therapeutic potential of NO-Cbl and
its biochemical basis, distinguishing this work from prior
studies that primarily explored its anticancer properties and
pharmacodynamics. This study not only provides valu-
able insights into the biological relevance of NO-Cbl but
also contributes to the broader understanding of cobalamin
binding dynamics and the development of novel cobalamin-
based therapeutics.

2. Materials and Methods
2.1 Synthesis of NO-Cbl

Fresh nitric oxide gas (CP grade 95%) was introduced
into a solution of methylene chloride at a pressure of 100
psig within a continuously stirred tank reactor. The use
of methylene chloride as the solvent was critical because
it lacks electron-donating properties which could otherwise
interfere with the binding process. This synthesis approach,
as originally described by Bauer [7], allowed for the pro-
duction of a biologically active and oxygen-stable form of
NO-Cbl, which has been widely studied for its therapeutic
potential in targeting tumor cells [17,27].

The chemical identity and purity of the NO-Cbl
reaction method was subsequently confirmed using the
stability-indicating high pressure liquid chromatography
(HPLC) method described by Dunphy et al. [27]. The
compound’s storage stability (-80 °C) for nitric oxide
content was monitored by ultraviolet-visible spectroscopy
(UV/Vis).

2.2 Binding Affinity Analysis

Surface plasmon resonance (SPR) experiments were
performed using a Biacore T200 system (Cytiva, Marl-
borough, MA, USA). CMS5 sensor chips (carboxymethyl
dextran surface) and reagents for amine coupling, in-
cluding N-ethyl-N’-dimethylaminopropylcarbodiimide, N-
hydroxysuccinimide, and 1 M ethanolamine HCI (pH 8.5).
Recombinant human intrinsic factor protein from trans-
genic plants (rhIF; cobalamin binding capacity 40 nmol,
corresponding to 2 mg active rhlF; Cobento Biotech,
Aarhus, Denmark) was immobilized onto the CM5 dextran
chip using amine chemistry, resulting in a response unit
(RU) of 4800. Prior to analyte injection, the sensor chip
surface was equilibrated with the control buffer (running
buffer) to establish a stable baseline. The control buffer was
also used for all blank injections and as a diluent for ana-
lytes. All experiments were conducted at 37 °C to maintain
consistency in binding kinetic measurements. After each
binding analysis, desorption was conducted using 0.5% w/v
sodium dodecyl sulfate followed by 1M glycine at pH 2.5.
The sensor surfaces were preconditioned at a flow rate of
100 uL/min as directed by the Biacore 2000 owner’s man-
ual. Kinetic parameters were determined using the Lang-
muir binding model. The SPR workflow is shown in Fig. 1.

2.3 Statistics

The kinetic parameters Ry,q., RI, Req, and kops for
both NO-Cbl and OH-Cbl were compared between four
concentrations (I x 107, 1 x 1071%, 1 x 1079, and
1 x 107%) using the Spearman rank correlation. Anal-
ysis was performed with the aid of web-based software:
Wessa, P. (2024), Free Statistics Software, Office for Re-
search Development and Education, version 1.2.1 (URL:
https://www.wessa.net/). Refer to Supplementary Mate-
rial Section for further information.

3. Results

The binding affinities of OH-Cbl and NO-Cbl to rhIF
were evaluated using SPR analysis. The key kinetic param-
eters for both cobalamins, along with their responses at in-
creasing concentrations, are summarized in Table 1 below.

The SPR sensorgrams (Figs. 2,3) demonstrate the as-
sociation and dissociation phases critical for kinetic calcu-
lations of the cobalamin-rhIF binding interactions. The ini-
tial upward curve represents the association phase, during
which the analyte binds to the immobilized ligand on the
sensor surface. This binding is followed by the dissociation
phase, characterized by a decline in response units (RU) as
the analyte detaches from the ligand once analyte solution
flow ceases. Refer to Supplementary Material Section for
further details as to key kinetic parameters, Langmuir fit de-
scription, and schematic illustration of a sensorgram.

The sensorgrams for OH-Cbl (Fig. 2) demonstrate the
interaction between OH-Cbl and rhIF at increasing analyte
concentrations. The concentrations tested ranged from 1 x
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Fig. 1. Schematic description of surface plasmon resonance (SPR) workflow. Created with canva.com.
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Table 1. Key Kinetic Paramaters for OH-Cbl and NO-Cbl.

OH-Cbl (M)  Rimasc (RU)  RI(RU) Req (RU) Kops (1.8)
1x 1011 6.59 x 103 8.76 1.14x103  3.07x10*
1% 10710 535 -8.73 361 7.85x 104
1 %1070 125 272 120 5.56 % 1073
1x10°8 101 11.1 101 0.0533
ka (1/Ms) kq (1/s) Ka (I/M) Kp (M) Chi2
531%x106 254x10%  2.09x 1010 479 x 1011 9.89
NO-Cbl (M)  Rmaz (RU)  RI (RU) Req (RU) Kobs (1.5)
5% 10712 2.39 x 10* 19.1 132x 103 241 x104
1x 1011 755 ~1.87 78.8 2.55x 107
1x 1010 1.4 x 103 ~0.0961 756 494 x 104
1 %1079 84.2 -5.73 775 2.88x 103
1x10°8 96.3 5.99 95.4 0.0268
ka (1/Ms) kg (1/5) Ka (/M) Kp (M) Chi2
2.66x105  228x10% 1.17x1010 858 x 10711 8.8

Definitions: Rmaz, maximal response (saturation); R/, refractive index; Req,
response at steady state (equilibrium); £, 5, observed rate constant; K 4, affin-
ity constant; kq: Association rate constant; Kp, Dissociation constant; kg:
Dissociation rate constant; RU, resonance units.
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Fig. 2. Sensorgrams of hydroxocobalamin binding to intrinsic factor.
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Fig. 3. Sensorgrams of nitrosylcobalamin binding to intrinsic factor.

10~ M to 1 x 1078 M. Binding curves were fitted using
the Langmuir model, yielding key kinetic parameters: as-
sociation rate constant (k,), dissociation rate constant (kg),
and equilibrium dissociation constant (Kp). The decrease
in R,,q. at higher concentrations suggested surface satu-
ration or potential conformational changes in the protein-
analyte complex. x2 values confirmed the reliability of the
data fitting.

The NO-Cbl sensorgrams (Fig. 3) display the interac-
tion between NO-Cbl and rhIF across five concentrations,
ranging from 5 x 1072 M to I x 10~® M. The Langmuir
binding model was applied to analyze the data, revealing
strong binding at lower concentrations. However, R, 4z
concentrations showed non-linear behavior, likely due to
saturation effects. The consistency in x? values supported
the accuracy of the kinetic evaluation. Notably, in the sen-
sorgrams for NO-Cbl (Fig. 3), a sharp peak that rose and
fell rapidly was observed. This artifact was attributed to
the transient introduction of air bubbles during the injection
process. Despite this brief disturbance, the sensorgrams re-
covered appropriately after the air bubbles were cleared, in-
dicating that the data remained valid for kinetic analysis.
These phases of the sensorgrams enabled the determination
of association and dissociation rate constants, as well as the
equilibrium dissociation constant which provided quantita-
tive measurements of the binding interaction.

The Spearman rank correlation was performed to eval-
uate the monotonic relationship between the parameters
Rinazs RI, Req, and ko5 (1.5) across the four concentrations
(1 x 107, 1 x 1071°, 1 x 1079 and 1 x 1078). The

analysis yielded a correlation coefficient (p) of 0.808, in-
dicating a strong positive association between the param-
eters and the concentrations. The correlation was statisti-
cally significant, with a p-value of 0.00015, confirming that
the observed relationship was unlikely to have occurred by
chance. These findings suggest that the parameters exhib-
ited consistent trends across the tested concentration range.

Overall, OH-Cbl demonstrated a slightly higher bind-
ing affinity to rhIF than did NO-Cbl, as evidenced by the
lower Kp value (4.79 x 10~ M for OH-Cbl versus 8.58
x 10~ M for NO-Cbl) and higher K 4 value (2.09 x 10'°
for OH-Cbl versus 1.17 x 10'° for NO-Cbl). Binding be-
havior for NO-Cbl appeared to fluctuate, with significant
changes in Ry, R, and R, across concentrations. How-
ever, both OH-Cbl and NO-Cbl exhibited strong binding at
lower concentrations, as indicated by the high R,,,, and
low kops values. As the analyte concentration increased,
both binding capacity and stability decreased, with R, 4z
and R., values dropping and k. increasing. This finding
suggests that at higher concentrations, the cobalamins may
have bound less effectively to rhlF, possibly due to satura-
tion or competitive binding effects. The fluctuating R/ val-
ues was suggestive of potential changes in the nature of the
interaction across concentrations, which could be explored
further to fully understand the binding dynamics.

The kinetic data for OH-Cbl and NO-Cbl re-
vealed both similarities and differences in their interac-
tions with rhIF. Notably, both cobalamins demonstrated
concentration-dependent binding, with increases in k,ps as
the concentration increased, indicating that their interac-
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tions with rhIF become less stable at higher concentrations.
Both OH-Cbl and NO-Cbl exhibited a decrease in R., with
increasing concentration, suggesting that as more binding
sites on rhIF were occupied, the overall stability of the bind-
ing interaction decreased for both compounds. The similar
response observed in ko and R, highlighted that rhIF in-
teracted with both NO-Cbl and OH-Cbl in a similar manner.

4. Discussion

SPR has emerged as a research tool for studying
molecular interactions in real time, obviating the need for
fluorescent dyes or radioactive markers which could alter
binding interactions [28]. SPR is used in drug discovery to
identify and validate new drug candidates [29—32] and to
help predict absorption, distribution, metabolism, and ex-
cretion (ADME) profiles [33,34]. Specifically, SPR has
been instrumental in characterizing the binding of small
molecules to target proteins, in optimizing monoclonal an-
tibodies, and in screening fragment libraries to identify lead
compounds [19,22,31,35,36]. In the context of cobalamin
biochemistry, SPR offers an ideal platform for assessing the
binding properties of drug candidates with cobalamin bind-
ing proteins as a tool to assess biological relevance [37-40].

Our SPR analysis confirmed that both OH-Cbl and
NO-Cbl exhibited high binding affinities to rhlF, with Kp
values in the picomolar range. These results were consis-
tent with those from a study by Deme et al. [41], which uti-
lized SPR to quantify the interactions between cobalamins
and lysosomal transport proteins. In our study, OH-Cbl
demonstrated a slightly stronger affinity to rhIF than did
NO-Cbl. However, NO-Cbl demonstrated a noticeable de-
gree of binding affinity suggesting its therapeutic potential
through the cobalamin uptake pathway. This strong bind-
ing affinity becomes crucial for NO-Cbl’s intended use to
deliver NO to target cells, particularly tumor cells that over-
express cobalamin (CD320) receptors.

OH-Cbl presented a nearly linear response curve, sug-
gesting a stable and robust interaction with rhIF across
all concentrations tested. In contrast, NO-Cbl exhibited
a concentration-dependent binding response, with lower
R4, and higher Kp values, indicating a slightly weaker
interaction with rhlF, especially at higher concentrations.
This difference in binding stability was further supported
by the faster dissociation rate (higher k,;s) demonstrated by
NO-Cbl. This concentration-dependent response could be
due to competitive binding or to saturation of binding sites,
a common phenomenon observed in SPR research when
ligand concentrations are elevated [42]. Structural differ-
ences between OH-Cbl and NO-Cbl, such as modifications
to the corrin ring or to functional groups, most likely in-
fluenced binding kinetics. Despite these differences, both
cobalamins were effectively recognized by rhiF.

Non-specific binding and fluctuating R/ values ob-
served during the study raise concerns about the accuracy
of kinetic data. These fluctuations are not uncommon in
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SPR experiments, especially at higher ligand concentra-
tions, where saturation effects or interactions with the sen-
sor surface can contribute to variability. Non-specific in-
teractions between cobalamins and the sensor surface, or
between other molecules in the system, may affect binding
parameters such as R, and kyps. Saturation of the sensor
surface at higher concentrations could further lower R, 4.
values, particularly for NO-Cbl, complicating data interpre-
tation.

The use of IF derived from plants introduces poten-
tial variability in binding behavior due to differences in
glycosylation patterns compared to native human IF [24].
These glycosylation differences could influence protein
structure and interaction with cobalamins, particularly at
higher concentrations where saturation or recognition is-
sues may arise.

To address these limitations, future studies should
refine experimental designs to incorporate negative con-
trols, such as the cobalamin precursor uroporphyrinogen,
which has limited binding to IF. In addition, cyanocobal-
amin, adenosylcobalamin, and methylcobalamin should be
included to allow for a broader comparison between cobal-
amin forms. An analysis of proteins that naturally interact
with cobalamin such as cubilin, megalin, transcobalamin
IT and lysosomal cobalamin transporters, such as lysoso-
mal cobalamin transport escort protein (LMBD1) and ATP
binding cassette subfamily D member 4 (ABCD4), would
add to the biological relevance of the study. Also, to en-
sure mass transport does not influence binding kinetics, var-
ious surface densities on the CMS5 chip should be evaluated.
Optimization of buffer conditions, immobilization of bind-
ing proteins, flow rates, and surface regeneration could im-
prove the reliability of kinetic data. Additionally, further
investigations are necessary to understand whether glycosy-
lation differences in plant-derived IF influences cobalamin
binding interactions compared to other sources of IF.

5. Conclusion

The SPR data confirm that NO-Cbl, while slightly less
stable than OH-Cbl, still exhibits a strong interaction with
rhiIF, supporting its potential as a targeted therapeutic agent.
The data provides a foundation for the future development
of cobalamin-based therapeutics for treatment or ameliora-
tion of diseases that are cobalamin-dependent. The results
of this study reinforce the importance of studying structural
analogs of cobalamin in therapeutic applications.
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