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Boron clusters are polyhedral boron hydrides with unique properties, and they are becoming
increasingly widely used in biology and medicine, including for boron neutron capture therapy (BNCT) of
cancers and in the design of novel bioactive molecules and potential drugs. Among boron cluster types,
. icosahedral boranes, carboranes, and metallacarboranes are particularly interesting, and there is a need
. for basic studies on their interaction with biologically important molecules, such as proteins. Herein, we
. report studies on the interaction of selected boron clusters and their derivatives with serum albumin,
: the most abundant protein in mammalian blood. The interaction of boron clusters with albumin
. was examined by fluorescence quenching, circular dichroism, dynamic and static light scattering
. measurements and MALDI-TOF mass spectrometry. Our results showed that metallacarboranes have
. the strongest interaction with albumin among the tested clusters. The observed strength of boron
cluster interactions with albumin decreases in order: metallacarboranes [M(C,B4H,;),]~ > carboranes
(C,ByoH;,) >> dodecaborate anion [B,,H;,]> . Metallacarboranes first specifically interact with the
. binding cavity of albumin and then, with increasing compound concentrations, interact non-specifically
. with the protein surface. These findings can be of importance and are useful in the development of new
bioactive compounds that contain boron clusters.

. There is a growing interest among researchers and in the pharmaceutical industry in the use of boron as a com-
: ponent of bioactive molecules. An important class of boron compounds is polyhedral boron hydrides (boron
. clusters), which have a non-planar, cage-like structure. Boron clusters are man-made molecules with remarkable
. properties, such as chemical, biological and thermal stability; low toxicity; high (depending on the structure)
. hydrophilicity, hydrophobicity or amphiphilicity; three-dimensional delocalization of cluster electrons; high
: skeleton rigidity; and the ability to form dihydrogen o-hole bonding!-®. Boron clusters have been introduced to
. molecules with diverse biological activity, where they serve as pharmacophores or modulators of the physico-
. chemical and biological properties of the mother compounds*. Furthermore, they can be used as physiologically
© inertboron carriers in boron neutron capture therapy (BNCT) and diagnostics®”. The boron clusters that are the
: most commonly used in medicinal chemistry are as follows: negatively charged 3-cobalt-bis(1,2-dicarbollide)
ate [Co(C,BgH,,),], neutral dicarba-closo-dodecaboranes (C,B,(H,,), and double charged dodecaborate
([BH )
: Metallacarborane clusters are built from two dicarbollide subclusters that sandwich a central metal atom. The
: best known example of this group of compounds, cobalt bisdicarbollide, [3,3’-Co(1,2-C,BoH;,),] ~, [CoD] ", is
. aboron-based anion consisting of a central cobalt atom placed between two carboranyl clusters®. [CoD], as a
result of its dispersed net negative charge and hydrophobic surface, possesses amphiphilic characteristics and is
. soluble in both water and organic solvents. In addition, its weakly polarized B-H and C-H bonds’ are responsi-
. ble for the intermolecular interactions of [CoD]~, which lead to aggregation and micelle formation in aqueous
. solutions!®'2. It has been reported that [CoD]~ behaves similarly to anionic surfactants in aqueous solutions'
and can form well organized, fairly monodisperse structures'. Studies performed by Rak et al., designed to iden-
tify agents that would stabilize [CoD]~ in water, found that human serum albumin (HSA) is one of the best
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excipients'. NMR studies showed the formation of complexes with high stoichiometry caused by nonspecific
binding of the metallacarborane on surface of HSA'®. The interaction between [CoD]~ and HSA is mainly driven
by hydrophobic forces because the strength of this interaction is correlated with the lipophilicity (log Pow) of
the metallacarborane derivatives'. [CoD] ™ also binds to the hydrophobic pocket of HIV protease and acts as a
potent, specific and selective inhibitor of that enzyme!” 15,

The dicarba-closo-dodecaboranes (carboranes) are hydrophobic, icosahedral carbon-containing boron
clusters with an approximate volume occupied by carbaboranes about 40% larger than that of rotating benzene
ring. They exist in the following three isomeric forms: closo-1,2-C,B,,H,, (ortho-carborane), closo-1,7-C,BoH,,
(meta-carborane) and closo-1,12-C,B,,H,, (para-carborane). Carboranes introduced into the structures of
bioactive compounds usually replace hydrophobic components, such as a phenyl ring or adamantane, and
enhance hydrophobic interactions with the receptors of those compounds'?. Furthermore, biomolecules
modified with boron clusters are often more resistant to degradation, increasing the stability and bioavailabil-
ity of bioactive molecules®!. Due to these advantages, carboranes have been used as pharmacophores in non-
steroidal anti-inflammatory drugs®’ anti-folates?’; carbonic anhydrase inhibitors?*; thrombin inhibitors®%;
hypoxia-inducible factor (HIF) inhibitors®” 2% purinergic receptor ligands?’~?%; analogues of a local anesthetic,
lidocaine®; antiviral drugs®"*? and other bioactive molecules.

Dodecaborate is an icosahedral, dianionic, highly water soluble boron cluster. Although hydrophilic, dode-
caborate forms strong inclusion complexes with ~-cyclodextrin®. The interaction with the hydrophobic cavity of
cyclodextrin is driven by a chaotropic effect and not by hydrophobic forces. Derivatives of dodecaborate inter-
act with lipid membranes®. Due to its high boron content, dodecaborate is commonly used as a boron carrier
for BNCT.!’B-sodium-mercaptoundecahydrododecaborate (BSH)** and °B-L-borophenylalanine’ are used as
boron carriers in BNCT?.

Almost every drug, theranostic or diagnostic agent interacts with albumin, the most abundant protein in
mammalian blood. Serum albumin (SA) possesses binding ability for a broad spectrum of compounds, either
endogenous and exogenous, due to the numerous binding regions and diverse specificity®’. Bovine serum albu-
min (BSA) has three primary binding sites for long-chain fatty acids (one site in domain I and two sites in domain
I1I) and two secondary sites®*~*°. With respect to exogenous compounds, BSA has two high affinity binding sites
for drugs, known as the Sudlow’s sites I and II, which are located in domains IT and I1I*!. Binding with serum pro-
teins influences the pharmacokinetics and pharmacodynamics of these compounds*>*. Hence, investigation of
the binding affinity of boron clusters to SA may provide useful information for designing novel boron-containing,
biologically active molecules.

To the best of our knowledge, except for the use of HSA as a solubilizing agent for metallacarboranes' !*, there
are no studies describing the interactions of boron clusters (and molecules containing these compounds) with
serum proteins. The aim of this research is to address this gap and to characterize interactions between bovine
serum albumin and various boron clusters. Boron clusters of three different types were selected for the study due
to differences in their physicochemical properties and applications in medicinal chemistry.

Herein, the interactions of boron clusters and hybrid organic-boron cluster conjugates with BSA were inves-
tigated with fluorescence, absorption and circular dichroism spectroscopy as well as dynamic and static light
scattering and mass spectrometry techniques. The pattern of the interactions with BSA and an effect of the boron
clusters type on binding to the BSA molecule were established.

Results and Discussion

Fluorescence quenching mechanism. BSA, because of its structural homology to human serum albumin
(HSA), is often used to study interactions with drugs®”. No major differences between HSA and BSA have been
observed in terms of the binding constant or binding mode*®*. The intrinsic fluorescence of BSA comes from
tryptophan (Trp), tyrosine (Tyr) and phenylalanine (Phe) residues. However, the Trp residue has the strongest
fluorescence intensity and is the most sensitive to changes in the microenvironment; therefore, it is indicative of
the protein conformational alterations with binding. BSA has two Trp residues (Trp134 and Trp212), which are
located within hydrophobic pockets in the first and second domains of BSA molecule?. Upon binding of a ligand
in these pockets, the Trp environment changes, quenching the fluorescence.

In the first step, we measured the fluorescence intensity of BSA in the presence of boron clusters of three
different types, metallacarborane (1); para-carborane derivative (7) and dodecaborate (11) (Fig. 1). The BSA:
boron clusters molar ratio was 1 : 1. The parameter degree of quenching was calculated (Table S1). Based on
these results, we decided to perform further measurements of the fluorescence intensity of BSA in the presence of
metallacarboranes (compounds 1 to 6) with a maximum BSA : boron cluster molar ratio of 1 : 1 and to increase
the ratio of the other boron clusters (7 to 11) to 1 : 10 (Fig. 2, Fig. S1).

The fluorescence quenching mechanism can be divided into the following two mechanisms: dynamic quench-
ing, caused by collisional encounters of fluorophores and quenchers, or static quenching, caused by ground-state
complex formation between fluorophores and quenchers*’. Dynamic and static quenching can be distinguished
by their dependence on temperature and excited-state lifetime. If the value of the quenching constant (Kgy)
decreases with the increasing temperature, the mechanism is usually static because the higher temperature is
likely to decrease the stability of the complex. If Ky, increases with increasing temperature, the mechanism is
likely dynamic because the higher temperature results in a larger diffusion coefficient and promotes electron
transfer. The quenching constant (Kgy) was calculated using the Stern-Volmer equation (1)*:

E - F

= st[Q] = kqﬁ)[Q] ()
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Figure 1. Structures of boron clusters and their derivatives.

where F; and F are the steady-state fluorescence intensities in the absence and presence of quencher, respectively,
and [Q] denotes the initial concentration of quencher. k, is the quenching rate constant of BSA and 7, is the
fluorescence lifetime of BSA in the excited state without any quencher, and its value is 6x 1077 s*8. K, can be
calculated from the slope of the Stern-Volmer equation (Fig. S2).

To determine the mechanism of fluorescence quenching in the case of boron clusters and BSA, the measure-
ments of fluorescence quenching were performed at three temperatures (25, 31 and 37 °C). We observed differ-
ences among different types of boron clusters. Hydrophobic metallacarboranes (1 to 6) were characterized by
the highest value of Ky on the order of 10* to 10° (Table S2). For doubly negatively charged dodecaborate 11, the
fluorescence quenching was not observed. For neutral para-carborane derivatives (7 to 9), nonlinear dependence
of quencher concentration and fluorescence quenching were observed, except for the conjugate of carborane and
adenosine, where the correlation was linear. Therefore, the Ky, value could not be calculated for the last two boron
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Figure 2. Fluorescence emission spectra of BSA (10.5 pM) in the presence of: [CoD]~ -1 (A), 4 (B), 7 (C) and
10 (D) in 0.10 M sodium bicarbonate (pH 8.4) with 2% DMSO, A, =280 nm, 298 K. The concentration of 1
and 4 was 0 to 10.5 pM with 1.05 pM intervals; the concentration of 7 and 10 was 0 to 105 pM with 17.5 pM
intervals. Detailed molar excess of boron cluster is described in the legend. Inset: Stern-Volmer plots for BSA -
boron cluster complexes.

cluster types. For metallacarboranes (1 to 6), we observed an increase of the Ky value with increasing tempera-
ture, which indicates a dynamic mechanism of quenching. However, the values of the quenching rate constants
(k,) are 2- to 3-fold higher than the maximum scatter collision quenching constant for various quenchers with
biopolymers (10'° L mol~! s71)*, suggesting that static quenching also occurs.

Binding constant and binding modes.  For the boron cluster — BSA interaction, the binding constant (K}
and number of binding sites (n) of the complexes can be calculated by the equation (2), under assumption that
BSA has independent binding sites*’.

log = F

= logK, + nlog[Q] @

The K, and n values can be calculated by the intercept and slope of the regression curve (Fig. S3). The esti-
mated K, values were on the order of 10> M~! (Table S3) for metallacarboranes (1 to 6), which is similar to the
values of the binding constant for small organic drugs that have a strong binding force with BSA, such as aspirin*!.
The values of n were approximately equal to 1 in the studied temperature range, indicating the existence of a single
binding site of boron clusters on BSA.

In the binding process for drugs with proteins, several binding forces can be engaged, including hydrogen
bonding interaction, van der Waals forces, electrostatic interaction and hydrophobic interaction. The distinction
between those forces can be made based on the signs and magnitudes of the thermodynamic parameters, such
as the Gibbs free energy change (AG), enthalpy change (AH’) and entropy change (AS?). The thermodynamic
parameters can be calculated by the equations (3) and (4).

AH®  AS°

InkK, = — + ==
b RT R )
AG’ = —RT InK, (4)

where R is the gas constant and K, is the binding constant at corresponding temperatures (Fig. S4). Based on the
thermodynamic view point®, the following three possible scenarios can be envisioned: (I) positive values of both
AH? and AS° for the hydrophobic interaction, (II) negative values of both AH? and AS? for the van der Waals
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and/or hydrogen bonding interaction, and (IIT) AH? close to 0 and positive value of AS” for the electrostatic
interaction.

The positive values of both AH? and AS’ for 1 to 6 (Table S3) suggest that the interaction mode for metal-
lacarboranes binding on BSA is mainly a hydrophobic interaction. This result is in agreement with studies by Rak
et al. in which the strength of the interaction with BSA was correlated with the lipophilicity of metallacarborane
derivatives, suggesting the hydrophobic nature of the interaction'®. Moreover, the negative value of AG” suggests
that binding of the boron clusters with BSA is a spontaneous process.

Rak et al. reported a non-specific interaction of (1) derivatives with HSA for complexes with high stoichiom-
etry'®. Our studies supplement those observations with studies of complexes that have low stoichiometry with
a maximum ratio of metallacarborane : BSA set to 1 : 1. In contrast to the previous report, we have found that
under low stoichiometry conditions, metallacarboranes have a specific interaction with BSA by binding in the
hydrophobic cavity of the protein. These observations lead to hypothesis that at low stoichiometry, metallacarbo-
ranes interact specifically with the hydrophobic cavity of albumin, while at high stoichiometry, they also interact
non-specifically with the protein surface.

For further studies, we have chosen [CoD]~ (1) and [B,H;,]*>~ (11) as compounds with the strongest and
weakest interactions with BSA, respectively. In that way, we could study the influence of the boron cluster types on
the interaction with BSA in two extreme cases. Incorporation of [CoD] ™ into the structure of bioactive molecule
can significantly affect its interactions with serum albumin. By contrast, [B;,H;,]?~ does not seem to affect the
affinity of the conjugate towards albumin. Furthermore, in contrast to the other two types of boron clusters, the
number of studies on the interaction of [Bj,H,,]*~ with proteins is very limited. Considering that derivatives of
this boron cluster are used as boron carrier in BNCT, there is a gap in our knowledge that needs to be addressed.

Conformational changes of BSA induced by boron clusters. The CD spectrum of native BSA (25°C,
NaHCO; 10 mM) exhibited two negative minima at 208 and 222 nm and a maximum at 192 nm, which is in good
agreement with previous studies® and characteristic for proteins with high helical content. The CD spectra of
native BSA in the presence of an increasing concentration of selected boron cluster (from 0 to 1000 molar excess)
are represented in Fig. 3. The influence of [B,,H},]*~ on the BSA structure revealed in the far UV CD spectra is
negligible. No essential conformational changes were observed for BSA in the presence of [B;,H;,]*~ (0 to 1000
molar excess), indicating that the presence of the boron cluster cage did not significantly alter the tertiary struc-
ture of BSA (Fig. 3A).

The obtained data show that the portion of a-helices in the secondary structure of BSA is equal to 59% and
increasing the concentration of [CoD]~ in the BSA environment leads to a slight decrease in the number of
a-helices (up to 54% for 512 molar excess of the boron cluster — Fig. 3B). The observed changes in the content
of a-helices caused by [CoD] ™ are noticeable, but they seem to be negligible compared with changes in the BSA
a-helix content caused by ionic surfactants such as SDS*"2. This observation is of interest because [CoD]~ may
behave like a classical ionic surfactant in selected cases, and it is able to form complexes with polyelectrolytes!?.
Features of near-UV CD spectra are more interesting. First, the presence of [B;,H,,]*~ (0 to 100 molar excess)
does not disturb the CD spectrum (Fig. 3C). In the case of [CoD] ", the situation is radically different. The pres-
ence of a metallacarborane cluster (0-8 molar excess) leads to formation of two new CD signals (Fig. 3D). Two
positive Cotton effects at 350 nm and 309 nm are directly connected with complex formation between [CoD]~
and the hydrophobic pocket of BSA. Slight changes in the CD spectrum below 300 nm suggest that this process
does not significantly alter the tertiary structure of BSA. In addition, the formation of the [CoD]~ : BSA complex
is shown in the absorption spectrum (Fig. 3F) where increasing the concentration of [CoD]~ causes the formation
of two new absorption spectra (with a maximum at 350 nm and 302 nm) as well as the simultaneous decrease in
the characteristic band for BSA at 278 nm and an isosbestic point at 291 nm.

Hydrodynamic changes of BSA induced by boron clusters. The weak protein-protein interactions,
i.e., non-specific interactions, were studied using a combination of DLS and SLS techniques. Here we used two
parameters to describe the BSA-BSA interactions in the presence of selected boron clusters, i.e., diffusion inter-
action parameter (kp) and second virial coefficient (B,,), both of which are first-order coefficients of protein
interactions. The diffusion interaction parameter (kp) is a useful factor to study weak protein interactions and
is connected to specific biophysical properties, such as the aggregation propensity. The diffusion coefficient (D)
was measured as a function of the BSA concentration in the presence of a defined boron cluster using the DLS
protocol. The value of kj, (mL g~!) was determined from the slope of a plot of D vs. the BSA concentration, where
DY is the extrapolated intercept (single particle diffusivity) and the slope is D’kD (equation 5).

D = D°(1 + kpCggy) (5)

The second virial coefficient (B,,), is another parameter for studying weak protein interactions. Positive B, is
interpreted as indicative of the presence of weak, net-repulsive forces between protein molecules, while negative
B,, is considered to reflect net-attractive forces. The normalized Rayleigh ratio R, from the SLS measurement is
related to the properties of the protein solution (equation 6).

KC ,
— =M ' 4 2B,,Cs,

R, (6)

The value of B,, was determined from the slope of a plot of KC/R vs. the BSA concentration.

Combining SLS and DLS techniques, we determined the boron cluster-specific effects on BSA hydration and
on the hydrodynamic interactions among the BSA molecules. The DLS measurements at finite protein concentra-
tions (15.1-197 uM) using both cluster types, [CoD]~ and [B,,H,,]>~, showed that the diffusion coefficient was

SCIENTIFICREPORTS|7:9800 | DOI:10.1038/s41598-017-10314-0 5


http://S3

www.nature.com/scientificreports/

A

o o — 0
[<] [<]
— 2
5 5 -
o~ o~ —
5 5 2
~w
< <
S ) — 128
) ) — 256
-4 : . . -4 . T T — 512
200 220 240 260 200 220 240 260
A (nm) % (nm)
= 100 I I -0 = 100 | I -0
3 ' 1— 4 5 ] —2
o o
5 — 10 £ — 4
N‘E, 0- ................. - 100 Ng o_ . 6
& & — 8
T 1004 1 T 100+
) )
-200 T T -200 : .
300 350 400 300 350 400
% (nm) % (nm)
1.0 . . 1.0 . .
_ 4/278 nm — 0 _ 278nm 302nm — 0
3 — 3 y 29tm / —2
s — 10 s l — 4
[] [
2 0.5 1— 1000 g 0.5 — 6
© [
= 2
o o
7] 7]
< <
0.0 ceeeereremmmirrre— 0.04 e eeiii T
300 350 400 300 350 400
A (nm) A (nm)

Figure 3. Circular dichroism and absorption spectra of BSA in the presence of increasing concentration

of selected boron clusters. Far UV CD spectra, C(BSA) = 1.5uM, C([B,,H},]*") in the range 0-1.5mM

(A), C(BSA)=1.5pM, C([CoD]") in the range 0-1.5mM (B); near UV CD spectra, C(BSA) =150uM,
C([B},H,,]*") in the range 0-15mM (C), C(BSA) =150 uM, C([CoD]") in the range 0-1.2mM (D); UV
absorption spectra, C(BSA) = 12.6 pM, C([B,H;,]*") in the range 0-12.6 mM (E), C(BSA) =9.79uM,
C([CoD]") in the range 0-58.7 uM (F). Detailed molar excess of boron cluster is described in the legend. Far
UV CD spectra were measured in NaHCO; 0.01 M and near UV CD and absorption spectra were measured in
NaHCO, 0.1 M.

affected by both direct and hydrodynamic interactions™. The presence of positive slopes in both DLS and SLS data
in the case of two distinct boron clusters, together with the linear behavior of both data, support that the poten-
tial contributions of these boron clusters to protein aggregation are negligible (Fig. 4). In addition, in the case of
[CoD]: BSA, the intercepts in the DLS and SLS data indicate the hydrodynamic size and total molecular weight
of the protein increases with increasing [CoD] ™ concentration (unlike for [B,,H},]*7), suggesting the formation
of [CoD]: BSA complexes with increasing numbers of attached metallacarborane clusters. The hydrodynamic
diameter of BSA was independent of the [B,,H;,]*~ concentration (Fig. 4A), but [CoD]~ exerted a pronounced
influence on the hydrodynamic size of BSA, as observed in Fig. 4B for a [CoD]: BSA molar ratio higher than
10 for which the hydrodynamic diameter of BSA (or [CoD] ™ : BSA complex) slightly increased up to 9.5 nm.
Next, despite the increase in the concentration of metallacarborane, we observed a fixed hydrodynamic size.
Subsequently, for molar ratios higher than 100, the hydrodynamic size of BSA again starts to increase, suggesting
the appearance of second generation complexes. Considering the shape and dimensions of [CoD]~ (0.6 x1.1 nm
peanut shape), we can interpret these data as indicative of a non-specific interaction of [CoD]~ with the BSA
surface, which gives rise to a first interaction layer followed by an increasing [CoD] : BSA molar ratio over 100;
then, metallacarborane clusters begin to form the second interaction layer.
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Figure 4. Boron cluster-specific effects on hydrodynamic parameters of BSA determined by the DLS method.
Hydrodynamic diameter of BSA as a function of concentration of [B;,H;,]*~ (A) and [CoD]~ (B), there was
constant concentration of BSA (15pM) and boron clusters concentration were in the range 0-7.7 mM. Plot of
diffusion coefficient of BSA as function of protein concentration, in the presence of [B;,H;,]*>~ (C) and [CoD]~
(D), the value of diffusion interaction parameter (kj, g mL™!) was determined from the slope of the plot. Plot
of the Debye ratios KC/R, of BSA as function of protein concentration, in the presence of [B,,H;,]*~ (E) and
[CoD]~ (F), the value of second virial coefficient (B,,, mL mol g~2) was determined from the slope of the plot.

Additional information on the behavior of BSA in the presence of boron clusters was obtained by DLS in the
heat-treating experiment (Fig. S5). This method allows for registration of changes in the hydrodynamic size of
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Figure 5. Mass spectrometry results of nonconvalent binding complexes of BSA and [B,,H,,]*~ (A) and
[CoD]~ (B). *Molar ratio of BSA (15pM) and boron cluster placed on the MALDI plate, "Molecular weight
found in maldi, “calculated complex stechiometry.

the protein to detect aggregation. According to the literature reports®* **, the hydrodynamic size of BSA should
significantly increase for temperatures higher than 60 °C. For BSA in the absence of the boron clusters as well as
for BSA in the presence of [B,,H,,]*", our results are in good agreement with these reports. Sodium dodecaborate
did not influence the hydrodynamic behavior of BSA during thermal treatment (Fig. S5C). A different situation
was observed in the case of [CoD]~. Metallacarborane exerted a profound influence on BSA during heating when
the temperature ranged from 25 °C to 85°C, and this process depends on the [CoD]~ concentration (Fig. S5D).
[CoD] ™ can limit thermal-induced BSA aggregation and the resulting aggregates are much smaller than native
BSA, which is also noticeable after cooling to room temperature. In addition, [CoD]~ influences the aggrega-
tion kinetics at a constant temperature of 60 °C (Fig. S5F). Selected cases have inhibition of aggregation at that
temperature.

MALDI-MS. We also demonstrated the interactions of boron clusters with BSA using the MALDI-MS tech-
nique. A molecular mass measurement was made as a function of the boron cluster concentration and the stoi-
chiometry of the protein : boron cluster complex was calculated from these data. The results of the formation of
non-covalent binding complexes between [CoD]~ or [B;,H;,]*>~ and BSA are summarized in Fig. 5. Both types of
boron clusters can form non-covalent complexes with BSA. Moreover, the measured molecular weight increased
linearly with the boron cluster concentration, allowing for the calculation of the stoichiometry of complexes
formed. It is noteworthy that the measurement was made in acidic MALDI matrix, in the presence of organic
solvent and that the conditions did not cause dissociation of the complexes. Changes in the molecular weight are
even significant at a [CoD] : BSA molar ratio of 2 : 1. This observation suggests that complex formation between
[CoD]~ and BSA is very efficient and the resulting complexes very stable. In contrast, the interaction of [B},H,,]*~
with BSA is much weaker (cf. experimental) and only visible at higher molar ratios.

Conclusions

The interaction between BSA and three types of boron clusters (metallacarboranes, para-carboranes and dode-
caborates) and their derivatives was studied using measurements of fluorescence quenching of BSA in increasing
concentrations of the boron clusters and their derivatives. The observed strength of boron cluster interactions
with BSA decreases in order: metallacarboranes [M(C,BH,,),]~ > carboranes (C,B,,H;,) >> dodecaborate
anion [B,,H,,]*". Metallacarboranes and their derivatives (1 to 6) strongly interact with BSA. The strongest bind-
ing constant was obtained for [CoD] . Covalent attachment of organic component to metallacarboranes does
not significantly reduce the strength of the interaction with BSA. The conjugates of [CoD]~ and [FeD]~ with
adenosine (4 and 6, respectively) interact with the hydrophobic cavity of albumin and have a similar strength as
for metallacarboranes alone (1 and 5), which suggests that metallacarboranes can serve as anchors to albumin
for drugs, prolonging their half-life. In addition, binding constants (K,) for metallacarborane with cobalt atom
([CoD]~, 1) and metallacarborane with iron atom ([FeD], 5) are similar, which suggests that coordinated metal
atom does not significantly affect the affinity of metallacarboranes towards albumin.
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Carboranes (7 to 10) also interact with BSA; however, the relationship between the boron cluster concen-
tration and fluorescence quenching of BSA does not follow a linear correlation, except for the conjugates of
carborane and adenosine (10). The results for [B,,H;,]>~ show no interaction of this boron cluster with BSA.
The measurements of fluorescence quenching were performed at a low stoichiometry of BSA and studied com-
pounds, which was a maximum 1 : 1 for metallacarboranes and their derivatives (1 to 6) and 1 : 10 for other
boron cluster compounds (7 to 11). Further studies with [CoD]~ and [B,H;,]*~, using CD, DLS and SLS meas-
urements as well as the MALDI-MS technique, were performed at a high stoichiometry up to 1: 1000. The results
of these studies showed the non-specific binding of selected boron clusters with the BSA surface. Interactions of
BSA with [CoD]~ are much stronger and have a bigger influence on the conformation of the protein than with
[B,,H,,]*". [CoD]~ specifically binds to the hydrophobic cavity of BSA at low stoichiometry and non-specifically
binds with the surface of the protein at high stoichiometry. [B},H,,]*~ interacts very weakly with BSA and only in
the non-specific way at a high stoichiometry.

Methods

Materials and equipment.  Cs[3-cobalt bis(1,2-dicarbollide)] and sodium dodecaborate, Na,[B,,H;,] (11),
were purchased from Katchem (Prague, Czech Republic). Cs[3-iron bis(1,2-dicarbollide)] (5) was a kind gift from
Prof. Jaromir Plesek (1927-2010). Fatty acid free BSA was purchased from Sigma-Aldrich (US), and dialysis tubes
(Visking, MWCO 12-14 kDa) were from Serva GmbH, Germany. Sodium bicarbonate, analytical grade, was
obtained from Avantor Performance Materials (Poland). All other chemicals were purchased from Sigma-Aldrich
(US) and used without further purification. All solutions were prepared in Milli-Q water (18.2 M cm ™) produced
by a Direct-Q3 UV system (Millipore, US). Absorption, fluorescence and circular dichroism (CD) spectra were
recorded at 25°C on J-1500 spectropolarimeter (Jasco, Japan) equipped with thermostated cell holder, FDT-538
fluorescence emission detector and PML-534 FDCD detector. For thermodynamic studies, fluorescence spectra
were also recorded at 31 and 37 °C. Measurements were performed in rectangular quartz cuvettes with 5 mm and
1 mm optical path lengths for fluorescence and circular dichroism, respectively. UV-Vis spectra were recorded
on a Specord 250 (Analytic Jena, Germany) spectrophotometer at ambient temperature. UV-Vis spectra were
recorded in the range 250-500 nm with a slit width of 1 nm and scan speed of 10 nm s in quartz cuvettes with
a 5-mm optical path length. Dynamic and static light scattering (DLS and SLS) measurements were conducted
on Zetasizer Nano ZS (Malvern Instruments, UK) with a 633-nm laser in a 12-pL quartz cuvette at a constant
scattering angle of 173° in 0.1 M NaHCO;. MALDI-TOF MS analysis were performed on the ultrafleXtreme
(Bruker Daltonics, Germany) in the linear positive ion mode at the laser frequency of 200 Hz. Calibrations were
performed on protein calibration standard II from Bruker company.

Chemistry. Cesium salt of Cs[3-cobalt bis(1,2-dicarbollide)] was converted to sodium salt (1) according the
published procedure™ using the cationic exchange resin (Amberlite IR120, Acros Organics, US). Compounds 2-4
and 6-10 were obtained according to literature methods, as follows: 3-O-{{5-[3-cobalt-bis(1,2-dicarbollide)-8-yl]-
3-oxa-pentoxy}-propyne (2)°”%%; 2-O-{{5-[3-cobalt-bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-N-methylamine
(3) synthetized via ring opening reaction of 8-dioxane-3-cobalt bis(1,2-dicarbollide) with CH;NH,!” .
2/-0{5-[3-Cobalt bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl} (4-propan-1-yl) adeno-
sine (4) and 2/-O-{{5-[3-iron bis(1,2-dicarbollide)-8-yl]-3-oxa-pentoxy}-1N-1,2,3-triazole-4-yl}methyladeno-
sine (6) were obtained according to previously published methods®; detailed experimental procedures will be
described elsewhere. 1-(3-Bromopropanyl)-1,12-dicarba-closo-dodecaborane (7) and 1-(3-aminopropanyl)-1,
12-dicarba-closo-dodecaborane (9) were synthesized following the method described earlier for the analo-
gous derivatives of 1,7-dicarba-closo-dodecaborane®. 1-Carboxyl-1,12-dicarba-closo-dodecaborane (8) was
obtained as described® as was 2’-O-{[3-propyl-(1,12-dicarba-closo-dodecaboran-1-yl)]-1-N-1,2,3-triazol-4-yl}
propyladenosine (10).

Sample preparation. The stock solutions of the compounds 1-11 (10 mg mL~!) were prepared by dissolv-
ing the exact amounts in DMSO (compounds 2-10) or 0.1 M NaHCO; solution (compounds 1 and 11). The
stock solution of BSA (0.67 mM) was prepared using dialysis with 0.1 M sodium bicarbonate (pH 8.4), and its
concentration was determined by the measurement of the absorbance at A\ =278 nm using e =44300 M~'cm '
The BSA samples with boron clusters for fluorescence, UV-Vis, CD and light scattering analysis were prepared
as follows: the stock solution of selected boron clusters was added to the BSA solutions in the desired molar ratio
and measurements were taken immediately after mixing.

Experimental procedure

UV-Vis measurements. In all measured samples, BSA was diluted with 0.10 M sodium bicarbonate (pH
8.4) to a final concentration 10.5 x 10~° M. Boron clusters 1 to 6 were added to the samples so the final concen-
tration was 0 to 10.5 x 10~ M. Boron clusters 7 to 11 were added to the sample so the final concentration was 0
to 10.5 x 107> M. In all samples, the concentration of DMSO was 2%. Absorption spectra were recorded from 250
to 500 nm. Each spectrum was corrected by the corresponding buffer blank.

Fluorescence measurements. For fluorescence measurements, the samples were prepared in the same
way as for UV-Vis measurements. Fluorescence emission spectra were recorded from 300 to 500 nm at three
different temperatures (25, 31 and 37 °C with 3 min equilibrium time at each measurement temperature). The
excitation wavelength was set at 280 nm. The data integration time was set to 1 s and HT to 600 V. An appropriate
buffer blank spectrum was subtracted from the measured spectra for fluorescence background correction. The
fluorescence intensity was corrected using the following equation:
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E

corr — F;bs xe 2 (7)
where F,,,, and F,, are the corrected and observed fluorescence intensities, respectively and A,, and A,,, are the
absorbances at the excitation and emission wavelengths, respectively. The emission wavelength was 355 nm at
the maximum of the fluorescence intensity spectrum. All fluorescence intensities used for the calculations were

corrected in this work.

Circular dichroism measurements. The BSA concentration was 1.5 pM for far UV measurements and
150 pM for near UV, and the final concentration of NaHCO; was 10 mM for all CD measurements. Six spectra
(recorded with a data pitch of 0.2 nm, band width of 1 nm, and data integration time of 2 sec at 50 nm min~!)
were averaged for each sample. Each measurement was subtracted by NaHCO; (10 mM) supplemented with a
suitable amount of selected boron cluster. Therefore, the emerging spectrum is due to the BSA contribution alone.
The CD signals were converted to the mean residue molar ellipticities using the mean residue weight of 114.2. The
fractional contents of a-helices were calculated from far-UV CD spectra by the Dichroweb platform (CDSSTR
with dataset 6).

Dynamic and static light scattering measurements (DLS and SLS).  The final protein concentration
was in the range 15.1-197 pM. The following parameters were used: protein refractive index (1.450) and solvent
viscosity (NaHCOs3, 0.1 M, 0.909 10~* Paxxs). From three to six consecutive measurements of each sample were
performed with an acquisition time of 30 s per correlation function. Scattering intensities for SLS analysis were
derived from the average count rate of the samples and were calibrated against toluene using the Rayleigh ratio of
R=1.35x 10~%cm . The refractive index increment with the BSA concentration at A\ =633 nm dn/dcgg, =0.185
was used. Data were analysed using dts 6.10 software (Malvern Instruments, orcestershire, UK). Particle-size
distributions were obtained using the General Purpose algorithm included in the DTS software. In addition, the
effect of temperature on the hydrodynamic parameters of BSA in the presence of boron clusters was estimated by
DLS at 5°C intervals from 25 to 85°C and a 3-min equilibrium time at each measurement temperature.

MALDI-TOF MS. The matrix, 2,5-dihydroxybenzoic acid (DHB, Sigma), was dissolved in CH,CN : H,O :
CF,COOH (50 : 50 : 0.1) to a final concentration of 50 mg mL~!. Protein samples containing 15 pM BSA and
selected boron clusters in 0.1 M NaHCO; solution were diluted with equal volumes of matrix solution and were
evaporated (0.5 pL) on a steel plate at room temperature.

Data Availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).

References

1. Sivaev, I. B. & Bregadze, V. V. Polyhedral boranes for medical applications: Current status and perspectives. Eur. J. Inorg. Chem.,
1433-1450, doi:10.1002/ejic.200900003 (2009).

2. King, R. B. Three-dimensional aromaticity in polyhedral boranes and related molecules. Chem. Rev. 101, 1119-1152 (2001).

3. Fanftlik, J., Lepsik, M., Horinek, D., Havlas, Z. & Hobza, P. Interaction of carboranes with biomolecules: formation of dihydrogen
bonds. ChemPhysChem 7, 1100-1105, doi:10.1002/cphc.200500648 (2006).

4. Lesnikowski, Z. ]. Challenges and opportunities for the application of boron clusters in drug design. J. Med. Chem. 59, 7738-7758,
doi:10.1021/acs.jmedchem.5b01932 (2016).

5. Gabel, D. et al. Pharmacokinetics of Na,B,,H;,SH (BSH) in patients with malignant brain tumours as prerequisite for a phase I
clinical trial of boron neutron capture. Acta Neurochir. (Wien.) 139, 606-611 (1997).

6. Efremenko, A. V. et al. Cobalt bis(dicarbollide) versus closo-dodecaborate in boronated chlorin e(6) conjugates: implications for
photodynamic and boron-neutron capture therapy. Photochem. Photobiol. Sci. 11, 645-652, doi:10.1039/c2pp05237g (2012).

7. Gona, K. B. et al. COSAN as a molecular imaging platform: synthesis and “in vivo” imaging. Chem. Commun. (Camb.) 50,
11415-11417, doi:10.1039/c4cc05058d (2014).

8. Hawthorne, M. F. et al. pi-Dicarbollyl derivatives of transition metals. Metallocene analogs. J. Am. Chem. Soc. 90, 879-896,
doi:10.1021/ja01006a008 (1968).

9. Juarez-Perez, E. ], Nunez, R., Vinas, C,, Sillanpaa, R. & Teixidor, F. The role of C-H:---H-B interactions in establishing rotamer
configurations in metallabis(dicarbollide) systems. Eur. J. Inorg. Chem., 2385-2392, doi:10.1002/€jic.201000157 (2010).

10. Matejicek, P, Cigler, P., Prochazka, K. & Kral, V. Molecular assembly of metallacarboranes in water: light scattering and microscopy
study. Langmuir 22, 575-581, doi:10.1021/1a052201s (2006).

11. Matejicek, P. et al. Aggregation behavior of nucleoside-boron cluster conjugates in aqueous solutions. Langmuir 24, 2625-2630,
doi:10.1021/1a702852e (2008).

12. Bauduin, P. et al. A theta-shaped amphiphilic cobaltabisdicarbollide anion: transition from monolayer vesicles to micelles. Angew.
Chem. Int. Ed. Engl. 50, 5298-5300, doi:10.1002/anie.201100410 (2011).

13. Uchman, M., Dordovic, V., Tosner, Z. & Matejicek, P. Classical amphiphilic behavior of nonclassical amphiphiles: a comparison of
metallacarborane self-assembly with SDS micellization. Angew. Chem. Int. Ed. Engl. 54, 14113-14117, doi:10.1002/anie.201506545
(2015).

14. Rak, J., Kaplanek, R. & Kral, V. Solubilization and deaggregation of cobalt bis(dicarbollide) derivatives in water by biocompatible
excipients. Bioorg. Med. Chem. Lett. 20, 1045-1048, doi:10.1016/j.bmcl.2009.12.038 (2010).

15. Rak, J., Jakubek, M., Kaplanek, R., Matejicek, P. & Kral, V. Cobalt bis(dicarbollide) derivatives: solubilization and self-assembly
suppression. Eur. J. Med. Chem. 46, 1140-1146, doi:10.1016/j.ejmech.2011.01.032 (2011).

16. Rak;, J. et al. On the solubility and lipophilicity of metallacarborane pharmacophores. Mol Pharm 10, 1751-1759, doi:10.1021/
mp300565z (2013).

17. Cigler, P. et al. From nonpeptide toward noncarbon protease inhibitors: metallacarboranes as specific and potent inhibitors of HIV
protease. Proc. Natl. Acad. Sci. USA 102, 15394-15399, doi:10.1073/pnas.0507577102 (2005).

18. Rezacova, P. et al. Design of HIV protease inhibitors based on inorganic polyhedral metallacarboranes. J. Med. Chem. 52,7132-7141,
doi:10.1021/jm9011388 (2009).

19. Julius, R. L., Farha, O. K., Chiang, J., Perry, L. J. & Hawthorne, M. E. Synthesis and evaluation of transthyretin amyloidosis inhibitors
containing carborane pharmacophores. Proc. Natl. Acad. Sci. USA 104, 4808-4813, doi:10.1073/pnas.0700316104 (2007).

SCIENTIFICREPORTS|7:9800 | DOI:10.1038/s41598-017-10314-0 10


http://dx.doi.org/10.1002/ejic.200900003
http://dx.doi.org/10.1002/cphc.200500648
http://dx.doi.org/10.1021/acs.jmedchem.5b01932
http://dx.doi.org/10.1039/c2pp05237g
http://dx.doi.org/10.1039/c4cc05058d
http://dx.doi.org/10.1021/ja01006a008
http://dx.doi.org/10.1002/ejic.201000157
http://dx.doi.org/10.1021/la052201s
http://dx.doi.org/10.1021/la702852e
http://dx.doi.org/10.1002/anie.201100410
http://dx.doi.org/10.1002/anie.201506545
http://dx.doi.org/10.1016/j.bmcl.2009.12.038
http://dx.doi.org/10.1016/j.ejmech.2011.01.032
http://dx.doi.org/10.1021/mp300565z
http://dx.doi.org/10.1021/mp300565z
http://dx.doi.org/10.1073/pnas.0507577102
http://dx.doi.org/10.1021/jm9011388
http://dx.doi.org/10.1073/pnas.0700316104

www.nature.com/scientificreports/

20.
21.
22.
23.
24.
25.
26.

27.

28.
29.
30.
31.

32.
33.

34,
35.
36.

37.
38.

39.
40.
41.
42.

43.
44.

45.
46.
. Lakowicz, J. R. Principles of fluorescence spectroscopy, 277-330 (Springer US, 2006).
48.
49.
50.
51.
52.
53.
54.

55.

56.
57.

58.

59.

60.

Nakamura, H. et al. Development of hypoxia-inducible factor (HIF)-1alpha inhibitors: effect of ortho-carborane substituents on HIF
transcriptional activity under hypoxia. Bioorg. Med. Chem. Lett. 23, 806-810, doi:10.1016/j.bmcl.2012.11.081 (2013).

Issa, F, Kassiou, M. & Rendina, L. M. Boron in Drug Discovery: Carboranes as Unique Pharmacophores in Biologically Active
Compounds. Chemical Reviews 111, 5701-5722, doi:10.1021/Cr2000866 (2011).

Scholz, M., Blobaum, A. L., Marnett, L. ]. & Hey-Hawkins, E. Synthesis and evaluation of carbaborane derivatives of indomethacin
as cyclooxygenase inhibitors. Bioorg. Med. Chem. 19, 3242-3248, doi:10.1016/j.bmc.2011.03.054 (2011).

Reynolds, R. C. et al. Novel boron-containing, nonclassical antifolates: synthesis and preliminary biological and structural
evaluation. ] Med Chem 50, 3283-3289, d0i:10.1021/jm0701977 (2007).

Brynda, J. et al. Carborane-based carbonic anhydrase inhibitors. Angew. Chem. Int. Ed. Engl. 52, 13760-13763, d0i:10.1002/
anie.201307583 (2013).

Page, M. E Z,, Jalisatgi, S. S., Maderna, A. & Hawthorne, M. E. Design and synthesis of a candidate alpha-human thrombin irreversible
inhibitor containing a hydrophobic carborane pharmacophore. Synthesis-Stuttgart. 555-563, doi:10.1055/s-2008-1032149 (2008).
Ban, H. S., Shimizu, K., Minegishi, H. & Nakamura, H. Identification of HSP60 as a primary target of o-carboranylphenoxyacetanilide,
an HIF-1alpha inhibitor. J. Am. Chem. Soc. 132, 11870-11871, d0i:10.1021/ja104739t (2010).

Bednarska, K., Olejniczak, A. B., Wojtczak, B. A., Sulowska, Z. & Lesnikowski, Z. . Adenosine and 2’-deoxyadenosine modified with
boron cluster pharmacophores as new classes of human blood platelet function modulators. Chem Med Chem 5, 749-756,
doi:10.1002/cmdc.201000075 (2010).

Olejniczak, A., Wojtczak, B. & Lesnikowski, Z. J. 2’-deoxyadenosine bearing hydrophobic carborane pharmacophore. Nucleosides
Nucleotides Nucleic Acids 26, 1611-1613, doi:10.1080/15257770701548733 (2007).

Wilkinson, S. M. et al. The first CNS-active carborane: A novel P2X7 receptor antagonist with antidepressant activity. ACS Chem.
Neurosci. 5, 335-339, doi:10.1021/cn500054n (2014).

Kracke, G. R. et al. Carborane-derived local anesthetics are isomer dependent. Chem Med Chem 10, 62-67, doi:10.1002/
cmdc.201402369 (2015).

Olejniczak, A. B. et al. Modification of selected anti-HCMYV drugs with lipophilic boron cluster modulator. Acta Pol Pharm 70,
489-504 (2013).

Adamska, A. et al. Oseltamivir analog with boron cluster modulator. Acta Pol Pharm 69, 1218-1223 (2012).

Assaf, K. L et al. Water structure recovery in chaotropic anion recognition: high-affinity binding of dodecaborate clusters to gamma-
cyclodextrin. Angew. Chem. Int. Ed. Engl. 54, 6852-6856, doi:10.1002/anie.201412485 (2015).

Awad, D. et al. Interaction of Na,B,,H,,SH with dimyristoyl phosphatidylcholine liposomes. Chemistry and Physics of Lipids 157,
78-85, doi:10.1016/j.chemphyslip.2008.11.006 (2009).

Hatanaka, H. & Nakagawa, Y. Clinical results of long-surviving brain tumor patients who underwent boron neutron capture therapy.
Int. J. Radiat. Oncol. Biol. Phys. 28, 1061-1066 (1994).

Pignol, J. P. et al. Selective delivery of °B to soft tissue sarcoma using '’B-L-borophenylalanine for boron neutron capture therapy.
Br. J. Radiol. 71, 320-323, d0i:10.1259/bjr.71.843.9616243 (1998).

Kragh-Hansen, U. Molecular aspects of ligand binding to serum albumin. Pharmacol. Rev. 33, 17-53 (1981).

Hamilton, J. A., Era, S., Bhamidipati, S. P. & Reed, R. G. Locations of the three primary binding sites for long-chain fatty acids on
bovine serum albumin. Proc. Natl. Acad. Sci. USA 88, 2051-2054 (1991).

Gelamo, E. L. & Tabak, M. Spectroscopic studies on the interaction of bovine (BSA) and human (HSA) serum albumins with ionic
surfactants. Spectrochim. Acta. A Mol. Biomol. Spectrosc. 56A, 2255-2271 (2000).

Gelamo, E. L., Silva, C. H., Imasato, H. & Tabak, M. Interaction of bovine (BSA) and human (HSA) serum albumins with ionic
surfactants: spectroscopy and modelling. Biochim. Biophys. Acta 1594, 84-99 (2002).

Ni, Y., Zhu, R. & Kokot, S. Competitive binding of small molecules with biopolymers: a fluorescence spectroscopy and chemometrics
study of the interaction of aspirin and ibuprofen with BSA. Analyst 136, 4794-4801, doi:10.1039/c1an15550d (2011).

Quinlan, G. ], Martin, G. S. & Evans, T. W. Albumin: Biochemical properties and therapeutic potential. Hepatology 41, 1211-1219,
doi:10.1002/hep.20720 (2005).

Peters Jr, T. All about albumin: Biochemistry, genetics, and medical applications, 76-132 (Academic Press, 1995).

Silva, D., Cortez, C. M., Silva, C. M. & Missailidis, S. A fluorescent spectroscopy and modelling analysis of anti-heparanase aptamers-
serum protein interactions. J. Photochem. Photobiol. B 127, 68-77, doi:10.1016/j.jphotobiol.2013.06.015 (2013).

Samari, F, Hemmateenejad, B., Shamsipur, M., Rashidi, M. & Samouei, H. Affinity of two novel five-coordinated anticancer Pt(II)
complexes to human and bovine serum albumins: a spectroscopic approach. Inorg. Chem. 51, 3454-3464, d0i:10.1021/ic202141g
(2012).

Carter, D. C. & Ho, J. X. Structure of serum albumin. Adv. Protein Chem. 45, 153-203 (1994).

Bardhan, M., Chowdhury, J. & Ganguly, T. Investigations on the interactions of aurintricarboxylic acid with bovine serum albumin:
Steady state/time resolved spectroscopic and docking studies. J. Photochem. Photobiol. B 102, 11-19, doi:10.1016/j.
jphotobiol.2010.08.011 (2011).

Lakowicz, J. R. & Weber, G. Quenching of fluorescence by oxygen. A probe for structural fluctuations in macromolecules.
Biochemistry 12, 4161-4170 (1973).

Ross, P. D. & Subramanian, S. Thermodynamics of protein association reactions: forces contributing to stability. Biochemistry 20,
3096-3102 (1981).

Rogozea, A. et al. EPR and circular dichroism solution studies on the interactions of bovine serum albumin with ionic surfactants
and beta-cyclodextrin. J. Phys. Chem. B 116, 14245-14253, d0i:10.1021/jp308650r (2012).

Sun, C. et al. Unfolding and refolding of bovine serum albumin induced by cetylpyridinium bromide. Biophys. J. 88, 3518-3524,
doi:10.1529/biophysj.104.051516 (2005).

Neal, D. G., Purich, D. & Cannell, D. S. Osmotic Susceptibility and Diffusion-Coefficient of Charged Bovine Serum-Albumin. J.
Chem. Phys. 80, 3469-3477, d0i:10.1063/1.447103 (1984).

Borzova, V. A. et al. Kinetics of thermal denaturation and aggregation of bovine serum albumin. PLoS One 11, 0153495,
doi:10.1371/journal.pone.0153495 (2016).

Gayen, A., Chatterjee, C. & Mukhopadhyay, C. GM1-induced structural changes of bovine serum albumin after chemical and
thermal disruption of the secondary structure: a spectroscopic comparison. Biomacromolecules 9, 974-983, doi:10.1021/bm701144k
(2008).

Dordovic, V. et al. Cation-sensitive compartmentalization in metallacarborane containing polymer nanoparticles. Rsc Advances 6,
9884-9892, doi:10.1039/c5ra27588a (2016).

Wojtczak, B. A., Andrysiak, A., Gruner, B. & Lesnikowski, Z. J. “Chemical ligation”: a versatile method for nucleoside modification
with boron clusters. Chemistry - A European Journal 14, 10675-10682, doi:10.1002/chem.200801053 (2008).

Wojtczak, B. A., Olejniczak, A. B. & Lesnikowski, Z. J. Nucleoside modification with boron clusters and their metal complexes. Curr.
Protoc. Nucleic Acid Chem. (S. L. Beaucage, Ed.) Chapter 4, Unit 4.37, 1-26; doi:10.1002/0471142700.nc0437s38 (John Wiley & Sons,
2009).

Teixidor, F. et al. Chameleonic capacity of [3,3’-Co(1,2-C,BoH,,),]*” in coordination. Generation of the highly uncommon
s(thioether)-Na bond. Organometallics 22, 3414-3423, d0i:10.1021/0om0301350 (2003).

Wojtczak, B. A., Olejniczak, A. B. & Lesnikowski, Z. J. In Curr. Protoc. Nucleic Acid Chem. (John Wiley & Sons, Inc., 2001).

SCIENTIFICREPORTS|7:9800 | DOI:10.1038/s41598-017-10314-0 11


http://dx.doi.org/10.1016/j.bmcl.2012.11.081
http://dx.doi.org/10.1021/Cr2000866
http://dx.doi.org/10.1016/j.bmc.2011.03.054
http://dx.doi.org/10.1021/jm0701977
http://dx.doi.org/10.1002/anie.201307583
http://dx.doi.org/10.1002/anie.201307583
http://dx.doi.org/10.1055/s-2008-1032149
http://dx.doi.org/10.1021/ja104739t
http://dx.doi.org/10.1002/cmdc.201000075
http://dx.doi.org/10.1080/15257770701548733
http://dx.doi.org/10.1021/cn500054n
http://dx.doi.org/10.1002/cmdc.201402369
http://dx.doi.org/10.1002/cmdc.201402369
http://dx.doi.org/10.1002/anie.201412485
http://dx.doi.org/10.1016/j.chemphyslip.2008.11.006
http://dx.doi.org/10.1259/bjr.71.843.9616243
http://dx.doi.org/10.1039/c1an15550d
http://dx.doi.org/10.1002/hep.20720
http://dx.doi.org/10.1016/j.jphotobiol.2013.06.015
http://dx.doi.org/10.1021/ic202141g
http://dx.doi.org/10.1016/j.jphotobiol.2010.08.011
http://dx.doi.org/10.1016/j.jphotobiol.2010.08.011
http://dx.doi.org/10.1021/jp308650r
http://dx.doi.org/10.1529/biophysj.104.051516
http://dx.doi.org/10.1063/1.447103
http://dx.doi.org/10.1371/journal.pone.0153495
http://dx.doi.org/10.1021/bm701144k
http://dx.doi.org/10.1039/c5ra27588a
http://dx.doi.org/10.1002/chem.200801053
http://dx.doi.org/10.1002/0471142700.nc0437s38
http://dx.doi.org/10.1021/om030135o

www.nature.com/scientificreports/

61. Maderna, A., Herzog, A., Knobler, C. B. & Hawthorne, M. E The syntheses of amphiphilic camouflaged carboranes as modules for
supramolecular construction. J. Am. Chem. Soc. 123, 1042310424, doi:10.1021/ja016768g (2001).

62. Stanko, V. I, Anorova, G. A. & Klimova, T. P. Preparation and properties of some C-halogenobarenes. Journal of General Chemistry
Ussr 39, 1045 (1969).

63. Bednarska, K. et al. Effect of adenosine modified with a boron cluster pharmacophore on reactive oxygen species production by
human neutrophils. Bioorg. Med. Chem. 20, 6621-6629, doi:10.1016/j.bmc.2012.09.039 (2012).

64. Gill, S. C. & von Hippel, P. H. Calculation of protein extinction coefficients from amino acid sequence data. Anal. Biochem. 182,
319-326 (1989).

Acknowledgements

The authors are grateful to National Science Centre, Poland, Grant No. 2015/19/N/NZ7/02726 (K.E. and ].B.) and
Grant No. 2014/13/B/NZ1/03989 (Z.].L.) for the partial financial support. The contribution from the Statutory
Fund of IMB PAS and HIIET PAS is also gratefully acknowledged. Publication supported by Wroclaw Centre of
Biotechnology, programme The Leading National Research Centre (KNOW) for years 2014-2018.

Author Contributions

T.M.G. conceived and designed the experiments, K.K. partly contributed to design the experiments and
performed the initial experiments, Z.J.L. provided compounds: 2, 4-10, T.M.G. and K.F. performed the
experiments and analysed the data, T.M.G. and K.E. wrote the manuscript with discussion and correction from
Z.J.L. and ].B. All authors have given approval to the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-10314-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:9800 | DOI:10.1038/s41598-017-10314-0 12


http://dx.doi.org/10.1021/ja016768g
http://dx.doi.org/10.1016/j.bmc.2012.09.039
http://dx.doi.org/10.1038/s41598-017-10314-0
http://creativecommons.org/licenses/by/4.0/

	Interactions of Boron Clusters and their Derivatives with Serum Albumin

	Results and Discussion

	Fluorescence quenching mechanism. 
	Binding constant and binding modes. 
	Conformational changes of BSA induced by boron clusters. 
	Hydrodynamic changes of BSA induced by boron clusters. 
	MALDI-MS. 

	Conclusions

	Methods

	Materials and equipment. 
	Chemistry. 
	Sample preparation. 

	Experimental procedure

	UV-Vis measurements. 
	Fluorescence measurements. 
	Circular dichroism measurements. 
	Dynamic and static light scattering measurements (DLS and SLS). 
	MALDI-TOF MS. 
	Data Availability. 

	Acknowledgements

	Figure 1 Structures of boron clusters and their derivatives.
	Figure 2 Fluorescence emission spectra of BSA (10.
	Figure 3 Circular dichroism and absorption spectra of BSA in the presence of increasing concentration of selected boron clusters.
	Figure 4 Boron cluster-specific effects on hydrodynamic parameters of BSA determined by the DLS method.
	Figure 5 Mass spectrometry results of nonconvalent binding complexes of BSA and [B12H12]2− (A) and [CoD]− (B).




