E AIMS Biophysics, 7(4): 236-247.
%E Received: 15 April 2020
o Accepted: 16 June 2020
Published: 02 July 2020

http://www.aimspress.com/journal/biophysics

Research article

The effects of temperature on streptavidin-biotin binding using affinity

iIsothermal titration calorimetry

Keleabetswe L. Mpye, Samantha Gildenhuys and Salerwe Mosebi*

Department of Life and Consumer Sciences, College of Agriculture and Environmental Sciences,
University of South Africa, Private Bag X6, Florida, Roodepoort, South Africa, 1710

* Correspondence: Email: mosebs@unisa.ac.za; Tel: +27114712315.

Abstract: An entropically-driven binding interaction at a certain temperature may change to an
enthalpically-driven process at another temperature, depending on the polarization state of the groups
that are involved in binding. The streptavidin-biotin complex has been extensively studied across
biological, medical, chemical and material science fields using various techniques, however, not
much has been reported on this interaction across a broad temperature range, between 2 <C and
40 <C using biophysical techniques. In this study, we determined how the forces involved in the
streptavidin-biotin complex formation are affected by the reaction temperature using the Affinity ITC (TA
Instruments). We observed that this complex formation is a spontaneous binding process, indicated
by a negative Gibbs energy (AG) at all temperatures tested. The observed negative heat capacity (ACy)
~ —459.9 cal/mol K highlights the polar solvation of the interaction that corresponds to a decreasing
enthalpy (more negative) (AH) with increasing reaction temperature. The stoichiometry (n) of 0.98
was estimated at 25 <C. An increase in reaction temperature resulted in an almost two-fold increase
or more in n, notably from 1.59 to 3.41 between 30 <C and 40 <C. Whereas, at lower reaction
temperatures, 2 <C to 10 <C, higher molar binding ratios were recorded, i.e. 2.74 to 5.76. We report
an enthalpically-driven interaction between 30 <C and 40 <C whereas, an entropically-favourable
interaction is observed at lower temperatures, suggestive of an interaction dominated by nonpolar
interactions at lower temperatures and polar interactions at higher temperatures. Consequently,
alterations in the polarisation state of streptavidin result in moderate binding affinity of biotin to
streptavidin at higher reaction temperatures, Kp 10 < 10™ M.
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1. Introduction

Streptavidin is a ~60 kDa homotetramer that is resistant to heat, T, > 75 <C [1], proteolysis [2]
and chemical denaturants [3]. The protein binds four molecules of biotin with the highest affinity.
The binding affinity of biotin to streptavidin and avidin is one of the highest reported for a
non-covalent interaction to date, with a Kp ~10"* M [4]. Stability of the streptavidin tetramer is
significantly enhanced upon biotin binding, with T, increasing from 75 <C to 112 <C [1]. The
reaction model is simple, with a single transition state and association rate constant assumed to be
near diffusion-limited [5]. Energetic contributions to this tight-binding complex include van der
Waals forces and hydrophobic interactions at the biotin binding pocket, hydrogen bond network that
extends from the biotin binding pocket and the transition of the binding loop, residues 45 to 52 [6].
Perturbation of hydrophobic side chains at the biotin binding pocket or deletion of the binding loop
results in a massive loss in binding affinity, by as much as six orders of magnitude [7,8]. Amino acid
residues, N23, S27, Y43, S45 and D128, that form hydrogen bonds with the ureido atoms of biotin
have been shown to significantly contribute to the complex stability as loss of these hydrogen bonds
results in a significant decrease in the free energy of binding and up to a 300-fold decrease in the
binding affinity [6,8,9]. An interface mutation, N54A, prevents dimerization of the streptavidin
monomers even upon ligand binding and reduces the binding affinity to Kp ~ 10”7 M [5,10].

The streptavidin-biotin complex has been exploited in various biological, medical, chemical and
material science applications [2,5,11]. Molecular recognition of biotin and streptavidin has been
studied using radio-labelling [12,13], equilibrium dialysis [14,15], fluorescence [3], enzyme-linked
immunosorbent assays [7], surface plasmon resonance [16], atomic force microscopy [17,18],
molecular dynamics simulations [19]; stopped-flow kinetics [5], micro-calorimeter [20],
conventional isothermal titration calorimetry (ITC) [6] and ligand-displacement ITC [15]. However,
none of these techniques is without drawbacks. For example, immobilised proteins lose activity over
time thus, limiting the sensitivity of the techniques. On the other hand, the use of labelling agents
introduces artefacts that interfere with the signal whilst the use of computational modelling tools is
limited by the failure to capture the extent of binding interactions.

An ITC has an advantage over these techniques due to its ability to directly measure the
thermodynamic parameters of interaction in solution without immobilisation, labelling, modification
and with no molecular weight restrictions [21,22]. ITC is a sensitive and robust biophysical
technique that measures the direct heat released or absorbed upon ligand-receptor binding. The heat
absorbed or generated as a result of the interaction is measured as power changes needed to maintain
isothermal conditions between the reference and the sample cell. From a single ITC assay, we can
instantly obtain the binding constant (Kp), binding enthalpy (AH), entropy (AS) and stoichiometry (n),
from which Gibb’s free energy (AG) can be calculated [15,23,24]. These thermodynamic parameters
can be extrapolated to help define the nature and mechanism of binding, i.e. enthalpically-favoured
interactions tend to be driven by polar and van der Waals interactions whereas, hydrophobic
interactions tend to be entropically-favoured [25,26]. Despite the accuracy of ITC in measuring
affinities of chemical and biochemical interactions, the conventional ITC is limited by its large
sample volume and concentration requirements, and the inability to reliably interrogate molecular
interactions of tight ligand-receptor binding, K, > 10° M™ [21,27]. The current study set out to
investigate the binding thermodynamic parameters, and temperature-dependence thereof, of biotin to
the bacterium Streptomyces avidinii-derived streptavidin protein using an Affinity ITC instrument
from TA Instruments.
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2. Material and methods
2.1. Protein and ligand preparations

Streptavidin was purchased from Sigma-Aldrich (catalogue number 85878-5 mg). Lyophilized
streptavidin was reconstituted according to manufacturers’ instructions in phosphate-buffered saline (PBS)
buffer, pH 7.8, without further purification prior to use. HPLC quality grade biotin was purchased as
a lyophilized powder from Sigma-Aldrich (catalogue number B4501-1 g). The working stock
solution of biotin was prepared by dissolving the lyophilized powder in dimethyl sulfoxide (DMSO)
before diluting to a final concentration of 0.1 M in PBS buffer, pH 7.8.

2.2. Protein analysis and quantification

Sodium dodecyl sulphate-polyacrylamide (SDS-PAGE) gel electrophoresis analysis was
performed as previously described [28], using a 12 % gel to assess protein purity and integrity. The
protein sample was boiled for 5 minutes before loading and electrophoresis were performed at 80 V
for 60 min. The gel was stained then destained to visualise protein bands. An aliquot of the protein
solution was used to estimate streptavidin concentration using the Beer-Lambert law, and an
extinction coefficient of 41 820 M cm™ (at 280 nm) [9,29]. Absorbance spectra of the protein were
recorded using a Chirascan (Applied PhotoPhysics, UK).

2.3. Thermodynamic analysis

Final streptavidin concentration of 40 UM was loaded into the Affinity ITC (TA Instruments)
sample cell while 750 M of biotin was used in the titration syringe. Total volumes of 350 A and
250 I were loaded into the sample cell and titration syringe, respectively. Titrations were performed
by injecting 5 I of the ligand into the protein at 200 seconds intervals and stirring at 75 rpm.
Thermodynamics of the binding of biotin to streptavidin were measured at 9 different temperatures,
2,6 C,10 C,15 C, 20 €, 25 €, 30 €, 35 T and 40 <T. Raw ITC data were integrated using
the NanoAnalyze software (TA Instruments) and presented as thermograms. The data were fitted
using an independent model to yield equilibrium thermodynamic parameters using NanoAnalyze
software (TA Instruments).

3. Results

Upon reconstitution of streptavidin into PBS buffer, purity and the size of the protein were
confirmed using a 12% SDS-PAGE gel (Figure 1). No further purification of the protein was carried
out. Unbound core-streptavidin presented as monomers of ~16 kDa whereas, the biotin-bound
protein, > 66 kDa, proved to be resistant to strong denaturant, SDS, as well as the influence of
boiling during sample preparations thus, maintaining its quaternary structure. The streptavidin
concentration was calculated at 280 nm using an extinction coefficient of 41 820 M cm™ [9,29]. To
understand the forces that enhanced the high-affinity protein-ligand interactions of biotin and
streptavidin, an ITC Affinity instrument (TA Instruments) was employed. Raw ITC data were
integrated and an independent binding model was selected to fit the isotherms as represented in
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Figure 2. Assays were carried out at various temperatures, i.e., 2 C, 6 C, 10 C, 15 C, 20 C, 25 <,
30 C, 35 € and 40 T, to determine the temperature-dependence of the binding enthalpy. Other
thermodynamic parameters of binding were also determined (Table 1). A high affinity, with a
dissociation constant (Kp) of 10° M, is reported at lower temperatures (2 <C to 20 <C) relative to
moderate affinity (Kp = 10* M to 107 M) at higher temperatures (25 <C to 40 <C). The stoichiometry
of binding or molecular binding ratio of a ligand per monomer of protein, n, was determined from
the model fit (Figure 2, lower panel) as the midpoint of the transition. A stoichiometry closer to 1 (0.94-0.98)
was reported at 15 <C to 25 <C, and increased from thereon, to 1.59-3.41 between 30 <C and 40 <C
whilst, on the other hand, it ranged from 2.74 to 5.76 at lower temperatures (2 <C to 10 <C)

MW marker-(kDa)« 1+ 2¢ 3o
-
450/

25.0-
18.4 50—
—

Figure 1. SDS-PAGE confirmation of streptavidin size. The purity of streptavidin was
assessed and the molecular weight estimated using a 12 % SDS-PAGE gel and a Pierce
protein molecular weight marker, gel lane 1 (ThemoFisher Scientific, catalogue number
26610). Following protein denaturation through boiling for 5 minutes and SDS treatment,
free streptavidin, gel lane 2, separated into its ~16 kDa monomeric subunits. The
biotin-bound streptavidin, gel lane 3, presented as an unperturbed or stable tetramer, with
molecular weight over 66 kDa.
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Figure 2. Isothermal titration calorimetric analysis. A representative of equilibrium
binding of 750 uM biotin to 40 uM streptavidin in PBS at 25 <C. The reaction was
monitored using an ITC Affinity instrument (TA Instruments) and analysed using
NanoAnalyze software (TA Instruments). Thirty injections of biotin were titrated into the
sample cell as 5 uL aliquots following a 200 seconds equilibration time while stirring at
75 rpm. Stoichiometry of 0.98 was estimated at 25 <C. Raw data were integrated and
presented as a Wiseman plot (upper panel) before the isotherm was fitted using an
independent model (lower panel) to determine the thermodynamics of binding at
different temperatures from 2 <C to 40 <C.
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Table 1. Thermodynamic parameters for streptavidin-biotin interaction at various
temperatures using the Affinity ITC.

Temp Kb AG AH AS TAS
(©) (M) n (kcal/mol)  (kcal/mol)  (cal/mol K)  (kcal/mol)
2 1.00E-09 3.14 —11.33 3.67 0.05 15.01
6 1.00E-09 5.76 —11.49 2.98 0.05 14.47
10 1.00E-09 2.74 —11.66 2.10 0.04 13.76
15 1.00E-09 0.94 -11.86 —2.57 0.03 9.29
20 1.00E-09 0.95 -12.07 —3.72 0.02 8.35
25 3.14E-07 0.98 —8.87 —5.63 0.01 3.24
30 1.79E-05 1.92 —6.58 —8.80 —0.007 —2.21
35 1.74E-04  1.59 -5.30 —23.90 —0.06 —18.60
40 2.88E-04 341 —5.08 —23.90 —0.06 —-18.82

n- stoichiometry or molar binding ratio of one biotin to a streptavidin monomer; Kp- dissociation
constant; AG- total heat change; AH- heat change of the surrounding; AS- change in entropy; TAS-
heat change of the system.

The change in heat capacity (AC,) was also measured from 2 <C to 30 <C to provide further
thermodynamic insight into the streptavidin and biotin binding interaction (Figure 3). We report AC,
value of —459.9 cal/mol K, calculated as the slope of temperature-dependence of binding enthalpy
between 2 T and 30 <T (Figure 3). This AC, is in agreement with that previously obtained and is
consistent with a buried surface area in the streptavidin-biotin bound state [30]. Similar to protein
unfolding, protein-ligand interactions are often accompanied by significant changes in heat capacity (AC,)
of the system. The extent to which heat capacity changes are associated with the solvent-accessible
surface area of the molecule thus, AC, may be employed to determine solvation state independent of
other factors [31]. The binding mechanism of biotin to streptavidin was studied by determining the
contribution of enthalpic and entropic energies to the overall affinity at various reaction temperatures.
The complex formation proved to be affected by temperature changes (Figure 4). The reaction was
entropically-driven between 15 <C and 25 <C but had unfavourable entropic contributions at higher
temperatures tested (30 T—40 °C). A tighter binding, indicated by an increasingly negative AG and
lower Kp values was observed at lower reaction temperatures, i.e., 2 T to 20 <C.

AIMS Biophysics Volume 7, Issue 4, 236-247.
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Figure 3. Heat capacity changes. Change in binding enthalpy was determined at different
temperatures using an ITC Affinity system (TA Instruments). Heat capacity changes (AC,
= —459.9 cal/mol K), calculated as the gradient of the line of AH vs temperature, was
measured between 2 <C and 30 <C.
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Figure 4. Thermodynamics binding signature plot. The nature and mechanism of binding
involved in the biotin-streptavidin complex formation were determined from the binding
signature plot. The complex formation was exothermic and enthalpically-driven at higher
temperatures, 30 T to 40 <C, but entropically-driven at 15 <C to 25 <T reaction
temperatures. At lower temperatures, 2 <C to 10 <C, the reaction was endothermic,
demonstrated by positive AH values.

4. Discussion
Each of the four subunits of the streptavidin protein binds a single molecule of biotin with high

specificity and forms the strongest non-covalent bond known in biochemistry. Upon ligand saturation,
the thermal stability of streptavidin becomes significantly enhanced, with Ty, increasing from 75 <C

AIMS Biophysics Volume 7, Issue 4, 236-247.
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to 112 <C [1]. Structural stability of the streptavidin-biotin complex was tested in the current study
using SDS-PAGE. When proteins are treated with a reducing agent and a detergent, i.e.
B-mercaptoethanol and SDS, respectively, protein folding is hampered and proteins are linearised
into polypeptides. The complex proved to be stable in the presence of both denaturing agents and at
high temperature (Figure 1), as it remained intact following an SDS electrophoresis. Since
streptavidin does not possess any cysteine residues thus, no disulphide bridges, its structural stability
is derived from an extensive hydrogen bond network and salt bridges between the subunits [32].
When bound to biotin, the complex is held together by hydrogen bonds, van der Waals forces and
hydrophobic interactions among nonpolar groups including several direct aromatic side-chain
contacts [19,33]. Additionally, the inter-subunit interactions are further enhanced by the interaction of
Trp-120 of the adjacent dimer with biotin [1].

Thermodynamic parameters of binding inform us of various forces that drive molecular
interactions. Herein, we used the Affinity ITC (TA Instruments) to determine the energetics of the
streptavidin and biotin binding interactions well as how the forces involved in complex formation are
affected by the reaction temperature. We report that the formation of this complex is a spontaneous
binding process, indicated by a negative AG at all temperatures tested (Table 1 and Figure 4). It is
also observed that AG becomes increasingly negative with tighter binding, Kp > 10° M, as observed
between 2 <C and 20 <C (Table 1 and Figure 4). An accurate calculation of the free energy of binding
relies on a thorough understanding of forces that stabilise the interaction and most importantly, the
interaction of a molecule with the solvent. Aromatic side chains of the tryptophan residues in
streptavidin (6 per monomer) are major contributors to the hydrophobic interactions and van der
Waals forces responsible for the tight binding of biotin to streptavidin. Studies have been conducted
to prove that conformational changes are induced upon biotin binding, resulting in decreased
accessibility of tryptophan residues in streptavidin [1,3,7]. Based on the polarisation state of groups
involved in binding, an entropy-driven binding interaction at a certain temperature may change to an
enthalpy-driven process at another temperature [34]. At higher temperatures, 30—40 <C, we observed
an enthalpically-driven interaction, relative to the entropically-driven interaction at lower
temperatures, and attributed this to the possible conformational changes that occur upon complex
formation and leading to decreased solvent accessibility of streptavidin tryptophan residues (Trp-79,
Trp-92, Trp-108 and Trp-120) lining the biotin binding site. Other hydrophobic interactions that are
implicated in the binding include Leu-25, Val-47 and Leu-110 which could also reduce the solvent
accessibility of the neighboring tryptophan residues. Enthalpically favorable interactions at higher
temperatures are also due to polar interactions established by Ser-45, Asn-23, Ser-27 and Tyr-43 in
the biotin binding pocket.

The most diverse thermodynamic parameter of binding, AC,, is regarded as energy fluctuations
during a binding process. This variable is defined by several factors including protein conformational
entropy, hydrogen bonding and hydrophobic groups [34]. The negative AC,, (Figure 3) alludes to the
polar solvation of the interaction that corresponds to a decreasing AH with increasing reaction
temperature. Our AC, ~ —459.9 cal/mol K, calculated as the slope of AH vs temperature, between 2-30 <C,
is consistent with AC, ~ —461 cal/mol K reported by Swamy [30]. However, others have reported
AC, of —345 cal/mol K [33] whilst a study of a Ser45Ala mutant yielded the least favourable AH,
most favourable AS and AC, ~ —223 cal/mol K as a result of perturbation of hydrogen bonding to the
ureido nitrogen of biotin [6].

Using molecular dynamics simulations, Liu et al. [19], studied the cooperativity of streptavidin
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active site mutants and showed that enthalpic contributions were mainly from the alternations in
solvation free energy. The unfavourable entropy observed in the current study (Table 1 and Figure 4)
is suggestive of thermally-induced conformational changes occurring between 30 <C and 40 <C,
resulting in moderate streptavidin affinity with Kp 10* < 10° M, towards biotin at the higher
reaction temperatures. In a study by Qureshi et al. [9], looking at the effects of certain mutations on
the binding affinities, they reported Kp values ranging from 10 to 10 M. One of their mutants,
TM1, yielded a monomeric streptavidin, with a Kp ~10"° M. The other mutant had Kp ~10® M, and it
existed in both monomeric and tetrameric forms. Our purchased core-streptavidin appears to exist in
both forms too (Figure 1) thus, the discrepancy in Kp values when compared to the values reported
by Green [4].

Spectroscopic studies of the streptavidin-biotin complex formation by Green, [20], concluded
that hydrophobic interactions made a large contribution to the free energy of binding. Contrary to
other types of non-covalent reactions that result in a decrease in both AS and heat content [35,36],
this contribution is accompanied by a large increase in AS and only a small change in heat content.
Similarly, our study reports on entropy-driven streptavidin-biotin interactions, i.e. hydrophobic in
nature, at reaction temperatures between 15 <C and 25 <C.

The binding mechanism of biotin to streptavidin was further characterised by determining the
molar binding ratio of ligand to the protein, i.e. stoichiometry (n). We report a stoichiometry of 0.94
to 0.98 between 15 <T and 25 <C (Table 1). These values are consistent with those determined at
ambient temperature by both Yumura et al. [37], when studying functional mutations of core
streptavidin (n = 0.8-1.2), and Hyre [33] from the streptavidin-biotin cooperative hydrogen bond
interactions study. An increase in reaction temperature led to an almost two-fold increase or more in
n, notably; 1.59 to 3.41 between 30 <T to 40 <C (Table 1). At lower reaction temperatures,
significantly higher molar binding ratios were recorded, i.e. n ~ 2.74 to 5.76 between 2 <C and 10 <C.
Additionally, depending on the protein conformation, a various number of biotin molecules can bind
in the binding pocket of streptavidin. The binding pocket closes as the flexible loop becomes
immobilised following biotin-binding [9]. Therefore, at either lower or higher temperatures, the
resultant structural conformation (monomer, dimer or tetramer) allows for one or more biotin
molecules to bind as shown by Sano and Cantor 1990 [38]. It is thus possible that at these different
temperatures the streptavidin assumes distinct conformation(s) (monomeric, dimeric or tetrameric)
which invariably affect the biotin binding stoichiometry.

5. Conclusions

This work reports on how the reaction temperature influences the binding thermodynamics of
the streptavidin-biotin interaction. We report that the streptavidin-biotin complex formation is a
spontaneous binding process, demonstrated by a negative AG at all tested temperatures. Change in
solvation state of streptavidin at higher temperatures results in decreased accessibility of tryptophan
residues on the protein thus, moderate binding affinity, Kp 10 < 10° M. Furthermore, an
enthalpy-driven interaction at higher temperatures, 30—-40 <C, becomes entropy-driven at lower
temperatures. We report a stoichiometry of 0.94 to 0.98 between 15 °C and 25 °C and AC, ~ —459.9

cal/mol K.
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