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A B S T R A C T

The development of small molecule drugs that target protein binders is the central goal in medicinal chemistry. 
During the lead compound development process, hundreds or even thousands of compounds are synthesized, 
with the primary focus on their binding affinity to protein targets. Typically, IC50 or EC50 values are used to rank 
these compounds. While thermodynamic values, such as the dissociation constant (KD), would be more infor
mative, they are experimentally less accessible. In this study, we compare isothermal calorimetry (ITC) with 
surface plasmon resonance (SPR) using human STING, a key protein of innate immunity, and several cyclic 
dinucleotides (CDNs) that serve as its ligands. We demonstrate that SPR, with recent technological advance
ments, provides KDs that are sufficiently accurate for drug development purposes. To illustrate the versatility of 
our approach, we also used SPR to estimate the KD of poxin binding to cyclic GMP-AMP (cGAMP) that serves as a 
second messenger in the innate immune system. In conclusion, SPR offers a high benefit-to-cost ratio, making it 
an effective tool in the drug design process.

1. Introduction

Development of small molecules that are protein binders and can be 
used as drugs in human medicine is the primary goal of the medicinal 
chemistry field. During the development of a lead compound, often 
hundreds or even thousands of compounds are synthesized and have to 
be individually characterized. All properties, such as stability, solubility, 
bioavailability and toxicity, are important. Yet, (almost) always, the first 
property measured of any new compound is its ability to bind to its 
target protein. Therefore, drug discovery usually begins with a library 
screen based on a single parameter (e.g., binding or inhibition above a 
certain threshold). This can be done experimentally, virtually, or 
increasingly through a combination of both methods [1,2]. Later IC50 or 
EC50 values are obtained and used as a scoring function to identify 
compounds for further characterization. IC50 or EC50 values are used 
mostly because they are relatively easier to obtain than dissociation 
constants (KDs) and often suffice to rank the compounds. In addition, 
both in vitro reactions and cell-based assays are now commonly per
formed in a high-throughput format. However, neither IC50 nor EC50 are 
thermodynamic quantities and their values depend on the specific 
conditions of each assay where they are determined. Consequently, 
more direct methods are often preferred. A simple, time-saving method 

is the determination of the melting point (Tm), which, although not 
entirely precise, is based on the principle that when a protein binds a 
strong ligand, its Tm typically increases (though exceptions do exist). Of 
course, ideally, one would aim to obtain a thermodynamic quantity, 
such as the KD of the protein-ligand complex, to serve as the most 
effective scoring function in facilitating medicinal chemistry efforts.

However, obtaining KDs might be experimentally demanding. 
Recently, we and others aimed to develop agonists of STING (stimulator 
of interferon genes) [3–7] which is a crucial molecule of innate immu
nity [8,9]. STING is a transmembrane protein and a key member of the 
cGAS-STING pathway, responsible for detecting cytosolic DNA, which is 
absent in healthy eukaryotic cells. Consequently, STING plays a crucial 
role in both cancer and antiviral responses [10]. It is not surprising that 
the cGAS-STING pathway was also identified as a key contributor to 
abnormal type I interferon responses in COVID-19 [11].

The natural STING ligands are cyclic dinucleotides (CDNs), primarily 
the canonical cyclic 2′-3′-GMP-AMP (2′3′-cGAMP), which is found in 
metazoans and is produced by the cyclic GMP-AMP synthase (cGAS) 
[12]. STING also binds other naturally occurring CDNs bearing two of 
the primary purine nucleobases (guanine, adenine, hypoxanthine). 
These mostly bacterial CDNs can be linked via phosphate linkage in 
three different ways (2′,2′-, 2′,3′-, and 3′,3′-CDNs). Besides these natural 

* Corresponding author.
E-mail address: boura@uochb.cas.cz (E. Boura). 

Contents lists available at ScienceDirect

Biophysical Chemistry

journal homepage: www.elsevier.com/locate/biophyschem

https://doi.org/10.1016/j.bpc.2025.107392
Received 22 November 2024; Accepted 19 January 2025  

Biophysical Chemistry 319 (2025) 107392 

Available online 20 January 2025 
0301-4622/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:boura@uochb.cas.cz
www.sciencedirect.com/science/journal/03014622
https://www.elsevier.com/locate/biophyschem
https://doi.org/10.1016/j.bpc.2025.107392
https://doi.org/10.1016/j.bpc.2025.107392
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2025.107392&domain=pdf
http://creativecommons.org/licenses/by/4.0/


phosphate-linked CDNs, many artificial compounds with different 
linkers have been prepared linked with phosphorothioate-, phosphor
oamidate-, amide-, urea-, 1,2,3-triazole/, or N-acylsulfonamide moieties 
[13–17]. The ribose moiety is also tolerant to alteration, such as the 
carba-modification, isonucleoside-modification, removal of the hy
droxyl group(s) or their replacement with fluorine [4,5,7,18,19]. Many 
of these changes may lead to a higher affinity of the modified CDNs to 
STING [20–22].

Previously, we used ITC (isothermal calorimetry) to determine the 
precise values of KDs of CDNs to STING [19]. ITC is considered as the 
‘gold standard’ for measuring KDs, as it allows both the protein and 
ligand to be unlabeled and in solution, closely resembling biological 
conditions [23,24]. However, experiments are usually very time 
consuming as the technique necessitates large quantities of protein that 
must be recombinantly produced and purified [19]. In this study, we 
compare binding affinities obtained by ITC to a quick alternative, sur
face plasmon resonance (SPR). SPR was used to measure binding of 
small molecules already 20 years ago [25]. However, here we utilize the 
recent advancement in SPR technology that greatly improved signal to 
noise ratio in SPR measurements and allows to quickly and reliably 
measure binding of small molecules to relatively large proteins [26,27]. 
Unfortunately, it is still impossible to measure very fast kinetics, unless 
some special method such as rapid sample switching is used [28].

By comparison to KDs previously determined by ITC, we find that in 
this case the SPR derived KDs are sufficiently precise for most 
applications.

2. Materials and methods

2.1. Protein expression and labeling

The ligand binding domain of human STING and the Mpox poxin 
were expressed and purified as described previously [29,30]. Both 
proteins were biotinylated using the EZ-Link NHS-PEG4-Biotinylation 
kit (Thermo Scientific) according to the manufacturer’s instructions. 
Briefly, the purified protein was transferred to phosphate-buffered sa
line (PBS, pH 7.4) using size exclusion chromatography on a pre- 
equilibrated Superdex75 Increase 10/300 GL column (Cytiva). After 
mixing the buffer-exchanged protein with a 20 mM solution of NHS- 
PEG4-Biotin to achieve a final molar ratio of protein to biotin of 1:3, 
the reaction was incubated for 2 h on ice before quenching with 100 mM 
hydroxylamine (pH 8.5) and incubation for another 1 h on ice. The 
STING-biotin conjugates were separated from excess biotin using size 
exclusion chromatography on a Superdex75 Increase 10/300 GL column 
(Cytiva), pre-equilibrated with PBS. The purified, biotinylated proteins 
were concentrated to 2 mg/ml, aliquoted and stored at − 80 ◦C until 
further use.

2.2. SPR measurements

All SPR measurements were performed at 25 ◦C using a Series S 
sensor chip CAP (Cytiva) on a Biacore 1S+ system (Cytiva). All binding 
analyses and dilution series were performed in SPR running buffer 
(20mM HEPES pH 7.5, 150mM NaCl, 3mM EDTA, 0.005 % (v/v) 
TWEEN-20). Flow paths 3 and 4 were saturated with undiluted CAPture 
reagent before coupling the biotinylated ligands to flow path 4 at 
2μlmin− 1 for 240s. Subsequently, a continuous flow of buffer was 
applied until a stable baseline was reached. Poxin was immobilized to 
1695 RU whereas STING was immobilized to a final level of 1050 RU 
(F2cGAMP, cGAMP), 798 RU (cdiGMP) and 786 RU (F2cdiGMP), 
respectively.

All compounds were purchased from InvivoGen and their dilution 
series were applied to flow paths 3 and 4 at 30μlmin− 1 for 60 s (poxin) 
or 120s (STING) with sufficient time in between injections for the an
alyte to completely dissociate (300–600 s). The binding data was double 
reference subtracted using the Biacore Insight evaluation software 

(Cytiva). First, the response observed on the blank reference surface 
(flow path 3) caused by analyte injection was subtracted from the 
binding response of the analyte to the ligand on the active flow cell (flow 
path 4) to account for unspecific binding of the analyte to the sensor chip 
surface. Second, a buffer blank injection response, previously corrected 
by 4–3 subtraction, was subtracted from each analyte injection response 
to mitigate bulk refractive index changes and injection artifacts across 
all analyte concentrations.

Steady state affinity was subsequently evaluated using the Biacore 
Insight evaluation software (Cytiva). Following double reference sub
traction, the steady state response (Req) (median response calculated for 
a 5 s window, 5 s before the end of the injection) for each analyte 
concentration is plotted against the respective analyte concentration. 
Based on the curvature of the plot, the Evaluation Software estimates the 
maximum response (Rmax) that can be achieved by occupying all analyte 
binding sites of the ligand, and subsequently derives the estimated KD. 
The resulting plots were exported and redrawn in Graphpad Prism 10 for 
enhanced clarity.

3. Results

3.1. Binding affinities as determined by SPR

To determine whether surface plasmon resonance may serve as a 
timesaving and cost-effective alternative to ITC for characterization of 
potential drug candidates targeting STING, we assessed the binding af
finities of four, well characterized cyclic dinucleotides to STING, 
immobilized via biotin capture on a CAP chip (Fig. 1).

We performed all the experiments on the latest generation of the 
Biacore 1S+ SPR system with a 40 Hz data collection frequency, how
ever, we were still unable to reliably determine the binding kinetics due 
to the high association/dissociation rates of the CDNs tested (Fig. 1). 
Consequently, all binding affinities were determined via steady state 
affinity. In good agreement with prior studies characterizing STING 
interactions via ITC [19], significant differences in the binding affinity 
of the analytes were observed.

To determine the KD for the vertebrate cGAMP (2′3′-cGAMP), we 
used a 2-fold dilution series of the analyte, with concentrations spanning 
from 80 μM to 156 nM. A good fit to the experimental data was obtained, 
as illustrated by the low χ2 value (Fig. 1, Table 1) and the KD was 
estimated to be 7.66 ± 3.7 μM, the lowest binding affinity for STING 
among the CDNs analyzed.

When performing the experiment with an identical dilution series of 
the bacterial 3′-3′-cyclic-di-GMP (cdiGMP), a slight increase in binding 
affinity over the vertebrate CDN was observed (KD = 5.45 ± 2.6 μM) 
(Fig. 1). A χ2 of 8.44 × 10− 3 indicates a reliable fit of the measured 
binding data (Table 1).

A much greater improvement in binding affinity to STING was 
observed for F2cdiGMP, a cdiGMP analogue with fluorinations in the 2′ 
position of both ribose rings. Using a 4-fold dilution series ranging from 
10 μM to 39 nM, the binding affinity was determined to be 916 ± 68 nM, 
representing a 5- to 7-fold increase in affinity when compared to the two 
previous CDNs (Fig. 1). Despite using a 4-fold dilution series, thereby 
effectively reducing the number of analyte concentrations by half, the 
resulting χ2 of 3.63 × 10− 3 indicates that the quality of the fit was not 
impaired (Table 1).

The lowest KD among the CDNs tested here was observed for the 
fluorinated cGAMP analogue, F2cGAMP. Fluorination in the 2′ position 
of both ribose rings increased the binding affinity over the naturally 
occurring cGAMP by more than one order of magnitude, resulting in a 
KD of 177 ± 66 nM (Fig. 1). While the use of a 4-fold dilution series, 
spanning analyte concentrations from 5 μM to 4.9 nM, resulted in a still 
reasonable fit of the steady-state model (χ2 of 7.27 × 10− 2, Table 1).
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Fig. 1. Surface plasmon resonance allows for comparative determination of binding affinities of various cyclic dinucleotides to STING and poxin. Reference sub
tracted sensorgrams for all ligand:analyte interactions are depicted alongside the analyte concentration range used (left). Req vs analyte concentration plots and the 
binding affinities (± standard error (SE)) derived therefrom, as determined using the Biacore Insight Evaluation software (Cytiva), are shown (right).

Table 1 
Binding affinities of STING and poxin to various cyclic dinucleotides as determined by surface plasmon resonance. All interaction parameters were determined using 
the Biacore Insight Evaluation software.

Analyte Ligand Immobilization level (RU) Included concentrations [μM] KD [μM] SEKD [μM] Rmax [RU] Affinity χ2 [RU2]

cGAMP
Poxin 1695 0.1–300 3.82 1.58 3.1 6.07 × 10− 2

STING 1050 0.156–80 7.66 1.8 3.7 2.60 × 10− 2

cdiGMP STING 789 0.156–80 5.45 2.6 8.4 8.44 × 10− 3

F2cdiGMP STING 786 0.039–10 0.916 0.068 5 3.63 × 10− 3

F2cGAMP STING 1050 0.0049–5 0.177 0.066 3.7 7.27 × 10− 2
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3.2. The binding affinity of cGAMP to the poxin nuclease as determined 
by SPR

To determine whether SPR can be used for other CDN-binding pro
teins, we used it to measure the binding of cGAMP to Mpox poxin [30], 
an unusual nuclease that certain viruses use to evade the cGAS-STING 
pathway [31,32]. We performed the experiment in the same manner; 
poxin was biotinylated and immobilized as STING. We used the analyte 
in the concentration range from 0.1 μM to 300 μM and we observed a KD 
of 3.82 μM with a reasonable χ2 of 6.07 × 10− 2, implicating that the 
binding affinity is in the same range as observed for STING binding to 
CDNs (Fig. 1). However, it is important to point out that this observed 
KD is actually virtual. It represents a combination of KDs for cGAMP 
(with the Kon for cGAMP) and the cleavage product Gp[2′–5′]Ap[3′] 
(with the Koff being a combination of cGAMP and its cleavage product, 
Gp[2′–5′]Ap[3′]). It is presented solely to illustrate that our approach can 
be extended beyond STING. We do not claim any accuracy for its value, 
although it is most likely correct, at least in terms of the order of 
magnitude.

3.3. Comparison to ITC

In a previous study, we determined the precise binding affinity of the 
same four cyclic dinucleotides to STING via ITC [19]. Similarly, to the 
data presented here, the fluorinated analogues F2cGAMP and F2cdiGMP 
exhibited the highest affinity to STING, with KDs of 25 ± 14 nM and 370 
± 50 nM, respectively. The KD of the naturally occurring cGAMP was 
previously determined to be 1.9 μM whereas cdiGMP exhibited the 
weakest binding affinity of 2.5 μM (all values are compared in Table 2).

4. Discussion

Overall, the binding affinities determined by SPR align well with the 
observations made using ITC. The SPR measurements lead to the correct 
identification of the two strongest binders, and the KD values of the two 
weaker binders were of the same magnitude as the values derived from 
ITC, although their ranking in terms of binding affinity was reversed but 
within the experimental error (Table 2).

The most likely cause of the observed differences in the absolute 
value of the KD between SPR and ITC measurements is the inaccurate 
determination of the maximum response (Rmax). During the evaluation 
of the steady state affinity using the Biacore Insight Evaluation software, 
the default fitting process begins with initial values for the parameters in 
the equation of the model which are subsequently automatically refined 
to minimize the sum of the squared residuals. By default, the initial 
value for Rmax is the maximum response observed during injection of the 
analyte. However, in cases where the steady-state response (Req) vs. 
analyte concentration plot does not adequately approach the curve’s 
asymptote (representing the maximum response, Rmax), the observed 
curvature of the plot becomes critical. With sufficient curvature, the 
asymptote can still be reliably extrapolated, even with fewer data points. 
Conversely, if the curvature of the plot is insufficient, this extrapolation 
becomes prone to error. Consequently, the refined Rmax value may 
deviate significantly from the maximum response observed during the 
experiment, as exemplified by the interaction between STING and 
F2cGAMP (Fig. 1, Table 1). These inaccuracies are not necessarily re
flected by the standard error (SE) of the Rmax, as the SERmax is below 10 
% of Rmax for all CDNs analyzed and thus in an acceptable range 
(Table 1).

While full saturation of the immobilized ligand typically requires 
analyte concentrations above 100-fold of the KD, it should be noted that 
the highest concentration used for all analytes tested here exceeds the 
estimated KD by at least 10-fold (Fig. 1), a concentration typically 
regarded as sufficient to reliably approximate the maximum response 
[33]. As evident by the insufficient curvature of the Req vs analyte 
concentration plot, this was not the case for the CDNs investigated here. 

It is noteworthy that the four cyclic dinucleotides tested exhibited large 
variations in their ability to fully saturate the immobilized ligand. While 
the highest concentrations of cGAMP and F2cGAMP elicited only 11 % 
of the theoretical Rmax, injection of F2cdiGMP and cdiGMP resulted in 
20 and 35 %, respectively.

When assessing the binding affinity via steady state analysis, the Req 
at an analyte concentration equal to the KD should be less than half of 
the maximum response (Rmax) for the data to be considered reliable. As a 
consequence of the aforementioned inaccuracy in the estimation of 
Rmax, this was only the case for the determination of binding affinity of 
cdiGMP and F2cdiGMP to STING (Table 1). Noticeably, the KD values of 
these analytes, as measured by SPR, most closely resemble the affinities 
determined by ITC (Table 2).

5. Conclusion

From the data presented here, we conclude that SPR can serve as an 
effective alternative to ITC to rapidly determine binding affinities across 
a broad range of potential drug candidates. This is illustrated by the 
accurate identification of the two strongest binders among the four cy
clic dinucleotides tested, as well as the correct assessment of magnitude 
of binding affinity for the remaining analytes.

While all experiments presented in this study were performed with 
the same, basic experimental setup and analyzed with default settings 
during the evaluation of the binding affinity, the reliable determination 
of relative binding affinities among drug candidates with KD values in 
the same order of magnitude requires a more accurate estimation of 
Rmax. While this could theoretically be achieved by manually estimating 
the maximum response using a well-characterized control analyte with 
high affinity, most medicinal chemistry projects do not require such a 
high level of accuracy. Instead, the focus is on achieving the highest 
possible price-to-performance ratio, which the SPR method in our setup 
fulfills.

Consequently, SPR may serve as a good technique to quickly select 
strong binders in a large pool of novel drug candidates, while comple
mentary, more accurate methods like ITC will be necessary if exact KD 
values are required.
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Table 2 
Binding affinities of STING to various cyclic dinucleotides determined by surface 
plasmon resonance compared to previously derived ITC values.

Ligand KD by SPR [μM] KD by ITC [μM]

cGAMP 7.66 ± 1.8 1.90 ± 0.40
cdiGMP 5.45 ± 2.6 2.50 ± 0.60
F2cdiGMP 0.916 ± 0.068 0.37 ± 0.05
F2cGAMP 0.177 0.066 0.025 ± 0.014
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