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Hallin et al. characterized the binding of peptides to the activity- 
regulated cytoskeleton-associated protein (Arc) in a recent paper [1]. 
The research is particularly interesting since it provides mechanistic 
insight into the molecular basis of the function of the Arc protein in 
neural plasticity [2,3]. The authors of the original paper [1] employed 
three forms of human Arc in the peptide binding assay; hArc-NL (resi-
dues 207–277), hArc-CL (residues 278–370), and hArc-CT (residues 
206–396). The peptide sequences used in the binding assay represent the 
parts of proteins, guanylate kinase-associated protein and stargazin, 
which are considered to play a role in synaptic plasticity [4,5]. There-
fore, the peptide-protein interactions that they examined may charac-
terize the binding of hArc to its target proteins in postsynaptic neurons. 

The authors measured peptide-binding capacity of each form of the 
Arc protein (hArc-NL, hArc-CL, and hArc-CT) at 25 ◦C by isothermal 
titration calorimetry. The primary finding of the experiment is that the 
peptide-binding capacity is present only in hArc-NL, not in hArc-CL, 
despite the structural similarity between the two domains. In addition, 
they confirmed that hArc-CT binds peptide ligands as expected since it 
contains hArc-NL. While their research provided valuable information 
for the binding thermodynamics, we noticed that one of their in-
terpretations in their paper [1] needs a clarification. In this paper, we 
report our analysis of the thermodynamics of hArc-peptide interactions, 
which we hope clarifies the ambiguity in the original paper [1]. We also 
propose the role of hArc-CT in the recognition of target peptides of hArc 
protein. 

The authors in the original paper [1] stated that all peptides 
exhibited similar enthalpy–entropy compensation in binding to 
hArc-NL, as alone or as a part of hArc-CT, based on the binding ther-
modynamics obtained from isothermal titration calorimetry. To 
examine the apparent similarity of enthalpy–entropy compensations, we 
statistically examined the thermodynamic data reported in the original 
paper [1]. The relationship between enthalpy (ΔH) and entropy (ΔS) in 
the binding of peptides to the two different forms of hArc-NL, as alone or 
as a part of hArc-CT, is shown in Fig. 1A. The plot shows a wide variation 
of ΔH and ΔS, as well as a significant correlation between ΔH and ΔS in 
both hArc-NL and hArc-CT. Numerical relationship of the correlation, 
which represents enthalpy–entropy compensation, can be described by 
Eq. (1): 

ΔH =TC × ΔS + β (1)  

where TC, called compensation temperature [6,7], is the slope of the 
fitting line (Fig. 1A). The values of TC and its standard errors for hArc-NL 
and hArc-CT are 308.4 ± 6.6 K and 343.0 ± 11.7 K, respectively. A t-test 
indicates that the difference of TC between hArc-NL and hArc-CT is 
statistically significant (t = 2.769, df = 5, P = 0.039). In the t-test, the 
value of degree of freedom (df) [8] was calculated as df = (n1 – 2) + (n2 – 
2), where n1 and n2 are the number of data points of hArc-NL and 
hArc-CT, respectively: n1 = 5 and n2 = 4 (Fig. 1A). It is known that TC 
can be a quantitative measure of the degree of compensation between 
enthalpy and entropy [7]. The statistical difference of TC between 
hArc-NL and hArc-CT strongly suggests that hArc-NL and hArc-CT have 
distinct peptide binding properties. 

According to the theory of enthalpy–entropy compensation [6], the 
deviation of binding free energy (ΔG) among related reactions becomes 
minimized at the compensation (iso-equilibrium) temperature (Fig. 1B). 
To visualize the theory in the interactions of hArc and peptides, we 
calculated the standard deviation (SD) of ΔG in the bindings at tem-
perature T using Eq. (2): 

SD=
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where ΔGi is the free energy in the binding of peptide i to either hArc-NL 
or hArc-CT, and <ΔGi> is the average of the binding free energy of all 
species to hArc-NL or hArc-CT at temperature T, and n is 5 and 4 for 
hArc-NL and hArc-CT, respectively (Fig. 1A). The procedure of SD cal-
culations is available in Supplementary material that containsΔGi and 
SD values in each binding at a temperature. The plot confirms that the 
standard deviation is minimum at the corresponding compensation 
temperature in each case (Fig. 1B). According to our statistical analysis, 
hArc-CT has a lower standard deviation of ΔG than hArc-NL in the range 
of physiologically-relevant temperature (Fig. 1B). This means that hArc- 
NL in the context of hArc-CT has a broader specificity than hArc-NL 
alone. Therefore, we can postulate that the role of hArc-CL is broad-
ening the binding specificity in hArc-NL (Fig. 1C). 

The broad specificity is also observed in the immune system. For 
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example, major histocompatibility complex (MHC) molecules, which 
are antigen-binding proteins, bind many different peptides [9,10]. The 
high promiscuity of MHC molecules in binding target antigen peptides is 
essential for their antigen presentation function in order to recognize 
various peptide antigens derived from diverse pathogen proteins [11]. 
Based on our statistical and thermodynamic analysis, we propose that 
the function of hArc-CL is an enhancement of binding promiscuity of 
hArc-NL in its recognition of target proteins (Fig. 1C). This feature 
should be favorable for the role of hArc as a flexible hub protein for 
synaptic plasticity by binding various neuronal postsynaptic proteins 
[3]. 

While our analysis suggests that hArc-CL may act to broaden binding 
specificity toward target peptides, another aspect of binding worth 
discussion is its effect on the binding affinity of hArc-NL. Fig. 1D shows 
the average binding affinity represented by ΔG of hArc-NL and hArc-CL 
based on the data in the original paper [1]. It clearly shows that hArc-CT 
has a higher affinity (lower ΔG) than hArc-NL. Its statistical significance 
was examined by a t-test, which indicated that the difference in the 
mean values of the two groups was not great enough to reject the pos-
sibility that the difference is due to random sampling variability (t =
1.259, df = 7, P = 0.248). This means that there is not a statistically 
significant difference between the input groups. However, one should be 
cautious in accepting the result, since the power of the performed t-test 
(0.098) is much below the desired power of 0.8 [12], implying that it is 
less likely to detect a difference even if one actually exists. One reason 
for the lower power of the test can be attributed to the small number of 
data points (n total = 9). Therefore, a binding assay with more sample 
peptides may elucidate the effect of hArc-CL on the peptide binding 
affinity in hArc-NL. 

In this paper, we show our statistical analysis of thermodynamic data 

in the binding of various peptides to three different forms of hArc. 
However, one should note that analysis based on purely thermody-
namics has an intrinsic limitation, since classical equilibrium thermo-
dynamics barely provides mechanistic descriptions of the system [13]. 
Further research will decipher the findings in this paper. For example, 
any potential role of solvent water molecules in modulating binding 
property of hArc-NL by hArc-CL requires investigation using alternative 
methods such as molecular dynamics of the system [14–16]. 

In conclusion, each of hArc-NL and hArc-CL exhibits a unique ent-
halpy–entropy compensation with a statistically different compensation 
temperature in binding peptides. Statistical analysis suggests that hArc- 
CL enhances binding promiscuity of hArc-NL. 
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Fig. 1. Thermodynamic analysis of the interactions between Arc and peptide ligands. A. Enthalpy–entropy compensation in the binding of peptide ligands to two 
different forms of hArc. Each line represents linear fits using Eq. (1). Linear regression indicates a significant correlation between ΔH and ΔS as the R2 values are 
0.9986 and 0.9977 for hArc-NL and hArc-CT, respectively. Two data points of hArc-CT at the upper right are almost overlapped, not visually distinguishable. B. 
Standard deviation of ΔG in the binding of peptide ligands to hArc in a range of temperature. The arrows indicate the compensation temperature of each case: 308.4 
K and 343.0 K for hArc-NL and hArc-CT, respectively. C. Schematic model of the role of hArc-CL in the modulation of the binding site in hArc-NL. The square or 
curved well represent a rigid or flexible peptide binding site, respectively. D. ΔG of each form of hArc at 37 ◦C. The error bars represent the standard deviation. Graph 
preparation and fitting was performed using SigmaPlot (version 11, Systat Software Inc., San Jose, CA). 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbrep.2021.101088. 
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water entropy in the active site of human carbonic anhydrase II, J. Chem. Theor. 
Comput. (2021), https://doi.org/10.1021/acs.jctc.1c00554. 

Jonghoon Kang*, Lukas Smidtas 
Department of Biology, Valdosta State University, Valdosta, GA, 31698, 

USA 

* Corresponding author. 
E-mail address: jkang@valdosta.edu (J. Kang). 

J. Kang and L. Smidtas                                                                                                                                                                                                                        

https://doi.org/10.1016/j.bbrep.2021.101088
https://doi.org/10.1016/j.bbrep.2021.101088
https://doi.org/10.1016/j.bbrep.2021.100975
https://doi.org/10.3389/fnins.2015.00279
https://doi.org/10.3389/fnins.2015.00279
https://doi.org/10.1016/j.semcdb.2017.09.006
https://doi.org/10.1016/j.semcdb.2017.09.006
https://doi.org/10.1038/nn.3259
https://doi.org/10.1113/JP278701
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref6
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref6
https://doi.org/10.1002/cphc.202100431
https://doi.org/10.1002/cphc.202100431
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref8
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref8
https://doi.org/10.1073/pnas.1201586109
https://doi.org/10.1016/j.molimm.2009.05.184
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref11
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref11
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref12
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref12
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref12
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref13
http://refhub.elsevier.com/S2405-5808(21)00182-5/sref13
https://doi.org/10.1016/S1074-5521(96)90164-7
https://doi.org/10.1039/D0SC04938G
https://doi.org/10.1039/D0SC04938G
https://doi.org/10.1021/acs.jctc.1c00554
mailto:jkang@valdosta.edu

	Enthalpy–entropy compensation in the binding of peptide ligands to human Arc
	Author statement
	Funding
	Declaration of competing interest
	Appendix A Supplementary data
	References


