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Abstract
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a bioactive peptide known for its diverse effects on the 
nervous system. While numerous studies have demonstrated the neuroprotective properties of PACAP, its role in tissue 
regeneration and potential as a therapeutic agent remain to be fully understood. Specifically, the understanding of PACAP’s 
impact on cytoskeletal dynamics, particularly the organization and disorganization of actin filament networks, is limited due 
to the scarcity of in vitro studies in this area. Additionally, the interaction between PACAP and actin has been minimally 
explored, and the influence of PACAP on the thermal stability of actin is completely unknown. To address these gaps, 
the current study aimed to investigate the impact of different forms and fragments of PACAP on the thermal denaturation 
and renaturation of Ca2+-F-actin using a differential scanning calorimetry (DSC) approach. Our primary objective was to 
determine whether PACAP modulates the thermal stability of Ca2+-F-actin and establish a temperature-dependent pattern 
of any structural alterations that may occur as a result of PACAP interaction. Two PACAP forms exist in vivo: the 38 amino 
acid length PACAP38 and the PACAP27, the latter truncated at the C-terminal. Both in the PACAP38 + Ca2+-F-actin and in 
the PACAP6-38 + Ca2+-F-actin mixtures, the DSC scans exhibited a significant decrease of actin denaturation temperature 
compared to the control; however, the PACAP27 + Ca2+-F-actin and PACAP6-27 + Ca2+-F-actin revealed no remarkable 
differences compared to the actin control sample. The calorimetric enthalpy of the truncated PACAP27 and PACAP6-
27 + actin mixture also followed the tendencies mentioned above. Thus, in PACAP27 and PACAP6-27 mixture, there was 
no change in the denaturation temperature of actin, and no significant ΔHcal was observed. Through this research, we sought 
to elucidate the underlying mechanisms of PACAP’s effects on actin dynamics using thermal de- and renaturation cycles.
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Introduction

Pituitary adenylate cyclase-activating polypeptide (PACAP) 
is a neuropeptide widely distributed in the nervous system, 
initially identified in the hypothalamus [1, 2]. Within this 
region, PACAP was found to activate cyclic adenosine 
monophosphate (cAMP) in the anterior pituitary, at the same 
time stimulating the release of pituitary hormones. PACAP 
induces cAMP levels in anterior pituitary cells, playing a 
determinant role in hormonal release [3]. Two biologically 

active forms of PACAP exist, consisting of 38 amino acids 
(PACAP38) and 27 amino acids (PACAP27). PACAP38 
predominates and undergoes internal cleavage amidation, 
resulting in the formation of the PACAP27 fragment [4–7].

Belonging to the VIP/secretin/glucagon superfamily, 
PACAP shares structural similarities with vasoactive intes-
tinal polypeptide (VIP) [4, 6, 8]. The antagonist form of 
PACAP, spanning residues 6–38, exerts potent inhibitory 
effects [9].

Filamentous actin (F-actin) serves as a fundamental 
architectural component of the cellular cytoskeleton, play-
ing a crucial role in maintaining cellular shape, structural 
integrity, and dynamic cellular processes. F-actin, assembled 
by polymerization from globular actin (G-actin) subunits, 
forms long, helical filaments that contribute to the mechani-
cal strength and stability of the cell. An intricate network 
of F-actin filaments extends throughout the cytoplasm, 
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providing a scaffold for various cellular structures and facili-
tating essential cellular functions [10–15].

The dynamic nature of F-actin is integral to cytoskeletal 
dynamics, allowing cells to adapt to changes in their 
environment and undergo processes such as cell migration, 
division, and intracellular transport. Through the 
coordination of polymerization and depolymerization 
processes, F-actin undergoes continuous remodeling, 
enabling cells to respond to external and internal signals [15, 
16]. In addition, F-actin interacts with numerous regulatory 
proteins, influencing its organization, and is involved 
in various cellular activities, including the formation of 
membrane protrusions, cell adhesion, and the maintenance 
of cell polarity [17]. The versatile and dynamic nature of 
F-actin underscores its importance in orchestrating the 
complex ballet of cellular movements and maintaining the 
overall structural and functional integrity of the cell [17–20].

Effects of PACAP on F-actin dynamics. The investigation 
of the interaction between PACAP and F-actin represents a 
significant advance in understanding the complex dynamics 
of cellular processes. PACAP, a neuropeptide with diverse 
physiological functions, has been extensively studied for 
its effects on cell behavior and signaling pathways. The 
cytoskeletal system, which includes dynamic elements 
such as actin filaments and microtubules, plays a key role 
in organizing cellular functions [21–28]. To understand 
the effect of PACAP on F-actin, we delve into fundamental 
aspects of PACAP and the cytoskeletal system.

PACAP is emerging as a key regulator of neuronal 
processes, neurovascularization, and neurogenesis [4, 6, 
8, 29]. Its role in modulating the cytoskeletal framework, 
particularly F-actin, offers a captivating avenue for discovery. 
F-actin, an essential component of the cytoskeleton, is 
known for its involvement in cellular motility, structural 
integrity, and signal transduction. Understanding the 
interaction between PACAP and F-actin holds promise for 
unraveling novel insights into cell dynamics.

Our in vitro study investigating the effect of PACAP 
on the thermal stability of F-actin with differential 
scanning calorimetry (DSC) provides a solid basis for the 
continuation of our exploration. Previous research has 
demonstrated the effect of PACAP on the reorganization of 
the actin filament network, with potential implications for 
cell migration events [21, 22, 25, 28]. The examination of 
neuritogenesis, neurovascularization, and neurogenesis in 
response to PACAP sheds light on the broader physiological 
consequences of this interaction [28, 30].

The central element of our study is the analysis of the 
expression pattern of PACAP-induced cytoskeletal elements. 
This includes the thermodynamics of F-actin, following 
polymerization. By elucidating these mechanisms, we will 
comprehensively understand the multiple effects of PACAP 

on cytoskeletal architecture as well as its downstream effects 
on cell behavior.

In this manuscript, we set out to explore the nuanced 
relationships between PACAP and F-actin using a 
methodology similar to previous studies focusing on actin 
monomers. The convergence of PACAP-driven changes 
in actin dynamics with broader cellular phenomena such 
as neuritogenesis and neurovascularization creates a 
compelling narrative of the effects of PACAP on cellular 
function. By exploring these complexities in detail, we aim 
to contribute to the evolving landscape of knowledge in the 
field of biophysics and cell biology.

Materials and methods

The extraction of Ca2+-G-actin from rabbit striated 
muscle followed a meticulously established protocol 
in our laboratory [31–33]. The MOPS buffer, a crucial 
component for actin extraction and stabilization, was 
formulated with MOPS (3-(N-morpholino) propane 
sulfonic acid) as the buffering agent, CaCl2 for maintaining 
physiologically relevant calcium ion concentrations, 
MEA (β-mercaptoethanol) as a reducing agent, and NaN3 
to prevent bacterial contamination. ATP (adenosine 
triphosphate) was also included in the buffer to sustain 
actin in its active state. The actin preparation encompassed 
the addition of 50 mM KCl and 2 mM MgCl2 to ensure 
optimal actin stability throughout the experiments. Rigorous 
measures were implemented to ascertain the purity and 
integrity of the Ca2+-G-actin sample, ensuring the robustness 
and precision of subsequent examinations into the impact of 
PACAP on F-actin thermodynamics.

The pH of the buffer was meticulously set at 7.8, a 
critical parameter for establishing a biologically relevant 
and controlled environment conducive to studying actin 
dynamics and its interactions with PACAP. Before the 
experiment, overnight G-actin polymerization was induced 
by solutions of KCl and MgCl2 at final concentrations of 
100 mM and 2 mM, respectively. This pre-experimental step 
ensured the stability of F-actin, enhancing the reliability of 
results.

PACAP information, including the applied forms and 
fragments along with their respective amino acid sequences, 
can be referenced in Fig. 1.

Differential scanning calorimetry (DSC) measurements 
were conducted using the SETARAM Micro DSC-III in 
a temperature range of 0–110 °C, employing a scanning 
rate of 0.3 Kmin−1 over two heating/cooling cycles. 
Denaturation experiments were carried out in conventional 
Hastelloy batch vessels, with an average sample volume of 
950 μL. The MOPS buffer served as the reference sample, 
and both the sample and reference were equilibrated with 
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a precision of ± 0.1 mg. A buffer–buffer set was utilized 
as a baseline reference, subtracted from the original DSC 
curve. The heat flow, recorded as a function of temperature 
using the hermetically closed vessels of the DSC-III heat 
flux instrument, was plotted. Calorimetric enthalpy was 
calculated by integrating the area under the heat flow curve 
using a two-point setting with SETARAM peak integration. 
All presented results are expressed as mean values ± standard 
error (s.d.), with three measurements conducted for each 
case.

To evaluate thermal stability and interactions, 
Ca2+-F-actin was consistently maintained at a concentration 
of 2  mg mL−1 at pH 7.8 across all experiments. This 
concentration ensured methodological consistency in DSC 
analyses, enabling meaningful comparisons throughout the 
experimental framework. The PACAP peptide was applied 
at a concentration of 21 μM at pH 7.8, strategically chosen 
to explore potential interactions with actin under controlled 
conditions. Employing a highly sensitive calorimeter, 
DSC measurements were conducted to precisely assess 
the thermal denaturation and renaturation of Ca2+-F-actin 
in the presence of PACAP. The adoption of standardized 
concentrations facilitated robust and reproducible data 
acquisition, contributing to a comprehensive understanding 
of how PACAP influences actin stability and potential 
regulatory mechanisms within the cytoskeleton.

Results

The thermal phenomena accompanying the interaction of 
F-actin and PACAP took place in the range of 40–80 °C. 
Neither the first cooling nor the repeated second heat-
ing–cooling cycle showed any signs of thermal structural 
change, so only this range was taken into account in the 
evaluation (because the first cooling exhibited an irreversible 
denaturation). Figure 2 and Table 1 present a consolidated 
overview of the denaturation measurements for physiologi-
cally significant PACAP compounds across heating–cool-
ing cycles. Given the baseline reproducibility of our DSC 
at approximately 2–3 µW, additional tests are warranted to 

validate values within this proximity, providing further sup-
port for the selection of the 40–80 °C temperature range 
(this is another argument in favor of choosing the 40–80 °C 
range).

PACAP38 displayed two endothermic peaks during the 
initial heating, observed at around 40 and 57 °C, along with 
an exothermic peak at 91 °C. The lower endotherm could be 
assigned to the denaturation of 1–27 (N-terminal part) unit, 
while the higher one to the 28–38 (C-terminal part). The big 
difference between the two peaks is the sign of weak cooper-
ativity between them (the first denaturation has not any influ-
ence on the second thermodynamic domain of PACAP38). 
The exotherm peak can demonstrate the rearrangement of 
N-terminal into more compact structure. Surprisingly, no 
detectable effect was noted during the first cooling; however, 
in the second heating cycle, the lower-temperature denatura-
tion events were eliminated, indicating irreversible changes 
post the initial heating, and the exothermic peak shifted to 
a higher temperature (approximately 101 °C). In contrast, 
PACAP27 exhibited no endothermic peaks but displayed 

Fig. 1   The amino acid 
sequences of various PACAP 
isoforms: PACAP 1–38 (P38, 
the bioactive full-length natural 
isoform), PACAP 1–27 (P27, 
a natural bioactive fragment), 
PACAP 6–27 (P6-27, an arti-
ficial fragment), and PACAP 
6–38 (P6-38, an artificial frag-
ment)
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Fig. 2   Denaturation curves for PACAP38 and PACAP27 fragments, 
with the curves representing averages in the first and second heating 
cycles. (cPACAP = 21  µM; cactin = 2  mg mL−1; pH = 7.8; Vsample = 950 
µL)
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two exothermic peaks during the first heating. In the sec-
ond heating cycle, the first exothermic peak disappeared, 
while the second persisted at the same temperature with 
nearly identical ΔHcal. All observed effects fell within the 
range of instrument error. These findings suggest that these 
two derivatives possess a highly stable core from a thermal 
standpoint, a characteristic supported by their interaction 
with F-actin (refer to Fig. 3 and Table 2) and referring to 
the high-temperature exothermic transitions which might 
originate from self-aggregated peptides.

In Fig.  3, the summarized result of the denaturation 
measurements can be seen performed on Ca2+-F-actin 
mixed with PACAP compounds having physiologically 
relevant concentration. The Ca2+-F-actin exhibited only a 
usual denaturation peak (Tm) around 67 °C with 0.0393 Jg−1 
calorimetric enthalpy (ΔHcal) [34–37].

The denaturation of Ca2+-F-actin alone was irrevers-
ible, we did not detect a thermal signal neither during 
the first cooling nor during the second heating and cool-
ing cycle. In addition to the control Ca2+-F-actin alone, 

Ca2+-F-actin + PACAP38 mixture exhibited double endo-
therm peaks: a lower at 54.1 and a higher at 66.2 °C (see 
Fig. 3 and Table 2.). The lower one is a typical G-actin dena-
turation temperature [34], indicating the presence of partly 
depolymerized actin, while the higher peak reports the weak-
ening of the structure of F-actin because of the binding of 
PACAP into the nucleotide-binding pocket of actin protomer 
(the original denaturation temperature decreased ~ by 1 °C).

The whole denaturation temperature range decreased 
by ~ 7 °C, which also supports the view that addition of 
PACAP38, the actin structure becomes less compact. The 
calorimetric enthalpy exhibited a remarkable decrease in 
the case of PACAP6-38, compared to F-actin. The first 
Tm became higher, but the second one remained the same 
(indicating the strong effect of PACAP38 in the loosening 
of the internal structure of actin monomers (see Table 2. 
and Fig. 3).

We did not observe the strong thermal effect on 
Ca2+-F-actin by the other PACAP27 forms, which 
may emphasize the higher physiological importance of 
PACAP38. The PACAP27 fragments produced only one 
endotherm. The endotherm’s Tm was a bit higher than in 
the case of PACAP38 with a closely same ΔHcal (see Fig. 3. 
and Table 2), but no significant difference compared with 

Table 1   The thermal characteristics of various PACAP variants at a concentration of 21 µM

Notations include h/c for heating/cooling cycle, Tm denotes the melting (denaturation peak) temperature, and L and H indicate lower and higher 
temperature ranges, respectively. ΔH represents calorimetric enthalpy, and all values are averages from three measurements ± standard deviation. 
Negative signs denote exothermic transitions

Samples Thermal parameters

TmL1/°C ΔHL1/Jg−1 TmL2/°C ΔHL2/Jg−1 TmH1/°C ΔHH1/Jg−1 TmH2/°C ΔHH2/Jg−1

PACAP38 1st h 40.1 ± 0.3 0.008 ± 0.001 56.7 ± 0.4 0.006 ± 0.001 90.8 ± 0.5  − 0.012 ± 0.001 – –
PACAP38 2nd h – – – – – – 101.1 ± 0.7  − 0.023 ± 0.002
PACAP27 1st h – – – – 83.7 ± 0.4  − 0.005 ± 0.001 102.9 ± 0.6  − 0.007 ± 0.001
PACAP27 2nd h – – – – – – 103.1 ± 0.7  − 0.006 ± 0.001

0.01

0.00

– 0.01

F-actin

F-actin+PACAP38

F-actin+P6-38

F-actin+P6-27

F-actin+PACAP27

F-actin + PACAPs

– 0.02

– 0.03

– 0.04

– 0.05

35 40 45 50 55 60 65 70 75 80 85

Temperature/°C

H
ea

t f
lo

w
/m

W

Fig. 3   The denaturation curves of Ca2+-F-actin and its complexes 
with different PACAP fragments during the first heating cycles. 
(cPACAP = 21 µM; cactin = 2 mg mL−1; pH = 7.8; Vsample = 950 µL)

Table 2   Thermal parameters of 2  mg mL−1 (46  µM) Ca2+-F-actin 
(green) and its mixing with different PACAP of 21 µM

Symbols: h-heating cycle, L and H stand for lower and higher 
temperature range, Tm is melting (denaturation) temperature as well, 
and ΔH is the total calorimetric enthalpy normalized on sample mass. 
Data are averages of three measurements ± s.d

Samples Thermal parameters

TmL/°C TmH/°C Total ΔH/Jg−1

Ca2+-F-actin – 67.0 ± 0.2 0.0393 ± 0.003
F-actin-PACAP38 1st h 54.1 ± 0.3 66.2 ± 0.3 0.0383 ± 0.006
F-actin-PACAP6-38 1st h 55.1 ± 0.4 66.1 ± 0.3 0.0321 ± 0.005
F-actin-PACAP27 1st h – 66.9 ± 0.3 0.0375 ± 0.004
F-actin-PACAP6-27 1st h – 67.0 ± 0.3 0.0371 ± 0.003
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F-actin. It means that its structural effect on F-actin is 
negligible.

The first DSC scans of PACAP6-27 produced also the 
same basic effect as was observed at F-actin: Tm and ΔHcal 
are in the F-actin range (see Fig. 3 and Table 2).

Discussion

In this research, we systematically explored the impact 
of different PACAP fragments on the thermal stability of 
Ca2+-F-actin through differential scanning calorimetry. 
Additionally, we examined the standalone thermal stability 
of these various PACAP forms and fragments, independent 
of Ca2+-F-actin.

The DSC experiments conducted on physiologically 
relevant PACAP compounds in the absence of actin unveiled 
intriguing thermal profiles. These outcomes suggest that 
both PACAP38 and PACAP27 possess transition into an 
exceptionally stable core, likely attributed to the N-terminal 
segments (amino acids 1–27) of their structure (refer to 
Fig. 1), which are implicated in the observed exothermic 
process. The absence of amino acids 1–5 segment (Fig. 1) 
corresponds to the lack of an endothermic transition. 
This thermal stability is underscored by their resistance 
to denaturation and their interactions with F-actin. The 
presence of multiple thermal transitions hints at intricate 
structural changes or conformational rearrangements within 
these PACAP molecules. Further exploration is essential 
to unveil the precise nature and functional implications of 
these thermal transitions and their potential involvement in 
biological processes. Notably, the PACAP molecules alone 

exhibited subtle thermal effects within the investigated 
temperature range.

Concerning PACAP-Ca2+-F-actin interactions, our find-
ings revealed that Ca2+-F-actin itself displayed a character-
istic denaturation peak, and this denaturation was irrevers-
ible, indicating a substantial structural transformation during 
this process. The introduction of the active form of PACAP 
(PACAP38) to Ca2+-F-actin led to a double endotherm peak 
during the first heating, possibly signifying a relaxation of 
the filamentous actin structure due to PACAP binding into 
the actin cleft. In the case of PACAP38 and PACAP6-38, 
this could be the consequence of PACAP binding to the cleft 
of actin monomer (see Fig. 4.) which can disturb the struc-
ture of the hinge between subdomains 1 and 3 and cause 
a loosening of the two big domains (I: subdomain 1 and 2 
and II: subdomain 3 and 4) [38, 39]. The lack of exothermic 
effect (refer to Table 2) likely corresponds to the absence of 
non-bound PACAP molecules. In the second heating–cool-
ing cycle, no effect was discerned. The effects observed dur-
ing the first cooling and second heating–cooling cycles fell 
within the instrument error range, leading us to disregard 
them.

In the first heating cycle, the PACAP6-38 fragment 
displayed two endotherm peaks similarly to PACAP38-
Ca2+-F-actin having similar Tm values, despite the first 
one was at a slightly higher Tm (1  °C). This disparity 
suggests more intricate structural changes and enhanced 
ordering within the complex, highlighting the distinctive 
thermodynamic behavior of PACAP38. For the PACAP38-
actin and PACAP6-38-actin interaction, this might imply 
more elaborate or extensive conformational changes during 
heating compared to the PACAP27-actin complex. Such 

Fig. 4   The structure of G- and 
F-actin. (The modified image is 
based on the following sources: 
https://​neher​lab.​org/​20171​
031_​theor​etical_​bioph​ysics.​
html; https://​hu.m.​wikip​edia.​
org/​wiki/F%​C3%​A1jl:G-​actin_​
subdo​mains.​png)
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changes could involve the initiation of a larger number 
of bonds or interactions among PACAP molecules. Our 
findings demonstrate that the PACAP27 and PACAP6-27 
fragments, despite showcasing a denaturation temperature 
(Tm) akin to that of Ca2+-F-actin alone, exhibited similar 
calorimetric enthalpy. These thermodynamic differences 
imply reduced energy demands for structural transformations 
during denaturation in case of PACAP38 and 6–38. Notably, 
the absence of any exothermic signal and the similarities to 
Ca2+-F-actin denaturation pattern indicate the lack of any 
structural effect of PACAP27 and PACAP6-27 on F-actin.

Consistent with earlier in vitro investigations [21–28], 
our study affirms the significant impact of PACAP38 and 
PACAP6-38 on the thermal stability of actin filaments, 
inducing notable changes in both structural features and 
denaturation behavior. These alterations have the potential 
to elicit functionally significant conformational changes in 
actin. However, a thorough examination of these effects calls 
for further comprehensive research.

Conclusions

In this paper, we systematically investigated the influence 
of different PACAP fragments on the thermal stability 
of Ca2+-F-actin using differential scanning calorimetry. 
Additionally, we examined the standalone thermal stability 
of various PACAP forms and fragments, independent of 
Ca2+-F-actin which revealed intriguing thermal profiles, 
indicating that both PACAP38 and PACAP27 possess a 
remarkably stable core likely attributed to their N-terminal 
segments (amino acids 1–27). This stability, evidenced by 
resistance to denaturation and interactions with F-actin, 
hints at intricate structural changes within these PACAP 
molecules, requiring further exploration. Notably, PACAP 
molecules alone exhibited subtle thermal effects within the 
investigated temperature range.

Our study is the first to explore actin-PACAP interactions 
using a thermoanalytical method. Findings reveal intricate 
interplay between PACAP forms and/or fragments and 
actin, influencing actin's thermal stability. This shift is 
crucial in understanding how PACAP variants influence 
actin filaments. PACAP38 and PACAP6-38 demonstrated 
the most pronounced effects on actin thermal stability. Other 
PACAP forms and fragments (PACAP27 and PACAP6-27) 
had no significant impact on Ca2+-F-actin. These insights 
into diverse interactions between PACAP and actin provide 
valuable thermodynamic dynamics understanding.

In summary, our results indicate that the interaction 
between PACAP and actin goes beyond a simple additive 
effect of their individual properties, involving specific 
interactions that alter the overall stability of the system. 
Further research is imperative to meticulously characterize 

these interactions and understand their functional 
consequences, necessitating additional experiments.
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