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Abstract
The monomeric (G-actin) and polymer (F-actin) forms of actin play important role in muscle development and contraction, 
cellular motility, division, and transport processes. Leiomodins 1–3 (Lmod1–3) are crucial for the development of muscle 
sarcomeres. Unlike tropomodulins that localize only at the pointed ends, the striated muscle specific Lmod2 shows dif-
fuse distribution along the entire length of the thin filaments. The G-actin-binding profilin (Pro) facilitates the nucleotide 
exchange on monomeric actin and inhibits the polymerization at the barbed end, therefore contributes to the maintenance 
of the intracellular pool of polymerization competent ATP-G-actin. Cyclophosphamide (CP) is a cytostatic drug that can 
have potential side effects on muscle thin filaments at the level of actin in myofilaments. Here, we aimed at investigating the 
influence of CP on actin and its complexes with actin-binding proteins by using differential scanning calorimetry (DSC). 
We found that upon CP treatment, the denaturation of the Pro-G-actin and Lmod2-F-actin complexes was characterized by 
an increased enthalpy change. However, after the CP treatment, the melting temperature of F-actin was the same as in the 
presence of Lmod2, seems like Lmod2 does not have any effect on the structure of the CP alkylated F-actin. In case of Pro 
bound G-actin the melting temperature did not respond to the CP addition. The intracellular function of Lmod2 in muscle 
cells can be modified within CP drug treatment.

Keywords Actin · Profilin · Leiomodin2 · Cyclophosphamide · Differential scanning calorimetry

Introduction

The eukaryotic cytoskeleton is composed of different fila-
ment systems constructed by microtubules, intermediate 
filaments and actin-based microfilaments with their binding 
proteins. Actin plays an important role during muscle con-
traction as a dynamic component of the acto-myosin com-
plex and in the motility, division, and transport processes of 
eukaryotic cells [1–7].

Cyclophosphamide (CP) is a chemotherapeutic drug 
with potential cytotoxic effects [8–13]. As it was previously 
shown with differential scanning calorimetry (DSC) scans, 
CP potentially affects the level of actin in muscle fibers 
[14–18]. Actin filaments can go through a cooperative and 
allosteric conformational change by ligand binding [19–23]. 
In the case of toxins it shows a concentration-dependent 

effect [24, 25]. Previous studies have shown [15, 16, 26] 
that muscle thin filaments can be changed directly by the 
CP treatment [27]. Related to the expectations [13–17] a 
single dose of CP [28] already affects the structure of actin 
[29]. The actin monomer can bind adenosine nucleotide in 
a complex with divalent cations  (Ca2+ or  Mg2+) in the cleft 
between the two main domains of the protein [30]. There 
is evolutionary importance of nucleotide-binding cleft of 
monomeric actin. It can advance a structural bridge between 
the two main domains if it links together the structural flex-
ibility and the development of actin functions [31–35]. The 
interdomain linker plays a crucial role as an axis with the 
formation of two clefts between the domains and it can 
reduce the interdomain flexibility [36–41]. However, the 
upper cleft binds nucleotide and divalent cations. The tran-
sition of monomer to polymer form is based on a propeller-
like rotation of domains with flattening of the subdomains 
in the monomer [40].

Members of the profilin family facilitate the nucleotide 
exchange on monomeric actin, inhibit the polymerization 
at the barbed end and contribute to the maintenance of the 
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polymerization competent intracellular ATP-G-actin pool 
[41–51]. Previous observations extend the functional variety 
of profilin as it can bind to lipids and to polyproline region 
[52, 53]. It has another important intracellular role in regu-
lating the availability of free barbed ends and G-actin con-
centration via the regulation of actin polymerization rates 
[54, 55]. Altogether the interaction of profilin with ligands 
affects the F-actin scaffold formation and development thus 
the membrane structures (e.g., lamellipodia, filopodia or 
invadopodia) with influence on the cell motility [56]. Profilin 
overexpression in the case of malignant breast, hepatic and 
pancreatic cells reduces their motility. However, reduction in 
profilin level results in increased metastatic motility [57–60]. 
The role of profilin in cancer cells needs more investigation 
but the high expression of profilin in other types of cancers 
such as renal cell carcinoma [61] and gastric cancer [62] 
is correlated with the progression of the disease and poor 
patient outcomes [63].

Tropomodulin gene family members such as tropomodu-
lin (Tmod) and leiomodin (Lmod) play a role in the develop-
ment of muscle sarcomeres [64]. Of interest, while Tmod1 
localizes only to pointed ends toward the M-lines, Lmod2 
shows diffuse distribution along the entire length of the thin 
filaments in rat cardio-myocytes [65, 66]. The expression of 
Lmod is increasing with myofibril maturation [67]. Dele-
tion of striated muscle specific leiomodin2 (Lmod2) caused 
dilated cardiomyopathy in juveniles [65, 68, 69] leading to 
unregulated sarcomeric actin dynamics and development. 
Surprisingly, in the case of cardiac cells originating from 
three-day old rats, leiomodin can be found almost in the 
same amount as actin [67]. As it was previously shown 
Lmods bind directly to the sides of actin filaments and, 
besides the pointed end-binding related capping function, 
Lmod reduces the acto-myosin ATPase in vitro activity [70]. 
Both in vitro and in vivo results indicate that the function 
of Lmod is related to the regulation of the length of the thin 
filaments and the organization of sarcomere architecture 
[71–73].

As CP treatment has potential side effects on actin-based 
thin filaments in muscle, we hypothesized that these effects 
may be manifested through actin and/or actin-binding pro-
teins. To test this possibility, in this work we aimed at inves-
tigating the effect of CP treatment on Pro or Lmod2 as abun-
dant actin-binding proteins in muscle and their complexes 
with G- and F-actin, respectively.

Materials and methods

Profilin and leiomodin2 expression and purification

The plasmid construction of His-tagged mouse profilin (Pro) 
(MW: 13.5 kDa) and Rattus norvegicus full-length cardiac 

leiomodin (Lmod2) (MW: 61.7 kDa) were expressed in 
Escherichia coli strains and purified as described previ-
ously [74, 70]. The concentration of Pro and Lmod2 was 
estimated at 280 nm with photometry (Jasco V-550 spec-
trophotometer) by using a calculated absorption coefficient 
of εPro = 1.472 mL (mg cm)−1 and εLmod2 = 0.388 mL (mg 
cm)−1, respectively. Proteins were stored in MOPS-buffer 
(2  mM MOPS, 0.2  mM ATP, 0.1  mM  CaCl2, 0.1  mM 
β-mercaptoethanol, pH 7.4) at − 80 °C and were used within 
2 months.

Actin preparation from rabbit skeletal muscle

Ca2+-G-actin was prepared from acetone powder of rabbit 
skeletal muscle as described earlier by Spudich and Watt 
[75] and stored in MOPS buffer. Actin concentration was 
determined from the absorption spectra (Jasco V-550 spec-
trophotometer) (εactin = 1.11 mL (mg cm)−1 at 280 nm and 
εactin = 0.63 mL (mg cm)−1 at 290 nm). We applied 2 mM 
EGTA and then 2 mM  MgCl2 treatment to exchange the 
bound calcium for magnesium on 2 mg/ml actin monomers. 
Actin polymerization was initiated by 100 mM KCl addition.

Cyclophosphamide treatment

For in vitro measurements applied dosage of cyclophospha-
mide (CP) was set to be comparable to the human dosage 
(150 mg  kg−1 body mass) [9–12]. The average actin content 
of skeletal muscle is roughly 10% [75, 76] thus the average 
mass of Guinea pig gastrocnemius muscle (from our previ-
ous study [26]) is divided by 10 then by the mass of CP 
passed in the muscle (150  mg   kg− 1 × Massofgastrocnemius

Massofthebody
 ) 

resulted that the actin to CP ratio has to be 2000
3

 (it means 
2 mg actin to 3 µg CP) as a single dose. However, as we used 
actin from rabbit skeletal muscle, we assume that the distri-
bution of CP in rabbit skeletal muscle should be the same as 
in Guinea pig skeletal muscle. We carried out experiments—
to achieve a more pronounced effect-with 5 times the dose 
of CP to treat actin followed by incubation at room tempera-
ture for 1 h.

DSC measurements

The measurements were started immediately after sample 
preparation. Data were collected by a SETARAM Micro-
DSCII calorimeter between 0 and 100 °C with a heating 
rate of 0.3 K  min− 1 in conventional Hastelloy batch vessels 
(Vmax = 1 mL) to investigate denaturation with 950 µL sam-
ple volume (sample + buffer) in average. Sample and ref-
erence masses were identical with a precision of ± 0.1 mg, 
between 920 and 970 mg; this way the vessels’ heat capacity 
was neglectable. MOPS buffer was used as a reference. With 
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the help of a two-point SETARAM peak integration setting, 
calorimetric enthalpy was calculated from the area under the 
heat absorption curve, and then, the results [denaturation 
or melting temperature (Tm) and calorimetric enthalpy data 
(ΔHcal)] (Table 1) were compared.

Results

The difference of nearly 1 °C in the melting temperature 
(Tm) can be considered significant in the case of thermal 
denaturation of biological samples; furthermore, it is gen-
erally accepted. Nevertheless, the Tm value of the process, 
one of the main characteristics of DSC curves, shows high 
accuracy and relatively low standard error.

All proteins were applied in a 2 mg  mL–1 concentration 
that corresponds to the ratio of 1:1.4 by 32.4 µM Lmod2 to 
46 µM F-actin (~ 98% of Lmod2 was estimated in complex, 
Kd = 230 nM [77]) and 1:0.35 ratio by 133 µM Pro to 46 µM 
G-actin (~ 34% of Pro was in the complex, Kd = 100 nM 
[55]).

The Lmod2 as a mainly intrinsically disordered protein 
(IDP) [70] shows multiple transitions between 40 and 90 °C 
(Fig. 1A). The first point of the curve was shifted by− 8 °C 
after the CP treatment, CP addition increased the height of 
the peaks between 4 and 55 °C, and decreased it in the range 
of 55–90 °C. The CP addition caused a 10% total enthalpy 
change (Table 1). The Tm of F-actin was increased by Lmod2 
binding from 66 to 68.4 °C and the enthalpy was increased 
by 12% (Fig. 1B). However, the CP treatment increased the 
Tm of F-actin from 66 to 67.2 °C (Fig. 1C) and the enthalpy 
was increased by 16% (Table 1). For the comparison, the 
Lmod2 binding (Fig. 1D) also increased the Tm and the 
enthalpy (Table 1). DSC curves showed minor differences in 
Tm after the CP treatment; in case of Lmod2 bound F-actin 
it was decreased from 68.4 to 67.4 °C by 12% increase in 

enthalpy (Fig. 1E) (Table 1). However, in the presence or 
absence of Lmod2 the Tm of CP treated F-actin was nearly 
identical ~ 67 °C but the enthalpy was increased by 11% in 
case of Lmod2 bound F-actin (Table 1) (Fig. 1F).

The Tm of Pro denaturation seems to be independent of 
CP treatment, it was around 53.7 °C only the enthalpy was 
increased by 14% upon the addition of chemotherapeutic 
drug (Table 1) (Fig. 2A). The Tm of G-actin was found to be 
58.3 °C (Fig. 2C) but in the presence of Pro it was decreased 
to 49.9 °C, and the CP caused its negligible reduction to 
49.4 °C while the enthalpy was increased by 20% (Table 1) 
(Fig. 2B). Upon CP treatment, the Tm of G-actin was 58.8 °C 
and 49.4 °C in the absence and presence of Pro, respectively, 
the enthalpy was increased by ~ 12% (Table 1) (Fig. 2D).

Discussion

The shape of DSC graphs and the quantitative analysis; the 
denaturation temperatures with the calorimetric enthalpy 
clearly indicate the significance of the CP effect. In the case 
of F-actin it is manifested in a lower denaturing temperature 
and a higher enthalpy change in the presence of Lmod2. 
Although, in the absence of Lmod2 both parameters were 
increased upon CP treatment. Lmod2 binding can result in 
a structural alteration of the filaments as indicated by the 
increased denaturing temperature and enthalpy. In contrast 
with our previous data the relative FRET transfer efficiency 
in the case of double-labeled filaments was increased by 
Lmod2 binding [70]. The increased FRET transfer can be 
interpreted as Lmod2 bound filaments being more flex-
ible but the increased denaturing temperature and enthalpy 
belong to a more compacted structure. We presume that the 
‘open gate’ conformation model can describe the difference, 
as the donor fluorophores are turned to be more exposed by 
Lmod2 binding and their emission shows a steep reduction 

Table 1  Thermal parameters of the denaturation of different native and CP treated G-, or F-actin and their complexes with actin-binding proteins 
as Lmod2 or Pro

Data are presented as average ± standard deviation (SD) of three different measurements. The calorimetric enthalpy (ΔHcal) refers to the whole 
denaturation range and is normalized by the sample mass. Tm melting temperature, ΔHcal calorimetric enthalpy

Thermal parameters

Tm /°C ΔHcal /J/g Tm/°C ΔHcal/J/g

G-actin F-actin
Native 58.3 ± 0.028 0.041 ± 0.007 Native 66 ± 0.011 0.032 ± 0.009
CP treated 58.8 ± 0.012 0.042 ± 0.005 CP treated 67.2 ± 0.037 0.037 ± 0.005
With pro 49.9 ± 0.045 0.038 ± 0.009 With Lmod 68.4 ± 0.013 0.036 ± 0.006
With pro, CP treated 49.4 ± 0.015 0.047 ± 0.012 With Lmod, CP treated 67.4 ± 0.01 0.041 ± 0.0102
Pro Lmod
Native 53.8 ± 0.011 0.056 ± 0.007 Native (Multiple peaks) 40–55 55–90 0.33 ± 0.008
CP treated 53.6 ± 0.022 0.064 ± 0.005 CP treated (Multiple peaks) 32–55 55–90 0.033 ± 0.009
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by the temperature, and thus increasing the value of energy 
transfer efficiency [64]. According to our working model, 
Lmod2 decorated filaments (Fig. 3A) act like stiff rods with 
a couple of well exposed free sites on the side of filamen-
tous actin (indicated by black arrows in Fig. 3A). Interest-
ingly, the mainly intrinsically disordered chains of Lmod2 
show some sensitivity to the CP treatment. Presumably, the 
CP can directly affect the structure of actin monomers and 
thus can result in similar thermal stability and somewhat 
higher enthalpy change than in the absence of Lmod2, the 
CP alkylated nucleotide-binding residues of monomers can 
result in the majority of structural changes in the filaments 
[27 – 29] and coupled with a minor enthalpy change by 
Lmod2 binding.

In the case of G-actin, the CP-modified thermodynamic 
stability can be linked to a higher denaturing temperature. 
However, subdomains of actin monomers can be arranged to 

a less stable structure by Pro binding. Referring to the PDB 
ID: 2BTF structure [78], the Pro binds between the subdo-
main 1 and 3. Although we can expect that the Pro stabilizes 
the structure of the monomer thus leading to higher denatur-
ing temperature, our data shows the opposite in good agree-
ment with a previous study [51]. It was interpreted (Fig. 3B) 
as the cooperativity of the thermal unfolding within Pro 
binding was increased while the thermodynamic stability of 
the actin monomer was decreased (black arrows on Fig. 3B) 
[51]. We assume that the local dynamics of the subdomains 
is important for the binding of actin-binding proteins and 
do not directly affect the global thermodynamic stability 
of the actin monomer's structure. All these observations fit 
in the idea of Levitsky, as well as they were modeling the 
thermal stability of G-actin which was increased when the 
nucleotide-binding cleft is closed and decreased if it was 
open [79]. This seems like the thermodynamic stability of 

Fig. 1  The effect of Lmod2 
on the thermal denaturation of 
CP-modified F-actin. A The 
denaturation curves of 32.4 µM 
Lmod2 in the absence (green 
line) or in the presence of 15 µg 
 mL–1 CP (magenta line). B DSC 
scans of 46 µM F-actin in the 
absence (cyan line) or in the 
presence of 32.4 µM Lmod2 
in 1:1.4 ratio (black line). C 
The denaturation of F-actin 
in the absence (cyan line) or 
in the presence of CP (blue 
line). D For the comparison, 
the denaturation of F-actin in 
the absence (cyan line), in the 
presence of Lmod2 (black line), 
or in the presence of CP (blue 
line). E DSC scan of Lmod2 
decorated F-actin (black line) 
and of sample treated with 
CP (red line). F The thermal 
response of CP treated F-actin 
in the absence (blue line) or 
in the presence of Lmod2 (red 
line). The scans are average of 
three measurements with the 
gray fields indicated ± stand-
ard deviation (SD) and the 
endotherm effect is deflected 
downward. (Color figure online)
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monomeric actin can be affected by the conformation of the 
nucleotide-binding cleft and subdomains can be independent 
of the global thermodynamic stability of actin [28]. How-
ever, the only direct response of Pro to the CP treatment was 
the increased enthalpy change while the enthalpy of actin in 
the absence of Pro was increased as well. The Pro binding 
reduced stability of monomer structure looks insensitive to 
the CP treatment caused alkylation [27–29].

Conclusions

With the development of muscle tissues, the maturation of 
the filamentous actin system in sarcomeres requires the func-
tional coordination of several different binding proteins. The 
drug treatment can modify the complex machinery of mono-
meric and filamentous actin rearrangement. Here, we have 

Fig. 2  The effect of Pro 
on thermal denaturation of 
CP-modified G-actin. A The 
denaturation curves of 133 µM 
Pro in the absence (green line) 
or in the presence of 15 µg 
 mL–1 CP (magenta line). B 
DSC scans of 46 µM G-actin in 
the presence of 133 µM Pro in 
0.35:1 ratio (black line) and of 
sample treated with 15 µg  mL–1 
CP (red line). C Denaturation 
curve of G-actin (cyan line) in 
the absence and in the presence 
of Pro (black line). D The DSC 
curves of CP treated G-actin 
in the absence (blue line) and 
in the presence of Pro (red 
line). The scans are average of 
three measurements with the 
gray fields indicated ± SD and 
endotherm effect is deflected 
downward. (Color figure online)
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shown that actin-binding proteins can modify the response 
of actin to the CP treatment. The Pro and Pro-G-actin com-
plex reacted to the CP addition only by enthalpy change. 
This indicates that CP does not have any major effect on the 
structure and function of Pro and its complex with G-actin. 
Related to the increased thermal parameters of F-actin in 
the presence of CP, seems like the CP treatment advanced 
their stability. In the case of Lmod2 and Lmod2-decorated 
filamentous actin, the CP treatment influenced both param-
eters as reduced melting temperature and increased enthalpy 
change. These effects can be the result of structural modifi-
cations of Lmod2 leading to a weakened binding strength/
functionality.

In summary, the Lmod2-related development of muscle 
cells can be modified by CP treatment. On the other hand, 
Pro seems to be insensitive to the CP treatment.
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