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Abstract 10 

Low-molecular-weight heparins (LMWHs) are used in clinical practice as anticoagulants since 11 

they enhance the antithrombin III (ATIII) inhibitory action against coagulation enzymes. 12 

This work is focused on the effects on ATIII protein induced by the interaction with LMWHs. In 13 

particular, the ATIII thermal stability modifications in the presence of Dalteparin, Enoxaparin and 14 

Tinzaparin and their fractionated portions were investigated. Furthermore, the effects of standard 15 

heparin and of a synthetic pentasaccharide, namely an α-methylated structural analogue of the 16 

ATIII-binding sequence (AGA*IAM), were also assessed. 17 

Our results highlight the main contributions concurring at the variation of ATIII thermodynamic 18 

properties in the presence of LMWHs, indicating that the thermal stability of the protein mainly 19 

depends on the effective [AGA*IA]/[protein] ratio regardless the overall chain peculiarities. 20 

 21 
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Introduction 1 

Heparin, often referred to as unfractionated heparin (UFH, or also standard heparin), is a 2 

naturally occurring drug produced by mast cells that is well known as anticoagulant in the 3 

prevention and treatment of venous thrombosis and acute myocardial ischemia, though it has also 4 

been reported to possess further clinical benefit in humans, including in chronic inflammatory 5 

diseases and cancer, which are often entirely separable from the effects on blood coagulation [1–6 

3]. From a chemical standpoint, heparin is a glycosaminoglycan and thus belongs to a family of 7 

complex anionic polysaccharides. It is a linear heterogeneous biopolymer made up of 1 → 4 linked 8 

disaccharide repeating units consisting of a α-D-glucosamine (A) and a hexuronic acid, namely either 9 

α-L-iduronic (I) or β-D-glucuronic (G) acid. However, some substitutions within the disaccharide 10 

portions occur in terms of O-sulfation in position 2 of the iduronic acid (I2S) and in position 3 and 6 11 

of the glucosamine (A3S, A6S), or in terms of either N-sulfation or N-acetylation in position 2 of the 12 

glucosamine (ANS, ANAc), and are randomly distributed along the polymer chain [4]. As a 13 

consequence, UFH should be viewed as a polydisperse heterogeneous mixture of polysaccharides 14 

ranging in molecular weight from 5 kDa to 30 kDa [5].  15 

Some of the heparin chains embed a distinctive pentasaccharide sequence, –ANAc,6S–G–ANS,3S,6S–16 

I2S–ANS,6S– (AGA*IA), characterised by a rare central trisulfated glucosamine (ANS,3S,6S, indicated as 17 

A*) [6,7]. The anticoagulant activity of heparin has to be sought mainly in the interaction of such a 18 

specific pentasaccharide sequence with the protein antithrombin III (ATIII), a physiological inhibitor 19 

of the coagulation process. ATIII (432 amino acids in humans [8]) belongs to the serin protease 20 

inhibitors superfamily (serpins) and its interaction with heparin allows an enhancement of ATIII’s 21 

inhibitory action against coagulation enzymes thrombin (IIa), factor Xa, and factor IXa through the 22 

formation of tight complexes [9,10]. Hence, the anticoagulant potential of heparin is directly related 23 

with the amount of this bioactive pentasaccharide actually present, which constitutes the 24 

Antithrombin III binding sequence (ATIII-bs) [3,7,11,12], although it has to be considered that the 25 

ATIII-bs itself endows heparin with anti-factor Xa activity only, whilst at least 11 non-specific sugar 26 

units attached to the non-reducing end of the ATIII-bs are required for anti-factor IIa activity [13,14]. 27 

Nevertheless, UFH has exhibited some pharmacokinetic limitations [15] as well as some 28 

undesired side effects, such as heparin-induced thrombocytopenia (HIT), heparin-associated 29 

osteoporosis (HAO), eosinophilia, skin reactions, allergic reactions, etc. [16,17], which are not 30 

shared by the low-molecular-weight heparins (LMWHs), a class of molecules derived from UFH and 31 

that have been introduced into clinical practice about 40 years ago [18,19]. As a matter of fact, 32 
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LMWHs have been shown to be safer than UFH since they reduce the extent of the heparin-induced 1 

side effects [17], and have exhibited both a higher bioavailability and a more predictable 2 

pharmacological response [2,20], leading to a replacement of UFH-based drugs with LMWHs in 3 

many indications. 4 

LMWHs are produced from UFH by controlled depolymerization processes, fractionation 5 

methods, or both [21] and differ from their parent heparins non only for the molecular weight but 6 

also for the monosaccharide composition and oligosaccharide sequence. Therefore, each applied 7 

production process results in unique structural modifications at either the reducing and/or non-8 

reducing end of the cleaved heparin chains [22]. The three most commonly available LMWHs in the 9 

market are Enoxaparin, Tinzaparin and Dalteparin, produced by chemical β-eliminative cleavage by 10 

alkaline treatment of heparin benzyl esters, enzymatic β-eliminative cleavage of unmodified heparin 11 

through heparinase-I, and deaminative cleavage with nitrous acid followed by reduction, 12 

respectively [21].  13 

Recent studies have shown that the structural features that characterise LMWHs’ chains are 14 

strictly correlated with their biological activities [11,13,23].  15 

Although several analytical strategies have been pursued with the aim of identifying the role of 16 

structural peculiarities in the interaction of UFH and LMWHs with ATIII [24–26], to our knowledge, 17 

there is a lack of information on the effects of LMWHs’ chains to the ATIII itself. Indeed, literature 18 

reports only few calorimetric and/or thermodynamic studies related with the investigation of the 19 

interaction between ATIII and the unfractionated heparin (UFH) only [27,28]. Hence, in this work we 20 

focused on the effects on ATIII protein induced by the interaction with LMWHs. In particular, the 21 

ATIII thermal stability modifications in the presence of Enoxaparin, Tinzaparin and Dalteparin were 22 

assessed by using the DSC method, in comparison with UFH and a synthetic pentasaccharide, this 23 

latter being an α-methylated structural analogue of the ATIII-bs, hereafter indicated as AGA*IAM. 24 

Furthermore, in order to dissect the heparin chains peculiarities of these compounds as regard their 25 

thermodynamic contribution on the thermal stability of ATIII, the effects of two type of further 26 

fractionated portions of these three LMWHs, obtained by affinity chromatography and extensively 27 

characterized in previous works [11,23] (no-affinity, NA, and high-affinity, HA fractions), were also 28 

investigated.  29 

 30 

 31 
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Materials and methods 1 

Materials 2 

Antithrombin (58000 g·mol-1) was obtained from Kybernin P1000 pharmaceutical preparation 3 

(ZLB Behring GmbH, Marburg, Germany). Enoxaparin (5300 g·mol-1) was supplied by Sanofi-Aventis 4 

Pharma (Milan, Italy) as injectable Clexane; Tinzaparin (8300 g·mol-1) was supplied by LEO-Pharma 5 

(Ballerup, Denmark) as a powder; Dalteparin (6900 g·mol-1) was from Pharmacia AB (Stockholm, 6 

Sweden) as injectable Fragmin. The synthetic pentasaccharide Arixtra (1727.8 g·mol-1, Fondaparinux 7 

sodium, AGA*IAM) was from GlaxoSmithKline (Verona, Italy). UFH (18100 g·mol-1) was from porcine 8 

mucosa (LDO, Italy). All other chemicals (Sigma-Aldrich) were of analytical grade and were used as 9 

received without further purification. Further details concerning the materials used are reported in 10 

the Supplementary Material (Table S1). 11 

 12 

Affinity fractionation of LMWHs 13 

According to the procedure described by Höök et al. [29], an affinity column (2.6 x 60 cm) was 14 

obtained by coupling 100 mg of ATIII to cyanogen bromide (CNBr) activated Sepharose 6 Fast Flow 15 

(Pharmacia). ATIII was previously purified by ultrafiltration with centricon YM P1000 (Amicon) 16 

starting from Kybernin P1000.  17 

After evaluating the maximum heparin binding capacity of the column, amounts of 40 mg of 18 

LMWHs were dissolved in 5 mL of equilibrium buffer (Tris-HCl 50 mM pH 7.4, NaCl 50 mM) and 19 

loaded onto the column (flow rate 0.5 mL/min). Heparin chains with no affinity toward the 20 

antithrombin were eluted with 850 mL of equilibrium buffer and collected as a single fraction called 21 

NA fraction. Heparin chains with high affinity toward the antithrombin were eluted with 850 mL of 22 

elution buffer (Tris-HCl 50 mM pH 7.4, NaCl 2.5 M) and collected as a single fraction named HA 23 

fraction. At last, the column was washed with 1200 mL of equilibrium buffer. All the effluent 24 

fractions were analysed for uronic acid content by the carbazole reaction [30]. Finally, HA and NA 25 

fractions were desalted first by ultrafiltration through Amicon chamber with a 500 Da cut off filter, 26 

then by size exclusion chromatography with TSK-gel HW40S column (2.6 x 58 cm). To remove the 27 

traces of Tris, a cation-exchange chromatography was finally performed on Amberlite IR-120 [H+] 28 

column (2 x 125 cm). Samples were neutralized with 0.1 N NaOH. 29 

For the sake of comparison, both the average molar weight (Mw) and the estimated average G-30 

A* content per chain (GA/C) were extrapolated from Bisio et al. [11] and reported here for all 31 

LMWHs fractions:  32 
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 Mw = 5300 g·mol-1 and GA/C = 0.2 for Enoxaparin (Parent); Mw = 8400 g·mol-1 and GA/C = 1.1 1 

for Enoxaparin HA; Mw = 4400 g·mol-1 and GA/C = 0 for Enoxaparin NA;  2 

 Mw = 8300 g·mol-1 and GA/C = 0.2 for Tinzaparin (Parent); Mw = 11100 g·mol-1 and GA/C = 0.7 3 

for Tinzaparin HA; Mw = 7600 g·mol-1 and GA/C = 0 for Tinzaparin NA; 4 

 Mw = 6900 g·mol-1 and GA/C = 0.3 for Dalteparin (Parent); Mw = 9500 g·mol-1 and GA/C = 1.2 5 

for Dalteparin HA; Mw = 6600 g·mol-1, GA/C here assumed equal to 0 for similarity with the 6 

analogues [11] for Dalteparin NA.  7 

 8 

Differential Scanning Calorimetry 9 

DSC measurements were carried out on protein solutions in phosphate buffer 20 mM pH 7.4 + 100 10 

mM NaCl with a TA Instruments Nano-DSC (model 6300, USA) equipped with capillary cells. The 11 

calibration of the instrument was performed by the manufacturing service personnel by means of 12 

calibration pulses (Joule effect). Measurements were performed at 0.5°C·min-1 scanning rate, in the 13 

temperature range from 20°C to 90°C. A heating/cooling cycle followed by a second heating scan 14 

was applied. The second heating scan produced flat traces (not reported) and was performed to 15 

compare it to the buffer blank system for a fair baseline correction. We would like to underline here, 16 

that the second heating scan is not an index to assess reversibility of the protein denaturation since 17 

the protein experiences high temperatures (i.e., far from the denaturation temperature range) 18 

during the first heating (up to 90°C in our case) [31]. 19 

Data were analyzed by means of the software THESEUS [32] following procedures reported in 20 

previous studies [31,33]. Briefly, the apparent molar heat capacity CP(T) of the sample was scaled 21 

with respect to the baseline of the pre-denaturation region, which indicates the apparent molar 22 

heat capacity of the "native state", CP,N
app(T). The baseline subtraction provided the excess molar 23 

heat capacity CP
exc(T) across the scanned temperature range. The heat capacity drop, ΔdCP, across 24 

the signal was affected by a rather large error and was therefore not considered in the present work. 25 

The area underlying the recorded peaks, so treated, directly corresponds to the relevant 26 

denaturation enthalpy, ΔdH°, in kJmol−1 units. Errors were evaluated on the basis of at least three 27 

replicates. The fit attempts based on the denaturation thermodynamic models were accomplished 28 

using the nonlinear Levenberg–Marquardt method [34]. The errors of each fitting parameter were 29 

calculated with a 95.4% confidence limit by the Monte Carlo simulation method. 30 

As concerns the temperature of denaturation provided by the thermograms, the effective 31 

definition of Td (i.e., the temperature at which half of the protein population is in the denatured 32 
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state if a one-step mechanism occurs) corresponded to the peak maximum temperature in the case 1 

of free ATIII only. Conversely, the Td may not correspond to the peak maximum temperature in ATIII 2 

complexes with AGA*IA pentasaccharide, UFH and LMWHs since more complex denaturation 3 

mechanisms and/or different protein populations might be present. Therefore, considering the 4 

complexity of the signals we dealt with, we indicated an average denaturation temperature, �̅�𝑑, 5 

calculated as [35] 6 

�̅�𝑑 = ∫ 𝑇
𝑇𝑓

𝑇0

∙ 𝑓(𝑇)𝑑𝑇 7 

where T0 and Tf the initial and final limit of the observable peak, whereas the frequency function 8 

f(T) is just the normalized calorimetric peak distribution 9 

𝑓(𝑇) =
𝐶𝑝

𝑒𝑥𝑐(𝑇)

∆𝑑𝐻°
  . 10 

 11 

 12 

Results and discussion 13 

Figure 1 reports the calorimetric profile obtained for ATIII, whereas the respective 14 

thermodynamic parameters are listed in Table 1.  15 

 16 
Figure 1. Nano-DSC thermogram for ATIII (black curve) and respective theoretical curve calculated according 17 

to a one-step denaturation model (red curve). 18 

 19 

 20 

-50

0

50

100

150

200

250

45 50 55 60 65 70

C
p

ex
c

/ 
k
J·

K
-1

·m
o

l-1

T / °C

Experimental

Fit

en
d

o



7 
 

Table 1. Denaturation enthalpy, ∆dH°, and temperature, Td, obtained by the experimental DSC profile and 1 

best-fit values for ATIII (30 μM protein solution in phosphate buffer 20 mM pH 7.4 + 100 mM NaCl). The fit 2 

parameters were calculated according to a one-step denaturation model.  3 

 ∆dH° / kJ∙mol-1 Td / °C 
   

Experimental 750 58.1 

One-step denaturation model  

Best-Fit parameters 
800 58.2 

   

The errors for the experimental data are ± 5% and ± 0.5°C for ∆dH° and Td, 

respectively. The uncertainties for the best-fit parameters (95.4% confidence 

limit) are lower than the experimental errors. 

 4 

 5 

We observe a simple endothermic trace attributable to the protein denaturation. From the 6 

application of thermal denaturation thermodynamic models [31,36,37] emerged that a one-step 7 

native-to-denatured state equilibrium model 8 

𝑁
𝐾
↔ 𝑈 9 

is sufficient to describe the ATIII denaturation process, as revealed by the best fit curve of theoretical 10 

CP
exc (Figure 1). However, the direct comparison between the slightly asymmetric experimental 11 

curve and the theoretical one reveals a small discrepancy on the right side of the profile, which 12 

indicates that, at our experimental conditions, aggregation phenomena may still occur after 13 

denaturation in spite of the use of a capillary cell DSC calorimeter [31]. Nonetheless, the one-step 14 

denaturation model and the corresponding best-fit parameters listed in Table 1 are in accordance 15 

with other calorimetric studies already reported in the literature [27].   16 

On the other hand, we want to point out here that literature reports the existence of two 17 

structural domains in ATIII, which was detected spectroscopically through chemical protein 18 

denaturation [38]. Nevertheless, we would also like to emphasize that structural domains are not 19 

equivalent to thermodynamic domains, that account for the overall thermal stability of the protein, 20 

and hence this structural evidence is not in contrast with the calorimetric observations. 21 

In any case, the experimental calorimetric profile and the thermodynamic parameters obtained for 22 

ATIII thermal denaturation will be here used as a reference to highlight the influence deriving from 23 

the protein-ligand interaction in the presence of heparins.  24 

To assess the influence of heparins interaction on ATIII thermodynamic stability, we 25 

preliminarily investigated the effects deriving from the action of the ATIII-bs, that is present in 26 

heparins and is responsible for the formation of tight ATIII-heparin complexes [6,7], by using the 27 
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synthetic analogue AGA*IAM. In particular, for our investigation, we chose a pentasaccharide-to-1 

protein molar ratio ([AGA*IAM]/[P]) equal to 5, i.e., above the limit of saturation condition, according 2 

to the literature [27]. The same ligand-to-protein molar ratio ([L]/[P] = 5) was applied for all the 3 

other heparin-protein systems here investigated for comparison. 4 

 5 

 6 

 7 

Figure 2. a) Nano-DSC thermograms obtained for ATIII in the presence of heparin (red trace) and AGA*IAM 8 

pentasaccharide (blue trace); the reference denaturation profile of ATIII is also reported as a black trace for 9 

the sake of comparison. b) Thermogram obtained for the system ATIII + AGA*IAM (blue curve) and the 10 

respective theoretical CP
exc curve attempted by assuming a one-step denaturation model for two independent 11 

thermodynamic domains (red curve); the black dashed curves reflect the two independent domains. Being 12 

aware of possible miscalculation and that irreversible aggregation phenomena may be involved, the model 13 

produced an indication of the thermodynamic parameters: ∆dH°1 ≈ 600 kJ·mol-1 and Td1 ≈ 64.9°C for the first 14 

domain; ∆dH°2 ≈ 870 kJ·mol-1 and Td2 ≈ 65.5°C for the second domain. 15 

 16 
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Table 2. Denaturation enthalpy, ∆dH°, and average denaturation temperature, �̅�d, obtained by experimental 1 

DSC traces of ATIII in the presence of ligands (30 μM protein solution in phosphate buffer 20 mM pH 7.4 + 100 2 

mM NaCl; nominal [L]/[P] = 5).  3 

Systems: ATIII + ligand 

Ligands ∆dH° / kJ∙mol-1 �̅�d / °C 
   

+ Heparin (UFH) 1060 64.0 

+ AGA*IAM 1230 64.7 
   

+ Dalteparin (Parent) 1070 62.2 

+ Dalteparin NA 760 58.0 

+ Dalteparin HA 1190 64.4 
   

+ Enoxaparin (Parent) 1060 61.2 

+ Enoxaparin NA 760 57.8 

+ Enoxaparin HA 1140 63.6 
   

+ Tinzaparin (Parent) 950 61.5 

+ Tinzaparin NA 750 57.8 

+ Tinzaparin HA 1070 63.1 
   

The experimental errors are ± 5% and ± 0.5°C for ∆dH° and Td, 

respectively. 

 4 

Figure 2a reports the comparison of the thermal denaturation profile for ATIII alone (reference) 5 

and those obtained in the presence of either the bioactive AGA*IAM pentasaccharide or the full 6 

heparin chains from UFH, whereas the corresponding thermodynamic parameters are shown in 7 

Table 2. We observe that the thermal denaturation profile for ATIII in the presence of AGA*IAM 8 

pentasaccharide was affected by both an upshift towards higher temperatures and a ∆dH gain, 9 

clearly indicating a relevant stabilization of the protein both in entropic and enthalpic contributions. 10 

Such a behavior is typical for proteins undergoing to specific binding interactions [39].  11 

However, a thermodynamic modelling attempt revealed that a one-step denaturation 12 

mechanism is no longer sufficient to provide a satisfactory fit, and instead a more complex 13 

denaturation mechanism has to be accounted for. In this regard, a tentative fitting of the ATIII 14 

denaturation profile in the presence of AGA*IAM is shown in Figure 2b, and it reveals that the 15 

presence of two independent energetic domains seems to be likely besides any possible aggregation 16 

phenomenon after denaturation.  17 

Despite this is only a simple theoretical attempt to describe this DSC profile and being aware 18 

that maybe a more complex denaturation mechanism might be involved, including irreversible steps 19 

following the denaturation, such a general picture is coherent with some conformational studies, 20 
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which display that the binding of ATIII with the pentasaccharide involves the rearrangement of the 1 

two major structural domains of the molecule [40]. We may argue that such a conformational 2 

modification might likely endow each structural domain with a different thermodynamic stability, 3 

enough to be detected by thermal denaturation [41,42]. However, such an in-depth thermodynamic 4 

investigation on the AGA*IAM–ATIII is beyond the scope of this work, that is mainly focused on the 5 

influence of UFH and LMWHs interaction on ATIII thermodynamic stability. Indeed, such systems 6 

are polydisperse mixtures of polysaccharide chains with various length, including chains that lack 7 

the binding sequence might be present [43]. In other words, the nominal ratio [L]/[P] = 5 does not 8 

have the same meaning if compared to the experiments performed with the synthetic AGA*IAM 9 

since the natural pentasaccharide sequence might be “diluted” in those systems. At these 10 

conditions, the calorimetric profiles reflect an average result of a population of binding interactions 11 

and a thermodynamic analysis based in a simple ligand-protein interaction might provide misleading 12 

results and interpretations. Accordingly, we only limited to consider the experimental data, i.e., the 13 

enthalpy and the average temperature of the calorimetric peaks, as parameters to quantify the 14 

effects deriving from heparin and the LMWHs discussed below. 15 

The DSC thermogram reflecting the interaction of ATIII with the full heparin chains from UFH is 16 

also shown Figure 2a. We observe that the presence of heparin also significantly stabilizes ATIII 17 

structure with respect to the reference again with both enthalpic and entropic contributions. 18 

However, these effects are less intense than those displayed by the interaction of ATIII with the 19 

AGA*IAM pentasaccharide (Table 2) at the same nominal ligand-protein ratio.  20 
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 1 
Figure 3. Thermograms obtained for ATIII in the presence of parent (red trace), no-affinity (NA, green trace) 2 

and high-affinity (HA, blue trace) fractions of a) Dalteparin, b) Enoxaparin and c) Tinzaparin. The reference 3 

denaturation profile of ATIII is also reported as a black trace for the sake of comparison.  4 

 5 

 6 

-50

0

50

100

150

200

250

300

350

400

45 50 55 60 65 70 75

C
p

ex
c

/ 
k
J·

K
-1

·m
o

l-1

T / °C

Antithrombin III (Ref)

Ref + Tinzaparin (Parent)

Ref + Tinzaparin NA

Ref + Tinzaparin HA

en
d
o

-50

0

50

100

150

200

250

300

350

400

45 50 55 60 65 70 75

C
p

ex
c

/ 
k
J·

K
-1

·m
o

l-1

T / °C

Antithrombin III (Ref)

Ref + Enoxaparin (Parent)

Ref + Enoxaparin NA

Ref + Enoxaparin HA

en
d
o

-50

0

50

100

150

200

250

300

350

400

45 50 55 60 65 70 75

C
p

ex
c

/ 
k
J·

K
-1

·m
o

l-1

T / °C

Antithrombin III (Ref)

Ref + Dalteparin (Parent)

Ref + Dalteparin NA

Ref + Dalteparin HA

en
d
o

a

b

c



12 
 

As concerns the interaction of ATIII with LMWHs, the investigation focused on the 1 

commercialized drugs, namely Dalteparin, Enoxaparin and Tinzaparin, here also referred to as 2 

“parent” LMWHs, as well as on the parent LMWH-deriving fractions with different affinities for ATIII, 3 

obtained by affinity fractioning methods, whose structural properties have already been widely 4 

characterized with several experimental techniques [22,23,44,45]. Specifically, for this study we 5 

considered no-affinity (NA) and high-affinity (HA) fractions for Dalteparin, Enoxaparin and 6 

Tinzaparin (see Materials and Methods section). 7 

The calorimetric results on the influence of these ligands on ATIII thermodynamic stability are 8 

reported in Figure 3 and the corresponding thermodynamic parameters are indicated in Table 2.  9 

Starting from the interaction of ATIII with the parent LMWHs, we observe that all three 10 

commercial LMWHs induce protein stabilization (red curves in Figure 3), again with increase of both 11 

the average denaturation temperature and the ∆dH, though with different peculiarities.  12 

This overall stabilizing influence results even amplified upon the interaction with the HA 13 

fractions of all Dalteparin, Enoxaparin and Tinzaparin, and ATIII appears to be more stabilized.  Such 14 

further stabilization is again both entropic and enthalpic as shown by the calorimetric profiles and 15 

the thermodynamic parameters produced (blue curves in Figure 3 and Table 2). 16 

Conversely, as regards the addition of NA portions of Dalteparin, Enoxaparin and Tinzaparin to 17 

ATIII, the interaction does not produce any significant alteration in the protein thermal denaturation 18 

profile (Figure 3), meaning that neither the ATIII overall thermodynamic stability nor the 19 

denaturation process are not affected by such fractions. The lack of any effect with these chains, 20 

that are characterized by the absence or, at least, by a negligible content of the AGA*IA 21 

pentasaccharide sequence [11], indicates that the ATIII thermodynamic stability only depends on 22 

this specific binding interaction. 23 

In this regard, we may remind that both molecules are charged and the establishment of 24 

electrostatic interaction between heparin chains and ATIII has already been reported in the 25 

literature. Our results suggest that such interaction is non-specific and do not produce any 26 

significant variation in the ATIII structure to modify the protein stability.  27 

This scenario is in accordance and reinforces the model accepted at the present day for the 28 

mechanism of inactivation of thrombin, that suggests that the role played by these chain portions 29 

in an anticoagulant activity context may consist only in facilitating the approaching of ATIII to 30 

coagulation factors. Specifically, the model proposes that a template mechanism is induced by the 31 

presence of heparin negatively charged chain and the electrostatic attraction leads to a first contact 32 
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of thrombin with the heparin-bound ATIII and then to its linear diffusion along the heparin molecule 1 

[46]. 2 

To sum up, Figure 3 indicates that the main stabilizing effect on ATIII thermodynamics is given 3 

by the presence of the AGA*IA pentasaccharide sequence in heparins, i.e., by the interaction of the 4 

ATIII-bs with the protein active site. 5 

 6 

 7 

 8 

 9 

 10 

Figure 4. Plot of the experimental average denaturation temperatures, �̅�d, vs. the effective pentasaccharide-11 

to-protein ratio, [AGA*IA]/[ATIII]. The theoretical concentration of AGA*IA sequence in the heparin chains 12 

was calculated by multiplying the nominal [L]/[P] = 5 to the G-A* content per chain shown by Bisio et al. (2009) 13 

and reported in the Materials and Methods section for the sake of clarity. The figure shows the experimental 14 

points for dalteparin (green), enoxaparin (red), tinzaparin (blue) and UFH (purple), together with a general 15 

trend reported as a red curve. Symbols ◊, ∆ and ○ indicate parent, HA and NA LMWHs, respectively. The 16 

experimental point for AGA*IAM and the literature data for UFH [27] were added to the plot as empty and full 17 

squares, respectively, for the sake of comparison. 18 

 19 

 20 

Aiming at verifying whether the stabilizing effects shown in Figure 3 and Table 2 are only 21 

dependent on the amount of AGA*IA pentasaccharide present in solution or also to specific 22 

peculiarities of each host chain (chain length, etc.) that may influence the binding interaction of the 23 

enclosed pentasaccharide, we used the estimation of G-A* content per chain reported in the 24 

literature for the same compounds (see Materials and Methods) to calculate the effective 25 

concentration of the AGA*IA pentasaccharide in our samples, being aware that this calculation may 26 

lead to an overestimation of the active sequence [11]. Indeed, as already mentioned above, even 27 
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though a constant [L]/[P] = 5 was selected for each experiment, the effective average amount of 1 

AGA*IA pentasaccharide per chain differs among the UFH and the LMWHs [11]. 2 

Accordingly, Figure 4 reports a plot of the ATIII average denaturation temperatures vs. the 3 

effective pentasaccharide-to-protein ratio, i.e., [AGA*IA]/[P], reached for each system. We observe 4 

that the distribution of the average transition temperature values against the [AGA*IA]/[P] ratio 5 

follows a common growing trend till the reaching of a plateaux (numerical fit obtained by 6 

considering the LMWHs data). Such a trend indicates that the thermal stability of the protein is 7 

clearly dependent on the [AGA*IA]/[P] ratio and reaches saturation in a ratio value close to 5.  8 

We would like to point out here the presence of values for [AGA*IA]/[P] ratio on plot’s x-axis 9 

higher than the nominal ratio (r = 5). These values are due to a G-A* average amount per chain 10 

higher than 1, as happens for HA Dalteparin and HA Enoxaparin, which indicates that some of the 11 

LMWHs chains, especially the longest ones, may contain two ATIII-bs [11]. Figure 4 suggests that, in 12 

those cases, both AGA*IA sequences present within a chain may be available for binding interaction 13 

with ATIII. The fact that different chains both in composition and length lie on the same curve 14 

confirms the above-mentioned conclusion related to the absence of peculiar effects deriving from 15 

the different chains on ATIII stability.  16 

This assessment is further validated by the addition of two points for the ATIII-heparin (UFH) 17 

complex on this plot (Figure 4), one corresponding to our experimental value and the other 18 

extrapolated from the literature [27], by assuming tentatively in both cases an average content of 19 

AGA*IA pentasaccharide per chain equal to 0.8 for UFH following the literature indication [47]. 20 

Indeed, though only a fraction of commercial heparin has been reported to contain the ATIII-bs [47], 21 

the presence of two binding sequences per chain has been observed in a large portion of molecule 22 

population [48–51]. Mourier and coworkers even isolated an octadecasaccharide containing three 23 

consecutive ATII-bs [52]. We observe that also these points fit well into the trend, supporting our 24 

analysis.  25 

Finally, we added the point for the free AGA*IAM pentasaccharide on the same plot. We can 26 

observe that it slightly deviates from the depicted trend, positioning itself at a higher value with 27 

respect the general trend obtained for LMWHs. Although the discrepancy is not big, we may argue 28 

that it might be ascribable to steric effects. Indeed, though the binding occurs in LMWHs regardless 29 

the length and/or composition of the whole polymer chain, the steric hindrance given by the 30 

presence of the closest saccharide units to AGA*IA sequence may influence the binding mechanism 31 

compared to the synthetic pentasaccharide-ATIII interaction.  32 
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However, we would like to underline that the correlation of the [AGA*IA]/[protein] ratio with 1 

the effects of the ATIII protein stability shown in Figure 4 should not be considered as a direct 2 

indication of the effectiveness of these LMWHs in endowing ATIII with the anticoagulant activity in 3 

general. Indeed, as already mentioned above, the interaction between the pentasaccharide and 4 

ATIII is sufficient for the inactivation of factor Xa, whereas the empowering of the anti-factor IIa 5 

activity requires the contribution of the electrostatic attraction established thanks to a longer 6 

polysaccharide chain [13,14,43], whose effect on the ATIII thermal stability is negligible and absent 7 

in the plot of Figure 4. 8 

 9 

 10 

Conclusions 11 

The DSC investigation presented in this study allowed to assess the effects on ATIII protein 12 

induced by its interaction with low-molecular-weight heparins (LMWHs), namely Dalteparin, 13 

Enoxaparin and Tinzaparin.  14 

The interaction of the synthetic pentasaccharide AGA*IAM with ATIII resulted in a strong 15 

stabilizing effect with enthalpic and entropic contributions, confirming the already established 16 

information about the formation of a tight protein-heparin complex through the ATIII binding 17 

sequence [9,10]. Furthermore, the single-domain one-step mechanism involved in the free ATIII 18 

thermal denaturation underwent a modification upon such an interaction. 19 

The comparison of the effects of the interaction of the LMWHs with ATIII, “parent”, high-affinity 20 

(HA) and no-affinity (NA) fractions, indicated that the thermal stability of the protein mainly 21 

depended on the effective [AGA*IA]/[protein] ratio regardless the overall chain peculiarities. 22 

However, the deriving stabilizing effects were slightly reduced if compared to the free 23 

pentasaccharide likely because of the steric hindrance due to the closest saccharide units to AGA*IA 24 

sequence within the polymer chain. 25 

However, we would like to emphasize that the results here described should not be directly 26 

correlated to the biological and clinical effectiveness of these LMWHs in endowing ATIII with the 27 

overall anticoagulant activity since the mere interaction between the ATIII and the pentasaccharide 28 

sequence is not enough to inactivate all the coagulation factors [13,14,43]. Nonetheless, our results 29 

highlight the main contributions concurring at the variation of ATIII thermodynamic properties in 30 

the presence of LMWHs. 31 

 32 
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