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ABSTRACT 
Isotopic exchange probed through NMR spectroscopy has been a precious source of information regarding 

local protein unfolding processes due to its ability to observe the exchange rate of single residues' amide 

sites. BLUU-Tramp extends this information allowing to follow, through two series of experiments, how the 

exchange constants vary over temperature. 

In this thesis a novel approach is introduced by means of an ad hoc calculation routine which is able to 

extract thermodynamic parameters from the decays of the amide signals, obtained through suitable 

treatment of the experimental data by another original routine (TinT) of the suite devised in our laboratory. 

By assuming that the isotopic exchange rates can be approximated with the EX2 limit, it is possible to 

estimate both the ΔG of local unfolding and other underlying thermodynamic parameters, in particular the 

ΔCp.  

The method is used to obtain these parameters in two human proteins, β2-microglobulin and lysozyme.  

Furthermore, a similar computational approach is presented which is able to extract thermodynamic 

parameters from classical isotopic exchange experiments carried out at various different temperatures. 

Comparisons among the results extracted from BLUU-Tramp series  and classical exchange experiments are 

drawn and critical aspects in the latter kind of experiments are discussed. 
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INTRODUCTION 

THE BLUU-TRAMP METHOD 
The BLUU-Tramp (Biophysical Laboratory of the University of Udine - Temperature ramp) method is a 

method to perform NMR isotope exchange experiments while varying one aspect of the system under 

study (typically temperature) in order to obtain results that are functions of that aspect[1]. 

Its current implementation consists in fully deuterating the molecule to be studied, lyophilizing it, putting it 

in an aqueous solution and then put the solution in an NMR tube that itself is put in an NMR spectrometer 

in order to acquire NMR spectra, in which hydrogen is in the direct dimension, at regular intervals. After 

each spectrum is acquired, the temperature is raised by a defined amount and, after a set amount of time 

needed for the system to equilibrate at the new temperature, a new spectrum is acquired. The resulting 

signal in the spectrum is therefore expected to increase due to the hydrogen exchange. Since the intensity 

and volume of the signal is affected by the temperature at which the spectrum is acquired, after the 

exchange is completed and the maximum temperature is reached, to evaluate the contribution of 

temperature to signal intensity and volume a new series of spectra, called the “reference series” is acquired 

using the same acquisition parameters, the same increase in temperature after each experiment and the 

same amount of time to equilibrate used in the first series of spectra, known as “exchange series”. 

 

Figure 1 Example of the time elapsed from the first experiment of the exchange series and the temperature at which each 
experiment is acquired in a BLUU-Tramp experiment. Each experiment of the exchange series is indicated by a blue symbol, each 
experiment of the reference series is indicated by a red symbol. 

Until now, mainly two dimensional 15N-1H spectra, such as SOFAST-HMQC spectra[2], have been acquired 

during the BLUU-Tramp experiments[1], although the method can be potentially used with any kind of 

spectra used to follow conventional isotope exchange experiments through NMR spectroscopy. 

From the evolution of the signal in the exchange series and the evolution of the signal in the reference 

series it is possible to create a derivative signal 𝐼 that decays over time: 
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𝐼𝑖 =
𝐼𝑖

𝑟𝑒𝑓
− 𝐼𝑖

𝑒𝑥𝑐

𝐼𝑖
𝑟𝑒𝑓

 
(1) 

where 𝐼𝑖
𝑟𝑒𝑓

is the signal intensity or volume in the 𝑖-th spectrum of the reference series,  𝐼𝑖
𝑒𝑥𝑐 is the signal 

intensity or volume in the 𝑖-th spectrum of the exchange series and 𝐼𝑖 is the 𝑖-th value of the derivative 

signal. 

 

Figure 2 The derivative signal 𝑰 of the Cysteine 25 of human β2-microglobulin in the BLUU-Tramp experiment analyzed in this 
thesis. 

Since the temperature is constantly changing over time, the derivative signal 𝐼 is expected to follow this 

equation: 

  

𝐼 = 𝐼0𝑒− ∫ 𝑘𝑒𝑥(𝑇(𝑡))𝑑𝑡
𝑡

𝑜  
(2) 

where 𝐼 is the intensity of the decay, 𝐼0 is the intensity of the decay in the first experiment, 𝑘𝑒𝑥 is the 

exchange constant, 𝑇 is temperature (in K) and 𝑡 is the time elapsed from the beginning of the first 

experiments (in seconds).  

It is therefore possible to perform an analysis on the derivative signals 𝐼 in order to estimate the value of 

the exchange constant as a function of time and temperature.  
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HUMAN β2-MICROGLOBULIN 
The human β2-microglobulin is a small globular protein composed of 99 residues and having a molecular 

weight of around 11731.1 Da. 

 

Figure 3 The structure of human β2-microglobulin according to the first conformer of the RCSB Protein Data Bank entry 1JNJ
[3]

 in 
both cartoon and surface representation. In the cartoon representation the cysteines involved in the disulfide bond are 
represented with sticks. The color reflects the element: carbon is green, hydrogen is white, oxygen is red, nitrogen is blue and 
sulfur is yellow. These representations of molecular structures and all the following representations of molecular structures in 
this thesis have been obtained using Pymol version 1.8.0

[4]
. 

Its solution structure has a single Ig-like Type C1 domain, with either 7 or 8 β strands forming two β sheets 

and a single disulfide bond[3]. 

Its gene, B2M, is located outside of the MHC locus, on the q arm of chromosome 15[5]. It presents 4 exons, 

the last of which only contains the 3’ untranslated region. 

The protein is translated with a 20 residues signal peptideat the N-terminal  that gets cleaved as the protein 

enters in the Rough Endoplasmic Reticulum. 
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The sequence of the protein after cleavage is reported here: 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
I Q R T P K I Q V Y S R H P A E N G K S 

21 22 23 24 25 26 27 28 29 30 31 31 33 34 35 36 37 38 39 40 
N F L N C Y V S G F H P S D I E V D L L 
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 
K N G E R I E K V E H S D L S F S K D W 

61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 
S F Y L L Y Y T E F T P T E K D E Y A C 

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99  
R V N H V T L S Q P K I V K W D R D M  

Figure 4 The amino-acid residues sequence of human β2-microglobulin. The background has been colored to underline which 
residues are part of β strands, while the two cysteines involved in the disulfide bond have an additional yellow background. 

The β strands are named with letters in ascending order starting from the N-terminal. According to the 

solution structure derived from NMR data, they are composed of the following residues: 

β strand β sheet Residues 

A 1 K6-S11 

B 1 L23-S28 

C 2 I35-E36 and L39-L40 

C’ 2 R45-I46 

D 1 V49-H51 

E 1 Y63-T68 

F 2 A79-H84 

G 2 K91-K94 
Table 1 The residues that form the 8 β strands. The β sheet to which each β strand belongs is reported as well. 

BIOLOGICAL ROLE 

The human β2-microglobulin is a protein whose biological role is mainly structural: it is part of the Major 

Histocompatibility Complex I, that presents peptides found in the cytoplasm to T CD8 cells[6] and binds the 

KIR receptor of NK cells[7], inhibiting their cytotoxic activity. 
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Figure 5 Cartoon representation of the human class I  Major Histocompatibility Complex, according to the conformer of the RCSB 
Protein data Bank 3HLA

[8]
. The α chain is colored in green, the β2-microglobulin is colored in red. 

The Major Histocompatibility Complex is formed by two chains. The first chain is a 43 kDa α chain 

composed of a cytoplasmic region, a transmembrane region and three domains:  an α3 domain, which is an 

Ig-like type C1 domain, and two α domains, α1 and α2, that form the peptide binding groove used to present 

the peptide. The second chain is β2-microglobulin. The interaction, that happens in the Endoplasmic 

Reticulum where the α chain stays bound to calnexin until the complex with β2-microglobulin is formed[9],  

has been shown to stabilize both the structure of the α chain and the structure of β2-microglobulin[3]. 

After the complex is degraded, β2-microglobulin ends up in the blood and is typically cleared by the 

kidneys[10]. 

β2-microglobulin also interacts with other complexes, such as class IB Major Histocompatibility Complexes, 

the neonatal Fc Receptor (FcRn)[11], the CD1 receptor[12] and the HFE complex[13]. 
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INVOLVEMENT IN DISEASES 

Dialysis- related Amyloidosis 

Dialysis-related amyloidosis is one of the complications of chronic haemodialysis. It is characterized by an 

accumulation of amyloid, especially in the joints, causing pathological states such as Carpal tunnel 

Syndrome, trigger finger, cervical destructive spondyloarthropathy and the formation of amyloid-filled cysts 

in the femoral neck area[14].   

The amyloid fibrils contains mainly β2-microglobulin[15], along with amyloid P component[16] and modified 

forms of β2-microglobulin, such as advanced glycation products[17], oxidized forms[18] and cleaved forms[19], 

such as ∆N6, a variant of β2-microglobulin devoid of its first 6 residues at the N-terminal which constitutes 

the 26% of all the isoforms of β2-microglobulin found in the fibrils[20]. 

Even though the concentration of β2-microglobulin in patients undergoing haemodialysis is high[16], its 

monomer at pH 7.0 is stable and unable to form fibrils[21],[20]. For this reason, various hypotheses are being 

advanced in order to explain this phenomenon. 

It has been noted that copper ions (Cu2+) are able to induce fibrillation of monomers at 37 °C and pH 7[22], a 

similar effect is observed with glycosaminoglycans with Trifluoroethanol at pH 7.5[23] and with 

lysophosphatidic acid[24]. Type I collagen is also able to induce fibrillation at 40 °C and pH 6.4, conditions 

similar to those found in  inflamed joints[25], and the addition of heparin to type I collagen allows fibrillation 

at 37 °C[26].  

The ∆N6 variant has a free energy of stabilization that is 2.5 kcal/mol lower than that of the wild type 

form[27] and it also presents a trans-peptide bond between histidine 31 and proline 32[28]. However, its role 

in fibrillogenesis is not yet clear. 

Despite the many hypotheses advanced so far, the event that starts fibrillogenesis is not known. 

Hypercatabolic  Hypoproteinemia 

Hypercatabolic Hypoproteinemia is a rare disease characterized by chemical diabetes mellitus and scheletal 

deformities due to low concentration of albumin and IgG in the blood[29]. This low concentration is caused 

by a rapid degradation due to a mutation in the signal peptide of β2-microglobulin, A11P, that leads to 

lower expression of FcRn[30], which is able to bind the Fc of IgG and albumin, prolonging their half-lives[31]. 

Autosomal Dominant β2 –microglobulinic amyloidosis 

Autosomal Dominant β2- microglobulinic amyloidosis is a rare disease characterized by chronic diarrhea, 

sicca syndrome and in the longer term loss of weight, postural dizziness, neuropathy and orthostatic 

hypotension. It is caused by amyloid deposits in the colon, spleen, salivary glands and, successively, also in 

the liver, heart and nerves[32]. 

These amyloid deposits are caused by a mutant form of β2-microglobulin, D76N, whose mutation is 

generated by a point mutation from guanosine to adenosine of the 286th nucleotide of the coding 

sequence[32]. Monomers of this mutant form are able to form fibrils at 37 °C without other inducing factors, 

especially when the solution is agitated at 225 rpm, possibly due to an unfolding ∆�̅�0 that is around 2 

kcal/mol lower than that of the wild type form[32]. 
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HUMAN LYSOZYME C 
The human lysozyme C is a small enzyme, member of the family 22 of Glycoside hydrolases, composed of 

130 residues with a molecular weight of around 14700.6 Da. 

 

 

Figure 6 The solution structure of human lysozyme according to the conformer of the RCSB Protein Data Bank entry 1IY4
[33]

 in 
both cartoon and surface representation. In the cartoon representation the cysteines involved in the disulfide bonds are 
represented with sticks. The color reflects the element: carbon is green, hydrogen is white, oxygen is red, nitrogen is blue and 
sulfur is yellow. 

Its solution structure has two domains, an α-helix-rich domain, that includes the residues from Lysine 1 to 

Threonine 40 and from Alanine 90 to Valine 130, and a β-strand-rich domain, that includes the residue from 

Arginine 41 to Isoleucine 89. It presents four α-helices, three β-strands, two 310 helices and four disulfide 

bonds[33]. 

Its gene, LYZ, is located in the q arm of chromosome 12. It has four exons and three introns. 
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The protein is translated with a 18 residues-long signal peptide at the N-terminal, that gets cleaved as the 

protein enters in the Rough Endoplasmic Reticulum. 

 The sequence of the protein after cleavage is reported here: 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
K V F E R C E L A R T L K R L 

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
G M D G Y R G I S L A N W M C 
31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 
L A K W E S G Y N T R A T N Y 

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 
N A G D R S T D Y G I F Q I N 
61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 
S R Y W C N D G K T P G A V N 

76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 
A C H L S C S A L L Q D N I A 
91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 
D A V A C A K R V V R D P Q G 

106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 
I R A W V A W R N R C Q N R D 

121 122 123 124 125 126 127 128 129 130      
V R Q Y V Q G C G V      

Figure 7 The amino-acid residues sequence of human β2-microglobulin. The background has been colored to underline which 
residues are part of secondary structures, while the cysteines involved in disulfide bridges have an additional yellow 
background. The residues that are part of the β-strand-rich domain have their one letter code and number in red. 

According to the solution structure[33], the secondary structures and the disulfide bonds involve the 

following residues: 

Structure/bridge Domain Residues 

A-helix α-helix-rich R5-R14 

B-helix α-helix-rich L25-E35 

β1-strand β-strand-rich A42-N46 

β2-strand β-strand-rich S51-I56 

β3-strand β-strand-rich I59-S61 

310-helix (i) β-strand-rich C81-L85 

C-helix α-helix-rich A90-V99 

D-helix α-helix-rich V110-C116 

310-helix (ii) α-helix-rich R122-Y124 

1st disulfide bond α-helix-rich C6-C128 

2nd disulfide bond α-helix-rich C30-C116 

3rd disulfide bond β-strand-rich C65-C81 

4th disulfide bond β-strand-rich/α-helix-rich C77-C95 
Table 2 The residues that form the secondary structures and disulfide bonds. The domains in which the structures are found are 
reported as well. The residues that form the 310-helices were inferred from the DSSP annotation

[34]
 of the conformer of the RCSB 

PDB entry 1LZ1
[35]

. 

BIOLOGICAL ROLE 

The human lysozyme C is a peptidoglycan N-acetylmuramoylhydrolase, whose primary function is to split 

the bond between N-acetylglucosamine and N-acetylmuramic acid in the peptidoglycans, multiple layers of 

which are found in the cell wall of Gram positive bacteria[36]. 
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Two residues have catalytic activity: the Glutammate 35 and the Aspartate 53[36]. Furthermore, there are six 

subsites that accommodate the oligosaccharide units. The subsites are formed by the following residues[33]: 

Subsite Domain Residues 

A β-strand-rich T43, N44, N46, I56-I59 

B α-helix-rich W34-S36 

C α-helix-rich R98, R101-P103 

D α-helix-rich R107-V110, W112 

E β-strand-rich R62, Y63 

F β-strand-rich A73 
Table 3 The residues that form the catalytic subsites. The domains in which the subsites are found are reported as well. 

Lysozyme mainly causes cell lysis through the hydrolysis of the peptidoglycans layers of the bacteria and 

through the induction of autolysins that cause autolysis in the bacteria[36], although there are also 

mechanisms of anti-bacterial activity that do not depend on the catalytic activity of lysozyme, but rather on 

its structural features[37]. 

Lysozyme is also reportedly able to enhance phagocytic activity of polymorphonuclear leukocytes and 

macrophages[37] and to enhance the tumoricidal activity of monocytes[38].  

INVOLVEMENT IN DISEASES 

Hereditary Amyloidosis 

Various mutated forms of the human lysozyme, including forms mutated in only one residue such as 

I56T[39], D67H[39], W64R[40] and F57I[41], and forms mutated in two residues such as the double mutant form 

T70N and W112R[42], are involved in hereditary Amyloidosis that commonly involve the kidneys[40],[41],[42],[ 43] 

but, depending on the mutations, may also involve other organs such as spleen[43], liver[39],[43], colon[39],[42] 

and upper gastrointestinal tract[42] and may also cause sicca syndrome[40]. 

Four of the variants known to cause amyloidosis, I56T, F57I, W64R and D67H, present a lower 

thermostability when compared to the wild type protein[43], furthermore the I56T and D67H variants 

unfolds 30 times and 160 times faster than the wild type form respectively in presence of high 

concentration of guanidinium chloride and the I56T also refolds at a slower pace[44]. 

It has also been shown that the I56T and D76H variants form amyloid fibrils in denaturating conditions 

much more easily than the wild type protein[43]. 

  



  AIMS OF THE PROJECT 
HUMAN LYSOZYME C     

  15 

AIMS OF THE PROJECT 
The main aim of the project was the analysis of data from BLUU-Tramp experiments, in particular 

experiments involving proteins whose unfolding events are linked to diseases such as amyloidosis, like the 

human β2-microglobulin and the human lysozyme C. In order to analyze the data it was important to 

develop a routine able to derive relevant thermodynamic parameters related to the unfolding process from 

derivative signal decays obtained through the processing of BLUU-Tramp data. 

Once such a routine has been developed, it was applied to data obtained from BLUU-Tramp experiments 

performed on human β2-microglobulin and human lysozyme C.  Such an application can demonstrate 

whether or not the output of the routine can be correlated to structural features of the proteins, showing 

the viability of this routine in the analysis of relevant structural changes of the system under study when it 

is perturbed by external factors such as ligands or denaturing conditions. 

Finally, in order to confirm the correctness of the values obtained, another aim of the project was the 

development of a routine to obtain similar thermodynamic parameters from conventional isotope 

exchange experiments followed through NMR spectroscopy, its application to preexisting data, and the 

comparison of the values obtained from the analysis of the data from conventional isotope exchange 

experiments with the values obtained from the analysis of the data from BLUU-Tramp experiments. 
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MATERIALS AND METHODS 

ANALYSIS OF BLUU-TRAMP DATA 

THEORETICAL PRINCIPLES 

The decays are currently fitted with the following function: 

 𝐼 = 𝑎𝑒𝑏𝑒𝑐𝑡
 (3) 

where 𝐼 is the estimated intensity of the decays, 𝑡 is the time elapsed from the beginning of the first 

experiment (in seconds) and 𝑎, 𝑏 and 𝑐 are fitting parameters. 

Due to the specific implementation of the BLUU-Tramp method, the decay of each individual amide signal 

follows this equation: 

 𝐼 = 𝐼0𝑒− ∫ 𝑘𝑒𝑥(𝑇(𝑡))𝑑𝑡
𝑡

𝑜  (2) 

where 𝐼 is the intensity of the decay, 𝐼0 is the intensity of the decay in the first experiment, 𝑘𝑒𝑥 is the 

exchange constant and 𝑇 is temperature (in K). 

Therefore, the exchange constant can be derived in the following way: 

 𝑘𝑒𝑥 = −
𝑑 ln 𝐼

𝑑𝑡
 (4) 

that can be expanded, based on eq. (2), as 

 𝑘𝑒�̂� = −
𝑑 ln 𝐼

𝑑𝑡
= −

𝑑(ln 𝑎 + 𝑏𝑒𝑐𝑡)

𝑑𝑡
= −𝑏𝑐𝑒𝑐𝑡 (5) 

Where the circumflex superscript indicates that the value is estimated. 

Following the classical formalism[45], the exchange constant of an amide hydrogen can be expressed as: 

 
𝑘𝑒𝑥 =

𝑘𝑜𝑝 × 𝑘𝑟𝑐

𝑘𝑜𝑝 + 𝑘𝑐𝑙 + 𝑘𝑟𝑐
 

 

(6) 

where 𝑘𝑜𝑝 and 𝑘𝑐𝑙 are the kinetic constants of the opening and closing processes, respectively, and 𝑘𝑟𝑐 is 

the kinetic constant of exchange in random coil conformation. 

In the EX2 limit, we have that 𝑘𝑐𝑙 is significantly larger than 𝑘𝑜𝑝  and 𝑘𝑟𝑐, therefore the exchange constant 

can be expressed as: 

 𝑘𝑒𝑥 =
𝑘𝑜𝑝 × 𝑘𝑟𝑐

𝑘𝑐𝑙
= 𝐾 × 𝑘𝑟𝑐 (7) 

where 𝐾 is the equilibrium constant of the unfolding process. 

With this simplification, an estimate of the equilibrium constant in the EX2 limit can be expressed as: 
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 �̂� =
𝑘𝑒�̂�

𝑘𝑟𝑐
=

−𝑏𝑐𝑒𝑐𝑡

𝑘𝑟𝑐𝑟
𝑒

−
𝐸𝑎
𝑅

(
1
𝑇

−
1
𝑇𝑟

)
= −

𝑏𝑐

𝑘𝑟𝑐𝑟

𝑒
𝑐𝑡+

𝐸𝑎
𝑅

(
1
𝑇

−
1
𝑇𝑟

)
 (8) 

where 𝑘𝑟𝑐𝑟
 is the kinetic constant of exchange in random coil conformation determined at temperature 𝑇𝑟, 

𝐸𝑎 is the activation energy of the exchange process in random coil conformation and 𝑅 is the gas constant. 
In equilibrium conditions, the relation between equilibrium constant and the variation of molar Gibbs free 
energy in standard conditions, ∆�̅�0, is the following: 

 ∆�̅�0 = −𝑅𝑇 ln 𝐾 (9) 
And an estimate of the ∆�̅�0 can be derived accordingly: 

 ∆�̅�0̂ = −𝑅𝑇 ln �̂� = −𝑅𝑇 ln (−
𝑏𝑐

𝑘𝑟𝑐𝑟

𝑒
𝑐𝑡+

𝐸𝑎
𝑅

(
1
𝑇

−
1
𝑇𝑟

)
) = −𝑅𝑇 ln (−

𝑏𝑐

𝑘𝑟𝑐𝑟

) − 𝑅𝑇𝑐𝑡 − 𝐸𝑎 +
𝑇𝐸𝑎

𝑇𝑟
 (10) 

Since temperature and time are approximately related to each other according to the following formula: 

 𝑇 = 𝑇𝑜 + 𝑚𝑡 (11) 

where 𝑇𝑜 is the temperature of the first experiment and 𝑚 is the difference quotient of the temperature 

versus time measured as  
𝑇𝑓−𝑇0

𝑡𝑓
 , where 𝑇𝑓  is the temperature of the last experiment and 𝑡𝑓 is the time 

interval between the beginning of the first experiment and the beginning of the last experiment, the 

formula for the estimation of the ∆�̅�0can be further simplified: 

 

∆�̅�0̂ = −𝑅𝑇 ln (−
𝑏𝑐

𝑘𝑟𝑐𝑟

) + 𝑅𝑇𝑐𝑡 + 𝐸𝑎 +
𝑇𝐸𝑎

𝑇𝑟

=  −𝑅𝑇 ln (−
𝑏𝑐

𝑘𝑟𝑐𝑟

) − 𝑅𝑇𝑐 (
𝑇 − 𝑇0

𝑚
) − 𝐸𝑎 +

𝑇𝐸𝑎

𝑇𝑟

= −𝑅𝑇 ln (−
𝑏𝑐

𝑘𝑟𝑐𝑟

) −
𝑅𝑇2𝑐

𝑚
+

𝑅𝑇𝑐𝑇0

𝑚
− 𝐸𝑎 +

𝑇𝐸𝑎

𝑇𝑟

= 𝑇2 (−
𝑅𝑐

𝑚
) + 𝑇 (

𝑅𝑐𝑇0

𝑚
+

𝐸𝑎

𝑇𝑟
− 𝑅 ln (−

𝑏𝑐

𝑘𝑟𝑐𝑟

)) − 𝐸𝑎 = 𝑥𝑇2 + 𝑦𝑇 + 𝑧 

(12) 

where 𝑥 = −
𝑅𝑐

𝑚
, 𝑦 =  

𝑅𝑐𝑇0

𝑚
+

𝐸𝑎

𝑇𝑟
− 𝑅 ln (−

𝑏𝑐

𝑘𝑟𝑐𝑟

) and  𝑧 = −𝐸𝑎. 

This equation allows a straightforward estimation of other important thermodynamic parameters. 

From the following relationship between Entropy and Gibbs free energy: 

 𝑆 = −
𝜕𝐺

𝜕𝑇
 (13) 

The following equation can be derived: 

 ∆𝑆̅0 = −
𝜕∆�̅�0

𝜕𝑇
 

 
(14) 

The heat capacity at constant pressure can be related to Gibbs’ Free Energy as well: 

 𝐶𝑝 =
𝛿𝑄

𝜕𝑇
= 𝑇

𝜕𝑆

𝜕𝑇
= −𝑇

𝜕2𝐺

𝜕𝑇2
 (15) 
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From which, its molar variation in standard conditions related to the unfolding process can be calculated as 

well: 

 ∆𝐶�̅�
0 = −𝑇

𝜕2∆�̅�0

𝜕𝑇2
 (16) 

The aforementioned thermodynamic parameters can therefore be estimated: 

 ∆𝑆̅0̂ = −
𝜕∆�̅�0̂

𝜕𝑇
= −2𝑥𝑇 − 𝑦 = 𝑇 (

2𝑅𝑐

𝑚
) + 𝑅 ln (−

𝑏𝑐

𝑘𝑟𝑐𝑟

) −
𝑅𝑐𝑇0

𝑚
−

𝐸𝑎

𝑇𝑟
 (17) 

 ∆�̅�0̂ = ∆�̅�0̂ + 𝑇 ∆𝑆̅0̂ = −𝑥𝑇2 + 𝑧 = 𝑇2 (
𝑅𝑐

𝑚
) − 𝐸𝑎 (18) 

 ∆𝐶�̅�
0̂ = −𝑇

𝜕2∆�̅�0̂

𝜕𝑇2
= −2𝑥𝑇 = 𝑇 (

2𝑅𝑐

𝑚
) (19) 

It is interesting to note that, due to the fitting equation employed, ∆𝐶�̅�
0̂ here is not constant but rather 

directly proportional to temperature, in contrast with other proposed models, and that ∆𝑆̅0̂ and ∆𝐶�̅�
0̂ differ 

only by a constant value.  ∆�̅�0 was estimated as well. 

ACTUAL IMPLEMENTATION 

The program written to perform the aforementioned calculations follows a workflow divided in 4 steps: 

data import, fitting of the data, estimation of the thermodynamics parameters and their associated error 

from the fitting parameters and their covariance matrix, writing of the final results. These steps will be 

thoroughly described. 

PRELIMINARY OPERATIONS 

Before data import, two structures are generated in order to better organize the data and facilitate both 

the import and the subsequent analysis: 

1. An array of residue specific structures (“residuo”) that contains the name of the residue, its raw 

data in ascending order according to spectrum number, the data structures needed for the fitting 

routine and the output values of the program; 

2. A general parameter structure (“generale”) containing the number of residues, the temperature of 

the first experiment, the difference quotient of the temperature with respect to time and the 

reference temperature at which the exchange rates in random coil conditions were calculated. 

Furthermore, the arrays of values, the arrays of structures and the arrays of characters (strings) are 

allocated with predefined length. The current values for this preliminary allocation are 1024 residues, 1024 

characters for each string variable and 2048 spectra per single ramp. In case future data exceed these 

limits, they can be easily changed in the source code.  

DATA IMPORT 

The data import is based on a file whose path is given via the second argument of the command. This file is 

structured as follows: 

 the first line contains the reference temperature at which the exchange constants in random coil 

conditions are calculated; 
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 the second line contains the path of the file (which will be subsequently called “tT file”) containing 

the temperature and time at which each spectrum was acquired, with the time reported  as 

seconds passed from the beginning of the first experiment; 

 the following lines are referred each to a single residue and report the name of the residue, the 

path of the file containing the raw data, the exchange rate constant in random coil condition, and 

the starting fitting parameters. 

The raw data are organized in lines, one for each spectrum, in each line the number of the spectrum and 

the S value obtained in it are reported. 

The program first check if the second argument is present, if not an error message is printed in the 

Standard Output. Then it attempts to read the main input file and extract the important information from 

the first and second line by assigning the relevant values to the appropriate variables. If it fails, it prints an 

error message and exits the program with an error (non 0) output.  After reading the first two lines, the 

following lines are read one at a time until no line can be read, again assigning the relevant values of each 

line to the appropriate variables. After a line is read a counter, initialized at zero, is increased by one, this 

counter is then used to know the number of the residues to be analyzed. 

After reading the main input file, the tT file is read, one line at a time and the values are stored in 

appropriate arrays of time values and temperature values. As before, an integer counter initialized at zero 

is increased after each line is read in order to know the actual number of spectra acquired. After the tT file 

is read, a message of successful read is printed. 

At this point, the raw data pertaining to each residue are read one line at a time. First of all the S value and 

the spectrum at which it was obtained are stored in appropriate arrays within the residue specific structure, 

then the spectrum number is used to associate to each S value the correct temperature and time at which 

that value was obtained. If a residue has less than two data points, an error message is printed and the 

program exits with an error output. 

After the raw data of all residues are read, four values are stored in the general structure: the number of 

residues, the starting temperature, the calculated different quotient of temperature over time and the 

temperature at which the exchange rate constants in random coil condition were calculated. 

DATA FITTING 

The imported data are then fitted using an implementation of the Levenberg-Marquardt minimization 

algorithm called lmder1 contained in C/C++ MINPACK, which is the version written in C language of the 

MINPACK library[46]. In the case of each residue, the initial fitting parameters and the number of data points 

is used to create the appropriate input variables for the algorithms. Furthermore, a routine is used to 

calculate both a vector of functions whose squares are minimized and the Jacobian matrix. At each data 

point 𝑖 the function 𝐹𝑖 whose square is to be minimized is the following: 

 𝐹𝑖 = 𝑆𝑖 − 𝑥0𝑒𝑥1𝑒𝑥2𝑡𝑖   

Where 𝑆𝑖 is the S value obtained in spectrum 𝑖, 𝑡𝑖 is the moment when spectrum 𝑖 was acquired, measured 

in seconds from the beginning of the acquisition of the first spectrum, and 𝑥0, 𝑥1, and 𝑥2 are the fitting 

parameters. 
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The derivatives of said function, which are part of the Jacobian matrix, are: 

 
𝜕𝐹𝑖

𝜕𝑥0
= −𝑒𝑥1𝑒𝑥2𝑡𝑖   

 
𝜕𝐹𝑖

𝜕𝑥1
= −𝑒𝑥2𝑡𝑖 × 𝑥0𝑒𝑥1𝑒𝑥2𝑡𝑖   

 
𝜕𝐹𝑖

𝜕𝑥2
= −𝑥1𝑒𝑥2𝑡𝑖 × 𝑡𝑖 × 𝑥0𝑒𝑥1𝑒𝑥2𝑡𝑖   

After the fitting the covariance matrix of the fitting parameters 𝜎 is obtained: 

𝜎 = (

𝜎00 𝜎01 𝜎02

𝜎10 𝜎11 𝜎12

𝜎20 𝜎21 𝜎22

) 

CALCULATION OF THERMODYNAMIC PARAMETERS 

From the fitted values the thermodynamic parameters are obtained for each spectrum 𝑖. First of all the 

exchange constant is estimated: 

𝑘𝑒𝑥𝑖
̂ = −𝑥1𝑥2𝑒𝑥2𝑡𝑖  

Then the equilibrium constant in EX2 limit is derived: 

𝐾�̂� =
𝑘𝑒𝑥𝑖
̂

𝑘𝑟𝑐𝑟
𝑒

−
𝐸𝑎
𝑅

(
1
𝑇𝑖

−
1
𝑇𝑟

)
 

The  ∆�̅�𝑖
0 is estimated with two methods. The first one simply uses the following formula: 

∆�̅�1𝑖

0̂ = −𝑅𝑇 ln 𝐾�̂� 

The second uses the fitting parameters: 

∆�̅�2𝑖

0̂ = −𝑅𝑥2 (
𝑇𝑖

2

𝑚
) − (𝑅 ln (−

𝑥1𝑥2

𝑘𝑟𝑐𝑟

) −
𝐸𝑎

𝑇𝑟
−

𝑅𝑇0𝑥2

𝑚
) 𝑇𝑖 − 𝐸𝑎 

A comparison of both methods allows the evaluations of differences due to rounding errors. 

The other thermodynamic parameters are then calculated: 

∆𝑆�̅�
0̂ =

2𝑅𝑥2𝑇𝑖

𝑚
+ 𝑅 ln (−

𝑥1𝑥2

𝑘𝑟𝑐𝑟

) −
𝐸𝑎

𝑇𝑟
−

𝑅𝑇0𝑥2

𝑚
 

∆�̅�𝑖
0̂ = 𝑇𝑖

2 (
𝑅𝑐

𝑚
) − 𝐸𝑎 

∆𝐶�̅�𝑖
0̂ =

2𝑇𝑖𝑅𝑥2

𝑚
 

The uncertainty of each parameter is estimated using the coefficients of the covariance matrix: 
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𝜎𝑘𝑒𝑥�̂�
= √𝜎11 (

𝜕𝑘𝑒𝑥

𝜕𝑥1
)

2

+ 𝜎22 (
𝜕𝑘𝑒𝑥

𝜕𝑥2
)

2

+ 2𝜎12 (
𝜕𝑘𝑒𝑥

𝜕𝑥1
) (

𝜕𝑘𝑒𝑥

𝜕𝑥2
)

= √𝜎11(−𝑥2𝑒𝑥2𝑡𝑖)2 + 𝜎22(−𝑥1𝑒𝑥2𝑡𝑖 − 𝑡𝑖𝑥1𝑥2𝑒𝑥2𝑡𝑖) + 2(−𝑥2𝑒𝑥2𝑡𝑖)(−𝑥1𝑒𝑥2𝑡𝑖 − 𝑡𝑖𝑥1𝑥2𝑒𝑥2𝑡𝑖) 

𝜎∆�̅�𝑖
0̂ = √𝜎11 (

𝜕∆�̅�𝑖
0

𝜕𝑥1
)

2

+ 𝜎22 (
𝜕∆�̅�𝑖

0

𝜕𝑥2
)

2

+ 2𝜎12 (
𝜕∆�̅�𝑖

0

𝜕𝑥1
) (

𝜕∆�̅�𝑖
0

𝜕𝑥2
)

= √𝜎11 (
−𝑅𝑇𝑖

𝑥1
)

2

+ 𝜎22 (
𝑅𝑇𝑖𝑇0𝑥2 − 𝑅𝑇𝑖

2𝑥2 − 𝑚𝑅𝑇𝑖

𝑚𝑥2
)

2

+ 2𝜎12 (
−𝑅𝑇𝑖

𝑥1
×

𝑅𝑇𝑖𝑇0𝑥2 − 𝑅𝑇𝑖
2𝑥2 − 𝑚𝑅𝑇𝑖

𝑚𝑥2
)  

𝜎∆�̅�𝑖
0̂ = √𝜎11 (

𝜕∆𝑆�̅�
0

𝜕𝑥1
)

2

+ 𝜎22 (
𝜕∆𝑆�̅�

0

𝜕𝑥2
)

2

+ 2𝜎12 (
𝜕∆𝑆�̅�

0

𝜕𝑥1
) (

𝜕∆𝑆�̅�
0

𝜕𝑥2
)

= √𝜎11 (
𝑅

𝑥1
)

2

+ 𝜎22 (
2𝑅𝑇𝑖𝑥2 − 𝑅𝑇0𝑥2 + 𝑚𝑅

𝑚𝑥2
)

2

+ 2𝜎12 (
𝑅

𝑥1
×

2𝑅𝑇𝑖𝑥2 − 𝑅𝑇0𝑥2 + 𝑚𝑅

𝑚𝑥2
) 

𝜎∆�̅�𝑖
0̂ = √𝜎22 (

𝜕∆�̅�𝑖
0

𝜕𝑥2
)

2

= √𝜎22 (
𝑇𝑖

2𝑅

𝑚
)

2

 

𝜎∆𝐶�̅�𝑖
0̂ = √𝜎22 (

𝜕∆𝐶�̅�𝑖
0

𝜕𝑥2
)

2

= √𝜎22 (
2𝑇𝑖𝑅

𝑚
)

2

 

Finally, the exchange constant and the thermodynamic parameters, along with their standard deviations, 

are calculated at a reference temperature, currently set at 300K, and the mean squared error of the fitting 

is computed: 

𝑀𝑆𝐸 =
∑ (𝑦𝑖 − 𝑦�̂�)

2
𝑖

𝑛
 

CREATION OF THE OUTPUT FILES 

The first step of the output process is the removal of the previous results file, if present, and the report on 

the standard output of the initial temperature, 𝑇0, and of the different quotient of temperature versus 

time, 𝑚. 

Then , for each residue a check is performed whether an error message from the fitting routine is present, 

and if it is present, the export of the data from that residue stops and the error in the fitting procedure is 

reported on the standard output. 

If the error check doesn’t find any error message, a summary containing the mean squared error of the 

regression, the fitting parameters and the thermodynamic parameters calculated at the reference 

temperature along with their estimated uncertainties is sent to the standard output, and then an attempt 

at adding a line with this information to a summary file is done. If the attempt fails, the program stops 

showing how to properly format the command to be input. After writing the summary line, two files are 

written: 
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1. a file containing, for each spectrum, the time and temperature at which it was acquired, the 

measured S-value, the S-value reconstructed from the fitting parameters and the difference 

between the two; 

2. a file containing, for each spectrum, the temperature at which it was acquired, the measured 

exchange constant, the ∆�̅�1𝑖

0̂ , ∆�̅�2𝑖

0̂ , ∆𝑆�̅�
0̂and ∆𝐶�̅�𝑖

0̂ ; all these parameters, with the exception of 

temperature and  ∆�̅�1𝑖

0̂ , are reported with their estimated errors. 

After outputting this information for all the residues, the program exits with status 0. 
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CONVENTIONAL EXCHANGE DATA ANALYSIS 
The program to analyze data from conventional isotope exchange experiments follows a workflow similar 

to the one of the BLUU-Tramp data analysis software. This workflow can be divided in four parts: data 

import, data fitting, extraction of thermodynamic parameters and associated errors from the fitting 

parameters and their covariance matrix, output of results both on the standard output and on files. 

PRELIMINARY OPERATIONS 

Before data import, a structure is defined that stores for each residue the name of the residue, the number 

of data points which will be used for fitting, the initial values of the fitting parameters, the temperature at 

which each experiment was performed and the exchange constant measured in each experiment along 

with its uncertainty, the data structures needed for the fitting routine, the intermediate values used for the 

calculations and the parameters that will be part of the output, along with their uncertainty. 

After the structure is defined, an array of structures is created and two global variables, that will be used to 

pass values to the fitting routine, are declared. Finally, the system memory is preallocated for each array 

defined. The current preallocations, that constitute the upper limits with regard to dimensions of the 

arrays, consist in 512 residues, 512 characters for each string and 512 exchange constants derived from 

conventional exchange experiments.  

DATA IMPORT 

The data import subroutine uses an input file organized in lines, one for each residue. In each lines the 

name of the residue, the location of the file containing the data to be fitted, the exchange constant in 

random coil conditions calculated at 293 K and the initial values for the fitting parameters are reported. 

The files containing the data to be fitted are organized as well in lines, one for each experiment. In each line 

the temperature at which the exchange experiment was performed, the exchange rate measured in the 

experiment and its uncertainty are reported.  

The subroutine first checks that the second argument is present, if it is not, the program exits while 

displaying on the standard output the proper syntax to run the program from the command line. Then the 

program reads the input file one line at a time and stores the read values in the proper variables.  After 

that, all the files with the raw data are read one line at a time and the values are stored in the appropriate 

variables. If one residue has less than two data points, the program exits with an error message on the 

standard output. In the end, the number of residues read is put in a variable and the subroutine ends.  

DATA FITTING 

Each residue is treated separately. 

The first step is to estimate, at each temperature, the ∆�̅�0assuming the exchange happened in conditions 

that can be approximated with the EX2 limit. 

To estimate the equilibrium constant of the local unfolding leading to the exchange, 𝐾, the exchange 

constant of the 𝑖-th experiment, 𝑘𝑒𝑥𝑖
, is divided by the exchange constant calculated in random coil 

condition, 𝑘𝑟𝑐𝑖
: 

𝐾�̂� =
𝑘𝑒𝑥𝑖

𝑘𝑟𝑐𝑖

=
𝑘𝑒𝑥𝑖

𝑘𝑟𝑐𝑟
𝑒

−
𝐸𝑎
𝑅

(
1
𝑇𝑖

−
1
𝑇𝑟

)
 

Then, the ∆�̅�0 is estimated from the equilibrium constant: 
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∆�̅�𝐸𝑋2𝑖

0̂ = −𝑅𝑇𝑖 ln 𝐾�̂� 

The ∆�̅�0 and temperature of each isotope exchange experiment are stored in global variables and the 

uncertainty of the ∆�̅�0 is estimated from the uncertainty of the exchange constants: 

𝜎∆�̅�𝐸𝑋2𝑖
0̂ = √(

−𝑅𝑇𝑖𝜎𝑘𝑜𝑏𝑠𝑖

𝑘𝑜𝑏𝑠𝑖

)

2

 

where 𝑘𝑜𝑏𝑠𝑖
  and 𝜎𝑘𝑜𝑏𝑠𝑖

 are the observed exchange constant and its uncertainty in the 𝑖-th exchange 

experiment, respectively. 

After this step, the functions whose squares are to be minimized are generated. A vector is created using 

for the 𝑖-th exchange experiment performed at temperature 𝑇𝑖the following function 𝐹𝑖 
[47]: 

𝐹𝑖 = ∆�̅�𝐸𝑋2𝑖

0̂ − (𝑥0 − 𝑇𝑖𝑥1 + 𝑥2 (𝑇𝑖 − 𝑇𝑟 − (𝑇𝑖 ln
𝑇𝑖

𝑇𝑟
))) 

where 𝑥0, 𝑥1 and 𝑥2 are minimization parameters. 

The Jacobian matrix is calculated as well using the following functions: 

𝜕𝐹𝑖

𝜕𝑥0
= −1 

𝜕𝐹𝑖

𝜕𝑥1
= 𝑇𝑖 

𝜕𝐹𝑖

𝜕𝑥2
= − (𝑇𝑖 − 𝑇𝑟 − (𝑇𝑖 ln

𝑇𝑖

𝑇𝑟
)) 

The fitting routine used is lmder1 contained in C/C++ MINPACK[46]. 

After the fitting the programs calculates the covariance matrix 𝜎 of the fitting parameters: 

𝜎 = (

𝜎00 𝜎01 𝜎02

𝜎10 𝜎11 𝜎12

𝜎20 𝜎21 𝜎22

) 

CALCULATION OF THERMODYNAMIC PARAMETERS 

After the fitting is completed, the thermodynamics parameters and their standard deviations are estimated 

for each exchange experiment from the fitting parameters: 

∆�̅�𝑖
0̂ = 𝑥0 + 𝑥2(𝑇𝑖 − 𝑇𝑟) 

𝜎∆�̅�𝑖
0̂ = √𝜎00 + 𝜎22(𝑇𝑖 − 𝑇𝑟)2 + 2𝜎02(𝑇𝑖 − 𝑇𝑟) 

∆𝑆�̅�
0̂ = 𝑥1 + 𝑥2 ln (

𝑇𝑖

𝑇𝑟
) 

𝜎∆�̅�𝑖
0̂ = √𝜎11 + 𝜎22 (ln (

𝑇𝑖

𝑇𝑟
))

2

+ 2𝜎12 ln (
𝑇𝑖

𝑇𝑟
) 
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∆𝐶�̅�
̂ = 𝑥2 

𝜎∆𝐶�̂̅�
= √𝜎22 

∆�̅�𝑖
0̂ = 𝑥0 − 𝑇𝑖𝑥1 + 𝑥2 (𝑇𝑖 − 𝑇𝑟 − 𝑇𝑖 ln (

𝑇𝑖

𝑇𝑟
)) 

𝜎∆�̅�𝑖
0̂

= √𝜎00 + 𝜎11(−𝑇𝑖)2 + 𝜎22 (𝑇𝑖 − 𝑇𝑟 − 𝑇𝑖 ln (
𝑇𝑖

𝑇𝑟

))
2

− 2𝜎01𝑇𝑖 + 2𝜎02 (𝑇𝑖 − 𝑇𝑟 − 𝑇𝑖 ln (
𝑇𝑖

𝑇𝑟

)) − 2𝜎12𝑇𝑖 (𝑇𝑖 − 𝑇𝑟 − 𝑇𝑖 ln (
𝑇𝑖

𝑇𝑟

)) 

The thermodynamic parameters and their errors are also calculated at the reference temperature 𝑇𝑟 and 

the mean square error is calculated as well: 

𝑀𝑆𝐸 =
∑ (∆�̅�𝐸𝑋2𝑖

0̂ − ∆�̅�𝑖
0̂ )

2
𝑛
𝑖=1

𝑛
 

CREATION OF THE OUTPUT FILES 

The first step of the last part of the program is removing the summary file having the same name, if 

present.  

The routine works on each residue. It first checks if an error code from the minimization subroutine is 

present and outputs the appropriate error message in that case. If no error code is present, a summary line 

is sent to the standard output. This line contains the name of the residue, the mean squared error, the 

minimization parameters and their uncertainty inferred from the covariance matrix, the reference 

temperature and the thermodynamic parameters calculated at that temperature, along with their errors. 

An attempt at writing the same line in the results summary file is done, and if this is not possible, the 

programs outputs a line with the instruction to properly call the routine from the command line and exits 

with an error (non 0) output.  A second file specific for the residue is then written, in which each line 

contains the temperature of the isotope exchange experiment, the observed exchange constant, the 

equilibrium constant and the relative variation in molar Gibbs Free Energy in equilibrium conditions derived 

according to the EX2 limit equations, the variation in molar Gibbs Free Energy in equilibrium conditions 

derived from the minimization parameters and the difference between the latter two. Finally, another file 

specific for the residue is written, in which the temperature and the thermodynamic parameters estimated 

for each exchange experiment, with the associated errors, are reported. If the program fails to write any of 

these files, the program exits with an error output and a line is sent to the standard output explaining how 

to properly call the routine from the command line. 

After the output files for each residue have been created, the program exits with a normal execution 

output (code 0). 
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EXPERIMENTAL PROCEDURES 

SAMPLES USED 

β2-microglobulin 

The protein used, the human form of β2-microglobulin, presents a methionine added at the N-terminal. The 

protein was deuterated and lyophilized. By adding an aqueous solution containing phosphate buffer and 

D2O, a 600 µl aqueous sample having a pH of 7.12 and containing 15N-enriched human β2-microglobulin at a 

concentration of 295 µM, along with D2O at a concentration of 5% v/v and phosphate buffer at a 

concentration of 20 mM was prepared and put in an NMR samples tube for the BLUU-Tramp experiment. 

The tube was inserted in an NMR spectrometer and the acquisition was started 324 seconds after the 

addition of the protein to the aqueous solution. 

Lysozyme 

The human Lysozyme was deuterated and lyophilized. By adding an aqueous solution containing phosphate 

buffer and D2O, an aqueous sample having a pH of 7.12 containing 15N-enriched human Lysozyme at a 

concentration of 267 µM, along with D2O at a concentration of 5% v/v and phosphate buffer at a 

concentration of 20 mM was prepared and put in an NMR samples tube for the BLUU-Tramp experiment. 

The tube was inserted in an NMR spectrometer and the acquisition was started 305 seconds after the 

addition of the protein to the aqueous solution. 

β2-microglobulin for conventional exchange experiments 

The protein used, the human form of β2-microglobulin, presents a methionine added at the N-terminal. 3 

mg of 15N-enriched protein were put in 550 of a D2O solution having a pH of 6.6 and containing phosphate 

buffer at a concentration of 70 mM and NaCl at a concentration of 100 mM and the resulting solution was 

put in an NMR sample tube. The sample tube was then inserted in an NMR spectrometer and the 

acquisition was started 4 minutes after the addition of the protein to the D2O solution. 

SPECTROMETERS USED 

BLUU-Tramp experiments 

A Bruker Avance III spectrometer having a 1H base frequency of 600.13 MHz and equipped with a 5 mm 

CPTCI 1H-13C/15N/D Z-GRD probe was used. TOPSPIN version 3.2-p16 was used as acquisition software. 

Conventional exchange experiments 

 A Bruker Avance spectrometer having a 1H base frequency of 500.13 MHz and equipped with a 5 mm TXI 

1H/2H-13C/15N XYZ-GRD probe was used. TOPSPIN version 1.3 was used as acquisition software. 

NMR EXPERIMENTS 

ACQUISITION 

β2-microglobulin BLUU-Tramp experiments 

223 best-TROSY[48],[49] experiments with sensitivity improvement and using Echo-Antiecho to obtain 

quadrature detection in the indirect dimension were performed per temperature ramp. The starting 

temperature was 273.28 K and in the first 27 experiments the temperature was increased by 0.36 K 

between one experiment and the next, while in the next 196 experiments the temperature was increased 

by 0.18 K between one experiment and the next. The overall temperature range was therefore 273.28 K - 

318.1 K. After increasing the temperature, 50 seconds of delay were introduced to allow equilibration at 

the new temperature. 
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The parameters used in the acquisition were the following: 

First 27 experiments 

PARAMETER F1 (15N) F2 (1H) 

Number of  dummy scans  32 

Number of scans  64 

Number of points 80 768 

Base Frequency (MHz) 60.810645 500.13 

Offset (Hz) 7175.66 2818.2 

Spectral Width (Hz) 1946.28260023355 9009.00900900901 

   

Other experiments 

PARAMETER F1 (15N) F2 (1H) 

Number of  dummy scans  32 

Number of scans  32 

Number of points 80 768 

Base Frequency (MHz) 60.810645 600.13 

Offset (Hz) 7175.66 2818.2 

Spectral Width (Hz) 1946.28260023355 9009.00900900901 

 

Lysozyme  BLUU-Tramp experiments 

213 best-TROSY[48],[49] experiments with sensitivity improvement and using Echo-Antiecho to obtain 

quadrature detection in the indirect dimension were performed per temperature ramp. The starting 

temperature was 283 K and the temperature was increased by 0.125 K between one experiment and the 

next. The overall temperature range was therefore 283 K - 336 K. After increasing the temperature, 50 

seconds of delay were introduced to allow equilibration at the new temperature. 

The parameters used in the acquisition were the following: 

PARAMETER F1 (15N) F2 (1H) 

Number of  dummy scans  32 

Number of scans  32 

Number of points 80 768 

Base Frequency (MHz) 60.810645 600.13 

Offset (Hz) 7175.65611000026 2818.2 

Spectral Width (Hz) 1946.28260023355 9009.00900900901 
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β2-microglobulin conventional exchange experiments 

250 HSQC experiments with sensitivity improvement[50],[51],[52],[53] and using Echo-Antiecho-TPPI to obtain 

quadrature detection in the indirect dimension and flip-back pulse to suppress solvent were performed. 

The acquisition temperature was 293 K.  

The parameters used in the acquisition were the following: 

PARAMETER F1 (15N) F2 (1H) 

Number of  dummy scans  16 

Number of scans  16 

Number of points 80 2048 

Base Frequency (MHz) 50.677733 500.13 

Offset (Hz) 5928.99999999474 2352.6 

Spectral Width (Hz) 1700.10200612037 7002.80112044818 

 

PROCESSING 

β2-microglobulin BLUU-Tramp experiments 

After being converted in the NMRPipe input format, the raw data was processed with NMRPipe[54] using the 

following parameters: 

PARAMETER F1 (15N) F2 (1H) 

Baseline correction 
4th order polynomial subtract 

(only in the Frequency Domain) 

4th order polynomial subtract 
(both in the Time Domain and 

Frequency Domain) 

Window Function Gaussian with g1= 10 and g2=25  
Gaussian with g1= 10 and g2=25 

and c=0.5  

Linear prediction 
Forward-backward linear 

prediction, 80 more points 
predicted 

none 

Number of points after zero 
filling 

1024 1536 

 

Lysozyme  BLUU-Tramp experiments 

After being converted in the NMRPipe input format, the raw data was processed with NMRPipe[54] using the 

following parameters: 

PARAMETER F1 (15N) F2 (1H) 

Baseline correction 
4th order polynomial subtract 

(only in the Frequency Domain) 

4th order polynomial subtract 
(both in the Time Domain and 

Frequency Domain) 

Window Function Gaussian with g1= 10 and g2=25  
Gaussian with g1= 10 and g2=25 

and c=0.5  

Linear prediction 
Forward-backward linear 

prediction, 80 more points 
predicted 

none 

Number of points after zero 
filling 

1024 1536 
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β2-microglobulin conventional exchange experiments 

After being converted in the NMRPipe input format, the raw data was processed with NMRPipe[54] using the 

following parameters: 

PARAMETER F1 (15N) F2 (1H) 

Baseline correction 
4th order polynomial subtract 

(only in the Frequency Domain) 

4th order polynomial subtract 
(both in the Time Domain and 

Frequency Domain) 

Window Function Gaussian with g1= 10 and g2=25  
Gaussian with g1= 10 and g2=25 

and c=0.5  

Linear prediction 
Forward-backward linear 

prediction, 80 more points 
predicted 

none 

Number of points after zero 
filling 

1024 4096 

 

ANALYSIS 

BLUU-Tramp experiments 

The processed data were analyzed using a routine developed in the Biophysical Laboratory of the University 

of Udine called TinT. The obtained decays were then assigned using Sparky[55]. 

Conventional isotope exchange experiment 

The peaks were assigned using Sparky[55]. The Sparky save file and the spectrums were then loaded in 

NMRViewJ in order to obtain the decays using the “Rate Analysis” routine. Once the decays were obtained, 

they were fitted with the “Grace” software using the following fitting function F: 

𝐹 =  𝑎0𝑒−𝑎1𝑡 

Where 𝑡 is the time passed from the first spectrum acquired, while 𝑎0 and 𝑎1 are minimization parameters. 

The 𝑎1value was then added to the list of exchange rates already measured for the human β2-microglobulin 

protein and these lists were used as input for the classical exchange experiments analysis software. 
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RESULTS 
It is important to note that the values reported in the tables retain the figures obtained from fitting and 

calculations. The actual number of significant figures, however, is three at most, except for temperature 

values known to an accuracy of four significant figures. 

β2-MICROGLOBULIN BLUU-TRAMP EXPERIMENT 

The analysis on the BLUU-Tramp data yielded results for 39 residues, summarized in the following tables. 
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Residue ∆�̅�0 (kcal/mol) ∆�̅�0 (kcal/mol) ∆𝑆̅0 (kcal/(mol × K)) ∆𝐶�̅�
0 (kcal/(mol × K)) 

R3 7.970313 ± 0.386207 -1.114641 ± 7.301295 -0.030283 ± 0.025587 0.079236 ± 0.048675 

K6 4.885545 ± 0.746845 17.378207 ± 9.750194 0.041642 ± 0.034985 0.202521 ± 0.065001 

V9 4.586833 ± 1.639609 19.130024 ± 21.981588 0.048477 ± 0.078723 0.2142 ± 0.146544 

Y10 8.138548 ± 0.013714 31.907682 ± 0.887009 0.07923 ± 0.002918 0.299385 ± 0.005913 

S11 7.970284 ± 0.323976 -4.078544 ± 5.054953 -0.040163 ± 0.017918 0.059476 ± 0.0337 

H13 8.04543 ± 0.280905 -1.48583 ± 5.088301 -0.031771 ± 0.017875 0.076761 ± 0.033922 

E16 6.795751 ± 0.223175 0.274971 ± 4.179506 -0.021736 ± 0.014656 0.0885 ± 0.027863 

N17 8.003041 ± 0.194076 -8.121323 ± 0.977151 -0.053748 ± 0.003903 0.032525 ± 0.006514 

G18 8.329893 ± 0.276694 -2.707631 ± 4.761344 -0.036792 ± 0.016776 0.068616 ± 0.031742 

C25 9.874799 ± 0.010769 31.364336 ± 0.780935 0.071632 ± 0.002578 0.295762 ± 0.005206 

Y26 9.171372 ± 0.015136 33.81162 ± 0.879046 0.082134 ± 0.002888 0.312077 ± 0.00586 

D38 8.872414 ± 0.061137 80.217098 ± 7.174253 0.237816 ± 0.023727 0.621447 ± 0.047828 

L39 4.918507 ± 0.253261 13.856644 ± 3.687007 0.029794 ± 0.01313 0.179044 ± 0.02458 

L40 8.492698 ± 0.023404 43.757532 ± 0.888471 0.117549 ± 0.002887 0.378384 ± 0.005923 

K41 8.580887 ± 0.021221 35.59002 ± 1.233741 0.09003 ± 0.004053 0.323933 ± 0.008225 

E44 7.246711 ± 0.018205 18.443332 ± 0.809425 0.037322 ± 0.00275 0.209622 ± 0.005396 

E47 6.697006 ± 0.050849 -8.095045 ± 0.264338 -0.049307 ± 0.00105 0.0327 ± 0.001762 

K48 7.568547 ± 0.129654 -7.419283 ± 2.271122 -0.049959 ± 0.007991 0.037205 ± 0.015141 

V49 4.171009 ± 2.029309 103.707305 ± 90.594803 0.331788 ± 0.308667 0.778049 ± 0.603965 

S52 8.355197 ± 0.494492 -3.11854 ± 7.912922 -0.038246 ± 0.028005 0.065876 ± 0.052753 

D59 5.950662 ± 1.794346 29.328693 ± 42.353706 0.077927 ± 0.147068 0.282191 ± 0.282358 

L64 7.236692 ± 0.011672 13.119701 ± 1.121106 0.01961 ± 0.003754 0.174131 ± 0.007474 

Y67 7.20736 ± 0.030582 10.929707 ± 0.854867 0.012408 ± 0.002945 0.159531 ± 0.005699 

F70 7.522031 ± 0.056281 29.998839 ± 3.102521 0.074923 ± 0.01052 0.286659 ± 0.020683 

T71 6.503178 ± 0.633883 8.447076 ± 9.744482 0.00648 ± 0.03458 0.142981 ± 0.064963 

T73 7.145369 ± 0.237459 -3.58686 ± 4.082915 -0.035774 ± 0.014386 0.062754 ± 0.027219 

K75 7.399089 ± 0.19851 -1.784832 ± 3.823115 -0.030613 ± 0.013384 0.074768 ± 0.025487 

D76 7.162462 ± 0.24952 -0.508281 ± 4.336722 -0.025569 ± 0.015272 0.083278 ± 0.028911 

E77 6.700189 ± 0.160867 -0.940461 ± 3.168113 -0.025469 ± 0.011078 0.080397 ± 0.021121 

Y78 5.832353 ± 0.712457 9.081756 ± 10.724315 0.010831 ± 0.038108 0.147212 ± 0.071495 

A79 9.031541 ± 0.011572 35.987977 ± 0.652086 0.089855 ± 0.002141 0.326587 ± 0.004347 

R81 9.477786 ± 0.008141 30.889888 ± 0.552528 0.071374 ± 0.001822 0.292599 ± 0.003684 

V82 8.243707 ± 0.027014 10.307075 ± 1.384427 0.006878 ± 0.004693 0.15538 ± 0.00923 

N83 9.026461 ± 0.006847 27.657226 ± 0.554973 0.062103 ± 0.001838 0.271048 ± 0.0037 

L87 6.55811 ± 0.097877 -1.764791 ± 1.434163 -0.027743 ± 0.005105 0.074901 ± 0.009561 

Q89 8.067988 ± 0.169752 -2.612678 ± 3.01687 -0.035602 ± 0.010609 0.069249 ± 0.020112 

K91 6.258958 ± 0.083409 8.099468 ± 1.326706 0.006135 ± 0.004698 0.140663 ± 0.008845 

V93 7.542878 ± 0.008767 32.492744 ± 0.552014 0.083166 ± 0.001817 0.303285 ± 0.00368 

W95 7.134201 ± 0.022946 23.927954 ± 1.235592 0.055979 ± 0.004186 0.246186 ± 0.008237 

R97 7.287295 ± 0.201636 -2.715728 ± 3.302916 -0.033343 ± 0.011672 0.068562 ± 0.022019 

D98 7.431917 ± 0.163221 -0.812008 ± 3.022383 -0.02748 ± 0.010605 0.081253 ± 0.020149 

M99 4.876508 ± 0.130727 -2.054448 ± 2.414842 -0.023103 ± 0.008474 0.07297 ± 0.016099 
Table 4 Results of the analysis on the β2-microglobulin BLUU-Tramp experiment. Data are reported as value ± standard deviation 
and are relative to the reference temperature of 300K. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

R3 273.28 7.066862 0.26639 300 7.970313 0.386207 318.1 8.475175 0.869718 

K6 273.28 5.757238 0.121513 300 4.885545 0.746845 318.1 4.021241 1.414847 

Y10 290.74 8.829436 0.038375 300 8.138548 0.013714 318.1 6.541008 0.045238 

S11 273.28 6.826363 0.126486 300 7.970284 0.323976 318.1 8.664755 0.664995 

H13 273.28 7.105172 0.172822 300 8.04543 0.280905 318.1 8.57857 0.619504 

E16 273.28 6.109659 0.148914 300 6.795751 0.223175 318.1 7.140849 0.500606 

N17 273.28 6.528196 0.097797 300 8.003041 0.194076 317.74 8.939469 0.266658 

G18 273.28 7.265169 0.147903 300 8.329893 0.276694 318.1 8.958358 0.595025 

C25 273.28 11.436864 0.070548 300 9.874799 0.010769 318.1 8.416773 0.042794 

Y26 273.28 10.994646 0.083168 300 9.171372 0.015136 318.1 7.514344 0.043756 

D38 283.54 12.506243 0.425713 300 8.872414 0.061137 305.14 7.622678 0.072232 

L39 273.28 5.501547 0.073338 300 4.918507 0.253261 318.1 4.281479 0.503779 

L40 273.28 11.183369 0.092613 300 8.492698 0.023404 318.1 6.158449 0.034066 

K41 273.28 10.601042 0.116892 300 8.580887 0.021221 318.1 6.774462 0.061107 

E44 273.28 7.994521 0.052388 300 7.246711 0.018205 318.1 6.456724 0.068889 

E47 273.28 5.340617 0.025026 300 6.697006 0.050849 318.1 7.571605 0.070778 

K48 273.28 6.18936 0.074673 300 7.568547 0.129654 318.1 8.452498 0.280816 

S52 273.28 7.254882 0.210277 300 8.355197 0.494492 318.1 9.011477 1.027188 

L64 289.12 7.415695 0.03593 300 7.236692 0.011672 318.1 6.786672 0.077744 

Y67 273.28 7.349066 0.044578 300 7.20736 0.030582 318.1 6.895672 0.085709 

F70 283.54 8.625817 0.111624 300 7.522031 0.056281 299.74 7.541479 0.053687 

T71 273.28 6.506178 0.228087 300 6.503178 0.633883 318.1 6.307827 1.293184 

T73 273.28 6.114812 0.127062 300 7.145369 0.237459 318.1 7.758616 0.510356 

K75 273.28 6.49214 0.143388 300 7.399089 0.19851 318.1 7.912362 0.451188 

D76 273.28 6.38016 0.136274 300 7.162462 0.24952 318.1 7.579793 0.539416 

E77 273.28 5.923995 0.122236 300 6.700189 0.160867 318.1 7.117277 0.369875 

Y78 273.28 5.946595 0.23692 300 5.832353 0.712457 318.1 5.555925 1.439205 

A79 273.28 11.043846 0.062182 300 9.031541 0.011572 318.1 7.226848 0.031828 

R81 273.28 11.036717 0.050525 300 9.477786 0.008141 318.1 8.026158 0.029595 

V82 273.28 8.242592 0.091989 300 8.243707 0.027014 303.34 8.217846 0.041499 

N83 273.28 10.363313 0.04852 300 9.026461 0.006847 318.1 7.754408 0.032389 

L87 273.28 5.727689 0.029842 300 6.55811 0.097877 318.1 7.019361 0.195177 

Q89 273.28 7.034296 0.099552 300 8.067988 0.169752 318.1 8.674577 0.37079 

K91 273.28 6.255507 0.033823 300 6.258958 0.083409 297.94 6.270602 0.073877 

V93 273.28 9.404191 0.051336 300 7.542878 0.008767 318.1 5.871971 0.028535 

W95 283.54 7.944452 0.046305 300 7.134201 0.022946 318.1 5.986556 0.101022 

R97 273.28 6.314776 0.092553 300 7.287295 0.201636 318.1 7.853375 0.423522 

D98 273.28 6.600972 0.106222 300 7.431917 0.163221 318.1 7.884935 0.363953 

M99 273.28 4.172361 0.084939 300 4.876508 0.130727 318.1 5.254832 0.291041 

Table 5 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. Isolated cases in which the lowest temperature is 
higher than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in 
red. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0  
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 

R3 273.28 -3.137535 6.058611 300 -1.114641 7.301295 318.1 0.362789 8.208895 

K6 273.28 12.207822 8.090706 300 17.378207 9.750194 318.1 21.154424 10.962209 

Y10 290.74 29.178167 0.833097 300 31.907682 0.887009 318.1 37.490011 0.997271 

S11 273.28 -5.59698 4.194598 300 -4.078544 5.054953 318.1 -2.969546 5.683318 

H13 273.28 -3.445547 4.22227 300 -1.48583 5.088301 318.1 -0.05454 5.720812 

E16 273.28 -1.984435 3.468152 300 0.274971 4.179506 318.1 1.92514 4.699047 

N17 273.28 -8.951676 0.81084 300 -8.121323 0.977151 317.74 -7.527279 1.096133 

G18 273.28 -4.459397 3.950961 300 -2.707631 4.761344 318.1 -1.42822 5.353211 

C25 273.28 23.813505 0.648019 300 31.364336 0.780935 318.1 36.879123 0.87801 

Y26 273.28 25.84426 0.729432 300 33.81162 0.879046 318.1 39.630621 0.988318 

D38 283.54 70.268691 6.408595 300 80.217098 7.174253 305.14 83.438701 7.422196 

L39 273.28 9.285631 3.059477 300 13.856644 3.687007 318.1 17.195107 4.145327 

L40 273.28 34.097373 0.737253 300 43.757532 0.888471 318.1 50.812877 0.998914 

K41 273.28 27.319976 1.023757 300 35.59002 1.233741 318.1 41.630089 1.387103 

E44 273.28 13.091663 0.67166 300 18.443332 0.809425 318.1 22.351952 0.910042 

E47 273.28 -8.929871 0.219347 300 -8.095045 0.264338 318.1 -7.485326 0.297197 

K48 273.28 -8.369124 1.884576 300 -7.419283 2.271122 318.1 -6.725562 2.553438 

S52 273.28 -4.800369 6.566139 300 -3.11854 7.912922 318.1 -1.890208 8.896552 

L64 289.12 11.259507 1.041263 300 13.119701 1.121106 318.1 16.366557 1.260467 

Y67 273.28 6.856859 0.709368 300 10.929707 0.854867 318.1 13.904331 0.961133 

F70 283.54 25.409875 2.77141 300 29.998839 3.102521 299.74 29.92434 3.097145 

T71 273.28 4.796773 8.085966 300 8.447076 9.744482 318.1 11.113093 10.955787 

T73 273.28 -5.188981 3.388001 300 -3.58686 4.082915 318.1 -2.416743 4.59045 

K75 273.28 -3.693659 3.172419 300 -1.784832 3.823115 318.1 -0.39071 4.298354 

D76 273.28 -2.634377 3.59861 300 -0.508281 4.336722 318.1 1.044525 4.875806 

E77 273.28 -2.993 2.628898 300 -0.940461 3.168113 318.1 0.558622 3.56193 

Y78 273.28 5.323431 8.899031 300 9.081756 10.724315 318.1 11.826668 12.05742 

A79 273.28 27.6502 0.541101 300 35.987977 0.652086 318.1 42.077514 0.733145 

R81 273.28 23.419809 0.458487 300 30.889888 0.552528 318.1 36.345699 0.621211 

V82 273.28 6.3402 1.148797 300 10.307075 1.384427 303.34 10.828934 1.415425 

N83 273.28 20.737347 0.460517 300 27.657226 0.554973 318.1 32.711194 0.62396 

L87 273.28 -3.677029 1.190068 300 -1.764791 1.434163 318.1 -0.368179 1.612439 

Q89 273.28 -4.380605 2.503397 300 -2.612678 3.01687 318.1 -1.321464 3.391887 

K91 273.28 4.508328 1.1009 300 8.099468 1.326706 297.94 7.810696 1.308548 

V93 273.28 24.749858 0.458061 300 32.492744 0.552014 318.1 38.1478 0.620633 

W95 283.54 19.986892 1.103726 300 23.927954 1.235592 318.1 28.518349 1.389184 

R97 273.28 -4.466116 2.740758 300 -2.715728 3.302916 318.1 -1.437323 3.71349 

D98 273.28 -2.88641 2.507972 300 -0.812008 3.022383 318.1 0.703042 3.398086 

M99 273.28 -3.917386 2.003834 300 -2.054448 2.414842 318.1 -0.693842 2.715023 

Table 6 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. Isolated cases in which the lowest temperature is 
higher than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in 
red. 
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Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝑆̅0 

(kcal/(mol 
× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 

R3 273.28 -0.03734 0.021252 300 -0.030283 0.025587 318.1 -0.025503 0.028523 

K6 273.28 0.023604 0.029195 300 0.041642 0.034985 318.1 0.053861 0.038906 

Y10 290.74 0.069989 0.002736 300 0.07923 0.002918 318.1 0.097293 0.003275 

S11 273.28 -0.04546 0.014917 300 -0.040163 0.017918 318.1 -0.036574 0.019951 

H13 273.28 -0.038608 0.014854 300 -0.031771 0.017875 318.1 -0.02714 0.019922 

E16 273.28 -0.029618 0.012175 300 -0.021736 0.014656 318.1 -0.016396 0.016337 

N17 273.28 -0.056645 0.003323 300 -0.053748 0.003903 317.74 -0.051825 0.004288 

G18 273.28 -0.042903 0.013949 300 -0.036792 0.016776 318.1 -0.032652 0.018691 

C25 273.28 0.045289 0.002115 300 0.071632 0.002578 318.1 0.089476 0.002892 

Y26 273.28 0.054338 0.002366 300 0.082134 0.002888 318.1 0.100963 0.003242 

D38 283.54 0.203719 0.021103 300 0.237816 0.023727 305.14 0.248463 0.024547 

L39 273.28 0.013847 0.010941 300 0.029794 0.01313 318.1 0.040596 0.014613 

L40 273.28 0.083848 0.00236 300 0.117549 0.002887 318.1 0.140379 0.003245 

K41 273.28 0.061179 0.00332 300 0.09003 0.004053 318.1 0.109574 0.004549 

E44 273.28 0.018652 0.002269 300 0.037322 0.00275 318.1 0.049969 0.003075 

E47 273.28 -0.052219 0.000893 300 -0.049307 0.00105 318.1 -0.047334 0.001156 

K48 273.28 -0.053273 0.006643 300 -0.049959 0.007991 318.1 -0.047715 0.008905 

S52 273.28 -0.044113 0.023306 300 -0.038246 0.028005 318.1 -0.034271 0.031187 

L64 289.12 0.013295 0.003483 300 0.01961 0.003754 318.1 0.030116 0.004204 

Y67 273.28 -0.001801 0.002437 300 0.012408 0.002945 318.1 0.022033 0.003289 

F70 283.54 0.059195 0.009385 300 0.074923 0.01052 299.74 0.074674 0.010502 

T71 273.28 -0.006255 0.028794 300 0.00648 0.03458 318.1 0.015106 0.0385 

T73 273.28 -0.041363 0.011962 300 -0.035774 0.014386 318.1 -0.031988 0.016028 

K75 273.28 -0.037272 0.011114 300 -0.030613 0.013384 318.1 -0.026102 0.014922 

D76 273.28 -0.032986 0.012698 300 -0.025569 0.015272 318.1 -0.020545 0.017017 

E77 273.28 -0.03263 0.009197 300 -0.025469 0.011078 318.1 -0.020618 0.012352 

Y78 273.28 -0.00228 0.031741 300 0.010831 0.038108 318.1 0.019713 0.042422 

A79 273.28 0.060767 0.001753 300 0.089855 0.002141 318.1 0.109559 0.002403 

R81 273.28 0.045313 0.001494 300 0.071374 0.001822 318.1 0.089027 0.002044 

V82 273.28 -0.006961 0.003871 300 0.006878 0.004693 303.34 0.008608 0.004795 

N83 273.28 0.037961 0.001509 300 0.062103 0.001838 318.1 0.078456 0.002062 

L87 273.28 -0.034414 0.004253 300 -0.027743 0.005105 318.1 -0.023224 0.005681 

Q89 273.28 -0.04177 0.008818 300 -0.035602 0.010609 318.1 -0.031424 0.011823 

K91 273.28 -0.006393 0.00391 300 0.006135 0.004698 297.94 0.005169 0.004637 

V93 273.28 0.056154 0.001489 300 0.083166 0.001817 318.1 0.101464 0.002039 

W95 283.54 0.042472 0.003734 300 0.055979 0.004186 318.1 0.070832 0.004683 

R97 273.28 -0.03945 0.009711 300 -0.033343 0.011672 318.1 -0.029207 0.013001 

D98 273.28 -0.034717 0.00881 300 -0.02748 0.010605 318.1 -0.022577 0.01182 

M99 273.28 -0.029602 0.00704 300 -0.023103 0.008474 318.1 -0.018701 0.009445 

Table 7 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. Isolated cases in which the lowest temperature is 
higher than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in 
red. 

  



  RESULTS 
β2-MICROGLOBULIN BLUU-TRAMP EXPERIMENT     

  35 

Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

R3 273.28 0.072178 0.04434 300 0.079236 0.048675 318.1 0.084016 0.051612 

K6 273.28 0.184483 0.059212 300 0.202521 0.065001 318.1 0.21474 0.068923 

Y10 290.74 0.290144 0.005731 300 0.299385 0.005913 318.1 0.317447 0.00627 

S11 273.28 0.054179 0.030698 300 0.059476 0.0337 318.1 0.063065 0.035733 

H13 273.28 0.069924 0.030901 300 0.076761 0.033922 318.1 0.081392 0.035969 

E16 273.28 0.080617 0.025382 300 0.0885 0.027863 318.1 0.093839 0.029544 

N17 273.28 0.029628 0.005934 300 0.032525 0.006514 317.74 0.034448 0.0069 

G18 273.28 0.062504 0.028915 300 0.068616 0.031742 318.1 0.072756 0.033657 

C25 273.28 0.26942 0.004743 300 0.295762 0.005206 318.1 0.313607 0.00552 

Y26 273.28 0.284282 0.005338 300 0.312077 0.00586 318.1 0.330906 0.006214 

D38 283.54 0.587351 0.045204 300 0.621447 0.047828 305.14 0.632095 0.048648 

L39 273.28 0.163097 0.022391 300 0.179044 0.02458 318.1 0.189847 0.026063 

L40 273.28 0.344682 0.005396 300 0.378384 0.005923 318.1 0.401213 0.006281 

K41 273.28 0.295082 0.007492 300 0.323933 0.008225 318.1 0.343477 0.008721 

E44 273.28 0.190952 0.004916 300 0.209622 0.005396 318.1 0.222269 0.005722 

E47 273.28 0.029787 0.001605 300 0.0327 0.001762 318.1 0.034673 0.001869 

K48 273.28 0.033891 0.013792 300 0.037205 0.015141 318.1 0.039449 0.016054 

S52 273.28 0.060009 0.048054 300 0.065876 0.052753 318.1 0.069851 0.055936 

L64 289.12 0.167816 0.007203 300 0.174131 0.007474 318.1 0.184637 0.007925 

Y67 273.28 0.145322 0.005192 300 0.159531 0.005699 318.1 0.169156 0.006043 

F70 283.54 0.270931 0.019549 300 0.286659 0.020683 299.74 0.28641 0.020666 

T71 273.28 0.130246 0.059177 300 0.142981 0.064963 318.1 0.151607 0.068883 

T73 273.28 0.057165 0.024795 300 0.062754 0.027219 318.1 0.06654 0.028862 

K75 273.28 0.068108 0.023217 300 0.074768 0.025487 318.1 0.079279 0.027025 

D76 273.28 0.075861 0.026336 300 0.083278 0.028911 318.1 0.088303 0.030656 

E77 273.28 0.073236 0.01924 300 0.080397 0.021121 318.1 0.085248 0.022395 

Y78 273.28 0.1341 0.065128 300 0.147212 0.071495 318.1 0.156093 0.075809 

A79 273.28 0.297499 0.00396 300 0.326587 0.004347 318.1 0.346291 0.00461 

R81 273.28 0.266538 0.003355 300 0.292599 0.003684 318.1 0.310253 0.003906 

V82 273.28 0.141541 0.008407 300 0.15538 0.00923 303.34 0.15711 0.009332 

N83 273.28 0.246907 0.00337 300 0.271048 0.0037 318.1 0.287401 0.003923 

L87 273.28 0.06823 0.00871 300 0.074901 0.009561 318.1 0.07942 0.010138 

Q89 273.28 0.063081 0.018321 300 0.069249 0.020112 318.1 0.073427 0.021326 

K91 273.28 0.128135 0.008057 300 0.140663 0.008845 297.94 0.139697 0.008784 

V93 273.28 0.276272 0.003352 300 0.303285 0.00368 318.1 0.321583 0.003902 

W95 283.54 0.232679 0.007785 300 0.246186 0.008237 318.1 0.26104 0.008734 

R97 273.28 0.062455 0.020058 300 0.068562 0.022019 318.1 0.072698 0.023348 

D98 273.28 0.074016 0.018355 300 0.081253 0.020149 318.1 0.086156 0.021365 

M99 273.28 0.066471 0.014665 300 0.07297 0.016099 318.1 0.077373 0.01707 

Table 8 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin at various temperatures. Isolated cases in which the lowest temperature is 

higher than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in 
red.
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Figure 8 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph. 
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Figure 9 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph.
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Figure 10  ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph.
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Figure 11 ∆�̅�𝒑
𝟎  of the amide sites of β2-microglobulin based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 

highlighted in red in the tables are shown with a red border in this graph.
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LYSOZYME 
In the case of human lysozyme from the analysis results relative to 39 residues were obtained, which are 

summarized in the following tables and graphs. 

Residue ∆�̅�0 (kcal/mol) ∆�̅�0 (kcal/mol) ∆𝑆̅0 (kcal/(mol × K)) ∆𝐶�̅�
0 (kcal/(mol × K)) 

E7 8.90102 ± 0.059883 -8.394398 ± 1.508151 -0.057651 ± 0.004871 0.030704 ± 0.010054 

L8 7.026827 ± 0.007341 13.926862 ± 0.573587 0.023 ± 0.001919 0.179512 ± 0.003824 

R10 9.598478 ± 0.015591 16.888488 ± 0.358934 0.0243 ± 0.001147 0.199257 ± 0.002393 

T11 6.953466 ± 0.070864 13.743423 ± 1.878407 0.022633 ± 0.006495 0.178289 ± 0.012523 

L12 13.096426 ± 0.112078 68.385533 ± 1.555337 0.184297 ± 0.004812 0.54257 ± 0.010369 

G19 9.287495 ± 0.174117 -11.595485 ± 4.536169 -0.06961 ± 0.014639 0.009363 ± 0.030241 

G22 10.371971 ± 0.373239 -8.267483 ± 7.641663 -0.062132 ± 0.024376 0.03155 ± 0.050944 

I23 6.486453 ± 0.038458 7.777089 ± 1.257848 0.004302 ± 0.004315 0.138514 ± 0.008386 

N27 8.589028 ± 0.018434 16.379743 ± 1.430172 0.025969 ± 0.004795 0.195865 ± 0.009534 

W28 14.76335 ± 0.269324 83.687709 ± 3.622254 0.229748 ± 0.011179 0.644585 ± 0.024148 

M29 7.818878 ± 0.055385 12.444223 ± 2.055894 0.015418 ± 0.007033 0.169628 ± 0.013706 

C30 15.039956 ± 0.156171 80.306706 ± 2.270882 0.217556 ± 0.007051 0.622045 ± 0.015139 

L31 12.227279 ± 0.157476 51.112037 ± 2.243686 0.129616 ± 0.006957 0.427414 ± 0.014958 

A32 11.229655 ± 0.068934 45.108717 ± 1.10662 0.11293 ± 0.003461 0.387391 ± 0.007377 

K33 9.594353 ± 0.046719 23.708657 ± 1.27695 0.047048 ± 0.004106 0.244724 ± 0.008513 

W34 11.377278 ± 2.589344 23.833841 ± 27.175954 0.041522 ± 0.082003 0.245559 ± 0.181173 

S36 11.215347 ± 1.054248 13.018996 ± 12.330649 0.006012 ± 0.037634 0.17346 ± 0.082204 

T40 8.565328 ± 0.012894 10.485271 ± 0.930324 0.0064 ± 0.003097 0.156568 ± 0.006202 

A42 8.703042 ± 0.010207 13.179207 ± 0.653489 0.014921 ± 0.002162 0.174528 ± 0.004357 

D53 7.421296 ± 0.011713 -7.88211 ± 0.171975 -0.051011 ± 0.000612 0.034119 ± 0.001146 

Y54 9.481784 ± 0.051973 38.739918 ± 1.255753 0.097527 ± 0.004017 0.344933 ± 0.008372 

G55 10.189611 ± 0.045882 33.554852 ± 1.21738 0.077884 ± 0.00391 0.310366 ± 0.008116 

F57 7.146938 ± 0.021434 12.297407 ± 1.317316 0.017168 ± 0.004441 0.168649 ± 0.008782 

S61 11.254307 ± 0.123379 49.266786 ± 3.139908 0.126708 ± 0.010063 0.415112 ± 0.020933 

R62 8.953921 ± 0.033875 14.956964 ± 2.330928 0.02001 ± 0.007866 0.18638 ± 0.01554 

C65 10.861041 ± 0.501617 5.859994 ± 30.858118 -0.01667 ± 0.104324 0.125733 ± 0.205721 

D67 8.932064 ± 0.058818 -12.027649 ± 0.095193 -0.069866 ± 0.000513 0.006482 ± 0.000635 

T70 15.922857 ± 3.326312 92.259006 ± 42.71521 0.254454 ± 0.131317 0.701727 ± 0.284768 

C77 8.739973 ± 0.01294 -11.367386 ± 0.032141 -0.067025 ± 0.00015 0.010884 ± 0.000214 

L79 8.583837 ± 0.322008 8.736277 ± 22.843172 0.000508 ± 0.075229 0.144909 ± 0.152288 

S80 8.55009 ± 0.111943 -1.872989 ± 6.514955 -0.034744 ± 0.021999 0.07418 ± 0.043433 

A83 9.435745 ± 0.069629 -5.916729 ± 1.576114 -0.051175 ± 0.005061 0.047222 ± 0.010507 

L84 8.142033 ± 0.01579 14.801767 ± 0.55212 0.022199 ± 0.001795 0.185345 ± 0.003681 

V93 9.162524 ± 0.041591 23.913814 ± 0.934789 0.049171 ± 0.00298 0.246092 ± 0.006232 

A94 7.368529 ± 0.017116 15.191564 ± 0.893324 0.026077 ± 0.003026 0.187944 ± 0.005955 

A96 10.687136 ± 0.044814 20.261655 ± 4.767931 0.031915 ± 0.015802 0.221744 ± 0.031786 

V100 9.294795 ± 0.054937 36.982259 ± 1.169296 0.092292 ± 0.003717 0.333215 ± 0.007795 

Y124 16.088034 ± 3.121034 95.589875 ± 40.047359 0.265006 ± 0.123106 0.723933 ± 0.266982 

Q126 8.782032 ± 0.050764 -4.684569 ± 1.235841 -0.044889 ± 0.003985 0.055436 ± 0.008239 
Table 9 Results of the analysis on the lysozyme BLUU-Tramp experiment. Data are reported as value ± standard deviation. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

E7 283 7.906157 0.129982 300 8.90102 0.059883 336 10.910149 0.155167 

L8 283 7.331364 0.029488 300 7.026827 0.007341 336 5.811076 0.079777 

R10 283 9.915603 0.033443 300 9.598478 0.015591 336 8.293282 0.032219 

T11 283 7.252354 0.035968 300 6.953466 0.070864 295.5 7.049298 0.042618 

L12 288 15.177774 0.167197 300 13.096426 0.112078 336 5.289782 0.084505 

G19 285.5 8.27487 0.358824 300 9.287495 0.174117 336 11.773227 0.459439 

G22 283 9.300538 0.738763 300 10.371971 0.373239 336 12.540557 0.684497 

I23 283 6.492871 0.034488 300 6.486453 0.038458 336 6.032386 0.210497 

N27 283 8.93616 0.0703 300 8.589028 0.018434 336 7.231074 0.20241 

W28 283 18.358589 0.447447 300 14.76335 0.269324 336 5.100124 0.186941 

M29 283 7.999277 0.060291 300 7.818878 0.055385 298 7.848583 0.041889 

C30 283 18.438787 0.268527 300 15.039956 0.156171 336 5.864329 0.131432 

L31 283 14.224878 0.268133 300 12.227279 0.157476 336 6.637895 0.127439 

A32 295.5 11.724766 0.084149 300 11.229655 0.068934 336 6.327402 0.07275 

K33 290.5 10.004495 0.083758 300 9.594353 0.046719 318 8.615343 0.035327 

W34 305.5 11.136528 2.132621 300 11.377278 2.589344 336 9.352084 0.820296 

S36 283 11.234004 1.648908 300 11.215347 1.054248 336 10.624236 0.523234 

T40 283 8.598711 0.052419 300 8.565328 0.012894 336 7.996746 0.124356 

A42 283 8.872627 0.040573 300 8.703042 0.010207 336 7.788922 0.082764 

D53 313 8.074833 0.01998 300 7.421296 0.011713 336 9.184007 0.036204 

Y54 283 10.973603 0.11551 300 9.481784 0.051973 336 5.225754 0.112562 

G55 283 11.364148 0.107496 300 10.189611 0.045882 336 6.715392 0.114675 

F57 283 7.357565 0.058267 300 7.146938 0.021434 313 6.876248 0.076761 

S61 285.5 12.946115 0.260705 300 11.254307 0.123379 336 5.796168 0.287399 

R62 283 9.20432 0.09878 300 8.953921 0.033875 303 8.891095 0.055662 

C65 283 10.517087 1.257362 300 10.861041 0.501617 303 10.909166 0.793555 

D67 283 7.741224 0.050406 300 8.932064 0.058818 323 10.53326 0.071172 

T70 308 13.812376 2.248598 300 15.922857 3.326312 336 5.24679 2.033477 

C77 283 7.595313 0.01049 300 8.739973 0.01294 336 11.129346 0.018808 

L79 293 8.575559 0.806014 300 8.583837 0.322008 310.5 8.551874 0.569701 

S80 283 7.923718 0.277526 300 8.55009 0.111943 308 8.820126 0.27552 

A83 283 8.543027 0.143768 300 9.435745 0.069629 336 11.176043 0.152715 

L84 283 8.430143 0.043088 300 8.142033 0.01579 336 6.942519 0.059493 

V93 283 9.879896 0.088722 300 9.162524 0.041591 320.5 7.982152 0.02645 

A94 283 7.721308 0.035397 300 7.368529 0.017116 336 6.023806 0.136483 

A96 283 11.122885 0.282634 300 10.687136 0.044814 308 10.408163 0.108788 

V100 283 10.703252 0.113903 300 9.294795 0.054937 320.5 7.169429 0.029356 

Y124 308 13.890765 2.110489 300 16.088034 3.121034 336 4.984119 1.902516 

Q126 283 7.992222 0.108304 300 8.782032 0.050764 336 10.278281 0.125217 

Table 10 ∆�̅�𝟎 of the amide sites of lysozyme at various temperatures. Isolated cases in which the lowest temperature is higher 
than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in red. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

E7 283 -8.901577 1.34207 300 -8.394398 1.508151 336 -7.222733 1.891824 

L8 283 10.961616 0.510423 300 13.926862 0.573587 336 20.777056 0.719508 

R10 283 13.597102 0.319407 300 16.888488 0.358934 336 24.49212 0.450247 

T11 283 10.798378 1.671553 300 13.743423 1.878407 295.5 12.947138 1.822477 

L12 288 62.004907 1.433399 300 68.385533 1.555337 336 89.090012 1.951015 

G19 285.5 -11.727974 4.108269 300 -11.595485 4.536169 336 -11.238177 5.69017 

G22 283 -8.788638 6.800146 300 -8.267483 7.641663 336 -7.063531 9.585702 

I23 283 5.48907 1.119331 300 7.777089 1.257848 336 13.062781 1.577845 

N27 283 13.144381 1.272678 300 16.379743 1.430172 336 23.85395 1.794007 

W28 283 73.040243 3.223364 300 83.687709 3.622254 336 108.285062 4.543756 

M29 283 9.642249 1.829494 300 12.444223 2.055894 298 12.106098 2.028574 

C30 283 70.031564 2.020808 300 80.306706 2.270882 336 104.043932 2.848595 

L31 283 44.051877 1.996606 300 51.112037 2.243686 336 67.422139 2.814479 

A32 295.5 43.37853 1.07367 300 45.108717 1.10662 336 59.891574 1.388144 

K33 290.5 21.420586 1.197357 300 23.708657 1.27695 318 28.245847 1.434781 

W34 305.5 25.196795 28.181539 300 23.833841 27.175954 336 33.20437 34.089516 

S36 283 10.153727 10.97277 300 13.018996 12.330649 336 19.638229 15.467566 

T40 283 7.899021 0.827875 300 10.485271 0.930324 336 16.459924 1.166999 

A42 283 10.296295 0.581525 300 13.179207 0.653489 336 19.839198 0.819736 

D53 313 -7.42895 0.187202 300 -7.88211 0.171975 336 -6.580119 0.215725 

Y54 283 33.042203 1.117466 300 38.739918 1.255753 336 51.902553 1.575216 

G55 283 28.428128 1.08332 300 33.554852 1.21738 336 45.398406 1.527082 

F57 283 9.5116 1.172251 300 12.297407 1.317316 313 14.537352 1.433957 

S61 285.5 43.393125 2.843719 300 49.266786 3.139908 336 65.107456 3.938701 

R62 283 11.878281 2.074241 300 14.956964 2.330928 303 15.518899 2.37778 

C65 283 3.78309 27.459954 300 5.859994 30.858118 303 6.23908 31.478367 

D67 283 -12.134727 0.08471 300 -12.027649 0.095193 323 -11.87284 0.110348 

T70 308 97.94767 45.02373 300 92.259006 42.71521 336 119.036897 53.581959 

C77 283 -11.547173 0.028602 300 -11.367386 0.032141 336 -10.952048 0.040318 

L79 293 7.733751 21.789594 300 8.736277 22.843172 310.5 10.284443 24.470177 

S80 283 -3.09832 5.797513 300 -1.872989 6.514955 308 -1.271636 6.867052 

A83 283 -6.696755 1.402549 300 -5.916729 1.576114 336 -4.114745 1.977077 

L84 283 11.740174 0.491319 300 14.801767 0.55212 336 21.874536 0.69258 

V93 283 19.848783 0.831848 300 23.913814 0.934789 320.5 29.131069 1.066909 

A94 283 12.087046 0.79495 300 15.191564 0.893324 336 22.363498 1.120586 

A96 283 16.598808 4.242876 300 20.261655 4.767931 308 22.059263 5.025611 

V100 283 31.478102 1.04053 300 36.982259 1.169296 320.5 44.046558 1.334559 

Y124 308 101.458555 42.211696 300 95.589875 40.047359 336 123.215139 50.235407 

Q126 283 -5.600283 1.099747 300 -4.684569 1.235841 336 -2.569124 1.550238 

Table 11 ∆�̅�𝟎 of the amide sites of lysozyme at various temperatures. Isolated cases in which the lowest temperature is higher 
than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in red. 
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Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝑆̅0 

(kcal/(mol 
× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 

E7 283 -0.059391 0.004301 300 -0.057651 0.004871 336 -0.053967 0.006077 

L8 283 0.012828 0.001702 300 0.023 0.001919 336 0.044542 0.002378 

R10 283 0.013009 0.001012 300 0.0243 0.001147 336 0.048211 0.001435 

T11 283 0.01253 0.005785 300 0.022633 0.006495 295.5 0.019959 0.006307 

L12 288 0.162594 0.004397 300 0.184297 0.004812 336 0.249405 0.006056 

G19 285.5 -0.070062 0.013178 300 -0.06961 0.014639 336 -0.068486 0.018267 

G22 283 -0.063919 0.02149 300 -0.062132 0.024376 336 -0.058345 0.030488 

I23 283 -0.003547 0.00384 300 0.004302 0.004315 336 0.020924 0.005321 

N27 283 0.01487 0.004255 300 0.025969 0.004795 336 0.049473 0.005939 

W28 283 0.193221 0.00981 300 0.229748 0.011179 336 0.307098 0.014076 

M29 283 0.005806 0.006256 300 0.015418 0.007033 298 0.014287 0.006941 

C30 283 0.182307 0.006193 300 0.217556 0.007051 336 0.292201 0.008867 

L31 283 0.105396 0.006109 300 0.129616 0.006957 336 0.180905 0.008752 

A32 295.5 0.107119 0.00335 300 0.11293 0.003461 336 0.159417 0.004346 

K33 290.5 0.039298 0.003836 300 0.047048 0.004106 318 0.061731 0.004616 

W34 305.5 0.046024 0.085325 300 0.041522 0.082003 336 0.070989 0.103743 

S36 283 -0.003817 0.032976 300 0.006012 0.037634 336 0.026827 0.047498 

T40 283 -0.002472 0.002745 300 0.0064 0.003097 336 0.025188 0.003841 

A42 283 0.005031 0.001915 300 0.014921 0.002162 336 0.035864 0.002684 

D53 313 -0.049533 0.000662 300 -0.051011 0.000612 336 -0.046917 0.00075 

Y54 283 0.077981 0.003542 300 0.097527 0.004017 336 0.138919 0.005021 

G55 283 0.060297 0.00345 300 0.077884 0.00391 336 0.115128 0.004884 

F57 283 0.007611 0.003943 300 0.017168 0.004441 313 0.024476 0.004821 

S61 285.5 0.106645 0.009051 300 0.126708 0.010063 336 0.176522 0.012574 

R62 283 0.009449 0.006986 300 0.02001 0.007866 303 0.021874 0.008022 

C65 283 -0.023795 0.092667 300 -0.01667 0.104324 303 -0.015413 0.106382 

D67 283 -0.070233 0.000477 300 -0.069866 0.000513 323 -0.069369 0.000562 

T70 308 0.273167 0.138911 300 0.254454 0.131317 336 0.338661 0.165489 

C77 283 -0.067641 0.000138 300 -0.067025 0.00015 336 -0.065718 0.000176 

L79 293 -0.002873 0.071676 300 0.000508 0.075229 310.5 0.00558 0.080559 

S80 283 -0.038947 0.019538 300 -0.034744 0.021999 308 -0.032765 0.023157 

A83 283 -0.053851 0.004466 300 -0.051175 0.005061 336 -0.045508 0.006322 

L84 283 0.011696 0.001586 300 0.022199 0.001795 336 0.044441 0.002237 

V93 283 0.035226 0.002627 300 0.049171 0.00298 320.5 0.065987 0.003406 

A94 283 0.015427 0.002688 300 0.026077 0.003026 336 0.04863 0.00374 

A96 283 0.01935 0.014001 300 0.031915 0.015802 308 0.037828 0.01665 

V100 283 0.073409 0.003276 300 0.092292 0.003717 320.5 0.115061 0.00425 

Y124 308 0.284311 0.130225 300 0.265006 0.123106 336 0.351878 0.155143 

Q126 283 -0.04803 0.003518 300 -0.044889 0.003985 336 -0.038236 0.004974 

Table 12 ∆�̅�𝟎 of the amide sites of lysozyme at various temperatures. Isolated cases in which the lowest temperature is higher 
than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in red. 
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Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

E7 283 0.028964 0.009485 300 0.030704 0.010054 336 0.034388 0.011261 

L8 283 0.16934 0.003607 300 0.179512 0.003824 336 0.201054 0.004283 

R10 283 0.187965 0.002257 300 0.199257 0.002393 336 0.223167 0.00268 

T11 283 0.168186 0.011813 300 0.178289 0.012523 295.5 0.175615 0.012335 

L12 288 0.520867 0.009954 300 0.54257 0.010369 336 0.607679 0.011613 

G19 285.5 0.008911 0.028779 300 0.009363 0.030241 336 0.010487 0.03387 

G22 283 0.029762 0.048058 300 0.03155 0.050944 336 0.035336 0.057058 

I23 283 0.130665 0.00791 300 0.138514 0.008386 336 0.155136 0.009392 

N27 283 0.184766 0.008994 300 0.195865 0.009534 336 0.219369 0.010679 

W28 283 0.608058 0.02278 300 0.644585 0.024148 336 0.721935 0.027046 

M29 283 0.160016 0.012929 300 0.169628 0.013706 298 0.168497 0.013615 

C30 283 0.586796 0.014281 300 0.622045 0.015139 336 0.69669 0.016956 

L31 283 0.403193 0.01411 300 0.427414 0.014958 336 0.478703 0.016753 

A32 295.5 0.381581 0.007267 300 0.387391 0.007377 336 0.433878 0.008263 

K33 290.5 0.236975 0.008243 300 0.244724 0.008513 318 0.259408 0.009024 

W34 305.5 0.250061 0.184495 300 0.245559 0.181173 336 0.275026 0.202914 

S36 283 0.163631 0.077546 300 0.17346 0.082204 336 0.194275 0.092069 

T40 283 0.147696 0.005851 300 0.156568 0.006202 336 0.175357 0.006946 

A42 283 0.164638 0.00411 300 0.174528 0.004357 336 0.195471 0.004879 

D53 313 0.035598 0.001196 300 0.034119 0.001146 336 0.038214 0.001284 

Y54 283 0.325387 0.007897 300 0.344933 0.008372 336 0.386325 0.009376 

G55 283 0.292778 0.007656 300 0.310366 0.008116 336 0.34761 0.00909 

F57 283 0.159093 0.008284 300 0.168649 0.008782 313 0.175958 0.009163 

S61 285.5 0.395048 0.019921 300 0.415112 0.020933 336 0.464925 0.023445 

R62 283 0.175818 0.014659 300 0.18638 0.01554 303 0.188244 0.015695 

C65 283 0.118608 0.194063 300 0.125733 0.205721 303 0.126991 0.207778 

D67 283 0.006115 0.000599 300 0.006482 0.000635 323 0.006979 0.000683 

T70 308 0.720439 0.292362 300 0.701727 0.284768 336 0.785934 0.31894 

C77 283 0.010267 0.000202 300 0.010884 0.000214 336 0.01219 0.00024 

L79 293 0.141527 0.148734 300 0.144909 0.152288 310.5 0.14998 0.157618 

S80 283 0.069977 0.040972 300 0.07418 0.043433 308 0.076158 0.044591 

A83 283 0.044546 0.009912 300 0.047222 0.010507 336 0.052888 0.011768 

L84 283 0.174842 0.003472 300 0.185345 0.003681 336 0.207587 0.004122 

V93 283 0.232147 0.005879 300 0.246092 0.006232 320.5 0.262908 0.006658 

A94 283 0.177294 0.005618 300 0.187944 0.005955 336 0.210497 0.00667 

A96 283 0.209179 0.029985 300 0.221744 0.031786 308 0.227658 0.032634 

V100 283 0.314333 0.007354 300 0.333215 0.007795 320.5 0.355985 0.008328 

Y124 308 0.743237 0.274102 300 0.723933 0.266982 336 0.810804 0.29902 

Q126 283 0.052295 0.007772 300 0.055436 0.008239 336 0.062089 0.009228 

Table 13 ∆�̅�𝒑
𝟎 of the amide sites of lysozyme at various temperatures. Isolated cases in which the lowest temperature is higher 

than the reference temperature or the highest temperature is lower than the reference temperature are highlighted in red.
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Figure 12 ∆�̅�𝟎 of the amide sites of lysozyme based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph.
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Figure 13 ∆�̅�𝟎 of the amide sites of lysozyme based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph.
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Figure 14 ∆�̅�𝟎 of the amide sites of lysozyme based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 
highlighted in red in the tables are shown with a red border in this graph.
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Figure 15 �̅�𝒑
𝟎  of the amide sites of lysozyme based on the results of the analysis on the BLUU-Tramp experiment. Half of the error bar corresponds to a standard deviation. The values 

highlighted in red in the tables are shown with a red border in this graph.
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CONVENTIONAL ISOTOPE EXCHANGE EXPERIMENTS 
The first analysis performed was on the data from a previously published isotope exchange study on β2-

microglobulin[56]. From these data it was possible to obtain the thermodynamic parameters in the case of 

18 amide sites. It is important to note that the lowest temperature at which hydrogen exchange 

experiments were performed, 301 K, is higher than the reference temperature at which the 

thermodynamic parameters are calculated, 300K. 

The following results were obtained: 

Residue ∆�̅�0 (kcal/mol) ∆�̅�0 (kcal/mol) ∆𝑆̅0 (kcal/(mol × K)) ∆𝐶�̅�
0 (kcal/(mol × K)) 

Y10 8.14885 ± 0.051867 37.665053 ± 4.701538 0.098387 ± 0.015519 0.945281 ± 0.58762 

C25 9.850581 ± 0.056428 42.479631 ± 5.114995 0.108763 ± 0.016884 0.200861 ± 0.639296 

Y26 9.375117 ± 0.083553 45.274252 ± 7.573792 0.119664 ± 0.025 0.395621 ± 0.946608 

S28 8.354108 ± 0.04867 23.490718 ± 4.411784 0.050455 ± 0.014563 1.015073 ± 0.551405 

E36 7.623165 ± 0.050305 20.481734 ± 4.559973 0.042862 ± 0.015052 2.185498 ± 0.569927 

D38 8.409392 ± 0.095924 41.083812 ± 8.695144 0.108915 ± 0.028701 0.757394 ± 1.086759 

L39 5.382502 ± 0.037035 11.567684 ± 3.357083 0.020617 ± 0.011081 -0.248669 ± 0.419584 

L40 8.707767 ± 0.07451 35.698716 ± 6.754077 0.08997 ± 0.022294 2.694421 ± 0.844156 

E44 7.6506 ± 0.067525 23.42857 ± 6.120902 0.052593 ± 0.020204 1.373873 ± 0.765019 

Y66 9.345367 ± 0.095624 38.315631 ± 8.667924 0.096568 ± 0.028612 1.943768 ± 1.083357 

Y67 7.73804 ± 0.11321 9.191627 ± 10.262065 0.004845 ± 0.033874 2.322137 ± 1.2826 

T68 7.620292 ± 0.044938 19.850891 ± 4.073468 0.040769 ± 0.013446 1.192457 ± 0.509121 

F70 7.749214 ± 0.060965 17.391252 ± 5.526217 0.03214 ± 0.018241 2.661408 ± 0.690692 

R81 9.558049 ± 0.061334 42.143407 ± 5.559673 0.108618 ± 0.018352 0.552641 ± 0.694874 

N83 8.954296 ± 0.058222 39.159584 ± 5.277556 0.100684 ± 0.01742 0.322299 ± 0.659613 

L87 6.014748 ± 0.052516 19.130623 ± 4.760364 0.04372 ± 0.015713 -0.445434 ± 0.594972 

V93 7.568593 ± 0.075961 28.430278 ± 6.885553 0.069539 ± 0.022728 1.978979 ± 0.860588 

W95 7.706903 ± 0.031471 27.868483 ± 2.85275 0.067205 ± 0.009417 0.950596 ± 0.35655 
Table 14 Results of the analysis on the data from the original isotope exchange experiments performed on β2-microglobulin. 
Data are reported as value ± standard deviation. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

Y10 301 8.048889 0.039517 300 8.14885 0.051867 315 6.324324 0.042107 

C25 301 9.741484 0.042992 300 9.850581 0.056428 315 8.145031 0.04581 

Y26 301 9.254794 0.063658 300 9.375117 0.083553 315 7.434215 0.067831 

S28 301 8.301962 0.037081 300 8.354108 0.04867 315 7.222815 0.039512 

E36 301 7.576664 0.038327 300 7.623165 0.050305 315 6.174002 0.040839 

D38 301 8.299216 0.073083 300 8.409392 0.095924 315 6.496267 0.077873 

L39 301 5.362299 0.028216 300 5.382502 0.037035 315 5.164978 0.030066 

L40 301 8.613312 0.056768 300 8.707767 0.07451 315 6.364243 0.060489 

E44 301 7.595719 0.051446 300 7.6506 0.067525 315 6.354877 0.054819 

Y66 301 9.245564 0.072854 300 9.345367 0.095624 315 7.179795 0.07763 

Y67 301 7.729329 0.086253 300 7.73804 0.11321 315 6.80872 0.091907 

T68 301 7.577538 0.034238 300 7.620292 0.044938 315 6.568863 0.036482 

F70 301 7.712644 0.046448 300 7.749214 0.060965 315 6.285315 0.049493 

R81 301 9.448511 0.046729 300 9.558049 0.061334 315 7.72491 0.049792 

N83 301 8.853075 0.044358 300 8.954296 0.058222 315 7.325134 0.047266 

L87 301 5.97177 0.040011 300 6.014748 0.052516 315 5.523276 0.042634 

V93 301 7.49576 0.057873 300 7.568593 0.075961 315 5.795461 0.061667 

W95 301 7.638115 0.023977 300 7.706903 0.031471 315 6.348147 0.025549 

Table 15 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 

Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0  
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 

Y10 301 38.610334 4.132386 300 37.665053 4.701538 315 51.844263 4.381694 

C25 301 42.680492 4.495792 300 42.479631 5.114995 315 45.492548 4.767024 

Y26 301 45.669873 6.656935 300 45.274252 7.573792 315 51.208567 7.05855 

S28 301 24.505792 3.877709 300 23.490718 4.411784 315 38.716821 4.111652 

E36 301 22.667232 4.007958 300 20.481734 4.559973 315 53.264208 4.249759 

D38 301 41.841206 7.64254 300 41.083812 8.695144 315 52.444724 8.103617 

L39 301 11.319016 2.950686 300 11.567684 3.357083 315 7.837653 3.128702 

L40 301 38.393138 5.936452 300 35.698716 6.754077 315 76.115037 6.2946 

E44 301 24.802444 5.379927 300 23.42857 6.120902 315 44.036672 5.7045 

Y66 301 40.259398 7.618615 300 38.315631 8.667924 315 67.472145 8.078248 

Y67 301 11.513764 9.019775 300 9.191627 10.262065 315 44.023681 9.563941 

T68 301 21.043348 3.580348 300 19.850891 4.073468 315 37.737744 3.796352 

F70 301 20.05266 4.857233 300 17.391252 5.526217 315 57.312366 5.150271 

R81 301 42.696048 4.886639 300 42.143407 5.559673 315 50.433029 5.181451 

N83 301 39.481883 4.638674 300 39.159584 5.277556 315 43.994073 4.918526 

L87 301 18.685189 4.184091 300 19.130623 4.760364 315 12.449111 4.436519 

V93 301 30.409257 6.052012 300 28.430278 6.885553 315 58.114961 6.417132 

W95 301 28.819079 2.507406 300 27.868483 2.85275 315 42.127422 2.658678 

Table 16 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 
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Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝑆̅0 

(kcal/(mol 
× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 

Y10 301 0.101533 0.013623 300 0.098387 0.015519 315 0.144508 0.014023 

C25 301 0.109432 0.014821 300 0.108763 0.016884 315 0.118564 0.015256 

Y26 301 0.12098 0.021946 300 0.119664 0.025 315 0.138966 0.02259 

S28 301 0.053833 0.012784 300 0.050455 0.014563 315 0.099981 0.013159 

E36 301 0.050135 0.013213 300 0.042862 0.015052 315 0.149493 0.013601 

D38 301 0.111435 0.025195 300 0.108915 0.028701 315 0.145868 0.025935 

L39 301 0.01979 0.009727 300 0.020617 0.011081 315 0.008485 0.010013 

L40 301 0.098936 0.019571 300 0.08997 0.022294 315 0.221431 0.020145 

E44 301 0.057165 0.017736 300 0.052593 0.020204 315 0.119625 0.018257 

Y66 301 0.103036 0.025116 300 0.096568 0.028612 315 0.191404 0.025853 

Y67 301 0.012573 0.029735 300 0.004845 0.033874 315 0.118143 0.030608 

T68 301 0.044737 0.011803 300 0.040769 0.013446 315 0.098949 0.01215 

F70 301 0.040997 0.016013 300 0.03214 0.018241 315 0.161991 0.016483 

R81 301 0.110457 0.01611 300 0.108618 0.018352 315 0.135581 0.016583 

N83 301 0.101757 0.015292 300 0.100684 0.01742 315 0.116409 0.015741 

L87 301 0.042237 0.013794 300 0.04372 0.015713 315 0.021987 0.014199 

V93 301 0.076125 0.019951 300 0.069539 0.022728 315 0.166094 0.020537 

W95 301 0.070369 0.008266 300 0.067205 0.009417 315 0.113585 0.008509 

Table 17 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 

Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

Y10 301 0.945281 0.58762 300 0.945281 0.58762 315 0.945281 0.58762 

C25 301 0.200861 0.639296 300 0.200861 0.639296 315 0.200861 0.639296 

Y26 301 0.395621 0.946608 300 0.395621 0.946608 315 0.395621 0.946608 

S28 301 1.015073 0.551405 300 1.015073 0.551405 315 1.015073 0.551405 

E36 301 2.185498 0.569927 300 2.185498 0.569927 315 2.185498 0.569927 

D38 301 0.757394 1.086759 300 0.757394 1.086759 315 0.757394 1.086759 

L39 301 -0.248669 0.419584 300 -0.248669 0.419584 315 -0.248669 0.419584 

L40 301 2.694421 0.844156 300 2.694421 0.844156 315 2.694421 0.844156 

E44 301 1.373873 0.765019 300 1.373873 0.765019 315 1.373873 0.765019 

Y66 301 1.943768 1.083357 300 1.943768 1.083357 315 1.943768 1.083357 

Y67 301 2.322137 1.2826 300 2.322137 1.2826 315 2.322137 1.2826 

T68 301 1.192457 0.509121 300 1.192457 0.509121 315 1.192457 0.509121 

F70 301 2.661408 0.690692 300 2.661408 0.690692 315 2.661408 0.690692 

R81 301 0.552641 0.694874 300 0.552641 0.694874 315 0.552641 0.694874 

N83 301 0.322299 0.659613 300 0.322299 0.659613 315 0.322299 0.659613 

L87 301 -0.445434 0.594972 300 -0.445434 0.594972 315 -0.445434 0.594972 

V93 301 1.978979 0.860588 300 1.978979 0.860588 315 1.978979 0.860588 

W95 301 0.950596 0.35655 300 0.950596 0.35655 315 0.950596 0.35655 

Table 18 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin at various temperatures. 
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Figure 16 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments. Half of the error bar corresponds to a standard deviation. 

Figure 17 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments. Half of the error bar corresponds to a standard deviation. 
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Figure 18 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments. Half of the error bar corresponds to a standard deviation. 

Figure 19 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 

experiments. Half of the error bar corresponds to a standard deviation. 
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COMPARISON WITH THE RESULTS FROM THE BLUU-TRAMP EXPERIMENT 

A comparison with the results obtained with the data from the BLUU-Tramp experiment at the reference 

temperature of 300 K reveals results in general agreement, while in the case of the ∆𝐶�̅�
0 the conventional 

exchange experiments yields values with high variability and a considerable standard deviation, as opposed 

to the consistency obtained in the case of the BLUU-Tramp experiment. 

Figure 20 Comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments (in light blue) and the BLUU-Tramp experiment (in blue). Half of the error bar 
corresponds to a standard deviation. 
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Figure 21 Comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments (in light red) and the BLUU-Tramp experiment (in red). Half of the error bar 
corresponds to a standard deviation. 

Figure 22 Comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments (in light green) and the BLUU-Tramp experiment (in green). Half of the error bar 
corresponds to a standard deviation. 
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Figure 23 Comparison on the ∆�̅�𝒑
𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 

the conventional isotope exchange experiments (in light orange) and the BLUU-Tramp experiment (in orange). Half of the error 
bar corresponds to a standard deviation. 

In order to check the reliability and the extent of the ∆𝐶�̅�
0 assessment dispersion , an attempt was made to 

extend the data range by performing an additional hydrogen exchange experiment at lower temperature 

(293 K) and adding the obtained exchange constants to the published data. 
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CONVENTIONAL ISOTOPE EXCHANGE EXPERIMENTS WITH ADDED EXCHANGE 

CONSTANTS 
The additional exchange experiment performed at 293 K allowed to obtain a new exchange constant for 14 

residues. The analysis was performed again on the original data for these 14 residues with the addition of 

the newly measured exchange constants, and its results are shown in the following tables and graphs. 

Residue ∆�̅�0 (kcal/mol) ∆�̅�0 (kcal/mol) ∆𝑆̅0 (kcal/(mol × K)) ∆𝐶�̅�
0 (kcal/(mol × K)) 

Y10 8.057846 ± 0.027566 28.686262 ± 1.411438 0.068761 ± 0.004684 2.027322 ± 0.24712 

C25 9.727909 ± 0.03252 30.376345 ± 1.66508 0.068828 ± 0.005526 1.659438 ± 0.291529 

Y26 9.231186 ± 0.044143 31.07354 ± 2.260193 0.072808 ± 0.007501 2.106961 ± 0.395724 

S28 8.298493 ± 0.023293 18.003607 ± 1.192615 0.03235 ± 0.003958 1.67633 ± 0.208808 

E36 7.578674 ± 0.023231 16.092085 ± 1.189455 0.028378 ± 0.003948 2.714499 ± 0.208255 

L40 8.62174 ± 0.035723 27.210941 ± 1.829076 0.061964 ± 0.00607 3.71729 ± 0.320242 

E44 7.57558 ± 0.032164 16.026873 ± 1.646839 0.028171 ± 0.005466 2.265858 ± 0.288335 

Y67 7.747509 ± 0.049333 10.125835 ± 2.525927 0.007928 ± 0.008383 2.209555 ± 0.44225 

F70 7.725689 ± 0.026864 15.070134 ± 1.375471 0.024481 ± 0.004565 2.941128 ± 0.240823 

R81 9.447157 ± 0.032927 31.202418 ± 1.685924 0.072518 ± 0.005595 1.871149 ± 0.295178 

N83 8.837708 ± 0.032445 27.656592 ± 1.661235 0.06273 ± 0.005513 1.708534 ± 0.290856 

L87 5.917322 ± 0.028447 9.518137 ± 1.456529 0.012003 ± 0.004834 0.712975 ± 0.255015 

V93 7.578081 ± 0.033124 29.366403 ± 1.695982 0.072628 ± 0.005629 1.866166 ± 0.29694 

W95 7.609161 ± 0.021813 18.224973 ± 1.116879 0.035386 ± 0.003707 2.112743 ± 0.195548 
Table 19 Results of the analysis on the original data with the addition of the exchange constants at 293 K of the β2-microglobulin 
conventional isotope exchange experiment. Data are reported as value ± standard deviation. 

Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

Y10 293 8.372308 0.057852 300 8.057846 0.027566 315 6.278543 0.040473 

C25 293 10.073119 0.068248 300 9.727909 0.03252 315 8.083318 0.047746 

Y26 293 9.567418 0.09264 300 9.231186 0.044143 315 7.361807 0.06481 

S28 293 8.386968 0.048883 300 8.298493 0.023293 315 7.194837 0.034198 

E36 293 7.553891 0.048753 300 7.578674 0.023231 315 6.15162 0.034107 

L40 293 8.74952 0.07497 300 8.62174 0.035723 315 6.320965 0.052448 

E44 293 7.586276 0.0675 300 7.57558 0.032164 315 6.317136 0.047223 

Y67 293 7.621136 0.103532 300 7.747509 0.049333 315 6.813484 0.07243 

F70 293 7.654977 0.056377 300 7.725689 0.026864 315 6.27348 0.039441 

R81 293 9.800767 0.069102 300 9.447157 0.032927 315 7.669124 0.048343 

N83 293 9.136187 0.06809 300 8.837708 0.032445 315 7.266482 0.047635 

L87 293 5.942656 0.0597 300 5.917322 0.028447 315 5.474263 0.041766 

V93 293 7.932873 0.069514 300 7.578081 0.033124 315 5.800234 0.048632 

W95 293 7.682965 0.045778 300 7.609161 0.021813 315 6.298976 0.032026 

Table 20 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0  
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0  

(kcal/mol) 

Y10 293 14.495005 2.960922 300 28.686262 1.411438 315 59.096098 2.761719 

C25 293 18.760276 3.493015 300 30.376345 1.66508 315 55.26792 3.258014 

Y26 293 16.324815 4.741446 300 31.07354 2.260193 315 62.677952 4.422454 

S28 293 6.269298 2.501876 300 18.003607 1.192615 315 43.148556 2.333556 

E36 293 -2.909405 2.495246 300 16.092085 1.189455 315 56.809563 2.327372 

L40 293 1.189909 3.837047 300 27.210941 1.829076 315 82.970296 3.5789 

E44 293 0.165865 3.454749 300 16.026873 1.646839 315 50.014746 3.222322 

Y67 293 -5.341047 5.298905 300 10.125835 2.525927 315 43.269155 4.942408 

F70 293 -5.51776 2.88547 300 15.070134 1.375471 315 59.187048 2.691343 

R81 293 18.104374 3.536741 300 31.202418 1.685924 315 59.269657 3.298798 

N83 293 15.696851 3.484949 300 27.656592 1.661235 315 53.284609 3.25049 

L87 293 4.527315 3.055514 300 9.518137 1.456529 315 20.212757 2.849947 

V93 293 16.303243 3.557842 300 29.366403 1.695982 315 57.358887 3.318479 

W95 293 3.435768 2.342995 300 18.224973 1.116879 315 49.916125 2.185364 

Table 21 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 

Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝑆̅0 

(kcal/(mol 
× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 

Y10 293 0.020897 0.009941 300 0.068761 0.004684 315 0.167675 0.008875 

C25 293 0.029649 0.011728 300 0.068828 0.005526 315 0.149792 0.01047 

Y26 293 0.023063 0.015919 300 0.072808 0.007501 315 0.175607 0.014213 

S28 293 -0.007228 0.0084 300 0.03235 0.003958 315 0.114139 0.007499 

E36 293 -0.035711 0.008378 300 0.028378 0.003948 315 0.160819 0.00748 

L40 293 -0.025801 0.012883 300 0.061964 0.00607 315 0.243331 0.011502 

E44 293 -0.025326 0.011599 300 0.028171 0.005466 315 0.138723 0.010356 

Y67 293 -0.04424 0.017791 300 0.007928 0.008383 315 0.115732 0.015883 

F70 293 -0.044958 0.009688 300 0.024481 0.004565 315 0.16798 0.008649 

R81 293 0.02834 0.011875 300 0.072518 0.005595 315 0.163811 0.010601 

N83 293 0.022391 0.011701 300 0.06273 0.005513 315 0.146089 0.010446 

L87 293 -0.004831 0.010259 300 0.012003 0.004834 315 0.046789 0.009159 

V93 293 0.028568 0.011945 300 0.072628 0.005629 315 0.163678 0.010665 

W95 293 -0.014496 0.007867 300 0.035386 0.003707 315 0.138467 0.007023 

Table 22 ∆�̅�𝟎 of the amide sites of β2-microglobulin at various temperatures. 
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Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

Y10 293 2.027322 0.24712 300 2.027322 0.24712 315 2.027322 0.24712 

C25 293 1.659438 0.291529 300 1.659438 0.291529 315 1.659438 0.291529 

Y26 293 2.106961 0.395724 300 2.106961 0.395724 315 2.106961 0.395724 

S28 293 1.67633 0.208808 300 1.67633 0.208808 315 1.67633 0.208808 

E36 293 2.714499 0.208255 300 2.714499 0.208255 315 2.714499 0.208255 

L40 293 3.71729 0.320242 300 3.71729 0.320242 315 3.71729 0.320242 

E44 293 2.265858 0.288335 300 2.265858 0.288335 315 2.265858 0.288335 

Y67 293 2.209555 0.44225 300 2.209555 0.44225 315 2.209555 0.44225 

F70 293 2.941128 0.240823 300 2.941128 0.240823 315 2.941128 0.240823 

R81 293 1.871149 0.295178 300 1.871149 0.295178 315 1.871149 0.295178 

N83 293 1.708534 0.290856 300 1.708534 0.290856 315 1.708534 0.290856 

L87 293 0.712975 0.255015 300 0.712975 0.255015 315 0.712975 0.255015 

V93 293 1.866166 0.29694 300 1.866166 0.29694 315 1.866166 0.29694 

W95 293 2.112743 0.195548 300 2.112743 0.195548 315 2.112743 0.195548 

Table 23 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin at various temperatures. 

Figure 24 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments with the addition of an exchange constant per each residue. Half of the error bar corresponds to a standard 
deviation. 
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Figure 25 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments with the addition of an exchange constant per each residue. Half of the error bar corresponds to a standard 
deviation. 

Figure 26 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 
experiments with the addition of an exchange constant per each residue. Half of the error bar corresponds to a standard 
deviation.  
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Figure 27 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the conventional exchange 

experiments with the addition of an exchange constant per each residue. Half of the error bar corresponds to a standard 
deviation. 

A comparison with the results from the analysis of the BLUU-Tramp experiment at the reference 

temperature of 300 K shows, apparently, a better consistency of the ∆𝐶�̅�
0  values in the case of the 

conventional exchange experiments, however the values are significantly different from those obtained 

from the analysis of the BLUU-Tramp data. 
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Figure 28 comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments with the addition of an exchange constant per each residue (in light blue) and 
the  BLUU-Tramp experiment (in blue). Half of the error bar corresponds to a standard deviation. 

Figure 29 comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments with the addition of an exchange constant per each residue (in light red) and the 
BLUU-Tramp experiment (in red). Half of the error bar corresponds to a standard deviation. 
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Figure 30 Comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 
the conventional isotope exchange experiments with the addition of an exchange constant per each residue (in light green) and 
the BLUU-Tramp experiment (in green). Half of the error bar corresponds to a standard deviation. 

Figure 31 Comparison on the ∆�̅�𝒑
𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of data from both 

the conventional isotope exchange experiments with the addition of an exchange constant per each residue (in light orange) and 
the BLUU-Tramp experiment (in orange). Half of the error bar corresponds to a standard deviation.  
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DISCUSSION 
It is important to note that also in this section the values reported in the tables retain the figures obtained 

from fitting and calculations, with the actual number of significant figures being three at most, except for 

temperature values known to an accuracy of four significant figures. 

MAPPING OF THE RESULTS TO THE STRUCTURE OF THE PROTEINS 

β2-MICROGLOBULIN 

The following images show how the results of the analysis at the reference temperature of 300 K map to 

the structure of the protein: 
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Figure 32 ∆�̅�𝟎 in kcal/mol of the β2-microglobulin amide sites from the results at 300K of BLUU-Tramp experiment analysis 

mapped to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the 
corresponding amide site. The residues not included in the results are colored in green. 
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Figure 33 ∆�̅�𝟎 in kcal/mol of the β2-microglobulin amide sites from the results at 300K of BLUU-Tramp experiment analysis 

mapped to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the 
corresponding amide site. The residues not included in the results are colored in green. 
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Figure 34 ∆�̅�𝟎 in kcal/(mol × K) of the β2-microglobulin amide sites from the results at 300K of BLUU-Tramp experiment analysis 

mapped to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the 
corresponding amide site. The residues not included in the results are colored in green. 
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Figure 35 ∆�̅�𝒑
𝟎 in kcal/(mol × K) of the β2-microglobulin amide sites from the results at 300K of BLUU-Tramp experiment analysis 

mapped to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝒑
𝟎  obtained for the 

corresponding amide site. The residues not included in the results are colored in green. 

Important trends can be observed by looking at the images and the values from which they are derived. 

 It is clear that the residues belonging to β strands show a higher ∆�̅�0, especially those near the cysteines 

involved in the disulfide bridge, like Tyrosine 26, Arginine 81, Valine 82 and Asparagine 83 (see Figure 32 

and Table 4). The Cysteine 25 itself, which forms a disulfide bridge with the Cysteine 80, has a relatively 

high ∆�̅�0 value of 9.87 ± 0.01 kcal/mol. The Methionine 99 at the C-terminal, on the other hand, exhibits a 

lower ∆�̅�0 value of 4.88 ± 0.13 kcal/mol. Thus, limited conformational flexibility and ∆�̅�0 from the BLUU-

Tramp results display signs of mutual correlation.  

0 ∆�̅�𝒑
𝟎 0.7 
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Interestingly, the first residues of the β strands, namely Arginine 6, first residue of strand A, Leucine 39, first 

residue of the second part of strand C, and Lysine 91, first residue of strand G, exhibit a ∆�̅�0 value that is 

lower than that of the other residues of the strand, suggesting that these strands might have a flexible 

initial part (see Figure 32). 

Another interesting case to point out are the three contiguous residues on strand F: Arginine 81, Valine 82 

and Asparagine 83. Arginine 81 and Asparagine 83 have a side chain that points toward the solvent, 

partially protecting the amide site from the isotope exchange, while the side chain of Valine 82 is mostly 

buried inside the protein core, leaving the amide site more exposed to the solvent (see Figure 36). The ∆�̅�0 

of the former two (9.48 ± 0.01 kcal/mol and 9.03 ± 0.01 kcal/mol respectively) is about 1 kcal/mol higher 

than that of the latter (8.24 ± 0.02 kcal/mol), showing that solvent accessibility might be another important 

factor affecting the variation of molar Gibbs free energy in standard conditions.

 

Figure 36 Arginine 81, Valine 82 and Asparagine 83 represented with sticks. The coloring follows the same ∆�̅�𝟎 scale of Figure 32, 
with Arginine 81 being red, Valine 82 being pink and Asparagine 83 being light red. 
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An important thermodynamic parameter to consider is ∆𝑆̅0, because negative values lead to an increase in 

∆�̅�0 when increasing the temperature, a phenomenon which is actually observed in our results for various 

residues: 

Residue 
∆𝑆̅0 

(kcal/(mol × K)) 
∆𝐶�̅�

0 

(kcal/(mol × K)) 

R3 -0.030283 ± 0.025587 0.079236 ± 0.048675 

S11 -0.040163 ± 0.017918 0.059476 ± 0.0337 

H13 -0.031771 ± 0.017875 0.076761 ± 0.033922 

E16 -0.021736 ± 0.014656 0.0885 ± 0.027863 

N17 -0.053748 ± 0.003903 0.032525 ± 0.006514 

G18 -0.036792 ± 0.016776 0.068616 ± 0.031742 

E47 -0.049307 ± 0.00105 0.0327 ± 0.001762 

K48 -0.049959 ± 0.007991 0.037205 ± 0.015141 

S52 -0.038246 ± 0.028005 0.065876 ± 0.052753 

T73 -0.035774 ± 0.014386 0.062754 ± 0.027219 

K75 -0.030613 ± 0.013384 0.074768 ± 0.025487 

D76 -0.025569 ± 0.015272 0.083278 ± 0.028911 

E77 -0.025469 ± 0.011078 0.080397 ± 0.021121 

L87 -0.027743 ± 0.005105 0.074901 ± 0.009561 

Q89 -0.035602 ± 0.010609 0.069249 ± 0.020112 

R97 -0.033343 ± 0.011672 0.068562 ± 0.022019 

D98 -0.02748 ± 0.010605 0.081253 ± 0.020149 

M99 -0.023103 ± 0.008474 0.07297 ± 0.016099 

Table 24 ∆�̅�𝟎 and ∆�̅�𝒑
𝟎 of the amide sites showing a negative value of ∆�̅�𝟎 according to the results of the BLUU_Tramp analysis 

at 300K. 

Those residues are not part of β strands and they also have a lower than variation of molar heat capacity in 

standard conditions that is lower than 0.1 kcal/(mol × K). It must be remembered that there is an important 

correlation between the estimated values of ∆𝑆̅0 and ∆𝐶�̅�
0 in that they have the same derivative with 

respect to temperature (see equations (17) and (19)), possibly explaining why both values are low. It is 

nonetheless important to note that areas that are not part of β strands and are exposed to the solvent have 

low values of both  ∆𝑆̅0 and ∆𝐶�̅�
0 (see Figure 34 and Figure 35). Since negative values of ∆𝑆̅0 lead to a 

positive contribution of entropy variation to ∆�̅�0, the  ∆�̅�0 is low as well to compensate for this positive 

contribution (see Figure 33). 
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It is interesting to look at the residues exhibiting positive values of ∆𝑆̅0 to evaluate if some common 

features are found among them: 

Residue Strand 
∆𝑆̅0 

(kcal/(mol × K)) 
∆𝐶�̅�

0 

(kcal/(mol × K)) 

K6 A 0.041642 ± 0.034985 0.202521 ± 0.065001 

Y10 A 0.07923 ± 0.002918 0.299385 ± 0.005913 

C25 B 0.071632 ± 0.002578 0.295762 ± 0.005206 

Y26 B 0.082134 ± 0.002888 0.312077 ± 0.00586 

D38  0.237816 ± 0.023727 0.621447 ± 0.047828 

L39 C 0.029794 ± 0.01313 0.179044 ± 0.02458 

L40 C 0.117549 ± 0.002887 0.378384 ± 0.005923 

K41  0.09003 ± 0.004053 0.323933 ± 0.008225 

E44  0.037322 ± 0.00275 0.209622 ± 0.005396 

L64 E 0.01961 ± 0.003754 0.174131 ± 0.007474 

Y67 E 0.012408 ± 0.002945 0.159531 ± 0.005699 

F70  0.074923 ± 0.01052 0.286659 ± 0.020683 

T71  0.00648 ± 0.03458 0.142981 ± 0.064963 

Y78  0.010831 ± 0.038108 0.147212 ± 0.071495 

A79 F 0.089855 ± 0.002141 0.326587 ± 0.004347 

R81 F 0.071374 ± 0.001822 0.292599 ± 0.003684 

V82 F 0.006878 ± 0.004693 0.15538 ± 0.00923 

N83 F 0.062103 ± 0.001838 0.271048 ± 0.0037 

K91 G 0.006135 ± 0.004698 0.140663 ± 0.008845 

V93 G 0.083166 ± 0.001817 0.303285 ± 0.00368 

W95  0.055979 ± 0.004186 0.246186 ± 0.008237 

Table 25  ∆�̅�𝟎 and ∆�̅�𝒑
𝟎 of the amide sites showing a positive value of ∆�̅�𝟎 according to the results of the BLUU_Tramp analysis 

at 300K. The “strand” column indicates the β strand to which the residue belong.  

Many of the residues having positive values of ∆𝑆̅0 are indeed part of β strands or near such secondary 

structures, all of them also have ∆𝐶�̅�
0 values greater than 0.1 kcal/(mol × K). An interesting case is that of 

the Aspartate 38, that has the highest value of ∆𝑆̅0 (0.24 ± 0.02kcal/(mol × K)) and ∆𝐶�̅�
0 (0.62 ± 0.05 

kcal/(mol × K)). Aspartate 38 forms an important salt bridge in the structure, similar to Aspartate 76, whose 

mutation into Asparagine leads to the highly amyloidogenic  D76N mutant form. It is predicted that a 

mutation of Aspartate 38 even as conservative as that with an asparagine would lead to a highly 

amyloidogenic  species and, indeed, this prediction is confirmed by unpublished results (Kardos, personal 

communication). Even though this correlation between ∆𝑆̅0 and ∆𝐶�̅�
0 might again be a consequence of the 

equations used to estimate those values, it is still important to note that residues that are next to β strands 

or part of them show high values of ∆𝑆̅0 and ∆𝐶�̅�
0. 

These preliminary observations suggest that it should be possible to correlate the thermodynamic 

parameters obtained from the results of the analysis of the BLUU-Tramp experiment to structural features 

of the protein, in particular secondary structures and solvent exposure of the amide sites. 
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LYSOZYME 

The following images show how the results at 300 K from the BLUU-Tramp data analysis map to the 

structure of the protein. It should be mentioned that the information available concerns only 39 residues 

that represent 30% of the molecule. Therefore the conclusions  can only cover a limited part of the 

structure. 

 

 

 

Figure 37 ∆�̅�𝟎 in kcal/mol of the lysozyme amide sites from the results at 300K of BLUU-Tramp experiment analysis mapped to 

the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the corresponding 
amide site. The residues not included in the results are colored in green. 
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Figure 38 ∆�̅�𝟎 in kcal/mol of the lysozyme amide sites from the results at 300K of BLUU-Tramp experiment analysis mapped to 

the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the corresponding 
amide site. The residues not included in the results are colored in green. 
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Figure 39 ∆�̅�𝟎 in kcal/(mol × K) of the lysozyme amide sites from the results at 300K of BLUU-Tramp experiment analysis mapped 

to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝟎 obtained for the corresponding 
amide site. The residues not included in the results are colored in green. 
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Figure 40 ∆�̅�𝒑
𝟎 in kcal/(mol × K) of the lysozyme amide sites from the results at 300K of BLUU-Tramp experiment analysis mapped 

to the structure of the protein. All residues have been uniformly colored according to the ∆�̅�𝒑
𝟎  obtained for the corresponding 

amide site. The residues not included in the results are colored in green. 

Overall, the protein presents ∆�̅�0 values at 300 K that are higher than those of human β2-microglobulin 

reflecting the larger stability of lysozyme. As an example, two of the three Cysteines involved in disulfide 

bonds that were successfully analyzed, Cysteine 30 and Cysteine 65, present a ∆�̅�0 value of 15.0 ± 0.2 

kcal/mol and 10.9 ± 0.5 kcal/mol respectively, higher than those of Cysteine 25 of β2-microglobulin, which is 

9.87 ± 0.01 kcal/mol (see Table 4 and Table 9). The remaining lysozyme cysteine involved in a disulfide 

bond that was analyzed, Cysteine 77, presents a ∆�̅�0 value of 8.74 ± 0.01 kcal/mol. The difference of at 

least 2 kcal/mol in ∆�̅�0 with respect to the mentioned cysteines might be due to the larger solvent 

exposure of Cysteine 77 (see Figure 41). 

0 ∆�̅�𝒑
𝟎 0.8 
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Figure 41 The Cysteines 65 and 77 in sticks representation and colored according to the ∆�̅�𝟎 scale of Figure 37, with Cysteine 65 
being white and Cysteine 77 being light blue. The rest of the protein is in cartoon representation and follows the same coloring 
of Figure 37. 

It is also interesting to look at the ∆�̅�0 values of the residues that are part of the active site. The ∆�̅�0 of  

Aspartate 53, involved in the catalytic reaction of human lysozyme, is 7.42 ± 0.01 kcal/mol, that falls on the 

lower part of the ∆�̅�0 values range (see Table 9 and Figure 37). Other residues part of the subsites are 

Phenylalanine 57, part of subsite A with a ∆�̅�0 value of 7.15 ± 0.02 kcal/mol, Tryptophan 34 and Serine 36, 

part of subsite B and exhibiting ∆�̅�0 values of 11.4 ± 2.6 kcal/mol and 11.2 ± 1.1 kcal/mol, Arginine 62, part 

of subsite E with a ∆�̅�0 value of 8.95 ± 0.03 kcal/mol. Therefore, only the residue directly involved in the 

catalytic reaction and the residue in subsite A appear to have a lower value of ∆�̅�0, possibly due to the fact 

that solvent accessibility of the active site is fundamental for the proper activity of the enzyme. 
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Figure 42 The active site of the lysozyme. The residues that are part of the site or of the subsites and whose results are available 

are in sticks representation. The coloring follows the same ∆�̅�𝟎 scale as Figure 37, with Aspartate 53 and Phenylalanine 57 being 
blue, Arginine 62 being light blue and Tryptophan 34 and Serine 36 being light pink. 

Generally, the residues that are part of the helices don’t necessarily have the highest values of ∆�̅�0 (see 

Figure 37), nonetheless two of the residues with the highest value of ∆�̅�0, Cysteine 30 and Tryptophan 28, 

lie in the B-helix . Importantly, the two residues with the highest values of ∆�̅�0, Threonine 70 with a value 

of 15.9 ± 3.3 kcal/mol and Tyrosine 124 with a value of 16.1 ± 3.1 kcal/mol, also present a considerable 

uncertainty in the measurement of the value, and lie in the loop region and near the C-terminal region 

respectively, both of which are region with high segmental motion. 
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It is also important to consider the residues having positive and negative values of ∆𝑆̅0 to see if those 

values correlate with structural features of the protein: 

Residue 
∆𝑆̅0 

(kcal/(mol × K)) 
∆𝐶�̅�

0 

(kcal/(mol × K)) 

E7 -0.057651 ± 0.004871 0.030704 ± 0.010054 

G19 -0.06961 ± 0.014639 0.009363 ± 0.030241 

G22 -0.062132 ± 0.024376 0.03155 ± 0.050944 

D53 -0.051011 ± 0.000612 0.034119 ± 0.001146 

C65 -0.01667 ± 0.104324 0.125733 ± 0.205721 

D67 -0.069866 ± 0.000513 0.006482 ± 0.000635 

C77 -0.067025 ± 0.00015 0.010884 ± 0.000214 

S80 -0.034744 ± 0.021999 0.07418 ± 0.043433 

A83 -0.051175 ± 0.005061 0.047222 ± 0.010507 

Q126 -0.044889 ± 0.003985 0.055436 ± 0.008239 

Table 26 ∆�̅�𝟎 and ∆�̅�𝒑
𝟎 of the amide sites having a negative value of ∆�̅�𝟎 according to the results of the BLUU-Tramp analysis 

at 300K. 

Interestingly, two residues, Glutamate 7 and Alanine 83, are actually part of the A-helix and of the first 310 

helix respectively. On the other hand, Glutamine 126 lies in the C-terminal region.  Furthermore, both 

Cysteines that do not belong to α helices show negative values of ∆𝑆̅0. Cysteine 65 also has a ∆𝐶�̅�
0 value 

higher than 0.1 kcal/(mol × K), while all the other residues with a negative ∆𝑆̅0 have a  ∆𝐶�̅�
0 lower than 0.1 

kcal/(mol × K). It is finally important to note that the Aspartate 53, involved in the catalytic reaction, has a 

negative value of ∆𝑆̅0 despite being part of the β2-strand, leading to the observed increase of ∆�̅�0 when 

increasing the temperature (see Table 10). The ∆�̅�0 again follows a pattern similar to that of the  ∆𝑆̅0 (see 

Figure 38), with all the residues with a negative value of  ∆𝑆̅0 having a ∆�̅�0 not significantly higher than 0 

(seeTable 9). 
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Residue 
Secondary 
Structure 

∆𝑆̅0 
(kcal/(mol × K)) 

∆𝐶�̅�
0 

(kcal/(mol × K)) 

L8 A-helix 0.023 ± 0.001919 0.179512 ± 0.003824 

R10  0.0243 ± 0.001147 0.199257 ± 0.002393 

T11  0.022633 ± 0.006495 0.178289 ± 0.012523 

L12  0.184297 ± 0.004812 0.54257 ± 0.010369 

I23  0.004302 ± 0.004315 0.138514 ± 0.008386 

N27 B-helix 0.025969 ± 0.004795 0.195865 ± 0.009534 

W28 B-helix 0.229748 ± 0.011179 0.644585 ± 0.024148 

M29 B-helix 0.015418 ± 0.007033 0.169628 ± 0.013706 

C30 B-helix 0.217556 ± 0.007051 0.622045 ± 0.015139 

L31 B-helix 0.129616 ± 0.006957 0.427414 ± 0.014958 

A32 B-helix 0.11293 ± 0.003461 0.387391 ± 0.007377 

K33 B-helix 0.047048 ± 0.004106 0.244724 ± 0.008513 

W34 B-helix 0.041522 ± 0.082003 0.245559 ± 0.181173 

S36  0.006012 ± 0.037634 0.17346 ± 0.082204 

T40  0.0064 ± 0.003097 0.156568 ± 0.006202 

A42 β1-strand 0.014921 ± 0.002162 0.174528 ± 0.004357 

Y54 β2-strand 0.097527 ± 0.004017 0.344933 ± 0.008372 

G55 β2-strand 0.077884 ± 0.00391 0.310366 ± 0.008116 

F57  0.017168 ± 0.004441 0.168649 ± 0.008782 

S61 β3-strand 0.126708 ± 0.010063 0.415112 ± 0.020933 

R62  0.02001 ± 0.007866 0.18638 ± 0.01554 

T70 2nd Loop Region 0.254454 ± 0.131317 0.701727 ± 0.284768 

L79  0.000508 ± 0.075229 0.144909 ± 0.152288 

L84 310 helix (i) 0.022199 ± 0.001795 0.185345 ± 0.003681 

V93 C-helix 0.049171 ± 0.00298 0.246092 ± 0.006232 

A94 C-helix 0.026077 ± 0.003026 0.187944 ± 0.005955 

A96 C-helix 0.031915 ± 0.015802 0.221744 ± 0.031786 

V100  0.092292 ± 0.003717 0.333215 ± 0.007795 

Y124 310 helix (ii) 0.265006 ± 0.123106 0.723933 ± 0.266982 

Table 27 ∆�̅�𝟎 and ∆�̅�𝒑
𝟎 of the amide sites having a positive value of ∆�̅�𝟎 according to the results of the BLUU_Tramp analysis at 

300K. The “Secondary Structure” column indicates the secondary structure or the region to which the residue belong. 

The B- and C-helices have many residues with a positive ∆𝑆̅0 and a  ∆𝐶�̅�
0 higher than 0.1 kcal/(mol × K), 

while the A-helix and the first 310 helix present both residues with and without these features. There are 

also four residues belonging to β strands with a positive ∆𝑆̅0 and a  ∆𝐶�̅�
0 higher than 0.1 kcal/(mol × K), 

including two residues that are near Aspartate 53, namely Tyrosine 54 and Glycine 55, suggesting that also 

in the case of lysozyme residues belonging to β strands and not involved in catalytic activity generally have 

a positive ∆𝑆̅0 and a ∆𝐶�̅�
0 higher than 0.1 kcal/(mol × K). 
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Interestingly, among the residues with a positive ∆𝑆̅0 and a  ∆𝐶�̅�
0 higher than 0.1 kcal/(mol × K) also 

residues that lie in the 2nd loop region, such as the Threonine 70, can be found. Furthermore, all residues 

that are part of the subsites but don’t have catalytic activity have these properties. These residues are 

Phenylalanine 57, part of subsite B, Tryptophan 34 and Serine 36, part of subsite C, and Arginine 62, part of 

subsite E. These values might suggest that the subsites have a more rigid structure. 

Overall, although some secondary structures, in particular α helices, don’t always display similar value 

ranges of the thermodynamic parameters, and although residues in the loop regions might still have 

positive values of ∆𝑆̅0, it is still possible to correlate the thermodynamic parameters to structural features 

of the protein. 

THE COMPARISON BETWEEN THE RESULTS FROM THE ANALYSIS OF BLUU-

TRAMP DATA AND THE RESULTS FROM CONVENTIONAL ISOTOPE EXCHANGE 

EXPERIMENT 
When comparing the results from the analysis of the BLUU-Tramp data with the analysis of the 

conventional exchange experiment it is important to examine the amide sites common to both kinds of 

experiments: 

Residue 
∆�̅�0 BLUU-Tramp 

(kcal/mol) 
∆�̅�0 conventional exchange 

(kcal/mol) 

Y10 8.138548 ± 0.013714 8.14885 ± 0.051867 

C25 9.874799 ± 0.010769 9.850581 ± 0.056428 

Y26 9.171372 ± 0.015136 9.375117 ± 0.083553 

D38 8.872414 ± 0.061137 8.409392 ± 0.095924 

L39 4.918507 ± 0.253261 5.382502 ± 0.037035 

L40 8.492698 ± 0.023404 8.707767 ± 0.07451 

E44 7.246711 ± 0.018205 7.6506 ± 0.067525 

Y67 7.20736 ± 0.030582 7.73804 ± 0.11321 

F70 7.522031 ± 0.056281 7.749214 ± 0.060965 

R81 9.477786 ± 0.008141 9.558049 ± 0.061334 

N83 9.026461 ± 0.006847 8.954296 ± 0.058222 

L87 6.55811 ± 0.097877 6.014748 ± 0.052516 

V93 7.542878 ± 0.008767 7.568593 ± 0.075961 

W95 7.134201 ± 0.022946 7.706903 ± 0.031471 
Table 28 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data. 
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Residue 
∆�̅�0 BLUU-Tramp 

(kcal/mol) 
∆�̅�0 conventional exchange 

(kcal/mol) 

Y10 31.907682 ± 0.887009 37.665053 ± 4.701538 

C25 31.364336 ± 0.780935 42.479631 ± 5.114995 

Y26 33.81162 ± 0.879046 45.274252 ± 7.573792 

D38 80.217098 ± 7.174253 41.083812 ± 8.695144 

L39 13.856644 ± 3.687007 11.567684 ± 3.357083 

L40 43.757532 ± 0.888471 35.698716 ± 6.754077 

E44 18.443332 ± 0.809425 23.42857 ± 6.120902 

Y67 10.929707 ± 0.854867 9.191627 ± 10.262065 

F70 29.998839 ± 3.102521 17.391252 ± 5.526217 

R81 30.889888 ± 0.552528 42.143407 ± 5.559673 

N83 27.657226 ± 0.554973 39.159584 ± 5.277556 

L87 -1.764791 ± 1.434163 19.130623 ± 4.760364 

V93 32.492744 ± 0.552014 28.430278 ± 6.885553 

W95 23.927954 ± 1.235592 27.868483 ± 2.85275 
Table 29 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data. 

Residue 
∆𝑆̅0 BLUU-Tramp 
(kcal/(mol × K)) 

∆𝑆̅0 conventional exchange 
(kcal/(mol × K)) 

Y10 0.07923 ± 0.002918 0.098387 ± 0.015519 

C25 0.071632 ± 0.002578 0.108763 ± 0.016884 

Y26 0.082134 ± 0.002888 0.119664 ± 0.025 

D38 0.237816 ± 0.023727 0.108915 ± 0.028701 

L39 0.029794 ± 0.01313 0.020617 ± 0.011081 

L40 0.117549 ± 0.002887 0.08997 ± 0.022294 

E44 0.037322 ± 0.00275 0.052593 ± 0.020204 

Y67 0.012408 ± 0.002945 0.004845 ± 0.033874 

F70 0.074923 ± 0.01052 0.03214 ± 0.018241 

R81 0.071374 ± 0.001822 0.108618 ± 0.018352 

N83 0.062103 ± 0.001838 0.100684 ± 0.01742 

L87 -0.027743 ± 0.005105 0.04372 ± 0.015713 

V93 0.083166 ± 0.001817 0.069539 ± 0.022728 

W95 0.055979 ± 0.004186 0.067205 ± 0.009417 
Table 30 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data. 
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Residue 
∆𝐶�̅�

0 BLUU-Tramp 

(kcal/(mol × K)) 

∆𝐶�̅�
0 conventional exchange 

(kcal/(mol × K)) 

Y10 0.299385 ± 0.005913 0.945281 ± 0.58762 

C25 0.295762 ± 0.005206 0.200861 ± 0.639296 

Y26 0.312077 ± 0.00586 0.395621 ± 0.946608 

D38 0.621447 ± 0.047828 0.757394 ± 1.086759 

L39 0.179044 ± 0.02458 -0.248669 ± 0.419584 

L40 0.378384 ± 0.005923 2.694421 ± 0.844156 

E44 0.209622 ± 0.005396 1.373873 ± 0.765019 

Y67 0.159531 ± 0.005699 2.322137 ± 1.2826 

F70 0.286659 ± 0.020683 2.661408 ± 0.690692 

R81 0.292599 ± 0.003684 0.552641 ± 0.694874 

N83 0.271048 ± 0.0037 0.322299 ± 0.659613 

L87 0.074901 ± 0.009561 -0.445434 ± 0.594972 

V93 0.303285 ± 0.00368 1.978979 ± 0.860588 

W95 0.246186 ± 0.008237 0.950596 ± 0.35655 
Table 31 Comparison of the ∆�̅�𝒑

𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 

exchange data. 

It can be seen that, while the ∆�̅�0 values obtained from the two methods are fairly similar, the ∆�̅�0 and 

∆𝑆̅0 present important differences in the case of the Aspartate 38 and the Leucine 87 and, in general, the 

results from the conventional exchange data present a higher uncertainty when compared to the results 

from the BLUU-Tramp data. This uncertainty of the results from conventional exchange data is even higher 

in the case of the ∆𝐶�̅�
0. It might be due to the low number of exchange constants per residue used to obtain 

those results and to the relatively narrow temperature range they cover (from 301 K to 315 K). Since the 

∆𝑆̅0 is proportional to the first derivative of ∆�̅�0 with respect to temperature (see equation (14)), while 

∆𝐶�̅�
0 is proportional to the second derivate of ∆�̅�0 with respect to temperature(see equation (16)), many 

exchange constants spanning a wide temperature range  are needed to derive an equivalent number ∆�̅�𝐸𝑋2
0  

values to accurately and precisely estimate them. The addition of an exchange constant measured at 293 K 

to the previously measured ones could alleviate the uncertainty in the results: 
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Residue 
∆�̅�0 BLUU-Tramp 

(kcal/mol) 

∆�̅�0 conventional exchange 
with addition 

(kcal/mol) 

Y10 8.138548 ± 0.013714 8.057846 ± 0.027566 

C25 9.874799 ± 0.010769 9.727909 ± 0.03252 

Y26 9.171372 ± 0.015136 9.231186 ± 0.044143 

L40 8.492698 ± 0.023404 8.62174 ± 0.035723 

E44 7.246711 ± 0.018205 7.57558 ± 0.032164 

Y67 7.20736 ± 0.030582 7.747509 ± 0.049333 

F70 7.522031 ± 0.056281 7.725689 ± 0.026864 

R81 9.477786 ± 0.008141 9.447157 ± 0.032927 

N83 9.026461 ± 0.006847 8.837708 ± 0.032445 

L87 6.55811 ± 0.097877 5.917322 ± 0.028447 

V93 7.542878 ± 0.008767 7.578081 ± 0.033124 

W95 7.134201 ± 0.022946 7.609161 ± 0.021813 
Table 32 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data with the addition of an exchange constant measured at 293 K. 

Residue 
∆�̅�0 BLUU-Tramp 

(kcal/mol) 

∆�̅�0 conventional exchange 
with addition 

(kcal/mol) 

Y10 31.907682 ± 0.887009 28.686262 ± 1.411438 

C25 31.364336 ± 0.780935 30.376345 ± 1.66508 

Y26 33.81162 ± 0.879046 31.07354 ± 2.260193 

L40 43.757532 ± 0.888471 27.210941 ± 1.829076 

E44 18.443332 ± 0.809425 16.026873 ± 1.646839 

Y67 10.929707 ± 0.854867 10.125835 ± 2.525927 

F70 29.998839 ± 3.102521 15.070134 ± 1.375471 

R81 30.889888 ± 0.552528 31.202418 ± 1.685924 

N83 27.657226 ± 0.554973 27.656592 ± 1.661235 

L87 -1.764791 ± 1.434163 9.518137 ± 1.456529 

V93 32.492744 ± 0.552014 29.366403 ± 1.695982 

W95 23.927954 ± 1.235592 18.224973 ± 1.116879 
Table 33 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data with the addition of an exchange constant measured at 293 K. 
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Residue 
∆𝑆̅0 BLUU-Tramp 
(kcal/(mol × K)) 

∆𝑆̅0 conventional exchange 
with addition 

(kcal/(mol × K)) 

Y10 0.07923 ± 0.002918 0.068761 ± 0.004684 

C25 0.071632 ± 0.002578 0.068828 ± 0.005526 

Y26 0.082134 ± 0.002888 0.072808 ± 0.007501 

L40 0.117549 ± 0.002887 0.061964 ± 0.00607 

E44 0.037322 ± 0.00275 0.028171 ± 0.005466 

Y67 0.012408 ± 0.002945 0.007928 ± 0.008383 

F70 0.074923 ± 0.01052 0.024481 ± 0.004565 

R81 0.071374 ± 0.001822 0.072518 ± 0.005595 

N83 0.062103 ± 0.001838 0.06273 ± 0.005513 

L87 -0.027743 ± 0.005105 0.012003 ± 0.004834 

V93 0.083166 ± 0.001817 0.072628 ± 0.005629 

W95 0.055979 ± 0.004186 0.035386 ± 0.003707 
Table 34 Comparison of the ∆�̅�𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 
exchange data with the addition of an exchange constant measured at 293 K. 

Residue 
∆𝐶�̅�

0 BLUU-Tramp 

(kcal/(mol × K)) 

∆𝐶�̅�
0 conventional exchange 

(kcal/(mol × K)) 

Y10 0.299385 ± 0.005913 2.027322 ± 0.24712 

C25 0.295762 ± 0.005206 1.659438 ± 0.291529 

Y26 0.312077 ± 0.00586 2.106961 ± 0.395724 

L40 0.378384 ± 0.005923 3.71729 ± 0.320242 

E44 0.209622 ± 0.005396 2.265858 ± 0.288335 

Y67 0.159531 ± 0.005699 2.209555 ± 0.44225 

F70 0.286659 ± 0.020683 2.941128 ± 0.240823 

R81 0.292599 ± 0.003684 1.871149 ± 0.295178 

N83 0.271048 ± 0.0037 1.708534 ± 0.290856 

L87 0.074901 ± 0.009561 0.712975 ± 0.255015 

V93 0.303285 ± 0.00368 1.866166 ± 0.29694 

W95 0.246186 ± 0.008237 2.112743 ± 0.195548 
Table 35 Comparison of the ∆�̅�𝒑

𝟎 obtained from the results at 300 K of the analysis of BLUU-Tramp data and conventional 

exchange data with the addition of an exchange constant measured at 293 K. 

In this case, both the ∆�̅�0, ∆�̅�0 and ∆𝑆̅0 values obtained from the conventional exchange data are more 

consistent with the values obtained from BLUU-Tramp data with the exception of Leucine 40, Phenylalanine 

70 and Leucine 87. Furthermore, the parameter uncertainty is indeed lower than the corresponding 

obtained from the previously published data without the newly added point (see Table 28 and Table 32, 

Table 29 and Table 33, Table 30 and Table 34). The ∆𝐶�̅�
0 has a lower uncertainty as well (see Table 31 and 

Table 35), but the values from the conventional exchange are in disagreement with the values from the 

BLUU-Tramp experiment. This can be explained by looking at the ∆�̅�𝐸𝑋2
0  values that were used as input for 

the minimization routine: 
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Figure 43 ∆�̅�𝑬𝑿𝟐
𝟎  values of the first six residues of the comparison used as input for the minimization routine. The added value at 

293 K is shown in red, the other values are shown in blue. A linear regression of the data has been added to show the 
nonlinearity forced by the added value. 
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Figure 44 ∆�̅�𝑬𝑿𝟐
𝟎  values of the last six residues of the comparison used as input for the minimization routine. The added value at 

293 K is shown in red, the other values are shown in blue. A linear regression of the data has been added to show the 
nonlinearity forced by the added value.  
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It is clear that the added exchange constant at 293 K leads to a ∆�̅�𝐸𝑋2
0  value which is consistently lower 

than the value expected from a linear fitting of the previous points. Since ∆𝐶�̅�
0 is proportional to the second 

derivative of ∆�̅�0 with respect to temperature, this deviation introduced by the added exchange constant 

leads to higher values of ∆𝐶�̅�
0 from the minimization routine in order to minimize the residual of the fitting. 

This nonlinearity is probably an artifact due to different experimental conditions or samples used, because 

the measured value is higher than the ∆𝐶�̅�
0 measured in the global unfolding reaction, which is 1.3 ± 0.1 

kcal/(mol × K)[57], with the only exception of Leucine 87. Since ∆𝐶�̅�
0 is expected to have contributing terms 

that show additivity[58], it is not much plausible that local exchange phenomena show ∆𝐶�̅�
0 values that are 

higher than the ∆𝐶�̅�
0 value of global unfolding. On the other hand the values obtained from BLUU-Tramp 

data might be more correct, as local exchange events do not necessarily need the unfolding of the whole 

protein in order to happen, but rather only local unfolding events that, as a consequence, are expected to 

present a ∆𝐶�̅�
0 considerably lower than that of global unfolding. Interestingly, the residues that are part of 

secondary structures such as β strands, typically show ∆𝐶�̅�
0 values that are higher than those of the residues 

that are not part of secondary structures, suggesting that the ∆𝐶�̅�
0 value obtained from BLUU-Tramp data 

might indeed be proportional to the extent of the local unfolding event needed for the exchange to take 

place. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 
Two routine for the analysis and estimation of ∆�̅�0, ∆�̅�0, ∆𝑆̅0 and ∆𝐶�̅�

0 from decays obtained from BLUU-

Tramp experiments or exchange constants from conventional isotope exchange experiments were 

developed.  

The application of the routine for the analysis of BLUU-Tramp data to experimental data from human β2-

microglobulin and human lysozyme revealed that the estimated thermodynamic parameters appear to be 

correlated to the local structure where the residues occur. It also showed that secondary structures such as 

β strands tend to lead to a consistent range of values of ∆�̅�0, ∆𝑆̅0 and ∆𝐶�̅�
0. 

On the other hand, the routine to analyze exchange constants from conventional exchange experiments, 

when applied to previously published data from human β2-microglobulin with or without the addition of an 

additional exchange constant measured at 293 K in order to compare the results with the results from 

BLUU-Tramp data, revealed how with conventional exchange experiments it is critically important to obtain 

as many exchange constants as possible, spanning a wide temperature range, in order to estimate ∆�̅�0, 

∆𝑆̅0 and especially ∆𝐶�̅�
0 values with low uncertainty. It also showed how nonlinearity introduced by 

possible artifacts heavily affects the estimation of ∆𝐶�̅�
0. When comparing ∆�̅�0, ∆�̅�0 and ∆𝑆̅0 values 

obtained from the two methods, the results were found to be mostly in agreement with the exception of 

three residues. 

It will be critically important to perform multiple conventional exchange experiments at different 

temperatures, covering a wider temperature range than the one currently covered by published data, in 

order to definitely confirm the validity of the results obtained from BLUU-Tramp data and to clarify 

whether the current correlation that exist between the ∆𝑆̅0 and ∆𝐶�̅�
0 values from BLUU-Tramp experiments 

is an artifact or not. If the latter hypothesis is confirmed, the evaluation of other fitting functions that do 

not lead to the observed correlation will be needed. Nevertheless, if the validity of the results from BLUU-

Tramp data is confirmed, these results might be able to give precious insight into the local structural 

stability and conformational flexibility of protein regions in a variety of systems. 
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APPENDICES 

APPENDIX 1: SOURCE CODE OF THE PROGRAMS 

BLUU-TRAMP DATA ANALYSIS PROGRAM 

Here the actual source code of the previously described program, devoid of all comments, is presented: 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

#include <cminpack-1/cminpack.h> 

 

#define MAX_RES 1024 

#define CH 1024 

#define MAX_N_EXP 2048 

#define MA 3 

#define Ea 13 

#define R 0.0019872041 

#define Tr 300.00 

 

typedef struct { 

 int npunti, lwa, info, ldfjac, ipvt[MA], *esperimento; 

 char *nome; 

 double *tempo, *temperatura, *dati, *kobs, *dskobs, *keqEX2, *deltaGEX2, *regr, *errore, eqm, x[MA], 

*fvec, *fjac, *wa, krc, fnorm, covfac, covar[MA][MA], *regrDG, *dsregrDG, *regrDS, *dsregrDS, *regrDH, *dsregrDH, 

*regrDCP, *dsregrDCP, a0i, a1i, a2i, kobsR, DGR, DSR, DHR, DCPR, dskobsR, dsDGR, dsDSR, dsDHR, dsDCPR;} sresiduo; 

 

struct generale{ 

 int nresidui; 

 double Tiniziale, derT, trc; 

 }; 

 

void lettura(char *filein, sresiduo *residuo, struct generale *g); 
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int fcn(void *p, int m, int n, const double *x, double *fvec, double *fjac, int ldfjac, int iflag); 

 

double fdati[MAX_N_EXP], ftempo[MAX_N_EXP]; 

int main (int argc, char *argv[]){ 

 if (argc != 3){ 

  printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

  exit (EXIT_FAILURE); 

 } 

 sresiduo *residui; 

 struct generale generale; 

 residui = calloc(MAX_RES, sizeof (sresiduo)); 

 int r; 

 for (r = 0; r < MAX_RES; r++){ 

  residui[r].nome = calloc(CH, sizeof(char)); 

  residui[r].esperimento = calloc(MAX_N_EXP, sizeof(int)); 

  residui[r].tempo = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].temperatura = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].dati = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].fvec = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].fjac = calloc(MA * MAX_N_EXP, sizeof(double)); 

  residui[r].wa = calloc(5 * MA * MAX_N_EXP, sizeof(double)); 

  residui[r].kobs = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].regr = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].errore = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].keqEX2 = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].deltaGEX2 = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].regrDG = calloc(MAX_N_EXP, sizeof(double));   

  residui[r].regrDS = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].regrDH = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].regrDCP = calloc(MAX_N_EXP, sizeof(double)); 
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  residui[r].dskobs = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].dsregrDG = calloc(MAX_N_EXP, sizeof(double));   

  residui[r].dsregrDS = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].dsregrDH = calloc(MAX_N_EXP, sizeof(double)); 

  residui[r].dsregrDCP = calloc(MAX_N_EXP, sizeof(double)); 

  } 

 lettura (argv[1], residui, &generale); 

 double tol, tR; 

 int s, o, w, y; 

 tol = sqrt(__cminpack_func__(dpmpar)(1)); 

 for (r = 0; r < generale.nresidui; r++){ 

  residui[r].x[0] = residui[r].a0i; 

  residui[r].x[1] = residui[r].a1i; 

  residui[r].x[2] = residui[r].a2i; 

  residui[r].ldfjac = residui[r].npunti; 

  residui[r].lwa = 5 * MA * residui[r].npunti; 

  for (o = 0; o < residui[r].npunti; o++){ 

   fdati[o] = residui[r].dati[o]; 

   ftempo[o] = residui[r].tempo[o]; 

   } 

  residui[r].info = __cminpack_func__(lmder1)(fcn, &residui[r], residui[r].npunti, MA, residui[r].x, 

residui[r].fvec, residui[r].fjac, residui[r].ldfjac, tol, residui[r].ipvt, residui[r].wa, residui[r].lwa); 

  residui[r].fnorm = __cminpack_func__(enorm)(residui[r].npunti, residui[r].fvec); 

  residui[r].covfac = pow(residui[r].fnorm, 2); 

  __cminpack_func__(covar1)(residui[r].npunti, MA, residui[r].covfac, residui[r].fjac, residui[r].ldfjac, 

residui[r].ipvt, tol, residui[r].wa); 

  for (w = 0; w < MA; w++){ 

   for (y = 0; y < MA; y++){ 

    residui[r].covar[w][y] = residui[r].fjac[w * residui[r].ldfjac + y]; 

   } 

  } 
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  residui[r].eqm = 0; 

  for (o = 0; o < residui[r].npunti; o++){ 

   residui[r].regr[o] = residui[r].x[0] * exp(residui[r].x[1] * 

exp(residui[r].x[2]*residui[r].tempo[o])); 

   residui[r].errore[o] = residui[r].dati[o] - residui[r].regr[o]; 

   residui[r].eqm = residui[r].eqm + pow (residui[r].errore[o], 2.0); 

   residui[r].kobs[o] = - (residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * 

residui[r].tempo[o]); 

   residui[r].dskobs[o]= sqrt(pow(-(residui[r].x[2]) * exp(residui[r].x[2] * residui[r].tempo[o]),2) 

* residui[r].covar[1][1] + pow((-residui[r].x[1] * exp(residui[r].x[2] * residui[r].tempo[o])) - ((residui[r].tempo[o] * 

residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * residui[r].tempo[o])),2) * residui[r].covar[2][2] + (2 * (-

(residui[r].x[2]) * exp(residui[r].x[2] * residui[r].tempo[o])) * ((-residui[r].x[1] * exp(residui[r].x[2] * 

residui[r].tempo[o])) - ((residui[r].tempo[o] * residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * 

residui[r].tempo[o]))) * residui[r].covar[1][2])); 

   residui[r].keqEX2[o] = residui[r].kobs[o]/(residui[r].krc * exp(- ((Ea / R 

)*((1/residui[r].temperatura[o])-(1/generale.trc))))); 

   residui[r].deltaGEX2[o] = - R * residui[r].temperatura[o] * log(residui[r].keqEX2[o]); 

   residui[r].regrDG[o] = -(R * residui[r].x[2] * pow(residui[r].temperatura[o], 2.0) / 

generale.derT ) - ((R * log(-residui[r].x[1] *  residui[r].x[2] / residui[r].krc) - (Ea / generale.trc) - (R * generale.Tiniziale * 

residui[r].x[2] / generale.derT)) * residui[r].temperatura[o]) - Ea; 

   residui[r].dsregrDG[o] =  sqrt((pow((- R * residui[r].temperatura[o] / residui[r].x[1]),2) * 

residui[r].covar[1][1]) + (pow((((R * residui[r].temperatura[o] * generale.Tiniziale * residui[r].x[2]) - (R * 

residui[r].temperatura[o] * residui[r].temperatura[o] * residui[r].x[2]) - (generale.derT * R * 

residui[r].temperatura[o]))/(generale.derT * residui[r].x[2])),2) * residui[r].covar[2][2]) + (2 * (- R * 

residui[r].temperatura[o] / residui[r].x[1]) * (((R * residui[r].temperatura[o] * generale.Tiniziale * residui[r].x[2]) - (R * 

residui[r].temperatura[o] * residui[r].temperatura[o] * residui[r].x[2]) - (generale.derT * R * 

residui[r].temperatura[o]))/(generale.derT * residui[r].x[2])) * residui[r].covar[1][2])); 

   residui[r].regrDS[o] = (2 * R * residui[r].x[2] * residui[r].temperatura[o] / generale.derT ) + R 

* log(-residui[r].x[1] *  residui[r].x[2] / residui[r].krc) - (Ea / generale.trc) - (R * generale.Tiniziale * residui[r].x[2] / 

generale.derT); 

   residui[r].dsregrDS[o] = sqrt((pow((R / residui[r].x[1]),2) * residui[r].covar[1][1]) + (pow((((2 

* R * residui[r].temperatura[o] * residui[r].x[2]) - (R * generale.Tiniziale * residui[r].x[2])  + (generale.derT * 

R))/(generale.derT * residui[r].x[2])),2) * residui[r].covar[2][2]) + (2 * (R / residui[r].x[1]) * (((2 * R * 

residui[r].temperatura[o] * residui[r].x[2]) - (R * generale.Tiniziale * residui[r].x[2])  + (generale.derT * 

R))/(generale.derT * residui[r].x[2])) * residui[r].covar[1][2])); 

   residui[r].regrDH[o] = (residui[r].temperatura[o] * residui[r].temperatura[o] * R * 

residui[r].x[2] / generale.derT) - Ea; 

   residui[r].dsregrDH[o] = sqrt(pow(residui[r].temperatura[o] * residui[r].temperatura[o] * R / 

generale.derT,2) * residui[r].covar[2][2]); 

   residui[r].regrDCP[o] = 2 * residui[r].temperatura[o] * R * residui[r].x[2] / generale.derT; 
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   residui[r].dsregrDCP[o] =  sqrt(pow(2 * residui[r].temperatura[o] * R / generale.derT,2) * 

residui[r].covar[2][2]); 

   } 

  tR = (Tr - generale.Tiniziale)/generale.derT; 

  residui[r].kobsR = - (residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * tR); 

  residui[r].dskobsR= sqrt(pow(-(residui[r].x[2]) * exp(residui[r].x[2] * tR),2) * residui[r].covar[1][1] + 

pow((-residui[r].x[1] * exp(residui[r].x[2] * tR)) - ((tR * residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * tR)),2) * 

residui[r].covar[2][2] + (2 * (-(residui[r].x[2]) * exp(residui[r].x[2] * tR)) * ((-residui[r].x[1] * exp(residui[r].x[2] * tR)) - 

((tR * residui[r].x[1] * residui[r].x[2]) * exp(residui[r].x[2] * tR))) * residui[r].covar[1][2])); 

  residui[r].DGR = -(R * residui[r].x[2] * pow(Tr, 2.0) / generale.derT ) - ((R * log(-residui[r].x[1] *  

residui[r].x[2] / residui[r].krc) - (Ea / generale.trc) - (R * generale.Tiniziale * residui[r].x[2] / generale.derT)) * Tr) - Ea; 

  residui[r].DSR = (2 * R * residui[r].x[2] * Tr / generale.derT ) + R * log(-residui[r].x[1] *  residui[r].x[2] 

/ residui[r].krc) - (Ea / generale.trc) - (R * generale.Tiniziale * residui[r].x[2] / generale.derT); 

  residui[r].DHR = (Tr * Tr * R *residui[r].x[2] / generale.derT) - Ea; 

  residui[r].DCPR = 2 * Tr * R * residui[r].x[2] / generale.derT; 

  residui[r].dsDGR = sqrt((pow((- R * Tr / residui[r].x[1]),2) * residui[r].covar[1][1]) + (pow((((R * Tr * 

generale.Tiniziale * residui[r].x[2]) - (R * Tr * Tr * residui[r].x[2]) - (generale.derT * R * Tr))/(generale.derT * 

residui[r].x[2])),2) * residui[r].covar[2][2]) + (2 * (- R * Tr / residui[r].x[1]) * (((R * Tr * generale.Tiniziale * 

residui[r].x[2]) - (R * Tr * Tr * residui[r].x[2]) - (generale.derT * R * Tr))/(generale.derT * residui[r].x[2])) * 

residui[r].covar[1][2])); 

  residui[r].dsDSR = sqrt((pow((R / residui[r].x[1]),2) * residui[r].covar[1][1]) + (pow((((2 * R * Tr * 

residui[r].x[2]) - (R * generale.Tiniziale * residui[r].x[2])  + (generale.derT * R))/(generale.derT * residui[r].x[2])),2) * 

residui[r].covar[2][2]) + (2 * (R / residui[r].x[1]) * (((2 * R * Tr * residui[r].x[2]) - (R * generale.Tiniziale * residui[r].x[2])  

+ (generale.derT * R))/(generale.derT * residui[r].x[2])) * residui[r].covar[1][2])); 

  residui[r].dsDHR = sqrt(pow(Tr * Tr * R / generale.derT,2) * residui[r].covar[2][2]); 

  residui[r].dsDCPR = sqrt(pow(2 * Tr * R / generale.derT,2) * residui[r].covar[2][2]); 

  residui[r].eqm = residui[r].eqm/residui[r].npunti;   

  } 

 int a, b; 

 char risultato[1024]; 

 FILE *scrittura; 

 sprintf(risultato, "%s_risultati", argv[2]); 

 remove(risultato); 

 printf ("temperatura iniziale %lf derivata %lf \n", generale.Tiniziale, generale.derT); 

 for (a = 0; a < generale.nresidui; a++){ 
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  if (residui[a].info == 0){ 

   printf ("Nel caso del residuo %s i parametri in ingresso non sono appropriati \n", 

residui[a].nome); 

   } 

  else if (residui[a].info == 4){ 

   printf ("Nel caso del residuo %s fvec è ortogonale alle colonne della Jacobiana \n", 

residui[a].nome); 

   } 

  else if (residui[a].info == 5){ 

   printf ("Nel caso del residuo %s fcn è stata chiamata almeno %d volte \n", residui[a].nome, 

200 * (MA +1)); 

   } 

  else if (residui[a].info == 6){ 

   printf ("Nel caso del residuo %s non si riesce a ridurre la somma dei quadrati al livello 

minimo indicato, %lf \n", residui[a].nome, tol); 

   } 

  else if (residui[a].info == 7){ 

   printf ("Nel caso del residuo %s non si riesce a migliorare la soluzione approssimata fino al 

limite indicato, %lf \n", residui[a].nome, tol); 

   } 

  else { 

   printf ("residuo %s eqm %lf x0 %lf dsx0 %lf x1 %lf dsx1 %lf x2 %lf dsx2 %lf dati a %.0f K: kobs 

%lf 1/s dskobs %lf DG %lf kcal/mol dsDG %lf DH %lf kcal/mol dsDH %lf DS %lf kcal/(K x mol) dsDS %lf DCP %lf kcal/(K x 

mol) dsDCP %lf\n", residui[a].nome, residui[a].eqm, residui[a].x[0], sqrt(residui[a].covar[0][0]), residui[a].x[1], 

sqrt(residui[a].covar[1][1]), residui[a].x[2], sqrt(residui[a].covar[2][2]), Tr, residui[a].kobsR, residui[a].dskobsR, 

residui[a].DGR, residui[a].dsDGR, residui[a].DHR, residui[a].dsDHR, residui[a].DSR, residui[a].dsDSR, residui[a].DCPR, 

residui[a].dsDCPR); 

   sprintf(risultato, "%s_risultati", argv[2]); 

   scrittura = fopen (risultato, "a"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 
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   fprintf (scrittura,"residuo %s eqm %lf x0 %lf dsx0 %lf x1 %lf dsx1 %lf x2 %lf dsx2 %lf dati a 

%.0f K: kobs %lf 1/s dskobs %lf DG %lf kcal/mol dsDG %lf DH %lf kcal/mol dsDH %lf DS %lf kcal/(K x mol) dsDS %lf DCP 

%lf kcal/(K x mol) dsDCP %lf\n", residui[a].nome, residui[a].eqm, residui[a].x[0],  sqrt(residui[a].covar[0][0]), 

residui[a].x[1], sqrt(residui[a].covar[1][1]), residui[a].x[2], sqrt(residui[a].covar[2][2]), Tr, residui[a].kobsR, 

residui[a].dskobsR, residui[a].DGR, residui[a].dsDGR, residui[a].DHR, residui[a].dsDHR, residui[a].DSR, 

residui[a].dsDSR, residui[a].DCPR, residui[a].dsDCPR); 

   fclose (scrittura); 

   sprintf(risultato, "%s_residuo%s", argv[2], residui[a].nome); 

   scrittura = fopen (risultato, "w"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 

   for (b = 0; b < residui[a].npunti; b++){ 

    fprintf(scrittura, "%.0lf %.2lf %.6lE %.6lE %.6lE \n", residui[a].tempo[b], 

residui[a].temperatura[b], residui[a].dati[b], residui[a].regr[b], residui[a].errore[b]); 

    } 

   fclose (scrittura); 

   sprintf(risultato, "%s_DG_residuo%s", argv[2], residui[a].nome); 

   scrittura = fopen (risultato, "w"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 

   for (b = 0; b < residui[a].npunti; b++){ 

    fprintf(scrittura, "%.2lf %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE 

%.6lE\n", residui[a].temperatura[b], residui[a].kobs[b], residui[a].dskobs[b], residui[a].deltaGEX2[b], 

residui[a].regrDG[b], residui[a].dsregrDG[b], residui[a].regrDH[b], residui[a].dsregrDH[b], residui[a].regrDS[b], 

residui[a].dsregrDS[b], residui[a].regrDCP[b], residui[a].dsregrDCP[b]); 

    } 

   fclose (scrittura); 

   } 

  } 
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 return 0; 

 } 

 

void lettura (char *filein, sresiduo *residuo, struct generale *g){ 

 FILE *ingresso; 

 FILE *tT; 

 FILE *res; 

 FILE *datidecadimento; 

 char *indtT, **indres, *righe, *decadimento, *tempoTEMPERATURA, *primariga, *secondariga; 

 int  r, s, u, z; 

 double *t, *T, derT, Tiniziale, trc; 

 ingresso = fopen (filein, "r"); 

 if (ingresso == NULL){ 

  printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

  exit (EXIT_FAILURE); 

  } 

 primariga = calloc (CH, sizeof (char)); 

 if (fgets(primariga, CH, ingresso) != NULL){ 

  sscanf (primariga, "%*s" "%lf", &trc); 

  } 

 else{ 

  printf ("Errore di lettura \n"); 

  exit (EXIT_FAILURE); 

  } 

 secondariga = calloc (CH, sizeof (char)); 

 indtT = calloc (CH, sizeof(char));  

 if (fgets(secondariga, CH, ingresso) != NULL){ 

  sscanf (secondariga, "%*s" "%s", indtT); 

  } 

 else{ 
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  printf ("Errore di lettura \n"); 

  exit (EXIT_FAILURE); 

  } 

 indres = calloc (MAX_RES, sizeof (char*)); 

 s = 0;  

 righe = calloc (CH, sizeof(char));  

 while (fgets(righe, CH, ingresso) != NULL){ 

  indres[s] = calloc (CH, sizeof (char)); 

  sscanf (righe, "%*s" "%s" "%s" "%*s" "%lf" "%*s" "%lf" "%*s" "%lf" "%*s" "%lf", residuo[s].nome, 

indres[s], &(residuo[s].krc), &(residuo[s].a0i), &(residuo[s].a1i), &(residuo[s].a2i)); 

  s = s + 1; 

  } 

 tT = fopen (indtT, "r"); 

 tempoTEMPERATURA = calloc (CH, sizeof(char)); 

 t = calloc (MAX_N_EXP, sizeof (double)); 

 T = calloc (MAX_N_EXP, sizeof (double)); 

 u = 0; 

 while (fgets(tempoTEMPERATURA, CH, tT) != 0){ 

  sscanf(tempoTEMPERATURA, "%lf" "%lf", &t[u], &T[u]); 

  u = u + 1; 

  } 

 printf ("Letto file tT \n"); 

 decadimento = calloc (CH, sizeof(char)); 

 for (r = 0; r < s; r++){  

  z = 0; 

  residuo[r].npunti = 0; 

  datidecadimento = fopen(indres[r], "r"); 

  while (fgets(decadimento, CH, datidecadimento) != 0){ 

   sscanf(decadimento, "%d" "%lf", &residuo[r].esperimento[z], &residuo[r].dati[z]); 

   residuo[r].esperimento[z] = residuo[r].esperimento[z] - 1; 
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   residuo[r].tempo[z] = t[residuo[r].esperimento[z]];    

   residuo[r].temperatura[z] = T[residuo[r].esperimento[z]]; 

   residuo[r].npunti = residuo[r].npunti + 1; 

   z = z + 1; 

   } 

  if (residuo[r].npunti <= 1){ 

   printf ("Errore con il decadimento di %s. I decadimenti devono consistere di almeno due 

punti per poter essere trattati \n", residuo[r].nome); 

   exit (EXIT_FAILURE); 

   } 

  printf ("Letto residuo %s \n", residuo[r].nome);   

  } 

 (*g).nresidui = s; 

 (*g).derT = (T[u-1]-T[0])/(t[u-1]-t[0]); 

 (*g).Tiniziale = T[0]; 

 (*g).trc = trc; 

 return; 

 } 

 

int fcn(void *p, int m, int n, const double *x, double *fvec, double *fjac, int ldfjac, int iflag){ 

 int i; 

 if ( iflag != 2 ) { 

  for ( i = 0; i < m; i++){ 

   fvec[i] = fdati[i] - x[0] * exp(x[1] * exp(x[2] * ftempo[i])); 

   } 

  } 

 else{ 

  for ( i = 0; i < m; i++){ 

   fjac[i + ldfjac * 0] = - exp(x[1] * exp(x[2] * ftempo[i])); 

   fjac[i + ldfjac * 1] = - x[0] * exp(x[1] * exp(x[2] * (ftempo[i]))) * exp(x[2] * (ftempo[i])); 
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   fjac[i + ldfjac * 2] = - x[0] * exp(x[1] * exp(x[2] * (ftempo[i]))) * x[1] * exp(x[2] * (ftempo[i])) 

* (ftempo[i]); 

   } 

  } 

 return 0; 

 } 
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CONVENTIONAL EXCHANGE ANALYSIS PROGRAM 

Here the source code of the routine, devoid of the comments, is presented: 

#include <stdio.h> 

#include <stdlib.h> 

#include <math.h> 

#include <cminpack-1/cminpack.h> 

 

#define MAX_RES 512 

#define CH 512 

#define MAX_N_EXP 512 

#define MA 3 

#define Ea 13.00 

#define R 0.0019872041 

#define Tr 300.00 

#define trc 293.00 

 

typedef struct { 

 int locale, npunti, info, ldfjac, lwa, ipvt[MA]; 

 char *nome; 

 double *temperatura, a0i, a1i, a2i, *kobs, *keqEX2, *deltaGEX2, *regr, *errore, *sigma, *sigmaDG, eqm, 

x[MA], *fvec, *fjac, *wa, fnorm, covfac, covar[MA][MA], krc, *regrDG, *dsregrDG, *regrDS, *dsregrDS, *regrDH, 

*dsregrDH, *regrDCP, *dsregrDCP, DGR, DHR, DSR, DCPR, dsDGR, dsDHR, dsDSR, dsDCPR;} sresiduo; 

 

void lettura(char *filein, sresiduo *residuo, int *nresidui); 

int fcn(void *p, int m, int n, const double *x, double *fvec, double *fjac, int ldfjac, int iflag); 

double fdati[MAX_N_EXP], ftemperatura[MAX_N_EXP]; 

 

int main (int argc, char *argv[]){ 

 if (argc != 3){ 

  printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

  exit (EXIT_FAILURE); 
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 } 

 sresiduo *residui; 

 residui = calloc(MAX_RES, sizeof (sresiduo));  

 int j, nresidui; 

 double (tol); 

 for (j = 0; j < MAX_RES; j++){ 

  residui[j].nome = calloc(CH, sizeof(char)); 

  residui[j].temperatura = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].kobs = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].regr = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].errore = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].sigma = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].sigmaDG = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].fvec = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].fjac = calloc(MA * MAX_N_EXP, sizeof(double)); 

  residui[j].wa = calloc(5 * MA * MAX_N_EXP, sizeof(double)); 

  residui[j].keqEX2 = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].deltaGEX2 = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].regrDG = calloc(MAX_N_EXP, sizeof(double));   

  residui[j].regrDH = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].regrDS = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].regrDCP = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].dsregrDG = calloc(MAX_N_EXP, sizeof(double));   

  residui[j].dsregrDH = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].dsregrDS = calloc(MAX_N_EXP, sizeof(double)); 

  residui[j].dsregrDCP = calloc(MAX_N_EXP, sizeof(double)); 

  } 

 lettura (argv[1], residui, &nresidui);  

 tol = sqrt(__cminpack_func__(dpmpar)(1)); 

 int o, w, y;  
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 for (j = 0; j < nresidui; j++){ 

  /*printf("residuo %d parte 2 \n", m+1);*/   

  for (o = 0; o < residui[j].npunti; o++){ 

   residui[j].keqEX2[o] = residui[j].kobs[o] / (residui[j].krc * exp(-((Ea / R) * ((1 / 

residui[j].temperatura[o]) - (1 / trc))))); 

   residui[j].deltaGEX2[o] = - R * residui[j].temperatura[o] * log(residui[j].keqEX2[o]); 

   fdati[o] = residui[j].deltaGEX2[o]; 

   ftemperatura[o] = residui[j].temperatura[o]; 

   residui[j].sigmaDG[o] = sqrt( pow(-R * residui[j].temperatura[o] * residui[j].sigma[o] / 

residui[j].kobs[o], 2)); 

   }  

  residui[j].x[0] = residui[j].a0i; 

  residui[j].x[1] = residui[j].a1i; 

  residui[j].x[2] = residui[j].a2i; 

  residui[j].ldfjac = residui[j].npunti; 

  residui[j].lwa = 5 * MA * residui[j].npunti; 

  residui[j].info = __cminpack_func__(lmder1)(fcn, &residui[j], residui[j].npunti, MA, residui[j].x, 

residui[j].fvec, residui[j].fjac, residui[j].ldfjac, tol, residui[j].ipvt, residui[j].wa, residui[j].lwa); 

  residui[j].fnorm = __cminpack_func__(enorm)(residui[j].npunti, residui[j].fvec); 

  residui[j].covfac = pow(residui[j].fnorm, 2); 

  __cminpack_func__(covar1)(residui[j].npunti, MA, residui[j].covfac, residui[j].fjac, residui[j].ldfjac, 

residui[j].ipvt, tol, residui[j].wa); 

  for (w = 0; w < MA; w++){ 

   for (y = 0; y < MA; y++){ 

    residui[j].covar[w][y] = residui[j].fjac[w * residui[j].ldfjac + y]; 

   } 

  } 

  residui[j].eqm = 0; 

  for (o = 0; o < residui[j].npunti; o++){ 

   residui[j].regr[o] = residui[j].x[0] - (residui[j].temperatura[o] * residui[j].x[1]) + residui[j].x[2] 

* (residui[j].temperatura[o] - Tr - (residui[j].temperatura[o] * log(residui[j].temperatura[o]/Tr))); 

   residui[j].errore[o] = residui[j].deltaGEX2[o] - residui[j].regr[o]; 
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   residui[j].eqm = residui[j].eqm + pow (residui[j].errore[o], 2.0);    

   residui[j].regrDG[o] = residui[j].regr[o]; 

   residui[j].dsregrDG[o] = sqrt(residui[j].covar[0][0] + (pow(-residui[j].temperatura[o], 2) * 

residui[j].covar[1][1]) + (pow(residui[j].temperatura[o] - Tr - (residui[j].temperatura[o] * 

log(residui[j].temperatura[o]/Tr)), 2) * residui[j].covar[2][2]) + (2 * (-residui[j].temperatura[o]) * residui[j].covar[0][1]) 

+ (2 * (residui[j].temperatura[o] - Tr - (residui[j].temperatura[o] * log(residui[j].temperatura[o]/Tr))) * 

residui[j].covar[0][2]) + (2 * (-residui[j].temperatura[o]) * (residui[j].temperatura[o] - Tr - (residui[j].temperatura[o] * 

log(residui[j].temperatura[o]/Tr))) * residui[j].covar[1][2])); 

   residui[j].regrDS[o] = residui[j].x[1] + (residui[j].x[2] * log(residui[j].temperatura[o]/Tr)); 

   residui[j].dsregrDS[o] = sqrt(residui[j].covar[1][1] + (pow(log(residui[j].temperatura[o]/Tr), 

2) * residui[j].covar[2][2]) + (2 * log(residui[j].temperatura[o]/Tr) * residui[j].covar[1][2])); 

   residui[j].regrDH[o] = residui[j].x[0] + (residui[j].x[2] * (residui[j].temperatura[o] - Tr)); 

   residui[j].dsregrDH[o] =  sqrt(residui[j].covar[0][0] + (pow(residui[j].temperatura[o] - Tr, 2) * 

residui[j].covar[2][2]) + (2 * (residui[j].temperatura[o] - Tr) * residui[j].covar[0][2])); 

   residui[j].regrDCP[o] =residui[j].x[2]; 

   residui[j].dsregrDCP[o] = sqrt(residui[j].covar[2][2]); 

   } 

  residui[j].DGR = residui[j].x[0] - (Tr * residui[j].x[1]); 

  residui[j].DSR = residui[j].x[1]; 

  residui[j].DHR = residui[j].x[0]; 

  residui[j].DCPR = residui[j].x[2]; 

  residui[j].dsDGR =  sqrt(residui[j].covar[0][0] + (pow(-Tr,2) * residui[j].covar[1][1]) + (-2 * Tr * 

residui[j].covar[0][1])); 

  residui[j].dsDHR = sqrt(residui[j].covar[0][0]); 

  residui[j].dsDSR =  sqrt(residui[j].covar[1][1]); 

  residui[j].dsDCPR = sqrt(residui[j].covar[2][2]); 

  residui[j].eqm = residui[j].eqm/residui[j].npunti;   

  } 

 int a, b; 

 char risultato[1024]; 

 FILE *scrittura; 

 sprintf(risultato, "%s_risultati", argv[2]); 

 remove(risultato); 
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 for (a = 0; a < nresidui; a++){ 

  if (residui[a].info == 0){ 

   printf ("Nel caso del residuo %s i parametri in ingresso non sono appropriati \n", 

residui[a].nome); 

   } 

  else if (residui[a].info == 4){ 

   printf ("Nel caso del residuo %s fvec è ortogonale alle colonne della Jacobiana \n", 

residui[a].nome); 

   } 

  else if (residui[a].info == 5){ 

   printf ("Nel caso del residuo %s fcn è stata chiamata almeno %d volte \n", residui[a].nome, 

200 * (MA +1)); 

   } 

  else if (residui[a].info == 6){ 

   printf ("Nel caso del residuo %s non si riesce a ridurre la somma dei quadrati al livello 

minimo indicato, %lf \n", residui[a].nome, tol); 

   } 

  else if (residui[a].info == 7){ 

   printf ("Nel caso del residuo %s non si riesce a migliorare la soluzione approssimata fino al 

limite indicato, %lf \n", residui[a].nome, tol); 

   } 

  else { 

   printf ("residuo %s eqm %lf a0 %lf dsa0 %lf a1 %lf dsa1 %lf a2 %lf dsa2 %lf dati a %.0f K: DG 

%lf kcal/mol dsDG %lf DH %lf kcal/mol dsDH %lf DS %lf kcal/(K x mol) dsDS %lf DCP %lf kcal/(K x mol) dsDCP %lf\n", 

residui[a].nome, residui[a].eqm, residui[a].x[0], sqrt(residui[a].covar[0][0]), residui[a].x[1], sqrt(residui[a].covar[1][1]), 

residui[a].x[2], sqrt(residui[a].covar[2][2]), Tr, residui[a].DGR, residui[a].dsDGR, residui[a].DHR, residui[a].dsDHR, 

residui[a].DSR, residui[a].dsDSR, residui[a].DCPR, residui[a].dsDCPR); 

   sprintf(risultato, "%s_risultati", argv[2]); 

   scrittura = fopen (risultato, "a"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 
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   fprintf (scrittura,"residuo %s eqm %lf a0 %lf dsa0 %lf a1 %lf dsa1 %lf a2 %lf dsa2 %lf dati a 

%.0f K: DG %lf kcal/mol dsDG %lf DH %lf kcal/mol dsDH %lf DS %lf kcal/(K x mol) dsDS %lf DCP %lf kcal/(K x mol) dsDCP 

%lf\n", residui[a].nome, residui[a].eqm, residui[a].x[0], sqrt(residui[a].covar[0][0]),residui[a].x[1], 

sqrt(residui[a].covar[1][1]), residui[a].x[2], sqrt(residui[a].covar[2][2]), Tr, residui[a].DGR, residui[a].dsDGR, 

residui[a].DHR, residui[a].dsDHR, residui[a].DSR, residui[a].dsDSR, residui[a].DCPR, residui[a].dsDCPR); 

   fclose (scrittura); 

   sprintf(risultato, "%s_residuo%s", argv[2], residui[a].nome); 

   scrittura = fopen (risultato, "w"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 

   for (b = 0; b < residui[a].npunti; b++){ 

    fprintf(scrittura, "%.2lf %.6lE %.6lE %.6lE %.6lE %.6lE \n", residui[a].temperatura[b], 

residui[a].kobs[b], residui[a].keqEX2[b], residui[a].deltaGEX2[b], residui[a].regr[b], residui[a].errore[b]); 

    } 

   fclose (scrittura); 

   sprintf(risultato, "%s_DG_residuo%s", argv[2], residui[a].nome); 

   scrittura = fopen (risultato, "w"); 

   if (scrittura == NULL){ 

    printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

    exit (EXIT_FAILURE); 

    } 

   for (b = 0; b < residui[a].npunti; b++){ 

    fprintf(scrittura, "%.2lf %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE %.6lE 

%.6lE\n", residui[a].temperatura[b], residui[a].deltaGEX2[b], residui[a].sigmaDG[b], residui[a].regrDG[b], 

residui[a].dsregrDG[b], residui[a].regrDH[b], residui[a].dsregrDH[b], residui[a].regrDS[b], residui[a].dsregrDS[b], 

residui[a].regrDCP[b], residui[a].dsregrDCP[b]); 

    } 

   fclose (scrittura); 

   } 

  } 

 return 0; 
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 } 

 

void lettura (char *filein, sresiduo *residuo, int *nresidui){ 

 FILE *ingresso; 

 FILE *datidecadimento; 

 char **indres, *righe, *decadimento; 

 int  q, r, s; 

 ingresso = fopen (filein, "r"); 

 if (ingresso == NULL){ 

  printf("uso: analisi_completa [file_in_ingresso] [intestazione_files_generati] \n"); 

  exit (EXIT_FAILURE); 

  } 

 indres = calloc (MAX_RES, sizeof (char*)); 

 r = 0;  

 righe = calloc (CH, sizeof(char));  

 while (fgets(righe, CH, ingresso) != NULL){ 

  indres[r] = calloc (CH, sizeof (char)); 

  sscanf (righe, "%*s" "%s" "%s" "%*s" "%lf" "%*s" "%lf" "%*s" "%lf" "%*s" "%lf", residuo[r].nome, 

indres[r], &(residuo[r].krc), &(residuo[s].a0i), &(residuo[s].a1i), &(residuo[s].a2i)); 

  r = r + 1; 

  } 

 decadimento = calloc (CH, sizeof(char)); 

 for (q = 0; q < r; q++){ 

  s = 0; 

  residuo[q].npunti = 0; 

  datidecadimento = fopen(indres[q], "r");  

  while (fgets(decadimento, CH, datidecadimento) != 0){ 

   sscanf(decadimento, "%lf" "%lf" "%lf", &(residuo[q].temperatura[s]), &(residuo[q].kobs[s]), 

&(residuo[q].sigma[s])); 

   s = s + 1; 

   residuo[q].npunti = residuo[q].npunti + 1; 
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   } 

  if (residuo[q].npunti <= 1){ 

   printf ("Errore con il decadimento di %s. I decadimenti devono consistere di almeno due 

punti per poter essere trattati \n", residuo[q].nome); 

   exit (EXIT_FAILURE); 

   }   

  } 

 *nresidui = r; 

 return; 

 } 

 

int fcn(void *p, int m, int n, const double *x, double *fvec, double *fjac, int ldfjac, int iflag){ 

 int i; 

 if ( iflag != 2 ) { 

  for ( i = 0; i < m; i++){ 

   fvec[i] = fdati[i] - (x[0] - (ftemperatura[i] * x[1]) + x[2] * (ftemperatura[i] - Tr - 

(ftemperatura[i] * log(ftemperatura[i]/Tr)))); 

   } 

  } 

 else{ 

  for ( i = 0; i < m; i++){ 

   fjac[i + ldfjac * 0] = -1; 

   fjac[i + ldfjac * 1] = ftemperatura[i]; 

   fjac[i + ldfjac * 2] = -(ftemperatura[i] - Tr -(ftemperatura[i] * log(ftemperatura[i]/Tr))); 

   } 

  } 

 return 0; 

 } 
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APPENDIX 2: HUMAN β2-MICROGLOBULIN MUTANT FORM D76N BLUU-TRAMP 

EXPERIMENT 
An attempt at performing a BLUU-Tramp experiment on the mutant form D76N of human β2-microglobulin 

was made, but problems with the intensity of the peaks in the exchange ramp emerged, prompting a 

correction based on assumptions yet to be verified. Therefore, the data relative to this form are only 

indicative. 

SAMPLE USED 

The protein used presents a methionine added at the N-terminal. The protein was deuterated and 

lyophilized. By adding an aqueous solution containing phosphate buffer and D2O, a 550 µl aqueous sample 

having a pH of 7.17 and containing the 15N-enriched D76N mutant form of human β2-microglobulin at a 

concentration of 279 µM, along with D2O at a concentration of 5% v/v and phosphate buffer at a 

concentration of 20 mM was prepared and put in an NMR samples tube for the BLUU-Tramp experiment. 

The tube was inserted in an NMR spectrometer and the acquisition was started 276 seconds after the 

addition of the protein to the aqueous solution. 

ACQUISITION 

191 best-TROSY[48],[49] experiments with sensitivity improvement and using Echo-Antiecho to obtain 

quadrature detection in the indirect dimension were performed per temperature ramp. The starting 

temperature was 283 K and the temperature was increased by 0.18 K between one experiment and the 

next. The overall temperature range was therefore 283 K – 302.1 K. After increasing the temperature, at 

most 50 seconds of delay were introduced to allow equilibration at the new temperature. 

The parameters used in the acquisition were the following: 

PARAMETER F1 (15N) F2 (1H) 

Number of  dummy scans  32 

Number of scans  32 

Number of points 80 768 

Base Frequency (MHz) 60.810645 600.13 

Offset (Hz) 7175.66 2818.2 

Spectral Width (Hz) 1946.28260023355 9009.00900900901 

PROCESSING 

After being converted in the NMRPipe input format, the raw data was processed with NMRPipe[54] using the 

following parameters: 

PARAMETER F1 (15N) F2 (1H) 

Baseline correction 
4th order polynomial subtract 

(only in the Frequency Domain) 

4th order polynomial subtract 
(both in the Time Domain and 

Frequency Domain) 

Window Function Gaussian with g1= 10 and g2=25  
Gaussian with g1= 10 and g2=25 

and c=0.5  

Linear prediction 
Forward-backward linear 

prediction, 80 more points 
predicted 

none 

Number of points after zero 
filling 

1024 1536 
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ANALYSIS 

The processed data were analyzed using the TinT routine. A peculiar behavior of the intensity of the peaks 

in the exchange ramp was observed, in that the intensity is higher in the exchange ramp until a certain 

temperature is reached. After that temperature, the intensity gradually decreases until it becomes of the 

same magnitude as the intensity in the reference ramp.  

 

Figure 45 The intensity profile of the amide peak of residue D98 in both the exchange ramp (green) and the reference ramp 
(blue) as an example of the observed behavior. The horizontal axis represents the number of the spectrum at which the intensity 

was measured, while the vertical axis represents the intensity measured in arbitrary units. 

This was interpreted as a precipitation phenomenon occurring only in the late phase of the exchange ramp 

and not in the reference ramp. Unfortunately, it was not possible to experimentally verify this hypothesis. 

To correct this bias, the ratio between the intensity the exchange ramp versus the intensity of the 

reference ramp was estimated using a minimization routine in all the decays, the largest value was found 

and the intensity in the reference ramp was multiplied by this value. Furthermore, only the first 125 spectra 

of both ramps were considered in the subsequent analysis. 

The obtained decays were then calculated and assigned using Sparky[55]. 

RESULTS 

In this and in the following section the values reported in the tables retain the figures obtained from fitting 

and calculations, with the actual number of significant figures being three at most, except for temperature 

values known to an accuracy of four significant figures. 

From the analysis the thermodynamic parameters of 20 residues were obtained. The results are 

summarized in the following tables and graphs. 
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Residue ∆�̅�0 (kcal/mol) ∆�̅�0 (kcal/mol) ∆𝑆̅0 (kcal/(mol × K)) ∆𝐶�̅�
0(kcal/(mol × K)) 

Y10 7.316314 ± 0.073865 17.450617 ± 2.250547 0.033781 ± 0.007745 0.203004 ± 0.015004 

F22 6.90709 ± 0.060414 -0.871911 ± 0.584781 -0.02593 ± 0.002151 0.080854 ± 0.003899 

C25 9.143374 ± 0.062821 12.344703 ± 1.844744 0.010671 ± 0.006356 0.168965 ± 0.012298 

Y26 8.347078 ± 0.107727 13.72887 ± 3.247952 0.017939 ± 0.011181 0.178192 ± 0.021653 

L40 7.323636 ± 0.086922 8.661078 ± 2.582355 0.004458 ± 0.008894 0.144407 ± 0.017216 

K41 7.486839 ± 0.059366 17.976407 ± 1.806928 0.034965 ± 0.006218 0.206509 ± 0.012046 

E44 5.445308 ± 0.186226 25.762261 ± 3.851504 0.067723 ± 0.013458 0.258415 ± 0.025677 

V49 6.683935 ± 0.83114 8.774471 ± 24.137679 0.006968 ± 0.083205 0.145163 ± 0.160918 

Y67 7.035555 ± 0.059148 7.19528 ± 1.422468 0.000532 ± 0.004937 0.134635 ± 0.009483 

T68 7.075936 ± 0.049585 16.533731 ± 1.26666 0.031526 ± 0.004386 0.196892 ± 0.008444 

F70 6.671061 ± 0.062541 9.821402 ± 1.497556 0.010501 ± 0.005199 0.152143 ± 0.009984 

E77 6.613335 ± 1.223491 5.620934 ± 25.277805 -0.003308 ± 0.088327 0.12414 ± 0.168519 

A79 7.98919 ± 0.05638 16.230953 ± 1.707631 0.027473 ± 0.005878 0.194873 ± 0.011384 

C80 6.814769 ± 0.965433 90.618484 ± 40.054027 0.279346 ± 0.136704 0.69079 ± 0.267027 

R81 8.686849 ± 0.055386 14.014054 ± 1.650367 0.017757 ± 0.005684 0.180094 ± 0.011002 

V82 7.622254 ± 0.060754 6.498621 ± 1.756904 -0.003745 ± 0.006056 0.129991 ± 0.011713 

N83 8.365878 ± 0.050026 13.209567 ± 1.468804 0.016146 ± 0.005061 0.17473 ± 0.009792 

K91 6.119254 ± 0.025169 7.082009 ± 0.302969 0.003209 ± 0.001094 0.13388 ± 0.00202 

V93 6.821477 ± 0.052953 10.677008 ± 1.558297 0.012852 ± 0.005369 0.157847 ± 0.010389 

W95 6.639875 ± 0.068933 13.713964 ± 1.654285 0.02358 ± 0.005742 0.178093 ± 0.011029 
Table 36 Results of the analysis on the BLUU-Tramp experiment performed on the β2-microglobulin mutant form D76N. Data are 
reported as value ± standard deviation and are relative to the reference temperature of 300 K. 

Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

Y10 283 7.792811 0.052759 300 7.316314 0.073865 295.4 7.464547 0.039583 

F22 283 6.427335 0.025752 300 6.90709 0.060414 295.4 6.78496 0.050662 

C25 283 9.243398 0.041223 300 9.143374 0.062821 295.4 9.186502 0.034653 

Y26 283 8.566217 0.075096 300 8.347078 0.107727 295.4 8.423314 0.058202 

L40 283 7.329868 0.05853 300 7.323636 0.086922 295.4 7.33905 0.047492 

K41 283 7.981779 0.042307 300 7.486839 0.059366 295.4 7.640396 0.031841 

E44 283 6.472132 0.032849 300 5.445308 0.186226 295.4 5.747722 0.125415 

V49 285.3 6.734091 0.357814 300 6.683935 0.83114 295.4 6.710871 0.459914 

Y67 283 6.979757 0.02208 300 7.035555 0.059148 295.4 7.033256 0.037074 

T68 283 7.517041 0.022518 300 7.075936 0.049585 295.4 7.214012 0.03004 

F70 283 6.776298 0.022954 300 6.671061 0.062541 295.4 6.714 0.039286 

E77 283 6.497305 0.218475 300 6.613335 1.223491 295.4 6.59374 0.824672 

A79 283 8.36236 0.039729 300 7.98919 0.05638 295.4 8.108691 0.030357 

C80 283 11.230916 1.244355 300 6.814769 0.965433 295.4 8.075397 0.360317 

R81 283 8.901979 0.037602 300 8.686849 0.055386 295.4 8.762181 0.03021 

V82 283 7.495969 0.038389 300 7.622254 0.060754 295.4 7.600441 0.033884 

N83 283 8.556192 0.032823 300 8.365878 0.050026 295.4 8.433986 0.0276 

K91 283 6.109325 0.007584 300 6.119254 0.025169 295.4 6.129295 0.020213 

V93 283 6.963927 0.034904 300 6.821477 0.052953 295.4 6.875028 0.029155 

W95 283 6.954959 0.025441 300 6.639875 0.068933 295.4 6.742064 0.043239 

Table 37 ∆�̅�𝟎 of the amide sites of β2-microglobulin mutant form D76N at various temperatures. 
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Residue 
Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 
T (K) 

∆�̅�0 
(kcal/mol) 

𝜎∆�̅�0 
(kcal/mol) 

T (K) 
∆�̅�0 

(kcal/mol) 
𝜎∆�̅�0 

(kcal/mol) 

Y10 283 14.097327 2.002711 300 17.450617 2.250547 295.4 16.523957 2.182059 

F22 283 -2.207483 0.520383 300 -0.871911 0.584781 295.4 -1.240988 0.566985 

C25 283 9.553688 1.641597 300 12.344703 1.844744 295.4 11.573424 1.788606 

Y26 283 10.785427 2.890281 300 13.72887 3.247952 295.4 12.915469 3.149112 

L40 283 6.275712 2.29798 300 8.661078 2.582355 295.4 8.001898 2.50377 

K41 283 14.565216 1.607945 300 17.976407 1.806928 295.4 17.033747 1.751941 

E44 283 21.493674 3.427368 300 25.762261 3.851504 295.4 24.582665 3.734297 

V49 285.3 6.692853 21.830141 300 8.774471 24.137679 295.4 8.11184 23.403132 

Y67 283 4.971331 1.265823 300 7.19528 1.422468 295.4 6.580706 1.37918 

T68 283 13.281411 1.127173 300 16.533731 1.26666 295.4 15.634973 1.228113 

F70 283 7.308259 1.332642 300 9.821402 1.497556 295.4 9.126912 1.451983 

E77 283 3.570355 22.494157 300 5.620934 25.277805 295.4 5.05427 24.508562 

A79 283 13.011976 1.519583 300 16.230953 1.707631 295.4 15.34141 1.655666 

C80 283 79.207786 35.643188 300 90.618484 40.054027 295.4 87.465212 38.83512 

R81 283 11.039207 1.468625 300 14.014054 1.650367 295.4 13.191975 1.600144 

V82 283 4.35139 1.56343 300 6.498621 1.756904 295.4 5.905248 1.703438 

N83 283 10.323311 1.307056 300 13.209567 1.468804 295.4 12.411969 1.424106 

K91 283 4.870534 0.269605 300 7.082009 0.302969 295.4 6.470882 0.293749 

V93 283 8.069644 1.386694 300 10.677008 1.558297 295.4 9.95648 1.510876 

W95 283 10.772163 1.472112 300 13.713964 1.654285 295.4 12.901017 1.603943 

Table 38 ∆�̅�𝟎 of the amide sites of β2-microglobulin mutant form D76N at various temperatures. 

  



APPENDICES 
APPENDIX 2: HUMAN β2-MICROGLOBULIN MUTANT FORM D76N BLUU-TRAMP EXPERIMENT 

112 

Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝑆̅0 

(kcal/(mol 
× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 
T (K) 

∆𝑆̅0 
(kcal/(mol 

× K)) 

𝜎∆𝑆̅0 
(kcal/(mol 

× K)) 

Y10 283 0.022277 0.006895 300 0.033781 0.007745 295.4 0.030668 0.007515 

F22 283 -0.030512 0.00193 300 -0.02593 0.002151 295.4 -0.02717 0.002091 

C25 283 0.001096 0.005659 300 0.010671 0.006356 295.4 0.00808 0.006167 

Y26 283 0.007842 0.009954 300 0.017939 0.011181 295.4 0.015207 0.010849 

L40 283 -0.003725 0.007919 300 0.004458 0.008894 295.4 0.002244 0.00863 

K41 283 0.023263 0.005536 300 0.034965 0.006218 295.4 0.031799 0.006034 

E44 283 0.05308 0.012003 300 0.067723 0.013458 295.4 0.063761 0.013064 

V49 285.3 -0.000145 0.07532 300 0.006968 0.083205 295.4 0.004743 0.080738 

Y67 283 -0.007097 0.0044 300 0.000532 0.004937 295.4 -0.001532 0.004792 

T68 283 0.020369 0.003907 300 0.031526 0.004386 295.4 0.028507 0.004256 

F70 283 0.00188 0.004633 300 0.010501 0.005199 295.4 0.008168 0.005045 

E77 283 -0.010343 0.078777 300 -0.003308 0.088327 295.4 -0.005211 0.085743 

A79 283 0.01643 0.005233 300 0.027473 0.005878 295.4 0.024484 0.005703 

C80 283 0.240201 0.121572 300 0.279346 0.136704 295.4 0.268754 0.132609 

R81 283 0.007552 0.00506 300 0.017757 0.005684 295.4 0.014996 0.005515 

V82 283 -0.011112 0.005393 300 -0.003745 0.006056 295.4 -0.005739 0.005877 

N83 283 0.006244 0.004506 300 0.016146 0.005061 295.4 0.013466 0.004911 

K91 283 -0.004377 0.000979 300 0.003209 0.001094 295.4 0.001156 0.001063 

V93 283 0.003907 0.00478 300 0.012852 0.005369 295.4 0.010431 0.005209 

W95 283 0.013488 0.005117 300 0.02358 0.005742 295.4 0.02085 0.005573 

Table 39 ∆�̅�𝟎 of the amide sites of β2-microglobulin mutant form D76N at various temperatures. 

  



  APPENDICES 
APPENDIX 2: HUMAN β2-MICROGLOBULIN MUTANT FORM D76N BLUU-TRAMP EXPERIMENT 

  113 

Residue 

Lowest Temperature Reference Temperature Highest Temperature 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

T (K) 
∆𝐶�̅�

0 

(kcal/(mol 
× K)) 

𝜎∆𝐶�̅�
0 

(kcal/(mol 
× K)) 

Y10 283 0.191501 0.014153 300 0.203004 0.015004 295.4 0.199891 0.014774 

F22 283 0.076272 0.003678 300 0.080854 0.003899 295.4 0.079614 0.003839 

C25 283 0.15939 0.011601 300 0.168965 0.012298 295.4 0.166374 0.01211 

Y26 283 0.168095 0.020426 300 0.178192 0.021653 295.4 0.17546 0.021321 

L40 283 0.136224 0.01624 300 0.144407 0.017216 295.4 0.142193 0.016952 

K41 283 0.194807 0.011364 300 0.206509 0.012046 295.4 0.203343 0.011861 

E44 283 0.243772 0.024222 300 0.258415 0.025677 295.4 0.254453 0.025283 

V49 285.3 0.13805 0.153033 300 0.145163 0.160918 295.4 0.142937 0.15845 

Y67 283 0.127006 0.008946 300 0.134635 0.009483 295.4 0.132571 0.009338 

T68 283 0.185734 0.007966 300 0.196892 0.008444 295.4 0.193873 0.008315 

F70 283 0.143521 0.009418 300 0.152143 0.009984 295.4 0.14981 0.009831 

E77 283 0.117105 0.158969 300 0.12414 0.168519 295.4 0.122236 0.165935 

A79 283 0.18383 0.010739 300 0.194873 0.011384 295.4 0.191885 0.01121 

C80 283 0.651645 0.251895 300 0.69079 0.267027 295.4 0.680198 0.262932 

R81 283 0.169888 0.010379 300 0.180094 0.011002 295.4 0.177332 0.010834 

V82 283 0.122625 0.011049 300 0.129991 0.011713 295.4 0.127998 0.011533 

N83 283 0.164829 0.009237 300 0.17473 0.009792 295.4 0.172051 0.009642 

K91 283 0.126294 0.001905 300 0.13388 0.00202 295.4 0.131827 0.001989 

V93 283 0.148902 0.0098 300 0.157847 0.010389 295.4 0.155426 0.010229 

W95 283 0.168001 0.010404 300 0.178093 0.011029 295.4 0.175362 0.010859 

Table 40 ∆�̅�𝒑
𝟎 of the amide sites of β2-microglobulin mutant form D76N at various temperatures. 
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Figure 46 ∆�̅�𝟎 of the amide sites of β2-microglobulin mutant form D76N based on the results of the analysis on the BLUU-Tramp 
experiment. Half of the error bar corresponds to a standard deviation. 

Figure 47 ∆�̅�𝟎 of the amide sites of β2-microglobulin mutant form D76N based on the results of the analysis on the BLUU-Tramp 
experiment. Half of the error bar corresponds to a standard deviation. 
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Figure 48 ∆�̅�𝟎 of the amide sites of β2-microglobulin based on the results of the analysis on the BLUU-Tramp experiment. Half of 
the error bar corresponds to a standard deviation. 

Figure 49 ∆�̅�𝒑
𝟎  of the amide sites of β2-microglobulin mutant form D76N based on the results of the analysis on the BLUU-Tramp 

experiment. Half of the error bar corresponds to a standard deviation. 
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A comparison between the results of the BLUU-Tramp analysis at the reference temperature 300 K for the 

wild type form and the mutant form D76N of β2-microglobulin reveals that the mutant form has 

consistently lower values for the thermodynamic parameters, especially in the case of the ∆�̅�0. It is 

important to note the parameters other than the ∆�̅�0 in the case of the cysteine 80, which was not 

analyzed in the case of the wild type form. 

Figure 50 comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of BLUU-Tramp data 
from the mutant form D76N (in light blue) and the wild type form (in blue). Half of the error bar corresponds to a standard 
deviation. 
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Figure 51 comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of BLUU-Tramp 
data from the mutant form D76N (in light red) and the wild type form (in red). Half of the error bar corresponds to a standard 
deviation. 

Figure 52 comparison on the ∆�̅�𝟎 at 300 K of the amide sites of β2-microglobulin obtained from the analysis of BLUU-Tramp data 
from the mutant form D76N (in light green) and the wild type form (in green). Half of the error bar corresponds to a standard 
deviation. 
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Figure 53 comparison on the ∆�̅�𝒑
𝟎 at 300 K of the amide sites of β2-microglobulin obtained from analysis of BLUU-Tramp data 

from the mutant form D76N (in light orange) and the wild type form (in orange). Half of the error bar corresponds to a standard 
deviation. 
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DISCUSSION 

It is important to map the results to the structure of the protein in order to properly correlate them with 

the structural information: 

 

 

 

Figure 54 ∆�̅�𝟎 in kcal/mol of the β2-microglobulin mutant D76N amide sites from the results at 300K of BLUU-Tramp experiment 

analysis mapped to the structure of the protein. The whole residues have been uniformly colored according to the ∆�̅�𝟎 of the 
amide site. The residues not included in the results are colored in green.  
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Figure 55 ∆�̅�𝟎 in kcal/mol of the β2-microglobulin mutant D76N amide sites from the results at 300K of BLUU-Tramp experiment 

analysis mapped to the structure of the protein. The whole residues have been uniformly colored according to the ∆�̅�𝟎 of the 
amide site. The residues not included in the results are colored in green.  

 

 

 

Figure 56 ∆�̅�𝟎 in kcal/(mol × K) of the β2-microglobulin mutant D76N amide sites from the results at 300K of BLUU-Tramp 
experiment analysis mapped to the structure of the protein. The whole residues have been uniformly colored according to the 

∆�̅�𝟎 of the amide site. The residues not included in the results are colored in green.  
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Figure 57 ∆�̅�𝒑
𝟎 in kcal/(mol × K) of the β2-microglobulin mutant D76N amide sites from the results at 300K of BLUU-Tramp 

experiment analysis mapped to the structure of the protein. The whole residues have been uniformly colored according to the 

∆�̅�𝒑
𝟎 of the amide site. The residues not included in the results are colored in green. 

In this case the results at 300 K from both the cysteine residues involved in the disulfide bridge, Cysteine 25 

and Cysteine 80, are present, but the results from Cysteine 80 show a higher uncertainty (see Table 36). 

Cysteine 25 has the highest value of ∆�̅�0, 9.14 ± 0.06 kcal/mol , while Cysteine 80 has an apparently lower 

value of 6.81 ± 0.97, which might be due to the higher uncertainty in the results. The first residues of strand 

B, C’ and G, namely Phenylalanine 22, Glutamine 44 and Lysine 91, have ∆�̅�0 values of 6.91 ± 0.06 kcal/mol, 

5.45 ± 0.19 kcal/mol and 6.12 ± 0.03 kcal/mol respectively, all of which are relatively low when compared 

to the values of other residues of their strands (see Figure 54). Finally, Valine 82 has a ∆�̅�0 of 7.62 ± 0.06 

kcal/mol, which is around 1 kcal/mol lower than that of Arginine 81 (8.69 ± 0.06 kcal/mol) and Asparagine 

83 (8.37 ± 0.05 kcal/mol), a feature that was already observed in the wild type form of β2-microglobulin and 

that might be due to the amide site being more exposed to the solvent (see Figure 58). 

0 ∆�̅�𝒑
𝟎 0.7 



APPENDICES 
APPENDIX 2: HUMAN β2-MICROGLOBULIN MUTANT FORM D76N BLUU-TRAMP EXPERIMENT 

122 

 

Figure 58 Arginine 81, Valine 82 and Asparagine 83 represented with sticks. The coloring follows the same ∆�̅�𝟎 scale of Figure 54, 
with Arginine 81 being red, Valine 82 being white and Asparagine 83 being pink. 

In the case of the mutant D76N, only the Phenylalanine 22 has a ∆𝑆̅0 significantly lower than 0 (-0.03 ± 0.00 

kcal/(mol × K)), as well as a ∆𝐶�̅�
0 lower than 0.1 kcal/mol × K (0.08 ± 0.00 kcal/(mol × K)). Interestingly, this 

residue is also the first residue of strand B, according to the crystal structure[32], suggesting that the first 

residue of strand B might lie in a more flexible region than the other first residues of the other strands. It is 

important to note, on the other hand, that Cysteine 80 has both the highest value of ∆𝑆̅0 (0.28 ± 0.14 

kcal/(mol × K))and the highest value of ∆𝐶�̅�
0 (0.69 ± 0.27 kcal/mol × K), since however the uncertainty in 

those value is quite high, these values might be just artifacts due to imprecise measurement. 

Thus, similar considerations as those made for the wild type form of β2-microglobulin can be made for the 

D76N form as well, even though only one residue showing a negative ∆𝑆̅0 value was considered. 
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It is therefore interesting to compare the actual values of the thermodynamic parameters obtained in the 

two forms:  

Residue 
∆�̅�0 Wild Type 

(kcal/mol) 
∆�̅�0 D76N 
(kcal/mol) 

Y10 8.138548 ± 0.013714 7.316314 ± 0.073865 

C25 9.874799 ± 0.010769 9.143374 ± 0.062821 

Y26 9.171372 ± 0.015136 8.347078 ± 0.107727 

L40 8.492698 ± 0.023404 7.323636 ± 0.086922 

K41 8.580887 ± 0.021221 7.486839 ± 0.059366 

E44 7.246711 ± 0.018205 5.445308 ± 0.186226 

Y67 7.20736 ± 0.030582 7.035555 ± 0.059148 

F70 7.522031 ± 0.056281 6.671061 ± 0.062541 

E77 6.700189 ± 0.160867 6.613335 ± 1.223491 

A79 9.031541 ± 0.011572 7.98919 ± 0.05638 

R81 9.477786 ± 0.008141 8.686849 ± 0.055386 

V82 8.243707 ± 0.027014 7.622254 ± 0.060754 

N83 9.026461 ± 0.006847 8.365878 ± 0.050026 

K91 6.258958 ± 0.083409 6.119254 ± 0.025169 

V93 7.542878 ± 0.008767 6.821477 ± 0.052953 

W95 7.134201 ± 0.022946 6.639875 ± 0.068933 
Table 41 Comparison between the ∆�̅�𝟎 values at 300 K obtained from the BLUU-Tramp experiments performed on the wild type 
and mutant D76N forms of β2-microglobulin. 

Residue 
∆�̅�0 Wild Type 

(kcal/mol) 
∆�̅�0 D76N 
(kcal/mol) 

Y10 31.907682 ± 0.887009 17.450617 ± 2.250547 

C25 31.364336 ± 0.780935 12.344703 ± 1.844744 

Y26 33.81162 ± 0.879046 13.72887 ± 3.247952 

L40 43.757532 ± 0.888471 8.661078 ± 2.582355 

K41 35.59002 ± 1.233741 17.976407 ± 1.806928 

E44 18.443332 ± 0.809425 25.762261 ± 3.851504 

Y67 10.929707 ± 0.854867 7.19528 ± 1.422468 

F70 29.998839 ± 3.102521 9.821402 ± 1.497556 

E77 -0.940461 ± 3.168113 5.620934 ± 25.277805 

A79 35.987977 ± 0.652086 16.230953 ± 1.707631 

R81 30.889888 ± 0.552528 14.014054 ± 1.650367 

V82 10.307075 ± 1.384427 6.498621 ± 1.756904 

N83 27.657226 ± 0.554973 13.209567 ± 1.468804 

K91 8.099468 ± 1.326706 7.082009 ± 0.302969 

V93 32.492744 ± 0.552014 10.677008 ± 1.558297 

W95 23.927954 ± 1.235592 13.713964 ± 1.654285 
Table 42 Comparison between the ∆�̅�𝟎 values at 300 K obtained from the BLUU-Tramp experiments performed on the wild type 
and mutant D76N forms of β2-microglobulin. 
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Residue 
∆𝑆̅0 Wild Type 
(kcal/(mol × K)) 

∆𝑆̅0 D76N 
(kcal/(mol × K)) 

Y10 0.07923 ± 0.002918 0.033781 ± 0.007745 

C25 0.071632 ± 0.002578 0.010671 ± 0.006356 

Y26 0.082134 ± 0.002888 0.017939 ± 0.011181 

L40 0.117549 ± 0.002887 0.004458 ± 0.008894 

K41 0.09003 ± 0.004053 0.034965 ± 0.006218 

E44 0.037322 ± 0.00275 0.067723 ± 0.013458 

Y67 0.012408 ± 0.002945 0.000532 ± 0.004937 

F70 0.074923 ± 0.01052 0.010501 ± 0.005199 

E77 -0.025469 ± 0.011078 -0.003308 ± 0.088327 

A79 0.089855 ± 0.002141 0.027473 ± 0.005878 

R81 0.071374 ± 0.001822 0.017757 ± 0.005684 

V82 0.006878 ± 0.004693 -0.003745 ± 0.006056 

N83 0.062103 ± 0.001838 0.016146 ± 0.005061 

K91 0.006135 ± 0.004698 0.003209 ± 0.001094 

V93 0.083166 ± 0.001817 0.012852 ± 0.005369 

W95 0.055979 ± 0.004186 0.02358 ± 0.005742 
Table 43 Comparison between the ∆�̅�𝟎 values at 300 K obtained from the BLUU-Tramp experiments performed on the wild type 
and mutant D76N forms of β2-microglobulin. 

Residue 
∆𝐶�̅�

0 Wild Type 

(kcal/(mol × K)) 

∆𝐶�̅�
0 D76N 

(kcal/(mol × K)) 

Y10 0.299385 ± 0.005913 0.203004 ± 0.015004 

C25 0.295762 ± 0.005206 0.168965 ± 0.012298 

Y26 0.312077 ± 0.00586 0.178192 ± 0.021653 

L40 0.378384 ± 0.005923 0.144407 ± 0.017216 

K41 0.323933 ± 0.008225 0.206509 ± 0.012046 

E44 0.209622 ± 0.005396 0.258415 ± 0.025677 

Y67 0.159531 ± 0.005699 0.134635 ± 0.009483 

F70 0.286659 ± 0.020683 0.152143 ± 0.009984 

E77 0.080397 ± 0.021121 0.12414 ± 0.168519 

A79 0.326587 ± 0.004347 0.194873 ± 0.011384 

R81 0.292599 ± 0.003684 0.180094 ± 0.011002 

V82 0.15538 ± 0.00923 0.129991 ± 0.011713 

N83 0.271048 ± 0.0037 0.17473 ± 0.009792 

K91 0.140663 ± 0.008845 0.13388 ± 0.00202 

V93 0.303285 ± 0.00368 0.157847 ± 0.010389 

W95 0.246186 ± 0.008237 0.178093 ± 0.011029 
Table 44 Comparison between the ∆�̅�𝒑

𝟎 values at 300 K obtained from the BLUU-Tramp experiments performed on the wild type 

and mutant D76N forms of β2-microglobulin. 

The values of all the four thermodynamic parameters (∆�̅�0, ∆�̅�0, ∆𝑆̅0 and ∆𝐶�̅�
0) are generally lower in the 

mutant D76N form, with the only exception of Glutammate 44, whose ∆�̅�0 is lower in the mutant form, but 

whose ∆𝑆̅0, ∆𝐶�̅�
0 and ∆�̅�0 are higher in the mutant form. Furthermore, due to the increased uncertainty, 

the Glutamate 77 has a  ∆𝑆̅0 value that is no longer significantly lower than 0. 



  APPENDICES 
APPENDIX 2: HUMAN β2-MICROGLOBULIN MUTANT FORM D76N BLUU-TRAMP EXPERIMENT 

  125 

Overall, this comparison shows a decreased stability and possibly greater conformational flexibility of the 

whole protein structure of the mutant form, as shown by generally decreased ∆�̅�0 values as well as 

generally decreased ∆𝑆̅0 and ∆𝐶�̅�
0 values. 
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