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Abstract 

Alzheimer’s and Parkinson’s disease (AD and PD) are two of the most common 
neurodegenerative disorders that, together, affect more than 50 million people 
worldwide. The pathophysiological picture of these diseases is still unclear. This 
makes their pharmacological treatment more difficult. One of the molecules with 
possible therapeutic potential is dipeptide carnosine (β-alanine-L-histidine), which has 
shown neuroprotective effects in animal models of these diseases. Unfortunately, the 
transferability of carnosine’s neuroprotective ability to humans is limited. This is due 
to the human serum carnosinase enzyme (hCN1), absent in animal serum. In humans, 
hCN1 was found to have an age-dependent equilibrium between its monomeric and 
dimeric form, with the latter being the most active and predominant form in adults. In 
fact, in its active form, hCN1 hydrolyzes carnosine in humans, thus preventing its 
beneficial pharmacological effects. Intriguingly, homocarnosine (γ-aminobutyryl-L-
histidine), a close analog of the substrate carnosinase, inhibits hCN1. The reasons for 
such an inhibitory effect of hCN1 by homocarnosine were still unknown. 
The final scope of this thesis was to design novel non-hydrolysable carnosine 
derivatives that could prove beneficial for the treatment of AD and PD. To achieve 
this, I have used computational techniques to (i) characterize structural properties of 
carnosine vs homocarnosine, (ii) predict the structure of their Michaelis complex with 
hCN1 and (iii) design novel non-hydrolysable carnosine derivatives able to block 
hCN1 function. 
i. By using classical molecular dynamics, I have shown that both ligands are 

predominantly present in their zwitter-ionic form and mainly adopt extended 
conformations. The quality of the simulations was validated against experimental 
1H and 13C chemical shifts. 

ii. By using molecular docking in conjunction with classical molecular dynamics and 
hybrid quantum mechanics / molecular mechanics simulations, I predicted for the 
first time the structure of hCN1 Michaelis complex with either carnosine or 
homocarnosine. Based on the obtained data, I have explained why carnosine is a 
hCN1’s substrate, while homocarnosine leads to hCN1 inhibition. Additionally, I 
propose a mechanistic explanation for the more elevated activity of hCN1 in its 
dimeric form. 

iii. Finally, based on the information obtained from the structures of Michaelis 
complexes, I screened a few large libraries of small molecules compounds to 
search novel non-hydrolysable carnosine-like derivatives. These compounds may 
be used to start drug discovery projects for the design of novel therapeutic agents 
to treat neurodegenerative diseases. A few selected compounds are currently being 
tested in the group of Professor Enrico Rizzarelli, University of Catnia, Italy. 



 

 

 

 

 

 

 

 

 

Anyone looking for goal will remain empty when it will be reached, but whoever finds 
a way, will always carry the goal inside. 

 
Nejc Zaplotnik 
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1 Introduction 

The presence of the endogenous dipeptide carnosine (β-alanine-L-histidine) in 
mammals was discovered more than a century ago [86]. Carnosine is mainly present in 
skeletal muscles but it can be also found in central nervous system [30, 62, 122]. The 
physiological role of the peptide is still not fully understood [120]. We know that the 
dipeptide may be beneficial for many diseases, such as diabetes, cancer, ischemia 
damage and ocular diseases [1, 13, 15, 43, 64, 140, 207, 224, 259, 265]. Moreover, in 
animal models carnosine features also neuroprotective properties [52, 93, 203, 240]. 
These characteristics are likely to be linked to its capability of acting as a mobile pH 
buffer, as a free readicals and a reactive oxygen species scavenger, and as a heavy 
metal ions chelator [61, 123, 206].a Unfortunately, however, its rapid enzymatic 
hydrolysis in human body hampers most of its therapeutic applications [248]. This is 
performed by tissue and serum carnosinases [142, 145, 233]. The former one has a 
broader range of substrates, while the latter is highly specific for carnosine.b In the 
human bloodstream, serum carnosinase hampers most of carnosine’s beneficial effects. 
The enzyme exists as a dimer and as a monomer and the equilibrium between the two 
forms is age-dependent, with the dimeric form shown to be the more active one in 
adults [110, 142, 197]. Structural information is available only for the dimeric form of 

                                                

a Carnosine is indeed commercially available as dietary supplement [216]. 

b Interestingly, the serum carnosinase is present only in primates and not in all 
mammals, unlike tissue carnosinase [110]. 



 

 

2 

the enzyme (PDB ID: 3DLJc): it shows that each monomeric unit has a di-zinc co-
catalytic active site located on the catalytic domain. The active site is fully conserved 
among the other members of M20 family of metallopeptidases [208], consisting of two 
zinc ions, each coordinated by acidic and histidine residue and bridging aspartate and 
water molecule that coordinates both ions [25] (Fig. 1.1; see Appendix 1 for details of 
the currently proposed enzymatic reaction mechanism). However, the molecular basis 
of the different activity between the two physiological forms is not known. Inhibiting 
this enzyme is a very promising strategy for the treatment of pathological conditions 
using carnosine itself. Instead of using carnosinase inhibitors, an alternative beneficial 
strategy would be to use non-hydrolysable carnosine derivates. Unfortunately, despite 
the effort to design and to use non-hydrolysable carnosine derivatives [22-24, 27, 248, 
249], none of them is currently in clinical trials. New strategies to identify potent and 
efficient ligands should therefore be sought.  

Here I have used computational methods to address key issues regarding the human 
serum carnosinase activity. First, I have investigated structural differences between the 
monomeric and dimeric forms of the enzyme and described how are these differences 
reflected to the substrate binding. QM/MM simulations show that upon dimerization, 
the loop region of one monomeric unit is entangled in the active site of the cognate 
monomeric unit (Fig. 1.1), leading to the formation of an extra hydrogen bond with the 
peptide oxygen of the substrate. This affects the polarization of the peptide bond and 
makes it more prone to hydrolysis. This may be consistent with experimental 
evidences showing that the dimer is more active with respect to the monomer [197]. 

As a next step, I have designed new ligands that fit nicely in the enzymatic catalytic 
site, capitalizing on the information gained by the simulations. First, I have compared 
the binding modes of the substrate carnosine with that of a competitive inhibitor, which 
has much slower rate of hydrolysis [197, 233]. I focus here on carnosine’s homologue 
homocarnosine (γ-aminobutyryl-L-histidine) [197, 233]. This has allowed me to 
clarify the molecular basis for the fact that carnosine is a substrate of the enzyme and 
homocarnosine is, instead, a competitive inhibitor. In addition, my calculations show 
that homocarnosine forms more hydrogen bonds with the enzyme than carnosine. This 
may be consistent with its lower experimental Km value [233]. Based on this structural 
information, I could design novel carnosine derivatives that might retain most of the 
carnosine’s beneficial properties, while being less prone to be hydrolyzed. Structure-

                                                

c Article was never published. 
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based virtual screening techniques lead to the determination of 25 potential candidates, 
currently under enzymatic essays in the laboratory of Professor Enrico Rizzarelli at 
University of Catania, Italy. 

 

Figure 1.1: hCN1 homodimer structure shown in ribbons representation, where two 
monomers are shown in pink and grey, respectively. The active site residues are 
colored in yellow and Zn2+ ions in dark violet. Oxygen atoms are colored in red, 
nitrogen atoms in blue and bridging water molecule in dark blue. Coordination bonds 
are shown as dashed green lines. Non-polar hydrogen atoms are not shown due to 
clarity reasons.  
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2 Biological introduction 

2.1  Carnosine 

L-carnosine is an endogenous dipeptide, formed from β-alanine and L-histidine.d It 
was discovered already in 1900 by Gulewitsch and Amiradžibi in Liebig’s meat extract 
[86], and named accordingly after the tissue, where it was discovered.e Its most 
common natural derivatives are anserine, ophidine -known also as balenine (both are 
methylated on the imidazole ring)- and homocarnosine (β-alanine is substituted by γ-
aminobutyric acid, GABA). The other naturally occurring carnosine derivatives 
include acetylcarnosine (β-alanine is acetylated) and carcinine (L-histidine is replaced 
by histamine) [30]. Schematic representation of carnosine and its connection with its 
derivatives is shown in Figure 2.1. 

 

 

 

                                                

d  D-carnosine is its stereoisomer, however only L-carnosine is an endogenous 
dipeptide and was more extensively studied in the presented work. Therefore, 
throughout the thesis term carnosine is used for L-carnosine. 

e The root carn- in Latin means “meat” or “flesh”. 
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Figure 2.1: Metabolic pathways of carnosine and its naturally occurring derivatives. 
The enzymatic reactions that are further discussed in the thesis are colored in green 
(synthesis) and in red (degradation). All compounds are shown in their non-ionized 
state. CN stands for carnosinase, CS for carnosine synthase, CMT for carnosine-N-
methyltransferase and HDC for L-histidine decarboxylase. 
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2.1.1  Distribution of carnosine and its natural analogs 
Carnosine and its natural derivatives have been detected only in muscles of vertebrates, 
while they are almost completely absent in other living organisms. Normally in 
amphibians, reptiles, birds and fishes only one of the analogs is present, namely 
carnosine in amphibians, anserine in birds and ophidine in reptiles, while in fishes 
either anserine, ophidine or just free L-histidine were detected [2, 3, 10, 11, 29, 30, 45, 
53, 113]. In contrast with other vertebrates mammal’s muscles contain carnosine and 
either anserine or ophidine [10, 11, 29, 30, 45, 48, 53, 66, 91, 109, 121, 169, 205, 227]. 
While in the majority of land-living mammals studiedf anserine was detected, ophidine 
is usually found in marine mammals [10, 11, 30, 45, 48, 53, 66, 91, 109, 169, 205, 227, 
262]. There are exceptions such as some odd- and even-hoed ungulates, whose muscles 
contain carnosine together with both of its methylated analogs, though carnosine is the 
predominant compound [30]. Interestingly however is the fact that Homo sapiens is 
one of only two mammalian species where only carnosine is present in their muscles 
[30].  

Carnosine is mainly found in skeletal muscles (5-8 mmol/L in wet weight or 20-30 
mmol/kg in dry weight) [62], where over 99% of all body carnosine is present. The 
only other location, with a milimolar order of magnitude of concentration, is the 
olfactory bulb [122], Other tissues like brain regions and body fluids also contain 
carnosine, however in 10- to 1,000 fold lower concentrations compared to the 
carnosine’s concentration in skeletal muscles [122]. These data comes from mice, 
since, unfortunately, information about human carnosine distribution is so far lacking 
[30]. Due to the high concentrations and ease of measurement the carnosine content in 
human was measured only in the skeletal muscle [157, 184]. Homocarnosine on the 
other hand is mainly found in the human brain, whereas its concentration elsewhere is 
negligible [198]. 

Since the scope of the present thesis lies in understanding the role of carnosine in 
human body and its possible therapeutic applications in the treatment of various 

                                                

f Not all mammalian orders have been investigated so far for their carnosine content. 
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neurodegenerative diseases, further discussion on carnosine and its analogs is mainly 
limited on their distribution and role in human body. 

2.1.2 Biochemical properties of carnosine and its role in human body 
Carnosine in human body is mainly found in its zwitterionic form [30]. Due to the 
presence of the imidazole ring, which has pKa value of 6.72 [251], it is a suitable 
compound to act as a pH buffer. Even though it provides a relatively small contribution 
to the total buffering capacity (between 4.5% and 9.4%) [157], its advantage lies in the 
mobility. In contrast with proteins, which are localized buffers, carnosine is dissolved 
in the myoplasm and therefore has a role of a mobile buffer [30, 119].  

Another important characteristic of carnosine is its metal ion chelation ability. Studies 
were reported for its affinity toward Cu2+, Co2+, Ni2+, Cd2+ and Zn2+ [16, 30, 63, 71, 
146, 168, 237, 238], though the most biologically relevant are complexes with Cu2+ 
and Zn2+ as their (dis)homeostasis is important in many neurological disorders, such as 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [125, 175]. Both ions form at 
least four different complexes with carnosine in vitro and their presence is pH-
dependent [237, 238]. For human biology the most important complexes are those 
formed at physiological pH, at which both, Cu2+ and Zn2+ ions, form two different 
complexes with carnosine, monomeric and dimeric ones [237, 238]. However, due to 
the rather low concentrations of free metals in human body, the formation of dimeric 
complexes in vivo is unlikely [38, 223]. The metal chelation property of carnosine 
could be used in therapeutic purposes aimed in the regulation of Zn2+ and Cu2+ ions 
homeostasis in order to prevent neurodegenerative pathological states [190]. 
Additionally, the imidazole ring of carnosine can also act as a free radical (e.g. peroxyl 
radicals) and reactive oxygen species (ROS) scavenger [61, 129, 266]. Carnosine’s 
ability to scavange free radicals and ROS and to chelate heavy metal ions in turn all 
contribute to its antioxidant activity [31-33].  

2.1.3 Effects of carnosine on different pathological conditions and its 
possible therapeutic use 

Most of the research on human diseases is performed in animal models. However, in 
contrast with humans, where carnosine is rapidly degraded by human serum 
carnosinase enzyme, animal serum shows only low carnosinase activity and therefore 
many carnosine’s beneficial and therapeutic effects could be at least partially attributed 
to the elevated carnosine concentrations in their bloodstream [69, 260]. Carnosine 
showed beneficial effects in diabetes (carnosine increased diet showed hypoglycemic 
effect [140]), ocular diseases (it inhibited α-crystallin aggregation [13, 15, 224, 259]), 
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ischemia damage (mainly through its antioxidant activity [1, 64, 207, 265]), cancer (it 
is able to deplete glycolysis intermediates by its carbonyl quenching ability and 
therefore reduce the generation of ATP, which is predominantly glycolytic in tumor 
cells, while in differentiated fibroblasts it is predominantly of aerobic and 
mitochondrial origin [43, 257]) and wound healing (as a L-histidine precursor it 
regulates histamine synthesis during trauma [73] and on the other hand as a source of 
β-alanine stimulates collagen biosynthesis [176]). Most importantly, it also showed 
protective ability against AD and PD as well as it slows down the aging process [34, 
79, 162, 261]. The role of carnosine against neurodegeneration is further described in 
the next paragraphs. 

2.1.4 Carnosine in Alzheimer’s and Parkinson’s disease 
AD is an incurable and progressive neurodegenerative diseases [182] and is the most 
common form of dementia. It affects more than 46 million people worldwide and this 
number is expected to almost triple by 2050 [204]. The most notable changes in people 
suffering from the AD are the loss of memory, behavioral and physical disability and 
cognitive decline, which at final instance lead to death [28, 161, 163]. The two main 
histopathological hallmarks of AD are extracellular depositions of fibrillar peptides 
(i.e. senile plaques) and intraneuronal fibrillar tangles [125]. Three main theories about 
the disease pathogenesis exist so far, (i) amyloid cascade hypothesis, (ii) metal ion 
hypothesis and (iii) oxidative stress hypothesis [125]. It is worth mentioning that these 
three hypotheses are not excluding each other but rather complementing. 

(i) The amyloid cascade hypothesis. The focus of amyloid cascade hypothesis lies 
in the amyloid imbalance and formation of senile plaques. β-amyloids (Aβ), 
~40-residues long fragments formed when Aβ precursor protein (APP) is 
cleaved by two aspartyl proteases [87, 226, 230], accumulate to form soluble 
oligomers, protofibrils and extracellular insoluble senile plaques, from which 
the soluble oligomers are believed to be the toxic form [107, 124, 147]. They 
can directly damage neurons and cause their death, destroy electrochemical 
signaling by (i.e. by forming small membrane-soluble channels that cause ions 
dishomeostasis, specially Ca2+) and accumulate in mitochondria, disturbing the 
respiratory chain, which in turn causes oxidative stress and in final instance 
neuronal death. 

(ii) The metal dishomeostasis hypothesis. Observations have shown heavy metal 
dishomeostasis in AD patients [133, 153]. Namely, higher zinc concentrations 
have been reported in blood and hippocampus of AD patients [55, 215], while 
on the other hand the zinc levels in cerebrospinal fluid (CSF) of AD patients 
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was lowered [112]. Globally, the overall zinc levels in the brain are reported to 
be either unchanged or lowered [185, 222]. Moreover, copper levels were 
found to be depressed in the AD brain tissue [106, 209, 221, 222]. For both, 
zinc and copper ions, it is believed that they catalyze the aggregation of Aβ 
[228]. Finally, the increased iron concentrations were also reported in AD 
neuropils [154, 218, 263] as well as very high concentrations of iron were 
found in Aβ plaques [154].  

(iii) The oxydative stress hypothesis. Finally, the oxidative stress hypothesis 
originates from the effects of ROS and reactive nitrogen species (RNS) on the 
neurodegeneration. Both, ROS and RNS, have the ability of lipid peroxidation, 
protein oxidation and DNA oxidation, which were all observed in AD brains 
[131, 180, 200, 202]. 

Carnosine can possibly play a protective role in AD development through at least two 
different mechanisms. First, it can directly inhibit Aβ polymerization and aggregation 
by forming weak interactions with the charged groups surrounding the central 
hydrophobic cluster of Aβ [14, 203]. The second mechanism could be related to 
carnosine’s heavy metal ion chelating ability, more precisely Zn2+ chelating ability. 
Elevated concentrations of Zn2+ ions were found in the post-mortem brains of AD 
patients, especially in the hippocampus [39, 49, 190]. Since it was shown that Zn2+ may 
induce oligomerization and aggregation of β-amyloid, carnosine’s ability to chelate 
free Zn2+ ions may prove neuroprotective. It was shown in vivo in animal models that 
carnosine was indeed able to counteract β-amyloid aggregation [52]. Additionally, 
physiologically relevant carnosine concentrations provide a protective effect against 
Zn2+- and Cu2+-induced toxicity in cultured neurons [105]. Moreover, one study reports 
significantly lower carnosine concentrations in plasma in AD patient compared to the 
healthy controls [74], further suggesting carnosine’s neuroprotective properties. 

Another widely spread common neurodegenerative disorder is Parkinson’s disease 
(PD), though in comparison with AD it affects an order of magnitude less people 
worldwide (~6 million). Its development starts in several brain regions, from which the 
most affected is the substantia nigra that controls balance and movement [136, 181]. 
Usually the first symptom is the trembling or shaking of a limb or one part of the body 
[201]. 

The pathophysiological picture of the disease is still not completely understood [175], 
though it is believed that the following two neuropathologies are the main cause of PD: 
(i) loss of pigmented dopaminergic neurons in the substantia nigra pars compacta [4, 
156] and (ii) presence of Lewy bodies and Lewy neuritis [254]. The protective role of 
carnosine in PD is suggested to be due to its ability to inhibit α-synuclein 
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oligomerization [118, 126], which is one of the major constituents of Lewy bodies, and 
its ability to suppress some other changes in animals models of PD [240].  

2.1.5 Carnosine metabolism 
Carnosine is formed from β-alanine and L-histidine, where β-alanine is located on the 
N-terminal and L-histidine on the C-terminal part of the dipeptide. Though there were 
attempts from 1950 onwards to characterize the protein responsible for carnosine 
synthesis, it was only in 2010 when carnosine synthase (CS) was molecularly 
identified [65]. It is believed that the CS is a homotetramer with molecular mass of 
~430 kDa and uses ATP in carnosine synthesis [65]. Based on this data it was 
classified as an ATP-grasp superfamily member, more specifically, as an ATPGD1 
(ATP-grasp domain containing protein 1) [65]. 

The tissues with highest presence of CS include skeletal and heart muscles and certain 
brain regions [65], where the highest CS expression in the latter is in olfactory neurons. 
This is completely in agreement with the high carnosine concentration in those tissues 
[103, 158]. CS is located intracellularly and studies indicate that it is a cytosolic 
enzyme [65, 90, 177]. Except for the suggestion that the enzyme is potentially redox 
regulated, little is known about regulatory mechanism of CS expression and activity 
[65].  

While it assumed that CS is the sole enzyme responsible for the synthesis of 
homocarnosine in brain, methylated carnosine analogs are synthesized either through 
carnosine N-methyltransferase, which catalyzes the methyl group transfer from S-
adenozylmethionine to carnosine, forming either anserine or ophidine, or through 
enzymatic condensation of β-alanine with N-methylhistidine by CS [30].  

Carnosine can be transported across cellular membranes using oligopeptide 
transporters 1 and 2 (PEPT1 and PEPT2) and peptide/histidine transporters 1 and 2 
(PHT1 and PHT2), all of them belonging to the proton-coupled oligopeptide family of 
transporters [214, 258]. PEPT1 and PEPT2 have a very broad specificity of dipeptide 
and tripeptide targets, however they are not able to transport single amino acids or 
longer peptides [258]. On the other hand, PHT1 and PHT2 are able to transport also L-
histidine itself, however their specificity is not clearly known.  

Absorption of carnosine in small intestine to enterocytes, where it is partially 
hydrolyzed by the tissue carnosinase enzyme (CN2), is PEPT1 mediated [18, 80]. The 
remaining carnosine that is not hydrolyzed enters the bloodstream, where it is 
hydrolyzed by the serum carnosinase enzyme (CN1) [18, 80]. PEPT2 is responsible for 
the renal uptake of carnosine to epithelial cells [234, 235], where it is either 
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accumulated or hydrolyzed by carnosinases and its constituent amino acids are then 
transported to the blood across basolateral membrane using amino acids transporters. 
Moreover, PEPT2 is also responsible for more than 90% of the carnosine uptake in 
choroid plexus from CSF, suggesting that PEPT2 plays an important role of peptides 
homeostasis in CSF [234]. 

PHT1 and PHT2 on the other hand are primarily expressed in skeletal muscle, spleen, 
placenta, lung, leukocytes and heart [35]. Since the majority of the carnosine in human 
body is present in skeletal muscles, one could assume that also carnosine transporters 
are functionally expressed there. Indeed, mRNA transcripts of PHTs were recently 
found in mouse and human skeletal muscles [68]. 

Since for this work the most important enzymes in the carnosine metabolism are 
carnosinases, carnosine degrading enzymes are described in more details in the 
following paragraphs. 

2.2  Carnosinase enzymes 

While carnosine degrading enzyme in animals have been observed already in late 
1940s by Hanson and Smith [89] and later studied by Rosenberg [210, 211], it was 
only twenty years later when carnosinase activity in humans was first described by 
Perry et al. [195], who studied carnosine and anserine degradation in patients with 
carnosinemia, and purified from human placenta [267]. Initially, two forms of 
carnosine-degrading activity were observed from human sera and tissue [172]. 
Therefore it was assumed that the enzyme present in human serum and tissue is 
actually the same enzyme in two different forms and similar to hog kidney carnosinase 
[145]. It was only 10 years later when Lenney et al. distinguished that in fact 
carnosinase activity in the human tissue and serum comes from two isoenzymes rather 
than two forms of the same enzyme [142, 145].g Based on their distribution in human 

                                                

g Their assumption was based on the different properties of both isoenzymes purified 
from human tissue and serum, such as their specificity for other di- and tripeptides 
(tissue carnosinase hydrolyzed much wider range of di- and tripeptides), optimum pH 
range for carnosine hydrolysis (8.5 and 9.5 in serum and tissue carnosinase, 
respectively), isoelectric point (4.7 compared to 5.6 in serum and tissue carnosinase), 
molecular weight (160 and 90 kDa), activity towards homocarnosine (hydrolyzed only 
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body they were named human serum carnosinase (EC 3.4.13.20) and human tissue 
carnosinase EC 3.4.13.18) 

Tissue carnosinase is present in the tissue of all mammals, while serum carnosinase 
was found only in higher primates (its presence was confirmed in the serum of 
humans, chimpanzees, gibbons, gorillas, orangutans and pygmy chimpanzees). On the 
other hand, in non-primate mammals, with exception of Syrian golden hamster, the 
carnosinase enzyme was absent in the serum [110].  

Finally, in 2003 Teufel et al. identified and characterized the nucleotide sequence of 
two novel genes coding human serum carnosinase (hCN1) and human tissue 
carnosinase (hCN2), showing 49% sequence identity between both of them [233]. Both 
enzymes have been identified and characterized in humans as well as their tissue 
counterpart in mice (mCN2) [183, 233]. High sequence identity between the hCN2 and 
mCN2 (91% identity) suggests that the primary structure is highly conserved between 
the tissue carnosinase enzymes from different mammals. Furthermore, properties 
discriminating between serum and tissue isoenzymes described by Lenney et al. [142] 
were confirmed in the study of Teufel et al. [233]. Namely, pI had values of 4.4 and 
5.6 for hCN1 and hCN2, respectively. The optimum pH for enzymatic activity towards 
carnosine was the same as reported before, namely in the range between 7.5 and 8.5 for 
hCN1, whereas it had more narrow range around 9.5 for hCN2. The molecular mass of 
native forms of both enzymes was 167 kDa and 90 kDa for hCN1 and hCN2. hCN1 
showed catalytic activity for homocarnosine while this was not the case for hCN2, 
despite its broader substrate range. The Km values for carnosine were 1.27 mM and 15 
mM for hCN1 and hCN2 and 0.2 mM for homocarnosine in hCN1. For comparison 
between properties of hCN1 and hCN2 see also Table 2.1. Both, hCN1 and hCN2 were 
classified as metallopeptidases of M20 family in the MEROPS database 
(http://merops.sanger.ac.uk) [208].  

                                                                                                                                         

by the serum enzyme), affinity for carnosine (serum carnosinase had affinity of 4 mM, 
while this value increases to 10 mM in tissue carnosinase) and inhibitory effect of 
different compounds (while addition of metal chelators, such as EDTA inhibited both 
enzymes, bestatin inhibited only the tissue carnosinase). 
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Table 2.1: Differences between hCN1 and hCN2 as reported by Lenney et al. [142] 
and Teufel et al. [233].  

Property 

Humans serum carnosinase Human tissue carnosinase 

Lenney et al. 

[142] 

Teufel et al. 

[233] 

Lenney et al. 

[142] 

Teufel et al. 

[233] 

Specificity - Narrow - Broad 

Optimum pH 8.5 7.5 – 8.5 9.5 9.5 

pI 4.7 4.4 5.6 5.6 

Mr (of 

homodimer) 
160 kDa 167 kDa 90 kDa 90 kDa 

Km     

Carnosine 4 mM 1.27 mM 10 mM 15 mM 

Homocarnosine active 0.2 mM not active - 

Inhibitors EDTA 
1,10-o-

phenantroline 

EDTA, 

bestatine 

p-hydroxy-

mercuri-

benzoate, 

bestatine 

2.2.1 Homocarnosine degradation enzymes 
An enzyme with the homocarnosine degrading property was found in the hog kidney 
and was named homocarnosinase [143]. However, its counterpart was not found in the 
humans. So far the only enzyme with known homocarnosine degrading ability is 
hCN1. Based on its ability to hydrolyze also homocarnosine it is believed that hCN1 in 
human body takes place of homocarnosinase in other mammal species [144]. Since the 
hCN1 is responsible for degradation of carnosine and homocarnosine in human blood 
and CSF, its interaction with both endogenous substrates was further considered in our 
work. 

2.2.2 Distribution of hCN1 in humans 
hCN1 in human is mainly found in the serum and cerebrospinal fluid (CSF). The hCN1 
activity detected in other tissues was found to be proportional to the ratio of the blood 
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in the tissue extracts [233]. Moreover, it was proven that carnosinase enzymatic 
activity in CSF comes from the hCN1, which is believed to be secreted to CSF from 
brain cells [233]. The role of CN1 in brain is believed to be the regulation of 
homocarnosine levels, while in the blood stream it may act as regulator of carnosine 
and anserine concentrations [144].  

Already the first study of hCN1 in human sera by Perry et al. reports an absence of 
hCN1 from sera of newly born infants and its concentration gradually increases to 
reach a physiological concentration in sera of healthy adults. The same conclusions 
were confirmed in studies of Lenney et al. [142], Jackson et al. [110] and Teufel et al. 
[233]. However, recently Peters et al. reported that also sera of children and newly 
born infants does contain hCN1, however in its less active monomeric form [197]. The 
content of the dimeric form in humans seems to increase with age [197]. Since the 
activity of the monomer is lower than that of the dimer, this leads us to suggest that a 
possible rearrangement of the structure upon dimerization may affect the enzymatic 
function [149].  

2.2.3 hCN1’s substrates and its role in blood and CSF 
It was shown that human serum carnosinase is a dipeptide-degrading enzyme with very 
narrow range of substrates. Apart for its carnosine-hydrolyzing activity, it shows 
activity, however lower, for homocarnosine, anserine, ophidine etc. While enzymatic 
activity (kcat/Km ratio) is known only for carnosine and homocarnosine, Km values were 
obtained also for anserine and ophidine [142, 192, 233]. Little kinetic data is available 
about other substrates. 

So far, hCN1 remains the only known enzyme to enzymatically hydrolyze both 
carnosine and homocarnosine in blood and CSF [144, 233]. However, it is not 
completely clear why serum carnosinase is present in humans and other primates. It 
could be naively assumed that its role is to keep the serum carnosine concentration 
within certain homeostatic range. However, there are two reasons, why this is 
implausible. Firstly, many mammals with a large intake of carnosine or its analogs 
exhibit very low serum carnosinase activity in comparison with humans. Therefore, 
most probably hCN1 did not evolve to reduce (too) high carnosine concentrations in 
serum [30]. Moreover, studies on patients with carnosinase deficiency related diseases 
do not suggest that high carnosine concentrations would be directly causing mental 
retardation or any other clinical signs [50].  
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Finally a question arises, why would human body develop an enzyme that degrades a 
compound, showing protective properties in a number of disease, while by itself shows 
low toxicity? This has been called the human carnosinase paradox [97]. 

The only reasonable explanation for the existence of hCN1 so far is that it serves for 
the delivery of the hydrolysis products, such as β-alanine, L-histidine and GABA. 
hCN1 most probably gets in contact with its two substrates in the interstitium of certain 
tissues, where substrates are available through the release by cells. However, this 
explanation is still only hypothetical and further research is necessary in order to fully 
explain and understand the presence and the role of hCN1 in human serum [30].  
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3 Methods 

3.1 Molecular dynamics 

3.1.1 Statistical mechanics and molecular dynamics 
By using statistical mechanics, we can connect information at microscopic level 
generated by molecular dynamics (MD) simulations (e.g. atomic positions, velocities) 
with experimental macroscopic quantities (e.g. pressure, temperature, energy) [7]. A 
system consisting of N particles can be defined through a set of particles’ positions 
! = !!,… ,!!  and their corresponding momenta ! = !!,… ,!!  and 

represented as a point in a 6N- multidimensional space called phase space. For a 
particular point in phase space (a microscopic state of the system), named Γ, we can 
define the value of a property A as a function of Γ, A(Γ). The experimentally 
observable value of A is defined as the ensemble average or thermodynamic average 

!!"# = ! !"# = ! Γ ! Γ !Γ, (3.01) 

where p(Γ) is the probability distribution function of collection of points Γ and 
!Γ = !!!⋯!!!!!!⋯!!! . The probability distribution function is dependent on the 
macroscopic parameters, which define the experimental conditions. If we consider a 
canonical ensemble, where the number of particles, N, the volume, V, and the 
temperature, T, of the system are constant, then we can write the probability 
distribution function as the Boltzmann distribution function 
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!!"# =
!!

!(!)
!!!

! , (3.02) 

where H(Γ) is the classical Hamiltonian of the system defined as  

! Γ = ! !! , !! = !!
!

2!!
+ ! !!

!

!!!
, (3.03) 

 (!!,!!!and !! are the position, momentum and mass of the particle I), !! is Boltzmann 
constant, and Z is the canonical partition function defined as 

! = !Γ!!"# Γ = !Γ!!
! !
!!! . (3.04) 

Since calculating Z is rather difficult in complex system like the biomolecular ones, we 
can obtain the ensemble average by an alternative strategy, namely by using MD 
simulations. Here, we consider the motion of Γ through the phase space as a function 
of time and with the initial point, Γ(0). By integrating the equation of motion from 0 to 
time τ we can obtain the evolution of Γ in a form of a trajectory consisting of a set of 
points Γ(t). Then, we can write the time average of A as 

! ! =
1
! ! Γ ! !".

!

!
 (3.05) 

The “ergodic hypothesis” connects ! ! and ! !"#. For a system for which the ergodic 
hypothesis holds, if the system, is at equilibrium and is allowed to evolve infinitively 
long ! → ∞ , then it will pass through all the possible states. Therefore, we can write 

lim
!→!

! Γ ! = ! Γ !. (3.06) 

In practice, this means that the longer trajectory we generate, the closer we get to the 
ergodic condition and therefore the equality in (3.06) is better satisfied. 

All molecular systems are assumed to be ergodic, which provides us with the 
theoretical justification for using MD simulations as tool to calculate ensemble 
averages of molecular systems [7]. 
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3.1.2 Derivation of molecular dynamics equations 
MD is an important and one of the most commonly used computational technique to 
study structure and function of biological (macro) molecules. The most accurate 
description of the time-dependent behavior of a molecular system can be obtained by 
solving its time-dependent Schrödinger equation: 

!ℏ !!"Ψ !! , !! ; ! = !Ψ !! , !! ; ! , (3.07) 

where !!  and !!  are the positions of the electrons and nuclei of the system, 
respectively, t is the time.  Ψ represents the total wavefunction and H the Hamiltonian 
of the system usually defined as 

! = − ℏ!
2!!!

∇!! −
ℏ!
2!!!

∇!! +
1

4!!!
!!

!! − !!!!!
− 1
4!!!

!!!!
!! − !!!,!

+ 1
4!!!

!!!!!!
!! − !!!!!

= − ℏ!
2!!!

∇!! −
ℏ!
2!!!

∇!!

+ 1
4!!!

!!
!! − !!

+ !!!! !! , !!
!!!

= − ℏ!
2!!!

∇!! + !! !! , !! .!

(3.08) 

In (3.08), the first term represents the kinetic energy of the nuclei, the second term the 
kinetic energy of the electrons and the next three terms the electron-electron, electron-
nuclear and nuclear-nuclear Coulomb interactions, respectively. !! and !! are the mass 
and atomic number of the !!! nucleus. !! and −! are the mass and charge of the 
electron and !! is the vacuum permittivity. Finally, !! is the electronic Hamiltonian.h  

The total wavefunction, Ψ !! , !! ; ! , can be separated into the product consisting 
only of the electronic and the nuclear contributions (one-determinant approximation 
ansatz) [160, 241, 242]. 

                                                

h  Note that this is the expression for the non-relativistic Hamiltonian, which is 
sufficient to get reasonably accurate description for the most of the biological systems. 
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Ψ !! , !! ; ! = ! !! ; ! ! !! ; ! !
!
! !! !! !!!!

!! , (3.09) 

where the electronic ! !! ; !  and nuclear ! !! ; ! wavefunctions are separately 

normalized to unity at every instant of time !; ! !; ! = 1 and !; ! !; ! = 1 . The 
phase factor in (3.09) can be rewritten considering that  

!! = !∗ !! ; ! !∗ !! ; ! !!! !! ; ! ! !! ; ! !!!!. (3.10) 

By inserting the last two equations, (3.09) and (3.10) into the Schrödinger equation 
(3.07), multiplying from left by ! !! , ! | and ! !! , ! |, integrating over all the 
electronic and nuclear positions and applying the condition of energy conservation  

!
!" ! = Ψ∗ !! , !! ; ! !Ψ !! , !! ; ! !!!! = 0, (3.11) 

we get the following set of coupled time-dependent Schrödinger-like equations: 

!ℏ !"!" = − ℏ
2!!!

∇!!! + !∗ !! ; ! !!!! !! , !! ! !! ; ! !! !, (3.12) 

!ℏ !"!" = − ℏ
2!!!

∇!!! + !∗ !! ; ! !! !! , !! ! !! ; ! !! !. (3.13) 

The electrons and the nuclei move in a time-dependent potential given by averaging 
over the other class of degrees of freedom.  

In the next step, we want to approximate the quantum mechanical motion of the nuclei 
(much heavier than electrons) as a classical mechanical motion. To do this, we first 
rewrite nuclear wavefunction ! in polar representation 

! !! , ! = ! !! ; ! !
!" !! ;!

ℏ , (3.14) 

where A is amplitude and S is phase. If we now insert this expression in equation (3.13) 
and separate real and imaginary parts we get 

!"
!" =

1
2!!

∇!! ! + !∗!!!"! = ℏ!
!

1
2!!

∇!!!
!

!
, (3.15) 

!"
!" +

1
!!

∇!! ∇!! +
!

1
2!!

! ∇!!!
!

= 0. (3.16) 
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The latter equation can be rewritten as a continuity equation for the density probability 
!! = ! ! of the nuclei by multiplying from left by 2A 

!!!
!" +

1
!!
∇! !!∇!!

!
= 0. (3.17) 

However, more important for our purpose is the equation (3.15), which contains term 
that depends on ℏ. This contribution vanishes in the classical limit ℏ → 0 and if we set 
∇!! as the momentum of nucleus I, !!, we get 

!"
!" =

1
2!!

!!! + !∗!!!"! = 0
!

. (3.18) 

This equation is isomorphic to the Hamilton-Jacobi equation [83, 160] of a classical 
mechanics system 

!"
!" + ! !! , !! = 0, (3.19) 

with the classical Hamiltonian H as 

! !! , !! = ! !! + ! !! = 1
2!!

!!! + !∗!!!"!
!

. (3.20) 

The corresponding Newtonian equation of motion is 

!!!
!" = −∇! !∗!!!"! (3.21) 

or 

!!!! = −∇! !∗!!!"! = −∇!!! !! .! (3.22) 

Therefore, in this approximation the nuclei move according to classical mechanics in 
an effective potential !! due to the electrons. This potential is a function of only the 
position of nuclei at a time t as a result of averaging !! over the electronic degrees of 
freedom at a given instantaneous nuclear positions !! ! . 

In order to solve the equation for electronic wavefunction (3.12), which contains the 
full quantum nuclear wavefunction, in the classical limit ℏ → 0 we can replace the 

nuclear density ! !!
!
 with a product of delta functions ! !! − !!(!)!  centered at 

the instantaneous nuclear positions !! ! . The expectation value of the position 
operator in (3.12) now becomes 
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!∗ !! ; ! !!! !! ; ! !! → !! ! , (3.23) 

leading to a time-dependent wave equation for the electrons 

!ℏ !"!" = − ℏ!
2!!!

∇!!! + !!!! !! ; !! ! !

= !! !! ; !! ! ! !! ; !! ; ! , 
(3.24) 

which evolves self-consistently as the classical nuclei are propagated according to the 
equation (3.22). 

Molecular dynamics simulations are branched out into two methodologies based on the 
treatment of the electronic part, ab initio (forces on nuclei are obtained from the 
electronic structure calculations) and classical MD (forces are derived from the 
predefined potential models by analytical gradient applications). Both methodologies 
are described in the following sections. 

3.1.3 Ab initio molecular dynamics 

3.1.3.1 Ehrenfest MD 

This method is named after Ehrenfest who was the first to address the question of the 
derivation of Newtonian classical dynamics from the Schrödinger wave equation. It is 
relying on solving equations (3.22) and (3.24) simultaneously. The time-dependent 
electronic Schrödinger equation is solved “on-the-fly” as the nuclei are moving 
according to classical mechanics. The electronic wavefunction ! from the equation 
(3.24) can be expanded in terms of a basis of electronic states !! 

! !! , !! ; ! = !! !
!

!!!
!! !! , !! , (3.25) 

where !! !  are complex time-dependent coefficients satisfying 

!! ! ! = 1.
!

 (3.26) 

A possible choice for the basis functions !!  is the adiabatic basis obtained from 
solving the time-independent electronic Schrödinger equation 

!! !! , !! !! !! , !! = !! !! !! !! , !! , (3.27) 
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where !! are the instantaneous nuclear positions at time t based on equation (3.22). 
Now we can write the equations of motion (3.22) and (3.24) as 

!!!! ! = − !! ! !

!
∇!!! − !!∗!! !! − !! !!!"

!,!
 (3.28) 

!ℏ!! ! = !! ! !! − !ℏ !! ! !!!!!"
!,!

, (3.29) 

where the coupling terms are defined as 

!!!" !! = !!∗∇!!!!!. (3.30) 

In many cases, the electronic wavefunction (3.25) can be approximated with only one 
electronic state (usually the ground state !!) bringing to the Ehrenfest equations of 
motion 

!!!! ! = −∇! !!∗∇!!!!! (3.31) 

!ℏ !!!!" = !!!!. (3.32) 

It is important to mention that the wavefunction propagation is unitary, meaning that 
wavefunction preserves its norm and the set of orbitals used to build up the 
wavefunction will stay orthonormal [160].  

3.1.3.2 Born-Oppenheimer MD 

An alternative approach to ab initio MD is to solve the time-independent Schrödinger 
equation (3.27) for fixed nuclear positions at each step of the molecular dynamics of 
the nuclei. In this way, the time dependence of electronic structure is a only 
consequence of nuclear motion. The equations of motion in the so-called Born-
Oppenheimer molecular dynamics can be written as 

!!!! ! = −∇!min!!
!! !! !!  (3.33) 

!!!! = !!!! (3.34) 

for the electronic ground state. 
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3.1.3.3 Car-Parrinello MD 

The advantage of Ehrenfest MD lies in fact that we have to calculate the electronic 
wavefunction only at the beginning. However, the integration time step of equations of 
motion is dictated by the intrinsic dynamic of electrons, which is much faster that 
nuclear dynamics. On the other hand, Born-Oppenheimer MD has no electron 
dynamics and the relevant time scale is given by nuclear dynamics, resulting in the 
possibility to employ larger time steps to integrate equations of motion. However, this 
scheme requires that the electronics structure problem (3.34) be solved at every time 
step. 

The ab initio scheme developed by Car and Parrinello [40] combines the advantages of 
the Ehrenfest and the Born-Oppenheimer MD. This scheme allows getting a minimized 
electronic wavefunction while the nuclei are propagated like in the Ehrenfest MD but 
with increased time step. This way, the computational expensive explicit electronic 
minimization at each time step is not needed. This so-called Car-Parrinello MD is 
based on the idea that the fast electronic motion can be adiabatically separated from the 
slower nuclear motion. A “classical” extended Lagrangian of the physical system can 
be written, which includes both electronic and nuclear degrees of freedom, where each 
electronic degree of freedom (orbital !!) is considered as a fictitious (classical) particle 
with a fictitious mass µ. If the fictitious mass of the electrons is small enough that the 
frequencies (energies) of the electronic motion is almost fully separated by the 
frequencies of the nuclear motion, the total electronic wavefunction (which is a 
function of the single orbitals) can follow the nuclear motion “adiabatically”, i.e. 
remaining very close to the Born-Oppenheimer energy surface as done in the Born-
Oppenheimer MD enforcing it by minimizing the wavefunction at each time step. 

The extended Lagrangian postulated by Car and Parrinello reads 

!!" =
1
2!!!!! +

!

1
2 !! !! !! −

!
!! !! !! + !"#$%&'(#%$, (3.35) 

where the first two terms stand for kinetic energy of the nuclei and the fictitious 
electrons with the fictitious mass !, respectively. The third term is the potential energy 
and the last one enforces the orthogonality of the single-electron orbitals !!, which are, 
in contrast with Ehrenfest MD, not conserved and have to be orthonormalized at every 
time step. The corresponding Newtonian equations of motion are obtained from the 
associated Euler-Lagrange equations 
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!
!"
!!!"
!!!

= !!!"
!!!

 (3.36) 

!
!"
!!!"
!!!∗

= !!!"
!!!∗

, (3.37) 

which give 

!!!! ! = − !
!!!

!! !! !! + !
!!!

!"#$%&'(#%$  (3.38) 

!!! ! = − !
!!!∗

!! !! !! + !
!!!∗

!"#$%&'(#%$ . (3.39) 

While the nuclei move at physical temperature ~ !!!!!! , this is not true for the 

electrons, which move at a fictitious temperature ~ ! !! !!! . The fictitious mass is 
the key parameter in controlling the adiabatic separation of the nuclei from the 
electrons. The smaller µ, the closer is the instantaneous minimum energy !! !! !!  
to the exact Born-Oppenheimer energy surface. On the other hand, smaller µ means 
smaller integration step. Therefore, a compromise between accuracy and efficiency in 
the simulations has to be found when choosing the value of µ. 

3.1.3.4 Density Functional Theory 

Ab initio molecular dynamics is not tied to any specific approach of describing 
electronic structure. However, its strength and weakness are connected with the 
strength and weakness of the chosen electronic structure method. Some of the 
electronic structure methods that are employed in combination with ab initio MD are 
the density functional theory (DFT), Hartree-Fock (HF), the full configuration 
interaction (full CI) and the semiempirical methods. In the work of this thesis, we 
mostly employed the DFT-based Car-Parrinello molecular dynamics approach. DFT is 
based on the idea that the ground state properties of a quantum system with N particles 
can be described starting from its charge density ! !  

! ! = ! ! !!,… , !! !!!!⋯!!! . (3.40) 

The two main advantages of this technique are that the density is an observable that 
can be easily measured and visualized and the dimensionality of the problem is 
reduced from 3N (! !!,… , !! ) to 3, since the density is a function of a point in the 
space (! ! ). 
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DFT is founded on the two Hohenberg-Kohn theorems [100]:  

a) The first Hohenberg-Kohn theorem states that the external potential, !!!!, is a 
unique functional of the ground-state electron density ! ! .  

!!!! ! = − !
4!!!

!!
!! − !!

+ !!
4!!!

!!!!
!! − !!!!!

. (3.41) 

Since the external potential determines the Hamiltonian of the system, full 
many-electron ground state is a unique functional of ! !  and the total ground 
state energy is therefore written as a functional of ! ! . 

!! ! ! = ! ! ! + !!!! ! ! + !!!! ! !
= !!!! ! ! + ! ! !!!! ! !!. 

(3.42) 

!!!! ! !  is called the Hohenberg-Kohn functional and is independent of the 
external potential !!!!. 

b) The second Hohenberg-Kohn theorem states that for any trial electron density 
! !  we always have  

!! ≤ !! ! ! . (3.43) 

This means that if we want to find the ground state energy !!, we need to 
search for the minimum of the functional !! ! ! . 

Kohn-Sham equations. The Hohenberg-Kohn theorems provide the theoretical 
framework that proves the equivalence of a quantum description based on the 
electronic wavefunction and the one based on the electronic density. However, they do 
not give any “practical way” to rephrase the quantum problem in terms of the 
electronic density. This step was performed by Kohn and Sham some years after the 
original formulation of the Hohenberg-Kohn theorems. 

Kohn and Sham assumed that for each physical electron system it is always possible to 
find a corresponding reference system of non-interacting electrons (Kohn-Sham 
electrons described by the orbitals !!!") that feels an effective potential (Kohn-Sham 
potential, !!") so that its ground state density is identical to that of the physical system 
(with interacting electrons) [130]. For the non-interacting system of electrons we know 
that the exact solution of the equations of motions in terms of !!!"  is the Slater 

determinant !!!" . The Hohenberg-Kohn functional can therefore be written in terms 

of the non-interacting system orbitals: 
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!!!! ! ! = − ℏ!
2!!

!!!"∗ ! ∇!!!!" ! !!
!

+ !!
4!!!

! ! 1
! − !′ ! !′ !!!!! + !!" ! ! , 

(3.44) 

where  

! ! = !!!" !
!

!
 (3.45) 

by definition, and !!" ! !  is called the exchange correlation energy term. !!" ! !  
is the only unknown term and that has to be approximated. 

The total electronic energy can then be rewritten as  

!!" ! ! = !!!! ! !
+ ! ! !!!! ! !! =

= − ℏ!
2!!

!!!"∗ ! ∇!!!!" ! !!
!

+ !!
4!!!

! ! 1
! − !′ ! !′ !!!!!

+ ! ! !!!! ! !! + !!" ! ! , 

(3.46) 

Since (3.43) holds, we can apply the variational principle to the equation (3.46) 
together with the condition (3.45), obtaining a set of Kohn-Sham equations as 
functions of the Kohn-Sham orbitals !!!" : 

− ℏ!
2!!

∇! + !!" ! !!!" ! = !!!!!" ! ,! (3.47) 

where the Kohn-Sham potential is 

!!" ! = !!!! ! + 1
4!!!

1
! − !′ ! !′ !!! + !!" !  (3.48) 

and !!" !  is the exchange-correlation potential defined as the functional derivative of 
!!" with respect to ! !  

!!" ! = !!!" ! !
!" ! . (3.49) 

If we can solve the electronic quantum problem in the Kohn-Sham DFT, we can 
rewrite the Car-Parrinello Lagrangian in terms of the Kohn-Sham orbitals as 
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!!" =
1
2

!
!!!!! +

1
2

!
! !!!"∗ ! !!!"∗ ! !! − !!" ! !

+ Λ!" !!!"∗ ! !!!"∗ ! !! − !!" ,
!,!

 
(3.50) 

where Λ!" are Lagrange multipliers. 

Exchange-correlation functional. In the equation (3.46) the exchange-correlation 
energy term !!" ! !  is unknown. For any application of DFT, it is crucial to find a 
good approximation of it. Kohn and Sham approximated !!" ! !  through the “local 
density approximation” (LDA) [130, 187], which is widely used in physics. In the 
LDA, the exchange-correlation energy is assumed to be the same as the one of a 
homogenous electron gas with the same density at each point 

!!"!"# ! ! = ! ! !!"!!" ! ! !!

= ! ! !!!!" ! ! + !!!!" ! ! !!. 
(3.51) 

For the homogenous electron gas, the first integral, the “exchange” part can be exactly 
calculated: 

!!!!" ! ! = − 34
3! !
!

!
!
. (3.52) 

The second integral, the “correlation” part has only been determined analytically in the 
high and low density limit [41, 42] and by highly accurate quantum Monte-Carlo 
calculations [44]. Suitable analytical expressions to calculate !!!!"  have been 
developed by Vosko, Wilk and Nusair [253] and by Perdew and Wang [194].  

However, for chemical applications LDA is usually not sufficient and this led to the 
development of generalized-gradient approximations (GGAs) for !!", in which also 
the density gradient ∇! !  is taken into account in the expression of !!": 

!!"!!" ! ! = ! ! !!" ! ! , !∇! ! !! = !!!!" ! ! + !!!!" ! ! . (3.53) 

One of the widely used GGA functionals is given by a combination of the Becke 
exchange functional and the Lee-Yang-Parr correlation functional (BLYP) [20, 139]. 

The Becke exchange functional is defined as 



 

 

28 

!!!!" ! ! = !!!"# ! ! − ! ! !
!
!

!!
1+ 6! sinh!! ! !!, (3.54) 

where  

! = !∇! !
! !

!
!

 (3.55) 

while ! is determined by a fit on the data from an exact HF calculations and was fixed 
by Becke to 0.0042 au.  

The Lee-Yang-Parr correlation functional is written as 

!!!!" ! ! = −! 1
1+ ! !

!
!
! !

+ !! ! !!! !!! !
!
! − 2!!

+ 1
9 !! +

1
18∇

!! ! !!! !
!
! !!, 

(3.56) 

where 

!! =
3
10 3!!

!
! (3.57) 

!! =
1
8
!∇! ! !

! ! − 18∇
!! !  (3.58) 

with a = 0.04918, b = 0.132 derived from the Colle-Salvetti formula to calculate the 
correlation energies from HF second order density matrix. 

Basis set. In the actual implementations of Kohn-Sham equations (3.47), the Kohn-
Sham orbitals !! !  are expanded as linear combination of basis functions, fl, with 
well-known behavior and which allow to perform mathematical operations on 
computers very quickly 

!! ! = !!"!! !; !!
!

, (3.59) 

where cil are orbital expansion coefficients. In general the expression (3.59) holds 
exactly for any reasonable function in the limit of using a complete set of basis 
functions. 
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In this thesis, we used localized Gaussian-type basis functions for ligand 
parameterization at quantum level and plane wave basis set in the ab initio MD 
simulations. Both are described in following paragraphs. 

Localized basis sets. The most widely used basis functions in quantum chemistry are 
the Slater-type basis functions (STOs) 

!!! = !!! !!!!!!
!!!!!!!! !! !  (3.60) 

and the Gaussian-type basis functions (GTOs) 

!!! = !!!!!!!!!
!!!!!!!! !! ! , (3.61) 

Where the integer triplet ! is called the angular momentum channel and !!,!!! and 
!! are constants that are typically kept fixed during an electronic structure calculation, 
so that only the coefficients !!" need to be optimized. 

Plane wave basis set. The use of plane waves as a basis set is more convenient when 
periodic systems has to be described. Plane waves are defined as 

!!!" = 1
! !

!!! , (3.62) 

where ! is the volume of the periodic cell and ! is the reciprocal lattice vector. The 
Kohn-Sham orbitals can be written in Bloch form [12]  

!! !, ! = !!!!!! !, ! , (3.63) 

where ! is a wave vector in the first Brillouin zone of the reciprocal lattice and 
!! !, !  is a cell-periodic function 

!! !, ! = !! ! + !, ! . (3.64) 

The periodic functions can be expanded as a Fourier series 

!! !, ! = 1
! !! !, ! !!!!

!
 (3.65) 

and Kohn-Sham orbitals become 

!! !, ! = 1
! !! !, ! !! !!! !

!
. (3.66) 

Pseudopotentials. In order to minimize the size of the plane wave basis set, core 
electrons (electrons close to the nuclei) are considered as degrees of freedom but 
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simply replaced by pseudopotentials [92, 108, 199], in order to take into account their 
effects on the other (valence) electrons. This approximation is made on the well known 
observation that core electrons are not involved explicitly in the description of 
chemical reactions and are unaffected by the chemical environment. Therefore, core 
electrons effects are implicitly included in the nuclear potential, thus forming a 
pseudopotential, which takes into account joint effect of nucleus and its core electrons 
on the motion of the valence electrons. This way the total electronic wavefunction, 
describing only the valence electron and sometime referred as pseudo wavefunction 
|!!" , is made much smoother close to the nuclear core region. As a consequence, the 
number of plane waves needed to expand this wavefunction can be considerably 
reduced. 

The pseudo valence states can be found by solving the all-electron Schrödinger 
equation for an atom 

! + !!" |!!" = !|!!" , (3.67) 

where ! is the all-electron Hamiltonian of an atom and !!" is an energy-dependent 
non-local potential defined as 

!!" = ! − !! |!! !!|
!∈!"#$

. (3.68) 

|!!  and Ei are the single-electron eigenstates and eigenvalues of the core-electron 
states. Summing the repulsive !!" and the strongly attractive Coulomb potential, !!"#, 
in ! results in a much weaker pseudopotential operator !!"  

!!" = !!"# + ! − !! |!! !!| = !!"# + !!"
!∈!"#$

. (3.69) 

Therefore, pseuodopotentials can be derived from ab initio calculations of isolated 
atoms by solving Kohn-Sham equations. Several procedures have been proposed for 
generating pseudopotentials to be used in combination with a plane waves basis set.. In 
our work, we used the “norm-conserving” pseudopotentials derived through the 
Martins-Troullier (MT) scheme [239], in which the following conditions have to be 
satisfied: 

a) the lowest pseudo wavefunction does not contain any radial nodes; 
b) the eigenvalues of pseudo and real wavefunctions are the same; 
c) the radial pseudo wavefunction is equal to the radial all-electron wavefunction 

outside a cut-off radius rc; 
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d) the integrated charge inside rc is the same for both pseudo and real 
wavefunctions. 

3.1.4 Force field-based molecular dynamics 
In force field based MD, known also as classical MD, the interaction potential energy, 
UFF, of the atoms of the system is approximated by simple analytical functions of the 
atomic coordinates (or more precisely, nuclear coordinates), instead of performing 
expensive calculations to solve the time-dependent Schrödinger equation as it is the 
case in ab initio MD. Therefore, in classical MD atoms are represented as points in the 
space and their internal structure, as well as the role of the electrons in it, is neglected.  

Expressions for the potential energy UFF contain sets of adjustable parameters that have 
to be fitted to data obtained from experiments or from high-level quantum calculations. 
Different types of force fields are available (e.g. AMBER [232], GROMOS [244], 
CHARMM [155]…) and they differ in both the functional forms and the parameter 
sets. In the work of this thesis the AMBER force field has been employed. 

The potential energy for the AMBER force field reads 

!!! !!,… , !! = !!
!"#$%

! − !! ! + !!
!"#$%&

! − !! !

+ !!
2

!"#$%"&$
1+ cos !" − !

+ !!"
!!!,!
!!"

!"
− !!!,!

!!"

!
+ !!!!

!!!"!!!!!!
 

(3.70) 

The first three terms in (3.70) represent bonded interactions between atoms, and the 
last two terms non-bonded ones. !! , !!  and !!  are bond, angle and torsion force 
constants. ! and !! represent bond lengths and their equilibrium values, while ! and !! 
are angles and their equilibrium values. !, ! and ! are the number of barriers, dihedral 
angle and phase, respectively. !!" is the distance between atoms i and j, while !!!,! is 
their equilibrium distance and !!" is the well depth of a Lennard-Jones potential. !! and 
!! are the partial electric charges of atoms i and j, while ! is the dielectric constant. 

As seen in the AMBER force field, Van der Waals interactions are usually described 
using the Lennard-Jones potential, which decreases with !!"!! at large distances and it is 
therefore considered a short-range potential. On the other hand Coulomb interactions 
decrease with !!"!! for large distances and therefore this potential is considered a long-
range one. 
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The time evolution of the system is calculated through the classical Newtonian 
equations of motion 

!! = !!!! , (3.71) 

where !! is force acting on particle i, Mi is the mass of the particle i and !! is the 
second derivative of the particle’s position with respect to time t. By the force field one 
gets the values of the forces acting on the atoms: 

!! =
!"(!)
!!!

. (3.72) 

The atomic trajectories in function of time are then calculating by integrating the 
equations (3.71). 

Since (3.71) are second order ordinary differential equations, initial particles’ positions 
and velocities have to be provided in order to integrate them. Velocities are usually 
randomly generated with the Maxwell-Boltzmann probability distribution 
corresponding to a given temperature T. At this point,  

the forces acting on each particle can be calculated by using the force field and the 
atomic position of all other particles through eq. (3.72); 

the set of Newton’s equations of motion (3.71) can be numerically solved by one of the 
integration methods described in next section, and the positions and velocities at a time 
∆t are obtained.  

These two steps are repeated, for the whole course of the simulation, with the only 
difference that the initial particles’ positions and velocities are the updated coordinates 
and velocities from the previous cycle. This way the full MD trajectory is generated. 

3.1.4.1 Integration of the equation of motions 

In each cycle of the classical MD simulation, the Newton’s equations of motion are 
integrated. The integration time step ∆! is defined at the beginning of the simulation 
and is usually in the range of 1-2 fs. This is because the time step should be much 
smaller than the smallest time motions that are being reproduced in the MD simulation. 
Without any artificial constraints added to the system, the fastest motions are the 
oscillations of hydrogen atoms, which are typically of the order of 10 fs. 

The simplest integration algorithm that results effective to integrate the Newtonian 
equation is the Verlet [247] algorithm, traced back to 1960s. In this thesis a variation 
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of the Verlet algorithm, the Leap-Frog [99] one was employed, which is also one of the 
nowadays most used algorithms in MD. 

Verlet algorithm. In order to derive the expression for the Verlet algorithm, first we 
write the position of a particle at time ! + ∆!! and ! − ∆! as a Taylor expansion around 
time t: 

! ! + ∆! = ! ! + !! !
!" ∆! + 1

2!
!!! !
!"! ∆!! + 1

3!
!!! !
!"! ∆!! + !(∆!!) (3.73) 

! ! − ∆! = ! ! − !! !
!" ∆! + 1

2!
!!! !
!"! ∆!! − 1

3!
!!! !
!"! ∆!! + ! ∆!! . (3.74) 

! ! − ∆!  is the previous position of the particle, ! !  the current position and 

! ! + ∆!  the new position. Since !! !
!" = !(!)  and !

!! !
!"! = ! ! = !(!)

!!  we can 

rewrite equations (3.73) and (3.74) as 

! ! + ∆! = ! ! + !∆! + 1
2!
! !
2! ∆!! + 1

3!
!!! !
!"! ∆!! + !(∆!!) (3.75) 

! ! − ∆! = ! ! − !∆! + 1
2!
! !
2! ∆!! − 1

3!
!!! !
!"! ∆!! + ! ∆!! . (3.76) 

Now, if we sum equations (3.75) and (3.76), and neglect higher order terms, we get 

! ! + ∆! ≈ 2! ! − ! ! − ∆! + ! !
2! ∆!!. (3.77) 

This is the way how the Verlet algorithm updates the positions of the particles. 
Position updates are therefore independent from the velocities of the particles.  

Leap-Frog algorithm. In contrast to Verlet’s algorithm, Leap-Frog algorithm uses 

velocities at half-integer time steps, ! − ∆!
!  and ! + ∆!

! , to determine new particles’ 

positions: 

! ! + ∆!2 = ! ! + !! !
!"

∆!
2 + 1

2!
!!! !
!"!

∆!!
4 + !(∆!!) (3.78) 

! ! − ∆!2 = ! ! − !! !
!"

∆!
2 + 1

2!
!!! !
!"!

∆!!
4 − !(∆!!) (3.79) 

By subtracting (3.78) from (3.79) we get 
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! ! + ∆!2 = ! ! − ∆!2 + ! !
! ∆! + !(∆!!) (3.80) 

and analogously for particles’ positions 

! ! + ∆!2 = ! ! − ∆!2 + !(!)∆! + !(∆!!) (3.81) 

which, we can rewrite as 

! ! + ∆! = ! ! + !(! + ∆!2 )∆! + !(∆!
!) (3.82) 

Equation (3.82) and (3.80) provide the recipe for the Leap-Frog algorithm: Leap-Frog 
integration updates the positions and the velocities at interleaved time points, staggered 
in such a way that they 'leapfrog' over each other. 

The Leap-Frog algorithm is algebraically equivalent to Verlet’s algorithm, i.e. both 
algorithms provide identical trajectories. Moreover, both algorithms are numerically 
stable and time reversible. The last condition is crucial to enable the conservation of 
quantities such as energy and angular momentum. However, the Leap-Frog algorithm 
guarantees more accurate velocities, and consequently more accurate (kinetic) energy 
estimation of the dynamical system, and for this reason it is usually preferable. 

3.1.4.2 Short-range interactions and neighbors list 

The van der Waals term in equation (3.70) would require calculation of many pairwise 
interactions. However, since the range of interaction decreases very fast with the 
distance (~1/r6), it is computationally convenient to introduce a distance cutoff !!, 
beyond which the interaction of two particles is not calculated and set to zero. The loss 
in accuracy is usually modest and it can become negligible with a correct choice of !! 
and the use of the so-called long-range terms, which are constants added to the 
physical quantities, a priori calculated by considering the system distributed in the 
space with a uniform density. 

To speed-up the calculation of the van der Waals term in (3.70), a list of particles 
within !! + ∆!"#$ (∆!"#$ is defined at the beginning of the simulation and is usually 1-2 
Å) of each particle i is generated (neighbors lists). At each time step, a search for 
particles within !! from particle i is performed from this list and only such particles 
are considered in the calculation of the short-range interactions contribution to Fi. 
Since particles moves and they can either leave or enter any sphere of radius !! + ∆!"#$ 
during the simulation, each neighbors list is updated after every certain number of 
steps (defined at the beginning of the simulation). 
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3.1.4.3 Periodic boundary conditions 

Generally, in studying biological systems we do not consider our system as isolated 
particles (i.e. in vacuo), but rather in a (physiological) solution. However, due to 
computational limitations it is usually only possible to consider up to few hundred 
thousands of atoms in a single simulation. In these conditions, many particles would be 
at the edge of the system (on the boundary between system and vacuum), which would 
result in unrealistic surface effects. 

To avoid the problem of the surface effects and to mimic the properties of bulk 
systems, special boundary conditions are introduced, in particular the periodic 
boundary conditions (PBC). When PBC are enforced, the simulation box represents a 
system surrounded by infinite number of replicas of itself. Still only N particles in the 
original simulation box are treated explicitly, namely when a particle exits the box on 
one side an image identical particle has to immediately appear on the other side.  

PBC increase the number of interactions to be calculated. In the case of short-range 
interactions, e.g. van der Waals interactions, when a cutoff distance is introduced and 
the smallest side of the simulation box has a size larger than 2!!, it can be proved that 
each particle i can interact only with one of the infinite replicas of another particle j. 
Therefore, in MD simulation with PBC the so-called minimum image convention is 
applied to the particle searching algorithm for short-range interactions: only the closest 
image of the other N-1 particles is considered for such interactions.  

On the other hand, long-range interactions cannot be effectively treated with cutoff 
approaches and all particle pairs has to be taken into consideration for a proper 
treatment of these interactions. If PBC are imposed on the system (formally simulating 
an infinite number of particles), correct calculation of long-range interactions require 
special techniques, such as the Ewald summation or the particle-mesh Ewald method 
described in the next section. 

In addition, when defining the size of the simulation box, one must be careful that the 
macromolecule does not interact with its own periodic image, as this would create 
artifacts: ideally we would like to replicate the solvent molecules to mimic their bulk 
effects but we would not like to replicate the macromolecule(s) solute, unless to deal 
with very high (non-physiological) concentrations. For this reason, usually a length of 
the box vector larger than the sum of the length of macromolecule in that direction and 
twice the cutoff radius is employed, in order to minimize these unwanted interactions. 
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3.1.4.4 Long-range interactions 

Pair-wise interactions are defined long-range when the force between the two particles 
at large distance falls to zero slower than !!!, where d is the dimensionality of the 
system (in most of the common biological case ! = 3). In this case we cannot use 
distance cutoff-based approximations and therefore interactions between all particles 
have to be taken into account. The Ewald summation (or its computationally faster 
variation particle-mesh Ewald method used in this thesis) is considered one of the best 
methods for treating long-range interactions in biological systems. 

Ewald summation. This is a method to sum up electrostatic interactions in an infinite 
lattice, or, alternatively to compute electrostatic interactions under PBC [70]. In this 
cases the Coulomb potential can be written as 

!!"#$"%& =
1
2 ′

!

!!!!
!!" + !!

!

!,!!!
!!, (3.83) 

where L is the box size, ! = !!,!!,!! = !!!! + !!!! + !!!! is a lattice vector 
(!,!, ! are unit vectors along the Cartesian axes), !! and !! are charges on particles i 
and j and ′!  means that for ! = 0 the sum runs over ! ≠ !. !!" + !!  is the distance 
between particle i in the original cell and the particle j in the image cell identified by 
vector !. However, this sum converges slowly with n and therefore a very large 
number of images is required to achieve a reasonable estimation of the potential 
energy.  

In the Ewald summation approach to the calculation of !!"#$"%& , the charge 
distribution, ! ! , of the system is represented by an infinite set of point charges and 
every point charge is additionally surrounded with a Gaussian charge distribution of 
equal magnitude and opposite sign: 

!!! ! = !!
!
!

!
! !!!|!!"!!!|! , (3.84) 

where ! is the width of the Gaussian distribution (to be tuned in order to optimize the 
speed of convergence). This additional !! = !!! !!  distribution acts like an ionic 
cloud, to screen the interaction between neighboring charges. But this screened charge 
distribution becomes short-ranged and the sum of interactions is now absolutely 
convergent. Since the total density of the system has to be only the physical ! ! , a 
third charge distribution identical to !!  but of opposite sign as to be added. However, 
this neutralizing distribution can be easily calculated in the reciprocal space where it is 
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absolutely convergent as well, and therefore both this term and the term associated to 
the density ! + !!  are convergent and suitable for numerical treatment. 

Particle-mesh Ewald method (PME). The PME approach allows for a fast estimation 
of the electrostatic energy in PBC calculated according to the Ewald summation 
approach, by taking advantage of the fast Fourier transform (FFT) [56] in the 
calculation of discrete Fourier transforms. Here, the charges are assigned to a mesh 
using interpolation instead of directly summing wave vectors. Next, the grid is Fourier 
transformed using FFT algorithm and the reciprocal energy term is obtained by a 
single sum over the grid. The forces on each atom are obtained using the interpolation 
factors and the potential at the grid points is calculated by inverse transformations. 
Since PME scales as !"#$(!) it is much faster than normal Ewald summation on 
medium and large systems. 

3.1.5 Pressure and temperature control in MD simulations 
It is important to perform MD simulations in the conditions that correspond to the 
experimental ones. This usually means that simulations should be performed keeping 
temperature and pressure constant for the entire run. Therefore, in order to mimic such 
experimental conditions, thermostat and barostat algorithms are used to control the 
temperature and pressure of the simulated system. In this thesis, equilibrium 
simulations were performed in NPT ensemble.  

In the next sections, we introduce two different types of thermostats and barostats 
algorithms, the weak coupling and extended system methods, both used in this thesis 
but for different purposes.  

3.1.5.1 Weak coupling method 

Berendsen thermostat. In an experiment, the temperature is maintained constant by 
coupling the system to an external heat bath with constant temperature T0. In the 
Berendsen approach [26], the temperature of the simulated system is corrected such 
that the deviation exponentially decays with some time constant !!: 

!" !
!" = 1

!!
!! − ! ! , (3.85) 

where T(t) is instantaneous temperature, T0 is the target temperature. According to 
equipartition theorem, the kinetic energy of a system with 3N degrees of freedom is 
connected with the instantaneous temperature through the following expression 
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!!"# = !!!!! ! = 3
2!!!! ! .

!
 (3.86) 

If the temperature is changed by !" at each (finite) interval of time !", this results in a 
change of kinetic energy !!!"# 

!"!"# =
3
2!!!!" ! = 3

2!!!
1
!!

!! − ! ! !!". (3.87) 

The idea in the Berendsen’s approach is to achieve the kinetic energy change by 
rescaling the velocities of all the particles by a factor ! every !", in order that  

!"!"# = !! !! − 1 !!! !
!

. (3.88) 

Combining equations (3.86), (3.87) and (3.88) we get 

! = 1+ !"!!
!!
! ! − 1 . (3.89) 

The factor ! scales velocities every !"i in order to relax the temperature towards the 
target value T0. The relaxation rate is controlled by the coupling constant !!. 

Berendsen barostat. Pressure control is usually obtained by changing the dimensions 
of the simulation cell during the simulation. Similarly to the thermostat, in the 
Berendsen’s approach to pressure control, the pressure of the simulated system is 
corrected such that the deviation exponentially decays with some time constant !!: 

!" !
!" = 1

!!
!! − ! ! , (3.90) 

where P(t) is instantaneous pressure and !!  the target pressure. Rescaling the atomic 
positions by a scaling factor µ every a time interval !" , the new positions and 
consequently the volume of the box can be written as 

!!"# = !!!"# (3.91) 

!!"# = !!!!"#. (3.92) 

                                                

i Please note that in general this is not the integration time step but much larger 
interval. 
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The pressure change!!" after a volume change Δ! can be written as  

!" ! = − 1
!" Δ!, (3.93) 

where ! is isothermal compressibility. Combining equations (3.90), (3.92) and (3.93) 
we get expression for µ 

! = 1− !"#!!
!! − ! !

!
. (3.94) 

3.1.5.2 Extended system method 

This approach is based on the introduction of extra degrees of freedom, S, in the 
system, which can mimic the effect of the coupling with an heat/pressure bath. 
Therefore, in a Lagrangian formulation, a new extended Lagrangian has to be written 
in order to deal with the full (extended) dynamical system. 

Nosé-Hoover thermostat. The extended Lagrangian in the Nosé approach [179] reads 

!!"#$ =
1
2 !!!!!!!

!

!!!
− ! !! + !2 !

! − !!!! ln !, (3.95) 

where g is the number of independent momentum degrees of freedom and Q is an 
effective mass associated with S, which should be chosen carefully along with systems. 
The conjugate momenta of !! and S are  

!! ≡
!!!"#$
!!!

= !!!!!! , (3.96) 

!! ≡
!!!"#$
!! = !!. (3.97) 

The extended Hamiltonian for the extended system of N particles and the additional 
degree of freedom S can now be defined as 

!!"#$ =
!!!

2!!!!
!

!!!
+ ! !! + !!!

2! + !!!! ln !. (3.98) 

and the corresponding partition function of the microcanonical (NVE) ensemble can be 
written as 
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!!"#$ =
1
!! ! ! − !!"#$ !!!!"!!!!. (3.99) 

By defining the scaled momentum !! as  

!! = !
! . 

(3.100) 

The partition function simplifies as 

!!"#$ ∝
1
!! ! !!!!!!!!"

!(!!,!) !!′!!, (3.101) 

where 

! !!,! = !!!"
2!!

!

!!!
+ ! !! . (3.102) 

If g = 3N + 1, then ZNose corresponds to the partition function of a canonical (NVT) 
ensemble for the system with degrees of freedom !!  and !!! . !′ can be interpreted 
as the “physical” momentum and ! as the “virtual” one. If the physical variables are 
primed, they are related to the virtual (unprimed) ones as follows: 

!! = !, (3.103) 

!! = !
! , 

(3.104) 

!! = !, (3.105) 

∆!! = ∆!
! . (3.106) 

Now, we can obtain the equations of motion for the virtual variables by applying the 
standard Hamilton equations with the Hamiltonian (3.98): 

!!!
!" =

!!!"#$
!!!

= !!
!!!!

, (3.107) 

!!!
!" = −!!!"#$

!!!
= −!" !!

!!!
, (3.108) 

!"
!" =

!!!"#$
!!!

= !!
! , (3.109) 
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!!!
!" = −!!!"#$!" = !!!

!!!!!
− !!!! !!!. (3.110) 

By using the eq. (3.103-3.106) the equations of motion for the physical variables 
become 

!!′!
!"′ =

!′!
!!
, (3.111) 

!!′!
!"′ = −!" !′!

!!′!
− !′!!!

! !′! , (3.112) 

1
!
!"′
!"′ =

!′!′!
! , (3.113) 

! !!!!!
!

!"′ = !!!
!!!

− !!!! !!!. (3.114) 

Hoover [102] simplified these equations by introducing the thermodynamic friction 
coefficient 

! = !′!′!
! . (3.115) 

This way, after dropping the primes equations (3.111-3.114) can be finally written as  

!! =
!!
!!
, (3.116) 

!! =
!" !!
!!!

− !!! , (3.117) 

!
! =

! ln !
!" = !, (3.118) 

! = !!!
!!

− !!!!
!

!!!. (3.119) 

That is the form usually implemented in the MD software packages. 

Andersen barostat. In MD the pressure at a specific point in time can be calculated as 

! ! = 2
3! !!"# − Ξ , (3.120) 
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where !!"# is the kinetic energy and Ξ is the inner virial tensor defined as 

Ξ = − 12 !!"!!"
!!!

. (3.121) 

where !!" is force between particles i and j. Therefore, during a simulation pressure can 
be controlled through a change in the inner virial tensor by rescaling the distances 
between particles !!".  

In the Andersen barostat method [9], the coordinates !!  are replaced by scaled 
coordinates !!!  defined as 

!!! =
!!
!!/!. 

(3.122) 

Andersen wrote a new Lagrangian, where the volume V appears as an additional 
dynamical variable: 

!!" =
1
2!

!
! !!!′!! − ! !

!
!!!"! + 12 !!

! − !!!
!!!!

, (3.123) 

where the first two terms are the Lagrangian of the unscaled system, the third term 
represents the kinetic energy for the motion of V and the fourth term is the potential 
energy associated with V. p0 and µ are the target pressure and the pressure coupling 
constant, respectively. 

Now, we can write the Hamiltonian and equations of motion for the scaled variables, 
and by mapping back to the unscaled variables we get the new equations of motion 

!!!
!" =

!!
!!

+ 13!!
! ln!
!"  (3.124) 

!!!
!" = − !!"!′

!!!
!!" − 13!!

! ln!
!"  (3.125) 

! !
!!
!!! = !! +

2
3

!!!
2!!!

− 13 !!"!′
!!!

!!" !!! (3.126) 

implemented in the MD codes. 

Parrinello-Rahman barostat. Andersen method was extended by Parrinello and 
Rahman [188] to allow the simulation box to change its shape. The shape of the cell is 
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defined by the vectors !, ! and ! and is completely arbitrary. The volume of the cell 
can be then written as 

! = det! =! ∙ !×! , (3.127) 

where h is a 3 matrix, whose columns are the three vectors !, ! and !. 

The position !! !of the particle i, can be written in terms of h and a column vector 
!! = !! !!! !!!  with 0 ≤ !! , !! , !! ≤ 1 

!! = !!! = !!! + !!! + !!!. (3.128) 

The squared distance between particles i and j can be therefore rewritten as 

!!"! = !!!!!! , (3.129) 

where G is the metric tensor 

! = !!!. (3.130) 

Now the extended Lagrangian of Anderson can be cast as 

!!" =
1
2 !!!!!!!! − ! !!" + 12 !Tr !

!! − !!!
!!!!

 (3.131) 

and the corresponding equations of motion are derived in a similar way to the isotropic 
case of Andersen. 

Weak coupling methods are good in the equilibration phase when the system is far 
from equilibrium and the aim is to reach an equilibrated configuration as fast as 
possible. However, they do not provide a correct probability distribution. On the other 
hand, extended system methods are able to provide also correct probability 
distributions and therefore they are the most reliable ones for production run 
simulations, when the system is already at equilibrium and thermodynamic properties 
has to be predict.  

In this thesis, we used Berendsen thermostat for pre-equilibrium simulations and Nosé-
Hoover thermostat for equilibrium calculations. For pressure control, the Parrinello-
Rahman barostat was applied in all the simulations. 
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3.1.6 Hybrid quantum mechanics/molecular mechanics (QM/MM) 
methods 

To study chemical reactions or metal complexes in large biomolecular systems, a 
treatment of the entire system at quantum level would be computationally too 
expensive. However, the region where a quantum mechanical treatment is necessary 
usually consists of at most few hundreds of atoms. The rest of the system can usually 
be described at a lower level of theory, such as the classical one. In these cases, hybrid 
QM/MM approach [54, 212, 225] can be used. In this approach, the system is 
partitioned in two parts, one treated at quantum level (QM part) and the other treated at 
the force field level (MM part). 

In our thesis we use the Car-Parrinello MD scheme for the quantum part, which was 
already described in the section 3.1.3.3 of this chapter. 

More specifically, I used the QM/MM approach [134] developed by the group of Prof. 
Röthlisberger. This approach can be described through the extended Lagrangian: 

!!"/!! = !!" − !!! − !!"/!!
= !12 !!!!!

!

+ 12 ! !!∗ ! !! ! !! − !!" ! !
!

+ Λ!" !!∗ ! !! ! !! − !!"
!"

−!!!! − !!"/!! , 

(3.132) 

where !!! is the force field-based energy function describing the MM part (here I 
used AMBER force field described in the equation (3.79)) and !!"/!! is the coupling 
term between the QM and MM parts. 

The coupling term can be furthermore expanded as 

!!"/!! = !!!"/!!!"! + !!"/!!!"# + !!"/!!!"#$%$ , (3.133) 

where !!"/!!!"#  and !!"/!!!"#$%$  describe the van der Waals and bonded interactions 
between QM and MM atoms and !!"/!!!"!  stands for electrostatic coupling between the 
quantum charge distribution and the classical point charges:  

!!"/!!!"! = !! ! ! !! ! − !! !!
!∈!!

, (3.134) 

where qi are the partial charges of the classical atoms at !!  and !! ! − !!  is a 
modified Coulomb potential. In particular, this potential is modified in its short range 
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behavior, in order to avoid the so-called electron spill-out phenomenon, i.e. the 
unphysical accumulation of quantum charge density at the boundary of the QM box 
due to the presence of classical positive charges of the nearby MM region [134]  

!! =
!!"! − !!

!!"!!! − !!!!
, (3.135) 

where n is usually fixed to 4 and rci is the covalent radius of atom i. Therefore, !! !  

behaves as !! for large distances and goes smoothly to a constant value for small r. 

Really, the calculation of the integrals in equation (3.134) is computationally 
expensive and therefore they are calculated only for MM atoms in the first shell, i.e. in 
the shell which lies within a cut-off radius (usually ~10 Å) from the QM/MM 
boundary. A second shell formed by MM atoms beyond the first shell but within a 
second cut-off radius (usually ~20 Å), is coupled to the QM part by the D-RESP 
(Dynamically Generated Potential Derived Charges) charge scheme [135]. In 
particular, D-RESP charges for the QM atoms are calculated by the wavefunction of 
the QM part. The contribution to the expression in (3.134) due to the MM atoms in the 
second shell is estimated by the electrostatic interactions between the partial charges of 
the MM atoms and the D-RESP charges of the QM part. Finally, interaction between 
the QM atoms and the rest of the MM atoms is explicitly kept into account by 
electrostatic interaction between multipole expansion of QM charge density and the 
classical point charges of the MM atoms. 

Covalent bonds cut on the QM/MM boundary should always be non-polar (C-C) 
bonds. In order to saturate the dangling bonds and preserve the electronic structure of 
the QM part, I used an adapted monovalent carbon pseudopotential for the carbon atom 
in the C-C bond outside the QM part [252]. The bonded and van der Waals interactions 
between QM and MM regions are described by the AMBER force field. 

3.2 Protein-ligand docking 

Protein-ligand docking may be defined as an optimization problem, which would 
describe the “best-fit” orientation of a ligand that binds to a particular protein of 
interest. As a result of docking calculation, one or more best poses of the molecule 
inside the binding site and the corresponding binding affinities (or better score function 
values providing a measure of the strength of binding) are obtained. 
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3.2.1 Thermodynamics of non-covalent and reversible protein-ligand 
interactions 

In docking, one usually takes into account only non-covalent protein-ligand 
interactions. Therefore, the process of ligand binding to the protein is a reversible 
process and can be sketched as an equilibrium reaction 

! + ! ⇌ !", (3.136) 

where P is the protein and L is the ligand. The reaction rate constant for forming the 
complex PL is k1 and k-1 is the reaction rate for the dissociation of the ligand from the 
protein. When the binding process is at equilibrium, we can define the binding 
constant, Kb 

!! =
!!
!!!

= !"
! ! , (3.137) 

where the square brackets represent molar concentrations. The binding constant is 
related to the free energy of binding through the equation  

∆! = ∆!! + !" ln!! . (3.138) 

At steady state ∆! = 0 and therefore ∆!! = −!" ln!!. Since in most cases we are 
interested in the value of the dissociation constant (called also inhibition constant) 
defined as 

!! = !! =
1
!!
, (3.139) 

we can now rewrite equation (3.138) at steady state condition as 

∆!! = !" ln!! . (3.140) 

Free energy of binding consists of two contributions, enthalpic and entropic one. The 
enthalpic contribution includes the contribution from the hydrogen bonds, the ionic and 
polar interactions, the aromatic (stacking) interactions and the van der Waals 
interactions. The entropic contribution depends on the variation of the degrees of 
freedom for the entire system, which, as I will explain in the next section, docking 
algorithms model by rotatable bonds. 

3.2.2 Docking calculations 
Typical docking calculations consist of two major parts:  
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I) the search algorithm, which generates a large number of binding poses of the 
ligand inside the binding site;  

II) the scoring function, which calculates a score (or binding affinity) for each 
particular pose. 

While docking algorithms can be separated in two classes, rigid-body and flexible-
body docking, only flexible-body docking is described here as it is the approach that 
usually yields to better results and it was the method chosen in this thesis.  

In the flexible-body docking the flexibility of the ligand is taken into account through 
the torsional rotation around rotatable bonds, while the protein is still considered as 
(nearly) rigid. There are three main algorithms used for the flexible-body docking:  

• Incremental construction algorithm 
• Evolutionary algorithm  
• Monte Carlo algorithm  

The incremental construction algorithm [138] consists of three main steps. In the first 
step the ligand is broken into fragments and anchor group(s) (functional groups 
important for ligand binding) in the protein’s binding site are selected. In the next step, 
the position of the first fragment is determined based on its affinity towards the anchor 
groups and n best poses are selected. Then, the second fragment is added to the 
fragment, which is already located in the binding site, and again n best poses are 
selected. This step is repeated until the entire ligand is reconstructed inside the binding 
site. For a schematic representation see also Fig. 3.1. 
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Figure 3.1: Schematic representation of incremental construction. The figure is taken 
from the reference [6]. 

The evolutionary algorithm (also known genetic algorithm) is based on ideas inspired 
by the Darwinian evolution [114]. Initial population of chromosomes (each 
chromosome represents a ligand’s pose inside the binding site) is generated randomly. 
Pairs of high-scoring chromosomes (i.e. “parents”) are combined to generate 
“children” (e.g. pose combined with torsions). Children are then randomly mutated by 
torsions, translation or rotation. Highest scorings of the new poses are then combined 
with the highest scoring of the original poses to make a new generation. This process is 
repeated for N generations or until no significant improvement is observed. For 
schematic representation see also Fig. 3.2. 

 

Figure 3.2: Schematic representation of genetic algorithm. The figure is taken from the 
reference [6]. 

The third algorithm used in the flexible-body docking is based on the Metropolis 
Monte Carlo method [166], in which the outcome of each trial depends only on the 
preceding trial and acceptance of the new trial depends on the Metropolis method. 
More specifically, in the first step, an initial conformation of the ligand is generated 
and evaluated in terms of free energy. Next, this orientation is subject to translational, 
rotational and torsional changes and again energetically evaluated. If the difference in 
free energies, ∆!, defined as 
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∆! = !!"# − !!"# , (3.141) 

is negative, then the new conformation is accepted. Otherwise its acceptance is 
determined using following equation 

z ≤ !!
∆!
!!!, (3.142) 

where z is a randomly generated number between 0 and 1 and the term on the right side 
of the disequation is called the Boltzmann factor. In the Boltzmann factor kB is the 
Boltzmann constant and T is the temperature. If the randomly generated number is 
lower than the Boltzmann factor, then the new conformation is accepted. This process 
is repeated over N interactions. For schematic representation see also Fig. 3.3. 

 

Figure 3.3: Schematic representation of Monte Carlo docking algorithm. The figure is 
taken from the reference [6]. 

While the incremental construction is an exhaustive but also computationally 
expensive method, the other two approaches are stochastic and computationally less 
demanding algorithms. In our work we used the evolutionary algorithm to determine 
the ligand orientation inside the binding site. 

The second part of each docking calculation is the evaluation of the binding pose using 
a scoring function (SF). SF is a fast mathematical tool to estimate the strength of the 
interactions between the ligand and the protein. SFs can be classified into four main 
classes [151]:  

1. Physics-based SF, where terms for calculation of ligand-protein interactions 
can be taken either from force field or from quantum mechanical calculations. 
Additionally, a (de)solvation energy term is usually calculated using the 
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Poisson-Boltzmann [82] or the Generalized Born [268] continuum solvent 
methods. The general functional form for physics-based SF reads 

∆!!"#$"#% = ∆!!"# + ∆!!"!#$%&'$($)# + ∆!!!"#$ + ∆!!"#$%&'()$*, (3.143) 

 

where the first term represents the van der Waals interactions, the second term 
describes the electrostatic interactions, the third term takes into account 
hydrogen bonds and the last term is the desolvation energy.  

2. Empirical SFs, which evaluate the fitness of ligand-protein interactions by 
summing up the rewarding (favoring ligand binding) and penalizing 
(disfavoring ligand binding) contributions of a number of individual terms, 
each representing an important energetic factor in binding. One example of 
empirical SF is ChemScore [67, 173] implemented in GOLD docking software 
[246], which was also used in some dockings in this thesis. ChemScore SF 
reads 

!ℎ!"#$%&! = 

!!!"#$ + !!"#$% + !!"#$#!!"!# + !!"#"! + !!"#$%& + !!"#$! + 

+! !!"#$%&'( + !!"#$%&'(#% . 

(3.144) 

Rewarding scores for hydrogen bonds, coordinated bonds and lipophilic 
contacts are denoted with S and penalties for frozen rotatable bonds, internal 
strain energy of the ligand and steric clashes are denoted with P. If covalent 
docking is required additional penalties are taken into account. Each term in the 
equation (3.144) does not contribute equally to the final value and therefore 
weight factors have to be applied. Normally, these factors are derived using the 
multivariate linear regression or the partial least-square analysis from the 
training set of ligand-protein complexes with known three-dimensional 
structures and binding affinity data. 

3. Knowledge-based SF, where the basic principle is that occurrence frequency of 
a pairwise contact is assumed to be a measure of its energetic contribution to 
the ligand-protein binding. The summation of pairwise statistical potentials 
between ligand and protein is 

! = !!" !
!"#$%&'

!

!"#$%&

!
, (3.145) 
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where !!" !  is distance-dependent potential between atom pair i-j and it is 
derived from an inverse Boltzmann analysis 

!!" ! = −!!! ln !!" ! = −!!! ln
!!" !
!!"∗

. (3.146) 

4. Descriptor based SFs introduces quantitative structure-activity relationship 
analysis into ligand-protein interaction. The idea behind descriptor based SFs is 
that properties of the ligand, the protein and their interaction patterns can be 
coded with certain descriptors, and from those descriptors machine-learning 
techniques can be applied to derive statistical models that compute ligand-
protein binding scores. Also this SF needs a training set of ligand-protein 
complexes with known structures and binding data to derive the final models. 

For the main part of the docking calculations in our work we used AutoDock scoring 
function [75], which is a physics-based SF and it is defined as 

∆! = !!"#
!!"
!!"!"

− !!"!!"!!,!
+!!!"#$ ! ! !!"

!!"!"
− !!"
!!"!"!,!

+!!"!#
!!!!

! !!" !!"
+!!"#!!"# +!!"#$ !!!! + !!!! !!

!!"!

!!!

!,!!,!
. 

(3.147) 

The first term is the typical 6-12 potential for repulsion interactions (as in equation 
(3.70)) with parameters based on the AMBER force field. The second term is a 
directional hydrogen bond term based on 10-12 potential with parameters C and D 
assigned to give a maximal well depth of 5 kcal/mol at 1.9 Å for hydrogen bonds with 
oxygen and nitrogen, and a well depth of 1 kcal/mol at 2.5 Å for hydrogen bonds with 
sulfur; E(t) provides directionality based on the angle t from the ideal hydrogen 
bonding geometry. The third term is the screened Coulombic potential that described 
the electrostatics [165], where qi are the atomic charges. The fourth term takes into 
account entropic contributions due to the loss of degrees of freedom upon binding. The 
last term is a desolvation potential based on the volume of atoms V that surround a 
given atom and shelter it from solvent, weighted by solvation parameter S and an 
exponential term with distance-weighting factor ! = 3.5!Å. Indexes i stand for ligand 
atoms and j for protein atoms. The weighting constant W have been optimized to 
calibrate the empirical free energy based on a set of experimentaly determined binding 
constants and rij is the distance between atoms i and j. 
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3.3 Ligand-based virtual screening 

In this thesis, ligand-based virtual screening was used to screen a large library of 
compounds for those substrates that have structure similar to the already known 
substrates of the hCN1. Since we had the structure of only two substrates, which differ 
from each other only in the length of the alkyl chain, we used screened library of lead 
molecules (~4,500,000 compounds) obtained from ZINC database for an exact 
structural motive, which I believe it is important for enzyme inhibition. 
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4 Structural characterization of 
carnosine and homocarnosine 

4.1 Introduction 

Carnosine plays an important role in the biology of a human body. Its biochemical 
properties and their connection with possible therapeutic application of carnosine and 
its natural derivatives have already been covered in the second chapter. Here are 
presented results from my quantum chemical calculations and classical MD 
simulations aimed to better understand carnosine’s and homocarnosine’s structural and 
spectroscopic properties and their behavior in water environment. 

Carnosine is highly water soluble dipeptide (1 g in 3.1 mL of water at 25°C) and has 
three ionizable groups, C- and N-terminus and imidazole ring with pKa avalues of 2.76, 
9.32 and 6.72 [251]. Based on the pKa values of amino and carboxyl groups it is 
mainly found in its zwitter-ionic form at physiological conditions. Due to the pKa value 
of the imidazole ring of 6.72, which is close to the physiological pH of 7.4, it can exist 
either in the neutral or ionized form. Indeed, IR and Raman studies of Torreggiani et 
al. [238] showed that at pH 7 both forms, ionized and non-ionized, are present, though 
the ratio is in favor of the non-ionized form. When in neutral form, proton can be 
found at either of the two imidazole nitrogen atoms, Nπ or Nτ, resulting in tautomers 
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CT-I and CT-II (see Chart 4.1).j Experimental studies show the ratio between CT-I 
and CT-II is in range between 2:1 [76] and 3:1 [238]. 

Since the pKa values of ionizable groups in homocarnosine have similar values to the 
one of carnosine (2.75, 9.88 and 6.79 in homocarnosine compared to 2.76, 9.32 and 
6.72 in carnosine) [251], similar distribution of its tautomeric forms (HT-I and HT-II) 
is expected (see Chart 4.1).  

 

Chart 4.1: Tautomeric forms of carnosine (above) and homocarnosine (bellow). All 
tautomers are shown in their non-ionized form.  

Using quantum chemical calculations and classical molecular dynamics I characterized 
carnosine and homocarnosine structural properties and compared them with available 
experimental data and previous computational studies. Moreover, I calculated 1H and 
13C chemical shifts and compared them with experimental ones. Good agreement of all 
my results with readily available experimental and theoretical data confirmed the 
quality of my model. 

4.2 Methods 

First the four tautomers (CT-I, CT-II, HT-I and HT-II in Chart 4.1) were built using 
Molden [220] and underwent geometry optimization using B3LYP functional [21] and 
                                                

j In some older literature Nπ or Nτ were named also N1 and N3, however to avoid any 
confusion the former nomenclature is used here. 
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6-31G(d,p) basis set in aqueous solution. Water environment was treated implicitly 
[167] using IEF-PCM type of implicit solvent and with dielectric constant of water set 
at ε = 78.3553. The atomic radii were scaled by factor 1.1 from those of the UFF force 
field. Subsequent frequency calculations were used for free energies calculations as 
well as to show that the optimized structures correspond to local minima on the 
potential energy surface. The latter was confirmed by the absence of imaginary 
frequencies [236].  

In the next step we performed µs-long classical MD calculations of CT-I, CT-II, HT-I 
and HT-II in aqueous solution at physiological pH and room temperature. All 
tautomer include one non-standard amino acid (β-alanine in carnosine and GABA in 
homocarnosine) which are not included in the basic classical force field libraries and 
therefore we parameterized them ourselves. The partial charges of all tautomers were 
derived from the ab initio calculations using the RESP algorithm [19]. The charges 
were fitted on the electrostatic potential grid calculated by CHelpG scheme [37] using 
Antechamber module (see Tab. A2.1 in Appendix 2) [255]. The parameters for β-
alanine and GABA were obtained with the Antechamber module [255], using as input 
the bond lengths and bond angles data from the DFT calculations (see Tab. A2.2 and 
A2.3 in Appendix 2). Simulations were based on the AMBER99SB [104] force field 
with ILDN modification [150] and the TIP3P potential was used for water [116]. Each 
of the four tautomers was solvated in a truncated octahedron shaped box with the 
minimal distance of 12 Å between the solute and each boundary of the box. Periodic 
boundary conditions were applied. All simulations were performed at 298 K and 1 bar 
by coupling to Nosé-Hoover thermostat [102, 178] and Parrinello-Rahman barostat 
[189]. The temperature of 298 K was chosen because so that we could compare our 
results with experimentally obtained NMR data [264] as well as with the only so-far 
available MD calculations of carnosine in water [264]. The long range electrostatic 
interactions were taken into account using particle mesh Ewald method [56]. Time step 
in simulations was 1 fs. Each system was heated up to the final temperature of 298 K 
by using 20 steps of simulated annealing. In the first step, the temperature was 
increased from 0 to 10 K in 50 ps. In the following 8 steps, the temperature was 
increased for 10 K in each step of 25 ps. In the last 11 steps, the system was heated 20 
K in each step of 25 ps.  

The convergence of sampling in our simulations was checked using the cosine content 
of principal components (PCs), which is an indicator for sampling in MD simulations 
[94]. A cosine content close to 1 indicates bad sampling, while a value close to 0 
suggests that the simulated time was long enough to sufficiently sample the system. 
The Hess analysis of both carnosine and homocarnosine MD simulations suggests that 
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the latter is the case in our simulations (see Tab. 4.1) Further independent simulations 
for both CT-I and CT-II were performed to test the robustness of our computational 
protocol.  

Table 4.1: Cosine content of the first four principal components for CT-I and CT-II 
for the two independent simulations of each tautomer and for one simulation of HT-I 
and HT-II. 

Principal 
component 

Cosine content of principal component 

CT-I CT-II HT-I HT-II 

1 7.3*10-5 1.5*10-5 0.0011 0.0019 0.0017 0.0007 

2 0.0005 4.6*10-5 9.8*10-6 0.0020 2.4*10-7 6.7*10-5 

3 0.0002 1.4*10-5 0.0001 4.8*10-6 2.7*10-5 0.0003 

4 6.9*10-5 2.6*10-6 1.4*10-6 0.0008 3.4*10-6 0.0006 

The trajectories were clustered based on their RMSD value using the gromos method 
[57] implemented in the g_cluster analysis tool of the Gromacs software [96, 243]. 
This clustered the MD trajectory based on the RMSD values of the ligands’ atoms. 
First, neighbors of each data point (i. e. snapshot) are defined based on a selected 
RMSD cutoff value (in my case 1.1 Å for carnosine and 1.3 Å for homocarnosine). 
Next, the data point with the largest number of neighbors is defined as the central 
structure of the first cluster, then this point and its neighbors defining this cluster are 
removed. The algorithm is finally iterated until all the data points have been assigned 
to a cluster. By definition, the central point of each cluster is the one with the most 
neighbors (within a cutoff distance). Therefore, this point is a representative of all its 
neighbors within the given cut-off distance.  

To structurally characterize both compounds the following properties were calculated: 
(i) the square of the gyration radius defined as  

!!! =
!! − !!

!

!
!

 (4.1) 

where ri is the position of the atom i, rg is position of the molecular center and N is 
number of atoms [264]. (ii) The free energies of representative structures of four highly 
populated clusters from CT-I and CT-II for carnosine (models CT-Ia-d and CT-IIa-
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d) and from HT-I and HT-II for homocarnosine (models HT-Ia-d and HT-IIa-d) 
were calculated as single point energies using B3LYP functional [21] and 6-
311+G(2d,p) basis set in implicit solvent [167]. This basis set was used because the 
protocol for the chemical shifts calculations [46], described in the next paragraph, 
requires the use of this basis set. So obtained free energy values were used in the 
calculation of Maxwell-Boltzmann statistics using the following equation 

!!
!!

= !!
!!
!!!

!!
!!
!!!

 (4.2) 

where X is naming of the model, 0 stands for the lowest energy conformation, i.e. 
model CT-Ia for carnosine and HT-Ib for homocarnosine, !!  is the number of 
particles in the state X, EX is the energy of corresponding conformation, kB is 
Boltzmann constant and T is temperature (T = 298 K). (iii) 1H and 13C chemical shifts 
of each representative structure of the four highly populated clusters from all four 
tautomers were calculated. We followed the procedure of the reference [46]. First, 
structures of NMR experimental standards (tetramethylsilane (TMS) for 1H and 13C 
and sodium [2,2,3,3-2H4]-3-trimethylsilylpropanoate for 1H in carnosine and sodium 
2,2-dimethyl-2-silanpentane-5-sulfonate (DSS) for 1H in homocarnosine) were 
optimized on the B3LYP/6-31G(d,p) level of theory. Then chemical shifts of the 
standards’ structures along with representative structures CT-I, CT-II, HT-I and HT-
II were calculated at the B3LYP/6-311+G(2d,p) level of theory. Next, the calculated 
chemical shift of each hydrogen and carbon atom in each representative structure was 
subtracted from the corresponding calculated chemical shift of standards. Finally, the 
so-obtained relative chemical shifts were weighted based on our Maxwell-Boltzmann 
statistics analysis and compared with experimental data [36, 76, 78, 85, 264].  

The Gaussian09 software package [77] was used for ab initio calculations and 
Gromacs software package [96, 243] was used for classical MD simulations as well as 
for the analysis of the trajectories. 

4.3 Results and discussion 

4.3.1 Ab initio calculations 
The calculated free energies corrected for the zero point energy obtained from the 
frequency calculations of each compound in implicit solvent show that CT-II and HT-
II tautomers are more stable than CT-I and HT-I (difference in the free energy is 7.5 
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kcal/mol for both compounds). Namely, in CT-II and HT-II the proton is located on 
the Nπ, which enables formation of an intramolecular hydrogen bond with the 
carboxylic group. On the other hand, in CT-I and HT-I the proton is bound to Nτ and 
the formation of an intramolecular hydrogen bond with the carboxylic group is 
sterically not possible. 

4.3.2 Classical molecular dynamics simulations 
1 µs-long classical MD simulations of CT-I and CT-II show that both tautomers 
mainly exist in two distinct conformations, defined in terms of the squared radius of 
gyration (Rg

2) [264]: the tautomer is in ‘extended’ conformation if Rg
2 > 13.0 Å2 and in 

‘semi-folded’ if 10.5 Å2 < Rg
2 < 13.0 Å2 (see Figure 4.1). While in the CT-I ‘extended’ 

conformation has predominant population, in the CT-II both conformations are 
equally populated.  

Similarly, ‘extended’ and ‘semi-folded’ conformations can be defined for 
homocarnosine with values of Rg

2 > 15.0 Å2 for the ‘extended’ conformation and 12.0 
Å2 < Rg

2 < 15.0 Å2 for the ‘semi-folded’ one (Figure 4.1). For the HT-I the population 
of the two conformations is still shifted towards the ‘extended’ conformation, though 
not as strong as it is the case in carnosine. On the other hand in the HT-II both 
conformational states are more equally represented. This could be at least partially 
explained by the longer, and therefore also more flexible, alkyl chain of the GABA 
component of homocarnosine compared to the β-alanine in carnosine. 

Next we clustered trajectories of each tautomer as described in the Methods part of this 
chapter and considered the representative structures of the four highest populated 
clusters for further calculations, namely CT-Ia-d, CT-IIa-d, HT-Ia-d and HT-IIa-d. 
They cover ~70% of the correspondent total conformational space. In CT-I, CT-Ia and 
CT-Ib (covering 81% of the conformational space), are ‘extended’, while CT-Ic and 
CT-Id have a ‘semi-folded’ conformation, showing a predominance of ‘extended’ 
conformations for this tautomer (Fig. 4.1). In CT-II, CT-IIa and CT-IIc (covering in 
total 54% of the correspondent conformational space) assume the 'extended' 
conformation, while the other two, CT-IIb and CT-IId, feature a 'semi-folded' [264] 
conformation. The populations of the two conformations in CT-II are comparable, 
similarly to what is reported in reference [264] (Fig. 4.1).  
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Figure 4.1: Probability distribution of Rg
2 in CT-I and CT-II (upper line) and HT-I and 

HT-II (lower line) in aqueous solution. 

The ‘extended’ and ‘semi-folded’ representative conformations furthermore differ in 
the value of χ1 dihedral angle of histidine side chain (defined as dihedral angle between 
N-Cα-Cβ-C4). Namely, in all ‘extended’ conformation, the histidine side chain is in 
trans conformation (χ1 is between -170° and -178°), while in ‘semi-folded’ 
representatives it can be either in gauche+ (in CT-Ic χ1 has value of 66°) or in gauche- 
(in CT-IIb, CT-IId and CT-Id χ1 is between -52° an -64°) (Fig. 4.2). Each ‘extended’ 
and ‘semi-folded’ conformations can be further distinguished by χ2 dihedral angle 
(defined as dihedral angle between Cα-Cβ-C4-Nπ), which defines the orientation of the 
imidazole ring of histidine in sense of its rotation in the axis of Cβ-C4 bond. The 
‘extended’, CT-Ia and CT-IIb, and the ‘semi-folded’, CT-Id and CT-IIb, have χ2 

values between 89° and 143°, while ‘extended’, CT-Ib and CT-IIa, and the ‘semi-
folded’, CT-Ic and CT-IId, have χ2 values between -60° and -125° (see Fig. 4.2).  
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Figure 4.2: Representative structures of the largest populated clusters of carnosine 
tautomers CT-I and CT-II (see Chart 4.1). Each conformation is colored in its distinct 
color and it is shown from to different angles, as side view and as front view, with 
marked χ1 and χ2 dihedral angles. Only polar hydrogen atoms are shown due to clarity 
reasons. 

Additionally, the RMSD, distance between terminal NH3
+ and COO-, accessible 

surface area, RMSF and radial distribution functions of CT-II compare well with 
previous classical MD study of this tautomer (see Fig. 4.1 and Fig. A2.1, A2.2 in 
Appendix 2) [264]. The RMSF analysis also shows that the CT-II is more flexible than 
the CT-I (Fig. A2.3 in Appendix 2). This is in agreement with the populations of 
‘extended’ and ‘semi-folded’ conformations of each tautomer. Namely, in the CT-I the 
‘extended’ conformation is the predominant one reflecting in the lower flexibility of 
imidazole ring compared to the CT-II, where the ‘extended’ and the ‘semi-folded’ 
conformations are more equally populated and therefore imidazole ring atoms have 
higher RMSF values (Fig. A2.3 in Appendix 2). The results obtained for both 
tautomers of carnosine were confirmed with further independent simulations of CT-I 
and CT-II (Tab. 4.1). 

Further single point energy calculations of the representative structures of each cluster 
show that carnosine’s and homocarnosine’s most populared tautomers are CT-I and 
HT-I, respectively, according to the Maxwell-Boltzmann distribution analysis (see 
Tab. 4.2), which is in contrast with the results from our ab initio calculations. The 
difference between results from classical MD and DFT calculations can be explained, 
at least in part, by the different treatment of solvent environment. In classical MD 
simulations, ligand’s hydrogen bond donor and acceptor atoms form hydrogen bonds 
with explicit solvent water molecules with around 80% probability for both protomers 
CT-I and CT-II (see also Tab. A2.4 in Appendix 2 for population of hydrogen bonds 
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between carnosine and water from MD simulations and Fig. A2.2 in Appendix 2 for 
radial distribution function of hydrogen bond acceptors and donors in carnosine with 
respect to water). On the other hand, in the DFT calculations, solvent is described 
implicitly and therefore explicit solvent-ligand hydrogen bonds are absent.  

Table 4.2: Maxwell-Boltzmann statistics and relative free energies (in kcal/mol) for 
representative structures of highly populated clusters from MD simulations of 
carnosine’s and homocarnosine’s tautomers.a  

Carnosine 
representative 

structure 
<NX>/<NCT-Ia>b 

Relative free 
energy with 

respect to CT-
Ia in kcal/mol 

Homocarnosine 
representative 

structure 
<NX>/<NHT-Ib>c 

Relative free 
energy with 

respect to HT-
Ib in kcal/mol 

CT-Ia 1 0 HT-Ib 1 0 

CT-Ic 0.045 1.8 HT-IIc 0.001 4.3 

CT-IIc 0.014 2.5 HT-Ic 1.393*10-6 8.0 

CT-IIa 0.012 2.6 HT-Ia 3.895*10-8 10.1 

CT-Id 6.007*10-6 7.1 HT-IIa 8.080*10-11 13.8 

CT-IIb 3.716*10-7 8.8 HT-IIb 3.499*10-11 14.3 

CT-Ib 3.203*10-8 10.2 HT-Id 1.417*10-13 17.5 

CT-IId 1.060*10-8 10.9 HT-IId 9.503*10-16 20.5 
a Please note that the clusters a-d are not the same for two ligands and their protonation 
states. 

b All the structures are weighted against the structure with the lowest free energy – CT-
Ia. Index X stands for the name of the model (CT-Ia-d and CT-IIa-d). 

c All the structures are weighted against the structure with the lowest free energy – HT-
Ib. Index X stands for the name of the model (HT-Ia-d and HT-IIa-d). 

Finally we calculated 1H and 13C chemical shifts of all four representative structures of 
each tautomer and weighted them using Maxwell-Boltzmann statistics in order to 
verify the quality of our model by comparing them with available solution NMR data. 
The theoretical chemical shifts of carnosine and homocarnosine are generally in fair 
agreement with experimental values (Tab. 4.3-4.5) [36, 76, 78, 85, 264]. They differ 
from experiments by 27.0 ppm for 13C (the biggest difference between experimental 
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and calculated 13C chemical shifts was observed at C4, where experimental values also 
differ from each other for 16.9 ppm) and 1.8 ppm or less for 1H for both carnosine and 
homocarnosine.k 

Table 4.3: Calculated 13C chemical shifts of both zwitterionic conformers of carnosine 
in comparison with experimental values.a For labeling of carbon atoms see Chart 4.1.  

Carbon 
atom 

Friedrich [76] 
[ppm] 

(T=294K) 

Branham [36] 
[ppm] 

(T not reported) 

Gaggelli [78] 
[ppm] 

 (T=295K) 

Calculated 
chemical shiftb 

[ppm] 
Assignments 

CO2
- 179.1 177.9 177.9 180.2 (182.0) Carboxylate 

C(O)NH 172.9 171.7 171.6 162.8 (164.7) Amide carbonyl 

C2 137.0 135.9 135.7 135.5 (137.4) Imine carbon 

C4 134.5 117.6 133.2 144.6 (146.5) Ring carbon atom 

C5 118.7 133.2 117.4 121.6 (123.5) Ring methine carbon 

Cα 56.5 55.3 55.2 67.9 (69.8) α-His-methine 

Cβ’ 37.2 32.5 32.3 47.9 (49.6) β-Ala-methylene 

Cα’ 33.7 36.1 35.8 47.0 (48.8) α-Ala-methylene 

Cβ 30.2 29.0 29.0 39.7 (41.7) β-His-methylene 
a Friedrich[76] and Branham[36] used TMS as a reference compound, while 
Gaggelli[78] used sodium [2,2,3,3-2H4]-3-trimethylsilylpropanoate. 

b Calculated chemical shifts are reported with respect to the TMS and sodium [2,2,3,3-
2H4]-3-trimethylsilylpropanoate (in parentheses).  

                                                

k Not-weighted 1H and 13C chemical shifts for carnosine and 1H for homocarnosine and 
the statistical data of chemical shifts calculations are reported in Tab. A2.5-A2.8 in 
Appendix 2. 
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Table 4.4: Calculated and experimentally observed 1H chemical shifts of carnosine.a 
For labeling of hydrogen atoms see Chart 4.1.  

Hydrogen 

atom 

Branham [36] 

[ppm] 

(T not 

reported) 

Zhang [264] 

[ppm] 

(T=298K) 

Friedrich [76] 

[ppm] 

(T=294K) 

Gaggelli [78] 

[ppm] 

(T=295K) 

Calculated 

chemical 

shiftsb 

[ppm] 

Assignments 

H2 7.66 7.60 7.38 6.93 7.72 (7.76) 
Imine 

hydrogen 

H5 6.89 6.83 6.63 6.17 7.10 (7.14) Ring methine 

HβR, HβS 3.08; 2.92 3.01; 2.85c 2.65; 2.82 2.37; 2.21c 

2.74; 3.38 

(2.79; 

3.42) 

β-His-

methylene 

Hα 4.40 4.34 4.15 3.71 3.64 (3.68) α-His-methine 

NH 7.89 - - - 7.42 (7.46) Amide N-H 

Hα’(CH2) 3.16 2.53 2.35 2.44 2.64 (2.69) 
α-Ala-

methylene 

Hβ’(CH2) 2.60 3.10 2.90 1.88 3.68 (3.72) 
β-Ala-

methylene 

a Friedrich [76] and Branham [36] used TMS as a reference compound, while Gaggelli 
[78] used sodium [2,2,3,3-2H4]-3-trimethylsilylpropanoate. 

b Calculated chemical shifts are reported with respect to the TMS and sodium [2,2,3,3-
2H4]-3-trimethylsilylpropanoate (in parentheses).  

c In the reference it is not mentioned which shift belongs to which hydrogen atom. 
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Table 4.5: Calculated and experimentally observed 1H chemical shifts of 
homocarnosine. For labeling of hydrogen atoms see Chart 4.1.  

Hydrogen 

atom 

Govindaraju [85] 

[ppm] 

(T=310K) 

Calculated chemical 

shifts [ppm] 
Assignments 

H2 7.08 7.27 Imine hydrogen 

H5 8.08 6.88 Ring methine 

HβR, HβS 3.00; 3.19a 2.82; 2.72 β-His-methylene 

Hα 4.47 4.58 α-His-methine 

Hα’ (CH2) 2.96 2.20 
α-amino-butyryl-

methylene 

Hβ’ (CH2) 1.89 1.85 
β-amino-butyryl-

methylene 

Hγ’ (CH2) 2.37 3.17 
γ-amino-butyryl-

methylene 

NH3 6.40 4.65 
amino-terminal 

group 

a In the reference it is not mentioned which shift belongs to which hydrogen atom. 

4.4 Conclusions 

First I have performed µs-long classical MD of all four tautomers in aqueous solution 
and at physiological pH and identified the predominant tautomers of the two dipeptides 
in aqueous solution at physiological pH by µs-long MD simulations (CT-I and HT-I in 
Chart 4.1). Further I have characterized ‘extended’ and ‘semi-folded’ conformations of 
both dipeptides in terms of Rg

2 to show that energetically favorable conformation of 
both predominant tautomers is the ‘extended’ one. Calculations of additional 
properties, such as RMSD, solvent accessible surface, distance between terminal NH3

+ 
and COO-, RMSF and radial distribution functions compare well with previos 
computational studies of carnosine confirming the quality of our parameters for β-
alanine and GABA. Finally, I evaluated our results by calculating 1H and 13C chemical 
shifts and comparing them with readily available solvent NMR data [36, 76, 78, 85, 
264]. The fairly good agreement of those calculations proved the predictive power of 
my simulations. 
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5 Michaelis complexes of carnosine 
and homocarnosine with hCN1 

5.1 Introduction 

hCN1 is mainly present in human serum, where it degrades carnosine and therefore 
limits its possible therapeutic application. Moreover, it is highly specific enzyme, 
which showed activity only for carnosine and few other dipeptides (i.e. 
homocarnosine, anserine and ophidine) [233]. Since the other enzyme with known 
carnosine-degrading ability, hCN2, is not specific for carnosine, hCN1 was studied 
here.  

Carnosine is considered hCN1’s substrate and homocarnosine its competitive inhibitor 
as it is bound tighter inside the active site (Km is reported to be 1.27 mM for carnosine 
and 0.2 mM for homocarnosine), though it is hydrolyzed at much slower rate than 
carnosine (with kcat of 10.6 s-1 for carnosine and 0.2 s-1 for homocarnosine), resulting in 
higher catalytic efficiency of carnosine (hCN1’s kcat/Km values for carnosine and 
homocarnosine are 8.6 and 1.1 mM-1s-1, respectively) [233]. Based on the structural 
differences between carnosine and homocarnosine and their binding inside hCN1 
active site I try to explain here why one of the two ligands is considered as a substrate 
and the other one as a competitive inhibitor. Moreover, I try to clarify the role of 
particular residues in the hCN1 active site along with the effects of the enzyme 
dimerization on the course of the reaction and activity of the enzyme itself. 
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5.1.1 Structural characteristics of hCN1 
The crystal structure of the apo hCN1 is known since 2006 (PDB ID 3DLJ; no article 
has been published so far). The crystal structure shows a homodimeric enzyme, with 
each monomer unit (monomers M-I and M-II) featuring a dizinc active site (Fig. 5.1a). 
Each monomer unit consists out of catalytic and dimerization domain [233]. Each 
monomeric unit has one active site, located in the catalytic domain. The main 
hallmarks of each active site are the two Zn2+ ions (Zn1 and Zn2 in Fig. 5.1b and c), 
coordinated by an acidic and a histidine residues, namely Zn1 is coordinated by one of 
the two carboxylate oxygens of Glu174 and the imidazole nitrogen of His452 and Zn2 is 
coordinated by imidazole nitrogen of His106 and one of the two carboxylate oxygens of 
Asp202. The side chain of Asp139 is bridging both Zn2+ ions, coordinating to each of 
them with one carboxylic oxygen. The residues coordinating both Zn2+ ions (i.e. His106, 
Asp139, Glu174, Asp202 and His452) are forming first coordination shell. Another moiety 
bridging both Zn2+ ions was detected in the X-ray crystal structure but could not be 
identified. 

 
Figure 5.1: (a) hCN1 homodimer structure shown in ribbons representation. M-I and 
M-II are shown in pink and turquoise, while the active site residues are colored in 
yellow and Zn2+ ions in dark violet. (b) 3D representation of the hCN1 active site with 
only residues coordinating Zn2+ shown. Zn2+ ions are dark violet, oxygen atoms in red, 
nitrogen atoms in blue and bridging water molecule in dark blue. Coordination bonds 
are shown as dashed green lines. Hydrogen atoms are not shown due to clarity reasons. 
(c) 2D representation of the hCN1 active site. Coordination bonds are shown as dashed 
lines. 
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The other members of the M20 family for which the crystal structure is known are 
allantoate amidohydrolase from E. Coli (allC; PDB ID 1Z2L [5]), peptidase V from 
Lactobacillus delbruecki (PepV; PDB ID 1LFW [117]), carboxypeptidase G2 from 
Pseudomonas sp. (CPG2; PDB ID 1CG2 [213]) and peptidase T from Salmonella 
typhimurium (PepT; PDB ID 1FNO [88]). Comparison along them shows fully 
conserved structure of the active site (see Fig. 5.2a). The only difference is that Asp202 
in hCN1 is substituted with histidine residue in allC. In all enzymes in the apo state the 
bridging species was determined to be water molecule [5, 213], except for the PepT, 
where no zinc bound water could be observed, possibly due to the low resolution of the 
data [88]. Additionally, other two metallopeptidases which feature identical active site 
to the M20 family, namely aminopeptidase from Aeromonas proteolytica (AAP; PDB 
ID 1AMP [47]) and aminopeptidase from Streptomyces griseus (SGAP; PDB ID 1CP7 
[81]) also feature Zn2+-bridging water molecule in their crystal structure (see Fig. 
5.2b). Therefore it is reasonable to assume that the unknown species in the apoenzyme 
X-ray crystal structure of hCN1 is also a water molecule. Besides first shell residues 
coordinating both Zn2+ ions described above, also Glu173 from the second coordination 
shell, is preserved along all M20 family members as well as in AAP and SGAP (see 
Fig. 5.2). 

 
Figure 5.2: Superimposition of hCN1 active site (colored in yellow) with (a) available 
crystal structures of metallopeptidases from M20 family (allC colored in blue, PepV 
colored in violet, CPG2 colored in green and PepT colored in orange) and (b) AAP 
(colored in pink) and SGAP (colored in gray). Oxygen atoms are shown in red and 
nitrogen atoms in blue, while hydrogen atoms are not shown due to clarity reasons. 
Zinc ions are represented as big spheres and bridging water molecules as small sphere, 
both in the same color scheme as the corresponding enzyme. PepV and PepT are 
missing bridging water molecule because the crystal structure of the former has ligand 
present in the active site and in the later it was not detected due to the lower resolution 
of the crystallographic data. Oxygen atoms are shown in red and nitrogen atoms in 
blue, whereas hydrogen atoms are not shown due to clarity reasons. 
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hCN1 crystalizes and exists as a homodimer [110, 142, 233] as do many of the other 
members of the M20 family (i.e. allC [5], CPG2 [213], PepT [88] and human 
aminoacylase-1 (hAcy1) [149]). The homodimeric form of hCN1 is also the active one 
[110, 142, 233]. However, Peters et al. recently reported that hCN1 in human blood is 
actually present in both forms, though the activity of the monomeric form is 
considerably lower [197], suggesting that a possible rearrangement of the structure 
upon dimerization may affect the enzymatic function [149]. Equilibrium between both 
forms is age-dependent, where the monomeric form is predominant one in newborn 
children, while in the fully grown adults the dimeric form is the predominant one 
[197]. Similarly, it was for allC and hAcy1 that they are more active in their dimeric 
form [5, 149]. A mutational study on hAcy1 considered the mutation of the histidine 
residue, H206N, located on the second monomer, which is entangled in the active site 
of the first monomer (His206 in hAcy1 corresponds to His235 in hCN1). The mutation 
rendered the mutated enzyme significantly less active in comparison with the wildtype 
[149], leading to the suggestion that dimerization of the enzyme plays an important 
role in the enzymatic activity of the protein. No such mutational study has been 
performed for hCN1 yet, however based on the similarity of the enzymes from the 
same M20 family and previous findings that the dimer is hCN1’s more active form, it 
may be plausible that the His235 is an important residue in the dipeptide hydrolysis. 

5.1.2 Dipeptide hydrolysis mechanism in metallopeptidases 
Reaction mechanism of hCN1 has not been determined yet. However, mutagenesis 
study on hCN1 has revealed some of the residues that could be possibly crucial for the 
reaction. Point muntations of hCN1 (H106A, D139A, E174A and E174A + D202A 
double mutation), all involving residues coordinating Zn2+ ions, led to the inactive 
enzyme [233]. The role of other residues in the hCN1 active site can only be assumed 
based on the studies of other metallopeptidases with the identical structure of the active 
site. Studies on CPG2 and hAcy1 show the importance of the preserved second shell 
glutamate residue, Glu424 in CPG2 and Glu147 in hAcy1 (corresponding to the Glu173 in 
hCN1), in the dipeptide hydrolysis across M20 family [128, 149]. Point mutations in 
both enzymes involving this glutamate residue resulted in highly reduced enzymatic 
activity or in completely inactive enzyme. In CPG2, the point mutation E424Q resulted 
in the 7-fold lower activity of the enzyme, while the E424A point mutation rendered 
the enzyme completely inactive. The enzyme retained some its enzymatic activity 
when a glutamate residue was substituted with a glutamine, because a glutamine can be 
involved in the same type of interactions as the protonated glutamate, while this is not 
the case for the alanine [128]. The same behavior was observed in the point mutations 
of Glu147 (E147A, E147Q and E147D) in hAcy1. When Glu147 was replaced with either 
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alanine or glutamine residue, the enzyme showed 1000-fold lower activity compared to 
the wild type. On the other hand the E147D mutation resulted in no enzymatic activity 
at all. This can be explained be the fact that in the E147D mutant the shorter side chain 
of the aspartate residue compared to the glutamate one results in location of the 
carboxylic group too far away to accept the proton from the bridging water molecule. 
Moreover, it also positions it closer to another aspartate residue (Asp348), reducing the 
stability of the protein [149]. 

A DFT computational study by Navratil et al. tried to explain the mechanism of 
hydrolysis in M20 metallopeptidases on the basis of CPG2. Despite the fact that CPG2 
is more active in its dimeric form [128], they performed their calculations on the model 
of active site based on the enzyme’s PDB structure featuring only one monomeric unit. 
Even though the truncated model of the active site was used, the activation free energy 
was in good agreement with experimental values. However the role of the second 
monomer on the enzymatic activity cannot be evaluated from their calculations. 

The only computational study orientated towards determining the structure of 
Michaelis complex between carnosine and hCN1 was performed prior to the 
determination of the hCN1’s crystal structure. The hCN1 structure was therefore 
modeled based on the β-alanine synthetase. As a result some of the proposed residues 
coordinating both Zn2+ ions and the ligand are in fact far from the active site in the X-
ray-determined structure. Moreover, only monomeric form of hCN1 was considered 
and Zn2+-bridging moiety was excluded from the docking calculations [250].  

At this point it is worth mentioning also the study by Holz et al., who proposed a 
general mechanism for dipeptide hydrolysis mechanism by metallopeptidase with co-
catalytic active site, based on the X-ray crystallographic, kinetic, spectroscopic and 
thermodynamic data of AAP [101]. Despite the fact that AAP belongs to the M28 
family of metallopeptidase enzymes, the active site is fully conserved in comparison 
with hCN1 and other M20 family enzymes. The main difference between AAP and 
hCN1 is that AAP is active as monomer. In AAP lid domain mimics the structure of a 
dimer by inserting the histidine residue in the active site [149]. Therefore despite this 
structural difference it is reasonable to assume that reaction follows the same pathway 
in both enzymes and also in both M20 and M28 families. 

The main finding was that the second shell glutamate residue (Glu151 in AAP 
corresponding to Glu173 in hCN1) forms hydrogen bond with the bridging water 
molecule in the apo enzyme. Upon the presence of the substrate in the active site, it 
picks up the proton from the bridging water molecule and the so-formed hydroxide 
anion acts as nucleophilic agent attacking the peptide bond in the first step of reaction. 
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As mentioned before, the proton-accepting glutamate residue is conserved in the active 
site of all M20 family metallopeptidases with known structure. The protonated 
glutamate residue takes part also in the second step of the reaction, where it donates a 
proton to the peptide nitrogen, which causes the peptide bond to break [101]. For 
schematic course of the reaction proposed by Holz et al. [101] see Appendix 1. 

5.2 Methods 

5.2.1 hCN1 model structure 
The apo hCN1 X-ray crystal structure (solved at 2.26 Å, PDB ID 3DLJ, paper not 
published yet) was used as a starting structure. It features a homodimeric enzyme, 
where each monomer contains an unknown residue, coordinating both Zn2+ ions. Based 
on the arguments discussed in the Introduction part of this chapter, we suggest that this 
residue is a water molecule in the apo state and a hydroxide anion in the holo state of 
hCN1 (Fig. 5.2 and Appendix 1). 

M-I lacks residues 1-3, 77, 78, 208, 209, 437, 438 and 481 and M-II lacks residues 1-
7, 77-79, 208, 209 413 and 481 (numbering as in the X-ray structure). They were 
added using the Modeller9.9 [217] code. The initial 26 residues (-25 to 0) belonging to 
the signal peptide12 were not considered in our model, since this part is absent in the 
crystal structure. Moreover, the signal peptide normally does not play an active role in 
the activity of the enzyme. The histidine protonation states were determined using 
version 3.1 of H++ webserver [8, 84, 174] and are reported in the Table A2.9 in 
Appendix 2 along with other non-standard protonation states. The best initial models 
according to the Modeller's DOPE score [229] were optimized using loop refinement 
procedure [72] and re-ranked using DOPE score and evaluated using PROCHECK 
software [137]. The best structure of the dimeric hCN1 according to both scores was 
used. Our initial model of monomer hCN1 was obtained by simply removing M-II 
from the dimer.  

The adducts of carnosine and homocarnosine with the monomer and the dimer were 
then constructed by molecular docking and refined with classical MD and QM/MM 
simulations. For studies of the dimeric complexes only active site on M-I was 
considered and the active site on M-II remained in the apo state. 
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5.2.2 Molecular docking 
Initial Michaelis complexes of hCN1 in both monomeric and dimeric state with the 
most favorable tautomers of carnosine and homocarnosine (CT-I and HT-I), according 
to our simulations described in the previous chapter (and consistent with experimental 
data [76]), were determined using a two-step molecular docking calculations. 
Additionally we also docked other tautomeric forms of both ligands to the monomeric 
hCN1. The bellow described docking procedure is for docking to the M-I of hCN1, 
either in monomeric or in dimeric form. 

(i) Step 1. In the first Zn2+ ions bridging residue in the refined enzyme structure was 
considered to be a water molecule. It is reasonable to assume that the position of the 
bridging water molecule is shifted during the ligand binding to the apoenzyme. 
Therefore the GOLD code [246] was used in this step as it is able to treat water 
molecules flexibly [245]. The complexes obtained by docking were ranked using 
Goldscore [114, 115] and rescored using ChemPLP scoring function [132]. Indeed, the 
complexes obtained in this first step of docking show an average shift of 1.6 ± 0.2 Å of 
the bridging water molecule with respect to the apoenzyme.   The new position of 
water molecule was used in the neo-apoenzyme structure in further docking 
calculations. 

(ii) Protonation states of hCN1 active site. It was shown that in the dipeptide 
hydrolysis by metallopeptidases with a hCN1-like catalytic active site the nucleophile 
attacking the peptide bond is actually the hydroxide anion [101]. Therefore water 
molecule has to donate one of its protons to a nearby residue. Based on a structural 
similarity analysis of hCN1 across other dizinc peptidases, for which structural 
information is available, described in the Introduction, the residue accepting the proton 
is expected to be Glu173 (Fig. 5.2). To verify this hypothesis, the residue preferentially 
picking up the proton from the water molecule using a model system was determined. 
The model system constituted by all the first shell Zn2+-coordinating residues together 
with the second shell Glu173 and both Zn2+ ions in the hCN1 active site in the apo state 
and with the position of the bridging water molecule as obtained in the first step of 
docking. Next, modifications of the model system were built by varying the position of 
the proton, subtracted from the water molecule, among all the possible nearby proton 
acceptors (Glu173, Glu174 and Asp202). Finally, the model systems and its modifications 
were geometry minimized in the implicit solvent [167] and their potential energy was 
calculated. IEF-PCM model with atomic radii from UFF force field scaled by 1.1 was 
used. Different dielectric constant (ε) values were used as suggested in reference [148] 
In these calculations all atoms except hydrogen ones were frozen in order to maintain 
correct geometry of the active site. The calculations were carried out at the B3LYP[21] 



 

 

72 

level of theory, using the 6-31+G(d,p) basis set. My calculations confirm that indeed 
Glu173 picks the proton (named Glh173 hereafter), either at Oε2 or Oε1 oxygen atom of 
carboxylic group (resulting in tautomers hCN1α and hCN1β; Fig. 5.3). The differences 
in the potential energy by modifying the position of proton from Glh173 to Glu174 and 
Asp202 turned out to be rather large (15.8 kcal/mol or higher). Therefore it is reasonable 
to hypothesize (although it is not proven) that the entropic contribution would not 
modify such a trend. 

 
Figure 5.3: Tautomers α and β of hCN1 active site. Proton that changes position is 
encircled in orange for tautomer α (protonated on Oε2) and in pink for β (protonated 
on Oε1). Coordination bonds between Zn2+ ions and hCN1 active site residues are 
shown as dashed green lines. Oxygen atoms are shown in red, nitrogen atoms in blue 
and polar hydrogen atoms in white. 

 (iii) Step 2. Based on the results from previous step, we performed new set of docking 
calculations was performed with hydroxide anion as Zn2+ ions bridging moiety and 
starting from two different models of the monomer M-I, monomer hCN1α and 
monomer hCN1β. For this step AutoDock4.2 docking software [171], for which an 
improved force field for docking of small molecules to zinc metalloproteins has 
recently been developed [219], was used.  

Additionally, following the approach for docking of small ligands to zinc 
metalloenzymes used by Park et al. [186], all atomic charges of enzyme and substrates 
were determined. Specifically, for the atomic charges of the hCN1 active site the same 
approach as it is used in Metal Center Parameter Builder (MCPB) [196] of 
AmberTools was used. Namely, the model system of the active site is created and its 
charges are determined using RESP methodology [19] on B3LYP/6-31G(d) level of 
theory. So calculated charges are then assigned to all atoms considered in the model, 
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except for the backbone heavy atoms (i.e. atoms forming peptide bonds), which are 
restrained to the values from AMBER94 force field [51]. My model systems consisted 
of the same residues as in the determination of the protonation states of hCN1 active 
site. The bridging residue was a hydroxide anion and Glu173 was considered in its non-
ionized form. The protein residues were capped with acetyl and N-methylamine 
residues. The scheme used in MCPB adjusts the charge of capped residues to an 
integer value, thus allowing the formal charge of the cluster to disperse over the metal 
and the bound ligands [196]. Single point calculations were performed to preserve 
geometry of the active site within a computationally inexpensive procedure. For the 
rest of the enzyme atomic charges were taken from the AMBER94 force field [51]. 
Substrates’ atomic charges were calculated using RESP method [19] on the structure of 
the substrates optimized with B3LYP functional [21] and 6-31G(d) basis set.  

The docking calculations were performed using Lamarckian genetic algorithm [170] 
with 100 docking runs with the initial population of 150 individuals for each of the two 
substrates. The maximum number of generations and energy evaluations were set to 
27,000 and 1×107. The enzyme and both, the Zn2+ ions and the hydroxide anion, were 
kept rigid during the calculations, while in the substrates all bonds were defined as 
rotatable with exception of the peptide one. The grid box had dimension of 51×51×51 
points with spacing of 0.375 Å between them. The center of mass of the two Zn2+ ions 
was selected as the grid box center. 

The representatives of the highest populated clusters, based on the RMSD value, of 
carnosine and homocarnosine Michaelis complexes with monomeric hCN1α and 
monomeric hCN1β from this second step of docking simulations were considered for 
the following calculations. 

To determine whether monomeric hCN1α or monomeric hCN1β is more stable in the 
presence of substrate, I performed additional ab initio scanning with the same setup as 
described above. The difference was that here the active site model system, besides all 
the residues as in previously performed scanning, contained also the ligand. 

It is possible that the protonation state of ligands’ imidazole ring would change upon 
binding in the active site. Therefore, additional docking calculations to monomeric 
hCN1α were also performed with the other two protonation states of both ligands 
(where imidazole ring is protonated on Nπ and with positively charged imidazole ring).  

5.2.3 QM/MM simulations of Michaelis complexes 
The complexes obtained with docking calculations of ligands in Nτ tautomeric forms to 
hCN1α were then subject to 40 ns long classical MD simulations, used as equilibration 
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simulations for following QM/MM simulations. Each system containing monomeric 
hCN1 was solvated using ~42,000 water molecules, with 135 Na+ and 121 Cl- ions 
ensuring neutrality and physiological conditions. Active site residues as well as ligand, 
Zn2+ and hydroxide ions were constrained in order to preserve geometries from 
docking. For the rest of the protein and ions we used AMBER99SB [104] force field 
with ILDN modification [150]. TIP3P potential was used for water. Simulations were 
performed with periodic boundary conditions at 298 K and 1 bar by coupling to Nosé-
Hoover thermostat [102, 178] and Parrinello-Rahman barostat [189]. The temperature 
of 298 K was selected as the structural ensemble of the ligands was obtained by 
performing simulations at this temperature. Electrostatic interactions were taken into 
account using particle mesh Ewald method [56]. We applied the LINCS algorithm [95] 
to constrain all bond lengths in order to achieve time step of 2 fs. From the plot of 
RMSD value of the complexes we assumed that relaxation runs were long enough (see 
Fig. A2.4 in Appendix 2).  

The last snapshots were then taken for further QM/MM simulations. Here, each system 
was partitioned into two parts: one treated at the quantum mechanical level (the QM 
part), and another part treated at the force field level (the MM part). The AMBER99SB 
[104] force field was used for the MM part. The QM region was identified by the 
proposed hCN1 active site (i.e. two Zn2+ ions, residues involved in the binding of these 
two ions – His106, Asp139, Glu174, Asp202 and His452 and Glh173, the substrate 
carnosine/homocarnosine, hydroxide anion needed for the nucleophilic attack on the 
peptide bond, and residues which can possibly form hydrogen bonds with the substrate 
(i.e. Asn203, Arg350, Ser423, Thr424, Asp421 and Glu451). Open valencies were saturated by 
introducing a bond capping pseudopotential at the position of the first MM atom at the 
cutting border [252]. The time step for the dynamics was 0.12 fs, and the fictitious 
electronic mass was chosen to be 600 au. An energy cutoff of 80 Ry and the gradient 
corrected PBE exchange-correlation functional were used [193]. The core-valence 
electron interactions for the C, N, O, Zn and H atoms were described using non-
conserving Martins and Trouiller pseudopotentials, corrected for a better description of 
van der Waals interactions [239, 252]. Integration of the nonlocal parts of the 
pseudopotential was obtained via the Kleinman-Bylander scheme [127] for all atoms 
except for Zn2+, for which a Gauss-Hermite numerical integration scheme was used 
[59]. Electrostatic interactions between periodic images of the QM part were 
decoupled with the scheme of reference [159], while those of the classical part with 
periodic boundary conditions were treated by the particle-mesh method. A Nosé-
Hoover thermostat [102, 178] was used to maintain a constant temperature of 298 K, as 
in reference [264] in order to be consistent with the temperature of the simulation in 
water. In total, 2 ps of QM/MM simulations were performed. Additionally, 1 ps 
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QM/MM simulation of CT-I!monomeric  hCN1α was also performed at 303 K. This 
is the temperature at which Km and kcat were measured in vitro [233]. 

MD simulations and 2 ps QM/MM simulations of dimeric complexes were performed 
using the same setup as the monomeric ones. Both dimeric complexes were solvated 
using ~93,000 water molecules, with 295 Na+ and 267 Cl- ions ensuring neutrality and 
physiological conditions. The QM region in this case was the same as in monomeric 
complexes with additional His235 side chain from M-II, which can, according to our 
docking results, form hydrogen bond with the substrate. 

The CPMD3.15.1 and GROMOS96 codes were used for the QM/MM calculations 
[231]. To evaluate the difference between monomeric and dimeric complexes in terms 
of protein structure the following properties were calculated: (i) the solvent accessible 
surface (SAS) was calculated using g_sas analysis tool of the Gromacs software [96, 
243]. (ii) The hydrogen bonds were identified with the Hydrogen Bonds analysis tool 
of VMD visualization software, respectively.  

5.3 Results  

5.3.1 Carnosine! and homocarnosine!hCN1 complexes from docking 
calculations.  

The structural determinants of apo hCN1 binding sites are very similar to those of the 
other dizinc peptidases for which structural information is available. These are allC, 
CPG2, PepT, PepV AAP and ASGP. The metal ions are coordinated by an acidic 
residue (Glu174 for “Zn1” and Asp202 for “Zn2”, Fig. 5.1), along with a histidine (Fig. 
5.1). An aspartate and a water molecule bridge the two metal ions in the apo state, 
while in the presence of the substrate, the bridging group is suggested to be a 
hydroxide anion and the Glu173 (which hydrogen bonds to the dizinc-bound hydroxide 
anion) to be protonated (if protonated named Glh173; see also Fig. 5.3) [81]. Either of 
the two carboxylic oxygens can be protonated (Oε1 and Oε2 in Fig. 5.3, forming 
hCN1β and hCN1α, hereafter).  Ab initio model calculations show that these two 
tautomers of hCN1 active site are far more stable than any other one (Tab. A2.10 and 
Tab. A2.11 in Appendix 2). 

To obtain initial models of Michaelis complexes both tautomeric forms of each ligand 
as well as their positively charged counterpart were docked to the monomeric hCN1α. 
Aditionally, we performed dockings of CT-I and HT-I to the monomeric hCN1β and 
dimeric hCN1α. 



 

 

76 

5.3.1.1 Docking of CT-I and HT-I to hCN1α 

Docking calculations of CT-I to the monomeric hCN1α structure returned two 
different positions of CT-I. These differ in the orientation of β–alanine part. In one 
structure it is folded, while in the other one it is extended. However, both CT-I’s 
conformers form the same hydrogen bonds, namely imidazole ring of CT-I with 
backbone oxygen of Glu174, peptide NH group with backbone oxygen of Thr424 and 
carboxylic group with peptide NH group of Thr424. Additionally, CT-I’s carboxylic 
group forms a salt bridge with side chain of Arg350 and the peptide oxygen of CT-I 
forms a hydrogen bond with the bridging hydroxyl ion (see also Tab. 5.1 and Fig. 5.4). 
In the complex where CT-I is in extended conformation, the substrate’s orientation 
seems more prone to the hydrolysis. Namely, when CT-I is in folded conformation, 
amino terminal group is orientated towards Glh173, which plays an active role in the 
hydrolysis. This orientation of CT-I’s amino group could hamper the course of the 
reaction. On the other hand, CT-I in extended conformation does not feature any steric 
hindrances for the hydrolysis to take place and moreover, it could be additionally 
stabilized with hydrogen bonds between its amino group and nearby residues (Asp202, 
Asn203 or Asp421) l  (see Fig. 5.4). Moreover, as reported above, the extended 
conformation is the most populated one in solution according to Maxwell-Boltzmann 
statistics. Therefore, we used structure of this complex for further calculations. 

A similar interaction pattern to the above-discussed of CT-I, is also observed for HT-I 
docked into hCN1. The key difference between the two dipeptides is that HT-I forms 
an additional hydrogen bond between its amino group and side chain of Asn203. Due to 
this additional interaction, HT-I is present inside the hCN1 active site only in the 
extended form (see Tab. 5.1 and Fig. 5.4).  

                                                

l Please note that the latter interactions where not observed in the docking calculations, 
however some of them were present in the subsequent QM/MM simulations. 
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Figure 5.4: Highest populated clusters of monomeric hCN1 complexes (CT-I!hCN1α 
(a), CT-I!hCN1β (b), HT-I!hCN1α (c) and HT-I!hCN1β (d)) obtained by docking 
simulations (on Glh173α proton is marked with green and on Glh173β with pink circle). 
On the left side of the figure are schematic 2D representations of the complexes, while 
on the right side there are matching 3D figures. CT-I is shown in green and HT-I in 
orange. Hydrogen bonds are shown as dashed turquoise lines in 2D schemes and as full 
turquoise lines in the 3D representations. Coordination bonds between Zn2+ ions and 
hCN1 active site residues are shown on the 2D representations as dashed green lines. 
Zn2+ ions are shown as violet spheres in the 3D representation. Oxygen atoms are 
shown in red, nitrogen atoms in blue and polar hydrogen atoms in white. 

5.3.1.2 Docking of CT-I and HT-I to hCN1β 

The docking results for the monomeric hCN1β show slightly different binding poses 
and interaction network, with respect to the monomeric hCN1α. Namely, CT-I is 
found only in extended conformation stabilized by a hydrogen bond between its amino 
group and Asn203 side chain, which is not present in hCN1α. On the other hand, the 
hydrogen bond between backbone oxygen of Glu174 and histidine ring of CT-I is not 
present anymore. For HT-I, we got the same set of interactions as in hCN1α with 
additional hydrogen bond between its amino group and backbone oxygen of Asp202 
(see also Tab. 5.1 and Fig. 5.4). 

5.3.1.3 Additional docking calculations of other ligand’s tautomers 

We performed also docking calculations with the other two possible protonation states 
of carnosine’s and homocarnosine’s imidazole ring, CT-II and HT-II, and with 
protonated imidazole ring (named CT-III and HT-III). 

In the case of carnosine, the three protonation states result in similar binding poses. 
The difference is only in a hydrogen bond formed between the ligand’s imidazole ring 
and hCN1: in the case of CT-I and CT-III, imidazole ring hydrogen bonds to Glu174 
backbone oxygen, while in CT-II imidazole ring forms hydrogen bond with the side 
chain of Glh173 (see also Fig. 5.5 and Tab. 5.1). The RMSD of non-hydrogen atoms of 
CT-II and CT-III protonation states with respect to that of CT-I are 2.1 Å and 1.3 Å, 
respectively. The RMSD of the peptide bond in CT-II and CT-III relative to CT-I is 
0.4 Å and 0.6 Å. 

Also in the case of homocarnosine, the three ligand’s protonation states result in 
similar binding poses. However, HT-II forms in total one hydrogen bond less with 
hCN1 with respect to the HT-I tautomer. Specifically, in HT-II imidazole ring forms 
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no hydrogen bonds with hCN1. On the other hand in HT-III the amino terminal group 
forms a hydrogen bond with Asp202, instead of Asn203 as it is the case for HT-I (see 
also Fig. 5.5 and Tab. 5.1). Therefore, both HT-II and HT-III protonation states 
appeared less stabilized than HT-I. RMSD of non-hydrogen atoms of HT-II and HT-
III protonation states with respect to HT-I is 1.1 Å and 1.4 Å, respectively, while the 
RMSD of the peptide bond in HT-II and HT-III relative to HT-I is 0.3 Å and 0.5 Å. 

 

Figure 5.5: Highest populated clusters of monomeric hCN1α complexes obtained by 
docking simulations. a) binding poses of carnosine in all three protonation states (CT-I 
is shown in dark green, CT-III in light green and CT-III in light blue); b) binding 
poses of homocarnosine  in all three protonation states (HT-I in shown in orange, HT-
II in tan and HT-III in light pink). Hydrogen bonds are shown as full turquoise lines. 
The coordination bonds between Zn2+ ions and hCN1 active site residues are shown as 
dashed green lines. The Zn2+ ions are shown as violet spheres. Oxygen atoms are 
shown in red, nitrogen atoms in blue and polar hydrogen atoms in white. 

It was shown that Km for both anserine and ophidine has the same value as for 
carnosine. While anserine and ophidine differ from each other in the position of methyl 
group on the imidazole ring, on Nπ in anserine and on Nτ in ophidine, carnosine can 
have a proton at either of the two imidazole nitrogen atoms. Based on the fact that Km 
has similar value for all three compounds, one could assume that the location of either 
methyl group or proton in imidazole ring does not play a major role in substrate 
binding to hCN1. However no kinetic data is available to confirm whether this 
structural difference affects the reaction rate constant for the hydrolysis of the ligands. 
The former hypothesis was confirmed by our docking calculations of both tautomeric 
forms of each compound to the hCN1 and indeed no major difference in the ligands’ 
orientation inside hCN1 were observed. 
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5.3.1.4 Docking to dimeric hCN1α 

Each ligand, CT-I and HT-I, features two distinct docking binding poses, with 
population of 50% and 37% for carnosine (LBP1 and LBP2) and 68% and 16% for 
homocarnosine (HBP1, HBP2). The peptide bond in LBP2 and HBP2 has identical 
orientation to the one obtained from the monomer-based simulations (see Fig. 5.6 and 
Tab. 5.1). In the other binding pose (LBP1 and HBP1), which is by far that with the 
higher population, the peptide oxygen atom forms a hydrogen bond with His235 from 
the other monomer and therefore it does not coordinate the Zn2+ ion as in the monomer 
(see Fig. 5.6 and Tab. 5.1). Hence, LBP1 and HBP1 are most likely populated poses. 
Therefore, they were selected for further investigation using QM/MM simulations. 

 

Figure 5.6: Dimeric hCN1 complexes in comparison with monomeric complexes 
obtained by docking simulations. a) binding poses of CT-I in hCN1 (CT-
I!monomeric hCN1α is shown in dark green, LBP1 and LBP2 of CT-
I!dimeric hCN1α are shown in light green and light blue, respectively); b) binding 
poses of HT-I in in hCN1 (HT-I!monomeric hCN1α is shown in orange, HBP1 and 
HBP2 of HT-I!dimeric hCN1α are shown in tan and light pink, respectively). 
Hydrogen bonds are shown as full turquoise lines. Coordination bonds between Zn2+ 
ions and hCN1 active site residues are shown as dashed green lines. Zn2+ ions are 
shown as violet spheres. Oxygen atoms are shown in red, nitrogen atoms in blue and 
polar hydrogen atoms in white. 
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Table 5.1: Hydrogen bond donors and acceptors inside the hCN1 active site from 
docking simulations. Asterisk indicates that the salt bridge is formed.  

Hydrogen 
bond 
donor 

Hydrogen 
bond 

acceptor 

Monomeric hCN1 Dimeric hCN1 

hCN1α hCN1β hCN1αa 

C
T

-I
 

C
T

-I
I 

C
T

-I
II

 

H
T

-I
 

H
T

-I
I 

H
T

-I
II

 

C
T

-I
 

H
T

-I
 

C
T

-I
 

H
T

-I
 

Ligand 
histidine 

ring 

Glu173 side 
chain 

 ✔       ✔  

Ligand 
histidine 

ring 

Glu174 
backbone 
oxygen 

✔  ✔ ✔  ✔  ✔  ✔ 

Ligand 
amino 
group 

Asp202 
backbone 
oxygen 

     ✔  ✔  ✔ 

Ligand 
amino 
group 

Asn203 
side chain 

   ✔ ✔  ✔ ✔   

Arg350 
side chain 

Ligand 
carboxyl 

group 
✔* ✔* ✔* ✔* ✔* ✔* ✔* ✔* ✔* ✔* 

Ligand 
peptide 

NH group 

Thr424 
backbone 
oxygen 

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Thr424 
peptide 

NH group 

Ligand 
carboxyl 

group 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Hydroxide 
anion 

Ligand 
backbone 
oxygen 

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔   

His235 
imidazole 

ring 

Ligand 
peptide 
oxygen 

        ✔ ✔ 

Total number of 
hydrogen bonds 5 5 5 6 5 6 5 7 5 6 

a Data is shown for LBP1 and HBP1. 
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5.3.2 The overall fold of hCN1  
The crystal structure of hCN1 reveals no disulfide bridges between M-I and M-II, as 
all the cysteine residues of M-I are located far away from cysteine residues of M-II. 
The only interactions that keep both monomers together are hydrogen bonds and 
hydrophobic interactions. Moreover, a loop (residues 229 to 245) of the dimerization 
domain of each monomer is entangled in the catalytic domain of the other monomer. 
Especially, His235 residue, preserved across other M20 family members, seems to be 
the relevant residue for the catalysis. The role of this residue is further described in the 
QM/MM simulations section. 

The solvent accessible surface M-I in the monomeric hCN1, calculated from the 
classical MD, is not too dissimilar to that of the M-I in the dimeric  hCN1 (Tab. 5.2). 
However, the two structures differ in regions RI – RV (see Fig. 5.7a). In region RI 
(located between alpha helices 2 and 3), alpha helix 3 starts at residue 42 in the 
monomeric form and at residue 45 in the dimeric form and therefore also the whole 
loop region features different conformation (Fig. 5.7a). The turn in region RII 
(residues 77 – 79) is shifted towards the solvent of ~5 Å in the dimeric form compared 
to the monomeric one. The loop forming region RIII (residues 228 – 245), between 
beta strand 11 and alpha helix 8, is entangled in the active site of the cognate 
momomer (and vice-versa) in the dimeric form. In the monomeric form this loop is 
solvent-exposed. Region RIV (residues 256 and 309) displays a difference in the 
position of the backbone atoms within the helical region. The most significant 
difference comes in the region RV (residues 328 – 340), which is entangled in the 
cognate monomeric unit in the case of dimeric hCN1. In the monomeric form, this 
region is stabilized by the salt bridge between Asp331 and Lys336 while this is sterically 
not possible in the case of the dimeric forms. 

Table 5.2: The average values of solvent accessible surface of monomeric and dimeric 
(M-I) hCN1 from classical MD simulations. 

Ligand Monomeric hCN1 Dimeric hCN1 

Carnosine 251 ± 3 nm2 253.3 ± 3 nm2 

Homocarnosine 249 ± 3 nm2 250 ± 2 nm2 

The distribution of intramolecular hydrogen bonds is different on passing from the 
monomeric to the dimeric forms. The average number of intramolecular hydrogen 
bonds is higher in the monomer than in the dimer (Fig. 5.7b). Parts of the hydrogen 
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bonds engaged in the formation of the dimer are indeed replaced by intramolecular 
hydrogen bond in the monomer. The number of intramolecular hCN1 hydrogen bonds 
is similar in the dimeric adducts of hCN1 with CT-I and HT-I. It is larger in the 
monomeric hCN1 adduct with CT-I relative to that of the HT-I adduct (see Fig. 5.7b). 

 
Figure 5.7: (a) Superimposition of monomeric hCN1 (light blue) with M-I of dimeric 
hCN1 (light pink) shown in chain trace representation. M-II is shown in light grey in 
ribbons representation and the two Zn(II) ions (Zn1 and Zn2) are shown as purple 
spheres. Regions RI – RV are shown in blue for monomeric hCN1 and in pink for M-I. 
(b) Distribution of intramolecular hydrogen bonds in the monomeric and M-I of 
dimeric complexes with ligands during 40 ns classical MD.  

5.3.3 QM/MM simulations 
Because of the presence of metal ions I used DFT-based QM/MM simulations to 
describe substrate/enzyme interactions as in references [54, 134]. Hence, the 
complexes underwent 2 ps long relaxation QM/MM simulations, preceded by 40 ns 
long classical MD-based equilibration (see Fig. A2.4 in Appendix 2). 
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Let us discuss first the monomer adducts. Both, CT-I!monomeric hCN1α and HT-I! 
monomeric hCN1α Michaelis complexes feature metal ions’ coordination polyhedra 
similar to those of the apo enzyme. The metal-ligand atom distances are similar except 
those between Zn1 and the bridging aspartate (Asp139; see Tab. A2.12 and A2.13 in 
Appendix 2), which is in both Michaelis complex longer than in the X-ray structure. 
The presence of weaker Zn1-Asp139 interaction may be consistent with observations of 
AAP reported in reference [47], where it is stated that, during the catalysis, the 
bridging aspartate residue can dissociate from either or both Zn2+ ions.mn 

The substrates’ histidine rings form a direct and a water-mediated hydrogen bond with 
Glu174 carbonyl group, for CT-I and HT-I, respectively (Fig. 5.8 and Tab. 5.3). The 
substrates’ amino terminal hydrogen forms water-mediated and direct hydrogen bond 
with Asp202 backbone unit, for CT-I and HT-I, respectively. That of CT-I forms also a 
salt bridge with the side chain of this residue. The substrates’ carboxylic group forms 
salt bridge with Arg350. Both substrates’ backbone amide groups form hydrogen bonds 
with Thr424 backbone unit. The latter interactions are more persistent in HT-I than CT-
I (Tab. 5.3), though the calculated occurrences should be taken with care since they 
might strongly depend on the time scale of the simulations. The substrates’ backbone 
carbonyl forms a water-mediated and direct hydrogen bond with Thr424 backbone, for 
CT-I and HT-I, respectively (Tab. 5.3). HT-I’s amino group interacts with Asp421 and 
Glu451 through water-mediated salt bridges for most of the simulation time, while the 
same interaction is completely absent in the case of CT-I. Same hydrophobic 
interactions are present for both ligands, namely between (CH2)2 chain in CT-I and 
(CH2)3 in HT-I and the side chain of Ile425. Overall, HT-I appears to form more 
intermolecular interactions with the hCN1 than CT-I (Fig. 5.8 and Tab. 5.3). Therefore 
HT-I appears to be tightly bound inside the enzymatic active site, compared to CT-I.  

In addition, while both ligands feature similar flexibility inside the active site, CT-I’s 
peptide bond appears to be more stable (see Fig. A2.5a and c in Appendix 2 for RMSF 
                                                

m In addition, the distances between both zinc ions and the oxygen of the bridging 
moiety are slightly shorter in both Michaelis complexes (see Tab. A2.12 and A2.13 in 
Appendix 2). The changes in angle values of residues coordinating both zinc ions 
(reported in Tab. A2.14 and A2.15 in Appendix 2) are consequences of the changes in 
distances described above. 

n The structure of the CT-I!monomeric hCN1α complex at 303 K was very similar to 
that obtained at 298 K (see Tab. A2.13 and A2.15 in Appendix 2). 
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of atoms of both ligands inside monomeric hCN1 active site), which could contribute 
to the CT-I’s higher propensity for hydrolysis. 

The orientation of both substrates in CT-I!monomeric hCN1β and HT-I!monomeric 
hCN1β Michaelis complexes is less favorable for hydrolysis to occur (see Fig. A2.6, 
Tab. A2.16 and Section A2.1 in Appendix 2 for a discussion). Hence, our QM/MM 
calculations give evidence that the CT-I!monomeric hCN1α and HT-I!monomeric 
hCN1α are the most probable tautomers. 

We further investigated this finding by ab initio calculations. In a model of the active 
site, we varied the position of the hydrogen atom among all the possible nearby proton 
acceptors (Glu173, Glu174 and Asp202). We calculated the relative stability of so-obtained 
tautomers at different dielectric constant values (same approach of reference [148], see 
Methods for details). Consistently with the QM/MM calculations, the monomeric 
hCN1α tautomers turn out to be more stable than the hCN1β ones by as much as ~13 
and ~9 kcal/mol in CT-I!monomeric hCN1 and HT-I!monomeric hCN1, respectively 
(see Tab. A2.17 in Appendix 2). The other tautomers are even less stable than hCN1β. 

We next turn our attention to the CT-I!hCN1 and HT-I!hCN1 complexes in their 
dimeric states. The MD and QM/MM structures, based on the most favorable docking 
binding pose show that the ligands’ binding pose and most of the interactions 
described for the monomer between each ligand and hCN1 are indeed preserved (see 
Tab. 5.3 and Fig. 5.8). However, here CT-I’s and HT-I’s imidazole rings form, 
respectively, direct and water mediated hydrogen bond with the backbone carbonyl 
group of Glh173 (Fig. 5.8). In addition, the ligands’ carbonyl group forms hydrogen 
bond with the side chain of Thr337 from the second monomer (Fig. 5.8). Finally, and 
most importantly, the ligands’ carbonyl group forms one hydrogen bond with His235, 
also from the second monomer (Fig. 5.8 and Tab. 5.3). This H-bond might play a role 
in the enzymatic hydrolysis through both the polarization of the substrate’s C=O group 
and the conservation of a proper orientation for catalysis. The absence of this hydrogen 
bond in the monomeric complexes might indeed contribute to lower the enzymatic 
activity compared to the dimeric form. Investigations of the enzymatic reaction are 
required to further establish this aspect of hCN1 catalysis. 
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Figure 5.8: Structures of CT-I!monomeric hCN1α (a), HT-I!monomeric hCN1α (b), 
CT-I!dimeric hCN1α (c) and HT-I!dimeric hCN1α (d) as obtained by our QM/MM 
simulations. On the left side of each panel is schematic 2D representation of the 
Michaelis complex (bulk water molecules are not shown due to clarity reasons), while 
on the right side there is matching 3D figure (non-polar hydrogen atoms and bulk 
water molecules are not shown due to clarity). CT-I is shown in green and HT-I in 
orange. Hydrogen bonds between ligand and environment are shown as dashed 
turquoise lines in 2D schemes and as full turquoise lines in the 3D representations (for 
occupancy of hydrogen bonds between ligands and hCN1 see Tab. 5.3; hydrogen bond 
naming (a, b, c and d) between ligand’s carboxylic group and side chain of Arg350 
correspond to the one in Tab. 5.3). Water-mediated hydrogen bonds are shown as 
dashed purple lines in 2D schemes (due to the clarity, water molecules are omitted in 
these schemes) and as full purple lines in the 3D figures. Coordination bonds between 
Zn2+ ions and hCN1 active site residues are shown as dashed green lines on all figures. 
Zn2+ ions are shown as violet spheres in the 3D representation. 

Overall, also in the dimeric hCN1 state, HT-I forms more extensive hydrogen bond 
network with respect to CT-I (see Tab. 5.3 and Fig. 5.8). This suggests that binding of 
HT-I to hCN1 is stronger than CT-I. This finding is consistent with the lower Km 
value of CT-I compared to the CT-I [233]. However, as already mentioned, the 
hydrogen bond occurrence, especially that of the water-mediated hydrogen bonds, 
should be taken with care as they strongly depend on the time scale of the simulation. 

Interestingly, the absence of the above discussed hydrogen bond between the ligand’s 
carbonyl oxygen and the imidazole ring of His235 in the monomeric complexes might 
contribute to the experimentally observed lower enzymatic activity compared to the 
dimeric form [110, 142, 197].  
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Table 5.3: Probability of hydrogen bonds between ligands and the hCN1α active site 
from our 2 ps long QM/MM simulations. WM indicates water mediated hydrogen bond. 

Hydrogen bond 
donor 

Hydrogen bond 
acceptor 

Carnosine! 
monomeric hCN1α 

Homocarnosine! 
monomeric hCN1α 

Carnosine! dimeric 
hCN1α 

Homocarnosine! 
dimeric hCN1α 

Ligand 
imidazole ring 

Glh173 backbone 
oxygen 

/ / 
69% 

71%WM 
4%WM 

Ligand 
imidazole ring 

Glh173 carboxyl 
group / / 12% 

1% 

4%WM 

Ligand 
imidazole ring 

Glu174 backbone 
oxygen 

56% 63% 
/ / 

18%WM 31%WM 

Ligand 
imidazole ring 

Ser177 hydroxyl 
group / / / 30%WM 

Ligand amino 
group 

Asp202 backbone 
oxygen 

4% 
100% 

26% 
96% 

89%WM 51%WM 

Ligand amino 
group 

Asp202 carboxyl 
group 100% / / / 

Ligand carboxyl 
group 

Asn220 amino 
group / / 79%WM / 

Arg350 side 
chaina 

Ligands 
carboxyl group 

a) / a) / a) 85% a) 100% 

b) 49% b) 88% b) / b) / 

c) 4% c) 97% c) 86% c) / 

d) 40% d) / d) / d) 87% 

Ligand amino 
group 

Asp421 carboxyl 
group / 83%WM 63%WM 76%WM 

Ligand amino 
group 

Ser423 hydroxyl 
group / / / 5% 

Ligand peptide 
NH group 

Thr424 backbone 
oxygen 

3% 
70% 100% 95% 

16%WM 

Thr424 peptide 
NH group 

Ligand carboxyl 
group 86%WM 16% 7% 58% 

Ligand amino 
group 

Glu451 carboxyl 
group / 69%WM 87%WM 8%WM 

Ligand 
backbone 
oxygen 

His235 imidazole 
ringb / / 96% 75% 

Ligand 
carboxylic 

group 

Thr337 hydroxyl 
groupb 

/ / 96% 90% 

a Between Arg350 and substrate’s carboxylic group are 4 possible hydrogen bonds (marked with, a), b,) c) and d), see also 

Fig. 5.8); also salt bridge is formed here. 

b Residues His235 and Thr337 are from M-II. 
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5.4 Discussion 

Despite the biological relevance of hCN1 inhibition for a variety of human diseases 
[17, 58, 61, 98, 111, 123, 141, 206, 216], the current structural information for this 
enzyme is scarce. The enzyme exists as a monomer or a dimer in vivo [197], yet only 
the structure of the dimer is available (PDB ID 3DLJ). Structural information on the 
Michaelis complexes with the two dipeptides, carnosine and homocarnosine, 
selectively cleaved by hCN1, has so far relied on the elegant study by Vistoli et al. 
[250], which was however performed on the hCN1 monomer and before the X-ray 
structure of the enzyme had been reported.  

Here I have predicted structures of Michaelis complexes formed between carnosine 
and homocarnosine with both monomeric and dimeric hCN1, by molecular 
simulations, based on the predominant tautomers of the two peptides in aqueous 
solution at physiological pH by µs-long MD simulations (CT-I and HT-I in Chart 4.1), 
which were docked into the monomeric and dimeric hCN1 using flexible docking 
simulations followed by MD simulations and finally QM/MM calculations.  

5.4.1 Comparison between monomeric and dimeric hCN1 
The pose of both ligands in the active site shares similarities between monomeric and 
dimeric hCN1. However, the ligands form two hydrogen bonds with the second 
monomer in the dimeric hCN1 (Fig. 5.8 and Tab. 5.3). Notably, these hydrogen bonds 
are absent in the monomeric complexes. 

As a result, while in the monomer, the backbone oxygen is orientated towards the Zn2+ 
ion, while in the dimer it is oriented toward His235. Such feature might play a role for 
the experimentally observed higher activity of the dimer hCN1 with respect the 
monomer [110, 142, 149, 250]. Indeed, one of those two additional hydrogen bonds 
might shift the electron density in the C=O bond away the oxygen, therefore making 
the carbonyl carbon more prone to the nucleophilic attack of the bridging hydroxide 
anion. This hypothesis might be consistent with mutagenesis experiments on the 
structurally similar hAcy1 homodimer enzyme [149]: the point mutation of His206 
(corresponding to the His235 in hCN1) to Asn significantly reduces the efficiency of the 
enzyme [149]. In our structural prediciction such mutation might reduce polarizability 
of the C=O group, possibly affecting the enzymatic reactivity. Finally, we noticed that 
the number of intramolecular hydrogen bonds in the monomer is larger than that of the 
same subunit in the dimer. 
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5.4.2 Comparison between carnosine and homocarnosine binding to 
hCN1 

Homocarnosine differs from carnosine only by the length of the alkyl chain of the non-
histidine residue: it features three CH2 groups instead of two. In both complexes with 
hCN1, monomeric and dimeric, homocarnosine forms a larger number of hydrogen 
bonds than carnosine. This might play a role for the larger affinity in vitro of 
homocarnosine relative to carnosine.  

The proposed structures of our Michaelis complexes are radically different from the 
one previously suggested for hCN1 [250], prior the X-ray structure was deposited in 
the PDB. The latter model did not indeed include the bridging water molecule (either 
in its ionic or neutral state) and considered different residues to be involved in the 
coordination of the two Zn2+ ions and in the interaction with carnosine (Fig. A2.7 in 
Appendix 2). 

5.5 Conclussions 

Understanding the molecular basis of the increasing affinity on passing from carnosine 
to homocarnosine may help design hCN1’s inhibitors retaining carnosine’s beneficial 
effects but with far higher affinity for the target. These could turn out to be efficient 
therapeutic agents. Hence, based on the predicted structural determinants, it is tempting 
to propose some general considerations and principles for the rational design of 
selective monomeric and dimeric hCN1 inhibitors. The addition of a methylene group 
in homocarnosine can generate additional hydrophobic interactions in the HT-
I!monomeric and dimeric hCN1 complex relative to those of carnosine and might 
therefore be an important structural reason that converts the preferred substrate 
carnosine into the worser substrate homocarnosine. This may provide a molecular basis 
for the smaller Km for homocarnosine compared to that of carnosine. These 
hydrophobic interactions are formed mostly between ligand’s alkyl chain and side 
chain of Ile425 (Fig. 5.8). Thus, the retention of a propyl (or longer) amine chain 
attached at the ligand carbonyl might help generating analogs of carnosine that fit well 
into hCN1, although without undergoing hydrolysis. These analogs might therefore 
bind and block the enzyme, inhibiting its hydrolytic function [60, 152]. 

Replacing the scissile amide bond with an electrophilic carbonyl element has been 
used to generate a stable but unproductive tetrahedral intermediate during amide 
hydrolysis in other enzymes that cleave amide bonds [164]. The geometry of the 
ligand’s pose is not expected to change drastically. I propose therefore that the 
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substitution of the hydrolyzed amide function with bioisosteres of this group (including 
for example 5-membered heteroaromatic groups such as triazole or tretrazole rings or 
trifluoroethylamines [164]) or with a carbamate or urea group might be an alternative 
strategy to generate inhibitors. 

In conclusion, I have proposed here structures of Michaelis complexes formed between 
carnosine and homocarnosine substrates with hCN1. Our observances from QM/MM 
simulations are consistent with the experimental evidence that homocarnosine has a 
strong competitive inhibitory effect on carnosine turnover mediated by hCN1 [197]. 
Namely, despite homocarnosine’s Michaelis complex is better stabilized with respect 
to carnosine by stronger hydrogen bond network, carnosine’s position inside active site 
is better orientated for hydrolysis reaction. These findings may provide the means for 
accurate modeling of non-hydrolysable carnosine derivatives with high affinity for 
their target.  
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6 Ligand screening for non-
hydrolyzable carnosine derivatives 

6.1 Introduction  

As already mentioned in previous chapters, carnosine expresses many beneficial 
abilities such as heavy metal ion chelation, free radical and reactive oxygen species 
scavenging, and antioxidant activity to mention only few of them [61, 123, 206]. These 
properties are responsible for carnosine’s ability to prevent many pathological 
conditions, from diabetes, ischemia damage and cancer to neurodegenerative disorders 
as shown in animal models [1, 13, 15, 43, 52, 64, 93, 140, 203, 207, 224, 240, 259, 
265]. However, its possible therapeutic applications are severely hampered by human 
serum carnosinase activity that rapidly hydrolyses carnosine in human serum [233]. So 
far several studies have been performed aimed to design derivatives either by 
derivatisation of the terminal amino group, carboxyl group or ethylene chain of β-
alanine [22-24, 27, 248, 249]. One of the proposed solutions is also the use of 
carnosine’s stereoisomer, D-carnosine, which retains most of the beneficial abilities of 
L-carnosine and is not recognized by carnosinase enzymes [249]. However D-
carnosine compound suffers from low bioavailability, which limits its possible use in 
therapeutics [23]. 

None of the so far designed carnosine’s derivatives was based on the structure of the 
Michaelis complex between hCN1 and carnosine. To my best knowledge, a possible 
binding pose of both, carnosine and homocarnosine, inside the hCN1 active site based 
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on the enzyme’s crystal structure, is proposed here for the first time [191]. In the 
previous chapters, I described and proposed, based on our results from QM/MM 
simulations of carnosine and homocarnosine in Michaelis complex with hCN1α, why 
carnosine is hCN1’s substrate and homocarnosine is its competitive inhibitor. Briefly, 
homocarnosine forms stronger and more persistent network of hydrogen bonds with 
hCN1 than carnosine. Additionally, since the two compounds differ only in the length 
of the alkyl chain (carnosine has two CH2 group while homocarnosine has three), 
homocarnosine can possibly form additional hydrophobic interactions with hCN1α in 
comparison with carnosine. Still, homocarnosine is also hydrolyzed by hCN1, though 
at a slower rate than carnosine, therefore limiting possible therapeutic application of 
also this compound. Substitution of homocarnosine’s peptide group with a bioisoster 
(e.g. urea or carbamate group) would presumably make the ligand non-hydrolysable 
and possibly increase its chance for therapeutic application [164]. 

My goal in ligand screening was to find non-hydrolysable homocarnosine derivatives 
whose binding poses inside hCN1α resemble that of homocarnosine. I orientated 
ligand screening on compounds bearing propylamine chain attached to either 
carbamate or urea group, which are both non-hydrolysable bioisosters of the amide 
group.  

6.2 Methods  

For the ligand-based screening, we selected the ‘Clean Leads’ library from the ZINC 
database, which consists of 4,591,276 compounds. The library was screened against 
three structure motives, namely aminopropyl-urea, aminopropyl-carbamate and 
aminocarbamate (T1-3 in Fig. 6.1). Additional condition for a positive hit was that the 
compound’s only chiral carbon atom (if present) has S-orientation (as it is the case of 
Cα in carnosine and homocarnosine). 

 

Figure 6.1: Structure motives used in the ligand-based screening. R is simple alkyl 
chain with the length of n methylene groups. R’ and R’’ can be either hydrogen atoms 
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or carbon atoms so that they form primary, secondary or tertiary amine. R’’’ can be a 
random functional group. 

The selected compounds were then docked inside the monomeric hCN1α active site in 
order to further evaluate compounds obtained in screening. Docking calculations were 
performed using the same approach as we used in the second step of docking of 
carnosine and homocarnosine (see Chapter 5, Methods sections). The structures of the 
highest populated cluster of each ligand!monomeric hCN1α Michaelis complex were 
used for comparison with the HT-I!monomeric hCN1α. 

Schrödinger software package was used for screening calculations and AutoDock4.2 
[171] with the novel developed AutoDock force field for docking to zinc 
metalloproteins [219] was used in dockings. 

6.3 Results and discussion 

Six compounds from the ‘Clean Leads’ library satisfied both search criteria described 
above (D1-6; the compounds obtained by ligand-based screening are being tested now 
for their affinity and rate of hydrolysis by hCN1 in the group of Professor Enrico 
Rizzarelli at University of Catania and due to the confidentiality of the work I cannot 
disclose the structures of those compounds). Compounds D1-5 are urea-based 
derivatives (based on T1), while D6 is carbamate-based homocarnosine derivative 
(based on T3). Moreover, all compound have an amino group and compounds D1-5 
include also a carboxylic group. For structures of compounds D1-6 see Fig. 6.2. 
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Figure 6.2: Structures of homocarnosine derivatives D1-6 obtained from ligand-based 
screening. 

In order to further evaluate compounds obtained in screening, I docked them in the 
hCN1α active site. The structures of the highest populated cluster of each 
ligand!monomeric hCN1α Michaelis complex obtained with docking calculations 
(name of the complex, C1-6, corresponds to the compound docked in the hCN1, D1-6) 
are presented here and compared with the previously obtained structure of HT-
I!monomeric hCN1α Michaelis complex (see also Tab. 6.1 and Fig. 6.3).  

Ligands in complexes D1-4 and D6 all have similar orientation compared to 
homocarnosine, while this is not the case in D5. In complexes D1-5 the salt bridge 
between ligand and Arg350 is present as it is the case in HT-I!monomeric hCN1α 
complexes. Furthermore, the carboxylic group in complexes C2, C4 and C5 is 
stabilized with hydrogen bond with Asn220 side chain. On the other hand, the hydrogen 
bond between ligand’s carboxylic group and peptide NH group of Thr424 observed in 
HT-I!monomeric hCN1α Michaelis complex is preserved only in C3. In C6 these 
interactions are completely absent, since D6 lacks a carboxylic group in that place. 

Hydrogen bond between ligand’s peptide amino group and Thr424 backbone oxygen, 
present in homocarnosine’s Michaelis complex with hCN1α, is preserved in C6. In 
C1-4 this interaction is strengthened, since ligands’ urea group acts as a donor of two 
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hydrogen bonds to the Thr424 backbone oxygen. In C5 this hydrogen bond is absent, 
due to the different orientation of the ligand inside the active site, namely carbonylic 
oxygen forms a hydrogen bond with Thr424 backbone NH group and is not orientated 
towards zinc ion as it is in C1-4, 

Ligand’s amino group in homocarnosine!monomeric hCN1α forms hydrogen bond 
with Asn203 side chain and this interaction is preserved in C1 and C3, while in C4 and 
C5 form salt bridge with carboxylic groups of Asp421 and Glu451, respectively. In C2 
and C6 no hydrogen bonds between ligand and hCN1α could be observed. Hydrogen 
bonds between ligands and hCN1α are also reported in Tab. 6.1. 

Hydrophobic interactions between propyl chain and Ile425 side chain observed in HT-
I!monomeric hCN1α are mainly preserved in C1, C3, C4 and C6, while in C2 propyl 
chain has different orientation and forms hydrophobic interactions with Glu451. No 
hydrophobic interactions between ligand’s propyl chain and hCN1α are observed in 
C5. 

Compounds D1 and D3 have the binding pose in hCN1 the most similar to the one of 
homocarnosine and also form similar network of interactions. On the other hand 
benzene ring of D4 has different orientation compared to the imidazole ring of 
homocarnosine, though it forms more hydrogen bonds and hydrophobic interactions 
with hCN1α than homocarnosine. Finally, compound D6 forms only one hydrogen 
bond with hCN1α, however it forms extensive network of hydrophobic interactions, 
which stabilize its position inside the active site. The other two compounds, D2 and 
D5, seem to be less perspective, due to different orientation inside the active site and 
they appear to form fewer interactions with hCN1α. 

Finally, I noticed that in all compounds obtained from screening calculations peptide 
group of homocarnosine is substituted by a longer urea or carbamate group. Therefore 
the aminoalkyl chain of these compounds is longer for one link in the chain in 
comparison with homocarnosine. Nevertheless, as it is seen from Fig. 6.3, this 
difference does not affect the orientation of compounds D1, D3, D4 and D6 inside the 
hCN1 active site. Even though the aminoalkyl chain of D2 and D5 has different 
orientation in the hCN1 active site than that of homocarnosine, which can be possibly 
explained by the longer aminoalkyl chain, the orientation of carbamate group of those 
two compounds is similar to the one of homocarnosine’s peptide group.  
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Figure 6.3: Structures of Michaelis complexes (C1-6) comparison with the structure of 
Hcar!monomeric hCN1 Michaelis complex. Hcar is always shown in grey, hCN1 in 
yellow, oxygen atoms in red, nitrogen atoms in blue, polar hydrogens in white and zinc 
ions as dark violet spheres. Non-polar hydrogens are not shown due to clarity. 
Hydrogen bonds between Hcar and hCN1 are shown as grey lines, while the cyan lines 
represent hydrogen bonds between compounds D1-6 and hCN1. Names of residues 
forming hydrophobic interactions with the ligand are written in cyan. Dashed green 
lines represent bonds between zinc ions and coordinating residues.  
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Table 6.1: Hydrogen bond donors and acceptors between hCN1 active site and 
homocarnosine and its derivatives obtained from docking simulations. Asterisk 
indicates that the salt bridge is formed. 

Hydrogen bond donor 
Hydrogen bond 

acceptor 

H
om

oc
ar

no
si

ne
!

hC
N

1α
 

D
1!

hC
N

1α
 

(C
1)

 

D
2!

hC
N

1α
 

(C
2)

 

D
3!

hC
N

1α
 

(C
3)

 

D
4!

hC
N

1α
 

(C
4)

 

D
5!

hC
N

1α
 

(C
5)

 

D
6!

hC
N

1α
 

(C
6)

 

Ligand histidine ring 
Glu174 backbone 

oxygen 
✔       

Ligand histidine ring 
Glu174 carboxylic 

group 
 ✔      

Ligand amino group Asn203 side chain ✔ ✔  ✔    

Asn220 side chain 
Ligand carboxylic 

group 
  ✔  ✔✔a ✔  

Arg350 side chain 
Ligand carboxylic 

group 
✔* ✔* ✔* ✔* ✔* ✔*  

Ligand amino group 
Asp421 carboxylic 

group 
    ✔*   

Ligand peptide NH group 

Thr424 backbone 

oxygen 

✔       

Ligand urea NH groups  ✔✔b ✔✔b ✔✔b ✔✔b   

Ligand carbamate NH 

group 
      ✔ 

Thr424 peptide NH group 

Ligand carboxylic 

group 
✔   ✔    

Ligand urea CO group      ✔  

Ligand amino group 
Glu451 carboxylic 

group 
     ✔*  

Total number of hydrogen bonds 5 5 4 5 6 4 1 

a Each of the two carboxylic oxygen atoms forms one hydrogen bond with the Asn220 side chain. 

b Each of the two urea NH groups forms one hydrogen bond with the Thr424 backbone oxygen. 
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6.4 Conclusions 

Based on the ligand-based screening of the library with ~4.5*106 lead-like compound, I 
found six non-hydrolysable homocarnosine’s derivatives (D1-6). Four of them (D3, D4 
and D6) seemed to be the most promising for further experimental evaluation to 
determine their affinity towards hCN1 and their propensity to be hydrolyzed by hCN1. 
They are being experimentally tested now in the group of Professor Rizzarelli from the 
University of Catania. The experimental evaluation of those compounds will validate 
my model described in the previous chapters and provide us with information on 
direction in which we should proceed in order to design novel non-hydrolysable 
carnosine derivatives and/or hCN1 inhibitors. 

Since the D3, D4 and D6 compounds feature similar scaffold I am also performing 
additional structure-based screening based on the structure of HT-I!dimeric hCN1α 
Michaelis complex in order to find different type of scaffolds that could be used as a 
lead in subsequent design of novel hCN1 inhibitors. 
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7 Conclusions 

The dipeptide carnosine shows many beneficial properties such as its ability to chelate 
heavy metals, to scavange free radical and ROS and to act as an antioxidant. It can also 
inhibit Aβ polymerization and α-synuclein oligomerization, thus acting as a 
neuroprotective agent. However, its potential therapeutic use is hindered by its rapid 
hydrolysis in tissues by the human tissue carnosinase and in the human bloodstream by 
the human serum carnosinase. The latter enzyme is a Zn-based enzyme and, 
intriguingly, displays different oligomerization states depending on the aging process. 
It mostly works as a monomer in children and as a dimer in adults. Here, I studied the 
role of human serum carnosinase dimerization for substrate binding. QM/MM 
simulations, complemented by molecular docking and classical molecular dynamics 
simulations, lead us to suggest that – in the dimeric complexes – one loop of the 
second monomer is entangled in the active site of the first monomer (and vice-versa, 
see Fig. 1.1). In the Michaelis complex, this loop features the His235 residue that forms 
one hydrogen bond with the substrate’s peptide oxygen, thus affecting the polarization 
of the peptide bond. I suggest here that this interaction – obviously absent in the 
monomeric Michaelis complex – makes the dimer more prone to hydrolyze the 
substrate. This suggestion is consistent with the experimentally measured higher 
activity of the dimeric enzyme [233].  

Carnosine derivatives could act either as human serum carnosinase inhibitors or as 
non-hydrolysable compounds, while retaining similar beneficial properties as 
carnosine. In an effort at designing new ligands retaining carnosine’s beneficial 
properties and not being degraded in the serum, here I have used computational 
methods to identify the structural differences between the adducts of human serum 
carnosinase with carnosine and with the competitive inhibitor homocarnosine. My 
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calculations suggest that homocarnosine forms more hydrogen bonds inside the active 
site and is therefore bound stronger compared to carnosine. This might be consistent 
with the lower Km of homocarnosine relative to carnosine [233].  

Next, I screened the libraries (“Clean Leads” library from ZINC databaseo and internal 
libraries) for compounds that would bind similarly inside the active site, as does 
homocarnosine. Since the only structural difference between carnosine and 
homocarnosine is an extra methylene group (Fig. 2.1), in these derivatives I selected 
either a carbamate or urea to replace the homocarnosine’s amide group, in an effort to 
render the ligand non-hydrolysable while retaining its carnosine-like beneficial 
properties. 

Most promising compounds from both screenings are now being tested in vitro for 
their affinity and activity against human serum carnosinase in the group of Professor 
Enrico Rizzarelli at University of Catania. 

In conclusion, my thesis presents a molecular-level characterization of the Michaelis 
complex of carnosine and homocarnosine with human serum carnosinase in both 
monomeric and dimeric forms. My results, consistent with experiments, were used to 
screen potential candidates for therapeutic applications, including Alzheimer’s and 
Parkinson’s disease.  These compounds are now being experimentally tested in vitro. 

 

 

 

                                                

o http://zinc.docking.org/subsets/clean-leads 
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A1 Appendix 1 – Proposed 
mechanism of dipeptide hydrolysis 

 

Scheme A1.1: Proposed general mechanism for the hydrolysis of a peptide catalyzed 
by a metallopeptidase with di-zinc co-catalytic active site based on the AAP as 
suggested by Holz et al. [101]. 
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A2 Appendix 2 – Supporting 
information 

QM/MM simulations of CT-I!hCN1β and HT-I!hCN1β 

Michaelis complexes 

CT-I!hCN1β and HT-I!hCN1β Michaelis complexes form the same hydrophobic 
interactions as in hCN1α, while few subtle differences for hydrogen bonds and salt 
bridges can be observed. Specifically, for CT-I, amino terminal group hydrogen bonds 
to backbone of Asp202 and the CT-I’s amide hydrogen bond with Thr424 backbone 
oxygen are more persistent than the same ones observed in hCN1α (see Tab. A2.16, 
Tab. 5.3 and Fig. A2.6). Further, the hydrogen bond between CT-I’s carboxyl group 
and Thr450 backbone unit is direct and not water-mediated as in hCN1α (despite being 
slightly less persistent). Finally, the CT-I’s amino terminal group salt bridge with 
Asp202, observed in hCN1α, is now absent, while CT-I’s salt bridge with Arg350 side 
chain is more persistent. 

In HT-I!hCN1β, Hcar’s carbonylic oxygen forms a hydrogen bond with Glh173 side 
chain. HT-I’s amino terminal group forms hydrogen bonds with Asn203 and Ser423 side 
chains. These interactions are absent in hCN1α (see Tab. A2.16 and Tab. 5.3). HT-I’s 
amino terminal group forms also a water-mediated hydrogen bond with Asp202 
backbone. In hCN1α, this hydrogen bond is direct. The hydrogen bond between HT-
I’s amide and Thr424 backbone oxygen is less persistent than that in hCN1α. HT-I’s 
carboxyl group does not form a hydrogen bond with Thr424 backbone unit as in hCN1α 
(see Tab. A2.16 and Tab. 5.3). HT-I’s amino terminal group forms a persistent salt 
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bridge with Asp421, while in hCN1α there is water-mediated hydrogen bond between 
those two residues. The HT-I’s salt bridge with Arg350 side chain is less persistent than 
in hCN1α (see Tab. A2.16 and Tab. 5.3).  

HT-I forms one more hydrogen bond with hCN1 than CT-I. Therefore the flexibility 
of the ligand in the binding site is larger for CT-I than that of HT-I (see Fig. A2.5c). 

As in hCN1α, the Zn2+ ions polyhedra are similar to those of the apo-enzyme (see Tab. 
A2.13 and A2.15). Distances between both Zn2+ ions and their coordinating residues 
are comparable to the values in the crystal structure of the apo enzyme (see Tab. A2.13 
and A2.15). The major differences is the increased distance between Zn1 and 
carboxylic oxygen of Asp139 in the case of HT-I!hCN1β, while this is not the case in 
CT-I!hCN1β (see Tab. A2.13) and the decreasing distance between bridging moiety 
and both Zn2+ ions in both adducts, compared to the crystal structure (see Tab. A2.13).  
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Table A2.1: Partial atom charges of atoms in CT-I and CT-II together with legend of 
labeling of atoms in CT-I and CT-II. Atom types are gaff atom types [256]. 

CT-I CT-II 

Atom type Atom label Charge Aom type Atom label Charge 

na Nτ -0.291 nc Nτ -0.557 

nd Nπ -0.583 na Nπ -0.250 

hn H (on Nτ) 0.300 hn H (on Nπ) 0.266 

cc C2 0.229 cd C2 0.232 

h5 H (on C2) 0.055 h5 H (on C2) 0.057 

cc C4 -0.266 cc C4 0.080 

h4 H (on C5) 0.194 h4 H (on C5) 0.062 

cd Cγ 0.369 cd Cγ -0.030 

c3 Cβ -0.122 c3 Cβ -0.072 

hc H (on Cβ) 0.038 hc H (on Cβ) 0.029 

c3 Cα 0.177 c3 Cα 0.327 

c C 
(carboxyl) 0.639 c C 

(carboxyl) 0.605 

o O 
(carboxyl) -0.650 o O 

(carboxyl) -0.624 

h1 H (on Cα) -0.024 h1 H (on Cα) -0.039 

n N (amide) -0.501 n N (amide) -0.628 

hn H (amide) 0.261 hn H (amide) 0.281 

c C 
(carbonyl) 0.599 c C 

(carbonyl) 0.660 

o O 
(carbonyl) -0.553 o O 

(carbonyl) -0.563 

c3 Cα’ -0.271 c3 Cα’ -0.272 

hc H (on Cα’) 0.079 hc H (on Cα’) 0.088 

c3 Cβ’ 0.233 c3 Cβ’ 0.173 

hx H (on Cβ’) 0.041 hx H (on Cβ’) 0.060 

n4 N (amine) -0.441 n4 N (amine) -0.427 

hn H (amine) 0.328 hn H (amine) 0.328 
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Table A2.2: Bond lengths (in Å) for tautomers CT-I and CT-II. Atom types are gaff 
atom types [256] (see also Tab. A2.1).  

CT-I CT-II 

Bond Bond 
length Bond Bond 

length 

hn-n4 1.03 hn-n4 1.03 

n4-c3 1.53 n4-c3 1.54 

hx-c3 1.09 hx-c3 1.09 

c3-c3 1.53 c3-c3 1.53 

hc-c3 1.10 hc-c3 1.10 

c3-c 1.58 c3-c 1.58 

c-o 1.25 c-o 1.25 

c-n 1.32 c-n 1.32 

n-hn 1.06 n-hn 1.05 

n-c3 1.46 n-c3 1.46 

c3-h1 1.10 c3-h1 1.10 

c3-cd 1.50 c3-cd 1.50 

cd-cc 1.38 cd-cc 1.38 

na-hn 1.01 na-hn 1.04 

cc-h4 1.08 cc-h4 1.08 

cc-na 1.37 cc-nc 1.38 

nd-cc 1.32 nc-cd 1.32 

cd-nd 1.39 cd-na 1.37 

cc-h5 1.08 h5-cd 1.08 
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Table A2.3: Angle values (in °) for tautomers CT-I and CT-II. Atom types are gaff 
atom types [256] (see also Tab. A2.1).  

CT-I CT-II 

Angle Angle 
value Angle Angle 

value 

hn-n4-hn 107.9 hn-n4-hn 107.9 

hn-n4-c3 111.0 hn-n4-c3 111.0 

n4-c3-hx 106.8 n4-c3-hx 106.8 

n4-c3-c3 111.3 n4-c3-c3 111.3 

hx-c3-hx 110.1 hx-c3-hx 109.9 
hx-c3-c3 110.8 hx-c3-c3 110.9 

c3-c3-hc 109.9 c3-c3-hc 109.8 

hc-c3-hc 107.6 hc-c3-hc 107.7 

c3-c3-c 110.5 c3-c3-c 110.4 

hc-c3-c 109.5 hc-c3-c 109.6 
c3-c-o 116.1 c3-c-o 116.4 

c3-c-n 113.5 c3-c-n 113.8 

o-c-n 129.2 o-c-n 128.6 

c-n-hn 126.8 c-n-hn 126.0 
c-n-c3 128.0 c-n-c3 127.8 

hn-n-c3 103.4 hn-n-c3 105.0 

n-c3-c 102.5 n-c3-c 102.9 

n-c3-h1 109.9 n-c3-h1 109.5 

n-c3-c3 111.0 n-c3-c3 112.1 
h1-c3-c3 109.1 h1-c3-c3 108.6 

h1-c3-c 109.3 h1-c3- c 109.0 

o-c-o 129.1 o-c-o 128.2 

hc-c3-cd 108.5 hc-c3-cd 109.3 
c3-cd-cc 129.6 c3-cd-cc 132.5 

c3-c3-cd 116.0 c3-c3-cd 114.5 

c3-cd-nd 120.2 c3-cd-na 122.4 

cd-cc-na 105.3 cd-cc-nc 110.9 

cd-cc-h4 129.4 cd-cc-h4 127.6 
h4-cc-na 125.3 h4-cc-nc 121.5 

cc-na-cc 107.4 cc-nc-cd 104.5 

cd-nd-cc 105.5 cd-na-cd 107.1 

na-cc-h5 122.4 nc-cd-h5 125.3 

cc-na-hn 126.3 cd-na-hn 126.3 
na-cc-nd 111.6 nc-cd-na 112.4 

h5-cc-nd 126.0 h5-cd-na 122.3 

nd-cd-cc 110.2 na-cd-cc 105.1 
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Table A2.4: Carnosine's hydrogen bond functionalities form hydrogen bonds with 
water molecules (similarly to what was found in reference [264]). The table shows the 
average and maximum water coordination numbers of hydrogen bond acceptors/donors 
for CT-I and CT-II. For both tautomers, all hydrogen bond acceptors and donors form 
hydrogen bond with water molecules with around 80% probability also consistent with 
their similar size of solvent accessible surface (see Fig. A2.1).  

Hydrogen bond 
acceptor/donor 

CT-I CT-II 

Average water 
coordination 

number 

Maximum water 
coordination 

number 

Average water 
coordination 

number 

Maximum water 
coordination 

number 

Hπ / / 0.81 ± 0.33 1.07 

Hτ 0.83 ± 0.32 1.05 / / 

H (amide) 0.79 ± 0.36 1.11 0.79 ± 0.36 1.11 

H (primary 
amine) 

0.85 ± 0.32 1.67 0.85 ± 0.32 1.56 

Hα 0.78 ± 0.37 1.12 0.78 ± 0.37 1.10 

H2 (on C2) 0.82 ± 0.36 1.19 0.82 ± 0.36 1.15 

O (carboxyl) 0.85 ± 0.33 2.02 0.84 ± 0.33 1.89 

O (carbonyl) 0.81 ± 0.34 1.37 0.81 ± 0.34 1.27 

Nπ 0.81 ± 0.34 1.08 0.79 ± 0.37 1.04 

Nτ 0.80 ± 0.37 1.08 0.82 ± 0.33 1.24 
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Table A2.5: Not-weighted calculated 13C chemical shifts of CT-Ia-d and CT-IIa-d 
conformers of carnosine. Chemical shifts were scaled with respect to the chemical shift 
of 13C TMS. 
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Table A2.6: Not-weighted calculated 1H chemical shifts of CT-Ia-d and CT-IIa-d 
conformers of carnosine. Chemical shifts were scaled with respect to the chemical shift 
of 1H TMS. 
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Table A2.7: Not-weighted calculated 1H chemical shifts of HT-Ia-d and HT-IIa-d 
conformers of homocarnosine. Chemical shifts were scaled with respect to the 
chemical shift of 11H DSS. 
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Table A2.8: Statistical data (in ppm) of calculated 1H and 13C chemical shifts (relative 
to the standard used). These include RMS error, mean error, mean absolute error, 
maximum error and standard deviation of absolute error. 

 

1H 13C 

TMS 

[2,2,3,3-
2H4]-3-

trimethylsily
l-propanoate 

DSS TMS 

[2,2,3,3-
2H4]-3-

trimethylsily
l-propanoate 

RMS error 0.52 1.01 0.91 11.3 11.2 

Mean error 0.11 0.77 0.38 5.9 8.4 

Mean absolute error 0.44 0.78 0.69 9.5 10.0 

Maximum error 1.08 1.84 -1.75 27.0 17.3 

Standard deviation of absolute 
error 

0.27 0.71 0.63 6.4 5.4 

 

 

 

Table A2.9: Protonation states of histidine residues and of Glu173. The acidic amino 
acids other than Glu173 are negatively charged. 

Residue number Protonation state 

106, 314, 324, 367, 452 HID 

235, 244, 263, 388, 481 HIE 

39, 288, 354, 436 HIP 

173 GLH 
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Table A2.10: Relative free energies (in kcal/mol), calculated as described in the Part 
(ii) of “Molecular docking – Monomer” section of Methods part in the main text, of 
model system of apo hCN1 active site and its modifications (based on the hCN1 crystal 
structure), where different residues (i.e. Glh173α and Glh173β, Glu174, Asp202) are 
protonated and hydroxyl anion is bridging two Zn2+ ions. Relative free energies are 
calculated with respect to the model system, where water is bridging two Zn2+ ions and 
other residues are deprotonated. 

Dielectric 
constant (ε) Glh173α Glh173β Glu174 Asp202 

1 -13.0 -0.9 38.9 37.4 

2 -4.4 3.9 34.1 31.9 

4 0.6 6.4 30.5 28.3 

8 3.4 7.5 28.2 26.3 

16 4.8 8.1 26.9 25.2 

32 5.5 8.4 26.3 24.6 

64 5.9 8.5 25.9 24.3 

80 6.0 8.5 25.8 24.3 
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Table A2.11: Relative free energies (in kcal/mol) of model system of apo hCN1 active 
site and its modifications (based on the hCN1 structure obtained after first step of 
docking), where different residues (i.e. Glh173α and Glh173β, Glu174, Asp202) are 
protonated and hydroxyl anion is bridging two Zn2+ ions. Relative free energies are 
calculated with respect to the model system, where water is bridging two Zn2+ ions and 
other residues are deprotonated. 

Dielectric 
constant (ε) Glh173α Glh173β Glu174 Asp202 

1 -29.2 -32.3 9.8 4.2 

2 -22.9 -25.2 5.3 0.8 

4 -19.1 -20.6 2.7 -1.1 

8 -17.1 -18.1 1.2 -2.1 

16 -16.0 -16.7 0.4 -2.6 

32 -15.5 -16.0 0.0 -2.9 

64 -15.2 -15.7 -0.2 -3.0 

80 -15.1 -15.6 -0.3 -3.1 
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Table A2.12: Distances (in Å) between two zinc ions and their coordinating residues 
from my 2-ps long QM/MM simulations of carnosine and homocarnosine complexes 
with monomeric and dimeric hCN1α at 298 K and crystallographic data of apo-enzyme 
(PDB ID 3DLJ). Bond lengths from simulations are reported as average values. 

Bond Crystallographic 
data 

Monomeric hCN1α Dimeric hCN1α 

CT-I!hCN1α HT-I!hCN1α CT-I!hCN1α HT-I!hCN1α 

Zn1-His452 2.0 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 

Zn1-Glu174 2.1 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 

Zn1-Asp139 2.2 4.2 ± 0.5 4.1 ± 0.2 2.1 ± 0.1 2.1 ± 0.1 

Zn1-OH- 2.8 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 2.1± 0.1 

Zn2-Asp139 2.0 2.1 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 

Zn2-Asp202 1.8 2.2 ± 0.1 2.1 ± 0.1 2.5 ± 0.5 2.1 ± 0.1 

Zn2-His106 2.0 2.2 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 

Zn2-OH- 2.8 2.2 ± 0.1 2.2 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 

Zn1-ligand’s 
carbonyl 
oxygen 

/ 4.2 ± 0.3 4.0 ± 0.4 5.1 ± 0.3 4.5 ± 0.3 

Zn1-Zn2 3.5 3.8 ± 0.1 3.5 ± 0.1 3.4 ± 0.1 3.3 ± 0.1 
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Table A2.13: Distances (in Å) between two zinc ions and their coordinating residues 
from my 1-ps long QM/MM simulations of carnosine complex with monomeric 
hCN1α at 298 K and 303 K, carnosine and homocarnosine complex with monomeric 
hCN1β at 298 K and crystallographic data of apo-enzyme (PDB ID 3DLJ). Bond 
lengths from simulations are reported as average values. 

Bond Crystallographic 
data 

CT-I!hCN1α  
(T = 298 K) 

CT-I!hCN1α  
(T = 303 K) 

CT-I!hCN1β  
(T = 298 K) 

HT-I! hCN1β 
(T = 298 K) 

Zn1-His452 2.0 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 

Zn1-Glu174 2.1 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 2.1 ± 0.1 

Zn1-Asp139 2.2 3.8 ± 0.2 3.8 ± 0.2 2.1 ± 0.1 3.7  ± 0.3 

Zn1-OH- 2.8 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1 

Zn2-Asp139 2.0 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.0 ± 0.1 

Zn2-Asp202 1.8 2.2 ± 0.1 2.2 ± 0.1 2.1 ± 0.1 2.2 ± 0.1 

Zn2-His106 2.0 2.1 ± 0.1 2.1 ± 0.1 2.2 ± 0.1 2.2 ± 0.1 

Zn2-OH- 2.8 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 

Zn1-ligand’s 
carbonyl 
oxygen 

/ 4.1 ± 0.2 4.1 ± 0.2 5.5 ± 0.4 4.0 ± 0.3 

Zn1-Zn2 3.5 3.8 ± 0.1 3.8 ± 0.1 3.3 ± 0.1 3.6 ± 0.1 
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Table A2.14: Angles (in °) between two zinc ions and their coordinating residues from 
my 2-ps long QM/MM simulations of carnosine and homocarnosine complexes with 
monomeric and dimeric hCN1α at 298 K and crystallographic data of apo-enzyme 
(PDB ID 3DLJ). Angle values from simulations are reported as average values. 

Angle Crystallographic 
data 

Monomeric hCN1α Dimeric hCN1α 

CT-I!hCN1α HT-I!hCN1α CT-I!hCN1α HT-I!hCN1α 

His452-Zn1-Glu174 115 122 ± 6 129 ± 6 119 ± 7 120 ± 8 

His452-Zn1-Asp139 83 80 ± 4 66 ± 5 98 ± 4 97 ± 5 

His452-Zn1-OH- 115 124 ± 9 120 ± 5 121 ± 8 115 ± 6 

Glu174-Zn1-Asp139 101 97 ± 12 95 ± 11 94 ± 8 101 ± 6 

Glu174-Zn1-OH- 126 109 ± 7 103 ± 6 112 ± 6 110 ± 7 

Asp139-Zn1-OH- 103 74 ± 8 85 ± 6 106 ± 6 111 ± 7 

His106-Zn2-Asp139 106 91 ± 4 94 ± 5 114 ± 9 116 ± 6 

His106-Zn2-Asp202 102 92 ± 5 101 ± 5 122 ± 11 114 ± 9 

His106-Zn2-OH- 128 100 ± 7 89 ± 4 97 ± 4 98 ± 8 

Asp139-Zn2-Asp202 127 139 ± 12 119 ± 7 111 ± 9 112 ± 7 

Asp139-Zn2-OH- 101 102 ± 9 141 ± 9 101 ± 6 95 ± 7 

Asp202-Zn2-OH- 96 117 ± 8 99 ± 8 105 ± 12 117 ± 9 
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Table A2.15: Angles (in °) between two zinc ions and their coordinating residues from 
my 1-ps long QM/MM simulations of carnosine complex with monomeric hCN1α at 
298 K and 303 K, carnosine and homocarnosine complex with monomeric form of 
hCN1β at 298 K and crystallographic data of apo-enzyme (PDB ID 3DLJ). Bond 
lengths from simulations are reported as average values. 

Angle Crystallographic 
data 

CT-I!hCN1α  
(T = 298 K) 

CT-I!hCN1α  
(T =303 K) 

CT-I!hCN1β  
(T = 298 K) 

HT-I! hCN1β  
(T = 298 K) 

His452-Zn1-Glu174 115 120 ± 6 119 ± 7 118 ± 6 111 ± 9 

His452-Zn1-Asp139 83 78 ± 4 79 ± 5 100 ± 6 72 ± 5 

His452-Zn1-OH- 115 129 ± 8 129 ± 9 110 ± 7 135 ± 15 

Glu174-Zn1-Asp139 101 107 ± 7 108 ± 8 108 ± 6 93 ± 11 

Glu174-Zn1-OH- 126 106 ± 7 107 ± 7 106 ± 7 104 ± 10 

Asp139-Zn1-OH- 103 68 ± 6 69 ± 6 114 ± 4 79 ± 8 

His106-Zn2-Asp139 106 91 ± 5 91 ± 5 92 ± 7 97 ± 5 

His106-Zn2-Asp202 102 93 ± 5 93 ± 4 117 ± 4 97 ± 6 

His106-Zn2-OH- 128 102 ± 7 102 ± 8 93 ± 5 94 ± 9 

Asp139-Zn2-Asp202 127 134 ± 11 136 ± 10 93 ± 9 122 ± 7 

Asp139-Zn2-OH- 101 105 ± 7 104 ± 8 99 ± 7 115 ± 5 

Asp202-Zn2-OH- 96 118 ± 8 118 ± 7 135 ± 12 118 ± 10 
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Table A2.16: Probability of hydrogen bonds between the ligand and the hCN1β active 
site from 1-ps QM/MM simulations. WM indicates water mediated hydrogen bond. 

Hydrogen bond 
donor 

Hydrogen bond 
acceptor CT-I!hCN1β HT-I!hCN1β 

Glh173 

protonated 
carboxylic 

group 

Ligand 
backbone 
oxygen 

/ 100% 

Ligand 
histidine ring 

Glu174 backbone 
oxygen 90% 

43% 
79%WM 

Ligand amino 
group 

Asp202 
backbone 
oxygen 

91% 
27% 

68%WM 

Ligand amino 
group 

Asp202 
carboxylic 

group 
/ / 

Ligand amino 
group 

Asn203 side 
chain / 8% 

Arg350 side 
chain* 

Ligands 
carboxylic 

group 

a)  / 
b) 87% 
c) 55% 
d) 6% 

a) 14% 
b) 28% 
c) 32% 
d) 12% 

Ligand amino 
group 

Asp421 
carboxylic 

group 
/ 97% 

Ligand amino 
group 

Ser423 hydroxyl 
group / 59% 

Ligand peptide 
NH group 

Thr424 backbone 
oxygen 46% 41% 

Thr424 peptide 
NH group 

Ligand 
carboxylic 

group 
29% / 

* between Arg350 and carboxylic group are 4 possible hydrogen bonds (marked with, 
a), b,) c) and d), see also Fig. A2.6); also salt bridge is formed here. 
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Table A2.17: Relative free energies (in kcal/mol) of hCN1α and hCN1β of holo hCN1 
active site (with CT-I and HT-I present inside the active site). Relative free energies 
were calculated with respect to the model system, where water is bridging two Zn2+ 
ions and Glu173 is deprotonated. The position of the hydrogen atoms was optimized. 
Single-point calculations were performed on the optimized structures. Values for the 
system with HT-I present inside the active site are in parentheses. 

Dielectric 
constant (ε) Glh173α Glh173β 

1 -24.8 (-25.2) -4.3 (-16.6) 

2 -18.9 (-19.3) -1.6 (-8.0) 

4 -15.3 (-16.0) -0.1 (-3.2) 

8 -13.4 (-13.8) 0.7 (-0.2) 

16 -12.4 (-12.8) 1.1 (1.0) 

32 -11.8 (-12.6) 1.3 (1.7) 

64 -11.6 (-12.1) 1.4 (2.3) 

80 -11.5 (-12.0) 1.4 (2.1) 
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Figure A2.1: (a) RMSD, (b) distance between terminal NH3
+ and COO-, and (c) 

accessible surface area plotted as a function of simulated time for CT-I and CT-II 
tautomers in aqueous solution.  
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Figure A2.2: Radial distribution functions g(r) of CT-I and CT-II in water. (a) g(r) 
between the N-hydrogen atom in imidazole ring (HNπ and HNτ) of carnosine and 
oxygen atom in water (OW) (black line); g(r) of amide hydrogen (HN) of carnosine 
and oxygen atom in water (OW) (red line). (b) g(r) of the C-hydrogen atom in 
imidazole ring (HC2) of carnosine and oxygen atom of water (OW) (black line); g(r) of 
Cα-hydrogen of carnosine and oxygen atom in water (OW) (red line). (c) g(r) of both 
carboxylic oxygen atoms (OC) of carnosine and hydrogen atom in water (HW) (black 
and red lines);  g(r) of amide oxygen atom (OA) of carnosine and hydrogen atom in 
water (HW) (green line). For the name of the atoms see Chart 4.1 in the Chapter 4. 
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Figure A2.3: RMSF values of pairs of equivalent atoms (data shown only for C, N and 
O atoms) in CT-I (red line) and CT-II (black line) tautomers of carnosine during one 
of the two MD simulations reported here. 

 

Figure A2.4: RMSD of hCN1 relative to the structure of the enzyme used in the 
second step of molecular docking during 40 ns classical MD. a) monomeric hCN1 
complexes (CT-I!hCN1α in black, CT-I!hCN1β in green, HT-I!hCN1α in red and 
CT-I!hCN1β in blue). b) dimeric hCN1 complexes (CT-I!hCN1α in black and HT-
I!hCN1α in red). 
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Figure A2.5: RMSF values for heavy atoms of both ligands inside a) monomeric 
hCN1α from 2 ps long QM/MM simulations; b) dimeric hCN1α from 2 ps long 
QM/MM simulations and c) monomeric hCN1β from 1 ps long QM/MM simulations. 
Carnsosine’s RMSF is shown in black and homocarnosine’s in red. Naming of the 
atoms is the same as in Chart 4.1. Green colored atom names represent atoms of 
histidine ring, blue ones represent carboxylic group and orange one amide bond. 
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Figure A2.6: Structures of CT-I!monomeric hCN1β (a) and HT-I!monomeric hCN1β 
(b) Michaelis complexes obtained by one ps-long QM/MM simulations. On the left 
side of the figure are schematic 2D representations of the Michaelis complexes, while 
on the right side there are matching 3D figures (non-polar hydrogen atoms are not 
shown due to clarity). CT-I is shown in green and HT-I in orange. Hydrogen bonds 
between ligand and environment are shown as dashed turquoise lines in 2D schemes 
and as full turquoise lines in the 3D representations (for occupancy of hydrogen bonds 
between ligands and hCN1 see Tab. A2.16; hydrogen bond naming (a, b, c and d) 
between ligand’s carboxylic group and side chain of Arg376 correspond to the one in 
Tab. A2.16), while those between hCN1 residues and water molecules are colored in 
grey. Water-mediated hydrogen bonds are shown as dashed purple lines in 2D schemes 
(due to the clarity, water molecules are omitted in these schemes) and as full purple 
lines in the 3D figures. Coordination bonds between Zn2+ ions and hCN1 active site 
residues are shown as dashed green lines on all figures. Zn2+ ions are shown as violet 
spheres in the 3D representation. Oxygen atoms are colored in red, nitrogen atoms in 
blue and polar hydrogen atoms in white. Non-polar hydrogen atoms are omitted due to 
clarity. 
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Figure A2.7: CT-I (colored in blue) docked in the monomeric hCN1α enzymatic 
cavity. Zn2+ ions are colored in pink. Residues coordinating Zn2+ according only to 
reference [250] are colored in cyan and the ones according only to our model are 
colored in yellow. Common residues in the two models coordinating Zn2+ are colored 
in green. Residues coordinating CT-I according to reference [250] are colored in red. 
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