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The mutants of human lysozyme are capable of fibril formation implicated in the etiology of familial systemic or renal amyloidosis.
A series of 100 ns thermal unfolding molecular dynamics (MD) simulations with WT human lysozyme and its seven amyloidogenic
variants (I56T, D67H, F571, W64R, Y54N, F5S7I/T70N and T70N/W112R) have been performed at 500 K. The molecular dynamics
simulations were performed with GROMACS software (version 5.1) using the CHARMM36m force field. The MD results have been
analysed in terms of the parameters characterizing both the global and local protein structure, such as the backbone root mean-square
deviation, gyration radius, solvent accessible surface area, the root mean-square fluctuations and the secondary structure content.
Depending on the observed effects, the examined variants of human lysozyme have been roughly divided into three groups
comprising of mutants with faster (Y54N and F57I/T70N), similar (D67H and I56T) or slower (W64, F571 and T70N/W112R)
unfolding rate compared to the wild-type counterpart. The analysis of the protein fluctuational behavior revealed that in most mutants
the B-domain displays stronger fluctuations (except the W64R and F571) and higher flexibility of the C- and D-helices relative to the
native lysozyme with the exception of W64R and Y54N which show marked decrease (W64R) or increase (Y54N) in mobility of
almost all residues. The analysis of secondary structure evolution provided evidence for higher stability of a-domain compared to -
domain. The results obtained reinforce the idea that mutation-induced global structural destabilization is not the only factor
contributing to protein misfolding, the modifications in conformation and dynamics of selected protein regions may also play
significant role in amyloid fibril formation.
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MOJIEKYJISIPHO-JUHAMHNYECKOE UCCIEJOBAHUE AMWIOUJOTEHHBIX MYTAHTOB
JIN30HUMA YEJIOBEKA
Y. Tapabapa, B. Tpycosa, K. Byc, O. Pu:kosa, I'. I'op6enko
Kagheopa sioeproii u meouyuncrou guzuxu, Xapvrkosckuil Hayuonanvhvill yHueepcumem umenu B.H. Kapazuna
nn. Ceoboowr 4, Xapwvros, 61022, Yxpauna

MyTaHTbl JTH30IIMMa YeJOBEKa CIOCOOHBI K 00pa3oBaHMIO (HOPHILI, BOBIEUEHHBIX B 3THOJOTUIO CEMEHHOTO CHCTEMHOTO HIIH
MOYEeyHOoro amuionno3a. B pabote Obia mposeaena cepust 100 HC MonekynspHo-auHamudeckux (MJI) cumymnsanuii qukoro Tuma
mu3onuma genoBeka (WT) u ero cemu amumongoreHHsix mytantoB (IS6T, D67H, F571, W64R, Y54N, F571 / T70N u T70N /
W112R) npu temneparype 500 K. MonekynspHO-AHHAMHYIECKOE MOAETHPOBAHKE MTPOBOIMIIOCH C UCIIONBE30BAHUEM IIPOTPAMMHOTO
naketa GROMACS (Bepcust 5.1) B cuoBom nore CHARMM36m. Pesynsrarst MD MoznennpoBaHust ObUIH NIPOaHAIH3HPOBAHBI B
TepMHHAX ITapaMeTPOB, XapaKTePHU3yIONINX KaK III00aIbHYIO, TaK U JIOKAIBHYIO CTPYKTYpy Oenka, TAKHX KaK CpeIHeKBaJpaTHIHOe
OTKJIOHEHHE OCTOBa IIENH, PAJUyC WHEPLUWH, IUIOIIAJb ITOBEPXHOCTH, JOCTYIIHOW JUIS PacTBOPHUTENS, CpPEIHEKBAJPAaTHIHBIC
(GuyKTyallMu OCTOBa ILIEIIM M COJep)KaHWE BTOPHYHOW CTPYKTYpbl. B 3aBucuMmocTn oT HaOmomaeMblx 3¢ddexToB Huccienyemble
MYTaHTBI JIM30LMMa YeJOBeKa ObUIM YCJIOBHO pa3[esieHbl Ha TPU IPYIbL MyTaHThl ¢ Gonee Obictpoit (YS54N u F571 / T70N),
nonobHoit (D67H u 156T) u 6onee memnennoi (W64, F571 u T70N / W112R) ckopocThio pa3BopadyuBaHus M0 OTHOMIECHHIO K WT
0enky. AHaIM3 (IIyKTyalnOHHOTO TOBENCHHS OeKa MOKa3ajl, 4To y OONBIIMHCTBA MYTaHTOB P-IOMEHY MPUCYLIH OoJiee CHIIbHBIC
¢ykryanuu (3a uckmodeaneM W64R u F571) u Gonpmast tubkocts C- 1 D-cimparneii Mo CpaBHEHUIO ¢ HATHBHBIM JIM30LIMOM, 32
nckioueHneM W64R 1 Y54N, y KoTOphIX BhIsBICHO 3aMeTHOe cHinkeHHe (W64R) mmm ysemmuenne (Y54N) moaBMXHOCTH MOYTH
BCEX OCTATKOB. AHAJIM3 SBOJIONUHM BTOPHYHON CTPYKTYypHl CBHIETEILCTBYET O Ooiiee BBICOKOH CTaOMIBHOCTH O-JOMEHa IIO
cpaBHeHHIO C (-moMeHoM. [loydeHHBIE pe3ysbTaThl MOATBEPXKAAIOT UICI0 O TOM, YTO IIOOANbHAs CTPYKTypHas JiecTaOuIn3ays,
BBI3BaHHAsl MyTallMei, He SIBIAETCS COUHCTBEHHBIM (DaKTOpOM, CHOCOOCTBYIOUIMM HEIPAaBUIFHOMY CBOpPaYMBAaHMIO OEIKOB, a
HW3MEHEHUs] B KOH(OpMalMu M JUHAMUKE OTAENBHBIX OONacTel MOMUMENTHIHOW IIEMM MOTYT TaKKe UIpaTh BaXHYIO pPONb B
00pa3oBaHNU AMUIIOUIHBIX (GUOPMILI.

KJIFOYEBBIE CJIOBA: Jluzounm 4enoBeka, aMIJIOWAOTEHHBIE MyTaHTBI, MOJICKYJISIpHAs IMHAMHKA, arperamys 0eJIKOB, aMUIOHT

MOJIEKYJISIPHO-TUHAMIYHE JOCJKEHHS AMUIOITOTEHHUX MYTAHTIB JI301LUMY JIIOAHA
Y. Tapadapa, B. Tpycosa, K. Byc, O. Pu:koBa, I'. 'openko
Kagheopa sioeproi ma meouunoi gizuxu, Xapkiscokuili Hayionanvrui yHisepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, Xapxis, 61022, Vrpaina
MyTaHTH JIOJICHKOTO JI30LMMY 3/aTHI yTBOproBaTH (iOpwiIH, sIKi HOB'sI3aHi 3 €TIONOTi€I0 CUCTEMHOr0 ab0 HUPKOBOI'O aMiJIoino3y.
Byno nposeneno cepito 100 He MosekynsapHo-auHamiuauX (M) cumymsiii aukoro tumy (WT) Jroackkoro Ji301uMy Ta HOro ceMu
aminoinorennnx MmytantiB (IS6T, D67H, F571, W64R, Y54N, F571 / T70N i T70N / WI112R) mpu Ttemmeparypi 500 K.
MornekyispHO-IMHAMIYHE MOJCIoBaHHs Oyiio mpoBeneHe 3a jgoromoror mporpamuoro makery GROMACS (epcis 5.1) B
cunoBomy nonni CHARMM36m. Pesyneratn M/] MozenroBanHs Oyu mpoaHasi3oBaHi B TEpPMiHAX MapaMeTpiB, MO XapaKTepH3YIOTh
SK TIO0ANBHY TaK 1 JIOKAIBHY CTPYKTYpy OilKa, TakuX SK CepelHbOKBAJPATHYHE BIIXWICHHS OCTOBY JIAHIIOTA, pajiyc iHepii,
ILTONIA MTOBEPXHi, TOCTYIHA JUISl PO3UMHHHKA, CEPEeIHbOKBAAPATHYHI (UIyKTyarii Ta BMICT BTOPHHHOI CTPYKTypH. B 3aiexHOCTi Bif
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CHOCTepe)KYBaHUX e(eKTiB, AOCTIIKYBaHI MyTaHTH Oyjid YMOBHO pO3ZiJieHI Ha Tpu rpynu: myTaHtd 3 Oimbmoro (Y54N Tta
F571/T70N), nozni6uoto (D67H ta I156T) Ta menmoro (W64, F571 Ta T70N/W112R) mBuakicTio po3ropTranHs y mopiBHsaHI 3 WT
OinkoM. AHani3z QuykTyauiitHoi moBeaiHKH Gika MOKa3aB, 0 y OLNBIIOCTI MyTaHTIB B-I0MeHy MpUTaMaHHi cuiibHI (QuykTyamii (3a
BuHATKOM W64R 1 F571) Ta 6inpima rayuxicts C- i D-cripaneif y HOpiBHSHHI 3 HATHBHUM Ji301MMOM, 332 BUHATKOM W64R Ta Y54N,
y SKHX BHsABJIEHO MoMiTHe 3HIKEHHS (W64R) abo 3poctanHs (YS54N) pyXJHMBOCTI MPAKTHYHO BCiX 3aWIIKIB. AHANI3 €BOJFOLIl
BTOPUHHOI CTPYKTYpH CBITYHTH NpO OULIBII BHCOKY CTaOUIBHICTH 0-IOMEHY IOPIBHSHO 3 [-momeHoM. OTpuMaHi pe3yibTaTé
MATBEPIDKYIOTh TyMKY PO Te, IO TiiobambHa CTPYKTypHA AECTadiii3allis, BUKIMKaHA MYTaIi€lo, HE € €IUHUM (aKTOpOM, SIKHI
CIIpHsi€ HETIPAaBHJIBHOMY 3rOpPTaHHIO OUIKIB, a Moudikallis KOHpopMaLil Ta JMHAMIKK OKpEeMHUX 001acTeil MoNinenTHIHOTO JIaHIIora
TaKOX MOXXYTh BilirpaBaTH BOXIIMBY PoJib y (hOpMyBaHHI aMiIoiqHUX (iOpuI1.

KJIFOUYOBI CJIOBA: JlizouuMm JIIOANHH, aMiJIOIOTeHHI MyTaHTH, MOJIEKYJIIpHA JMHAMIKa, arperailis OiIKiB, aMinoin

A number of human disorders including systemic amyloidosis, Creutzfeld-Jacob disease, type II diabetes,
Alzheimer’s and Parkinson’s diseases, etc. are linked to protein misfolding and self-association into amyloid fibrils, a
particular type of protein aggregates with a cross-f-sheet core structure, in which hydrogen-bonded f-strands run
perpendicular to the long fibril axis [1-4]. The amyloid-forming propensity is thought to be a fundamental property of
polypeptide chain since proteins differing in their sequences, secondary and tertiary structures have been found to form
fibrillar aggregates with the same morphology [5,6]. A variety of factors controlling the mechanisms and kinetics of
amyloid formation have been identified and subdivided into two main groups. The former involves extrinsic factors,
such as environmental conditions (pH, temperature, pressure, ionic strength, extent of molecular crowding,
concentration of denaturing agents or reactive oxygen species, etc.), molecular chaperone and ubiquitin-proteasome
cellular systems; while the latter implicates intrinsic factors, associated with fundamental features of polypeptide chain
(net charge, mean hydrophobicity, secondary structure propensities, etc.) [7,8]. Accumulating evidence lends support to
the hypothesis that structural transformation of a polypeptide chain into a partially folded conformation is a critical
prerequisite for fibril formation. In vitro, fibrillization-favoring conditions are created by lowering pH, elevating
temperature, adding organic solvents or denaturants, etc., while in vivo, abnormal partial unfolding or folding may arise
from mutations, oxidative or heat stress or destabilization of protein structure upon adsorption at interfaces formed by
cell membranes [9-12].

A-helix C-helix

Fig. 1. Crystal structure of wild type human lysozyme (PDB ID 1REX): A-helix - residues 5-15 (blue); B-helix - residues 25-36
(red); C-helix - residues 89-100 (magenta); D-helix - residues 110-116 (violet); beta-strand S1 — residues 43-46 (orange); beta-strand
S2 — residues 51-54 (yellow).

One of the most extensively studied amyloidogenic protein is lysozyme, a multifunctional enzyme with
bactericidal, immunomodulatory and antitumor activities, which was found in secretions, such as sweet, saliva, mucus,
etc. [13-15]. Human lysozyme consists of 130 amino acid residues which form a-domain (residues 1-42 and 81-130)
with four a-helices (A-D) and 310 helices, and B-domain (residues 43-80) containing mainly antiparallel B-sheets [16]
(Fig. 1). The structure of this protein is stabilized by four disulphide bonds located in a-domain (C6-C128 and C30-
C116), B-domain (C65-C81) and in the active site, between a- and B-domains (C77-C95) [17]. In 1993 Pepys et al.
found that two natural variants of human lysozyme, I56T and D67H, are related with hereditary systemic non-
neuropathic amyloidosis, a disease in which amyloid fibrils deposit in viscera [18-20]. Later on, a series of other
amyloidogenic mutations of lysozyme have been identified, viz. F571, W64R, F57I/T70N, Y54N, T7T0N/W112R [21-
24]. Remarkably, most mutations are located in the B-domain, either in the long loop (W64R, D67H, T70N) or at the
interface between two domains (I56T, F671 and Y54N) [25,26]. An exception is the mutation W112 located in the D
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helix, and in combination with T70N leads to the pathogenic aggregation [27]. Notably, the single T70N and W112R
variants are not linked to disease [24,28,29], although the T70N and WT form transient intermediate species very
similar to those of amyloidogenic variants formed under non-physiological conditions such as elevated temperature, low
pH or high hydrostatic pressure [25,26,30].

To date, the most comprehensively investigated are the mutations IS6T and D67H. The substitution D67 by His
was found to disrupt the network of hydrogen bonds stabilizing the B-domain, especially its two long loops. This
destabilization leads to significant, concerted movement of long loops and B-sheets, but such increase in flexibility is
not characteristic of another pathogenic mutant, [56T and obviously does not play a primary role in the
amyloidogenicity [31-34]. The substitution of stabilizing hydrophobic residue Ile at 56 position at the interface between
two domains with a hydrophilic residue Thr destroys the long-range hydrophobic interactions and intramolecular
hydrogen bonds at the a-f interface and accelerates the unfolding process [26,31,33]. The I56T variant demonstrates
negligible change in crystal structure in comparison with WT protein [31,35] and significant decrease in stability, as
follows from the kinetic, thermodynamic and molecular dynamics data [36]. The reduced global cooperativity under
physiological and unfolding conditions [27,37,38], lower thermodynamic stability and ability to form specific transient
intermediate species have been supposed to be the major molecular determinants of the amyloidogenicity of I56T and
D67H variants [30,39]. Similar to these variants, the single-point mutations F571 and W64R demonstrated significant
decrease in thermal stability, whereas T70N was found to be slightly destabilizing [25,30,40]. The non-amyloidogenic
character of T70N substitution is thought to arise from the conservation of most hydrogen bonds and lack of
perturbation near the interface region [25,29,35]. The mutations F571, FS7I/T70N, W64R and Y54N are supposed to
destroy the hydrophobic interactions between a- and f-domains, thereby decreasing the hydrophobicity of the interface
region [21,25,35]. The tryptophan residues involved in the W64R and W112R/T70N mutations presumably disrupt the
hydrophobic clusters of these variants [35].

The aim of the present study was to characterize the effects of amyloidogenic mutations on the structure and
dynamics of human lysozyme. To this end, we performed a series of thermal unfolding molecular dynamics (MD)
simulations with WT protein and its amyloidogenic variants, I56T, D67H, F571, W64R, Y54N, F571/T70N and
T70N/W112R.

MOLECULAR DYNAMICS SIMULATIONS

The molecular dynamics simulations were performed with GROMACS software (version 5.1) using the
CHARMM36m force field with TIP3P water model [41]. The starting structure for the thermal unfolding simulations
was obtained from the crystal structure of wild-type human lysozyme (PDB entry 1REX). The web-based graphical
interface CHARMM-GUI was used to introduce the mutations F571, Y54N and W64R in the WT lysozyme sequence
and mutations W112R and F571 in the T70N structure (PDB entry 1W08), while the other seven mutants including I56T
(1LOZ), D67H (1LYY) were taken from the PDB bank. The input files for MD calculations were prepared using the
CHARMM-GUI Quick MD simulator [42].

The WT protein and mutants were solvated in the rectangular box fitted to protein size with a minimum distance
of 10 A to the edges of the box. To obtain a neutral total charge of the system the required amount of potassium
counterions were added. The number of atoms in the solvated protein systems varies from 22975 to 29727. The Particle
Mesh Ewald algorithm was employed to treat the long-range electrostatic interactions [43]. The minimization and
equilibration of the system were performed during 100 ps and 500 ps, respectively. The time step for MD simulations
was 2 fs. The trajectories and coordinates were saved every 2 ps for further analysis. The whole time interval for MD
calculations was 100 ns. The WT lysozyme was simulated at two different temperatures, 300 K and 500 K, while MD
simulations of all mutants were performed at 500 K and a pressure 1 bar. The analysis tools provided by GROMACS
were used to calculate the root mean-square deviations (RMSD), root mean-square fluctuations of the C-alpha atoms
(RMSF), radius of gyration (Rg) and solvent-accessible surface area (SASA) per residue. The evolution of the
secondary structure was followed using the VMD Timeline tool [44] and Tcl scripts.

RESULTS AND DISCUSSION

The thermal unfolding trajectories of WT lysozyme and its mutants were analysed in terms of the parameters
reflecting the changes in both the global and local protein structure, RMSD, Rg, SASA, RMSF and the secondary
structure content. As seen in Fig. 2, there are three main tendencies in RMSD behaviour, according to which all
examined mutants can be divided into three groups. The first group contains the double mutant FS7I/T70N and Y54N
variant whose RMSDs grow faster than that of WT lysozyme (Fig. 2A). Taking the RMSD values greater than 0.7 nm
as the unfolding criterion [45] it follows that WT protein unfolds during ~ 10 ns, while the unfolding times (tu) of
F57I/T70N and Y54N are ~ 3 ns and 7 ns, respectively. The second group includes D67H (tu ~ 11 ns) and IS6T (tu ~ 12
ns) whose unfolding times are comparable with that of WT lysozyme (Fig. 2B), while T7T0N/W112R (tu ~ 17 ns), F571
(tu ~ 21 ns) and W64R (tu ~ 24 ns) that unfold slower than WT protein constitute the third group (Fig. 2C). Notably,
previous unfolding simulations showed that D67H and I56T have larger RMSD values compared to WT [33,34]. The
discrepancy between these findings and our results can be explained by much shorter simulation times (1 ns [33] or 5 ns
[34]) within which RMSDs of the above mutants are indeed somewhat higher than that of WT counterpart (Fig. 2B).
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Fig. 2 The backbone root mean square deviation plotted as a
function of time for the wild-type human lysozyme (black) and
three groups of mutants: (A) the first group containing
F571/T70N (red) and Y54N (green); (B) I56T (red) and D67H
(green) belonging to the second group; (C) F571 (red), W64R
(green) and T70N/W112R (blue) constituting the third group.

Time, ns

Along with larger RMSD, the higher Rg and RMSF values, the loss of native contacts and secondary structure
elements are all regarded as indications of the reduced stability of mutated protein [46]. The time evolutions of other
integral characteristics, gyration radius and solvent accessible surface area, support the idea about three patterns of
unfolding behavior of the lysozyme variants. The Rg value rises from ~1.4 to ~1.7 nm, while the total SASA grows
from ~80 nm? to ~110-115 nm?, mainly due to the changes in the hydrophobic SASA component that increases in the
first 20 ns from ~20 nm? to ~40 nm? and further fluctuates around this value. The increase in gyration radius positively
correlates with SASA changes and indicates that more residues become accessible for solvent with decreasing protein
compressibility due to the loss of packing interactions [33].
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Fig. 3. The root mean square fluctuations of the C-alpha atoms (black line) and the total solvent-accessible surface area (red line) per
residue calculated from the unfolding MD trajectory of the WT human lysozyme.

Next, to characterize the influence of mutations on the lysozyme structure and dynamics in more detail, we
analysed the changes in the root mean-square fluctuations of the C-alpha atoms and the total SASA per residue. Shown
in Fig. 3 are the RMSF and SASA profiles calculated for the 500 K unfolding simulation of the WT protein. Apart from
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the N- and C- termini, the largest fluctuations were observed in the turn regions 15-20, 38-48 and 58-62, while most
residues with the smallest fluctuations (e.g. 30, 100, 116) belong to the alpha-helical regions in the native structure of
lysozyme. Expectedly, the residues with the lower RMSF generally have the lesser SASA per residue (Fig. 3).
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It is hypothesized that the B-domain (residues 43-80), C-helix (residues 89-100) and hydrophobic core comprised
of G55, 156 and F57 [47] play the predominant role in the formation of lysozyme amyloid fibrils [48,49,27]. That is
why in the further consideration of the mutation-induced effects a special attention is paid to the amyloid-related and
adjacent regions. The analysis of the relative changes in RMSF revealed that the region 50-60, embracing the
hydrophobic core, in all mutants fluctuates stronger than in the WT protein, with the smallest differences being
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observed for W64R (< 11%) and F571 (< 16%) (Fig. 4). Most mutants have significantly larger fluctuations in the C-
and partially D-helix and increased flexibility in the region surrounding V100, compared to the WT lysozyme, with
RMSF difference ranging from ~50% to ~110%. It is only W64R that shows the restrained motion of almost all regions,
except the B-strands encompassing the residues 50-60 (Fig. 4, C). On the contrary, Y54N displays pronounced increase
in the mobility of virtually all residues (Fig.4, D). It is also noteworthy that the B-domain predominantly has higher
fluctuations in all mutated variants (with the exception of W64R and F57I). Our results are in line with those of
Moraitakis and Goodfellow [34] who found that D67H mutation gives rise to the increased flexibility of the f-domain.
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Next, concentrating on the relative changes the average SASA per residue (Fig. 5), we found that for all mutants
the largest increase in the solvent exposure is observed for the C-terminal parts of the - and a-domains and the region
30-36 of the B helix (especially for F57I and F571/T70N). The increased SASA of the C helix was also observed in the
previous unfolding simulation of D67H [34]. Remarkably, in D67H and T70N/W112R the mutated residues show
significant SASA increase (~90% for residue 67 and ~80% for residue 112), while the other mutated residues, 54, 56,
57, and 64 display the opposite SASA changes - decrease by 25-50% (Fig. 5, A-G).
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Fig. 6. Time evolution of a-helix content during the unfolding
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human lysozymes (A-G).
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Importantly, for some of the examined mutants, the effects deduced from the MD simulation can be discussed in
the context of the available experimental data. The comprehensive studies, involving hydrogen/deuterium exchange
experiments monitored by NMR and mass spectrometry, provided evidence for the decreased stability in the native state
and lower global structural cooperativity of the amyloidogenic variants I56T and D67H [32,38]. Due to such properties,
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these mutants appeared to be able to populate transient intermediate species in which the B-domain and the adjacent C-
helix are essentially unfolded whereas the A-, B- and D-helices retain their native-like structure. Furthermore,
proteolysis experiments showed that the human lysozyme fragment 32-108 is highly resistant to pepsin digestion,
suggesting that this region represents the core of amyloid fibrils [30]. Our observations that D67H and 156T display
higher fluctuations within the region encompassing the f-domain and C-helix (Fig. 4, A, B), together with the increased
solvent accessibility of the C-helix in D67H (Fig. 5, A), relative to the WT protein, generally agree with the above
experimental findings. In the following, to complement the above analyses, we compared the time courses of the protein
secondary structure elements. As shown in Fig. 6A, in the WT lysozyme the percentage of a-helices reduces from ~35%
to ~5% during ~45 ns of the MD simulation, while the mutants exhibit different behavior. More specifically, one can
distinguish three principal tendencies in the time evolution of the helical content. First, the rate of loss of helical
structure in I56T, F571 and T70N/W112R seems to be similar to that of WT protein (Fig. 6, B, E, G). Second, D67H,
Y54N and F57I/T70N demonstrate faster helicity decrease than WT lysozyme (Fig. 6, A, D, F). Third, the helical
structure of W64R disrupts slower compared to its WT counterpart, with a-helix content being reduced to at most
~20%.

To take a closer look at the mutation effect on the lysozyme unfolding pathway, we evaluated the destruction times (td)
of the individual structural elements (a-helices and B-domain) of the lysozyme variants, considering the helix or
extended conformation of the B-domain as being completely destroyed if it does not emerge within at least 1 ns. By
introducing a tentative classification of the mutation effect as stabilizing (td increases by more than 20% relative to
WT), neutral (td changes lie within £20%) and destabilizing (td decreases by more than 20%), we uncovered additional
differences between the lysozyme mutants (Table 1). The principal outcomes of the data analysis can be summarized as
follows. Relative to the WT protein: (1) the D67H mutation stabilizes the B-helix and B-domain, destabilizes the C- and
D- helices and exerts no influence on the A-helix; (2) the F571 mutation stabilizes the A, B, C-helices and B-domain,
and destabilizes the D-helix; (3) the I56T mutation stabilizes the B, C-helices and B-domain, destabilizes the D-helix
and exerts no influence on the A-helix; (4) the W64R mutation stabilizes A, C, D-helices and does not affect stability of
the B-helix and the f-domain; (5) the Y54N mutation stabilizes the A and B-helices, destabilizes C and D-helices, and
does not affect the -domain; (6) the F57I/T70N mutation destabilizes the B-domain and all helices except the A-helix;
(7) the T7TON/W112R mutation stabilizes the A, B-helices and the B-domain, destabilizes the D-helix and exerts no
influence on the C-helix. Taken together, these findings are indicative of the following main tendencies: i) most
mutations stabilize the A- and B-helices and destabilize the D-helix; ii) the extended conformation of the B-domain is
stabilized or remains unaffected by most mutations, and only one mutation, F57I/T70N, leads to more rapid conversion
of the extended structure into turns and coils; iii) less stability of the f-domain compared to the a-domain generally
persists in FS7I, I56T, W64R, Y54N, F571/T70N and T70N/W112R, although being compromised by the strong
destabilization of D-helix in F571, Y54N, F57I/T70N and T70N/W112R.

Table 1.

The destruction time (ns) of the secondary structure elements of the human lysozyme variants
Structural WT D67H F571 I56T W64R Y54N F571/ T70N/
element T70N WI112R
5-15 18 15 (N) 22 (S) 21 (N) 46 (S) 34 (S) 39(S) 49(S)
Helix A
25-36 15 24 (S) 64 (S) 41 (S) 15 (N) 20 (S) 7 (D) 43 (S)
Helix B
89-100 35 11 (D) 53(S) 65 (S) 45 (S) 22 (D) 5(D) 34 (N)
Helix C
110-116 46 18 (D) 13 (D) 27 (D) * 1 (D) 0.3 (D) 14 (D)
Helix D
1-42 and 46.23 | 26.05 534 65.09 * 22.15 23.57 34.42
81-130
a-domain
helical content
43-80 15 38(S) 26 (S) 23 (S) 13(N) 14 (N) 7 (D) 21 (S)
B-domain
extended
conformation

S — stabilizing, N — neutral, D - destabilizing effect on the destruction time, * - no destruction

The observation that most amyloidogenic mutations render the B-domain capable of retaining the extended
conformation for longer period of time reinforces the view that this domain constitutes the core of amyloid fibrils
formed by the human lysozyme [26,30].
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CONCLUSIONS

To summarize, the present study indicates that amyloidogenic mutations can produce diverse effects on the
structural and dynamical properties of the human lysozyme. Through monitoring the changes in parameters such as the
backbone root mean-square deviation, gyration radius, solvent accessible surface area, the root mean-square
fluctuations and the secondary structure content, and applying different criteria characterizing the loss of both tertiary
and secondary protein structures during the thermal unfolding we found that depending on time evolution of integral
characteristics the examined mutants can be tentatively divided into three groups in which RMSD, Rg and SASA show
faster (Y54N and F571/T70N), similar (D67H and 156T) and slower (W64, F571 and T70N/W112R) increase relative to
the WT protein. Most mutants display higher flexibility of the C- and D-helices compared to WT, with the exception of
W64R and Y54N which show marked decrease (W64R) or increase (Y54N) in mobility of almost all residues. The
analysis of the time dependencies of the secondary structure content showed that the a-domain is generally more stable
than the B-domain, although the unfolding behavior of individual a-helices is mutation dependent.

Collectively, our findings support the idea that the reduced global stability of amyloidogenic mutants is not the
only determinant of protein misfolding, the local changes in conformation and dynamics of sensitive regions may also
play essential role in amyloid fibril formation.
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