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Abstrakt

Peptidy, kromé své biologické funkce, predstavuji také dilezité modely nesbalenych,
denaturovanych nebo nestrukturovanych proteinti. Pobobné dtlezitymi modely pro
experimentélni i teoretické studium sbalovani proteinti jsou miniproteiny, jako napf.
Trp-cage. Chovani peptidi i proteint lze studovat v poéitac¢ovych simulacich pomoci
metod molekularni dynamiky, které umoznuji sledovat déje v atomistickém rozliseni.
Tyto metody vSak Celi vSak dvéma zasadnim problémtm — pfesnosti pouzivanych
energetickych funkci a nedostateénému vzorkovani konformaénich stavi. V této
disertaci jsem se zabyval ob&ma okruhy problémi.

Vliv rozdilnych, bé&zné pouzivnych energetickych funkei (,force fields”) byl testovan
na modelu aminokyselinovych dipeptidi. Zadna sada parametri viak nedokézala
konzistentné reprodukovat konformaéni preference jednotlivych aminokyselin. Vys-
ledky simulaci byly mezi sebou srovnany a byly hledany pfi¢iny jejich vzajemnych
odli$nosti.

Abychom odhalili, jakym zpisobem rtzné podminky ovliviiuji konformaé¢ni stavy
peptidd, zkoumali jsme vlastnosti aminokyselin v AAXAA peptidech. Simulace
odhalily zasadni rozdil ve vlivu tepelné a chemické denaturace (mocovinou) na
charakter a zastoupeni konformaci peptidi, stejné jako konformacnich preferenci
jednotlivych aminokyselin.

K problematice vzorkovani konformaéniho prostoru jsem piispél zavedenim kolek-
tivnich soufadnic pro metadynamiku odvozenych z gyra¢niho tenzoru a tenzoru setr-
vacnosti. Efektivita téchto kolektivnich soufadnic popisujich velikost a tvar molekul
byla testovana v simulacich alaninovych polypeptidi a Trp-cage miniproteinu. V
téchto simulacich bylo Gspésné dosazeno reprodukovatelého nalezeni nativni konfor-
mace miniproteinu a podstatného zlepsSeni ve vzorkovani konformaéniho prostoru

flexibilnich polyalaninovych peptidi.

Zcela novy miniprotein byl vytvoren obracenim sekvence Trp-cage. Tento umély
konstrukt vSak narozdil od Trp-cage nevytvafi stabilni tfidimenzionalni strukturu v
beznych pufrech, ale strukturuje se az po pfidani 2,2,2-trifluorethanolu (TFE). Sta-
bilita a dalsi vlastnosti molekuly retro Trp-cage byly studovany v MD simulacich, ale
nepodafilo se nalézt strukturu indukujici efekt TFE. Proto se stalo TFE predmétem
naSeho dalstho zajmu.

Nové parametry pro TFE, zaloZené na ptredchozim modelu, byly optimalizovany,
aby lépe a kvalitnéji popsali vlastnosti nejen samotného TFE, ale i jeho vodnych
roztokt. Tento novy model realisti¢téji zachycuje chovani smésnych roztokd v ramci
Kirkwoodovy-Buffovy teorie.

Curriculum vitae

Personal information

Name Mgr. Jiff Vymétal
Date of birth 19.9.1984, Krométiz
Nationality Czech

Contact

Institute of Organic Chemistry and Biochemistry AS CR
Flemingovo nam. 2.

166 10 Praha 6

Czech Republic

tel: 4420 220 183 294

e-mail: jiri.vymetal@uochb.cas.cz

Education

e 2009-present: Doctoral program Modeling of Chemical Properties of Nano-
and Bio-structures, Faculty of Science, Charles University in Prague and
Institute of Organic Chemistry and Biochemistry AS CR. Thesis: Computa-
tional study of short peptides and miniproteins in different environments.

e 2009: Master of Chemistry. Thesis: Theoretical Study of the Conforma-
tional Behavior and Structural Preferences of Amino Acids in Peptides by
Metadynamics.

e 2007-2009: Master’s program Modeling of Chemical Properties of Nano- and
Bio-structures, Faculty of Science, Charles University in Prague.

e 2007: Bachelor of Biology. Thesis: Structural proteins involved in mineral-
ization of tooth tissues of mammals.

e 2004-2007: Bachelor’s program Molecular Biology and Biochemistry, Faculty
of Science, Charles University in Prague.

39



SOZI[IqR)S ], MO WSIURYOOW Y . "SUOMN[OS Ul sjuowliodxo sojejl[e) sny) pue
sutejord pue sepryded jo Ayiqnios seaoxdwir 5], ‘A[[RUO}IPPY ‘UOI}RULIOJ 118}
Q0MPpUl I0 S9OI[eY-© oY) dzI[Iqe)s A[rensn (A/A 9/0g 01 dn) 5], Sumurejuod sispng

o1 (d1dH) [ouedoid-zg-otonygexoy pue (F]) [OULYIOIONPLI} 80 SINONIIS OPTY
-dod pue uejoxd oy} wo 1090 SUIZI[IQRIS I8} I0] PAZI[IIN A[oUIINOI 81 spunodurod
I9T[}0 OWOS S9IATOWSO [RINJBU 989} WOl redy . -sjuafe uopeInyeuap Jo ooussord uo
uorjeidepe I0 §S0I)s UO oSUOdSII ® Se SWSIURSIO PUR S[[90 Ul PUNOJ A[[RIN)RU 9 URD
Aot T, suonIpuod [estsoforsAyd-uou Iepun urejord a9y} Jo AJ[eUorouny pue 9)e)s 9AI}
-eu 9y} Jo Surzijiqess ut djey Asy ], ‘eysoddo ayy st sejAjowso Suryosjoad Jo 19830 oY T,

¢ 2InqO]6 uaj0ws se POLIFAI ST oye)s re[nonIed sIy)—ssoujdeduwod s3r soso|
2INJONIIS ATRT)IO) [RCO[S O} IN( SUOTHIPUOD UOIJRINGRUSP PIW oY} Iopun juasaxd [[13s
9 Wed SJUSWIA[Y SINJONIYS ATRPUODSS Y, , "OINIOILIYS [ENPISAI JUedYIUTIS [im joed
-UI0D 9I0UI YONUW AB)S SO[NOS[OW paInjeusp oY} pue A[reuorjdedoxa A[UO paAdIyde aq
uRd S[I0D WOPURI JO IoIARYD( o) 1R} posold Apnjs Ioje[ ‘10v] oY} U] UOIJRINIRUOP
jo puns] Aue 10J pozI[eIoUss pue PajeIdIoUISIUI WO US| SARTY J[NSSI IS,  S]109
wWopuD.L I0J Pajoadxe Sen[eA S} 0} IIPRI JTWRUAPOIPAY I0Y) puedxe wnrurptuens jo
UoIIN{os IR[oW Y3 Ul surejold jey) po1se3sns plojue], Aq soTpnjs A[Ies o], 'Sjuel
-NJRUOP POsN AJUOTWIOD JSOW o} 0} SUO[9( OPLIOYIOIPAY WNIUIPIUENS pue eaI()

¢ Sapfijowso buigoajoLd ore yoofe o3rsoddo oYy YIIM 9SOT) PUR SJUDNIDUIP PO[[RD
aIe 91v)S POPIO] B[} 9ZI[IRISAP YR} (§1U20]0502) UOTIN[OS UT SPUNOdUIOd RIS YT,
*JPUOUIUOIIAUS d1[} JO UOIHISOdUWIOD [edTWSYD AQ PIOUSNUI OS[R 9¢ URD 9)BIS Poap[ojun
pue pop[oj usemioq wmuqrmbe oy T, einssoid pue snjeraduwey Aq ojdurexs I10j se
SUOTIPUOD DIWRUAPOULISY) JO oFueyD AQ POYIYs 9 URD WNLIGIINDd oY) ‘I0A0MOY
*SUOT)IPuUO0D [eIIS0[0ISAYd Iepun auo pap[o] oY) plemo} paselq A[3uorls A[ensn st
1R} 9JR)S POP[OJUN ST [IIM WNLIQI[INDo snonuruos ur j)sixe sutejord pop[oj oy J,

; 'STOULIOIUOD D1)OSI0UA0ST Jo oFuel e dajendod inq surejord paInjonns
se odeospue] ASIous o¥I[-[oUUN] )SOJIURUI J0U OP SUOIZDI/surejold pPoIopIOSIP el
po1deoor A[[ersusd SI 9] ‘senplsal pedieyd Jo sourpuUNgR SY) 0} anp A}Susp o8Ieyd
Ioy31y pue A301qoydoIpAY Iomo] A[[eorsie)s ssessod seouonbes yong ‘sproe ourue
(01g pue sA7 ‘n[n) ‘Iog ‘Uurn) ‘A5 81y ‘ely) Surjowroid-I1opIosip Ul JUSTWYOLIUS PUR
(usy pue s£) ‘oyg ‘dif, ‘1L7, ‘TeA ‘nor ‘of) Surjowroid-1opio ut uorjeidop—soInyes]
[eo1d£y sey suorser/surejord peinjonisun jo uorsodwod proe-ourwe oy, ,"pPojorp
-o1d oq weo pue eouenboes uwjold Arewrtid Ul popod ST SINJONIIS B S [[oM S® JOPIOSI(]

g7 Sowikzus Aq pajIqIyxe AJorel ST IopIOSIP ‘pueRY I9YJ0 o) U() "UOIJR[SURI} pue
uonpdurosuer) ur peafoaur surejord 10J A[eredse ‘suorouny sur[euss pur A10je[ngal
s ATUS1Y S99e[e1100 I9PIOSIP Jo Juajuod Y31y oy ], ‘sojohrexord o) weyy (%SH-01)
SUOIZOI POIOPIOSIP SIOW UTRIUOD O} POJRUIIISO dIR S9J0AIRNoS JO surojord ‘Ioromoy
"9J1] JO SWOPSUIY [[® Ul PUNOJ SBM SOINJONIIS ATRILIS) POULIO] [[oM SUINOR] SUROI]
‘surajord aA110R A[[estdofolq Auew jo A11edoid [eliA B se pezIu300al Ussq Sey| I8PIOoSI(]

uolldnpoJjuj T

&€

'6-L01

‘66 ‘800 [vunol asfiydorg 5 ‘Iowrwuny pue A= N ‘puong g Y ‘sog [8¢]
"06-1298 ‘717 ‘'010% g

“fiagsrwaryo oorshiyd fo puanol oy, “of ' ‘00T pue A\ "H ‘WIoH D "M\ ‘edomg [L¢]
"L8Y9TLY9 ‘60T ‘T00T & fiysnwayy woisfiyg fo ppusnor

oY, T "M\ ‘UOSUASIOL pue (' ‘SPATY-OPRILT, "e "} ‘Iouseli] ‘e 'n) ‘Iysurme}y] [9g]
"S1-00¥1 ‘6¢ ‘$00g fiugst

-wayd puonpInduiod fo puanopr T 0 ‘syoolg pue CN ‘S0 ' Y ‘[PIoRIN [gg]
"8-0G61 ‘8L ‘0T0T sutor04d “{ "d ‘Meys pue 'O Y 101q

1 r ‘stadery g ‘s{eSere]y 3 ‘owed G ‘eurld 3 ‘ussrer]-Jropul [jg]
'C105-6661 7¢ ‘€00T fiupstuayd ppuoyvinduioo fo
JPULNOL " ‘URWI[O] PUR [ ‘SUBA\ [ ‘[[PMPe)) T, ‘0o &y ‘ong &g ‘yerder)

iy ‘Sueg A\ ‘Sueyy (o) ‘Suory D N ‘99 g ‘Amypmot) D ‘M X ‘uend [gg]
"€09-867 M

‘L& ‘600T Yo41asau sp1on 219NN "d ‘AePnJ, pue ' ‘Xnewnara( ' ‘ujedney [zg]
‘1€

~OTGM ‘3E PO0T Y21vasaL sp1ov a2onN “( “1eseq pue ' ‘welarq) ff @ ‘Wi [rg]



peptides and proteins has not been completely elucidated. The proposed hypothesis
expect either direct or indirect effects on polypeptide in TFE/water mixture. The
direct effects involve preferential binding on surface of the molecule, local increase
of TFE concentration in vicinity of the protein and stabilizing hydrogen bonding of
backbone due to the lower effective dielectric constant of the mixed solvent. 112 The
indirect mechanism influences the thermodynamics of folding by chaotropic effect on
solvation layers of folded and unfolded states.® Furthermore, the activity of TFE
can be pronounced in both cases by transient self-aggregation of TFE molecules. !4

Short peptides are used traditionally as experimental and theoretical models of the
unfolded, denatured or intrinsically disordered states of proteins. !¢ Various stud-
ies proved that the sampling of conformational space by peptide backbone is neither
random nor uniform as could be inferred from random coil model'” employed in the
last decades. However, the conformational states preferred by short flexible peptides
cannot be directly and unambiguously determined by any experimental method.The
individual intrinsic conformational preferences of amino acids are assumed to play a
role in protein folding and residual structure of unfolded proteins. *®Different trends
in conformational preferences can be observed by spectroscopic methods in vari-
ous host-guest peptides such as GGXGG,™® GXG,' AXA?° or GPPXPPGY.*
However, amino acids themselves in the form of dipeptides manifest distinguishable
intrinsic backbone preferences. 223

The structure of folded proteins has unique features—network of intramolecular
hydrogen bonds maintained by secondary structure elements and native contacts
between side chains of amino acids. The planar peptide bonds can act both as
hydrogen bond donors and acceptors but the order of donor/acceptor pattern is
governed by direction of polypeptide chain. Interestingly, almost symmetrical image
of the three-dimensional structure of a protein can be constructed from natural L-
amino acids, but the following criteria must be taken into account: 24

1. The direction of the backbone is reversed, i.e. the protein sequence is reversed
from N-terminal to C-terminal.

2. The position of N-H and C=0O groups is swapped. As a consequence the
direction of hydrogen bonds is reversed.

3. Backbone torsion angles must be transformed by rules: ¢ — — and ¢ — —¢.

All these conditions can be easily fulfilled by o-helical structures considering that
the transformation of torsions projects them back to the same helical region on
Ramachandran plot.

The effect of reverse protein sequence has been already tested experimentally. The
“retro transformation” can lead to different outputs. The reverse protein sequences
can either loss their ability to fold?>2% or the same (or topologically similar) fold
can be preserved. 2”29
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3 Methods

The potential energy functions (force fields) used in this work for description of pro-
teins, peptides and solvents employ the most simplistic mathematical forms. They
include a harmonic potential for simulation of bond stretching and angle bending
and a variant of trigonometric series for representation of torsional terms. The
non-bonded interactions are uniformly modeled by Lennard-Jones 6-12 potential
and electrostatics using partial atomic charges interacting by Coulomb’s law. The
complete energy function follows typically:

E= Z%(rfro)2+ Z %(9*90)2+ Z Z%(lJFCOS(nd’*én))

bonds angles torsions n
n Aij _ Bij | 44 (1)
12 6 ?
— \ T} T €T
1<J

where r, and 6y stands for equilibrium bond lengths and angles, respectively and Kg
and K4 for corresponding force constants. Torsion potential is usually expanded
in cosine terms with different multiplicities n, phase offsets d, and magnitudes V,.
The atoms separated by more than two covalent bonds are allowed to influence each
other via nonbonded interactions prescribed for each pair by partial atomic charges
q or Lennard-Jones parameters A;; and B;;. The common practice is to treat non-
bonded interactions between atoms separated by 3 bonds (14 interaction) specially.
They are often scaled down because of their strength.

Despite of simple forms such force fields approximate the potential energy surface
sufficiently well and in a robust manner what can be judged by the number of
successful applications, e.g. protein folding simulations. Although different force
fields share more or less the same energy function forms, they may differ substan-
tially in parameters for individual types of interactions and the way how they were
obtained.

As the extensive simulations of proteins began to be feasible due to the enormous
progress in computational hardware the need for better calibrated force field inten-
sified. Firstly, the force field were improved by more advanced ab initio quantum
calculations of backbone conformers or ¢ /¢ profiles. This way led to many improve-
ments, however, only the expensive high level ab initio methods can produce precise
reference values capable of matching experimental data.?® The current force fields
still do not reach the precision needed for qualitative and quantitative reproduction
of experimental thermodynamic or structural data on protein folding in solution. To
address this problem directly the experimental data such as NMR shifts or coupling
constants started to be utilized in parametrization process.3*

5 Zavery

Tato disertace se zabyvala tématy, které zahrnuji simulace peptidi a miniproteint

vysledky:

e Energetické funkce (force fields) pouzité v nasi studii nejsou schopny spolehlivé
predpovédét jemné konformaéni preference aminokyselin. Rozdilné vysledky
ze simulaci se spiSe zdaji byt artefakty nefyzikalnich 1-4 interakci a parcial-
nich atomovych naboji.

e Teplotni a chemicka denaturace indukuje rozdilné soubory konformaci mod-
elovych peptidi, které v8ak nejsou ani ndhodné, ani stejnorodé. Zaroven
se v8ak odliguji od referen¢niho stavu za fyziologickych podminek. Chemické
posuny mohou byt nedostate¢né citlivé na lokalni konformace aminokyselin, a
proto mohou poskytovat zavadéjici predstavu o povaze denaturovaného nebo
nesbaleného stavu proteint.

e Kolektivni soufadnice pro metadynamiku odvozené od gyra¢niho tenzoru a
tenzoru setrvac¢nosti mohou byt pouzity k efektivnimu vzorkovani v bias ez-
change metadynamice. Tyto soufadnice byly schopné rozsahlého vzorkovani
konformerti alaninovych polypetidi i opakovaného sbaleni miniproteinu Trp-
cage.

e Obracena sekvence miniproteinu Trp-cage se nesbaluje v b&Zném pufru, ale
nabyva strukturu v 30% roztoku 2,2,2-trifluoretanolu (TFE). Tato struktura
sice prfipomina Trp-cage, ale lisi se ve sbaleni jadra miniproteinu. Robetta
a PEP-FOLD sice spravné predpovédély zakladni charakteristiky molekuly
retro Trp-cage, ale selhaly v modelovani postrannich fetézci v jadre. Sta-
bilita miniproteinu v simulacich velmi zavisi na volbé parametri energet-
ickych funkci. Pokus vice se pfiblizit experimentalnim podminkdm pomoci
standartniho modelu TFE selhal, protoZe nedokazal napodobit strukturu-
indukujici efekt.

e Diukladné jsme optimalizovali parametry modelu TFE pro lepsi popis kapalné
faze a smésnych roztokt s vodou. VylepSeni téchto vlastnosti bylo mozné
predevsim diky implicitni polarizacni korekci, pouzitou k vypoétu vyparné
entalpie béhem parametrizace.
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tensor of inertia (I) describe the distribution of mass in the molecule determined by
position of atoms:

2 . . . .
1 Sar > ziyi > @iz
S=+ owyi Doyi dyizi | (2)
SMowizi Y. yizi .z

Z mi(l‘/i2 + 212) Z —M;T3Ys Z —MNi T3 %
1= > —maiys > mg(z? + 27) > —miziz . 3)
> —mitizi SNo—miyizi Y. ma(zd +y7)

All summations are performed over N atoms with individual masses m;. The carte-
sian coordinates x;, y; and z; must be related to the geometrical center and center
of mass of the molecule for gyration and inertia tensor, respectively. Since both
tensors are symmetric and positive semidefinite they can be diagonalized with non-
negative eigenvalues. The corresponding eigenvectors determine important axes of
the object—the geometric axes of an ellipsoid approximating the shape for gyration
tensor or principal axes of inertia for tensor of inertia. The three eigenvalues S,
Sa, Ss (sorted in descending order) are related to the length of individual elliptic
semi axes and Iy, I2, I3 represent principal moments of inertia around corresponding
principal axes. Moments of inertia provide information on distribution of mass in
perpendicular directions to the corresponding axes. For more or less homogeneous
objects it also reflects the effective size that can be better expressed by radius of

gyration around particular axis:
. [azx
Ty = “ —_—. (4)

The shape descriptors proposed by Theodorou and Suter?®—Asphericity b and
acylindricity ¢ express obviously the deviation from spherical and cylindrical sym-
metry. Interpretation of the last descriptor relative anisotropy x> also respects
symmetry. It reaches 0 for spherical objects and approaches 1 for linear shapes.

Anisotropy of planar objects converges to i.

The microscopic structure of liquid mixtures can be analyzed in framework of
Kirkwood-Buff theory.*® The unique feature of this approach is the fact, that
the corresponding values of Kirkwood-Buff integrals (KBI) can be evaluated from
MD simulations as well as calculated from experimental thermodynamic quanti-
ties. Kirkwood—Buff theory therefore represents a valuable link between theory and
experiment. 7

The Kirkwood—Buff integrals can be obtained from simulations by using radial dis-
tribution functions:

Tabulka 1: Vlastnosti kapalného TFE pii 298.15K and 100 kPa. Srovnéani
experimentalnich data a hodnot ze simulaci.

Hustota p, difuzni koeficient D, vyparna entalpie AHyqp, zastoupeni trans kon-
formeru, koeficient tepelné roztaznosti «, objemova stlacitelnost [ ., viskozita n,
dielektricka konstanta e, pramérny dip6lovy moment (u) a hydrataéni volna energie
AGso1v jsou porovnany s experimentalnimi adaji.

l vlastnost ‘ simulace ‘ expt?® ‘

plkg.m 7] 1382.5 1382.4
D[10°mZ.s~ 1] 0.70 0.68
AH,,p[kJ.mol 1] | 42.9(47.5)° 42.9
%trans 39.9 40
a[l03K ™ 1.27 1.28
Br[GPa™] 1.32 1.23
n[10%kg.m ™ T.s™ 7] 1.52 1.72
€r 34 27
(u1)[Debyel] 3.69 2.46

AG o1 [kJ.mol 1] | -16.8 (-21.4)>° | -18.02

AG o1 [kJ.mol 1] | -16.6 (-21.2)>7 | -18.02

“Reference k ptivodnim ¢lankim uvedeny v rukopisu pfilozeném k disertaci.
YHodnoty v zavorkach jsou spocteny bez polarizaéni korekce.

¢Simulovano s TIP4P/Ew modelem vody.

4Simulovano s TIP4P /2005 modelem vody.

vazby, tim nizsi hodnota Kirkwoodova-Buffova integralu pro TFE molekuly Grr,
ktery také odrazi miru jejich shlukovani. Struktura smési a samoshlukovani TFE
molekul je demonstrovano na obr. 5. Hodnoty Kirkwoodovych-Buffovych integrala
vypoctené z experimentalnich dat a simulaci se shodovaly pouze pro ty nejpolarnéjsi
modely.

Model, ktery byl nakonec vybran, byl dale blize charakterizovan. I dalsi vlastnosti
kapalné faze, které nebyly optimalizovany, byly popsany velmi dobfe — viskozita,
koeficient teplotni roztaznosti, objemova stlacitelnost, dielektricka konstanta i hy-
drataéni volné energie (viz tab. 1). Kalibrace TFE parametrii pro pouZiti s pokro¢ile-
j8imi modely pro vodu byla moZna jen diky polariza¢ni korekci. Ta nam uvoZznila
vyvazit silu interakci TFE-TFE, TFE—-voda a voda—voda tak, aby vysledné roztoky
lépe spliovali experimentalni data.
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The obtained conformational preferences showed clear bias to certain regions of
conformational space rather than random sampling under all conditions. However,
the conformational bias for individual amino acids was modulated by specific con-
ditions of denaturation. The increased temperature shifted the preferences toward
more uniform sampling of all regions for all amino acids. However, the effect of urea
on propensities did not result in uniform response. The population of ppll conform-
ers assumed as a prevalent in unfolded or denatured states increased or decreased
for particular amino acids. Nevertheless, the ppll regions were never sampled ex-
clusively by any amino acid.

The simulated MD ensembles were validated by chemical shifts that provided a
close agreement with experimental 'Hyx and '*Ng chemical shifts obtained from all
AAXAA peptides in urea at pH 3. The calculated chemical shifts from simulations
exhibited bi-modal or multi-modal distributions for each amino acids in apparent ac-
cordance with the presence of sampled conformational basins. However, the detailed
analysis revealed that there was no correspondence of regions on Ramachandan plot
to particular values of chemical shifts. Therefore, it is difficult to elucidate local
conformational propensities on basis of “random coil” chemical shifts. This state-
ment was further supported by artificial increasing of ppll populations in the input
data. The resulting calculated chemical shifts manifested very low sensitivity on
ppIl content.

4.2 Metadynamics in gyration-tensor-based collective coordinates

From a general point of view a flexible molecule such as polypeptide can be nat-
urally characterized by its size and shape. This approach has a long history in
polymer physics and chemistry. **™*° The effective size is commonly described by
radius of gyration, however, this property is only one of many descriptors derived
from gyration tensor. The others are able to express not only size but also propor-
tions and shape of the molecule. In this study we implemented the size and the
shape descriptors—components of gyration tensor (S;), principal radii of gyration
(r4i), asphericity (b'), acylindricity (¢’) and relative shape anisotropy (x?) in a com-
puter code for metadynamics and tested their performance on model peptides and
miniproteins. *°

Firstly, the performance of newly introduced collective coordinates was tested on
polyalanine peptides of four different lengths (3, 6, 9, and 12 residues).

The one-dimensional free energy profiles as function of the collective coordinates in
question from bias exchange metadynamics are presented in Fig.2. The smooth and
often featureless character of all profiles reflects clearly the flexible nature of alanine
peptides. Only the shortest Alas peptide provided profiles with 3 distinguishable
minima that corresponds to different conformational families. The other peptides
favored a-helix as the most stable conformer that always correspond to the profound
minimum on the free energy profiles. The increasing length of the helix due to
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stabilizujici charakter interakci pfitomnych v experimentélni strukture. Parametry
ff03 and charmm?22/CMAP, znamé svou preferenci helikilnich struktur, tvofily v
simulacich vice stabilni helix nez ff99SB-ILDN a OPLS-AA /L. Vsechny vsak prefer-
ovaly relativné kompaktni struktury.

Protoze je struktura retro Trp-cage stabilni pouze v pfitomnosti TFE, snazili jsme se
simulovat i tento efekt na strukturu miniproteinu. Standartné pfipravené parametry
TFE ovlivnily pfedevsim chovani proteinu v ff99SB-ILDN, kde doslo rozvolnéni a
denaturaci struktury, které se projevilo zvySenim C,-RMSD a poloméru gyrace.
Tento efekt byl v protikladu s experimentalnim pozorovanim. Neni jisté, co takové
chovani vyvolalo. Moznym vysvétlenim je nekompatibilita parametr pro protein,
vodniho modelu a modelu pro TFE. ZlepSeni modelu TFE jsme si vyty¢ili jako dalsi
cil.

4.4 Optimalizace parametri 2,2,2-trifluoretanolu

Parametrizace byla rozdélena do 3 fazi. V té prvni jsme uréili parametry vhodné
pro optimalizaci. Jednotlivé parametry pro Lennard-Jonesovu a elektrostatickou
interakci byly mirné pozménény a jejich odezva na vlastnosti kapalného TFE byla
testovana v simulacich. Mezi vlastnosti, které jsme sledovali patfila hustota, vy-
parné entalpie, difuzni koeficient a pomér trans a cis konformeru. Pro néslednou
optimalizaci bylo vybrano 5 parametri — Lennard-Jonesovi parametry o a € pro
fluor, parcialni nadboje fluoru a hydroxylového vodiku, a jeden parametr potencialu
pro torzi C-C-O-H.

V dalsi fazi jsme testovali rizné kombinace hodnot jednotlivych parametri v sim-
ulacich kapalného TFE. Pro tento tcel jsme vyvinuli protokol, ktery nam umoznil
souCasné optimalizovat vSech 5 parametrt. Zéavislosti v8ech 4 sledovanych vlast-
nosti byly reprezentovany pomoci fitu analytické funkce, ktera umoznila hladkou
interpolaci a predpovédi vysledka pro jednotlivé parametry. Tento pristup umoznil
navrhnout a otestovat v simulacich parametry spliujici sledované vlastnosti TFE.

Zvl1astni pozornost byla vénovana vypoctu vyparné entalpie. PouZili jsme jednak
klasicky pfistup vyuzity k ziskani parametra ptivodniho modelu, ale i verzi vypoctu
korigovanou®” na polarizacni efekty v plynné fazi. Obé varianty postupu vedly k
parametram, které poskytly shodu s experimentalnimi daty pro 4 vySe zminéné
vlastnosti. Pokud byla zahrnuta i polariza¢ni korekce, bylo nalezeno vice nejednoz-
nacnych FeSeni, které stejné a kvalitné souhlasily s experimentalnimi daty. Toto
zjisténi bylo umoznéno pravé zvolenou optimalizaéni metodou. ProtoZe nebylo zie-
jmé, které parametry budou nejlépe vyhovovat simulacim roztokt, vybrali jsme 28
z nich a ty posléze dale testovali v simulacich smési TFE—voda.

Vlastnosti roztoka jednotlivych parametrt se velmi lisily. Ackoliv je TFE volné
misitelné s vodou, v fadé simulaci doslo k oddéleni obou kapalin. V rozpustnosti
a misitelnosti obou slozek byl pozorovan jasny trend. Cim vyssi polarita O—H
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elongation of sequence for Alag 12 is reflected by shift of the minima in R, , S7,
Tg1, Tg2, b’ and k% in panels A, B, F, G, H and J in Fig.2. On the other hand,
the cylindrical symmetry of the helix must result in constant (length-independent)
values of S5, S5, ry3 and ¢’ as it is correctly depicted in panels C, D, E and 1.
We did not observed any difference in performance of protocols involving various
combination of these collective coordinates. The rationale is that all employed CVs
are internally linked and always represent a distinct transformation of 3 unique
eigenvalues of gyration or inertia tensors. However, such transformation are still
very useful for interpretation of molecular shapes.

The more stringent test was attempted to examine a folding of Trp-cage miniprotein
using only gyration-tensor-based CVs. It succeeded in almost each simulation for
simulations 200 ns long. Once the native state appeared it had been captured
by neutral replica and usually remained folded to the end of the simulation. The
illustrative picture of the folded Trp-cage molecules is provided in Fig.3. Apart from
this structures with low backbone RMSD (<2A) from the experimental reference,
simulations produced also relatively stable compact structures with non-native core
packing and higher RMSD (274A). It is questionable if they have any relevance to
folding or are only artifacts of chosen CVs.

4.3 Computational study of retro Trp-cage miniprotein

The amino acid sequence of retro Trp-cage was obtained by reversing sequence of
Trp-cage, synthesized and studied by NMR and CD spectroscopy. Both methods
confirmed the unstructured character of the molecule in aqueous buffer. However,
changes were observed upon addition of 2,2,2-trifluouroethanol (TFE). CD spec-
troscopy revealed an increase of helical content and provided typical reversible heat
denaturation curve with melting temperature about 32°C. The structure promoting
effect of TFE allowed to conduct all NMR experiments necessary for determination
of 3D structure of the miniprotein. The resulting structure was deposited in the
Protein Data Bank under the accession code 2LUF.

We used the online version of both structure prediction methods—Robetta®! and
PEP-FOLD®? to obtain three-dimensional model before the experimental structure
was solved. Both services provided sets of models accompanied by their ranking.
Robetta and PEP-FOLD succeeded in prediction of C-terminal helix. The overall
fold of all models resembled the structure of original Trp-cage (1L2Y) as well as its
retro variant (2LUF) which is apparent from Fig. 4. However, no model correctly
assembled the core of the miniprotein. The distorted tryptophan—arginine motif was
predicted only once by PEP-FOLD. Similarly, the canonical tryptophan—proline mo-
tif known from Trp-cage molecule was not found by any of the predicting methods.
In all cases, non-native arrangements of tryptophan and proline side chains were
proposed.
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Obrazek 2: Profily volné energie alaninovych peptidi (Alag.1s).
Profily volné energie pro polyalaninové peptidy Alas, Alag, Alag and Alajs. Jed-
notlivé grafy ukazuji volnou energie jako funkci Rg(A), S1(B), S5(C), S3(D), r43(E),
rg2(F), g1 (G), b/ (H), ¢(I) and x2(J).
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Figure 3: Superposition of Trp-cage structures.
The native-like structure obtained from simulations are compared with experimental
structure of Trp-cage (thick).

In order to shed light on stability and character of disordered state of retro Trp-
cage in water environment, we conducted a series of equilibrium MD simulations. All
simulations started from the experimental structure (2LUF) but used different force
fields in order to assess reproducibility of results. All four force fields involved in our
study (ff03°%, fF99SB-ILDN®*, charmm22/CMAP>® and OPLS-AA/L5%) provided
different results in the simulations. Four independent runs for each force field mani-
fested high diversity in maintaining structural features of retro Trp-cage and related
properties. Nevertheless, all force field were able to keep, at least transiently, the fold
of the miniprotein in water as proved by C,-RMSD. This fact indicates that force
fields are able to capture the stabilizing interactions found in experimental NMR
structure. The helix favoring ff03 and charmm22/CMAP force fields kept higher
helical content than ff99SB-ILDN and OPLS-AA/L, but all force fields provided
similarly compact structures.

Since retro Trp-cage forms a stable structure only upon addition of TFE in buffer
we tested the effect of this cosolvent on stability of miniprotein in simulations. The
structures simulated by ff99SB-ILDN were dramatically affected by TFE model
parametrized in general amber force field by usuall procedure. The corresponding
Co-RMSD from experimental structure increased as well as radii of gyration. This
changes indicated the rather denaturing effect of TFE on protein structure in clear
disagreement with experiment. It is not obvious what caused the incorrect behavior
in the solvent mixture. The probable explanations could be incompatibility of force
field parameters for protein, water model and TFE cosolvent, which we decided to
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a) Relative Preferences Relative Preferences

in the 3-state model in the 5-state model

CHARMI22/ £r03  FF99SB OPLS-AAIL CHARMIM22/ FFO3 FF995B OPLS-AAIL
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Obrazek 1: Relativni ¢etnost konformeri.
Relativni ¢etnosti byly spoc¢teny (v %) jako rozdil mezi populacemi, které vykazo-
vala dan& aminokyselina a alaninem modelovanym stejnymi parametry. Absolutni
Cetnosti pro alanin dipeptid jsou uvedeny v prvnim fadku. Pro ostatni aminoky-
seliny je rozdil od alanin dipeptidu ukézan graficky jako obsah Ctverecku, pokles
jako modfe a navySeni ¢ervené. (bezbarvé nepritkazné hodnoty)
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A)

Retro Trp-cage (2LUF)

Retro Trp-cage Retro Trp-cage
predicted by PEP-FOLD predicted by Robetta

Figure 4: The experimental structure of retro Trp-cage (A), Trp cage (B)
and retro Trp-cage models (C, D).
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s nezapornymi vlastnimi hodnotami. Vlastni vektory pak odpovidaji dulezitym
osam molekul, jako jsou osy opisujiciho elipsoidu nebo soustava os bez devia¢nich
momenti setrva¢nosti. TFi vlastni hodnoty S, S2, S3 se poté vztahuji k délce pfis-
lusnych eliptickych poloos a I, I2, I3 pfedstavuji momenty setrvacnosti kolem téchto
os. Jednotlivé momenty setrvac¢nosti popisuji rozmisténi hmoty ve smérech kolmych
k dané ose, coz pro dostateéné homogenni télesa vypovida i o jejich velikosti. Ta je
vSak lépe zachycena polomérem setrvacnosti:

ax Iaz
=2 (9)

45

Tvar popisujici veli¢iny, navrzené Theodorouem a Suterem *° — asphericita b a acylin-
dricita ¢ vyjadfuji odchylku od symetrie koule a valce. Interpretace dalsi veli¢iny
— relativni anizotropie x? také zohlediiuje symetrii. M4 hodnotu 0 pro vysoce sy-
metrickd prostorova télesa a dosahuje 1 pro linearni atvary. Plochéa télesa poskytuji
hodnoty blizké i.

Mikroskopické struktura kapalnych roztokt muze byt analyzovana prostfednictvim
Kirkwoodovy-Buffovy teorie.?® Jeji unikatni vlastnosti je fakt, Ze hodnoty Kirk-
woodovych-Buffovych integrali mohou byt vypoéteny z pocitacovych simulaci, ste-
jné jako z makroskopickych termodynamickych veli¢in. Proto tato teorie predstavuje
cenny most mezi atomistickymi modely a experimenty.*” Kirkwoodovy-Buffovy in-
tegraly mohou byt ziskdny ze simulaci integraci radialnich distribuénich funkeci:

Gy = /0 " arr? (i (1) — 1) dr, (10)

kde g;; je pravé radialni distribuéni funkce mezi ¢astici ¢ Casticemi j.
4 Vysledky a diskuze

4.1 Konformacni preference aminokyselin

Chovani riznych parametri energetickych funkci na modelové molekule alaninu
dipeptidu bylo cilem naseho zajmu jiz dfive.*® Ukézali jsme, Ze parametrizace za-
loZen4 na kvalitnich ab initio vypoctech zlepsuje shodu s experimentem. 4 Pozdéji
jsme na$ zajem rozsifili na v8echny aminokyselinové dipeptidy s cilem zhodnotit
rozdily ve &tyfech pouzivanych sadach parametri.?® Na3 zajem o konformadni pref-
erence aminokyselin za riznych podminek vytstil ve spolupraci se skupinou prof.
Daggett a spoleénou studii ktera zkoumala vliv denaturace na preference aminoky-
selin v modelovych peptidech.
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Figure 5: Self-aggregation of TFE molecules.
The different TFE force field parameters manifested distinct self-aggregation ten-
dencies. The complete separation of both liquid phases was observed for models
B1-B3. Models B4-B15 produced TFE clusters of decreasing size.
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3 Metody

Funkce popisujici potencialni energii (force fields) uzité v této praci pro popis pro-
teintd, peptidi a solventt vyuzivaji jednoduché matematické tvary. Je to pfedevsim
harmonicky potencial pro popis vibraci vazeb a deformaci vazebnych whlt mezi
atomy. Rotace kolem jednoduchych vazeb jsou popsany torznim potencidlem, ktery
je dan nékterou formou kosinového rozvoje. Nevazebné interakce mezi atomy jsou
popsany Lennard-Jonesovym 6-12 potencidlem a Coulombovym zakonem mezi par-
cidlnimi naboji atomi. Kompletni forma potencidlu vypadé obvykle takto:

E= Y B e S B a3 ST (1 cos (o 0u)

bonds angles torsions n
n Aij _ Bij | 44 (6)
12 6 ’
— \Tij Tij €Tij
1<J

kde 7, a 6y predstavuji rovnovazné délky vazeb a vazebnych uhli, Kp a K4 jim
odpovidajici silové konstanty. Torzni potenciél je definovan slozkami rozvoje s na-
sobnosti n, fazovym posunem 4, a velikosti V;,. Atomy oddélené vice jak dvéma
kovalentnimi vazbami na sebe piisobi nevazebnymi interakcemi popsanymi parcial-
nimi naboji ¢ a Lennard-Jonesovymi parametry A;; and B;;. Je bézné rozlisovat
interakce mezi atomy oddélenymi 3 vazbami (1-4 interakce) a ty Castefné tlumit
kviili jejich sile a vlivu na rotaéni bariéry.

Navzdory své jednoduchosti, tyto matematické formy popisuji dostate¢né a robustné
energetickou hyperplochu proteint a peptidi, ¢emuz je dikazem nap¥. jejich tisp&sné
vyuziti pfi studiu sbalovani proteini. Ackoliv energetické funkce sdileji funkéni
tvary, mohou se znatelné lisit v jejich parametrech a zptisobu, jakym byly ziskany.

Ruku v ruce s rostoucimi moznostmi poéitacovych simulaci diky rozvoji vypocetni
techniky, zesilil i tlak na zpFesnéni energetickych funkci. Ten se projevil nejdiive
vyuzitim ab initio vypoc¢ti kvantové chemie. Nicméné jen ty nejkvalitnéjsi (a ne-
jnaro¢néjsi) z nich mohou slouzit jako referenéni hodnoty, které se vyrovnaji exper-
imentalnim dattm.“® Proto se v posledni dobé& klade vice duraz na piimé pouziti
experimentalnich dat jako NMR chemické posuny nebo vazebné konstanty pro kali-
braci parametri. 34

Metadynamika®! je metoda k vypoctu profili volné energie, dokaze vak také efek-
tivné urychlovat pomalé procesy v molekularni dynamice. Podstatou celého algo-
ritmu dimenzionalni redukce. Metadynamika predpoklada, Ze cilovy proces nebo
systém muze byt popsan malym poc¢tem parametri — kolektivnich soutfadnic. Ty
v8ak musi byt pfedem znamy. Naopak nejsou vyZadovany zadné piedpovédi pro-
filu, ktery mé& metadynamika vytvorit. V pribéhu simulace pisobi na vybrané
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1 Uvod

Mnoho diilezitych proteint v Zivych organismech je nestrukturovanych. Proteiny,
které postradaji pevnou tercidlni strukturu, byly nalezeny ve vSech taxonimickych
Fisich. Nicméné se odhaduje, Ze jich obecné eukarytické organismy obsahuji vice
(10-45%) nez prokaryota. Nestrukturované jsou nejcasteji proteiny s regula¢ni a
signéalni funkci, pfedev§im spojené s translaci a transkripci. Na druhou stranu,
nejméné nestrukturovanosti vykazuji enzymy. >

Nestrukturovanost stejné jako struktura jsou zakédovany v proteinové sekvenci a
tudiz mohou byt predpovidany.® Aminokyselinové slozeni nestrukturovanych pro-
teinid je typicky obohaceno o Ala, Arg, Gly, Gln, Ser, Glu, Lys and Pro a naopak
ochuzeno o Ile, Leu, Val, Tyr, Trp, Phe, Cys and Asn. Sekvence nestrukturovanych
proteini nebo regiont vykazuji statisiticky méné hydrofobnich aminokyselin a pre-
bytek nabitych. Obecné se usuzuje, Ze tyto sekvence nemaji energetickou hyper-
plochu s hlubokym minimem jako strukturované proteiny, ale spiSe populuji fadu
isoenergetickych stavi.*

Sbalené proteiny se nachazi v neustalé rovnovaze s nesbalenym stavem, ale ta je za
fyziologickych podminek naklonéna k tomu sbalenému. Tato rovnovaha vSak miize
byt zménéna za jinych termodynamickych podminek, jako je teplota nebo tlak.
Podobny efekt mtze mit pfitomnost dalSich chemickych latek v prostredi. Latky,
které destasbilizuji sbaleny stav, se nazyvaji denaturanty a ty s opa¢nym ucinkem
jako ochranné osmolyty.®

Mocovina a guanidinium chlorid pat#i k neznaméjsim denaturantim. Tanfordovy
ranné vyzkumy ukézaly, Ze proteiny v koncentrovaném roztoku guanidia zvétsuji
svilj hydrodynamicky polomér takovym zpiisobem, ze by mohly mit ndhodnou kon-
formaci (random coils). 8 Tyto vysledky viak byly nevhodné zobecnény na jakykoliv
denaturovany stav. Ve skutecnosti se ukazalo, Ze tyto viceméné ndhodné konformace
jsou velmi vyjimeéné a denaturované proteiny spiSe zistavaji kompakni s velkym
mnozstvim zbytkové struktury.” Za slabych denatura¢nich podminek miize dokonce
ziistat i sekundarni struktura proteinu — tento stav se pak nazyva molten globule.®

Ochranné osmolyty maji pfesné opa¢ny ucinnek. Poméhaji stabilizovat nativni
stav a zachovavat funkénost proteinu i za nefyziologickych podminek. Vyskytuji se
prirozené u organismi, pokud jsou vystaveny stresu nebo plisobeni denatura¢nich
latek.® Mimo pfirodni osmolyty jsou v laboratorni praxi pouzivany syntetické latky
s podobnymi G¢inky, jako je nap¥. trifluorethanol (TFE) and hexafluor-2-propanol
(HFIP).1°

Pufry obsahujici TFE (az do 50% v/v) obvykle stabilizuji o-helixy a nebo pfimo
indukuji jejich tvorbu. TFE také zlepSuje rozpustnost proteini a peptidi, a proto
je vyuzivan v experimentech.'® Mechanismum, jakym TFE stabilizuje strukuturu,
neni Uplné znamy. NavrZené hypotézy se opiraji bud o pfimé nebo nepiimé efekty
v roztocich. Mezi ty primé patii vazba na povrch peptidu nebo proteinu, které
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muze lokalné zvysit koncentraci a stabilizovat vodikové vazby v proteinech skrze
snizeni efektivniho dielektrika prost¥edi.'*!? Nepfimymi mechanismy mohou byt
chaotropni efekt na solvata¢ni obal a rtzné sila tohoto efektu ve sbaleném a nes-
baleném stavu. '* V kazdém pripadé miize hrat roli samoshlukovani molekul TFE. 1

Kratké peptidy se tradiéné pouzivaji jako experimentélni a teoretické modely pro
nesbaleny, denaturovany & nestrukturovany stav proteinu. '5'6 Ruzné studie proka-
zaly, ze konformace téchto peptidi nejsou ndhodné nebo uniformni, jak se po léta
predpokladalo diky modelu random coil'”. Bohuzel viak nemohou byt tyto konfor-
macni stavy plné a bez rozporu charakterizovany zZadnou souc¢asnou experimentalni
metodou. O téchto stavech se vSak predpoklada, Ze mohou hrat dilezité role v pro-
cesu sbalovani proteinu a také tvofit rezidualni strukturu nesbalenych proteint. *°
Riizné trendy a preference vSak mohou byt pozorovany spektroskopicky pro rtizné
aminokyseliny v modelovych peptidech jakou jsou GGXGG, ® GXG,® AXA ?° nebo
GPPXPPGY.?! Ukazuje se v3ak, Ze i samotné aminokyseliny ve formé& dipeptidu
vykazuji riizné strukturni preference. %23

Struktura sbalenych proteini ma pevna pravidla. Zahrnuji sit vodikovych vazeb
mezi prvky sekundérni struktury a také nativni kontakty mezi postrannimi retézci
aminokyselin. Peptidova vazba muze vystupovat jako donor i akceptor vodikové
vazby, ale toto pofadi je pevné dano smérem polypeptidového Fetézce. Nicméné
témér dokonaly symetricky obraz proteinu mize byt vytvoren z klasickych L-amino-
kyselin, pokud: 24

1. Smér polypeptidového Fetézce je obracen. To znamend, ze sekvence proteinu
je ¢tena z C-konce misto N-konce.

2. Pozice N-H a C=O0 skupiny peptidové vazby je prohozena. Tim padem je i
smér vodikovych vazeb.

3. Torzni uhly proteinové patefe se transformuji dle pravidla: ¢ — — and

P — —¢.

Tyto podminky snadno splni o-helix, kdyZ si uvédomime, Ze zminéné torzni trans-
formace jsou pro ngj téméf invariatni (jak se lze presvédéit na Ramachandranove
diagramu).

Obraceni proteinové sekvence jiz bylo experimentalné testovano. Tato ,retro trans-
formace” bud vedla ke ztraté schopnosti se balit, >>26 nebo byla zachovana a vznikla
analogické (pifpadné topologicky podobnd) struktura. 2" 2%

Nejpodrobnéjsi pohled na procesy sbalovani proteinu, denaturace nebo nestruktur-
ované stavy mize byt ziskan pocitacovymi simulacemi.®® Jejich spolehlivost viak
vyznamné zavisi na pouzitych energetickych funkcich (force fields) a jejich parame-
trech. Soucasné bézné uzivané parametry jsou schopny popsat reverzibilni sbalovani
a rozbalovani modelovych proteint v simulacich molekulové dynamiky,' bohuzel
se vSak Casto lisi v detailech predpovézenych mechanismi a termodynamickych
veli¢inach.3? Obzvlasté simulace nestrukturovanych proteinii jsou velmi naroné,
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